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Chapter 1 Introduction 

 

Neuromodulators add a dynamic component to the neural computations of neurons. These 

compounds act at metabotropic receptors and alter synaptic, neuronal and circuit behavior through 

intracellular second messenger systems. Their actions can have profound effects on synaptic 

plasticity, firing behavior of individual neurons, and even larger scale circuit activity like local 

field potentials observable in circuits ranging from invertebrate central pattern generators all the 

way to the primate neocortex (Bargmann, 2012; Marder, 2012; Marder et al., 2014; Thiele and 

Bellgrove, 2018). They are thought to define internal ‘states’ which adjust local neural activity to 

best support particular behaviors and actions.  

 

1.1 Neuromodulatory systems 

 

 The characteristics of major neuromodulatory systems, namely norepinephrine (NE), 

acetylcholine (ACh), dopamine (DA) and serotonin (5-HT), well supports their ability to influence 

a large number of local circuits in a non-uniform manner. Throughout this document, I will focus 

on the noradrenergic and cholinergic systems and their involvement in the prefrontal cortex (PFC), 

anterior cingulate cortex (ACC) and the striatum. 

 

1.1.1  Neuromodulatory projections 

 

First, neuromodulatory nuclei project to multiple brain regions spanning the cortex, basal 

ganglia, hippocampus, cerebellum and even other neuromodulatory nuclei (Foote et al., 1983; 

Mesulam et al., 1983; Aston-Jones and Cohen, 2005a; Newman et al., 2012; Nomura et al., 2014; 

Avery and Krichmar, 2017). The pontine locus coeruleus (LC), the primary source of NE in the 

brain innervates the entirety of the cortex, including the PFC, ACC and hippocampus, as well as 

parts of the basal ganglia although with notably sparser projections (Foote et al., 1983; Aston-

Jones and Cohen, 2005a; Nomura et al., 2014). The basal forebrain (BF), one of two sources of 

ACh, innervates the cortex, including the PFC, ACC hippocampus, amygdala and more while the 

brainstem cholinergic system innervates the basal ganglia including the ventral tegmental area 
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(VTA) as well as the cortex to a much lesser extent (Mesulam et al., 1983; Newman et al., 2012). 

Furthermore, the LC has projections to the BF while cholinergic stimulation of the LC is known 

to elicit a neural response (Berridge and Foote, 1991; Avery and Krichmar, 2017).  

 

Although the BF is known to be made up of several smaller nuclei (Avery and Krichmar, 

2017) the LC has, until recently, been thought of as a homogenous nucleus. However, recent results 

from both ex vivo and in vivo experiments have demonstrated different LC cell populations based 

on waveforms and encoding, as well as distinct sub-populations of cells projecting to specific 

targets (Chandler et al., 2014; Totah et al., 2018; Bari et al., 2020; Breton-Provencher et al., 2022; 

Su and Cohen, 2022). 

 

1.1.2 The adrenoceptors of the noradrenergic system 

 

Second, they have a wide range of receptor families, with different sensitivities for their 

respective neuromodulators, that couple with different g proteins and interact with various 

intracellular signaling pathways and transcription factors (Caulfield, 1993; Arnsten, 2000). For 

NE, there are three families of adrenoceptors: the , 1 and 2 with the lowest to highest affinity 

for NE in that order. The  adrenoceptors are coupled to Gs and have a facilitatory interaction with 

cAMP while in contrast the 2 adrenoceptors are Gi/o coupled with an antagonistic relationship 

with cAMP signaling. The role of cAMP on neural activity flips when comparing posterior, 

sensory cortices to the PFC such that the 2 adrenoceptors enhance PFC function but impair 

sensory cortical activity while  adrenoceptors enhance sensory cortical activity with some 

evidence of supporting a 1 mediated disruption of PFC function (Arnsten, 2000; Ramos et al., 

2005). The 1 adrenoceptors are Gq/11 coupled and behave in an opposite manner to 2 

adrenoceptors, enhancing sensory processing while having a negative impact on PFC function 

(Datta et al., 2019).  

 

The well-defined differences in adrenoceptor sensitivity for NE combined with their 

frequently opposing actions lends the noradrenergic system to a Yerkes-Dodson style inverted-U 

function (Yerkes and Dodson, 1908) with too high or too low concentrations resulting in 

suboptimal behavior (Aston-Jones and Cohen, 2005a; Arnsten, 2015). The 2 adrenoceptors also 
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have the added function of being pre-synaptic auto-receptors for the noradrenergic system, 

however, they are expressed predominantly post-synaptically (U’Prichard et al., 1979; Arnsten and 

Pliszka, 2011). Previous work shows that auto-receptor activation reduces the slower tonic firing 

of the LC, associated with arousal (Rajkowski et al., 1994), while leaving glutamate-driven phasic 

responses, associated with stimulus driven activation (Aston-Jones and Cohen, 2005a), intact 

suggesting that auto-receptor activation does not simply lead to a non-discriminant reduction in 

LC activity (Aston-Jones et al., 1991a). 

 

1.1.3 The muscarinic receptors of the cholinergic system 

 

The cholinergic system contains two major families of receptors: the ionotropic nicotinic 

receptors and the metabotropic muscarinic receptors. I will focus on the neuromodulatory actions 

of ACh through the muscarinic receptors as nicotinic receptors allow for direct depolarization. The 

muscarinic ACh receptors (mAChRs) themselves contain 5 subtypes (M1-M5) which can be further 

split into M1-like mAChRs paired with Gq/11 (M1, M3 and M5), generally associated with promoting 

neural excitability, and M2-like mAChRs paired with Gi/o (M2 and M4), generally associated with 

reducing neural excitability (Caulfield, 1993; Lucas-Meunier et al., 2003; Langmead et al., 2008; 

Brown, 2010; Jones et al., 2012; Thiele, 2013). Although M1 receptors bind to Gq/11, depending on 

its phosphorylation state, the -arrestin signaling pathway could instead be activated (DeFea, 

2008; Tobin, 2018). 

 

The M1 mAChRs are the most prevalent of the muscarinic receptors and are expressed 

post-synaptically throughout the brain, for example in the hippocampus, striatum, and the cortex 

including the PFC and ACC (Mrzljak et al., 1993; Langmead et al., 2008; Tsolias and Medalla, 

2022). The M2 mAChRs are expressed in the hippocampus, striatum and cortex, including the 

PFC, primarily as pre-synaptic auto-receptors (Mrzljak et al., 1993; Rouse et al., 1997; Tsolias and 

Medalla, 2022). The M3 mAChRs are expressed in the cortex and hippocampus while the M5 

mAChRs are expressed in the substantia nigra, with both being expressed to a lesser degree than 

the M1 mAChRs (Langmead et al., 2008; Jones et al., 2012). The M4 mAChRs are expressed most 

prominently in the striatum both post- and pre-synaptically (Langmead et al., 2008; Jones et al., 

2012). Notably, pharmacological targeting of muscarinic receptors has led to adverse side effects 
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through peripheral receptor activation credited to the M2 and M3 mAChRs (Foster, 2022), although 

there is evidence for M1 mAChR involvement as well (Cruickshank et al., 1994; Rook et al., 2017). 

The mAChR localization and activation in posterior sensory cortices differ from the PFC, however, 

in contrast to the noradrenergic system, they do not seem to have different post-synaptic effects, 

but rather seem to serve different functions (Herrero et al., 2008; Galvin et al., 2018; Dasilva et 

al., 2019a), although excessive mAChR stimulation has been shown to disrupt PFC functions like 

rule selectivity (Major et al., 2018).  

 

1.1.4 Spatial scale of neuromodulatory action  

 

Third, there is evidence to suggest that the release of neuromodulators may take part in 

synaptic spillover or utilize a volume-transmission mechanism allowing for the activation of extra-

synaptic receptors and those expressed by distal neurons (Umbriaco et al., 1994; Mrzljak et al., 

1995; Mather et al., 2016; Disney and Higley, 2020). This is in opposition to wire-transmission 

referring to communication between a pre- and post-synaptic neuron (Sarter and Lustig, 2020). 

Through such mechanisms, a spatial gradient of neuromodulatory concentration is created with the 

site of release containing the highest concentration. This, combined with the variable sensitivities 

of different receptor families can create interesting patterns of receptor activation. One theory 

posits that this exact process, with noradrenergic spillover stimulating  receptors at the point of 

release with 1 and 2 receptors being activated in the proximal and distal periphery respectively, 

creating a so-called ‘hotspot’ (Mather et al., 2016) with recent empirical evidence to support it 

(Ghosh and Maunsell, 2022). 

 

1.1.5 Receptor densities 

 

Lastly, the specific pattern of expression of both muscarinic and noradrenergic receptors 

varies between brain regions and plays an important role in their ability to exert control over local 

circuits. For the various neuromodulatory receptor sub-types, expression profiles vary across 

regions and laminae (Zilles et al., 2004; Palomero-Gallagher et al., 2008; Froudist-Walsh et al., 

2021; Rapan et al., 2022). The laminar distribution of most neuromodulatory receptors seems to 

be well preserved between different areas in the macaque, with the notable exception of the M2 
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mAChR (Rapan et al., 2022). This seems to also be consistent in the human ACC, where the 

expression of M1, M3, 1, and 2 receptors is highest in layers 2-4 with some differences in the 

expression density of noradrenergic (primarily 1) receptors between the dorsal and ventral banks 

(Palomero-Gallagher et al., 2008). In the primate, amongst the cortical regions, the ACC seems to 

boast the highest raw concentrations of multiple neuromodulatory receptors among which are the 

M1, 1, 2 and other dopaminergic and serotonergic receptors (Froudist-Walsh et al., 2021). On 

the other hand, there was no observable difference in the expression of cholinergic or 

noradrenergic receptors, except for M3 mAChRs, between dorsal and ventral sub-divisions of area 

46 (Rapan et al., 2022). There is, however, a significantly higher expression of 2 adrenoceptors 

along the entire principal sulcus relative to surrounding areas (Rapan et al., 2022). Note that not 

all major neuromodulatory families of interest were always accounted for in the above studies but 

they do provide invaluable data for the receptors that are reported. 

 

The identity of the cell type, whether they are excitatory or inhibitory in nature for example, 

is also an important variable that determines neuromodulatory action on local circuits. Within the 

striatum, the M1 mAChR is widely expressed and the M2 mAChR is primarily pre-synaptic while 

the M4 mAChR is the primary subtype responsible for regulating dopaminergic signaling and is 

highly expressed in D1 containing direct pathway spiny neurons (Hersch et al., 1994; Moehle and 

Conn, 2019). Cortically, in rhesus macaques, a comparative anatomy study found M1 expression 

in both the lateral PFC and ACC to be extensive with almost all parvalbumin, calretinin and 

calbindin positive interneurons showing M1 with no area differences, while expression in 

excitatory neurons was higher in the lateral PFC than the ACC (Tsolias and Medalla, 2022). On 

the other hand, post-synaptic M2 expression was higher in the ACC than the lateral PFC for 

interneurons and lower for excitatory neurons, while pre-synaptic M2 expression co-localized with 

the spines of excitatory, but not inhibitory, neurons more in the layer 3 of the lateral PFC compared 

to ACC (Tsolias and Medalla, 2022). This suggests strong cholinergic influence on both circuits 

with the ACC likely to experience more inhibitory outcomes from M1 and M2 mAChR stimulation 

than the lateral PFC. Lastly, in dorsolateral PFC (dlPFC) layer 3 excitatory synapses also show 

strong localization and responsiveness to M1 stimulation (Galvin et al., 2020a). The dense 

expression of mAChRs in both the ACC and lateral PFC suggests they play a crucial role for local 

circuit functioning which is supported by many studies showing severe behavioral consequences 
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after exposing these circuits to scopolamine, a muscarinic antagonist (Bartus and Johnson, 1976; 

Zhou et al., 2011).  

 

Within the noradrenergic system, 2 adrenoceptors are documented to play a role in 

controlling dopamine release (Trendelenburg et al., 1994; Hara et al., 2010). Cortically, the 2 and 

1 adrenoceptors are also documented at the dlPFC layer 3 excitatory spines where they have 

enhancing and detrimental effect on synaptic efficacy respectively (Wang et al., 2007; Datta et al., 

2019). Previous reports using rodents suggest that  but not  adrenoceptors enhance interneuron 

driven inhibitory action on pyramidal cells (Kawaguchi and Shindou, 1998). While another study 

showed NE selectively depresses excitatory action on inhibitory interneurons in the rat PFC (Wang 

et al., 2013). More recently, the cell-type localization of adrenoceptors was reported for the 

macaque frontal eye field (FEF) which results suggest may be extended to area 46 (Lee et al., 

2020). It was found that 2A and 2 adrenoceptors were the most abundant relative to 1 and 1 

adrenoceptors although all were found on both excitatory and inhibitory neurons consistent with 

previous results in primate dlPFC and mouse medial PFC (Liu et al., 2014; Xing et al., 2016). 

Furthermore, , 1, and 2 expression in calbindin positive interneurons was significantly higher 

than both calretinin and parvalbumin positive interneurons. Lastly, long range projecting 

excitatory neurons were found to have a greater expression of all adrenoceptors than other 

excitatory neurons (Lee et al., 2020). This suggests that NE plays an important role in the PFC’s 

capability to exert influence over other brain regions. 

 

These characteristics of neuromodulatory systems allow for widespread and non-uniform 

action on local circuits across cortical and subcortical regions. This enables them to modulate 

behavior dependent on the current internal state of the individual. 

 

1.2 Neuromodulators and behavior 

 

What are the actual behavior and cognitive processes that these neuromodulatory systems 

support? We can explore this question from two complementary perspectives: disease states with 

loss of neuromodulatory neurons as well as exogenous compounds that activate, antagonize, 

modify or otherwise interact with existing neuromodulatory receptors. Both approaches allow for 
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the observation of changes in behavior that can provide insights into the specific contribution of 

each system or receptor to specific aspects of cognition. 

 

1.2.1 The role of neuromodulators in psychiatric disorders 

  

 Extensive loss of neuromodulatory neurons is observed in the post-mortem brains of 

individuals with Alzheimer’s disease (AD), Parkinson’s disease and more (Whitehouse et al., 

1981; Mesulam et al., 1983; Delaville et al., 2011). Furthermore, the extent of neuronal loss in 

neuromodulatory nuclei has been described to precede and predict the disease progression in AD 

(Schmitz and Nathan Spreng, 2016; Fahnestock and Shekari, 2019). Similarly, deafferentation or 

lesioning of neuromodulatory nuclei can lead to profound behavioral deficits that parallel 

symptoms in disease states.  

 

For example, selective lesions of the nucleus basalis of Meynert or of cholinergic inputs to 

the PFC impaired spatial working memory (WM) and attention but not learning, decision making 

or episodic memory in macaques (Voytko et al., 1994; Croxson et al., 2011). In rats, cholinergic 

lesions of the BF disrupted visual attention and shifted latencies to maintain response accuracy 

(speed-accuracy tradeoff) to a stimulus of an unknown modality (visual vs auditory), while more 

specific lesions of the nucleus basalis magnocellularis disrupted feature binding while leaving 

learning and retrieval intact (Muir et al., 1992; Turchi and Sarter, 1997; Botly and de Rosa, 2009). 

In contrast, lesioning of the LC in rats impaired performance in a visual detection task only with 

increased attentional demand through the addition of distractors or temporal unpredictability 

(Dalley et al., 2001). The same study found elevated ACh tone in the PFC being significantly 

attenuated after dissociating performance with reward while NE, which was only elevated 

transiently after task onset, maintained high tone throughout after the dissociation of reward from 

performance. Studies have also compared cholinergic and noradrenergic lesions to better 

dissociate their functionality in cognition. In rats, noradrenergic but not cholinergic deafferentation 

of the medial PFC disrupted performance in an intra-/extra-dimensional set shifting task 

(McGaughy et al., 2008). Although these studies suggest distinct functions for the cholinergic and 

noradrenergic systems, a recent study found that lesions to both the LC and BF were required to 

induce memory deficits in rats although WM disruption only required LC lesions (Leo et al., 2023). 
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These studies suggest that ACh is critical for acuity and attention-based behaviors while NE helps 

adjust behavior in light of changing task rules and environmental statistics. 

 

1.2.2 Pharmacological intervention 

 

Due to the variability in the observable symptoms of individuals based on progression, co-

morbidity and other variables, accurate diagnoses have remained a major challenge for psychiatric 

disorders. The research domain criteria (RDoC) project attempts to resolve this by providing 

guidelines for the classification of mental disorders based on the behavioral and cognitive 

processes that brain networks have been identified to support (Cuthbert and Insel, 2013). This is 

partially based on the heavy overlap in the, often multiple, cognitive processes that are disrupted 

in different psychiatric disorders (Millan et al., 2012). Individual cognitive processes that are 

impacted to some degree in multiple disorders may reflect insults to one or more neuromodulatory 

systems. Thus, the RDoC framework may assist in the association of particular cognitive processes 

to neuromodulatory perturbations. Neuromodulatory receptors are common targets for 

pharmacological interventions aimed at addressing and reducing psychiatric symptoms. The goal 

of these pharmacological agents is often to supplement reduced neuromodulatory tone by (1) 

increasing the longevity of endogenous neuromodulators, (2) directly acting as agonist or 

antagonist at the orthosteric site on receptors, or (3) potentiating endogenous neuromodulatory 

receptors through actions at allosteric sites. 

 

The degradation of ACh in the synaptic cleft is conducted by the enzyme acetylcholine 

esterase. Compounds that disrupt the activity of this enzyme are referred to as acetylcholine 

esterase inhibitors (AChEIs), which have achieved mild success in the treatment of AD symptoms 

(Li et al., 2019; Marucci et al., 2021). One such compound is donepezil, and although it is FDA 

approved for the treatment of dementia in AD, due to overlapping symptoms across disorders, its 

efficacy has also been studied in attention deficit hyperactivity disorder (ADHD), schizophrenia, 

and more (Sugimoto, 2001; Yoo et al., 2007). Studies utilizing donepezil in primates provide 

evidence for the cholinergic system’s involvement in multiple cognitive domains such as attention 

and vigilance (Rupniak et al., 1997; Tsukada et al., 2004a; Hassani et al., 2021), working memory 

(Buccafusco and Terry, 2004; Callahan et al., 2013) and even reasoning and problem solving 
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(Vardigan et al., 2015). While rodent studies support these findings, they also robustly test learning 

and memory enhancement with donepezil (Luine et al., 2002; Spowart-Manning and van der Staay, 

2005; Bartko et al., 2011). For the noradrenergic system, NE is not degraded but is removed from 

extracellular space through the norepinephrine transporter which is targeted by drugs such as 

methylphenidate and atomoxetine. These drugs are FDA approved for the treatment of ADHD and 

have been shown in rodent studies to increase both dopaminergic and noradrenergic tone in PFC 

but only methylphenidate increases striatal dopamine (Bymaster et al., 2002; Swanson et al., 2006; 

Koda et al., 2010; Kodama et al., 2017). Empirical evidence suggests that both methylphenidate 

and atomoxetine confer their pro-cognitive benefits in the PFC through 2 adrenoceptors 

(Andrews and Lavin, 2006; Koda et al., 2010), or alternatively through striatal dopamine (Swanson 

and Volkow, 2002; Kodama et al., 2017), or both (Gamo et al., 2010). Studies in primates, 

supported by rodent studies, implicates these drugs with enhanced attention, impulse control, WM, 

distractor filtering and more (Chamberlain et al., 2006; Seu et al., 2009; Gamo et al., 2010; Kodama 

et al., 2017; Callahan et al., 2019; Higgins et al., 2020). 

 

 Alternatively, neuromodulatory receptors can be directly targeted with agonists or 

antagonists. However, because receptors from the same neuromodulatory system respond to the 

same endogenous actor (e.g. NE or ACh), their orthosteric sites are similar and thus make the 

development of receptor selective compounds difficult. For example guanfacine, an 2A 

adrenoceptor selective agonist still has affinity for 2B and 2C sub-types although at 15-60 times 

lower affinity (Uhlen and Wikberg, 1991; Uhlen et al., 1994). Nevertheless, guanfacine has 

provided great insight into the mechanism of the 2A adrenoceptor mediated enhanced in spatial 

WM (Wang et al., 2007). Clinically, guanfacine is FDA approved for the treatment of ADHD but 

has been explored for schizophrenia, autism spectrum disorder and more (Arnsten and Jin, 2012). 

Outside of WM enhancement, primate studies show guanfacine is capable of enhancing associative 

learning, attention and distractor filtering as well (O’Neill et al., 2000; Wang et al., 2004, 2007; 

Hassani et al., 2017). Although successful in the case of guanfacine, other drugs with lower 

specificity, such as Xanomeline, an M1/ M4 mAChR agonist suffer from peripheral side effects 

despite having highly efficacious pro-cognitive effects (Thorn et al., 2019). 
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 Unlike orthosteric binding sites, pharmacological agents with affinity towards allosteric 

sites can be far more selective. Allosteric compounds for various metabotropic receptors have 

shown promise as pharmacological agents (Foster and Conn, 2017), with mAChR allosteric 

compounds raising a lot of excitement for the treatment of AD, schizophrenia and other disorders 

(Korczyn, 2000; Conn et al., 2009; Jones et al., 2012; Tobin, 2018). In particular, a number of M1 

mAChR positive allosteric modulators (PAMs) have been developed with several undergoing 

clinical trials. Studies in primates and rodents have shown that M1 PAMs enhance WM, learning, 

executive functioning, attention and more with dramatically less dose-limiting adverse effects than 

non-PAM alternatives (Shirey et al., 2009; Chambon et al., 2012; Uslaner et al., 2013, 2018; Lange 

et al., 2015a; Vardigan et al., 2015; Rook et al., 2018a). 

 

 Due to the heavy overlap in symptoms and cognitive deficits between psychiatric disorders, 

the same compounds are explored as therapeutic agents in multiple disorders (Yoo et al., 2007; 

Arnsten and Jin, 2012; Millan et al., 2012; Melancon et al., 2013). This strongly suggests the 

involvement of neuromodulatory systems in multiple disorders as the mechanism of cognitive 

deficits but also therapeutic targets. 

 

1.3 The fronto-striatal network 

 

 The fonto-striatal network, namely the dlPFC, ACC and caudate nucleus of the striatum 

(CD) are critical and heavily interconnected brain regions for the performance complex tasks. 

There is strong reciprocal connectivity between the ACC and dlPFC (Arikuni et al., 1994; Barbas, 

2000; Heilbronner and Hayden, 2016; Nácher et al., 2018), both of which send excitatory 

projections to the striatum in a topographic manner (Haber and Knutson, 2010). The fronto-striatal 

network supports functions such as credit assignment, updating object and action values, 

maintaining of abstract rules, shifting behavioral strategies and more (Buckley et al., 2009; Morris 

et al., 2016; Asaad et al., 2017; Hikosaka et al., 2017; Izquierdo et al., 2017; Bartolo and Averbeck, 

2020; Monosov et al., 2020; Boroujeni et al., 2022). In support of their function, neurons in these 

areas encode object and feature values (Kim and Hikosaka, 2013; Atallah et al., 2014; Bichot et 

al., 2015; Asaad et al., 2017; Oemisch et al., 2019; Boroujeni et al., 2020), reward expectation 
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(Kennerley et al., 2009; Kaping et al., 2011; Monosov, 2017), and reward prediction errors (RPEs) 

(Matsumoto et al., 2007; Glimcher, 2011; Oemisch et al., 2019). 

 

1.3.1 Insights from lesion studies 

 

 Lesion studies can help reveal the functional role of different brain regions in a variety of 

behaviors. In humans and monkeys, lesions of the ACC disrupt the integration of history about 

rewards of feedback needed for the optimization of behavior as well as impair shifting behavioral 

strategies and response sets, particularly after erroneous outcomes when such adjustments are most 

needed (Kennerley et al., 2006; Buckley et al., 2009; Gläscher et al., 2012; Sheth et al., 2012; 

Kuwabara et al., 2014; Mansouri et al., 2020). Comparatively, in human and monkey lesion 

studies, dlPFC lesions disrupted maintenance of task rules in WM, conflict monitoring and 

selective attention of relevant feature dimensions (Mansouri et al., 2007, 2020; Rossi et al., 2007; 

Buckley et al., 2009; Minamimoto et al., 2010; Gläscher et al., 2012). As for the striatum, studies 

in monkeys with selective lesions of the ventral striatum resulted in deficits in utilizing reward to 

learn stimulus values (Rothenhoefe et al., 2017) while selective lesioning of the medium striatum 

resulted in deficits for the updating of stimulus values after reversal events (Clarke et al., 2008). 

These studies provide strong evidence for the dissociable contributions of the individual areas 

within the fronto-striatal network for robust and flexible behavior. 

 

1.3.2 Convergent neuromodulation 

 

The fronto-striatal network is critical in the regulation of neuromodulators. The LC and 

serotonergic raphe nucleus have strong reciprocal projections to the PFC and ACC (Aston-Jones 

and Cohen, 2005a; Avery and Krichmar, 2017), and the BF works in concert with the ACC to 

implement action plans (Khalighinejad et al., 2020). As described previously (see section 1.1.5), 

the neuromodulatory influence of the PFC and ACC involves expression of neuromodulatory 

receptors on the vast majority of neurons, with particularly dense expression on interneurons and 

excitatory projection neurons (Goldman-Rakic et al., 1990; Lee et al., 2020). While striatal 

dopamine, critical for RPE signaling (Schultz et al., 1997; Glimcher, 2011), is partially regulated 

by both cholinergic (Cachope et al., 2012; Cachope and Cheer, 2014; Moehle et al., 2017; Mohebi 
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et al., 2022)  and noradrenergic signals (Trendelenburg et al., 1994; Hara et al., 2010). Although 

neither the dlPFC nor the ACC has particularly dense expression of neuromodulatory receptors 

relative to other areas within the PFC, perhaps with the exception of M2 mAChRs (Rapan et al., 

2022), layer 3 dlPFC recurrent connections between pyramidal neurons are documented to be 

particularly sensitive to neuromodulatory actions (Arnsten et al., 2010; Cools and Arnsten, 2022). 

 

 These recurrent connections between pyramidal neurons support the maintenance of 

information in WM through persistent ‘delay’ activity. Furthermore, these excitatory NMDA 

synapses are morphologically unique, with elongated post-synaptic spines expressing leaky 

channels that lead to low fidelity conduction by default (Arnsten et al., 2010). However, through 

intracellular signaling cascades, these synapses can be dynamically strengthened through the 

actions of 2A adrenoceptors (Arnsten and Goldman-Rakic, 1985; Li and Mei, 1994; Mao et al., 

1999; Wang et al., 2007), M1 mAChRs (Zhou et al., 2011; Major et al., 2015; Galvin et al., 2020a), 

nicotinic (7) cholinergic receptors (Yang et al., 2013), nicotinic (4/2) cholinergic receptors 

(Sun et al., 2017), and mGluR3 metabotropic glutamate receptor (Jin et al., 2018). Alternatively, 

these synapses may be weakened by the over stimulation of NE or dopamine in an inverted-U 

manner through the activation of 1 adrenoceptors (Datta et al., 2019),  adrenoceptors (Ramos 

et al., 2005), and D1 dopaminergic receptors (Vijayraghavan et al., 2007, 2016; Wang et al., 2019). 

These synapses demonstrate how the simultaneous action of multiple neuromodulators may 

converge to modulate local circuit activity and demonstrate the interconnected nature of the 

neuromodulatory systems. 

 

1.4 The multi-modulatory brain 

 

 Neuromodulatory systems heavily interact with one another. They can do this directly, for 

example through innervation from one neuromodulatory nucleus to another (Jones and Cuello, 

1989; Aston-Jones et al., 1991b; Avery and Krichmar, 2017), or through convergent actions on 

local circuits (for example, see 1.3.2). It is therefore difficult to probe the behavioral contributions 

of single receptor sub-type or even a single neuromodulatory system in behavior. A trade-off exists 

between identifying receptor-specific contributions to the modulation of single neurons and local 

circuits and confidence in the manipulation being causal and sufficient for behavioral adjustment. 
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Both are ultimately required to gain a better understanding of receptor-specific contributions to 

cognition and developing efficacious interventions for the clinical population. 

 

1.4.1 The interaction between multiple neuromodulatory systems 

 

 As already described, neuromodulatory receptors are abundant throughout the brain and 

fronto-striatal network and converge on individual neurons and even synapses (see sections 1.1.5 

and 1.3.2). Activation of these receptors is not only non-mutually exclusive, but rather likely due 

to the overlap in the activity of neuromodulatory nuclei. Although serving different functions, 

neurons in the LC, BF, dopaminergic ventral tegmental area and serotonergic raphe nucleus may 

respond to similar sensory-evoked events such as reward acquisition and presentation of surprising 

or salient stimuli (Aston-Jones et al., 1994; Mirenowicz and Schultz, 1994; Parikh et al., 2007; 

Bromberg-Martin et al., 2010; Glimcher, 2011; Bouret and Richmond, 2015; Hangya et al., 2015; 

Luo et al., 2015; Monosov et al., 2015; Breton-Provencher et al., 2022). Furthermore, even outside 

of their respective nuclei, neuromodulators may interact through hetero-receptors. A well-

documented example of such a case is the cholinergic mediated release of dopamine in the striatum 

(Zhang and Sulzer, 2004; Cachope and Cheer, 2014). A recent study shows that the activity of 

cholinergic interneurons and dopaminergic release are linked in the striatum independent of the 

firing rate of dopaminergic neurons in the ventral tegmental area (Mohebi et al., 2022). This 

suggests that the application of even receptor-specific pharmacological agents could implicate 

other neuromodulatory systems. 

 

 A special relationship also exists between NE and dopamine due to dopamine being the 

pre-cursor molecule to the synthesis of NE. This also means that they are similar enough 

structurally that the norepinephrine transporter is capable of removing dopamine from extracellular 

space (Morón et al., 2002; Devoto et al., 2020). Furthermore, noradrenergic terminals releasing 

NE have been shown to contain dopamine, with LC activity being linked to extracellular dopamine 

in the PFC (Devoto et al., 2005, 2019, 2020).  
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1.4.2 Making multi-modulator measurements 

 

 The strong interactions between the neuromodulatory systems suggests that in order to 

understand the role of one neuromodulatory system on cognition and behavior, we should ideally 

be measuring as many neuromodulators as possible. This would not only lead to more confident 

results by ruling out confounds and contributions of other neuromodulatory systems, but also be 

informative about the simultaneous and convergent actions of neuromodulatory systems. Several 

theories and models take into account the multi-modulatory nature of the brain (e.g. Yu and Dayan, 

2005; Doya, 2008). 

 Methodological advances in the past few decades for neuromodulatory detection have 

mostly focused on increasing temporal resolution, specialized for a few compounds at most (Heien 

et al., 2004; Dale et al., 2005; Jacobs et al., 2010). Recent optical methods using fluorescent 

proteins such as dLight are promising (Patriarchi et al., 2018; Salinas et al., 2022) with more 

generic metabotropic (g-protein coupled receptor) tracking likely to be the future, although 

currently not capable of tracking multiple neuromodulatory signals to my knowledge (Jing et al., 

2019). Thus, micro-dialysis still remains the most widely used method capable of reporting 

multiple neuromodulators in vivo during active behavior (Anderzhanova and Wotjak, 2013; 

Kennedy, 2013). It is by no means a perfect method however, and has certain weaknesses and 

barriers to entry such as requiring a long stabilization period before recording. 

 

1.5 Thesis overview  

 

 Probing the contribution of neuromodulatory systems on the fronto-striatal network and its 

cognitive functions is a worthwhile endeavor that could help forward our basic science 

understanding of neuromodulators as well as better support clinical populations. My work outlined 

here attempts to support studying the multi-modulator brain and parse out the contributions of 

individual receptor sub-types through the comparative use of specific and non-specific 

pharmacological agents.  

 

 In the second chapter, we describe efforts for the development of a multi-modulator 

measurement technique to supplement micro-dialysis (Hassani et al., 2019). A critical focus was 
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placed on multi-site recordings for reasons described above such that asymmetries in 

neuromodulatory tone and activity could be captured. We report concentrations of glutamate, ACh, 

dopamine, and choline simultaneously in the dlPFC, premotor cortex and CD in a stable and 

reliable manner in two monkeys. Since then, continued work with our collaborators has allowed 

us to report serotonin and GABA as well. Expanding the space of available tools for multi-

modulatory measurements is critical for more accessible and creative experiments that will 

undoubtedly reveal more about the individual, synergistic and antagonistic role of 

neuromodulatory systems.  

 

 In the third chapter, we utilize the AChEI donepezil to explore how the cholinergic system 

modulates multiple facets of higher order cognition (Hassani et al., 2021). By evaluating the 

variable contributions of such a non-specific drug on different cognitive domains, we can learn 

more about the role of the endogenous cholinergic system. Our results suggest that the peak of 

inverted-U curves of the dose – performance relationship in two tasks varies based on their 

cognitive demands. Thus, the ‘optimal’ donepezil dose promoting improved cognitive flexibility 

and improved attentional filtering differed from one another. 

 

 In the fourth chapter, we utilize a more specific M1 PAM utilizing the same behavioral 

setup as chapter three in order to isolate the M1 specific contributions of cholinergic 

neuromodulation on behavior relative to the unspecific AChEI donepezil (Hassani et al., 2023, in 

review). We find that the M1 potentiation by an M1 PAM is important for enhancing cognitive 

flexibility but not attentional mechanisms.  

  

 In the fifth chapter, we utilize the non-WM contribution of 2A adrenoceptors on cognition 

by identifying and utilizing an efficacious dose of guanfacine for enhancing selective attention and 

cognitive flexibility (Hassani et al., 2017). Using hybrid Bayesian-reinforcement learning models 

we propose a non-WM mechanism of 2A action involving enhanced scaling of RPE signals. 

 

 In the sixth chapter, we empirically show that RPE signals in the fronto-striatal network 

are indeed enhanced with guanfacine in order to improve cognitive flexibility (Hassani and 

Womelsdorf, 2023, in prep). Simultaneous single unit recordings in the dlPFC, ACC and CD 
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reveal that guanfacine does not change firing rate statistics or the proportion of neurons encoding 

task, outcome or latent (model-derived) learning relevant variables, but instead results in enhanced 

outcome and RPE encoding to allow for faster behavioral adjustments after unexpected outcomes. 

Furthermore, fast spiking putative inhibitory neurons were specifically identified as contributing 

to the enhanced outcome encoding observed after guanfacine administration. 
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Chapter 2 Multi-Neuromodulator Measurements across Fronto-Striatal 

Network Areas of the Behaving Macaque using Solid-Phase 

Microextraction 

 

2.1 Abstract 

 

Different neuromodulators rarely act independent from each other to modify neural 

processes but are instead co-released, gated, or modulated. To understand this interdependence of 

neuromodulators and their collective influence on local circuits during different brain states, it is 

necessary to reliably extract local concentrations of multiple neuromodulators in vivo. Here we 

describe results using solid phase microextraction (SPME), a method providing sensitive, multi-

neuromodulator measurements. SPME is a sampling method that is coupled with mass 

spectrometry to quantify collected analytes. Reliable measurements of glutamate, dopamine, 

acetylcholine and choline were made simultaneously within frontal cortex and striatum of two 

macaque monkeys (Macaca mulatta) during goal-directed behavior. We find glutamate 

concentrations several orders of magnitude higher than acetylcholine and dopamine in all brain 

regions. Dopamine was reliably detected in the striatum at tenfold higher concentrations than 

acetylcholine. Acetylcholine and choline concentrations were detected with high consistency 

across brain areas, within monkeys and between monkeys. These findings illustrate that SPME 

microprobes provide a versatile novel tool to characterize multiple neuromodulators across 

different brain areas in vivo to understand the interdependence and co-variation of 

neuromodulators during goal directed behavior. Such data will be important to better distinguish 

between different behavioral states and characterize dysfunctional brain states that may be evident 

in psychiatric disorders. 

 

2.1.1 New and noteworthy  

 

Our manuscript reports a reliable and sensitive novel method for measuring the absolute 

concentrations of glutamate, acetylcholine, choline, dopamine and serotonin in brain circuits in-

vivo. We show that this method reliably samples multiple neurochemicals in three brain areas 
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simultaneously while nonhuman primates are engaged in goal directed behavior. We further 

describe how the methodology we describe here may be used by electrophysiologists as a low 

barrier to entry tool for measuring multiple neurochemicals. 

 

2.2 Introduction 

 

Extracellular concentrations of neuromodulators influence firing regimes, input-output 

relationships and neural interactions in local circuits and long-range brain networks (Marder, 2012; 

Thiele and Bellgrove, 2018), and are dysregulated in virtually all psychiatric disorders (Millan et 

al., 2012; Avery and Krichmar, 2017). Accumulating evidence suggests that these fundamental 

roles of neuromodulators for circuit functioning are unlikely realized by single neuromodulators 

operating in isolation. Rather, neuromodulatory systems are heavily intertwined (Gobert et al., 

1998; Avery and Krichmar, 2017; Moehle et al., 2017), and operate simultaneously on individual 

cells and circuits (Arnsten et al., 2010; Marder, 2012; Hassan et al., 2015; Santana et al., 2018). In 

each circuit, local mechanisms exert control over the release of neuromodulators from terminals 

of brainstem-originating projection neurons. This local control proceeds through activation of pre-

synaptic glutamatergic receptors (Wang et al., 1992; Ghersi et al., 2003; Pittaluga et al., 2006; 

Luccini et al., 2007; Grilli et al., 2009; Pittaluga, 2016). These insights suggest that an 

understanding of the contribution of neuromodulators to circuit functioning requires measuring, 

simultaneously, multiple neuromodulators in conjunction with ongoing glutamatergic 

neurotransmitter concentrations and action. Consistent with this conclusion single neuromodulator 

theories often fail to account for all observable symptoms in psychiatric diseases (Remy et al., 

2005; Halliday et al., 2014; Bohnen et al., 2015).  

 

Despite the accumulating evidence for the interdependence of neuromodulator actions, few 

methods exist for their simultaneous measurement in vivo and across multiple brain areas 

(Appendix A, Table A1; https://github.com/att-circ-contrl/SPME_paper_SI.git). Most of these 

existing neurochemical sensing methods allowing multi-neuromodulator sampling have a barrier 

to entry by requiring specialized equipment and trained experts preventing data collection by 

scientists who are otherwise interested in the role of endogenous and exogenous neuroactive 

chemicals in cognition and psychiatric disorders. Electrochemical methods such as fast scan cyclic 

https://github.com/att-circ-contrl/SPME_paper_SI.git
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voltammetry (FSCV) and amperometry have sub-second temporal resolution, but are limited to 

the measurement of a few compounds (Dale et al., 2005; Jacobs et al., 2010) and are challenging 

and not robust for wide-spread in vivo application in nonhuman primates yet, although several labs 

have recently reported success (Quintero et al., 2007; Schluter et al., 2014; Disney et al., 2015; 

Yoshimi et al., 2015; Schwerdt et al., 2017; Vartak et al., 2017; König et al., 2018). Imaging 

techniques such as positron emission tomography (PET) are also limited to the measurement of 

one or a few compounds simultaneously (Fisher et al., 1995). Microdialysis (MD) paired with 

mass spectrometry is the most commonly used method for measuring multiple neuromodulators 

in awake behaving animals. MD provides a data collection method which is then analyzed post 

hoc to identify and quantify collected analytes. It operates with a semi-permeable membrane which 

allows for the continuous collection of the available extracellular neuromodulators through passive 

diffusion, and can even be used to locally release pharmacological agents (Watson et al., 2006; 

Buck et al., 2009; Perry et al., 2009; Anderzhanova and Wotjak, 2013; Kennedy, 2013). However, 

MD does have several disadvantages. MD disrupts the tissue during its initial placement of the 

probe or a guiding cannula resulting in damage-induced release of neuromodulators that can last 

several hours before stable measurements become possible. Moreover, MD has low affinity for 

hydrophobic compounds and comparatively broad spatial and temporal resolution that is in the 

range of 200-400 μm in diameter and 10-20 minutes, respectively. These values are dependent on 

the surface area of the permeable membrane, the exact method of MD, flow rate, resolution of 

detection methods for analytes of interest, tissue tortuosity and more (Watson et al., 2006; 

Anderzhanova and Wotjak, 2013; Kennedy, 2013).  

 

Here, we set out to address some of these limitations with a novel protocol for measuring 

multiple neuromodulators in vivo in discrete 20 minute intervals using probes optimized for solid 

phase microextraction (SPME) (Pawliszyn, 2000, 2012). SPME probes are thin (200 μm) wires of 

arbitrary length coated with an inert porous polymeric matrix using biocompatible binder on one 

end where molecules with appropriate size and affinity migrate via passive diffusion and are 

retained by weak intermolecular interactions (see Methods). SPME provides an alternate method 

for data collection which can then be analyzed by tools such as mass spectrometers. This method 

has been shown to extract in neural tissue dynamic changes in dopamine (DA) and serotonin (5-

HT) levels with comparable precision to MD (Cudjoe et al., 2013; Cudjoe and Pawliszyn, 2014). 
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Additionally, due to the similarity of SPME probes to commonly used microelectrodes in 

electrophysiological recordings, relatively minor adjustments will allow for the adaptation of 

conventional microelectrode driving systems for SPME use. This, combined with post collection 

analysis through standard chemistry facilities makes SPME an attractive and easy-to-use tool for 

electrophysiology labs. 

 

SPME has the potential to be a powerful new tool to compliment the mentioned methods 

well suited for neurochemical profiling that spans both multiple neuromodulators as well as 

multiple brain regions simultaneously. Such data will allow for global observation of slow 

neuromodulator dynamics that could better inform our hypotheses and help relate global 

neuromodulator levels to electrophysiology and behavior. 

 

Thus, the ability of SPME to report major neuromodulators as well as glutamate and GABA 

were tested in two behaving rhesus macaques. Probes were repeatedly and simultaneously inserted 

into two cortical regions and the striatum to observe inter-areal differences between extracellular 

neuromodulator concentrations. We found that extracellular concentrations of glutamate, 

dopamine, acetylcholine and choline could be reliably distinguished and differed systematically 

between brain regions. 

 

2.3 Materials and methods 

 

2.3.1 Animals 

 

Data was collected from two 8 year-old male rhesus macaques (Macaca mulatta) weighing 

8-12 kg. All animal care and experimental protocols were approved by the York University Animal 

Care Committee and were in accordance with the Canadian Council on Animal Care guidelines. 

Details regarding the experimental setup, recording procedures, and reconstruction of recording 

sites have been described previously (Oemisch et al., 2015). Briefly, animals were implanted with 

a 20 mm by 28 mm recording chamber over the frontal region of the right hemisphere guided by 

stereotaxic coordinates (Paxinos et al., 2000) and MR images. The animals were seated in a custom 

made primate chair and head stabilized with their eyes 65cm away from a 21’ LCD monitor 
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refreshed at 85 Hz. Eye traces were collected by a video-based eye-tracking system (Eyelink 1000 

Osgoode, Ontario, Canada, 500 Hz sampling rate). The animals were engaged in an over-trained 

attention tasks in which they would use saccadic eye movements to acquire juice reward 

(Appendix A, Fig A1; https://github.com/att-circ-contrl/SPME_paper_SI.git). The specifics of the 

task are described elsewhere (Hassani et al., 2017). Both animals showed stable performance and 

acquired similar reward volumes on all recording days. In both tasks, stimulus presentation and 

reward delivery was controlled through MonkeyLogic 

(http://www.brown.edu/Research/monkeylogic/). 

 

2.3.2 SPME protocol and Fabrication of SPME Probes 

 

We provide a visual overview of the complete SPME protocol used here in Appendix A, 

Fig A2 (https://github.com/att-circ-contrl/SPME_paper_SI.git) and delineate the chemical 

materials, LC-MS/MS analysis, and detailed quantitation of neuromodulators in Appendix A 

(https://github.com/att-circ-contrl/SPME_paper_SI.git) and in a companion paper (Lendor et al., 

2019b). All measurements used miniaturized SPME probes that were manufactured by repeated 

dip-coating of stainless steel wires in a suspension of extracting phase in a binder. This general 

procedure reported previously (Gómez-Ríos et al., 2017), has been modified to fit the purpose of 

in vivo brain sampling (Lendor et al., 2019b). The 3 mm long tip of the wire was acid-etched down 

to approx. 100 μm to create a recession capable of accommodating thicker layer of coating without 

significantly increasing the total probe diameter. The extracting phase was an in-house synthesized 

hydrophilic-lipophilic balance polymer functionalized with benzenesulfonic acid to introduce 

strong cation exchange properties (HLB-SCX). The monodispersed polymeric particles with 

diameter of approx. 1 μm were suspended in the binder consisting of 7% polyacrylonitrile 

dissolved in N,N-dimethylformide (w/v), ensuring the particles-to-binder ratio at 15% (w/v). The 

extracting phase suspension was prepared one day before the probe coating, homogenized by 

sonication and stirred at 800 rpm overnight. Several layers of coating were deposited on the 

modified wires, resulting in total coating thickness of ≈50 μm and total probe diameter of 195 μm. 

The average pore size of the extracting phase was measured at 1.2nm. Before the use, the probes 

were cleaned with the mixture of methanol, acetonitrile and 2-propanol (50:25:25, v/v/v), activated 

in the mixture of methanol and water (50:50. v/v) and sterilized in steam for 15 min at 121°C. 

https://github.com/att-circ-contrl/SPME_paper_SI.git
http://www.brown.edu/Research/monkeylogic/)
https://github.com/att-circ-contrl/SPME_paper_SI.git
https://github.com/att-circ-contrl/SPME_paper_SI.git
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During the sampling, SPME probes were inserted into sheathing cannulas to protect the coating 

and prevent it from extracting compounds on the way to the target brain area. The cannulas 

underwent the same cleaning and sterilization procedure as the probes and then the lengths of both 

components of the SPME assembly were adjusted to 60-70 and 70-80 mm for the probes and 

cannulas, respectively. 

 

2.3.3 MRI Guided Electrophysiological Mapping of Target Tissue 

 

The anatomical coordinates of the brain regions of interest were first identified through 3 

T MR images. The MR images were then verified with extracellular electrophysiological 

recordings of the target areas, which provided the gray and white matter boundaries for the cortical 

sites and the dorsal most aspect of the head of the caudate nucleus. Tungsten microelectrodes were 

200 μm thick with an impedance of 1-2 M. All electrodes, SPME probes and their accompanying 

guiding cannulas were driven down into the brain and later out using software-controlled precision 

microdrives (Neuronitek, ON, Canada). Electrodes were connected to a multichannel acquisition 

processor (Neuralynx Digital Lynx system, Inc., Bozeman, Montana, USA) which was used for 

data amplification, filtering and acquisition of spiking activity. Spiking activity was obtained by 

applying a 600-8000 Hz bandpass filter, with further amplification and digitization at a 32 KHz 

sampling rate. For every recording day, electrodes were lowered until the first detection of spiking 

activity (indicative of gray matter) at the depth suggested by the MR images.  

 

2.3.4 SPME Sampling and Post-Processing Procedures 

 

All three SPME assemblies (example of sampling using one assembly in Fig 2.1A-C) were 

simultaneously driven to 200 μm above the point of first spiking detection. SPME assemblies were 

located ~1 mm away from the electrode penetration location. Then, only the SPME probes were 

inserted 3 mm into the areas of interest. On average macaque cortical thickness is only 2 mm while 

the head of the caudate at the point of sampling was well over 3 mm. An extraction duration of 20 

min was selected to reflect stable extraction time profiles for all compounds of interest. The 

kinetics of target analyte extraction, for example glutamate and dopamine, can be visualized in 

vitro through extraction time profiles (Lendor et al., 2019b) (Fig 2.1D-E). Brain homogenate was 
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spiked with known concentrations of target analytes and four replicates were collected during 

which multiple probes were placed in the homogenate and sequentially removed at reported times 

after initial insertion and quantified (LC-MS/MS procedure described below). These extraction 

time profiles reflect the quantifiable concentration of collected analyte over time, which is captured 

in sequence by a linear “kinetic” regime, a “dynamic” regime and an “equilibrium” regime over 

extraction time. These labels are used to describe the various rates of analyte adsorption by the 

SPME fibre, where the kinetic regime reflects the fastest adsorbtion of the target analyte, the 

equilibrium regime reflects a period of only marginal further analyte collection and an intermediate 

dynamic regime (Ouyang and Pawliszyn, 2007). These extraction kinetics provide information 

about the time it takes until equilibrium is reached in a concentration independent manner that is 

helpful in estimating a lower limit for extraction times to collect quantifiable analyte 

concentrations. After the 20 min extraction event, all SPME probes were driven back 3 mm into 

the guiding cannulas and all SPME assemblies were withdrawn from the brain (Fig 2.1A-C). The 

microdrives were then removed from the chamber to enable unclamping of the SPME probes, a 

brief wash and then storage in glass vials surrounded by dry ice until placing them into a -80°C 

freezer. One entire sampling event (one extraction in 3 different brain areas together with 

assembling the SPME probes and cannulas, driving into and out of brain, washing and preparing 

for storage) was performed within 50 min, except for the first sampling event in each sampling 

day. The first sampling event, with the area identification using electrophysiology recording, was 

performed within 75 min. The removal of the SPME microprobe from the gray matter and the 

positioning of a new SPME microprobe in the same location limits the temporal continuity of 

sampling. We believe that further optimizing of the SPME microprobe switching procedure with 

e.g. pre-loaded SPME probes will allow replacing SPME fibres within 2-10 min. Alternatively, 

SPME microprobes could be used in spatially separate but adjacent guiding tubes (separation of 

~300m), which would allow to switch sampling from one to other probe without temporal delays. 
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Fig 2.1 SPME sampling procedure, extraction time profiles and measurement locations. 

