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Abstract

Early life adversity (ELA) increases the risk of depression during adolescence that may result from 

a decline in parvalbumin (PVB) secondary to increased neuroinflammation. In this study, we 

investigated depressive-like behavior following exposure to two different types of stressors that are 

relevant for their developmental period: 1) chronic ELA (maternal separation; MS) and 2) an acute 

emotional stressor during adolescence (witnessing their peers receive multiple shocks; WIT), and 

their interaction. We also determined whether reducing inflammation by cyclooxygenase-2 

(COX-2) inhibition would prevent the onset of depressive-like behavior. Female Sprague-Dawley 

rat pups underwent MS for four-hours/day or received typical care (CON) between postnatal days 

(P) 2 and P20. A COX-2 inhibitor (COX-2I) or vehicle was administered every other day between 

P30 and P38. Subjects were tested for learned helplessness to assess depressive-like behavior at 

P40 (adolescence). MS females demonstrated increased escape latency and decreased PVB in the 

prefrontal cortex (PFC) and dorsal raphe that were attenuated by COX-2I intervention. 

Helplessness was also associated with an increase in D2 receptors in the accumbens. In contrast, 

WIT elevated escape latency in CON, but reduced latency in MS females. Furthermore, COX-2I 

intervention decreased escape latency in both CON and MS after WIT. WIT reduced PVB levels in 

the basolateral amygdala and increased PFC levels to CON levels. Our data suggest that decreased 

PVB in the PFC is important for the expression of depressive-like behavior and suggest that 

COX-2I intervention may provide a novel prevention for depression.
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1. Introduction

Exposure to adverse experiences early in development may contribute to the expression or 

exacerbation of a variety of psychiatric disorders including schizophrenia, anxiety, and 

depression [1, 2]. Symptoms of depression following exposure to early life adversity (ELA) 

often appear during adolescence, but are delayed in expression, averaging 9.2 years after the 

abuse was initiated [2]. Sex differences in the prevalence of depression also emerge during 

adolescence, with a 2:1 ratio of females to males by age 15 [3, 4].

The increase in social awareness that occurs in teens due to continued development of 

motivation, affect, and decision-making brain regions [5-7] plays a role in heightened 

sensitivity to social stress during adolescence [8-10]. Exposure to early adversity may 

further exacerbate risk for depression by increasing sensitivity to subsequent stressors [10, 

11]. Greater negative affect and rumination demonstrated by female adolescents may render 

them even more susceptible to an acute emotional stressor than male adolescents [12]. Even 

vicariously experiencing an adverse event can be as detrimental to mental health as actually 

experiencing the event directly [13, 14]. Preclinical studies to date have only focused on 

adolescent and adult males witnessing social defeat that precipitates increased helplessness 

in the forced swim test [15, 16]. Here, the effects of an emotional stressor (i.e. witnessing 

peer distress) on depressive-like behavior in females were investigated.

Increasing evidence suggests that reduced activity in the GABA neurotransmitter system is 

associated with the pathophysiology of depression, and has been reported in teens with 

depression and suicide victims [17-20]. In the current study we used an ethologically 

relevant rodent model of exposure to early adversity, maternal separation (MS) during the 

neonatal period [21], to study alterations in GABAergic expression in several stress-related 

brain regions. MS is associated with changes in GABA in the prefrontal cortex (PFC 

[22-24]) and the amygdala [25]. Rats with a history of MS show changes in PFC-mediated 

behaviors including learned helplessness (LH), working memory deficits, depressive-like 

behavior, and reduced social interaction [24, 26-28]. Prior studies show reduced GABAergic 

calcium-binding protein parvalbumin (PVB) expression in MS adolescent males [24] and 

females [26] and the basolateral amygdale in MS (BLA; [22, 23]). However, studies have 

focused primarily on PVB in the PFC, and whether changes in PVB are apparent in other 

regions in MS subjects is not well known.

