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Abstract

Converging epidemiological studies indicate that cannabis abuse during adolescence increases the
risk of developing psychosis and prefrontal cortex (PFC)-dependent cognitive impairments later in
life. However, the mechanisms underlying the adolescent susceptibility to chronic cannabis
exposure are poorly understood. Given that the psychoactive constituent of cannabis binds to the
CB1 cannabinoid receptor, the present study was designed to determine the impact of a CB1
receptor agonist (WIN) during specific windows of adolescence on the functional maturation of
the rat PFC. By means of local field potential (LFP) recordings and ventral hippocampal
stimulation in vivo, we found that a history of WIN exposure during early (postnatal day -P-
35-40) or mid-(P40-45) adolescence, but not in late adolescence (P50-55) or adulthood (P75-80),
is sufficient to yield a state of frequency-dependent prefrontal disinhibition in adulthood
comparable to that seen in the juvenile PFC. Remarkably, this prefrontal disinhibition could be
normalized following a single acute local infusion of the GABA-A«al positive allosteric modulator
Indiplon, suggesting that adolescent exposure to WIN causes a functional downregulation of
GABAergic transmission in the PFC. Accordingly, in vitro recordings from adult rats exposed to
WIN during adolescence demonstrate that local prefrontal GABAergic transmission onto layer V
pyramidal neurons is markedly reduced to the level seen in the P30-35 PFC. Together, these
results indicate that early and mid-adolescence constitute a critical period during which repeated
CBL1 receptor stimulation is sufficient to elicit an enduring state of PFC network disinhibition
resulting from a developmental impairment of local prefrontal GABAergic transmission.
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Introduction

The onset of schizophrenia and addiction-related syndromes often occurs during the
periadolescent transition period1=3. Although the neurodevelopmental processes underlying
this vulnerability remain largely unknown, recent epidemiological studies suggest that the
endocannabinoid system is implicated. Relative to adults, adolescent cannabis abusers are
more likely to develop psychosis and cognitive impairments later in life8, indicating an
association between cannabis abuse during adolescence and increased risk of schizophrenia.
Of particular interest is the negative impact of long-term cannabis use on cognitive functions
within the working memory and decision making domains’:%-11, many of which are refined
during adolescence and dependent on the functional maturation of the prefrontal cortex
(PFC)12:13, Similar long-lasting deficits on PFC-dependent behaviors have been observed in
rodent models of chronic cannabinoid exposure, in particular when CB1 receptor agonists
were administered during adolescencel4-18, From these animal studies, and despite the
complex mixture of natural cannabinoids present in cannabis'?, it has been proposed that a
sustained activation of CBL1 receptor signaling in the PFC by exogenous cannabinoids could
contribute to the detrimental cognitive effects seen in chronic cannabis abusers?0:2L,

At the cellular level, CB1 receptor stimulation reduces neuronal network oscillations in the
beta- and gamma-frequency ranges (20-100Hz)22, functions that are also impaired in
schizophrenia and thought to be due to reduced transmission of GABAergic interneurons in
cortical circuits?324, Interestingly, the functional maturation of local prefrontal GABAergic
circuits also occurs during adolescence?>:28, suggesting a mechanistic link between the
developmental window of PFC maturation and the adolescent liability to the effects of CB1
receptor stimulation resulting from cannabis exposure?0. Thus, the goal of the present study
is to directly test the hypothesis that excessive stimulation of the CB1 receptor during
adolescence is sufficient to elicit an enduring disinhibited PFC state resulting from a
developmental impairment of local GABAergic transmission. Here, the impact of adolescent
exposure to the CB1 receptor agonist WIN55,212-2 on prefrontal inhibitory responses was
assessed in adulthood by means of local field potential (LFP) recordings in vivo combined
with pharmacological manipulations and in vitro patch-clamp recordings of GABAergic
transmission in rats. Changes in the pattern of prefrontal LFP exerted by ventral
hippocampal train stimulation at 10, 20 and 40 Hz were compared across age and treatment
groups. This stimulation protocol was chosen because of its sensitivity in detecting
functional changes in the PFC resulting from a developmental disruption of local
GABAergic transmission during adolescence?6:27,

