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Abstract

Rationale The combination of several risk factors (sex, a prior underlying psychiatric condition, or early drug initiation)
could induce the emergence of negative affect during cocaine abstinence and increase the risk of developing addiction. How-
ever, most prior preclinical studies have been centered in male rodents, traditionally excluding females from these analyses.
Objectives To ascertain the behavioral and neurochemical consequences of adolescent cocaine exposure when the combina-
tion of several risk factors is present (female, early-life stress).

Methods Whole litters of Sprague—Dawley rats were exposed to maternal deprivation for 24 h on postnatal day (PND) 9.
Cocaine was administered in adolescence (15 mg/kg/day, i.p., PND 33-39). Negative affect was assessed by several behav-
ioral tests (forced swim, open field, novelty-suppressed feeding, sucrose preference). Hippocampal cell fate markers were
evaluated by western blot (FADD, Bax, cytochrome c) or immunohistochemistry (Ki-67; cell proliferation).

Results Maternal deprivation is a suitable model of psychiatric vulnerability in which to study the impact of adolescent
cocaine in female rats. While adolescent cocaine did not alter affective-like behavior during adolescence, a pro-depressive—
like state emerged during adulthood, exclusively in rats re-exposed to cocaine during abstinence. FADD regulation by
cocaine in early-life stressed female rats might contribute to certain hippocampal neuroadaptations with some significance
to the observed induced negative affect.

Conclusions Adolescent cocaine induced persistent negative affect in female rats exposed to early-life stress, highlighting
the risk of early drug initiation during adolescence for the emergence of negative reinforcement during abstinence likely
driving cocaine addiction vulnerability, also in female rats.

Keywords Adolescence - Cocaine - Maternal deprivation - Negative affect - Rat

Introduction

When evaluating vulnerability factors that could lead to
the development of cocaine addiction, several risk factors
emerge as the most relevant, such as sex (e.g., Quigley et al.
2021), an underlying prior psychiatric condition (e.g., see
recent special issue on dual disorders by Adan and Torrens
2021), and early-age drug initiation (e.g., Zhang et al. 2021).
In the last years, cumulative evidence has proved biologi-
cally based sex differences in all phases of drug addiction
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(for all drugs in general, but including cocaine; e.g., Becker
and Chartoff 2019), exhibiting females a more rapid escala-
tion from casual drug taking to addiction, a greater with-
drawal response with abstinence (i.e., increased negative
affect), and a tendency for a negative treatment outcome
(reviewed in Becker and Koob 2016). Moreover, while stress
exposure early in life is a well-accepted risk factor for mod-
eling mood disorders in rodents, and having a prior psychi-
atric vulnerability is also a key trigger for drug consumption
(e.g., self-treatment to manage negative affect; Levis et al.
2021), the combination of both risk factors has proven to
induce different responses between sexes (e.g., Alves et al.
2020; Castro-Zavala et al. 2020, 2021; Levis et al. 2021).
One of the simplest models to mimic a depressive-like phe-
notype in rodents by early-life stress applies a single episode
(24 h) of maternal deprivation on postnatal day (PND) 9
(Ellenbroek et al. 1998), since it interferes with their normal
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brain developmental trajectories and modifies their behavio-
ral and neurochemical outcomes (reviewed in Marco et al.
2015; also see our results in Garcia-Cabrerizo et al. 2020;
Bis-Humbert et al. 2021a). Finally, adolescence is a critical
period during development that can be modeled in rodents
(Spear, 2000) to evaluate the impact of early drug initia-
tion on the progression toward drug abuse (e.g., Kelley et al.
2004; Spear 2011; Stanis and Andersen 2014; reviewed in
Salmanzadeh et al. 2020). In this context, our group has
extensively studied the immediate and persistent negative
consequences induced by adolescent cocaine exposure when
administered at a specific window of time (PND 33-39) on
addictive-related behaviors (increased behavioral psychomo-
tor sensitization, Parsegian et al. 2016; enhanced goal-track-
ing behavior in adult bred-low responder rats, Garcia-Fuster
et al. 2017) and affective-like phenotypes (Garcia-Cabre-
rizo and Garcia-Fuster 2019), alone or in combination with
early-life stress (Bis-Humbert et al. 2021a), but exclusively
in male rats.

Since females have traditionally been excluded from
preclinical studies (Docherty et al. 2019), the goal of
the present study was to center entirely in female rats, as
opposed to compare the potential differences that emerge
because of sex. Our purpose was to ascertain the behav-
ioral and neurochemical consequences of early cocaine
exposure when the combination of several risk factors is
present (female, prior psychiatric vulnerability). At the
behavioral level, we first characterized in females the
early-life adversity model (as compared to control non-
stressed rats), to then evaluate the emergence of negative
affect following adolescent cocaine (right after drug expo-
sure but also during abstinence and drug re-exposure in
adulthood), since the associated negative affective states
emerging during abstinence likely lead to relapse. At the
neurochemical level, we focused on the adaptations tak-
ing place in the hippocampus, given that several of our
prior studies ascertained the neurotoxic effects induced by
adolescent cocaine exposure in this brain region (Garcia-
Cabrerizo et al. 2015; Garcia-Cabrerizo and Garcia-Fuster
2016, 2019; Garcia-Fuster et al. 2017; Bis-Humbert et al.
2021a). Moreover, the hippocampus not only regulates
affective and/or emotional-like responses and is greatly
affected by these risk factors (e.g., Loi et al. 2017) but
can critically modulate aspects of the cocaine experience
beyond its immediate rewarding effects (e.g., Garcia-Fuster
et al. 2010; Noonan et al. 2010). In particular, we selected
FADD (Fas-associated protein with death domain) as a
key neuroplasticity marker to be studied since it is modu-
lated by early-life stress (Bis-Humbert et al. 2021a) and
cocaine (Garcia-Fuster et al. 2009, 2011; Garcia-Cabrerizo
et al. 2015). Given that FADD can balance cell death with
other non-apoptotic responses, including cell proliferation
(see review on the implications of FADD modulation by
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cocaine in Garcia-Fuster et al. 2016), we also explored the
regulation of other neurotoxic markers from the apoptotic
pathway (e.g., Bax, cytochrome-c), as well as the possible
impairment of hippocampal cell proliferation (e.g., Garcia-
Fuster et al. 2017).

