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ScienceDirect
Multiregional communication is important to understanding the

brain mechanisms supporting complex behaviors. Work in

animals and human subjects shows that multiregional

communication plays significant roles in cognitive function and

is associated with neurological and neuropsychiatric disorders

of brain function. Recent experimental advances enable

empirical tests of the mechanisms of multiregional

communication. Recent mechanistic insights into brain

network function also suggest new therapies to treat

disordered brain networks. Here, we discuss how to use the

concept of communication channel modulation can help define

and constrain what we mean by multiregional communication.

We discuss behavioral and neurophysiological evidence for

multiregional channels modulation. We then consider the role

of causal manipulations and their implications for developing

novel therapies based on multiregional communication.

Addresses
1Center for Neural Science, New York University, New York, NY 10003,

USA
2Biomedicine Discovery Institute, Department of Physiology, Monash

University, Clayton, VIC 3800, Australia

Corresponding author: Pesaran, Bijan (bijan@nyu.edu)
3 Present address: Inscopix, Inc., Palo Alto, CA 94303, USA.

Current Opinion in Neurobiology 2020, 65:xx–yy

This review comes from a themed issue on Whole-brain interactions

between neural circuits

Edited by Karel Svoboda and Laurence Abbott

https://doi.org/10.1016/j.conb.2020.11.016

0959-4388/ã 2020 Elsevier Ltd. All rights reserved.

Introduction
Multiregional communication occurs when the activity of

a population of neurons in one brain region, the sender,

sends action potentials that alter the activity of a popula-

tion of neurons in another brain region, the receiver.

Understanding how populations of neurons interact to

support flexible behavior is of central importance to

systems neuroscience. Figure 1a illustrates the elements

of multiregional communication. Projection neurons in

the sender population innervate a population of neurons
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in the receiver population to form a communication

channel (Figure 1a) [1��]. Taking a feed-forward perspec-

tive, changes in activity in the sender region may alter the

information that is transmitted to the receiver. However,

neurons in the receiver may also vary in their excitability,

and hence their responses to input. Changes receiver

excitability can therefore alter the response to sender

input and may also reflect the action of a channel mod-

ulator. Channel modulators may modulate receiver neu-

rons at the soma, perhaps independently of specific input

from the sender. Channel modulators may also modulate

sender-specific synaptic input to the receiver at pre-

synaptic or post-synaptic sites (Figure 1b). In each case,

the channel modulator effectively controls the state of the

communication channel, open or closed, to alter how

receiver populations respond to the activity of sender

populations. Channel modulators may arise from the

neuromodulatory brainstem projection systems [2] as well

as due to activity-dependent brain mechanisms that alter

functional interactions between regions, such as in the

thalamus [3]. The channel modulation hypothesis is

falsifiable in cases when communication is not dynamic

and is static, and in cases where modulation acts to alter

activity at the sender in a feed-forward manner. Modula-

tion of multiregional communication allows responses

to vary in a behaviorally relevant manner. For example,

responding to sensory cues depends on how sensory

information is dynamically routed between brain regions.

When responding to a cue in the presence of distractors,

the channel that carries cue information to the motor

system could open and the channel carrying distractor

information could close (Figure 1c).

The channel modulation hypothesis suggests multiple

mechanisms by which different behavioral outcomes can

arise from modulation of multiregional communication

between a sender and receiver population. In the follow-

ing, we develop and review evidence for the channel

modulation hypothesis based on experiments featuring

behavioral manipulations, neuronal recordings and causal

manipulations.

Multiregional communication to support
behavior
Dual-task behavioral designs, widely used in studies of

attention and executive control in humans [4,5], require

subjects to perform tasks that depend on two concurrent

behavioral processes with distinct goals [6]. Since
odulation hypothesis, Curr Opin Neurobiol (2020), https://doi.org/10.1016/j.conb.2020.11.016
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(a) The communication channel is formed from anatomical projections from a sender (blue) to a receiver (red). As a result, activity in a population

of sender neurons drives responses in receiver neurons (right). Note that due to local recurrence, not all neurons in the sender region need to

innervate all neurons in the receiver region. The modulator network (black) contains neurons which send anatomical projections to the sender and/

or receiver regions. Modulator network activity can alter the receiver response to input from the sender, and so modulate the communication

