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Synaptic plasticity in the ventral tegmental area (VTA) has been implicated in the acquisition of a drug-dependent state. Even a single
exposure to cocaine in naive animals is sufficient to trigger sustained changes on VTA glutamatergic synapses that resemble activity-
dependent long-term potentiation (LTP) in other brain regions. However, an insight into its time course and mechanisms of action is
limited. Here, we show that cocaine acts locally within the VTA to induce an LTP-like enhancement of AMPA receptor-mediated trans-
mission that is not detectable minutes after drug exposure but is fully expressed within 3 h. This cocaine-induced LTP appears to be
mediated via dopamine D, receptor activation of NMDA receptors and to require protein synthesis. Increased levels of high-conductance
GluR1-containing AMPA receptors at synapses are evident at 3 h after cocaine exposure. Furthermore, our data suggest that cocaine-
induced LTP might share the same molecular substrates for expression with activity-dependent LTP induced in the VTA by a spike-
timing-dependent (STD) protocol, because we observed that STD LTP is significantly reduced or not inducible in VTA neurons previously

exposed to cocaine in vivo or in vitro.
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Introduction
Activity-dependent modifications of synapses are a key mecha-
nism underlying many functions of the brain. The most studied
models of persistent plasticity are long-term potentiation (LTP)
and long-term depression (LTD) of glutamatergic synapses, phe-
nomena that are commonly thought of as cellular substrates for
learning, memory, and developmental plasticity (Malenka and
Bear, 2004; Kim and Linden, 2007). Exposure to cocaine and
other drugs of abuse seems to induce similar long-term changes
of synaptic efficiency among neurons in the motivational/reward
system [for review, see Jones and Bonci (2005) and Kauer and
Malenka (2007)]. A key study providing direct evidence for drug-
dependent plasticity at excitatory synapses in the mesolimbic do-
pamine (DA) system showed that a single injection of cocaine in
rodents induces a potentiation of AMPA receptor (AMPAR)-
mediated excitatory synaptic transmission onto DA-releasing
neurons in the ventral tegmental area (VTA) 24 h later (Ungless
et al., 2001).

The VTA is a central component of the mesocorticolimbic
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network. A sustained modification in the strength of glutamater-
gic synapses onto dopaminergic VT A neurons would be expected
to cause a change in their activity and DA release to target regions,
thus ultimately influencing and perhaps remodeling the reward
neuronal circuitry. Indeed, cocaine-induced synaptic plasticity in
the VTA has been associated with maladaptive behaviors and the
development of addiction (Jones and Bonci, 2005; Nestler, 2005;
Kauer and Malenka, 2007). Thus, a detailed understanding of the
molecular mechanisms underlying the induction and expression
of cocaine-induced LTP in VTA DA neurons will provide impor-
tant clues to the circuit modifications that eventually lead to
addiction.

Previous studies have demonstrated that enhancement of glu-
tamatergic synaptic transmission induced by acute cocaine is
NMDA receptor (NMDAR) dependent, is transiently expressed
for at least 5 but less than 10 d, and positively correlates with the
initial phase of behavioral sensitization but not with its expres-
sion (Ungless etal., 2001; Borgland et al., 2004). Moreover, recent
evidence suggests that synaptic insertion of high-conducting
GluR1-containing receptors might contribute to expression of
this cocaine-induced synaptic plasticity (Bellone and Liischer,
2006). A similar process involving the trafficking of specific
subunit-containing AMPA receptors to synapses also underlies
LTP in other brain regions (Song and Huganir, 2002; Bredt and
Nicoll, 2003; Malenka and Bear, 2004). Indeed, recombinant
GluR1s expressed in hippocampal CA1 pyramidal cells rapidly
redistribute to the synaptic membrane within minutes after LTP-
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inducing stimulation in an NMDAR-dependent manner (Shi et
al., 1999). However, whether cocaine-induced LTP in VTA DA
neurons follows a similar time course is unknown, as are its un-
derlying mechanisms.

We previously showed that acute cocaine perfusion onto mid-
brain rat slices fails to increase AMPAR-mediated transmission
of VTA DA cells, whereas NMDAR-mediated transmission is
rapidly enhanced via D;-like DA receptor activation of protein
kinase A (PKA) activity (Schilstrom et al., 2006). Whether this
modulation of NMDARSs is necessary for LTP-like strengthening
of AMPAR transmission observed 24 h after cocaine administra-
tion is unknown. Here we further investigate the time course and
mechanisms of cocaine-induced LTP in VTA DA neurons and
also whether it influences the spike-timing-dependent LTP that
occurs in these cells.

Materials and Methods

Three- to four-week-old Sprague Dawley rats were anesthetized and
killed. The brain was rapidly dissected, and horizontal slices (230 uwm
thick) containing the VTA were prepared using a Vibratome. Slices were
allowed to recover for at least 45 min in artificial CSF [aCSF; containing
the following (in mm): 126 NaCl, 1.6 KCl, 2.4 CaCl,, 1.2 NaH,PO,, 1.2
MgCl,, 18 NaHCO;, and 11 glucose, saturated with 95% O, and 5%
CO,] before being transferred individually to the recording chamber and
superfused with continuous flow (2 ml/min) of aCSF at 32°C containing
picrotoxin (100 um) to block GABA, receptor-mediated synaptic
currents.

