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Abstract

Comprised of at least five distinct nuclei, the pulvinar complex of primates includes two large
visually driven nuclei; one in the dorsal (lateral) pulvinar and one in the ventral (inferior) pulvinar,
that contain similar retinotopic representations of the contralateral visual hemifield. Both nuclei
also appear to have similar connections with areas of visual cortex. Here we determined the
cortical connections of these two nuclei in galagos, members of the stepsirrhine primate radiation,
to see if the nuclei differed in ways that could support differences in function. Injections of
different retrograde tracers in each nucleus produced similar patterns of labeled neurons,
predominately in layer 6 of V1, V2, V3, MT, regions of temporal cortex, and other visual areas.
More complete labeling of neurons with a modified rabies virus identified these neurons as
pyramidal cells with apical dendrites extending into superficial cortical layers. Importantly, the
distributions of cortical neurons projecting to each of the two nuclei were highly overlapping, but
formed separate populations. Sparse populations of double labeled neurons were found in both V1
and V2 but were very low in number (<0.1%). Finally, the labeled cortical neurons were
predominately in layer 6 and layer 5 neurons were labeled only in extrastriate areas. Terminations
of pulvinar projections to area 17 was largely in superficial cortical layers, especially layer 1.
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The galago visual pulvinar includes two nuclei with distinct, but mirrored retinotopic maps; one
dorsal and one ventral. Retrograde tracers injected in each nucleus produced similar and distinct
patterns of labeling across visual areas: notably layer 5 pyramidal neurons in V2 and layer 6
neurons in V1, V2, and MT.
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Introduction

After many years of study on the visual pulvinar of monkeys, there is general agreement that
the visual pulvinar is a complex of five, or possibly more, nuclei with different architecture,
connections, and functionality (Adams et al., 2000; Baldwin et al., 2017; Cola et al., 2005;
Jon H. Kaas & Lyon, 2007; O’Brien et al., 2001; Stepniewska & Kaas, 1997). While major
features of this organization may apply to all anthropoid primates, including humans, how
these features correspond with the visual pulvinar of stepsirrhine primates remain less
certain. Importantly, early anatomical studies (Symonds & Kaas, 1978) and more recent
electrophysiological mapping (Li et al., 2013) provide evidence for two large nuclei in
stepsirrhine galagos that correspond to maps of the contralateral visual hemifield, and have
connections with visual areas 17 and 18. In addition, the larger and more dorsal of these two
nuclei appears to have a major role in gating the visual activity evoked in area 17
(Purushothaman et al., 2012). This more dorsal nucleus appears to be homologous to the
lateral pulvinar nucleus, PL, of monkeys, while the more ventral nucleus likely corresponds
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to the central lateral nucleus, Plcl, of monkeys (Baldwin et al., 2017). In galagos, these two
nuclei were called the central nucleus of the superior pulvinar, SPc, and the central nucleus
of the inferior pulvinar, Plc, in early studies (Symonds & Kaas, 1978) and the PL and Plc
more recently (Li et al., 2013). Here we refer to the two nuclei as the dorsal and ventral
representations, corresponding to PL and Plc, respectively.

A prominent feature of the visually responsive pulvinar in primates is the existence of two
distinct retinotopic maps. Originally described in macaques (Bender, 1981; Ungerleider et
al., 1983), these maps have also been observed in other primate species including capuchins
and galagos (Gattass et al., 1978; Li et al., 2013) as well as functional imaging of retinotopy
in humans (Arcaro et al., 2015). The earliest microelectrode map made being of what we
now recognize as the Plcl in owl monkeys (Allman et al., 1972). The retinotopic patterns of
connections of parts of the visual pulvinar with cortical areas V1 and V2 across primate
species are largely consistent with the existence of two maps (Baldwin et al., 2017). The two
maps in the galagos are known to have reciprocal connections with early visual areas
(Marion et al., 2013; D Raczkowski & Diamond, 1981; Denis Raczkowski & Diamond,
1980; Wong et al., 2009) that are involved in both ventral and dorsal streams of visual
processing (Goodale & Milner, 1992; Mishkin & Ungerleider, 1982). The pulvinar maps
have been reported to have major connections with cortical areas V1, V2, V3, V4, and MT
(D Raczkowski & Diamond, 1981). The galago’s two maps in the visual pulvinar have been
mapped and demonstrated to form almost mirrored representations from the dorsal to ventral
nucleus (Li et al., 2013). Why does such an apparent redundancy exist- The answer may lie
in the differences in circuitry that exists between these two visual pulvinar maps and the
visual cortex. We used injections of tracer guided by concurrent electrophysiological
recordings in the anesthetized galagos to show that cortical projections to the two maps are
from distinct populations of cells spanning much of visual cortex. Additionally, we
demonstrate that almost all of the labeled projecting neurons are layer 6 pyramidal neurons.

Materials and methods

Subjects

Surgery

Four adult galagos (Otolemur garnettii) were used this study. These animals were cared for
according to the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and according to a protocol approved by the Vanderbilt University Institutional
Animal Care and Use Committee (IACUC). To reduce the number of these valuable
primates used in experiments, some of the tissue from these animals was used in separate
studies.

