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variably in density and intensity for VGLUT2 mRNA, indicating multiple populations of 

glutamatergic cells in this region. Scale bar is 250um. 

4.4.1.9 Figure 9. VGLUT2 protein expression in the pulvinar is largely confined to cell bodies 

and process instead of terminals. Scale bar is 25um. 

4.4.1.10 Figure 10. Patchy distribution of VGLUT2 positive terminals in the pulvinar complex. 

Serial sections of the pulvinar complex in low magnification (A-C) and higher 

magnification (D-F) stained for CO (A, D), Nissl (B, E), and VGLUT2 protein (C, F). 
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VGLUT2 staining shows a region between PM and PL with patches of glutamatergic 

terminals. These could be projections from the lSGS of the SC to the pulvinar. Scale bar 

is 1mm (A-C) and 0.5mm (D-F). 

4.4.1.11 Figure 11. Differential expression of VGLUT2 protein in each subdivision of the 

pulvinar complex. (A) PM shows dense staining of VGLUT2-positive cell bodies. (B) 

The medial region of PL shows dense patches of VGLUT2 positive terminals, which 

could be SC projections to pulvinar. (C) Lateral PL shows dense VGLUT2 staining of 

cell bodies and sparse staining of terminals. (D) Most of PI shows diffuse staining of 

VGLUT2 cell bodies but lacks VGLUT2 positive terminals. Scale bar is 100um. 

4.4.1.12 Figure 12. Serial sections through the superior colliculus (SC) stained for (A) CO, (B) 

Nissl, (C) VGLUT2 mRNA and (D) VGLUT2 protein. Scale bar is 0.5mm. Coronal 

sections; medial is right. 

5.4.1.1 Figure 1. Coronal sections through the lateral geniculate nucleus stained for (A) CO, (B) 

Nissl, (C, E) VGLUT1 mRNA, and (D, F) VGLUT1 protein. Scale bar is 500um for 

panels A-D, 250um for panels E-F. Thalamic midline is to the left. 

5.4.1.2 Figure 2. Coronal sections through the pulvinar complex stained for (A) Nissl, (B), CO, 

(C) VGLUT1 mRNA and (D) VGLUT1 protein. (E-J) High magnification images of 

subdivisions of the pulvinar complex stained for (E-G) VGLUT1 mRNA and (H-J) 

VGLUT1 protein. Scale bar is 0.5mm. Thalamic midline is to the right. 

5.4.1.3 Figure 3. Coronal sections through the superior colliculus stained for (A) CO, (B) Nissl, 

(C, E) VGLUT1 protein, and (D,F) VGLUT1 mRNA. The stratum zonale or zonal layer 

(SZ) is a thin band that runs across the dorsal surface of the SC; immediately below is 
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the stratum griseum super_ciale or super_cial gray layer (SGS) that is divided into upper 

and lower sublayers (uSGS and lSGS respectively); the stratum opticum or optic layer 

(SO) lies below the SGS and separates the super_cial layers from the intermediate 

layers; below the SGS lies the stratum griseum intermediale or intermediate gray layer 

(SGI), which is divided into three sublayers (SGIa, SGIb, and SGIc from dorsal to 

ventral); the stratum album intermediale or intermediate white layer (SAI) lies below the 

SGI and separates the intermediate layers from the deep layers; below the SAI lies the 

stratum griseum profundum or deep gray layer (SGP) and lastly; ventral to the SGP lies 

the stratum album profundum or deep white layer (SAP), which borders the 

periaqueductal gray. Scale bar is 0.5mm for panels A-D, 100um for panels E-F 

5.4.2.1 Figure 4. Low magnification images of coronal sections through V1 and V2. Dorsal 

surface of cortex is up, ventral surface is down, hemispheric midline is to the left. Scale 

bar is 2mm. 

5.4.2.2 Figure 5. High magnification images of the laminar organization of V1 (Area 17). Scale 

bar is 250um. 

5.4.2.3 Figure 6. High magnification images of the laminar organization of V2. Scale bar is 

250um. 

5.4.2.4 Figure 7. Low magnification images of coronal sections through the middle temporal 

area (MT). Scale bar is 1mm. 

5.4.2.5 Figure 8. High magnification images of the laminar organization of MT. Scale bar is 

250um. 
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5.5.1.1 Figure 9. Cortical and subcortical visual connections of the (A) lateral geniculate 

nucleus, (B) pulvinar complex, and (C) superior colliculus. Shading intensity reflects 

levels of expression for both VGLUT1 mRNA and protein. Summarized from the 

literature (16, 17, 30-31, 34-36, 41-43). Abbreviations: PI – inferior pulvinar, PL – 

lateral pulvinar, PM – medial pulvinar, MT – middle temporal area, LGN – lateral 

geniculate nucleus, lSGS – lower superficial gray layer, uSGS – upper superficial gray 

layer, C retina – contralateral retina, I retina – ipsilateral retina. 

5.5.1.2 Figure 10. Visual connections of V1, V2, and MT in prosimian galagos. Shading 

intensity reflects levels of expression for both VGLUT1 mRNA and protein. 

Brodmann’s divisions listed in gray on the right side of each layer for V1. Summarized 

from the literature (16, 18-20, 22, 23, 25-34, 36, 37, 40-43. 

6.4.1.1 Figure 1. Coronal sections through the tree shrew lateral geniculate nucleus (LGN) 

stained for (A) cytochrome oxidase (CO), (B) neuronal nuclear antigen (NeuN), (C) 

VGLUT1 protein, (D) VGLUT2 protein, (E) VGLUT1 mRNA, and (F) VGLUT2 

mRNA. LGN layers are adapted from Glickstein, 1967. Midline is to the left, scale bar is 

1mm. 

6.4.1.2 Figure 2: High magnification images of panels C-F in figure 1 highlight laminar 

differences in VGLUT1 and VGLUT2 protein (A, B) and mRNA (C, D) through the tree 

shrew LGN. Layer conventions as in figure 1. Midline is to the left, scale bar is 100µm. 

6.4.2.1 Figure 3: Coronal sections through the tree shrew superior colliculus (SC) stained for 

(A) cytochrome oxidase, (B) neuronal nuclear antigen, (C) VGLUT1 protein, (D) 

VGLUT2 protein, (E) VGLUT1 mRNA, and (F) VGLUT2 mRNA. SC layers are 
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adapted from May, 2006. Midline is to the right, scale bar is 500um. Abbreviations: SZ 

– zonal layer, uSGSd – dorsal division of the upper superficial gray layer, uSGSv – 

ventral division of the upper superficial gray layer, LSGS – lower superficial gray layer, 

SO – optic layer. 

6.4.2.2 Figure 4: High magnification images of panels C-F in figure 3 show variations in 

VGLUT1 and VGLUT2 protein (A, B) and mRNA (C, D) distributions between layers 

of the SC. Layer conventions as in figure 3. Scale bar is 50um. Abbreviations: SZ – 

zonal layer, uSGSd – dorsal division of the upper superficial gray layer, uSGSv – ventral 

division of the upper superficial gray layer, LSGS – lower superficial gray layer, SO – 

optic layer. 

6.4.3.2 Figure 6: High magnification images of individual pulvinar divisions from panels C-F in 

figure 5 reveal differences in VGLUT1 and VGLUT2 protein (A, B) and mRNA (C, D) 

labeling across these nuclei. Scale bar is 50µm. Abbreviations: Pd – dorsal pulvinar, Pc 

– central pulvinar, Pv- ventral pulvinar. 

6.4.4.1 Figure 7: Coronal sections through primary visual cortex (V1) in tree shrews stained for 

(A) cytochrome oxidase, (B) neuronal nuclear antigen, (C) VGLUT1 protein, (D) 

VGLUT2 protein, (E) VGLUT1 mRNA, and (F) VGLUT2 mRNA. Individual V1 layers 

are named following the convention of Hässler (1967) and are shown on the left of each 

section. Solid lines are boundaries between V1 layers, dotted lines are sublaminar 

divisions. Hemispheric midline is to the right, scale bar is 500um. 
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6.4.4.2 Figure 8: High magnification images of panels C-F in figure 7 identify sublaminar 

differences in VGLUT1 and VGLUT2 protein (A, B) and mRNA (C, D) distributions in 

V1. Laminar conventions as in figure 7. Scale bar is 100µm. 

6.5.1.1 Figure 9: Summary of VGLUT1-positive and VGLUT2-positive projections in the tree 

shrew visual system. VGLUT1 projections are shown in blue, VGLUT2 projections are 

shown in red, and dual VGLUT1/VGLUT2 projections are shown in alternating red and 

blue. Circles denote the origin of individual projections while arrowheads indicate the 

terminations of each projection. Abbreviations: LGN – lateral geniculate nucleus, SC – 

superior colliculus, SZ – zonal layer, uSGSd – dorsal division of the upper superficial 

gray layer, uSGSv – ventral division of the upper superficial gray layer, LSGS – lower 

superficial gray layer, SO – optic layer, Pd – dorsal pulvinar, Pc – central pulvinar, Pv- 

ventral pulvinar, V1 – primary visual cortex. 
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CHAPTER 1 

1. Introduction to vesicular glutamate transporters and their role in excitatory 

neurotransmission 

 

Excitatory neurotransmission in the mammalian central nervous system (CNS) is 

primarily mediated by the release of glutamate, a small amino acid utilized as a metabolic 

substrate in most living cells and as a signaling molecule in excitatory neurons (Reimer et al., 

2001). The presynaptic sequestration and release of glutamate from small synaptic vesicles in the 

axon terminals of glutamatergic neurons is regulated by a family of transmembrane transport 

proteins known as vesicular glutamate transporters (VGLUTs), which are either expressed alone 

or in combination with other transmitter transporters, in every glutamatergic neuron across the 

CNS (Fremeau et al., 2004b; Takamori, 2006). Three VGLUT isoforms are known to exist to 

date – VGLUT1, VGLUT2, and VGLUT3. All three VGLUTs are genetically (Aihara et al., 

2000; Fremeau et al., 2001; Gras et al., 2002) and functionally (Danbolt et al., 1994; Fremeau et 

al., 2002; Reimer and Edwards, 2004; Blakely and Edwards, 2012) similar to one another; 

however, subtle differences in their distribution and function have allowed researchers to discern 

how VGLUTs contribute to variations in glutamatergic signaling across a range of excitatory 

neuronal populations. It is now apparent that each VGLUT protein may mediate distinct forms of 

glutamatergic neurotransmission in the CNS via its interaction with a wide range of proteins and 

small molecules in the synaptic terminals of host neurons (Fremeau et al., 2001; Herzog et al., 

2001; Kaneko and Fujiyama, 2002; Fremeau et al., 2004b; Takamori, 2006; Blakely and 

Edwards, 2012; Rovó et al., 2012). The following sections outline the similarities and differences 

in function and distribution of all three VGLUT isoforms in the mammalian CNS, to highlight 
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the slight changes in transporter function that give each VGLUT their unique characteristics in 

glutamatergic neurotransmission.  

 

1.1 Mechanisms of VGLUT-mediated glutamate transport into presynaptic vesicles  

The primary function of VGLUT proteins is the transport of cytosolic glutamate into 

presynaptic vesicles in the axon terminals of glutamatergic neurons. All three VGLUT isoforms 

use similar intracellular mechanisms to package glutamate into presynaptic vesicles (Bellocchio 

et al., 2000; Takamori et al., 2000; Fremeau et al., 2001; Hayashi et al., 2001; Herzog et al., 

2001; Reimer et al., 2001; Fremeau et al., 2002; Schäfer et al., 2002). The driving force behind 

VGLUT-mediated glutamate uptake is a proton-dependent electrochemical gradient driven by a 

vacuolar H+ATPase, also located on the vesicle membrane, which converts individual adenosine 

diphosphate (ADP) molecules into adenosine triphosphate (ATP) molecules along its cytosolic 

region (Bellocchio et al., 2000; Takamori et al., 2000; Fremeau et al., 2001; Hayashi et al., 

2001). For every molecule of ADP converted to ATP, a single hydrogen (H+) proton is 

transported into the vesicle lumen. The steady rise of H+ cations within the vesicle electrically 

charges its interior and drives the accumulation of glutamate anions into the vesicle to neutralize 

the increased charge. VGLUTs pump individual glutamate molecules into the vesicle in 

exchange for individual H+ ions. Thus, larger electrochemical gradients across the vesicle 

membrane drive faster VGLUT-mediated glutamate uptake into presynaptic vesicles (Danbolt et 

al., 1994; Blakely and Edwards, 2012; Anne and Gasnier, 2014), unlike vesicular monoamine 

(VMAT) or vesicular GABA (VGAT) transporters, whose efficacy depends on the pH 

differential across the vesicle membrane (Anne and Gasnier, 2014). All three VGLUT proteins 

have a relatively low affinity for glutamate under neutral conditions (Disbrow et al., 1982; Naito 
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and Ueda, 1983; Bellocchio et al., 2000; Fremeau et al., 2001; Schäfer et al., 2002; Reimer and 

Edwards, 2004), thus large differences in the electrochemical gradient across vesicle membranes 

in vivo are required to produce physiologically relevant rates of glutamate uptake in neurons 

(Takamori et al., 2000; Takamori, 2006; Edwards, 2007).  

Other ions that diffuse through the presynaptic cytosol influence this electrochemical 

gradient, and the functions of all three VGLUTs depend these small molecules as well. Chloride 

(Cl-) ions diffuse through vesicles via transmembrane chloride channels and their negative 

charge also neutralizes the H+ gradient driven by the vacuolar H+ATPase. Thus, all three 

VGLUT isoforms exhibit a biphasic dependency on chloride concentrations; high levels of 

chloride conductance inhibit glutamate uptake into vesicles by reducing the electrochemical 

gradient across the vesicle membrane, while lower levels between 2-10 mM Cl- concentrations 

drive glutamate uptake (Fremeau et al., 2004a; Takamori, 2006). Interestingly, much lower 

levels of Cl- conductance interferes with glutamate uptake and the loss of chloride channels in 

glutamatergic neurons induces widespread neuronal degeneration due to excessive glutamate 

vesicle filling and excitotoxicity, providing further evidence that chloride levels directly 

influence how much glutamate is sequestered into individual glutamatergic vesicles. Chloride 

ions may also bind directly to VGLUT proteins via an allosteric binding site and directly alter the 

rate of glutamate transport into synaptic vesicles (Hartinger and Jahn, 1993). Both VGLUT1 and 

VGLUT2 are also known to transport inorganic phosphate (Pi) in exchange for sodium ions once 

they are present on the presynaptic plasma membrane following vesicle fusion, and an increase 

in Pi within the presynaptic terminal triggers phosphate-activated glutaminase (PAG) to convert 

glutamine into glutamate in the cytosol. PAG activity also produces ammonia as a byproduct, 

which diffuses into the vesicle lumen and gets trapped, increasing the lumenal charge and further 
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driving glutamate uptake into the vesicle (Bellocchio et al., 1998; Schäfer et al., 2002; Varoqui et 

al., 2002). Thus, intracellular chloride and phosphate levels both directly influence VGLUT-

mediated glutamate uptake into presynaptic vesicles.  

The number of VGLUT proteins present on individual vesicles appears to determine the 

volume of glutamate stored within each vesicle, as determined by the presence of absence of 

presynaptic VGLUT1 on postsynaptic responses in vitro and in vivo. Overexpression of 

VGLUT1 (Wilson et al., 2005) or similar VGLUT homologs (Daniels et al., 2004) at individual 

glutamatergic synapses causes a drastic increase in the amplitude of excitatory postsynaptic 

currents (EPSCs), which suggests that the expression of VGLUTs directly influences the amount 

of glutamate released from individual glutamatergic synapses. Similarly, hippocampal neuronal 

cultures from VGLUT1 knockout mice (Wojcik et al., 2004) showed a large reduction in EPSC 

amplitude compared to wild type neurons, indicating that the presence of VGLUT1 on 

presynaptic vesicles is coupled to the quantal size of the postsynaptic response. Interestingly, 

heterozygous mice with only one VGLUT1 allele in the same study showed an exact 50% 

reduction in EPSC amplitude compared to wild type mice, further suggesting that the number of 

VGLUT1 proteins present in a synapse directly relates to the quantal size of the excitatory 

postsynaptic response. Overexpressing VGLUT1 on native synaptic vesicles causes an increase 

in the amount of glutamate stored within a single vesicle as opposed to an increase in the number 

of vesicles available for release (Wojcik et al., 2004; De Gois et al., 2005; Wilson et al., 2005; 

Erickson et al., 2006), possibly by increasing the overall diameter of individual glutamatergic 

vesicles (Daniels et al., 2004), which would allow for more glutamate per vesicle without a 

drastic change in the concentrations of glutamate inside or outside of the vesicle membrane. The 

effect of VGLUT2 expression on quantal vesicle content has yet to be fully determined 
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(Edwards, 2007), but VGLUT3 also appears to regulate the amount of neurotransmitter stored in 

individual vesicles of serotonergic and dopaminergic neurons in a similar manner (Amilhon et 

al., 2010). Thus, the number of VGLUT proteins present on a single synaptic vesicle is directly 

coupled to the amount of glutamate stored in that vesicle, which determines the quantal size of 

the postsynaptic response following the release of glutamate from the axon terminal. Since single 

glutamatergic vesicles are not usually filled to maximal capacity and postsynaptic receptors don’t 

saturate in response to individual quanta of vesicular glutamate release (Yamashita et al., 2003; 

Wojcik et al., 2004; Edwards, 2007), variations in glutamate content per vesicle- as regulated by 

the number and type of VGLUTs present on each vesicle- may be responsible for the range of 

excitatory potentials produced by individual glutamatergic neurons in the CNS.  

In traditional glutamatergic synapses, which express VGLUT1 or VGLUT2 and not 

VGLUT3, the interaction of VGLUT1 and VGLUT2 with other presynaptic proteins suggests 

that each isoform is targeted to separate pathways of vesicle exo- and endocytosis (Voglmaier et 

al., 2006; Weston et al., 2011; Foss et al., 2013). The tail ends of each protein, known as the N-

terminus and the C-terminus, remain unbound in the terminal cytoplasm and vesicle lumen, 

instead of bound within the vesicle membrane, and are free to interact with other proteins to 

guide vesicle trafficking mechanisms. A highly conserved C-terminal domain on all three 

VGLUTs is known to interact with endophilin A1, a synaptic protein that is essential to the 

reformation and internalization of synaptic vesicles. Endophilin A1 binds to sections of the 

presynaptic terminal membrane where vesicle endocytosis has been initiated and recruits other 

proteins that mold and separate individual vesicles from the plasma membrane. The C-terminus 

of VGLUT1 has the highest affinity for endophilin A1, but acts in a negative allosteric manner, 

where binding of VGLUT1 to endophilin A1 reduces the probability of vesicle endocytosis and 
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subsequent glutamate release. The C-terminus of VGLUT2 has a lower affinity for endophilin 

A1 and thus, neurons expressing VGLUT2 are able to maintain a comparably faster rate of 

vesicle endocytosis (Weston et al., 2011). However, endophilin A1 binding to the C-terminus of 

VGLUT1 is required for normal endocytosis (Voglmaier et al., 2006), suggesting that this 

interaction may influence other components of vesicle formation such as vesicle biogenesis or 

trafficking to separate vesicle pools. Vesicles formed with endophilin A1 are also sorted to a 

faster vesicle recycling pathway mediated by the binding of endophilin A1 to adaptor protein 2 

(AP2), and fast recycling of synaptic vesicles allows for response facilitation during repetitive 

activation, which is a common feature of VGLUT1-positive neurons. VGLUT2’s lower affinity 

for endophilin A1 may underlie the trafficking of VGLUT2-positive vesicles to a slower 

recycling pathway mediated by adaptor protein 3 instead (Voglmaier et al., 2006). The N-

terminus of VGLUT1 contains two additional domains that are absent in VGLUT2 (Foss et al., 

2013). One of these domains also interacts with endophilin A1 and recruits VGLUT1-positive 

vesicles to the Ap2-mediated endocytotic pathway, thus giving VGLUT1 two points of access to 

the same recycling pathway. VGLUT2, which lacks this domain entirely, relies only on the C-

terminus domain for its transport to the AP2-mediated recycling pathway, which may contribute 

to its reduced probability of vesicle recycling and release. The second N-terminal domain on 

VGLUT1 recruits VGLUT-positive vesicles to a third adaptor protein 3 (AP3)-mediated 

endocytotic pathway with a different rate of vesicle internalization than the AP2-mediated 

pathway, which gives VGLUT1-positive vesicles a greater temporal range of vesicle endocytosis 

compared to VGLUT2. Thus, VGLUT1 and VGLUT2 appear to be trafficked through separate 

vesicle recycling pathways following their fusion with the presynaptic terminal membrane, 

which may give rise to temporal variations in their properties of glutamate release.  
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The relative levels of VGLUT1 and VGLUT2 in individual terminals affect mechanisms 

of homeostatic plasticity across those synapses. Further experiments with VGLUT1 deficient 

hippocampal cultures showed that many neurons lacking VGLUT1 did not entirely lose their 

ability to produce EPSCs (Wojcik et al., 2004). In these cells, small EPSCs with low frequencies 

were still present and examination at the electron microscopic level showed that these neurons 

expressed low levels of VGLUT2 instead. Similar studies in differentiated neocortical cultures 

show that VGLUT2 expression levels increase and VGLUT1 levels decrease in response to 

bicuculine treatment, which increases the overall firing activity of neurons. Conversely, 

VGLUT1 levels increase and VGLUT2 levels decrease in response to tetrodotoxin treatment, 

which decreases the overall firing activity in neurons (De Gois et al., 2005). Thus, fluctuations in 

the activity patterns of glutamatergic neurons causes a corresponding shift in the distribution of 

VGLUT1 and VGLUT2 proteins in their terminals, which allows them to maintain constant 

levels of glutamate release despite such large shifts in neural activity.  During development, 

cerebellar granule cells express VGLUT2 during early differentiation, which requires high levels 

of excitatory neural activity, but switch to expressing VGLUT1 during synaptic maturation 

(Miyazaki et al., 2003), which requires comparatively lower levels of activity, indicating that 

VGLUT expression in these synapses is dependent on the level of excitatory transmission in 

these cells. Directly manipulating spiking activity via calcium flux also causes shifts in vesicular 

transporter expression and specifies neurotransmitter choice in most neurons (Spitzer et al., 

2004). Similar developmental coexpression and bidirectional regulation of VGLUT1 and 

VGLUT2 has been observed in neocortical cultures (Boulland et al., 2004; De Gois et al., 2005) 

and intact neocortical sections (Nakamura et al., 2005; Liguz-Lecznar and Skangiel-Kramska, 

2007). Altering the expression levels of either VGLUT1 or VGLUT2 in a synapse 
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correspondingly changes the amount of glutamate released from that synapse, as well as the time 

course of glutamate release from individual vesicles. Thus, by regulating VGLUT expression 

within terminals, glutamatergic neurons can maintain constant levels of glutamate release and 

excitatory activity in response to fluctuations in the strength of action potentials coursing through 

them (Erickson et al., 2006).  During development, this facilitates the formation and maturation 

of functional glutamatergic synapses (Boulland et al., 2004). In adulthood, VGLUT subtype 

switching prevents excitotoxicity and maintains normal synapse function in response to drastic 

changes in neural activity within glutamatergic circuits (Hnasko and Edwards, 2012).  

 

1.2 VGLUT expression patterns in the developing and adult brain 

In addition to differences in membrane trafficking, quantal content and size, and 

homeostatic response properties, the expression patterns of each VGLUT isoform differs 

significantly across the CNS, with limited overlap between VGLUTs in any region (Fremeau et 

al., 2001; Herzog et al., 2001; 2004). The presence of individual VGLUTs within a given 

projection is determined in two ways; first, the proteins themselves are identifiable in axon 

terminals (Gras et al., 2002; Kaneko et al., 2002), or in dendrodendritic contacts in the case of 

VGLUT3 (Fremeau et al., 2002), via immunohistochemistry with antibodies specific to each 

VGLUT protein. Second, the mRNA transcripts of each isoform are identifiable in the cell 

bodies of neurons that utilize VGLUTs in their terminations (Ni et al., 1995; Aihara et al., 2000; 

Gras et al., 2002), via in situ hybridization with complementary mRNA sequences to each 

VGLUT transcript. Thus, the origin and termination of individual VGLUT-positive projections 

can be identified using a combination of these two techniques. Most studies show that VGLUT1 

and VGLUT2 are distributed in traditional glutamatergic terminals that form asymmetric 
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synapses on the dendrites of their postsynaptic targets and generate excitatory postsynaptic 

responses, while VGLUT3 is distributed in nontraditional glutamatergic terminals that form 

symmetric and asymmetric axodendritic or dendrodenritic synapses, and generate excitatory or 

inhibitory postsynaptic responses (Bellocchio et al., 1998; Fremeau et al., 2001; 2002). Since 

VGLUT1 and VGLUT2 predominate in the majority of glutamatergic circuits across the 

mammalian CNS (Fremeau et al., 2001; Herzog et al., 2001; Kaneko and Fujiyama, 2002), the 

remainder of this chapter will focus on differences in expression and function between VGLUT1 

and VGLUT2.  

In rodents, VGLUT1 protein is abundantly distributed in small terminals throughout the 

cerebellum, hippocampus, and in all layers of the neocortex, with only slightly less dense 

distributions in layers 4 and 6 of some neocortical areas (Fujiyama et al., 2001; Kaneko and 

Fujiyama, 2002; Kaneko et al., 2002). In contrast, VGLUT2 protein is densely distributed in 

layers 4 and 6 of the neocortex but more moderately distributed in other neocortical layers and in 

restricted regions of the hippocampus and cerebellum. In subcortical regions (Fujiyama et al., 

2001; 2003), VGLUT2 is densely distributed across the thalamus, midbrain, and brainstem 

nuclei, while VGLUT1 is more moderately distributed in the same regions. During development, 

both VGLUT1 and VGLUT2 mRNA are transiently coexpressed in the same neurons and 

glutamatergic terminals either switch between the two protein isoforms at different 

developmental time points or express both isoforms for a limited period of time (Herzog et al., 

2001; Boulland et al., 2004; Fremeau et al., 2004a; Nakamura et al., 2005; Liguz-Lecznar and 

Skangiel-Kramska, 2007; Nakamura et al., 2007). In adulthood, VGLUT1 and VGLUT2 mRNA 

are coexpressed in subsets of neurons within specific brain regions, such as thalamic sensory 

relay nuclei (Herzog et al., 2001; Barroso-Chinea et al., 2007), but the two proteins don’t appear 
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to colocalize in individual terminals (Herzog et al., 2001; Altschuler et al., 2008; Graziano et al., 

2008; Zeng et al., 2011; Rovó et al., 2012). Glutamatergic neurons in adult mammals either 

possess the ability to transcribe both VGLUT isoforms in their cell bodies but only utilize a 

single isoform in their terminals, or both isoforms are transcribed and instead trafficked to 

separate terminals (Herzog et al., 2001; Fremeau et al., 2004a). Since the N- and C-termini of 

both VGLUTs contain distinct sequences of amino acids that facilitate the trafficking of each 

protein to different portions of the vesicular and terminal membranes (Santos et al., 2009; 

Weston et al., 2011; Foss et al., 2013), it is possible that the differential distribution of VGLUT1 

and VGLUT2 between individual terminals of glutamatergic neurons gives rise to the temporal 

and spatial dynamics of glutamate release seen in excitatory neurotransmission across the CNS 

(Erickson et al., 2006; Edwards, 2007; Davanger et al., 2009).  

 

1.3 VGLUT expression correlates with distinct classes of glutamatergic projections 

The largely segregated distribution patterns of VGLUT1 and VGLUT2 in the mammalian 

CNS strongly suggests that each VGLUT isoform may be restricted to a functionally distinct 

category of excitatory projections (Herzog et al., 2001; Fremeau et al., 2004a; b; Takamori, 

2006; Blakely and Edwards, 2012). VGLUT1-positive synapses from the cerebellum (parallel 

fibers), hippocampus, and neocortex are associated with a lower probability of glutamate release 

compared to VGLUT2-positive synapses from the cerebellum (climbing fibers), brainstem, and 

thalamus (Fremeau et al., 2001). VGLUT1-positive synapses also exhibit paired-pulse 

facilitation in response to repetitive stimulation while VGLUT2-positive synapses exhibit paired 

pulse depression instead (Varoqui et al., 2002). VGLUT1-positive terminals are also typically 

much smaller than VGLUT2-positive terminals (Fujiyama et al., 2001), and make synaptic 
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contacts along distal dendritic regions while VGLUT2-positive terminals make contacts closer to 

the cell soma instead (Altschuler et al., 2008; Masterson et al., 2009). Glutamatergic neurons in 

the few brain regions that coexpress VGLUT1 and VGLUT2 mRNA (Herzog et al., 2001) often 

send branched projections to multiple targets and, since the two proteins aren’t found in the same 

terminals, it is possible that individual neurons utilize separate VGLUT isoforms in different 

terminal locations. If VGLUT1 and VGLUT2 do segregate to functionally distinct types of 

glutamatergic synapses (Herzog et al., 2001; Fremeau et al., 2004a; b; Santos et al., 2009; 

Blakely and Edwards, 2012), then these isoforms could serve as anatomical markers for each 

type of glutamatergic projection and potentially give rise to some of their functional 

characteristics.  

Since VGLUT1 and VGLUT2 appear to distinguish between functionally classes of 

glutamatergic projections in the mammalian CNS, a further examination of their distribution 

patterns across a larger range of species may aid in the identification of homologous 

glutamatergic projections in mammalian brains. Additionally, the presence of VGLUT1 or 

VGLUT2 within a given projection may reveal novel features, or confirm prior findings, of 

functional properties of that projection within its larger neural network. In the mammalian visual 

system, the presence of VGLUT1 and VGLUT2 in segregated projections may distinguish 

between thalamocortical and corticothalamic connections (Kaneko and Fujiyama, 2002; Fremeau 

et al., 2004b; Takamori, 2006), feedforward and feedback projections (Rockland and Pandya, 

1979; Felleman and Van Essen, 1991), driving and modulatory projections (Crick and Koch, 

1998; Sherman and Guillery, 1998; Sherman, 2005), or other undefined categories of 

glutamatergic connections between visual structures.   
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The primary goals of the following chapters are to (1) document the distribution of 

VGLUT1 and VGLUT2 across visual glutamatergic projections of Old World macaque 

monkeys, New World squirrel and owl monkeys, prosimian galagos, and tree shrews, and (2) 

determine whether each VGLUT isoform characterizes a distinct projection type between visual 

structures. Each of these species represents a closely related but phylogenetically distinct 

member of the mammalian lineage (figure 1), thus allowing for comparisons of VGLUT 

distributions in homologous visual projections between related mammals. Additionally, the 

anatomical and functional characteristics of visual projections in these species have been well 

documented, which facilitates the correlation of VGLUT1 and VGLUT2 distributions with 

distinct classes of glutamatergic visual projections in the mammalian CNS.  

 

1.3.1.1 Figure 1. The phylogeny of living mammals. Stars indicate lineages examined for 
VGLUT1 and VGLUT2 distributions in visual projections (Chapters 2-6). Adapted 
from Kaas, 2004 
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CHAPTER 2 

2 Differential expression of vesicular glutamate transporters 1 and 2 may identify 

distinct modes of glutamatergic transmission in the macaque visual system 

 

The following chapter was published under the same title in the Journal of Chemical 

Neuroanatomy by Pooja Balaram, Troy Hackett, and Jon Kaas; May 2013. 

 

2.1 Abstract 

Glutamate is the primary neurotransmitter utilized by the mammalian visual system for 

excitatory neurotransmission. The sequestration of glutamate into synaptic vesicles, and the 

subsequent transport of filled vesicles to the presynaptic terminal membrane, is regulated by a 

family of proteins known as vesicular glutamate transporters (VGLUTs). Two VGLUT proteins, 

VGLUT1 and VGLUT2, characterize distinct sets of glutamatergic projections between visual 

structures in rodents and prosimian primates, yet little is known about their distributions in the 

visual system of anthropoid primates. We have examined the mRNA and protein expression 

patterns of VGLUT1 and VGLUT2 in the visual system of macaque monkeys, an Old World 

anthropoid primate, in order to determine their relative distributions in the superior colliculus, 

lateral geniculate nucleus, pulvinar complex, V1 and V2. Distinct expression patterns for both 

VGLUT1 and VGLUT2 clearly identify regions of glutamatergic input in visual structures, and 

may identify common architectonic features of visual areas and nuclei across the primate 

radiation. Additionally, we find that VGLUT1 and VGLUT2 characterize distinct subsets of 

glutamatergic projections in the macaque visual system; VGLUT2 predominates in driving or 
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feedforward projections from lower order to higher order visual structures while VGLUT1 

predominates in modulatory or feedback projections from higher order to lower order visual 

structures. The distribution of these two proteins suggests that VGLUT1 and VGLUT2 may 

identify class 1 and class 2 type glutamatergic projections within the primate visual system 

(Sherman and Guillery, 2006).  

 

2.2 Introduction 

The primate visual system consists of an intricate network of brain structures that process 

visual information (Valverde, 1985; Van Essen, 1985; Krubitzer and Kaas, 1989; Felleman and 

Van Essen, 1991; Casagrande and Kaas, 1994; Salin and Bullier, 1995; Van Essen, 2005). The 

dense connections that interlink individual visual structures have been examined through tracer 

studies that define projections to and from given areas and nuclei. However, the neuronal 

populations that give rise to individual projections in the visual system are often morphologically 

indistinct from each other, making it difficult to characterize the types of neurons that comprise a 

single projection (Lund et al., 1975; Lund, 1988; Levitt et al., 1996). The use of cellular and 

genetic markers to identify discrete populations of cells now allows us to isolate neurons that 

express a unique marker and correlate their connections and functional attributes within sensory 

systems (Lein et al., 2006; Hevner, 2007; Baldwin et al., 2011; Bernard et al., 2012). Thus, 

groups of neurons that give rise to distinct visual projections can now be classified based on their 

genetic and molecular characteristics. Since these molecular markers are also intrinsically tied to 

cellular processes, their expression patterns may identify neuronal properties that give rise to 

specific functions within a neuronal circuit as well (Kubota and Kawaguchi, 1994; Hevner et al., 

2003; Fremeau et al., 2004a; b; Yamamori, 2011). Thus, the diversity of genetic and molecular 
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markers within neurons of the primate visual system could contribute to the range of neuronal 

responses within visual circuits. The molecular characterization of excitatory neurons and 

neuronal circuits in the primate visual system depends, in large part, on the use of glutamate as 

an excitatory neurotransmitter. However, the identification of glutamate within a neuron is not 

enough to classify it as glutamatergic, since glutamate is a ubiquitous amino acid in most cells of 

the nervous system. The classification of glutamate as a signaling molecule within a neuron 

requires the identification of a glutamate transporter, a protein responsible for containing 

glutamate within secretory vesicles that are released upon signal transmission (Danbolt et al., 

1994; Reimer et al., 2001; Davanger et al., 2009). A family of such transport proteins, the 

vesicular glutamate transporters (VGLUTs), have been identified in the mammalian central 

nervous system (Aihara et al., 2000; Bellocchio et al., 2000; Herzog et al., 2001; Gras et al., 

2002; Kaneko et al., 2002; Fyk-Kolodziej et al., 2004; Hackett and la Mothe, 2009; Hackett, 

2011; Bryant et al., 2012)  and are known to contribute to glutamatergic signaling within 

neuronal circuits (Fremeau et al., 2001; Varoqui et al., 2002; Fremeau et al., 2004a; b; Santos et 

al., 2009). Thus, VGLUT expression characterizes a glutamatergic phenotype in neuronal 

populations.  

Two VGLUT isoforms, VGLUT1 and VGLUT2, are widely distributed across the 

mammalian brain, and appear to distinguish separate types of projections between and within 

parts of the visual system. A third isoform, VGLUT3, is distributed in subsets of neurons across 

the cortex, hippocampus, and striatum, but appears to have a more complex role in glutamatergic 

transport and synaptic activity (Fremeau et al., 2002; Gras et al., 2002; Schäfer et al., 2002; 

Herzog et al., 2004; Seal and Edwards, 2006). In order to further elucidate the role of VGLUTs 

in visual projections and the relative distributions of VGLUT isoforms in visual areas, we 
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examined the mRNA and protein distributions of VGLUT1 and VGLUT2 in select subcortical 

nuclei and cortical visual areas of macaque monkeys. We find that VGLUT1 and VGLUT2 

characterize distinct types of visual projections; VGLUT2 predominates in relay or feedforward 

projections from hierarchical lower order to higher order levels of the visual system, while 

VGLUT1 appears in modulatory connections between and within visual areas, as well as 

feedback connections from higher order to lower order structures. Since VGLUT1 and VGLUT2 

are known to characterize distinct types of glutamatergic synapses in the central nervous system 

and regulate differential rates of glutamate release in neurons (Fremeau et al., 2004a; b), we can 

conclude that these isoforms also define separate glutamatergic projections at the level of 

neuronal circuits as well. Thus, VGLUT1 and VGLUT2 may define distinct types of excitatory 

projections within the primate visual system.  

 

2.3 Materials and Methods 

Tissue acquisition 

One monkey was transcardially perfused with sterile 0.1M phosphate-buffered saline 

(PBS) followed by sterile 1% paraformaldehyde (PFA) in PBS at the University of Washington. 

The intact brain was removed and shipped overnight to Vanderbilt University, where the cortical 

hemispheres were bisected and separated from the thalamus and brainstem. One cortical 

hemisphere, as well as the thalamus and brainstem, were postfixed in sterile 4% PFA for 6 hours. 

The unfixed cortical hemisphere was used in an unrelated study. Following postfixation, pia was 

removed from the exterior surfaces, all pieces were blocked, and all blocks were cryoprotected in 

30% sucrose for at least 24 hours prior to histology. The other three monkeys were overdosed 

with sodium pentobarbital (120mg/kg) and transcardially perfused with PBS followed by 4% 



	   17	  

PFA in PBS. The brains were removed and the cortical hemispheres were separated from the 

thalamus and brainstem. Two of the six cortical hemispheres were used in unrelated studies. The 

remaining hemispheres, as well as the thalamus and brainstem from all three animals, were 

blocked and cryoprotected in 30% sucrose for 24 hours prior to histology.  

Histology 

Cryoprotected blocks from each cortical hemisphere were cut on a sliding microtome into 

40-50µm coronal sections and separated into alternating series for further study. Each series 

contained 50-70 sections distanced ~240µm apart in the brain. One series from each block was 

processed for cytochrome oxidase (Wong-Riley, 1979) and another series was processed for 

Nissl substance with thionin; both were used as references for architectonic boundaries of visual 

areas. Remaining series were cryoprotected (30% glycerol, 30% ethylene glycol, 0.1M PBS) and 

stored at -20°C for further use. 

