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Systems/Circuits

Mesoscale Mapping of Mouse Cortex Reveals
Frequency-Dependent Cycling between Distinct Macroscale
Functional Modules

Matthieu P. Vanni, Allen W. Chan, ®“Matilde Balbi, “Gergely Silasi, and Timothy H. Murphy
Department of Psychiatry, Brain Research Centre, Department of Cellular and Physiological Sciences, University of British Columbia, Vancouver, British
Columbia, V6T 1Z3 Canada

Connectivity mapping based on resting-state activity in mice has revealed functional motifs of correlated activity. However, the rules by
which motifs organize into larger functional modules that lead to hemisphere wide spatial-temporal activity sequences is not clear. We
explore cortical activity parcellation in head-fixed, quiet awake GCaMP6 mice from both sexes by using mesoscopic calcium imaging.
Spectral decomposition of spontaneous cortical activity revealed the presence of two dominant frequency modes (<1 and ~3 Hz), each
of them associated with a unique spatial signature of cortical macro-parcellation not predicted by classical cytoarchitectonic definitions
of cortical areas. Based on assessment of 0.1-1 Hz activity, we define two macro-organizing principles: the first being a rotating
polymodal-association pinwheel structure around which activity flows sequentially from visual to barrel then to hindlimb somatosen-
sory; the second principle is correlated activity symmetry planes that exist on many levels within a single domain such as intrahemi-
spheric reflections of sensory and motor cortices. In contrast, higher frequency activity >1 Hz yielded two larger clusters of coactivated
areas with an enlarged default mode network-like posterior region. We suggest that the apparent constrained structure for intra-areal

cortical activity flow could be exploited in future efforts to normalize activity in diseases of the nervous system.
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ignificance Statement

Increasingly, functional connectivity mapping of spontaneous activity is being used to reveal the organization of the brain.
However, because the brain operates across multiple space and time domains a more detailed understanding of this organization
is necessary. We used in vivo wide-field calcium imaging of the indicator GCaMP6 in head-fixed, awake mice to characterize the
organization of spontaneous cortical activity at different spatiotemporal scales. Correlation analysis defines the presence of two to
three superclusters of activity that span traditionally defined functional territories and were frequency dependent. This work
helps define the rules for how different cortical areas interact in time and space. We provide a framework necessary for future
studies that explore functional reorganization of brain circuits in disease models.
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Introduction

Mapping functional connectivity in mouse cortex from resting-
state activity can be performed using diverse mesoscopic imaging
modalities such as wide-field calcium, voltage-sensitive dye,
laser-speckle contrast, intrinsic signal, optoacoustic imaging, or
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fMRI, and mostly performed under anesthesia (White et al., 2011;
Bero et al., 2012; Guevara et al., 2013a,b; Guilfoyle et al., 2013; Mo-
hajerani et al., 2013; Bauer et al., 2014; Mechling et al., 2014;
Nasiriavanaki et al., 2014; Vanni and Murphy, 2014; Bergonzi et
al., 2015; Liska et al., 2015; Matsui et al., 2016; Xie et al., 2016).
Using these approaches it is possible to reveal correlated signals
spanning distant brain regions defining functional modules
(White et al., 2011; Mohajerani et al., 2013; Vanni and Murphy,
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2014). Moreover, these patterns of connectivity were observed
over a wide range of frequency bands of cortical oscillation and
animal state (Mohajerani et al., 2013; Chan et al., 2015). How-
ever, the dynamic behavior of these functional modules, as well as
the spatial organization of intrinsic connections at a finer spatial
scale, have been relatively underexplored. Although the general
pattern of correlation does not change between major behavioral
state transitions, such as awake and anesthetized states (Mo-
hajerani et al., 2013; Silasi et al., 2016), the higher inhibitory
processing observed during awake states (Haider et al., 2013)
could drive modifications that affect parcellation of these
functional modules over different frequencies of ongoing
activity.

To visualize how the cortex is functionally organized, parcel-
lation methods need to be applied at different spatial and tempo-
ral scales in awake mice. Because of the lack of sensitivity of
previous methods (such as intrinsic imaging; White et al., 2011)
and the inability of small-molecule voltage-sensitive dyes to re-
cord awake mice longitudinally, mesoscopic functional imaging
approaches using genetically engineered calcium indicators rep-
resent an ideally suited imaging paradigm to address this chal-
lenge (Vanni and Murphy, 2014; Kim et al., 2016; Ma et al., 2016;
Sofroniew et al., 2016; Wekselblatt et al., 2016; Zhuang et al.,
2017). Recently, advances have been made in wide-field imaging
with the development of highly sensitive, genetically-encoded re-
porters of neuronal activity expressed in transgenic mice (Chen et
al., 2013; Madisen et al., 2015). In addition to having higher
amplitude signals that allow for more reliability in parcellation,
these new models also permit cell-type-specific expression of ac-
tivity sensors and can be combined with chronic imaging window
implants allowing repeated recordings from awake animals
(Silasi et al., 2016).

In the present study, wide-field fluorescent imaging of spon-
taneous activity was performed in awake, head-fixed mice ex-
pressing GCaMP6. Spectral analysis of superficial cortical activity
revealed the presence of two frequency modes: a low-frequency
mode encompassing activity <1 Hz and a higher frequency mode
at 3 Hz. The low-frequency mode was associated with three main
functional modules corresponding to cortical territories associ-
ated with major mouse behavioral functions: (1) vision and nav-
igation, (2) locomotion, and (3) orofacial processing. In contrast,
the higher-frequency mode segregated the cortex in two mod-
ules, one lateral and one medial, and could correspond to default
mode network landmarks described using fMRI in humans as
well as in rodents (Lu et al., 2012). These patterns were very
consistent, and the boundary regions separating clusters appear
to function as polymodal hubs. Moreover, within each of these
clusters, a clear topography of connections between distant re-
gions could be characterized.

Materials and Methods

Mice

All procedures were approved by the University of British Columbia
Animal Care Committee and conformed to the Canadian Council on
Animal Care and Use guidelines. Transgenic GCaMP6 mice (n = 14,
8 males, 6 females) were produced by crossing Emx1-cre (B6.129S2-
Emx1"™ K7 Jax #005628), CaMK2-tTA (B6.Cg-Tg(Camk2a-
tTA)1Mmay/Dbo], Jax #007004), and TITL-GCaMPé6s (Ai94; B6.
Cg-Igs7mo%1(tet0-GCaMP6)Hze f | Jay #024104) strains (Madisen et al.,
2015). The presence of GCaMP expression was determined by genotyp-
ing each animal before each surgical procedure with PCR amplification.
This crossing is expected to produce a stable expression of GCaMP6s
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(Tian et al., 2009; Chen et al., 2013) specifically within all excitatory
neurons across all layers of the cortex (Vanni and Murphy, 2014).

Surgical procedure

For chronic window implantation, animals were anesthetized with iso-
flurane (2% in pure O,) and body temperature was maintained at 37°C
using a feedback-regulated heating pad monitored by a rectal thermom-
eter. Mice received an intramuscular injection of 40 ul of dexamethasone
(2 mg/ml) and a 0.5 ml subcutaneous injection of a saline solution con-
taining buprenorphine (2 pg/ml), atropine (3 pmg/ml), and glucose
(20 mm), and were placed in a stereotaxic frame. After locally anesthetiz-
ing the scalp with lidocaine (0.1 ml, 0.2%), the skin covering the skull was
removed and replaced by transparent dental cement and a glass coverslip
(Hira et al., 2009; Guo et al., 2014; Silasi et al., 2016). A metal screw was
attached to the chamber for future head fixation during recordings. At
the end of the procedure, the animal received a second subcutaneous
injection of saline (0.5 ml) with 20 mM of glucose and recovered in a
warmed cage in pure O, for 30 min. This giant window was designed to
permit head-fixation of the mice and allowed recording of wide-field
fluorescence in a region covering an ~8.6 mm diameter of field of view
on anesthetized animals as well as in quiet awake states or during active
performance of a task. Furthermore, this imaging window implant facil-
itated longitudinal, repeated imaging sessions from mice extending sev-
eral months. This strategy contributes to better reliability of measures as
well as the monitoring of brain function or photo-activation during
training or plasticity (Guo et al., 2014; Vanni and Murphy, 2014; Silasi et
al., 2016).

Calcium imaging recordings

As in previous studies, in vivo single-wavelength fluorescence wide-field
imaging was performed using one camera collecting green fluorescence
under single-photon blue excitation light (Shibuki et al., 2003; Coutinho
etal., 2004; Murakami et al., 2004, 2015; Husson et al., 2007; Bouchard et
al., 2009; Andermann et al., 2011; Ackman et al., 2012; Grienberger et al.,
2012; Stroh et al., 2013; Ma et al,, 2014; Vanni and Murphy, 2014;
Vazquez et al., 2014; Busche et al., 2015; Daniel et al., 2015; Storace et al.,
2015; Matsui et al., 2016; Xie et al., 2016; Xiao et al., 2017). Although the
depth of focus is large (~1 mm; Lim et al., 2012), in blue/green wave-
lengths, this approach is expected to mostly record fluorescence signals
from superficial cortical layers (Ma et al., 2016; Wekselblatt et al., 2016).
Although we concede that deeper layers may show unique maps a recent
study combining mesoscopic calcium imaging and single-unit multi-
channel laminar electrodes showed high similarity maps across different
cortical depths (Xiao et al., 2017).

For recordings, the heads of awake mice were stabilized by attaching a
skull-mounted screw to a pole mounted on a baseplate while the body
was resting inside a Plexiglas tube (Fig. 1A, B). Mice were placed in a
sensory-isolated enclosed imaging recording chamber that is kept dark
and has been insulated with acoustic foam to further reduce ambient
sounds. From our observations of behavioral imaging of the mice (under
infrared illumination), once habituated, the mice do not exhibit much
active behavior. Images of the cortical surface were recorded through a
pair of back-to-back photographic lenses (tandem lens pair: focal length
50 mm, f = 1.4; focal length 35 mm, f = 2; optical magnification: 1.43X,
working distance: 35 mm) coupled to a 1IM60 Pantera CCD camera
(Dalsa). Calcium indicators were excited with blue-light-emitting diodes
(Luxeon, 470 nm) with bandpass filters (467—499 nm). Emission fluo-
rescence was filtered using a 510-550 nm bandpass filter. 12 bit images
were collected at 30 Hz temporal resolution (33.3 ms exposure time using
XCAP imaging software. Each of the 14 mice were recorded every day,
3-18 times in total (average: 7.7 *£ 1.3X) for 5 min in darkness and
silence.

Image processing of calcium signals

Data import. All data were imported and analyzed with MATLAB (Math-
works). When multiple epochs of recordings were performed from one
mouse (Fig. 1C), each individual sequence was registered by evaluating
the spatial shift (X, Y) and rotation relative to the first recording using
autocorrelation (Murphy et al., 2016). Then any result of subsequent
analysis (such as Fourier, correlation, SD, gradient, parcellation maps,
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Figure1.

General design of the experiment. 4, Picture of the setup showing the mouse head-fixation system, the LED, and the tandem lens macroscope. The recording chamber was illuminated

with aninfrared LED that allowed simultaneous acquisition of behavioral video of the mouse in darkness and silence with a second camera. B, Allen Institute Atlas (http://brain-map.org) of the brain
regions recorded through the chronic window (black square). M1 and M2, Primary and secondary motor areas, respectively; MO, mouth; NO, nose; TR, trunk; S1, primary somatosensory area; S2,
supplemental or secondary somatosensory area; A, anterior or also called posterior partial association areas: PTLp or pTA; AL, anterolateral; AM, anteromedial; LM, lateralmedial; LI, lateralinter-
mediate; PL, posterolateral; PM, posteromedial; POR, postrhinal; RL, rostrolateral regions of the extrastriate visual areas, respectively; AU, primary auditory area; A, anterior cingulate areas; and
TEA, temporal association. €, Each of the 14 mice were recorded for a total of 3—18 sessions on consecutive days for 5 min epochs and each individual sequence was registered by evaluating the spatial
shift (X, ¥) and rotation relative to the first recording (Materials and Methods). D, Then any the results of subsequent analysis (SD in the example) were averaged between epochs before being
compared between mice. E, Each epoch was Fourier transformed or preprocessed to perform different mapping procedures: correlation mapping without or with jitter, clustering, or SD. Correlation
maps were then used to create gradient, interhemispheric/homotopic, and topographic maps (Materials and Methods).

etc.) were averaged between epochs before being averaged and compared
between mice (Fig. 1 D, E).

Spectral analysis. To explore the spectral distribution of calcium sig-
nals, the Fourier transform was processed on each pixel individually
(Vanni et al., 2010a,b). To better appreciate the spatial pattern at each
frequency, the amplitude of power maps of each frequency was scaled
from 0 to 1 (divided by the maximum amplitude). The brain activity
associated with one specific frequency band was measured by averaging
the power amplitude of Fourier within a frequency window. Alterna-
tively, to calculate the optimal frequency of each pixel, the frequency
associated with the peak values was determined (frequency having the
highest power amplitude; Fig. 2E). These analysis were performed on the
full 5 min duration of each recordings as well as individual 1 min seg-
ments to control for stability during the epoch (Fig. 2D, F).