(A) Dimensions of the SPME probe and the accompanying cannula. There was a 3000 μm buffer from the opening 

of the cannula and the start of the SPME coating. The SPME coating spanned 195 μm at the tip. The SPME coating 

made up the terminal 3000 μm of the entire probe and was placed in a cannula with an internal diameter of 200 μm 

and an external diameter of 270 μm. (B) Tungsten microelectrodes were lowered into the brain guided by 3 T 

magnetic resonance (MR) images in order to map the depth at which detectable spiking was observed matching 

expectations from the MR images. (C) SPME probes and their accompanying cannulas in all brain areas were then 

simultaneously lowered to 200 μm above the point of first observable firing in the target brain region and the SPME 

probes were lowered to expose only the 3000 μm SPME coating. After 20 minutes of extraction, the SPME probes 

were then retracted 3000 μm back into the cannula and the probes plus their accompanying cannulas were removed 

from the brain. The table inset into the figure provides the velocities and times of each probe and cannula as they 

transitioned between the extraction steps. (D) In vitro extraction quantities of Glutamate in ng and (E) Dopamine 

in ng over time utilized to select in vivo extraction times. The linear “kinetic” regime and “equilibrium” regime are 

labelled with the dynamic range being in between. (F) Anatomical locations of SPME sampling events in the right 

hemisphere of two Rhesus Macaques. Target brain regions are highlighted in red and include two cortical regions, 

prefrontal cortex (PFC) area 8 and premotor cortex (PreM) area 6 as well as a subcortical region: the head of the 

caudate. 
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2.3.5 Neuromodulator detection and quantitation  

 

Detection and quantitation of neuromodulators followed previously established procedures 

described in Appendix A  

(https://github.com/att-circ-contrl/SPME_paper_SI.git). In brief, SPME probes were defrosted and 

desorbed in an aqueous solution containing water, acetonitrile, methanol, formic acid and 

deuterated isotopologues of target neuromodulators as internal standards (IS). Chromatographic 

separation of target compounds was conducted as previously reported (Cudjoe and Pawliszyn, 

2014). Tandem mass spectrometry (MS/MS) was performed with electrospray ionization with two 

MS/MS transitions for each neuromodulator and one for each IS (Lendor et al., 2019b). 

 

 Stock solutions of all target neuromodulators were prepared and used to generate standard 

calibration curves and to calculate the amounts of neuromodulator extracted by each experimental 

SPME probe. Conversion of the amount of neuromodulator extracted to in-brain concentrations 

was done using matrix-matched external calibrations. LOD is defined as 3 times the signal 

obtained from blank samples. 

 

2.4 Results 

 

During all measurements animals were engaged in a cognitively demanding task with stable 

behavioral performance to minimize state dependent fluctuations of basal extracellular 

concentrations of neuromodulators. Three brain regions were selected to provide a sample of 

extracellular neuromodulatory concentrations. Two cortical regions: prefrontal cortex (PFC) area 

8, premotor cortex (PreMC) area 6 and the head of the caudate nucleus (CD) were selected (Fig 

2.1F). In 3 daily sessions, we sampled 3 times per session simultaneously from all three areas. 

Monkey As had an additional 3 days of recording with one sample collected on each day. Overall 

we collected and analyzed 12 probes in monkey As and 9 probes in monkey Ke. We were 

specifically interested in major neuromodulators and neurotransmitters but successfully measured 

other compounds such as amino acids (e.g. glutamine, taurine, phenylalanine etc) that we do not 

discuss here.  

 

https://github.com/att-circ-contrl/SPME_paper_SI.git
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Fig 2.2 Changes in SPME sampling over time. 

Changes in the normalized concentrations of the observed neuromodulators across daily sampling sessions in each 

sampled brain region. The median concentration of (A) Glutamate (B) acetylcholine (C) choline and dopamine (D) 

with standard error of the median plotted for each sampling time and location. Data was normalization for each 

subject separately and for the respective neurochemical and area combinations. Sampling locations are represented 

by different lines: solid line for the prefrontal cortex, dashed line for the premotor cortex and dotted line for the 

caudate nucleus. Sampling events were 20 minutes in length and the time between the end of one sampling event 

to the start of the next sampling event was 40 minutes (STD 2 minutes) making the second sampling event 40 

minutes and the third 100 minutes from the initial measurement. No significant change was observed for any 

neuromodulator in any brain region (Wilcoxon rank sum test). Note that a single prefrontal choline data point was 

excluded in this analysis for being >4 standard deviations from the median (data point is present in Fig 2.3a). 
 

To allow comparison of the SPME extraction results to those typically reported in 

microdialysis studies, we calculated the relative change in measured concentrations across the 

three successive sampling events per session pooled across monkeys to enhance the statistical 

power of the analysis (Fig 2.2). Relative to the end of the first sampling event, the second and third 
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sampling events started after 40 minutes and 100 minutes respectively. We expected that the 

variability of measurements (indexed as standard error of the median) is comparable to repeatedly 

measured microdialysis of an identical, active brain state. We found that measured concentrations 

did not change significantly across sampling events for any compound area combination 

(Wilcoxon rank sum test; Fig 2.2).  

 

We found that four target neurotransmitters and neuromodulators were reliably detected in 

each animal: glutamate, dopamine, acetylcholine, and choline. Serotonin was also detected on 

several probes but always near the limit of detection (LOD) and therefore was excluded from 

analyses here (Lendor et al., 2019b). Glutamate concentrations were several orders of magnitude 

higher than all other observed compounds of interest in all areas and both animals. Relative to 

glutamate, choline concentrations were >15 times lower, DA concentrations were >700 lower and 

ACh concentrations were >8300 times lower (Fig 2.3). 

 

Glutamate concentrations (across areas), measured as median ± standard error, ranged from 

159,147 (±19,395) to 233,659 ng/mL (±33,917) in monkey As, and from 135,523 (±22,945) to 

184,333 ng/mL (±33,516) in monkey Ke. In both monkeys, glutamate concentrations were highest 

in the head of the caudate, which was significantly different from glutamate concentrations in the 

premotor cortex in monkey As (kruskal-wallis test with Tukey’s HSD correction, p = 0.048) but 

not in monkey Ke (kruskal-wallis test with Tukey’s HSD correction, p = 0.847, n.s.). Glutamate 

concentrations between the caudate and PFC, as well as the PFC and premotor cortex were not 

significantly different for either animal. Comparisons between monkeys showed no significant 

differences between the glutamate concentrations in any of the measured areas (Fig 2.3). 

 

In addition to glutamate, dopamine could be reliably detected in both monkeys in the 

caudate at concentrations of 232 ng/mL (±47) in monkey As, and 226 ng/mL (±31) in monkey Ke. 

These concentrations were similar between monkeys (Wilcoxon rank sum test p = 1, n.s.). 

Dopamine was not found above detection limits in frontal cortex. 

 

Acetylcholine measurements in the three brain areas ranged from (across areas) 25 (±2) to 

36 ng/mL (±5) in monkey As, and from 29 (±2) to 36 ng/mL (±4) in monkey Ke. In monkey As, 
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extracellular ACh concentrations between the caudate and premotor cortex were significantly 

different (kruskal-wallis test with Tukey’s HSD correction, p = 0.008). Cortical areas were not 

significantly different from one another (kruskal-wallis test with Tukey’s HSD correction, p = 

0.476, n.s.) nor was there a significant difference between the caudate and PFC (kruskal-wallis test 

with Tukey’s HSD correction, p = 0.145, n.s.). In monkey Ke, only one cortical region had 

concentrations of ACh above detection limits, which approached significant difference to the 

concentrations measured in the caudate (Wilcoxon rank sum test, p = 0.08). Measurements of 

extracted ACh in the pre-motor cortex of monkey Ke were consistently below detection limits (Fig 

2.3).  

 

We also measured choline which is a main product of the enzymatic breakdown of the 

highly regulated ACh and which is a main indicator of attentional modulation of cholinergic 

activity in frontal cortex (Parikh et al., 2007). Choline concentrations ranged across areas from 

2,914 (±590) to 5,078 ng/mL (±675) in monkey As, and 3,408 (±3,705) to 5,533 ng/mL (±860) in 

monkey Ke. Choline concentrations between the caudate and premotor cortex were significantly 

different in monkey As (kruskal-wallis test with Tukey’s HSD correction, p = 0.030), but not in 

monkey Ke (kruskal-wallis test with Tukey’s HSD correction, p = 0.729, n.s.). All other area 

comparisons were not significant for both monkeys. Comparisons of choline concentrations 

between monkeys were not significant in any of the measured areas. 

 

Overall, serotonin concentrations were not observed as reliably as the other reported 

neurochemicals and therefore were excluded from the main analyses. However, in monkey As, 

serotonin was observed near the LOD in the prefrontal cortex as well as the caudate in a subset of 

probes. Within the 9 probes placed in both areas, serotonin was detected in 22% of samples (2/9 

probes) in the prefrontal cortex and 33% of samples (3/9 probes) in the caudate nucleus. Serotonin 

observations ranged from 149 ng/mL to 232 ng/mL with a median of 171 ng/mL (±18.5 ng/mL; 

standard error of the median) with a LOD of 100 ng/mL. The proximity of the measurements to 

the LOD suggest that the other probes likely collected concentrations of serotonin below the 

detection threshold. No serotonin observations were made in monkey Ke. 
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Fig 2.3 SPME sampling of the macaque brain.  

SPME probes extract from the cortex (PFC and PreM6) as well as the caudate of two adult macaques after 20 

minutes of extraction within the respective brain region. Median and standard error of the median of n= 12 probes 

for animal As and n= 9 probes for animal Ke with no data excluded. Four neuromodulators were reliably measured: 

glutamate, dopamine, acetylcholine, and choline (orange, green, purple, red respectively). All brain regions had 

high concentrations of glutamate and relatively much lower concentrations of acetylcholine and choline extracted 

(with the exception of animal Ke PreM6 lacking detectable acetylcholine). The only tested region to yield 

measurable dopamine was the caudate. The dashed blue line depicts the limit of detection (LOD). 
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2.5 Discussion 

 

We demonstrated the reliable measurements of glutamate, dopamine, acetylcholine and 

choline simultaneously within cortical and subcortical regions of awake and behaving macaques 

using coated microprobes optimized for solid phase microextraction. Glutamate concentrations 

were several orders of magnitude higher than dopamine, acetylcholine and choline across brain 

regions. Extracellular concentrations of choline, dopamine and acetylcholine were detected at >15, 

>700, and >8,300 times lower than glutamate respectively. Dopamine was readily detected in the 

caudate but not observed at detectable concentrations in the cortical regions measured. 

Acetylcholine concentrations showed a statistical trend of being different between the caudate and 

measured cortical areas and with high consistency between monkeys. Choline concentrations, a 

product of acetylcholine degradation as well as a precursor for its synthesis, were negatively 

correlated with acetylcholine (R = -0.355; p = 0.01). Together, these findings provide new and rare 

insights about the neurochemical circuit profiles during an active brain state in three areas of the 

primate fronto-striatal network.  

 

The high consistency of measured concentrations within animals, between brain areas and 

between monkeys suggests that SPME microprobes could provide a versatile neuro-technique for 

understanding how variations of the neurochemical milieu relate to local and long-range circuit 

operations and ultimately cognitive functioning.  

 

2.5.1 Extracellular Concentrations of Glutamate, Dopamine, Acetylcholine and Choline.  

 

Our results revealed particularly high levels of glutamate within all measured brain regions 

(PFC, PreMC, and CD) relative to other neuromodulators. This finding is consistent with its 

ubiquitous role as major excitatory neurotransmitter. This holds true even in the caudate which 

consists exclusively of GABAergic neurons, but receives glutamatergic inputs from the cortex 

(Haber and Knutson, 2010). Tonic concentrations of glutamate within the striatum have been 

previously reported to be comparable to that of the hippocampus, prefrontal cortex and other 

cortical areas due to glutamatergic inputs, extra-synaptic release and glial release (Moghaddam, 

1993; Ascenzo et al., 2006; Moussawi et al., 2011). In contrast, classical neuromodulators such as 
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DA and ACh, are released in extracellular space through volume transmission where they are 

highly regulated and may bind to receptors on multiple neurons (Vizi, 2000; Syková, 2004; 

Santello et al., 2012; Schwartz and Javitch, 2013). This regulation may help explain the relatively 

low observed concentrations of DA and ACh and may be a large source of extracellular choline 

through the enzymatic breakdown of ACh. 

 

Extracellular DA was measured well above the detection threshold in the striatum. In 

combination with glutamatergic and cholinergic concentrations, our results show promise in the 

application of SPME to further our understanding of the relationship between glutamatergic inputs 

to the striatum and the neuromodulatory ACh and DA signals impinging on striatal circuits. Such 

circuits are strongly involved in hypo- and hyperkinetic diseases (Millan et al., 2012; Halliday et 

al., 2014). Dopaminergic signals did not exceed the detection threshold in either cortical regions. 

The presence of DA in the PFC is well documented (Goldman-Rakic et al., 1990; Watanabe et al., 

1997; Vijayraghavan et al., 2007) and we thus conclude that DA most likely has failed to exceed 

our detection limit. The difference between the detection success of DA in the caudate vs PFC and 

PreM cortex may be due to differences in available DA, release concentrations and dynamics 

(Holloway et al., 2019). A possible explanation for the lack of detectable cortical DA is the 

susceptibility of catecholamines to oxidation. This may be partially addressed by faster coupling 

of sample collection to quantitation by MS. 

 

Few previous studies have documented ACh concentrations in vivo in non-human primates 

due to its rapid breakdown by acetylcholinesterase and the challenges of neurochemical testing in 

primates (Kreitzer, 2009; Schwartz and Javitch, 2013; Zapata et al., 2013). ACh plays a major role 

in organizing local circuits, deployment of attention, locomotion and reward through different 

receptors present in cortical and subcortical regions (Granger et al., 2016; Howe et al., 2017; 

Moehle et al., 2017). It has been difficult to discern which ACh concentration corresponds to 

efficient endogenous circuit operations. Our finding of measurements in all sampling locations 

except for premotor cortex in monkey Ke, is therefore a promising starting point for future studies 

comparing ACh concentrations, in conjunction with other neuromodulators, during different 

cognitive states. The fast turn-around of ACh due to AChE however, likely leads to an 

underestimation of ACh concentrations by SPME. Although AChE cannot traverse the porous 
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SPME coating due to its size (~7.6nm diameter), preventing any enzymatic degradation of trapped 

ACh, the dynamic equilibration process continuously leads to a transfer of ACh out of the SPME 

coating following the concentration gradient of the rapidly depleted ACh into the extracellular 

space as discussed in the case of calibration in the coating approach (Zhang et al., 2007a; Alam 

and Pawliszyn, 2016).  

 

Amongst other sources, choline is created as a byproduct of ACh degradation by AChE. 

Choline is also a precursor for the synthesis of ACh. Given this relationship, a negative correlation 

between choline concentrations and ACh is expected which we indeed observed in our dataset. 

Despite the difference in the measured concentrations of choline and acetylcholine, other studies 

with similar differences have demonstrated the relationship of ACh and choline to behavior within 

the cortex (Parikh et al., 2007). Future studies may focus on quantifying this relationship across a 

wider range of brain states.  

 

Many factors may contribute to variation in measured concentrations of neuromodulators 

including behavioral state, the specific brain region measured and individual differences amongst 

others. Importantly, different methods may yield different estimates of absolute extracellular 

concentrations. For example, comparable measurements of extracellular glutamate via MD or 

voltammetry as opposed to electrophysiological estimates can differ by orders of magnitude and 

may be attributed to differences in probe size, or sensitivity to different sources of glutamate 

(Moussawi et al., 2011).  

 

2.5.2 Reliable Measurement of Individual Differences of State Specific Neuromodulatory 

Tone. 

 

 Our results suggest that SPME probes provide reliable and sensitive measurements in 

consecutive sampling events within an experimental session and between sessions on consecutive 

days. These results were obtained while we controlled brain states across measurement events by 

engaging animals in a cognitive task. This experimental control could have contributed to the 

comparable extracellular levels of neuromodulators from sample to sample within and between 

days from similar brain locations (Fig 2.2) (Marder et al., 2014; Reimer et al., 2014, 2016; 



 33 

McGinley et al., 2015). The reproducibility of multiple measurements at the same anatomical 

location within and between days suggests that the SPME penetrations did not significantly disturb 

tissue (Cudjoe et al., 2013). This conclusion contrasts with reported experience from microdialysis 

measurements, where the initial placement of the probe or guiding cannula causes transient 

measurement instabilities that can require several hours of settling time before reliable, steady state 

neuromodulator concentrations are measurable (Watanabe et al., 1997; Kodama et al., 2002, 2015, 

2017; Moussawi et al., 2011). These waiting periods must be taken into account when designing 

microdialysis experiments for in vivo tracking of neuromodulators during behavioral tasks in 

awake and restrained animals. Furthermore, the reliability of observations for the reported 

neurochemicals with SPME is extremely high and outperforms many reported microdialysis 

studies. We present 100% reliability in reporting glutamate and choline concentrations in all brain 

regions and subjects. Acetylcholine concentrations were reported with 100% reliability in one 

animal and 92% (11/12 probes) in the other within the prefrontal cortex, 0% reliability (below 

detection threshold) in one animal and 83% (10/12 probes) in the other within the premotor cortex 

and 100% reliability in one animal and 92% (11/12 probes) in the other within the caudate. 

Dopamine concentrations were reported with 100% reliability in both animals in the caudate and 

were not observed above detection thresholds in the cortex.  

 

2.5.3 Qualities and Advantages of SPME.  

 

Our results illustrate several inherent advantages of using SPME to measure neurochemical 

profiles in brain circuits (Lendor et al., 2019b). As illustrated in Appendix A, Table A1 

(https://github.com/att-circ-contrl/SPME_paper_SI.git), SPME complements or outperforms 

alternative techniques in various domains. Practically, the arbitrary length of the wire where the 

SPME coating is placed allows for robust placement within the brain. The narrow diameter of the 

SPME probe that is within the range common to electrodes for electrophysiological recordings, 

allows for repeated, simultaneous sampling at multiple sites without observable changes to 

detected extracellular neuromodulator levels using 20-minute sampling times. 

 

Spatial Resolution. In principle, the spatial resolution of the SPME measurements are 

capable of reflecting laminar concentration gradients across areas as small as several tens of 

https://github.com/att-circ-contrl/SPME_paper_SI.git
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micrometers. In our protocol we coated 3mm in length with 50 μm of thickness and desorbed the 

entire area into an organic solvent mixture for subsequent LC-MS/MS analysis. However, with the 

use of other techniques, such as desorption electrospray ionization (DESI), which represents a 

direct-to-MS approach (Deng et al., 2014), much smaller areas of the SPME matrix may be 

analyzed at a time allowing for laminar or near-laminar resolution. Direct coupling of SPME fibres 

to MS is the preferred mode, as it provides the most rapid analysis thus preventing diffusion of 

compounds within the coating and smearing the imprinted layer information. If diffusion of 

molecules within the fibre is high, it can be prevented by, for example, the inclusion of a divider 

between two halves of the coating. This would allow the simultaneous measurement of separated 

compartments of a cortical column. The absolute spatial resolution of SPME is difficult to estimate 

as SPME operates through diffusion and dynamic equilibration similar to MD. As a consequence, 

the sampled volume will depend on sampling time, the compound’s diffusion coefficient, as well 

as the target tissue and its properties affecting the rate of diffusion such as tortuosity (Syková, 

2004).  

 

Temporal Resolution. Several factors determine the appropriate extraction time using 

SPME. Depending on the goals of an experimenter, resolutions below 5 minutes may be achieved 

as the detection limit is reached within the first few minutes for most compounds tested (Fig 2.1D-

E). As sampling continues, the SPME coating will eventually reach an equilibrium point with the 

external environment (Fig 2.1D-E). In principle, sampling times beyond a stable equilibrium point 

will result in the same extracted values of compounds. However, in the brain there is no single 

stable equilibrium point and thus, even with long sampling times, there will be some variation in 

extracted concentrations. Within the dynamic regime, we can still calculate environmental 

concentrations from which sampling occurred given knowledge of the extraction time and the 

dynamic range. The lower limit of this dynamic range that can be informative is determined by the 

coating’s physicochemical characteristics and sample’s properties and in practice also volume of 

desorption and sensitivity of the MS. The analytical technique’s sensitivity also practically 

determines the thickness of the SPME coating as thinner coatings could in principle increase 

temporal resolution but would extract less compounds overall requiring higher sensitivity to detect. 

With higher sensitivity, less time is required for the thin coating to extract sufficient amounts to 

exceed limits of detection and quantitation. This then means that the compound with regards to 
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which the sensitivity is the lowest, limits the temporal resolution because it will have the slowest-

to-reach detectable concentration. But as long as the detection threshold is exceeded, the extraction 

time profiles allow for the calculation of the equilibrium concentration even with pre-equilibrium 

sampling. However, making measurements in the dynamic range requires consistency of extraction 

times as differences in time will lead to variations of extraction yields in a range that can be 

estimated from the SPME extraction time profiles (Fig 2.1D-E). Given the dynamic nature of brain 

networks and the lack of a stable equilibrium point, we expect consistency in brain states to be one 

of the biggest factors in reducing replicated variability. Moreover, SPME measurements are 

inherently an average of the temporal dynamics of the target tissue milieu. This means that due to 

the bi-directional exchange of neuromodulators from the extracellular space and the SPME 

coating, longer periods of stable concentration gradients will be more strongly reflected in the 

extracted measurements. 

 

Utility and Ease of Use. SPME based microprobe extraction allows for multiple 

simultaneous measurements that can be reliably repeated within the same measurement sessions 

at the same locations with no evidence of damage induced disruption of the neurochemical 

environment. Another critical advantage of SPME over comparable MS-analysis based methods 

such as MD is its ease of use and accessibility. Due to their similar size to recording 

microelectrodes used for electrophysiology, little adjustment is required for conducting SPME 

measurements using existing acute microelectrode positioning systems. Measurements in deeper 

structures should use an accompanying guide tube (Fig 2.1C) as travelling through non-target 

tissue will result in unwanted chemical collection. Beyond the collection, a chemistry core could 

apply LC-MS/MS to the probes allowing for relatively easy quantitation of extracellular 

compounds of interest. 

 

Detection Methods. SPME is ultimately a sampling method, much like MD, that provides 

data for analytical tools such as chromatography and mass spectrometry. In fact, once SPME 

analytes have been desorbed from the probe into a solvent, data provided by SPME and MD are 

treated very much the same. Thus, the advancement in detection limits and reliability of post-hoc 

analytical methods utilized by MD also benefit SPME, and vice versa. However, SPME sample 
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analysis is more reliably and conveniently coupled to LC-MS/MS as it lacks issues such as high 

salt content of collected dialysate that MD suffers from (Guihen and Connor, 2009). 

 

Extension of SPME measurements beyond classical neuromodulators. A unique advantage 

of SPME over alternative methods of in vivo detection of compounds within the brain is its 

potential affinity for hydrophobic compounds. Although MD is capable of collecting 

metabolomics data similarly to SPME (Zhang et al., 2007b; Li et al., 2012; Anderzhanova and 

Wotjak, 2013), the artificial cerebra-spinal fluid that is commonly traversing the semi-permeable 

membrane better facilitates the collection of hydrophilic molecules. This means that molecules 

that cross the semi-permeable membrane and are therefore collected and quantified through LC-

MS are much more likely to be hydrophilic. SPME, in contrast, provides balanced analyte 

coverage, which means that in principle certain SPME matrix coatings have similar affinity for 

both hydrophilic or hydrophobic compounds (Reyes-garcés et al., 2018). Data collected here 

includes other neurochemicals of interest such as amino acids (e.g. glutamine, taurine, 

phenylalanine, etc) that we reliably detected but do not discuss here. In practice, the detection of 

very polar molecules such as monoamines and catecholamines requires coating chemistry that 

facilitates hydrophilic compound extraction. Comparatively many lipids play important roles in 

intracellular signaling and have been suggested to provide biomarkers for psychiatric disorders 

(Yehuda et al., 1999; Tamiji and Crawford, 2011), therefore making SPME a potentially versatile 

and comprehensive tool for brain neurochemistry studies. 

 

2.5.4 Future direction and improvements to the SPME neurochemical sensing.  

 

The next immediate steps for the continued testing of SPME’s utility as a neurochemical 

sampling method is to evaluate its ability to report behavioral state dependent changes in 

extracellular neuromodulator concentrations. Similar testing as described here will be conducted 

with varying, stable behavioral states such as passive engagement, active task engagement, and 

drowsy/sleepiness. We predict that the various brain regions tested will display different changes 

in neuromodulator concentrations as a function of behavioral state. 
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Several improvements to the protocol can be made in order to make SPME more 

informative. Using a more sensitive MS would reduce detection thresholds and increase sensitivity 

in detecting compounds not successfully measured here such as GABA, serotonin or 

norepinephrine. This would be very impactful, especially in the case of serotonin for reasons 

discussed above. Additionally, efforts could be made to improve the extracting phase synthesis 

and functionalization protocols and increase the extracting capabilities of SPME probes. 

Moreover, in order to decrease the MS background and interferences in the range of small 

molecules, derivatization strategy could be considered.  

 

For GABA, the most promising strategy is post-desorption derivatization by reagent 

increasing the compound’s hydrophobicity resulting in better MS signal such as benzoyl chloride 

(Wong 2016). Catecholamine and acetylcholine detection may be improved by optimizing the 

post-sampling analysis pipeline. Improvements can be made at several steps in order to better 

preserve and quantify catecholamines: (1) faster coupling of sampling to desorption (2) trying 

various antioxidant solutions and other preservatives for maintaining catecholamine integrity and 

(3) faster analysis of the desorbed analytes. Faster coupling of sampling to desorption could be 

achieved through a more stream-lined process of fibre placement and retraction involving a static 

cannula maintained through several sampling events. This mechanism would also allow for a faster 

replacement of SPME probes resulting in a shorter delay between consecutive measurements. 

 

A preliminary experiment using both spiked artificial cerebra-spinal fluid (aCSF) and lamb 

brain homogenate with very high, known concentrations of all target compounds yielded 

detectable concentrations of all target compounds indicating that the extracting phase of the SPME 

probe is capable of capturing all compounds of interest. Furthermore, simultaneously collected 

replicates displayed very little loss of collected compounds over several days within a -80°C 

freezer (data not shown). Various strategies were compared for storage and placement of extraction 

fibres in desorption solvent prior to -80°C storage seemed most reliable for many compounds and 

will be the storage method utilized in the future. Such findings neither support nor antagonize the 

suggested strategies for improving SPME yield and sensitivity in primates as detection properties 

within the aCSF and lamb brain homogenate may not accurately reflect those observed in vivo in 

primates. This is likely contributed to by the dynamic and highly regulated nature of target 
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compounds within the extracellular space of the brain and the dynamic equilibrium between the 

extracting phase of the SPME probes and the extracellular environment. Further tests of the 

possible differences between these mediums and improvement strategies to SPME probes are 

subject for future studies. 

 

2.5.5 Implications for Understanding and Treating Psychiatric Disease States.  

 

Most psychiatric disorders are accompanied by neuromodulatory dysregulation (Millan et 

al., 2012). However, this fact is seldom studied in a multi-modulatory manner with a single or few 

nuclei or neurochemicals being observed at a time. This is an increasingly evident problem because 

models attributing symptoms of a disorder to a single neuromodulator often fall short in explaining 

many symptoms (Remy et al., 2005; Bohnen et al., 2015). For example, in Parkinson’s disease, 

outside of the well characterized dopaminergic deficits, there is evidence for deficits in 

noradrenergic, cholinergic and serotonergic systems as well (Halliday et al., 1990, 2014; Moehle 

et al., 2017). Many cognitive deficits observed within Parkinson’s disease are linked to such non-

dopaminergic deficits. Such findings emphasize the need to simultaneously observe multiple 

neuromodulatory systems. Thus the simultaneous measurement of multiple neuromodulators, in 

multiple brain regions within healthy and clinical populations will allow for a better understanding 

of the underlying causes of symptoms and progression of psychiatric disorders (Millan et al., 2012; 

Kao et al., 2015; Avery and Krichmar, 2017). 

 

A better understanding of psychiatric disorders through multi-modulator methods may also 

lead to more accurate understanding of the action of pharmacological agents. Previously, many 

studies aimed at identifying the locus of action of a pharmacological agent have used local 

injection methods such as iontophoresis or microinjections (Lapiz and Morilak, 2006; Wang et al., 

2007). Although highly informative about the role of neuromodulators in modulating the activity 

of individual cells and circuits, this approach does not allow physiologically realistic exploration 

of a systemically administered pharmacological agent. Pharmacological agents are often 

administered in some systemic fashion and even with highly specific receptor affinities, may 

interact with multiple neuromodulatory systems through the actions of heteroreceptors (Gobert et 

al., 1998; Millan et al., 2015; Avery and Krichmar, 2017). Multi-modulator measurements, as 
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described here, will allow for a better understanding of pharmacological agents, as well as provide 

novel insights into the development of more effective drugs or combinations of drugs to better 

treat the clinical population. 

 

2.6 Conclusion.  

 

We described a novel SPME protocol capable of simultaneous, multi-modulator 

measurements of multiple brain regions. Our results suggest that SPME both supplements current 

methods of neuromodulator detection and allows for novel measurements previously not possible 

for the investigation and dissection of neuromodulatory systems, their role in physiological brain 

processes and their modulation by pharmacological agents. 
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Chapter 3 Dose-Dependent Dissociation of Pro-cognitive Effects of Donepezil 

on Attention and Cognitive Flexibility in Rhesus Monkeys 

 

3.1 Abstract 

 

BACKGROUND: Donepezil exerts pro-cognitive effects by non-selectively enhancing 

acetylcholine (ACh) across multiple brain systems. Two brain systems that mediate pro-cognitive 

effects of attentional control and cognitive flexibility are the prefrontal cortex and the anterior 

striatum which have different pharmacokinetic sensitivities to ACh modulation. We speculated 

that these area-specific ACh profiles lead to distinct optimal dose-ranges for donepezil to enhance 

the cognitive domains of attention and flexible learning. 

 

METHODS: To test for dose-specific effects of donepezil on different cognitive domains 

we devised a multi-task paradigm for nonhuman primates (NHPs) that assessed attention and 

cognitive flexibility. NHPs received either vehicle or variable doses of donepezil prior to task 

performance. We measured donepezil intracerebral and how strong it prevented the breakdown of 

ACh within prefrontal cortex and anterior striatum using solid-phase-microextraction 

neurochemistry.  

 

RESULTS: The highest administered donepezil dose improved attention and made subjects 

more robust against distractor interference, but it did not improve flexible learning. In contrast, 

only a lower dose range of donepezil improved flexible learning and reduced perseveration, but 

without distractor-dependent attentional improvement. Neurochemical measurements confirmed a 

dose-dependent increase of extracellular donepezil and decreases in choline within the prefrontal 

cortex and the striatum. 

 

CONCLUSIONS: The donepezil dose for maximally improving attention differed from the 

dose range that enhanced cognitive flexibility despite the availability of the drug in two major 

brain systems supporting these functions. These results suggest that in our small cohort of adult 

monkeys donepezil traded improvements in attention for improvements in cognitive flexibility at 

a given dose range.     
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3.2 Introduction 

 

The acetylcholinesterase (AChE) inhibitor donepezil (Aricept) is one of few FDA approved 

cognitive enhancers that aims to address a wide range of cognitive deficits in subjects with mild 

cognitive impairment or dementia (Sugimoto, 2001; Mori, 2002; Sharma et al., 2020). Basic 

research suggests that the cognitive domains that can be enhanced with AChE inhibitors range 

from selective attention, working memory, response inhibition, learning, and long-term memory 

(Yoo et al., 2007; Floresco and Jentsch, 2011; Cools and Arnsten, 2022). Consistent with these 

reports, clinical studies assessing donepezil at one or two doses across larger cohorts of subjects 

with varying stages of Alzheimer’s disease have found improvements of compound scores of 

cognitive testing batteries (Rogers et al., 1998; Pratt and Perdomo, 2002; Foldi et al., 2005; Yoo 

et al., 2007; Li et al., 2019). It is, however, not clear whether the standard doses of donepezil used 

in clinical studies improve multiple cognitive domains directly, or whether at a particular effective 

dose its major route of action is to enhance arousal, which then provides an indirect, overall 

cognitive advantage for attention, working memory, learning and memory processes (Everitt and 

Robbins, 1997; Floresco and Jentsch, 2011). Assessing whether donepezil affects multiple 

cognitive domains simultaneously at a given dose is important for evaluating its therapeutic 

efficiency and to identify cognitive domains that should be targeted in drug discovery efforts for 

improved future cognitive enhancers.  

 

One potential limitation of donepezil and other AChE inhibitors is that they increase 

acetylcholine (ACh) concentrations non-selectively across multiple brain systems. Such a non-

selective ACh increase has shortcomings when brain systems are differently sensitive to ACh 

action so that the same donepezil dose that is optimally affecting one brain system might over- or 

under-stimulate another brain system. In primates, muscarinic ACh subreceptors relevant for 

attention and memory functions (Langmead et al., 2008; Lange et al., 2015b; Dean and Scarr, 

2020; Foster et al., 2021), have enhanced densities in prefrontal cortex (PFC) (Froudist-Walsh et 

al., 2021), suggesting that PFC may be more sensitive to modulation by AChE inhibitors than 

posterior brain areas. Moreover, a comparison of transcription factor (CREB) activation of the 

PFC and the striatum to muscarinic modulation by Xanomeline has reported a 10-fold higher 

receptor sensitivity of the striatum (Thorn et al., 2019), consistent with other studies reporting 
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significantly higher muscarinic binding potential and higher AChE activity in the striatum than in 

other cortical regions (Tsukada et al., 2004b). It is unclear how these differences affect ACh 

modulation of attention functions that depend on the PFC (Cohen et al., 2007) and on flexible 

learning functions that are dependent on the striatum (Williams and Eskandar, 2006; Amita and 

Hikosaka, 2019). One consequence of the brain area specific sensitivity to ACh levels could be 

that a Best Dose for enhancing cognitive functions supported by the striatum might not sufficiently 

stimulate the PFC, and that a Best Dose for enhancing PFC functions might overstimulate the 

striatum.  

 

To test for these possible implications of brain region-specific ACh action, we devised a drug 

testing paradigm for monkeys that assessed the effects of three different doses of donepezil across 

different domains of arousal, attention, and cognitive flexibility in a single testing session. We 

evaluated the attention domain with a visual search task that varied the number and perceptual 

similarity of distracting objects and quantified the domain of cognitive flexibility with a learning 

task asking monkeys to flexibly adapt to new feature-reward rules and avoid perseverative 

responding. This assessment paradigm goes beyond existing nonhuman primate studies of 

donepezil that so far have found enhanced short-term memory using delayed match-to-sample 

tasks (Rupniak et al., 1997; Buccafusco et al., 2003, 2008; Buccafusco and Terry, 2004; Yoo et 

al., 2007; Floresco and Jentsch, 2011; Callahan et al., 2013; Lange et al., 2015b; Vardigan et al., 

2015; Li et al., 2019), enhanced arousal and non-selective speed of processing (Rupniak et al., 

1997; Lange et al., 2015b), or no consistent effect (Tsukada et al., 2004b) (surveyed in Appendix 

B,  Table B1), and takes into account that studies in rodents report positive donepezil effects across 

a wider range of domains including reversal learning (Csernansky et al., 2005), paired associate 

learning (Bartko et al., 2011), object discrimination (Prickaerts et al., 2005), novelty detection 

(Luine et al., 2002) and variable results on serial choice tasks indexing attention functions 

(Romberg et al., 2011) (surveyed in Appendix B, Table B2). With our design we found that 

donepezil improves interference control over distractors at doses that caused an overall slower 

responding (i.e. reduced speed of processing) and peripheral side effects. In contrast, a lower dose 

of donepezil caused no clear attentional effect but improved cognitive flexibility. These findings 

document domain-specific dose-response effects of donepezil for attention and cognitive 

flexibility.  
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Fig 3.1 Task design, meta-structure and visual search performance as a function of distractor number. 

(A) i. Picture of one of the subjects working in the custom-built kiosk, interacting with the touchscreen and 

receiving fluid reward. ii. The meta structure of the Multi-task. Each experimental session consists of 3 super-

blocks of VS, FL and VS respectively. Each VS block is preceded by 10 familiarization trials which is identical to 

a VS trial but without any distractors. Each VS block contains trials with 3/6/9/12 distractors randomly selected 

and counterbalanced over the block. In contrast, each FL block will contain 0/1 irrelevant feature dimensions in 

addition to the relevant feature dimension (the dimension with the rewarded feature value) counterbalanced over 

the session. (B) i. From the grand pool of quaddles which includes four feature dimensions and a variable number 

of feature values (9 shapes, 9 patterns, 8 colors, and 11 arms), three feature values from three feature dimensions 

are chosen. This 3x3 pool is then counterbalanced for dimension presentation and feature reward association and 

is utilized for 2 weeks of data collection where all presented quaddles are selected from this 3x3 pool. ii. Example 

trials. Two example VS trials (top) within the same block with 3 distractors (left) and 9 distractors (right). Each VS 

block will contain one of 5 backgrounds, with the VS blocks in the same day never having the same background. 

All distractors and target objects in VS blocks are three dimensional objects and distractors may be duplicated in 

each trial. Quaddles are spatially randomly presented at the intersections of a 5x4 virtual grid pattern on screen. 

The red box highlights the rewarded target object, which is invariable within the VS block, in these examples. Two 

example FL trials (bottom) within the same block containing 2D quaddles (1 distracting dimension plus the relevant 

dimension). The rewarded feature value in this block is the checkered pattern independent of what color feature 

value it is paired with. Quaddles may be presented in 8 possible locations in a circle each being 17 degrees of visual 

radius away from the center of the screen. The red box signifies the rewarded target object, which is a variable 

combination of the rewarded feature value (the checkered pattern in this example) with a random feature value of 

the distractor dimension (color in this example). (C) The trial structure for both the FL (top) and VS (bottom) blocks 

of the task are very similar. A trial is initiated by a 0.3-0.5s touch and hold of a blue square (3° visual radius wide) 

after which the blue square disappears for 0.3-0.5s before task objects, which are 2.5° visual radius wide, are 

presented on screen. Once the task objects are on screen, the subject is given 5s to visually explore and select an 

object via a 0.2s touch and hold. A failure to make a choice within the allotted 5s results in an aborted trial and did 

not count towards the trial count. Brief auditory feedback and visual feedback (a halo around the selected object) 

are provided upon object selection, with any earned fluid reward being provided 0.2s following object selection 

and lasting 0.5s along with the visual feedback. Non-rewarded trials had a different auditory tone and a light blue 
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halo around the selected, non-rewarded object. Rewarded objects had a higher pitch auditory tone, a light yellow 

halo around the selected rewarded object and had an accompanying fluid (water) reward. (D) Average VS 

performance by distractor number for vehicle and all donepezil doses combined, both separated by the first vs 

second VS block. VS performance was significantly different for block number (F(1,1722) = 22.19, p < .001) as 

well as condition (F(1,1722) = 19.0, p < .001). The inlet shows individual monkey average VS performance linear 

fits. (E) Average VS performance by distractor number between vehicle and 0.06, 0.1, and 0.3 mg/kg donepezil 

doses for the first VS block (F(3,896) = 10.77, p < .001). Both the 0.06 and 0.3 mg/kg doses were significantly 

different from vehicle (Tukey’s, p = .005 & p < .001 respectively). Error bars here reflect standard deviation in this 

panel. (F) The set size effect of VS performance by distractor number for each condition. The 0.3 mg/kg dose set 

size effect was significantly shallower from the vehicle set size effect (H(3) = 11,46, p = .010; Tukey’s, p = .013). 

 

 

3.3 Methods and materials 

 

3.3.1 Nonhuman Primate Testing Protocol 

 

Three adult male rhesus macaques were separately given access to a cage-mounted Kiosk 

Station that provided a touchscreen interface inside the animal’s housing unit to perform cognitive 

tasks (Figure 3.1A) (Csernansky et al., 2005) (see Appendix B). The behavioral tasks was 

controlled by the Unified Suite for Experiments (USE) (Watson et al., 2019b).  

 

3.3.2 Drugs and Procedures  

 

We used donepezil (Sigma-Aldrich ,catalog number D6821; St. Louis, MO, USA) in three 

doses: 0.06, 0.1 and 0.3 mg/kg to operate within the dosing range of previous studies reporting 

pro-cognitive effects (surveyed in Appendix B, Tables B1-2). At this IM range, plasma 

concentrations of donepezil are roughly the same when dosing with ~10x the concentration via PO 

(Lange et al., 2015b). Animals received saline as vehicle control, or a dose of donepezil IM 

injection 30 minutes prior to starting task performance taking into account its expected 1h half-life 

(Shiraishi et al., 2005). Administration was double-blinded. Drug side effects were assessed 15 

min following drug administration and after completion of the behavioral performance with a 

modified Irwin Scale (Irwin, 1968; Patel et al., 1997; Andersen et al., 2003; Gould et al., 2020) for 

rating autonomic nervous system functioning (salivation, etc.) and somato-motor system 

functioning (posture, unrest, etc.). Monkeys’ behavioral status was video-monitored throughout 

task performance (Figure 3.1A). 
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3.3.3 Behavioral Paradigms 

 

Monkeys performed in each experimental session a visual search (VS) task to measure 

attentional performance metrics and a feature-reward learning (FL) task to measure cognitive 

flexibility metrics. Each performance day was made up of an initial set of 100 trials of VS, a set 

of 21 learning blocks with 35-60 trials each of the FL task, and a second set of 100 trials of the VS 

task (Figure 3.1Aii). Details of both tasks are provided in Appendix B. The VS task required 

monkeys to find and touch a target object among 3, 6, 9, or 12 distracting objects in order to receive 

fluid reward (Figure 3.1B). The target was the object that was shown in 10 initial trials without 

distractors. Targets and distractors were multidimensional, 3D rendered Quaddle objects (Watson 

et al., 2019b) that shared few or many features of different features dimensions (colors, shapes, 

arms, body patterns), which rendered search easier when there was no or few similarities among 

features of targets and distractors, or more difficult if the target-distractor (T-D) similarity was 

high (Figure 3.2A). The FL-task required monkeys to learn through trial-and-error which object 

feature is rewarded in  blocks of ~35-60 trials (Figure 3.1C). The rewarded feature changed un-

cued and switched to a new feature of the same or different feature dimensions, which makes the 

task similar to conceptual set shifting tasks (Moore et al., 2006; Buckley et al., 2009), but different 

by using a larger set of features that varied within and across sessions in order to vary task 

difficulty. In each trial three objects were shown that varied either in features of one feature 

dimension (e.g. having different colors or body shapes), or that varied in features of two feature 

dimensions (e.g. having different colors and body shapes). Choosing the object with the correct 

feature was rewarded with a probability of 0.8. Blocks where only 1 feature dimension varied (1D 

blocks) were easier as there was lower attentional load than in blocks with 2 varying feature 

dimensions (2D blocks). 

 

3.3.4 Neurochemical Confirmation of Drug Effect 

 

To evaluate the levels of donepezil in brain structures that are necessary for successful 

attention and learning performance, we measured the ACh metabolite choline and donepezil 

concentrations in the prefrontal cortex and the anterior striatum (caudate nucleus) 15 min after 

administering a low and high dose of donepezil (0.06 and 0.3 mg/kg, IM) in a separate experiment. 



 47 

Measures of donepezil were made at the time when we observed dose-limiting side effects at the 

0.3 mg/kg dose and the two tested doses were accompanied by pro-cognitive effects in our task 

(see results). We used microprobes that sampled the local neurochemical milieu with the principles 

of solid phase micro-extraction (SPME) (Lendor et al., 2019b) followed by quantification of the 

concentrations with liquid chromatography and mass spectrometry (Lendor et al., 2019b). The 

detailed procedures used here are described in (Hassani et al., 2019) and in Appendix B. 

 

 

 
Fig 3.2 Visual search task performance and change in difficulty through increasing distractor numbers and 

target-distractor similarity.  

(A) A visual description of the target-distractor similarity measure in the VS task. For an example target in the red 

square, 3 example distractors are presented with 0, 1 and 2 features in common respectively from left to right. The 

cartoon plot below shows the impact of the average target-distractor similarity of an individual trial on performance. 

(B) Similar to Figure 1D, but here we plot average VS performance by T-D similarity. There was a significant effect 

of T-D similarity on performance (F(2,627) = 16.17, p < .001) as well as condition with both the 0.06 and 0.3 mg/kg 

donepezil doses being significantly different from vehicle (F(3,267) = 7.75, p < .001; Tukey’s p = .034 and p < .001 

respectively). (C) The change in the slope of VS performance with 0.06, 0.1 and 0.3 mg/kg donepezil relative to 

vehicle. The change in slope by distractor number is plotted on the left y axis (same data as Figure 1F) (H(3) = 11.46, 

p = .010) while the change in slope by T-D similarity is plotted on the right y-axis (H(3) = 2.8, n.s.). (D) A visualization 
of the combined effect of distractor number and T-D similarity on performance. From left to right, each cluster of 

lines represents increasing distractor numbers while data within each line represents low, medium and high T-D 

similarity from left to right respectivel. Both distractor number (F(3,2615) = 28.85, p < .001) and T-D similarity 

(F(2,2615) = 64.59, p < .001) impact VS performance with no significant interaction (F(6,2615) = 0.69, n.s.). 
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3.3.5 Statistical Analysis  

 

Data were analyzed with standard nonparametric and parametric tests as described 

Appendix B. 

 

3.4 Results 

 

Each monkey was assessed in 38 sessions total including 17 vehicle days and 7 days with 

each dose (0.06, 0.1 and 0.3 mg/kg). Drug side effects were noted following IM injections of the 

0.3 mg/kg dose in the first 30 min post injection as changes in posture, sedation, vasoconstriction 

and paleness of skin, but no adverse effects persisted beyond 30 min. (Appendix B, Table B3). 

First, we confirmed that monkeys performed the visual search (VS) task at high 84.4% ( 0.54) 

accuracy (monkeys Ig: 85.2% 0.81; Wo: 88.3% 0.94; Si: 79.8% 0.97) and showed the expected 

set-size effect evident in decreased accuracy and slower reaction times with increasing numbers 

of distractors (Figure 3.1D, Appendix B, Figure B1 and B2). When targets were more similar to 

distractors (high T-D similarity) VS performance decreased from 92.9% (0.4) to 85.5% (0.3) 

and 81.6% (1.0) for low, medium and high T-D similarity, respectively (H(2) = 169.48, p < .001) 

(Figure 3.2B). In the feature learning (FL) task, the monkeys reached learning criterion faster in 

the easier 1D (low distractor load) condition (avg. trials to ≥80% criterion: 12.5  0.2 SE), than in 

the 2D (high distractor load) condition (avg. trials to ≥80% criterion: 15.60.2) (Figure 3.3A, 

Appendix B). 

 

3.4.1 Dose-dependent improvement of visual search accuracy and slowing of choice 

reaction times 

 

Donepezil significantly improved accuracy of the visual search task (F(1,1722) = 18.95, p 

< .001)(Figure 3.1D), but on average slowed search reaction times (F(1,1722) = 4.83, p = .028)( 

Appendix B, Figure B1B). The slower choice reaction times were evident already to the single 

target object in the 10 target familiarization trials (Appendix B, Figure B1A). These main 

behavioral drug effects were evident prominently in the first visual search block (Figure 3.1D, 

Appendix B, Figure B1A). We therefore focused our further analysis on the first search block. 
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Fig 3.3 Feature learning task learning curves and performance. 

(A) Average learning curves of each monkey and all monkeys combined for both low and high distractor load 

conditions. In all instances, monkeys learned faster and with higher plateau performance in low distractor load blocks 

relative to high distractor load blocks. (B) All monkey average learning curves for vehicle, 0.06, 0.1 and 0.3 mg/kg 

donepezil doses for both low and high distractor load conditions. (C) Temporal progression of learning speed (LP) for 

vehicle, 0.06, 0.1 and 0.3 mg/kg donepezil doses for the low distractor load condition only. At the 0.06 dose, donepezil 

allows for faster learning in the low attentional load blocks (F(3,602) = 3.3, p = .020). Similar to the VS task, 

donepezil’s enhancement is only visible early on and relatively close to its i.m. administration. (D) Average learning 

speed of vehicle and donepezil doses for low and high distractor load blocks across sessions reveals an interaction 

between drug condition and distractor load (F(3,1052) = 3.59, p = .013). (E) The same as D but for choice RTs instead 

of learning speed. The 0.3 mg/kg donepezil dose slows choice reaction times in both low and high distractor load 

blocks (Condition F(3,1052) = 12.3, p < .001; Tukey’s, p < .001). (F) Change in the length of perseverative errors 

from vehicle, where feature values in the distracting dimension were the target of the perseverations. Error bars reflect 

SEMean for inter-monkey variability. Donepezil at the 0.06 mg/kg dose significantly reduces perseveration length in 

the distracting dimension (p = .021); other donepezil doses trends towards this as well. 
 

The improved accuracy of visual search was dose-dependent (F(3,896) = 10.77, p < .001). 

The 0.06 mg/kg dose enhanced performance by 2.5% ±1.0, 4.4% ±1.3, 6.1% ±1.4 and 6.3% ±1.6 

(mean ±SD) for 3/6/9/12 distractor trials, respectively (Tukey’s, p = .005). The 0.3 mg/kg dose 

enhanced performance by 2.7% ±1.0, 6.3% ±1.2, 8.5% ±1.3 and 11.0% ±1.4 (mean ±SD) for 
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3/6/9/12 distractor trials respectively (Tukey’s, p < .001) (Figure 3.1E). Thus, we found larger 

improvement the more distractors interfered with the target search. We confirmed this by fitting a 

regression line across performance at different number of distractors, which revealed overall 

significantly shallower slopes with donepezil (slopes: -0.013 ±0.001, -0.009 ±0.002, -0.015 ±0.003 

and -0.005 ±0.002 for vehicle, 0.06, 0.1, and 0.3 mg/kg of donepezil respectively (H(3) = 11.46, p 

= .01)).  Pairwise comparison showed that the 0.3 mg/kg drug dose and the vehicle condition 

showed significantly different slopes (Tukey’s, p = .013)(Figure 3.1F).  

