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ABSTRACT 

SIGNAL PROCESSING IN THE TECTOTHALAMIC PATHWAY 

Haiyang Wei 

December 1, 2010 

The pulvinar is the largest nucleus of the human dorsal thalamus and is affected in 

a variety of brain disorders, such as schizophrenia. The experiments described in this 

dissertation elucidate key features of tecto-pulvino-cortical pathways as a first step 

toward understanding their role in coding visual stimuli and coordinating appropriate 

responsive actions. The tree shrew is used as the animal model because the visual 

structures of the tree shrew brain display many of the features of the primate brain, and 

the tectopulvinar pathways are particularly enhanced in this species. 

The connections formed between the tectorecipient pulvinar nucleus and cortex 

were explored using tract tracing, immunohistochemistry, light, confocal, and electron 

microscopy. It was found that the pulvinar nucleus is reciprocally connected to two 

regions of the temporal cortex. Pulvinocortical terminals were found to contact dendritic 

spines of pyramidal cells, potentially influencing corticocortical projections to the striate 

cortex. Corticopulvinar synapses were found to be formed distal to tectopulvinar 

synapses on the dendrites of pulvinar neurons, suggesting that pulvinar neurons integrate 

inputs from the SC and temporal cortex. 
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The membrane properties of neurons in the tectorecipient pulvinar were compared 

to those of neurons of the tree shrew dorsal lateral geniculate nucleus (dLGN), using 

whole cell recordings in slices maintained in vitro, western blotting, stereology, and 

neuron modeling techniques. These studies revealed that, compared to the dLGN, 

pulvinar neurons express a higher density of low threshold transient (T-type) calcium 

channels resulting in a greater propensity to fire with bursts of action potentials. These 

bursts may serve to increase the influence of pulvinocortical connections and/or 

synchronize the activity patterns of the multiple targets of the pulvinar nucleus. 

Finally, the properties of tectopulvinar synapses were explored using III vitro 

whole cell recordings in brain slices, immunohistochemistry and confocal microscopy. 

The results of these experiments suggest that the tectopulvinar terminals form convergent 

connections on pulvinar neurons and contain the vesicle-tethering proteins synapsin I and 

synapsin II. We suggest that these features allow pulvinar neurons to relay a dynamic 

range of visual signals from the SC in order to initiate and guide the appropriate 

responsive actions. 
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CHAPTER I 

INTRODUCTION 

The thalamus is a symmetrical structure joined at the midline in the brains of 

vertebrates, and can be divided into several subdivisions: the dorsal thalamus (which is 

the largest division and often referred to simply as the "thalamus"), the ventral thalamus, 

the epithalamus and the hypothalamus (Herrick, 1918). The dorsal thalamus is the largest 

part of the diencephalon and expands with the development of the cerebral cortex. It 

serves as the most important relay to the cerebral cortex. Almost all the information we 

receive from the outside world flows through dorsal thalamus, the main exception being 

the relay of olfactory information. Thus, the dorsal thalamus plays a critical role in gating 

and modulating the flow of information from peripheral sensory receptors to the cerebral 

cortex. 

Based on classical neuroanatomical and neurophysiological methods, the dorsal 

thalamus can be divided into several distinct cell groups termed nuclei that differ in both 

function and structure. Each of the nuclei receives specific types of afferent signals (e.g. 

visual, auditory, somatosensory, etc.) (Walker, 1938). However, the original structural 

and functional definitions of thalamic nuclei have been modified after decades of 

technical advances and the acquisition of new information. Almost all of the classic 

thalamic nuclei have been found to contain distinct sub-regions based on function, 
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connections, or cell morphology. There are also cell groups that cross the borders of 

classical nuclei, and each classical thalamic nucleus can contain several functionally

distinct parallel pathways (Sherman and Guillery, 2006). 

Relay nuclei and intralaminar nuclei 

The majority of the thalamic nuclei project either to the striatum (caudate nucleus, 

nucleus accumbens, "ventral striatum" and putamen) and/or the cerebral cortex 

(neocortex, palaeocortex and hippocampal formation). Major groups of relay nuclei that 

provide output to the cerebral cortex are the anterior, medial, lateral/pulvinar, ventral, 

dorsal lateral geniculate (dLGN) and medial geniculate nuclei. Intralaminar nuclei and 

the pulvinar nucleus additionally project to the striatum (Day-Brown et aI., 2010) 

Types of thalamic cells 

It's widely accepted that the morphology of a neuron relates to its functional 

properties and that one may expect distinct cell types to play different roles in 

information processing. Two major dorsal thalamic cell groups are classified based on 

their axon projection targets: relay cells have axons that project to the telencephalon and 

interneurons have local axons located very close to their cell body in most cases. These 

two cell groups also differ in their dendritic patterns and the neurotransmitters they 

produce. Relay cells use glutamate as a neurotransmitter while interneurons use gamma 

amino butyric acid (GABA). The ratio ofinterneurons to relay cells can be quite different 

depending on the species and nuclei. For example, in the cat dLGN, interneurons make 

up 20%-25% of the overall cell population (LeVay and Ferster, 1979), while in the rats, 

this ratio is 20%-30% in the dLGN, or less than 1 % in the somatosensory thalamus 

(Guillery and Sherman, 2002). 
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The thalamic relay cells have similar morphology and membrane properties;slight 

variation can be found in somal size, dendritic branching and dendritic appendages 

(Steriade et aI., 1997). The visual thalamus, especially the primary visual pathway from 

the retina, through the dLGN, to the primary visual cortex or VI, has been most 

thoroughly investigated. We probably know more about the dLGN than any other 

thalamic nucleus. In many species (primates, carnivores and tree shrews) the dLGN 

contains several laminae, and the retinal inputs are topographically organized. This is 

referred to as a retinotopic map. In cats, two major types of relay cells, X cells and Y 

cells have been studied in detail. The functional X/V difference is established in the 

retina; X cells receive retinal inputs from ~ cells, and Y cells from a cells. Y cells have 

larger receptive fields and better responses to lower spatial and higher temporal 

frequencies of visual stimuli compared to X cells, while X cells have better linear 

summation to stimuli (Sherman and Spear, 1982). There is also morphological variance 

between X and Y cells. X cells tend to have elongated tufts of dendrites that are 

orientated perpendicular to the laminar borders. These cells have clusters of dendritic 

appendages near proximal dendritic branch points (Sherman and Friedlander, 1988). Y 

cell dendrites tend to have a more stellate distribution (Sherman and Friedlander, 1988). 

A third and relatively small group of cells, W cells, have been identified mostly based on 

their laminar localization in the dLGN or their cortical aborizations ofaxons (Casagrande 

and Xu, 2004). The classification based on cell morphology is still ambiguous because 

often intermediate cell types are found, and no strict criteria are set for this class of cells. 

Interneurons have the smallest cell bodies among thalamic neurons. They have 

long, thin and sinuous dendrites and clusters of dendritic appendages that connect to stem 
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dendrites by long, thin process. This conformation looks like the terminal arbor of an 

axon, thus has been referred to as axoniform (Guillery, 1969). Actually these dendritic 

appendages synapse on relay cells and this is the main output of intemeurons (Montero, 

1987). Intemeurons also have conventional axons that arborize within the extent of the 

dendritic arbor (Montero, 1987). In the cat's dLGN, intemeurons were thought to be 

mostly associated with the X pathway (Sherman and Friedlander, 1988). However, 

subsequent studies showed that nearly half of the synaptic targets of Y retinogeniculate 

terminals are intemeurons, and intemeurons contact the dendrites of Y relay cells 

(Datskovskaia et aI., 2001; Dankowski and Bickford, 2003). All intemeurons are 

GABAergic, and their outputs inhibit postsynaptic targets (Montero, 1987; Guillery et aI., 

2001). 

All the cells in the thalamic reticular nucleus (and perigeniculate nucleus) of the 

ventral thalamus are GABAergic and provide inhibitory innervations to the relay cells of 

the thalamus (Houser et aI., 1980; Jones and Yang, 1985; Sanchez-Vives et aI., 1997; 

Pinault and Deschenes, 1998). The nucleus forms a sheet surrounds the dorsal and lateral 

part of the dorsal thalamus; any axons that pass between cortex and thalamus must go 

though the nucleus and the thalamocortical and corticothalamic fiber bundles usually 

innervate the reticular cells (Ohara and Lieberman, 1985; Williamson et aI., 1993). 

Intrinsic properties of thalamic cells 

The morphological properties of neurons may provide insight into how neurons 

process and relay information to their axonal projection targets. Another important aspect 

of a neuron is its electrical properties. The conventional view of neuronal transmission is 

that the soma and axon hillock make a more or less linear summation of all the excitatory 
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and inhibitory postsynaptic potentials (EPSPs and IPSPs) they receIve from their 

dendrites and somata, and if their summation causes enough of increase in the membrane 

potential, they generate action potentials (APs). However, this concept is oversimplified 

because the membrane potential can change in a highly nonlinear, voltage-dependent 

manner, depending on the ion channels expressed by individual neurons. The cable 

properties of dendrites make the situation even more complicated in that the dendrites can 

conduct the synaptic potentials in all directions and shunting can occur at any branch 

point. Furthermore, some regions of dendrites have special electrical characteristics 

which electrically isolate them from other dendritic regions. 

Thalamocortical relay cells are electrically compact, and synaptic potentials 

generated at the most distal dendrites can significantly influence the soma and axon 

without much attenuation (Bloomfield et aI., 1987). Intemeurons, in contrast to relay cells, 

are not electrically compact. The main reason for this is that they have longer and thinner 

dendrites. Also, many of the distal dendrites of intemeurons, including their dendritic 

synaptic terminals are thought to be electrically and functionally isolated from the soma 

and axon of intemeurons (Bloomfield and Sherman, 1989). 

The neuron membrane displays nonlinearities due to several membrane 

conductances which are usually voltage-dependent or ligand-gated, or controlled by the 

concentration of certain ions. Some of the major and best-understood conductances in the 

thalamus include Ca2+, Na+, and K+ conductances. Two major voltage-dependent Na+ 

conductances have been described in the thalamus. One Na+ conductance is the transient 

and rapidly activating and inactivating INa,! involved in the generation of action potentials. 

The other Na+ conductance is the persistent and non-inactivating INa.p which helps 
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maintain steady firing. Several voltage- and/or Ca2+ -dependent K+ conductances also 

exist in the thalamus. IK is activated by strong depolarization and its function is to re

polarize the action potential. Ie is activated by increases in Ca2
+ and its function is action 

potential repolarization and modulatation of interspike interval. IAHP is a slow 

afterhyperpolarization that generates action potential adaptation; this conductance is 

sensitive to increases in Ca2
+. IA is a transient inactivating current that delays the onset of 

firing, and modulates interspike interval. IA and its relationship with h, a low threshold 

Ca2
+ conductance, is of particular interest because both of these two conductances share 

some similar properties and can modulate the output of thalamic cells. Other K+ 

conductances including IK,leak which contributes to the neuronal resting membrane 

potential, and Ih, which is a hyperpolarization-activated mixed cation conductance, that 

generates a depolarizing current (McCormick and Huguenard, 1992; Rhodes and Llinas, 

2005). 

Ca2
+ conductances are of special importance to thalamic relay cells. At least two 

voltage-dependent Ca2
+ conductances are found in the thalamus, high threshold Ca2

+ 

conductances, and the low threshold Ca2
+ conductance h. The high threshold Ca2

+ 

conductances can be further divided into Land N types; other types also exist (Johnson et 

aI., 1996; Wu et aI., 1998). Very little is known about these high threshold Ca2
+ 

conductances, but they are known to be important for neurotransmitter release from 

synaptic terminals (Tytgat et aI., 1991). 

Thalamic relay cells have two distinct firing modes, burst firing mode and tonic 

firing mode, and these are controlled by the low threshold Ca2
+ conductance (Deschenes 

et aI., 1984; lahnsen and Llinas, 1984a, b). During tonic firing mode, the low threshold 
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Ca2
+ conductance and other related conductances are inactivated, and when synaptic 

inputs bring the cell to firing threshold, the cell produces a steady stream of action 

potentials; the duration and frequency of these action potentials increases linearly in 

relation to the increase in strength and duration of the synaptic inputs. During burst firing 

mode, the low threshold Ca2
+ conductance is de-inactivated. In this mode, in response to 

membrane depolarizations, the low threshold Ca2
+ conductance can be activated which 

can subsequently trigger a brief burst of action potentials. The burst mode allows 

thalamic neurons to response to synaptic inputs even when they are relatively 

hyperpolarized. 

Several characteristics of low threshold calcium spikes (L TS) need to be 

mentioned here. The L TS can only be activated by depolarization from a relatively 

hyperpolarized mode, and this depends on the nature of the low threshold Ca2
+ 

conductance activation-inactivation curve. The activation-inactivation of the LTS is a 

slow process compared to other conductances. The recovery time for L TSs is over 100 

ms, and the membrane potential has to be maintained in a hyperpolarized state for a 

length of time for de-inactivation of this conductance to occur. Because of the 

overlapping windows of activation and inactivation of this conductance, thalamic neurons 

may experience spontaneous membrane potential fluctuations when the membrane 

potential drops within a certain range, and in combination with other conductances, this 

can generate rhythmic bursting (Sherman, 2001). 

Another notable characteristic of the low threshold Ca2
+ conductance is that it 

mediates a nonlinear response to stimuli. There are two aspects to this nonlinearity; in 

contrast to the tonic firing mode, the burst firing mode will not follow the time course of 
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a stimulus, nor will it follow the intensity of the stimulus. That is, the response will 

saturate rapidly once a stimulus reaches a certain threshold and will not increase in 

relation to the stimulus intensity (McCormick and Huguenard, 1992; Guido et aI., 1995; 

Lu et aI., 1995). 

The binding of neurotransmitters may change thalamic conductance dynamically. 

For example, activation of nicotinic acetylcholine receptors can increase INa, IK, and lea, 

while binding of muscarinic receptors can reduce IAHP and IK.leak (McCormick, 1993). The 

distribution of different ion channels on relay cells and intemeurons is still unclear. In 

the dLGN, the low threshold calcium channels are distributed on soma and dendrites of 

thalamic cells and there is no evidence of their distribution on axons (Kovacs et aI., 2010). 

Finally, the voltage-dependent activation of IA is very similar to that of h, but usually 

occurs at more depolarized levels in relay cells and intemeurons (Pape et aI., 1994). This 

provides the possibility that when a L TS is evoked by synaptic input, IA can be activated 

at the same time to interact with h to reduce the amplitude and slope of the L TS. 

Drivers and modulators 

Although a single thalamic nucleus may receive input from multiple regions of 

the brain, it is thought that in all nuclei one input has a higher weight compared to other 

inputs. These inputs are referred to as "drivers" and the other inputs "modulators". This 

idea has been tested most thoroughly in the dLGN, where the response properties of 

geniculate cells are similar to their retinal inputs (Sherman and Guillery, 1998). Thus the 

retina is considered to drive the dLGN, while other inputs, such as the cholinergic inputs 

from the brainstem modulate the retinogeniculate response. It is still unclear what inputs 
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"drive" many of the nuclei of the dorsal thalamus, or if this concept will apply to all 

nuclei. 

Circuitries and synaptic properties 

Retinal ganglion cells provide the driving input to the dLGN, but make up a small 

proportion of the synaptic junctions in the dLGN. In other nuclei, presumed drivers may 

provide as little as 2% of the input (Wang et aI., 2002a). The retinal inputs are 

glutamatergic and when observed using an electron microscope, they form large terminal 

boutons which have a complex synaptic organization. They are referred to as RLP 

profiles because they contain round vesicles and are large and they contain pale 

mitochondria. RLP profiles form complex synaptic connections with adjacent profiles in 

an area free of glial cytoplasm; this region is called a glomerulus (Szentagothai, 1963). 

For other nuclei, identification of the driving afferents is more difficult to access. It has 

been proposed that some nuclei receive their driving input from layer V corticothalamic 

cells. These nuclei have been referred to as higher order nuclei, while nuclei that are 

driven by ascending sensory inputs (e.g. the dLGN) are referred to as first order nuclei 

(Sherman and Guillery, 2006). Based on this definition, the rostral part of the rat LPN can 

be considered higher order because it is innervated by layer V corticothalamic pyramidal 

cells (Bourassa and Deschenes, 1995). These cells provide input to the LPN in the form 

of large terminals with round vesicles (RL profiles) that are structurally similar to 

retinogeniculate terminals (Li et aI., 2003a). In addition, stimulation of layer V inputs to 

the rostral LPN elicits a frequency dependent depression in relay cells (Li et aI., 2003b) 

which is similar to the response of dLGN neurons to stimulation of retinogeniculate 

axons (Chen et aI., 2002). 
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Modulatory inputs can be further divided into at least three groups: intrinsic 

inhibitory inputs, cortical inputs, and brainstem inputs. The intrinsic inhibitory inputs 

arise from the thalamic reticular nucleus (TRN) and intranuclear intemeurons. All 

thalamic nuclei receive GABAergic inputs from the TRN (Ohara and Lieberman, 1985). 

TRN terminals have flattened synaptic vesicles and form symmetrical synapses. They are 

referred to as F 1 profiles and usually contact thalamocortical cells outside of glomeruli 

(Wang et aI., 2002b). Based on the synaptic relationships between the TRN, dorsal 

thalamic nuclei, and the cortex, the TRN can provide feedback or feedforward inhibition 

of relay cells (Wang et aI., 2007). 

Intranuclear intemeurons have two outputs to relay cells, conventional axon 

output, which is morphologically similar to TRN terminals (Fl profiles), and axoniform 

dendritic terminals which are referred to as F2 profiles. F2 profiles can be distinguished 

morphologically from F 1 profiles based on the density of vesicles. F2 profiles contain 

sparsely distributed vesicles and Fl profiles contain densely packed vesicles. In addition, 

Fl profiles are only presynaptic profiles, while F2 profiles are both pre- and post-synaptic. 

F2 profiles are often located within glomeruli and are post-synaptic to RL profiles as well 

as pre-synaptic to dendrites that are post-synaptic to the same RL profile; this formation 

is called a triad (Datskovskaia et aI., 2001). 

Cortical modulatory inputs arise from layer VI corticothalamic pyramidal cells 

which form synaptic terminals that contain round vesicles and are of relatively small size 

(RS profiles). They usually make a single synapse with an adjacent dendritic process. 

Cells in the rat LPN respond to stimulation of the cortical layer VI axons with a 

frequency- dependent facilitation, a response that is similar to the cortical input to the 
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LGN (Li et aI., 2003b). Other major difference between layer V and layer VI cortical 

inputs is that layer V does not innervate the TRN while layer VI does (Murphy and Sillito, 

1996). 

Brainstem inputs to the thalamus can vary with species and specific thalamic 

nuclei. These inputs including cholinergic input from parabrachial region (also known as 

the pedunculopontine tegmentum or PPT), noradrenergic inputs from the locus coeruleus, 

serotonergic inputs from dorsal raphe nucleus (Fitzpatrick, Diamond et ai. 1989), and 

GABAergic inputs from the pretectum (Wang et aI., 2002b). In the dLGN, cholinergic 

inputs can also arise from the parabigeminal nucleus (De Lima and Singer, 1987). 

Cholinergic terminals from the PPT are densely distributed in the dLGN and pulvinar 

nucleus and form synaptic terminals that are similar to layer VI corticothalamic RS 

profiles, but are of slightly larger size. PPT inputs also are distinct from cortical inputs in 

that they can form triads or pseudo triads (Erisir et aI., 1997; Patel and Bickford, 1997). 

Lateral posterior and pulvinar nuclei 

In rodents, the homologue of the primate pulvinar nucleus is the lateral posterior 

nucleus, and this nucleus makes up a relatively small part of their thalamus. In contrast, 

the pulvinar is the largest nucleus in the primate thalamus. The expansion of the pulvinar 

nucleus in species with more complex visual capabilities parallels the overall expansion 

of the cerebral cortex, and in particular the expansion of cortical regions devoted to visual 

signal processing. In primates, the cortical connections of the pulvinar nucleus include 

the striate cortex (V I) as well as multiple extrastriate regions in both the parietal and 

temporal cortex (Cavada and Goldman-Rakic, 1993; Cusick et aI., 1993; Stepniewska et 

aI., 1999; Matsuzaki et aI., 2004). 
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The pulvinar nucleus is thought to be involved in indicating the salience of visual 

images and events and coordinating appropriate responsive actions (Robinson and 

Petersen, 1992), but its detailed function is still ambiguous. The morphology of pulvinar 

relay cells and interneurons do not appear to be remarkably different from those in other 

thalamic nuclei (Campos-Ortega and Hayhow, 1972; Mathers, 1972). However, some 

regions of the pulvinar nucleus receive input from both cortical layers V and VI (RS and 

RL profiles; (Mathers, 1972; Robson and Hall, 1977), and thus can be defined as higher 

order nuclei. It has been proposed that the function of higher order nuclei is to relay 

information from one cortical area to another, rather than to relay sensory signals from 

the periphery to the cortex (Guillery and Sherman, 2002). However, there is still much to 

be elucidated concerning the connections formed between the pulvinar nucleus and the 

cortex and the function of these connections. 