While the PFC has been a primary target for investigating the effects of GABA following 

MS, other brain regions that can influence affective behavior are likely to contribute. 

Clinical imaging studies show functional differences in PFC, amygdala, and ventral striatum 

(nucleus accumbens; NAc) connectivity following ELA [29]. The serotonergic dorsal raphe 

nucleus (DR) plays a critical role in depressive-like behavior [30] and has been implicated in 

the learned helplessness model [31]. Reciprocal PFC inputs into the DR have shown that 

increased output from the PFC synapse on GABAergic interneurons to modulate depressive-
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like behavior [31]. Whether MS influences these interneurons to effect helplessness has not 

been determined. Similarly, increased excitatory input to D2 receptor-expressing 

GABAergic medium spiny neurons in the NAc reduces motivation and increases anhedonia 

[32]; other studies show that D2/D3 receptors directly correlate with elevated motivation in 

individuals with attention deficit hyperactivity disorder [33]. In the current study, changes in 

PVB and/or D2 receptors were investigated in the PFC, NAc, amygdala, and the DR of MS 

animals or controls.

Finally, the delayed onset of depressive symptoms following exposure to early adversity [2] 

provides a window of opportunity to intervene before symptoms emerge. One possible 

intervention may be inhibition of the pro-inflammatory molecule cyclooxygenase-2 

(COX-2) that is elevated following ELA [24]. Inflammatory responses have been associated 

with depression in adult human studies [34]. Furthermore, anti-inflammatory agents have 

efficacy in treating depression in humans [35] and in animals [36]. Our previous work 

suggests that a cyclooxygenase inhibitor (COX-2I) improves working memory in rats with a 

history of MS [24]. Whether COX-2I treatment could prophylactically reduce the onset of 

depressive-like symptoms and/or differentially affect these other target regions is not yet 

known.

In this study, we examined the effects of MS in females on motivational deficits in the 

learned helplessness (LH) paradigm and whether these deficits could be prevented by 

COX-2I. Following MS, PVB levels were examined in the PFC, the BLA, and the DR; 

dopamine D2 receptor levels were investigated within the NAc. We also investigated 

whether an acute stress exposure of witnessing their peers receive shocks (WIT) further 

exacerbated the effects of MS.

2. Material and methods

2.1. Subjects

Pregnant female multiparous Sprague-Dawley rats (250–275 g) were obtained from Charles 

River Laboratories (Wilmington, MA) on day 16 of gestation. The day of birth was 

designated as postnatal day 0 (P0). One day after birth, litters were culled to 10 pups (5 

males and 5 females), and litters were randomly assigned to either a maternal separation 

group (MS Group) or animal facility reared control group (CON Group). Pups in the MS 

Group were isolated for 4 h per day between P2 and P20, and kept at thermoneutral 

temperature. This procedure is similar to those used previously by this laboratory [24, 37] 

and others [38]. Pups in the CON Group were not disturbed after day 2, except for routine 

weekly changes in cage bedding during which all pups were weighed. Rats were housed 

with food and water available ad libitum in constant temperature and humidity conditions on 

a 12-h light/dark cycle (light period 07:00-19:00). Rats were weaned on P21, and group-

housed in same-sex caging until behavioral testing.

The experimental timeline is outlined in Figure 1A. These experiments were conducted in 

accordance with the 2011 Guide for the Care and Use of Laboratory Animals (National 

Research Council, Eighth Edition), and were approved by the Institutional Animal Care and 

Use Committee at McLean Hospital.
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2.2. COX-2 Treatments

The MS or CON subjects (n = 7-8/ Group and Treatment) were treated with either the 

COX-2I NS-398 (8 mg/kg, diluted in dimethyl sulfoxide [DMSO]) or vehicle (1 ml/kg 

DMSO) from P30 to P38 once/day every second day and given by i.p. injection. This dose 

was based on previous studies showing that between 5 and 10 mg/kg NS-398 has 

neuroprotective effects from excitotoxic and neuroinflammatory damage [24, 39]. Since 

DMSO is a mild irritant, subjects were dosed every second day to avoid unnecessary stress 

and discomfort of the animals.

