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Abstract

Complementary reciprocal feedforward and feedback circuits connecting the visual thalamus with the visual cortex are
essential for visual perception. These circuits predominantly connect primary and secondary visual cortex with the dorsal
lateral geniculate nucleus (LGN). Although there are direct geniculocortical inputs to extrastriate visual cortex, whether
reciprocal corticogeniculate neurons exist in extrastriate cortex is not known. Here we utilized virus-mediated retrograde
tracing to reveal the presence of corticogeniculate neurons in three mid-level extrastriate visual cortical areas in ferrets:
PMLS, PLLS, and 21a. We observed corticogeniculate neurons in all three extrastriate areas, although the density of virus-
labeled corticogeniculate neurons in extrastriate cortex was an order of magnitude less than that in areas 17 and 18. A cluster
analysis of morphological metrics quantified following reconstructions of the full dendritic arborizations of virus-labeled
corticogeniculate neurons revealed six distinct cell types. Similar corticogeniculate cell types to those observed in areas 17
and 18 were also observed in PMLS, PLLS, and 21a. However, these unique cell types were not equally distributed across
the three extrastriate areas. The majority of corticogeniculate neurons per cluster originated in a single area, suggesting
unique parallel organizations for corticogeniculate feedback from each extrastriate area to the LGN. Together, our findings
demonstrate direct feedback connections from mid-level extrastriate visual cortex to the LGN, supporting complementary
reciprocal circuits at multiple processing stages along the visual hierarchy. Importantly, direct reciprocal connections between
the LGN and extrastriate cortex, that bypass V1, could provide a substrate for residual vision following V1 damage.
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Introduction

Sensory processing areas are reciprocally interconnected via
feedforward and feedback circuits whose complementary
activities are essential for sensory perception. In the visual
system, feedforward circuits that relay information from the
retina through the visual thalamus, the dorsal lateral genicu-
late nucleus (LGN), to the primary visual cortex (V1) are
complemented by corticogeniculate circuits that connect V1
to the LGN in the feedback direction (Briggs 2020). The vis-
ual cortex is hierarchically organized into anatomically and
physiologically distinct areas that are also interconnected
via feedforward and feedback corticocortical circuits (Felle-
man and Van Essen 1991). Within the hierarchy, V1 serves
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as a critical gateway, as almost all visual signals from the
LGN pass through V1 before reaching mid-level extrastri-
ate visual areas such as the middle temporal area (MT) and
V4 (Felleman and Van Essen 1991). However, when V1 is
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damaged, some residual vision, including motion sensitivity,
remains, a phenomenon known as blindsight (Weiskrantz
2009). Residual vision in blindsight may be explained by
direct connections between subcortical areas and extrastriate
visual cortex that bypass V1 (Cowey 2010). In support of
this notion, neuroanatomical tracing studies in primates and
carnivores have found sparse direct feedforward connections
from the LGN to extrastriate visual areas, including primate
V4 and MT and homologous areas 21a and PMLS in ferrets
and cats (Dell et al. 2018; Lyon and Rabideau 2012; Lysa-
kowski et al. 1988; Sherk 1986; Sincich et al. 2004; Tong
et al. 1982). Additionally, physiological studies in primates
and carnivores show that residual visual activity remains
in extrastriate visual areas following V1 cooling or lesions
(Azzopardi et al. 2003; Girard et al. 1992; Jayakumar et al.
2013; Michalski et al. 1993; Rodman et al. 1989; Rosa et al.
2000; Schmid et al. 2010). Given that visual perception
likely relies on complementary feedforward and feedback
circuits at each processing level, we predicted that direct
geniculocortical inputs to extrastriate visual areas are com-
plemented by reciprocal corticogeniculate circuits. We there-
fore searched for the presence of corticogeniculate neurons
in extrastriate visual cortex with direct feedback connections
to the LGN. Additionally, given that previous studies have
demonstrated parallel streams of corticogeniculate feedback
from V1 and V2 to the LGN (Briggs et al. 2016; Briggs and
Usrey 2009; Hasse et al. 2019), we also asked whether there
is morphological evidence for parallel streams of cortico-
geniculate feedback originating in extrastriate visual cortex.

A hallmark of visual systems in highly visual animals,
such as primates and carnivores, is parallel processing of
visual information through distinct feedforward streams
that begin in the retina and continue through the LGN into
V1 (Callaway 2005; Kaplan 2004; Sherman and Guillery
2006). In primates, parvocellular, magnocellular and koni-
ocellular streams are the foundation for acuity, motion, and
color perception (Kaplan 2004). The X, Y and W streams
in carnivores are somewhat, but not strictly, homologous
to the primate parvocellular, magnocellular, and koniocel-
lular streams (Sherman and Guillery 2006). For conveni-
ence, we refer to these pathways as “parvocellular/X”, etc.,
but acknowledge the lack of strict homology across species.
There is strong evidence to suggest that corticogeniculate
feedback circuits are organized into parallel streams that
align with the feedforward parallel streams (Hasse and
Briggs 2017b). Previous studies characterizing the physi-
ology of corticogeniculate neurons revealed the presence
of Simple and Complex corticogeniculate cell types with
differing axon conduction speeds (Briggs & Usrey 2005,
2007; Grieve & Sillito 1995; Harvey 1978; Tsumoto & Suda
1980). In primates, Simple and Complex corticogeniculate
neurons with different axon conduction speeds also dis-
played physiologically distinct response properties aligned
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with magnocellular, parvocellular, and koniocellular LGN
neuronal responses (Briggs and Usrey 2009). Additionally,
corticogeniculate neurons in V1 and V2 of both primates
and carnivores displayed striking morphological diversity
(Briggs et al. 2016; Gilbert and Kelly 1975; Hasse et al.
2019; Ichida et al. 2014; Katz 1987). Unique corticogenicu-
late cell types included short and tall cells, defined by apical
dendrites limited to layer 4 versus extending into layer 2/3,
and cell bodies located in the upper and lower tiers of layer
6, respectively (Briggs et al. 2016; Gilbert and Kelly 1975;
Hasse et al. 2019; Katz 1987). Notably, the upper and lower
tiers of layer 6 receive direct parvocellular and magnocel-
lular inputs via geniculocortical axon collaterals (Blasdel
and Lund 1983; Hendrickson et al. 1978). Additionally,
corticogeniculate neurons in the upper and lower tiers of
layer 6 project to the parvocellular and magnocellular LGN
layers, respectively (Fitzpatrick et al. 1994). Together, these
findings suggest that short corticogeniculate neurons belong
to the parvocellular/X stream while tall corticogeniculate
neurons belong to the magnocellular/Y stream (Hasse and
Briggs 2017b). Following similar logic, less numerous and
more unusual corticogeniculate cell types, including tilted,
tall-tufted or large, and stellate cells, may belong to the
koniocellular/W stream (Briggs et al. 2016; Hasse et al.
2019).

