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Abstract

Background—Drug experimentation during adolescence is associated with increased risk of
drug addiction relative to any other age group. To further our understanding on the neurobiology
underlying such liability, we investigate how early adolescent cocaine experience impacts the
overall medial prefrontal cortex (mPFC) network function in adulthood.

Methods—A non-contingent administration paradigm was used to assess the impact of early
adolescent cocaine treatment (rats; postnatal days -PD- 35-40) on the overall inhibitory regulation
of mPFC activity in adulthood (PD65-75) by means of histochemical and /in vivo
electrophysiological measures combined with pharmacological manipulations.

Results—Cocaine exposure during early adolescence yields a distinctive hyper-metabolic PFC
state that was not observed in adult (PD75-80)-treated rats. Local field potential recordings expand
upon these findings by showing that early adolescent cocaine exposure is associated with an
attenuation of mPFC GABAergic inhibition evoked by ventral hippocampal stimulation at beta
and gamma frequencies that endures throughout adulthood. Such cocaine-induced mPFC
disinhibition was not observed in adult-exposed animals. Furthermore, the normal developmental
upregulation of parvalbumin immunoreactivity observed in the mPFC from PD35 to PD65 is
lacking following early adolescent cocaine treatment.

Conclusion—Our data indicate that repeated cocaine exposure during early adolescence can
elicit a state of mPFC disinhibition resulting from a functional impairment of the local prefrontal
GABAergic network that endures through adulthood. A lack of acquisition of prefrontal
GABAergic function during adolescence could trigger long-term deficits in the mPFC that may
increase the susceptibility for the onset of substance abuse and related psychiatric disorders.
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Introduction

Adolescence is a vulnerable period not only for the onset of major psychiatric disorders such
as schizophrenia and depression, but also for drug use and abuse (1-3). For instance, drug
experimentation during this developmental stage is associated with increased risk of drug
addiction relative to any other age group (2, 4, 5). Although the neurobiology underlying
such vulnerability is not well understood, it has been proposed that drug exposure during
adolescence may elicit maladaptive modifications within the mesocorticolimbic-prefrontal
cortex (PFC) loop (1-3, 6), which is known to mediate a variety of addiction-related
behaviors including enhanced drug-cue associations and drug-seeking (7-10). Importantly,
the PFC continues to undergo major structural and functional changes throughout the
adolescent transition to adulthood (11-15). Repeated drug exposure during this critical
period could therefore interfere with key neurodevelopmental processes required for normal
prefrontal maturation, a disruption that could endure through adulthood and trigger long-
lasting impairments in the PFC.

At the cellular level, the maturation of PFC activity during adolescence is dependent on the
remodeling of local inhibitory circuits by the influence of glutamatergic inputs from the
ventral hippocampus and the recruitment of dopamine facilitatory action on GABAergic
interneurons (16, 17). Among the different subsets of GABAergic interneurons in the PFC,
the parvalbumin (PV)-positive/fast-spiking cells play an important role in determining the
timing and spatial selectivity of pyramidal cell firing (18). Thus, the acquisition of an
increased prefrontal GABAergic function during the normal adolescent period (19, 20) is
thought to be associated with the maturation of cognitive abilities such as working memory,
decision making and impulse control (21, 22). Consequently, a developmental impairment
of GABAergic transmission in the PFC is expected to trigger prefrontal disinhibition and
deficits in PFC-dependent functions as revealed by studies from animal models (17, 23-25).
Here, we sought to determine whether a disinhibited PFC would emerge following repeated
non-contingent cocaine exposure during adolescence, and if such a disruption results from a
developmental alteration of the local GABAergic network. The non-contingent
administration paradigm was chosen to determine the pharmacological action of cocaine.
We assessed the impact of early adolescent cocaine treatment on the overall inhibitory
regulation of medial PFC (mPFC) activity in adulthood by means of histochemical measures
and /n vivo electrophysiological local field potential recordings combined with
pharmacological manipulations. Specifically, changes in medial prefrontal processing of
frequency-dependent facilitation and depression of local field potential responses exerted by
ventral hippocampal stimulation were compared across age and treatment groups. As shown
recently (26), this approach is suitable for assessing changes in mPFC network responses
resulting from a developmental disruption of local GABAergic transmission.

Materials and Methods

All experiments were carried out according to the USPHS Guide for Care and Use of
Laboratory Animals, and were approved by the Rosalind Franklin University IACUC. All
chemicals were obtained from Sigma-Aldrich (St. Louis, MO) except for Indiplon, which
was obtained from Tocris Bioscience (Ellisville, MO). Different age groups of male
Sprague-Dawley rats (Harlan, Indianapolis, IN) were used. They were group housed (2—-3
rats/cage) under conditions of constant temperature (21-23°C) and humidity in a 12:12 hour
light/dark cycle with food and water available ad /ibitum. All animals were allowed to
acclimate for at least 5 days before receiving any experimental manipulation.
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Experimental groups

Early adolescent (postnatal day -PD- 35) rats were randomly assigned to receive daily single
non-contingent (home cage) injections of cocaine (20 mg/kg in saline, i.p.) or saline for 5
consecutive days. All histochemical and electrophysiological measures were conducted
within PD65-75. To determine if the effects of cocaine are age dependent, prefrontal
changes in adult (PD75)-treated rats following an equivalent duration of exposure and
washout period (25-35 days, PD105-115) were compared to those from the early
adolescent-treated group. To control for the age of testing, electrophysiological recordings
from another cohort of early adolescent-treated rats were conducted within the PD105-115
range.