Some regions of the pulvinar nucleus receive input from the pretectum or superior 

colliculus (Harting et ai., 1973; Benevento and Fallon, 1975). Since both of these areas 

receive direct input from the retina (Perry and Cowey, 1984; Leventhal et ai., 1985), the 

pulvinar nucleus may also function to relay subcortical visual signals to the cortex. 

Humans with lesions of VI do not perceive visual stimuli, but they can still navigate 

using visual cues, a phenomenon referred to as "blindsight". Blindsight is thought to be 

mediated by projections from the superior colliculus and/or pretectum to the pulvinar 

nucleus. This is supported by the fact that in species with expanded tectopulvinar 

pathways, such as the tree shrew, animals maintain a large degree of visual capacity after 

complete lesion of VI and subsequent degeneration of the dLGN (Diamond and Hall, 

1969; Killackey and Diamond, 1971). These studies, as well as studies of human 
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blindsight, suggest that a substantial amount of visual information passes through 

structures other than the primary visual pathway through the dLGN to VI, and that this 

information can be utilized to evaluate visual signals and initiate appropriate responsive 

actions. 

It is important to elucidate the detailed circuitry of the pulvinar nucleus not only 

to understand human vision and the mechanisms underlying phenomena such as 

blindsight, but also because the pulvinar nucleus is thought to be affected in several brain 

disorders. For example, in schizophrenics, the pulvinar nucleus is smaller and contains 

fewer neurons when compared to the pulvinar nucleus of control subjects (Byne et aI., 

2009). In particular, abnormal tectopulvinar pathways may account for the disturbances 

of visual motion processing experienced by schizophrenic patients (Chen et aI., 2005; 

O'Donnell et aI., 2006; Brittain et aI., 2010). Tectopulvinar pathways have also recently 

been found to be affected in autism (Kleinhans et aI., 2011). 

The experiments described in the following chapters elucidate key features of 

tecto-pulvino-cortical pathways. The tree shrew is used as the animal model because the 

visual structures of the tree shrew brain display many of the features of the primate brain, 

and the tectopulvinar pathways are particularly enhanced in this species. Chapter 2 

describes the connections formed between the tectorecipient regions of the pulvinar 

nucleus and the cortex, which were explored using anatomical techniques including tract 

tracing, immunohistochemistry, light, confocal, and electron microscopy. Chapter 3 

compares the membrane properties of neurons in the tectorecipient regions of the tree 

shew pulvinar to those of neurons of the tree shrew dLGN. These experiments utilized 

whole cell recordings in slices of the pulvinar maintained in vitro, western blotting, 
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stereology, and neuron modeling techniques. Chapter 4 describes the properties of 

tectopulvinar synapses explored using in vitro whole cell recordings in brain slices, 

immunohistochemistry and confocal microscopy. Chapter 5 summarizes the 3 data 

chapters and describes future research necessary to fully elucidate the function of the 

tecto-pulvino-cortical pathways. 
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CHAPTER II 

SYNAPTIC ORGANIZATION OF CONNECTIONS BETWEEN THE 
TEMPORAL CORTEX AND PULVINAR NUCLEUS OF THE TREE SHREW 

Outline 

We examined the synaptic organization of reciprocal connections between the 

temporal cortex and the dorsal (Pd) and central (Pc) subdivisions of the tree shrew 

pulvinar nucleus, regions innervated by the medial and lateral superior colliculus, 

respectively. Both Pd and Pc subdivisions project topographically to 2 separate regions of 

the temporal cortex; small injections of anterograde tracers placed in either Pd or Pc 

labeled 2 foci of terminals in the temporal cortex. Pulvinocortical pathways innervated 

layers I-IV, with beaded axons oriented perpendicular to the cortical surface, where they 

synapsed with spines that did not contain gamma amino butyric acid (GABA), likely 

located on the apical dendrites of pyramidal cells. Projections from the temporal cortex to 

the Pd and Pc originate from layer VI cells, and form small terminals that contact small 

caliber non-GABAergic dendrites. These results suggest that cortical terminals are 

located distal to tectopulvinar terminals on the dendritic arbors of Pd and Pc projection 

cells, which subsequently contact pyramidal cells in the temporal cortex. This circuitry 

could provide a mechanism for the pulvinar nucleus to activate subcortical visuomotor 

circuits and modulate the activity of other visual cortical areas. The potential relation to 

primate tecto-pulvino-cortical pathways is discussed. 
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Introduction 

In primates and other species with significant visually guided behavior, a large 

proportion of the dorsal thalamus generates visuosensory- and eye-movement-related 

signals. Although the visual pathways from the retina through the lateral geniculate 

nucleus (dLGN) to the striate cortex (V 1) have been studied in detail, relatively little is 

known regarding the synaptic organization of pathways connecting the extrageniculate 

visual thalamus with the cortex. The purpose of this study was to examine the synaptic 

organization of thalamocortical terminals and corticothalamic terminals connecting the 

cortex to well-defined subdivisions of the pulvinar nucleus that receive visual input from 

the superficial layers of the superior colliculus (SC). 

Tree shrews (Tupaia) are small, fast moving animals with excellent motion vision 

and visually guided behavior. Particularly striking features of the tree shrew brain are the 

greatly enlarged SC, and a correspondingly large pulvinar nucleus. The fact that the tree 

shrew brain possesses many primate characteristics (Kaas and Preuss 1993; Kaas 2002), 

led at one time to their classification in the primate order (LeGros Clark 1934; Campbell 

1980). Although now classified in the order Scandentia, tree shrews still are considered 

to represent a prototype of early prosimian primates. Therefore, studies of the 

connections between the cortex and pulvinar nucleus in the tree shrew should shed light 

on the organization of these connections in primates. 

The tree shrew pulvinar contains 2 tectorecipient subdivisions: the dorsal (Pd) and 

central (Pc) pulvinar (Lyon et al. 2003a, 2003b). The tectal projections to these 2 

subdivisions are organized differently; those to Pd terminate diffusely, whereas those to 

Pc terminate in a more spatially precise manner (Luppino et al. 1988). In subsequent 
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studies usmg anterograde and retrograde tracing techniques, as well as electron 

microscopy, we concluded further that although both Pd and Pc receive topographically 

organized projections from the SC, the Pd receives additional diffuse projections, which 

possibly arise from wide-ranging axon collaterals of tectopulvinar cells (Chomsung et al. 

2008). We also identified differences in the synaptic arrangements of tectal terminals in 

the Pd and Pc. These results support the argument that the tectorecipient part of the tree 

shrew pulvinar nucleus comprises 2 distinct zones. 

The aims of the current study were 4-fold. First, we tested whether the Pd and Pc 

target distinct cortical areas to determine whether these pulvinar subdivisions comprise 

parallel pathways from the SC to the cortex. Second, we examined the laminar 

distribution and ultrastructure of pulvinocortical terminals in an effort to determine the 

cortical cell types targeted by the tectorecipient pulvinar nucleus. Third, we examined the 

laminar origin and reciprocity of corticopulvinar connections to determine how the 

organization of the tectorecipient pulvinar nucleus compares to that of other dorsal 

thalamic nuclei. Finally, we measured the size of corticopulvinar terminals and their 

postsynaptic targets (to compare to our previous measurements of tectal terminals and 

their postsynaptic targets, Chomsung et al. 2008) in order to understand how cortical and 

tectal inputs are distributed on the dendritic arbors of Pd and Pc neurons. Our results 

define the unique circuitry of the tectorecipient zones of the pulvinar nucleus, and 

provide the first characterization of the synaptic organization of pulvinocortical 

projections in any species. 

Methods 
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A total of 27 adult (average weight 175 g) tree shrews (Tupaia belangeri); 17 

males and 10 females, were used for these experiments. Fourteen tree shrews were used 

to examine the distribution, morphology and synaptic targets of pulvinocortical terminals 

labeled by unilateral (10 animals) or bilateral (4 animals) injections of the anterograde 

tracer biotinylated dextran amine (BDA) in the pulvinar nucleus (6 of these animals were 

also used for a previous study, Chomsung et al. 2008). Six tree shrews were used to 

examine the distribution of pulvinocortical cells labeled by injecting the retrograde 

tracers rhodamine dextran amine (RDA, 3 animals) rhodamine labeled micro spheres 

("red beads," 1 animal), cholera toxin subunit B (CTB, 1 animal), or fluorogold (FG, 1 

animal) in the temporal cortex. Three tree shrews were used to examine the distribution 

of corticopulvinar cells labeled by injecting the retrograde tracer FG in the pulvinar 

nucleus. Corticopulvinar cells were also labeled in one animal that received dual 

injections of BDA and FG in the pulvinar nucleus. Four animals were used to examine 

the distribution, morphology, and synaptic targets of corticopulvinar terminals labeled by 

injecting BDA in the cortex. In addition, corticopulvinar terminals were also labeled in 

one animal that received dual injections of BDA and CTB in the temporal cortex. 

Selected sections from BDA-injected tree shrews were stained for acetylcholinesterase 

(AChE) to distinguish the dorsal (Pd) and central (Pc) regions of the pulvinar nucleus 

(Lyon et al. 2003a). All methods were approved by the University of Louisville Animal 

Care and Use Committee and conform to the National Institutes of Health guidelines. 

Tracer Injections 

Tree shrews that received RDA (1 OK; Molecular Probes, Eugene, OR), BDA 

(3000 MW; Molecular Probes), FG (Fluorochrome LLC, Denver, CO), CTB (List 
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Biological Laboratories, Inc., Cambell, CA; catalogue #105), or red bead (Lumafluor, 

Naples FL) injections were initially anesthetized with intramuscular injections of 

ketamine (100 mg/kg) and xylazine (6.7 mg/kg). Additional supplements ofketamine and 

xylazine were administered approximately every 45 min to maintain deep anesthesia 

through completion of the tracer injections. The heart rate was continuously monitored 

with a MouseOx pulse oximeter (STARR Life Sciences Corp., Pittsburgh, PA). Prior to 

injection, the tree shrews were placed in a stereotaxic apparatus and prepared for sterile 

surgery. A small area of the skull overlying the dorsal pulvinar nucleus, central pulvinar 

nucleus, dorsal temporal cortex, or posterior temporal cortex was removed and the dura 

reflected. 

For all of the pulvinar injections, and 6 of the temporal cortex injections, a glass 

pipette containing BDA (5% in saline, tip diameter 2 ~m), FG (2% in saline, tip diameter 

2-10 ~m), BDA + FG (5% BDA and 2% FG in saline; tip diameter 2 ~m), or BDA + 

CTB (5% BDA + 1 % desalted CTB in 0.1 M phosphate buffer, pH 6.0; tip diameter 2 

~m) was lowered vertically and the tracer was ejected iontophoretic ally (2 ~A positive 

current for 15-30 min). For the remaining injections, a l-~L Hamilton syringe containing 

0.1-0.3 ~L of RDA (10% in saline), or 0.5-~L red beads (undiluted solution), was 

lowered vertically into the temporal cortex and the tracers were ejected via pressure. 

After a 7 -day survival period, the tree shrews were given an overdose of sodium 

pentobarbital (250 mg/kg) and were perfused through the heart with Tyrode solution, 

followed by a fixative solution of 2% paraformaldehyde and 2% glutaraldehyde (RDA or 

BDA injections) or 4% paraformaldehyde (BDA, FG, or CTB injections) in 0.1 M 

phosphate buffer, pH 7.4 (PB). 
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The brain was removed from the skull, sectioned into 50-I-1m-thick slices using a 

vibratome (Leica VT100E, Leica Microsystems, Bannockburn, IL) and collected in a 

solution of 0.1 M PB. In some cases, sections were preincubated in 10% methanol in PB 

with 3% hydrogen peroxide (to react with the endogenous peroxidase activity of red 

blood cells not removed during the perfusion). The BDA was revealed by incubating 

sections in a 1: 100 dilution of avidin and biotinylated horseradish peroxidase (ABC; 

Vector Laboratories, Burlingame, CA) in phosphate-buffered saline (0.01 M PB with 

0.9% NaCl, pH 7.4) overnight at 4 0c. The sections were subsequently rinsed, reacted 

with nickel-intensified 3,3' -diaminobenzidine (DAB) for 5 min, and washed in PB. RDA 

and FG were revealed with green or ultraviolet light, or by incubating with a rabbit anti

rhodamine antibody (Chemicon International, Temecula, CA) diluted 1: 10 000, or a 

rabbit anti-FG antibody (Fluorochrome) diluted 1 :50 000, followed by a biotinylated 

goat-anti-rabbit antibody, ABC, and DAB reaction. CTB was revealed using a rabbit

anti-cholera toxin antibody (Sigma, catalogue # C3062) diluted 1: 10 000, followed by a 

biotinylated goat-anti-rabbit antibody (Vector, catalogue # BA-1000), ABC, and DAB 

reaction. Red beads were revealed under green light illumination. To reveal the 

distribution of BDA and FG, or BDA and CTB, for confocal microscopy, the BDA was 

revealed by incubating sections in a 1: 100 dilution of streptavidin conjugated to Alexa 

Fluor 546 (Molecular Probes, Eugene, OR) and the FG or CTB were revealed with the 

rabbit antibodies listed above followed by a 1: 1 00 dilution of a goat-anti-rabbit antibody 

conjugated to Alexa Fluor 488 (Molecular Probes). Sections were mounted on slides for 

light microscopic examination (BDA, RDA, FG, CTB, and red bead injections) or were 

prepared for electron microscopy (BDA injections). 
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A ChE Staining 

Alternate sections from 13 cases were stained for AChE to distinguish the Pd and 

Pc (Lyon et al. 2003a). We used a protocol modified from Geneser-Jensen and Blackstad 

(1971). Briefly, the tissue was rinsed in deionized water, placed in a solution of AChE for 

3 h, and then rinsed in saline, followed by deionized water, before reacting with a 1.25% 

sodium sulfite solution for 1 min. Following deionized water rinses, the tissue was then 

incubated in a 1 % silver nitrate solution for 5 min, rinsed with deionized water and 

placed in a 5% sodium thiosulfite solution to adjust the contrast of the tissue staining 

(approximately 5 min). Finally, the tissue was rinsed in saline, and mounted on slides for 

light microscope examination. 

Light Microscopic Data Analysis 

A Neurolucida system and tracing software (MicroBrightField, Inc., Williston, 

VT) was used to plot the distribution of FG-Iabeled corticopulvinar cells, BDA-Iabeled 

corticopulvinar terminals, RDA-Iabeled and red bead-labeled pulvinocortical cells, BDA

labeled pulvinocortical terminals, and CTB-Iabeled corticotectal cells. In some cases, 

adjacent sections stained for AChE were used to distinguish the borders of the Pd. The 

Neurolucida system was also used to create a 3-dimensional (3D) reconstruction of 

cortical sections and thalamus sections. The distributions of labeled pulvinocortical 

terminals and pulvinar injection sites were then added to these reconstructions. 

Electron Microscopy 

Temporal cortex or pulvinar sections that contained BDA-Iabeled pulvinocortical 

terminals or corticopulvinar terminals were postfixed in 2% osmium tetroxide, 

dehydrated in an ethyl alcohol series, and flat embedded in Durcupan resin between 2 
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sheets of Aclar plastic (Ladd Research, Williston, VT). Durcupan-embedded sections 

were first examined with a light microscope to select areas for electron microscopic 

analysis. Selected areas were mounted on blocks, ultrathin sections (70-80 nm, silver

gray interference color) were cut using a diamond knife, and sections were collected on 

Formvar-coated nickel slot grids. Selected sections were stained for the presence of 

gamma amino butyric acid (GABA) using previously reported postembedding 

immunocytochemical techniques (Patel and Bickford 1997; Kelly et al. 2003; Li et al. 

2003; Baldauf et al. 2005; Huppe-Gourgues et al. 2006; Chomsung et al. 2008). The 

GABA antibody (Sigma, catalogue # A2052, used at a dilution of 1: 1 000-1 :2000) and 

was tagged with a goat-anti-rabbit antibody conjugated to 15-nm gold particles 

(Amersham, Arlington Heights, IL). The GABA stained sections were air dried and 

stained with a 10% solution of uranyl acetate in methanol for 30 min before examination 

with an electron microscope. 

Ultrastructural Analysis 

Ultrathin sections were examined usmg an electron mIcroscope. All labeled 

terminals involved in a synapse were photographed within each examined section. The 

pre- and postsynaptic profiles were characterized on the basis of size, (shortest width and 

area measured using a digitizing tablet and Sigma Scan Software; SPSS, Inc., Chicago, 

IL), the presence or absence of vesicles, and the overlying gold particle density. The 

ultrastructural features of adjacent terminals were also noted. In the cortex, profiles were 

considered to be GABAergic if the gold particle density was higher than that found 

overlying 95% of the BDA-Iabeled pulvinocortical terminals. In the pulvinar nucleus, 
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profiles were considered to be GABAergic if the gold particle density was higher than 

that found overlying 95% of the BDA-Iabeled corticopulvinar tenninals. 

Computer Generated Figures 

Light level photographs were taken usmg a digitizing camera (Spot RT; 

Diagnostic Instruments, Inc., Sterling Heights, MI). Confocal images were taken using an 

Olympus Fluoview laser scanning microscope (BX6IWI). Electron microscopic images 

were taken using a digitizing camera (SIA-7C; SIA, Duluth, GA) or negatives, which 

were subsequently scanned and digitized (SprintScan 45i; Polaroid, Waltham, MA). 

Using Photos hop software (Adobe Systems, Inc., San Jose, CA), the brightness and 

contrast were adjusted to optimize the images. Plots and 3D reconstructions of cell and 

tenninal distributions were generated using a Neurolucida system (MicroBrightField, 

Inc., Williston, VT). 

Results 

Topography of Pulvinocortical Projections 

To detennine the distribution of pulvinocortical projections, we injected the 

pulvinar nucleus with BDA (Fig. I) to label tenninals by anterograde transport. We 

placed injections within the Pd and Pc, both of which receive input from the SC. As 

previously described (Chomsung et al. 2008), these injections resulted in the retrograde 

labeling of cells in the lower stratrum griseum superficiale (SGS) and stratum opticum 

(SO) of the Sc. Injections that invaded the external medullary lamina (LME; Fig. IA,B) 

also labeled cells in the temporal cortex (Fig. 2B), likely due to uptake by corticothalamic 

and/or corticotectal axons that travel in the LME. The smaller injections, which were 

confined to the pulvinar nucleus and did not involve the LME, labeled tenninals, but not 
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cells, in the temporal cortex (Figs 2A and 3). In addition, pulvinar injections labeled 

terminals in the caudate nucleus, putamen, and amygdala (data not shown). 

Injections restricted to the Pd or Pc labeled terminals in restricted regions of the 

temporal cortex (Figs 3 and 4). A consistent finding was that small injection sites labeled 

2 discrete foci of pulvinocortical terminals. To determine the topography of these 

projections, we used a Neurolucida system to reconstruct the patches oflabeled terminals 

in 3 dimensions. As illustrated in Figure 5, the labeled pulvinocortical axons terminated 

topographically within an area of the posterior temporal cortex, and additionally in an 

area of the more rostral/dorsal temporal cortex, which we will hereafter refer to as T1 and 

T2, respectively. As injections in the pulvinar nucleus shifted from rostral to caudal, the 

patches of labeled terminals shifted from caudal to rostral. Figure 5 also demonstrates 

that dual topographic projections were labeled by either Pd or Pc injections. 

Because each injection site also labeled tectopulvinar cells in restricted regions of 

the medio-Iateral dimension of the SC (described in detail in Chomsung et al. 2008), 

which has been mapped using physiological recording techniques (Lane et al. 1971), we 

approximated the representations of the visual field that would presumably be transferred 

from the SC, through the pulvinar nucleus, to the temporal cortex. These results suggest 

that the upper visual field is represented in the caudal regions of the temporal cortex, 

whereas the lower visual field is represented in more rostral regions (summarized in Fig. 

l2A). Approximation of peripheral or central visual field representations was not possible 

because the pulvinar injections labeled tectopulvinar cells in bands that spanned the 

rostro-caudal dimension of the SC (Fig. 9A; Chomsung et al. 2008). 
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The distribution of pulvinocortical cells labeled following retrograde tracer 

injections into the temporal cortex confirmed the general topography of pulvinocortical 

projections. Injections in caudal regions of the temporal cortex labeled cells in more 

rostral/dorsal regions of the pulvinar nucleus (Fig. 6 C,D) , whereas injections in the 

rostral temporal cortex labeled cells in the caudal/ventral pulvinar nucleus (Fig. 6E,F). 

