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ABSTRACT

Macroscopic neuroimaging modalities in humans have revealed the organization of brain-wide activity into distributed functional networks that re-organize according
to behavioral demands. However, the inherent coarse-graining of macroscopic measurements conceals the diversity and specificity in responses and connectivity
of many individual neurons contained in each local region. New invasive approaches in animals enable recording and manipulating neural activity at meso- and
microscale resolution, with cell-type specificity and temporal precision down to milliseconds. Determining how brain-wide activity patterns emerge from interactions
across spatial and temporal scales will allow us to identify the key circuit mechanisms contributing to global brain states and how the dynamic activity of these states

enables adaptive behavior.

1. Introduction

The brain is a complex network comprising dozens of highly spe-
cialized and tightly interconnected regions that work in concert to con-
trol behavior. Even relatively basic behaviors, such as perceptual deci-
sions or goal-directed movements, depend on the coordination of neu-
ral activity across long-range brain networks. The temporally coordi-
nated activity of spatially distant regions is commonly referred to as
functional connectivity (Friston, 2011). Until recently, measurements
of functional connectivity on the brain-wide scale were only possible
with non-invasive neuroimaging methods, such as functional magnetic
resonance imaging (fMRI), electroencephalography (EEG), or magne-
toencephalography (MEG). These macroscale measurement techniques
provide global coverage but with limited spatial resolution (Fig. 1A), as
they measure the average activity and connectivity of local brain vol-
umes at a resolution of ~ 1 mm (fMRI) to ~ 1 cm (EEG, MEG)

Macroscopic measurements reveal the global organization of dis-
tributed brain networks, but provide only a spatially coarse-grained es-
timation of the highly diverse and specific physiology and connectivity
of the thousands of individual neurons contained in each local volume
(Harris et al., 2019; Kebschull et al., 2016; Whitesell et al., 2021). In-
deed, consider an area A that has equally strong macroscale connectivity
with two other areas B and C. It is possible that this connectivity is medi-
ated by two distinct cell types within area A, each projecting to areas B
and C exclusively without overlap (Fig. 1B). These cell types could have
unique functional roles and communicate different information to their
respective distal targets (Huang, 2014). Conversely, similar inputs from
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areas A and C can target distinct cell types within area B, and the specific
local connectivity of these cell types can process the inputs from A and
C differently. Thus, identifying how the diversity and specificity of the
brain’s microscale organization support the increasingly stable meso-
and macroscale functional connectivity promises to reveal the specific
brain computations which give rise to the coherent, distributed brain
states supporting adaptive behavior.

Box 1: Measuring and manipulating neural activity across
scales

Measurement

Electrophysiology: Electrical activity in the brain can be mea-
sured using different techniques. While all electrical measure-
ments have temporal resolution down to milliseconds, they vary
greatly in their spatial resolution. Electrocorticography (ECoG)
uses meso- or macroscale electrodes (~ 0.2 — 10 mm) to measure
electrical activity at the brain’s surface. It is a complex mixture of
the combined electrical potentials of approximately 1 cm? around
the ECoG electrode. Microelectrodes are small (~ 0.05 — 0.1 mm)
and are inserted into the brain to measure the electrical potential
in a small volume. Microelectrodes can detect both low frequency
activity (local field potential) in a sphere with radius ~ 0.5 -3 mm
around the tip of the electrode, and high frequency activity (action
potentials), within approximately 0.05 — 0.35 mm. Compared to
noninvasive EEG measurements, electrophysiology measurements
have a similar temporal resolution but a more than 10-fold higher
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Fig. 1. Brain-wide functional connectivity across spatial scales. (A) Functional connectivity can be measured at the macro-, meso- and microscale resolution.
Colored traces (lower row) illustrate time-series of brain activity recorded in two distant locations / and j. Functional connectivity c;; is the correlation coefficient
between these time-series. The correlation values typically increase with spatial scale. 2p imaging: two-photon optical imaging. See Box 1 for an explanation of the
methods. (B) The diversity and specificity in responses and connectivity of different cell types can contribute to macroscale functional connectivity.

spatial resolution

Optical imaging: Optical imaging comprises a broad range of
techniques which use intrinsic or fluorescent contrast to moni-
tor brain activity. Two-photon imaging is a common technique
which has subcellular spatial resolution (~ 1 um) and an inter-
mediate to slow temporal resolution (~ 0.01 — 1 s), depending on
the scanning approach, volume imaged, and kinetics of the indi-
cator. Widefield imaging sacrifices spatial resolution in favor of
simultaneous imaging from large fields of view at the mesoscale
(~0.2 mm) with an intermediate temporal resolution (~0.01 s).
Compared with noninvasive fMRI measurements, invasive optical
imaging techniques have a more than 10-fold higher spatial and
temporal resolution.

Multimodal measurement: Measurement modalities can be com-
bined to overcome their shortcomings and benefit from their
complementary features. For example, optical imaging can be
combined with electrophysiological recordings or fMRI to enable
simultaneous measurements of different signals across multiple
scales.

Manipulation

Electrical stimulation: Electrodes can be used not only for mea-
suring electrical activity, but also for direct activation of cells and
fibers in their vicinity. The spatial scale can be controlled based on
the geometry of the stimulating electrode and the stimulation sig-
nal. However, with the exception of single cell stimulation, stimu-
lation cannot be targeted to specific cell-types, or projections, and
affects all membranes in the vicinity (including fibers of passage).

Optogenetics and pharmacogenetics: Manipulating specific cell
types is possible through the use of engineered receptors and chan-
nels that can be selectively expressed in cells of interest by means
of genetic methods. Optogenetics refers to light-controlled pro-
teins which can be expressed in specific cell types where they
are integrated into the cell membrane and act as gates or pumps
to hyperpolarize or depolarize neurons when activated by light
(e.g., channelrhodopsin activates neurons when illuminated with
blue light). In pharmacogenetics, selective activation is achieved
through the use of small molecules. Extensive effort has gone into
making opsins and DREADDs with a variety of actions (channels,
pumps, and G-protein receptors), and which respond to different
wavelengths or ligands.