Materials and methods
Animals

A total of 120 female Sprague—Dawley rats, born from 20
different litters bred in the animal facility at the University
of the Balearic Islands, were used in this study (divided
in 3 separate experiments; see Fig. la—c). Rats were kept
in standard cages under specific conditions (22 °C, 70%
humidity, and 12-h light/dark cycle, lights on at 8:00 AM;
ad libitum access to a standard diet and tap water). Experi-
mental procedures were performed during the light period
(between 8:30 and 15:00 h) and complied with ARRIVE
(Percie du Sert et al. 2020) and standard ethical guidelines
(EU Directive 2010/63/EU; Spanish Royal Decree 53/2013).
The number of rats used and their suffering was minimized
when possible.

Early-life condition

Different litters were randomly assigned to early-life stress
or control conditions (see Fig. 1a-b) or were all exposed to
early-life stress (Fig. 1c). Early-life stress was induced in
entire litters through a single episode of maternal depriva-
tion (24 h, PND 9-10; see Garcia-Cabrerizo et al. 2020;
Bis-Humbert et al. 2021a for more methodological details)
since this procedure induces negative psychophysiological
effects on rodents (Ellenbroek et al. 1998, 2005; Marco et al.
20009; also reviewed in Marco et al. 2015; and prior results
from our group in Garcia-Cabrerizo et al. 2020; Bis-Hum-
bert et al. 2021a, b). Pups were weighted right before and
after maternal separation (on PND 9 and 10) and were kept
in their home cage with no nutritional supplements, while
the mother was placed in a different cage in the same room.
Litters from the control groups (2 and 3, respectively, see
Fig. 1a-b) received the same amount of handling (weighed
on PND 9 and 10) but were kept with the dam during the
procedure. Rats were weaned at PND 22 and female rats
were selected for this study (n=35, n=39, and n =46,
respectively, see further details in Fig. 1; male rats were
used in separate studies, see Bis-Humbert et al. 2021a, b)
and initially housed in groups of 2—4. Note that no signifi-
cant differences in body weight were observed among litters
(e.g., Bis-Humbert et al. 2021a, b).
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Impact of early-life stress on affective-like behavior in female rats

a. Effects emerging during adolescence

PND 9 10 22 23 24 25 26 28 29 30 31 32
Control Weaning [Handle |Handle FST | FST Open Sucrose
vs. MD Weight |pre-test| test field preference
2 litters Control: n=13 Single
4 litters MD: n=22 housed rats
b. Effects emerging during adulthood
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3 litters Control: n=18
3 litters MD: n=21
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Impact of adolescent cocaine on affective-like behavior in female rats exposed to early-life stress

c. Effects emerging during adolescence and adulthood
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MD Weaning [Handle |Handle FST | FST Saline (1 ml/kg, i.p., 7 d) FST NSF Sucrose
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Fig. 1 Experimental designs. Impact of early-life stress on affective-
like behavior in female rats emerging during a adolescence and b
adulthood. ¢ Impact of adolescent cocaine on affective-like behavior

Affective-like behavior

Rats were screened in several behavioral tests performed
consecutively across time to measure affective-like responses
(Gururajan et al. 2019) and as done in several prior studies
(Garcia-Cabrerizo and Garcia-Fuster 2019; Jiménez-Romero
et al. 2020; Bis-Humbert et al. 2020; 2021a, 2021b): forced
swim, open field, novelty-suppressed feeding, and sucrose
preference (Fig. 1). Test sessions were recorded, and vid-
eos were analyzed (blind to the experimental groups) with
specific types of software (Behavioral Tracker software,
CA, USA; Smart Video Tracking software, Version 3.0.03,
Panlab SL, Barcelona, Spain). The forced swim test meas-
ures variations in the time spent immobile under the stress
of being placed in a water tank (Slattery and Cryan 2017)
for two different days (41-cm high X 32-cm diameter, water

field

test test

Left hemisphere: cell proliferation (Ki-67)

in female rats exposed to early-life stress. Abbreviations: FST, forced
swim test; MD, maternal deprivation; NSF, novelty-suppressed feed-
ing test; PND, post-natal day

at 25+ 1 °C, 25-cm depth; see further details in Garcia-
Cabrerizo et al. 2015). On day 1 (PND 25 or PND 132,
as detailed in Fig. 1), rats were forced to swim for 15 min
(pre-test), followed by a 5-min test on day 2 (PND 26 or
PND 133, see Fig. 1), in which immobility time (sec) was
evaluated. The forced swim test was repeated across time
(5-min videotaped sessions) to ascertain the impact of ado-
lescent cocaine exposure in female early-life stressed rats
(see Fig. 1c; test performed on PND 40, PND 71, after an
acute cocaine vs. saline challenge, and on PND 111 and
PND 140 during persistent abstinence), similarly to our prior
studies (e.g., Garcia-Cabrerizo and Garcia-Fuster 2019; Bis-
Humbert et al. 2021b). The open field test measures differ-
ences in reactivity to novelty when placing rats in a wall-
enclosed square arena (60X 60 cm x40 cm of height; see
Bis-Humbert et al. 2021a, b) and was performed on PND 28
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(Fig. 1a) or PND 80 (Fig. 1c) to evaluate exploratory-like
behavior in an anxiogenic-like environment (i.e., latency to
center (sec) and distance travelled (cm) during a 5-min test).
To do so, at the beginning of the test, rats were placed in the
center of the arena and were left undisturbed to freely move
and explore the field under housing illumination conditions.
In the same arena, we also performed the novelty-suppressed
feeding test, which is a 5-min test, that requires motivation
for food, and thus rats were food deprived for 48 h prior to
testing (see Fig. 1b). This test measures differences in sen-
sitivity to novelty in an anxiogenic-like environment (see
Bis-Humbert et al. 2021a for further details) by evaluating
the latency to center (sec) and the latency to eat (sec) the
3 food pellets positioned in the center of the arena. At the
beginning of the test, rats were placed at one of the corners
facing the wall of the arena and were left undisturbed dur-
ing the 5-min test under housing illumination conditions.
Finally, 1% sucrose preference (vs. water) was evaluated
with the two-bottle choice test as a measure of reward sen-
sitivity (i.e., lower preference as an indicative of increased
anhedonia), while access to a standard diet was still granted.
To do so, rats were presented on test days with two bottles
(water or 1% sucrose) for 48 h, which were placed in alter-
nating positions each day, and were weighted daily (sucrose
preference = g of sucrose / total g of liquid consumption).
Rats from the first two experiments (Fig. 1a—b) were single
housed 2 days prior to sucrose consumption, so each value
represents an individual rat. However, to avoid the stress of
single housing and later regrouping rats, for the last experi-
ment (Fig. 1c), rats were exposed to the sucrose preference
test in cage groups so each value represents an estimate for
an individual rat (total sucrose preference for a particular
cage corrected by the number of rats present).

