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Early life stress (ES) significantly increases predisposition to psychopathologies. Cannabinoids may cause cognitive deficits

and exacerbate the effects of ES. Nevertheless, the endocannabinoid system has been suggested as a therapeutic target for

the treatment of stress- and anxiety-related disorders. Here we examined whether cannabinoids administered during “late

adolescence” (extensive cannabis use in humans at the ages 18–25) could reverse the long-term adverse effects of ES on neu-

rocognitive function in adulthood. Male and female rats were exposed to ES during post-natal days (P) 7–14, injected with

the cannabinoid CB1/2 receptor agonist WIN55,212-2 (WIN; 1.2 mg/kg, i.p.) for 2 wk during late adolescence (P45–60) and

tested in adulthood (P90) for working memory, anxiety, and alterations in CB1 receptors (CB1r), and glucocorticoid recep-

tors (GRs) in the stress circuit [hippocampus, prefrontal cortex (PFC), and basolateral amygdala (BLA)]. ES males and

females exhibited impaired performance in short-term memory in adulthood in the spatial location and social recognition

tasks; males were also impaired in the novel object recognition task. WIN administered during late adolescence prevented

these stress-induced impairments and reduced anxiety levels. WIN normalized the ES-induced up-regulation in PFC-GRs and

CA1–CB1r in females. In males, WIN normalized the ES-induced up-regulation in PFC-GR and down-regulation in BLA-CB1r.

There is a crucial role of the endocannabinoid system in the effects of early life stress on behavior at adulthood. Differences

in recognition memory and in the expression of GRs and CB1r in the fear circuit suggest sex differences in the mechanism

underlying coping with stress.

The endocannabinoid (eCB) system has recently emerged as a
promising therapeutic target for the treatment of stress-related
emotional disorders (Marsicano et al. 2002; Hill and Gorzalka
2009; Moreira and Wotjak 2010; Ganon-Elazar and Akirav 2012,
2013; Korem and Akirav 2014). Animal studies show that can-
nabinoid agonists promote antidepressant- and anxiolytic-like
responses (Bortolato et al. 2007; McLaughlin et al. 2007; Ganon-
Elazar and Akirav 2012; Abush and Akirav 2013; Segev et al. 2013).

Traumatic experiences during early developmental periods
might be associated with psychopathology (such as depression,
anxiety disorders, and schizophrenia) and altered neuroendo-
crine function later in life (Levine 2005). Early life stress disrupts
the programming of the hypothalamic–pituitary–adrenal (HPA)
axis and the brain’s stress circuit [hippocampus, amygdala, and
prefrontal cortex (PFC)]; These are considered critical mediators
of the effects of early life trauma on later life compromised mental
health in humans and animal models (Glaser 2000; Champagne
et al. 2008; Lupien et al. 2009).

In general, cannabinoids can impair cognitive function
(Riedel and Davies 2005). Animal and human studies suggest
that frequent exposure to cannabis during “adolescence” may
have long-term adverse effects on the development of cognition,
brain structure, and function (for review, see O’Shea et al. 2006;
Jager and Ramsey 2008; Rubino et al. 2008; Rubino and Parolaro
2016). Exposure to cannabinoids in adolescent rodents decreased
social behavior later in life in both sexes and impaired visually
guided and spatial version of the novel object recognition test
in adulthood in rodents (Schneider and Koch 2003; O’Shea et al.
2004, 2006; Realini et al. 2011; Rubino et al. 2015).

However, studies on adults were not straightforward in deter-
mining whether cognitive deficits, observed after only hours or

days of abstinence, are temporary or long-lasting. For example,
Quinn et al. (2008) found deficits in object recognition following
repeated exposure to D9-THC in adolescent but not adult rats, a re-
sult consistent with other reports of cannabinoid administration
in immature but not mature rats causing lasting impairments in
learning (O’Shea et al. 2004; Schneider and Koch 2007).

It is difficult to define the time course of adolescence, with no
single event signaling its onset or termination (Spear 2000). Per
definition, adolescence covers the complete time span from child-
hood (shortly before puberty) to adulthood, including the puber-
tal period. Previous studies have suggested the time window from
P28 to P42 as a prototypic period during which rats of most breed-
ing stocks exhibit adolescent-typical characteristics, although this
does not imply that older and younger animals cannot be consid-
ered as adolescents (for review, see Schneider 2013; Spear 2000).
We use the term “adolescence” for the time window P28–45
and the term “late adolescence” for P45–60 (Abush and Akirav
2012).

We have shown that 2 wk administration of the CB1/2 recep-
tor agonist WIN55,212-2 (WIN) during late adolescence (post-
natal day (P)45–60) impaired hippocampal dependent short-term
memory measured in the object location task even 75 d after the
last drug injection (Abush and Akirav 2012). However, there
were no long-term effects on other memory tasks (Morris water
maze, novel object recognition) and plasticity. Moreover, we
have recently shown (Abush and Akirav 2013) that in rats exposed
to chronic stress (2 wk restraint) and chronic cannabinoid admin-
istration (2 wk WIN) during the late-adolescence period, WIN pre-
vented the stress-induced impairment in LTP and short-term
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memory. This suggested beneficial effects of WIN on memory
when administered in proximity to stress exposure (Abush and
Akirav 2013).

Studies that examined the effects of both ES and cannabi-
noids on behavioral and physiological responses in adulthood
suggested that early maternal deprivation and adolescent canna-
binoid exposure exert distinct sex-dependent long-term behavio-
ral and physiological modifications that could predispose to the
development of certain neuropsychiatric disorders (Llorente-
Berzal et al. 2011; López-Gallardo et al. 2012; Zamberletti et al.
2012). In general, there are sex differences in emotional behaviors
and in response to cannabinoids (Maren et al. 1994; Viveros et al.
2012).

