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Highly active neurons emerging in vitro
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Abstract

Mean firing rates vary across neurons in a neuronal network. Although most neurons infrequently emit spikes, a small fraction of neu-
rons exhibit extremely high frequencies of spikes; this fraction of neurons plays a pivotal role in information processing, however, little
is known about how these outliers emerge and whether they are maintained over time. In primary cultures of mouse hippocampal
neurons, we traced highly active neurons every 24h for 7wk by optically observing the fluorescent protein dVenus; the expression of
dVenus was controlled by the promoter of Arc, an immediate early gene that is induced by neuronal activity. Under default-mode
conditions, 0.3%–0.4% of neurons were spontaneously Arc-dVenus positive, exhibiting high firing rates. These neurons were spatially
clustered, exhibited intermittently repeated dVenus expression, and often continued to express Arc-dVenus for approximately 2 wk.
Thus, highly active neurons constitute a few select functional subpopulations in the neuronal network.

NEW & NOTEWORTHY The overdispersion of neuronal activity levels can often be attributed to very few neurons exhibiting
extremely high firing rates, but due to technical difficulty, no studies have examined how these outliers are selected during de-
velopment and whether they are maintained over time. We optically monitored highly active neurons for as long as 7wk in vitro
and found that they constituted a unique population that was different from other “mediocre” neurons with normal firing rates.

action potential; cell culture; hippocampus; immediately early gene; neuron

INTRODUCTION

The nervous system is highly unequal in terms of neuro-
nal activity levels. Only a few neurons exhibit extremely
high firing rates, whereasmany other neurons aremost often
inactive (1–4). Although highly active neurons are numeri-
cally less dominant than those with low activity, their spikes
contribute to the majority of the total spikes in the brain and
have a greater impact on neural computation than those
emitted by many other “mediocre” neurons (3–5). Highly
active neurons express the immediate early gene c-Fos (6)
and are spatially clustered in the cerebral cortex in vivo (7).
Given that the activity levels of individual neurons are invar-
iant regardless of the behavioral states of an animal or the
surrounding environment (3), they appear to be inherently
determined, that is, highly active neurons are preconfigured,
constituting a unique subpopulation in the neuronal net-
work. However, there is no experimental evidence support-
ing this idea, and the mechanisms for the selection of highly

active neurons and their long-term stability have not been
clarified.

To address this gap, we employed a primary culture sys-
tem that allows neurons to be maintained on a single layer
on glass coverslips. Even without external stimuli, cultured
neurons form synaptic connections and fire spontaneous
spikes. This feature allows us to focus on the circuit proper-
ties that arise from the intrinsic properties of neurons. In
addition, it is easy to observe identical neurons for a long
time during development in primary culture and to manipu-
late them pharmacologically. In such “free-run” conditions
in primary cultures, the firing rates of neurons are highly
heterogeneous and exhibit a skewed distribution (8, 9). The
skewed distribution is stable for at least a few days and pro-
vides a unique opportunity to elucidate the fate and dynam-
ics of highly active neurons. However, no studies have
addressed the long-term stability of the distributionwith sin-
gle-cell resolution, mainly because it is technically difficult
to electrophysiologically trace each neuron for a long time.
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Calcium imaging is available for long-term observation of
neuronal activity, but calcium fluorescencemay be saturated
when neurons are highly active and the number of neurons
observed at the same time is limited. To overcome this prob-
lem, we used the expression of Arc as a marker of the neuro-
nal activity level. Arc is an immediate early gene that is
rapidly induced by neuronal activity (10–12), and Arc-
expressing neurons exhibit high firing rates (6). To ensure
the long-term traceability of Arc-expressing neurons, we pre-
pared cultured neurons from Arc-dVenus transgenic mice,
in which an Arc promoter induced expression of dVenus, a
rapidly degrading version of yellow fluorescent protein (13).
By fluorescently monitoring dVenus-positive neurons, we
discovered that a population of highly active neurons is
likely fixed for at least weeks.

MATERIALS AND METHODS

Animals

All experiments were performed with the approval of the
Animal Experiment Ethics Committee at the University of
Tokyo (Approval No.: P29-9) and according to the University
of Tokyo guidelines for the care and use of laboratory animals.

