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Stress during adolescence is a risk factor for schizo-
phrenia, and medial prefrontal cortex (mPFC) dys-
function is proposed to interfere with stress control, 
increasing the susceptibility to stress. We evaluated the 
impact of  different stressful events during adolescence 
(restraint stress [RS], footshock [FS], or the combina-
tion of  FS and RS) on behaviors correlated with schizo-
phrenia in rats as adults. At adulthood, animals were 
tested for anxiety responses (elevated plus-maze), cog-
nitive function (novel-object recognition test) and dopa-
mine (DA) system responsivity (locomotor response to 
amphetamine and DA neuron activity in the ventral teg-
mental area (VTA) using in vivo electrophysiology). All 
adolescent stressors impaired weight gain and induced 
anxiety-like responses in adults. FS and FS + RS also 
disrupted cognitive function. Interestingly, only the 
combination of  FS and RS induced a DA hyper-respon-
sivity as indicated by augmented locomotor response to 
amphetamine and increased number of  spontaneously 
active DA neurons which was confined to the lateral 
VTA. Additionally, prelimbic (pl) mPFC lesions trig-
gered a DA hyper-responsivity in animals exposed to 
FS alone during adolescence. Our results are consis-
tent with previous studies showing long-lasting changes 
induced by stressful events during adolescence. The 
impact on DA system activity, however, seems to depend 
on intense multiple stressors. Our data also suggest that 
plPFC dysfunction increases the vulnerability to stress 
in terms of  changes in the DA system. Hence, stress 
during adolescence could be a precipitating factor for 
the transition to schizophrenia, and stress control at this 
vulnerable period may circumvent these changes to pre-
vent the emergence of  psychosis.
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Introduction

Adolescence is a period that involves a large number of 
age-related dynamic alterations in physiological processes 
and social environment.1,2 When combined with geneti-
cally influenced developmental changes, these processes 
shape the neurobiological features that underlie matura-
tion of the adolescent brain. Importantly, these dynam-
ics of brain maturation also make the developing brain 
highly vulnerable to environmental factors that can lead 
to the emergence of psychiatric disorders, including 
schizophrenia.3,4

Schizophrenia is believed to arise from a combination 
of genetic predisposition and environmental insult.4,5 
Stress can play a major role in susceptibility to schizo-
phrenia. Indeed, exposure to childhood trauma has been 
consistently identified as a predictor of psychosis onset, 
which typically manifests during late adolescence and 
early adulthood.6 Furthermore, adolescents that are at 
high risk for schizophrenia experience abnormally high 
reactivity to stress and are more likely to develop psychosis 
if  they have decreased tolerance to stress. Elevated basal 
cortisol secretion has been correlated with this impaired 
stress sensitivity7,8 and to be predictive of psychosis onset 
in the North American Prodrome Longitudinal Study 
consortium.9 However, the neurobiological substrate for 
this susceptibility remains unclear.

The medial prefrontal cortex (mPFC), hippocampus, 
and amygdala are the primary integrators of the stress 
response.10 Additionally, stressful events affect the activ-
ity of dopamine (DA) neurons in the ventral tegmental 
area (VTA), an effect mediated by stress-induced primary 
changes in the activity of mPFC, ventral hippocampus, 
and basolateral amygdala.11 However, little is known 
about the effects of adolescent stress exposure on VTA 
DA neuron activity in animals as adults.
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Repeated stress is known to damage the hippocam-
pus,10,12 a region commonly reported to be altered in 
schizophrenia patients and which is proposed to underlie 
the DA system overdrive in schizophrenia patients and 
in animal models.13–16 Moreover, the prelimbic (pl) sub-
division of the mPFC is involved in attenuating stress 
responses, in part via inhibition of stress-evoked responses 
in the amygdala and hippocampus.17–20 Therefore, a fail-
ure of the plPFC to regulate stress can cause the indi-
vidual to be more susceptible to the deleterious effects of 
stress and, consequently, contribute to the emergence of 
psychiatric disorders, including schizophrenia.

Based on these evidences, we evaluated the long-lasting 
changes induced by repeated exposure to different stress-
ors during adolescence on behavioral responses and DA 
system activity in the VTA of rats as adults that are consis-
tent with schizophrenia. Given that a plPFC dysfunction 
is proposed to lead an individual to be more vulnerable 
to stress consequences, we tested whether the disruption 
of the plPFC during adolescence affects stress-induced 
pathology that emerges in adulthood.