Here we aimed to examine the long-term neurocognitive
effects of chronic administration of cannabinoids during late ad-
olescence in male and females rats that were subjected to “early-
life exposure” of maternal neglect. Importantly, a high percentage
of cannabis use (�40%) is among young adults at the ages of 18–
25 (equivalent to the late-adolescent period). We used a natural rat
model of early-life abuse; in this model the mother handles her
pups roughly when provided with insufficient bedding for nest
building (Raineki et al. 2010). We also examined whether early
stress and cannabinoids alter the expression of glucocorticoid re-
ceptors (GRs) and cannabinoid CB1 receptors (CB1r) in the brain’s
stress circuit where these receptors are highly abundant (Ahima
and Harlan 1990; Herkenham et al. 1990; Katona et al. 2001;
Marsicano and Kuner 2008; Sivukhina et al. 2013).

Results

The effects of exposure to early stress and WIN55,212-2

on behavior
Similar to the effects observed in Raineki et al. (2010), the mothers
in the stress condition demonstrated less maternal behavior
(t(14) ¼ 4.617, P , 0.001) and more harmful behavior toward
pups (t(14) ¼ 6.925, P , 0.001). There was no effect on self-activity
(t(14) , 1, NS) (Table 1; Values are the percentage of observation
periods in which behaviors occurred).

Also, no significant difference in weight between early
stressed and nonstressed pups was found throughout the experi-
ment (F(1,56) , 1, NS; data not shown) which corresponds to
Raineki et al. (2010).

Observations were made in the morning (9–12), noon
(12–14), or afternoon (14–16) for 15 min. Repeated-measures

ANOVA comparing the different times of observation revealed a
significant effect in “self-activity” in the ES group (F(2,19) ¼

12.951, P , 0.001). Post hoc comparison revealed that during
the afternoon hours, mothers from the ES group were more en-
gaged in self-activity (P , 0.01).

See Figure 1 for a diagram illustrating the experimental
design.

Male and female rats exposed to ES were tested on P23
in the social interaction test. Unpaired t-test revealed that
ES males (t(30) ¼ 23.583, P , 0.01; Fig. 2A) and ES females
(t(30) ¼ 26.836, P , 0.001; Fig. 2B) demonstrated less social behav-
iors than their NoES controls. These findings corroborate with pre-
vious studies (Raineki et al. 2012).

Next we examined the effects of ES and WIN on short-term/

working memory in adulthood. Memory was tested 30 min after
the sample in order to measure short-term memory as accumulat-
ing evidence suggested that cannabinoids impair short-term
memory and working memory (for review, see Lichtman et al.
2002; Riedel and Davies 2005; Egerton et al. 2006).

The data were analyzed using three-way ANOVA with ES, sex,
and drug as between-subject factors (2 × 2), and DI as the depen-
dent variable. Post hoc tests were not performed for ES, sex, and
drug as there are fewer than three groups. We used one-sample
t-test on each group in order to reveal a significant difference
from the 50% DI (i.e., chance level) as an exploration score .0.5
implies greater exploration of the object in the novel location.

For the “object location task” (Fig. 3A,B), a significant effect
was found for drug (F(1,56) ¼ 4.781, P , 0.05) suggesting that
WIN-treated rats performed better than vehicle-treated rats. A sig-
nificant ES × drug interaction (F(1,56) ¼ 9.650, P , 0.01) was also
found. Independent t-test revealed that ES male rats treated with
vehicle performed worse than NoES rats treated with vehicle
(t(14) ¼ 23.356, P , 0.01).

In males (Fig. 3A) one-sample t-test performed on each group
revealed a significant difference from the 50% DI (i.e., chance
level) in the NoES + veh (t(7) ¼ 6.650, P , 0.001) and ES + WIN
(t(7) ¼ 5.628, P , 0.01) groups, suggesting intact performance in
the task. No such difference was found in the ES + veh (t(7) ¼

0.370, NS) group suggesting poor performance. The NoES +
WIN group also demonstrated poor performance (t(7) ¼ 2.170,
P ¼ 0.067), corroborating with a previous study from our laborato-
ry (Abush and Akirav 2012). No significant differences in total ex-
ploration time were found in males in the sample (F(3,32) ¼ 1.013,
NS) or test (F(3,32) ¼ 1.14, NS) phase.

In females (Fig. 3B), one-sample t-test revealed a significant
difference from the 50% DI in the NoES + veh (t(7) ¼ 3.143, P ,

0.05), NoES + WIN (t(7) ¼ 2.904, P , 0.05) and ES + WIN (t(7) ¼

5.158, P , 0.01) groups, suggesting intact performance in the
task. No such difference was found in the ES + veh group (t(7) ¼

1.600, NS) suggesting poor performance. No significant differenc-
es in total exploration time were found in the test phase (F(3,32) ¼

1.173, NS), but during the sample phase, females injected with
WIN explored the objects less than the other groups (F(3,32) ¼

3.489, P ¼ 0.029).
For the social recognition task (Fig. 3C,D), a significant effect

was found for drug (F(1,64) ¼ 23.609, P , 0.001) suggesting that
WIN-treated rats performed better than vehicle-treated rats. A sig-
nificant ES × drug interaction (F(1,56) ¼ 5.915, P , 0.05) was also
found. Independent t-test revealed that ES rats treated with WIN
performed better than ES rats treated with vehicle (t(30) ¼ 4.838,
P , 0.001).

