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Abstract

The pulvinar is the largest thalamic nucleus in primates, and one of the most mysterious.
Endeavors to understand its role in vision have focused on its abundant connections with the
visual cortex. While its connectivity mapping in the cortex displays a broad topographic
organization, its projections are also marked by considerable convergence and divergence. As a
result, the pulvinar is often regarded as a central forebrain hub. Moreover, new evidence suggests
that its comparatively modest input from structures such as the retina and superior colliculus may
critically shape the functional organization of visual cortex, particularly during early development.
Here we review recent studies that cast fresh light on how the many convergent pathways through
the pulvinar contribute to visual cognition.
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The enigmatic pulvinar

The pulvinar is often considered a convergence point for sharing information widely in the
cerebral cortex. The prominent interchange of connections between the cortex and pulvinar
has been explored in detail using anatomical tracing methods in the nonhuman primate, with
the intricate results summarized in a number of reviews [1-4] (see Figure 1). The notion that
the pulvinar is a “connectional hub” has certain connotations, for example it integrates
convergent information and then transmits processed signals. Whether such connotations are
apt for understanding pulvinar function is not yet known. Another word that is frequently
used to describe the role of the pulvinar is “relay”. The relay concept borrows from the
known function of first-order thalamic nuclei to communicate peripheral sensory
information into the cerebral cortex, but in the case of the pulvinar it often refers to the
exchange of information between cortical areas (see Box 1). That the pulvinar acts as a
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cortical relay in some capacity is beyond doubt, particularly since both its primary driving
input and primary output target is the cortex. However, researchers still struggle in

answering the question, “What does the pulvinar do?” Despite a growing understanding of
the anatomy, combined with a large number of physiological and behavioral observations,

the pulvinar has yet to lose its customary descriptors “enigmatic”, “mysterious”, and,
perhaps most damningly, “dangerous”, at least as far as scientific careers are concerned.

In this review, we highlight new discoveries vis-a-vis the pulvinar that provide insight into
aspects of its functional anatomy, and particularly how different types of signals are
integrated within its different subdivisions. To this end, we focus upon recent anatomical,
physiological, and behavioral results that, together with fresh theoretical concepts, sketch
out a somewhat new perspective on aspects of pulvinar function. We begin in the first
section by reviewing recent findings that point to a rather surprising role for the pulvinar in
directly relaying retinal information to the cortex during an early developmental bottleneck.
In the second section, we outline a more traditional view of pulvinar organization in the
adult, reviewing new findings that speak to the integration of cortical and subcortical visual
signals in its subdivisions. In the final section, we consider conclusions from human
experiments that suggest that the visual pulvinar circuitry contributes to high-level aspects
of human cognition and that its disruption can underlie a range of cognitive deficits.

An early visual pathway involving the pulvinar

What is the purpose of the pulvinar in visual cognition and why did it emerge? Questions
such as this are often framed in terms of the functional capabilities of the adult. While this is
a valid approach for addressing the complex relationship between structure and function, it
can also be a teleological trap, as it neglects an aspect that is of highest importance in
evolution: development. It may be through the lens of development that the pulvinar will
ultimately make the most sense. We thus begin by reviewing the literature that has given rise
to an emerging theory of pulvinar function, which holds that one of its most important roles
in the primate is in early development. The early pulvinar relay of retinal information to the
cortex is thought to be critical for at least two reasons: it supports visual behavior in the
newborn, and it facilitates normal maturation of extrastriate cortex.

