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Here, we report on a previously unknown form of thalamocortical
plasticity observed following lesions of the primary visual area (V1)
in marmoset monkeys. In primates, lateral geniculate nucleus (LGN)
neurons form parallel pathways to the cortex, which are character-
ized by the expression of different calcium-binding proteins. LGN
projections to the middle temporal (MT) area only originate in the
koniocellular layers, where many neurons express calbindin. In
contrast, projections to V1 also originate in the magnocellular and
parvocellular layers, where neurons express parvalbumin but not
calbindin. Our results demonstrate that this specificity is disrupted
following long-term (1 to 3 y) unilateral V1 lesions, indicating
active rearrangement of the geniculocortical circuit. In lesioned ani-
mals, retrograde tracing revealed MT-projecting neurons scattered
throughout the lesion projection zone (LPZ, the sector of the LGN
that underwent retrograde degeneration following a V1 lesion).
Many of the MT-projecting neurons had large cell bodies and were
located outside the koniocellular layers. Furthermore, we found
that a large percentage of magno- and parvocellular neurons
expressed calbindin in addition to the expected parvalbumin
expression and that this coexpression was present in many of
the MT-projecting neurons within the LPZ. These results demon-
strate that V1 lesions trigger neurochemical and structural remodel-
ing of the geniculo-extrastriate pathway, leading to the emergence
of nonkoniocellular input to MT. This has potential implications for
our understanding of the neurobiological bases of the residual
visual abilities that survive V1 lesions, including motion perception
and blindsight, and reveals targets for rehabilitation strategies to
ameliorate the consequences of cortical blindness.
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In primates, damage to the primary visual cortex (V1) leads to
scotomas, which are defined by the relationship between the

lesion extents and the retinotopic organization of this area
(1). These lesions also trigger degenerative changes in the lat-
eral geniculate nucleus (LGN) of the thalamus, which is the
critical link between the retina and V1. Over several months,
the majority of neurons in the affected sector of the LGN
(lesion projection zone, LPZ) undergo retrograde degenera-
tion leading to a marked reduction in the volume of this
nucleus (2–5). However, a surviving population of LGN neu-
rons retains visual function, including receptive fields inside
the scotomas (6). At least some of these neurons receive reti-
nal inputs (7) and form direct projections to extrastriate areas
(3, 8, 9). This evidence is compatible with the hypothesis that
surviving neurons within the LPZs provide one of the pathways
for the mediation of residual visual function within the scotomas
[blindsight (10)], as also indicated by functional studies in human
and nonhuman primates (11–13).

Although degenerative changes in the LGN are well docu-
mented, the possibility of other forms of plasticity following V1
lesions has not been investigated. Here, we address two interre-
lated aspects of this question, with a focus on LGN projection

neurons: changes in connections with the middle temporal area
(MT) and in the expression of calcium-binding proteins. Area
MT is central for the processing of direction and speed of motion
(14–16) and is one of the extrastriate areas most often linked to
residual vision and blindsight (17–19). In the normal simian
brain, projections from the LGN to MT are formed by neurons
in the koniocellular (K) layer, of which many express the
calcium-binding protein calbindin-D28k (CB) (20–23). In con-
trast, projection neurons in the magnocellular (M) and parvocel-
lular (P) layers, which are not thought to target MT, express the
calcium-binding protein parvalbumin (PV) (21, 22). Currently, it
is believed that any contributions of the LGN-MT pathway to
blindsight and residual vision are likely to rely on projections of
surviving K-layer neurons (11, 17, 23–25).

Our experiments, involving retrograde tracing of the projec-
tions from the LGN to MT in both normal and V1-lesioned
marmosets (Callithrix jacchus), led to two unexpected observa-
tions. First, following long survival times (>1 y), neurons pro-
jecting to MT were found across the entire extent of the LPZ,
including beyond the K layers. Second, most neurons in the M
and P layers of the LGN show CB expression in addition to the
expected PV expression, and many of the MT-projecting neu-
rons show this pattern of coexpression, compatible with the
hypothesis that they are surviving M and/or P neurons. These
results indicate that primate V1 lesions lead to a previously
unknown form of thalamocortical plasticity. This rearrange-
ment of the geniculo-extrastriate pathway could underlie some
aspects of recovery of function in the aftermath of V1 lesions,
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including mediating preservation of visual responses in MT
(26, 27), and contribute to rehabilitation therapies for motion
perception (19, 28).

Results
Projections to Area MT. In animals with long-term V1 lesions, the
LGN showed a clear demarcation between the LPZ, where neu-
ronal density was markedly reduced, and regions where the nor-
mal histological appearance of this nucleus was preserved (Fig. 1).
As expected from the extent of the lesions (see Materials and
Methods), the LPZs occupied the caudal pole of the LGN and
the representation of the peripheral horizontal meridian, leading
to wedge-shaped sectors of degeneration visible in coronal sec-
tions through the center of this nucleus. Animals with lesions
incurred in early postnatal life (6 wk from birth) and in young
adulthood were similar in this respect (Fig. 1). Large numbers of
astrocytes were also observed around neurons in the LPZ (SI
Appendix, Fig. S1) as previously reported in the macaque (29).

