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An evolutionary hallmark of anthropoid primates, including
humans, is the use of vision to guide precise manual movements.
These behaviors are reliant on a specialized visual input to the
posterior parietal cortex. Here, we show that normal primate
reaching-and-grasping behavior depends critically on a visual
pathway through the thalamic pulvinar, which is thought to relay
information to the middle temporal (MT) area during early life and
then swiftly withdraws. Small MRI-guided lesions to a subdivision
of the inferior pulvinar subnucleus (PIm) in the infant marmoset
monkey led to permanent deficits in reaching-and-grasping be-
havior in the adult. This functional loss coincided with the
abnormal anatomical development of multiple cortical areas re-
sponsible for the guidance of actions. Our study reveals that the
transient retino–pulvinar–MT pathway underpins the develop-
ment of visually guided manual behaviors in primates that are
crucial for interacting with complex features in the environment.
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The expansion of the visual cortex in primates has been ac-
companied by the elaboration of intracortical projection

systems, manifest as partially segregated dorsal and ventral visual
streams (1). Hierarchies of areas within the two streams are
thought to mediate the accurate and rapid transformation of
visual information into complex percepts and behaviors. The
dorsal visual stream is specialized to mediate visually guided
behaviors such as reaching and grasping. It draws largely upon
input from middle temporal (MT) area, which relays dynamic
visual signals to posterior parietal cortex, where areas are known
to coordinate visual input with primate-specific actions (2, 3)
(Fig. 1A). The dorsal visual stream is established early in life, and
its areal components mature rapidly compared with other cor-
tical areas, including the primary visual cortex. This early de-
velopment is thought to support certain behaviors crucial for
neonatal survival, with early experience in turn shaping the
functional capacities of the parietal cortex (4–8). Recently, the
mechanisms underlying this early dorsal stream maturation have
been linked to a transient visual pathway that is present at birth
and that involves direct retinal innervation of the pulvinar. In
this pathway, the retinorecipient medial subdivision of the in-
ferior pulvinar (PIm) relays visual signals to cortical area MT
during early life (4, 9) (Fig. 1B). Then over the course of several
months, the geniculostriate visual pathway strengthens its con-
nections to MT as the retino–pulvinar pathway diminishes.
In the present study, we set out to measure the causal effects

of this transient developmental pathway on dorsal-stream
structure and function. Specifically, we hypothesized that early
disruption of the retino–pulvino–MT pathway removes a critical
source of visual input for the experience-dependent maturation
of the parietal areas involved in the visual guidance of manual
movements (10, 11) (Fig. 1C). We further hypothesized that
these changes would be associated with measurable alterations in
visually guided manual behaviors. To investigate these hypoth-
eses, we performed precise, early-life unilateral lesions of PIm in

marmoset monkeys, thus disrupting the retino–pulvinar pathway
to MT in one hemisphere. We subsequently analyzed the con-
sequences of these lesions in the adult, examining alterations in
reach-and-grasp behaviors, longitudinal changes in cortical dif-
fusion MRI, and biochemical markers of cortical maturation.

Results
Establishment of PIm Lesions. Using a precision MRI-guided ap-
proach (12), we performed unilateral chemical lesions of PIm at
14–22 d after birth (Fig. 1C), a period when the anatomical
retino–pulvinar–MT pathway is most prominent, before its sub-
sequent pruning (4). Lesions were restricted to the left hemisphere,
which in primates has been specifically linked to visuomotor control
(13, 14). We used three independent methods to verify the efficacy
of the lesion, which were successfully localized to PIm. First, MRI
T2-weighted images showed darker hypointense signals in the PIm
lesion sites (Fig. 1D). Second, darkened MRI regions were colo-
calized with a reduction in the expression of the neuronal marker
NeuN, compared with the unlesioned PIm in the contralateral
hemisphere, as well as other pulvinar subdivisions (Fig. 1 E and
F and Fig. S1). Third, retrograde tracing of the PIm–MT pathway
revealed almost complete degeneration of the pathway (Fig. 1
G and H). Together, these results indicated a successful excitotoxic
lesion of cells that were largely confined to PIm.