channel. Note also that neurons in a given region of the modulator network need not project to the sender-receiver regions in the communication

channel. (b) The modulator network may alter the receiver response due to an influence on the sender alone, (sender-dependent modulation) or

due to an influence on the receiver (receiver-dependent modulation). (c) Channel modulation can support flexible behavior by opening the channel

that communicates visual target information to guide a behavioral response (Behavior A) while closing the channel supporting communication

between a distractor (S2) that would guide a different response (Behavior B).
dual-task paradigms involve defining how and when

behavioral processes interact, such paradigms constrain

potential mechanisms of communication and identify

how modulation of multiregional communication sup-

ports behavioral flexibility. By using behavior to deter-

mine when and how systems interact, dual-task para-

digms offer the opportunity to constrain how we

interpret patterns of neural firing in terms of communi-

cation. Dual-task paradigms also allow fluctuations in

behavioral performance to be interpreted as due to the

dynamics of multiregional communication. Both overt
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behaviors, such as movements, and covert behaviors, such

as attention and decision-making, depend on systems of

brain areas that modulate their interactions depending

on behavioral demands. We can interpret behavioral

performance as due to modulation of multiregional

communication by conceptualizing how information must

flow between systems to support the behavior.

Coordinated eye-hand behaviors have been studied as

dual-task paradigms. Making a coordinated look and

reach depends on interactions between the two systems:
odulation hypothesis, Curr Opin Neurobiol (2020), https://doi.org/10.1016/j.conb.2020.11.016
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Behavioral systems for multiregional communication. (a) Reach and saccade systems (including the posterior parietal cortex, PPC) work together

to guide coordinated movements and independently to guide eye and hand movements. (b) Reaction times for the reach and saccade are

correlated for coordinated movements. (c) Dual-task experimental designs can probe the mechanisms of communication across reach and

saccade systems by manipulating the stimulus onset asynchrony (SOA) for the go cues for the reach and saccade. (d) Reaction time correlations

for the reach and saccade decrease with increasing SOA demonstrating dual-task effects. Adapted from Ref. [8]. (e) Attention systems including

the prefrontal cortex (PFC) can provide top-down modulation to sensory systems such as the visual via the visual thalamus (lateral geniculate

nucleus, LGN) which increases its output gain to the visual cortex (primary visual cortex, V1). (f) Rodents can be trained to perform a form of dual-

task paradigm by attending to either a visual or auditory cue. (g) Performance in the visual detection task decreased in cross-modal conditions

(where auditory and visual cues compete for attention) compared to visual-cue only trials. Adapted from Ref. [10��].
the skeletal and oculomotor systems (Figure 2a). Mod-

ulations in the interactions between these systems change

how the movements are coordinated [7,8]. Furthermore,

since task manipulations that require more coordinated

behavior increase interactions between the two systems

[9], we can design behavioral experiments where behav-

ioral performance can measure the level and potentially

the direction of multiregional communication. For exam-

ple, when arm and eye movements are coordinated the

reaction times of each movement are correlated

(Figure 2b). Introducing a stimulus-onset asynchrony

(SOA) commonly used in dual-task paradigms allows us

to experimentally manipulate the onset of movement

times - the saccade is instructed by one cue and the reach

is instructed by a second cue that follows in time

(Figure 2c). As the SOA increases, reaction time correla-

tions decrease (Figure 2d). Modeling work suggests that
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this is consistent with a breakdown in communication

between two systems, with one system guiding saccade

reaction times and another system guiding reach reaction

times [8]. Introducing the SOA as in a dual-task paradigm

can, therefore, change when the reach and saccade

systems are recruited, and permits the interpretation of

changes in RT correlations as due to changes in commu-

nication between the reach and saccade systems.

