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Abstract
Interacting with the environment to process sensory information, generate perceptions, and shape

behavior engages neural networks in brain areas with highly varied representations, ranging from
unimodal sensory cortices to higher-order association areas. Recent work suggests a much greater
degree of commonality across areas, with distributed and modular networks present in both sensory
and non-sensory areas during early development. However, it is currently unknown whether this initially
common modular structure undergoes an equally common developmental trajectory, or whether such a
modular functional organization persists in some areas—such as primary visual cortex—but not others.
Here we examine the development of network organization across diverse cortical regions in ferrets of
both sexes using in vivo widefield calcium imaging of spontaneous activity. We find that all regions
examined, including both primary sensory cortices (visual, auditory, and somatosensory—V1, A1, and
S1, respectively) and higher order association areas (prefrontal and posterior parietal cortices) exhibit a
largely similar pattern of changes over an approximately 3 week developmental period spanning eye
opening and the transition to predominantly externally-driven sensory activity. We find that both a
modular functional organization and millimeter-scale correlated networks remain present across all
cortical areas examined. These networks weakened over development in most cortical areas, but
strengthened in V1. Overall, the conserved maintenance of modular organization across different

cortical areas suggests a common pathway of network refinement, and suggests that a modular
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organization—known to encode functional representations in visual areas—may be similarly engaged in
highly diverse brain areas.
Significance

Different areas of the mature brain encode vastly different representations of the world. This study
shows that a modular functional organization where nearby neurons participate in similar functional
networks is shared across different brain areas not only during early development, but also as the brain
matures where it remains a shared feature that shapes neural activity. The largely conserved trajectory
of developmental changes across brain areas suggests that similar circuit mechanisms may drive this
maturation. This implies that the large literature on developing cortical circuits, which is largely focused
on sensory areas, may also apply more broadly, and that perturbations during development that
impinge on any such shared mechanisms may produce deficits that extend across multiple brain
systems.
Introduction

In the mature cortex, neurons selective for features of the internal or external environment
participate in highly interconnected neural networks that provide the basis for perception and behavior.
Across a range of cortical areas, the information processed by these networks varies greatly, from
primarily unimodal sensory representations in areas such as A1, V1, and S1, to more complex and higher
order representations in areas such as PPC and PFC. The developmental origin of this functional diversity
is a central question in cortical development, as is the relative balance of common organizational
features versus early area-specific functions. Current evidence suggests that the specialization of cortical
areas is thought to begin early in development, with genetic cues defining broad area identity, which is
later refined through area-specific inputs in an activity dependent manner (Sur and Rubenstein, 2005;
Cadwell et al., 2019), although the degree to which this cortical maturation occurs in concert across

diverse brain areas remains unclear.

Much of what is known about the developmental maturation of functional properties at the
network level comes from studies of primary sensory cortices. Here, the properties of the mature
network emerge over the course of development through considerable refinement at both the neuron
and network level. For example, in V1, from the time neurons can be driven by visual stimuli they
become increasingly selective to stimulus features such as edge orientation (Chapman and Stryker,
1993) and direction of motion (Li et al., 2006). Here, these representations are organized into a modular
structure, with nearby neurons exhibiting highly similar selectivity for a range of visual properties (Hubel
and Wiesel, 1968; Blasdel and Salama, 1986; Weliky et al., 1996; Issa et al., 2000; Kara and Boyd, 2009;
Smith et al., 2015b). Notably, once this modular representation of orientation preference is established
around eye-opening, it remains stable across further development (Chapman et al., 1996). However,

well before the onset of these sensory-evoked responses, functional neural networks exist in the visual
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cortex that are readily apparent through correlations in spontaneous activity (Chiu and Weliky, 2001).
Activity in these early networks shows a highly dense and pronounced modular spatial structure, with
nearby neurons showing highly coherent activity patterns that are organized into distributed functional
networks comprised of multiple modules correlated across millimeters (Smith et al., 2018). Notably,
these early correlated networks appear to be a precursor for the modular representation of orientation
(Smith et al., 2018; Tragenap et al., 2023).

We recently found that during early development, such distributed and modular functional
networks are not unique to V1, but are a common feature that is shared across diverse cortical areas.
Both the primary sensory areas Al, V1, and S1, as well as the higher-order association areas PFC and PPC
exhibit spontaneous activity that is strongly correlated amongst local populations, forming functional
modules which themselves form patchy distributed networks (Powell et al., 2024). To date, these
modular functional networks outside V1 have only been examined during early development, well
before the onset of mature sensory-evoked responses and the key developmental transition to
externally-driven sensory-evoked activity. Thus it remains unclear if the continued presence of modular
functional organization seen in V1 is indicative of a visual-specific process, or rather is it a reflection of a

more global and universal developmental program shared across the cortex.