Following injections of fluorescent tracers (fast blue and dia-
midino yellow; FB and DY) in area MT of both neonatal- and
adult-lesioned animals (SI Appendix, Fig. S2), we found that
the LPZ contained a concentration of retrogradely labeled neu-
rons, which were scattered throughout its dorsoventral extent
(Figs. 1 and 2 A–L). Many of these cells had large, brightly labeled
somata, which could be discerned even at low power (Fig. 1). The
correlation of MT-projecting cells with the LPZ was striking;
non-LPZ tissue showed much fewer labeled cells, which were
mostly located close to the boundary with the LPZ or within a K
layer (Figs. 1 and 2). MT-projecting neurons displayed a wide
variety of sizes (10 to 40 μm) and morphologies (Fig. 2, Bottom).

The pattern of MT projections in lesioned animals contrasted
with that observed in control (nonlesioned) animals. Consistent
with previous observations in the marmoset (9, 30) and other
primates (23, 31, 32), in these cases, tracer injections in MT led
to sparsely distributed labeled neurons in the LGN, which were
restricted to the K1 and K3 layers (33). This distribution is

exemplified in Fig. 3 A–L (CJ207, a case which yielded one of
the largest numbers of labeled cells in the LGN). MT-projecting
neurons in nonlesioned animals were small, with the vast major-
ity having cell bodies 10 to 20 μm in diameter (Fig. 3, Bottom).

Neurochemical Changes in the LGN. Given that neurons in the K
layers are traditionally thought to have neurochemical signatures
that are distinct from those in the M and P layers, we sought to
establish the identity of LPZ MT-projecting cells by establishing
their immunoreactivity for calbindin and parvalbumin. This led
to a second unexpected observation: whereas in normal animals,
the well-described specificity was confirmed (M and P neurons
expressing parvalbumin, K neurons expressing either calbindin,
or neither calcium-binding protein), in animals with long-term
V1 lesions a large proportion of P and M neurons expressed both
parvalbumin and calbindin (Fig. 4 and SI Appendix, Fig. S3).
Furthermore, as described later, we found that many of the
MT-projecting cells in the LPZ showed this pattern of coex-
pression, indicating that they are M or P neurons.

Fig. 1. Neurons retrogradely labeled by tracer injection in area MT concen-
trate in the LPZ. Each panel shows a low-power view of a coronal section
through the marmoset LGN. (Scale bar, 500 μm.) (A and B) Adult lesion case
(WA18). (C and D) Case with lesion incurred at 6 wk of age (W6I). The
dashed lines indicate the borders of the LPZs, where the majority of neurons
had undergone retrograde degeneration (4). In all panels, large FB-labeled
neurons are visible, which collectively span the dorsoventral axis of LGN
within the degenerated area. White and yellow arrows point to examples of
MT-projecting neurons within and outside the LPZ, respectively.

Fig. 2. Localization and neurochemistry of MT-projecting LGN neurons in an
animal with V1 lesions. A–L are drawings of equally spaced coronal sections
spanning from the caudal (A) to the rostral (L) poles of the LGN in case W6F.
(Scale bar, 1 mm.) In these drawings, dotted lines designate the approximate
borders of the LPZ, dark and light gray indicate parvo- and magnocellular
layers outside the LPZ, and red circles show the locations of neurons retro-
gradely labeled with FB. MT-projecting neurons collectively span the entire
dorsoventral extent of the LPZ. (Bottom) Confocal images of neurons sampled
from F (boxed area) showing the tracer FB and immunoreactivity to CB and
PV.White arrows point to a neuron expressing both CB and PV; yellow arrows
point to a neuron expressing CB only, and yellow arrowheads point to a neu-
ron with no immunoreactivity to either CB or PV. (Scale bar, 50 μm.)
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Immunofluorescence staining of LGN sections for CB and
PV in nonlesioned animals revealed the expected neurochem-
ical characteristics of M, P, and K layers (Fig. 4, Top), based
on previous studies in both marmoset and macaque monkeys
(22, 23, 34). A population of neurons in the K layers expressed
CB, while neurons in the M and P layers expressed PV; coex-
pression of CB and PV was minimal or absent (Fig. 4, Top and
Fig. 5A, control [CON] cases).

In contrast, in V1-lesioned cases, we found that substantial
numbers of LGN neurons, even outside the LPZs, coexpressed
CB and PV (Fig. 4, Bottom and SI Appendix, Fig. S3). This
coexpression was observed in both the M and P layers and
occurred not only in the nondegenerated part of the ipsile-
sional LGN but also in the contralesional LGN (Fig. 5A; note
that contralesional LGN data were not available for case
WA11). K neurons remained positive for CB only. The popu-
lation of CB-expressing K neurons remained segregated from
that of neurons coexpressing both CB and PV in the M and P
layers (Fig. 6A).

