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Abstract The networks of neocortical neurons are coor-
dinated by spontaneous activity, the level of which exhibits
high heterogeneity among neurons, ranging from low ac-
tivity levels to very high activity levels, even in the same
network. Highly active neurons represent a small propor-
tion in the cerebral cortex and are mingled in a web of the
vast majority of neurons with low firing rates. However,
little is known about the spatial arrangement of these
highly active cells within the cerebral cortex. Here, we
visualized their spatial distribution by labeling them with
c-Fos, a neuronal activity marker, in the mouse primary
visual cortex. By introducing energy-like and entropy-like
parameters that did not require arbitrary thresholds for
c-Fos positivity, we found that strongly c-Fos-expressing
neurons were clustered in the vicinity. The cluster size
measured approximately 100 pm in diameter and was
smaller in layer 2/3 than in layers 5 and 6. Layer 1 neurons
did not exhibit a clustered pattern of c-Fos-expressing
neurons. Our novel statistical approaches are not subject to
human bias and are thus widely applicable to evaluate the
spatial bias of any particles.
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Introduction

In the neocortical circuits, excitatory neurons have tradi-
tionally been analyzed on the assumption that they are a
homogeneous population. However, accumulating evi-
dence shows that they exhibit spontaneous activity at dif-
ferent levels (Buzsaki and Mizuseki 2014; O’Connor et al.
2010; Minamisawa et al. 2011). Their firing rates vary by
one or two orders of magnitude; a small portion of neurons
contribute the majority of the total spikes in the network,
whereas the remaining neurons exhibit low firing rates
(O’Connor et al. 2010). Although the source of this sparse
firing remains unclear (Barth and Poulet 2012), long-term
recordings have implied that the spontaneous activity
levels of cortical neurons are stable over days and over
different behavioral conditions, indicating that the “de-
fault” firing behaviors are inherently determined in the
neurons (Mank et al. 2008; Mizuseki and Buzsaki 2013;
Jackson and Fetz 2007; O’Connor et al. 2010; Dickey et al.
2009; Fraser and Schwartz 2012). Indeed, excitatory neu-
rons can be classified into different subgroups based on
their electrophysiological properties (McCormick et al.
1985; Connors and Gutnick 1990), long-projection targets
(Morishima and Kawaguchi 2006; Morishima et al. 2011;
Brown and Hestrin 2009), and molecular characteristics
(Slomianka et al. 2011; Maruoka et al. 2011; Molnar and
Cheung 2006). Thus, highly active neurons are thought to
represent a specific subpopulation. However, detailed
analysis of these neurons has been hampered due to the
difficulty in reliably labeling and detecting them based on
their spontaneous activity levels.

For decades, c-fos, one of the immediate early genes,
has been used as a neuronal activity marker (Dragunow and
Faull 1989; Sagar et al. 1988; Gall et al. 1998; Morgan and
Curran 1991), because its protein expression is induced
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rapidly after activation of the neuron (Lerea et al. 1992;
Dragunow and Faull 1989). Many studies have used c-Fos
labeling to detect experiment-dependent activities. Unfor-
tunately, however, they have tended to recognize sponta-
neous c-Fos expression under baseline, default-mode
conditions as noise. However, recent findings have
demonstrated that spontaneous c-Fos expression represents
highly active neurons (Jouhanneau et al. 2014; Benedetti
et al. 2013; Yassin et al. 2010). Indeed, c-Fos-positive
neurons show higher spontaneous firing rates than c-Fos-
negative neurons (Yassin et al. 2010). Moreover, c-Fos-
positive neurons located in somatosensory layer 2/3 re-
ceived stronger inputs from posterior medial nucleus of
mouse thalamus and can be discriminated from the other
neurons (Jouhanneau et al. 2014). However, the spatial
distribution of these highly c-Fos-expressing neurons
within the neocortical network remains to be elucidated.

In this study, we investigated the spatial distribution of
c-Fos-expressing neurons under basal conditions. We in-
troduced a bias-free strategy in which we utilized c-Fos
intensity as an analogue signal, instead of separating them
into c-Fos-positive or c-Fos-negative neurons. As a result,
we found that highly c-Fos-expressing neurons were spa-
tially arranged in a nonrandom fashion; that is, they formed
spatial clusters.

