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Early Adolescent MK-801 Exposure Impairs the Maturation
of Ventral Hippocampal Control of Basolateral Amygdala
Drive in the Adult Prefrontal Cortex

Daniel R. Thomases, Daryn K. Cass, Jacqueline D. Meyer, Adriana Caballero, and Kuei Y. Tseng
Department of Cellular and Molecular Pharmacology, The Chicago Medical School, Rosalind Franklin University of Medicine and Science, North Chicago,
Ilinois 60064

The adolescent susceptibility to the onset of psychiatric disorders is only beginning to be understood when factoring in the development
of the prefrontal cortex (PFC). The functional maturation of the PFC is dependent upon proper integration of glutamatergic inputs from
the ventral hippocampus (vHipp) and the basolateral amygdala (BLA). Here we assessed how transient NMDAR blockade during ado-
lescence alters the functional interaction of vHipp-BLA inputs in regulating PFC plasticity. Local field potential recordings were used to
determine changes in long-term depression (LTD) and long-term potentiation (LTP) of PFC responses resulting from vHipp and BLA
high-frequency stimulation in adult rats that received repeated injections of saline or the NMDAR antagonist MK-801 from postnatal day
35 (P35) to P40. We found that early adolescent MK-801 exposure elicited an age- and input-specific dysregulation of vHipp-PFC
plasticity, characterized by a shift from LTD to LTP without altering the BLA-induced LTP. Data also showed that the vHipp normally
resets the LTP state of BLA transmission; however, this inhibitory regulation is absent following early adolescent MK-801 treatment. This
deficit was reminiscent of PFC responses seen in drug-naive juveniles. Notably, local prefrontal upregulation of GABA,«1 function
completely restored vHipp functionality and its regulation of BLA plasticity in MK-801-treated rats. Thus, NMDAR signaling is critical for
the periadolescent acquisition of a GABA-dependent hippocampal control of PFC plasticity, which enables the inhibitory control of the
prefrontal output by the vHipp. A dysregulation of this pathway can alter PFC processing of other converging afferents such as those from

the BLA.
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Introduction

The transition from adolescence to adulthood represents a win-
dow of enhanced vulnerability for the onset of major psychiatric
disorders, including schizophrenia, depression, and substance
abuse (Kessler et al., 2007; Paus et al., 2008; Gogtay et al., 2011).
The precise neurobiology underlying this susceptibility is only
beginning to be understood when factoring in the development
of the prefrontal cortex (PFC), a key structure for sustaining
higher cognitive functions whose maturation occurs during ad-
olescence (Casey et al., 2000; Best and Miller, 2010). Indeed, the
onset of such disorders is often associated with impairments of a
variety of PEC-dependent cognitive processes (Lewis et al., 2012),
many of which require proper integration of glutamatergic trans-
mission from the ventral hippocampus (vHipp) and the basolat-
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eral amygdala (BLA) (Phillips and LeDoux, 1992; Ishikawa and
Nakamura, 2003; Sierra-Mercado et al., 2011; Gilmartin et al.,
2012; Sotres-Bayon et al., 2012), two limbic structures that proj-
ect heavily to the PFC (Ishikawa and Nakamura, 2003; Tierney et
al., 2004; Gabbott et al., 2006). Thus, a proper understanding of
normal PFC function will require knowledge of how these inputs
interact to shape PFC output, and if so, how a developmental
interference during adolescence could result in maladaptive PFC
processing in adulthood.

We have recently determined that inputs arising from the
vHipp and the BLA elicit distinct forms of long-term plasticity in
the PFC in an age-dependent manner (Caballero et al., 2014;
Flores-Barrera et al., 2014). In particular, ventral hippocampal
stimulation produces a GABA-dependent form of plasticity in
the PFC that does not emerge until late adolescence (Caballero et
al., 2014; Flores-Barrera et al., 2014). In contrast, the response
elicited from the BLA is already present in the adolescent PFC and
does not require local GABAergic transmission (Caballero et al.,
2014). Although the cellular mechanism underlying such input-
and age-specific regulation of PFC afferent processing remains
unclear, our recent study indicates that the functional maturation
of the vHipp—PFC connectivity is activity dependent and requires
sustained NMDAR-mediated glutamatergic transmission through-
out adolescence (Thomases et al., 2013). Given the critically inter-
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Figure1.  Disruption of vHipp-induced plasticity in the PFCby early adolescent MK-801 exposure. a, Timeline of the experimental design and summary of the recording sites (PFC: +3.2to +2.7