The microscale cellular organization of brain networks can be probed
with invasive recording methods, such as electrophysiology or optical
imaging (Box 1). These microscopic measurements (Fig. 1A) reveal in-

tricate mechanisms by which diverse cell types interact within local mi-
crocircuits to produce behaviorally relevant signals. Cellular-resolution
methods have long been limited to small neural populations within a
single or a few brain areas and thus could not reveal how neural signals
are integrated across many areas to drive a unified behavioral output.

Fortunately, recent technological advances enable measurements of
cellular-resolution neural activity and connectivity on the global scale
of the entire brain. In addition, new recording methods with global cov-
erage and mesoscale spatial resolution (~ 100 ym, Fig. 1A), e.g., elec-
trocorticography (ECoG) and widefield optical imaging, provide high-
resolution spatial maps of neural activity bridging between the micro-
and macro-scales. Mesoscale optical imaging can provide cell-type speci-
ficity through the use of calcium or voltage indicators expressed in
specific genetically-defined cells and can also be combined with lo-
cal cellular-resolution measurements, e.g., electrophysiology. Moreover,
new technologies support perturbations of local and long-range func-
tional connectivity with high temporal and spatial precision. These new
approaches for mapping and perturbing large-scale brain dynamics with
cellular-resolution open unique opportunities to reveal the mechanisms
underlying macroscale functional connectivity, uncover functional spe-
cialization of diverse cell types, and test long-range connectivity through
circuit perturbations.

2. Neural mechanisms contributing to functional connectivity
across scales

In macroscale recordings, the coordination of whole-brain activity
is traditionally characterized by pairwise correlations between brain re-
gions, called functional connectivity. The correlations can arise in a va-
riety of ways and do not imply a causal influence between functionally
connected regions. For example, functional connectivity can reflect com-
mon inputs evoked by sensory events or driven by endogenous activity
in other brain regions. One important distinction is therefore between
correlations induced by task-evoked activity and correlations during
spontaneous activity without task engagement, known as resting-state
functional connectivity (Friston, 2011). Concurrent task-related activa-
tion does not necessarily imply correlations during spontaneous activity.
For example, a visuomotor task may cause concurrent activity in the vi-
sual and motor areas despite relatively low correlation between them at
rest.

The macroscale resting-state functional connectivity exposes the in-
trinsic organization of brain-wide interactions, which provide a back-
drop for any task-related activity. Analyses of fMRI recordings during
rest established that spontaneous activity fluctuations are bilaterally
symmetric and organized in multiple distributed networks of regions
that activate and deactivate together, referred to as resting-state net-
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works (Fox and Raichle, 2007). The resting-state networks correspond
well with the regional co-activation patterns evoked across multiple
tasks, suggesting that regions intrinsically connected during rest be-
come concurrently active during tasks (Cole et al., 2014; Di et al., 2013;
Smith et al., 2009). The resting-state functional connectivity also cor-
responds with the structural (anatomical) connectivity measured with
MRI. Structural connectivity is defined at the macroscale as the existence
of white matter tracts physically interconnecting brain regions, but it is
not equivalent to the synaptic connectivity between cells. Macroscale
structural connectivity is symmetric, i.e. oblivious to the directionality
(source versus target) of connections, and it is insensitive to microscale
features, such as synaptic strength, i.e. it may discount connections be-
tween certain neurons or neuronal assemblies that are nonetheless im-
pactful. The functional and structural connectivity are moderately corre-
lated at the aggregate level, although their precise relationship is com-
plex (Uddin, 2013). For example, strong functional connectivity com-
monly exists between regions with no direct anatomical connection. The
anatomical structure nevertheless constrains the strengths and statistics
of resting-state functional connectivity (Honey et al., 2009).

Correspondence between functional connectivity across scales.
The meso- and micro-scale recordings corroborate the large-scale orga-
nization of brain-wide networks found with macroscale neuroimaging.
At mesoscale resolution, widefield optical imaging in mice allows for
recording neural activity simultaneously across the dorsal cortex using
voltage sensitive dyes (VSDs) or transgenic animals expressing fluores-
cent voltage or calcium sensors in specific neuronal cell types (Box 1).
Widefield recordings reveal rich spatiotemporal activity which, like in
the macroscale measurements, consists of bilaterally symmetric patterns
that involve each part of the cortex and occur during behavioral tasks as
well as spontaneously without engagement in a specific task (MacDowell
and Buschman, 2020; Mohajerani et al., 2010; Vanni et al., 2017). The
spatial organization of mesoscale functional networks corresponds with
large-scale anatomical connectivity (Huang et al., 2020; Mohajerani
et al., 2013), akin to the relationship between the macroscale functional
and structural connectivity measured with MRI (Honey et al., 2009).

The correspondence between meso- and macroscale functional con-
nectivity can be probed further by approaches that combine widefield
calcium imaging of neural activity with wide-field imaging of hemody-
namic activity (Ma et al., 2016) or even whole-brain fMRI (Lake et al.,
2020). These studies found that mesoscopic calcium signals, which are
a proxy of the neural activity, predicted slower blood-oxygen-level-
dependent (BOLD) responses using models that optimize a transfer func-
tion between the calcium and hemodynamic signals. These results sup-
port the idea that resting-state hemodynamics are coupled to underlying
patterns of excitatory neural activity. Moreover, data-driven parcella-
tion of the cortex-wide calcium activity into functional regions yielded
a strong similarity with the parcellation derived from the simultaneously
recorded BOLD activity. Thus, functional parcellations of calcium and
fMRI data identify shared brain organization.

