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Visual Abstract

Significance Statement

Many experimental approaches require housing rodents in individual cages, a stressful condition for social
animals, even in an enriched environment context. Using the pilocarpine (pilo) model of epilepsy in rats and
mice, we report that singly housing animals develop a more severe phenotype in terms of stress and
epilepsy as compared to animals maintaining social contact. We propose that social isolation adds a degree
of complexity for the interpretation of data, which may be particularly relevant for preclinical studies.
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Many experimental approaches require housing rodents in individual cages, including in epilepsy research.
However, rats and mice are social animals; and individual housing constitutes a stressful situation. The goal of the
present study was to determine the effects of individual housing as compared to conditions maintaining social
contact on stress markers and epilepsy. Control male mice socially housed during pretest and then transferred
to individual cages for six weeks displayed anhedonia, increased anxiety and biological markers of stress as
compared to pretest values or mice kept socially housed during six weeks. Pilocarpine (pilo)-treated mice housed
together showed increased levels of anhedonia, anxiety and stress markers as well as decreased cognitive
performance as compared to the control group. The differences were more significant in pilo-treated mice housed
individually. Anxiety correlated linearly with cognitive performance and stress markers independently of the
experimental conditions. In the male rat pilo model, seizures were sixteen times more frequent in singly housed
animals as compared to animals kept in pairs. Daily interactions with an experimenter in otherwise singly housed
animals was sufficient to produce results identical to those found in animals kept in pairs. We propose that social
isolation produces a severe phenotype in terms of stress and seizure frequency as compared to animals
maintaining social contact (at least in these two models), a factor that needs to be taken into account for data
interpretation, in particular for preclinical studies.
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Introduction
Social isolation (single housing) and barren environment

are stressful to rodents (Arakawa, 2018; Mumtaz et al.,
2018). Social isolation of rodents after weaning is often
used as an experimental manipulation to model early life
stress in humans. It produces anxiety/depressive-like be-
havior and cognitive deficits and favors the emergence of
pathologic traits such as addictive behavior (Bianchi et al.,
2006; Brenes et al., 2008; Ros-Simó and Valverde, 2012).
These behavioral alterations are associated with biologi-
cal modifications including oxidative stress, the produc-
tion of stress hormones and inflammatory cytokines
(Möller et al., 2013; Krügel et al., 2014; Shao et al., 2015;
Butler et al., 2016). Social isolation performed in adult
animals also results in behavioral and endocrinological
alterations (Berry et al., 2012; Krügel et al., 2014; Ieraci
et al., 2016; Filipović et al., 2017). However, a general
understanding of the consequences of social isolation is
difficult to extract from these studies because they use
different types of isolation, period and age of isolation,
behavioral and molecular protocols, leading to conflicting
reports (Arakawa, 2018). Since all studies report that so-

cial isolation does produce biological alterations, many
regulation agencies recommend social housing and envi-
ronmental enrichment to improve the welfare of rats and
mice in animal facilities (Lidster et al., 2016). However,
single housing of rodents may be imposed by the exper-
imental protocol to obtain accurate measurements of bi-
ological parameters in individual animals, such as in the
fields of toxicology, drug addiction, and neurologic disor-
ders. Experimental epilepsy is a typical example. To pre-
cisely assess seizures with continuous video-EEG
recordings, instrumented animals are singly housed to
prevent the severing of EEG wires and aggressive behav-
ior from others and to clearly identify individuals on the
video. Several studies have shown that environmental
enrichment has positive effects on seizure frequency or
severity in experimental models (Morelli et al., 2014; Kot-
loski and Sutula, 2015; Dezsi et al., 2016; Vrinda et al.,
2017), but the effect of social isolation starting from the
beginning of the experimental procedure in the presence
of environmental enrichment has not been assessed.

There exist many types of experimental models of ep-
ilepsy in different rodent species and strains (Lévesque
et al., 2016; Loscher, 2017; Becker, 2018). The effects of
social isolation should be studied for each model, as
results may be model, strain, and species specific. For
example, Wistar and Sprague Dawley rats display differ-
ent phenotypes in terms of depression-like profile and
cognitive deficits in the kainic acid and pilocarpine (pilo)
models (Inostroza et al., 2011, 2012). Here, we focus on
the widely used pilo model of experimental epilepsy in
adult male Swiss mice and Wistar rats (Lévesque et al.,
2016). Numerous studies show a dysregulation of the
hypothalamic-pituitary-adrenal (HPA) axis in patients and
in experimental epilepsy, which is model-dependent
(Maguire and Salpekar, 2013; Wulsin et al., 2016; Mumtaz
et al., 2018). Since stress also results in the activation of
the HPA axis, we reasoned that social isolation in exper-
imental models of epilepsy might produce a strong HPA
axis response via the contributions of both isolation-
induced and epilepsy-induced stress (Gunn and Baram,
2017). Social isolation during the neonatal or juvenile
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periods increases seizure susceptibility and produces a
behavioral phenotype (Lai et al., 2006; Amiri et al., 2017),
but the effects of social isolation in adult experimental
models of epilepsy have not been investigated. The issue
is important as most mechanistic, pharmacological and
interventional studies use recordings of singly housed
animals. We hypothesized that the combination of both
isolation � epilepsy factors might exacerbate the epilepsy
phenotype as compared to animals maintaining social
interactions. Clinical studies support this hypothesis.
Stressful life events are associated with an increased risk
of seizure occurrence in patients with epilepsy (Baldin
et al., 2017; Kotwas et al., 2017). In some patients, the
fear to have a seizure and social isolation due to stigma-
tization may increase the allostatic load, with a direct
impact on seizure frequency (Kotwas et al., 2017). We
thus assessed the consequences of animal housing on
stress response and epilepsy severity, acting on a single ex-
perimental variable: social interaction (environmental enrich-
ment was provided). We also propose an alternate solution to
maintain social contact in singly housed animals, to decrease
their stress level. We hope to foster discussions on how to
interpret results (including negative preclinical studies) obtained
in different housing conditions.

Materials and Methods
Animals

We used male Wistar rats (200–250 g; Charles Rivers
Laboratories), aged nine weeks (at their arrival in the
laboratory). Swiss male mice (eight weeks old) were ob-
tained from the animal husbandry of the Faculty of Sci-
ences, Cadi Ayyad University. The animals were kept
under controlled environmental conditions [23 � 1°C;
night-day cycle (12/12 h)] with ad libitum access to food
and water. Zeitgeber (ZT) 0 was at 7:30 A.M. (the time
when the light was switched on in the animal facility). All
procedures were conducted per approved institutional
protocols and with the provisions for animal care and use
prescribed in the scientific procedures on living animals,
European Council Directive EU2010/63 and by the Coun-
cil Committee of Research Laboratories of the Faculty of
Sciences, Cadi Ayyad University. All efforts were made to
minimize any animal suffering.

Experimental design
In mice

The experimental protocol is shown in Figure 1A. Swiss
male mice were housed in groups of three per cage. To
validate stress in the same mice throughout the experi-
mental protocol, one mouse from each litter was ran-
domly picked, ear-marked and returned to the same cage
with littermates. They were left together (group-housed)
during one week without experimental intervention to al-
low adaptation to the housing environment. After that, the
ear-marked mouse of each litter was subjected to differ-
ent behavioral tests to obtain their pretest levels in the
social condition (SC). Sucrose preference was assessed
every day for one week. At the end of the week, we
evaluated anxiety levels [day, �3: elevated plus maze test
(EPM)] and memory functions [day, �2 and �1: novel

object recognition (NOR) test]. In this experimental proto-
col, we consider two independent variables: housing (so-
cial and isolation) and treatment (control and epilepsy),
thus defining four groups of animals. After establishing
pretest levels, cages were randomly assigned to two
groups to receive pilo injection to trigger status epilepti-
cus (SE; pilo group, experimental procedure described
hereafter) or saline (non-pilo group). Both groups were
further divided into two groups: SC (n � 18, three per
cage) and isolated condition (IC; n � 6, 1 per cage). For
the IC, ear-marked mice were taken away from their
home-cages and singly housed in cages identical to their
home-cages. For the SC, the ear-marked mice remained
in their home-cages with littermates. We refer to the time
following group assignment as the posttest period. Four
weeks following the beginning of the posttest period,
mice already evaluated during the pretest period were
again evaluated for anhedonia (days 28–35), EPM (day
36), and NOR (days 37–38). Behavioral tasks (EPM and
NOR) were recorded and analyzed using Ethovision XT-
Noldus 8.5 video tracking program (Noldus) connected to
a video camera (JVC). At the end of each behavioral
session, apparatuses were cleaned with a 75% ethanol
solution to remove any of odor or trace. The behavioral
tests were performed between 8:00 and 12:00 A.M. dur-
ing the light cycle to avoid the circadian-related fluctua-
tion in the performance of the mice. Before the beginning
of behavioral tests, the animals were transferred to the
testing room in their home cages and left there to habit-
uate for 60 min.

At the end of the experimental protocol, we measured
ACTH, corticosterone, and BDNF levels as in rats (ACTH,
corticosterone, and BDNF levels section).

