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Cocaine Promotes Coincidence Detection and Lowers
Induction Threshold during Hebbian Associative Synaptic
Potentiation in Prefrontal Cortex

X Hongyu Ruan and X Wei-Dong Yao
Division of Neurosciences, New England Primate Research Center, Harvard Medical School, Southborough, Massachusetts 01772

Addictive drugs usurp neural plasticity mechanisms that normally serve reward-related learning and memory, primarily by evoking
changes in glutamatergic synaptic strength in the mesocorticolimbic dopamine circuitry. Here, we show that repeated cocaine exposure
in vivo does not alter synaptic strength in the mouse prefrontal cortex during an early period of withdrawal, but instead modifies a
Hebbian quantitative synaptic learning rule by broadening the temporal window and lowers the induction threshold for spike-timing-
dependent LTP (t-LTP). After repeated, but not single, daily cocaine injections, t-LTP in layer V pyramidal neurons is induced at �30 ms,
a normally ineffective timing interval for t-LTP induction in saline-exposed mice. This cocaine-induced, extended-timing t-LTP lasts
for �1 week after terminating cocaine and is accompanied by an increased susceptibility to potentiation by fewer pre–post spike pairs,
indicating a reduced t-LTP induction threshold. Basal synaptic strength and the maximal attainable t-LTP magnitude remain unchanged
after cocaine exposure. We further show that the cocaine facilitation of t-LTP induction is caused by sensitized D1-cAMP/protein kinase
A dopamine signaling in pyramidal neurons, which then pathologically recruits voltage-gated L-type Ca 2� channels that synergize with
GluN2A-containing NMDA receptors to drive t-LTP at extended timing. Our results illustrate a mechanism by which cocaine, acting on a
key neuromodulation pathway, modifies the coincidence detection window during Hebbian plasticity to facilitate associative synaptic
potentiation in prefrontal excitatory circuits. By modifying rules that govern activity-dependent synaptic plasticity, addictive drugs can
derail the experience-driven neural circuit remodeling process important for executive control of reward and addiction.
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Introduction
Drugs of abuse are believed to hijack neural plasticity mecha-
nisms that normally serve reward-related learning and memory

in the mesocorticolimbic dopamine (DA) circuits (Nestler, 2001;
Hyman et al., 2006). The prefrontal cortex (PFC) receives DA
innervations from the ventral tegmental area (VTA), reciprocally
connects with both the VTA and nucleus accumbens (NAc), and
is a key component of the mesocorticolimbic circuits regulating
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Significance Statement

It is believed that addictive drugs often render an addict’s brain reward system hypersensitive, leaving the individual more
susceptible to relapse. We found that repeated cocaine exposure alters a Hebbian associative synaptic learning rule that governs
activity-dependent synaptic plasticity in the mouse prefrontal cortex, characterized by a broader temporal window and a lower
threshold for spike-timing-dependent LTP (t-LTP), a cellular form of learning and memory. This rule change is caused by cocaine-
exacerbated D1-cAMP/protein kinase A dopamine signaling in pyramidal neurons that in turn pathologically recruits L-type Ca 2�

channels to facilitate coincidence detection during t-LTP induction. Our study provides novel insights on how cocaine, even with
only brief exposure, may prime neural circuits for subsequent experience-dependent remodeling that may underlie certain
addictive behavior.
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executive function, memory, motivation, and reward (Hyman et
al., 2006; Koob and Volkow, 2010; Kolb et al., 2012). PFC is
particularly implicated in executive control of drug seeking, crav-
ing, and relapse because it is activated both in human addicts
during craving (Childress et al., 1999) and in animals when drug-
associated cues are presented (Rebec and Sun, 2005). Restoring
cocaine-impaired PFC activity prevents compulsive cocaine
seeking in rats (Chen et al., 2013). A current view considers the
PFC a “brake” in executive control of motivation and choice,
alterations to which are proposed to cause overpowering motiva-
tional strength and decreased ability to control the desire to ob-
tain drugs (Kalivas et al., 2005).

A predominant hypothesis posits that drug experience evokes
lasting changes in synaptic strength in mesocorticolimbic circuits
(Hyman et al., 2006; Lüscher and Malenka, 2011). Extensive
studies have established that exposure to cocaine, even acutely,
causes persistent alterations on the strength of glutamatergic syn-
apses in the VTA and NAc (Lüscher and Malenka, 2011). Limited
studies have examined drug-evoked synaptic plasticity in the PFC
(Huang et al., 2007; Lu et al., 2009; Lu et al., 2010; Kasanetz et al.,
2013) and results suggest a lack of change in the efficacy of gluta-
matergic synapses onto layer V (L5) pyramidal neurons, the pri-
mary output neurons in the PFC, after short-term noncontingent
or contingent cocaine exposure in rats; however, GABAergic
transmission onto these neurons is suppressed. In comparison,
more prolonged cocaine self-administration causes delayed
glutamatergic synaptic potentiation in L5 PFC neurons in
“addict-like” rats (Kasanetz et al., 2013). Therefore, drug-
induced circuit remodeling in the PFC may occur at some later
stages of addiction.

We hypothesize that, rather than modifying synaptic efficacy di-
rectly, drugs may disrupt the rules that govern activity-dependent
plasticity, especially at early stages after drug exposure. We evaluated
this hypothesis in the PFC by analyzing spike timing-dependent
plasticity (STDP), a Hebbian associative synaptic plasticity that may
underlie certain forms of learning and cognitive processes (Magee
and Johnston, 1997; Markram et al., 1997; Bi and Poo, 1998; Capo-
rale and Dan, 2008; Feldman, 2012). STDP is unique in that it per-
mits key quantitative plasticity rules to be investigated, most notably
the spike-timing window, which predicts the associability between
presynaptic and postsynaptic stimuli during STDP induction and
induction threshold. Using cocaine-induced locomotor sensitiza-
tion in mice, a behavioral paradigm often used to investigate early
drug-induced neuroadaptations in addiction (Wolf, 1998; Nestler,
2001; Hyman et al., 2006), we found that repeated cocaine exposure
extends the t-LTP timing window markedly and reduces t-LTP in-
duction threshold through an abnormally recruited D1-cAMP/
protein kinase A (PKA)–L-type Ca2� channel (LTCC) pathway in
PFC pyramidal neurons. A lower t-LTP induction threshold shortly
after drug discontinuation may prime PFC synapses for potentiation
by future cue-associated activity, leading to remodeling of PFC cir-
cuits related to addiction.

