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CHAPTERI

CHT AND CHOLINERGIC MECHANISMS

Introduction

Acetylcholine (ACh) is a neurotransmitter utilized throughout the central and
peripheral nervous systems that supports diverse physiological functions. Despite
being one of the first neurotransmitters discovered in a classic set of experiments by
Otto Loewi (Loewi, 1921), ACh constitutes only a small portion of the neurons in the
central nervous system (CNS). ACh is more prevalent in the peripheral nervous
system (PNS), being substantial components of the parasympathetic (PSNS, and the
original source for Loewi’s experiments), sympathetic (SNS), and enteric (ENS)
nervous systems. Commensurate with the large variety of cholinergic neurons,
deficits in cholinergic function contribute to several known pathologies, including
Alzheimer’s Disease (Schliebs and Arendt, 2006), myasthenic disorders (Meriggioli
and Sanders, 2009), and various autonomic dysfunctions (Vernino, 2009).
Consequently, therapies targeted to cholinergic systems have been developed, but
are limited by off-target and intolerable side effects (Birks, 2006). To contribute to
the understanding of the functions of this neurotransmitter and its potential use as a
therapeutic target, | have endeavored to alter synaptic cholinergic signaling by
examining increasing and decreasing expression levels of the presynaptic choline
transporter (CHT). The impact of these changes on cholinergic signaling will be

analyzed and discussed.



The cholinergic synapse and the role of CHT

Cloning and characterization of CHT

CHT was initially thought to be cloned in Mayser et al. (Mayser, 1992), but
further research showed that the protein encoded was actually a creatine
transporter (Happe and Murrin, 1995). 8 years later, rat CHT was cloned followed
shortly by the cloning of the mouse and human CHT genes (Apparsundaram, 2000;
Okuda, 2000; Apparsundaram, 2001). Surprisingly, unlike the misidentified CHT
(which was part of the SLC6 family of well-known neurotransmitter transporters
such as the dopamine and serotonin transporters), the correct CHT was part of the
SLC5 family of glucose transporters (Okuda, 2000). Other choline transporters and
transport systems have been identified, although these other transporters are not
thought to contribute to ACh synthesis. The SLC44 family of “choline transporter-
like” proteins (CTL1 to CTL5) are present on neurons and elsewhere and are likely
involved in phosphotidylcholine synthesis and methyl-donor metabolism (Yuan,
2006). A well-characterized blood-brain choline transport system has been
characterized both for supplying free choline to the brain and as a potential CNS
drug delivery system (Allen and Lockman, 2003; Geldenhuys, 2010). However, the
protein mediator of blood-brain choline transport has not been identified with
organic cation transporter 2 (OCT, OCT2) being a candidate in addition to CTL
family proteins (Murakami, 2000; Tomi, 2007).

In addition to the underlying function, there are several distinguishing

characteristics of these transport systems. Before the cloning of CHT, it was



recognized that in brain tissue, and likely within individual neurons, that there are
two choline transport systems, commonly referred to as the “high affinity, low
capacity” and “low affinity, high capacity” systems (Michel, 2006). The choline
transport system that supports ACh synthesis is Na*-dependent, hemicholinium-3
(HC-3) sensitive, with a high affinity for choline (Km) and low capacity for transport
(Vmax). Conversely, the other choline transport system is Na*-independent, inhibited
by HC-3 only at very high concentrations with a lower affinity for choline and much
higher capacity for transport. CHT is the only choline transporter thus far found
that has the properties of the “high affinity, low capacity” system that supplies
choline for ACh synthesis (mouse brain synaptosomes: Kmn=0.62uM,
Vmax=2.1pmol/mg protein/min) (Ferguson, 2003). Both the CTL and OCT systems
more closely resemble the “low affinity, high capacity” choline transport system.
The clearest example from brain is rat CTL1 from cultured astrocytes (Km=35uM,
Vmax=49pmol/mg protein/min) (Inazu, 2005). Additionally, rat CTL1 has a wide
variance in reported choline affinity from 5uM in transfected COS-7 cells (Yuan,
2004) up to 130uM in an immortalized placental cell line (Lee, 2009). The K for rat
OCT2 also varies depending on its expression system, with values ranging from
183uM in choroid plexus to 442uM in oocytes (Sweet, 2001).

Although it was odd when CHT turned out to be an SLC5 family member
instead of an SLC6 family member, it is more structurally similar to the other known
neurotransmitter transporters than the other choline transport proteins (Abramson
and Wright, 2009). CHT has 13-transmembrane domains with a very short,

extracellular N-terminus and a long intracellular C-terminus (Ferguson, 2003),



whereas CTL1 has between 8 and 11 transmembrane domains (Yuan, 2004). The
higher number of transmembrane domains allows a prokaryotic homolog of CHT to
assume a tertiary structure similar to SLC6 family transporters with a pesudo-two-
fold symmetry composed of halves with 5 transmembrane helices each (Faham,
2008). OCT family members also have two-fold symmetry, but it is direct and each

half contains 6 transmembrane helices (Abramson, 2003; Schmitt, 2009).

Synaptic proteins in cholinergic signaling and metabolism

CHT is essential for the proper functioning of chemical synapses that use ACh
as a neurotransmitter by bringing choline into the presynaptic terminal for the
synthesis of ACh (Figure 1). In order to move choline up its concentration gradient,
transport is coupled to the sodium gradient across the plasma membrane
(Yamamura and Snyder, 1973; Iwamoto, 2006). Because CHT has the highest
affinity for choline of the detectable choline transport systems, its transport process
is specifically referred to as high-affinity choline uptake (HACU). Choline is then
used for the synthesis of ACh by choline acetyltransferase (ChAT). The acetate
group for ACh is derived from acetyl-coenzyme A (acetyl-CoA) supplied by the
mitochondria (Jope and Jenden, 1980). ACh is then imported into the synaptic
vesicle (SV) by the vesicular acetylcholine transporter (VAChT). A large
electrochemical gradient exists across the vesicular membrane where the lumen of
the vesicle is both more positive and more acidic than the cytoplasm. VAChT
exchanges 2 protons for each ACh molecule in order to use the

electrochemicalgradient to concentrate ACh within the vesicle (Nguyen, 1998). ACh,
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Figure 1. Metabolic cycle of ACh with molecular structures. Extracellular choline
(1, principally supplied by recycling or from the blood) is imported into the presynap-
tic terminal by CHT. An acetyl moiety is then added to choline by ChAT, producing
ACh (3). The acetyl moiety is delivered from acetyl-CoA (2) made in metabolic
processes of the mitochondria. ACh is then packaged into vesicles and released. ACh
in the synapse (either before or after acting on an AChR) is then rapidly degraded by
AChE to choline and free acetate (4). Choline produced by AChE is predominantly
recycled for further rounds of synthesis and release. The fate of free acetate is
currently unknown.
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like all other known neurotransmitters, is released by fusion of the ACh containing
vesicle with the plasma membrane (Sudhof, 2004). After release, ACh can then act
on pre- and post- synaptic ACh receptors (AChRs).

AChRs can be divided into two types based on their mechanism of signal
transduction. Nicotinic AChRs (nAChRs) are ligand-gated cation channels that are
activated by the sequential binding of two (or more, depending on the subunit
composition) ACh molecules. Muscarinic AChRs (mAChRs) are metabotropic
receptors that belong to the G-protein coupled receptor (GPCR) superfamily.
nAChRs are composed of five subunits arranged around a central non-selective
cation channel (Dani and Bertrand, 2007). There are five mAChRs (M1-5) that fall
into two subtypes. M1, M3, and M5 are coupled to the phospholipase-C signaling
pathway through G_q and ultimately activates protein kinase C (PKC). M2 and M4
are generally inhibitory and, via G0, reduce the synthesis of 3’5’-cyclic-adenosine
monophoshpate (cAMP) and reduce the activity of protein kinase A (PKA)
(Volpicelli and Levey, 2004).

After eliciting its action, the ACh signal is terminated by enzymatic
degradation by acetylcholinesterase (AChE) present in the synaptic cleft that is
either attached to a basement membrane (NM]) or attached to the extracellular face
of the presynaptic or postsynaptic membrane (central termianals) (Schatz and Veh,
1987; Rotundo, 2003). Due to the location and efficiency of AChE, a substantial
amount of the ACh released is also degraded before it reaches an AChR (Chang,
1985; Bazelyansky, 1986). AChE breaks down ACh into acetate and free choline.

Whereas the fate of the acetate molecule is currently unknown, choline derived



from AChE is mostly recycled by CHT for reuse as newly synthesized ACh (Collier
and Katz, 1974). The other major source of choline for ACh synthesis comes from
dietary choline transported across the blood brain barrier and present in the
extracellular space (Klein, 1998).

The transport of choline by CHT is the rate-limiting step in ACh synthesis,
particularly during periods of afferent nerve stimulation causing moderate to strong
Ach releasev (Haga, 1971; Barker and Mittag, 1975); therefore, elevation of HACU is
thought to increase ACh release. In the perfused cat superior cervical ganglion
(SCG) model, stimulation of the afferent nerve results in the continued release of
ACh. Addition of either eserine (an AChE inhibitor), or HC-3, results in a gradual
rundown in the amount of ACh released. These findings suggested that the loss of
available choline for ACh synthesis was a primary driver of reduced ACh release
(Birks and MacIntosh, 1961). Later studies with more kinetic detail would show
that the transport step was rate-limiting by its control of the intracellular

availability of choline (Simon and Kuhar, 1975).

Regulation of CHT

The best understood aspect of CHT regulation is trafficking to and from the
plasma membrane. Classical studies showed an increase in HACU and HC-3 binding
after neuronal stimulation (Simon and Kuhar, 1975; Lowenstein and Coyle, 1986;
Saltarelli, 1987). Despite the well-characterized role of CHT in HACU, only a small
proportion of CHT is present on the plasma membrane although the exact

percentage varies with brain region (Ferguson, 2003; Holmstrand, 2010) (Figure 2).



Part of the reason for this small proportion of surface of CHT is that CHT is rapidly
endocytosed (Ribeiro, 2003). In its C-terminal tail, CHT possesses an endocytic
motif, DKTILV, that is very similar to the classical dileucine motif (Ribeiro, 2005a).
Mutation of the LV residues to AA results in an endocytosis deficient mutant.

Several proteins are known to facilitate or restrict CHT endocytosis and
trafficking. The signaling molecule PKC has been well studied and yielded mildly
contradictory results. Short incubations in SH-SY5Y cells with a PKC activator
appear to result in increased HACU that reduced to baseline after 15 minutes.
Increased HACU was mainly caused by a reduction in CHT endocytosis (Black,
2010). However, another study using mouse brain synaptosomes showed no
changes in HACU after a 5 minute incubation with a PKC activator but reduced
HACU at time periods >15 minutes (Gates, 2004). The observed effects on HACU of
PKC activation were similar to effects of protein phosphotase 1/2A inhibtion (Gates,
2004). One potential cause of such discrepancies is the nature of vesicle pools in
different systems (Ivy, 2001). Amyloid Precursor Protein (APP), faciliates
endocytosis of CHT (Wang, 2007). Adaptor protein 3 (AP-3), a protein that assists
clathrin in the formation of trafficking vesicles, is critical in the trafficking of CHT to
the synapse as well as endosomal sorting within the synapse (Misawa, 2008).

Although the trafficking of CHT has been the focus of substantial research,
comparably little is known about the regulation of the endogenous activity of CHT.
Trafficking studies have revealed inconsistencies between the amount of change of

surface expression and the amount of change in HACU showing that the activity of
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Figure 2. CHT properties at the synapse. (A) Synpatic localization of CHT. CHT is
present on the presynaptic membrane to import choline for ACh synthesis (thin
arrows). Additionally, CHT is present on a subset of synaptic vesicles where synaptic
vesicles are defined as those small vesicles that contain VAChT (CHT containing
synaptic vesicles, dark gray; CHT lacking synaptic vesicles, light gray). Due to the
tightly regulated quality of CHT endocytosis, we hyopthesize that the functional
segregation of CHT containing and CHT lacking vesicles begins at the initial endocytic
step (thick arrows). (B) Schematic of CHT in the plasma membrane. CHT cotrans-
ports uses the Na* gradient to move choline into the presynaptic terminal with Na*.



variant (I89V) has been reported that reduces the activity of CHT by 50% (Okuda,
2002). CHT has a pH dependence where more a more acidic environment will block
transport (Iwamoto, 2006).

Several steps in the regulation of CHT expression have been identified. 3’-5’
cyclic adenosine monophosphate (cAMP) reduces the amount of CHT messenger
ribonucleic acid (mRNA) through the Epac/Rap pathway, not the more commonly
associated PKA pathway (Brock, 2007). Nerver growth factor (NGF) and bone
morphogenetic protein 4 (BMP-4) both upregulate CHT expresssion, consistent with
the role of these growth factors in the trophic support of cholinergic neurons
(Mobley, 1985; Berse, 2005). Later work focusing on the NGF pathway revealed
activity through Akt/PKB (Madziar, 2008). In the symapthetic ganglion, a signaling
molecule derived from the postsynaptic neuron is required for CHT expression
(Rassadi, 2005). Production of the retrograde signaling molecule is dependent
upon active, postsynaptic a3 nAChRs, although the identity of the signaling molecule
is not yet known (Krishnaswamy and Cooper, 2009). Surprisingly, all the other
molecules that are necessary for cholinergic signaling, such as VAChT and ChAT, are
present without the retrograde signal.

In addition to growth factors, other physiological circumstances are known
to affect CHT expression. Genetically altered mice with reduced cholinergic tone
(such as reduced levels of ChAT), cause an increase in CHT expression (Brandon,
2004). A similar increase in CHT levels is observed in rats that are deprived of

choline in utero (Mellott, 2007). In the striatum, where the function of cholinergic
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and dopaminergic systems are substantially integrated, increased levels of

dopaminergic signaling result in a reduction of CHT expression (Parikh, 2006).

Functionally defined SV pools

After the molecular cloning of CHT (Apparsundaram, 2000; Okuda, 2000;
Apparsundaram, 2001), early work on the transporter showed that an intracellular
store of CHT is mobilized after stimulation of cholinergic terminals (Ferguson,
2003). This has led to an ongoing hypothesis that CHT associates exclusively with
one of the SV pools that have been defined by their likelihood of release after single
or sustained neuronal signaling (Ferguson and Blakely, 2004). Other methods of
categorizing vesicle pools have been established based on specific molecular steps
that are required of all vesicles to fuse with the plasma membrane, but these likely
do not reflect the sustained probability of release and thus will not be discussed
here.

Recent mammalian definitions of SV pools have depended almost entirely on
functional characterizations initiated by the use of fluorescent styryl dyes (Betz and
Bewick, 1992; Betz, 1996; Rizzoli and Betz, 2005) (Figure 3). Functional definitions
have received some contribution from morphological (Garcia, 1998; Van der Kloot,
2003) and anatomical (Schikorski and Stevens, 2001; Rizzoli and Betz, 2004)
considerations. The studies leading to these definitions have identified 3 distinct
pools of vesicles at the presynaptic terminal: a readily releasable pool (RRP), a

recycling pool, and a reserve pool (Figure 4). The RRP is best defined as the vesicles
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Figure 3. Fluorescent reporters of vesicular fusion. Styryl dyes and the ecliptic GFP
fusion protein synaptopHIlourin (SpH) can be used to monitor different stages of vesicu-
lar release. Styryl dyes need to be loaded into vesicles, fluoresce in the membrane and are
lost to the medium after veiscular release. Therefore, styryl dyes can only report vesicu-
lar fusion once. SpH is always present and only fluoresces on the plasma membrane. SpH
can therefore report on repeated cycles of endocytosis and exocytosis.
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Figure 4. Synaptic vesicle cycling. Synaptic vesicles belong to one of three func-
tional pools, through which they can move (thin arrows) before fusing with the
synaptic membrane; reserve (solid light gray), recycling (light gradient), and readily
releasable (dark gradient). Upon arrival of an action potential, only vesicles from the
RRP are released. After several action potentials, vesicles from the recycling pool can
migrate to the readily releaseable pool and fuse with the synaptic membrane. Only
during periods of intense stimulation, reserve pool vesicles can sustain vesicular
release of neurotransmitter. In all systems so far studied, the size of the reserve pool
is greater than the recycling pool which is in turn, greater than the RRP. While the
pools can be filled by exchange between themselves, they are predominantly filled by
sorting upon endocytosis (thick arrows). The fastest and most rapid from is when
the identity of the vesicle is never compromised becuase it never undergoes full
fusion. In additon to direct filling by vesicles budded from the plasma membrane,
vesicles can go through intermediate endosome steps to facilitate sorting. Neither of
these endocytic pathways are exclusive, but direct endocytosis tends toward the recy-
cling pool, and endomsomal pathways tend towards the resreve pool.
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that release their contents upon arrival of an action potential at the presynaptic
terminal (Richards, 2000; Richards, 2003). Rapid fusion of these vesicles requires
that they be docked with the plasma membrane and potentially have changes that
prime them for release (Nagy, 2004). The recycling pool contains those vesicles that
can fuse with the membrane under mild, physiologically relevant stimulation
conditions and possess little if any specific localization within the presynaptic
terminal (Fernandez-Alfonso and Ryan, 2004). Reserve pool SV cannot be released
except under extreme stimulation protocols that may not occur in a physiological
context. Although functional definitions have been useful, they remain inexact in a
variety of preparations where pools cannot be easily separated (Trommershauser,
2003). For example, at the frog neuromuscular junction (NM]), the RRP cannot be
distinguished from the recycling pool (Greengard, 1993) and will sometimes be
collectively referred to collectively as the releasable pool.

Two divergent lines of evidence have emerged suggesting that CHT
associates with a functionally-defined subset of SVs. An older line of evidence used
HC-3 and other pharmacological means of observing CHT function to track when
and how HACU is present after synaptic stimulation in intact as well as in vitro
systems and argues for a reserve pool like localization of CHT. The best example
comes from Simon et al. where reduced HACU in the hippocampus was induced
pharmacologically and, the loss of HACU could be reversed, but only by strong
septo-hippocampal stimulation for a sufficiently long (>4min) period of time
(Simon, 1976). Other lines of evidence showed that stimulation under unaltered

conditions also increased HACU, although less attention was given to the time and
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stimulation intensity dependence of the increase in HACU (Rommelspacher, 1974;
O'Regan and Collier, 1981). A newer line of evidence using biochemical techniques,
possible after the development of CHT antibodies, suggests a RRP localization of
CHT. However, this evidence is exclusively in cell culture models (therefore, not
synapses) and only compromised a small portion of the available CHT (Ribeiro,

2007).

Cholinergic systems and pathways

Central Cholinergic Nuclei and Projections

In the brain, cholinergic terminals are present in nearly every brain region
even though the number of cholinergic nuclei and cells is small (Woolf, 1991).
There are two clusters of cholinergic projection nuclei that are responsible for the
majority of known functions of central ACh in addition to a major population of
cholinergic interneurons. In the ventromedial portion of the forebrain are the
nucleus basalis of Meynert (NBM), medial septum (MS), olfactory tubercle, vertical
and horizontal limbs of the diagonal band of Broca (vDB and hDB respectively or DB
when not distinguished). Neurons in all these nuclei project to the cortex and
hippocampus to influence aspects of cognition such as attention and memory. These
nuclei are often referred to together as the cholinergic basal forebrain (CBF) and
have received much attention due to evidence of degeneration in Alzhemier’s
Disease (Whitehouse, 1982; Coyle, 1983). The second cluster of cholinergic nuclei is

located in the midbrain, mostly composed of the lateral dorsal tegmentum (LDTg)
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and the pedunculopontine tegmentum (PPTg). These nuclei send both ascending
and descending projections and are thought to be involved in sleep and arousal,
reward and addiction, respiratory rhytmogenesis, and other autonomic functions.
In the caudate nucleus a population of large, aspiny cholinergic interneurons is
present that functions to balance dopaminergic inputs and regulate motor
behaviors, reward, and procedural memory.