Each of the following experiments shared a common surgical preparation (Li et al., 2013;
Marion et al., 2013). Ketamine was used as an initial anesthetic sedative (10.3 mg/kg), in
order to allow for surgical preparation and intubations. Anesthesia was then maintained via
inhaled isoflurane (1-2% mixed in Oy). While fully anesthetized, the galagos were placed in
a stereotaxic frame. The surgery was performed under aseptic conditions, and vital signs
including heart rate, respiration rate, blood pressure, and body temperature were regularly
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monitored throughout the procedure. A unilateral craniotomy was made over occipital-
parietal cortex, and the dura of the region of the exposed brain area was removed to allow
the microelectrode mapping and tracer injection in the pulvinar. The anesthesia was then
switched to intravenous propofol (~2 mg/kg/hr) and respiration with nitrous oxide (67%).
Intravenous paralytic (vecuronium bromide, 0.6 mg/kg/hr) was used to reduce eye
movements and subtle modifications in the animal’s lens so that our visual power correction
with contact lenses remained correct for the animal.

Pulvinar Injections

Parts of the dorsal and ventral retinotopic maps were carefully mapped with single tungsten
electrodes (FHC, Inc., ME) at stereotaxic coordinates A-P: 3 mm, M-L: 5.5 mm, using
visually evoked potentials in response to a simple stimulus consisting of a spot of light
containing a crosshair pattern. The size of the spot was varied with eccentricity from the
center of the visual field, becoming larger as it was moved farther from center, as the
receptive fields of the visually-responsive pulvinar neurons get larger with eccentricity.
These maps were compared to the data from previous experiments in order to corroborate
locations(Li et al., 2013). In-house manufactured injectrodes, glass tubes pulled out to a fine
(30Nm) tip and attached to an electrode, were used to record and confirm locations, and
make subsequent injections. Injection locations were chosen as corresponding peripherally
located (5-10° eccentricity from the center of the visual field) areas in the visual field within
both maps to assure that: 1) the same area of the visual cortex was labeled from injections in
each map and 2) there was no overlap between the injections. Injections were made via
manual pressure, over the course of a few minutes. After each injection, the injectrode was
left in the same position for 30 minutes to ensure that all the liquid had been evacuated
before the injectrode was retracted.

The organization of corticopulvinar connections was revealed by injections of
neuroanatomical tracers into the electrophysiology-identified representations in pulvinar.
Two cholera toxin subunit B (CTB), two rabies, and one biotinylated dextran amine (BDA)
tracers were used. The tracers were stored frozen at —80°C and kept frozen on dry ice until
just before injection to prevent degradation. In 2 galagos, a total of 4NL of 1% CTB
conjugated to Alexa- fluor 488 (green, Thermo Fisher) was injected at 2 different locations
spaced 50Nm apart within the ventral map, and a total of 4uL of 1% CTB conjugated to
Alexa-fluor 594 (red, Thermo Fisher) was injected at 2 different locations spaced 5004um
apart within the dorsal map in the same hemisphere. In addition, two different fluorescently-
labeled modified rabies virus variants were injected into the other hemisphere in the same
galagos. The tracers were designed to infect neurons at the injection site, but not infect other
neurons by crossing synapses (Wickersham et al., 2007). A total of 4 uL of SADAG - dsRed
(red, 2 x 109 infectious units / ml) and a total of 4 NL of SADAG — GFP (green, 2 x 10°
infectious units / ml) were each injected at 2 different locations spaced 50um apart within
the dorsal and ventral maps, respectively, in one animal. CTB injections were made in one
hemisphere of each animal’s brain and, one week later, rabies injections were made in the
other hemisphere. In another 2 galagos, a total of 300-450nL of 3kDA BDA conjugated to
Alexafluor 488 (green, Thermo Fisher Scientific, Waltham, MA) was injected into the dorsal
retinotopic map to label the thalamocortical projections to visual cortex.
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After each surgery, the galagos were treated with prophylactic antibiotic and analgesics after
recovery from anesthesia. After a one-week survival time following the CTB/rabies injection
series or 2—4 weeks following BDA injections, the galagos were euthanized via sodium
pentobarbital overdose (>120 mg/kg), their blood was cleared with 0.1M PBS, and then they
were perfused transcardially with 1.5 L of a fixative consisting of 3% paraformaldehyde and
0.1% glutaraldehyde with 0.2% picric acid.