To address this question, we used ongoing spontaneous activity to assess functional network
organization across the cortex at two key periods in development: first, around the time of eye-opening
and ear canal opening in the ferret (P27-32), which marks a major developmental milestone and a
transition in the nature of incoming sensory information; and secondly 1-2 weeks later (P39-43), when
response properties in V1 have been shown to approach mature levels (Li et al., 2006; Smith et al.,
2015a). Examining spontaneous activity allows us to measure and compare intrinsic network
organization across areas, without the need to design optimal stimuli for both sensory and non-sensory
areas. Comparing this data to that which we previously obtained from P21-24 (Powell et al., 2024), we
find that the developmental maturation of network properties is highly conserved across cortical areas.
Across all developmental ages examined, we find that spontaneous activity remained significantly
modular in both sensory and non-sensory cortical areas. All areas exhibited a similar weakening of
modular organization, while also continuing to show distributed and modular correlations across
millimeters. Correlation strength decreased and activity became higher dimensional in all areas except
V1, which showed increasing millimeter-scale correlations with age. Together, these results
demonstrate that the modular functional organization that serves as a common developmental origin
for highly diverse cortical areas (Powell et al., 2024) remains a common feature across different cortical

areas which undergo a largely common developmental trajectory.

Materials and Methods
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Data collection

Animals. All experimental procedures were approved by the University of Minnesota Institutional
Animal Care and Use Committee and were performed in accordance with guidelines from the US
National Institutes of Health. We obtained 27 male and female ferret kits from Marshall Farms and
housed them with jills on a 16-h light/8-h dark cycle. No statistical methods were used to predetermine

sample sizes, but our sample sizes are similar to those reported in previous publications.

Viral Injection. Viral injections were performed as previously described (Smith & Fitzpatrick, 2016).
Briefly, we expressed GCaMP6s (Chen et al., 2013) in neurons by microinjecting
AAV1.hSyn.GCaMP6s.WPRE.SV40 (Addgene) into layer 2/3 of targeted cortical areas at P13-32, 7-21 d
before imaging. Anesthesia was induced with isoflurane (4-5%) and maintained with isoflurane (1-
1.5%). Glycopyrolate (0.01 mg/kg) or Atropine (0.02 mg/kg) and bupivacaine/lidocaine (1:1 mixture)
were administered, and animal temperature was maintained at approximately 37 °C with a water pump
heat therapy pad (Adroit Medical HTP-1500, Parkland Scientific). Animals were mechanically ventilated
and both heart rate and end-tidal CO, were monitored throughout the surgery (Digicare LifeWindow).
Using aseptic surgical technique, skin and muscle overlying target areas were retracted, and a small burr
hole was made with a handheld drill (Fordom Electric Co.). Approximately 1 pL of virus contained in a
pulled-glass pipette was pressure injected into the cortex at two or three depths (~200 - 400 um below
the surface) over 20 min using a Nanoject-IIl (World Precision Instruments). The craniotomy was sealed

and the skin sutured closed.
Targets for different cortical areas were as follows:

V1: ~6-8 mm lateral from midline, ~1-2 mm anterior to the Lamda

PPC: ~1-2 mm lateral from midline, ~4 mm posterior to Bregma

Al: ~7-9 mm lateral to midline, ~¥3 mm posterior to Bregma

S1:~2-3 mm lateral to midline, ~ 1 mm anterior to Bregma

PFC: ~1-2 mm lateral to midline, ~7-8 mm anterior to Bregma

We injected virus into and imaged 1- 3 areas per animal. In most experiments, multiple areas were

labeled and imaged in a single animal (mean 1.9 = 0.2 areas per animal).

Cranial window surgery. On the day of experimental imaging, ferrets age P27-43 were
anesthetized with 3%—4% isoflurane and atropine (0.2 mg/kg) or glycopyrrolate (0.01 mg/kg) was
administered. Animals were placed on a feedback-controlled heating pad to maintain an internal
temperature of 37 °C. Animals were intubated and ventilated. Isoflurane was delivered between 1 and
2% throughout the surgical procedure to maintain a surgical plane of anesthesia. An intraperitoneal or
intravenous catheter was placed to deliver fluids. EKG, end tidal CO,, and internal temperature were

continuously monitored during the procedure and subsequent imaging session. The scalp was retracted
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and a custom titanium headmount adhered to the skull using C&B Metabond (Parkell). A6 to 7 mm
craniotomy was performed over areas of viral expression and the dura was retracted to reveal the
cortex. Cover glass (round, #1.5 thickness, Electron Microscopy Sciences) adhered to the bottom of a
custom titanium or 3-D printed plastic insert was placed onto the brain to gently compress the
underlying cortex and dampen biological motion during imaging. Upon completion of the surgical
procedure, isoflurane was gradually reduced (0.6 to 1.0%) and then vecuronium bromide (2 mg/kg/hr)

was delivered to reduce motion and prevent spontaneous respiration.

Widefield epifluorescence and two-photon imaging. Spontaneous activity was recorded in a quiet
darkened room for 10-40 minutes per area. For consistency with prior results (Smith et al., 2018; Powell
et al., 2024) we performed our experiments under light isoflurane anesthesia, which has been shown in
V1 to not disrupt the spatial structure of modular functional activity (Smith et al., 2018). Widefield
epifluorescence imaging was performed with a Zyla 5.5 sCMOS camera (Andor) controlled by
MicroManager software (Edelstein et al., 2014). Images were acquired at 15 Hz with 4 x 4 binning to
yield 640 x 540 pixels.