Immunohistochemistry (IHC) 

Immunolabeling for VGLUT1 and VGLUT2 used commercial antibodies against each 

transporter (see Table 1 for details). Briefly, sections were postfixed for 30min in 4% PFA and 

rinsed in 0.01% Triton X-100 (Fisher, Pittsburgh PA) in 0.01M PBS. Endogenous peroxidase 

reactivity was quenched using 0.01% hydrogen peroxide in 0.01M PBS. Sections were rinsed 

again in 0.01% Triton/PBS, blocked in 5% normal serum (Vector Labs, Burlingame CA) and 

0.05% Triton in 0.01M PBS for two hours, and then incubated overnight in the desired 

concentration of primary antibody (Table 1) with 5% serum and 0.05% Triton in 0.01M PBS. 

Two antibodies were used for VGLUT1 labeling to confirm the diffuse and variable staining 

pattern of VGLUT1 in all areas. Following primary incubation, sections were rinsed three times 

in 0.01% Triton/PBS, and then incubated in the desired secondary antibody with 5% serum and 
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0.05% Triton in PBS for two hours. Sections were rinsed three times in 0.01% Triton/PBS again, 

and then incubated in an avidin/biotinyl-peroxidase complex solution (ABC kit, Vector Labs) 

overnight. Sections were then rinsed three times in 0.01% Triton/PBS to remove nonspecific 

binding, and then incubated in 0.0002% 3’3’ diaminobenzidine with 0.02% nickel in 0.1M PBS 

to visualize the stain. Sections were mounted on gelatin-subbed slides, dehydrated, and 

coverslipped with Permount (Fisher). Two series for each area were processed separately for 

VGLUT1 and VGLUT2 IHC.  

Western Blotting (WB) 

The specificity of each antibody used in VGLUT1 and VGLUT2 IHC was confirmed 

using standard western blotting techniques. Prior to perfusion, macaque cerebellar tissue was 

collected and placed in lysis buffer (0.32M sucrose, 2mM EDTA, 1% sodium dodecyl sulfate, 

1mg/ml leupeptin, 50um phenylmethylsulfonyl fluoride, Roche Complete protease inhibitors; 

Roche) on ice for 10 minutes. Tissue was homogenized using a Kontes pellet pestle (VWR, 

Radnor PA) and centrifµged at 1700g for 10 minutes. Supernatant was collected from each 

sample, total protein concentration was determined using a bicinchoninic acid assay kit (Pierce, 

Rockford IL), and all samples were normalized to 1µg/µl. Roughly 20-40µg of total protein was 

separated using SDS-PAGE and transferred to PVDF blotting membranes (Roche) overnight. 

Membranes were rinsed in 0.1M Tris-buffered saline (pH 8.0; Sigma) with 0.01% Triton, 

blocked in 5% bovine serum albumin (BSA, Roche) with 0.01% Triton for one hour, and then 

incubated overnight in the desired primary antibody (see Table 1 for details) with 5% BSA and 

0.01% Triton, at 4°C with gentle agitation. Following primary incubation, membranes were 

rinsed in TBS/Triton and incubated in the desired horseradish peroxidase (HRP)-conjugated 

secondary antibody with 5% BSA and 0.01% Triton for one hour. Membranes were rinsed 
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several times in TBS/Triton to remove background reactivity and labeled protein on each 

membrane was visualized using chemiluminescence and exposure to film. Film exposures for 

each western blot were scanned using a digital scanner and converted to digital images.  

 

2.3.1.1 Table 1. Commercial antibodies and relative concentrations used for western 
blotting and immunohistochemistry of VGLUT1 and VGLUT2.  

 Primary antibody 
(IHC, WB) 

Secondary 
Antibody (IHC) 

Normal 
Serum (IHC) 

Secondary 
Antibody (WB) 

VGLUT1 
(cortex) 

Rabbit anti-
VGLUT1 

(MAb 
Technologies) 
1:3000 IHC 
1:1000 WB 

Biotinylated goat 
anti-rabbit IgG 
(Vector Labs) 

1:500 

Goat serum 
(Vector Labs) 

HRP-
conjugated goat 
anti-rabbit IgG 
(Jackson Labs) 

1:30,000 

VGLUT1 
(thalamus, 
midbrain) 

Mouse anti-
VGLUT1 

(Synaptic Systems) 
1:3000 IHC 
1:1000 WB 

Biotinylated goat 
anti-mouse IgG 
(Vector Labs) 

1:500 

Goat serum 
(Vector Labs) 

HRP-
conjugated goat 
anti-mouse IgG 
(Jackson Labs) 

1:20,000 

VGLUT2 
(thalamus, 
midbrain, 

cortex) 

Mouse anti-
VGLUT2 

(Millipore) 
1:5000 IHC 
1:2000 WB 

Biotinylated horse 
anti-mouse IgG 
(Vector Labs) 

1:500 

Horse serum 
(Vector Labs) 

HRP-
conjugated goat 
anti-mouse IgG 
(Jackson Labs) 

1:30,000 
 

In situ hybridization (ISH) 

Digoxigenin-labeled riboprobes for VGLUT1 and VGLUT2 mRNA were prepared from 

macaque cDNA libraries under previously described conditions (Tochitani et al., 2001) and 

labeled using a conventional DIG-dUTP labeling kit (Roche). ISH was performed with slight 

modifications of previously described techniques. All sections were postfixed overnight in 4% 

PFA, incubated in 0.75% glycine for 15 minutes to remove background reactivity due to 

formaldehyde fixation, and then incubated in 0.3% Triton for 15 minutes to increase 
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permeability. Sections were treated with 0.1% Proteinase K (Sigma) for 30 minutes at 37°C, 

excess Proteinase K was acetylated using 0.25% acetic anhydride in 0.9% triethanolamine and 

0.12% hydrochloric acid for 10 minutes, and all sections were preincubated in hybridization 

buffer (pH 7.5) containing 5% saline sodium citrate (SSC; 150 mM sodium chloride, 15 mM 

sodium citrate, pH 7.0), 50% formamide (FA), 2% blocking reagent (Roche), 0.1% N-

lauroylsarcosine (NLS), 0.1% sodium dodecyl sulphate (SDS), and 20 mM maleic acid for one 

hour at 60°C. Sections were then hybridized overnight at 60°C in the same buffer, along with 

1µg/ml of the desired probe. Hybridized sections were treated with 20 µg/mL RNase A (Sigma) 

in RNase A buffer (10 mM Tris-HCl, 10 mM ethylenediamine-N,N,N′,N′ -tetraacetic acid 

(EDTA), 500 mM NaCl; pH 8.0) for 15 minutes at 37°C to remove nonspecific mRNA. Finally, 

sections were thoroughly rinsed in Tris-buffered saline (pH 7.5; Sigma) for 15 minutes, blocked 

in 0.5% blocking reagent (Roche) for 30 minutes, and incubated with an alkaline phosphatase 

labeled anti-DIG antibody (1:1000, Roche) in 0.5% blocking reagent for four hours. Sections 

were then visualized overnight with 1:50 NBT/BCIP (Roche) in Tris 9.5, mounted on gelatin-

subbed slides, dehydrated in ethanol and cleared in xylene, and coverslipped with Permount. 

Two series for each area were processed separately for VGLUT1 and VGLUT2 ISH. 

Imaging and analysis 

Digital photomicrographs and montages were captured using an MBF CX9000 camera 

mounted on a Nikon E80i microscope with Neurolucida software (MBF Bioscience, Williston, 

VT). All images were cropped and adjusted for brightness and contrast, but were otherwise 

unaltered.  
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2.4 Results 

Protein and mRNA distributions of VGLUT1 and VGLUT2 varied significantly between 

and within visual structures, but remained largely consistent with known VGLUT distributions in 

other primate species (Hackett and la Mothe, 2009; Balaram et al., 2011a; b; Garcia-Marin et al., 

2013). We find that VGLUT1 and VGLUT2 appear to characterize distinct types of 

glutamatergic projections within the macaque visual system. VGLUT1 mRNA was moderately 

expressed in the lateral geniculate nucleus and pulvinar complex but strongly expressed in V1 

(area 17) and V2 (area 18). VGLUT2 mRNA, in contrast, was strongly expressed in the lateral 

geniculate nucleus, discrete layers of the superior colliculus, and the pulvinar complex, but only 

moderately expressed in certain layers of V1 and V2. VGLUT1 and VGLUT2 protein labeling 

was restricted to axon terminals in all areas examined, with the exception of a few cells in the 

pulvinar complex. VGLUT1 protein was diffusely expressed in all visual structures, and the 

intensity of labeling varied between and within regions of interest. VGLUT2 protein, however, 

was localized to retinorecipient regions of the lateral geniculate nucleus and superior colliculus 

and tectorecipient regions of the pulvinar complex, as well as specific layers of V1 and V2. The 

detailed distributions of VGLUT1 and VGLUT2 are discussed below.  

2.4.1 Specificity controls for VGLUT1 and VGLUT2 

In situ hybridization using sense and antisense probe strands against VGLUT1 and 

VGLUT2 mRNA confirmed the specificity of both probes to their respective RNA targets, with 

no crossreactivity between sequences and no detectable background reactivity, in macaque brain 

tissue (Figs. 1A and B). Western blots for all antibodies against VGLUT1 and VGLUT2 protein 

also showed strong specificity with no detectable background immunoreactivity in macaque 
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cerebellar tissue (Fig. 1C). VGLUT1 was localized at 73kDa and VGLUT2 was localized at 

56kDa, consistent with known molecular weights of both proteins. The rabbit polyclonal 

antibody against VGLUT1 labeled a portion of the full VGLUT1 protein (65kDa), as noted by 

the manufacturer, but comparisons of staining distributions confirm that both VGLUT1 

antibodies label the correct protein (data not shown). Additionally, no differences in staining 

intensity were noted between sections from animals perfused with 1% PFA or 4% PFA. These 

findings demonstrate the specificity of the antibodies to VGLUT1 and VGLUT2, and eliminate 

concerns about nonspecific selectivity of the chosen probes and antibodies in macaque tissue.  

 

2.4.1.1 Figure 1. (A and B) Sense and antisense staining of VGLUT1 and VGLUT2 mRNA 
in macaque thalamus sections confirms probe specificity. (C) Western blotting for 
VGLUT1 and VGLUT2 protein in macaque cerebellum lysate confirms antibody 
specificity for both proteins.  
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2.4.2 Subcortical distributions of VGLUT1 and VGLUT2 

VGLUT1 protein was densely and evenly distributed across the lateral geniculate 

nucleus, superior colliculus, and pulvinar complex while VGLUT2 protein was confined to more 

discrete distributions such as the retinorecipient layers of the lateral geniculate nucleus and 

superior colliculus, and tectorecipient regions of the inferior pulvinar. In all three subcortical 

areas, VGLUT1 mRNA was expressed at low levels while VGLUT2 mRNA was expressed at 

high levels, and both mRNA distributions correlated with known projections from these 

structures. Differences in VGLUT distributions in subcortical visual areas appear to identify 

distinct afferent and efferent projections from each area, as detailed below.  

Superior colliculus (SC) 

The superior colliculus in macaques is a large, well-laminated midbrain structure that is 

traditionally divided into superficial, intermediate, and deep sets of layers, each of which 

mediates different functions within the SC (May, 2006). The majority of visual processing in the 

SC occurs in the superficial layers, while the deep layers regulate multisensory integration and 

brainstem motor functions. For the purposes of this study, only the superficial layers are 

considered. The most superficial layer of the SC is the stratum zonale or zonal layer (SZ), a 

narrow band of axon fibers that covers the dorsal surface of the colliculus. Just ventral to the SZ 

lies the stratum griseum superficiale or superficial gray layer (SGS), an intermediately sized, cell 

dense layer that can be divided into upper and lower subdivisions (uSGS and lSGS, respectively) 

in most primates. Ventral to the SGS lies the stratum opticum or optic layer (SO), similar in size 

to the SGS but largely cell free and instead filled with fiber tracts that run lateral to medial 

through the layer. Laminar divisions of the superior colliculus are indicated in figure 2.  
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2.4.2.1 Figure 2. Low magnification images through the macaque superior colliculus. 
Scale bar is 1mm, thalamic midline is to the left.  

 
 
 

In Nissl preparations of the superior colliculus (Fig. 2A), the SZ was distinguishable as 

two layers across the dorsal surface of the colliculus, the upper layer consisting of a thin row of 

cells of mostly astrocytes (Lund, 1972), and a lower layer of fibers that cross the extent of the 

SC. The SGS was also visible below the SZ, and could be separated into upper and lower 

subdivisions based on cell density. The SO showed much sparser cell distributions than the 

overlying layers of the SC. In CO preparations (Fig. 2B), the upper SZ stained weakly for CO 
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and appeared as a light band across the surface of the colliculus, while the lower SZ stained 

strongly for CO and appeared as a thin, dark band. The SGS could also be differentiated into its 

respective subdivisions, the upper SGS showed dense CO staining while the lower SGS showed 

more moderate CO reactivity. The SO stained lightly for CO, mostly between the fiber tracts 

running through this layer, appearing as a light, medium-sized band that originated from the 

optic tract on the lateral edge and continued to the medial aspect of the SC. From rostral to 

caudal sections in the colliculus, the SZ remained a uniform size while the SGS and SO appeared 

to decrease in relative thickness. No cells were visible in CO-stained sections of the SC. With the 

exception of upper and lower subdivisions of the SZ in CO preparations, both Nissl and CO 

distributions in the macaque SC are consistent with previous descriptions of lamination in the 

primate colliculus (May, 2006).  

 

2.4.2.2 Figure 3. High magnification images of VGLUT distributions in the superior 
colliculus. Laminar divisions are listed on the left, scale bar is 25um.  
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The labeling of VGLUT1 and VGLUT2 protein in the superficial layers of the SC likely 

reflects retinotectal and corticotectal terminal projections (Tigges and Tigges, 1970; Symonds 

and Kaas, 1978) (Figs. 2C, D and 3A, B). VGLUT1 was densely distributed across all the 

superficial layers of the SC, indicating its considerable use in retinal or cortical projections (Figs. 

2C and 3A). The SZ was discernible as two bands; the upper astrocytic layer was devoid of 

VGLUT1 and the lower fiber layer was densely labeled with VGLUT1. The SGS was also 

clearly split into two divisions; the upper SGS stained darkly for VGLUT1 and the lower SGS 

stained more moderately for VGLUT1. The SO showed even, diffuse labeling of VGLUT1 

throughout the SC, mostly apparent as punctate labeling around the fibers running through this 

layer. No differences in VGLUT1 labeling were seen between rostral and caudal extents of the 

SC. In contrast, VGLUT2 labeling in the SC was concentrated in the lower SZ and dorsal parts 

of the upper SGS, appearing as dense, regular patches of label through the rostrocaudal extent of 

the colliculus (Figs. 2D and 3B). VGLUT2 labeling in the lower SZ/upper SGS was consistently 

denser along the medial aspect compared to the lateral aspect of the SC. Moderate VGLUT2 

terminal labeling was observed through the rest of the SGS and SO, but remained at reduced 

levels through the colliculus. The discrete, patchy labeling of VGLUT2 terminals seen in the 

superficial layers of the SC closely resembles previous descriptions of retinotectal terminations 

in macaques (Wilson and Toyne, 1970; Hubel et al., 1975; Pollack and Hickey, 1979) while the 

diffuse, even labeling of VGLUT1 terminals more resembles patterns of corticotectal 

terminations (Wilson and Toyne, 1970). Thus, VGLUT1 and VGLUT2 likely characterize the 

terminations of distinct visual projections to the macaque SC.  

Tectopulvinar and tectogeniculate projection neurons were examined using VGLUT1 

mRNA expression, which identified VGLUT1 or VGLUT2 mRNA-positive cells in the SC that 
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utilize the respective protein in their axon terminals (Figs. 2E, F and 3C, D). VGLUT1 mRNA 

was notably absent from all superficial layers of the SC (Figs. 2E and 3C). A few large 

VGLUT1-positive neurons were found in the intermediate layers and along the edge of the 

periacqueductal gray, confirming the reaction technique, but similarly stained cells were not 

found in the SZ, SGS, or SO, indicating that efferent projections from the SC do not appear to 

utilize VGLUT1 for excitatory transmission. VGLUT2 mRNA however, was differentially 

distributed throughout the superficial layers of the SC (Figs. 2F and 3D). Both layers of the SZ 

and the upper SGS were devoid of VGLUT2 mRNA, but the lower SGS contained numerous 

medium-sized cells that stained strongly for VGLUT2 mRNA. In caudal sections of the SC, 

VGLUT2-positive cells in the lower SGS were evenly distributed from the medial to lateral edge, 

but in more rostral sections they were concentrated along the lateral aspect of the SC. The SO 

contained a scattered distribution of smaller and more moderately stained VGLUT2-positive 

cells. Cells in the lower SGS of the colliculus project to specific divisions of the inferior pulvinar 

in macaques (Stepniewska et al., 2000; Lyon et al., 2010) and strong VGLUT2 mRNA expression 

in this layer corresponds to strong VGLUT2 terminal labeling in those divisions of the pulvinar 

complex (discussed below).  

Pulvinar 

The primate pulvinar is a large complex of several nuclei within the thalamus that are 

well connected to a number of visual and nonvisual cortical areas, with some nuclei also 

receiving inputs from the SC (Stepniewska, 2004). The pulvinar of macaques has been 

traditionally subdivided into four major regions; the anterior pulvinar (PA), the medial pulvinar 

(PM), lateral pulvinar (PL), and inferior pulvinar (PI). PI in macaques has been subdivided into 

four areas, posterior inferior pulvinar (PIp), medial inferior pulvinar (PIm), and central inferior 
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pulvinar (PIc), which was further subdivided into medial and lateral divisions, PIcm and PIcl 

respectively (Stepniewska and Kaas, 1997). While the traditional boundary between PI and PL 

and PM has been the brachium of the superior colliculus, all subdivisions of PI continue into the 

ventral portions of PM and PL. PA is not connected to occipital and other visual areas that 

contribute to early stages of visual processing, and thus, is not discussed here. PM, PL, and PI, 

however, are connected with various cortical visual areas and likely serve a crucial role in 

processing and integrating visual information. Subdivisions of the pulvinar complex in macaques 

are shown in figure 4.  

Nissl preparations through the pulvinar complex (fig. 4A) clearly distinguished the three 

major pulvinar subdivisions as previously described (Olszewski, 1952). Nissl stained cells in PM 

were densely packed and evenly distributed, while cells in PL were irregularly distributed 

between fiber bundles running lateral to medial through the nucleus. PI could be separated into 

three divisions based on cell density; PIm showed dense cell distributions, clearly distinguishing 

it from the more diffuse cell distributions of PIp and PIc. CO-stained sections through the 

pulvinar better delineated the subdivisions of this area (fig. 4B); PM showed moderate CO 

reactivity with multiple darker patches along the ventrolateral aspect that were continuous with 

subdivisions of PI, while PL showed more irregular CO reactivity with light and dark areas 

dispersed between fiber bundles. PI could be divided into four regions; PIm stained strongly for 

CO, distinguishing it from PIp and PIcm, both of which stained weakly for CO. PIcl showed 

slightly stronger CO reactivity than PIcm in rostral and middle sections through the pulvinar 

complex. Previous CO descriptions of the macaque pulvinar identified similar patterns as those 

described above (Stepniewska and Kaas, 1997; Stepniewska et al., 2000; Stepniewska, 2004), 

providing us with consistent definitions of boundaries between pulvinar divisions.  
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2.4.2.3 Figure 4. Low magnification images through the pulvinar complex. Scale bar is 
1mm, thalamic midline is to the left.  
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2.4.2.4 Figure 5. High magnification images of VGLUT1 protein (A-F), VGLUT2 protein 
(G-L), VGLUT1 mRNA (M-R), and VGLUT2 mRNA (S-X) distributions in each 
division of the pulvinar complex. VGLUT1 and VGLUT2 distributions vary 
distinctly between each nucleus but the varied labeling patterns of each isoform 
highlight the heterogeneity of afferent and efferent projections through this 
nucleus.  

 
 
Afferent terminations in the pulvinar complex were largely characterized by dense, even 

distributions of VGLUT1 and not VGLUT2 (figs. 4C, D and 5A, L). PM showed dark, punctate 

staining of VGLUT1 across its extent (figs. 4C and 5A-F), with slightly darker labeling along the 

dorsomedial boundary of PM (best seen in fig. 4C). PL showed more diffuse VGLUT1 reactivity 

dispersed between the brachial fiber bundles (fig. 5B). PI could be separated into four divisions; 

PIp and PIcm stained less darkly for VGLUT1, with small punctate terminals distributed 

throughout both structures (figs. 5C, E), and appeared as lighter bands around PIm (best seen in 

fig. 4C). Labeled terminals in PIm appeared much smaller than those seen in PIp and PIcm, and 
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diffuse neuropil labeling of VGLUT1 was also apparent in this region (fig. 5D). Lastly, 

VGLUT1 staining in PIcl closely resembled that of PL (fig. 5F), with diffuse terminal labeling 

distributed throughout the region. In contrast to VGLUT1, strong VGLUT2 reactivity was only 

found in two subdivisions of the pulvinar complex, PIp and PIcm (figs. 4D and 5G-L). Both 

regions showed dense, patchy distributions of VGLUT2 positive terminals (fig. 5I and K), while 

all other pulvinar divisions showed weak cellular labeling of VGLUT2. Strong labeling of 

VGLUT2 positive terminals in PIcm and PIp also continued dorsal and ventral to PIm in most 

sections (fig. 4D), suggesting that these two regions of dense VGLUT2 labeling are parts of the 

same nucleus. Diffuse cellular labeling of VGLUT2 clearly distinguished PIm from the 

surrounding pulvinar, and differentiated PIcl from PIcm, but did not distinguish PM from PL. 

The diffuse labeling of VGLUT1 in all divisions of the pulvinar likely correspond to multiple 

cortical projections that terminate within this structure, while the discrete labeling of VGLUT2 

terminals in PIp and PIcm correspond to subcortical projections from the lower SGS of the 

colliculus. Thus, VGLUT1 and VGLUT2 likely typify the synaptic terminations of distinct 

afferent projections within the pulvinar complex (Masterson et al., 2009).  

Neurons within the pulvinar, which project to a variety of visual cortical areas, were 

disparately characterized by both VGLUT1 and VGLUT2 mRNA (figs. 4E, F and 5M-R). 

VGLUT1 was only weakly expressed in scattered cells throughout the pulvinar complex, making 

it difficult to detect changes in VGLUT1 expression between pulvinar divisions (figs. 4E and 

5M-R). VGLUT2 mRNA was more strongly expressed in all divisions of the pulvinar, but 

expression patterns were often heterogeneous within each division (figs. 4F and 5T, X). In 

general, PIp and PIcm showed similarly strong VGLUT2 expression, with dense clusters of large 

and medium sized VGLUT2 positive cells (figs. 5U, W). PL and PIcl also showed strong 
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VGLUT2 expression, in smaller cells that were closely packed (figs. 5T, X). Lastly, PM and PIm 

showed weak levels of VGLUT2 expression in a small percentage of cells within each division 

(figs. 5S, V). The distinct patterns of VGLUT1 and VGLUT2 mRNA highlight the heterogeneity 

of glutamatergic projection neurons within the pulvinar complex.  

Lateral geniculate nucleus (LGN) 

The dorsal lateral geniculate nucleus in macaques is composed of cell-dense layers, 

interleaved by cell-sparse interlaminar zones (fig. 6). LGN layers are traditionally defined by 

their cell type and relative location within the nucleus; from ventral to dorsal, they are classified 

as external magnocellular (ME), internal magnocellular (MI), internal parvocellular (PI), and 

external parvocellular (PE). In macaques, both parvocellular layers split into alternating leaflets 

and appear as four layers instead of two (Kaas et al., 1978). Boundaries between LGN layers and 

interlaminar zones were easily distinguishable in CO and Nissl stained sections (fig. 6A, B) and 

were consistent with previous descriptions of this nucleus (Kaas et al., 1978).  

Major afferent terminations in the LGN from the retina, superior colliculus, and primary 

visual cortex were labeled by staining for VGLUT1 and VGLUT2 protein. Sections stained for 

VGLUT1 showed dense but diffuse labeling of axon terminations through the M and P layers, as 

well as the interlaminar zones of the LGN (figs. 6C, 7A-C). The dorsal leaflet of PE appeared to 

stain darker for VGLUT1 compared to the other layers, across all sections of the LGN (best seen 

in Fig 6C), but no other differences were noted in staining intensity between the layers. The 

interlaminar zones stained more diffusely for VGLUT1 and could be distinguished from 

neighboring LGN layers based on their reduced staining intensity. In comparison to VGLUT1, 

VGLUT2 distributions in the LGN were remarkably different; punctate terminal labeling of 

VGLUT2 was densely packed in the M and P layers but largely absent from the interlaminar 
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zones (figs. 6D and 7D-F). Stronger and denser VGLUT2 labeling was seen in the M layers in 

comparison to the P layers in all sections of the LGN (figs. 6D. 7D). The discrete labeling of 

VGLUT2 terminals within the LGN layers matches patterns of retinogeniculate terminations in 

macaques (Kaas et al., 1978; Conley and Fitzpatrick, 1989) while the diffuse labeling of 

VGLUT1 terminals resemble cortical projections to this nucleus (Lund et al., 1975). Thus, 

VGLUT1 and VGLUT2 appear to resemble distinct projections within the macaque LGN.  

LGN projection neurons were examined for VGLUT mRNA expression (figs. 6E, F and 

7G-L). VGLUT1 mRNA was weakly expressed in cells of all LGN layers and interlaminar zones 

(figs. 6E and 7G-I). In sections stained for VGLUT2 mRNA, most cells in the M and P layers 

strongly expressed VGLUT2, while cells in the interlaminar zones did not (figs. 6F and 7J-L). 

VGLUT2 positive cells in the P layers were more densely packed than those in the M layers, but 

no other laminar differences were found. Lastly, no rostrocaudal differences in VGLUT1 and 

VGLUT2 expression were seen in the LGN. Cells in the LGN primarily project to V1 

(Hendrickson et al., 1978) and the dual expression of both VGLUT1 and VGLUT2 mRNA within 

the magnocellular and parvocellular LGN layers suggests that these cells use both isoforms in 

their cortical projections. Isolated VGLUT1 expression in the koniocellular layers suggests that 

these cells use a single isoform in glutamatergic transmission instead.  
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2.4.2.5 Figure 6. Low magnification images through the lateral geniculate nucleus (LGN). 
Scale bar is 1mm, thalamic midline is to the left.  
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2.4.2.6 Figure 7. High magnification images of VGLUT distributions in the LGN stained 
for (A-C) VGLUT1 protein, (D-F) VGLUT2 protein, (G-I) VGLUT1 mRNA, and 
(J-L) VGLUT2 mRNA. Scale bar is 100um.  
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2.4.3 Cortical distributions of VGLUT1 and VGLUT2 

Large-scale differences were seen in VGLUT distributions between V1 and V2. Overall, 

VGLUT1 mRNA predominated in cortical neurons while VGLUT2 mRNA only identified a 

subset of neurons from these areas. Additionally, VGLUT1 protein was diffusely distributed in 

V1 and V2 while VGLUT2 was restricted to discrete terminations. The differential distribution 

of VGLUT isoforms in cortical areas again suggests that these proteins characterize separate 

glutamatergic projections in the macaque visual system.  

Area V1 

V1 in macaques is easily identifiable by its extensive lamination and distinct 

architectonic characteristics. Here, V1 layers and sublayers are numbered according to Hässler’s 

(1967) scheme (fig 8B), rather than the more common scheme of Brodmann (1909), as evidence 

from numerous comparative and other studies support this classification (Brodmann, 1909; 

Hässler, 1967; Casagrande and Kaas, 1994; Garey, 2006). The primary difference between these 

schemes is their delineation of layer 4 in V1; Brodmann’s scheme includes 3 sublayers of layer 

4, 4A, 4B, and 4C, while Hässler’s scheme labels Brodmann’s 4A and 4B as sublayers of layer 3, 

3B and 3C respectively, and Brodmann’s layer 4C as a single layer 4. Subdivisions of all V1 

layers in macaques are distinctly visible in Nissl stains that demarcate cell size and density in this 

area (figs. 8C and 9A). The abrupt change in lamination between V1 and V2 also clearly marks 

the boundary between both areas (fig. 8). CO stained sections through V1 revealed distinct 

patterns of lamination based on staining intensity (figs. 8D and 9B). Layer 1 showed no 

reactivity, and layers 2, 3, and 5 stained lightly for CO. Layers 3Bb and 4 stained darkly for CO 

and appeared as distinct bands that terminated at the border between V1 and V2. Patches of 

strong CO reactivity were visible at regular intervals in layer 3, identifying the blob and interblob 
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compartments of V1 (Wong-Riley, 1979). Lastly, layer 6 stained moderately for CO and 

appeared as another distinct band ventral to layer 5. CO and Nissl stains through V1 were 

consistent with previous reports, and provided a reliable basis of laminar and areal definitions in 

the macaque visual cortex (Casagrande and Kaas, 1994). 

VGLUT protein distributions varied distinctly between the layers of V1 (figs. 8E, F and 

9C, D). Layers 1 and 3A stained densely for VGLUT1 but not VGLUT2. Layer 2 showed 

scattered populations of VGLUT2 positive terminals clustered toward to dorsal boundary of the 

layer (best seen in 8D), which resembled pulvinar terminations in V1 (Ogren and Hendrickson, 

1977), and dense VGLUT1 reactivity throughout. Layers 3B and 3C stained weakly for both 

VGLUT proteins and appeared as lighter bands within the superficial layers of V1. Layer 3Bb, 

however, showed unique staining patterns of both VGLUT isoforms; a thin band of strong 

VGLUT1 labeling and a thin band of strong VGLUT2 labeling were present, with the VGLUT1 

band consistently dorsal to the VGLUT2 band throughout V1. When aligned with CO sections, 

both bands fell within the strong belt of CO reactivity seen in layer 3Bb. Thus, two different 

types of VGLUT inputs are segregated within layer 3Bb. Layer 4 also showed unique expression 

patterns of VGLUT1 and VGLUT2. Both 4A and 4B had dense distributions of VGLUT1 and 

VGLUT2 compared to the other layers of V1, but the densest labeling of VGLUT1 appeared at 

the border between 4A and 4B while the densest labeling of VGLUT2 appeared in 4B proper. 

Alignment with CO sections confirmed that both dense VGLUT bands were within layer 4. 

Layer 5 labeled weakly for VGLUT1 and VGLUT2, while layer 6 exhibited more moderate 

labeling of both proteins. With the exception of 6A, which had slightly stronger VGLUT1 

staining than 6B, neither layer 5 nor layer 6 presented any sublaminar differences in VGLUT 
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reactivity. The distinctive laminar distributions of VGLUT1 and VGLUT2 proteins ended at the 

border between V1 and V2 (figs. 8E, F), indicating that these patterns are unique to V1. 

 

2.4.3.1 Figure 8. Low magnification images of V1 and V2. (A) Coronal section of 
cytochrome oxidase (CO) reactivity in V1 and V2, showing region of interest for 
panels B-H. (B) Areal and laminar divisions of V1 and V2 in reference to panels C-
H, adapted from Casagrande and Kaas, 1994. Scale bars in are 1mm.  
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Dense VGLUT2 labeling in layers 4A, 4B, and 3Bb likely reflects magnocellular and 

parvocellular geniculostriate input to V1 (Hendrickson et al., 1978; Blasdel and Lund, 1983), as 

evidenced by strong VGLUT2 mRNA expression in those layers of the LGN. The dorsal band of 

VGLUT1 labeling in layer 3Bb, as well as dense VGLUT1 labeling at the 4A/4B border, likely 

reflects a distinct subset of parvocellular geniculate inputs to V1 (Hendrickson et al., 1978) and 

corresponds to the expression of VGLUT1 mRNA in those LGN layers as well. Alternatively, but 

less likely given the weak levels of VGLUT1 mRNA seen in the cell bodies of these projections, 

the bands of VGLUT1 labeling in V1 could correspond to koniocellular geniculate terminations 

in layer 3Bb (Lund et al., 1988).  

 

2.4.3.2 Figure 9. High magnification images through V1. Laminar divisions indicated on 
the left, adapted from Casagrande and Kaas, 1994. Scale bar is 100um.  

 

 
Neurons that expressed VGLUT1 and VGLUT2 mRNA were found in discrete layers of 

V1 (figs. 8G, H and 9E, F). Layer 1 did not express either VGLUT isoform, consistent with its 
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very sparse distributions of neurons. Layers 2 and 3A showed dense expression of VGLUT1 and 

weak expression of VGLUT2. In both layers, labeled cells were small and densely packed. 

Sublayers 3B and 3Bb were slightly more heterogeneous in expression patterns and cellular 

distributions; both layers contained small, medium and large cells interspersed with each other, 

some cells with strong VGLUT1 or VGLUT2 expression and others with more moderate labeling, 

making it difficult to determine consistent expression patterns within these layers. In general, it 

appeared that larger cells stained darkly for VGLUT2 while smaller cells stained darkly for 

VGLUT1, although further quantification would be needed to support this conclusion. Layer 3C 

exhibited distinct differences in VGLUT distributions; while neither VGLUT isoform was 

particularly predominant in 3C, VGLUT1-positive cells tended to cluster toward the dorsal and 

ventral edges of layer 3C while VGLUT2-positive cells were evenly distributed through the 

center of the layer. No differences in labeled cell size or density were observed in 3C. In layer 4, 

medium-sized cells throughout 4A and 4B moderately expressed VGLUT2, while much smaller 

cells in both layers weakly expressed VGLUT1. On average, VGLUT2-positive cells in 4A were 

larger, darkly stained, and more frequently distributed that VGLUT2 positive cells in 4B, which 

were lightly stained but densely packed. VGLUT1-positive cells in 4B were again crowded 

together compared to 4A. Layer 5 of V1 contained weak VGLUT1 expression in small cells but 

now VGLUT2 expression; in general VGLUT1 positive cells in 5A were clustered together 

compared to VGLUT1 positive cells in 5B. In contrast, layer 6A showed strong VGLUT1 

expression while 6B showed weaker VGLUT1 expression, clearly distinguishing them through 

the extent of V1. Some cells in layer 6 stained weakly for VGLUT2 but could not be reliably 

identified through the area. Overall, VGLUT1 and VGLUT2 mRNA expression overlapped 

significantly in the superficial layers, but varied distinctly in layer 4 and the deep layers of V1.  
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Area V2 

V2 in macaques covers a thin strip of the cortical surface along the full extent of the 

anterior border of V1 (DeYoe and Van Essen, 1985; Kaas, 2005). Like V1, it contains a 

topographic map of the contralateral visual field across its surface. In coronal sections through 

the occipital cortex, V2 is identified by its distinct border with V1. Nissl stains in coronal 

sections of V2 reveal its laminar characteristics, most notably a thin, cell dense layer 4 and a 

broad layer 3 that can be subdivided into three layers based on relative cell density (figs. 8C, 

10A). CO staining in coronal sections of V2 reveals fewer distinct characteristics; ventral parts 

of layer 3 and dorsal parts of layer 4 showed slightly stronger CO reactivity, but the remaining 

layers show uniform CO staining across V2 (figs. 8D and 10B). Since the rostral border of V2 is 

relatively ambiguous in coronal sections stained for Nissl and CO, VGLUT distributions aligned 

to these stains were largely analyzed from caudal regions in V2, near the border of V1.  

Overall, VGLUT protein distributions in V2 were remarkably homogeneous, making it 

difficult to identify distinct laminar patterns in this area. However, general differences in staining 

intensity were observed (figs. 8E, F and 10C, D). Layers 1, 2, and 3 stained strongly for 

VGLUT1 and weakly for VGLUT2, appearing almost continuous through the extent of V2. 

Layer 4 contained strong VGLUT2 reactivity, which resembled patterns of pulvinar terminations 

in V2 (Ogren and Hendrickson, 1977; Levitt et al., 1995; Marion et al., 2013) but relatively weak 

VGLUT1 staining throughout V2. Layer 5 showed slightly weaker VGLUT1 labeling than layer 

4, and diffuse labeling of VGLUT2. Numerous darkly staining cell bodies were seen throughout 

layers 5 and 6 in VGLUT2 preparations (best seen in fig. 8F). Layer 6 also stained moderately 

for VGLUT1, identifying it as a distinct band along the ventral edge of V2 (fig. 10C). Just as in 
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V1, VGLUT1 and VGLUT2 distributions largely overlap in the superficial layers but become 

more distinct in the middle and deep layers of V2.  

2.4.3.3 Figure 10. High magnification images through V2. Laminar divisions indicated on 
the left, adapted from Casagrande and Kaas, 1994. Scale bar is 100um.  

 
 

 
Neurons expressing VGLUT1 or VGLUT2 mRNA revealed laminar patterns in V2 (figs. 

8G, H and 10E, F). Layer 1 again did not express either isoform, and layer 2 weakly expressed 

both VGLUT1 and VGLUT2 in small, densely packed cells. Layer 3 could be differentiated into 

three sublaminae based on VGLUT expression. The dorsal sublayer, 3A, strongly expressed 

VGLUT1 and moderately expressed VGLUT2; VGLUT1-positive cells were both medium or 

small in size and evenly interspersed within 3A, while VGLUT2-positive cells were small and 

diffusely spread through the layer. The middle sublayer, 3B, showed moderate VGLUT1 

expression and sparse VGLUT2 expression; VGLUT1 positive cells were smaller compared to 

cells in the other sublayers, but more densely packed. The ventral sublayer, 3C, strongly 

expressed both VGLUT1 and VGLUT2; VGLUT1-positive cells ranged in size but were evenly 

distributed in 3C, while VGLUT2 positive cells were large but scattered unevenly through the 

layer. Layers 4, 5 and 6 all strongly expressed VGLUT1 but did not express VGLUT2. VGLUT1-
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positive cells were small and densely packed in layer 4, large and diffusely spread in layer 5, and 

large or medium in size but more condensed in layer 6. Similar to patterns seen in V1, VGLUT1 

and VGLUT2 expression overlapped to some extent in the superficial layers of V2, but varied 

distinctly in the middle and deep layers of V2.  

 

2.5 Discussion 

The present study examined the distribution patterns of VGLUT1 and VGLUT2 mRNA 

and protein in cortical and subcortical structures of the macaque visual system. The specific 

distributions of VGLUT1 and VGLUT2 were informative in two ways; first, discrete patterns of 

VGLUT mRNA and protein allowed us to identify subdivisions of visual cortical areas and 

subcortical nuclei; second, the distributions of VGLUT1 and VGLUT2 in visual pathways 

correlate with cortical and subcortical circuits that have been defined as driving or modulatory 

connections between visual areas and nuclei. Thus, VGLUT1 and VGLUT2 usefully define 

subdivisions of visual structures, and they appear to characterize driving and modulatory inputs 

at different levels of the macaque visual system. A detailed analysis of our results with respect to 

these two conclusions follows below. 

