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ARTICLE INFO ABSTRACT

Keywords: Depression is a highly prevalent, debilitating mental disorder. Chronic unpredictable mild stress (CUMS) is the
CUMS most widely applied model to study this affliction in rodents. While studies incorporating CUMS prior to an

Repeated testing intervention often require long-lasting stress effects that persist after exposure is ceased, the longevity of these

]];Z"it:s‘i':ln effects is rarely studied. Additionally, it is unclear whether behavioural assessments can be performed before and
Str[ﬁ:ss after interventions without repeated testing effects. In rats, we investigated CUMS effects on components of
Rats depressive-like behaviour both acutely after stress cessation and after a recovery period, as well as effects of

repeated testing. We observed acute disruptions of the circadian locomotor rhythm and a reduced sucrose
preference immediately after CUMS exposure. While circadian locomotor rhythm effects persisted up until four
weeks after stress cessation, independently of repeated testing, sucrose preference effects did not. Interestingly,
CUMS animals tested once after a recovery period of four weeks showed reduced anxiety-like behaviour in the
open field and elevated plus maze compared to their control group and repeatedly-tested CUMS animals. These
findings suggest that distinct CUMS-induced components of depressive-like behaviour are affected differentially

by recovery time and repeated testing; these aspects should be considered carefully in future study designs.

1. Introduction

Depression is among the most prevalent leading causes of disability
worldwide with about 350 million people suffering from major
depressive disorders (MDD) [1]. Besides its detrimental effects on
quality of life of patients and their families, MDD also has a great eco-
nomic impact that extends to society in general, making this illness a
global social burden [2]. Yet, while it is known that depression causes a
wide variety of symptoms and is associated with temporal periods of
recovery and relapse that occur in about 60% of patients [3,4], much
about its pathology is not well understood.

In susceptible people, negative environmental stimuli critically
contribute to the onset of the pathology as well as to disease relapse.
Accordingly, exposure to chronic stress is the most studied and char-
acterized environmental factor at the roots of the illness [5]. In order to
better understand the impact of stress exposure on brain function,
different preclinical animal models have been developed and charac-
terized over the years. Chronic unpredictable mild stress (CUMS) in
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rodents is one of the most employed preclinical models used to under-
stand the onset and the progression of MDD [6]. Indeed, the CUMS
paradigm has been reported to induce several features of the human
pathology, such as alteration of the circadian rhythm, anhedonia, in-
creases in anxiety and behavioural despair (a delay or cessation in at-
tempts to escape foot shocks in response to prior exposure to
unescapable shocks, which has been interpreted as a theoretical
analogue of learned helplessness), as well as social deficits in rodents
[7-13], confirming its translational value to study MDD pathology and
potential new treatment options. The vast majority of CUMS studies is
focused on the effects of CUMS while the stressors are still present [14].
However, studies investigating the efficacy of any type of intervention (i.
e. drug, diet, medical device, behavioural training, surgical procedure)
in the treatment of depression often require cessation of stress exposure
during the intervention period. On top of that, these studies often de-
mand assessment of behavioural symptoms in the long term. The latter
poses experimental challenges, as one would ideally first confirm the
immediate effects of CUMS prior to treatment initiation, and later assess
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whether its long-term consequences are ameliorated by treatment.
However, behavioural testing includes exposure to new environments,
often individually, which is an additional source of stress [15]. More-
over, repeated behavioural testing could induce learning effects [16,17],
potentially confounding the long-term assessment of CUMS-induced
symptomatology.

Here, we set out to test whether CUMS induces long-term effects on
the different behavioural symptoms observed in MDD, i.e., disturbed
circadian rhythm, anhedonia, increased anxiety, reduced sociability,
and increased behavioural despair. In order to do this, behavioural as-
sessments that have been validated either in our lab [18,19] or in the
literature [20,21] were used. More specifically, we tested whether
assessment immediately following CUMS affected the presence of these
long-term effects. After initial exposure, we tested groups of CUMS and
control animals both acutely and a second time after two weeks of re-
covery. Additionally, other groups of CUMS and control animals were
only tested once after a four-week recovery period after CUMS; these test
series coincided in time with the second test series for the previous
groups. We expected that (1) exposure to CUMS would cause the animals
to display various components of depressive-like behaviour, present
both immediately after stress exposure and after a rest period, and that
(2) exposing animals to the same behavioural tests twice might lead to
habituation to these tests, in particular the anxiety tests, leading to the
double-tested animals showing less depressive-like symptoms than the
single late-tested animals for both CUMS and control groups.

2. Materials and methods
2.1. Animals

A total of 72 adult (68-70 postnatal days), male wild-type Wistar rats
were obtained from Charles River (Cologne, Germany). The animals
were housed in pairs in standard type III cages upon arrival, and given a
minimum of 10 days to habituate and adjust to a reversed light/dark
cycle (12:12 h, lights on at 1900 or 2000 h). Animals were housed on
corncob bedding in temperature-controlled rooms (22 + 1 °C), with ad
libitum access to rodent chow (ssniff Spezialdiaten, Soest, Germany) and
water. Drinking water was supplemented with 0.1% saccharin, as the
current study was a pilot for another experiment in which this was
required. Clean cages were provided once a week. All animals were
handled by the experimenter during the five days leading up to the
experiment, to habituate them to being handled.

All experiments were approved by the Central Committee on Animal
Experiments (Centrale Commissie Dierproeven, CCD, The Hague, The
Netherlands), and carried out in compliance with European Union
Directive 2010/63/EU. All efforts were made to minimize animal
suffering and to reduce the number of animals.