Histology. Following imaging, animals were euthanized with 5% Isoflurane and pentobarbital.
Animals were perfused with heparinized saline solution followed by 4% paraformaldehyde, then the
brains were removed and kept for histology. Viral expression of GCaMP was documented in the intact
brain with appropriate excitation and emission filters. Images of expression were aligned to a common
coordinate system using prominent brain features (sulci, fissures, and external edges of brain). Areas of

expression from each brain were outlined manually in Matlab, and are shown in Fig. 1.

Analysis methods

Widefield data pre-processing. Widefield data pre-processing, event extraction and calculation of
spontaneous correlations was performed largely as described (Smith et al., 2018) for all imaged areas.
Briefly, to correct for mild brain movement during imaging, we registered each imaging frame by
maximizing phase correlation to a common reference frame. A region of interest (ROI) was manually
drawn around the cortical area with high and robust spontaneous activity. ROIs were also drawn to
remove any artifacts or debris in the visible field of view (FOV). The baseline fluorescence (Fo) for each
pixel was obtained by applying a median filter to the raw fluorescence trace with a window between 10
and 64 seconds. Filter width was chosen for each imaging session individually, such that the baseline
followed faithfully the slow trend of the fluorescence activity. The baseline corrected activity was

calculated as

(F-Fo)/Fo = OF/Fo. (1)
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Event detection. To detect spontaneously active events, we first determined active pixels on each
frame using a pixel-wise threshold set to 3 standard deviations above each pixel’s mean value across
time. Active pixels not part of a contiguous active region of at least 0.01mm? were considered ‘inactive’
for the purpose of event detection in order to minimize detecting noise as ‘active’ pixels. Active frames
were taken as frames with a spatially extended pattern of activity (>40% of pixels were active).
Consecutive active frames were combined into a single event starting with the first high activity frame
and then either ending with the last high activity frame or, if present, an activity frame defining a local
minimum in the fluorescence activity. In order to assess the spatial pattern of an event, we extracted
the maximally active frame for each event (the “event frame”), which was defined as the frame with the

highest activity averaged across the ROI.

Calculation of correlation patterns. To assess the spatial correlation structure of spontaneous or
evoked activity, we applied a Gaussian spatial band-pass filter (with SD of Gaussian filter kernel
Shigh=195um, Siew=26-41um) to each event frame and down-sampled it to 160 x 135 pixels. The resulting
patterns, named A; in the following, where i=1,...,N, were used to compute the spontaneous correlation
patterns as the pairwise Pearson’s correlation between all locations x within the ROl and the seed point

S

1 3 (Ai(5)=<4i(9)>) (Ai (1) —<4i(x)>)
N Ox0g

C(x,5) = (2)

Here the brackets < > denote the average over all N patterns and o, denotes the standard deviation

of A over all N patterns at location x.

Shuffled control ensemble and surrogate correlation patterns. To evaluate the statistical
significance of quantities characterizing the correlation patterns observed during spontaneous activity,
we compared the real ensemble of spontaneous activity patterns from a given experiment with a
control ensemble, obtained by eliminating most of the spatial relationships between the patterns. To
this end, all activity patterns were randomly rotated (rotation angle drawn from a uniform distribution
between 0° and 360° with a step size of 10°) and reflected (with probability 0.5, independently at the x-
and y-axis at the center of the ROI), resulting in an equally large control ensemble with similar statistical
properties, but little systematic interrelation between patterns. Surrogate correlation patterns were

then computed from these ensembles as described above.

Dimensionality of spontaneous activity. We estimated the cross-validated dimensionality des of
the subspace spanned by spontaneous activity patterns (see (Stringer et al., 2019)). First, we randomly
divided the activity patterns into two non-overlapping subsets X; and X, and then performed PCA on X;
to find the axis spanned by it. Next, we projected X, onto these PCs to estimate the variance A; explained

by each PC. Lastly, dimensionality was calculated as (Abbott et al., 2011):

6 of 21


https://doi.org/10.1101/2024.05.28.595371
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.28.595371; this version posted May 29, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

_ G A)?
deff - (Z?]:llliz) (3)

Spatial range of correlations. To assess the strength of spontaneous correlations over distance and
compare across experiments with different numbers of spontaneous events, we computed the variance
of pixelwise correlation values located at a given distance from a seed point (Dahmen et al., 2022;
Powell et al., 2024). Closer to the seed point, correlations will have both strongly positive and strongly
negative values, leading to a high variance. In contrast, further away from the seed point correlations
will be closer to zero and exhibit reduced variance. To assess long-range correlation strength, we
computed the variance within a ring from 1.8 — 2.2 mm from seed point. To control for the finite
number of events in each experiment, we also computed the variance for surrogate correlation patterns
(see above) generated for each experiment using a matched number of patterns. Subtracting this
control variance for each experiment allows for comparison across experiments with varying numbers of
observed events. The ROl for two A1l FOVs were too small to compute a surrogate dataset at 2mm, and

were excluded from this analysis.