 

2.5.1 VGLUT1 and VGLUT2 identify functional subdivisions of subcortical and cortical 

visual structures in macaque monkeys.  

Architectonic boundaries between and within visual cortical areas and subcortical nuclei 

were clearly visible in VGLUT1 and VGLUT2 preparations. Distinct patterns of VGLUT1 and 

VGLUT2 terminal labeling distinguished previously defined layers of the superior colliculus, 

lateral geniculate nucleus, V1 and V2, as well as subdivisions of the inferior pulvinar, while 
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distributions of cells expressing VGLUT1 or VGLUT2 mRNA also identified the laminar or 

regional origins of glutamatergic projections from each structure.  

Laminar divisions of the superior colliculus were clearly demarcated in VGLUT 

preparations. Dense, patchy VGLUT2 terminal labeling identified the superficial gray layers 

where retinal projections terminate (Hubel et al., 1975; Pollack and Hickey, 1979), while diffuse 

VGLUT1 terminal labeling identified the laminar extent of corticotectal projections through the 

superficial gray layers that largely terminate at the boundary of the optic layer (Lund, 1972; 

Maunsell and Van Essen, 1983; Fries, 1984; Lock et al., 2003; May, 2006). The distribution of 

cells expressing VGLUT2 mRNA also distinguished the extent of the lower superficial gray 

layer, and these cells project to the posterior and central medial divisions of the inferior pulvinar 

(Benevento and Fallon, 1975; Trojanowski and Jacobson, 1975; Harting et al., 1980; Benevento 

and Standage, 1983; Stepniewska et al., 2000) and their terminations were identified by dense 

VGLUT2 labeling in both inferior pulvinar divisions.  

VGLUT distributions in the lateral and inferior pulvinar highlighted the heterogeneity of 

afferent and efferent projections in these nuclei, but were still instrumental in defining 

subdivisions in the inferior pulvinar. Diffuse VGLUT1 terminal labeling across the lateral and 

inferior pulvinar that resembled patterns of corticopulvinar terminations in macaques (Campos-

Ortega and Hayhow, 1972; Ogren and Hendrickson, 1979; Maunsell and Van Essen, 1983) 

supports the conclusion that these structures are dominated by inputs from visual cortical areas 

and not subcortical structures (Bender, 1983; Adams et al., 2000; Shipp, 2001; Van Essen, 2005). 

Clear exceptions to this inference are the posterior and central medial nuclei of the inferior 

pulvinar, which primarily receive inputs from the superior colliculus (see above) and showed 

dense distributions of VGLUT2-positive terminals instead. Significant differences in the extent 
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and localization of architectonic divisions within the inferior pulvinar have been reported in 

previous studies of Old World and New World primates (Stepniewska et al., 2000 for 

discussion), but four subdivisions of PI have been consistently identified across primates (Lin 

and kaas, 1979; Cusick et al., 1993; Gutierrez et al., 1995; Stepniewska et al., 2000); the 

posterior inferior pulvinar (PIp), medial inferior pulvinar (PIm), central medial inferior pulvinar 

(PIcm) and central lateral inferior pulvinar (PIcl). PIcm and PIcl were originally considered a 

single nucleus until histological preparations identified them as distinct subdivisions 

(Stepniewska and Kaas, 1997), and some studies suggest that PIp and PIcm were originally a 

single nucleus that was later divided by the evolution and intrusion of PIm into this area. Thus, 

PIp and PIcm often appear “bridged” or adjoined dorsally and ventrally around PIm in coronal 

histological preparations through the inferior pulvinar (for example, figs 12-14 in Stepniewska et 

al., 2000). VGLUT1 and VGLUT2 distributions clearly identified three subdivisions of the 

inferior pulvinar that are spatially organized to form four regions within this structure (fig. 4). 

The remarkable similarity in size, density, and and VGLUT mRNA expression of cells in PIp 

and PIcm suggest that these two regions are functionally related but separated parts of the same 

nucleus, as previously proposed (Symonds and Kaas, 1978; Stepniewska et al., 2000; Baldwin et 

al., 2013b). The continuation of VGLUT2 terminal labeling both dorsal and ventral to PIm also 

resembles the bridged pattern seen in previous histological preparations (Stepniewska and Kaas, 

1997) and supports the conclusion that PIp and PIcm were originally a single nucleus that have 

since separated and evolved distinct functions and connections (Cusick et al., 1993; Baldwin et 

al., 2013b). PIm, which did not express VGLUT1 or VGLUT2 mRNA, and only showed dense 

labeling of VGLUT1 protein, could also be identified as a distinct subdivision between PIp and 

PIcm. PIcl, along the lateral most edge of the inferior pulvinar, could not be distinctly divided 
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from PIcm, but general differences in cell size, density, and levels of VGLUT mRNA suggest 

that these regions are indeed distinct subdivisions of the inferior pulvinar. Thus, three 

anatomically distinct regions, PIcl, PIm, and PIcm-PIp, could be identified in VGLUT 

preparations and coincided with the spatial arrangement of four divisions seen in previous 

reports of the inferior pulvinar. Further studies of VGLUT expression in the inferior pulvinar of 

other mammals will undoubtedly help identify homologous subdivisions, leading to more 

consistent descriptions of the inferior pulvinar across species.  

VGLUT distributions identified laminar divisions and the extent of visual projections 

within the lateral geniculate nucleus (Casagrande et al., 2006 for review). Strong VGLUT2 

expression in geniculostriate projection neurons clearly delineated the boundaries of 

magnocellular and parvocellular layers within the LGN while weak VGLUT1 expression also 

identified koniocellular cells in the interlaminar zones. Discrete VGLUT2-positive terminal 

labeling also identified the extent of retinogeniculate projections while diffuse VGLUT1-positive 

labeling identified the extent of corticogeniculate projections in this nucleus.  

VGLUT preparations were also instrumental in defining laminar boundaries within 

cortical visual areas V1 and V2. Differences in cell size, density, and levels of VGLUT mRNA 

expression distinguished laminar boundaries in both visual areas, while distinct patterns of 

VGLUT1 and VGLUT2 terminal labeling identified afferent and efferent projections to these 

areas (DeYoe and Van Essen, 1985; Lund et al., 1988; Levitt et al., 1995; Callaway, 1998; 

Bullier, 2004; Sincich et al., 2010). Most notably, two different depths of terminations were 

noted for parvocellular geniculate projections to V1: a dorsal band of dense, VGLUT1-positive 

terminals along the 4A/4B border and a ventral band of equally dense, VGLUT2-positive 

terminals within layer 4B, neither of which overlap with the zone of magnocellular geniculate 
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terminations in layer 4A of V1 (Lund, 1988). The significance of these distinct terminations is 

underscored by the expression of both VGLUT1 and VGLUT2 mRNAs in parvocellular cells of 

the LGN; it suggests that the dual use of VGLUT isoforms in geniculate projections can give rise 

to distinct terminations and perhaps separate functions in visual processing. Since cells in the 

LGN do project to several areas of visual cortex (Benevento and Yoshida, 1981; Yukie and Iwai, 

1981; Bullier and Kennedy, 1983; Sincich et al., 2004), it is possible that geniculate projections 

differentially utilize VGLUT1 and VGLUT2 in their terminations across cortical areas. Since 

VGLUT1 and VGLUT2 regulate different probabilities of glutamatergic transmission (Fremeau 

et al., 2004a,b, for review), these distinct terminations may contribute to different valences of 

glutamatergic input to cortical areas in the macaque visual system.  

2.5.2 VGLUT1 and VGLUT2 distinguish between driving and modulating visual 

projections    

The distinct distributions of VGLUT1 and VGLUT2 in connections between visual 

structures suggest that these isoforms characterize separate types of glutamatergic projections. 

Previous studies have proposed that VGLUT1 characterizes corticothalamic projections while 

VGLUT2 characterizes thalamocortical projections (Fremeau et al., 2001; Herzog et al., 2001; 

Fremeau et al., 2004a; b; Barroso-Chinea et al., 2007; Graziano et al., 2008), but recent work has 

shown more heterogeneous distributions of these isoforms in both cortical and subcortical 

projections (Masterson et al., 2009; Hackett et al., 2011; Ito et al., 2011; Balaram et al., 2011a; b; 

Storace et al., 2012). With further examination of these distributions, and their correlation with 

previously reported functional properties of each projection (Felleman and Van Essen, 1991; 

Sherman and Guillery, 1996; Crick and Koch, 1998; Sherman and Guillery, 2002; Sherman, 

2005; Van Essen, 2005; Sherman and Guillery, 2006; 2011), we propose that VGLUT1 and 
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VGLUT2 do characterize distinct types of glutamatergic projections; VGLUT2 predominates in 

feedforward or driving connections while VGLUT1 predominates in feedback or modulatory 

connections between visual structures. The visual projections evaluated in this study are outlined 

in Fig. 11.  

The first major glutamatergic projection in the macaque visual system consists of retinal 

projections to all layers of the LGN as well as the SC. These projections are considered driving 

or feedforward connections from sensory afferents (Sherman and Guillery, 1996), and were 

characterized by dense VGLUT2 terminal labeling in the retinorecipient layers of both 

structures. The next major visual projection, the geniculostriate pathway, arises from cells in all 

layers of the LGN and terminates in layers 3Bb and 4 of V1 (Casagrande and Kaas, 1994 for 

review). Projections from the magnocellular and parvocellular geniculate layers are functionally 

considered driving or feedforward afferents (Sherman and Guillery, 1996; 1998; Sherman, 2005) 

and both projections are dominated by VGLUT2. While both geniculate cell types expressed low 

levels of VGLUT1 mRNA as well, a characteristic of sensory relay nuclei (Fremeau et al., 2001; 

Herzog et al., 2001; Barroso-Chinea et al., 2007; Ito and Oliver, 2010; Balaram et al., 2011a; b; 

Storace et al., 2012), these cells send branched afferents to multiple layers in V1 and the use of 

both VGLUT isoforms in their terminals may give rise to different valences of driving and 

modulatory visual inputs to this area, as described above. Koniocellular cells in the LGN 

exclusively expressed VGLUT1 mRNA, and these cells project to several visual cortical areas 

(Stepniewska et al., 1999; Sincich and Horton, 2003; Sincich et al., 2004; Casagrande et al., 

2006) as well as several layers of V1 (Casagrande et al., 2007) and have more of a modulatory 

role in geniculostriate visual processing (Kaas and Huerta, 1988; Casagrande and Norton, 1991; 

Casagrande, 1994). 
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2.5.2.1 Figure 11. Summary of major feedforward and feedback projections in the 
macaque visual system, adapted from Casagrande and Kaas, 1994. Circles indicate 
origins of projection, arrowheads indicate termination of projection. Black lines 
indicate glutamatergic projections that do not appear to utlize VGLUT1 or 
VGLUT2.  
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Feedback projections from V1 to the LGN, which primarily modulate visual signals 

passing through this nucleus (Sherman and Guillery, 1998; 2006), arise in layer 6 of V1 and 

terminate diffusely across all layers of the LGN (Graham et al., 1979; Graham, 1982; Fitzpatrick 

et al., 1994). Cells in layer 6 of V1 exclusively expressed VGLUT1 mRNA, which corresponded 

to the diffuse VGLUT1 terminal labeling resembling corticogeniculate projections that was seen 

throughout the LGN. Thus, VGLUT1 and VGLUT2 appear to characterize modulatory and 

driving connections throughout the geniculostriate pathway of the macaque visual system.  

Another glutamatergic projection, from the lower superficial gray layer of the superior 

colliculus to the posterior and central medial divisions of the pulvinar, exhibits several 

characteristics of a driving or feedforward projection (Partlow et al., 1977; Marrocco et al., 1981; 

Berman and Wurtz, 2010). Strong VGLUT2 expression in tectal neurons of the lower SGS 

corresponding to VGLUT2 terminal labeling in the lateral and central medial divisions of PI 

indicates that this projection also preferentially utilizes VGLUT2 for glutamatergic transmission. 

Cells in the tectorecipient regions of the pulvinar project to visual areas of temporal cortex that 

may play a role in blindsight (Poppel et al., 1973; Stoerig and Cowey, 2007; Tamietto et al., 

2010) and predominant VGLUT2 expression in these cells suggests that this driving projection 

preferentially utilizes VGLUT2 as well. While the upper superficial gray layer in the colliculus 

does have excitatory connections with the interlaminar zones of the LGN (Harting et al., 1991), 

the specific neurotransmitter used in these projections has yet to be identified in any species 

(Bickford et al., 2000) and tectogeniculate projections may have more of a modulatory role in 

visual processing given their specific terminations on koniocellular cells of the LGN (Harting et 

al., 1978; Casagrande, 1994). Feedback projections to the superior colliculus in layers 5 and 6 of 

V1 and layer 6 of V2, in addition to projections from other cortical areas (Fries, 1984), and the 
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dense expression of VGLUT1 mRNA in these cortical layers corresponded to diffuse VGLUT1 

terminal labeling seen across the superficial layers of the SC.  

Feedforward or driving projections from V1 in layer 3, which projects to V2 and MT, and 

in layer 5, which projects to the lateral and inferior pulvinar (Rockland and Pandya, 1979; 

Livingstone and Hubel, 1983; Felleman and Van Essen, 1991; Casagrande and Kaas, 1994; 

Sherman and Guillery, 1998; Sincich and Horton, 2002; Sherman, 2005; Anderson and Martin, 

2009; Sherman, 2012). The majority of smaller cells in the superficial layers of V1 express both 

VGLUT1 and VGLUT2 mRNA and likely give rise to both driving and modulatory connections 

depending on their intrinsic or extrinsic projections, as well as the context of transmitted 

information (Sherman, 2005). However, large pyramidal neurons that only expressed VGLUT2 

were largely confined to layers 3C and 5A, which primarily project to MT and the pulvinar, 

respectively. Layer 4 of MT, where V1 projections terminate, showed dense distributions of 

VGLUT2-positive terminals as well. Layer 4 of V2, which is the primary recipient of 

feedforward projections from the lateral and inferior pulvinar, as well as V1, also showed dense 

VGLUT2 terminal labeling as well (Marion et al., 2013). Feedback or modulatory projections 

from V1 primarily arise in layers 5 and 6 and terminate diffusely in the LGN and superior 

colliculus, as described above, and these projections are dominated by VGLUT1. Future studies 

will help to elucidate the distinctions between efferent projections from cortical visual areas and 

their respective VGLUT isoforms, but both VGLUT1 and VGLUT2 do appear to characterize 

specific types of glutamatergic projections from V1 and V2.  

The pulvinar nucleus of primates consists of several subnuclei with distinct afferent and 

efferent projections to multiple cortical areas (Kaas and Lyon, 2007, for review). The majority of 

its visually related driving and modulatory inputs arises from projection neurons in the deep 
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layers of cortical areas (Lund and Boothe, 1975; Levitt et al., 1995; Sherman and Guillery, 2002; 

Van Horn and Sherman, 2004; Sherman, 2007), which terminate primarily in the lateral and 

inferior pulvinar. Projections from layer 5 of V1 to the pulvinar are classified as driving 

projections while projections from layer 6 of V2 to the pulvinar are largely feedback or 

modulatory in nature. Large VGLUT2-positive neurons in layer 5 of V1 are the likely source of 

the driving pulvinar input (Lund et al., 1975) while smaller VGLUT1-positive neurons in layer 6 

of V2 are the source of modulatory input to these two pulvinar divisions. Efferent projections 

from the pulvinar to V2 are feedforward or driving connections, while projections from the 

pulvinar to V1 are modulatory projections instead. Dense VGLUT2 terminal labeling in layer 4 

of V2 closely resembles the pattern of pulvinar terminations in this area, while VGLUT1 

terminal labeling in layers 1, 3 and 5 of V1 resembles pulvinar projections to V1 instead. 

Although further studies are necessary to isolate individual afferent and efferent projections of 

the visual pulvinar, it appears that driving and modulatory projections from this nucleus are also 

characterized by VGLUT1 and VGLUT2.  

There are several anatomical and functional characteristics of driving and modulating 

projections, independent of the source of the projection, that also match the physiological 

properties of VGLUT1 and VGLUT2 within a synapse (Fremeau et al., 2004a; b; Blakely and 

Edwards, 2012; Hnasko and Edwards, 2012). For example, driving inputs tend to have large 

excitatory post-synaptic potentials (EPSPs) with a high probability of neurotransmitter release 

and paired-pulse depression (Sherman and Guillery, 2006; Covic and Sherman, 2011; Sherman 

and Guillery, 2011; Viaene et al., 2011a; b), and VGLUT2 is exclusively expressed at synapses 

with a high probability of glutamate release (Fremeau et al., 2001). Conversely, modulatory 

inputs tend to have smaller EPSPs with a lower probability of neurotransmitter release, and 
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VGLUT1 is localized to synapses with the same properties. Driving inputs also exhibit paired-

pulse depression (Sherman and Guillery, 2006), as do VGLUT2-positive synapses (Graziano et 

al., 2008), while modulatory inputs exhibit paired-pulse facilitation, which is found in VGLUT1-

positive synapses (Santos et al., 2009; Sherman and Guillery, 2011). Many of these 

characteristics now define class 1 and class 2 type projections in sensory systems (Sherman and 

Guillery, 2011) and VGLUT1 and VGLUT2 may be unique markers for each type. Thus, 

VGLUT1 and VGLUT2 may differentiate between class 1 and class 2 projections, and could 

give rise to some of the physiological properties seen in these driving and modulatory 

connections as well. 

 

2.6 Conclusion 

The discrete distributions of VGLUT1 and VGLUT2 clearly identify individual structures 

in the macaque visual system, as well as subdivisions within each area of nucleus. Additionally, 

VGLUT1 and VGLUT2 appear to characterize modulatory and driving connections respectively, 

in glutamatergic projections between visual cortical areas and subcortical nuclei.  
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CHAPTER 3 

3 Normal and activity-dependent expression of VGLUT1 and VGLUT2 in the visual 

system of New World monkeys 

 

Pooja Balaram, Toru Takahata, Troy Hackett, and Jon Kaas 

 

3.1 Abstract 

The dynamic range of neural responses from glutamatergic neurons in the central nervous 

system is regulated, in part, by the quantal sequestration and release of glutamate from 

presynaptic vesicles in excitatory neurons. Vesicular glutamate transporters (VGLUTs) mediate 

this process by trafficking glutamate into synaptic vesicles and aiding in vesicle recycling via 

their interactions with other synaptic proteins, and temporal differences in these two actions give 

rise to a wide range of excitatory postsynaptic potentials in glutamatergic neurons. The 

expression of VGLUT proteins within synaptic terminals is conversely regulated by levels of 

neural activity moving through the individual circuit, and two VGLUT isoforms, VGLUT1 and 

VGLUT2, appear to be bidirectionally regulated in response to changes in excitatory neural 

activity. We examined the distributions of VGLUT1 and VGLUT2 in central visual projections 

of New World monkeys under normal conditions, and then induced short periods of peripheral 

visual deprivation to determine changes in VGLUT distributions following fluctuations in neural 

activity within visual circuits. Under normal conditions, VGLUT1 and VGLUT2 are largely 

segregated to nonoverlapping visual projections, with the exception of thalamic nuclei where 

both isoforms may be coexpressed. Under deprived conditions, VGLUT1 expression increases 
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and VGLUT2 expression decreases in a central visual projection, the geniculostriate pathway, 

although other factors relating to the strength and type of geniucate projection may contribute the 

regulation of these two proteins as well. These results provide further support for the segregation 

of VGLUT1 and VGLUT2 to functionally distinct classes of glutamatergic projections, as well 

as the bidirectional regulation of these two proteins in response to changing neural activity 

within a sensory circuit.  

 

3.2 Introduction 

Vesicular glutamate transporters (VGLUTs) mediate the storage and release of glutamate 

from the presynaptic vesicles of excitatory neurons in the central nervous system (CNS) 

(Bellocchio et al., 2000; Takamori et al., 2000; Herzog et al., 2001; Reimer et al., 2001; Fremeau 

et al., 2004a; b; Takamori, 2006; Blakely and Edwards, 2012). Three VGLUT isoforms have 

been documented to date - VGLUT1, VGLUT2, and VGLUT3 – and two of these three isoforms, 

VGLUT1 and VGLUT2, are distributed in the majority of glutamatergic neurons across the 

mammalian CNS (Ni et al., 1995; Bellocchio et al., 1998; Aihara et al., 2000; Kaneko and 

Fujiyama, 2002; Varoqui et al., 2002; Wang et al., 2002; Gong et al., 2006; Liguz-Lecznar and 

Skangiel-Kramska, 2007; Graziano et al., 2008; Hackett and la Mothe, 2009; Hackett et al., 

2011; Ito et al., 2011; Balaram et al., 2011a; b; 2013) with largely complementary patterns of 

expression (Herzog et al., 2001; Fremeau et al., 2004a). In general, VGLUT1 is restricted to 

feedback or modulatory glutamatergic synapses, which produce slight, fluctuating postsynaptic 

responses in their target cells, while VGLUT2 is restricted to feedforward or driving 

glutamatergic synapses, which significantly shape or ‘drive’ excitatory activity in postsynaptic 

neurons. Most individual glutamatergic terminals appear to contain only one VGLUT isoform at 
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any time (Herzog et al., 2001; but see Persson et al., 2006; Altschuler et al., 2008; Ito and Oliver, 

2010; Rovó et al., 2012), but the mRNA transcripts for both VGLUT1 and VGLUT2 are 

frequently expressed in the same neurons within specific regions, particularly sensory relay 

nuclei of the thalamus (Herzog et al., 2001; Fremeau et al., 2004a; Ito et al., 2011; Balaram et al., 

2013). Thus, three populations of glutamatergic neurons can be identified based on VGLUT1 and 

VGLUT2 mRNA expression; those containing only VGLUT1, those containing only VGLUT2, 

and those containing both VGLUT1 and VGLUT2.  

The dual expression of VGLUT1 and VGLUT2 mRNA in the cell bodies of 

glutamatergic neurons contrasts with the segregated distribution of VGLUT1 and VGLUT2 

protein in glutamatergic axon terminals, and two possible hypotheses for this discrepancy have 

been previously discussed. First, since VGLUT1 and VGLUT2 move through distinct membrane 

trafficking pathways, it is possible that each pathway segregates VGLUT isoforms to separate 

populations of glutamatergic terminals from the same neuron (Herzog et al., 2001 for 

discussion). Thus, neurons that send branched projections to discrete or overlapping targets could 

use VGLUT1 and VGLUT2 in separate terminations to conduct different valences of excitatory 

postsynaptic activity. Alternatively, since VGLUT1 and VGLUT2 directly influence glutamate 

release probability, the two isoforms could be paired in the same synapses and work together to 

maintain constant levels of glutamate release in response to large variations in presynaptic 

excitation (De Gois et al., 2005; Erickson et al., 2006). Thus, for thalamic relay nuclei in 

particular, the dual use of VGLUT1 and VGLUT2 in individual neurons could protect against 

overstimulation or excitotoxicity from a wide range of peripheral stimuli. Coexpression of both 

VGLUT isoforms could also provide a mechanism for altering the quantal size of postsynaptic 

responses at individual synapses, which would give rise to a wider range of excitatory activity 
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and perhaps mediate synaptic plasticity in those terminations (Wojcik et al., 2004; De Gois et al., 

2005; Erickson et al., 2006; Seal and Edwards, 2006; Edwards, 2007).  

Previous studies of fluctuations in VGLUT1 and VGLUT2 mRNA expression in response 

to variations in presynaptic activity are limited to in vitro preparations of hippocampal and 

neocortical cultures (Wojcik et al., 2004; De Gois et al., 2005; Wilson et al., 2005; Erickson et 

al., 2006), which demonstrate an inverse relationship between VGLUT1 and VGLUT2 expression 

over a range of excitatory synaptic activity. Under high levels of stimulation or hyperexcitation, 

glutamatergic neurons downregulate the expression of VGLUT1 mRNA and upregulate the 

expression of VGLUT2 mRNA. The opposite effect occurs under low levels of stimulation, 

glutamatergic neurons downregulate VGLUT2 expression and upregulate VGLUT1 expression 

instead. Bidirectional regulation of VGLUT1 and VGLUT2 expression occurs during the 

development and maturation of glutamatergic synapses in the neocortex (De Gois et al., 2005) as 

well, suggesting that the balanced expression of both VGLUT isoforms in individual synapses 

plays a key role in the homeostatic maintenance of excitatory neurotransmission.  

In order to explore possible changes in VGLUT1 and VGLUT2 mRNA expression in vivo, 

we performed monocular intravitreal injections of tetrodotoxin (TTX) in New World owl and 

squirrel monkeys, and analyzed the expression patterns of VGLUT1 and VGLUT2 mRNA using 

in situ hybridization. TTX is a sodium channel antagonist that blocks neural activity in affected 

cells by preventing sodium influx during membrane depolarization; when injected into the eye, 

TTX mimics total vision loss without structural damage to the eye or optic nerve by preventing 

retinal ganglion cells (RGCs) from responding to light. The primary pathway for the 

transmission of peripheral visual stimuli to the cerebral cortex in primates is the retinogeniculate 

pathway, where RGC axons from the retina terminate in the ipsilateral and contralateral lateral 
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geniculate nuclei (LGNs) and LGN neurons subsequently send projections to the ipsilateral 

primary visual cortex (V1). Following TTX-induced sensory loss, neurons in both the ipsilateral 

and contralateral LGN showed bidirectional fluctuations in VGLUT mRNA expression; VGLUT2 

mRNA expression decreased while VGLUT1 mRNA expression increased in response to TTX-

induced sensory loss. However, no significant changes in VGLUT protein expression were 

detected in the ipsilateral or contralateral LGN. These results are the first demonstration of in 

vivo changes in VGLUT mRNA expression in primate sensory systems, and provide further 

evidence for the bidirectional regulation of VGLUT1 and VGLUT2 mRNA expression in 

glutamatergic neurons following sensory loss.  

 

3.3 Materials and Methods 

Three adult squirrel monkeys (Saimiri sciureus; 1-2kg, either sex) and four adult owl 

monkeys (Aotus trivirgatus; 1-2kg, either sex) were used to examine VGLUT1 and VGLUT2 

expression in New World primates. All experimental procedures were approved by the 

Vanderbilt Institutional Animal Care and Use Committee and followed the guidelines established 

by the National Institutes of Health.  

Surgical procedures 

 Animals undergoing TTX-induced monocular deprivation were sedated with an 

intramuscular dose of ketamine (10-20mg/kg) and maintained under isofluorane anesthesia (1-

2%) for the duration of the intraocular injection. Once anesthetized, the left eye of each case was 

rotated and 5ul of tetrodotoxin (TTX: 1mM) was slowly injected into the vitreal cavity using a 

Hamilton syringe fitted with a glass pipette tip. The syringe was kept in place for 5 min to allow 

full diffusion of the TTX through the vitreal chamber and then slowly removed. The eye was 
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rotated back to normal orientation and the animal was allowed to recover normally. Once alert, 

animals were returned to their home cage for the remainder of the deprivation period. TTX-

injected animals were allowed to recover for 1, 3, or 24 hours prior to perfusion. Normal animals 

were maintained in their home cage until perfusion as well.  

 For transcardial perfusion, all animals were intramuscularly sedated with ketamine (10-

20mg/kg) and lethally dosed with sodium pentobarbital (80mg/kg). Once areflexive, animals 

were perfused with 0.9% phosphate-buffered saline (PBS: 0.1M, pH 7.6) followed by 2-4% 

paraformaldehyde in 0.1M PBS. The brains were extracted and cryoprotected in 30% sucrose for 

24-48 hours prior to histology.  

Staining procedures 

Cryoprotected brain blocks were cut into 40-50um coronal sections through the visual 

cortical and subcortical structures, and separated into 6 or 8 alternating series for further study. 

In some cases, one series of sections was processed immediately for cytochrome oxidase (CO: 

Wong-Riley, 1979) to identify areal boundaries of visual structures. The remaining series were 

stored at -20°C until labeled for VGLUT1 or VGLUT2 mRNA and protein. VGLUT1 or 

VGLUT2 protein was detected in visual structures using standard immunohistochemistry with 

commercially available antibodies, while VGLUT1 or VGLUT2 mRNA was detected using in 

situ hybridization with custom probes derived from primate cDNA libraries. A few sections from 

each case were also labeled for c-fos mRNA using in situ hybridization to confirm sensory 

deprivation following TTX injections (Takahata et al., 2008). Details of all staining techniques 

have been previously described (Balaram et al., 2013).  

Imaging and analysis 
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 All sections were imaged at 20X magnification using a Leica SCN400 slide scanner and 

VGLUT mRNA and protein densities were analyzed using Leica Ariol software (Leica 

Microsystems, Buffalo Grove IL, USA). Images of individual structures were exported using 

Ariol and figure panels were generated in Adobe Illustrator (Adobe Systems, San Jose CA). All 

images were adjusted for brightness and contrast, but were otherwise unaltered for the purposes 

of this study. Relative density and intensity of VGLUT1 and VGLUT2 mRNA were automatically 

quantified using Ariol as well. Changes in VGLUT mRNA intensity were analyzed by 

comparing the intensity of labeled cells in TTX-affected regions against the intensity of labeled 

cells in unaffected regions; while changes in VGLUT mRNA density were analyzed by 

comparing the ratio of labeled area to unlabeled area within TTX- affected and unaffected 

regions and then comparing ratios between TTX-affected and unaffected regions in each visual 

structure.  

 

3.4 Results 

VGLUT1 and VGLUT2 mRNA and protein distributions were characterized in the 

superior colliculus, lateral geniculate nucleus, pulvinar complex, and primary visual cortex in 

two species of New World monkeys, diurnal squirrel monkeys and nocturnal owl monkeys. 

Some owl monkeys underwent monocular TTX injections, in order to explore fluctuations in 

VGLUT mRNA expression following induced sensory loss. Overall, distributions of VGLUT1 

and VGLUT2 mRNA and protein in each visual structure are highly similar to those described in 

other primate species (Balaram et al., 2011a; b; 2013). VGLUT2 predominates in hierarchical 

feedforward or driving projections while VGLUT1 predominates in hierarchical feedback or 

modulatory projections, and both VGLUT1 and VGLUT2 may be coexpressed in thalamic visual 
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structures. Complete deprivation of neural activity in TTX-injected cases were confirmed by 

labeling for c-fos, an immediate early gene that is rapidly downregulated in response to sensory 

loss (Tochitani et al., 2001; Takahata et al., 2008; Nakadate et al., 2012). In all cases, TTX 

completely blocked RGC activity in the injected eye. Following TTX-induced sensory loss, 

VGLUT2 mRNA expression decreased and VGLUT1 mRNA expression increased in the 

retinorecipient lateral geniculate nuclei, while protein distributions for both isoforms remained 

unchanged in this structure. Detailed observations of normal VGLUT1 and VGLUT2 

distributions in each visual structure, as well as altered distributions in the LGN following TTX-

induced sensory deprivation, are discussed below.  

 

3.4.1 Normal distributions of VGLUT1 and VGLUT2 mRNA and protein in the visual 

system of New World monkeys 

Lateral geniculate nucleus 

The lateral geniculate nucleus of New World monkeys consists of four discrete layers 

divided by a series of interlaminar zones (Doty et al., 1966; Kaas et al., 1978; Fitzpatrick et al., 

1983). The two ventral most layers closest to the optic tract, termed the external and internal 

magnocellular (M) layers, receive inputs from motion-sensitive RGCs and contain large diameter 

neurons that project to the upper half of layer 4 and lower half of layer 6 in V1. The two dorsal 

most layers, termed the external and internal parvocellular (P) layers, receive inputs from 

contrast-sensitive RGCs and contain medium diameter neurons that project to the lower half of 

layer 4 and upper half of layer 6 in V1. In squirrel monkeys, the parvocellular layers often 

interdigitate to form alternating leaflets that resemble multiple distinct layers, whereas in owl 

monkeys, both P layers remain largely intact (Kaas et al., 1978; Kaas and Huerta, 1988). Four 
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distinct interlaminar zones exist in the LGN of New World monkeys; the first lies below the 

ventral most M layer, the second between the internal and external M layers, the third between 

the M layer pairs and P layer pairs, and the fourth between the internal and external P layers. All 

four interlaminar zones contain numerous small diameter neurons that receive inputs from color-

opponent RGCs, specifically blue ON/yellow OFF RGCs (Hendry and Reid, 2000), and thus are 

often referred to as koniocellular (K) layers despite their lack of clear cut laminar boundaries. All 

four interlaminar zones project to layer 1 and the ‘blob’ regions of layer 3B in V1 (Fitzpatrick et 

al., 1983). Laminar locations and nomenclature for the LGN of squirrel monkeys and owl 

monkeys are displayed in Figure 1.  

CO stained sections through the LGN in owl monkeys and squirrel monkeys (figs 1A, C) 

revealed two darkly stained M layers separated by a thin, lightly stained interlaminar zone. 

Another pale interlaminar zone was visible between the M layer pair and P layer pair, but both P 

layers labeled as a single mass with intermediate levels of CO. However, Nissl stained sections 

through the LGN in both species (figs 1B, D) revealed two distinct parvocellular layers with 

densely distributed medium diameter neurons, separated by a thin layer of small cells. This 

division was more apparent in rostral sections through the LGN (fig. 1D) compared to caudal 

sections (fig. 1B), where both P layers resembled a continuous mass of medium sized neurons. 

Both the internal and external M layers were visible as dense regions of large diameter cell 

bodies, and were separated from the optic tract, each other, and the P layers, by wide bands of 

small, lightly labeled cells.  Laminar patterns revealed by CO and Nissl staining in the LGN of 

squirrel and owl monkeys are in agreement with previous descriptions of CO and Nissl staining 

in both species (Wong-Riley, 1972a; b; Kaas et al., 1978; Norden and Kaas, 1978; Fitzpatrick et 

al., 1983; Kaas and Huerta, 1988).  
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3.4.1.1 Figure 1. Coronal sections through the lateral geniculate nucleus (LGN) of New 
World squirrel monkeys and owl monkeys stained for (A, C) cytochrome oxidase 
(CO), (B, D) Nissl, (E, G) VGLUT1 protein, (F, H) VGLUT2 protein, (I, K) 
VGLUT1 mRNA, and (J, L) VGLUT2 mRNA. Squirrel monkey panels depict 
caudal regions of the LGN in New World monkeys and owl monkey panels depict 
more rostral regions of the LGN in this lineage. Laminar locations and 
nomenclature for individual LGN layers are depicted in each panel. Scale bar is 
500 um.  
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VGLUT1 protein was densely and evenly distributed throughout the LGN of squirrel 

monkeys and owl monkeys (figs 1E, 1G, 2A), closely resembling corticogeniculate projections 

in these species (Wong-Riley, 1972a; Lin and kaas, 1977; Casagrande and Kaas, 1994). Slightly 

denser distributions of VGLUT1-positive terminals were present in all four interlaminar zones, 

which allowed the faint detection of two M layers and two P layers by alternating bands of light 

and dark VGLUT1 terminal label. No changes in VGLUT1 protein distributions were detected 

across the rostrocaudal extent of the LGN in either species. VGLUT2 protein label was almost 

entirely restricted to the two pairs of M and P layers where dense distributions of large caliber 

terminals, much like retinogeniculate terminals, labeled strongly for VGLUT2 (figs 1F, 1H, 2B). 

An additional thin layer of darkly labeled VGLUT2-positive terminals was visible in the 

interlaminar zone between the M layer pairs and P layer pairs in rostral sections through the 

LGN (fig. 1H) but similarly punctate labeling was not distinguishable in more caudal LGN 

sections (fig. 1F). The other three interlaminar zones contained more diffuse populations of 

VGLUT2-labeled terminals in both species.  

LGN sections labeled for VGLUT1 mRNA in squirrel monkeys and owl monkeys showed weak 

levels of VGLUT1 expression in cells throughout the M and P layers, and almost no expression 

in cells within the interlaminar zones (figs 1I, 1K, 2C).  No differences in labeling density were 

visible between the M layer pairs or P layer pairs, or between layers in each pair. VGLUT1-

expressing cells in the M layers appeared slightly larger than VGLUT1-expressing cells in the P 

layers, similar to known differences in neuron diameter between M and P LGN cells 

(Casagrande et al., 2006), but both populations had similarly even distributions within the LGN. 

VGLUT2 mRNA, in contrast, was densely expressed by neurons across all LGN layers and 

interlaminar zones (figs. 1J, 1L, 2D). Cells expressing VGLUT2 mRNA in the M and P layers 
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were larger and more densely labeled compared to VGLUT2-positive cells in the interlaminar 

zones, which were small and expressed more moderate levels of VGLUT2 mRNA. In both 

squirrel monkeys and owl monkeys, the region between the external M layer and the optic tract 

contained two populations of VGLUT2-expressing cells; the first population displayed relatively 

large cell bodies and densely expressed VGLUT2 mRNA, similar to VGLUT2-positive cells in 

the M layers, while the other population displayed smaller cell bodies and more moderate 

VGLUT2 expression, similar to cells in the interlaminar zones. The first population likely 

coincides with a displaced portion of the external magnocellular layer while the second 

population likely coincides with the koniocellular cells typical of interlaminar zones in New 

World monkeys (Kaas et al., 1978; Fitzpatrick et al., 1983).  

 

3.4.1.2 Figure 2. High magnification images of coronal sections through the LGN of New 
World monkeys stained for (A) VGLUT1 protein, (B) VGLUT2 protein, (C) 
VGLUT1 mRNA, and (D) VGLUT2 mRNA. Scale bar is 50um.  
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Superior Colliculus 

 The superior colliculus (SC) in New World monkeys is a large, well-laminated midbrain 

structure that receives visual and multisensory inputs from several brain regions. The three most 

dorsal layers of the monkey SC – the upper superficial gray layer (uSGS), the lower superficial 

gray layer (lSGS), and the optic layer (SO) – primarily receive and relay visual inputs, while the 

deeper layers of the SC process multisensory information (May, 2006). Ipsilateral and 

contralateral retinal projections to the SC terminate in alternating patches across the upper SGS 

in both squirrel monkeys (Tigges and Tigges, 1981; Huerta and Harting, 1983) and owl monkeys 

(Kaas and Huerta, 1988), while cortical projections to the SC terminate diffusely across the 

lower SGS and SO (Spatz et al., 1970; Graham et al., 1979). Efferent projections from the upper 

and lower SGS respectively terminate within the interlaminar zones of the LGN and the posterior 

and central medial divisions of the inferior pulvinar (PIp and PIcm) (Harting et al., 1978; Lin and 

kaas, 1979; Harting et al., 1991). Laminar boundaries for the SC in squirrel and owl monkeys are 

demonstrated in figure 3.  