Vision in newborns

In humans, vision during the first weeks of life is characterized by poor acuity and shape
perception, but reasonably good motion perception [5, 6]. Conventional opinion suggests a
newborn’s interaction with the visual world initially draws upon innate circuits in the
superior colliculus. Then after approximately two months, the major visual pathway through
the lateral geniculate nucleus (LGN) to the primary visual cortex (V1) takes over and
dominates adult vision [7-9]. This appears to be reflected in the ordered appearance of
orientation and spatial frequency selectivity, followed by direction selectivity and finally
stereoscopic depth perception [10]. On the other hand, the geniculostriate pathway of the
newborn macaque is at least partially functional, with neurons in V1 and V2 exhibiting
“adult-like” receptive fields at this stage [11]. Thus it is unclear to what extent distinct
pathways are used to support newborn versus adult visual behavior.
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Recent studies in the marmoset (a New World simian with a similar visual system assembly
to other primates [12]) have offered a new perspective on the development of the visual
system. Specifically, these studies have identified a transient pathway present in early life
that projects directly from the retina to the pulvinar, without involvement of the superior
colliculus [13]. While in adult primates this retinopulvinar pathway is present, it is much
sparser [14-17], and intraocular injection of anterograde tracer throughout the lifespan have
demonstrated a large number of labeled terminals in the medial part of the inferior pulvinar
(PIm) in early life [16]. Moreover, microscopic analysis reveals that the ganglion cells
entering PIm terminate on neurons that project to the middle temporal (MT) area (Figure 1)
[17] a cortical area associated with the dorsal visual stream (see Glossary). As with the
genioculostriate projections, the main pathway from V1 to MT is physically in place at this
stage, but likely not yet mature [18]. Together, these findings have led to the opinion that the
visual pathway in which PIm relays retinal signals to MT is used to support visually guided
behavior.

All components of the retino-pulvinar-MT pathway are abundant at birth (Figure 2A, blue
and red arrows, respectively) but normally regress in the first months of life (Figure 2B).
However, under certain irregular conditions, such as when the predominant LGN-V1
pathway is damaged very early in life, the retino-pulvinar-MT pathway can persist and
remain robust into adulthood (see Box 2). This has been demonstrated experimentally in
marmosets, where the magnitude of the pathway was assessed in animals that had undergone
a neonatal lesion of V1 [19]. Under such conditions, the components of the retino-pulvinar-
MT pathway did not diminish after the first postnatal weeks, but instead remained largely
intact for a significant period (Figure 2C). This was true of both the retinal innervation of
PIm, as well its projections to MT. In animals receiving adult V1 lesions, PIm was no more
prominent than in controls.

The persistence of this visual pathway following early-life V1 lesions may explain previous
observations in both humans and monkeys, in which vision has been shown to remain intact
despite the absence of V1. Normally, damage to V1 in the adult leads to the elimination of
conscious vision, with only vague traces of visual behavior sometimes expressed in the form
of “blindsight” [20]. However, the residual vision in humans and nonhuman primates with
damage to V1 very early in life show a notably higher level of residual vision. For example,
patients who had experienced perinatal infarctions to V1, when tested later, were much
better in their visual performance than those who had acquired comparable damage during
adolescence [21, 22]. Similarly, monkeys having received a lesion to area V1 during the
second month of life showed much greater residual vision as adults than those having
received adult lesions [23]. In light of the findings described above, the most obvious
candidate for this unusual preservation in vision following an early life V1 lesion is the
retino-pulvinar-MT pathway that, while normally transient, remains in place when the LGN
pathway fails to evolve dominance (see Outstanding Questions Box).

Critical early input to the dorsal visual stream

In addition to its role in providing visual information to support the survival of the newborn,
the early retino-pulvinar-MT pathway is thought to have an additional role in steering the
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organization and maturation of extrastriate cortex, and in particular the dorsal visual stream.
In primates, connections between the pulvinar and extrastriate cortex are present at birth, as
are those between the LGN and V1 [24, 25]. However, as indicated above, the existence of
the projection alone does not indicate the level of maturation. Throughout the visual cortex,
experience plays an important role in establishing, eliminating or refining synapses to
produce a stereotypical mature pattern of connections.

Postnatal maturation of the visual cortex is sometimes conceived as a progression that
propagates from visual area to visual area in a manner that roughly follows the cortical
hierarchy. Although V1 is at the base of the hierarchy, area MT is seen to mature in
monkeys at least as early as V1, as assessed by cell markers such as nonphosphorylated
neurofilament. [18]. One possible explanation for this early maturation of MT is the initial
visual input from the retino-pulvinar-MT pathway. This constant visual signal may initiate
experience-dependent changes in area MT that set the dorsal stream on a path toward
accelerated maturation compared to the ventral stream. Behaviorally, the early reliance on a
dorsal stream pathway may also explain why motion perception develops before form
perception in infant macaques [8, 9].