In rats
The experimental protocol is shown in Figure 7A. Ani-

mals were received in sets of four from the same litter
from the vendor. Two main groups of animals were used:
animals with spontaneous seizures following pilo-induced
SE (pilo group, experimental procedure described here-
after) and control animals (non-pilo group). Pilo and non-
pilo animals were further divided into three groups: (1)
isolated group: rats were singly housed and were not
handled during the experimental period except for cage
cleaning and body weight measurement once a week; (2)
handled group: rats were singly housed and were handled
daily until the end of the experiment (see below); and (3)
paired group: rats were kept in buddy pairs with social
interaction upon arrival in the animal facility.

Handling was performed twice daily (ZT2 and ZT9)
throughout the experimental period by the same experi-
menter. Briefly, each handling session consisted of strok-
ing animals for 1 min each in their cage. Then, each rat
was gently handled by experimenter’s hands (without
wearing gloves), while being softly stroked from the head
to the tail for 2 min. Finally, the rats were placed back in
their home cage and fed by the experimenter for 2 min.
Isolated and paired groups were left undisturbed, except
for weekly cage cleaning and body weighing.

Animals from the non-pilo group were randomized to
the three housing groups when received. Animals from
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the pilo group were randomized after pilo-induced SE.
Since we do not know the stress history of the animals
when we receive them, randomization decreases this
confounding factor.

Sample size
A preliminary analysis made on isolated (n � 4) and

handled (n � 4) pilo groups for seizure frequency allowed
us to perform a power analysis. We determined that n �
3 per group was enough. The experimental procedure in
the pilo groups was conducted twice. The first and sec-
ond group of simultaneously recorded animals being
composed of (n � 4 isolated, n � 4 handled, n � 6 paired)
and (n � 3 isolated, n � 4 handled, n � 6 paired),
respectively. In the paired groups, only one animal was
instrumented. Seizure analysis was thus performed in six
animals. Results were similar in the two sets, and data
were pooled together.

For the mice experiments, the number of subjects was
defined based on the study design. Preliminary analysis
was conducted with n � 3 for the SC and n � 3 for the IC
where the results were non-significant. In this case, a
second study was done with a sample size of three per
group.

SE induction and electrode implantation
In rats, SE was induced by a single intraperitoneal

injection of pilo 320 mg/kg, one week after receiving the
animals from the vendor. In mice, we used repeated 100
mg/kg intraperitoneal injections every 20 min until SE
onset 17 d after receiving the animals (one week for
habituation and 10 d for pretest of behavioral tasks). To
reduce peripheral effects, animals were pre-treated with
Methyl-scopolamine (1 mg/kg) 30 min before pilo injec-
tion. SE was stopped by diazepam (10 mg/kg, i.p., twice
within a 15-min interval) after 60 and 90 min of SE, re-

A

B C

-10

EPM NOR 

-4 -3 -2 -1 01 0

Pilo or NaCl

injection

+

social/isolated

condition

7 14 21 28 35 36 37 38

Anhedonia

Biological markers

(Corticosterone, ACTH, BDNF)

Days8

i l

39

EPM NOR Anhedonia

Pretest Posttest

Pretest Posttest

Figure 1. Effect of social isolation on body weight and anhedonia in control and epileptic mice. A, Experimental protocol. In pretest
condition, up to day 0, mice were socially housed and evaluated for anhedonia, anxiety (EPM), and NOR test. Tested mice were then
assigned randomly to different groups: non-pilo-SC, i.e., control like before D0, non-pilo-IC, i.e., the mice were transferred to an
individual cage, pilo-SC, the mice received pilo to induce SE, which triggers epileptogenesis, the process leading to the occurrence
of spontaneous seizures, and pilo-IC. Four weeks following SE (posttest conditions), the same mice were evaluated for anhedonia,
EPM, and NOR tests. At the end of the experimental protocol, animals were killed to measure corticosterone, ACTH, and BDNF. B,
Evolution of averaged body weight over six weeks for the four groups. The pilo-IC groups gained less weight than the other groups.
Data are mean � SEM; �p � 0.05 in comparison with the control non-pilo-SC group. C, Sweet water consumption was identical in
all mice in pretest conditions (splitting them on their future group assignment). As compared to the control group (non-pilo-SC), the
non-pilo-IC showed anhedonia, which was further increased in the pilo-SC and exacerbated in the pilo-IC group. Data are mean �
SEM; ���p � 0.001 in comparison with the corresponding non-pilo group; #p � 0.05, ##p � 0.01, and ###p � 0.001 in comparison
with the corresponding SC group.
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spectively. At the end of these injections, mice and rats
were hydrated with saline (2 ml, i.p., twice within 2 h) and
fed with a porridge made of soaked pellets, until they
resumed normal feeding behavior. All drugs were ob-
tained from Sigma.

In rats, four weeks following SE, the telemetry implant
was surgically inserted intraperitoneally under anesthesia
(100 mg/kg ketamine/10 mg/kg xylazine, i.p.) and con-
nected to screws on the surface of the brain by two
electrodes; one above the cortex (4.0 mm anteroposte-
rior, 2.0 mm mediolaterally, compared with bregma), the
second, above the cerebellum as reference. The EEG
signal was transmitted by radio to a data acquisition and
processing system (DSI). In the paired group, both ani-
mals developed epilepsy, but only one rat was equipped
with the telemetry system as two animals cannot be
recorded simultaneously with EEG transmitters in the
same cage, while the other was monitored with video
only. Animals were left to recover during one week before
switching on the transmitter.

Monitoring of spontaneous recurrent seizures
Continuous (24/7) EEG recordings started in the sixth

week after SE, a period sufficient to reach stability in
seizure frequency (Williams et al., 2009), and were
stopped at week 10. We verified that animals displayed
stable seizure activity, quantifying seizure frequency dur-
ing each successive week. Spontaneous recurrent sei-
zures were detected and quantified using both visual
inspections of the EEG and a semi-automatic way using
Neuroscore. All detected seizures were verified and re-
confirmed using NeuroScore software. We used the fol-
lowing spike detection parameters: 300-�V amplitude
threshold with a rejection value of 4 mV, 1-ms minimum
duration, 300-ms maximum duration, 1-ms minimum
spike interval, 1-s maximum spike interval, 2-s minimum
spike train duration, 10 minimum spike number. All de-
tected events were then visually inspected. These con-
servative parameters led to the detection of false
positives, which were removed manually. In five animals,
the entire EEG recording was visually inspected to con-
firm that no seizures escaped the semi-automatic detec-
tion (no false negative). Video recordings were performed
during the light phase in the animal facility with the DSI
system. They were used to assess seizure severity ac-
cording to Racine’s scale after their electrophysiological
detection. Rats kept in pairs never had spontaneous sei-
zures simultaneously, which allowed a correct assess-
ment of seizure severity of the EEG monitored animal.
Finally, keeping animals in pairs did not prevent/alter
continuous EEG recordings in the equipped animals (no
loss of signal).

Behavioral and biological parameters
Body weights of mice and rats were measured weekly

at ZT2.

Sucrose consumption test
In mice, the baseline for sucrose consumption was

assessed every day for one week, 7 d after their arrival in
the laboratory. The sucrose preference was calculated at

the fifth week following the separation and treatment. In
rats, sucrose consumption was assessed at week 4 and
week 8 following animal reception. Sucrose and water
intakes were measured daily at ZT2.

Briefly, animals were given a free choice between two
bottles, one with 1% sucrose solution and another with
tap water. The location of the bottles was alternated every
day to prevent possible effects of side preference in
drinking behavior. The consumption of water and sucrose
solution was estimated by weighting the bottles. For the
paired, the volume of sweet water consumed by rat was
taken as the total consumed volume divided by 2. For the
social groups, the volume of sweet water consumed by
mouse was taken as the total consumed volume divided
by the total number of animals at each time. Sweet water
consumption corresponds to sucrose preference, which
is calculated as a percentage of the volume of sucrose
intake over the total volume of fluid intake using the
following equation:

Sucrose preference � V �sucrose solution�/�V
�sucrose solution� � V �water�� X100%.

Elevated plus maze test
The elevated plus maze has been described as a simple

method for assessing anxiety-like behavior in rodents
(Pellow et al., 1985; Lapiz-Bluhm et al., 2008). The ele-
vated plus maze consisted of four arms (two open without
walls and two enclosed arms by 15-cm-high walls) 50 cm
long and 5 cm wide, which were joined at a square central
area (5 � 5 cm) to form a plus sign. The maze floor and the
side/end walls of the enclosed arms were made of clear
Plexiglas. The room illumination of the elevated plus maze
apparatus was under an approximate brightness of 200
lux. Briefly, the test consisted of placing the mouse gently
in the central arena of the elevated plus maze, facing the
junction of an open and closed arm. The mouse was
allowed to freely explore the maze for 5 min while the
duration and frequency of entries into open arms were
recorded. Anxiety index (Rao and Sadananda, 2016) was
calculated as: 1 – ((open-arm time/total time) � (open-arm
entries/total entries))/2.