Temporal filtering, correlation and SD maps. To remove the contribu-
tion of global brain fluctuations and illumination noise affecting cortical

parcellation, the average activity of the cortex (within a masked region)
was subtracted from the signal of each pixel (Fox et al., 2009; Vanni and
Murphy, 2014; Abbas Farishta et al., 2015). Spontaneous activity record-
ing sequences were then temporally pass-band filtered (0.1-1 or 2-5 Hz).
Seed-pixel correlation maps were created wherein the cross-correlation
coefficient r values between the temporal profiles of one selected pixel
and all others were calculated over 5 min (White et al., 2011; Mohajerani
etal,, 2013; Vanni and Murphy, 2014). Seed-pixel correlation maps were
limited to 10 seed locations for each cortical hemisphere (20 in total; Fig.
3A, black points): BC, Barrel field; FL, forelimb; and HL, hindlimb re-
gions of the primary somatosensory area; RS, retrosplenial area; V1 and
VB, primary monocular and binocular visual area; A, anterior visual area;
M, motor area; Vm, visuomotor area; and Un, unassigned multimodal
region. Their locations were defined according to the Allen Institute Atlas
(i.e., barycenter of each region, http://brain-map.org) and previous stud-
ies (Vanni and Murphy, 2014) and were chosen to represent a wide
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Figure 2.  Spatial and spectral distribution of the brain activity. A, Normalized power frequency maps of spontaneous brain activity in eight different frequency bands (010 Hz) defined as a
function of alog scale and computed from a single epoch (right) and from the averaged activity from 14 mice (left, combining 109 epochs in total). Overlaid on maps in white are positions of M1, HL,
FL, BC, V1, and RS brain regions from the atlas information in Figure 1C. The blue, orange, and green points indicate the three 1 X 1 pixel ROls quantified in C. Green plus sign denotes the position
of the bregma. B, Average power spectra of brain activity from 10 different ROIs (right hemisphere: B, FL, HL regions of the primary somatosensory area calculated from an average between the
value of the Allen Institute Atlas: RS, V1, VB, A, M, Vm, Un) during a 5 min recording period (from normalized power maps; Materials and Methods). Spectra were classified in two groups by using
k-means clustering (blue and green boxes in background). €, Average power spectra of the brain activity within right RS (orange), HL (blue), and anterior cortex areas (green; mean == SEM, n = 14).
No difference was observed in power amplitude between the anterior region and RS for both frequency bands (0.41 == 0.04 vs 0.39 = 0.03, unpaired t test, p = 0.604 and 0.4 == 0.04 vs 0.39 =
0.03, p = 0.747 for 0.1-1 and 25 Hz, respectively). Dimmer orange and blue colored curves: power spectra of the individual epoch shown in A (right). Dashed gray regions are the low (0.1-1 Hz)
and high-frequency domains (2—5 Hz) used for later figures and vertical black lines indicate the boundaries of the different frequency bands used for A. hb, Heartbeat artifact; peak = 762 = 8 bpm
(n = 14). D, Average power spectra of the brain activity within right RS and HL areas from five successive 1 min periods. E, Average (center) and individual (right) optimal frequency map during 5
min (in colored log scale; Materials and Methods) normalized by the magnitude power of Fourier transform (luminance). The left diagram presents how the optimal frequency is evaluated from the
power as a function of frequency. F, Average optimal frequency map normalized during five successive periods of T min.
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Figure3. Correlation mapping at low-frequency mode (0.1-1Hz). 4, Seed-pixel correlation maps derived from low-frequency mode of activity (0.1-1Hz). First column: averaged data from 14
mice combining 109X 5 min epochs in total, second column, same example used in the previous Figure 2). The white lines denote the landmarks of M1, HL, FL, BC, V1, and RS regions. The black points
indicate all the seed locations explored (Fig. 2), whereas the white circle indicates the current seed location. The black lines indicate the boundaries of the clusters using Louvain parcellation (Fig. 5).
Third column: spatial gradient of the corresponding correlation maps (second column). Green line in the HL map (third line): profile used in Cto compare correlation r values and its spatial gradient.
White plus sign denotes the position of the bregma. Last column of the first line: phase scramble data (Materials and Methods). BT, Matrix of correlation of signals between different pairs of seed
locations. Same scale asin A. B2, Same values as in B but reordered by putting high r values closer to the diagonal. C, Profile of correlation (green line) and spatial gradient of the correlation (black
line) for the green line presented in A (HL seed).
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distribution of cortical territories (3 somato-
sensory, 2 visual, 2 motor, and 3 associative).
By picking up the correlation r values in of each
of these regions and for each of the seed-pixel
correlation map, it was possible to generate
correlation matrices (Fig. 3BI). Because of
some variability in the imaging window place-
ment can exist, some ROIs may have not been
processed for all the mice and were not in-
cluded. To better visualize the connectivity
matrix, indices were reordered by putting high
r values closer to the diagonal (reorderMAT
function from brain connectivity toolbox:
https://sites.google.com/site/bctnet; Fig. 3B2).
To measure the spatial rate of change of the
correlation r values the local 2D gradients vec-
tor strength were calculated for each pixel of
each correlation map (Fig. 3C; Cohen et al.,

A
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filtering and correlation maps were also imple-
mented on synthetic data created by scram-
bling the phase spectrum of original data while
keeping the same amplitude spectrum to con-
serve a similar spatial coherence.

To evaluate the blood volume contribution
to map, we did multiple measurements of
green reflectance and fluorescence in two mice
by alternating the collection of frames under
blue LED illumination (GCaMP fluorescence)
and green LED illumination (reflectance) every
6.67 ms (150 Hz frame rate; Wekselblatt et al.,
2016). The green reflectance was then used to
normalize the fluorescence (corrected green
fluorescence) by subtracting the fractional
changes (AF/F).

Contralateral and ipsilateral connections. To
evaluate the strength of interhemispheric cor-
relation at each pixel of the cortex, we calcu-
lated the highest r value measured within the
contralateral hemisphere for each pixel of the
ipsilateral cortex (Fig. 4B). Using the same
data, we also estimated the “error” of homo-
topic connections relative the axis of symmetry
between both hemispheres: for each pixel, the
distance (white arrow) between the location of
the pixel with the highest r value within con-
tralateral hemisphere (blue cross) and the ex-
pected mirrored position of the ipsilateral seed
of the ipsilateral hemisphere (black cross) was
used to generate a map of homotopic distance. To quantify the long-
range topography of connections we generated maps revealing the num-
ber of islands of high correlation associated with each seed-pixel
correlation map (Fig. 10A). Basically, this evaluated for each pixel (each
seed-pixel correlation map) the number of spatial domains of high cor-
relation within the same hemisphere by measuring the maximum num-
ber of domains for binary maps generated with different r values’
threshold. To spatially explore the cortical brain activity fluctuation, the
SD of calcium signal was also calculated for each pixel.

Cortical parcellation. The spatial parcellation of functional activity was
investigated with different approaches (Fig. 5): (1) By calculating the
correlation between each pixel, the pairwise distance vector between the
N X N pairs of pixels was used to generate hierarchical cluster tree with
linkage algorithm using Euclidean distances as well as cluster indexation
at different hierarchical stage (pdist, linkage, dendrogram, and cluster
MATLAB functions; White et al., 2011). (2) Alternatively, another

Interhemispheric correlation

Homotopic distance

Figure4. Gradient, interhemispheric connectivity and SD for low-frequency mode. 4, Average gradient of correlation map for
all pixels averaged between mice (left; n = 14) and for one single epoch (middle). Right, Average gradient of correlation map from
phase scramble data. Brain region landmarks, as in Figure 24, are denoted by red lines here. Dashed white lines illustrate the
boundaries of identified Clusters 1, 2, and 3. Black and colored points indicate the seed-pixel locations. B, Top, Diagram of the
method used to estimate the interhemispheric correlation and homotopic distance values for each seed. Bottom: Interhemispheric
correlation map (Materials and Methods) averaged (left) and for one single epoch (middle). Black dotted lines highlight the
location of binocular and monocular visual cortex (B, M). Right, Average homotopic distance map between the maximum locus of
correlation in opposite hemisphere and the expected mirrored position of the maximum. €, SD map of cortical activity averaged
(left) and for one single epoch (right).

method was used in complement to the correlation clustering. Thus,
k-means algorithm was used to create a partition of the # pixel signals
into k clusters (k-means). (3) As both of these previous methods are
dependent on a predetermined parameter setting, the number of clus-
ters, a third method was also used in parallel: the Louvain method for
community detection was used to extract communities from the N pixels
(community_louvain from the brain connectivity toolbox: https://sites.
google.com/site/bctnet; Blondel et al., 2008; Rubinov and Sporns, 2010;
Newman, 2011). For each of these methods, the Silhouette coefficient
was calculated for each pixel to evaluate the accuracy of the classification
(silhouette MATLAB functions).

Comparison of maps. For each epoch, the similarity of patterns between
blood vessel pattern (spatially high-passed at >2 mm to avoid uneven
illumination), gradient, SD, and Louvain maps were compared by com-
puting the spatial cross-correlation between pairs of maps comprising
each combination of analysis modality (Figs. 5E, 6). In the case of Lou-
vain maps, the edges of the map were processed with a Sobel filter and
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used for comparison. To quantify the variability of gradient, SD, and
Louvain maps during and across epochs in each mouse, as well as
between mice, two methods were used. (1) Distribution of cross-
correlation r values between each pairs of maps of the same modality was
performed for the first and second half part of each epoch or between
each epoch of each mouse or between each epoch of different mice.
(2) Alternatively, to evaluate the spatial location of the variability, maps
of each modality were z-transformed by computing the root means
square error (RMS) at each pixel (Fig. 5F).

Temporal dynamics. To explore the temporal dynamics of cortical
activity, two methods were used: (1) spike-triggered averaging and
(2) jittered correlation. For spike-triggered averaging, cortical activity
was analyzed in different seeds by calculating the median and SD (o).
Calcium activity that exceeded a threshold (median + o) was considered
as a “calcium spike”. Then, similar to Xiao et al. (2017), the calcium
activity in a window of *£15 s around each spike was averaged for each
pixel to create an average sequence of cortical activity associated with a
“calcium spike” in each of the selected seeds (Fig. 8A—C). Alternatively,
jittered correlation was used to explore the temporal dynamics of cortical
activity by correlating the signal recorded in each selected seed location,
to signals of all other pixels using seed-pixel correlation by incorporating
avarying time lag (Fig. 9A). Matrices of correlation maps as a function of
the jitter were generated and used to reveal the cortical sequence of
activity. The frequency of the oscillation was calculated by performing
the Fourier transform on correlation values versus jitter at the seed loca-
tion. Then, for each pixel, the phase and magnitude of Fourier transform
of correlation values at this frequency was used to create maps of jitter
dynamics (Fig. 9B).

Topography. Topography was explored on individual epochs as well as
on average correlation maps from every mouse: for analysis of average
correlation maps, the computation was restricted to pixels having an
average number of islands >1.7 and 1.4 (for low and high-frequency,
respectively; Contralateral and ipsilateral connections). The location of
the maximum correlation within the remote island of the same hemi-
sphere was calculated to generate topographic ipsilateral maps in the
mediolateral and caudorostral axis (Fig. 10C): then, the x, (or y,) values
of the seed was attributed to the location (I(x,,,y,)) of the maximum
(color map). In a similar way, for every pixel, the location of the maxi-
mum correlation within the opposite hemisphere was calculated to
generate topographic contralateral maps in the mediolateral and cau-
dorostral axis (Fig. 10D).

To create topographic maps from individual epochs, correlation maps
were generated for seed pixels equally spaced and ordered to aline. Then,
for each seed-pixel correlation map series, the Fourier transform was
computed for each pixel (Fig. 11A). The resultant extracted phase and
amplitude information at the first harmonic (1/number of seed) were
then used to infer the topography (Kalatsky and Stryker, 2003; Groleau et
al., 2014; Abbas Farishta et al., 2015; Garrett et al., 2017; Zhuang et al.,
2017).

