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Abstract

While research in previous decades demonstrated a link between the pulvinar nucleus of the 

thalamus and visual selective attention, the pulvinar’s specific functional role has remained 

elusive. However, methodological advances in electrophysiological recordings in non-human 

primates, including simultaneous recordings in multiple brain regions, have recently begun to 

reveal the pulvinar’s functional contributions to selective attention. These new findings suggest 

that the pulvinar is critical for the efficient transmission of sensory information within and 

between cortical regions, both synchronizing cortical activity across brain regions and controlling 

cortical excitability. These new findings further suggest that the pulvinar’s influence on cortical 

processing is embedded in a dynamic selection process that balances sensory and motor functions 

within the large-scale network that directs selective attention.

Introduction

The thalamus consists of multiple nuclei that can be divided into first-order and second-(or 

higher-) order nuclei [1]. First-order nuclei connect the sensory periphery with the cortex 

and have been initially characterized as relay stations that convey sensory information 

without significant modification. Second-order nuclei, in contrast, receive information 

primarily from the cortex and their functional roles in perception and cognition have been 

for the most part mysterious. Indeed, they were known as a ‘graveyard for neuroscientists’, 

who sacrificed their careers in their attempts to shed light on their specific function [2]. 

These views have dramatically changed during the last decade due to a revival of interest in 

the role of the thalamus in perception and cognition in the primate field, after initial 

demonstrations of cognitive influences on thalamus in both humans and monkeys [3,4]. This 

revival of interest in the primate field has coincided with a methodological revolution to 

dissect local and large-scale circuits in the rodent field [5].

In this review, we will focus on thalamocortical function in the primate brain and on its 

dominant sensory domain, i.e. vision. Much of primate behavior is guided by information 
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selected from complex visual environments. The resulting behavioral repertoire and its 

underlying neural basis is fundamentally different from that of rodents (see [6,7] with 

respect to thalamocortical organization). Particularly studies in non-human primates can 

guide models of thalamic function in humans, where the thalamus has been largely 

uncharted territory. In primates, the visual thalamus consists of two main nuclei, the lateral 

geniculate nucleus (LGN), a first-order nucleus, which relays the visual input from the retina 

primarily to primary visual cortex, and the pulvinar, a second-order nucleus, which is widely 

connected to the cortical visual system. While functions of the retino-geniculate pathway 

have been well characterized [8], functions of the pulvinar, its higher-order thalamic 

counterpart, have remained elusive. Here, we will focus on the functional role of pulvino-

cortical interactions specifically in selective visual attention. This cognitive operation refers 

to the selection of visual information to guide behavior and is fundamental for other 

cognitive domains, such as memory and decision making.

Compelling evidence for a functional role of the pulvinar in selective attention has been 

provided by lesion studies in humans and monkeys. Functional or structural lesions of the 

pulvinar can lead to (i) thalamic neglect, a deficit in directing attention to contralesional 

space, as demonstrated in monkeys [9], (ii) spatial coding deficits, characterized by slowing 

of responses in the affected visual space [10,11], as demonstrated in humans, and (iii) errors 

in binding featural information [12,13]. A particularly striking deficit following pulvinar 

lesions is the inability to filter distracting stimuli that compete with a target stimulus for 

neural representation [14,15], thereby impairing visually-guided behavior more broadly. 

Similar attention deficits have been observed particularly after lesions of posterior parietal 

cortex [16], suggesting that the pulvinar is an integral part of a large-scale attention network. 

After a brief description of the anatomical organization of the pulvinar and its afferent and 

efferent projections, we will focus on the neural mechanisms underlying attention behaviors 

with particular emphasis on pulvino-cortical interactions (for cortical mechanisms, see [17–

19]).