Quantitative analysis suggested that CB expression in the M
and P layers contralateral to the lesion was achieved gradually,
within a timescale of months to years. In most cases, the per-
centage of CB-expressing M and P neurons was higher in the
ipsilesional LGN than in the contralesional LGN (Fig. 5A).

The single exception was the animal with the longest postle-
sion survival time (WA9; >3 y), in which the percentage of
coexpressing neurons was similar in both hemispheres. The
percentage of CB-expressing neurons in the M layers of the
contralesional LGN was positively correlated with the postle-
sion survival time, although it did not reach to a significant
level (Fig. 5D, r2 = 0.6, P = 0.12). In the P layers, CB expres-
sion was evident in the ipsilesional LGN in some cases but not
all. Overall, the ratio of contralesional/ipsilesional CB expres-
sion among M and P neurons was strongly correlated with
postlesion survival time (Fig. 5E, r2 = 0.97, P < 0.01). In com-
parison, the size of the effective V1 lesion, estimated by the
volume reduction in LGN relative to the contralesional hemi-
sphere, appeared not to be as strong a determining factor in
the degree of CB expression in M and P neurons (SI Appendix,
Fig. S4).

Statistical comparison of the average percentages of
CB-expressing M and P neurons in neonatal and adult lesion
cases showed no significant difference in either hemisphere
[Fig. 5B, two-way ANOVA; interaction, F (1, 7) = 1.33, P = 0.28;

Fig. 3. Localization and neurochemistry of MT-projecting neurons in the
LGN of a nonlesioned animal. A–L are drawings of equally spaced coronal
sections spanning from the caudal (A) to the rostral (L) poles of the LGN in
case CJ207. (Scale bar, 1 mm.) Conventions as in Fig. 2. All MT-projecting
neurons are localized within K layers. (Bottom) Confocal images of neu-
rons sampled from E (boxed area) showing the tracer FB and immunoreac-
tivity to CB and PV. Yellow arrows point to neurons expressing only CB
and the yellow arrowheads to a neuron with no immunopositivity to
either CB or PV. (Scale bar, 100 μm.)
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Fig. 4. Unexpected expression of CB in the M and P layers of the LGN.
(Top) LGN of a normal adult animal (CJ185). (Bottom) LGN of an animal
(WA11) with V1 lesion in adulthood, with the dashed line indicating the
LPZ. In both cases, the boxed area in the CB-stained images (Left) are
shown in higher magnification. In the bottom row, blue arrows point to
examples of M neurons with colocalized expression of CB and PV, which
are only visible in lesioned cases. Other abbreviations: K1 through K4:
koniocellular layers; ME: magnocellular external layer; MI: magnocellular
internal layer; PE: parvocellular external layer; PI: parvocellular internal
layer. (Scale bar, 1 mm.)
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hemisphere, F (1, 7) = 0.95, P = 0.36, lesion age, F (1, 7) = 0.006,
P = 0.94]. The proportion of CB-expressing neurons tended to be
higher in the M layers compared to P layers in both ipsilateral and
contralateral hemispheres. However, an analysis pooling data
from both hemispheres (Fig. 5C) showed that the difference was
not statistically significant, likely reflecting variability among cases
[two-way ANOVA; interaction, F (1, 18) = 0.29, P = 0.59; hemi-
sphere, F (1, 18) = 0.19, P = 0.66; lesion age, F (1, 18) = 10.48,
P = 0.004, Tukey’s test for all possible comparisons, P > 0.05].

Within the LPZs, we consistently observed neurons coex-
pressing CB and PVat levels corresponding to the degenerated
M and P layers. These neurons were observed in addition to
those that only expressed CB, with these two populations often
intermingled near the laminar boundaries (Fig. 6A). Approx-
imately half of the CB-expressing neurons in the LPZs coex-
pressed PV, with no difference being apparent between
neonatal (50.9 ± 7.1%) and adult (47.0 ± 6.6%) lesioned groups
(P = 0.7, Fig. 6B). However, the percentage of CB-expressing
surviving neurons within the LPZs (relative to all surviving neu-
rons, based on neuronal nuclei [NeuN] staining) was significantly
higher in the neonatal lesion group compared to the adult lesion
group (51.9 ± 8.1 versus 16.7 ± 1.6, P = 0.01, Fig. 6C).

Neurochemical Identity of MT-Projecting Neurons in the LPZ. Based
on the expression of calcium-binding proteins in the M and P
layers outside the LPZs, we identified MT-projecting neurons that
coexpressed CB and PV as putative M or P neurons. Supporting
this finding, we located coexpressing MT-projecting neurons in
regions that could unambiguously be assigned to an M layer (Fig.
7). Many of these neurons had the expected morphological char-
acteristics of M neurons (i.e., nucleus boundaries were clear
within the large cell and expression of PV was limited to the cyto-
plasm; Fig. 7, Top). Most of the CB- and PV-coexpressing neurons
were located well within the LPZ or in close proximity of the LPZ
(Fig. 7, Top andMiddle). However, we also found examples of iso-
lated cells in what would be expected to be parts of the LGN not
directly affected by the V1 lesion (Fig. 7, Bottom).