Materials and Methods
Experiments. All experiments involving animals were approved by Har-
vard Medical School or SUNY Upstate Medical University institutional
animal care and use committees.

Electrophysiology. Male or female C57BL/6J mice (RRID:IMSR_JAX:
000664) at postnatal day 21–30 were randomly assigned into cocaine or
saline groups. Saline (0.9% NaCl) or cocaine (2 mg/ml in saline) was
administered to mice via intraperitoneal injections once per day for 7
consecutive days, during which time the mice were kept in their home
cages without changing the bedding. After the last injection, mice
were allowed 1, 7, or 14 d of rest (withdrawal) before they were killed for

electrophysiological assessments. In Figure 1 and as indicated, some mice
received only one cocaine or saline injection and were used the following
day for electrophysiology. In a few experiments shown in Figures 4 and 5,
mice were rested for 2 d before electrophysiology, but the results were
indistinguishable from those killed after 1 d of rest.

Acute medial PFC (mPFC) slices were prepared as described previ-
ously (Xu et al., 2009; Xu and Yao, 2010; Ruan et al., 2014) with minimal
modifications. Briefly, brains were quickly removed into ice-cold artifi-
cial CSF (ACSF) containing the following (in mM): 126 NaCl, 2.5 KCl, 2.5
CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2 NaH2PO4, and 11 D-glucose preoxy-
genated by bubbling with 95% O2 and 5% CO2. Cooled brains were
mounted on a Leica S1200 vibratome and �300 �m slices containing the
mPFC were cut. Slices were transferred to an incubator (Warner Instru-
ments) and allowed to recover at 32°C for �30 min, followed by at
least another 1 h of incubation at room temperature (21–23°C) before
electrophysiology recording.

After incubation, slices were transferred to a recording chamber (War-
ner Instruments) mounted onto an Olympus BX51WI upright micro-
scope. The chamber was perfused with continuously oxygenated ACSF
maintained at 32°C with an automatic temperature controller (Warner
Instruments). The GABAA receptor blocker picrotoxin (100 �M) was
included in ACSF to block the GABAergic inhibitory transmission. Indi-
vidual L5 pyramidal neurons were identified visually with DIC micros-
copy. Glass electrodes with a final resistance of �5– 8 M� were prepared
with a P-87 micropipette puller (Sutter Instrument). For current clamp-
ing, electrodes were filled with the following (in mM): 130 K-gluconate, 8
NaCl, 10 HEPES, 0.4 EGTA, 2 Mg-ATP, and 0.25 GTP-Tris, pH 7.25. For
voltage clamping, electrodes were filled with the following (in mM): 142
Cs-gluconate, 8 NaCl, 10 HEPES, 0.4 EGTA, 2.5 QX-314, 2 Mg-ATP, and
0.25 GTP-Tris, pH 7.25 with CsOH. The BAPTA intracellular solution
contained the following (in mM): 15 BAPTA, 115 K-gluconate, 8 NaCl, 10
HEPES, 2 Mg-ATP, and 0.25 GTP-Tris, pH 7.25 with KOH.

Whole-cell patch-clamp recordings were performed using an Axoc-
lamp 2B or a Multiclamp 700B amplifier (Molecular Devices). Presynap-
tic stimuli (0.033 Hz, 200 �s) were delivered at layer II/III with a
concentric electrode (FHC) to evoke EPSPs or currents (EPSCs). In
t-LTP experiments, cells were held at their resting membrane potentials
(��67 mV; Xu and Yao, 2010) under current-clamp conditions. Post-
synaptic action potentials (APs) were evoked by current injection to the
soma through the patch electrode. The STDP protocol consisted of re-
petitive pairing at 0.1 Hz of a single EPSP followed by a single AP at a
specific time interval (�t) between the onset of presynaptic stimulation
and the postsynaptic AP. Input resistance was monitored throughout the
experiment from the voltage response to a �200 pA hyperpolarizing
current. LTP was measured as the percentage of the average EPSP be-
tween 50 and 60 min after induction to the average EPSP during a 10 min
baseline recording. In AP firing experiments, AP threshold was deter-
mined by step current injection (500 ms, 10 pA increments) to the soma
through the patch electrode.

In voltage-clamp experiments, miniature EPSCs (mEPSCs) were re-
corded at �60 mV with TTX (1 �M) and APV (50 �M) present in the bath
to block voltage-gated sodium channels and NMDARs, respectively. Two
methods were used to measure NMDA/AMPA ratios. First, evoked
EPSCs were recorded at �60 mV and then at �40 mV. After averaging
the EPSCs at each potential, the NMDA/AMPA ratio was measured as the
amplitude of the NMDAR component 80 ms after stimulation at �40
mV divided by the peak AMPAR component at �60 mV. Second, EPSCs
were recorded at �30 mV in the absence (to derive total EPSC) and then
the presence (to derive EPSCNMDA) of CNQX, followed by subtracting
the EPSCNMDA from the total EPSC to obtain EPSCAMPA. The NMDA/
AMPA ratio was then calculated using the peaks of EPSCNMDA and
EPSCAMPA. In experiments assessing the potential effect of Bay K8644 on
EPSCNMDA, glycine was included in the bath to boost the NMDA cur-
rents. To estimate relative contributions of GluN2A and GluN2B sub-
units to total EPSCNMDA, EPSCs were first recorded at �30 mV in the
presence of CNQX and, after obtaining a stable EPSCNMDA baseline,
NVP-AAM077 was added to record the remaining EPSCs (mainly medi-
ated by the GluN2B-dependent EPSCNMDA). Input resistance in voltage-
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clamp experiments was monitored throughout
the experiment to a �5 mV hyperpolorization.