Adolescent cocaine exposure

To evaluate the impact of adolescent cocaine exposure in
early-life stressed female rats, we used 8 litters (see Fig. 1c¢).
Rats from each litter were randomly allocated to the experi-
mental groups (MD-Saline, n=22, MD-Cocaine, n=24;
groups of 2—4 rats from each one of the initial litters), to
avoid a possible litter effect. Rats were treated (1 ml/kg, i.p.)
for 7 days with cocaine HCI, provided by “Agencia Espafiola
de Medicamentos y Productos Sanitarios” (Ministerio de
Sanidad, Politica Social e Igualdad, Spain) (15 mg/kg) or
saline (0.9% NaCl) during adolescence (PND 33-39, age
window selected from our prior studies; Garcia-Cabrerizo
et al. 2015; Garcia-Fuster et al. 2017; Garcia-Cabrerizo and
Garcia-Fuster 2019; Bis-Humbert et al. 2021a). During
adulthood (PND 71), the impact of cocaine re-exposure on
behavior was evaluated by challenging rats with an acute
cocaine (15 mg/kg, i.p.) or saline injection 45 min before
exposing them to the forced swim test (Fig. 1c; see similar
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scheduling in our prior procedures in male rats in Garcia-
Cabrerizo and Garcia-Fuster 2019; Bis-Humbert et al.
2021a), rendering 4 experimental groups (MD-Saline + Sal,
n=11, MD-Saline + Coc, n=11; MD-Cocaine + Sal, n=12,
MD-Cocaine + Coc, n=12).

Hippocampal collection for neurochemical analyses

Rats from the last study were sacrificed by decapitation on
PND 142, 2 days after the last forced swim test and 71 days
after the last cocaine administration (see Fig. 1c). The hip-
pocampus was freshly dissected from the right hemisphere,
fast frozen in liquid nitrogen, and kept at — 80 °C to later
perform western blot analysis with anti-FADD (H-181)
(1:5000) and anti-Bax (N-20) (1:1000), both from Santa
Cruz Biotechnology (CA, USA), anti-cytochrome ¢ (1:5000;
BD Biosciences, CA, USA), and anti-B-actin (1:10,000;
clone AC-15; Sigma-Aldrich, MO, USA) primary antibod-
ies as previously validated in different brain regions and with
different experimental conditions (including blocking the
specific signal with the peptide used to design the antibody
and/or running positive controls) and as described in detail
before (Garcia-Fuster et al. 2007, 2016; Garcia-Cabrerizo
and Garcia-Fuster 2015; and data not shown). After incu-
bating the membranes with the appropriate secondary anti-
body (anti-rabbit or anti-mouse IgC linked to horseradish
peroxidase; 1:5000 dilution; Cell Signaling, MA, USA),
target proteins were detected with ECL chemicals (Amer-
sham, Buckinghamshire, UK) by transferring the signal of
bound antibody to an autoradiographic film (Amersham
ECL Hyperfilm). Following densitometric scanning of the
films (GS-800 Imaging Calibrated Densitometer, Bio-Rad),
percent changes were calculated for each target protein with
respect to the control group (MD-Saline + Sal). Each sample
was evaluated 2—4 times in different gels, and the mean value
was used as a final estimate.

The left hemisphere was quickly frozen in — 30 °C iso-
pentane and stored at — 80 °C until the entire hippocampus
(= 1.72 to — 6.80 mm from Bregma) was cryostat-cut in
30-pm sections and slide mounted to quantify the rate of
cell proliferation (Ki-67) by immunohistochemistry (see
detailed methodological description in Garcia-Fuster et al.
2010, 2011). The experiment was performed in every 8th
section throughout the whole depth of the hippocampus (3
slides with 8 hippocampal tissue sections each, for a total
of 24 sections per rat) by exposing them to several steps:
antigen retrieval, blocking in peroxidase solution and BSA,
and incubations with rabbit polyclonal anti-Ki-67 (1:40,000;
kindly provided by Drs. Huda Akil and Stanley J. Watson,
University of Michigan, MI, USA), biotinylated anti-rabbit
secondary antibody (1:1000; Vector Laboratories, Burl-
ingame, CA), an Avidin/Biotin complex (Vectastain Elite
ABC Kit; Vector Laboratories), 3,3’-diaminobenzidine
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(DAB), and cresyl violet. Sections were then dehydrated
in graded alcohols, immersed in xylene, and cover-slipped.
The overall number of Ki-67 + cells was quantified in the
dentate gyrus of all sections (blindly to the experimental
conditions) with a Leica DMR light microscope (63 X objec-
tive lens) by a modified unbiased procedure (Malberg et al.,
2000; Malberg and Duman, 2003). This method counts every
8th section throughout the entire extent of the hippocampal
dentate gyrus (i.e., Ki-67 +cells were located in the sub-
granular zone) to ensure an accurate count of individual cells
and later multiplies that number by the sampling factor 8
to provide an estimate number of Ki-67 + cells per rat (see
more details in our prior publications: Garcia-Fuster et al.
2010, 2011; Garcia-Fuster et al. 2017; Garcia-Cabrerizo
and Garcia-Fuster 2019; Garcia-Cabrerizo et al. 2020; Bis-
Humbert et al. 2020, 2021b).

Statistical analyses

Data analysis was performed with GraphPad Prism, Ver-
sion 9 (GraphPad Software, Inc., CA, USA), and results
are reported as mean values + standard error of the mean
(SEM), including individual rat values when appropriate,
in line with the guidelines for displaying data and statistical
methods in experimental pharmacology (e.g., Curtis et al.
2018; Michel et al. 2020).

When evaluating the impact of early-life stress on affec-
tive-like behavior in female rats, two-tail Student’s z-tests (or
Mann—Whitney test to compare ranks when data did not pass
the normality test; e.g., D'Agostino and Pearson) or two-
way repeated measures ANOVAs (independent variables:
early-life condition and day) were utilized. When evaluating
the impact of adolescent cocaine exposure at the behavio-
ral and/or neurochemical levels in female early-life stressed
rats, two-tail Student’s #-tests (or Mann—Whitney test if non-
parametric) or two-way ANOVAs (with or without repeated
measures; independent variables: adolescent treatment and
adult challenge or adolescent cocaine and day) were utilized.
Sidak’s multiple comparison tests were used for post hoc
analysis when appropriate. The level of significance was set
at p<0.05.

