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Drivers of the Primate Thalamus
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The activity of thalamocortical neurons is primarily determined by giant excitatory terminals, called drivers. These afferents may arise
from neocortex or from subcortical centers; however, their exact distribution, segregation, or putative absence in given thalamic nuclei
are unknown. To unravel the nucleus-specific composition of drivers, we mapped the entire macaque thalamus using vesicular glutamate
transporters 1 and 2 to label cortical and subcortical afferents, respectively. Large thalamic territories were innervated exclusively by
either giant vGLUT2- or vGLUT1-positive boutons. Codistribution of drivers with different origin was not abundant. In several thalamic
regions, no giant terminals of any type could be detected at light microscopic level. Electron microscopic observation of these territories
revealed either the complete absence of large multisynaptic excitatory terminals (basal ganglia-recipient nuclei) or the presence of both
vGLUT1- and vGLUT2-positive terminals, which were significantly smaller than their giant counterparts (intralaminar nuclei, medial
pulvinar). In the basal ganglia-recipient thalamus, giant inhibitory terminals replaced the excitatory driver inputs. The pulvinar and the
mediodorsal nucleus displayed subnuclear heterogeneity in their driver assemblies. These results show that distinct thalamic territories
can be under pure subcortical or cortical control; however, there is significant variability in the composition of major excitatory inputs in
several thalamic regions. Because thalamic information transfer depends on the origin and complexity of the excitatory inputs, this
suggests that the computations performed by individual thalamic regions display considerable variability. Finally, the map of driver

distribution may help to resolve the morphological basis of human diseases involving different parts of the thalamus.

Introduction

Thalamocortical (TC) information transfer is essential for nor-
mal cortical functions: thus, understanding the principles of
thalamic relay will help to clarify the basic principles of cortical
operation. The “driver theory” is an influential conceptual
framework that describes the morphological and functional bases
of TCrelay (Sherman and Guillery, 1998, 2006). According to the
original concept, thalamic activity is primarily determined by
specialized giant excitatory terminals (i.e., “drivers”) that form
multiple release sites on the proximal dendrites of TC cells and
secure faithful information transfer (Sherman and Guillery,
1996, 1998, 2006). The origin of drivers was used to divide the
thalamus into two regions. “First-order” thalamic relays receive
drivers from subcortical centers (retina, spinal cord, cerebellum)
and thus transmit visual, somatosensory, motor, etc., informa-
tion (Jones, 2007), whereas “higher-order” relays are contacted
by cortical layer 5 pyramidal cells (Sherman and Guillery, 1996,
2006; Rouiller and Welker, 2000) and can participate in cortico-
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cortical information transfer via the thalamus (Theyel et al., 2010).
According to the core concept, the synaptic properties of cortical and
subcortical drivers are similar (Reichova and Sherman, 2004; Groh
etal., 2008; Budisantoso et al., 2012), but the content of information
to be transferred depends on the origin of the drivers.

The exact distribution of cortical versus subcortical drivers
and their potential heterogeneity in the thalamus is unknown. It
is not clear whether cortical or subcortical drivers segregate spa-
tially or whether drivers with different origin can intermingle. It
has also not been examined whether every thalamic region always
receives some type of large excitatory driver terminal or not. Fi-
nally, it is an open question whether large excitatory terminals are
homogeneous or display nucleus-specific variability.

Recently, the thalamus has become a major target for deep-
brain intervention in several major neurological diseases, includ-
ing essential and Parkinsonian tremors (Limousin et al., 1999),
epilepsy (Fisher et al., 2010), chronic pain (Hamani et al., 2006),
and the treatment of major disturbances of consciousness (Schiff
etal., 2007; Yamamoto et al., 2010). In the majority of these cases,
little is known about the connectivity of thalamic target sites,
which makes rational intervention difficult. Thus, to facilitate a
comparison with the human brain, in this study, we mapped the
drivers of the macaque thalamus.

Although tract-tracing methods have provided an important
foundation for our understanding of TC networks, they are un-
able to resolve all afferents at the same time. Thus, we used two
well-established neurochemical markers, the vesicular glutamate
transporters 1 and 2 (vVGLUT1 and vGLUT?2), to label cortical and
subcortical excitatory inputs in the thalamus, respectively
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(Fremeau et al., 2001; Herzog et al., 2001; Land et al., 2004;
Lavallée et al., 2005; Graziano et al., 2008; Masterson et al., 2009).
The applicability of these markers was verified by tracing and
colocalization methods. Our data show a surprising nucleus-
specific heterogeneity of thalamic driver inputs, including the
convergence of drivers, the lack of morphologically identifiable
drivers, and significant heterogeneity in the morphological com-
plexity of driver terminals.

Materials and Methods

Surgery. Material from a total of seven adult female macaque monkeys
(Macaca mulatta) were used in this study. All experimental procedures
were performed according to the ethical guidelines of the Institute of
Experimental Medicine and Institute of Physiology of the Hungarian
Academy of Sciences and approved by the Ethical Committee (Approval
22.1/77/001/2010).

Three animals received unilateral injections of biotinylated dextran
amine [BDA; 10,000 molecular weight (Invitrogen), 10% in 0.1 M phos-
phate buffer (PB), pH 7.4]. Aseptic techniques were used during the
surgical procedures. Anesthesia was induced by intramuscular injection
of ketamine hydrochloride (10 mg/kg) and xylazine (1 mg/kg) and then
maintained by intravenous administration of ketamine/xylazine. Body
temperature was kept at 37-38°C with a heating pad. Heart rate and body
temperature were continuously monitored throughout the procedure
and used to adjust anesthetic depth. The head was held by hollow ear bars
affixed to a stereotaxic frame (David Kopf Instruments). A midline inci-
sion was made exposing the skull, followed by retraction of the skin. A
craniotomy was performed exposing the central sulcus and the superior
precentral dimple. After retraction of the dura mater, warm silicone was
applied to the brain to prevent desiccation of the cortex. Photographs of
the exposed cortical surface were taken for recording the locations of
electrode penetrations. BDA was injected via glass micropipettes (tip
diameter, 50—70 um) with positive current pulses (2 s duty cycles, 5 uA
for 20 min). After the surgery, the animals were treated with antibiotics
and analgesics (cobactan, 2.5%, 0.3 ml/d).

Two of the injections targeted the primary and supplementary motor
areas. In the third animal, the ventral part of the internal capsule was
injected to label large populations of layer 5 axons without significant
layer 6 labeling (Veinante et al., 2000). After a survival period of 14-20d,
the animals were killed.

Perfusion and preparation of tissue sections. The animals were perfused
under deep ketamine/xylazine anesthesia through the heart, first with
500 ml of physiological saline (5 min), followed by 500 ml of fixative
containing 2% paraformaldehyde (TAAB Laboratories Equipment) and
0.5% glutaraldehyde (TAAB Laboratories Equipment) in acetate buffer,
pH 6.0 (5 min), and finally with 1500 ml of fixative containing 2% para-
formaldehyde and 0.5% glutaraldehyde in borate buffer, pH 8.5 (60 min)
(Berod et al., 1981).

After perfusion, coronal serial sections (50 wm thick) were cut with a
vibratome, washed, cryoprotected in 30% sucrose in 0.1 M PB overnight,
and freeze—thawed in an aluminum boat over liquid nitrogen. After ex-
tensive washes and treatment with 1% borohydride, the sections were
processed for immunostaining.

