
ORIGINAL INVESTIGATION

Increased negative affect when combining early-life maternal
deprivation with adolescent, but not adult, cocaine exposure in male
rats: regulation of hippocampal FADD

Cristian Bis-Humbert1,2 & Rubén García-Cabrerizo1,2,3
& M. Julia García-Fuster1,2

Received: 27 July 2020 /Accepted: 19 October 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Rationale Besides early drug initiation during adolescence, another vulnerability factor associated with increased risk for sub-
stance abuse later in life is early-life stress. One way of assessing such combined risk is by evaluating the emergence of increased
negative affect during withdrawal (i.e., linked to persistence in drug seeking).
Objectives To compare the impact of maternal deprivation with cocaine exposure at different ages on affective-like behavior and
hippocampal neuroplasticity regulation.
Methods Maternal deprivation was performed in whole-litters of Sprague-Dawley rats (24 h, PND 9-10). Cocaine (15 mg/kg, 7
days, i.p.) was administered in adolescence (PND 33–39) or adulthood (PND 64–70). Changes in affective-like behavior were
assessed by diverse tests across time (forced-swim, open field, novelty-suppressed feeding, sucrose preference). Hippocampal
multifunctional FADD protein (balance between cell death and plasticity) was evaluated by Western blot.
Results Exposing rats to either maternal deprivation or adolescent cocaine did not modulate affective-like behavior immediately
during adolescence, but increased negative affect in adulthood. Maternal deprivation combined with adolescent cocaine ad-
vanced the negative impact to adolescence. Adult cocaine exposure alone and/or in combination with maternal deprivation did
not induce any behavioral changes at the time-points analyzed. FADD regulation might participate in the neural adaptations
taking place in the hippocampus in relation to the observed behavioral changes.
Conclusions Adolescence is a more vulnerable period, as compared to adulthood, to the combined impact of cocaine and early
maternal deprivation, thus suggesting that the accumulation of stress early in life can anticipate the negative behavioral outcome
associated with drug consumption.
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Introduction

Many studies have investigated vulnerability factors that
could lead to cocaine addiction, including early initiation dur-
ing adolescence (e.g., Spear 2000), which is a critical period
for neurobehavioral plasticity and vulnerability to drug use

(e.g., Kelley et al. 2004; Spear 2011; Stanis and Andersen
2014). Prior studies from our research group demonstrated
that treating rats with cocaine during a specific age-window
in adolescence (post-natal day, PND 33–39) was more vulner-
able than other time-periods, since immediate specific neuro-
toxic effects emerged in particular brain regions (see García-
Cabrerizo et al. 2015), together with long-term consequences
on addictive-like behavior (i.e., increased behavioral psycho-
motor sensitization, Parsegian et al. 2016; enhanced goal-
tracking behavior in adult bred-low responder rats, Garcia-
Fuster et al. 2017) and enhanced negative affect (i.e., in-
creased immobility in the forced-swim test following cocaine
re-exposure in adult rats, García-Cabrerizo and García-Fuster
2019a).

Besides adolescent drug exposure, another predisposing
factor that could lead to drug consumption is having a prior
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psychiatric vulnerability (i.e., self-medication to cope with
negative affect), which could be modeled in rodents (Koob
2012) by inducing adverse early-life experiences (Pryce
et al. 2005; Schmidt et al. 2011; Gururajan et al. 2019). One
such model, that has been shown to interfere with brain de-
velopmental trajectories and capable of modifying behavioral
and neurochemical outcomes (see revision in Marco et al.
2015), applies a single episode (24 h) of early maternal dep-
rivation on PND 9 (Ellenbroek et al. 1998). In the present
study, we utilized this approach to evaluate whether the accu-
mulation of stress early in life (maternal deprivation and co-
caine exposure) could anticipate the negative behavioral out-
come induced by adolescent cocaine alone, and to compare
this outcome with the one obtained when cocaine was given in
adulthood, and therefore corroborate possible age vulnerabil-
ities of drug exposure.