Abnormal Reach-and-Grasp Behavior. To assess the long-term
functional consequences of early PIm lesions, we measured
and quantified aspects of visually guided grasping in the adult
(>18 mo), comparing those having undergone early-life PIm
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lesions (n = 2) to intact control animals (n = 2). During the
execution of a reach-to-grasp movement, the posture of the hand
is gradually adjusted to reflect the contours of the target object.
As this behavior, known as preshaping, has not previously been
studied in the marmoset, we developed a naturalistic protocol
and applied a video-based kinematic analysis of the hand and
arm movements to test whether dynamic parameters of visually
guided reaching and grasping in the adult are influenced by the
early retino–pulvinar–MT pathway (Fig. 2A, Fig. S2A, and Movie
S1). Our behavioral analysis focused on measuring the maximum
grip aperture (MGA) as a measure of hand preshaping, velocity
and acceleration as a measure of reaching, as well as the complex
dynamics of visually guided reaching within the context of the
dual-component model. This model divides reaching into two
components, an initial feedforward phase related to planning
processes and a second feedback phase related to processes that
mediate hand path corrections (15).
The results revealed that the unilateral PIm-lesioned animals

had significant bimanual deficits compared with the control
group. General performance, as well as individually analyzed

reach-and-grasp components of the behavior, were significantly
different between the two groups (permutation testing, value of
P < 0.0001) (Fig. S2 B–D). Specifically, PIm-lesioned animals
had a significantly larger MGA in the preshaping phase (Fig. 2
A and B, Fig. S2 D and E, and Movie S1) and approached
targets with faster reach movements than controls (Fig. 2C and
Fig. S2C).
Consistent with the crossed nature of the descending cortical

motor connections (16), certain aspects of the lesion-induced
deficit were asymmetric, and primarily affected the contrale-
sional (right) hand, which was the preferred hand for all animals
(see Table S1 and SI Materials and Methods for hand preference
assessment). For example, the right-arm reaches in the PIm-
lesioned animals exhibited aberrant temporal dynamics; the
PIm-lesioned animals showed a protracted period of decelera-
tion, consistent with a disruption to normal visually mediated
feedback phase (Fig. 2D). The capacity to learn such visually
guided movements with the dominant hand also was affected by
the early lesion. Whereas control animals readily improved their
performance on the reach-to-grasp task over multiple repetitions,

Fig. 1. Transient medial inferior pulvinar (PIm) connectivity and the outcome of an early-life unilateral lesion. (A) Diagram showing the connectivity of the
marmoset retinorecipient PIm with cortical areas controlling reach-and-grasping behaviors. Retino–pulvino–MT pathway areas, white in-fill; other directly
connected visual cortical areas, gray in-fill. Note that the retinogeniculostriate projection is not indicated. (B) Illustration of the transient retino–PIm–MT
pathway. Between postnatal day 7 (P7) and P30, this pathway is prominent but regresses after P90 when the direct V1–MT connection becomes more
prominent (4). (C) Hypothesis of the study. Neurotoxic ablation of PIm in early life would disrupt the normal maturation of dorsal-stream areas and associated
behaviors. (D) T2-weighted MRI revealing the lesion site in the left PIm. Inset shows higher-magnification image of hatched area. Lesion outlined in yellow.
(E) NeuN expression was clearly reduced in the lesioned PIm. Extent of lesion is demarcated with yellow hatched line. (Scale bar, 500 μm.) (F) High-magni-
fication photomicrographs showing reduced NeuN expression in the lesioned PIm compared with the intact (Middle) PIm and medial pulvinar (PM; Right).
(Scale bar, 50 μm.) (G) Neuronal tracing images confirming the ablation of the PIm–MT pathway (n = 2). PIm is demarcated by white hatch line. (Scale bar,
200 μm.) (H) Box-and-whisker plot showing the reduced density of MT projecting neurons in lesioned PIm (Mann–Whitney U test, P = 0.0286, n = 4).
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the lesioned animals exhibited virtually no learning (Fig. S2F).
Together, these deficits in the PIm-lesioned animals indicate
abnormal visually mediated cortical control of reaching-and-
grasping behavior.