Immunocytochemical procedures. To demonstrate the specificity of
the immunostainings, two primary antibodies raised against different
epitopes of the vGLUT peptides were used for both vGLUTI and
vGLUT2 immunostainings. These primary antibodies were guinea pig
anti-vGLUT1 (1:5000-1:10,000; Millipore Bioscience Research Re-
agents), rabbit anti-vGLUT1 (1:10,000; Synaptic Systems), mouse anti-
vGLUT?2 (1:3000-1:4000; Millipore Bioscience Research Reagents), and
rabbit anti-vGLUT2 (1:3000—1:4000; Synaptic Systems). The immunos-
tainings with different antibodies raised against the same vGLUT antigen
gave identical results. To delineate intralaminar nuclei, mouse monoclo-
nal anti-calbindin (1:2000; Swant) and rabbit anti-calbindin (1:2000;
kind gift from K. G. Baimbridge, University of British Columbia, Van-
couver, BC, Canada) were used.

Single immunostainings: light microscopic studies. After incubation with
the primary antibodies (see above; overnight, room temperature), the

J. Neurosci., December 5, 2012 - 32(49):17894-17908 « 17895

sections were treated with the respective biotinylated secondary antibod-
ies (2 hat 1:300; Vector Laboratories) and then with avidin—biotin horse-
radish peroxidase complex (ABC; 2 h at 1:300; Vector Laboratories). All
the washes and dilutions of antisera were done in 0.05 m Tris-buffered
saline (TBS), pH 7.4. The immunoperoxidase reaction was developed
with nickel-intensified 3.3'-diaminobenzidine (DAB-Ni) as a chromo-
gen (black reaction product). For nickel intensification, the following
solution was used: 16 ml of 0.1 M PB, pH 7.4, 1 ml of 0.5% DAB solution,
6.6 mg of NH,Cl, and 0.8 ml of 0.05 M NiNH,SO,. All sections were
postfixed in 1% OsO, containing 7% glucose, followed by dehydration in
a series of ethanol at increasing concentrations and acetonitrile and then
embedding in Durcupan (ACM; Fluka). BDA was visualized by ABC and
DAB-Ni.

Electron microscopic observations. The sections were developed with the
silver-intensified gold method. Briefly, after incubation with the primary
antibodies, sections were treated with the respective 1 nm gold-
conjugated secondary antibodies (1:50; Aurion) diluted in TBS contain-
ing 0.8% bovine serum albumin, 0.05% sodium-azide, and 0.1%
cold-water fish skin gelatin (Aurion) overnight. After washes in TBS, the
sections were treated with 1% glutaraldehyde diluted in TBS, washed
again in TBS, treated with 10% enhancement conditioning solution (Au-
rion), and developed with the Aurion R-GENT LM intensification kit.
After intensification, all sections were postfixed in ice-cold OsO, solu-
tion (0.5% in PB), followed by dehydration and embedding as above.
During dehydration, the 70% ethanol step contained 1% uranyl acetate
(40 min).

Double immunostainings. For double labeling of the two vGLUTS, two
combinations were used. For examinations at the light microscopic level,
rabbit anti-vGLUT?2 (1:3000) and guinea pig anti-vGLUT1 (1:10,000)
were mixed. Next, the sections were treated with anti-rabbit InmPRESS
reagent (1:2 in TBS; Vector Laboratories) and developed with DAB-Ni
(black reaction product). This was followed by biotinylated goat anti-
guinea pig and ABC. The second immunoreaction was visualized by
DAB alone (brown reaction product). The sections were dehydrated
as above, and 7% sucrose was added to the OsO, solution to preserve
color differences.

For electron microscopic analysis, a mixture of rabbit anti-vGLUT1
(1:5000) and mouse anti-vGLUT?2 (1:3000) was used. First, vGLUT1 was
visualized using gold-conjugated goat anti-rabbit (1:50; Aurion) and sil-
ver intensification (see above), followed by vGLUT2 visualization by
ABC and DAB. The sections were prepared for electron microscopic
analysis as described above.

For correlated light and electron microscopy of the tracer and
vGLUT2, BDA was visualized by ABC, and DAB-Ni and vGLUT2 were
visualized by anti-rabbit vGLUT2, ImmPRESS, and DAB.

Double fluorescent immunostainings. For simultaneous detection of the
tracer and the two vGLUTS, the sections were incubated with rabbit
anti-vGLUT1 (1:5000, in 0.5% Triton X-100, TBS) and mouse anti-
vGLUT?2 (1:3000), followed by a treatment with Cy3-conjugated donkey
anti-rabbit (1:500; Jackson ImmunoResearch), Cy5 donkey anti-mouse
(1:500; Jackson ImmunoResearch), and streptavidin-conjugated Alexa
Fluor 488 (1:2000; Invitrogen), or Cy5 donkey anti-rabbit Alexa Fluor
594 goat anti-mouse, and streptavidin-conjugated Alexa Fluor 488. To
decrease lipofuscin autofluorescence, the sections were treated for 1 h
with a CuSO,-containing solution according to Schnell et al. (1999).
Finally, sections were mounted, coverslipped with Vectashield (Vector
Laboratories), and examined with a confocal microscope.

Postembedding immunostaining: semithin sections. Colocalization of
vGLUT1 and vGLUT?2 was also performed on semithin sections. Briefly,
sections were embedded into Durcupan without OSO, pretreatment.
After reembedding, 0.5-um-thick sections were cut, mounted on slides,
and etched using saturated sodium ethanolate. The immunoreactions
were performed in Petri dishes using drops of primary and fluorescent
secondary antibodies as described above.

Postembedding immunostaining: GABA immunogold for electron
microscopy. After preembedding immunostaining for vGLUT1 and
vGLUT2, blocks containing various thalamic nuclei were reembedded.
Ultrathin sections were cut with an ultramicrotome and mounted on
nickel grids. Postembedding GABA immunostaining was performed on
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nickel grids according to a previously described protocol (Somogyi and
Hodgson, 1985). The rabbit anti-GABA antibody (kindly donated by
Prof. Péter Somogyi, Medical Research Council, Oxford, UK) was raised
against GABA bound to bovine serum albumin. The antibody has been
extensively characterized previously (Somogyi et al., 1985). Incubations
were performed on droplets of solutions in humid Petri dishes, as fol-
lows: 0.5% periodic acid for 2-5 min; wash in distilled water; three times
for 2 min in TBS; 30 min in 1% ovalbumin dissolved in TBS; three times
for 10 min in TBS, 1-2 h in a rabbit anti-GABA antiserum (1:6000—1:
8000 in TBS); two times for 10 min in TBS; 10 min in Tris buffer con-
taining 1% bovine serum albumin, 0.05% Tween 20; 2 h in colloidal
gold-conjugated goat anti-rabbit IgG [12 nm (Jackson ImmunoRe-
search), 1:20, or 15 nm (GE Healthcare), 1:20 in the same solution as
before); two times for 5 min wash in distilled water; 20 min saturated
uranyl acetate; wash in distilled water; staining with lead citrate; wash in
distilled water. Profiles were considered GABA positive if they contained
five times higher density of gold particles than background labeling as
measured above for the cell bodies of relay cells. The etching procedure
may remove some silver precipitate, so only every second grid was re-
acted for postembedding immunostaining.

Image acquisition and processing. Digital light micrographs were taken
with an AxioCam HRC (Carl Zeiss) connected to Axiolmager M1 micro-
scope (Carl Zeiss). Digital montages of serial photos taken through the
thickness of a section were processed with the “extended depth of field
function” of Image-Pro Express 6.0 (Media Cybernetics). Confocal im-
ages were acquired with a confocal laser scanning microscope (AIR;
Nikon) in sequential mode and a CFI Plan Apochromat VC lens 60X
(numerical aperture 1.40) with a pinhole set at 1 Airy unit and a pixel size
of 90 nm. Electron micrographs were taken by a side-mounted Veleta
CCD camera (Olympus Soft Imaging Solutions) connected to an Hitachi
H-7100 electron microscope. In the digital images, brightness and con-
trast were adjusted when necessary, applied to whole images only, using
Adobe Photoshop CS2 (Adobe Systems).