Materials and Methods

All experimental procedures were approved by the Rosalind Franklin University IACUC in
accordance with the USPHS Guide for Care and Use of Laboratory Animals. Male Sprague-
Dawley rats (Harlan, IN) were allowed to acclimate for at least 5 days before receiving any
experimental manipulation. They were group housed (2-3 rats/cage) in a 12:12 hour light/
dark cycle room with food and water available ad libitumat 21-23°C. All chemicals were
purchased from Sigma-Aldrich (St. Louis, MO) except for WIN, Indiplon, and AM251,
which were obtained from Tocris Bioscience (Ellisville, MO).
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Experimental groups

Adolescent rats (postnatal days -P- 35-40, P40-45, P50-55) were randomly assigned to
receive daily non-contingent single i.p. injections of the CB1 receptor agonist WIN (2 mg/kg
in 1% DMSO/saline) or vehicle (1% DMSO/saline) for 5 consecutive days. This protocol
was chosen from studies showing that 5 days treatment with cocaine or MK-801 during
adolescence is sufficient to cause long-lasting PFC impairments?6:27. The dose of WIN was
chosen from the 1.2 to 3 mg/kg range known to produce behavioral and neuronal effects
when given chronically28:29, All electrophysiological recordings were conducted in
adulthood (P65-95 age period) and >25 days from the last WIN or vehicle injection. To
determine whether the effects of WIN are mediated by CB1 receptor activation, the inverse
agonist AM-251 (1.5 mg/kg in 1% DMSO/saline) was administered 20 min prior to WIN
injection. Finally, a cohort of adult-treated rats (P75-80) was included to determine whether
the enduring effects of WIN are age dependent.

Medial PFC local field potential recordings of ventral hippocampal-evoked responses in

Vivo

All recordings were conducted as previously described?6:27, Briefly, rats were deeply
anesthetized with 8% chloral hydrate (400 mg/kg), placed in a stereotaxic apparatus (ASI
instruments, MI), and maintained at 37-38°C (Physitemp Instruments, NJ). Prefrontal LFP
recordings (B: +3.2 to +2.7; L: 0.8; V: —4.2)30 were conducted using a bipolar concentric
electrode (SNE-100x 50 mm; Rhodes Medical Instruments Inc., CA), amplified and filtered
(bandwidth 1-100 Hz; Cygnus Technology Inc., PA), and digitized at a sampling rate of 10
kHz (Digidata 1440A, Molecular Devices, CA). A second bipolar concentric electrode
(NE-100x 50 mm) was placed in the ventral hippocampus (B: —6.1to —6.3; L: 5.2; V: -4.5)
to deliver different patterns of stimulation. Single and trains of square pulses of 300 ps
duration were delivered every 15 s through a computer-controlled pulse generator Master 8
Stimulator (AMPI, Jerusalem, Israel). The stimulation intensity was determined from the
input-output response curve (from 0.25 to 1.0 mA) and measuring the peak amplitude of the
evoked LFP that falls within the 75-80% range of the intensity curve (typically ~0.75 mA).
Here, 3 frequencies of ventral hippocampal train stimulation (10 pulses at 10, 20, and 40 Hz)
were compared across age and treatment groups. At the end of the recording session, the
recording and stimulating sites were anatomically determined as previously described?6:27,

Local PFC microinfusions of Indiplon

All PFC microinfusions (1 pl, 0.1 pl/min) of aCSF-containing vehicle or the GABA-Aal
receptor positive allosteric modulator Indiplon (5 uM/0.02% DMSO) were performed with a
28-gauge cannula (Plastics One Inc., VA) secured to the recording electrode, as previously
described?6:27, The effects of Indiplon on prefrontal LFP were determined within the 30-
minute post-infusion period.

In vitro whole-cell patch-clamp recordings of inhibitory postsynaptic currents in the PFC

All experimental procedures were conducted as previously described31:32, Briefly,
recordings from layer V pyramidal neurons of the medial PFC (infralimbic and prelimbic
regions; 350um-thick coronal slices) were conducted at 33-35°C using a cesium-based
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internal solution (in mM): 140 CsCl, 10 HEPES, 2 MgCl,, 5 NaATP, 0.6 NaGTP, and 3
QX-314 (pH: ~7.25, 280-282 mOsm). The recording aCSF contains 2 mM kynurenic acid
and (in mM): 122.5 NaCl, 3.5 KCI, 25 NaHCOg3, 1 NaH,PQy4, 2.5 CaCl,, 1 MgCl,, 20
glucose, 1 ascorbic acid (pH: ~7.42, 295-305 mOsm). Recordings were included for
analyses only if the neuron remained stable for at least 20 min after obtaining the whole-cell
configuration (voltage-clamp mode at =70 mV). The mean frequency of spontaneous
inhibitory postsynaptic current (IPSC) events was calculated from at least 3 non-contiguous
epochs of 60 s.