 

In contrast to improving visual search accuracy, donepezil slowed down reaction times 

across all distractor conditions at the 0.3mg/kg dose relative to vehicle by on average 100 ms ±40, 

238 ms ±79, 208 ms ±99, 264 ms ±102 (mean ± SD) for 3/6/9/12 distractors respectively (F(3, 

896) = 15.15, p < .001, Tukey’s, p < .001) (Appendix B, Figure B1C). The slope of the regression 

over different number of distractors did not differ between 0.3 mg/kg  dose and vehicle which 

shows the reaction time effect is a non-selective effect that is independent of distractors (regression 

slope on RTs: 0.061 ±0.002, 0.065 ±0.007, 0.067 ±0.007 and 0.076 ±0.009 (H(3) = 3.37, n.s.) for 

vehicle, 0.06, 0.1, 0.3 mg/kg of donepezil respectively (Appendix B, Figure B1D).  

 

Across sessions visual search accuracy was correlated with reaction times only for the 

vehicle (Pearson, : -0.30, p < .001) and 0.1 mg/kg donepezil dose condition (Pearson, : -0.46, p 

= .034), but not for the 0.06 and 0.3 mg/kg dose conditions in which monkeys showed improved 

accuracy, which suggests the accuracy improvement is independent from a slowing of reaction 

speed (Appendix B, Figure B2A-B).  

 

We next tested whether improved interference control over increasing number of distractor 

objects was likewise evident when increasing the similarity of distractor and target features 

(Figure 3.2A). First, we confirmed that higher target-distractor similarity overall reduced 

performance (F(2,672) = 16.17, p < .001, Appendix B). Donepezil significantly counteracted this 

similarity effect and improved performance at the 0.06 and 0.3 mg/kg doses (F(3,672) = 7.75, p < 

.001, Tukey’s, p = .034 and p < .001 respectively). This finding shows that the beneficial effect of 

donepezil significantly increased when there was higher demand to control perceptual interference 

from distracting objects (Figure 3.2B). This was also evident as a statistical trend of a shallower 
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regression slope at 0.06 and 0.3 mg/kg doses of donepezil, which indicates less interference from 

distracting features when they were similar to the target (Figure 3.2C) (H(3) = 2.79, n.s.; slope 

changes relative to vehicle for 0.06, 0.1 and 0.3 mg/kg doses were: +0.0357 ±0.0236, -0.0289 

±0.0334, -0.0656 ±0.0197). The improved search performance with donepezil for visual search 

with higher target-distractor similarity and with a higher number of distractors was evident in 

significant main effects, but there was no interaction, suggesting they improved performance 

independently of each other (F(2, 2615) = 64.59, p < .001; F(3,2615) = 28.85, p < .001; F(6,2615) 

= 0.69, n.s. respectively)(Figure 3.2D). This independence was also suggested by the absence of 

a correlation of the target-distractor similarity effect and the number-of-distractor effect (Pearson, 

n.s.) (Appendix B, Figure B3).  

 

3.4.2 Dose-dependent improvement of flexible learning performance 

 

Donepezil also improved feature learning performance, but only at the 0.06 mg/kg dose 

(Figure 3.3B) and most pronounced for the first third of the behavioral session (F(3,602) = 3.3, p 

= .020; Figure 3.3C). We therefore focused further analysis on the first third of the learning blocks, 

which revealed that the learning improvement at the 0.06 mg/kg dose was significant for the low 

distractor load condition (significant interaction effect of drug condition and distractor load 

(Condition x Distractor Load F(3, 1052) = 3.59,  p = .013); and for vehicle, 0.06, 0.1 and 0.3 mg/kg 

donepezil doses the trials to criterion were 11.3 ±0.4, 7.7 ±0.9, 12.3 ±1.3 and 11.0 ±1.2 trials long 

with the 0.06 mg/kg dose and vehicle being significantly different (p = .020, Bonferroni 

correction)(Figure 3.3D). There was no change in learning speed with other doses at low or high 

distractor load.  

 

Beyond learning speed, we found overall slower choice reaction times at the 0.3 mg/kg 

donepezil dose (Figure 3.3E) (main effect of drug condition: (F(3,1052) = 12.29, p < .001). While 

reaction times were overall slower at high distractor load (F(1,1052) = 7.18, p = .008) there was 

no interaction with drug dose (F(3,1052) = 0.26, n.s.). After visually inspecting the results we 

separately tested the 0.3 mg/kg dose of donepezil and found it led to significantly slower choice 

reaction time than vehicle (Tukey’s, p < .001)(Figure 3.3E). The changes in choice reaction times 

did not correlate with changes in learning performance (number of trials to criterion) at any drug 
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condition, indicating they were independently modulated (Pearson, all n.s.)( Appendix B, Figure 

B2D).  

 

 
Fig 3.4 The relationship between the visual search task and the feature learning task.  

(A). Correlation coefficients between FL learning speed (LP) and VS performance for vehicle, 0.06, 0.1 and 0.3 mg/kg 

donepezil doses. Only the 0.1 mg/kg donepezil dose had a significant correlation between FL and VS task performance 

(Pearson, : -0.54; p = 0.012). No doses showed a significant change in correlation from vehicle. (B) Same as figure 

A but for FL choice RTs and VS search RTs. Although vehicle, 0.1 and 0.3 mg/kg donepezil doses had a significant 

correlation between choice and search RTs, we found no significant change in correlation relative to vehicle. 

 

We predicted that the faster learning at the 0.06 mg/kg donepezil dose could be due to a 

more efficient exploration of objects during learning, which would be reflected in reduced 

perseverative choices of unrewarded objects. Overall, perseverative errors (defined as consecutive 

unrewarded choices to objects with the same feature dimension) made up 20% of all errors. As 

expected, we found significantly shorter sequences of perseveration of choosing objects within 

distractor feature dimensions at the 0.06 mg/kg dose of donepezil (Figure 3.3F). For 0.06, 0.1 and 

0.3 mg/kg doses the average length of perseverations in the distractor dimension was: 2.1 ±0.1, 

1.8 ±0, 1.9 ±0.1 and 1.9 ±0.1 trials with the difference between vehicle and the 0.06 dose being 

significant (p = .021). Perseverative choices in the target feature dimension were not different 

between conditions (for 0.06, 0.1 and 0.3 mg/kg donepezil doses the avg. perseveration length in 

the target dimension was: 1.7 ±0, 1.7 ±0, 1.6 ±0, and 1.7 ±0 trials (n.s.). 

 

3.4.3 Dissociation of attention and learning improvements, but slowing is correlated  

 

The effects of donepezil on feature learning and visual search might be related, but we 

found that learning speed and search accuracy was not correlated at those doses at which the drug 
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improved learning and search (0.06 mg/kg dose) or improved only visual search (0.3 mg/kg dose) 

(Pearson, all n.s.). A significant correlation was found only for the 0.1 mg/kg dose (Pearson, : -

0.54; p = .012) (Figure 3.4A). Learning at low or high distractor load and the set size (slope) 

effects in the visual search task was uncorrelated (Pearson, all n.s.). However, at the 0.3 mg/kg 

donepezil dose the target-distractor similarity effect (i.e. the search slope change) in the visual 

search task positively correlated with the difference of the learning speed at high versus low 

distractor load in the learning task (Pearson, : 0.60; p = .008). This effect signifies that better 

attentional search of a target among similar distractors is associated with poorer flexible learning 

of new targets when there are multiple object features to search through (high distractor load). 

 

In contrast to accuracy, choice reaction times in the learning task and visual search were 

significantly correlated for the 0.1 mg/kg donepezil dose (Pearson, : 0.52; p = .016), the 0.3 mg/kg 

dose (Pearson, : 0.66; p = .002), and the vehicle control condition (Pearson, : 0.60; p < 

.001)(Figure 3.4B). 

 

3.4.4 Determination of extracellular donepezil and choline levels in the prefrontal cortex 

and anterior striatum 

 

Visual search and flexible learning are realized by partly independent brain systems, 

including the PFC and anterior striatum (Cools, 2019). To determine whether extracellular levels 

of donepezil were increased to a similar magnitude in the PFC and anterior striatum, we measured 

its concentration after administering doses of either 0.06 and 0.3 mg/kg donepezil IM in the PFC, 

assumed to be necessary for efficient interference control during visual search (Cohen et al., 2007), 

and in the head of the caudate nucleus which is necessary for flexible learning of object values 

(Williams and Eskandar, 2006; Amita and Hikosaka, 2019). We used a recently developed 

microprobe that samples chemicals in neural tissue based on the principles of solid-phase 

microextraction (SPME) (Hassani et al., 2019; Lendor et al., 2019b). We found that donepezil was 

available in both brain areas and its extracellular concentration more than doubled after injecting 

0.3 mg/kg than 0.06 mg/kg in both areas (F(1,16) = 9.69, p = .007), with no significant difference 

between PFC and caudate (F(1,16) = 1.44, n.s.)(Figure 3.5A). Donepezil should cause a depletion 

of the ACh metabolite choline (Parikh et al., 2004). Using HPLC/MS analysis of the SPME 
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samples we found in the PFC that 0.06 and 0.3 mg/kg donepezil reduced choline concentrations 

by 74.2% ±14.9 (p = .005) and 85.7% ± 26.9 (p = .007) of their baseline concentrations, and in the 

caudate, it reduced choline by 68.4% ±13.8 (p = .022) and 81.0% ±12.9 (p = .009) of respective 

baseline concentrations (Figure 3.5B). The 11.5% and 12.6% stronger reduction of choline at the 

0.3 versus 0.06 mg/kg dose in PFC or caudate was not significant (n.s.).  

 

To obtain an independent physiological marker of dose-dependent effects we quantified 

during actual task performance how donepezil changed the heart rate (HR) before versus after drug 

administration (Appendix B). HR showed a transient peak ~20 min after donepezil injection 

relative to baseline, which was significant for the 0.3 mg/kg dose (pre-injection 102.3 7.1 to post-

injection 121.6 2.6; p = .021), but not for the 0.06 mg/kg dose (pre-injection: 90.3 4.2 to post-

injection: 94.8 5.4; n.s.). The 0.3 mg/kg dose caused a significantly higher HR peak than the 0.06 

mg/kg dose (p = .006) (Figure 3.5C). 

 

3.5 Discussion 

 

Here, we dissociated donepezil’s improvement of attentional control of interference during 

visual search from improvements of cognitive flexibility during feature reward learning. At the 

highest dose tested donepezil reduced interference during visual search particularly when there 

were many distractors and high similarity of distractors to the target, while concomitantly slowing 

down overall reaction times and inducing temporary peripheral side effects. In contrast, the lowest 

dose donepezil did not affect target detection times during visual search, but improved adapting to 

new feature-reward rules and reduced perseverative responding. These findings document a dose-

dependent dissociation of the best dose of donepezil for improving attention and for improving 

cognitive flexibility.  
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Fig 3.5 In-vivo extracellular measurements of choline, donepezil as well as donepezil’s effect on heart rate.  

(A) Quantified concentration of extracellular unbound donepezil with 0.06 and 0.3 mg/kg donepezil administration in 

the PFC and CD. We are able to reliably detect higher donepezil concentrations with 0.3 mg/kg dosing relative to 0.06 

mg/kg dosing (Condition F(1,16) = 9.69, p = .007) with SPME. We also see a trend towards higher detectable 

donepezil in the caudate relative to the PFC at the 0.3 mg/kg dose tested, however, we found neither significant group 

or interaction effects. (B) We used choline concentrations as a metric for donepezil bio-activity as it de-activates 

AChE and prevents acetylcholine’s degradation into choline. We extracted average session-wise change in choline 

from baseline with 0.06 and 0.3 mg/kg donepezil doses within the PFC and CD. Although we find significant decreases 

in choline by up to >80% of baseline concentrations, we found no significant effect of dosing in either the PFC or CD. 

(C) The heart rate of our fourth monkey was monitored during the neurochemical experiments. This revealed a sharp 

and transient increase in HR post administration of donepezil at 0.3 mg/kg dose (Appendix B) which lead to a higher 

average bpm. We found that we can significantly distinguish 0.06 and 0.3 donepezil administration via HR (p = .006). 

 

3.5.1 Different donepezil dose-ranges for improving interference control and flexible 

learning 

 

Using a behavioral assessment paradigm with two tasks allowed us to discern differences 

of the donepezil dose that maximally improved interference control (in the visual search task) 

versus the dose that maximally improved flexible learning (in the reward learning task). In both 
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tasks, donepezil modulated performance early within the session (first of two VS blocks and first 

third of learning blocks) consistent with its short half-life and rapid time to peak concentration 

with IM delivery (Shiraishi et al., 2005; Lange et al., 2015b). Our results focused therefore on 

these early time windows. We do not expect different conclusions if we had altered the task 

sequence (see Appendix B.3). At the 0.06 mg/kg dose donepezil facilitated flexible learning of a 

new feature reward rule and reduced the length of perseverative errors (Figure 3.3C,F). These 

behavioral effects are indicators of improved cognitive flexibility across reward learning and set-

shifting tasks (Clarke et al., 2008; Passingham and Wise, 2015; Mansouri et al., 2020). At the same 

0.06 mg/kg dose visual search response times were unaffected (Appendix B, Figure B1) and 

visual search accuracy was overall improved but independent of the number of distractors, i.e. 

independent of the degree of interference (Figure 3.1E,F). In contrast, at the higher donepezil 

doses flexible learning behavior was indistinguishable from the no-drug vehicle control condition 

showing that improving flexibility required donepezil at a lower dose.  

 

This conclusion is opposite to the drug effects on visual search performance, which was 

maximally improved at the 0.3 mg/kg dose. At this dose, subjects not only showed improved 

resistance to interference when there were more distracting objects (Figure 3.1E,F), but also 

improved resistance to distracting objects that were visually similar to the searched-for target 

(Figure 3.2B-D). These findings document that donepezil enhances the robustness to distraction 

(Womelsdorf and Everling, 2015; Noonan et al., 2018), which critically extends insights from 

existing primate studies with donepezil that mostly used simpler tasks to infer pro-cognitive effects 

on working memory or arousal (see Appendix B, Table B1). The process of attentional control of 

interference also goes beyond a short-term memory effect measured with delayed match-to-sample 

tasks. In the visual search paradigm we used, short-term memory of the target object is already 

necessary for performing the easier trials with 3 or 6 distractors, while an attention specific effect 

can be inferred when there is greater improvement in performance with increased attentional 

demands in trials with 9 or 12 distractors. Thus, our study provides strong evidence that donepezil 

causes specific attentional improvement at higher doses, which supports the neuro-genetic model 

of cholinergic modulation of attention (Sarter et al., 2016) that has received recently functional 

support in studies reporting enhanced distractor suppression in nonhuman primates with nicotine 

receptor specific ACh modulation (Hahn, 2015; Hassani et al., 2017; Azimi et al., 2019), and 
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improved suppression of perceptually distracting flankers in human subjects tested with a single 

dose (Gratton et al., 2017). We should note, however, that donepezil caused at the high dose 

already a non-selective slowing of reaction times indicative of peripheral side effects (see 

Appendix B.3).   

 

The finding that different dose ranges improved flexible learning and visual search 

distractor filtering suggests that these processes have partially independent Yerkes-Dodson style 

inverted-U dose-response curves (Figure 3.6). One reason supporting this suggestion is that 

flexible learning and distractor filtering are supported by partially different brain networks, which 

likely have differential sensitivity to cholinergic modulation. Lesion studies in nonhuman primates 

have shown that flexible reward learning is closely associated with the medial and orbito-frontal 

prefrontal cortex and the striatum where lesions impair learning visual reward associations (Clarke 

et al., 2008; Rothenhoefe et al., 2017). In contrast, visual search distractor filtering in primates 

depend on the dorsolateral prefrontal cortex (dlPFC) and its connections with posterior parietal 

cortices, with bilateral dlPFC lesions impairing filtering distraction (Rossi et al., 2007). Brain areas 

within these partly segregated networks for learning and distractor filtering might be differently 

sensitive to cholinergic modulation. For example, primate dlPFC has been documented to be 

uniquely sensitive to neuromodulation by catecholamines and ACh for spatial working memory 

and switching between distracting features (Arnsten et al., 2010; Cools and Arnsten, 2022), with 

ACh depletion in PFC causing deficits in attention, but not learning (Voytko et al., 1994). During 

cognitive processes ACh modulates synaptic efficacy, post-synaptically, in an inverted-U manner 

through both alpha 7 nicotinic receptors (Yang et al., 2013) and M1 muscarinic receptors (Galvin 

et al., 2020b). Such inverted-U curves for different receptors are not likely to be homogenous or 

fully overlapping when taking into consideration variable task demands within a cognitive domain 

or when considering different cognitive domains entirely (Floresco, 2013). This is supported by 

studies showing the disruption of rule-selective activity with iontophoretic M1 overstimulation of 

dlPFC neurons (Vijayraghavan et al., 2018), while at lower doses, delay-cell firing and spatial 

tuning were enhanced (Galvin et al., 2020b). Our results may thus reflect different inverted-U 

curves along a construct of flexible attention shifting, required for optimal performance in our 

feature learning task, and stable filtering of distractors required for optimal performance in our 

visual search task (Figure 6).     
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Fig 3.6 Theoretic curves. 

Each task will have its own specific demands based on the cognitive domain(s) involved that may be best met with 

some cholinergic tone which may be endogenously, or in this case pharmacologically, shifted to reach optimal 

performance. Here, the ‘feature learning task’ and ‘visual search task’ have varying demands in terms of attentional 

flexibility and therefore different inverted-U curves for optimal performance. These curves may be shifted by changing 

the attentional flexibility or a given subject may travel along the x-axis due to pharmacological intervention, aging-

related changes and other mechanisms that may change their effective cholinergic tone 

 

3.5.2 Quantifying extracellular levels of donepezil and choline in prefrontal cortex and 

striatum 

  

We confirmed the presence of extracellular donepezil in the PFC and the anterior striatum 

at the doses tested (Figure 3.5A) and that it prevented ACh metabolism as evident in 68-86% 

reduced choline levels (Figure 3.5B). To our knowledge this is the first quantification of 

donepezil’s action on the breakdown of ACh in two major brain regions in the primate. The 

observed reduction of choline is higher than reductions of AChE activity (of ~25- 70%) reported 

with positron emission tomography or in brain homogenate (Kaasinen et al., 2002; Geerts et al., 

2005). Previous studies suggest that evaluating blood plasma levels or cerebrospinal 

concentrations may not predict how effectively AChE drugs influence behavioral outcomes 

(Imbimbo, 2001). One likely reason is that intracerebral concentrations can be multifold higher 

than extracerebral concentration levels (Geerts et al., 2005; Karasova et al., 2020) and do not 

reflect the actual bioactive concentration available in target neural circuits. By confirming that 

donepezil prevented ACh breakdown in the PFC and striatum, we thus established a direct link of 

behavioral outcomes and local drug bioavailability in two brain structures that causally contributes 

to attention and learning (see above) (Voytko et al., 1994; Rossi et al., 2007; Clarke et al., 2008; 
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Rothenhoefe et al., 2017; Hikosaka et al., 2019). While our study showed that donepezil has a 

similar effect on ACh breakdown in both areas, it leaves open whether or how choline 

concentrations in either brain area relate to finer performance variations across tasks as we 

measured choline only during one task and with insufficient statistical power to establish such a 

link at this stage.  

 

The neurochemical measurements of donepezil in PFC and striatum were achieved with a 

recently developed microprobe that samples neurochemicals through principles of solid phase 

microextraction (SPME) (Pawliszyn, 2000; Cudjoe et al., 2013; Hassani et al., 2019; Lendor et al., 

2019b; Reyes-Garcés et al., 2019), and so far was used for testing the consequence of drugs only 

in rodents (Cudjoe et al., 2013; Cuthbert and Insel, 2013; Cudjoe and Pawliszyn, 2014). We believe 

that leveraging this technique in primate drug studies will be important for clarifying whether 

systemically administered drugs reach the desired target brain systems in which they are supposed 

to exert their pro-cognitive effects.  

 

In our study, confirming donepezil’s action in PFC and striatum critically constrains the 

interpretation of the behavioral results, suggesting that different behavioral outcome profiles are 

not due an uneven drug availability. Rather, the different ‘Best Doses’ for visual search and flexible 

learning performance will likely be due to brain area specific pharmacokinetic profiles of receptor 

densities, drug clearance profiles, or auto-receptor mechanisms that intrinsically downregulate 

local drug actions (de Boer et al., 1990; Coppola et al., 2016; Venkatesan et al., 2020). One 

prediction from the specific distribution and kinetics of nicotinic or muscarinic receptors in PFC 

and striatum is that donepezil might at lower doses act predominantly in the striatum via activation 

of muscarinic sub-receptors as they have a particularly high binding potential (Tsukada et al., 

2004b) and respond stronger to muscarinic ACh receptor activation compared with the PFC (Thorn 

et al., 2019) (see Appendix B.3). However, it might also be possible that donepezil recruits 

nicotinic receptors which are upregulated with chronic donepezil use (Kume et al., 2005). It will 

be important to disentangle in future studies the role of nicotinic and muscarinic sub-receptors in 

PFC and striatum to optimize the clinical potential to improve learning and attention functions in 

conditions with cognitive impairment and particularly in dementia (see Appendix B.3).    
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In summary, our results provide rare quantitative evidence that a prominent ACh enhancing 

drug exerts domain specific cognitive improvements of attentional control and cognitive flexibility 

at a distinct dose range. A major implication of this finding is that for understanding the strength 

and limitations of pro-cognitive drug compounds it will be essential to test their dose-response 

efficacy at multiple cognitive domains. 
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Chapter 4 M1 selective muscarinic allosteric modulation enhances cognitive 

flexibility and effective salience in nonhuman primates 

 

4.1 Abstract 

 

Acetylcholine (ACh) in cortical neural circuits mediates how selective attention is 

sustained in the presence of distractors and how flexible cognition adjusts to changing task 

demands. The cognitive domains of attention and cognitive flexibility might be differentially 

supported by the M1 muscarinic cholinergic sub-receptor. Understanding how M1 mechanisms 

support these cognitive subdomains is of highest importance for advancing novel drug treatments 

for conditions with altered attention and reduced cognitive control including Alzheimer’s disease 

or schizophrenia. Here, we tested this question by assessing how the subtype selective M1-receptor 

specific positive allosteric modulator (M1 PAM VU0453595) affects visual search and flexible 

reward-learning in nonhuman primates. We found that allosteric potentiation of the M1 receptor 

enhanced flexible learning performance by improving extra-dimensional set shifting, by reducing 

latent inhibition from previously experienced distractors, and by reducing response perseveration 

in the absence of adverse side effects. These pro-cognitive effects occurred in the absence of 

apparent changes of attentional performance during visual search. In contrast, non-selective ACh 

modulation using the acetylcholinesterase inhibitor donepezil improved attention during visual 

search at doses that did not alter cognitive flexibility and that already triggered gastrointestinal 

cholinergic side effects. These findings illustrate that M1 positive allosteric modulation enhances 

cognitive flexibility without affecting attentional filtering of distraction, consistent with M1 

activity boosting the effective salience of relevant over irrelevant objects. These results suggest 

that M1 PAMs are versatile compounds for enhancing cognitive flexibility in disorders spanning 

schizophrenia and Alzheimer’s diseases. 

 

4.1.1 Statement of significance 

 

Muscarinic receptors mediate the pro-cognitive effects of acetylcholine, but it has remained 

unclear whether they differentially affect the cognitive subfunctions of attentional filtering, set 

shifting, and learning. To clarify the functional specificity of M1 receptors, we assessed these 
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diverse functions using a recently developed, highly selective M1 PAM. This M1 PAM caused 

domain-specific cognitive improvement of flexible learning and extra-dimensional set shifting, 

reduced perseverations and enhanced target recognition during learning without altering 

attentional filtering functions. These domain-specific improvement contrasted to effects of a non-

selective acetylcholinesterase inhibitor that primarily enhanced attention and caused dose limiting 

adverse side effects. These results demonstrate domain-specific improvements of cognitive 

flexibility suggesting M1 PAMs are versatile compounds for treating cognitive deficits in 

schizophrenia and Alzheimer’s disease. 

 

4.2 Introduction 

 

Cholinergic activity has far reaching consequences on attention and attentional control 

functions (Levin et al., 2011; Sarter and Lustig, 2019) with long-standing suggestions that 

cholinergic modulation is involved in faster updating of expectations during learning (Doya, 2002; 

Hirayama et al., 2004; Vossel et al., 2014). Depleting cholinergic innervation to the prefrontal 

cortex compromises while stimulation of cholinergic activity can enhance attentional control 

functions (Turchi and Sarter, 1997, 2000; Botly and de Rosa, 2009; Ljubojevic et al., 2014; Sarter 

et al., 2016). These cholinergic effects have been suggested to be supported differently by nicotinic 

versus muscarinic receptors (Bertrand and Terry, 2018; Thiele and Bellgrove, 2018). Antagonizing 

muscarinic cholinergic action with scopolamine in healthy humans and nonhuman primates 

(NHPs) increases false alarm rates and impairs sustained attention by slowing response times and 

impairing signal detection in two-alternative choice tasks (Bushnell et al., 1997; Davidson et al., 

1999; Davidson and Marrocco, 2000; Ellis et al., 2006; Furey et al., 2008). Consistent with these 

behavioral effects, neuronal recordings in the prefrontal cortex of NHPs has shown that attentional 

signaling depends on muscarinic receptor activation (Dasilva et al., 2019b). One key open question 

from these insights is to what extent are attentional subcomponent processes supported by 

muscarinic signaling and whether there are sub-receptors of the muscarinic receptor family that 

differentially support separable subcomponent processes underlying attention, such as filtering of 

distracting information, enhancing the flexible updating and shifting of attention sets, or 

supporting robust goal representations during goal-directed behavior. Each of these diverse 

subcomponent processes has been associated in prior studies with the muscarinic M1 muscarinic 
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receptor, which is widely expressed in the cortex, striatum and hippocampus (Levey, 1996; Rapan 

et al., 2022) and may thus mediate some of these muscarinic pro-cognitive effects (Jones et al., 

2012; Sarter and Lustig, 2019). 

 

One set of prior studies has implicated the M1 receptor to memory processes because M1 

selective drugs can restore deficits in novel object recognition (Rook et al., 2017; Moran et al., 

2018), and can partially reverse scopolamine induced deficits in contextual fear conditioning 

consistent with M1 selective compounds enhancing the salience of the (aversive) outcomes during 

learning (Ma et al., 2009; Chambon et al., 2011; Moran et al., 2018). But it has remained unclear 

whether the effects described in these studies are best accounted for by an improvement of 

memory, or whether enhanced cognitive control processes contribute to more effective encoding 

of stimuli as opposed to enhancing learning processes. A similar question about the specific 

cognitive process that are modulated arises when considering the M1 effects on different forms of 

attentional performance. While some studies have shown that M1 receptor modulation is important 

for attentional modulation of neural firing (Herrero et al., 2008; Dasilva et al., 2019b), behavioral 

studies using M1 selective ago PAMs (positive allosteric modulators with partial agonistic 

properties) in NHPs (Lange et al., 2015a) and rodents (Kucinski et al., 2020) have not found 

primary improvements of sustained attention performance. Rather than modulating attention, the 

M1 receptor actions improved behavior only in more demanding task conditions in which M1 

modulation enhanced the adjustment of performance when task requirements changed (Kucinski 

et al., 2020). These results are consistent with findings showing that M1 specific drugs can enhance 

the likelihood of subjects to apply complex sensorimotor transformations to reach a goal (as in 

Object Retrieval Detour Tasks) (Uslaner et al., 2018), and to facilitate odor-based reversal learning 

of objects (Shirey et al., 2009). These cognitive enhancing effects suggest that M1 receptors may 

be particularly important for higher cognitive control processes that go beyond attentional focusing 

or the filtering of distraction (Sarter and Lustig, 2019). However, it is not apparent which particular 

control processes might be supported by M1 receptors as the existing studies used widely varying 

tasks and a study using one of the classical cognitive control task (the anti-saccade task) was not 

successful in identifying neural correlates of M1 receptor specific effects in the prefrontal cortex 

of NHPs (Vijayraghavan et al., 2018).  
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The current study set out to address these questions about the specific pro-cognitive role of 

the M1 receptor in supporting cognition. Firstly, to distinguish cognitive subcomponent processes 

we devised two tasks. A visual search task allowed for distinguishing attentional subcomponent 

processes by varying distractor load and perceptual interference. And a intra-/extra-dimensional 

set shifting learning task distinguishing cognitive control processes and cognitive flexibility. 

Secondly, we assessed NHP performance in these tasks using VU0453595, which is a recently 

developed subtype selective positive allosteric modulator (PAM) for the M1 muscarinic receptor 

that has exceptional specificity and effectivity to potentiate cholinergic signaling without exerting 

direct agonistic effects (Ghoshal et al., 2016; Moran et al., 2018; Rook et al., 2018a). This M1 

selective PAM is from a family of advanced drug compounds that avoid dose limiting side effects 

which are prevalent with existing orthosteric compounds (Korczyn, 2000; Li et al., 2019), and 

which has the potential to treat deficits in attention control and cognitive rigidity prevalent in 

schizophrenia, Alzheimer’s disease and substance use disorders (Perry and Hodges, 1999; Woicik 

et al., 2011; Rohlf et al., 2012; Waltz, 2017; Tobin, 2018). Assessing the pro-cognitive profile of 

VU0453595 for these higher cognitive functions is therefore pivotal to advance therapeutic 

solutions for these widespread neuropsychiatric conditions (H. Ferreira-Vieira et al., 2016; Moran 

et al., 2018; Foster et al., 2021). 

 

We found that the M1 PAM VU0453595 exerts an inverted-U shaped improvement of 

cognitive flexibility, causing faster learning, extra-dimensional set shifting, and reduced 

perseverations (i.e. enhanced flexibility), while leaving attentional filtering during visual search 

unaffected. These results are contrasted to the non-selective acetylcholine esterase (AChE) 

inhibitor donepezil which improved attentional filtering with only marginal effects on cognitive 

flexibility (Hassani et al., 2021).  

 

4.3 Results 

 

Each of the four monkeys completed 60 sessions composed of 40 vehicle days and 7 days 

for each of the three tested doses of VU0453595 (0.03, 0.1, and 0.3 mg/kg). No adverse effects 

were observed in any of the 21 drug dosing days in any of the monkeys. 
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Fig 4.1 Task design and feature-reward learning task performance enhancement by VU0453595  

(A) Images of cage-mounted kiosk and monkey Ba utilizing the touch screen to perform the feature-reward learning 

(FRL) task taken via the video monitoring system. Both images are taken from the same time point from different 

angles. (B) Trial progression of the FRL task (top) and the VS task (bottom). The example FRL task here is a high 

distractor load block where objects vary in both color and pattern. Although the red checkered object was correctly 

chosen in this trial, the animal would need to learn through trial-and-error if future red or checkered objects will be 

rewarded. The example VS block here shows a 3 distractor trial with the target object consisting of the features: 

blue, striped and straight arms. The red distractor has zero features in common with the target, the yellow distractor 

has one feature in common with the target (striped pattern) and the blue distractor has two features in common with 

the target (blue color and straight arms). Trials in either task were initiated by a 0.3-0.5s touch and hold of a central 

blue square (3 visual radius wide) after which the square disappears (for 0.3-0.5s) and task objects (2.5 visual 

radius wide) are presented on screen. For the VS task, the background changes to one of 5 images cuing the animal 

to the task rule while the background remains neutral (gray) in the FRL task. In either task, subjects have 5s to 

select one of the objects with a 0.2s touch and hold. Failure to choose an object resulted in an aborted trial which 

was ignored. Feedback for choice selection was provided 0.2s after object selection for 0.5s via both a visual halo 

around the chosen object as well as a auditory cue alongside any earned fluid. Both the frequency of the audio 

feedback and color of the feedback halo differed based on outcome. (C) Block-wise average learning curves for 

the low distractor load blocks of the FRL task aligned to block start for vehicle, 0.03, 0.1 and 0.3 mg/kg 

VU0453595, smoothed after the first 3 trials with a sliding window (shaded area: SE). Dotted horizontal lines 

signify 0.33 and 0.66 probabilities with the solid horizontal line at 0.8 signifying the block learning criterion. (D) 

The same as C but for the high distractor load blocks. (E) Median trials-to-criterion for the low and high distractor 
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load blocks of the FRL task. For the low distractor load blocks, trials to criterion were 11.03 (SE: 0.38), 8.94 (SE: 

0.75), 7.93 (SE: 0.81) and 10.88 (SE: 0.94) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595 respectively. 

Only the 0.1 mg/kg dose was significantly different from vehicle (F(3,691) = 3.54, p = .01; 2 = .015; Tukey’s, p = 

.028; Cohen’s d = -.352). For the high distractor load blocks, trials to criterion were 12.85 (SE: 0.43), 13.56 (SE: 

1.03), 11.65 (SE: 1.00), and 12.92 (SE: 0.98) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595 respectively 

with no significant effect (F(3,565) = .40, n.s.). 

 

 

4.3.1 M1 PAM VU0453595 enhances learning  

 

Animals performed and consistently completed all 21 blocks of the feature learning task 

per session in all experimental conditions and expectedly showed faster learning in the easier low 

distractor load condition versus the more difficult high distractor load condition (Fig. 4.1C,D). 

Administration of VU0453595 improved multiple measures of the learning performance compared 

to the vehicle control condition. In order to reveal any temporally specific effects on learning, we 

implemented a linear mixed effects model on the median trials-to-criterion for the feature-reward 

learning (FRL) task (see Appendix C.1). Faster learning with 0.1 mg/kg dosing was evident in the 

early, middle, and last thirds of the 21 learning blocks per session with the first third of blocks 

showing the strongest effects (0.1 mg/kg fixed effect: t(3674) = -2.67, p = .008; first third Cohen’s 

d = -.228; overall Cohen’s d = -.061) (Appendix C, Fig. C1A). For this reason, all future analyses 

of the FRL task use the first third of blocks. Faster learning was particularly evident at low 

distractor load for which animals reached the trials-to-criterion at 7.93 (SE: 0.81) trials after a 

block switch with 0.1 mg/kg, compared to 11.03 (SE: 0.38) trials with vehicle (F(3,691) = 3.54, p 

= .01; 2 = .015; Tukey’s, p = .028; Cohen’s d = -.352) (Fig. 4.1E). After the performance criterion 

was reached, VU0453595 also enhanced plateau performance (Appendix C, Fig. C1B) and 

increased the proportion of blocks in which the animals reached the learning criterion at the 0.1 

mg/kg dose (Appendix C, Fig. C1C). 

 

Faster learning and improved performance accuracy in the 0.1 mg/kg dose condition was 

accompanied by faster response times (RTs). Over the course of a learning block, subjects showed 

a characteristic change of RTs with fast RTs early in the block that slowed down and plateaued 

around the trial within the block when animals started learning the rewarded target feature (Fig. 

4.2A,B). Notably, administering the middle (0.1 mg/kg) dose of VU0453595 led to significantly 

faster RTs of 870 ms (SE: 23 ms; low load) and 960 ms (SE: 23 ms; high load) relative to vehicle 
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RTs of 960 ms (SE: 11 ms; low load) and 984 ms (SE: 11 ms; high load) (F(3,1672) = 2.97, p = 

.03; 2 = .005; Tukey’s, p = .04; Cohen’s d = -.350) (Fig. 4.2C). Moreover, the number of trials 

needed for the RTs to plateau was significantly fewer with the 0.1 mg/kg dose taking until trial 6.5 

(SE: 0.5) relative to vehicle until trial 8.7 (SE: 0.3) (F(3,193) = 2.67, p < .05; 2 = .040; Tukey’s, 

p = .03; Cohen’s d = -.674) (Fig. 4.2D). 

 

4.3.2 Improved cognitive control with M1 PAM VU0453595  

 

Learning a new feature-reward rule following a block switch entailed either identifying a 

target feature that was new or from a different feature dimension as in the previous block (extra-

dimensional switches, ED), or from the same feature dimension as the previous target (intra-

dimensional switches, ID). We found that the 0.1 mg/kg dose with VU0453595 significantly 

improved learning for both, ED and ID switches (Fig. 4.2E,F) but not switches where the current 

target was from a novel feature dimension (data not shown). A large improvement was evident for 

ED switches with the average trials-to-criterion of 4.0 (SE: 0.7) after 0.1 mg/kg dose 

administration being significantly lower than the average 12.2 (SE: 1.0) trials-to-criterion of the 

vehicle condition (F(3,122) = 3.15, p = .03; 2 = .072; Tukey’s, p = .02; Cohen’s d = -.868) (Fig. 

4.2E). Please note that ED switches reported in our task were to a target of the previous distractor 

feature dimension and thus required disengaging from that dimension in addition to identifying 

the newly rewarded dimension. ID switches had a more moderate but still significant advantage 

after administration of 0.1 mg/kg dose of VU0453595 with a trials-to-criterion of 9.3 (SE: 0.7) 

relative to 12.6 (SE: 0.5) with vehicle (F(3,518) = 3.26, p = .02; 2 = .019; Tukey’s, p = .04; 

Cohen’s d = -.349) (Fig. 4.2F).  

    

A learning advantage after ED and ID switches indicates that VU0453595 at the 0.1 mg/kg 

dose enhanced cognitive control. Cognitive control processes also entail the ability to avoid 

erroneous perseverative responding. We quantified the perseverative responses as the proportion 

of repeated unrewarded choices to a feature in the target-feature dimension or in distractor-feature 

dimensions. We found that VU0453595 reduced perseverative responding to other features in the 

target feature dimension at 0.1 mg/kg from the 10.7% (SE: 0.2) of vehicle down to 8.5% (SE: 0.6) 

(F(3,1679) = 3.74, p = .01; 2 = .007; post-hoc analysis of 0.1 mg/kg condition Tukey’s, p = .01; 
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Cohen’s d = -.243) (Fig. 4.2G). Perseverative responding to objects with features of the distractor 

dimension was moderately, but non-significantly reduced with VU0453595 (F(3,844) = 2.36, p = 

.07; 2 = .008) (Fig. 4.2H).  

 

4.3.3 M1 PAM VU0453595 has no consistent effect on interference control 

 

Cholinergic compounds modulate attention and interference control (Thiele and Bellgrove, 

2018; Azimi et al., 2019; Hassani et al., 2021). We evaluated these functions using a visual search 

(VS) task that varied the requirements to control interference from increasing numbers of distractor 

objects during search, and from increasing the number of features that were shared between target 

and distractors (target-distractor similarity, see Methods).  

 

Animals showed prominent slowing of target detection times with increasing number of 

distractors from 3, 6, 9 to 12. VU0453595 did not consistently modulate this slowing with 

increasing distractor set size (defined as slope of the linear fit) (Fig. 4.3A,B). Similar to target 

detection times, accuracy was not consistently affected by VU0453595 with no modulation of set 

size effects. For both the raw values of target detection times and accuracy, some significant 

changes were observed (see Appendix C.2) but no systematic pattern could be extracted (Fig. 

4.3C,D). Similarly, VU0453595 did not consistently alter perceptual interference operationalized 

as changes in performance with increasing similarity between the target and distractors (Fig. 

4.3E,F). We did not observe significant changes in the set size effect for target detection times 

(first block: F(3,236) = 0.54, n.s.; second block: F(3,236) = 1.81, n.s.; Fig. 4.3E) or performance 

accuracy (first block: F(3,236) = 0.53, n.s.; second block: F(3,236) = 0.51, n.s.; Fig. 4.3F). Similar 

to the distractor effect, the comparisons of how perceptual interference impacted raw target 

detection times and performance showed no systematic improvements (see Appendix C.2). No 

changes to speed of processing, operationalized as the time to response during familiarization trials 

(see methods) were observed with VU0453595 at any dose for neither the first VS block (F(3,236) 

= .56, n.s.) nor the second block (F(3,236) = .35, n.s.) (Appendix C, Fig. C2). 
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Fig 4.2 Feature-reward learning task efficiency and cognitive flexibility improvements with VU0453595  
(A) The average RT curve of each session (correct trials only) aligned to block start for the low distractor load 

blocks of the FRL task for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595 (shaded area: SE) (B) The same 

as A but for high distractor load blocks of the FRL task. (C) Block-wise averages of the traces plotted in A and B 

visualized to compare RTs between distractor load conditions. Low distractor load blocks had RTs of 960 ms (SE: 

11), 923 ms (SE: 24), 870 ms (SE: 23) and 974 ms (SE: 23) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of 

VU0453595 respectively. High distractor load blocks had RTs of 984 ms (SE: 11), 965 ms (SE: 26), 960 ms (SE: 

23) and 937 ms (SE: 22). Only the 0.1 mg/kg dose of VU0453595 was significantly different from vehicle 
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(F(3,1672) = 2.97, p = .03; 2 = .005; Tukey’s, p = .04; Cohen’s d = -.350) (D) Trials-to-plateau for RTs in the low 

distractor load blocks defined as the first trial per block (excluding trial 2) that RTs become faster (error bars: SE). 

Trials-to-plateau was 8.7 (SE: 0.3), 8.0 (SE: 0.6), 6.5 (SE: 0.5) and 8.5 (SE: 0.5) for vehicle, 0.03, 0.1 and 0.3 

mg/kg doses of VU0453595 respectively. Only the 0.1 mg/kg dose was significantly different from vehicle 

(F(3,193) = 2.68, p < .05; 2 = .040; Tukey’s, p = .017; Cohen’s d = -.674). (E) Block-wise average trials-to-

criterion after extra-dimensional shifts were 12.2 (SE:1.0), 8.9 (SE: 2.4), 4.0 (SE: 0.7) and 9.3 (SE: 1.4) for vehicle, 

0.03, 0.1, and 0.3 mg/kg doses of VU0453595 respectively. Only the 0.1 mg/kg dose showed a significant difference 

from vehicle (F(3,122) = 3.15, p = .03; 2 = .072; Tukey’s, p = .02; Cohen’s d = -.868). (F) Block-wise average 

trials-to-criterion after intra-dimensional shifts were 12.6 (SE: 0.5), 10.0 (SE: 0.7), 9.3 (SE: 0.7) and 12.3 (SE: 1.1) 

for vehicle, 0.03, 0.1, and 0.3 mg/kg doses of VU0453595 respectively. Only the 0.1 mg/kg dose showed a 

significant difference from vehicle (F(3,518) = 3.26, p = .02; 2 = .019; Tukey’s, p = .04; Cohen’s d = -.349). (G) 

The proportion of errors that were perseverative in nature with the feature that was perseverated being from the 

same feature dimension as the target feature. The proportion of perseverative errors from the target feature 

dimension were 10.7% (SE: 0.2), 11.5% (SE: 0.7), 8.5% (SE: 0.6) and 11.0% (SE: 0.7) for vehicle, 0.03, 0.1, and 

0.3 mg/kg doses of VU0453595 respectively with only the 0.1 mg/kg dose being significantly different from vehicle 

(F(3,1679) = 3.74, p = .01; 2 = .007; Tukey’s, p = .01; Cohen’s d = -.243). (H) The same as G but with the feature 

that was perseverated being from the distracting feature dimension (different from the target feature dimension). 

The proportion of perseverative errors from the distracting feature dimension were 17.3% (SE: 0.3), 19.6% (SE: 

0.8), 15.6% (SE: 1.0) and 15.6% (SE: 1.0) for vehicle, 0.03, 0.1, and 0.3 mg/kg doses of VU0453595 respectively. 

There was a non-significant trend for a main effect of experimental condition (F(3,844) = 2.36, p = .07; 2 = .008). 
 

4.3.4 Double dissociation of VU0453595 and Donepezil for cognitive flexibility and 

interference control 

 

VU0453595 improved learning and reduced perseveration, but without reducing 

interference from distracting objects and features. This pattern of results contrasts to the effects of 

non-selective acetylcholine esterase inhibitor donepezil for which a prior study using the same 

tasks as in the current study found that an optimal dose range improved VS performance but 

without affecting reward learning and perseveration (Hassani et al., 2021). To quantify this 

difference, we re-analyzed the performance of reward learning and visual search with donepezil 

in the prior study using the best-dose for VS improvements (0.3 mg/kg) (Hassani et al., 2021). 

This comparative approach revealed a double dissociation (Table 4.1). VU0453595 enhanced 

metrics of learning efficiency and cognitive flexibility but not metrics of interference control 

during VS, while donepezil made the animals more robust against distraction (improved 

interference control) during visual search but did so without improving feature-reward learning 

performance. Furthermore, at this dose, donepezil slowed down response times in the FRL task as 

well as search times in the VS task and even slowed the speed of processing early, partially as a 

consequence of dose-limiting side effects that accompanied donepezil. In contrast, VU0453595 at 

0.1 mg/kg sped up response times in the FRL task without slowing down VS search times or the 

speed of processing and without any observable side effects (Table 4.1). 
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Fig 4.3 Distractor effect and interference control are not consistently impacted by VU0453595  

(A) Target detection durations (reaction times) as a function of distractor number for the second VS block. There was 

a significant main effect of experimental condition with a significant different between the 0.3 mg/kg dose of 

VU0453595 compared with vehicle (F(3,944) = 3.67,  p = .01; 2 = .008; Tukey’s, p < .05). The 0.3 mg/kg dose 

improved search times from 1.16 s (SE: 0.02), 1.37 s (SE: 0.02), 1.54 s (SE: 0.03) and 1.72 (SE: 0.03) with vehicle to 

1.11 s (SE: 0.04), 1.30 s (SE: 0.04), 1.48 s (SE: 0.05) and 1.58 s (SE: 0.05) for 3, 6, 9 and 12 distractors respectively. 

There was no significant change in the first VS block (data not shown). (B) The set size effect, operationalized as the 

slope of the linear fit of search times as a function of distractor numbers for the second VS block (0.057 (SE: 0.003), 

0.060 (SE: 0.005), 0.058 (SE: 0.005) and 0.049 (SE: 0.005) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595) 

was not significant (F(3,236) = .67, n.s.). There was also no significant set size effect in the first VS block (data not 

shown). (C) VS task performance as a function of distractor number for the first VS block. There was a significant 

main effect of experimental condition with a significant different between the 0.3 mg/kg dose of VU0453595 

compared with vehicle (F(3,944) = 3.80, p = .01; 2 = .010; Tukey’s, p = .04). The 0.3 mg/kg dose reduced performance 

from 95.8% (SE: 0.4), 91.8% (SE: 0.7), 88.3% (SE: 0.8) and 84.1% (SE: 1.0) with vehicle to 94.5% (SE: 1.2), 89.4% 

(SE: 2.0), 83.1% (SE: 2.2) and 81.8% (SE: 2.7) for 3, 6, 9 and 12 distractors respectively. There was no significant 

change in the second VS block (data not shown). (D) The set size effect, operationalized as the slope of the linear fit 

of performance as a function of distractor numbers for the first VS block (-0.013 (SE: 0.001), -0.011 (SE: 0.003), -
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0.014 (SE: 0.002) and -0.015 (SE: 0.002) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595) was not significant 

(F(3,236) = .60, n.s.). There was also no significant set size effect in the second VS block (data not shown). (E) VS 

task search times as a function of target-distractor similarity for the second VS block. There was a significant main 

effect of experimental condition with a significant different between the 0.1 mg/kg dose of VU0453595 compared 

with vehicle (F(3,708) = 4.67, p = .003; 2 = .018; Tukey’s, p = .02) but no significant set size effect (F(3,236) = 1.81, 

n.s.). Search times were faster from 1.29 s (SE: 0.02), 1.48 s (SE: 0.02) and 1.49 (SE: 0.03) with vehicle to 1.18 s (SE: 

0.04), 1.42 s (SE: 0.05) and 1.33 s (0.05) for low, medium and high average target-distractor similarity respectively. 

(F) VS task performance as a function of target-distractor similarity for the second VS block. There was a significant 

main effect of experimental condition but no significant post-hoc comparison was found (F(3,708) = 2.84, p = 0.04; 

2 = 0.011; Tukey’s, n.s.). We also failed to find a significant set size effect (F(3,236) = .53, n.s.). 

 

4.4 Discussion 

 

Here, we found that healthy adult rhesus monkeys show M1-receptor specific 

improvements of cognitive flexibility in a feature-reward learning task, while leaving attentional 

filtering unaffected. In particular, the middle of three doses of the M1 PAM VU0453595 increased 

the speed of learning a new feature-reward rule, particularly with extra-dimensional rule changes. 

At the same dose animals showed less perseveration on unrewarded features. These pro-cognitive 

effects contrasted to the absence of distractor dependent changes in accuracy or search times during 

VS. At the dose range tested no adverse side effects were noted. This result pattern contrasts to the 

effects of donepezil which improved attentional filtering during VS at a dose at which it did not 

affect cognitive flexibility, but already resulted in dose-limiting side effects. Taken together, these 

findings document a functional dissociation of the role of M1 receptor modulation with highly 

selective M1 receptor potentiation, suggesting it is a versatile treatment target for disorders 

suffering from inflexible, rigid cognition and behavior including schizophrenia, Alzheimer’s 

disease and addiction.   

 

4.4.1 M1 PAM enhances learning and extra-dimensional shifts 

We found that the medium dose of VU0453595 improved learning of feature values. 