Laminar Distribution and Synaptic Targets of Pulvinocortical Terminals 

The terminals labeled following both large and small pulvinar injections were 

most densely distributed in layer IV, but extended through layers III and II to layer I 

(Figs 2A, 3). Compared with the striate cortex, cortical layers are difficult to discern in 

the temporal cortex. However, the retrograde labeling of layer V cells following a large 

pulvinar injection (which invaded the LME, Fig. IA) served to confirm that the majority 

of pulvinocortical terminals were distributed above layer V (Fig. 2B). The laminar 

distribution and morphology of terminals was similar in II and T2. However, terminals 

in II tended to be more densely distributed in layer IV than in more superficial layers 

(Fig. 3A), whereas pulvinocortical terminals in T2 tended to be more evenly distributed 

through layers IV-I (Fig. 3B), forming discrete columns of terminals. This slight 

difference in the laminar distribution of pulvinocortical terminals was accentuated in the 

most rostral regions of the T2, where the cortex is thicker than that of the II projection 

zone. 

In both the T 1 and T2, the pulvinocortical axons gave rise to boutons which were 

distributed along the axon in a "beads on a string" pattern (Fig. 2B). The axons were 

generally oriented perpendicular to the cortical surface, and single axons could be 

followed from layer IV to layer I. We examined the synaptic targets of a total of 387 
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labeled pulvinocortical terminals within the 2 projection zones of 4 tree shrews. All 

blocks analyzed at the ultrastructural level contained terminals in lamina I-IV. The 

labeled terminals made a total of 442 synaptic contacts (226 synapses in Tl and 216 

synapses in T2). Examples of synaptic contacts in the 2 projection zones are illustrated in 

Figure 7. Similar synaptic contacts were observed in all cases. 

The size of pulvinocortical terminals was similar in Tl and T2 (shortest width 

0.62 ± 0.15 /-lm in Tl and 0.68 ± 0.16 /-lm in T2). In both areas we found that 

pulvinocortical terminals form asymmetric contacts with spines and small dendrites 

(shortest width 0.40 ± 0.13 /-lm in Tl and 0.44 ± 0.12 /-lm in T2). Most pulvinocortical 

terminals formed single synapses (53.54% in Tl and 48.68% in T2; Fig. 7D,F), whereas 

other contacts could be classified as perforated (32.82% in Tl and 37.03% in T2; Fig. 7A, 

B, E, and H). Pulvinocortical terminals were also observed to form multiple synapses 

(13.64% in Tl and 14.29% in T2; Fig. 7C,G). 

Each examined section was also stained for GABA usmg post embedding 

immunocytochemical techniques to determine whether pulvinocortical terminals contact 

GABAergic or non-GABAergic cells. With the assumption that pulvinocortical terminals 

are non-GABAergic, the gold particle density overlying the labeled terminals was used as 

a measure of background staining, which is fixation dependent and varies from case to 

case (Tl animal 1 mean density = 14.06 ± 11.59 gold particles//-lm2
, n = 103; Tl 

animal 2 mean density = 4.44 ± 4.38 gold particles//-lm2
, n = 95; T2 animal 1 mean 

density = 10.69 ± 7.98 gold particles//-lm2
, n = 100; T2 animal 3 mean density = 14.34 

± 10.44 gold particles//-lm2
, n = 89). Using this criteria, all postsynaptic targets of 

pulvinocortical terminals were found to be non-GABAergic (Tl animal 1 mean density = 
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8.79 ± 9.02, n = 119; T1 animal 2 mean density = 5.64 ± 7.49, n = 107; T2 animal 1 

mean density = 5.02 ± 6.08, n = 119; T2 animal 3 mean density = 8.44 ± 7.12, n = 

97). 

Laminar Origin and Reciprocity of Corticopulvinar Connections 

Injections of FG that were confined to the Pd and/or Pc (and did not involve the 

LME) labeled cells exclusively in layer VI of the temporal cortex (Figs 6A, B, and 9A). 

Small injections labeled 2 clusters of cells in Tl and T2 (Fig. 8), whereas larger 

injections labeled a continuous band of cells in the temporal cortex (Fig. 9D,E). 

Injections of FG that included, but were not confined to the pulvinar nucleus, 

labeled cells in both layers V and VI of the cortex. These results suggest that all 

corticothalamic projections to the Pd and Pc originate from layer VI of the temporal 

cortex, whereas projections to adjacent nuclei (ventral pulvinar and lateral intermediate 

nucleus) may originate from cells in both layers V and VI (although the involvement of 

the LME complicates interpretation). 

To test whether corticopulvinar and pulvinocortical connections are reciprocal, we 

injected both BDA and FG from the same pipette into a single site in the pulvinar nucleus 

(Fig. 9C). This resulted in closely overlapping distributions of cells and terminals in the 

temporal cortex (Fig. 9A,D,E). Similarly, when we injected both BDA and CTB from the 

same pipette into the temporal cortex (Fig. 9F), we found that pulvinocortical cells and 

corticopulvinar terminals overlapped extensively within the pulvinar nucleus (Fig. 

9B,G,H). 

Morphology and Synaptic Targets of Corticopulvinar Terminals 
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Figure lOA illustrates the morphology of terminals in the Pc labeled by 

anterograde transport from an injection in T2. The labeled axons were of small caliber 

and gave rise to small diffusely distributed boutons that emanate from short stalks. For 

comparison, Figure lOB illustrates the morphology ofaxons in the pretectum (PT) 

labeled from the same injection site. These corticopretectal axons (which are shown at the 

same magnification as the corticopulvinar axons in Fig. lOA), are thicker and give rise to 

larger boutons. All terminals in the Pd and Pc labeled following BDA injections in either 

T1 or T2 exhibited a morphology that was similar to that illustrated in Figure lOA. 

We examined the synaptic targets of a total of 417 labeled corticothalamic 

terminals in the pulvinar nucleus of 3 tree shrews. Each labeled terminal made a single 

synaptic contact in the sections examined. Examples of synaptic contacts are illustrated in 

Figure 11. 

In both Pd and Pc, we found that terminals labeled from the temporal cortex were 

small profiles that contained round vesicles (RS profiles; mean terminal width in Pd = 

0.46 ± 0.1 0 ~m; mean terminal width in Pc = 0.48 ± 0.13 ~m) that contacted relatively 

small caliber dendrites (shortest widths of postsynaptic dendrites: 0.73 ± 0.29 ~m in Pd 

and 0.79 ± 0.33 ~m in Pc) with thick postsynaptic densities. There was no significant 

difference in the sizes of corticopulvinar terminals or their postsynaptic dendrites in the 

Pd and Pc (Student's t-test). However, the sizes of corticopulvinar terminals and their 

postsynaptic dendrites were both found to be significantly smaller (Student's t-test, P < 

0.001) than our previous measurements (Chomsung et al. 2008) of tectopulvinar 

terminals (Pd, 0.62 ± 0.22; Pc 0.62 ± 0.21) and their postsynaptic dendrites (Pd, 1.07 ± 

0.67, Pc, 0.97 ± 0.46). 
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Each examined section was also stained for GABA usmg postembedding 

immunocytochemical techniques to determine whether pulvinocortical terminals contact 

GABAergic intemeurons or non-GABAergic projection cells. With the assumption that 

corticopulvinar terminals are non-GABAergic, the gold particle density overlying the 

labeled terminals was used as a measure of background staining, which is fixation 

dependent and varies from case to case (Pd animal 1 mean density = 2.58 ± 2.92 gold 

particleS/11m2, n = 100; Pc animal 2 mean density = 4.36 ± 5.26 gold particleS/11m2, n = 

102; Pc animal 2 mean density = 7.67 ± 6.0 gold particleS/11m2, n = 101; Pc animal 3 

mean density = 6.68 ± 7.75 gold particleS/11m2, n = 114). Using this criterion, we found 

that the majority of dendrites postsynaptic to labeled terminals were non-GABAergic (Pd 

animal 1 mean density = 2.02 ± 2.22 gold particleS/11m2, n = 89; Pc animal 2 mean 

density = 3.23 ± 2.55 gold particleS/11m2, n = 90; Pc animal 2 mean density = 3.33 ± 

2.96 gold particleS/11m2, n = 93; Pc animal 3 mean density = 3.41 ± 4.19 gold 

particleS/11m2, n = 108). 

The gold density overlying the remammg profiles was significantly higher 

(Student's t-test P < 0.001 in each case) than that overlying the labeled corticopulvinar 

terminals (Pd animal I mean density = 22.03 ± 12.26 gold particleS/11m2, n = 11; Pc 

animal 2 mean density = 36.97 ± 16.43 gold particleS/11m2, n = 12; Pc animal 2 mean 

density = 34.10 ± 12.84 gold particleS/11m2, n = 8; Pc animal 3 mean density = 37.82 ± 

19.20 gold particleS/11m2, n = 6). Overall, 11 of 100 or 11% of the postsynaptic profiles 

in the Pd, and 26 of 317 or 8.2% of the postsynaptic profiles in Pc were GABAergic. Of 
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these GABAergic postsynaptic profiles, 63.6% (7/11) in Pd and 65.4% or (17/26) in Pc 

contained vesicles (e.g., Fig. lIA). 

Discussion 

Figure 12 summarizes the main findings of this study of 859 pulvinocortical and 

corticopulvinar synapses, and of our previous study of 539 tectopulvinar synapses 

(Chomsung et al. 2008). We found that the Pd and Pc are reciprocally and 

topographically connected with 2 regions of the temporal cortex. Projections from the Pd 

and Pc contact non-GABAergic spines in layers I-IV of the temporal cortex, and 

projections from cells in layer VI of the temporal cortex primarily contact small caliber 

non-GABAergic dendrites in the Pd and Pc. Compared with tectopulvinar terminals, 

corticopulvinar terminals are smaller and contact smaller caliber dendrites in the Pd and 

Pc. The difference in the size of the dendrites postsynaptic to these 2 terminal types 

suggests that corticopulvinar terminals are located distal to tectopulvinar terminals on the 

dendritic arbors of pulvinar projection cells. In the discussion that follows we will relate 

these results to previous studies of the tree shrew and other species, and consider how the 

classification of thalamic nuclei into first and higher order applies to the organization of 

the tectorecipient pulvinar nucleus. Reciprocal Topographic Pulvinocortical Connections 

Define 2 Temporal Areas 

Our results indicate that the tectorecipient pulvinar nucleus is reciprocally 

connected with the temporal cortex: layer VI cells in the temporal cortex project to the Pd 

and Pc, and the Pd and Pc project to layers I-IV of the temporal cortex. Our results also 

indicate that the projections from the Pd and Pc to the temporal cortex are topographic. 

Small injections in the pulvinar resulted in discrete patches of labeled terminals in the 
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temporal cortex, and small injections in the temporal cortex labeled discrete groups of 

cells in the pulvinar nucleus. Both sets of experiments indicate that the caudal pulvinar 

nucleus is connected with more rostral regions of the temporal cortex, whereas the rostral 

pulvinar connects to more caudal regions of the temporal cortex. These results 

corroborate the findings of Luppino et al. (1988), who described the distribution of 

pulvinar cells labeled by retrograde transport following injections in dorsal (Td) and 

ventral (Tv) subdivisions of the tree shrew temporal cortex, as well as Diamond et al. 

(1970) and Harting et al. (1973) who described the distribution of degenerating 

thalamocortical cells and terminals following cortical or thalamic lesions respectively. 

However, although the current and past retrograde tracing studies, and previous 

anterograde and retrograde degeneration studies suggest that the rostral/dorsal temporal 

cortex receives input primarily from the Pc, and the posterior/ventral temporal cortex 

receives input primarily from the Pd, our anterograde tracing studies indicate that the Pc 

and Pd send dual topographic projections to both areas. We previously found that the Pd 

receives input from the medial SC (which responds to upper visual field stimuli), whereas 

the Pc receives input from the lateral SC (which responds to lower visual field stimuli). 

Thus, we conclude that the Pd and Pc together may respond to the entire visual field (in 

agreement with Lyon et al. 2003b). With this in mind, our anterograde tracing results 

suggest that the entire visual field is represented in 2 separate areas of the temporal cortex 

(summarized in Fig. 12A). This corroborates the original division of the temporal cortex 

into Td and Tp based on the pattern of corticocortical cells and terminals labeled 

following tracer injections in VI (Sesma et al. 1984). The finding that single injections in 
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VI labeled patches of cells and tenninals in 2 distinct areas supported the view that each 

area contained a complete map of the visual field. 

More recently, the temporal cortex of the tree shrew has been subdivided into 

multiple smaller areas based on architectonics (Wong and Kaas 2009). Comparison of the 

cortical areas defined by pulvinar projection patterns to those defined by cytoarchitectural 

features indicates that the Pd and Pc project most densely to the posterior and inferior 

temporal cortex, with some extension into the dorsal temporal and parietal cortex. Thus, 

although our results support the view that projections from the Pd and Pc define 2 

topographically organized cortical areas, further studies of these projections in relation to 

cytoarchitecture, corticocortical projection patterns, and/or physiological response 

properties may reveal that the cortical targets of the Pd and Pc constitute multiple 

functional subdivisions. A particularly important question for future studies is whether 

activity patterns of Pd and Pc pulvinocortical cells differ as a result of the diffuse tecta I 

projection that tenninates only in Pd, and whether diffuse tectopulvinar tenninals in the 

Pd differentially contact cells that project to the temporal cortex, striatum or amygdala. 

Finally, single cells in the tree shrew pulvinar nucleus might branch to innervate 

the 2 cortical targets (as suggested in Fig. 12B), although our results do not rule out the 

possibility that these projections arise from different cell types located adjacent to one 

another. Evidence for collateral projections was provided by Diamond and Hall (1969) 

who noted that large lesions of the tree shrew temporal cortex produced widespread 

degeneration of pulvinar neurons, but little discernable degeneration was observed 

following small lesions in the temporal cortex. Harting et al (1973) subsequently 

searched for the presence of sustaining collateral pulvinocortical projections in a large 
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series of experiments with precisely placed pulvinar lesions. However, a single focus of 

degenerating pulvinocortical terminals was always observed in the temporal cortex. The 

difference in our results may be due to the more sensitive anterograde tracing techniques 

that are now available. In fact, studies in other species indicate that branching pulvinar 

axons may be quite common. For example, Rockland et al. (1999) examined the 

morphology and distribution of cortical projections originating in the primate lateral 

pulvinar. Reconstructions of individual labeled axons revealed widespread terminations 

in multiple layers, often with several foci. In addition, cells in the pulvinar nucleus or its 

homologs have been shown to be double-labeled from dual tracer injections placed in 

distinct cortical areas (Kaufman et al. 1984; Cusick et al. 1985; Tong and Spear 1986; 

Miceli et al. 1991). 

Pulvinocortical Terminals Contact Spines 

This study is the first to examine the ultrastructure of pulvinocortical terminals in 

any species. We found that terminals in the temporal cortex labeled via tracer injections 

in the Pd or Pc formed asymmetrical synapses on the spines of non-GABAergic neurons. 

These contacts are similar to those observed for geniculostriate terminals of the cat, 

ferret, and monkey (Einstein et at. 1987; Ding and Casagrande 1998; Latawiec et al. 

2000; Erisir and Dreusicke 2005; Nahmani and Erisir 2005; Anderson et al. 2009). 

However, most geniculostriate axons form restricted arbors (in the tree shrew, axons 

originating from laminae 1,2,4, and 5 of the dLGN terminate in layer IVa or IVb of the 

striate cortex), overlapping the horizontally oriented dendritic fields of spiny stellate cells 

(Raczkowski and Fitzpatrick 1990; Muly and Fitzpatrick 1992). In the cat, spiny stellate 

cells were found to be prominent in layer IV of the striate cortex, but were not found in 
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the temporal (auditory) cortex (Smith and Populin 2001). It is not yet known whether the 

temporal cortex of the tree shrew contains spiny stellate cells but, in any case, the more 

widespread distribution of pulvinocortical axons, oriented perpendicular to the cortical 

surface from layer IV through layer I, suggests that spines on the apical dendrites of 

pyramidal cells might be a more likely target of pulvinocortical terminals. 

Pulvinocortical projections could terminate on spines on the apical dendrites of 

layer V projection cells. In this case, projections from the pulvinar nucleus to the 

temporal cortex might activate subcortical visuomotor circuits via contacts on 

corticotectal cells, corticopretectal cells and/or cortico-striatal cells. Pulvinocortical 

terminals might also contact spines on the apical dendrites of corticocortical pyramidal 

cells. Extensive projections from the temporal cortex to the striate cortex have been 

identified in the tree shrew (Sesma et al. 1984; Lyon et al. 2003b), so it is possible that 

pulvinocortical projections to the temporal cortex could additionally contribute to the 

contextual modulation of striate activity patterns by regulating the activity of 

corticocortical cells. In either case, the density of projections from the Pd and Pc to the 

temporal cortex suggests that tectopulvinar pathways can significantly impact cortical 

activity patterns. 

Synaptic Organization of the Pd and Pc: ~~Second Order" Nuclei 

The dLGN is considered a "first order" thalamic nucleus because the activity of 

geniculocortical neurons is driven by large retinal terminals that innervate proximal 

dendrites, and modulated by small cortical terminals that innervate distal dendrites (Jones 

and Powell 1969; Cleland et al. 1971; Hajdu et al. 1982; Hamos et al. 1987; Vidnyanszky 

and Hamori 1994; Sherman and Guillery 1996, 1998; Sillito et al. 2006). The inputs from 
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cortical layer V to the dorsal thalamus are similar to retinogeniculate terminals. They are 

large terminals that participate in complex synaptic arrangements known as glomeruli, 

and contact proximal dendrites (Vidnyanszky et al. 1996; Eri~ir et al. 1997; Feig and 

Harting 1998; Li et al. 2003; Baldauf et al. 2005). Similarities in the excitatory 

postsynaptic potentials (EPSPs) elicited by stimulation of layer V corticothalamic 

terminals or retinogeniculate terminals in vitro have also been noted (Turner and Salt 

1998; Chen et al. 2002; Li et al. 2003; Reichova and Sherman 2004). Thus, it has been 

suggested that layer V corticothalamic inputs drive thalamic responses in a manner 

similar to retinogeniculate inputs, and regions of the dorsal thalamus that receive input 

from cortical layer V are considered "higher order" nuclei because they may transfer 

layer V cortical information to other cortical areas (Guillery and Sherman 2002). 

We found that the tectorecipient pulvinar nucleus cannot be classified as a higher 

order nucleus because we found that its cortical input arises exclusively from layer VI 

(confirming a previous report by Kawamura and Diamond 1978), and that corticopulvinar 

terminals in the Pd and Pc are all small terminals that primarily contact small caliber non

GABAergic dendrites. Furthermore, the Pd and Pc form reciprocal connections with the 

temporal cortex, whereas higher order nuclei form nonreciprocal connections (Van Hom 

and Sherman 2004; Llano and Sherman 2008). 

On the other hand, several features of the tectorecipient pulvinar nucleus are 

different from those of first order nuclei. First the tectorecipient pulvinar does not contain 

the large glomerular terminals that are characteristic of the primary or driving inputs of 

first order nuclei (such as the retinal input to the dLGN; Hajdu et al. 1982). Although 

tectal terminals innervate proximal dendrites, they are smaller than retinogeniculate 
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terminals and do not form glomeruli. Instead they form tubular clusters that surround 

central dendrites (Robson and Hall 1977; Kelly et al. 2003; Chomsung et al. 2008; 

Masterson et al. 2009a), and preliminary studies have revealed that the characteristics of 

tectal EPSPs elicited in vitro are different from those of either corticothalamic EPSPs, or 

retinogeniculate EPSPs (Masterson et al.2009b). Furthermore, the laminar distribution of 

pulvinocortical terminals originating from the Pd and Pc is different from that of 

geniculostriate terminals (Harting et al. 1973). 

We therefore conclude that a third category IS necessary to describe the 

organization of the tectorecipient pulvinar nucleus of the tree shrew. Traditionally, the 

retino-tecto-thalamocortical pathways have been considered secondary visual pathways 

that relay ascending sensory signals in parallel with the primary retino-geniculocortical 

pathways (Diamond and Hall 1969; Schneider 1969). Our anatomical results support the 

idea that the Pd and Pc are "second order" nuclei (Masterson et al. 2009a) that relay 

visual information from the SC to the temporal cortex, and that the activity of the Pd and 

Pc is modulated by the temporal cortex directly via layer VI corticothalamic projections, 

as well as indirectly via layer V corticotectal projections (Fig. 12B). 

Relation to Primate Pulvinocortical Connections 

The main tectorecipient zone of the primate pulvinar nucleus is the inferior 

subdivision. In the pro simian primate Galago senegalensis (lesser bushbaby), tectal 

terminals fill most of the inferior division of the pulvinar nucleus (Glendenning et al. 

1975). In the new and old world simian primates, Saimiri sciureus (squirrel monkey), 

Callithrix jacchus (marmoset), and Macaca mulatta (macaque or rhesus monkey), tectal 
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terminals are confined primarily to the posterior and central medial subdivisions of the 

inferior pulvinar (PIp and PIcm; Stepneiwska et al. 2000). 

