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Cocaine Exposure In Utero Alters Synaptic Plasticity in the
Medial Prefrontal Cortex of Postnatal Rats
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Cocaine exposure during pregnancy causes abnormality in fetal brain development, leading to cognitive dysfunction of the offspring, but
the underlying cellular mechanism remains mostly unclear. In this study, we examined synaptic functions in the medial prefrontal cortex
(mPFC) of postnatal rats that were exposed to cocaine in utero, using whole-cell recording from mPFC layer V pyramidal neurons in acute
brain slices. Cocaine exposure in utero resulted in a facilitated activity-induced long-term potentiation (LTP) of excitatory synapses on
these pyramidal neurons and an elevated neuronal excitability in postnatal rat pups after postnatal day 15 (P15). This facilitated LTP
could be primarily attributed to the reduction of GABAergic inhibition. Biochemical assays of isolated mPFC tissue from postnatal rats
further showed that cocaine exposure in utero caused a marked reduction in the surface expression of GABAA receptor subunits �1, �2,
and �3, but had no effect on glutamate receptor subunit GluR1. Both facilitated LTP and reduced surface expression of GABAA receptors
persisted in rats up to at least P42. Finally, the behavioral consequence of cocaine exposure in utero was reflected by the reduction in the
sensitivity of locomotor activity in postnatal rats to cocaine and the dopamine receptor agonist apomorphine. Since the mPFC is an
important part of the reward circuit in the rat brain and plays important roles in cognitive functions, these findings offer new insights into
the cellular mechanism underlying the adverse effects of cocaine exposure in utero on brain development and cognitive functions.

Introduction
The first National Institute on Drug Abuse National Pregnancy
and Health survey conducted in 1992 reported that, each year in
the United States, 5.5% of all expectant mothers used an illicit
drug at least once during their pregnancy (Mathias, 1995).
Among those women surveyed, 1.1% had used cocaine at some
time during pregnancy. Cocaine use during pregnancy results
in retarded fetal brain growth (Zuckerman et al., 1989), lead-
ing to postnatal changes in brain functions (Salisbury et al.,
2007; Shankaran et al., 2007). Children who are exposed to high-
level cocaine are also likely to show dose-dependent postnatal
growth impairment (Mirochnick et al., 1995; Delaney-Black et
al., 1996) as well as deficits in postnatal motor function, atten-
tion, and language skills (Azuma and Chasnoff, 1993; Nulman et
al., 1994; Chiriboga et al., 1995).

Previous animal studies have shown that prenatal cocaine expo-
sure results in changes of cognitive and emotional development of
the offspring, including learning and memory (Thompson et al.,
2005; Malanga et al., 2007), but cellular and circuit mechanisms
underlying these behavioral changes remain unclear. The medial
prefrontal cortex (mPFC) is an important part of the reward
circuit in the rat brain, with strong reciprocal interactions with
the ventral tegmental area (VTA) and nucleus accumbens

(NAc)—two regions known to play key functions in the initiation
and expression of locomotor sensitization as a result of repeated
cocaine exposure (Kalivas et al., 1998; Robinson and Berridge,
2003). Because dopaminergic inputs to mPFC layer V pyramidal
cells are involved in attention (Broersen et al., 1996), prenatal
cocaine-induced synaptic and neuronal alterations in these neu-
rons may contribute to cognitive impairments and behavioral
deficits in postnatal animals.

In the present study, we used a rat model to examine the
effects of cocaine exposure in utero on activity-dependent synap-
tic plasticity in the mPFC. Pregnant rats were given daily intra-
peritoneal injections with either saline or cocaine for 7 d from
embryonic day 15 (E15) to E21. Postnatal rats were examined
during postnatal day 8 (P8) to P42 for cocaine-induced alter-
ations in the activity-induced long-term potentiation (LTP) and
long-term depression (LTD), the expression of glutamate and
GABAA receptors, and the excitability of mPFC layer V pyramidal
neurons. We found that cocaine exposure in utero caused a re-
duction of GABAergic inhibition in layer V pyramidal neurons of
rat mPFC, leading to an increased susceptibility of excitatory
synapses to LTP induction as well as an elevated spiking activity
in response to synaptic excitation or membrane depolarization in
these neurons. At the behavioral level, rats exposed to cocaine in
utero showed a reduced locomotor sensitivity to cocaine and the
dopamine receptor agonist. Together, these results provided new
evidence on the cellular mechanisms underlying the effects in-
duced by cocaine exposure in utero.

Materials and Methods
Animals and slice preparation. Pregnant Sprague Dawley (SD) rats
(Charles River) were given intraperitoneal injections of either saline
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(0.9% NaCl; 1 ml kg �1) or saline containing cocaine (15 mg kg �1 in 1 ml
kg �1 of saline) for 7 d from E15 to E21. Offspring from the treated
mother were raised by the nontreated mother. No physical difference was
shown between the rats exposed to cocaine or saline in utero. Rats were
anesthetized with isoflurane and then killed by decapitation. Animal use
procedure was approved by the Animal Care and Use Committee at the
University of California, Berkeley. Fresh isolated brain slices containing
mPFC were prepared from SD rats as previously described (Mansvelder
and McGehee, 2000). Coronal slices (250 �m thick) containing mPFC
were cut with a Vibratome in a chamber filled with chilled (2–5°C) cutting
solution containing the following (in mM): 110 choline-chloride, 25
NaHCO3, 25 D-glucose, 11.6 sodium ascorbate, 7 MgSO4, 3.1 sodium pyru-
vate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2. The slices were then incubated
in artificial CSF (ACSF) containing the following (in mM): 119 NaCl, 26.2
NaHCO3, 11 D-glucose, 2.5 KCl, 2.5 CaCl2, 1.5 MgSO4, 1.25 NaH2PO4 at
room temperature. The solutions were bubbled with 95% O2 and 5% CO2.