Modularity and wavelength estimation. To estimate the wavelength of individual calcium events,
we calculated the 1-D radial average of the spatial autocorrelation of the band-pass-filtered activity
pattern. The wavelength of the event was taken as twice the distance to the first minimum from the
origin. Modularity is a measure of the regularity of the spatial arrangement of activity domains within
the pattern. The modularity of each event was calculated as the absolute difference in amplitude

between the first minimum and the subsequent maximum of the 1-D radial averaged autocorrelation.

To determine if the modularity observed during spontaneous events was statistically significant, we
compared it to a distribution of modularity values for inactive frames used as the control. Control
frames were drawn from the bottom 10% of frames lacking an identified spontaneous event (see above)
based on mean activity within the ROI. For each experiment, we obtained 100 sets of control frames
containing an event-matched number of frames and calculated the median modularity across these
frames, generating a distribution of 100 control modularity values. This was then compared to the

median modularity across spontaneous events to obtain a p-value.

Module amplitude. We defined the module amplitude of an individual widefield event as the
average amplitude (in AF/F, prior to spatial filtering) of the module peaks divided by the background
activity. Peaks in activity for each event were first obtained by using the FastPeakFind.m function in
Matlab (Adi, 2021). Background activity was taken as the median amplitude (in AF/F) of activity in
locations % wavelength from the peak. Here, the average wavelength across all events was used for
each FOV. The module amplitude of an event was taken as the average amplitude across all peaks in the

event.
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Statistical analysis

Nonparametric statistical analyses were used throughout the study. All tests were two-sided unless
otherwise noted. Mack-Skillings tests were used to test for global effects of age across all areas.

Comparisons across age within areas were performed using a Kruskal-Wallis test.
Data analysis was performed in Matlab (Mathworks), and Python.

Data, Materials, and Software Availability

All data and code used in this study are available upon request from the corresponding author.

Results
Distributed and modular spontaneous activity patterns in diverse cortical areas 10-14 days beyond eye-

opening

We first sought to examine animals aged P27-32, which in the ferret is around the key developmental
milestones of eye- and ear canal-opening (Figure 1, a-c). To assess the state of functional networks at
this point in development we expressed the calcium sensor GCaMP6s and examined ongoing
spontaneous activity through widefield calcium imaging in five different cortical areas. In both primary
sensory (V1, A1, and S1) and association areas (PFC and PPC), we observed frequent spontaneous events
that exhibited clear coordination in activity amongst local populations of neurons (Figure 2a,b). In all
cortical areas, these spontaneous events exhibited clearly modular activity, with distinct patches of
activity that were distributed across the cortical surface. Notably this modular structure was evident in

unprocessed images without spatial filtering (Figure 2b,c left).

We next sought to determine whether similarly locally coordinated activity also existed across

different cortical areas in animals one to two weeks past eye opening and ear canal opening (P39-43,

Figure 1: Imaging distinct cortical regions in
ferrets at different developmental ages. a.
Target cortical locations. PFC — prefrontal cortex,
S1 - somatosensory cortex, A1 — auditory cortex,
PPC — posterior parietal cortex, V1 — visual
cortex. b. Experimental timeline. Animals were

b viral injecti Image -
hs;;r?_el%ztf\;;g%s Sp%"éfi‘\?ﬁfus PFC S PPC V1 injected with AAV expressing GCaMP6s 10-14
& days prior to imaging. Imaging was performed at
g @ P27-32 or P39-43. P21-24 data from ref (Powell
e . d et al., 2024) (indicated by *) is presented for
Eye opening comparison with other ages. c. Imaged locations
o canalopening for P27-32 animals reconstructed from histology,

P10 20 30 40
*P21-24; m--»

pP27-32: mm------ »

P39-43: .- »

colored based on assigned cortical area. d. Same
as (c) for P39-43 animals.
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Filtered

Figure 2: Spontaneous events exhibit widespread and distributed modular activity in diverse brain
areas at P27-32. a. Example timecourse of spontaneous activity in different cortical areas. Numbers
indicate events shown in b and c. b. Spontaneous events show modular patterns of activation in PFC,
PPC, A1, S1, and V1 at P27-32. Left: raw event pattern showing clear modular patterns of activity in
all areas at time (1) in (a). Right: Same event after applying a highpass spatial filter. c. Second
representative event from same experiments as (b), at time (2) in (a). Scale bars (a): 0.1 AF/F, 20 sec;
(b-c): 1 mm.
Figure 1b,d). Strikingly, in these animals we observed that activity in spontaneous events continued to
exhibit clear and pronounced modular structure, with patchy activity distributed across millimeters of
cortex (Figure 3). As in younger animals, the modular structure in spontaneous events was evident in
both spatially filtered images (Figure 3, b-c, right), as well as unprocessed images (Figure 3, b-c, left). The
overall structure of spontaneous activity patterns was highly similar across areas and ages, and was also
similar in appearance to the activity patterns seen previously in animals aged P21-24, 7-10 days before

eye opening (Powell et al., 2024).