Cytochrome oxidase histochemistry and densitometry

Brain metabolic activity was determined by means of cytochrome oxidase staining using a
previously reported protocol (Supplement 1) (27, 28). A single value per structure per
animal was obtained by averaging measurements from at least 3 sections per rostrocaudal
level.

Medial PFC local field potentials evoked by ventral hippocampal stimulation in vivo

All recordings were conducted following a previously reported protocol (Supplement 1)
(26). Briefly, ventral hippocampal train stimulation at 10, 20 and 40 Hz were used to assess
whether the altered mPFC network response could result from a developmental disruption of
local GABAergic transmission (26). Furthermore, changes in prefrontal local field potential
responses following ventral hippocampal high-frequency stimulation (50 pulses at 100Hz/
15s x 4) were examined to determine whether a history of early adolescent cocaine exposure
is sufficient to alter plasticity within the hippocampal-mPFC pathway. It is well known that
changes in synaptic plasticity within the ventral hippocampal-prefrontal pathway can be
assessed /n vivo by means of local field potentials (29).

Local prefrontal microinfusions of picrotoxin and Indiplon

The experimental procedure for local microinfusions of picrotoxin (GABA-A receptor
antagonist) and Indiplon (GABA-A receptor positive allosteric modulator) was conducted
using a 28-gauge cannula (Plastics One Inc., Roanoke, VA) secured to the mPFC recording
electrode, as previously described (28). The cannula was filled with aCSF-containing
vehicle, picrotoxin (503M/0.1% DMSO) or Indiplon (53M/0.02% DMSO). All
microinfusions (1pl) were performed at 0.13l/min and changes in mPFC local field potential
responses were assessed within the 35 min post-injection period.

Immunohistochemical analyses of parvalbumin immunofluorescence

See Supplement 1 for details. Briefly, coronal sections of 50pum-thick containing the mPFC
were mounted on Superfrost Plus slides (VWR, Batavia, IL), dried under the hood for 20
min, and subsequently treated with 1% glycine in 0.1M PBS. Sections were then
permeabilized and blocked using 5% normal donkey serum, 1% BSA and 0.2% TX-100 (in
0.1M PBS). After rinsing, the mounted sections were incubated with rabbit anti-parvalbumin
antibody (1:2000, Swant, Switzerland) for 18 hours followed by 2 hour incubation in donkey
anti-rabbit 1gG Alexa488-labeled antibody (1:500; Life Technologies). Digital images
corresponding to prelimbic, infralimbic, and forceps minor (white matter) regions were
obtained using a Nikon E400 microscope with a 10X objective connected to an ORCA-AG
deep cooled digital camera (Hamamatsu, Bridgewater, NJ). The final mean fluorescence
intensity of the prelimbic and infralimbic areas was corrected by subtracting the background
fluorescence signal from the forceps minor using ImageJ (http://rsb.info.nih.gov/ij/). A
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single value per structure per animal was obtained by averaging mean fluorescence intensity
from 3 mPFC sections within the 2.7mm anterior to bregma.

Statistical analysis

Results

Data are expressed as mean + SEM. Differences among experimental groups were
considered statistically significant at p<0.05. Changes in frontal cortical cytochrome oxidase
staining following cocaine exposure were assessed by two-way ANOVA (age x region). A
similar two-way ANOVA design was used to determine changes in prefrontal local field
potential responses across treatment conditions and age groups (treatment x pulse number or
age x pulse number). Within each experimental group (age or treatment), the one-way
ANOVA design was used to assess the pattern of the evoked local field potential at a given
frequency of train stimulation. Similarly, changes in mPFC parvalbumin immunoreactivity
following cocaine exposure were determined by one-way ANOVA.

We first investigated the effects of repeated cocaine treatment on frontal cortical metabolic
activity by means of cytochrome oxidase | (CO-1) histochemistry. Relative changes (to the
saline group; see Table S1 and Figure S1 in Supplement 1 for details) in CO-I staining were
assessed by densitometry from 3 rostrocaudal levels of the frontal cortex (Fig 1A). Regional
analyses revealed an age x region effect following repeated cocaine injection (Fig. 1B). In
particular, cocaine exposure during early adolescence elicited a distinct elevation of CO-I
staining in the rostral level of the adult frontal cortex (bregma +2.7) whereas an overall
downregulation of CO-I staining was observed in the adult-treated group across the 3
rostrocaudal levels of the frontal cortex. Further analyses indicate that metabolic activity in
all PFC areas (i.e., frontal cortex at bregma +2.7) became elevated in adulthood following
adolescent cocaine exposure (Fig 1C). Together, these results indicate that the postnatal age
at which the drug exposure occurs determines the distinctive pattern of metabolic activity
observed in the PFC.