CO staining through the superficial SC in both species clearly identified the boundary 

between the SGS and SO, based on dark CO staining in the SGS and light CO staining in the SO 

(figs 3A, C). However, no difference in CO staining density was noted between the upper and 

lower SGS. Nissl sections through the SC  (figs 3B, D) could differentiate the upper and lower 

SGS divisions, based on small lightly stained cells in the upper SGS and darker, slightly larger 

cells in the lower SGS. The SO was also distinguishable by sparsely distributed large cells 

interspersed with smaller cells between parallel fiber tracts that ran through the layer, as well as 

weaker distributions of CO in both species. 
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3.4.1.3 Figure 3. Coronal sections through the superior colliculus (SC) of New World 
squirrel and owl monkeys stained for (A, C) CO, (B, D) Nissl, (E, G) VGLUT1 
protein, (F, H) VGLUT2 protein, (I, K) VGLUT1 mRNA, and (J, L) VGLUT2 
mRNA. Laminar divisions for the superficial layers of the SC are listed on each 
panel. Midline is to the right, scale bar is 1mm. Abbreviations: uSGS – upper 
superficial gray layer, lSGS – lower superficial gray layer, SO – optic layer.  

 

 

  

VGLUT1 protein was diffusely distributed across all superficial layers of the SC (figs 

(3E, 3G, 4A), similar to the distribution of corticotectal terminals in monkeys (Graham et al., 

1979; Tigges and Tigges, 1981), with only slightly denser concentrations in the lower SGS 

compared to the upper SGS and SO in both species (figs. 2E, G). VGLUT2 protein was most 

densely distributed in the upper SGS (figs 3F, 3H, 4B), which appeared as a thin, dark band of 

VGLUT2-positive terminals and closely resembled retinotectal projections in these species 

(Tigges and Tigges, 1981; Kaas and Huerta, 1988). Some VGLUT2-positive terminals were also 
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present in the lower SGS and SO, but these were more diffusely distributed compared to 

VGLUT2-positive terminals in the upper SGS. 

 

3.4.1.4 Figure 4. High magnification images through the superficial layers of the SC in 
New World monkeys stained for (A) VGLUT1 protein, (B) VGLUT2 protein, (C) 
VGLUT1 mRNA, and (D) VGLUT2 mRNA. Scale bar is 10um.  

 

 

VGLUT1 mRNA was entirely absent from the superficial SC in both squirrel and owl 

monkeys (figs 3I, 3K, 4C). A few large VGLUT1-expressing neurons were found along the 

boundary of the periaqueductal gray in the deep SC, but no other SC cells expressed VGLUT1. In 

contrast, VGLUT2 mRNA was widely expressed in the superficial SC layers (figs 3J, 3L, 4D). 

The upper SGS contained scattered distributions of small cells that moderately expressed 

VGLUT2 mRNA. The lower SGS contained larger cells that strongly expressed VGLUT2 mRNA 

and the SO also contained sparse populations of VGLUT2-expressing neurons that were more 

variable in size compared to those of the upper or lower SGS. Thus, most tectal glutamatergic 
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neurons in New World monkeys appear to use VGLUT2 in efferent projections to the LGN and 

inferior pulvinar. 

Pulvinar complex 

The pulvinar complex in anthropoid monkeys is generally divided into three major nuclei 

– the lateral pulvinar (PL), medial pulvinar (PM), and inferior pulvinar (PI) (Stepniewska, 2004). 

The inferior pulvinar is further divided into four distinct subdivisions: the central lateral inferior 

pulvinar (PIcl), the central medial inferior pulvinar (PIcm), the medial inferior pulvinar (PIm), 

and the posterior inferior pulvinar (PIp) (Stepniewska, 2004; Kaas and Lyon, 2007), although 

growing evidence suggests that PIp and PIcm are divided parts of the same nucleus (Cusick et 

al., 1993; Stepniewska et al., 2000; Balaram et al., 2013; Baldwin et al., 2013a). The lateral 

pulvinar and all four divisions of the inferior pulvinar are involved in processing visual 

information, while the medial pulvinar appears to be more involved in multisensory processing 

and higher order cortical functions (Kaas and Lyon, 2007). In both owl monkeys and squirrel 

monkeys, the pulvinar complex is similarly sized, and individual pulvinar nuclei appear to 

maintain the same spatial locations within the overall structure. Areal boundaries of each 

pulvinar nucleus in both species are shown in figure 5.  

CO-stained sections through the pulvinar complex in both species showed largely 

uniform distributions of moderate CO label through its rostrocaudal extent (figs 5A, C). PL could 

be separated from PM and PI by the presence of fiber tracts running tangentially through the 

nucleus, and slightly darker CO labeling was present in PIp and PIcm, but no other nuclei 

differentially labeled for CO in either species. Nissl-stained sections through the pulvinar 

complex were also largely ineffective in revealing divisions between individual pulvinar nuclei 
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(figs 5B, D). Fiber tracts once again separated PL from PM and PI, but significant qualitative 

differences in cell density could not be distinguished using Nissl stains in either species.  

 

3.4.1.5 Figure 5. Coronal sections through the pulvinar complex of New World squirrel 
monkeys and owl monkeys stained for (A, C) CO, (B, D) Nissl, (E, G) VGLUT1 
protein, (F, H) VGLUT2 protein, (I, K) VGLUT1 mRNA, and (J, L) VGLUT2 
mRNA.  

 

 

VGLUT1 protein was also densely and uniformly expressed by PM, PL and all four 

divisions of PI (figs. 5E, 5G, 6A-F).  Both PIp and PIcm contained slightly less dense 

distributions of VGLUT1 protein compared to their surrounding pulvinar divisions, and appeared 

as lighter patches of VGLUT1 label in PI (best seen in fig 5G, also 6C-F). In sections labeled for 

VGLUT2 protein however, both PIp and PIcm contained the densest distributions of VGLUT2 

protein and appeared as dark patches of label throughout PI in both species (figs. 5F, 5H, 6J, 6L). 
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PM, PL, and the remaining PI divisions all stained less densely for VGLUT2 protein (figs. 6G-I, 

6K), with the exception of scattered patches of dense VGLUT2-positive terminals along the 

dorsal boundary of PL (best seen in fig. 5F).  Interestingly, a large population of cell bodies 

stained moderately for VGLUT2 protein in all six pulvinar divisions (figs. 6G-L), which is 

unusual given the normal distribution of VGLUT2 protein in synaptic terminals of glutamatergic 

neurons. Similar labeling patterns have been previously documented in prosimian galagos 

(Balaram et al., 2011b), but have not been documented in nonprimate species to date (Kaneko 

and Fujiyama, 2002; Masterson et al., 2010; Wei et al., 2011).  

 

3.4.1.6 Figure 6. High magnification images through each division of the pulvinar complex 
in New World monkeys show regional differences in (A-F) VGLUT1 protein (G-L) 
VGLUT2 protein, (M-R) VGLUT1 mRNA, and (S-X) VGLUT2 mRNA 
distributions. Scale bar is 10um.  
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Sections stained for VGLUT1 and VGLUT2 mRNA through the pulvinar complex in 

squirrel and owl monkeys highlighted the fact that most projections neurons in the pulvinar 

utilize VGLUT2. All five pulvinar divisions appeared to faintly express VGLUT1 mRNA 

compared to surrounding thalamic nuclei (figs 5I, 5K), with some differences in staining density 

between pulvinar regions, but individual labeled cells were difficult to detect at higher 

magnifications (figs 6M-R). However, all six pulvinar divisions densely expressed VGLUT2 

mRNA (figs. 5J, 5L, 6S-X) and showed differences in labeling intensity and cell density between 

individual nuclei. Both PM and PL contained heterogeneous populations of VGLUT2-positive 

neurons that expressed moderate to high levels of VGLUT2 mRNA (figs. 6S, T). VGLUT2-

positive cells in PM were more densely distributed compared to cells in PL but this may be due 

to the presence of fiber tracts in PL that occupy a significant volume within the nucleus.  In the 

inferior pulvinar, PIp and PIcm contained neurons that densely expressed VGLUT2 mRNA (figs. 

6V, X) while PIm and PIcl contained neurons that more moderately expressed VGLUT2 mRNA 

(figs. 6U, W). The same differences in VGLUT2 mRNA expression were consistently present 

throughout the rostrocaudal extent of the pulvinar in both species.  

Primary visual cortex (V1) 

Primary visual cortex, or V1, in anthropoid monkeys is a large, anatomically distinct area 

of the cerebral cortex that is characterized by dense myelination and a clear stratification of 

individual cortical layers (Spatz et al., 1970; Allman and Kaas, 1971; Allman and McGuinness, 

1988; Casagrande and Kaas, 1994; Kaas, 2012). In both squirrel monkeys and owl monkeys, 

eleven distinct cortical layers and sublayers could be identified based on CO and Nissl staining 

in V1 (figs 7 and 8). For the purposes of this study, laminar divisions in V1 follow Hässler’s 

(1967) naming scheme for V1 layers since this scheme allows for comparisons of V1 layers 
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across a greater range of mammalian species (Hässler, 1967; Billings-Gagliardi et al., 1974; 

Balaram and Kaas, 2014) as well as laminar-specific designations for feedforward and feedback 

projections from V1 (Rockland and Pandya, 1979). Layer 1 stained moderately for CO and was 

largely devoid of cell bodies, consistent with prior descriptions of this layer across primates 

(Casagrande and Kaas, 1994). Layer 2 was thin, stained lightly for CO and contained small 

neurons that were densely packed within the layer. Layer 3 in V1 of primates is often subdivided 

into three distinct divisions – 3A, 3B, and 3C – on the basis of varying cell density through the 

cortical depth. Layer 3A contained mixed populations of small and medium sized neurons that 

were more evenly distributed compared to cells in layer 2 or 3B, thus appearing as a lightly 

labeled superficial layer in Nissl stained sections through V1. Layer 3B contained dense 

distributions of small neurons that were more crowded towards the dorsal and ventral edges of 

the layer compared to the middle, making its boundaries more distinct in Nissl stained sections. 

Layer 3C in contrast, contained distributions of medium and large sized neurons that were 

variably scattered throughout the layer, thus distinguishing it from the closely packed neurons of 

3B and 4A. All three divisions of layer 3 stained moderately for CO, with the exception of 

patchy regions of denser CO label throughout 3B that correspond to the well-known blob 

structures of V1 (Horton, 1984). Layer 4 of V1 in New World monkeys consists of two 

subdivisions, 4A and 4B; both divisions label darkly for CO and contain dense distributions of 

small neurons, but 4B consistently shows darker CO label and neuron density compared to 4A. 

Layer 5 can also be divided into two sublayers 5A and 5B. 5A is a thin layer immediately ventral 

to 4B that contains moderate CO levels and an even distribution of small neurons, thus appearing 

as a lightly labeled layer below layer 4 in both CO and Nissl stained sections. Layer 5B in 

contrast, is wide and contains scattered populations of medium and large neurons with moderate 
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CO expression throughout. Similarly, layer 6 can be divided into two subdivisions, 6A and 6B; 

layer 6A contains dense distributions of medium sized neurons that label strongly for CO while 

6B contains scattered distributions of small neurons that label weakly for CO. Similar 

descriptions of laminar divisions in V1 of squirrel monkeys and owl monkeys, as well as other 

primate species, have been previously documented (Casagrande and Kaas, 1994 for review).  

VGLUT1 protein was densely and uniformly expressed across all layers of V1 in both 

species, with only slight variations in labeling density between select layers (figs 7E, 7G, 8A). 

Layers 1 and 2 of V1 showed the densest distributions of VGLUT1 protein and stained darkly 

along the dorsal cortical surface, while layers 3A through 3C showed decreasing distributions of 

VGLUT1 protein from dorsal to ventral, such that 3A showed the darkest labeling for VGLUT1 

and 3C showed the lightest labeling for VGLUT1 within layer 3. Layer 4 in contrast, showed 

slightly less dense VGLUT1 protein in both species, and was faintly visible as a light band in the 

middle of V1 (figs. 7E, G). Layers 5 and 6 labeled darkly for VGLUT1 protein, but in both 

species, layer 5 showed slightly denser distributions of VGLUT1 compared to layer 6 (best seen 

in fig. 7G).  

VGLUT2 protein was variably expressed in each cortical layer as well (figs. 7F, 7H, 8B). 

The ventral edge of layer 1 contained a thin line of VGLUT2-positive terminals, but the 

remainder of layer 1 and layer 2 did not contain significant amounts of VGLUT2. Layers 3A, 

3B, and 3C all contained even distributions of moderate VGLUT2 label, but layer 3B also 

contained a thin, dense band of VGLUT2-positive terminals along its ventral edge as well as 

patches of darker VGLUT2 label that appeared to coincide with the CO-dark blobs. These 

VGLUT2-positive terminals likely derive from LGN projections from the P layers and. 
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3.4.1.7 Figure 7. Low magnification images of coronal sections through primary visual 
cortex (V1) of New World squirrel and owl monkeys stained for (A, C) CO, (B, D) 
Nissl, (E, G) VGLUT1 protein, (F, H) and VGLUT2 protein. Laminar divisions in 
V1 are listed on each panel and follow Hässler’s (1967) nomenclature for V1 
layers, since this scheme allows for comparisons of V1 layers across a greater 
range of mammalian species (Hässler, 1967; Billings-Gagliardi et al., 1974; 
Balaram and Kaas, 2014). Scale bar is 1mm.  
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interlaminar zones to V1 and occupy a distinct V1 sublayer known as 3Bβ (Casagrande and 

Kaas, 1994; Casagrande et al., 2006), which is almost exclusive to anthropoid monkeys (Balaram 

and Kaas, 2014)At the boundary of V1 and V2 (fig. 7F) Layer 4 of V1 contained the densest 

distributions of VGLUT2 protein, likely deriving from M and P LGN projections to these layers 

(Kaas et al., 1976; Fitzpatrick et al., 1983), and 4B consistently showed denser distributions of 

VGLUT2 compared to 4A in both species. Layer 5A weakly labeled for VGLUT2 while 5B 

labeled more moderately for VGLUT2. In both squirrel and owl monkeys, a thin region at the 

boundary of layer 5 and layer 6 showed less dense VGLUT2 distributions and appeared as a light 

band between the two layers (best seen in fig. 7H). Ventral to this band, layer 6A stained darkly 

for VGLUT2 protein while layer 6B stained weakly for VGLUT2. Thus, each laminar division of 

V1 in squirrel monkeys and owl monkeys revealed distinct distributions of VGLUT1 and 

VGLUT2 positive terminals.  

VGLUT1 mRNA also showed distinct laminar differences in expression in V1 of squirrel 

monkeys and owl monkeys (figs. 7I, 7K, 8C). Neurons in layer 1 did not express VGLUT1 

mRNA but neurons in layer 2 moderately expressed VGLUT1, appearing as a thin band of 

densely packed cells below layer 1. Layers 3A, 3B, and 3C all contained dense distributions of 

cells that expressed VGLUT1 mRNA. In 3A and 3B, VGLUT1-postive cells were small to 

medium in size and evenly distributed, whereas in layer 3C, VGLUT1-expressing neurons were 

larger and darkly labeled, but more diffusely spread through the layer. Layer 4 neurons in both 

divisions moderately expressed VGLUT1 mRNA, and again, cells in 4B were more closely 

packed compared to cells in 4A. Neurons in layer 5A weakly expressed VGLUT1 mRNA, 

appearing as a pale band immediately below layer 4, while neurons in layer 5B showed higher 

levels of VGLUT1 mRNA.  
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3.4.1.8 Figure 8. High magnification images through the cortical depth of V1 in sections 
stained for (A) VGLUT1 protein, (B) VGLUT2 protein, (C) VGLUT1 mRNA, and 
(D) VGLUT2 mRNA. Scale bar is 100um.  

 

 

The region between layers 5 and 6 showed more moderate levels of VGLUT1 mRNA and 

appeared as a light band between 5B and 6A (best seen in figs. 7I, 7K). Neurons in layers 6A and 

6B both densely expressed VGLUT1 mRNA, similar to neurons in 5B, but neurons in 6B were 

more diffusely spread compared to those in 6A. VGLUT2 mRNA was only expressed in the 

superficial and middle layers of V1 in both species. Layers 1, 5, and 6 contained no VGLUT2 

mRNA. Layer 2 contained a thin band of small cells moderately expressing VGLUT2 mRNA, 

just ventral to layer 1. Layer 3A contained a scattered distribution of large neurons with strong 

VGLUT2 expression interspersed with a more even distribution of small cells that weakly 
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expressed VGLUT2 mRNA. Layer 3B contained a denser distribution of small cells that 

moderately expressed VGLUT2, while layer 3C contained variable populations of small cells 

with weak VGLUT2 expression alongside large cells with much stronger VGLUT2 expression. 

Interestingly, both divisions of layer 4 in squirrel monkeys showed the densest distribution of 

VGLUT2-expressing cells. Cells in layer 4A showed stronger expression levels for VGLUT2 

mRNA compared to cells in 4B, but 4B cells were more densely packed throughout the layer 

compared to those in 4A.  

  

3.4.2 Activity-dependent changes in VGLUT1 and VGLUT2 distributions in the lateral 

geniculate nucleus of New World monkeys following TTX-induced sensory loss 

Three adult owl monkeys received monocular intravitreal injections of TTX in the left 

eye and maintained for 1, 3, and 24 hours post-injection to allow for varying rates of TTX-

induced visual deprivation. Ipsilateral and contralateral retinal projections terminate in 

alternating LGN layers; the external M and P layers receive contralateral retinal input while the 

internal M and P layers receive ipsilateral retinal input. Thus, LGN layers receiving input from 

the unaffected eye served as an internal comparison against LGN layers receiving input from the 

deprived eye, and the relative magnitude of deficit in ipsilateral and contralateral retinal 

projections from the deprived eye could be compared across LGNs in each case. No changes in 

VGLUT1 or VGLUT2 mRNA and protein levels were seen following 1 hour of TTX-induced 

deprivation (data not shown), but slight changes were visible following 3 hours of deprivation 

and significant changes were present following 24 hours of sensory loss.  

In the 3 hour condition, both VGLUT1 (fig. 9A, B) and VGLUT2 (fig. 9C, D) protein 

levels remained unchanged across the LGN layers, suggesting that retinogeniculate and 
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corticogeniculate terminals were still largely intact despite the marked reduction in visual 

activity within the retina. In the LGN ipsilateral to the injected eye (figs. 9F, 10A), VGLUT1 

mRNA expression increased in the layers receiving deprived eye input and remained largely 

constant across layers receiving normal eye input. However, in the contralateral LGN (figs. 9E, 

10B), LGN layers receiving deprived eye input remained relatively constant while LGN layers 

receiving normal eye input showed elevated levels of VGLUT1 mRNA.  

VGLUT2 mRNA showed slightly different changes in expression; in the ipsilateral LGN 

(fig. 9H, 10C) VGLUT2 mRNA levels didn’t differ significantly between layers receiving normal 

or deprived input. In the contralateral LGN (fig. 10D), both M layers showed similar levels of 

VGLUT2 mRNA, but the P layer receiving input from the deprived eye showed a marked 

reduction in VGLUT2 mRNA when compared to the P layer receiving normal eye input. The 

interlaminar zone in the contralateral LGN, which also received deprived eye input, showed 

reduced VGLUT2 mRNA levels compared to the interlaminar zone in the ipsilateral LGN, which 

received normal eye inputs instead. Thus, VGLUT1 mRNA levels appeared to increase and 

VGLUT2 mRNA levels appeared to decrease in the LGN following short periods of sensory 

deprivation, although some differences between ipsilateral and contralateral projections, as well 

as magnocellular and parvocellular projections, may exist. Following 24 hours of TTX-induced 

sensory deprivation, overall levels of VGLUT1 and VGLUT2 mRNA decreased in both the 

ipsilateral and contralateral LGN (~35% max label in figure 11 compared to ~90% max label in 

figure 10, except for 10D). In the ipsilateral LGN (figs. 9N, 11A) the M layer receiving normal 

eye input showed higher levels of VGLUT1 mRNA compared to the M layer receiving deprived 

eye input, but conversely, the P layer receiving deprived eye input showed higher levels of 

VGLUT1 compared to the P layer receiving input from the normal eye. 
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3.4.2.1 Figure 9. VGLUT1 and VGLUT2 protein levels in the lateral geniculate nucleus 
following three hours and 24 hours of TTX-induced sensory deprivation. Right (R) 
LGN is contralateral to the injected eye while left (L) LGN is ipsilateral to the 
injected eye. Laminar designations are listed within each panel. Scale bar is 1mm. 
Abbreviations: ME – external magnocellular layer, MI – internal magnocellular 
layer, ILZ – interlaminar zone, PI – internal parvocellular layer, PE – external 
parvocellular layer.  

 

 

In the contralateral LGN (figs. 9M, 11B), the opposite occurred; the M layer receiving 

deprived eye input contained more VGLUT1 mRNA than the M layer receiving normal eye 

input, while the P layer receiving normal eye input contained more VGLUT1 mRNA than the P 
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layer receiving deprived eye input. The interlaminar zone in the contralateral LGN, which 

received deprived eye input, also contained less VGLUT1 mRNA than the interlaminar zone in 

the ipsilateral LGN that received normal eye input. Differences between the two M layers in both 

the ipsilateral and contralateral LGN were minor compared to differences between the two P 

layers in both LGNs, suggesting that the P layers are more sensitive to sensory deprivation. 

However, the bidirectional change in VGLUT1 mRNA expression between ipsilateral and 

contralateral inputs to each LGN suggests a greater level of complexity in the activity-dependent 

regulation of geniculocortical activity.  

Expression levels of VGLUT2 mRNA were less variable than VGLUT1 mRNA 

expression levels following 24 hours of TTX-induced sensory deprivation. In the ipsilateral LGN 

(figs. 9P, 11C), VGLUT2 mRNA levels were almost equal in both the normal and deprived M 

layers, and only slightly decreased in the deprived P layer compared to the normal P layer. In the 

contralateral LGN (figs. 9O, 11D), VGLUT2 mRNA levels were slightly decreased in the 

deprived M layer compared to the normal M layer, and significantly decreased in the deprived P 

layer compared to the normal P layer. The contralateral interlaminar zone also showed decreased 

VGLUT2 mRNA levels compared to the ipsilateral interlaminar zone, consistent with its 

reception of inputs from the deprived eye. Thus, overall, VGLUT2 mRNA levels decreased in 

response to a loss of sensory input, while VGLUT1 mRNA levels variably increased or decreased 

depending on the ipsilateral or contralateral source of input as well as the M or P layer type. 

Further experiments with additional time points around 24 hours will help elucidate upward or 

downward trends in VGLUT mRNA expression levels in response to sensory loss.  
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3.4.2.2 Figure 10. Comparative estimates of VGLUT1 mRNA and VGLUT2 mRNA 
expression in normal and deprived LGN layers following 3 hours of TTX-induced 
sensory loss. Ipsilateral and contralateral designations are in relation to the 
injected eye. Y axes reflect the ratio of labeled area to unlabeled area in each LGN 
layer as percent label. Abbreviations: ME – external magnocellular layer, MI – 
internal magnocellular layer, IL – interlaminar zone between M layers and P 
layers, PI – internal parvocellular layer, PE – external parvocellular layer.  
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3.4.2.3 Figure 11. Comparative estimates of VGLUT1 mRNA and VGLUT2 mRNA 
expression in normal and deprived LGN layers following 24 hours of TTX-induced 
sensory loss. Ipsilateral and contralateral designations are in relation to the 
injected eye. Y axes reflect the ratio of labeled area to unlabeled area in each LGN 
layer as percent label. Abbreviations: ME – external magnocellular layer, MI – 
internal magnocellular layer, IL – interlaminar zone between M layers and P 
layers, PI – internal parvocellular layer, PE – external parvocellular layer.  
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3.5  Discussion 

The primary goals of this study were to (1) identify and characterize the distribution of 

VGLUT1 and VGLUT2 across visual projections in the central nervous system of New World 

squirrel monkeys and owl monkeys, and (2) to explore whether mRNA or protein levels of 

VGLUT1 and VGLUT2 in a single projection were dynamically regulated in response to 

changes in sensory input. We find that VGLUT1 and VGLUT2 distributions in New World 

monkeys are consistent with previous reports of VGLUT distributions in Old World monkeys 

(Balaram et al., 2013), and relatively similar to VGLUT distributions in prosimian primates 

(Balaram et al., 2011a; b) and nonprimate mammals (Bellocchio et al., 1998; Aihara et al., 2000; 

Kaneko and Fujiyama, 2002; Kaneko et al., 2002; Fujiyama et al., 2003). In general, VGLUT1 

predominates in feedback or modulatory glutamatergic projections while VGLUT2 predominates 

in feedforward or driving projections (Fremeau et al., 2004b; Rovó et al., 2012; Balaram et al., 

2013). Both VGLUT1 and VGLUT2 mRNA levels appear to be differentially regulated in the 

LGN following short-term sensory deprivation, although normal levels of VGLUT1 and 

VGLUT2 protein in the same pathway reveals temporal differences in the transcription and 

translation of these proteins following fluctuations in sensory inputs. Further insights on these 

two findings are discussed below.  

3.5.1 Normal distributions of VGLUT1 and VGLUT2 across central visual projections in 

New World monkeys.  

Across the majority of central visual projections in New World monkeys, VGLUT1 and 

VGLUT2 appear to be segregated to nonoverlapping neural populations. Patterns of VGLUT2-

positive terminations in the SC and LGN suggest that retinal projections to both structures (Doty 
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et al., 1966; Wong-Riley, 1972a; Kaas et al., 1978; Tigges and Tigges, 1981; Kaas and Huerta, 

1988) utilize VGLUT2 and not VGLUT1. Similarly, dense VGLUT2 mRNA expression in 

neurons across the lower superficial gray layer of the SC, along with correspondingly dense 

VGLUT2 protein labeling in tectorecipient regions of the inferior pulvinar, PIp and PIcm, 

indicate that tectopulvinar projections (Stepniewska et al., 2000) preferentially utilize VGLUT2. 

Moderate expression of VGLUT2 mRNA by tectal neurons in the upper superficial gray layer 

may also correspond to diffuse VGLUT2 protein labeling in the interlaminar zones of the LGN 

(Harting et al., 1991). However, neurons in the upper SGS of macaque monkeys lacked VGLUT2 

mRNA (Balaram et al., 2013) and diffuse VGLUT2-positive terminals in the interlaminar zones 

of the LGN may also arise from retinal projections to koniocellular cells in these layers (Kaas et 

al., 1978; Fitzpatrick et al., 1983; Diamond et al., 1985; Kaas and Huerta, 1988; Casagrande, 

1994), so further experiments colocalizing VGLUT2 mRNA with tracer-labeled tectogeniculate 

projections may be necessary to justify this conclusion. However, the complete lack of VGLUT1 

mRNA in the superficial SC layers does confirm that efferent projections from this structure 

solely utilize VGLUT2 and not VGLUT1. Conversely, the abundant and exclusive expression of 

VGLUT1 mRNA by the deep layers of V1, alongside similarly dense VGLUT1 protein labeling 

across the LGN, SC, and visual pulvinar nuclei, suggests that most cortical projections to 

subcortical visual structures utilize VGLUT1 instead of VGLUT2. Thus, VGLUT2 is most 

abundant in feedforward projections from lower order visual structures to higher order visual 

structures while VGLUT1 is most abundant in feedback projections from higher order to lower 

order structures.  

Some central visual projections in New World monkeys appear to utilize both VGLUT1 

and VGLUT2. Both thalamic visual regions, the LGN and pulvinar complex, contained large 
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populations of neurons that expressed VGLUT1 mRNA and VGLUT2 mRNA. Dense VGLUT1 

and VGLUT2 protein labeling in the geniculorecipient and pulvinorecipient layers of V1 did not 

allow the differentiation of individual projections from each thalamic structure, thus two 

conclusions are possible. First, separate populations of neurons in the LGN and pulvinar that 

express either VGLUT1 or VGLUT2 may project to and terminate in the same regions of V1. 

Second, individual LGN and pulvinar neurons may express both VGLUT1 and VGLUT2 and 

utilize each isoform to different extents in their terminations within V1 and other 

geniculorecipient structures. Prior studies in nonprimates have demonstrated the dual expression 

of VGLUT1 and VGLUT2 mRNA within individual thalamic neurons (Herzog et al., 2001; 

Fremeau et al., 2004b; Barroso-Chinea et al., 2008) and varying reports on the colocalization of 

both proteins in sensory structures do exist (Li et al., 2003; Todd et al., 2003; Graziano et al., 

2008; Ito and Oliver, 2010). Thus, it is possible that primate thalamic neurons also coexpress 

both VGLUT mRNA isoforms, and their terminations in V1 could utilize both proteins (Balaram 

et al., 2013), but the functional consequences of this coexpression are still unknown. The dense 

expression of VGLUT1 and VGLUT2 mRNA in the superficial layers of V1 also suggests that 

neurons in these layers may use both isoforms in their terminations, although direct evidence of 

colocalization within the same cortical neurons does not exist to date. Neurons in these layers 

send efferent projections to other visual cortical areas and intrinsic projections to other layers 

within V1 (Casagrande and Kaas, 1994 for review), and may differentially utilize VGLUT1 and 

VGLUT2 in these projections to produce different valences of excitatory neural activity. 

Neurons in most divisions of the pulvinar complex showed strong labeling for VGLUT2 

protein within cell bodies, which is unusual since VGLUT2 is found on vesicles in synaptic 

terminations across the CNS (Fremeau et al., 2001 for review; 2004a). Similar accounts of 
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cellular VGLUT2 labeling has been reported in the prosimian pulvinar complex (Balaram et al., 

2011b) but not in nonprimate species (Fremeau et al., 2001; Kaneko et al., 2002; Masterson et 

al., 2009), although a closely related isoform, VGLUT3, is often found in dendrites and cell 

bodies as well as synaptic terminals (Fremeau et al., 2002; Gras et al., 2002; Herzog et al., 2004), 

Thus, it is possible that pulvinar neurons utilize VGLUT2 in distinct types of signaling 

mechanisms compared to other glutamatergic cells in the visual pathway.  

 

3.5.2 Activity-dependent changes in VGLUT1 and VGLUT2 mRNA expression following 

short-term visual deprivation 

Prior accounts of dynamic changes in VGLUT mRNA expression in cultured preparations 

have demonstrated bidirectional shifts in VGLUT1 and VGLUT2 levels following changes in 

neural activity (Wojcik et al., 2004; De Gois et al., 2005; Erickson et al., 2006). Briefly, 

VGLUT1 mRNA levels increase in response to a loss of activity while VGLUT2 mRNA levels 

decrease under the same conditions. Under hyperstimulated conditions the opposite occurs, 

VGLUT1 mRNA levels decrease while VGLUT2 mRNA levels increase instead. Our efforts to 

reveal bidirectional modulation of VGLUT1 and VGLUT2 in vivo showed similar trends in 

VGLUT mRNA regulation following a loss of peripheral neural activity, but also highlighted 

several other contributing factors in VGLUT mRNA regulation following sensory loss.  

The use of tetrotoxin (TTX) in vivo to abolish neural activity in retinal ganglion cells and 

disrupt visual processing has been previously documented (Tochitani et al., 2001; Takahata et 

al., 2008; Trusk et al., 2009; Takahata et al., 2012), but the technical limitations of this 

application should be considered. First, TTX abolishes RGC activity, presumably by inactivating 

sodium channels expressed by these cells, but at least two variants of TTX-resistant sodium 
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channels exist in the mammalian retina (Tate et al., 1998; O'Brien et al., 2008) and in other 

species, TTX does not entirely abolish light-evoked responses in retinal cells (Djamgoz and 

Stell, 1984). Different classes of retinal cells also show variable responses to TTX, as 

demonstrated via changes in CO histochemistry (Wong-Riley et al., 1998), and in the squirrel 

monkey retina, short periods of TTX exposure have a greater effect on the large ganglion cells of 

the retina compared to the medium and small ganglion cells (Wong-Riley and Carroll, 1984). 

Thus, the results presented here may reflect changes in VGLUT mRNA expression following an 

equal loss of neural activity across RGCs of the affected eye, or they may reflect the differential 

responses of parasol and midget ganglion cells to TTX exposure. Second, in most studies of TTX 

exposure, the loss of a pupillary eye reflex serves as a control for the efficacy of TTX treatment 

(Thompson and Holt, 1989; Wong-Riley et al., 1998) since the deficit in retinal activity prevents 

intrinsic photoreceptive ganglion cells from triggering the pupillary reflex (Gamlin et al., 2007; 

Schmidt et al., 2011). However, changes in pupillary light reflex were not documented in the 

monkeys presented in this study; instead, the presence or absence of c-fos mRNA in the 

retinorecipient LGN layers indicated the efficacy of TTX treatment. Since c-fos is highly 

sensitive to a wide variety of changes in intracellular and extracellular activity (Dai and Sun, 

2005; Soares et al., 2005; Nakadate et al., 2012; Takahata et al., 2014), not just the presence of 

TTX, variability in the present results may reflect incomplete deprivation in the injected eye of 

each case.  

Despite the technical limitations of this study, some evidence for the differential 

regulation of VGLUT1 and VGLUT2 mRNA was present. In both the 3 hour and 24 hour 

conditions, increased expression of VGLUT1 mRNA alongside decreased expression of VGLUT2 

mRNA was observed in some LGN layers receiving input from the deprived eye, consistent with 
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previous reports of upregulated VGLUT1 and downregulated VGLUT2 following a loss of neural 

activity (De Gois et al., 2005). The larger difference in VGLUT2 mRNA expression in normal 

and deprived P layers compared to normal and deprived M layers suggests that the parvocellular 

pathway is more sensitive to changes in peripheral inputs compared to the magnocellular 

pathway. However, this could stem from a differential TTX sensitivity of midget ganglion cells, 

which project to the P layers, compared to parasol ganglion cells, which project to the M layers 

instead. Larger studies of gene expression changes in response to visual deprivation have 

identified several transcripts that are differentially regulated between the M and P pathways 

(Cheng et al., 2008), thus it is possible that VGLUT1 and VGLUT2 have distinct sequences of 

activity-dependent modulation in response to visual activity in each pathway.  

The variable levels of VGLUT1 mRNA in the M and P layers following 3 hours of TTX-

deprivation suggests a difference in the strength of ipsilateral and contralateral projections. In the 

LGN on both sides, VGLUT1 mRNA levels were higher in the layers receiving ipsilateral input 

and lower in the layers receiving contralateral input, regardless of whether the input came from 

the deprived or normal eye. If horizontal interactions between ipsilateral and contralateral retinal 

inputs in each M and P layer pair were mediated via VGLUT1-positive synapses, then the effect 

of monocular TTX deprivation could induce a similar bidirectional effect on VGLUT1 mRNA 

levels between layers in each M and P layer pair. Similar effects on VGLUT1 mRNA expression 

between the LGN layers receiving ipsilateral and contralateral retinal input were present in the 

24 hour deprivation case, providing further evidence for differences in VGLUT1 mRNA 

regulation within layers in each LGN pair. However, additional cases to determine baseline 

differences in VGLUT1 mRNA levels between layers under normal conditions, as well as 

experimental cases that compare monocular and binocular deprivation effects, would be needed 
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to further this conclusion. In addition to the difference between ipsilateral and contralateral 

inputs, possible differences in the temporal regulation of VGLUT1 mRNA between the M and P 

layers may exist. In the 3 hour condition, greater differences in VGLUT1 mRNA levels were 

visible in the P layers compared to the M layers, whereas in the 24 hour condition, greater 

differences in VGLUT1 mRNA were observed in the M layers compared to the P layers instead. 

Pathway-specific differences in VGLUT1 mRNA as well as VGLUT2 mRNA are likely, but 

additional cases with time points between these two extremes would aid in documenting this 

trend. Lastly, the interlaminar zone between the M layer pairs and P layer pairs, which receives 

contralateral retinal input, showed decreased levels of both VGLUT1 and VGLUT2 mRNA when 

receiving input from a deprived eye compared to input from a normal eye, although this was less 

apparent in VGLUT1 mRNA levels following 3 hours of deprivation. The unidirectional shift in 

VGLUT1 and VGLUT2 mRNA in this layer suggests distinct mechanisms for their regulation in 

response to sensory loss, but again, further experiments that also include the other interlaminar 

zones of the LGN are needed to justify this conclusion. Overall, VGLUT1 and VGLUT2 appear 

to be distinctly modulated in vivo following a loss of peripheral neural activity, but the 

magnitude and temporal sequence of their modulation may depend on larger network factors 

such as the strength of the individual projection and the behavioral relevance of that projection 

within the larger sensory circuit. Our results provide further evidence for the segregation of 

VGLUT1 and VGLUT2 to functionally distinct visual projections in the primate brain and 

suggest that these two proteins are involved in the dynamic presynaptic control of excitatory 

neural transmission.  
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CHAPTER 4 

4 VGLUT2 mRNA and protein expression in the visual thalamus and midbrain of 

prosimian galagos (Otolemur Garnetti) 

 

This chapter was published under the same title in Eye and Brain by Pooja Balaram, Toru 

Takahata and Jon Kaas; March 2011.  

 

4.1 Abstract 

Vesicular glutamate transporters (VGLUTs) control the storage and presynaptic release 

of glutamate in the central nervous system, and are involved in the majority of glutamatergic 

transmission in the brain. Two VGLUT isoforms, VGLUT1 and VGLUT2, are known to 

characterize complementary distributions of glutamatergic neurons in the rodent brain, which 

suggests that they are each responsible for unique circuits of excitatory transmission. In rodents, 

VGLUT2 is primarily utilized in thalamocortical circuits, and is strongly expressed in the 

primary sensory nuclei, including all areas of the visual thalamus. The distribution of VGLUT2 

in the visual thalamus and midbrain has yet to be characterized in primate species. Thus, the 

present study describes the expression of VGLUT2 mRNA and protein across the visual thalamus 

and superior colliculus of prosimian galagos to provide a better understanding of glutamatergic 

transmission in the primate brain. VGLUT2 is strongly expressed in all six layers of the dorsal 

lateral geniculate nucleus, and much less so in the intralaminar zones, which correspond to 

retinal and superior collicular inputs, respectively. The parvocellular and magnocellular layers 

expressed VGLUT2 mRNA more densely than the koniocellular layers. A patchy distribution of 
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VGLUT2 positive terminals in the pulvinar complex possibly reflects inputs from the superior 

colliculus. The upper superficial granular layers of the superior colliculus, with inputs from the 

retina, most densely expressed VGLUT2 protein, while the lower superficial granular layers, 

with projections to the pulvinar, most densely expressed VGLUT2 mRNA. The results are 

consistent with the conclusion that retinal and superior colliculus projections to the thalamus 

depend highly on the VGLUT2 transporter, as do cortical projections from the magnocellular and 

parvocellular layers of the lateral geniculate nucleus and neurons of the pulvinar complex.  