Data analyses. The borders of the thalamus were drawn by camera
lucida at low magnification. The exact ventral borders with zona incerta
and the caudomedial border with the brainstem were established by the
characteristic dense vGLUT1 immunostaining of the thalamus. The dis-
tribution of large vGLUT1 and vGLUT2 terminals were mapped on a
montage of the low-power images of the thalamus and the camera lucida
drawings by screening the whole sections with the 40X and 63X objec-
tives. The maps were finally matched with the corresponding stereotaxic
level. Neighboring vGLUT1- and vGLUT2-immunostained sections
were mapped at 500 wm intervals. Only large (>2 um), clearly distin-
guishable vVGLUT1- or vVGLUT2-immunoreactive terminals were consid-
ered for the initial light microscopic mapping. The borders drawn with
the light microscope were verified using electron microscopy (see be-
low). Finally, a composite map was drawn using the individual maps of
the animals.

At the electron microscopic level, terminals of a morphological type
known as RL (R for round vesicles and L for large terminal size) were
defined using the following criteria: large size (>2 um of diameter),
round vesicles, multiple active zones, multiple puncta adherentia (also
called filamentous contacts), multiple mitochondria cross-sections,
large-caliber dendrite or vesicle-filled dendrites as postsynaptic targets,
glial ensheathment. Our aim was to compare the size of RL terminals in
different nuclei. Proper 3D reconstruction of a statistically meaningful
number of terminals using serial electron microscopic images from a
large number of thalamic nuclei was implausible. Thus, after careful
consideration of the 3D-reconstructed terminals in the literature (Mason
etal., 1996; Beggs et al., 2003; Budisantoso et al., 2012), our own previous
experience with large thalamic terminals (Bartho et al., 2002; Bokor et al.,
2005; Lavallée et al., 2005; Bodor et al., 2008; Wanaverbecq et al., 2008),
and the present material, we decided to measure the cross-sectional area
of alarge number of terminals on single sections (1 = 695) as a best proxy
for terminal size. To compare the size of RL terminals in different nuclei,
the following criteria were used for the measurements: the terminals
should contain multiple active zones and/or puncta adherentia and at
least four mitochondria. Based on previous data, multiple mitochondria,
active zones, or puncta adherentia are present at or close to the largest
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cross-sectional area of a terminal reconstructed in 3D from serial sec-
tions. Thus, in this way, we minimized the error introduced by sampling
RL terminals close to their ends and also avoided sampling RS (R for
round vesicles and S for small terminal size) terminals. RL terminals
meeting our criteria were outlined, and their cross-sectional areas were
measured by NIH Image].

Statistics. We tested the normality of the sample distributions in case of
the axon terminals with the Shapiro-Wilk W test, and, because of the
significant values in every group, we applied nonparametric statistics
(Kruskal-Wallis test, multiple comparison). Because it was significant,
we compared the different groups with the Bonferroni’s-corrected two-
tailed test using the Statistica software.

Results

In the present account, the nomenclature of Paxinos et al. (2000)
is applied for the thalamic nuclei. Because there is a considerable
confusion regarding the proper name and exact nuclear division
of the primate thalamus, it is important to emphasize that the
core concept of the results does not depend on the nomenclature
used.

vGLUT1 and vGLUT2 as markers for cortical and

subcortical terminals

vGLUT1 and vGLUT?2 are widely used to selectively label cortical
and subcortical terminals, respectively (Lavallée et al., 2005; Gra-
ziano et al., 2008; Masterson et al., 2009). To establish whether
these markers are applicable in our conditions, we made the fol-
lowing observations and experiments.

vGLUT1 and vGLUT?2 colocalization

To establish distinct origins, colocalization of the two markers
was performed at the level of thalamic axon terminals using two
different methods: postembedding double immunofluorescence
(Fig. 1A-C) and preembedding double labeling using two differ-
ent chromogens (DAB and silver-intensified gold particles) at the
electron microscopic level (see Figs. 4 and 8). None of these
methods revealed colocalization between the two markers.

Combination of tract tracing and immunocytochemistry

In three animals, cortical terminals were labeled by the antero-
grade tracer BDA. The distribution of large cortical terminals was
consistent with the distribution of vGLUT1-positive terminals,
and colocalization studies demonstrated that large cortical termi-
nals are vGLUT1 immunoreactive (Fig. 1D-F).

In addition to this, the general distribution of vGLUT1- and
vGLUT2-positive terminals in the thalamus and the surrounding
brain regions was entirely consistent with previous tract-tracing
data (for details, see Results and Discussion).

Large vGLUT2-immunoreactive terminals in the thalamus

Immunostaining for vGLUT2 with DAB-Ni labeled large (2-7
um) irregularly shaped structures in several thalamic nuclei (Fig.
2A). Electron microscopic samples obtained from the lateral
geniculate nucleus (LGN) and the ventral posterolateral and pos-
teromedial nucleus (VPL/VPM) using the preembedding gold
method demonstrated that vVGLUT2-positive elements were large
axon terminals that contained several mitochondria and estab-
lished multiple synapses and puncta adherentia on their postsyn-
aptic targets (Fig. 2B). Innervation of vesicle-filled dendrites
was also observed. These features are compatible with well-
characterized RL-type driver terminals in the dorsal thalamus
(Colonnier and Guillery, 1964). The area of the terminals was
measured in single electron microscopic sections (see Materials
and Methods). Pooled terminal sizes were not distributed nor-
mally (Shapiro-Wilk test, W = 0.941, p = 0.0264 for LGN and
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vGLUT2

Figure 1.

J. Neurosci., December 5, 2012 - 32(49):17894-17908 « 17897

vGLUT1

High-power fluorescent images of vGLUT1- and vGLUT2-immunoreactive terminals. A-C, High-power fluorescent photomicrographs demonstrating that vGLUT2 () and vGLUT1 (B)

label distinct sets of afferents in the ventral posterolateral nucleus of the macaque monkey. D—F, High-power fluorescent photomicrographs demonstrating that anterogradely labeled large cortical
terminals (green, arrows in D) display vGLUT1 immunoreactivity (red, E) in the pulvinar. Scale bar, 10 pm.

W = 0.821, p = 0.000001 for VPL) and showed a skewed distri-
bution toward larger values. The area of RL terminals were large
in both nuclei and did not differ significantly (LGN median, 6.02
wm?; first to third quartile range, 4.63—8.46 wm? n = 44; VPL
median, 4.45 um?; first to third quartile range, 3.20—6.12 um?
n=116; p = 0.913).

Large vGLUT2-immunoreactive terminals were distributed
unevenly in the thalamus (Fig. 2C). Dense vGLUT2-positive in-
nervation characterized the major primary sensory relay nuclei,
including the LGN, VPL/VPM, and the anterior portion of the
medial geniculate nucleus, in agreement with the retinal (Colon-
nier and Guillery, 1964; Wilson, 1989), spinal trigeminal (Boivie,
1979; Rausell et al., 1992), and inferior collicular (Molinari et al.,
1995) sources of their driver inputs, respectively (Fig. 2C). The
dense vVGLUT2-immunoreactive innervation continued rostrally
from the VPL/VPM complex and extended to the entire ventro-
lateral nucleus (VL), which is consistent with its cerebellar inputs
(Rouiller et al., 1994; Percheron et al., 1996). The immunostain-
ing became patchy farther rostrally as the cerebello-recipient mo-
tor thalamus (VL) merged into the basal ganglia-recipient ventral
anterior nucleus (VA), as described previously (Bodor et al.,
2008). In the anterior portion of the thalamus, the anterior nu-
clear group displayed dense vGLUT2 immunostaining, consis-

tent with subcortical driver inputs from the mammillary body
described >200 years ago (Vicq d’Azyr, 1786) (Fig. 2C).