Retinotopy. In a subset of experiments, sensory stimulation was per-
formed to investigate topography (Fig. 11E). To perform retinotopic
mapping, 5 min of visual stimuli were generated using Psychtoolbox and
presented on a LCD screen placed 19 cm in front of the mouse’s eyes. A
continuous stimulation paradigm was used where black and white bars
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(Figure legend continued.) index, whereas the luminance is the accuracy of the clustering (sil-
houette value). C, Same as B but using k-means parcellation. D, Brain parcellation using com-
munity structure clustering (Louvain). E, Example of merging between Gradient, SD maps, and
Louvain boundaries. The correlation between the two examples maps are shown in the respec-
tive top right corner of the images. Average correlation between gradient and SD maps: r =
—0.53 = 0.03 (one-sample ¢ test for the hypothesis that the data are centered to 0: p <
0.001), gradient and Louvain: r = +0.54 = 0.02 (p << 0.001), SD and Louvain:r = —0.28 =
0.02 (p < 0.001). Not shown; Interhemispheric correlation and gradient: r = —0.47 = 0.04
(p<<0.001),SD:r = +0.28 £ 0.05 (p < 0.001), and Louvain: r = —0.43 = 0.02 (p <
0.001). F, Average RMS (root means square) of gradient, Louvain, and SD maps (Materials and
Methods) between mice (first line), between each epoch of the same mouse (second line), and
between two periods of the same epoch (third line).
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were periodically moving at 0.2 Hz horizontally or vertically over a gray
background to generate elevation and azimuth maps, respectively
(Kalatsky and Stryker, 2003; Groleau et al., 2014; Abbas Farishta et al.,
2015; Zhuang et al., 2017). Similar to spontaneous activity presented
previously, the signal of each pixel was decomposed by Fourier transform
to obtain phase and magnitude matrices. Then, the phase values at the
stimulus frequency were used to determine retinotopic maps along the
elevation and azimuth independently. Sign maps were used to func-
tionally delimit each visual area based on the reversion of the gradient
of phase and was computed by measuring for each pixel the sine of the
difference between gradients of azimuth and elevation from the reti-
notopic maps (Sereno et al., 1995; Garrett et al., 2014; Zhuang et al.,
2017).

Experimental design and statistical analysis

One-hundred and nine epochs were recorded across 14 mice. Analyses
were performed between periods from the same epoch, between epochs
in one mouse or between mice. Any results of analysis were averaged
between epochs before being averaged and compared between mice. Sta-
tistical tests were performed using unpaired ¢ test and one-sample ¢ test
for the hypothesis that the data are centered to zero by using the Statis-
tical and Machine Learning Toolbox of MATLAB. Unimodal normal
distribution of the was tested using one-sample Kolmogorov—Smirnov
test.

Results

The spectral and spatial decomposition of spontaneous brain
activity revealed two operating modes

Mice were implanted with a chronic window covering most of the
bilateral dorsal cortex including prefrontal, sensorimotor and vi-
sual regions (Fig. 1B). Using this preparation, spontaneous activ-
ity was collected in quiet awake mice during 5 min epochs. To
increase statistical power and to ensure functional connectivity
measures were robust we collected and assessed spontaneous ac-
tivity from 109 imaging sessions across n = 14 Ai-94 GCaMP6s
mice (Materials and Methods). To identify specific temporal and
spatial signatures of brain activity, the Fourier transform was
computed on each pixel to present the spatial distribution of
different brain oscillations for different frequency bands (Fig.
2A). The average power spectrum of activity was also presented
for different regions of interest (Fig. 2B) showing the presence of
two spectral structures: one associated with low-frequency
components (<1 Hz, well represented by HL), and a second as-
sociated with the presence of a higher-frequency component (be-
tween 1 and 5 Hz, well represented by RS). The distribution of the
power within the dorsal cortex showed a unimodal normal dis-
tribution of the activity (one-sample Kolmogorov—Smirnov test:
p = 0.675 and p = 0.352 for low- and high-frequency bands,
respectively, n = 109 epochs). Quantification of power measured
from right RS and HL (Fig. 2C) showed that, whereas no differ-
ence was observed in 0.1-1 Hz frequency band between HL and
RS (0.44 = 0.02vs 0.39 * 0.03%, respectively, unpaired ¢ test: p =
0.202, n = 14), RS exhibited significantly more power than HL
within the 2-5 Hz higher frequency band (0.23 * 0.01 vs 0.39 =
0.03%, unpaired t test: p < 0.001). To measure the frequency
distribution of discrete regions more precisely, the frequency as-
sociated with the highest signal was determined for each pixel of
the cortex (Fig. 2E, optimal frequency). Consistent with spectral
measurements, operating frequency was lower in HL than RS
(0.11 %= 0.25 vs 2.43 * 0.33 Hz, unpaired ¢ test: p < 0.001). By
subdividing the brain activity of each 5 min epoch into five 1 min
segments, it was observed that the spectral distribution and opti-
mal frequency was constant for the duration of the recording
(Fig. 2D, F). In conclusion, the spatial and spectral decomposi-
tion of signal clearly revealed the presence of two main modes of
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Figure 6. A, Top, Blood vessel pattern (raw green fluorescence), Louvain parcellation, SD,
and Gradient maps calculated from another example (bandpass: 0.1-1 Hz). Bottom: Same
maps but overlaid by the blood vessel pattern and showing the r values of cross-correlation
between each of these map with the blood vessel pattern. Although some degree of correlation
exists between vascular landmarks (white arrow), they did not correspond to the majority of the
functional boundaries observed (dotted white line). This can explain the low r values observed
between blood vessel pattern and Louvain [r = —0.03 == 0.01vs —0.01 == 0.01 (for shuffled
mice blood vessel pattern, Materials and Methods), paired t test: p = 0.04,n = 14],5D (0.20 =
0.03vs0.05 = 0.02, p < 0.001) and gradient (—0.14 == 0.02 vs —0.02 = 0.01, p < 0.0071).
B, Louvain parcellation, SD, and gradient maps calculated from an independent set of experi-
ment where the green reflectance was acquired in parallel with green fluorescence to
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activity: one, located in the center of the dorsal region including
HL, was mostly associated with slow components <1 Hz (low-
frequency mode, 0.1-1 Hz) and a second one located in the me-
dial posterior regions, including the RS and lateral cortex, was
more clearly associated with faster components (within 2-5 Hz
window and beyond: high-frequency mode). Given this spectral
separation of spontaneous brain activity into low- and high-
frequency modes, the parcellation of cortical signal was further
explored for these two frequency bands.

Low-frequency activity was associated with parcellation in
three main clusters of brain activity within dorsal cortex
Functional connectivity was first explored within the low-
frequency band (0.1-1 Hz) by computing seed-pixel correlation
maps and a region-by-region comparison correlation matrix
(Fig. 3A, B). Similarly to previous studies using GCaMP3, iGluSnFR,
voltage-sensitive dye, or intrinsic optical imaging (White et al.,
2011; Mohajerani et al., 2013; Vanni and Murphy, 2014; Chan et
al,, 2015; Xie et al., 2016), consistent patterns of functional con-
nectivity were observed including strong correlation between ho-
motopic regions as well as between distant locations within the
same hemisphere such as between BC and motor cortex. By re-
organizing the matrix (Fig. 3B1) to have the highest r values closer
to the diagonal, it was possible to observe multiple groups of
highly correlated regions (Materials and Methods; Fig. 3B2): (1)
FLand HL; (2) BC, M, and Un; (3) visual regions: V1, VB, and A;
and (4) medial regions: RS and Vm. All of these correlated clus-
ters also exhibited strong contribution of interhemispheric con-
nection between homotopic regions. This gross parcellation is
consistent with higher resolution parcellation described later in
the current studies (Fig. 5). The absence of observed patterns
when processing synthetic data created by scrambled phase spec-
trum (Materials and Methods) confirmed the neuronal specific-
ity of mapping (Fig. 3A, first line). For each seed location
examined, the regions of high correlation (r > 0.5, orange-red
colors) encompassed several mm? and, outside of this region, r
values rapidly fell <0 in less than a millimeter (Fig. 3C). To
evaluate the extent of highly correlated regions, spatial gradients
of correlation were computed and showed that boundaries of
highly correlated regions were very stable when seed-pixel posi-
tions were moved to different locations within the same domain
(Fig. 3A, last column).

This generated reliable averaged gradient maps between mice
(Fig. 4A) delimiting three main bilateral territories: a first one
(Cluster 1) encompassing most of M2, the lateral part of M1 and
BC, MO, and NO regions of the somatosensory areas; a second
territory (Cluster 2), including the medial part of M2 and limb
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investigate the contribution of blood volume artifacts (Materials and Methods). The third line
shows the mapping on corrected green fluorescence. r Values of cross-correlation between
uncorrected green fluorescence and corrected green fluorescence or green reflectance are
shown in the top right of each image. A strong similarity in mapping was observed between
uncorrected and corrected green fluorescence (r = 0.69 = 0.03,0.92 = 0.03and 0.93 = 0.01,
n = 15, for comparison between Louvain, SD, and gradient maps, respectively) in contrast to
the comparison between green fluorescence and reflectance (0.08 == 0.02, 0.03 == 0.03, and
0.27 = 0.03). ¢, One frame of the video capture of the mouse behavior recorded in parallel of
the cortical activity. Orange boundaries delimit regions where the density of movement was
calculated. Graph: profile of the density of movement as a function of time. Gray bars are the
periods of quietness. D, Louvain parcellation, SD, and Gradient maps calculated from the full
sequence of spontaneous activity (first line) and the concatenation of periods of quietness
(second line). r Values of cross-correlation between maps from full and quiet periods are shown
in the top right of the image.
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region of the somatosensory area (HL and FL), and a third one
(Cluster 3), including visual and RS areas. Except at the bound-
aries between Clusters 1 and 2, as well as within monocular visual
cortex, the strength and mirroring accuracy of interhemispheric
connectivity was high (r = 0.62 = 0.03,n = 10vs 0.74 * 0.04,n =
8, unpaired ¢ test: p = 0.02 between V1 and VB, monocular and
binocular region of the visual cortex, respectively. 0.81 * 0.02,
n=14vs0.41 = 0.05, n = 14, unpaired ¢ test: p < 0.001 between
HL and the Un; Fig. 4B). To identify the regional distribution of
cortical activity, the SD of spontaneous activity was processed for
each pixel and the resulting maps clearly showed domains of high
activity delimited by “valleys” which overlap with the location of
high gradients (Figs. 4C, 5E).

To further explore the parcellation of cortex into functional
clusters, complementary methods of classification based on the
similarity of signal time series were used. First, correlations were
calculated between all pairs of pixels to generate dendrogram
trees classifying each group of pixels (Fig. 5A,B). Thus, at each
step, it was possible to show the spatial pattern of parcellation
with the clear limits of each functional cluster. Parcellation was
also processed using k-means clustering classifying pixels in K
groups based on their similarity (Fig. 5C). One limitation of both
of these parcellation approaches is the subjectivity of the thresh-
old that has to be established to parcellate the brain into a discrete
number of functional modules. To objectively define the number
of clusters, community structure algorithms were also used: Lou-
vain parcellation applied to the same data were able to define the
spatial pattern of 2.89 = 0.04 clusters (n = 14; Fig. 5D). Using this
latter approach and consistent with previous observations from
gradient maps of correlation (Fig. 4A), three functional modules
were observed: the first two encompassed the sensorimotor re-
gion (1: orofacial regions; 2: limb regions), whereas the third one
was associated with medial posterior areas (3: visual cortex and
RS). In agreement with previous studies (Mohajerani et al., 2010;
White et al., 2011; Sforazzini et al., 2014), strong interhemi-
spheric correspondence was observed (correlation of patterns be-
tween both hemispheres: r = 0.44 = 0.05, 0.59 * 0.04 and 0.46 =
0.04 for gradient, SD, and Louvain boundaries maps, respec-
tively; for all, p < 0.001, one-sample t test for the hypothesis that
the data are centered to 0) as well as consistent patterns between
Louvain boundaries and gradient or SD maps (Fig. 5E). For each
mouse, the patterns were more consistent within one epoch than
between epochs from different days [correlation of maps: gradi-
ent r = 0.89 £ 0.02 (n = 14) vs 0.69 = 0.01 (n = 513 pairs,
unpaired ¢ test, p < 0.001); SD: 0.91 * 0.01 vs 0.73 = 0.01 (p =
0.002); and Louvain 0.64 = 0.04 vs 0.44 = 0.01 (unpaired ¢ test,
p <0.001)]. Although conserved, a weaker consistency of pattern
was observed between animals (gradient: » = 0.32 = 0.00, SD:
0.25 = 0.00, Louvain: 0.18 = 0.00, n = 5373 pairs, all unpaired
t test, p < 0.001). Similarly, average RMS maps (Materials and
Methods) showed more differences between animals than with
different epochs within the same individual animal or from two
periods of the same epoch (Fig. 5F): RMS between animals:
0.062 = 0.005, 0.226 = 0.01 and 0.761 *= 0.152 n = 14 (for
gradient, Louvain, and SD, respectively) versus within different
epoch of one animal: 0.054 * 0.004, 0.15 = 0.006, 0.237 = 0.029,
n = 14 (unpaired ¢ test, p = 0.173, p < 0.001 and p = 0.002). A
similar trend was observed for the RMS within different epoch of
one animal and different period of one epoch (0.02 = 0.001,
0.103 = 0.002, 0.089 = 0.005, n = 109, unpaired ¢ test, for all:
p < 0.001).