Longitudinal Diffusion Tensor Imaging Analysis.Given the profound
reaching-and-grasping deficits, we wanted to examine the struc-
tural changes in the visual and association cortex during the
period after lesion into adulthood that might underlie the ob-
served phenotype. Diffusion tensor imaging (DTI) is a form of
MRI that detects the Brownian motion of water molecules in a
voxel and has the ability to determine microstructural abnor-
malities and neuropathology in the cortex (17). Therefore, fol-
lowing the PIm lesion, we tracked the progression of hemispheric
structural asymmetry, comparing lesioned (left) and unlesioned
(right) hemispheres (n = 4), in the lesioned animals at 6, 9, 18,
and 37 wk after the lesion. Using a voxel-based morphometric
analysis of DTI maps, we found that early PIm lesions led to a
progressive reduction in fractional anisotropy (FA) across sev-
eral dorsal visual-stream areas ipsilateral to the lesion at 18 wk
postlesion (p.l.) (Fig. 3A). These FA changes were most prom-
inent in areas of the association cortex related to reach-and-
grasp visuomotor control, such as anterior intraparietal (AIP),
medial intraparietal (MIP), and posterior parietal (PE) cortices
(18–20).
Longitudinal region of interest (ROI) analysis of FA, axial

diffusivity (AD), and radial diffusivity (RD) maps identified that
the changes in FA and were evident by 6 wk p.l. and reached
statistical significance (Mann–Whitney U test) only at 9 wk p.l.

(n = 4, P = 0.021), 18 wk p.l. (n = 4, P = 0.021), and 37 wk p.l.
(n = 4, P = 0.021) (Fig. 3 B–D). A similar significance was ob-
served in the AD maps (Mann–Whitney U test) only at 9 wk p.l.
(n = 4, P = 0.021) and 18 wk p.l. (n = 4, P = 0.043) (Fig. S3 A and
B), while RD maps remained unaltered at all stages (Mann–
Whitney U test, P = 0.2 at 6 and 37 wk p.l.; P = 0.343 at 9 and
18 wk p.l.).
The marmoset cortical tissue is rich in structures organized

perpendicular to the surface of the cortex, such as axonal bun-
dles and apical dendrites of pyramidal neurons (e.g., Fig. 4). This
was reflected in our DTIs, as tensors had a principal axis that was
also perpendicular to the cortical surface. The reduced FA in
dorsal-stream areas ipsilateral to the lesion correlated with a
decreased AD, which corresponds to the diffusivity along the
main longitudinal axis of the tensor (Fig. S3C). Hence, FA and
AD changes might indicate microstructural alterations in the
normal development of cortical elements with a perpendicular
orientation to the cortical surface.

Decreased Anatomical Projections from Area MT to Parietal Cortex.
In light of the noticeable changes to dorsal-stream areas ob-
served by DTI, we next used conventional tract-tracing injections
to ask whether this apparent disruption in parietal cortex de-
velopment was reflected in the density of anatomical projections.
In agreement with previous descriptions, our tracing injections
showed that area MT efferents directly innervated parietal as-
sociation areas AIP, MIP, and PE (21, 22) (Fig. 4). Consistent
with the hypothesis of abnormal maturation of the dorsal path-
ways, histological analysis in adulthood revealed that the terminal