Methods

Animals

Sixteen timed pregnant Sprague–Dawley rats (Harlan 
Research Models, Frederick, MD) were obtained at ges-
tational day 15 and housed individually in plastic breed-
ing tubs. On postnatal day (PD) 24, litters were weaned 
and housed 2 or 3 per cage. Only male offspring (a total 
of 101 rats) were used in this study. All experimental pro-
tocols were conducted according to National Institutes of 
Health guidelines and were approved by the Institutional 
Animal Care and Use Committee of the University of 
Pittsburgh.

Experimental Design

Adolescent male rats were submitted to different stress-
ful events (restraint stress [RS]; 1-hour session at PD 
31, PD32, and PD40); footshock [FS; daily through 
PD31–40]; or a combination of FS and RS). Naïve ani-
mals were left undisturbed in their home cages. At adult-
hood, animals were tested for anxiety responses (elevated 
plus-maze, EPM; PD65), cognitive function (novel-object 
recognition test, NOR; PD66-67) and DA system respon-
sivity (locomotor response to amphetamine [PD68-69] 
and recordings of VTA DA neurons [PD77-102]) (fig-
ure 1A). We also evaluated the impact of the combina-
tion of FS exposure (from PD65-74) and RS (PD65, 
PD66, and PD74) administered in adulthood.

In another set of experiments, we examined whether 
a lesion of the plPFC would increase the vulnerabil-
ity to FS exposure during adolescence in rats as adults. 
The plPFC lesion was induced by infusing ibotenic acid 
bilaterally into the plPFC in rats at PD25. Six days after 

surgery, adolescent rats were submitted to FS (daily 
through PD31–40). At adulthood, they were tested in the 
EPM (PD65), NOR test (PD66–67), locomotor response 
to amphetamine (PD68), and activity patterns of VTA 
DA neurons (PD77–94) (figure 2A).

Stress Procedures

Footshock (FS).  Similar to our previous study,21 ado-
lescent rats were exposed to one session of FS daily 
(through PD31–40). In each session, 25 scrambled FS 
(1.0 mA, 2 s) were delivered every 60 ± 20 seconds.

Restraint Stress (RS).   Animals were exposed to 3 RS 
sessions. Animals were submitted to restraint by placing 
each rat in a Plexiglas cylindrical size-adjusted restraint 
tube. Cylinders measured 14 cm × 3.9 cm (length × diam-
eter) for rats at PD31–32, 20.3  cm × 5.1  cm for rats at 
PD40, and 23 cm × 6.3 cm for adult rats. Each RS session 
lasted 1 hour. For the combination of stressors, RS will 
be done immediately after the FS session.

Elevated Plus-Maze

The EPM consisted of 2 opposite open arms (50  cm 
× 10 cm), crossed at right angle by 2 arms enclosed by 
40 cm high opaque walls. The maze was positioned 50 cm 
above the floor. During the test, each rat was placed in the 
center of the EPM facing an enclosed arm, and its move-
ment was recorded for 5 minutes. The percentage of time 
spent in the open arms was calculated as index of anxiety.

Novel-Object Recognition (NOR) Test

The NOR test was conducted in a rectangular test box 
(L70 cm × W40 cm × H30 cm). One day before the test 
session, animals were habituated to the arena for 10 min-
utes. On the test day, animals were submitted to 2 trials 
separated by 1 hour. During the first trial (acquisition 
trial, T1), rats were placed in the arena containing 2 iden-
tical objects for 5 minutes. For the second trial (retention 
trial, T2), one of the objects presented in T1 was replaced 
by an unknown (novel) object. Animals were then placed 
back in the arena for 5 minutes. Object exploration was 
defined as situations where the animal is directing its face 
to the object in a distance of approximately 2 cm while 
watching, licking, sniffing, or touching it with the forepaws 
while sniffing. Recognition memory was assessed using 
the discrimination index (discrimination index = [novel – 
familiar / novel + familiar]), corresponding to the differ-
ence between the time exploring the novel and the familiar 
object, corrected for total time exploring both objects.