Compared to the vehicle control, the medium dose allowed subjects to reach the performance 

criterion 3.10 trials earlier at the low distractor load condition (Fig. 4.1E) and the number of trials 

to reach plateau RT decreased by 2.20 trials for low distractor load blocks (Fig. 4.2D) (see 

Appendix C.3 with regard to dose specificity of the effects). The learning improvement was 

particularly apparent with extra-dimensional (ED) switches, i.e. when the target feature in a block 

was from a different feature dimension as the target in the preceding block (Fig. 4.2E). Typically, 
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ED switches take longer and are more difficult than intra-dimensional switches by requiring the 

recognition of a new dimension and integrating it in a new attentional set (Izquierdo et al., 2016), 

suggesting that VU0453595 particularly benefits the flexible updating and switching of attention 

sets. This finding in NHPs extends the insights that the M1 selective ago PAM BQCA 

(benzylquinolone carboxylic acid) can restore odor-based reversal learning of objects in transgenic 

mice (Shirey et al., 2009).  

 

Computationally, human and animal studies support the suggestion that the M1 PAM might 

enhance the updating of attention sets. Enhanced learning following ED switches in our task 

paradigm suggests that the M1 PAM allowed the animals to more effectively recognize that 

previously unrewarded, distracting, features became rewarded. The M1 PAM effect is therefore 

akin to increasing the effective salience of those targets that were ‘learned distractors’ from the 

previous block while suppressing the salience of current distractor features (Fig. 4.1). Recent 

modeling suggests that increasing effective salience is achieved with an attention-augmentation 

mechanism that enhances learning from attended features by actively un-learning (forgetting) 

unattended features (Womelsdorf et al., 2021b). Various studies have documented that such an 

attention-augmentation mechanism is important for fast learning in complex tasks like the one 

used here (Wilson and Niv, 2012; Niv et al., 2015; Radulescu et al., 2016; Hassani et al., 2017; 

Oemisch et al., 2019; Womelsdorf et al., 2021b). The M1 PAM effect may thus enhance the 

effective salience of target features, consistent with neuronal recordings that show M1 receptor 

activation in the prefrontal cortex is necessary during the early processing of targets (Howe et al., 

2017). Support for this suggestion comes from an elegant multi-task study in NHPs that found 

compromising muscarinic activity with scopolamine increased the pro-active interference of prior 

spatial information onto current performance in a self-ordered search task (Taffe et al., 1999). The 

current findings suggest that potentiating M1 receptor activity reduces pro-active interference with 

the net effect of enhanced effective salience.  

 

Recent human studies found that the learning of stimulus-response reward probabilities is 

enhanced with the AChE inhibitor galantamine (Vossel et al., 2014) and impaired when 

antagonizing muscarinic receptors with biperiden (Marshall et al., 2016a). In a Bayesian 

framework, these performance improvements were linked specifically to enhanced versus reduced 



 74 

weighting of top-down expectancies and prediction errors during learning (Vossel et al., 2014; 

Marshall et al., 2016a). In this framework, muscarinic receptor activity determined how fast 

prediction errors led to belief updating about how stimuli are linked to reward. The results of the 

current study therefore suggest that enhanced belief updating and effective salience is mediated 

specifically through the potentiation of the M1 receptor. Supporting this conclusion, in rodents, the 

M1 selective ago PAM BQCA reverses scopolamine induced deficits in a contextual fear 

conditioning consistent with M1 enhancing the salience of the (aversive) outcomes during learning 

(Ma et al., 2009; Chambon et al., 2011; Moran et al., 2018).  

 

These functions of the M1 receptor may be realized in the prefrontal cortex. In primates, 

reversal learning and the extra-dimensional updating of attentional sets depend on dissociable 

subareas of the prefrontal cortex with ED shifting and the recognition of attention sets depending 

particularly on the ventrolateral prefrontal cortex (Rudebeck et al., 2017; Friedman and Robbins, 

2022). Support for such a prefrontal mechanisms comes from a rodent study that found the M1 

selective PAM TAK-701 can partially reverse a deficit of target detection selectively on signal 

trials that followed no-signal trials when the deficit was induced by partially (~60%) depleting 

ACh afferents to the prefrontal cortex (Kucinski et al., 2020). These considerations support the 

notion that M1 receptors in prefrontal cortex are pivotal for the improved updating of attentional 

sets (Sarter and Lustig, 2019).   

 

In previous work, faster learners of feature-reward associations were shown to have 

improved working memory capacity (Womelsdorf et al., 2021b), which raises the possibility that 

M1 allosteric modulation may have affected learning through enhanced short-term memory of 

targets. We believe this is unlikely. While the non-selective muscarinic antagonist scopolamine 

impairs short term memory retention and non-selective AChE inhibitors partially reverse the 

deficit (Bartus and Johnson, 1976; Aigner and Mishkin, 1986; Buccafusco and Terry, 2004; 

Buccafusco et al., 2008; Knakker et al., 2021), the short-term deficits can be independent of the 

delay and more prominent for short or intermediate delays, making it unlikely that muscarinic 

receptors have primary effects on recurrent persistent delay representations (Glick and Jarvik, 

1970; Aigner et al., 1991; Taffe et al., 1999; Knakker et al., 2021).  

 



 75 

4.4.2 M1 PAM reduces perseverative responding 

 

A second main result of the current study is VU0453595 reduced response perseveration, 

allowing animals to avoid repeating erroneous responses to objects with the same non-rewarded 

features (Fig. 4.2E). This finding supports early insights into the effects of the muscarinic 

antagonist scopolamine in the prefrontal cortex to increase omissions (ROBBINS et al., 1998), 

suggesting that it is the M1 muscarinic receptor that is particularly important for minimizing error 

rates. Support for the M1 specificity of these effects also comes from a study treating transgenic 

mice with an M1 selective ago PAM which resulted in reduced erroneous choices of compound 

object discrimination in the trials after reversing object-reward associations (Shirey et al., 2009).  

 

Perseverative responding is the key characteristic of inflexible, habitual responding 

because it reflects that performance feedback is not utilized for adjusting behavior. It has been 

shown that performance feedback triggers transient activation of cholinergic neurons in the basal 

forebrain in mice (Hangya et al., 2015) and activates the basal forebrain in humans (Iglesias et al., 

2021). In the prefrontal cortex, cholinergic transients trigger gamma activity (Lin et al., 2006) that 

depends specifically on local M1 receptors (Howe et al., 2017).  

 

Taken together, the reduction of perseverative responding with VU0453595 implicates the 

M1 receptors also in the effective processing of feedback to adjust future performance. 

Perseverative, habitual responding is a hallmark of multiple psychiatric disorders including 

schizophrenia, obsessive compulsive disorder and substance use disorders (Floresco et al., 2009; 

Moritz et al., 2009). The current result therefore bears particular relevance by suggesting that 

potentiating the M1 receptor critically reduces perseverative response tendencies (Lustig and 

Sarter, 2015). 

 

4.4.3 M1 PAM has no consistent effect on interference control over distractors 

 

We found that VU0453595 did not affect VS performance differently with few or many 

distractors. Target detection response times were moderately faster and accuracy was moderately 

lower to a similar extent for 3, 6, 9, or 12 distractors (Fig. 4.3A-D). This finding shows that the 
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M1 PAM dose range that improved cognitive flexibility did not alter attentional filtering of 

distracting information. This finding adds clarity to diverse results in previous studies. Firstly, the 

absence of M1 specific distractor effects resonates with a recent finding in rodents that the M1 

selective PAM, TAK-071, did not modulate the distracting effects of light on/off switches during 

a sustained attention task, but started to improve performance in the second half of testing when 

distraction ended and the animals adjusted to a no-distractor regime (Kucinski et al., 2020). This 

result pattern is congruent with our result pattern. Allosteric modulation of the M1 receptor 

improved adjusting behavior to challenges, but without improving interference control from 

distraction. A similar lack of effects of muscarinic modulation on distractor interference control 

were found in other task contexts. Scopolamine-induced deficits of continuous recognition 

performance can be partially reversed with an M1 selective agonist (O’Neill et al., 2003) or the 

non-selective muscarinic agonist milameline (Callahan, 1999; Schwarz et al., 1999), but this 

deficit reversal is independent of the similarity between distracting and target objects (Lange et 

al., 2015a). Similarly, scopolamine does not alter distractor effects in an attentional flanker task, 

but rather causes an overall slowing and selective impairment of learning reminiscent of the reward 

learning effect we found (Thienel et al., 2009).  

 

The observed result pattern with the M1 PAM contrasts to apparent effects to reduce 

distraction with nicotinic modulation (Parikh et al., 2010; Terry et al., 2016; Thiele and Bellgrove, 

2018; Azimi et al., 2019), with non-selective cholinergic increases using donepezil (Hassani et al., 

2021) (see Table 4.1), or with the improvement of target detection accuracy and visuo-spatial 

attentional orienting when enhancing cholinergic transmission from the basal forebrain (Voytko 

et al., 1994; Chiba et al., 1999; Phillips et al., 2000; Levin et al., 2011). Particularly relevant in this 

context is a prior NHP study that found the nicotinic alpha-4/beta-2 receptor agonist selectively 

enhanced distractor filtering when two stimuli underwent salient changes but had no effect on 

reversal learning speed (Azimi et al., 2019). 

 

One caveat when interpreting the absence of a drug effect is that we cannot know whether 

higher VU0453595 doses than were used here would have affected distractor filtering during VS 

performance. The highest dose used in this study (0.3mg/kg, oral) is a magnitude lower than the 

≥3mg/kg doses that previous studies found to be safe and void of adverse side effects (Gould et 
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al., 2020), suggesting that future studies will need to identify possible dose specific effects on 

attention functions.  

 

Table 4.1 Comparison of performance metrics with the best-doses of VU0453595 and Donepezil.  

 Extracted Measure Donepezil 

(0.3 mg/kg) 

VU0453595 

(0.1 mg/kg) 

L
e
a
r
n

in
g
 T

a
sk

 Learning efficiency & 

performance 

  

Cognitive control & flexibility   

A
tt

e
n

ti
o
n

 T
a
sk

 

Speed of processing   

Distractor interference  

 

Perceptual interference   

†: no systematic effect of 0.1 mg/kg of VU0453595 was found in the VS attention task. 

Table 4.1 From the FRL task and VS task, we extracted 5 different performance metrics. Learning efficiency and 

performance entails the number of trials-to-criterion, plateau performance, proportion of learned blocks, response 

times and trials-to-response-time-plateau. Cognitive control and flexibility entails perseverative error measures and 

the role of block switches (e.g. ED and ID) on learning efficiency (trials-to-criterion). Speed of processing is a single 

measure extracted from familiarization trials. Distractor interference entails search time and performance changes as 

a function of the number of distractors. Perceptual interference entails search time and performance changes as a 

function of target-distractor similarity. 

 

4.4.4 Limitations 

 

While our study already tested multiple markers of cognitive flexibility and attention, it 

was not yet incorporating tests of other domains that M1-modulating drugs might affect and which 

are compromised in psychiatric patient populations such as long-term memory and motivation 

(Broks et al., 1988; Edginton and Rusted, 2003; Ellis et al., 2006; Millan et al., 2012). Further 

tasks, where we can extract measures of longer-term memory processes and motivation for 

example would be important additions for a more comprehensive characterization of possible M1-

dependent behaviors (see Appendix C.3). Such an expansion of extracted measures would align 

† 
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well with efforts to develop multi-task batteries for NHPs covering a wide range of cognitive 

domains (Taffe et al., 1999; Weed et al., 1999; Wither et al., 2020; Palmer et al., 2021; Womelsdorf 

et al., 2021a).  

 

4.5 Conclusion 

 

In summary, the M1 positive allosteric modulator VU0453595 produced selective 

improvements in cognitive flexibility in the absence of adverse side effects. The results were 

obtained with cognitive tasks that tap into real-world cognitive demands for adjusting to the 

changing relevance of visual objects. This result pattern suggests that M1 PAMs will be powerful 

targets for drug discovery efforts to augment cognitive flexibility. 

4.6 Methods and Materials 

 

4.6.1 Subjects 

 

Four adult male rhesus macaques (Macaca mulatta) were separately given access to a cage-

mounted Kiosk Station attached to their housing unit where they performed a visual search 

attention task and a feature-reward learning task via a touchscreen interface (Womelsdorf et al., 

2021a) (Fig. 4.1A) (see Appendix C for more details).  

 

4.6.2 Compounds and Procedures  

 

VU0453595 was synthesized in house (Shirey et al., 2009; Ghoshal et al., 2016) and mixed 

with a vehicle of 18g of strawberry yogurt and 2g of honey provided to the monkeys in a small 

paper cup (oral administration). All monkeys received vehicle or drug 2h prior to the start of 

behavioral performance and were observed to ensure full consumption of vehicle or drug. 

VU0453595 was administered once per week to allow appropriate washout. Based on the weight 

of each animal, drug volume was calculated for 0.03, 0.1 and 0.3 mg/kg doses. Drug side effects 

were assessed 15 min following drug administration and after completion of the behavioral 

performance with a modified Irwin Scale for rating autonomic nervous system functioning 

(salivation, etc.) and somato-motor system functioning (posture, unrest, etc.) (Irwin, 1968; Patel 
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et al., 1997; Andersen et al., 2003; Hassani et al., 2021). Furthermore, monkeys’ behavioral status 

was video-monitored throughout task performance. 

 

4.6.3 Behavioral Paradigms 

 

Monkeys performed a sequence of two tasks in a single behavioral session including a VS 

task block, 21 reward learning task blocks and finally, another visual task block. Rewarded and 

unrewarded objects in the VS task and FRL task were multidimensional, 3D rendered Quaddle 

objects (Watson et al., 2019a) that shared few or many features of different features dimensions 

(colors, shapes, arms, body patterns). The VS task varied the perceptual target-distractor similarity 

by changing the average number of common features between distractors and the target object. 

The FRL task varied the complexity of the feature space by varying features of objects in only one 

or of two feature dimensions from trial to trial. 

 

Animals first performed a VS task block consisting of ten familiarization trials that showed 

the same object on a screen without distracting objects, followed by a set of 100 trials that 

contained the previously shown object amongst 3, 6, 9, or 12 distracting objects (Fig. 4.1B). 

Animals received fluid reward for touching the previously shown target object. Following the VS 

task, the animals performed a FRL task that required learning, by trial-and-error, which feature 

was associated with reward for each block of 35-60 trials. Trials in this task always contained 3 

objects that each contained one or two features, depending on the block, with only one instance of 

each feature presented per trial (Fig. 4.1B).  

 

The FRL task indexes cognitive flexibility by testing how fast subjects learn which feature 

is rewarded when the feature-reward rule switched between blocks. Block switches were un-cued 

and could involve switching the newly rewarded feature to the same or different feature 

dimensions, which makes the task similar to conceptual set shifting tasks, but different by using a 

larger set of features that varied within and across sessions in order to vary task difficulty. In each 

trial three objects were shown that varied either in features of one feature dimension (e.g. having 

different colors or body shapes), or that varied in features of two feature dimensions (e.g. having 

different colors and body shapes). Choosing the object with the correct feature was rewarded with 
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a probability of 0.85. Blocks where only 1 feature dimension varied (low distractor load) were 

easier as there were less distracting features than in blocks with 2 varying feature dimensions (high 

distractor load). 

 

4.6.4 Statistical Analysis  

 

Data were analyzed with standard nonparametric and parametric tests with test statistics, p 

values and effect sizes reported where appropriate in text. For detailed statistical methods, please 

see Appendix C. 
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Chapter 5 A computational psychiatry approach identifies how alpha-2A 

noradrenergic agonist Guanfacine affects feature-based reinforcement 

learning in the macaque 

 

5.1 Abstract 

 

Noradrenaline is believed to support cognitive flexibility through the alpha 2A noradrenergic 

receptor (a2A-NAR) acting in prefrontal cortex. Enhanced flexibility has been inferred from 

improved working memory with the a2A-NA agonist Guanfacine. But it has been unclear whether 

Guanfacine improves specific attention and learning mechanisms beyond working memory, and 

whether the drug effects can be formalized computationally to allow single subject predictions. 

We tested and confirmed these suggestions in a case study with a healthy nonhuman primate 

performing a feature-based reversal learning task evaluating performance using Bayesian and 

Reinforcement learning models.  

 

In an initial dose-testing phase we found a Guanfacine dose that increased performance 

accuracy, decreased distractibility and improved learning. In a second experimental phase using 

only that dose we examined the faster feature-based reversal learning with Guanfacine with single-

subject computational modeling. Parameter estimation suggested that improved learning is not 

accounted for by varying a single reinforcement learning mechanism, but by changing the set of 

parameter values to higher learning rates and stronger suppression of non-chosen over chosen 

feature information. 

 

These findings provide an important starting point for developing nonhuman primate 

models to discern the synaptic mechanisms of attention and learning functions within the context 

of a computational neuropsychiatry framework.  

 

5.2 Introduction 

 

Attentional flexibility is compromised in many neuropsychiatric diseases and becomes 

manifest in perseverative behaviours, impulsivity, poor set-shifting abilities, or higher 
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distractibility.  These cognitive effects can be experimentally dissociated in reversal learning tasks, 

providing a rich test-bed to identify the neuromodulatory and synaptic mechanisms that support 

flexible attention during reversal learning. Previous studies have implicated, in particular, 

dopaminergic and noradrenergic signaling in prefrontal-striatal loops to support cognitive 

flexibility (Arnsten and Dudley, 2005; Arnsten et al., 2012; Clark and Noudoost, 2014). One 

prominent receptor subtype involved is the alpha 2A noradrenergic receptor (a2A-NAR) whose 

activation at optimal concentrations enhances working memory representations in prefrontal 

cortex (PFC) by increasing neuronal firing of memorized target locations (Wang et al., 2007, 

2011). Such an enhanced delay firing during a2A-NAR activation could be the correlate for 

enhanced flexibility during goal-directed behaviour.  

 

However, how improved working memory representations relate to otherwise dissociable 

measures of behavioural flexibility, such as reduced impulsivity, reduced distractibility from 

irrelevant salient events, enhanced attentiveness/vigilance, improved sensitivity to salient events, 

or heightened sensitivity to behavioural outcomes to adjust behaviour in the light of errors has 

remained elusive. All these cognitive subfunctions render behaviour flexible and have also been 

linked to catecholaminergic action in the PFC. For example, noradrenergic activation has been 

implicated to balance the relative weighting of explorative tendencies over exploitative tendencies 

during periods of uncertainty (Aston-Jones and Cohen, 2005a; Yu and Dayan, 2005), and to 

enhance the focusing on relevant sensory information (Amemiya and Redish, 2016; Mather et al., 

2016). Such influences of noradrenergic action could act in addition to changes in working 

memory and could have complex behavioural effects that have not only benefits, but also costs to 

behavioural performance. For example, favoring exploratory choices can enhance performance 

and reduces perseverative tendencies in uncertain situations, but it can also introduce noise and 

thereby reduce performance when the environment does not change akin to enhanced distractibility 

(Doya, 2002).  

 

To understand the specific cognitive consequences of noradrenergic action on goal-

directed behaviour it seems therefore pivotal to study selective receptor systems in a variety of 

tasks. Guanfacine is a selective a2A-NAR agonist with low affinity for the receptor subtypes alpha 

2B and 2C (Uhlen et al., 1995). For the selective a2A-NAR system, studies in rodents and 
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nonhuman primates suggest that certain doses improve working memory (e.g. Arnsten and 

Goldman-Rakic, 1990; Franowicz and Arnsten, 1998; Mao et al., 1999), as well as decrease 

impulsivity, reduce distractibility and possibly facilitate faster, more consistent learning (Seu et 

al., 2009; Caetano et al., 2012; Kim et al., 2012). At the molecular level, Guanfacine preferentially 

binds to post-synaptic alpha 2A receptors (Kawaura et al., 2014). Pyramidal cells in prefrontal 

regions richly express post-synaptic alpha 2A receptors (Aoki et al., 1994), and stimulation of 

these receptors is thought to inhibit cyclic adenosine monophosphate (cAMP) production, which 

leads to closing of nearby HCN channels, which in turn leads to increased excitability in prefrontal 

pyramidal cells and increased connectivity within prefrontal microcircuits (Wang et al., 2007; 

Barth et al., 2008). Guanfacine is suggested to exert its positive effects on cognitive functions via 

these actions on post-synaptic a2A-NAR receptors in the dorsolateral PFC (Wang et al., 2007). 

Guanfacine is also suggested to suppress glutamatergic synaptic transmission and thereby neural 

excitability at deeper layers (V/VI) in PFC, potentially governed by similar intra-cellular 

mechanisms as those controlling HCN channels (Ji et al., 2008; Yi et al., 2013). It has been 

proposed that at low concentrations, Guanfacine’s actions on HCN channels may predominate, 

while only at high concentrations glutamate transmission is affected, potentially explaining an 

inverted-U type function of Guanfacine (Wang et al., 2007; Yi et al., 2013). Guanfacine also binds 

to pre-synaptic alpha 2A receptors on locus coeruleus terminals that act as inhibitory auto-

receptors, thereby decreasing NE release (Engberg and Eriksson, 1991), which may again suggest 

that high doses of Guanfacine could impair cognitive functions.  

  

The evidence of positive effects seen with Guanfacine in rodents and non-human primates 

is not easily reconciled with results from healthy human subjects, where the influence of single 

doses of Guanfacine on behavioural flexibility is inconclusive. Some studies report improved 

planning performance, improved working memory, and improved paired-associates learning 

(Jäkälä et al., 1999a, 1999b), while other studies did not see changes with Guanfacine on a broad 

range of executive function tests including spatial working memory, problem solving, intra-/extra- 

dimensional attentional shift and behavioural inhibition tasks (Müller et al., 2005). This mixture 

of results in healthy humans following administration of a single dose contrasts to those from 

ADHD diagnosed subject groups in which Guanfacine has been found at the group level to 

improve interference control (Stroop task), and to enhance sustained attention in the continuous 
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performance task (e.g. Scahill, 2001; Huys et al., 2016). These task improvements in clinical 

populations reflect enhanced attentiveness (i.e. detecting more target stimuli, showing less 

omission errors) and reduced impulsiveness (i.e. higher capability to correctly withhold responding 

to non-target stimuli, less commission errors)(Scahill et al., 2001).  

 

 
 
Fig 5.1 Feature-based reversal learning task.  

(A) Sketch of the reversal of colour-reward association with stimuli coloured in red (green) being associated with 

reward in successive blocks of trials. Colour-reward reversals were un-cued and triggered when the monkey reached 

a learning criterion or 50 trials. (B) Single trials started with fixation on a central fixation point. Two peripheral grating 

stimuli were shown for 0.4 sec. and either began to show movement in opposite directions, or they were coloured 

red/green. Following up to 0.9 sec. the feature (colour or motion) that was not present was added to the stimulus. The 

animal had to respond to the dimming of the stimulus with the rewarded colour. The dimming occurred either in both 

stimuli at the same time, or in the rewarded or the unrewarded stimulus first. Reward was provided when the animal 

made a saccade within 0.5 sec. after the dimming of the reward associated stimulus in the direction of motion of that 

stimulus. (C) Illustration that only colour was systematically associated with reward, while the location, motion 

direction or time of dimming were dimensions of the stimulus not linked to reward. 

 

 



 85 

Table 5.1 Meta-survey of cognitive effects from systemic Guanfacine administration in non-human primates. 
 

              Task Processing Demands Dose Effects and References 

  Stimulus 
Encoding 

 

Working 
Memory 

 

Attention Control / 
Interference Control 

Choice / Stim- Resp. 
Mapping 

Learning 
Requirements 

 

Formalized 
decision 
variable 

 Beh. Effect of 
Guanfacine 

Reference 

1 Delayed 2 well spatial 
response task 

Stim. location Location of 
reach goal 

 Location- to reach Increasing delays - ✓ 
 

0.1-0.7 mg/kg 
0.01-0.001 mg/kg 

Franowicz and 
Arnsten, 1998 

(aged)  ✓         
 

0.0001 mg/kg 
0.00001 mg/kg 

Rämä et al., 
1996 

(aged)  ✓ 0.00001- 
0.1 mg/kg 

Arnsten et al., 
1988 

2 Delayed 2 well spatial 
response task with 
distractor interference 

Stim. location Location of 
reach goal 

Visual distraction during 
delay (30% of trials) 

Location- to reach  
- 

 
- 

(aged)  ✓ 0.0001- 
0.001 mg/kg 

Arnsten and 
Contant, 1992 

3 Delayed non-match to 
sample object 

Object identity Object type Select new over old 
object 

Select new object Increasing delays + 
increasing object lists 

 
- ✓ 

 
0.001 mg/kg 

Arnsten and 
Goldman-
Rakic, 1990 

4 Delayed match-to-
sample 

Object shape Object shape 4-
32 sec. 

- Touch Object Increasing delays -  
(aged)  ✓    

 
 (aged) ✓1 

 
0.05 mg/kg 
 
0.001 mg/kg 

 
 
O’Neill et al., 
2000 

5 Visuospatial focused 
attention 

1 moving worm 
like shape 

- Visually tracks target 
versus distractor worm 

Touch when target 
reaches center 

- - 

6 Visuospatial divided 
attention 

2 moving worm 
like shapes 

- Visually tracks two 
target worms 

Touch targets when 
center is reached 

- - 

7 Acquisition of object-
reward association 

Object identity - Select one of three 
objects 

Reach to object Increasing to criterion - (aged)   0.001 and 
0.1 mg/kg 

 
 
Streere and 
Arnsten, 1997 

8 Reversal of object-
reward association 

Object identity  
- 

Select one of three 
objects 

Reach to object Reversing object 
reward association (1 
reversal/week) 

- (aged)  ✓ 

 

0.1 and 0.5 mg/kg 

0.001 mg/kg 

9 Acquisition of shape-
response direction 
associat. 

Object shape  
- 

Touch one of two 
objects 

Touch Object Daily novel pair of 
visual patterns 

- 
 

0.1 mg/kg  
 
Wang et al., 
2004 10 Acquisition of stim.-

response associations 
Object shape  

- 
 
- 

Turn handle left / 
right for shape A / B 

Daily a new shape  
- 

✓ 
 

0.001 and 0.1mg/kg 
0.0001 mg/kg 

11 Posner cueing paradigm Peripheral cue 
location 

- Spatial readiness to 
make saccade  

Stim. location to 
saccade 

- - ✓
2 

 
0.0001 mg/kg 
0.00001 mg/kg 

Witte and 
Marrocco, 1997 

12 Continuous perform. 
task (sustained attn.) 

Single colored 
squares 

- (vigilance) Touch stimulus - - (aged) ✓3 
 

0.0015 mg/kg 
0.5 mg/kg 

 
 
Decamp et al., 
2011 

13 Self-ordered, sequential 
non-match to sample 
with 2 sec. delay 

2-4 col. squares Previ. Touched 
location (2s 
delay) 

(select 1 of 2-4 stimuli) 
 

Touch objects in 
sequence 

Increasing number of 
objects (2-4) 

 
- 

(aged)   0.0015 and 
0.5 mg/kg 

14 Reward gambling with 
changing uncertainty 
and reward delays 

Color and 
number of 
stimuli 

 
- 

Select one of two 
stimuli 

Stimulus location to 
saccade 

 
- 

Temporal 
discounting 
risk preference 

✓ 
 

0.2 mg/kg Kim et al., 2012 

15 Feature-based reversal 
learning 

2 stimuli color, 
motion, location 

 
- 

Select one of two 
stimuli based on color 

Motion-direction to 
saccade direction 
mapping 

Reversing color-
reward association 
(~8 times per day) 

Reinf. 
Learning4 
parameters 

✓ 
 

0.075 mg/kg 
0.15 and 0.3 mg/kg 

Our study 

1 Low dose improved accuracy in one of two animals. 
2 No effects on accuracy and cue validity, and opposite signs of altering effect with increased and 
decreased reaction times in each monkey. 

3 Performance improvement evident in less omission errors, but accuracy (commission erros) was 
unaffected. 
4 Reinforcement learning parameters (learning rate, inverse temperature selection parameter) were not 
individually significant, but contributed to improved learning 

Table 5.1 Columns indicate the cognitive subfunctions, the dosages, and the obtained effect (tick mark indicates statistical significance, cross indicates lack of significance), 

and the study reporting the effect. Rows indicate the experimental manipulation tested during systemic drug administration. Note that some studies use different tasks and 

different dosages of Guanfacine. 
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Here, we apply a computational psychiatry approach to understanding a2A-NA drug action 

on higher cognitive functions, examining how a formal framework can add clarity to the complex 

empirical state of a2A-NA effects. Computational psychiatry includes as one branch quantitative 

Bayesian and Reinforcement learning (RL) modeling of drug actions on higher cognitive 

functioning (Huys et al., 2016). Testing formal Bayes and RL models of drug action promises 

critical benefits over non-formal approaches. Firstly, they come with statistical tools of model 

selection and validation, thereby making it possible to quantitatively test different theoretical 

constructs. Secondly, common model parameters provide a common language that facilitates 

comparisons between different studies, task paradigms, and subject groups. Thirdly, quantitative 

model selection enables single subject predictions of behavioral drug effects (Stephan et al., 2015). 

We utilize these benefits of a computational framework to identify which model and model 

parameters best account for alpha 2A influences on the performance of a healthy macaque monkey 

in a feature-based reversal learning task.  

 

5.3 Results 

 

We reviewed the literature in order to identify non-human primate studies where 

systemically delivered Guanfacine improved cognitive performance (Table 5.1). The literature 

showed no consensus in the concentration of Guanfacine that produced observable improvement 

in a number of various behavioral paradigms. Furthermore, between the tasks used to test the 

efficacy of Guanfacine, there seemed to be considerable variation amongst the cognitive demands 

required for the performance of each task. This leads us to conclude that there is a lack of clarity 

revolving the specific cognitive change brought about by Guanfacine that leads to behavioral 

improvement. Across the 11 studies we found we broke down the (n = 14) behavioral paradigms 

used to evaluate Guanfacine into six temporally sequenced processing demands: stimulus 

encoding, working memory, attentional or interference control, choice/stimulus response mapping, 

learning requirement and formalized decision variable. Not all processing demands were present 

in every behavioral paradigm, of the 14 tasks in the 11 studies, 5 tasks had a demand on working 

memory, 11 tasks explicitly required attention or interference control, 8 defined a learning 

requirement and only 1 study quantified the influence of a formal decision variable using a 

computational model (see Table 5.1). Notably, of the 9 tasks that did not contain an explicit 
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working memory component, 7 reported improvements using Guanfacine with at least one 

concentration tested. This survey result suggests that there are likely multiple routes through which 

Guanfacine affects goal directed behavior in addition to working memory.  

 

 
Fig 5.2 Dose-dependent improvement of reversal learning performance.  

(A) Illustration of the dose-identification protocol with blinded application of sterile water (control condition) or 0.15 

mg/kg Guanfacine on two successive days in the first 5 weeks, and 0.075 mg/kg on two successive days in the last 5 

weeks. No drug or vehicle was administered in week 6. (B) Average proportion of rewarded choices for the control 

and drug conditions. The bracket connects those points with statistically significant differences (Wilcoxon rank sum 

test). The grey background additionally highlights the significantly different pair. (C) Average proportion of rewarded 

choices separated by the time of change (top: simultaneous dimming; middle: rewarded stimulus dims first; bottom: 

rewarded stimulus dims second) of the rewarded versus the unrewarded stimulus for the Control and Guanfacine 

conditions. A significant difference was only found in the simultaneous dimming condition (top) between the control 

and 0.075 mg/kg/24h condition (grey background, Wilcoxon rank sum test). (D) Proportion of rewarded choices across 

trials since the colour-reward reversal (top panel) and the evolution of p-values (as -log(p)) (bottom panels). Dark grey 

box highlights the trials with significantly better performance in the Guanfacine 0.075 mg/kg/24h condition compared 

to the control condition (Wilcoxon rank sum test). (E) Proportion of trials with a premature abortion (fixation breaks) 

prior to onset of the stimulus colour. There were statistical trends for increased premature trial abortions with higher 

Guanfacine dosages. (F) Significant reduction of erroneous fixation breaks (e.g. toward the peripheral stimuli and 

without reaching the response targets) during the dimming of the stimuli with Guanfacine 0.075 mg/kg/24h compared 

to the control conditions (Wilcoxon rank sum test).  

 

We also noted the concentration used by each study, whether the study involved aged 

primates, and noted if an effect was or was not found using that concentration (Table 5.1). The 

concentrations with which task-related improvement was observed ranged from 0.00001mg/kg to 

0.2mg/kg. The concentration range was broad for studies that used both aged and non-aged 
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primates. Studies suggest that higher concentrations of Guanfacine shift its locus of action from 

post-synaptic to pre-synaptic a2A-NAR (Arnsten et al., 1988). Pre-synaptic a2A-NAR’s are 

present in the locus coeruleus (LC) and act as inhibitory auto-receptors reducing NE release 

throughout the cortex (Callado and Stamford, 1999). This suggests that depending on the 

concentration of Guanfacine used, different adjustments to behavior may result from pre-synaptic 

a2A-NAR driven shifts of NE concentrations (Wang et al., 2007), which may help explain the 

variability seen in Table 5.1. From a general perspective this survey illustrates that Guanfacine 

can improve performance for healthy monkeys at different age groups, for tasks requiring multiple 

different processing components, and for concentration ranges benefitting behavior that are highly 

variable and presumably subject specific. We believe that this lends power to single subject studies 

in which careful analysis of the cognitive change from Guanfacine borne improvement can help 

inform us of its mechanism of action. 

 

For this purpose, we report the influence of systemic Guanfacine injections on behavioural 

performance in a single case of a macaque monkey performing a feature-based reversal learning 

task (Fig 5.1), in an initial 11-week dose-identifying test protocol and a subsequent 19-week 

behavioural testing protocol using the best working dose (for details, see Appendix D.2). 

 

During the initial 11-week drug testing protocol four doses were tested with a two doses 

per week schedule (see Fig. 5.2A), yielding for the lowest to highest dose 4, 4, 4, and 3 test sessions 

with 45, 31, 41, and 21 reversal blocks and 3049, 2091, 2068, 1418 trials for analysis of task 

performance, respectively. No drug dose had a systematic effect on the overall number of learned 

reversal blocks, but we found a dose-dependent effect in more fine-grained performance metrics. 

Firstly, the overall accuracy indexed as the overall proportion of rewarded over unrewarded 

choices was significantly enhanced with the 0.075mg/kg/24h dose compared to the control 

condition (Wilcoxon rank sum test, p = 0.0031), with no differences between control condition 

and 0.075mg/kg/48h, 0.15mg/kg/24h, and 0.15mg/kg/48h dose condition (all n.s.) (Fig. 5.2B). 

This enhanced overall performance improvement in the 0.075mg/kg/24h dose was particularly 

evident when calculated for the one third of trials in which the rewarded and unrewarded stimulus 

changed (dimmed) at the same time (Wilcoxon rank sum test, p = 0.019 for the difference of 

0.075mg/kg/24h to control), compared to the other two third of trials in which the rewarded 
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stimulus dimmed either before or after the unrewarded stimulus (Fig. 5.2C). The stimulus change 

(dimming) acted as go cue to elicit the choice if it occurred in the attended stimulus (see Methods). 

We next tested whether Guanfacine affected performance at different stages of reversal learning 

and found that 0.075mg/kg/24h of Guanfacine significantly increased performance over the 

control condition at trials 7 to 21 after the reversal event, i.e. during the learning period of the task 

and prior to asymptotic performance (see Fig. 5.2D, Wilcoxon rank sum test p values of p < 0.05 

are shown on grey shaded area as -log(p)). In addition to this improved performance during 

learning with the 0.075mg/kg/24h dose of Guanfacine, we found reduced performance at trials 10 

to 14 after colour-reward reversal for the highest dose (0.15mg/kg/48h) compared to the control 

condition (see Fig. 5.2D, Wilcoxon rank sum test p values of p < 0.05 are shown on grey shaded 

area as -log(p)). The improved performance at low dose and decreased performance at high dose 

are thus occurring during overlapping time periods during the learning of reversed colour-reward 

associations. 

  

Analysis of the pattern of errors showed that there were similar amounts of premature 

fixation break errors prior to any stimulus change event with 0.075mg/kg/24h compared to control 

days, while higher doses were loosely linked with a statistical trend to higher proportions of 

premature fixation break errors (Wilcoxon rank sum test, p = 0.0518) (Fig. 5.2E). Moreover, 

0.075mg/kg/24h Guanfacine, but no other dose, significantly reduced erroneous fixation breaks 

during the 0.5 sec. time period of the actual stimulus change (dimming) compared to the control 

condition (Wilcoxon rank sum test, p = 0.031). Further analysis of other subtypes of errors and 

their relation to the learning improvement were hampered by the low number of errors and the low 

number of testing days during the dose-testing protocol.   

The previous results identified 0.075mg/kg/24h Guanfacine as beneficial for reversal 

learning performance. Higher dosages caused either no change, or were detrimental for 

performance and learning relative to control days.  This may be due to shifts along the theoretical 

inverted-U plot of concentration for optimal behavioral performance that many endogenous 

compounds and exogenous drugs share where concentrations that are relatively too low or too high 

are detrimental (Millan et al., 2012). In our study, our subject benefited from 0.075mg/kg/24h 

Guanfacine suggesting that this dose placed them closer to the peak of this inverted-U curve of 

optimal behavior relative to the higher dose. We tested this behaviourally beneficial dose for an 
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extended 19-week testing protocol to test which of the behavioural performance effects would 

predominate and remain evident in a larger, statistically more robust dataset, and are independent 

of possible influences from additional injections of the drug in the same week. During this optimal 

dose testing protocol, the animal performed on average a similar number of reversal blocks per 

session in Control sessions (n: 7.96, SE: 0.38) and in Guanfacine sessions (n: 7.79, SE: 0.55) 

(Wilcoxon rank sum test, p = 0.4938). This provided a similar total number of reversal learning 

blocks for analysis in Control (n: 151 blocks) sessions and Guanfacine (n: 148 blocks) sessions 

with a total of 19632 trials for analysis. Across sessions, the average number of performed choices 

was similar for Control days (n=332.37, SE: 14.63) and Guanfacine days (n=334.21, SE: 18.27) 

(Wilcoxon rank sum test, p=0.12). Similarly, analysis of the pattern of erroneous choices, fixation 

breaks indicative of distractibility, or perseverative errors indicative of inflexibility showed no 

prominent effect of Guanfacine compared to Control day performance during the 19-week testing 

period (Appendix D.1.1). 

 

These results illustrate that Guanfacine administered once a week for 19 weeks does not 

simply improve overall accuracy and reduce distractibility when administered at the dose 

(0.075mg/kg) that has proven to improve accuracy and reduce distractibility during the multi-dose 

test protocol. However, the prolonged 19-week testing could entail more specific effects on subsets 

of trials during reversal learning, similar to the specific improvement of behaviour during trials 7-

21 since reward reversal reported above (see Fig. 5.2D). To test for such effects of learning we 

used an ideal observer approach to quantify when the succession of monkey choices indicates the 

actual learning of a colour-reward association since the time of colour-reward reversal (see 

Methods). We first verified across multiple examples that the ideal observer estimate of learning 

success reliably indexed reversal learning (Appendix D, Fig. D1). Using the ideal observer 

statistics for extracting the learning trials across sessions showed that the median learning was two 

trials earlier on Guanfacine days (median learning: trial 10) than on Control days (median learning: 

trial 12) (Fig. 5.3A). Directly comparing the distribution of learning trials across sessions between 

conditions illustrates that the proportion of blocks with relatively fast learning, within 10 trials 

after reward reversal, was enhanced with Guanfacine, while there were less blocks with slower 

learning in trials 11 to 18 after reward reversal (Fig. 5.3B). To test statistically whether the 

difference between Guanfacine and Control conditions is evident at specific trials since reversal 
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we directly compared the ideal observer confidence (which is the probability of making rewarded 

choices) between conditions on a trial-by-trial basis (Fig. 5.3C,D). We found that the probability 

of rewarded choices was significantly larger during 0.075mg/kg Guanfacine than during Control 

days on trials 8-10 after reversal (p < 0.05, randomization test with multiple comparison correction, 

individual p values for trials 8-10 were: p = 0.0432, p = 0.0343, and p = 0.0359, respectively) (Fig. 

5.3C,D). We next looked at the consistency of the behavioral enhancement of Guanfacine over all 

blocks in each recording day and found reliable enhancement early in the block but not late, and 

on average learning effects did not fluctuate across experimental sessions (see Appendix D, Fig. 

D2 and Appendix D.1.2 and D.1.3). In order to discern possible long-term effects of drug 

administration that may have an influence on overall performance we tested control session 

performance during the 19 week drug testing and found that learning performance remained 

similar for early and later control sessions (Appendix D.1.4).  

 

5.3.1 Reinforcement learning mechanisms underlying faster versus slower learning 

 

The above results provide quantitative evidence that Guanfacine increases the proportion 

of blocks in which learning happens fast, i.e. within ~10 trials after reversal, relative to those blocks 

in which learning is slower. Such faster learning could be achieved by various underlying 

mechanisms that learn the reward value of stimulus features through trial-and-error (Fig. 5.4A). 

To discern which mechanism could underlie faster learning with Guanfacine we devised various 

learning models using either reinforcement learning (RL) of value predictions, Bayesian learning 

of reward probabilities, or hybrid approaches combining Bayesian learning and RL learning 

mechanisms (Niv et al., 2015; Balcarras et al., 2016) (see Methods).  

  

Evaluating the different models using log-likelihood based optimization and cross-

validation showed that both, drug and control performance, was best predicted by the same model 

(Fig. 5.4 B, C) and Appendix D, Fig. D3). This feature-weighting plus decay (FW+Decay) RL 

model combined Bayesian- and RL- mechanisms using four parameters (see Fig. 5.4A): (1) An 𝛼 

parameter weights the relevance of stimulus features (color, location, and motion direction) in 

predicting high reward probabilities; (2) An 𝜂 parameter implements the learning rate (scales the 

prediction error signal); (3) A 𝛽 parameter sets the noise level of a softmax selection process for 
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choosing one versus the other stimulus (i.e. it translates differences in value predictions into choice 

probabilities); (4) A decay parameter (𝜔) scales how much the reward-value predictions of non-

chosen stimulus features decay over time. With these four parameters the choice patterns on both, 

drug and control days were predicted with highest accuracy (Fig. 5.4A, B). Alternative models 

with either the same number or fewer parameters (e.g. without the 𝛼, or 𝜔 parameter) were less 

accurate in predicting choices as was evident in larger model log likelihoods for the training cross 

validation set (Fig. 5.4B), worse log likelihoods for the test cross validation set (Fig. 5.4C), and 

larger deviations (Sum of Squared Errors) of the model generated choice probabilities relative to 

monkey proportion of choices (Appendix D, Fig. D3). 

 

 
Fig 5.3 Comparison of reversal learning on Guanfacine days versus Control days.  

(A) Distribution of the proportion of trials at which learning was statistically identified across blocks in control 

sessions (upper panel) and in Guanfacine sessions (bottom panel). Open triangles denote the median learning trial 

(trial 12 for control, and trial 10 for Guanfacine sessions). (B) Overlay of the smoothed distribution lines from (A) 

illustrating a shift to faster learning blocks relative to slower learning blocks in the Guanfacine condition. (C) Median 

probability of rewarded choices since the reversal across all blocks that showed learning in control (black) and 

Guanfacine (red) sessions. The dark grey bar denotes the trial with a difference between conditions significant at p 

<0.05 (dark grey), or only approaching significance at p <0.1. (D) Difference of the average probability of rewarded 

choices in control and Guanfacine condition. Grey bars as in (C). 
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To ensure that the performance of the FW+Decay RL model was not spurious due to using 

four parameters instead of three or two, we calculated the Akaike Information Criterion (AIC). 

The AIC penalizes model performance by the number of free parameters and show lowest AIC 

values for the model that conveys most information after considering the number of free 

parameters. We found that the FW+Decay RL model had the lowest AIC score (AIC: 3023.0) 

compared to all other models tested including a FW (feature-weighting) model with only three 

parameters lacking the decay parameter (AIC: 3331.1), and a Feature Value Decay RL model (see 

model 2 in methods) that included the value decay parameter, but lacked the relevance weighting 

of feature dimensions (AIC: 3394.6).  

 

 
Fig 5.4 Reinforcement learning (RL) modeling of reversal learning during drug and control sessions.  

(A) Conceptual overview of the basic RL parameters (left) and RL mechanisms (right) used to account for feature 

based reversal learning. In the RL framework the selection of a stimulus depends on the (Q-) value prediction for the 

features of that stimulus (colour, location, and motion direction). Value representations can be weighted to enhance 

the influence of relevant features. Experiencing the outcome of stimulus selection and the saccadic choice results in a 

prediction error (PE), which is used to update the value prediction for future trials scaled according to a learning rate. 

In addition, previous studies suggest that values of non-chosen features decay according to a decay rate. (B) The log 

likelihoods for eight models described in the main text. Lower LL’s indicate better trial-by-trial prediction of the 

rewarded target stimulus. Error bars are STDs across 100 cross-validation training datasets. (C) The Feature-

Weighting + Decay model provided the best LL prediction not only for the cross validation training datasets (see B), 

but also for independently predicting the 20% of reversal blocks of the test dataset. The panels show the difference in 

LL for the cross validation test data for all models relative to the best model. More negative values denote worse test 

data prediction. Red and blue points (B) and bars (C) denote LLs for the Guanfacine and control sessions, respectively. 
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We next quantified whether the drug and the control performance was supported by 

different parameter values of the best fitting FW+Decay RL model. To this end we used the 

parameter values of the 80/20 cross-validation training sets as estimate for the variability of the 

parameter values across subsamples of the reversal blocks (Fig. 5.5C). We found that Guanfacine 

performance showed a higher learning rate (𝜂 drug: 0.648 STD:0.118, 𝜂 control: 0.561 STD:0.081, 

t-value: 6.1, p < 0.001, after Bonferroni correction) and a stronger value-decay (𝜔 drug: 1.179 

STD:0.108, 𝜔 control: 1.043 STD:0.092, t-value: 9.529, p < 0.001, after Bonferroni correction). 

Notably, the beta parameter value was significantly lower for the drug condition than the control 

condition (𝛽 drug 2.12 STD:0.048 vs. 𝛽 control 2.18 STD:0.053, t-test, t-value -7.59, p < 0.001, 

after Bonferroni correction). Alpha values of the optimal model for Guanfacine performance (𝛼 = 

0.41, STD 0.126) and control performance (𝛼 = 0.44, STD 0.084) were not significantly different 

(Fig. 5.5D, t-test, t-value -2.18, p > 0.05, after Bonferroni correction).  

 

 
Fig 5.5 Performance and parameter values for the most-predictive RL model  

(A,B) Proportion of rewarded choices for the monkey and model across trials since reversal in Guanfacine (A) and 

control (B) sessions. The model simulations are based on the best predicting Feature-Weighting + Decay RL model 

(see Fig. 4). The inset shows the sum of squared errors (SSD) between the proportion of correct monkey choices (x-

axis) and the choice probability of the model across trials since reversal. (C) The average parameter values for n=100 

models fitted to subsets of 80% (cross-validation) reversal blocks for the Guanfacine (red) and control (blue) sessions. 

Errors bars denote STD. Three stars denote significance at p < 0.001 after Bonferroni correction). Guanfacine reversal 

performance was based on models with higher learning rate, higher decay rate and lower beta (softmax selection 

noise). 
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We next validated that the observed parameter value space of the RL model for Guanfacine 

does indeed relate to the main behavioral analysis results showing faster learning with Guanfacine 

(see Fig. 5.3). To this end we fit the FW+Decay RL model to subsets of reversal blocks showing 

fast, intermediate and slow learning. This approach allows identifying the set of model parameter 

values that best explains the different reversal learning speeds using the actual choices of the 

monkey. Blocks were split into five bins according to whether the ideal observer statistics used in 

the behavioral analysis (see Fig. 5.3) identified learning to have occurred within trials 1-10, 5-15, 

10-20, 15-25, or >20). Data from both, drug and control conditions were combined for this analysis 

to retain maximal number of blocks in each bin when optimizing for minimal negative log-

likelihood of the model fit. We found that faster reversal learning speed is characterized by a model 

with higher learning rate (𝜂) (Fig. 5.6C) and relatively larger feature-value decay (Fig. 5.6A). The 

beta parameter value remains high (𝛽 values >1.95) for the first three bins with relatively fast 

learning (with mean learning occurring at trials 6 (SE 2.6), 9.9 SE 2.8, and 14.8 (SE 3.0)) and is 

relatively lower in the slowest two sets of learning blocks (with mean learning occurring at trials 

20.3 (SE 2.7) and 27.3 (SE 5.5)) (Fig. 5.6B). The 𝛼 parameter value varies non-monotonically 

across the sets of learning speed (Fig. 5.6D). This pattern of learning speed dependent changes in 

parameter value space closely corresponds to the overall effect of Guanfacine on RL parameter 

values showing enhanced learning rate and enhanced value decay for non-chosen values (above). 

In summary, this analysis establishes a link between the behavioral analysis showing faster 

learning with Guanfacine and the RL model fitting approach showing variations of parameter 

values best explaining the learning behavior under Guanfacine.  

 

The modeling results showed that Guanfacine performance is linked to changes of more 

than one RL parameter raising the question on whether the model parameters are affected 

independently, or whether they co-vary to account for the faster learning performance. We tested 

this question by correlating the values of pairs of parameters from the optimal FW+Decay RL 

model of the n = 100 subsampled datasets (from the 80/20 training cross validation runs). This 

analysis showed significant correlations among all parameter pairs (Fig. 5.7). Larger learning rates 

were associated with larger value decay (𝜔) and larger 𝛽 values (Fig. 5.7 A, B, D), while larger 

feature-weighting (𝛼) was associated with lower learning rate, 𝛽, and feature value decay (𝜔) (Fig. 