Cultures

Primary hippocampal cultures were prepared from neona-
tal wild-type (WT) or Arc-dVenus mice of either sex. Arc-
dVenus mice were provided by Prof. Yamaguchi at Gifu
University. Mouse pups were anesthetized by isoflurane and
the brains were removed. The hippocampi were dissected
out in Hank’s balanced salt solution at 37�C, minced, and
incubated at 37�C for 15min with trypsin and ethylenediami-
netetraacetic acid, followed by incubation with DNase at
room temperature for 5min. Tissues were washed in Hank’s
balanced salt solution; triturated using a fire-polished
Pasteur pipette in neurobasal medium containing 2% B27
supplement, 0.5mM glutamine, 25μM glutamate, 1mM
HEPES, and 10% horse serum; and filtered through 40-μm-
pore cell strainers. Cells were dispersed on 12-mm-diameter
glass coverslips coated with poly-D-lysine. They were placed
in a 37�C, 5% CO2 incubator. The initial cell density on day 0
in vitro (DiV 0) was set to 1,800 cells/mm2 unless otherwise
specified. On DiV 1, the medium was replaced with neuro-
basal medium containing 2% B27 supplement, 0.5mM gluta-
mine solution, and 1mM HEPES. On DiV 2, 5μM of cytosine
arabinoside was added to inhibit the proliferation of non-
neuronal cells, and the medium was refreshed 24h later.
Then, 12.5% of the medium was replaced every day. When
the medium was replaced, we carefully checked the appear-
ance of neurons by eye and found no evidence that highly
active neurons were damaged or dying, as compared with
other neurons. To sparsely label neurons and visualize
their morphology, AAV2retro-Cre-EBFP and AAVdj-CBA-
Flex-mCherry were infected at a multiplicity of infection
(MOI) of 1,000 viral genomes per cell at DiV 7. Media con-
taining AAV were changed after 48 h.

Imaging

Images were acquired on a CV1000 confocal system
(Yokogawa, Tokyo, Japan) with a �20 objective at 37�C

with 5% CO2 every day. In each culture well, 3–9 regions of
interest (672 � 768 mm2) were randomly selected, in which
the identified neurons were observed every 24h until DiV
49. Neurons were outlined by a circular region of interest
(ROI) from transmitted light images. Images were ana-
lyzed using custom-made routines in ImageJ and
MATLAB. The fluorescence intensity of dVenus was
expressed in arbitrary units in ImageJ software. Images of
immunostained samples were acquired using a spinning
disk confocal microscope (SpinSR10, OLYMPUS, Tokyo,
Japan) with �10 (NA = 0.40), �20 (NA = 0.75), or �40 (NA
= 0.95) objectives. In each well, 1–8 ROIs were randomly
selected, and Z-series images were collected at 1.99-mm
steps (�10), 0.57-μm steps (�20), and 0.35-μm steps (�40).
All images were analyzed using ImageJ software. A neuron
with an Arc fluorescence intensity above the means þ 3 �
SD for the Arc intensity of all cells in each ROI was consid-
ered Arc-positive. The Arc intensity in the segmented
area, based on the DAPI signal using a U-net plugin, was
calculated. Sholl analysis was performed using Single
Neurite Tracer.

Immunohistochemistry

Cultures were fixed with 4% paraformaldehyde and 4%
sucrose in phosphate-buffered saline for 10min, permeabil-
ized with 0.1% Triton-X solution for 10min, and blocked
with 10% goat serum for 1h at room temperature. Cells were
incubated with primary antibodies overnight at 4�C and
then with secondary antibodies for 1h at room temperature.
The primary antibodies used were as follows: mouse anti-
NeuN (1:1,000, Millipore, Bedford, MA), chicken anti-MAP2
(1:1,000, Synaptic Systems, G€ottingen, Germany), rabbit
anti-MAP2 (1:1,000, Abcam plc, Cambridge, UK), mouse anti-
S100b (1:1,000, Sigma-Aldrich, St. Louis, MO), guinea pig anti-
Iba1 (1:1,000, Synaptic Systems, G€ottingen, Germany), mouse
anti-GAD67 (1:1,000, Millipore, Bedford, MA), rabbit anti-
Arc (1:1,000, Synaptic Systems, G€ottingen, Germany), and
mouse anti-RFP (1:1,000, MBL International Corporation,
Nagoya, Japan). The specificity of this anti-Arc antibody
has been shown by experiments using Arc-knockout mice
(14). The secondary antibodies used were Alexa 405-/488-/
594-/647-labeled anti-mouse/rabbit/guinea pig/chicken IgG
(1:500, Thermo Fisher Scientific, Waltham, MA). The anti-
bodies were diluted in 1% goat serum solution. Nuclei were
labeled with DAPI (1:1,000, Thermo Fisher Scientific,
Waltham,MA).