In addition to the better known and characterized cholinergic nuclei, there
are a number of small cholinergic clusters that have restricted or poorly
characterized properties, including the following: medial habenula, deep cerebellar
nuclei, and hindbrain non-motor neurons. Despite the large array of tools available
to characterize cholinergic neurons, a small group of interneurons in the cortex has
been described but remains controversial since ChAT is the only cholinergic protein
that has been identified in these neurons (Bhagwandin, 2006; von Engelhardt,

2007).

Peripheral Cholinergic Systems

Peripheral ACh is present in both the SNS and PSNS branches of the
autonomic nervous system (ANS) as well as the ENS. Postganglionic neurons of the
PSNS are entirely cholinergic whereas only the neurons of a small subset of
postganglionic neurons are cholinergic in the SNS (Anderson, 2006). Both branches
use ACh in their preganglionic neurons. Preganglionic SNS neuron somata are
located mainly in the spinal cord along the interomedial lateral column (IML) with

ganglion typically located nearer to the spinal cord than the target organ. PSNS
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somata are located in the caudal end of the spinal cord or the brain with ganglion
located in or near the target organ.

Although ACh is predominantly understood as a neurotransmitter, it has
many other functions throughout the body. This will only be a brief and partial
catalogue of those functions. The lung epithelium, like several other tissues, uses
ACh as a growth factor with signaling mediatd by a7 nAChR (Maouche, 2009).
Dysregulation of this cholinergic system appears to be an important step in small
cell lung cancer (Song, 2003). Several immune cells contain nicotinic receptors and
can synthesize ACh during periods of activation (Kawashima, 2007), likely as part of
a negative feedback loop (Wessler, 1999). The ENS contains both neuronal and non-
neuronal ACh transmission with all components of cholinergic signaling present
(Harrington; Mandl, 2003; Harrington, 2007). Several other systems use ACh, a
molecule that is part of intercellular communication from prokaryotes to humans,
with several of these facets reviewed elsewhere (Wessler, 1999). Because of this
diversity, it is important to keep in mind that cholinergic interventions and

cholinergic genetic variation will likely have effects outside the nervous system.

CHT in cholinergic systems

With the exception of the controversial cortical, cholinergic interneurons,
CHT has been observed in all other cholinergic neurons (Ferguson, 2003), including
all major cholinergic nuclei (Figure 5). CHT has also been detected in both neuronal
and non-neuronal peripheral systems. In the mouse heart, CHT has a much greater

localization to the cardiac ganglion compared to AChE, but may also present in the
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Figure 5. Cholinergic pathways containing CHT. Representative sagittal images
from the Allen Brain Atlas showing cells expressing CHT. The projections are given in
the diagram (adapted from Woolf, 1991). (1) Striatal interneurons. (2) Pedunculo-
pontine Tegmentum (3) Cranial motor nucleus - V (4) Cranial motor nucleus - VII (5)
Medial septum (6) Medial habenula (7) Lateral dorsal tegmentum (8) Cranial motor
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arterial wall (Lips, 2003; Hoover, 2004). Other organs, such as the skin and lungs,
also contain neuronal and non-neuronal cells expressing CHT (Pfeil, 2003). In these
organs, CHT supports ANS communication with the target tissues and local
functions such as the differentiation of keratinocytes mediated by the release of ACh
from hair follicle root sheath cells (Haberberger, 2002) or the control of epithelial
cell proliferation in the lung (Horiguchi, 2009). Neuronal CHT is also important in
the gut where it is part of both the input from the PSNS and the intrinsic neurons of
the ENS (Harrington, 2010). CHT has been found in enteric neurons in all layers of
the ENS including neuromuscular synapses onto smooth muscle although CHT is not
always found in the same neurons with ChAT or VAChT in the myenteric plexus

(Harrington, 2007).

ACh at the Neuromuscular Junction

The most well-studied mammalian cholinergic synapse is the NM]J, where
release of ACh from the motor neuron causes a depolarization of the muscle fiber
followed by forceful contraction of the muscle. The NM] is referred to as a tripartite
synapse due to the role of a surrounding glia cell in NM]J function. Motor neurons
are located in the ventral horn of the spinal cord and project through the ventral
root to the target muscle. Motor neurons typically have recurrent collaterals that
synapse on themselves as well as other spinal cord neurons.

NMJs have several specializations that are not found in other mammalian
synapses. They are substantially larger both in contact area and synaptic cleft

distance than central synapses (Wilson and Deschenes, 2005). The size of the
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synaptic cleft allows for a basement membrane of extracellular matrix to exist
between the terminal and the muscle. The basement membrane inserts itself into
another unique feature of the NM], postsynaptic folds. The folding of the target
membrane is thought to provide enhanced surface area to maintain a greater
number of receptors for ACh binding that can amplify the signal generated by ACh
molecules and increase the control of transmission by AChE (Anglister, 1994).

As the NM] is often used as a model synapse to study synaptogenesis, there
have been several studies that investigated the role of ACh in this process. ACh has
a strong influence on the localization of nAChR clusters present on the myotube
(Lin, 2005). Lack of ACh (caused by deletion of the synthetic enzyme ChAT), causes
formation of synapses across the entire width of the diaphragm suggesting that
neuronally released ACh leads to proper removal of nAChR clusters (Brandon,
2003). During gestation, complete loss of CHT produces less severe phenotypes
than the loss of ChAT because CHT-/- mice have ACh whereas the ChAT mice do not
have ACh (Brandon, 2003; Ferguson, 2004). In particular, the CHT-/- have only a
slighly wider NM] band in the diaphragm (Ferguson, 2004).

Several previous studies have shown how adjusting CHT levels can alter the
strength of communication at cholinergic synapses. Direct reduction of CHT levels
in either homozygous (Ferguson, 2004) or heterozygous (Bazalakova, 2006)
knockout mice impairs cholinergic signaling, resulting in neonatal lethality or
physical challenge-induced motor deficits respectively. Consistent with physical
challenge eliciting deficits, the CHT+/- mice have reduced heart-reate recovery after

a forced treadmil execise (English, 2010). CHT is also modulated in response to
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reductions in other parts of the cholinergic system. Reduction in the levels of
choline acetyltransferase (ChAT) causes an increase in the amount and activity of
CHT (Brandon, 2004). Even hypocholinergic models where synaptic choline is
elevated, such as acetylcholinesterase (AChE) transgenic mice, have increased CHT
levels as an apparent compensatory mechanism for the loss of cholinergic signaling
(Beeri, 1997). AChE knockout mice, also increase CHT due to the dysregulation of
cholinergic signaling (Volpicelli-Daley, 2003). Furthermore, challenging behavioral
tasks, such as sustained attention, can increase the surface expression and capacity
of CHT (Apparsundaram, 2005b). Because CHT appears to have a strong ability to
control the strength of cholinergic synapses, I have chosen to test how CHT

accomplishes the regulation of cholinergic signaling.

Hypothesis and experimental overview

Given the role of ACh in numerous systems and pathologies, ACh has been
the target of several therapeutic strategies. Although the AChRs, ChAT, VAChT, and
AChE have been known and well-studied for decades, there is comparatively little
research on the role of CHT in cholinergic function and disease. To enhance our
understanding of the function of CHT, I have studied the effects of increased and
decreased expression of CHT on different aspects of cholinergic signaling. These
mouse models should inform us as to the possible roles of CHT in both pathology
(underexpression) and therapeutics (overexpression) in cholinergic systems.

In addition to HACU, CHT has been postulated to reside on the reserve pool

of synaptic vesicles. However, its contribution to SV pools in mammalian synapses
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has not been well studied or defined. There are two possible hypotheses if CHT
considered in this thesis. First, CHT may be cargo on otherwise defined reserve pool
vesicles. In this case, deletion or overexpression of CHT should have a minimal
effect on ACh release other than changes in ACh concentration. Second, CHT may
participate in the formation of reserve pool vesicles. Under this hypothesis, even in
conditions where ACh concentrations are equivalent, ACh release can be altered due
to altered quantal content or a loss of a pool of releasable vesicles, which may vary
depending on the stimulation conditions. These two possibilities are discussed and
explored in the following chapters.

In Chapter II, the previously characterized CHT heterozygous knockout
(CHT+/-) model is used to examine the effects of underexpression on ACh release
and develop future hypotheses for the overexpression models. ACh release is
measured by [3H]-ACh outflow under suprafusion conditions. Ca?*-mediated ACh
release is not different between wild-type (CHT+/+) and CHT+/- mice so other
methods that could explore the stronger reserve pool definition hypothesis were
tested. First, Ca?* was substituted for Sr2+ or Ba?2+*, cations that alter the release
properties of vesicles. One of these alterations is to increase the proportion of
release of slower, reserve pool SV. Although Ba?* did not generate enough release to
observe an effect, Sr?*-mediated release suggests a possible reduction of reserve
pool release in the CHT+/- mice. Second, the pool of ACh labeled with tritium was
altered to increase labeling of reserve pool ACh. This result showed a clear deficit in
ACh release in the CHT+/- mice, suggesting a functional role in producing reserve

pool vesicles.
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Previous work on presynaptic neuromuscular plasticity has focused on
signaling pathways that can alter the release properties of vesicles (Coleman and
Bykhovskaia, 2009) or the amount of ACh per vesicle (Yu and Van der Kloot, 1991).
In chapter III, I examine whether a direct manipulation of ACh cycling pathways can
augment cholinergic signaling at the NM]. We generated a mouse that specifically
overexpresses CHT in motoneurons by producing a transgenic mouse where CHT is
under control of the motor neuron specific Hb9 promoter (Hb9:CHT). To test for
cholinergic function at the behavioral level, mice were forced to exercise until
exhaustion. Hb9:CHT mice performed significantly better than littermate controls.
Analysis of the compound muscle action potential (CMAP) revealed that elevated
CHT might cause two distinct effects at the neuromuscular junction. Two
populations of basal CMAP were observed where there was only one population in
the CHT+/+ mice. The higher of the two populations in the Hb9:CHT mice also
recovered faster from a high frequency stimulation. At both the behavioral and
physiological level, elevated CHT is able to sustain neuromuscular function during
and after periods of high demand.

Chapter IV extends the overexpression model to the CNS and higher order
behaviors. The model contains a transgene composed of a large region of mouse
genomic DNA around the SLC5A7 locus derived from a commercially available
bacterial artificial chromosome (BAC); the BAC-CHT mouse. Despite strongly
elevated protein levels, no increase in uptake was observed at either baseline or
under stimulation. However, behavioral phenotypes were observed in spontaneous

alternation (Y-maze), anxiety (elevated plus maze, EPM), and possibly social
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memory (Crawley 3-chamber task). The lack of correlation between changes in
uptake and behavior is consistent with the hypothesis that CHT has a function
beyond choline transport.

Chapter V links the results from these 3 models together to produce a general
model of the role of CHT in supporting cholinergic function. Connections are drawn
between each of the models and related disease states and the utility of CHT as a
therapeutic target. Specifically, the role of elevated expression is discussed with
respect to both choline transport and reserve pool biogenesis. Reduced expression
is discussed with regards to previous work on choline transport and the current
work on reserve pool release. Furthermore, I hyopthesize that these functions are
likely not independent and the modes of interaction are discussed in the context of

future experiments.
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CHAPTERII

EFFECT OF REDUCED CHT ON THE RELEASE OF [3H]-ACH

Introduction

Previous studies with the CHT+/- mice

Previous work on CHT+/- and CHT-/- mice, as well as classic biochemistry,
initiated the hypothesis that CHT may do more than supply choline for ACh
synthesis; it also contributes to a vesicle’s functional identity (Ferguson, 2003;
Ferguson and Blakely, 2004). Specifically, CHT may be a necessary component of
reserve pool SV formation. The two functions of CHT are expected to have opposite
effects on basal activity: lower CHT levels should impair cholinergic activity through
reduced ACh synthesis and potentially augment basal cholinergic acitivy through
increased RRP vesicle availability. It is, therefore, difficult to predict the
directionality of the effects of altered CHT on many behaviors. Previous work using
the CHT+/- mice demonstrated one possible category of phenotypes where basal
cholinergic function is identical, but challenges to cholinergic signaling reveal a
deficit (Bazalakova, 2006), presumably due to reduced reserve pool capacity. This
work has provided a hypothesis that links the two functions of CHT to possible
phenotypes: CHT maintains ACh synthesis, release, and signaling predominantly at
times of high ACh demand. Experiments in this chapter will address this hypothesis

by examining ACh release from CHT+/- brain slices.
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Established role of CHT in supporting ACh release

Although work predating the cloning of CHT examined the relationship
between CHT function and ACh release (Haga, 1971), the lack of more recent tools
(such as CHT targted antibodies allowing for the use of biochemical techniques) has
hampered the ability to distinguish between the roles of CHT as a transport protein
and a vesicle pool formation molecule. Early work on CHT showed that transport
could be elevated by activity, but later work showed that CHT was delivered from
intracellular pools and that strong, constitutive endocytosis is responsible for this
intracellular location (Ribeiro, 2003; Ribeiro, 2005b). Birks and MacIntosh (Birks
and MacIntosh, 1961) produced the most comprehensive study of synaptic ACh
metabolism and the role of HACU in sustaining ACh signaling during periods of
quiescence and intense stimulation, using the perfused cat SCG as a model. Without
choline from hydrolyzed ACh or from external sources, ACh release rapidly decayed
to very low levels, with only “released choline from other sources” available for
continuing ACh synthesis. Continuous release was completely abolished when
HACU was directly inhibited by the use of HC-3. The loss of ACh release when
choline transport was inhibited was only observed when release was ongoing, as the
initial rate of release was the same with or without HC-3. The most interesting
finding in this study was an elevation in total ganglionic ACh after prolonged
stimulation. Because prolonged stimulation would be expected to decrease ACh
levels, it was argued that HACU was elevated during stimulation supporting the
observed increase in ganglionic ACh. Birks and Maclntosh further noticed that

based on the concentration of choline in plasma (one of the perfusion fluids used),
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choline uptake must have an affinity lower than 7uM, and that systemic, biological
sources of choline were relevant to ACh synthesis.

Since the cloning of CHT and the development of antibodies against it, it has
been possible to show where the increase in HACU comes from and how this
increase is regulated. Biochemical studies have shown that CHT moves to the
surface in response to stimulation providing the source for the increased uptake
(Ferguson, 2003). Studies in adaptor protein-3 (AP-3) deficient mice, where one
mode of synaptic endocytosis is impaired, showed that CHT trafficking is regulated
by mechanisms linked to vesicle budding (Misawa, 2008). Importantly, AP-3 is
thought to be involved in making reserve pool vesicles (Scheuber, 2006; Danglot

and Galli, 2007).

Link between divalent cations and neurotransmitter release

As mentioned above, functional vesicle pools were only discovered 20 years
ago (Betz and Bewick, 1992), but several older bodies of work (Dowdall and
Zimmermann, 1974), particularly on the role of divalent cations in making synaptic
vesicle available for release, supported this idea (Zengel and Magleby, 1977). The
fusion of synaptic vesicles with the plasma membrane is a Ca?* regulated event,
thought to be mediated by the protein synaptotagmin (Sugita, 2002). Ca?* is also a
major signaling molecule for several other steps in synaptic vesicle formation and
function (Cousin, 2000; Sugita, 2002). Significantly, the mobilization of reserve pool

vesicles and the steps that make a vesicle fusion competent are also known to be
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Ca2+

Figure 6. Possible mechanisms of divalent cation effects on release. Top: Ca2+
enters the synapse through voltage gated Ca2+ channels. Because of the transient
opening of the channel and effecient Ca2+ buffering and clearing capacities of the
synapse, effective concentrations of Ca2+ are typically only present around RRP
vesicles and do not promote the release or trafficking of reserve pool vesicles.
Bottom: Ca2+ sensitive synaptic proteins have different affinities for other divalent
cations altering the net output of the synapse. Sr2+ and Ba2+ are less efficiently buff-
ered and cleared resulting in higher conenctrations in a greater volume of the
synapse. This activates signaling pathways on reserve pool vesicles to either induce
fusion and release or traffick these vesicles to the RRP.
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regulated by Ca?* (Kuromi and Kidokoro, 2002). Several experiments have utilized
other divalent cations to test how well they substitute for Ca?*. Due to the different
permeability of other divalent cations (Ba?* and Sr?*) (Nachshen and Blaustein,
1982), their differential effects on Ca?*-dependant signaling molecules (Robinson
and Dunkley, 1983), and their different clearance rates (Tillotson and Gorman,
1983), Ba?* and Sr?* behave very differently than Ca?* in regulating synaptic vesicle
function (Figure 6). It has been suggested that these different properties bias the
release of synaptic vesicles from the reserve pool when Ba?* and Sr?+* are used in the
place of Ca?* (Neves, 2001), although promotion of asynchronous release has also
been postulated as an effect of these other cations (McLachlan, 1977).

The creation of mice with altered expression of CHT has enabled the use of
older neurochemical tools to directly study the role of CHT in synaptic vesicle
function (Ferguson, 2004; Bazalakova, 2006). This section will detail a series of
physiological experiments that address the effects of reduced CHT on ACh release
and the proposed cellular cause of the phenotypes observed in the overexpressing

mice.

Materials and Methods

Suprafusion of brain slices and measurement of [3H]-ACh release
CHT+/- mice have been described previously (Ferguson, 2004), and were
housed under the same conditions as the Hb9:CHT and BAC-CHT mice. Animals

were sacrificed by rapid decapitation and brains immediately dissected out and
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placed on ice. The striatum and cortex were dissected by hand. For striatum,
careful attention was paid to not take basal forebrain (MS-DB) or olfactory tubercle
as part of the dissection. This introduces a small bias in the tissue taken to have a
greater amount of caudatoputamen (dorsal striatum) as opposed to nucleus
accumbens (ventral striatum). Cortex, as dissected, contains the dorsal and lateral
(not ventral) aspects of cortex present forward of bregma. Tissue was manually
sliced with stainless steel razor blades at 4°C and placed into release-Krebs-Ringer-
Bicarbonate (r-KRB) buffer (concentrations, in mM: NaCl 118, KCI 4.8, NaH,PO4 1.2,
CaClz 2.2, MgClz 1.2, Glucose 10, NaHCO3 25, Na;EDTA) bubbled for 1 hour with
02/CO2 (95%/5%). Tissue was then passed through a P1000 pipette tip 3 times.
[3H]-choline was added sufficient to make the final concentration 100nM and
incubated at 37° for 30 minutes in a water bath with periodic shaking. The entire
sample was then split into 2 (stimulated load) or 3 (divalent cation) chambers of a
Brandel Suprafusion apparatus. Reagent bath and air environment were
maintained at 37°C. Chambers were closed at both the input and output with
Whatman GF/B glass fiber filters. Samples were washed for 1 hour at 0.4mL/min
with buffer in the experimental divalent cation prior to the initiation of the
experiment. All buffers during the wash and experiment contained 100uM eserine
sulfate. Fractions during experiments were taken every 5 minutes and collected in
8mL polyethylene scintillation vials. All stimulations were done using 25mM KClI
(stim-KRB) by substitution of NaCl to maintain osmolarity. At the completion of the
experiment, filters and sample remaining in the chamber were collected to

determine radioactivity remaining in the sample and dissolved with 20% SDS for 15
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minutes at ambient temperature. 5mL of EcoScint XR was added to all samples
including the final and incubated shaking overnight at ambient temperature.
Samples were then counted on a liquid scintillation counter. To normalize the
results, all data are presented as the fraction of [3H] released that was present at the
beginning of the fraction.