In males (Fig. 3C), one-sample t-test revealed a significant
difference from the 50% DI in the NoES + veh (t(7) ¼ 3.634,
P , 0.01), NoES + WIN (t(7) ¼ 5.782, P , 0.01), and ES + WIN
(t(7) ¼ 4.415, P , 0.01) groups, suggesting intact performance. No
such difference was found in the ES + veh group (t(7) ¼ 21.347,

Table 1. Frequency of maternal behaviors observed during
mother–infant interactions in the early stress model

NoES ES

Maternal activity
Nursing, licking pups, gathering

pups (nesting)
31.9%+2.73 18.91%+1.8∗∗∗

Self-activity-Dams
Feeding, cleaning itself,

exploring 66.64%+4.91 70.16%+5.0
Harmful behavior toward

pups
Step or jump on, rough handling,

isolating, tossing around
1.46+0.77 10.92+0.89∗∗∗

Cages were observed three times a day (morning, noon, and afternoon)

from P7 to P14. During these times the mothers in the stress condition dem-

onstrated less maternal behavior (nursing, cleaning pups, gathering pups),

and harmful behavior toward pups (step-on, rough handling, isolating pups,

and tossing around). There was no effect on self-activity (self-feeding, self-

cleaning exploring). Values are the percentage of observation periods in

which behaviors occurred (∗∗∗P , 0.001).
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NS). No significant differences in total exploration time were
found in males in the sample (F(3,32) , 1, NS) or test (F(3,32) ¼

1.377, NS) phase.
In females (Fig. 3D), one-sample t-test revealed a significant

difference from the 50% DI in the NoES + veh (t(7) ¼ 2.356, P ¼
0.50), NoES + WIN (t(7) ¼ 3.267, P , 0.05), and ES + WIN (t(7) ¼

3.563, P , 0.01) groups, suggesting intact performance. No such
difference was found in the ES + veh group (t(7) ¼ 20.664,NS).
No significant differences in total exploration time were found
in the sample (F(3,32) ¼ 1.385, NS) or test (F(3,32) , 1, NS) phase.

For the novel object recognition task (Fig. 3E,F), a significant
effect was found for drug (F(1,56) ¼ 11.070, P , 0.01) suggesting
that WIN-treated rats performed better than vehicle-treated rats.
A significant ES × drug interaction (F(1,56) ¼ 6.283, P , 0.05) was
also found. Independent t-test revealed that ES rats treated with
WIN performed better than ES rats treated with vehicle (t(30) ¼

4.336, P , 0.001).
In males (Fig. 3E) one-sample t-test revealed a significant dif-

ference from the 50% DI in the NoES + veh (t(7) ¼ 2.525, P , 0.05),
NoES + WIN (t(7) ¼ 3.250, P , 0.01), and ES + WIN (t(7) ¼ 3.710,
P , 0.01) groups, suggesting intact performance. No such differ-
ence was found in the ES + veh group (t(7) ¼ 1.556,NS). No signifi-
cant differences in total exploration time were found in males
in the sample (F(3,32) , 1, NS) or test (F(3,32) ¼ 1.49, NS) phase.

In females (Fig. 3F), one-sample t-test revealed a significant
difference from the 50% DI in the NoES + veh (t(7) ¼ 3.498, P ,

0.05), NoES + WIN (t(7) ¼ 3.777, P , 0. 01), ES + WIN (t(7) ¼

9.608, P , 0.001) and the ES + veh (t(7) ¼ 4.656, P , 0.01) groups,
suggesting intact performance in all groups. No significant differ-
ences in total exploration time were found in the test phase
(F(3,32) , 1, NS). However, during the sample phase, females in-
jected with WIN explored the objects less than the other groups
(F(3,32) ¼ 4.437, P ¼ 0.022), similar to the effect on exploration
time observed in the object location task.

We also measured anxiety levels in the open field test (Fig.
4A,C). Three-way ANOVA with ES, sex, and drug as between-
subject factors (2 × 2), and anxiety index as the dependent vari-
able revealed a significant effect for drug (F(1,56) ¼ 16.103, P ,

0.001) suggesting that WIN-treated rats demonstrate a lower anx-
iety index than vehicle-treated rats, and a significant effect for sex
(F(1,56) ¼ 4.113, P , 0.05) suggesting that males demonstrate a
lower anxiety index than females.

There were no significant differences in total line crossings
(Fig. 4B,D).

Findings in the literature suggest that cannabinoid admin-
istration during the adolescence period after ES has impairing
effects on emotional behavior and memory (Schneider and
Koch 2003; Macrı̀ and Laviola 2004; O’Shea et al. 2004;
Biscaia et al. 2008). Hence, we examined, using our protocols,
whether cannabinoids administered during the adolescence pe-

riod would affect short-term memory and anxiety in ES rats. ES
male rats were administered with the agonist WIN or vehicle
during P30–P45 and tested on P75 and onward. See Figure 5A
for a diagram illustrating the experimental design for the ado-
lescent group.

Unpaired t-test revealed that the ES + WIN group demon-
strated less exploration than the ES + veh group of the novel loca-
tion (t(14) ¼ 22.881, P , 0.05; Fig. 5B). One-sample t-test revealed
a significant difference from the 50% DI in the ES + veh group in
the object location (t(7) ¼ 2.644, P , 0.05), but not in the ES +
WIN group (t(7) ¼ 21.488, NS), suggesting impaired performance.
The NoES group performed well in the spatial location task (signif-
icantly different from the 50% DI;M ¼ 0.63, SEM ¼+0.02; t(7)¼

2.86, P , 0.05).
In the social recognition task, the ES + WIN group demon-

strated less exploration of the novel juvenile than the ES + veh
group (t(14) ¼ 23.126, P , 0.01; Fig. 5C). One-sample t-test re-
vealed a significant difference from the 50% DI in the ES + WIN
group (t(7) ¼ 22.877, P , 0.05) that significantly failed to reach
chance level (M ¼ 0.440, SEM ¼+0.020), and no significant dif-
ference from the DI in the ES+ veh group (t(7) ¼ 1.510, NS) sug-
gesting poor performance in both groups. The NoES group
performed well in the spatial location task (significantly different
from the 50% DI; M ¼ 0.60, SEM ¼+0.03; t(7)¼ 2.78, P , 0.05).