To examine whether all RL-type axon terminals express
vGLUT? in these regions, electron microscopic samples from the
VPL and LGN were systematically screened after preembedding
gold immunostaining. In our sample, each RL terminal encoun-
tered was immunoreactive for vGLUT2 (n = 160). These data
also demonstrate that false-negative RL terminals do not con-
found our results. Conversely, after vGLUT1 immunostaining of
the same nuclei in neighboring sections, no RL terminals were
vGLUT1 immunoreactive.

Interestingly, large vGLUT2-immunoreactive terminals were
abundant in several nuclei that are known to receive driver inputs
from the neocortex and are considered as higher-order nuclei
(Fig. 2C). These included the medial region of the mediodorsal
nucleus together with the adjacent midline nuclei, the rostral
intralaminar nuclei with the paralamellar part of the mediodorsal
nucleus, and parts of the anterior and lateral pulvinar. Con-
versely, we found large thalamic territories that were devoid of
any vGLUT2-immunoreactive inputs (Fig. 2C).

These data demonstrate that large thalamic territories are in-
nervated only by subcortical RL-type terminals and receive driver
inputs from no other sources. In addition, certain zones of
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Figure 2.
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vGLUT2 -immunoreactive terminals in the macaque thalamus. 4, High-power light microscopicimage of a vGLUT2-immunostained section using DAB-Ni as a chromogen from the VPL.

vGLUT2 labels large irregularly shaped terminals (arrows). B, High-power electron micrograph of a vGLUT2-positive terminal (b) labeled by silver intensified gold particles (small black dots). The
terminal displays the ultrastructural features of RL-type terminals, including large size, multiple mitochondria, puncta adherentia (arrowheads), synapses (arrows). €, Regional distribution of large
vGLUT2-positive terminals at four coronal levels of the macaque thalamus arranged from rostral to caudal levels. Note the absence of subcortical driver inputs from large thalamic territories. Scale
bars: 4,20 m; B, 0.5 wm. APul, Anterior pulvinar; AV, anteroventral; bsc, brachium of superior colliculus; CM—Pf, centromedian—parafascicular; fr, fasciculus retroflexus; Ipul, inferior pulvinar; LD,
laterodorsal; LGN, lateral geniculate nucleus; LPul, lateral pulvinar; MD, mediodorsal; MGN, medial geniculate nucleus; MPul, medial pulvinar; VA, ventral anterior; VL, ventrolateral; VPL, ventral

posterolateral; VPM, ventral posteromedial; Rt, reticular thalamus.

higher-order thalamic nuclei also receive substantial subcortical
inputs. Finally, significant thalamic territories are completely de-
void of any large subcortical glutamatergic terminal and hence
are free from major subcortical influence.

Large vGLUT1-immunoreactive terminals in the thalamus
At the light microscopic level, small and large vGLUT1-
immunoreactive terminals could be distinguished corresponding
to the dual cortical innervation (layer 6 and layer 5, respectively)
of the thalamus (Rouiller and Welker, 2000) using DAB-Ni as a
chromogen. The small (<1 wm diameter) terminals densely
filled the entire thalamus (Fig. 3A,C). At the electron micro-
scopic level after preembedding gold immunostaining, small
vGLUT1-positive terminals targeted thin dendrites with a single
synapse, lacked puncta adherentia, and rarely contained mito-
chondria (Fig. 3B). This is consistent with the ultrastructural
features of RS-type terminals known to originate from layer 6
(Jones and Powell, 1969; Ralston and Herman, 1969). The area of
the small terminals were an order of magnitude smaller than
those of the RL types (median, 0.47 um?; first to third quartile
range, 0.19-1.09 um?; n = 58 measured in VPL; p < 0.000001).
At the light microscopic level, large thalamic territories
contained only small vGLUT1-positive terminals (Fig. 3A,B).
However, in several regions clearly distinguishable, giant
vGLUT1-containing terminals were also present in addition to
the small ones (Fig. 3C,D). Giant vGLUT1-positive terminals
were distributed mainly in the mediodorsal nucleus and the pulv-

inar (Fig. 3E), consistent with tract tracing studies demonstrating
dual corticothalamic innervation of these nuclei (Schwartz et al.,
1991; Taktakishvili et al., 2002; Cappe et al., 2007). In addition, a
small territory receiving large vGLUT1 terminals was observed
ventrally to VL and the somatosensory VPM/VPL. According to
some accounts, this region is selectively termed as ventral poste-
rior inferior nucleus (VPI) (Jones, 2007) and is thought to be
involved in pain sensation (Apkarian and Shi, 1994).

Electron microscopic observations from the lateral pulvinar
demonstrated that the large vVGLUT1-immunoreactive endings
displayed the ultrastructural features of RL terminals and repli-
cated the morphological properties of vGLUT2-positive termi-
nals (large size, large-caliber target, multiple synapses, puncta
adherentia and mitochondria, triadic arrangement; Fig. 3D).
These features are compatible with the cortical layer 5 origin of
large vGLUT1 terminals (Deschénes et al., 1994; Bourassa and
Deschénes, 1995; Bourassa et al., 1995).

The area of terminals in the lateral pulvinar (median, 4.56
wm?; first to third quartile range, 3.34-5.75 wm? n = 64) mea-
sured in single electron microscopic sections were not signifi-
cantly different from drivers labeled by vGLUT2 in VPL or in the
LGN (Bonferroni’s-corrected two-sided test, p = 1 for both
nuclei).

To examine whether all RL terminals express vGLUT1, elec-
tron microscopic samples from the lateral pulvinar were system-
atically screened after preembedding gold immunostaining.
Sixty-four of 66 RL-type nerve endings were immunoreactive for
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Vv

vGLUT1-immunoreactive terminals in the macaque thalamus. A, High-power light microscopic image of a vGLUTT-immunostained section from the VPL displaying small vGLUT1-

immunoreactive terminals only. B, At the electron microscopic level, these terminals (b, silver-intensified gold) display the features of RS-type terminals, i.e., small size, maximum of one or two
mitochodria, no puctum adherens, and a single synapse (arrow). d, Postsynaptic dendrite. €, In the lateral pulvinar, besides the small vGLUT1-immunoreactive terminals, large immunoreactive
structures (arrows) can also be distinguished at the light microscopic level. D, At the electron microscopic level, a large vGLUT1-immunoreactive terminal (b, silver-intensified gold) displays all the
ultrastructural features of RL terminals. Arrows, Synapses; arrowheads, puncta adherentia; d, postsynaptic dendrite. £, Regional distribution of large vGLUT1-positive terminals at four coronal levels
of the macaque thalamus. Note the lack of large vGLUT1-positve terminals from many thalamic nuclei considered as higher order and the heterogeneity of the distribution within the mediodorsal
nucleus (MD) and pulvinar. Scale bars: 4, ¢, 20 um; B, D, 1 um. APul, Anterior pulvinar; AV, anteroventral; bsc, brachium of superior colliculus; C(M—Pf, centromedian—parafascicular; fr, fasciculus
retroflexus; Ipul, inferior pulvinar; LD, laterodorsal; LGN, lateral geniculate nucleus; LPul, lateral pulvinar; MD, mediodorsal; MGN, medial geniculate nucleus; MPul, medial pulvinar; VA, ventral
anterior; VL, ventrolateral; VPL, ventral posterolateral; VPM, ventral posteromedial; Rt, reticular thalamus.

vGLUT1, demonstrating that virtually no other type of large ex-
citatory inputs innervate these regions. These data again demon-
strate that false-negative RL terminals do not confound our
results.