SrClz and BaCl; substituted for CaCl> beginning with the wash. For tissue
stimulated prior to [3H]-choline loading (“stimulated load” experiments), sliced
tissue was collected in KRB, it was centrifuged at 3000rpm for 3 minutes at 4°C.
Tissue was then resuspended in stim-KRB and incubated at 37°C for 20 minutes in a
water bath with periodic shaking. Tissue was then recentrifuged and resuspended

in 250uL of KRB prior to the addition of [3H]-choline and initiation of experiment.

Statistical analysis of ACh release experiments

Statistics were calculated using SPSS Statistics 19 (IBM, Somers, NY). Initial
analysis was conducted using a general linear model with time and cation as fixed-
effects. Time and cation were both significant (P<0.01) while genotype was not
significant (P>0.05). Due to insuffcient degrees of freedom for genotype, a 2-way
ANOVA was used for analysis to allow post hoc tests to be conducted. Of all possible
comparisons, the only 2 analyzed were 1) cation x time and 2) cation x genotype.
The latter was performed at 3 separate timepoints using the ACh pooled from 3
fractions to generate the data and compared using all 3 cations. Therefore,
“baseline” is the ACh from 0 to 15 minutes, “peak” is the ACh from 30 to 45 minutes,

and “tail” is the ACh from 60 to 75 minutes. Although presented as comparisons
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between Ca?* and a single divalent cation, all analyses were performed using all 3
cations to match the performed experimental design. For the stimulated load
experiment, only a 2-way ANOVA was necessary. Individual post hoc comparisons
were performed using the Bonferroni post-test and group post hoc comparisons

were performed using the Tukey’s honestly significant difference (HSD) test.

Results

Sr?* and Ba?* have different ACh release properties compared to Ca?* in frontal cortex
ACh release was measured by loading slices of each brain region with [3H]-
choline, which the tissue then converts to [3H]-ACh. Previous work has
demonstrated that nearly all further [3H] (>90%) obtained from the sample is from
released [3H]-ACh (Zhang, 2002). In tissue slices from frontal cortex, Sr?+ and Ba?*
are capable of supporting ACh release evoked by high K* (Figures 7-8). However,
the peak ACh release was significantly lower for both cations (2-way ANOVA,
P(cation)=0.0103, P(time)<0.0001, P(interaction)<0.0001) and the peak ACh release
occurred faster (first fraction after stimulation versus second) than release with
Ca?* (Figures 7A and 8A). Basal release, as well as the release continuing after the
termination of stimulation, were also compared between cations. There was a
minimal effect of Sr?* on release during periods prior to stimulation (2-way ANOVA
(cation x time), P(Ca?* x Sr2*)>0.05 5 minute to 35 minute fractions) although return
to baseline was possibly slower. Ba?* produced several other changes relative to

Ca?*. An ongoing release both before and after stimulation (2-way ANOVA (cation x
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Figure 7. Sr2+-mediated ACh release from cortical slices. (A) Timecourse in
CHT+/+ mice of [3H]-ACh release with stimulation by elevated KCl as indicated.
Release in the presence of Sr** was significantly lower and occurred sooner compared
to Ca?*. The apparent difference in release with Sr** after the cessation of stimulation
was not statistically significant. 2-way ANOVA (cation x time, n=3). {P<0.001
Bonferroni post-test. Comparison between genotypes of release during the 3 periods
of the experiment: baseline (B), peak (C), and tail (D). All comparisons between
genotypes were not significant (n.s., P>0.05, Bonferroni post-test). All comparisons
between cations were not significant (P>0.05, Tukey’s HSD post-test).
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Figure 8. BaZ+-mediated ACh release from cortical slices. (A) Timecourse in
CHT+/+ mice of [3H]-ACh release with stimulation by elevated KCI as indicated.
Release in the presence of Ba?* was significantly lower and occurred sooner compared
to Ca?*. There was also a noticeable release of [3H]-ACh during periods without
stimulation. 2-way ANOVA (cation x time, n=3). *P<0.05, **P<0.01, 1P<0.001
Bonferroni post-test. Comparison between genotypes of release during the 3 periods
of the experiment: baseline (B), peak (C), and tail (D). Ba?*-mediated release was
significantly different during all 3 phases of the experiment (*P<0.05, **P<0.01,
Tukey’s HSD post-test). All comparisons between genotype were not significant
(P>0.05, Bonferroni post-test).
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time), P(Ca%* x Ba?*)<0.05 for baseline fractions and P(Ca?* x Ba?+)<0.01 for tail
fractions) was induced by the presence of Ba?*. Furthermore, the decay after
stimulation was also much slower for Ba?* than Sr?*. ACh release was declining
during the moment that stimulation was ended, so a direct, kinetic analysis of decay
would be inappropriate. However, comparing release in later fractions to the peak
release shows that release in Ba?* did not significantly differ from peak until the
final fraction whereas both Sr?* and Ca?* had decayed from peak prior to the end of
stimulation (2-way ANOVA (cation x time), Ba?*: P(peak fraction X time)>0.05 for all
fractions except 75 minutes, Sr?*: P(peak fraction x time)<0.001 beginning 2
fractions after peak, Ca?*: P(peak fraction x time)<0.001 beginning 1 fraction after
peak).

In order to compare between genotypes and ions, each phase of the
experiment (baseline, peak, and continuing post-stimulation release) was pooled
and compared individually. No significant genotype effect was observed at any time
period regardless of cation. The pooled analysis showed some evidence of a
difference in the effect of genotype for Sr?* during the continuous release suggesting
a reduced ability of Sr?* to prolong release relative to Ca?* (2-way ANOVA (cation x
genotype), tail, P(CHT+/+ vs. CHT+/- in Sr2+)>0.05 during tail) (Figure 7D. The
pooled analysis also confirmed the effects of Ba2* although the effect of Sr?* on peak
release was obscured by pooling (2-way ANOVA (cation x genotype), P(Ca?* vs

Sr2+)>0.05 at peak) (Figure 7C).
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Ba?* mediated ACh release is different in striatum from frontal cortex while Sr?*
mediated release is similar

Although both Sr2* and Ba?* could both support ACh release in cortex, only
Sr?+ could support stimulated release in striatum (Figure 9A). Like cortex, Sr?+-
mediated release in striatum was impaired compared to Ca?* while also having no
elevated baseline and possibly slower return to baseline (2-way ANOVA (cation x
time), P(Ca?* x Sr?*)<0.05 for 40 minute fraction, P(Ca?* x Sr?*)>0.05 for all other
fractions) . Ba?*, however, was unable to support K* stimulated release in striatum
like it was able to do in cortex (2-way ANOVA (cation x time), Ba?*: P(5 minute
fraction vs. time)>0.05 for all fractions) (Figure 10A). Although individual fraction
variability with Ba?* in the striatum obscured a possible difference, spontaneous
release was still detected with the pooled analysis (2-way ANOVA (cation x
genotype, P(Ca?* x Ba?*)<0.01 at peak, P(Ca?* x Ba?*)<0.001 at baseline and tail)
(Figure 10B-D). The possible elevation of tail release mediated by Sr?* seen in
cortex was detected in striatum (2-way ANOVA (cation x genotype), P(Ca?* x
Sr2+)<0.05 during tail) (Figure 9D). However, where there was a suggested Sr?+-
mediated genotype effect in cortex (Figure 1D), no such interaction is evident in
striatum (2-way ANOVA (cation x genotype), tail, P(CHT+/+ vs. CHT+/- in Sr?*)>0.05
during tail) (Figure 9D).

Both Ba?* and Sr?* have clear effects on the release of ACh. Ba?*, when
substituting for Ca?*, causes an increase in basal ACh release and significantly
impairs stimulated release of ACh. Sr?* produces no effect on basal release but

significantly prolongs the duration of K*-stimulated ACh release. Slight differences
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Figure 9. Sr2+-mediated ACh release from striatal slices. (A) Timecourse in
CHT+/+ mice of [3H]-ACh release with stimulation by elevated KCI as indicated.
Release in the presence of Sr** was significantly lower and occurred sooner compared
to Ca?*. The apparent elevation of release after the cessation of stimulation was not
statistically significant. 2-way ANOVA (cation x time, n=3). *, P<0.05 Bonferroni
post-test. Comparison between genotypes of release during the 3 periods of the
experiment: baseline (B), peak (C), and tail (D). All comparisons between genotypes
were not significant (P>0.05, Bonferroni post-test). All comparisons between cations
were not significant (P>0.05, Tukey’s HSD post-test).
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Figure 10. Ba2+-mediated ACh release from striatal slices. (A) Timecourse in
CHT+/+ mice of [3H]-ACh release with stimulation by elevated KCl as indicated.
Release in the presence of Ba?* was significantly lower and likely non-existent. The
apparent elevation of release during baseline was not statistically significant. 2-way
ANOVA (cation x time, n=3). **P<0.01, 1P<0.001 Bonferroni post-test. Comparison
between genotypes of release during the 3 periods of the experiment: baseline (B),
peak (C), and tail (D). Ba2+-mediated release was significantly different during all 3
phases of the experiment (*P<0.05, **P<0.01, Tukey’s HSD post-test). All
comparisons between genotype were not significant (P>0.05, Bonferroni post-test).
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in the degree of the cation effect between genotypes were also observed. Although
no statistically significant genotype effects were observed, there was one trend
where Sr?*-mediated [3H]-ACh release in cortex showed a possible reserve pool

impairment in CHT+/- mice (Figure 7D).

Stimulation of vesicle turnover prior to [3H]-choline loading reveals an ACh release
deficit in CHT+/- mice

Previous work, particularly in non-mammalian systems, has shown that
vesicle loading of newly synthesized ACh is not uniform (Gracz, 1988). I therefore
utilized a new paradigm predicted to change which vesicles are loaded with [3H]-
ACh and to potentially show genotype differences between early and late release.
To change which vesicles were loaded, tissue slices were incubated in the high-K*
stimulation buffer prior to loading to induce vesicle release and increase
endocytosis. Furthermore, slices were stimulated twice for ACh release to try to
separate early release from late release.

ACh release was strong in both genotypes during both periods of stimulation.
Unlike the comparisons between divalent cations and the ability to support ACh
release, when loading occurred immediately after a period of stimulation, there was
a significant ACh release deficit in the CHT+/- mice (2-way ANOVA (genotype x
time), P(time)<0.0001, P(genotype)=0.0115, and P(interaction)=0.0359). This
deficit was only present during stimulation demonstrating that the difference was in
vesicular ACh release instead of an unregulated release or leakage (Figure 11A).

Furthermore, [3H] content of the slices at the beginning and end of the experiment
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was not different (Figure 11B) and all data were normalized to the [3H] present in
the sample at the beginning of the fraction so the result is unlikely to be caused by a
difference in the uptake of [3H]-choline and the total amount of [3H]-ACh in the

sample.

Discussion and Conclusions

Utility of CHT+/- mice for studying effects of reduced CHT on ACh release

CHT+/- mice provide a unique opportunity to study how the amount of CHT
at the synapse affects cholinergic function. Due to reduced CHT on CNS cholinergic
synapses, it is possible to measure the amount of ACh released from cholinergic
terminals. Molecular changes in CHT levels and activity have been previously
characterized allowing the development of precise hypotheses regarding ACh
release. Therefore, the CHT+/- mice were used to assess the role of CHT in
regulating ACh release.

The initial and obvious hypothesis is that reduced CHT should reduce ACh
release under all measured conditions. The rationale is that reduced CHT should
reduce choline uptake. As choline transport is rate-limiting for ACh synthesis (Haga,
1971; Barker and Mittag, 1975), reduced HACU should result in reduced ACh levels
available for release. If all ACh is equally available for release, then reduced ACh
release (the outcome measured here) and reduced cholinergic function should be
detectable. However, HACU is rate-limiting for ACh synthesis and is necessary to

support release only during prolonged stimulation (Birks and MacIntosh, 1961), but
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Figure 11. ACh release from striatal slices that were stimulated with 25mM KCl
for 30 minutes prior to loading. (A) Timecourse of [3H]-ACh release with
stimulation by elevated KCl as indicated. Stimulated release of [3H]-ACh was reduced
during both stimulations in the CHT+/- mice. There was no difference in release of
[3H]-ACh during periods without stimulation. 2-way ANOVA (cation x time, n=3).
*P<0.05, **P<0.01 Bonferroni post-test. (B) Total amount of [3H] present in the tissue
slices of each genotype both at the beginning (total) and end (remain) of the
experiment. No difference was observed between genotypes at either time period.
2-way ANOVA (n=3) with Bonferroni post-test.
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ACh synthesis will not be rate-limiting for ACh release when the amount of vesicular
release at the presynaptic terminal is sufficiently low. During these periods, ACh
will accumulate in the synapse and synaptic vesicles. If the amount of CHT on the
surface is similar between CHT+/+ and CHT+/- mice, then accumulated ACh levels
will also be similar between genotypes. Therefore, reduced ACh release in CHT+/-
mice would only be expected during conditions when ACh synthesis is rate-limiting
for ACh release.

Previous results already suggested that changes in ACh release would not be
as simple as reduced CHT causing reduced ACh synthesis and reduced ACh release.
Although CHT protein is reduced by 50% in CHT+/- mice, basal uptake and HC-3
binding in the CHT+/- mice are unchanged from CHT+/+ mice undercutting the first
assumption in impaired ACh release (Ferguson, 2004). However, bulk tissue ACh
levels are reduced suggesting that ACh release may still be impaired (Bazalakova,
2006). Furthermore, surface CHT at baseline is similar between genotypes, but after
stimulation, CHT+/- have reduced surface CHT (Martin Sarter, personal
communication). Because there is less bulk, stored ACh that can be released, and
reduced capacity to refill ACh pools despite similar levels of HACU at baseline, I
expected that ACh release should be impaired. As behavioral and cardiovascular
work with the CHT+/- mice had shown that a challenge was necessary to elicit
phenotypes (Bazalakova, 2006; English, 2010), I reasoned that an ACh release
deficit would only be detectable under stimulation conditions that reflected a

challenge.
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Possible roles of Sr?* and Ba?* in reserve pool mobilization and asynchronous release

I have hypothesized that the relationship of CHT to the reserve pool might
play a role in the necessity of challenge for elicited phenotypes in the CHT+/- mice.
However, the work that has characterized the different vesicle pools has relied
almost entirely on optical techniques to differentiate these pools (Betz and Bewick,
1992; Richards, 2000; Rizzoli and Betz, 2004). These studies have also revealed that
stimulation conditions can bias release in favor of one pool or another (Gaffield,
2006). One such study used the goldfish retina biopolar neuron and used
fluorescent intensity to count vesicles released. Based on the number of vesicles, it
was concluded that Sr?* resulted in far greater release of the reserve pool, and
reduced release of the readily releasable pool, compared to release with Ca?*
(Neves, 2001). Many others have suggested that the change in release when Ca?* is
replaced with either Sr?* or Ba?* is between synchronous and asynchronous release
and not between functional pools, but this appears to be based on the stimulation
paradigm and not the cations themselves (McLachlan, 1977; Zengel and Magleby,
1981). Additionally, these hypotheses are not mutually exclusive. Asynchronous
release is widely acknowledged to depend on replenishment of the releasable pool
rather than on preexisting vesicles. Support in the literature exists for a wide range
of sources including immediate recycling of readily releasable vesicles (Stevens and
Williams, 2007), modulation of the size of the RRP (Zhao and Klein, 2004), filling
from the reserve pool (Otsu and Murphy, 2004), or the presence of an overlapping

but larger RRP (Hagler and Goda, 2001). Therefore, the mode of action of Sr?* and
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Ba%* could be to both bias in favor of reserve pool release and increase
asynchronous release.

One of the most common paradigms used to measure asynchronous release
is high frequency stimulation, where residual Ca?* causes asynchronous release.
The mechanism for the divalent cation substitution bias to reserve pool vesicles is
thought to be impaired clearance of the non-physiological ions resulting in
prolonged action similar to continuous activity in the presence of Ca?*. If this
proposed mechanism is correct, the role of Ba?* and Sr?* would be consistent with
what is known about mobilization of reserve pool vesicles. In particular, prolonged
intracellular Ca?* promotes reserve pool mobilization, possibly through a synapsin

[la mediated process (Coleman, 2008; Gitler, 2008).

Divalent cation substitution alters ACh release and may reveal a reserve pool
impairment in CHT+/- mice

Because Ba?* and Sr?* should preferentially release reserve pool vesicles, it
should be possible to detect a difference using bulk ACh release instead of optical or
electrophysiological techniques that look at vesicles more directly. Results
comparing ACh release by divalent cation substitution confirmed that this approach
changes the release properties in the expected ways. In particular, peak release was
blunted with both cations, consistent with the idea that Sr2* and BaZ2+* fail to elicit
readily releaseable pool release at the same rate as Ca?*. Release is maintained
longer than with Ca?* as well, which is consistent with impaired clearance of the

substitute cations. Only one possible difference was observed in CHT+/- mice. A
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trend of decreased ACh release after cessation of stimulation in the presence of Sr?+

was observed although not statistically signficant.

Selective labeling of ACh pools reveals a clear deficit in ACh release of CHT+/- mice

Despite the demonstrated potential of this approach, no effect of genotype
was observed in spontaneous, peak, or continuous release, with the possible
exception of Sr?* mediated post stimulation release. As this certainly has the
potential to be a real effect, more focused experiments, such as substituting Sr?* for
Ca?* at a later timpoint or pairing substitution with the stimulated loading
conditions, will likely elicit a stronger and more pronounced effect of the CHT+/-
genotype on Sr?* mediated release. Whereas the general absence of genotype effect
could reflect a lack of relationship between CHT and release of vesicle pools, it could
also reflect a limit of the methodology. As we measured ACh release by labeling
with [3H]-choline, we are only measuring ACh that had been synthesized during the
course of the experiment. Reserve pool vesicles are likely to have been filled to
capacity before the experiment began due to their low release probability and thus,
long duration in the synaptic terminal. Previous work has shown a distinct bias in
the releasability of newly synthesized ACh to be preferentially released (Gracz,
1988). It is thus plausible that the loading bias is working against the bias of cation
to show the effects of the CHT genotype on ACh release.

To test this hypothesis, I altered the loading conditions to cause reserve pool
turnover prior to loading. This was done using the same stimulation conditions

used to evoke ACh release so that any vesicle that could release detectable ACh
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would have been stimulated for loading as well. Using these conditions, release of
ACh by the CHT+/- was reduced compared to CHT+/+. This difference is the first
demonstration that reduction in CHT protein levels and consequent reduction in
ACh levels in the CHT+/- mice results in reduced ACh release. Furthermore, since
this deficit was only seen under one set of conditions but not another, it lends
further support to the hypothesis that CHT has a functional effect on vesicles

dependent on stimulation conditions.

Potential compensations in CHT+/- mice

One caveat with all reverse-genetic approaches is the possible confound of
compensatory changes. This concern is particularly acute when an alteration, such
as the reduction of CHT in the CHT+/- mice, is present during the entire
developmental process. Most of the expected compensatory changes in CHT+/-
mice have been previously tested. CHT+/- mice have no change in the activity of
either ChAT or AChE showing that CHT+/- mice do not alter ACh metabolism in
response to reduced CHT and ACh (Bazalakova, 2006).

CHT+/- mice have changes in AChR receptor levels that may result in
compensatory downstream effects. Specifically, M1 and M2 mAChRs are lower in
CHT+/- mice in a brain region dependent manner (Bazalakova, 2006). Reduced
mAChR levels manifests behaviorally as an impairment in hyperlocomotion induced
by the mAChR antagonist scopolamine (Bazalakova, 2006). Presynaptic mAChR can
modulate ACh release (Zhang, 2002). Due to the high flow rate of the superfusion

apparatus and the consequently low ACh concentrations even during stimulation,
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the likelihood that differential activation of mAChRs is responsible for the observed
genotype difference is low. However, a difference between genotypes caused by

compensatory changes in mAChR signaling cannot be ruled out.