No significant differences in exploration time were found in
the novel object recognition task (t(14) ¼ 20.382, NS; Fig. 5D).

Figure 1. Experimental design. The dam and her pups were housed in a
cage with limited [early stress (ES)] or abundant (NoES) bedding material
from P7 to P14. On day 23, pups were exposed to a social interaction test
to verify that early stress exposure results in impaired social behavior.
During the late-adolescence period (P45–P60) rats received 14 injections
of vehicle (veh) or the CB1/2 agonist WIN. On P90 rats were taken to neu-
rocognitive tests (object location, object recognition, and social recogni-
tion) and to the open field for an anxiety test (P90–94: habituation to the
memory tests arena; P95–96: object recognition; P97–98: object loca-
tion; P99–100 social recognition; P101: open field). On P114 brains
were taken for Western blot (WB) analysis.

Figure 2. Male and female rats exposed to early stress demonstrate
reduced social behavior in the social interaction test. ES males (A) and
females (B) demonstrated reduced social behavior on P23 compared
with NoES males. (Inset) specific variables from the juvenile social interac-
tion test are provided, demonstrating a significant difference between No
ES and ES males on variables such as physical touch and getting under/on
top. (∗P , 0.05; ∗∗P , 0.01; ∗∗∗P , 0.001).

Cannabinoids and early stress
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One-sample t-test revealed a significant difference from the 50%
DI in the ES + veh (t(7) ¼ 3.385, P , 0.05), and ES + WIN (t(7) ¼

2.447, P , 0.05) groups suggesting intact performance. The
NoES group performed well in the spatial location task (signifi-
cantly different from the 50% DI; M ¼ 0.68, SEM ¼+0.02; t(7)¼

2.96, P , 0.05).
For the open field task, unpaired t-test revealed that the ES +

WIN group demonstrated a lower anxiety index than the ES + veh
group (t(14) ¼ 26.659, P , 0.001; Fig. 5E).

The effects of exposure to early stress and WIN55,212-2

on CB1 receptors and GRs in the stress circuit
Previous studies suggest that ES induces elevations in plasma cor-
ticosterone levels in young pups (PND 9) (Avishai-Eliner et al.
2001; Ivy et al. 2008). However, these effects seem to disappear
in adulthood (Brunson et al. 2005). As previous results from our
laboratory and others (Abush and Akirav 2013; Trujillo et al.
2016) suggested that chronic stress exposure had a long-term ef-
fect on GR levels in the fear circuit in adulthood, we decided to ex-
amine GR levels in the fear circuit in adult rats previously exposed
to ES.

CB1r and GRs levels were analyzed using one-way ANOVA in
all areas tested. To confirm equal protein loading, different parts
of the same membrane (�20–50 kDa according to the marker
(Bio-Rad)) were rehybridized with antibodies specific for b-actin.
No significant difference in b-actin levels was observed between

the groups in any of the brain areas test-
ed, suggesting that b-actin levels were
not affected by the treatment. Figure
6A–C indicate brain sites from where
the tissue samples were extracted.

We were interested in comparing
the effects of ES with and without WIN
on CB1r and GRs expression. However,
since the NoES + veh group demonstrat-
ed behavioral effects (see Fig. 4), the
treatment groups were compared with a
naı̈ve group.

In the IL in males and females, a sig-
nificant group effect was found for GRs
(males: F(3,28) ¼ 8.869, P , 0.001; Fig.
6E; females: F(3,28) ¼ 3.128, P , 0.05;
Fig. 6K) but not for CB1r (Fig. 6D,J).
Post hoc comparison revealed that in
males the ES + veh group expressed sig-
nificantly more GRs than the Naı̈ve
group (P , 0.05) and the NoES + veh
and ES + WIN groups (P , 0.01). In fe-
males, the ES-veh group marginally ex-
pressed more GRs than the Naı̈ve and
ES-WIN groups (P , 0.065). Using the
least significant difference multiple-
comparison test (LSD) revealed that the
ES-veh group expressed significantly
more GRs than all groups (P , 0.05).

In the BLA in males, a significant
group effect was found for CB1r
(F(3,28) ¼ 3.036, P , 0.05; Fig. 6f) and
GRs (F(3,28) ¼ 3.356, P , 0.05; Fig. 6G).
Post hoc comparison revealed that the
ES + veh group marginally expressed
less CB1r than the Naı̈ve and ES-WIN
groups (P , 0.065). Using the LSD post
hoc test revealed that the ES + veh group
expressed significantly less CB1r than all

groups (P , 0.05). In addition, the NoES + veh group expressed
significantly less GRs than the naı̈ve group (P , 0.05). In the
BLA in females, a significant group effect was found for CB1r
(F(3,28) ¼ 5.662, P , 0.01; Fig. 6L) but not for GRs (Fig. 6M). Post
hoc comparison revealed that the NoES + veh group expressed
significantly more CB1r than the ES-veh (P , 0.01) and ES-WIN
(P , 0.05) groups.