 

4.2 Introduction 

The primary mode of excitatory neurotransmission in the central nervous system is 

performed through the release of glutamate from presynaptic vesicles and its postsynaptic uptake 

through ionotropic or metabotropic glutamate receptors. The presynaptic release of glutamate is 

controlled by a family of vesicular glutamate transporters (VGLUTs) that modulate the 

packaging and transport of glutamate into synaptic vesicles (Fremeau et al., 2001). Three 

isoforms, VGLUT1, VGLUT2, and VGLUT3, have been previously identified, each classifying 

a unique subset of glutamatergic projections. VGLUT1 is primarily utilized by projections from 

the cerebral cortex, cerebellum and hippocampus, while VGLUT2 is primarily employed by 

projections from the midbrain, thalamus, brainstem, and spinal cord. VGLUT3 differs from 

VGLUT1 and VGLUT2 in that it does not appear in glutamatergic neurons, it is mainly found in 

a subpopulation of cholinergic neurons of the caudate-putamen and serotonergic neurons of the 

raphe nuclei (Fremeau et al., 2004b). The unique distributions of each VGLUT isoform may 

indicate specialized modes of glutamatergic transport and transmission that are modulated by 

these transporters.  
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In previous studies in rodents, VGLUT2 mRNA is expressed in the thalamus, brainstem, 

and deep cerebellar nuclei, and VGLUT2 protein is primarily confined to the expected 

subthalamic and thalamocortical projections (Fremeau et al., 2004b). In the visual subcortical 

nuclei, VGLUT2 mRNA is strongly expressed in the dorsal lateral geniculate nucleu (dLGN), the 

superior colliculus (SC), and the lateral posterior nucleus (LP) or visual pulvinar (Barroso-

Chinea et al., 2007). VGLUT2 protein is also strongly expressed in those three nuclei (Kaneko et 

al., 2002). VGLUT2 has also been associated with a higher probability of synaptic release and 

functionally distinct synaptic release sites in the brains of adult rodents when compared to the 

other two VGLUT isoforms (Fremeau et al., 2004a; b). The discrete distribution of VGLUT2 

mRNA and protein in the central nervous system of rodents suggests this isoform plays a unique 

role in glutamate release and excitatory neurotransmission.  

Little work has been done on the distribution of VGLUT2 in primate species. The few 

studies that discuss VGLUT distributions in primates focus on their immunoreactivity in cortex 

and do not discuss their expression in thalamic nuclei (Bai et al., 2001; Wong et al., 2009; Wong 

and Kaas, 2010). Moreover, only one study to date considers the gene expression of VGLUTs in 

primate sensory pathways (Hackett et al., 2011). In order to expand on the knowledge of 

VGLUT2 distributions in primate species, we investigated the expression of VGLUT2 mRNA 

and protein across the major visual subcortical areas in prosimian galagos (Otolemur garnetti). 

Galagos are highly visual nocturnal primates with a visual thalamus (Wong et al., 2009) and a 

distribution of cortical areas that are organized much as they are in anthropoid primates (Kaas, 

2006; Wong and Kaas, 2010). Galagos also represent the prosimian branch of the primate 

radiation, the branch that appears to be the most evolutionarily conserved and most similar to the 

early ancestors of all primates (Martin, 2003). Previous work on the neocortex of galagos shows 
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that VGLUT2 protein is abundant in layer 4 of striate cortex and, to a lesser extent, in higher 

order visual areas, suggesting that VGLUT2 is primarily located in thalamocortical projections 

(Wong and Kaas, 2010). This interpretation is consistent with rodent studies of VGLUT2 protein 

expression in cortical areas (Kaneko and Fujiyama, 2002; Kaneko et al., 2002). Our examination 

of VGLUT2 mRNA and protein expression in thalamic visual regions similarly supports rodent 

findings; VGLUT2 mRNA and protein are strongly expressed in visual relay nuclei in the 

thalamus, and are consistent with known afferent and efferent projections to cortical and 

thalamic areas. Moreover, differences in VGLUT2 gene expression and immunoreactivity occur 

across layers of the dorsal lateral geniculate nucleus and superior colliculus, and within parts of 

the pulvinar complex, providing additional insights into the functional organization of visual 

structures in primates.  

 

4.3 Materials and Methods 

VGLUT2 mRNA and protein expression were studied in three adult prosimian galagos 

(Otolemur garnetti). All experimental procedures were approved by the Vanderbilt Institutional 

Animal Care and Use Committee and followed the guidelines published by the National 

Institutes of Health. 

Tissue preparation 

Each animal was given a lethal dose of sodium pentobarbital (80mg.kg) and 

transcardially perfused with 0.1M phosphate-buffered saline (PBS), followed by 4% 

paraformaldehyde in sterile PBS. The brain was removed from the skill, postfixed for 2-4 hours 

in 4% paraformaldehyde in sterile PBS, and then cryoprotected in 30% sucrose in sterile PBS 

overnight. The subcortical region was separated from the two cortical hemispheres and cut into 
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40um coronal sections on a sliding microtome. The subcortical sections were then separated into 

six series for further study.  

Histochemistry 

One series of sections from each animal was processed for Nissl substance with thionin to 

determine the cellular architecture and laminar organization of subcortical structures. Another 

series was processed for cytochrome oxidase (CO) as an additional aid in identifying the 

subcortical structures (Wong-Riley, 1979).  

In situ hybridization 

VGLUT2 mRNA distribution was examined in one series of brain sections from each 

animal using in situ hybridization (ISH). A digoxigenin (DIG)-labeled riboprobe for VGLUT2 

was prepared using galago liver cDNA libraries with reverse transcriptase-polymerase chain 

reaction (RT-PCR) and conventional TA cloning techniques, and labeled using a DIG-dUTP 

labeling kit (Roche Diagnostics, Indianapolis, IN). The forward and reverse primers used for 

VGLUT2 were gccatcgtggacatggtcaa and ataactccaccatagtggac respectively, which targeted 

position 693-1888 of human VGLUT2 (NM020346). BLAST assessments of this region of 

galago VGLUT2 (JF290396) to those of macaque VGLUT2 (XM002799604) and human 

VGLUT2 revealed 99% homology for both comparisons. 

Similar assessments of other members of the VGLUT family showed 72% homology 

between human VGLUT1 (AB032436) and VGLUT2, and 75% homology between human 

VGLUT3  (AJ459241) and VGLUT2, indicating that although VGLUT2 shows significant 

homology between species, the protein is genetically distinct from other VGLUT isoforms. 

Additionally, the VGLUT2 probe used in this study exhibited distinct signals from those of 

VGLUT1, as previously shown (Hackett et al., 2011). 
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ISH was carried out as described previously described (Tochitani et al., 2001). Briefly, 

freefloating sections were soaked in 4% paraformaldehyde/0.1M phosphate buffer (pH 7.4) 

overnight at 4° C and treated with 10 mg/mL proteinase K for 30 minutes at 37° C. After 

acetylation with 0.25% acetic anhydride in 0.9% triethanolamine and 0.12% hydrochloric acid, 

the sections were incubated in hybridization buffer (pH 7.5) containing 5X saline sodium citrate 

(SSC; 150 mM sodium chloride, 15 mM sodium citrate, pH 7.0), 50% formamide (FA), 2% 

blocking reagent (Roche Diagnostics), 0.1% N-lauroylsarcosine (NLS), 0.1% sodium dodecyl 

sulphate (SDS), 20 mM maleic acid buffer, and 1 mg/mL of the appropriate DIG-labeled 

riboprobe. Sections were hybridized with the probe overnight at 60° C and washed by successive 

immersion in 2X SSC, 50% FA, 0.1% NLS for 20 minutes at 60° C. Nonspecific mRNA was 

removed with 20 mg/ml RNase A in RNase A buffer (10 mM Tris-HCl, 10 mM 

ethylenediamine-N,N,N′ ,N′ -tetraacetic acid (EDTA), 500 mM NaCl; pH 8.0) for 15 minutes at 

37° C and sections were washed twice in 2X SSC, 50% FA, 0.1% NLS, followed by two more 

washes in 0.2X  SSC, 50% FA, 0.1% NLS, for 20 minutes each. Hybridized mRNA signals were 

visualized by alkaline phosphatase (AP) immunohistochemical staining using a DIG detection kit 

(Roche Diagnostics). Sections were mounted onto gelatin-subbed glass slides and dehydrated 

through a graded ethanol series (70% for 5 minutes, 95% for 10 minutes, 100% for 10 minutes), 

cleared in xylene (5 minutes), and then coverslipped with Permount. 

Immunohistochemistry 

One series of brain sections from each animal was processed for immunohistochemical 

localization of VGLUT2 protein. Sections were rinsed in 0.1 M PBS and quenched in 0.3% 

hydrogen peroxide, rinsed again in 0.1 M PBS, and incubated for 2 hours at room temperature in 

blocking solution (5% normal horse serum, 0.5% Triton X-100 in 0.1 M PBS). Sections were 
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then incubated overnight in a primary antibody solution of 1:5000 goat anti-mouse VGLUT2 

(Millipore, Billerica, MA) in blocking solution, rinsed in PBS, and incubated for 2 hours at room 

temperature in 1:200 peroxidase anti-goat IgG in blocking solution. Sections were rinsed in PBS 

and then incubated for 1 hour at room temperature in ABC reaction (ABC kits; Vector, 

Burlingame, CA). Immunoreactivity was then visualized by developing sections in 

diaminidobenzidine (DAB) solution (0.2 mg/ml DAB, 0.1% hydrogen peroxide, 1% nickel 

ammonium sulfate). Sections were rinsed in water to stop the DAB reaction, mounted on gelatin-

subbed glass slides, dehydrated though a graded ethanol series (70% for 3 minutes, 95% for 6 

minutes, 100% for 6 minutes) followed by xylene (5 minutes), and coverslipped with Permount. 

Light microscopy 

Digital photomicrographs of relevant thalamic and midbrain structures were captured 

using a Nikon DXM2200 camera (Nikon, Melville, NY) mounted on a Nikon E800 microscope. 

The images were adjusted for brightness and contrast using Adobe Photoshop (Adobe Systems, 

San Jose, CA), but were not otherwise altered. 

 

4.4 Results 

The present study characterizes the distribution of VGLUT2 mRNA and protein within 

the visual thalamus and superior colliculus of prosimian galagos. Overall, VGLUT2 mRNA and 

protein are strongly expressed in the lateral geniculate nucleus, superior colliculus and pulvinar 

complex, but further analysis reveals a unique expression pattern for each layer or subdivision of 

the three regions. Additionally, sense and antisense labeling confirmed probe specificity to 

VGLUT2 mRNA (fig. 1).  The detailed expression patterns of each subcortical area are discussed 

below.  
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4.4.1.1 Figure 1. Specificity controls for ISH probes against VGLUT2 mRNA in galagos.  
Sense and anti-sense probes for VGLUT2 confirm staining specificity for VGLUT2 
mRNA and lack of secondary reactivity due to staining techniques. (A) Anti-sense 
VGLUT2 probe stains VGLUT2 mRNA in the thalamus. (B) Sense VGLUT2 probe 
does not stain VGLUT2 mRNA and does not show any secondary signal in the 
thalamus. Scale bar is 1mm. The thalamic midline is to the right.  

 

 

Lateral geniculate nucleus 

The dorsal lateral geniculate nucleus (LGN) of galagos is characterized by six layers, 

each of this receives monocular input from the contralateral or ipsilateral eye and projects to 

layer IV of the primary visual cortex (Casagrande and Kaas, 1994). As described previously 

(Kaas et al., 1978), the layers of the LGN are organized from ventral to dorsal as follows: 

external magnocellular (ME), internal magnocellular (MI), internal parvocellular (PI), internal 

koniocellular (KI), external koniocellular (KE), and external parvocellular (PE). Low 

magnification images of coronal sections through the LGN show its laminar organization (figs. 2 

and 3). In rostral sections, LGN layers are wide medially where central vision is represented and 

narrow laterally where peripheral vision is represented (fig. 2). In caudal sections of the LGN, 
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layers remain the same size from the medial edge to the lateral edge and are easily 

distinguishable from each other (fig. 3). A sublayer or leaflet of MI, which lies ventral to ME is 

visible in caudal sections of the LGN, especially in the VGLUT2 preparations (figs. 3A-3D). 

This sublayer of MI appears medially where MI proper thins to a narrow band.  

CO distribution in the galago LGN has been characterized previously (McDonald et al., 

1993; Johnson and Casagrande, 1995). Our results also defined a series of darkly stained layers 

separated by lightly stained interlaminar zones (figs. 2A and 3A). The CO-rich M and P layers 

were easily distinguishable from their CO-poor surroundings and appeared as four distinct bands 

in all sections. The K layers, however, were much lighter in CO sections and were barely 

distinguishable from their surrounding interlaminar zones. In Nissl preparations, the LGN layers 

were densely packed with darkly stained cell bodies, while the interlaminar zones were lighter in 

color and diffusely populated with smaller, lightly stained cell bodies (figs. 2B and 3B).  

The cell bodies in the parvocellular and magnocellular layers of the LGN stained for 

VGLUT2 mRNA (figs. 2D and 3D) suggesting that VGLUT2 is the primary glutamate 

transporter utilized by LGN projections to layer IV of V1. The magnocellular layers were 

characterized by large cells that stained densely for VGLUT2 mRNA and tended to group 

together in short strings (fig. 4E). This clustered organization appeared to be unique to the 

magnocellular layers of the LGN (fig. 4). In the parvocellular layers, cells stained for VGLUT2 

mRNA were smaller and evenly distributed, but showed an intensity of staining nearly equal to 

those of cells in the magnocellular layers (figs. 4A and 4C). In the K layers, cells stained for 

VGLUT2 mRNA were widespread and evenly distributed, but individual cells were weakly 

stained in comparison to individual cells from the M and P layers (fig. 4B). Some of the small 

cells of the sparsely populated interlaminar zones of the LGN stained weakly for VGLUT2 
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mRNA (figs. 4A-4E). Neurons in both the K layers and the interlaminar zones project to layers I, 

II, and III of V1 (Casagrande and Kaas, 1994), so their sparse VGLUT2 mRNA distribution is 

consistent with the weak VGLUT2-ir previously described in those neocortex layers (Wong and 

Kaas, 2010).  

4.4.1.2 Figure 2. Serial sections through part of the rostral lateral geniculate nucleus 
(LGN) stained for (A) cytochrome oxidase (CO), (B) Nissl, (C) VGLUT2 protein 
and (D) VGLUT2 mRNA. Scale bar is 0.5mm. Coronal sections, lateral is right.  

 

 



	   101	  

4.4.1.3 Figure 3. Serial sections through the caudal lateral geniculate nucleus (LGN) 
stained for (A) cytochrome oxidase (CO), (B) Nissl, (C) VGLUT2 protein and (D) 
VGLUT2 mRNA. Scale bar is 0.5mm. Coronal sections, lateral is left.  

 

 

The differences in cell sizes between M, P, and K layers were clearly visible in sections 

stained for VGLUT2 mRNA (fig. 5A). M cells were the largest in area and diameter, and their 

cytoplasm stained darkly for VGLUT2 mRNA (fig. 5A). P cells were medium in size and stained 

less intensely (fig. 5B), while K cells were the smallest in size and stained weakly for VGLUT2 

mRNA (fig. 5C). This is consistent with the differences in sizes of M, P, and K cells in the LGN 

of galagos (Casagrande and Joseph, 1980) and other primates described previously (Norden and 

Kaas, 1978).  
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When stained for VGLUT2 protein, all layers of the LGN were easily distinguishable by 

their strong VGLUT2 immunoreactivity (figs. 2C and 3C). The M layers of the LGN were 

characterized by large cell bodies surrounded by dense puncta of VGLUT2-stained terminals 

(figs. 4I, 4J, and 6C), and had the largest proportion of VGLUT2-stained terminals compared to 

the other layers (figs. 4F-4J). The P layers of the LGN were less densely stained for VGLUT2 

protein, but still showed intense staining of glutamatergic terminals and diffuse staining of cell 

bodies across both layers (figs. 4F, 4H). The K layers of the LGN were less densely stained for 

VGLUT2 protein (figs. 2C and 3C). At a higher magnification, it was apparent that staining is 

confined to sparse terminals within the layers and does not appear to be in cell bodies (fig. 4I). In 

contrast to the layers of the LGN, the interlaminar zones showed sparse immunoreactivity for 

VGLUT2 protein (fig. 6A). However, when viewed at higher magnification, VGLUT2 terminals 

were visible throughout the interlaminar zones (fig. 6C).  

Pulvinar 

The pulvinar complex in galagos is traditionally divided into three regions, the medial 

pulvinar (PM), lateral pulvinar (PL), and the inferior pulvinar (PI) (Stepniewska and Kaas, 1997; 

Stepniewska et al., 1999; Kaas and Lyon, 2007). The architecture of these three regions in CO- 

and Nissl-stained sections has been described previously by Wong et al. (2009). Our results were 

consistent with those findings (Figs. 7A and 7B) and we could not further subdivide the pulvinar 

with these two preparations.  
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4.4.1.4 Figure 4. VGLUT2 mRNA (A-E) and protein (F-J) expression in each layer of the 
LGN. Scale bar is 100um.  
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4.4.1.5 Figure 5. LGN cell types can be differentiated according to pattern of staining for 
VGLUT2 mRNA. (A) M cells are large and exhibit strong nuclear staining for 
VGLUT2 mRNA. (B) P cells are slightly smaller but also show intense staining for 
VGLUT2. (C) K cells are the smallest of all three and show weak, diffuse staining 
for VGLUT2. Scale bar is 50um.  

 

 

4.4.1.6 Figure 6. Laminar pattern of VGLUT2 immunoreactivity across the LGN. (A) 
VGLUT2 is strongly expressed in each layer of the LGN but less so in the 
interlaminar zones. However, high magnification (B) shows VGLUT2-positive 
terminals throughout the interlaminar zones. Scale bar is (A) 250um and (B-C) 
100um.  
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4.4.1.7 Figure 7. Serial sections through the pulvinar complex stained for (A) Nissl, (B) 
CO, (C) VGLUT2 mRNA and (D) VGLUT2 protein. Scale bar is 1mm. Coronal 
sections, medial is left. PM, PL, PI: medial, lateral, and inferior divisions of the 
pulvinar complex.  

 

 

 

When stained for VGLUT2 mRNA, PM and PL both showed a uniform distribution of 

stained ells, and were barely distinguishable from each other by staining intensity (fig. 7C). 

Higher magnification images show that PL cells stained slightly darker than PM cells (fig. 8A), 

but quantitative measures would be needed to justify this conclusion. Although the staining 

density of VGLUT2 mRNA-positive cells was greater in PL compared to PM, this could be due 

to the higher cell density characteristic of this region (figs. 7A, 7C, 8A, 8B). PI is separated from 

PM and PL by the brachium of the SC, which was relatively free of cells positive for VGLUT2 
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mRNA. PI could also be distinguished from surrounding thalamic nuclei by its distribution of 

strongly stained VGLUT2 mRNA-positive cells. Further divisions of PI were unclear in this 

preparation, but varying densities of stained cells (fig. 8C) suggest that PI is not homogeneous in 

its organization.  

4.4.1.8 Figure 8. High magnification images of VGLUT2 mRNA expression in each 
division of the pulvinar complex. (A) PM and PL both show intense staining for 
VGLUT2 mRNA but (B) PL shows a denser distribution of VGLUT2-positive cells 
than PM. (C) PI stains variably in density and intensity for VGLUT2 mRNA, 
indicating multiple populations of glutamatergic cells in this region. Scale bar is 
250um.  

 

 

All three divisions of the pulvinar complex exhibited strong immunoreactivity when 

stained for VGLUT2 protein (fig. 7D). PM, PL, and PI all showed even distributions of punctate 

VGLUT2-ir and darker background staining in comparison to surrounding fiber tracts and 

neighboring nuclei (with the exception of the LGN). VGLUT2-ir in each region was primarily 

confined to cell bodies and axons instead of terminals (fig. 9), suggesting that VGLUT2-ir in the 

pulvinar is more representative of VGLUT2 protein within projection neurons and their axons in 

the pulvinar rather than efferent projections from other cortical or thalamic regions. However, in 

parts of the pulvinar, dense patches of VGLUT2-ir were observed (fig. 10). At higher 

magnification, these patches were identified as clusters of VGLUT2-positive terminals (fig. 11). 

These patches were most obvious in medial PL. However, similar patches appeared occasionally 
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along the lateral edge of PL or in PI, but this was not consistent across all sections. Other than 

this patchy distribution, no further architectonic subdivisions of the pulvinar complex were 

identified from either of the VGLUT2 preparations.  

4.4.1.9 Figure 9. VGLUT2 protein expression in the pulvinar is largely confined to cell 
bodies and process instead of terminals. Scale bar is 25um.  

 
 

4.4.1.10 Figure 10. Patchy distribution of VGLUT2 positive terminals in the pulvinar 
complex. Serial sections of the pulvinar complex in low magnification (A-C) and 
higher magnification (D-F) stained for CO (A, D), Nissl (B, E), and VGLUT2 
protein (C, F). VGLUT2 staining shows a region between PM and PL with patches 
of glutamatergic terminals. These could be projections from the lSGS of the SC to 
the pulvinar. Scale bar is 1mm (A-C) and 0.5mm (D-F).  
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Superior colliculus 

The superior colliculus in the galago has been previously subdivided into seven distinct 

layers in CO and Nissl preparations (Kaas and Huerta, 1988; May, 2006) and our results are 

largely consistent with these previous findings (fig. 12). However, in CO-stained sections, the 

stratum griseum intermediale (SGI) could be further subdivided according to staining intensity 

into three sublayers. The dorsal and ventral outer sublayers were darkly stained while the middle 

sublayer was weakly stained for CO (fig. 12A). These sublayers were, however, 

indistinguishable in Nissl preparations (fig. 12B).   

 

4.4.1.11 Figure 11. Differential expression of VGLUT2 protein in each subdivision of the 
pulvinar complex. (A) PM shows dense staining of VGLUT2-positive cell bodies. 
(B) The medial region of PL shows dense patches of VGLUT2 positive terminals, 
which could be SC projections to pulvinar. (C) Lateral PL shows dense VGLUT2 
staining of cell bodies and sparse staining of terminals. (D) Most of PI shows 
diffuse staining of VGLUT2 cell bodies but lacks VGLUT2 positive terminals. 
Scale bar is 100um.  
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The stratum griseum superficiale (SGS) could be clearly divided into upper and lower 

sublayers according to the staining intensity of cells for VGLUT2 mRNA (fig. 12C). The upper 

sublayer (uSGS) was characterized by weakly stained VGLUT2 mRNA-positive cells while the 

lower sublayer (lSGS) was characterized by strongly stained VGLUT2 mRNA-positive cells. 

These deeper, strongly stained cells likely project to the pulvinar (Raczkowski and Diamond, 

1978). The stratum opticum (SO) exhibited weak staining for VGLUT2 mRNA and a more 

diffuse distribution of VGLUT2 mRNA-positive cells. Each sublayer of the SGI showed a 

different staining distribution for VGLUT2 mRNA-positive cells; the dorsal and ventral sublayers 

had slightly denser distributions of small, weakly-stained VGLUT2 mRNA-positive cells while 

the middle sublayer had a sparse distribution of very large, strongly stained VGLUT2 mRNA-

positive cells. This suggests that multiple subsets of cells in the SGI utilize VGLUT2, but 

additional markers would be required to fully differentiate their projections. Ventral to the SGI 

rests the stratum album intermediale (SAI) and the stratum griseum profundum (SGP), which 

were indistinguishable from each other in sections stained for VGLUT2 mRNA. Both layers 

showed a diffuse distribution of small, weakly-stained cells. The stratum album profundum 

(SAP) below the SGP was free of cells stained for VGLUT2 mRNA, which is consistent with its 

role as a white matter tract in the SC. The deepest layer of the SC, the periacqueductal gray 

(PAG), stained strongly for VGLUT2 mRNA and could be separated into two zones according to 

staining density. The outer zone of the PAG (oPAG) showed a dense distribution of VGLUT2 

mRNA-positive cells while the thin inner zone (iPAG) was relatively free of cells positive for 

VGLUT2 mRNA.  
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When stained for VGLUT2 protein, the layers of the SC could be similarly subdivided 

based on staining intensity (fig. 12D). The SZ was characterized by a thin, darkly stained band of 

VGLUT2-ir across the dorsal SC, which is consistent with its likely role as a recipient layer of 

retinotectal projections (Schönitzer and Holländer, 1984; Ortega et al., 1995). The SGS also 

stained strongly for VGLUT2 and could be clearly seprated into two sublayers; uSGS appeared 

as a dark band across the dorsal SC while lSGS below it appeared as a slightly lighter band. In 

some sections, a darker layer of VGLUT2-ir appeared between the uSGS and lSGS but this was 

not consistent across the SC. In galagos, retinal projections from the contralateral eye terminate 

in the superficial half of the uSGS, while retinal projections from the ipsilateral eye terminate 

less densely and in the deeper half of the uSGS (May, 2006). The SO showed diffuse projections 

that weakly stain for VGLUT2 protein. Ventral to the SO, the three layers of the SGI could be 

separated by their immunoreactivity; the outer sublayers appeared as darker bands of VGLUT2-

ir while the middle sublayer appeared as a lighter band of VGLUT2-ir. Finally, the PAG showed 

strong, uniform VGLUT2-ir, but could not be subdivided into two zones in this preparation.  

4.5 Discussion  

The present study aimed to characterize the distribution of VGLUT2 mRNA and protein 

in the visual thalamus and superior colliculus of prosimian galagos. We find that, similar to 

rodent studies, both VGLUT2 mRNA and protein are widely expressed in the LGN, SC, and 

pulvinar. Additionally, the differential distribution of VGLUT2 in the SC and pulvinar allowed 

us to identify novel subdivisions of each region. Overall, we can conclude that VGLUT2 is the 

primary glutamate transporter utilized by visual subcortical areas in galagos given its widespread 

distribution in the afferent and efferent projections of these regions 
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4.5.1.1 Figure 12. Serial sections through the superior colliculus (SC) stained for (A) CO, 
(B) Nissl, (C) VGLUT2 mRNA and (D) VGLUT2 protein. Scale bar is 0.5mm. 
Coronal sections; medial is right.  

 
 
 
 

Lateral geniculate nucleus 

The lateral geniculate nucleus of galagos receives retinal input from both eyes and 

projects directly to V1. The strong expression of VGLUT2 mRNA and protein in all layers of the 

LGN indicates that both the retinogeniculate and geniculocortical pathways primarily utilize 

VGLUT2 to modulate glutamatergic transmission. This is consistent with studies in rodents that 

showed strong expression of both the protein and the mRNA in both pathways. Although the 

distribution of VGLUT2 has not been previously characterized in the galago retina, VGLUT2-ir 

was seen in the ganglion cells of both rat and human retinas (Gong et al., 2006), which indicates 
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that retinal projections to the SC and LGN likely utilize VGLUT2 for excitatory transmission. 

Thus, the strong expression of VGLUT2 protein in the galago LGN likely arises from retinal 

projections to each layer, which is consistent with the idea that retinogeniculate projections 

utilize VGLUT2 as their primary glutamate transporter. The LGN of galagos projects to layers 

IV, VI, III, and I of striate cortex (Glendenning et al., 1976; Casagrande and DeBruyn, 1982; 

Florence et al., 1983; Diamond et al., 1985; Florence and Casagrande, 1987; Lachica and 

Casagrande, 1992). Specifically, M cells project to layer IVa and somewhat to layer IIIC, P cells 

project to layer IVb and K cells project to the CO blobs in layer III and layer I. The expression of 

VGLUT2 mRNA by M and P cells in the LGN suggests that these geniculostriate projections all 

use VGLUT2 as their primary glutamate transporter. Previous descriptions of VGLUT2-ir in the 

neocortex of galagos (Wong and Kaas, 2010) showed strong, dense labeling of VGLUT2 protein 

in layer IV of V1. VGLUT2-ir of layer III was weak in V1, but moderate staining was present in 

a patchy pattern possibly corresponding to the blobs where the cells in the K layers project. 

Overall, we found weak VGLUT2 mRNA expression in the K layers of the LGN.  

Pulvinar 

The pulvinar complex of galagos is traditionally organized into three regions, the medial 

pulvinar, lateral pulvinar, and inferior pulvinar (Stepniewska and Kaas, 1997; Kaas and Lyon, 

2007), although recent studies have been able to further subdivide each of these nuclei in other 

primates into separate regions based on histochemical and connectional studies (Stepniewska et 

al., 1999). Since we were unable to subdivide the pulvinar past the three traditional regions from 

our results, we limit our discussion to those divisions. The pulvinar complex of galagos is 

densely connected with multiple areas of visual and nonvisual cortex (Stepniewska, 2004). In 

galagos, the medial pulvinar has reciprocal connections with frontal and parietal cortex, the 
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lateral pulvinar is well connected with early visual areas such as V1, V2, and possibly V3, and 

the inferior pulvinar is linked to V1 and V2, as well as the middle temporal area (MT) and 

possibly other higher order visual areas. The subcortical connections of the pulvinar nucleus of 

galagos include afferent projections from the lower stratum griseum superficiale of the superior 

colliculus to the inferior pulvinar (Wong and Kaas, 2009a). Since VGLUT2 has been described 

previously as within subcortical projections to the thalamus and thalamocortical projections to 

rodents, it is not surprising that our results show few VGLUT2-positive terminals in the three 

subdivisions of the pulvinar complex. The localization of VGLUT2-ir to cell bodies and axons 

instead of terminals is consistent with the evidence that most of the input to the pulvinar is from 

cortex, and not from subcortical structures such as the superior colliculus. VGLUT2 

immunoreactivity in the pulvinar may also arise from intrinsic connections within the nucleus; 

collateral branches from thalamocortical projections from relay neurons could terminate on 

nearby inhibitory neurons and have modulatory connections within that subdivision (25). These 

intrinsic connections could also be responsible for VGLUT2-ir within this nucleus.  

It is surprising that concentrations of VGLUT2-positive terminals did not appear in the 

inferior pulvinar given its strong connection with the superior colliculus, but these projections 

might utilize a different form of glutamate transport or a different isoform of the VGLUT family. 

Additionally, we did find dense patches of VGLUT2-positive terminals in the medial part of the 

lateral pulvinar, which could be input from the superior colliculus; however, further studies 

would be required to determine the origin of these dense terminal projections. The strong 

expression of VGLUT2 mRNA in all divisions of the pulvinar is consistent with their excitatory 

projections to cortical areas and corresponds well with the strong VGLUT2 immunoreactivity 

seen in those cortical areas (7). Thus, we can conclude that the pulvinar complex utilizes 
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VGLUT2 as its primary glutamate transporter for afferent projections to cortex, but inputs from 

cortex likely use a different VGLUT isoform in their terminations.  

Superior colliculus 

The superior colliculus in primates is a complex multisensory structure that receives 

diverse inputs from cortical and subcortical regions and projects to multiple structures in the 

central nervous system as well (Kaas and Huerta, 1988). Visual processing in the superior 

colliculus is largely restricted to the superficial layers, while the deep layers are responsible for 

sensorimotor integration and motor functions. In galagos, the primary target of retinal projections 

in the superior colliculus is the stratum griseum superficiale (superficial gray); the upper 

sublayer of the superficial gray (uSGS) receives a dense superficial projection of retinal afferents 

from the contralateral eye, and a deeper projection from the ipsilateral eye, while the lower 

sublayer (lSGS) receives more diffuse retinal input (Casagrande and Joseph, 1980). As discussed 

above, retinal ganglion cells likely use VGLUT2 as their primary glutamate transporter, so their 

terminal distribution in the superior colliculus should also exhibit strong VGLUT2-ir. This is 

consistent with our findings of dense VGLUT2-ir in the stratum zonale and upper superficial 

gray and less dense, yet still intense, VGLUT2-ir in the lower superficial gray. The upper and 

lower superficial gray layers in galagos project to the LGN and the pulvinar respectively 

(Harting et al., 1991; May, 2006). Upper superficial gray projections to the LGN primarily 

terminate on the K layers of the LGN (Glendenning et al., 1976) and lower superficial gray 

projections to the pulvinar mainly target the inferior division (Wong et al., 2009). Diffuse 

staining of VGLUT2 mRNA in the upper superficial gray corresponds with the sparse VGLUT2-

ir seen in the K layers of the LGN, indicating that colliculogeniculate projections do use 

VGLUT2 for excitatory transmission but at lover levels compared to other projections. The 
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dense staining of VGLUT2 mRNA in the lower superficial gray, however, seems incongruent 

with the lack of densely-labeled VGLUT2-positive terminals in the inferior pulvinar described 

here. The lack of dense staining for VGLUT2-positive terminals in the inferior pulvinar suggests 

that projections from the lower superficial gray target different regions of the pulvinar complex. 

As discussed above, the patchy distribution of VGLUT2-positive terminals in the medial part of 

the lateral pulvinar could reflect the terminations of colliculus projections. The intermediate and 

deep layers of the superior colliculus are involved in sensory integration and brainstem-related 

motor functions, which are outside the scope of this discussion, but the laminar distribution of 

VGLUT2 mRNA and protein is largely consistent with previous findings in rodents (Kaneko et 

al., 2002). The three subdivisions of the stratum griseum intermediale (intermediate gray) that we 

see in cytochrome oxidase, VGLUT2 mRNA and VGLUT2 protein staining is a novel finding in 

galagos, but has been previously reported in rodents (Helms et al., 2004), squirrels (Baldwin et 

al., 2011), which are rodents with well developed visual systems similar to that of primates, and 

tree shrews (Harting et al., 1973a), which are highly visual mammals that are a close relative of 

the primate lineage. Thus, our identification of three sublamina in the intermediate gray layer is 

consistent with architectonic divisions of the superior colliculus in closely related species. The 

division of the periacqueductal gray into inner and outer layers according to VGLUT2 mRNA 

expression is also novel in galagos.  

Overall, our conclusions on the distributions of VGLUT2 mRNA and protein expression, 

and the subsequent visualization of sublamina in the superior colliculus and pulvinar complex of 

galagos are largely consistent with related studies in rodent and primate species.  
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CHAPTER 5 

5 VGLUT1 mRNA and protein expression in the visual system of prosimian galagos 

 

The following chapter was published under the same title in Eye and Brain by Pooja Balaram, 

Troy Hackett, and Jon Kaas; December 2011.  

 

5.1 Abstract 

The presynaptic storage and release of glutamate, an excitatory neurotransmitter, is 

modulated by a family of transport proteins known as vesicular glutamate transporters. Vesicular 

glutamate transporter 1 (VGLUT1) is widely distributed in the central nervous system of most 

mammalian and nonmammalian species, and regulates the uptake of glutamate into synaptic 

vesicles as well as the transport of filled glutamatergic vesicles to the terminal membrane during 

excitatory transmission. In rodents, VGLUT1 mRNA is primarily found in the neocortex, 

cerebellum, and hippocampus, and the VGLUT1 transport protein is involved in intercortical and 

corticothalamic projections that remain distinct from projections involving other VGLUT 

isoforms. With the exception of a few thalamic sensory nuclei, VGLUT1 mRNA is absent from 

subcortical areas and does not colocalize with other VGLUT mRNAs. VGLUT1 protein is 

similarly restricted to a few thalamic association nuclei and does not colocalize with other 

VGLUT proteins. However, recent work in primates has shown that VGLUT1 mRNA is also 

found in several subcortical nuclei as well as cortical areas, and that VGLUT1 may overlap with 

other VGLUT isoforms in glutamatergic projections. In order to expand current knowledge of 

VGLUT1 distributions in primates and gain insight on glutamatergic transmission in the visual 
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system of primate species, we examined VGLUT1 mRNA and protein distributions in the lateral 

geniculate nucleus, pulvinar complex, superior colliculus, V1, V2, and the middle temporal area 

(MT) of prosimian galagos. We found that, similar to other studies in primates, VGLUT1 mRNA 

and protein are widely distributed in both subcortical and cortical areas. However, glutamatergic 

projections involving VGLUT1 are largely limited to intrinsic connections within subcortical and 

cortical areas, as well as the expected intercortical and corticothalamic projections. Additionally, 

VGLUT1 expression in galagos allowed us to identify laminar subdivisions of the superior 

colliculus, V1, V2, and MT.  

 

5.2 Introduction 

Glutamatergic transmission in the central nervous system is presynaptically regulated by 

a family of proteins known as vesicular glutamate transporters (VGLUTs) (Bellocchio et al., 

1998; Aihara et al., 2000; Fremeau et al., 2001; 2004a). VGLUT proteins package glutamate into 

presynaptic vesicles and transport these vesicles to the synaptic membrane prior to excitatory 

transmission. Two main VGLUT isoforms, VGLUT1 and VGLUT2, are widely distributed in the 

brain and are responsible for the majority of glutamatergic transmission in the central nervous 

system (Takamori et al., 2000; Herzog et al., 2001; Fremeau et al., 2002; Varoqui et al., 2002). 

These two isoforms typically occupy separate circuits, where VGLUT2 is primarily restricted to 

projections between and within subcortical areas, as well as thalamocortical projections, while 

VGLUT1 is reserved for intercortical and corticothalamic projections (Kaneko and Fujiyama, 

2002; Kaneko et al., 2002; Barroso-Chinea et al., 2007). Previous studies in rodents have shown 

that VGLUT1 is strongly expressed in the cerebral cortex, cerebellum and hippocampus and 

largely absent from the thalamus and brainstem (Herzog et al., 2001; Kaneko and Fujiyama, 
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2002; Kaneko et al., 2002; Fremeau et al., 2004b; Barroso-Chinea et al., 2007). In the cortex, 

VGLUT1 mRNA is densely expressed in each of the cortical layers, with varying distributions in 

each functional area, while VGLUT1 protein is diffusely expressed across all the cortical layers 

with slight laminar differences in each area. In the thalamus, VGLUT1 mRNA and protein are 

moderately expressed in primary relay nuclei and weakly expressed in some association nuclei.  

Although little work has been done in primates to characterize the distributions of 

VGLUT proteins in the central nervous system, recent studies show that VGLUT mRNA and 

protein expression in the brains of primates are quite similar to that of rodent brains, suggesting 

that the roles of VGLUTs in excitatory neurotransmission are highly conserved across 

mammalian species (Hackett and la Mothe, 2009; Wong and Kaas, 2010; Hackett et al., 2011; 

Balaram et al., 2011b). In order to expand on the knowledge of VGLUT distributions in primates 

and gain insight into the functional organization of the primate visual system, we examined 

VGLUT1 mRNA and protein distributions within the visual system of prosimian galagos. 