Pulvino-cortical pathways

The pulvinar is the largest nucleus in the primate thalamus. Its vast expansion during 

evolution scales with that of the primate neocortex [20–22], suggesting an important 

functional role in the increasing cognitive abilities of primates. The pulvinar is almost 

exclusively interconnected with the visual cortex, which forms the basis for characterizing 

its main subdivisions: the inferior pulvinar (PI) is interconnected with early visual areas, the 

lateral pulvinar (PL) with ventral and dorsal extrastriate areas, and the medio-dorsal pulvinar 

(PM) with higher-order frontal and parietal areas (Figure 1A; [23]). In non-human primates, 

PI and PL each contain a detailed retinotopic map informed by projections from early visual 

cortex and have accordingly a high proportion of visually responsive neurons. These 

characteristics have been utilized, using MRI, to establish a highly homologous functional 

organization of the human pulvinar (Figure 1C; [24]). A different subregion within PI 

contains the only region that receives input from the sensory periphery—either directly from 

the retina [26] or via the superior colliculus [27]—and projects to dorsal extrastriate cortex. 

In primates, this pathway appears to be particularly important during early development [28] 

and for visual plasticity after cortical lesions [29]. In the context of cognition, PM is a 
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particularly critical part of the pulvinar. This subdivision appears to be primate-specific 

reflecting the vast expansion of parietal association and frontal cortex in primates relative to 

other species [30–32]. Since multiple areas in parietal and frontal cortex constitute an 

attention control network, it is of critical importance to understand the functional 

interactions of PM with cortex in the context of attention behaviors.

There are two well established cortico-pulvinar pathways that parallel the canonical input-

output relationships constituting the visual processing hierarchy [33,34]: (i) a transthalamic 

feedforward pathway that originates from layer 5 of a ‘lower’ area (e.g. area V4 in Figure 

1B), loops through a dedicated projection zone in the pulvinar, and feeds into layer 4 of a 

‘higher’ area (e.g. area TEO in Figure 1B), and (ii) a feedback pathway that originates from 

layer 6 of a cortical area and projects to its pulvinar projection zone, also passing through 

the thalamic reticular nucleus (TRN) (Figure 1B). An important characteristic of the 

transthalamic pathway, known as the replication principle, is that it indirectly connects two 

cortical areas that share a direct cortico-cortical projection [35,36]. In this respect, the 

pulvinar can be thought of as a mosaic of projection zones that mirrors the cortico-cortical 

connectivity. The replication principle may be a fundamental feature of cortico-thalamic 

organization that extends to all higher-order thalamic nuclei [37]. It is important to note that 

the input-output loops of the ‘canonical transthalamic pathways’, as described above, 

certainly present a simplification of the rich thalamo-cortical connectivity that exists (see 

[38]). For example, pulvino-cortical projections can have spatially segregated targets in 

cortex [39,40], and cortico-pulvinar projections exhibit convergence from multiple sources 

particularly in PM [32]. However, this framework presents a starting point to explore 

functions of the transthalamic pathways, which we will discuss in the next sections.

Regulation of intra- and inter-areal cortical interactions

In a typical visual attention experiment, a stimulus presented to the periphery of the visual 

field serves as a cue to direct attention to a specific location. Attention is then to be sustained 

at that location until a target is presented and the animal responds with a manual response or 

an eye movement. Such a simple task engages a vast network of areas distributed across all 

major lobes and includes the thalamus [19]. The allocation of attention leads to an 

enhancement of the neural representation (e.g., of the spatial location in the above example) 

that can occur in several different ways: (i) by enhancing response rates (both on baseline 

and visually-evoked responses; [41]), (ii) by decreasing noise correlations [42,43], and (iii) 

by increasing synchronous firing in local neural populations [44]. These modulatory effects 

of attention have been demonstrated in many parts of the attention network, including the 

pulvinar. Indeed, the response modulation observed in the pulvinar appears to resemble that 

of the interconnected cortical areas (Figure 2A; [45–47]). This could be interpreted as 

evidence for a function of the transthalamic feedforward pathway in routing information 