5.7 C, E, F). These findings corroborate the suggestion that compared to control performance 
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Guanfacine modulates the values of more than one parameter and hence acts on multiple RL 

mechanisms. 

 

 
Fig 5.6 Parameter values for the Feature-Weighting + Decay RL model applied to different sets of reversal 

blocks showing slow and fast learning.  

(A-D) The value decay parameter values (y-axis) of the feature value decay model optimized for different sets of 

reversal learning blocks (x-axis). Bins with fast to slow reversal learning contained blocks selected according to the 

learning trial identified by the ideal observer statistics applied for results in Fig. 3 (see Methods). The five bins were 

10 trials wide and slid over the data every 5 trials. The mean learning trial for each of the five bins was 6 (SE 2.6), 9.9 

(SE 2.8), 14.8 (SE 3.0), 20.3 (SE 2.7), and 27.3 (SE 5.5). The panels show the optimal values for the parameters value 

decay (A), beta (B), eta (C), alpha (D). The error shading denote 95% confidence intervals. 

 

5.4 Discussion 

 

Using behavioral analysis and computational modeling of a single subject’s performance, 

we found that Guanfacine can enhance specific reinforcement learning mechanisms supporting 

reversal learning. Initial dose testing over a short time period showed that this concentration was 

capable of enhancing overall performance and reducing distractibility from simultaneous 

luminance changes occurring in non-relevant and relevant stimuli (Fig. 5.2). Higher doses of 

Guanfacine did not improve performance and, when given for two successive days, significantly 

reduced performance. The second, longer experimental phase similarly showed improved learning 

effects with the best Guanfacine concentration, becoming evident in reliably faster reversal blocks 
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with increased learning success within the first 10 trials in the drug condition compared to the 

control condition. This enhancement in reversal learning was evident in the absence of changes in 

other performance measures such as (1) overall motivation to perform the task (number and length 

of performed trials), (2) attentional interference control (influences of distractors on accuracy), (3) 

impulsivity (proportion of premature responses), or (4) perseveration tendencies (repetitions of 

unrewarded responses). Analysis of the reinforcement learning mechanisms identified one model 

that best accounted for both, drug and control performance. The model parameter values suggested 

that the Guanfacine effect on fast learning is not achieved by modifying a single learning 

parameter. Rather, our findings suggest that Guanfacine may shift values in the parameter space 

of the reinforcement learning towards higher learning rates and more pronounced decaying of the 

value of non-chosen stimulus features. Both of these parameters showed higher values for faster 

as opposed to slower learning blocks validating that the Guanfacine effect on learning 

improvement could originate from larger learning rates and stronger decay of feature values of 

non-chosen stimuli. In summary, these findings indicate that Guanfacine facilitated behavioural 

flexibility at the subject-specific drug concentration in a task requiring selective attention to the 

value of stimulus features and their reward outcomes over multiple reversals of stimulus relevance 

per daily session. These results may have implications for the clinical usage of Guanfacine for 

treating ADHD and multiple other conditions characterized by learning disabilities, attention 

deficits, or impaired behavioural flexibility (Arnsten et al., 2012; Millan et al., 2012).  

 

5.4.1 Alpha 2A noradrenergic action supports multiple routes to behavioural flexibility 

 

The primary behavioural signature of Guanfacine in our task is an enhanced reliability to 

learn from trial-and-error during the first ten trials after reversal. This reversal was un-cued and 

hence became apparent to the subject by experiencing unexpected erroneous outcomes after 

attending a now non-rewarded (in the current block), but previously rewarded (in previous block) 

stimulus colour. Guanfacine enhanced the likelihood to use these erroneous outcomes and to 

increase more quickly the ideal observer confidence that a new colour has become rewarded. This 

behavioural pattern parsimoniously can be described to reflect enhanced flexibility to adjust to 

changing reward contingencies in the task environment, e.g. by identifying how a current task 

situation (or ‘state’) differs to a previous situation (Redish et al., 2007) and by updating the internal 
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beliefs about feature-reward contingencies (Nassar et al., 2012; O’Reilly et al., 2013). Such 

update-specific action of noreprinephrine has been inferred in previous human studies from 

putatively norepinephrine mediated pupil dilation changes specifically during task epochs that 

required an update of beliefs to better predict future events (Nassar et al., 2012) and to better predict 

future saccade target locations (O’Reilly et al., 2013). These studies support the interpretation that 

the main effect of Guanfacine in our task was to facilitate the updating of color-reward 

contingencies during the learning process. According to this interpretation, Guanfacine increases 

endogenous control over stimulus selection during periods when changing environmental reward 

contingencies call for adjusting beliefs and behavior (Shenhav et al., 2013; Womelsdorf and 

Everling, 2015). There are multiple routes how such a higher level effect could be implemented 

and supported by Guanfacine action. For example, to improve flexibility in responding to 

environmental changes can be achieved by (1) enhanced attentiveness and control of interference 

from distractors, (2) from preventing perseverations and habitual responding, (3) from increased 

vigilance and arousal, (4) from increasing the representations about which features are relevant in 

a working memory that persist across trials, or (5) from lowering impulsive response tendencies.  

 

 
Fig 5.7 Relation of model parameters underlying reversal performance.  

(A-C) Changes in learning rate (x-axis) across n=100 cross validation training models are positively correlated with 

value decay (A) and beta selection noise (B), and negatively correlated with feature weighting (C). Red and blue 

numbers denote the correlation coefficient for Guanfacine (red) and control (blue) data points.  (D-F) Same format as 

A-C but showing scatterplots of the correlation between beta selection noise, decay rate and feature weighting.  
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Among these many possibilities of Guanfacine action, the best understood effect is 

enhanced working memory. Previous nonhuman primate studies have documented improved 

working memory performance in delayed response, delayed match-to-sample, and delayed non-

match-to-sample tasks, requiring short-term maintenance of stimulus locations and object 

identities (Arnsten et al., 2012). Young and aged nonhuman primates tolerate increased delays at 

subject specific Guanfacine doses ranging from as low as 0.00015 to 0.5mg/kg (see Table 5.1). 

This working memory benefit has been traced back to Guanfacine induced increases in spatially 

specific delay firing in lateral PFC (Wang et al., 2007, 2011). This prefrontal effect of a2A-NAR 

activation is well explained by blocking cAMP signaling and concomitant increases in NMDA 

conductance at the spines of pyramidal cells (Wang et al., 2007, 2011; Yang et al., 2013).   

 

These insights reveal that a2A-NAR activation specifically increases task relevant 

representations in the PFC, making it likely that such an effect contributes to the behavioural 

improvements that we report. This contribution would be plausible if Guanfacine would not only 

increase the representation of stimulus location or prospective saccade location that would explain 

previous studies’ effects, but if it would enhance the representation of colour-reward conjunctions 

irrespective of the location or saccadic action plan. An enhanced working memory of which 

stimulus features are currently task relevant (rewarded) could reduce the need for explorative 

choices and increase the confidence in trial-by-trial selections (Amemiya and Redish, 2016). These 

effects could indirectly become visible in the enhanced decay, i.e. active suppression, of values 

from non-chosen stimuli, and thus could culminate in faster learning rates as we observed in the 

RL model. However, this account predicts that Guanfacine should not only improve the initial 

reversal learning, but should increase overall performance accuracy. We did not find this effect, 

suggesting that Guanfacine’s primary behavioral effects are on alternate mechanisms. 

 

One alternate mechanism that has been associated with phasic noradrenergic activation is 

enhanced control of interference, a main pre-requisite for flexible behaviour that strives towards 

achieving a goal irrespective of distractions (Cole and Robbins, 1992; Aston-Jones et al., 1999; 

Mather et al., 2016). Evidence for this suggestion derives from rodent studies (Dalley et al., 2004) 

(see also Devauges and Sara, 1990) and from human studies describing reduced scores of 

distractibility in ADHD patients treated with Guanfacine (Scahill et al., 2001). Intriguingly, we 
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observed enhanced focusing in our task during the three sessions of drug testing at the optimal 

0.075mg/kg dose with enhanced performance during trials with an enhanced stimulus conflict, i.e. 

when targets and distractors dimmed simultaneously rather than at separate times (Fig. 5.2D). 

However, this effect did not retain across the nineteen-week behavioural testing sessions that 

commenced after the dose testing at the same concentration (0.075mg/kg), which notably is in the 

same range (0.05-0.12mg/kg) proposed to be effective for extended release medication in ADHD 

(Sallee et al., 2009; Connor et al., 2014). This suggests that the influence of a2A-NAR activation 

on interference control at the dose tested is not a primary effect in healthy brains and may only 

appear when the attention system is compromised. This conclusion resonates with the difficulty to 

observe Guanfacine effects in healthy humans on attentional set shifting tasks (Aoki et al., 1994), 

and with a previous Guanfacine study in aged monkeys showing an improved performance to 

select rewarded over non-rewarded objects that were reversed once over the course of a week 

(Steere and Arnsten, 1997). Taken these lines of evidence together suggests that Guanfacine’s 

influences on interference control do not explain our main findings in this study, but rather may 

be unmasked in aging or disease states when the strength of target representations is compromised. 

 

Another contribution to improved learning in our task could be an increase in vigilance, or 

so-called 'scanning attentiveness' that has been hypothesized to be a main route for noradrenergic 

action (Arnsten et al., 1988). This aspect is particularly important for our task, because it required 

repeated reward reversals in a single experimental session that continued for an extended duration 

(≥55min) until the subject self-terminated working. We can rule out that Guanfacine simply 

prolonged vigilance, as we did neither observe longer performance, nor a change in the average 

number of learning blocks per session, and learning speed at the end of experimental sessions was 

similar for control and Guanfacine days (Appendix D, Fig. D3).  

 

5.4.2 Reinforcement learning modeling of behavioural drug effects advances 

computational psychiatry. 

 

 Our study tested eight reinforcement learning models to recover the possible learning 

mechanisms underlying the observed behavioural drug effect on reversal learning and arrived at 

the same model, the feature-weighting + decay (FW+decay) RL model, to account for both, drug 
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and control reversal learning. We found that this model provided the best independent prediction 

for test-data during cross-validation (Fig. 5.4C), and allowed the generation of choices that closely 

resembled the subject’s choice patterns (Fig. 5.5A, B). Moreover, we found that the two model 

parameters that characterized faster learning during Guanfacine than control sessions, were 

directly linked to the results from the model-free behavioral analysis results that showed faster 

learning with Guanfacine. This observation provides evidence that the model captures some 

fundamental learning principles underlying task performance, supporting the notion that such 

modeling will be pivotal to understand the working mechanisms of behavioural neuromodulation 

(Doya, 2008) and, more generally, to approach better testable theories of cognitive dysfunction in 

the new field of computational psychiatry (Wang and Krystal, 2014). We see our RL modeling as 

an early starting point to approach individualized, subject-specific characterization of cognitive 

profiles that are called upon in currently developed neuropsychiatric research frameworks (e.g. 

Wiecki et al., 2016). This framework accepts that there will be individual differences in learning 

and choice behaviors that call upon the characterization of what could be called a subject-specific 

drug effect on the parameter space of the underlying learning and attention systems. We embrace 

this approach with this single-case monkey study, but note the necessity that large samples of 

subjects are needed to arrive at conclusions that hold at the population level. We expect that future 

studies will extend this modeling endeavor, for example, by separating learning rates from 

sensitivity to reward per se (Huys et al., 2013), dissociating value-based prediction processes from 

value-independent biases of subjects (e.g. Balcarras et al., 2016), and estimating the type of state 

representation that best explains value predictions and choices in various tasks employed 

(Gershman and Niv, 2010; Niv et al., 2015; Voon et al., 2015).  

 

In conclusion, the results presented here illustrate how a computational approach links the 

influence of alpha 2AR activation to variations of formally defined reinforcement learning 

mechanisms. We expect that such a linkage will be pivotal to advance our understanding of higher-

order cognitive phenomena such as distractibility and flexible adjustments of attentional sets 

following feedback (Stephan et al., 2015). Firstly, these phenomena closely relate to fundamental 

RL mechanisms and thus can be captured with a common terminology in a unifying theoretical 

framework (Maia and Frank, 2011; Adams et al., 2015; Huys et al., 2016). Such common 

terminology will facilitate comparison of results between studies, task paradigms, study subjects 
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and between species. Secondly, the power to predict single-subject drug effects on behavior bears 

enormous potential for individualizing treatments in psychiatry. For example, recent studies have 

shown that knowledge of the formal model and parameter values best describing individual 

subjects, provide hints to the underlying cognitive weaknesses that can be targeted with drugs 

affecting those specific weaknesses (e.g. Schlagenhauf et al., 2014; Harlé et al., 2015). Thirdly, 

we believe that a computational framework as we applied here may prove to be essential to 

identifying the neuronal mechanisms underlying the neurochemistry of higher cognitive functions. 

A main reason for this potential is that formal Bayesian and RL models provide essential 

information about hidden variables that account for variations in behaviour not captured by raw 

performance data (e.g. Frank et al., 2015; Zhang et al., 2016).  

 

5.5 Methods  

 

5.5.1 Subject and apparatus  

 

 Data was collected from a 9 year-old male rhesus macaque (Macaca mulatta). All animal 

care and experimental protocols were approved by the York University Animal Care Committee 

and were in accordance with the Canadian Council on Animal Care guidelines. Eye positions were 

monitored using a video-based eye-tracking system (Eyelink 1000 Osgoode, Ontario, Canada, 

500Hz sampling rate), and calibrated prior to each experiment to a 9-point fixation pattern. During 

the experiments, stimulus presentation, eye position monitoring, and reward delivery were 

controlled via MonkeyLogic (open-source software http://www.monkeylogic.net). Reward was 

delivered as liquid drops from a sipper tube in front of the monkey’s mouth and controlled from 

an air-pressured mechanical valve system (Neuronitek, London, Ontario, Canada). To ensure the 

monkey’s motivation, fluid intake was controlled during training and experimental sessions; 

unrestricted access to monkey chow was available. The experiments proceeded in a dark 

experimental booth with the animal sitting in a custom made primate chair with the eyes 65cm 

away from a 21’ LCD monitor refreshed at 85Hz.    

 

 

http://www.monkeylogic.net/
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5.5.2 Behavioural paradigm 

 

 The monkey performed a variant of a feature-based reversal learning task (Steere and 

Arnsten, 1997) that required covert spatial attention to one of the two stimuli, the identity of which 

depended on the current colour-reward association. To obtain reward, an up-/downward saccade 

had to be performed to the motion direction of the attended stimulus, which was varied 

independently from the colour of the stimuli. The colour-reward associations were reversed in an 

un-cued manner between blocks of trials with constant colour-reward association (Fig. 5.1A). By 

separating the location of attention from the location of the saccadic response, this task allowed 

studying visual attention functions independent of motor intention related processes during 

reversal learning. Each trial started with the appearance of a grey central fixation point, which the 

monkey had to fixate. After 0.5 - 0.9s, two black/white drifting gratings appeared to the left and 

right of the central fixation point (Fig. 5.1B). Following another 0.4s the two stimulus gratings 

either changed colour to black/green and black/red, or started moving in opposite directions up 

and down, followed after 0.5 - 0.9s by the onset of the second stimulus feature that had not been 

presented so far, i.e. if after 0.4s the stimulus gratings changed colour then after another 0.5 - 0.9s 

they started moving in opposite directions or vice versa. After 0.4 - 1s either the red and green 

stimulus dimmed simultaneously for 0.3s or they dimmed separated by 0.55s, whereby either the 

red or green stimulus could dim first. The dimming represented the go-cue to make a saccade to 

one of two response targets displayed above and below the central fixation point (Fig 5.1B). Please 

note that the monkey needed to keep central fixation until this dimming event occurred. A saccadic 

response following the dimming was only rewarded if it was made to the response target that 

corresponded to the movement direction of the stimulus with the colour that was associated with 

reward in the current block of trials, i.e. if the red stimulus was the currently rewarded target and 

was moving upward, a saccade had to be made to the upper response target at the time the red 

stimulus dimmed. A saccadic response was not rewarded if it was made to the response target that 

corresponded to the movement direction of the stimulus with the non-reward associated colour. A 

correct response was followed by 0.33ml of water delivered to the monkey’s mouth. Across trials 

within a block, the colour-reward association remained constant for 30 to a maximum of 50 trials. 

Performance of 90% rewarded trials (calculated as running average over the last 12 trials) 

automatically induced a block change. The block change was un-cued, requiring the subject to use 
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the reward outcome they received to learn when the colour-reward association was reversed in 

order to covertly select the stimulus with the rewarded colour. In contrast to colour, other stimulus 

features (motion direction or stimulus location) were only randomly related to reward outcome 

(Fig. 5.1C).  

 

 To ensure the deployment of covert attentional stimulus selection we dimmed the rewarded 

stimulus only after the dimming of the unrewarded stimulus in one third of the trials (requiring the 

attentional filtering of the unrewarded stimulus). In another third of trials the rewarded and 

unrewarded stimulus dimmed at the same time, which probed the animal to focus attention prior 

to the dimming to resolve the stimulus conflict from the simultaneous dimming. In the remaining 

third of trials the rewarded stimulus dimmed prior to the un-rewarded stimulus. This timing regime 

ensured that first, second and same-time dimming of the rewarded versus unrewarded stimulus 

occurred unpredictably for the monkey. Saccadic responses had to be initialized within 0.5 s after 

dimming onset to be considered a choice (rewarded or non-rewarded). All other saccadic 

responses, e.g. towards the peripheral stimuli, were considered non-choice errors. 

 

5.5.3 Experimental procedures for dose identification testing protocol 

 

 In each experimental session the monkey was given the opportunity to perform the task for 

a minimum of 55 minutes after which, if he chose to continue, he could do so indefinitely. 

However, if he chose to stop working, he was given an additional 5 minutes before the session was 

stopped by the experimenter. If a trial was successfully completed within these 5 minutes, the timer 

would re-set and allow him another 5 minutes before the daily behavioural session was ended. 

This procedure led to an average working duration of 68.7 minutes (SE 0.21).  

 

 For treatment sessions, the monkey received an intramuscular (IM) administration of 

Guanfacine (Guanfacine hydrochloride, Sigma-Aldrich, St. Louis, MO), or an IM injection of 

sterile water at about 2.5 h before the first trial of the experimental session (across sessions the 

average time was 150.8 minutes (SE: 0.88)). This time frame is similar to previous studies that 

have shown significant effects of Guanfacine on cognition in young and aged monkeys (Arnsten 

et al., 1988; Franowicz and Arnsten, 1998). Immediately prior to IM administration, Guanfacine 
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was mixed with sterile water as vehicle; the total injection volume was 0.1 ml. Doses of Guanfacine 

investigated were 0.3, 0.15 and 0.075 mg/kg. 0.3 mg/kg was used in only two sessions and was 

discarded because it caused increased fixation breaks of the animal during the trial, which ruled 

out overall positive effects at that dose. Doses were chosen as previous studies have found 

significant enhancements in cognition with similar doses of Guanfacine (e.g. Franowicz and 

Arnsten, 1998). We performed a meta-survey of all available nonhuman primate studies that used 

Guanfacine to evaluate the dose range and expected cognitive effects in our study (please see 

Table 5.1).  

 

 To identify the dose of Guanfacine that is behaviourally beneficial we applied an efficient 

11-week dose identification testing protocol that allowed us to discern drug effects of the same 

dosage given on two consecutive days (Fig. 5.2A). All other days prior or following treatment 

days were control days with control injections. Treatment days were shifted randomly weekly and 

could occur on any two consecutive days during the week, thereby balancing the drug injection 

weekdays across the testing period. During the entire dose identifying protocol, drug 

administration was blinded, hence the experimenter did not know whether a given day was a 

treatment or control day. All experimental sessions were conducted at the same time of day. Prior 

to this experiment, the monkey had not received any Guanfacine, or any other catecholaminergic 

drugs, in an experimental setting. 

 

5.5.4 Experimental procedures for optimal dose testing protocol 

 

Following the 11-week dose testing protocol and a 4-week washout period we tested the 

influence of the dose that resulted in improved behavioural learning during the dose identifying 

test protocol. To this end we applied control injections on one day a week and Guanfacine 

(0.075mg/kg) injections on another day of the week 75-120 min prior to commencing behavioural 

testing of the animal. Injection procedures were identical to those described above. This optimal-

dose testing protocol provided 19 control sessions and 19 sessions with Guanfacine 0.075mg/kg. 

Behavioural task, fluid control regimes for the animal, and reward schedules were identical to the 

previous testing protocol.        
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5.5.5 Behavioural analysis of learning trials 

 

 Analysis was performed with custom MATLAB code (Mathworks, Natick, MA), utilizing 

functionality from the open-source fieldtrip toolbox (http://www.ru.nl/fcdonders/fieldtrip/). To 

identify at which trial during a block the monkey showed statistically reliable learning we analyzed 

the monkeys’ trial-by-trial choice dynamics using the state–space framework introduced by Smith 

and Brown (Smith and Brown, 2003) (see Millan et al., 2012, Appendix D.2 and Appendix D, 

Fig. D1 for examples). 

 

5.5.6 Testing for trial-by-trial differences of the probability of rewarded choices. 

 

To test whether the probability of rewarded choices differed between drug and control 

conditions in specific trials following the first trial after the reversal we applied permutation 

statistics. In particular, we tested the null hypothesis that the probability of rewarded choices at 

individual trials since reversal is the same in drug and control conditions. To test this hypothesis 

we extracted the average (median) probability of rewarded choices for each trial since the reversal 

until trial 30 across blocks of the Guanfacine condition and across blocks of the control condition. 

We used the difference in the average probability of rewarded choices between conditions for each 

trial since reversal as test statistics in a randomization test that corrected for multiple comparisons 

across trials. For the randomization procedure, we extracted the difference in the average 

probability of rewarded choices for each trial since reversal n = 1000 times with randomly assigned 

condition labels. To correct for multiple comparisons, we pooled the random distributions across 

trials and calculated the 95% threshold value (the 28.500’s of 30.000 values) of the difference in 

the probability of rewarded choices that would be obtained when the condition labels were 

unknown. We then compared the observed differences between Guanfacine and Control conditions 

in trials 1 to 30 to the 95% threshold value. If the observed difference at any trial in the block 

exceeds the threshold value it can be inferred that reward probability is significantly higher in the 

Guanfacine compared to the control condition at p < 0.05. This randomization procedure prevents 

multiple comparison correction by calculating a single threshold value across trials. 

 

http://www.ru.nl/fcdonders/fieldtrip/


 107 

5.5.7 Testing for the consistency of learning differences across blocks within sessions. 

 

The effect of Guanfacine on learning could be consistent within an experimental session, 

or it could increase or decrease across blocks within a session. We tested for the consistency of 

learning effects by first extracting the learning trials for all blocks performed during behavioural 

test sessions using the ideal observer estimate of learning described above (Wilson and Niv, 2012). 

We then calculated the average (median) learning trial across four successive blocks starting with 

the first four blocks since reversal and stepping from the first to the eights block of a session. For 

each set of blocks we calculated the median learning trial in the Guanfacine sessions and in the 

control sessions. This procedure provided the average learning trial for each block relative to the 

first block in a session. We then repeated the procedure, but starting from the last block in a session 

and going backwards, averaging the learning trials in the last four blocks, the second to last four 

blocks, etc. until the seventh to last block. This procedure provided an estimate of the change in 

median learning trials relative to the end of the session. This was done to account for the variability 

in the number of blocks completed in any given experimental session. 

 

To test whether the average learning trials were consistently earlier or later in the 

Guanfacine condition relative to the control condition we used a randomization procedure. For this 

purpose we used as test statistics the proportion of blocks with an average learning trial that was 

earlier in the Guanfacine condition than in the control condition. This test statistics included eight 

average learning trials since reversal and seven average learning trials since the last block in a 

session (see above and Fig. 5.5). We then tested the null hypothesis that the drug condition label 

(Guanfacine or Control) has no effect on the proportion of earlier learning trials. To this end we 

computed n=1000 times the proportion of blocks with an earlier learning trial in a random 

condition A relative to condition B with random assignment of Guanfacine and Control blocks to 

conditions A and B. We then calculated the p-value as 1 minus the proportion within which the 

truly observed proportion of blocks with earlier learning trials in the Guanfacine condition relative 

to the control condition exceeded the proportion of earlier learning in the n=1000 random 

distribution. Guanfacine would consistently have resulted in earlier learning trials across blocks 

when the true observed learning trial was earlier than in control conditions in >95% of the random 

distribution that was blind to the condition label. 
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5.5.8 Reinforcement learning modeling 

 

 In order to infer possible learning mechanisms underlying the behavioral drug effects we 

tested various computational models using reinforcement learning and Bayesian learning 

principles following an approach and terminology from Niv and Wilson and colleagues (Wilson 

and Niv, 2012; Niv et al., 2015). These models aim to find the potential variables that can predict 

which of the two stimuli the subject picks on a given trial given the history of stimuli, rewards, 

and choices on past trials up to trial t, which will be denoted by 𝒟1:𝑡. We assume that the subject 

represents the past trials’ data as a set of values, rather than keep the entire past in memory, that 

is, there are quantities that can act as so called sufficient statistics. Models are comprised of 

specifying whether features (color, motion, location), feature values (colour A, colour B, 

downward motion, upward motion, left, right), or stimuli (combinations of feature values) are 

assigned a value, and how this value is updated following a new choice and its outcome (i.e. 

whether a reward was received or not).  

 

 The first model, Feature-Value Reinforcement Learning (FV RL), assigns values to feature 

values that define each stimulus. There are three features in each of the two stimuli, the location 

(left (L) versus right (R)), the direction of motion (up (U) or down (D)) and the color (1 or 2). 

Across the whole experiment there are only two different colors in each presented stimulus 

configuration, hence we indicate them just as 1 and 2. This yields six different feature values: L, 

R, U, D, 1, 2, which we will label with the indices 1 to 6, the corresponding value is thus Vi. A 

presented stimulus has a value for each of three features, and thus possesses 3 feature value 

combinations (FVCs), the other stimulus has the remainder of the FVCs. All the FVCs 

corresponding to the chosen stimulus are updated, because each of them in principle could be a 

target that was rewarded, which of the three FVCs is the target can only be disambiguated across 

the presentation of multiple informative stimulus configurations. After receiving an outcome R (1 

if rewarded, 0 if non rewarded) the value update is done according to 

𝑉𝑖,𝑡+1 = 𝑉𝑖,𝑡 + 𝜂(𝑅𝑡 − 𝑉𝑖,𝑡) ,         (eq. 1) 
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for all FVCs i that belong to the stimulus. This equation ensures that when there is a difference 

between the received reward and the expected (predicted) reward, the value gets updated to get 

closer to the received reward – implementing the delta rule of classical prediction error learning, 

with η representing the learning rate. When η=1, the new value is set to Rt, when η exceeds 2, the 

update becomes unstable, as it can grow without bound.  

 

 The choice Ct (which stimulus) is made by a softmax rule according to the sum of values 

of each FVC that belongs to the stimulus. We indicate the stimulus by the index j and the set of 

feature values that belong to it by sj. 

 

𝑃(𝐶𝑡+1 = 𝑗) =
exp(𝛽 ∑ 𝑉𝑖,𝑡𝑖∈𝑠𝑗

)

∑ exp(𝛽 ∑ 𝑉𝑖,𝑡𝑖∈𝑠𝑗
)𝑗
       (eq. 2) 

 

 The second model, Feature-Value plus Decay Reinforcement Learning (FV+Decay RL), is 

an extension of the first model, and includes in addition a decay constant, which reduces the value 

of the FVCs of the stimuli that were not chosen. The feature values belonging to the chosen 

stimulus are updated according to eq. 1. The feature values i of the non-chosen stimulus decay 

according to  

𝑉𝑖,𝑡+1 = (1 − 𝜔)𝑉𝑖,𝑡 ,           (eq. 3) 

 

 The decay parameter is denoted by ω. The choice is made as before (eq. 2). 

 

 The third model, Feature-Value with 2-Learning Rate Reinforcement Learning (FV+2 Eta 

RL), is also an extension of the first model, in that it includes two different learning rates, one for 

when the choice is rewarded (η1) and the other (η0) for when it is not. The value update proceeds 

according to   

𝑉𝑖,𝑡+1 = 𝑉𝑖,𝑡 + (𝜂0(1 − 𝑅𝑡) + 𝜂1𝑅𝑡)(𝑅𝑡 − 𝑉𝑖,𝑡)     (eq. 4) 

 

 The choice again is made as described before (eq. 2). 
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5.5.9 Bayesian learning modeling 

 

 The remaining models have a Bayesian component, which we introduce here and which 

has been described in detail elsewhere (Niv et al., 2015). The learning goal is to choose the stimulus 

that gives a reward, hence the one that has the target feature value (color 1 or 2). The information 

provided in each trial can be accumulated across trials by using Bayes’ rule. This starts from the 

probability of obtaining a reward Rt as a function of the presented stimulus St and the choice Ct 

made assuming the target feature value combination is f: 𝑝(𝑅𝑡|𝐶𝑡 , 𝑓) = 𝑝𝑟𝑅𝑡 + (1 − 𝑝𝑟)(1 − 𝑅𝑡) 

and thus that the chosen stimulus SCt contains f. The expression tells us that the probability for 

getting reward (Rt=1) is pr and for getting no reward (Rt=0) is (1-pr). When the chosen stimulus 

SCt does not contain f, 𝑝(𝑅𝑡|𝐶𝑡 , 𝑓) = 𝑝𝑛𝑅𝑡 + (1 − 𝑝𝑛)(1 − 𝑅𝑡). We can combine these two 

expressions into one by defining SCt(f)=1, when it contains feature f, and zero otherwise yielding 

𝑝(𝑅𝑡|𝐶𝑡 , 𝑓) = 𝑆𝐶𝑡(𝑓)[𝑝𝑟𝑅𝑡 + (1 − 𝑝𝑟)(1 − 𝑅𝑡)] + 

(1 − 𝑆𝐶𝑡(𝑓))[𝑝𝑛𝑅𝑡 + (1 − 𝑝𝑛)(1 − 𝑅𝑡)].   (eq. 5) 

 

 The calculations simplify further when choosing 𝑝𝑛 = 1 − 𝑝𝑟. What we are interested in 

is 𝑝(𝑓|𝒟1:𝑡), and aim to express it iteratively in terms of 𝑝(𝑓|𝒟1:𝑡−1). We start the iteration from 

a uniform initial distribution representing the lack of knowledge about the target. Each trial gives 

independent information, hence we can write 

𝑝(𝑓|𝒟1:𝑡) = 𝑝(𝑓|𝑅𝑡 , 𝐶𝑡)𝑝(𝑓|𝒟1:𝑡−1) =
𝑝(𝑅𝑡|𝐶𝑡,𝑓)𝑝(𝑓)

𝑝(𝑅𝑡)
𝑝(𝑓|𝒟1:𝑡−1)   (eq. 6). 

 

 The expression depends only on f and factors that do not depend on f, such as p(Rt), will 

be taken into account as a consequence of normalization of this probability distribution across f. 

On trial t, when ignoring the past, target f could be anything, hence p(f) is constant, we thus obtain: 

𝑝(𝑓|𝒟1:𝑡) ∝ 𝑝(𝑅𝑡|𝐶𝑡 , 𝑓)𝑝(𝑓|𝒟1:𝑡−1),       (eq. 7) 

 

 where after each update we need to normalize this distribution again. 
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 The fourth model BI (Bayesian integration), adapted from previous reports (Wilson and 

Niv, 2012; Niv et al., 2015), uses as a value the probability of reward on a new trial, as a function 

of the choice (still to be made), given the past data: 

𝑉𝑖,𝑡 = 𝑝(𝑅𝑡+1|𝐶𝑡+1, 𝒟1:𝑡) = ∑ 𝑝(𝑅𝑡+1|𝐶𝑡+1 = 𝑖, 𝑓)𝑝(𝑓|𝒟1:𝑡)𝑓    (eq. 8) 

The choice is then made in the same way as before using a Boltzman function with parameter β: 

𝑃(𝐶𝑡+1 = 𝑖) =
exp(𝛽𝑉𝑖,𝑡)

∑ exp(𝛽𝑉𝑗,𝑡)𝑗
        (eq. 9) 

 

 We noticed that Bayesian updates are much faster than expected from the subjects’ choices 

(see e.g. Appendix D, Fig. D3A), hence we kept pr as a parameter. In the experimental setup the 

subject will receive a reward when it makes the correct choice, hence pr=1, but here we take 

pr=0.99<1 in which case the Bayesian integration is slower. 

 

5.5.10 Hybrid Bayesian-Reinforcement learning modeling 

 

 The fifth model, Bayesian Feature-Weighting Reinforcement Learning (FW RL) combines 

the Bayesian inference of the target f via 𝑝(𝑓|𝒟1:𝑡), with values for all feature value combinations. 

We introduce a new notation to properly specify the model: f normally takes 6 values, now we use 

fd, where d represents the dimension or feature (1: location; 2: direction of motion, 3: color) and 

for each d, fd, takes two values 1 and 2. For instance, f3=1 indicates the first color. We can then 

calculate the probability for the target to have feature d, 𝑝𝑑 = 𝑝(𝑑|𝒟1:𝑡) = ∑ 𝑝(𝑓𝑑|𝒟1:𝑡)𝑓𝑑=1,2 . 

This defines a feature dimension weight 𝜙𝑑 =
𝑝𝑑
𝛼

∑ 𝑝𝑑′
𝛼

𝑑′
 , with exponent α and normalized to yield a 

sum across dimensions equal to one. The predicted reward value of a feature value is then denoted 

by 𝑊𝑓𝑑 and the value of stimulus i is given by the sum across all feature values that are part of the 

stimulus  

𝑉𝑖 = ∑ 𝜙𝑑𝑊𝑓𝑑𝑑          (eq. 10) 

 

 The choice is then again given by a Boltzmann function 

𝑃(𝐶𝑡+1 = 𝑖) =
exp(𝛽𝑉𝑖,𝑡)

∑ exp(𝛽𝑉𝑗,𝑡)𝑗
        (eq. 11) 

 



 112 

 In addition to the Bayesian update of the feature weights, the values of each Feature value 

of the chosen stimulus is updated as well, with a prediction error that is the difference between the 

rewarded and the calculated value of the chosen object, rather than the value of the feature value: 

𝑊𝑓𝑑,𝑡+1 = 𝑊𝑓𝑑,𝑡 + 𝜂𝜙𝑑(𝑅𝑡 − 𝑉𝑖,𝑡)       (eq. 12) 

 

 The sixth model, Bayesian Feature Weighting plus Choice History Reinforcement 

Learning (FW+Choice History RL), extends the fifth model by an influence of choice history that 

is independent of reward history and was found in a previous experiment to be a superior model34.  

Choice history is included in a two-step selection process. First, it calculates the values Vi and 

choice probabilities 𝑃𝑗 = 𝑃(𝐶𝑡+1 = 𝑗) as before and makes a stochastic choice j. It then compares 

whether the so chosen stimulus has the same color as the previous choice. If this is the case the 

choice is accepted, otherwise it will be accepted with probability 

 𝑝 =
𝑃𝑗

𝑃𝑗+(exp(𝛾)−1)
 .                    (eq. 13) 

 

 If it is not accepted the other stimulus will be chosen instead, which is the one that matches 

the previously chosen color.  

 

 The seventh model, Bayesian Feature Weighting + 2 Learning Rates Reinforcement 

Learning (FW+2 Eta RL), combines feature weighting (model 5) with the updating with two 

different η-values (model 3). The only change with respect to the procedure outlined for model 5 

is the update of the values for each feature value: 

𝑊𝑓𝑑,𝑡+1 = 𝑊𝑓𝑑,𝑡 + (𝜂0(1 − 𝑅𝑡) + 𝜂1𝑅𝑡)𝜙𝑑(𝑅𝑡 − 𝑉𝑖,𝑡)    (eq. 14) 

 

 The eight model, Bayesian Feature Weighting + Decay Reinforcement Learning 

(FW+Decay RL) combines feature weighting (model 5) with the update with decay (model 2). The 

feature value belonging to the chosen stimulus are updated according to 𝑊𝑓𝑑,𝑡+1 = 𝑊𝑓𝑑,𝑡 +

𝜂𝜙𝑑(𝑅𝑡 − 𝑉𝑖,𝑡), whereas those belonging to the non-chosen object are updated according to 

𝑊𝑓𝑑,𝑡+1 = (1 − 𝜔𝜙𝑑)𝑊𝑓𝑑,𝑡. 
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5.5.11 Model optimization, evaluation and comparison 

 

 The RL models were optimized by minimizing the negative log likelihood over all trials 

using up to 20 iterations of the simplex optimization method (matlab function fminsearch) 

followed by fminunc which constructs derivative information. We used a 80% / 20% (training 

dataset / test dataset) cross-validation procedure repeated for n=100 times for each of the eight 

models. Each of the hundred cross-validations per model optimizes the model parameters on the 

training dataset. We then quantified the log-likelihood of the independent test dataset given the 

training datasets optimal parameter values (see Fig. 5.4C). We used the variability of the training 

datasets’ optimal parameter values to evaluate their standard deviation (see Fig. 5.4B), and to 

evaluate how the values of different model parameters co-vary (see Fig. 5.7).  

  

  To compare RL models with different numbers of free parameters we calculated the Akaike 

Information Criterion (AIC) for each best-fit model as [2k - 2ln(L)] with k reflecting the number 

of free parameters and L the maximum likelihood value of the model. Lower AIC values indicate 

a better model fit after penalizing for the number of free parameters used for fitting the respective 

model.  
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Chapter 6 2A adrenoceptor stimulation in primates supports fronto-

striatal functions by enhancing reward prediction error encoding 

 

6.1 Abstract 

 

The noradrenergic system and its receptors, including the 2A adrenoceptor, is implicated 

to critically support cognitive processes such as attention, working memory, and cognitive 

flexibility. Previous studies suggest that the 2A adrenoceptor improves spatial working memory 

likely through enhancing neural signaling in the dorsolateral prefrontal cortex (dlPFC), but it is 

unknown   whether the dlPFC is the major site for modulating attention or flexible learning 

processes. We addressed this question by tracking how guanfacine, a selective 2A selective 

agonist, modulates neural activity in the anterior cingulate cortex (ACC), the caudate nucleus 

(CD), and the dlPFC while nonhuman primates performed a reversal learning task.  

 

We found that guanfacine enhanced reversal learning and post-error behavioral 

adjustments. This behavioral improvement was reflected in enhanced neuronal encoding of reward 

prediction errors in the ACC and CD, but not the dlPFC during the reversal learning period. 

Guanfacine selectively increased the encoding of feedback of narrow spiking putative interneurons 

in dlPFC and ACC and in putative fast spiking interneurons in the CD. These findings suggest that 

the noradrenergic system, driven by 2A adrenoceptor stimulation, enhances cognitive flexibility 

by scaling feedback processes and RPE signals across medial and lateral fronto-striatal networks.  

 

6.2 Introduction 

 

Noradrenergic fibers from the locus coeruleus (LC), the primary source of norepinephrine 

(NE), innervate most of the forebrain (Foote et al., 1983; Nomura et al., 2014). NE is thought to 

take part in gain modulation in sensory processes (Aston-Jones and Cohen, 2005b), modulation of 

the signal-to-noise ratio (SNR) of sensory representations (Kolta et al., 1987; Kossl and Vater, 

1989; Waterhouse et al., 1990; Ciombor et al., 1999; Devilbiss and Waterhouse, 2004; Decamp et 

al., 2011; Ghosh and Maunsell, 2022), triggering network resets (Bouret and Sara, 2005; Yu and 

Dayan, 2005; Dayan and Yu, 2006) and supporting attention enhancement (Mather et al., 2016; 
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Ghosh and Maunsell, 2022) through the , 1 and 2 adrenoceptors. At the behavioral level, 

noradrenergic activity modulation has been implicated to critically contribute to a number of 

cognitive functions such as attention, working memory (WM) and cognitive flexibility (Berridge 

and Waterhouse, 2003; Aston-Jones and Cohen, 2005a; Bouret and Sara, 2005; Doya, 2008; Sara, 

2009; Bouret and Richmond, 2015; Bornert and Bouret, 2021). 

 

Among the NE receptors, the 2 adrenoceptors have the greatest affinity for NE and act as 

auto-receptors for the noradrenergic system pre-synaptically as well as being expressed post-

synaptically where they disrupt cAMP-PKA signaling (Arnsten, 2000; Wang et al., 2007; Arnsten 

and Pliszka, 2011). Several 2 adrenoceptor agonists are available including guanfacine which 

has 15-60x higher affinity for the 2A, over the 2B and 2C subtypes (Uhlen and Wikberg, 

1991; Uhlen et al., 1994). Guanfacine is known to enhance performance in a variety of tasks 

utilizing cognitive processes such as spatial WM, associative learning, attention, distractor filtering 

and cognitive flexibility (O’Neill et al., 2000; Wang et al., 2004, 2007; Hassani et al., 2017). It is 

also FDA approved for the treatment of ADHD and explored as a therapeutic option for other 

disorders (Arnsten, 2020). While the mechanisms of 2A mediated enhancement of WM in 

neurons in the dlPFC is well documented (Arnsten and Goldman-Rakic, 1985; Li and Mei, 1994; 

Mao et al., 1999; Wang et al., 2007), it has remained unknown how the 2A adrenoceptor enhances 

other cognitive processes, like cognitive flexibility. 

 

A recent study has shown that systemic guanfacine injections enhance cognitive flexibility 

and performance in a feature-based reversal learning task primarily by increasing the learning rates 

after reversal events (Hassani et al., 2017). This conclusion was based on guanfacine modulating 

selectively the learning rates estimated using a hybrid Bayesian-reinforcement learning model. 

One possibility of how guanfacine may improve cognitive flexibility could thus be an increased 

neuronal signaling of reward prediction errors (RPEs) which reflect how feedback signals are 

scaled to update expected values during reversal learning. Moreover, RPE signals have been shown 

to be relevant for the ability of the fronto-striatal network, namely the dorsolateral prefrontal cortex 

(dlPFC), anterior cingulate cortex (ACC) and the head of the caudate nucleus (CD), to support 

performance within this feature-based reversal learning task (Oemisch et al., 2019). Functions 

critical to the performance of the feature-based reversal learning task are known to be supported 
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by these areas, such as the maintenance of abstract rules, conflict monitoring, search and attention 

by the dlPFC (Buckley et al., 2009; Kaping et al., 2011; Gläscher et al., 2012; Passingham, 2021), 

the shifting of behavioral strategies and tracking of reward history by the ACC (Kennerley et al., 

2006; Buckley et al., 2009; Kaping et al., 2011; Gläscher et al., 2012; Heilbronner and Hayden, 

2016), and feature-value learning and error detection in the CD (Cromwell and Schultz, 2003; 

Williams and Eskandar, 2006; Kim and Hikosaka, 2013, 2015; Vo et al., 2014), with all three areas 

known to have RPE signals (Asaad and Eskandar, 2011; Glimcher, 2011; Heilbronner et al., 2011; 

Wallis and Kennerley, 2011).  

 

Here, we set out to test if or how guanfacine’s modulation of learning rates during reversal 

learning (Hassani et al., 2017) may change neural activity in any or all of these brain regions. We 

recorded single units from the dlPFC, ACC and CD simultaneously as two rhesus macaques 

performed a feature-based reversal learning task. We find that within the task’s feedback period, 

trial outcomes are better encoded across all recorded regions, particularly in narrow spiking 

putative inhibitory interneurons. Furthermore, we found empirical evidence for the model-

predicted increased learning rate with ACC and CD neurons having stronger representations of 

negative and positive RPEs respectively. We observed these changes in encoding strength without 

overall changes of the proportion of neurons encoding outcomes of RPE suggesting that 

guanfacine gain modulates the intrinsic learning related activity without recruiting additional 

neurons. 

 

6.3 Materials and Methods 

 

6.3.1 Subjects and apparatus 

 

Data was recorded from two male rhesus macaques (Macaca mulatta) age 7 and 9 years 

old. Both subjects were fluid restricted during the length of the experiment with unrestricted access 

to chow. All animal care and experimental protocols were approved by the York University 

Council on Animal Care and were in accordance with the Canadian Council on Animal Care 

guidelines.  
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Fig 6.1 Feature-based reversal learning task with simultaneous electrophysiological recordings. 
(A) During each block, one of two colored stimuli (monkey Ha: green or red; monkey Ke: cyan or yellow) was 

deterministically rewarded (~0.33 ml of water). Each block was a minimum of 30 to a maximum of 100 trials long. 

Block switches occurred in an un-cued manner after the minimum 30 trials were completed if the subject reached 

a performance criterion of 90% correct over the last 12 trials. (B) Each trial started with the appearance of a gray 

central fixation point, which the subjects had to fixate. After 0.5–0.9 s, two black/white gratings appeared to the 

left and right of the central fixation point. Following another 0.4 s, the two stimulus gratings gained a color or had 

their gratings drift in opposite directions (up or down), followed after 0.5–0.9 s by the onset of the second stimulus 

feature such that both stimuli eventually had both color and motion. After 0.4–1 s, the two stimuli dimmed 

simultaneously for 0.3 s or one stimulus dimmed first followed by the other separated by 0.55 s. The dimming 

represented a go-cue to make a saccade from the central fixation point to one of two response targets displayed 

above and below the central fixation point. Since breaking fixation from the central fixation point up to the dimming 

event terminated the trial, both stimuli had to be covertly attended. In order to acquire reward, subjects had to make 

either an upward or downward saccade matching the motion of the stimulus grating with the rewarded color, and 

this saccade had to occur no later than 0.55 s after the dimming of the stimulus with the rewarded color. Therefore, 
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a saccade in the correct direction would be unrewarded if the saccade occurred after the go cue (dimming) of the 

incorrect stimulus if the correct stimulus did not also dim. (C) Each stimulus varied across three features: color, 

location and motion. Only color was associated with reward while the other features were only randomly associated 

with reward. Each trial also varied in the temporal sequence of the go cue (dimming), with one third of trials having 

both stimuli dim simultaneously, a second third of trials having the rewarded stimulus dim first followed by the 

unrewarded stimulus, and a final third of trials having the unrewarded stimulus dim first followed by the rewarded 

stimulus. (D) Reconstructed locations of the tungsten electrode contact points yielding single units in the dlPFC, 

the ACC and CD. Each coronal slice represents the ~middle 0.5 mm of each 5 mm window, from -2 to +23 mm 

anterior to the anterior commissure. Recording sites from the entire 5mm window are plotted on each coronal 

section, hence why some data points seem to be in white matter.  

 

 

Animals were seated in a custom-made primate chair and placed in a dark, sound attenuated 

booth such that their eyes were 65 cm away from a 21’ LCD monitor with a 85 Hz refresh rate. 

Experimental control, including stimulus presentation, eye positioning monitoring and reward 

delivery was done through MonkeyLogic (open-source software 

https://www.brown.edu/Research/monkeylogic/). Eye positions were calibrated and tracked 

monocularly using a video-based eye tracking system (Eyelink 1000 Osgoode, Ontario, Canada; 

500 Hz sampling). Eye calibration occurred daily using a 9-point fixation pattern and was 

monitored throughout each session. Liquid reward, controlled from an air-pressure mechanical 

valve system (Neuronitek, London, Ontario, Canada) was delivered via a sipper tube. 

 

6.3.2 Behavioral task 

 

The animals performed a feature-based reversal learning task as previously described 

(Hassani et al., 2017; Oemisch et al., 2019). Briefly, subjects learned through trial-and-error which 

one of two grating stimuli was deterministically rewarded in any given block. Each grating 

stimulus was defined in any given trial by a combination of three features: location (left vs right), 

color (monkey Ha: red vs green; monkey Ke: cyan vs yellow), and motion direction of the stimulus 

grating (up vs down). The two stimuli always contained opposite values for each of these three 

dimensions. Only color was indicative of reward value and thus is referred to as the attention cue 

in text, while location and motion were randomly associated with reward (see Figure 6.1A-C for 

details). 
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6.3.3 Statistical measure of learning 

 

To identify learned blocks and an individual trial where statistically reliable learning could 

be said to have occurred in each block, we used an ideal observer estimation maximization (EM) 

algorithm (Smith and Brown, 2003; Smith et al., 2004). Briefly, this framework utilized a state 

equation to represent the internal learning process as a hidden Markov or latent process which was 

updated with each trial. This provided an estimate of the probability of a correct choice taking into 

account all trials within the block (Figure 6.2A bottom). The learning trial was then defined as the 

trial during which the lower 95% confidence bound exceeded chance (p = 0.5) and did not drop 

back down below chance for the rest of the block. 

 

6.3.4 Drug dosing 

 

Guanfacine was purchased (Guanfacine hydrochloride; Sigma-Aldrich, St. Louis, MO) and 

prepared with sterile water vehicle (0.1 mL volume) immediately before blinded IM injections. 

Subjects received Guanfacine (0.075 mg/kg) or sterile water vehicle injections close to 2 hours 

before the start of the first trial (mean: 135 ± SE 2 min). Each week contained at most a single 

Guanfacine administration day which was always either on Thursday or Friday while vehicle data 

was collected on either Tuesdays or Wednesdays; animals still trained every day. In total, we 

recorded 17 and 12 guanfacine days for monkey Ha and monkey Ke respectively. The selected 

dose of Guanfacine has previously been shown to enhance performance in this task (Hassani et al., 

2017). 