At microscale resolution, brain-wide functional connectivity can be
measured down to single neurons by employing large-field-of-view op-
tical imaging (Kauvar et al., 2020; Sofroniew et al., 2016; Yu et al.,
2019) or large-scale multielectrode arrays (Dotson et al., 2018; Siegel
et al.,, 2015; Tang et al., 2021), especially Neuropixels probes (Allen
et al.,, 2019; Jun et al., 2017; Siegle et al., 2021; Steinmetz et al.,
2018; 2019). Microelectrode arrays open access to functional connectiv-
ity on fast timescales and can detect sharp millisecond-precision spike-
time correlations indicating direct synaptic coupling between neurons
(Takeuchi et al., 2011). Inter-area spike-time correlations, which can
be detected in large datasets as with high-density Neuropixels probes,
reveal that the organization of inter-area functional connectivity pre-
cisely mirrors the anatomical hierarchy of cortical areas (Siegle et al.,
2021), once again confirming the relationship between the macroscale
functional and structural connectivity.

Heterogeneity of functional circuits at meso- and microscale.
Beyond merely confirming macroscale observations, new recording ap-
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proaches begin to reveal the diversity and specificity of functional con-
nectivity at meso- and microscales. In simultaneous widefield calcium
imaging and fMRI, the relationship between the strength of functional
connectivity measured with calcium or BOLD varied by region and
within versus across hemispheres (Fig. 2A) (Lake et al., 2020). Such
differences may arise from distinct contributions of excitatory versus
inhibitory neurons to the BOLD activity (Buzséki et al., 2007). For ex-
ample, increased interhemispheric inhibitory activity could be causing a
simultaneous increase in BOLD and decrease in excitatory activity. Thus,
a regional and functional dependence of the relationship between cal-
cium and BOLD connectivity could be cell-type specific. Isolating func-
tional connectivity of distinct cortical cell types could reveal the unique
computations they perform within the circuit. Using neural activity indi-
cators expressed in specific cell types, multimodal imaging will continue
to disentangle how diverse cortical cell types contribute to BOLD in the
future.

The cell-type specificity of functional connectivity is most promi-
nent at the level of single neurons. Microscale functional connectivity
between single neurons can be characterized as correlations between fir-
ing rates (integrated over hundreds of milliseconds to seconds) known
as spike-count (noise) correlations (Cohen and Kohn, 2011). Spike-count
correlations reflect coordinated changes in population firing rates within
or across areas. Spike-count correlations depend on lateral distance, cor-
tical layer, and cell type (Najafi et al., 2020; Nandy et al., 2017; Ni
et al., 2018a; Shi et al., 2020; Yu et al., 2019), pointing to a segrega-
tion of neural computations across anatomical dimensions of the cor-
tex. At the microscale, inter-area correlations and communication rely
on specific local neural ensembles (Gregoriou et al., 2012; Noudoost
et al., 2020; Semedo et al., 2021; 2019), suggesting a possible mech-
anism for selective routing of information across the brain. Brain-wide
functional interactions of single neurons can be assessed efficiently with
techniques that combine mesoscale widefield imaging with microelec-
trode recordings (Clancy et al., 2019; Peters et al., 2021; Renz et al.,
2020; Xiao et al., 2017) or two-photon imaging of single neuron popu-
lations (Barson et al., 2020; Renz et al., 2020). This multi-scale approach
reveals that nearby cortical neurons can have distinct patterns of long-
range functional connectivity, which depends on cell type and changes
with behavioral state (Fig. 2B). These results suggest that large-scale
brain organization may consist of multiple parallel networks that are
supported by distinct cell types and carry out specific computations.

Changes in functional connectivity with behavioral state. Func-
tional connectivity is flexible, changing with behavioral state (e.g.,
resting versus alert) and task engagement, and meso- and microscale
recordings are beginning to uncover underlying mechanisms. Neuropix-
els recordings show that neural signals related to cognitive and behav-
ioral functions, such as sensory information, choice, action, or task en-
gagement, are widespread across many brain regions (Allen et al., 2019;
Dotson et al., 2018; Siegel et al., 2015; Steinmetz et al., 2019; Tang
et al., 2021). These findings shift our perspective on information pro-
cessing in the brain from local computations in specialized areas towards
widely distributed processing across multi-area networks. These studies
are enhanced by simultaneous monitoring of multidimensional behav-
ioral information in mice, including pupil dilation, locomotion, facial
movements, as well as ECoG (McGinley et al., 2015; Musall et al., 2019;
Reimer et al., 2014; Stringer et al., 2019b; Vinck et al., 2015). In partic-
ular, movement-related signals, with or without any goal-directed task,
dominate rodent neural activity across the brain (Fig. 2C) (Musall et al.,
2019; Steinmetz et al., 2019; Stringer et al., 2019b). It is possible that
the patterns of spontaneous movements characterize distinct behavioral
states which can in part account for changes in functional connectivity.