Quantitative similarity in developmental trajectory of modular spontaneous activity

We next sought to directly compare the strength of modular activity in different brain areas over
development. To achieve this, we calculated the modularity of each spontaneous event by first

computing the spatial autocorrelation and then measuring the relative amplitude of the first trough and
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P39-43
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Figure 3: Spontaneous events continue to exhibit widespread and distributed modular activity at
P39-43. a. Example timecourse of spontaneous activity in different cortical areas. Numbers indicate
events shown in b and c. b. Spontaneous events show modular patterns of activation in all areas at
P39-43. Left: raw event pattern showing clear modular patterns of activity in all areas at time (1) in
(a). Right: Same event after applying a highpass spatial filter. c. Second representative event from
same experiments as (b), at time (2) in (a). Scale bars (a): 0.1 AF/F, 20 sec; (b-c): 1 mm.

subsequent peak, providing a measure of the regularity in spacing of active domains (Powell et al.,
2024). Comparing this data to spontaneous activity at P21-24 (Powell et al., 2024), the strength of this
modularity showed a global decline with age across areas (Figure 4a, Mack-Skillings test for age while
controlling for area, TS(2) = 26.73, p < 0.001), with significant declines within area for PFC, PPC and S1
(Kruskal Wallis p<0.05 for each, see Table 4-1). Notably however, events in all cortical areas at both P27-
32 and P39-43 remained significantly modular when compared to controls (26 of 26 vs shuffle at P27-32,
26 of 26 significant at P39-43 at p<0.05 in all cases).

We next measured the spatial wavelength of active domains, again using the spatial
autocorrelation of spontaneous events. Overall, the wavelength of activity decreased slightly with age
(Figure 4b), which was significant across areas (Mack-Skillings test for age while controlling for area,

TS(2)=12.31 p = 0.002), however within each area, these changes were only significant in Al (Kruskal
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Figure 4: Developmental maturation of modular spontaneous activity across cortical areas. a.
Modularity of spontaneous events declines with age, but remains significant in all cases versus
shuffle controls. b. The wavelength of active modules is relatively consistent across areas and shows
a slight but significant decline with age in Al. c. The amplitude of active modules declines in a similar
manner with age in all cortical areas examined. P21-24 data in (a-c) replotted for comparison from
(Powell et al., 2024).

Wallis, p<0.05, see Table 4-2). Notably, the wavelength of spontaneous activity in all cortical areas at all

ages is roughly similar to that of orientation preference maps in V1

The modularity of events derived from spatial autocorrelations primarily reflects the degree of
regularity in the spacing of active domains and is less sensitive to how strongly modules are active
relative to surrounding cortex. We therefore computed the ‘module amplitude’ to assess the selectivity
of modular activation (see Methods), and observed a corresponding decline with age across areas
(Figure 4c, Mack-Skillings test for age while controlling for area, TS(2) = 46.51, p< 0.001; with PPC, PFC,
S1 and V1 showing significant within-area declines, Kruskal Wallis p<0.05 for each, see Statistics Table 4-
3). Together, these results indicate that cortical networks across multiple brain regions continue to
exhibit large-scale patterns of distributed modular spontaneous activity well beyond the onset of
sensory-evoked responses, and that these diverse cortical areas undergo a similar trajectory of

developmental maturation.

Modular activity shows millimeter-scale correlations in all areas through P39-43

During early development, spontaneous activity not only shows modular patterns of activity, but
also millimeter-scale correlations (Smith et al., 2018; Powell et al., 2024). The patterns of spontaneous
activity at these ages comprise a low dimensional subset of all theoretically possible activity patterns,
such that certain sets of modules tend to be co-active across events, giving rise to millimeter scale
correlations in activity in all cortical areas examined (Powell et al., 2024). We next sought to determine if
the observed weakening of modular activity (Figure 4a,c) is accompanied by a corresponding
diversification in millimeter-scale networks, which could result from activity that is locally modular but
undergoes a developmental loss in larger-scale organization. Alternatively, large-scale correlated

networks could remain present in diverse cortical areas, consistent with multiple studies have found
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Figure 5: Millimeter-scale modular correlations across diverse brain areas after eye-opening. a.
Correlations across spontaneous events for representative experiments at P27-32. Pixelwise
correlations are shown relative to two different seed points for each area. Note that the spatial
patterns of correlations vary between seed points, reflecting multiple distinct correlated networks. b.
Modular correlations are still present at P39-43 in all cortical areas examined. Scale bar: 1 mm.

that millimeter-scale modular networks remain a prominent feature in V1 in the mature brain (Kenet et

al., 2003; O’Hashi et al., 2018; Smith et al., 2018). In order to determine if the large-scale network

structure that is common in the early cortex (Powell et al., 2024) follows distinct developmental

trajectories in V1 versus other cortical areas, we computed correlations across all spontaneous events

observed in widefield imaging.

We found that in all cortical areas examined, at P27-32, spontaneous activity continued to show

long-range correlations, with strongly correlated modules frequently appearing separated by millimeters

of cortical area (Figure 5a). Notably, multiple functional networks were reflected in the structure of

these correlations, as evidenced by the diversity in the spatial pattern of correlations for different seed
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points (Figure 5a, left vs. right). When we examined correlations at P39-43, we observed that the overall
structure remained roughly similar in all cortical areas, with positively correlated modules separated by
several millimeters. As in younger ages, different cortical locations participated in differently correlated
networks (Figure 5b, left vs. right). However, the strength of these correlations appeared to decrease
with age in all areas other than V1, with correlation patterns showing generally weaker and less distinct
structure than at earlier ages. This progression was qualitatively similar across areas outside of V1,

suggesting a similar developmental trajectory across these regions.

