
G
T
E

G
G

D
C
U

A
t
t
F
a
p
R
a
C
o
N
p
o
i
o
m
a
e
m
i
l
w
t
r

K
R

T
c
r
D
f
f
S
a
r
o

*
5
E
A
A
C
p
m
t

Neuroscience 129 (2004) 841–847

0
d

LUTAMATE-ASSOCIATED PLASTICITY IN THE VENTRAL
EGMENTAL AREA IS NECESSARY FOR CONDITIONING

NVIRONMENTAL STIMULI WITH MORPHINE
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hance/6100, 422 Curie Boulevard, Philadelphia, PA 19104-6100,
SA

bstract—We sought to determine if plasticity in the ventral
egmental area (VTA) of the midbrain is involved in learning
o associate morphine exposure with a specific environment.
or this, we tested whether activation of glutamate receptors
nd protein kinase A is needed for the acquisition and ex-
ression of a morphine-conditioned place preference (CPP).
ats received bilateral microinjections of either the NMDA
ntagonist AP5 (0.48 nmol/0.3 �l), the AMPA antagonist
NQX (0.21 nmol/0.3 �l), or vehicle into the VTA prior to each
f three morphine-conditioning sessions. Both the AMPA and
MDA receptor antagonists blocked the development of mor-
hine CPP when given into the VTA but not when given
utside the VTA. In similar studies the protein kinase A (PKA)

nhibitor, Rp-cAMPS (13 nmol/0.3 �l), blocked the acquisition
f morphine CPP when given into the VTA immediately after
orphine conditioning. In separate experiments, glutamate

ntagonists, or Rp-cAMPS, immediately prior to the prefer-
nce test blocked the expression of morphine CPP when
icroinjected into the VTA. These data indicate that the VTA

s an important site for synaptic modifications involved in the
earning and memory of environmental cues predicting re-
ard, and that glutamate input and PKA activation are crucial

o this process. © 2004 IBRO. Published by Elsevier Ltd. All
ights reserved.

ey words: protein kinase A, AMPA receptor, NMDA receptor,
pcAMPS, place preference.

he mesocorticolimbic dopamine (DA) system has re-
eived a great deal of attention as a brain substrate for
einforcement and motivation. In recent years, the focus on
A mechanisms has shifted from a possible role in rein-

orcement per se to involvement in learning or motivation
or conditioned behaviors (Beninger and Phillips, 1980;
chultz, 1993; see Robinson and Berridge, 1993; Di Chi-
ra, 1995; Robbins and Everitt, 1996 for reviews). A pivotal
ole for mesocorticolimbic dopaminergic mechanisms in
piate-induced place conditioning has been shown in a

Corresponding author. Tel: �1-215-573-5200; fax: �1-215-573-
201.
-mail address: gaj@mail.med.upenn.edu (G. Aston-Jones).
bbreviations: AP5, L-(�)-2-amino-5-phosphonopentanoic acid;
MPA, �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
NQX, 6-cyano-7-nitroquinoxaline-2,3-dione; CPP, conditioned place
reference; DA, dopamine; LTP, long-term potentiation; NMDA, N-
a
ethyl-D-aspartic acid; PKA, protein kinase A; PPTg, pedunculopon-

ine tegmental nucleus; VTA, ventral tegmental area.

306-4522/04$30.00�0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reser
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umber of studies (Leone and Di Chiara, 1987; Bals-Kubik
t al., 1993; Shippenberg et al., 1993). Opiates are known

o interact with DA systems by suppressing GABA inhibi-
ory input to DA neurons in the ventral tegmental area
VTA), thereby augmenting DA release (Johnson and
orth, 1992). In contrast, conditioned environmental stim-
li are thought to act directly on VTA DA cells via excitatory

nputs, possibly glutamatergic in nature (Schultz, 1998;
espalov et al., 2000).

The association of environmental cues with drug rein-
orcement appears to involve plasticity within the mesocor-
icolimbic system (Hyman and Malenka, 2001), and gluta-
ate transmission has been implicated in mediating this
lasticity (Winder et al., 2002). Systemic administration
f NMDA antagonists blocks both the acquisition
Tzschentke and Schmidt, 1995; Kim et al., 1996) and
xpression of a morphine place preference (Tzschentke
nd Schmidt, 1997). Furthermore, NMDA receptors in both
he VTA and nucleus accumbens have been found to be
ecessary for the expression of morphine conditioned
lace preference (CPP; Popik and Kolasiewicz, 1999).
hese data indicate the importance of glutamate transmis-
ion in the learning and expression of stimulus-controlled
rug associations.