CB- and PV-coexpressing neurons comprised, on average,
34.9 ± 6.4% and 36.2 ± 3.6% of the labeled MT-projecting neu-
rons in neonatal and adult lesion groups, respectively (Fig. 8 A
and B). In Fig. 8C, we present the number of labeled neurons
in the LGN normalized relative to the number of labeled neu-
rons found in a nonvisual structure (the intralaminar thalamic
nuclei) to mitigate the likely effect of variation in the extent of
the effective injection sites. Although there was a trend toward

Fig. 5. Quantification of CB expression in the LGN following V1 lesions. Data obtained from the LGN ipsilateral to the lesion are from regions outside
the LPZ. All quantification is based on three animals with best staining in each group. (A) Percentage of CB+ (CB-expressing) M and P neurons in the LGN
for each animal. In control animals (CON), only one LGN was evaluated. The asterisk indicates unavailability of data from the LGN contralateral to the
lesion in case WA11. (B) Mean ± SEM percentage of CB-expressing M and P neurons in the LGN of V1-lesioned animals. (C) Data from both hemispheres
(in B) are pooled to indicate coexpression in M and P neurons separately. In B and C, individual points show the mean of data for each animal across mul-
tiple sections. (D) Percentage CB expression in the M neurons of contralateral LGN as a function of postlesion survival. (E) Ratio of the percentages of
CB-expression in M and P neurons in the LGNs contralateral and ipsilateral to the lesion as a function of postlesion survival.
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larger numbers of labeled cells in lesioned cases, the variability
of injection effectiveness resulted in no significant difference
[one-way ANOVA; F (2, 11) = 0.12, P = 0.88]. Among the
lesioned cases, the number of tracer-labeled neurons in the
LGN was not significantly correlated with V1 lesion size (Fig. 8D,
r2 = 0.32, P = 0.08).

Tracer-labeled neurons were also present in the remaining
part of V1, extending all the way to the boundaries of the lesion.
As shown in SI Appendix, Fig. S5, the vast majority of these cells
were located in the lower end of layer 3, also known as Brod-
mann’s layer 4B (35), with only isolated labeled cells in layer 6.
This pattern is identical to that observed in normal animals (36).

Discussion
Given that the normal LGN projection to area MT is formed
by K-layer neurons (23, 30, 32), it has been assumed that any
possible contribution of the LGN-MT pathway to visual function
after V1 lesions depends on this population. The present results
challenge this interpretation by providing evidence that, follow-
ing long survival times, projections to area MT also originate
from neurons located in other LGN layers. This indicates that
V1 lesions trigger structural plasticity in the geniculo-extrastriate
projection. Thus, it is possible that residual visual abilities within
scotomas, including certain forms of blindsight (10) and con-
scious motion perception (37), also rely on information chan-
neled through surviving neurons in the M and P layers. Given
that the present study addressed the spontaneous remodeling of
the geniculocortical projection (i.e., under the animal’s usual
visual environment; see Materials and Methods), no behavioral
data that could clarify the nature and extent of residual vision in
these animals were obtained. Thus, an interesting future direction
will be to test if rehabilitation programs (19) have an impact on
visual thalamocortical projections including those from the LGN.

The claim of plasticity involving the M (and possibly P) layers
is based on three findings. First, many of the MT-projecting neu-
rons display a neurochemical profile (CB and PV coexpression)
that is associated with M and P cells following long-term V1
lesions. These neurons are absent or extremely rare in nonle-
sioned animals but become numerous in the aftermath of V1
lesions. Second, MT-projecting cells are present throughout a

radial column that encompasses the entire laminar extent of the
LPZ, whereas in normal animals, they are well restricted to the
K layers. Third, many of these cells have large cell bodies, which
can be visualized even at relatively low magnification (Fig. 1),
and other morphological characteristics of M, and possibly P,
neurons. Overall, this evidence cannot be parsimoniously inter-
preted in light of a model whereby this projection is formed
exclusively by K neurons. However, it should be remembered
that “typical” MT-projecting K neurons, with small cell bodies
and expressing only CB or neither calcium-binding protein, still
exist in the expected locations of the K layers. Coexpression of
CB and PV in M neurons has not been reported in the normal
simian LGN, although this possibility has been discussed in a
study of the prosimian Galago (38).

Multiple lines of evidence have pointed to the likely involve-
ment of the pathway through the superior colliculus and pulvi-
nar in residual vision following V1 lesions (17, 39–43), but the
importance of surviving LGN neurons has only started to be
recognized recently (12, 13). The present results help clarify
the range of mechanisms by which the LGN may play this role,
showing that its connections to area MT rely not only on the
survival of K-layer neurons but also on plasticity affecting
M- (and possibly P-) layer neurons.