Physiological evidence for multiregional communication

also comes from simultaneous recordings from the

reach and saccade systems that view coordinated and

independent movements as a dual-task paradigm. Beta-

frequency-band local field potential (LFP) power in both

saccade and reach systems correlates with the reaction

time of coordinated reaches and saccades [7]. However,

beta-band LFP power is also suppressed during
odulation hypothesis, Curr Opin Neurobiol (2020), https://doi.org/10.1016/j.conb.2020.11.016
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coordinated look-reach movements compared to making

eye movements alone [7,11]. Neurons whose firing rates

are suppressed during coordinated movements have

coherent firing rates with the beta-band LFP [11]. Such

inhibition may serve as a brake to help coordinate the two

movements. These results suggest that both neural inhi-

bition of firing rates and LFP power and functional

inhibition of behavioral latencies can be features of

communication channel modulation. However, both

the coordinated movement task and the SOA task fall

short of definitively linking neural mechanisms to the

multiregional communication between saccade and reach

systems. Reaction times for coordinated movements may

be guided by mechanisms outside of these circuits [12]

and further work is needed to assess such contributions.

Attention and decision-making tasks are also fertile terrain

for dual-task designs and provide opportunities to test how

modulation of multiregional communication guides behav-

ior. Sensory attention is controlled by multiple systems that

can generate endogenous goals or can be captured by

exogenous stimuli [13]. Stimulus-driven attention, driven

by salient external stimuli, is often described as being

‘bottom-up’, as it propagates from sensory systems to the

association systems. Dual-task experimental designs to pit

bottom-up and top-down requirements can be used to

reveal interactions between these processes [13]. Dual task

designs to investigate multiregional communication can

also employ competing sensory stimuli from different

sensory systems. Prefrontal cortex is essential for gating

attention between sensory signals from either visual or

auditory systems (Figure 2e), depending on task demands

(Figure 2f) [10��,14]. The gating of attention reflects a form

of inhibitory communication that affects behavioral perfor-

mance (Figure 2g), and is mediated between the thalamus

and frontal-parietal cortex [10��,14].

For visual attention, salience is encoded as early as the

primary visual cortex [15] but is also dependent on the

posterior parietal cortex (PPC) [16]. Goal-directed visual

attention or ‘top-down’ attention is guided by behavioral

motivation. While in primates top-down visual attention is

believed to be mediated by frontal parietal systems [17],

frontal-parietal activity modulates visual system processing

as well [18]. Top-down and bottom-up systems for visual

attention compete to guide behavior [13,19,20]. Decision-

making may be goal-directed, or ‘model based,’ meaning

actions are motivated by their specific consequences, or

decisions may arise out of habit, or ‘model-free’, and are not

reliant on the potentially changing circumstances under

which the action is undertaken [21]. Interactions between

different decision systems may also depend on multire-

gional communication [22].

In each case, dual-task designs permit behavioral perfor-

mance to be interpreted in terms of communication

between brain systems which serves to constrain
Please cite this article in press as: Pesaran B, et al.: Multiregional communication and the channel m
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interpretations of the underlying patterns of neural activ-

ity. When behavioral evidence indicates that channel-

based communication is changing, patterns of neural

activity that are hypothesized to support channel com-

munication must also change. If the changes in receiver

activity can be attributed to activity changes driving the

sender, the changes in communication may reflect a feed-

forward pathway. If the changes in the receiver response

are not explained by changes in the sender activity alone,

the changes in communication may reflect channel

modulation.

Neural mechanisms of flexible communication
Multiregional communication is typically inferred from

correlations in neural activity [23]. In electrophysiology, a

pervasive feature of correlated neural activity is neural

coherence between spiking activity and LFP activity

[24]. Studies of visual-spatial attention report that pat-

terns of coherent activity between a sender and a receiver

region depend on the current locus of attention [25].

Neural coherence may, therefore, be responsible for

flexibly routing information through cortical networks

[26]. Coherent neural activity is also recruited in different

frequency bands, notably alpha, beta and gamma bands.

Frequency-specific correlations have been interpreted as

reflecting distinct communication channels supporting

top-down versus bottom-up tasks [27]. While some pat-

terns of coherent neural activity in the gamma-frequency

band are thought to reflect feedforward drive, coherent

neural activity across a range of frequencies may also

reflect changes in neural excitability that modulate

receiver responses to sender input.

While the role that coherent neural activity plays in

sender-receiver-modulator interactions remains open,

this body of work highlights how the neural mechanisms

which support flexible communication depend, at least in

part, on synchrony and neural coherence. Formulating the

analysis of multiregional communication in terms of

channel modulation will help interpret the results in

terms of sender-receiver-modulator interactions. Previous

work has also inferred communication from correlations in

neuronal activity as well as from field potentials. Both

inferences may suffer interpretational challenges due to

confounds such as common input or volume conduction

[28]. Studying the effects of behavioral and causal manip-

ulations in terms of sender-specific and receiver-specific

modulations is important to address these interpretational

confounds.