CR (day 15-17)
SPT (day 19-20)
OF (day 23)
EPM (day 25)
SYM (day 27)
LH (day 29-30)
|

CR (day 45-47)
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2.2. Experimental outline

Cages containing two animals each were randomly assigned to one of
four experimental groups (each n = 18) (Fig. 1). Two groups were
exposed to CUMS for 14 days at the start of the experiment, while the
other two control groups were housed regularly during this time.
Immediately after stress exposure, one control group (Control — Double-
tested) and one CUMS group (CUMS - Double-tested) were subjected to
a battery of behavioural tests designed to assess different components of
depressive-like behaviour immediately after stress cessation (i.e., acute
stress effects). The two other groups (Control- and CUMS - Single late-
tested) were housed regularly during this time. Upon finishing the se-
ries of behavioural tests, animals in the double-tested groups were
housed regularly without interference for a duration of 14 days. After
this time period, the same series of behavioural tests was performed in
all four groups (i.e., long-term stress effects). Animals from different
experimental groups were not housed together in the same cages, in
order to prevent stress effects to carry over to control animals and to
prevent isolation stress during the first test series. During periods of
regular housing, animals were handled by the experimenter weekly. No
additional handling sessions were performed as substitute placeholders
during the first test point for the single-tested animals.

Each of the four experimental groups was divided into three cohorts
of animals that entered the experiment separated by intervals of several
days. Each cohort (n = 8) consisted of animals coming from one of the
experimental groups (except for the final cohort that needed to complete
the group sizes (4x n =2 per experimental group)). The different
experimental groups were counterbalanced in the order of cohorts
entering the experiment, in order to correct for possible cohort or time
effects.

Originally, we aimed for making comparisons between groups at
different time points to determine the stability and longevity of the
stress-induced behavioural alterations, which is why we chose to keep
the contexts constant. However, as this experiment was originally
intended as a pilot study for the optimization of parameters, we did
make adjustments in the exact task settings between time points in some
cases, in order to optimize testing parameters. We therefore chose to
refrain from making direct comparisons in behaviour between the two
time points. Rather, to assess the acute effects of CUMS we compared the
double-tested groups at test point I, while we investigated prolonged
CUMS effects and how these effects were affected by repeated testing by
comparing double-tested and single late-tested CUMS groups to their
corresponding control groups, and double-tested CUMS and control
groups to their corresponding single late-tested groups at test point II.

Fig. 1. General study design for assessing the
behavioural consequences of CUMS. Animals
were divided into four groups, which were
either exposed to CUMS or control for the first
14 days. From both conditions, one group un-
derwent two series of behavioural tests, while
the other only participated in the second test
series and was otherwise left undisturbed. Ab-

SPT (day 49-50)
OF (day 53)
EPM (day 55)
SYM (day 57)
LH (day 59-60)

Control - Double-tested Control Test point | Regular housing Test point Il breviations: CR: circadian rhythm; SPT: sucrose
preference test; OF: open field; EPM: elevated
CUMS - Double-tested CUMS Test point | Regular housing Test point Il plus maze; SYM: social Y maze; LH: learned
helplessness.
Control - Single late-tested Control Regular housing Regular housing Test point Il
CUMS - Single late-tested CUMS Regular housing Regular housing Test point Il
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2.3. Chronic unpredictable mild stress exposure

Animals were exposed to 7 unpredictable mild stressors for a dura-
tion of 14 days (Table 1). The order of stressor application was ran-
domized, and each stressor was presented twice. As the experimental
groups were divided into several cohorts that entered the experiment
separated by intervals of several days, the exact timing of the different
stressors differed across experimental cohorts. However, total stress
exposure and predictability of the stressors was equal across all cohorts.

2.4. Behavioural assessments

2.4.1. Circadian rhythm

Animals were placed in Phenotyper units (Noldus) of 45 x 45 cm,
simulating a home cage environment, and their positions tracked
through Ethovision® software (Noldus Information Technology). The
first 24 h were considered the habituation period, after which two day-
night cycles (48 h) of locomotor activity was recorded. Distances moved
during the dark and light period (12:12 h) were tracked for each animal,
and analyses were performed on the averages of these readouts across
the two test days.

2.4.2. Sucrose preference

The animals were habituated to drinking from two bottles in the
Phenotyper units and their home cage afterwards, by presenting them
with two identical drinking bottles filled with their standard drinking
solution. This habituation period comprised the three days they were
housed in the Phenotyper units, as well as two days in their home cage.
After these two days, the test days started. During the test days, the
animals were presented with one bottle containing their standard
drinking water and one bottle containing a sweeter sucrose solution.
Consumption of both solutions was measured after 8 h, from which
sucrose preference was calculated as follows: (sucrose consumption /
(water consumption + sucrose consumption)) x 100%. Bottle locations
were counterbalanced between animals, and switched every day. During
time point I, animals were exposed for 3 days to sucrose of varying
concentrations (+2% compared to standard for the first two days, and
+1% for the third day), and during time point II for 2 days (+1% sucrose
compared to standard).

2.4.3. Open field

Animals were placed in a corner of a 100 (w) x 100 (1) x 40 (h) cm
dark gray PVC arena. They were allowed to explore freely for a duration
of 5 (time point I) or 10 min (time point II). Animals were tested under
red light (time point I) or white light at 5 lux (time point II). The centre
of the open field was defined as the 50 x 50 cm region in the middle of
the arena. Distance moved, time spent in the centre, frequency visiting
the centre, and latency to first visit of the centre were tracked in Etho-
vision® (Noldus Information Technology).