through the thalamus, thereby indirectly relaying information from one cortical area to 

another [48,49]. However, such a relay function is not compatible with a number of 

observations. For example, effect sizes of response modulation in cortex and pulvinar can 

differ substantially [46,47]. Also, pulvinar neurons typically show less feature selectivity and 

larger receptive fields than their cortical inputs [50,51]. These differences between pulvinar 

neurons and their cortical inputs suggest convergent inputs from additional sources. It will 
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be an important area of future inquiry to understand how the information that is carried 

through the transthalamic feedforward pathway is different from that of the corresponding 

cortico-cortical pathway (see Box 2).

Given that the influence of cortex on pulvinar is quite unclear, what is known about the 

reverse influence of pulvinar on cortex? By recording simultaneously from two cortical 

areas in the monkey ventral extrastriate cortex (i.e. areas V4 and TEO) that share both direct 

cortico-cortical connectivity and a common pulvinar projection zone, Saalmann et al. ([45]) 

found evidence for a thalamic role in coordinating attention-related functional interactions 

across cortical areas. In addition to attentional modulation of spike rates (Figure 2A), 

attention enhanced coordinated spiking activity within the pulvinar and between the pulvinar 

and interconnected cortical areas. Such temporal coordination can be measured as a 

correlation of spiking activity relative to local population activity obtained from the field 

potential (i.e. spike-field coherence), either within or across areas. Saalmann et al. ([45]) 

measured these functional interactions during the task period following the cue and before 

target presentation (i.e. the delay period), when the wider cortical attention network is set up 

for target selection. During the delay period, neurons in all three areas showed enhanced 

coordinated spiking in the alpha and low beta ranges (<20 Hz). Strikingly, the pulvinar 

appeared to have the strongest influence on coordinated activity in V4 and TEO in a 

frequency band that matched that of the local attentional modulation (Figure 2B). In 

contrast, either cortical area had little influence on these interactions, suggesting that the 

pulvinar controlled the temporal coordination of functional interactions between cortical 

areas. These data are therefore consistent with the pulvinar having a primary role as a 

‘timekeeper’, coordinating and optimizing functional interactions across cortical networks to 

enhance the efficiency of signal processing between nodes. Fiebelkorn et al. ([52]) has since 

provided evidence that this role of the pulvinar in coordinating cortical interactions is not 

limited to sensory cortical regions but also extends to functional interactions between 

higher-order cortical regions.

Studies using causal manipulations have further corroborated these ideas, showing that 

functional connectivity between cortical areas is weakened as a consequence of pulvinar 

inactivation [46,53]. These studies suggest that cortico-cortical information transmission is 

greatly compromised without pulvinar’s influences. During pulvinar inactivation, neural 

activity—spiking as well as gamma activity—was largely reduced in visual cortex [46,51], 

indicating a profound loss of responsiveness to visual stimuli. Pulvinar inputs to cortex may 

therefore be instrumental in controlling the excitability of neurons in superficial and/or 

granular layers, allowing them to respond normally to incoming visual information from 

downstream areas. Such control of excitability could occur via excitatory inputs on 

pyramidal neurons, or inhibitory control of interneurons, as suggested by increases in 

baseline firing during pulvinar inactivation [46]. Sensory gain control of cortical neurons by 

pulvinar appears to follow a response gain model, in which neural responses are scaled 

multiplicatively or additively [54]. Thus, another major functional role of the transthalamic 

pathways appears to be that of an ‘enabler’ of cortical function [55]. Computational studies 

will be needed to derive precise thalamo-cortical circuit models that may account for both 

pulvinar-driven temporal coordination and pulvinar-driven enabling of cortical function (see 
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Box 1). In the next section, we will discuss the highly dynamic nature of these pulvino-

cortical interactions and their associated functions.