Statistical analysis

Results

Differences among experimental groups were considered statistically significant at p<0.05
(Statistica 6.0, Tulsa, OK). Student’s t-test was used for two-group comparisons whereas
ANOVA was used for comparing the effects along two or more variables. Data are
presented as mean + SEM.

We first investigated how a history of repeated WIN treatment during early adolescence
(P35-40) impacts the PFC network in adulthood by means of LFP recordings (Fig 1a).
Results obtained from the input-output response curves indicate that PFC processing of
single-evoked ventral hippocampal drive is not impaired by early adolescent WIN exposure
(Supplementary Fig 1). However, the characteristic functional maturation of PFC response
to ventral hippocampal train stimulation® becomes impaired by early adolescent WIN
exposure, in particular at 20 Hz and 40 Hz (Fig 1b—d). Typically, a facilitation of prefrontal
LFP appears when a 10 Hz-train stimulation protocol is delivered into the ventral
hippocampus (Fig 1b). This pattern of LFP facilitation was also found in the WIN-treated
group, which is indistinguishable from the vehicle controls (Fig 1b). At 20 Hz, a transient
attenuation of the LFP response was observed in the PFC of vehicle-treated rats (Fig 1c).
Following early adolescent WIN exposure, a switch from transient attenuation to
potentiation of the LFP emerges in the adult PFC at 20 Hz (Fig 1c). At 40 Hz, a distinct
pattern of sustained suppression of LFP was observed in the adult PFC of vehicle- and WIN-
treated rats (Fig 1d). However, the magnitude of this prefrontal LFP inhibition was
significantly reduced in animals that received WIN treatment during early adolescence (Fig
1d). Interestingly, such frequency-dependent disruption of prefrontal LFP response was not
observed when WIN exposure occurred in adulthood (P75-80, Supplementary Fig 2).
Notably, the patterns of PFC response in early adolescent and adult vehicle-treated rats are
indistinguishable despite the difference in age at the time of the recording (Fig 1 vs.
Supplementary Fig 2). Together, these results show that a history of early adolescent WIN
exposure selectively diminishes the frequency-dependent inhibitory response of prefrontal
LFP to ventral hippocampal drive in an age-dependent manner.

We next assessed whether activation of the CB1 receptor during early adolescence is
responsible for the enduring effects of WIN on ventral hippocampal-evoked prefrontal LFP.
To this end, P35-40 rats were pre-treated with the CB1 receptor inverse agonist AM251 20
min before the WIN injection to block the pharmacological action of WIN (Fig 2). As in the
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WIN-treated cohort, all LFP recordings were conducted in adulthood within the P65-85 age
window (Fig 2a—b). Data show that the typical pattern of 10 Hz-induced prefrontal LFP
facilitation remained unaltered following a history of AM251+WIN treatment (Fig 2c). At
20 Hz, the abnormal facilitation of prefrontal LFP observed in the early adolescent WIN-
treated group was no longer detected following AM251 pre-treatment (Fig 2d). Instead, the
normal pattern of 20 Hz-induced transient attenuation of the LFP response was observed in
the PFC (Fig 2d). Similarly, AM251 treatment prior to WIN exposure prevented the
attenuated 40Hz-induced prefrontal LFP observed in the WIN-treated group (Fig 2e).
Interestingly, rats that received AM251 exposure alone (AM251+vehicle) exhibited normal
patterns of LFP response to 20 and 40 Hz stimulation (Fig 2d—e). These data clearly
demonstrate that AM251 effectively prevents the disrupting effects of early adolescent WIN
treatment on prefrontal processing of ventral hippocampal inputs in adulthood (Fig 2f).
Thus, the ability of early adolescent WIN exposure to interfere with the development of
frequency-dependent inhibitory response in the PFC is attributable to repeated activation of
the CBL1 receptor.