NOR test
The NOR test is widely used to evaluate object recog-

nition memory in rodents (Ennaceur and Aggleton, 1994;
Reger et al., 2009; Gaskin et al., 2010). The apparatus
consisted of an open field (50 � 50 � 50 cm high) made
of Plexiglas with the inside painted matt black. The ob-
jects to be discriminated were available as three plastic
objects; 24 h before testing, mice were first habituated in
the open field arena in the absence of any object for 10
min. During the training trial, two identical objects (�10
cm) were placed in the back corner of the box. The mouse
was then positioned at the midpoint of the wall opposite
to the objects and the total time spent exploring the two
objects was recorded for 10 min. During the test trial (60
min after training trial), one object used during training
was replaced with a novel object and both of them were
placed in the middle of the back wall. The animal was then
allowed to explore freely for 5 min, and the time spent
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exploring each object was recorded. The discrimination
between the novel and familiar objects was calculated by
the discrimination index [(time spent exploring the novel
object – time spent exploring the familial object)/total time
� 100)].

ACTH, corticosterone, and BDNF levels
Isolated, handled, and paired rats in the non-pilo group

were killed by decapitation after light anesthesia with
isoflurane at the beginning of the eighth week following
the separation at ZT4 and the sixth week after the sepa-
ration and treatment at ZT4 for pilo and non-pilo mice.
Animals were decapitated in a quiet separate room, one
by one, with the bench cleaned between animals. Trunk
blood was collected in �5 s after decapitation in a dry
tube and an EDTA tube to obtain serum and plasma
samples, respectively. The plasma was prepared by a
15-min centrifugation at 1600 � g, 4°C. The ACTH con-
centration was determined according to the manufactur-
er’s instructions (Clinisciences). For corticosterone and
BDNF levels, blood was centrifuged at 3500 � g for 10
min at 4°C, and the serum was stored at 80°C until used.
Corticosterone and BDNF concentrations were deter-
mined according to the manufacturer’s instructions
(Coger, Promega).

Statistical analysis
The effect on body weight and anhedonia was mea-

sured using the ANOVA with repeated measures followed
by Bonferroni post hoc analysis using Sigma Plot 11.0
software.

For estimation based on confidence intervals (CIs), we
directly introduced the raw data in https://www.estima-
tionstats.com/ and downloaded the results and graphs.
The mean difference for two comparisons is shown with
Cumming estimation plot. The raw data are plotted on the
upper axes. For each group, summary measurements
(mean � SD) are shown as gapped lines. Each mean
difference is plotted on the lower axes as a bootstrap
sampling distribution. Five thousand bootstrap samples
were taken; the CI was bias-corrected and accelerated.
Mean differences are depicted as dots; 95% CIs are
indicated by the ends of the vertical error bars. To mea-
sure the effect size, we used unbiased Cohen’s d (also
known as standardized mean difference). We also provide
p value(s) the likelihood(s) of observing the effect size(s), if
the null hypothesis of zero difference is true, using the test
mentioned in the text.

Data sharing
All raw data are stored on our NAS server and available

on request.

Results
Effect of social isolation on weight gain and
anhedonia in control and pilo mice

Repeated measures ANOVA showed a significant effect
of time (F(5,100) � 128.08, p � 0.0001a) on body weight
evolution; while the experimental group (F(3,20) � 2.23, p �
0.11a) and the interaction of group and age (F(15,100) �
1.18, p � 0.29a) had no significant effect (Fig. 1B, Table 1).

Post hoc analysis showed that the pilo-IC group gained
significantly less weight than the non-pilo-SC group (p �
0.05) at weeks four and five. There was no significant
difference between all groups in body weight before so-
cial isolation until the third week of isolation.

We used the sucrose preference test to assess anhe-
donia (lack of interest in rewarding stimuli). The typical
behavior of animals is a bias toward the sweetened drink.
Lack of preference for the sweetened drink indicates
anhedonia, which signs stress-related disorders (Gold,
2015). The ANOVA repeated measures showed an effect
of group on sweet water consumption during the pretest
period (F(3,20) � 8.33, p � 0.001b) and the posttest period
(F(3,20) � 295.85, p � 0.0001c) with no time effect in both
periods (pretest: F(6,120) � 0.20, p � 0.97b and posttest:
F(6,120) � 0.13, p � 0.99c; Fig. 1C). During the pretest
period, the post hoc analysis did not show a significant
difference in sucrose preference between the different
groups.

During the posttest period, the post hoc analysis re-
vealed that sweet water consumption was significantly
lower by 15% and 20% in the pilo-SC and pilo-IC groups
than in the non-pilo-SC and non-pilo-IC groups (p �
0.001). Both non-pilo-IC and pilo-IC groups had a signif-
icant decrease in sucrose preference as compared to
non-pilo-SC (p � 0.05, p � 0.01, and p � 0.001) and
pilo-SC (p � 0.05 and p � 0.01) groups, respectively (Fig.
1C). Therefore, social isolation induces anhedonia in the
control (non-pilo) group. The pilo group socially housed
also displayed anhedonia as compared to the control
group. The anhedonia phenotype was further increased in
the socially isolated pilo group.

In the following, we continue to use statistical inference
analysis (null hypothesis significance testing) with p val-
ues, but we also include estimation based on CIs, which
provides better insight into the structure and interpreta-
tion of the results. An estimation based on CIs would have
been too cumbersome for the weight and anhedonia data.

Social isolation increases anxiety levels in control
and pilo mice

We then tested animals for anxiety-like behavior. All
groups were tested before experimental manipulation
(pretest) and again afterward (posttest). As expected, anx-
iety levels at pretest were very similar across groups, with
each group mean within 3% of the others (Fig. 2A, com-
pare pre scores across groups). Thus, the random assign-
ment did not induce a bias. There was notable diversity,
though, in pretest scores, with some animals scoring
relatively low (0.3) and others relatively high (0.45). These
differences, however, were not clearly predictive of post-
test scores (r � 0.04 95% CI[–0.37,0 .43], p � 0.87).

For animals maintaining social housing during the post-
test period, there was no average change in anxiety index
scores [mean difference score (Mdiff) � 0.00 95% CI[–
0.08, 0.09], d � 0.0 95% CI[–1.2, 1.3], p � 0.91 for
Wilcoxon test; Fig. 2A,B, column 1]. Note that the CI is
long, so moderate effects in either direction cannot be
ruled out (two animals showed increased anxiety levels
and four decreased levels). Pilo treatment for socially
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housed mice produced a large increase in anxiety
scores (Mdiff � 0.19 95% CI[0.12, 0.24], d � 3.2 95%
CI[1.6, 5.5], p � 0.03 for Wilcoxon test; Fig. 2A,B,
column 2).

We then compared the magnitudes of the changes
induced by housing and treatment (Fig. 2C, left). We
found a substantial effect of pilo treatment: Mdiff/diff � 0.19
95% CI[0.05, 0.30], d � 1.6 95% CI[0.4, 4.3], p � 0.07 for
Mann–Whitney test. Note that there is considerable un-
certainty about the magnitude of the pilo effect under this
condition, with the CI stretching down toward negligible
effects. This uncertainty is due to high variation in change
scores in the standard social housing mice; the overlap in
the change scores of SC-alone versus SC�pilo pushing
up the p value just above the traditional significance level.

We then investigated the effects of social isolation and
epilepsy. Consistent with the literature on social depriva-
tion, isolated housing produced a marked increase in
anxiety index scores, with all animals increasing from
pretest to posttest (Mdiff � 0.11 95% CI[0.06, 0.19], d �
1.8 95% CI[1.1, 2.8], p � 0.03 for Wilcoxon test; Fig. 2A,B,
column 3). Pilo treatment for isolated mice produced an
even larger increase in anxiety scores (Mdiff � 0.33 95%
CI[0.27, 0.40], d � 5.0 95% CI[4.0, 6.0], p � 0.03 for
Wilcoxon test; Fig. 2A,B, column 4). Comparing these
changes (Fig. 2C, right) shows that pilo treatment pro-
duces a large change above and beyond the effect of
isolated housing: Mdiff/diff � 0.21 95% CI[0.13, 0.28], d �

3.0 95% CI[1.5, 4.8], p � 0.005 for Mann–Whitney test.
The CI suggests that all compatible effect sizes are large.

The estimated effects of pilo treatment were similar for
both isolated (Mdiff/diff � 0.21, 95% CI[0.13, 0.28]) and
socially housed animals (Mdiff/diff � 0.19, 95% CI[0.05,
0.30]). Thus, the data do not provide strong evidence that
housing condition modifies the effect of pilo treatment,
and a formal test for an interaction was not significant
(F(1,20) � 0.11, p � 0.74 for a Treatment � housing inter-
action in a non-parametric ANOVA performed on change
scores). This means that “epilepsy” increases anxiety lev-
els independently from the housing conditions and that
the social isolation-induced increase in anxiety level adds
to the “epilepsy”-induced one, resulting in highest anxiety
levels in the pilo-IC group as compared to all other
groups.