Recently it was reported that many abused drugs,
ncluding morphine and cocaine, induce long-term poten-
iation (LTP) at glutamatergic receptors on VTA dopami-
ergic neurons (Saal et al., 2003). Consistent with the
ossibility that such glutamate-induced plasticity is asso-
iated with behavioral conditioning for drugs, we recently
ound that glutamate release in the VTA is essential for the
cquisition of cocaine place preference (Harris and Aston-
ones, 2003a). These data indicate that glutamate inputs
o the VTA play a critical role in the integration of informa-
ion about stimuli that predict rewards. Furthermore, in
any areas of the brain, e.g. hippocampus (Nayak et al.,
998), amygdala (Huang et al., 2000) and dorsal striatum
Spencer and Murphy, 2002), LTP-like synaptic enhance-
ent has been shown to be dependent not only glutamate

nput but to also require cAMP-dependent protein kinase A
PKA) activation. In the following sets of experiments, we
ested the hypothesis that synaptic enhancements in the
TA mediated by glutamate transmission are involved in

he conditioning of morphine-related cues. We also tested
he effect of the specific inhibitor of PKA, Rp-cAMPS (Ro-
hermel and Parker Botelho, 1988), injected into the VTA
n the acquisition or expression of morphine CPP. In the
cquisition phase, the PKA inhibitor was injected immedi-

tely post-training because PKA activation is associated

ved.
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ith late phase but not early phase LTP in the amygdala
Huang et al., 2000). Furthermore, by giving the drug post-
raining we insure that the drug does not alter the direct
ffects of morphine. Here, we provide the first evidence
hat glutamate release and PKA activation in the VTA are
ssential for both the conditioning and expression of mor-
hine place preference.

EXPERIMENTAL PROCEDURES

ubjects

ale Sprague–Dawley rats (200–250 g; Harlan, Indianapolis, IN,
SA) were used in all experiments (n�170). Rats were group-
oused in accordance with the National Institute of Health Guide
or the Care and Use of Laboratory Animals and all efforts were
ade to minimize the number of animals used and their suffering.
nimals were maintained on a 12-h light/dark cycle with food and
ater available ad libitum. All animal procedures were also ap-
roved by the Institutional Animal Care and Use Committee of the
niversity of Pennsylvania.

rugs

orphine sulfate powder, provided by the National Institute on
rug Abuse (Baltimore, MD, USA), was dissolved in sterile saline
nd administered via i.p. injection. CNQX, D-AP5 and Rp-cAMPS
ere purchased from Tocris (Ellisville, MO, USA) and dissolved in

actated Ringer’s solution (sodium 130 mEq, lactate 28 mEq,
otassium 4 mEq, calcium 3 mEq, chloride 109 mEq, pH approx-

mately 6.6). The doses of CNQX and AP5 were based on those
e and others previously found to be effective (Cornish et al.,
001; Harris and Aston-Jones, 2003a). The dose of Rp-cAMPS
as based on published reports using similar intraparenchymal
icroinjections (Roozendaal et al., 2002; Koh and Bernstein,
003).

urgery and histology

ats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.)
nd implanted with bilateral chronic indwelling guide cannulae
imed 2 mm above the VTA (AP �5.3, ML �2.5, DV �7.5;
axinos and Watson, 1998). Cannulae (26 gauge) were angled
0o (dorsolateral to ventromedial). The tips of inner injection can-
ulae (30 gauge) extended 2 mm below the guide cannulae into
he injection sites. Control injections were made approximately

mm above the VTA (AP �5.3, ML �2.5, DV �5.5). Animals
ere given 1 week to recover from surgery before place condi-

ioning. After each experiment, animals were killed with an over-
ose of sodium pentobarbital (100 mg/kg i.p.). Pontine Sky Blue
ye was microinfused (0.5 �l) at the intracerebral injection sites to
llow subsequent histological confirmation.

CP procedure

onditioning and testing occurred in a Plexiglas apparatus that
onsisted of two distinct compartments that could be separated by
Plexiglas divider. Each compartment was equipped with photo-

ells to automatically log time and activity (MED Associates, Inc.).
ne compartment had a grid floor with black walls, and the other
ompartment had a mesh floor with black and white stripes on the
alls. On the first day, rats in all groups were allowed to freely
xplore all of the apparatus for 15 min, and the amount of time
pent in each compartment was recorded. None of the animals
ad an initial bias for either compartment, and each was randomly
ssigned to a compartment for morphine conditioning in a bal-
nced design. Conditioning began 4 days after this precondition-
ng day. On each of the next 3 days, rats were given injections of a
ither saline or morphine (8 mg/kg, i.p.) and were confined to the
ssigned compartment for 30 min. Morphine and saline sessions
ere alternated between the morning and afternoon. Rats given
orphine in the morning were given saline in the opposite cham-
er in the afternoon, and on subsequent days received saline in
he morning and morphine in the afternoon.

xperimental protocol

or studies on acquisition of conditioning, rats received either
ilateral vehicle (n�9), CNQX (0.21 nmol; n�9) or AP5
0.48 nmol; n�10) injections into the VTA prior to each morphine
onditioning trial (0.3 �l per side). In two other groups of animals,
njections of the glutamate antagonists were made outside the
TA (AP5 plus CNQX; n�8) prior to each morphine trial. In other
nimals, Rp-cAMPS (13 nmol/0.3 �l) was microinjected bilaterally

nto the VTA (n�9; vehicle n�8) or dorsal to the VTA (n�9)
mmediately after each morphine conditioning trial. One day after
onditioning all animals were given a preference test with the
ivider removed and the amount of time spent in each chamber
as recorded for 15 min.