To further narrow the critical window of susceptibility within the P35-P55 adolescent
period, two additional age groups of adolescent rats (P40-45 and P50-55) were subjected to
repeated WIN treatment, and changes in prefrontal LFP responses to ventral hippocampal
train stimulation were determined in adulthood (Fig 3a—c). These results show that the
patterns of 10 Hz-induced prefontal LFP facilitation in the P40-45 and P50-55 age treatment
groups are indistinguishable from each other and from the vehicle controls (Fig 3d).
However, this was not the case at 20 Hz. A facilitation of the 20 Hz-evoked LFP emerged in
the PFC of P40-45 WIN-treated rats whereas prefrontal recordings from the P50-55 WIN-
treated group revealed a normal pattern of transient LFP inhibition similar to that observed
in vehicle controls (Fig 3e). Likewise, only the P40-45 WIN-treated group exhibited the
abnormal attenuation of prefrontal LFP suppression at 40 Hz as seen in P35-40 WIN-treated
rats (Fig 3f). In summary, these results indicate that similar frequency-dependent deficits in
prefrontal processing can be elicited when repeated WIN exposure occurs during early
(P35-40) and mid-adolescence (P40-45), but not when WIN treatment is given after P50
(late adolescence; Fig 3g).

If the diminished suppression of prefrontal LFP response observed following a history of
WIN exposure during early and mid-adolescence results from a downregulation of PFC
GABAergic transmission26:27 we hypothesized that a local enhancement of GABA-A
receptor function would be sufficient to restore the disinhibited/abnormal LFP response to
normal control levels. To test this hypothesis, we infused the GABA-Aal receptor positive
allosteric modulator Indiplon into the PFC of adult rats that were exposed to WIN treatment
during P35-40 or P40-45 (Fig 4a—b). As expected, neither aCSF nor Indiplon administration
into the PFC altered the characteristic 10 Hz-induced LFP facilitation (Fig 4c). However,
data collected from the 20 Hz ventral hippocampal stimulation revealed that prefrontal
infusion of Indiplon effectively reinstated the normal pattern of transient LFP attenuation as
seen in the adult PFC of vehicle controls (Fig 4d). Similarly, the magnitude of the 40 Hz-
induced prefrontal LFP suppression in the adolescent WIN-treated group was restored to
normal levels following single PFC infusion of Indiplon (Fig 4e). This frequency-dependent
reversal effect of Indiplon was specific to the changes induced by WIN since similar
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prefrontal infusions in the vehicle-treated group failed to alter the pattern or increase the
degree of LFP inhibition (Supplementary Fig 3). Together, these results indicate that an
upregulation of prefrontal GABA-Aal transmission is sufficient to overcome the enduring
PFC disinhibitory state resulting from repeated WIN exposure during critical periods of
adolescence (Fig 4f).

To determine whether GABAergic transmission in the adult PFC was indeed downregulated
following repeated early/mid-adolescent WIN treatment, we conducted patch-clamp
recordings in layer V pyramidal neurons to measure changes in spontaneous inhibitory
postsynaptic current (IPSC) events (Fig 5a). Data obtained from naive P30-35 rats were
included to reveal that GABAergic transmission onto pyramidal neurons undergoes
developmental upregulation in the PFC during the normal transition to adulthood (Fig 5b—c).
Relative to the P30-35 age group, a significant 49% increase in prefrontal IPSC frequency
was observed in the adult PFC of vehicle-treated rats. This facilitation was lacking after
early/mid-adolescent WIN exposure (Fig 5b—c), despite the IPSC sensitivity to CB1 receptor
stimulation remained unchanged (Supplementary Fig 4). In fact, the level of IPSC frequency
recorded from the WIN-treated group was similar to that seen in the P30-35 PFC. In
contrast, such downregulation in IPSC frequency was not observed in the PFC of adult-
treated animals (Fig 5d). Thus, the attenuated IPSC transmission observed in the early/mid-
adolescent WIN-treated group is due to an impairment of the normal facilitation of local
GABAergic transmission occurring in the PFC during adolescence.

Discussion

The present study was designed to determine how repeated pharmacological stimulation of
the CBL1 receptor during adolescence impacts the functional maturation of the PFC network
response to ventral hippocampal drive in adulthood. Using a non-contingent injection
protocol and LFP recordings, we found that repeated activation of the CB1 receptor during
early (P35-40) and mid- (P40-45) adolescence can trigger an enduring state of frequency-
dependent prefrontal disinhibition in adulthood that resembles the response pattern seen in
the juvenile PFC26. Such an impact on PFC function was not observed when WIN treatment
occurred during late adolescence (P50-55) or adulthood (P75-80). Our data also indicate that
the ability of early and mid-adolescent WIN exposure to interfere with the development of
frequency-dependent inhibitory control is attributable to a downregulation of local prefrontal
GABAergic transmission. Together, these results indicate that early and mid-adolescence
constitute a critical period during which repeated CB1 receptor stimulation is sufficient to
elicit an enduring state of PFC disinhibition resulting from a developmental impairment of
local prefrontal GABAergic transmission.