Results

Impact of early-life stress on affective-like behavior
in female rats

When evaluating the effects of maternal deprivation on
affective-like behavior during adolescence (Fig. 2a), the
results showed no changes in immobility in the forced swim
test (two-tailed t-test: t=0.439, df=33, p=0.663) or in
the open field test: latency to center (Mann—Whitney test,

two-tailed: p=0.110) or distance travelled (Mann—Whitney
test, two-tailed: p =0.624). However, a two-way repeated
measures ANOVA detected a significant effect of early-
life condition (F| ;,=12.95, p=0.001), but not an effect of
day (F| 3,=2.07, p=0.160) or an early-life condition x day
interaction (F 3,=0.312, p=0.581). Rats exposed to mater-
nal deprivation early in life showed a lower preference for
sucrose than those non-exposed to stress (PND 30: —7.8%,
**p=0.002 and PND 31: —6.5%, *p=0.011 vs. control rats;
Fig. 2a).

We then evaluated the long-term effects of maternal dep-
rivation on affective-like behavior during adulthood in a sep-
arate set of rats (Fig. 1b). While no changes were observed
in the forced swim test (two-tailed ¢-test: r=1.102, df=36,
p=0.278), maternal deprivation significantly increased
latency to center in the novelty-suppressed feeding test
(Mann—Whitney test, two-tailed: —20.5 sec, *p=0.031
vs. control rats; Fig. 2b). No changes were observed when
measuring latency to eat (Mann—Whitney test, two-tailed:
p=0.462). As for the two-bottle choice test, a two-way
repeated measures ANOVA did not detect an effect of early-
life condition (F} 35=0.30, p=0.587), nor an early-life con-
dition X day interaction (F 35=0.90, p=0.350), but showed
a significant effect of day (F 3,=9.73, ##p=0.004) driven
by an overall lower sucrose preference on PND 140 (as
compared to PND 139; see Fig. 2b). Moreover, it is worth
mentioning that in parallel to these long-term behavioral
consequences, female rats subjected to maternal deprivation
early in life showed persistent lower body weight throughout
their adult lives as compared to controls (two-way repeated
measures ANOVA analysis—effect of early-life condition:
F, 37=28.95, p=0.005, followed by Sidak’s multiple compar-
isons: an average of —20 g lower from PND 134 and onward,
*p <0.05 vs. controls; data not shown in graphs).

Impact of adolescent cocaine on affective-like
behavior in female rats exposed to early-life stress

On PND 26, all rats were scored in the forced swim test,
with an average immobility time of 224 sec (minimum value
of 148 and maximum value of 282 sec; Fig. 3). Individual
basal values were used to balance the experimental groups
by immobility scores (MD-Saline: mean value of 225 sec;
MD-Cocaine: mean value of 222 sec). Then, on PND 40,
following cocaine or saline administration (PND 33-39), no
significant effects was observed by treatment in the forced
swim test (Mann—Whitney test, two-tailed: p=0.815). On
PND 71, a two-way ANOVA analysis showed a signifi-
cant effect of adult challenge (F; 4,=113.9, ###p <0.001;
driven by the acute psychomotor effects induced by cocaine;
Fig. 3), but no effect driven by the adolescent treatment
(Fy4,=1.34, p=0.255). The test was repeated across time
to evaluate the emergence of negative affect during forced
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Impact of early-life stress on affective-like behavior in female rats

a. Effects emerging during adolescence
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Fig.2 Impact of early-life stress on affective-like behavior in female
rats emerging during a adolescence and b adulthood. Data represents
mean+SEM of the corresponding measurement at the indicated day
(immobility in the forced swim test, latency to center and distance
travelled in the open field, latency to center or to eat in the novelty-
suppressed feeding test, and sucrose preference in the two-bottle
choice test). Symbols represent individual rat values within each
experimental group. For all pair comparisons, #-tests or Mann—Whit-

abstinence. The results on PND 111 showed a significant
effect of adult challenge (F 4, =34.3, ###p <0.001) and
a significant effect of adolescent treatment (F; 4, =13.39,
p=0.0007). In particular, rats with a history of adoles-
cent cocaine and challenged with cocaine in adulthood
(Cocaine + Coc) showed increased immobility in the forced
swim test on PND 111 (+30 sec, **p=0.004 vs. rats treated
with saline in adolescence, Saline + Coc; Fig. 3). Similar
results were observed on PND 140: a significant effect of
adult challenge (F 4, =8.42, ##p <0.006) and adolescent
treatment (F; 4, =4.50, p=0.0398) and higher immobility in
rats with a history of adolescent cocaine and challenged with
cocaine in adulthood (421 sec, *p=0.05 vs. saline-treated
rats in adolescence; Fig. 3).

Moreover, results from the novelty-suppressed feed-
ing test on PND 43 showed no changes in latency to eat
(Mann—Whitney test, two-tailed: p =0.547; Fig. 3) or latency
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ney tests were performed as needed, and for the sucrose preference
analyses, two-way repeated measures ANOVAs followed by Sidak’s
multiple comparison test (if appropriate) were used: **p<0.01 or
*p <0.05 when comparing the effects of early-life condition (control
vs. MD); ##p <0.01 for representing an effect of day (PND 140 vs.
139). Abbreviations: MD, maternal deprivation; NSF, novelty-sup-
pressed feeding test; PND, post-natal day

to center (data not shown). Also, no significant changes
were observed in the two-bottle choice test (adolescence:
F,1,=3.96, p=0.0698; adulthood: F; ;,=0.10, p=0.753;
Fig. 3). Finally, the results from the open field test (PND
80) showed a significant effect of adolescent treatment for
distance travelled (F; 4,=4.17, *p=0.047; represented in
Fig. 3 when combining groups independently of drug chal-
lenge). No significant changes were observed for latency to
center (data not shown).

Impact of adolescent cocaine on cell fate markers
in adult female rats exposed to early-life stress

For FADD protein regulation, a two-way ANOVA analysis
detected a significant interaction between adolescent treat-
ment and adult challenge (F; 30=4.42, p=0.046; Fig. 4a),
with a significant post hoc increase in FADD content in
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Fig.3 Impact of adolescent cocaine on affective-like behavior in
female rats exposed to early-life stress. Data represents mean+ SEM
of the corresponding measurement at the indicated day (immobil-
ity in the forced swim test, latency to eat in the novelty-suppressed
feeding test, sucrose preference in the two-bottle choice test, and dis-
tance travelled in the open field test). Symbols represent individual
rat values within each experimental group. For all pair comparisons,
Mann—Whitney tests were performed as needed, and two-way ANO-
VAs (with or without repeated measures) were used for the rest of

rats with a history of adolescent cocaine exposure and
challenged with saline in adulthood (+26%, *p =0.0498
vs. MD-Saline + Sal; Fig. 4a). Interestingly, pairwise
t-test comparisons between each cocaine group (indepen-
dently of the time of cocaine exposure: Cocaine + Sal,
Saline + Coc, and Saline + Coc) and the control group
(Saline + Sal) showed increases in hippocampal FADD
content for all comparisons (*p < 0.05, data not shown in
graph). Moreover, Bax analysis also revealed a significant
interaction between adolescent treatment X challenge in
adulthood (F 4,=4.10, p=0.049), but no pairwise com-
parisons came out significant in the post hoc analysis.
For the rest of proteins analyzed, no significant interac-
tions were detected (cytochrome c: F 4, =0.02, p=0.888;
B-actin: F 40=0.10, p=0.754). Similarly, for Ki-67 +cells
analysis, no interaction between adolescent treatment and
adult challenge was observed (F 4, =2.45, p=0.125;
Fig. 4b).