2.4.4. Elevated plus maze

Animals were placed in the centre of an elevated plus maze (raised
46.5 cm above the ground) with two open arms (all arms: 48.5 x10 cm)
and two closed arms facing an open arm, and were allowed to explore
freely for a duration of 5 min. Animals were tested under red light, in

Table 1

Incorporated stressors and their duration.
Stressor Duration
Light/dark cycle reversal 24h
Wet bedding 8h
Social isolation 8h
Cage tilt (45°) 8h
White noise (90 dB) 3x1h
Strobe light 3x1h

Water deprivation 3 h (start dark phase)
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order to ensure proper sight for the experimenters while causing mini-
mal disturbance of the animals. Distance moved and time spent in the
open arms were tracked in in Ethovision® (Noldus Information Tech-
nology), whereas frequency visiting the open arms and latency to first
visit the open arms were scored by an observer blinded to the experi-
mental group by means of The Observer® software (Noldus Information
Technology).

2.4.5. Social Y maze

Four hours prior to the start of the test, animals were housed indi-
vidually. The arena consisted of a modified Y maze where the ends of
two arms (all arms: 50 x15 x 40 cm) were closed off by a thin metal
plate containing circular openings that allowed for nose pokes from
either side. The test animals were first placed in the maze for 15 min to
explore and habituate. After the habituation trial, the test animals un-
derwent a 10-minute test trial in which they could choose to interact
with other animals placed in the closed compartments. During this test
trial, one compartment contained an unknown animal while the other
compartment contained the cage mate of the test animal; locations were
counterbalanced between animals. Each animal participated once as test
subject, once as known animal, and once as unknown animal. Animals
were tested under red light conditions. Active interaction time and
interaction frequency were scored by an observer blinded to the
experimental group by means of The Observer® software (Noldus In-
formation Technology), and distance moved was tracked using Ethovi-
sion® (Noldus Information Technology).

2.4.6. Learned helplessness

Animals were placed in a shuttle box which was divided in two by a
retractable door (ENV-010MD, Med Associates, St. Albans, VT, USA).
The floor consisted of a metal grid, used to subject the animals to foot
shocks. On day 1, the training day, after habituating for 5 min, the an-
imals were exposed to 60 inescapable, unpredictable foot shocks
(0.6 mA). Durations of shocks and intervals varied, adhering to a range
of 8-14 s for the shocks, and 10-18 s for the intervals. Shocks were
applied in both compartments, in order to prevent place preference ef-
fects. During the intervals when the shocks were not applied, the door
was raised, allowing the animals to move between compartments. About
24 h after the first session, 10 test trials were performed in which the
animals were able to escape the shocks by escaping through the door, as
the door was now opened 1 s after shock onset, and current was only
applied in the compartment in which the animals resided during the
start of that specific trial. A new context was introduced on the test days
by cleaning the shuttle boxes with a cleaning detergent with an un-
known, novel smell (in addition to the standard 70% ethanol), in order
to reduce any memory effects carrying over from the training trials.
During the test trials, interval duration was fixed at 25s, and shock
duration had a maximum of 15 s. Escape latency was measured per trial.
If rats failed to escape, the maximum of 15 s was registered as escape
latency. The total number of escapes over the trials was also assessed.

2.5. Statistical analysis

The data obtained in these experiments were analyzed using
Microsoft Office Excel 2016 and IBM SPSS Statistics 27, and visualized
using GraphPad Prism 9.12. Outliers were identified based on z-scores
> 3.00 and < —3.00. Normality was assessed through Shapiro-Wilk
tests, and sphericity was assessed through Mauchly’s tests where
applicable. Results were analyzed by means of repeated measures/
mixed model ANOVAs, and Mann-Whitney U tests in the case of non-
normal data distributions. When interaction effects were found,
(Welch’s) t-tests and Mann-Whitney U tests were used to assess differ-
ences between groups. P < 0.05 was accepted as statistical significance.
When multiple comparisons were made, a Bonferroni correction was
applied; o = 0.05/4 = 0.0125.
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3. Results
3.1. Acute effects of chronic unpredictable mild stress

3.1.1. CUMS exposure acutely disrupts locomotor circadian rhythm

We assessed distances moved by the rats in the dark and light phases
of the circadian cycle in order to investigate their locomotor circadian
rhythm. This rhythm is often disturbed in depression [22,23]. A
repeated measures ANOVA over diurnal phases revealed an interaction
effect between CUMS exposure and diurnal phase (F(1,34) = 69.729,
p < 0.001, Fig. 2). Post hoc tests revealed that CUMS exposed rats dis-
played lower distance moved in the dark phase compared to control
animals (p < 0.001), whereas they moved increased distances during
the light phase (p < 0.001). These data indicate that CUMS induced
acute disruptions of the locomotor circadian rhythm.

3.1.2. CUMS acutely reduces preference for lowest sucrose concentration

In order to investigate the acute effects of CUMS exposure on anhe-
donia, another component of depressive-like behaviour, we assessed the
rats’ preferences for sucrose consumption (Fig. 3) [24,25]. To this end,
we measured the consumption of a sucrose solution over the course of
three consecutive days. The first 2 days, the animals could choose freely
between 2% sucrose solution and normal drinking water. A repeated
measures ANOVA revealed an overall decrease of sucrose preference on
day 2 compared to day 1 (F(1,33) = 23.744, p < 0.001), but neither a
CUMS x day interaction effect (F(1,33) = 0.190, p = 0.666) nor a main
effect of CUMS (F(1,33) = 1.269, p = 0.268). However, when presented
with a 1% sucrose instead of 2% sucrose solution on day 3, the CUMS
group displayed a lower sucrose preference compared to the control
group (t(34) = 2.880, p = 0.009). Thus, while CUMS did not affect
preference for the 2% sucrose solution on day 1 and 2, it did affect the
animals’ preference for the 1% sucrose solution on test day 3, matching
an anhedonic phenotype.