CB Expression in M and P Neurons Following V1 Lesion. One key
finding of the present study is the clear change in the neurochem-
ical profile of M and P neurons following V1 lesions, which hint
at biochemical processes triggered by the loss of target neuronal
populations and/or corticogeniculate feedback (5). We provide
evidence that this change occurs gradually, with longer survival
times leading to larger percentages of PV- and CB-coexpressing
neurons. Intriguingly, these changes also involve the LGN contra-
lateral to the lesion, albeit in a delayed manner, implying larger-
scale network changes (Fig. 5). Lesion-induced plasticity in the
contralesional hemisphere has been observed in both the visual
and other sensory systems (44, 45).

The CB expression in M and P neurons after V1 lesion is
likely to be part of a response to injury. CB has an anti-apoptotic
effect mediated primarily by its ability to directly inhibit caspase-
3 activity (46) and can protect cells against excitotoxic damage in
monkeys and in patients with Parkinson’s disease (47–49). The

Fig. 6. Coexpression of CB and PV in surviving LGN neurons of the LPZ. (A) Immunostaining for CB and PV in WA13 (adult lesion) and W6G (neonatal
lesion). White dashed borders highlight neurons expressing only CB, fitting to the K neurons. Arrows point to examples of surviving neurons coexpressing
CB and PV, which are putative M and P neurons. Layer abbreviations are as in Fig. 4. (Scale bar, 100 μm.) (B) Percentage of neurons coexpressing CB and
PV (CB+/PV+) among the population of CB-expressing (CB+) neurons in the LPZ. (C) CB+ neurons in the LPZ expressed as percentage of all surviving neu-
rons labeled by NeuN. In B and C, individual points show the mean of data across several sections for each animal. Mean ± SEM; *P < 0.05.
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removal of CB from a transgenic mouse model of Alzheimer’s dis-
ease aggravates pathogenesis (50), and its overexpression in hip-
pocampal progenitor cells increases neuronal differentiation and
neurite outgrowth (51). Conversely, monocular enucleation leads
to a decrease in the density of CB-expressing neurons in the rat
LGN (52), supporting the idea that retinal activity is a driver of
CB expression. Thus, reduction of cortical feedback following
lesions could lead to imbalanced retinal activation of LGN projec-
tion neurons, triggering increased CB expression. Consistent with
this hypothesis, receptive fields of surviving LGN neurons are
reported to be larger than normal, particularly in the M layers (6).
Moreover, retinal degeneration largely spares ganglion cells pro-
jecting to M neurons, where the CB overexpression is the most
significant (53–56).

Contribution of PV-Expressing Neurons to the LGN-MT Pathway in
V1-Lesioned Animals. PV-expressing neurons formed approxi-
mately one-third of the projections from LGN to MT, both in
neonatal and adult V1 lesion cases. Some of the PV-expressing
MT-projecting neurons were clearly located in the M layers
(Fig. 7) and had the morphological features expected from

M neurons. The more dominant CB expression in M neurons, in
comparison with P neurons, is in line with the fact that the domi-
nant source of visual input to MT is via V1 layers associated with
the M pathway and the role of M neurons in motion detection
(15, 57). However, multisynaptic pathways from V1 to MT also
provide P input (31). While we could not unambiguously deter-
mine that P neurons project to MT, we did observe neurons coex-
pressing PVand CB within the degenerated P layers (Fig. 6A).

Lesions in Early Postnatal Life versus Adulthood. It has been shown
previously that early postnatal lesions are associated with greater
preservation of the direct retinal input to the inferior pulvinar
nucleus, which is normally pruned in early postnatal life (9). Since
inferior pulvinar neurons also project to area MT (30), it has been
proposed that this pathway enables better visual function out-
comes in primates with neonatal lesions in comparison with adult
lesions. Although our study also incorporated neonatal and adult
lesions of V1, we found no quantitative difference in the connec-
tivity of M/P neurons between animals in these groups, suggesting
that the different visual pathways to extrastriate cortex are subject
to different mechanisms of plasticity. The formation and pruning

Fig. 7. Magnocellular neurons project to the area MT following V1 lesions. Confocal images of parts of LGN containing tracer-labeled neurons located
within M layers in two adult lesion cases (Top: WA13, Middle: WA15) and one neonatal lesion case (Bottom: W6J). Three representative neurons, shown
in higher magnification, coexpress CB and PV. (Top) An FB-traced neuron located within the magnocellular internal (MI) layer. (Middle) An FB-traced neu-
ron located within the magnocellular external (ME) layer. (Bottom) A DY-labeled neuron within the MI layer. (Scale bars, Top and Middle, 0.5 mm; Bot-
tom, 100 μm.) Layer abbreviations are as in Fig. 4.
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of retinal projections to different layers of the primate LGN occur
prenatally (58), creating fewer opportunities to preserve alterna-
tive inputs following postnatal lesions. Moreover, in contrast with
the LGN, V1 lesions in either early postnatal or adult life do not
result in retrograde degeneration of neurons in the pulvinar com-
plex (59). However, our adoption of very long survival times did
not allow for testing differences in the rate of formation of direct
M/P connectivity to MT in the two age groups, which may be
addressed by future studies.