While the majority of geniculocortical and corticogenic-
ulate circuits link the LGN with V1 (Hendrickson et al.
1978; Humphrey et al. 1985a, b), a smaller population of
corticogeniculate neurons are located in V2 (Briggs et al.
2016; Hasse et al. 2019; Lin and Kaas 1977). The exist-
ence of corticogeniculate neurons in V2 further suggests
that there may also be corticogeniculate neurons in other
extrastriate visual areas. Briggs et al. (2016) and Hasse
et al. (2019) reported observing corticogeniculate neurons
in extrastriate visual areas beyond V2/area 18 even though
they did not attempt to characterize them. In this study, we
searched for corticogeniculate neurons specifically in three
ferret mid-level extrastriate visual areas: the posteromedial
lateral suprasylvian (PMLS, sometimes referred to as pos-
terior suprasylvian area or PSS), the posterolateral lateral
suprasylvian (PLLS) and area 21a. The ferret visual system
shares striking similarities with the visual systems of other
carnivores, like cats, and primates (Jackson and Hickey
1985). Ferrets have a relatively large visual system, with 19
separate anatomically defined areas (Homman-Ludiye et al.
2010), including multiple areas with possible homology to
primate extrastriate visual areas. Like primate MT, ferret
PMLS has highly direction selective neurons (Philipp et al.
2006) that receive input from V1 neurons biased towards
motion processing (Jarosiewicz et al. 2012). Additionally,
SMI-32 staining reveals large, darkly labeled neurons in
PMLS, suggesting that this area receives strong Y pathway
input (Homman-Ludiye et al. 2010). PMLS neurons also
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respond to complex motion stimuli (Lempel and Nielsen
2019) and PMLS lesions cause behavioral deficits in motion
detection tasks (Hupfeld et al. 2007), all of which support its
proposed homology with MT. Ferret area PLLS shares some
similarities with cat area PLLS and its primate homolog the
medial superior temporal area or MST (Li et al. 2000). SMI-
32 staining in PLLS revealed the presence of large, darkly
labeled neurons (Homman-Ludiye et al. 2010), suggesting
that PLLS also receives strong Y-pathway input, consist-
ent with its role in motion processing (Grant and Hilgetag
2005; Li et al. 2000). Ferret area 21a is homologous to cat
area 21a and primate area V4 (Homman-Ludiye et al. 2010).
Given these homologies, the presence of corticogeniculate
neurons in PMLS, PLLS, and 21a would provide compel-
ling evidence in favor of feedback circuits complementary to
direct geniculocortical connections between the LGN and
mid-level extrastriate visual cortical areas.

If present, corticogeniculate neurons in mid-level extras-
triate areas may also be organized into parallel streams, since
current evidence supports multiple morphologically distinct
corticogeniculate cell types within a given visual cortical
area (Briggs et al. 2016; Gilbert and Kelly 1975; Hasse et al.
2019; Ichida et al. 2014; Katz 1987). Following this idea,
there may be different proportions of corticogeniculate cell
types in areas PMLS, PLLS, and 21a because each of these
areas is uniquely functionally specialized. Specifically, area
21a may have a larger proportion of short corticogeniculate
cells with stronger ties to the X stream. Areas PMLS and
PLLS may have a larger proportion of tall corticogeniculate
cells with stronger ties to the Y stream. Alternatively, cor-
ticogeniculate neurons in mid-level extrastriate visual areas
could be more morphologically and physiologically homo-
geneous with functional connections to a single stream, i.e.,
the koniocellular/W stream. This latter idea is supported by
the fact that geniculocortical neurons with direct connec-
tions to MT and PMLS appear to be located mainly within
the koniocellular and C layers of the LGN, and persistent
MT activity following V1 cooling is sensitive to S-cone
stimuli (Jayakumar et al. 2013; Sincich et al. 2004; Tong
et al. 1982). In this scenario, corticogeniculate neurons in
PMLS, PLLS, and 21a are likely to be the more unusual
cell types observed previously, including tall-tufted or large,
tilted, and stellate cells. Furthermore, these unusual cell
types may or may not be similarly distributed across the
three areas.

To determine the presence and morphological diver-
sity of corticogeniculate neurons in mid-level extrastriate
visual areas, we reconstructed the full dendritic morphol-
ogy of virus-labeled corticogeniculate neurons in areas
PMLS, PLLS and 21a from histological tissue collected as
a part of a previous study (Hasse and Briggs 2017a). We
utilized clustering algorithms to rigorously classify extras-
triate corticogeniculate neurons and to determine whether

corticogeniculate neurons within and across the three areas
were morphologically heterogeneous or diverse. These anal-
yses revealed the presence of corticogeniculate cell types
similar to those observed previously as well as new corti-
cogeniculate types with morphological features intermedi-
ate to those of standard short and tall cells. Interestingly,
distributions of corticogeniculate cell types across PMLS,
PLLS, and 21a were not similar, with cells from a single area
often dominating individual morphologically defined clus-
ters. Together, these findings suggest that V1-independent
connectivity between the LGN and extrastriate visual cortex
involves complementary direct feedforward geniculocorti-
cal and feedback corticogeniculate connections. Although
each mid-level extrastriate area contained morphologically
diverse corticogeniculate cell types, different proportions of
unique cell types per area suggests a unique parallel organi-
zation for corticogeniculate feedback from extrastriate visual
cortex to the LGN.

Methods and materials

All of the tissue examined for this study was prepared as
a part of a previous study (Hasse and Briggs 2017a). All
the experimental methods involving animals have been
described in detail in the Materials and Methods and SI
Appendix: Materials and Methods of Hasse and Briggs
(2017a) and were approved by the Institutional Animal
Care and Use Committee at Dartmouth. Descriptions of the
methods for stereotaxic injection of SAD-B19 rabies virus
into the dorsal lateral geniculate nucleus (LGN), harvesting
of brain tissue, sectioning, staining, and reconstruction of
virus-labeled neurons have also been described in detail pre-
viously (Bragg and Briggs 2017; Bragg et al. 2017; Briggs
et al. 2016; Hasse et al. 2019).

For this study, data were analyzed from seven adult
female ferrets (Mustela putorius furo). In all seven ferrets, a
genetically modified rabies virus, SADAG-ChR2-mCherry
(Osakada et al. 2011; Wickersham et al. 2007), was injected
into the LGN to drive expression of channelrhodopsin2 and
mCherry in corticogeniculate neurons via retrograde infec-
tion (Hasse et al. 2019; Hasse and Briggs 2017a). Impor-
tantly, because the modified rabies virus lacked the abil-
ity to cross synapses and exclusively infected neurons in
a retrograde manner, the only neurons in the visual cortex
to express the fluorescent marker mCherry were cortico-
geniculate neurons. Also, because virus-mediated expression
of mCherry caused widespread labeling of individual neu-
rons, it was possible to reconstruct large numbers of cortico-
geniculate neurons spanning multiple mid-level extrastriate
visual areas including areas within the posterior suprasylvian
area: posteromedial lateral suprasylvian area (PMLS) and
posterolateral lateral suprasylvian area (PLLS), as well as
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extrastriate visual area 21a. Finally, because mCherry was
expressed throughout the dendritic arbors of infected corti-
cogeniculate neurons (Fig. 1), we were able to reconstruct
and quantify the morphological diversity of a large sample
of corticogeniculate neurons and apply rigorous statistical
methods to classify distinct morphological subtypes within
and across these extrastriate visual areas.