Future experiments can more narrowly determine the selective effect of CHT on ACh
release

Further experiments using these bulk ACh methods are likely to yield useful
results to show the effect of CHT on ACh release. Shorter stimulation times or
multiple stimulation pulses with Sr?* substitution would elucidate the possible
effect seen during the ongoing release. Also using the divalent cation substitution
with the stimulated loading conditions would also be expected to strengthen the
possible difference observed between CHT+/+ and CHT+/- mice during Sr2+
substitution. Regarding the stimulated loading experiment, there are several
variations that would also be useful contributions following the work already done.
Introducing a delay between stimulation and loading would likely label a different
subset of ACh containing vesicles than the paradigm used here. Similar experiments
have been done using styryl dyes, although those experiments would not identify
preformed vesicles that could be labeled with [3H]-ACh. Comparing which
conditions yield a difference between genotypes and which do not could help
identify which synaptic vesicle pools are most impacted by altered levels of CHT.

Of course, the most promising extensions of the experiments here are
experiments that do not require labeling of the ACh. Attempts were made to
perform the basic release experiments using the endogenous ACh, but the absolute

ACh concentration that was recovered was too low to be easily detected. Several
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alternate approaches were tested including altering the perfusion conditions and
tetraphenylborate precipitation, but results were inconsistent.

The data that have been generated here represent a useful first step in
directly examining ACh release alterations by altered CHT. Although the hypothesis
that initiated these experiments was based on a simple understanding of the role of
CHT, the data actually suggest something much more profound: a meaningful role
for CHT regarding synaptic vesicle pools. Furthermore, the data suggest that a
stronger version of the hypothesis of CHT and reserve pool vesicles is warranted,

which will be discussed in Chapter V.
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CHAPTER III

NEUROMUSCULAR ELEVATION OF CHT

Introduction

Acetylcholine (ACh) serves as a neurotransmitter throughout the central and
peripheral nervous systems and supports diverse physiological functions. In the
brain, cholinergic terminals are present in nearly every brain region, even though
the number of cholinergic nuclei and cells is relatively small (Woolf, 1991).
Peripherally, ACh is utilized in both the sympathetic and parasympathetic branches
of the autonomic nervous system, as well as the enteric nervous system. The most
well-studied mammalian cholinergic synapse is the neuromuscular junction (NM]J),
where release of ACh from motor neurons produces a depolarization of muscle
fibers, triggering contraction of the muscle.

The presynaptic, high-affinity, choline transporter (CHT, SLC5A7) is essential
for proper signaling at cholinergic synapses due to the transporter’s rate-limiting
uptake of choline that is required to sustain ACh synthesis and release, particularly
at high firing rates (Birks and Maclntosh, 1961; Haga, 1971; Barker and Mittag,
1975; Ferguson and Blakely, 2004). Interestingly, despite the known function of
CHT to transport choline, the majority of CHT is present on synaptic vesicles
(Nakata, 2004). In turn, multiple studies have documented that manipulation of
CHT activity alters the strength of cholinergic signaling (Bazalakova and Blakely,

2006). Thus, genetically induced loss of CHT levels in either homozygous
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(Ferguson, 2004) or heterozygous (Bazalakova, 2006) knockout mice impairs
cholinergic signaling, resulting in neonatal lethality or physical challenge-induced
motor deficits respectively. Pharmacological manipulation of CHT also impacts
cholinergic signaling; for example, treatment of NM] synapses with the lethal CHT
antagonist hemicholinium-3 (HC-3) reduces the level of ACh in NM] presynaptic
vesicles (Yu and Van der Kloot, 1991). CHT is also responsive to modulation of
other elements that support cholinergic signaling. Reductions in the levels of
choline acetyltransferase (ChAT) produce an increase in the level and activity of
CHT (Brandon, 2004). Other models of impaired cholinergic function, such as
acetylcholinesterase (AChE) transgenic overexpressing (Beeri, 1997) and knockout
(Volpicelli-Daley, 2003) mice, demonstrate increased CHT levels that appear to
represent a compensatory alteration to offset a loss of cholinergic signaling.
Additionally, Krishnaswamy and Cooper recently demonstrated that presynaptic
CHT downregulation is triggered by genetic elimination of nicotinic receptors on
postganglionic neurons (Krishnaswamy and Cooper, 2009).

Pharmacological augmentation of cholinergic tone by enhancement of CHT
expression and/or activity may be of benefit in disorders with cholinergic deficits,
including myasthenia gravis, attention-deficit hyperactivity disorder (ADHD) and
Alzheimer’s Disease. Currently, we lack small molecule, positive modulators of CHT
that can inform as to the impact of elevated CHT expression or activity in vivo. We
took advantage of the Hb9 promoter’s capability of driving motor neuron-specific
gene expression (Arber, 1999; Thaler, 1999) to enhance CHT expression at NM]

synapses. In the CHT-/- mouse, that dies 30-60 min after birth, Hb9:CHT transgenic
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animals demonstrated significantly enhanced viability. In a CHT+/+ background,
Hb9:CHT transgenic mice demonstrated altered physiological and behavioral motor
phenotypes. Strikingly, studies of evoked responses of muscle fibers from the latter
animals revealed a shift of excitatory events from a single population of summed
action potential amplitudes to two populations, with either enhanced or diminished
excitation. We discuss these findings with respect to a dual impact of overexpressed
CHT to NM] synaptic events, mediated either by an enhanced production of ACh, or a

reduction in the readily-releasable pool of cholinergic synaptic vesicles.

Experimental Procedures

Generation and genotyping of Hb9:CHT mice

All animal procedures were approved by the Vanderbilt University
Institutional Care and Use Committee. pHb9-MCS-IRES-EGFP (Figure 12A) was a
kind gift of Dr. Thomas Jessell and contains a 9kb fragment of the Hb9 promoter, a 5’
splicing substrate, an internal ribosome entry sequence (IRES), enhanced green
fluorescence protein (EGFP), and a bovine polyadenylation (polyA) signal (Arber,
1999; Wilson, 2005). BamHI/HindIIl blunted cDNA encoding the mouse CHT
(mCHT) (Apparsundaram, 2001) was cloned into the Pmel site, resulting in the
expression construct pHb9:CHT-IRES-EGFP. DNA was sequenced using primer-
directed Sanger sequencing in the DNA Core of the Vanderbilt Division of Human
Genetics, Department of Medicine. To produce transgenic founders, the plasmid was

first linearized and vector sequences removed using Xhol, and then purified and
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Figure. 12. Generation of Hb9:CHT mice. (A) Schematic of Hb9:CHT transgene
showing all elements that allow expression including a 5’ splice substrate (5’SS), CHT
cDNA (mCHT), internal ribosome entry site (IRES), enhanced green fluorescent
protein (EGFP), and a bovine polyadenylation signal (polyA). (B) PCR demonstrating
presence of transgene. The 0.3kb band is derived from the cDNA for CHT and the
0.9kb band is derived from the genomic DNA for CHT. An aberrant 1.7kb band was
also observed. (C) and (D) Growth curves for male (C) and female (D) mice (male:
CHT+/+ n=12, Hb9:CHT n=4; female: CHT+/+ n=12, Hb9:CHT n=6, p>0.1 for geno-
type effect).
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injected into the pronucleus of C57BL/6 single cell embryos in the ES/Transgenic
Core of the Vanderbilt Stem Cell Center. Founders were screened by Southern
blotting and PCR to identify carriers of exogenous mCHT cDNA or EGFP. DNA for
genotyping was obtained by tail biopsy and processed using the RED Extract-n-Amp
kit (Sigma; St. Louis, MO). Primers for PCR were 5-ACACATGGGTTGGAGGAGG-3’
and 5’-CTAATGCAGAGAAAATTGC-3’, targeting the 5’ end of exon 3 and the 3’ end of
exon 4 respectively. Products were analyzed using agarose gel electrophoresis.
Quantitative PCR (qPCR) was performed using a LightCycler 480 (Roche) with
SybrGreen fluorescence. Primers for qPCR were directed at 2 locations on the Hb9
promoter (5-TGACCATCCACCAGGCTAAC-3” with 5’-AGGGGCTCTTGATACAACCTC-3’
and 5’-GCGACAAAAATTGTCTGCCTA-3" with 5-TGATGCACACCAFCATCATA-3’) and
1 location in the mCHT cDNA in exon 3 (5-GGGTTGGAGGAGGCTACATC-3’ with 5’-
CTAGCCCAAGCTAGACCAC-3’). The reference primer was directed at a location
80kb upstream from genomic CHT (5’-CTGCTAACCTGGATGAAGCA-3’ with 5'-

GCCTGTGAGAGCCTAGCTGA-3’).

Mice, breeding strategy, and survival analysis

CHT+/- and CHT-/- mice have been previously described (Ferguson, 2004;
Bazalakova, 2006). C57BL/6NHsd breeding females were obtained from Harlan
(Harlan Laboratories; Indianapolis, IN). Mice were housed with 2 to 5 animals per
cage on a 12-hour light/dark cycle with lights on at 0600h. Food and water were
provided ad libitium (Purina Rodent Chow 5001). For staining and survival

experiments, Hb9:CHT;CHT+/- males were bred to CHT+/- females. For treadmill
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and some CMAP experiments Hb9:CHT;CHT+/- males were bred to C57BL/6
females. For the remaining CMAP experiments, Hb9:CHT;CHT+/+ males were bred
to C57BL/6 females. For neonatal experiments, multiple breeding triplets were
established with the males removed after 5 days. Beginning on day 19 after the
establishment of breedings, females were observed each hour beginning at 2200h,
and if no pups were born, observation ended at 0900h the following day. If pups
were born, litters were observed every 30 minutes for the first 6 hours and every
hour subsequently up to 72 hours with the time of death recorded as the time the
pup was found dead. All litters observed were completely born within 1 hour. For
neonatal staining experiments, animals were taken 4 hours after birth or when

observed as dead.

Tissue processing and immunofluorescence

Mice were deeply anaesthetized with Nembutal™ and euthanized by
decapitation. For brain tissue, mice were perfused with 4% paraformaldehyde,
brains removed and post-fixed for up to 1 week in 4% paraformaldehyde. Tissue
was cryoprotected in 20% sucrose and sliced at 40um using a freezing microtome.
Pups were euthanized by decapitation if necessary. Diaphragms with attached ribs
were pinned down at tension slightly above resting tension on Sylgard-lined
(Ellsworth Adhesives; Germantown, WI) plates and fixed for 30 minutes in 4%
paraformaldehyde. NM]s were labeled with 1ug/mL alphaBungarotoxin-alexa488
(Invitrogen; Eugene, OR) for 30min. NM]Js and floating brain sections were washed

and then blocked with 3% normal donkey serum, 0.2% Triton X-100 in PBS for 1
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hour. Primary antibodies (chick anti-Neurofilament-M, chick anti-Neurofilament-H,
goat anti-ChAT (Millipore; Temecula, CA), rabbit anti-CHT (Ferguson, 2003)) were
incubated overnight at 4°C in blocking medium. After washing, sections were
stained with the appropriate, fluorescently labeled secondary antibodies, mounted
with Aqua PolyMount, and imaged using a Zeiss LSM Meta 510 laser scanning

confocal microscope.

NM] area analysis

Flexor digitorum brevis (FDB) was processed for alphaBungarotoxin-
alexa488 as disaphragm. Projection images from a confocal stack were thresholded
manually using the Image] software (NIH). Area of the image above threshold was

then calculated based on the internal scaling from the microscope.

Treadmill testing

Mice between 8 and 11 weeks of age were examined for running endurance
on a 6 lane motorized treadmill with an electric shock grid at one end (Columbus
Instruments; Columbus OH). All experiments were conducted between 0900h and
1600h. For each mouse, training or trial sessions were ended when they reached a
criterion of exhaustion, defined as willingness to receive 15s of shock in any 1
minute interval. On day 1 (training), mice were allowed to explore their lane for 5
minutes without shock followed by 5 minutes where the shock was turned on. All
mice received a shock at least once during this stage. The treadmill was then started

at 5Sm/min and accelerated to 15m/min at a rate of 1m/min/30sec. After 1 hour of
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running, the treadmill was then increased to 18m/min at 1m/min/30sec. Day 2
(test) began as described for day 1, but the treadmill was accelerated directly from
5m/min to 18m/min at the beginning. At 1 hour of running, the treadmill was
accelerated to 20m/min. In these tests, endurance times for both the CHT+/+
(F(3,12)=15.28, P=0.0002, extra sum-of-squares F test), and the CHT+/+;Hb9:CHT
(F(3,12)=9.650, P=0.0016, extra sum-of-squares F test) mice separated into bimodal
distributions for endurance time. To reduce contributions in our data analysis from
animals of either genotype with low performance values that likely fail to complete
the task for reasons unrelated to physical endurance, we established a minimum
criteria for performance for both genotypes. We averaged the minimum criteria for
performance for each genotype (mean of the lower component of the bimodal
distribution plus 3 standard deviations), and applied the result (28.74 min) to both

genotypes.

Compound muscle action potential recording (CMAP)

All recordings were obtained between 1600h and 2330h. A separate cohort
of mice from the treadmill between 8 and 11 weeks of age were anaesthetized with
3% isoflurane and maintained at 1.5% isoflurane on a heating pad at 37°C for the
duration of the experiment. Experiments are based on protocols from Kaja et al.
(Kaja, 2007) and Byun and Delpire (Byun and Delpire, 2007) with minor
modifications. Data were collected and analyzed using a TECA Synergy portable
electromyography system with platinum/iridium needle electrodes (Viasys

Healthcare; Madison, WI). A bipolar stimulating electrode was inserted at the ankle
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to stimulate the tibial nerve, the recording electrode was inserted through the paw
at the level of attachment for the first and fifth digits, and a reference electrode was
inserted distally. A ground surface electrode was wrapped around the paw
proximal to the recording electrode and affixed to a styrofoam surface. This allowed
us to fix the position of the paw to mostly eliminate movement artifacts and record
reliably before and after 50Hz stimulation although a small number of animals could
not be analyzed due to the movement. Correct placement of the electrodes was
determined by lack of noise >1microV and lack of an initial positive deflection upon
stimulation. Stimulation intensity for each recording location was determined by
increasing the stimulus intensity gradually during 0.5Hz stimulation until a plateau
response was achieved. Suprathreshold stimulation was defined as 150% of the
minimum stimulation needed to reach plateau response. This stimulation was
recorded as the basal CMAP, and used for the duration of the experiment. High-
frequency stimulation (50Hz, 1min) was then applied, immediately followed by test
stimulations at 0.5Hz with data recorded every minute. All stimulations were
delivered as 0.02ms square pulses and were reliably delivered at less than 4mA.

The low-pass acquisition filter was 1Hz and the high-pass filter was 10kHz.

Muscle and muscle fiber cross-sectional analysis

Mice were euthanized by rapid cervical dislocation. The gastrocnemius was
rapidly dissected with the distal tendon cut and left attached at the proximal end.
The muscle was held at resting length and frozen for 20 seconds in 2-methylbutane

cooled in liquid nitrogen. Muscles were then mounted for cryostat sectioning at
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20um and thaw mounted onto superfrost slides (Fisher). Muscle sections were
dried for at least 30min, then stained for succinate dehydrogenase activity as
previously described (De Paepe, 2009). Briefly, slides were incubated for 30
minutes at 37°C in a reaction buffer containing 100mM Na-succinate and 1.2mM
nitroblue tetrazolium in 0.2M Na-phosphate buffer (pH=7.4). Slides were then
rinsed and cleared in ascending and descending acetone solutions followed by
washes with water. Slides were mounted with Aqua PolyMount and imaged using a
Zeiss Discovery V.12 stereo microscope (for whole muscle cross-sectional area) or a

Zeiss Axiophot upright microscope (for muscle fiber cross-sectional area).

AChE and ChAT enzyme activities

Gastrocnemius muscles were dissected, frozen on dry ice, and stored at -80°C
until use. Muscles were weighed and then placed into 3mL of PBS to be
homogenized using a polytron. 3mL of PBS was then added to the initial
homogenate and then further homogenized using a dounce homogenizer. A portion
of the dounce homogenized tissue was then taken and Triton X-100 was added to a
final concentration of 0.5% and frozen at -20°C for later ChAT assays. AChE was
determined using the Amplex Red kit (Invitrogen). ChAT was determined by the
synthesis of [14C]-ACh from [14C]-Acetyl-CoA using the method of Frick et al (Frick,

2002).
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Statistical Analysis

Statistics were computed using Prism 5.0 (GraphPad). Survival curves were
analyzed first for all genotypes and, if significant, reanalyzed for the experimental
pair using the Mantel-Cox Log-Rank test. To assess the bimodality of the CMAP
experiment, CMAPs were binned into 0.75mV intervals and the resulting histogram
used to calculate probability density functions. Comparison between models using a
single normal distribution or a sum of two normal distributions was performed
using the extra sum-of-squares F test. Data for the recovery curves were analyzed
by normalizing data to findings obtained from 0 minutes to 5 minutes following
stimulation (0% and 100% respectively). A single exponential function was fitted
constraining YO to 0 and plateau to 100 and the K values of the following equation

were compared: Y=YO0 + (Plateau-Y0)*(1-exp(-K*x)).

Results

Motor neuron-specific expression of mCHT transgene.

Of five founder animals generated following pronuclear injection of a
pHb9:mCHT-IRES-EGFP construct (Figure 12A), three animals transmitted the
Hb9:CHT transgene to offspring. The presence of the transgene was examined by
presence of the CHT cDNA (Figure 12B). One line did not achieve stable
transmission to successive generations. Of the two remaining lines, we selected the
line (Tg2) that exhibited the highest copy number as determined by qPCR (10 copies

versus 7 copies in the other line, Tg9) for analysis. Furthermore, Tg9 animals
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displayed lower NM] CHT expression on a CHT -/- background than Tg2 animals, as
determined by fewer terminals with CHT and no visible CHT in incoming fibers
(data not shown). They also did not display rescue from neonatal lethality, even
when possessing the transgene on both chromosomes, suggesting overall low CHT
protein expression. Both male and female Hb9:CHT transgenic mice from the Tg2
line grew normally (Figure 12 C-D), and the transgene segregated randomly from
CHT with no evidence for lethality (n=80, chi2=7.6, df=5, P>0.1).