Galagos are small, nocturnal primates that represent the prosimian brain of the primate order 

(Kaas, 2006). Prosimians more closely resemble ancestral primates than any of the present day 

anthropoids (monkeys, apes, and humans), and thus the distribution pattern of VGLUTs in 

galagos may more closely reflect the distribution pattern of early primates. Previous research on 

the visual systems of galagos showed that VGLUT2 is localized to the expected thalamocortical 

and subcortical pathways (Balaram et al., 2011b), so we predicted that VGLUT1 expression 

would be localized to intercortical and corticothalamic circuits. Our results show that, while 

VGLUT1 expression in primates is more widespread in subcortical and cortical areas than 

VGLUT1 expression in homologous areas of rodents, the expression patterns are largely 

confined to the expected pathways. These findings suggest that VGLUT1 expression patterns are 
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highly conserved across mammalian species and that VGLUT1 is widely utilized in 

glutamatergic transmission.  

5.3 Materials and methods 

Four adult galagos (Otolemur garnetti) were examined for VGLUT1 protein and mRNA 

expression. Experimental procedures were all approved by the Vanderbilt Institutional Animal 

Care and Use Committee and followed the guidelines published by the National Institutes of 

Health.  

Tissue acquisition and histology 

Animals were injected with a lethal overdose of sodium pentobarbital (80 mg/kg), and 

when areflexive, were perfused transcardially with sterile 0.1 M phosphate-buffered saline 

(PBS), followed by 4% paraformaldehyde (PFA) in sterile PBS. The brain was removed from the 

skull, postfixed for 2–4 hours in 4% PFA in sterile PBS and cryoprotected in 30% sucrose in 

sterile PBS. The whole brain was cut into 40 mm coronal sections on a sliding microtome, 

separated into six series, and stored at − 20°C in cryoprotectant solution (30% ethylene glycol, 

30% glycerol, 10% phosphate buffer (pH 7.4), 1% 5 M NaCl, 29% sterile distilled deionized 

water) until further study. Two series from each animal were processed for cytochrome oxidase 

(CO) (Wong-Riley, 1979) and Nissl substance with thionin to determine the architectural and 

laminar boundaries of subcortical and cortical regions. 

In situ hybridization

One series from each animal was labeled for VGLUT1  mRNA using in situ 

hybridization. Digoxigenin-labeled riboprobes for VGLUT1  were prepared using macaque 

cDNA libraries and labeled using a conventional DIG-dUTP labeling kit (Roche Diagnostics, 
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Indianapolis, IN). In situ hybridization was carried out as previously described (17). The forward 

and reverse primers for VGLUT1 were CCGCTACATTATCGCCATCA and 

CGATGGGCACGATGATGGTC, respectively, which targeted position 204–1093 of human 

VGLUT1 (AB032436). BLAST assessments of VGLUT1 homology across human, macaque, rat 

and mouse transcripts show 98%–100% homology, indicating that the VGLUT1 gene is highly 

conserved across species. However, sense and antisense probes for VGLUT1 were still used to 

evaluate the binding specificity and background reactivity of macaque VGLUT1  probes in 

galago tissue. 

Immunohistochemistry 

One series from each animal was labeled for VGLUT1 protein using commercial 

antibodies against VGLUT1 and previously described immunohistochemical techniques 

(Balaram et al., 2011b). Two antibodies against VGLUT1 were used in this study, a polyclonal 

antibody raised in rabbits (MAb Technologies, Atlanta GA) that recognized amino acids 543–

560 of rat VGLUT1, and a polyclonal antibody raised in guinea pigs (Synaptic Systems, 

Goettingen, Germany) that recognized amino acids 456–560 of rat VGLUT1. Western blot 

analysis showed that both antibodies were highly specific for primate VGLUT1, but due to the 

profuse and indistinct distribution of VGLUT1 in cortex, it became necessary to corroborate our 

findings using more than one antibody. Slight differences in the intensity of labeling in brainstem 

nuclei were noted when the two antibodies were compared, but no differences were noted in the 

thalamus or cortex. Primary antibodies were subsequently labeled with biotinylated secondary 

antibodies (Vector Labs, Burlingame CA) amplified using an avidin/biotin conjugate kit (Vector 

Labs) and visualized using a diaminobenzidine reaction with nickel enhancement. Details of 

primary and secondary antibody concentrations are listed in Table 1.  
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Light microscopy 

Digital photomicrographs of cortical and subcortical areas were captured using a Nikon 

DXM2200 camera (Nikon, Melville, NY) mounted on a Nikon E800 microscope. Images were 

adjusted for contrast using Adobe Photoshop (Adobe Systems, San Jose, CA), but were 

otherwise unaltered.  

Analysis 

Relative staining intensity for VGLUT1 mRNA and VGLUT1 protein was analyzed using 

relative optical density; background relative optical density values were sampled in low 

magnification images of each area, from fiber tracts that did not show VGLUT1 expression, and 

subtracted out of relative optical density values from each area of interest. Relative density for 

both stains was analyzed using comparative cell counts of each area in high magnification 

images of serial Nissl and VGLUT1 sections. Analytical measures were only used to judge 

general differences in staining patterns for each area and were not intended to quantify levels of 

expression in any given region of interest.  

 

5.4 Results 

The regional distributions of VGLUT1 mRNA and protein varied significantly between 

subcortical and cortical areas in the galago brain. VGLUT1 mRNA was moderately expressed in 

the lateral geniculate nucleus (LGN), superior colliculus (SC), pulvinar, and middle temporal 

visual area (MT), but strongly expressed in V1 (area 17) and V2 (area 18). However, VGLUT1 

protein was moderately expressed in MT and the SC, but strongly expressed in the LGN, 

pulvinar, V1, and V2. The detailed expression patterns of VGLUT1 are discussed below. Control 

staining using sense and antisense probes also confirmed that the engineered VGLUT1 probe was 
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specific to VGLUT1 mRNA in galago cortex. Additionally, Western blot analysis for both 

VGLUT1 antibodies confirmed specificity to VGLUT1 protein in primate tissue (data not 

shown).  

 

5.4.1 VGLUT1 in the thalamus and midbrain 

Lateral geniculate nucleus (LGN) 

The dorsal LGN in galagos is classically divided into six layers with five interlaminar 

zones (Figure 1). As previously described (Kaas et al., 1978), terms for the layers reflect cell 

type (magnocellular [M], parvocellular [P], or koniocellular [k]) and relative location of (internal 

[I] or external [E]). Definitions for the interlaminar zones employ the neighboring dorsal and 

ventral LGN layer, such that the interlaminar zone between the internal M and P layers is termed 

Ipm. For the purposes of the present results, our identification of LGN layers and interlaminar 

zones follows previous descriptions. 

Previous descriptions of CO expression in the galago LGN have shown that all layers and 

interlaminar zones have some level of cytochrome oxidase reactivity (McDonald et al., 1993; 

Casagrande and Kaas, 1994; Johnson and Casagrande, 1995). The M and P layers stain darkly 

for CO, while the K layers and interlaminar zones exhibit more moderate reactivity (fig. 1A). 

The LGN layers contain dense populations of darkly stained cells in Nissl preparations, while the 

interlaminar zones have sparse populations of more lightly stained cells (fig. 1B). We processed 

brain sections through the LGN for CO and Nissl substance in order to identify layers and relate 

VGLUT1 mRNA and protein expression patterns to these layers (fig. 1). Our results were 

consistent with previous descriptions of CO and Nissl staining in the galago LGN.  
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In sections stained for VGLUT1 mRNA, all layers of the LGN showed moderate levels of 

VGLUT1 expression, while the interlaminar zones showed weaker levels of VGLUT1 expression 

(figs. 1C, E). Comparisons of cell counts from Nissl and VGLUT1 sections indicated that more 

than half the neurons in all layers express at least some VGLUT1 mRNA. Neurons in the M 

layers most strongly expression VGLUT1 mRNA were large in size but sparsely distributed 

within the layers, while neurons in the P layers positive for VGLUT1 mRNA were smaller in size 

but densely packed (fig. 1E). These layers both project to layer IV of V1, which shows 

corresponding strong levels of VGLUT1 protein (discussed below). Neurons in the K layers 

positive for VGLUT1 mRNA were smaller than both M and P cells, sparsely distributed within 

the layers and weakly stained overall. Cells within the interlaminar zones showed varying levels 

of VGLUT1 expression, but in general, they were smaller and expressed less VGLUT1 mRNA 

than cells within the K layers of the LGN. Both the K layers and relay cells in the interlaminar 

zones project to layers III and I of V1, which also showed weak levels of VGLUT1 protein. 

In sections stained for VGLUT1 protein, dense immunoreactivity (ir) was visible in all 

the LGN layers and interlaminar zones (figs. 1D, F). VGLUT1 ir was largely confined to 

punctate terminals that seemed to surround unlabeled cell bodies (fig. 1F). The M, P, and K 

layers all showed strong, evenly distributed labeling of VGLUT1 terminals, indicating that 

retinogeniculate projections likely use VGLUT1 for glutamatergic transmission. Cell bodies 

positive for VGLUT1 were not found. The interlaminar zones of the LGN had somewhat 

stronger and denser labeling of VGLUT1 in comparison with the LGN layers, likely marking 

corticogeniculate terminations (Casagrande and Kaas, 1994) or, less likely, tectogeniculate 

projections from the upper superficial gray layer of the SC (May, 2006) to these zones. 
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Additionally, VGLUT1-positive terminals in the interlaminar zones seemed to be more clustered 

and appeared as darker puncta than those within the layers of the LGN (fig. 1F).  

 

5.4.1.1 Figure 1. Coronal sections through the lateral geniculate nucleus stained for (A) 
CO, (B) Nissl, (C, E) VGLUT1 mRNA, and (D, F) VGLUT1 protein. Scale bar is 
500um for panels A-D, 250um for panels E-F. Thalamic midline is to the left.  

 

 

Pulvinar 

The pulvinar of prosimian galagos is divided here into the three traditional divisions 

based on anatomic appearance and relative location, the medial, lateral, and inferior pulvinar 

(PM, PL, and PI, respectively) (Stepniewska, 2004). While it is almost certain that further 

subdivisions exist within these divisions, the anatomic identification of such partitions has 



	   125	  

proven problematic due to the lack of markers that selectively label further subdivisions within 

the pulvinar complex of galagos. VGLUT1 expression in the galago pulvinar does give us some 

clues about its architectonic organization, but does not clearly differentiate any subdivisions 

within the major divisions.  

All three major divisions of the pulvinar are easily identified by CO and Nissl 

preparations in galagos (Wong et al., 2009) (figs. 2A, B). PM is characterized by intense CO 

reactivity and dense populations of Nissl-stained cells, while PL is characterized by fiber tracts 

separating CO-rich regions with evenly dispersed Nissl populations. PI lies ventral to PM and 

PL, and is largely separated from PM and PL by the brachium of the SC, a large white matter 

tract that runs through this region of the thalamus (best seen in fig. 2D).  

All three divisions of the pulvinar showed distinct distributions of positively labeled cells 

when stained for VGLUT1 mRNA (figs. 2C, E-G). PM was densely populated by cells that 

showed moderate staining for VGLUT1 mRNA, while PL was diffusely populated by cells that 

showed weak staining for VGLUT1 mRNA. Although PM is reciprocally connected with 

multiple areas in frontal, temporal, and parietal cortex that are not predominantly visual (Wong 

et al., 2009), VGLUT1 expression in this division indicates these projections likely use VGLUT1 

for glutamatergic transmission as well. PL sends projections to V1 and V2, and weak VGLUT1 

expression here indicates that visual connections from PL to cortex may not utilize VGLUT1 to a 

great extent. PI showed both strong and weak labeling of VGLUT1-positie cells that varied in 

distribution across the division, likely indicating that multiple cell populations exist within this 

region. PI projects cortically to V1, V2, and MT, and weak VGLUT1 protein expression is seen 

in the recipient layers of those three areas, indicating that cell populations in PI that do project 

there may not rely heavily on VGLUT1.  



	   126	  

 

5.4.1.2 Figure 2. Coronal sections through the pulvinar complex stained for (A) Nissl, (B), 
CO, (C) VGLUT1 mRNA and (D) VGLUT1 protein. (E-J) High magnification 
images of subdivisions of the pulvinar complex stained for (E-G) VGLUT1 mRNA 
and (H-J) VGLUT1 protein. Scale bar is 0.5mm. Thalamic midline is to the right.  

 

 

Similar distributions across the pulvinar were seen in sections stained for VGLUT1 

protein (figs. 2D, H-J). PM showed dense, even labeling of VGLUT1 across the extent of the 
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pulvinar, while PL showed diffuse labeling of VGLUT1 that was confined to the regions around 

the fiber tracts and not within them. Frontal and parietal areas projecting to PM showed strong 

VGLUT1 distributions, while visual connections to PL showed moderate VGLUT1 distributions 

in comparison. These distributions correlated well with differential VGLUT1 ir in PM and PL, 

and again suggest that VGLUT1 is utilized to a lesser extent in visual projections to the pulvinar. 

PI showed regions of either strong or faint labeling of VGLUT1 across the nucleus, possibly 

reflecting subdivisions that differ in levels of glutamatergic input. PI in galagos is reciprocally 

connected with V1, V2, and MT in cortex (Wong et al., 2009) and receives subcortical visual 

input from the SC (Raczkowski and Diamond, 1978), all of which express VGLUT1 mRNA at 

varying levels. These differential inputs could give rise to the varied distribution of VGLUT1 in 

PI.  

Superior colliculus (SC) 

The SC of galagos has been divided into seven layers based on histological and connectional 

differences (May, 2006). The superficial layers of the SC primarily process visual information, 

while the intermediate and deep layers regulate multisensory integration and brainstem motor 

functions. The laminar organization of the SC in CO and Nissl preparations in galagos (figs. 3A, 

B) has been characterized previously (Kaas et al., 1978; May, 2006). Low magnification images 

of the layers of the SC are shown in figure 3.  

All layers of the SC only weakly expressed VGLUT1 mRNA (figs. 3D, F), and comparative cell 

counts between Nissl and VGLUT1 stained sections showed that VGLUT1 was confined to a 

small percentage of cells in each layer. The zonal layer (SZ) showed weak expression of 

VGLUT1 mRNA, with only a few stained cells scattered within the layer.  
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5.4.1.3 Figure 3. Coronal sections through the superior colliculus stained for (A) CO, (B) 
Nissl, (C, E) VGLUT1 protein, and (D,F) VGLUT1 mRNA. The stratum zonale or 
zonal layer (SZ) is a thin band that runs across the dorsal surface of the SC; 
immediately below is the stratum griseum super_ciale or super_cial gray layer 
(SGS) that is divided into upper and lower sublayers (uSGS and lSGS 
respectively); the stratum opticum or optic layer (SO) lies below the SGS and 
separates the super_cial layers from the intermediate layers; below the SGS lies 
the stratum griseum intermediale or intermediate gray layer (SGI), which is 
divided into three sublayers (SGIa, SGIb, and SGIc from dorsal to ventral); the 
stratum album intermediale or intermediate white layer (SAI) lies below the SGI 
and separates the intermediate layers from the deep layers; below the SAI lies the 
stratum griseum profundum or deep gray layer (SGP) and lastly; ventral to the 
SGP lies the stratum album profundum or deep white layer (SAP), which borders 
the periaqueductal gray. Scale bar is 0.5mm for panels A-D, 100um for panels E-F. 

 

 

However, both layers of the superficial gray layer (SGS) showed dense distributions of small 

cells stained lightly for VGLUT1 mRNA. The upper SGS (uSGS) projects to the interlaminar 

zones of the LGN, which showed dense labeling of VGLUT1 protein, while the lower SGS 
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(lSGS) projected to PI (Raczkowski and Diamond, 1978), which showed variable VGLUT1 

distribution. The discrepancy in these expression patterns suggests that tectogeniculate and 

tectopulvinar projections likely use other glutamate transporters for glutamatergic transmission 

and VGLUT1 expression in the SGS reflects intrinsic connections in this layer. The optic layer 

(SO) showed a sparse distribution of medium and large cells stained lightly for VGLUT1 mRNA, 

also likely reflecting intrinsic connections because this layer is primarily a fiber tract through the 

SC. The deep layers of the SC had scattered distributions of medium and large cells stained 

weakly for VGLUT1 mRNA that could represent relay projections or intrinsic connections in this 

multisensory area. Laminar boundaries within the SC were not readily apparent in sections 

stained for VGLUT1 mRNA, but slight differences in cell size and density allowed us to 

differentiate the superficial layers (fig. 3F). However, the deep layers had largely homogeneous 

distributions of VGLUT1, preventing us from discerning anatomic boundaries. A few large cells 

along the edge of the deep white layer (SAP) stained darkly for VGLUT1 mRNA but these cells 

are likely mesencephalic trigeminal neurons, and correspond to cells that stain strongly for Nissl 

and CO in this region. Overall, VGLUT1 mRNA was widely distributed across the galago SC, 

but at weaker levels compared with expression in the LGN and pulvinar.  

VGLUT1 protein was also widely distributed in the galago SC (fig. 3C, E). Overall, the 

superficial layers showed much stronger VGLUT1 ir than the deep layers of the colliculus. The 

SZ appeared as a thin, dark band of dense VGLUT1 ir across the dorsal surface of the SC. The 

SGS also showed strong VGLUT1 ir and could be anatomically segregated into sublayers based 

on VGLUT1 reactivity. The upper SGS could be subdivided into two layers of VGLUT1 

reactivity; a dorsal band of moderate VGLUT1 ir followed by a thin ventral band of strong 

VGLUT1 ir. The lower SGS could be subdivided into three layers; a dorsal band of weaker 
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VGLUT1 ir, followed by a thin, middle band of strong VGLUT1 ir, and a ventral band of 

moderate VGLUT1 ir (figs. 3C, E). Retinotectal projections primarily terminate in the SGS and 

SZ (Casagrande and Kaas, 1994; May, 2006), and strong VGLUT1 ir in these layers indicate that 

retinal ganglion cells use VGLUT1 for glutamatergic transmission to the SC. Additionally, visual 

cortical inputs to the superior colliculus from layer V of V1 and MT terminate diffusely across 

the SGS and upper SO (Wall et al., 1982), and the strong VGLUT1 expression seen in layer V of 

both those areas likely contributes to the dense VGLUT1 ir in the superficial SC. The SO below 

the SGS showed moderate levels of VGLUT1 reactivity, most of which was confined to areas 

around the white matter tracts. VGLUT1 ir in this layer could reflect inputs from association 

visual areas such as the medial, dorsomedial, and posterior parietal cortex projections seen in owl 

monkeys (Graham et al., 1979), although such connections have not yet been described in 

galagos. Lastly, the deep layers all showed weak, homogeneous VGLUT1 ir and could not be 

further differentiated based on staining intensity. Overall, visual inputs from the retina and cortex 

to the superficial SC use VGLUT1 for glutamatergic transmission, but this neurotransmitter is 

largely unused by projections in the deeper layers of the SC.  

5.4.2 VGLUT1 in cortex 

V1 (area 17) 

V1 in galagos is easily distinguished from neighboring cortical areas by its distinct 

lamination, densely myelinated band of Gennari, and strong reactivity for CO and other immune 

markers (Wong and Kaas, 2010). In CO preparations, V1 is characterized by a dense CO band in 

layer IV that decreases markedly at the V1/V2 border, as well as moderate CO reactivity in 

layers I and VI and weak reactivity in layers III and V (figs. 4A, 5A). In Nissl preparations, V1 is 

characterized by dense populations of cells compared with other cortical areas, and distinct 
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lamination due to varying densities of cells in each layer (figs. 4B, 5B). The laminar subdivisions 

of V1 have been described previously (Weller and Kaas, 1982; Casagrande and Kaas, 1994) 

according to Nissl preparations, and are shown in figures 4 and 5.  

When stained for VGLUT1 mRNA, laminar boundaries in V1 were clearly visible due to 

differences in staining intensity between the layers (figs. 4C, 5C). Comparative cell counts 

between Nissl-stained sections and VGLUT1-stained sections indicated that most of the cells in 

V1 expressed some level of VGLUT1 mRNA. Layer I lacked VGLUT1-positive cells and 

appeared as an unstained band across the surface of V1, consistent with its primary role as a 

recipient layer of pulvinar projections and feedback connections from other cortical areas 

(Weller and Kaas, 1982). Layer II appeared as a thin, dense band of medium and small cells that 

stained strongly for VGLUT1 mRNA, which are likely projections to other layers in V1 and 

match the diffuse VGLUT1 ir across all the layers of V1. Layer III showed decreasing VGLUT1 

expression from dorsal to ventral sublayers; layer IIIa consisted of medium and large cells that 

showed strong VGLUT1 expression, layer IIIb consisted of medium and small cells with 

moderate VGLUT1 expression, and layer IIIc consisted of mostly small cells with weaker 

VGLUT1 expression. Since layer III of V1 projects to MT and V2, varied VGLUT1 expression in 

this layer likely contributes to the differential levels of VGLUT1 ir seen in those areas. Layer IV 

showed a minor distribution of small cells that stained weakly for VGLUT1 mRNA scattered 

across the layer, consistent with its function as the primary recipient layer of thalamocortical 

projections. However, layer V showed significant VGLUT1 expression and could be divided into 

upper and lower layers, defined as Va and Vb respectively. Layer Va consisted of a dense 

distribution of large cells that stained strongly for VGLUT1 mRNA, while layer Vb was 

composed of small cells that stained moderately for VGLUT1 mRNA. Known projections of 



	   132	  

layer V in galagos include PL, PI, and the SGS of the SC, and all three areas showed varied 

VGLUT1 ir. Lastly, layer VI could also be subdivided into upper and lower layers based on 

staining intensity, termed Via and VIb, respectively. Layer Via primarily consistent of large cells 

stained strongly for VGLUT1 mRNA while layer VIb was composed of medium cells and small 

cells with more moderate VGLUT1 expression. Layer VI in galagos projects to the layers and 

interlaminar zones of the LGN, and VGLUT1 expression here correlates well with the strong 

VGLUT1 ir in the LGN.  

The distribution of VGLUT1 protein in cortex was robust across all areas, including V1 

(figs. 4D, 5D). Although laminar organization in V1 was less visible in sections stained for 

VGLUT1, slight differences in reactivity between the layers were still evident. Layer I showed 

stronger VGLUT1 ir than the rest of the layers, and thus could be distinguished as a thin, dark 

band across the surface of V1. Because most feedback connections to V1 terminate in layer 1, 

strong VGLUT1 reactivity indicates that these projections heavily utilize VGLUT1 for 

glutamatergic transmission. Layers II, III, and V showed less staining for VGLUT1 and appeared 

as lighter bands through this region. Layer II does not receive dense projections from cortical or 

subcortical areas, layer III receives input from the K layers of the LGN, and layer V receives 

input from the pulvinar and V2. Weak VGLUT1 ir in these layers correlates with the weak 

VGLUT1 expression seen in those areas. Layer IV appeared as a dark band of VGLUT1 ir that 

terminated at the V1/V2 border, similar to the layer IV band in CO sections and consistent with 

the VGLUT1 expression in the LGN layers that project here. Layer VI, which receives some 

input from the LGN and MT, also showed stronger VGLUT1 ir than layers II, III and V and 

appeared as a thin, dark band along the internal edge of V1.  
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5.4.2.1 Figure 4. Low magnification images of coronal sections through V1 and V2. Dorsal 
surface of cortex is up, ventral surface is down, hemispheric midline is to the left. 
Scale bar is 2mm.  

 

5.4.2.2 Figure 5. High magnification images of the laminar organization of V1 (Area 17). 
Scale bar is 250um.  
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V2 (area 18) 

V2 in galagos forms a long band along the length of the V1 border and extends about 

3mm across the cortical surface rostral to V1 (Rosa et al., 1997). V2 is anatomically identified by 

its moderate level of myelination in comparison with V1. V2 is anatomically identified by its 

moderate level of myelination in comparison with V1. The CO stripes that characterize V2 of 

anthropoid primates are only weakly expressed in V2 of galagos (Lyon and Kaas, 2002). In 

coronal sections stained for CO, V2 showed moderate staining in lower parts of layer IIIc and 

upper parts of layer IV, but showed weak staining in the other layers (figs. 4A, 6A). In Nissl 

preparations, layer IV showed a denser cell distribution than the other layers (Wong and Kaas, 

2010) and layers I-IV showed stronger Nissl reactivity while layers V and VI showed weaker 

Nissl reactivity (figs. 4B, 5B). Overall, the laminar organization of V2 was less well defined than 

that of V1, but slight differences in CO and Nissl reactivity allowed us to define laminar 

boundaries across the area.  

5.4.2.3 Figure 6. High magnification images of the laminar organization of V2. Scale bar 
is 250um.  
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When stained for VGLUT1 mRNA, V2 showed generally weaker levels of expression 

compared with V1. However, comparative cell counts between Nissl and VGLUT1 stained 

sections still indicated that the majority of cells in V2 expressed some level of VGLUT1 mRNA. 

Additionally, the laminar organization of V2 was far more evident in sections stained for 

VGLUT1 mRNA than comparative CO and Nissl sections (fig. 6C). Layer I lacked VGLUT1 

expression entirely, while layer II showed an even distribution of medium and small cells that 

stained moderately for VGLUT1 mRNA. Layer III showed differential VGLUT1 expression in 

each sublayer. Layers IIIa and IIIc consisted of variably sized cells with weaker VGLUT1 

expression, while layer IIIb consisted of medium and small cells with slightly stronger VGLUT1 

expression. Layer IV showed a sparse distribution of small cells that stained weakly for VGLUT1 

mRNA. Layer V showed a dense distribution of medium and small cells that stained strongly for 

VGLUT1 mRNA, although this is less apparent in figure 6. Finally, layer VI could be divided 

into two sublayers based on VGLUT1 expression. The dorsal layer, VIa, consisted of scattered 

distributions of small cells that stained moderately for VGLUT1 mRNA while the ventral layer, 

VIb, showed a dense distribution of medium cells with strong VGLUT1 expression. Overall, the 

weak VGLUT1 expression seen in layers I and IV correlates with their role as recipient layers of 

thalamocortical projections from the pulvinar and cortical projections from V1 and MT (Weller 

and Kaas, 1982). Similarly, the varied VGLUT1 expression seen in layers II, III, V, and VI 

reflects the diverse projections of V2 to the pulvinar, V1, and MT, and correlates with VGLUT1 

ir seen in these terminations.  

VGLUT1 ir in V2 was strong but diffusely spread across the layers, and laminar patterns 

were less evident than those of V1 (fig. 6D). Layer I appeared as a thin, dark band across the 

surface of V2, fitting with its role as a recipient layer of pulvinar and MT projection. Layers IV 
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and VI also showed slightly stronger VGLUT1 ir, which likely arises from afferent projections 

from the pulvinar and higher order visual areas, such as V3 (Lyon and Kaas, 2002). Layers II, 

III, and V showed weaker VGLUT1 ir and appeared as lighter bands in between layers I, IV, and 

VI. In galagos, layers II and III only receive diffuse projections from MT, and layer V does not 

receive extrinsic visual input (Weller and Kaas, 1982), so weak VGLUT1 ir here accurately 

reflects the afferent projections that terminate in these layers of V2.  

Middle temporal area (MT) 

MT in galagos lies on the cortical surface just above the caudal end of the lateral sulcus, 

and occupies an oval-shaped region about 18mm2 on the temporal lobe (Wall et al., 1982). MT is 

characterized by strong myelination, high CO reactivity in layers III and IV, weak CO reactivity 

in the other layers (figs. 7A, 8A), and a large, diffuse band of small cells across layer IV in Nissl 

preparations (figs. 7B, 8B). When stained for VGLUT1 mRNA and compared with Nissl 

sections, almost all of the cells in MT showed robust expression of VGLUT1 mRNA, but a 

distinct laminar pattern was still evident in this region (figs. 7C, 8C). Layer I did not show any 

VGLUT1 expression. Layer II appeared as a thin, dense band of small cells with weak VGLUT1 

expression. Layers IIIa and IIIb showed even distributions of medium and large cells with 

moderate VGLUT1 expression, while layer IIIc showed a denser distribution of medium and 

small cells with stronger VGLUT1 expression. Layer IV showed a sparse distribution of small 

cells that stained weakly for VGLUT1 mRNA. However, layer V could be split into two 

sublayers based on VGLUT1 expression; the dorsal sublayer, Va, showed a dense population of 

medium and large cells that stained strongly for VGLUT1 mRNA while the ventral sublayer, Vb, 

showed a more diffuse population of medium and large cells that stained weakly for VGLUT1 

mRNA. Layer VI of MT appeared much thicker than layer VI of V1 and V2, consistent with its 
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appearance in CO and Nissl sections, and could be divided into sublayers based on VGLUT1 

expression. The dorsal third of layer VI showed a sparse distribution of medium cells with 

weaker VGLUT1 expression, although a number of individual cells stained strongly for VGLUT1 

mRNA. The middle third of layer VI showed a dense distribution of medium and large cells that 

stained strongly for VGLUT1 mRNA, and the ventral third of layer VI consisted of an even 

distribution of medium cells stained moderately for VGLUT1 mRNA. Known projections of MT 

in galagos consist of efferent connections from layer III to PI, layer Vb to V2, and layer Via to 

V1, PL, and PI (Wall et al., 1982). VGLUT1 expression in the projecting layers of MT reflects 

the VGLUT1 ir seen in these areas and confirms that VGLUT1 is widely utilized in transmitting 

visual information between cortical and subcortical areas.  

When stained for VGLUT1 protein, MT again showed weaker reactivity compared with 

adjacent areas of cortex, making laminar divisions less apparent, but each layer had slight 

differences in reactivity (figs. 7D, 8D). Layer I appeared as a thin, dark band of strong VGLUT1 

ir, while layer II appeared as a wider band of moderate VGLUT1 ir. Layer III showed a fairly 

homogeneous distribution of moderate VGLUT1 ir across all sublayers, only the lower half of 

layer IIIc had slightly weaker reactivity than the rest of layer III. Layer IV showed weak 

VGLUT1 ir and appeared as a lighter band between layers III and V Layer V showed a thin band 

of slightly stronger VGLUT1 ir in the ventral two thirds of the layer. Similarly, layer VI showed 

slightly stronger VGLUT1 ir in the dorsal half and weaker VGLUT1 ir in the ventral half of the 

layer. In galagos, known projections to MT from the pulvinar, V1, and V2, all terminate in layer 

IV (Weller and Kaas, 1982) and the weak VGLUT1 ir seen here reflects the weak VGLUT1 

expression seen in the projecting divisions of those areas. However, the strong VGLUT1 ir seen 

in layers I, II, and V likely reflects connections from higher order visual areas (Lyon and Kaas, 
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2002) and indicates that VGLUT1 is more utilized in higher order visual projections to MT and 

less utilized in primary visual input from the thalamus, V1, and V2.  

5.5 Discussion 

The primary aims of the present study were to characterize the distribution of VGLUT1 

mRNA and protein across the visual system of galagos, identify novel anatomic features of 

visual structures revealed by VGLUT1 distributions, and compare VGLUT1 distributions in 

galagos with known VGLUT1 distributions in rodents. We find that VGLUT1 mRNA and 

protein expression varied distinctly between visual subcortical and cortical areas (table 2), but 

their expression patterns are largely consistent with the known projections between and within 

these regions (shown in figs. 9 and 10). VGLUT1 mRNA expression revealed novel laminar 

characteristics of V1, V2, and MT, while VGLUT1 protein expression identified subdivisions 

within the superficial layers of the SC. Finally, we find that, contrary to most rodent studies of 

VGLUT1 distributions, VGLUT1 is widely expressed in both subcortical and cortical areas, and 

may be involved in subcortical and thalamocortical projections as well as intercortical and 

corticothalamic circuits.  

Lateral geniculate nucleus (LGN) 

The LGN is a central structure in the visual system of galagos because it is a primary 

recipient of visual input from the retina as well as the primary relay of visual information to 

cortex (Casagrande and DeBruyn, 1982; Weller and Kaas, 1982). Retinal input to the LGN 

layers is topographically organized and segregated; the external layers receive contralateral 

retinal input while the internal layers receive ipsilateral retinal input. When relaying information 

to cortex, the M layers project to layer IVa of V1 while the P layers project to layer IVb. 
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5.5.1.1 Figure 7. Low magnification images of coronal sections through the middle 
temporal area (MT). Scale bar is 1mm. 
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5.5.1.2 Figure 8. High magnification images of the laminar organization of MT. Scale bar 
is 250um.  

 

 

5.5.2 VGLUT1 distributions in the visual system of galagos 

The K layers, as well as some cells in the interlaminar zones, project to all sublayers of 

layer III (centered on IIIb) and parts of layer I. Both the K layers and the interlaminar zones 

receive projections from the superficial gray layer of the SC (Raczkowski and Diamond, 1978), 

and all LGN layers and interlaminar zones receive feedback projections from layer IVa of V1 

(Weller and Kaas, 1982; Casagrande and Kaas, 1994). Overall, VGLUT1 mRNA and protein 

distributions in the LGN correlate well with the known afferent and efferent projections of this 

nucleus. Previous work has shown that VGLUT2, another isoform in the VGLUT family, is 

strongly utilized in retinogeniculate and geniculocortical projections in galagos as well (Balaram 

et al., 2011b). Thus, both VGLUT1 and VGLUT2 appear to be involved in this circuit and likely 
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regulate different modes of glutamatergic transmission within these projections (Herzog et al., 

2001; Fremeau et al., 2004b; Santos et al., 2009).  

The galago pulvinar is a complex nucleus that is densely connected with a number of 

visual and nonvisual areas (Stepniewska, 2004) (fig. 9B). PM is reciprocally connected with 

multiple areas in fontal and parietal cortex that are not predominantly visual, so it is not 

examined in great detail in this discussion. PL and PI receive projections from layer Vb of V1 

and send projections to layer I of V1, as well as layers III and IV of V2. PI sends an additional 

projection to layers III and IV of MT (Weller and Kaas, 1982; Wong et al., 2009). Subcortical 

connections of the pulvinar complex include projections from the parabigeminal nucleus to Pl 

(Diamond et al., 1992) and projections from the lower SGS of the SC to PI (Glendenning et al., 

1975).  

Moderate VGLUT1 expression in afferent projections from V1, the SC, and the 

parabigeminal nucleus (not shown) to PL and PI confirm that VGLUT1 is utilized to a lesser 

extent in these subcortical and corticothalamic visual projections. Efferent projections with weak 

VGLUT1 expression from PL and PI to V1, V2, and MT also illustrate the same finding. The 

faint VGLUT1 expression in PL and PI could simply reflect intrinsic connections within these 

divisions, as opposed to projections outside of the pulvinar complex. Previous studies of 

VGLUT2 in the pulvinar of galagos showed that VGLUT2 mRNA is strongly expressed in PL 

and PM, and correlates with strong VGLUT2 ir in the corresponding projection layers of cortex 

(Balaram et al., 2011b), suggesting that PL and PI preferentially use VGLUT2 over VGLUT1 in 

efferent projections to cortex. Tectopulvinar projections from the SC to PI have previously been 

shown to utilize VGLUT2 as well (Balaram et al., 2011b), suggesting that afferent subcortical 

projections to the pulvinar also use VGLUT1 to a limited extent.  
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5.5.2.1 Figure 9. Cortical and subcortical visual connections of the (A) lateral geniculate 
nucleus, (B) pulvinar complex, and (C) superior colliculus. Shading intensity 
reflects levels of expression for both VGLUT1 mRNA and protein. Summarized 
from the literature (16, 17, 30-31, 34-36, 41-43). Abbreviations: PI – inferior 
pulvinar, PL – lateral pulvinar, PM – medial pulvinar, MT – middle temporal 
area, LGN – lateral geniculate nucleus, lSGS – lower superficial gray layer, uSGS 
– upper superficial gray layer, C retina – contralateral retina, I retina – ipsilateral 
retina.  

 

Pulvinar 
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In contrast with the lateral and inferior divisions, the strong VGLUT1 expression and 

VGLUT1 ir seen in PM reflects its dense interconnectivity with frontal and parietal cortical 

areas, and suggests that VGLUT1 is preferentially used in circuits that process higher order 

information, as opposed to circuits that relay sensory input. However, examination of similar 

corticothalamic circuits in association areas would be necessary to justify this conclusion. 

Overall, PL and PI in galagos do not rely on VGLUT1 for thalamocortical or corticothalamic 

projections, while PM relies heavily on VGLUT1 for both thalamocortical and corticothalamic 

projections.  

Superior colliculus 

The SC in galagos is an intricate multisensory structure that integrates multiple modes of 

sensory input to influence motor behavior (May, 2006). Visual processing in the SC is largely 

restricted to the superficial layers (fig. 9C). The upper superficial gray receives contralateral 

retinal input while the lower superficial gray receives ipsilateral retinal input. The upper 

superficial gray then sends projections to the K layers and interlaminar zones of the LGN while 

the lower superficial gray sends projections to the inferior pulvinar. Feedback connections to the 

superior colliculus in galagos have not been studied in great detail, but previous work has shown 

that layer Vb of V1 and MT both project to the SGS and upper SO (Wall et al., 1982; 

Casagrande and Kaas, 1994). Studies in squirrel monkeys and owl monkeys (Graham et al., 

1979) showed that V2, as well as the medial, dorsomedial, and posterior parietal visual areas, as 

project to the SC and terminate primarily in the SGS and SO, thus it is possible that galagos have 

similar feedback connections as well. Overall, we find that VGLUT1 in the SC is primarily 

confined to afferent cortical projections to the SC and less utilized in efferent projections from 

the SC to the pulvinar and LGN. Previous work in galagos showed that VGLUT2 is 
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predominantly used in tectogeniculate and tectopulvinar projections (Balaram et al., 2011b), 

which accounts for the weak expression of VGLUT1 in the efferent visual connections of the SC.  

The banded pattern of VGLUT1 ir seen in the superficial layers of the SC is a novel 

finding in galagos and could reflect differential inputs to the colliculus from retinal and cortical 

projections. The wide dorsal band of moderate VGLUT1 ir in the upper SGS likely reflects 

retinotectal projections from the contralateral retina, while the dorsal band of weaker VGLUT1 ir 

in the lower SGS likely reflects retinotectal projections from the ipsilateral retina. This is 

consistent with previous studies that show strong contralateral retinal projections to the upper 

SGS and more diffuse retinal projections to the lower SGS in galagos (Weller and Kaas, 1982). 