All experimental details have been described previously
(Hasse and Briggs 2017a) but are briefly summarized below.
In a sterile surgical procedure utilizing aseptic techniques,
a small craniotomy was made over the LGN and small vol-
umes (~5 pl) of rabies virus injected into the LGN under
stereotaxic and neurophysiological guidance using a nano-
liter injector (Nanoject II: Drumond Scientific, Broomall,
PA). Animals recovered for about 1 week following surgery
and then underwent a non-recovery acute neurophysiological
recording procedure, the endpoint of which was euthanasia,
perfusion, and harvesting of brain tissue. The visual cortex
was sectioned coronally at a thickness of 70 pm using a
freezing microtome. Sections were stained for cytochrome
oxidase activity and using antibodies against mCherry (rab-
bit anti-DS red, polyclonal, Clontech Laboratories Inc.,
Mountain View, CA, RRID: AB_10013483) followed by a
biotinylated secondary antibody (goat anti-rabbit, Molecular
Probes/Life Technologies, Grand Island, NY). Tissue was
reacted with DAB and peroxide to permanently stain corti-
cogeniculate neurons, then sections were mounted on glass
slides, dehydrated, defatted, and cover-slipped.

First, we verified that virus injections in alls seven ferrets
were restricted to the LGN: Supplemental Fig. 1 of Hasse
and Briggs (2017a) illustrates example coronal LGN sec-
tions and 3-D reconstructed injection site volumes within
the LGN for all seven of the ferrets studied here. Volumes
of virus injections for six ferrets ranged from 5-22% of total
LGN volume. In one ferret, the injection volume was 43%.
Retinotopic regions covered by virus injection volumes
included every part of the LGN across ferrets, although in
the majority of ferrets (5 of 7), injection volumes included
or were close to the area centralis representation of the LGN.
Retinotopic extents of virus injections corresponded to at
least 20 degrees of visual space in the majority of ferrets.
Next, we counted the number of labeled corticogeniculate
neurons in PMLS, PLLS, and area 21a in each ferret and
verified that these were located within layer 6, as prior stud-
ies have shown that corticogeniculate neurons observed in
V1 and V2 of primates and areas 17 and 18 of carnivores
are restricted to layer 6 (Briggs et al. 2016; Fitzpatrick et al.
1994; Gilbert and Kelly 1975; Hasse et al. 2019; Ichida
et al. 2014; Katz 1987; Lin and Kaas 1977; Lund et al.
1975; Usrey and Fitzpatrick 1996). We counted a total of
230 corticogeniculate neurons in PMLS, PLLS, and area 21a
across seven ferrets. As we did not necessarily have equal
numbers of sections containing each extrastriate visual area
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per ferret, we normalized the number of corticogeniculate
neurons counted within each area by the number of sec-
tions containing each area per ferret (Fig. 1c). Importantly,
all sections examined contained at least one virus labeled
corticogeniculate neuron. Of the 230 total corticogeniculate
neurons in PMLS, PLLS and area 21a, 7 labeled cortico-
geniculate appeared to be displaced outside of layer 6 (3
each in PMLS and PLLS, 1 in area 21a). In all seven of these
cases, the layers were difficult to discern due to the plane of
section relative to the curvature of the cortex. It is therefore
likely that many, if not all, of these seven apparently dis-
placed corticogeniculate neurons were actually within layer
6. We did not reconstruct these seven possibly displaced
corticogeniculate neurons.

To reconstruct the full dendritic morphology of corti-
cogeniculate neurons in areas PMLS, PLLS, and 21a, we
first selected neurons that were separated from neighboring
neurons, i.e., outside of clusters of labeled corticogeniculate
neurons, and that were well labeled. We reconstructed a total
of 20 corticogeniculate neurons in PMLS, 20 corticogenicu-
late neurons in PLLS, and 10 corticogeniculate neurons in
area 21a (range = 1-7 PMLS neurons per ferret, mean=3.3
PMLS neurons per ferret; range =2-6 PLLS neurons per
ferret, mean=23.33 PLLS neurons per ferret; range = 1-4
area 21a neurons per ferret, mean=2 area 21a neurons per
ferret). A Neurolucida system (MicroBrightField, Willis-
ton, VT) with an Optronics camera attached to an Olympus
Provis microscope (Olympus Corporation, Center Valley,
PA) was used to trace the contours and boundaries of PMLS,
PLLS, and area 21 within each section, to mark and count
labeled corticogeniculate neurons per area, to draw lami-
nar boundaries around each reconstructed neuron based on
the cytochrome oxidase stain, and to trace the outlines of
the cell bodies and dendritic arbors. We only reconstructed
neurons with cell bodies entirely contained within a sin-
gle home section to accurately estimate the cell body area
and roundness. Basal and apical dendritic arbors originat-
ing from the cell body were traced, placing nodes at each
branch point and endings at each branch termination. Den-
dritic arbors were traced through three adjacent sections for
all neurons, including the home section containing the cell
body and one section above and one below the home section.
For three corticogeniculate neurons, it was possible trace
axonal arbors as well, but these were not further quantified
as it was usually not possible to trace axons for the majority
of labeled corticogeniculate neurons.

Rigorous clustering algorithms, principal components
analysis (PCA), and statistical methods were used to quan-
tify morphological differences across reconstructed corti-
cogeniculate neurons as described previously (Bragg and
Briggs 2017; Bragg et al. 2017; Briggs et al. 2016; Hasse
et al. 2019). First, the following morphological metrics were
quantified and extracted per reconstructed corticogeniculate
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neuron. Cell body area was computed as the area of the cell
body contour, drawn through the largest extent of the cell
body within the home section. Cell body roundness was
computed from the cell body contour. The number of nodes
and endings was extracted per reconstructed neuron. Cell
body position within layer 6 was measured as the propor-
tional distance between the cell body and the contour mark-
ing the top of layer 6 compared to the full extent of layer 6
(measured as the distance between the top of layer 6 and the
layer 6/white matter border). The height of the apical den-
drite was measured as the proportional distance between the
top of the apical dendrite and the top of layer 2/3 compared
to the full cortical depth (measured as the distance between
the top of layer 2/3 and the layer 6/white matter border).
For stellate neurons that lacked an apical dendrite, the top
of the dendrite closest to the top of layer 2/3 was used for
an analogous measurement. Percentages of basal dendrite
in layers 4, 5, 6, and in the white matter were computed by
dividing the basal dendrite per layer by the total length of
basal dendrite per neuron and converting proportion to per-
centage. Percentages of apical dendrite in layers 2/3, 4, 5, 6,
and above layer 2/3 were computed by dividing the apical
dendrite per layer by the total length of apical dendrite per
neuron and converting proportion to percentage.

We first performed a cluster analysis to define morpho-
logically distinct clusters of corticogeniculate neurons. We
included all 50 reconstructed neurons and we did not include
any information about the area of origin of each recon-
structed corticogeniculate neuron in the cluster analysis. We
included a total of 14 independent morphological metrics
in the cluster analysis: cell body area, cell body roundness,
number of nodes, percentage of basal dendrite in layers 4,
5, 6, and the white matter, percentage of apical dendrite in
layers 2/3, 4, 5, 6, and above layer 2/3, cell body position in
layer 6, and apical dendrite height or tallest point on stellate
neurons (see Tables 1, 2 and 3). The only metric excluded
from the cluster analysis was the number of endings, because
this is not independent of the number of nodes and the clus-
ter algorithm assumes each parameter is independent and
gives each metric equal weight (Bragg et al. 2017; Cauli
et al. 2000; Thorndike 1953). For the cluster analysis, the
Euclidean distance between each neuron, defined by a point
in a 14-dimensional space, was computed using the ‘pdist’
function in Matlab (Mathworks Inc., Natick, MA). Clusters
were defined by the inner squared distance between neurons
using the ‘linkage’ function and applying Ward’s method.
The ‘dendrogram’ function was used to visualize the linkage
distances between neurons and to illustrate clusters (Fig. 2a).