Electrophysiology. Whole-cell recordings were made from layer V
mPFC pyramidal neurons by using a patch-clamp amplifier (Multi-
Clamp 700B; Molecular Devices) under infrared differential interference

contrast optics. Microelectrodes were made from
borosilicate glass capillaries and had a resistance
of 2.5–5 M�. Data acquisition and analysis were
performed by using a digitizer and pClamp 9
software (DigiData 1322A; Molecular Devices).
To stimulate presynaptic fibers, a bipolar tung-
sten stimulation electrode (WPI) was placed in
the layer II/III of the prelimbic region of the
mPFC, and pulses of 50 �s duration were applied
(at 0.1 Hz). Whole-cell recording was made at
30 � 1°C in a recording chamber, under the reg-
ulation of an automatic temperature controller
(Warner Instruments). Series resistance (15–30
M�) and input resistance (100–200 M�) were
monitored throughout the recording. Data were
discarded when the change in the series resistance
was �20% during the course of the experiment.
Mostly, monosynaptic EPSPs were recorded at
�70 mV in current-clamp mode. For recording
IPSCs, neurons were held at �20 mV in voltage-
clamp mode in the presence of 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) (10 �M)
and D-2-amino-5-phosphonopentanoic acid
(AP5) (25 �M). The intrapipette solution for
most whole-cell recordings contained the follow-
ing (in mM): 140 potassium gluconate, 5 KCl, 10
HEPES, 0.2 EGTA, 2 MgCl2, 4 MgATP, 0.3
Na2GTP, and 10 Na2-phosphocreatine, pH 7.2
(with KOH). The BAPTA-containing intrapi-
pette solution consisted of the following (in mM):
100 potassium gluconate, 5 KCl, 10 HEPES, 20
BAPTA, 2 MgCl2, 4 MgATP, 0.3 Na2GTP, and 10
Na2-phosphocreatine, pH 7.2 (with KOH). For
recording biphasic responses (EPSC/IPSC se-
quences), neurons were voltage clamped at the
resting membrane potential (�54 mV). For
this experiment, low Cl�-containing intrapipette
solution was used (in mM: 145 potassium
gluconate, 10 HEPES, 0.2 EGTA, 1 MgCl2,
4 MgATP, 0.3 Na2GTP, and 10 Na2-
phosphocreatine, pH 7.2 with KOH) to amplify
the IPSCs to obtain biphasic response showed in
Figure 5A. For measurements of AMPA/
NMDA ratio, the recordings were made in
the presence of 1 �M 6-imino-3-(4-methoxy-
phenyl)-1(6H)-pyridazinebutanoic acid
hydrobromide (SR95531) to block GABAergic
transmission and 10 �M glycine to coactivate
NMDA receptor (NMDAR). First, the neuron
was voltage clamped at �70 mV to obtain sta-
ble AMPA receptor-mediated currents. Then

the neuron was held at �40 mV, and responses were recorded first in the
presence of CNQX (10 �M) and then in the presence of both CNQX (10
�M) and AP5 (25 �M). The NMDA receptor-mediated currents were
obtained by subtracting the averaged responses obtained in the presence
of both CNQX and AP5 from those obtained in the presence of CNQX
only. The intrapipette solution contained the following (in mM): 120
CsCH3SO3, 20 HEPES, 0.4 EGTA, 5 TEA-Cl (tetraethylammonium chlo-
ride), 2 MgCl2, 2.5 MgATP and 0.3 GTP, 10 Na2-phosphocreatine, 1
QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium
bromide], pH 7.2 (with CsOH). For the treatment of SR95531, data were
taken 10 min after the onset of the drug perfusion to allow drug penetra-
tion into the slices. Summary data are given as means � SEM. For assay-
ing EPSP–spike (E–S) coupling, the initial slope of EPSPs was
measured for the first 4 ms period of the rising phase (in millivolts per
millisecond). In all cases, data from one neuron were collected from
each slice. Unless indicated otherwise, statistical tests were performed
by using Student’s t test or the Kolmogorov–Smirnov test (for cumu-
lative percentage plots).

Figure 1. Prenatal cocaine exposure facilitated LTP induction in layer V pyramidal neurons of rat mPFC. A, Images of an acutely
isolated coronal slice of P20 rat brain, showing the extracellular stimulating electrode (S) at layer II/III and the whole-cell recording
electrode (R) at layer V at the mPFC region (marked by the white box in the inset). Scale bars: box, 1 mm; 200 �m. B, Stimulation
protocol for LTP induction (termed mTBS), consisting of presynaptic activation of 10 bursts (each with 5 pulses at 100 Hz) spaced at
200 ms and repeated three times at 10 s intervals and postsynaptic injection of a depolarizing current pulse (1.5 nA, 40 ms) during
each burst, with a 5 ms interval between the onset of presynaptic and postsynaptic stimulation. C, An example of LTP induction in
a slice prepared from a P25 rat that was exposed to cocaine in utero for 7 d. The data points represent the amplitude of EPSPs
recorded before and after application of mTBS (at the time marked by arrow). Sample traces above represent averages of 10 EPSPs
at the marked time (arrowhead). Calibration: 6 mV, 50 ms. D, Summary of data from all experiments similar to that in C, showing
normalized EPSP amplitudes before and after LTP induction in slices from P16 –P42 rats that were prenatally exposed to cocaine
(for 7 d from E15 to E21; n � 40). The EPSP amplitudes over 1 min intervals were normalized by the mean amplitude before
induction. Error bars indicate SEM. E, F, Same as C and D except that the results were obtained from slices of prenatal saline-treated
rats (F ) (n � 21).
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Measurements of transmitter receptor expres-
sion. For biotinylation of membrane proteins,
mPFC tissues dissected from freshly isolated
brain slices (preincubated for 2 h in ACSF)
were incubated in a solution containing sulfo-
NHS-S-S-biotin (1 mg/ml; Pierce) for 30 min
at 4°C. Unreacted biotinylation reagent was
quenched by two successive 20 min washes in
ACSF containing 100 mM glycine (or quench-
ing solution), followed by two washes in ice-
cold TBS (50 mM Tris, pH 7.5, 150 mM NaCl).
The mPFC tissues were lysed in ice-cold ho-
mogenate buffer (50 mM Tris-HCl, 100 mM