2.3. Depressive-like behavior assessment

2.3.1. Testing paradigm—Females were tested in one of the three conditions used in the 

triadic model of learned helplessness (LH) between P40 and P42 or in an active avoidance 

paradigm. The LH paradigm used in this study consisted of the following conditions: 1) an 

escapable shock (ES) subject and 2) a no shock or “naïve to aversive stimuli” group (NS), 

where these animals were exposed to, but did not directly experience shock on the first day. 

Each LH condition assesses different aspects of depressive-like behavior via separate 

neuronal circuitry [28, 36]. Our previous studies found that females exposed to MS exhibited 

increased escape latency in the NS group only [26], an LH condition associated with 

motivational circuitry [26, 40, 41]. Therefore, the current study focused on the effects of MS 

in females in the NS group.

In the current study, NS rats were gently restrained in the testing apparatus in a separate 

room (n=7-8/treatment group). This initial group is considered the no witness group (‘no 

WIT’). Because the rat does not experience any shock this first day, nor witness any in its 

peers, testing on Day 2 is an active avoidance paradigm. On Day 2, females were placed into 

a dimly lit shuttle box for 30 trials. Subjects were able to terminate a 1 mA foot-shock by 

shuttling to the other side for trials 1-5, or by shuttling to the other side and back again for 

trials 6-30. This response was cued by a tone that preceded the shock by two seconds. The 

shock remained on for 30 seconds, or until terminated by the appropriate behavioral 

response. The number of escapes and the mean latency to escape the shock was measured 

for trials 6-30.

2.3.2. Acute emotional peer distress exposure (witness; WIT)—To measure 

whether WIT had effects on behavioral and treatment outcomes in rats with different social 

histories, a separate group of animals were mildly restrained in the testing apparatus on Day 

1 of LH where they witnessed (WIT; n=7-8/treatment group) ∼2 hours of an ES rat 

undergoing 100 trials of an escapable tail shock in a wheel-turn box where paddling the 

wheel would terminate the shock. The shocks for the ES female were unsignaled, and 

delivered on a variable time 45 second schedule. Shock intensity escalated from 1.0 to 1.6 

mA over the 100 trials to reduce habituation during training. In both the no WIT and the 

WIT groups, subjects first encounter the aversive stimulus of the shock itself on Day 2 of the 

LH paradigm [40]. Subjects are tested as described above.
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2.4. Western Blots

Ninety minutes following the onset of Day 2 of LH in both no WIT and WIT conditions, 

animals were decapitated and tissue was regionally dissected in the PFC, NAc, BLA, and 

DR, frozen on dry ice, and stored at -80 °C until processed. Tissue was then homogenized in 

1% sodium dodecylsulfate solution (SDS) containing a protease inhibitor cocktail (Pierce, 

Rockford, IL). Protein concentration was determined by the Bradford method (BioRad 

Laboratories, Hercules, CA; [42]) and 40 μg of protein was mixed in 6 × SDS, centrifuged, 

and boiled for 3 min prior to separation by 15% SDS-PAGE. Following electrophoresis, 

proteins were transferred to a nitrocellulose membrane (BioRad Laboratories). The 

membranes were blocked with Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) 

in phosphate-buffered saline for 60 minutes at RT and incubated with primary polyclonal 

antibodies to PVB neurons (14-17kDa; 1:10,000; Thermo Scientific, Rockford, IL) and D2 

receptors (52kDa; 1:400; Santa Cruz Biotechnology, Dallas, TX) in Odyssey blocking buffer 

(LI-COR Biosciences) in PBS containing 0.1-0.2% Tween (PBS-T) overnight 4 °C. The 

membranes were rinsed four times for five minutes at RT in PBS-T. After the rinsing 

procedure, the membranes were incubated for one hour at room temperature in IRDye 800-

conjugated affinity purified anti-rabbit (LI-COR Biosciences) or anti-rat (LI-COR 