Rhythmic re-weighting of pulvino-cortical interactions

Classic views assume that attention-related modulation of neural activity locally and across 

the network, as described in the previous section, is continuous during attentional 

deployment. Recent work, however, has instead shown that attentional deployment is highly 

dynamic, characterized by alternating periods of relatively enhanced or diminished visual 

processing at the presently attended location [47]. Even though these alternations in the 

sensitivity of visual processing are not noted subjectively, they can be readily observed in 

behavioral data and occur about 4–6 times per second (i.e. at a frequency in the theta range) 

[56–59]. Importantly, these theta-dependent rhythmic alternations of visual processing, 

associated with better or worse behavioral performance during visual-target detection, have 

been observed in both humans [58,60] and non-human primates [61], thus constituting a 

fundamental property of attention function that has been preserved for more than 20 million 

years [47].

What is the function of these theta-dependent attentional rhythms? We recently proposed 

that attention-related, theta-rhythmic fluctuations in behavioral performance reflect the 

temporal coordination of potentially conflicting sensory and motor functions that occur in 

the fronto-parietal attention network [47]. The attention network directs both attention-

related boosts in sensory processing, or ‘sampling’, and the orienting of attention to new 

targets, or ‘shifting’, for example by executing saccadic eye movements [19,62,63]. This 

functionality is reflected in the response properties of neurons in frontal and parietal cortex, 

which range from purely sensory (i.e. visually-driven) to purely motor (i.e. saccade-related) 

[64,65]. Sampling and shifting cannot occur at the same time and require temporal 

coordination of the associated neural populations and the wider circuits that they are 

embedded in. Theta-dependent attentional rhythms appear to coordinate two alternating 

states: a ‘sampling’ state that emphasizes the preferential processing of visual information 

from the attended location, and a ‘shifting’ state when there is an increased likelihood of 

attentional shifting through either covert attentional shifts (i.e., in the absence of eye 

movements) or through overt attentional shifts (i.e., with eye movements). These latter, 

‘shifting periods,’ which are associated with relatively diminished visual processing, reflect 

windows of opportunity when it is easier to disengage from the presently attended location 

and shift to another location. Rhythmic sampling during attentional deployment thus 

provides critical flexibility, not only to prioritize visual processing at an attended location, 

but also to provide opportunities to re-allocate attentional resources, if needed, without 

locking them into one particular state for extended periods of time [47].

Both pulvino-cortical and cortico-cortical dynamics play pivotal roles in controlling these 

alternating attentional states. Sampling periods—associated with relatively better visual-

target detection at the attended location—are characterized by greater synchronization of 

gamma (>35Hz) and beta (~15–30Hz) activity within and between frontal and parietal 

cortex (Figure 2C; [61]). Importantly, spiking activity of visual neurons is exclusively 

correlated with gamma activity, which has often been observed during enhanced visual 
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processing [44], while spiking activity of visuo-motor neurons is exclusively correlated with 

beta activity, which has been linked to the suppression of motor actions [66,67]. The 

primate-specific mediodorsal pulvinar (or PM) coordinates these cortico-cortical interactions 

across the attention network [52], similar to what has been described in the previous section. 

However, it does so exclusively during sampling periods and not during shifting periods, 

further underlining the role of the transthalmic pathway in sensory gating. In contrast, 

shifting periods—associated with relatively worse visual-target detection at the attended 

location—are not only associated with a release of suppression in the motor system [61], but 

also with greater synchronization of alpha-band activity (~9–14 Hz), specifically within 

parietal cortex and between parietal cortex and the mediodorsal pulvinar [52].