Effects of housing and epilepsy in the NOR test
Next, we assessed the effect of social isolation on

memory performance using the NOR test. As for anxiety
levels, cognitive performance was similar at pretest
across groups, with each group mean within 6% of the
others (Fig. 3A, compare pre scores across groups). There
was notable diversity, though, in pretest scores, with
some animals scoring relatively low (50%) and others
relatively high (90%). These differences, however, were
not clearly predictive of posttest scores (r � –0.297 95%
CI[–0.626, 0.121], p � 0.16).

Table 1. Statistical analysis of the effects of mice groups (grouped/isolated) and treatment (veh and pilo) on body weight and
sucrose preference

Data
Data structure
(normality test) Type of test Power

Body weight
(a)

Yes ANOVA with repeated measures
Post hoc test: Bonferroni test

Group effect:
F(3,20) � 2.23,
p � 0.11
Time effect:
F(5,100) � 128.08,
p � 0.0001
Interaction:
F(15,100) � 1.18,
p � 0.29
(CI � 95%)

Anhedonia
Presocial isolation
(b)

Yes ANOVA with repeated measures
Post hoc test: Bonferroni test

Group effect:
F(3,20) � 8.33,
p � 0.001
Time effect:
F(6,120) � 0.20,
p � 0.97
Interaction:
F(18,120) � 0.31,
p � 0.99
(CI � 95%)

Anhedonia
Postsocial isolation
(c)

Yes ANOVA with repeated measures
Post hoc test: Bonferroni test

Group effect:
F(3,20) � 295.85,
p � 0.0001
Time effect:
F(6,120) � 0.13,
p � 0.99
Interaction:
F(18,120) � 0.36,
p � 0.99
(CI � 95%)
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For animals maintaining social housing during the
posttest period, there was no average change in dis-
crimination index scores (Mdiff � –1.29% 95% CI[–16.4,
13.5], d � – 0.08 95% CI[–1.71, 1.05], p � 0.92 for
Wilcoxon test; Fig. 3A,B, column 1). Note that the CI is

long, so moderate effects in either direction cannot be
ruled out (two animals showed similar performance,
two increased and two decreased). Pilo treatment for
socially housed mice produced a large decrease in
performance in the NOR test (Mdiff � – 49% 95% CI
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Figure 2. Effect of social isolation on anxiety levels in control and epileptic mice. The paired mean difference for four comparisons
between posttest (non-pilo-SC, pilo-SC, non-pilo-IC, and pilo-IC) and pretest (pre) conditions are shown in the Cumming estimation
plot. The raw data are plotted on the upper axes; each paired set of observations is connected by a line (A). On the lower axis (B),
each paired mean difference is plotted as a bootstrap sampling distribution. Mean differences are depicted as black dots; 95% CIs
are indicated by the ends of the vertical error bars. Colored dots correspond to the posttest-pretest differences for each mouse.
Although anxiety levels appear similar in average in pretest conditions, we note a wide dispersion of the raw data, i.e., individual
animals can have very different levels of anxiety (compare pretest values in panel A). We also note the apparent existence of a bimodal
distribution. B, There was no change in anxiety level in the control group (non-pilo mice maintained in social housing), although
individuals displayed variability (first panel from the left). Social isolation in non-pilo animals (third panel from the left) significantly
increased anxiety levels as compared to pretest. The changes in anxiety levels were more extensive in the pilo-SC group (second
panel) and most extensive in the pilo-IC group (fourth panel). C, Each mean difference in changes in anxiety score is plotted as a
bootstrap sampling distribution. Mean differences are depicted as dots; 95% CIs are indicated by the ends of the vertical error bars.
Epilepsy (in pilo mice) produced the same increase in anxiety levels in SC and IC conditions (although the IC group starts from higher
anxiety levels as compared to the SC group). This means that the effect of epilepsy in isolated mice on anxiety levels is a blend of
the effect of epilepsy and isolation.
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[–59, –38], d � – 4.69 95% CI[– 6.65, –3.03], p � 0.03 for
Wilcoxon test; Fig. 3A,B, column 2).

We then compared the magnitudes of the changes
induced by housing and treatment (Fig. 3C, left). We
found a large effect of pilo treatment: Mdiff/diff � –47%
95% CI[–65, –27], d � –2.6 95% CI[–4.4, –1.3], p � 0.008
for Mann–Whitney test.

We then investigated the effects of social isolation and
epilepsy. Isolated housing produced a modest decrease
in performance (Mdiff � –11% 95% CI[–23, 9], d � –0.8
95% CI[–2.9, 0.8], p � 0.3 for Wilcoxon test; Fig. 3A,B,
column 3). Note that there is considerable uncertainty
about the magnitude of the isolation effect, with the CI
stretching from positive no negative values. This uncer-
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Figure 3. Effect of social isolation on the NOR test in control and epileptic mice. The paired mean difference for four comparisons
between posttest (non-pilo-SC, pilo-SC, non-pilo-IC, and pilo-IC) and pretest (pre) conditions are shown in the Cumming estimation
plot. The raw data are plotted on the upper axes; each paired set of observations is connected by a line (A). On the lower axis (B),
each paired mean difference is plotted as a bootstrap sampling distribution. Mean differences are depicted as black dots; 95% CIs
are indicated by the ends of the vertical error bars. Colored dots correspond to the posttest-pretest differences for each mouse. As
for anxiety levels, although the discrimination index appears similar in average in pretest conditions, we note a wide dispersion of the
raw data, i.e., individual animals can have very different levels of performance in the NOR test (compare pretest values in panel A).
B, There was no change in performance in the control group (non-pilo mice maintained in social housing), although individuals
displayed variability (first panel from the left). Social isolation in non-pilo animals (third panel from the left) did not change the
performance at the group level (the CI crosses the null line), but we note that five out of six of the isolated animals displayed a
decrease in performance as compared to pretest. The changes in discrimination index were substantial in both pilo-SC (second panel)
and pilo-IC (fourth panel) groups. C, Each mean difference in changes in discrimination index score is plotted as a bootstrap sampling
distribution. Mean differences are depicted as dots; 95% CIs are indicated by the ends of the vertical error bars. Epilepsy (in pilo mice)
produced the same increase in anxiety levels in SC and IC conditions.
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tainty is due to one animal, which performance dramati-
cally increased once isolated, pushing up the p value
above the traditional significance level. If we do not take
this animal in consideration, the decrease in performance
was large (Mdiff � �21.1% 95% CI[–29.4, –12.3], d �
–2.75 95% CI[–6.11, –2.02], p � 0.043). Replication stud-
ies are now required to determine whether most control
animals perform less once isolated while others show an
increase of performance (e.g., the animal suffered/was
dominated when socially housed). However, we can rea-
sonably propose that social isolation decreased perfor-
mance in the NOR test is most control mice. Pilo
treatment for isolated mice produced a very large de-
crease in performance (Mdiff � –49% 95% CI[–68, –32], d
� –2.8 95% CI[–3.7, –2.0], p � 0.02 for Wilcoxon test; Fig.
3A,B, column 4). Comparing these changes (Fig. 3C, right)
shows that pilo treatment produces a robust change
above and beyond the effect of isolated housing: Mdiff/diff

� –38% 95% CI[–71, –12], d � –1.3 95% CI[–2.4, –0.2], p
� 0.044 for Mann–Whitney test. The CI suggests that all
compatible effect sizes are large.

The estimated effects of pilo treatment were similar for
both isolated (Mdiff/diff � –38%, 95% CI[–74, –1]) and
socially housed animals (Mdiff/diff � –48%, 95% CI[–71,
–24]). The large CI for isolated animals is due to the
non-pilo animal showing increased performance after iso-
lation. Thus, the data do not provide strong evidence that
housing condition modifies the effect of pilo treatment,
and a formal test for an interaction was not significant
(F(1,20) � 0.28, p � 0.6 for a treatment � housing interac-
tion in a non-parametric ANOVA performed on change
scores). This means that “epilepsy” decreases cognitive
performance in the NOR test independently from the
housing conditions, but that the social isolation-induced
decrease in performance adds to the “epilepsy”-induced
one, resulting in poor performance in the pilo-IC group as
compared to all other groups.

We conclude that housing conditions affect cognitive
performance in the NOR test in most individuals (although
not for the group) and that epilepsy is associated with
similar substantial cognitive deficits in the NOR test irre-
spective of housing conditions.

Anxiety and NOR performance co-vary
independently of housing and treatment conditions

Anxiety correlates with poor performance in a variety of
cognitive tasks (Moran, 2016). Given the wide distribution
of data points for the two behavioral tests used here, we
tested for a correlation between the two variables. We
found a strong linear relationship between anxiety levels
and the discrimination index, r � –0.858 95% CI[–0.918,
–0.758], p � 0.0001 (Fig. 4A). In pretest, all animals were
distributed around the regression line, spanning various
levels of anxiety/discrimination values, reflecting the indi-
vidual differences between mice in pretest condition. In
posttest conditions, mice that remained socially housed
were distributed within the pretest values. Social isolation
in the control (non-pilo) group did not change the anxiety/
discrimination relationship but shifted the points toward
higher anxiety/lower performance. Pilo treatment in so-

cially housed mice resulted in a further shift while com-
bining both pilo treatment and isolation produced the
maximum shift. Thus, the relationship between anxiety/
discrimination values remained constant independently of
the experimental conditions, i.e., there is a strong and
stable rule of covariance between anxiety and discrimina-
tion levels. The experimental conditions appear only to
change the position along the regression line.