Converging epidemiological data indicate that adolescent cannabis abusers are more likely
to develop psychosis and PFC-related cognitive impairments later in life*8. Studies in
animal models also indicate that, relative to adults, adolescent rats are more susceptible to
the chronic impact of cannabinoids (i.e., CB1 receptor agonists) as revealed by the
development of persistent behavioral deficits in adulthood. These include cognitive deficits
in the domains of working memory, object recognition, learning and memory as well as
reduced social interactions and impaired sensorimotor gating4-18. However, little is known
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about the neural substrates accounting for the age-dependent, long-lasting behavioral effects
of chronic cannabinoid exposure. It has been proposed that a disruption of PFC maturation
resulting from excessive stimulation of CB1 receptors during sensitive periods of postnatal
development plays a critical role in conferring such liability2°. Accordingly, the frequency-
dependent disinhibition observed in the adult PFC of WIN-treated rats resembles the
immature state of input processing seen in juvenile animals 26. Our data also indicate that
the effect of WIN on eliciting persistent PFC disinhibition is circumscribed to the early and
mid-adolescent period of the rat (P35-45). Equivalent windows of susceptibility to
cannabinoids that result in PFC-dependent cognitive deficits later in life have been reported
in humans whose cannabis consumption started during adolescence. These include attention
deficits, reduced executive functioning, and working memory, all of which are associated
with an adolescent onset of cannabis abuse before age 1633-3%, Thus, the deficits induced by
exogenous cannabinoids are strictly age-dependent and delineate finite windows within
early and mid-adolescence when overactivation of the CB1 receptor signaling may cause
long-lasting PFC impairments. This is not entirely unexpected as all measurable variables of
cellular, synaptic, and network functions in the PFC undergo dramatic remodeling during
P35-50, but remain remarkably stable after P5025:26.31,32,36-40

The pattern of PFC disinhibition observed in adolescent WIN-treated rats is
indistinguishable from that elicited by local prefrontal infusion of the GABA-A receptor
antagonist picrotoxin26:27, Although the use of chloral hydrate anesthesia may confound the
interpretations of these findings, its known facilitatory action on brain’s GABA-A
transmission?® points to an impaired GABAergic function underlying the long-lasting
frequency-dependent PFC deficits observed following adolescent WIN exposure. The fact
that strengthening prefrontal GABA-Aal function can normalize the enduring disinhibitory
state further indicates that PFC GABAergic transmission is specifically compromised by
insults received during early/mid-adolescence. Part of this susceptibility could be attributed
to the functional maturation of specific GABAergic interneurons?® and the increase in
GABAergic synaptic transmission (Fig 5) occurring in the PFC during this period. Although
it remains unclear which GABAergic population mediates these prefrontal deficits, two
interneuron subtypes, namely CCK-positive and parvalbumin (PV)-positive/fast-spiking
interneurons, are known to be regulated by cannabinoids2°. The abundant expression of CB1
receptors in CCK-positive cells would suggest that a disruption of this interneuronal subtype
contributes to the prefrontal disinhibitory state observed following adolescent WIN
exposure. However, this seems unlikely since the attenuated IPSC observed in the PFC of
adolescent-treated rats appears to be attributable to the WIN-insensitive component of the
GABAergic transmission (Supplementary Fig 4). Moreover, from the developmental
perspective, PV/fast-spiking cells are the only GABAergic interneurons in the PFC that
become functionally upregulated after P452°. One specific hallmark of this periadolescent
maturation is the protracted facilitation of glutamatergic synaptic transmission onto PV/fast-
spiking interneurons?®. In this regard, we have proposed that excessive activation of CB1
receptors during critical periods of adolescent development (i.e., before P45) could reduce
the level of glutamatergic drive needed for the functional maturation of prefrontal PV/fast-
spiking interneurons. Both the reduced inhibitory tone onto pyramidal cells and the
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frequency-dependent disinhibition of the PFC network at 20 and 40 Hz observed here are
likely due to a developmental impairment of local prefrontal GABAergic transmission.