The wide ventral band of moderate VGLUT1 ir in the lower SGS likely arises from diffuse 

corticotectal projections that terminate across the SGS and SO. The thin, dark bands of VGLUT1 

ir in the upper and lower superficial gray could reflect concentrations of corticotectal 

terminations or, less likely, retinotectal terminations in these layers; their relative depth from the 

surface of the SC places them closer to the average depth of corticotectal terminations from V1 

and MT (Weller and Kaas, 1982). In owl monkeys, V1 projections to the SC terminate more 

dorsally in the SGS while MT projections terminate more ventrally (Graham et al., 1979). If 

similar patterns of terminations exist in galagos, the dorsal band of concentrated VGLUT1 ir 

could arise from strong VGLUT1 expression in layer V of V1 while the ventral band of VGLUT1 

ir could arise from similarly strong VGLUT1 expression in layer V of MT. Alternatively, the 

banded pattern seen in VGLUT1 sections may reveal the presence of a third sublayer between 

the retinotectal projections in galagos, although a third superficial gray layer has not been 

described in other species.  
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V1 (Area 17) 

V1 in galagos is a large area, approximately 200m2, which occupies the caudal half of the 

occipital lobe (Rosa et al., 1997). It is the primary recipient of visual information from 

subcortical structures, and has a distinct pattern of lamination that corresponds to its afferent and 

efferent projections (figure 10). Thalamic inputs to V1 originate in the pulvinar and LGN; PL 

and PI both project to layer 1 of V1 (Casagrande and Kaas, 1994). From the LGN, the M layers 

project primarily to layer IVa of V1 with some collateral projections to the lower half of layer 

VI. The P layers project primarily to layer IVb with collateral projections to the upper half of 

layer V1, and the K layers project to the blob compartments in layer III with collateral 

projections to layer I (Casagrande and Kaas, 1994). V1 sends feedback projections to a number 

of subcortical regions in the thalamus, midbrain, and pons. Cells in the lower half of layer V in 

V1 project to the lower SGS and upper SO in the superior colliculus, as well as PL and PI. Cells 

in the upper half of layer Vi of V1 project primarily to the interlaminar zones of the LGN, and 

secondarily to the LGN layers themselves (Casagrande and Kaas, 1994; Rockland, 1994).  

The major cortical projections of V1 in galagos are to V2 and MT. V1 projections to these 

areas arise through two major pathways (Casagrande and Kaas, 1994). First, neurons in layer IIIc 

of V1 project to layer IV of MT and to layer IV of V2. Second, neurons in the blob and interblob 

compartments of layer IIIa in V1 project differentially to compartments in layer IV of V2 that are 

likely homologous to the bands of V2 seen in other primate species. Feedback connections to V1 

from V2 and MT terminate primarily in layer I with collateral projections to layers II, IVb, V, 

and VI. From V2, neurons originating in layer VI and (less significantly) layer IIIa terminate 

primarily in layer I, and secondarily in layer IIIa and Va. 
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5.5.2.2 Figure 10. Visual connections of V1, V2, and MT in prosimian galagos. Shading 
intensity reflects levels of expression for both VGLUT1 mRNA and protein. 
Brodmann’s divisions listed in gray on the right side of each layer for V1. 
Summarized from the literature (16, 18-20, 22, 23, 25-34, 36, 37, 40-43.  
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Similarly, neurons originating in layer VI and IIIa of MT terminate in layer I of V1 with 

collateral projections to layer IVb and V1 (Rockland, 1994). Patterns of VGLUT1 mRNA and 

protein expression in V1 correlate well with their known connections and complement previous 

studies of VGLUT2 distributions in V1 as well (16). Overall, VGLUT1 expression in the afferent 

and efferent projections of V1 indicates that this transport protein is heavily utilized in 

glutamatergic transmission of visual information.  

The subdivision of layer V in V1 is a novel finding in galagos and has only been 

previously identified anatomically in tarsiers (38) and macaques (39). However, connectional 

studies in galagos have identified separate projections from upper and lower halves of layer V to 

other layers in V1 (40), and similar studies in macaques have identified separate divisions of 

layer V as well. In macaques, the upper half of layer V is defined as Va and the lower half is 

defined as Vb; layer Va primarily consists of interneurons that project to other layers in V1 while 

layer Vb consists of relay cells that project outside of V1 (39). Thus, differential levels of 

VGLUT1 expression in layers Va and Vb of galagos could be an anatomic marker of the different 

projections that arise from these two divisions, and likely separates intrinsic and extrinsic 

connections of V1. Because connectional differences appear in both the strepsirrhine and 

haplorrhine suborders of primates, it is likely that these two sublayers of layer V are a common 

trait in primates that arose from a common ancestor. IT is expected that future studies on 

VGLUT1 expression in the other primates will identify similar divisions in layer V as well.  

V2 (Area 18) 

V2 in galagos shares many anatomic and connectional traits with V2 in simian primates, and 

appears to serve a similar functional role (31, 32, 41). V2 receives subcortical projections from 

PL and PI, which terminate primarily in layer IV and, to a lesser extent, in layer I (42) (Figure 
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10). V2 also projects back to both PL and PI, and efferent connections to both divisions arise 

from layers V and VI. In cortex, V2 is densely connected with V1 and MT, and also has 

reciprocal connections with other parts of visual cortex, such as the medial, dorsomedial, 

dorsolateral, and ventral posterior parietal areas (41). While the laminar organization of V2 

connections has not been studied extensively in galagos, previous studies show that projections 

from V1 to V2 terminate primarily in layer IV (33), while MT projections to V2 are spread 

across layers I-IV (28). In return, layer VI of V2 projects back to layer I of V1 and MT (28, 30). 

VGLUT1 distributions in V2 appear consistent with the afferent and efferent projections of this 

area and indicate that VGLUT1 is well utilized in higher order processing of visual information.  

A similar subdivision of layer V into Va and Vb based on VGLUT1 expression is apparent in V2. 

This division has not been noted in anatomic or functional studies of V2 in other primates but 

this is more likely due to the paucity of research on the laminar organization of V2 rather than 

the existence of a novel subdivision in galagos alone. Given the conclusions on layer V of V1, it 

is likely that subdivisions of layer V in V2 also reflect differential projections of layer V to 

intrinsic and extrinsic areas, as well as differential levels of glutamatergic transmission. 

Hopefully, further studies of VGLUT1 expression in the visual system of primate species will 

identify similar subdivisions in other primates.  

 

Middle temporal area (MT) 

MT is a common visual area in all primate species (43), and is involved in the processing of 

motion information in visual stimuli. In galagos, MT receives subcortical projections from PI 

(26), which terminate primarily in layer III with some collaterals to layer IV, and send 

subcortical feedback to PL and PI, which likely arises in layer VI (29). Cortically, layer IV of 
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MT also receives dense projections from layer III of V1 and, based on studies in other primates 

(44), likely receives projections from layer III of V2. Feedback connections from MT to V1 arise 

primarily in layer VI and secondarily in layer III, and terminate in layers I and VI of V1 (28, 45). 

Similar connections from MT to V2 arise in layer V of MT and terminate diffusely across layers 

I-IV of V2 (28). Overall, VGLUT1 mRNA and protein expression in MT reflects these known 

projections to and from this area. Further laminar-specific connections of MT in galagos are 

unknown (30), but based on the diversity of VGLUT1 mRNA and protein expression patterns in 

this area, it is certain that laminar subdivisions identified by these techniques reveal additional 

afferent and efferent projections in MT, as well as differential levels of glutamatergic 

transmission in this area. Further anatomic and connectional studies will aid in understanding the 

exact nature of these projections.  

5.5.3 Comparisons with rodents 

Previous studies of VGLUT1 expression in the visual system of rodents have noted that VGLUT1 

mRNA is expressed at low levels in the dorsal LGN, and the lateral posterior complex (the 

rodent equivalent of the pulvinar complex), and not expressed in the SC (9, 11, 46). In the cortex, 

VGLUT1 mRNA is strongly expressed in all areas. VGLUT1 protein is similarly strongly 

expressed across the cortex, but moderately expressed in the lateral posterior nucleus and weakly 

expressed in the SC and LGN. Following these patterns, it appears that VGLUT1 is primarily 

utilized in corticothalamic projections and intrinsic connections in the cortex. Our results showed 

that VGLUT1 mRNA is moderately expressed in all visual subcortical nuclei, indicating that 

VGLUT1 is utilized to a greater extent in the subcortical projections of primates than those of 

rodents. Correspondingly, VGLUT1 immunoreactivity was also strong in the subcortical visual 

nuclei, indicating that efferent projections to these areas in primates also utilize VGLUT1 to a 



	   150	  

greater extent than similar projections in rodents. While VGLUT1 expression does still appear to 

be employed more in intercortical and corticothalamic projections than subcortical or 

thalamocortical projections in galagos, which is consistent with rodent studies, the greater overall 

expression of VGLUT1 in the visual subcortical nuclei of galagos suggests a more widespread 

use of VGLUT1 for glutamatergic transmission in primates. While the significance of increased 

VGLUT1 expression in primates is still unclear, further studies on the comparative distributions 

of VGLUT1 and VGLUT2 may provide insight on the differential use of glutamate by these two 

transporters in excitatory transmission.  
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CHAPTER 6 

6 Distributions of vesicular glutamate transporters 1 and 2 in the visual system of tree 

shrews (Tupaia belangeri) 

 

The following chapter is submitted for publication in the Journal of Comparative Neurology by 

Pooja Balaram, Mir Isaamullah, Heywood Petry, Martha Bickford, Jon Kaas; September 2014. 

 

6.1 Abstract 

Vesicular glutamate transporter (VGLUT) proteins regulate the storage and release of 

glutamate from synapses of excitatory neurons. Two isoforms, VGLUT1 and VGLUT2, are 

found in most glutamatergic projections across the mammalian visual system. In general, 

VGLUT1 and VGLUT2 identify distinct modulatory and driving projections respectively 

(Sherman and Guillery, 1996). To expand current knowledge on the distribution of VGLUT 

isoforms in highly visual mammals, we examined the mRNA and protein expression patterns of 

VGLUT1 and VGLUT2 in the lateral geniculate nucleus (LGN), superior colliculus, pulvinar 

complex, and primary visual cortex (V1) in tree shrews (Tupaia belangeri), which are closely 

related to primates but classified as a separate order (Scandentia). We found that VGLUT1 was 

distributed in intrinsic and corticothalamic connections, which exhibit mostly modulatory 

features, whereas VGLUT2 was predominantly distributed in subcortical and thalamocortical 

connections, most of which exhibit features of driving glutamatergic projections. VGLUT1 and 

VGLUT2 were coexpressed in the LGN and in the pulvinar complex, as well as in restricted 

layers of V1, suggesting a greater heterogeneity in the range of efferent glutamatergic projections 
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from these structures. These findings provide further evidence that VGLUT1 and VGLUT2 

identify distinct populations of excitatory neurons in visual brain structures across mammals.  

Observed variations in individual projections may highlight the evolution of these connections 

through the mammalian lineage.   

  

6.2 Introduction 

Vesicular glutamate transporters (VGLUTs) are a common feature of glutamatergic 

synaptic terminals in the mammalian central nervous system (CNS) (Ni et al., 1995; Bellocchio 

et al., 1998; Aihara et al., 2000; Bellocchio et al., 2000; Herzog et al., 2001; Fremeau et al., 

2004b; Blakely and Edwards, 2012). Two isoforms, VGLUT1 and VGLUT2, are utilized in the 

majority of glutamatergic neurons in the CNS (Fremeau et al., 2001; Herzog et al., 2001; Kaneko 

et al., 2002), and may confer distinct functional properties to their host neurons (Bellocchio et 

al., 1998; Takamori et al., 2000; Herzog et al., 2001; Kaneko and Fujiyama, 2002; Boulland et 

al., 2004; Fremeau et al., 2004a; b; Ito et al., 2011; Weston et al., 2011; Rovó et al., 2012; 

Storace et al., 2012; Balaram et al., 2013). In sensory pathways, VGLUT1 and VGLUT2 are 

largely restricted to discrete subsets of glutamatergic projections that also appear to be 

functionally segregated (Takamori et al., 2000; Kaneko and Fujiyama, 2002; Li et al., 2003; 

Todd et al., 2003; Hur and Zaborszky, 2005; Persson et al., 2006; Scherrer et al., 2010; Hackett 

et al., 2011; Balaram et al., 2013). In general, VGLUT2 is present in the terminals of 

feedforward or driving projections (Herzog et al., 2001; Rovó et al., 2012), which significantly 

alter or ‘drive’ neural activity in their postsynaptic targets (Sherman and Guillery, 1996; 1998; 

Sherman, 2005). For example, retinal projections to the lateral geniculate nucleus (LGN) are 

commonly identified as driving projections (Sherman and Guillery, 1996) and predominantly 
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utilize VGLUT2 (Kaneko et al., 2002; Fujiyama et al., 2003; Nahmani and Erisir, 2005; Islam 

and Atoji, 2009; Balaram et al., 2011b). In contrast, VGLUT1 is often present in feedback or 

modulatory projections, which variably alter postsynaptic activity in their target cells. 

Projections from visual cortex to the LGN are commonly identified as modulatory projections 

(Sherman and Guillery, 1996) and primarily utilize VGLUT1 in their terminations within the 

LGN (Bellocchio et al., 1998; Kaneko et al., 2002; Fujiyama et al., 2003; Balaram et al., 2011a; 

2013). Both proteins are occasionally found in nontraditional driving and modulatory synapses 

(Wei et al., 2011; Rovó et al., 2012; Marion et al., 2013), but in general, VGLUT1 and VGLUT2 

appear to be restricted to functionally distinct glutamatergic projections in the CNS.  

The use of a VGLUT isoform within a given projection is demonstrated by correlation of 

VGLUT mRNA labeling in neuronal cell bodies with VGLUT protein label in their respective 

terminals. This method appears to identify similar types of VGLUT1-positive and VGLUT2-

positive projections between brain regions (Herzog et al., 2001; Kaneko and Fujiyama, 2002; 

Fremeau et al., 2004b; Graziano et al., 2008; Balaram et al., 2013), but the mRNA and protein 

distribution patterns of either VGLUT isoform may vary between species to some extent. For 

example, VGLUT2 mRNA is only expressed in a subset of layers in primary visual cortex (V1) 

of rodents (Hisano et al., 2000; Fremeau et al., 2004b) but is found throughout the superficial 

layers of V1 in primates (Balaram et al., 2013). Species-specific variations in VGLUT1 and 

VGLUT2 distributions may simply reflect changes in the intracellular processes of glutamatergic 

neurons within a particular projection. Additionally, the driving or modulatory nature of 

individual sensory projections may vary between species and VGLUT1 and VGLUT2 are still 

correlated with the functional characteristics of those projections. In this case, differences in the 

relative distributions of VGLUT1 and VGLUT2 in a known sensory projection would reflect 
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alterations in the functional roles of that pathway within the larger sensory network. For the same 

example, the widespread distribution of VGLUT2 mRNA in the superficial layers of V1 in 

primates may highlight driving projections from V1 to other visual areas, which could differ 

from similar projections in the superficial layers of V1 in rodents that lack VGLUT2 mRNA.  

In order to expand current knowledge on VGLUT distributions within driving and 

modulatory visual projections, we chose to examine the relative distributions of VGLUT1 and 

VGLUT2 mRNA and protein in the visual system of tree shrews. Tree shrews provide a model 

visual system that contains features found in both rodents and primates, as well as specialized 

features that differ from those in other mammalian species (see Lund et al, 1985 for review). 

They are grouped in the Euarchontoglire clade between rodents and primates, but are more 

closely related to primates (Huchon et al., 2002). Tree shrews are small, quadruped mammals, 

similar in size to rodents, but maintain a diurnal lifestyle, similar to most primates. Tree shrews 

possess many of the same visual structures found in rodents and primates – the superior 

colliculus, lateral geniculate nucleus, lateral posterior or pulvinar nucleus, and primary and 

secondary visual cortical areas for example – but each structure and its associated pathways is 

slightly different in tree shrews compared to other species (Clark, 1925; 1929; 1942; Chomsung 

et al., 2008; Wong and Kaas, 2009b; Chomsung et al., 2010). The tree shrew retina is cone-

dominated (Samorajski et al., 1966), rather than rod-dominated as in rodents or primates 

(Glickstein, 1969; Wässle, 2004). The superior colliculus and lateral geniculate nucleus in tree 

shrews are both large and distinctly laminated, similar to primates, but both structures contain 

projections that differ from those found in rodent or primate species (Abplanalp, 1970; Harting et 

al., 1973b; Casagrande and Harting, 1975; Albano et al., 1979; Conway and Schiller, 1983; 

Conley et al., 1984). The pulvinar complex in tree shrews anatomically resembles the lateral 
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posterior nucleus of rodents (Diamond et al., 1970; Harting et al., 1973a), but contains similar 

subdivisions and connections as the pulvinar complex of primates (Lyon et al., 2003a; b). 

Additionally, visual cortical areas such as V1 and V2 in tree shrews are located at similar cortical 

positions as V1 and V2 in highly visual rodents such as squirrels (Wong and Kaas, 2008; 2009b), 

but their connections and lamination patterns more closely resemble those of V1 and V2 in 

primates (Clark, 1925; Snyder and Diamond, 1968; Lund et al., 1985). Lastly, V1 in tree shrews 

contains a unique pattern of segregation of geniculate inputs in layer 4 (Casagrande and Harting, 

1975; Hubel, 1975; Humphrey et al., 1977; Norton et al., 1985), which relates to the larger 

segregation of parallel pathways across most projections in the tree shrew visual system (Lund et 

al., 1985). Thus, if VGLUT1 and VGLUT2 distinguish between driving and modulatory 

glutamatergic projections in visual circuits, regardless of the species in question, then their 

relative distributions across visual structures in the tree shrew should reflect the functional 

properties of their host projections. These distributions should also be comparable, to some 

extent, to known VGLUT distributions in the visual systems of both rodents and primates as 

well.  

 

6.3 Materials and Methods 

Four adult tree shrews were used to examine the distribution of VGLUT1 and VGLUT2 

mRNA and protein across subcortical and cortical visual structures. Three animals were male, 

aged 8-9 months and weighing 120-135g, and one animal was female, aged 20 months and 

weighing 123g, but no age or sex-related differences were noted in this study. An additional 

three adult tree shrews were used to correlate the distributions of VGLUT2 protein across 

coronal, sagittal, and horizontal planes of section. All procedures were approved by the 
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Institutional Animal Care and Use Committee at the University of Louisville, and followed the 

guidelines published by the National Institutes of Health.  

Tissue acquisition and histology 

Each animal received a lethal intraperitoneal dose of sodium pentobarbital (250mg/kg; 

Beuthanasia-D, Merck Animal Health, Summit NJ) and placed in a dark enclosure for 3-5 

minutes. When areflexive, the animal was transcardially perfused with sterile 0.1M phosphate-

buffered saline (PBS; 0.9% NaCl) followed by sterile 4% paraformaldehyde (PFA) in 0.1M PBS. 

After fixation, the brains were removed from the skulls, rinsed briefly in sterile PBS, and 

postfixed overnight in 4% PFA. The following day, brains were blocked, bisected through the 

corpus callosum, placed in sterile cryoprotectant (30% sucrose in 0.1M phosphate buffer), and 

stored at 4°C prior to histology. Each block was cut into 40um coronal cryosections using a 

sliding microtome, and separated into 8 series for further study. One series from every block was 

processed for cytochrome oxidase (CO; Wong-Riley, 1979) to reveal boundaries of visual 

structures. 

Immunohistochemistry (IHC) 

Reagents and concentrations for all immunohistochemistry preparations are listed in 

Table 1. One series from every block was stained for neuronal cell bodies using a commercial 

antibody against neuronal nuclei (NeuN) to reveal areal and laminar divisions of cortical and 

subcortical visual structures. A second series was stained for VGLUT2 protein and a third series 

was stained for VGLUT1 protein, both using commercial antibodies, to identify the distribution 

of both proteins in synaptic terminals across visual structures. All IHC reactions were carried out 

as previously described (Balaram et al., 2013) 

Antibody characterization 
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 Both VGLUT antibodies have been extensively characterized in previous studies 

(VGLUT2: AB_262186, VGLUT1: AB_887876, in JCN antibody database) and were 

specifically tested against primate and rodent tissue for related projects (Balaram et al., 2013 and 

unpublished results). Rabbit anti- VGLUT1 from Synaptic Systems recognizes a large fragment 

of the VGLUT1 protein and labels a single band at 65kDa in western blot preparations 

(manufacturer’s information and Balaram et al, 2013). Mouse anti- VGLUT2 from Millipore 

accurately recognizes VGLUT2 protein in primates (Balaram et al., 2011b; Rovó et al., 2012; 

Balaram et al., 2013; Garcia-Marin et al., 2013), as well as squirrels and tree shrews (Wong and 

Kaas, 2008; 2009b) and labels a single band at 56kDa in western blot preparations 

(manufacturer’s information and Baldwin et al, 2012; Balaram et al, 2013).  

In situ hybridization 

Custom RNA probes against VGLUT1 and VGLUT2 were generated through cDNA 

libraries obtained from tree shrew liver and brain tissue using previously described techniques 

(Tochitani et al, 2001). Forward and reverse primers for VGLUT1 were cttctacctgctcctcatctct and 

acacttctcctcgctcatct respectively, and targeted nucleotides 972-1545 of mouse VGLUT1 

(NM_182993). Forward and reverse primers for VGLUT2 were ggcaaggtcatcaaggagaa and 

gcacaagaatgccagctaaag respectively, and targeted nucleotides 735-1125 of human VGLUT2 

(NM_020346). BLAST comparisons of each probe showed ~90-95% sequence homology with 

primate VGLUT1 and VGLUT2 and ~88-92% sequence homology with rodent VGLUT1 and 

VGLUT2. However, comparisons of both sequences to each other showed no overlap, 

confirming the specificity of each probe to its target sequence. One series from each block was 

labeled for VGLUT1 mRNA and a second series from each block was labeled for VGLUT2 
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mRNA, to identify the cell bodies of neurons using each VGLUT isoform. ISH procedures were 

carried out as previously described (Balaram et al., 2013).  

Image acquisition and analysis 

Sections containing relevant visual structures were identified in CO or NeuN preparations 

and photographed using an MBF CX9000 camera mounted on an E80i microscope with 

Neurolucida software (RRID:nif-0000-10294). Adjacent sections stained for VGLUT1 and 

VGLUT2 mRNA and protein were then photographed at low magnification, and digitally 

montaged at high magnification to preserve details of cell bodies and processes. Boundaries of 

individual layers and nuclei within each structure were determined by superimposing images of 

VGLUT-labeled sections on images of adjacent CO- or NeuN-labeled sections and marking 

boundaries revealed by CO and NeuN staining on the VGLUT-labeled images.  All images were 

cropped and equally adjusted for brightness and contrast, but were otherwise unaltered. Images 

were then qualitatively analyzed for labeling intensity and cell density of VGLUT1 and 

VGLUT2 positive neurons and terminals, and then correlated to known projections in the tree 

shrew visual system to identify VGLUT1- or VGLUT2-positive pathways between visual 

structures.  

 

6.4 Results 

6.4.1 Lateral geniculate nucleus 

The lateral geniculate nucleus (LGN) in tree shrews consists of six distinct layers, 

numbered 1 through 6 from medial to lateral (Glickstein, 1967; Laemle, 1968; Harting et al., 

1973a; Casagrande and Harting, 1975; Hubel, 1975; Conway and Schiller, 1983; Conley et al., 
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1984; Lund et al., 1985) (Figures 1 and 2). CO and NeuN stained sections clearly revealed all six 

LGN layers (Fig. 1A, B). As previously described (Wong-Riley and Norton, 1988), LGN layers 

1, 2, 4, and 5 showed dense CO reactivity, layers 3 and 6 showed moderate CO reactivity, and 

the interlaminar zones showed weaker reactivity compared to the surrounding LGN layers. In 

NeuN sections, NeuN-positive cell bodies were largely restricted to individual LGN layers, 

although fewer labeled cell bodies were present overall, compared to previous descriptions of 

Nissl-stained sections in the tree shrew LGN (Brunso-Bechtold and Casagrande, 1982; Conway 

and Schiller, 1983; Conley et al., 1984). However, other visual structures presented here showed 

nearly identical staining in NeuN or Nissl preparations (data not shown). 

 

Diffuse labeling of VGLUT1 protein was present throughout the LGN (Figs. 1C, 2A), 

with only slightly denser labeling in layers 3 and 6 compared to layers 1, 2, 4 and 5. The 

interlaminar zones between LGN layers all labeled darkly for VGLUT1 protein, indicating 

greater densities of VGLUT1-positive terminals in these regions compared to the LGN layers. In 

contrast to VGLUT1, dense labeling of VGLUT2 protein was largely restricted to LGN layers 1 

through 5, and far weaker VGLUT2 labeling was seen in layer 6, as well as the interlaminar 

zones (Fig. 1D, 2B). Layers 3 and 4 also appeared to merge at the dorsal and ventral LGN 

boundaries in all VGLUT2-labeled sections, but a clear difference in labeling density as well as a 

weakly labeled interlaminar zone separated these two layers in each case. Similarly, the ventral 

portion of layer 6 appeared continuous with the interlaminar zone between layers 4 and 5, and 

showed similarly diffuse VGLUT2 labeling as the remaining interlaminar zones. Laminar 

boundaries for layers 1, 2, and 5 were clearly visible in VGLUT2-labeled sections, but were less 

apparent for layers 3, 4, and 6. 
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6.4.1.1 Figure 1. Coronal sections through the tree shrew lateral geniculate nucleus (LGN) 
stained for (A) cytochrome oxidase (CO), (B) neuronal nuclear antigen (NeuN), (C) 
VGLUT1 protein, (D) VGLUT2 protein, (E) VGLUT1 mRNA, and (F) VGLUT2 
mRNA. LGN layers are adapted from Glickstein, 1967. Midline is to the left, scale 
bar is 1mm. 
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6.4.1.2 Figure 2: High magnification images of panels C-F in figure 1 highlight laminar 
differences in VGLUT1 and VGLUT2 protein (A, B) and mRNA (C, D) through 
the tree shrew LGN. Layer conventions as in figure 1. Midline is to the left, scale 
bar is 100µm.  

 

 

In sections hybridized for VGLUT1 mRNA (Fig. 1E, 2C), scattered populations of 

weakly labeled cells were present throughout the LGN, but were concentrated in different 

locations depending on the layer. Layers 1 and 2 both showed even distributions of neurons that 
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weakly expressed VGLUT1 mRNA, with no apparent intralaminar differences. Layer 3 contained 

weakly expressing VGLUT1-positive cells concentrated through the center of the layer. Layer 4, 

in contrast, contained two strips of cells along its dorsal borders that moderately expressed 

VGLUT1 mRNA with hardly any VGLUT1-positive cells in between them. Towards the medial 

and ventral portions of layer 4, cells that expressed VGLUT1 mRNA were more evenly 

distributed through the layer (Figs. 2C). Layer 5 contained similar distributions of cells as layers 

1 and 2. Lastly, cells in layer 6 weakly expressed VGLUT1 mRNA and were primarily located in 

the dorsal half of the layer, with far fewer cells in ventral locations throughout the LGN. Very 

few cells in the interlaminar zones expressed VGLUT1 mRNA.  

Sections hybridized for VGLUT2 mRNA (Fig. 1F, 2D) showed dense distributions of 

VGLUT2-positive (VGLUT2+) neurons throughout the LGN. Layers 1 and 2 both contained even 

distributions of neurons that densely expressed VGLUT2 mRNA. Neurons in layer 3 labeled 

more moderately for VGLUT2 mRNA and were clustered together in the center of the layer 

compared to the medial and lateral edges. Layer 4 contained two narrow strips of neurons, which 

densely expressed VGLUT2 mRNA and were packed in line with each other, along its lateral and 

medial boundaries, with more diffusely spread VGLUT2+ cells between the two strips.  The 

lateral strip of VGLUT2-positive cells contained the densest VGLUT2 expression of all 

geniculate cells and was easily visible at the border of layers 4 and 5 throughout the LGN (Fig. 

2D). Layer 5 contained a similar distribution of neurons as the center of layer 4 that all densely 

expressed VGLUT2 mRNA. Layer 6, in contrast, only contained a few scattered cells that were 

smaller and more moderately labeled for VGLUT2 mRNA compared to cells in the other LGN 

layers. Lastly, all the interlaminar zones of the tree shrew LGN contained mixed distributions of 

neurons that moderately labeled for VGLUT2 mRNA.  
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6.4.2 Superior Colliculus 

The superior colliculus (SC) in tree shrews is large and distinctly laminated (Campbell et 

al., 1967; Glickstein, 1967; Laemle, 1968), compared to that of similarly sized mammals (May, 

2006), with segregated visual and visuomotor functions at different laminar depths. Retinal and 

cortical projections largely target the superficial layers of the SC (Figures 3 and 4). Retinal 

projections terminate primarily in the zonal layer (SZ) and upper and lower superficial gray 

layers (uSGS and lSGS, respectively), and secondarily in the optic layer (SO) (Campbell et al., 

1967; Laemle, 1968). Striate cortex projections to the SC terminate densely along the boundary 

between the upper and lower superficial gray layers and more diffusely through the remaining 

superficial SC layers (Harting and Noback, 1971). CO stained sections through the SC (Fig. 3A) 

identified an additional separation within the upper SGS, where the ventral division (USGSv) 

labeled more densely for CO than the dorsal division (USGSd) in all cases. These divisions are 

visible, but not defined, in previous descriptions of CO (Wong-Riley and Norton, 1988) and 

Nissl (Snyder and Diamond, 1968; Albano et al., 1979) sections through the tree shrew SC. In 

comparison to the upper SGS, the lower SGS and SO both labeled moderately for CO. NeuN 

stained sections through the SC (Fig. 3B) clearly identified the SZ and SO as cell sparse layers 

flanking the SGS. A clear separation was not visible between the upper and lower sublayers 

within the SGS, but the upper SGS was differentiable from the lower SGS by smaller, more 

densely packed neurons. Cells in the upper SGS primarily project to the LGN, while cells in the 

lower SGS project to subdivisions of the pulvinar complex (Albano et al., 1979; Luppino et al., 

1988; Chomsung et al., 2008).  
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6.4.2.1 Figure 3: Coronal sections through the tree shrew superior colliculus (SC) stained 
for (A) cytochrome oxidase, (B) neuronal nuclear antigen, (C) VGLUT1 protein, 
(D) VGLUT2 protein, (E) VGLUT1 mRNA, and (F) VGLUT2 mRNA. SC layers 
are adapted from May, 2006. Midline is to the right, scale bar is 500um. 
Abbreviations: SZ – zonal layer, uSGSd – dorsal division of the upper superficial 
gray layer, uSGSv – ventral division of the upper superficial gray layer, LSGS – 
lower superficial gray layer, SO – optic layer. 
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Both VGLUT1 and VGLUT2 protein (Fig. 3C-D, 4A-B) were differentially distributed in 

the five laminar divisions of the SC. The SZ labeled weakly for VGLUT1 and densely for 

VGLUT2. The upper SGS could be divided into dorsal and ventral divisions with 

complementary staining patterns; the dorsal division stained weakly for VGLUT1 but densely for 

VGLUT2, while the ventral division stained densely for VGLUT1 and weakly for VGLUT2 

(best seen in Figs 3C, D). The lower SGS stained moderately for VGLUT1 and weakly for 

VGLUT2, and the SO showed even labeling of both VGLUTs surrounding the fiber pathways 

traversing this layer.  

 

6.4.2.2 Figure 4: High magnification images of panels C-F in figure 3 show variations in 
VGLUT1 and VGLUT2 protein (A, B) and mRNA (C, D) distributions between 
layers of the SC. Layer conventions as in figure 3. Scale bar is 50um. 
Abbreviations: SZ – zonal layer, uSGSd – dorsal division of the upper superficial 
gray layer, uSGSv – ventral division of the upper superficial gray layer, LSGS – 
lower superficial gray layer, SO – optic layer.   
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In mRNA preparations, no VGLUT1 mRNA was visible anywhere in the SC (Fig. 3E, 

4C). A few darkly labeled neurons were present along the boundary of the periaqueductal gray 

(Fig. 3E), but no neurons in the visually responsive SC layers expressed VGLUT1 mRNA. 

VGLUT2 mRNA however, was differentially expressed across the superficial SC (Fig. 3F, 4D). 

The SZ did not express VGLUT2 since almost no cells are present in this layer of the SC.  The 

upper SGS showed scattered populations of small neurons that weakly expressed VGLUT2 

mRNA, most of them concentrated in the dorsal division and far fewer present in the ventral 

division. The lower SGS contained dense populations of larger neurons that densely expressed 

VGLUT2 mRNA, while the SO contained only a few scattered neurons that expressed VGLUT2 

mRNA. Thus, all VGLUT preparations identified the SZ, two tiers of the upper SGS, the lower 

SGS, and the SO in the tree shrew SC.  

6.4.3 Pulvinar complex 

The pulvinar complex in tree shrews can be divided into three distinct nuclei that 

differentially label for VGLUT1 and VGLUT2 mRNA and protein (Figs. 5 and 6) (Chomsung et 

al., 2008; Wei et al., 2011). All three pulvinar divisions have been identified previously, based 

on connectional and architectonic evidence (Lyon et al., 2003a; b; Chomsung et al., 2008; 2010). 

The dorsal pulvinar (Pd) lies dorsomedial to the central pulvinar (Pc), while the ventral pulvinar 

(Pv) lies ventral to Pc. Most of Pc and Pv lie lateral to the brachium of the superior colliculus, 

but parts of both nuclei are often seen medial to the brachium as well. All divisions of the 

pulvinar complex showed relatively even distributions of CO and NeuN (Fig 5A, B); a few 

patches of darker CO staining were scattered through the central nucleus, and neurons here 

appeared slightly more clustered than cells in Pd or Pv, but overall, both stains did not 
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conclusively differentiate pulvinar divisions in tree shrews. Similar results for CO and Nissl 

stained sections of the tree shrew pulvinar have been previously reported (Lyon et al., 2003a).  

VGLUT1 and VGLUT2 protein distributions were less distinct in the pulvinar complex 

compared to the LGN or SC, but some differences between nuclei were still noticeable in both 

preparations (Figs 5C-D, 6A-B). First, although VGLUT1 immunoreactivity was evenly 

distributed across most of the pulvinar, the region between Pd and Pc showed irregular patches 

of slightly darker labeling for VGLUT1 (white asterisk, Fig 5C) and most of Pc showed 

uniformly denser VGLUT1 labeling compared to Pd and Pv (Figs 6A-C). Similar to previous 

descriptions (Chomsung et al., 2008; Wei et al., 2011), in VGLUT2 preparations, Pd showed 

dense, punctate labeling for VGLUT2 while Pv showed almost none, especially in the region of 

Pv medial to the brachium of the colliculus, which lacks SC input and receives dense input from 

striate cortex instead. Pc showed irregular distributions of moderately labeled VGLUT2 (Fig 5D, 

6D-F). A small region between the dorsal borders of Pd and Pc (white asterisk, Fig. 5D) showed 

much sparser VGLUT2 terminal labeling, but the few VGLUT2-positive terminals present in this 

region were clustered together in tight groups compared to VGLUT2-positive terminals in the 

surrounding regions of Pd and Pc. This pattern of VGLUT2 labeling was remarkably similar to 

that seen in the medial inferior pulvinar of monkeys (Balaram et al., 2013) and the whole pale-

stained region did not continue across the brachium of the SC.  
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6.4.3.1 Figure 5: Coronal sections through the tree shrew pulvinar complex stained for 
(A) cytochrome oxidase, (B) neuronal nuclear antigen, (C) VGLUT1 protein, (D) 
VGLUT2 protein, (E) VGLUT1 mRNA, and (F) VGLUT2 mRNA. Individual 
nuclei are demarcated after Lyon et al., 2003. Midline is to the right, scale bar is 
500um. Abbreviations: Pd – dorsal pulvinar, Pc – central pulvinar, Pv- ventral 
pulvinar.  
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6.4.3.2 Figure 6: High magnification images of individual pulvinar divisions from panels 
C-F in figure 5 reveal differences in VGLUT1 and VGLUT2 protein (A, B) and 
mRNA (C, D) labeling across these nuclei. Scale bar is 50µm. Abbreviations: Pd – 
dorsal pulvinar, Pc – central pulvinar, Pv- ventral pulvinar. 

 

 

Cells in all three divisions of the pulvinar expressed both VGLUT1 and VGLUT2 mRNA 

(Figs 5E-F, 6C-D). VGLUT1 mRNA was expressed at low levels in all three nuclei, with Pd and 

Pv containing slightly fewer VGLUT1-expressing neurons compared to Pc (Fig. 5E, 6G-I)). In 

contrast, VGLUT2 mRNA was expressed at high levels in all three nuclei, and cells in Pd showed 

denser VGLUT2 labeling compared to cells in Pc and Pv (Fig. 5F, 6J-L). Distinct boundaries 

between nuclei were not visible in VGLUT mRNA preparations, but both VGLUT1 and VGLUT2 

mRNA distributions distinguished the dorsal pulvinar from the central and ventral pulvinar 

nuclei based on the density of VGLUT expression within positively stained cells.  
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6.4.4 Primary visual cortex (V1) 

Primary visual cortex, or V1, occupies a large expanse of caudomedial neocortex and is 

easily identified by the distinct stratification of its neocortical layers, compared to those of other 

cortical areas, in the tree shrew brain (Figures 7 and 8) (Snyder and Diamond, 1968; Kaas et al., 

1972; Lund et al., 1985; Wong and Kaas, 2009b). Layer 1, the dorsal most laminar division 

below the pial surface, largely consists of dense neuropil while layer 2, immediately ventral to 

layer 1, consists of small, densely packed neurons arranged in a thin band above layer 3. Layer 3 

occupies most of the supragranular depth of V1, and can be divided into three distinct sublayers 

based on variations in neuronal size and density, termed 3A, 3B, and 3C, from dorsal to ventral 

in V1. Layer 4 of V1 is remarkably distinct in tree shrews, and consists of two densely populated 

granular layers, 4A and 4B, separated by a distinct cell-sparse cleft. Two thin rows of neurons 

immediately adjacent to either side of the cleft receive monocular input from the contralateral 

eye, while the remaining neurons throughout 4A and 4B receive binocular input instead 

(Fitzpatrick, 1996). Layer 5 is sparsely populated with medium and large cells, while layer 6 

displays an upper tier of closely arranged large and medium cells and a lower tier of small cells 

that diffuse into the white matter below V1. These layer boundaries follow Hässler’s (1967) 

scheme for laminar designations in V1 across mammals, rather than Brodmann’s (1909) laminar 

scheme, since Hassler’s scheme is more appropriate for comparisons of V1 functions across 

rodents, tree shrews, and primates (Brodmann, 1909; Hässler, 1967; Harting et al., 1973a; Hubel, 

1975; Casagrande and Kaas, 1994). NeuN stained sections through V1 identified the same layers 

and sublayers described above (Fig. 7B), and revealed sharper interlaminar boundaries compared 

to those seen in Nissl stains of tree shrew V1 (see Lund et al, 1985 for example). A distinct 

subdivision of layer 5 was also visible, consisting of a thin band of weakly labeled cells below 
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the ventral boundary of layer 4 by and above the larger, more densely stained neurons in the 

ventral portion of layer 5, known as 5B. This superficial portion of layer 5, termed 5A in 

primates, appears to be a common feature of highly visual mammals (Balaram and Kaas, 2014). 