Biosciences) 1:20,000 in Odyssey blocking buffer in 0.1% PBS-T. Control for protein 

loading was achieved by using primary antibodies to mouse β-tubulin (55 kDa; 1:10,000, 

Covance Laboratories, Dedham, MA) and secondary antibodies to anti-mouse β-tubulin for 

IRDye 700-conjugated affinity purified anti-IgG (H&L; LI-COR) in PBS-T. Proteins were 

detected using the Odyssey infrared imaging system (excitation/emission filters at 780 

nm/820 nm range; LI-COR Biosciences). For all Western analyses, because each of the eight 

conditions were included in each run, all data were normalized to its CON DMSO no WIT 

females as a control.

2.5. Statistical Analyses

Behavioral and Western data were analyzed by a mixed ANOVA (SPSS v 20): a 2 × 2 × 2 

design with Treatment (Veh/COX), MS (CON/MS), and WIT (WIT/no WIT) as between-

subjects measures. Planned comparisons were conducted across Treatment and MS groups; 

post-hoc analyses across WIT groups were corrected with Bonferroni's. Correlational 

analyses (Pearson's r) were used to examine the relationship between biochemical markers 

and behavior, and comparisons across different correlations were conducted using Fisher's Z 

transformation. Significance was set at P<0.05.

2. Results

3.1 Depressive-like behavior

In a 2 (Treatment [Veh/COX]) × 2 (MS [CON/MS]) × 2 (WIT [WIT/no WIT]) ANOVA, we 

found an MS × WIT interaction (F1, 50=5.41, P=0.02) and a main effect of Treatment (F1, 

50=5.89, P=0.02) for latency to escape. An MS × Treatment interaction (F1, 24=4.38, 

P=0.047; Figure 1B) was observed within the no WIT group for the latency to escape. In no 

WIT females, vehicle females within the MS group took longer to escape the shock than 

females in the CON Veh group. COX-2I treatment significantly decreased the latency to 

escape in MS, but not CON females, suggesting that this treatment is effective only in 
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animals with a stress history. In WIT females, our analyses revealed overall Treatment (F1, 

26=5.93, P=0.02) and MS main effects (F1, 26=4.61, P=0.04) on the latency to escape 

(Figure 1C). Surprisingly, MS reduced escape latency in females exposed to an acute 

vicarious stressor. In addition, COX-2I significantly decreased latency to escape in both MS 

and CON females.

A 3 way interaction between MS × Treatment × WIT was observed for the number of 

escapes (F1, 50=4.49, P=0.04). The number of escapes in females in the no WIT group was 

differentially afected by MS and Treatment (MS × Treatment interaction: F1, 24=5.68, 

P=0.03; Figure 1D). A decreased number of escapes were observed in MS no WIT females 

that were reversed by COX-2I treatment. In the WIT group, a main effect of Treatment was 

observed on the number of escapes (F1, 26=7.52, P=0.01; Figure 1E), where COX-2I 

increased the number of escapes overall.

3.2. Western blots

Neither main effects nor interactions were observed between MS, Treatment, and WIT on 

D2 receptor expression in the NAc (F1, 54=0.01, P=0.95; Figure 2A,B). However, when 

individual differences were analyzed with Pearson's correlational analysis, increased D2 

receptors in the NAc were positively associated with increased escape latency in MS no WIT 

females (r=0.854, P=0.01) that was lost when the subjects were treated with COX-2 

inhibition (Figure 2C; r=0.37, P >0.35). Fisher's Z transformation shows that these two 

correlations are significantly different from each other (Z=1.75, P<0.05).