Signals were filtered at 1 kHz, digitized at 10
kHz, and analyzed with pClamp version 10.2
(Molecular Devices) or Mini Analysis version 6
(Synaptosoft) software.

Locomotor assessment. Age-matched adult
male mice were assessed in an open-field ac-
tivity chamber (Med Associates) and total
distances traveled were measured in 5 min
intervals. Mice were first placed in the cham-
ber and habituated for 30 min. Each of the
mice was then taken out of the chamber and
received an intraperitoneal dose of saline or
cocaine injection and their locomotor activ-
ities were measured for up to 60 min.

Drugs. The following drugs were used: APV
(Sigma-Aldrich), BAPTA (Sigma-Aldrich), Bay
K8644 (Sigma-Aldrich), CNQX (Sigma-Al-
drich), cocaine (Tocris Bioscience), diltiazem
(Sigma-Aldrich), D-serine (Tocris Bioscience), if-
enprodil (Sigma-Aldrich), nimodipine (Sigma-
Aldrich), NVP-AAM077 (Novartis), picrotoxin
(Sigma-Aldrich), protein kinase inhibitor (PKI)
(6–22; PKA inhibitor 6–22 amide; Calbiochem),
QX-314 (Sigma-Aldrich), RP-cAMPS (Sigma-
Aldrich), SCH23390 (Tocris Bioscience),
SKF81297 (Sigma-Aldrich), and tetrodotoxin
(Sigma-Aldrich). Picrotoxin was dissolved di-
rectly in the ACSF used for perfusion. Nimodip-
ine and diltiazem were dissolved in DMSO with a
1:1000 ratio as stock solutions, which were added
directly to ASCF to a desired final concentration
during experiments. All other drugs were dis-
solved in ddH2O. Drugs were delivered to the re-
cording chamber with a gravity-driven system
(Harvard Apparatus).

Data are expressed as mean � SEM. Statis-
tical comparisons were made with two-tailed
t tests or ANOVA with appropriate post hoc
tests.

Results
Repeated cocaine exposure extends
t-LTP timing window within a 7 d
withdrawal period
We examined t-LTP induction over a
50 ms pre–post timing window in L5 pyra-
midal cells in mPFC slices prepared from
cocaine- or saline-treated mice. These neu-
rons receive inputs from corticocortical,
thalamocortical, and hippocampal path-
ways and project to other brain areas, exert-
ing top-down control of behavior (Miller
and Cohen, 2001). Mice were injected daily
with cocaine (20 mg/kg, i.p.) or saline for 7 consecutive days and
killed �24 h later for whole-cell patch-clamp analysis (Fig. 1A). As
expected, this treatment resulted in a significant enhancement of
locomotor activity in response to the same cocaine challenge (Fig.
1B), a characteristic of behavioral sensitization.

We recorded AMPA receptor (AMPAR)- and NMDA receptor
(NMDAR)-mediated EPSPs, with GABAergic transmission blocked by
picrotoxin, from visually identified neurons at their resting membrane
potential (��67mV)(XuandYao,2010)whilestimulating layerII/III.
To induce t-LTP, we used an STDP protocol that involves pairing a
presynapticallyelicitedEPSPandapostsynapticAPat0.1Hzfor10min

(60 pairs) with a variable �t (Xu and Yao, 2010; Ruan et al., 2014). This
pre–post pairing protocol produced sustained increases in EPSP ampli-
tude at �t � �10 ms, but not �30 ms (Fig. 1C), in slices from saline-
treated mice, consistent with the narrow t-LTP timing window (��10
ms) at these PFC synapses (Xu and Yao, 2010; Ruan et al., 2014). In
comparison, the same protocol induced robust potentiation at both
�10 ms and �30 ms in slices from cocaine-treated mice (Fig. 1D).
At a more extended timing interval (�50 ms), this protocol was
ineffective at inducing t-LTP, even in cocaine-injected mice (Fig. 1E;
cf. Fig. 6E). These results indicate that the t-LTP timing window, an
index of associability of pre–post coincident stimuli, is broadened
significantly after repeated in vivo cocaine exposure.
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Figure 1. Repeat, but not single, cocaine exposure extends t-LTP timing window during an early period of withdrawal.
A, Schematic of repeated cocaine or saline injection protocol. B, Cocaine-induced locomotor sensitization. Total distance traveled
during a 30 min period after saline or cocaine challenge on day 1 and day 9 was measured. C, t-LTP induction by 60 EPSP–AP pairs
at �t ��10 ms, but not �30 ms, in slices from saline-treated mice. D, t-LTP induction by 60 EPSP–AP pairs at both �10 ms and
�30 ms in slices from repeated cocaine-treated mice. E, Summary of t-LTP induction at different �t’s in repeated saline and
cocaine conditions. F, Summary of t-LTP induction at �30 ms under different treatment and withdrawal conditions. S, Saline; C,
cocaine; WD, withdrawal. Insets, Representative EPSPs 5 min before and 30 min after t-LTP induction. Scale bars, 2 mV, 20 ms.
*p 	 0.05, **p 	 0.01, unpaired two-tailed t tests. Arrows indicate the start of t-LTP induction. Values in parentheses indicate
number of cells recorded from at least three mice in each group.
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We further characterized the emergence and persistence of this
cocaine-induced t-LTP timing window broadening. Mice injected
with a single dose of cocaine and tested �24 h later did not exhibit
t-LTP at �30 ms (Fig. 1F), suggesting that repeated treatments were
necessary for the t-LTP timing window extension. Seven days after
terminating repeated cocaine injections, t-LTP at �30 ms could be
induced in less than half (3/7) of the cells examined and the mean
difference did not reach significance (p � 0.09). On day 14, t-LTP
was not inducible in any slices examined. These data indicate that the
cocaine-induced t-LTP timing window extension lasted for �7 d.
Together, our data demonstrate that repeated, but not single, co-
caine exposure modifies a quantitative synaptic learning rule
in PFC synapses during an early period of withdrawal.