Cells were visualized using an upright microscope with infrared illu-
mination. Whole-cell voltage-clamp recordings were made using an
Axopatch 1D amplifier (Molecular Devices) with 3—-5 M() glass elec-
trodes containing the following (in mm): 120 CsCH;SO;, 20 HEPES, 0.4
EGTA, 2.8 NaCl, 5 N(CH,CH,),Cl, 2.5 Mg-ATP, and 0.25 Mg-GTP, pH
7.3. Putative DA cells were identified by the presence of a large
hyperpolarization-activated potassium current, I, (Lacey et al., 1990;
Johnson and North, 1992). According to previous studies, I, is present in
84% of VTA DA neurons (Sarti et al., 2007), and there is general agree-
ment that GABAergic neurons do not have I, (Margolis et al., 2006).
Although the presence of an I;, current does not unequivocally identify
DA cells, it is likely that the contribution of I -positive tyrosine
hydroxylase-negative cells to the observed effects is very small. A bipolar
stimulating electrode was placed rostrally at a distance of 100-300 wm
from the recording electrode. Afferents were stimulated at 0.1 Hz, and
the evoked EPSCs were filtered at 2 kHz, digitized at 5-10 kHz, and
recorded using Igor Pro software (WaveMetrics).

NMDAR or AMPAR traces were constructed by averaging 15 EPSCs
elicited at +40 mV and —70 mV, respectively. NMDAR responses were
calculated by subtracting the average response in the presence of 50 um
D-2-amino-5-phosphonovalerate (D-APV) (AMPAR-mediated only)
from that recorded in its absence. For LTP experiments, evoked EPSPs
were recorded from neurons current clamped at —70 mV using 3—5 M)
electrodes filled with a potassium methanesulfonate solution containing
the following: 0.95% KOH (v/v), 0.76% methanesulfonic acid (v/v),
0.18% hydrochloric acid (v/v), 20 mm HEPES, 0.2 mm EGTA, 2.8 mm
NaCl, 2.5 mg/ml MgATP, and 0.25 mg/ml GTP, pH 7.3. LTP was induced
by using a spike-timing-dependent (STD) protocol as previously de-
scribed (Liu et al., 2005): 20 bursts of EPSP—spike pairs were delivered,
with each burst consisting of five paired stimuli delivered at 10 Hz (in-
terburst interval of 5 5). The postsynaptic spikes were evoked ~5 ms after
the onset of EPSPs by injecting depolarizing current pulses (1-2 nA, 3
ms). All recordings with a stable 10 min baseline were included. The
magnitude of LTP was computed by averaging 30 consecutive EPSPs 5
min before and 30 min after the end of the induction protocol unless
otherwise indicated.

In experiments involving in vivo drug exposure, rats were weighed,
injected with cocaine (15 mg/kg, i.p.) or equal amount of 0.9% saline,
and then returned to their home cage for 2 or ~23 h, after which VTA
slices were prepared. Thus, whole-cell recordings started at 3-5 or ~24 h
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after cocaine or saline administration. In experiments involving in vitro
drug exposure, VTA slices were normally prepared and after recovery
were incubated with test substances (10—30 min as indicated). After this
treatment, slices were transferred (twice) in a beaker containing regular
aCSF for complete washout of the drugs and allowed to recover for 2—4 h.
Thus, whole-cell recordings started 35 h after the end of drug exposure.

For experiments of rectification, spermine (100 um) was added to the
intracellular solution. The rectification indices (RIs) were calculated by
plotting the magnitude of the average EPSCs at —70, 0, and +40 mV and
taking the ratio of the slope of the lines connecting values at 0—40 and at
—70 to 0 mV as previously described (Adesnik and Nicoll, 2007). Neu-
rons were held at each potential for 2 min (12 sweeps) in the presence of
D-APV. Picrotoxin, cocaine, R-(+)-7-chloro-8-hydroxy-3-methyl-1-
phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine (SCH-23390), (*)-6-
chloro-7,8-dihydroxy-1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine
hydrobromide (SKF-81297), anisomycin, cycloheximide, spermine, and
1-naphthyl acetyl spermine (NASPM) were all purchased from Sigma.
D-APV was from Tocris Bioscience, and philantotoxin-74 (PhTx-74) was
kindly provided by Dr. P. M. England (University of California, San
Francisco, San Francisco, CA). Three- to four-week-old mice lacking
functional D5 dopamine receptors were a generous gift from Dr. D. R.
Sibley (National Institute of Neurological Disorders and Stroke/National
Institutes of Health, Bethesda, MD). D5 knock-out mice (Ds—/—) and
wild-type littermates (D5+/+) were generated as previously described
(Hollon et al., 2002).