In the CA1 in males, no significant group effect was found for
CB1r or GRs (Fig. 6H,I). In the CA1 in females, a significant group
effect was found for CB1r (F(3,28) ¼ 3.159, P , 0.05; Fig. 6N) but
not for GRs (Fig. 6O). Post hoc comparison revealed that the
ES + veh female group marginally expressed more CB1r than the
Naı̈ve and ES-WIN groups (P , 0.065). Using the LSD post hoc
test revealed that the ES + veh group expressed significantly
more CB1r than all groups (P , 0.05).

We also examined whether WIN in nonstressed males and fe-
males affected the expression of CB1r and GR in the different
brain areas. Rats were injected with vehicle or WIN and CB1r
and GR levels were measured. Significant differences were found
in GR-BLA (F(2,23) ¼ 9.342, P , 0.0001) and IL-GR levels
(F(2,23) ¼ 5.322, P , 0.013) in males, and in CB1r-BLA levels in fe-
males (F(2,23) ¼ 3.764, P , 0.04). Post hoc comparison revealed a
significant reduction in GR-BLA (P , 0.01) and IL-GR (P , 0.05)
levels in NoES-veh males compared with the Naı̈ve and
NoES-WIN groups. Also, a significant increase was found in
CB1r-BLA levels in NoES-veh females compared with the other
two groups (P , 0.05) (Table 2).

Figure 3. The effects of chronic cannabinoid treatment during the late-adolescence period on short-
term memory in early stressed male and female rats. The ES + veh and NoES + WIN males (A) and the
ES + veh females (B) demonstrated impaired performance in adulthood in a spatial recognition task.
The ES + veh males (C) and females (D) demonstrated impaired performance in adulthood in a
social recognition task. The ES + veh males (E) demonstrated impaired performance in adulthood in
an object recognition task. Whereas all female rats (F) demonstrated intact performance (∗P , 0.05;
∗∗P , 0.01, ∗∗∗P , 0.001; indicates a significant difference from the 50% DI).
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Materials and Methods

Subjects
Eight mothers and 64 pups were housed in polypropylene cages
(59 × 28 × 20 cm). The mothers arrived pregnant (14 d after par-
turition day) from Harlan, Jerusalem, and Israel. On P20 pups were

weaned and caged together (n ¼ 4 according to sex) at 22+2˚C
under 12-h light–dark cycles (lights turned on at 07:00). Food
and water were available ad libitum. No more than one male
and one female from a litter were used in each experimental con-
dition. The experiments were approved by the University of Haifa
Ethics and Animal Care Committee and adequate measures were
taken to minimize pain or discomfort.

Early stress model
The early stress (ES) was the “abusive mother paradigm”
(Avishai-Eliner et al. 2001; Raineki et al. 2010) with slight modifi-
cations. The dam and her pups were housed in a cage with limited
bedding material (1.2-cm layer) from P7 to P14. The no stress
mother and her pups were housed in a cage with abundant (5–7
cm layer) bedding material. Litters were randomly assigned to
ES or control (NoES) groups and then randomly assigned to vehi-
cle or WIN55,212-2 groups. The type of bedding material was as-
pen, except than during the neglect period in which the type of
the bedding in the stress condition was sunny chips. Cages were
observed three times a day (morning, noon, and afternoon) and
during these times we measured maternal behavior (i.e., nursing,
cleaning pups, and gathering pups), self-activity (i.e., self-feeding,
self-cleaning exploring) and harmful behavior toward pups
(step-on, rough handling, isolating pups, and tossing around).

Social behavior test
After 5 min of habituation in an open field (50 × 50 × 50 cm), a
“partner” rat from the same sex and age was introduced. During
the 5-min test, social behaviors (e.g., sniffing the partner, physi-
cal contact) and non-social behaviors (e.g., self-grooming, re-
maining alone) were scored. The tests were videotaped and
analyzed by an experimenter blind to the treatments (Segev and
Akirav 2011). A sociality index was calculated for each animal
that expressed the percent time that each rat spent engaging in
social behavior.

Drugs
WIN55,212-2 (i.p 1.2 mg/kg; Cayman Chemicals) was initially
dissolved in DMSO, and further diluted with 1% Tween 80 and
98% saline (0.9% NaCl). Controls were injected with the vehicle.
WIN was administered during P45-P60. WIN55,212-2 dose and in-
jection protocol was based on previous reports (Schneider and
Koch 2005, 2007; Abush and Akirav 2012, 2013).

Behavioral testing in adulthood
1. Open field test. The movements of the rat were recorded for 5

min and analyzed by EthoVision. We measured percent time
spent in the center of the open field to measure anxiety and
the total line crossings for activity levels. As rats in all groups
spent most of their time in the peripheral areas (suggesting a
celling effect of high anxiety in all groups), we used a more
sensitive anxiety index based on Avital and Richer-Levin
(2005). The anxiety index was calculated based on the ratio be-
tween line crossings in the peripheral area and the total line
crossings. The open-field arena was thoroughly cleaned be-
tween trials.

2. Object location memory test3. See Abush and Akirav (2012).
Two identical objects (10 × 8 × 7 cm) were located in the open-
field, under dim light, 10 cm from the walls. The rats were
habituated to the open field 10 min every day for 4 d without
objects. In the sample phase, each rat was exposed to the ob-
jects for 5 min. In the test phase, given 30 min after the sample
trial, one object was moved to a new location and the time

Figure 4. Chronic cannabinoid treatment during the late-adolescence
period reduces anxiety-like behavior in an open field test. (A) Males
administered with chronic WIN during the late-adolescence period
demonstrated less anxiety in the open field test in adulthood com-
pared with vehicle treated males. (B) No significant differences
between the male groups in activity levels were found. (C) Females ad-
ministered with chronic WIN during the late-adolescence period dem-
onstrated less anxiety in the open field test in adulthood compared
with vehicle treated females. (D) No significant differences between
the female groups in activity levels were found. (∗P , 0.05; ∗∗P ,

0.01).