Social isolation and epilepsy increase corticosterone
and ACTH levels

We then assessed biological markers obtained at the
end of the experimental protocol (Fig. 1A). Using treat-
ment as reference (Fig. 5A, right panel), the unpaired
mean difference between pilo-SC and non-pilo-SC corti-
costerone levels was 40.7 ng/ml (95% CI[27.2, 51.5]), and
the unpaired mean difference between pilo-IC and non-
pilo-IC was 41.3 ng/ml (95% CI[34.6, 47.2]), correspond-
ing to an increase of corticosterone by 55% and 91%,
respectively. In both conditions, the two-sided p value of
the Mann–Whitney test was 0.00507. The unbiased Co-
hen’s d was 3.228 and 6.204 for the SC and IC groups,
respectively. The difference of differences (Fig. 6A) was
0.595 ng/ml (95% CI[–15.202, 16.392]), indicating no
significant interaction between treatment and housing.
Using social housing as reference (Fig. 5A, left panel),
the unpaired mean difference between non-pilo-SC and
non-pilo-IC corticosterone levels was –16.0 ng/ml (95%
CI[–23.5, – 4.43]), and the unpaired mean difference
between pilo-SC and pilo-IC corticosterone levels was
–16.6 ng/ml (95% CI[–26.4, – 6.68]), corresponding to
an increase in corticosterone level in the isolated group
by 59% and 95%, respectively. In both conditions, the
two-sided p value of the Mann–Whitney test was
0.0306. The unbiased Cohen’s d was 1.656 and 1.591
for the non-pilo and pilo groups, respectively. The ef-
fect of isolation had similar effects in both control and
pilo groups (1.6 SD). We conclude that both epilepsy
and social isolation produce a significant increase in
corticosterone levels, the most substantial effect oc-
curring in the pilo-IC group.

For ACTH, using non-pilo treatment as reference (Fig.
5B, right panel), the unpaired mean difference between
pilo-SC and non-pilo-SC ACTH levels was 78.9 pg/ml
(95% CI[48.9, 96.3]), and the unpaired mean difference
between pilo-IC and non-pilo-IC was 84.8 pg/ml (95%
CI[63.0, 1.14e�02]), corresponding to an increase in
ACTH level in the pilo group by 37% and 33%, respec-
tively. The two-sided p values of the Mann–Whitney test
were 0.00824 and 0.00507, respectively. The unbiased
Cohen’s d was 3.336 and 3.189 for the SC and IC groups,
respectively, suggesting that epilepsy had strong but sim-
ilar effects (3 SD) in both socially housed and isolated
mice. The difference of differences (Fig. 6B) was 5.914
pg/ml (95% CI[–33.628, 45.457]), indicating no significant
interaction between treatment and housing. Using social
housing as reference (Fig. 5B, left panel), the unpaired
mean difference between non-pilo-SC and non-pilo-IC
ACTH levels was –40.0 pg/ml (95% CI[–60.8, –12.4]), and
the unpaired mean difference between pilo-SC and
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pilo-IC ACTH levels was –45.9 pg/ml (95% CI[–77.7,
–27.0]), corresponding to an increase in ACTH level in the
isolated group by 21% and 17%, respectively. The two-
sided p values of the Mann–Whitney test were 0.0202 and
0.00507, respectively. The unbiased Cohen’s d was 1.596
and 1.817 for the non-pilo and pilo groups, respectively.
The effect of isolation had similar effects in both control
and pilo groups (1.6 SD). We conclude that both epilepsy
and social isolation produce a significant increase in
ACTH levels, the largest effect occurring in the pilo-IC
group.

Since ACTH and corticosterone levels are stress mark-
ers, not surprisingly, we found a strong linear relationship
between anxiety levels and corticosterone r � 0.936 95%
CI[0.856, 0.972], p � 0.0001 (Fig. 4B) as well as for ACTH
r � 0.978 95% CI[0.948, 0.99], p � 0.0001 (Fig. 4C) levels.
We note again the strong co-variance of anxiety level with
corticosterone/ACTH levels. The distribution of points

along the regression line reflects the variability of individ-
uals across housing/treatment conditions. The housing/
treatment conditions do not impact on the co-variance
rule itself. As for the discrimination index (Fig. 4A), the
conditions merely shift the distribution of points toward
higher values as a function of the severity of the effect, the
pilo isolated group displaying the greater anxiety-
corticosterone-ACTH levels, and the control non-pilo so-
cial the lowest levels.

Social isolation decreases serum BDNF levels in
control and pilo mice

Strong stressful situations can trigger a state of vulner-
ability to depression in some individuals, which can be
identified with low serum BDNF levels (Blugeot et al.,
2011; Becker et al., 2015). We thus assessed serum
BDNF in the different groups. Using non-pilo treatment as
reference (Fig. 5C, right panel), the unpaired mean differ-
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Figure 4. Co-variance between anxiety levels and the discrimination index, corticosterone, ACTH, and BDNF levels. A, The
discrimination index is linearly correlated to anxiety levels. All mice are displayed. The dispersion of pairs of values for anxiety levels
(Fig. 2A) across 0.25 U and discrimination index (Fig. 2B) across 50 U at baseline is clearly apparent (green dots). All mice are
distributed close to the regression line (built from all data points). The non-pilo group maintaining social housing (dark blue dots)
remained in the cloud of baseline values. The non-pilo isolated group (orange dots) showed a downward shift. Note the presence of
the outlier with high cognitive performance and high anxiety level. Pilo animals displayed a further downward shift with higher anxiety
levels and lower cognitive performance, with isolated animals showing the strongest phenotype. Corticosterone (B) and ACTH (C)
levels are strongly linearly correlated to anxiety levels. As for the discrimination index, the phenotype increased in a group-dependent
manner non-pilo-SC � non-pilo-IC � pilo-SC � pilo-IC. D, The relationship between BDNF and anxiety levels was also linear but
treatment dependent. The regression line was shifted to the right (greater anxiety levels) in epileptic mice.
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Figure 5. Effect of social isolation on corticosterone, ACTH, and BDNF levels in control and epileptic mice. In A–C, the mean difference for two
comparisons is shown in the Cumming estimation plot. All raw data are shown on the upper axes. For each group, summary measurements (mean
� SD) are shown as gapped lines. Each mean difference is plotted on the lower axes as a bootstrap sampling distribution. Mean differences are
depicted as black dots; 95% CIs are indicated by the ends of the vertical error bars. A, Social isolation increased corticosterone levels by 15 U
in both non-pilo and pilo groups (left panel). The effect of epilepsy was even stronger (40 U) in the SC and IC groups (right panel). B, Social isolation
increased ACTH levels by 40 U in both non-pilo and pilo groups (left panel). The effect of epilepsy was even stronger (80 U) in the SC and IC groups
(right panel). C, Social isolation decreased BDNF levels by 40 U in both non-pilo and pilo groups (left panel). The epilepsy condition had no
apparent effect on BDNF levels in both SC and IC groups.
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ence between pilo-SC and non-pilo-SC BDNF levels was
7.76 pg/ml (95% CI[–17.5, 33.5]), and the unpaired mean
difference between pilo-IC and non-pilo-IC was 7.45
pg/ml (95% CI[–23.5, 37.3]). The two-sided p values of the
Mann–Whitney test were 0.378. The unbiased Cohen’s d
was 0.293 and 0.232 for the SC and IC groups, respec-
tively. These results suggest that epilepsy does not affect
significantly serum BDNF levels in mice in both housing
conditions. Using social housing as reference (Fig. 5C, left
panel), the unpaired mean difference between non-
pilo-SC and non-pilo-IC BDNF levels was 45.5 pg/ml
(95% CI[13.0, 69.9]), and the unpaired mean difference
between pilo-SC and pilo-IC was 45.9 pg/ml (95%
CI[13.4, 71.3]), corresponding to a decrease in the iso-
lated group by 57% and 51%, respectively. The two-
sided p values of the Mann–Whitney test were 0.0306 for
non-pilo and pilo groups. The unbiased Cohen’s d was
–1.577 and –1.527 for the non-pilo and pilo groups, re-
spectively. The effect of isolation had similar effects in
both control and pilo groups (1.5 SD). The difference of
differences (Fig. 6C) was –0.312 pg/ml [(95% CI[–46.608,
45.983]), indicating no significant interaction between
treatment and housing. Thus, housing conditions has
strong effects on serum BDNF levels in both pilo and
non-pilo groups.

In contrast with the condition-independent co-variance
rules found previously for corticosterone and ACTH, indi-
vidual BDNF data show a more complex relationship. In
both control (non-pilo) and epilepsy (pilo) conditions, we
found a strong linear relationship between anxiety levels
and serum BDNF levels, the housing condition just shift-
ing the distribution of points, r � –0.923 95% CI[–0.948,
–0.7439], p � 0.0001 and r � –0.882 95% CI[–0.967,
–0.625], p � 0.0001 for non-pilo and pilo groups, respec-
tively (Fig. 6D). However, the epilepsy condition clearly
shifts the relationship to the right of the graph, i.e., as
compared to the control condition, a similar level of serum
BDNF level is associated with a higher level of anxiety in
pilo mice. Said differently, the epilepsy condition changes
the setpoint (the y intercept of the linear regression func-
tion) of the relationship between anxiety and serum BDNF
levels, without an apparent change of the slope (the co-
variance rule).