As the mCHT protein expressed from our transgene does not differ in
sequence from the native CHT, we utilized the coexpressed EGFP to examine
expression of the transporter in somatic motor neurons. Although the Tg2 line
carries multiple copies of the Hb9:CHT transgene, direct EGFP fluorescence signal
was not apparent. We therefore utilized anti-EGFP antibody-based detection to
examine transgene expression. In Figure 13, we demonstrate colocalization of anti-
EGFP immunoreactivity with ChAT in the large majority of hypoglossal nucleus
motor neurons (Figure 13C). Consistent with the specificity of the Hb9 promoter,
EGFP immunoreactivity was absent from neurons of the cholinergic lateral dorsal
tegmental nucleus (Figure 13D-F). Western blotting of brainstem extracts however
did not reveal an elevation in CHT levels (data not shown), possibly because of
efficient export of transporters to motor neuron terminals. As with others (Wessler
and Kilbinger, 1986; Wessler and Sandmann, 1987), we have to date been
unsuccessful in immunoblotting or in monitoring CHT activity at the NMJ, most
likely due to the limited density of neuronal elements in muscle preparations and

the presence of a non-CHT choline accumulation mechanism in muscle tissue.
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Figure 13. Expression of EGFP from Hb9:CHT Transgene. (A-C) Hindbrain immu-
nostaining for ChAT (A) and EGFP (B) with the merged image (C) showing colocaliza-
tion in the soma of motor neurons from cranial nerve XII. Scale bar for (A-C) 20um.
(D-F) Midbrain immunostaining for ChAT (D) and EGFP (E) with the merged image
(F) showing lack of EGFP in a non motor neuron population of cholinergic neurons in
the lateral dorsal tegmentum. Scale bar for (D-F) is 50um.
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Nonetheless, on the CHT-/- background, we could readily detect CHT
expression by mmunofluorescence (Figure 14A-I) in CHT-/-;Hb9:CHT diaphragms.
In the diaphragm of neonatal, CHT+/+ animals, CHT immunoreactivity colocalized
as previously described (Ferguson, 2004) with alpha bungarotoxin-labeled nicotinic
receptors (Figure 14A-C). Specificity of labeling for CHT was evident, as seen in a
parallel colocalization series produced with nontransgenic CHT -/- mice (Figure
14D-F). In Hb9:CHT transgenic mice on the CHT-/- background (Figure 14G-I), CHT
labeling was evident, though weaker than observed in CHT+/+ preparations
(compare Figures 14B and 14H) and, as in CHT+/+ specimens, was colocalized with
alpha bungarotoxin. Interestingly, the lateral distribution of endplates across the
diaphragm of both CHT -/- and Hb9:CHT transgenic mice on the CHT-/- background
was more irregular than seen with sections from CHT+/+ animals, and not all
terminals labeled for the CHT transgene opposed dense clusters of nicotinic
receptors. These findings indicate that although the CHT transgene is present in
multiple copies, expression of CHT protein does not reach that of the transporter at
the wild-type NM]J.

To explore the capacity of the Hb9:CHT transgene to rescue CHT -/- mice
from neonatal lethality (Ferguson, 2004), we monitored the survival of CHT+/+,
CHT+/-, and CHT-/-, with or without the Hb9:CHT transgene, all derived from a
cross of CHT+/-;Hb9:CHT with CHT+/- parents. As previously observed (Ferguson,
2004), CHT-/- mice died within 30min after birth, becoming progressively
paralyzed and cyanotic, presumably due to an inability to contract the diaphragm.

As expected, CHT +/- and CHT+/+ littermates exhibited normal growth and survival.
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Figure 14. Expression and function of CHT from HB9:CHT demonstrated in
Hb9:CHT;CHT-/- neonatal mice. (A-I) Immunostaining for alpha Bungarotoxin and
neurofilaments (A, D, G) and CHT (B, E, H) with the merged images (C, F, I) in CHT+/+
(A-C), CHT-/- (D-F) and Hb9:CHT;CHT-/- (G-I) mice. Although weaker than CHT+/+,
CHT immunoreactivity is present opposed to a-bungarotoxin staining in
CHT-/-;Hb9:CHT diaphragms. Scale bar is 50um. (]) Survival time from birth for mice
of all six possible genotypes (CHT+/+ n=5, CHT+/- n=22, CHT-/- n=5,
Hb9:CHT;CHT+/+ n=5, Hb9:CHT;CHT+/- n=22, Hb9:CHT;CHT-/- n=3). CHT+/+ open
triangles; CHT+/- not shown, all survived to 4320 min; CHT-/- open circles;
Hb9:CHT;CHT+/+ filled triangles; Hb9:CHT;CHT+/- not shown, all survived to 4320
min; Hb9:CHT;CHT-/- filled circles. (K-M) Photographs of mice at 4 hrs after birth.
CHT-/-;Hb9:CHT mice have similar color to CHT+/+ mice and occasionally have a
milk-spot (indicated by arrows) that is noticeably smaller in this pup.
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Strikingly, CHT-/-;Hb9:CHT mice survived up up to 24 hours (Figure 14]), exhibiting
normal coloration in the first hour after birth (Figure 14M), grossly normal

movements and evidence of nursing behavior.

Hb9:CHT transgenic mice on a CHT+/+ background display enhanced endurance on a
treadmill

Our Hb9-based transgenic strategy was designed not only to assess the
capacity of motor neuron-specific expression of CHT to rescue lethality of CHT-/-
mice, but also to permit evaluation of the functional consequences of supranormal
CHT expression when the transgene is placed on a CHT+/+ background. To explore
the latter opportunity, CHT+/+ and CHT+/+;Hb9:CHT transgenic mice were
assessed for endurance in a paradigm of forced exercise on a motorized treadmill.
We have previously shown that CHT+/- mice display an inability to achieve the
speeds, or exhibit the endurance, of CHT+/+ mice (Bazalakova, 2006). The
distributions of time until exhaustion for CHT+/+ and CHT+/+;Hb9:CHT mice that
met performance criteria for inclusion are shown in Figure 15A-B. The mean time
until exhaustion for the CHT+/+;Hb9:CHT mice was significantly greater than that of

CHT+/+ littermates (two-tailed t-test, P=0.0179) (Figure 15C).

Basal CMAP and CMAP recovery from high frequency stimulation are altered in
Hb9:CHT transgenic mice.
With evidence of enhanced endurance in the CHT+/+;Hb9:CHT mice, we

sought evidence of altered neuromuscular signaling that might contribute to our
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behavioral observations by examining evoked compound muscle action potentials
(CMAP). We observed no genotype effect on the amplitude of the baseline evoked
CMAP (Mann-Whitney U test, P=0.8294) (Figure 16A). However, recordings from
the CHT+/+;Hb9:CHT mice revealed a clear shift from the unimodal distribution of
values evident in CHT+/+ animals (Figure 16B) to a bimodal distribution (P=.0023,
F(3,5)=23.04, extra sum-of-squares F-test) (Figure 16C). Both the low and high
amplitude Hb9:CHT;CHT+/+ groups were significantly different than the CHT+/+
group P<0.001, ANOVA with Bonferroni post-test).

To further explore the properties of the high and low amplitude groups
described above, we examined the CMAP recovery rates following prolonged 50Hz
stimulation. =~ CHT+/+, low amplitude CHT+/+;Hb9:CHT and high amplitude
CHT+/+;Hb9:CHT mice exhibited the same percentage CMAP reduction (~80%)
following high frequency stimulation (P=0.6047) (Figure 17A). Additionally, the
kinetics for CMAP recovery for the low amplitude CHT+/+;Hb9:CHT group was
indistinguishable from the CMAP recovery rate of CHT +/+ mice (CHT+/+ K=0.71+/-
0.04; CHT+/+;Hb9:CHT(Low) K=0.79 +/- 0.08, P=0.3304, F(1,64)=0.9168, extra
sum-of-squares F-test) (Figure 17C). In contrast, the high CMAP amplitude,
CHT+/+;Hb9:CHT group displayed a significantly faster recovery rate (CHT+/+
K=0.71+/-0.04; CHT+/+;Hb9:CHT(High) K=0.95+/- 0.06, P=0.0017, F(1,88)=10.54,

extra sum-of-squares F-test) (Figure 17B).
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Figure 15. Endurance of Hb9:CHT mice during a forced treadmill exercise
paradigm. (A and B) Distributions for running times of CHT+/+ (A) and
CHT+/+;Hb9:CHT (B) mice that met performance criteria. The fitted curve is the
probability density function for a Gaussian distribution of the performing mice. (C)
Comparison of running times for each genotype. CHT+/+;Hb9:CHT mice are
significantly elevated (two-tailed t-test, P=0.0179).
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Figure 16. CMAP analysis of the hindlimb paw muscles. (A) Maximal stimulated
recorded compound muscle action potential (CMAP) prior to high frequency stimula-
tion (CHT+/+n=11, Hb9:CHT n=12). Histogram of CMAP amplitudes for CHT+/+ (B)
and CHT+/+;Hb9:CHT (C) mice and the resulting probability density functions.
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Figure 17. Recovery of stimulated CMAP after 60s of 50Hz stimulation. (A) %
reduction of CMAP from basal to first stimulation after high frequency stimulation.

(B) and (C) Normalized recovery curves comparing CHT+/+ (n=8) mice against the
high (n=7) (B) and low (n=3) (C) CMAP components of CHT+/+;Hb9:CHT mice.
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Physical characteristics and enzyme activities of muscles are not changed by the
Hb9:CHT transgene

To examine possible structural and compensatory changes related to altered
cholinergic signaling, we examined the size of the NM] and muscles and the
activities of enzymes involved in ACh synthesis and degradation. For analysis of
NM] area (Figure 18A-C), we used the FDB near the body of the third metatarsal as
this muscle was the predominant muscle for CMAP recording. The NM] areas of this
muscle were not changed between genotypes (two-tailed t-test, P=0.2705) (Figure
18C).

In order to compare the physical aspects of the muscle and enzyme activities,
it was necessary to use the gastrocnemius due to its larger size and the ability to
generate a complete cross section of the muscle (not possible for FDB). The cross-
sectional area of the gastrocnemius was not changed in CHT+/+;Hb9:CHT mice
(two-tailed t-test, P=0.8573) (Figure 18G). We also analyzed the cross-sectional
area of both Type I / Ila fibers (dark SDH staining) and Type IIb fibers (light SDH
staining). In both cases, there was not change in the CHT+/+;Hb9:CHT mice (two-
way ANOVA, P=0.7951 for genotype effect) (Figure 18F). Furthermore, there was

no change in the activity of either AChE or ChAT (Figure 19).
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Figure 18. Physical characteristics of NM] and muscle fibers of Hb9:CHT mice.
(A, B) Sample NM] of CHT+/+ (A) and CHT+/+;Hb9:CHT (B) from the FDB. (C) The
NM] area is not different between genotypes (CHT+/+ n=4, Hb9:CHT n=4; two-tailed
t-test, P>0.1). (D, E) Sample images of cross-sections of gastrocnemius muscles
stained for SDH. (F)Cross-sectional area of each fiber type is not different between
genotypes (CHT+/+ n=3, Hb9:CHT n=5; 2-way ANVOA, P>0.1). (G) Cross-sectional
area of the entire gastrocnemius is also not different between genotypes (CHT+/+
n=4, Hb9:CHT n=5; two-tailed t-test, P>0.1). Scale bars are 50um.
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Figure 19. ACh metabolizing enzyme activities of Hb9:CHT mice. (A) ChAT activ-
ity is not affected by the Hb9:CHT transgene (CHT+/+ n=3, CHT+/+;Hb9:CHT n=4;
two-tailed t-test, P>0.1). (B) AChE activity is also not affected (CHT+/+ n=3,
CHT+/+;Hb9:CHT n=5; two-tailed t-test, P>0.1).
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Discussion

Possibility for rescue of CHT-/- mice

Our results provide evidence of successful motor neuron and NMJ expression
of CHT in Hb9:CHT transgenic mice. Due to the limitations of measuring CHT levels
and activity in motor neurons (Wessler and Kilbinger, 1986; Wessler and
Sandmann, 1987), we verified CHT expression of our Hb9:CHT transgene via
visualization of transgene expression on a CHT-/- background. Although we
detected CHT at the NM], staining levels did not reach the levels observed in CHT
+/+ mice. We suspect that although we integrated multiple copies of the Hb9:CHT
transgene into the genome of these mice, the Hb9 promoter may be intrinsically
weaker than the native CHT promoter, or be limited by the site of integration.
Qualitative observation of the NM] region of these mice also displayed
morphological characteristics (wider band of NM] across diaphragm, as seen in
Figure 14A-I) seen in mice lacking ACh synthesis (Brandon, 2003) or no CHT
expression (Ferguson, 2004), including less compact synaptic zones. Lack of
diaphragm function from insufficient ACh release has been shown as the cause of
death in mice with severely compromised cholinergic synapses (Misgeld, 2002),
including our CHT-/- mice (Ferguson, 2004). Although a full rescue of CHT was not
achieved, we did observe a significant extension of lifespan in CHT-/-;Hb9:CHT mice.
Pursuit of the basis for limited longevity in these mice is beyond the scope of the
current study but may arise from deficits in autonomic signaling supporting normal

cardiovascular function (Vaseghi and Shivkumar; Schwartz, 1988). Additionally,
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central cholinergic control of motor neuron activity, such as control of respiratory
motor neurons by pontine cholinergic neurons (Shao and Feldman, 2005), may be
compromised since transgene expression is limited to brainstem and spinal motor

neurons (Figure 13A-C).

Relationship between treadmill and CMAP analysis

One of the most striking phenotypes observed in CHT+/- mice was reduced
endurance during forced treadmill exercise. We were therefore eager to determine
whether the opposite phenotype would emerge when CHT expression was elevated
in motor neurons of wild-type animals. Our treadmill paradigm employed for this
assessment was designed to ameliorate some anticipated confounds. Specifically,
we used a very low amount of training so that we could better identify increases in
running time caused by elevated CHT and minimize any training induced plasticity
(Massett and Berk, 2005). We also used a lower speed that would be more likely to
elicit a challenge-induced phenotype (Bazalakova, 2006). Other groups have used
longer training regimens (Lerman, 2002) and more intense testing protocols
(Lightfoot, 2001). Our demonstration of enhanced endurance in the Hb9:CHT mice
supports the capacity of elevated CHT expression to positively contribute to
exercise endurance. Since the haploinsufficiency of our CHT+/- mice is constitutive,
we were unable to determine previously (Bazalakova, 2006) whether the reduced
endurance of these animals was caused by deficits in neuromuscular, autonomic, or
central cholinergic signaling. The elevated endurance apparent in the Hb9:CHT

mice provides strong evidence that modulation of CHT expression/activity at the
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NM] can both decrease or increase endurance. Whether this effect arises as a result
of developmental changes in the strength and stability of NM] signaling or is a
feature of ongoing NM] activity during the challenge protocol is unknown, but
should be amenable to study in transgenic models where CHT expression is
controlled in an inducible manner. If the latter explanation holds, pharmacological
induction of increased CHT activity could represent a novel therapeutic strategy to
ameliorate deficits in NM] signaling, as seen in myasthenic syndromes (Schwab,
1957; Sussman, 2008).

To complement the behavioral challenge of the treadmill and to monitor
physiological features of motor neuron signaling arising from a neuromuscular
challenge, we assessed the magnitude of evoked stimulation and the rate of
recovery from depression that arises from high frequency (50 Hz) stimulation. As
CMAP measures the summation of action potentials of the muscle rather than the
signal from individual nAChRs, we did not expect to see differences between
genotypes in the basal CMAP amplitude. Our amplitudes were evoked using
supramaximal stimulation, reducing concerns that results derived from variations in
initiation of axonal action potentials. However, we observed a striking bimodal
distribution in the basal CMAP amplitude, and the predicted enhanced recovery
phenotype was only observed in the “high-CMAP” group. Given that the tibial nerve
was supramaximally stimulated and muscles are thought to have a strong safety
factor (Wood and Slater, 2001), it was surprising to see a population with increased
CMAP amplitude. An elevated CMAP amplitude, caused by increased fidelity of

neuromuscular transmission, would be expected if the safety factor of the studied
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muscle in CHT+/+ mice is low enough such that stimulation of all motor axons does
not necessarily result in action potentials of all muscle fibers. Our recording setup
primarily recorded from the FDB, which has been suggested to have a lower safety
factor compared to the better studied diaphragm (Molenaar, 2008). However,
increased CMAP amplitude is usually associated with pathological conditions that
reduce ACh release where CMAP can be elevated by repetitive nerve stimulation (i.e.
Lamber-Eaton myasthenic syndrome). In non-pathological conditions, increased
CMAP amplitude has been best described only under a few conditions, but all relate
to periods of increased use. During timescales on the order of minutes, exercise has
been shown to increase CMAP amplitude in response to exercise (Lentz and Nielsen,
2002). Several explanations have been offered for the increase in CMAP including
increased muscle excitability (Hicks, 1989), increased number of muscle action
potentials (Lee, 1977), and increased synchronization of muscle action potentials
(Asawa, 2004). As an alternative hypothesis to improved neuromuscular
transmission, increased CHT could alter the excitability of the muscle. It has
recently been shown that increased quantal size at the NM] can alter the steady-
state electrical properties of the muscle membrane (Fong). As the expected
mechanism for increased cholinergic signaling with elevated CHT is an increase in
quantal size (Figure 20), we cannot rule out this change as an explanation of the

increased CMAP amplitude.
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Fig. 20. Proposed model of bimodal distribution of electromyography data. In
a wild-type synapse, CHT imports choline that is rapidly synthesized into ACh and
packaged into vesicles for release and postsynaptic effect. In CHT+/+;Hb9:CHT mice
with an elevated basal response, increased plasma membrane CHT increases both
choline transport and ACh synthesis. The distribution of vesicles in the elevated
condition is minimally affected, if at all, but the amount of ACh per vesicle is substan-
tially elevated. Conversely, in the CHT+/+;Hb9:CHT mice with reduced response, ACh
release is reduced by the lack of readily releasable or recycling vesicles. Vesicles are
instead shunted to the reserve pool by the presence of CHT, probably by the interac-
tion of CHT with an unknown adaptor protein.
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Possible mechanisms of bimodal CMAP

Previous studies have documented that altered ACh vesicular content can
alter the amount of ACh released (Yu and Van der Kloot, 1991; Gras, 2008).
Extended periods of stimulation, even at frequencies as low as 10Hz, lead to the
emergence of larger quantal sizes (Yu and Van der Kloot, 1991), suggesting that
elevating quantal size could be dependent on the history of motor activity of each
mouse. As these increases were shown to be HC-3 sensitive, it is reasonable to
speculate that increased CHT could increase the variability between animals by
increasing the effect of animal experience on measured neuromuscular function. As
noted above, we recognize that the effects we observed could be due either to a
developmental effect of elevated ACh synthesis and release or elevated ACh
signaling at the time of stimulation. Further studies are needed to address this issue
that utilize temporally controlled CHT expression.

The generation of a population of animals with low basal CMAP amplitudes
was surprising given the expectation of a gain of function. Similar amplitudes
obtained from recordings at multiple sites in the same animal convinced us that the
changes observed are reflections of stable physiological characteristics as opposed
to experimental artifacts. The vesicular localization of CHT at the NM] and other
cholinergic synapses has been postulated to relate to the functionally defined
reserve pool of cholinergic synaptic vesicles (Ferguson, 2003; Ferguson and Blakely,
2004; Nakata, 2004). Potentially, elevated CHT could negatively impact the size of
CMAPs if elevated CHT increases the abundance of reserve pool vesicles at the

expense of the readily releasable pool (Figure 20). In preliminary studies examining
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the NMJs of nematodes genetically deprived of the CHT homolog CHO-1, we have
observed a loss of synaptic vesicles within 100nm of the plasma membrane (D.S.
Matthies and R.D. Blakely, unpublished findings). Increasing the ratio of reserve
pool to releasable pool vesicles would reduce the amount of ACh available for
release during lighter periods of stimulation and thereby reduce overall stimulation
if the mobilization of reserve pool vesicles is too slow to compensate. The two
hypotheses we present to explain high and low CMAP values may interrelate as
newly synthesized ACh is thought to preferentially load more rapidly recycling
vesicles (Gracz, 1988; Bonzelius and Zimmermann, 1990). Possibly, only in mice
where there is a sufficiently large population of recycling vesicles can elevated ACh
synthesis “win out” and result in an elevation in cholinergic signaling. Although we
did not observe a group of CHT+/+;Hb9:CHT mice with reduced endurance to match
our findings of reduced CMAP levels, we utilized a cutoff for non-performance in this
task that could have masked such an effect. Indeed, retrospective analysis of
treadmill times for the nonperforming group reveals a broader distribution of
running times than seen in the CHT+/+ mice that might reflect incorporation of mice
with a negative shift in endurance. Future experiments will directly assess the
relationship between changes in treadmill running time and changes in CMAP
amplitude.