Locomotor Response to Amphetamine

Rats were tested in an open-field chamber in which 
locomotor activity was determined by beam breaks and 
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recorded with TruScan software (Coulbourn Instruments). 
Spontaneous activity was recorded for 30 minutes. After 
that, rats were injected with D-amphetamine sulfate 
(0.5 mg/kg, i.p.; Sigma) and their locomotor activity was 
recorded for another 60 minutes. Total distance traveled 
was computed for each 5 minutes.

VTA Extracellular Recordings

Rats were anesthetized with chloral hydrate (400 mg/kg, 
i.p.; Sigma) and mounted on a stereotaxic frame. The coor-
dinates for the VTA were 5.3 mm posterior from bregma, 
0.6 mm lateral to the midline, and 6.5–9.0 mm ventral from 
the brain surface. Electrodes were lowered through 6–9 
vertical tracks in a predetermined pattern within the VTA 
of each rat to enable the comparison between DA neurons 
located throughout the medial, central, and lateral areas 
of the VTA. DA neurons were identified according to well-
established electrophysiological features.22–24 Three param-
eters were measured: population activity, ie, the number 
of spontaneously active DA neurons per electrode track; 
average firing rate; and the percentage of action potentials 
occurring in bursts. At the end of recordings, the recording 
sites were marked via iontophoretic ejection of Chicago 
Sky Blue dye from the tip of the electrode (20 μA constant 
negative current, 20 min) for posterior histological confir-
mation of the electrode sites.

plPFC Lesion

Rats at PD25 were anesthetized with isoflurane and 
placed in a stereotaxic frame. Ibotenic acid (5 µg/0.5 µl 
delivered over 2.5  min; Sigma) or an equal volume of 
saline was stereotaxically administered bilaterally using a 
10 μl Hamilton syringe at coordinates: +2.9 mm antero-
posterior, ±0.6  mm mediolateral from the bregma and 
−3.0  mm ventral from the skull surface targeting the 
plPFC. At adulthood, immediately after the VTA record-
ings, the brains were removed and sectioned for histologi-
cal evaluation of the lesion extension.

Statistical Analysis

All data were represented as mean ± SEM. Appropriated 
ANOVA (1, 2, or 3-way ANOVA and repeated measures 
2- or 3-way ANOVA) was employed based on the factors 
(ie., stress, plPFC lesion, VTA subregions, time). Post hoc 
analysis was performed using the Tukey’s test. Results of 
statistical tests with P < .05 were considered significant. 
For details, see supplementary material.

Results

Impact of Stress Exposure During Adolescence on DA 
System Activity at Adulthood

All stressors induced impairment in weight gain which 
persisted until adulthood (F3,42 = 8.95, P = .0001, repeated 

measures 2-way ANOVA; P < .05 vs naïve from PD41–
76, Tukey’s test; figure 1B). They also induced anxiety-
like responses indicated by a decrease in the exploration 
of the open arms of the EPM (F3,42  =  5.34, P  =  .004, 
1-way ANOVA; P < .05 vs naïve, Tukey’s test; figure 1C). 
In the NOR test, a disrupted cognitive function was 
observed in animals exposed to FS or the combination of 
FS + RS. No significant difference in time spent explor-
ing the 2 identical objects was observed among groups 
in the acquisition trial (supplementary figure S1A). In 
contrast, in the retention trial, all groups explored the 
novel object significantly longer than the familiar object 
(P < .05, Tukey’s test). However, the difference in time 
spent exploring novel vs. familiar object was markedly 
decreased in animals exposed to FS or to the combina-
tion of FS + RS (supplementary figure S1B), reflecting 
in a decreased discrimination index when compared to 
naïve animals (F3,42 = 7.10, P = .0006, 1-way ANOVA; P 
< .05 vs naïve, Tukey’s test; figure 1D).