3.1.3. Anxiety-like behaviour largely unaffected in the acute aftermath of
CUMS

We assessed anxiety-like behaviour, another frequent symptom of
depression [26], in the open field and elevated plus maze tests (Fig. 4).
In the open field, we detected no differences between groups in total
distance moved (t(34) = —0.033, p = 0.974), time spent in the centre
area (t(34) = 0.108, p = 0.915), frequency of visiting the centre area (t
(34) = —1.174, p = 0.249), and latency to the first visit of the centre
area (Mann-Whitney U = 130.00, p = 0.323). In the elevated plus maze
the CUMS group displayed a higher latency to enter either of the open
arms (Mann-Whitney U = 98.50, p = 0.044). However, there were no
group specific differences in total distance moved (t(33) = —0.024,
p = 0.981), time spent in the open arms (t(34) = 0.400, p = 0.692), and

500
#it# -@ Dark phase
= 400 -O- Light phase
%’ %% %
3 300 % % %
€
8 200
8
L
O 100
0 T |
Control CUMS

Fig. 2. Circadian rhythm as indicated by distance moved in the dark phase and
light phase of the day (each n = 18). ###: p < 0.001, CUMS x diurnal phase
effect. * **: p < 0.001 compared to control group.
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frequency of visiting the open arms (t(34) = 1.514, p = 0.139). As such,
CUMS exposure did not consistently induce high levels of acute
anxiety-like behaviour.

3.1.4. CUMS acutely decreases total distance moved in social Y maze

We investigated social behaviour and memory by means of a social Y
maze (Fig. 5), since a withdrawal from social behaviour comprises
another component of depressive-like behaviour [27]. During the test
trial, the CUMS-exposed animals showed reduced exploration behaviour
measured as distance moved compared to controls (t(34) = 2.379,
p = 0.023). However, neither a main effect of CUMS was observed on
the time spent interacting with either familiar or unfamiliar animals (F
(1,33) = 2.070, p = 0.160), nor an interaction between CUMS and fa-
miliarity of the animal (F(1,33) = 0.611, p = 0.440) or a main effect of
animal familiarity (F(1,33) = 2.358, p = 0.134). Also in the frequency of
interaction with the familiar and unfamiliar animals, no significant
interaction effect between CUMS and familiarity of the animal were
detected (F(1,33) = 3.713, p = 0.063), nor main effects of CUMS (F(1,
33) =0.231, p = 0.634) or familiarity (F(1,33) = 0.010, p = 0.921).
Overall, while CUMS exposure decreased exploratory behaviour in the
social Y maze, we found no evidence supporting CUMS acutely affecting
social behaviour with familiar and unfamiliar animals.

3.1.5. No acute effects of CUMS on learned helplessness

As a prevalent behavior in depression, we assessed learned help-
lessness behaviour [28] by measuring shock escape latencies and the
number of successful escapes over a total of 10 trials (Fig. 6).

No significant effect of CUMS on average escape latency was found
(U =160.500, p = 0.962), nor was the total number of escapes affected
by it (U = 130.000, p = 0.283). A repeated measures ANOVA revealed
no main effect of trial (F(5.541,188.406) = 1.605, p = 0.154), nor
CUMS x trial number interaction (F(5.541,188.406) = 1.153,
p = 0.334), indicating that there was no improvement in escape re-
sponses over trials (Fig. S1).

3.2. Long-term effects of CUMS

After having investigated the acute effects of CUMS exposure, in a
next set of experiments we tested whether the behavioural consequences
of CUMS are longer lasting (i.e. persistent effects) and whether they may
become affected by repeated behavioral testing. To this end we sub-
jected the previously tested CUMS and control groups to the same
behavioural paradigms a second time after two weeks of recovery; these
groups will be referred to as double-tested. Additionally, additional
CUMS and control groups were incorporated during the second test
moment; these animals had been housed regularly for a period of four
weeks after the CUMS exposure period. These groups will be referred to
as single late-tested.

3.2.1. Long-term disturbance of circadian rhythm in both double-tested and
single late-tested CUMS animals

Circadian rhythm, assessed by means of locomotor activity, revealed
a CUMS exposure x diurnal phase interaction effect (F(1,63) = 18.900,
p < 0.001), independent of the number of test series (i.e., repeated
testing) (F(1,63) = 0.851, p =0.360). Also, no interaction between
diurnal phase and number of test series was observed (F(1,63) = 0.009,
p =0.923) (Fig. 7). In the dark phase, a main effect of stress was
detected (F(1,64) = 7.395, p = 0.008) where CUMS animals moved less
than controls. In the light phase, a main effect of CUMS was also present
(F(1,63) = 16.159, p < 0.001); here, the CUMS animals moved more
than controls. These data suggest that CUMS exposure disrupts the lo-
comotor circadian rhythm persistently, and that this effect is not influ-
enced by repeated testing.
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3.2.2. Sucrose preference was not persistently altered by CUMS nor = 6.301, p = 0.017), but did not display a main effect of CUMS (F(1,36)
depends on repeated testing = 0.828, p = 0.369), repeated testing (F(1,36) = 2.449, p = 0.126), nor
Sucrose preference decreased on day 2 compared to day 1 (F(1,36) any interaction effect between these factors (all p’s > 0.242) (Fig. 8).
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Fig. 5. Social behaviour as investigated in the social Y maze (n = 18). A. Total distance moved in the social Y maze was significantly lower in CUMS exposed rats
compared to controls. B. Time spent actively interacting with a familiar and unfamiliar animal was not affected by CUMS. C. Frequency of interaction with a familiar

and unfamiliar animal was not significantly different between groups. * : p < 0.05 compared to control group.