Together, the results obtained in control (non-pilo) mice
demonstrate that social isolation has a strong effect on
many behavioral and biological stress indicators. They
recapitulate the main features of social isolation per-
formed after weaning to model early life stress (Mumtaz
et al., 2018). In animals maintained in groups, epilepsy
had a direct effect on stress indicators. These effects
were exacerbated in singly housed pilo mice. We con-
clude that social isolation produces a stronger phenotype
(for the tests used here) in the pilo mouse experimental
model of epilepsy. The mouse study was designed to

evaluate two independent variables (housing and epi-
lepsy) on several parameters relevant to stress and cog-
nitive performance. A limitation of this study is that we did
not evaluate spontaneous seizures with video/EEG. For
this, we would have had to double the number of animals
to evaluate the two independent variables. Indeed, the
surgery, the implantation of an invasive device, and the
treatment (anesthesia, anti-inflammatory) may by them-
selves change the animal’s biology and thus change the
relationships between anxiety and cognitive performance,
etc. requiring a study design including animals equipped
with EEG transmitters and not-equipped animals. Future
studies should address this issue. However, we directly
investigated the effect of SCs on seizures in the pilo rat
model.

Effect of social isolation in control rats
Since we could not perform a full two-condition study

like in mice, we first wanted to determine whether the
general effects of isolation in control animals were similar
in the two species, simplifying the experimental protocol
in control rats (Fig. 7A). We compared three groups of
rats: singly housed animals (isolated), animals kept in
pairs (paired), and isolated animals interacting with the
experimentor every day (handled). The rationale for de-
signing these three groups is the constraints imposed by
the experimental part done in the pilo model of epilepsy
(see below). Because of their larger size, it was not tech-
nically possible to maintain rats in small colonies while
performing wireless 24/7 recordings. For the social group,
animals were kept in pairs. The justification of the handled
group is that some EEG studies are performed with wired
systems, which precludes group housing, as animals tend
to sever the wires.

We first tested the effect of isolation in control rats. The
ANOVA repeated measures showed a significant effect of
SC (F(2,17) � 41.58, p � 0.0001d) and time (F(6,102) �
266.83, p � 0.0001d) on the gain of body weight (Fig. 7B,
Table 2). At the fourth week, post hoc analysis showed
that the isolated group gained significantly less weight (by
7%) than the handled and the paired group. There was no
significant difference between all groups from the first to
the third week.

We used the sucrose preference test to assess anhe-
donia. ANOVA repeated measures showed a main effect
of social isolation on sweet water consumption (Fig. 7C)
already during the third week (F(2,12) � 21.66, p � 0.0001e)
up to the last week (F(2,12) � 97.85, p � 0.0001f) with no
time effect in both weeks (first week: F(6,72) � 0.11, p 	
0.05e and last week: F(6,72) � 1.09, p 	 0.05f). During the
third and the last week, the post hoc analysis revealed
that sweet water consumption was significantly lower (by
5–10%) in the isolated than in the handled (p � 0.01, p �
0.001) and paired groups (p � 0.05, p � 0.01, and p �

continued
(pilo–non-pilo) differences between the right two means and the left two means are marked by the purple lines ending in diamonds
(indicating the direction of the change). The slanted dotted lines make a comparison of the two differences. The difference between
the differences is marked by the triangle on the difference axis, with its CI. The analysis of the difference of differences did not reveal
apparent housing � treatment interaction for corticosterone (A), ACTH (B), and BDNF (C) levels.
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0.001). Thus, just two weeks of social isolation is sufficient
to produce a state of anhedonia in control rats.

We then tested stress-related corticosterone and ACTH
hormones in control rats. For corticosterone, using the IC
as reference (Fig. 8A), the unpaired mean difference be-
tween isolated and handled corticosterone levels was
–8.17 ng/ml (95% CI[–12.2, –4.2]), and the unpaired mean
difference between isolated and paired was –7.04 ng/ml
(95% CI[–11.1, –3.47]), corresponding to a 60% and 48%
increase in isolated animals, respectively. The two-sided
p values of the Mann–Whitney test were 0.0216 and
0.0167, respectively. The unbiased Cohen’s d was –2.095
and –1.926 for the handled and paired groups, respec-
tively. Social isolation thus had a strong effect on corti-
costerone levels in control rats. The two distributions for
the handled and paired groups were similar (unbiased

Cohen’s d was 0.367). For ACTH, using the IC as refer-
ence (Fig. 8B), the unpaired mean difference between
isolated and handled corticosterone levels was
–1.14e�02 pg/ml (95% CI[–2.22e�02, –63.7]), and the
unpaired mean difference between isolated and paired
was –1.07e�02 pg/ml (95% CI[–1.48e�02, –50.5]), cor-
responding to a 52% and 47% increase in isolated ani-
mals, respectively. The two-sided p values of the Mann–
Whitney test were 0.0122 and 0.0235, respectively. The
unbiased Cohen’s d was –1.579 and –1.685 for the han-
dled and paired groups, respectively. Social isolation thus
had also a strong effect on ACTH levels. The two distri-
butions for the handled and paired groups were similar
(unbiased Cohen’s d was 0.086).

Finally, we assessed serum BDNF levels. Using the IC
as reference (Fig. 8C), the unpaired mean difference be-
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Figure 7. Effect of social isolation on body weight and anhedonia in control rats. A, Experimental protocol in non-pilo and pilo rat
groups. In the control (non-pilo) group (top part of the time axis) rats were assigned at day 0 to isolated, handled, and paired groups.
Anhedonia was assessed two weeks and six weeks later. During week 7, animals were killed for the analysis of corticosterone, ACTH,
and BDNF levels. In the pilo group (bottom part of the time axis), animals were injected with pilo at day 0 and assigned to isolated,
handled, and paired groups. Four weeks later, rats were equipped with wireless EEG transmitters, and recordings started one week
later for three weeks. B, Evolution of the average body weight over seven weeks in control (non-pilo) rats for the three isolated,
handled, and paired groups. The isolated group significantly gained less weight. C, In control rats, isolated animals already showed
anhedonia during the first evaluation (two weeks after separation) as compared to paired animals. Interestingly, handled animals
showed increased sweet water consumption as compared to the paired group. The same result was found during the second
evaluation period six weeks after group assignment. Data are mean � SEM; �p � 0.05, ��p � 0.01, and ���p � 0.001 in comparison
with the isolated group; #p � 0.05, ##p � 0.01, and ###p � 0.001 in comparison with the handled group.
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tween isolated and handled BDNF levels was 0.32 pg/ml
(95% CI[0.151, 0.524]), and the unpaired mean difference
between isolated and paired was 0.458 pg/ml (95%
CI[0.198, 0.697]), corresponding to a 16% and 22% de-
crease in isolated animals, respectively. The two-sided p
values of the Mann–Whitney test were 0.0216 and 0.012,
respectively. The unbiased Cohen’s d was 1.749 and
1.464 for the handled and paired groups, respectively.
Social isolation thus had also a strong effect decreasing
BDNF levels in rats, as in control mice (Fig. 5). The two
distributions for the handled and paired groups were sim-
ilar (unbiased Cohen’s d was 0.457).

We conclude that, as in mice, social isolation in control
rats produces a phenotype associated with stress. Inter-
estingly, daily handling of otherwise isolated animals pre-
vented the occurrence of the phenotypic markers of
stress. They did not defer from paired animals for the
measures considered here. We then compared how dif-
ferent housing conditions influence the epilepsy pheno-
type (the experimental protocol is shown in Fig. 7A).

Social isolation worsens epilepsy severity in pilo rats
Typical seizures included low voltage fast activity, a

tonic phase and a tonic-clonic phase, which were asso-
ciated with the typical behavioral expression (using video
recordings performed during the light phase). Most sei-
zures terminated with a logarithmic slowing down of the
activity (based on visual inspection), characteristic of a
homoclinic bifurcation (El Houssaini et al., 2015; Saggio

et al., 2017). Since the recording device provides an AC
signal, we could not detect the eventual presence of DC
shift at seizure onset, which would have indicated sei-
zures of the Epileptor class (saddle node/homoclinic), the
most common form of seizure dynamics found across
species, including in humans (Jirsa et al., 2014). Interictal
spikes could precede seizure onset, but this was not
found systematically, including within the same animal.
We did not find noticeable differences in the EEG between
seizures occurring in the three different groups (isolated,
handled, paired). The pilo experimental model of epilepsy
is characterized by the presence of different types of
bursts of spikes, which dynamics are very different from
seizures (Chauvière et al., 2012). These bursts of spikes
were not considered as seizures.