Tissue preparation

For all experiments, the brain was stereotaxically blocked in the coronal plane, with cuts
immediately anterior and posterior to the pulvinar. After blocking, the brain was removed
from the skull. The brain was then cryoprotected in 30% sucrose in 0.1M phosphate buffer
solution, frozen, and cut into 50um slices using a freezing microtome. Sections were stored
at —80°C in a 20% glycerol in Tris buffer solution. Every third section was mounted on glass
slides and coverslipped with Vectashield (Vector Labs). The sections were not dehydrated.
These sections were used to visualize labeled cell bodies, axons, and dendrites. Adjacent
sections were stained for cytochrome oxidase (CO) (Boyd & Matsubara, 1996) or
parvalbumin (PV) (Wong & Kaas, 2010) and then mounted glass slides, dried overnight, and
then dehydrated and coverslipped with DPX (Fisher). These CO and PV sections were used
was to reveal the architectural boundaries in the thalamus (Baldwin et al., 2012) and cortex
(Wong & Kaas, 2010).

Antibody characterization

Anti-PV primary antibody: The mouse monoclonal antibody PV (mouse anti PV,
Cat#P3088, Sigma-Aldrich, St. Louis, MO; Immunogen is frog parvalbumin) recognizes
parvalubumin in a Ca2* ion-dependent manner without reacting to other members of the EF-
hand family. This primary antibody was used at the concentration of 1:2000.

Tissue imaging and analysis

Sections of pulvinar and visual cortex were observed using fluorescent microscopy (Zeiss
M2 with an Axiocam MRC camera) to confirm that: 1) injections were made successfully
into the general locations of the two maps and 2) there was labeling of neurons or axons in
cortex. Locations of the labeled neurons within the cortical layers that were identified in
adjacent brain sections processed for CO or PV. The boundary of areas 17/18 was
determined by alignment with adjacent CO stained sections and the boundary of MT was
determined using PV stained sections. The anterior boundary of area 18 was estimated based
off of previously reported orientation maps gathered via optical imaging (Fan et al., 2012).
Photoshop 6.0 (Adobe, San Jose, CA) was used to count the number of labeled cells of each
tracer in selected brain areas that were identified by the adjacent CO or PV-processed
sections. This was accomplished by using Photoshop’s “count” tool which keeps a running
count of cells as they are plotted. These values were then transcribed into a spreadsheet for

final analysis.
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The present study focused on two main issues, determining the cortical areas and regions
that project to each of the two large, retinotopically organized nuclei of the pulvinar
complex, and characterizing the laminar distribution of the projecting neurons. Injections of
CTB retrograde tracers into physiologically identified sites in the two nuclei, revealed both
the areal and laminar patterns of the projecting neurons. In addition, similar injections of
modified rabies as a tracer confirmed the results from the CTB injection, while labeling
fewer cortical neurons but more completely. Thus, labeled neurons were clearly revealed as
pyramidal neurons with long apical dendrites. Finally, injections of BDA into the dorsal
(lateral) nucleus revealed the projections of this nucleus into layer 1 of area 17. Given the
limited availability of galagos for these studies, our results are based on relatively few cases.

CTB injections in the two nuclei reveal overlapping distributions of layer 6 neurons across
cortical areas V1, V2, V3, DM, MT, and inferotemporal cortex (IT)

Cortical areas and layers with neurons projecting to each of the two pulvinar maps were
identified by injecting distinguishable red or green tracers into the two maps into the same
cerebral hemisphere. It was important to inject the tracers into retinotopically matched parts
of the two nuclei, as only retinotopically congruent injections would likely double label
neurons having projections to both nuclei (Cusick et al., 1985). Thus, recordings were made
with tungsten microelectrodes to locate the visual fields in the two nuclei, and favorable
recording sites in the two nuclei were targeted with an injection pipette attached to an
electrode, CTB-red was injected into the dorsal map and CTB-green in the ventral map.
Results from the two most successful cases are shown in Figure 1.

As shown in Figure 1, the injections were placed by the receptive fields of pulvinar neurons
into paracentral vision of both maps, near the horizontal meridian in case 16-25 and 10° into
the lower visual quadrant in case 16—-26. The CTB uptake zone spread in both nuclei for
both cases, but did not overlap. In both cases, large regions of visual cortex contained
primarily distinct populations of labeled neurons (Fig. le,f) with very sparse double labeling
(<0.1%). Many more neurons were labeled in case 16-25 and these neurons were distributed
in area 17 within the contralateral portion representing the central 10° of visual space near
the horizontal meridian (Rosa et al., 1997). The zone of labeled neurons also included parts
of V2 and V3 devoted to central vision, much of the territory of visual area DL (V4), visual
area MT and other areas of the MT complex, and much of inferior temporal cortex. Only the
borders of V1 and MT were histologically evident, so that the appropriate locations of other
areas were estimated from previous studies (Wong & Kaas, 2010). Results from case 16-26
were less extensive, but similar. Labeled neurons in V1, V2, and V3 were more medial than
in case 16-25, as expected as this part of cortex represents central vision in the lower visual
quadrant, matching the physiological location of the injection sites. Often labeled neurons
were in DL, the MT complex, and upper parts of the inferior temporal (IT) cortex.
Importantly, the distribution of red (dorsal map) and green (ventral map) labeled neurons
largely overlapped. Thus, both the nuclei receive inputs from overlapping parts of several
visual areas. Note also that many parts of cortex were not labeled. Notably, retinotopically
mismatched parts of early visual areas, V1, V2, and V3 were not labeled, nor were regions
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of cortex with connections to the medial pulvinar (association areas of the temporal, parietal,
and frontal lobes).