Finally, the consequences of maternal deprivation on brain
plasticity have been studied, with several molecules regulating
hippocampal plasticity greatly affected (e.g., Marco et al.
2015). In line with this, and since the hippocampus partici-
pates in mediating affective and/or emotional-like responses,
we selected FADD (Fas-associated protein with death
domain) as a key neuroplasticity marker shown to be down-
regulated in the brain of rodents during withdrawal from co-
caine (García-Fuster et al. 2009) and other psychostimulants
(García-Cabrerizo and García-Fuster 2015, 2019b) to evaluate
how it is impacted by the combination of early life stress and
cocaine exposure. Although FADD was initially described as
a cell death signaling molecule, in the last years, it has been
proven to be a key molecule balancing both pro- and anti-
apoptotic signaling in response to the stimuli received (see
revision in the context of FADD regulation by cocaine in
García-Fuster et al. 2016).

Materials and methods

Animals

The present study is comprised by three independent and se-
quential experiments performed over time with Sprague-
Dawley rats bred in the animal facility at the University of
the Balearic Islands (see Fig. 1). Rats were housed in standard
cages under precise environmental conditions (22 °C, 70%
humidity, and 12 h light/dark cycle, lights on at 8:00 AM)
with ad libitum access to a standard diet and tap water. All
animal experiments complied with the ARRIVE guidelines
(McGrath and Lilley 2015), and all rats were treated according
to standard ethical guidelines (European Parliament and the
Council of the European Union 2010; Louhimies
2003; National Research Council (US) Committee on
Guidelines for the Use of Animals in Neuroscience and
Behavioral Research 2003). As stated in the Spanish Royal

Decree 53/2013, all experimental procedures were awarded
ethical approval by the Local Bioethical Committee
(University of the Balearic Islands) and by the regional
Government (Conselleria Medi Ambient, Agricultura i
Pesca, Direcció General Agricultura i Ramaderia, Govern de
les Illes Balears). The number of rats used and their suffering
was minimized when possible and all procedures were per-
formed during the light period (between 8:30 and 15:00 h).

Maternal deprivation early in life

For all experiments, a single episode of early maternal depri-
vation on PND 9 was carried out as previously described
(Ellenbroek et al. 1998, 2005; Marco et al. 2009; also see
revision in Marco et al. 2015) since this protocol is capable
of inducing detrimental psychophysiological effects on ro-
dents. For each individual experiment, a number of litters
were used (6, 6, and 5, respectively) and randomly assigned
to control or maternal deprivation groups (see Figs. 1, 2, 3).
Briefly, the application of maternal deprivation was per-
formed in whole litters (4, 3, and 3 for each individual exper-
iment) for a set period of time (i.e., for 24 h, from PND 9 to
10). All pups were weighted right before maternal separation
on PND 9 and at the end of the separation period on PND 10.
During maternal deprivation, the mother was placed in an
adjacent separate cage in the same room while pups were kept
in their home cage with no nutritional supplements. Litters
from the control groups (2, 3, and 2 for each experiment
respectively, see Fig. 1) received the same amount of han-
dling, since they were also weighted on PND 9 and 10, but
were kept with the dam the whole duration of the procedure.
At weaning (PND 22), onlymale rats (a total of 102, housed in
groups of 2–4 rats; females were utilized in another unrelated
studies) were selected for this study (n = 36, 33 and 33
respectively, see further details in Figs. 1, 2, 3), and were
weighted on PND 24 (note that control or MD rats from dif-
ferent litters showed no significant differences in bodyweight,
suggesting no litter effects; data not shown).

Cocaine exposure during adolescence or adulthood

To balance the experimental groups and avoid a possible litter
effect, rats from each litter and early-life condition were ran-
domly allocated to the different experimental groups and so
each group had a representative number of animals from each
litter (e.g., MD-Saline, n = 9, three rats from each one of the
initial litters, see Fig. 1b). Groups of control or maternal-
deprived rats were treated for 7 days with saline (0.9%
NaCl, 1 ml/kg, i.p.) or cocaine HCl (15 mg/kg, i.p.) during
adolescence (PND 33–39, see Fig. 1b for experimental
groups; the adolescent age window for drug exposure was
selected based on prior studies from our group, see García-
Cabrerizo et al. 2015) or adulthood (PND 64–70, see Fig. 1c
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for experimental groups). Then, during drug withdrawal, rats
were challenged with a single dose of cocaine (15 mg/kg, i.p.,
45min, PND 71 and/or PND 98, Fig. 1; see similar scheduling
procedures followed by our group in García-Cabrerizo and
García-Fuster 2019a) prior to exposing them to the forced-
swim test (Fig. 1b–c).