Layer 6 could also be differentiated into two divisions, a dorsal layer 6A and a ventral layer 6B, 

based on the size and packing density of neurons in this layer. CO stained sections of V1 also 

showed similar results to those previously described (Fig 7A) (Wong-Riley and Norton, 1988; 

Wong and Kaas, 2009b). Layer 4 showed the densest CO reactivity, with slightly denser 

reactivity at the dorsal and ventral boundaries compared to the middle of the layer, followed by 

moderate CO reactivity in 6A, 5A, and parts of 3C. The remaining layers showed evenly weak 

CO reactivity throughout V1.  

Labeling for VGLUT1 and VGLUT2 protein in V1 of tree shrews revealed dense 

distributions of both proteins, with remarkably distinct laminar profiles for each isoform. (Figs 

7C-D, 8A-B). VGLUT1 was abundantly expressed in all V1 layers, including layer 1, but each 

layer showed slight changes in staining density throughout the area (Fig. 7C, 8A). The 

superficial extent of V1, from layer 1 to layer 3C, displayed a gradual decrease in VGLUT1 

label, which successively distinguished each layer at its dorsal and ventral boundaries. Both 

divisions of layer 4, 4A and 4B, showed significantly less VGLUT1 label than any other layer, 

clearly distinguishing them in the middle of V1. However, the cell-sparse cleft between 4A and 

4B contained high levels of VGLUT1 (best seen in fig. 7C). Both subdivisions of layer 5 and 

layer 6A displayed moderate VGLUT1 reactivity, and appeared continuous through the ventral 

depth of V1. Layer 6B however, labeled weakly for VGLUT1 and appeared as a light band 

above the white matter below V1. 
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6.4.4.1 Figure 7: Coronal sections through primary visual cortex (V1) in tree shrews 
stained for (A) cytochrome oxidase, (B) neuronal nuclear antigen, (C) VGLUT1 
protein, (D) VGLUT2 protein, (E) VGLUT1 mRNA, and (F) VGLUT2 mRNA. 
Individual V1 layers are named following the convention of Hässler (1967) and are 
shown on the left of each section. Solid lines are boundaries between V1 layers, 
dotted lines are sublaminar divisions. Hemispheric midline is to the right, scale bar 
is 500um.  
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In contrast to the evenly dense VGLUT1 label, VGLUT2 labeling in V1 was highly 

restricted (Fig. 7D, 8B). The greatest density of VGLUT2 label in V1 was located in layer 4, 

which was clearly visible as a dark band throughout V1. Layers 4A and 4B, as well as the cell-

sparse cleft, contained punctate distributions of densely labeled VGLUT2-positive terminals, 

with slightly denser labeling along the ventral boundary of 4B compared to the rest of layer 4. 

Similarly dense VGLUT2 label was seen in layer 3B, which contained a thin band of VGLUT2-

labeled terminals that periodically clustered and extended up through the superficial layers to 

layer 1 (fig. 8B). These extended VGLUT2-positive terminations were more frequent in the 

monocular zone of V1 (best seen in fig. 7D). The remaining superficial V1 layers contained low 

levels of VGLUT2 protein in the neuropil as well. The deep layers of V1 contained sparse 

patches of VGLUT2-positive terminations in layer 5B, and an even band of moderately labeled 

VGLUT2 terminals in 6A, but little to no VGLUT2 label in layers 5A or 6B.  

6.4.4.2 Figure 8: High magnification images of panels C-F in figure 7 identify sublaminar 
differences in VGLUT1 and VGLUT2 protein (A, B) and mRNA (C, D) 
distributions in V1. Laminar conventions as in figure 7. Scale bar is 100µm.  

 



	   174	  

 

VGLUT1 mRNA distributions in V1 followed similar patterns compared to VGLUT1 

protein distributions (Figs. 7E, 8C). VGLUT1 mRNA was densely expressed in all V1 layers, 

excluding layer 1, but each layer showed slight variations in the density of VGLUT1-positive 

neurons. The superficial V1 layers showed a gradual decrease in VGLUT1 mRNA expression 

from dorsal to ventral, such that layer 2 contained large cells that strongly expressed VGLUT1 

mRNA and layer 3C contained small cells with little or no VGLUT1 mRNA expression. Most 

cells in layer 4 expressed moderate levels of VGLUT1 mRNA as well. Interestingly, two thin 

bands of neurons with slightly elevated VGLUT1 expression were clearly visible along either 

side of the cell sparse cleft in V1 (best seen in fig. 7E). Lastly, layers 5A and 6B contained small 

cells with moderate or weak VGLUT1 mRNA expression while layers 5B and 6A contained 

much larger cells with denser VGLUT1 mRNA expression. Cells in 6A were more condensed 

compared to cells in 5B, which identified the border between layers 5 and 6 in V1. VGLUT2 

mRNA was almost entirely absent in V1. A few weakly positive neurons were found scattered 

along the ventral border of 5B, and several more were present in layer 6B, but the vast majority 

of neurons in V1 did not express VGLUT2 mRNA.  

6.5 Discussion 

The present study aimed to characterize the distribution of VGLUT1 and VGLUT2 in the 

visual system of tree shrews, in order to determine whether VGLUT isoforms are differentially 

restricted to functional classes of glutamatergic projections. A summary of these findings is 

presented in figure 9. The results demonstrate that VGLUT1 and VGLUT2 are separately 

utilized in most glutamatergic projections through visual structures in tree shrews, but the 

overlapping distribution of both VGLUTs in some structures suggests a more heterogeneous use 
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of VGLUT isoforms in the transmission of visual information. The distributions of each VGLUT 

isoform in the tree shrew visual system are largely consistent with VGLUT distributions in 

rodent (Bellocchio et al., 1998; Aihara et al., 2000; Hisano et al., 2000; Kaneko and Fujiyama, 

2002; Kaneko et al., 2002) and primate (Wong and Kaas, 2010; Balaram et al., 2011a; b; 2013; 

Baldwin et al., 2013a) visual systems as well, indicating that VGLUT1 and VGLUT2 

characterize distinct types of glutamatergic projections. When compared with the functional 

attributes of these projections, it becomes evident that VGLUT1 and VGLUT2 are generally 

characteristic of modulatory and driving glutamatergic neurons in most visual structures.  

6.5.1 VGLUT1- and VGLUT2-positive projections in the tree shrew visual system 

In every visual structure examined, VGLUT2 was restricted to a discrete subset of 

glutamatergic pathways (figure 9). The dense VGLUT2 labeling seen in retinorecipient layers of 

the LGN and SC (Campbell et al., 1967; Laemle, 1968) indicate that retinal ganglion cell 

projections to both structures utilize VGLUT2. LGN projections to layer 4 of V1 (Diamond et 

al., 1970; Harting et al., 1973a; Casagrande and Harting, 1975; Conley et al., 1984; Fitzpatrick, 

1996) also predominantly use VGLUT2, as revealed by robust VGLUT2 mRNA expression in all 

LGN layers, as well as dense VGLUT2 terminal labeling in layer 4 of V1. The band of 

VGLUT2-positive terminations in layer 3B, as well as the regular pattern of extended VGLUT2-

positive terminations through layer 1, likely arises from LGN layers 3 and 6 (Hubel, 1975; Carey 

et al., 1979; Conley et al., 1984; Lund et al., 1985) and may alternate with modules of intrinsic 

connections in V1 (Rockland et al., 1982). Some of these superficial projections may arise from 

cells expressing VGLUT2 mRNA in the ventral pulvinar as well (Carey et al., 1979; Lund et al., 

1985; Lyon et al., 2003b).  
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6.5.1.1 Figure 9: Summary of VGLUT1-positive and VGLUT2-positive projections in the 
tree shrew visual system. VGLUT1 projections are shown in blue, VGLUT2 
projections are shown in red, and dual VGLUT1/VGLUT2 projections are shown 
in alternating red and blue. Circles denote the origin of individual projections 
while arrowheads indicate the terminations of each projection. Abbreviations: 
LGN – lateral geniculate nucleus, SC – superior colliculus, SZ – zonal layer, 
uSGSd – dorsal division of the upper superficial gray layer, uSGSv – ventral 
division of the upper superficial gray layer, LSGS – lower superficial gray layer, 
SO – optic layer, Pd – dorsal pulvinar, Pc – central pulvinar, Pv- ventral pulvinar, 
V1 – primary visual cortex.  
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The relevance of sublaminar differences in VGLUT2 expression in the LGN, particularly the 

densely labeled VGLUT2-positive neurons along the boundaries of LGN layer 4, is unclear since 

corresponding changes in VGLUT2 terminal labeling in layer 4 of V1 were not apparent. 

However, the dense band of VGLUT2-positive neurons along the lateral boundary of LGN layer 

4 may also be associated with the interlaminar zone between LGN layers 4 and 5, which projects 

to layer 1 of V1 instead (Carey et al., 1979), and these cells could contribute to the periodic 

VGLUT2 terminal labeling seen in that layer of V1.  

Tectal projections to the LGN and pulvinar in tree shrews predominantly utilize 

VGLUT2 as well. Projections from the upper SGS of the SC target layers 3 and 6 of the LGN as 

well as the interlaminar zone between LGN layers 4 and 5 (Harting et al., 1973b; Albano et al., 

1979; Fitzpatrick et al., 1980; Diamond et al., 1991), and small, moderately labeled cells 

expressing VGLUT2 mRNA in the upper SGS correspond to the moderately labeled VGLUT2-

positive terminals distributed in these LGN regions. All three tectorecipient LGN layers target 

the superficial layers of V1 (Carey et al., 1979; Conley et al., 1984) and also predominantly use 

VGLUT2, as discussed above. Projections from the lower SGS of the SC target the dorsal and 

central divisions of the pulvinar (Harting et al., 1973b; Casagrande and Harting, 1975; Albano et 

al., 1979; Luppino et al., 1988; Chomsung et al., 2008), and the dense expression of VGLUT2 

mRNA by cells in this layer matches the dense VGLUT2 terminal labeling seen across the dorsal 

pulvinar and corresponding parts of the central pulvinar as well. Individual tectopulvinar 

terminals have been found to contain VGLUT2 (Wei et al., 2011), and the ultrastructure of 

VGLUT2-positive terminals in the tree shrew pulvinar nucleus is identical to that of 

tectopulvinar terminals (Chomsung et al., 2008). Tectopulvinar terminals in tree shrews do not 

exhibit classic driving or modulatory characteristics (Wei et al., 2011), and may release other 
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neurotransmitters in addition to glutamate (Stepniewska et al., 2000; Masterson et al., 2010), but 

the presence of VGLUT2 in this projection is consistent with VGLUT2-positive tectopulvinar 

projections in other visual mammals as well (Baldwin et al., 2011; Balaram et al., 2011b; 

Baldwin et al., 2013a).  

Pulvinar projections to cortical visual areas are rather complex in tree shrews (Harting et 

al., 1972; 1973a; Carey et al., 1979). Retrograde tracing techniques suggest two major pathways 

(Luppino et al., 1988; Lyon et al., 2003b; Chomsung et al., 2008). One pathway from the Pc and 

Pv projects to occipital visual areas, and another pathway from the Pd and Pc projects to 

temporal visual areas (Luppino et al., 1988; Lyon et al., 2003b). More recent anterograde tracing 

techniques (Chomsung et al., 2010) have shown that Pd and Pc each project to two different 

regions of the temporal cortex. The dense VGLUT2 mRNA seen in all divisions of the pulvinar 

implies that pathways to both the striate and temporal cortex predominantly utilize VGLUT2 in 

their synaptic terminations, but the weaker expression of VGLUT1 mRNA in many pulvinar cells 

suggests that both VGLUT isoforms are utilized to different extents in individual pulvinar 

projections to cortical areas. Lastly, the scattered distributions of VGLUT2 mRNA expressing 

neurons in the deep layers of V1 may project to the ventral pulvinar, as well as layers 3 and 6 of 

the LGN (Casseday et al., 1979; Usrey and Fitzpatrick, 1996), and contribute to more diffusely 

labeled VGLUT2 terminations in these locations.  

VGLUT1 also appears to be restricted to a subset of glutamatergic projections in the tree 

shrew visual system. The dense expression of VGLUT1 mRNA across all layers of V1 suggests 

that most intrinsic V1 projections exclusively utilize VGLUT1. The same is likely true for V1 

projections to other cortical visual areas, given the exclusive VGLUT1 mRNA expression in the 

superficial layers of V1. Feedback projections from V1 to the SC primarily arise in layer 5 
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(Casseday et al., 1979; Lund et al., 1985), and the strong expression of VGLUT1 mRNA by 

neurons in this layer match the dense VGLUT1 terminal labeling in the corticorecipient layers of 

the SC (Huerta et al., 1985). Similarly, V1 projections to the LGN primarily arise from layer 6A, 

and neurons in this layer strongly expressed VGLUT1 mRNA while the corticorecipient 

interlaminar zones of the LGN contain dense distributions of VGLUT1-positive terminals. The 

ventral pulvinar also receives projections from layer 5 and 6B of V1 (Usrey and Fitzpatrick, 

1996), both of which also express VGLUT1 mRNA and likely contribute to the dark VGLUT1 

terminal labeling across this pulvinar division. Although corticopulvinar terminals are larger than 

those of other corticothalamic projections, such as cortical terminations in the LGN, 

corticopulvinar projections in other species appear to utilize VGLUT1 in their terminations as 

well (Rovó et al., 2012).  

Some projections in the tree shrew visual system appear to employ both VGLUT1 and 

VGLUT2. Weak VGLUT1 mRNA expression alongside strong VGLUT2 mRNA expression in 

neurons of the LGN and pulvinar complex implies that these projections utilize both isoforms in 

their target synapses. Individual neurons have been found to express both VGLUT1 and VGLUT2 

mRNA (Barroso-Chinea et al., 2007; 2008), but both proteins do not colocalize to single 

synapses, suggesting that each transcript is differentially regulated within single neurons (Herzog 

et al., 2001; De Gois et al., 2005; Rovó et al., 2012). Thus, the LGN and pulvinar may contain 

overlapping or segregated distributions of VGLUT-positive projections. In the LGN for example, 

neurons expressing VGLUT1 mRNA may contribute to the diffuse VGLUT1 terminal label in the 

geniculorecipient layers of V1, or they may project intrinsically (Hajdu et al., 1982)and 

contribute to the moderate VGLUT1 terminal labeling within each LGN layer. Similarly, given 

the variety of efferent projections from each division of the pulvinar nucleus (Lyon et al., 
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2003b), weakly expressing VGLUT1-positive neurons in the pulvinar that project to the cortex, 

striatum, or amygdala, may be coincident with VGLUT2-positive projections, or they could 

represent distinct projections with different targets in cortical or subcortical  areas. In cortex, 

layers 5B and 6B both contained neurons that weakly expressed VGLUT2 mRNA alongside 

many more neurons that densely expressed VGLUT1 mRNA, and both layers specifically target 

the ventral pulvinar and layers 3 and 6 of the LGN (Casseday et al., 1979; Usrey and Fitzpatrick, 

1996). It is likely that neurons in these V1 layers are related to the fine VGLUT2-positive 

terminations seen in the recipient locations of both thalamic structures, but whether these 

terminations are distinct from VGLUT1-positive terminations in the same locations is unknown. 

The diffuse and even nature of VGLUT1 terminal labeling in every visual structure did not allow 

us to differentiate between individual VGLUT1-positive projections, but further studies 

involving colocalized labeling and tracing methods will shed light on the segregation of 

VGLUT1- and VGLUT2-positive projections from individual visual structures. Overall, 

VGLUT2 is predominantly found in ascending projections such as retinogeniculate, retinotectal, 

and tectopulvinar connections while VGLUT1 is predominantly distributed in descending 

projections such as corticopulvinar and corticogeniculate connections, as well as intrinsic 

connections in the thalamus and cortex. Both VGLUT1 and VGLUT2 appear to be dually 

expressed in thalamocortical projections and some corticothalamic projections as well, but 

further experiments are needed to fully demonstrate their colocalization and identify their 

respective contributions to synaptic transmission within a single glutamatergic projection.  
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6.5.2 Functional correlates of VGLUT1- or VGLUT2-positive projections in the tree 

shrew: comparisons with VGLUT distributions in other species 

Recent studies on the distribution of VGLUT1 and VGLUT2 in the mammalian brain 

have converged on the hypothesis that VGLUT2 is primarily utilized by driving glutamatergic 

projections while VGLUT1 is utilized by projections that are more modulatory in nature (Herzog 

et al., 2001; Varoqui et al., 2002; Fremeau et al., 2004a; Weston et al., 2011; Rovó et al., 2012; 

Balaram et al., 2013). Although, modulatory and driving projections (Sherman and Guillery, 

1996) have not been specifically documented in the tree shrew visual system, comparisons of 

VGLUT1- or VGLUT2-positive projections in the tree shrew with known VGLUT1/modulatory 

or VGLUT2/driving projections in other species gave us some insight on the functional attributes 

of these distributions in visual structures. In general, the distribution patterns of VGLUT1 and 

VGLUT2 in the tree shrew visual system closely resembled those seen in other species. The use 

of VGLUT2 in retinal projections to the SC and LGN in tree shrews is identical to retinal 

projections in other mammals (Fujiyama et al., 2003; Land et al., 2004; Gong et al., 2006; Islam 

and Atoji, 2009; Balaram et al., 2011b; 2013), and retinal projections are known to drive their 

postsynaptic targets (Sherman and Guillery, 1996; 1998; Sherman, 2005). VGLUT2- positive 

tectopulvinar projections have been previously identified in tree shrews (Chomsung et al., 2008; 

Wei et al., 2011) rodents (Hisano et al., 2000) and primates (Balaram et al., 2011b; Baldwin et 

al., 2013a). However, tectopulvinar projections appear to represent a separate category of 

terminations that have distinct features from classic driving (i.e. retinogeniculate) or modulatory 

(i.e. corticogeniculate) projections (Chomsung et al., 2008; Masterson et al., 2009; 2010; Wei et 

al., 2011). VGLUT2- positive tectogeniculate projections are not present in anthropoid primates 

(Balaram et al., 2013) but likely exist in prosimian primates (Balaram et al., 2011b), which 
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closely resemble early primate species (Kaas, 2013). Tectogeniculate projections in rodents 

likely utilize VGLUT2, since neurons expressing VGLUT2 mRNA are found across the upper 

SGS in rats (Fremeau et al., 2001) and squirrels (unpublished results), and further experiments 

will determine if tectogeniculate terminations can be characterized as classic driving or 

modulatory projections (Sherman and Guillery, 1996; 1998; Sherman, 2005; Sherman and 

Guillery, 2006; 2011). LGN layers that do receive tectal projections in tree shrews primarily 

project to the superficial layers of V1 (Carey et al., 1979; Fitzpatrick et al., 1980) 

All projections from the LGN to V1 across rodents, primates, and carnivores are 

VGLUT2-dominant, consistent with the driving nature of geniculostriate projections (Sherman 

and Guillery, 1996; Sherman, 2005). However, rodents and primates are known to exhibit low 

levels of VGLUT1 in geniculostriate projections as well (Fremeau et al., 2001; Fujiyama et al., 

2001; Herzog et al., 2001; Balaram et al., 2011a; b; 2013). The same holds true for neurons in 

the pulvinar complex in primates and the homologous lateral posterior nucleus in rodents. In 

cortex, the presence of VGLUT2 mRNA in small populations of V1 neurons has been described 

in primates (Balaram et al., 2013) but not rodents, although VGLUT2 mRNA expressing neurons 

have been described in other rodent cortical areas (Hisano et al., 2000). In primates, neurons 

expressing VGLUT2 mRNA in the deep layers of V1 likely target the pulvinar complex and 

constitute a driving projection within a larger corticothalamocortical framework (Sherman and 

Guillery, 2011), although corticopulvinar neurons appear to use VGLUT1 in their terminals as 

well (Rovó et al., 2012).  

The predominant use of VGLUT1 in modulatory projections from V1 to the thalamus and 

midbrain is consistent across rodents and primates as well as tree shrews (Ni et al., 1995; 

Bellocchio et al., 1998; Fujiyama et al., 2001; Kaneko et al., 2002; Balaram et al., 2011a; 2013). 



	   183	  

However, intrinsic V1 projections in primates appear to utilize both VGLUT isoforms, while 

intrinsic V1 projections in rodents almost exclusively express VGLUT1 mRNA, placing tree 

shrews slightly closer to the rodent lineage in this regard. The dual expression of VGLUT1 and 

VGLUT2 in some projections may contribute to mechanisms of homeostatic plasticity within a 

glutamatergic circuit (De Gois et al., 2005; Nakamura et al., 2005; Anne and Gasnier, 2014), and 

since most neurons release more than one neurotransmitter from individual synapses (Hnasko 

and Edwards, 2012), the co-expression of VGLUT1 and VGLUT2 with other neurotransmitter 

transporters may contribute to a wide range of signal transmission, perhaps between distinct 

terminations from an individual projection (Herzog et al., 2001). The results presented here 

provide further evidence that VGLUT1 and VGLUT2 consistently identify classic driving and 

modulatory projections in the mammalian visual system, as well as other glutamatergic 

projections with distinct functional characteristics. Slight changes in the location and target 

regions of each projection demonstrate that these connections have evolved through the 

mammalian lineage, and further studies on functional changes within these projections will shed 

light on the role of VGLUT isoforms in regulating glutamatergic neurotransmission.   
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CHAPTER 7 

7 Discussion 

 

The primary goals of the preceding chapters were to (1) document the distribution of 

VGLUT1 and VGLUT2 in visual brain structures across a range of mammalian species, to (2) 

determine whether each VGLUT isoform is restricted to functionally distinct classes of 

glutamatergic projections between these structures. Collective results from Old World macaque 

monkeys, New World squirrel and owl monkeys, prosimian galagos, and tree shrews show that 

each VGLUT isoform is differentially expressed in subsets of glutamatergic visual projections, 

with limited overlap in individual connections between visual structures. When their 

distributions are compared to a range of classification systems for glutamatergic projections 

(Rockland and Pandya, 1979; Felleman and Van Essen, 1991; Callaway, 1998; Sherman, 2005), 

it is evident that VGLUT1 predominates in hierarchical feedback or modulatory glutamatergic 

projections while VGLUT2 predominates in hierarchical feedforward or driving projections in 

the mammalian visual system.  

Definitions of driving and modulatory glutamatergic projections in the central nervous 

system are based on two components. First, the anatomical features of glutamatergic synapses 

formed by driving or modulatory projections are quite distinct from each other, and remain 

consistent across a wide range of glutamatergic connections in mammalian brains (Sherman and 

Guillery, 1996; 1998; Sherman, 2001; 2005; 2007; 2012). Second, the functional characteristics 

of action potentials and postsynaptic responses produced by driving or modulatory projections 

are also distinct, and the identification of these characteristics in the terminal zones of an 

individual projection can often indicate that projection is driving or modulatory in nature. A brief 
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review of the anatomical and functional characteristics of driving and modulatory projections, 

with respect to mammalian sensory systems, follows below. The distribution patterns of 

VGLUT1 and VGLUT2, when correlated with patterns of afferent terminations from individual 

visual projections, suggest that these two isoforms are segregated in driving and modulatory 

connections. However, consistent exceptions to these distinctions do exist, and are worth 

considering in relation to the larger construct of driving and modulatory projections in 

mammalian sensory systems.  

 

7.1 Anatomical features of driving and modulatory glutamatergic projections in 

mammalian sensory systems: comparisons with the synaptic terminations of 

VGLUT1- and VGLUT2-positive projections 

All glutamatergic terminations, whether driving or modulatory, have some anatomical 

features in common. First, glutamatergic projections across the CNS make asymmetric synapses 

on the dendrites of their postsynaptic cells, which differs from the symmetric synapses made by 

GABAergic projections as well as the variable synaptic contacts made by cholinergic and 

monoaminergic synapses (Webster, 2001). Second, glutamatergic terminals primarily make axo-

somatic or axo-dendritic contacts with their postsynaptic targets, although some evidence of 

dendrodenritic synapses exist (Fremeau et al., 2002), which is similar to GABAergic terminals 

but distinct from most neuromodulatory terminations (Webster, 2001). Within these criteria, 

driving and modulatory synapses have some distinctions. Driving projections tend to make 

axosomatic contacts on the base of proximal dendrites or the cell soma of their postsynaptic 

targets, thus shortening the propagation time of individual excitatory postsynaptic potentials 

(EPSPs) and increasing the probability of a full action potential in their target neurons. 
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Modulatory projections tend to make axodendritic contacts on the distal dendrites of their 

postsynaptic targets, which produces variations in the propagation times of individual EPSPs 

depending on their distance from the cell soma, and allows for conduction interference from 

inhibitory or neuromodulatory synaptic contacts positioned closer to the cell body (Sherman and 

Guillery, 1996). In most visual structures, modulatory synapses significantly outnumber driving 

synapses (Sherman and Guillery, 2002; Sherman, 2005), but the effects of driving synapses still 

dominate the neural output of their target cells (discussed below). Individual driving and 

modulatory terminals also differ in size; driving terminals are consistently larger than 

modulatory terminals regardless of their origin of projection (Rockland, 1996; Crick and Koch, 

1998; Sherman and Guillery, 1998). Driving terminals also tend to form clusters of boutons on 

the branched ends of an axon arbor while modulatory terminals tend to make individual contacts 

along the length of a primary axon (Crick and Koch, 1998; Sherman and Guillery, 1998; 

Sherman, 2005). Axons in driving projections are thicker and more arborized than axons in 

modulatory projections (Sherman, 2001), and are defined as class 1 (driving) and class 2 

(modulatory) axons respectively (Guillery, 1966; Sherman, 2001).  

The origins and terminations of glutamatergic projections within brain regions can be 

used to identify them as driving or modulatory in nature, particularly when functional data on 

these projections is limited. However, determining the locations of a single projection’s origin 

and terminations is difficult and data on these types of connections is lacking for many brain 

structures (Sherman and Guillery, 1996; 2006). The limited data that does exist also reveals 

subcategories of driving and modulatory projections in many regions. In the thalamus for 

example, one class of driving projections originate in sensory relay nuclei and terminate in layer 

4 of primary sensory cortical areas while modulatory projections arise in layer 6 of the target 
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cortical areas and project diffusely across their thalamic relay nuclei; these thalamic regions, 

with primary projections to cortex and reciprocal modulatory feedback projections, are 

designated as first-order nuclei (Sherman, 2001; 2005). Another class of driving projections 

originates in layer 5 of cortical areas and projects subcortically to another group of thalamic 

structures known as higher-order nuclei, which subsequently send modulatory projections to 

multiple layers of other cortical areas. Anatomical and functional characteristics of driving 

terminals in first-order and higher-order nuclei are similar in some cases (Sherman and Guillery, 

2002), but subtle differences in their distribution and neural output (Van Horn and Sherman, 

2007; Sherman and Guillery, 2011; Sherman, 2012) suggest that these two subcategories have 

distinct functions in excitatory neurotransmission.  

Many of the anatomical features of VGLUT1- and VGLUT2-positive terminations align 

well with features of modulatory and driving terminations. Both VGLUT1 and VGLUT2 

terminals make asymmetric synapses on their target neurons (Bellocchio et al., 1998; Aihara et 

al., 2000; Takamori et al., 2000; Fremeau et al., 2001), but VGLUT2-positive terminals tend to 

contact the proximal dendrites or soma of their target cells while VGLUT1-positive terminals 

make contacts along distal dendrites (Altschuler et al., 2008), similar to driving and modulatory 

projections. In visual structures (chapters 2-6), dense distributions of VGLUT1-positive 

terminals appear to outnumber VGLUT2-positive terminals in the same location (chapters 2-6) 

(Masterson et al., 2009), much like modulatory projections that outnumber driving projections, 

but further quantification of this difference is required. Although relative axon sizes of 

VGLUT1- and VGLUT2- positive projections have not been measured, VGLUT2-positive 

terminations are consistently larger than VGLUT1-positive terminations (Kaneko and Fujiyama, 

2002; Todd et al., 2003; Persson et al., 2006; Graziano et al., 2008; Rovó et al., 2012), and 
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VGLUT2-positive projections tend to form clusters of terminals on branched axon arbors while 

VGLUT1-positive projections tend to make diffuse contacts over wide regions of neuropil in 

their target structures (Kaneko and Fujiyama, 2002; Li et al., 2003; but see Persson et al., 2006; 

Altschuler et al., 2008). Thus, many features of VGLUT1- and VGLUT2-positive synapses 

correlate well with features of modulatory and driving terminations in the central nervous 

system.  

 

7.2 Functional characteristics of driving and modulatory glutamatergic projections in 

mammalian sensory systems: correlations with neural activity in VGLUT1- and 

VGLUT2-positive projections 

Driving and modulatory glutamatergic projections are tautologically defined by their 

functional characteristics. Driving projections significantly alter the postsynaptic responses of 

their target cells; they “carry the message, defining essential patterns of activity” (Sherman and 

Guillery, 1998),  “by themselves, can make the relevant neurons fire strongly” (Crick and Koch, 

1998), “bring the main information to a cell or cell group” and “dominate the receptive field 

properties of their target cells” (Sherman and Guillery, 2002). Modulatory projections only 

slightly alter the postsynaptic responses of their target cells; they “alter the effectiveness of the 

drive without contributing significantly to the general pattern of message” (Sherman and 

Guillery, 1998), and “by themselves, cannot make the relevant neurons fire strongly, but can 

modify the firing produced by the driving inputs” (Crick and Koch, 1998). The functional 

identification of a driving or modulatory projection is based on how well correlated the spiking 

activity of a given neuron is to its target cell. For example, in the visual system, a single action 

potential from a retinal ganglion cell gives rise to a single action potential with a fixed latency in 
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its target LGN cell; when plotted in the form of a cross-correlogram (Sherman and Guillery, 

1998), this driving projection produces a sharp, narrow peak over a relatively smooth baseline of 

activity. Conversely, a single action potential from a layer 6 neuron in V1 does not usually 

generate a single action potential in its target LGN neuron. Instead, the summed potentials from 

many modulatory inputs on a single LGN neuron will gradually produce a single EPSP. When 

plotted in the form of a cross-correlogram, modulatory projections produce a small peak with a 

broad base over a relatively high level of baseline activity (Sherman and Guillery, 1998). Thus, 

the level of correlated activity between projection neurons and their targets within a 

glutamatergic projection may identify it as driving or modulatory in nature, particularly in brain 

structures where anatomical data on projection terminals is scant.  

Another contributing factor to functional differences in the neural output of driving and 

modulatory projections is the complement of glutamate receptors present on the postsynaptic 

surface of target neurons. The postsynaptic contacts of driving projections contain ionotropic 

glutamate receptors (iGluRs), which are rapidly activated following an EPSP and generate 

immediate action potentials by opening ion channels along the postsynaptic membrane. The 

rapid activation and deactivation of these channels allows for the precise coding of high 

frequency information during sustained periods of neural activity. The postsynaptic contacts of 

modulatory projections contain both ionotropic and metabotropic glutamate receptors (mGluRs), 

which indirectly open ion channels via molecular signaling cascades within the neuron. The 

slower and more variable effects of mGluRs compared to iGluRs allows modulatory terminals to 

generate a wide range of EPSPs that subsequently modify the neural output of their target 

neurons without necessarily generating a full action potential at any time (Sherman and Guillery, 

1996; Sherman, 2001; 2005). Under conditions of repetitive stimulation, driving projections 
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exhibit paired-pulse depression over time, where the size of the postsynaptic response decreases 

due to the reduction in available synaptic vesicles for neurotransmitter release. Modulatory 

projections exhibit paired-pulse facilitation instead, where the size of the postsynaptic response 

increases due to presynaptic fluctuations in calcium conductance (Kandel et al., 2000). In 

general, synapses with a low probability of initial vesicle release exhibit paired-pulse facilitation 

while synapses with a high probability of initial vesicle release exhibit paired-pulse depression.  

Although functional distinctions between VGLUT1- and VGLUT2-positive projections 

have not been extensively studied, some characteristics have been determined and these traits 

correlate well with functional differences between driving and modulatory projections. 

VGLUT1-positive synapses tend to have lower release probabilities while VGLUT2-positive 

synapses tend to have higher release probabilities (Fremeau et al., 2001; Herzog et al., 2001; 

Fremeau et al., 2004a), and VGLUT1-positive synapses exhibit paired-pulse facilitation while 

VGLUT2-positive synapses exhibit paired-pulse depression instead (Varoqui et al., 2002; 

Fremeau et al., 2004a; Weston et al., 2011). Sensory projections from the retina to the lateral 

geniculate nucleus and superior colliculus, from the inferior colliculus to the medial geniculate 

nucleus, and from the brainstem and spinal cord to the ventroposterior nucleus are all considered 

as driving projections based on correlated patterns of activity (Sherman and Guillery, 1996; 

1998; 2002; Sherman, 2005; 2007; 2012) and all of them utilize VGLUT2 (chapters 2-

6)(Fujiyama et al., 2003; Land et al., 2004; Graziano et al., 2008; Hackett et al., 2011; Ito et al., 

2011). Conversely, layer 6 projections from primary visual cortex to the lateral geniculate 

nucleus, from primary auditory cortex to the medial geniculate nucleus, and from primary 

somatosensory cortex to the ventroposterior nucleus are all considered modulatory 

projections(Sherman and Guillery, 1996; 1998; 2002; Sherman, 2005; 2007; 2012), and these 
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projections utilize VGLUT1 (chapters 2-6) (Kaneko and Fujiyama, 2002; Graziano et al., 2008). 

Direct evidence for the apposition of VGLUT1- or VGLUT2-positive synapses to specific 

complements of ionotropic or metabotropic glutamate receptors does not exist to date, but given 

the segregated distribution of VGLUT1 and VGLUT2 in the projections discussed above, it is 

likely that VGLUT2-positive synapses act on iGluRs while VGLUT1-positive synapses act on 

mGluRs as well as iGluRs to produce excitatory postsynaptic potentials. Thus, driving 

projections may preferentially utilize VGLUT2 while modulatory projections utilize VGLUT1 to 

produce distinct patterns of neural activity in their target cells.  

 

7.3 Other glutamatergic projections in mammalian sensory systems: the many exceptions 

to the rule 

While some glutamatergic projections can be classically defined as driving or modulatory 

in nature, the vast majority of glutamatergic connections between sensory brain structures have 

features of both driving and modulatory projections or have separate anatomical and functional 

qualities altogether, and in these instances, the segregation of VGLUT1 and VGLUT2 within 

individual projections is less distinct. First-order thalamic nuclei such as the lateral geniculate 

nucleus, medial geniculate nucleus, and ventroposterior nucleus all have driving inputs from the 

sensory periphery that contain VGLUT2 and modulatory inputs from cortex that contain 

VGLUT1. However, higher-order thalamic nuclei such as parts of the pulvinar or medial dorsal 

nucleus receive driving projections from layer 5 of one cortical area and send driving projections 

to other cortical areas that usually terminate in layer 4, as well as modulatory projections back to 

the first cortical area that terminate diffusely across the superficial and deep layers (Sherman, 

2005; 2007; Sherman and Guillery, 2011). Projections from layer 5 of most cortical areas 
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primarily utilize VGLUT1 instead of VGLUT2, and neurons in higher-order nuclei such as parts 

of the pulvinar express both VGLUT1 and VGLUT2 (chapters 2-6)(Rovó et al., 2012). Putative 

driving projections from the pulvinar to V2 are known to utilize VGLUT2 while similar 

projections from V1 to V2 utilize VGLUT1 instead (Marion et al., 2013), but both isoforms may 

also be coexpressed in the same pulvinar neurons, further complicating the segregation of 

VGLUT1 and VGLUT2 to modulatory and driving projections. In fact, most first-order thalamic 

relay nuclei also coexpress VGLUT1 and VGLUT2 (Herzog et al., 2001; Fremeau et al., 2004b; 

Ito et al., 2011; Rovó et al., 2012), and it is unclear whether both isoforms are consistently used 

in the same driving terminations, or each isoform is separately utilized in a driving projection to 

cortex or modulatory projection to another subcortical structure such as the thalamic reticular 

nucleus (Sherman and Guillery, 1998; Sherman, 2007). Colocalization of the two VGLUT 

proteins in terminals from first order relay nuclei has been demonstrated in primary 

somatosensory cortex (Graziano et al., 2008), but similar evidence in the auditory or visual 

systems does not exist. Thalamic relay nuclei also exhibit two modes of firing activity, burst and 

tonic (Sherman and Guillery, 1996; 1998; Sherman, 2005; 2012), which could be mediated by 

vesicle pools with distinct release properties such as those exhibited by VGLUT1 and VGLUT2, 

but this requires demonstration of their colocalization within the same synapses in layer 4 of 

sensory cortex.   

Glutamatergic projections outside of the thalamus also blur the boundaries between 

traditional driving and modulatory projections. Most neurons from the superior colliculus that 

project to the lateral posterior nucleus or pulvinar complex solely utilize VGLUT2 across a range 

of species (chapters 2-6), but these projections have features of both driving and modulatory 

projections (Masterson et al., 2009; Wei et al., 2011), and some tectopulvinar projections don’t 
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appear to utilize VGLUT2 (Baldwin and Kaas, 2012). Projections through auditory brainstem 

structures also contain variable populations of neurons that express either VGLUT1 or VGLUT2, 

or VGLUT1 and VGLUT2 (Ito and Oliver, 2010; Ito et al., 2011; Storace et al., 2012), and the 

driving or modulatory nature of these projections is not well-defined. In the somatosensory 

system, parallel pathways through the cuneate, gracile, and principal trigeminal nuclei express 

multiple populations of VGLUT1- and VGLUT2-positive synapses, but outside of the 

ventroposterior nucleus (Graziano et al., 2008), their role in driving or modulating neural activity 

is less defined. The driving or modulatory nature of corticocortical projections is also difficult to 

determine given the extensive interconnectivity of cortical areas (Crick and Koch, 1998), 

particularly in primate brains (Casagrande and Kaas, 1994). The dense and abundant expression 

of VGLUT1 mRNA by most cortical neurons suggest that these projections mainly utilize only 

one VGLUT isoform in their terminations, regardless of whether the projection is driving or 

modulatory in nature. However, a subset of cortical neurons do express VGLUT2 mRNA (Hisano 

et al., 2000; Kaneko and Fujiyama, 2002) (chapters 2-6) and their role in driving or modulatory 

transmission is unknown as well. Further investigations that characterize the functional 

contributions of individual glutamatergic projections to larger sensory networks, as well as the 

distributions of VGLUT1 and VGLUT2 within each projection will elucidate whether VGLUT1 

and VGLUT2 truly differentiate between these two projection types.  
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