Parieto-occipital alpha-band activity is frequently associated with the suppression of sensory 

processing in human studies [68,69], as well as the suppression of cortical neuronal firing 

[70]. We propose that parietal-driven synchronization in the pulvinar temporarily shuts down 

the transthalamic pathway and its sensory gating function, thereby providing a neural 

substrate for the frequently observed visual suppression following alpha synchronization in 

parietal cortex. As schematically summarized in Figure 2C, the neural evidence of rhythmic 

sampling during attentional deployment suggests a highly dynamic process across the 

attention network that results in alternating periods associated with either (i) enhanced visual 

processing and the suppression of attentional shifts (i.e., sampling periods) or (ii) 

suppression of visual processing and a release from the suppression of attentional shifts (i.e., 

shifting periods) [47]. This pattern of results is consistent with a previous proposal based on 

human lesion studies, which suggested that the pulvinar was associated with the engagement 

of attentional resources at a behaviorally relevant location, while parietal cortex was 

associated with a disengagement of attentional resources [71]. In summary, pulvino-cortical 

interactions rhythmically shift over time, reflecting the dynamic nature of spatial attention, 

even when the task at hand promotes sustained attention at a single location.

Conclusions

Cortico-centric views of cognition have begun to shift in recent years towards concepts that 

emphasize the critical importance of thalamo-cortical interactions in normal cognitive 

functioning and in mental disease [19,72,73]. The indirect transthalamic pathways that link 

cortex and pulvinar are associated with at least two major functions. First, these pathways 

serve to coordinate cortical networks recruited during cognition in time to enhance the 

efficiency of information transmission across the cortical network. Second, the pathway 

gates, or even enables sensory information processing by controlling local excitability of 

cortical neurons. Importantly, such temporal coordination and enabling of cortical activity 

only occur during network states that emphasize sensory processing and not during states 

that emphasize motor processing and are implemented through a pulvino-parietal control 

network. Many of these findings come from studies in non-human primates, which have laid 

the groundwork for developing biologically plausible models of the human thalamus to 

understand its functions in health and disease.
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default mode, and human-specific tool networks. As in other primates, the functional 
organization of pulvinar mirrors the principles governing cortical organization.
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Box 1 – Computational models of thalamo-cortical circuitry

Computational models play an increasingly important role in capturing the complexity of 

local and long-distance circuits that characterize cognitive networks and their associated 

behaviors. Distributed circuit models of cortical large-scale networks emphasizing 

modules in frontal and parietal cortex have successfully captured behavioral and neural 

features of cognitive tasks, such as working memory and decision making, without 

considering thalamic contributions [74]. Recent models, however, have begun to include 

thalamic modules and examine their interactions with cortex. For example, Jaramillo and 

colleagues ([75]) built upon a model with two reciprocally connected cortical modules, 

showing that adding a pulvinar module provided critical flexibility during various 

cognitive behaviors. The pulvinar module was interconnected with the cortical modules 

through the “canonical” thalamo-cortical feedforward and feedback pathways, described 

in the section on “Pulvino-cortical pathways”. The overall connectivity in this large-scale 

circuit resulted from two sources: the direct cortico-cortical projection and the indirect 

transthalamic projections. Modulation of a single variable - pulvinar excitability, 

influenced by behavioral state - had a dramatic influence on cortical computation. For 

example, persistent neuronal spiking is a classic signature of both working memory and 

sustained attention tasks (see Figure 2A). According to Jaramillo and colleagues ([75]), 

when pulvinar excitability was low the pulvinar was not actively engaged and did not 

contribute to overall connectivity in the network. As a consequence, persistent activity 

across the network could not be established. That is, even though cortical area 1 

generated task-related activity, it could not propagate to area 2 because of low overall 

connectivity across the network. Similarly, cortical area 2 was not able to generate 

recurrent feedback signals that would reinforce the representation of task-related activity 

in area 1, again contributing to a lack of persistent activity. When pulvinar excitability 

was sufficiently large, however, signals were able to propagate between cortical areas 1 

and 2, setting up the recurrent network state that is necessary for sustaining activity over 

time (i.e., for persistent activity). Jaramillo and colleagues used their simple circuit model 

to reproduce several key physiological and behavioral findings from a wide variety of 

cognitive behaviors. That is, their model captured several proposed pulvinar functions, 