Even though there was no apparent difference in connec-
tions with MT, the results also indicate more significant num-
bers of CB-expressing neurons in the LPZ of animals with early
postnatal lesions compared to adults. Studies in adult macaque
monkeys (39) indicate that some K neurons may also undergo
retrograde degeneration following V1 lesions. The higher num-
ber of CB-expressing neurons may hint at better survival of
these neurons in the neonatal lesion group, which can have
consequences for the overall visual function.

Possible Mechanisms of Plasticity. The present evidence of mono-
synaptic projections of M and P neurons to area MT raises the
question of what type of structural plasticity could be involved in
the aftermath of V1 lesions. One plausible model would be the

unmasking of collaterals of projection neurons which are meta-
bolically inactive in normal animals and thus not readily detect-
able by retrograde tracers until the destruction of the major
branch (3). A second, not mutually exclusive scenario would be
based on sprouting and growth of axons of M and P neurons
toward MT. Projections from P- and M-layer neurons to area V4
have been reported, although this result needs to be considered
with caution, since it predates the recognition of the K pathway
as a distinct geniculocortical channel (8). Assuming that V4 nor-
mally receives sparse projections from these layers, the amount of
sprouting required by this mechanism would be within the range
reported in the adult squirrel monkey premotor cortex following
cortical lesions (60) and in cat V1 following retinal lesions (61).
In addition, axonal branching in M and P neurons that target the
remaining parts of V1 could contribute to this process, in particu-
lar explaining why we observed M cells projecting to MToutside
the LPZs (Fig. 7). The loss of structural integrity in the extracellu-
lar matrix following lesions (62, 63) may facilitate neurite
growth and tracer pickup by initially inactive axonal branches.
Finally, evidence of gamma-aminobutyric acid (GABA) (5)
and CB expression in M/P neurons supports trophic neurite
outgrowth within the LGN (64), which could explain the
increased receptive field sizes of M neurons in the LPZ (6).

Fig. 8. Quantification of MT-projecting neurons in the LGN following V1 lesions. (A) Number and neurochemical identity of MT-projecting neurons in
the LGN of different animals. (B) Mean ± SEM of the percentages of MT-projecting neurons in the LGN of control, neonatal V1 lesion, and adult V1 lesion
animals classified as CB-only expressing (CB+), CB and PV coexpressing (CB+ and PV+), or those expressing neither protein. (C) Mean ± SEM of the number
of MT-projecting neurons in the LGN of control and lesioned animals, normalized as the percentage of the number of tracer-labeled neurons in the tha-
lamic intralaminar nuclei. (D) Correlation between the number of MT-projecting neurons in LGN and V1 lesion size (estimated by the reduction in the vol-
ume of the ipsilesional LGN relative to the contralesional LGN).

N
EU

RO
SC

IE
N
CE

Atapour et al.
Remodeling of lateral geniculate nucleus projections to extrastriate area MT
following long-term lesions of striate cortex

PNAS j 7 of 10
https://doi.org/10.1073/pnas.2117137119



In summary, we provide evidence of a structural rewiring in
the primate visual thalamo-cortical circuitry after long-term V1
lesions, both in infancy and adulthood. This plasticity brings
about an additional route linking the LGN to MT, which may
help explain part of the role of LGN in residual vision. The
protracted nature of the biochemical changes we document
suggests that visual function linked to the M and P pathways
may develop gradually over the months or years following V1
lesions, providing a hypothesis for future behavioral studies in
both human and nonhuman primates.

Materials and Methods
Animals. Details regarding animals used in this study and their treatments are
summarized in Table 1. A total of 20 marmoset monkeys (C jacchus) were used
in this study. Some of the animals were used for other experiments but had
brain tissue acquired for the present purposes. A total of 14 of these animals
received lesions of V1 either at 6 wk of age (neonatal lesion) or in adulthood
(adult lesion), and 14 animals (including four adult controls,five with neonatal
lesions, and five with adult lesions) received injections of fluorescent tracers in
area MT. The experiments were conducted in accordance with the Australian
Code of Practice for the Care and Use of Animals for Scientific Purposes. All
procedures were approved by the Monash University Animal Ethics Experi-
mentation Committee, which also monitored the health and well-being of
the animals throughout the experiments.

V1 Lesions. The procedure for V1 lesions was similar to that used in previous
studies (4, 6, 27), with slight refinements incorporated into the drug adminis-
tration protocol. The day before surgery, animals were premedicated with
oral meloxicam (Metacam; Boehringer Ingelheim, 0.01 mg/kg [neonates] or
0.1 mg/kg [adults]) and cephalexin (Ibilex; Alphapharm P/L, 30 mg/kg). On the
day of the surgery, an intramuscular (i.m.) injection of atropine (Atrosite;
Ilium, 0.2 mg/kg) was administered as premedication (adult animals only)
30 min prior to the induction of anesthesia with 2 to 5% isoflurane (Isorrane;
Baxter) in oxygen. Dexamethasone (Dexason; Ilium, 0.3 mg/kg, i.m.) was also
administered before the animals were positioned in a modified stereotaxic
head holder. Body temperature, heart rate, and blood oxygenation (PO2)
were continually monitored, and the rate of anesthetic was continuously
adjusted (isoflurane 2 to 5%) to maintain areflexia, relaxed breathing, and
low heart rates. Under sterile conditions, a craniotomy was made over the
occipital pole of the left hemisphere. Using a fine-tipped cautery, an excision
was then made of all cortical tissue caudal to a plane extending from the dor-
sal surface of the occipital lobe to the cerebellar tentorium, across its entire
mediolateral extent (65). This type of lesion removes the central visual field