mm from bregma) and stimulating sites (vHipp: —6.1to —6.3 mm from bregma). b, PFCLFP recordings from adult rats (P65—P85) that received saline (n = 10) or MK-801 (n = 9) treatment during
early adolescence (P35—40). vHipp HFS resulted in PFC LTD in saline solution controls, whereas an LTP response was observed in MK-801-treated rats. ¢, PFC infusion of the GABA, antagonist
picrotoxin (50 /1 wl; n = 11) was sufficient to shift the normal vHipp-induced LTD (aCSF, n = 7) to LTP in adult naive rats (P60 — 80). d, Summary of the mean LFP response obtained at 30 — 40
min post-HFS. *p << 0.05, **p << 0.005, ***p << 0.0005 vs baseline, paired ¢ test. Note that the magnitude of PFCLTP observed in MK-801-treated rats resembles that induced by local PFCinfusion
of picrotoxin (**p << 0.0005 vs saline solution or aCSF, LSD post hoc test after significant one-way ANOVA; Fi333 = 28.9;p < 0.0001). e, Example traces of the vHipp-evoked PFC response taken
from 5 min pre-HFS (—5) and 35 min post-HFS (+35). Calibration: 4 mV, 20 ms.
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Figure2. BLA-induced plasticity in the PFCremained unaltered by the early adolescent MK-801 treatment. a, Timeline of the experimental design and summary of the recording sites (PFC: +3.2
to +2.7 mm from bregma) and stimulating sites (BLA: —3.3 to —3.6 mm from bregma). b, PFCLFP recordings from adult rats that received saline (n = 9) or MK-801 (n = 9) treatment during early
adolescence (P35—40). HFS of the BLA resulted in PFCLTP in both saline- and MK-801-treated groups. ¢, PFCinfusion of picrotoxin (50 um/1 wl; n = 8) failed to affect the BLA-induced LTP in adult
naive rats (P60 — 80). d, Summary of the mean LFP response obtained at 30 — 40 min post-HFS. **p << 0.005, ***p << 0.0005 vs baseline, paired ¢ test. Insets in b and ¢ are example traces of the
BLA-evoked PFC response taken from 5 min pre-HFS (—5) and 35 min post-HFS (+35). Calibration: 4 mV, 20 ms.

connected roles of the vHipp and the BLA in mediating PFC
functions (Ishikawa and Nakamura, 2003; Sierra-Mercado et al.,
2011; Sotres-Bayon et al., 2012; Caballero et al., 2014), it is pos-
sible that a similar activity-dependent susceptibility extends to
the BLA-to-PFC pathway. Thus, a more pressing question is
whether transient developmental disruptions occurring during
adolescence could permanently alter the balance of vHipp and
BLA regulation of PFC plasticity and diminish the functional
capacity of prefrontal output.