Electrophysiology

Recording was performed at 35�C in a submerged cham-
ber perfused at 6–8 mL/min with oxygenated artificial cer-
ebrospinal fluid, which consisted of 127mM NaCl, 26mM
NaHCO3, 1.6mM KCl, 1.24mM KH2PO4, 1.3mM MgSO4,
2.4mM CaCl2, and 10mM glucose. For cell-attached
recordings, glass pipettes (3–6 MX) were filled with artifi-
cial cerebrospinal fluid. Signals were amplified and digi-
tized at a sampling rate of 2 kHz using a MultiClamp 700B
amplifier and a Digidata 1440A digitizer, respectively,
that were controlled by pCLAMP 10.4 software (Molecular
Devices).
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Statistics

Data are reported as the means ± standard errors (SEs).
The Kolmogorov–Smirnov test, jackknife resampling test, Z-
test, Student’s t test, and two-way repeated-measures
ANOVA were used to assess the significance of the differen-
ces. P < 0.05 was considered statistically significant. Post
hoc power analysis was conducted to evaluate the statistical
power. The geometric energy E was calculated by the follow-
ing equation (15):

E ¼
X 1

rij
ZiZj;

where rij is the Euclidean distance between neurons i and j.
The Zi value was designated as 1 or 0 depending on whether
neuron i was dVenus positive or not, respectively. The geo-
metric energy was compared with the chance level estimated
by 10,000 surrogates in which Z was randomly swapped
across neurons.

RESULTS

Few Highly Active Neurons Are dVenus Positive

Arc was immunohistochemically detected in hippocampal
neurons of primary cultures prepared from WT mice (Fig.
1A). The fluorescence of dVenus was also microscopically
detected in hippocampal neurons of primary cultures pre-
pared fromArc-dVenus transgenic mice (Fig. 1C). To confirm
that Arc and dVenus expression was induced during
increased neuronal activity, we treated DiV 28 cultures with
50mM of picrotoxin, a GABAA receptor antagonist, for 5h
and then immunostained the cultures with anti-NeuN, a
neuronal marker; note that the effect of picrotoxin becomes
saturated at 50mM (16). In control cultures without picro-
toxin treatment, only a few neurons exhibited strong Arc or
dVenus fluorescence, producing a long-tailed distribution of
fluorescence intensity as a whole (Arc: Fig. 1B, n = 3,560 neu-
rons in 4 cultures, dVenus: Fig. 1D, n = 4,480 neurons in 4 cul-
tures; also see Fig. 3B). Picrotoxin increased the proportions of