To test the effects of the microinjections alone on CPP, sep-
rate groups of animals that were not morphine conditioned re-
eived similar bilateral intra-VTA microinjections of AP5 (n�7),
NQX (n�6), or Rp-cAMPS (n�7) paired with one chamber;
icroinjections of the glutamate antagonists were given prior to
eing placed in the chamber, and injections of Rp-cAMPS were
iven after animals were removed from the chamber. Instead of
orphine conditioning, systemic saline injections were paired with
oth chambers. The chamber paired with the intracerebral micro-

njections was counterbalanced among subjects. Control animals
eceived AP5 (n�8) or CNQX (n�5) outside the VTA.

To test whether glutamate input to the VTA is necessary for
he expression of a morphine CPP, separate groups of animals
ere given bilateral microinjections (0.3 �l) of a cocktail containing
P5 plus CNQX (0.48 nmol and 0.21 nmol respectively; n�10), or
p-cAMPS (13 nmol; n�9), into the VTA immediately prior to the
reference test; additional animals received similar injections out-
ide of the VTA (antagonist cocktail group n�10; Rp group n�8).
eparate control groups for each compound received vehicle in

he VTA prior to the preference test (n�8 in both cases).

ata analyses

lace conditioning data were analyzed by calculating the time spent
n the morphine-paired chamber (or intracerebral microinjection-
aired chamber) minus the time spent in the other chamber. The
esulting difference score was compared between groups using one-
ay analysis of variance. In addition, a within-group measurement of
CP was assessed by comparing the difference in time spent in the
orphine-paired (or intracerebral microinjection-paired) and saline
aired side pre-conditioning vs. post-conditioning. Where necessary
ost hoc analysis was carried out with a Newman-Keuls test.

RESULTS

ffects of glutamate antagonists and Rp-cAMPS on
he acquisition of morphine place preference

ats with bilateral indwelling cannulae aimed at the VTA
ere trained in a morphine place preference task similar to

hat described in our recent publications (Harris and Aston-
ones, 2003a,b). As shown in Fig. 1a, either an AMPA or
n NMDA glutamate antagonist completely blocked the
cquisition of the morphine place preference when admin-

stered into the VTA prior to each morphine conditioning
rial (F(4,35)�19, P�0.01). In contrast, neither antagonist

dministered immediately dorsal to the VTA, nor vehicle
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njections inside the VTA, significantly affected morphine
onditioning (Fig. 1a). CNQX injected into the VTA of
orphine-conditioned animals appeared to produce a

light aversion, but the preconditioning versus post-
onditioning preference scores were not significantly dif-
erent (P�0.18).

When injected into the VTA of animals that received no
orphine conditioning, both glutamate antagonists pro-
uced a modest place preference (F(4,29)�5.4, P�0.01;
ig. 1b). The antagonist-induced place preference was
pecific for sites in the VTA and not due to non-specific
amage caused by the microinjection because neither ve-
icle injections into the VTA nor antagonist injections out-
ide the VTA of non-morphine conditioned rats produced a

ig. 1. Inhibition of glutamate receptors or PKA in the VTA blocked the
cquisition of morphine CPP. (a) Preference scores for the morphine-
aired environment expressed as the mean time in seconds spent in the
orphine-paired side minus the mean time in seconds spent on the

aline-paired side on the test day. Groups include Vehicle, CNQX or AP5
dministered into the VTA, and CNQX or AP5 administered dorsal to the
TA. (b) Preference scores for the antagonist-paired environment, ex-
ressed as the mean time in seconds spent in the antagonist-paired side
inus the mean time spent in the sham-paired side on the test day. (c)
reference scores for Rp-cAMPS groups were calculated as described
bove. Morphine-conditioned groups included vehicle and Rp-cAMPS
icroinjections in the VTA, and Rp-cAMPS microinjections outside the
TA, immediately after morphine conditioning. In addition, the fourth
roup received Rp-cAMPS injections immediately after removal from one
hamber that was paired with saline injections (non-conditioned,
orphine-naive animals). * P�0.01.
lace preference (Fig. 1b). An overall 2�5 way ANOVA j
drug treatment: morphine vs no morphine during condi-
ioning, and groups: AP5–VTA, CNQX–VTA, Veh–VTA,
P5–dorsal, CNQX–dorsal) resulted in a significant treat-
ent effect (F(1,63)�14, P�0.01; morphine conditioning
as different than non-morphine conditioning) and a sig-
ificant group by treatment interaction (F(4,63)�21,
�0.01) which confirmed that the glutamate antagonists
locked morphine conditioning but produced a place pref-
rence when given without morphine (P�0.05, Newman-
euls post hoc comparisons).

Fig. 2 shows the locations of effective and ineffective
ites for AP5 administration. These sites are representa-
ive of those used for the other VTA microinjections.

No significant differences were found in locomotor ac-
ivation among the animals that received morphine condi-
ioning in the presence of the antagonists (F(2,23)�.17,
�0.84; results not shown). In animals that received the
lutamate antagonists in the VTA without morphine condi-
ioning, AP5 produced a significant increase in locomotor
ctivity that was seen on all three days of conditioning
P�0.05; Cornish et al., 2001).