 

6.3.5 Electrophysiological recordings and unit isolation 

 

Single contact tungsten electrodes (FHC, Bowdoinham, ME; 1.2-2.2 MOhm impedance 

electrodes) were used for extracellular recordings. They were loaded into up to 4 software-

controlled precision micro-drives (NAN Instruments Ltd., Israel) and lowered into the brain 

through a 20x25 mm rectangular recording chamber guided by MR images. Single units were 

recorded in the dlPFC (area 46), the ACC (area 24), and the head of the caudate nucleus (Calabrese 

et al., 2015) (Figure 6.1D). Data amplification, filtering and acquisition were done with a multi-
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channel acquisition processor (Neuralynx). Spiking activity was obtained following a 300-8000 

Hz passband filter and further amplification and digitization at 40 kHz sampling rate. After the 

initial acquisition of highly isolated waveforms in the regions of interest, electrodes were left to 

stabilize for 30-60 minutes before the start of the task. Sorting and isolation of single unit activity 

was performed manually offline with the Plexon Offline Sorter, based on principal component 

analysis of the spike waveforms. In order to maximize statistical power in neural analyses, an 

extended dataset previously recorded from monkey Ha without any injections was also considered 

and pooled with the vehicle data and referred to as ‘non-drug data’. Although behavioral 

performance in these sessions was superior to the vehicle sessions, virtually all relevant behavioral 

trends and results remained consistent (data not shown). 

 

6.3.6 Putative cell type classification 

 

Highly isolated single units were classified based on the properties of their actin potential 

waveforms using previously published methods (Lansink et al., 2010; Ardid et al., 2015; Oemisch 

et al., 2019). Briefly, all waveforms were normalized and aligned to their peak and classified by 

clustering the first PCA of different metrics based on if they were cortical or striatal in origin 

(Figure 6.6C-D). Cortical neurons (from dlPFC or ACC) were classified based on peak-to-trough 

duration and time to repolarization with broad spiking neurons being putative pyramidal neurons 

and narrow spiking neurons being putative interneurons. Striatal neurons (from CD) were 

classified based on peak width and the initial slope of the valley decay with broad spiking neurons 

being putative medium spiny neurons (MSNs) and narrow spiking neurons being putative fast 

spiking interneurons (FSIs). 

 

6.3.7 Multi-linear regression 

 

Spike trains were transformed into spike-density functions smoothed with a Gaussian 

kernel with a standard deviation of 50 ms. Only correct (rewarded) and incorrect choice trials were 

analyzed; incorrect trials were defined as unrewarded trials where either the unrewarded object 

was chosen or any choice was made during the dimming (go signal) of the unrewarded object 

(either before or after the dimming of the rewarded object). The average trial-wise activity during 
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the epoch of interest (0.05-1s during the feedback epoch and 0.05-0.7s during the attention cue 

onset epoch) of each neuron was regressed to 18 variables that were classified as either stimulus 

variables, outcome variables or latent model variables. The 6 binary stimulus variables were the 

color (color 1 vs color 2), motion (up vs down) and location (left vs right) of the chosen stimulus 

and the color, motion and location of the rewarded stimulus. The outcome variables were trial 

outcomes (binary: rewarded or unrewarded), trial outcomes during learning only (see Statistical 

measure of learning above), trial outcomes after learning, prior trial outcome for correct trials 

(binary: rewarded trial preceded by a rewarded trial or an error trial), prior trial outcome for error 

trials (binary: error trial preceded by a rewarded trial or an error trial) and error trial order during 

learning (non-binary: ranking errors in descending order until the statistically defined learning 

trial). The latent model variables were all non-binary but different depending on the epoch in 

question. During the feedback epoch, the latent model variables were signed RPEs, positive RPEs, 

negative RPEs, and the same three variables for trials during learning only. During the attention 

cue onset epoch, the latent model variables were the choice probability of the chosen stimulus, 

value of the chosen rewarded stimulus, value of the chosen unrewarded stimulus and the same 

three variables but for trials during learning only. 

 

A single neuron may have multiple significant regressions and for each significant 

regression (neurons had to be isolated for at least 30 trials), a correlation coefficient was computed. 

These coefficients were then averaged for guanfacine and non-drug neurons and their difference 

plotted separated between unsigned, positive and negative correlation coefficients for each brain 

region and also split by putative cell types. Statistical comparison between guanfacine and non-

drug neurons was done through bootstrapping with shuffled condition labels (5000 permutations). 

Only comparisons with at least 3 neurons in both guanfacine and non-drug categories were 

statistically tested. 

 

For each neuron, the strongest regression (significant regression with the highest R2) was 

also identified. Then the variables that best explained activity in each brain region were ranked 

based on the proportion of neurons that had the highest R2 value per variable (Padoa-Schioppa and 

Assad, 2006). This ranking was done separately for guanfacine and non-drug days which were 

then compared using Kendall’s tau correlation. 
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6.3.8 Model variables  

 

We estimated latent variables underlying learning performance including the reward 

prediction error and the expected stimulus values using a hybrid Bayesian-reinforcement learning 

model as validated and described in previous studies (Niv et al., 2015; Hassani et al., 2017; 

Oemisch et al., 2019; Womelsdorf et al., 2021b). This model was the best performing model among 

a number of different reinforcement learning, Bayesian and hybrid models (see Hassani et al., 2017 

for detailed model description and comparisons). Briefly, the model describes each object’s value 

as a weighted combination of its features (color, location, motion). For each trial, a single object 

is then selected through a softmax selection process with a RPE being computed based on the 

outcome. This RPE signal is then scaled by a learning rate to adjust the values of the chosen 

object’s features while the feature values of the unchosen object decay. 

 

6.4 Results 

 

The two monkeys performed a feature-based reversal-learning task (Figure 6.1A-C) for 42 (17 

with guanfacine injections) and 66 (12 with guanfacine injections) electrophysiological recording 

sessions respectively. A total of 1281 single units were collected across the dlPFC, ACC and CD 

(Figure 6.1D). 

 

6.4.1 Guanfacine enhances reversal learning and post-error adjustment 

 

The performance in the feature-based reversal-learning task was compared between days 

with vehicle and drug administration. To capture changes in learning speed, we used an ideal 

observer statistic to identify a trial for each block at which performance exceeded the learning 

criterion (see Methods). The monkeys learned 59.0% of blocks with a median learning trial of 16. 

With Guanfacine, monkeys reached the learning criterion in a similar proportion of blocks (1.2% 

more blocks learned on vehicle days; n.s.), but faster with a median reduction of 4 trials to reach 

the learning criterion (mean: 3.2 trials; p = .002). Subjects learned faster and more rewards with 

guanfacine. The summed difference in reward probability after reversals differed significantly 

between vehicle and guanfacine administrations (p = .003; Figure 6.2A) as did the summed 
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difference in the EM derived reward probabilities (p < .001; Figure 6.2A). Fatser learning was 

evident only from the second block onwards. The summed difference in reward probability for just 

the first block only was not significantly different between guanfacine and vehicle (Appendix E, 

Figure E1B).  

 

 
Fig 6.2 Enhanced learning speed and improved post-error behavioral adjustment with guanfacine.  

(A) Top: Average learning curves of learned blocks (first block excluded) for guanfacine and vehicle sessions (shaded 

area: SE of the mean). Learning curves were smoothed by a 4 trial moving average, shifted every trial. The first 3 

trials are marked to indicate the lack of smoothing. The horizontal dashed line represents chance probability. The 

vertical dashed lines represent the median learning trial for guanfacine (12) and vehicle (16). Bottom: average estimate 

of the probability of a correct choice based on the estimation maximization algorithm (see methods). (B) ECn plots 

showing the average performance with guanfacine or vehicle injections after an error trial (left) or after only the first 

error in each block (right). (C) ECn (proportion correct after an error trial) and CCn (proportion correct after a correct 

trial) analysis plots. The difference between the guanfacine and vehicle ECn (green) and CCn (purple) performance 

for early in the block (first 9 trials; left) and later in the block (trial 10 onwards; right).  

 

Next, we evaluated whether guanfacine changed how performance adjusted in the trials 

following errors or correct trials early or later in the block (Figure 6.2C). We found a significant 

main effect for drug condition (F(1,412) = 4.89; p = .028), block timing (F(1,412) = 62.54; p < 

.001) and post error vs post correct trials (F(1,412) = 266.48; p < .001) with a significant interaction 

between drug condition and timing in the block (F(1,412) = 6.63; p = .010). Specifically, during 
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the learning period early in the block (first 9 trials), guanfacine significant improved performance 

for the 2 trials after an error trial (6.9%; p = .022) but not correct trials (3.2%; p = .809). Later in 

the block (trials 10 onwards), guanfacine had no significant effect in performance after error (2.3%; 

p = .963) or correct trials (1.5%; p = .997). The post-error enhancement of performance with 

guanfacine was already observable after the very first error trial in a new reversal block (Figure 

6.2B right). 

 

6.4.2 Pupils constrict with guanfacine  

 

To infer a possible effect of guanfacine on noradrenergic neuron activity in the LC we 

analyzed the pupil diameter of the monkeys (see Appendix D.1 and D.2). During the first three 

blocks of each session, when guanfacine concentrations would be highest, monkeys had a 

significantly more constricted pupil diameter compared to vehicle (monkey Ha: p < .001; monkey 

Ke: p = .010; Appendix E, Figure E1C), suggesting a reduction in LC activity (see discussion). 

 

6.4.3 Guanfacine reduces pairwise firing correlations in ACC 

 

We next evaluated whether guanfacine modulated the firing rate, firing variability or inter-

neuronal correlations during the attention cue onset epoch and during the feedback epoch of the 

task. We found no overall change in the average firing rate of neurons in either epoch (Appendix 

E, Figure E2A; see Appendix E.2), but when analyzing narrow spiking neurons separately from 

broad spiking neurons, firing rates of broad spiking (putative pyramidal) neurons in the dlPFC 

were significantly reduced (p = .034) and as were firing rates of broad spiking neurons (putative 

MSNs) in the CD (p = .008) during the feedback epoch (see Appendix E.2). We also found no 

significant changes in two different measure of spike train regularity: coefficient of variation (CV) 

and local variability (LV) in either the feedback or the attention cue onset epoch (Appendix E, 

Figure E2B). This result remained consistent when looking at narrow and broad spiking neurons 

separately (see Appendix E.2). 

 

Next, we investigated whether guanfacine induced changes in the pair-wise correlation 

between single unit spike counts (Rsc) within brain region (see Appendix E). We found that the 
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average Rsc in the ACC, but not the dlPFC or CD, was reduced with guanfacine during both the 

feedback epoch (p < .001) and after attention cue onset (p < .001) (Appendix E, Figure E2C). 

We also investigated if there was a change in the signal-to-noise ratio, operationalized as d’, for 

the encoding of color during the attention cue onset epoch. We found no significant change in d’ 

between guanfacine and non-drug neurons (not shown). 

 

 
Fig 6.3 Guanfacine-mediated changes in neural activity correlations to stimulus variables during the feedback 

epoch. 

(A) Difference in average correlation strength (unsigned, positive and negative) of neurons in the dlPFC, ACC and 

CD for 6 stimulus variables. The hotness of the color bar signified the magnitude of difference with hotter colors 

meaning higher (more positive or more negative) correlation coefficients with guanfacine while cooler colors 

signifying the magnitude of how much lower the guanfacine correlation coefficients were. Solid black outlines around 

a cell signifies statistical significance, while a solid green outline signifies a trend (< 0.075). The number within each 

cell denotes the number of guanfacine neurons which was almost always lower than the number of non-drug neurons. 

(B) The difference in the firing rate (Hz) of example neurons between the two chosen colors (left two examples), 

chosen motion directions (middle right example) and chosen locations (far right). Firing rate was smoothed over 100 

ms centered windows shifted every ms and over 6 trials (2 trials backward looking and 4 trials forward looking) shifted 

every trial. 

 

6.4.4 Guanfacine enhances encoding of reward prediction errors during learning 

 

We next analyzed whether guanfacine impacts neuronal encoding of task and model 

variables of the reinforcement model, especially early in the block where it enhanced behavior. 

Single unit activity, averaged for the feedback or attention cue onset epoch, was regressed to 
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stimulus variables, trial outcome variables, and latent model variables (RPEs during the feedback 

epoch and the value of the chosen stimulus during the attention cue onset epoch) using multi-linear 

regression (see Methods).  

 

During the feedback epoch, we found that the proportion of neurons significantly 

correlating with task variables was unchanged between the guanfacine and non-drug condition 

(Appendix E, Figure E3). However, the strength of encoding varied with guanfacine in the 

feedback epoch with increased encoding of the chosen stimulus color in the dlPFC (p = .003), the 

chosen location in the CD (p = .019) and the target location in the ACC (p = .024). We also saw 

reduced encoding of the chosen motion with guanfacine in the dlPFC (p = .032) (Figure 6.3A). 

Outcome variables also showed significant guanfacine-induced enhancement, with stronger 

encoding of trial outcomes in the dlPFC (p = .005), of the trial outcome in the preceding trial prior 

to a correct trial in the CD (p = .014), and for trial outcomes after the learning criterion was reached 

(dlPFC: p = .002), ACC: p = .030; CD: overall: p = .010; for positive correlations only: p = .014) 

(Figure 6.4A). Example neurons for the significant effects are shown in Figure 6.4B.   

 
Fig 6.4 Guanfacine-mediated changes in neural activity correlations to outcome variables during the feedback 

epoch.  

(A) The same as figure 6.3A but for outcome variables. (B) Example neurons with significant correlations to outcome 

(far left; difference between rewarded and unrewarded trials aligned to block reversal), outcome after learning (middle 

two; difference between rewarded and unrewarded trials), and prior trial outcome for correct trials (far right; difference 

between the prior trial being rewarded or unrewarded). The dashed line represents the average learning trial if aligned 

to block reversal. 
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Reversal learning of stimulus colors is closely linked to the encoding of reward prediction 

errors (RPEs) (Oemisch et al., 2019).We correlated neural firing with the model derived RPEs 

during drug and non-drug conditions and found significantly enhanced [RPE x firing] correlations 

with guanfacine in the CD (p = .024; unsigned correlations: p = .014; negative correlations: p < 

.001; positive RPEs: p = .049; positive RPEs prior to reaching learning criterion: p = .016) and in 

the ACC (negative RPEs: p = .039; negative RPEs prior to reaching learning criterion, unsigned 

correlations: p = .029; negative correlations: p = .016) (Figure 6.5A).  

 
Fig 6.5 Guanfacine-mediated changes in neural activity correlations to RPEs during the feedback epoch. 

(A) The same as figure 6.3A and 4A, but for RPEs. (B) Average RPE, positive RPE and negative RPE signals aligned 

to block reversal. (C) Example neurons with significant correlations to negative RPEs during learning (far left; firing 

rate during unrewarded trials only), signed RPEs (middle; firing rate during all trials), and positive RPEs during 

learning (far right; firing rate during rewarded trials only). The dashed line represents the average learning trial if 

aligned to block reversal. 

 

The observed effects with guanfacine occurred without apparent changes in the relative 

ranking of which task or model variables were encoded in the front-striatal network. We tested 

whis by identifying for each neuron the best explaining variable through the regression R2 values 

and compiling area-specific rankings of the number of cells best explained by each of the 18 

observed and model derived task variables. This approach showed that the guanfacine and non-

drug best-fit variable rankings were significantly correlated and therefore comparable during the 

feedback epoch in the dlPFC (p = .006; Tau = .477), ACC (p = .014; Tau = .425), and CD (p = 

.014; Tau = .425; Appendix E, Figure E5A). 
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6.4.5 Guanfacine modulates signaling which stimulus will be chosen after the attention 

cue onset 

 

During the onset of the attentional cue, we found that with guanfacine, the proportion of 

significantly correlating neurons encoding the value of stimulus that will be chosen, i.e. the chosen 

stimulus, varied across areas. The proportion of significantly correlating neurons was higher in the 

dlPFC for signaling the value of the stimulus that will be chosen in that trial (the ‘chosen 

unrewarded stimulus’) during learning (p = .044), in the CD for signaling the choice probability 

of the stimulus that will be chosen in that trial during learning (p = .033) and the previous trial 

outcome prior to correct trials (p = .032). Additionally, we found that with guanfacine, the dlPFC 

showed a decreased proportion of significantly correlating neurons signaling the value of the 

chosen rewarded stimulus during learning (p = .011) as did the ACC for outcome after learning (p 

= .049; Appendix E, Figure E4).  

 

In the attention cue epoch guanfacine did not result in changes of firing correlations with 

RPE or other model variables. However, guanfacine enhanced correlation strength of the previous 

trial outcome during error trials in the CD (unsigned correlations: p = .025; positive correlations: 

p = .005). In contrast to the feedback epoch, in the attention cue onset epoch, we found that the 

rankings for the best-fit parameter with guanfacine versus non-drug condition differed (no 

significant correlation of ranking; dlPFC: n.s.; Tau = -.007; ACC: n.s.; Tau = -.281; CD: n.s.; Tau 

= .242), which reflects that in the non-drug condition the best-ranked (most) encoded variable was 

the target color and that trial outcomes were encoded more strongly after learning than in the 

guanfacine condition (for details see: Appendix E, Figure E5B). 

 

6.4.6 Guanfacine enhances outcome encoding particularly for putative interneurons  

 

In order to explore whether guanfacine disproportionally affects the encoding of task 

relevant variables in excitatory or inhibitory neurons, we separately analyzed neurons with narrow 

versus broad action potential waveforms (see Methods). Within the cortical regions of dlPFC and 

ACC, narrow spiking neurons were considered putative interneurons and broad spiking neurons 
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were considered putative pyramidal neurons (Figure 6.6C) while in the striatal region of the CD, 

narrow spiking neurons were considered putative FSIs and broad spiking neurons were considered 

putative MSNs (Figure 6.6D).  

 
Fig 6.6 Guanfacine-mediated changes in neural activity correlations to outcome variables during the feedback 

epoch for broad and narrow spiking neurons. 

(A) The same as figure 6.4A but including only narrow spiking neurons. (B) Same as A but including only broad 

spiking neurons. (C) Normalized voltage of cortical (dlPFC and ACC) waveforms (left) and the scatter plot of the 

used classification criteria: time to repolarization and peak-to-trough duration (right). Broad spiking putative 

pyramidal neurons in blue and narrow spiking putative interneurons in red. (D) The same as C but for striatal (CD) 

neurons. Normalized voltage of waveforms (left) and the scatter plot of the used classification criteria: peak width at 

half peak and initial slope of valley decay (right). Broad spiking putative MSNs in blue and narrow spiking putative 

FSIs in red. 

 

During the feedback epoch of the task, we found that narrow spiking neurons drive the 

enhanced trial outcome encoding with guanfacine in all brain regions. Guanfacine enhanced 

narrow spiking neuron encoding of outcome (unsigned correlations: p = .016; positive correlations: 

p = .004) and outcome after learning (p < .001) in the dlPFC, outcome after learning (p = .027) in 

the ACC, and outcome (unsigned correlations: p = .001; positive correlations: p < .001; negative 
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correlations: p = .006) as well as outcome after learning (unsigned correlations: p = < .001; 

negative correlations: p < .001) in the CD (Figure 6.6A). In contrast, the broad spiking neuron 

population showed with guanfacine significantly reduced encoding of trial outcomes in the dlPFC 

(p = .016) (Figure 6.6B). There was no clear putative cell type driving observed results for either 

the stimulus or model variables (data not shown).  

 

In the attention cue onset epoch, due to a smaller population of neurons with significant 

regressions, we could not reasonably compare narrow and broad spiking neurons for most 

variables. However, we found a significant enhancement of the encoding of target color in the 

ACC with guanfacine that was specific to putative interneurons (unsigned correlations: p = .006; 

positive correlations: p < .001; negative correlations: p = .021; Appendix E, Figure E6). 

Moreover, narrow spiking neurons in the CD, putative FSIs, showed with guanfacine an enhanced 

encoding of previous trial outcomes during error trials (p = .043; Figure 6.7B) and during correct 

trials (p = .030; Figure 6.7B) which was not evident for broad spiking CD neurons (not shown).  

 

6.5 Discussion 

 

Here, we found that systemic guanfacine administration enhances cognitive flexibility 

evident in faster learning after reward reversals and enhanced post-error behavioral improvement. 

This improved cognitive flexibility was accompanied by the enhanced representation of outcomes 

and model-derived RPEs in the spiking activity of single neurons within the fronto-striatal network 

during the feedback epoch. Outcome representations were stronger with systemic guanfacine 

administration in the dlPFC, ACC and CD while the enhanced RPE signaling was specific to the 

ACC and CD. These enhancements were observed in the absence of overall changes in firing rate 

or firing variability at a global level (coefficient of variation) or local level (local variability) and 

without overall changing the proportion of neurons encoding the tested variables. Cell type 

classification revealed that putative interneurons and putative fast spiking interneurons were 

driving the cortical (dlPFC and ACC) and subcortical (CD) enhancement of outcome encoding, 

respectively. These results suggest a mechanism regarding the role of 2A adrenoceptors in 

enhancing cognitive flexibility, complimentary to their involvement in spatial WM. Although the 

nature of systemic administrations make it difficult to ascertain the adrenoceptors or even 
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neuromodulators that are causally involved, the results illustrate that systemic 2A stimulation is 

sufficient for enhancing both outcome and RPE encoding in the fronto-striatal network which we 

could link with faster reversal learning and post-error behavioral adjustments. 

 
Fig 6.7 Guanfacine-mediated changes in neural activity correlations to outcome variables during the attention 

cue onset epoch for broad and narrow spiking neurons. 

(A) The same as figure 6.6A but for the attention cue onset epoch. Roman numerals correspond with example neurons 

in C. (B) The same as figure 6.6B but for the attention cue onset epoch. Roman numerals correspond with example 

neurons in C. (C) Example narrow (two left most examples) and broad (two right most examples) spiking neurons 

with significant correlations for prior trial outcome for (to be) error trials (three left most examples) and prior trial 

outcome for (to be) correct trials (far right). Roman numerals map onto figures A and B to indicate where the example 

neuron was pulled from. The dashed line represents the average learning trial if aligned to block reversal.  

 

6.5.1 The 2A adrenoceptor and cognitive flexibility. 

 

Our findings suggest that 2A adrenoceptor activation supports cognitive flexibility by 

modulating three core brain areas of the anterior fronto-striatal loops, which goes beyond previous 

studies that demonstrated how 2AR activation modulates neuronal activity and behavioral 
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performance for spatial working memory tasks in the dlPFC. Molecular and iontophoretic 

experiments have described post-synaptic 2A receptors on unique dendritic spines exclusive to 

the dlPFC (Arnsten et al., 2010; Cools and Arnsten, 2022), and stimulation of these post-synaptic 

2A receptors disrupts intracellular cAMP signaling leading to enhanced delay firing (activity 

persisting through WM delay) for the preferred spatial location of these dlPFC pyramidal neurons 

(Wang et al., 2007). However, this mechanism of 2A receptor action does not account for the 

enhanced cognitive flexibility observed here. First, the feature-based reversal learning task used 

here does not contain any explicit working memory ‘delay’ period (Figure 6.1B). Second, the 

improved learning performance was specifically dependent on the requirement to reverse a learned 

reward association, because we did not observe better performance with guanfacine during the first 

block prior to the first reversal (Appendix E, Figure E1B). This finding resonates well with a 

recent study where optogenetic activation of LC enhanced performance after a rule switch but not 

in the first block of a given session (McBurney-Lin et al., 2022). Taken together, the behavioral 

improvement with guanfacine in our study is likely reflecting an increased efficiency to learn from 

trial outcomes and to utilize error signals for improving future performance. 

 

6.5.2 Enhanced outcome and RPE encoding without increased proportion of encoding 

neurons. 

 

We found that guanfacine increased the strength of neuronal encoding of trial outcomes in 

dlPFC, ACC, and CD (Figure 6.4) and of RPEs in ACC and CD (Figure 6.5) during the feedback 

epoch. These changes could be the neural substrate for the enhanced post-error adjustment and the 

faster adjustment to reversed color-reward associations after a block reversal (Figure 6.2C). The 

enhanced neural encoding is consistent with 2A adrenoceptors enhancing the gain of neuronal 

responses in each of the three recorded brain areas. Gain modulation has been proposed to be a 

primary effect of increased NE activity, capable of potentiating responses of neurons and also 

capable of making neural responses to previously sub-threshold inputs supra-threshold (Berridge 

and Waterhouse, 2003; Aston-Jones and Cohen, 2005a).  

 

While we did observe enhanced encoding strength with guanfacine, consistent with 

potentiating existing responses, we did not find proportionally more neurons encoding for 
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outcomes or RPEs (Appendix E, Figure E3). This finding shows that the putative gain modulation 

process induced by guanfacine in dlPFC, ACC, and CD primarily affects neurons that are already 

functionally recruited without switching on previously non-active neurons. Consistent with this 

suggestion, we found that guanfacine had a moderately suppressive effect on the overall average 

firing of neurons during in the feedback epoch with significantly reduced firing rates of putative 

pyramidal neurons in the dlPFC and putative MSNs in the CD (see Appendix E.2). Moreover, the 

NE mediated switching of sub-threshold to supra-threshold responses has largely been described 

in sensory cortices, which differs in composition and 2A receptor densities from fronto-striatal 

circuits (Ciombor et al., 1999; Devilbiss and Waterhouse, 2004; Waterhouse and Navarra, 2018). 

However, we cannot rule out that higher concentration of guanfacine, or the direct increase of NE 

would have recruited additional neurons encoding outcomes and RPEs during the task.  

 

6.5.3 Spatial and cell-type specificity. 

 

We found that the significantly stronger outcome encoding with guanfacine during the 

feedback epoch was driven by narrow spiking putative interneurons in the dlPFC and ACC, and 

putative FSIs in the CD (Figure 6.6A). This finding is consistent with studies have shown that 

adrenoceptor expression and modulation is stronger for interneurons than pyramidal cells with 2 

and  adrenoceptors enhancing their inhibitory actions while 1 adrenoceptors decrease their 

inhibitory actions in prefrontal cortex (Kawaguchi and Shindou, 1998; Wang et al., 2013; Liu et 

al., 2014; Xing et al., 2016; Lee et al., 2020), as well as in sensory and sensorimotor cortices 

(Bennett et al., 1998; Nai et al., 2009; Salgado et al., 2011, 2012; Ohshima et al., 2017). This 

suggests guanfacine may enhance the inhibitory activity of interneurons which is consistent with 

the decreased firing we observed in putative pyramidal neurons in the dlPFC and with the 

decreased firing of putative MSN spiking in the CD (see Appendix E.2).  

 

A prominent role of interneurons in learning from outcomes and reward predictions errors 

has recently been demonstrated for putative fast spiking interneurons in the lateral PFC of 

macaques (Boroujeni et al., 2021), as well as for fast spiking interneurons in the head of the caudate 

(Boroujeni et al., 2020). In these studies, narrow spiking neurons encoded reward prediction errors 

particularly during the learning period of reward reversal. Our results of guanfacine enhancing the 
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encoding of outcomes and reward prediction errors may thus directly support the interneuron-

mediated learning and behavioral adjustment. Systemic guanfacine may thus have gain modulated 

the intrinsic neuronal dynamics underlying cognitive flexibility during color-based reversal 

learning.  

 

While we found that trial outcomes were enhanced with guanfacine in all three areas, 

stronger RPE encoding was only observed in the ACC and CD (Figure 6.5). We unfortunately did 

not have enough data for a reasonable comparison of putative cell types that significantly encoded 

RPE signals. However, we did observe enhanced negative, but not positive or signed RPE 

signaling in the ACC. Negative RPEs are only computed for unrewarded trials and are critical 

signals for the adjustment of behavioral strategy upon failing to acquire reward, a major function 

of the ACC (Kennerley et al., 2006; Buckley et al., 2009; Kaping et al., 2011; Gläscher et al., 2012; 

Heilbronner and Hayden, 2016). Furthermore, a previous study demonstrated that switches in 

behavioral strategy may be triggered by LC input to the ACC (Tervo et al., 2014). Similarly, we 

only observed enhanced positive and signed, but not enhanced negative RPE signaling in the CD 

during the feedback epoch with guanfacine. This, too, matches known functions of the striatum 

and the head of the caudate for value updating (Cromwell and Schultz, 2003; Williams and 

Eskandar, 2006; Kim and Hikosaka, 2013, 2015; Vo et al., 2014; Rothenhoefe et al., 2017). The 

systemic administration of guanfacine is thus helping inch the functions of the ACC and CD, which 

support behavioral flexibility (shifting behavioral strategies and value updating respectively), 

towards greater flexibility. 

 

A recent study describes two distinct populations of LC neurons distinguishable by their 

waveforms which are excited by positive RPEs and a lack of reward respectively (Su and Cohen, 

2022) suggesting that distinct noradrenergic neuronal populations in the LC (Chandler et al., 2014; 

Totah et al., 2018; Breton-Provencher et al., 2022) may be responsible for the observed RPE 

enhancement we see in the ACC and CD. The same study (Su and Cohen, 2022) has posited that 

noradrenergic signaling from the LC may serve to communicate RPE information to the cortex 

while dopaminergic signaling communicates RPEs to the basal ganglia. This proposed dichotomy 

is consistent with our findings. Future studies may thus test more directly whether distinct 

neuromodulatory systems mediate prediction error signaling in ACC and striatum.  
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6.5.4 Insights from 2A stimulation: norepinephrine and behavior. 

 

Pre-synaptic 2A adrenoceptors act as noradrenergic auto-receptors, reducing the further 

release of NE. It has been previously shown that systemic guanfacine administration reduces LC 

activity (Engberg and Eriksson, 1991; Okada et al., 2018). Consistent with reduced LC firing we 

observed reduced pupil diameter in the blocks temporally closest to the inject time (Appendix E, 

Figure E1C). However, guanfacine also resulted in on average reduced pair-wise spike count 

correlations in the ACC relative to the non-drug condition, which a recent study have shown to be 

indicative of higher LC activity (Joshi and Gold, 2022). This discrepancy might be resolved by 

distinguishing tonic from phasic LC activity modulations. The increases of pairwise firing 

correlations in Joshi and Gold (2022) likely reflect reduced tonic LC firing, while the reduction of 

firing correlation that we found indicates enhanced phasic LC firing in the presence of reduced 

tonic LC firing. This proposal is consistent with findings showing that noradrenergic auto-receptor 

activation can increase LC neuron sensitivity to glutamatergic and cholinergic stimulation thus 

emulating an increase in phasic LC firing (Aston-Jones et al., 1991a; Aston-Jones and Cohen, 

2005a). This suggests that systemic guanfacine administration may reduce tonic LC activity while 

simultaneously boosting phasic LC activity. 

 

This 2A stimulation resulted in enhanced cognitive flexibility in our feature-based 

reversal learning task with faster behavioral adjustments after unexpected outcomes. It is possible 

that this enhanced flexibility comes at a behavioral cost. Although guanfacine lead to better 

immediate post-reversal performance as can be seen in the raw performance average of the first 

three post-reversal trials, it does not improve overall plateau performance at the end of the reversal 

block and may even reduce it as visible in the subtly (non-significantly) lower end-of-block 

performance plateaus (Figure 6.2A & Appendix E, Figure E1A). This observation suggests that 

the systemic guanfacine administration promoted exploratory behavior facilitating the learning but 

hampering the exploitative behavioral after an initial learning criterion was achieved. Our results 

are therefore consistent with a role of the 2A adrenoreceptor in re-balance the exploration-

exploitation trade-off towards a higher weighting of explorative behavior, mediated potentially by 

an overall increase of learning rates from performance feedback (Hassani et al., 2017).  
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6.6 Conclusions 

 

Based on our results, we believe that noradrenergic mechanisms determine learning rates 

for stimulus value updating based on a running measure of environmental volatility. The action of 

NE at its various metabotropic adrenoceptors may adjust the parameters of local computations to 

better meet the demands of the subject’s currently perceived environmental statistics. This 

suggestion is congruent with current theories of NE that emphasize requirements of uncertainty 

and salience for LC activity resulting in alterations to neural functions and behavior based on 

unexpected events or surprising information (Berridge and Waterhouse, 2003; Bouret and Sara, 

2005; Yu and Dayan, 2005; Dayan and Yu, 2006; Doya, 2008; Silvetti et al., 2013; Bornert and 

Bouret, 2021). Our conclusion also resonates well with a number of human 

psychopharmacological studies that associate the action of NE/dopamine reuptake inhibitors with 

the modulation of learning rates based on environmental uncertainty (Jepma et al., 2016; Howlett 

et al., 2017; Cook et al., 2019). 

 

Increases in environmental volatility can be addressed by increasing learning rates resulting 

in increased flexibility for adjusting behavior and faster updating of object values which would 

lead to enhanced attentional focusing onto sensory stimuli which biases credit assignment 

processes towards the attended stimuli (Oemisch et al., 2019). At the extreme, a highly volatile 

environment may benefit from a ‘fight or flight’ type response with hyper-focused attention, one-

shot learning and rapid switching between behavioral strategies. While low environmental 

volatility allows for diffuse attention and low learning rates for slower value updating in order to 

avoid switching away from successful strategies and over-correcting object value representations 

from singular unexpected outcomes. 

 

Our data suggests that the stimulation of the 2A adrenoceptor is sufficient for enhancing 

RPE encoding in the fronto-striatal network and more flexible learning. It is important to note, 

however, that due to the nature of systemic administration we cannot be certain about the direct 

involvement of 2A adrenoceptors as opposed to the involvement of other adrenoceptors due to 

2A’s auto-receptor activity. Furthermore, other neuromodulatory systems interact heavily with 
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NE, including strong interactions between dopamine and NE, particularly in the PFC (Devoto et 

al., 2005; Jentsch et al., 2008; Xing et al., 2016; Cools and Arnsten, 2022), and interactions with 

5-HT and acetylcholine (Aston-Jones et al., 1991a; Berridge and Foote, 1991; Berridge and Wifler, 

2000). Such interactions bring into question the involvement of dopamine in our results for 

example (Marshall et al., 2016b; Xing et al., 2016; Wang et al., 2018), with evidence that prefrontal 

dopamine is in part provided by LC noradrenergic terminals (Devoto et al., 2005, 2019, 2020). 

However, to understand which other neuromodulatory systems might support cognitive flexibility 

beyond the 2A adrenoceptors will be an important venue for future research. 
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Chapter 7 General discussion 

 

 In order to better understand the role of neuromodulatory systems on the function of the 

fronto-striatal network, we utilized multiple pharmacological agents to enhance primate behavior 

in tasks dependent on the functions of the dlPFC, ACC and striatum. We utilized an FDA approved 

AChE inhibitor (chapter 3), an FDA approved 2A specific agonist (chapters 5 and 6), as well as 

an M1 positive allosteric modulator (chapter 4), part of a newer family of drugs showing great 

clinical potential for the treatment of AD and schizophrenia (Korczyn, 2000; Conn et al., 2009; 

Jones et al., 2012; Tobin, 2018). We explored behavioral changes during the performance of a 

reversal learning task (chapters 5 and 6), set shifting task (chapters 3 and 4) and visual search task 

(chapters 3 and 4) to identify the cognitive domains impacted by these pharmacological agents. In 

chapter 5 we utilized computational modelling to explore a potential mechanism underlying 

guanfacine’s enhancement of selective attention and cognitive flexibility in a reversal learning 

task. And in chapter 6 we found empirical evidence for this model-predicted mechanism in the 

activity of neurons in the fronto-striatal network. Lastly, in chapter 2 we discuss development 

efforts for an in vivo neurochemical sampling method for multiple endogenous neuromodulators 

that we show in chapter 3 is also capable of measuring exogenous pharmacological agents. 

Throughout these 5 chapters, we examined the neuromodulatory influence on higher order 

cognitive processes in the fronto-striatal network by utilizing behavioral, computational, 

electrophysiological and neurochemical perspectives. 

 

Here, I will only discuss the cross-relevance between the chapters and avoid repeating 

discussion points from individual chapters.  

 

7.1 Evaluating pharmacological influence on multiple cognitive domains  

 

 As described in chapters 3 and 4, we utilize a cage-mounted touch-screen testing platform 

capable of executing a variety of tasks and collecting behavioral data from monkeys (Womelsdorf 

et al., 2021a). We utilized a feature-reward learning task (akin to a set-shifting task) and a visual 

search task allowing us to extract multiple measures of several cognitive domains such as speed 

of processing, distractor filtering, perceptual filtering, learning efficiency and cognitive flexibility. 
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We were then able to compare and contrast the cognitive enhancement that resulted from systemic 

donepezil vs systemic M1 PAM (VU0453595) administration.  

  

Such a framework is necessary for testing multiple cognitive domains with increasingly 

selective compounds in order to dissociate receptor-specific contributions towards cognition and 

reveal the receptors underlying the behavioral consequences of a given pharmacological 

compound. For example, as discussed during chapter 6, it is unclear if the guanfacine-mediated 

enhanced outcome and RPE encoding observed across the fronto-striatal network is due to 2A 

specific actions, or involves other noradrenergic or even dopaminergic receptors. This is true 

despite its 2A specificity (Uhlen and Wikberg, 1991; Uhlen et al., 1994) due to the role of 2A 

as an auto receptor (Engberg and Eriksson, 1991), the unclear source of prefrontal dopamine 

(Devoto et al., 2005, 2019, 2020), and the prevalence of dopamine for RPE signaling, especially 

in the striatum (Schultz et al., 1997; Glimcher, 2011). Even drugs that target the same receptors 

may vary in behavioral outcomes and would benefit from characterization in such a framework. 

 

Outside of direct multi-modulator measurements from multiple candidate brain regions, it 

is conceivable that by mapping the cognitive impact of receptor specific compounds (such as 

PAMs) using the same behavioral tasks as a baseline, we could infer the mechanism of action for 

less specific drugs or those with unclear in vivo mechanisms. Allosteric modulators are the most 

likely compounds to be free of off-target effects and are thus best suited for such an endeavor as 

they simply modulate receptor responses to endogenous compounds (Moran et al., 2018). Such an 

understanding would allow for the design and testing of drug ‘cocktails’ targeting multiple 

neuromodulatory receptors simultaneously. By mapping a patient’s baselines for various cognitive 

domains, an individualized cocktail of neuromodulatory compounds could be planned to best 

address their personal deficits. 

 

7.2 Broader frameworks for neuromodulatory actions 

 

 Due to their virtually global influence and capacity to organize neural activity to support 

broad behavioral states, it has been proposed that the neuromodulatory systems operate in a meta-

learning framework (Doya, 2002). It has been proposed that essentially, each major 
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neuromodulator represents a meta-learning parameter: dopamine signals RPEs, 5-HT controls the 

time scale of RPEs, NE controls stochasticity of action while ACh controls the speed of memory 

updating. Thus, it is posited that changes in the activity of the nuclei responsible for these 

neuromodulators adjusts these parameters and shifts behavioral strategies and behaviors. Although 

studies find general support for shifts in meta-learning parameters though pharmacological 

manipulation of neuromodulators (Jepma et al., 2016; Howlett et al., 2017; Cook et al., 2019), the 

specificity of the neuromodulators and the exact measure of ‘neuromodulation’ in such a 

framework is not clear. There is recent data suggesting that the activity of noradrenergic neurons 

in the LC (Su and Cohen, 2022), serotonergic neurons in the dorsal raphe (Grossman et al., 2022)  

and cholinergic neurons in the basal forebrain (Hegedüs et al., 2023) encode RPEs or learning 

rates. Although RPE signaling could still be predominantly carried out and propagated by one 

neuromodulator, it is possible that individual neuromodulators do not directly map onto single 

parameters in a meta-learning framework. However, the exact same line of evidence strongly 

suggests that neuromodulators are somehow involved in adjusting meta-learning parameters, 

perhaps by their extra-cellular concentrations. 

 

 The optimization of meta-learning parameters will differ between tasks based on the 

environmental statistics and internal goals. Furthermore, the strength of externally driven shifts in 

meta-learning parameters through, e.g. pharmacological intervention, will vary based on the 

individual’s baseline neuromodulatory tone. Such task specific modulation of neuromodulatory 

effects would explain different optimal doses for individuals engaged in tasks with different 

cognitive demands as described in chapter 3 and is consistent with the general premise of inverted-

U curves describing dose – performance relationships. Furthermore, shifts of cholinergic tone has 

been implicated in other trade-offs such as speed-accuracy (Turchi and Sarter, 1997). Similarly, as 

described in chapter 6, guanfacine administration enhances post-reversal learning, already in the 

first 3 post-reversal trials, but this may reflect enhanced tendencies for exploratory behavior at the 

expense of exploitative behaviors as evident in somewhat reduced plateau performance and a 

slightly reduced likelihood to finish blocks learned. Optimization of meta-learning parameters 

through neuromodulatory action will thus likely come at a cost, at the very least a metabolic one, 

otherwise they would evolutionarily be pushed towards being static, instead of dynamic. Lastly, a 

variable baseline of neuromodulatory tone may help explain the heterogeneity of optimal doses 
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for the clinical population. It can be predicted that depending on the neuromodulator in question, 

an individual’s baseline may be significantly different for some clinical populations. The extent of 

the loss of cholinergic synapses in the cortex and hippocampus has been linked to symptom 

progression in AD (Fahnestock and Shekari, 2019) and pharmacological strategies have been 

proposed utilizing different drug cocktails at different stages of AD to account for the progression 

in cholinergic loss (Tobin, 2018). Ultimately, based on an individual’s baseline neuromodulatory 

tone, optimal performance may require more or less neuromodulatory activation depending on the 

particular demands of a given task. 

 

7.3 Multi-modulator measurements 

 

 Based on the discussion so far, in a meta-learning framework, we may predict that the 

pattern of neuromodulatory tone could be informative of an individual’s cognitive state as defined 

by the current values of meta-learning parameters. Furthermore, shifts in behavioral needs may 

require shifting multiple meta-learning parameters and thus be reflected in multi-modulatory 

changes. Unpublished data from our lab using the SPME method described in chapter 2 shows that 

we do indeed see such multi-modulatory changes. During the same feature-learning task used in 

chapters 3 and 4, we find that low attentional load blocks contain higher concentrations of 

dopamine, and lower concentrations of ACh and 5-HT in the striatum. Furthermore, some changes 

seem to be area specific. For example, before and after the start of the task, we find that prefrontal 

ACh increases while striatal ACh decreases. This suggests that despite overlap in stimuli and 

events that may trigger neuromodulatory release (see section 1.4.1), they are differentially 

modulated in time scales measurable by SPME. 

 

This data supports the role of neuromodulators in adjusting meta-learning parameters to 

meet different environmental demands through multi-modulatory shifts. However, the differences 

we find between brain regions brings up another question: in which brain region do multi-

modulatory tones best reflect the current meta-learning parameters? It is possible that multi-

modulatory shifts observable in the PFC correspond to different changes in meta-learning variables 

than the multi-modulatory shifts observable in the striatum. A study utilizing human neuroanatomy 

and receptor density maps suggests that areas with similar functions have similar receptor 
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fingerprints (Zilles et al., 2002) consistent with later findings utilizing similar methods in primates 

(Rapan et al., 2022) as well as the actual area-specific volume of available neuromodulators in the 

macaque brain (Ward et al., 2018). Although, this does not yet reveal if the neuromodulatory 

changes in the striatum, for example, do indeed provide additional information to the 

neuromodulatory changes in prefrontal cortices for understanding meta-learning parameters. 

 

7.4 Perspective on neuromodulation 

 

 Neuromodulatory action at metabotropic receptors can never hyper- or de-polarize neurons 

at the same temporal precision as ionotropic receptors. This means that with the exceptions of the 

ionotropic nicotinic receptors (ACh) and 5-HT3 receptors (5-HT), the function of major 

neuromodulatory systems involves layering on top of electrophysiological circuits and networks 

in order to ‘modulate’ their activity. This positions them well for adjusting meta-learning 

parameters by optimally tuning local circuit properties in order to modulate their on-going 

computations.  

 

Our findings in chapter 6 strongly support such a notion. We found that through the 

collective neuromodulatory changes elicited by systematic guanfacine administration, encoding 

strength for stimulus, outcome and task parameters relevant for the known functions of each brain 

region and the task demands were enhanced. The encoding of a handful of parameters were also 

reduced with the notable case of a non-relevant stimulus feature representation. This aligns with 

deafferentation studies discussed in section 1.2.1 where performance of animals for a given task 

becomes sub-optimal (Muir et al., 1992; Voytko et al., 1994; Turchi and Sarter, 1997; Dalley et 

al., 2001; Botly and de Rosa, 2009; Leo et al., 2023). Thus, it is likely that neuromodulation tunes 

meta-parameters for area-specific functions as suggested in chapter 6 and is supported by studies 

utilizing area specific deafferentations (McGaughy et al., 2008; Croxson et al., 2011) and selective 

activation (Tervo et al., 2014). This conclusion predicts that such area specific or global 

deafferentation studies would cause more severe deficits for animals when they must rapidly shift 

behavior and meta-learning parameters to meet vastly different task and environmental demands. 

Such a hypothesis is well suited to be addressed in the testing environment utilized in chapters 3 

and 4. Another extension of this conclusion focuses on the different innervation and receptor 
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expression patterns seen between brain regions. If we are to assume that neuromodulators indeed 

shift local computational parameters, their role is then to gate synaptic activity resulting in more 

or less efficient computations. Their global innervation and influence may then orchestrate such 

gating in multiple circuits to broadly support some general behavioral state.  

  

A final extension from such a conclusion pertains to potential clinical strategies in 

addressing psychiatric symptoms. Inappropriate tuning of meta-learning parameters arising from 

the loss of neuromodulatory neurons may indeed result in the cognitive deficits observed in 

psychiatric disorders (Whitehouse et al., 1981; Mesulam et al., 1983; Delaville et al., 2011; 

Schmitz and Nathan Spreng, 2016; Fahnestock and Shekari, 2019). However, if we conclude that 

these neuromodulators are simply layering onto and adjusting the electrophysiological circuits, 

with advances in non-invasive technologies, we could potentially directly modulate these circuits 

in a therapeutic manner. Increasing our understanding of the neuromodulator-driven changes in 

local electrophysiology may allow methods such as focused ultrasound, transcranial magnetic 

stimulation and others to be better utilized in targeted ways. 

 

7.5 Conclusion 

 

 In summary, my work has demonstrated the crucial role of neuromodulators on the higher 

cognitive functions supported by the fronto-striatal network in the primate brain. By utilizing 

pharmacological agents with high clinical relevance, we have demonstrated that we can modulate 

local computations to optimize behavioral performance and that such an optimization is contingent 

on the environmental statistics and internal state of the animal. My work here demonstrates a 

framework for the future investigations of pharmacological agents to advance our understanding 

of the multi-modulator brain such that we may better the cognitive deficits found in psychiatric 

disorders. 
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Appendix A: Supplemental information for Chapter 2 

 

A.1  Supplementary Methods Chemicals, Reagents and Materials  

 

The LC-MS-grade solvents methanol (MeOH), acetonitrile (ACN), isopropanol (IPA) and 

water, as well as the acetylcholinesterase inhibitor phenylmethylsulfonyl fluoride (PMSF) were 

purchased from Fisher Scientifc. Formic acid, polyacrylonitrile (PAN), N,N-dimethylformamide 

(DMF) and the standards of neurotransmitters: γ-aminobutyric acid (GABA), glutamic acid (Glu), 

acetylcholine (ACh), histamine (Hist), serotonin (5-HT), dopamine (DA) and choline (Cho) as 

well as their deuterated analogues were purchased from Millipore Sigma (Oakville, ON, Canada). 

Epinephrine (Epi), norepinephrine (NE) and their deuterated analogues were obtained from 

Cerilliant Corporation (Round Rock, TX, USA). Choline-D9, was purchased from Cambridge 

Isotope Laboratories (Tewksbury, MA, USA). The reagents used for synthesis of hydrophilic- 

lipophilic balance polymer particles functionalized with strong cation exchange groups, as well as 

compounds for preparation of PBS were purchased from Millipore-Sigma. The stainless steel wire 

(stainless steel grade AISI 304, 150 μm diameter) used for manufacturing of SPME probes was 

purchased from Unimed S.A. (Lausanne, Switzerland). The stainless steel tubing used as guiding 

cannulas (270 μm O.D.; 200±5 μm I.D.) was obtained from Vita Needle (Needham, MA, USA).  

 

A.1.1 LC-MS/MS Analysis  

 

On the day of analysis, the SPME probes were defrosted and desorbed into 40 μL of 

water/ACN/MeOH 40:30:30 (v/v/v) mixture containing 1 % of formic acid and a mixture of 

deuterated isotopologues of targeted neuromodulators (used as internal standards, IS) at 20 ng/mL. 

The desorption was carried out for 1 h with agitation at 1500 rpm. The extracts were injected into 

the LC-MS system for targeted neurotransmitter analysis within a few hours after desorption. All 

experiments were carried out using an Ultimate 3000RS HPLC system coupled to TSQ Quantiva 

triple quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, California, USA). Data 

processing was performed using Thermo software Xcalibur 4.0 and Trace Finder 4.1. For 

chromatographic separation of the target compounds, a modified method of what is previously 

reported (Cudjoe and Pawliszyn 2014) was used, adjusted to include more targeted 
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neuromodulators and their corresponding IS. A Kinetex® PFP LC column (100 x 2.1 mm, 1.7 μm; 

Phenomenex, Torrance, CA, USA) was held at 30°C with the mobile phase flow rate at 400 

μL/min. The mobile phase A consisted of water/MeOH/ACN 90:5:5 (v/v/v) with 0.1 % formic 

acid, and mobile phase B was ACN/water 90:10 (v/v) with 0.1% of formic acid. The 

chromatographic gradient was applied starting from 100% B for 1 min and increasing the aqueous 

mobile phase A to 100% for 3 min with convex gradient function, held for 0.5 min and subsequent 

linear return to initial conditions and re-equilibration for 1 min, yielding total time of 6.5 min. The 

injection volume was 10 μL. MS/MS analysis was performed with electrospray ionization in 

positive mode under selected reaction monitoring conditions, with two MS/MS transitions for each 

neuromodulator (quantifier and qualifier) and one for each IS.  