NaCl, 15 mM sodium pyrophosphate, 50 mM

sodium fluoride, 5 mM EGTA, 5 mM EDTA, 1
mM phenylmethylsulfonyl fluoride, 0.5% Tri-
ton X-100, 2 mM benzamidine, 60 �g/ml apro-
tinin, and 60 �g/ml leupeptin) and
homogenized. To precipitate biotinylated pro-
teins, supernatants of cell lysate (2 mg of total
protein) were mixed with immobilized neutra-
vidin beads (Pierce) and kept in a rotator over-
night at 4°C. The beads were washed five times
with PBS and then eluted with SDS-PAGE
sample buffer by boiling for 15 min. Both the
total and biotinylated proteins were resolved
by SDS-PAGE, transferred to nitrocellulose
membranes, and probed with specific antibod-
ies for glutamate receptor subunit GluR1
(Millipore) and for the GABAA receptor sub-
units �1 and �2 (Alpha Diagnostic Interna-
tional), as well as �1 and �3 (Santa Cruz
Biotechnology). The HRP-tagged secondary
antibody was used to visualize the specific
signals by chemifluorescence substrate. The
scanned digital images were quantified with
Adobe Photoshop software. For each exper-
iment, tissue lysates from both prenatal co-
caine- and saline-treated rats were loaded to
the same gel for determining the relative levels
of either biotinylated protein or total protein.
Immunoblots of endogenous actin (see Fig.
6 A) confirmed the effective isolation of the
membrane fraction. The ratio of protein levels
in the cocaine versus saline samples were deter-
mined in three separate experiments, and aver-
aged ratios of biotinylated surface pools and of
total protein expression were calculated as
shown in Figure 6 B.

Locomotion test. The rat pups exposed to co-
caine or saline in utero were born at the same
day and transferred to the same nontreated mother, with the left (saline)
or right (cocaine) front foot marked. At P20, the rats were placed in the
activity chamber immediately after a single injection of saline (0.9%
NaCl; 1 ml kg �1) to habituate the chamber for 20 min for 2 d. At the third
day, two rats, each from either the saline or cocaine group, were put into
the test chamber at the same time for monitoring locomotor activity in 10
(see Fig. 9A) or 4 (see Fig. 9B) 10 min sessions, respectively, with a video
tracking system (MED Associates). After the first session, rats were both
given an intraperitoneal injection of cocaine (15 mg kg �1 in 1 ml kg �1 of
saline) or subcutaneous injection of apomorphine-HCl (2 mg kg �1 body
weight; Sigma-Aldrich) dissolved in 0.1% ascorbate/saline in 1 mg ml �1.

Results
Prenatal cocaine exposure facilitates LTP induction
Whole-cell recordings were made from layer V pyramidal cells of
the prelimbic region of mPFC to monitor monosynaptic EPSPs
in response to extracellular stimulation of axon fibers in layer
II/III (Fig. 1A). We first examined the induction of LTP in these

pyramidal neurons of fresh brain slices prepared from the off-
spring of pregnant rats that were intraperitoneally injected daily
with either normal saline or cocaine-containing saline for 7 d
(E15–E21). We monitored EPSPs at the membrane potential of
�70 mV (under current clamp), which is close to the reversal
potential of IPSCs determined by the Cl� concentration of the
extracellular and intrapipette solution (Liu et al., 2005). The
identity of EPSPs was confirmed by their disappearance after bath
application of CNQX (10 �M) and AP5 (50 �M), the antagonists
for the AMPA and NMDA subtype of glutamate receptors, re-
spectively. We found that repetitive stimulation of presynaptic
inputs with a modified theta burst stimulation (mTBS) protocol
(Fig. 1B) induced a persistent increase in the amplitude of EPSPs
in layer V pyramidal cells in slices from P16 –P42 rats that were
exposed to cocaine in utero. As shown by the example recording
for a P25 rat (Fig. 1C) and the summary of results from 40 rats in
the age range of P16 –P42 (Fig. 1D), enhanced EPSPs persisted

Figure 2. Prenatal cocaine exposure did not affect LTD induction in layer V pyramidal neurons of the mPFC. A, Left, The protocol
for LTD induction consisting of 80 pairs of presynaptic and postsynaptic stimulation at 0.2 Hz, with postsynaptic spiking induced at
8 ms before each presynaptic stimulation. A typical postsynaptic response is shown on the right. Calibration: 20 mV, 5 ms. B, C, Top,
Examples of LTD induction in the mPFC of P25 rats. Bottom, Summarized results from all 12 experiments on rats treated prenatally
with saline (B) or cocaine (C) for 7 d (E15–E21). Data are presented in the same manner as in Figure 1. Horizontal bar, The time of
paired stimulation. Calibration: 4 mV, 80 ms. D, Cumulative percentage plot of the distribution of the LTD magnitude, as deter-
mined by the mean amplitude of EPSCs (normalized by the mean baseline value of each cell) at 20 –30 min after the onset of
presynaptic and postsynaptic stimulation for the data set shown in B and C. Sal and Coc, Prenatally exposed to saline and cocaine,
respectively. The two sets of data are not significantly different ( p � 0.79; Kolmogorov–Smirnov test).
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for at least 40 min after application of mTBS. In contrast, the
same mTBS only induced a short-term (�5 min) potentiation in
slices obtained from prenatal saline-treated rats of the age range
of P16 –P42 (Fig. 1E,F). The synaptic potentiation observed for
prenatal cocaine-treated rats is similar to LTP found in many
brain areas (Dan and Poo, 2004; Malenka and Bear, 2004). It
depended on the activation of NMDA receptors and intracellular
Ca 2�, since no synaptic potentiation was induced in slices from
prenatal cocaine-treated rats in the presence of AP5 or BAPTA
(supplemental Figs. S1, S2, available at www.jneurosci.org as sup-
plemental material).

In contrast to the effect on LTP induction, prenatal cocaine
exposure had no effect on the induction of LTD at these excita-
tory synapses in P20 –P25 rats by a spike timing stimulation pro-
tocol, involving repetitive presynaptic stimulation after
postsynaptic spiking with 8 ms delay (0.2 Hz, 80 pairs) (Fig. 2). In
slices obtained from both prenatal cocaine- and saline-exposed
rats, we found that the above paired stimulation caused a similar
reduction in the EPSP amplitude ( p � 0.79, Kolmogorov–Smir-
nov test). Thus, the cocaine exposure in utero had selectively
modified the susceptibility to the induction of LTP in the mPFC,
without apparent effect on LTD induction.