Large vGLUT1-positive terminals were not distributed uni-
formly in the mediodorsal nucleus and pulvinar (Fig. 3E). More
specifically, they were found only in the central part of the medi-

odorsal nucleus, because its medial and lateral aspects were
devoid of these terminals. In the case of the pulvinar, vGLUT1-
immunoreactive drivers were observed in the anterior, lateral,
and inferior portion of the nucleus but not in its medial part.
In several nuclei that are traditionally regarded as higher order
[e.g., intralaminar nuclei, centromedian—parafascicular (CM—
Pf) complex], no large vGLUT]1 terminals could be discerned
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Convergence of large vGLUT1 and vGLUT2 terminals. A, B, Plot of large vGLUT1-immunoreactive (red dots) and vGLUT2-immunoreactive (green dots) terminals using double-

immunostained material in the mediodorsal nucleus (4) and pulvinar (B, position shown in the inset). Note clear separation of the two types of terminals in the mediodorsal nucleus and
homogeneous mixing in the lateral pulvinar. €, Electron micrograph from the anterior pulvinar displaying close proximity (<<3 wm) of a large vGLUTT-immunoreactive terminal (b1, silver-
intensified gold particles) and a large vGLUT2-positive terminal (b2, DAB precipitate). D, Correlated light (inset) and electron micrographs in the anterior pulvinar depicting a vGLUT2-
immunoreactive large terminal (b1, brown DAB precipitate) adjacent to a large cortical terminal (b2, black DAB-Ni precipitate) anterogradely labeled from the supplementary motor cortex by
Phaseolus vulgaris leucoagglutinin (PHAL). Both terminals display RL features. Scale bars: 4, B, 50 wm; €, 2 wm; D, 1 m; inset, 20 pm.

at the light microscopic level (for additional analysis of these
nuclei, see below).

The above data demonstrate that large thalamic territories in
the pulvinar and mediodorsal nucleus are entirely under the con-
trol of cortical drivers and that they receive large excitatory ter-
minals from no other sources. However, both the pulvinar and
the mediodorsal nucleus appear to be heterogeneous and contain
a mosaic of driver inputs with different origin.

Convergence of large vGLUT1- and

vGLUT2-posititve terminals

The initial screen of our material indicated that the distribution
of vGLUTI- and vGLUT2-immunostained giant terminals is
mostly complementary (non-overlapping) in the primate thala-
mus. However, careful examination revealed regional codistribu-
tion of vGLUT1- and vGLUT2-positive terminals along the
borders of territories innervated by subcortical and cortical driv-
ers. These zones included the borders of mediodorsal and centro-
lateral nuclei, the transition between VPI and VPM, and the
border regions of the ventrolateral nucleus with the anterior
or lateral pulvinar. Convergent zones were also observed at the

medial aspect of the inferior pulvinar (for a complete map, see
Fig. 9).

To examine the codistribution of large vGLUT1- and
vGLUT2-positive terminals, we performed double immuno-
staining for vVGLUT1 and vGLUT2 using DAB and DAB-Ni as
chromogens. Two different patterns were observed. In the medial
part of the mediodorsal nucleus, clear segregation of the cortical
and subcortical drivers was detected (Fig. 4A). However, in
the lateral pulvinar, homogeneous mixing of vGLUT1- and
vGLUT2-immunoreactive large terminals was found (Fig. 4B).
Electron microscopic analysis of convergent zones from the an-
terior pulvinar after double immunostaining for the two markers
(DAB and preembedding gold) confirmed that both vGLUT1-
and vGLUT2-immunoreactive large terminals display driver
(RL-type) features and can be found in close proximity (<5 wm)
to each other in single electron microscopic sections (Fig. 4C).
Direct demonstration of the convergence of two different drivers
on the same relay cell was not attempted in this analysis.

These data were confirmed by using anterograde tracing of the
cortical terminals (n = 3 monkeys). Cortical injections (for
details, see Materials and Methods) labeled small and large ter-
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Figure 5.

bars: 4, B, 20 um; , D, 500 nm; E and inset, 1 wum.

minals in the thalamus. Because the injections involved motor
cortical areas, small terminals were mainly concentrated in the
ventrolateral nucleus. A similar pattern was observed after tracer
injection into the ventral part of the internal capsule (see Mate-
rials and Methods). Large BDA-labeled terminals were only
found in regions in which vGLUT1-immunoreactive terminals
have also been observed (mediodorsal nucleus and pulvinar).
Direct colocalization using double immunofluorescence demon-
strated that large cortical terminals express vVGLUT1 (Fig. 1). In
two of three animals, some of the labeled large cortical terminals
were found intermingled with large vGLUT2-positive terminals,
whereas the rest were found in vGLUT2-free regions. Double
staining for the tracer and vGLUT2 demonstrated antero-
gradely labeled cortical terminals in close proximity to
vGLUT2-positve terminals at both the light and electron mi-
croscopic levels (Fig. 4D).

These data confirm that well-defined thalamic territories can
be under the control of both cortical and subcortical driver
afferents.

Lack of large excitatory terminals
After mapping the distribution of large vGLUT1 and vGLUT2
terminals, at the light microscopic level significant thalamic ter-

Thalamic territories without large vGLUT1 or vGLUT2 terminals. A, B, High-power light microscopic images of
vGLUT2-immunostained (4) and vGLUT1-immunostained (B) sections from the ventral anterior nucleus display the lack of large
terminal labeling by both markers. C, D, At the electron microscopic level, vGLUT1-positive terminals show the features of RS-type
terminals. Most of them form a single synapse or more rarely two synapses and contained a maximum of two mitochondria. £, The
large terminals of the ventral anterior nucleus (b1 and b2) are negative for vGLUT1 but show GABA immunoreactivity after
postembedding GABA immunogold staining. Inset shows a vGLUT1-immunoreactive terminal at the same magpnification. Scale
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ritories (~35%) appeared to lack both
types of large excitatory terminals. The
failure to detect giant terminals can be the
result of (1) the presence of large excit-
atory inputs not labeled by vGLUTs, (2)
the genuine lack of large excitatory inputs,
or (3) the technical limit of light
microscopic resolution. To examine these
possibilities, we performed electron mi-
croscopic analysis in thalamic nuclei ap-
parently lacking drivers.

In the ventral anterior nucleus, known to
receive subcortical inputs from the basal
ganglia (Ilinsky et al., 1985; Rouiller et al.,
1994), immunostaining for vGLUT2 re-
vealed no immunoreactive structure (Fig.
5A), whereas vGLUT1 immunostaining la-
beled only small terminals (Fig. 5B). Con-
firming the light microscopic results, even
after extensive searches, no vGLUTI-
immunoreactive RL terminal could be ob-
served at the electron microscopic level. All
vGLUT1-positive terminals in VA were RS
type and thus were small, established at
most two synaptic contacts, rarely con-
tained more than one mitochondrial cross-
section, and lacked puncta adherentia
(Fig. 5C,D, inset on E). We compared the
size of vGLUT1-immunoreactive terminals
in VA with vGLUTI terminals in VPL,
which has only RS-type vGLUT1 input. The
area of vGLUT1-immunoreactive terminals
(median, 0.40 wm? range, 0.30—0.55 um?>;
n = 83) were not statistically different
(Bonferroni’s-corrected two-sided test, p =
1) from the vGLUT]1 terminals of VPL, in
which only layer 6 input is present (median,
0.43 wm?; first to third quartile range, 0.29—
0.56 um?; nn = 58 from the VPL).

However, the neuropil of the ventral
anterior nucleus contained large, multisynaptic, vGLUT1-
immunonegative terminals that innervated thick proximal den-
drites in great numbers. Because this area is known to be
innervated by GABAergic basal ganglia afferents that form large
inhibitory terminals (Kultas-Ilinsky and Ilinsky, 1990; Kultas-
Ilinsky et al., 1997; Bodor et al., 2008), we replicated the experi-
ments after postembedding immunostaining for GABA. In our
sample, all large terminals displaying multiple synapses, puncta
adherentia, and mitochondria displayed GABA immunoreactiv-
ity (n = 20; Fig. 5E).