Figure 1. A few highly active neurons are dVenus posi-
tive. A: representative confocal images of primary cul-
tures of hippocampal neurons prepared from wild-type
(WT) mice. Cultures on DiV 28 were treated without or
with 50mM of picrotoxin for 5h and immunostained
against NeuN and Arc. B: rank-ordered distribution of
immunofluorescence intensities for endogenous Arc
in the somata of 3,560 and 3,576 neurons in four
control or four picrotoxin-treated cultures, respectively.
P < 2�10�308, D = 0.54, Kolmogorov–Smirnov test. C:
representative confocal images of primary cultures of
hippocampal neurons prepared from Arc-dVenus
transgenic mice. Cultures on DiV 28 were treated with-
out or with 50mM of picrotoxin for 5h and immuno-
stained against NeuN. D: rank-ordered distribution of
dVenus fluorescence intensities in the somata of 4,480
and 4,537 neurons in four control or four picrotoxin-
treated cultures, respectively. P = 3.5�10�36, D = 0.13,
Kolmogorov–Smirnov test. E: photograph of cell-
attached recordings from a dVenus-positive neuron.
The broken lines indicate the outline of the patch-
clamp pipette. F: representative traces recorded from
dVenus-negative and dVenus-positive neurons from
the same culture well. G: firing rates of dVenus-nega-
tive and dVenus-positive neurons. n=8 cells each; box
plots indicate median values and 25%–75% interquar-
tile ranges. P = 0.040, jackknife resampling test. H: cu-
mulative probability of the interevent interval between
firing of dVenus-negative and dVenus-positive neu-
rons. n=8 cells each, P = 3.7� 10�28, D=0.40,
Kolmogorov–Smirnov test. DiV, day in vitro.
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neurons with strong Arc or dVenus fluorescence (Arc: Fig. 1B,
n = 3,576 neurons in 4 cultures, P < 2 � 10�308, D = 0.54,
power=1, Kolmogorov–Smirnov test; dVenus: Fig. 1D, n =
4,537 neurons in 4 cultures, P = 3.5� 10�36,D = 0.13, power= 1).
The overall proportions of Arc-positive neurons were 1.5% ±
0.2% and 45.4% ± 5.6% for the control and picrotoxin condi-
tions, respectively. The proportions of dVenus-positive neu-
rons were 0.84% ± 0.21% and 6.8% ± 0.81% for the control and
picrotoxin conditions, respectively. Thus, both endogenous
Arc and artificially introduced dVenus were induced in an ac-
tivity-dependentmanner in our in vitro system.

To examine the dynamics of dVenus expression in individ-
ual cells, we labeled any given cell at each moment as
“dVenus-positive” or “dVenus-negative.” Specifically, a neuron
with a dVenus fluorescence intensity above the means þ 3 �
SD of the background intensity was considered dVenus-posi-
tive. We recorded spontaneous spikes of DiV 28 neurons in the

cell-attached configuration using patch-clamp pipettes (Fig.
1E). dVenus-positive neurons emitted spikes at higher frequen-
cies than those of dVenus-negative neurons (Fig. 1, F andG, n =
8 cells each, P = 0.040, jackknife resampling test, power=0.54).
In addition, the interevent interval of dVenes-positive neurons
was shorter than dVenus-negative neurons (Fig. 1H, n = 8 cells
each, P = 3.7 � 10�28, D = 0.40, Kolmogorov–Smirnov test,
power=1). This result suggests that spontaneous dVenus
expression under control conditions was also induced in an ac-
tivity-dependentmanner.

Arc-Positive Neurons Have Complex Morphology

To examine the cell types in our cultures, cultures prepared
from WT mice were immunostained with four cell type-spe-
cific markers: neuron marker MAP2, microglia marker Iba1,
astrocyte marker S100b, and inhibitory neuron marker GAD67
(Fig. 2A). These cell-type-specific markers were not merged

Figure 2. Arc-positive neurons are, for the most
part, excitatory neurons and have complex mor-
phologies. A: representative confocal images of
an anti-MAP2, anti-Iba1, and anti-S100b immuno-
stained culture of wild-type (WT) neurons. B: the
ratio of neurons, astrocytes, and microglia in each
culture. n = 12 images from three cultures; box
plots indicate median values and 25%–75% inter-
quartile ranges. C: the ratio of GAD67-positive in-
hibitory neurons among all neurons. n = 12 images
from three cultures; box plots indicate median val-
ues and 25%–75% interquartile ranges. D: repre-
sentative confocal images of an anti-Arc and anti-
GAD67 immunostained culture of WT neurons. E:
representative confocal images of an anti-S100b
and Arc immunostained culture of WT neurons. F:
glial density within a random field of view (ctrl) or
250mm of Arc-positive neurons. n = 12 (ctrl) and 15
(Arc-positive) images from three cultures; box
plots indicate median values and 25%–75% inter-
quartile ranges. P = 0.085, t25 = �1.793, Student’s
t test. G: representative confocal images of Arc-
negative and Arc-positive neurons infected
with AAV2retro-Cre-EBFP and AAVdj-CBA-Flex-
mCherry. H: Sholl analysis of Arc-negative and
Arc-positive neurons. Data are shown as the
means ± SE of 21 (Arc-negative) and 6 (Arc-posi-
tive) cells from three cultures. P = 0.035, F =4.988,
two-way repeated-measures ANOVA. DiV, day in
vitro.
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each other. MAP2-positive neurons accounted for 79.6% of all
cells, whereas 13.6% were S100b-positive astrocytes. There
were no Iba1-positive microglia (Fig. 2B). GAD67-positive in-
hibitory neurons accounted for 11.0% of MAP2-positive neu-
rons (Fig. 2C). We confirmed that the proportion of GAD67-
positive inhibitory neurons to the total number of Arc-positive
neurons was 16.7% (Fig. 2D). Thus, the majority of Arc-positive
cells were excitatory neurons.