Behavioral testing during adolescence and adulthood

Affective-like responses in rats (Gururajan et al. 2019) were
assessed during adolescence and/or in adulthood by diverse
tests across time (i.e., forced-swim test, open field, novelty-
suppressed feeding, sucrose preference; see Figs. 1, 2, 3) that
measure variations in the time spent immobile under the stress
of being forced to swim in a water tank, differences in sensi-
tivity to novelty (or decreased appetite or a combination there-
of), and absolute sucrose consumption or reward sensitivity,
respectively (see prior publications from our group at García-
Cabrerizo and García-Fuster 2019a, b, Jiménez-Romero et al.
2020, Bis-Humbert et al. 2020).

Forced-swim test All rats were handled for 2 days (PND 23–
24, see Fig. 1) and then exposed to the stress of the forced-
swim test (a 15-min pre-test) on PND 25, followed on PND 26
by a 5-min test that was videotaped (Barr et al. 2002; Slattery

and Cryan 2017). For both sessions, each rat was placed in an
individual tank (41 cm high × 32 cm diameter, water at 25 ± 1
°C, 25 cm depth; see for further details García-Cabrerizo et al.
2015). Videos recorded on PND 26 were then analyzed
blinded to the experimental groups to evaluate the impact of
early-life stress (maternal deprivation on PND 9 vs. normal
control conditions) on immobility time for each rat
(Behavioral Tracker software, CA, USA). Then, for some rats
(Fig. 1b–c), the test was repeated to evaluate the combined
impact of early-life stress and cocaine exposure (in adoles-
cence or adulthood) at different time points. First, we wanted
to test the immediate effects observed right after cocaine ex-
posure (on PND 40 for adolescence, Fig. 1b, and PND 71 for
adulthood, Fig. 1c), and then we evaluated the persistent ef-
fects emerging during drug withdrawal and following acute
drug re-exposure (i.e., a drug paradigm known to induce psy-
chomotor behavioral sensitization on PND 71 and/or PND 98;
see Fig. 1b–c).

Open field testRats from the first experiment (on PND 28; see
Fig. 1a) were exposed to the open field test (Walsh and
Cummins 1976). This is a 5-min test in which rats are
videotaped while being placed in a wall-enclosed square arena
(60 × 60 cm) with a height of 40 cm, and evaluates
exploratory-like behavior in an anxiogenic environment (i.e.,

Fig. 1 Experimental designs. FST: forced-swim test; MD: maternal deprivation; NSF: novelty-suppressed feeding test; PND: post-natal day
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latency to center of the arena, Hernández-Hernández et al.
2018; García-Cabrerizo and García-Fuster 2019a). Videos
were analyzed (blind to the experimental groups) using a dig-
ital video tracking system (Smart Video Tracking software,
Version 3.0.03, Panlab SL, Barcelona, Spain).

Novelty-suppressed feeding test Rats were exposed to the
novelty-suppressed feeding right after cocaine exposure (on
PND 43 for adolescence, Fig. 1b, and on PND 74 for
adulthood, Fig. 1c) or during prolonged withdrawal following
adolescent cocaine exposure (PND 74, see Fig. 1b). This is a 5-
min test that requires motivation for food and thus rats were food
deprived for 48 h (see Fig. 1b–c). Sessions were videotaped
while performed in a wall-enclosed square arena (60 × 60 cm)
with a height of 40 cm, in which three food pellets are placed in
the center of the arena. This test measures differences in sensi-
tivity to novelty (or decreased appetite or a combination thereof)
in an anxiogenic environment (e.g., Bodnoff et al. 1988; Blasco-
Serra et al. 2017), by evaluating the latency to center (sec) and the
time spent feeding (sec). The recorded videos were analyzed
blind to the experimental groups (e.g., Turner et al. 2008).

Sucrose intake in a two-bottle choice test Sucrose preference
was evaluated following maternal deprivation (on PND 30–

31, Fig. 1a) and following cocaine exposure (on PND 46–47
for adolescence, Fig. 1b, and on PND 77–78 for adulthood,
Fig. 1c) or during prolonged withdrawal following adolescent
cocaine exposure (PND 77–78, see Fig. 1b). Rats were single-
housed 2 days prior to testing (see Fig. 1) and the preference
for 1% sucrose was compared to water with a two-bottle
choice test during 48 h (Slattery et al. 2007; see further details
in García-Cabrerizo and García-Fuster 2019a, b; Jiménez-
Romero et al. 2020). Bottles were placed in alternating posi-
tions each day to avoid bias towards any side of the cage, and
were weighted daily to evaluate sucrose preference. The day
before and after testing for sucrose intake, the two bottles were
filled with water to ensure and confirm that rats drank evenly
from both bottles. Results are expressed as preference on PND
31, PND 47, or PND 78.