Repeated cocaine exposure lowers t-LTP induction threshold
without altering maximal LTP magnitude
The STDP temporal window is thought to reflect the LTP/LTD
threshold directly; the smaller the window, the higher the threshold
(Zhang et al., 2009). Therefore, we hypothesized that cocaine expo-
sure reduces t-LTP threshold and that fewer spiking pairs might be
needed to induce t-LTP in cocaine mice than in saline mice. Indeed,
we found that 50 EPSP–AP pairs (0.1 Hz; 10 ms) induced t-LTP in
slices from cocaine but not saline mice (Fig. 2A,D). Decreasing the

spike pair number to 40 failed to induce
t-LTP even in cocaine mice (Fig. 2C) while
increasing the spike pairs to 60 or 70 suc-
cessfully induced t-LTP in both saline and
cocaine mice (Fig. 2B,C). Importantly, the
maximal magnitude of potentiation was
similar between saline and cocaine slices
( p 
 0.1; Fig. 2C). Therefore, repeat co-
caine exposure made PFC neurons more
sensitive to paired pre–post stimuli in
t-LTP induction.

Repeated cocaine exposure does not
alter synaptic strength or postsynaptic
AP waveform
We next investigated whether repeated co-
caine exposure alters PFC synaptic efficacy,
a hallmark in multiple other regions of re-
ward circuits (Lüscher and Malenka, 2011).
We found no difference in either the ampli-
tude or the frequency of AMPAR-mediated
mEPSCs between cocaine and saline mice
(Fig. 3A,B), suggesting unaltered presynap-
tic transmitter release and postsynaptic
AMPAR responsiveness. Similarly, the ratio
of AMPAR- to NMDAR-mediated EPSCs
(AMPA/NMDA ratio), measured by either
a kinetically (Fig. 3C) or pharmacologically
(Fig. 3D) based method, was indistinguish-
able between cocaine and saline slices. These
experiments suggest that repeated cocaine
exposure does not modify the synaptic
strength of these neurons during early co-
caine withdrawal.

Back-propagating postsynaptic APs can
interact with coinciding EPSPs nonlinearly
and affect dendritic integration and thus the
STDP timing window (Caporale and Dan,
2008; Sjostrom et al., 2008; Feldman, 2012).
We therefore investigated whether repeated

cocaine exposure altered AP in mouse mPFC L5 neurons. APs elic-
ited by depolarizing current injections into the recorded neurons
showed statistically similar initiation threshold, amplitude, and du-
ration in saline and cocaine slices (Fig. 3E,F). Therefore, repeated
cocaine did not affect AP waveform characteristics in these neurons
substantially, at least in the soma.

Postsynaptic NVP-AAM077-sensitive, GluN2A-NMDARs
mediate both normal and extended-timing t-LTP
We next investigated the induction and expression mechanisms of
the cocaine-induced extended timing t-LTP. There was no signifi-
cant difference in paired-pulse facilitation (interpulse interval � 50
ms) before and after t-LTP induction (�t � �30 ms; Fig. 4A), sug-
gesting no change in presynaptic release probability associated with
t-LTP expression. In comparison, loading pyramidal cells with the
Ca2� chelator BAPTA blocked the induction of �30 ms t-LTP in
cocaine slices (Fig. 4B), suggesting that this extended-timing t-LTP
required an increase of postsynaptic Ca2� levels. Further experi-
ments found that bath application of the NMDAR antagonist APV
(50 �M) blocked the �30 ms t-LTP in cocaine slices (data not
shown). Together, the cocaine-induced extended-timing t-LTP is
postsynaptic in nature and involved Ca2� influx, likely through
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Figure 2. Repeated cocaine exposure lowers t-LTP induction threshold. A, t-LTP induction by 50 EPSP–AP pairs in cocaine- but
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NMDARs, similar to the postsynaptic
NMDAR-dependent mechanism known to
mediate conventional LTP and classical
STDP.

Cortical NMDARs are heterotetramers
composed of the obligatory GluN1 subunit,
along with various GluN2 subunits that dif-
fer in channel gating, ion permeability, and
intracellular signaling (Lau and Zukin,
2007). Given the differential roles of
GluN2A and GluN2B in STDP induction at
different timings (Gerkin et al., 2007; Ruan
et al., 2014), we investigated which GluN2
subunits might mediate the cocaine-in-
duced extended-timing t-LTP. We found
that including the GluN2B-specific antago-
nist ifenprodil in the bath did not affect
t-LTP at �30 ms in cocaine slices (Fig.
4D,F), suggesting that GluN2B is not in-
volved. In contrast, bath inclusion of the
GluN2A-preferred competitive antagonist
NVP-AAM077 abolished t-LTP at �30 ms
(Fig. 4C,F). NVP-AAM077 also blocked
t-LTP at �10 ms (Fig. 4E,F), suggesting
that GluN2A-containing NMDARs medi-
ate both the normal and extended timing
t-LTP nonselectively in cocaine slices. De-
spite concerns about the specificity of NVP-
AAM077 (Neyton and Paoletti, 2006;
Frizelle et al., 2006), other studies, including
ours (Ruan et al., 2014), have used this com-
pound convincingly to suppress synaptic
GluN2A EPSCNMDA currents in cultured
neurons (Gerkin et al., 2007) and PFC slices
(Zhao et al., 2005). Importantly, even if
NVP-AAM077 inhibits some synaptic
GluN2B-NMDARs at the concentration
used (0.4 �M), which we cannot rule out,
our conclusion that GluN2A-NMDARs
mediates primarily the �30 ms-t-LTP
should stand true regardless because block-
ing GluN2B selectively with ifenprodil at a
sufficient concentration (3 �M) did not af-
fect �30 ms-t-LTP (Fig. 4D,F).

Voltage-clamp analysis further showed
that isolated NMDAR-mediated EPSCs
were significantly more sensitive to NVP-
AAM077 in cocaine slices compared with
the saline control (Fig. 4G), suggesting that
GluN2A-NMDAR currents were increased
after repeated cocaine exposure. Together,
these results indicate that the extended-
timing t-LTP after cocaine exposure is me-
diated by GluN2A-NMDARs, likely a result
of altered NMDAR subunit composition or
assembly at PFC synapses.