A B
20 20
g £
> ¢ 15
§ 15 %. | [ | cControl
« @ N
g g10- () ? [ cums
2 10 5 T
Q o \?
4 s 5- ‘\I
[} E \| ‘
o 5| 2 \
s = 0- |
g 5
z | 2
0 -5

Fig. 6. Learned helplessness behaviour as indicated by escape latency and
number of escapes (n = 18). A. The average escape latency over 10 trials was
not significantly affected by CUMS. B. The total number of escapes across all
trials was not affected by CUMS.

Overall, our results imply that CUMS exposure does not induce a
persistent anhedonic phenotype, regardless of whether the animals were
tested once or twice following CUMS.

3.2.3. Long-term effects of CUMS on anxiety-like behaviour are moderated
by repeated testing

Persistent effects of CUMS on anxiety-like behaviour were signifi-
cantly affected by the number of tests (Fig. 9A). When investigating the
total distance moved in the open field, we observed an interaction effect
between CUMS exposure and the number of test series to which the
animals were subjected (F(1,52) = 8.801, p = 0.005). In case the ani-
mals were only tested once, i.e., only for the persistent consequences,
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Fig. 8. Sucrose preference of a 1% sucrose solution over two days revealed a
reduction over days and no effect of CUMS or repeated testing (n = 10). %:
p < 0.05, main effect of test day.
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CUMS resulted in a greater distance moved compared to control animals
(p = 0.004). In contrast, CUMS animals that were repeatedly tested did
not significantly differ from repeatedly tested controls (p = 0.190).
Single late-tested CUMS animals also moved greater distance than
double-tested CUMS rats (p = 0.011), whereas control groups did not
differ significantly from one another (p = 0.085). When assessing time
spent in the centre area, we found a similar CUMS x repeated testing
interaction effect (F(1,52) = 10.687, p = 0.002). Here, single late-tested
CUMS animals spent a significantly higher amount of time in the centre
than both the single late-tested control group (p = 0.001) and the
double-tested CUMS group (p = 0.006), whereas double-tested CUMS
animals did not differ from the double-tested controls (p = 0.196).
Control groups did not differ from one another in this readout either
(p = 0.070). When assessing the frequency of visits to the centre area,
we found another CUMS x repeated testing interaction effect (F(1,52)
= 8.062, p =0.006), again caused by a significant difference in the
single late-tested CUMS group compared to the single late-tested control
group (p =0.012), and the double-tested CUMS group (p = 0.032),
although the latter was not significant after applying the Bonferroni
correction. Also here, the double-tested CUMS group did not signifi-
cantly differ from the double-tested control group (p = 0.084), and both
control groups did not differ from one another either (p = 0.075). The
CUMS x repeated testing interaction effect was not found for the latency
to the first centre area visit (F(1,52) = 1.226, p = 0.273), nor did we find
main effects of CUMS (F(1,52) = 0.514, p = 0.477) or repeated testing
(F(1,52) = 1.430, p = 0.237) on this parameter. Overall, the single late-

tested CUMS group thus appeared less anxious than their corresponding
control group; an effect that was not observed in animals that were
subjected to repeated testing. Double-testing therefore seemed to in-
crease anxiety in CUMS animals compared to single late-testing.

In the elevated plus maze (Fig. 9B), we observed similar CUMS x
repeated testing interaction effects for the amount of time spent in the
open arms (F(1,52) = 20.739, p < 0.001), the frequency of visits to the
open arms (F(1,52) = 15.535, p < 0.001), and the latency to first visit
either of the open arms (F(1,52) = 12.697, p < 0.001). The single late-
tested CUMS animals spent more time in the open arms, showed a higher
frequency of visits, and displayed a lower latency to visiting either of the
open arms compared to the single late-tested control animals
(p = 0.001, p = 0.001, p = 0.006, respectively) and the double-tested
CUMS animals (p < 0.001, p < 0.001, p = < 0.001, respectively). For
these three readouts, the double-tested CUMS group did not differ
significantly from the double-tested control group (p=0.014,
p =0.116, p = 0.099), and both control groups did not differ from one
another (p = 0.161, p = 0.522, p = 0.631). For the total distance moved
in the elevated plus maze, we did not observe a CUMS x repeated testing
interaction effect (F(1,52) = 0.010, p = 0.923), nor a main effect of
CUMS (F(1,52) = 1.181, p = 0.282), but we did observe a main effect of
repeated testing (F(1,52) = 47.084, p < 0.001), with the single late-
tested animals traveling a greater distance. Similar to the open field
data, these results on the elevated plus maze indicate that CUMS
reduced anxiety-like behaviour on the long-term when animals were
tested once, but not when tested repeatedly. Double-testing moreover
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increased anxiety-like behaviour in CUMS animals specifically,
compared to single-testing.