Methods
Animal preparation

The experiments were performed with the approval of the
animal experiment ethics committee of the University of
Tokyo (approval number: P24-9) and according to the
University of Tokyo guidelines for the care and use of
laboratory animals. The TetTag mouse line used in this
study was heterozygous for transgenes: c-fos promoter-
driven tetracycline transactivator (c-fos-tTA/c-fos-EGFP;
Jackson Laboratory stock number 008344) and a tet op-
erator-driven fusion of histone2B and GFP (tetO-
H2BGFP; Jackson Laboratory stock number 005104).
TetTag mice were backcrossed to the C57BL6/J back-
ground. Adult mice, weighing 20-30 g and aged 8-14
weeks, were housed individually, and maintained on a
12 h light/dark cycle with lights on from 6 a.m. to 6 p.m.
with ad libitum access to food and water. Mice were
raised on food with doxycycline (50 mg doxycycline/kg
chow). The doxycycline-containing food was obtained
from CLEA Japan (Tokyo, Japan) and manufactured using
doxycycline hyclate (Sigma-Aldrich, St. Louis, MO,
USA). For labeling, doxycycline was removed from the
food for 1 or 2 weeks.

Immunohistochemistry

Experimental mice were anesthetized with diethyl ether
and perfused transcardially with cold phosphate-buffered
saline (PBS; 1.47 x 107> M KH,PO,, 8.10 x 107> M
Na,HPO,12H,0, 2.68 x 107> M KCI, 137 x 107' M
NaCl) followed by 4 % paraformaldehyde. The brain
samples were postfixed with 4 % paraformaldehyde for 4 h
at 4 °C and subsequently immersed in 15 and 30 % sucrose
for 24 h at 4 °C. Coronal sections (40 um thick) of the
primary visual cortex (V1) were prepared with a cryostat at
—24 °C. The slices were then permeabilized for 30 min at
room temperature in PBS with 0.3 % Triton X-100 and
10 % goat serum. The samples were subsequently incu-
bated with primary antibodies in PBS with 0.3 % Triton
X-100 and 10 % goat serum overnight at room tem-
perature. The primary antibodies used in this study were as
follows: mouse anti-NeuN (1:1000,s #MAB377; Millipore,
Bedford, MA, USA), chicken anti-GFP (1:1000, #ab13970;
Abcam, Cambridge, UK), and guinea pig anti-vesicular
glutamate transporter 2 (vGluT2, 1.0 pg/mL; given by H.
Hioki, Kyoto University). After rinsing with PBS, the
samples were incubated with secondary antibodies in PBS
with 10 % goat serum for 4 h at room temperature. The
secondary antibodies conjugated with Alexa fluor dyes
(1:500; Invitrogen, Gaithersburg, MD, USA) were used.
After rinsing with PBS, the samples were mounted with
Permafluor (#TA-030-FM; Thermo Scientific, Rockford,
IL, USA). GFP signals are observed not only within the
nuclei but also in the cytoplasm. This is because we used
c-fos-tTA/c-fos-EGFP transgenic mouse. EGFP signal is
observed in the cytoplasm, while H2B-GFP exists within
the nuclei. However, these signals can be segregated by
their localization. Moreover, EGFP has very short half-life
(2 h). For c-Fos immunostaining, free-floating coronal
40-pm-thick sections of V1 were prepared at —24 °C using
a cryostat. They were then permeabilized for 1 h at room
temperature in PBS with 0.3 % Triton X-100 and 10 %
goat serum. The samples were subsequently incubated with
rabbit anti-c-Fos primary antibody (1:1000, #sc-52; Santa
Cruz Biotechnology, Dallas, TX, USA) in PBS with 0.3 %
Triton X-100 and 10 % goat serum overnight at 4 °C. After
rinsing with PBS, the samples were incubated with a bi-
otinylated anti-rabbit secondary antibody (1:500, #BA-
1000; Vector Laboratories, Burlingame, CA, USA) in PBS
with 10 % goat serum for 4 h at room temperature. After
rinsing with PBS, VECTASTAIN ABC Kit (#PK-6100;
Vector Laboratories, Burlingame, CA, USA) and TSA-
Cyanine 3 Kit (#NEL744001KT; PerkinElmer, Waltham,
MA, USA) were used to intensify the signal of c-Fos. After
rinsing with PBS, the samples were mounted with
Permafluor.
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Cell detection and definition of borders of cortical
layers