In the present study, we conducted local field potential (LFP) record-
ings of afferent-evoked responses and examined how transient blockade
of NMDARs during early adolescence affects the interaction of the
vHipp and BLA drives in the PFC. More specifically, rats received re-
peated noncontingent injections of the noncompetitive NMDAR an-
tagonist MK-801 from postnatal day 35 (P35) to P40 (Thomases et al.,
2013), and changes in BLA-induced PFC plasticity and its heterosynap-
tic modulation by vHipp input and local prefrontal GABAergic trans-
mission were determined in adulthood (P65—85).
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Figure3.  Early adolescent MK-801 exposure impaired the normal vHipp-dependent depotentiation of BLA-evoked responses
inthe PFC. a, Timeline of the experimental design and summary of the recording sites (PFC) and stimulating sites (vHipp and BLA).
b, Impact of vHipp HFS on BLA-induced LTP in the PFC recorded from adult rats (P65— 85) that received saline (n = 8) or MK-801
(n = 9) treatment during early adolescence. Note that the normal vHipp-dependent depotentiation of BLA-LTP is lacking in the
PFCof MK-801-treated rats. ¢, Summary of the mean PFCresponse obtained at 30 — 40 min post-HFS. Two-way ANOVA revealed a
main effect of treatment (F, 50, = 10.4, p < 0.005), a main effect of input stimulation (F; 5o, = 9.7, p << 0.005), and a
treatment X input stimulation interaction (F; 55, = 5.4, p << 0.03; ###p < 0.0005 vs saline, + +p << 0.005 vs BLAHFS, LSD post
hoctest). d, Example traces of the BLA-evoked PFC response recorded at 5 min pre-BLA HFS (—5), 35 min post-BLAHFS (+35),and
40 min post-vHipp HFS (+80). Calibration: 4 mV, 20 ms.
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Figure4. The normal vHipp-mediated inhibitory control of BLA-dependent plasticity in the PFCis lacking after early adolescent
MK-801 treatment. a, Timeline of the experimental design and summary of the recording sites (PFC) and stimulating sites (vHipp
and BLA). b, Impact of vHipp HFS before induction of BLA-dependent PFC LTP recorded from adult rats (P65— 85) that received
saline (n = 7) orMK-801 (n = 7) treatment during early adolescence. Typically, vHipp HFS prevents the expression of BLA-induced
LTP in the PFC of saline controls. Such inhibitory control by the vHipp drive is lacking in the MK-801-treated group. ¢, Summary of
the mean PFC response obtained at 30 — 40 min post-HFS. Two-way ANOVA revealed a main effect of treatment (F, ,, = 16.1,
p < 0.005), a main effect of input stimulation (F; ,,) = 12.9, p < 0.002), and a treatment X input stimulation interaction
(Fza = 5.5,p < 0.03; **p < 0.0005 vs saline, ™ *p < 0.0005 vs vHipp HFS, LSD post hoc test). d, Example traces of the
BLA-evoked PFCresponse recorded at 5 min pre-vHipp HFS (—5), 35 min post-vHipp HFS (+35), and 40 min post-BLA HFS (+80).
Calibration: 4 mV, 20 ms.
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chemicals were obtained from Sigma-
Aldrich except for indiplon, which was pur-
chased from Tocris Bioscience.

Experimental groups. Early adolescent (P35)
rats were randomly assigned to receive daily
noncontingent (home cage) intraperitoneal
injections of saline solution (0.9% NaCl) or
MK-801 (0.1 mg/kg in saline solution) for 5
consecutive days as in our previous study
(Thomases et al., 2013). Recordings were then
conducted within the P65-P85 age range of
adulthood (25-45 d after the last injection). In
the adult-treated group (P75-P80), recordings
were performed after an equivalent washout
period from the last saline solution or MK-801
injection as in the early adolescent-treated rats.

In vivo recordings of LFPs in the medial PFC
after ventral hippocampal and basolateral amygdala
stimulation. All recordings were conducted in
animals deeply anesthetized with 8% chloral
hydrate (400 mg/kg, i.p.) as previously de-
scribed (Thomases et al., 2013). Briefly, medial
PFCLFP responses elicited from the vHipp and
BLA were recorded using a concentric bipolar
electrode (SNE-100x 50 mm; Rhodes Medical
Instruments Inc.), amplified (Cygnus Tech-
nology Inc.), filtered (bandwidth, 1-100 Hz),
and digitized (Digidata 1440A; Molecular De-
vices) at a sampling rate of 10 kHz. For stimu-
lation, concentric bipolar electrodes (NE-100x,
50 mm) were lowered into the vHipp and BLA,
and electrical pulses of 300 ws duration at 0.75
mA were delivered every 15 s through a
computer-controlled pulse generator (Master-8
Stimulator; A.M.P.1.). Typically, a 20 min pe-
riod of stable baseline recording of afferent-
evoked LFPs was collected in the PFC (<15%
variability in evoked LFP amplitude and slope)
before a protocol of high-frequency stimula-
tion (HFS; 50 pulses at 100 Hz/15 s X 4; Cabal-
lero et al., 2014) was delivered into the vHipp
or the BLA. Afferent-driven plasticity in the
PFC was determined by measuring changes in
the slope of the evoked LFP (measured from
the onset to peak amplitude of the evoked LFP)
within the 40 min post-HES period. Here, a bin
size window of 2 min (i.e., the mean slope value
from eight evoked LFPs) was used to compute
the time course data points of the evoked LFP
response before and after the HFS. For local
prefrontal modulation of GABAergic trans-
mission, a 28 gauge infusion cannula (length,
11 mm; Plastics One Inc.) was secured to the
recording electrode to allow microinfusions
(0.1 pl/min) of aCSF-containing picrotoxin (1
wl at 50 um/0.1% DMSO), the GABA al-
positive allosteric modulator indiplon (0.6 ul
at 10 um/0.04% DMSO; Petroski et al., 2006)
or vehicle (1 ul of 0.1% DMSO and 0.6 ul of