In simian primates, retrograde tracing experiments have shown that the 

tectorecipient subdivisions PIp and PIcm primarily project to cortical areas surrounding 

the middle temporal area (MT), which can be identified by dense myelin staining (Cusick 

et al. 1993; Stepniewska et al. 1999,2000; Kaas and Lyon 2007). Furthermore, pulvinar 

neurons which can be orthodromically activated from the SC are intermingled with cells 

that can be antidromically activated from area MT (Berman and Wurtz 2008). Based on 

its extensive connections with VI, it has been suggested that the tree shrew area Td is a 

possible homolog of the primate area MT (Sesma et al. 1984; Lyon et al. 1998). 

However, the myelin pattern used to identify area MT in primates is much less apparent 

in tree shrews (Wong and Kaas 2009). 

Anterograde tracing studies of the cortical projections of the tectorecipient 

pulvinar of simian primates have not yet been carried out. However, anterograde 

degeneration studies of the Galago indicate that the projections from the tectorecipient 

subdivision of the pulvinar nucleus are very similar to those that we have identified in the 

current study. Lesions confined to the inferior pulvinar nucleus resulted in the 

degeneration of terminals in the temporal cortex, and many of the lesions resulted in 2 

patches of degeneration, with one patch overlapping area MT, and another in the ventral 

temporal cortex (Glendenning et al. 1975). Although it was concluded that MT is the 

primary target of the Galago tectorecipient pulvinar, the pattern of pulvinocortical 

projections is strikingly similar to our observations in the tree shrew. 

37 



Behavioral studies of Galago indicate that lesions of area MT impair the ability of 

animals to locate an object in space (Wilson et al. 1979), whereas lesions of the ventral 

temporal cortex impair the ability of animals to learn visual discrimination tasks 

(Diamond and Hall 1969; Killackey et al. 1971; Atencio et al. 1975). A role for 

pulvinocortical pathways in pattern discrimination was further demonstrated by the 

finding that lesions of the inferior (but not the lateral or medial) pulvinar nucleus of 

macaque monkeys impaired visual pattern discrimination learning (Chalupa et al. 1976). 

Behavioral studies of tree shrews further indicate that tecto-pulvino-cortical pathways 

playa major role in pattern discrimination because this ability is impaired after lesions 

confined to the superficial layers of the SC (where tectopulvinar cells are located), or 

after lesions of the ventral temporal cortex (Casagrande and Diamond 1974). 

However, despite the many similarities in the organization of tecto-pulvino

cortical pathways of tree shrews and primates, the tree shrew is distinguished from 

primates by the relative lack of visual impairment after ablation of the entire striate 

cortex. Although Galagos and other primates exhibit a profound sensory loss after 

ablation of VI, deficits in tree shrews are only revealed when the animals attempt to 

discriminate very complex images (Diamond and Hall 1969; Killackey et al. 1971; Ware 

et al. 1974; Atencio et al. 1975). It has been proposed that the expanded tectopulvinar 

pathway of the tree shrew underlies this difference. In fact, it has been estimated that the 

tree shrew SGS has a volume that is approximately one-half the size of its striate cortex, 

and 6 times greater than its dLGN. In comparison, the macaque SGS is about one-fifth 

the volume of its dLGN (Norton 1982). 
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Another difference between the tree shrew and primate is that the tectorecipient 

and striate-recipient zones of the pulvinar nucleus are clearly segregated in the tree 

shrew, but show a considerable degree of overlap in primates. In tree shrews, projections 

from the striate cortex to the extrageniculate thalamus are limited to the ventral pulvinar 

nucleus and lateral intermediate nucleus (Huerta et al. 1985; Day-Brown et al. 2007), 

and, as demonstrated in the current study, only the temporal cortex projects to the Pd and 

Pc. In contrast, the tectorecipient zones of the primate pulvinar nucleus receive extensive 

input from both the striate and temporal cortex (Glendenning et al. 1975; Symonds and 

Kaas 1978; Lin and Kaas 1979; Raczkowski and Diamond 1980, 1981; Wall et al. 1982; 

Ungerleider et al. 1983). Furthermore, the majority of the striate cortex input to the 

primate pulvinar nucleus is in the form of large glomerular terminals characteristic of 

higher order nuclei (Ogren and Hendrickson 1979). 

This difference in the organization of the tectorecipient zones of the primate 

pulvinar nucleus and that of other species could account for the conflicting accounts 

regarding the effects of SC input on pulvinar response properties. In the macaque, lesions 

of the SC have little effect on the response properties of neurons in the tectorecipient 

zone of the pulvinar nucleus, whereas lesions of the striate cortex greatly diminished their 

visual responsiveness (Bender 1983). In contrast, lidocaine injections in the SC of the 

rabbit greatly reduce the responsiveness of neurons in the lateral posterior nucleus, and 

this effect is topographic (Casanova and Molotchnikoff 1990). 

An increased dependence on input from the striate cortex may distinguish the 

tectorecipient regions of the primate pulvinar nucleus from that of the tree shrew, and this 

organization may be reflected in the more severe sensory deficits following striate cortex 
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damage. Thus, although studies of the tree shrew suggest that tectopulvinar-cortical 

pathways play a role in pattern vision, it remains unclear whether this is the case in 

primates. The current study provides further evidence that the tree shrew offers a model 

system to investigate the tectopulvinar and striate-pulvinar pathways in relative isolation 

to help clarify their respective roles in vision. 

Conclusions 

The main contribution of this study is the characterization of the synaptic 

organization of pulvinocortical projections. Projections from the tectorecipient zones of 

the pulvinar nucleus are densely distributed in the temporal cortex, forming 2 topographic 

maps. In contrast to the horizontal arrangement of geniculocortical terminals, 

pulvinocortical terminals are arranged in columns; the spines postsynaptic to 

pulvinocortical terminals likely arise from the apical dendrites of pyramidal cells. 

In addition, we have more clearly defined the unique circuitry of the 

tectorecipient zones of the tree shrew pulvinar nucleus. Although other regions of the 

pulvinar nucleus can be categorized as higher order based on their direct innervation by 

cortical layer V, the only direct cortical inputs to the Pd and Pc originate from layer VI 

cells which form small terminals that innervate small caliber dendrites. Furthermore, all 

connections with the temporal cortex appear to be reciprocal. Thus, it does not appear 

that the Pd and Pc receive input from one cortical area and transfer this information to 

other cortical areas (the proposed function of higher order nuclei, Guillery 1995; Guillery 

and Sherman 2002). Instead, we hypothesize that the SC drives the responses of Pd and 

Pc cells, which may subsequently influence behavior by activating subcortical 

visuomotor circuits. 
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Figure 1. 

The micrographs illustrate the biotinylated dextran amine injection sites in the pulvinar 

nucleus that either covered both Pd and Pc subdivisions (A, B) or were confined to either 

the Pd (C-G) or the Pc (l-L). Most injections were confined to the pulvinar nucleus, but 

in some cases invaded the underlying external medullary lamina (LME, panels A and B) 

or PT (panel E, right). Scale bar in A = 500 11m and applies to (A-D), (F), (R), (1), and 

(K). Scale bar in (E) = 1 mm. Scale bar in (G) = 500 11m. Scale bar in (L) = 100 11m 

and applies to (./). 
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Figure 2. 

Micrographs illustrate the laminar distribution of pulvinocortical terminals in the 

temporal cortex. Injections confined to the Pd and/or Pc label terminals that are most 

densely distributed in layer IV, but extend through layer I (A). Injections that involved 

the external medullary lamina labeled terminals in layers I-IV, as well as cells in layers V 

and VI. (B) Shown are pulvinocortical terminals overlapping the apical dendrites of layer 

V projection cells. 
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Figure 3. 

Micrographs illustrate the distribution of pulvinocortical tenninals in 2 cortical areas of 

the temporal cortex resulting from a single injection of biotinylated dextran amine in the 

pulvinar nucleus. (A and B) Illustrate patches of tenninals labeled in area T1 and T2, 

respectively (locations of these areas are shown in Fig. 5). The approximate laminar 

boundaries are indicated. Scale= 1 00 !-lm. 
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Figure 4. 

Iontophoretic injections of biotinylated dextran amine in the pulvinar nucleus label 2 foci 

of terminals in the temporal cortex. Injection sites in the caudal Pc (A) and rostral Pd (D) 

are shown in black, and the resulting dual terminal distributions (Tl and T2) are shown in 

gray (B, C, E, F). 
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Figure 5. 

Single injections of biotinylated dextran amine in the pulvinar nucleus label 2 terminal 

foci in the temporal cortex (II and T2). Three-dimensional reconstructions (lateral views) 

illustrate the location of injections in the Pc (A) and Pd (B) and the resulting distribution 

of pulvinocortical terminals (C). Each color indicates a single injection site in the 

pulvinar nucleus and the resulting 2 foci of pulvinocortical terminals. C, caudal, D, dorsal, 

R, rostral, V, ventral, VlIVl, primary and secondary visual cortex. Scale for (A) and (B) 

= 0.5 mm, scale for (C) = 1 mm. 
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Figure 6. 

Corticopulvinar and pulvinocortical projections are topographically organized. A 

fluorogold injection that included both the Pd and Pc (A) labeled cells in layer VI of 

restricted regions of the temporal cortex (B). A fluorogold injection in the posterior 

temporal cortex (Tl, C) labeled cells in the dorsal/rostral Pc (D), whereas a fluorogold 

injection in the more rostral/dorsal temporal cortex (T2, E) labeled cells in the 

caudal/ventral Pc (F). Scale bar in (B) = 500 !lm and applies to (A), scale bar in (E) = 1 

mm and applies to (C). Scale bar in F = 250 urn and applies to D. LGN, lateral geniculate 

nucleus, LME, external medullary lamina., OT, optic tract, PUL, pulvinar nucleus, VI, 

striate cortex, V2, secondary visual cortex. 
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Figure 7. 

Most pulvinocortical terminals contact (white arrows) non-GABAergic (low density of 

overlying gold particles) spines (identified by size and occasionally the presence of a 

spine apparatus, black arrows) with asymmetric synapses. The ultrastructure of 

pulvinocortical terminals in the T2 (A, B, and C) and Tl (D-H) is illustrated. Single (D, 

F) and perforated (A, B, E, H) synapses were identified, and some terminals contacted 

multiple profiles (C, G). Scale bar = 0.5 Jlm and applies to all panels. 
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Figure 8. 

Corticopulvinar cells (black dots) are labeled in layer VI of 2 zones T2 (A) and T1 (B) 

following single injections of fluorogold in the pulvinar nucleus (C), shown in black). 

Scale bar = I mm. 
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Figure 9. 

The pulvinar nucleus and temporal cortex are reciprocally connected. (A) The confocal 

image of the temporal cortex illustrates the overlapping distributions of pulvinocortical 

terminals (purple, in layer IV) and corticopulvinar cells (green, in layer VI) labeled by a 

dual injection of biotinylated dextran amine and fluorogold in the tectorecipient pulvinar 

nucleus (PUL, yellow; injection site is depicted in orange in panel (C), also illustrated in 

Figure IE, left pulvinar). (B) The confocal image of the pulvinar nucleus illustrates the 

overlapping distributions of pulvinocortical cells (green) and corticopulvinar terminals 

(purple) labeled by a dual injection of biotinylated dextran amine and CTB in the 

temporal cortex (injection site depicted in orange in panel F). Three-dimensional 

reconstructions of the case illustrated in panel (A) show the overlapping distributions of 

corticopulvinar cells (D, green) and pulvinocortical terminals (E, purple) which formed a 

band within II and T2. Tectopulvinar cells labeled from the same pulvinar injections site 

are distributed in a band that is restricted in the medio-Iateral dimension (C, green). 

Three-dimensional reconstructions of the case illustrated in panel (B) show the 

distributions of pulvinocortical cells (G, green) and corticopulvinar terminals (H, purple) 

which overlapped within a restricted region of the pulvinar nucleus. C, caudal, D, dorsal, 

R, rostral, V, ventral, Vl/Vl, primary and secondary visual cortex. Scale bars in (A) and 

(B) = 10 /-lm. Scale in (G) = 1 mm and applies to (C) and (H). Scale in (F) = 1 mm and 

applies to (D) and (E). 
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Figure 10. 

The micrographs illustrate the morphology ofaxons and terminals labeled by an injection 

ofBDA in the temporal cortex. In the pulvinar nucleus (A), the labeled axons are of fine 

caliber and give rise to small boutons. In the PT (B), axons labeled from the same cortical 

injection site are thicker and give rise to larger boutons. Scale bar = 30 11m and applies to 

both panels. 
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Figure 11. 

Examples of the corticothalamic terminals in Pc labeled by the anterograde transport of 

BDA from T2. All terminals are small profiles and primarily contact (white arrows) 

GAB A-negative (low density of the gold particles) profiles (B-G). A few contacts are 

made with GABA-positive (high density of the gold particles) profiles that contain 

synaptic vesicles (A). Scale bar=O.5 !lm. 
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Figure 12. 

A summary of the results of the current study and those of our previous study of 

tectopulvinar projections (Chomsung et al. 2008). (A) A schematic depiction of the visual 

field representations (U, upper visual field, L, lower visual field, dashed line, horizontal 

meridian) within the pulvinar nucleus and temporal cortex estimated from the location of 

tectopulvinar cells and pulvinocortical terminals labeled following small injections of 

BDA in the pulvinar nucleus. (B) The Pd and Pc are reciprocally connected to 2 regions 

of the temporal cortex (Tl and T2). The Pd and Pc project to layers I-IV of Tl and T2 

where they contact spines. In the Pd and Pc, projection cells receive input from the SC on 

proximal dendrites, and input from layer VI temporal cortex cells on distal dendrites. 

Because the SC receives input from the retina as well as layer V cells in the striate and 

temporal cortex, the Pd and Pc can be categorized as "second order" nuclei to indicate 

their unique position in integrating ascending input from the periphery with descending 

input from the cortex. VI, striate cortex, V2, secondary visual cortex. 
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CHAPTER III 

THALAMIC BURST FIRING PROPENSITY: A COMPARISON OF THE 
DORSAL LATERAL GENICULATE AND PULVINAR NUCLEI IN THE TREE 

SHREW 

Outline 

Neurons in all dorsal thalamic nuclei can fire with high frequency bursts of action 

potentials that ride the crest of voltage-dependent transient (T -type) calcium currents 

(low threshold spike; LTS). To explore potential nucleus-specific burst features, we 

compared the membrane properties of dorsal lateral geniculate nucleus (dLGN) and 

pulvinar nucleus (PUL) neurons using in vitro whole cell recording in juvenile and adult 

tree shrew (Tupaia) tissue. We injected current ramps of variable slope into neurons that 

were sufficiently hyperpolarized to de-inactivate T -type calcium channels. In a small 

percentage of juvenile PUL and dLGN neurons, an L TS could not be evoked. In the 

remaining juvenile neurons, and in all adult dLGN neurons, a single L TS could be 

evoked by current ramps. However, in the adult PUL, current ramps evoked multiple 

LTSs in over 70% of recorded neurons. Using immunohistochemistry, western blot 

techniques, unbiased stereology, confocal and electron microscopy, we found that the 

PUL contains a higher glia:neuron ratio than the dLGN, and PUL neurons express 

significantly more T-type calcium channels (Cav 3.2) than dLGN neurons. Neuron 

modeling revealed that the distinct firing modes could be replicated by manipulating T 

channel density, distribution, and kinetics. These results suggest that the membrane 

65 



properties of PUL neurons promote burst firing, potentially increasing the synaptic 

impact of pulvinar projections and/or synchronizing the activity of the multiple targets of 

the pulvinar nucleus. 

Introduction 

Most dorsal thalamic neurons have been found to fire in at least two different 

modes: single action potentials (tonic mode), or high frequency bursts of action potentials 

(burst mode) that ride the crest of voltage-dependent transient (T -type) calcium currents 

(low threshold spike; L TS) (Llinas and Steriade, 2006). In vivo recordings have 

demonstrated that rhythmic burst firing in the thalamus is most common during sleep, 

while tonic firing is more common when animals are alert and attentive (Glenn and 

Steriade, 1982). Thus, proposed functions of thalamic burst firing include disruption of 

the propagation of sensory signals during sleep and/or consolidation of memory traces 

acquired during the waking state (Llinas and Steriade, 2006). Burst firing can also occur 

when animals are awake (Guido and Weyand, 1995; Bezdudnaya et aI., 2006; Wang et 

aI., 2007), and analysis of activity patterns in the dorsal lateral geniculate nucleus 

(dLGN) suggest that burst firing can provide a nonlinear amplification of sensory signals 

(Guido et aI., 1995). Burst firing has also been shown to activate cortical neurons more 

efficiently than tonic firing, potentially providing a further amplification of the 

thalamocortical relay of sensory signals (Swadlow and Gusev, 2001; Boudreau and 

Ferster, 2005; Hull et aI., 2009). Thus, it has been proposed that burst firing may 

additionally serve as a cortical "wake up call" for the detection of novel, previously 

unattended stimuli (Guido and Weyand, 1995). 

66 



Burst firing may also serve nucleus-specific functions. In vitro studies have 

revealed that the kinetics of L TSs in the thalamic reticular nucleus and centro lateral 

nucleus are distinct from those of most other dorsal thalamic nuclei (Huguenard and 

Prince, 1992; Steriade et aI., 1993), and in vivo recordings have found significant 

variations across dorsal thalamic nuclei in the percentage of spikes fired as a part of a 

burst. In anesthetized guinea pigs burst firing was found to be much more common in the 

nonleminiscal versus the leminiscal medial geniculate nucleus (He and Hu, 2002) and in 

awake primates (Ramcharan et aI., 2005) burst firing was found to be much more 

common in the mediodorsal nucleus and pulvinar nucleus (PUL) when compared the 

dLGN. 

Identification of the mechanisms underlying nucleus-specific burst firing 

propensity is important not only for understanding the functions of the burst firing mode, 

but also for developing treatments for conditions that involve aberrant burst firing 

(Huguenard and McCormick, 1992; Graef et aI., 2009; Uhlhaas and Singer, 2010). To 

begin to address this, we compared the firing properties of neurons in the dLGN and PUL 

of the tree shrew (Tupaia belangeri), a species in which the functional organization of the 

visual system is similar to that found in primates. By using in vitro electrophysiology, 

immunocytochemistry, western blot techniques, confocal and electron microscopy; 

stereology, and neuron modeling, our results suggest that, relative to the dLGN, PUL 

neurons display an increased propensity to fire in bursts because they express a greater 

density ofT-type calcium channels. 

Methods 
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A total of23 tree shrews (Tupaia belangeri); 14 adults (more than 3 months old) 

and 9 juveniles (3 weeks old), were used for these experiments. All procedures were 

approved by the Institutional Animal Care and Use Committee of the University of 

Louisville. 

Slice preparation 

Thalamic slices (400l-lm) were prepared from 7 juvenile and 5 adult male and 

female tree shrews (Li et aI., 2003). Briefly, the animals were deeply anesthetized with 

carbon dioxide and decapitated, the brain was excised and a block of tissue containing the 

thalamus was removed and placed in a ice-cold oxygenated solution of modified artificial 

cerebrospinal fluid (ACSF) containing (in ruM) 206 sucrose, 2.5 KCl, 1 CaCh, 1 MgS04, 

1 MgCh, 1.25 NaH2P04, 26 NaHC03, 10 glucose at a pH of 7.4 and equilibrated with 

95% 0 2/5% C02. Parasagittal slices were cut on a vibratome (Leica, VT 1000E, 

Deerfield, IL) at a thickness of 400l-lm and transferred into a holding chamber with ACSF 

containing (in ruM) 124 NaCI, 2.5 KCl, 2 CaCh, 1 MgS04, 1.25 NaH2P04, 26 NaHC03, 

10 glucose at a pH of 7.4 and equilibrated with 95% 0 2/5% CO2, where they incubated 

for at least 2 hours before recording. 

Electrophysiology 

Whole cell recordings were obtained from the dLGN and PUL. All recordings 

were carried out in the recording chamber maintained at 33°C with ACSF (with 10 I-lM 

bicuculline and 2.5 I-lM CGP55845 added; Tocris; Ellisville, MO) continually superfused 

at a rate of 2.0 mllmin. Pipettes were pulled from borosilicate glass (Sutter Instrument, 

Novato, CA) and had a tip resistance of 4-6 Mn when filled with a solution containing 

(in ruM) 115 K-gluconate, 2 MgCh, 10 HEPES, 10 sodium phosphocreatine, 2 Na2-ATP, 
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20 KC1, 0.3 Na2-GTP with pH adjusted to 7.2 with KOH (osmolarity 290-295 mOsm). 

Biocytin (0.5%) was added to allow morphological reconstruction of the recorded 

neurons. Current-clamp recording were made with an Axoclamp 2B amplifier (Axon 

Instruments, Foster City, CA); the bridge was continually monitored and adjusted as 

needed. Data were digitized and stored on an IBM-compatible computer for off-line 

analyses. Only recordings showing a stable resting membrane potential more negative 

than -50 mV and over shooting action potentials were included in this study (n = 46). For 

a subset of these cells (4), a combination of tetrodotoxin (TTX; 3.1 JlM, Tocris), 

tetraethylammonium chloride (TEA; 20 mM; Sigma Chemical Company, St Louis, MO) 

and 4-aminopyridine (4AP; 6 mM; Sigma) was applied (through the broken tip ofa 

pipette located 2 mm from the recording pipette) after initial categorization of L TS 

responses to examine the properties ofh. 