Delayed appearance of LTP facilitation
When LTP induction was performed on
slices obtained from younger rats during
the age of P8 –P15, we found substantial
induction of LTP after mTBS in both pre-
natal cocaine- and saline-treated groups
(Fig. 3A–D). To further examine the mag-
nitude of LTP quantitatively, we defined
the LTP magnitude as the ratio of the av-
erage EPSP amplitude during the 20 –30
min period after mTBS to that during the
5 min control period before mTBS. Exam-
ination of the changes in the LTP magni-
tude during the first 6 postnatal weeks
showed that LTP became progressively re-
duced and essentially disappeared after
P16 in prenatal saline-treated rats. In con-
trast, the LTP exhibited progressive in-
crease over the same 6 week period for
prenatal cocaine-treated rats (Fig. 3E).
This opposite trend resulted in the prom-
inent difference in synaptic plasticity be-
tween the two groups after P16, when
developmental transition of the GABA ac-
tion from excitation to inhibition is com-
pleted (Owens et al., 1996; Ganguly et al.,
2001; Cancedda et al., 2007). As shown by
the cumulative percentage plot of the LTP
magnitude for prenatal saline- and
cocaine-treated groups over two distinct
postnatal periods of P8 –P15 and P16 –
P42 (Fig. 3F), the distribution of LTP
magnitude showed no significant differ-
ence between the two groups of rats dur-
ing P8 –P15 ( p � 0.83, Kolmogorov–
Smirnov test), but became significantly
different during P16 –P42 ( p � 0.0001,
Kolmogorov–Smirnov test). Thus, facili-
tation of LTP induction by prenatal co-
caine exposure occurred only after P16.
All following experiments were per-

formed for rats in the age group of P16 –P42 unless indicated
otherwise.

LTP facilitation is related to reduced GABAergic inhibition
GABAergic activity normally suppresses LTP induction in ma-
ture excitatory synapses (Wigström and Gustafsson, 1983; Davies
et al., 1991; Paulsen and Moser, 1998; Meredith et al., 2003), after
the developmental transition (between P10 and P14 in rat) of the
GABA action from excitation to inhibition. Our finding that sig-
nificant LTP could be induced after P16 for prenatal cocaine-
exposed rats (Fig. 3E,F) suggests that reduced GABAergic
inhibition may account for the facilitated LTP induction, similar
to that found in rat VTA dopaminergic neurons (Liu et al., 2005)
and mPFC pyramidal neurons (Huang et al., 2007) after repeated
postnatal cocaine treatment. To determine whether prenatal co-
caine exposure also causes the reduction of GABAergic inhibition
during the postnatal period, we bath-applied the specific inhibi-
tor of GABAA receptor SR95531 during LTP induction. In brain
slices from prenatal saline-treated rats on P25, mTBS failed to
induce LTP (Figs. 1E, 4A). However, in the presence of SR95531
(0.5 �M), which reduced the amplitude of GABAA receptor-
mediated IPSCs by 60% (supplemental Fig. S3, available at www.

Figure 3. The effect of prenatal cocaine exposure on LTP induction appeared during the late postnatal period (after P16).
A, B, An example and summarized results (n � 20) on LTP induction in slices prepared from early postnatal rats (P8 –P15) that were
exposedtococaine in utero for7d(E15–E21).Errorbars indicateSEM. C, D, Same as A and B except that the rats were prenatally exposed
to saline (n � 20). E, Summary of the magnitude of LTP induced in mPFC pyramidal neurons on different postnatal days (P8 –P42),
as indicated by the LTP magnitude, which is obtained by dividing the averaged amplitude of EPSPs at 20 –30 min after mTBS with
that recorded before mTBS. F, Cumulative percentage plot of the distribution of LTP magnitude for the data set shown in E. *p �
0.0001, Kolmogorov–Smirnov test. Sal and Coc, Prenatally exposed to saline and cocaine, respectively.
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jneurosci.org as supplemental material),
mTBS induced a robust LTP in mPFC
layer V pyramidal neurons of prenatal
saline-treated rat (Fig. 4B). This result is
consistent with the notion that LTP in-
duction is normally suppressed at mature
excitatory synapses because of the pres-
ence of strong GABAergic inhibition
(Wigström and Gustafsson, 1983; Davies
et al., 1991; Paulsen and Moser, 1998;
Meredith et al., 2003). In contrast, for pre-
natal cocaine-exposed rats, we found that
the presence of SR95531 (0.5 �M) resulted
in rightward shifts of the cumulative per-
centage distribution of LTP magnitude in
both saline- and cocaine-treated rats (Fig.
4D), showing that the reduction of inhi-
bition indeed elevated the magnitude of
LTP. Importantly, the increase in the
magnitude of LTP caused by SR95531 was
much larger in prenatal saline-treated rats
than that in cocaine-treated rats (Fig.
4C,D), and the SR95531 treatment led to the
same extent of LTP elevation in both groups
of rats ( p � 0.093, Kolmogorov–Smirnov
test). Thus, cocaine exposure in utero had
resulted in cellular changes similar to the ef-
fect induced by SR95531, suggesting that the
reduction of GABAergic inhibition underlies the facilitated LTP found
in the mPFC of prenatal cocaine-exposed rats.

Measurements of GABAergic synaptic transmission
To test whether prenatal cocaine exposure reduces the GABA-
mediated inhibition postnatally, we applied weak stimuli of dif-
ferent intensities to the layer II/III of the mPFC and measured the
amplitude of IPSCs of the disynaptic inhibition (Fig. 5A), by
holding the layer V pyramidal neurons at the resting membrane
potential (�54 mV). The input– out relationship was determined
by plotting the data as stimulus intensity versus IPSC amplitude
(Fig. 5B). The slope of the line with best linear fit of the data for
prenatal cocaine-treated rats was significantly lower than that
for control saline-treated rats, in either the absence ( p �
0.017, Kolmogorov–Smirnov test) or the presence ( p � 0.017,
Kolmogorov–Smirnov test) of CNQX (10 �M) and AP5 (25 �M)
(Fig. 5C). In addition, we found that prenatal cocaine exposure
increased the slope of the input– output curve for EPSCs ( p �
0.021, Kolmogorov–Smirnov test) (Fig. 5D). These results
showed that prenatal cocaine exposure weakens the synaptic
strength of inhibitory transmission in the pathway in which LTP
was induced, supporting the hypothesis that the reduction of
GABAergic inhibition underlies the facilitated LTP found in the
mPFC of prenatal cocaine-exposed rats.