LTCCs mediate extended-timing t-LTP
selectively in cocaine mice
In search of mechanisms that can account
for the extended-timing t-LTP selectively in
cocaine-treated mice, we turned our atten-
tion to LTCCs, a class of high-voltage-
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activated Ca2� channels (Catterall, 2000; Lipscombe et al., 2004)
that regulate Ca2� influx, membrane excitability, and synaptic plas-
ticity, including STDP (Bi and Poo, 1998; Seamans and Yang, 2004;
Sjostrom et al., 2008). Of particular relevance, LTCCs have emerged
as an important player in psychostimulant addiction (Nasif et al.,
2005; Rajadhyaksha and Kosofsky, 2005; Giordano et al., 2010). Ni-
modipine, an LTCC blocker, did not reduce t-LTP induction at �10
ms (Fig. 5A,E) when applied to the bath during pre–post pairings in
cocaine slices, suggesting that t-LTP at this normal timing did not
require the opening of LTCCs. In contrast, blockade of LTCCs by
nimodipine during pairings completely abolished t-LTP at �30 ms
in cocaine slices (Fig. 5B,E). Diltiazem, a structurally different LTCC
blocker, also blocked t-LTP induction at �30 ms in cocaine slices

(Fig. 5C,E). Importantly, applying the
LTCC agonist Bay K8644 to the bath during
pre–post pairings in saline slices enabled
t-LTP induction at �30 ms (Fig. 5D,E), a
normally ineffective timing interval. Appli-
cation of Bay K8644 without EPSP–AP pair-
ings did not increase, and in fact decreased,
EPSPs (Fig. 5F) in saline slices. Bay K8644
also suppressed isolated EPSCNMDA (Fig.
5G), consistent with earlier observations
that Ca 2� entry via voltage-dependent
Ca 2� channels generally suppresses
NMDARs (Legendre et al., 1993; Tong et al.,
1995). These results suggest that Bay K8644
alone did not cause the �30 ms t-LTP in
saline slices. Together, these data indicate
that the opening of LTCCs is essential for
the cocaine-induced extended-timing
t-LTP.

Sensitized D1-cAMP/PKA pathway
maintains the extended-timing t-LTP
in cocaine mice
We have shown previously that selective
activation of the D1-cAMP/PKA signaling
in PFC pyramidal cells broadens the
t-LTP timing window (Xu and Yao, 2010;
Ruan et al., 2014). It has also been re-
ported that the D1-cAMP/PKA/signaling
becomes enhanced in the rat PFC after re-
peated in vivo cocaine administration
(Dong et al., 2005; Ford et al., 2009), rais-
ing the possibility that the extended t-LTP
timing window in cocaine mice might be
due to an overactivation of the D1-cAMP/
PKA pathway in pyramidal neurons.
Indeed, bath application of the D1
antagonist SCH23390 during pre–post
pairings completely blocked t-LTP induc-
tion at �30 ms in cocaine slices (Fig.
6B,G). Interestingly, SCH23390 did not
affect t-LTP induction at �10 ms in co-
caine slices (Fig. 6A,G), suggesting that
normal-timing t-LTP does not require D1
activation. Application of the cAMP in-
hibitor RP-cAMPS during pre–post pair-
ings also prevented t-LTP at �30 ms in
cocaine slices (Fig. 6C,G). Finally, loading
patched cells with PKI 6 –22 (a memb-
rane-impermeable PKI) blocked the �30

ms t-LTP (Fig. 6D,G). These results indicate that cocaine-
induced t-LTP timing window extension at PFC synapses is
caused by a constitutively hypersensitive D1-cAMP/PKA signal-
ing in pyramidal neurons.

We then investigated whether, with the already elevated D1-
cAMP/PKA signaling, stimulation of D1 receptors could further
modulate t-LTP induction in cocaine slices. Applying the D1
receptor agonist SKF81297 during pre–post pairings enabled
t-LTP induction at �50 ms, an ineffective timing in cocaine slices
(Fig. 6E–G). This result indicates that, although PFC D1 receptor
signaling is heightened after cocaine exposure, it is not saturated;
these receptors still respond to agonist stimulation and can drive
the t-LTP induction at an even wider window.
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LTCCs synergize with GluN2A-
NMDARs to mediate SKF81297-
enabled extended-timing t-LTP in
normal mice
LTCCs are known substrates of PKA (Cat-
terall, 2000; Rajadhyaksha and Kosofsky,
2005). We thus investigated whether LTCCs
and D1-cAMP/PKA work in the same path-
way to control the timing window of t-LTP.
Consistent with our earlier work, selective
activation of D1 receptors in saline slices by
bath application of SKF81297 during pre–
post pairings enabled t-LTP at �30 ms (Fig.
7A), which is otherwise nonexistent (Xu and
Yao, 2010). Coapplication of nimodipine
with SKF81297 abolished this SKF81297-
enabled �30 ms t-LTP (Fig. 7B,D). This
suggests that LTCCs are indeed down-
stream of D1 signaling in driving the �30
ms t-LTP. Interestingly, coapplication of
NVP-AAM077 also blocked the SKF81297-
enabled �30 ms t-LTP (Fig. 7C,D), which is
consistent with the idea that GluN2A is also
a downstream target of the D1 signaling
pathway. Therefore, both GluN2A and
LTCCs downstream of D1-cAMP/PKA
pathway are required for SKF81297-en-
abled �30 ms t-LTP in saline slices.

GluN2A-NMDARs and LTCCs may
act either sequentially or in parallel (Fig.
7E) to drive the extended timing t-LTP.
To distinguish these possibilities, we used
D-serine, a potent coagonist of NMDARs
at the glycine binding site of the GluN1
subunit (Kuryatov et al., 1994) to enhance
EPSCNMDA selectively in the absence of
D1-cAMP/PKA or LTCC activation. As
expected, application of D-serine potently
and reversibly enhanced EPSCNMDA (Fig.
7F). If the “sequential” model were true,
we would expect that solely activating
NMDARs downstream of LTCCs with-
out SKF81297 application would enable
t-LTP at �30 ms in saline slices. This was
not the case: D-serine applied during
EPSP–AP pairings at �30 ms did not
enable t-LTP (Fig. 7G). These results
therefore favored a parallel model of
NMDAR–LTCC synergy (Fig. 7E): these
two distinct Ca 2� sources act in parallel to drive the abnormal
�30 ms t-LTP.