Tissue collection and Western blot analyses

Rats were sacrificed by decapitation at the indicated times for
each experiment (PND 33 or 99, see Fig. 1) and the right
hippocampus was fast frozen in liquid nitrogen, and kept at
− 80 °C until the cell fate adaptor FADD was analyzed by
Western blot experiments (García-Fuster et al. 2007). Briefly,
hippocampal proteins (40 μg of total proteins) were resolved

Fig. 2 Effects of maternal deprivation (MD) and cocaine exposure on
body weight. Body weight (g) on PND 24 post-weaning (control vs.
MD rats) and a across days (PND 33–98) following adolescent cocaine
or b across days (PND 64–98) following adult cocaine exposure. Data

represents mean ± SEM of body weight (g). t tests (for PND 24) or three-
way repeated measures ANOVAs followed by Sidak’s multiple compar-
isons test were performed: *p < 0.05 or ***p < 0.001 when comparing the
effects of Early-Life Condition (Control vs. MD)
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by electrophoresis on 10% SDS–PAGE minigels (Bio-Rad
Laboratories, Hercules, CA, USA), transferred to nitrocellu-
lose membranes and incubated overnight at 4 °C with the
appropriate primary antibody: (1) Santa Cruz Biotechnology
(CA, USA): anti-FADD (H-181) (1:5000; sc-5559) and (2)
Sigma-Aldrich (MO, USA): anti-β-actin (1:10000; clone
AC-15). The corresponding secondary antibodies (anti-rabbit
or anti-mouse IgG linked to horseradish peroxidase) were in-
cubated for 1 h at room temperature (1:5000 dilution; Cell
Signaling). Finally, immunoreactivity of FADD protein was
detected with ECL chemicals (Amersham, Buckinghamshire,
UK) and signal of bound antibody was transferred to an auto-
radiographic film (Amersham ECL Hyperfilm) for 1 to 60
min, which was later quantified by densitometric scanning
(GS-800 Imaging Calibrated Densitometer, Bio-Rad).
Percent changes in FADD immunoreactivity were calculated
for each rat in each gel with respect to the corresponding con-
trol samples for each study (100%). Each rat sample was eval-
uated at least 2–3 times in different gels, and the mean value
was used as a final estimate. The content of β-actin was mea-
sured following the same procedures and its immunoreactivity

was used for each sample as a loading control (i.e., graphs
represent the ratio FADD/β-actin for each animal), since β-
actin was not modulated by any of the experimental
procedures.

Statistical analyses

Data analysis was performed with GraphPad Prism, Version 8
(GraphPad Software, Inc., CA, USA) and results are reported
as mean values ± standard error of the mean (SEM) following
the guidelines for displaying data and statistical methods in
experimental pharmacology (e.g., Curtis et al. 2018; Michel
et al. 2020). Depending on the number of independent vari-
ables (Early-Life Condition, Treatment, Day) two- or three-
way ANOVAs (with or without repeated measures), or two-
tail Student’s t tests were utilized to evaluate behavioral and/or
neurochemical changes. To note, that day was used as an
independent variable to evaluate the progression in the behav-
ioral response, since tests were repeated across time, and at a
given day, animals from all groups (for each individual exper-
iment) were exposed to the same conditions. Sidak’s multiple

Fig. 3 Effects of maternal deprivation (MD) and cocaine exposure on
affective-like behavior. Affective-like behavior: time spent immobile
(sec) in the FST on PND 26 (Control vs. MD prior to any pharmacolog-
ical treatment), and a post-adolescent treatment on PND 40, or during
withdrawal 45 min post-cocaine exposure on PND 71 and 98 or b post-
adulthood treatment on PND 71, and 45 min post-cocaine exposure on
PND 98. cDepressive- or anxiety-like behavior as measured by latency to
center (sec) in the NSF on PND 43 and 74 post-adolescent treatment or d
on PND 74 post-adulthood treatment. e Hedonic-like responses as

measured by 1% sucrose preference in the two-bottle test on PND 47
and 78 post-adolescent treatment or f on PND 78 post-adulthood treat-
ment. Data represents mean ± SEM of each measurement for each treat-
ment group. A t test (for pair comparisons, e.g., FST on PND 26) or two-
or three-way repeated measures ANOVAs followed by Sidak’s multiple
comparison test: **p < 0.01 or *p < 0.05 when comparing the effects of
Early-Life Condition (Control vs. MD); ψp < 0.05 vs. the corresponding
Saline treated group
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comparison tests were used for post-hoc analysis when appro-
priate. The level of significance was set at p ≤ 0.05.