In both cases, the 17/18 border was clearly apparent in the brain sections processed for CO
(Fig. 2). The prominent layer 4 of area 17 was apparent, as was a slightly less prominent
layer 6. Thus, it was possible to assign labeled neurons to area 17 (V1) and to area 18 region
(due to the estimated width of VV2), and to area MT in sections processed for PV (Fig. 2b).

The injections also revealed the laminar locations of the labeled cortical neurons. Examples
of these are illustrated for case 1625 in Figure 3. The sections shown are those more
densely labeled in caudal visual cortex from area 17 through to the middle of MT.
Throughout areas V1, V2, V3, DL, MT, and IT, the labeled neurons were almost exclusively
in layer 6, although a few were in layer 5 in area 18 (VV2) (see AP —10.96 and -10.02). Of
the over 14,000 area 18 neurons labeled in this case, only 296 were in layer 5. Results from
case 16—26 were less extensive, but again labeled neurons were almost exclusively found
within layer 6 (Fig 4). As projections from layer 6 are thought to have a modulating
influence on thalamic neurons, while layer 5 projections are thought to have a driving
influence (M. E. Bickford et al., 2015), these results suggest that cortical inputs to the
pulvinar maps are predominately modulating. For case 16-25, 53 double labeled neurons
were observed across V1 and V2. Case 16-26 contained only 18 double labeled neurons in
the same regions. These counts were excluded from analysis since these cells made up such
a minor proportion (<0.1%).

Quantitative measures of labeled neuron counts in V1 and V2 are shown for the two cases in
Figure 5. Labeled neurons were counted in a series of posterior to anterior coronal brain
sections for each cortical region or area. For case 16-25, 5795 neurons were labeled in V1
by the dorsal map injection (red) and 2117 were labeled by the ventral map injection (green).
The number of labeled neurons varied across sections, with the ventral map green neurons
numbers shifted somewhat toward anterior sections compared to the dorsal map red neurons,
although the populations overlapped extensively. This slight shift toward the VV1-V2 border
for the population of neurons labeled by the injection in the ventral map likely reflects the
slightly more central location of the ventral injection site within the retinotopic maps (Fig.
1c, d).

In the V2-V/3 region, neuron counts for case 16—25 were high with 13461 red dorsal map
projecting neurons and 1140 green ventral map projecting neurons, again with a high level
of overlap. The peak of the distribution of green labeled neurons was more anterior. Based
on previously reported cortical mapping, this peak possibly occurs more within V3. Results
from the injection in case 16-26 were similar, but fewer neurons were labeled. The overlap
in V1 was limited, as the ventral injection labeled few V1 neurons. More overlap of labeled
neurons occurred in the VV2-V/3 distributions, possibly as a result of the larger receptive
fields for V2 and V3 neurons, and the repeating modular organizations of these areas (Fan et
al., 2012). Results from case 16—26 also show higher cell counts in the V2-V3 region, but
fewer labeled neurons from the ventral pulvinar map injection.
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Counts of labeled neurons in area MT were also obtained for the injections in the dorsal and
ventral pulvinar maps (Fig. 6). For case 16-25, a total of 691 neurons were labeled in the
MT region within layer 6. The counts were lower for the injection into ventral map than for
the dorsal map, but the distributions overlapped extensively with very few double labeled
neurons. A smaller number of neurons were labeled in the MT region in case 16-26, but
again the population overlapped.

Cortical neurons labeled by fluorescent proteins conjugated to modified rabies virus

We injected a modified rabies virus into the pulvinar maps of two galagos. The virus was
modified to infect neurons at the injection sites, but not infect other neurons by crossing
synapses (Wickersham et al., 2007). As for the CTB injections, the modified rabies virus
also presented a red or green fluorescent marker. The advantage of the virus injections was
that cortical neurons projecting to the injection sites would be infected, and the replicating
virus within the cortical neurons would intensify the signal, revealing more of the cell
morphology of the cortical neurons. We made red and green viral injections in the pulvinar
in case 16-25 with limited success. Only the injection in the ventral map (GFP tagged virus)
labeled cortical neurons and these were scattered in throughout VV1-V3 and more rostral
visual areas. In case 16-26, the virus injections were more readily taken up from both
injection sites, and a large number of cortical neurons were labeled.

The results from the two virus cases fully support the conclusions based on the CTB
injections. In case 16—26 where the injections were more effective, large numbers of cortical
neurons were labeled across visual areas V1, V2, V3, DM, DL, MT, and IT (Fig. 7). Rostral
parts of temporal cortex, possibly including higher order auditory or multisensory cortex
were also labeled suggesting that especially the ventral injection may have spread to other
pulvinar nuclei. Part of posterior parietal cortex was damaged so labeled neurons may have
been overlooked in this region. Overall, 15292 neurons in these cortical areas were labeled
and all but relatively few were in layer 6 (Fig. 8). Examples of labeled neurons are shown for
areas 17, 18, and MT in Figure 9. The virus more fully labeled neurons so that apical
dendrites extending toward layer 1 were fluorescent and revealed in detail. All labeled
neurons, red or the more numerous green, appeared to be pyramidal neurons with long
apical dendrites that extended into superficial cortical layers toward or into layer 1. Finally,
we found very few neurons that were double labeled from the two pulvinar injections. Thus,
projections from cortical areas to the dorsal and ventral maps were from predominately
distinct, but overlapping distributions of neurons.