In additional experiments we found that the PKA inhib-
tor, Rp-cAMPS, blocked morphine conditioning when in-

ig. 2. Schematic representations of frontal sections showing the
ffective (black circles and gray diamonds) and ineffective (white
quares and black drops) sites for AP5 administration. Injection sites
or other groups were similar and are not plotted. Drawings were
dapted from Paxinos and Watson (1998).
ected into the VTA immediately after each morphine con-
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itioning trial (F(2,23)�28, P�0.01; Fig. 1c). Rp-cAMPS
njections given in the VTA immediately after removing
nimals from a chamber paired with saline injections did
ot produce aversion or preference for that chamber
t(6)�29, P�0.69; Fig. 1c).

ffects of glutamate antagonists and Rp-cAMPS on
he expression of morphine place preference

n separate experiments, drugs were bilaterally microin-
ected into the VTA just prior to the preference test to
xamine effects on expression of CPP after conditioning.
ig. 3 shows that a cocktail containing both AMPA and
MDA glutamate antagonists completely blocked the ex-
ression of the morphine place preference when injected

nto the VTA (F(2,25)�20.95, P�0.01). Similarly, VTA mi-
roinjections of Rp-cAMPS blocked the expression of mor-
hine preference (F(2,22)�23.53, P�0.01, Fig. 3). Neither
icroinjections of the glutamate antagonist cocktail nor
p-cAMPS outside of the VTA, nor vehicle injections into

he VTA, affected the expression of morphine preference
Fig. 3). Furthermore, none of the drug treatment condi-
ions significantly affected locomotor activity on the test
ay (glutamate antagonists cocktail (F(2,25)�.95, P�0.64,
p-cAMPS F(2,22)�0.07, P�0.93).

DISCUSSION

ur results indicate that activation of glutamate receptors
s well as PKA in the VTA are required for both the
cquisition and the expression of morphine-associated
lace preference. The finding that the administration of
lutamate antagonists into the VTA blocked the acquisition
f morphine place conditioning is similar to our previous
esults with cocaine CPP (Harris and Aston-Jones, 2003a),
nd similar to what others have reported for morphine CPP

ig. 3. Inhibition of glutamate receptors or PKA in the VTA blocked
he expression of morphine CPP. Preference scores for the morphine-
aired environment expressed as the mean time in seconds spent in
he morphine-paired side minus the mean time in seconds spent on
he saline-paired side on the test day. Groups with microinjections in
he VTA include vehicle, AP5�CNQX cocktail, or Rp-cAMPS, and
roups with injections dorsal to the VTA include AP5�CNQX cocktail
r Rp-cAMPS. All of these microinjections occurred immediately prior
o the CPP test. * P�0.01.
ith systemic administration of glutamate antagonists d
Tzschentke and Schmidt, 1995). The present results with
he PKA inhibitor, Rp-cAMPS, provide the first evidence
hat the PKA pathway in VTA cells is required for a clas-
ically conditioned instrumental approach response. To-
ether, these data indicate that synaptic plasticity in the
TA is necessary for both acquisition and expression of
orphine CPP.

Our results are unlikely to be explained by perfor-
ance deficits or changes in DA neuronal activity. None of

he drugs changed locomotor activity during conditioning,
ndicating that they did not block the locomotor activating
ffects of morphine, nor did they prevent exploration of the
nvironments when given on the test day. Although DA
elease in the nucleus accumbens is necessary for the
cquisition of morphine CPP (Shippenberg et al., 1993), it

s unlikely that the effects of glutamate or PKA antagonists
bserved here are mediated by blockade of DA release.
or example, glutamate antagonists have minimal effects
n baseline DA neuronal activity. Thus, some authors have
eported no effects of these compounds on VTA DA neu-
ons (French et al., 1993), while others have reported slight
ecreases in firing rate (Georges and Aston-Jones, 2002)
r bursting activity of these cells (Overton and Clark,
992). Furthermore, in vivo microdialysis studies found
hat glutamate antagonists administered into the VTA do
ot alter extracellular DA levels in the VTA’s primary ter-
inal fields (i.e. the nucleus accumbens and prefrontal

ortex; Svensson et al., 1998). Although there is no infor-
ation on the effects of Rp-cAMPS on DA cell activity,
ther PKA inhibitors have not been found to alter basal
ring rates in VTA neurons (Shi and Bunney, 1992). It is
mportant to note in this regard that the PKA inhibitor in our
xperiments was given after the morphine conditioning
ession, and therefore would have only interfered with the
onsolidation of the conditioning. Although the abovemen-
ioned studies were conducted while animals were in a
esting state and may not measure changes in DA release
uring a stimulated state (e.g. in the CPP paradigm), it
eems unlikely that the effects of the glutamate antago-
ists or PKA inhibitor observed here were due to alter-
tions in morphine-induced DA release. This conclusion is
lso consistent with previous studies revealing that the
xcitatory effects of morphine on VTA DA neurons are
roduced by decreased GABAergic inhibition, not in-
reased glutamate input (Johnson and North, 1992). Fur-
hermore, � opioid agonists have been reported to de-
rease (rather than increase) glutamate-mediated excita-
ory post-synaptic potentials on VTA DA neurons, further
ndicating that morphine’s excitatory effects on these cells
re not mediated by glutamate (Manzoni and Williams,
999). However, it is noteworthy that the effects of mor-
hine on VTA DA neuronal activity has not been tested in
he presence of glutamate antagonists, and such studies
re necessary to rule out the possibility that our antago-
ist injections altered VTA responses to morphine
dministration.