Results

Effects of maternal deprivation and cocaine exposure
on body weight

For all three independent experiments, a single exposure of
maternal deprivation reduced body weight gain post-weaning
as measured on PND 24 (− 8.9 ± 0.8 g, ***p < 0.001 vs.
control rats, data not shown in graphs; − 17.4 ± 1.7 g, t =
10.40, df = 32, *p < 0.001 vs. control rats, Fig. 2a; and − 6.3
± 1.4 g, t = 4.491, df = 31, *p < 0.001 vs. control rats; Fig. 2c),
and this effect was independent of the litter used (data not
shown).

Interestingly, these results persisted over time when further
manipulations were performed in adolescence (Fig. 2a) but
not in adulthood (Fig. 2b). In particular, Fig. 2a shows a sig-
nificant effect of Early-Life Condition (F1,30 = 52.28, p <
0.001; represented in Fig. 2a by ***), of Day (F4.17,125.1 =
2213, p < 0.001), and a significant Early-Life Condition ×
Day interaction (F22,660 = 3.49, p < 0.001). Since no signifi-
cant effect of Treatment was observed (F1,30 = 0.32, p =
0.577), rats exposed to maternal deprivation early in life
showed reduced normal weight gain across time, independent-
ly of the adolescent drug treatment (saline vs. cocaine).
However, when rats were left undisturbed until adulthood, at
which point weight was measured again across days, the re-
sults showed the expected effect of Day in normal body
weight increase (F1.83,53.15 = 627.8, p < 0.001), but no effect
of treatment (F1,29 = 0.01, p = 0.942) nor of Early-Life
Condition (F1,29 = 0.02, p = 0.896; Fig. 2b).

Effects of maternal deprivation and cocaine exposure
on affective-like behavior

A single exposure of maternal deprivation early in life did not
increase negative affect during adolescence (see Fig. 1a), since
no significant changes were observed in the forced-swim test
(time spent immobile: t = 0.813, df = 34, p = 0.422), open field
(latency to center: t = 1.301, df = 32, p = 0.203), or two-bottle
choice test (sucrose preference: t = 0.192, df = 34, p = 0.849)
when compared to control rats (data not shown in graphs). The
negative results detected on PND 26 in the FST were also
replicated in the other two experiments, which also showed
no significant changes in immobility time by maternal depri-
vation (t = 1.611, df = 31, p = 0.117, Fig. 3a; t = 1.955, df = 31,
p = 0.060, Fig. 3b) as compared to controls (Fig. 3a–b). In fact,
if data from all three independent tests were combined (with a
total of n = 40 controls and n = 62 maternal deprived rats),
maternal deprivation early in life did not significantly alter

immobility in the forced-swim test (controls: 206 ± 12 s; ma-
ternal deprivation: 190 ± 8 s; t = 1.09, df = 100 p = 0.277).

Then, we evaluated the combined impact of early-life stress
followed by cocaine exposure (either during adolescence or
adulthood) in the forced-swim test. When cocaine was admin-
istered in adolescence, the results showed a significant effect
of Early-Life Condition (F1,29 = 10.39, p < 0.01; increased
immobility in maternal deprived rats as compared to controls,
represented in Fig. 3a by **), of Day (F1.94,56.18 = 123.3, p <
0.001), and a significant Early-Life Condition × Day interac-
tion (F2,58 = 7.88, p < 0.001; driven by the smaller psycho-
motor response induced by acute cocaine re-exposure ob-
served on PND 71 and 98 in maternal deprived vs. control
rats). However, no significant effect of Treatment was ob-
served (F1,29 = 0.44, p = 0.513). Therefore, independently of
treatment (a prior history of cocaine or saline during adoles-
cence did not alter the outcome), maternal deprivation early in
life did not induce changes in immobility in the forced-swim
test during adolescence (PND 40) but increased immobility
later on in adulthood (i.e., increased negative affect), since the
expected psychomotor activating effects of acute cocaine on
PND 71 and 98 were dampened. However, when cocaine was
administered in adulthood, the results showed a significant
effect of Day (F1,27 = 27.26, p < 0.001), but no effect of
Treatment (F1,27 = 1.12, p = 0.299) nor of Early-Life
Condition (F1,27 = 1.43, p = 0.243; Fig. 3b).