To statistically verify the optimal number of clusters of
distinct extrastriate corticogeniculate neuronal types, we
performed two independent tests. First, we tested for the
optimal cluster number between 1 and 6 possible clusters
using the ‘evalclusters’ function which employs the Calinski/

Harabasz method to evaluate optimal cluster number based
on a set of defined criteria (Calinski and Harabasz 1974). As
a second test that was independent of the cluster analysis, we
used a Gaussian mixture model (GMM) clustering algorithm
(Talebi and Baker 2016). We performed PCA on the same 14
morphological metrics used in the cluster analysis (Fig. 2b)
and applied the PCA scores to test GMMs, again assuming 1
to 6 possible clusters (using the ‘fitgmdist’ function). Three
different GMM evaluations were used: negative log likeli-
hood, Akaike information criterion, and Bayes information
criterion. The GMM with the lowest criteria across the three
evaluations indicated the optimal number of clusters.

Once the optimal cluster number was determined using
the statistical evaluations described above, we grouped all
of the reconstructed corticogeniculate neurons according
to their cluster assignment. We then counted the number
of corticogeniculate neurons originating in each extrastri-
ate area per cluster. We performed statistical tests of each
morphological metric across neurons per cluster using non-
parametric multiple-comparisons tests (Kruskal Wallis one-
way ANOVA) and corrected all final p values for multiple
comparisons using Bonferroni correction. Averages and
standard error on the mean (SEM) are reported per metric
per cluster along with p values for each metric comparison
across clusters in Tables 1, 2 and 3.

Results

Whether direct feedforward geniculocortical connections
from the LGN to extrastriate visual cortex are complemented
by reciprocal feedback corticogeniculate connections and
whether these connections represent distinct functional
streams are not known. To address these questions, we
examined histological tissue collected as a part of a previ-
ous study (Hasse and Briggs 2017a) in which a modified
rabies virus was injected into the LGN of ferrets to selec-
tively retrogradely label corticogeniculate neurons (Briggs
et al. 2016; Hasse et al. 2019; Hasse and Briggs 2017a). We
focused our analyses on three mid-level extrastriate visual
areas: posteromedial lateral suprasylvian area (PMLS), pos-
terolateral lateral suprasylvian area (PLLS), and area 21a due
to their proposed homology with primate areas MT, MST,
and V4 (Homman-Ludiye et al. 2010; Hupfeld et al. 2007;
Lempel and Nielsen 2019; Philipp et al. 2006). All three fer-
ret extrastriate visual areas examined contained sparse, but
consistently present virus-labeled corticogeniculate neurons
that were mainly restricted to layer 6 (Fig. 1a, b). There were
clear differences in the density of virus-labeled corticogenic-
ulate neurons between areas 17 and 18 and areas 21a, PMLS,
and PLLS (e.g., Fig. 1b). In 7 ferrets, we observed a total
of 230 virus-labeled extrastriate corticogeniculate neurons:
35 in PMLS, 59 in PLLS, and 136 in 21a (Fig. 1c). PMLS
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g Cluster 1 (2 PMLS) Cluster 2 (PLLS) Cluster 3 (PMLS, PLLS)
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luster 4 (21a)
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(59)

4(35)

Cell counts per section

-_l—'—l_
PMLS PLLS 21a

Cluster 5 (PLLS) Cluster 6 (PMLS, PLLS)

Fig. 1 Virus-labeled corticogeniculate neurons in extrastriate areas
PMLS, PLLS, and 21a. a Coronal section showing PMLS and PLLS.
Green box in inset illustrates region of image. Layers are indicated by
thin dashed lines and labeled at right; thicker dashed line indicates
border between areas. Scale bars represent 200 pm for all panels. b
Lower magnification coronal section showing areas 18 and 21a. Red
box in inset illustrates region of image; dashed line indicates area
border. ¢ Counts of virus-labeled corticogeniculate neurons per area,
normalized by number of sections per area. Colors represent individ-
ual ferrets. Numbers above indicate total corticogeniculate cell counts
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per area across all ferrets. d—f Higher magnification coronal sections
through PMLS (d), PLLS (e) and 21a (f) illustrating dendritic fields
of virus-labeled corticogeniculate neurons. Conventions as in a. g
Representative examples of reconstructed dendritic arbors of cor-
ticogeniculate neurons in each of the six clusters (color coded as in
Figs. 2 and 3). Area of origin of each reconstructed neuron listed at
top. Cell bodies are indicated by black outlines. Scale bar represent-
ing 200 pm is an estimate as individual reconstructions were scaled to
fit approximate laminar boundaries



Brain Structure and Function (2021) 226:2777-2791

2783

and PLLS are smaller than 21a (Radtke-Schuller 2018) and
we had more sections containing 21a (35 sections across 7
ferrets) compared to PMLS (17 sections across 6 ferrets)
and PLLS (18 sections across 6 ferrets). This may explain
the larger number of virus-labeled corticogeniculate neurons
counted in 21a. However, given the limitations of available
sections and differences in the size of each area, we postulate
there are roughly equivalent densities of virus-labeled cor-
ticogeniculate neurons in PMLS, PLLS, and 21a (Fig. 1c).
Out of 230 virus-labeled corticogeniculate neurons, 7 could
not be verified to be located within layer 6 due to the plane
of section relative to the curvature of the cortex. All other
labeled corticogeniculate neurons were unambiguously
located within layer 6, consistent with observations of cor-
ticogeniculate neurons in areas 17/V1 and 18/V2 (Briggs
et al. 2016; Fitzpatrick et al. 1994; Gilbert and Kelly 1975;
Ichida et al. 2014; Katz 1987; Lin and Kaas 1977).