Changes in behavioral state are largely mediated by neuromodula-
tion. Generally, increasing arousal leads to desynchronization in the cor-
tex manifested in a reduction in correlated activity, e.g., drop in spike-
count correlations (Harris and Thiele, 2011), which is in part driven by
dynamically changing neuromodulation (Pinto et al., 2013). The dual
mesoscopic imaging approach opens a possibility to test how spatial
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Fig. 2. Diversity and specificity of functional connectivity at the meso- and microscale resolution. (A) Correlation between the calcium and BOLD functional
connectivity in mice varies by region and within versus across hemispheres. For example, the calcium and BOLD functional connectivity strengths are correlated
for the barrel field (yellow) and regions in the same hemisphere (red, purple dots), but anticorrelated for regions in the opposite hemisphere (blue, grey dots).
Adapted from Lake et al. (2020). (B) Functional connectivity maps of nearby neurons are diverse and can change with behavioral state. Functional connectivity
maps between spikes of two example neurons in V1 (rows, red circles indicate recording location) and the mesoscale calcium signal recorded simultaneously with
widefield imaging during quiescence (left) and locomotion (right). r indicates 2D correlation of the quiescence versus locomotion functional connectivity maps.
Adapted from Clancy et al. (2019) (C) Neural signals related to behavioral functions are widespread across many brain regions. Fraction of neurons in each brain
region encoding action from Neuropixels recordings in mice during a decision-making task. Adapted from Steinmetz et al. (2019). (D) The spatiotemporal variation
of neuromodulation is differentially coupled to local neural activity. Example image frames showing fluctuations in simultaneously recorded cholinergic (upper
row) and neural (lower row) activity across the dorsal cortical surface. Overlaid lines indicate primary visual and secondary motor areas. (E) The coupling between
spatiotemporal cholinergic and neural activity depends on behavioral state. Average maps showing peak cross-correlation coefficients between cholinergic and neural
activity for each cortical area during periods with low (left) and high (right) facial movement. D-E are adapted from Lohani et al. (2020). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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and temporal changes in neuromodulation affect functional connectiv- neurons, spike-count correlations typically reflect changes of firing-rates
ity. Widefield imaging can record neural activity concurrently with neu- coordinated across larger populations. Thus, macroscale measurements
romodulatory signals across the neocortex, using genetically-encoded can reflect spike-count correlations but are oblivious to spike-time cor-
reporters of neuromodulators such as acetylcholine (ACh) (Lohani et al., relations. Mesoscopic population measures such as local field potentials
2020). While the action of ascending neuromodulatory systems is usu- (LFP) can show coupling between different areas for several seconds,
ally assumed to be brain-wide and homogeneous, mesoscopic imaging visible as coherence in distinct frequency bands (Fig. 3A). Macroscopic
clearly demonstrates that neuromodulator dynamics are spatially het- measures of neural population activity such as EEG can exhibit coordi-
erogeneous and differentially coupled to local neural activity across cor- nation on even slower timescales. For example, fluctuations in electro-
tical areas (Fig. 2D). Moreover, behavioral states, defined by distinct physiological signals in the 0.01-0.1 Hz range (slow cortical potentials
patterns of motor activity, were associated with distinct spatiotempo- or SCPs) (Birbaumer et al., 1990) have a correlation structure similar to
ral patterns of neuromodulation and their coupling to neural activity that observed with fMRI (He et al., 2008) (Fig. 3A). Similar widespread
(Fig. 2E) (Lohani et al., 2020), elucidating one mechanism for state- patterns of coordinated activity are also evident in the slow variation of
dependent changes in functional connectivity. single neuron spiking, which exhibit correlations at infraslow timescales
Together, these new approaches for mapping functional connectiv- that reflect the animal’s behavioral state (Cowley et al., 2020; Okun
ity at the meso-, micro-, and multi-scale resolution open avenues not et al., 2019).
only for understanding the physiological substrates of macroscale con- Spatial coarse-graining is one possible reason for the prominent slow
nectivity, but also for revealing distributed mechanisms of information coordination of mesoscopic and macroscopic neural population activ-
processing that depend on the diversity and specificity of single-neuron ity, while faster timescales dominate in local spiking activity. In recur-
responses and connectivity. rent network models, local correlations on multiple timescales can arise
from structured connectivity, and integrating activity over larger spatial
3. Temporal dynamics of functional connectivity patterns scales eliminates faster timescales leaving only slower timescales in the
coarse-grained activity (Zeraati et al., 2021). Another possible explana-
Timescales of neural correlations. While static correlations are tion is the spatial scale at which neural activity is synchronized at dif-
the basic building blocks of functional connectivity measurements, for ferent timescales (Siegel et al., 2012). While large-scale networks tend
the brain to flexibly adapt and act in a changing world, the correla-  to synchronize at slower frequencies (1-30 Hz), local populations can
tion patterns must change dynamically. The timescale at which dynamic synchronize at fast frequencies (30-200 Hz). This dissociation is likely
changes in connectivity can be observed is determined by the temporal the result of distinct generators. Slow synchronization might arise from
window over which neural correlations are computed. There is over- cortical-subcortical interactions and be transmitted by long-range pro-
whelming evidence that neural activity is correlated at all timescales. jections synchronously across large areas (Steriade et al., 1993). Fast
Correlations between the spike times of nearby neurons (Maffei and synchronization, on the other hand, often relies on spatially localized
Galli-Resta, 1990; Takeuchi et al., 2011) and even of neurons far apart feedback inhibition (Buzsdki and Draguhn, 2004). As a result, the sum-
in different areas (Siegle et al., 2021) can happen on timescales as fast as mation of the highly distributed and synchronous currents underlying
several milliseconds (Fig. 3A). Spike-count (noise) correlations, on the low frequency activity emerge as dominant in spatial averaging at the
other hand, reflect correlations between firing rates of neurons at the macroscale, while currents underlying faster synchronization are dis-
temporal resolution at which these firing rates are estimated (typically parate and local, therefore canceling out. Indeed, in cases when neu-
on the order of tens of milliseconds to seconds). Unlike spike-time cor- ral populations are highly synchronized, such as during hippocampal

relations, which indicate direct synaptic interactions in a specific pair of ~ ipples (Diba and Buzséki, 2007) or task-induced gamma oscillations
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Fig. 3. Temporal dynamics of functional connectivity measurements. (A) The spatial scale at which functional connectivity is measured largely dictates its
temporal resolution. Macroscale EEG measurements of resting-state networks show highest power in ultra-slow frequencies (top, adapted from Watson (2018).
Connectivity in the LFP signal of distant neural populations can appear as coherence in a particular frequency band, as shown here for visual cortical areas V1 and
V4 in monkey that are coherent in the gamma band (middle, adapted from Bosman et al. (2012)). Pairs of single neurons can be synchronous in their spike times
at the millisecond resolution, which manifests as a peak in their cross-correlogram shown here for two neurons in mouse areas V1 and LM (bottom, adapted from
Siegle et al. (2021)). (B) Firing sequences of neurons can repeat precisely, shown here for rat visual cortex neurons with neighboring receptive fields (top), either
as a result of visual experience (middle), or in spontaneous activity (bottom). Adapted from Xu et al. (2012). (C) Different brain areas display different intrinsic
timescales, depending on their position in the cortical hierarchy, shown here for the macaque visual-frontal hierarchy. Different colors represent different data sets.
Adapted from Murray et al. (2014). (D) Cross-correlation between time series of phases with high (On) and low (Off) spiking activity in V1 and V4 relative to V1
phase during a spatial attention task (left, dashed gray line - shuffle predictor). The correlation strengths (area under the curve) decreases with the receptive field

separation (right). Adapted from van Kempen et al. (2021).