While the goal of the present study was to isolate the effects of untimely CB1 receptor
signaling in the development of prefrontal function, it is important to highlight that cannabis
contains a numerous mixture of cannabinoids and flavanoids!®, some of which have been
shown to counteract the effects of A9-tetrahydrocannabinol (THC)#1, the psychoactive
constituent of cannabis and a partial agonist of the CB1 receptor®2. In this regard, the
recently reported benefits of cannabis use in schizophrenics’ cognitive functioning are
intriguing®3 considering that acute administration of THC alone induces a schizophrenia-like
state in healthy controls* and exacerbates cognitive and psychotic symptoms in
schizophrenia patients*®. Thus, we can only infer that such beneficial effects might be the
result of other compounds in cannabis that act through a CB1-independent mechanism.

Our findings provide for the first time a potential mechanism for the detrimental, long-
lasting effect of cannabis use during adolescence through a CB1-dependent disruption of
GABAergic transmission in the PFC. Such an impairment is likely to contribute to the
dramatic attenuation of prefrontal oscillations recently found in mice that received
prolonged treatment of cannabinoids (i.e. WIN and THC) during adolescencel®. Together
with the epidemiological data associating cannabis use to schizophrenia, it is reasonable to
conclude that altering the normative downregulation of CB1 receptor function in the PFC
during adolescence3’ through endogenous or exogenous cannabinoids is sufficient to elicit
persistent deficits in local GABAergic transmission throughout adulthood. In this regard,
any mechanism that interferes with the developmental regulation of CB1 receptor signaling
could potentially alter the relationship between inhibitory and excitatory transmission in the
PFC, and contribute to the development of cognitive deficits later in life.

In conclusion, the results of our present study have direct implications on the mechanisms
that contribute to the long-lasting cognitive deficits resulting from early cannabis abuse,
especially as the age of onset continues to decrease’. Furthermore, these findings should
draw attention to the potential deleterious consequences of a new generation of synthetic,
more potent CB1 receptor agonists (e.g., JWH-018, CP 47,497) currently available legally
and illegally all over the world for which evidence in precipitating psychosis is
accumulating®®47. Future studies aimed at determining the molecular mechanisms
underlying the CB1 receptor-induced developmental deficits in prefrontal GABAergic
transmission are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Experimental design used to assess the impact of early adolescent (P35-40) exposure to

repeated injections of the CB1 agonist WIN (2 mg/Kg, i.p.) or vehicle on prefrontal LFP
responses in adulthood. (b) Adult rats (P65-85) that received vehicle (n=8) or WIN (n=9)
treatment during P35-40 exhibited similar degrees of prefrontal LFP facilitation in response
to hippocampal train stimulation at 10 Hz (main effect of pulse number, F(9,150)=3.3,
**p<0.005, two-way ANOVA). (c) At 20 Hz, vehicle-treated rats responded with a transient
LFP inhibition whereas a marked LFP facilitation was observed in the WIN-treated group
(**p<0.005, ***p<0.0005 vs. first pulse, *p<0.05, **p<0.005, ***p<0.0005 vs. vehicle, LSD
post hoc test; main effect of treatment: F(1,150)=46.9, p<0.0005; treatment x pulse number
interaction: F(9,150)=3.1, p<0.002, two-way ANOVA). (d) At 40 Hz, both vehicle and
WIN-treated rats exhibited marked LFP depression in the PFC (main effect of pulse number:
F(9,150)=74.3, ***p<0.0005, two-way ANOVA). However, a significant attenuation of the
LFP inhibition was observed in the WIN-treated group (*p<0.05, **p<0.005 vs. vehicle,
LSD post-hoc test; main effect of treatment: F(1,150)=37.3, p<0.0005; treatment x pulse
number interaction: F(9,150)=2, p<0.05, two-way ANOVA). Insets are example traces
(vehicle: black; WIN: gray/green) of LFP recordings from the PFC during ventral
hippocampal stimulation illustrating the effects shown in b, c and d (calibration bars: 3
uV/200 ms for b, 2 uVv/100 ms for c and d).
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Figure 2.