Since all pilo rats were EEG recorded 24/7, we first
verified the stability of seizure activity per week. Figure 9
shows that the average seizure frequency per week was
remarkably stable for each recorded animal in each
group, i.e., seizure frequency did not tend to increase or
decrease over time. We thus pooled the seizures re-
corded in each animal over the three weeks to assess the
effects of social isolation.

The unpaired mean difference in seizure frequency be-
tween isolated and handled animals (Fig. 10A) was –0.665
seizure/h (95% CI[–1.04, –0.372]), and the unpaired mean
difference between isolated and paired was –0.65 sei-
zure/h (95% CI[–1.04, –0.356]). The two-sided p value of
the Mann–Whitney test were 0.0004 and 0.0104, respec-

Table 2. Statistical analysis of the effects of rat groups (isolated/handled/paired) on body weight and sucrose preference

Data
Data structure
(normality test) Type of test Power

Body weight
(d)

Yes ANOVA with repeated measures
Post hoc test: Bonferroni test

Group effect:
F(2,17) � 41.58,
p � 0.0001
Time effect:
F(6,102) � 266.83,
p � 0.0001
Interaction:
F(12,102) � 2.10,
p � 0.02
(CI � 95%)

Anhedonia
first week
(e)

Yes ANOVA with repeated measures
Post hoc test: Bonferroni test

Group effect:
F(2,12) � 21.66,
p � 0.0001
Time effect:
F(6,72) � 0.11,
p � 0.99
Interaction:
F(12,102) � 0.16,
p � 0.99
(CI � 95%)

Anhedonia
last week
(f)

Yes ANOVA with repeated measures
Post hoc test: Bonferroni test

Group effect:
F(2,12) � 97.85,
p � 0.0001
Time effect:
F(6,72) � 1.09,
p � 0.37
Interaction:
F(12,72) � 0.13,
p � 0.99
(CI � 95%)
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tively. The unbiased Cohen’s d was –1.547 and –1.26 for
the handled and paired groups with respect to isolated,
respectively. The distributions between handled and
paired groups were similar (unbiased Cohen’s d was
0.623).

The unpaired mean difference in seizure duration be-
tween isolated and handled (Fig. 10B) was –36.8 s (95%
CI[–48.3, –27.8]). The unpaired mean difference between
isolated and paired was –23.5 s (95% CI[–35.6, –16.0]).
The two-sided p value of the Mann–Whitney test were
5.5e-05 and 0.00149, respectively. The unbiased Cohen’s
d was –2.857 and –1.72 for the handled and paired groups
with respect to isolated, respectively. The distributions
between handled and paired groups were different (unbi-
ased Cohen’s d was 1.658). Although their CIs overlapped
(no significant difference in seizure duration), the distribu-
tion was narrower in the paired group overlapping with the
distribution of more prolonged duration seizures in the
handled group (Fig. 10B).

Seizure severity was assessed with the video during
the light phase only. The unpaired mean difference
between isolated and handled groups (Fig. 10C) was
– 0.421 (95% CI[– 0.648, – 0.194]). The unpaired mean
difference between isolated and paired was – 0.359
(95% CI[– 0.772, – 0.0377]). The two-sided p value of
the Mann–Whitney test were 0.0121 and 0.26, respec-
tively. The unbiased Cohen’s d was –1.343 and –1.177
for the handled and paired groups with respect to
isolated, respectively. The distributions between han-
dled and paired groups were not different (unbiased
Cohen’s d was 0.135).

We conclude that social isolation dramatically wors-
ened the seizure phenotype, with seizures being 16 times
more frequent in isolated animals as compared to those
socially housed or those having daily interaction with
experimenters. Interestingly, daily interactions in other-
wise singly housed animals had a similar effect on epi-
lepsy severity as compared to animals maintaining social
interaction.

Discussion
Our results show that single housing exacerbates the

phenotype in male Wistar rats and Swiss mice in the pilo
experimental model of epilepsy. It is important to note that
daily social interaction with the experimenter was suffi-
cient to prevent the development of a severe epilepsy
phenotype in rats although they were singly housed. It
was as efficient as keeping animals in pairs. Although we
could not quantify it, we noted that isolated pilo animals
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Figure 8. Effect of social isolation on corticosterone, ACTH, and

Figure 8. continued
BDNF levels in control rats. A, Social isolation increased corti-
costerone levels by 7 U in isolated rats as compared to handled
and paired animals. B, Social isolation increased ACTH levels by
100 U in isolated rats as compared to handled and paired
animals. C, Social isolation decreased BDNF levels by 0.4 U in
isolated rats as compared to handled and paired animals. The
effect of isolation was significant for the three biomarkers, the
CIs being far from the null value. The overlap of the distributions
between handled and paired animals suggests a lack of differ-
ence between the two conditions.
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were very aggressive and displayed escaping behavior
when cages were changed every week. Their cages were
close to one another, suggesting that visual contact was
not sufficient to prevent the effect of social isolation.
Abnormal reaction to handling is a direct consequence of
single housing (Hatch et al., 1965).

In contrast, rats and mice socially housed (or in daily
contact with an experimenter) remained calm when
handled. In the laboratory, we are also performing elec-
trophysiological recordings with high-density silicon
probes in experimental rat models of epilepsy. The
equipment is protected with a copper mesh hat, which
precludes social housing. We are using large cages,
divided in two, separated by a grid allowing physical
interaction. Each compartment contains one animal
with epilepsy. Animals can make nose contact and
interact with their whiskers through the bars. Animals
do not show any sign of anxiety, and wire connectors
are easily inserted, as in control animals (no struggle).

This type of housing allows wired recordings in rats and
mice with epilepsy, while maintaining a certain level of
social interaction.

Our data on control animals confirm the vast body of
literature reporting that social isolation constitutes a major
stressful situation that can lead to a depression-like pro-
file (Mumtaz et al., 2018). Among the numerous markers
that can be assessed, we focused on general ones such
as ACTH, corticosterone, and anhedonia. When rats and
mice are singly housed, ACTH and corticosterone levels
are increased (Veenema et al., 2005; Djordjevic et al.,
2012). Visual inspection of the raw data seems to indicate
a bimodal distribution of anxiety levels in pretest con-
ditions in control mice (Fig. 2A). It will be interesting to
determine whether these animals correspond to ani-
mals susceptible and resilient to depression (Han and
Nestler, 2017). When exposed to an intense stress
(test), control rats also split into two populations, vul-
nerable and non-vulnerable to depression (Blugeot
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Figure 9. Distribution of seizures per week for each animal. The average seizure frequency (seizures per hour) for each recording week
is shown for (A) isolated (n � 11), (B) handled (n � 12), and (C) paired rats (n � 6). Note that the scale of seizure frequency in the
isolated group is one order of magnitude higher than the other two groups. Two animals (out of 11) in the isolated group had a seizure
frequency similar to that found in paired or handled animals (0.03/h). The three groups displayed stability (despite some individual
variability) over the three weeks of recordings.
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et al., 2011; Becker et al., 2015, 2019; Claverie et al.,
2016; Bouvier et al., 2017). Thus, in pretest conditions,
rats and mice are not homogeneous, as they are going
to react differently when challenged by external factors
such as stress or epileptogenesis (Bernard, 2016;
Medel-Matus et al., 2017).

In pilo experimental models of epilepsy, ACTH and
corticosterone levels are increased (Mazarati et al., 2009;
Inostroza et al., 2012; Ngoupaye et al., 2013). A direct
comparison of ACTH and corticosterone values between
studies is difficult as they depend on the time of collection
and the way blood is collected (in vivo or postmortem as
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Figure 10. Social isolation increases spontaneous seizures by a factor of 16 in rats. A, The seizure frequency [number of spontaneous
recurrent seizures (SRS) per hour], (B) duration, and (C) severity are shown for isolated, handled, and paired rats (n � 11, n � 12, and
n � 6). Isolated rats displayed a very severe epileptic phenotype as compared to the other groups. Handled and paired groups
showed a similar phenotype.
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done here). Despite the differences in experimental pro-
cedures, all results are qualitatively similar (increase due
to social isolation or epilepsy). To the best of our knowl-
edge, we here provide the first evaluation of the contribu-
tion of both factors: social isolation and epilepsy. We
demonstrate that epilepsy in socially housed mice pro-
duces an activation of the HPA axis and anhedonia, re-
sponses which are amplified in isolated mice with
epilepsy. A strong activation of the HPA axis in isolated
animals with epilepsy may contribute to the expression of
co-morbidities such as anxiety, cognitive deficits, and
depression-like behavior.