Results

Exposure to cocaine in vivo induces AMPAR potentiation
within 3 h

Most studies on cocaine-induced changes at glutamatergic syn-
aptic plasticity in the VTA were performed 24 h after in vivo
exposure to the drug (Ungless et al., 2001; Borgland et al., 2004;
Bellone and Liischer, 2006). Cocaine administered intraperitone-
ally is rapidly distributed into the brain, reaching a maximum
concentration within 30 min (Pan and Hedaya, 1998). Thus, we
tested the effect of a single dose of cocaine at an earlier time point
by preparing midbrain slices 2 h after intraperitoneal injection of
cocaine (15 mg/kg) or equivalent volume of saline in juvenile rats
and then waiting another 1-3 h before making whole-cell voltage
clamp recordings; results are therefore collected 3-5 h after the in
vivo injection. We observed that saline-injected rats showed a
trend toward higher AMPAR/NMDAR ratios than naive rats,
which is consistent with previous reports (Saal et al., 2003), be-
cause the injection procedure could represent an acute stressful
event for a naive animal. Most notably, we observed a significant
enhancement of the AMPAR/NMDAR ratio in the cocaine-
treated rats compared with the saline-treated or naive animals
(0.842 = 0.112, n = 9; 0.429 £ 0.070, n = 5;0.289 £ 0.016, n =
5, respectively; p < 0.01) (Fig. 1), the magnitude of which was
comparable to that observed at 24 h after cocaine in rats
(Borgland et al., 2004). These results suggest that cocaine-
induced LTP in the VTA occurs rapidly within 3 h of the cocaine
administration and persists for at least 5 but less than 10 d (Ung-
less et al., 2001).

Cocaine-induced LTP reduces subsequent induction of
spike-timing-dependent LTP

LTP in VTA DA cells can be induced by an STD protocol (Liu et
al., 2005) and, surprisingly, was found to be enhanced after co-
caine administration and not reduced as initially reported for
LTP induction by a pairing protocol (Ungless et al., 2001). Thus,
we next tested what effect in vivo cocaine-induced LTP has on the
induction of STD LTP. VTA neurons from animals injected with
saline 3-5 h earlier showed robust STD LTP (142.0 * 8.4% of
baseline at 30—35 min after induction; LTP > 15% in 6 of 8 cells)
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Figure1.  Asingle cocaineinjection induces anincrease in AMPAR/NMDAR ratio within 3 hin
VTA neurons. A, Representative traces of AMPAR and NMDAR EPSCs from naive animals or
animals pretreated 35 h earlier with a single injection of cocaine (15 mg/kg, i.p.) or equivalent
amount of saline. B, Averaged AMPAR/NMDAR ratios. Cocaine-injected animals (n = 9) show a
significantly increased ratio compared with saline-injected (n = 5) or naive (n = 5) animals.
**p <0.01. Error bars represent SEM.

(Fig. 2 B) that was comparable to LTP in naive animals (147.4 =
6.7%; p > 0.05; LTP > 15% in 7 of 9 cells) (Fig. 2A). In contrast,
rats administered cocaine showed a significantly reduced LTP
(114.1 = 2.7%; p < 0.01; LTP > 15% in 3 of 12 cells) (Fig. 3A).
On average, LTP was not inducible when tested 24 h after a single
cocaine injection or 24 h after the fifth day of five consecutive
injections (99.0 * 3.5% and 93.1 = 10.7%; LTP > 15% in 1 of 7
and 1 of 6 cells, respectively) (Fig. 2D,E). In agreement with
previous results from mice (Ungless et al., 2001) (but see Liu et
al., 2005), these results indicate that in vivo cocaine exposure
causes a decrease in the incidence of electrically induced LTP in
VTA DA neurons independent of the induction protocol and
suggest that cocaine-induced LTP and synaptically evoked LTP
share some common underlying mechanisms.

Cocaine exposure induces AMPAR potentiation locally within
the VTA

Cocaine microinjected locally into the VTA is sufficient to induce
locomotor sensitization in the rat (Cornish and Kalivas, 2001).
Several studies indicate that the initial phase of this behavior
correlates with the strengthening of glutamatergic synapses in the
VTA (Kauer and Malenka, 2007). Together these findings suggest
that cocaine acts locally within this structure to trigger neuroplas-
ticity. To address this issue, we tested whether exposing a mid-
brain slice to cocaine in vitro would produce AMPAR-mediated
LTP 3-5 h later in a manner similar to that which occurred after
in vivo exposure. Recordings performed 3-5 h after a short incu-
bation of slices with cocaine (5 uM, 10 min) or equivalent amount
of vehicle (water, 10 min) showed that cocaine-treated slices have
a significantly higher AMPAR/NMDAR ratio compared with
vehicle-treated or control slices recorded 1-2 h after slicing
(0.721 £ 0.045, n = 9; 0. 321 = 0.043, n = 7; and 0.340 = 0.036,
n = 10, respectively; p < 0.01) (Fig. 3B). In contrast, when co-
caine was applied directly in the recording chamber and AMPAR/
NMDAR ratios were assayed only 10 min after washout of the
drug, the ratio was significantly reduced compared with time-
matched controls (0.196 = 0.021, n = 5, p < 0.05; and 0.348 *
0.047,n = 5, p < 0.05; data not shown). This is in agreement with
previous observations that acute cocaine perfused onto midbrain
slices causes a potentiation of NMDAR- but not AMPAR-
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mediated synaptic transmission in VTA neurons a few minutes
after washout of the drug (Schilstrém et al., 2006). These results
suggest that cocaine can act locally within the VTA to slowly elicit
LTP of AMPAR transmission.