Fig. 2. Early-life PIm ablation results in persistent
deficits in reach to grasp task performance. (A) Rep-
resentative images taken from kinematical analysis of
the reach-and-grasp task. Red line between thumb
and index finger denotes grip aperture. Note larger
maximum grip aperture (MGA) in lesioned animal
(arrow). (B) Probability distribution histogram across
trials of grip aperture for control and lesioned animals.
Lesioned animals exhibit increased MGA (permutation
testing, P ≤ 0.0001). (C) Probability distribution show-
ing increased velocity and acceleration of reach in le-
sioned animals compared with controls (permutation
testing, P ≤ 0.0001). (D) Detailed analysis of reach dy-
namics. The histograms show probability distribution
for control and lesion animals for both hands. The
profile for the contralesional hand of PIm lesion ani-
mals revealed a protracted period of deceleration
(permutation testing, value of P < 0.0001).
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fields originating from MT in these areas were markedly less dense
in the lesioned animals (n = 2) compared with control animals (n =
2) (Fig. 4 and Fig. S4). This observation suggests that the transient
visual pathway through PIm to MT is instrumental in the estab-
lishment of MT efferent connections with these dorsal-stream areas
in early life.

Disrupted Neuronal Maturation. Finally, we exploited known bio-
chemical markers of neuronal maturation to investigate how, specif-
ically, the parietal areas were affected by early PIm lesions. We found
that, in the lesioned animals, the pyramidal neuron maturation
marker, nonphosphorylated neurofilament (NNF), was expressed by
fewer cells in ipsilesional area MT (layer 3) and areas AIP, MIP, and
PE (layer 5) (Fig. 5) (Mann–Whitney U test, n = 4, P = 0.021 for all
density comparisons). This decrease in the NNF expression existed,
despite a normal overall density of neurons in each of these areas
(Fig. S5A). Furthermore, the remaining NNF-immunopositive neu-
rons in these areas of the lesioned hemisphere were significantly
smaller in terms of their soma size compared with those in the
unlesioned hemisphere (Fig. S5B). This observation correlates with
the microstructural alterations revealed by the decreased FA
and AD values described above and is indicative of abnormal
circuit development (5, 23). We similarly quantified the par-
valbumin (PV) interneuron population in the same areas be-
cause of their known role in modulating the excitatory response
of pyramidal neurons (24), and their association with sensory
experience and maturation of the cortex (25). We found that
the PV-immunopositive neuron density was reduced in the same

areas and layers as NNF (Fig. 5) (Mann–Whitney U test, n = 4,
P = 0.021 for all density comparisons), suggestive of alterations in the
local circuit and potential for dysfunction (26).

Fig. 3. Diffusion tractography imaging (DTI)
changes in dorsal-stream areas postlesion. (A) voxel-
based morphometry of fractional anisotropy (FA)
maps. Yellow-red clusters represent significant
hemispheric differences in FA, which were lower in
the lesioned hemisphere and predominantly in the
parietal cortex (Left vs. Right, n = 4). Vertical lines (1–
4) on Inset 3D brain (Bottom Right corner) represent
interaural level of the sections on Left side of the
panel. (B) Representative FA maps of a PIm-lesioned
marmoset 18 wk p.l. at level of the dorsal stream
visual cortex. FA values lower than 0.2 within ROIs
are shown in yellow, while FA values higher than
0.2 are shown in blue. (C) Box-and-whisker plots
showing FA changes between left and right hemi-
sphere dorsal-stream ROIs at different time points.
(D) Graph showing the longitudinal progression of
the FA changes.

Fig. 4. Disruption of PIm–MT relay in early life alters connectivity of dorsal-
stream areas into adulthood. Heat maps revealing reduced connectivity
(terminal fields) between MT and reach-and-grasp–related areas of the
dorsal stream in the lesioned hemisphere. (Scale bar, 200 μm.)
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Discussion
Together, these results provide clear evidence that eliminating
the transient retino–pulvinar input to MT in early life rapidly
disrupts development of multiple dorsal-stream areas, resulting
in the dislocation of the typical network integration and leading

to a sustained defect in visually guided actions. This transience is
a common motif in embryonic and postnatal development, in
some cases affecting cell populations (e.g., cortical subplate)
(27), and in others affecting projection pathways (e.g., layer
5 projection neurons) (28).
The altered behaviors observed in this study are akin to those

observed in human patients with optic ataxia. This neurological
syndrome appears as a consequence of lesions to the posterior
parietal cortex and results in deficits in visually guided reaching
and grasping, even though visual perception remains reasonably
intact (29). Furthermore, optic ataxia patients often present with
poor preshaping when reaching to grasp (30), opening their hand
much wider than normal like that described here for PIm-
lesioned marmosets. Similar to what we observed following
the unilateral lesion of PIm in the marmoset, bimanual deficits
after unilateral left cortical lesions are also common in human
apraxia patients (31). Our results, therefore, suggest that the early