T T
PND 77 PND 78 +Sal

analyses. Sidak’s multiple comparison tests were used when appro-
priate: ###p <0.001 and ##p <0.01 for representing the significant
effect of drug challenge in adulthood (4 Coc vs. + Sal groups on PND
71, PND 111, and PND 140); **p <0.01 and *p <0.05 for pairwise
comparisons between the groups that received cocaine vs. saline dur-
ing adolescence). Abbreviations: Coc, cocaine; FST, forced swim
test; NSF, novelty-suppressed feeding test; PND, post-natal day; Sal,
saline

Discussion

The first part of the study characterized the effects of early
maternal deprivation on affective-like behavior in female
rats and demonstrated immediate and long-lasting behav-
ioral anomalies emerging from adolescence and into adult-
hood, establishing this particular procedure as a suitable
model for inducing a depressive-like phenotype in which
to study the impact of adolescent cocaine exposure. Then,
in the second part of the study, although cocaine did not
induce immediate behavioral effects during adolescence (no
changes in the forced swim, novelty-suppressed feeding, or
sucrose preference tests) in early-life stressed female rats,
negative affect emerged during adulthood. In particular, the
results showed a decrease in exploratory-like behavior in the
open field test (indicative of an anxiogenic-like response),
as well as an increase in immobility time in the forced swim
test (indicative of a pro-depressive-like state), but this was
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Impact of adolescent cocaine on cell fate markers in adult female rats exposed to early-life stress

a. Hippocampal cell death markers
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Fig.4 Impact of adolescent cocaine on a hippocampal cell death
markers and b hippocampal cell proliferation in female rats exposed
to early-life stress. Data represents mean+SEM of a hippocampal
protein content expressed as % change vs. Saline + Sal group or b the
number of Ki-67 +cells quantified in every 8th section throughout the
entire extent of the hippocampal dentate gyrus and multiplied by the
sampling factor 8 providing an estimate of the total number of posi-
tive cells per animal. Symbols represent individual rat values within
each experimental group. Two-way ANOVAs were used followed by

mainly observed following cocaine re-exposure in adult-
hood during abstinence. Finally, when looking for potential
long-term neurochemical markers dysregulated by cocaine
exposure, the results showed an increase in hippocampal
FADD protein. However, other cell death markers such as
Bax and cytochrome-c were not altered, nor were the rate of
hippocampal cell proliferation.

The results from the first part of the study ensured
the validity of the model selected for inducing negative
affect in female rats, since early maternal deprivation (as
compared to control non-stressed rats) decreased sucrose
preference during adolescence (used as an indicative of
increased anhedonia, a key feature of depressive-like state)
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Sidak’s multiple comparison test when appropriate: *p <0.05 when
comparing the effect of adolescent cocaine treatment in rats chal-
lenged with saline in adulthood (Cocaine+Sal vs. Saline+ Sal).
Representative images showing a the labeling of FADD, Bax,
cytochrome ¢, and B-actin or b individual Ki-67+cells (brown
labeling in the blue granular layer) taken with a light microscope
(40 x objective lens) are shown for each treatment group. Abbrevia-
tions: Coc, cocaine; Cyt c, cytochrome c; PND, post-natal day; Sal,
saline

and increased latency to novelty in an anxiogenic-like
environment in adulthood, along with the observed drop in
normal weight gain. Although these results are in line with
prior results (reviewed in Ellenbroek et al. 2005; Viveros
et al. 2010), the impact of early-life stress on affective-like
behavior in rodents could be quite variable, since several
factors might influence the outcome, such as the type and
timing of adversity (i.e., duration of separation and devel-
opmental age window of experience), the animal species
and strain used, the outcome measures examined, sex, and
other factors (see review on this topic in Levis et al. 2021).
For example, a recent study reported that early-life stress
induced negative affect only in female mice (as opposed to
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males), and although it increased depressive-like behav-
ior during adolescence, its severity got amplified during
adulthood (Goodwill et al. 2019). Interestingly, and in the
context of this developing response, a recent study from
our group evaluated the effects of early-life stress on affect
in male rats, and while no changes were observed during
adolescence (as opposed to the changes in sucrose pref-
erence presented here), a negative impact emerged during
adulthood manifested as an increase in immobility time
in the forced swim test (see Bis-Humbert et al. 2021a) (in
contrast to the present lack of effects observed for this test
in females). Similarly, prior studies have shown that mater-
nal deprivation early in life induced negative affect during
adulthood (reviewed in Marco et al. 2009, 2015). Thus,
it seems clear that the vulnerability induced by early-life
stress on affective-like behavior likely depends on many
factors, mainly including sex, the nature of stress, and the
assays under evaluation (Levis et al. 2021). Consequently,
the present conclusions (i.e., decreased sucrose preference
in adolescence and higher latency to novelty in adulthood
paired with reduced body weight) could be drawn exclu-
sively for female Sprague—Dawley rats exposed to a single
24-h episode of maternal separation on PND 9 (as compared
to non-stressed controls).