In addition to the measurements of IPSCs in the disynaptic
responses, we also examined whether the effect of prenatal co-
caine exposure is reflected by the maximal IPSC amplitude in-
ducible in these pyramidal neurons. We recorded monosynaptic
IPSCs (delay of onset �3 ms) at �20 mV in the presence of
CNQX (10 �M) and AP5 (25 �M) in response to extracellular
stimulation at layer II/III, with stimulus intensity gradually in-
creased to a level that elicited IPSCs with the maximal amplitude.
We found that the mean maximal amplitude of IPSCs in slices
from rats exposed to cocaine in utero was significantly smaller
than that found for rats exposed to saline (“Sal,” 0.96 � 0.08 nA,

n � 20; “Coc,” 0.63 � 0.04 nA, n � 21; p � 0.05, t test) (Fig. 5E).
This finding on the reduction of monosynaptic response agrees
with that found for disynaptic inhibition, indicating the reduc-
tion of GABAergic inhibition of layer V mPFC pyramidal neu-
rons caused by prenatal cocaine exposure. Furthermore, we
found that the paired-pulse depression of IPSCs (at an interpulse
interval of 50 ms) was not significantly different between prenatal
saline- and cocaine-treated rats (Sal, 0.72�0.02, n�40; Coc, 0.76�
0.03, n � 49; p � 0.36, t test), suggesting postsynaptic rather than
presynaptic changes as the cause of reduced inhibition.

Reduced surface expression of GABAA receptors
To directly assess potential postsynaptic changes associated with
reduced GABAergic inhibition, we examined the expression of
GABAA receptors in the mPFC tissue from postnatal rats at dif-
ferent stages. The amount of surface pool and the total protein
level of various GABAA receptor subunits were determined by
Western blotting in combination with the biotinylation method
(see Materials and Methods). As shown in Figure 6A, we found
that, at P27, the surface expression of GABAA receptor �1, �2,
and �3 subunits in prenatal cocaine-treated rats was significantly
lower than that found in the prenatal saline-treated controls,
whereas the total protein levels of these subunits were the same in
both groups. Similar reduction was also observed for �1 subunit
(data not shown). In contrast to GABAA receptor subunits, the
levels of the surface pool and the total protein of the AMPA
receptor subunit GluR1 were the same in both groups (Fig.
6A,B). Furthermore, when we examined the change in GABAA

receptor subunit �1 expression at five different postnatal ages, we
found significant reduction of the surface pool on P17, P27, P33,
and P41, but not on P10 (Fig. 6B). Finally, we found that such
reduction of surface GABAA receptor subunits was absent in the
primary visual cortex (V1) of the same brain tissue used in the
above assays for the mPFC at P10, P17, and P27 (supplemental
Fig. S4, available at www.jneurosci.org as supplemental mate-

Figure 4. Reduction of GABAA receptor-mediated inhibition facilitated LTP induction. A, LTP could not be induced by mTBS in a slice
from a P25 rat prenatally treated with saline. B, Robust LTP was induced in another slice from the same brain as that in A, in the presence of
a specific GABAA receptor antagonist SR95531 (“SR”) (0.5 �M). Error bars indicate SEM. C, Summary of results on LTP induction from all
experiments similar to those shown in A and B for rats prenatally treated with saline (n�6) or cocaine (n�8). D, Cumulative percentage
for the distribution of the LTP magnitude for the data set shown in C. *p � 0.0001, Kolmogorov–Smirnov test.
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rial). Thus, cocaine exposure in utero had selectively reduced the
surface expression of GABAA receptors in the mPFC during late
postnatal period, leading to reduced GABAergic inhibition of
layer V pyramidal neurons.

Enhanced excitatory transmission and neuronal excitability
To address whether prenatal cocaine exposure affects the base-
line excitatory glutamatergic transmission, we compared the
properties of miniature EPSCs (mEPSCs), as well as the paired-
pulse ratio and the AMPA/NMDA ratio of EPSCs in layer V
mPFC pyramidal neurons between prenatal saline- and
cocaine-treated groups. The mean frequency of mEPSCs in the
mPFC of prenatal cocaine-treated rats (recorded in the presence
of 0.5 �M tetrodotoxin) was higher than that in prenatal saline-

treated rats (Sal, 1.8 � 0.7 Hz, n � 12;
Coc, 3.6 � 0.7, n � 12; p � 0. 016, t test),
but the mean amplitude and decay time of
mEPSCs did not show any significant dif-
ference (Fig. 7A) (amplitude: Sal, 10.7 �
0.9 pA, n � 12; Coc, 12.7 � 1.6 pA, n � 12;
p � 0. 056, t test; decay time: Sal, 5.3 � 0.7
ms, n � 12; Coc, 5.3 � 0.9 ms, n � 12; p �
0.73, t test). Furthermore, for sequentially
elicited EPSC pairs at an interval of 50 ms,
the paired-pulse ratio of EPSCs from prena-
tal cocaine-treated rats was smaller than that
in prenatal saline-treated rats, suggesting
the increase of the probability of presynaptic
glutamate release (Fig. 7B) (Sal, 1.2 � 0.2,
n � 30; Coc, 0.9 � 0.1, n � 29; p � 0. 034, t
test). The postsynaptic effect of prenatal co-
caine exposure on glutamatergic synapses
was also examined by measuring the
AMPA/NMDA ratio of EPSCs in these
mPFC pyramidal neurons. As shown in Fig-
ure7C,prenatalcocaineexposuredidnotalter
the AMPA/NMDA ratio (Sal, 2.7 � 0.5, n �
15; Coc, 3.1 � 0.7, n � 14; p � 0.12, t test).

The composition of NMDARs in fore-
brain is known to be developmentally reg-
ulated, with the ratio of NR2A to NR2B
increased during early postnatal develop-
ment (for review, see Yashiro and Philpot,
2008). To examine the possibility that
prenatal cocaine exposure causes alter-
ation of the postnatal development of
NMDARs, we analyzed the decay kinetics
of NMDAR-mediated EPSCs, which is
known to reflect the composition of the
NMDARs—with fast and slow decay for
NMDARs containing NR2A and NR2B,
respectively. By fitting the decay phase of
NMDAR-mediated EPSCs with a double-
exponential function, we found no differ-
ence in the composition of fast and slow
components of the decay phase between
prenatal saline- and cocaine-treated rats
(the percentages of slow component are
40.3 � 6.2 and 40.1 � 5.4% for prenatal
saline- and cocaine-treated rats, respec-
tively; n � 14 –15; p � 0.98, t test). There-
fore, the facilitation of LTP induction by
prenatal cocaine exposure is unlikely to

involve alteration in the subunit composition of NMDARs. To-
gether, prenatal cocaine exposure appeared to have increased
presynaptic release of excitatory synapses in the mPFC without
changing postsynaptic properties.