Ex vivo data suggest that NMDAR activation in the VTA dur-
ing acute cocaine exposure is required for the AMPAR/NMDAR
ratio increase (Ungless et al., 2001). However, in this previous
study, NMDAR antagonists were injected systemically. We there-
fore directly tested whether NMDARs within the VTA were re-
quired for the cocaine-induced LTP in VTA DA cells by preincu-
bating VTA slices with D-APV (50 um) 5 min before and during
cocaine. Under these conditions the cocaine-induced enhance-
ment of the AMPAR/NMDAR ratio was prevented (0.414 % 0.08;
n = 9; p < 0.01) (Fig. 3B), directly demonstrating that NMDAR
activation within the VTA is required for the cocaine-induced
LTP.

We next tested whether STD LTP was inducible under these
same in vitro conditions. Ten minutes after cocaine washout (5
M for 10 min, applied in the recording chamber), LTP could be
elicited using an STD protocol (120.5 * 1.7%; LTP > 15% in 8 of
11 cells; data not shown), but not 3-5 h later (100.0 = 3.2%;
LTP > 15% in 2 of 10 cells) (Fig. 3D), results that are consistent
with those observed ex vivo. In contrast, when slices were incu-
bated with vehicle alone or with D-APV before and during co-
caine exposure, LTP was inducible (125.8 = 8.4%, LTP > 15% in
5 of 5 cells; and 26.1 = 2.8%, LTP > 15% in 6 of 7 cells, respec-
tively) (Fig. 3C,E). Together, these data suggest that cocaine act-
ing within the VTA leads to the strengthening of AMPAR trans-
mission via activation of NMDARs within the VTA, and that this
cocaine-induced LTP shares mechanisms with STD LTP.

Cocaine-induced LTP is mediated by D, receptors

Because cocaine blocks DA transporters and increases DA extra-
cellular concentration, its pharmacological effects could be me-
diated by increased activation of DA receptors, which are Gs-
coupled D, -like (D, and D5) and Gi-coupled D,-like (D,, D5, and
D,). Repeated intra-VTA microinjections of a D, -like DA agonist
mimic the sensitization process produced by repeated cocaine
administration (Pierce et al., 1996). Thus, we directly tested in
vitro the role of DA receptor activation in cocaine-induced LTP in
the VTA. Incubation of slices 5 min before and during cocaine
exposure with the specific D,/D5 receptor antagonist SCH-23390
(10 um) prevented the AMPAR/NMDAR ratio increase (0.340 =
0.033;n = 5; p < 0.01) (Fig. 4A), whereas the D, receptor antag-
onist eticlopride (3 um) did not (0.713 = 0.143; n = 5; p > 0.05).
We then tested the ability of the selective D,/D5 receptor agonist
SKF-81297 to mimic cocaine-induced LTP. VTA neurons from
slices exposed to SKF-81297 (10 uMm, 10 min) showed a significant
increase of the AMPAR/NMDAR ratio when recorded 3-5 h
(0.906 * 0.159; n = 10; p < 0.01) (Fig. 4A) but not 15-30 min
(0.221 £ 0.033; n = 5; p > 0.05; data not shown) after washout of
the drug compared with vehicle-treated cells recorded at match-
ing times. Coincubation with b-APV (50 uM) 5 min before and
during SKF-81297 significantly reduced the AMPAR/NMDAR
ratio increase (0.499 = 0.106; n = 7; p < 0.01) (Fig. 4A). These
data suggest that cocaine acts via D, -like receptors to initiate the
delayed strengthening of AMPAR transmission and that activa-
tion of NMDARs is required during induction.

Given that anatomical evidence indicates that D5 but not D,
receptors are expressed in the soma of DA VTA neurons (Ciliax et
al., 2000; Khan et al., 2000), we hypothesized that the effects of
cocaine on AMPAR transmission are mediated by the D5 recep-
tor. Because there are no available antagonists to distinguish be-
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F, Summary of the magnitude of LTP under various conditions showing a significant reduction of LTP in cocaine-treated animals compared with time-matched saline-treated animals. Coc, Cocaine.

**p <0.01. Error bars represent SEM.

tween D; and D receptors, to examine this possibility directly we
tested the effect of cocaine in Ds receptor knock-out mice
(Ds—/—) and wild-type littermates (D5+/+). D5 mutant mice
did not show an increase in the AMPAR/NMDAR ratio when
recorded 3-5 h after an acute cocaine injection (15 mg/kg, i.p.)
compared with wild-type mice (0.307 = 0.024, n = 5and 0.558 *
0.091, n = 4, respectively; p < 0.05; data not shown). These
results suggest that D5 receptor activation is essential for the
cocaine-induced LTP in VTA DA neurons.