3.2.4. General preference of unfamiliar animal over familiar animal for
interaction time in the social Y magze

When assessing the total amount of distance moved in the social Y
maze, we found no significant CUMS x repeated testing interaction effect
(F(1,68) = 3.308, p = 0.073) (Fig. 10). Analyses of the interaction times
with the familiar and unfamiliar animals revealed a general preference
for the unfamiliar animal over the familiar animal (F(1,67) = 7.113,
p = 0.010), but we did not find a main effect of CUMS (F(1,67) = 0.339,
p = 0.562), repeated testing (F(1,67) = 1.788, p = 0.186) or interaction
effects between these factors (all p’s > 0.310). There was no main effect
of animal familiarity on the frequency with which the animals interacted
with their peers (F(1,68) = 2.679, p = 0.106), nor did we find main
effects of CUMS (F(1,68) = 1.937, p = 0.169), repeated testing (F(1,68)
= 1.020, p = 0.316), or any interaction effects (all p’s > 0.576) of these
three factors in this readout. Thus, CUMS did not seem to affect social
behaviour and memory in a persistent manner, and repeated testing did
not modulate this behaviour either.

3.2.5. Interaction effect of number of test series and escape behaviour over
trials in learned helplessness task

In the learned helplessness task, we observed no significant effects of
CUMS (U = 600.500, p = 0.734) or repeated testing (U = 627.500,
p = 0.977) on the average escape latency (Fig. 11). We also did not
observe any effects of CUMS (U = 637.000, 0.892) or repeated testing (U
= 637.500, p = 0.897) on the number of escapes made by each animal.
A repeated measures ANOVA over all groups combined did not reveal a
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significant effect of trial number (F(7.143,471.469) = 1.563, p = 0.143)
or CUMS x trial number interaction (F(7.143,471.469) = 0.923,
p = 0.490). However, we did observe an interaction effect between
repeated testing and the number of trials (F(7.143,471.469) = 3.015,
p = 0.004), in the absence of a CUMS x repeated testing x trial number
interaction (F(7.143,471.469) = 0.872, p =0.530) (Fig. S2). While
there was no significant interaction effect between trial number and
repeated testing (F(5.891,194.413) = 1.678, p = 0.130) for the control
animals, we did observe such interaction for the CUMS animals (F(9297)
=2.266, p = 0.018). Neither single-tested nor double-tested CUMS
groups showed a significant effect of trial number (F(5.050,80.804)
=1.790, p = 0.124, F(4.704,79.963) = 2.062, p = 0.083, respectively).
CUMS groups did not differ significantly from one another during any
trial (all p’s > 0.055).

4. Discussion

In this study, we set out to study the effects of CUMS on a wide va-
riety of behaviours resembling depressive-like symptoms immediately
after the cessation of stress (acute effects), and after a recovery period
(persistent effects). Moreover, we assessed whether the long-term effects
of CUMS on these readouts were affected by prior assessment (repeated
testing effects). Overall, CUMS induced acute changes in circadian
rhythm and sucrose preference behaviours, inducing reduced amplitude
of the circadian rhythm without affecting total activity and anhedonia,
respectively. However, when assessing the effects of CUMS on the longer
term, we mostly observed interaction effects between CUMS exposure
and repeated testing in the readouts of anxiety-like behaviour. More
specifically, single late-tested CUMS animals showed less anxiety-like
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Fig. 10. Social behaviour as investigated in the social Y maze (n = 18). A. A main effect for familiarity of the animal was found for the time the animals spent
interacting, in which the unknown animal was preferred. B. No main or interaction effects of CUMS and repeated testing were found for the frequency of interactions
with known or unknown animals. C. No main or interaction effects of CUMS and repeated testing were found for total distance moved during the test trial. @:

p < 0.05, main effect of familiarity animal.
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Fig. 11. Learned helplessness behaviour as indicated by escape latency per trial (n = 18). A. The average escape latency over 10 trials was not significantly affected
by CUMS or repeated testing. B. The total number of escapes across all trials was also not affected by CUMS or repeated testing.

behaviour, which we did not observe when we subjected CUMS animals
to behavioural testing repeatedly.

Currently, CUMS is the most widely applied and dependable model
of depression used in rodents [14]. While previous animal models of
depression included either surgical procedures or exposure to acutely
stressful situations [29-31], chronic stress approaches seem to be more
effective in inducing behavioural alterations similar to those observed in
patients, such as anhedonia [32] and anxiety [33], but also changes in
brain structure and synaptic function [34-36]. Additionally, chronic
stress paradigms possess greater etiological validity, as they more
closely resemble continuous daily life stress exposure in humans [37].

It is worth noting that studies incorporating chronic mild stress
usually showcase the effects of these stress paradigms on late-adolescent
to young-adult rodents, contrary to this study in fully adult animals.
When directly comparing animals across ages, it has been shown that
chronic variable stress can cause adult animals to present increased
immobility in the forced swim test compared to adolescent animals,
while the adolescent animals were more susceptible to somatic, HPA
axis, and neuropeptide-related effects of chronic stress [38]. Moreover,
30 days of adult-onset (at postnatal day 60) unpredictable chronic stress
has been shown to induce impairments in avoidance learning and
memory in adulthood, whereas 60 days of juvenile-onset (at postnatal
day 30) stress exposure failed to do so [39]. Therefore, it is important to
keep in mind that age can influence the manner in which stress exposure
affects organisms, including rats.