The switch in dominance from the retino-pulvinar-MT pathway to the LGN-V1 pathway is a
major developmental milestone. After this time, MT receives most of its visual input from
cortical visual areas and its pulvinar inputs decrease in number. Among cortical areas, V1
sends pronounced direct projections to MT. The increase in V1 input is concurrent with the
decline of the PIm input, resulting in a change in the dominance of driving input to MT [13].
Based on evidence from rodent studies in other systems, this switch is likely accompanied
by increased reliability in the synaptic drive of V1 projection neurons in layers 2/3 [26]
along with the development of perisomatic inhibition of projection neurons to extrastriate
cortex [27, 28], leading to a more refined visual topography. Thus, after the retino-pulvinar-
MT pathway has served its role in early life vision and shaped the dorsal visual pathway, it
is soon surpassed by the LGN-V1 pathway, whose detail vision and object specialization are
critical for multiple aspects of primate visual cognition [12]. The LGN is the target of vast
majority of retinal ganglion cells in the adult, and is thought to be the exclusive target of the
80% of ‘P’ type neurons that support high resolution vision [29, 30].

In the adult, the retinal contribution to the pulvinar is strongly diminished (Figure 2B), with
the primary driving input to virtually all of its subdivisions coming from the cortex.
Nonetheless, subcortical visual inputs continue to guide some pulvinar functions, with those
arising from the superior colliculus playing perhaps the largest role. In the next section, we
briefly review how these ascending inputs, along with the most dominant projections from
the cortex, combine to shape activity in different portions of the pulvinar.

Integration of sensory and cognitive signals in the pulvinar

One approach to understanding the pulvinar’s anatomical scheme is to investigate, at a given
location, the specific contributions of inputs originating in different structures (Box 2). In
this section, we outline some of the connections to the main subdivisions of the pulvinar,
placing focus on classic and recent experiments that shed light on the contribution of its
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subcortical visual inputs. In compiling such data, attention must be given to methods
because anatomical localization methods have improved over time, and some of the earlier
results still require replication or verification (see Outstanding Questions Box).

Inferior Pulvinar

All regions of the pulvinar receive converging information from the cerebral cortex. In
addition, many, if not most, parts of the pulvinar receive some input from structures other
than the cerebral cortex [15, 31]. The contribution of noncortical input is particularly
conspicuous in the pulvinar’s inferior portion, including the retinorecipient PIm region
discussed in detail above (Figure 1). The most prominent ascending visual pathway to the
inferior pulvinar passes through the superior colliculus. From a comparative standpoint, this
pathway likely evolved in parallel with that through the LGN and thus has putative
homologs across a wide range of vertebrates [32]. This pathway is prominent in mammals
and most studied in rodents [33]. Yet in adult primates even the inferior pulvinar is driven
primarily by the visual cortex, as demonstrated in a seminal electrophysiological study [34].
Removal of V1 led to the near abolishment of activity in the pulvinar, with a few residual
responses attributed to the retino-collo-pulvinar visual pathway [35], though there is some
uncertainty as to the precise recording locations in this early work.

Is it possible then to identify a functional role for the well-established projections from the
superficial layers of the superior colliculus to the inferior pulvinar? This pattern of
projections has been demonstrated in a range of primates [36, 37] and other mammals such
as the gray squirrel [38]. It is interesting to consider how different types of inputs might
shape function at the neuronal and behavioral level. For example, pulvinar cells receiving
input from the superior colliculus could have a fundamentally different function than those
receiving input from the cortex. Assessing the origin of input to a single neuron is very
difficult experimentally and normally out of reach for the electrophysiologist. However, in a
recent study, neurons were classified based on their input by combining microelectrode
recordings with antidromic and orthodromic stimulation. Using action potential timing
following electrical pulses directed to the superior colliculus and MT, it was possible to
estimate whether a given PIm neuron received projections from the superior colliculus, area
MT, or both [39-41], and also whether it projected to area MT. With this information at
hand, it was found that local populations of projection neurons were highly heterogeneous
with regard to their sources of input and the types of signals they carried.