For each mouse, the surface blood vessel patterns were com-
pared with the corresponding Louvain clustering, gradient, and

Vanni et al. @ Multiscale Mesoscopic Brain Parcellation in Mice

SD maps and were found not to impact parcellation (Fig. 6A). To
evaluate the potential the contribution of blood volume changes
on our measurements of green fluorescence, we also measured
the green reflectance changes in parallel (Materials and Methods;
Wekselblatt et al., 2016). The reflected signal was then used to
correct the green fluorescence, but ultimately did not show any
significant impact on mapping consistent with our previous work
(Xiao et al., 2017). These control experiments support the idea
that, given a large amplitude of calcium signals green fluorescence
was minimally affected by blood artifacts within the frequency bands
of our experiments (Fig. 6B). This can be observed by the smaller
amplitude of reflected green signals compared with fluorescence
(Fig. 6B, compare SD map of reflectance and fluorescence).

The contribution of sensory driven cortical activity produced
by movement was assessed by associating video capture of body
movement with brain calcium activity similarly to our recent
work (Xiao et al., 2017). Periods of escape-like behavior or
grooming and their associated body and limb movements were
rare, but were easily identified by selecting regions of interest on
limbs and quantifying the density of movement corresponding to
the average pixel value changes (absolute) within the region of
interest and for each frame (Fig. 6C, orange region). Cortical
mapping was then processed and compared between periods of
quietness (concatenated sessions without limb movements) with
full periods of spontaneous activity (including periods of move-
ments) and did not show differences (cross-correlation of maps:
r=0.96 = 0.02,0.99 = 0.01, and 0.77 = 0.05 for gradient, SD,
and Louvain boundaries maps, respectively, n = 10; for all p <
0.001, one-sample ¢ test for the hypothesis that the data are cen-
tered to 0; Fig. 6D).

The bimodal parcellation observed at higher frequency may
be associated with a default mode-network structure

Using the same dataset, cortical parcellation was also explored
within spontaneous activity associated with the higher frequency
mode (2-5 Hz). Seed-pixel correlation mapping was performed
and showed that the connectivity between BC and motor cortex
was preserved (Fig. 7A; r = 0.38 = 0.06 vs 0.46 * 0.07 for high-
and low-frequency mode activity, respectively, unpaired ¢ test:
p = 0.441, n = 14). At a higher frequency, a reduction of the
anticorrelated relationship for connectivity between HL and both
motor cortex and BC was observed (0.01 = 0.07 vs —0.22 =+ 0.05,
unpaired ¢ test: p = 0.012 and 0.11 * 0.05 vs —0.34 = 0.07,p <
0.001, for high- and low-frequency mode activity, respectively).
These results may suggest that the cluster of the somatosensory
cortex associated with limb functions (previous Cluster 2) is no
longer independent and is now more co-associated with Cluster 1
which includes the BC and motor cortex. This was confirmed by
cortical parcellation as well as gradient mapping (Fig. 7B-D)
showing the presence of mostly two main clusters: a lateral/ante-
rior cluster that encompasses all the somatosensorimotor areas
recorded, and a second cluster, more medial/posterior that en-
compasses visual cortex as well as RS. Interestingly, a subset of
experiments, performed under light isoflurane anesthesia (1.2%),
revealed a similar pattern that was independent of the frequency
mode investigated (0.1-1 or 2-5 Hz, data not shown). These
results suggest then the unique arrangement of cortical activity
observed in awake mice at low-frequency (0.1-1 Hz), whereas
higher-frequency (2-5 Hz) could be more influenced by the de-
fault mode pattern of cortical processing.
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Figure7.  Cortical parcellation based on correlation at higher frequency mode (25 Hz). A, Seed-pixel correlation maps for higher frequency mode of activity (25 Hz) in one single epoch (right;
same example used in previous Figs. 2—5) and averaged from 14 mice (left). Overlaid on maps in white are positions of M1, HL, FL, BC, V1, and RS brain regions. The black lines indicate the boundaries
of the clusters using Louvain parcellation in D. B, Average gradient, interhemispheric, and SD maps from 14 mice. C, Brain parcellation in 2, 3, or 4 clusters using k&-means clustering averaged (left;
n = 14) and from one single epoch (right). D, Brain parcellation using community structure clustering (Louvain).

Jitter correlation reveals a programmed sequence of cortical three consistent clusters within the dorsal cortex. To establish

clustered activity

whether the relative activation of each of these clusters was ran-

Several lines of investigation revealed that the low-frequency  dom or sequential, the dynamics of activity was examined using
mode of spontaneous activity (0.1-1 Hz) can be parcellated into ~ temporal analysis. As shown in the example in Figure 8A the
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Figure 8.

AF/F

Cortical dynamics of clustered activity using spike-triggered averaging. A, Cortical activity for seeds in left posterior visual cortex (intermediate location between RS and V1: VS) for the

frequency band 0.1-1Hz and fora single epoch. Green lines: threshold value corresponding to median + . Red circles: calcium spikes corresponding to events that exceeded the threshold. B, Black
curves: profile of spike-triggered averaging of the normalized fluorescence change in VS. Blue curves: profile of the normalized correlation value as a function of thejitter. ¢, Comparison of the cortical
dynamic between spikes triggered averaging (top) and jittered correlation (bottom, normalized between —1to 1) for three different lags: —2, 0, and +2s. D, Spike-triggered average frames
normalized between —1to 1and averaged (n = 14) for seeds located in three different ROIs: HL, VS, and M.

cortical activity in a seeds located in the intermediate location
between left RS and V1 (VS) was measured and showed the pres-
ence of calcium spikes that were identified by applying a thresh-
old (red circle; Materials and Methods). We then averaged the
temporal profile of cortical activity associated with each spike
(spike-triggered averaging; Fig. 8 B, C). In this example from one
epoch, we observed that the activity in VS was preceded by activ-
ity within bilateral HL regions and was followed by activity within
a bilateral anterior cluster including M and BC. Spike-triggered
averaging was then generated for each epochs and then averaged
between mice and for three different seeds in HL, VS, and M and
showed that the cortical dynamic described was robust enough to
still be present (Fig. 8D, second line). A similar corresponding
spatiotemporal profile of activity was observed for seeds in HL
(first line) and M (third line): HL was preceded by activity in BC
and M and followed by VS, whereas M was preceded by activity in
VS and followed by HL.

However, variability of the calcium-signal amplitude between
mice and epochs could have impacted the average. Moreover, this
trigger average method depends on a threshold value which can
also be dependent on the variability of amplitude and signal-to-
noise ratio. We therefore used a parallel method to explore the
sequence of clustered cortical activation based on jittered analy-
sis: basically, the correlation of activity within the seed locations
was compared with the activity measured from all other pixels
and incorporated a temporal jitter extending *15 s in 0.5 s steps

(Materials and Methods; in Figs. 8 B,C, blue curves and lower
montage, Fig. 94). Using this approach, it was possible to identify
the active network preceding (high correlation for jitters <0 s)
and following (>0 s) the activity for each seed location similar to
the cortical activity preceding and following each identified spike.
This analysis clearly confirmed that the activity of HL was corre-
lated with preceding activity within a bilateral anterior cluster
including M and BC and was followed by a bilateral posterior
cluster activity including VS and so on (Fig. 9C, red and green
curves of seed HL). A similar spatiotemporal profile of activity
was observed for seeds in VS and M. Although a cyclic pattern of
activity could be identified, the relative delay of activation be-
tween clusters can be then calculated at the frequency of the
oscillation: for each pixel the Fourier phase of the jittered corre-
lation maps sequence was computed to generate a Fourier map of
the temporal dynamics (Materials and Methods; Fig. 9B). This
approach clearly revealed a circular sequence of correlation acti-
vating in cyclic order of HL, followed by VS, followed by M (and
BC), and so on, looping at 0.12 = 0.00 Hz (n = 14) around a
polymodal pinwheel axis located within the unassigned region of
somatosensory cortex between the multimodal area A (also called
the pTA), BC, and FL.

Although only two main clusters were identified from the
higher frequency mode (2-5 Hz), the temporal dynamics of ac-
tivity was also examined using jittered analysis (Fig. 9D-F). In
contrast to the looping structure observed previously, a bimodal
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Figure9. Cortical dynamics of clustered activity using jitter correlation. A, Seed-pixel correlation-maps normalized between —1to 1and averaged (n = 14) for seeds in left HL, VS, and M and
incorporating temporal jitters ranging from =3 s (jittered correlation sequence) for the frequency band 0.1-1Hz. B, Jitter Phase maps (first column, range: 4.3 s), amplitude (second column) and
combination of both (third column) of thejitter correlation map oscillations for seedsin HL, VS, and M (indicated by the colored circles). Cyan color corresponds to ¢ = 0, whereas orange/green colors
(¢ < 0) indicate preceding correlation and blue/purple colors (¢ > 0) indicate following correlation. The yellow dotted circular arrows indicate the clockwise pinwheels within left hemisphere.
€, Profile of the normalized correlation values within 3 regions of interest (ROI) (HL, VS, and M, in blue, green, and red, respectively) as a function of the jitter and the three seeds. Jittered correlation
map corresponding to the maximum correlation coefficient value of each ROl are indicated by the colored dotted boxes in A. D—F, Same as A—C but for the frequency band 2—5 Hz (range: +0.25).
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Figure10.  Topography of connections observed at both frequency bands. 4, Description of the method used to calculate the number of ipsilateral islands: for each seed-pixel correlation map (i.e.,
for every pixel), the number of individual regions of high correlation was determined. To evaluate this number, the correlation map was thresholded with different rvalues and the number of regions
was estimated. In the example, we choose an example for a seed into barrel cortex showing a clear remote correlation into motor cortex. When the rvalues threshold is too low, the counting cannot
discriminate barrel and motor cortex, when it is too high, it only thresholds the barrel cortex. In an intermediate range of r values, it is possible to count two regions. Accordingly to the color code,
red values represent seed locations associated with correlation maps having two individual islands or high correlation within the same hemisphere while green values were associated with the
existence of one single region of correlated activity. B, Average number of island (NI) of high correlation maps within the ipsilateral hemisphere associated with (Figure legend continues.)
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dynamic between lateral-anterior and medial-posterior clusters
was observed oscillating at 2.61 * 0.10 Hz (n = 14), particularly
apparent for seeds located within VS or M. In conclusion, two
modes of spatiotemporal dynamic appeared to coexist within
dorsal cortex: (1) a slow one, activating in sequence the locomo-
tion, visual, and orofacial regions around a polymodal pinwheel
every ~8 s; and (2) a fast one, encompassing alternating lateral
and medial region activation every ~0.4 s.

Within the somatosensory motor and visual clusters, a highly
preserved topography of connections can be revealed
Although spontaneous cortical activity can be parcellated in a
limited number of clusters at a large hemisphere-wide scale, a
finer level of functional organization was investigated by explor-
ing the preserved topography of connections between multiple
regions of each functional cluster. Seed-pixel correlation maps
already revealed the presence of ipsilateral islands of correlated
activity between barrel and motor cortex at low and high fre-
quencies (Figs. 3A and 7A, seeds in the BC and M). By calculating
the number of ipsilateral islands observed for each correlation
map of each hemisphere, ipsilateral Number of Island maps were
created from activity of the two frequency bands previously ex-
plored (Materials and Methods; Fig. 10 A, B). As indicated by the
color map, red values represent seed locations that were associ-
ated with correlation maps having two individual islands of high
correlation within the same hemisphere (seed in barrel cortex
evoking a remote island of high correlation in motor cortex),
whereas green values were associated with the existence of one
single large region of correlated activity. This clearly con-
firmed the existence of robust remote islands of correlation
between sensory and motor cortex that were present in both
frequency modes.

The arrangement of locations of highest ipsilateral correlation
was then calculated for differing seed locations along the cau-
dorostral and medial-lateral axes within lateral region of the bar-
rel cortex associated with high average number of island values
(Fig. 10C, ipsilateral topographic map). For clarity, we mapped
mediolateral and anteroposterior axes independently (Materials
and Methods). For each seed, we identified the location of the
maximum correlation in remote region and attributed to this
pixel location the x or y value of the seed to make maps in the two
axes, respectively (Materials and Methods). This showed the
presence of a highly arranged topography of connections be-
tween sensory and motor cortex. The arrangement of locations of
highest contralateral correlation was also calculated for every
seed location in the opposite hemisphere (Fig. 10D, contralateral
topographic map) and also revealed a very well preserved topog-
raphy of connections between homotopic locations of both
hemispheres, except for the polymodal regions previously de-

<«

(Figure legend continued.) each seed pixel for 0.1-1 (left) and 2—5 Hz (right) bands. These maps
were calculated from correlation maps of individual epochs and then averaged across the 14
mice. C, Top, Description of the method used to evaluate the topography. For each seed, we
identify the location of the maximum correlation in remote region and attributed to this pixel
location the x or y value of the seed to make maps in anteroposterior and mediolateral axis,
respectively. Bottom, Location of the maximum ipsilateral correlation for seeds located within
lateral island with NI > 1.7 and 1.4 for 0.1-1 (left) and 2—5 Hz (right) bands, respectively
(ipsilateral topography; see Materials and Methods) using the average correlation maps from
every mice (n = 14, 109 epochs). D, Location of the maximum contralateral correlation (con-
tralateral topography; Materials and Methods). Red arrows: tail-end of red arrows indicate the
region/hemisphere of the seed locations tested and the tip of arrows indicate the corresponding
location of maximum correlation in the remote region/hemisphere.
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scribed. This interhemispheric pattern is consistent with the cor-
relation maps already presented in Figure 3A (compare Un seeds
with every other) as well as the weaker and less resolved inter-
hemispheric connections between polymodal regions at the bor-
der of visual and somatosensory cortex (Fig. 4B). Therefore, the
intra and interhemispheric topographic mapping performed
here on a broad spectral band of spontaneous activity from all
mice, revealed a very well preserved pattern mirroring functional
domains between multiple regions.