Fig. 5. Altered cellular maturation of dorsal-stream areas associated with
reach-and-grasp behaviors. The pyramidal neuron maturation marker NNF
was significantly down-regulated in the lesioned hemisphere of areas MT
(layer 3), AIP, PE, and MIP (layer 5) compared with the unlesioned hemi-
sphere. The interneuronal marker PV was also down-regulated in the same
areas and cortical layers. (Scale bar, 100 μm.) White hatched lines indicate
layer boundaries. Insets show higher-magnification images of pyramidal
neurons. (Scale bar, 50 μm.) Box-and-whisker plots (Right column) showing
significant reduction in NNF and PV neuronal density for dorsal-stream areas
following a PIm lesion.

Fig. 6. Evolution of the retino–PIm–MT pathway in the anthropoid pri-
mates. Our results suggest that retinal input to the PIm is essential for the
development of the dorsal-stream visual cortex and posterior parietal cortex
areas associated with reach-and-grasp behavior. The visual input to the
pulvinar nucleus is conserved in mammals, but it is in the common ancestor
of anthropoids when a very specialized retinal input to PIm appears for the
first time. As a consequence, a much more complex area MT+ evolved, en-
abling the expansion of the dorsal-stream visual cortex and posterior pari-
etal cortex (PPC). This inflection point in primate evolution might be
involved in the development of precise reach-and-grasp behaviors in the
anthropoid primates, culminating in the precision reach-and-grasp behaviors
observed in humans.

1368 | www.pnas.org/cgi/doi/10.1073/pnas.1717016115 Mundinano et al.
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retino–pulvinar–MTpathway is specific for the initial shaping of visual
guidance of hand action and in the establishment of the dorsal-stream
network that is independent of the primary geniculostriate pathway.
The implication of these findings extends our understanding of

primate evolution. One of the key adaptations of primates is the
visually guided action of the hand, which has been linked to
reaching and grasping branches, insects, and terminal fruits
within an arboreal environment (32, 33). The pulvinar nucleus
has evolved considerably in the primates, with the direct retinal
input to PIm first emerging in the immediate ancestor of anthropoid
monkeys (34), being absent in the prosimians. This event coincides
with the expansion of area MT, and its complex connectivity with
the dorsal-stream visual areas, including the posterior parietal re-
gions (35) (Fig. 6). The emergence of an early and transient retinal–
pulvinar–MT pathway in the simians, facilitating use-dependent
maturation of the dorsal stream and its visual guidance of the
hand, is likely to be a unique and an important adaptation that
fundamentally shaped primate behavior and cognition.

Materials and Methods
A total of eight New World marmoset (Callithrix jacchus) monkeys were
employed in this study. All experiments were conducted in accordance with

the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes and were approved by the Monash University Animal Ethics
Committee, which also monitored the welfare of these animals. Four neo-
natal animals (14–22 d postnatal) received a chemical lesion to the left
hemisphere medial subdivision of the PIm. Animals were allowed to recover
until adulthood (18 mo) before we conducted neural tracing and post-
mortem histological and immunohistochemical studies (n = 2; both female),
trained and tested them on behavioral tasks, and carried out postmortem
histological and immunohistochemical studies (n = 2; one female, one male).
All PIm-lesioned animals were included in MRI/DTI longitudinal analysis
performed at 6, 9, 18, and 37 wk p.l.. A further four intact adult marmosets
(18–22 mo) were used as controls for the neural tracing (n = 2; one female,
one male) and behavioral (n = 2; both females) studies. Materials and
methods are described in detail in SI Materials and Methods.
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