The results obtained in mice are also worth discussing
in a general manner. Animals were randomly selected at
baseline for their future group assignment (treatment/
housing). The first striking observation is how distributed
are the values of anxiety and discrimination index of
individual mice. The “control” population is far from ho-
mogeneous. As discussed above, this heterogeneity can
be used to generate diverse groups of mice after an insult,
e.g., mice susceptible and resilient to depression thus
mimicking human conditions (Akil et al., 2018). Such het-
erogeneity is also found in rats, enabling to explain why
some animals develop a severe form of epilepsy and/or
co-morbidities and not others (Blugeot et al., 2011;
Becker et al., 2015, 2019). Many factors can account for
such heterogeneity in anxiety/cognitive performance at
baseline in mice, including different genetic backgrounds
and life experience (e.g., handling by the dam, dominant/
dominated relations in the cage). Since we tested animals
always at the same time of the day, circadian variations
may not play a role. Multidien cycles (slower cycles with
days-weeks-months periods) have been demonstrated in
human (Baud et al., 2018) and rats (Baud et al., 2019) with
epilepsy. Whether control animals display endogenous
multidien cycles remains to be determined. If they do,
anxiety/cognitive performance may vary as a function of
these cycles, and since such slow cycles are not synchro-
nized in animals recorded simultaneously (Baud et al.,
2019), the anxiety/cognitive performance points will be
distributed according to which position in the slow cycle a
given animal is when it is tested.

Another striking observation we made is the linear re-
lationship found between anxiety and ACTH/corticoste-
rone/discrimination levels. The relationship was still
present after isolation and pilo treatment. This means that
these variables are tied by a strong co-variance rule. It will
be interesting to test other variables (e.g., stability of place
cells, fear conditioning, working memory) with anxiety
levels. Given the damage produced by pilo-induced SE in
numerous brain regions, we could have expected a devi-
ation from the co-variance rule. Instead, animals just
“slide down” the regression line toward stronger pheno-
typic expression. Said differently, epilepsy did not “repro-
gram” the relationship between anxiety and ACTH/
corticosterone/discrimination levels. However, epilepsy
did reprogram the anxiety/BDNF relationship. BDNF is
involved in numerous functions and phenotypic traits, in
particular, stress (Murinova et al., 2017) and epilepsy
(Iughetti et al., 2018). Although there exists a linear rela-

tionship between anxiety and serum BNDF, the relation-
ship is shifted toward larger anxiety value in pilo mice,
while the slope remains mostly unaffected. This suggests
that epilepsy changes the general rule linking anxiety and
serum BDNF levels. Together, our results further support
the concept that rodents, like humans, should be consid-
ered as individuals. Even if as a group (on average) an
effect can be evidenced, there are significant discrepan-
cies between animals, including animals not responding
as the group average. Again, many factors can account
for such behavior, but we argue that discounting them
may make us miss an important biological phenomenon
that the observation revealed. It is therefore not surprising
that following SE animals display different seizure sever-
ities.

In rats with epilepsy, we found that spontaneous sei-
zures were, in average, 16 times more frequent in isolated
animals as compared to animals kept in pairs or singly
housed animals but with daily interactions with experi-
menter. Looking at individuals in the isolated group, we
noted a substantial dispersion of seizure frequency. Some
isolated animals had a low seizure frequency, in the range
of the handled/paired groups (perhaps signing a resilience
to stress-induced isolation or resilience to pilo-induced
SE). Although, at baseline, animals may display a high
variability (cf. the dispersion of ACTH, corticosterone and
BDNF values in control rats), which may explain different
fates as a function of housing conditions, the conse-
quences of isolation are quite dramatic. During the three
weeks of continuous recordings (starting six weeks after
pilo-induced SE), we did not find an increase in seizure
frequency (Fig. 9), suggesting that a global steady state
activity had been reached (Williams et al., 2009). Interictal
activity and seizures follow a multidien rhythm in the pilo
experimental rat model of epilepsy (Baud et al., 2019) as
in humans (Baud et al., 2018). The fact that seizures occur
at specific phases of this rhythm is not a confounding
factor as the frequency of the multidien rhythm is between
5 and 7 d in this rat model (Baud et al., 2019), which
means that we captured at least three cycles.

In the present study, isolated animals had a high seizure
frequency (
16/d). It is difficult to compare this value with
the existing literature as housing conditions are rarely
mentioned. In addition, the beginning (how long after SE)
and duration of 24/7 EEG recordings vary from one study
to another. In the rat pilo model, typical values for singly
housed animals in Sprague Dawley rats are: 3/d during
the early phase of epilepsy (Behr et al., 2017), 8/d
(Paolone et al., 2019), 1–13/d (Tai et al., 2017), 10/d
(Bankstahl et al., 2012); similar to values reported in
Wistar rats: 
4.5/d (Bajorat et al., 2011, 2018). Our study,
although on the high end, remains in the same order of the
magnitude as previously published work (we limited our
analysis of the literature to the ongoing decade). We
evaluated seizure severity only during the light phase,
which constitutes a limitation of the study. We cannot rule
out that seizures occurring during the dark phase may be
less severe (including subclinical electrographic seizures).
It is important to note that the International League
Against Epilepsy released suggestions on common data
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elements for physiologic (Gorter et al., 2018), behavioral
(Mazarati et al., 2018), and EEG (Ono et al., 2018) studies
performed in experimental animal models of epilepsy.
Although our study was planned before the release of
such information, adopting common data elements will
help to compare different studies in the future.

Finding the mechanisms underlying the difference in
phenotypes between the different housing conditions was
beyond the scope of this study. We do not claim that the
strong seizure phenotype found in the isolated group is
solely due to the stronger activation of the HPA axis,
although it may contribute to it. We may tentatively pro-
pose that social isolation produces a vulnerability pheno-
type, as suggested by the low levels of serum BDNF
found in isolated animals (Becker et al., 2015). We sug-
gest that epileptogenesis occurring in networks “weak-
ened” by social isolation-induced stress would result in a
strong phenotype.

The field of epilepsy research makes use of many dif-
ferent experimental models, strains and species. Results
are model, strain, and species specific, which may explain
some conflicting results. We propose that another con-
founding factor to consider is housing conditions. Some
patients with epilepsy may experience social isolation,
which correlates with more severe forms of epilepsy (Kot-
was et al., 2017). Results obtained in experimental animal
models kept in isolation may be highly relevant to such
patient situation, or any other situation associated with
high levels of stress. Results obtained in socially housed
animals may be relevant to other subsets of patients, with
a less severe phenotype. Our results have significant
consequences in terms of data interpretation, in particular
when testing anti-epileptogenesis or anti-seizure strate-
gies. Our data provide strong evidence that the very large
effect of pilo under IC is an effect of pilo and rearing. This
means that the phenotype measured in singly housed
animals is a blend of the treatment and the housing. It also
means that any attempts to modify/treat epilepsy in these
conditions could be modifying/treating the epilepsy effect
or the housing effect, or both, because they are conflated.
Some studies report a significant decrease in seizure
frequency when animals are treated with a given com-
pound. It is possible that the compound may have tar-
geted the isolation-dependent stress component of the
phenotype and not epilepsy itself. This is analogous to the
anxiety/cognitive performance linear relationship we de-
scribed. The two variables, housing and treatment, make
the animals move up/down along the regression line. If the
treatment affects the stress-induced component, animals
will move back up to fewer seizures, but the biological
component of epilepsy itself may not be affected per se.
A reduction in seizure frequency by a factor of 16 would
be equivalent to the difference we report between paired
and isolated animals. For example, inhibition of Kelch-like
ECH-associated protein 1 (Keap1) reduces seizure fre-
quency by a factor 20 in isolated kainic acid-treated
Sprague Dawley animals (Shekh-Ahmad et al., 2018).
Keap1 controls nuclear factor erythroid 2-related factor 2
(Nrf2), a key regulator of antioxidant defense mecha-
nisms. The authors suggest that these results support

“the hypothesis that reactive oxygen species generation
is a key event in the development of epilepsy” (Shekh-
Ahmad et al., 2018). Since social isolation produces re-
active oxygen species (Filipović et al., 2017), it is possible
that activating antioxidant defense mechanisms may have
targeted the isolation-induced component of the seizure
phenotype. Indeed, treating animals with a potent antiox-
idant did not affect seizure frequency in the kainic acid rat
model when animals interacted daily with experimenters,
while the treatment was very efficient when animals were
characterized by high levels of reactive oxygen species
before SE (Becker et al., 2019). These considerations
provide another possible interpretation of the Keap1 re-
sults (Shekh-Ahmad et al., 2018). However, the conclu-
sion of Shekh-Ahmad and collaborators that antioxidant
treatment is strongly disease modifying in the context of
social isolation is not only valid but also highly clinically
relevant to socially isolated patients. Finally, many (often
unpublished) preclinical studies performed in isolated an-
imals did not evidence any significant effect on seizure
frequency. Since the social isolation stress component
could act as a confounding factor producing a strong
phenotype, there may be many false negative results, i.e.,
the tested drugs may have been very efficient in experi-
mental animals maintaining social interaction.

Although we cannot claim that maintaining social inter-
action between rodents in laboratory conditions corre-
sponds to “normality” (as in the wild), single housing does
produce strong biological alterations that render data
interpretation more complex, in both physiologic and
pathologic conditions. We recommend that material and
methods should systematically report housing conditions
and that all efforts should be made to maintain social
interaction. Finally, these results were obtained in one
experimental model (pilo), in two species, one strain for
each species and only in males. Similar studies should be
performed in females, other strains and models such as
kainic acid, kindling, tetanus toxin etc. Our results and
conclusions should not be seen as a criticism of previous
works. Rather varying housing conditions provide a
unique opportunity to study, with the same experimental
model, different situations found in patients with high and
low stress levels.
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