To explore the topography of connections between sensory
and motor cortex in greater detail, seed-pixel correlation maps
calculated for nearby seed pixels were generated for single epochs
after bandpass filtering at 0.1-1 Hz. Seed-pixel locations were
systematically varied along a line (Fig. 11A, white line) and
showed that the centers of remote islands of correlations moved
accordingly to the seed-pixel locations. For sensory cortex, cor-
relation maps were generated for different seed locations along
the mediolateral (Axis 1) and caudorostral axes (Axis 2). This
clearly revealed that within the same hemisphere, remote islands
of high correlation were found within motor cortex of both hemi-
spheres. These correlation maps were used to calculate the topo-
graphic map using Fourier analysis (Materials and Methods),
matching each local and remote location accordingly to a color
code (Fig. 11B) and showed a highly preserved arrangement of
connections between sensory cortex and primary and secondary
motor cortex. Reciprocally, correlation maps were generated for
different seed locations along two different axes within motor
cortex and revealed consistent mutual results. Together, these
results revealed axes of symmetries in posterolateral axis mirror-
ing the maps between areas S1 and M1, M1, and M2 but also, in
some experimental conditions S1 and S2 (data not shown).

Topographic mapping was also applied to visual cortex
regrouping the primary visual area (V1) and its surrounding ex-
trastriate areas (AL, LM, AM, PM, etc.), themselves, receiving
projections from V1 (Wang and Burkhalter, 2007; Marshel et al.,
2011). Correlation and topographic maps were generated for dif-
ferent seed locations along the mediolateral and caudorostral axis
within visual cortex (Fig. 11C,D). Remote islands of high corre-
lation were found in the opposite hemisphere when seed pixels
were located within the binocular zone and near the boundary of
V1and AL/LM (zfr;11Fig. 11D, yellow regions). When seed pixels
were moved in V1 toward the midline, this interhemispheric con-
nectivity disappeared and remote islands of correlation were in-
stead observed within ipsilateral AL/LM (Fig. 11D, blue/purple
regions). When seed pixels were moved along the caudorostral
axis within V1, islands of high correlation within AL and LM were
also observed to move correspondingly. These functional land-
marks based on spontaneous activity were confirmed by sensory
mapping using visual stimulation. Sweeping vertical and hori-
zontal bars were presented periodically within the mouse’s visual
field, and the cortical retinotopy along the azimuth and elevation
axis was mapped (Fig. 11E; Materials and Methods). Consistent
with previous work (Marshel et al., 2011; Garrett et al., 2014;
Carandini et al., 2015), this mapping revealed that the mirrored
gradient of phases observed between V1 and LM/AM in the azi-
muth axis using retinotopic stimulation (Fig. 11D, green to red
and reciprocally) and could also be observed using spontaneous
activity in the same mouse when not visually stimulated using
time locked retinotopic stimulation.

Discussion

Clusters of synchronized activity can coexist within cortex. In the
present study, the spatial organization of these clusters and their
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Figure11.  Example of topography of connections. A, correlation maps calculated for nearby seed pixels (white cross) within somatosensory and motor cortex in two orthogonal directions (axes
1and 2, white lines). These data are from one epoch. B, Left and Middle, Phase of Fourier map calculated from the sequence of correlation maps presented in A (from seeds within somatosensory
cortex; Materials and Methods). Right, Gradients of phases from both axes (axis 1: gray; axis 2: black) overlaid with the cortical areas (red). B2, Same as BT but for seeds within motor cortex. Phase
indicated by color bar positioned above corresponding correlation maps in A. Black arrows indicate the position and direction of movement of the seed location. C, Correlation maps calculated for
nearby seed pixels within V1 in two orthogonal directions (axes 1 and 2). These data are from another single epoch. D, Phase of Fourier maps calculated from the sequence of correlation maps
presented in €. White dotted line represent the limit between binocular (B) and monocular zone (M). E, Phase of visual responses for bars moving periodically in the azimuth and elevation axis
(Fourier retinotopic map (phase and amplitude; Materials and Methods). These data are from another single epoch with visual stimulation on the same mouse. Right, Sign map showing the mirrored
gradient of phase (Materials and Methods).
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topography was explored using mesoscopic calcium imaging in
the superficial cortex of awake mice. Multiple approaches of par-
cellation were applied and revealed the presence of two to three
major clusters of correlated activity that were frequency depen-
dent and delimited by stable boundaries corresponding to loca-
tions of multimodal activity. Within these functional domains,
multiple remote islands of correlated activity derived from
seed-pixel correlation maps were observed and, by moving the
location of seed pixels, the topography of long range connections
within somatosensorimotor as well as visual cortex were clearly
revealed. These results showed that within mouse cortex, several
functional modules run in parallel and that the classical cyto-
architectonic boundaries of cortical areas are not the only con-
straint for clustering.

The dorsal mesoscopic network is parcellated in three main
functional clusters

With the development of new tools, cortical mapping can now be
performed at different spatial scales and using multiple func-
tional modalities (Pollock et al., 2014; Hawrylycz et al., 2016).
One obvious example is the major advances made during the last
decade on macroscopic human brain functional connectivity
mapping using resting-state spontaneous activity in fMRI (Fox
and Raichle, 2007). More recently, these approaches have been
applied to mouse models with success (van Meer et al., 2010;
Jonckers et al., 2011; Guilfoyle et al., 2013; Mechling et al., 2014;
Nasrallah et al., 2014; Sforazzini et al., 2014; Liska et al., 2015;
Zerbi et al., 2015). However, weak signal and low spatial resolu-
tion are the two main limiting factors when using fMRI on mice.
Moreover, the fundamental interpretation of spontaneous BOLD
signals as a neural activity correlate is not entirely clear (Chen-Bee et
al., 2007; Logothetis, 2008). In parallel to the MRI approach, differ-
ent in vivo functional optical methods also measuring intrinsic sig-
nals were used to map mesoscopic neural circuits in mouse cortex
(White et al., 2011; Bero et al., 2012; Guevara et al., 2013a,b;
Bauer et al., 2014; Liao et al., 2014; Nasiriavanaki et al., 2014;
Bergonzi et al., 2015). These approaches confirms that, although
a dense pattern of direct and indirect interconnections exist be-
tween different areas (Oh et al., 2014; Zingg et al., 2014; Hintiryan
etal., 2016), the functional processing operated in these different
cortical territories is specialized. Now, the recent development of
transgenic mice expressing supersensitive indicators, such as
GCaMP6, have opened new opportunities and was used in the
present study (Chen et al., 2013; Madisen et al., 2015) to explore
neural circuits at different scales (Issa et al., 2014).

By calculating correlation of spontaneous activity signals be-
tween pixels of the cortex, functional domains of correlated ac-
tivity were observed and revealed sharp transitions of correlation
between them. These high rates of spatial changes were used to
calculate correlation gradients (Cohen et al., 2008; Wig et al.,
2014a) and revealed that, within the low-frequency band (<1 Hz),
stable boundaries separate three functional domains encompass-
ing different cortical areas associated with specific behaviors such
as vision and navigation, locomotion and orofacial motility (Fig.
12). This boundary detection was confirmed by using parcella-
tion methods classifying groups of pixels according to the simi-
larity of their signal (Blondel et al., 2008; Rubinov and Sporns,
2010; Newman, 2011; White et al., 2011) and identified clusters
that corresponded exceptionally well with one another and across
methodological approaches, similar to previous studies per-
formed on human subjects using fMRI (Power et al., 2011; Yeo et
al., 2011). Resultantly, the boundaries between clusters were lo-
cated in unsynchronized regions associated with low SD values of
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spontaneous calcium fluctuation and may correspond to high-
level hub areas computing multimodal information such as the
visuotactile region of the mouse cortex (Olcese et al., 2013),
which could correspond to the pinwheel locus revealed by jitter
analysis in the present study. Because of the uniformity of low-
frequency activity between recordings, this observed clustering is
expected to be minimally influenced by a sporadic epileptic phe-
notype that some transgenic lines expressing GCaMP can exhibit
(Steinmetz et al., 2017).

Another exclusive characteristic highlighted by the present
study is the change of cortical parcellation observed in the higher
frequency band (2-5 Hz). In contrast to the low-frequency mode,
this activity segregated into two functional modules, a lateral
module and a medial module, and appears consistent with pre-
vious studies using anatomical tracing and fMRI in rodents and
could correspond to the delimitation of the default mode net-
work initially described in humans (Raichle et al., 2001; Stafford
etal.,2014; Zinggetal., 2014; Botaetal., 2015; Lietal., 2015; Liska
et al., 2015; Rubinov et al., 2015; van den Heuvel et al., 2016).

Does fine scale topography of connections influence
computational processing?

Although at a wider spatial scale, boundaries of functional do-
mains could be revealed, inside each of these functional domains,
the topography of long range connections could also be mapped
at a finer scale of parcellation. Within somatosensorimotor cor-
tex, the functional connections clearly showed the topography of
reciprocal connections between S1, M1, S2, and M2 areas to-
gether within same hemisphere, but also between hemispheres
(Fig. 12). These results are consistent with spontaneous activity
and sensory and anatomical mapping showing a preserved to-
pography of the somatotopy in BCS1 and BCM1 in rodent cortex
(Ferezou et al., 2007; Aronoff et al., 2010; Mao et al., 2011; Hooks
etal., 2013) as well as for sensory and motor cortex in human and
nonhuman primates (Brock et al., 2013; Wang et al., 2013; Zeha-
ria et al., 2015). Using resting-state spontaneous activity fMRI,
consistent results were also observed in primate and human
(Power et al.,, 2011; Yeo et al., 2011; Wang et al., 2013).

Within visual cortex, located in the posterior part of cortex,
several islands of correlation were also observed and revealed
the topography of connections between V1 and extrastriate areas
consistent with previous studies (Wang and Burkhalter, 2007;
Marshel et al., 2011; Polack and Contreras, 2012; Garrett et al.,
2014). Clear interhemispheric topographic connections were
also observed when seed pixels were placed in the transition zone
between V1 and LM within the binocular zone wherein a larger
number of interhemispheric connections can be found (Vanni et
al., 2010a). Thus, by using spontaneous activity mapping ap-
proaches, this work revealed axes of symmetries between differ-
ent adjacent visual areas, similar to those revealed by retinotopic
mapping in human and other animal models (DeYoe et al., 1996;
Engel et al., 1997; Vanni et al., 2010b, 2015; Marshel et al., 2011;
Garrett et al., 2014, 2017; Zhuang et al., 2017).

Topography and functional domain boundaries are the
strongest rules of the functional parcellation: is the concept of
“cortical area” obsolete?

Within cortex, neighboring neurons generally share similar func-
tional properties and this organization is assumed to be a strategy
to optimize computation (Kaas, 1997). By using mesoscopic cal-
cium imaging, several levels of cortical functional organization
have been revealed. At higher levels of parcellation, functional
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shown in purple.

modules presenting strong specificity of neuronal activity have
been defined, whereas at a lower level, the topography between
brain regions of each functional module has been mapped. Inter-
estingly, whatever the level of parcellation, the boundaries of
clusters generally did not entirely correspond to cytoarchitec-
tonic cortical area boundaries, consistent with previous reports
in humans (Wig et al., 2014). Thus, the concept of cortical area
should be revisited to take into account the fact that multiple
cortical areas could be involved in a variety of functions. For
example, in mouse, the pair of S1 and M1 territories are involved
in whisking exploration (Ferezou et al., 2007). Thus, the strong
difference in motor and cognitive processing involved in these
two different behavioral activities could have a significant impact
on cortical parcellation, much more than architectonic divisions
alone.

From mouse to human cortex parcellation

By using multiple functional parcellation approaches, two or
three functional territories of strongly correlated activity, de-
pending on the frequency mode of activity, were found in the
mouse dorsal cortex. In contrast, many more patterns have been
revealed in human studies by using fMRI resting-state functional
connectivity (Power etal., 2011, 2014; Yeo et al., 2011; Wiget al.,
2014). Although some similar modules could be observed be-
tween these two experimental approaches, direct correlates must
be interpreted carefully. The human brain and behavior are ex-
pected to be more complex and could be at the origin of the larger
number of functional modules defined. However, optical access
was restricted to the dorsal cortex in our experimental prepara-
tion; a large portion of ventromedial cortex was not imaged and
could be the main limiting factor of the number of clusters found.
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Although, full-brain functional parcellation using fMRI resting-
state functional connectivity in mouse also defined a larger num-
ber of functional clusters (Jonckers et al., 2011; Mechling et al.,
2014; Sforazzini et al., 2014; Liska et al., 2015).