The second part of the study evaluated the impact of ado-
lescent cocaine exposure on affective-like behavior when
the combination of several risk factors was present (i.e.,
female rats and early-life stress). The goal of the study was
to ascertain the impact of cocaine exposure only in female
rats (e.g., Rowson et al. 2018) exposed to early-life stress, as
opposed to perform a direct comparison with male rats and/
or with non-stressed control rats, since prior similar stud-
ies have been done exclusively in male rats (Bis-Humbert
et al. 2020; 2021a, 2021b), and we tackled the comparison
with non-stressed controls in the first part of this study. At
the behavioral level, the results showed that cocaine expo-
sure did not alter affective-like behavior during adolescence,
since no changes were observed in the forced swim, novelty-
suppressed feeding, or sucrose preference tests. However,
during adulthood, some signs of negative affect emerged,
such as a decrease in exploratory-like behavior in the open
field test (indicative of an anxiogenic-like response) and an
increase in immobility time in the forced swim test (per-
sistent pro-depressive-like state). Interestingly, these effects
were observed following cocaine re-exposure in adulthood
(i-e., up to 69 days post-challenge during abstinence), sug-
gesting that a prior history of adolescent cocaine exposure
was needed for the negative impact to emerge during absti-
nence following a single drug re-exposure in adulthood.
The present results in female early-life stressed rats par-
allel the enhanced negative affect observed in adulthood
in male naive (non-stressed) rats exposed to adolescent
cocaine and challenged with cocaine during abstinence

(see Garcia-Cabrerizo and Garcia-Fuster 2019). Otherwise,
when adolescent cocaine was administered in male early-
life stressed rats (similar paradigm as the one performed
here for female rats), the negative impact on affect advanced
to the adolescent window (see Bis-Humbert et al. 2021a)
(as opposed to adulthood for female rats), suggesting, since
the same dosing paradigms were used, different timings in
terms of when the vulnerability emerge for each sex (i.e.,
stressed males in adolescence and non-stressed males/
stressed females in adulthood). Also, the present results
suggest certain resilience during the adolescent period
for female early-life stressed rats (i.e., absence of negative
affect) and/or the need for drug re-exposure in adulthood
for the negative affects to emerge (i.e., adolescent cocaine
alone does not increase the risk; a re-exposure in adulthood
is needed for the adolescent impact to emerge). Since the
observed resilience could be driven by the dose selected for
the study, future studies should aim at evaluating a range
of different cocaine doses and/or include other contingent
cocaine paradigms to better model adolescent cocaine addic-
tion in rodents (see a commentary on this topic by Garcia-
Fuster 2021). In any case, this piece of data is yet another
study reinforcing the particular vulnerability of administer-
ing cocaine in rats during this age window of adolescence
(PND 33-39; Garcia-Cabrerizo et al. 2015) on increasing
negative affect (Garcia-Cabrerizo and Garcia-Fuster 2019;
Bis-Humbert et al. 2021a) and addictive-like responses (e.g.,
Parsegian et al. 2016; Garcia-Fuster et al. 2017), but with
the novelty of providing the impact for female rats. Thus,
early-life stressed female rats exposed to adolescent cocaine
showed enhanced negative affect in adulthood (during absti-
nence and drug re-exposure), highlighting the risk of early
cocaine initiation for the progression toward cocaine addic-
tion, in the context that negative reinforcement during absti-
nence could likely increase this vulnerability (e.g., Towers
et al. 2021).

At the neurochemical level, we assessed potential long-
term neurochemical markers dysregulated by adolescent
cocaine exposure following persistent abstinence in adult-
hood. The ANOVA results showed increased hippocam-
pal FADD protein in rats with a prior history of adoles-
cent cocaine. Interestingly, all rats that received cocaine,
independently of when they received it (adolescence and/
or adulthood), showed increased levels of hippocampal
FADD, thus suggesting FADD regulation as a common
consequence and/or adaptation induced by cocaine during
abstinence. As stated earlier, FADD is a multifunctional pro-
tein (i.e., balancing cell fate and/or plasticity mechanisms)
known to be modulated in male rodents, among many other
factors (see Ramos-Miguel et al. 2012) by early-life stress
(Bis-Humbert et al. 2021a) and cocaine (e.g., Garcia-Fuster
et al., 2009; 2011; reviewed in Garcia-Fuster et al. 2016).
In particular, the present data contrasts with prior results
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from our group in male rats displaying decreased hip-
pocampal FADD protein content during forced abstinence
from cocaine (Garcia-Fuster et al. 2009; Garcia-Cabrerizo
and Garcia-Fuster 2015), among other psychostimulants.
It was priorly suggested that a decrease in FADD would
likely participate on mediating repair mechanisms develop-
ing following a prior insult (i.e., abstinence after cocaine
exposure), while an increase would likely be the result of a
putative neurotoxic insult (e.g., increased FADD following
acute cocaine, Garcia-Fuster et al. 2009). Thus, since the
present results in female rats showed an increase in FADD
content, probably indicative of a pro-apoptotic-like event,
other downstream markers of the apoptotic pathway were
also evaluated (e.g., Bax, cytochrome c), although none was
dysregulated. In conclusion and since no other signs of neu-
rotoxicity was observed, FADD upregulation during cocaine
abstinence in female rats might contribute to the hippocam-
pal neuroadaptations with some significance to the observed
induced negative affect (e.g., Markou and Kenny 2002) and
deserves further studies. Finally, given that the early stages
of adult neurogenesis (i.e., cell proliferation) were impacted
by cocaine exposure (e.g., Garcia-Fuster et al. 2010, 2011,
2017) and by a depressive-like phenotype (e.g., Malberg and
Duman 2003), we evaluated the regulation of hippocam-
pal Ki-67 during forced abstinence but found no signs of
regulation, probably linked to the timing of evaluation, and
in line with prior results for male rats (Garcia-Cabrerizo
and Garcia-Fuster 2019). Overall, the neurochemical results
suggest a lack of long-term neurotoxic effects following ado-
lescent cocaine exposure in early-life stressed female rats,
as observed by the markers evaluated, with the exception of
FADD regulation, that might contribute to the neuroadapta-
tions taking place in the hippocampus as previously com-
mented. In any case, since the regulation of the neurochemi-
cal and behavioral outcomes might not correlate in time, our
conclusions are limited to the only time-point when brains
were taken for analysis, and thus we recognize the need for
future studies evaluating other brain regions and/or neuro-
plasticity markers that may participate in such regulations.

In summary, this pool of new data adds to the existing
literature demonstrating the validity of female rodents to
study the negative impact of adolescent cocaine exposure.
As hypothesized, these results demonstrated that adoles-
cent cocaine increased negative affect during persistent
abstinence in female early-life stressed rats, reinforcing the
notion that early drug initiation is a risk factor for a worse
behavioral outcome, also in female rats.

Acknowledgements The authors would like to thank Fernando Jimé-
nez-Romero and Dr. Rubén Garcia-Cabrerizo for procedural assistance.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. The authors disclosed receipt of
the following financial support for the research, authorship, and/

@ Springer

or publication of this article: Delegacién del Gobierno para el Plan
Nacional sobre Drogas (grants 2016/002 and 2020/001, MSSSI, Spain)
and by Fundacién Alicia Koplowitz to MJG-F; CB-H was supported by
the program “TECH” from project “TALENT PLUS Construint Salut,
Generant Valor” (IdISBa, GOIB). MJG-F is a member of RETICS-RTA
(RD16/0017/0010; Instituto de Salud Carlos III, MINECO/FEDER).