Cocaine-induced LTP requires protein synthesis

The delayed development and the persistence of AMPAR poten-
tiation after cocaine exposure might suggest that the synthesis of
a new protein is involved, similarly to what happens in the late
and long-lasting phase of hippocampal LTP (Stanton and Sarvey,
1984; Frey et al., 1988). When the mRNA translation inhibitor
anisomycin (40 uM) was preincubated 20 min before and during
cocaine exposure, the AMPAR/NMDAR ratio increase 3—5 h later
was blocked (0.348 * 0.056; n = 9; p < 0.01 compared with
cocaine) (Fig. 4B). Conversely, when anisomycin was applied
with a delay of 1 h from cocaine washout, AMPAR/NMDAR
ratios were still increased to values comparable to those from
vehicle-treated cells (0.645 £ 0.092; n = 9; p > 0.05), whereas
anisomycin alone did not significantly affect AMPAR/NMDAR
ratio (0.384 * 0.039; n = 4; p > 0.05). All experiments with
anisomycin were repeated using cycloheximide (100 uM), and
similar results were obtained (data not shown). Together these
data suggest that similar to late-phase LTP in the hippocampus,

cocaine-induced LTP in the VTA depends on transient upregu-
lation of protein synthesis during the induction phase (drug
exposure).

Cocaine induces a switch in AMPAR subunit composition

It is interesting to consider what proteins are being synthesized
that might be responsible for the change in synaptic strength
recorded as early as 3 h after cocaine. Incorporation of specific
subunit-containing AMPARs seems to be essential in several
forms of synaptic plasticity, including LTP (Liu and Cull-Candy,
2000; Plant et al., 2006) (but see Adesnik and Nicoll, 2007). AM-
PARs are heterotetramer assemblies of four subunits, GluR1-
GluR4. The receptors lacking the GluR2 subunit are permeable to
Ca’* and Zn** and are blocked by intracellular polyamines such
as spermine at positive potentials, which generates a characteris-
tic inwardly rectifying current—voltage (I-V) relationship (Jonas
and Burnashev, 1995; Kamboj et al., 1995).

D, -like receptor activation has been reported to stimulate lo-
cal protein synthesis of GluR1 and its insertion at synaptic sites in
cultured hippocampal neurons (Smith et al., 2005). Moreover,
recent evidence reveals that VTA synapses in young mice show
insertion of GluR2-lacking receptors 24 h after a single cocaine
injection (Bellone and Liischer, 2006).

To test for a cocaine-induced switch in AMPAR subunit com-
position in VTA DA neurons, we examined the I-V relationships
of EPSCs and calculated RIs with 100 uM spermine in the record-
ing electrode (see Materials and Methods). We found that neu-
rons exposed briefly to cocaine 3-5 h earlier showed decreased



9096 - J. Neurosci., September 10, 2008 - 28(37):9092-9100

Argilli et al. e Cocaine-Induced LTP in the VTA

RIs compared with vehicle-exposed cells A B
(0.986 = 0.056, n = 11 and 0.678, n = 7, *%
respectively; p < 0.05) (Fig. 5A4). We also Cocaine Record £ 0.8 i
measured AMPAR/NMDAR ratios in the °"ﬂ°'e l 4
presence of intracellular spermine. Under ~ ~777"" :,""”‘"""""""""""I « 067
these conditions, the average ratio from 10 min 3-5hr g 0.4
cocaine-exposed neurons is not signifi- Cocaine Record z —= T
) . s
cantly different from vehicle-treated neu- APV m— l < 0.2
rons (0.711 = 0.128, n = 8 and 0.612 = T ; g
0.129, n = 10, respectively; p > 0.05) (sup- 10 min 3-5 hr <00

plemental Fig. 1, available at www.jneuro-
sci.org as supplemental material), suggest-
ing that the increase in AMPAR-mediated
transmission after cocaine is indeed medi-
ated by GluR2-lacking receptors.

(@)

Control Vehicle Cocaine APV+Coc
3-5 hr post

O

3-5 hr post cocaine

1507

1257

EPSP amplitude (%)

Surprisingly we observed that control 107
AMPAR/NMDAR ratios measured in the g
presence of spermine are higher then inits 2 125]
absence. However, this result is in agree- E‘
ment with previous observations that in- ¥ 440
tracellular ~ spermine also  reduced o
NMDAR-mediated currents at positive W
membrane potentials (Turecek et al., 750 10

2004).

30 40 50

Time (min) Time (min)

As a further test for changes in AMPAR
subunit composition after cocaine, we
evaluated the effects of PhTx-74, a com- E 3-5 hr post APV+cocaine F
pound that has the unique property of be- 150-
ing a use-dependent blocker of homo- & 3 1504 fli
meric and heteromeric GluR1-containing é’ % K = *%
AMPARSs (Nilsen and England, 2007). Af- 2 125] 9 T
ter bath application of PhTx-74 (100 pm), & £ £ 1257
a short period of high-frequency stimula- N 100% £
tion (10 Hz, 2 min) was applied to allow & o 10071-""1"1 "7

e . . o n

the binding of the toxin to the open con- W a
formation of AMPA channels. AMPAR 75 T y y 1 5