Thus, by exploring different spatial and temporal levels of
mesoscopic mapping, several imbricated levels of parcellation
and topography were defined. Beyond the basic description of
mouse cortex functional organization, this work also opens new
possibilities in the exploration of neural circuits by using an ani-
mal model offering quantitative behavior assay as well as multiple
brain disease models.

References

Abbas Farishta R, Robert C, Turcot O, Thomas S, Vanni MP, Bouchard JF,
Casanova C (2015) Impact of CB1 receptor deletion on visual responses
and organization of primary visual cortex in adult mice. Invest Ophthal-
mol Vis Sci 56:7697—7707. CrossRef Medline

Ackman JB, Burbridge TJ, Crair MC (2012) Retinal waves coordinate pat-
terned activity throughout the developing visual system. Nature 490:219—
225. CrossRef Medline

Andermann ML, Kerlin AM, Roumis DK, Glickfeld LL, Reid RC (2011)
Functional specialization of mouse higher visual cortical areas. Neuron
72:1025-1039. CrossRef Medline

Aronoff R, Matyas F, Mateo C, Ciron C, Schneider B, Petersen CC (2010)
Long-range connectivity of mouse primary somatosensory barrel cortex.
Eur J Neurosci 31:2221-2233. CrossRef Medline

Bauer AQ, Kraft AW, Wright PW, Snyder AZ, Lee JM, Culver JP (2014)
Optical imaging of disrupted functional connectivity following ischemic
stroke in mice. Neuroimage 99:388—401. CrossRef Medline

Bergonzi KM, Bauer AQ, Wright PW, Culver JP (2015) Mapping functional
connectivity using cerebral blood flow in the mouse brain. J Cereb Blood
Flow Metab 35:367-370. CrossRef Medline

Bero AW, Bauer AQ, Stewart FR, White BR, Cirrito JR, Raichle ME, Culver JP,
Holtzman DM (2012) Bidirectional relationship between functional
connectivity and amyloid-B deposition in mouse brain. ] Neurosci 32:
4334-4340. CrossRef Medline

Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E (2008) Fast unfolding
of communities in large networks. J Stat Mech Theory Exp 2008:P10008.
CrossRef

Bota M, Sporns O, Swanson LW (2015) Architecture of the cerebral cortical
association connectome underlying cognition. Proc Natl Acad Sci U S A
112:E2093-2101. CrossRef Medline

Bouchard MB, Chen BR, Burgess SA, Hillman EM (2009) Ultra-fast multi-
spectral optical imaging of cortical oxygenation, blood flow, and intracel-
lular calcium dynamics. Opt Express 17:15670—15678. CrossRef Medline

Brock AA, Friedman RM, Fan RH, Roe AW (2013) Optical imaging of cor-
tical networks via intracortical microstimulation. ] Neurophysiol 110:
2670-2678. CrossRef Medline

Busche MA, Kekus$ M, Adelsberger H, Noda T, Forstl H, Nelken I, Konnerth
A (2015) Rescue of long-range circuit dysfunction in Alzheimer’s dis-
ease models. Nat Neurosci 18:1623-1630. CrossRef Medline

Carandini M, Shimaoka D, Rossi LF, Sato TK, Benucci A, Knopfel T (2015)
Imaging the awake visual cortex with a genetically encoded voltage indi-
cator. ] Neurosci 35:53—63. CrossRef Medline

Chan AW, Mohajerani MH, LeDue JM, Wang YT, Murphy TH (2015) Me-
soscale infraslow spontaneous membrane potential fluctuations reca-
pitulate high-frequency activity cortical motifs. Nat Commun 6:7738.
CrossRef Medline

Chen TW, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Baohan A, Schreiter
ER, Kerr RA, Orger MB, Jayaraman V, Looger LL, Svoboda K, Kim DS
(2013) Ultrasensitive fluorescent proteins for imaging neuronal activity.
Nature 499:295-300. CrossRef Medline

Chen-Bee CH, Agoncillo T, Xiong Y, Frostig RD (2007) The triphasic in-
trinsic signal: implications for functional imaging. ] Neurosci 27:4572—
4586. CrossRef Medline

Cohen AL, Fair DA, Dosenbach NU, Miezin FM, Dierker D, Van Essen DC,
Schlaggar BL, Petersen SE (2008) Defining functional areas in individ-
ual human brains using resting functional connectivity MRI. Neuroimage
41:45-57. CrossRef Medline

Coutinho V, Mutoh H, Knépfel T (2004) Functional topology of the mossy
fibre-granule cell-Purkinje cell system revealed by imaging of intrinsic

J. Neurosci., August 2, 2017 - 37(31):7513-7533 = 7531

fluorescence in mouse cerebellum. Eur ] Neurosci 20:740—748. CrossRef
Medline

Daniel AG, Laffont P, Zhao M, Ma H, Schwartz TH (2015) Optical electro-
corticogram (OECoG) using wide-field calcium imaging reveals the di-
vergence of neuronal and glial activity during acute rodent seizures.
Epilepsy Behav 49:61-65. CrossRef Medline

DeYoe EA, Carman GJ, Bandettini P, Glickman S, Wieser J, Cox R, Miller D,
Neitz J (1996) Mapping striate and extrastriate visual areas in human
cerebral cortex. Proc Natl Acad Sci USA 93:2382-2386. CrossRef
Medline

Engel SA, Glover GH, Wandell BA (1997) Retinotopic organization in hu-
man visual cortex and the spatial precision of functional MRI. Cereb
Cortex 7:181-192. CrossRef Medline

Ferezou I, Haiss F, Gentet L], Aronoff R, Weber B, Petersen CC (2007) Spa-
tiotemporal dynamics of cortical sensorimotor integration in behaving
mice. Neuron 56:907-923. CrossRef Medline

Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain activity ob-
served with functional magnetic resonance imaging. Nat Rev Neurosci
8:700-711. CrossRef Medline

Fox MD, Zhang D, Snyder AZ, Raichle ME (2009) The global signal and
observed anticorrelated resting state brain networks. ] Neurophysiol 101:
3270-3283. CrossRef Medline

Garrett ME, Nauhaus I, Marshel JH, Callaway EM (2014) Topography and
areal organization of mouse visual cortex. ] Neurosci 34:12587-12600.
CrossRef Medline

Garrett ME, Allen T, Science B, Juavinett AL, Nauhaus I, Garrett ME, Zhuang
], Callaway EM (2017) Automated identification of mouse visual areas
with intrinsic signal imaging. Nat Protoc 12:32—43. CrossRef Medline

Grienberger C, Adelsberger H, Stroh A, Milos RI, Garaschuk O, Schierloh A,
Nelken I, Konnerth A (2012) Sound-evoked network calcium transients
in mouse auditory cortex in vivo. ] Physiol 590:899-918. CrossRef
Medline

Groleau M, Nguyen HN, Vanni MP, Huppé-Gourgues F, Casanova C, Vaucher E
(2014) Impaired functional organization in the visual cortex of muscarinic
receptor knock-out mice. Neuroimage 98:233-242. CrossRef Medline

Guevara E, Pouliot P, Nguyen DK, Lesage F (2013a) Optical imaging of acute
epileptic networks in mice. ] Biomed Opt 18:76021. CrossRef Medline

Guevara E, Sadekova N, Girouard H, Lesage F (2013b) Optical imaging of
resting-state functional connectivity in a novel arterial stiffness model.
Biomed Opt Express 4:2332-2346. CrossRef Medline

Guilfoyle DN, Gerum SV, Sanchez JL, Balla A, Sershen H, Javitt DC, Hopt-
man MJ (2013) Functional connectivity fMRI in mouse brain at 7T us-
ing isoflurane. ] Neurosci Methods 214:144-148. CrossRef Medline

Guo ZV, Li N, Huber D, Ophir E, Gutnisky D, Ting JT, Feng G, Svoboda K
(2014) Flow of cortical activity underlying a tactile decision in mice.
Neuron 81:179—-194. CrossRef Medline

Haider B, Hdusser M, Carandini M (2013) Inhibition dominates sensory
responses in the awake cortex. Nature 493:97-100. CrossRef Medline

Hawrylycz M, Anastassiou C, Arkhipov A, Berg J, Buice M, Cain N, Gouwens
NW, Gratiy S, Iyer R, Lee JH, Mihalas S, Mitelut C, Olsen S, Reid RC,
Teeter C, de Vries S, Waters J, Zeng H, Koch C (2016) Inferring cortical
function in the mouse visual system through large-scale systems neuro-
science. Proc Natl Acad Sci U S A 113:7337-7344. CrossRef Medline

Hintiryan H, Foster NN, Bowman I, Bay M, Song MY, Gou L, Yamashita S,
Bienkowski MS, Zingg B, Zhu M, Yang XW, Shih JC, Toga AW, Dong HW
(2016) The mouse cortico-striatal projectome. Nat Neurosci 19:1100—
1114. CrossRef Medline

Hira R, Honkura N, Noguchi J, Maruyama Y, Augustine GJ, Kasai H, Matsu-
zakiM (2009) Transcranial optogenetic stimulation for functional map-
ping of the motor cortex. ] Neurosci Methods 179:258-263. CrossRef
Medline

Hooks BM, Mao T, Gutnisky DA, Yamawaki N, Svoboda K, Shepherd GM
(2013) Organization of cortical and thalamic input to pyramidal neurons
in mouse motor cortex. ] Neurosci 33:748—760. CrossRef Medline

Husson TR, Mallik AK, Zhang JX, Issa NP (2007) Functional imaging of
primary visual cortex using flavoprotein autofluorescence. J Neurosci
27:8665—-8675. CrossRef Medline

Issa JB, Haeffele BD, Agarwal A, Bergles DE, Young ED, Yue DT (2014)
Multiscale optical Ca2+ imaging of tonal organization in mouse auditory
cortex. Neuron 83:944-959. CrossRef Medline

Jonckers E, Van Audekerke J, De Visscher G, Van der Linden A, Verhoye M
(2011) Functional connectivity fMRI of the rodent brain: comparison of


http://dx.doi.org/10.1167/iovs.15-17690
http://www.ncbi.nlm.nih.gov/pubmed/26624499
http://dx.doi.org/10.1038/nature11529
http://www.ncbi.nlm.nih.gov/pubmed/23060192
http://dx.doi.org/10.1016/j.neuron.2011.11.013
http://www.ncbi.nlm.nih.gov/pubmed/22196337
http://dx.doi.org/10.1111/j.1460-9568.2010.07264.x
http://www.ncbi.nlm.nih.gov/pubmed/20550566
http://dx.doi.org/10.1016/j.neuroimage.2014.05.051
http://www.ncbi.nlm.nih.gov/pubmed/24862071
http://dx.doi.org/10.1038/jcbfm.2014.211
http://www.ncbi.nlm.nih.gov/pubmed/25492111
http://dx.doi.org/10.1523/JNEUROSCI.5845-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22457485
http://dx.doi.org/10.1088/1742-5468/2008/10/P10008
http://dx.doi.org/10.1073/pnas.1504394112
http://www.ncbi.nlm.nih.gov/pubmed/25848037
http://dx.doi.org/10.1364/OE.17.015670
http://www.ncbi.nlm.nih.gov/pubmed/19724566
http://dx.doi.org/10.1152/jn.00879.2012
http://www.ncbi.nlm.nih.gov/pubmed/24027103
http://dx.doi.org/10.1038/nn.4137
http://www.ncbi.nlm.nih.gov/pubmed/26457554
http://dx.doi.org/10.1523/JNEUROSCI.0594-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25568102
http://dx.doi.org/10.1038/ncomms8738
http://www.ncbi.nlm.nih.gov/pubmed/26190168
http://dx.doi.org/10.1038/nature12354
http://www.ncbi.nlm.nih.gov/pubmed/23868258
http://dx.doi.org/10.1523/JNEUROSCI.0326-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17460070
http://dx.doi.org/10.1016/j.neuroimage.2008.01.066
http://www.ncbi.nlm.nih.gov/pubmed/18367410
http://dx.doi.org/10.1111/j.1460-9568.2004.03533.x
http://www.ncbi.nlm.nih.gov/pubmed/15255984
http://dx.doi.org/10.1016/j.yebeh.2015.04.036
http://www.ncbi.nlm.nih.gov/pubmed/25976183
http://dx.doi.org/10.1073/pnas.93.6.2382
http://www.ncbi.nlm.nih.gov/pubmed/8637882
http://dx.doi.org/10.1093/cercor/7.2.181
http://www.ncbi.nlm.nih.gov/pubmed/9087826
http://dx.doi.org/10.1016/j.neuron.2007.10.007
http://www.ncbi.nlm.nih.gov/pubmed/18054865
http://dx.doi.org/10.1038/nrn2201
http://www.ncbi.nlm.nih.gov/pubmed/17704812
http://dx.doi.org/10.1152/jn.90777.2008
http://www.ncbi.nlm.nih.gov/pubmed/19339462
http://dx.doi.org/10.1523/JNEUROSCI.1124-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25209296
http://dx.doi.org/10.1038/nprot.2016.158
http://www.ncbi.nlm.nih.gov/pubmed/27906169
http://dx.doi.org/10.1113/jphysiol.2011.222513
http://www.ncbi.nlm.nih.gov/pubmed/22106174
http://dx.doi.org/10.1016/j.neuroimage.2014.05.016
http://www.ncbi.nlm.nih.gov/pubmed/24837499
http://dx.doi.org/10.1117/1.JBO.18.7.076021
http://www.ncbi.nlm.nih.gov/pubmed/23887480
http://dx.doi.org/10.1364/BOE.4.002332
http://www.ncbi.nlm.nih.gov/pubmed/24298398
http://dx.doi.org/10.1016/j.jneumeth.2013.01.019
http://www.ncbi.nlm.nih.gov/pubmed/23376497
http://dx.doi.org/10.1016/j.neuron.2013.10.020
http://www.ncbi.nlm.nih.gov/pubmed/24361077
http://dx.doi.org/10.1038/nature11665
http://www.ncbi.nlm.nih.gov/pubmed/23172139
http://dx.doi.org/10.1073/pnas.1512901113
http://www.ncbi.nlm.nih.gov/pubmed/27382147
http://dx.doi.org/10.1038/nn.4332
http://www.ncbi.nlm.nih.gov/pubmed/27322419
http://dx.doi.org/10.1016/j.jneumeth.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19428535
http://dx.doi.org/10.1523/JNEUROSCI.4338-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23303952
http://dx.doi.org/10.1523/JNEUROSCI.2156-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17687044
http://dx.doi.org/10.1016/j.neuron.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25088366