Reduced inhibition and enhanced excitatory transmission of
mPFC layer V pyramidal neurons may cause an elevated excita-
tion of these neurons by excitatory synaptic inputs, known as E–S
coupling (Lu et al., 2000). Such elevated excitation may in turn
facilitate the induction of LTP by mTBS. We have thus examined
the E–S coupling by measuring the probability of spike initiation
in response to EPSPs of different initial slopes (see Materials and
Methods), as elicited by extracellular stimuli of different intensi-
ties. As shown by example recordings in Figure 8A, the curve for
E–S coupling was left shifted in a P25 rat that was prenatally

Figure 5. Prenatal cocaine exposure reduced GABAA receptor-mediated inhibition to mPFC layer V pyramidal neurons.
A, Examples of synaptic currents before and after the application of CNQX (10 �M) and AP5 (25 �M) in response to extracellular
stimulation in the mPFC slice from P24 prenatal cocaine-treated rat. Calibration: 50 pA, 10 ms. B, Examples of input– output plot
for IPSCs elicited by stimuli of different intensities, from P24 rats prenatally exposed to cocaine and saline, respectively. C, Cumu-
lative percentage for the distribution of the slopes of best fit line for the input– out plots illustrated in B, before and after the
application of CNQX (10 �M) and AP5 (25 �M), from P23–P26 rats prenatally exposed to saline (n � 11) and cocaine (n � 10)
(*p � 0.017, Kolmogorov–Smirnov test). D, Cumulative percentage for the distribution of the slopes of input– output plots for
EPSCs elicited by stimuli of different intensities from the same group of rats as those in C. *p � 0.021, Kolmogorov–Smirnov test.
E, The maximal amplitude of IPSCs evoked in the pyramidal neuron by extracellular stimulation was compared between rats
(P24 –P25) exposed prenatally with either cocaine or saline. *p � 0.05, t test. Number associated with the histogram refers to the
total number of cells recorded. Calibration: 200 pA, 50 ms. F, Comparison of paired-pulse ratio (PPR) (IPSC amplitude of the second
divided by the first). The IPSCs were evoked by two sequential presynaptic stimuli at an interval of 50 ms, with a sample of IPSC pair
(average of 15) shown above. Calibration: 100 pA, 10 ms. Data were obtained from P20 –P25 rats prenatally treated with cocaine
or saline. p � 0.36, t test. Error bars indicate SEM.
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exposed to cocaine, compared with that of
a prenatal saline-exposed P25 rat. The
EPSP slope that yields 50% probability of
spiking (E50) was determined for each
neuron recorded (Fig. 8B). The average
value of E50 was significantly different be-
tween prenatal cocaine- and saline-
treated rats. Moreover, the enhanced E–S
coupling caused by cocaine exposure in
utero is consistent with a reduced
GABAergic inhibition on these pyramidal
cells, since blocking GABAergic inhibi-
tion with SR95531 (0.5 �M) resulted in an
additional leftward shift of the E–S cou-
pling curve to the same level for both
groups of rats (Fig. 8A,B). Finally, the el-
evated excitability of mPFC pyramidal
neurons is also reflected by the lower
threshold of membrane potential for
initiating action potentials (APs) in rats
treated with cocaine in utero than those
treated with saline (Fig. 8C), and by the
increased number of APs initiated by
depolarizing current pulses injected into these neurons (Fig.
8 D). Thus, prenatal exposure to cocaine had modified the ex-
citability of mPFC layer V pyramidal neurons, an effect that could
be mostly attributed to the reduction of GABAergic inhibition
(see Discussion).

Decreased locomotor sensitivity to cocaine and apomorphine
Layer V mPFC pyramidal neurons provide the main excitatory
inputs to VTA dopaminergic neurons (Gabbott et al., 2005),
which in turn send dopaminergic projections to the mPFC (for
review, see Steketee, 2003, 2005). Thus, higher excitability of
these mPFC pyramidal neurons leads to increased excitation of
VTA dopaminergic neurons and more dopamine release. This is
supported by the finding that the basal dopamine level in meso-
corticolimibic area is higher in rat pups exposed to cocaine in
utero than prenatal saline-treated control group (Keller and
Snyder-Keller, 2000). Given higher basal dopamine level, the pre-
natal cocaine-exposed rats may become less sensitive to the co-
caine challenge when tested postnatally. To examine this idea, we
performed locomotion test using P22 rats. The locomotor activ-
ity before the intraperitoneal cocaine injection showed no differ-
ence between prenatal saline- and cocaine-treated groups during
the first 10 min session (supplemental Fig. S5, available at www.
jneurosci.org as supplemental material) ( p � 0.49, t test). How-
ever, as shown in Figure 9A, cocaine-induced increase in
locomotor activity was higher in prenatal saline-treated group
and lasted for a longer period than that found in the prenatal
cocaine-treated group. This result is consistent with that ob-
tained previously by using a mouse model of prenatal cocaine
exposure (Crozatier et al., 2003). To further test the hypothesis
that the reduced locomotor sensitivity to cocaine in prenatal
cocaine-treated rats is related to dopamine system, we examine
the effect of apomorphine, a dopamine receptor agonist, on the
locomotor activity. Similar to that found for cocaine challenge,
prenatal cocaine-treated rats were less sensitive to the apomor-
phine challenge than prenatal saline-treated rats (Fig. 9B), sup-
porting the hypothesis that the reduced locomotor sensitivity to
cocaine is attributable to higher basal dopamine level caused by
prenatal cocaine exposure.

Discussion
In this study, we examined the neurophysiological consequence
of cocaine exposure of rat in utero and obtained evidence for
altered synaptic plasticity in the mPFC of the offspring during the
postnatal period. We showed that 7 d repeated prenatal cocaine
exposure facilitated activity-induced LTP at excitatory synapses
on layer V pyramidal neurons in the mPFC of the rat offspring
during the postnatal period P16 –P42, whereas no LTP could be
induced at these synapses in prenatal saline-treated control rats of
the same age unless GABAergic inhibition was reduced. Additional
studies showed that this facilitated LTP in prenatal cocaine-exposed
rat could be attributed to postnatal reduction of IPSCs and the sur-
face expression of GABAA receptor subunits in the mPFC.