Within the PFC, a three-way ANOVA between MS, Treatment, and WIT was not observed, 

but revealed a two-way interaction between MS and Treatment on PVB expression (F1, 

47=4.66, P=0.04; Figures 3A,B). The two WIT groups were analyzed separately. First, a MS 

× Treatment interaction was observed in no WIT females in the PFC (F1, 20=17.11, 

P=0.001; Figure 3A), where MS reduced, and COX-2I intervention increased, PVB 

expression. No differences in PVB expression in the PFC following WIT were observed 

regardless of prior adversity and treatment (Figure 3B). However, a significant correlation 

between latency to escape and decreased PVB expression in the PFC of the WIT condition 

was observed in the CON DMSO WIT females (r=-0.829, P=0.02) that was not evident in 

the CON COX-2I WIT females (P>0.3) suggesting that some degree of stress is needed for 

COX-2I intervention to be effective (Figure 3C). Fisher's Z transformation suggested that 

these two correlations are significantly different from each other (Z=-2.79, P<0.01).

In the BLA, only main effects of MS (F1, 38=6.11, P=0.02) and Treatment (F1, 38=5.65, 

P=0.02) were detected on PVB expression, without a significant three-way interaction. MS 

decreased PVB expression in the BLA, but more so when females witnessed a peer getting 

shocked relative to CON (Figure 4A, B). Correlations at the individual level failed to 

demonstrate a significant relationship between normalized levels of PVB and behavior in 

non-treated animals (Table 1). Overall, treatment with the COX-2I did not alter PVB 

expression in the BLA, but comparison of the individual correlations between MS COX-2I 

WIT and MS DMSO WIT (Fisher's Z=2.22, P<0.05; Figure 4C).
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Finally, changes in PVB within the DR were observed. A three-way interaction between MS, 

Treatment, and WIT on PVB expression was significant (F1, 46=11.91, P=0.001; Figure 

5A,B). Analyses were further conducted within WIT groups. An MS × Treatment interaction 

was observed in no WIT females (F1, 22=14.69, P=0.001; Figure 5A). MS reduced, and 

COX-2I intervention normalized, PVB expression in the DR of no WIT females. 

Interestingly, COX-2I intervention in CON no WIT females decreased DR PVB expression. 

Overall, PVB expression was reduced in the DR of WIT females (Figure 5B). Individual 

levels of normalized PVB levels did not significantly correlate with behavior (Table 1), and 

Fisher's Z transformation revealed that the relationship between latency and PVB in the MS 

WIT animals treated with DMSO or COX-2I were not significantly different (Fisher's Z=1.1, 

P>0.05; Figure 5C)

4. Discussion

Adolescent females may be particularly sensitive to social stress. Exposure to MS or WIT 

increased depressive-like behavior in adolescent females. Surprisingly, the effect of WIT did 

not increase depressive-like behavior relative to the no WIT MS group. Rather, prior 

exposure to MS reduced the impact of WIT on depressive-like behavior. The no WIT MS 

group experienced significantly longer latencies to escape and fewer escapes than the WIT 

MS group, suggesting that this latter group learned something during their Day 1 shock 

exposure. However, the MS group was still more impaired than the CON group. For these 

reasons, we will still refer to this paradigm as learned helplessness. The no WIT group 

experienced an active avoidance response, as they have no prior opportunity to learn about 

the shock on Day 1 as the WIT group did.

The observation that MS reduced the impact of WIT on depressive behavior deserves further 

discussion. Exposure to stressful experiences early in life can prepare an individual for a 

malevolent world [43]. The ability to adapt is protective against later depression. By learning 

behavioral control over stress or developing coping strategies, the animal is better able to 

adapt to a subsequent challenge later on [44]. This is the first demonstration that exposure to 

MS may actually confer some adaptive benefit to the organism. Previous studies have trained 

animals to control the stress (e.g., such as that found in the ES condition) and these effects 

are mediated by prefrontal cortex [45]. Changes in PL PVB may contribute to whether 

animals demonstrate depressive-like behavior or resilience, as suggested by the correlation 

in this region or modulates serotonin [46].