In a sender-specific communication, changes in activity at

the receiver can be explained by changes in activity in the

sender that drives input to the receiver. Evidence for this

can be found in a recent study which examined the sender

communication hypothesis in the non-human primate

early visual system. Fluctuations in a small number of

dimensions of the V1 population activity drove changes in
odulation hypothesis, Curr Opin Neurobiol (2020), https://doi.org/10.1016/j.conb.2020.11.016
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Evidence for network mechanisms of communication. (a) Model of sender-dependent modulation of communication in which the response at the

receiver depends on the dynamics of activity at the sender. S denotes the Sender. R denotes the Receiver. M denotes the Modulator. (b),

Example V2 neuron in which only two dimensions of V1 activity are needed to match the performance of the full model in predicting V2 response.

Adapted from Ref. [29��]. (c) Model of receiver-dependent modulation of communication in which the response at the receiver depends on the

dynamics of the activity at the receiver before the arrival of inputs from the sender. S,R and M as in a). (d) Response to visual stimulation in V1

depends on the phase of the prestimulus delta band activity. Adapted from Ref. [30].
V2 activity (Figure 3a) [29��]. This suggests that multire-

gional communication depends on how sender activity

occupies a local activity subspace. Other work in rodents

also provides evidence of sender subspace communica-

tion. Bilateral optogenetic inhibition of a motor cortical

area (ALM) transiently silences motor responding. If

ALM is transiently inhibited unilaterally, after inhibition

is removed, preparatory motor activity is communicated

from the other hemisphere and activity in the previously

silenced hemisphere returns to its unperturbed state.

Consistent with sender-subspace communication, recov-

ery is primarily in dimensions of neural activity and

depends on inter-hemispheric projections linking the

sender ALM to the receiver ALM [31]. Perturbations

can also reveal sender-specific communication mecha-

nisms. Silencing sender activity can alter the stimulus-

dependent response at the receiver, and decrease task

performance [32]. Optogenetic activation can also

enhance stimulus encoding at the downstream receiver

site [33]. In each case, receiver responses are interpreted

as being due to silencing or activating the sender
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consistent with the feedforward operation of a communi-

cation channel.

Communication can also be receiver-dependent in ways

that are not necessarily due to changes in sender activity

and reflect channel modulation. For example, perceptual

stimuli are sampled rhythmically [34] and the detection of

such stimuli is predicted by the phase of ongoing electro-

encephalographic (EEG) oscillatory activity [35]. There-

fore, neural responses may be gated by sub-second excit-

ability fluctuations. Receiver-dependent modulation has

also been reported as a mechanism of gating during

decision making [36]. Dynamic changes in excitability

are likely governed by a variety of network mechanisms

including channel modulators. For example, activity in

modulatory brain areas can generate sub-threshold syn-

aptic inputs at the receiver which drive changes in intra-

cellular membrane potentials at the receiver, thus affect-

ing the efficacy of identical inputs arriving from the

sender. Consistent with this idea, spiking responses to

visual stimulus vary depending on the phase of the
odulation hypothesis, Curr Opin Neurobiol (2020), https://doi.org/10.1016/j.conb.2020.11.016
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Figure 4
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Modulator decoding for sender-receiver communication. (a) Schematic of predicting the channel state of communication from an orbitofrontal

cortex (OFC) sender to a caudate nucleus (CN) receiver based on the neural activity recorded from a dorsal prefrontal cortex (dPFC) modulator.