An alternative hypothesis for the bimodal distribution of the CMAP is a
potential compensatory effect occurring at the neuromuscular junction. In CHT+/-
mice, M1 and M2 muscarinic ACh receptor levels are reduced in a brain region-

specific manner (Bazalakova, 2006), and these animals display a reduced locomotor
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sensitivity to the muscarinic antagonist scopolamine. Both M1 and M2 receptors
have been identified on motor neuron presynaptic terminals, where they may also
be influenced by elevations in CHT expression. At the NM]J, M1 facilitates ACh
release whereas M2 inhibits ACh release and functional interactions between these
receptors have been described (Oliveira and Correia-de-Sa, 2006). At low
frequencies of stimulation, M1 stimulation of release predominates whereas at
higher stimulation frequencies, M2-mediated suppression is dominant. If prior
experience can alter the balance between M1 and M2 signaling, then the effects of
altered CHT expression should lead to enhanced or suppressed neuromuscular
transmission. It is unlikely that the transgene initiates any RNA level feedback
regulation as our construct uses the CHT cDNA and therefore lacks potential 3’-
untranslated region regulatory elements associated with cholinergic signaling.
Finally, differences in the ratio of ACh and ATP storage and release could drive
signaling toward enhanced or diminished signaling.

If the two populations identified in CMAP responses derive from
contributions of CHT to fundamentally different components of presynaptic
signaling capacity (e.g. ACh synthesis and alterations in availability of releasable
versus reserve vesicle pools), we hypothesized that these differences might be
observable in the kinetic properties of evoked responses. In support of this idea,
CHT+/+ and CHT-/- mice display differences in the kinetics of rundown of both
spontaneous and evoked ACh release (Ferguson, 2004). In the context of our
manipulations, we reasoned that if the high-CMAP group derives from NM] signaling

that is dominated by elevated ACh synthesis and release, recycling vesicles might be
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more rapidly refilled after acute depletion, leading to a more rapid recovery. In
contrast, if the low-CMAP group derives from a reduction in the availability of
readily releasable vesicles, the kinetics of recovery might not be impacted by CHT
overexpression. Indeed, we found a statistically significant enhanced rate of
recovery in the high-, but not the low-CMAP group. Importantly, this difference was
observed in the context of equivalent percentage suppression of CMAP in both
groups induced by high frequency stimulation. Altered recovery kinetics of heart
rate in the cardiovascular system have been associated with changes in mortality
(Cole, 1999) and we have demonstrated reductions in HR recovery in CHT+/- mice
(English, 2010). As with our discussion of the origins of differences in basal CMAP
values, we recognize that at present, there are likely other explanations for the
kinetic differences we observed. Two approaches are currently being pursued to
gain finer resolution of the effects of CHT overexpression. One is a quantitative,
optical evaluation of presynaptic vesicle cycling rates where CHT overexpression is
achieved in NM] synaptopHluorin mice (Wyatt and Balice-Gordon, 2008; Gaffield,
2009). These studies offer an opportunity to assess the impact of CHT on the
segregation of synaptic vesicle pools. The second is a quantal analysis of miniature
end-plate potentials (Everett and Ernst, 2004) that can report on the ACh content of
single synaptic vesicles. Given the range of disorders that display reduced
cholinergic signaling, ranging from neuromuscular disorders to Alzheimer’s Disease,
the results of these studies should not only clarify molecular contributions to

cholinergic signaling but also lay a foundation for new, cholinomimetic therapeutics.
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CHAPTER IV

IMPACT OF ELEVATED CHT ON HACU AND BEHAVIOR

Introduction

Previous attempts to elevate synaptic choline availability

Studying the NM]J as a way of understanding the synaptic function of CHT is
useful because of how well-studied this synapse at both the molecular and
physiological level. However, the greatest potential clinical usefulness of targeting
CHT will be a potential enhancement of central ACh synapses that are affected by
more prevalent diseases such as Alzheimer’s and ADHD. I therefore endeavored to
develop a mouse that could express CHT in all locations that have endogenous CHT.
This includes the NM], central cholinergic synapses, and well as PNS and non-
neuronal cholinergic systems.

Several diseases are treated through the augmentation of cholinergic
signaling. The most common mechanism of cholinergic enhancement is AChE
inhibition. AChE inhibitors are the preferred treatment for Alzheimer’s Disease
(Birks, 2006) and are also used to treat many myasthenic disorders (Schwab, 1957;
Sussman, 2008). Attempts have been made to increase cholinergic signaling by
precursor loading, similar to the levodopa strategy used to treat Parkinson’s
disease. However, the clinical utility of the ACh precursor loading strategy has been

equivocal at best where there seem to be a strong dependence on the form of
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choline administered (for example, free choline versus choline alphoscerate)
(Amenta, 2001). Emerging data suggest that the problem has not been the concept
supporting ACh precursor loading, but rather a poor choice of precursors, in the
effectiveness of the precursor loading strategy. Due to the necessary active
transport of free choline across biological membranes and the rate-limiting nature
of CHT in ACh synthesis, precursors such as choline and lecithin
(phosphotidylcholine) that supply free choline to the neuronal extracellular space
would not be effective in increasing ACh availability. However, precursors that
potentially have higher direct availability in the presynaptic terminal have been
shown to increase ACh synthesis and are beginning to show clinical usefulness for
AD (De Jesus Moreno Moreno, 2003). Importantly, no efforts have been made to
increase the plasma membrane availability of CHT or to increase the activity of CHT

in a therapeutic setting.

Strategy for the study of overexpression of CHT

The strategy for this mouse was to create a transgene that contained a large
region of genomic DNA that contained the CHT gene as well as substantial 3’ and 5’
flanking sequences. For the vast majority of genes studied, the necessary and
sufficient regulatory elements are located within tens of kilobases of the gene (Gong,
2003). Itis important to note that many of the more distal regulatory elements can
be found either upstream or downstream of the gene (Higgs, 2008). As a result of
the mouse genome sequencing effort, such genomic clones are readily available

commercially. Standard pronuclear injection of the DNA results in extra copies of

82



genomic fragments being randomly inserted into the mouse genome. Due to the
size and scope of BAC transgenes, they are usually immune to insertion-site effects
and expression is directly related to the number of copies inserted (Chandler, 2007).

Although the long term goal of the BAC-CHT mouse is to study the possibility
of a CHT activiating therapeutic, the focus of the current study is the basic
characterization of phenotypes caused by the central overexpression of CHT. In
order to validate the transgene, immunodetection experiments were done to assess
CHT levels and localize elevated CHT to the synapse. Despite the increased synaptic
CHT, basal HACU measurements showed no differences between BAC-CHT mice and
CHT+/+ mice. An initial battery of behavioral tests showed differences in both
memory and anxiety related tasks. The phenotypes observerd with the lack of
change in HACU raise many of the same questions addressed with the CHT+/- mice

making the BAC-CHT mouse a fruitful model for future research.

Materials and Methods

Generation of BAC-CHT mice

BAC clone (RP24-290K23) was obtained from the BACPAC Resources Center
at the Children’s Hospital Oakland Research Institute supplied in DH10B bacterial
cells. The BAC was purified and electroporated (GenePulser, BioRad; Hercules, CA)
into SW102 cells for recombineering (2009, 25uF, and 1.8V). DNA was prepared
from BAC-SW102 cells for injection by CsCl purification. Circular DNA was injected

into one-cell embryos of C57BL/6 mice by the Vanderbilt Center for Stem Cell
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Biology Embryonic Stem Cell/Transgenic Mouse Shared Resource. Possible founder

animals were screened by PCR.

BAC DNA preparation for injection

Single colonies of BAC-SW102 from Luria Broth (LB) plates with
chloramphenicol (CAM, LB/CAM) were picked and incubated shaking overnight at
30° in 5mL of LB with 12.5ug/mL of CAM. 1mL of the culture in the morning was
then transferred to each of 4 1L flasks of LB with 12.5ug/mL CAM. Cultures were
grown to an optical density of 0.6 at 600nm (typically 20 hours). Cultures were then
divided into 250mL bottles and centrifuged using a SLA-1500 rotor at 4500rpm for
16 minutes at 4°C. Pellets were washed twice with 25mM NaCl and the pellets were
frozen without supernatant. The following day, pellets were brought back up to
ambient temperature and resuspended in 20mL solution [ (10mM
ethylenediaminetetraacetic acid (EDTA), pH 8.0). 40mL of solution II (200mM
NaOH, 1% SDS) was then added and incubated for 5 minutes at ambient
temperature. 30mL of ice-cold solution III (1.875M KOAc, 2M AcOH) was added and
incubated at 4°C for 20 minutes. Each bottle was then centrifuged at 10000rpm in
an SLA-1500 rotor at 4° for 30 minutes. The supernatant was collected and
recentrifuged at 10000rpm in an SLA-1500 rotor at 4°C for 30 minutes. The
supernatant was collected and 90mL of ice-cold iPrOH was added and incubated on
ice for 10 minutes. This was centrifuged at 10000rpm in an SLA-1500 rotor at 4°C
for 10 minutes. The resulting pellet was dried for 10 minutes and resuspended in

9mL of 10mM Tris, 50mM EDTA. The dissolved DNA was then moved to tubes
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suitable for an SS34 rotor and 4.5mL of 7.5M KOAc was added. The solution was
then placed at -80°C for 15 minutes and then thawed without mixing. The thawed
solution was then centrifuged in an SS34 rotor at 3000rpm for 10minutes at 4°C.
The supernatants were then pooled and divided into 9mL in SS34 tubes. To each
tube, 22.5mL of EtOH was added and centrifuged at 10000rpm in an SS34 rotor at
4°C for 30 minutes. Pellets were dried for 5 minutes and resuspended in 4mL total
(to pools samples) of 50mM Tris, 50mM EDTA. 2mL of Tris saturated phenol was
added and incubated for 3 minutes at ambient temperature. 2mL of CHCl3 was then
added, mixed and centrifuged for 5 minutes at 5175rpm on a SH-3000 rotor. 0.1
volume of 3M NaOAc to the aqueous layer followed by 2.5 volumes of EtOH and
incubated overnight at -20°. The DNA was then centrifuged for 10 minutes at
5175rpm at 4°C on an SH-3000 rotor. The pellet was then resuspended in 50mM
Tris, 25mM EDTA. CsCl was then added (1.1g of CsCl per g of DNA suspension
yielding 1.6g/mL final density) and 2mg/mL ethidium bromide. This was
centrifuged for 5 minutes at 3000rpm at 20°C on an SH-3000 rotor. The
supernatant was taken and completed with 1.6g/mL CsCl and centrifuged for 19
hours at 20°C at 55000g on a Tv-360 rotor. A single DNA band was visible under
ultraviolet illumination and was isolated with a 16-gauge needle. Ethidium bromide
was extracted 6 times with Tris-EDTA-NaCl saturated butanol until all color was
removed. CsCl was removed by dialyzing with a 20kDa molecular weight cutoff
membrane. Sample was dialyzed against 10mM Tris, 0.1mM EDTA with 4 changes

of buffer at 4°C. Resulting DNA was then used for analysis and injection.
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BAC DNA analysis

DNA was characterized and quality determined by “fingerprinting” and pulse
field gel electrophoresis. 5ul. of DNA were digested with Spel and bands separated
on a 1% agarose Tris-acetate-EDTA linear field gel. The resulting banding pattern
was then compared against the predicted banding pattern (fingerprint) using the
deposited sequences in the NCBI mouse build 37.1. DNA quality and concentration
were determined by digesting with Notl and analyzed using 1% agarose Tris-
borate-EDTA pulse field gel (DR2, BioRad). Samples were quantitated against
known concentration standards and DNA integrity determined by the lack of
degradation products in uncut samples. Founders were screened by PCR using
primers 5’-CCTGATGAATGCTCATCCG-3’ and 5’-TGGAAGCCATCACAAACG-3’ directed

against the CAM resistance gene of the BAC vector.

P2 Synaptosomes

Animals were sacrificed by rapid decapitation and brains immediately
dissected out and placed on ice. The striatum, hippocampus and cortex were
dissected out by hand. For striatum, careful attention was paid to not take basal
forebrain (MS-DB) or olfactory tubercle as part of the dissection. This introduces a
small bias in the tissue taken to have a greater amount of caudatoputamen (dorsal
striatum) as opposed to nucleus accumbens (ventral striatum). Cortex, as dissected,
contains the dorsal and lateral (not ventral) aspects of cortex present forward of
bregma. Tissue from two animals of the same genotype from the same litter was

pooled. Dissected tissue was placed into 5mL ice-cold homogenization buffer
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(0.32M Sucrose, 5mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
pH 7.4) and homogenized using a Teflon coated Dounce homogenizer with 10
strokes at 3500 rpm. The homogenate was then centrifuged at 2200rpm at 4°C in
an SH-3000 rotor for 10min. The supernatant was then centrifuged at 14000g at
4°C in an SS34 rotor for 10min. The resulting pellet was then resuspended in 1mL
of uptake Krebs-Ringer-HEPES (u-KRH, pH 7.4) buffer containing in mM: 130 NacCl, 3
KCl, 2.2 CaCl2, 1.2 MgSO4, 1.2 KH2POs4, 10 Glucose, 10 HEPES. Protein was
determined by the Bradford method (kit from BioRad). Samples were then diluted

to 2mg/mL.

Uptake of [3H]-Choline

Samples were divided into 800ug aliquots (2 for this experiment, remainder
used for western blotting) and centrifuged at 3000rpm at 4°C in a sorvall microfuge
rotor for 3min. The sample was then resuspended either in u-KRH or stimulation
KRH (u-KRH-stim) containing 40mM KCl with an equivalent reduction in NaCl to
maintain isoosmolarity. Samples were incubated in a water bath at 37°C for 30
minutes with intermittent shaking. Samples were then centrifuged at 3000rpm at
4°C in a sorvall microfuge rotor for 3min, resuspended in 400ul of u-KRH,
recentrifuged at 3000rpm at 4°C in a sorvall microfuge rotor for 3min and again
resuspended in 400uL of u-KRH. Uptake was then performed in silicon glass tubes
with 100ug of synaptosomes incubated with 100nM [3H]-choline (82.0 Ci/mmol
specific activity, Perkin Elmer, Waltham, MA) shaking for 15 minutes at 37°C.

Samples were run in triplicate and non-specific binding was determined by parallel
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samples containing 1uM HC-3. Synaptosomes were captured and washed 5 times
with u-KRH on polyethyleneimine coated glass fiber filters (GF/B, Whatman;
Piscataway, NJ) in a Brandel cell harvester (Brandel, Gaithersburg, MD). Filters
were dissolved in EcoScint-H (National Diagnostics, Atlanta, GA) and counted in a

Packard Bioscience liquid scintillation counter (Perkin Elmer).

Western Blotting

Two types of samples were used, either synaptosomes or whole tissue.
Animals were sacrificed and dissected as described for synaptosomes. Whole tissue
was minced by hand with razor blades and placed into solubilization buffer (50mM
Tris, 250mM NacCl, 0.2% SDS, and 2% Triton X-100, pH 7.8). Synaptosomes were
resuspended in solubilization buffer instead of u-KRH. Samples were solubilized
overnight at 4°C and cleared by centrifugation at 13000rpm at 4°C in a sorvall
microfuge rotor for 30min. Protein in the supernatant was determined by the
Bradford method and samples were diluted to 1mg/mL. Samples were prepared for
electrophoresis by diluting to 0.5mg/mL with protein sample buffer (78mM Tris,
2.5% SDS, 900mM B-mercaptoethanol, and 25% glycerol at pH 6.8). 5ug samples
were run on a 10% acrylamide gel (Nextgel, AMRESCO, Solon, OH) at 150V. Protein
was transferred to a polyvinyldifluoride membrane overnight at 150mA. Blots were
washed with phosphate buffered saline (PBS) containing 0.2% Tween-20 (PBS-T).
Blocking was done for 1 hour at ambient temperature with 5% nonfat dry milk
(Carnation) in PBS-T. Blots were then incubated in primary antibody diluted in

blocking buffer overnight at 4°C (rabbit anti-CHT 1:2000, (Ferguson, 2003); rabbit
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anti-synaptophysin 1:10000, Millipore; and mouse anti-GAPDH, Millipore). Blots
were washed 4 times for 7 minutes in PBS-T, incubated in species-appropriate HRP
conjugated secondary antibodies raised in goat (1:5000, Jackson ImmunoResearch,
West Grove, PA) washed 4 times for 7 minutes in PBS-T and placed into PBS. Blots
were developed with Western Lightning reagent (Perkin Elmer) exposed to

Hyperfilm ECL (GE Healthcare, Piscataway, NJ).

Immunofluorescence

Animals were anesthetized with 10mg of pentobarbital and transcardially
perfused with 4% paraformaldehyde in PBS. Brains were dissected and post fixed
for at least 24 hours in 4% paraformaldehyde in PBS. The brains were
cryoprotected by overnight incubation at 4°C in 20% sucrose. 40um slices were
taken using a freezing microtome and organized so that every 12th section was
stained for a given protocol. Slices were stored at -20°C in cryoprotectant (30%
glycerol, 30% ethylene glycol in 0.1M sodium phosphate pH=7.4) until use. Slices
were washed with phosphate buffered saline (PBS) containing 0.2% Triton X-100
(PBS-X). Blocking was done for 1 hour at ambient temperature with 3% normal
donkey serum (Jackson ImmunoResearch, West Grove, PA) in PBS-X. Sections were
then incubated in primary antibody diluted in blocking buffer overnight at 4°C
(rabbit anti-CHT 1:500 (Ferguson, 2003) and goat anti-ChAT 1:500, Millipore).
Sections were washed 4 times for 7 minutes in PBS-X, incubated in species
appropriate fluorescent label conjugated secondary antibodies raised in goat (1:250,

Jackson ImmunoResearch) and diluted in blocking buffer, washed 4 times for 7
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minutes in PBS-X and placed mounted on Superfrost slides (Fisher, Pittsburgh, PA)
and coverslipped with Aqua Polymount (Polysciences, Inc, Warrington, PA) or
Vectashield (Vector Labs, Burlingame, CA). Imaging was done either using a Zeiss

LSM Meta 510 laser scanning confocal microscope.

Immunohistochemistry

Tissue was prepared, sliced, and stored as for immunofluorescence. Section
were stained using the ABC kit (Vector Labs) using manufacturers instructions with
minor modifications. Slices were preincubated with 3% H;02 to quench
endogenous peroxidase activity then washed with PBS. Blocking was done for 1
hour at ambient temperature with horse serum at half recommended concentration
in PBS-X. Sections were then incubated in primary antibody diluted in blocking
buffer overnight at 4°C (rabbit anti-CHT 1:500 (Ferguson, 2003). Sections were
washed 4 times for 7 minutes in PBS-X, incubated in biotin labeled universal
secondary antibody diluted in PBS-X, then washed 4 times for 7 minutes in PBS-X.
Avidin-HRP was incubated on the sections for 30 minutes and color developed with
0.2mg/mL diaminobenzidene in 0.03% H20: until color was suitably developed by
visual observation (usually about 7 minutes, the extended development was for 20
minutes). Tissue was placed mounted on Superfrost slides dried, dehydrated
through graded EtOH (2 minutes each, 50%, 70%, 95%, and 2x100%) and xylenes
(2 times for 10 minutes) and coverslipped with Permount (Fisher). Imaging was

done using a Zeiss Axiophot upright microscope.
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Y-maze

A single cohort of male mice was used for Y-maze, elevated plus maze, and
the Crawley task (in this order). Mice were between 11 weeks and 12 weeks old
during the Y-maze test. Each mouse was tested twice in the Y-maze separated by 1
week, although all analysis was done only on the first trial. For the experiment, the
mouse was placed in the middle of a 3-armed maze with 30cm x 5cm arms radiating
from the center spaced by equal angles. Walls were 10cm high and made of clear
Plexiglas with a clear Plexiglas top. The maze was divided into the three arms and
the mouse considered to have changed arms only when it made a complete, four
pawed, entry into a different arm. Each trial lasted 7 minutes as was scored by a
blind observer watching by live video feed in the next room. The maze was washed

with 70% EtOH between trials.