We next examined whether the increased CO-I staining observed in the PFC following a
history of early adolescent cocaine treatment is associated with a hyperactive PFC state by
means of electrophysiological measures /7 vivo. Medial PFC (mPFC: infralimbic and
prelimbic regions) local field potential (LFP) responses to ventral hippocampal stimulation
(Fig 2A) were compared between saline- and cocaine-treated animals. All
electrophysiological measures were collected within the PD65-75 age period (i.e., 25-35
days from the last saline or cocaine injection; Fig 2B) following the same non-contingent
treatment protocol used to assess CO-I levels. We observed that the amplitude of prefrontal
LFP responses elicited by increasing current intensities of single hippocampal stimulation
becomes enhanced following early adolescent exposure to cocaine (Fig 2C). Such increase
LFP response was lack in the caudal level of the frontal cortex where the CO staining
remained unchanged (Figure S2 in Supplement 1). Furthermore, no apparent changes were
found in the mPFC of adult-treated animals (Fig 2D), indicating that the hyper-prefrontal
response observed following early adolescent cocaine is age dependent.

To further assess how adolescent exposure to cocaine impacts mPFC processing of ventral
hippocampal inputs, changes in hippocampal train stimulation-induced facilitation and
depression of LFP responses were examined across age and treatment groups following the
design described in Fig 2B. Typically, a sustained facilitation of mPFC LFP response
emerges in response to hippocampal 10Hz train stimulation (Fig 3). We found no apparent
disruption of such 10Hz-induced prefrontal facilitation following early adolescent (Fig 3A)
or adult (Fig 3B) exposure to cocaine. At 20Hz, a transient attenuation of mPFC LFP
response was observed in saline-treated animals when recorded within the PD65-75 and the
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PD105-115 age ranges (Fig 4A,B). Following early adolescent exposure to cocaine, such
LFP inhibition is no longer detectable. Instead, a marked facilitation of LFP response to
20Hz ventral hippocampal stimulation emerged in the adult mPFC at both PD65-75 and
PD105-115 (Fig 4A,B). In contrast, this abnormal facilitation was not observed in the mPFC
of adult-treated animals since the pattern of the 20Hz-induced prefrontal response in
cocaine-treated animals was indistinguishable from the saline controls (Fig 4C,D). Finally,
at 40Hz, a distinct pattern of sustained suppression of prefrontal LFP responses was
observed in both saline- and cocaine-treated animals (Fig 5). However, the magnitude of this
inhibition was significantly reduced in the mPFC of PD65-75 and PD105-115 rats with a
history of early adolescent cocaine (Fig 5A,B). Once again, cocaine exposure during
adulthood did not disrupt the normal pattern of 40Hz-induced LFP depression in the mPFC
(Fig 5C,D). In sum, these results indicate that ventral hippocampal stimulation-induced
frequency-dependent inhibition of mPFC LFP responses are selectively diminished by early
adolescent cocaine experience, a disruption that endures throughout adulthood from PD65 to
PD115.

We next asked the question whether long-term plasticity within the ventral hippocampal-
mPFC pathway is also impaired following a history of cocaine exposure during early
adolescence. Thus, a protocol of high-frequency stimulation (HFS; 50 pulses at 100Hz/15s x
4) was applied into the ventral hippocampus to elicit long-term changes in transmission
within the hippocampal - mPFC pathway (Fig 6). In saline controls, ventral hippocampal
HFS is sufficient to elicit a modest (~20%), but reliable long-term depression (LTD) of the
evoked LFP response in the mPFC. Interestingly, a shift from LTD to long-term potentiation
(LTP) of the evoked response was observed in animals that received cocaine during early
adolescence (Fig 6A). In contrast, neither the magnitude nor the duration of the HFS-
induced LTD in the mPFC was affected by cocaine exposure during adulthood (Fig 6B),
suggesting that the altered plasticity within the ventral hippocampal-mPFC pathway
observed in the early adolescent-treated group is also age dependent (Fig 6C).

All the above electrophysiological observations point to a common age dependent
mechanism underlying the onset of prefrontal disinhibition concurrent to the reduced
inhibition of LFP responses within the hippocampal-mPFC pathway, and a switch from LTD
to LTP following early adolescent cocaine treatment. Given the critical role of prefrontal
GABAergic interneurons in the regulation of local inhibitory responses (19, 20), we
assessed whether the disinhibitory mPFC state induced by early adolescent cocaine exposure
can be mimicked by an acute prefrontal microinjection of the GABA-A antagonist
picrotoxin in adult naive animals (PD65-75). We found that this was indeed the case. While
the pattern of 10Hz-induced prefrontal facilitation remained unaffected, a shift from
attenuation to potentiation concurrent with an attenuation of depression of the evoked LFP
response was ohserved following local picrotoxin administration at 20Hz and 40Hz,
respectively (Fig 7A,B). Local picrotoxin also favored the abnormal prefrontal LTP over the
normal LTD of LFP responses following ventral hippocampal HFS (Fig 7C,D). Thus, an
intact prefrontal GABAergic transmission is required for sustaining such distinct frequency-
dependent LFP inhibition in the adult mPFC in response to ventral hippocampal train
stimulation.