3The order of the object location and object recognition tests was
counterbalanced.
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spent exploring the objects at the old and new locations were
recorded for 5 min. Recorded data was analyzed by two judges
blind to experimental conditions and inter-rater reliability was
assured.

Exploration was defined as when the subject sniffed/whisked/
looked at the object from no more than 2 cm away. An exploration
index calculated for each animal is expressed as TN/(TN + TF)
(TF ¼ time spent exploring the object in the familiar location;
TN ¼ time spent exploring the object in the novel location).
Intact spatial recognition memory in the test phase is reflected
in an exploration score higher than 0.5, which implies greater ex-
ploration of the object in the novel location.

3. Novel object recognition memory test. In the sample
phase, each rat was placed in the arena and exposed to two
identical objects for 5 min. In the test phase, the rat was pre-
sented with one of the objects from the sample trial and
with a novel object for 5 min. The familiar and novel objects
were counterbalanced during the sample and test phases.
The rest of the parameters were identical to the object location
task described above (Abush and Akirav 2012).

4. Social recognition test. In the sample phase, each rat was
placed in the arena and exposed to two juvenile rats from the
same sex for 5 min. In the test phase, the experimental rat
was presented with the juvenile it had previously investigated

and a novel juvenile for 5 min. The
duration of investigatory behavior of
the experimental rat toward each ju-
venile was recorded and measured by
two trained observers blind to the an-
imals’ treatment (Segev and Akirav
2011). The rest of the parameters
were identical to the object location
task described above.

Western blotting
Rats were sacrificed and brain tissues of
the infralimbic (IL) PFC, BLA, and CA1
were collected and homogenized in buff-
er. Protein levels were determined by
the bicinchoninic acid (BCA) Protein
Assay Kit (Pierce) according to the manu-
facturer’s protocol. The samples were
then diluted in SDS sample buffer, boiled
(100˚C) for 5 min and stored at 280˚C.
Aliquots were subjected to SDS-PAGE
(10% polyacrylamide) and immunub-
lot analysis. Blots were incubated with
the GR/CB1 antibody overnight at
4˚C (1:100, Pierce Antibodies) followed
by washing and 1 h incubation with
an HRP-linked secondary antibody at
room temperature (goat anti-rabbit IgG;
Jackson ImmunoResearch Laborator-
ies, 1:10,000). Blots were visualized by
enhanced chemiluminescence with ECL
(Biological Industries) and quantified
with an XRS charge-coupled device cam-
era (Bio-Rad Laboratories) and Quantity
One software. All protein samples were
standardized with b-actin (1: 5000, poly-
clonal goat antibody; Santa Cruz Bio-
technology, USA).

Statistical analysis
The results are expressed as means+
SEM. For statistical analysis, two-way

ANOVA, one-way ANOVA, and t-tests are used. Post hoc compari-
sons are made using Tukey.

Discussion

Experiences of severe trauma during childhood are thought to be
risk factors for developing mental disorders, such as anxiety and
mood disorders, later in life. This study demonstrates that expo-
sure to ES can have long-term detrimental effects on emotionality
and behavior. Importantly, we demonstrate that cannabinoid
treatment during late adolescence can reverse the long-term ef-
fects of early stress on emotional behavior and short-term memo-
ry in male and female rats.

Furthermore, exposure to ES induced up-regulation in
PFC-GRs and CA1–CB1r in females and WIN normalized this ef-
fect. In males, WIN normalized the ES-induced up-regulation in
PFC-GR and down-regulation in BLA-CB1r.

Our findings suggest that there is a crucial role of the endo-
cannabinoid system in the effects of early life stress on behavior
at adulthood. In addition: (i) the late-adolescence period, as op-
posed to the adolescence period, is a possible neurodevelopment
window for chronic treatment with cannabinoids, (ii) CB1r and
GRs in the brain’s stress circuit are involved in the therapeutic ef-
fects of WIN, and (iii) there are sex differences in the mechanisms
underlying coping with ES.