EPSCs from VTA cells treated 35 h earlier
with cocaine showed increased sensitivity
to bath application of PhTx-74 compared
with vehicle-treated cells (residual current
63.0 £ 4.0%, n = 8,and 74.0 = 3.7%, n =
8, respectively; p < 0.05) (Fig. 5B, D), sug-
gesting an increased contribution of
GluR1-containing AMPARs to synaptic
transmission after cocaine. To distinguish
between the contributions of GluR2-
lacking and GluR2-containing receptors,
we tested the sensitivity of EPSCs to bath application of NASPM
(7.5 min, 100 uM), a selective blocker of calcium-permeable GluR2-
lacking AMPARs. The size of residual AMPAR EPSCs after NASPM
perfusion was significantly smaller in cells exposed 3-5 h earlier to
cocaine in vitro compared with vehicle (74.1 £ 3.3%, n = 7 and
93.8 = 2.3%, n = 7, respectively; p < 0.01) (Fig. 5C,D), or to cocaine
invivo compared with saline (79.01 =4.2,n=7and91.9 * 1.8,n =
5, respectively; p < 0.01, data not shown), revealing a switch toward
higher levels of GluR1/1 and/or GluR1/3 in VTA DA synaptic mem-
branes induced by cocaine. Similar changes have been observed at
24 h after cocaine injection (Bellone and Liischer, 2006); our results
demonstrate that this switch occurs rapidly within 3 h and by local
action of cocaine within the VTA.

We further show that the insertion of GluR2-lacking receptors
is a common underlying mechanism shared both by cocaine-
induced LTP and synaptically evoked LTP. As shown in Figure 6,

Figure 3.

Time (min)

30 40 50 Control Vehicle Cocaine APV+Coc

3-5 hr post

Brief exposure to cocaine in vitro induces 35 h later an NMDAR-dependent increase in AMPAR/NMDAR ratio and a
reduction the incidence of STD LTP in VTA neurons. A, Schematic of the experimental design. B, Averaged AMPAR/NMDAR ratios.
Slices treated 35 h earlier with cocaine (5 wm, 10 min; n = 9) show asignificantly increased ratio compared with vehicle-treated
slices (n = 7), control slices (n = 10), and slices treated with APV 5 min before and during cocaine (n = 9). (—E, Time course of
mean EPSPs before and after the STD LTP induction protocol in slices treated 35 h earlier with vehicle (C; n = 5), cocaine (5 um,
10 min; D; n = 10), or p-APV (50 um) before and during cocaine (E; n = 7). F, Summary of the magnitude of LTP under various
conditions showing a significant reduction of LTP in cocaine-treated slices compared with vehicle-treated slices and slices in which
NMDAR was blocked during cocaine. Coc, Cocaine. **p << 0.01. Error bars represent SEM.

A and B, potentiated EPSPs are reduced to baseline levels after
NASPM bath application (140 £ 3.9% at 25-30 min after LTP
induction and 96.5 = 5.4% at 0—5 min after NASPM exposure;
n=4;p <0.01).

Discussion

Time course of cocaine-induced LTP

Acutely perfused cocaine on VTA slices enhances NMDAR cur-
rents and leaves AMPAR transmission unaffected. Although such
potentiation can be measured within a few minutes after cocaine
washout, its duration is unknown (Schilstrom et al., 2006). On
the other hand, 24 h after an intraperitoneal injection of cocaine,
AMPAR transmission is potentiated for many days (Borgland et
al.,2004). NMDAR transmission does not appear to be affected at
this time, but enhancement of AMPAR EPSCs is blocked when
NMDAR antagonists are injected before cocaine (Ungless et al.,
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Figure4. Cocaine-inducedincrease in AMPAR/NMDAR ratio in vitro is mediated by D, recep-
tors and requires protein synthesis during induction. A, B, Averaged AMPAR/NMDAR ratios
recorded 3-5 h after bath incubation with different drugs. 4, Cocaine-induced LTP was pre-
vented by treatment 5 min before and during cocaine with D, antagonist SCH-23390 (10 um;
n = 5)butnotwith D, antagonist eticlopride (3 um; n = 5). The D, agonist SKF-81297 (10 um;
n = 10) alone increases the ratio, but not in the presence of 0-APV (50 um; n = 7). B, Cocaine-
induced LTP was prevented when the protein synthesis inhibitor anisomycin (40 um; n = 9)
was incubated 20 min before and during cocaine, but not 1 h after (n = 9). Coc, Cocaine; SCH,
SCH-23390; Eticlopr, eticlopride; SKF, SKF-81297; Aniso, anisomycin. **p << 0.01. Error bars
represent SEM.

2001). Given that multiple signaling cascades are likely initiated
in intact animals 1 d after cocaine exposure, it is unclear whether
these are consecutive stages of the same LTP-like phenomenon.
Here we show that AMPAR EPSCs on VTA DA synapses are
potentiated as early as 3 h after a single cocaine injection. Surpris-
ingly, similar results were obtained in vitro, where a brief appli-
cation of cocaine does not enhances AMPAR/NMDAR ratios in
DA neurons within 30 min of washout of the drug, but a signifi-
cant increase was observed within 3-5 h. Thus, cocaine acts lo-
cally within the VTA to induce a delayed LTP of AMPAR trans-
mission and does not require an intact circuitry.