Although the rodent CUMS model is primarily known for its
anhedonia-inducing potential, depression consists of a wide array of
behavioural symptoms. In human subjects, one of the symptoms of
depression encompasses sleep disturbances. Insomnia and sleep quality
have been shown to be bidirectionally related to depression [40], and
comorbidity of depression and insomnia has been associated with poorer
outcomes for both conditions [41]. The circadian amplitude of several
physiological readouts, e.g. body temperature, norepinephrine,
thyroid-stimulating hormone, and melatonin levels, is blunted in
depressed patients [42]. Moreover, altered expression patterns of ca-
nonical clock genes can be observed in postmortem gene expression
analyses in the brains of MDD patients [43]. Here, in rats we observed
acute effects of CUMS on locomotor activity during both dark and light
phases, resulting in a lower circadian activity amplitude. These obser-
vations are in line with prior reports in mice, in which four weeks of
CUMS exposure were shown to reduce the circadian amplitude of ac-
tivity and body temperature, the severity of which correlated directly
with depressive-like behaviour in the open field and forced swim test
[20]. Whereas the decreased dark phase activity was persistent even
when testing 3 weeks after CUMS exposure, light phase activity was
increased acutely only. Prior work in rats exposed to CUMS also showed
acutely decreased dark phase activity, yet light phase activity was un-
affected [7]. Our data showed that alterations in circadian activity
patterns can be found in double-tested as well as the single-late tested
stress groups compared to their corresponding controls. Differences with

prior literature could possibly relate to differential inclusion of exposure
to a reversed 12:12 light/dark schedule within the CUMS protocol.
However, we verified that acute circadian rhythm readouts did not
directly correlate with the timing of this reversed cycle during the CUMS
exposure across animals. Moreover, abnormalities remained present
even at 4 weeks post CUMS exposure, suggesting that these alterations in
rhythm are not mere washout effects of this stressor, but rather a
persistent trait induced by CUMS. Repeated testing did not seem to have
any influence on the circadian rhythm of locomotor activity during the
second test series, indicating no habituation effects of the double-tested
animals compared to the single late-tested animals. These data suggest
that two weeks of CUMS exposure is sufficient for inducing long-lasting
disruptions of the circadian locomotor rhythm.

As evaluation of the circadian locomotor rhythm was deemed the
least stressful, this was the first assessment of each test series. The su-
crose preference paradigm followed, as the two-bottle habituation could
be performed during the circadian rhythm assessment. After that, open
field, elevated plus maze, social Y maze, and learned helplessness tasks
were performed in that order. By ordering the tasks from least to most
stressful, we attempted to prevent stress effects of done tasks from
affecting the following tasks.

Symptoms of anhedonia, the reduced ability to experience pleasure,
are another core component of depressive-like behaviour. Studies have
shown that the presence of anhedonia can be a predictor of poor treat-
ment response in patients with MDD [44-46], whereas alleviation of
anhedonia predicts improvement of functioning in depressed patients
[47,48]. In rodents, assessing anhedonia by means of sucrose con-
sumption preference has been the most robust and well-established
readout of depressive-like behaviour induced by CUMS exposure [6].
Typically, either a 2% or 1% sucrose solution is used in this paradigm.
Our CUMS animals displayed an acutely decreased preference for a 1%,
but not a 2%, sucrose solution immediately after stress cessation.
However, when assessed several weeks later using a 1% sucrose solu-
tion, no effects of CUMS were found whatsoever. While reductions in
preference can generally already be observed after two weeks of CUMS
exposure [32], data on the persistence of these effects are inconclusive.
Some studies have reported on preference deficits continuing up to four
to six weeks after stress cessation [32,49]. However, these studies also
applied CUMS exposure for a prolonged duration of four to nine weeks,
suggesting that longer CUMS exposure is potentially necessary to pro-
duce persistent anhedonic effects. Additionally, repeated testing did not
seem to affect sucrose consumption in the second test series. Our data
indicate that two weeks of CUMS exposure is sufficient to acutely impair
sucrose preference, yet these effects are not persistent.

Several large studies have shown that depressive and anxious dis-
orders often occur simultaneously, which is associated with lower
chances of remission [50], and with anxiety preceding depression in
most cases [51]. Accordingly, we also assessed symptoms of anxiety
following CUMS. We observed no indications of heightened anxiety after
CUMS exposure, either closely after its cessation or the recovery period.
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While increases in anxiety-like behaviour following CUMS exposure
have been reported before, this often involved stress durations of 5
weeks or more [52,53]. It is possible that longer exposure to CUMS is
necessary to induce anxiety-like behaviour. It is also possible that the
age of our animals played a role here. In adult Wistar rats, the absence of
chronic mild stress effects in the elevated plus maze has been reported
more often [54], even when tested acutely after 56 days of chronic mild
stress exposure [55]. The double-tested CUMS animals did display more
anxious behaviour than the single late-tested CUMS group; possibly the
combination of CUMS and subjection to the first series of behavioural
tests, especially the learned helplessness task, made the animals more
anxious. Strikingly, the single late-tested CUMS group was less anxious
than their control group 4 weeks post-stress cessation, but this was not
observed in the groups tested immediately after CUMS exposure as well.
The fact that our single-late tested CUMS animals present less
anxiety-like behaviour compared to controls might suggest that the
previous stress exposure has rendered them stress-resilient to a certain
degree. In previous studies, anxiolytic effects have been observed more
often after exposure to chronic mild stress [56,57], which have been
interpreted as a blunting of the emotional response to the environment.
Exposure to mild stress has previously been shown to induce resilience
to stressful events in humans and animals alike [58-60]; a phenomenon
referred to as stress inoculation. It was previously thought that stress
exposure needed to take place in early life for these protective effects to
occur, but more recently it was found that stress inoculation is not
necessarily linked to the most critical or sensitive periods in develop-
ment [61,62], and can also occur in adulthood. Our data suggest that the
4-week post-CUMS recovery period provided the rats the opportunity to
recover and adapt; this could imply that a recovery period after stress
exposure might be a determinative factor for successful stress
inoculation.

Overall, our data suggest that two weeks of CUMS exposure induces
neither acute nor long-term anxiogenic effects. Moreover, when fol-
lowed up by a sufficiently long, undisturbed recovery period, anxiolytic
effects might even be observed.