BDA injections in the dorsal map

The thalamocortical projections from the pulvinar to the visual cortex were examined using
injections of BDA as an anterograde tracer placed in the dorsal map of two galagos (Fig.
10). The tracer injection locations were guided by microelectrode recordings and confirmed
to be in the region of the dorsal pulvinar maps histologically. Injections spread along the
injection tract (dorso-ventral axis) with the largest observed spread spanning about Imm
along this dimension (Fig. 10a).
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Much like the retrogradely labeled cortical neurons described above, labeled axons were
observed within several visual areas in cortex. Those projections that terminate in area 17
tended to ascend through the layers of cortex in a largely non-branching matter in which
they only arborize once they reach layer 1. In layer 1, the processes branch and send
collaterals in opposite directions at the border between the upper and lower halves of layer 1
and in the outermost sublayer (layer 1a). A small number of axons were observed to ascend
to the top of layer 1 and have only local arborizations. Additionally, a few axons produced
boutons as they passed through the inner half of layer 1. However, no extensive arborization
was observed. Rarely, axons were observed to form arbors in layers 2/3 that continued to
climb into layer 1 where they arborized more broadly. The arbors that were contained in
layers 2/3 tended to remain confined locally to an area smaller than a single vertical column.

Projections to area 18 were also examined. These projections primarily terminated in layer 4
with a small minority terminating in lower layer 2 and upper layer 1. Axons extending into
layer 1 branched in a similar pattern as seen in area 17. The spread of these layer 1
processes, however, matched the spread of the axons in layers 3/4 below them. This terminal
labeling of area 18 has been previously reported in detail by Marion et al. (2013).
Projections to other areas were sparse and were not examined in detail.

Discussion

In the present study, we injected tracers into two nuclei of the pulvinar complex in galagos, a
stepsirrhine primate, in order to come to a better understanding of the connections and
functions of these two nuclei. Galagos, as for other studied primates, have two large nuclei
in the visual pulvinar that contain similar retinotopic maps with similar connections with
primary visual cortex and other visual areas (Baldwin et al., 2017). In monkeys, the more
ventral map corresponds to the central-lateral nucleus of the inferior pulvinar, Plcl, while the
more dorsolateral map occupies most or all of the lateral pulvinar, PL. Other parts of the
inferior pulvinar include the posterior nucleus, Plp, the medial nucleus, PIm, and the central-
medial nucleus, Plcm. Plp, CI, and Plcm all project to the upper part of the temporal lobe
where the middle temporal visual area, MT, and functionally associated visual areas (see
Kaas and Morel, 1993) are located. Plp and Plcm get their VGIuT2 positive inputs from
neurons in the deep superficial grey of the superior colliculus, while Plcl and PL receive
only sparse inputs from the superior colliculus (Kwan et al., 2018). Thus, the two large
retinotopic maps in Plcl and PL appear to be most clearly related to early visual areas, while
the more medial nuclei of the inferior pulvinar, Plp, PIm, and Plcm, appear to be more
related to cortex in the upper temporal lobe (Kaas & Lyon, 2007).

The organization of the visual pulvinar in galagos is similar to that of monkeys in that two
large retinotopic maps have been defined. One of these maps is in the inferior pulvinar and
one is in the superior pulvinar (Li et al., 2013; Symonds & Kaas, 1978) suggesting that part
of the pulvinar complex is rotated so that PL is superior and Plcl is inferior but more lateral.
Other parts of the inferior pulvinar are medial, but rotated dorsally and caudally so that part
of the thalamus occupied by the medial pulvinar in monkeys is occupied by the inferior
pulvinar in galagos (Baldwin et al., 2013). As the different nuclei of the visual pulvinar in
galagos are more difficult to distinguish architechtonically in galagos than in monkeys, it
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was important in the present study to locate injection sites in the large dorsal and ventral
retinotopic maps with microelectrode recordings. While some slight spread of injected
tracers could have included other parts of the pulvinar, such spread appeared to be minimal.
And no significant spread occurred into the dorsal lateral geniculate nucleus, LGN, as
judged by the spread of tracer around injection sites in histological brain sections and the
lack of anterograde transport of tracer to layer 4 of area 17.