We next asked the question whether a facilitation of GABA-A receptor-mediated
transmission in the mPFC is sufficient to normalize the abnormal prefrontal pattern of
disinhibited LFP response induced by the repeated early adolescent cocaine treatment. To
test this, we determined the effect of acute prefrontal infusion of the GABA-A receptor
positive allosteric modulator Indiplon in adult rats (PD65-75 age range) that received
repeated cocaine treatment during early adolescence. We found that Indiplon administration
into the mPFC failed to alter the characteristic 10Hz-induced prefrontal LFP facilitation
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whereas the abnormal 20Hz-induced facilitation and the attenuated 40Hz-induced
suppression of the evoked LFP responses were restored to saline control levels (Fig 8A,B).
Similarly, the characteristic ventral hippocampal HFS-induced prefrontal LTP observed in
the adult mPFC of early adolescent cocaine-exposed rats was no longer apparent following
local prefrontal microinfusion of Indiplon (Fig 8C,D). These results indicate that a
functional upregulation of GABA-A receptor-mediated transmission in the mPFC is
sufficient to normalize the abnormal disinhibitory prefrontal state associated with early
adolescent cocaine exposure.

Among the three distinctive subtypes of interneurons expressing Ca**-binding proteins in
the PFC, a downregulation of the parvalbumin (PV)-positive fast-spiking interneuron
function has been associated with the development of prefrontal disinhibition in animal
models (21, 30). PV expression itself is developmentally regulated (31) and activity-
dependent (32, 33). In addition, changes in Ca**-binding proteins can define the functional
profile of interneurons, which in the case of PV reflects the function of fast-spiking
interneurons (34). We therefore conducted PV immunohistochemical measures to determine
the impact of early adolescent cocaine exposure on prefrontal PV-positive interneurons in
adulthood. Consistent with our recent developmental study (31), we found that PV
immunoreactivity in the adult mPFC of saline-treated rats is significantly higher than that
from the juvenile mPFC (PD35) (Fig 9A). However, the elevation of PV immunoreactivity
is lacking in the mPFC of adult rats (PD65-75) that received cocaine during early
adolescence (Fig 9A). Interestingly, the number of PV-positive interneurons per mPFC
section remained unchanged (Fig 9B). These results indicate that early adolescent cocaine-
induced downregulation of prefrontal PV immunoreactivity cannot be explained by a change
in the number of PV-positive interneurons in the mPFC. Instead, the reduced PV
immunoreactivity observed in the mPFC suggests that cocaine exposure during early
adolescence disrupts the functional maturation of fast-spiking interneurons as reflected by
the lack of normative PV upregulation (31).

Discussion

The aim of the present study was to determine how early adolescent cocaine experience
impacts the overall mPFC network function in adulthood. We found that repeated non-
contingent cocaine exposure during early adolescence yields a distinctive hyper-metabolic
prefrontal state and a frequency-dependent attenuation of ventral hippocampal-induced
inhibition of mPFC LFP responses that endures throughout adulthood. Such a liability to
cocaine-induced prefrontal disinhibition was not observed in adult-exposed animals. /7 vivo
LFP recordings combined with local pharmacological manipulations show that the
disinhibited mPFC state induced by early adolescent cocaine exposure is associated with an
attenuation of local prefrontal GABA-A receptor-mediated transmission.
Immunohistochemical analyses further demonstrate that a developmental disruption of PV
expression in the mPFC accompanies the prefrontal disinhibition induced by early
adolescent cocaine treatment. Together, these results indicate that repeated cocaine exposure
during early adolescence is sufficient to elicit a state of disinhibited mPFC resulting from a
functional impairment of the local prefrontal GABAergic network that endures through
adulthood.

Measures of basal cortical metabolic function by means of CO-1 histochemistry revealed
that repeated non-contingent cocaine exposure triggers opposing frontal cortical
neuroadaptations in early adolescent vs. adult rats. At 25 days from the last cocaine
injection, a hyper-metabolic state was observed in the early adolescent-treated group
whereas an overall hypo-metabolic state was found in the PFC when cocaine was given
during adulthood. This latter observation from the adult-treated group is consistent with the
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bulk of well-documented human studies showing a similar frontal cortical hypoactivity
during protracted withdrawal from chronic cocaine abuse (35-39). Traditionally, these
neuroimaging findings have often been interpreted as a state of hypofrontality associated
with PFC-dependent cognitive deficits (40-44). Similar impairments in prefrontal-dependent
executive functions have been observed after long-term exposure to psychostimulants during
adolescence (2, 3, 45). At first, our findings of increased PFC metabolism following early
adolescent cocaine do not appear to be consistent with the traditional concept of
hypofrontality. However, hypofrontality is currently perceived as a state of functional
impairment characterized by a failure of the PFC to support behavior (46, 47). In fact, both
cortical metabolic hyperactivity and hypoactivity have been shown to contribute to
hypofrontality (47-50) due to the non-linear relationship between PFC activation and task
demand (46, 47). Thus, in light of this conceptual framework, the hyper-metabolic PFC
observed in the early adolescent cocaine-treated group could be a reflection of reduced
prefrontal functional capacity as two non-mutually exclusive pathophysiological conditions.

Cocaine exposure during early adolescence elicited a distinct elevation of CO-I staining only
in the rostral level of the adult frontal cortex (Fig 1). Interestingly, such an effect was
observed in functionally diverse cortical regions within the same rostrocaudal level (i.e.,
limbic/associative vs. sensorimotor areas). Since this effect was not observed in adult-treated
animals, it is likely that the restricted pattern of alterations resulting from early adolescent
exposure to cocaine is due to the shared developmental trajectory of inhibitory elements in
the rostral regions of the frontal cortex (31, 73). Together with the distinct rostro-caudal
gradient of cortical dopamine innervation (74, 75), we hypothesize that the rostral level of
the frontal cortex is highly susceptible to the effects of cocaine or other psychostimulants
when administered during adolescence. Future studies are warranted to determine the effects
of these interactions.