Materials and Methods

All experimental procedures were approved by the Rosalind Franklin
University of Medicine and Science Institutional Animal Care and
Use Committee, and met the National Institutes of Health guidelines
for the care and use of laboratory animals. Upon arrival, male Sprague
Dawley rats (Harlan) were allowed to habituate for at least 5 d before
being subjected to any experimental manipulation. In the present
study, rats were group housed (two to three rats/cage), maintained
under conditions of constant temperature (21-23°C), and kept in a
12h light/dark cycle with food and water available ad libitum. All

0.04% DMSO, respectively). The exact location of the recording and
stimulation sites was determined by means of Nissl staining, as previ-
ously described (Thomases et al., 2013).

Statistical analysis. All time course plots summarizing the effects of
HEFS-induced LFP changes were computed using a bin size window of
2 min each (i.e., average slope from eight evoked LFPs per data point).
Differences among experimental conditions were considered statisti-
cally significant at p < 0.05, and the data are summarized as the
mean = SEM. The Student’s ¢ test was used for two-group compari-
sons involving a single continuous variable, whereas ANOVA was
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treatment (Fig. 2b). Interestingly, this
form of plasticity does not require local
prefrontal GABAergic transmission (Fig.
2¢) because the pattern and magnitude of
LTP recorded in the presence of picro-
toxin were indistinguishable from that
seen in saline controls and MK-801-
treated rats (Fig. 2d). Together, these re-
sults point to a GABAergic-dependent,
input-specific disruption of PFC plasticity
by early adolescent MK-801 exposure that
endures through adulthood.

The lack of vHipp-dependent LTD in
the PFC resulting from early adolescent
MK-801 exposure could lead to abnormal
prefrontal processing of afferent informa-
tion. To test this, we examined how HES of the vHipp modulates
BLA transmission, in particular after the BLA-induced LTP in the
PFC (Fig. 3a). We found that the normal hippocampal HFS-
dependent depotentiation of BLA-induced LTP is lacking in the
PEC of early adolescent MK-801-treated rats (Fig. 3b). While
vHipp HFS effectively reset the prefrontal LTP driven by the BLA
in saline controls, it failed to alter the potentiated BLA-evoked
LFP in the MK-801-treated group (Fig. 3¢). Similarly, a blockade
of BLA-induced LTP was observed in the PFC of saline controls
when vHipp HFS preceded that of the BLA (Fig. 4a,b). In con-
trast, HFS of the vHipp failed to prevent the expression of BLA-
induced LTP in the PFC of MK-801-treated rats (Fig. 4b,c).
Together, these results indicate that the vHipp drive to the PFC
exerts a powerful control over that from the BLA, a form of
plasticity that is lacking after early adolescent MK-801 exposure.