The interpretation of place conditioning studies such as
urs, in which animals are trained and tested in different

rug-states, is complicated by the possible role of state-
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ependent learning in the results obtained. However, it
eems unlikely that state-dependent effects play a major
ole in the results obtained here. First, the nature of the
PP paradigm indicates that state-dependent effects are
robably not a factor as animals are always trained in a
rug state but tested in a non-drug state. Second, studies
y others show that morphine CPP can be blocked when
lutamate antagonists are administered both on condition-

ng days and on the test day, ruling out state-dependent
hanges due to the antagonists (Tzschentke and Schmidt,
997). Finally, the idea that glutamate antagonists in the
TA create state dependent effects is discounted by the

act that when these drugs were administered alone in the
TA without morphine conditioning they produced a place
reference even when the animals were tested in a non-
rug state (without glutamate antagonists in the VTA).

It is also unlikely that the glutamate antagonists
locked morphine CPP by decreasing the rewarding prop-
rties of morphine. Administration of glutamate antago-
ists into the VTA have rewarding, not aversive, properties
David et al., 1998). This is consistent with results from the
resent experiments, as well as those in our previous
tudy (Harris and Aston-Jones, 2003a) where we found
hat glutamate antagonist administration into the VTA elic-
ted a significant place preference. These findings indicate
hat glutamate antagonists do not alter the learning or
xpression of morphine CPP because of aversive proper-
ies. NMDA antagonists injected into the VTA have been
eported to increase locomotor activity in a non-DA depen-
ent fashion (Cornish et al., 2001). It was postulated that
hese locomotor activating effects may be mediated
hrough inhibition of GABA cells that project from the VTA
o forebrain areas, thereby releasing these regions from
nhibition (David et al., 1998; Cornish et al., 2001). GABA
ontaining neurons in the VTA project to both the nucleus
ccumbens (Van Bockstaele and Pickel, 1995) and the
refrontal cortex (Carr and Sesack, 2000), areas important
or reward-related learning (Wise, 2002). Therefore, the
einforcing effects of intra-VTA glutamate antagonist ad-
inistration observed here may be mediated outside the
TA in one of many VTA projection areas. Because both
lutamate antagonists and morphine produce rewarding
ffects, one would expect that administration of the gluta-
ate antagonists would enhance the rewarding efficacy of
orphine and enhance the acquisition of morphine CPP.

n contrast, we found that the antagonists abolished the
cquisition of morphine CPP. We hypothesize therefore,
hat the glutamate and PKA antagonists interfere with syn-
ptic plasticity in VTA neurons which is necessary for an
nvironmental cue to become associated with morphine
nd elicit an approach response.

The VTA is reported to receive major glutamatergic
nputs from a number of brain areas including the prefron-
al cortex (Christie et al., 1985), bed nucleus of the stria
erminalis (Georges and Aston-Jones, 2002), and pedun-
ulopontine tegmental nucleus (PPTg; Clements et al.,
991). The PPTg is of particular interest because lesions
f this nucleus block the acquisition of CPP with morphine

Bechara and van der Kooy, 1989) and other drugs (Olm- t
tead and Franklin, 1994), indicating that it is a good
andidate for supplying the glutamate that is necessary for
PP conditioning to the VTA.

Both NMDA and AMPA receptor activation were found
o be equally necessary for the acquisition of morphine
PP. This may reflect the fact that NMDA receptors are
ecessary for the increase in synaptic strength found in
TA DA neurons after morphine or cocaine treatment, and

hat this increase in synaptic strength reflects an increase
n the number of AMPA receptors (Ungless et al., 2001;
aal et al., 2003).

The conclusion that synaptic plasticity in the VTA is
ecessary for the acquisition of morphine CPP is further
upported by our result showing that the PKA inhibitor
p-cAMPS blocked the acquisition of CPP when given

mmediately after each morphine conditioning session.
ost-conditioning PKA activation has been implicated in

he establishment of long-term memories for both fear-
elated conditioning (Schafe and LeDoux, 2000) and
eward-related learning (Baldwin et al., 2002; Beninger et
l., 2003). PKA activation can have a wide range of effects
n the development of synaptic plasticity. For instance,
ctivation of PKA is important for the formation of LTP in
ippocampal circuitry (Kandel, 1989) and enhances neu-
otransmission necessary for LTP in corticostriatial syn-
pses (Spencer and Murphy, 2002). Furthermore, PKA is
nown to increase transcription of NMDA receptor subunits
Lau et al., 2004), regulate the translocation of stored
MDA receptors (Scott et al., 2003), and phosphorylate

he NR1 NMDA receptor subunit, allowing enhanced flow
f calcium through this channel (Nijholt et al., 2000). In
erms of AMPA receptors, PKA-mediated phosphorylation
f AMPA receptor subunits is thought to contribute to
iverse mechanisms underlying synaptic plasticity (Es-

eban et al., 2003). For example, PKA-induced phosphor-
lation helps determine the expression of AMPA receptors
n the cell surface (Wolf et al., 2003). This is potentially

mportant here because VTA synaptic enhancements due
o morphine administration are thought to result from in-
reased numbers of AMPA receptors (Saal et al., 2003).
ynthesis of AMPA receptor subunits is increased after
TP and this process is PKA dependent (Nayak et al.,
998).