(Bosman et al., 2012), mesoscopic measurements reflect synchronous
events at much faster timescales. The wide spread of temporal scales
over which correlations can occur implies that many correlations stay
under the radar for fMRI because of its low temporal resolution. There-
fore, fMRI functional connectivity is an incomplete account of the cor-
relations present in the brain at any one moment in time.

Dynamic correlations at the microscale. One example of events
that stay invisible to fMRI, are fast dynamic changes in correlations.
Dynamic motifs such as sequences of active neurons that display pre-
cise repetitions of spike patterns can emerge with millisecond accuracy
(Hemberger et al., 2019; Ikegaya et al., 2004). The spontaneous fir-
ing sequences might be a reverberation of sensory experience and are
often replayed with compressed timing (Xu et al., 2012) (Fig. 3B). A
neuron’s participation in a particular firing sequence is strongly gov-
erned by stable factors such as its anatomical connections (Sadovsky and
MacLean, 2014), as well as dynamic factors such as stimulus properties
(Havenith et al., 2011), highlighting the importance of specificity and
diversity for functional dynamics at the microscale.

A well-known example of a dynamic motif is hippocampal replay
activity. Firing sequences of hippocampal place cells during active ex-
ploration in the awake animal tend to be replayed during subsequent
sleep (Louie and Wilson, 2001; Wilson and McNaughton, 1994). They
can also be replayed immediately following the exploration in reverse
order, which is consistent with reinforcement learning models posing
that a sequence of events in reverse order is paired with a decaying
dopamine signal, to associate the entire sequence with a reward at the
end (Foster and Wilson, 2006). Hippocampal replay activity is largely
dependent on the circuitry of the hippocampus (Buzsaki, 2015), i.e. re-
flects anatomical connectivity. However, it plays a functional role, as
it is thought to be essential for the consolidation of event memories in
hippocampal-neocortical networks (Karlsson and Frank, 2009). Direct
evidence for this comes from fMRI recordings triggered on hippocampal

ripples, which are high frequency waves in the LFP that coincide with
replay events (Diba and Buzséki, 2007). These fMRI recordings showed
that most of the cortex is activated during the ripples, whereas most sub-
cortical structures are silenced (Logothetis et al., 2012; Ramirez-Villegas
et al., 2021). Therefore, local replay events are part of a brain-wide
phenomenon of interacting thalamocortical and hippocampal networks
(Karimi Abadchi et al., 2020; Liu et al., 2021) that orchestrate memory
consolidation. Similar sequential patterns of activity are also found at
a much coarser spatial and temporal scale in human fMRI data (Mitra
et al., 2014; 2015).

Functional specialization on different timescales. The timescale
at which neural correlation patterns change is governed by several fac-
tors, including the functional specialization of the respective neural pop-
ulations or brain areas. Contrary to fast dynamic motifs, the resulting
differences in correlations will be visible to fMRI. For example, in pri-
mates the frontal cortices, which exhibit persistent activity during men-
tal tasks such as working memory (Goldman-Rakic, 1995), exhibit cor-
related fluctuations over longer timescales than the primary sensory ar-
eas, with shorter integration times of sensory input (Murray et al., 2014;
Rossi-Pool et al., 2021) (Fig. 3C). Similarly, auditory cortex neurons in
mice show functional coupling over much shorter timescales than pos-
terior parietal cortex neurons, leading to a population code that rep-
resents stimulus and choice information much quicker (Runyan et al.,
2017). Invasive ECoG recordings in humans confirm these findings, and
associate the different timescales with a number of biological processes,
such as gene activity responsible for excitatory and inhibitory connec-
tions between neurons (Gao et al., 2020). In addition, the timescales
can be flexible (Zeraati et al., 2021), e.g., lengthening when areas spe-
cialized in working memory are actively maintaining information, and
shortening with age across many areas of the brain (Gao et al., 2020).
Temporal organization along the principal sensorimotor-to-association
axis is also found at the macroscale in human fMRI data. Resting-state
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network activity is hierarchically organized as temporal gradients across
the cerebral cortex (Margulies et al., 2016) as well as subcortical struc-
tures (Raut et al., 2020) and divides into two distinct sets of networks.
The transitions between networks occur at shorter timescales within,
than between, these two sets, which represent the sensorimotor systems
and higher order cognition, respectively (Vidaurre et al., 2017).

The mesoscale functional connectivity can also be specific for
timescales of interactions between brain regions. In particular, large-
scale ECoG recordings in monkeys provide access to the broad spec-
trum of timescales in the LFP (Bosman et al., 2012; Grothe et al.,
2012; Lewis et al., 2016). Interactions on different timescales manifest
in the inter-areal LFP coherence at different frequencies. This coher-
ence is strongest in distinct frequency bands depending on the direc-
tion of interactions—feedforward versus feedback—through the visual
hierarchy (Bastos et al., 2015). Feedforward influences occur in theta-
band (~4 Hz) and gamma-band (~60-80 Hz), and feedback influences
occur in beta-band (14 — 18 Hz). As gamma-band synchronization pre-
dominates in superficial and beta-band synchronization in deep cortical
layers (Buffalo et al., 2011; Xing et al., 2012), the asymmetries in di-
rected influences are likely related to the laminar pattern of inter-area
anatomical projections. Thus, the specificity of functional connectivity
for timescales could result directly from its cell-type specificity.