Histochemistry 

A subset of neurons was filled with 0.5% biocytin by diffusion from the pipette 

during recording. At the end of each recording, slices were fixed at 4 °C overnight in 4% 

paraformaldehyde and rinsed several times in 0.1 M phosphate buffer saline (PB). Slices 

were then incubated in lO% methanol in PB with 3% hydrogen peroxide to react with the 

endogenous peroxidase activity of red blood cells. After several rinses in PB, slices were 

incubated overnight at 4 °C under agitation in a 1 % solution of a complex of avidin and 

biotinylated-horseradish peroxidase (ABC Kit Standard, Vector Laboratories) prepared in 

0.3% Triton X-I 00. The slices were subsequently rinsed, reacted with nickel-intensified 

3,3'-diaminobenzidine (DAB) for 5 min, and washed in PB. After rinses in phosphate 

buffer, slices were mounted onto slides and reconstructed with a Neurolucida system 
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(Micro Bright Field Inc., USA). In some cases, biocytin-filled neurons were revealed by 

incubating slices in a 1: 100 dilution of streptavidin conjugated to Alexa Fluor 546 

(Molecular Probes, Eugene, OR) and confocal images of the cell was obtained using an 

Olympus Fluoview laser scanning microscope (BX61 WI). 

Western blot analysis 

Six frozen tree shrew brains (3 juvenile and 3 adults) were cut into 250 /lm 

sections using a cryostat (Leica), and mounted on slides. The dLGN and PUL were 

separately dissected from the sections and homogenized in ice cold RIPA buffer (50 mM 

Tris-HCI, 150 mM NaCI, 1 % Igepal, 0.5% sodium deoxycholate, 0.1 % SDS, pH 8.0, 

Sigma) with a cocktail of protease and phosphatase inhibitors (1: 100 FabGennix, Frisco, 

TX, USA). Tissue was centrifuged at 4 DC under 14,000 r.p.m. for 30 min. The 

supernatant was collected and the protein concentration was estimated using a BCA kit 

(Pierce Biotechnology Inc., Rockford, IL, USA). Equal amounts (15 /lg) of protein were 

separated by SDS-PAGE on 10% gels (Bio-Rad) and transferred to PVDF membranes 

(Milipore, Billerica, MA, USA). Membranes were blocked with 5% dry milk dissolved in 

Tris buffered saline pH 8.0 (TBS) plus 0.1 % tween-20 (TBST), and incubated at 4 DC 

overnight with either a mouse anti-Cay 3.2 antibody (1: 1 000, NeuroMab, UC Davis) or 

mouse anti- p-actin (1: 10,000; Sigma) in 5% bovine serum albumin (BSA) dissolved in 

TBST. Antibody binding was detected with an anti-mouse antibody conjugated to 

horseradish peroxidase (1: 10,000, Chemicon International) and enhanced 

chemiluminescence (ECL) Western blotting detection reagents (Amersham Life Science, 

Buckinghamshire, UK). For quantitative analysis, the density ofthe labeled bands was 
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measured with a computerized image analysis system (Alpha Innotech) as integrated 

density values, normalized to integrated density values of bands labeled for ~-actin. 

Immunohistochemistry 

Three tree shrews (1 juvenile and 2 adults) were given an overdose of sodium 

pentobarbital (250 mg/kg) and were perfused through the heart with Tyrode solution, 

followed by a fixative solution of 4% paraformaldehyde in 0.1 M PB. The brain was 

removed from the skull, sectioned into 50-/.lm-thick slices using a vibratome (Leica 

VT100E, Leica Microsystems, Bannockburn, IL) and collected in a solution of 0.1 M PB. 

The sections were incubated at 4 °C overnight with mouse monoclonal anti-Cay 3.2 

antibody (1:200, NeuroMab, UC Davis), and the following day the sections were rinsed 

in PB and incubated for 1 hour in an anti-mouse antibody conjugated to Alexafluor-488 

(1: 100, Invitrogen/Molecular Probes, Carlsbad, CA) and the fluorescent DNA marker 

4',6-diamidino-2-phenylindole (DAPI). The sections were subsequently rinsed in PB and 

mounted on slides for confocal microscopic examination. 

Stereology 

Three tree shrews (1 juvenile and 2 adult) brains were fixed and sectioned into 50-

/.lm-thick slices using a vibratome (Leica VTl OOE, Leica Microsystems, Bannockburn, 

IL). The sections were incubated at 4 °C overnight with mouse monoclonal anti-NeuN 

antibody (1 :200, Chemicon International), the following day the sections were rinsed in 

PB and incubated for 1 hour in an anti-mouse antibody conjugated to Alexafluor-488 

(1: 100, Invitrogen/Molecular Probes, Carlsbad, CA) with the fluorescent DNA marker 

4',6-diamidino-2-phenylindole (DAPI 3/.lM, Invitrogen) for 1 hour. After being rinsed in 

PB, sections were mounted on slides for light and confocal microscopic examination. 
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Using the differential staining of neurons and glial cells with the NeuN antibody 

and DAPI, the densities of neurons and glia in the juvenile and adult dLGN and PUL 

were quantified using Stereo Investigator (version 7) software (MBF Bioscience, 

Williston, VT, USA). All experiments were blind to age of the animals. A contour was 

drawn around the dLGN or PUL under low magnification (4x) and, within each traced 

contour, the computer determined the placement of random counting frames. The depth 

(z-axis) of the counting frame was equal to the minimal thickness of the section, minus a 

total guard zone of6).lm (3 ).lm from the top and bottom of the section). Neurons and glia 

were counted in the volume designated by each counting frame (25 ).lm2
) and were only 

counted once, when they first came into focus. The total numbers of neurons and glial 

cells were then estimated for the entire volume using the optical fractionator probe (MBF 

Bioscience). 

Cell size analysis and electron microscopy 

Sections from juvenile (1) and adult (3) tree shrew brains containing the dLGN or 

PUL were postfixed in 2% osmium tetroxide, dehydrated in an ethyl alcohol series, and 

flat embedded in Durcupan resin between 2 sheets of Aclar plastic (Ladd Research, 

Williston, VT). Durcupan-embedded sections were first examined with a light 

microscope to select areas for further analysis. Selected areas of the dLGN or PUL were 

mounted on resin blocks, and cut into 1 ).lm or ultrathin (70-80 nm, silver-gray 

interference color) sections with an ultramictrotome (Leica Ultracut E). One ).lm thick 

sections were collected on glass slides and stained with toluidine blue. A Neurolucida 

system and tracing software (MicroBrightField, Inc., Williston, VT) were used to 

measure the soma areas of dLGN and PUL neurons. Neuronal somata were measured 
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only at the level where a clear nucleolus was visible in the section. Ultrathin sections 

were collected on Fonnvar-coated nickel slot grids. The grids were stained with a 10% 

solution of uranyl acetate in methanol for 30 min before examination with an electron 

microscope. 

Statistical Analysis 

Student t-tests or two-way analysis of variance (ANOVA) were used to test for 

statistical significance. Quantitative data are expressed as means ± SD. The significance 

level was set at p < 0.05 for all statistical comparisons. 

Neuronal modeling 

A model of a thalamic relay neuron was developed to investigate the hypothesis 

fonnulated by the experimental results. The model had three compartments, aiming at 

capture the soma, basal dendrites, and distal dendrites, with voltage-dependent 

conductances modeled using a Hodgkin-Huxley type of kinetic model (Hodgkin and 

Huxley, 1952). 

The somatic compartment was capable of generating action potentials and 

contained a fast sodium current, INa, a potassium current, h, a leak current, heak' and a 

Na+/K+ pump, as well as calcium dynamics. Kinetics of INa and h were taken from Traub 

and Miles (Traub et aI., 1991), and had maximal conductances of gNa = 100 mS/cm2
, and 

gK = 100 mS/cm2
, and reversal potential of ENa = 50 mY, and EK = -100 mY. Dendritic 

compartments had a leak current, heak. 

In addition, all compartments were embedded with the low-threshold calcium 

current, Ir. Because no data exist to constrain the localization and kinetics of Ir in the tree 

shrew, we used the kinetics of activation and inactivation of Ir in TC cells from rodents 
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(Huguenard and McCormick, 1992; Destexhe et aI., 1998). That calcium current was 

described by Goldman-Hodgkin-Katz constant-field equations, 

r p- ~ -(1' r C ' 
J '7 =: C :0: n~ .. h(,. , Lao' . a ~ .•. 

where PCc. (cm/s) is the maximum permeability of the membrane to Ca2
+ ions, and 

m and h are, respectively, the activation and inactivation variables. (/0', C a Q' C a:) is a 

nonlinear function of voltage and ionic concentrations: 

i ZFt', 
1 - exp ,- RT ,I 

Where Z = 2 is the valence of calcium ions, F is the Faraday constant, R is the gas 

constant, and T is the temperature in Kelvin. C a: and C a 0 are the intracellular and 

extracellular Ca2
+ concentrations (in M), respectively. Expressions for the steady-state 

activation and inactivation functions were taken from voltage-clamp experiments on 

dissociated TC cells (Huguenard and McCormick, 1992; Huguenard and Prince, 1992). 

The functions optimized to reproduce our experimental results in the presence of a slow 

depolarizing ramp were: 

1 
hoot!') = -----, t· -1'1 ' 

l+ exp l, ~ I 
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with i.p = 5·
c

.:.:-::.:.;-24'/10, and where I} = -82 mV for multiple occurrences of 

1'1 = -77 
LTSs and ~ for a single occurrence of a L TS. The voltage-dependent time 

constant for activation was 

~ r~ _ c 0,204 + 0,333 
'",{ .-~ V+131 V+15.8 

exp I - 16 ,7 1+ exp I 18 ,2 I 

with c = 1 for multiple occurrences ofLTSs and c = 5 for a single LTS. For 

inactivation, it was: 

r 
T + 466' 

0,333e.:rp ( .. ), far V < -31mV 
'!" 66,6 , 

Th{d= < , 1'+21' l 9,32 + 0.333exp (, -~). farV2:-S1mV 

These functions correspond to an external Ca2
+ concentration of 2mM at a 

temperature of 36°C. Calcium handling was modeled by a first-order system representing 

Ca2
+ transporters and buffers (McCormick and Huguenard, 1992), with a time constant of 

decay of Ca2
+ of 5ms. At equilibrium, the free intracellular Ca2

+ concentration was 240 

nM and the extracellular Ca2
+ concentration was 2mM (i.e. ECa=120 mY). A range ofT-

current densities ofO-2xlO-3 cmls was simulated in peri somatic and dendritic 

compartments to reproduce the experimental observations. 

Simulations were performed under the NEURON modeling environment 

software, with a Runge-Kutta fourth-order integration method. Analyses of 

computational data were carried out with MAT LAB 7 (R2010). 

Results 

Single- Multi- and No-LTS neurons in the PUL and dLGN 

Our electrophysiological results are based on whole cell recordings from 46 
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neurons in the dLGN and PUL from slices of juvenile (7) and adult (5) tree shrew brains. 

Figure IA illustrates the location of the dLGN and PUL recordings in parasagittal slices. 

The individual dLGN lamina could not be accurately identified in the slices. Therefore 

recordings were obtained in the central regions of the dLGN, likely including layers 2-5. 

All recordings in the PUL were obtained from either the dorsal (Pd) or central (Pc) 

subdivisions, which receive input from the superior colliculus and temporal cortex 

(Chomsung et aI., 2008; Chomsung et aI., 2010). Biocytin was included in the recording 

pipette and all recovered cells displayed morphologies consistent with their identification 

as relay cells (Figure IB). Burst and tonic firing (Figure IC-E) could be induced in most 

neurons (37 of 46). 

To activate LTSs in thalamic relay neurons, cells must be depolarized after they 

have been sufficiently hyperpolarized to de-inactivate h. To accomplish this, neurons 

were either injected with a series of hyperpolarizing 500 ms current steps of varying size 

(-200 pA to -50 pA; Figure 2 A-C), or with a series of depolarizing current ramps varying 

in slope (duration varied from 0.5s to lOs while the amplitude of the current ramp 

remained constant, Figure 3 A-C). For the ramp current injections, to ensure the full de

inactivation of IT, the membrane potential of the recorded neurons was adjusted to -80mV 

before application of the current ramps. The amplitude of the current ramps was 

sufficient to pass though L TS activation zone and subsequently activate tonic firing. 

As illustrated in Figures 2 and 3, based on the responses of neurons to 

hyperpolarizing current steps or ramps, 3 types of neurons were identified which 

exhibited significant variation in their propensity to fire with bursts. In some neurons 

within the juvenile dLGN and PUL (n = 9), we were unable to elicit any LTSs (Figure 2A 
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and 3A). In most neurons within the juvenile dLGN and PUL, as well as the adult dLGN 

(n = 27), single LTSs could be elicited (Figure 2B and 3B). However, within the adult 

PUL, multiple L TSs were elicited by either current steps or ramps in the majority of the 

recorded neurons (n=6; Figure 2C, 3C). The proportions of these 3 types of neurons 

within the adult dLGN and PUL are illustrated in Figure 2D. 

Comparison of single- and multi-LTS neurons 

To compare the burst firing properties of single- and multi-LTS neurons we 

quantified the effects of the slope (eN/dt) of depolarizing current ramps on the number 

and interspike interval of action potentials initiated by the LTSs, and the maximum rate 

of rise of the elicited L TSs. In single-L TS neurons, a strong positive correlation was 

observed between the number of the action potentials riding the crest of the L TS and 

eN/dt (Figure 4A). This relationship is shown in Figure 4C, for 4 neurons in the juvenile 

and adult PUL and dLGN. The same relationship was observed between the maximum 

rate of rise of the L TS and ramp slope of depolarization in single L TS neurons (Figure 

4E). To measure the maximum rate of rise of the LTS, TTX, 4-AP and TEA were applied 

and voltage response of the recorded cell to current ramps were obtained and temporally 

differentiated. In the differentiated trace, the voltage baseline was determined before the 

onset of current ramp, and the maximum rate of rise of the L TS was measured. 

In contrast, in multi-LTS neurons, the number of the action potentials riding the 

crest of the first L TS elicited by each current ramp was constant (Fibure 4B), i.e. there 

was no correlation between the number of the action potentials and eN/dt (Figure 4D), 

although there was still a positive correlation between the maximum rate of rise of the 

LTS and eN/dt (Figure 4E). In both single-LTS and multi-LTS neurons, interspike 
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intervals increase with the addition of action potentials to the burst sequence (Figure 4F). 

Burst properties ofmulti-LTS neurons 

In multi-LTS neurons, the number ofLTSs evoked decreased with increases in 

eN/dt (Figure 5B, C). Although the number of action potentials riding the first LTS 

elicited by each current ramp was unrelated to eN/dt (Figure 4D and 5C), the number of 

action potentials riding each subsequent LTS decreased (Figure 5A, C). 

Cav 3.2 expression in the PUL and dLGN 

To determine whether the greater propensity ofPUL neurons to fire in burst mode 

could be due to an increased density of calcium channels, we used an antibody against the 

alpha-IH subunit of the voltage-dependent T-type calcium channel (Cav 3.2) for 

immunocytochemistry and western blot techniques. As illustrated in Figure 6 (A-B), the 

Cav 3.2 antibody stains neurons in both the dLGN and PUL. Glial cells, identified by 

dense nuclear staining with DAPI (Figure 7), were not stained with the Cav 3.2 antibody. 

We carried out a quantitative comparison ofCav 3.2 expression in samples of 

PUL and dLGN tissue collected from 3 juvenile and 3 adult brains. An antibody against 

beta actin was used to correct for sample loading discrepancies (Figure 6 C). This 

analysis revealed no significant difference between expression levels in juvenile versus 

adult tissue. However, at both ages, PUL tissue was found to contain a higher density of 

Cav 3.2 than that found in dLGN tissue (Figure 6D). This difference was found to be 

significant (Two-way ANOV A). 

Neuron size and density in the PUL and dLGN 

In order to relate the western blot results to neuronal Cav 3.2 channel density, we 

used unbiased stereology techniques to compare the neuron and glial cell density in the 
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dLGN and PUL. As illustrated in Figure 7, in neurons, regions of condensed chromatin 

(black asterisks A, B, E, F) surround nucleoli (white asterisks, B, F) or are sparsely 

distributed in the nucleus. In contrast, chromatin is relatively condensed through glial cell 

nuclei, resulting in intense staining of the entire nucleus with the DAPI stain (A, E). 

Using these staining characteristics to identify neurons and glial cells, as well as NeuN 

immunocytochemical staining as a second means to identify neurons, unbiased 

stereo logical techniques were used to count neurons and glial cells within the dLGN and 

PUL. 

While there were no significant difference in cell density in each nucleus (Figure 

71), we found a nearly equal number of glia and neurons in the dLGN (glia:neuron ratio 

1.21: 1 in juvenile and 1.19: 1 in adult), the PUL contained a higher percentage of glial 

cells (glia:neuron ratio 2.23: 1 in juvenile and 2.72: 1 in adult; Figure 7 J). Additionally, 

although there was no significant difference in the size of neurons in the juvenile dLGN 

and PUL, in the adult, dLGN cells were found to be significantly larger as a group when 

compared to PUL cells (P<O.OO 1; 2-way ANOV A). Therefore the membrane density of 

T-type calcium channels expressed by PUL neurons may be significantly higher than that 

expressed by dLGN neurons. 

Neuronal Modeling 

To further assess our working hypothesis that a difference in burst firing 

propensity between dLGN and PUL neurons stems from a variation in the density of T

type calcium channel (Cav 3.2), we developed a computational model of a thalamic relay 

cell, composed of three compartments representing the soma, the apical dendrites, and the 
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distal dendrites, respectively, each ofthese embedded with T-type calcium channels (see 

Methods). 

Depending on the density of T -channels simulated in the peri somatic areas or in 

the distal dendrites, we were able to reproduce five qualitatively distinct representative 

firing patterns in response to a depolarizing current ramp injection, namely (i) passive 

(P), (ii) subtreshold (S), (iii) single-LTS burst (LTS), (iv) multi-LTS bursts (MLTS), and 

(v) and spontaneous oscillatory (0). Figure 8 shows a space-plot diagram of the different 

firing patterns which were achieved in response to a 2 second current ramp as the density 

ofT-type calcium channels was varied in the perisomatic areas and distal dendrite 

compartments. The controlling factor in shaping the firing pattern response was the T

current density in the distal dendritic compartment, in contrast to the density in the 

peri somatic compartments. Below a given value for distal dendritic density (10-3 cm/s in 

Fig.8), the neuron response was passive during the depolarizing ramp, being unable to 

elicit a full or a subthreshold calcium spike. In contrast, for a fixed value of the distal 

dendritic density, a systematic variation of the perisomatic density was unable to 

significantly alter the firing pattern regime. Whenever the perisomatic density was varied, 

it mostly affected the number of action potentials crowning the calcium spike (data not 

shown). Above a given value for the distal dendritic density (10-3 cm/s in Fig,. 8), the 

neuron exhibited a spontaneous oscillatory regime by eliciting calcium spikes in the 

absence of external stimulation. A progressive increase of T -channel density in the distal 

dendrites caused a switch from a single-LTS response to multi-LTS (Fig. 8, green vs. 

orange areas). With the initial channel kinetics parameters used (cf. Methods), the single

L TS pattern that could be produced was systematically followed by one or multiple 
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subthreshold LTSs (see Figure 9A, left panel). This result is at odds with the 

experimental observations from Figure 3B that evidences a single-LTS with Na + -spikes, 

without the presence of obvious subsequent subthreshold (passive) LTSs. To cope with 

this discrepancy between the model and the empirical results, we modified the kinetics of 

the T-type calcium channel in the model, and observed that the best results were obtained 

by reducing L '1/~ from -82 to -77 m V from the Boltzmann distribution of the steady-state 

inactivation variable, hoo (Figure 9B), and by a five-fold increase of the voltage

dependent time constant activation, r", (Figure 9C). With this slower T -channel kinetics, 

we were able to produce a single-LTS response similar to Fig. 3B (see Figure 9A, right 

panel). The temporal evolutions of these kinetics variables for the T-type current during a 

current-ramp stimulation of 2 seconds are depicted in Figure 9E-G. 

Using the combination of parameters for dendritic T-channel densities and the T

current kinetics described supra, we were able to faithfully reproduce the essential 

properties of the firing patterns from the experimental results reproduced in Figure 3. A 

passive response to a depolarization ramp (i.e. tonic firing without calcium spike) was 

obtained in presence of a weak density of T -channels in both somatic and dendritic 

compartments (Figure lOA - see legend for details). Because the channel density was low 

enough and failed to elicit any L TSs, the channel kinetics chosen were of little relevance. 