Interestingly, only animals exposed to the combi-
nation of  FS + RS showed a DA hyper-responsivity 
as indicated by an augmented locomotor response to 
amphetamine and an increased number of  spontane-
ously active DA neurons. Animals exposed to FS + RS 
showed significantly higher levels of  locomotor activity 
in response to amphetamine administration (P < .05 vs 
naïve at 5, 10, and 35 min after amphetamine, Tukey’s 
test; figure  1E). One week after the behavioral experi-
ments, we evaluated the activity of  VTA DA neurons. 
Animals exposed to the combination of  FS + RS (n = 12 
rats; 107 cells; 1.45 ± 0.09 cells/track) demonstrated sig-
nificant increases in the number of  DA neurons firing 
spontaneously compared to naïve rats (n  =  9 rats; 58 
cells; 1.04 ± 0.10 cells/track; F3,37 = 3.03, P = .04, 1-way 
ANOVA; P < .05, Tukey’s test; figure  1F). No change 
in the DA population activity in the VTA of animals 
exposed to RS (n = 11 rats; 82 cells; 1.18 ± 0.10 cells/
track; P > .05 vs naïve animals, Tukey’s test) or FS (n = 9 
rats; 64 cells; 1.16  ±  0.09 cells/track; P > .05 vs naïve, 
Tukey’s test; figure 1F) was observed. Furthermore, fir-
ing rate and percentage of  spikes in bursts of  DA cells 
(supplementary figure S2A and S2C) did not differ 
significantly across all groups. When we expanded our 
analysis based on the relative location throughout the 
mediolateral VTA divisions (supplementary figure S3), 
we observed that the increased DA population activity in 
animals exposed to FS + RS was confined exclusively to 
the lateral VTA (figure 1F). The repeated measures 2-way 
ANOVA indicated significant effects of  stress exposure 
(F3,37 = 3.66, P = .002). Post hoc analysis indicated that 
animals exposed to FS+RS showed significantly higher 
DA population activity in the lateral VTA (P < .05 vs 
naïve, Tukey’s test; figure  1G). There were no signifi-
cant changes in either average firing rate or percentage 
of  spikes in burst at any VTA subregion across groups 
(supplementary figures S2B and S2D).
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Given that only the adolescent exposure to the com-
bination of FS + RS induced long-lasting changes in 
the DA system activity in rats as adults, we decided to 
evaluate if  rats exposed to FS + RS during adulthood 
would show similar changes to those observed after ado-
lescent stress. The experimental design was similar to that 
employed with adolescent rats (supplementary figure 
S4A). Neither behavioral nor electrophysiology changes 
were observed (supplementary figures S4B–M). These 
results underscore that adolescence is indeed a develop-
mental period of particular susceptibility to stress.

plPFC Disruption Increases the Vulnerability to 
Adolescent Stress

Evidence suggests that the plPFC is involved in mitigat-
ing the impact of  stress.18–20 Thus, we sought to deter-
mine if  a lesion within this region would increase the 
vulnerability to FS exposure during adolescence in rats 
as adults. A  representative photomicrograph showing 

the adolescent plPFC lesion in an adult animal is shown 
in figure  2B. The extent of  damage was estimated by 
reconstruction from preparations stained with neutral 
red (supplementary figure S5). All lesions involved the 
plPFC; although in 6 cases some cingulate cortex was 
involved, the data from these animals did not differ from 
those in which the lesion was confined to the plPFC.

Adolescent FS exposure again induced impairment in 
body weight gain (F1,27 = 5.17, P = .03, repeated measures 
3-way ANOVA; P < .05 vs sham + naïve from PD61-76, 
Tukey’s test; figure 2C), with no effect for plPFC lesion 
(F1,27 = 0.87, P > .05). As expected, FS by itself  also induced 
anxiety-like responses in the EPM and cognitive impair-
ment in the NOR test. Similar changes were observed in 
plPFC lesioned animals exposed to FS (figures 2D and 
2E). The lesion by itself  induced an anxiety-like response 
but did not induce any change in the NOR test (figures 
2D and 2E). In the NOR test, all groups, except plPFC 
lesioned animals exposed to FS, explored the novel object 
significantly longer than the familiar object (P < .05, 