representation in the occipital operculum as well as of the peripheral repre-
sentation (in the calcarine sulcus) up to a minimum of 40° eccentricity along
the horizontal meridian (5, 66). This corresponds to a minimum of 70% of the
unilateral extent of V1 while sparing the majority of secondary visual area
(V2) except for the border region with V1 in the central representation, as
determined by electrophysiology (6). After application of hemostatic micro-
spheres (Arista AH; BARD Davol Inc.), the surfaces of the exposed occipital cor-
tex and tentorium were protected with ophthalmic film (Gelfilm; Pfizer Inc.),
and the cavity was filled with Gelfoam (Pfizer Inc.). The skull flap was reposi-
tioned and secured with cyanoacrylate (Vetbond; 3M), and the skin was
sutured. The marmosets were placed in a humidicrib until recovery of move-
ment, after which they were returned to the mothers (infant animals) and, in
all cases, subsequently reintroduced to the colony. Postoperative analgesic
(oral meloxicam 0.005 mg/kg for neonates, 0.05 mg/kg for adults, 3 d) and
antibiotic (oral cephalexin 30mg/kg, 5 d) were administered.

Throughout the postlesion period, the marmosets were housed in large
cages with family groups having access to both indoor and outdoor environ-
ments. All animals demonstrated normal patterns of movement, including the
capacity to perform fine grasping and holding movements and to perform
precise jumps across tree branches, and did not require assistance for daily
activities such as seeking and obtaining food.

Fluorescent Tracer Injections. Following long survival times (Table 1), the ani-
mals were premedicated with i.m. injections of diazepam (3.0 mg/kg) and
atropine (0.2 mg/kg) and anesthetized with ketamine (50 mg/kg) and xylazine
(3 mg/kg). They were placed in a stereotaxic frame, and the cortex was
exposed. The retrograde fluorescent tracers DY (2% in dH2O) and FB (2% in
dH2O) were injected using 1-μL syringes fitted with glass micropipettes
inserted through small cuts in the dura mater. These injections (SI Appendix,
Fig. S2) typically covered all cortical layers. Visualization of the caudal tip of
the lateral sulcus and stereotaxic coordinates obtained in the course of previ-
ous studies (65, 67) guided the placement of the injections (their exact loca-
tion in relation to cortical areas was assessed post mortem by examination of
myelin-stained sections; SI Appendix, Fig. S2). The cortex was covered with
Gelfilm, the piece of bone removed during the craniotomy was fixed back in
place with dental acrylic, and the wound was sutured. Analgesics (oral para-
cetamol, three drops every 6 h) and antibiotics (Norocillin, 0.1 mL) were given
for the first 24 h postsurgery. The animals were returned to their home cages
for a period of 2 wk before euthanasia and perfusion.

Tissue Processing and Fluorescence Immunohistochemistry. At the conclusion
of experiments, the marmosets were overdosed with pentobarbitone sodium
(100 mg/kg) and transcardially perfused with 0.1 M heparinized phosphate
buffer (PB; pH 7.2) followed by 4% paraformaldehyde (PFA) in 0.1 M PB. The

Table 1. Details of sex, age, lesion, and tracer injections in all subjects

Subject (Sex) Age at lesion
Age at perfusion

(months)
Survival time
(months)

Number of tracer-
labeled neurons in LGN Analyzed LGN

LGN volume
loss (%)

W6F(M) 38 d 17 16 55 (FB) both 38.04
W6G(F) 43 d 25 24 # both 33.80
W6H(M) 42 d 21 20 # both 40.16
W6I(M) 42 d 29 28 68(FB) left 46.71
W6J(F) 42 d 24 23 7(FB), 18(DY) both 32.69
W6K(M) 46 d 33 31 46 (FB) left 27.03
W6L*(F) 46 d 35 33 21(FB) left 41.25
WA9(M) 18 mo 57 38 # both 46.30
WA11(M) 23 mo 44 21 # left 45.08
WA13(M) 28 mo 56 28 27(FB), 11(DY) both 28.74
WA14(F) 25 mo 55 30 42 (FB) left 47.91
WA15(F) 25 mo 37 11 53(FB), 13(DY) both 56.61
WA17*(M) 31 mo 56 23 30(FB) left 31.57
WA18*(F) 24 mo 48 23 59(FB) left 44.27
CJ183(M) — 34 — # left —

CJ185(F) — 35 — # left —

CJ187(F) — 31 — 2(FB) right —

CJ200(F) — 43 — 3(FB) right —

CJ206(F) — 67 — 46(FB) right —

CJ207(F) — 67 — 22(FB) right —

Lesion was in the left hemisphere for all cases. # indicates no tracer injection.
*Represents animals that were not used in immunohistochemistry experiments.
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brains were dissected and postfixed in the same medium for 24 h followed by
immersion in buffered 4% PFA solutions containing increasing concentrations
of sucrose (10%, 20%, and 30%). Frozen 40-μm coronal sections were
obtained using a cryostat in five series devoted to different immunostaining
procedures and myelin staining. In the animals that received tracers, one
unstained series was used for analysis of connections.