Of particular interest were so-called “relay neurons”, which received input from the superior
colliculus and then projected to area MT. Such neurons had been hypothesized as a means
for the superior colliculus to provide feedback to the cortex about the eye movements it had
just executed. Such relay neurons were located in two subdivisions of the inferior pulvinar
(medial, PIm; and posterior, PIp) and the properties of such neurons closely resembled those
of the superior colliculus [40, 41], including brisk visual responses, diminished spiking at
the time of a saccade, and little if any direction selectivity. Remarkably, neighboring
neurons in the same population could be very different. Cells identified as likely receiving
direct input from MT, for example, possessed very high direction selectivity, similar to the
cellular characteristics observed in MT itself. These findings demonstrate a high level of
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convergence of cortical and superior colliculus input into a small subdivision of the inferior
pulvinar. However, the resulting diversity in cell responses appears to reflect exclusive
targeting of cells, whose response characteristics retain that of the input cells, with minimal
lateral mixing of signals within the inferior pulvinar itself. These findings offer a glimpse
into the complexity of pulvinar organization. In contrast to the columnar organization of the
cerebral cortex, individual neurons within the same region of the same subnucleus appear to
contribute to very different aspects of visual cognition.

It bears brief mention that the physiological demonstration of relay neurons is at odds with
conclusions from anatomical tracing studies suggesting that no such relay exists through
PIm. Specifically, anterograde tracer injected into the superior colliculus was shown to have
minimal spatial overlap with the cell bodies of MT-projecting neurons in PIm [37],
suggesting that PIm does not receive superior colliculus input, though a subsequent study
using polysynaptic retrograde tracing in MT left open the possibility [42]. The existence of a
collo-pulvinar-MT relay pathway is an important issue whose details are likely to resolve in
time. It is possible that the existing data can be reconciled, for example, if neurons in PIm
gain their synaptic input through dendritic terminations in neighboring pulvinar subregions.

Lateral Pulvinar

The lateral pulvinar, like the other classically defined pulvinar subregions, is heterogeneous
with respect to its cortical innervation, and to some extent its immunochemical markers [43].
The ventrolateral subdivision of the lateral pulvinar (PLvl; Figure 1) has been shown to
receive considerable input from early visual cortical regions (ventral stream associated), to
which it also sends reciprocal projections [2, 31, 44]. While its innervation is dominated by
the cortex, it has also been reported to receive input from the superior colliculus and
pretectum [31], though these initial reports have not been verified with more modern
methods. Moreover, the potential functional consequences of these inputs are unknown.
However, three recent experimental approaches have suggested the projections of the lateral
pulvinar may have a strong role in regulating activity within the cortex, with downstream
consequences for visual processing and behavior.

One of these approaches [45] investigated the effects of blocking signals in the lateral
pulvinar on the responses to stimuli in the visual cortex. One study inactivated the lateral
pulvinar of the Galago, a small prosimian primate whose pulvinar organization and basic
visual circuitry is similar to other primates. Surprisingly, inactivation of the lateral pulvinar
led to a temporary loss of neuronal responsiveness within the upper layers of V1.
Conversely, chemical excitation of this region increased neuron responsiveness in V1. The
lateral pulvinar projections to V1 are directed predominantly to cortical layer 1 and are
thought to be principally modulatory in their nature. Nonetheless, at face value the results
suggest that the nature of this input is much more than modulatory, essentially controlling
the LGN-derived visual signals leaving the primary visual cortex. Because this is such a
strong departure from the view of the pulvinar as a hub or relay, these results need to be
replicated and examined in more detail to understand their implications fully.

A second experimental approach used reversible inactivation of another portion of the lateral
pulvinar, in this case with notable behavioral consequences. Early studies demonstrated that
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inactivation of a more dorsal portion of the lateral pulvinar (PLdm) in the macaque caused a
systematic shift in visual attention away from visual space contralateral to the inactivation
[46, 47]. More recent work has demonstrated that such inactivation leads to symptoms that
appear very similar to perceptual neglect in humans but that may be, at their core, more
closely related to the initiation of action or motivation than to perception per se. For
example, following lateral inactivation that included PLdm, monkeys were reluctant to reach
and grasp with their contralateral limb and displayed signs of dyspraxia [48]. At the same
time, an increase in the motivational salience of a target stimulus was able to overcome what
had appeared to be perceptual neglect [49]. The mechanistic basis of these deficits, which
have features in common with the inactivation of both the parietal cortex [50] and the
superior colliculus [51], is not well understood. As both of the parietal cortex and superior
colliculus have been reported to provide input to the dorsal portion of the lateral pulvinar
[31, 52] (though see caveats above regarding the superior colliculus input), the observed
behavior may reflect a disruption of a circuit that draws signals carried in both
corticothalamic and collothalamic projections. Since lateral pulvinar inactivation appears to
affect perception, attention, intention, and coordination, it is likely that a deeper
understanding of this area will involve the development and use of experimental paradigms
to measure activity during active movement [53].