Electrophysiological measures of prefrontal LFP responses to ventral hippocampal
stimulation also uncovered an age-dependent effect of cocaine. Consistent with our recent
study (26), a proper functioning of local GABA-A receptor-mediated transmission is
required in the normal adult mPFC for sustaining the characteristic frequency-dependent
inhibition of prefrontal LFP responses to ventral hippocampal stimulation at 20Hz and
40Hz. Recordings conducted from animals exposed to cocaine during early adolescence
revealed a selective attenuation of such high frequency-induced mPFC inhibition, a
disruption that was not found in the adult-treated group. It is therefore very likely that a
disinhibitory mechanism resulting from a developmental impairment of local prefrontal
GABAergic network contributes to maintaining the hyper-metabolic mPFC state observed
following early adolescent cocaine treatment. Similarly, a switch from hippocampal HFS-
induced LTD to LTP was observed in the mPFC of early adolescent cocaine-exposed rats as
well as following acute local GABA-A receptor blockade in adult naive rats, suggesting a
common GABAergic mechanism underlying the development of prefrontal disinhibition and
the abnormal hippocampal-mPFC plasticity. These findings are consistent with a recent
study conducted in PFC brain slices showing that drug withdrawal from cocaine-sensitized
juvenile rats favors the expression of activity-induced glutamatergic LTP onto pyramidal
neurons, an effect thought to be triggered by a downregulation of local GABA-A receptor-
mediated inhibition (51). Accordingly, we found that single /7 vivo prefrontal microinfusion
of the GABA-A a1l receptor positive allosteric modulator Indiplon was sufficient to acutely
restore the impaired high frequency-dependent inhibition of LFP in the mPFC and prevent
the abnormal expression of ventral hippocampal-induced prefrontal LTP induced by early
adolescent cocaine treatment. While ventral hippocampal inputs to the mPFC play a critical
role in the control of working memory, decision making and impulsive behavior (52, 53),
afferent information from the basolateral amygdala is required for the integration of
emotionally salient information (54, 55). Thus, a developmental impairment of local
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prefrontal GABAergic transmission could compromise mPFC processing of inputs
originated from these regions and trigger the onset of a variety of prefrontal-dependent
cognitive dysfunctions and reduced impulse control. Future studies will assess the
behavioral consequences of the early adolescent cocaine exposure and determine the input
specificity of the altered prefrontal state induced by adolescent cocaine.

Developmental alterations of GABAergic interneurons in dopamine-rich cortical regions
(e.g., mPFC) have been repeatedly observed following prenatal cocaine exposure (56, 57).
Among cortical interneurons, deficits in PV cell function have been mechanistically linked
to the onset of prefrontal disinhibition in developmental animal models of psychiatric
disorders (21, 30). By means of immunohistochemical analyses, we found that the
developmental upregulation of mPFC PV immunoreactivity observed during the normal
periadolescent transition (31) is lacking in adolescent cocaine-treated rats. Since the
functional profile of PV-positive interneurons and the PV expression level are tightly
correlated (34, 58), the reduced PV immunoreactivity observed in the mPFC after early
adolescent cocaine could be therefore attributable to a developmental disruption of PV
interneuron maturation and function that endures through adulthood. PV-containing cells,
often referred as fast-spiking GABAergic interneurons, are functionally positioned to exert
fast, stable and timed feedforward inhibition onto pyramidal output cells in respond to high-
frequency excitatory inputs (see review by (59)). Thus, an age-dependent developmental
dysregulation of PV-positive interneuronal function is likely to contribute to the frequency-
dependent GABAergic disinhibition found in the mPFC when cocaine was given during
early adolescence. It remains to be determined whether such impairment is associated with
altered dopamine modulation of interneuronal function in the mPFC, as recently shown in
cocaine-sensitized rats 24 hours post-receiving a challenge dose of cocaine (60).