To examine the effect of the presence of glial cells on the
localization of highly active neurons, the density of glial cells
within a radius of 250mm from a given Arc-positive neuron
was compared with that within a randomly selected field of
view (Fig. 2E). The mean glial density around Arc-positive
neurons seemed to be slightly higher than that within the
random field of view, but the difference was not statistically
significant (Fig. 2F, n = 12 and 15 images from 3 cultures, P =
0.085, t25 = �1.793, Student’s t test, power=0.60). This result
suggests that glial cells are unlikely to affect neuronal Arc
expression, at least under our experimental conditions.

We next investigated the morphology of Arc-positive neu-
rons. To observe themorphology of Arc-positive or Arc-nega-
tive neurons, we infected cultured neurons prepared from
WT mice with AAV2retro-Cre-EBFP and AAVdj-CBA-Flex-
mCherry; neurons were sparsely labeled. Neurons were im-
munostained with Arc (Fig. 2G), and Sholl analysis was used
to evaluate the morphological complexity of these neurons.
The number of interactions of Arc-positive neurons across
concentric circles was greater than that of Arc-negative neu-
rons [Fig. 2H, n = 21 (Arc-negative) and 6 cells (Arc-positive)
from 3 cultures, P = 0.035, F = 4.988, two-way repeated-meas-
ures ANOVA, power=0.47]. Thus, Arc-positive neurons had a
more complexmorphology than Arc-negative neurons.

dVenus-Positive Neurons Are Spatially Clustered

To investigate whether the locations of dVenus-positive
neurons were spatially uniform or biased, neurons were im-
munostained with NeuN on DiV 49 (Fig. 3A). Geometric
energy, an index of spatial clustering that was calculated as
the sum of the inverse intersomatic distances between all pos-
sible dVenus-positive neuron pairs (7, 15), was higher than the
95% confidence interval of the stochastic chance levels esti-
mated from 10,000 surrogates in which the dVenus expres-
sion label was randomly shuffled across all neurons (Fig. 3, B
and C). Therefore, dVenus-positive neurons were clustered in
the vicinity of each other. This clusteringmight be affected by
cell density. We also prepared low-density cultures by dispers-
ing cells at an initial density of 900 cells/mm2 instead of 1,800
cells/mm2 and found that dVenus-positive neurons were still
spatially clustered in the low-density cultures (Fig. 3, B and
C). The proportions of dVenus-positive neurons did not differ
between the 900 and 1,800 cells/mm2 cultures (Fig. 3D, n = 4
cultures, P = 0.70, t6 = 0.40, Student’s t test, power=0.19).
Thus, the emergence of highly active cells seemed to be
homeostatically balanced against cell densities.

dVenus-Positive Neurons Are a Small, Select Population

To examine the persistence of dVenus expression, we
assessed dVenus fluorescence in individual neurons every
24h for 49days (Fig. 4A). dVenus-positive neurons began to
emerge around DiV 21 (Fig. 4B). The proportion of dVenus-

positive neurons remained at less than 0.1% until DiV 35 and
then jumped to an apparently plateaued state of �0.3%–

0.4% (Fig. 4B). During our observation period of 49days, 153
(1.9%) of a total of 8,188 neurons were dVenus-positive for at
least 1 day (Fig. 4D, n = 8 cultures).