The areal and laminar distribution of cortical neurons projecting to the two pulvinar maps

Injections of either CTB or the modified rabies virus into the dorsal or the ventral retinotopic
maps in the visual pulvinar labeled populations of neurons extending over much of visual
cortex of galagos, including areas 17 (V1), 18 (V2), and MT as well as the regions of V3,
DL (V4), MST, and the caudal temporal lobe (IT). As V1 and V2 are the largest of visual
areas, V1 and V2 provided most of the cortical inputs to the dorsal and ventral maps. As
expected from the locations of the injection sites in parts of the two maps, the labeled
neurons were in dorsolateral parts of V1 and V2 representing central and paracentral vision
(Rosa et al., 1997). The distribution of labeled neurons in the cortical map in MT (Allman et
al., 1973) was proportionately larger, as expected from the larger receptive fields of neurons
in MT and in adjoining cortex.

After all injections into both pulvinar maps, labeled neurons were exclusively in layer 6 of
area 17, and largely, but not exclusively, in layer 6 in other visual areas. In the cortical
territories of V2 and V3, some neurons were labeled in layer 5. In the CTB cases with
retinotopically matched injections in the two maps, neurons in overlapping populations were
either labeled by the ventral or the dorsal map injection, and double labeled neurons were
occasionally seen in these cortical areas. Thus, it seems likely that the vast majority of
cortical inputs to the two maps are from separate populations of neurons that spread across
several cortical areas. While the information transmitted from each cortical area to the two
pulvinar maps may be similar, it could be as least slightly different due to the separate
populations of projecting neurons across cortical areas and functional divisions within
cortical areas of columns and minicolumns (Kaas, 2012).

Our finding that a number of cortical visual areas, but especially V1 and V2, project to the
dorsal (PL) and ventral (Plcl) maps is largely consistent with previous findings. In galagos,
precise comparisons can be difficult as previous results were based on injection sites that
were not identified by microelectrode recordings, and the injection sites could be larger, and
involve more nuclei. For example, in the study of Raczkowski and Diamond (1981),
injections of horseradish peroxidase (HRP) were placed in either the superior or inferior
pulvinar and neurons in variable locations in visual cortex were labeled, including areas 17,
18, 19, MT, and much of temporal cortex, as in the present study. Overall, the results from
injections in the inferior and superior pulvinar were roughly similar. While the injections
almost certainly involved the dorsal and ventral maps, other parts of the pulvinar were likely
involved as injections also labeled neurons in the lower superficial layer of the superior
colliculus, where the neurons are known to project to the inferior pulvinar homologs of Plp
and Plcm (Baldwin et al., 2013, 2017).
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Unlike the present results, neurons labeled in V1 (area 17) of the Raczkowski and Diamond
study (1981) were only in layer 5. While the great majority of labeled neurons in other areas
were in layer 6, a few in areas 18 and 19 were in layer 5, as in the present study. Thus, the
major difference in findings was in the labeling of only layer 5 neurons in area 17 in the
Raczkowski and Diamond study (1981) and only layer 6 neurons in the present study.
However, the projections of layer 5 neurons in area 17 to the pulvinar was expected from the
results of anatomical and physiological experiments in monkeys. In macaque monkeys,
projections to the pulvinar have repeatedly been described as coming from layer 5, while
projections from other visual areas have been described as coming almost completely from
layer 6 (Levitt et al., 1995; Lund et al., 1975; Trojanowski & Jacobson, 1977). This laminar
distinction is important as layer 5 is considered the source “driving” inputs to the thalamus,
while layer 6 provides modulating inputs (Bickford, 2016; Rovo et al., 2012; Sherman &
Guillery, 1998). Thus, layer 5 inputs to the dorsal and ventral maps would activate neurons,
provide these neurons with their basic response characteristics, and mediate retinotopy. As
expected from this proposed role of the layer 5 projections to the pulvinar, lesions of area 17
in macaque monkeys renders neurons in the retinotopic pulvinar maps to be largely
unresponsive to visual stimuli (Bender, 1981, 1983).

The laminar differences in the labeling of only layer 5 or only layer 6 neurons in area 17 of
galagos in the study of Raczkowski and Diamond (1981) and the present study in galagos,
and that of others in monkeys, are difficult to explain. However, somewhat different results
were reported when Conley and Raczkowky (1990) reexamined the pattern of cortical
projections to the pulvinar in galagos. After injections of the retrograde tracer, wheat germ
agglutinin conjugated to horseradish peroxidase (WGA-HRP) into the pulvinar of three
galagos, large regions of area 17 had large populations of labeled neurons in layer 6 (as
many as 75%). Smaller numbers of larger neurons were labeled in the upper half of layer 5.
By injecting another tracer into the LGN in the same cases, it was apparent that pulvinar and
LGN injections labeled separate populations of layer 6 neurons in area 17. In macaque
monkeys, Rockland (1996) made injections in area 17 to label terminations in the pulvinar,
and described two types: type one had anatomical features of modulator functions, while
type 2 had the expected features of driving functions. While Rockland (1996) assumed that
all projections to the pulvinar from area 17 were from layer 5 neurons, based on Lund et al.
(1981), it now seems more likely that the type 1 modulator projections from area 17 to the
pulvinar were from layer 6 neurons, and only type 2 driving projections were from layer 5
neurons. Both type 1 and type 2 terminations have been reported in the lateral posterior
“nucleus,” the homolog of the pulvinar, in rats after area 17 injections (Bourassa &
Deschenes 1995; Marion et al., 2013), and they likely exist in all mammals.