For fluorescence immunostaining, the sections were incubated in block-
ing solution (10% normal horse serum and 0.3% Triton-X100 in 0.1 M PB)
for 1 h at room temperature and then incubated with the primary anti-
body for CB-D28K (goat polyclonal [PA5-469361, 1:50] from Thermo Fisher
Scientific or mouse monoclonal from Swant, Code 300, 1:5,000), PV (from
Swant, either mouse monoclonal [Code 235, 1:1,000] or rabbit anti-PV [Code
PV 27, 1:5,000]), and NeuN (1:800, Merck Millipore, MAB377, Clone A60) at
4 °C for 42 to 46 h. Secondary antibodies (1:600, Abcam; donkey anti-mouse
IgG H&L [ab150109], donkey anti-goat IgG H&L [ab150135] and donkey anti-
rabbit IgG H&L [ab150064]) were applied for 60 min at room temperature.
For PV and CB immunohistochemistry, two choices of antibodies that were
raised in different species produced similar results both in the neocortex and
LGN (SI Appendix, Fig. S6).

Quantification and Statistical Analysis.
LGN volume measurement. NeuN-stained sections containing the LGN were
scanned using the Aperio Scanscope AT Turbo (Leica Biosystems) at 20× mag-
nification as detailed previously (4). Briefly, an estimate of the volume of the
LGN was obtained using the Cavalieri estimator based on the area measured
in serial sections through this nucleus. The total volume of the LGN was calcu-
lated based on the sum of the volumes obtained for each section and cor-
rected for a shrinkage factor of 0.801 (4, 5).
Mapping of retrogradely labeled neurons. The sections in the unstained
series were examined using a Zeiss Axioplan fluorescence microscope, and
labeled cell bodies were plotted with an X-Y stage digitizer (MD-3, Accustage)
and associated software (MD-Plot, version 5.3). The entire cortex and thalamic
nuclei were examined for fluorescent cell bodies. Digital files containing the
position of each labeled neuron, together with the outlines of the injection
sites, the inner and outer boundaries of the cortex, and other anatomical land-
marks, were imported into Adobe Illustrator, which was used to align the loca-
tions of labeled cells with images of the cortical cytoarchitecture. These images
were used to quantify the numbers of labeled neurons in each cytoarchitec-
tural area using built-in functions of Adobe Illustrator. The percentages of
LGN-labeled neurons in each case were normalized to the number of neurons
labeled in intralaminar thalamic nuclei to account for variability of tracer’s
injections (Fig. 8C).

Colocalization assessment. Using sections in the immunostained series, the
LGN images were captured and tiled using a Nikon C1 laser scanning con-
focal microscope at 20× magnification. The same fields of LGN were
imaged with excitation filters suited to the 488-, 594-, 647-, and 405-nm
laser lines to capture all fluorescent tags present. ImageJ software was
used for analysis of confocal images.

For analysis of CB expression in M and P neurons (Fig. 5), we manually
counted and marked all PV-immunoreactive neurons with clear staining
within the M and P layers of the nondegenerated part of LGN regardless
of staining intensity. Three consecutive coronal LGN sections (at least
120 μm apart) obtained from the central portion of the LGN [interaural
level +4.8 to +5.15 mm (33)], accounting for at least 1,000 PV-expressing
neurons, were used. We then counted CB-expressing neurons from the
population of labeled neurons and calculated the percentage of double-
labeled neurons. While the pattern of coexpression was the same in all
animals of each group, for this analysis, the three animals with the best
staining were chosen from each group. We similarly counted neurons
coexpressing CB and PV from the population of CB-expressing neurons in
the degenerated zone (Fig. 6B). For this purpose, every LGN section that
contained a degenerated zone was used. The numbers of CB-expressing
neurons in the LPZ were expressed as the percentage of all surviving neu-
rons, labeled by NeuN (Fig. 6C).

For mapping of colocalization of neuronal tracers (FB or DY) with CB and
PV, we not only used tiled images but also imaged separately each single
traced neuron at all relevant excitation wavelengths to best understand its
expression profile. For some neurons, Z-stack images (with step size of 5 μm)
were required to best identify the expression profile.

Statistics. Differences were assessed using one- or two-way ANOVA followed
by post hoc Tukey’s tests. The Student’s t test was only used for comparison of
the two groups presented in Fig. 6 B and C. The correlation analysis was used
for data in Figs. 5 D and E and 8D. Results presented here are displayed as the
mean ± SEM (SEM). Significancewas set at P < 0.05.

Data Availability. All study data are included in the article and/or SI Appendix.
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