7532 - J. Neurosci., August 2, 2017 - 37(31):7513-7533

functional connectivity networks in rat and mouse. PLoS One 6:¢18876.
CrossRef Medline

Kaas JH (1997) Topographic maps are fundamental to sensory processing.
Brain Res Bull 44:107-112. CrossRef Medline

Kalatsky VA, Stryker MP (2003) New paradigm for optical imaging: tempo-
rally encoded maps of intrinsic signal. Neuron 38:529-545. CrossRef
Medline

Kim TH, Zhang Y, Lecoq J, Zeng H, Niell CM, Schnitzer MJ, Jung JC, Li J,
Schnitzer MJ (2016) Long-term optical access to an estimated one mil-
lion neurons in the live mouse cortex. Cell Rep 17:3385-3394. CrossRef
Medline

Li J, Martin S, Tricklebank MD, Schwarz AJ, Gilmour G (2015) Task-
induced modulation of intrinsic functional connectivity networks in the
behaving rat. ] Neurosci 35:658 —665. CrossRef Medline

Liao F, Hori Y, Hudry E, Bauer AQ, Jiang H, Mahan TE, Lefton KB, Zhang TJ,
Dearborn JT, Kim J, Culver JP, Betensky R, Wozniak DF, Hyman BT,
Holtzman DM (2014) Anti-ApoE antibody given after plaque onset de-
creases AB accumulation and improves brain function in a mouse model
of AB amyloidosis. ] Neurosci 34:7281-7292. CrossRef Medline

Lim DH, Mohajerani MH, Ledue J, Boyd J, Chen S, Murphy TH (2012) In
vivo large-scale cortical mapping using channelrhodopsin-2 stimulation
in transgenic mice reveals asymmetric and reciprocal relationships be-
tween cortical areas. Front Neural Circuits 6:11. CrossRef Medline

Liska A, Galbusera A, Schwarz AJ, Gozzi A (2015) Functional connectivity
hubs of the mouse brain. Neuroimage 115:281-291. CrossRef Medline

Logothetis NK (2008) What we can do and what we cannot do with fMRI.
Annu Rev Neurosci 453:869—878. CrossRef Medline

Lu H, Zou Q, Gu H, Raichle ME, Stein EA, Yang Y (2012) Rat brains also
have a default mode network. Proc Natl Acad Sci U S A 109:3979-3984.
CrossRef Medline

Ma H, Harris S, Rahmani R, Lacefield CO, Zhao M, Daniel AG, Zhou Z,
Bruno RM, Berwick J, Schwartz TH (2014) Wide-field in vivo neocorti-
cal calcium dye imaging using a convection-enhanced loading technique
combined with simultaneous multiwavelength imaging of voltage-sensitive
dyes and hemodynamic signals. Neurophotonics 1:015003. CrossRef Medline

MaY, Shaik MA, Kim SH, Kozberg MG, Thibodeaux DN, Zhao HT, Yu H,
Hillman EM (2016) Wide-field optical mapping of neural activity and
brain haemodynamics: considerations and novel approaches. Philos
Trans R Soc Lond B Biol Sci 371:20150360. CrossRef Medline

Madisen L, Garner AR, Shimaoka D, Chuong AS, Klapoetke NC, Li L, van der
Bourg A, Niino Y, Egolf L, Monetti C, Gu H, Mills M, Cheng A, Tasic B,
Nguyen TN, Sunkin SM, Benucci A, Nagy A, Miyawaki A, Helmchen F, et
al. (2015) Transgenic mice for intersectional targeting of neural sensors
and effectors with high specificity and performance. Neuron 85:942-958.
CrossRef Medline

Mao T, Kusefoglu D, Hooks BM, Huber D, Petreanu L, Svoboda K (2011)
Long-range neuronal circuits underlying the interaction between sensory
and motor cortex. Neuron 72:111-123. CrossRef Medline

Marshel JH, Garrett ME, Nauhaus I, Callaway EM (2011) Functional spe-
cialization of seven mouse visual cortical areas. Neuron 72:1040-1054.
CrossRef Medline

Matsui T, Murakami T, Ohki K (2016) Transient neuronal coactivations
embedded in globally propagating waves underlie resting-state functional
connectivity. Proc Natl Acad Sci U S A 113:6556—6561. CrossRef Medline

Mechling AE, Hiibner NS, Lee HL, Hennig J, von Elverfeldt D, Harsan LA
(2014) Fine-grained mapping of mouse brain functional connectivity
with resting-state f/MRI. Neuroimage 96:203-215. CrossRef Medline

Mohajerani MH, McVea DA, Fingas M, Murphy TH (2010) Mirrored bilat-
eral slow-wave cortical activity within local circuits revealed by fast bi-
hemispheric voltage-sensitive dye imaging in anesthetized and awake
mice. ] Neurosci 30:3745-3751. CrossRef Medline

Mohajerani MH, Chan AW, Mohsenvand M, LeDue J, Liu R, McVea DA,
Boyd JD, Wang YT, Reimers M, Murphy TH (2013) Spontaneous cor-
tical activity alternates between motifs defined by regional axonal projec-
tions. Nat Neurosci 16:1426—1435. CrossRef Medline

Murakami H, Kamatani D, Hishida R, Takao T, Kudoh M, Kawaguchi T,
Tanaka R, Shibuki K (2004) Short-term plasticity visualized with flavo-
protein autofluorescence in the somatosensory cortex of anaesthetized
rats. Eur ] Neurosci 19:1352—1360. CrossRef Medline

Murakami T, Yoshida T, Matsui T, Ohki K (2015) Wide-field Ca(2+) im-
aging reveals visually evoked activity in the retrosplenial area. Front Mol
Neurosci 8:20. CrossRef Medline

Vanni et al. @ Multiscale Mesoscopic Brain Parcellation in Mice

Murphy TH, Boyd JD, Bolanos F, Vanni MP, Silasi G, Haupt D, LeDue ]M
(2016) High-throughput automated home-cage mesoscopic functional
imaging of mouse cortex. Nat Commun 7:11611. CrossRef Medline

Nasiriavanaki M, Xia J, Wan H, Bauer AQ, Culver JP, Wang LV (2014)
High-resolution photoacoustic tomography of resting-state functional
connectivity in the mouse brain. Proc Natl Acad Sci US A 111:21-26.
CrossRef Medline

Nasrallah FA, Tay HC, Chuang KH (2014) Detection of functional connec-
tivity in the resting mouse brain. Neuroimage 86:417—424. CrossRef
Medline

Newman MEJ (2011) Communities, modules and large-scale structure in
networks. Nat Phys 8:25-31. CrossRef

Oh SW, Harris JA, Ng L, Winslow B, Cain N, Mihalas S, Wang Q, Lau C, Kuan
L, Henry AM, Mortrud MT, Ouellette B, Nguyen TN, Sorensen SA,
Slaughterbeck CR, Wakeman W, Li Y, Feng D, Ho A, Nicholas E, et al.
(2014) A mesoscale connectome of the mouse brain. Nature 508:207—
214. CrossRef Medline

Olcese U, Turilli G, Medini P (2013) Cellular and synaptic architecture of
multisensory integration in the mouse neocortex. Neuron 79:579-593.
CrossRef Medline

Polack PO, Contreras D (2012) Long-range parallel processing and local
recurrent activity in the visual cortex of the mouse. ] Neurosci 32:11120—
11131. CrossRef Medline

Pollock JD, Wu DY, Satterlee JS (2014) Molecular neuroanatomy: a gener-
ation of progress. Trends Neurosci 37:106—123. CrossRef Medline

Power JD, Cohen AL, Nelson SM, Wig GS, Barnes KA, Church JA, Vogel AC,
Laumann TO, Miezin FM, Schlaggar BL, Petersen SE (2011) Functional
network organization of the human brain. Neuron 72:665—-678. CrossRef
Medline

Power JD, Schlaggar BL, Petersen SE (2014) Studying brain organization via
spontaneous fMRI signal. Neuron 84:681-696. CrossRef Medline

Raichle ME, MacLeod AM, Snyder AZ, Powers W], Gusnard DA, Shulman
GL (2001) A default mode of brain function. Proc Natl Acad Sci U S A
98:676—682. CrossRef Medline

Rubinov M, Sporns O (2010) Complex network measures of brain connec-
tivity: uses and interpretations. Neuroimage 52:1059-1069. CrossRef
Medline

Rubinov M, Ypma RJ, Watson C, Bullmore ET (2015) Wiring cost and to-
pological participation of the mouse brain connectome. Proc Natl Acad
Sci U S A 112:10032-10037. CrossRef Medline

Sereno MI, Dale AM, Reppas JB, Kwong KK, Belliveau JW, Brady TJ, Rosen
BR, Tootell RB (1995) Borders of multiple visual areas in humans re-
vealed by functional magnetic resonance imaging. Science 268:889—893.
CrossRef Medline

Sforazzini F, Schwarz AJ, Galbusera A, Bifone A, Gozzi A (2014) Distributed
BOLD and CBV-weighted resting-state networks in the mouse brain.
Neuroimage 87:403—415. CrossRef Medline

Shibuki K, Hishida R, Murakami H, Kudoh M, Kawaguchi T, Watanabe M,
Watanabe S, Kouuchi T, Tanaka R (2003) Dynamic imaging of somato-
sensory cortical activity in the rat visualized by flavoprotein autofluores-
cence. ] Physiol 549:919-927. CrossRef Medline

Silasi G, Xiao D, Vanni MP, Chen AC, Murphy TH (2016) Intact skull
chronic windows for mesoscopic wide-field imaging in awake mice.
] Neurosci Methods 267:141-149. CrossRef Medline

Sofroniew NJ, Flickinger D, King J, Svoboda K (2016) A large field of view
two-photon mesoscope with subcellular resolution for in vivo imaging.
Elife 5:¢14472. CrossRef Medline

Stafford JM, Jarrett BR, Miranda-Dominguez O, Mills BD, Cain N, Mihalas S,
Lahvis GP, Lattal KM, Mitchell SH, David SV, Fryer JD, Nigg JT, Fair DA
(2014) Large-scale topology and the default mode network in the mouse
connectome. Proc Natl Acad Sci U S A 111:18745-18750. CrossRef Medline

Steinmetz NA, Buetfering C, Lecoq, J, Lee CR, Peters A]J, Jacobs EA, Coen P,
Ollerenshaw DR, Valley MT, de Vries SE, Garrett M, Zhuang J, Grob-
lewski PA, Manavi S, Miles J, White C, Lee E, Griffin F, Larkin JD, et al.
(2017) Aberrant cortical activity in multiple GCaMP6-expressing
transgenic mouse lines. bioRxiv. Advance online publication. Re-
trieved May 17, 2017. doi: 10.1101/138511.