Changes in dynamic correlations with cognitive states. Dynamic
changes in functional connectivity depend not only on stable factors,
such as the functional properties of neurons, but also on fluctuating fac-
tors such as cognitive state and task context. Cognitive tasks affect lo-
cal and long-range interactions between areas, and can thereby change
functional connectivity with spatial specificity (Medaglia et al., 2015).
For example, the human brain traverses between functionally segre-
gated states and states with a lot of integration between disparate brain
regions, and during integrated states, performance on a cognitive task
is faster and more accurate (Shine et al., 2016). Moreover, integrated
states induced by cognitive tasks amplify individual differences in the
patterns of functional connectivity and thus better reveal existing brain-
behavior relationships (Greene et al., 2018). Importantly, changes in
functional connectivity in this case result from fluctuations in brain state
induced by the tasks and are not a (trivial) outcome of multiple brain
areas being co-activated during the task. Another prominent example of
brain state being altered locally and with temporal precision is spatially
selective attention (Engel et al., 2016). The coordination of inter-areal
neural activity is also modulated during attention, in particular through
increased coherence between neural populations with overlapping re-
ceptive fields (Bosman et al., 2012; Grothe et al., 2012) and via top-
down coordination of On- and Off-phases of spiking activity in a retino-
topically precise manner (van Kempen et al., 2021) (Fig. 3D). Besides
selective attention, other cognitive processes can also shape inter-areal
functional connectivity. For example, flexible sensorimotor choices are
the outcome of different integration processes of sensory cortex and
frontoparietal cortex activity, depending on task context (Siegel et al.,
2015).

Thus, functional connectivity changes dynamically over a wide range
of timescales defined by (besides anatomy) functional properties, behav-
ioral state, as well as task context. Animal studies aid in elucidating the
role of these factors by permitting a larger repertoire of behaviors than
is possible in stationary humans (e.g., running mice) and by enlarging
the palette of possible manipulations of cognitive state (e.g., manipulat-
ing acetylcholine levels to study its effect on attention (Dasilva et al.,
2019)).

4. Perturbations to probe functional connectivity

While characterizing functional connectivity across spatial and tem-
poral scales continues to reveal rich, intricate structure, it is ultimately
desirable to test our understanding of these dynamics and their rela-
tion to behavior by perturbing brain activity. Perturbations have long
provided valuable insight into brain function at multiple scales both
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through chronic interference and direct manipulation of brain activity
(Bassett and Sporns, 2017). Critically, the highly specific interventions
necessary to probe brain dynamics across scales are currently only pos-
sible with invasive methods.

Determining how the brain’s microscale features give rise to meso-
and macroscale organization requires precise control over perturba-
tions. Innovations in the past decade have expanded the palette of in-
terventional tools, introducing new engineered channels and receptors
that increase the specificity of perturbations (Kim et al., 2017; Luo et al.,
2008; Packer et al., 2013) (Box 1). These advances enable cells to be tar-
geted using combinations of genetic, functional or anatomical features
and facilitate temporally precise control with subcellular resolution in
awake behaving animals (Fig. 4A). In the limit, perturbations can mimic
physiological activity patterns observed in the same animals (Fig. 4A),
and neuronal activity can influence experimental parameters in real-
time by establishing a closed-loop (Grosenick et al., 2015). Together
with advances in recording technology, new perturbation methods have
opened a world of possibilities for manipulating brain activity at a de-
sired scale while tracking its effect across the intact system.

Macroscale perturbations reveal regional diversity in structure-
function relationships. Macroscale interventions can be used to probe
signal flow across brain networks and the distributed effects of diverse
projection systems. The activation of local inhibitory interneurons can
be used to identify key nodes in distributed networks by producing tem-
porary lesions (Guo et al., 2017; 2014; Pinto et al., 2019). Control over
the location and timing of lesions has demonstrated that while task-
related information may be broadly distributed across cortical sites, spe-
cific locations are critical to unique periods of task execution or learn-
ing (Allen et al., 2017; Banerjee et al., 2020; Guo et al., 2017; 2014;
Pinto et al., 2019). Although the interpretation of such manipulations
can be complicated by compensatory mechanisms and off-target effects
(Otchy et al., 2015), these experiments confirm that neural activity rel-
evant for behavior is spatially and temporally specific.

While macroscopic perturbations generally affect global brain activ-
ity in a manner consistent with anatomical connectivity, altering ac-
tivity in cortical sites has downstream effects that are region and pro-
jection specific (Bauer et al., 2018; Markicevic et al., 2020; Rosenthal
et al., 2020). Such regional variation was demonstrated by combining
intrinsic hemodynamic imaging of the dorsal cortex of the awake mouse
with optogenetic activation of local cortical populations (Bauer et al.,
2018). This approach permitted a direct comparison of optogenetically-
evoked cortical activation with mesoscale functional connectivity, re-
vealing considerable regional heterogeneity (Fig. 4C). Optogenetic acti-
vation matched functional connectivity most for somatomotor and mid-
line structures, but diverged for sensory and association areas. Interest-
ingly, optogenetically-evoked activity and functional connectivity were
more similar to each-other than either was to anatomical connectivity
estimated by viral tracing. Some of these differences may result from the
spontaneous behaviors of the animal which directly engage the somato-
motor system. Further studies are necessary to probe how the degree of
correspondence for individual cortical sites varies with the behavioral
state of the animal and the scale at which connectivity is estimated.