Images were acquired on a CV1000 (Yokogawa, Tokyo,
Japan) or FV1200 (Olympus, Tokyo, Japan) confocal sys-
tem under 20x and 10x objectives. Mosaic images were
prepared using ImagelJ. The acquired images were analyzed
using ImageJ. We manually defined NeuN-positive cells as
neurons. The borders between cortical layers were defined
by the density of neurons and the intensity of vGluT2
immunoreactivity (Meyer et al. 2010).

Geometric energy

Data analyses were performed using MATLAB (Math-
Works, Natick, MA, USA) and ImageJ. The GFP intensity
was obtained as an arbitrary value in ImageJ software. For
each neuron, the nucleus of a cell was marked as a circular
region of interest, in which the mean intensity was mea-
sured. To pool the datasets from different histological
sections in different animals, we standardized the GFP
intensities of individual neurons to the Z scores, defined as
Z = (F — w)lo, where F is the GFP intensity of the fo-
cused neuron, and u and ¢ represent the mean and standard
deviation (SD) of the population in the section including
the neuron, respectively. The Z score is a widely used value
for standardization that allows direct comparison among
datasets with different means and variations, representing
how much the value differs from the population mean. To
evaluate the spatial distribution of c-Fos-expressing neu-
rons, we calculated the geometric energy (E;) as follows
(Hira et al. 2013):

1
E, = - ZZ;

where Z; and Z; are the Z scores of neuron i and j, re-
spectively, and r;; is the Euclidean distance between neu-
rons i and j. E; was compared with the chance level
estimated by surrogates in which the Z scores were ran-
domly exchanged across neurons in the section (Z-swap-
ping). For each section, surrogates were generated 1000
times, and their mean &= SD was used as the chance level.

Geometric entropy

To determine the cluster size of c-Fos-expressing neuronal
populations, we calculated the entropy of GFP intensities
as a function of grid size. Grids with sizes ranging from
5 x 5 to 300 x 300 um were tiled over the V1 area or
over each cortical layer in V1. Then, the geometric entropy
H, was calculated as follows:

Hy=—Y PilogPi, P, :%

@ Springer

where n; is the sum of the normalized Z scores within grid
i, and N is the sum of n; for all grids (Xn;). The normalized
Z score was defined by linearly scaling the minimal and
maximal Z values to 0 and 1, respectively. This normal-
ization is necessary because entropy cannot be calculated
for nonzero values. The chance level of H, was again es-
timated by 1000 Z-swapped surrogates. H, quantifies the
evenness of the Z scores across grids; H, takes a lower
value when neurons with higher Z scores are more local-
ized in specific grids. Therefore, we defined the grid size
that minimized the ratio of H, to the mean surrogate H, as
the cluster size.

Statistics

We report data as mean + standard error on the mean
(SEM) unless otherwise specified. Paired ¢ test and Tukey’s
test following one-way repeated-measure analysis of vari-
ance (ANOVA) were performed to assess the significance
of the difference. P < 0.01 was considered statistically
significant.

Results

We crossed c-fos-tTA transgenic mice with tetO-H2BGFP
transgenic mice and monitored c-Fos expression in V1
neurons (Fig. la, top). In these mice, activation of c-fos
promoter is designed to drive expression of tetracycline
transactivator (tTA), which in turn promotes expression of
histone2B (H2B)-fusioned GFP by acting on tetO pro-
moter. This process is controlled by systemic treatment
with doxycycline, which prevents tTA from driving the
tetO promoter. Therefore, H2B-fusioned GFP fusion pro-
tein is expressed only in the absence of doxycycline. Be-
cause of H2B, H2B-fusioned GFP is transferred to the
nuclei and is stabilized therein without affecting cell via-
bility (Kanda et al. 1998). Therefore, c-fos-tTA::tetO-
H2BGFP transgenic mice provide a platform to label
neurons that are activated during a specific time period
with GFP for a long term (~ 2 weeks).