Many psychiatric disorders, including depression, display impaired
social behaviours [63,64]. Studies have shown that social anhedonia
could be present in up to one third of patients with depression [65], and
correlates with poor treatment response and symptom severity [66,67].
Social anhedonia has even been suggested as endophenotype of
depression [68].

Reduced social behaviour has also been observed in rodent models
for depression [69,70]. However, in our study, social behaviour and
memory in the social Y maze appeared unaffected by CUMS exposure.
Prolonged social isolation as often implemented in prior literature [71]
likely facilitates the gradual stress-induced impairment of social
behaviour [72]. Therefore, it is possible that our paired housing inter-
fered in the development of these effects in our animals. Additionally,
contrary to findings in literature, our CUMS animals did not display
preference for the familiar over unfamiliar animals in either test series.
Importantly, the CUMS animals were stressed while housed with their
cage mates that served as the familiar animals in the social Y maze,
which might have reduced their preference for the familiar animal.
Moreover, incorporating cage mates as familiar animals obviated the
need for separate sampling and testing phases (as are often imple-
mented), which makes it more difficult to compare our results to other
studies. Overall, it seems that our CUMS model does not induce social
impairment, at least not in the aspect of social behaviour that we
assessed in our paradigm. It is possible that other types of social
behaviour (such as social interaction) might be affected. Additional in-
clusion of individual housing could possibly promote the development
of impaired social behaviour.

Lastly, we assessed learned helplessness behaviour; an individual’s
belief that one cannot cope with adverse circumstances [28,73], a
feeling that typically develops after repeated exposure to uncontrollable
adverse events. In rodents, the learned helplessness paradigm is often
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used to induce a depressive-like phenotype by means of exposure to
inescapable foot shocks [31,74]. However, the assessment of escape
behaviour after exposure to unescapable shocks can also reveal differ-
ences in susceptibility to the display of learned helplessness. We adapted
a protocol which has been applied successfully to this end in our lab
[19]. We observed neither acute nor long-term effects of CUMS on
escape latencies. Moreover, both CUMS and control groups did not
improve their escape behaviour across test trials. Potentially, the ani-
mals learned that shuttling between chambers did not prevent shocks
during training. In line with this idea, we did observe alternative active
escape behaviours (e.g. attempting to exit through the lid through which
they entered, balancing on one paw against the wall to avoid shocks).
These behaviours were however rather variable, and difficult to quan-
tify, refraining us from drawing conclusions based on these observa-
tions. Future work should improve reliability of the assessment
potentially by excluding the shuttling possibility during training, and
instead implement more clearly different contexts for training and test
sessions.

By including assessments of circadian rhythm, anhedonia, anxiety-
like behaviour, sociability, and learned helplessness, and not simply
one or two components of depressive-like behaviour, we set out to gain a
broad, complete insight into the depressive-like phenotype resulting
from CUMS exposure as well as its persistent nature. Moreover, we
aimed at providing novel insights into the interactions between CUMS
and repeated testing. Oftentimes when CUMS is applied in combination
with another condition, e.g. a treatment, it is not verified whether stress
effects are actually present before treatment initiation to prevent po-
tential confounding effects of repeated testing. Here, we specifically
investigated whether repeated testing could be considered in such cases.
With regard to our prior expectations, indeed, we found that CUMS
exposure caused our animals to display various components of
depressive-like behaviour. However, the longevity of these effects varied
per component; we observed circadian activity pattern disruptions both
immediately after stress exposure and after a rest period, while anhe-
donia as indicated by a reduced sucrose preference was only present
immediately after stress exposure. While we expected some degree of
habituation of the double-tested animals, manifested as less anxious
behaviour in the open field and elevated plus maze tests, we actually
observed that the CUMS-exposed single late-tested animals were the
least anxious. This is thought to be due to a phenomenon referred to as
stress inoculation, a process in which a recovery period might seemingly
be crucial.

Some limitations to the work should be mentioned. As the current
study also piloted a larger project, test parameters needed to be slightly
adjusted between the two time points of test series, and also across an-
imals within the second series. Therefore, data obtained at the different
time points cannot be compared directly, and some animals needed to be
excluded from the analysis to ensure consistency in parameters within
test series. Due to the original purpose of this study, another critical
limitation consists of the fact that only male animals were used. As
depression is known to be more prevalent in women than in men [75], it
is highly important that it is also modeled in female animals so that sex
differences can be investigated. While a sex-balanced investigation was
beyond the scope of this validation study, we strongly emphasize the
importance of this inclusion in future studies. As opposed to the majority
of previous studies, we here opted for CUMS exposure of relatively short
duration, which ceased during testing, as this facilitated compatibility
with later planned treatment studies. Whereas this short period of CUMS
exposure has been shown effective in inducing behavioural changes
before [32,76], this means that our results cannot be readily extrapo-
lated to CUMS paradigms of longer durations. Finally, the inclusion of 5
different behavioural tests, of which some quite stressful (e.g. the
learned helplessness task), complicates the interpretation of the results
slightly; it is difficult to know whether observed differences between
single- and double-tested animals stem from learning effects or stress
effects as a result from test exposure.
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5. Conclusions

Taken together, our data indicate that behavioural effects of CUMS
exposure are not only dependent on the timing of the assessment after
stress cessation, but also on previous exposure to the behavioural par-
adigms. Moreover, different components of depressive-like behaviour
seem to be affected differentially by these factors. Future work imple-
menting CUMS in the investigation of treatments for depression should
carefully consider these aspects when developing an experimental
design.
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