(a? Experimental design used to assess the impact of AM251 pretreatment on WIN exposure
during early adolescence (i.e., P35-40). Data from the P35-40 WIN-treated group were
included in ¢, d, eand f for comparison. (b) Schematic diagram of PFC and ventral
hippocampal coronal sections summarizing all the recording and stimulating sites of the
AM251 treatment cohort (AM251+vehicle: white; AM251+WIN: black). (c) The prefrontal
LFP response to ventral hippocampal stimulation at 10 Hz remained unaffected by AM251
pretreatment (n=6; main effect of pulse number: F(9,130)=2.23, *p=0.024, two-way
ANOVA). (d) In contrast, the abnormal 20 Hz-induced LFP facilitation found in the PFC of
P35-40 WIN-treated rats was normalized by AM251 pretreatment

(*p<0.05, *p<0.005, ***p<0.0005 vs. AM251+WIN, LSD post-hoc test; main effect of
treatment; F(1,130)=47.4, p<0.0005, two-way ANOVA). (e) Similarly, AM251 pretreatment
prevented the attenuated 40 Hz-induced LFP inhibition observed in the PFC of P35-40
WIN-treated rats (*p<0.05, **p<0.005, ***p<0.0005 vs. AM251+WIN, LSD post-hoc test;
main effect of treatment: F(1,130)=41.1, p<0.0005; main effect of pulse number:
F(9,130)=46.6, ***p<0.0005, two-way ANOVA). (f) Summary of the effects of AM251
pretreatment on WIN-induced disinhibition in the PFC. The average values were calculated
from pulses 2 to 10. Note that the abnormal facilitation at 20 Hz was no longer observed in
the AM251-pretreated group (**p<0.005 vs. vehicle, AM251+WIN or AM251+vehicle,
LSD post hoc test; one-way ANOVA, F(3,25)=5.2, p=0.0065). At 40 Hz, AM251
pretreatment also normalized the magnitude of prefrontal LFP inhibition (**p<0.005 vs.
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vehicle, AM251+WIN or AM251+vehicle, LSD post hoc test; one-way ANOVA,
F(3,25)=6.6, p=0.0017).
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Figure 3.
(a) Experimental design for assessing the impact of WIN exposure at 2 age groups of

adolescent rats. Note that all prefrontal LFP recordings were conducted in adulthood (white
arrow). (b) Summary of the recording and stimulation sites as determined by means of
histological analyses from Nissl-stained sections (vehicle: white; P40-45 WIN: back; P50-55
WIN: gray). (c) Both vehicle-treated groups exhibited comparable patterns of prefrontal LFP
response to ventral hippocampal train stimulation (n=4 per age group). (d) As in the P35-40
age group (Fig 1), WIN treatment during the P40-45 (n=7) and P50-55 (n=7) adolescent
periods did not alter the characteristic facilitation of prefrontal LFP response to ventral
hippocampal stimulation at 10 Hz (main effect of pulse number, F(9,120)=4.5, p<0.0001,
two-way ANOVA; **p<0.005 vs. first pulse, LSD post-hoc test). The thick gray line
summarizes the pooled data obtained from both vehicle-treated groups (n=8). (€) At 20 Hz,
two-way ANOVA revealed a significant main effect of age (F(1,120)=81, p<0.0001) and
age x pulse number interaction (F(9,120)=2.1, p=0.034). Rats that received WIN treatment
at the P40-45 period responded with a marked prefrontal LFP facilitation (*p<0.05,
**p<0.005, ***p<0.0005 vs. first pulse, LSD post-hoc test) as seen in the P35-40 WIN-
treated group (Fig 1). In contrast, rats that received WIN treatment after P50 exhibited the
normal pattern of transient LFP inhibition (*p<0.03 vs. first

pulse, *p<0.05, *+p<0.005, ***p<0.0005 vs. P40-45, LSD post-hoc test). (f) A robust
inhibition of prefrontal LFP was observed in both P40-45 and P50-55 age groups at 40 Hz
(main effect of pulse number: F(9,120)=33.5, ***p<0.0001, two-way ANOVA). However,
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the magnitude of inhibition in the P40-45 age treatment group was significantly less
pronounced to that from the P50-55 WIN-treated group (main effect of age: F(1,120)=25.9,
p<0.0001; *p<0.05, **p<0.005, **+*p<0.0005 vs. P50-55, LSD post-hoc test). (g) Summary
of the LFP response recorded in the adult PFC of the 3 adolescent WIN-treated groups. The
average values were calculated from pulses 2 to 10. Data from all vehicle-treated rats in the
P35-40, P40-45, and P50-55 age groups were pooled. The abnormal facilitation of prefrontal
LFP response at 20 Hz observed in P35-40- and P40-45-treated rats is absent in the P50-55
age treatment group (***p<0.0005 vs. vehicle, **p<0.005 vs. P50-55, LSD post-hoc test;
one-way ANOVA, F(3,35)=10.9, p<0.0001). Similarly, the attenuation of prefrontal LFP at
40 Hz was observed only when WIN exposure occurred during P35-40 or P40-45, but not
after P50 (**p<0.001 vs. vehicle, *p<0.01 vs. P50-55, LSD post-hoc test; one-way
ANOVA, F(3,35)=8.1, p<0.0005).
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Figure 4.