This finding allowed us to use pharmacological manipulations
to investigate underlying mechanisms. We show that NMDAR
activation is an early necessary event for the delayed LTP, because
the presence of NMDAR antagonists before and during cocaine
application prevented it. This also suggests that a glutamatergic
tone sufficient to activate NMDARs on VTA neurons in the ab-
sence of stimulation must be present in the slice during cocaine
exposure.

Previous studies showed that 2 h after in vivo injection of
amphetamine increased the AMPAR/NMDAR ratio in VTA neu-
rons, whereas an in vitro exposure failed to do so (Faleiro et al.,
2004). The more robust increase in extracellular DA by amphet-
amine might engage different neuroadaptations (Ritz et al., 1987;
Seiden et al., 1993). Moreover, amphetamine was continuously
applied for 105-180 min, whereas we performed a 10 min incu-
bation with cocaine followed by a long drug-free period. Thus, we
hypothesize that cocaine-induced enhancement of NMDAR
transmission is the first step leading to the delayed LTP that de-
velops during cocaine withdrawal. Indeed, in vitro cocaine in-
creases NMDAR EPSCs only after washout of the drug
(Schilstrém et al., 2006).

Cocaine-induced LTP is mediated via D receptor activation

We show that activation of D,-like receptors is required for
cocaine-induced LTP in VTA neurons, because preincubation
with a D, antagonist prevented it, whereas D, agonists mimicked
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cocaine-mediated LTP. The plasticity might be caused by direct
activation of D, receptors expressed on DA neurons, but presyn-
aptic D, receptors on non-DA cells (Lu et al., 1997) might con-
tribute to the effect. Indeed, D, agonists microinjected into the
VTA increase local release of neurotransmitters, including gluta-
mate (Kalivas and Duffy, 1995). Although this mechanism might
be important in vivo, an acute presynaptic action of cocaine is
unlikely in vitro, because no acute cocaine-mediated increase of
AMPAR EPSCs was recorded in slices (Schilstrom et al., 2006).
Moreover, SKF-81297 and cocaine perfusion cause a rapid in-
crease of NMDAR EPSCs on VTA neurons that was blocked by
inclusion in the recording pipette of PKA inhibitors (Schilstrom
etal., 2006). Thus, we propose that activation of postsynaptic D,
receptors on DA cells directly activates intracellular pathways
leading to modulation of NMDARs. Consistent with a critical
role for D, receptors in cocaine-induced plasticity are the find-
ings that repeated intra-VTA perfusions with D, agonists mimic
the sensitization process produced by repeated cocaine exposure
(Pierce et al., 1996) and that VTA D, but not D, receptors play a
critical role in induction of locomotor sensitization to amphet-
amine (Vezina, 1996).

Because VTA DA neurons appear to express somatic D5 but
not D, receptors, it is likely that D5 receptors mediate the action
of cocaine (Yung etal., 1995; Ciliax et al., 2000; Khan et al., 2000),
a suggestion supported by the lack of effect of cocaine in Ds—/—
mice.

Cocaine-induced LTP requires new protein synthesis

Our data provide evidence that cocaine-induced LTP in the VTA
requires transient upregulation of protein synthesis. Similarly, a
D, receptor-dependent LTP has been described in hippocampal
slices, in which a short incubation with D, agonists induces a
delayed-onset LTP that requires NMDAR activation and new
protein synthesis (Huang and Kandel, 1995; Navakkode et al.,
2007).

We show that protein synthesis inhibitors blocked VTA LTP
when applied during the induction phase (drug exposure) and
not 1 hlater. A similar time window for protein synthesis require-
ment has been observed in late LTP in the CA1 (Fonseca et al.,
2006).

It is now well established that local dendritic protein synthesis
and degradation play an important role in long-term synaptic
plasticity (Sutton and Schuman, 2006; Bramham and Wells,
2007). Although the identity and role of local dendritic protein
synthesized after LTP induction remain largely to be established,
levels of ribosomal factors, transcription factors, or components
of the induction cascade for synaptic plasticity have been shown
to rapidly increase after LTP induction (Steward and Schuman,
2001; Eberwine et al., 2002). Importantly, it has recently been
shown that rapid local protein synthesis in response to activation
of the mTOR (mammalian target of rapamycin) pathway under-
lies glutamatergic plasticity at VTA synapses (Mameli et al.,
2007). This study suggests that specific AMPAR subunits are
among the newly translated proteins sustaining LTD expression.
Similar events could play a role in cocaine-induced LTP.

Cocaine induces a switch in AMPAR subunit composition
Stable incorporation of AMPARs in the synaptic membrane
characterizes potentiated synapses (Malinow and Malenka, 2002;
Bredt and Nicoll, 2003), and there are conflicting results as to
whether a switch in the subunit composition of AMPAR:s is re-
quired to sustain LTP (Clem and Barth, 2006; Plant et al., 2006;
Adesnik and Nicoll, 2007; Kopec et al., 2007).