Profound impairments in executive functions associated with frontal cortex dysregulation
such as impulsivity, disinhibition, and working memory deficits are often observed in
chronic cocaine users (40-44), many of which can be mimicked by acute blockade of
GABA-A receptor-mediated transmission in the PFC in animal models (61-63). As cortical
interneurons are critical for determining the timing and spatial selectivity of pyramidal cell
firing (18, 64-66), the increased sensitivity to cocaine-induced disruption of prefrontal
GABAergic transmission during early adolescence is likely to impair the fine-tuning of
prefrontal output activity and PFC-dependent functions. For example, a recent study by the
Marinelli group (67) using a self-administration paradigm demonstrated that adolescent
onset of cocaine use produces greater stress-induced relapse after prolonged withdrawal,
compared with adult-onset of cocaine use. Interestingly, stress-induced relapse has been
shown to be, at least in part, dependent upon the PFC (10, 68, 69). We therefore speculate
that a disruption of prefrontal GABAergic function during adolescence triggers long-term
functional impairments in the mPFC that could increase the susceptibility for the onset of
substance abuse and related psychiatric disorders. In conclusion, our present findings have
uncovered for the first time that local GABAergic circuits in the mPFC is highly susceptible
to cocaine during early adolescence, a distinct neurobiological mechanism from previously
established molecular events associated with the periadolescent vulnerability to
psychostimulants (3, 70-72).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Cocaine exposure induces age and region specific metabolic changes in the frontal cortex.
(A) Diagram illustrating the experimental design. Five non-contingent injections of saline or
cocaine were performed in early adolescent (PD35-40) and adult (PD75-80) rats. Metabolic
changes in the frontal cortex (3 rostrocaudal levels: +2.7, +1.7, +1.2 mm from bregma) were
assessed by means of cytochrome oxidase (CO-1) histochemistry on PD65 in the adolescent-
treated group and PD105 in the adult-treated group. (B) Regional analyses revealed that
cocaine exposure during early adolescence elicited a distinct metabolic activity elevation in
the rostral frontal cortex (i.e., bregma +2.7), whereas an overall downregulation of CO-I
staining was observed in adult-treated animals (n=10-12 per group; main age effect
F(1,66)=26.29, p<0.00001; age x region interaction F, gg)= 4.32, p=0.017; ***p<0.0005 vs.
adult, **p<0.005 vs. bregma +1.7 and +1.2, LSD post-hoc test after significant two-way
ANOVA). (C) CO-I staining across different areas in the PFC (i.e., rostral frontal cortex,
bregma +2.7). Two-way ANOVA analysis revealed that metabolic activity in all PFC areas
becomes elevated when cocaine exposure occurred during early adolescence. In contrast, an
opposite pattern of CO-I staining in all PFC areas was observed in the adult-treated group
(main age effect F(1,110y=137.2, p<0.00001; ***p<0.0005 vs. adult, LSD post-hoc).
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Figure2.

Adolescent cocaine exposure enhances the mPFC response to ventral hippocampal
stimulation. (A) Recording arrangement employed to study the hippocampal-to-prefrontal
cortex transmission /n vivo. Traces are examples of hippocampal stimulation-induced local
field potential (LFP) responses recorded in the mPFC. (B) Diagram summarizing the
timeline of the experimental design employed to study the enduring electrophysiological
changes (white arrows) following non-contingent cocaine exposure (b/ack arrows). (C)
Ventral hippocampal-induced LFP responses in the PFC at different current intensities
revealed a significant facilitation of the evoked response only in the adolescent-treated rats
(n=9 per group; main treatment effect F(; g0)=15.06, p=0.00026; main intensity effect
F(4,60=99.68, p=0.00001; treatment x intensity interaction F4 g0)=3.86,

£=0.00747; **p<0.005, ***p<0.0005 vs. saline, LSD post-hoc test after significant two-way
ANOVA). (D) No apparent changes were observed in the adult-treated groups (n=9 per
group).
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Hippocampal-induced facilitation of LFP response in the mPFC is not affected by cocaine
exposure. (A) All recordings were conducted within the PD65-75 age period, which
corresponds to 25-35 days from the last saline or cocaine injection (see Fig 2B). Ventral
hippocampal train stimulation at 10Hz typically induces a sustained facilitation of LFP

responses in the mPFC. Both saline and cocaine-treated animals exhibited similar pattern of
prefrontal responses to the 10Hz-train stimulation (n=9 per group; main pulse number effect
F(9,160)=2.27, *p<0.022; no significant treatment effect or treatment x pulse number
interaction, two-way ANOVA). (B) Similarly, adult-treated rats exhibited similar degrees of
LFP facilitation in response to hippocampal train stimulation at 10Hz (n=9 per group; main
pulse number effect F(g 160)=2.29, *p=0.019; no significant treatment or treatment x pulse
number effects, two-way ANOVA).
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Disruption of hippocampal-induced transient mPFC LFP inhibition by early adolescent
cocaine exposure. (A) Hippocampal stimulation at 20Hz elicited a typical transient
inhibition of the evoked LFP in the mPFC of saline-treated rats (n=9; ***p<0.0005 vs. 15t
pulse, LSD post-hoc test after significant one-way ANOVA). Such transient LFP depression
is lacking in the mPFC of early adolescent cocaine-treated rats (n=9). Instead, a facilitation
of the evoked LFP response was observed in the mPFC (main treatment effect
F(1,160)=57.95, p<0.00001; treatment x pulse number interaction F4 150)= 2.56,

=0.0088; ***p<0.0005 vs. saline, LSD post-hoc test after significant two-way ANOVA).
(B) Additional recordings revealed that early adolescent cocaine exposure-induced abnormal
facilitation of mPFC LFP response at 20Hz is long-lasting and detectable at PD105-115
(n=6 per group; main treatment effect F(; 100)=62.30, p<0.00001; treatment x pulse number
interaction Fg 100)=5.31, p<0.00001; +++p<0.0005 vs. saline, LSD post-hoc test after
significant two-way ANOVA). In the saline-treated group, a typical transient inhibition of
the evoked LFP was observed in the PD105-115 mPFC (***p<0.0005 vs. 15t pulse, LSD
post-hoc test after significant one-way ANOVA). (C) In contrast, no apparent changes were
observed when cocaine exposure occurred in adulthood (n=9 per group; no significant
treatment effect or treatment x pulse number interaction, two-way ANOVA). Both saline-
and cocaine-treated groups exhibited the characteristic transient LFP inhibition in the mPFC
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(**p<0.01 vs. 15t pulse, LSD post-hoc test after significant one-way ANOVA). (D) Bar
graph summarizing the mean magnitude of ventral hippocampal-induced LFP responses in
the mPFC across treatment and age groups (from pulses 2 to 5 as shown in A,C). All saline-
treated animals exhibited similar degree of LFP response irrespectively of the age group. In
contrast, a facilitation of the evoked LFP in the mPFC emerges only from animals that
received cocaine during early adolescence (main effect of treatment F(; 42)=27.27,
<0.0001; treatment x age interaction F( 42)=5.58, p=0.007; ***p<0.0005 vs. other age and
treatment groups, LSD post-hoc test after significant two-way ANOVA).
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Figureb.