(a(jJ Impact of PFC delivery of the GABA-A «al positive allosteric modulator Indiplon in
adult rats that received WIN exposure during early (P35-40) or mid-(P40-45) adolescence.
All aCSF solutions containing the same % vehicle used to dissolve Indiplon. Both age
groups were chosen because WIN treatment during these two adolescent periods resulted in
prefrontal LFP disinhibition (see Fig 1 and Fig 3). (b) Summary of the recording and
stimulation sites for the aCSF (gray) and Indiplon (black) infusion groups. (c) Both aCSF
(n=8)- and Indiplon (n=8)-treated PFC exhibited an identical pattern of LFP facilitation at
10 Hz (main effect of pulse number, F(9,140)=7.4, p<0.0001, two-way ANOVA,; **p<0.005
vs. first pulse, LSD post-hoc test). (d) In contrast, the abnormal 20 Hz-induced LFP
facilitation observed in the adult PFC of early and mid-adolescent WIN-treated rats is not
longer present following local prefrontal infusion of Indiplon (main effect of treatment:
F(1,140)=133.8, p<0.0001; treatment x pulse number interaction: F(9,140)=2.23, p=0.024,
two-way ANOVA,; *p<0.02, **p<0.005 vs. first pulse, ***p<0.0005 vs. Indiplon, LSD post-
hoc test). Note that Indiplon completely restores the pattern of 20 Hz-induced LFP inhibition
as seen in the normal control PFC (see Fig 1). (e) Similarly, the attenuated 40 Hz-induced
LFP inhibition observed in the PFC of early and mid-adolescent WIN-treated rats is
normalized following local infusion of Indiplon (*p<0.05, **p<0.005, ***p<0.0005 vs.
Indiplon, ***p<0.0005 vs. first pulse, LSD post-hoc test; main effect of pulse number:
F(9,140)=58.1, p<0.0001; main effect of treatment: F(1,140)=87.7, p<0.0001; treatment x
pulse number interaction: F(9,140)=2.6, p<0.01, two-way ANOVA). (f) Summary of the
reversal effects of Indiplon. All average values were calculated from pulses 2 to 10. Data
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from the P35-40 age treatment group (Fig 1) were included for comparison. Note that the
20Hz-induced abnormal facilitation of prefrontal LFP (aCSF group) is not longer present
following PFC infusion of Indiplon (**p<0.005 vs. aCSF or WIN, *p<0.05 vs. vehicle, LSD
post-hoc test; one-way ANOVA, F(3,29)=10.3, p<0.0001). Similarly, the attenuated
prefrontal LFP inhibition (aCSF group) at 40 Hz was normalized by local infusion of
Indiplon (**p<0.005 vs. aCSF or WIN, **p<0.005 vs. vehicle, LSD post-hoc test; one-way
ANOVA, F(3,29)=11.7, p<0.0001).
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Figureb5.
(a) Experimental design used to determine the impact of WIN exposure on PFC GABAergic

transmission. (b) Summary of the effects of adolescent WIN treatment on spontaneous
GABAergic synaptic transmission (sSIPSC/min) onto layer V pyramidal neurons of the
medial PFC in adulthood. Data obtained from P30-35 naive rats were included for
comparison. A significant increase in the frequency of IPSC events was observed from
P30-35 (n=21) to P70-90 (n=20, vehicle group; ***p<0.0005 vs. P30-40, LSD post-hoc test;
one-way ANOVA, F(2,63)=12.1, p<0.0001). However, the mean IPSC frequency remains
reduced in the WIN-treated group (n=23; ***p<0.0005 vs. vehicle, LSD post-hoc test). (c)
Examples of spontaneous IPSC recordings from layer V pyramidal neurons illustrating the
results shown in b (calibration bars: 50 pA/2.5 s). (d) Summary of the IPSC recordings from
the adult-treated group (vehicle n=12; WIN n=12). Note that WIN exposure during
adulthood failed to alter the frequency of IPSC as it did in the early/mid-adolescent group
(***p<0.0005 vs. P30-35, LSD post-hoc; one-way ANOVA, F(2,42)=10.8, p<0.0002).
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