Carlezon et al. (2000) reported that overexpression of
he AMPA receptor subunit GluR1 in the caudal VTA pro-
uced aversion to morphine. This apparent inconsistency
ith our results may occur because in their study the
luR1 was artificially induced, whereas in our study we
ropose that increased AMPA receptors in the VTA are

nduced as a result of conditioning. Saal et al. (2003) found
hat a single exposure to morphine increases AMPA re-
eptor function. We speculate that repeatedly pairing mor-
hine with an environmental stimulus could further aug-
ent this process and link increased glutamate function to

he associated stimulus. In this scenario, blockade of this
ncreased synaptic strength in the VTA by pretreatment
ith glutamate antagonists or post-treatment with a PKA

nhibitor would decrease conditioned behavioral responses

o morphine-associated stimuli, as we observed.
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We used a cocktail of NMDA and AMPA receptor
ntagonists to test the role of glutamate receptors overall

n the plasticity associated with the expression of morphine
onditioning. Our results indicate that glutamate receptor
ctivation, as well as PKA activation, is critical for the
xpression of morphine preference. However, the use of a
lutamate cocktail precludes us from ascertaining whether
MDA or AMPA receptors, or both, are necessary for this
lasticity. Previous studies indicate that NMDA receptors

n the VTA are critical for expression of morphine prefer-
nce (Popik and Kolasiewicz, 1999). Additional studies
ith individual antagonists would be needed to test the role
f VTA AMPA receptors in this conditioning.

Peripheral or central administration of glutamate an-
agonists has been shown to block the expression of mor-
hine CPP (Tzschentke and Schmidt, 1997; Popik and
olasiewicz, 1999), revealing the importance of glutamate

ransmission for CPP expression. A wealth of data indi-
ates the importance of plasticity in the onset of learning,
ut recent work also shows that similar plasticity is in-
olved in the retrieval of learned behaviors. For example,
nhibition of protein synthesis attenuates the expression of
onditioned fear (Nader et al., 2000), and PKA activation is
ecessary for the maintenance of conditioned taste aver-
ion (Koh and Bernstein, 2003). Our results are consistent
ith these findings and indicate that the memory of
orphine-associated stimuli, or motivation to approach

hem, requires reactivation of glutamate receptors and
KA. It is possible that glutamate inputs and subsequent
KA activation in the VTA is a necessary part of the circuit

nvolved in the retrieval of the CPP memory.
Our data indicate that synaptic plasticity in the VTA

nvolving activation of glutamate receptors and the PKA
athway is necessary for both acquisition and expression
f morphine CPP. It is tempting to speculate that the VTA
ay be an important site where synaptic modifications
ccur allowing environmental stimuli to be associated with
ppetitive reward. This information may then be integrated
ith plasticity-induced changes in other areas such as the
ucleus accumbens, amygdala or prefrontal cortex which
re also integral parts of networks involved in the acquisi-

ion or expression of conditioned reward (Kelley and Ber-
idge, 2002; Wise, 2002). Conditioned effects of drugs are
ntegral to craving and relapse in human drug addicts
Ehrman et al., 1992). The present results reveal neural
echanisms that could contribute to such conditioned ef-

ects of drugs, and subsequently lead to human drug
ddiction.

cknowledgments—PHS Merit Award DA 06214.

REFERENCES

aldwin AE, Sadeghian K, Holahan MR, Kelley AE (2002) Appetitive
instrumental learning is impaired by inhibition of cAMP-dependent
protein kinase within the nucleus accumbens. Neurobiol Learn
Mem 77:44–62.

als-Kubik R, Ableitner A, Herz A, Shippenberg TS (1993) Neuroana-
tomical sites mediating the motivational effects of opioids as
mapped by the conditioned place preference paradigm in rats.

J Pharmacol Exp Ther 264:489–495.
echara A, van der Kooy D (1989) The tegmental pedunculopontine
nucleus: a brain-stem output of the limbic system critical for the
conditioned place preferences produced by morphine and amphet-
amine. J Neurosci 9:3400–3409.

eninger RJ, Phillips AG (1980) The effect of pimozide on the estab-
lishment of conditioned reinforcement. Psychopharmacology 68:
147–153.

eninger RJ, Nakonechny PL, Savina I (2003) cAMP-dependent pro-
tein kinase and reward-related learning: intra-accumbens Rp-
cAMPS blocks amphetamine-produced place conditioning in rats.
Psychopharmacology 170:23–32.

espalov AY, Zvartau EE, Balster RL, Beardsley PM (2000) Effects of
N-methyl-D-aspartate receptor antagonists on reinstatement of
cocaine-seeking behavior by priming injections of cocaine or ex-
posures to cocaine-associated cues in rats. Behav Pharmacol
11:37–44.

arlezon WA Jr, Haile CN, Coppersmith R, Hayashi Y, Malinow R,
Neve RL, Nestler EJ (2000) Distinct sites of opiate reward and
aversion within the midbrain identified using a herpes simplex virus
vector expressing GluR1. J Neurosci 20: RC62.