Fig. 1.  Long-lasting changes induced by adolescent stress exposure in adult rats. (A) Adolescent male rats (n = 10–12/group) were submitted 
to restraint stress (RS; at postnatal day [PD]31, PD32, and PD40), footshock (FS; daily through PD31–40); or a combination of FS + RS. 
At adulthood, animals were tested in the elevated plus-maze (EPM) (PD65), novel-object recognition (NOR) test (PD66–67), and locomotor 
response to amphetamine (PD68–69). Extracellular recordings of ventral tegmental area (VTA) dopamine (DA) neurons started 1 week 
after the behavioral experiments (PD77–102). (B) All stressors induced impairment in body weight gain and (C) anxiety-like responses in 
the EPM. (D) FS and FS + RS also disrupted cognitive function in the NOR test as indicated by a decrease in the discrimination index. 
Only the combination of FS + RS induced a DA hyper-responsivity as indicated by (E) an augmented locomotor response to amphetamine 
(0.5 mg/kg; injection is indicated by the dashed line) and (F) an increased number of spontaneously active DA cells which was (G) confined 
to the lateral VTA. In the VTA recordings, data from 5 animals (3 naïve animals, 1 exposed to RS, and 1 exposed to FS) were excluded due 
to electrode misplacement. Data are presented as mean ± SEM. *P < .05 vs naive rats.
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Tukey’s test). Also, the difference in time spent exploring 
novel vs familiar object was markedly decreased in both 
sham and plPFC lesioned animals exposed to FS (supple-
mentary figure S6), reflecting in a decreased discrimina-
tion index in these 2 groups (F1,27 = 14.79, P = .0007, 2-way 
ANOVA; P < .05 vs sham + naïve, Tukey’s test; figure 2E).

plPFC lesioned animals exposed to FS also showed 
DA hyper-responsivity as indicated by an augmented 
locomotor response to amphetamine (P < .05 vs sham 
+ naïve at 15, 20, and 25 minutes after amphetamine, 
Tukey’s test; figure 2F) and an increased VTA DA popu-
lation activity. Two-way ANOVA indicated significant 
effect of plPFC lesion (F1,26 = 11.33, P = .002), and ten-
dency for an effect of FS exposure (F1,26 = 3.81, P = .06). 
Post hoc analysis indicated that only the plPFC lesioned 
animals exposed to FS (n = 8 rats; 85 cells; 1.60 ± 0.09 
cells/track) demonstrated significant increases in the 

number of DA neurons firing spontaneously compared 
to sham + naive rats (n  =  6 rats; 44 cells; 1.06  ±  0.06 
cells/track; P < .05, Tukey’s test; figure 2G). No change 
in the DA population activity in the VTA of sham ani-
mals exposed to FS (n = 8 rats; 70 DA cells; 1.11 ± 0.11 
DA cells/track; P > .05, Tukey’s test) or plPFC lesion + 
naïve animals (n = 8 rats; 77 cells; 1.26 ± 0.12 cells/track;  
P > .05, Tukey’s test; figure  2G) was observed. 
Furthermore, firing rate and percentage of spikes in 
bursts (supplementary figure S7A and S7C) did not differ 
significantly across all 4 groups.

Interestingly, different from the changes induced by the 
combination of FS + RS described above, the increased 
DA population activity in plPFC lesioned animals 
exposed to FS was observed throughout the VTA with 
significant differences in both medial and lateral VTA 
(P < .05 vs sham + naïve, Tukey’s test; figure 2H). There 

Fig. 2.  plPFC disruption increases vulnerability to adolescent stress in adult rats. (A) plPFC lesion was induced in rats at PD25. Six days 
after surgery, adolescent rats (n = 6–9/group) were submitted to footshock (FS). At adulthood, they were tested in the elevated plus-maze 
(EPM) (PD65), novel-object recognition (NOR) test (PD66–67), locomotor response to amphetamine (PD68) and for ventral tegmental 
area (VTA) dopamine (DA) cells activity (PD77–94). (B) Photomicrographs show the adolescent plPFC lesion in an adult animal. The 
same region is also shown in sham animals; cg, cingulate PFC; pl, plPFC; il, infralimbic PFC. (C) FS exposure induced impairment 
in body weight gain. (D) FS by itself  also induced anxiety-like responses in the EPM and (E) a cognitive impairment in the NOR test. 
Similar changes were observed in animals with plPFC lesion and exposed to FS. The lesion by itself  induced an anxiety-like response but 
did not induce any change in the NOR test. (F) plPFC lesioned animals exposed to FS also showed an enhanced locomotor response to 
amphetamine (0.5 mg/kg; injection is indicated by the dashed line) and (G) an increased VTA DA population activity. (H) This increased 
DA population activity was observed throughout the VTA with significant differences in both medial and lateral VTA. In the VTA 
recordings, data from 1 plPFC lesion + naïve animal were excluded due to electrode misplacement. Data are presented as mean ± SEM. 
*P < .05 vs naive rats.
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were no significant changes in either average firing rate 
or burst activity at any VTA subregion across the groups 
(supplementary figure S7B and S7D).