In individual cells, the duration of continuous dVenus
expression ranged from 1 to 15days. The distribution of the
durations of dVenus expression events was compared with
the chance level estimated from 10,000 surrogates in which
the dVenus expression label was randomly shuffled across
all neurons and DiVs (Fig. 4E, Z-test for 8 cultures). Events

Figure 3. dVenus-positive neurons are spatially clustered irrespective of
cell density. A: representative confocal images of an anti-NeuN immuno-
stained culture of Arc-dVenus neurons on DiV 49. B: representative maps
of neurons dispersed at densities of 1,800 and 900 cells/mm2. Gray and
green dots indicate dVenus-negative or dVenus-positive neurons, respec-
tively. C: cumulative distributions of the geometric energy, an index for
spatial clustering, of neuron cultures on DiV 49 (green) and their 10,000
surrogates (black) with a 95% confidence interval (gray). D: percentages of
dVenus-positive neurons at each density. Data are shown as the means ±
SE of four cultures on DiV 49. P = 0.70, t6 = 0.40, Student’s t test. DiV, day
in vitro.
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with durations of 1 day were less frequent than that indi-
cated by chance level, whereas longer events were more fre-
quent than that indicated by chance level. Given that
dVenus is degradedwithin several hours (13), this result indi-
cates that the high-activity state of neurons often persists for
days. To further confirm the persistence of dVenus expres-
sion, we computed 2-successive-day stability values as the
mean probability that a cell that was dVenus positive on a
given day had also been dVenus positive on the previous
day. Stability was low during the early stage and increased
after DiV 35 (Fig. 4F).

We finally investigated the repetitions of dVenus expression
events in a neuron (Fig. 4G, Z-test for 8 cultures). The 0-repeti-
tion events (1-time appearance without repetition) were less fre-
quent than those at chance level, whereas repetitions events
greater than 0 were more frequent. Therefore, even when
dVenus disappeared, it was preferentially re-expressed in the
same neurons. These results suggest that dVenus-expressing
neurons constituted afixed population in the neuronal network.

DISCUSSION

In this study, we constantly monitored the expression
dynamics of Arc-dVenus, a fluorescent reporter of neuro-
nal activity, in primary hippocampal cell cultures under
spontaneous default-mode conditions. We discovered that
a subclass of neurons preferentially expressed dVenus.
The percentage of dVenus-positive neurons in cultures
was almost identical to that under spontaneous conditions
in vivo (17). These neurons were numerically sparse but
spatially clustered. Our results were consistent with previ-
ous studies suggesting that, in primary hippocampal cul-
tures, neuronal activity is heterogeneous, with only a few
neurons showing high levels of activity (8). Given that in
primary cultures, neurons form circuits depending on
their intrinsic wiring programs in the absence of external
stimuli, it was intriguing to find that dVenus-positive neu-
rons were spatially clustered. Because the synaptic con-
nection probability is not necessarily correlated with the

Figure 4. dVenus-positive neurons are a small, select population. A: a representative transmitted light image (left), a representative confocal image of
dVenus fluorescence (middle), and the cell map on DiV 39 (right). Gray or green dots in the map indicate dVenus-negative or dVenus-positive neurons,
respectively. B: time course of the percentage of dVenus-positive neurons. Data are shown as the means ± SE of eight cultures. C: images of the bro-
ken-line box in A from DiV 38 to DiV 47. The white and red arrowheads show dVenus-negative and dVenus-positive states, respectively, of identical
neurons. D: time course of dVenus expression in all 153 cells that became dVenus positive at least once during the 49days in culture. E: distribution of
the durations of 200 dVenus-positive events in eight cultures. Gray bars show the mean chance level in 10,000 surrogates. 1 day: P < 10�323, Z = �12.5,
power = 1; 2 days: P = 8.2� 10�10, Z =6.1, power = 1; 3 days: P = 6.6� 10�7, Z =5.0, power = 1; 4days: P = 0.08, Z = 1.7, power = 1; 5days: P =
2.1� 10�3, Z = 3.1, power = 1; 6 days: P = 0.01, Z = 2.5, power = 1; 7 days: P = 0.32, Z = 1.0, power = 0.63; 8 days: P = 0.08, Z = 1.7, power = 0.95; 9 days:
P = 0.16, Z = 1.4, power = 0.87; 10 days: P = 0.16, Z = 1.4, power = 0.87; 11 days: P = 0.32, Z = 1.0, power = 0.63; 13 days: P = 0.32, Z = 1.0, power = 0.63;
14 days: P = 0.02, Z = 2.3, power = 0.99; 15 days: P = 0.32, Z = 1.0, power = 0.63, Z-test. F: time course of the dVenus expression stability, which is
defined as the mean probability that a cell that was dVenus positive on a given DiV was also dVenus positive on the previous day. Data are shown
as the means ± SE of eight cultures.G: distribution of the numbers of dVenus expression events in each cell. Data are summarized from 8,188 neurons in eight
cultures. Gray bars show the mean chance level of 10,000 surrogates (n=8 cultures, 0 time: P = 1.5� 10�10, Z =�6.4, power= 1; 1 times: P = 8.1� 10�6, Z=4.5,
power= 1; 2 times: P = 2.0� 10�3, Z=3.1, power = 1; 3 times: P = 0.02, Z=2.3, power= 1; 4 times: P = 0.25, Z= 1.1, power=0.73, Z-test). DiV, day in vitro.