A third approach involves the simultaneous measurement of neural activity in the pulvinar
and its corresponding areas in the extrastriate visual cortex. A recent study recorded neural
activity from the lateral and inferior portions of the ventral pulvinar together with cortical
areas V4 and TEO of the macaque [54]. During an attentional task, several measures of
neural coordination suggested that the pulvinar exerts a common input synchronizing
influence over interconnected cortical areas and may thus regulate information transmission
related to visual cognition.

Medial Pulvinar

The medial pulvinar is greatly expanded in humans and may be an important contributor to
cognition. In monkeys, tracer studies have demonstrated that the medial pulvinar receives
input from the multiple cortical areas, including widespread prefrontal and temporal cortical
regions [55] (Figure 1). Some zones within the medial pulvinar are suggested to receive
input from intermediate and deep layers of the superior colliculus [31], a projection that
parallels the superficial layer projection of the superior colliculus to the inferior pulvinar.
The existence of this collicular projection to the medial pulvinar, together with the known
projections from the medial pulvinar to the amygdala [56], have led to the speculation, or
assertion, that the pulvinar is a subcortical relay for certain types of visual information to the
amygdala [55, 56]. As such a connection conforms to the general mammalian pattern of
collothalamic input to the amygdala [57], there is reason to believe that it may be a viable
pathway in primates [58], though it remains to be demonstrated. As with the other pulvinar
subdivisions, however, the bulk of input to the medial pulvinar originates in the cortex.

The response selectivity of medial pulvinar neurons is difficult to summarize, but more than
in other pulvinar subdivisions responses tend to be selective for complex stimuli, including
social and fear-inducing images [59, 60]. The latter responses are of particular interest for
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investigators postulating a specialized collo-pulvino-amygdala pathway [61, 62], as they are
thought to provide a substrate for a subcortical pathway mediating unconscious emotional
responses. Finally, the medial pulvinar has at least one other source of visual input: though
almost certainly negligible at a functional level, direct retinal projections have been reported
[15, 63].

Human pulvinar characteristics

Comparatively, humans possess the largest pulvinar, though it is of an expected size given
the overall brain volume [64]. Its exploration is challenging for some (oft-repeated) reasons,
but most importantly the low spatial resolution of functional and anatomical data that can be
obtained in vivo. While some aspects of its functional organization can be inferred from the
macaque, it is likely to differ in some ways that reflect, for example, human neocortical
adaptations. Recent human studies have provided a framework for understanding the coarse
structure of the human pulvinar and some of its connections using diffusion tractography
[65], spontaneous activity correlation [66], and functional activation during behavioral tasks
[67], or a combination of these approaches [68].

By combining detailed fMRI retinotopic mapping, diffusion tractography and resting state
functional connectivity, a ventral/ dorsal difference in connectivity pattern of the pulvinar
has recently been demonstrated [68]. Specifically, the ventral portions of the pulvinar
connected strongly with V1 and extrastriate visual areas while the dorsal portions connected
strongly with parietal and frontal regions. Within the dorsal and ventral regions of the
pulvinar there are two distinct retinotopic maps, suggesting multiple functional domains
within the human pulvinar, potentially corresponding to the primate subdivisions. In the
absence of electrophysiological data, this work provides some basic insight as to the
organization of the human pulvinar.

Influence on human cognition

As we begin to discover the circuitry of the human pulvinar, the importance of the pulvinar
for human cognition is increasingly apparent. This is particularly true regarding its potential
contribution to the many unique human adaptations related to tool use, language, and, more
generally, hemispheric specialization, whose investigation is only just beginning. The
expansion of the nucleus in humans may lead naturally, by virtue of its larger number of
cells and connections, to functions that are qualitatively and quantitatively different than
those in smaller primates. This increase in size relative to other thalamic structures [64] may
result in the pulvinar contributing to a wider range of cognitive abilities than in other
primates. In that sense, simple scaling rules may change the balance in a way that results in
larger-brained primates having increased corticospinal control over their movements [69].