Next, we evaluated the combined impact of early-life stress
followed by cocaine exposure in the novelty-suppressed feed-
ing test. When cocaine was administered in adolescence, al-
though the latency to center was not impacted by Early-Life
Condition (F1,30 = 0.933, p = 0.342), there was a significant
Early-Life Condition × Treatment × Day interaction (F1,30 =
6.07, p < 0.05), which was mainly driven by an effect of
Treatment (F1,30 = 8.00, p < 0.01). In control rats, although
no changes were observed in adolescence, later on in adult-
hood (PND 74) following adolescent cocaine exposure, some
changes emerged, such as a higher latency to approach the
center (+ 194 ± 55 s, Ψp < 0.05 when compared to saline-
treated control rats; Fig. 3c). However, for rats exposed to
maternal deprivation early in life, cocaine increased the laten-
cy to approach the center, an effect that was apparent earlier
on during adolescence and was significant overall when com-
paring the effects of cocaine vs. saline independently of when
the test was performed (+ 66 ± 30 s, Ψp = 0.05 when com-
pared to saline-treated maternal deprived rats; combined data
for maternal deprived rats on PND 43 and 74, Fig. 3c).
Similarly, when analyzing the time spent feeding (data not
shown in figures), there was a significant effect of Treatment
(F1,30 = 4.93, p < 0.05) and Day (F1,30 = 34.69, p < 0.001). In
particular, all rats showed lower time feeding on PND 74 as
compared to PND 43, suggesting an anxiogenic-like effect
developed long-term. Interestingly, cocaine induced an over-
all negative impact that was only significant in maternal-
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deprived rats and was observed as early as during adolescence
(– 42 ± 21 s feeding; p = 0.05 when compared to saline-treated
maternal deprived rats; combined data for maternal deprived
rats on PND 43 and 74, data not shown in figures).
However, when cocaine was administered in adulthood,
the results showed no effect of Early-Life Condition
(latency to center: F1,29 = 0.64, p = 0.430; time feeding:
F1,29 = 0.27, p = 0.605), Treatment (latency to center:
F1,29 = 0.53, p = 0.472; time feeding: F1,29 = 1.61, p =
0.214), or Early-Life Condition × Treatment interaction
(latency to center: F1,29 = 0.32, p = 0.573; time feeding:
F1,29 = 0.01, p = 0.930, Fig. 3d).

Finally, we assessed the combined impact of early-life
stress followed by cocaine exposure over sucrose preference
in the two-bottle choice test. When cocaine was administered
in adolescence, the results showed a significant effect of
Early-Life Condition (F1,29 = 4.89, p < 0.05; decreased su-
crose preference in maternal deprived rats as compared to
controls, represented in Fig. 3e by *), but no effect or
Treatment (F1,29 = 0.30, p = 0.589) nor of Day (F1,29 = 1.60,
p = 0.217). However, when cocaine was administered in
adulthood, no significant effects of Early-Life Condition
(F1,27 = 2.14, p = 0.155) or Treatment (F1,27 = 0.01, p =
0.963) were observed (see Fig. 3f). The absolute values of
water consumption were not altered when comparing experi-
mental groups (data not shown).

Effects of maternal deprivation and cocaine exposure
on hippocampal FADD

Although maternal deprivation early in life did not induce any
behavioral changes during early adolescence (see Fig. 2), it
increased the content of hippocampal FADD protein as com-
pared to control rats on PND 33 (FADD/β-actin: t = 2.808, df
= 30, **p < 0.01; Fig. 4a). Interestingly, when evaluating the
combined impact of early-life stress followed by adoles-
cent cocaine exposure, the results showed a significant
effect of Early-Life Condition (F1,30 = 5.21, p < 0.05,
this effect observed on PND 99 is represented in Fig.
4b by *) and a significant Early-Life Condition ×
Treatment interaction (F1,30 = 9.97, p < 0.01). Post-
hoc analysis revealed a significant decrease in FADD
protein content in control rats treated with cocaine dur-
ing adolescence and exposed to prolonged forced with-
drawal and cocaine re-exposure (34 ± 11% vs. control-
saline rats, Fig. 4b), while showed no effects of mater-
nal deprivation (with or without cocaine; Fig. 4b).
When cocaine was administered during adulthood fol-
lowing early-life stress, the results for hippocampal
FADD regulation on PND 99 showed no effect of
Early-Life Condition (F1,29 = 0.02, p = 0.882) nor of
Treatment (F1,29 = 0.489, p = 0.490; Fig. 4c).