By inhomogeneously increasing the density ofT-channels in all three compartments (i.e. 

the density in the distal dendrites mattered the most) with a slow channel kinetics, we 

were able to elicit a single-LTS without subthreshold calcium spikes for steep current 

ramps. The calcium spike became passive (subthreshold) for reduced ramp slope 

corresponding to 8-s and 10-s ramp stimulations (Figure lOB). Multi-L TS were elicited 
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upon further increase of T -channel densities in the distal dendrites, along with a 

modified, faster, channel kinetics (Figure 10C). 

Finally, we looked at the relationships to the current ramp slope between the two 

major classes ofTC neurons (single-LTS and multi-LTS). For single-LTS neurons, the 

aT 
slope of the current ramp, dt , had a strong positive correlation with the number of 

action potentials crowning the isolated calcium spike, as shown in Figure 10D, where the 

L TS of the first four simulations in Figure lOB is expanded (i.e. 2s-, 4s-, 6s-, and 8s-

current ramps). This proportional relationship was observed in the experiments as well. 

An increase of 100% of the current-ramp duration corresponded to a reduction by 50% of 

the number of action potentials riding the crest of the L TS. In contrast, the number of 

action potentials crowning the first LTS ofmulti-LTS neurons showed a more robust 

independence to the slope of the current ramp. As shown for the first three expanded 

traces in Figure lOE, an increase of 100% of the current-ramp duration only corresponded 

to an average reduction by 14.45% of the number of action potentials riding on top of the 

first LTS. 

Discussion 

PUL and dLGN burst propensity 

Our results support those of Ramcharan et al (Ramcharan et aI., 2005) who found 

that PUL neurons fire with bursts more often than dLGN neurons, and further indicate 

that the increased T -type channel density of PUL neurons relative to dLGN neurons may 

underlie this phenomenon. In vivo, the increased T-type channel density ofPUL neurons 

may work in concert with a variety of other factors to increase the propensity of PUL 

neurons to fire in bursts. For example, several in vitro studies in other species have noted 
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differences in the response of PUL and dLGN neurons to neurotransmitters such as 

serotonin and acetylcholine (Monckton and McCormick, 2002; Varela and Sherman, 

2007,2009), which may maintain PUL neurons in a more hyperpolarized state relative to 

dLGN neurons. In fact, Ramcharan et al (Ramcharan et aI., 2005) found that in vivo, PUL 

neurons have a lower rate of spontaneous firing when compared to dLGN neurons, 

suggesting that they are relatively more hyperpolarized. 

Ramcharan et al (Ramcharan et aI., 2005) also found that in the awake state, PUL 

neurons can fire rhythmically, even during the execution of visual tasks, whereas 

rhythmic firing was never detected in the awake dLGN. Our results suggest that the 

membrane properties of PUL may also contribute to this phenomenon. We found that 

even in the in vitro situation, with all ascending and descending inputs transected, and all 

intrinsic GABAergic connections blocked pharmacologically, the PUL neurons could fire 

with a rhythmic burst pattern, and our neuronal modeling demonstrate that oscillatory 

activity can result from the increased T -channel density predicted by our western blot 

results. 

Developmental of burst firing 

Our comparison of the membrane properties of neurons recorded in juvenile and 

adult tissue suggest that the multi-LTS firing pattern displayed by PUL neurons develops 

after 3 weeks of age (possibly correlated with eye opening which occurs at that time in 

tree shrews). With our neuron model, we were able to closely replicate this firing pattern 

by increasing T -channel density within distal dendrites. However, a small change in 

channel kinetics was necessary to fully replicate the adult data. Previous studies have also 
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demonstrated developmental changes in channel kinetics (Ramoa and McCormick, 

1994). 

Within-burst coding 

In contrast to previous studies which have observed little variation in the number 

of spikes elicited by each L TS (Zhan et aI., 1999; Gutierrez et aI., 2001), for single LTS 

neurons, we found significant correlations between the rate of rise of the current slope 

and the number of action potentials elicited, and for multi-LTS neurons correlations 

between the number of action potential elicited and the position of the L TS in a multi

LTS train. Our results suggest that rather than all-of-none events, significant information 

can be contained within the dynamics of each burst. Thus, variations in the T -channel 

density across nuclei could dramatically increase the coding repertoire of the thalamus. 

Neuron:glia ratio in the PUL and dLGN 

Our investigations of neuron density, which were carried out in order to more 

precisely interpret our western blot data, revealed an interesting difference in the 

structure of the dLGN and PUL. We found that the density of neurons is much lower in 

the PUL nucleus compared to the dLGN, but the overall cell density in each nucleus is 

similar. This is because the PUL nucleus contains a much higher density of glial cells 

relative to the dLGN. In the dLGN, neurons and glial cells are present in approximately 

equal numbers, while in the PUL, glial cells outnumber neurons by a ratio of 2.5: l. 

The glia:neuron ratio varies considerably in the brain. A recent stereological study 

of human brain tissue found a 1: 1 ratio for the thalamus as a whole, and a 7: 1 for the 

cortex as a whole (Azevedo et aI., 2009). Although we did not identify the subtypes of 

glial cells in the PUL, the majority are likely to be astrocytes, the processes of which 
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surround most synapses (Halas sa et aI., 2007b). Recent evidence suggests that astrocytes 

are quite important for the modulation of synaptic transmission and plasticity, and that 

gap junctions between astrocytes may enhance the rhythmic firing of adjacent neurons 

(Crunelli et aI., 2002). Astrocytes are also thought to play major roles in diseases states 

that may interfere with rhythmic firing, such as epilepsy and schizophrenia (Halassa et 

aI., 2007a). 

Functional implications 

In contrast to the dLGN, which projects to single discrete sites within VI (Conley 

et aI., 1984), the regions of the PUL recorded in this study project to multiple targets 

within the temporal cortex (Chomsung et aI., 2010), as well as the striatum and amygdala 

(Day-Brown et aI., 2010). The prevalence of burst firing in the PUL could serve to 

synchronize the activity of these multiple widespread targets and/or function as a form of 

gain control (Saalmann and Kastner, 2009). The PUL neurons recorded in this study 

receive convergent input from superior colliculus axons that encircle their proximal 

dendrites, and convergent input from temporal cortex axons that innervates their distal 

dendrites (Chomsung et aI., 2008; Chomsung et aI., 2010). By amplifying synchronous 

tectal and cortical inputs, burst firing could enhance the relay of visual signals that match 

predicted sensory events. Such a mechanism could underlie the recent observation that 

PUL activity reflects the perceptual awareness of a visual stimulus (Wilke et aI., 2009). 

Finally, the unique membrane properties ofPUL neurons may be relevant to the 

treatment of conditions that involve atypical brain rhythms. For example, schizophrenia 

is characterized by abnormal electroencephalograms, in both waking and sleeping states, 

which are thought to be related to the perceptual aberrations experienced by these 

85 



patients (Uhlhaas and Singer, 2010). The PUL and mediodorsal nucleus are reduced in 

size in schizophrenic brains when compared to controls (Byne et aI., 2009) and PUL 

inactivation has been shown to affect cortical oscillations (Molotchnikoff and 

Shumikhina, 1996). Further study of the nucleus-specific properties of the dorsal 

thalamus may contribute to our understanding and treatment of anomalous 

thalamocortical interactions. 
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Figure 1. 

In vitro recording methods. A) A parasaggital section of the tree shrew brain stained for 

Nissl substance illustrates the location of the whole cell recordings in either the dorsal 

lateral geniculate nucleus (dLGN, outlined in green) or the pulvinar nucleus (PUL, 

outlined in red). D, dorsal, R, rostral, SC, superior colliculus. B) A confocal image of a 

PUL cell filled with biocytin during recording (scale = 20 Ilm). All successfully filled 

cells exhibited morphologies consistent with their identification as relay cells. Voltage 

fluctuations were recorded in response to the injection of depolarizing or hyperpolarizing 

current steps of varying size (C) as well in response to depolarization (D) or 

hyperpolarization (E) of the membrane potential via constant current injection. 
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Figure 2. 

Three types of neurons are distinguished by their responses to hyperpolarizing current 

steps. Injection of hyperpolarizing (-50pA to -200pA) current steps (500 ms in duration) 

revealed 3 categories of responses. A) No LTS: An LTS could not be elicited in a small 

percentage of neurons in both the juvenile dLGN and PUL. B) Single LTS: Most 

recorded neurons responded to hyperpolarizing current steps with a single "rebound" 

LTS. C) Multi LTS: Most neurons in the adult PUL responded to hyperpolarizing current 

steps with multiple LTSs. D) The proportion of the 3 types of cells recorded in the 

juvenile and adult dLGN. 
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Figure 3. 

Three types of neurons are distinguished by their responses to depolarizing current 

ramps. Current ramps of variable slope (durations varying from 2-1 Os) were injected into 

neurons that were sufficiently hyperpolarized to de-inactivate T -type calcium channels (-

80m V). All cells were depolarized sufficiently to pass through the L TS activation 

window elicit tonic firing. A) No LTS neuron: current ramps evoke action potentials but 

no LTS. B) Single L TS neuron: steep current ramps evoke a single LTS. C) Multi LTS 

neuron: current ramps of variable slope evoke multiple L TSs. 
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Figure 4. 

Current ramps reveal distinct firing characteristics of single L TS and multi L TS neurons. 

A) Expanded traces from a single LTS neuron. The number of action potentials that ride 

the crest of the L TS decreases with ramp slope. This phenomenon is plotted for 4 single 

LTS neurons in the juvenile and adult dLGN and PUL in panel C. B) Expanded traces 

from a multi L TS neuron. The number of action potentials that ride the crest of the first 

L TS initiated by variable current ramps remains constant. This phenomenon is plotted for 

multi L TS neurons in the adult PUL in panel D. E) The maximum slope of the LTS in 

single- and multi-LTS neurons increases with increasing ramp slope. F) In both single

LTS and multi-L TS neurons, interspike intervals increase with the addition of action 

potentials to the burst sequence. 
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Figure 5. 

Current ramps reveal further features of burst firing in multi LTS neurons. A) A train of 

L TSs evoked by a current ramp; a, b, and c indicate traces expanded below that evoke 6, 

4, and 2 action potentials respectively. B) The number ofLTSs evoked by current ramps 

of different slopes is plotted for 3 multi L TS neurons. The number of LTSs decreases 

with increasing ramp slope. C) The number of action potentials that ride the crest of each 

L TS is plotted as a function of ramp slope and the position of the L TS in a train sequence 

for one multi L TS neuron. Regardless of ramp slope, the number of action potentials that 

ride the crest of the first L TS of the train remains constant, but each subsequent L TS 

initiates decreasing numbers of action potentials. 
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Figure 6. 

The pulvinar nucleus contains more T-type calcium channels than the dLGN. Confocal 

images of the PUL (A) and dLGN (B) stained for the alpha-lH subunit of the T-type 

calcium channel (Cav 3.2, red) and DAPI (blue) illustrate Cav 3.2 labeling of neurons 

(asterisks, nuclei lightly stained with DAPI) but not glial cells (arrows, nuclei intensely 

stained with DAPI). C) Western blots ofdLGN and PUL tissue samples from 3 juvenile 

and 3 adult animals illustrates greater staining intensity of the Cav 3.2 antibody in the 

PUL regardless of age. An antibody against beta actin was used to correct for loading 

errors. D) Quantification of the western blot signal intensities reveals significantly more 

intense staining in the PUL compared to the dLGN. PUL versus dLGN (p = 0.05; 2-way 

ANOVA). 
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Figure 7. 

The pulvinar nucleus contains fewer neurons than the dLGN. Correlation of light 

microscopic images of DAPI staining (A, E) and electron microscopic images (B-D, F) of 

the PUL (A-D) and dLGN (E,F) illustrates the distinct density and distribution of DNA 

within neuronal and glial cell nuclei. In neurons, regions of condensed chromatin (black 

asterisks A, B, E, F) surround nucleoli (white asterisks, B, F) or are sparsely distributed 

in the nucleus. In contrast, chromatin is relatively condensed through glial cell nuclei, 

resulting in intense staining of the entire nucleus with the DAPI stain (A, B). Using these 

staining characteristics to identify neurons and glial cells, as well as NeuN 

immunocytochemical staining as a second means to identify neurons, unbiased 

stereological techniques were used to count neurons and glial cells within the dLGN and 

PUL. Confocal images of the PUL (G) and dLGN (H) stained for DAPI (blue) and NeuN 

(red) illustrate examples of neurons (white asterisks) and glial cells (white arrows). I) 

There were no significant differences between the cell densities (neurons + glia) counted 

within the juvenile and adult dLGN and PUL. J) At each age, the glia:neuron ratio was 

significantly higher in the PUL when compared to the dLGN (t test, adult p = 0.036; 

juvenile p = 0.0005). 
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Figure 8. 

Space-plot representation of the different burst regimes in function of the T-current 

distribution. Five representative types of response to depolarizing current injection (for a 

current ramp lasting 2s) from rest were obtained depending on the T -channel density 

simulated in the peri somatic area or in the distal dendrites: passive (P), subthreshold (S), 

single L TS burst (LTS), multiple L TS bursts (MLTS), and spontaneous oscillatory 

regime (0). Peri somatic densities were varied from 0 to 10-5 cm/s and distal dendritic 

densities from 0.75xl0-3 to 2xlO-3 cm/s. The consequence of peri somatic T-current in 

shaping the burst response in TC cell was secondary compared to distal dendritic T

current density, which mostly controlled the nature of the response. For a given dendritic 

T -current density, the peri somatic density was mostly influencing in a proportional 

fashion the number of action potentials riding the crest of the first LTS. 
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Figure 9. 

Single-LTS require different, slower, channel kinetics. A variation in T-current density 

cannot explain by itself the difference between single- and multi-LTS bursts. A) A 

reduced T-current density but the same channel kinetics than for multi-LTS creates an 

isolated L TS followed by one or multiple passive L TS bursts (left). But affecting the T

channel kinetics while keeping that reduced T -current density leads to the generation of a 

single-LTS without passive response (right). B) Differences in the steady-state kinetics 

variables to produce a single-LTS without passive response. The steady-state inactivation 

variable, h 00 , was shifted towards more depolarized potential (L '1/ .. = -77 m V (red 

curve)instead of -82 mV (black curve)) to produce the single-LTS from A, right. The 

steady-state activation variable was the same. C) The voltage-dependent activation time

constant was five times bigger (red curve) to generate panel A, right than the one (black 

curve) used to generate panel A, left. Consequently, the T -channel activation was much 

slower causing less passive responses. D) Peak amplitude of the T-current in the distal 

dendrites, during a depolarizing current-ramp lasting 2 seconds, for each three categories 

ofTC neuron (passive, single-LTS, and multi-LTS). Several orders of magnitude 

distinguish the peak amplitude produced during a passive response, the generation of a 

single-L TS, or the generation of multiple-L TS, due to the difference of T -channel density 

in the dendrites and of channel kinetics. (Note the different amplitude scales.) E-G) 

Temporal evolution of parameter kinetics for the T-current during a 2s-depolarizing ramp 

for a passive response, a single-LTS response, and a multi-LTS response. Differences and 

similarities of the temporal evolution of voltage-dependent kinetics variables ofIT are 

depicted in E for the activation (mint) and inactivation (hint) steady-state variables, in F 
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for the activation time constant (r", ), and in G for the inactivation time constant (rll ). 

Kinetics parameters for the activation time constant and the activation steady-state had to 

be varied to reproduce the differences observed between a single-LTS response and a 

multi-LTS response. 

104 



A. 

B. 

--. 
to 
c: 
0 
. '" 
~ .'" :.: 
,!; 

c. 

o' 

Command potential (mV) 

Command potential (mV) 

0 

o 
o 

D. 

120ms 

1000 ms 

E. 

F; 
~. 
< 
'" ~ . 
0 

" '3 
L 

F. 

G. 

105 

\ 

Passive 

Single LTS 

Multiple LTS 

m,~, h", 
Passive 

Single LTS 
Multiple lTS 

Time (m,) 

Passive 
Single LTS 
Multiple LTS 

Time (ms) 

Passive 
Single LTS 
Multip le LTS 

Time (ms) 

/ 

! 
J 

/ 
J 

1

2X1O

' I O. 
( 1 

1000 ms 

I 

-



Figure 10. 

Voltage-trace responses to depolarized current ramps of various durations in three 

different cell models reproducing the protocol and results of Figure 3. Current ramps of 

variable slope (duration varying from 2-1Os) were simulated and injected into a 

computational model of a thalamic relay cell. Prior to the injection of the depolarized 

current ramp, the cell membrane voltage was maintained at a potential of -80 m V for 2 

seconds to ensure proper de-inactivation ofT-type calcium channels. All cells were 

depolarized sufficiently by the current ramp to elicit regular tonic firing. A) In the 

presence of a weak density of T -type calcium channels in both somatic and dendritic 

compartments, the current ramp failed to elicit any LTS. Tonic spiking was unaffected. 

(Peri somatic density: 8.5x1O-6 cmls; Dendritic density: 3.78x1O-4 cmls). B) Increasing the 

density ofT-type calcium channels inhomogeneously in all three compartments of the 

cell model caused a single L TS to be elicited for steep current ramps. Note that a 

subthreshold calcium spike, but no sodium spikes, were generated when the ramp became 

more gradual. Distal dendrites had aT-current density significantly bigger than the 

proximal and somatic T-current densities (Peri somatic density: 1.9xlO-5 cmls; Dendritic 

density: 1.0x1O-3 cmls). C) Further increasing T-current densities and altering T-channel 

kinetics in both soma and dendrites led to the apparition of mUltiple L TSs in response to 

the application of the current ramp (Peri somatic density: 1.9x1O-5 cmls; Dendritic density: 

1.8x1O-3 cmls). D) Expanded traces from B. The delay of apparition of the unique LTS 

which is triggered has an inversely proportional relationship to the slope of the current 

ramp and the number of action potentials crowning the L TS expresses a strong 

relationship with the ramp slope. E) Expanded traces from C. The time of apparition of 
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the first LTS is dependent on the ramp slope (inverse relationship), but unlike D the 

number of action potentials crowning the first L TS is more robust to the slope. 

107 



A. 

/ 
./ ---

B. 

) J~ r-- ---
c. 

~ , 1/ ]t~ _ 1--· 
I ~ 

2000ms 
D. E. 

~120mv 
lOOms SOms 

108 



------------------~ 

CHAPTER IV 

DIFFUSE AND SPECIFIC TECTOPULVINAR EPSPS IN THE TREE SHREW: 
RELATION TO SYNAPSINS AND SYNAPTIC CLUSTERS 

Outline 

The pulvinar nucleus of the tree shrew receIves both specific and diffuse 

projections from superior colliculus (Chomsung et al. 2008). We characterized the 

physiological properties of these synapses and describe two distinct types of excitatory 

postsynaptic potentials (EPSPs) that differed in amplitude, latency, and frequency-

dependent plasticity. The first type of EPSP displayed shorter latencies and larger 

threshold amplitudes than the second type of EPSP. In response to repetitive stimulation 

(0.5-20 Hz), the first type of EPSP displayed frequency-dependent depression, whereas 

the amplitudes of the second type of EPSP were not changed by repetitive stimulation of 

up to 20Hz. Both types of EPSPs showed a graded increase in amplitude with increasing 

stimulation intensity, suggesting convergence. This convergence was further 

demonstrated by labeling tectopulvinar boutons by anterograde transport and staining the 

tissue with the type 2 vesicular glutamate transporter (vGLUT2, a marker for 

tectothalamic terminals). We also compared the synapsin content of terminals in the 

dorsal lateral geniculate (dLGN) and Pd and Pc by combining immunohistochemical 

staining for synapsin I or II with staining for vGLUT2 (a marker for tectothalamic and 

retinogeniculate terminals) or vGLUTl (a marker for corticothalamic terminals). We 
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found that retinogeniculate terminals do not contain either synapsin I or synapsin II 

(Keilland et aI., 2006), corticothalamic terminals in the dLGN, Pd and Pc contain 

synapsin I, but not synapsin II, whereas tectopulvinar terminals contain both synapsin I 

and synapsin II. These results suggests that different convergent synaptic arrangements 

allows tectopulvinar projection relay a dynamic range of visual signals from the SC to the 

cortex, striatum and amygdala in order to initiate and guide appropriate actions in 

response to visual signals. 

Introduction 

Previous studies have identified three main types of glutamatergic terminals in the 

dorsal thalamus. All contain round synaptic vesicles, but can be distinguished based on 

their size as small (RS), medium (RM) and large (RL) profiles. Tract tracing and electron 

microscopic studies have revealed the distinct origins of each morphological terminal 

type: RS profiles originate from cortical layer VI (Guillery, 1969), RM profiles originate 

from the superior colliculus (Robson and Hall, 1977; Kelly et aI., 2003; Chomsung et aI., 

2008; Masterson et aI., 2009), while RL profiles are contributed by primary sensory 

inputs such as retinal ganglion cells (Szentagothai, 1963), neurons located in cortical 

layer V (Bourassa et aI., 1995; Li et aI., 2003b; Baldauf et aI., 2005), and thalamocortical 

axon collaterals (Montero, 1989; Bickford et aI., 2008). 