It remains uncertain why the injections in the dorsal and ventral pulvinar maps in the present
cases did not label layer 5 neurons in area 17, and labeled relatively few in extrastriate
cortex. Conley and Raczkowski (1990) argued that pulvinar injections in their cases labeled
both layer 6 and layer 5 neurons in area 17 because WGA-HRP is a “much more sensitive
method.” Layer 5 neurons in area 17 of galagos were clearly labeled after pulvinar injections
in earlier studies (Conley & Raczkowski, 1990; D Raczkowski & Diamond, 1981), and
Conley and Raczkowski (1990) also found that area 17 sends projections from layer 5
neurons to the pulvinar. The differences in results across experiments could reflect the use of
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different tracers, the placements of injections within the maps, the lack of involvement of
injected tracers in other parts of the pulvinar, and the post injection transport times. The
large representations in PL and in Plcm are likely to be involved in many of the injection
sites, but other parts of the pulvinar could be variably involved. In addition, the three
dimensional retinotopic maps have a dimension of isorepresentation and the cortical inputs
along the columns of isorepresentation could differ, as suggested by Shipp (2001). For now,
it is uncertain why layer 6 neurons or layer 5 neurons are sometimes labeled with pulvinar
injections, and sometimes not. However, it is worth noting that both layer 6 and layer 5
neurons in auditory cortex of mice were labeled by superior colliculus injections in a recent
study (Zurita et al., 2017), while previous studies found labeled neurons mainly in layer 5.
Thus, projections of layer 5 and layer 6 neurons labeled by subcortical injections vary across
studies of auditory cortex. Finally, the inactivation of the retinotopic maps in PL or Plcl by
lesions of area 17 could be the result of the loss of area 17 layer 5 inputs to the pulvinar, in
combination with the inactivation of V2 and other areas of extrastriate cortex by the lesions
(Schiller & Malpeli, 1977), as these areas send some layer 5 projections to the pulvinar
maps.

Projections from the dorsal map to cortex

The dorsal retinotopic map (PL) of galagos projects to area 17 (\V1), area 18 (V2), and more
sparsely to other visual areas. These projections were revealed by BDA injections into the
dorsal map in two galagos. The terminations in area 17 were mainly in layer 1, which
suggests that they have a modulating role by synapsing on the ends of apical dendrites of
pyramidal cells in layers 3, 5, and 6. In our galago cases, the labeling of layer 6 neurons in
area 17 by the rabies virus injected in the dorsal map was dense enough to reveal long apical
dendrites that extended well into layer 3 and possibly into layer 1. Thus, projections of
dorsal map neurons to the superficial layers of area 17 could synapse directly on the apical
dendrites of layer 6 neurons that project to the dorsal map, thereby altering the feedback that
layer 6 neurons provide to the dorsal map. Other terminations in layers 2 and superficial
third of layer 3 could also synapse on the dendrites of layer 6 neurons. The projections of the
dorsal map (PL) neurons to area 18 (\VV2) terminate near the layer 4 junction with layer 3.
These inputs could be a source of driving input to V2. Projections to more rostral visual
areas could be detected but were sparse. These results are similar to those reported
previously in galagos (Marion et al., 2013) where dense projections were described from the
dorsal map to layer 1 of area 17, and inputs to area 18 (\VV2) were mainly to layer 4 and inner
layer 3. Marion et al (2013) concluded from these results that PL could be a driver of neural
activity in V2, while inputs to V1 would gate information outflow from V1 to V2
(Purushothaman et al., 2012). In squirrel monkeys, large injections involving the lateral and
inferior pulvinar labeled axon terminations in much of the temporal lobe and into the
temporal lobe that were more dense in lower layer 3 in area 18 but also in layers 5 and 6
(Curcio & Harting, 1978). Similar findings have been reported in macaque monkeys where
injections including P1 and PL labeled terminals in layers 1 and 2 of area 17 and layers 4 and
lower 3 in area 18 (Benevento & Rezak, 1976; Ogren & Hendrickson, 1977). In monkey
studies, the area 18 (V2) terminations from pulvinar injections were patchy (Curcio &
Harting, 1978; Levitt et al., 1995; Livingstone & Hubel, 1982), reflecting the modular
organization of V2 (Kaskan et al., 2009; Lim et al., 2009). Finally, at the single axon level,
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injections into PL in macaques labeled terminations in V2 and other visual areas (V3, V4,
DL and MT) that were concentrated in layer 3, but also involved layers 4, 5, 6, and
sometimes layer 1 (Rockland et al., 1999). Overall, the dorsal map (PL) projections to early
visual areas appear to be similar between galagos and those observed in monkeys.
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Figure 1:
Distributions of labeled neurons in visual cortex after injections of CTB into the retinotopic