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adan A, Torrens M (2021) Special issue: diagnosis and management
of addiction and other mental disorders (dual disorders). J Clin
Med 10:1307

Alves RL, Oliveira P, Lopes IM, Portugal CC, Alves CJ, Barbosa
F, Summavielle T, Magalhdes A (2020) Early-life stress affects
drug abuse susceptibility in adolescent rat model independently
of depression vulnerability. Sci Rep 10:13326

Becker JB, Chartoff E (2019) Sex differences in neural mechanisms
mediating reward and addiction. Neuropyschopharmacology
44:166-183

Becker JB, Koob GF (2016) Sex differences in animal models: focus
on addiction. Pharmacol Rev 68:242-263

Bis-Humbert C, Garcia-Cabrerizo R, Garcia-Fuster MJ (2020)
Decreased sensitivity in adolescent versus adult rats to the
antidepressant-like effects of cannabidiol. Psychopharmacology
237:1621-1631

Bis-Humbert C, Garcia-Cabrerizo R, Garcia-Fuster MJ (2021a)
Increased negative affect when combining early-life maternal
deprivation with adolescent, but not adult, cocaine exposure in
male rats: regulation of hippocampal FADD. Psychopharmacol-
ogy 238:411-420

Bis-Humbert C, Garcia-Cabrerizo R, Garcia-Fuster MJ (2021b) Anti-
depressant-like effects of cannabidiol in a rat model of early-life
stress with or without adolescent cocaine exposure. Pharmacol
Rep. https://doi.org/10.1007/s43440-021-00285-5

Castro-Zavala A, Martin-Sanchez A, Valverde O (2020) Sex differences
in the vulnerability to cocaine’s addictive effects after early-life
stress in mice. Eur Neuropsychopharmacol 32:12-24

Castro-Zavala A, Martin-Sanchez A, Montalvo-Martinez L, Camacho-
Morales A, Valverde O (2021) Cocaine-seeking behaviour is dif-
ferentially expressed in male and female mice exposed to maternal
separation and is associated with alterations in AMPA receptors
subunits in the medial prefrontal cortex. Prog Neuropsychophar-
macol Biol Psychiatry 109:110262


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s43440-021-00285-5

Psychopharmacology (2022) 238:3399-3410

3409

Curtis MJ, Alexander S, Cirino G, Docherty JR, George CH, Giem-
bycz MA et al (2018) Experimental design and analysis and their
reporting II: updated and simplified guidance for authors and peer
reviewers. Br J Pharmacol 175:987-993

Docherty JR, Stanford SC, Panattieri RA, Alexander SPH, Cirino G,
George CH et al (2019) Sex: a change in our guidelines to authors
to ensure that this is no longer an ignored experimental variable.
Br J Pharmacol 176:4081-4086

Ellenbroek BA, van den Kroonenberg PT, Cools AR (1998) The effects
of an early stressful life event on sensorimotor gating in adult rats.
Schizophr Res 30:251-260

Ellenbroek BA, Derks N, Park HJ (2005) Early maternal deprivation
retards neurodevelopment in Wistar rats. Stress 8:247-257

Garcia-Cabrerizo R, Garcia-Fuster MJ (2015) Chronic MDMA induces
neurochemical changes in the hippocampus of adolescent and
young adult rats: down-regulation of apoptotic markers. Neuro-
toxicology 49:104—113

Garcia-Cabrerizo R, Garcia-Fuster MJ (2016) Opposite regulation
of cannabinoid CB1 and CB2 receptors in the prefrontal cortex
of rats treated with cocaine during adolescence. Neurosci Lett
615:60-65

Garcia-Cabrerizo R, Garcia-Fuster MJ (2019) Adolescent cocaine
exposure enhanced negative affect following drug re-exposure
in adult rats: attenuation of c-Fos activation. J Psychopharmacol
33:154-162

Garcia-Cabrerizo R, Keller B, Garcia-Fuster MJ (2015) Hippocampal
cell fate regulation by chronic cocaine during periods of adoles-
cence vulnerability: consequences of cocaine exposure during
adolescence on behavioral despair in adulthood. Neuroscience
304:302-315

Garcia-Cabrerizo R, Ledesma-Corvi S, Bis-Humbert C, Garcia-Fuster
MJ (2020) Sex differences in the antidepressant-like potential of
repeated electroconvulsive seizures in adolescent and adult rats:
Regulation of the early stages of hippocampal neurogenesis. Eur
Neuropsychopharmacol 41:132-145

Garcia-Fuster MJ, Miralles A, Garcia-Sevilla JA (2007) Effects of opi-
ate drugs on Fas-associated protein with death domain (FADD)
and effector caspases in the rat brain: regulation by the ERK1/2
MAP kinase pathway. Neuropsychopharmacology 32:399—411

Garcia-Fuster MJ, Clinton SM, Watson SJ, Akil H (2009) Effect of
cocaine on Fas-associated protein with death domain in the rat
brain: individual differences in a model of differential vulner-
ability to drug abuse. Neuropsychopharmacology 34:1123-1134

Garcia-Fuster MJ, Perez JA, Clinton SM, Watson SJ, Akil H (2010)
Impact of cocaine on adult hippocampal neurogenesis in an ani-
mal model of differential propensity to drug abuse. Eur J Neurosci
31:79-89

Garcia-Fuster MJ, Flagel SB, Mahmood ST, Mayo LM, Thompson
RC, Watson SJ, Akil H (2011) Decreased proliferation of adult
hippocampal stem cells during cocaine withdrawal: Possible role
of the cell fate regulator FADD. Neuropsychopharmacology
36:2303-2317

Garcia-Fuster MJ, Alvaro-Bartolomé M, Garcia-Sevilla JA (2016) The
Fas receptor/Fas-associated protein and cocaine. Chapter 6, pages
63-73. Neuropathology of Drug Addictions and Substance Mis-
use. Volume 2: Stimulants, Club and Dissociative Drugs, Halluci-
nogens, Steroids, Inhalants and International Aspects. Academic
Press, Cambridge

Garcia-Fuster MJ, Parsegian A, Watson SJ et al (2017) Adolescent
cocaine exposure enhances goal-tracking behavior and impairs
hippocampal cell genesis selectively in adult bred low-responder
rats. Psychopharmacology 234:1293-1305

Garcia-Fuster MJ (2021) Adolescent animal models of addiction. Eur
Neuropsychopharmacol 53:1-3