Anterior (A), posterior (P), dorsal (D), and ventral (V) directions are shown. (b) The pulse-by-pulse evoked CN receiver neural activity, in response

to single microstimulation pulses (30 mA, 100 ms/phase) delivered at the OFC sender, are sorted by pulse-response latency (black crosses, ‘Hit’)

using the stimulation-based accumulating log-likelihood ratio (stimAccLLR) method. Along with 60% ‘Hit’ events, ‘Miss’ events also observed. (c)

Modulation spectrograms of dPFC modulator baseline LFP activity, computed as Z score magnitude of power difference between decoded ‘Hit’

and ‘Miss’ events in CN receiver responses. Contour shows significance from the permutation test (cluster-corrected; n = 10,000, p < 0.05, two-

tailed test). Adapted from Ref. [37��].
population activity at the time of stimulus (Figure 3c)

[30]. In each of these cases, receiver responses can

be interpreted as governed by fluctuations in receiver

excitability. Variations in excitability that can lead to

different responses in the receiver even when activity

in the sender is the same are an important signature of

channel modulation.

Causal manipulations also provide ways to more precisely

identify sender-receiver communication channels and the

mechanisms of channel modulation. Recent work has

used simultaneous stimulation and recording across the

large-scale primate mood processing network to test the

channel modulation hypothesis using a causal network

analysis [37��]. The causal network analysis characterizes

sender-receiver communication by measuring neural

activity at the receiver(s) in response to isolated micro-

stimulation pulses delivered at the sender (Figure 4a).

The probability that the receiver responded to stimula-

tion of the sender was less than one, suggesting a mecha-

nism of network excitability that regulates the state of

communication channel between the sender and receiver

nodes. Most importantly, the variability in sender-

receiver excitability (Figure 4b) could be predicted by

decoding modulator neural activity in the beta band

(10�40 Hz) immediately before sender stimulation

(Figure 4c).

Taken together, these results provide valuable tests of

channel modulation and how it depends on sender-

receiver interactions, and suggest that dynamic multire-

gional communication is governed by state-dependent
Please cite this article in press as: Pesaran B, et al.: Multiregional communication and the channel m
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fluctuations in neuronal excitability. Note however, that

the effects of causal manipulations can be difficult to

interpret because of the artificial patterns of activity they

generate. Any artificial form of stimulation tends to acti-

vate neurons simultaneously and interferes with ongoing

dynamics [38]. Electrical microstimulation also tends to

activate axons and so generates action potentials that

travel in both directions from the site of stimulation to

the post-synaptic cell, as well as back to the soma [39]. In

these cases, restricting effects to the sender or receiver

alone may not be possible. We also note that we have

discussed channel modulators that are identified based on

patterns of neural activity that correlate with receiver

responses to sender manipulations. The presence of

correlations between channel modulator activity and

sender-receiver interactions does not imply that channel

modulators play a causal role in modulating channel

communication. Causal inferences to identify channel

modulators will be an important area for future work.

Therapeutic implications
Causal analyses of multiregional communication also

offer new directions for developing neurotechnologies

and closed-loop brain-machine interface (BMI) systems.

BMI systems restore lost sensory and motor functions

[40–43] by interfacing with particular brain regions. Sen-

sory prostheses write information by stimulating sensory

areas. Motor prostheses read out information by recording

from motor areas. Integrated brain functions, however,

are regulated by communication across multiple brain

regions in distributed networks [44,45]. Moreover, manip-

ulating specific brain regions has not yet been effective
odulation hypothesis, Curr Opin Neurobiol (2020), https://doi.org/10.1016/j.conb.2020.11.016
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and efficacious as a treatment strategy, in particular for

treating cognitive and mood disorders [46,47]. This may

reflect the need to model state-dependent multiregional

communication. To address these concerns, the concept

of modulator decoding [37��] may help guide novel

closed-loop communication-based BMI systems. Target-

ing neuromodulation to modulator sites by delivering

clinically relevant high-frequency electrical stimulation

may shut down sender-receiver communication, in effect

by activating the modulator to suppress the receiver

response to the sender [37��]. Alternatively, neuromodu-

lation that depends on decoding modulator activity to

predict channel state and control a sender-receiver chan-

nel may effectively restore disordered multiregional com-

munication. Future work is needed to develop these ideas

and evaluate whether BMI technologies that manipulate

multiregional communication can improve the current

therapeutic efficacy of neuromodulation procedures [48].

Conclusions
Here, we have discussed the channel modulation hypoth-

esis that defines flexible multiregional communication in

terms of dynamically interacting sender and receiver

populations. We argue that convergent evidence from

behavioral, neuronal recordings and causal manipulations

highlights the role of network excitability in modulating

multiregional communication with implications for neu-

romodulatory therapies.
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