Figure 5. The effects of chronic cannabinoid treatment during the adolescence period on short-term
memory and anxiety in early stressed males. (A) Experimental design: The dam and her pups were
housed in a cage with limited (ES) bedding material from P7 to P14. On day 23, pups were exposed
to a social interaction test to verify that early stress exposure results in impaired social behavior.
During the adolescence period (P30–P45) rats received 14 injections of vehicle (veh) or the CB1/2
agonist WIN. On P75 rats were taken to neurocognitive tests (object location, object recognition, and
social recognition) and to the open field for an anxiety test (P75–79: habituation to the memory tests
arena; P80: object recognition; P81: object location; P82 social recognition; P83 open field). (B) ES
WIN-treated adolescent males demonstrated impaired performance in adulthood in a spatial recognition
task compared to ES vehicle-treated males. (C) ES WIN-treated adolescent males demonstrated impaired
performance in adulthood in a social recognition task compared with ES vehicle-treated males. (D) No
difference in performance in the object recognition task was observed. (E) ES WIN-treated adolescent
males demonstrated less anxiety in an open field test compared with vehicle-treated rats in adulthood.
(∗P , 0.05).
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Figure 6. The effects of exposure to early stress and WIN55,212-2 on CB1 receptors and GRs in the stress circuit. (A) Brain sites from where the tissue
samples were extracted. The IL-PFC was obtained by punches (1 mm-diameter) bilaterally. The numbers refer to the distance from Bregma (based on
Paxinos and Watson 2006). (B) The BLA was obtained by punches (1-mm diameter) bilaterally. (C) The CA1 was obtained by punches (1-mm diameter)
bilaterally. (∗P , 0.05; ∗∗P , 0.01). (D) In the IL-PFC of males, no significant differences in CB1r were observed between the groups. (E) In the IL-PFC of
males, the ES + veh group expressed significantly more GR than all groups. (F) In the BLA of males, the ES + veh group expressed significantly less CB1r
than all groups. (G) In the BLA of males, the NoES + veh group expressed significantly less GR than the naı̈ve group. (H) In the CA1 of males, no significant
differences in CB1r were observed between the groups. (I) In the CA1 of males, no significant differences were observed in GR between the groups. (J) In
the IL-PFC of females, no significant differences in CB1r were observed between the groups. (K) In the IL-PFC of females, the ES + veh group expressed
significantly more GR than all groups. (L) In the BLA of females, the NoES + veh group expressed significantly more CB1r than the ES groups. (M) In the
BLA of females, no significant differences in GR were observed between the groups. (N) In the CA1 of females, the ES + veh group expressed significantly
more CB1r than all groups. (O) In the CA1 of females, no significant differences were observed in GR between the groups. (Lower panel) Representative
bands for the expression of GR/CB1r and b-actin.
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The effects of exposure to early stress on cognition

and anxiety
Male rats exposed to ES exhibited impaired performance in short-
term memory in adulthood: in the spatial location, social recogni-
tion, and novel object recognition tasks. ES females also exhibited
impaired performance in the spatial location and social recogni-
tion tasks, but not in the novel object recognition task.

ES is associated with abnormal cognitive function. Llorente
et al. (2012) described an impaired performance in the PFC-
dependent novel object task among early-stress rats (maternal sep-
aration of 24 h during P9), with males being most clearly affected.
ES was also found to impair spatial hippocampal-dependent learn-
ing and memory; Brunson et al. (2005), showed that neonatal rats
exposed to decreased bedding layer (P2–P9) exhibited impaired
spatial performance in adulthood in the Morris water maze. As
for the social task, it has been suggested that social behavior def-
icits in infancy could serve as an early marker for later psychopa-
thology (Raineki et al. 2012). ES males and females in our study
showed impaired social behavior on P23 and demonstrated stable
social impairment as observed in the social recognition task on
P97. Previous studies also showed social impairment after ES
(Roth and Sullivan 2005; Lukas et al. 2011).

WIN administered during late-adolescence prevented the
stress-induced impairments in short-term memory in males and
females and reduced anxiety levels. Interestingly, male and female
rats seemed to be affected by the chronic injections themselves, as
the nonstressed vehicle group showed high levels of anxiety in
adulthood, demonstrating a possible ceiling effect.

When ES males were injected with the agonist WIN during
adolescence, a different picture emerged. In this group, WIN
did not prevent the effects of ES on performance in the spatial
and social tasks. No effects of ES were found in the object recogni-
tion task. Yet, WIN administered during adolescence reduced
anxiety in adulthood as observed in the late-adolescent WIN in-
jected rats. This suggests that the preventing effects of WIN on
short-term memory impairment in the late-adolescent period
could not be merely explained through the anxiolytic effects of
the agonist.

These findings corroborate with previous studies suggesting
that exposure to cannabinoids in adolescent rodents leads to dys-
regulation of emotional processes and impairments in learning
and memory in adulthood (for review, see Rubino and Parolaro
2016).

Alterations in CB1r and GRs in the stress circuit
Rats exposed to ES demonstrated alterations in the expression of
CB1r and GRs in brain areas critical for learning and emotion.
In males, ES down-regulated BLA-CB1r and up-regulated IL-GRs
and WIN normalized these effects. In females, ES up-regulated
CA1–CB1r and up-regulated IL-GRs and WIN normalized these ef-

fects. These findings are in line with previous studies suggesting
that corticolimbic endocannabinoid signaling is capable of medi-
ating, at least in part, interactions between stress exposure and de-
velopment (Marco et al. 2009; Llorente-Berzal et al. 2011).

Nonstressed males and females injected with vehicle demon-
strated down-regulation of BLA-GRs and up-regulation of BLA-
CB1r, respectively, further suggesting that they were affected by
the chronic injections.

Previous studies have shown that CB1r expression increased
in the ventral striatum while it was decreased in the frontal cortex
in maternally separated rats (P1–14) (Romano-Lopez et al. 2012).
Maternal deprivation, 24 h at P9, induced in adolescent males and
females a significant reduction in CB1 receptor expression in the
frontal cortex (Marco et al. 2013) and decreased hippocampal
GR only in males (Llorente et al. 2012). However, the maternal
deprivation model has been shown to have different effects on
behavior and emotionality than the early neglect model we
used (Llorente et al. 2012; Marco et al. 2013).

Cognitive impairment is a major cause of disability in schizo-
phrenia, depression, and anxiety disorders (Porter et al. 2003).
Working memory and other “top-down” cognitive functions
have longbeenknowntodependonthePFC. ThePFCis vulnerable
to stress (McEwen and Gianaros 2011) and is affected by decreased
estrogen levels in women (Shanmugan and Epperson 2014).

One possible explanation for the observed effects in our
study is that ES resulted in a blunted HPA response (i.e., decreased
the release of glucocorticoids as often found in PTSD) which led
to the long-term effect of IL-GRs up-regulation. The PFC regulates
the activity of the HPA axis and the IL specifically excites HPA ac-
tivation following stress. This could suggest that the impairing ef-
fects of early stress on short-term memory are associated with
IL-GRs up-regulation. Despite sex differences in many parameters
of HPA system function, reports of sex differences in GRs are few
(Catalani et al. 2011).