The synaptic arrangements of RS, RM and RL profiles influence the properties of 

excitatory postsynaptic potentials (EPSPs) elicited by their activation. For example, both 

layer VI corticothalamic inputs (RS profiles) and SC inputs (RM profiles) innervate 

single cells with multiple convergent axons (Chomsung et aI., 2008; Masterson et aI., 

2009). Therefore, in vitro studies have demonstrated that as more axons are activated by 
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increasing stimulation intensity, EPSPs elicited by activation of RS or RM profiles 

increase in a graded manner (Li et aI., 2003a; Reichova and Sherman, 2004; Masterson et 

aI., 2010). In contrast, activation of retinogeniculate terminals, or cortical layer V inputs 

(RL profiles), elicits EPSPs in an all-or-none manner (Turner and Salt, 1998; Li et aI., 

2003a; Reichova and Sherman, 2004), reflecting the fact that RL input to each cell 

originates from few axons (Cleland et aI., 1971; Hamos et aI., 1987). 

RS, RM and RL profiles also display distinct short-term synaptic plasticity. The 

amplitudes of EPSPs elicited by stimulation of layer VI corticothalamic inputs (RS 

profiles) remain stable at low stimulation frequencies «1 Hz), but facilitate with 

increasing stimulation frequency (Lindstrom and Wrobel, 1990; Turner and Salt, 1998; 

von Krosigk et aI., 1999; Granseth et aI., 2002). In contrast, the amplitudes of EPSPs 

generated by stimulation of ascending sensory inputs, or inputs that originate from 

cortical layer V (RL profiles), decrease in amplitude as the stimulation frequency is 

increased (Scharfman et aI., 1990; Ramoa and McCormick, 1994; Kao and Coulter, 1997; 

Turner and Salt, 1998; Chen and Regehr, 2000; Chen et aI., 2002; Li et aI., 2003b; 

Arsenault and Zhang, 2006). Finally, the amplitudes of EPSPs elicited by stimulation of 

tectothalamic inputs (RM profiles) remain relatively stable at stimulation frequencies up 

to 10 Hz. (Smith et aI., 2007; Masterson et aI., 2010). 

In addition to variations in the distribution of ionotropic and metabotropic 

glutamate receptors postsynaptic to RS, RM and RL profiles (Crunelli et aI., 1987; Salt, 

1987; Godwin et aI., 1996), the synaptic properties of these terminal types are also 

dictated by differences in the expression of presynaptic proteins. For example, the 

frequency-dependent facilitation of EPSPs elicited by stimulation of RS profiles has been 
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found to be at least partly due to the presence of the synaptic vesicle-tethering proteins 

synapsin I and/or synapsin II. These proteins are absent in retinogeniculate terminals 

which show frequency-dependent depression, and corticogeniculate EPSPs in synapsin 

1111 knockout mice show alterations in their short-term plasticity (Kielland et aI., 2006). 

In the tree shrew (Tupaia belangeri), tectopulvinar terminals are classified as RM 

profiles, but they exhibit two different types of synaptic arrangements, referred to as 

"diffuse" and "specific" (Luppino et aI., 1988; Chomsung et aI., 2008). The specific 

projections are topographically arranged and distributed throughout both the dorsal 

(Updyke) and central (Pc) pulvinar nucleus. The diffuse projections are nontopographic 

projections that only innervate the Pd. Our recent tract tracing studies indicate both the 

Pd and Pc project to the temporal cortex and striatum, but only the Pd projects to the 

amygdala (Chomsung et aI., 2010; Day-Brown et aI., 20lO). Thus, we have suggested 

that the specific projections relay topographic visual information from the SC to the 

cortex and striatum to aid in guiding precise movements, while the diffuse projection 

relays nontopographic visual information from the SC to the amygdala to alert the animal 

to potentially dangerous visual images. 

In the current study, we characterized tectopulvinar EPSPs in the tree shrew to 

determine whether the unique organization of the diffuse and specific projections is 

reflected in differences in their synaptic properties. We also examined the distribution of 

presynaptic proteins expressed in glutamatergic RS, RM and RL terminals. We conclude 

that the short-term synaptic plasticity of RM profiles is distinct from that of RS or RL 

profiles because each terminal type contains a unique distribution of synapsins. 
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Furthermore, we conclude that the diffuse and specific tectopulvinar projections display 

subtle differences in short-term plasticity due to different patterns of convergence. 

Methods 

A total of 16 tree shrews (Tupaia belangeri); 7 adults (more than 3 months old) 

and 9 juveniles (3 weeks old), were used for these experiments. Twelve tree shrews were 

used for in vitro physiology experiments, 1 tree shrew received injections of biotinylated 

dextran amine (BDA) in the SC, and tissue from 3 tree shrews was used 

immunocytochemisty. All procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Louisville. 

Slice preparation 

Thalamic slices (400llm) were prepared from 9 juvenile and 3 adult male and 

female tree shrews (Li et aI., 2003c). Briefly, the animals were deeply anesthetized with 

carbon dioxide and decapitated, the brain was excised and a block of tissue containing the 

thalamus was removed and placed in a ice-cold oxygenated solution of modified artificial 

cerebrospinal fluid (ACSF) containing (in mM) 206 sucrose, 2.5 KCI, 1 CaCh, 1 MgS04, 

I MgCh, 1.25 NaH2P04, 26 NaHC03, 10 glucose at a pH of 7.4 and equilibrated with 

95% 02/5% CO2. Parasagittal slices were cut on a vibratome (Leica, VT 1000E, 

Deerfield, IL) at a thickness of 400llm and transferred into a holding chamber with ACSF 

containing (in mM) 124 NaCI, 2.5 KCI, 2 CaCh, I MgS04, 1.25 NaH2P04, 26 NaHC03, 

10 glucose at a pH of 7.4 and equilibrated with 95% 0 2/5% CO2, where they incubated 

for at least 2 hours before recording. 

Electrophysiology 
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Whole cell recordings were obtained from the PUL. All recordings were carried 

out in the recording chamber maintained at 33°C with ACSF (with 10 J.lM bicuculline 

and 2.5 J.lM CGP55845 added; Tocris; Ellisville, MO) continually superfused at a rate of 

2.0 ml/min. Pipettes were pulled from borosilicate glass (Sutter Instrument, Novato, CA) 

and had a tip resistance of 4-6 MO when filled with a solution containing (in mM) 115 K

gluconate, 2 MgCh, 10 HEPES, 10 sodium phosphocreatine, 2 NarATP, 20 KCI, 0.3 Na2-

GTP with pH adjusted to 7.2 with KOH (osmolarity 290-295 mOsm). Biocytin (0.5%) 

was added to allow morphological reconstruction of the recorded neurons. Current-clamp 

recording were made with an Axoclamp 2B amplifier (Axon Instruments, Foster City, 

CA); the bridge was continually monitored and adjusted as needed. Data were digitized 

and stored on an IBM-compatible computer for off-line analyses. Only recordings 

showing a stable resting membrane potential more negative than -50 m V and over 

shooting action potentials were included in this study (n = 46). To stimulate the 

tectothalamic fibers, as illustrated in Fiugre lA, a multipolar stimulation electrode 

(matrix microelectrode; FHC, Bowdoin, ME) was placed in the superficial layers of the 

superior colliculus (SC). Stimulating electrodes were at least 2 mm away from the 

recording electrode, once a stable whole-cell recording was obtained, paied-pulse or train 

stimulation was produced by using any two adjacent electrodes (l15J.lm apart) in the 

arrays until the best response was achieved. 

Histochemistry 

A subset of neurons was filled with 0.5% biocytin by diffusion from the pipette 

during recording. At the end of each recording, slices were fixed at 4°C overnight in 4% 

paraformaldehyde and rinsed several times in 0.1 M phosphate buffer saline (Campbell). 
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Slices were then incubated in 10% methanol in PB with 3% hydrogen peroxide to react 

with the endogenous peroxidase activity of red blood cells. After several rinses in PB, 

slices were incubated overnight at 4 °C under agitation in a 1 % solution of a complex of 

avidin and biotinylated-horseradish peroxidase (ABC Kit Standard, Vector Laboratories) 

prepared in 0.3% Triton X-lOO. The slices were subsequently rinsed, reacted with nickel

intensified 3,3'-diaminobenzidine (DAB) for 5 min, and washed in PB. After rinses in 

phosphate buffer, slices were mounted onto slides and reconstructed with a Neurolucida 

system (Micro Bright Field Inc., USA). In some cases, biocytin-filled neurons were 

revealed by incubating slices in a 1: 100 dilution of streptavidin conjugated to Alexa Fluor 

546 (Molecular Probes, Eugene, OR) and confocal images of the cell was obtained using 

an Olympus Fluoview laser scanning microscope (BX61 WI). 

Tracer injections 

Tree shrews that received BDA (3,000 MW; Molecular Probes, Eugene, OR) 

injections were initially anesthetized with intramuscular injections of ketamine (100 

mg/kg) and xylazine (6.7 mg/kg). Additional supplements ofketamine and xylazine were 

administered approximately every 45 minutes to maintain deep anesthesia through 

completion of the tracer injections. Prior to injection, the tree shrews were placed in a 

stereotaxic apparatus and prepared for sterile surgery. A small area of the skull overlying 

the superior colliculus was removed and the dura reflected, a glass pipette containing 

either BDA (5% in saline, tip diameter 3 ~m) was lowered vertically and the tracer was 

ejected iontophoretically (2 ~A positive current for 15-30 minutes). After a 7-day 

survival period, the tree shrews were given an overdose of ketamine (600 mg/kg) and 
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xylazine (130 mg/kg) and were perfused through the heart with Tyrode solution, followed 

by a fixative solution of 4% paraformaldehyde. 

The BDA was revealed by incubating sections in a 1: 100 dilution of avidin and 

biotinylated horseradish peroxidase (ABC; Vector Laboratories, Burlingame, CA) in 

phosphate-buffered saline (0.01 M PB with 0.9% NaCI, pH 7.4; PBS) with 1 % normal 

goat serum (NGS) overnight at 4DC. The sections were subsequently rinsed, reacted with 

nickel-intensified 3,3' -diaminobenzidine (DAB) for 5 minutes, and washed in PB. For 

confocal microscopy, the BDA was revealed by incubating sections in a 1: 100 dilution of 

streptavidin conjugated to Alexa Fluor 546 (Molecular Probes, Eugene, OR) 

Immunohistochemistry 

Three adult tree shrews and three adult long-evans rats were given an overdose of 

sodium pentobarbital (tree shrew) or ketamine/xylazine(Murata et al.) and were perfused 

through the heart with Tyrode solution, followed by a fixative solution of 4% 

paraformaldehyde in 0.1 M PB. The brain was removed from the skull, sectioned into 50-

/lm-thick slices using a vibratome (Leica VTl OOE, Leica Microsystems, Bannockburn, 

IL) and collected in a solution of 0.1 M PB. The sections were incubated at 4 DC 

overnight with guinea pig monoclonal anti-vGLUTl or anti-vGLUT2 antibodies (1 :5000, 

Chemic on Temecula, CA) or rabbit monoclonal anti-synapsin I (1: 1 000, Millipore, 

Billerica, MA) or anti-synapsin II (1 :500, Abeam, Cambridge, MA), and the following 

day the sections were rinsed in PB and incubated for 1 hour in an anti-guinea pig 

antibody conjugated to Alexafluor-488 (1: 1 00, InvitrogenIMolecular Probes, Carlsbad, 

CA) or anti-rabbit antibody conjugated to Alexafluor-546 (1: 100, Invitrogen/Molecular 
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Probes, Carlsbad, CA). The sections were subsequently rinsed in PB and mounted on 

slides for confocal microscopic examination. 

Statistical Analysis 

Student t-tests were used to test for statistical significance. Quantitative data are 

expressed as means ± SD. The significance level was set at p < 0.05 for all statistical 

comparisons. 

Results 

Location of recordings 

In 400 Ilm thick parasagittal sections, whole cell recordings were obtained in the 

pulvinar nucleus and the rostral SC was stimulated to evoke EPSPs. The pulvinar EPSPs 

evoked by SC stimulation can be identified as tectopulvinar EPSPs because the cortical 

input to the Pd and Pc originates exclusively from layer VI (Chomsung/Wei et ai., 2010) 

while cortical input to the SC originates exclusively from layer V (Casseday et ai., 1979). 

Therefore SC stimulation can not activate corticopulvinar inputs. In addition, the 

pretectum does not project to the Pd or Pc (Chomsung et ai., 2008), so current spread to 

this region does not activate any pulvinar inputs. 

Figure lA illustrates the approximate location of the recording pipette in the PUL 

and the location of the 8 electrode stimulation array in the SC. The array spanned a 

distance of 1 mm and stimulation could be produced between any two electrodes in the 

array; the anode and cathode positions were varied to obtain the best response. With this 

configuration, tectopulvinar EPSPs could be elicited with a high rate of success (28 of 46 

cells) in the caudal PUL which, as illustrated in Figure 1 (and described by Lyon et 

ai.)(Lyon et ai., 2003), corresponds to the Pd. We were unable to elicit tectopulvinar 
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responses from more rostral regions of the PUL; in the parasagittal slice preparation these 

axons were most likely severed before they reached the Pc. 

As illustrated in Figure lB, in response to the injection of depolarizing or 

hyperpolarizing current steps, all recorded neurons fired with either tonic action 

potentials or low threshold calcium spikes respectively, firing properties exhibited by 

thalamic relay cells (McCormick and Huguenard, 1992). Biocytin was included in the 

recording pipette and all recovered cells displayed morphologies consistent with their 

identification as relay cells. 

Tectopulvinar EPSPs can be divided into two groups based on latency and amplitude 

As illustrated in Figure 2, tectopulvinar EPSPs fell into two groups based on 

differences in their average latencies, as well as their threshold and peak amplitudes, 

suggesting that two different types of axon arbors were activated. EPSPs with the shortest 

latencies (2.ll ± 0.10 ms, n=17) exhibited the largest threshold EPSP amplitudes (4.82 ± 

0.57 mY, n=17; Figure 2B) and EPSPs with longer latencies (3.20 ± 0.15 ms, n=8) 

exhibited smaller threshold amplitudes (1.58 ± 0.27 mY, n=8; Figure 2C). These 

parameters were found to be to be significantly different (latencies p < 0.05; threshold 

amplitudes p < 0.05), supporting the division of the tectopulvinar EPSPs into two groups. 

The two types oJtectopulvinar EPSPs display distinct short term plasticity 

The short-term plasticity of these two types of EPSPs was tested with trains of 

stimuli varying in frequency from 1 Hz to 10Hz, as well as paired-pulse stimuli with 

interstimulus intervals of 0.1 s to 2s. For each type of EPSP we used stimulation currents 

sufficient to evoke EPSPs at 50% of maximum. The short latency/large amplitude EPSPs 

were depressed by high frequency stimulation (frequencies> 1Hz, Fig. 3, A and B; n = 
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10). With train stimuli, relative to the first EPSP of the train, the second EPSP decreased 

by l6.67±2.35% at 2.5 Hz, 23.29±3.88% at 5 Hz, and 29.42±3.42% at 10Hz. Similar 

values were observed using paired-pulse stimuli (a 9.l9±4.99% reduction in the 

amplitude of the second pulse relative to the first pulse at interstimulus intervals of 0.6s; 

l7.17±7.5l % at 0.2s and 37.18±8.27% at O.1s; Fig. 4, A and B, n = 5). In contrast, for the 

slower latency/smaller amplitude EPSPs, there was no correlation between mean 

amplitudes and stimulation frequencies or paired-pulse interstimulus intervals (Fig. 3, C 

and D n = 6; Fig. 4, A and C, n = 4). 

The two types of tecto pulvinar EPSP display different degrees of convergence 

All recorded tectopulvinar EPSP amplitudes (n = 28) increased as the stimulation 

intensity was increased, suggesting that each postsynaptic cell receives input from 

multiple convergent tectal axons. However, the degree of convergence was found to be 

greatest for the slower/smaller/nondepressing EPSPs. The peak amplitudes of these 

EPSPs increased up to 3.34 fold above threshold amplitude values, while peak amplitudes 

of the faster/larger/depressing EPSPs increased to 2.11 fold above threshold values. As 

illustrated in Figure 2, the rate of amplitude increase as a function of stimulation current 

was greater for nondepressing EPSPs compared to the depressing EPSPs. 

"Mixed" EPSPs 

F or the majority of tectopulvinar EPSPs (25 of 28) the latencies did not change as 

the stimulation intensity was increased (Figure 2B, C). However, in some cases (n=3) 

EPSPs appeared to contain a mixture of the two EPSP types described above. The 

amplitude of these "mixed" EPSPs initially increased gradually as the stimulation current 

was increased, but then exhibited a sudden large increase in amplitude, suggesting that 
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the threshold was reached to recruit a different type of axon. Supporting this conclusion, 

there was a corresponding decrease in EPSP latency with the jump in EPSP amplitude 

(Fig. 5, A and B). Furthermore, for "mixed" EPSPs the amplitudes were unaffected by 

stimulus frequency when stimuli were delivered with threshold current levels, but 

frequency-dependent depression was observed when the stimuli were delivered with 

current levels that elicited the larger amplitude EPSPs. 

Tectopulvinar clusters and convergence 

In the tectorecipient thalamus, immunohistochemical staining for the type 2 

vesicular glutamate transporter (vGLUT2) can be used as a marker for tectopulvinar 

terminals (Chomsung et ai., 2008; Masterson et ai., 2009). As illustrated in Figure 1, this 

marker reveals the distinct arrangements of tectal terminals in the Pd and Pc. The Pd 

contains dense clusters of tectal terminals, and tubular clusters line long lengths of 

dendrites (Figure 1 C). In contrast, the Pc contains smaller more sparsely distributed 

clusters of tectal terminals (Figure ID). Using electron microscopy, we have previously 

shown that the clusters of tectopulvinar terminals surround and synapse on central 

dendrites (Chomsung et ai., 2008). 

As previously reported (Chomsung et ai., 2008), injections ofbiotinylated dextran 

amine (BDA) in the SC label tectopulvinar axons that form topographically organized 

clusters of boutons ("specific" projections; Figure 6A) as well as nontopographically 

organized axons that contribute more widespread boutons ("diffuse" projections; Figure 

6B). By comparing BDA-labeled tectopulvinar synapses to synapses labeled by the 

vGLUT2 antibody, we previously concluded that both the diffuse and specific projections 

are convergent (Chomsung et ai., 2008). We confirmed this by staining tissue that 
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contained BDA-Iabeled tectopulvinar axons with the vGLUT2 antibody. As illustrated in 

Figure 6C-G), for both types oftectopulvinar axons, the BDA-Iabeled terminals made up 

a small proportion of the total terminals within a vGLUT2-stained cluster. However, 

vGLUT2-stained clusters contained at most 1 bouton contributed by "diffuse" axons 

(Figure 6C), whereas "specific" axons contributed several boutons to each cluster (Figure 

6D-G). This suggests the "diffuse" pathway exhibits a greater degree of convergence 

onto individual dendrites than does the "specific" pathway. 

Tectopulvinar terminals contain both synapsin I and synapsin II 

Because the expression of synapsins has been related to short-term plasticity 

(Kielland et aI., 2006), we examined the synapsin content of RS, RM and RL profiles in 

the tree shrew by combining immunohistochemical labeling for synapsin I or synapsin II 

with immunohistochemical labeling for vGLUT2 (a marker for tectothalamic or 

retinogeniculate terminals)(Chomsung et aI., 2008; Masterson et aI., 2009) or vGLUTl (a 

marker for corticothalamic terminals )(Fremeau et aI., 2001; Herzog et aI., 2001; Kaneko 

et aI., 2002) in the dorsal lateral geniculate nucleus (dLGN, Figure 7), Pd (Figure 8) and 

Pc (Figure 9) of the tree shrew. As illustrated in Figure 7, we found that retinogeniculate 

terminals (RL profiles labeled with the vGLUT2 antibody) do not contain either synapsin 

I or synapsin II (as previously reported in the mouse, Keilland et aI., 2006). We also 

found that corticothalamic terminals in the dLGN, Pd and Pc (RS profiles labeled with 

the vGLUTl antibody) contain synapsin I but not synapsin II (Figures 7-9). Finally 

tectopulvinar terminals (RM profiles labeled with the vGLUT2 antibody) contain both 

synapsin I and synapsin II (Figure 8 and 9). We found a similar distribution of synapsins 
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in vGLUTl- and vGLUT2-labeled terminals in the rat dLGN and lateral posterior nucleus 

(data not shown). These results are summarized in Table 1. 