In this work, we targeted c-Fos expression of sponta-
neously active neurons during baseline conditions. We thus
kept each mouse in a home cage throughout the ex-
periments (Fig. 1a). They were raised with food containing
doxycycline and were exposed to doxycycline-free condi-
tions for 1-2 weeks to label spontaneously c-Fos-express-
ing neurons with GFP. After that, the animals were
sacrificed, and GFP expression was inspected in V1 sec-
tions using confocal microscopy (Fig. 1b). We immunos-
tained the GFP signal in order to increase its signal-to-
noise ratio. Neurons were identified by immunopositivity
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Fig. 1 Detection of neuronal GFP signal in c-fos-tTA::tetO-H2BGFP
transgenic mice. a The fop diagram shows the scheme of transgene
expression under the control of c-fos promoter. Activation of c-fos
promoter drives expression of tetracycline transactivator (tTA), which
in turn drives expression of H2BGFP fusion protein through
activation of tetO promoter in the absence but not in the presence
of doxycycline. The bottom scheme shows the conditions of
doxycycline treatment. Mice were raised with food containing
doxycycline and were exposed to doxycycline-free condition for
1-2 weeks in their home cages. Then, V1 was immunostained for
NeuN, GFP, and vGluT2. b The left confocal micrograph shows the

for NeuN, a specific neuron marker. A total of 9 c-fos-
tTA::tetO-H2BGFP transgenic mice were analyzed. No
apparent effect of the period (1-2 weeks) of doxycycline-
free conditions on GFP expression patterns was found, and
therefore the data of the 9 mice were pooled for analyses.
When mice that were exposed to doxycycline throughout

NeuN (blue) and GFP (green) immunoreactivity in a representative
mouse. V1 is indicated by the orange tetragon. The white rectangular
zone is magnified in the right inset, in which the white rectangular
zone is further magnified in the bottom-right inset. ¢ No apparent GFP
expression was observed in the neocortex in the presence of
doxycycline. The leak expression of GFP was minimal. d Anti-c-
Fos immunostaining reveals that GFP (green) and endogenous c-Fos
(red) significantly overlapped. e The layers along the neocortical
column were determined based on cell density (NeuN, blue) and
vGluT2 fluorescence (vGluT2, red) (color figure online)

their lifetimes were sacrificed, the leak expression of GFP
was minimal (Fig. 1c). Moreover, immunostaining with
anti-c-Fos antibody revealed that GFP signals significantly
overlapped with c-Fos immunoreactivity (Fig. 1d;
P = 0.0002, 13 = 6.38, paired ¢ test, n = 9 mice). Thus,
the GFP signals in the absence of doxycycline represented
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activity-dependent c-Fos induction during the final
1-2 weeks. Based on cell density and vGluT2 fluorescence,
we determined the borders between cortical layers
(Fig. le), as described elsewhere (Meyer et al. 2010).

We found that most neurons exhibited low GFP inten-
sities; however, we also found extremely strong GFP ex-
pression in a sparse population of V1 neurons (Fig. 1b).
Consistent with this observation, the GFP intensities of
individual neurons showed a long-tailed distribution with
the peak at a low intensity (Fig. 2a). The long-tailed dis-
tributions were observed in all layers of V1 (Fig. 2b).

We next examined the spatial distribution of c-Fos ex-
pression throughout V1. For this purpose, we introduced two
parameters. Using the first parameter, we demonstrated that
c-Fos-expressing neurons are spatially clustered. We then
used the second parameter to estimate the sizes of the clusters.