9098 - J. Neurosci., September 10, 2008 - 28(37):9092-9100

Recent evidence revealed higher levels
of GluR2-lacking receptors in VTA syn-
apses 24 h after cocaine (Bellone and Liis-
cher, 2006). We observed that their contri-
bution to AMPAR-mediated transmission
is increased as early as 3 h after cocaine
exposure. In control conditions, ~25% of
AMPAR EPSCs are blocked by PhTx-74
and not by NASPM and therefore are me-
diated by GluR1/2-containing channels,
whereas GluR2-lacking channels contrib-
ute minimally. After cocaine exposure, the
sensitivity to both drugs increases signifi-
cantly, indicating that cocaine induces
synaptic insertion of GluR2-lacking AM-
PARs, not GluR2-containing AMPARs
(blocked only by PhTx-74). However, if
GluR1/1 and GluR1/3, which are blocked
equally well by PhTx-74 and NASPM, are
exclusively inserted after cocaine, then the
increase in block should be the same for
both compounds. Instead we observe an
increase in block of ~20% with NASPM
and only of ~10% by PhTx-74, thus sug-
gesting that GluR1/2 receptors are re-
placed by receptors lacking the GluR2
subunits.

We propose that cocaine-induced LTP
might be sustained, at least initially, by in-
creased levels of synaptic high-
conductance GluR2-lacking AMPARs. D,
receptor activation may stimulate the syn-
thesis of GluR1 subunits or other proteins
implicated in their trafficking and/or sta-
bilization. Indeed, D, activation has been
reported to induce an increase in the sur-
face expression of GluR1-containing re-
ceptors in cultured nucleus accumbens
and hippocampal neurons (Mangiavacchi
and Wolf, 2004; Smith et al., 2005). More-
over, increased levels of GluR1-containing
receptors on DA neurons in VTA-PFC co-
cultures have been reported after brief ex-
posure to D, agonists (Gao and Wolf,
2007). However, neither the relevance of
these increases to synaptic function in
slices or in vivo nor the potential role of
NMDARs has been established.

Cocaine-induced LTP and synaptically
induced LTP share

common mechanisms

In VT A slices, LTP can be induced by high-
frequency afferent stimulation but is ab-
sent 24 h after in vivo cocaine administra-

tion, suggesting that the two forms of plasticity may share
common underlying mechanisms (Ungless et al., 2001). How-
ever, STD LTP was reported to be enhanced after repeated co-
caine injections (Liu et al., 2005). Here we found that the inci-
dence of STD LTP was significantly reduced 3-5 h after a single
injection of cocaine and 3-5 h after in vitro exposure, unless
cocaine-induced LTP was prevented by coincubation with

NMDAR inhibitors.
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Figure 5.  Brief exposure to cocaine triggers the insertion of GluR2-lacking AMPARs on VTA neurons within 3—5 h. A, Average

|-V plots from slices exposed 35 h earlier to vehicle (n = 11) or cocaine (n = 7). A, Inset, Representative traces recorded at —70
mVand +40mVin the presence of p-APV (50 um) and with spermine (100 wum) in the internal solution. B, D, Time course of EPSC
amplitudes showing the effect of PhTx-74 (100 wm, 30 min) on VTA neurons exposed 3—5 h earlier with cocaine (n = 8) or vehicle
(n = 8) (B) and summary of residual EPSCs measured 20 —25 min after drug perfusion (D). The short bar in B indicates the period
of high-frequency stimulation (10 Hz, 2 min) that allows binding of the toxin to the open conformation of AMPA channels. C, D,
Time course of EPSC amplitudes showing the effect of NASPM (100 rum, 7.5 min) on VTA neurons exposed 35 h earlier with
cocaine (n = 7) or vehicle (n = 7) (€) and summary of residual EPSCs measured 15—20 min after drug perfusion (D). Norm.,
Normalized. **p << 0.01. Error bars represent SEM.
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Figure 6.  The expression of STD LTP is mediated by the insertion of GluR2-lacking AMPARs on VTA neurons. 4, Time course of
mean EPSPs (n = 4) before and after the STD LTP induction protocol indicated by the arrow. The horizontal black bar represents
the time of NASPM bath application (100 wum, 15 min). B, Summary of the magnitude of EPSPs in baseline, 25-30 min after LTP
induction, and 0—5 min after NASPM exposure. **p << 0.01. Error bars represent SEM.

We cannot unequivocally state whether the lack of LTP after
cocaine is the result of occlusion caused by the synapses already
being potentiated or rather by cocaine-induced inhibition of intra-
cellular pathways required for LTP induction or expression. How-
ever, we show that both forms of LTP are associated with elevated
synaptic levels of GluR2-lacking AMPARs. This might explain why
once cocaine has triggered such switch in VTA neurons, high-
frequency electrical stimulation fails to (further) induce LTP.
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Conclusions

Here we demonstrate that acute cocaine exposure within the
VTA induces an NMDAR-dependent delayed potentiation of
AMPAR-mediated synaptic transmission. We propose that co-
caine increases extracellular dopamine concentration that di-
rectly binds D receptors onto DA neurons, causing a rapid and
transient upregulation of NMDAR-mediated synaptic transmis-
sion. This appears to be a necessary step for the subsequent in-
duction of long-lasting, protein synthesis-dependent LTP evi-
dent ~3 h after cocaine exposure and sustained by increased
levels of synaptic GluR1-containing AMPA receptors.
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