Timeline of the experimental design. Note that another cohort of early adolescent MK-801-treated rats was included to control for
the age of the recording period. b, Summary of the recording sites (PFC) and stimulating sites (BLA and vHipp). ¢, Relative to saline
controls (n = 7), the characteristic vHipp-induced depotentiation of the BLA-LTP remained intact in the PFC of adult MK-801-
treated rats (n = 6). This was not the case in rats treated in early adolescence as the impaired vHipp-dependent depotentiation of
the BLA-LTP resulting from MK-801 exposure (Fig. 3) endures through the P105-125 period (n = 5). d, Summary of the mean PFC
response obtained at 30 —40 min post-HFS. Two-way ANOVA of the MK-801-treated groups (adult treated, black; adolescent
treated, white) revealed a main effect of age of treatment (F , ;5 = 42.1, p << 0.0005), a main effect of input stimulation (F, ;g
= 24.6,p < 0.0005), and an age of treatment X input stimulation interaction (F,; ;5 = 28.6, p < 0.0005; ***p < 0.0005 vs
adult treated, " * " p << 0.0005 vs BLA HFS, LSD post hoc test). e, HFS of the vHipp before induction of BLA LTP in the PFC of adult
rats indicate that MK-801 exposure during adulthood did not impair the normal inhibitory control of the vHipp drive (n = 6 per
group). This was not the case for the early adolescent MK-801-treated group in which vHipp HFS failed to prevent the expression of
BLA-LTP in the PFC, an impairment that endures through P105-125 period (n = 5). f, Summary of the mean PFC response
obtained at 30 — 40 min post-HFS. Two-way ANOVA of the MK-801-treated groups (adult treated, black; adolescent treated, white)
revealed a main effect of age of treatment (F; 15 = 46.8, p < 0.0005), a main effect of input stimulation (F, 15 = 30.4,p <
0.0005), and an age of treatment X input stimulation interaction (F; 15 = 31.8, p < 0.0005; ***p < 0.0005 vs adult treated,
++%p < 0.005 vs vHipp HFS, LSD post hoc test).

To determine whether the MK-801-induced disruption of
vHipp regulation of BLA drive in the PFC is age dependent, we
conducted recordings from rats that received MK-801 exposure
during adulthood (i.e., P75-P80) following the same experimen-
tal design used in the early adolescent group. Thus, changes in
LFP responses in the PFC were determined within 25-45 d from
the last saline or MK-801 injection (i.e., P105-P125; Fig. 5a,b).
We found that both saline- and MK-801-treated rats exhibited
comparable levels of PFC LTP in response to BLA HFS (Fig. 5¢).
Interestingly, the normal vHipp-dependent depotentiation of
the BLA response remained intact in both groups (Fig. 5¢),
indicating that transient NMDAR blockade during adulthood
does not result in long-lasting deficits of hippocampal modula-
tion, as seen in the early adolescent-treated group (Fig. 3). Im-
portantly, the different postnatal age of the recording period
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tion (F; 55 = 32.6, p < 0.0005), a main effect of age (F; ,, = 37, p < 0.0005), and an age X input stimulation interaction
(Fi1.22) = 20.1,p < 0.0005; *#*p < 0.0005 vs P60— 80, ™ p < 0.0005 vs vHipp HFS, LSD post hoc test).
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stimulation (F; ,,) = 4.5,p < 0.05), and an infusion X input stimulation interaction (F; ,,y = 5.8, p < 0.05; *p < 0.0005 vs
aCSF, * p < 0.005 vs BLA HFS, LSD post hoc test). d, Example traces of the BLA-evoked PFC response recorded at 5 min pre-BLA
HFS (—35), 35 min post-BLA HFS (+35), and 40 min post-vHipp HFS (+80). Calibration: 4 mV, 20 ms.
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cannot account for the age-dependent ef-
fects of MK-801 exposure observed here.
In fact, recordings from P105-125 rats
that received MK-801 treatment during
early adolescence revealed an impaired
vHipp-dependent depotentiation of the BLA-
driven LTP (Fig. 5¢,d) that resembled the
P65-85 PFC recordings from the same
age and treatment group (Fig. 3). Simi-
larly, vHipp HES effectively blocked the
expression of BLA-induced LTP in both
saline solution- and MK-801-treated
groups (Fig. 5¢). Notably, such inhibitory
control by the vHipp is lacking in the
P105-125 PFC of early adolescent MK-
801-treated rats (Fig. 5ef). Together,
these results point towards an age-
dependent effect of MK-801 on PFC plas-
ticity that endures throughout adulthood,
in particular within the vHipp-to-PFC
pathway and its control over BLA drive.