Impact of early adolescent exposure to cocaine on mPFC LFP inhibition following

hippocampal train stimulation at 40Hz. (A) Stimulation of the ventral hippocampus at 40Hz
elicits a marked suppression of the evoked LFP response in the mPFC of saline and cocaine-
treated rats. However, a significant attenuation of the 40Hz-induced LFP suppression in the
mPFC was observed in adult rats that were pre-exposed to cocaine during early adolescence
(n=9 per group; main pulse number effect F(g 160)=57.52, ***p<0.0005; treatment x pulse
number interaction F(g 160=4.18, p/=0.00007; ***p<0.005, **p<0.005 vs. saline, LSD post-
hoc test after significant two-way ANOVA). (B) Additional recordings revealed that early
adolescent cocaine-induced attenuation of mPFC LFP inhibition at 40Hz is long-lasting and
detectable at PD105-115 (n=6 per group; main pulse number effect Fg 100)=44.49,
***p<0.0005; treatment x pulse number interaction F(g 100)=2.37,

£=0.018; ***p<0.005, **p<0.005, *p<0.05 vs. saline, LSD post-hoc test after significant
two-way ANOVA). (C) In contrast, cocaine exposure during adulthood does not disrupt the
normal pattern of 40Hz-induced LFP depression (n=9 per group; main pulse number effect
F(1,60)=35.24, ***p<0.0005; no significant treatment effect or treatment x pulse number
interaction, two-way ANOVA). (D) Summary of ventral hippocampal-induced LFP
inhibition in the mPFC across the different treatment and age groups as shown in A—C. A
similar degree of mMPFC LFP inhibition (mean values calculated from pulses 2 to 5) was
observed in response to 40Hz stimulation across all saline groups. The magnitude of such
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LFP inhibition became markedly attenuated only if cocaine exposure occurred during early
adolescence (main effect of treatment F(; 42)=16.25, p<0.0005; treatment x age interaction
F(2,42)=4.01, p=0.026; **p<0.005 vs. other age and treatment groups, LSD post-hoc test
after significant two-way ANOVA).
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Figure6.

Early adolescent cocaine exposure shifts hippocampal (L00Hz)-induced LTD to LTP of the
evoked LFP response in the adult mPFC. (A) High-frequency (50 pulses at 100Hz/15 s x 4)
stimulation of the ventral hippocampus elicits a characteristic LFP-LTD in the adult mPFC
in the saline-treated group (n=8). However, such LTD becomes LTP when cocaine exposure
occurred during early adolescence (n=9; ***p<0.0005 vs. saline, unpaired T-test, area
marked in gray). (B) In contrast, hippocampal-induced prefrontal LFP-LTD is not affected
by cocaine when drug exposure occurred during adulthood. The magnitude and duration of
LFP-LTD observed in adult cocaine-treated animals (n=9) resembles that obtained in saline
controls. (C) Bar graph summarizing the effects shown in A and B (***p<0.0005 vs.
baseline, paired T-test). Two-way ANOVA revealed a treatment X age interaction
(F(1,30=37.87, p<0.0001). Note that mPFC LFP-LTP emerges only following a history of
cocaine exposure during early adolescence (***p<0.0005 vs. other age and treatment groups,
LSD post-hoc test).
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Figure?.