We observed notable differences in dendritic morphol-
ogy across extrastriate corticogeniculate neurons in areas
PMLS, PLLS, and 21a (Fig. 1d—g). Figure 1g illustrates
representative reconstructions of the full dendritic arbori-
zations of nine extrastriate corticogeniculate neurons dis-
tributed across the three areas under study. These included
corticogeniculate morphological types described previously

(Hasse & Briggs 2017b): spiny stellate corticogeniculate
neurons (Fig. 1g, yellow), tall corticogeniculate neurons
with superficial branches and tufts in and above layer 2/3
(Fig. 1g, dark green), tall corticogeniculate neurons without
superficial tufts (Fig. 1g, red), short corticogeniculate neu-
rons with standard short characteristics like apical dendritic
branches in layer 4 (Fig. 1g, cyan), and more unusual short
corticogeniculate neurons including those with tilted apical
dendrites (Fig. 1g, orange). In addition to morphological
types observed previously, we also noted extrastriate cor-
ticogeniculate neurons that were somewhat intermediate to
standard tall and short corticogeniculate neurons (Fig. 1g,
light green). To rigorously determine whether extrastriate
corticogeniculate neurons in the 3 areas were morphologi-
cally heterogeneous, we performed a cluster analysis on 50
reconstructed extrastriate corticogeniculate neurons (20 each
in PMLS and PLLS and 10 in 21a) using 14 morphological
metrics (listed in Tables 1, 2 and 3 and see Methods and
Materials). Importantly, there was no information about the
extrastriate area of origin for any corticogeniculate neuron
in the cluster analysis. The cluster analysis independently
weighted each morphological metric and plotted the distance
between neurons in a 14-dimensional space, then clustered
neurons based on least-squared distances between groups of
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Fig.2 Clustering of extrastriate corticogeniculate neurons. a Dendro-
gram of linkage distances (arbitrary units) between individual corti-
cogeniculate neurons based on 14 independent morphological metrics
(Tables 1, 2 and 3). Colors indicate extrastriate area of origin of each
corticogeniculate neuron: yellow indicates PMLS, green indicates
PLLS, and red indicates 21a. Clusters indicated by thin boxes with

colored outlines representing the area of origin of the majority of
neurons per cluster. b Results of a separate PCA analysis of the same
14 morphological metrics used in the cluster analysis with neurons
color coded by their assignment from the cluster analysis. PC1 and
PC2 scores (arbitrary units) are the representations in 14-dimensional
space for the first and second principal components, respectively
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Table 1 Average + SEM for 5

8 = CB area CB roundness # Nodes CB pos. in L6 AD height

morphological metrics included

in the cluster analysis: cellbody  Cluster | (n=12)  119+8.1 0.6+0.03 30+2.9 0.8+0.055 0.78 +0.06

fﬁEl)bz"jfi?jd?;rc‘gﬁeszgy"tal Cluster 2 (n=9) 100.5+7.9  0.56+0.03 40.8+3.8 0.7+0.12 0.24+0.11

position in layer 6 (L6), and Cluster 3 (n=7) 295.1+113  0.55+0.03 58.6+8.8 0.7+0.08 0.33+0.1

height of the apical dendrite Cluster 4 (n=10) 155+6.2 0.57+0.05 67.9+5.7 0.72+0.08 0.31+0.1

(AD) Cluster 5 (n=6) 204.2+6.2 0.56+0.08 543457 0.71+0.09 0.26+0.13
Cluster 6 (n=6) 208.7+5.7 0.56+0.07 627452 0.77+0.11 0.52+0.11
p values 5.76x1078 0.96 4.39%10°° 0.704 0.0016
Differences 3>all 1<3,4,6;2<4 1>2,4,5

Smaller number for CB position and height indicate closer to the pia. p values in bold text indicate statisti-
cal differences across clusters with specific differences listed below

Table 2 Average + SEM for 5

: LNV ADinL6 ADinL5 AD in L4 ADinL2/3  AD above L2/3

morphological metrics included

in the cluster analysis: percent Cluster 1 (n=12)  91.4+3.9 6.8+3.3 12413 0 0

f;yi‘r"cal dendrite (AD) in each Cluster 2 (1=9) 219458 252472 33.4+4.6 1424696  2.0+1.55
Cluster 3 (n=7) 28.4+10.4 303+62 2734595 11.4+74 0.4+0.5
Cluster 4 (n=10)  27.7+7.6 174439  25.1+6.8 6.2+3.95 2.842.9
Cluster 5 (n=6) 13.0£5.5 271447  47.6+6.0 9.0+4.85 0.8+0.6
Cluster 6 (1=6) 74.5+10.8 15.8+5.1 10.8+6.1 0.5+0.4 0
p values 3.52x10°° 0.011 1.43x1075 0.065 0.22
Differences 1<2-5;6<5 1<2-5;6<5

p values in bold text indicate statistical differences across clusters with specific differences listed below

neurons in that space. Figure 2a illustrates the dendrogram of
linkage distances between each neuron. We performed two
independent statistical tests to determine the optimal number
of clusters from this analysis. Application of the Calinski/
Harabasz method and a Gaussian mixture model to evaluate
optimal cluster number both gave optimal cluster numbers
of 6. This evaluation of six unique clusters was consistent
even when up to 2 metrics were removed from the cluster
analysis, suggesting that the six clusters of morphologically
distinct extrastriate corticogeniculate neurons were robustly
defined. In addition to the cluster analysis, we also per-
formed PCA on the same 14 morphological metrics and the
representations of the first two principal components were
nicely separated when color-coded by the cluster assignment
obtained from the cluster analysis (Fig. 2b). Thus, through
multiple independent methods, we quantitatively classified
extrastriate corticogeniculate neurons in areas PMLS, PLLS,
and 21a into six morphologically distinct groups.

Quite surprisingly, corticogeniculate neurons from each
of the three extrastriate areas were not evenly distributed
across the six clusters (Fig. 2a, colored bars indicate area
of origin of each neuron, which was not a variable included
in the cluster analysis). Cluster 1 was heavily dominated
by PMLS neurons (8 of 12 neurons), Clusters 2, 3, and 5
were dominated by PLLS neurons (6 of 9, 4 of 7, and 4
of 6 neurons, respectively), and Cluster 4 was dominated
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Table 3 Average + SEM for 4 morphological metrics included in the
cluster analysis: percent of basal dendrite (BD) in each layer and the
white matter (WM)

BDinWM BDinL6 BDinL5 BDinL4
Cluster 1 (n=12) 2.5+1.5 948+19 27+14 0.03+0.03
Cluster2 (n=9) 2.1+£09 92.1+4.6 52+39 0.6+04
Cluster 3 (n=7) 1.8+0.7 81.8+4.7 57x1.65 7.1+22
Cluster 4 (n=10) 2.4+0.9 86.3+5.7 48+23 6.6+3.7
Cluster 5 (n=6) 2.3+0.8 70.8+6.7 21.7+69 4.7+24
Cluster 6 (n=6) 0.6+0.5 93.7+32 49+28 0.8+0.5
p values 0.358 0.013 0.019 0.0098

p values in bold text indicate statistical differences across clusters
with specific differences listed below

by 21a neurons (5 of 10 neurons). Cluster 6 also had more
PMLS than PLLS or 21a neurons, although there were fewer
total neurons in this cluster. While most clusters contained
neurons originating in all three areas (except Clusters 3 and
5, which both lacked 21a neurons), corticogeniculate neu-
rons of each type were not evenly distributed across these
extrastriate areas. Combination of qualitative morphological
classifications with results of the cluster analysis (e.g., com-
pare Figs. 1g and 2a) suggested the following uneven distri-
butions of corticogeniculate types across extrastriate areas.
PMLS contained mostly stellate and short corticogeniculate
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neurons with unusual features like tilted apical dendrites (11
of 20 PMLS neurons in Clusters 1 and 6). PLLS cortico-
geniculate neurons were mostly tall branched/tufted, stand-
ard short, or in between with medium-tall (termed “interme-
diate”) apical dendrites (14 of 20 PLLS neurons in Clusters
2, 3, and 5). Corticogeniculate neurons in 21a mostly had
standard tall morphology (5 of 10 21a neurons in Cluster 4).
It is important to note that PMLS is within the suprasylvian
sulcus and mainly restricted to the cortical region with a
significant bend that compresses the cortical layers (Fig. 1a,
d). This cortical architecture may influence apical dendrite
height among PMLS corticogeniculate neurons.