Elevated plus maze (EPM)

Mice were between 12 weeks and 13 weeks old during the EPM test. For the
experiment, the mouse was placed in the middle of a 4-armed maze radiating from
the center in the shape of a plus symbol (+). Opposite arms were the same and
either without walls or with black plastic walls 15 cm high. The maze was 40cm
elevated from the floor. Each arm was 30cm long and 5cm wide. The maze was
divided into the 5 zones (each arm and the center) and the mouse considered to be
in an arm zone only when it had all four paws in the arm, otherwise it was
considered to be in the center. Data was analyzed as the time spent in the open

arms relative to time spent in any arm. Each trial lasted 7 minutes and was scored
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by the ANYmaze software (Stoelting, Wood Dale, IL) and corrected as necessary by a

blind observer. The maze was washed with 70% EtOH between trials.

Crawley task

Prior to the experiment, 2 stimulus mice were placed in pencil cups in the
outer chambers of the maze 3 times for 10 minutes separated by 10 minutes to
acclimate them to the chamber and handling. Mice were between 13 weeks and 15
weeks old during the Crawley task. For the experiment, the mouse was placed in the
middle of a 3 chamber box and the experiment conduct largely as described in
Nadler et al. (Nadler, 2004). The box was 40cm wide and 50cm long divided into 3
equal chambers along the long axis with both internal walls and external walls 30cm
high. In the center of the internal walls was a gap 10cm wide with a removable wall
that could serve as a door. Each chamber was its own zone and the mouse
considered to be in a zone based on the position of the center of its body. Data was
analyzed by the time spent in each zone. The experiment was divided into 3 phases.
During the first phase, the mouse was allowed to explore the box with the doors
open for 10 minutes with no pencil cups. The mouse was then placed in the middle
chamber with the doors shut while the initial stimulus mouse and an empty pencil
cup were placed in the outer chambers. Pencil cups were placed to the side of the
chamber equidistant to 3 walls. Cups were always on the same side of the maze but
which side and which cup contained the mouse were randomized. The doors were
lifted and the mouse allowed to explore for 10 minutes. The mouse was then

returned to the center chamber and the other stimulus mouse was placed under the
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previously empty pencil cup. To prevent the test mouse from climbing on top of the
pencil cups, styrofoam cups filled with water were placed on top. The pencil cups in
the outer chamber were placed off to one side equidistant from 3 walls. Location of
the stimuli (social, novel mouse) was varied pseudorandomly as was which mouse
was the novel mouse. The experiment was analyzed with the ANYmaze software
and corrected as necessary by a blind observer. The chamber was washed with
70% EtOH between trials and the pencil cups were washed with MB-10 for 3
minutes and thoroughly dried. The inanimate object pencil cup never contained a

mouse.

Results

Generation of BAC-CHT mouse

To generate the BAC-CHT mouse, we selected a construct (RP24-290K23)
that contains 45kb upstream and 90kb downstream of the mCHT genomic locus
(Figure 21A). This construct was selected over another construct (RP24-267H21)
due to a possible gene copy of ARMCX3 present 50kb upstream of CHT. As we used
the entire, circular, BAC construct for generation of the mice, we were able to screen
founders using PCR directed against bacterial sequences. For this we used the CmR
gene and identified 2 founder animals out of 16 screened although 1 of the founders
died before it could be bred (Figure 21B, data not shown). Unlike the Hb9:CHT

mice, validation of overexpression in the BAC-CHT is possible due the higher central
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Figure 21. Generation of the BAC-CHT mouse. (A) Screen capture from the
University of California at Santa Cruz genome browser of the genomic region of CHT.
The region covered by the BAC clone is indicated underneath. Red arrows indicate the
possible conflicting gene upstream from CHT (CHT is on the minus strand). Note
particularly that the region has a high degree of mammalian conservation. (B)
Agarose gel of screening PCR for BAC-CHT founders. Founder number 2 died prior to
being received in the lab and therefore founder number 11 provided the only
established line. (C) Western blots of extracts from different brain regions establish
a large diversity of overexpression (CTX, frontal cortex; HIP, hippocampus; MB,
midbrain; STR, striatum; BF, basal forebrain). All brain regions have elevated CHT
although there is considerable variability in the degree of overexpression.
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Figure 22. Quantification and localization of overexpression of BAC-CHT mice.
(A) and (B) Representative western blots of either whole extract or synaptosomes
from the striatum (A) or hippocampus (B) of BAC-CHT mice show strong elevation of
CHT. Synaptophysin is used as a loading control. (C) and (D) quantification of n=3 for
each group showing the amount of elevation (2-way ANOVA (genotype x preparation),

P(genotype)=0.0292 (striatum) and P(genotype)=0.0302 (hippocampus), all post
hoc comparisons P>0.05 by Bonferroni posttest). *P<0.05
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nervous system localization of expression. Elevated levels of CHT were observed in
all brain regions examined (Figure 21C), and could be localized to synapses based
on the elevation seen in synaptosomes (Figure 22). To control for the amount of
protein loaded, blots were probed for synaptophysin or GAPDH and neither showed

elevation.

Characterization of elevated CHT levels

To better assess the localization of CHT, we used immunohistochemical and
immunofluorescent techniques. The difference in expression levels was large
enough that it was difficult to treat tissue similarly and directly observe differences.
When using imunohistochemical techniques, a standard procedure revealed clear
cell bodies (striatum) and terminals (cortex) in the BAC-CHT mice (Figure 23A-C).
Using the same procedure revealed only faint cell bodies in the WT (Figure 23D). In
the medial habenula, increasing the incubation times in the WT (compare Figure
23E to 23F) could darken the staining and reveal some cell bodies, but still not to
the level of the BAC-CHT (Figure 23G). Similarly, using immunofluorescence, it was
necessary to increase the detector gain to achieve CHT labeling intensity near the
level of BAC-CHT in all areas with the representative of the hippocampus presented

(Figure 24, compare B, BAC and C, WT which are taken at different detector gains).

No change in basal and stimulated HACU in BAC-CHT mice
Despite the strong elevation of protein levels observed in BAC-CHT mice, no

basal change in uptake values has yet been observed (Figure 25). As CHT is present
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Figure 23. BAC-CHT produces increased density of CHT in soma and synapses.
In motor cortex (A) and (B), and striatum (C) and (D), CHT appears higher in BAC-CHT
(B and D) over WT (A and C), particularly in the cortex where CHT positive fibers
(representatives shown by arrows) are not visible at all in the WT (A). In the medial
habenula, CHT positive cell bodies (representatives shown by arrowheads) are
readily apparent in BAC-CHT (G) but are faint in WT (E) even if the adjacent WT
section is nearly 3-fold over developed (F). Scale bars are 50um.
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Figure 24. BAC-CHT elevates levels of CHT in the hippocampus. When imaging
conditions are optimized to visualize CHT in the BAC-CHT mouse (A and B),
cholinergic fibers are barely visible in the WT (A). Conversely, optimization of
imaging for WT (C and D), results in several points of saturation in the BAC-CHT
mouse. Scale bars are 20um.
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mainly on synaptic vesicles, I hypothesized that elevated uptake might only be
observable under conditions that drive CHT to the plasma membrane. Under basal
uptake conditions, BAC-CHT uptake was equivalent to WT in both the hippocampus
(WT 0.121 +/- 0.030 pmol/mg/min; BAC-CHT 0.138 +/- 0.047 pmol/mg/min,
P>0.10 two-way repeated-measures ANOVA) and cortex (WT 0.099 +/- 0.022
pmol/mg/min; BAC-CHT 0.144 +/- 0.033 pmol/mg/min, P>0.10 two-way repeated-
measures ANOVA). Pretreatment of synaptosomes with elevated KCI stimulated
synaptic vesicle release and increased transport activity both genotypes
(Hippocampus P=0.0042, Cortex P=0.0093). However, no interaction effect was
observed (P>0.10 two-way repeated-measures ANOVA, genotype x stimulation
interaction) indicating that the level of stimulation is not different between
genotypes. The possibilty of differences in HACU elicicted by stimulation was
further tested by directly comparing fold stimulation for each genotype. The BAC-
CHT mice did not show a greater amount of transport stimulation compared to WT
mice (Hippocampus: 218.4% +/- 25.37%; BAC-CHT 258.2% +/- 30.42%, P>0.10
Student’s t-test, Cortex: WT 194.4% +/- 3.3%; BAC-CHT 202.5% +/- 14.1%, P>0.10

Student’s t-test).

Effect of elevated CHT on cholinergically mediated behaviors
Despite the lack of observed change in uptake, the function of CHT in
regulating vesicle pools lead us to test cholinergically mediated behaviors. The most

straightforward experiment is the Y-maze test of spatial working memory, which
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Figure 25. HACU is not elevated in BAC-CHT mice. (A) and (B) Uptake of
[3H]-choline is not altered by the BAC in either the hippocampus (A) or cortex (B)
under either basal or stimulated conditions (P>0.05, 2-way ANOVA). (C) The degree
of stimulation was also not different between genotypes in either location tested (n=3
for all samples, P>0.05, Student’s t-test).
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measures the spontaeous alternation behavior (SAB) of the mouse. SAB has long
been established to be sensitive to pharmacological manipulation of cholinergic
pathways, particulary by the use of antagonists to mAChRs such as scopolamine
(Squire, 1969). Previous studies have used SAB to study potential cognitive
enhancers (Spowart-Manning and van der Staay, 2004) suggesting that the Y-maze
is potentially useful approach to examine improvements in memory in th BAC-CHT
mice. BAC-CHT mice had a small but significant reduction in spontaneous
alternation (WT: 71.1% +/- 3.0%, BAC-CHT: 63.2% +/- 2.2%, P=0.0409 Student’s t-
test) (Figure 26A). The total number of alternations was not different between
genotypes (WT: 29.8 +/- 1.4%, BAC-CHT: 25.5 +/- 1.7, P=0.0905 Student’s t-test)
(Figure 26B).

Anxiety is a behavior with a known cholinergic component and is particularly
relevant as anxiety is modulated by the use of nicotine, although the effects are
complex (Picciotto, 2002). Altered anxiety-like behaviors have been observed with
cholonergic manipulations in mice, such as an increase in open-arm time in the
elevated plus maze (EPM) measure of anxiety in $3 nAChR knockout mice (Booker,
2007). Anxiety-like traits were measured using the EPM. BAC-CHT mice spent a
significantly lower amount of time in the open arms relative to the open arms (WT:
42.5% +/- 5.4%, BAC-CHT: 30.0% +/- 3.1%, P=0.0399 Student’s t-test) (Figure 27B).
As with the Y-maze, an internal locomotor control did not show any differences
between genotype indicating that the phenotype is not an artifact of general

locomotor activity (Figure 27C).
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Although many behaviors are clearly cholinergic based on the pharmacology,
several of these behaviors have been resistant to change with genetic
manipulations. However, a deficit in social memory has been observed with
reductions in cholinergic function established in mice with reduced VAChT
expression (Prado, 2006), and therefore, the Crawley task for sociability and social
memory was performed. In the first experimental phase, the preference of the
mouse for a social versus a non-social stimulus is tested (Figure 28A). There was no
genotype effect detected (2-way ANOVA, genotype effect P>0.1), although this may
be a deficit in some portion of the experimental setup as there was no preference for
the social stimulus in the WT mice (2-way ANOVA, chamber effect P<0.0001,
Bonferroni post-test, WT social versus WT non-social P>0.05). For both genotypes,
a preference for the stimuli over the center, no stimulus chamber, was observed
(two-way ANOVA, Bonferroni post-test, all comparisons versus center P<0.001).

A similar lack of WT effect was also observed in the second phase of the
experiment, which tests the preference of a mouse for a novel social stimulus
compared to a social stimulus that the mouse has already been exposed to (2-way
ANOVA, chamber effect P<0.0001, Bonferroni post-test, WT novel social versus WT
previous social P>0.05) (Figure 28B). However, there was an effect observed only in
the BAC-CHT mice of a preference for the social stimulus (two-way ANOVA,
chamber effect P<0.0001, Bonferroni post-test, BAC-CHT social versus WT non-
social P<0.01). Again, there was a strong preference for stimuli over the center
(two-way ANOVA, Bonferroni post-test, BAC previous social versus center P<0.01,

all other comparisons versus center P<0.001).
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Figure 26. BAC-CHT mice have a mild impairment in spatial working memory.
(A) Comparison of WT and BAC-CHT mice shows a reduction in the percent alterna-
tion while travelling in the Y-maze. (B) No difference in the total number of alterna-

tions was observed. (WT n=12, BAC n=20, *P<0.05).

103



>
o

200, 60,
mWT - I I
O BAC £
1501 ©
O 2
2 100 £
[ T -“é
501 =
>~
0 N c
Q
o) C}O%e‘ Q)v
Arm
15
€ 40l
s 10 N
(&)
C
8
0
a 5
°‘ R
X

Figure 27. BAC-CHT mice have increased anxiety-like behaviors. (A) Absolute
time spent in each arm showing the allocation of arm time that results in reduced
open arm time. (B) The percent time in the open arm was reduced in the BAC-CHT
mice. (C) Total distance traveled was not different between mice. (WT n=16, BAC
n=21, *P<0.05).
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Figure 28. BAC-CHT mouse may have elevated social memory. (A) Test of mouse
preference for a social stimulus revealed no effect in either WT or BAC-CHT mouse
although both prefer a stimulus to the empty center chamber (2-way ANVOA,
1,P<0.001 Bonferroni posttest). (B) While the WT mice did not prefer the novel social
stimulus, the BAC-CHT mouse had a preference for the novel social stimulus over a

previously experienced mouse (WT n=15, BAC n=18, 2-way ANVOA, *P<0.05,
*#P<0.01, tP<0.001 Bonferroni post-test).
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Discussion

Use of BAC transgenic mice to study overexpression

Use of the BAC approach for induced overexpression has been successful in
several contexts. Similar to the strategy | employed for CHT, overexpression of the
dopamine transporter (DAT), a presynaptic neurotransmitter transporter similar to
CHT, resulted in increased dopamine transport and amphetamine-induced
behaviors (Salahpour, 2008). In several cases, overexpression has been attempted
to show that the normal function of a protein may be part of the etiology of a given
disease, such as the role of the a1G T-type calcium channel in pure absence epilepsy
(Ernst, 2009) or of tau protein in Alzheimer’s disease (Adams, 2009). Others have
used the BAC overexpression approach to introduce possible pathogenic mutations
in mice, although this is difficult due to the altered expression levels unless the
mutation is autosomal dominant (Li, 2010). Potential therapeutic targets have been
tested, including for Alzheimer’s disease where ABCA1 (ATP binding cassete
transporter, sub-family A, member 1), a protein involved in apolipoprotein E
regulation, was overexpressed to test for a reduction in amyloid burden. However,
despite the increase in ABCA1 protein on a wild-type background, no increase was
observed in an Alzheimer’s disease model (APP/PS1) and consequently, no

therapeutic effect (Hirsch-Reinshagen, 2007).
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Relationship between elevated protein and lack of change in HACU

These initial experiments with the BAC-CHT mouse have established the
possibility of this mouse for understanding the role of CHT in cholinergic function.
Possessing strongly elevated CHT in all cholinergic systems (far above the Hb9:CHT
mouse), we will be able to test hypotheses related the cellular function of CHT as
well as the ability of CHT to facilitate cholinergic signaling. This chapter presented
some of the initial characterization of overexpression, as well as transport activity
and behavior. Although the biochemical data do not lead to simple interpretations,
they do lend support to the idea that CHT has a role in synaptic vesicle cycling in
addition to transporting choline across the plasma membrane. Specifically, the lack
of change in HACU despite a large increase in CHT protein suggests a function for
CHT beyond choline uptake. Given the ACh release data from the CHT+/- mice, the
most likely hypothesis explaining the disrepency between CHT protein and HACU is
that CHT modulates vesicle cycling.

After establishing a founder line, initial experiments focused on determining
the localization and amount of increased CHT. It is clear from the immunostaining
and immunohistochemistry experiments that CHT density is far greater in all brain
regions examined. More quantifiable western blotting showed similar results in
striatum and hippocampus with an approximately 3-fold increase in CHT, although
basal forebrain overexpression did not appear as great, possibly due to a higher
density of cholinergic somata relative to cholinergic terminals. Remaining to be
tested is the subsynaptic localization of this change. As CHT resides predominantly

on synaptic vesicles, and this proportion is regulated by activity of the neuron, it is
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entirely plausible that all of the excess CHT resides on the plasma membrane,
synaptic vesicle, or other membrane cycling organelle.

The lack of data regarding the subsynaptic localization of excess CHT
provides one possible hypothesis for why no increase in transport activity was
observed. Furthermore, no additional elevation of transport activity over CHT+/+
mice was observed despite strong stimulation of HACU in cortex and hippocampus.
Biochemical experiments using subcellular fractionation to separate synaptic
membranes and organelles will identify the location of the excess CHT (Ferguson,
2003). If excess CHT is present anywhere except the plasma membrane, then it will
not be detected in a transport assay. The initial hypothesis was that it resided on
synaptic vesicles and could be driven to the surface by synaptic stimulation.
However, CHT may be present on endosomes or other intracellular vesicles. If CHT
is present on intacellular vesicles other than synaptic vesicles, it will be trafficked to
the plasma membrane more slowly and by different mechanisms than synaptic
stimulation. [3H]-HC-3 binding or synaptosomal surface biotinylation experiments
will help address which of these hypotheses is correct.

Several possibilities exist for why an increase in CHT protein does not
immediately cause an increase in detectable transport activity. First, the amount of
CHT that is transport competent at the plasma membrane could be regulated. This
type of regulation has been observed in other presynaptic neurotransmitter
transporters (Zhu, 2005; Steiner, 2008), although it has not been directly examined
for CHT. Therefore, increased CHT may be present on the plasma membrane

although it cannot transport choline. Regulation of the choline transport

108



competence of individual CHT molecules may occur because the excess CHT is
unable to be activated by a limited supply of activating facotrs. Although very few
proteins that bind to CHT have been identified (Xie and Guo, 2004), one intriguing
possibility for regulating CHT is APP (Wang, 2007). Because of the degradation of
cholinergic neurons, but with an increase in HACU, observed in Alzheimer’s Disease
(Bissette, 1996), drugs that could activate CHT might act by altering interactions
with APP.

A second hypothesis is that the excess CHT is present on organelles that are
not releasable under the experimental conditions. These organelles might be
endosomes, endocytic vesicles, or even synaptic vesicles that belong to the reserve
pool and are not releasable with intense stimulation (Gaffield and Betz, 2007), such
as KCI induced depolarization. Subcellular fractionation and immunolabeled
electron microscopy experiments will be able to show which specific organelles
contain CHT as well as the proportion of CHT at the surface (Ferguson, 2003;
Holmstrand, 2010). Given that the immunofluorescence and immunoblotting
experiments showed localization of overexpression of CHT at synapses, it is unlikely
that the excess CHT is unable to leave the soma or resides in a non-traditional
organelle.

Either of these possibilities suggest interesting consequences for the way we
understand CHT regulation and function. To date, the only demonstrated
physiological cause of increased surface CHT is neuronal activity. However,
administration of mAChR antagonists or in vitro synaptic stimulation with elevated

KCl can also increase [3H]-HC-3 binding (Lowenstein and Coyle, 1986; Saltarelli,
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1987). Several studies have shown that the increased transport correlates with an
increase in HC-3 binding although this is not conclusive evidence of increased
surface expression due to the possibility that HC-3 only binds active CHT molecules
(Simon, 1976). However, HC-3 is not membrane permeant and is only capable of
binding surface CHT molecules so that it is often interpreted that this increased HC-
3 binding is showing elevated surface expression. Therefore, strong regulation of
CHT molecules at the surface would be a novel and interesting finding in the BAC-

CHT mice, and further experiments will pursue this possibility.