These data demonstrate that basal ganglia-recipient nuclei
contain no giant excitatory driver input. This input is replaced by
large GABAergic afferents in the proximal dendritic domains of
TC cells.

Heterogeneity of multisynaptic RL terminals
Beside the ventral anterior nucleus, other thalamic regions also
lacked a discernible number of large terminals at the light micro-
scopic level. These included the medial pulvinar and the lat-
erodorsal nucleus (Fig. 6).

In the medial pulvinar, in contrast to the apparent homoge-
neity of vGLUT1-immunostaining at the light microscopic level,
two types of vVGLUT1-immunoreactive nerve endings could be
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readily distinguished at the electron mi-
croscopic level. The majority of vGLUT1 P2 2
terminals were similar to the small e ;f s~ =y,
VGLUT1 terminals of the other nuclei ex-  §#ES5 ok
amined (no or single mitochondria, no |
puncta adherentia, single synapse onto a
thin caliber dendrite). In addition to these
boutons, however, larger terminals with
RL-type features (multiple mitochondria,
multiple active zones or puncta adheren-
tia) were also observed (Fig. 6B). The
cross-sectional area of RL-type medial
pulvinar terminals (median, 2.24 um 2
first to third quartile range, 1.64-2.83
wm?; n = 50) was less than half of that of
vGLUT1-immunoreactive RL terminals
in the lateral pulvinar or vGLUT2-
positive RL-type terminals in the VPL or
LGN. As a consequence, the size of RL ter-
minals in the medial pulvinar versus the
size of RL terminals in the other three nu-
clei examined were highly significantly
different (p < 0.00001 in all cases) (Fig.
7A). Similarly, multisynaptic vGLUT1-
immunoreactive terminals of the lat-
erodorsal nucleus were also considerably
smaller than their counterparts in the lat-
eral pulvinar (median, 1.76 wm?; first to
third quartile range, 0.97-2.27 um?% n =
35; p < 0.00001; Figs. 6D, 7A).

These data demonstrate that there is a considerable
nucleus-specific variability in the size of vGLUT1-positive RL-
type terminals. These small RL terminals cannot be resolved at
the light microscopic level because of the abundance of RS
terminals but clearly display RL features at the electron micro-
scopic level.

The size of vGLUT2 RL-type terminals also displayed signifi-
cant variability and nuclear specificity. vGLUT2-immunore-
active terminals in the medial part of the mediodorsal nucleus
were half the size of vGLUT2 terminals in the LGN (median, 2.78
wm?; range, 2.16-3.91 wm?; p < 0.001; n = 44; Fig. 7B). In
addition, the laterodorsal nucleus also contained a small number
of small vGLUT?2 terminals in this size range that were signifi-
cantly smaller than the drivers in the LGN or VPL (median, 2.02
wm?; first to third quartile range, 1.42-3.00 um? n = 12; p <
0.001 for LGN and p < 0.05 for VPL).

These data indicate that the size and complexity of RL termi-
nals are highly variable in the primate thalamus and display signifi-
cant regional/nuclear differences.

vGLEUT1

Figure 6.

Intralaminar nuclei

An important nuclear group in which large vGLUTI-
immunoreactive terminals were not observed at the light micro-
scopic level is the intralaminar nuclei. Given the strategic
importance of these nuclei in consciousness (Castaigne et al.,
1981; Laureys et al., 2000; Schiff et al., 2007; Yamamoto et al.,
2010) and their designation as higher-order nuclei, we specifi-
cally aimed to determine their driver inputs.

The intralaminar nuclei consist of two parts: the caudal
CM-Pf complex and the rostral intralaminar nuclei. In the case of
the CM-Pf complex, vGLUTI-postive RL-type terminals
were exceedingly rare. Even after extensive searches, only nine
vGLUT1-positive RL-type terminals were found that fulfilled our

Rovd et al.  Excitatory Afferents in the Primate Thalamus

Small RL-type vGLUT1-positive terminals. A-D, High-power light (4, €) and electron (B, D) micrographs of vGLUT1-
immunostained material from the medial pulvinar (mPUL; A, B) and the laterodorsal nucleus (LD; C, D). No vGLUT1-positive large
terminals can be distinguished at the light microscopic level (a group of small terminals is indicated by the white arrow in €). At the
electron microscopic level, however, vGLUT1-positive terminals (b, silver-intensified gold) displaying RL features can be identified
(multiple mitochondria, punctum adherens, arrowheads, multiple synapses, arrows) in both the medial pulvinar (B) and the
laterodorsal nucleus (D). These terminals are significantly smaller and less complex than RL terminals of the lateral pulvinar or
ventral posterolateral nucleus. Scale bars: light micrographs, 20 wm; electron micrographs, 500 nm.

criteria (see Materials and Methods). The size of these terminals
(median, 1.78 wm?; first to third quartile range, 1.29-2.06 wm?)
were in the range of small RL-type terminals encountered in
the medial pulvinar and the laterodorsal nucleus (Fig. 7A).
Large multisynaptic terminals were immunoreactive for
GABA, as in the case of the ventral anterior nucleus, consistent
with the basal ganglia inputs of the CM—Pf complex (Kultas-
Ilinsky et al., 1997).

The rostral intralaminar nuclei are a thin sheet of cells that
surround the mediodorsal nucleus. The borders of the intrala-
minar nuclei cannot be unequivocally determined using
vGLUT1- or vGLUT2-immunostained sections. Thus, we used
calbindin-D28 immunostaining, a well-characterized marker of
the rostral intralaminar group (Jones, 2007), to exactly define the
borders. Next, we prepared adjacent sections double immuno-
stained for vGLUT1 and vGLUT2 and selected the appropriate
area using capillaries as landmarks (Fig. 8A-G).

In the rostral intralaminar group, the vGLUT 1-positive termi-
nals displayed almost exclusively RS features. Even after an exten-
sive search, only two vGLUT1-positive terminals were found that
fulfilled our criteria for RL terminals. The same region contained
vGLUT2-immunoreactive RL terminals, which were smaller
than the large vGLUT2 terminals of VPL and LGN but were
comparable in size to vVGLUT?2 terminals of the medial part of the
mediodorsal nucleus (median, 2.82 um?; first to third quartile
range, 2.15-4.32 um?; n = 49; Fig. 7B). The presence of subcor-
tical driver inputs in the rostral intralaminar nuclei is consistent
with the literature showing afferents arising from the superior
colliculus (Harting et al., 1980) and the spinal cord (Apkarian
and Shi, 1994).

The data indicate that intralaminar nuclei have few or no
multisynaptic inputs from the cortex, but the rostral intralaminar
group is innervated by subcortical drivers of medium size.
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The data can serve as a framework to

explain primate behavioral results and
can be used to understand the morpho-
logical bases of human neurological
diseases involving the thalamus (see
below).

Technical considerations

vGLUT1 and vGLUT?2 were treated in this
paper as selective markers for cortical and
subcortical terminals, respectively. Our
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eral. *p < 0.05, **p < 0.001.