Cocaine-recruited signaling mechanism broadens t-LTP
timing window in the PFC
Our results support a model for cocaine-induced t-LTP timing
window extension in PFC excitatory circuits (Fig. 8). Activation
of the D1-cAMP/PKA-LTCC pathway is unnecessary for the
normal-timing t-LTP (e.g., �10 ms), which is mediated by
GluN2A-NMDARs alone (Fig. 8A). In comparison, repeated co-
caine exposure exacerbates D1 signaling in pyramidal neurons,
which then recruits downstream LTCCs to enable t-LTP induc-
tion at markedly extended, normally ineffective timing intervals
and at a lower threshold (Fig. 8B). Importantly, GluN2A-

NMDARs are also obligatory for the �30 ms t-LTP in both co-
caine slices and saline slices treated with SKF81297, suggesting
that these receptors are also engaged by the D1-cAMP/PKA acti-
vation and synergize with LTCCs to extend the t-LTP timing
window. Recruitment of these signaling pathways by cocaine
sensitizes PFC synapses for potentiation by less correlated
pre–post spiking activity. Our results thus identify a patholog-
ical signaling axis modulating coincidence detection, a novel
form of drug-induced associative synaptic plasticity.

Discussion
We show that repeated cocaine exposure in vivo broadens the timing
window markedly and reduces the induction threshold of t-LTP in
the mouse mPFC, rendering synapses more susceptible for potenti-
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ation. Our study highlights a novel concept in addiction biology:
drugs can hijack the reward circuits by disrupting Hebbian quanti-
tative synaptic learning rules without altering synapse strength. Our
study suggests an early cocaine withdrawal period when PFC circuits
may be particularly vulnerable for experience-dependent
remodeling.

Several forms of cocaine-evoked synaptic plasticity have been
recognized. Exposure to cocaine alters the strength of glutama-
tergic synapses in the VTA (Ungless et al., 2001) and NAc
(Thomas et al., 2001; Pascoli et al., 2011), as well as strength of
GABAergic synapses in the VTA (Liu et al., 2005) and PFC (Lu et
al., 2010). Cocaine also alters AMPAR composition at NAc and
VTA excitatory synapses (Bellone and Lüscher, 2006; Conrad et

al., 2008), characterized by the inser-
tion of GluA2-lacking, Ca 2�-permeable
AMPARs shown to drive a NMDAR-
independent anti-Hebbian LTP (Mameli
et al., 2011). In vivo cocaine experience
also generates NMDAR-containing and
AMPAR-lacking silent synapses de novo in
the NAc (Huang et al., 2009), a neural-
circuit-remodeling mechanism believed
to contribute to cocaine craving and re-
lapse (Dong and Nestler, 2014). Finally,
after cocaine withdrawal, glutamatergic
synapses onto DA neurons become sus-
tainably sensitive to potentiation by weak
presynaptic stimuli and display a nonas-
sociative form of plasticity caused by an
elevated BDNF signaling (Pu et al., 2006).
Our study uncovers a distinct form of
cocaine-induced plasticity that disrupts a
key Hebbian associative plasticity process.
Because the STDP timing window reflects
how closely presynaptic and postsynaptic
spikes converge at the synapse, our data
suggest that cocaine compromises the
temporal stringency of the STDP that
leads to a gain in sensitivity and a decrease
in threshold for t-LTP induction. Modifi-
cations of rules that govern associative
synaptic plasticity may represent an im-
portant mechanism that can dictate how
environmental cues and drugs interact
with and remodel reward circuits.

DA remains central in addiction neu-
robiology; all addictive drugs increase the
synaptic level of DA pathologically, which
is believed to elicit hedonic responses, en-
hance behavioral saliency, and promote
reward-related learning and memories in
DA circuits (Nestler, 2001; Schultz, 2002;
Hyman et al., 2006). We have shown pre-
viously that DA, by acting on the D1-
cAMP/PKA signaling, facilitates t-LTP
induction by extending its timing window
by �six-fold in PFC excitatory synapses
(Xu and Yao, 2010; Ruan et al., 2014),
providing a potential mechanism by
which DA can drive reward learning and
consolidate associative long-term memo-
ries. Those studies, along with others (Lin
et al., 2003; Seol et al., 2007; Pawlak and

Kerr, 2008; Zhang et al., 2009; Yang and Dani, 2014), have helped
to derive the modified tricomponent STDP learning rule (Pawlak
et al., 2010; Feldman, 2012), in which neuromodulators such as
DA are proposed as potent coincidence modulators that influ-
ence markedly STDP polarity, timing window, and ultimately
coincidence detection during STDP induction. Our present find-
ings demonstrate that cocaine exacerbates this DA neuromodu-
latory process to alter t-LTP rules in the PFC. Importantly,
though sensitized, the D1 receptors are not saturated—they still
respond to agonist stimulation and broaden the t-LTP timing
window to an even greater level, raising the possibility that PFC
synapses can be even more susceptible for potentiation when
synaptic DA level is higher, such as during reward behavior or
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motivational arousal. Our study suggests
that cocaine, in essence, can hijack coinci-
dence detection and processing during
STDP, altering associative plasticity mecha-
nisms that may underlie reward.