HIGHLY ACTIVE NEURONS EMERGE IN PRIMARY CULTURES

J Neurophysiol � doi:10.1152/jn.00663.2020 � www.jn.org 1327
Downloaded from journals.physiology.org/journal/jn at Univ of Tokyo (133.011.047.167) on May 23, 2021.

http://www.jn.org


distance between cell bodies (18), we cannot directly dis-
cuss synaptic connectivity based on the intersomatic dis-
tance between highly active neurons, but we consider that
there may be some spatially clustered function that is
determined by the distance between cell bodies (19).
Because a large proportion of neurons were dVenus nega-
tive, it is likely that “islands” of highly active neurons exist
sparsely in a large network (“sea”) of neurons. In a computa-
tional neural networkmodel, such patched structures of active
neurons can be displayed through Mexican-hat patterned
functional connectivity, with nearby excitation in a short spa-
tial range flanked by surrounding inhibition in a longer range
(20). Therefore, there may be some factor(s) that excite(s)
nearby neurons and inhibit other neurons in primary neuron
cultures.

dVenus-positive neurons started to appear around DiV 21.
At this culture stage, the overall level of neuronal activity
reaches a steady state (21). However, we found that the ratio
of dVenus-positive neurons as well as the stability of dVenus
expression in individual cells increased thereafter. After
reaching the overall steady state, the network may further be
reorganized to stabilize a few, select active neurons. The
intrinsic properties and synaptic properties of these neurons
may contribute to the emergence of heterogeneous net-
works. A previous report using cortical slices showed that
highly active neurons receive more excitatory and fewer in-
hibitory inputs than less active neurons (6). Interestingly,
the intrinsic excitability in highly active neurons is lower
than that observed in less active neurons, probably due to
homeostatic counterbalance against hyperexcitatory inputs.
Therefore, highly active neurons may emerge mainly
through the development of synapses. Although the overall
activity level and connectivity of a neuronal network are
affected by cell density (22), we found that the ratio of
dVenus-positive neurons was invariant to neuron density.
Thus, the proportion of highly active neurons seems to be
regulated independently of the overall activity level. The ac-
tivity levels of individual neurons are inherently determined
and are kept constant across conditions (3).

Previous studies monitoring in vivo and in vitro neuronal
activity revealed that the levels of neuronal activity are sta-
ble at certain time scales (9, 23, 24); however, the long-term
stability of neuronal activity over weeks remains unknown.
Our optical observation of dVenus expression revealed that
as few as 0.3%–0.4% of neurons spontaneously expressed
dVenus and that the dVenus-positive cells constitutively or
repetitively expressed dVenus, forming a distinct subpopula-
tion. Because a portion of the dVenus-positive cells seemed
to drift over time during our observation period of 49days,
long-term monitoring is still necessary to verify whether all
neurons become dVenus positive again after dVenus expres-
sion stops. It has been reported that highly active neurons
encodemore information than other neurons and play a cen-
tral role in information processing (4). These neurons may
act as a hub that has a significant impact on network activity
(25). Experiments with specific ablation of highly active neu-
rons will reveal the various functions of these neurons in
organizing circuit activity. Our Arc-dVenus system may pro-
vide a unique experimental platform to investigate the func-
tion and behavior of highly active neurons. However, as the
Arc protein is involved in long-term depression as well as

long-term potentiation and is transsynaptically transferred
to neighboring neurons, data derived using this protein have
to be interpreted with care.
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