The agonist WIN reversed the impairment in short-term/
working memory as well as IL-GRs up-regulation. Indeed, bidirec-
tional and functional relationships between glucocorticoids and
the endocannabinoid system have been demonstrated. Specifi-
cally, stress is known to produce rapid changes in endocannabi-
noid signaling in stress-responsive brain regions. In turn, the
endocannabinoid system plays an important role in the down-
regulation and habituation of HPA axis activity in response to
stress. Glucocorticoids also recruit the endocannabinoid system
to exert rapid negative feedback control of the HPA axis during
stress (Patel et al. 2004; Rademacher et al. 2008; Steiner and Wot-
jak 2008; Hill et al. 2011; Hill and Tasker 2012; Akirav 2013).

Childhood maltreatment is associated with HPA axis dysre-
gulation and diurnal cortisol profiles, as well as stress reactivity.
Animal studies suggest that timing of early adversity is a crucial
factor in neuroendocrinological outcomes due to the highly plas-
tic nature of the HPA axis early in life (Tarullo and Gunnar 2006).

Table 2. The effects of WIN55,212-2 injections on GR and CB1 receptor expression in nonstressed rats

Males Females

Naı̈ve NoES + Veh NoES + WIN Naı̈ve NoES + Veh NoES + WIN

BLA CB1 100+4.54 n ¼ 8 97.58+22.12 n ¼ 8 90.61+13.12 n ¼ 8 100+11.02 n ¼ 8 159.18+19.77 n ¼ 8∗ 96.3+13.77 n ¼ 8
GR 100+5.51 n ¼ 8 47.68+6.8 n ¼ 8∗∗ 92.05+13.37 n ¼ 8 100+5.53 n ¼ 8 94.83+12.05 n ¼ 8 98.83+11.07 n ¼ 8

CA1 CB1 100+6.37 n ¼ 8 94.66+10.71 n ¼ 8 139.79+19.93 n ¼ 8 100+11.08 n ¼ 8 100.45+13.62 n ¼ 8 95.43+16.89 n ¼ 8
GR 100+5.95 n ¼ 8 62.74+5.48 n ¼ 8 90.27+20.65 n ¼ 8 100+12.44 n ¼ 8 96.29+17.98 n ¼ 8 140.46+19.36 n ¼ 8

IL CB1 100+10.86 n ¼ 8 113.37+25.7 n ¼ 8 103.07+18.07 n ¼ 8 100+7.71 n ¼ 8 87.8+12.47 n ¼ 8 114.07+10.43 n ¼ 8
GR 100+8.86 n ¼ 8 61.36+11.27 n ¼ 8∗ 98.09+13.14 n ¼ 8 100+2.75 n ¼ 8 97.48+7.88 n ¼ 8 111.35+7.69 n ¼ 8

In males, a significant reduction in GR-BLA and IL-GR levels in the NoES-veh group versus the other groups. In females, a significant increase in CB1r-BLA levels

in the NoES-veh group compared with the other groups (∗P , 0.05; ∗∗P , 0.01).
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By the end of the first week of life and continuing into the
second one, young rats display a “stress hyporesponsive period”
(SHRP). This mechanism flattens deleterious fluctuations in glu-
cocorticoids, limiting their adverse effects, and hence, defends ne-
onates against adverse programming of the HPA system. On the
other hand, if corticosterone levels in the mother are increased
by environmental events, it reaches the pups and is able to influ-
ence the maturation of the HPA axis of the developing rat. Even if
circulating corticosterone during development is very low, it may
produce a significant activation of the GR because the effective
(free) corticosterone concentration is high by virtue of low levels
of corticosteroid binding globulin during the SHRP.

Adolescence, as opposed to adulthood, is a period of high
neural plasticity but is also high in susceptibility to disturbances
that might contribute to dysregulation of the HPA axis and endo-
cannabinoid signaling in the corticolimbic circuit (Buwalda et al.
2011). Moreover, it has been suggested that exogenous can-
nabinoids during adolescent maturation may result in long-term
effects on HPA function which might affect subsequent stress
reactivity, cognitive functioning, and emotionally relevant behav-
ior (Viveros et al. 2005; Realini et al. 2009, 2011; Rubino et al.
2009; Buwalda et al. 2011; Campolongo et al. 2011; Llorente-
Berzal et al. 2011). Hence, the reversal effects observed during
the late-adolescent period, but not during adolescence, could be
the result of a developing CNS that is more sensitive to environ-
mental influences, such as stress and drugs, than the adult CNS.

Summary

Taken together, our results support the notion that exposure of ro-
dents to stress in early life is associated with changes in the sensi-
tivity of the HPA axis, social behavior, and learning and memory.

Except for the object recognition task, ES caused similar cog-
nitive deficits and enhanced anxiety in males and females.
Furthermore, the cannabinoid agonist had a protective effect
against the deleterious consequences of ES in both males and fe-
males when administered during late adolescence.

While cannabinoid exposure during adolescence might have
pervasive and negative effects on cognition, here we argue that it
might have protective effects against the deleterious consequenc-
es of early stress when administered at late adolescence. The differ-
ential effect of cannabinoids administered during adolescence
versus late adolescence could have some important implications
for age of onset with respect to cannabinoid therapeutics.

The study suggests the involvement of CB1r and GRs in
the brain’s stress circuit in the therapeutic effects of WIN; yet, fur-
ther studies are required to fully understand the underlying
mechanisms.
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