Molecular and cellular changes caused by in utero
cocaine exposure
Cocaine exposure in utero results in molecular and cellular
changes in several brain areas known to be involved in memory
and attention, such as caudate nucleus (Harvey et al., 2001), pre-
frontal cortex (Morrow et al., 2002, 2007), and hippocampus
(Little and Teyler, 1996; Harvey et al., 2001; Morrow et al., 2002,
2007). For example, cocaine exposure in utero results in anatom-
ical changes in the prefrontal cortex of postnatal rats, including a
loss of inhibitory projections from parvalbumin-containing
GABAergic local circuit neurons to prelimbic pyramidal neurons
(Morrow et al., 2005), deficient inhibitory axoaxonic synapses on
pyramidal cells (Morrow et al., 2003), and an increased number
of spine synapses (Morrow et al., 2007). These structural changes
could result in stronger excitation of pyramidal neurons of the
prefrontal cortex in response to a given stimulus.

Our study provided strong evidence for another cellular
mechanism that could contribute to an elevated excitability of
mPFC pyramidal neurons—the reduced GABAergic inhibition.
We found a significant reduction in both the amplitude of IPSCs
recorded in these pyramidal neurons (Fig. 5) and the surface
expression of GABAA receptor subunits in mPFC tissue of prena-
tal cocaine-treated rats (Fig. 6). This reduced GABAergic inhibi-
tion could elevate the excitability of mPFC pyramidal neurons,
leading to disruption of physiological cortical rhythms that de-
pend on balanced inhibition and excitation (Shu et al., 2003). In

Figure 6. Prenatal cocaine exposure reduced the surface expression of GABAA receptor subunits in the mPFC. A, Example
immunoblots of the lysates of mPFC tissues obtained from P27 rats that were treated prenatally with saline or cocaine, showing the
level of biotinylated membrane-bound fraction (M) and of the total protein (T) for GluR1, GABAA receptor subunits �1, �2 and �3,
and actin. B, Densitometric measurements of the band densities of immunoblots for membrane-bound and total levels of various
receptor subunits in the mPFC. The data are presented as the ratio of densities measured for cocaine- versus saline-treated rats in
the same immunoblot (n � 3). *p � 0.05, **p � 0.01, t test. Error bars indicate SEM.
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slices from prenatal cocaine-treated rats, an elevated excitation
was shown by the higher probability of firing of pyramidal cells in
response to membrane depolarizations (Fig. 8), an effect that
could mostly be attributed to a reduced GABAergic inhibition
and could enhance LTP of excitatory synapses.

We also obtained evidence that prenatal cocaine exposure re-
sults in elevated presynaptic release probability at excitatory
synapses, as indicated by the increased frequency of mEPSCs
and reduced paired-pulse ratio of EPSCs. However, the facilitated
LTP appeared to be caused mainly by a reduced GABAergic in-

hibition rather than enhanced gluta-
mate release. This is based on the
following observations: First, blocking
GABAergic inhibition with the specific
GABAA receptor antagonist SR95531 fa-
cilitated LTP induction in slices from pre-
natal saline-treated control rats (Fig.
4A,B). Second, SR95531 treatments in-
creased the magnitude of LTP of the sa-
line-treated group to the same level as that
found for prenatal cocaine-treated rats,
and it has no effect on the LTP in the latter
group (Fig. 4C,D), indicating that prena-
tal cocaine exposure had occluded the ef-
fect of SR95531 in facilitating LTP.
Similarly, SR95531-induced enhance-
ment of EPSP–spike coupling completely
occluded the enhanced EPSP–spike cou-
pling found in prenatal cocaine-exposed
rats (Fig. 8 A). Third, direct measure-
ments of the maximal amplitude of IPSCs
in these neurons evoked by extracellular
stimulation showed a �40% reduction of
the total inhibitory input, compared with
that found for control rats (Fig. 5E).
Fourth, surface biotinylation and Western
blotting analysis of mPFC tissues of pre-
natal saline- or cocaine-treated rats
showed that the surface expression of
GABAA receptor subunits were signifi-
cantly reduced in the prenatal cocaine-
treated group, with a time course in
parallel with that of the LTP facilitation
(Fig. 6B). Finally, the effect on LTP was
found after P16, when the transition of the
GABA action from excitation to inhibi-
tion has been completed (Owens et al.,
1996; Ganguly et al., 2001; Cancedda et al.,
2007) (Fig. 3E). Interestingly, we found
that the augmented LTP and the reduced
surface expression of GABAA receptor
persisted in young rats during P16 –P42,
suggesting that prenatal cocaine exposure
has a long-lasting effect on synaptic plas-
ticity in the mPFC of postnatal rats. This is
consistent with previous animal studies
showing long-term effects of prenatal co-
caine exposure on brain structure and be-
haviors (for review, see Chae and
Covington, 2009). We note that short-
term plasticity (within 10 min after LTP
induction) was different between prenatal
saline- and cocaine-treated rats (Fig. 4C).

This may result from the effect of prenatal cocaine exposure on
presynaptic glutamate release mechanisms, an aspect not ad-
dressed in this study. For assaying the magnitude of LTP, we focused
on the mean EPSP amplitude at 20–30 min after LTP induction,
after short-term plasticity had subsided. In the postnatal (P30–P40)
rabbit hippocampus, prenatal cocaine exposure has been shown to
facilitate LTP induction (Little and Teyler, 1996), although whether
GABAergic inhibition is altered has not been examined.