Discussion

Numerous studies have shown that stressful events occur-
ring early in life can lead to long-term consequences that 
extend into adulthood.25,26 Similarly, we showed that 
stressors applied during adolescence (through PD31–40) 
induced persistent changes. This period, corresponding 
to mid-to-late adolescence in humans, is a critical period 
for both PFC and hippocampal development and inhibi-
tory circuit functional maturation,27–29 both of which are 
sensitive to stress30,31 and are involved in the pathophysi-
ology of schizophrenia.16,32,33 Although all adolescent 
stressors (RS, FS, and FS + RS) induced a persistent 
weight gain impairment and anxiety-like responses in 
the EPM at adulthood, cognitive deficits in the NOR test 
were observed only in animals exposed to FS or to FS + 
RS. Additionally, only the exposure to the combination 
of FS + RS induced a DA hyper-responsivity in terms of 
amphetamine hyperlocomotion and increased VTA DA 
population activity resembling that observed in animal 
models of schizophrenia.34 These findings suggest that 
the impact on the DA system seems to depend on intense 
multiple stressors. Our data also provide evidence that a 
dysfunction of the plPFC can increase the vulnerability 
to stress since, unlike intact rats, plPFC lesioned animals 
exposed only to the FS during adolescence showed a DA 
hyper-responsivity.

Stress is known to be a risk factor for schizophrenia. 
Exposure to several socio-environmental factors are 
associated with risk for psychosis (eg, childhood trauma, 
urbanicity, ethnic minority status, social disadvantage), 
and are known to increase the emotional reactivity of 
individuals and the intensity of psychotic experiences.4,35,36 
Stress sensitivity is an important psychological process in 
the development of psychotic experiences in early stages 
of schizophrenia.37 Reflecting heightened sensitivity to 
stress, altered activity of the hypothalamic-pituitary-
adrenal axis, as indicated by higher cortisol levels, is 
common in individuals at high risk and suggestive of 
conversion to psychosis.38 Furthermore, increased cor-
tisol levels are linked to hippocampal volume loss and 
to excessive release of DA in the associative striatum in 
high risk individuals.38,39 Additionally, it has been sug-
gested that exposure to social adversity sensitizes the DA 
system.40

Although the DA system is hyper-responsive in schizo-
phrenia, there is little evidence for dysfunction within 
the DA system itself.34 The pathology is likely to origi-
nate in the afferent structures that lead to dysregulation 
of the DA system. The anterior hippocampus, which 
is functionally equivalent to the ventral hippocampus 
in rodents, seems to be hyperactive in schizophrenia 

and this hyperactivity correlates with psychosis.16,41,42 
Furthermore, in the methylazoxymethanol acetate 
(MAM) developmental disruption model of schizophre-
nia, a DA hyper-responsivity also appears to be a conse-
quence of excessive hippocampal activity.14 Together, this 
evidence suggests that the hyperdopaminergia states of 
schizophrenia may be driven by abnormally heightened 
hippocampal activity, possibly driven by a functional 
loss of parvalbumin-GABAergic interneurons in MAM 
rats as well as in schizophrenia patients.32,43 Additionally, 
given that there is substantial variability among schizo-
phrenia patients in their etiology and functional brain 
abnormalities, diverse neural pathways can potentially 
converge on DA hyper-responsiveness.

Maintained stress can lead to dendritic shrinkage 
and neuronal loss in the hippocampus.10 Given that the 
NOR test is a hippocampus-dependent task,44 deleteri-
ous effects of stress in this brain region can be associated 
with the cognitive deficits observed in animals exposed 
to FS or to the combination of FS + RS. Additionally, 
stressful events can lead to loss of parvalbumin interneu-
ron function, which is suggested to result in permanent 
consequences in adulthood.45,46 Thus, the enhanced loco-
motor response to amphetamine and increased VTA DA 
population activity observed in animals submitted to the 
combination of FS + RS during adolescence could result 
from stress-induced hippocampal damage and/or loss of 
parvalbumin interneuron function in the ventral hippo-
campus, given that these changes drive a hyper-respon-
sive DA system.14,43