arr DB, Sesack SR (2000) GABA-containing neurons in the rat
ventral tegmental area project to the prefrontal cortex. Synapse
38:114–123.

hristie MJ, Bridge S, James LB, Beart PM (1985) Excitotoxin lesions
suggest an aspartatergic projection from rat medial prefrontal cor-
tex to ventral tegmental area. Brain Res 333:169–172.

lements JR, Toth DD, Highfield DA, Grant SJ (1991) Glutamate-like
immunoreactivity is present within cholinergic neurons of the lat-
erodorsal tegmental and pedunculopontine nuclei. Adv Exp Med
Biol 295:127–142.

ornish JL, Nakamura M, Kalivas PW (2001) Dopamine-independent
locomotion following blockade of N-methyl-D-aspartate receptors in
the ventral tegmental area. J Pharmacol Exp Ther 298:226–233.

avid V, Durkin TP, Cazala P (1998) Rewarding effects elicited by the
microinjection of either AMPA or NMDA glutamatergic antagonists
into the ventral tegmental area revealed by an intracranial self-
administration paradigm in mice. Eur J Neurosci 10:1394–1402.

i Chiara G (1995) The role of dopamine in drug abuse viewed from
the perspective of its role in motivation. Drug Alcohol Depend
38:95–137.

hrman RN, Robbins SJ, Childress AR, O’Brien CP (1992) Condi-
tioned responses to cocaine-related stimuli in cocaine abuse pa-
tients. Psychopharmacology (Berl) 107:523–529.

steban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, Malinow R
(2003) PKA phosphorylation of AMPA receptor subunits controls
synaptic trafficking underlying plasticity. Nat Neurosci 6:136–143.

rench ED, Mura A, Wang T (1993) MK-801, phencyclidine (PCP),
and PCP-like drugs increase burst firing in rat A10 dopamine
neurons: comparison to competitive NMDA antagonists. Synapse
13:108–116.

eorges F, Aston-Jones G (2002) Activation of ventral tegmental area
cells by the bed nucleus of the stria terminalis: a novel excitatory
amino acid input to midbrain dopamine neurons. J Neurosci
22:5173–5187.

arris GC, Aston-Jones G (2003a) Critical role for ventral tegmental
glutamate in preference for a cocaine-conditioned environment.
Neuropsychopharmacology 28:73–76.

arris GC, Aston-Jones G (2003b) Enhanced morphine preference
following prolonged abstinence: association with increased Fos
expression in the extended amygdala. Neuropsychopharmacology
86:292–299.

uang YY, Martin KC, Kandel ER (2000) Both protein kinase A and
mitogen-activated protein kinase are required in the amygdala for
the macromolecular synthesis-dependent late phase of long-term
potentiation. J Neurosci 20:6317–6325.

yman SE, Malenka RC (2001) Addiction and the brain: the neurobi-
ology of compulsion and its persistence. Nat Rev Neurosci

2:695–703.



J

K

K

K

K

L

L

M

N

N

N

O

O

P

P

R

R

R

R

S

S

S

S

S

S

S

S

S

T

T

U

V

W

W

W

G. C. Harris et al. / Neuroscience 129 (2004) 841–847 847
ohnson SW, North RA (1992) Opioids excite dopamine neurons by
hyperpolarization of local interneurons. J Neurosci 12:483–488.

andel ER (1989) Genes, nerve cells, and the remembrance of things
past. J Neuropsychiatry Clin Neurosci 1:103–125.

elley AE, Berridge KC (2002) The neuroscience of natural rewards:
relevance to addictive drugs. J Neurosci 22:3306–3311.

im HS, Jang CG, Park WK (1996) Inhibition by MK-801 of morphine-
induced conditioned place preference and postsynaptic dopamine
receptor supersensitivity in mice. Pharmacol Biochem Behav
55:11–17.

oh MT, Bernstein IL (2003) Inhibition of protein kinase A activity
during conditioned taste aversion retrieval: interference with ex-
tinction or reconsolidation of a memory? Neuroreport 14:405–407.

au GC, Saha S, Faris R, Russek SJ (2004) Up-regulation of
NMDAR1 subunit gene expression in cortical neurons via a PKA-
dependent pathway. J Neurochem 88:564–575.

eone P, Di Chiara G (1987) Blockade of D-1 receptors by SCH 23390
antagonizes morphine- and amphetamine-induced place prefer-
ence conditioning. Eur J Pharmacol 135:251–254.

anzoni OJ, Williams JT (1999) Presynaptic regulation of glutamate
release in the ventral tegmental area during morphine withdrawal.
J Neurosci 19:6629–6636.

ader K, Schafe GE, Le Doux JE (2000) Fear memories require
protein synthesis in the amygdala for reconsolidation after retrieval.
Nature 406:722–726.

ayak A, Zastrow DJ, Lickteig R, Zahniser NR, Browning MD (1998)
Maintenance of late-phase LTP is accompanied by PKA-dependent
increase in AMPA receptor synthesis. Nature 394:680–683.

ijholt I, Blank T, Liu A, Kugler H, Spiess J (2000) Modulation of
hypothalamic NMDA receptor function by cyclic AMP-dependent
protein kinase and phosphatases. J Neurochem 75:749–754.