Interestingly, the reduction of expression of GABAA receptor
�1 subunit caused by prenatal cocaine exposure was observed

Figure 7. Prenatal cocaine exposure enhanced excitatory glutamatergic transmission of mPFC layer V pyramidal neurons.
A, Comparison of the frequency, averaged amplitude, and decay time of mEPSCs from P23–P26 rats prenatally treated with cocaine
or saline, with two sample recordings of mEPSCs for each group shown above (n � 12 for each group; *p � 0.016, t test).
Calibration: 10 pA, 20 s. B, Left, Sample traces of paired EPSCs (average of 15) in response to two sequential presynaptic stimuli at
an interval of 50 ms. Calibration: 100 pA, 25 ms. Right, Summary of PPR (EPSC amplitude of the second divided by the first). Data
were obtained from P23–P26 rats prenatally treated with cocaine or saline. Number associated with the histogram refers to the
total number of cells recorded. *p � 0.034, t test. C, Left, Sample traces of glutamatergic currents mediated by AMPA and NMDA
receptors, recorded at �70 and �40 mV, respectively. Recordings were from P25–P26 rats prenatally treated with saline or
cocaine. Calibration: 50 pA, 50 ms. Right, Average AMPA/NMDA ratio obtained by dividing the peak amplitude of AMPA and NMDA
receptor-mediated EPSCs. Data were obtained from P24 –P26 rats. Number associated with the histogram refers to the total
number of cells recorded. Error bars indicate SEM.
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after P17, but not at P10. There is a pro-
gressive increase in the expression of �1
subunit during postnatal development
(Fritschy et al., 1994). The change in the
expression caused by cocaine exposure in
utero may not be detectable at P10 when
the normal expression level of �1 subunit
is low. Alternatively, the effect of prenatal
cocaine exposure takes time to accumu-
late. The latter idea is supported by the
observation that similar reduction in the
surface expression of �1 subunit was ob-
served in the mPFC at 1 week (but not on
1 and 3 d) after withdrawal from daily co-
caine treatment for 7 d in juvenile rats
(our unpublished observation).

Although cocaine exposure in juvenile
rats is known to increase mPFC neuronal
excitability by modifying the properties of
Ca 2� and K� channels (Dong et al., 2005;
Nasif et al., 2005a,b), there is yet no evi-
dence for such changes in rats exposed to
cocaine in utero. Based on our results, the
elevation of the excitability of the mPFC
pyramidal neurons by cocaine exposure in
utero may be related to both enhanced
baseline excitatory transmission and re-
duced GABAergic inhibition. However,
the latter represents the predominant
cause since SR95531 caused a leftward
shift of the E–S curve to the same level for
both prenatal cocaine- and saline-treated
rats (Fig. 8).

Decreased locomotor sensitivity
to cocaine
Microdialysis analysis (Keller and Snyder-
Keller, 2000) showed that prenatal co-
caine treatment caused an elevation of the
basal dopamine level in the NAc (of post-
natal animals), which receives dopami-
nergic projections from the VTA. Our
finding of the elevated excitability of mPFC
layer V pyramidal neurons, which provide
the main excitatory inputs to dopaminer-
gic neurons in the VTA (Gabbott et al.,
2005), suggests a potential mechanism
underlying the higher dopamine release
by VTA in these prenatal cocaine-exposed
animals. Furthermore, elevated basal do-
pamine level in these animals may cause
desensitization of the reward circuit to
postnatal cocaine challenge, since the ex-
tent of the dopamine increase in NAc be-
cause of postnatal cocaine challenge, when normalized by the
basal level, is lower in prenatal cocaine-treated rats than in saline-
treated rats (Keller and Snyder-Keller, 2000). As the NAc is the pri-
mary brain region responsible for the expression of cocaine
sensitization (Robinson and Berridge, 2003; Steketee, 2003), the
reduced extent of cocaine-induced dopamine elevation in the
NAc of the animals exposed to cocaine in utero may account for
their weaker locomotor sensitivity to cocaine (Fig. 9) (Crozatier
et al., 2003). Our finding that the dopamine receptor agonist

apomorphine exerted similar effect on the locomotor activity as
cocaine further supports the involvement of dopamine system.

Cocaine exposure in utero may also alter the sensitivity of the
reward system to cocaine through long-term alteration of dopa-
mine receptors. For example, prenatal cocaine exposure results in
a sustained impairment in the coupling between D1 dopamine
receptors and G�-protein in cortical neurons (Wang et al., 1995;
Friedman et al., 1996; Friedman and Wang, 1998; Jones et al.,
2000; Zhen et al., 2001; Stanwood and Levitt, 2007), leading to the

Figure 8. Prenatal cocaine exposure increased the E–S coupling and excitability of mPFC layer V pyramidal neurons. A, E–S
coupling studies on rats prenatally exposed to saline (Sal) or cocaine (Coc) in the absence (“before”) and presence (“after”) of
SR95531 (SR) (0.5 �M). The curves represent the best fit with the sigmoidal function. B, The values of E50 before and after
bath-application of SR95531 (0.5 �M). E50 represents the efficacy of E–S coupling, as defined by the EPSP slope that initiates
spiking with a probability of 0.5. Data obtained from the same neuron were connected by the line. Recording were performed in the
slices obtained from P24 –P27 rats. *p � 0.05, **p � 0.01, t test. C, Summary of the threshold potential for AP initiation. The
threshold was determined by the membrane potential at the peak of the maximal subthreshold EPSP. *p � 0.05, t test; n � 9;
the same data set as in B. D, Changes of the excitability of mPFC layer V pyramidal neurons resulting from prenatal cocaine
exposure, as shown by the number of APs triggered by injection of depolarizing currents of various amplitudes (duration, 800 ms).
Data were obtained from the recording on the slices obtained from P19 –P27 rats. Inset, Examples of APs elicited by a constant
depolarizing current (500 pA, 800 ms) in mPFC neurons from prenatal saline- and cocaine-treated P25 rats (n � 17–24). Calibra-
tion: 20 mV, 80 ms. Error bars indicate SEM.
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reduced D1 receptor functions. Such reduction of D1 receptor
functions may also contribute to the reduced locomotor sensitiv-
ity to postnatal cocaine challenge.

In conclusion, our results offer new insights into cellular changes
caused by repeated cocaine exposure during pregnancy. The finding
of the reduced inhibitory input and resultant elevated excitability of
mPFC pyramidal neurons may explain the deficits in attention
shown by prenatal cocaine-exposed human (Richardson et al.,
1996), rats (Garavan et al., 2000), and rabbits (Romano and
Harvey, 1996), and support the hypothesis that disruption of excita-
tion/inhibition balance in the prefrontal cortex results in attention
deficit hyperactivity disorder (Mattes, 1980; Barkley et al., 1992; Bar-
kley, 1997; Casey et al., 1997). Additional study in identifying the
mechanisms underlying these changes may help the development of
effective approaches for preventing brain dysfunctions of the fetus
caused by drug exposure during pregnancy.
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