 

A.1.2 Quantitation of neuromodulators  

 

Individual stock standard solutions of all targeted neuromodulators were prepared in 

methanol or water with 0.1% formic acid at a concentration of 1 mg/mL and stored at −80 °C for 

maximum of one month. In order to calculate the amounts of neuromodulators extracted by each 

probe, calibrator standards prepared in the same desorption solvent as real samples were analyzed 

in the same batch. This instrumental calibration curve was prepared in the range of 0.1-200 ng/mL 

by a serial dilution of the stock standard mixture of all compounds at 1μg/mL. The IS concentration 

was kept constant at 20 ng/mL in all calibrators, identically as in the real samples. The amounts 

extracted were calculated based on linear regression equation obtained from the analytical signal 

(the ratio of chromatographic peak areas of analytes and their corresponding IS) plotted against 

the concentration.  

 

In order to calculate the concentrations of neuromodulators in brain, matrix-matched 

external calibration approach was used. The surrogate matrix consisted of 2% agar gel mixed with 

brain homogenate in the ratio 1:1 (v/w). The homogenized brain tissue was earlier incubated with 

1 mM PMSF for 1 h at 37°C to prevent enzymatic digestion of acetylcholine in the calibrator 

samples. Due to several target compounds being present in brain homogenate at high 

concentrations (e.g. for glutamate and choline the “blank” brain homogenate matrix doesn’t exist), 

their quantitation was based on signals of their deuterated isotopologues. The calibrator samples 
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were prepared in the surrogate matrix with concentrations of neuromodulators ranging from 5 to 

3000 μg/mL for the isotopically labelled compounds or from 10 to 2000 ng/mL for the remaining 

compounds.  

 

The extractions were carried out with SPME probes manufactured and pre-treated 

identically to the probes used for in vivo sampling and using the same 20 min extraction time and 

desorption conditions as for the real samples. The amounts of neuromodulators extracted from the 

calibrator samples were determined in the same way as described above and plotted against 

concentrations of calibrators. The resulting weighted linear regression equations were applied to 

the amounts of neuromodulators extracted from the in vivo samples, yielding values of 

concentrations of the compounds of interest in brain.  

 

The limits of detection (LOD) were estimated as the levels corresponding to the signal to 

noise ratio of 3 and were calculated based on the signal of blank calibrator sample (considered as 

the noise).  
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A.2 Figures 

 

 

Fig A1 Behavioral task that the monkeys were engaged in. 

Briefly, the monkey was expected to fixate a central fixation point until criterion when two 

graded stimuli appeared. The graded stimuli acquired color and motion, of the graded stripes, 

features in either order. The two stimuli then either simultaneously dimmed (go-signal), or 

dimmed one at a time in either order. The monkey, through trial and error, identified the 

rewarded stimulus via its color feature which was the sole identifying feature informative of 

reward. The monkey was then expected to wait until the dimming of the selected stimulus 

and respond in the same direction as the motion of the graded stripes on the chosen stimulus. 

If the monkey correctly accomplished this, it would receive deterministic reward in the form 

of liquid juice. Monkey As was engaged in a variation of this task with reduced complexity 

in order to match monkey Ke in performance and reward acquisition over the sampling period. 

Figure reproduced from Hassani et al., 2017. 
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Fig A2 Experimental procedure from SPME probe fabrication to quantitation. 

Fabrication described the in-house procedure to prepare SPME probes. Preparation describes experimental set- up. 

Sampling describes the actual data collection process. LC/MS analysis describes the chemical quantitation of 

collected data samples. 
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A.3 Tables 

 

Table A1 A comparison of methods capable of measuring single or multiple neurochemicals 

in vivo. 
 PET imaging Electro-chemistry Micro-dialysis Solid phase micro-

extraction 

Temporal 

Resolution 

Minutes Highest (millisecond 

range) 

1-30 minutes; 

dependent on MS 

sensitivity, target etc. 

<5-30 minutes; dependent on 

MS sensitivity, coating 

thickness, target etc. 

Spatial 

Resolution 

Voxel High; surface area 

may vary (relevant for 

enzyme based 

methods) 

Diffusion based; 

surface area may 

vary 

Diffusion based; surface area 

may vary 

Sensitivity Indirect measurement 

via competitive 

radiolabeled species 

High Depending on post-

hoc methods (i.e. 

MS)  

Depending on post-hoc 

methods (i.e. MS) 

Neuro-active 

targets 

A few at most A few at most Many Many 

Non-neuro-

active targets 

No No Yes, greater efficacy 

for hydrophilic 

compounds 

Yes, greater potential efficacy 

for hydrophobic compounds 

In vivo 

feasibility 

Difficult in awake, 

behaving animal 

models; movement 

highly restricted 

Good (low reliability 

in NHPs) 

Good, often requires 

chronic implant of 

cannula for repeated 

measurements 

Very good; robust placement 

of multiple simultaneous 

probes and repeatable acute 

measurements 

Cost High Requires special 

equipment 

Requires special 

equipment 

Easy to port to an acute 

micro-electrode setup; 

requires a chemistry core 

Table A1 Temporal resolution, spatial resolution, sensitivity, capability to measure neuro-active and non-neuro-active 

compounds, in vivo feasibility and cost. PET: positron emission tomography; NHP: non-human primate; MS: mass 

spectrometer. 
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Appendix B: Supplemental information for Chapter 3 

 

B.1 Supplemental methods 

 

B.1.1 Ethics Statement 

 

All animal related experimental procedures were in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals, the Society for Neuroscience 

Guidelines and Policies, and approved by Vanderbilt University Institutional Animal Care and Use 

Committee. 

 

B.1.2 Animals 

 

Three adult male rhesus macaques (Macaca mulatta; ~8-15 kg, 6-9 years old) were used 

for this experiment. They were cognitive cognitively assessed at the same time of day for ~20ml/kg 

fluid reward. All of the monkeys were pair-housed, except for monkey Si, who was individually 

housed with protected contact. This allowed all monkeys to have grooming access and social 

bonding with a compatible partner. An Institutional Animal Care and Use Committee-approved 

enrichment plan was used for the monkeys involved in this experiment. Four categories of 

enrichment were utilized: social, structural, sensory and feeding. Both the macro- and 

microenvironments are involved in the enrichment plan. Prior to this experiment, monkeys Ig and 

Wo had been exposed to an experimental positive allosteric modulator. Otherwise, subjects were 

naïve to donepezil and other neurological or psychiatric medications. 

 

B.1.3 Drug Procedures 

 

For the double blinded drug administration, one experimenter prepared drug doses while 

another handled injections and observations for potential side effects using a modified Irwin-rating 

scale. Ratings were assigned on a scale of 0, 1, or 2 per monkey reflecting no change, a slight 

change or a significant change respectively. Donepezil volumes were separated into vials for 

storage, and were sonicated and vortexed with sterile saline immediately before injection. 
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Depending on the weight of the animals, the appropriate volume (0.1-0.7 ml) of donepezil was 

then drawn for the planned injection dose; all daily injections were thus prepared together. 

 

B.1.4 Visual Stimuli 

 

The behavioral tasks used 3-dimensionally rendered visual objects, so called quaddles, 

which varied in four visual feature dimensions (shape, color, pattern, and arms of a 3D rendered 

object) described in detail elsewhere (Watson et al., 2019b). Each visual feature dimension can be 

parametrically changed which we then used to generate a number of variants, feature values, of 

each of the mentioned visual features (e.g. up-, and downward bended arms with blunt pointy or 

flared shape). From here on out, we will refer to the used visual feature spaces as ‘feature 

dimensions’ and any specific variant of each visual feature as ‘feature values’. During training, all 

monkeys were exposed to a so-called ‘neutral’ quaddle object composed of a spherical shape, grey 

color, uniform pattern, and straight arms, which were features values that were never rewarded 

and served as a null feature value for each dimension. Therefore, to practically achieve objects 

with only color and pattern feature dimensions, and therefore without shape and arms, we kept the 

shape and arm dimension constant at the neutral quaddle’s value for shape and arms while having 

color and pattern feature values that were different from the neutral quaddle’s color and pattern. 

 

B.1.5 Behavioral Tasks 

 

Monkeys performed a visual search (VS) task and a feature-reward learning (FL) task in 

each experimental session. For each experimental session and for the VS task, we selected 

randomly 3 feature dimensions from the pool of 4 possible dimensions (shape, color, pattern, arms) 

and we chose randomly 3 feature values per dimension (e.g. the 3 shape feature values pyramidal, 

oblong and cubical) (Figure 3.1Bi). Stimuli, task protocols, and Matlab analysis procedures and 

the USE software are available online at 

http://accl.psy.vanderbilt.edu/resources/analysis-tools/unifiedsuiteforexperiments/.    

 

Visual search with different target-distractor similarity. The VS task quantified how much 

visual distractors slow down the detection of a target object and how the distraction varied with 
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the feature similarity of targets and distractors. The task required finding a cued object amongst 

distractors on the screen by touching it for a minimum of 0.2s. At the beginning of each VS block, 

the monkey learned which object is the target object in 10 familiarization trials that presented the 

target object without any distractors. Touching the object triggered fluid reward. The target was 

always an object that varied in three feature dimensions from the feature values of the neutral 

object, i.e. a so called 3-D target. This is proceeded by 100 trials, each with a random 

counterbalanced distribution of 3/6/9/12 distractors. Distractors were also 3-D objects with feature 

values selected at random and thus could share 0/1/2 features with the rewarded object and could 

be identical to other distractors within the same trial. If the distractors were dis-similar from the 

target, independent of the number of distractors, trials may have a pop out effect with the target 

being easily distinguishable while if distractors were similar to the target, trials may resemble a 

conjunction search more closely (Figure 3.2A). Objects are presented at random within the 

intersections of a 4x5 grid (example trials in Figure 3.1Bii).  

 

Individual VS trials are initiated via a 0.3-0.5s long touch to a centrally presented blue 

square that is 3° radius wide with a side-length of 3.5 cm (baseline). This was then followed a 0.3-

0.5s period where the blue square disappears and there are no objects on screen except for the 

background image. The task objects are then presented allowing the animal to freely explore for a 

maximum of 5s (search + selection). During this 5s window, the animal could at any point touch 

and hold for 0.2s an object in order to select it. The selected object would then prompt both visual 

and auditory feedback 0.2s after the selection lasting 0.5s. The color of the visual feedback and 

the pitch of the auditory feedback correspond to the valence of the selected object’s value either 

signaling a correct or incorrect choice. Correct choices were followed by fluid reward (water) 

(Figure 3.1C). 

 

The VS task at the beginning and end of the experimental session utilized targets and 

distractors that were composed of features from the same 3x3 feature space. Targets were never 

identical between these two blocks but may appear as distractors in the other VS block. Similarly, 

all distractors were created at random from the same 3x3 feature space as well and therefore would 

be similar between the two blocks. The background image of the two VS blocks always differed 

and acted as a cue for the VS rule set but are different in order to prevent the association of the 
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rewarded target object with a particular background image. Thus, the first and second VS search 

block varied in the target object pulled from the same 3x3 feature space, the background image, as 

well as the timing of their occurrence being at the start or the end of the daily session (Figure 

3.1Aii). 

 

Feature-reward learning at different distractor load. The FL task quantifies how fast and 

accurate subjects adjust to changing reward rules, indexing cognitive flexibility. The task required 

monkey to learn by trial-and-error which object feature is associated with reward. The same feature 

remained rewarded within blocks of 35-60 trials. Monkeys had to choose one amongst three 

objects (1 target and 2 distractors) where a single feature value in a single feature dimension is 

linked to reward with a p = 0.85 reward probability. Distractors contain the same dimensions as 

the target but have different, non-repeated feature values. All objects are presented in 1 of 8 

possible locations randomly, all with 17 degrees eccentricity from the central touch location 

(example trials in Figure 3.1Bii). With one experimental session we ran 21 FL blocks. The feature-

reward association must be learned through trial and error and may switch after 35, 40, or 45 trials 

from the start of the block if the learning criterion is reached (80% over 10 trials) or in 60 trials 

otherwise (uniform max FL block trial number). Block changes are un-cued but can be inferred if 

there is a change in the object feature dimensions presented and the newly rewarded feature value 

may be in the same dimension or a different dimension relative to the previously rewarded feature 

value; the two types of shifts are semi-randomly determined to occur in similar frequencies. The 

temporal structure and sequence of epochs in the FL task is the same as the VS task. 

 

The structure of the trials within the FL task was very similar to that of the VS task. Trials 

are initiated in a similar manner via a 0.3-0.5s touch on a central blue square. This is followed by 

a 0.3-0.5s period where the blue square is not present and task objects have not yet been made 

visible yet. Three task objects are then presented for up to 5 sec during which at any point the 

subject is allowed to make a 0.2s touch and hold on an object to select it. Following a 0.2s delay 

after the selection of an object, auditory and visual feedback as well as potentially fluid reward are 

presented for 0.5 s. The pitch of the auditory feedback and the color of the visual feedback vary 

depending on the presence of reward and not on making a high reward probability choice (Figure 

3.1C). 
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B.1.6 Neurochemical Quantification of Drug Effect 

 

To confirm the bioactivity of donepezil in the brain we measured the neurochemistry in the 

prefrontal cortex and the head of the caudate nucleus after intramuscular administering a low (0.06 

mg/kg) and high (0.3 mg/kg) dose of donepezil. We used biocompatible microprobes that sampled 

the local neurochemical milieu with the principles of solid phase micro-extraction (SPME) probes 

(Pawliszyn, 2000) previously shown to provide comparable and complimentary outcomes to 

micro-dialysis (Cudjoe et al., 2013; Cudjoe and Pawliszyn, 2014). These probes sampled the drug 

and metabolites of the neurotransmitters (e.g. choline) via diffusion until an equilibrium is reached 

with the extracellular concentrations with minimal damage and disturbance to the studied 

biochemical environment. The detailed procedures used here are described in (Hassani et al., 

2019). In brief, for each brain area a microdrive was prepared holding a cannula and SPME probe 

inside it, as well as a microdrive with an electrode to record activity prior to SPME sampling. The 

electrode was driven to the target location in prefrontal cortex / striatum. The target location was 

confirmed by measuring spiking activity of neurons from the electrode. The cannula shielded 

SPME was then lowered to just above the target area and the SPME probe was then exposed to 

gray matter of the target area for 20 minutes before being retracted into their respective cannula 

and drive back out of the brain. Samples were then stored in a -80°C freezer, stored for less than 2 

weeks and shipped overnight in dry ice to Waterloo, Ontario (Canada) where they were desorbed 

and underwent liquid chromatography separation and mass spectrometry quantification.  

 

The SPME probes were desorbed into 50 µL of acetonitrile/methanol/water 40:30:30 

solution containing 0.1% formic acid and internal standard citalopram-D6 at 20 ng/mL for 1 h with 

agitation at 1500 rpm. The liquid chromatography with tandem mass spectrometry analysis was 

carried out using an Ultimate 3000RS high-performance liquid chromatography system coupled 

to a TSQ Quantiva triple quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, CA, 

USA). Data acquisition and processing were performed using Xcalibur 4.0 and Trace Finder 3.3 

software (Thermo Fisher Scientific, San Jose, CA, USA). The chromatographic separation 

employed Hypersil Gold C18 column, 50 x 2.1 mm, 1.9 μm particle size (Thermo Scientific, 

Ashville, NC, United States) held at 35°C. The aqueous mobile phase (A) consisted of 

water/acetonitrile/methanol 90:5:5 with 0.1 % formic acid, while the organic mobile phase (B) 
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consisted of acetonitrile/water 90:10 with 0.1% formic acid. The following chromatographic 

gradient at a flow rate of 400 µL/min was applied (%B):  0-0.5 min 0 %; 0.5-3 min linear gradient 

to 100 %; 3-3.65 min held at 100 %; 3.65-3.7 min linear gradient to 0 %; re-equilibration at 0 % 

until 4.5 min. The injection volume was 5 μL. The mass spectrometry analysis was performed in 

positive ionization mode under selected reaction monitoring conditions; for the analyte donepezil 

the quantifier transition monitored was m/z 380.3 -> 243.2 and the qualifier transition was 380.3 -

> 91.1, while one transition at m/z 331.1 -> 109.1 was monitored for internal standard citalopram-

D6. The capillary voltage was set at 3.5 kV, with the remaining electrospray source conditions set 

to the following values: vaporizer temperature 358 °C, ion transfer tube temperature 342 °C, sheath 

gas pressure 45, auxiliary gas pressure 13, and sweep gas pressure 1 (arbitrary units). The 

instrumental stability throughout the sequence was monitored by analysis of an instrumental 

quality control sample consisting of the target analyte and internal standards spiked into a neat 

desorption solvent at 20 ng/mL. 

 

The concentration of donepezil in brain tissue was determined using a modified external 

surrogate matrix-matched calibration approach developed in previous work (Hassani et al., 2019; 

Lendor et al., 2019a, 2019b). The surrogate matrix consisted of agarose gel (1% agarose in PBS 

solution, w/v) mixed with lamb brain homogenate in the ratio 1:1 (v/w). Prior to combining the 

agarose gel with the brain homogenate, the latter was spiked with donepezil in the concentration 

range 5-750 ng/g. Extractions were carried out in static mode from 1g of the matrix with extraction 

time matching the in vivo experiments. The probes were subsequently rinsed with water and 

desorbed into 50 µL of the desorption solvent containing internal standard citalopram-D6 at 20 

ng/mL. The analytical response in the form of relative peak area ratios (analyte to internal standard) 

was converted to amounts extracted by employing an instrumental calibration curve consisting of 

donepezil in neat desorption solvent in the range 0.1-100 ng/mL. The resulting matrix-matched 

calibration curve was expressed as amounts extracted in the function of concentration in tissue. A 

weighted linear regression equation was fitted to the analytical response in the function of 

concentration. Limits of quantitation were determined as the lowest concentration of analyte 

producing a signal to noise ratio ≥ 5, with a relative standard deviation of 4 replicate measurements 

below 20%, and accuracy within 20%. Accuracy was calculated as the relative percent error of 

concentrations of analytes in the calibrator samples determined experimentally with the use of 
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calibration curves versus theoretical (spiked) concentrations (Food and Drug Administration 

(FDA), 2001). 

 

A single, fourth, Macaca mulatta (male, 8 years old) with an implanted recording chamber 

above the left hemisphere was chaired, head-fixed and performed the VS task (data not included 

in analysis) to emulate performance by the other 3 subjects. Details about the surgical implantation 

of the recording chamber and headpost are reported in (Hassani et al., 2019). Performance of the 

VS, virtually identical to the VS task reported above, was done with eye saccades using a Tobii 

Spectrum eye tracker instead of touch screen. Subject underwent 6 instances of both 0.06 and 0.3 

mg/kg donepezil dosing in the primate chair at the same time of day as the other 3 non-human 

primates received donepezil. Injections were done after the animal had been performing one VS 

block for roughly 20min, followed by a 15min period of quiet wakefulness after which they 

proceeded to do a second VS block. SPME sampling events took place once at the beginning of 

each VS block with probes being exposed to tissue for 20min in both instances. 

 

During each SPME sampling event heart rate was monitored using a pulse oximeter 

(PalmSAT 2500, Nonin Inc, MN), with the sensor clipped at the ear lobe of the subject and a 

sampling rate of 0.25 Hz. Heart rate data was collected 20 min before task start both before and 

after donepezil injection. The data was smoothed with a centered 8 sample window (40 sec) with 

1 sample shifts (4 sec) and normalized to the average heart rate 5 min before task start. 

 

B.1.7 Literature Surveys 

 

In order to place our results within the broader published work, we identified nine papers 

involving donepezil and non-human primates (Rupniak et al., 1997; Buccafusco et al., 2003, 2008; 

Buccafusco and Terry, 2004; Tsukada et al., 2004b; Callahan et al., 2013; Uslaner et al., 2013; 

Lange et al., 2015b; Vardigan et al., 2015) and summarize the papers’ main results, tasks used, 

donepezil dosages and administration methods in Table B1. Notably, six of the identified papers 

provided donepezil in conjunction with other pharmaceutical agents such as scopolamine. The 

papers were found by conducting an online search of the NIH (PubMed) database, as well as 

google scholar. The keyword search terms of ‘Donepezil’, ‘Aricept’ and ‘E2020’ were used with 
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the terms ‘NHP’, ‘monkey’, ‘primate’, ‘cognition’, and ‘brain’ or some combination of them. We 

did not consider eight studies that utilized donepezil in primates but lacked a cognitive component. 

They did however provide insight in dosing ranges for different dosing routes, dose-limiting side 

effects and donepezil’s kinetics (Tsukada et al., 1997, 2000, 2001; Nishiyama et al., 2001; 

Shiraishi et al., 2005; Asai et al., 2009; Kikuchi et al., 2010; Gould et al., 2020). 

 

In order to make explicit the larger variety of tasks and results in donepezil studies in 

rodents we conducted a similar literature survey as for the nonhuman primate and summarize the 

results for nine studies in Table B2 in the same format as Table B1 (Luine et al., 2002; Csernansky 

et al., 2005; Prickaerts et al., 2005; Spowart-Manning and van der Staay, 2005; Bartko et al., 2011; 

Romberg et al., 2011; Podkowa et al., 2015; Shin et al., 2018). These papers were chosen to 

showcase the variety of tasks used in the rodent field to quantify donepezil’s effect on behavioral 

and cognitive variables. The literature survey also illustrates a variety of tools utilized to model 

dementia including genetic lines, bilateral-lesions and scopolamine. These papers were found by 

conducting a similar online search as described above but with key words of ‘rodent’, ‘mouse’ and 

‘rat’ to replace ‘NHP’, ‘monkey’ and ‘primate’. 

 

B.1.8 Data Analysis  

 

All behavioral analysis was completed using MATLAB (Mathworks Inc., MA). 

Analysis of Visual Search. The set size effect of the VS performance was either defined as 

proportion of correct trials by the distractor number or by the average target-distractor (T-D) 

similarity of trials. The set-size effect was estimated by a linear regression which is specified as 

either utilizing distractor number or T-D similarity. The average T-D similarity of a trial was 

calculated by averaging the number of shared feature values (0/1/2) of all distractors in said trial 

to the target. Reaction times, referred to as choice RTs for the VS task, were defined as the time 

from the initiation of a trial by pressing and holding the central blue square to the initiation of 

touch to the selected object leading to feedback. Reaction time data only takes into consideration 

rewarded trials. Descriptive statistics are provided as means with SEMean unless specified 

otherwise. Similarly, error bars in figures are either mean SEMean or median SEMedian unless 
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specified otherwise. After pooling data from all three subjects, the measure of interest is averaged 

across appropriate trials or blocks to get a per session value. 

 

Analysis of Feature-Reward Learning. FL blocks were either labeled as ‘low distractor 

load’ if no distracting feature dimension was present, or as ‘high distractor load’ if a single 

distracting feature dimension was presented alongside the feature dimension to which the rewarded 

feature value belonged to. We calculated learning curves by averaging smoothed trial-wise 

performance aligned to block reversals. We defined learning speed by calculating at which trial, 

since block start, the subjects started performing at ≥80% over 10 trials, the maximally rewarded 

object. This trial was termed the ‘learning point’ (LP). For analysis, blocks were excluded if the 

monkey took a break of at least several minutes. Furthermore, blocks were excluded where the LP 

was calculated to be trial 1 (reflecting ≥80% performance in the first 10 trials since reversal) as 

well as if the LP occurred beyond the 40th trial. Reaction times, referred to as choice RTs for the 

FL task, were temporally defined the same as for the VS task and also only include rewarded trials. 

 

Perseverative errors were defined as two or more consecutive choices of low probability 

rewarded objects with at least 1 shared feature value. Analysis of perseverative errors for feature 

values in the same feature dimension as the target feature are separated from those where the 

perseverated feature value was in the distracting dimension. For perseverative errors to occur in 

the distractor dimension, the block is required to contain a distracting dimension to begin with and 

is therefore necessarily a high distractor load block. Perseverative errors in the target feature 

dimension could occur in both low and high distractor load blocks. 

 

B.1.9 Statistical Analysis of Drug Effects 

 

Comparisons between vehicle and donepezil doses (0.06, 0.1 and 0.3 mg/kg) were done 

for all doses combined followed by post-hoc pair-wise statistics with multiple comparisons 

corrections unless specified otherwise. Probability level of less than 5% (p < 0.05) was considered 

statistically significant. 
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Descriptive statistics for individual performance measures is reported and significant tests 

for individual differences stated where appropriate. The data is pooled between all 3 monkeys for 

analyses. For comparing visual search task performance as a function of distractors per trial, data 

was averaged and pooled across blocks, a comparison of donepezil and vehicle for each block 

number was done by ANOVA (Figure 3.1D). Performance at specific donepezil doses were 

compared to vehicle performance in the first of the two visual search blocks only using ANOVA 

with corrected (Tukey’s) post-hoc tests (Figure 3.1E). The slopes of the linear fits (Pearson 

coefficients) for each session’s first block for each donepezil dose and vehicle were compared by 

a Kruskal-Wallis test with a corrected (Tukey’s) post-hoc test (Figure 3.1F). Similarly for 

comparing visual search performance as a function of target-distractor similarity, first block 

performance at specific donepezil doses were compared to vehicle via ANOVA with a corrected 

(Tukey’s) post-hoc test (Figure 3.2B). The same process was used for evaluating reactions times 

(Figure B4A). The separation of trials from the first block by both distractor number and target-

distractor similarity also utilized ANOVAs to evaluate change in performance (Figure 3.2D) as 

well as reaction times (Figure B4B). Similar to distractor number, slopes of the linear fits (Pearson 

coefficients) for each session’s first visual search block performance as a function of target-

distractor similarity for each donepezil dose and vehicle were compared using a Kruskal-Wallis 

test (Figure 3.2C). For speed of processing, block average data was pooled and an ANOVA was 

applied (Figure B1A). Similarly, for reaction times measures in the visual search task, block 

average data was pooled and an ANOVA was applied (Figure B1B), with dose specific 

comparisons in the first visual search block only being done via ANOVA as well (Figure B1C). 

Linear fits (Pearson coefficients) for reaction times as a function of distractor numbers were 

computed on a per-session basis and compared via a Kruskal-Wallis test (Figure B1D). All 

reported correlations values are Pearson coefficients, with correlations being done on a per session 

basis (Figure B2, B3). 

 

For the feature-reward learning task, LP were pooled in temporally separated thirds of 

blocks and compared to vehicle via ANOVA with pairwise comparisons done via corrected 

(Bonferroni) Wilcoxon rank sum tests taking into consideration either only low distractor load 

blocks (Figure 3.3C) or only the first third of feature-reward learning blocks (Figure 3.3D). 

Similarly for the reaction times in the feature-reward learning task, the first third of blocks were 
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pooled and the effects of donepezil at its tested doses relative to vehicle was evaluated via ANOVA 

followed by a corrected (Tukey’s) post-hoc test (Figure 3.3E). Perseverative errors were pooled 

across sessions, only taking into account the first third of blocks, and compared in a pair-wise 

fashion using Wilcoxon rank sum tests. Correlations between the visual search and feature-reward 

learning tasks reported as Pearson coefficients (Figure 3.4). The collected donepezil 

concentrations per area per dose were compared via ANOVA (Figure 3.5A). The choline 

concentrations, relative to vehicle for each tested brain region utilized Wilcoxon rank sum tests 

and then again when comparing different doses within each area (Figure 3.5B). Heart rate data 

utilized t-tests to compare baseline to post-injection values as well as comparing the post-injection 

values between doses (Figure 3.5C). 

 

B.2 Supplemental results 

 

B.2.1 Overall Visual Search Performance 

 

We performed and report here the results of various analysis to evaluate the overall 

performance of the animals on the tasks, or to test specific performance metrics that provide a 

more comprehensive overview of how the drug conditions did or did not affect task performance. 

 

For the visual search task, 10 familiarization trials with no distractors were presented prior to each 

of the two visual search blocks. The reaction times to detect these single objects on the screen will 

be referred to as speed of processing (SoP). They were completed in 628 ms 133 (Ig: 616 ms 

8.5; Wo: 693 ms 6.6; Si: 588 ms 5.3) with the first block having faster SoP at 611 ms 7.7 

relative to the second block with 646 ms 4.8 (p < .001)(Figure B1A).  

 

On average, monkeys performed the VS task with 84.4% ( 0.54) accuracy (Monkey Ig: 

85.2% 0.81; Wo: 88.3% 0.94; Si: 79.8% 0.97) and with 1158 ms 9.7 search times (Ig: 1281 

ms 18.3; Wo: 1171 ms 15.9; Si: 1020 ms 13.3). Increasing numbers of distractors slowed 

search RTs, with 3/6/9/12 distractors having 1019 ms, 1216 ms, 1409 ms, and 1552 ms search 

times respectively (Distractor Number F(3,1240) = 241.32, p < .001) as well as decreasing 

accuracy, with 3/6/9/12 distractors having 91.7% 0.6, 87.1% 0.6, 82.9% 0.8, and 80.0%  0.9 
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accuracy respectively (all pair-wise comparisons were significant using Tukey's HSD multiple 

comparisons test among proportions at an alpha of 0.05, except for 0.1 mg/kg donepezil dose and 

vehicle). Search RTs did not vary significantly with regards to VS block number (Block Number 

F(1,1240) = 3.18, n.s.) (Figure B1B) while trial outcomes did vary significantly with VS block 

number (F(1,1722) = 22.19, p < .001) (Figure 3.1D). This difference in performance between the 

two VS blocks may be due to fatigue, as reflected by the significantly reduced SoP, or otherwise 

satiation. 

 

Both the change in search time and performance by distractor number were fit by a linear 

regression, revealing that each additional distractor increased search duration on average by 60  

1.6 ms (Ig: 72  2.7 ms/distractor; Wo: 57  2.8 ms/distractor; Si: 49  2.1 ms/distractor) as well 

as decreasing performance by 1.3%  0.1 per additional distractor (Ig: 1.2%  0.1; Wo: 0.9%  

0.1; Si: 1.8%  0.1) (inlets in Figures 3.1D and B1B show individual monkey fits for vehicle). 

The set size effect on search RT was on average larger in the first than the second VS block (first 

VS block: 63 ms/distractor; second VS block: 56 ms/distractor; p = .0254; Ig: p = .0604; Wo: p = 

.0401; Si: p = .7199). The set size effect on performance was on average the same in the first and 

the second VS block (first VS block: -1.3% change in performance per distractor; second VS block: 

-1.3% change in performance per distractor; p = n.s.; Ig: p = n.s.; Wo: p = n.s.; Si: p = n.s.). 

 

We analyzed how the similarity of distractors with the target influenced search RT and 

performance. Distracting stimuli could have 0, 1 or 2 shared feature values with the target and the 

thus some trials could provide a greater challenge for the monkeys given the average target-

distractor similarity (T-D similarity)(Figure 3.2A). We found that search RT increased with 

average T-D similarity from 1227 ms 9 to 1410 ms 7 and 1334 ms 17 for low, medium and 

high T-D similarity respectively (T-D similarity F(2,14467) = 107.1, p < .001)(Figure B4A). VS 

performance decreased with T-D similarity from 92.9% 0.4 to 85.5% 0.3 and 81.6% 1.0 for 

low, medium and high T-D similarity respectively (T-D similarity F(2,672) = 16.17, p < .001) 

(Figure 3.2B). Both distractor number, and T-D similarity impact VS performance significantly 

(Distractor number F(3, 2615) = 28.85, p < .001; T-D similarity F(2, 2615) = 64.59, p < 0.001) but 

no significant interaction was found between the two variables (T-D similarity x Distractor number 

F(6,2615) = 0.69, n.s.)(Figure 3.2D) with VS RT showing a similar relationship with significant 
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main effects (Distractor number F(3, 2530) = 242.2, p < 0.001; T-D similarity F(2,2530) = 18.75, 

p < .001) but not interaction (F(6,2530) = 0.85, n.s.)(Figure B4B). Individual sessions also showed 

no strong correlation between the set size effect of performance by distractor number relative to 

the set size effect of performance by T-D similarity (Pearson, n.s.)(Figure B3). 

 

B.2.2 Overall Feature Reward Learning Performance 

 

For the feature reward learning (FL) task, monkeys reached learning criterion on average 

in 63 1% of the 21 daily learning blocks (Ig: 71 1%; Wo: 61 2%; Si: 56 1%) once exclusion 

criteria were applied (see methods). Learning criterion was reached more often in the low distractor 

load than high distractor load blocks with proportion of learned blocks being 70% and 56% 

respectively (Ig: 80 vs 62% of blocks; Wo: 66 vs 56%; Si: 63 vs 49%). Average learning curves 

for low and high distractor load blocks of each individual monkey, as well as the average across 

monkeys is provided in Figure 3.3A. Monkeys reached the learning criterion on average within 

12.50.2 and 15.60.2 trials in the low and high distractor load condition (Ig: 9.90.2 and 

14.90.3; Wo: 13.50.4 and 17.00.4; Si: 14.90.4 and 15.00.4). The average choice reaction 

time of a correct FL trial was 986 2 ms with faster reaction times in the low than high distractor 

load blocks (p < .001; 965 3 ms  and 1013 3 ms respectively).  

 

B.2.3 Visual Search Performance with Donepezil 

 

The SoP (reaction time to a single object during familiarization trials) showed a significant 

main effect of block number (F(1,424) = 6.29, p < .001), as well as a significant main effect of 

drug condition (F(3,424) = 15.16, p < .001)(Figure B1A). Pair-wise statistics comparing the first 

block SoPs of the control condition and 0.06, 0.1 and 0.3 mg/kg doses (Tukey’s, n.s, n.s, and p < 

.001 respectively) suggests that the main effect of condition is driven by the 0.3 mg/kg dose SoP.  

 

B.2.4 Feature-Reward Learning Performance With Donepezil 

 

For the low distractor load condition the proportion of learned blocks were on average 

72.3% ±1.4, 75.2% ±2.4, 78.0% ±3.9 and 75.9% ±3.2 in the vehicle, and 0.06 / 0.1 / 0.3 mg/kg) 
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days, which was not significant (n.s.). Similarly, for the high distractor load condition the 

proportion of learned blocks was 60.0% ±1.5, 74% ±4.0, 62.3% ±3.8 and 65.0% ±4.2 in the 

vehicle, and 0.06 / 0.1 / 0.3 mg/kg) days (n.s.). Comparisons between the proportion of blocks 

learned in low and high distractor load conditions revealed a significant difference for vehicle and 

drug conditions with more blocks learned in the low distractor load condition than in the high 

distractor load condition (X2 values contrast 1D vs 2D learning blocks for vehicle, 0.06, 0.1, and 

0.3 mg/kg conditions: X2(1, N1 = 1757, N2 = 1750) = 58.6, p < .001; X2(1, N1 = 222, N2 = 219) = 

8.2, p = .004; X2(1, N1 = 219, N2 = 222) = 12.6, p < .001; X2(1, N1 = 209, N2 = 190) = 5.6, p = .018 

for vehicle, 0.06, 0.1 and 0.3 mg/kg doses respectively). Monkey Ig had a higher overall proportion 

of blocks learned than both Monkey Wo and Si with vehicle (p < .001), however, there were no 

statistically significant differences between monkeys between low and high distractor loads in 

vehicle or any drug conditions (n.s.).  

 

In addition to learning speed we also analyzed in detail the choice reaction times across 

drug conditions. Relative to the low distractor load condition, in the high distractor load condition, 

FL choice RTs slowed from 993 ±11 to 1060 ±14, from 964 ± 31 to 1048 ±33, from 988 ±27 to 

1015 ±36, and from 1126 ±29 to 1167 ±31 ms for the vehicle, 0.06, 0.1 and 0.3 mg/kg donepezil 

doses respectively (Figure 3.3E).  

 

There was also significant inter-subject variability in choice RTs with monkey Si having 

significant faster choice RTs in the FL task (Subject F(2,1052) = 183.53, p < .001)(Figure B2C) 

as well as a significant monkey-drug interaction (F(6,1052) = 3.5, p = .002). Alongside the general 

slowing with the 0.3 mg/kg donepezil dose (see main text), we found in a pair-wise analysis a 

significant slowing of search RTs with the 0.3 mg/kg donepezil dose for monkey Si (Tukey’s, p < 

.001), and a significant faster search RTs with the 0.1 mg/kg donepezil dose for monkey Wo 

(Tukey’s, p = .003). 

 

The main text reports the length of consecutive, perseverative errors. Perseverative errors 

may occur in the same dimension as the target feature value (12% of all errors), possible in low 

and high attentional load blocks, or they may occur in the distracting dimension (26% of all errors) 

only possible in high attentional load blocks. The proportions of perseverative errors within the 
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target dimension were 12% ±1, 11% ±2, 12% ±2 and 11% ±2 for vehicle, 0.06, 0.1 and 0.3 mg/kg 

donepezil doses (n.s.), while within the distracting dimension they were 26% ±0, 23% ±6, 22% 

±2, and 24% ±2 for vehicle, 0.06, 0.1 and 0.3 mg/kg donepezil doses (n.s.). 

 

We next analyzed whether donepezil modified how flexible subjects learned a new target 

feature depending on whether the target feature was from a novel feature dimension and whether 

the target was a previous distractor. First, we asked whether donepezil modulates learning 

differently depending on whether a newly rewarded (target) feature values belonged to the same 

feature dimension as the target feature in the previous block, or to a new target feature dimension. 

If the target belonged to a new target feature dimension, we may suspect some enhancement based 

on previously shown scopolamine-induced deficits (Chen et al., 2004). This analysis quantifies 

whether learning a new feature set was easier or more difficult than re-assigning a reward 

association within the previously relevant feature set. In our task a shift to a new target feature of 

a new dimension should be easier because it occurred by presenting new objects that were not 

shown in the previous block. We thus compared learning speed for blocks where the rewarded 

feature dimension was not presented in the previous block and blocks where the rewarded feature 

value was from the same dimension as the previously rewarded feature. We found that donepezil 

did not alter learning for block transitions to ‘new target feature dimensions’ versus ‘another 

feature of the same dimension’ (Condition F(3,2708) = 0.55, n.s.; Block Switch F(1,2708) = 2.7, 

n.s.; Condition x Block Switch F(3,2708) = 1.15, n.s.). 

 

Secondly, we quantified whether donepezil modulated how subjects learned a new target 

feature value when that target feature was a distractor in the previous block which has been 

previously shown to be impaired with scopolamine (Chen et al., 2004). Difficulties in attending a 

previous distractor is sometimes referred to as latent inhibition. There were only few learning 

blocks available in which the target feature dimension was a distracting feature dimension in the 

previous block which we contrasted to blocks where the rewarded feature dimension was not 

presented in the previous block. We found that donepezil did not alter learning speed for blocks 

where the ‘target was a previous distractor’, versus when the ‘target was a new feature’ (Condition 

F(3,1450) = 0.31, n.s.; Block Switch F(1,1450) = 0.02, n.s.; Condition x Block Switch F(3,1450) 

= 0.2, n.s.).     
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B.3 Supplemental Discussion 

 

B.3.1 Non-selective slowing of response times and dose-limiting side effects 

  

We found that 0.3 mg/kg donepezil overall slowed response times of the monkeys during 

visual search independent of distractor number or target-distractor similarity (Figure B1A,C), and 

during feature-reward learning independent of distractor load (Figure 3.3E). The slowing of 

reaction times was independent of overall accuracy levels (Figure 3.4A), which shows it did not 

reflect trading off speed for accuracy. The observed slowing occurred at a dose that improved 

attention and was unexpected, because prior donepezil studies using the delayed match-to-sample 

task did not report changes in reaction times (Buccafusco et al., 2003; Callahan et al., 2013), 

including studies involving scopolamine challenges (Buccafusco et al., 2008; Lange et al., 2015b) 

(Table B1). Our findings therefore indicate that 0.3 mg/kg of donepezil already induced 

cholinergic side effects while still improving cognitive processes. This interpretation is supported 

by our observation of arousal deficits at the 0.3 mg/kg dose that became apparent in 

vasoconstriction, changes in posture, visible sedation and paleness (Table B3). These side effects 

were strongest within 30 min. after administration of the drug. Although these side effects did not 

prevent animals from starting and completing the tasks, they limited the dose range we could test. 

Such dose-limiting side effects are a well known limitation of donepezil and other AChE inhibitors 

where therapeutically effective doses cause in a subset of patients gastrointestinal issues such as 

nausea, diarrhea, and arousal deficits (Wilkinson et al., 2002; Courtney et al., 2004; Jones et al., 

2004; Li et al., 2019). Our finding complements this literature by showing that arousal deficits 

occur at a dose range that causes apparent improvements in attentional control of interference 

while lower doses that were void of side effects failed to improve attention. These observations 

might have clinical implications as they predict that lower doses of donepezil might not cause 

improved attention, but primarily improve cognitive flexibility.  

 

Our finding of dose-limiting side effects and reductions in arousal or speed-of-processing 

emphasizes the importance of developing drugs that avoid nonselective overstimulation of intrinsic 

cholinergic neurotransmission. Strong candidate compounds include positive allosteric modulators 

(PAMs) for nicotinic subreceptors (Terry and Callahan, 2019) and for M1 and M4 muscarinic 
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receptor (Conn et al., 2009; Jones et al., 2012; Dean and Scarr, 2020; Foster et al., 2021). Subtype-

specific muscarinic PAMs have no intrinsic activity at their respective receptor subtype, but act to 

boost normal cholinergic signaling thereby conserving the spatial and temporal endogenous ACh 

signaling and avoiding overstimulation of peripheral ACh receptors and subsequent adverse side 

effects (Foster and Conn, 2017; Gould et al., 2018; Rook et al., 2018b). Our study thus provides 

an important benchmark for the development of new drugs that aim to enhance multiple cognitive 

domains while minimizing side effects. 

 

B.3.2 Cholinergic receptor expression profiles 

 

Interpreting the cognitive-behavioral effects of donepezil is facilitated by considering the 

distributions of cholinergic subreceptors. Cholinergic receptors are divided into two broad families 

of metabotropic muscarinic receptors and ionotropic nicotinic receptors. Nicotinic receptors are 

made up of subunits with relevant ones being alpha4/beta2-containing nicotinic receptors and 

alpha7-containing nicotinic receptors. The alpha4/beta2 receptors can be found in the cortex and 

striatum, while the alpha7 receptors are more abundantly found in the cortex than the striatum 

while both are found at much higher concentrations in the hippocampus (Breese et al., 1997; Quik 

et al., 2000; Hillmer et al., 2011). The expression of M1, M2 and M4 muscarinic receptors, 

muscarinic subtypes most commonly found in the brain, is high within the cortex and striatum 

among other regions (Levey et al., 1991; Hersch et al., 1994). Despite their comparably high 

expression in the PFC and striatum, studies suggest that the striatum has a particularly high 

muscarinic binding potential (Tsukada et al., 2004b) and respond stronger to muscarinic ACh 

receptor activation compared with the PFC (Thorn et al., 2019). We speculate that these brain area 

specific neuromodulatory profiles underly the observed dose specific improvements of cognitive 

flexibility and attentional control of interference.  

 

There is evidence that suggests the M5 receptor subtype is expressed on midbrain 

dopaminergic neurons and regulates dopamine release (Foster et al., 2014) alongside other 

cholinergic receptors (Zhang and Sulzer, 2012; Cachope and Cheer, 2014). The role that ACh 

plays in dopaminergic release is thus a potential confound when using systemic, non-specific 
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cholinergic agonists and AChE inhibitors such as donepezil and may contribute to the behavioral 

effects we observe. 

 

The widely accepted use of scopolamine to induce cognitive deficits in monkeys (and 

rodents) in order to model dementia symptoms may suggest that donepezil’s mechanism of action 

is muscarinic in nature (see Table B1 and B2) and thus muscarinic (M1 receptors particularly) are 

a common target of pharmacological intervention for Alzheimer’s disease (Verma et al., 2018). 

However, Alzheimer’s disease is associated with a loss of cortical alpha4 and (to a lesser degree) 

alpha7 nicotinic receptor subunits (Court et al., 2001) and chronic donepezil administration is 

associated with nicotinic receptor upregulation, which suggests a role for nicotinic modulation 

beyond the involvement of muscarinic receptor action (Kume et al., 2005). Studies directly 

comparing donepezil with nicotinic agonists find some overlapping results and some differences 

(Luine et al., 2002). 

 

As discussed in the main text, different dosing regimes may exert behavioral effects more 

strongly through nicotinic or muscarinic mechanisms and although previous studies have 

attempted to dissociate their relative contributions (Mirza and Stolerman, 2000), this should be 

expanded through further studies utilizing tasks with different cognitive demands. It is for example 

possible that each task may be represented by a non-parabolic function resulting from the 

interaction of the various cholinergic receptors and their dynamics (Figure B5). Such an 

interaction may potentially explain the lack of enhancement observed at our medium (0.1 mg/kg) 

donepezil dose in our visual search task. 

 

B.3.3 Clinical relevance for aging and aging-related cognitive disorders 

 

With aging and age-related cognitive disorders, several physiological measures are 

correlated with cognitive decline such as the loss of cholinergic neurons among others (Perry et 

al., 1978), loss of cholinergic receptors (Court et al., 2001), reduced dendritic density in the PFC 

(Dumitriu et al., 2010; Arnsten, 2015) and reduced regional cerebral blood flow (Hock et al., 

1995). Chronic use of donepezil has been shown to lead to nicotinic receptor upregulation (Kume 

et al., 2005). Stimulation, within appropriate parameters, of these cholinergic PFC synapses 
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enhances their efficacy and may protect against age-related loss of these dendrites (Hains et al., 

2015). Regional cerebral blood flow is correlated with cognitive deficits in primates (Tsukada et 

al., 1997, 2000) and has been shown to be rescued in aged but not young monkeys with the use of 

donepezil (Tsukada et al., 2004b). In general, we believe aging-related changes to the cholinergic 

system shifts up individuals along their optimal performance curve (as can be visualized in Figure 

2.6 or Figure B5) which may require a higher dose of donepezil with increasing age. 

 

Previously, molecular and iontophoretic work has shown that at high doses, certain 

agonists and compounds may not be beneficial or may even act in a detrimental manner for various 

cognitive processes (Yang et al., 2013; Vijayraghavan et al., 2018; Galvin et al., 2020b). This is in 

contrast to studies where often the highest tolerated dose provides the strongest pro-cognitive 

effects (Cummings et al., 2013). We speculate that the reason deficits are rarely reported in the 

literature with donepezil is that the dose-limiting side effects prevent the usage of doses far right 

of the reported inverted-Us where deficits with molecular or iontophoretic methods are observed. 

Here we report variability in the optimal dose for different cognitive domains within the same 

subjects. This suggests that depending on the profile and severity of deficits in different cognitive 

domains, the optimal dose for addressing different types of deficits may not be the same. Our 

results suggest that finding the best dose for a patient will benefit from assessing multiple cognitive 

domains to rule out that beneficial effects of a dose for one domain does not go along with 

compromised functioning of another domain. 

 

B.3.4 Time-of-testing for drug related changes of task performance  

 

Our finding of a different dose range enhancing flexible learning and visual search is based 

on behavior in the first third of the experimental session in which the search task always preceded 

the learning task. One question is therefore whether the conclusions of our study would differ if 

we had alternated the task order by e.g. randomly presenting part of the FL task in the first 25 min 

and the visual search task in a ~12 min period after such an initial block of the FL task. However, 

there are reasons why varying the task order would unlikely change the results and conclusions of 

our study. First, the FL task learning performance at low dose was facilitated in the first ~25 min 

of the learning blocks (Figure 2.2C), which suggests that after that time at this low dose the 
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bioavailability of donepezil was reduced below a level that would enhance the learning task. The 

pharmacokinetics of donepezil suggest that the bio-available donepezil would be expected to be 

somewhat higher earlier in time. However, at such higher doses the FL task performance was not 

improved at any period tested. It is therefore unlikely that the low dose would have provided 

different results when tested at an earlier time after drug administration at which donepezil 

concentrations would be expected to be higher. Consistent with this conclusion, the learning 

performance in the FL-task was stable at the medium and high dose and with the vehicle over the 

whole session across all three time periods (Figure 2.2C). If the pharmacokinetics would have 

caused rapid changes at these doses we would have expected an improvement at later time periods 

of the task at which the administered high dose might have started to wane off. However, we did 

not see a flexible learning improvement with the medium or high donepezil dose over the ~65 min 

of FL learning performance. In contrast to the FL task the performance of the visual search was 

improved at a high dose in the first ~12 min of the session, but less at the low dose. If the search 

block would be performed around 25 min later (ie.g. after 25 min. of FL performance) the 

donepezil bioavailability would be expected to be lower. At such lower concentration we would 

thus expect a somewhat lower visual search improvement. However, we would not have expected 

an absence of an attentional effect.  

 

In summary, the provided reasoning suggests that our results and conclusions are expected 

to be similar when we would have alternated the task order, showing task-dependent pro-cognitive 

donepezil concentrations with a low dose favoring flexible learning improvement and a higher 

dose improving visual search.  
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B.4 Figures 

 

 
Fig B1 Search reaction time in the visual search task and its relationship with distractor number.  