Effects of elevated CHT on behavior in the absence of elevated HACU

Given the complex regulation of CHT, and the results of this regulation on the
effects of CHT overexpression, it was difficult to make solid predictions about the
effects on behavior. We generated this mouse with the expectation that we would
be able to observe behavioral effects associated with increased cholinergic function.
However, given the results on expression and transport activity, when these
experiments were initiated, the hypotheses had been refined. No basal effect was
expected in most tasks, particularly tasks that are simpler for the mouse to perform.
However, similar to the CHT+/- mice (Bazalakova, 2006), we did expect to see
phenotypes when demanding tasks were performed or challenges were added to
basic tasks.

The original concept for this mouse was to mimic the effects of a potential
CHT activating therapeutic. Preliminary clinical studies using ACh precursors

suggest that strategies, such as CHT activation, that elevate ACh synthesis could be
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effective in treating cognitive dysfunction (De Jesus Moreno Moreno, 2003).
However, the data presented here regarding CHT function suggest that CHT
overexpression and pharmacological activation may have different -effects.
Elevating the amount of CHT protein should not only increase the amount of CHT
that can transport choline, but also the amount of CHT that can send vesicles to the
reserve pool, such as hypothesized in Chapter IIlI to explain the bimodal CMAP
distribution). Conversely, a CHT activating drug would not likely affect the total
amount of protein. Therefore, if it increases the amount of CHT on the surface, it
will have to reduce the amount in another pool. Whereas increased CHT expression
will not likely affect the stoichiometry of Na* and choline in the CHT transport
process, there is preliminary evidence that this may be a mechanism for
pharmacological CHT activators (Alicia Ruggiero, personal communication).

As the goal of this mouse and of a pharmacological activator is to increase
ACh release, it is useful to hypothesize what results would be obtained with the
BAC-CHT mice in the release paradigms used in chapter II. Specifically, is there a
condition where increased ACh release would be observed? Given the impairment
in a simple behavior like spontaneous alternation, one would speculate that basally
loaded, Ca?*-mediated release should be reduced. Increased release after
stimulation in the presence of Sr2* would be expected, but if there is a basal
reduction, it might only return ACh release to CHT+/+ levels. The stimulated
labeling condition would offer the best opportunity to observe an increase in ACh
release; as both functions of CHT would be expected to increase ACh release in

response to greater CHT levels. Increased HACU from more transporters on the

111



surface, and the specific labeling of a larger reserve SV pool would both point in the
direction of increased ACh release. Experiments such as the slice release will also
fill a noticeable gap between synaptosome-based approaches and behavior because
the slices are a more intact preparation that can more faithfully recaptiulate

synaptic functions related to behavior.
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CHAPTERV

CONCLUDING REMARKS AND FUTURE DIRECTIONS

The wuse of CHT overexpression (Hb9:CHT and BAC-CHT) and
underexpression (CHT+/-) models demonstrate an important role of CHT in
supporting cholinergic signaling. Whereas the previous chapters have focused on
narrowly defined and specific functions of CHT, it is important to consider how
changes in CHT activity or levels fit into the context of a functioning cholinergic
synapse. In particular, I consider the idea that CHT localizes to reserve pool vesicles
because it is required for their formation or whether it is a passive rider on
otherwise defined vesicles.

Due to the multitude of compensatory changes and functional regulation of
proteins involved in ACh release, it is unlikely that genetic or pharmacological
manipulations of CHT have only the effects described thus far. This discussion will
focus on exploring the model presented in chapter III and how it informs the results
obtained from BAC-CHT and CHT+/- mice. Specific consideration will be given to
the ways CHT might be altered in either a therapeutic or pathological context either

as a primary manipulation or in response to other changes.
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LOCALIZATION OF CHT TO THE RESERVE POOL

Weak localization hypothesis: CHT as a free rider

If CHT is found to be a marker for cholinergic reserve pool SV, then it can be
there in one of two manners. First, it can be found on vesicles on the reserve pool
without affecting the function of the vesicles. Second, it can be a required
component of the reserve pool, where a reserve pool vesicle does not get formed if
CHT is lacking. Because CHT is found on only a subset of vesicles (Ferguson, 2003),
it cannot be the case that CHT is required for general SV formation in the same
manner as VAChT.

The first hypothesis, which posits no function in the reserve pool for CHT,
makes several predictions about several of the experiments in this dissertation. The
final release experiment, where [3H]-ACh loading of vesicles was stimulated, should
have had one of two outcomes. The most likely would be a deficit in ACh release (as
seen), paired with a reduction in the amount of [3H] loaded (not observed). This
result would suggest that the deficit in ACh release is due to reduced HACU, and not
some other function. The other outcome would be no deficit in release if the
stimulation conditions were not enough to result in a change in the amount of
transporter choline. At baseline, CHT+/- mice have equal uptake to CHT+/+ mice,
which would require stimulation or another intervention to cause a difference in
HACU. As the result obtained was a deficit in release with no change in [3H]-ACh
content, this experiment argues against the hypothesis that the only function of CHT

is HACU.
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Two other experiments argue against this hypothesis, although more
indirectly. If the sole function of CHT is HACU, and changes in HACU have a direct
impact on cholinergic function (e.g. in the absence of compensatory changes), the
increases in CHT should enhance ACh-dependant behavior. However, in two clear
examples, this was not the case. The BAC-CHT spontaneous alternation task showed
a reduction in cholinergic function due to elevated CHT levels. Such reduction in
spontaneous alternation are usually interpreted as reductions in cholinergic
signaling (). The CMAP analysis of the Hb9:CHT mice similarly produced results at
odds with the hypothesis that increased CHT should simply enhance cholinergic
function. However, as these are all genetic models and therefore come with several
caveats, it is difficult to rule out the potential of compensation for increased

cholinergic tone.

Strong localization hypothesis: CHT defines reserve pool vesicles

The second hypothesis is that CHT, in addition to supporting HACU, defines
reserve pool vesicles. This strong hypothesis does not specify many details. For
example, the presence of CHT could recruit other reserve pool proteins to form a
reserve pool vesicle or vesicles could be formed at random and assigned to a pool
based on the presence of CHT. However, this hypothesis does require that reserve
pool vesicles be impaired due to lack of CHT either by their non-existence or
conversion into another form of organelle, such as an RRP vesicle.

The data in this dissertation support this latter hypothesis. That CHT has

more than one function is immediately evident in the two populations of basal
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CMAP amplitude. If overexpression of CHT causes more reserve pool vesicles to
form, it should reduce cholinergic function in some circumstances. This was
observed in spontaneous alternation of the BAC-CHT mouse. Because
overexpression should reduce cholinergic function only in some circumstances, it
will be necessary to develop a priori predictions for future experiments about the
directionality of effect. For example, mAChR antagonists can increase ACh release
and would have a dose-dependent shift in action with higher levels of CHT.
Specifically, lower doses of scopolamine should be less effective in inducing ACh
release due to fewer vesicles being available for release. This hypothesis compares
well with the CHT+/- model of cholinergic hypofunction where mice were less
behaviorally sensitive to scopolamine (Bazalakova, 2006).

Most convincingly, there is a pool of ACh that is reduced in CHT+/- mice that
is only loaded if stimulated beforehand. The strong hypothesis predicts that reserve
pool ACh should be reduced because there are fewer reserve pool vesicles. As the
stimulation would be expected to load the reserve pool whereas other conditions
would not, this specificity argues for an impaired reserve pool capacity in the
CHT+/- mice. This hypothesis further predicts that the reduction can occur without
changes in HACU. Although HACU was not directly measured, there was no change
in the total [3H] in the sample, suggesting that HACU and ACh synthesis was not

altered.
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Relations between the CHT models, disease states, and therapeutics

Hb9:CHT mice and myasthenic disorders

Use of Hb9:CHT mice showed that elevation of CHT at the neuromuscular
junction can facilitate cholinergic function, although multiple effects are possible.
An increase in running endurance was observed in these mice as the behavioral
readout of cholinergic function. However, the attempt to examine this effect at the
physiological level revealed the complex nature of CHT manipulations. In particular,
the same genetic change can cause opposite effects on CMAP in different animals.

As discussed in chapter III, compromise of cholinergic transmission at the
NM] is the pathological insult causing myasthenic disorders. Although the most
common of these, myasthenia gravis (MG), is an autoimmune disorder with reduced
density and function of postsynaptic nAChR, there are presynaptic etiologies as well.
Two of these, Lambert-Eaton myasthenic syndrome (LEMS) and congenital
myasthenic syndrome with episodic apnea (CMS-EA), cause known deficits in the
amount of ACh released. Although it has not been rigorously tested yet, it should be
expected that a sufficiently large reduction in the levels of CHT should cause a
similar myasthenic deficit and has been demonstrated in mice with reduced VAChT
(Prado, 2006).

LEMS, like MG, is an autoimmune disorder, but the target is the voltage gated
Ca? channel responsible for synaptic vesicle release (Motomura, 1997). Impaired
function of the channel causes impaired release of synaptic vesicles upon initial

action potentials. However, repetitive nerve stimulation (RNS) results in
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progressively elevated intraterminal Ca?* concentration resulting in progressively
larger CMAP (Oh, 2007). This increment is not present in unaffected terminals
where maximally effective Ca?* concentrations are achieved with the first
stimulation. Interestingly, an increment-like effect was seen at baseline in one
group of Hb9:CHT mice. As the mechanisms of the CMAP elevation in the Hb9:CHT
mice are postulated to be enhancement of neuromuscular coupling (as opposed to
downstream from Ca?* channel activation), elevation of CMAP through elevated
transport could potentially improve neuromuscular transmission is conditions such
as LEMS.

CMS-EA has multiple identified mechanistic etiologies, but is primarily a
genetic deficit. Mutations in ChAT are one of the identified and validated causes of
the disease (Ohno, 2001; Schara, 2010). Unlike LEMS, we would not expect elevated
CHT activity to be therapeutic in these individuals. Whereas CHT is rate-limiting in
normal, healthy NMJs, in individuals with CMS-EA due to ChAT mutations, ChAT is
rate-limiting. Therefore, elevation of precursor availability would not affect end

ACh synthesis and cholinergic function.

BAC-CHT mice and Alzheimer’s Disease

As with the Hb9:CHT mice, studies of the BAC-CHT mice (Chapter IV)
produced observable effects, but not in the manner predicted by a simple
“hypercholinergic” hypothesis. The first indication that the link between elevated
CHT and cholinergic function would be complex was that greatly elevated CHT did

not result in elevated HACU. An initial behavioral battery (Y-maze, EPM) followed
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this trend where the mice appeared to have decreased cholinergic function instead
of increased, however, in a more difficult task (social memory), BAC-CHT mice were
able to perform where the wild-type could not. Using the model presented in
Chapter III, these behavioral results suggest that BAC-CHT mice can fall into a “low-
CMAP-like” group (now referred to as high-reserve) or, cholinergic function may be
elevated as with the high-CMAP mice (now high-ACh)

There are several possible explanations for the differences between
behaviors in the BAC-CHT mice as being hypo- or hypercholinergic. First, as each of
these behaviors engages different neural pathways (Lalonde, 2002; Singewald,
2007), the synapses involved may be high-reserve or high-ACh depending on the
brain region similar to differences in the increase in surface CHT in response to
scopolamine (Lowenstein and Coyle, 1986). Second, as this was the same cohort of
mice, it is possible that age became a factor. Cholinergic tone is known to decrease
with age, and it is plausible that the elevated CHT cannot compensate until the
system has been compromised enough. This hypothesis is particularly attractive in
that it explains the lack of WT effect in the social task and suggests that CHT is a
viable target for diseases associated with age such as Alzheimer’s. Experiments
tracking the same memory task during aging, or using the BAC-CHT mouse on an
Alzhemeir’s Disease mouse model, would help understand the assocation between
elevated CHT and aging. Third, the complexity of the task may play a role in
determining whether the phenotype of the BAC-CHT mice for a given behavior is
hypo- or hypercholinergic. If central terminals have a strong propensity to become

high-reserve after addition of CHT, then I would predict that BAC-CHT mice
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performing demanding tasks would appear to be hypercholinergic, whereas with
simple tasks, the BAC-CHT mice would look hypocholinergic. There is no a priori
reason to think that the tasks chosen here fall into one group or the other, but other
tasks can be chosen or manipulated to achieve these goals.

Part of the rationale of making this mouse was to show the possibilities that
would exist for a small molecule activator of CHT. However, it is important to note
the differences between the two to highlight both likely discrepancies between the
genetic model and a drug as well as potential advantages of the genetic model.
Whereas a small molecule activator would be expected to solely increase transport,
it would not be expected to have any influence on the vesicle pool trafficking
mediated by CHT. Therefore, the small molecule would behave exclusively like the
high-ACh group. This increase in cholinergic tone would likely be beneficial on its
own, but would also augment the brains own compensatory increase in CHT activity
(Slotkin, 1994) and may address part of the underlying pathology (Ehrenstein,
1997). Although this procholinergic expectation is useful clinically, genetic
overexpression has a greater utility for understanding the complete biological
functions of CHT. As the work in this dissertation and previous work illustrate, CHT

likely has a role or roles at the synapse beyond choline transport.

CHT+/- mice and genetic deficiencies of CHT
The CHT+/- mice were used to show the impact of CHT on ACh release and
provide initial experimental evidence for the nature of the linkage between CHT

function (both transport and trafficking) and ACh release. The ACh release
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experiments demonstrated that CHT supports release from a mechanism engaged
only after stimulation. This mechanism is likely the reserve pool of vesicles that is
only released and refilled after strong stimulation. Given the role cholinergic
deficits play in many pathological conditions, it is tempting to use the CHT+/- mice
as a model of one or more of these diseases. However, due to the subtle nature of
the phenotypes identified thus far, it is unlikely that this current mouse would be
useful as a disease model (Bazalakova, 2006). This models most immediate utility in
examining human conditions is to known human coding variations in CHT. One
such mutation, 189V, results in a 50% loss of transport activity and thus could be
well modeled by CHT+/- mice (Okuda, 2002). To date, there has been very little
phenotypical characterization of 189V, limited to associations in depression and
ADHD (Hahn, 2008; English, 2009). Further work -characterizing parallel
phenotypes in 189V carriers and CHT+/- mice would advance our understanding

greatly.

Further analysis of CHT in cholinergic systems

Future study of the effect of CHT on the physiology of cholinergic synapses

Use of the mouse models presented in this dissertation will provide great
insights into the regulation of CHT as a transporter and the role of CHT in vesicle
trafficking. The subsynaptic localization of extra (BAC-CHT) or missing (CHT+/-)
CHT at the synapse has not yet been studied, but is important to understanding how

HACU is elevated in response to stimulation as well as how CHT follows or
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determines vesicle identity. Although both models have clear phenotypes, neither is
matched by changes in measured HACU suggesting strict regulation of the amount
or activity of CHT at the plasma membrane. Treatments that alter these properties
(neuronal activity, inhibition of endocytosis, etc.) may reveal differences that have
thus far been elusive, particularly changes in HACU in the appropriate direction.
Although the current hypothesis of CHT includes its function in determining
reserve pool vesicles, this idea has yet to be directly tested. The closest
measurement thus far is the ACh release experiments presented in chapter IL
However, both relied on indirect methods of accessing the reserve pool and will
benefit from a more straightforward approach. More direct approaches will require
the use of optical and electrophysiological tools that allow reserve pool kinetics to
be directly measured. In particular, with the collaboration of Dr. Rita Balice-Gordon,
synpatopHlourin (spH) mice (Wyatt and Balice-Gordon, 2008) have already been
bred to the Hb9:CHT mice and are also to be established into the BAC-CHT
background. SpH is a pH-sensitive GFP fused to VAMP in the synaptic vesicle lumen.
When exposed to the extracellular space (pH=7.4), spH fluoresces, but when in the
synaptic vesicle (pH=5), its fluorescence is quenched. As a vesicular measure of
release at cholinergic synapses, spH fluorescence can show alterations in the
releasability of vesicle pools more directly than bulk ACh output. Initial
experiments that focus on the fraction of vesicles released at different stimulation
frequencies will be interesting and lead to more involved stimulation paradigms and

other manipulations
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Electrophysiology will also be an excellent way to address the questions
studied in this dissertation. The model presented in Chapter IIIl makes very specific
predictions for the study of mini end plate potentials (mEPPs) at the NM]J. High-
CMAP mice should show elevated mEPP amplitude (each vesicle contains more ACh)
whereas low-CMAP mice should show reduced mEPP frequency (fewer RRP vesicles
available for spontaneous release). CHT-/- mice have no reported changes in either
mEPP amplitude or frequency immediately after birth (when ACh levels are
equivalent to CHT+/+ mice) but is substantially lower 4 hours after birth when the
ACh supply has been exhausted (Ferguson, 2004). The CHT-/- result is not
inconsistent with the hypothesis since the small size of the RRP suggests that the
maximal size is limited by a mechanism other than CHT. Additionally, pairing
stimulated recording of end plate potentials (EPP) with the spH would be able to
show the role of CHT in sustaining cholinergic signaling. There is a dissociation
between the summed EPP and fluorescence (Tabares, 2007) that could be

exacerbated or relieved by reduction or addition of CHT.

Behavioral impacts of the complex functions of CHT

Because CHT appears to have at least two important functions in supporting
cholinergic signaling, the design of behavioral experiments will need to be
considered carefully. The most important consideration is the demand the task
places on the cholinergic system being investigated (Bazalakova, 2006). This
distinction was partially evident with the study of the BAC-CHT mice where the

mice performed opposite to expectations in the simple spontaneous alternation
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task, and it was clearly evident in the more demanding treadmill task for the
Hb9:CHT mice. Although many behaviors will be useful to study, I will focus on only
two: memory and attention.

Deficits in memory are the most common feature of Alzheimer’s disease and
are known to be cholinergically based (Luth, 2003; Schliebs and Arendt, 2006).
Furthermore, memory tasks are easily modifiable (by changing the salience of the
memory or the duration until recall) to be made more or less taxing on cholinergic
function. Experiments performed to directly compare the CHT+/-, WT, and BAC-
CHT mice will also illustrate during which stages the cholinergic system is most
vulnerable to challenge and most receptive to augmentation.

Attentional tasks have many of the same advantages as memory tasks, but
have the added advantage of currently established links to CHT (Apparsundaram,
2005a). Furthermore, memory is, by definition, a delayed task that will likely
involve postsynaptic mechanisms, which in the case of ACh has been demonstrated
through mAChR (Dickinson, 2009). However, attentional tasks have more
immediate demands on cholinergic signaling and would be more likely to elicit
changes in the dynamic properties proposed for CHT, particularly as distratctors are
added (Sarter, 2009).

In addition to the intrinsic demands of each task, pharmacological challenges
may elicit relevant phenotypes from mice with altered CHT levels. Drugs directly
acting on AChRs or AChE may reveal changes to the cholinergic system that are not
otherwise evident (Bazalakova, 2006). Cholinergic pathways also interact with

other systems in ways that are relevant to disease and can be tested by
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pharamcologically challenging behavior. For example, attentional deficits casued by
prolonged amphetamine adminstration that mimicks some aspects of schizophrenia
may be improved by manipulations, such as the BAC-CHT mouse, that elevate ACh

release (Sarter, 2009)

Conclusion
In conclusion, studies in altered expression levels of CHT have provided new
insight into how CHT acts at the synapse and how these changes affect cholinergic
functions. Hopefully, this and future work will lead to novel treatments for
cholinergic deficits based on the idea that CHT can be a target for augmentation of
cholinergic signaling. The mouse models presented here should also be excellent

tools for the continued study of CHT and its role at cholinergic synapses.
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