As the refinement of PFC plasticity
during adolescence is input specific (Ca-
ballero etal., 2014), the lack of vHipp con-
trol of BLA drive in the PFC observed after
early adolescent MK-801 treatment could
be due to an impaired functional matura-
tion of the hippocampal-to-PFC pathway.
Therefore, we asked how vHipp regula-
tion of BLA transmission in the PFC
changes during the transition to adult-
hood in two distinct age groups of naive
rats: P30—40 versus P60—80 (Fig. 6). Re-
sults show that while hippocampal HFS
resulted in depotentiation of the BLA-
evoked LTP in the P60—80 PFC, such a
modulation was lacking when tested in
the P30—40 age group (Fig. 6b,¢). This de-
ficient hippocampal inhibition (Fig. 6b) is
indistinguishable from that seen in the
adult PFC of early adolescent MK-801-
exposed rats (Fig. 3). Similarly, vHipp
HEFS also blocked the expression of BLA-
induced LTP only in the P60—80 age group
(Fig. 6d,e), whereas the vHipp-insensitive
BLA-dependent LTP observed in the
P30-40 PFC resembles that found after
early adolescent MK-801 treatment (Fig.
4). Together, these data indicate that
transient NMDAR blockade during early
adolescence impairs the functional matu-
ration of the vHipp-dependent inhibitory
control of BLA drive in the PFC, a devel-
opmental disruption that endures into
adulthood.

Based upon our recent finding of a lo-
cal GABAergic component mediating
LTD in the PFC (Caballero et al., 2014),
we asked whether local infusion of the
GABA  al-positive allosteric modulator
indiplon (Petroski et al., 2006; Thomases
et al., 2013) would be sufficient to restore
the vHipp inhibitory control of BLA drive
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that is lacking in the PFC of early adoles-
cent MK-801-treated rats. To thisend, we ~ @

conducted recordings from adult rats that  posnatal days

received MK-801 during early adolescence 35 40 65-85
and found that a single PFC infusion of indip- "M 4
lon before the vHipp HFS (for details, see =~ MK-801  recording

Materials and Methods) effectively en-
abled the vHipp-dependent depotentia-
tion of BLA-evoked LTP, whereas aCSF
injection did not (Fig. 7). In fact, the
pattern of depotentiation observed in
the indiplon-treated PFC of MK-801-
exposed rats resembled that seen in saline
controls. A similar permissive effect of in-
diplon was observed when the vHipp HFS
preceded that of the BLA (Fig. 8). Typi-
cally, vHipp HFS does not prevent the in-
duction of prefrontal LTP by the BLA in
early adolescent MK-801-treated rats
(Fig. 4). However, when indiplon was de-
livered into the PFC before the vHipp
HES, a complete reinstatement of the
normal vHipp-dependent inhibition of
BLA-LTP expression emerges (Fig. 8). In-
terestingly, such inhibition of the BLA-
mediated expression of LTP in the PFC
was lacking if the infusion of indiplon oc-
curred after the vHipp HFS (Fig. 8), sug-
gesting that the inhibitory control enabled by the enhanced
GABA, function in the PFC is input specific and dependent on
plasticity mechanisms at local GABAergic synapses. Collectively,
these results point to a mechanistic link between the impaired
hippocampal regulation of BLA transmission in the PFC and
local deficits in GABAergic function that endure through
adulthood as a result of early adolescent MK-801 exposure.

Figure 8.

interaction (F; 5, =

Discussion

In the present study, we have found that the age-dependent and
input-specific dysregulation of PFC plasticity (a switch from
vHipp-driven LTD to LTP) resulting from transient early adoles-
cent NMDAR blockade (i.e., MK-801) endures through adult-
hood due to a developmental impairment of local prefrontal
GABAergic function. Our data also show that despite the normal
PFC response to BLA stimulation, the distinctive vHipp inhibi-
tion of BLA-dependent plasticity in the PFC is lacking after early
adolescent MK-801 treatment. Such deficient hippocampal reg-
ulation of PFC plasticity resembles that seen in drug-naive juve-
niles, an impairment that can be fully restored by PFC infusion of
the GABA ,al-positive allosteric modulator indiplon. Although
we are not aware of any targets of indiplon other than the ones
currently described (i.e., GABA ,al), its effects in the PFC appear
to be limited to GABA,-mediated processes without altering
GABA ,-independent events such as the evoked plasticity elicited
from the BLA (Figs. 7, 8) and the response to vHipp 10 Hz stim-
ulation (Thomases et al., 2013). Altogether, these results indicate
that the normal developmental acquisition of vHipp inhibitory
control of BLA transmission in the PFC is impaired by early
adolescent MK-801 exposure as a consequence of diminished
local prefrontal GABAergic function.