Our study identifies LTCCs as a poten-
tial dendritic/synaptic effector that can
broaden the t-LTP timing window in both
normal and cocaine conditions. LTCCs are
activated by modest to high depolarizing
voltages (Lipscombe et al., 2004), which are
localized in dendrites of PFC neurons (Sea-
mans and Yang, 2004) and involved in the
regulation of STDP (Bi and Poo, 1998; Fro-
emke et al., 2005; Zhou et al., 2005). LTCCs
conduct dendritic Ca2� currents, regulate
dendritic integrations (Johnston et al., 1996;
Sjostrom et al., 2008; Spruston, 2008), and
are coupled to various downstream Ca2�-
signaling mechanisms (Greengard et al.,
1999), all of which can influence t-LTP tim-
ing window (Caporale and Dan, 2008). Im-
portantly, LTCCs are not required for t-LTP
at �10 ms, but for �30 ms when D1 signal-
ing is exogenously stimulated in normal
condition or intrinsically heightened in co-
caine conditions, suggesting that LTCCs at
an “activated” state regulate t-LTP timing
window selectively. Modulations of LTCCs
after D1-cAMP/PKA activation can en-
hance the conductance, slow the deactiva-
tion, and shift the voltage dependence of
these channels negatively to alter dendritic
Ca2� currents, excitability, and integration
(Catterall, 2000; Seamans and Yang, 2004).
DA/D1-recruited LTCCs may allow PFC
neurons to be more responsive to NMDAR
activation (Seamans and Yang, 2004) dur-
ing STDP induction to favor t-LTP at ex-
tended timings. Through this and/or other
mechanisms, LTCCs serve as a modulator,
rather than a mediator, and synergize in
parallel with the more obligatory coinci-
dence detector GluN2A-NMDARs to drive
extended-timing t-LTP.

Neuronal LTCCs containing mainly the Cav1.2 and Cav1.3 sub-
units have emerged as a key player in psychostimulant addiction
(Rajadhyaksha and Kosofsky, 2005). Repeated exposure to cocaine
upregulates LTCC protein levels and enhances the channel activity
in rodent mPFC (Nasif et al., 2005; Ford et al., 2009). LTCCs are
required for both the development and expression of behavioral
sensitization, perhaps in a subunit-dependent manner (Giordano et
al., 2010). It has been suggested that, in the NAc, psychostimulant-
activated D1 receptors couple with LTCCs to elevate the intracellular
Ca2� level, which, via CREB, ERK, and other signaling mechanisms,
induces complex activity-dependent gene expression and molecular
adaptations (Rajadhyaksha and Kosofsky, 2005). Our data indicate
that, despite potentially widespread adaptations triggered by LTCCs
after cocaine exposure, acute manipulations of D1 signaling or
LTCCs in saline slices can mimic the t-LTP window extension in
cocaine slices. Therefore, LTCCs may facilitate t-LTP induction at

extended timings via cAMP/PKA-dependent regulations of bio-
physical properties or functional recruitment of the channel.

Neuronal excitability plays an important role in synaptic in-
tegration and STDP (Sjostrom et al., 2008). In particular, back-
propagating APs attenuate along dendrites in both hippocampal
CA1 and L5 neurons and require boosting by inactivating A-type
K� (Watanabe et al., 2002) and recruiting dendritic Na� chan-
nels (Stuart and Hausser, 2001), respectively, to elicit t-LTP.
DA/D1 activation exerts complex modulations on PFC Na� cur-
rents (Seamans and Yang, 2004), but generally suppresses
voltage-gated K� currents, especially a slowly inactivating com-
ponent (Yang and Seamans, 1996; Dong and White, 2003),
increasing neuronal excitability (Seamans and Yang, 2004). In-
terestingly, DA/D1 affects neither the AP waveform (Yang and
Seamans, 1996; Gulledge and Stuart, 2003; Xu and Yao, 2010) nor
dendritic back-propagation (Gulledge and Stuart, 2003) in these
neurons. Repeated cocaine administration persistently decreases
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Representative EPSCNMDA before and after D-serine application. Scale bars, 50 pA, 100 ms. G, Failure of D-serine to enable t-LTP
at �30 ms in saline slices when applied during EPSP–AP pairings. Scale bars (A–D, G), 2 mV, 20 ms.
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ID via a heightened D1-cAMP/PKA signaling and inward-
rectifying K� currents (Dong et al., 2005), enhancing excitability
without altering AP waveform (Nasif et al., 2005a; this study).
Because our t-LTP protocol depends on precisely timed EPSP/
single AP pairings, AP waveform but not AP number or somatic
excitability plays a more direct role in dendritic integration and
t-LTP. Therefore, cocaine-induced adaptations in K� or other
somatic ion currents are unlikely to contribute significantly to the
extended-timing t-LTP in cocaine slices. However, we cannot
rule out potential cocaine effects on dendritic Na� and K� con-
ductance, which can affect AP back-propagation and t-LTP
induction.

It is hypothesized that addictive drugs sensitize reward sys-
tems (Robinson and Berridge, 2001) and render neural circuits
more plastic (Bellone and Lüscher, 2012; Dong and Nestler,
2014). Our study provides a potential mechanism for this hy-
pothesis: drugs can lower the threshold for associative synaptic
plasticity such that cues associated with the drug can trigger
experience-dependent reward circuit remodeling more effec-
tively than do natural stimuli. Consistently, self-administered co-
caine, but not natural rewards, produces persistent LTP in the
VTA (Chen et al., 2008). Reexposure to cues previously associ-
ated with heroin, but not natural reinforcers, triggers AMPAR
endocytosis in the PFC (Van den Oever et al., 2008). A recent
study (Kasanetz et al., 2013) showed that, after cocaine self-
administration, the AMPA/NMDA ratio in mPFC L5 neurons
is increased in “addict-like” rats. Interestingly, this synaptic
strength increase does not develop at early stages (17 d) of cocaine
self-administration, consistent with the lack of synaptic efficacy
change during the early withdrawal observed here, but becomes
established after prolonged (�2 months) cocaine self-admi-
nistration. The delayed potentiation could be a result of impaired
LTD concurrently observed in these animals, which may prevent
synapses to undergo necessary weakening. Alternatively, a de-
crease in LTP threshold, together with an increase in neuronal
excitability mentioned above, may provide a “permissive func-
tion” mechanism (Kourrich et al., 2015) for experience-
dependent synaptic potentiation to develop. Once developed,
persistently potentiated synapses and impaired LTD could render
PFC circuits resistant to modulation by an ever-changing envi-

ronment, reducing cognitive flexibility that can culminate in the
loss of executive control over drug seeking, a clinical hallmark of
addiction known as hypofrontality (Goldstein and Volkow,
2011). The Hebbian plasticity rule change reported here may
represent a form of drug usurpation of reward circuits that pre-
disposes PFC executive circuits to hypofrontality.