Most knowledge of the human pulvinar has been obtained from patients with pulvinar
lesions and functional MRI studies. In both cases, the most widely studied aspect of
cognition has been visual attention. In certain patients with pulvinar lesions, attentional
deficits can be severe and resemble hemineglect caused by cortical lesions [70]. Some
debate exists, however, about the degree to which attention modulates fMRI pulvinar
responses. For example, it has been reported that attention was critical for visual responses
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[71], while another study found that attention had only a minor contribution [72]. These
differences could be due to methodological differences, as the former study of used stimuli
optimized for activating early visual cortex, whereas the latter used stimuli optimal for
activating areas with larger receptive fields such as motion area hMT+. Multivariate
analyses have demonstrated that attention is critical for decoding orientation and position
information from pulvinar responses [73] One proposed role for the human pulvinar is the
filtering of distracting stimuli, a critical component of focused attention [74]. As deficits in
distractor filtering are associated with schizophrenia, it may not be a coincidence that
subdivisions of the pulvinar are affected in this disease [75].

In addition to a role in attention, some evidence suggests that the pulvinar may selectively
receive and transmit certain kinds of visual information to the amygdala. One such type of
information is the emotional expression of faces. Face processing is a critical function for
human understanding of emotion and empathy and is critical for interpreting signs of
danger. In a patient with extensive bilateral damage to the occipital lobe, who lacks any
conscious vision, fMRI showed that there was activation of the right amygdala in response
to emotionally expressive faces, but not neutral ones [76]. Given the absence of the LGN-V1
pathway, one potential pathway to support this activation is that, described above, by which
retinal information passes through the superior colliculus to the pulvinar. While there has
not yet been a definitive study demonstrating that the retino-collo-pulvinar pathway can pass
visual information to the amygdala, there is a fair amount of indirect evidence. For example,
one patient with complete loss of the pulvinar unilaterally had a selective deficit in which he
was unable to recognize fearful faces in the visual field contralateral to the lesion [77].
Whether the direct pulvinar pathway to the amygdala plays an important role in human
cognition, either during development or adulthood, is a topic of great interest that has yet to
be resolved.

Concluding remarks

Although the past decade has seen a considerable increase in the understanding of the
connectivity and anatomical subdivisions of the primate pulvinar, the functional role of this
structure in nonhuman primates, and more specifically humans, remains a mystery. The
recent finding that the pulvinar may have a critical role in supporting an early visual
pathway and guiding maturation of the cortex, has placed new emphasis on the
developmental importance of this thalamic nucleus. Much has been learned about the
convergence of cortical and subcortical signals within the diverse pulvinar subdivisions,
though many questions remain, including the manner in which such signals are used to guide
behavior. For humans, improvements in non-invasive brain imaging techniques are
gradually improving the capacity to differentiate between pulvinar subdivisions, allowing
the structural and functional properties to be assessed and compared with behavior under
normal conditions and in disease states. Nonetheless, despite the convergence of
experimental methods, each improving over time, the essence of the pulvinar function and
its relationship to perception and goal-directed behavior remains elusive.
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Is the ability of people who are recipient of a lesion of the primary visual
cortex (V1) to respond to visual stimuli that they do not consciously see,
for example, the ability to preshape hand for object when grasping in the
blind field. The concept of blindsight challenges the principle that
behavior requires conscious visual perception

or “where* pathway; under the two-stream hypothesis is purported to be
involved in the guidance of actions (e.g. reaching) and recognizing where
objects are in space. This pathway emerges in the primary visual cortex
(V1) and continues into parietal lobe. The middle temporal (MT) area is a
major component of this stream. Lesions of the dorsal stream result in a
number of disorders including: akinetopsia, the inability to perceive
motion; hemineglect, is the inability to perceive stimuli on one side of the
body or environment, and is usually contralateral to the side of the lesion;
apraxia, the inability to produce discretionary or volitional movement