The map of drivers in the primate thalamus
Based on the light and electron microscopic results, we pre-
pared a complete map of driver distribution in the primate
thalamus (Fig. 9). The map indicates the origin (cortical vs
subcortical), the size (large, medium, or no drivers), as well
the convergence or segregation of drivers with different origin.
Based on the exact composition of driver assembly, six
different thalamic territories could be distinguished: (1)
regions innervated exclusively by large vGLUT2 terminals, (2)
regions innervated exclusively by large vGLUT1 terminals, (3) re-
gions receiving both vGLUT1- and vGLUT2-positive large termi-
nals, (4) regions without RL terminals of any type, (5) regions
innervated by small RL-type vGLUT1 terminals, and (6) regions
with small vGLUT1- and small vVGLUT2-positive RL type terminals.
These territories primarily but not entirely overlapped with
previously established nuclear borders (Fig. 9). vGLUT1 and
vGLUT2 immunostainings were suitable to delineate thalamic
territories with significant clinical relevance. Large vGLUT2 ter-
minals delineated the borders of cerebello-recipient thalamus
and basal ganglia-recipient thalamic territories. The different
driver composition enabled us to identify the borders between
the pulvinar and the surrounding sensory and motor regions.
Conversely, the similar driver composition did not allow us to
distinguish somatosensory VPM/VPL and the motor ventrolat-
eral nucleus. Finally, the absence of giant RL terminals defined
the borders of the medial pulvinar.

Discussion

In the present study, we mapped the type and origin of excit-
atory driver inputs in the macaque thalamus. In contrast to the
general assumption that the major role of the thalamus is to
relay peripheral information to the cortex, our data show that
the larger part of the primate thalamus is devoid of giant
vGLUT2-positive terminals. In addition, contrary to the ste-
reotyped view of TC relay cells being driven by the activity of
giant excitatory terminals, our data indicate variable compo-
sition of the major excitatory/inhibitory afferents. Because the
message relayed in the thalamus depends on the size and ori-
gin of the driver terminals, the data imply substantial variabil-
ity in the type of computation performed by different TC cells.

vGLUT2

Nucleus-specific variability in the size of vGLUT2- and vGLUT1-positive terminals. A, B, Box plots of the median,
interquartile, and 5-95% range of the cross-sectional areas of vGLUT1-positve RL (LPUL, MPUL, Pf, LD) and RS (VA, VPL) type (4)
and vGLUT2-positive RL (LGN, VPL, MD, CL, LD) type terminals measured in single electron microscopic sections (B). Note the
significantly smaller vGLUT1-positive RL-type terminalsin MPUL, Pf, and LD compared with lateral pulvinar. In VA, the terminal size
does not differ from VPL terminals, which is known to contain only RS-type vGLUT1-positive terminals. Similarly, the size of
vGLUT2-positve terminals also displays significant differences. CL, Centrolateral; LD, laterodorsal; LGN, lateral geniculate nucleus;
LPUL, lateral pulvinar; MD, mediodorsal; MPUL, medial pulvinar; Pf, parafascicular, VA, ventral anterior; VPL, ventral posterolat-

present data and a review of the recent
literature confirm this distinction. The
mapping of vGLUT1 and vGLUT?2 termi-
nals in this study is entirely consistent
with previous track tracing data. First, in
nuclei with known subcortical input (cer-
ebellum, spinal cord, trigeminal complex,
retina, brainstem, mammillary body),
only large vGLUT?2 terminals were found,
making it unlikely that any thalamic-
projecting subcortical center expresses
significant amount of vGLUT1 (for de-
tails, see Results and below). Second, large
vGLUT1-positive terminals were found only in those nuclei in
which cortical axons with large boutons have been described
(mediodorsal nucleus and pulvinar). The vVGLUT1 immunoreac-
tivity of cortical large terminals was directly demonstrated (Fig.
1). These boutons as well as the small cortical layer 6 terminals
did not display vGLUT2 immunopositivity, indicating the lack
of vVGLUT2 in corticothalamic inputs. Third, vGLUT1 and
vGLUT?2 were not colocalized (Figs. 1, 4, 8), even in regions in
which large vGLUT1 and vGLUT2 terminals intermingle,
demonstrating distinct origin of the two terminal types. Fi-
nally, recent in situ hybridization studies in primates (galago
and owl monkey) detected abundant vGLUT]1 in the cortex
but “absent or very low level of vGLUT2 in layer V and VI”
(Balaram et al., 2011; Hackett et al., 2011). Likewise, thalamic-
projecting subcortical centers (e.g., inferior and superior col-
liculus) contained abundant vGLUT2 but negligible vGLUT1
signal (Balaram et al., 2011; Hackett et al., 2011). In the ma-
caque, detection of the mRNA of vGLUTs yielded comparable
results (Graziano and Jones, 2008; Alessandro Graziano, per-
sonal communication). These data strongly suggest that our
conclusions about the distribution, origin, and heterogeneity
of the thalamic terminals are not affected by a putative cortical
vGLUT?2 or subcortical vGLUT1 expression.

Genuine subcortical drive

Based on their subcortical driver inputs, primary sensory nuclei,
the cerebello-recipient thalamus, and the anterior nuclear group
were considered as first-order nuclei (Sherman and Guillery,
2006). Our data confirmed these predictions, showing that these
nuclei are innervated exclusively and homogeneously by subcor-
tical drivers and receive large excitatory inputs from no other
sources. This pattern of innervation forms the morphological
basis of the classical thalamic function, the faithful relay of sub-
cortical information to the neocortex.

In addition to first-order nuclei, we also found pure subcor-
tical drive in distinct thalamic zones previously regarded as
“higher order” (Sherman and Guillery, 2006), i.e., driven by cor-
tical large terminals. These included the rostral intralaminar
group and the medial part of the mediodorsal nucleus with the
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Figure 8. Excitatory inputs of the rostral intralaminar nuclei. A-D, Delineation of the intralaminar nuclei. Low-power light micrographs of adjacent sections immunostained for calbindin (A),
vGLUTT (B), and vGLUT2 (C). Note that the borders of the intralaminar nuclei are discernible only in the calbindin immunostaining. Arrows indicate corresponding capillaries. The color map (D)
indicate the distribution of large terminals (green, large vGLUT2 terminals; red, large vGLUT1 terminals). Intralaminar nuclei are continuous laterally with VPL but contain no large vGLUT1 terminals,
unlike the mediodorsal nucleus. -G, High-power light microscopic images of the blue boxed regions in A—C, respectively. Note the lack of large vGLUT1-positive terminals and medium-sized
VGLUT2 terminals (arrows in G) in the centrolateral nucleus. H, At the electron microscopic level, a vGLUT1-positive terminal (b) displays RS features. I, After double immunostaining, the size
difference between RL-type vGLUT2 terminals (b1, b2, DAB precipitate) and RS-type vGLUT1-immunoreactive terminals (b3, silver-intensified gold) are apparent. Scale bars: A-C, 2 mm; E, 100 um;
F.G,20 um; H, 1,1 um.
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Figure 9.  Mosaic of drivers in the primate thalamus. Distribution of cortical and subcortical excitatory terminals in the entire primate thalamus. The map is displayed at 22 coronal levels from
anterior (top right) to posterior (bottom left) with 500 m intervals. It is based on observations from seven monkeys. Six different types of innervation pattern are distinguished based on the light
and electron microscopic data. Large thalamic territories receive exclusively subcortical (VGLUT2 green) or cortical (vGLUT1, red) RLinputs. Convergence of the two terminal types (yellow) is restricted
to border zones. Basal ganglia-recipient nuclei (VA) receive no discernible excitatory RL driver input (white). Cortical input from smaller RL drivers (pink) characterizes medial pulvinar and C(M—Pf.
Finally, in the laterodorsal nucleus, the convergence of small cortical and small subcortical RL terminals were observed (orange). Single nuclei, especially the pulvinar and the mediodorsal thalamic
nuclei, displayed considerable subnuclear heterogeneity in their driver distribution. Small dots indicate clusters of small vGLUT2-positive nerve endings encountered at the light microscopic level.
APul, Anterior pulvinar; AV, anteroventral; bsc, brachium of superior colliculus; C(M—Pf, centromedian—parafascicular; fr, fasciculus retroflexus; Hb, habenula; Ipul, inferior pulvinar; LD, laterodorsal;
LGN, lateral geniculate nucleus; LPul, lateral pulvinar; MD, mediodorsal; MGN, medial geniculate nucleus; MPul, medial pulvinar; mt, mammillothalamic tract; VA, ventral anterior; VL, ventrolateral;
VPL, ventral posterolateral; VPM, ventral posteromedial; Rt, reticular thalamus. Scale bar, 2 mm.
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adjacent midline nuclei. Both nuclear groups have been shown to
receive subcortical nociceptive afferents (Krout et al., 2002).
Thus, the present data underlie the importance of subcortical
drive in these nuclei, which may participate in the transmission of
abnormal peripheral signals to anterior cingulate cortex during
chronic pain (Price, 2000; Krout et al., 2002).