Storace DA, Braubach OR, Jin L, Cohen LB, Sung U (2015) Monitoring
brain activity with protein voltage and calcium sensors. Sci Rep 5:10212.
CrossRef Medline

Stroh A, Adelsberger H, Groh A, Rithlmann C, Fischer S, Schierloh A, Deis-
seroth K, Konnerth A (2013) Making waves: initiation and propagation


http://dx.doi.org/10.1371/journal.pone.0018876
http://www.ncbi.nlm.nih.gov/pubmed/21533116
http://dx.doi.org/10.1016/S0361-9230(97)00094-4
http://www.ncbi.nlm.nih.gov/pubmed/9292198
http://dx.doi.org/10.1016/S0896-6273(03)00286-1
http://www.ncbi.nlm.nih.gov/pubmed/12765606
http://dx.doi.org/10.1016/j.celrep.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28009304
http://dx.doi.org/10.1523/JNEUROSCI.3488-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25589760
http://dx.doi.org/10.1523/JNEUROSCI.0646-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/24849360
http://dx.doi.org/10.3389/fncir.2012.00011
http://www.ncbi.nlm.nih.gov/pubmed/22435052
http://dx.doi.org/10.1016/j.neuroimage.2015.04.033
http://www.ncbi.nlm.nih.gov/pubmed/25913701
http://dx.doi.org/10.1038/nature06976
http://www.ncbi.nlm.nih.gov/pubmed/18548064
http://dx.doi.org/10.1073/pnas.1200506109
http://www.ncbi.nlm.nih.gov/pubmed/22355129
http://dx.doi.org/10.1117/1.NPh.1.1.015003
http://www.ncbi.nlm.nih.gov/pubmed/25525611
http://dx.doi.org/10.1098/rstb.2015.0360
http://www.ncbi.nlm.nih.gov/pubmed/27574312
http://dx.doi.org/10.1016/j.neuron.2015.02.022
http://www.ncbi.nlm.nih.gov/pubmed/25741722
http://dx.doi.org/10.1016/j.neuron.2011.07.029
http://www.ncbi.nlm.nih.gov/pubmed/21982373
http://dx.doi.org/10.1016/j.neuron.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22196338
http://dx.doi.org/10.1073/pnas.1521299113
http://www.ncbi.nlm.nih.gov/pubmed/27185944
http://dx.doi.org/10.1016/j.neuroimage.2014.03.078
http://www.ncbi.nlm.nih.gov/pubmed/24718287
http://dx.doi.org/10.1523/JNEUROSCI.6437-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20220008
http://dx.doi.org/10.1038/nn.3499
http://www.ncbi.nlm.nih.gov/pubmed/23974708
http://dx.doi.org/10.1111/j.1460-9568.2004.03237.x
http://www.ncbi.nlm.nih.gov/pubmed/15016093
http://dx.doi.org/10.3389/fnmol.2015.00020
http://www.ncbi.nlm.nih.gov/pubmed/26106292
http://dx.doi.org/10.1038/ncomms11611
http://www.ncbi.nlm.nih.gov/pubmed/27291514
http://dx.doi.org/10.1073/pnas.1311868111
http://www.ncbi.nlm.nih.gov/pubmed/24367107
http://dx.doi.org/10.1016/j.neuroimage.2013.10.025
http://www.ncbi.nlm.nih.gov/pubmed/24157920
http://dx.doi.org/10.1038/nphys2162
http://dx.doi.org/10.1038/nature13186
http://www.ncbi.nlm.nih.gov/pubmed/24695228
http://dx.doi.org/10.1016/j.neuron.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23850594
http://dx.doi.org/10.1523/JNEUROSCI.6304-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22875943
http://dx.doi.org/10.1016/j.tins.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24388609
http://dx.doi.org/10.1016/j.neuron.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22099467
http://dx.doi.org/10.1016/j.neuron.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25459408
http://dx.doi.org/10.1073/pnas.98.2.676
http://www.ncbi.nlm.nih.gov/pubmed/11209064
http://dx.doi.org/10.1016/j.neuroimage.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19819337
http://dx.doi.org/10.1073/pnas.1420315112
http://www.ncbi.nlm.nih.gov/pubmed/26216962
http://dx.doi.org/10.1126/science.7754376
http://www.ncbi.nlm.nih.gov/pubmed/7754376
http://dx.doi.org/10.1016/j.neuroimage.2013.09.050
http://www.ncbi.nlm.nih.gov/pubmed/24080504
http://dx.doi.org/10.1113/jphysiol.2003.040709
http://www.ncbi.nlm.nih.gov/pubmed/12730344
http://dx.doi.org/10.1016/j.jneumeth.2016.04.012
http://www.ncbi.nlm.nih.gov/pubmed/27102043
http://dx.doi.org/10.7554/eLife.14472
http://www.ncbi.nlm.nih.gov/pubmed/27300105
http://dx.doi.org/10.1073/pnas.1404346111
http://www.ncbi.nlm.nih.gov/pubmed/25512496
http://dx.doi.org/10.1038/srep10212
http://www.ncbi.nlm.nih.gov/pubmed/25970202

Vanni et al. @ Multiscale Mesoscopic Brain Parcellation in Mice

of corticothalamic Ca2+ waves in vivo. Neuron 77:1136—1150. CrossRef
Medline

Tian L, Hires SA, Mao T, Huber D, Chiappe ME, Chalasani SH, Petreanu L,
Akerboom J, McKinney SA, Schreiter ER, Bargmann CI, Jayaraman V,
Svoboda K, Looger LL (2009) Imaging neural activity in worms, flies
and mice with improved GCaMP calcium indicators. Nat Methods 6:875—
881. CrossRef Medline

van den Heuvel MP, Scholtens LH, de Reus MA (2016) Topological organi-
zation of connectivity strength in the rat connectome. Brain Struct Funct
221:1719-1736. CrossRef Medline

van Meer MP, van der Marel K, Wang K, Otte WM, El Bouazati S, Roeling TA,
Viergever MA, Berkelbach van der Sprenkel JW, Dijkhuizen RM (2010)
Recovery of sensorimotor function after experimental stroke correlates
with restoration of resting-state interhemispheric functional connectiv-
ity. ] Neurosci 30:3964—3972. CrossRef Medline

Vanni MP, Casanova C (2013) Surround suppression maps in the cat pri-
mary visual cortex. Front Neural Circuits 7:78. CrossRef Medline

Vanni MP, Murphy TH (2014) Mesoscale transcranial spontaneous activity
mapping in GCaMP3 transgenic mice reveals extensive reciprocal con-
nections between areas of somatomotor cortex. ] Neurosci 34:15931—
15946. CrossRef Medline

Vanni MP, Provost J, Casanova C, Lesage F (2010a) Bimodal modulation
and continuous stimulation in optical imaging to map direction selectiv-
ity. Neuroimage 49:1416—1431. CrossRef Medline

Vanni MP, Provost ], Lesage F, Casanova C (2010b) Evaluation of receptive
field size from higher harmonics in visuotopic mapping using continuous
stimulation optical imaging. ] Neurosci Methods 189:138-150. CrossRef
Medline

Vanni MP, Thomas S, Petry HM, Bickford ME, Casanova C (2015) Spatio-
temporal profile of voltage-sensitive dye responses in the visual cortex of
tree shrews evoked by electric microstimulation of the dorsal lateral genic-
ulate and pulvinar nuclei. ] Neurosci 35:11891-11896. CrossRef Medline

Vazquez AL, Murphy MC, Kim SG (2014) Neuronal and physiological cor-
relation to hemodynamic resting-state fluctuations in health and disease.
Brain Connect 4:727-740. CrossRef Medline

Wang Q, Burkhalter A (2007) Area map of mouse visual cortex. ] Comp
Neurol 502:339-357. CrossRef Medline

Wang Z, Chen LM, Négyessy L, Friedman RM, Mishra A, Gore JC, Roe AW
(2013) The relationship of anatomical and functional connectivity to
resting-state connectivity in primate somatosensory cortex. Neuron 78:
1116-1126. CrossRef Medline

J. Neurosci., August 2, 2017 - 37(31):7513-7533 = 7533

Wekselblatt JB, Flister ED, Piscopo DM, Niell CM (2016) Large-scale imag-
ing of cortical dynamics during sensory perception and behavior. ] Neu-
rophysiol 115:2852-2866. CrossRef Medline

White BR, Bauer AQ, Snyder AZ, Schlaggar BL, Lee JM, Culver JP (2011)
Imaging of functional connectivity in the mouse brain. PLoS One
6:¢16322. CrossRef Medline

Wig GS, Laumann TO, Cohen AL, Power JD, Nelson SM, Glasser MF, Miezin
FM, Snyder AZ, Schlaggar BL, Petersen SE (2014a) Parcellating an indi-
vidual subject’s cortical and subcortical brain structures using snowball
sampling of resting-state correlations. Cereb Cortex 24:2036—2054.
CrossRef Medline

Wig GS, Laumann TO, Petersen SE (2014b) An approach for parcellating
human cortical areas using resting-state correlations. Neuroimage 93:
276-291. CrossRef Medline

Xiao D, Vanni MP, Mitelut CC, Chan AW, LeDue JM, Xie Y, Chen AC,
Swindale NV, Murphy TH (2017) Mapping cortical mesoscopic net-
works of single spiking cortical or sub-cortical neurons. Elife 6:¢19976.
CrossRef Medline

Xie Y, Chan AW, McGirr A, Xue S, Xiao D, Zeng H, Murphy TH (2016)
Resolution of high-frequency mesoscale intracortical maps using the ge-
netically encoded glutamate sensor iGluSnFR. ] Neurosci 36:1261-1272.
CrossRef Medline

Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead M,
Roffman JL, Smoller JW, Zéllei L, Polimeni JR, Fischl B, Liu H, Buckner
RL (2011) The organization of the human cerebral cortex estimated by
intrinsic functional connectivity. ] Neurophysiol 106:1125-1165. CrossRef
Medline

Zeharia N, Hertz U, Flash T, Amedi A (2015) New whole-body sensory-
motor gradients revealed using phase-locked analysis and verified using
multivoxel pattern analysis and functional connectivity. ] Neurosci 35:
2845-2859. CrossRef Medline

Zerbi V, Grandjean J, Rudin M, Wenderoth N (2015) Mapping the mouse
brain with rs-fMRI: an optimized pipeline for functional network identi-
fication. Neuroimage 123:11-21. CrossRef Medline

Zhuang J, Ng L, Williams D, Valley M, Li Y, Garrett M, Waters ] (2017) An
extended retinotopic map of mouse cortex. Elife 6:¢18372. CrossRef
Medline

Zingg B, Hintiryan H, Gou L, Song MY, Bay M, Bienkowski MS, Foster NN,
Yamashita S, Bowman I, Toga AW, Dong HW (2014) Neural networks
of the mouse neocortex. Cell 156:1096—1111. CrossRef Medline


http://dx.doi.org/10.1016/j.neuron.2013.01.031
http://www.ncbi.nlm.nih.gov/pubmed/23522048
http://dx.doi.org/10.1038/nmeth.1398
http://www.ncbi.nlm.nih.gov/pubmed/19898485
http://dx.doi.org/10.1007/s00429-015-0999-6
http://www.ncbi.nlm.nih.gov/pubmed/25697666
http://dx.doi.org/10.1523/JNEUROSCI.5709-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20237267
http://dx.doi.org/10.3389/fncir.2013.00078
http://www.ncbi.nlm.nih.gov/pubmed/23630471
http://dx.doi.org/10.1523/JNEUROSCI.1818-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25429135
http://dx.doi.org/10.1016/j.neuroimage.2009.09.044
http://www.ncbi.nlm.nih.gov/pubmed/19782756
http://dx.doi.org/10.1016/j.jneumeth.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20346978
http://dx.doi.org/10.1523/JNEUROSCI.0717-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26311771
http://dx.doi.org/10.1089/brain.2014.0276
http://www.ncbi.nlm.nih.gov/pubmed/25300278
http://dx.doi.org/10.1002/cne.21286
http://www.ncbi.nlm.nih.gov/pubmed/17366604
http://dx.doi.org/10.1016/j.neuron.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23791200
http://dx.doi.org/10.1152/jn.01056.2015
http://www.ncbi.nlm.nih.gov/pubmed/26912600
http://dx.doi.org/10.1371/journal.pone.0016322
http://www.ncbi.nlm.nih.gov/pubmed/21283729
http://dx.doi.org/10.1093/cercor/bht056
http://www.ncbi.nlm.nih.gov/pubmed/23476025
http://dx.doi.org/10.1016/j.neuroimage.2013.07.035
http://www.ncbi.nlm.nih.gov/pubmed/23876247
http://dx.doi.org/10.7554/eLife.19976
http://www.ncbi.nlm.nih.gov/pubmed/28160463
http://dx.doi.org/10.1523/JNEUROSCI.2744-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/26818514
http://dx.doi.org/10.1152/jn.00338.2011
http://www.ncbi.nlm.nih.gov/pubmed/21653723
http://dx.doi.org/10.1523/JNEUROSCI.4246-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25698725
http://dx.doi.org/10.1016/j.neuroimage.2015.07.090
http://www.ncbi.nlm.nih.gov/pubmed/26296501
http://dx.doi.org/10.7554/eLife.18372
http://www.ncbi.nlm.nih.gov/pubmed/28059700
http://dx.doi.org/10.1016/j.cell.2014.02.023
http://www.ncbi.nlm.nih.gov/pubmed/24581503

	Mesoscale Mapping of Mouse Cortex Reveals Frequency-Dependent Cycling between Distinct Macroscale Functional Modules
	Introduction
	Materials and Methods
	Results
	Discussion
	References