While the functional connectivity from both vHipp and BLA
inputs to the PFC continues to mature into early adulthood
(Benes, 1989; Cunningham et al., 2002; Thomases et al., 2013;
Caballero et al., 2014), only the one arising from the vHipp is

traces of the BLA-evoked PFCresponse recorded at 5 min pre-vHipp HFS (—
HFS (+80). Calibration: 4 mV, 20 ms.
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Local prefrontal facilitation of GABA, a1 function restores the normal vHipp inhibitory control of BLA transmission. a,
Timeline of the experimental design and summary of the recording sites (PFC) and stimulating sites (BLA and vHipp). b, Local PFC
infusion of indiplon effectively rescued the vHipp-dependent blockade of BLA induction of LTP in MK-801-treated rats (MK). Note
that the effectiveness of indiplon in restoring the action of vHipp HFS on the expression of BLA-LTP occurred only when drug
infusion was delivered before vHipp HFS (n = 7). Indiplon infusion before BLA HFS (n = 6) failed to reinstate this inhibition. ¢,
Summary of the mean PFC response obtained at 30 —40 min post-HFS. Two-way ANOVA revealed a main effect of infusion
(F,22 = 43.4,p < 0.0005), amain effect ofinput stimulation (Fi1.22) = 19.99,p << 0.0005),and an infusion X input stimulation
= 20.4,p < 0.0005; *p << 0.0005 vs pre-BLA, * **p << 0.0005 vs vHipp HFS, LSD post hoc test). d, Example

5), 35 min post-vHipp HFS (+35), and 40 min post-BLA

susceptible to the developmental disturbance induced by MK-
801 during early adolescence. In the PFC, such disruption is man-
ifested by a shift from the normal vHipp-driven LTD to an LTP
indistinguishable from that attained after local PFC infusion of
the GABA, receptor antagonist picrotoxin. This suggests that
blockade of NMDAR transmission during early adolescence im-
pairs the functional recruitment of prefrontal GABAergic circuits
by the vHipp that is critical for the expression of input-specific
LTD in the adult PFC (Caballero et al., 2014). Interestingly, our
data also indicate that the enduring PFC dysregulation resulting
from early adolescent MK-801 treatment does not affect the ex-
pression of afferent-driven/NMDAR-mediated LTP that typi-
cally appears in the PFC after P50 (Flores-Barrera et al., 2014).
Thus, the selective impairment of LTD observed after early ado-
lescent MK-801 exposure emerges as an input-specific deficit of
vHipp-dependent plasticity because it relies upon the activation
of a functionally mature GABAergic network in the PFC (Cabal-
lero et al., 2014). In this regard, any developmental deficit of
prefrontal GABAergic function will selectively disrupt the re-
sponse to vHipp transmission in an input-specific manner.

In addition to the impaired LTD, the vHipp inhibition of the
BLA-evoked response in the PFC is also absent after early adoles-
cent MK-801 exposure. In the normal adult PFC, inputs from the
vHipp possess the functional capacity to reset and inhibit the LTP
state of BLA transmission. Although the precise cellular mecha-
nism underlying such inhibitory control is not fully understood
(see below), it is clear from our recent (Thomases et al., 2013) and
present studies that transient NMDAR blockade during early ad-
olescence is sufficient to induce an enduring prefrontal deficit
that disables the normal hippocampal regulation of BLA-
dependent plasticity in the PFC. Interestingly, the inability of the
vHipp to diminish the gain of BLA drive is strikingly similar to
that seen in the immature PFC of drug-naive juvenile rats, a
disruption that was not observed when MK-801 exposure oc-
curred in adulthood. Together, these results suggest that the
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functional acquisition of hippocampal inhibitory control of BLA
transmission in the PFC is developmentally regulated and sus-
ceptible to transient attenuation of NMDAR signaling during
adolescence in an age-dependent manner.