Given the uneven distribution of the unique types of
extrastriate corticogeniculate neurons across areas, we next
explored the morphological features that most defined cor-
ticogeniculate neurons in each cluster (Fig. 3 and Tables 1,
2 and 3). Cluster 1 neurons were unique in that they had
fewer nodes (i.e., fewer total dendritic branches; Fig. 3b),
their dendrites rarely extended above the layer 5/6 border
(Fig. 3d), and their apical and basal dendrites were mostly
restricted to layer 6 (Fig. 3e, h), rarely extending into layer
5 (Fig. 3f, i) and never into layer 4 (Fig. 3g, j). Indeed, Clus-
ter 1 neurons differed significantly from neurons in other
clusters based on many of these attributes including number
of nodes, overall dendrite height, and percentage of apical
dendrite in layers 6 and 4 (Tables 1 and 2). These charac-
teristics are consistent with the majority of Cluster 1 cor-
ticogeniculate neurons being spiny stellate neurons and/or
neurons with very little apical dendrite (Fig. 1g). Neurons in
Cluster 2 had the smallest cell bodies (Fig. 3a) and the tall-
est apical dendrites (Fig. 3d) among all the clusters. Nota-
bly, Cluster 2 neurons had basal dendrites almost entirely
restricted to layer 6 (Fig. 3e-g), but more apical dendrites in
layer 2/3 than any other cluster (Fig. 3k; Table 2) and more
apical dendrites above layer 2/3 than most other clusters
(Table 2). These traits are consistent with tall tufted corti-
cogeniculate neurons observed in area 18 of ferrets (Hasse
et al. 2019). Neurons in Cluster 3 were unique in that they
had significantly larger cell bodies compared to neurons
in all other clusters (Fig. 3a, Table 1). Cluster 3 neuronal
cell bodies were often located closer to the layer 5/6 border
(Fig. 3c). The tallest point on the apical dendrite of Cluster
3 neurons was intermediate to that of neurons in the other
clusters (Fig. 3d), consistent with the fact that their apical
dendrites were mostly evenly distributed across layers 6, 5,
and 4, with some apical dendrite in layer 2/3 (Fig. 3h-k;
Table 2). Also, Cluster 3 neurons had more basal dendrite
in layer 4 than any other cluster (Fig. 3g; Table 3). Together,
these features define Cluster 3 corticogeniculate neurons as
a new type of large-cell body neurons that are intermedi-
ate to the standard short and tall corticogeniculate neurons
described previously. Neurons in Cluster 4 were somewhat
similar to those in Cluster 2 with relatively small cell bodies

(Fig. 3a; Table 1) and tall apical dendrites (Fig. 3d; Table 2).
Cluster 4 neurons differed from Cluster 2 neurons in that
they had more basal dendrite in layer 4 (Fig. 3g; Table 3)
and less apical dendrite in layer 2/3 (Fig. 3k; Table 2). Neu-
rons in Cluster 5 had medium sized cell bodies (Fig. 3a)
and although some had taller apical dendrites (Fig. 3d), the
majority of their apical dendrites were in layers 5 and 4
(Fig. 3i—j; Table 2), consistent with standard short cortico-
geniculate morphology. Cluster 5 neurons also had more
basal dendrites in layer 5 compared to the other clusters
(Fig. 3f; Table 3). Neurons in Cluster 6 had medium sized
cell bodies (Fig. 3a) that were usually located relatively deep
in layer 6 toward the white matter (Fig. 3¢) and short api-
cal dendrites (Fig. 3d; Table 2). Accordingly, the majority
of the apical dendrites of Cluster 6 neurons were in layer 6
with smaller amounts in layer 5 and 4 and little in layer 2/3
(Fig. 3h-k; Table 2). Likewise, the basal dendrites of Clus-
ter 6 neurons were largely restricted to layer 6 (Fig. 3e—g;
Table 3). All of these features are similar to tilted cortico-
geniculate neurons described previously (Briggs et al. 2016;
Hasse et al. 2019). Indeed, the apical dendrites of many
Cluster 6 neurons appeared to exit the cell body at the side
and were tilted relative to the cortical layers (Fig. 1g, orange
reconstructions).

Although corticogeniculate neurons in the six clusters dif-
fered across most of the morphological metrics included in
the cluster analysis, for some of the metrics, corticogenicu-
late neurons were broadly similar. Corticogeniculate neurons
had similarly round cell bodies, quantified by a roundness
value (Table 1). As expected for neurons in layer 6, all cor-
ticogeniculate neurons had the majority of their basal den-
drites in layer 6 (Fig. 3e, Table 3). Only Cluster 5 neurons
had a more substantial percentage (~22%) of basal dendrites
in layer 5 and neurons in just three clusters had greater than
1% of basal dendrites in layer 4 (Fig. 3f, g; Table 3). Also
consistent with their cell body location in layer 6, few cor-
ticogeniculate neurons had apical dendrites that extended
above layer 2/3: only the tall and tall-tufted cells in Clusters
2 and 4 had greater than 1% of apical dendrites above layer
2/3 (Table 2). Thus, although corticogeniculate cell types
were clearly differentiated across a number of morphologi-
cal dimensions, they were similar with regard to properties
expected among deep layer cortical neurons. Taken together,
quantifications of the various morphological metrics across
neurons in the six clusters supported qualitative characteri-
zations of extrastriate corticogeniculate neurons into previ-
ously described types and also identified a novel type of
corticogeniculate neuron (Cluster 3 neurons) with large cell
bodies and intermediate morphology relative to short and
tall corticogeniculate neurons described previously.
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Fig.3 Statistical comparisons of morphological metrics across
extrastriate corticogeniculate neurons in each cluster. Clusters are
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and 75th percentiles (notched boxes), data distributions (black lines
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Discussion

The first major feedback circuit in the visual system is made
up of corticogeniculate neurons that reside in the visual
cortex and project axons to the LGN. Corticogeniculate
feedback likely plays a critical role in vision by comple-
menting feedforward geniculocortical circuits that convey
visual information from the retina to the visual cortex. When
V1 is damaged, some residual vision remains, a phenom-
enon known as blindsight (Weiskrantz 2009). Blindsight is
thought to be mediated at least in part by direct geniculocor-
tical connections to extrastriate visual cortex that bypass V1
(Dell et al. 2018; Lyon and Rabideau 2012; Lysakowski et al.
1988; Sherk 1986; Sincich et al. 2004; Tong et al. 1982). If
complementary reciprocal feedforward and feedback con-
nections are critical for vision, including in blindsight, we
reasoned that direct geniculocortical connections to extras-
triate areas are complemented by corticogeniculate feedback
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white matter boundary. e—-g Percentage of basal dendrite (BD) in lay-
ers 6 (e), 5 (f), and 4 (g). h-k Percentage of apical dendrite (AD) in
layers 6 (h), 5 (i), 4 (j), and 2/3 (k)

originating in extrastriate cortex. Furthermore, anatomical
and physiological evidence from primates and carnivores
suggests that corticogeniculate circuits are comprised of
multiple distinct cell types that carry stream-specific infor-
mation from the visual cortex to the LGN (Briggs and Usrey
2005, 2007, 2009; Conley and Raczkowski 1990; Fitzpatrick
et al. 1994; Grieve and Sillito 1995; Harvey 1978; Hasse
et al. 2019; Ichida et al. 2014; Katz 1987; Lund and Boothe
1975; Tsumoto and Suda 1980; Usrey and Fitzpatrick 1996).
We therefore sought to determine whether corticogenicu-
late neurons exist in mid-level extrastriate visual cortex and
whether they are morphologically homogeneous or diverse,
to learn more about possible parallel streams of direct, recip-
rocal connectivity between the LGN and extrastriate visual
cortex.