Developmental maturation in millimeter-scale correlated networks across brain areas

We next sought to quantify the strength of these long-range correlations and their developmental
progression across areas. Given that the absolute amplitude of correlations can be influenced by the
finite number of spontaneous events we are able to observe in each experiment, making direct
comparisons of correlation amplitude across areas and ages is challenging. To address this, we
employed a measure of correlation strength that allows for the correction of spurious correlations which
result from finite event numbers. Thus, correlation strength was determined computing the variance in
pixel-wise correlations (Dahmen et al., 2022; Powell et al., 2024) at a distance of 2 mm (bin size 1.8-2.2
mm) from the seed point. Strong correlations will exhibit high variance (as they include both strongly
positive and strongly negative peaks), whereas weak correlations will show low variance. Importantly,
this approach allows for subtracting the contribution of artifacts in correlation strength resulting from
finite event numbers, which we assessed using surrogate correlation patterns (see methods). In nearly
all cases at both P27-32 and P39-43, the strength of these long-range correlations was statistically
significant relative to shuffled controls (23 of 25 vs shuffle at P27-32, 23 of 25 significant at P39-43 at
p<0.05). A critical advantage of this approach is that it allows comparison across experiments at

different ages and areas with different numbers of observed events. When comparing our data to that
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Figure 6: Maturation of correlation strength and dimensionality across cortical areas. a. Long-range
correlations (1.8-2.2 mm) remain statistically significant versus control across age in all areas, while
showing a significant decline with age in all areas except V1. Closed circles indicate experiments with
significant correlations relative to shuffled controls. Open circles are non-significant at p<0.05. b.
Dimensionality increases significantly with age in most cortical areas. Data from P21-24 animals in (a-
c) replotted for comparison from (Powell et al., 2024).
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from animals at P21-24 published previously (Powell et al., 2024), we find that correlation variance at 2
mm changes significantly with age across areas (Figure 6a, Mack-Skillings test for age while controlling
for area, TS(2) = 22.91, P < 0.001). Within areas, PFC, PPC, S1 and A1, exhibited significant declines with
age (Kruskal Wallis test, p< 0.05 for all areas, see Statistics Table 6-1). In S1, the largest decline occurred
between P21-24 and P27-32, whereas PFC, PPC and S1 only showed large declines by P39-43. In contrast
to the other brain regions examined, correlation variance in V1 showed significant increases across age
(Kruskal Wallis test, p=0.047, see Statistics Table 6-1). Together these results show that despite
developmental changes in strength that exhibit some variation across brain areas, cortical networks

continue to exhibit significant long-range correlations at P39-43.

Spontaneous activity at early developmental timepoints (P21-24) is characterized by activity
patterns that reside in a relatively small subspace of all possible activity patterns, which can be
described with a relatively low number of dimensions (Powell et al., 2024). In order to determine
whether the complexity and diversity of spontaneous activity changed with age, we therefore computed
the cross-validated dimensionality (Abbott et al., 2011; Stringer et al., 2019) of widefield spontaneous
activity for each experiment. We observed significant changes in the dimensionality of activity across
areas (Figure 6b, Mack-Skillings test for age while controlling for area, TS(2) = 33.08, P < 0.001).
Dimensionality increased significantly in PFC, PPC, and Al (Kruskal Wallis test, p< 0.05 for all areas, see
Statistics Table 6-2), while remaining moderately low compared to the space of all possible activity
patterns. S1 showed a similar increase in dimensionality to these areas, but was not statistically
significant (Kruskal Wallis test, p=0.14, see Statistics Table 6-2). In contrast, the dimensionality of activity
in V1 appeared to change very little with age (Kruskal Wallis test, p=0.77, see Statistics Table 6-2).
Consistent with the decrease in correlation strength that we observe with age, we saw an increase in
dimensionality with development in PFC, PPC, S1, and A1, that was absent in V1. The continued low-
dimensionality and strengthening long-range correlations in V1 may be an area-specific specialization,
potentially reflecting the contribution of the highly organized long-range horizontal projections that
develop following eye-opening (Gilbert and Wiesel, 1989; Callaway and Katz, 1990; Durack and Katz,
1996; Bosking et al., 1997). Collectively, these results show that millimeter-scale correlations and
moderately low dimensional activity remain a central feature of spontaneous activity over development

in both sensory and non-sensory cortices.