Discussion

In this manuscript, we present a sequential set of experiments
that compared the combined impact of early-life stress and
cocaine exposure at different age windows (adolescence or
adulthood) on inducing negative affect in rats and modulating
a key neuroplasticity marker in the hippocampus.

Maternal deprivation induced a drop in normal weight gain
as observed post-weaning (PND 24) for all experiments per-
formed. This effect was observed during adolescence and
persisted until adulthood when further manipulations were
performed during adolescence (body weight measurements
in adolescence; Fig. 2a), but was not apparent when rats were
left undisturbed until adulthood and were weighted again
starting on PND 64 and onwards (Fig. 2b). The short- and
long-term effects of maternal deprivation on body weight are
well known (effects in adolescence: e.g., Ellenbroek et al.
2005; persistent effects in adulthood: e.g., Viveros et al.
2010), and since outside of the main scope of this manuscript,
a revision discussing its implications could be found in Marco
et al. (2015) and the references within.

When characterizing the impact of early-life stress (24 h of
maternal deprivation on PND 9) on affective-like behavior in
adolescent rats, as described earlier, no changes were ob-
served in depressive- (PND 26), anxiety- (PND 28), and
anhedonic-like behaviors (PND 31) during early adolescence.
Contrarily, some prior studies have shown that maternal dep-
rivation early in life facilitated the emergence of depressive-
(as measured in the forced-swim test), but not of anxiety-like
symptoms (as measured in the elevated plus maze) during
adolescence (Llorente et al. 2007; Marco et al. 2009).
However, some contradictory data has led to the conclusions
that early-life stress does not consistently induce a depressive-
phenotype, and that these discrepancies might be mainly due
to variations in the methodology followed (i.e., duration of
separation, age of stress exposure and age of behavioral test-
ing, sex, species) among research groups (Schmidt et al. 2011)
or might depend on the nature of stress (He et al. 2020), and
thus our conclusions could be drawn particularly for male
Sprague-Dawley rats and a single episode of separation.
For example, a recent study reported that early-life
stress induced negative affect only in female mice, as
observed by an increase in depressive-like behavior that
started in adolescence but amplified its severity in adult-
hood (Goodwill et al. 2019). In this context, the nega-
tive behavioral consequences of maternal separation did
emerge with age, since immobility increased in the
forced-swim test (Fig. 3a) and sucrose preference de-
creased (i.e., increased anhedonic-like behavior, Fig.
3e) during adulthood. Similarly, prior studies have
shown that maternal deprivation early in life induced a
depressive-like phenotype during adulthood (see
revisions in Marco et al. 2009, 2015).
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When cocaine was administered in adolescent rats, with no
early-life stress (control group), an anxiogenic-like phenotype
emerged later on in adulthood (PND 74, Fig. 3c), suggesting
with prior data from other groups (e.g., Perrine et al. 2008;
Zilkha et al. 2014) and our own (García-Cabrerizo and
García-Fuster 2019a), that cocaine administration during this
particular window of adolescence (PND 33–39) induces long-
term and enduring negative behavioral effects on affect.
Interestingly, combining early-life stress with adolescent co-
caine advanced the development of an anxiety-like phenotype
to adolescence (i.e., overall increase in latency to center and
decrease in feeding time; Fig. 3c and data not shown). These
results, in line with the prior literature (e.g., Zhu et al. 2016;
adolescent exposure to cocaine increases anxiety-like behavior
in adult rats) suggest that exposing rats to both early-life stress
and adolescent cocaine increases the vulnerability to enhanced
negative affect (i.e., worse behavioral response in the novelty-
suppressed feeding test). In fact, when cocaine was adminis-
tered during adulthood (PND 64–70) following early-life
stress, no changes were observed in affective-like behavior,
reinforcing the idea that early initiation in drug use during
adolescence, and in particular, during this window of vulnera-
bility (PND 33-39), induced a higher impact on negative affect

during drug withdrawal (e.g., García-Cabrerizo and García-
Fuster 2019a; adolescent cocaine exposure enhanced immobil-
ity in the forced-swim test in adult rats), likely leading to
higher relapse rates and higher vulnerability to develop
addictive-like responses (e.g., Parsegian et al. 2016 for in-
creased cocaine sensitization when cocaine was administered
at the same age-window during adolescence).