We have previously used G-deleted rabies virus to drive
the expression of fluorescent proteins selectively in cortico-
geniculate neurons and examined the morphological diver-
sity of these cells in area 17/V1 and area 18/V2 of ferrets and
macaque monkeys (Briggs et al. 2016; Hasse et al. 2019).
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Morphometric analysis of virus-labeled corticogeniculate
neurons in area 17/V1 and area 18/V2 revealed the pres-
ence of morphologically distinct cell types with dendritic
and axonal arborization patterns supporting their involve-
ment in stream-specific processing of visual information.
In this study, we reconstructed the complete dendritic mor-
phology of virus-labeled corticogeniculate neurons in three
mid-level extrastriate visual areas in ferrets, PMLS, PLLS
and 21a. Corticogeniculate neurons were present in areas
PMLS, PLLS, and 21a (Fig. 1), confirming our prediction
that direct geniculocortical inputs to extrastriate visual areas
are complemented by reciprocal corticogeniculate circuits.
Interestingly, independent cluster analyses of corticogenicu-
late morphology revealed different distributions of distinct
corticogeniculate cell types in each of the three extrastri-
ate areas (Fig. 2). Although the same corticogeniculate cell
types observed previously in area 17/V1 and area 18/V2
were also present in ferret extrastriate cortex, a novel corti-
cogeniculate cell type with dendritic arborization patterns
intermediate to tall and short corticogeniculate neurons was
also observed, mainly in PLLS (Figs. 1, 2 and 3). Our dis-
covery of corticogeniculate neurons in mid-level extrastriate
visual cortex suggests that residual vision in blindsight may
be mediated in part by complementary reciprocal connec-
tions between the LGN and extrastriate visual areas that are
independent of V1. The presence of multiple distinct corti-
cogeniculate cell types in PMLS, PLLS, and 21a suggests
a parallel organization of corticogeniculate feedback within
each area. However, different proportions of corticogenicu-
late cell types across PMLS, PLLS, and 21a also suggest
some functional specialization of these parallel feedback
pathways.

We are confident that the virus-labeled neurons we
observed in PMLS, PLLS, and 21a are corticogeniculate
neurons and not corticopulvinar neurons or other subcorti-
cally projecting neurons. All but seven virus-labeled neurons
were unambiguously located within layer 6. This suggests
that virus injections did not encroach into the ventral LGN,
lateral posterior nucleus, or the thalamic reticular nucleus
at the anterior edge of the LGN, because these structures
receive inputs from layer 5 corticothalamic neurons (Con-
ley and Friederich-Ecsy 1993; Fitzgibbon et al. 1999;
Jones 2002; Lund et al. 1975; Rockland 1994) and we did
not observe virus-labeled neurons in layer 5. Close scru-
tiny of virus injection zones in each of the cases utilized
in this study revealed that in one ferret, some virus may
have encroached into the perigeniculate and/or the anterior
thalamic reticular nucleus. However, virus injected into the
perigeniculate would have labeled corticogeniculate neurons
via axon collaterals (Sherman and Guillery 2006). Addition-
ally, virus-labeled neurons were not observed above layer 6
in this ferret.

Although we observed virus-labeled corticogeniculate
neurons in PMLS, PLLS, and 21a following retrograde virus
injections into the LGN, the density of corticogeniculate
neurons in mid-level extrastriate cortical areas was signifi-
cantly lower than that previously reported for areas 17 and
18 (e.g., Fig. 1b). This observation is consistent with den-
sities of corticogeniculate neurons observed across visual
areas in cats. Specifically, corticogeniculate neurons make
up approximately 50% of layer 6 neurons in cat area 17 (Gil-
bert and Kelly 1975; Katz 1987) and a smaller proportion of
layer 6 neurons in areas 18 and 19, with corticogeniculate
neurons observed beyond area 19 reported as “sparse” (Gil-
bert and Kelly 1975). We observed 230 virus-labeled extras-
triate corticogeniculate neurons in 7 ferrets. In comparison,
Hasse et al. (2019) observed thousands of virus-labeled
corticogeniculate neurons in areas 17 and 18 from an over-
lapping cohort of six ferrets. Qualitative assessment of the
Hasse et al. (2019) dataset also suggests that area 17 likely
contained almost one order of magnitude greater virus-
labeled corticogeniculate neurons compared to area 18. Our
qualitative assessment of the cohort of ferrets used in this
study and those used by Hasse et al. (2019) also suggests
that area 18 contains almost one order of magnitude greater
virus-labeled corticogeniculate neurons compared to PMLS,
PLLS, and 21a combined. Overall, our qualitative estimates
suggest that the proportion of corticogeniculate neurons
decreases by almost an order of magnitude at each process-
ing stage from area 17 to area 18 to mid-level extrastriate
visual cortical areas, consistent with qualitative estimates
reported previously (Gilbert and Kelly 1975). Within the
mid-level extrastriate cortical areas examined here, the num-
bers of virus-labeled corticogeniculate neurons appeared to
vary, with a larger cell count in area 21a compared to PMLS
and PLLS. However, a qualitative assessment of the relative
density of virus-labeled corticogeniculate in PMLS, PLLS,
and 21a suggested roughly equivalent proportions of corti-
cogeniculate neurons per area. The difference in total virus-
labeled cell counts across mid-level areas is likely due to the
fact that area 21a is larger than PMLS and PLLS (Radtke-
Schuller 2018). Our sample of tissue sections included twice
as many sections containing area 21a compared to sections
containing PMLS or PLLS, which likely explains the larger
number of virus-labeled corticogeniculate neurons observed
in 21a (Fig. 1). Our use of a highly sensitive retrograde trac-
ing method (virus-mediated gene expression) revealed not
only the robust corticogeniculate connections from areas
17 and 18 to the LGN, but also sparser corticogeniculate
connections from mid-level extrastriate visual cortex. It is
important to note, however, that although extrastriate cor-
ticogeniculate neurons are sparse, they could still exert a
functional influence over the LGN. Gilbert and Kelly (1975)
observed an increase in the size of cell bodies among extras-
triate compared to area 17 corticogeniculate neurons. It is
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possible that these larger cells constitute unique groups of
corticogeniculate neurons with distinct functional impacts
upon LGN neurons.