such as regulating effective interareal communication, as in the above example [45–47], 

controlling intra-areal excitability [46, 51], and generating signals reflecting decision 

confidence [76]. However, the mechanisms through which pulvinar excitability changes 

based on behavioral state remain largely unknown. A complete model of pulvinar 

function in cognition will require the inclusion of more detailed local circuits into such 

large-scale models. As we discussed in the main text, pulvino-cortical interactions are 

highly dynamic, and the temporal signature of these interactions is largely characterized 

by oscillatory activity in the alpha band [45–47]. However, the physiological mechanisms 

through which this pulvino-cortical alpha-band activity is generated remain unclear. 

Previous studies have linked two distinct mechanisms, based on either muscarinic 

acetylcholine receptor (mAChR) or metabotropic glutamate receptor 1 (mGluR1), to the 

generation of thalamic alpha-band activity [77,78]. A model by Vijayan and Kopell ([79]) 

suggested that these two mechanisms play specific functional roles, with mAChR-

induced alpha-band activity as a mechanism for thalamic control of cortex, and mGluR1-
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induced alpha-band activity as a mechanism for cortical control of thalamus—through 

glutaminergic cortical projections to thalamus. It remains an open question, however, 

whether these previously described mechanisms for the generation of thalamic alpha-

band activity apply to the pulvino-cortical interactions associated with cognition (e.g., 

spatial attention and working memory).
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Box 2 Open questions

• How are signals that are carried through transthalamic pathways transformed 

in the pulvinar, and how are these signals different from those conveyed 

through the corresponding cortico-cortical pathway? According to one 

proposal [55,80], the pulvinar may act as a ‘coincidence detector’ aligning 

external signals from the sensory environment, projected via cortex, with 

internal contextual signals. The pulvinar then produces a validation signal for 

cortex to further process the sensory signals. According to another mutually 

not exclusive proposal [81], the transthalamic feedforward pathway may not 

only carry sensory information, but also an efference copy for motor centers, 

projected via branched axons that target extrathalamic structures for motor 

control.

• Do pulvino-cortical projections shape cortical computations and influence 

basic response properties such as spatial representation (e.g. receptive field 

size), or feature selectivity? For example, a recent study in rodents [82] 

demonstrated that neurons in the lateral posterior nucleus—the rodent 

homologue of the primate pulvinar—drive inhibitory neurons in layer 1 of 

V1, leading to non-selective inhibitory input to layer 2/3 neurons. This 

inhibitory input significantly enhances feature selectivity, including 

orientation, direction, spatial and size tuning, while not influencing feature 

preference (e.g. peak orientation of tuning curve). Corresponding evidence in 

non-human primates is needed to further understand the contribution of 

pulvino-cortical interactions to visual processing and perception (see [51]).

• What controls the pulvinar? It is reasonable to assume that the pulvinar 

receives information about the internal contextual state and behavioral goals 

from prefrontal cortex (PFC). However, a substantial part of the pulvinar is 

not directly connected to PFC, and the pulvinar also lacks widespread internal 

connections across its different subparts (but see [85]). Given this lack of 

direct connectivity, the thalamic reticular nucleus (TRN) may be the missing 

part in a PFC-pulvinar control loop [84]. The TRN forms a thin shell of 

inhibitory neurons covering the lateral and anterior surface of the dorsal 

thalamus. The TRN receives input from both sensory cortices as well as 

widespread inputs from higher-order cortex, including PFC, and its output is 

sent exclusively to thalamus. The idea of a PFC-TRN-pulvinar control loop is 

intriguing but requires support from empirical evidence.