Medial prefrontal disinhibition induced by local microinjection of the GABA-A antagonist
picrotoxin (50puM/0.8ul/8 min) in adult naive rats. (A) Picrotoxin did not alter the
characteristic prefrontal LFP facilitation in response to 10Hz hippocampal train stimulation
(n=5 per group; main pulse number effect F4 40)=9.97, ***p<0.0005; no significant
treatment effect or treatment x pulse number interaction, two-way ANOVA). At 20Hz, a
shift from the transient attenuation to sustained facilitation of the evoked LFP response was
observed in the mPFC after local administration of picrotoxin (n=5 per group; main
treatment effect F(y 40y=51.29, p=0.00001; treatment x pulse number interaction
F(4,40=4.17, p=0.0065; ++p<0.005 vs. aCSF, *p<0.05 vs. 1st pulse, LSD post-hoc test after
significant two-way ANOVA). Similarly, the 40Hz hippocampal stimulation-induced
suppression of LFP responses in the mPFC was markedly decreased after local picrotoxin
administration (n=5 per group; main treatment effect F; 40)=27.10, p<0.00005; main pulse
number effect F4 40)=36.39, ***p<0.0005; treatment X pulse number interaction
F(4,40=3.16, p=0.024; +++p<0.0005, +p<0.05 vs. aCSF, LSD post-hoc test after significant
two-way ANOVA). (B) Bar graph summarizing the average magnitude of hippocampal-
induced prefrontal LFP responses shown in A. For comparison, data obtained from early
adolescent saline- and cocaine-treated groups were also included. Note that the magnitude of
LFP facilitation at 20Hz and the level of LFP attenuation at 40 Hz observed after early
adolescent cocaine are undistinguishable from those induced by local picrotoxin (**p<0.005
vs. saline or aCSF, Tukey post-hoc test after significant one-way ANOVA). (C) Local
prefrontal microinjection of picrotoxin was sufficient to shift hippocampal HFS-induced
LFP-LTD to LTP in the adult naive mPFC. (D) Bar graph summarizing the effects shown in
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C. Data obtained from early adolescent saline- and cocaine-treated groups were included for
comparison (***p<0.0005 vs. saline or aCSF, Tukey post-hoc test after significant one-way
ANOVA). The magnitude of prefrontal LTP induced following acute local microinfusion of
picrotoxin in control naive adult rats resembles to that observed in the adult mPFC of early
adolescent cocaine-exposed animals. (E) Diagram showing the location of both stimulating
and recording sites for this cohort of experiments.
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Figure8.

Reversal effects of the GABA-A al positive allosteric modulator Indiplon on the abnormal
PFC LFP response recorded from early adolescent cocaine-treated rats in adulthood. (A) All
recordings were conducted adult rats that received cocaine treatment during early
adolescence as described in Fig 2. Relative to the aCSF group (n=6), local prefrontal
infusion of Indiplon (10puM/0.8ul/8 min; n=8) did not change the pattern of mPFC LFP
response to hippocampal 10Hz stimulation (main pulse number effect F4 40)=9.97,

*** n<0.0005; no significant treatment effect or treatment x pulse number interaction, two-
way ANOVA). In contrast, the abnormal 20Hz-induced facilitation of mPFC LFP response
observed in early adolescent cocaine-treated rats was not longer apparent following Indiplon
infusion (main treatment effect F; 60)=110.38, p<0.00005; treatment x pulse number
interaction F4 g)= 8.65, p<0.00005; ***p<0.005 vs. aCSF, *p<0.05/**p<0.005 vs. 1% pulse,
LSD post-hoc test after significant two-way ANOVA). Similarly, a normalization of the
attenuated 40Hz-induced suppression of MPFC LFP was also observed in the early
adolescent cocaine-treated group following local prefrontal infusion of Indiplon (main
treatment effect F(; g0)=37.49, p=0.00001; main pulse number effect F(4 50)=40.97,
***p<0.0005; treatment x pulse number interaction F4 g0)=3.15, p=0.021; +++p<0.0005, +
+p<0.05, +p<0.05 vs. aCSF, LSD post-hoc test after significant two-way ANOVA). (B)
Summary of the reversal effects of Indiplon shown in A. Data obtained from early
adolescent saline- and cocaine-treated groups were also included for comparison (**p<0.005
vs. cocaine or cocaine + aCSF, Tukey post-hoc test after significant one-way ANOVA). (C)
Consistent with the results shown in Fig 6, ventral hippocampal HFS typically elicits a
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prefrontal LFP-LTP in early adolescent cocaine-treated rats, which remains unaffected by
local infusion of aCSF. In the presence of Indiplon, such HFS-induced LFP-LTP in the
mPFC was not longer apparent. (D) Bar graph summarizing the effects of local infusion of
aCSF and Indiplon shown in C. For comparison, data obtained from early adolescent saline-
and cocaine-treated groups were included. Note that Indiplon significantly prevented the
expression of prefrontal LFP-LTP, but failed to reverse it to the saline control LTD state
(*p<0.05, **p<0.005, Tukey post-hoc test after significant one-way ANOVA). (E) Diagram
showing the location of both stimulating and recording sites for this cohort of experiments.
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Figure9.

Developmental disruption of PV immunoreactivity in the mPFC by early adolescent
exposure to cocaine. (A) Analysis of PV immunoreactivity in the medial PFC by
measurement of mean fluorescent intensity (MFI). Relative to the PD35 age group (n=9), a
significant increase in PV immunoreactivity was observed in the adult medial PFC (IL:
infralimbic; PL: prelimbic) of saline (sal) treated rats (n=6). In contrast, P\
immunoreactivity in the early adolescent cocaine-exposed group (coc, n=8) resembles that
observed in juvenile animals (*<0.05 vs. saline; ***p<0.0005 vs. PD 35, Tukey post-hoc
test after significant ANOVA, F (2, 20)=12.44, p=0.00031). Similar results were obtained
when a gray matter control region (i.e., layer 1) was used to correct the background signal
instead of the white matter (see Figure S3 in Supplement 1). Insets are examples of PV
immunofluorescence images (200X magnification) illustrating the reduced PV
immunoreactivity observed in the adult mPFC of early adolescent cocaine-treated rats. (B)
Bar graph summarizing the cell count of PV-positive (PV™) interneurons data obtained from
the same mPFC section samples used in A. No significant changes in the number of PV-
positive cells per mPFC section were observed across age and treatment groups.
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