Discussion

By examining multiple cortical areas serving diverse functions—ranging from primary sensory
cortices to higher-order association areas—at different points in development, we found evidence for a
common modular structure in spontaneous activity that undergoes a largely common developmental
maturation. Our data build upon prior results which show that across multiple brain areas in early

development before to the transition to sensory-evoked activity, local circuits exhibit highly dense and
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modular activity that is coherent on both the local and millimeter-scale (Powell et al., 2024).The results
presented here show that this common organization in the early cortex is followed by a largely
conserved developmental trajectory across many diverse cortical areas including both sensory and non-
sensory cortices. Initially low dimensional and strongly correlated activity becomes increasingly rich and
high dimensional with age, while retaining clear locally modular organization and long-range
correlations over a period spanning major developmental milestones of eye-opening and ear canal
opening. Notably, our results show that the central features of these networks—modular organization
and millimeter-scale correlations—are conserved across cortical areas and ages, persisting well after this
developmental transition to predominantly extrinsically driven activity. Over development, quantitative
differences in correlation strength and dimensionality emerge, primarily between V1 and other areas,

which reflect the interplay between a common functional architecture and area-specific specializations.

Our finding of a modular functional organization across many diverse cortical areas outside of early
development is consistent with several prior observations. In mature V1, the presence of a modular
functional organization is well documented in the structure of visually-evoked feature maps (Hubel and
Wiesel, 1968; Blasdel and Salama, 1986; Weliky et al., 1996; Issa et al., 2000; Kara and Boyd, 2009; Smith
et al., 2015b). This modular organization is also present in spontaneous activity (Kenet et al., 2003;
O’Hashi et al., 2018; Smith et al., 2018), which we also see in our results. Likewise, our finding that such
distributed modular correlated networks are present in other sensory areas (A1, S1) well after the
transition to extrinsically-driven activity is consistent with the presence of modular organization of
feature representations reported in these areas (Sur et al., 1981; Recanzone et al., 1999; Schreiner et al.,
2000; Friedman et al., 2004; Atencio and Schreiner, 2012). Furthermore, in the mature PFC, anatomical
projections corresponding to distinct information streams show spatial clustering (Goldman-Rakic and
Schwartz, 1982; Kritzer and Goldman-Rakic, 1995). Whether the correlated networks we observe in
spontaneous activity in these areas correspond to such representations—as they do in V1(Kenet et al.,
2003; O’Hashi et al., 2018; Smith et al., 2018)—remains to be determined.

While our results in general reflect a fairly consistent developmental maturation across highly
varied cortical areas, there are several notable differences between brain regions in our data. Amongst
several different metrics, activity in S1 shows large changes between P21-24 and P27-32, which appear
to occur later (between P27-32 and P39-43) in other brain areas. These results suggest that the timing of
maturation may differ across cortical areas, with S1 progressing faster than other areas. This is
consistent with the relatively earlier onset of sensory evoked and thalamocortically-driven responses in
S1 relative to V1 (Huberman et al., 2008; Antén-Bolafios et al., 2019). The diversity of brain regions is
generally thought to initially arise from broad genetically-specified gradients that are subsequently
refined in an activity-dependent manner driven by area-specific feed-forward inputs (Sur and

Rubenstein, 2005; Cadwell et al., 2019). In this context, the relatively stronger modularity and
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millimeter-scale correlations seen in V1 compared to other cortical areas in older animals may reflect
the emergence of a strong alignment of low-dimensional feed-forward input—encoding selectivity for

edge orientation—with locally modular intracortical networks (Tragenap et al., 2023).

Prior work has suggested that in early development, when intracortical horizontal connections are
thought to be primarily short-range (Durack and Katz, 1996), recurrent local circuits can give rise to
distributed and modular correlations through self-organizing mechanisms (Smith et al., 2018;
Mulholland et al., 2024). In such theoretical models (von der Malsburg, 1973; Ernst et al., 2001), this
modular structure arises through the interaction of local excitation and lateral inhibition (LE/LI), and
predicts a tight coupling of activity in excitatory and inhibitory populations, which has been observed in
V1in early development (Mulholland et al., 2021). Such LE/LI mechanisms appear to be engaged in early
V1 where unstructured optogenetic activation gives rise to modular cortical activity (Mulholland et al.,
2024). It is possible that a similar mechanism may operate in early development in other cortical
regions, although this remains to be tested. In addition, direct optogenetic stimulation of the cortex
across early to late developmental periods could be used to tease apart the relative contributions of
inputs to these different brain regions, and determine if the changes we observe with age are due a
developmental shift towards input-driven activity and the cortex becoming less strongly dominated by

recurrent circuits.

In V1, long-range horizontal axons emerge over development and exhibit distributed and patchy
arborizations that align spatially with functional modules representing stimulus features (Gilbert and
Wiesel, 1989; Callaway and Katz, 1990; Bosking et al., 1997). Similar patchy horizontal axonal projections
have been seen in a wide range of cortical areas, and have been suggested to reflect a canonical wiring
motif in the mature cortex (Douglas and Martin, 2004; Muir and Douglas, 2011). If such structured long-
range connections emerge over development as a common feature across brain regions, they could
serve to constrain and stabilize the large-scale correlated networks we observe across areas in
spontaneous activity in multiple cortical areas, thereby maintaining this millimeter-scale organization in
the face of local sparsification and increased dimensionality. It is also possible that differences in the
strength of such specific long-range horizontal connections across areas might also contribute to the

relatively stronger millimeter-scale correlations seen in V1 at P39-43.