Genuine cortical drive

Our data unambiguously demonstrated that significant thalamic
territories are completely free of subcortical drivers and their RL
type terminals have exclusively cortical origin in the primate thal-
amus (Figs. 3, 9). This indicates that relay cell activity in these
regions is only driven by the output of cortical layer 5 pyramidal
cells and not by subcortical centers. Recent data showed that
corticothalamic RL terminals are as efficient as subcortical driv-
ers and that the physiological properties of cortical and subcorti-
cal drivers are identical (Reichova and Sherman, 2004; Groh et
al., 2008). Because thalamic neurons driven by cortical layer 5
project back to cortex, this top-down drive can form the basis of
a corticocortical information transfer via the thalamus, as shown
previously (Theyel et al., 2010), and can mediate higher-order
sensory procession, which requires coordinated control of top-
down and bottom-up signal flows (Purushothaman et al., 2012).
The exact function of this pathway is hotly debated, but our data
point out that a significant portion of the primate thalamus is
dedicated entirely to this function.

Pure cortical drive was found in the central part of the medi-
odorsal nucleus and the pulvinar. The pulvinar has been shown
to project to a wide range of frontoparietal cortices, indicating its
role in linking distinct cortical areas (Cappe et al., 2009). Indeed,
small lesions of the pulvinar do not affect perception of elemen-
tary information but do interfere with the binding of such
information into a single object (Ward et al., 2002). A similar
coordinative role has been assigned to the mediodorsal nucleus
regarding frontal functions. In cases of schizophrenia, the medi-
odorsal nucleus and pulvinar display significant cell and volume
loss (Cronenwett and Csernansky, 2010; Janssen et al., 2012),
which may have a causal relationship with the disorganized fron-
tal functions of these patients as consequence of damage to the
cortico-thalamo-cortical pathway.

Convergent zones

At the boundaries of first- and higher-order territories, large ex-
citatory terminals of cortical and subcortical origin were ob-
served in close proximity (Fig. 4). Because the thalamus is
organized in a topographic manner, relay cells innervated by
these terminals most probably project to the same cortical terri-
tory. This indicates that cortical neurons postsynaptic to these
thalamic cells are in a unique position to receive the convergence
of information originating from the classical thalamic route (pe-
riphery—thalamus—cortex), as well as the trans-thalamic route
(cortex—thalamus—cortex). The role of this convergence has still
to be determined, but cortical neurons receiving inputs from
relay cells activated by bottom-up and top-down drivers may
serve to detect coincident sensory and motor activity.

Lack of large excitatory drivers

In the thalamic territories contacted by the output of the basal
ganglia (ventral anterior nucleus), no multisynaptic excitatory
driver input (RL-type) could be detected. The proximal dendritic
domains, traditionally contacted by excitatory drivers, were in-
nervated by large inhibitory terminals originating from the basal
ganglia (Kultas-Ilinsky and Ilinsky, 1990; Kultas-Ilinsky et al.,
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1997; Bodor et al., 2008). All basal ganglia terminals form multi-
synaptic contacts with the proximal dendrites of relay cells
(Bodor et al., 2008) and are highly efficient. They are able to
maintain inhibitory charge transfer, without depression, at high
presynaptic firing rate (Wanaverbecq et al., 2008). Activation of
single fiber is able to induce rebound bursts in the postsynaptic
thalamic neuron (Bokor et al., 2005). This indicates that the
GABAergic pathway, which carries the final computation of the
basal ganglia circuit, may have a profound effect on thalamic
relay cell activity. The lack of multisynaptic excitatory terminals
coupled with the presence of multisynaptic GABAergic terminals
in the proximal dendrites of relay cells strongly suggests that the
principles of thalamic relay in these nuclei differ from those neu-
rons receiving only multisynaptic excitatory terminals. The
strong GABAergic influence on these parts of the thalamus may
explain the faithful relay of aberrant basal ganglia activity to the
neocortex via the thalamus in Parkinson’s disease.

Variability of terminal size

Thalamic nuclei displayed large heterogeneity in the size and
complexity of their driver terminals (Figs. 7, 9). These terminals
can be arranged along a continuum from the truly giant cortical
and subcortical drivers to the very small cortical terminals estab-
lishing a single synapse. Between these two extremes, smaller but
still multisynaptic terminals were abundant in several nuclei, in
the case of both cortical and subcortical drivers. Small RL-type
terminals of cortical origin have been described in the medial
pulvinar (Darian-Smith et al., 1999) and the CM—Pf (Balercia et
al., 1996) of macaque, which confirms our data. Proper morpho-
logical characterization of these terminals requires 3D electron
microscopic reconstruction of a representative population of
boutons from several thalamic nuclei, which is beyond the scope
of the present study. Our data, however, are sufficiently detailed
to establish that the size and complexity of drivers are highly
variable in the thalamus and indicate that careful consideration
of driver size diversity is relevant for an understanding of infor-
mation transfer in TC circuits. The fact that drivers are smaller in
several thalamic territories does not mean that these territories
receive only one type of excitatory inputs. Rather, our data to-
gether with previous tract tracing studies (Rockland, 1996;
Kultas-Ilinsky et al., 2003) demonstrate that small layer 6 cortical
terminals are always present together with the drivers of various
sizes.

What may be the functional relevance of the driver heteroge-
neity? The two most important characteristics of traditional TC
information relay are the high probability of spike transfer for
single stimuli and the rapid depression of this response for repet-
itive activation (Deschénes et al., 2003; Groh et al., 2008; Budis-
antoso et al., 2012). This latter feature introduces an important
temporal filtering of driver signals at the thalamic level. Both
features can be directly linked to the 3D morphology of the large
terminals. The high probability of release and the high number of
release sites converging on a single dendrite (Mason et al., 1996;
Budisantoso et al., 2012) ensures a faithful and large initial re-
sponse. Conversely, the complex glomerular structure restricts
transmitter diffusion and induces AMPA receptor desensitiza-
tion in the neighboring, closely spaced release sites, which is re-
sponsible for the diminished subsequent responses (Budisantoso
et al., 2012). This means that the exact size and shape of the
thalamic terminals significantly affect the properties of synaptic
transmission, as has been shown for complex cerebellar terminals
as well (Cathala et al., 2005). Based on these data and on the
continuum of RL-type terminals from the very simple to the
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highly complex type we found in the macaque thalamus, we sug-
gest that the properties of TC information transmission will be
variable and influenced by the exact size and complexity of RL-
type terminal.

Small RL terminals of cortical origin were abundant, e.g., in
the medial pulvinar. Recently, Rosenberg et al. (2006) demon-
strated that, during temporal lobe seizures that propagate from
one cortical region to another, the medial pulvinar is always in-
volved. This indicates that pure cortical drive via small RL termi-
nals can play an important role in the propagation of pathological
activity.

Conclusions

A recent review indicates a substantial diversity in TC axonal
output pattern (Clasca et al., 2012). Our data here disclosed large
heterogeneity in the organization of the major inputs to the thal-
amus. This indicates that the principles of operation in the thal-
amus do not follow a simple logic but express significant regional
heterogeneity both in the input and output sides.
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