Our recent study indicates that the expression of vHipp-
dependent LTD in the PFC requires local GABA, transmission,
whereas plasticity elicited from the BLA does not (Caballero et al.,
2014). Such input-specific GABAergic contribution of PFC out-
put plasticity cannot be explained by a differential innervation of
vHipp and BLA afferents onto GABAergic interneurons and py-
ramidal neurons (Bacon et al., 1996; Carr and Sesack, 1996; Gab-
bottetal., 2002; Tierney et al., 2004). Instead, our studies suggest
a distinct functional recruitment of PFC GABAergic interneu-
rons by the vHipp that cannot be elicited by BLA inputs. Al-
though the precise synaptic locus of this input-specific
modulation remains to be determined, our data are consistent
with a form of LTP plasticity occurring at prefrontal GABAergic
synapses that contributes to both the expression of vHipp-
dependent LTD and the inhibitory control this pathway exerts
over BLA transmission in the PFC. Indeed, strengthening of PFC
GABAergic function via local infusion of indiplon completely
restored the vHipp-dependent inhibitory regulation of BLA
transmission that is lacking in rats exposed to MK-801 during
early adolescence. Notably, this inhibitory control of PFC plastic-
ity occurred only when indiplon was delivered before (not after)
HFS of the vHipp. Together, these results point to a lack of pre-
frontal GABAergic plasticity as a key mechanism by which tran-
sient blockade of NMDA transmission during adolescence
disrupts PFC processing of afferent information.

The age- and GABAergic-dependent dysregulation of PFC
plasticity observed here with MK-801 is expected to compromise
a variety of cognitive functions, including working memory, at-
tention, and the control of impulsive behavior, all of which re-
quire proper integration of afferent information originating from
the vHipp and BLA by the PFC (Phillips and LeDoux, 1992;
Ishikawa and Nakamura, 2003; Sierra-Mercado et al., 2011; Chu-
dasama et al., 2012; Gilmartin et al., 2012; Sotres-Bayon et al.,
2012). In addition, behavioral studies using fear-conditioning
paradigms have revealed that BLA (Anglada-Figueroa and Quirk,
2005; Sierra-Mercado et al., 2006; Gilmartin et al., 2012) and
vHipp (Milad et al., 2007; Sotres-Bayon et al., 2012) inputs to the
PFC control the expression and extinction of conditioned fear
responses, respectively. Such discrete behaviors are thought to be
related to the well established role of the vHipp and the BLA in
regulating PFC plasticity (Laroche et al., 2000; Maroun and
Richter-Levin, 2003; Caballero et al., 2014). Our data present a
scenario in which the gain of BLA transmission in the PFC de-
pends on the functional control of GABA plasticity by the vHipp,
thus tuning prefrontal processing of emotionally salient stimuli
and controlling behavioral inhibition. A disruption of these pro-
cesses could emerge as an inappropriate emotional response to
neutral stimuli as occurs in many psychiatric disorders including
schizophrenia (Benes, 2010), in which deficits in PEC GABAergic
interneurons continue to be one of the most common findings
(Gonzalez-Burgos et al., 2011; Lewis et al., 2012). Importantly,
the fact that PFC plasticity can be normalized by local upregula-
tion of GABA a1 transmission suggests that a pharmacological
strengthening of the vHipp inhibitory control of prefrontal out-
put could restore proper PFC functionality in individuals with a
developmentally immature/attenuated prefrontal GABAergic
system. Future studies are warranted to test this hypothesis.

In summary, the functional maturation of GABAergic plastic-
ity in the PFC requires sustained NMDA transmission during
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adolescence. As such, any genetic and environmental factors ca-
pable of disrupting NMDAR signaling (Do et al., 2009; Kantrow-
itz and Javitt, 2010) during adolescence are expected to cause
long-lasting impairments of prefrontal GABAergic plasticity and
subsequent input-specific dysregulation of PFC output by the
vHipp.
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