• How are the transthalmic pathways dynamically recruited into specialized, 

large-scale cortical networks that support different cognitive functions? The 

pulvinar has not only been associated with attention function, but also with 

working memory [85], decision making [76,86] and conscious perception 

[87]. It is unclear which thalamo-cortical circuits are recruited for these 

different cognitive functions and whether the functional roles established for 

attention generalize to other cognitive domains.
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• How are human pulvinar and pulvino-cortical interactions transformed to 

reflect human-specific behaviors? Thalamocortical pathways and the visual 

processing hierarchy are shaped by a species-specific, visually-guided 

behavioral repertoire, meaning that their functional organization differs 

substantially across species. For example, PM, a primate-specific region of 

the pulvinar, reflects the vast expansion of frontal and parietal cortices in 

primates. In humans, there are further adaptations that support human-specific 

behaviors such as a specific functional organization in parietal cortex for 

sophisticated toolmaking [88]. The thalamic counterparts of these adaptations 

are largely unknown [89].
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Highlights

1. There is a revival of interest in the functional role of the pulvinar in cognition

2. The pulvinar temporally coordinates cortex to facilitate information 

transmission

3. The pulvinar enables sensory processing by controlling cortical excitability

4. Pulvino-cortical interactions are highly dynamic during selective attention

5. The pulvinar specifically influences cortex during periods of sensory 

processing
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Figure 1: Anatomical and functional organization of pulvinar.
a. Fronto-parietal (pink), medio-temporal (violet) and infero-temporal and occipital cortex 

are interconnected with different subregions of the pulvinar (PUL). The ventro-medial part 

of inferior pulvinar is further subdivided (dotted lines; [21]) and is the only subregion that 

receives projections from the sensory periphery. b. Direct cortico-cortical connections and 

transthalamic feedforward and feedback pathways exemplified by V2-pulvino-V4 circuitry. 

Tracer injections into V2 (blue) and V4 (pink; inset) showed overlapping (purple) projection 

zones in the pulvinar, illustrating the replication principle of the indirect transthalamic 

pathways (adapted with permission from Figure 8 in [35]). c. Comparison of the topographic 

organization within the ventro-lateral pulvinar between humans and macaques. FMRI-

defined polar angle maps (on left) from 4 human subjects (S1, S2, S5, S6, adapted from 
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[24]) are compared to the electrophysiologically defined topographic organization of the 

macaque pulvinar (on right). Electrode penetrations a–d are color-coded relative to receptive 

field location (adapted with permission from [25]). Pulvinar, PUL; thalamic reticular 

nucleus, TRN; visual area 2, V2; visual area 4, V4; caudate, Cd; lateral geniculate nucleus, 

LGN; medial geniculate nucleus, MGN; inferior pulvinar, PI; lateral pulvinar, LP.
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Figure 2: Pulvino-cortical interactions during spatial attention.
a. Attentional modulation of pulvinar responses when spatial attention is allocated at the 

receptive field that is recorded from (‘Attention in) versus elsewhere in the visual field 

(‘Attention out’). Elevated activity during the cue target interval (‘persistent activity’) and 

attention-related response enhancement of visually-evoked activity are apparent, similar to 

typical attention effects obtained in visual cortex (adapted with permission from [45]). b. 
Conditional granger causality analysis suggests that pulvinar increases coherence in alpha 

frequencies in V4 and TEO during the delay period. In contrast, V4 and TEO do not seem to 

exert functional influences onto each other or the pulvinar (adapted with permission from 

[45]). c. Spatial attention is characterized by alternating attentional states that promote either 

sampling at the attended location or a higher likelihood of shifting attentional resources to 

another location. These theta-rhythmic, alternating attentional states are associated with 

different oscillatory frequencies (e.g., beta and gamma oscillations) and different patterns of 

functional connectivity (c, adapted from [47]), with the pulvinar coordinating cortical 
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activity specifically during periods of sensory sampling (d, red box denotes sampling phase, 

and green box shifting phase; adapted from [52]). Pulvinar, Pul; visual area 4, V4; frontal 

eye fields, FEF; lateral intraparietal are, LIP; mediodorsal pulvinar, mdPul.
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