A. The average SoP, for each condition separated by block. The SoP is significantly changed between the first and 

second VS block (Block Number F(1,424) = 6.29, p < .001) as well as between conditions (Condition F(3,424) = 

15.16, p < .001; ANOVA). The average SoP in the first VS block is significantly slowed with a 0.3 mg/kg dose of 

donepezil (Tukey’s, p < 0.001). B. Average search RT per distractor number for vehicle and all donepezil doses 

combined, both separated by the first vs second VS block. The number of distractors slowed search RTs (Distractor 

F(3,1722) = 333.1, p < .001) while the VS block number did not significantly impact search RTs (Block F(1,1722) 

= 0.64, n.s.). Donepezil administration, averaged over all doses, had a significant effect on search RT (Condition 

F(1,1722) = 4.83, p = .028), in particular in the first VS block. The inlet shows individual monkey average search 

RT linear fits. C. The difference in search RT by distractor number between donepezil 0.06, 0.1, 0.3 mg/kg doses 

and vehicle for the first VS block (F(3,896) = 15.15, p < 0.001) with the 0.3 mg/kg dose having significantly slower 

search RT than vehicle (Tukey’s, p  < .001). Error bars are standard deviations. D. The set size effect of search RT 

by distractor number for each condition. No significant difference was observed between drug conditions and 

vehicle. SoP, speed of processing; VS, visual search ; RT, reaction time; n.s., not significant; Num, number. 
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Fig B2 The relationship between performance and reaction times in both the visual search task and FL task.  

A. The session-wise correlation between VS performance and search RT by individual monkey. No difference 

between monkeys was found. B. Same as A but for all monkeys combined and separated by condition. Only vehicle 

and 0.1 mg/kg doses had a significant correlation, however no significant change in correlation relative to vehicle 

was found. C. Similar to A but looking at the correlation between FL performance (learning speed) and choice RT. 

Monkey Si was found to have significantly faster choice RTs (Subject F(2,1052) = 183.53, p < .001). D. The same 

as C but for all monkeys combined and separated by condition. No conditions exhibited significant correlations. 

FL, feature-reward learning; RT, reaction time; LP, learning speed; Prop., proportion; n.s., not significant. 
 

 

 
Fig B3 The relationship between the set-size effect of visual search performance as a function of distractor 

number versus target-distractor similarity.  

Session-wise linear fits to performance by distractor number (x-axis) and target-distractor similarity (y-axis). There 

was no significant correlation at any condition. VS, visual search; T-D, target-distractor; Prop., proportion; Num, 

number. 
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Fig B4 Search reaction times within the visual search task as a function of target-distractor similarity and 

distractor number.  

A. Search reaction time plots as a function of T-D similarity instead of distractor number (as was the case in Figure 

B1) for vehicle and all donepezil doses. There was a significant main effect of condition with the 0.3 mg/kg 

donepezil dose being significantly different from vehicle (F(3,267) = 7.75, p < .001; Tukey’s, p < .001). B. 

Visualization of the combined effect of distractor number and T-D similarity on search RT. From left to right, each 

cluster of lines represents increasing distractor numbers while data within each line represents low, medium and 

high T-D similarity from left to right respectively. Both distractor number (F(3, 2530) = 242.2, p < .001) and T-D 

similarity (F(2,2530) = 18.75, p < .001) impact VS performance with no significant interaction (F(6, 2530) = 0.85, 

n.s.). T-D, target-distractor; RT, reaction time; VS, visual search; Sim, similarity; Num, number; n.s., not 

significant. 
 

 

 
Fig B5 Theoretical curves. 

A theoretical, non-parabolic curve (solid line) describing change in performance as a function of ACh concentration 

derived from theoretical ‘optimal’ inverted-U curves for specific receptor subtypes (dashed line) based on the 

specific task demands. These curves may be shifted by changing the task demands or a given subject may travel 

along the x-axis due to pharmacological intervention, aging-related changes and other mechanisms that may change 

their downstream receptor stimulation. 
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B.5 Tables 

 

Table B1 A summary of the literature testing donepezil’s cognitive effects in nonhuman primates.  
Relevant Task(s) Subject Details Dosage & 

Administration 

Cognitive Domain Relevant Results Reference 

Object retrieval detour 

(ORD) cognition test 

Macaca mulatta 

(male and female) 

0.3, 0.56, 1, 1.8, 3, 5 

mg/kg PO* 

Reasoning & problem 

solving (exec function) 

Significant interaction of trial type (easy 

vs difficult) and treatment. Main effect of 

treatment on the difficult condition  

 

Vardigan et al., 2015 

Paired-associates 

learning (PAL); 

Continuous-performance 

task (CPT) 

Macaca mulatta (18 

males) 

0.3-3 mg/kg PO 

(PAL task); 0.1-0.25 

mg/kg IM (CPT 

task)* 

PAL: Working memory; 

CPT: Attention/vigilance 

(exec functioning) 

Attenuated scopolamine-induced 

impairments in PAL (at 1.0 and 3.0 

mg/kg PO) and CPT (at 0.25 mg/kg IM) 

Lange et al., 2015 

Delayed matching-to-

sample (DMTS) task 

Macaca mulatta (4 

aged male, 3 aged 

female) 

0.003-0.2 mg/kg PO* Working memory Enhanced DMTS accuracy in ‘long 

delay’ condition at 0.01, 0.025, 0.05, 0.1 

and 0.2 mg/kg doses. No changes in ITI 

or choice latency 

Callahan et al., 2013 

 

Self-ordered spatial 

search 

Macaca fascicularis 

(6 females; ~15 years 

old) 

3 mg/kg PO* Working memory, 

Attention/vigilance 

Attenuated the scopolamine-induced 

impairments in the self-ordered spatial 

search task 

Uslaner et al., 2013 

Delayed matching-to-

sample (DMTS) task 

Macaca mulatta (17 

male and 16 female; 

average ~18 years 

old) 

10, 25, 50, 100 ug/kg 

IM 

50-400 ug/kg PO* 

Working memory Accuracy in long delay condition with 

IM administration was improved 

Buccafusco et al., 2008 

Delayed matching-to-

sample (DMTS) task 

Macaca mulatta (8 

male & 9 female; 9-

29 years old) 

10, 25, 50, 100 ug/kg 

IM 

Working memory Accuracy increased in medium and long 

delayed trials (with 25 ug/kg dose being 

the most efficacious) 

Buccafusco & Terry 

2004 

 

Oculomotor delay 

response task (ODR); 

Visually guided saccade 

task (VGS) 

Macaca mulatta 

(male; 5 ~5 years old 

and 5 ~20 years old) 

50, 250 ug/kg IV ODR: Working memory; 

VGS: attention/vigilance 

ODR performance was improved in aged 

monkeys (not young monkeys). No 

changes reported in VGS (assay of motor 

performance, not cognition) 

Tsukada et al., 2004  

Delayed matching-to-

sample (DMTS) task 

Macaca mulatta 

(male & female; >20 

years old) 

0.01, 0.025, 0.05, 0.1 

mg/kg IM 

Working memory Accuracy improved independent of drug 

dose but dependent on delays 

(improvement occurred in medium and 

long delays) 

Buccafusco et al., 2003 

Spatial delayed response 

task (SDRT); Visual 

recognition task (VRT) 

Macaca mulatta (9 

males) 

0.01-1.75 mg/kg IM 

(SDRT task); 0.003-

0.06 mg/kg IM (VRT 

task)* 

SDRT: Working 

memory; VRT: 

attention/vigilance 

SDRT: Donepezil rescued effects of 

scopolamine in difficult trials 

VRT: Performance was enhanced with 

donepezil pre-treatment (by ~10%)  

Rupniak et al., 1997 

PO, oral; IM, intramuscular; IV, intravenous 
*: Other drugs co-administered at some/all doses. 
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Table B2 A summary of choice papers testing donepezil’s cognitive effects in rodents.  
Relevant Task(s) Subject Details Dosage & 

Administration 

Cognitive Domain Relevant Results Reference 

Y-maze Hairless rats 3-10 mg/kg PO 

pretreatment* 

Learning and memory, 

working memory 

Rescued the reduced spontaneous 

alternation of arm entries (a measure of 

exploration and short term spatial memory) 

with donepezil pre-treatment 

Shin et al., 2018  

Morris water maze; 

radial-arm water maze 

Male C57BL/6 mice 10 mg/kg IP* Learning and memory In the Morris water maze, donepezil did not 

rescue scopolamaine-induced deficits in 

escape latency or distance travelled. 

However, it reduced the number of spatial 

crossings in the absence of the trained 

platform rescuing scopolamine-induced 

deficits. 

Donepezil administration with scopolamine 

rescued radial-arm water maze performance 

early on in learning. 

Podkowa et al., 2015  

Paired associate learning 

task 

Male C57Bl/6 mice 0.03, 0.1, 0.3 mg/kg 

IP 

Learning and memory Higher accuracy and reduced correction 

trials (a measure of perseveration) with 0.3 

mg/kg donepezil administration 

Bartko et al., 2011  

5-choice serial reaction 

time task 

3xTgAD mice 0.03, 0.1, 0.3 mg/kg 

IP 

Attention Rescued deficits in accuracy in 3xTgAD 

mice with no benefits to wild type mice. No 

effects reported for omissions, 

perseverations, or premature responses. 

Romberg et al., 2011  

Object recognition task Male Wistar rats 0.1, 0.3, 1 mg/kg PO Working memory Administration of donepezil before, but not 

after, initial object presentation improved 

discrimination 24h later with the 1mg/kg 

dose performing the best. 

Prickaerts et al., 2005  

T-maze; locomotion; fear 

conditioning; shock 

sensitivity 

male C57BL/6Hsd 

mice 

0.1, 0.3, 1 mg/kg 

subcutaneous* 

Learning and memory Faster spatial and reversal learning as well 

as rescuing the effects of an NMDA 

antagonist. 

No effects on locomotion. 

More freezing as well as frescueing the 

effects of an NMDA antagonist. 

No effect on shock sensitivity. 

Csernansky et al., 2005  

Morris water maze Male Wistar rats 

(bilateral entorhinal 

cortex lesioned) 

0.3, 1, 3 mg/kg PO Learning and memory, 

attention 

Rescue of lesion induced slowing of latency 

and travel distance to platform in the Morris 

water maze with 0.3 and 3 mg/kg 

Spowart-Manning & 

van der Staay 2005  

Object recognition task; 

Object placement task 

Female Sprague–

Dawley rats 

1 mg/kg/day 

subcutaneous 

Working memory, 

learning and memory 

Subjects explored novel objects and novel 

locations more with donepezil. 

Luine et al., 2002  

*: Other drugs co-administered at some/all doses. 
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Table B3 A summary of observed dose-limiting side effects. 

 Donepezil 0.06 mg/kg 0.1 mg/kg 0.3 mg/kg 
 Observation Pre-task Post-task Pre-task Post-task Pre-task Post-task 

A
u
to

n
o
m

ic
 N

er
v
o
u
s 

S
y
st

em
 

Salivation - - - - - - 

Lacrimation - - - - - - 

Urination - - - - - - 

Defecation (amount) - - - - + - 

Defecation (consistency) - - - - + - 

Emesis - - - - - - 

Miosis - - - - - - 

Mydriasis - - - - - - 

Ptosis - - - - + - 

Exophtalmos - - - - - - 

Piloerection - - - - - - 

Respiratory Rate - - - - - - 

Yawn - - - - + - 

Vasodilation - - - - - - 

Vasoconstriction - - - - +++ - 

Irritability - - - - - - 

Body Temp. - - - - - - 

  

S
o
m

at
o
m

o
to

r 
S

y
st

e
m

s 

Physical Appearance - - - - +++ - 

Tremor - - - - - - 

Leg Weakness - - - - - - 

Catalepsy - - - - - - 

Visuo-Motor Coordination - - - - - - 

Posture - - - - +++ - 

Unrest - - - - - - 

Stereotypies - - - - - - 

Arousal - - - - - - 

Sedation - - - - +++ - 

Oral Dyskinesia - - - - ++ - 

Bradykinesia - - - - + - 

Dystonia - - - - - - 

Table B3 The effect of Donepezil (0.06, 0.1 and 0.3 mg/kg IM) on autonomic and somatomotor system function were evaluated. The mean score of 3 monkeys 

was classified as follows: - no effect; + 0-0.15; ++ 0.16-0.3; +++ 0.31-0.45
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Appendix C: Supplemental information for Chapter 4 

 

C.1 Supplemental Materials and Methods 

 

C.1.1 Subjects 

 

All animal related experimental procedures were in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals, the Society for Neuroscience 

Guidelines and Policies, and approved by Vanderbilt University Institutional Animal Care and Use 

Committee. 

 

Four pair-housed adult male rhesus macaques (Macaca mulatta), 7-11 years old and 

weighing ~8-15 kg were subjects in this experiment. Monkeys in each pair were separately given 

access to a cage-mounted Kiosk Station attached to their housing unit uniformly at either 11am 

(monkeys Ig and Ba) or at 1pm (monkeys Re and Si). Each monkey was overtrained and engaged 

with and completed a visual search attention task and a flexible feature-reward learning task via a 

touchscreen interface (Womelsdorf et al., 2021a) with the software being controlled by the Unified 

Suite for Experiments (USE) (Watson et al., 2019b).  

 

Of the four monkeys, two (monkeys Si and Ig) had previously been involved in a similar 

study utilizing the acetylcholine esterase inhibitor donepezil (Hassani et al., 2021) with over 6 

months between experiments for washout. Prior to the donepezil experiments, monkey Ig had also 

previously been exposed to a different experimental M1 PAM. Monkeys Ba and Re were naïve to 

VU0453595 and other neurological or psychiatric medications. 

 

C.1.2 Comparison table 

 

The comparison table (Table 1) between the best dose of donepezil and VU0453595 was 

based on the data collected in a previous study (Hassani et al., 2021) but for all measures, identical 

methods were applied to both datasets consistent to what is described here. 
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C.1.3 Statistics 

 

Within the feature-reward learning (FRL) task, we use trials-to-criterion to quantify 

learning efficiency with the criterion being defined as the first trial after at least 1 error which 

preceded a string of 10 trials with 70% or greater performance. The 70% performance threshold is 

different from our previous work (Hassani et al., 2021) which was set to 80% performance, which 

was and still is the criterion for block switches in the FLR task. We found this new threshold to 

better reflect the occurrence of learning and led to only a mean 0.37 (0 median) trial difference in 

baseline trials-to-criterion overall. The comparisons between VU0453595 and donepezil were 

made using the same definition for each measure. 

 

Block switches in the FRL task were labelled based on the status of the target feature 

relative to the previous block as extra-dimensional, intra-dimensional or as involving a novel target 

feature dimension. For novel target blocks, the rewarded feature dimension was not present in the 

previous block, independent of the present or previous block’s dimensionality. Similarly, intra-

dimensional shift blocks involved the same rewarded feature dimension but a different rewarded 

feature (e.g. a different color) as the previous block, independent of their dimensionality. However, 

for extra-dimensional shift blocks, the previous block must have been a high load (objects varying 

in 2 feature dimensions) block where the current block’s target feature was from the previous one’s 

distracting feature dimension. Extra-dimensional shift blocks themselves could be either low or 

high distractor load. 

 

In the FRL task, for each session, reaction times (RTs) were averaged and smoothed using 

a 5 trial shifting window for low and high distractor load blocks separately (Fig. 4.2A,B). We then 

defined the time to plateau as the first trial per session, excluding trial two, where the RTs began 

to decrease. 

 

Perseverative errors were quantified based on the features of the erroneously chosen object. 

The consecutive errors could be made with objects containing the same feature from the distracting 

or target feature dimensions. The proportion of perseverative errors are reported as a percentage 

of all errors (Fig. 4.2G,H). 
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In order to account for temporally specific effects on learning efficiency with VU0453595, 

as seen with other cholinergic compounds (Hassani et al., 2021), we applied a linear mixed effects 

model (LMEM) to the trials-to-criterion. The LMEM had three main effects: experimental 

condition, distractor load and temporal bin (thirds), while individual monkeys were treated as 

random effects: 

 

𝑇𝑟𝑖𝑎𝑙𝑡𝑜𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛

= 𝐸𝑥𝑝𝐶𝑜𝑛𝑑 × 𝐷𝑖𝑠𝑡𝑟𝑎𝑐𝑡𝑜𝑟𝐿𝑜𝑎𝑑 × 𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙𝑇ℎ𝑖𝑟𝑑𝑠 + (1|𝑀𝑜𝑛𝑘𝑒𝑦) + 𝑏 + 𝜀 

 

Given the results of the LMEM and the maximal effect size with the first third of blocks in 

the FRL (Fig. C1A), all analyses for the FRL task used only the first third of blocks to capture the 

period where VU0453595 had its strongest effect on performance. 

 

Effect sizes were reported as either eta squared values when referring to ANOVA results 

or Cohen’s d when appropriate (i.e. when post-hoc analysis showed a significant effect at a single 

dose). The Cohen’s d was computed by directly comparing vehicle to the significant dose using 

this formula: 

𝑑 = 
𝑀2 −𝑀1

√
(𝑛1 − 1)𝑠1

2 + (𝑛2 − 1)𝑠2
2

𝑛1 + 𝑛2 − 2

 

 

C.2 Supplemental Results 

 

C.2.1 Feature-reward learning task 

 

After reaching performance criterion, VU0453595 also resulted in higher plateau accuracy 

(drug condition main effect: (F(3,1672) = 3.22, p = .02; 2 = .005); low distractor load accuracy: 

90.9% (SE: 1.9%); 95.9% (SE: 0.9%); 90.9% (SE: 1.8%); 91.0% (SE: 0.7%) for 0.03. 0.1, 0.3 

mg/kg and vehicle respectively; high distractor load accuracy: 74.4% (SE: 3.0%); 80.5% (SE: 

2.9%); 84.8% (SE: 2.3%); 77.9% (SE: 1.1%) for 0.03. 0.1, 0.3 mg/kg and vehicle respectively) 
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(Fig. C1B). The middle dose of VU0453595 (0.1 mg/kg) also increased the proportion of blocks 

in which animals reached the learning criterion (F(3,1369) = 2.93, p = .03; 2 = .006; Tukey’s, p 

= .02). Animals reached the learning criterion of 80% accuracy over 10 successive trials in 90.5% 

(SE: 2.4; low load) and 72.1% (SE: 3.7%; high load) of blocks in the vehicle condition. Tukey’s 

HSD multiple comparisons test among proportions revealed that at the 0.1 mg/kg dose, 

VU0453595 significantly increased the proportion of learned blocks in the low load condition to 

98.7% (SE: 2.6%) (p = .04) (Fig. C1C).   

 

C.2.2 Visual search task 

 

In the first VS block, target detection times across distractor conditions were not different 

with VU0453595 relative to vehicle control (F(3,944) = 1.67, n.s.; 2 = .004), with the exception 

of faster target detection times in the second VS block at the 0.3 mg/kg dose (experimental 

condition main effect: F(3,944) = 3.67,  p = .01; 2 = .008; Tukey’s, p < .05). With regards to 

performance, in the VS block at the end of the session there were no significant effects, while in 

the first VS block there was a significant main effect of drug condition (F(3,944) = 3.80, p = .01; 

2 = .010) with reduced accuracy at 0.3 mg/kg dose (Tukey’s, p = .04) irrespective of the number 

of distractors. 

 

Despite the lack of set size effects, the raw target detection times were overall significantly 

faster with the 0.1 mg/kg dose in the second block (F(3,708) = 4.67, p = .003; 2 = .018; Tukey’s, 

p = .02) with more improvement with high target-distractor similarity (cohen’s d = -.447) than low 

target-distractor similarity (cohen’s d = -.427) (Fig. 4.3E). There was also a general reduction in 

performance during the first block (F(3,708) = 2.84, p = 0.04; 2 = 0.011) (Fig. 4.3F). 

 

C.3 Supplemental Discussion 

 

C.3.1 Possible M1 agonism 

 

Although in vitro data suggests little to no agonistic properties of VU0453595 (Moran et 

al., 2018), we cannot completely rule out this possibility in the current study. At high doses, M1 
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PAMs may activate M1 receptors, even with little (sub-threshold) or no endogenous ACh. 

Especially in cells with high M1 receptor expression, our macaques may be subject to M1 agonism 

with the highest dose of VU0453595 tested. This may explain why the pro-cognitive effects seen 

at the middle dose of the three tested doses of VU0453595 are not observed at the highest tested 

dose. This would suggest that the endogenous signaling at the M1 muscarinic receptor supporting 

cognitive flexibility is sensitive to exogenous intervention which would predict lower efficacy with 

orthostatic agonists. The possible agonism of M1 PAMs such as VU0453595 in vivo should be the 

subject of future studies. 

 

C.3.2 Possible contributions of M1 potentiation of memory or motivation/effort control 

 

The current study dissociated the relative importance of an M1 PAM for cognitive 

flexibility and attentional filtering and contrasted these effects to those of donepezil (Table 4.1). 

The functional dissociation of the drug effects highlights the importance of a multi-task paradigm 

for understanding drug actions on behavior (Taffe et al., 1999; Weed et al., 1999; Hassani et al., 

2021) and supports efforts to develop multi-task batteries covering a wide range of cognitive 

domains (Taffe et al., 1999; Weed et al., 1999; Wither et al., 2020; Palmer et al., 2021; Womelsdorf 

et al., 2021a). While our study tested already multiple markers of cognitive flexibility and 

attention, it was not yet incorporating tests of domains that M1 modulating drugs might also affect. 

For example, scopolamine challenges have long suggested that M1 receptors in the medial 

temporal lobe support longer-term memory processes (Broks et al., 1988; Edginton and Rusted, 

2003; Ellis et al., 2006), making it possible that M1 receptor modulation might have positive 

consequences in this domain.  

 

Motivation and the ability to control effort are other domains that we did not test and which 

some studies have suggested to be modulated my mAChRs. The task we deployed varied cognitive 

load which inevitably increases difficulty and the amount of effort subjects needed to exert. 

Although we did not control for motivational factors explicitly, visual inspection suggested it was 

not modulated by VU0453595 because the learning improvements were somewhat more 

pronounced at lower than higher load in the learning task and did not vary with increasing 

distractor difficulty (target-distractor similarity) in the search task. These findings resonate with 
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the results of a scopolamine challenge study in NHP that found no effects of increasing difficulty 

in a stimulus-location association learning task (Lange et al., 2015a). However, when testing for a 

memory load effect with a visuo-spatial paired associate task, Taffe and colleagues (Taffe et al., 

2002) found that scopolamine reduced performance particularly when 3 or 4 stimulus-object 

associations needed to be learned and retrieved but not when 1 or 2 associations were involved. 

Such a memory load differs from the cognitive load that we imposed by increasing the number of 

distracting features in the learning task and from the perceptual load that we varied with increasing 

target distractor similarity. However, it will be important to identify in future studies which 

motivation or load dependent processes are modulated specifically by M1 selective mAChR 

modulation. 
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C.4 Figures 

 

 
Fig C1 VU0453595 enhances multiple measures of learning performance. 

(A) The median trial-to-criterion, visually combined for low and high distractor load conditions temporally split by 

their presentation within a session (7 blocks in each third) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595. 

The LMEM used the experimental condition, temporal bin (thirds) and distractor load as fixed effects. There was 

significantly faster learning with 0.1 mg/kg which showed the strongest effect size during the first third of FRL 

blocks (0.1 mg/kg fixed effect: t(3674) = -2.67, p = .008; first third Cohen’s d = -.228; overall Cohen’s d = -.061). 

(B) Average performance in the final 10 trials of low and high distractor load blocks of the FRL task. For the low 

distractor load blocks, plateau performance was 90.95% (SE: 0.73), 90.90% (SE: 1.86), 95.92% (SE: 0.92) and 

90.94% (SE: 1.76) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595 respectively. For the high distractor 

load blocks, plateau performance was 77.86% (SE: 1.12), 74.37% (SE: 3.01), 80.54% (SE: 2.91) and 84.80% (SE: 

2.34) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595 respectively. There was a significant main effect 

of experimental condition (F(3,1672) = 3.22, p = .022; 2 = .005) but post hoc analysis (Tukey’s) showed no single 

dose as significantly different from vehicle. (C) Average proportion of learned blocks (defined as blocks that 

reached the 70% performance over 10 trials) per session in the FRL task. For the low distractor load blocks, the 

proportion of blocks learned was 90.54% (SE: 2.42), 87.00% (SE: 6.59), 98.68% (SE: 2.56) and 89.58% (SE: 6.11) 

for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595 respectively. For the high distractor load blocks, the 

proportion of blocks learned was 72.14% (SE: 3.71), 67.71% (SE: 9.35), 77.17% (SE: 8.58) and 82.00% (SE: 7.53) 

for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595 respectively. Pair-wise comparisons between the 

VU0453595 doses and vehicle revealed a significant improvement at the low distractor load with the 0.1 mg/kg 

dose (Tukey’s multiple comparison test among proportions: q = 4.082, qcrit = 3.633) and no significant changes at 

the high distractor load (Tukey’s multiple comparison test among proportions, n.s.). 
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Fig C2 VU0453595 does not impact the speed of processing.  

The speed of processing for the first and second VS blocks, defined as the time animals took to touch the only 

object on screen (during familiarization trials). In the first VS block, speed of processing was 0.730 s (SE: 0.023), 

0.701 s (SE: 0.024), 0.693 s (SE: 0.020) and 0.674 s (SE: 0.022) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of 

VU0453595 respectively. In the second VS block, speed of processing was 0.743 s (SE: 0.015), 0.723 s (SE: 0.036), 

0.725 s (SE: 0.021) and 0.710 s (SE: 0.035) for vehicle, 0.03, 0.1 and 0.3 mg/kg doses of VU0453595 respectively. 

No significant changes were observed for the first (F(3,236) = .56, n.s.) or second VS blocks (F(3,236) = .35, n.s.). 
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Appendix D: Supplemental information for Chapter 5 

 

D.1 Supplementary Results  

 

D.1.1 Early error commissions, attentional lapses and perseverations were unaffected by 

Guanfacine. 

 

Premature fixation breaks are errors committed during covert attention deployment to one 

stimulus (i.e. after color onset) and before the change event (the dimming). During the 19 week 

testing period we found that on average 8.10 % (SE: 0.98) and 13.05 % (SE: 1.35) of trials were 

premature fixation breaks in the Control and Guanfacine sessions respectively, which is 

significantly different (Wilcoxon rank sum test, p < 0.01), similar to what we had found for higher 

doses in the dose identification phase of our experiment (see above). We next asked whether 

erroneous saccadic responses during the time of the stimulus change varied between drug 

conditions. The task design included trials in which the rewarded stimulus dimmed before, at the 

same time, and after the unrewarded stimulus. The pilot dose identification testing suggested that 

Guanfacine reduces these errors which would be a strong indication that Guanfacine acts by 

reducing interference from salient but irrelevant stimulus events as changes of the unrewarded 

stimulus when it changed before, or at the same time as the rewarded stimulus. However, we found 

that outside the pilot dose testing phase, the proportion of errors committed in Control and 

Guanfacine conditions was on average not different between those trials in which dimming 

occurred (1) in the unrewarded stimulus before the rewarded stimulus (Control: 0.26 (SE: 0.01); 

Guanfacine: 0.24 (SE: 0.01)), (2) at the same time in rewarded and unrewarded stimuli (Control: 

0.30 (SE: 0.01); Guanfacine: 0.30 (SE: 0.01)), or (3) in the rewarded stimulus before the 

unrewarded stimulus (Control: 0.17 (SE 0.02); Guanfacine: 0.16 (SE 0.02)). To ensure that we did 

not miss an effect that occurred only in subsets of trials, we performed this error-saccade analysis 

also within sliding windows of 5 trials from trial 1 to 30 since the reversal, but did not find 

differences between Control and Guanfacine conditions for any trial window (data not shown). 

 

We next confirmed the negative results from the error type analysis by comparing the 

performance accuracy (rather than the proportion of error subtype) in trials when rewarded and 
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non-rewarded dimming occurred at the same time and found that Control and Guanfacine days 

were in fact not different (overall accuracy on same-time dimming trials: Control: 64.89% (SE: 

1.97); Guanfacine: 62.32% (SE: 1.44), Wilcoxon rank sum test, p = 0.5019). Likewise, there was 

no difference in accuracy on trials when the unrewarded stimulus dimmed before the rewarded 

stimulus (Control: 71.06% (SE: 1.76); Guanfacine: 69.62% (SE: 2.32), Wilcoxon rank sum test, p 

= 0.9302), and neither when the rewarded stimulus dimmed before the unrewarded stimulus 

(Control: 60.46% (SE: 01.84); Guanfacine: 58.68% (SE: 01.49), Wilcoxon rank sum test, p = 

0.4137). We analyzed accuracy also with a sliding window of 5 trials from trial 1 to 30 since the 

reversal and did not found apparent differences between Control and Guanfacine conditions for 

any trial window (data not shown). 

 

The 19 week testing period provided sufficient data to test for variations of rare behavioral 

errors such as perseveration errors. The monkey showed perseveration of unrewarded choices 

following an unrewarded trial resulting from the wrong color choice in 12.6-14.4% of all 

unrewarded choices (sequences of successive error trials such as CEE, CEEE, …, CEEn). These 

color-based perseveration errors did not differ between Control (12.6%, SE 3.1) and Guanfacine 

(14.4%, SE 2.9) days (Wilcoxon rank sum test, p = 0.066). To test whether the animal persevered 

on features other than color we calculated the same percent perseverations (successively 

unrewarded choices) on the motion direction (e.g. successive unrewarded downward saccades to 

the dimming) and the stimulus location (e.g. successive unrewarded choice on the motion direction 

of the stimulus in the right visual field), and on combinations of all features (e.g. successive 

erroneous choice on the stimulus with the same color on the right side moving downward). There 

was no significant difference in the percentage of perseveration on motion direction (Control: 

9.38% (SE: 3.10); Guanfacine: 10.75% (SE: 2.20), Wilcoxon rank sum test, p = 0.0798), stimulus 

location (Control: 10.56% (SE: 03.08); Guanfacine: 11.78% (SE 3.09); Wilcoxon rank sum test, p 

= 0.2201), or conjunctions of stimulus features between Control and Guanfacine sessions (all tests 

for differences, p > 0.05). 
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D.1.2 Consistency of learning benefit with Guanfacine across blocks in the experimental 

session. 

 

This result of enhanced learning success during the actual learning period of the task could 

be robust across all blocks of a session on Guanfacine days. In another scenario, it could emerge 

particularly at later stages of a training session where sustained attention and motivation may 

benefit most from enhanced noradrenergic action. Alternatively, it may be evident only during 

early blocks in which the brain concentration of Guanfacine action will be relatively higher than 

late in the session (Supplementary Fig. D2A, for pharmacokinetic results of Guanfacine, see 

Supplementary Results D.1.3). We tested these alternatives by calculating the average learning 

trials for sets of 4 adjacent blocks relative to the first block of the day with a sliding window until 

block eight (which is the average number of performed blocks, see above). We then took the 

reverse approach and calculated the average learning trials for blocks relative to the last block of 

the day (see Methods). This procedure ensured that a maximal number of blocks contributed to the 

estimated learning success across the day. We found that relative to the first block of the day, seven 

of eight block sets showed an average faster learning on Guanfacine days than on Control days 

(Supplementary Fig. D2B). In contrast, we found that only four of seven block sets since the last 

block of a day’s session showed faster average learning in Guanfacine than Control sessions. To 

test whether the learning effect is still robust across the behavioral sessions we used permutation 

statistics) (see Supplementary Methods), finding that the likelihood to observe faster learning in 

Guanfacine versus Control block sets in 11 of 15 possible block sets is significantly larger than 

chance (permutation statistics, p < 0.001) (Supplementary Fig. D2B). 

 

D.1.3 Characterization of Guanfacine’s pharmacokinetics using High Performance Liquid 

Chromatography (HPLC) and Mass Spectrometry (MS).  

 

We characterized the pharmacokinetics of Guanfacine at the dose that we identified to be 

the behaviourally efficient dose (0.75mg/kg) in the dose testing phase of the experiment. In order 

to quantify Guanfacine’s metabolism and degradation rate within the macaque model we devised 

a protocol in which blood samples were taken every 40 minutes for 4 hours after Guanfacine 

injection and the blood concentration of Guanfacine was measured using High Performance Liquid 
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Chromatography (HPLC) and Mass Spectrometry (MS) similar to previous studies in humans1. 

Using this method, we acquired a resolution capable of detecting as little as 30 femtomoles of 

drug. The procedure started with the placement of a catheder for later blood sample extraction 

using light anaesthesia (Dexdomitor and Ketamine) reversed with Antisedan. The awake animal 

was then seated in a custom primate chair and engaged in watching a movie while 300 μl blood 

samples were taken every 40 minutes for 4 hours (0, 40, 80, 120, 160, 200, and 240min). This time 

frame was well within the range of all recording sessions relative to injection. The blood samples 

were left in room temperature until clotting was observed, typically 30-60min, and then transported 

to a 4 °C fridge. Upon the final sample extraction, all blood samples were transported to a 

centrifuge where they were spun at 2000 rpm for 40 minutes in order to separate the serum. The 

serum was then aliquoted and spin filtered (3kDa molecular weight cut off) and had acid added to 

the sample to help with preservation. The samples were then frozen at -80 °C until the HPLC 

protocol was applied. Each sample provided triplicate results (technical replicate) and was loaded 

into the HPLC into a c18 reversed phase column where unbound protein and molecules were 

washed out for 15 min with 5% aceto-nitrile. Then a quick ramp up to 80% aceto-nitrile (20 min 

process with a period of 5 min with 80% aceto-nitrile) released the bound compounds in the HPLC 

column. Then the washed solution was subjected to a multi reaction monitoring protocol using a 

MS causing the breaking of Guanfacine into two component fragments (control experiments with 

drug only samples were already done in order to quantify MS peaks expected by Guanfacine) that 

were used to identify and quantify Guanfacine blood concentrations.  

 

The results of this protocol yielded an expected half life of Guanfacine of 43.23 min with 

a plateau of Guanfacine concentrations 2 hours after injection at <10µg/kg which is when most of 

the experimental data collection started (across sessions the average time was 150.8 minutes (SE: 

0.88). To our knowledge, Guanfacine concentrations have only been described in humans 

(Kiechel, 1980; Boellner et al., 2007). And using the orally administered extended release versions 

with half lives of ~17 hours based off of plasma concentrations. Most macaque papers cite Arnsten 

et al., (1988) in order to justify their concentration use. Almost all papers with systemic 

administration do so at a 2h benchmark prior to testing. 
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D.1.4 Comparing early and late control session performance to discern possible longer-

term effects of drug administration 

 

To test whether there were overall changes in behavioral performance over the 19 weeks 

drug and control period testing, we analyzed early and late control session performance separately. 

If similar control session performance remained for early and late periods, it would suggest that 

administering the drug over longer periods does not have adverse effects on overall performance. 

We found that early (first nine sessions) and late (last 10 sessions) control sessions did not differ 

with regard to the number of performed reversal blocks (Early / late: 8.1 SE: 0.46 / 7.8 SE: 0.61), 

the number of blocks with learning within 30 trials (Early / late: 5.3 SE: 0.69 / 5.0 SE: 0.47), the 

median trial at which the ideal observer procedure detected learning (Early / late: 11 SE: 1.1 / 12 

SE: 0.96) (all n.s.). Likewise, early and late sessions did not show differences of the probability of 

rewarded choices (quantified using the Smith algorithm used for Fig. 5.3 of the main text) as a 

function of the trial number since reversal (randomization test with multiple comparison correction 

for the number of trials). 

 

D.2 Supplementary Methods 

 

D.2.1  Behavioural analysis of learning trials 

 

 Analysis was performed with custom MATLAB code (Mathworks, Natick, MA), utilizing 

functionality from the open-source fieldtrip toolbox (http://www.ru.nl/fcdonders/fieldtrip/). To 

identify at which trial during a block the monkey showed statistically reliable learning we analyzed 

the monkeys’ trial-by-trial choice dynamics using the state–space framework introduced by Smith 

and Brown (Smith and Brown, 2003), and implemented by Smith et al. (Smith et al., 2004). This 

framework entails a state equation that describes the internal learning process as a hidden Markov 

or latent process and is updated with each trial. The learning state process estimates the probability 

of a correct (rewarded) choice in each trial and thus provides the learning curve of subjects (see 

e.g. Balcarras et al., 2016). The algorithm estimates learning from the perspective of an ideal 

observer that takes into account all trial outcomes of subjects’ choices in a block of trials to 

estimate the probability that the outcome in a single trial is correct or incorrect. The ideal observer 

http://www.ru.nl/fcdonders/fieldtrip/
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perspective corresponds to smoothing in the Kalman filter context (Rauch et al., 1965). This 

probability is then used to calculate the confidence range of observing a correct response. We 

defined the learning trial as the earliest trial in a block at which the lower confidence bound of the 

probability for a correct response exceeded the p = 0.5 chance level.  

 

 More specifically, the algorithm defines the learning state process as a random walk 

whereby each trial's probability of a correct response depends on the previous trials probability, or 

on the chance level in case there was no previous trial's probability i.e. at the beginning of blocks. 

According to this formulation, the subject’s choices across trials follow a random strategy. The 

mean of the random process reflects the current probability for a correct response. The variance of 

the random process determines how fast the learning state process can change from trial to trial 

and thus, how rapidly learning can take place (see Smith et al., 2004). The Expectation-

Maximization (EM) algorithm is used to estimate the mean and variance of the random process by 

maximum likelihood estimation (Dempster, 1977) to derive the probability to observe a correct 

response in each trial as a function of the trial number (Smith and Brown, 2003). A forward filter 

estimates the variance and mean of the value of the Gaussian Random Variable from the first trial 

to the current trial. This forward process reflects a state estimate from the perspective of the subject 

performing the task. An additional smoothing algorithm takes the perspective of an ideal observer 

and estimates the current trials mean and variance of the state process using data from all trials. 

The estimates of both, the forward filter and the smoothing process are then used to calculate the 

probability density for the correct response probability at each trial. Please see Smith et al. (2004) 

equations 2.1 to 2.4 for details. The aforementioned procedure provides the learning curve, i.e. it 

provides for each trial the probability of a correct response given the sequence of correct and 

incorrect choices of the monkey. To identify the first trial in a block at which an ideal observer 

knows with p≥0.95 confidence that learning has taken place, we calculated the lower confidence 

bound and identified the first trial where it exceeded the p=0.5 chance level, the first ‘IO95’ 

learning trial (see Smith et al., 2004). This corresponds to a 0.95 confidence level for an ideal 

observer to identify learning. 
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D.3 Figures 

 

 
Fig D1 Examples of learning at varying speeds estimated with an ideal observer estimate of choice 

confidence.  

(A) Four example blocks with learning within the first eleven trials, denoted as ‘fast learning’. Upper panel show 

the reward probability (solid red line) estimated with an expectation maximization algorithm and the 95% 

confidence levels (dashed red line). The learning trial is defined as the first trial at which the lower bound 95% 

confidence level exceeds and never dips below the 0.5 chance probability with which an ideal observer can estimate 

that consistent learning has occurred. Squares on top of the panel highlight whether the choice was rewarded (black) 

or unrewarded (grey). Bottom panel shows for the same block the proportion of rewarded choices calculated with 

a running average sliding window of up to eight trials in the past. The text denotes overall percent correct (rewarded) 

performance across all 35 trials. (B) Same format as (A) but for blocks with ‘slow learning’, defined by learning 

trials between 12 and 35 within a block. (C) Same format as (A,B) but for blocks with no learning of the new color-

reward association evident statistically in the first 35 blocks.       
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Fig D2 Consistency of reversal learning benefit on Guanfacine days versus Control days.  

(A) Illustration of the time of drug/control injection and the time range with behavioural performance. (B) Average 

learning trials (y-axis) for reversal learning blocks on Control days (black) and Guanfacine days (red) relative to 

the first block performed in the day (left panel), and relative to the last performed block in the day (right panel). A 

total of 11 of 15 blocks show on average an earlier learning trial in blocks on Guanfacine days versus Control days, 

which is a statistically significant difference (randomization test, p = 0.024).  
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Fig D3 Performance for the seven RL models with worse log likelihood and inferior sum of squared error 

for the most-predictive RL model  

(A,B) Proportion of rewarded choices for the monkey and model across trials since reversal in Guanfacine (A) and 

control (B) sessions. The model simulations are based on the best model, the Feature-Weighting + Decay RL model 

(see Fig. 4 and methods). The inset shows the sum of squared errors (SSD) between the proportion of correct 

monkey choices (x-axis) and the choice probability of the model across trials since reversal. Data on the diagonal 

in these plots would indicate a perfect match between model choices and subject choices. (C) The average parameter 

values for n=100 models fitted to subsets of 80% (cross-validation) reversal blocks for the Guanfacine (red) and 

control (blue) sessions. Error bars denote STD. Three stars denote significance at p < 0.001 after Bonferroni 

correction). See Figure 4 in the main text for a comparison of optimization scores across models. 
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Appendix E: Supplemental information for Chapter 6 

 

E.1 Supplemental Methods 

 

E.1.1 Pupil diameter 

 

Monocular measurements of pupil diameter were made during experiments by the eye 

tracker (Eyelink 1000; 500 Hz). The pupil diameter traces were only considered during the 400 ms 

after stimulus onset and before the onset of either the motion or color features of the object as it 

was the longest period with the most stable visual stimulation. Only the traces for completed trials 

in the first three blocks of each session was considered and averaged across the entire 400 ms time 

bin. These trial averages were then z-normalized by subtracting the grand-averaged pupil diameter 

of first block trials for each monkey. We then averaged the z-normalized pupil diameter for the 

first block of sessions with and without guanfacine. 

 

E.1.2 Spiking activity 

 

Spike trains were transformed into spike-density functions smoothed with a Gaussian 

kernel with a standard deviation of 50 ms. Only correct (rewarded) and incorrect choice trials were 

analyzed; incorrect trials were defined as trials where the unrewarded object was chosen or any 

choice being made during the dimming (go signal) of the unrewarded object (either before or after 

the dimming of the rewarded object). Then the firing rate during the epoch of interest (feedback 

epoch: 50-1000 ms after feedback; attention cue onset epoch: 50-700 ms after color onset) across 

all trials was averaged for each neuron and then neurons with or without the administration of 

guanfacine were then compared with permutation testing where the condition (guanfacine or not) 

was randomly shuffled. 

 

The regularity of spikes was calculated for each neuron using the measures of coefficient 

of variation (CV) and local variability (LV) (Shinomoto et al., 2003, 2005). Both CV (formula 1) 

LV (formula 2) were computed over the entire length of all completed trials using inter-spike 

intervals (T) where �̅� is the mean inter-spike interval. 

 

𝐶𝑉 = √
1

𝑛 − 1
∑(𝑇𝑖 − �̅�)2
𝑛
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(2) 

 

The spike count pair-wise correlation (Rsc) was computed by adapting previously 

described methods (Joshi and Gold, 2022). Spike counts were calculated over the entire epoch of 

interest (feedback epoch: 50-1000 ms after feedback; attention cue onset epoch: 50-700 ms after 
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color onset) on every trial. For each neuron pair from the same brain region (dlPFC: dorsolateral 

prefrontal cortex, ACC: anterior cingulate cortex, and CD: head of the caudate nucleus), only trials 

where both neurons were stably isolated were considered. The spike count for each neuron was z-

scored with trials that were > 3 standard deviations outside of the mean being excluded from both 

neurons. A Pearson correlation coefficient was then calculated for each neuron pair and separated 

based on if it were not significant, significant and positive or significant and negative. The 

correlation coefficients (Rsc) were then split between guanfacine and non-guanfacine days where 

their median, as well as a 95% confidence interval was extracted through bootstrapping and plotted 

(Figure E2C). Guanfacine and non-guanfacine Rsc was then compared in the feedback epoch and 

the choice feature onset epoch by a Wilcoxon rank sum test with Bonferroni correction. 

 

E.2 Supplemental Results 

 

E.2.1 Pupil diameter. 

 

Although pupil diameter is often used to infer details about locus coeruleus (LC) activity, 

it is also highly related to the activity in many other brain regions as well (Murphy et al., 2014; 

Joshi et al., 2016; Reimer et al., 2016; Joshi and Gold, 2022). Even when only considering the LC 

however, it can be highly variable especially between sessions (Megemont et al., 2022). 

Nevertheless, to see if the systemically administered dose of guanfacine (0.075 mg/kg) did reduce 

LC activity, we looked at changes in pupil diameter during the first three blocks of each session 

where its concentration would be the highest. Pupil diameter was averaged across the 400 ms 

window after the onset of the two graded stimuli and before the onset of either the color or motion 

features. Due to each session’s data having either guanfacine administration or not, no direct same-

session comparisons could be made. Therefore, pupil diameter trial averages for the first three 

blocks, where guanfacine concentration is highest, were z-normalized by subtracting the grand-

average for each monkey during those trials before comparing guanfacine administration sessions 

with vehicle. We found a significant reduction in the first three blocks’ pupil diameter with 

guanfacine administration for both monkey Ha (t-test; p < .001) and monkey Ke (t-test; p = .010) 

(Figure E1C). 

 

E.2.2 Behavioral performance. 

 

Monkey Ha and Ke learned 52.1% and 62.3% of blocks respectively with an average 

learning trial speed of 15.7 and 18.7 respectively. With Guanfacine, monkey Ha and Ke learned -

2.5% and +5.3% more blocks with an average learning speed change of 2.9 and 3.0 trials 

respectively. The summed difference in reward probability after reversals were significantly 

different between vehicle and guanfacine administrations (Ha: p = .042; Ke: p = .021; Figure E1) 

as were the summed difference in the EM derived reward probabilities (Ha: p = .035; Ke: p = .004; 

Figure E1). 

 

E.2.3 Changes in spiking properties. 

 

We investigated the impact of guanfacine on the firing properties of neurons in the dlPFC, 

ACC and CD. We looked at both the feedback epoch (50-1000 ms after feedback) and the attention 

cue onset epoch (50-700 ms after color onset which is the minimum length of this epoch). 
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Guanfacine did not significantly change the firing rate in the dlPFC, ACC or CD during the 

feedback epoch (permutation testing: 5000 permutations; all n.s.) or the attention cue onset epoch 

(permutation testing: 5000 permutations; all n.s.; Figure E2A). Separating neurons by their 

putative cell type revealed a significant reduction in firing rate in broad spiking neurons in the 

dlPFC and CD during the feedback epoch and no changes in the attention cue onset epoch 

(permutation testing: 5000 permutations; dlPFC: p = .034; ACC: n.s.; CD: p = .008; not shown).  

 

We also looked at changes in spiking regularity across the whole trial via the CV and LV 

in the dlPFC, ACC and CD. Guanfacine administration did not significantly change the CV of 

neurons in the dlPFC, ACC or CD although a significant main effect of area was found (anova: 

F(2,1150) = 13.85; p = < .001) with the caudate having a significantly lower CV than the dlPFC 

(Tukey’s: p < .001) and the ACC (Tukey’s: p = .004) (Figure E2B top). Results did not change 

when only considering narrow or broad spiking neurons (data not shown). Similarly, no significant 

change in LV was observed with guanfacine administration with no significant main effects or 

interactions (anova: all n.s.). This remained consistent even when only considering narrow or 

broad spiking neurons (data not shown). 
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E.3 Figures 

 

 
Fig E1 Individual monkey performance curves and pupil diameter.  

(A) Learning curves (top) and probability estimate of correct choices based on the estimation maximization (EM) 

algorithm (bottom) for monkey Ha (left) and monkey Ke (right). Learning curves were smoothed except for the 

first 3 trials. The horizontal dashed line represents chance probability. The vertical dashed lines represent the 

median learning trial for guanfacine (red) and vehicle (blue). (B) The same as figure A but combined for both 

monkeys and only for the first block (if learned) of each session. (C) Average normalized pupil diameter in the first 

3 blocks of guanfacine and vehicle sessions. Normalization was done per monkey. 
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Fig E2 Guanfacine-mediated changes in spiking properties.  

(A) Average firing rate during the feedback epoch (50-1000 ms after feedback; top) and attention cue onset epoch 

(50-700 ms after attention cue onset; bottom). Firing rate was averaged during the epoch of interest during all 

completed trials for each neuron and then averaged between all neurons for each brain region and condition. (B) 

The coefficient of variation (CV; top) and local variability (LV; bottom) of recorded neurons. Both CV and LV 

were calculated using all completed trials over the entire trial length. (C) The pair-wise spike count correlation 

(Rsc) during the feedback epoch (top) and attention cue onset epoch (bottom) split between positive Rsc pairs (left) 

and negative Rsc pairs (right). Values and error bars represent boot strapped averages and 95% confidence intervals. 

A Wilcoxon rank sum test was used to compare the Rsc of guanfacine and non-drug neuron pairs with Bonferroni 

correction. 
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Fig E3 The change in the proportion of neurons that significantly regress to each tested variable during the 

feedback epoch.  

(A) The proportion of neurons that significantly regressed to each stimulus variable split into narrow and broad 

spiking neurons. The small white or black numbers within the bars denote the actual cell counts. (B) The same as 

A but for outcome variables. (C) The same as A but for latent model variables. 
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Fig E4 The change in the proportion of neurons that significantly regress to each tested variable during the 

attention cue onset epoch.  

(A) The same as figure E3A, but for the cue onset epoch. (B) The same as A but for outcome variables. (C) The 

same as A but for latent model variables. 
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Fig E5 The best fit regressors for explaining the activity of each respective brain region.  

(A) The number of neurons whose activity during the feedback epoch each regressor best accounts for ranked in 

descending order for guanfacine neurons and the corresponding ranking for non-drug neurons. The similarity in 

rankings were tested for via Kendall’s tau correlation. From left to right: the dlPFC (p = .006; Tau = .477), the ACC 

(p = .014; Tau = .425), and the CD (p = .014; Tau = .425). (B) The same as A but for the attention cue onset epoch. 

From left to right: the dlPFC (p = .970 n.s.; Tau = -.007), the ACC (p = .112 n.s.; Tau = -.281), and the CD (p = 

.175 n.s.; Tau = .242) 
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Fig E6 Guanfacine-mediated changes in neural activity correlations to stimulus variables during the 

attention cue onset epoch separated by putative cell types.  

(A) The difference in average correlation strength between guanfacine and non-drug narrow spiking neurons for 

stimulus variables; the same as figure 6.7A in the main text, but for stimulus variables. (B) The same as A but for 

broad spiking neurons. 
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