The superior colliculus (SC), or optic tectum in nonmamallian vertebrates
is a midbrain structure. This laminated structure, at least in mammals,
comprises approximately 7 layers subdivided into 3 zones. The top three
layers are incorporated into the superficial layers, the next two the
intermediate layers and the final three the deep layers. Functionally, the
SC is involved in guiding behavioral responses towards specific points of
egocentric space. The superficial layers are sensory related
(retinorecipient), while the deep layers are more motor-related and
involved in activating eye movements, while the intermediate layers are
believed to be multi-sensory. In the nonhuman primates studies of the SC
have principally involved in the study of saccadic eye movements

or “what* pathway; under the two-stream hypothesis is associated with
object recognition and form representation. The stream emerges from the
primary visual cortex (V1) and continues into the inferior temporal lobe.
The second (V2) and fourth (\V4) visual areas are major components.
Extraretinal factors such as working memory and attention also
participate in the processing of information in the ventral stream. Lesions
of areas in the ventral stream result in conditions, including:
achromatopsia, inability to perceive color; and, prosopagnosia, an
inability to recognize faces

Visual cortical areas in the occipital lobe beyond V1, including areas
within both the dorsal and ventral visual streams. The definition also
includes V2 and V3, which are still classified as “‘early’ visual areas that
respond to many different aspects of vision

A rapid eye movement to change the direction of gaze in which both eyes
move simultaneously. One of the mechanisms to allow us to visually
explore our environment, saccades often reflect changes of attention
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Box 1: Cortical domination of the pulvinar

The repeated demonstration of tightly intermixed populations of neurons with
heterogeneous physiological properties appears to be a characteristic of the pulvinar, and
one that may reflect its relative paucity of local interconnectivity. Whether the
computations of the pulvinar draw critically on the local convergence of diverse inputs,
such as those stemming from the cortex, superior colliculus, and retina, or whether the
pathways that run through it in parallel have minimal interaction, it is clear that the main
input to the pulvinar in all of its basic subdivisions is from the cerebral cortex. As with
other thalamic nuclei, the direct synaptic inputs and outputs of the pulvinar can be
broadly separated into those whose position and strength confers a direct activation
(“driving inputs™) and those whose contribution is weaker and less well understood
(“modulatory inputs”) [78]. The cortical pulvinar afferent origins of these two types of
inputs differ, with the former arising from pyramidal cells in layer 5 and the latter from
those in layer 6. However, the driving inputs arising from cortical layer 5 appear similar
to the ascending inputs from the retina and superior colliculus, including their large,
proximal synapses and presynaptic expression of the VGLUT2 vesicular glutamate
transporter [79]. PIm afferents can also be classified as driver or modulator based on their
expression of the calcium-binding proteins parvalbumin and calbindin, respectively [4]

The anatomical subdivisions of the pulvinar distinguish themselves not only in the types
of cortical input they receive but also in their ascending inputs. As such, it is interesting
to speculate on an evolutionary scenario in which secondary thalamic nuclei, as with so
many other cortical projection targets in the brainstem and spinal cord, followed a
trajectory of increasing cortical innervation. In that sense, cortical control over the
thalamus expanded in a manner analogous to cortical control over the motor system. In
large primates, the direct control over primary motor neurons allows the cortex exquisite
control over fine manual movements, conferring an unusually high level of dexterity [80,
81]. In the case of the pulvinar, the increased cortical input may confer sharing of visual
information broadly over the cortex, tight visuomotor coordination, attentional control, or
some combination of these elements. While anatomical projections, neural correlates, and
lesion studies provide some hints, the essence of this functional organization remains an
enduring puzzle.
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Box 2: Developmental modification of the human pulvinar

In congenitally anophthalmic people, where the eyes fail to develop, the connections into
and within the visual cortex are taken over by other sensory systems, particularly the
auditory system. However, the question remaining is how auditory information reaches
the visual cortex. A recent study [82] showed that human motion area MT+ contains a
tonotopic map in these anophthalmic participants, suggesting that this activity is early in
auditory hierarchy. A later study from the same group [83] indicated that there was no
auditory activation in the lateral geniculate nucleus, suggesting that the input did not
project from that thalamic nucleus. There was, however, significantly higher activation in
the superior colliculus of anophthalmic (and early blind) participants to auditory
stimulation compared to sighted controls. Given the pattern of auditory activation in the
superior colliculus and the tonotopic organization of MT+, the inferior pulvinar may also
play a role in this auditory processing, enabling the redirection of information to MT+.
Such a pathway would be consistent with studies in early and congenitally blind
individuals showing direction selectivity in MT+ [84-87]. While none of these studies
showed activation of the pulvinar itself, it is the case that even visual stimulation in
sighted individuals often does not significantly activate the pulvinar. Future work should
target this structure with a variety of stimulus types, ideally at higher field strength to
boost the signal in that region.
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Box 3: Outstanding questions

Given the pivotal role of early visual input to the pulvinar, along with the
capacity for preserved vision neonatal VV1 damage, what would be the visual
consequences of early pulvinar damage?