Preventative intervention with a COX-2I, NSD-398, effectively reduced depressive behavior 

in both no WIT and WIT conditions. In no WIT females, PVB levels in both the PFC and 

the DR changed in parallel, but PFC PVB levels mirrored changes in depressive behavior 

more consistently. Specifically, reduced PVB was associated with increased depressive 

effects, and like the behavior, COX-2I prevented PVB loss in the PFC. PVB changes in 

response to WIT were observed in the MS group in the BLA and the DR overall. Finally, no 

significant effects in D2 receptors in the NAc were observed in any condition, although 

correlations between NAc D2 receptors and helplessness were observed in the CON no WIT 

subjects following their first exposure to stress. These data may suggest that NAc D2 

receptors change rapidly to stress or are already apparent in susceptible animals [32], 
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whereas PVB changes require minimally ∼24 hours to change in response to stress. Only 

NAc D2 was measured given its putative role in anhedonia [32].

The results of this study replicate and extend our earlier work [24, 26] by demonstrating MS 

increases depressive behavior and decreases PVB, but both this decrease in PVB and in 

depression is preventable with a COX-2I. These effects are most likely mediated by the PFC, 

where PVB changes paralleled behavioral changes. Changes in PVB in the DR also play a 

role in this behavioral effect and its reversal in no WIT MS females. In a study by Amat and 

colleagues [31], reduced GABA in the DR was found in adult males who demonstrated 

helplessness in the controllable condition of the triadic model. In our studies in MS females, 

we find helplessness in the motivational condition that was used here, but not the 

controllable, escapable condition [26, 47]. Levels of PVB were significantly reduced in the 

DR of MS females and reversed following COX-2I. Surprisingly, low levels of PVB were 

observed in the WIT group and in females with COX-2I reduced DR PVB in CON subjects 

in the no WIT group. These data suggest that either a transient stressor such as WIT or 

COX-2I has detrimental effects if no inflammation is present.

MS animals have increased levels of inflammatory markers in the plasma (IL-6; [48]) and 

COX-2 in the PFC [24]. Gao et al., has shown that the inflammatory marker IL-6 is present 

on PVB cells, which may mark them for demise as inflammation rises or stress increases 

[49]. Other inflammatory markers (IL-1β, IL-4) correlate with working memory 

performance in MS animals [50]. Alternatively, COX-2 is also involved in glutamate 

excitoxicity [51]. COX-2I may work by decreasing the NR2A NMDA receptors that are 

elevated in MS males [48]. We have previously reversed synaptic loss in the frontal cortex of 

adolescent, socially-stressed rats by treatment with MK-801, an NMDA antagonist [52].

The results of these animal studies of cortical PVB expression and depressive behavior are 

consistent with clinical studies with magnetic resonance spectroscopy measures of GABA in 

teenagers or post-mortem analyses [19, 20]. Consistent with the clinical data, we found that 

MS in no WIT females decreased PVB expression in the PFC and DR, but not the BLA. 

Moreover, a strong negative association between decreased PVB in the PFC and increased 

depressive behavior in CON WIT females administered DMSO was observed. In the BLA, 

both MS and WIT were needed to reduce PVB expression. Other studies found increased 

PVB expression following MS with cell counting, not Western immunoblot [22].

While recent studies show that witnessing a traumatic event has long lasting effects on 

behavior in male adult and adolescent rats [15, 53], our study establishes an acute depressive 

effect in adolescent females may be buffered by prior MS exposure. Exposure to either 

chronic (MS) or acute (WIT) stress produces behavioral changes that have regional 

biochemical changes, both of which are preventable by COX-2I.

The current study builds upon our previous observations that adolescent females are more 

susceptible to motivational deficits that are relevant to depression, but have less 

controllability issues than adolescent males [8, 26]. We found that MS increased escape 

latency and decreased the number of escapes in response to shock, which is consistent with 

deficits in incentive-motivational processes that lead to errors in goal-directed behavior [40, 
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54]. Earlier studies have shown that MS leads to anhedonic behavior in response to 

intracranial self-stimulation in adult males rats [55]. Other measures of social stress during 

later developmental time points, including the social instability paradigm and isolation-

rearing of female animals, are associated with anhedonia or alterations in motivational 

responding [8, 56]. Here, the current manipulation of WIT further expands the ‘stressor 

arsenal’ of manipulations that produce distress in females. Experiencing a traumatic event 

secondhand can still have negative effects on mental health [13]. Very few preclinical studies 

examine this type of emotional stress [15, 16], and fewer in females. We found that 

witnessing a peer get shocked increased the latency to escape a shock in CON females. 