Discussion 

Diffuse and specific EPSPs 

Based on differences in their convergence patterns, we conclude that the slower 

latency, smaller amplitude EPSPs represent activation of diffuse tectopulvinar 

projections, while the faster, larger amplitude EPSPs represent activation of specific 

tectopulvinar projections. This conclusion is also based on comparisons to our previous 

study of EPSPs elicited by stimulation of tectothalamic axons in the rat. Tectothalamic 

projections in the rodents are nontopographic (Mooney et at, 1984) and EPSP amplitudes 

remain stable at stimulation frequencies of up to 20Hz (Masterson et at, 2010). The lack 

of short-term frequency-dependent plasticity in the rat tectothalamic pathway is similar to 

that exhibited by the slower latency, smaller amplitude tectopulvinar EPSPs of the tree 

shrew. In contrast, the faster, larger amplitude tectopulvinar EPSPs of the tree shrew 

exhibited a small frequency-dependent depression (29.42% at 10Hz), a feature which was 

not observed in our studies of the rat tectothalamic EPSPs. 

At threshold, specific EPSPs may be larger than diffuse EPSPs because 

stimulation of a single specific axon activates clusters of terminals that innervate the 

same dendrite, while stimulation of a single diffuse axon activates unitary inputs. 

Alternatively, the glutamate release probability may be higher for specific terminals than 

diffuse terminals. This would help to explain why the specific EPSPs are depressed at 

high rates of stimulation; the pool of synaptic vesicles ready for release in specific 

tectopulvinar terminals may not be fully replenished during short interstimulus intervals. 
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Diffuse tectopulvinar EPSPs may exhibit relative stability because their vesicles are not 

depleted as rapidly. 

Synapsin distribution varies in glutamatergic terminals of the thalamus 

Synapsins have been associated with the tethering of synaptic vesicles to 

cytoskeletal elements (Schiebler et aI., 1986; De Camilli et aI., 1990; Benfenati et aI., 

1991; Greengard et aI., 1993; Pieribone et aI., 1995; Rosahl et aI., 1995; Gitler et aI., 

2004; Samigullin et aI., 2004) and are thought to regulate the equilibrium of a reserve 

pool of synaptic vesicles and a population of vesicles that are docked for ready release 

(Llinas et aI., 1985; Hilfiker et aI., 1999). It has been hypothesized that synapsins are 

necessary to sustain the release of neurotransmitter at high rates of synaptic transmission 

(Greengard et aI., 1993; Pieribone et aI., 1995; Rosahl et aI., 1995). In the dLGN of 

synapsin IIII knockout mice, the short-term frequency-dependent facilitation of 

corticogeniculate EPSPs was increased, while long-term post-tetanic potentiation was 

decreased (Kielland et aI., 2006). This change presumably occurred because fewer 

vesicles were tethered to retain a reserve pool. 

We found that, within the visual thalamus of the tree shrew and rat, tectothalamic 

terminals are the only glutamatergic terminals that contain both synapsin I and synapsin 

II. Retinogeniculate terminals contained neither synapsin, and corticothalamic terminals 

contained synapsin I, but not synapsin II. These distributions correlate with the distinct 

synaptic properties of these terminal types. Retinogeniculate EPSPs exhibit strong 

frequency-dependent depression (Turner and Salt, 1998; Chen et aI., 2002; Kielland and 

Heggelund, 2002), corticothalamic EPSPs exhibit strong frequency-dependent facilitation 

(Lindstrom and Wrobel, 1990; Turner and Salt, 1998; von Krosigk et aI., 1999), while 
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tectothalamic EPSP amplitudes remam relatively stable during high frequency 

stimulation (Masterson et aI., 2010). Even the (specific) tectopulvinar EPSPs that showed 

a small decrease in amplitude high stimulation frequencies (29.42% decrease at 10Hz) 

stimulation, are more stable than retinogeniculate EPSPs which can depress by as much 

as 60% at 10Hz (Turner and Salt, 1998). 

Recent studies have suggested that synapsin IIa is a key regulator of the reserve 

pool of synaptic vesicles. Gitler et aI. (Gitler et aI., 2008) found that synapsin IIa was the 

only synapsin isoform that could increase the reserve pool of synaptic vesicles and slow 

synaptic depression in neurons obtained from synapsin I1II/II1 triple knock-out mice. The 

synapsin II content of tectopulvinar terminals may make them particularly resistant to 

fatigue and able to follow high rates of firing. 

Functional implications 

Tectopulvinar neurons are located in the lower stratum gnseum superficiale 

(SGS) of the SC and extend widespread, obliquely-oriented dendrites throughout the 

retinorecipient SGS (wide-field vertical cells; (Graham and Casagrande, 1980; Chomsung 

et aI., 2008). Neurons in the lower SGS have large receptive fields, exhibit brisk 

responses to movement and are direction selective (Albano et aI., 1978). Firing rates of 

up to 250Hz have been recorded in the tree shrew SGS. Moreover, many cells exhibit 

sustained activity as the leading or trailing edge of a stimulus moves across their 

receptive field (Albano et aI., 1978). Therefore, tectopulvinar terminals must be uniquely 

equipped to sustain transmission from the SC to pulvinar neurons. We suggest that the 

convergent synaptic arrangements, as well as the synapsin content of tectopulvinar 

terminals, allows them to relay a dynamic range of visual signals from the SC to the 

124 



cortex, striatum and amygdala in order to initiate and guide the appropriate actions in 

response to the movements of predator or prey. 
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Figure 1. 

In vitro recording methods. A) A parasaggital section of the tree shrew brain stained for 

the type 2 vesicular glutamate transporter (vGLUT2) illustrates the location of the whole 

cell recordings in the caudal pulvinar nucleus (Smith and Populin) and the location of the 

8 electrode stimulus array in the superior colliculus (SC). B) Voltage fluctuations 

recorded in response to the injection of depolarizing or hyperpolarizing current steps of 

varying size revealed that all recorded cells fired with both tonic action potentials, and 

low threshold calcium bursts. C, D) High magnification views of the Pd and Pc illustrated 

in panel A. In the PUL, immunohistochemical staining for vGLUT2 is a marker for 

tectopulvinar terminals (Chomsung et aI., 2008) and reveals the distinct arrangements of 

tectal terminals in the dorsal (Pd) central (Pc) pulvinar nucleus. The Pd contains dense 

clusters of tectal terminals and tubular clusters line long lengths of dendrites (C). In 

contrast, the Pc contains smaller more sparsely distributed clusters oftectal terminals (D). 

Scale in A = 1 mm. Scale in C = 30 /lm and also applies to D. dLGN, dorsal lateral 

geniculate nucleus. 
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Figure 2. 

Two types of EPSPs. A: with increasing stimulation intensity, tecto-pulvinar EPSPs show 

a graded increase in amplitude. B: average first type EPSP amplitudes and latencies as a 

function of stimulation intensity (n=17), graph show a graded increase in peak amplitude 

correlate to the increase in stimulation current but the latency of the EPSP is not relative 

to stimulation current. C: average second type EPSP amplitudes and latencies as a 

function of stimulation intensity (n=8), second type EPSP show a graded increase in peak 

amplitude and no change in latency with increasing stimulation intensity, but the 

threshold amplitude was smaller and latency was longer (p<O.05). 
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Figure 3. 

Two types of EPSPs display distinct frequency-dependent short-term plasticity. A: train 

stimulation consisted of 8 pulses at 1Hz, 1.25Hz, 2.5Hz, 5Hz and 10 Hz, 1 S\ 3rd and 5th 

EPSPs from the train stimulation of first type tecto-pulvinar fiber showed frequency

dependent depression, recorded at resting membrane potential of -58m V. B: 1 S\ 3rd and 

5th EPSPs from the train stimulation of second type tecto-pulvinar fiber produced EPSPs 

with stable amplitudes, recorded at resting membrane potential of -59mV. C and D: 

normalized average EPSPs evoked in 14 cells by 8 pulses at 1 Hz, 1.25Hz, 2.5Hz, 5Hz 

and 10Hz, each point was normalized by dividing the EPSP amplitude of that pulse in 

the train (EPSPn) to the amplitude of the first EPSP of the train (EPSP1), C: stimulation 

of the first type tecto-pulvinar fiber showed change in EPSP peak amplitudes of the 8 

EPSPs evoked by the stimulus train at various frequencies. D: stimulation of the second 

type tecto-pulvinar fiber showed stable EPSP peak amplitudes of the 8 EPSPs evoked by 

the stimulus train at various frequencies. 
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Figure 4. 

Two types of EPSPs display distinct short-term plasticity by paired-pulse stimulation. A: 

left panel showed 1 sl and 2nd EPSP evoked by paired pulse stimulation of first type tecto

pulvinar fiber at 200ms time interval, traces were recorded at resting membrane potential 

at -58mV (upper panel) or -70mV under voltage-clamp mode (lower panel), both traces 

showed paired-pulse depression. Right panel showed 1 sl and 2nd EPSP evoked by paired 

pulse stimulation of second type tecto-pulvinar fiber at 200ms time interval, traces were 

recorded at resting membrane potential at -59m V (upper panel) or -70m V under voltage

clamp mode (lower panel), both traces showed stable EPSP amplitudes. B: plots of 

paired-pulse ratio (EPSP2 ampiitude/EPSP1 amplitude) as a function of inter-stimulus 

intervals (O.ls, 0.2s, 0.3s, O.4s, 0.6s, 0.8s, Is, 2s) by stimulation of first type tecto

pulvinar fiber, showed gradual increase of paired-pulse ratio. C: plots of paired-pulse 

ratio (EPSP2 ampiitude/EPSP1 amplitude) as a function of inter-stimulus intervals (0.1 s, 

O.2s, 0.3s, O.4s, 0.6s, 0.8s, 1 s, 2s) by stimulation of second type tecto-pulvinar fiber, 

showed stable paired-pulse ratio. 
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Figure 5. 

"Mixed" EPSP show characteristics of two types of EPSPs. A: "mixed" EPSPs show 

small amplitude with small stimulation currents, followed by a large increase in 

amplitude and corresponding decrease in latency at larger stimulation currents. B: plots of 

"mixed" EPSP amplitudes and latencies as a function of stimulation intensity, showed 

graded increase in amplitude with small stimulation currents followed by a large increase 

in amplitude and corresponding decrease in latency at larger stimulation currents. 
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Figure 6. 

Convergence of tectopulvinar terminals. Injections of biotinylated dextran amine (BDA) 

in the SC labels tectopulvinar axons that form widespread ("diffuse") axons and boutonss 

(A) as well as more discrete clustered ("specific:) boutons (B). C-G) Confocal images 

illustrate tectopulvinar terminals labeled with BDA (purple) and tectopulvinar terminals 

labeled with antibodies against the type 2 vesicular glutamate transporter (vGLUT2, 

green). Terminals labeled with both BDA and vGLUT2 appear white. Clusters of 

vGLUT2-stained terminals contain at most 1 bouton contributed by "diffuse" axons (C) 

while "specific" axons contributed several boutons to each cluster (D-G) Scale in B = 10 

J..lm and applies to A-F. Scale in G = 2 J..lm. 
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Figure 7. 

Confocal images of dLGN tissue labeled with antibodies against synapsin I or II (purple), 

and vGLUTl or 2 (green). Profiles that are labeled with two antibodies appear white. 

Retinogeniculate terminals (RL profiles labeled with the vGLUT2 antibody, right panels) 

do not contain either synapsin I or synapsin II. Corticothalamic terminals in the dLGN 

(RS profiles labeled with the vGLUTI antibody, left panels) contain synapsin I, but not 

synapsin II. Scale = 1 0 ~m. 
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Figure 8. 

Confocal images of Pd tissue labeled with antibodies against synapsin I or II (purple), 

and vGLUTl or 2 (green). Profiles that are labeled with two antibodies appear white. 

Tectopulvinar terminals (RM profiles labeled with the vGLUT2 antibody, right panels) 

contain both synapsin I and synapsin II. Corticothalamic terminals in the Pd (RS profiles 

labeled with the vGLUTl antibody, left panels) contain synapsin I, but not synapsin II. 

Scale = 10 11m. 
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Figure 9. 

Confocal images of Pc tissue labeled with antibodies against synapsin I or II (purple), and 

vGLUTl or 2 (green). Profiles that are labeled with two antibodies appear white 

Tectopulvinar terminals (RM profiles labeled with the vGLUT2 antibody, right panels) 

contain both synapsin I and synapsin II. Corticothalamic terminals in the Pc (RS profiles 

labeled with the vGLUTl antibody, left panels) contain synapsin I, but not synapsin II. 

Scale = 10 /Jm. 
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Table 1. 

Characteristics of glutamatergic terminals in the visual thalamus. 
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Table 1: Characteristics of glutamatergic terminals in the visual 
thalamus 
Typ Species Terminal EPSP EPSP current vs 10Hz synapsin vGLU 
e origin- size in threshold EPSP stirn effect content T 

target vitro amplitude amplitude content 
latenc 
y 

RS rat 0.28 ± graded facilitation type I type I 
cortex- 0.13 11m2 
dLGN 
rat 0.27 ± 4.2 ± graded facilitation type I type I 
cortex- 0.12 11m2 0.7 ms 
caudal LP 
rat 0.34 ± 4.3 ::::: I mY graded facilitation type I type I 
cortex- 0.11 11m2 ±0.8 
rostral LP ms 

mouse 0.22 ± facilitation type I 
cortex- 0.01 11m2 &!or II 
dLGN 

R rat 0.71 ± 3.7 ± graded none type I & type 2 

M SC- 0.32 11m2 0.63 II 
caudal LP ms 
Tree 0.62 ± 3.20 ± 1.58 ± 0.27 graded none type I & type 2 
shrew 0.22 11m2 0.15 mY II 
SC ms 
diffuse-
pulvinar 
TS 0.62 ± 2.11 ± 4.82 ± 0.57 graded mild type I & type 2 
SC 0.21 11m2 0.10 mY depression II 
specific ms 
pulvinar 

RL rat 2.72 ± 1.6 ± ~8mY all-or- depression none type 2 
cortex 1.27 11m2 0.5 ms none 
rostral LP 
rat 3.73 ± all-or- depression none type 2 
retina- 1.92 11m2 none 
dLGN 
mouse 1.741lmL depression none 
retina-
dLGN 

References: Granseth et ai., 2002; Kielland and Heggelund, 2002; Fujiyama et ai., 2003; Li et ai., 
2003a; Li et ai., 2003b; Kielland et ai., 2006; Masterson et ai., 2009; Bickford et ai., 2010; Masterson et 
ai., 2010; current study. 
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CHAPTER V 

SUMMARY AND FUTURE DIRECTIONS 

The prevIOUS chapters describe investigations of several anatomical and 

physiological properties of tecto-pulvino-cortical pathways. By using a combination of 

neuroanatomical techniques, we characterized the synaptic organization of 

pulvinocortical projections. This is the first morphological description of the synaptic 

connections ofpulvinocortical terminals. We found that the Pd and Pc subdivisions of the 

pulvinar nucleus, which receive visual input from the SC, innervate large regions of both 

the posterior and dorsal temporal cortex, forming 2 topographic maps. Within these 

regions, pulvinocortical terminals innervate layers I-IV. Our ultrastructural analysis of 

these terminals revealed that they all contact nonGABAergic spines of pyramidal cells. In 

addition, we found that the Pd and Pc receive input from layer VI cells in the temporal 

cortex and that the axons of these cells form small terminals (type I terminals) that 

innervate small caliber dendrites in the Pd and Pc. We found that the Pd and Pc do not 

receive input from cortical layer V (type II terminals). We also found that all pulvinar 

connections with the temporal cortex appear to be reciprocal. Therefore, it does not 

appear that the Pd and Pc can be considered "higher order" nuclei, which are defined by 

their input from cortical layer V, and their potential to receive input from one cortical 

area and transfer this information to other cortical areas (Guillery 1995; Guillery and 

Sherman 2002). We hypothesize that the receptive field properties of Pd and Pc cells are 
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created by the integration of convergent input from the SC and temporal cortex and that 

the pulvinocortical projections may influence the perception of visual stimuli and/or the 

activation subcortical visuomotor circuits. 

A number of different pyramidal cell types can be found in the pulvinocortical 

projection zones and could be potentially targeted by pulvinar terminals. These include 

cells that project to the striatum, claustrum, SC, pretectum and/or thalamus, as well as 

corticocortical cells that form local intrinsic connections or project to other cortical areas 

(Katz 1987; Schofield et aI., 1987; Bourassa and Deschenes, 1995). The identity of the 

cells targeted by pulvinocortical terminals is a critical piece of information for 

understanding the function of the pulvinar nucleus. One possibility is that the pulvinar 

nucleus modulates the perception of visual stimuli via contacts on corticocortical cells. In 

particular, corticocortical cells that project from the temporal cortex to VI are primarily 

distributed in layer V and extend their apical dendrites to layer I (unpublished data). 

Therefore these cells could potentially be targeted by pulvinocortical terminals. It is also 

possible that corticotectal or corticostriatal cells are the primary pulvinar targets, which 

might suggest that the pulvinar plays a more direct role in coordinating movements in 

response to visual stimuli. Future anatomical and/or physiological studies are necessary 

to identify the cell types that are postsynaptic to pulvinocortical terminals. 

In the dLGN, Guido et al (1995) demonstrated that the tonic firing mode faithfully 

reflects changes in retinal ganglion cell firing, while the burst firing mode provides a 

nonlinear amplification of retinal signals. Recent in vitro experiments have shown that 

layer IV thalamocortical synapses on both regular spiking cells and fast spiking 

interneurons exhibit paired pulse depression (Hull et aI., 2009). These studies suggest that 
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the effects of pulvinar input on cortical activity will not only depend on the cell types 

targeted, but also on the properties of the firing patterns and the postsynaptic potentials 

elicited. If pulvinocortical potentials are depressed during high frequency stimulation, 

cortical circuits may be more effectively activated when pulvinar neurons fire in burst 

mode. On the other hand, if pulvinocortical potentials are enhanced by high frequency 

stimulation, cortical circuits may be more effectively activated when pulvinar neurons 

fire in tonic mode. This information is needed to understand how pulvinar firing modes 

affect cortical processing. 

Our physiology studies suggest that burst firing is an important component of 

pulvinar function. Using in vitro whole cell recording techniques, immunohistochemistry, 

western blot techniques, unbiased stereology, confocal and electron microscopy, and 

computational modeling we explored nucleus-specific features of burst firing in the 

dLGN and pulvinar nucleus neurons. We found that intrinsic membrane properties of the 

pulvinar neurons promote burst firing, pulvinar neurons can fire with bursts more often 

than dLGN neurons, and an increased density of T -type channels in pulvinar neurons 

relative to dLGN neurons may underlie this phenomenon. The contribution of burst firing 

to pulvinar function could potentially be examined by injecting T channel blockers into 

the pulvinar of primates to examine the effects on the performance of behavioral tasks. 

Our comparison of the membrane properties of neurons recorded in juvenile and 

adult tissue suggest that the development of the burst firing in both dLGN and pulvinar 

neurons correlate with a developmental change in T -channel density and could be 

possibly correlated with eye opening, which occurs at postnatal week 3 in tree shrews. 

With our neuron model, we were able to closely replicate the recorded changes in firing 
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patterns by increasing T -channel density within distal dendrites. However, a small change 

in channel kinetics was necessary to fully replicate the experimental data. Previous 

studies have also demonstrated developmental changes in channel kinetics (Ramoa and 

McCormick, 1994). More detailed studies of T channel kinetics in the juvenile and adult 

tissue will be necessary to fully understand the mechanisms underlying the development 

of multi-burst firing in the pulvinar nucleus. Dark rearing or monocular deprivation 

studies could be carried out to determine whether the development of multi-burst firing is 

related to eye opening. 

We characterized tectopulvinar EPSPs in the tree shrew to determine whether the 

unique organization of the diffuse and specific projections is reflected in differences in 

their synaptic properties. We found that the short-term synaptic plasticity oftectopulvinar 

terminals is distinct from that of corticothalamic or retinogeniculate terminals and that 

this difference could be due to the fact that each terminal type contains a unique 

distribution of synapsins. Furthermore, we found that the diffuse and specific 

tectopulvinar projections display subtle differences in short-term plasticity due to 

different patterns of convergence and/or glutamate release probability. 

We suggest that convergent synaptic arrangements allow the tectopulvinar 

projection to relay a dynamic range of visual signals from the SC, through the pulvinar, 

to the cortex, striatum and amygdala in order to initiate and guide the appropriate actions 

in response to the movements. However, further physiological experiments are necessary 

to more fully understand the function of the tectopulvinar projection. The response 

properties of neurons in the tree shrew pulvinar nucleus as well as the tree shrew 

temporal cortex should be characterized using in vivo recording techniques. The effects 
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of deactivation of the SC or temporal cortex on the response properties of pulvinar 

neurons would help to elucidate their contributions to pulvinar activity patterns. Finally, 

the effects of inactivation of the Pd and/or Pc on visual discrimination tasks would help 

to determine the contribution of tectopulvinar pathways to vision. Recent inactivation 

studies in rhesus monkeys have revealed that the pulvinar is important for the planning of 

movements (Wilke et aI., 2010), but it is difficult to target the tectorecipient zone of the 

pulvinar nucleus in this species. Therefore, continued studies of the tree shrew will help 

to resolve the function of tecto-pulvino-cortical pathways and potentially aid in the 

design of therapeutics to reduce symptoms caused by compromise of these pathways. 
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