As the first parameter, we calculated the geometric en-
ergy of GFP intensities in V1 neurons (Fig. 3a—). For each
neuron, the geometric energy was calculated as a total sum
of pairwise multiplications of GFP intensities (Z scores)
divided by the intersomatic distance between all possible
pairs of the focused neurons and the other neurons (see
“Methods”). Since this value depends on the somatic dis-
tance, it takes a higher value when cells with strong c-Fos
expression are located close to one another (i.e., when they
are spatially clustered in a certain location). Thus, the
geometric energy in an area works as an index for a spatial
bias of c-Fos-expressing neurons (Hira et al. 2013). We
compared the geometric energy to its stochastic level,
which was estimated in 1000 Z-score-swapped surrogates.
The mean geometric energy of GFP signals in V1 was
significantly higher than that of the surrogate data (Fig. 3c,
P=95x 107", tg = 13.3, paired ¢ test, n = 9 mice),

suggesting that the strongly c-Fos-expressing neurons were
indeed spatially confined. To clarify the contribution of
each layer, we applied the same analyses to the GFP sig-
nals of neurons in each layer. We observed significantly
higher geometric energy in layer 2/3, 4, 5, and 6, but not in
layer 1 (Fig. 3d).

As the second parameter, we introduced the geometric
entropy to estimate the cluster diameter of c-Fos-express-
ing neurons. For calculation of entropy, grids with sizes
whose edge ranged from 5 to 300 um were aligned
throughout V1 in a tiling fashion (Fig. 4a). Then, the
evenness of the total Z scores in individual grids was es-
timated using their entropy over grids (Fig. 4a). We com-
puted the entropy ratio by normalizing the entropy of the
real data to that of 1000 Z-score-swapped surrogates. Since
the entropy relative to its chance level takes a lower value
when neurons with higher Z scores are distributed more
intensively in specific grids, the grid size that gives the
lowest entropy ratio is regarded as the “size” of spatial
clusters of high-Z-score neuron populations. The cluster
size of c-Fos-expressing V1 neurons was 102 £ 24.8 pm
(Fig. 4b; mean = SD of 9 mice). We applied the same
entropy analysis to neurons in each cortical layer (Fig. 4c)
and found that the cluster size was 37.8 & 18.6 um (lay-
er 2/3), 54.4 £ 18.3 um (layer 4), 66.7 £ 16.2 um (lay-
er 5), and 68.9 + 15.6 um (layer 6) (Fig. 4d; mean £ SD
of 9 mice). These cluster sizes were smaller than that
calculated from the entire V1 (=102 £ 24.8 um), sug-
gesting that c-Fos-expressing neurons were clustered be-
yond the borders between layers, probably constituting
column-like structures. Among layers, the cluster size was
smallest in layer 2/3 (P = 1.9 x 10_3, F5,5, = 6.19, one-
way repeated-measure ANOVA).

A (%) All layers B %)
10 10 Layer 1 q Layer 2/3 Layer 4

2 1 o 1 E

8 0.1 % 01 '.l. L. .
8o

0.01 0.01 § b
o 1 2 3 4 5 6 7 (%) T T T T L T T 1 T T T T T T T 1 6 ; é é A é é ;
Fluorescence (Z score) 10 Layer 5 } Layer 6 Fluorescence
@ 1 T
g o1 1
0.01 Wi h

01234567
Fluorescence

Fig. 2 Long-tailed distribution of c-Fos intensities in mouse V1
neurons. a The semi-log distribution of the GFP fluorescence in
NeuN-positive cells was long-tailed, indicating that a few V1 neurons
spontaneously exhibited high c-Fos expression under baseline con-
ditions. Data of all 124,875 NeuN-positive cells are pooled from all 9
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mice. b The distribution of the GFP intensity in each layer: n = 887
neurons (layer 1), 31,996 neurons (layer 2/3), 38,533 neurons (lay-
er 4), 22,887 neurons (layer 5), and 30,572 neurons (layer 6) from 9
mice
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Fig. 3 Spatial clustering of highly c-Fos-expressing V1 neurons.
a Representative confocal micrograph of c-Fos expression (NeuN,
blue; GFP, green). The region enclosed with orange broken lines
indicates V1. b Pseudocolored Z scores of the GFP intensities in 3828
individual V1 neurons in a representative section. ¢ Mean geometric
energy in real datasets and their surrogates. Error bars represent SEM
of 9 mice. ***P =95 x 107, tg = 13.3, paired ¢ test versus