Goodwill HL, Manzano-Nieves G, Gallo M, Lee HI, Oyerinde E, Serre
T, Bath KG (2019) Early life stress leads to sex differences in

development of depressive-like outcomes in a mouse model. Neu-
ropsychopharmacology 44:711-720

Gururajan A, Reif A, Cryan JF, Slattery DA (2019) The future of rodent
models in depression research. Nat Rev Neurosci 20:686-701

Jiménez-Romero F, Bis-Humbert C, Garcia-Fuster MJ (2020) Adoles-
cent morphine induces emotional signs of withdrawal paired with
neurotoxicity selectively in male rats: Female resilience. Neurosci
Lett 715:134625

Kelley AE, Schochet T, Landry CF (2004) Risk taking and novelty
seeking in adolescence: introduction to part I. Ann N Y Acad
Sci 1021:27-32

Levis SC, Baram TZ, Mahler SV (2021) Neurodevelopmental origins
of substance use disorders: evidence from animal models of early-
life adversity and addiction. Eur J Neurosci 00:1-26. https://doi.
org/10.1111/ejn.15223

Loi M, Mossink JCL, Meerhoff GF, Den Blaauwen JL, Lucassen PJ,
Joéls M (2017) Effects of early-life stress on cognitive func-
tion and hippocampal structure in female rodents. Neuroscience
342:101-119

Malberg JE, Eisch AJ, Nestler EJ, Duman RS (2000) Chronic antide-
pressant treatment increases neurogenesis in adult rat hippocam-
pus. J Neurosci 20:9104-9110

Malberg JE, Duman RS (2003) Cell proliferation in adult hippocampus
is decreased by inescapable stress: reversal by fluoxetine treat-
ment. Neuropsychopharmacology 28:1562-1571

Marco EM, Adriani W, Llorente R, Laviola G, Viveros MP (2009) Det-
rimental psychophysiological effects of early maternal deprivation
in adolescent and adult rodents: altered responses to cannabinoid
exposure. Neurosci Biobehav Rev 33:498-507

Marco EM, Llorente R, Lépez-Gallardo M, Mela V, Llorente-Berzal
A, Prada C, Viveros MP (2015) The maternal deprivation animal
model revisited. Neurosci Biobehav Rev 51:151-163

Markou A, Kenny PJ (2002) Neuroadaptations to chronic exposure
to drugs of abuse: relevance to depressive symptomatology seen
across psychiatric diagnostic categories. Neurotox Res 4:297-313

Michel MC, Murphy TJ, Motulsky HJ (2020) New author guidelines for
displaying data and reporting data analysis and statistical methods
in experimental biology. J Pharmacol Exp Ther 372:136-147

Noonan MA, Bulin SE, Fuller DC, Eisch AJ (2010) Reduction of adult
hippocampal neurogenesis confers vulnerability in an animal
model of cocaine addiction. J Neurosci 30:304-315

Parsegian A, Garcia-Fuster MJ, Watson SJ, et al. (2016) Adolescent
cocaine experience differentially augments psychomotor sensiti-
zation in adulthood and alters dopamine receptor and epigenetic
profiles in the nucleus accumbens of selectively bred high- and
low-responder rats. Society for Neuroscience Annual Meeting
2016-S-4910-SfN

Percie du Sert NP, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker
M et al (2020) The arrive guidelines 2.0: updated guidelines for
reporting animal research. Br J Pharmacol 177:3617-3624

Quigley JA, Logsdon MK, Turner CA, Gonzalez IL, Leonardo NB,
Becker JB (2021) Sex differences in vulnerability to addiction.
Neuropharmacology 187:108491

Ramos-Miguel A, Alvaro-Bartolomé M, Garcia-Fuster MJ, Garcia-
Sevilla JA (2012) Role of multifunctional FADD (Fas-associated
death domain) adaptor in drug addiction. Addictions — From
Pathophysiology to Treatment, Editor: Dr. David Belin. InTech
- Open Access Publisher. ISBN 978-953-51-0783-5. Chapter 7,
pp. 201-226

Rowson SA, Foster SL, Weinshenker D, Neigh GN (2018) Locomotor
sensitization to cocaine in adolescent and adult female Wistar rats.
Behav Brain Res 349:158-162

Salmanzadeh H, Ahmadi-Soleimani SM, Pachenari N, Azadi M, Hal-
liwell RF, Rubino T, Azizi H (2020) Adolescent drug exposure:
areview of evidence for the development of persistent changes in
brain function. Brain Res Bull 156:105-117

@ Springer


https://doi.org/10.1111/ejn.15223
https://doi.org/10.1111/ejn.15223

3410

Psychopharmacology (2022) 238:3399-3410

Slattery DA, Cryan JF (2017) Modelling depression in animals: at the
interface of reward and stress pathways. Psychopharmacology
234:1451-1465

Spear LP (2000) The adolescent brain and age-related behavioral mani-
festations. Neurosci Biobehav Rev 24:417-463

Spear LP (2011) Rewards, aversions and affect in adolescence: emerg-
ing convergences across laboratory animal and human data. Dev
Cogn Neurosci 1:390-403

Stanis JJ, Andersen SL (2014) Reducing substance abuse during ado-
lescence: a translational framework for prevention. Psychophar-
macology 231:1437-1453

Towers EB, Bakhti-Suroosh A, Lynch WJ (2021) Females develop
features of an addiction-like phenotype sooner during withdrawal
than males. Psychopharmacology 238:2213-2224

@ Springer

Viveros MP, Llorente R, Diaz F, Romero-Zerbo SY, Bermudez-Silva
FJ, Rodriguez de Fonseca F, Argente J, Chowen JA (2010) Mater-
nal deprivation has sexually dimorphic long-term effects on hypo-
thalamic cell-turnover, body weight and circulating hormone lev-
els. Horm Behav 58:808-819

Zhang S, Wu S, Wu Q, Durkin DW, Marsiglia FF (2021) Adolescent
drug use initiation and transition into other drugs: a retrospec-
tive longitudinal examination across race/ethnicity. Addict Behav
113:106679

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Adolescent cocaine induced persistent negative affect in female rats exposed to early-life stress
	Abstract
	Rationale 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animals
	Early-life condition
	Affective-like behavior
	Adolescent cocaine exposure
	Hippocampal collection for neurochemical analyses
	Statistical analyses

	Results
	Impact of early-life stress on affective-like behavior in female rats
	Impact of adolescent cocaine on affective-like behavior in female rats exposed to early-life stress
	Impact of adolescent cocaine on cell fate markers in adult female rats exposed to early-life stress

	Discussion
	Acknowledgements 
	References