What specific role does the pulvinar play in the preservation of vision following
injury restricted to the primary visual cortex (V1) especially in early life?

What is the role of the thalamic reticular nucleus (TRN) in regulating pulvinar
function through inhibition of its projection neurons?

How do neuromodulatory systems impact the development of the pulvinar, as
well as its principal attentional and sensorimotor functions in the adult?

Do the retinal efferents targeting the pulvinar collateralize with those of the
superior colliculus or LGN? If so, how does this collateralization regress to
reach its adult form?
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Box: Trends Box

The pulvinar plays a critical role in the early development of the primate dorsal
visual stream, relaying visual information directly from the retina to the cortex
before the more prominent pathway through the lateral geniculate nucleus to V1
is fully mature.

Abnormal retention of this early visual pathway through the pulvinar may
explain the preservation of vision when lesions to V1 occur during infancy.

In the adult, subcortical and cortical signals converge in multiple pulvinar
subdivisions, though there is minimal evidence that the information from the
two sources is actively integrated.

Most research on the human pulvinar has been directed toward attention and
emotional processing, though it is hypothesized to have a broader role in human
cognition.
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Figure 1. Connectivity of the pulvinar subregions
The pulvinar has significant reciprocal connectivity with the cortex, here summarized in

cartoon form with lines depicting bidirectional connections except the connections from the
retina and superior colliculus (SC), which are unidirectional. Hatched lines indicate reported
connections that are controversial or have not been verified. Specific subdivisions within the
inferior pulvinar (PI) and lateral pulvinar (PL) send and receive projections from both dorsal
and ventral streams of the visual cortex. The medial subdivision of the inferior pulvinar
(PIm) is recipient of input from the retina, and a disputed input from the superior colliuculus
(SC; hatched line). The PIm in turn relays to the middle temporal (MT) area, the medial
superior temporal area (MST) and the fundus of the superior temporal area (FST); all
components of the dorsal stream. The central medial (cm) and posterior (p) subdivisions of
the PI also connect with dorsal stream areas MST, FST and the crescent of the middle
temporal area (MTc). The central lateral subdivision of the PI (Plcl) and the ventrolateral
(vl) subdivision of PL are heavily connected with the ventral stream associated areas V1,
V2, V3 and V4. Other subdvisions have indirect connectivity with the visual cortex. The
dorsal medial (dm) subdivision of PL projects to the inferior parietal cortex and the
dosolateral prefrontal cortex (DLPFC). The medial pulvinar (PM), which possesses a lateral
(I) and medial (m) subdivision projects to the temporal and parietal cortex, while the PMm
also projects to the DLPFC, orbitofrontal cortex (OFC) and amygdala. The PM has been
suggested to be recipient of input from the SC (hatched line), as has the PL
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A: Neonate |

B: Adult == 1, C: Adult with

neonatal V1 lesion

Figure 2. The developmental trajectory of the retino-pulvinar-MT pathway and the effects of
early-life damage to V1

A: In the marmoset neonate, a prominent direct pathway (blue arrow) carries retinal
information through the optic tract (OT) to the medial division of the inferior pulvinar
(PIm), in addition to the lateral geniculate nucleus (LGN). A thalamocortical pathway from
PIm (red arrow) is thought to pass this image information to cortical area MT, thus
completing the early visual pathway to the extrastriate cortex. B: During normal
development, as the LGN pathway matures and begins to dominate visual input to the cortex
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through the optic radiations (OR), the early visual pathway through PIm regresses. C: When
animals develop in the context of an early life V1 lesion, this regression fails to occur. The
LGN undergoes significant degeneration and both the afferent and efferent components of
the PIm visual pathway remain intact. It may be for this reason that early life V1 lesions lead
to a significant retention of vision. However, following a lesion of V1 in adulthood (not
shown), the degeneration of the LGN is not accompanied by a strenghtening of the PIm-MT
pathway, which has already regressed. Thus subjects with adult V1 lesions experience
blindness.
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