Males that witnessed social defeat in a peer have increased sensitivity to stressors, decreased 

sensitivity to sucrose [15], and increases in anxiety and depressive behavior during 

adulthood [16]. Our data suggest that experiencing an aversive stimulus, even if its 

experienced vicariously, is sufficient to increase depressive behaviors similar to females that 

underwent MS. Future studies will determine whether the effect endures into adulthood, as 

earlier studies suggest that not all stress exposure effects endure once the females are 

returned to typical, non-stressful conditions [52].

The observation that a window of opportunity to intervene exists in the MS subjects where 

preventative intervention of COX-2I reduced depressive behavior is highly clinical relevant. 

Importantly, COX-2I reduced depressive behavior in animals that had experienced a stressful 

event, long or short, but did not produce depressive behaviors in individuals where 

depression (or stress) did not occur. Even though PVB was significantly reduced in the PFC 

and DR in CON subjects, there was no effect on depressive behavior suggesting that PVB 

changes are not the sole influence on helplessness. Increased pro-inflammatory activity links 

MS with the onset of depressive-like behavior [57]. COX-2 is a key mediator of many of the 

central effects of psychologically relevant stressors and a target of non-steroidal anti-

inflammatory agents [58, 59]. We show that treatment with a COX-2I during the juvenile 

period prevents the expression of depressive-like behavior in female adolescents exposed to 

an acute, immediate stressor or long-term exposure to three weeks of MS. Our previous 

studies have found that a COX-2I normalizes PVB expression in the prelimbic PFC and 

improves working memory deficits due to MS [24]. Therefore, the use of a COX-2I in 

juvenile females may provide a novel intervention for vulnerable individuals that have a 

history of early life adversity.

Increased NAc D2 receptors in CON COX-2I no WIT animals led to elevated depressive-

like behavior. Recent studies demonstrate that NAc afferent inputs become dysfunctional 

after stressful stimuli resulting in altered cellular and molecular mechanisms in NAc that 

mediate depression-like outcomes [60]. Enhancement of D2 receptor synaptic activity in 

medium spiny neurons of the NAc promotes susceptibility to depressive behavior [32]. Our 

correlational data suggest that increased D2 receptors in the NAc may be a potential 

underlying susceptibility mechanism for increased depressive-like behavior. Whether 

COX-2I helped to unmask this effect is possible, since the relationship between NAc D2 

receptors in CON Veh no WIT subjects (R=-0.180) was not significant. We have shown the 

reverse relationship, where increased PFC D1 receptors are associated with both hedonia 

and a decrease in D2 receptors in the NAc [61]; reduction of PFC D1 produces helplessness 

[62]. MS animals have reduced D1 receptors on PFC projections to the NAc [63].
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Stressor controllability is regulated by PFC projections to the DR [41]. In turn, serotonergic 

activation of the DR projecting to the PFC is required for the production of LH [31]. Normal 

development of this circuit is needed to regulate responses to stress and process information 

about the controllability of stressors [31]. During the course of normal human development, 

connections between the PFC and amgydala are immature early in life and become adult-

like in late adolescence [29]. Exposure to early life adversity accelerates the development of 

PFC-amygdala connections [29]. This abnormal rapid development in PFC-amygdala 

circuitry following early life adversity can lead to an early emergence of adult-like fear 

learning, amygdala function, and structural maturation [64-66]. Exposure to early adversity 

also leads to lower NAc reactivity in depressed adolescents [67].