As one potential down-stream signaling molecule that reg-
ulates plasticity in the hippocampus and that could somehow
be involved in the behavioral effects observed (i.e., modula-
tion during drug withdrawal: García-Fuster et al. 2009;
García-Cabrerizo and García-Fuster 2019b; modulation in
depressive-like phenotypes: García-Fuster et al. 2014; modu-
lation by antidepressant drugs: García-Fuster and García-
Sevilla 2016), we evaluated multifunctional FADD protein
content. The main results showed that maternal deprivation
early in life increased FADD content in adolescence (PND
33), suggesting that although no behavioral changes were ob-
served, maternal deprivation had a negative impact in brain
plasticity (i.e., a possible neurotoxic effect), that might partic-
ipate in the long-term effects observed later on in adulthood.
On the other hand, FADD was decreased in adult control rats
treated with adolescent cocaine (effects observed on PND 99

Fig. 4 Effects of maternal deprivation (MD) and cocaine exposure on
hippocampal FADD. FADD protein content. Data represents mean ±
SEM of FADD/β-actin content expressed as % change vs. a Control or
vs. (b–c) Control-Saline. Symbols represent individual rat values within
each experimental group. Student’s t test or two-way ANOVAs followed

by Sidak’s post-hoc were used for statistical analysis: **p < 0.01 or *p <
0.05 when compared to Control, ψψp < 0.01 vs. Control-Saline group.
Representative immunoblots are shown depicting labeling of FADD and
β-actin (as a loading control).

418 Psychopharmacology (2021) 238:411–420



during drug withdrawal and following cocaine re-exposure
24 h earlier), supporting prior data from our lab showing de-
creased FADD protein content during withdrawal from sever-
al psychostimulants (García-Fuster et al. 2009; García-
Cabrerizo and García-Fuster 2015, 2019b) in rat hippocam-
pus, and suggesting a role for FADD as one of the possible
strategic neuroplasticity markers mediating some of the repair
mechanisms emerging following an earlier drug exposure
(i.e., neurochemical adaptations; see García-Cabrerizo and
García-Fuster 2019b for further discussion). Interestingly
and in parallel to the behavioral effects, when cocaine was
administered during adulthood (PND 64–70) following
early-life stress, no changes were observed in FADD regula-
tion, again suggesting that early drug initiation during adoles-
cence has a broader impact than when the first exposure oc-
curred in adulthood. Moreover, FADD was not regulated in
adult rats that were exposed to maternal deprivation early in
life with or without cocaine exposure. Since maternal depri-
vation early in life increased FADD during adolescence, the
absence of significant effects in adulthood might suggest the
induction of adaptative mechanisms throughout time. Overall,
FADD regulation in adolescence by early-life stress and in
adulthood by prior adolescent cocaine exposure might con-
tribute to the neuroadaptations taking place in the hippocam-
pus with some relevance to the induced depressive-like symp-
tomatology (e.g., Markou and Kenny 2002). In any case, other
brain regions as well as other neuroplasticity markers may be
involved in such regulations and deserve future studies.

In summary, although maternal deprivation early in life did
not induce changes in affective-like behavior in adoles-
cence, its negative impact emerged during adulthood
(i.e., increased depressive- and anhedonic-like pheno-
type). Similarly, adolescent cocaine in control rats did
not induce negative affect during adolescence but trig-
gered persistent effects in affective-like behavior in
adulthood (i .e. , an anxiogenic-l ike phenotype).
Interestingly, when early-life stress was combined with
adolescent cocaine, the anxiogenic-like effect advanced
to adolescence demonstrating that the accumulation of
stress can anticipate negative affect at the behavioral
level. Future studies should center in evaluating experi-
mental settings that better translate to the human litera-
ture, both in terms of the affective-like behavioral mea-
surements and in evaluating a cocaine paradigm that
reflects drug-seeking/-taking propensity (i.e., self-admin-
istration) to be able to characterize individual variabil-
ities. Moreover, including female rats would allow to
evaluate potential sexually dimorphic effects emerging
following the combination of early-life stress and ado-
lescent cocaine on affective-like behavioral phenotypes.
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