Heterogeneity is similarly found when perturbing distinct subcorti-
cal sites, which may have widespread effects on brain dynamics depend-
ing on their projection pattern and synaptic features. Pharmacogenetic
inhibition of the amygdala during fMRI in anaesthetized rhesus mon-
keys revealed wide-spread, network-specific alterations of functional
connectivity that could be partially predicted using an anatomically-
constrained computational model (Grayson et al., 2016) (Fig. 4C). The
limbic and default mode networks, which have a high degree of anatomi-
cal and functional connectivity to the amygdala, decreased their connec-
tivity. Importantly, changes in functional connectivity occurred also for
edges that did not include the amygdala, both as decreases in amygdala-
related networks and as increases in amygdala-unrelated networks, such
as the somatomotor network. Alternate subcortical structures have dis-
tinct effects on global brain activity and functional connectivity. For
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Fig. 4. High specificity perturbations across spa-
tial scales. (A) Specificity and temporal precision
of perturbations. Classical perturbations affect all
membranes within a target volume (left). Genetic
and viral approaches permit targeting of specific cell
types (middle). Optical approaches permit cells to be
targeted in naturalistic sequences (right). (B) Per-
turbations of high specificity and control. Individ-
ual neurons in distant brain areas targeted based
on functional, genetic, or projection considerations
and manipulated to assess their role in global brain
states. (C) Macroscopic perturbations. Intrinsic opti-
cal imaging of hemodynamics was performed while
local cortical areas were activated with an excita-
tory opsin. This enabled a comparison between op-
togenetic and functional connectivity (left, adapted
from Bauer et al. (2018)). Whole brain fMRI was
performed in rhesus monkeys while the amygdala
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was inhibited. Inhibition altered functional connec-
tivity consistent with anatomical connectivity (right,
adapted from Grayson et al. (2016)). (D) Meso-
scopic perturbations. Electrophysiology and opto-
genetics were performed in visual cortex to assess
the effect of temporally varying input. Input gener-
ated strong synchronization in the gamma band and
led to preferential transfer of coherent inputs (left,
adapted from Lewis et al. (2021)). Neuronal activity
was monitored in the visual cortex while the basal
forebrain was activated. Activation changed corti-
cal state, increasing the discrimination performance
of mice (right, adapted from Pinto et al. (2013)).
(E) Microscopic perturbations with simultaneous 2-
photon calcium imaging and single-cell optogenetics
in mouse cortex. Neurons were functionally charac-
terized according to visual selectivity. In the absence
of visual stimuli, targeted stimulation of neurons
recruited stimulus-related ensembles and induce be-
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havior (left, adapted from Carrillo-Reid et al. (2019)). Groups of neurons were artificially stimulated to alter their correlation structure. Targeted neurons increased
and non-target neurons decreased their correlation relative to baseline (right, adapted from Mardinly et al. (2018)).

example, pharmacogenetic activation of the locus coeruleus results in
network-specific increases in connectivity, notably in the salience net-
work (Zerbi et al., 2019), whereas pharmacological inactivation of the
basal forebrain reduces shared variability in a topographic manner, but
it does so irrespective of network (Turchi et al., 2018).

Overall, macroscale perturbations can be used to track signal flow
across intact brain structures and evaluate the influence of specific pro-
jections on large-scale, distributed patterns of brain activity. The sites
identified as key nodes relevant to particular behaviors, or projections
that give rise to deviations from anatomical expectations indicate ap-
pealing targets for further investigation at finer scales.

Mesoscale perturbations probe the brain’s intrinisic dynamics.
Mesoscale perturbations permit increased spatial and temporal control
enabling manipulations of higher fidelity. They have been targeted to
long-range cortico-cortical (Banerjee et al., 2020; Clancy and Mrsic-
Flogel, 2021; Lewis et al., 2021; Zhang et al., 2014), thalamocortical
(Petreanu et al., 2009; Poulet et al., 2012; Sych et al., 2019; Zhang
and Bruno, 2019) and modulatory (Pinto et al., 2013) projections. This
refined spatial control permits investigation of specific cortico-cortical
projections, such as those arising in frontal regions and targeting pri-
mary sensory areas, demonstrating highly specific alterations of popu-
lation activity that are topographic, feature-dependent, and sensitive to
the animal’s history of reward (Banerjee et al., 2020; Zhang et al., 2014).

Improved resolution also reveals fine-grained temporal features that
are obscured by macroscopic investigations, either technically due to
reduced resolution, or because the activation of large populations of di-
verse elements blurs the temporal precision of the constituents. Precise
temporal control facilitates time-varying manipulations that can probe
the dynamics of populations or isolated projections. For example, driv-

ing excitation in a population of cortical pyramidal cells with broad-
band temporal white-noise demonstrated preferential transmission of
fast, gamma-band input components (Fig. 4D) (Lewis et al., 2021), a
feature that would be missed with slow or tonic stimulation. Another
study used closed-loop coupling to link reward with focal brain activity,
demonstrating that mice could rapidly establish volitional control over
brain activity and alter brain-wide functional connectivity (Clancy and
Mrsic-Flogel, 2021). These results indicate the high degree of selectiv-
ity of cortico-cortical connectivity both in terms of spatial and temporal
structure, but also its sensitivity to behavior and experience.

Mesoscale perturbations targeted to subcortical sites also demon-
strate a high degree of specificity and sensitivity to behavior. For ex-
ample, perturbation to primary thalamic nuclei can alter both cortical
and subcortical activity in a behavior dependent manner (Sych et al.,
2019). Intriguingly, activation of higher order thalamic nuclei gives
rise to sustained, reverberatory activity in the primary sensory cortex
that is not observed for primary thalamic or cortical input (Zhang and
Bruno, 2019), suggesting a role in amplifying or sustaining signals ar-
riving from other sources. Activation of the basal forebrain projection to
the primary visual cortex of mice markedly reduced synchronization and
shortened the timescale of cortical activity (Fig. 4D) (Pinto et al., 2013),
leading to an increase in responsiveness and improved visual discrimi-
nation. Similar changes were observed when activating thalamic projec-
tions to the mouse somatosensory cortex (Poulet et al., 2012), suggesting
that multiple subcortical-cortical pathways can have partially overlap-
ping mesoscopic profiles. Overall, mesoscopic studies have highlighted
how long-range projections can shift the temporal dynamics of local cir-
cuits and underscored the importance of timing for interactions between
populations.
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Microscale perturbations reveal the exquisite specificity and
plasticity of brain organization. Microscale interventions have greater
resolution still, revealing cellular and subcellular specificity in local pop-
ulations. Studies have focused on monitoring activity densely within a
population, often using two-photon calcium imaging, while perturbing
individual neurons or small groups of neurons. Perturbations have fo-
cused on the effect of nearby neurons on the local population (Adesnik
et al., 2012; Beltramo et al., 2013; Carrillo-Reid et al., 2019; Chettih
and Harvey, 2019; Mardinly et al., 2018; Marshel et al., 2019; McKen-
zie et al., 2021; Petreanu et al., 2009), or long-range projections to the
local circuit (Anastasiades et al., 2020; Banerjee et al., 2020; Petreanu
et al., 2009). These studies highlight the heterogeneity of the brain’s
microscale architecture, as the effects of a perturbation are highly de-
pendent on the targeted population and on the characteristics of the lo-
cal circuit. In general, the effects of microscale perturbations are similar
to expectations from anatomical connectivity (Ko et al., 2011), and the
timing of signals is of great importance for their effect on downstream
elements and plasticity (Branco et al., 2010; Caporale and Dan, 2008).
Within a local circuit, local and long-range excitatory projections target
specific cell classes with subcellular precision, determining their effect
on the cell’s activity and the dynamics of the local circuit (Anastasiades
et al., 2020; Petreanu et al., 2009). Likewise, distinct classes of in-
hibitory neurons deferentially regulate lateral, as compared to, laminar
flow of information within the local population (Adesnik et al., 2012).
Such studies continue to elaborate the exquisite specificity of the brain’s
microcircuits, revealing the diverse circuit motifs that populate a given
brain region, defining it’s computational capacity and determining sig-
nal flow (Jiang et al., 2015).