In addition to the hippocampus, the mPFC also plays 
a role in modulating stress and emotional responses. 
Interestingly, we observed that plPFC lesioned animals 
exposed to FS alone showed an increased locomotor 
response to amphetamine and augmented VTA DA pop-
ulation activity. These changes were not present in sham 
animals exposed to the same stressor. Additionally, non-
stressed animals with a lesion of the plPFC showed anxi-
ety-like responses in the EPM. Given that the plPFC and 
infralimbic PFC have opposite roles modulating stress 
responses, reducing and facilitating, respectively,47–49 we 
avoided lesion of the ilPFC. Thus, most damage was 
confined to the plPFC, albeit in some cases the cingulate 
cortex may have been affected. However, all results were 
consistent independent of cingulate involvement.

The mPFC has also been linked to the pathophysiology 
of schizophrenia,33 and deficits in this region have been 
observed in the prodromal state of schizophrenia and 
subjects at ultra-high risk during tasks involving emotion 
regulation.50,51 Moreover, the plPFC plays a regulatory 
role over the stress consequences by regulating amygdala 
responsivity to stress in rats and in humans.19,20,52 Therefore, 
a failure of the plPFC to regulate the impact of stress in 
individuals at high risk for schizophrenia could contribute 
to pathological changes observed in this disorder. It has 
been shown that activation of the amygdala, which occurs 
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during stress, causes a loss of hippocampal parvalbumin 
interneurons.53 This, in turn, is proposed to lead to hip-
pocampal hyperactivity and DA system hyper-responsiv-
ity.43 Therefore, heightened stress sensitivity secondary to 
disruption of plPFC functional regulation of amygdala 
reactivity to stress during adolescence could initiate a cas-
cade of events to lead to hippocampal dysfunction and 
the emergence of DA system hyper-responsivity.34 Thus, 
efforts to reduce stress sensitivity in the risk period could 
reduce transition to psychosis. Cognitive behavioral ther-
apy has shown some efficacy in preventing psychosis onset 
among at-risk individuals, likely through reducing stress 
sensitivity.54 Additionally, the idea of alleviating stress to 
control transition to psychosis was recently supported by 
studies showing that attenuating the peripubertal height-
ened stress response in MAM rats21 by administrating the 
anti-anxiety drug diazepam during adolescence (PD31–
40) reduced heightened anxiety and amygdala hyperac-
tivity and prevented the parvalbumin loss in the ventral 
hippocampus and the hyperdopaminergic state when 
tested as adults.55–57 While in these studies diazepam was 
used as a pharmacological tool in the animal model, it 
is likely that nonpharmacological interventions to control 
stress reactivity may be effective in humans.

In the rat, VTA DA populations can be anatomically 
parcellated in a mediolateral manner based on an over-
all topography in the efferent projections to the fore-
brain.58 DA neurons in the medial and central parts of 
the VTA project to the mPFC, amygdala, and reward-
related nucleus accumbens shell, whereas DA neurons in 
the lateral VTA project selectively to the nucleus accum-
bens core and associative striatum.58,59 Interestingly, 
we observed that the increased DA population activity 
observed in animals exposed to FS + RS during adoles-
cence was confined exclusively to the lateral VTA which 
projects to associative regions of the striatum homolo-
gous to those found to be hyper-responsive in schizophre-
nia patients.60 Similar to the MAM rat,61 plPFC lesioned 
animals exposed to FS displayed a more widespread 
increase in DA neuron activity, with significant differ-
ences in both medial and lateral VTA regions. Given that 
the medial and central parts of the VTA send projections 
to the mPFC and amygdala and these projections play 
a role in emotional states,59 an increased DA activity in 
these VTA subregions may reflect a mechanism related to 
a disruption of the plPFC control of amygdala reactivity 
to stress.

Altogether, our findings indicate that extreme stress 
during adolescence may lead to the emergence of psy-
chosis at adulthood. Furthermore, a failure of the plPFC 
to regulate the impact of stress, which may be present in 
at-risk individuals, increases the vulnerability to stress 
consequences. Thus, predisposition to stress hyper-
responsivity, or exposure to substantial stressors, during 
adolescence can initiate a cascade of events that result 
in a schizophrenia-like profile in adults. This data can 

provide essential information with respect to identifying 
markers for schizophrenia vulnerability early in life and, 
by mitigating the impact of stressors, prevent the transi-
tion to psychosis in susceptible individuals.
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