Not only does the virus-mediated retrograde tracing
technique reveal sparse connections, it also reveals rare
and unusual cell types within the population because of its
high efficacy. Using this method, we previously observed
multiple morphologically distinct corticogeniculate neu-
rons including the more common standard short and tall
corticogeniculate neurons, thought to be affiliated with the
X/parvocellular and Y/magnocellular feedforward streams,
respectively, as well as rarer and unusual spiny stellate,
non-standard short or tilted, and tall-tufted cell types
(Briggs et al. 2016; Hasse et al. 2019). In this study, our
morphological analysis of dendritic arborization patterns
among extrastriate corticogeniculate neurons revealed a
similar diversity of corticogeniculate cell types across
PMLS, PLLS, and 21a (Fig. 1). In addition to the cell
types listed above, we also observed a new corticogenicu-
late cell type (Fig. 1g, light green) with intermediate mor-
phology relative to standard short and tall corticogenicu-
late neurons. Notably, these intermediate corticogeniculate
neurons were mostly confined to PLLS. In fact, the con-
centration of intermediate corticogeniculate cell types in
PLLS is a good example of another remarkable finding: the
diverse corticogeniculate cell types observed in mid-level
extrastriate visual cortical areas were not equally distrib-
uted across the three areas. Critically, we omitted any ref-
erence to area of origin for extrastriate corticogeniculate
neurons included in the independent cluster analysis. Sur-
prisingly, the resulting six clusters defined by the cluster-
ing algorithm contained unequal distributions of neurons
from PMLS, PLLS, and 21a (Fig. 2). Specifically, PMLS
corticogeniculate neurons dominated Clusters 1 and 6;
PLLS corticogeniculate neurons dominated Clusters 2, 3,
and 5; and corticogeniculate neurons from 21a dominated
Cluster 4. A closer look at the distribution of corticogenic-
ulate cell types in each area revealed that PMLS contained
mostly spiny stellate and non-standard short (e.g., tilted)
corticogeniculate neurons (Fig. 2; Clusters 1 and 6). It is
possible that shorter apical dendrites among PMLS corti-
cogeniculate cell types were influenced by the compressed
and curved shape of PMLS. PLLS mostly contained tall
tufted, standard short, and the newly observed intermedi-
ate corticogeniculate neurons (Fig. 2; Clusters 2, 3, and 5).
Area 21a contained mostly standard tall corticogeniculate
neurons (Fig. 2; Cluster 4). Although it is possible that our
criteria for reconstructing corticogeniculate neurons that
were somewhat separated from other virus-labeled neurons
may have biased us toward particular corticogeniculate
types, we believe our reconstructions are representative
of the relative proportions of observed cell types per area.
Thus, although we observed diverse corticogeniculate cell
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types across three mid-level extrastriate visual areas, the
distributions of each unique cell type were not equal in
each of these areas. This unequal distribution raises the
possibility that corticogeniculate feedback circuits origi-
nating in PMLS, PLLS and 21a convey functionally unique
information directly to the LGN.

Surprisingly, the dominant corticogeniculate morphologi-
cal cell types within each extrastriate area were not those
predicted based on areal specialization. Although homology
between 21a and V4 would suggest that corticogeniculate
neurons in 21a should be aligned with the X/parvocellu-
lar stream (e.g., standard short cells), corticogeniculate cell
types in 21a were mostly tall cells, consistent with links
to the Y/magnocellular stream. Interestingly, 21a neurons
retained most of their tuning when Y retinogeniculate activ-
ity was suppressed (Dreher et al. 1993), while corticocortical
feedback from 21a to area 17 mainly modulated gain rather
than tuning responses among area 17 neurons (Wang et al.
2000). Together, these results suggest complex relationships
between the LGN, area 17, and area 21a that may involve
multiple streams and multiple feedforward and feedback
circuits. Even though homology between PMLS and MT
would suggest that PMLS corticogeniculate neurons should
be aligned with the Y/magnocellular stream (e.g., standard
tall cells), we observed more unusual corticogeniculate
cell types in PMLS, suggesting links to the W/koniocellu-
lar stream. This finding is consistent with neuroanatomical
studies showing that direct feedforward geniculocortical
inputs to MT and PMLS originate from LGN cells in the
koniocellular and C layers, respectively (Sincich et al. 2004;
Tong et al. 1982). Also, Jayakumar et al. (2013) measured
persistent S-cone modulatory responses in primate MT fol-
lowing V1 cooling, suggesting direct koniocellular pathway
inputs to MT. If PMLS spiny stellate and non-standard/tilted
corticogeniculate neurons synapse onto W LGN neurons and
PMLS receives direct W pathway input, as in primates, this
would be an elegant example of complementary reciprocal
connectivity between the LGN W layers and extrastriate vis-
ual cortex. In contrast to PMLS and 21a, both of which were
largely dominated by corticogeniculate cell types thought
to be associated with a single stream, PLLS contained a
greater variety of corticogeniculate cell types (standard
short, tall tufted, and intermediate). Accordingly, PLLS
corticogeniculate feedback could connect to LGN neurons
in all three streams, X, Y, and W, respectively. Going for-
ward, it will be interesting to determine whether there is
direct, V1-bypassing geniculocortical input from X and
Y LGN neurons to PLLS and 21a, providing complemen-
tary feedforward circuits to the feedback circuits observed.
Additionally, comparative studies in primates to examine
feedforward geniculocortical connectivity to areas MST and
V4 would provide useful insight, especially given that X
and Y geniculocortical neurons are intermixed in carnivore
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LGN (Humphrey et al. 1985a,b). Alternatively, extrastriate
corticogeniculate morphology may not strictly align with or
predict functional relationships with the feedforward parallel
processing streams, but instead reflect additional factors that
dictate functional specializations, such as alignment with
functional modules defined by physiological properties like
direction selectivity. Finally, it is important to note that cau-
tion is required when making functional predictions based
purely on morphological data. Further studies linking physi-
ological response properties with morphologically defined
extrastriate corticogeniculate cell types will undoubtedly
provide a clearer picture of the potentially unique contri-
butions of corticogeniculate neurons originating in each
extrastriate area.

Overall, our findings show that direct geniculocorti-
cal inputs to extrastriate visual areas are complemented
by reciprocal corticogeniculate circuits. Furthermore, we
observed a diversity of morphologically unique cortico-
geniculate cell types in mid-level extrastriate visual areas
PMLS, PLLS, and 21a, providing a substrate for multiple
stream-specific feedback projections to the LGN. In contrast
to areas 17 and 18, both of which contained the full diversity
of corticogeniculate cell types, PMLS, PLLS, and 21a con-
tained unequal distributions of distinct corticogeniculate cell
types. This finding in particular supports the notion that each
of these mid-level extrastriate areas has a unique relationship
with the LGN. Specifically, corticogeniculate feedback from
PMLS and 21a may selectively target W and Y stream LGN
neurons, while corticogeniculate feedback from PLLS may
be more distributed across streams. Finally, our results show
that at multiple visual processing stages along the visual
cortical hierarchy, there are complementary feedforward and
feedback circuits that link the LGN directly with each area.
The presence of complementary circuits at all processing
stages highlights the importance of both the feedforward
and the feedback projections in supporting visual perception.
Accordingly, it is likely that both feedforward geniculocor-
tical as well as complementary feedback corticogeniculate
circuits are critical for maintaining residual vision following
V1 damage, as in blindsight.
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