Recently, experiments have attempted to probe (Chettih and Harvey,
2019; Marshel et al., 2019), or alter the correlation structure between
excitatory cells in a local population (Carrillo-Reid et al., 2019; Mardinly
etal., 2018; McKenzie et al., 2021). Selective stimulation of functionally
characterized neurons in the mouse visual cortex can recruit ensem-
bles of similarly tuned cells and boost the animal’s visual discrimina-
tion (Fig. 4E) (Carrillo-Reid et al., 2019). In some cases, the correlation
structure between neurons can be rapidly altered based on imposed ac-
tivation patterns (Fig. 4E) (Mardinly et al., 2018), while in others, the
intrinsic correlation structure is robust to perturbation (McKenzie et al.,
2021). Likewise, local and long-range projections can have disparate ef-
fects on a circuit depending on their targets (Anastasiades et al., 2020;
Zhang et al., 2014), the similarity of the cells’ tuning (Carrillo-Reid et al.,
2019; Chettih and Harvey, 2019), and the behavioral state of the ani-
mal (Banerjee et al., 2020). The heterogeneity of these results, com-
bined with the closer relationship of anatomical and functional connec-
tivity at the microscale provide an exciting platform on which to in-
vestigate structure-function relationships that are currently intractable
at the macroscale. The fact that some circuits are more prone to mod-
ification than others, and the diversity of effects already observed at
the microscale reflect the intricate and highly-specified wiring of neural
circuits and point to their powerful computational capacity.

Bringing the levels together. To date, most studies have targeted
perturbations and assessed their effects at the same scale of organiza-
tion. We therefore still have little understanding of how the high degree
of diversity and specificity observed at fine spatial and temporal scales
gives rise to stable patterns of activity at the meso- and macroscale. Un-
derstanding how microscale diversity gives rise to stability depends on
studies that bridge scales, ideally perturbing sequences of cells in dis-
tributed brain areas while monitoring whole brain activity with cellular
resolution. New perturbation methods provide unprecedented control
over brain circuits and will continue to reveal how microscale signals
are routed and integrated into distributed, whole-brain states.

5. Conclusions

The methods commonly used in human neuroscience (fMRI, EEG
and MEG) measure functional connectivity at the macroscale, offering
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brain-wide spatial coverage but missing the diversity and specificity of
the constituent neurons. Invasive approaches in animals overcome this
limitation by measuring connectivity at the meso- and microscale, pro-
viding details about the intricacies and exquisite precision of the brain’s
dynamics on these finer scales. The brain’s functional networks are coor-
dinated across all levels of spatial and temporal organization to support
flexible behavior. However, we still lack a cohesive perspective on how
the detailed connectivity and dynamics at the micro- and mesoscales
give rise to the global brain states observed with macroscale measures.

Promisingly, mesoscale measurements have confirmed that the
large-scale networks observed at the macroscale are also present at the
mesoscale. However, mesoscale measurements have revealed a large de-
gree of variability in the temporal and spatial dynamics of these large-
scale networks, and implicate a variety of underlying sources, obscured
at the macroscale. It seems likely that the coarse-grained estimates at the
macroscale reflect consistent biases that are present in finer scales of or-
ganization, while micro- and mesoscale measurements reveal a greater
degree of specificity and variability. It is an important open question
how individual neuronal elements contribute to large-scale patterns and
how their variation around the coarse-grained patterns reflect impor-
tant features of computation in the brain. Increasing evidence suggests
that such higher-order variation reflects behaviorally relevant activity,
rather than physiological noise (Banyai et al., 2019; Ni et al., 2018b;
Stringer et al., 2019a; Valente et al., 2021). The degree to which inte-
grated brain states depend on the organization at fine resolutions re-
quires additional studies.

New technologies for measurement and perturbation continue to
rapidly develop and, together with advances in new behavioral ap-
proaches, will increase the scope of questions experimentally address-
able. New activity indicators will reveal the unique spatial and temporal
dynamics of the diverse neurotransmitters and signalling molecules ac-
tive in the brain. More precise measurement and greater control over
interventions will enable a better understanding of how the activity of
identified cells and pathways is integrated and distributed into global
brain states in the service of behavior. Additionally, the further refine-
ment of analysis tools and the close integration of modelling and exper-
iment will continue to improve our understanding of brain function and
how the brain integrates arriving signals from the periphery into on-
going patterns of distributed brain activity. Ultimately, this will aid in
determining the organizational principles underlying global brain states
and how brain activity is dynamically routed and integrated across spa-
tial and temporal scales.
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