maps in the lateral and inferior pulvinar in two galagos. a-b) Receptive fields for multiunit
recordings in the dorsal and ventral maps in the pulvinar of galagos 16-25 and 16-26. The
receptive fields are drawn on a depiction of the contralateral lower visual quadrant with 0°
corresponding to area centralis of the retina. Receptive fields drawn in blue correspond to
retinotopic mapping done using a tungsten electrode. Those fields drawn in red and green
were obtained at the dorsal and ventral map injection sites, respectively. Indicated values are
the cortical depths at which the circumscribed receptive fields were recorded. c-d) Coronal
sections stained for CO overlaid on adjacent sections stained fluorescently for the injected
CTB. Injection sites for the dorsal (red) and ventral (green) maps are shown. Scale bar is
1mm, e-f) The locations of populations of labeled neurons projecting to the dorsal map (red)
and ventral map (green) in the coronal plane projected at a 45° angle onto the reconstructed
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dorsolateral surface of cortex. Borders of areas 17, 18, and MT indicated in black. Blue lines
indicate tissue blocking cuts. Dashed grey lines indicate every ninth section of tissue. Scale
bar is 1cm.
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Figure 2:
The sections here depict the area 17/18 border in and the boundaries of area MT. a) A

coronal section stained for CO not only reveals the border between areas 17 and 18 but also
allows for the discrimination of different cortical layers. b) A coronal section stained for PV
reveals the boundaries of area MT. Scale bar is 1000um.
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Figure 3:
Coronal sections of subject 16—-25’s CTB labeled cortex arranged posterior to anterior in a

left-to-right descending direction. The location of labeled cells projecting to the dorsal map
are shown in red while those projecting to the ventral map are shown in green. The internal
borders drawn in grey are the layer 4/5 and 5/6 borders. Areas 17, 18, and MT are delineated
on appropriate sections. AP level indicated for each section.
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Figure 4:
These images show neurons labeled by CTB within area 17 of subject 16-26. Labeled

neurons in layer 6 of area 18 as seen through a red (a), green (b), and combined (c) filters.
Double labeled neurons are indicated by white arrowheads. Scale bar is 60pm.
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Figure5:

Histograms of cell counts from two subjects for layer 6 neurons projecting to the dorsal (red)
and ventral (green) maps from a-b) area 17 and c-d) area 18, arranged from posterior to
anterior.
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Figure6:

Cell count histograms of layer 6 MT neurons projecting to the dorsal (red) and ventral

(green) maps of two subjects, galagoes a) 16—25 and b) 16-26 with 0 on the horizontal axis

representing the location of our blocking cut.
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Dorsal'Map
Ventral Map

Figure7:
Distributions of labeled neurons in visual cortex after injections of rabies tracers into the

retinotopic maps in the lateral and inferior pulvinar in two galagos. a-b) Coronal sections
stained for CO overlaid on adjacent sections stained fluorescently for the injected rabies.
Injection sites for the dorsal (red) and ventral (green) maps are shown. Scale bar is 1cm, c-
d). Labeled neurons descending to the dorsal map (red) and ventral map (green) projected at
a 45° angle onto the surface of cortex, as in Figure 1. Borders of areas 17, 18, and MT
indicated in black. Scale bar is 1cm.
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Figure8:
Neurons labeled in visual cortex after rabies virus injections into the dorsal and ventral

pulvinar maps in galago 16-26. The locations of labeled cells projecting to the dorsal map
are shown in red while those projecting to the ventral map are shown in green. The coronal
sections are arranged in a posterior to anterior sequence. The internal borders drawn in grey
are the layer 4/5 and 5/6 borders. Areas 17, 18, and MT are delineated on appropriate
sections. AP level indicated for each section.
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Figure9:
Representative sections from areas 17 (a), 18 (b), and MT (c) demonstrating rabies labeled

cells projecting to the dorsal (red) and ventral (green) maps of visual pulvinar. The border
between layers 5 and 6 is indicated with a white dotted line when visible in the image. Scale
bar is.
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Figure 10:
Distributions of labeled processes in visual cortex after injections of BDA into the dorsal

map in the lateral pulvinar of the galago. a) A coronal section stained for CO overlaid on an
adjacent section stained fluorescently for the injected BDA. The injections were localized to
the dorsal map within PL. Scale bar is 1mm, b) Pulvinar projections to area 17 (green).
AXxons can be seen to form arbors in a dense band in the most superficial part of layer 1.
Sometimes arbors are observed in upper layer 2/3 (indicated by an arrow). Scale bar is
200um.
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Table 1:

CTB labeled cell counts by cortical layer and brain area. Numbers in red indicate cells labeled by the dorsal
map injection while those in green correspond to the ventral map injection.

Dorsal Subject 16-25 Subject 16-26

Vi Area 17 Area 18 Area MT Area 17 Area 18 Area MT
Layer 5 0,0 296, 0 0,0 0,0 0,0 0,0
Layer 6 5795,2117 13461, 1140 547, 144 2234, 100 3419, 1047 171, 18
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