Discussion

In this study, we examined the spatial distribution of
neocortical V1 neurons that expressed c-Fos under default-
mode conditions. Utilizing c-fos-tTA::tetO-H2BGFP
transgenic mice, we recorded the c-Fos expression levels
through their GFP intensities with single-neuron resolution.
We discovered that, in mouse V1, c-Fos was sparsely ex-
pressed in a few select neurons at extremely high expres-
sion levels. Moreover, these neurons were nonrandomly
distributed, exhibiting spatial clusters. We estimated that
these clusters had a mean diameter of approximately
100 pm.

c-fos, one of the immediate early genes that are rapidly
induced by neuronal activity, is widely used as a marker for
neuronal activation. Most previous studies have used c-Fos
protein expression as binary data by setting a threshold on
its expression level; That is, neurons are arbitrarily judged
to be “active” when their c-Fos immunoreactivity sur-
passes a threshold, while others are judged to be “inactive”
when exhibiting intensity levels below this threshold.
However, the firing rates of cortical neurons are con-
tinuously distributed and cannot be binarized in this way
(O’Connor et al. 2010). Therefore, we sought more unbi-
ased approaches that avoid classifying neurons through an
arbitrary threshold. In this work, we used the GFP inten-
sities as an analogue measurement. Indeed, the GFP

surrogate. d Mean £ SEM geometric energy for each cortical layer
compared with their surrogates. Layer 2/3 (L2/3):
#EP = 47 x 1075, 13 =7.9; layer 4 (L4): ***P =55 x 107,
tg = 7.8; layer 5 (LS): ***P = 6.2 x 1074, tg = 5.4, layer 6 (L6):
wEP — 142 x 1079, tg = 12.67; paired t test versus surrogate.
n = 9 mice (color figure online)

intensities of neurons showed a long-tailed, continuous
distribution. This finding is consistent with many previous
reports showing that the firing rates of neocortical neurons
under baseline conditions are heterogeneous and are nu-
merically dominated by neurons with firing rates of less
than 0.1 Hz, known as sparse firing (Beloozerova et al.
2003; de Kock and Sakmann 2009; de Kock et al. 2007;
Hromadka et al. 2008; Poulet and Petersen 2008; Sakata
and Harris 2009).

Recent evidence indicates that they form specific sub-
groups, which are categorized by their intrinsic properties,
morphology, long-projection targets, and molecular mark-
ers. Previous studies investigating the functional connec-
tivity of these neurons have revealed that different subtypes
of excitatory neurons tend to form finely organized sub-
networks (Krook-Magnuson et al. 2012; Morishima and
Kawaguchi 2006; Morishima et al. 2011; Brown and
Hestrin 2009). Moreover, some neuronal subtypes exhibit
stereotypy in their spatial organization (Maruoka et al.
2011; Kenet et al. 2003). A recent study focused on cor-
tical neurons that strongly express c-Fos under spontaneous
conditions, demonstrating that these neurons received more
inputs from higher-order thalamic nuclei compared with
low-c-Fos-expressing neurons (Jouhanneau et al. 2014).
Thus, spontaneously highly active neurons are likely to
constitute a specific subgroup of neurons. We took a step
further by examining their spatial organization. We found
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Fig. 4 Cluster sizes of highly c-Fos-expressing V1 neurons. a Rep-
resentative confocal micrograph of c-Fos expression on which grids
were superimposed in a tiling fashion. V1 is indicated by orange
broken lines. For entropy analysis, grids were aligned over V1. The
right inset shows a magnification of one grid. b Entropy analysis of
the entire layers. Data are shown as mean =+ SD of 9 mice, indicating

significant spatial clustering of these neurons in neocortical
networks. It is our aim to test whether these highly active
neurons are associated with already reported functional
units in the cortical circuit (Yoshimura et al. 2005; Ko
et al. 2013). To reveal this possibility, we need to clarify
the synaptic connectivity properties and the functional re-
sponse correlations. Finally, our data were obtained ex-
clusively from a single line of transgenic mice, and may
contain some positional effect. Therefore, our results
should be verified using another transgenic mouse line.
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