References
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Sjöström PJ, Rancz EA, Roth A, Häusser M (2008) Dendritic excitability and
synaptic plasticity. Physiol Rev 88:769 – 840. CrossRef Medline

Spruston N (2008) Pyramidal neurons: dendritic structure and synaptic in-
tegration. Nat Rev Neurosci 9:206 –221. CrossRef Medline

996 • J. Neurosci., January 25, 2017 • 37(4):986 –997 Ruan and Yao • Cocaine Hijacks STDP Quantitative Learning Rules

http://dx.doi.org/10.1016/j.neuron.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22920249
http://dx.doi.org/10.1002/syn.20651
http://www.ncbi.nlm.nih.gov/pubmed/19360908
http://dx.doi.org/10.1124/mol.106.024042
http://www.ncbi.nlm.nih.gov/pubmed/16778008
http://dx.doi.org/10.1038/nature03366
http://www.ncbi.nlm.nih.gov/pubmed/15759002
http://dx.doi.org/10.1152/jn.00860.2006
http://www.ncbi.nlm.nih.gov/pubmed/17267756
http://dx.doi.org/10.1523/JNEUROSCI.2255-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21159975
http://dx.doi.org/10.1038/nrn3119
http://www.ncbi.nlm.nih.gov/pubmed/22011681
http://dx.doi.org/10.1016/S0896-6273(00)80798-9
http://www.ncbi.nlm.nih.gov/pubmed/10433257
http://www.ncbi.nlm.nih.gov/pubmed/14673000
http://dx.doi.org/10.1523/JNEUROSCI.4247-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17360919
http://dx.doi.org/10.1016/j.neuron.2009.06.007
http://www.ncbi.nlm.nih.gov/pubmed/19607791
http://dx.doi.org/10.1146/annurev.neuro.29.051605.113009
http://www.ncbi.nlm.nih.gov/pubmed/16776597
http://dx.doi.org/10.1146/annurev.ne.19.030196.001121
http://www.ncbi.nlm.nih.gov/pubmed/8833440
http://dx.doi.org/10.1016/j.neuron.2005.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15748840
http://dx.doi.org/10.1038/mp.2012.59
http://www.ncbi.nlm.nih.gov/pubmed/22584869
http://dx.doi.org/10.1073/pnas.1121251109
http://www.ncbi.nlm.nih.gov/pubmed/23045653
http://dx.doi.org/10.1038/npp.2009.110
http://www.ncbi.nlm.nih.gov/pubmed/19710631
http://dx.doi.org/10.1038/nrn3877
http://www.ncbi.nlm.nih.gov/pubmed/25697160
http://dx.doi.org/10.1016/0896-6273(94)90445-6
http://www.ncbi.nlm.nih.gov/pubmed/8011339
http://www.ncbi.nlm.nih.gov/pubmed/17514195
http://www.ncbi.nlm.nih.gov/pubmed/7678859
http://www.ncbi.nlm.nih.gov/pubmed/12764105
http://dx.doi.org/10.1152/jn.00486.2004
http://www.ncbi.nlm.nih.gov/pubmed/15486420
http://dx.doi.org/10.1038/nature04050
http://www.ncbi.nlm.nih.gov/pubmed/16222299
http://dx.doi.org/10.1523/JNEUROSCI.1984-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19812341
http://dx.doi.org/10.1016/j.neuron.2010.08.012
http://www.ncbi.nlm.nih.gov/pubmed/20826313
http://dx.doi.org/10.1016/j.neuron.2011.01.017
http://www.ncbi.nlm.nih.gov/pubmed/21338877
http://dx.doi.org/10.1126/science.275.5297.209
http://www.ncbi.nlm.nih.gov/pubmed/8985013
http://dx.doi.org/10.1038/nn.2763
http://www.ncbi.nlm.nih.gov/pubmed/21336270
http://dx.doi.org/10.1126/science.275.5297.213
http://www.ncbi.nlm.nih.gov/pubmed/8985014
http://dx.doi.org/10.1146/annurev.neuro.24.1.167
http://www.ncbi.nlm.nih.gov/pubmed/11283309
http://dx.doi.org/10.1523/JNEUROSCI.0010-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15814798
http://www.ncbi.nlm.nih.gov/pubmed/15574686
http://dx.doi.org/10.1038/35053570
http://www.ncbi.nlm.nih.gov/pubmed/11252991
http://dx.doi.org/10.1523/JNEUROSCI.5242-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16452656
http://dx.doi.org/10.1038/nature10709
http://www.ncbi.nlm.nih.gov/pubmed/22158102
http://dx.doi.org/10.1523/JNEUROSCI.4402-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18322089
http://dx.doi.org/10.3389/fnsyn.2010.00146
http://www.ncbi.nlm.nih.gov/pubmed/21423532
http://dx.doi.org/10.1038/nn1687
http://www.ncbi.nlm.nih.gov/pubmed/16633344
http://dx.doi.org/10.1177/1073858405278236
http://www.ncbi.nlm.nih.gov/pubmed/16151049
http://dx.doi.org/10.1901/jeab.2005.105-04
http://www.ncbi.nlm.nih.gov/pubmed/16596984
http://dx.doi.org/10.1046/j.1360-0443.2001.9611038.x
http://www.ncbi.nlm.nih.gov/pubmed/11177523
http://dx.doi.org/10.3389/fncir.2014.00038
http://www.ncbi.nlm.nih.gov/pubmed/24795571
http://dx.doi.org/10.1016/S0896-6273(02)00967-4
http://www.ncbi.nlm.nih.gov/pubmed/12383780
http://dx.doi.org/10.1016/j.pneurobio.2004.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15381316
http://dx.doi.org/10.1016/j.neuron.2007.08.013
http://www.ncbi.nlm.nih.gov/pubmed/17880895
http://dx.doi.org/10.1152/physrev.00016.2007
http://www.ncbi.nlm.nih.gov/pubmed/18391179
http://dx.doi.org/10.1038/nrn2286
http://www.ncbi.nlm.nih.gov/pubmed/18270515
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