The question of whether functional modules such as those we observe in correlated spontaneous
activity play a role in cortical computations has long been the subject of investigation. Modular
organization can lead to efficient networks by minimizing connection distances between functionally
coupled neurons (Koulakov and Chklovskii, 2001), and can also lead to computational advantages
(Meunier et al., 2010). Our finding that modular networks in most brain regions weaken and become

higher dimensional with age suggests that such an organization may play a developmental role in
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coarsely grouping neurons into functional units in early development before giving way to more locally-
diverse organization. Whether the modules we observe in different cortical areas in animals well past
eye-opening reflect a persistent feature of developmental network organization, or rather contribute
directly to cortical computation, remains to be determined and could potentially result in different

answers across different cortical areas.
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Table 4-1:

Event modularity mean (sem)

Area

P21 -24

P27 - 32

P39-43

Kruskall Wallis across age

PFC

0.102 (0.007), n=6

0.084 (0.006), n=5

0.055 (0.001), n=5

p = 0.003, H(2) = 11.32

PPC

0.102 (0.005), n=5

0.074 (0.004), n=4

0.072 (0.011), n=4

p = 0.014, H(2) = 8.54

A1l

0.102 (0.008), n=4

0.079 (0.010), n=7

0.076 (0.004), n=6

p=0619, H(2) = 0.96

S1

0.101 (0.010), n=5

0.071 (0.004), n=4

0.052 (0.005), n=4

p =0.013, H(2) = 8.72

V1

0.106 (0.004), n=5

0.092 (0.011), n=6

0.083 (0.008), n=6

p = 0.459, H(2) = 1.56

Table 4-2: Event wavelength  mean (sem)

Area

P21 -24

P27 - 32

P39 -43

Kruskall Wallis across age

PFC

0.917 (0.013), n=6

0.887 (0.015), n=5

0.876 (0.025), n=5

p=0.210, H(2) = 3.12

PPC

0.873 (0.037), n=5

0.848 (0.017), n=4

0.780 (0.078), n=4

p = 0.368, H(2) = 2.00

A1

0.841 (0.036), n=4

0.879 (0.045), n=7

0.722 (0.018), n=6

p = 0.034, H(2) = 6.79

S1

0.835 (0.029), n=5

0.882 (0.019), n=4

0.850 (0.032), n=4

p=0.724, H(2) = 0.65

V1

0.862 (0.016), n=5

0.762 (0.025), n=6

0.701 (0.033), n=6

p = 0.008, H(2) = 468

Table 4-3: Module amplitude mean (sem)
Area P21 -24 P27 - 32 P39 -43 Kruskall Wallis across age
PFC 2.72(0.19), n=6 2.15(0.14), n=5 1.77 (0.04), n=6 | p =0.003, H(2) = 11.81
PPC 2.92(0.10), n=5 2.03(0.10), n=6 1.81(0.09), n=6 | p =0.050, H(2) = 6.00
A1 3.09 (0.16), n=4 1.94 (0.12), n=7 1.68 (0.05),n=6 |p=0.343,H(2)=2.14
S1 2.38 (0.13), n=5 1.64 (0.09), n=5 1.40(0.03),n=4 | p=0.002, H(2) =12.02
V1 3.74 (0.28), n=5 2.20 (0.11), n=3 1.94 (0.04), n=5 | p =0.009, H(2) = 9.40

Table 6-1: Correlation strength - 2mm  mean (sem)
Area P21-24 P27 - 32 P39 -43 Kruskall Wallis across age
PFC | 0.031(0.012),n=6 | 0.019(0.005),n=5 | 0.003 (0.002), n=5 |p = 0.004, H(2) = 11.02
PPC 0.014 (0.003), n=5 | 0.026 (0.004), n=4 | 0.015 (0.006), n=4 |p =0.042, H(2) =6.32
A1 0.022 (0.018), n=3 | 0.027 (0.007), n=6 | 0.004 (0.000), n=5 | p = 0.014, H(2) = 8.55
51 0.033 (0.005), n=5 | 0.002 (0.003), n=4 | 0.005 (0.001), n=4 | p =0.006, H(2) =10.11
V1 0.011 (0.006), n=5 | 0.036 (0.007), n=6 | 0.023 (0.007), n=6 |p =0.047, H(2) = 6.12

Table 6-2: Dimensionality mean (sem)

Area

P21 -24

P27 - 32

P39 -43

Kruskall Wallis across age

PFC

7.48 (1.01), n=6

11.01 (0.32), n=5

17.23 (1.04), n=5

p = 0.002, H(2) = 12.04

PPC

10.17 (0.66), n=5

8.95 (0.92), n=4

17.96 (1.68), n=4

p = 0.005, H(2) = 10.50

A1

10.13 (1.54), n=4

8.76 (1.19), n=7

20.47 (0.79), n=6

p = 0.020, H(2) = 7.86

S1

6.16 (1.21), n=5

14.03 (1.58), n=4

17.38 (1.57), n=4

p=0.144, H(2) = 3.88

V1

11.07 (0.83), n=5

9.72(1.37), n=5

10.74 (1.66), n=6

p=0.777, H(2) = 0.50
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