Increased inflammation may underlie the reduced PVB expression in the PFC and DR. For 

instance, increased COX-2 expression in the PFC of male rats has been observed following 

MS [24]. In addition, treatment with interleukin-10 (an anti-inflammatory molecule) 

prevents PVB loss associated with MS in the PFC [48]. In our study, administration with a 

COX-2 inhibitor increased PVB expression of MS females in both regions. Surprisingly, 

decreased PVB expression was observed in CON no WIT females in response to COX-2 

treatment. In the BLA, MS reduced PVB expression in WIT females but there was no effect 

of COX-2 treatment.

5. Conclusions

These data suggest that exposure to stress reduces GABA expression possibly due to 

increased neuroinflammation that may increase risk for the emergence of motivational 

deficits associated with adolescent depression. These two stress paradigms may also help 

identify novel targets for prevention of depression in vulnerable individuals during a 

sensitive period of development.
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Abbreviations

BLA basolateral amygdala

CON control; animal facility reared control group

COX-2 cyclodeoxygenase-2

COX-2I cyclodeoxygenase-2 inhibitor

DMSO dimethyl sulfoxide

D2 dopamine type 2 receptor

D3 dopamine type 3 receptor

DR dorsal raphe nucleus

ELA early life adversity

ES escapable shock

GABA γ-Aminobutyric acid

IL-1β interleukin-1 beta

IL-4 interleukin-4

IL-6 interleukin-6

LH learned helplessness

MS maternal separation
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NAc nucleus accumbens

NS naïve to aversive stimuli

NMDA N-methyl-D-aspartate

NR2A NMDA subunit NR2A

PVB paralbumin

PBS phosphate buffered saline

PBS-T PBS containing 0.1-0.2% Tween

PFC prefrontal cortex

plPFC prelimbic prefrontal cortex

SDS sodium dodecylsulfate

WIT witnessing their peers receive multiple shocks
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Figure 1. 
A) Illustration of experimental timeline. The effects of MS and COX-2 intervention on 

depressive behavior on the latency to escape in B) no WIT and C) WIT females and on the 

number of escapes in D) no WIT and E) WIT females. Means ± SE presented. ΔP<0.05 

compared to non-WIT females, *P<0.05 compared to DMSO within similar MS condition, 

and +P<0.05 compared to control females within similar Treatment group.
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Figure 2. 
The effects of MS and COX-2 intervention on D2 receptor expression in the NAc of both A) 

no WIT and B) WIT females. C) Increased NAc D2 receptors in CON COX-2 no WIT 

(filled circles) females positively correlated with increased latency to escape. Means ± SE 

presented. Dashed line represents normalization of data to CON no WIT females. Filled 

circles=Con COX-2I no WIT females. Open circles=MS COX-2I no WIT females.
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Figure 3. 
The effects of MS and COX-2 intervention on PVB expression in the PFC of both A) no 

WIT and B) WIT females. C) Decreased PVB in the PFC of CON DMSO WIT (filled 

circles) females negatively correlated with increased latency to escape. Means ± SE 

presented. Dashed line represents normalization of data to CON no WIT females. *P<0.05 

compared to DMSO within similar MS condition, and +P<0.05 compared to control females 

within similar Treatment group. Filled circles=Con DMSO WIT females. Open 

circles=CON COX-2 WIT females.
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Figure 4. 
The effects of MS and COX-2 intervention on PVB expression in the BLA of both A) no 

WIT and B) WIT females. Means ± SE presented. Dashed line represents normalization of 

data to CON no WIT females. +P<0.05 compared to control females within similar 

Treatment group.
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Figure 5. 
The effects of MS and COX-2 intervention on PVB expression in the DR of both A) no WIT 

and B) WIT femalesMeans ± SE presented. Dashed line represents normalization of data to 

CON no WIT females. ΔP<0.05 compared to non-WIT females, *P<0.05 compared to 

DMSO within similar MS condition, and +P<0.05 compared to control females within 

similar Treatment group.
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