lmstead MC, Franklin KB (1994) Lesions of the pedunculopontine
tegmental nucleus block drug-induced reinforcement but not
amphetamine-induced locomotion. Brain Res 638:29–35.

verton P, Clark D (1992) Iontophoretically administered drugs acting
at the N-methyl-D-aspartate receptor modulate burst firing in A9
dopamine neurons in the rat. Synapse 10:131–140.

axinos G, Watson C (1998) The rat brain in stereotaxic coordinates.
4th edn. San Diego, CA: Academic Press, Inc.

opik P, Kolasiewicz W (1999) Mesolimbic NMDA receptors are im-
plicated in the expression of conditioned morphine reward. Naunyn
Schmiedebergs Arch Pharmacol 359:288–294.

obbins TW, Everitt BJ (1996) Neurobehavioural mechanisms of re-
ward and motivation. Curr Opin Neurobiol 6:228–236.

obinson TE, Berridge KC (1993) The neural basis of drug craving: an
incentive-sensitization theory of addiction. Brain Res Rev 18:247–
291.

oozendaal B, Quirarte GL, McGaugh JL (2002) Glucocorticoids in-
teract with the basolateral amygdala beta-adrenoceptor-cAMP/
cAMP/PKA system in influencing memory consolidation. Eur
J Neurosci 15:553–560.

othermel JD, Parker Botelho LH (1988) A mechanistic and kinetic

analysis of the interactions of the diastereoisomers of adenosine
3=,5=-(cyclic)phosphorothioate with purified cyclic AMP-dependent
protein kinase. Biochem J 251:757–762.

aal D, Dong Y, Bonci A, Malenka RC (2003) Drugs of abuse and
stress trigger a common synaptic adaptation in dopamine neurons.
Neuron 37:577–582.

chafe GE, LeDoux JE (2000) Memory consolidation of auditory Pav-
lovian fear conditioning requires protein synthesis and protein ki-
nase A in the amygdala. J Neurosci 20: RC96.

chultz W (1993) Responses of monkey dopamine neurons to reward
and conditioned stimuli during successive steps of learning a de-
layed response task. J Neurosci 13:900–913

chultz W (1998) Predictive reward signal of dopamine neurons.
J Neurophysiol 80:1–27.

cott DB, Blanpied TA, Ehlers MD (2003) Coordinated PKA and PKC
phosphorylation suppresses RXR-mediated ER retention and reg-
ulates the surface delivery of NMDA receptors. Neuropharmacol-
ogy 45:755–767.

hi WX, Bunney BS (1992) Roles of intracellular cAMP and protein
kinase A in the actions of dopamine and neurotensin on midbrain
dopamine neurons. J Neurosci 12:2433–2438.

hippenberg TS, Bals-Kubik R, Herz A (1993) Examination of the
neurochemical substrates mediating the motivational effects of
opioids: role of the mesolimbic dopamine system and D-1 vs. D-2
dopamine receptors. J Pharmacol Exp The 26553–59.

pencer JP, Murphy KP (2002) Activation of cyclic AMP-dependent
protein kinase is required for long-term enhancement at cortico-
striatal synapses in rats. Neurosci Lett 329:217–221.

vensson TH, Mathe JM, Nomikos GG, Schilstrom B (1998) Role of
excitatory amino acids in the ventral tegmental area for central
actions of noncompetitive NMDA-receptor antagonists and nico-
tine. Amino Acids 14:51–56.

zschentke TM, Schmidt WJ (1995) N-methyl-D-aspartic acid-receptor
antagonists block morphine-induced conditioned place preference
in rats. Neurosci Lett 193:37–40.

zschentke TM, Schmidt WJ (1997) Interactions of MK-801 and GYKI
52466 with morphine and amphetamine in place preference con-
ditioning and behavioural sensitization. Behav Brain Res 84:99–
107.

ngless MA, Whistler JL, Malenka RC, Bonci A (2001) Single cocaine
exposure in vivo induces long-term potentiation in dopamine neu-
rons. Nature 411:583–587.

an Bockstaele EJ, Pickel VM (1995) GABA-containing neurons in the
ventral tegmental area project to the nucleus accumbens in rat
brain. Brain Res 682:215–221.

inder D, Egli R, Schramm N, Matthews R (2002) Synaptic plasticity
in drug reward circuitry. Curr Mol Med 2:667–676.

ise RA (2002) Brain reward circuitry: insights from unsensed incen-
tives. Neuron 36:229–240.

olf ME, Mangiavacchi S, Sun X (2003) Mechanisms by which dopa-
mine receptors may influence synaptic plasticity. Ann NY Acad Sci

1003:241–249.
(Accepted 4 September 2004)


	GLUTAMATE-ASSOCIATED PLASTICITY IN THE VENTRAL TEGMENTAL AREA IS NECESSARY FOR CONDITIONING ENVIRONMENTAL STIMULI WITH MORPHINE
	EXPERIMENTAL PROCEDURES
	Subjects
	Drugs
	Surgery and histology
	CCP procedure
	Experimental protocol
	Data analyses

	RESULTS
	Effects of glutamate antagonists and Rp-cAMPS on the acquisition of morphine place preference
	Effects of glutamate antagonists and Rp-cAMPS on the expression of morphine place preference

	DISCUSSION
	Acknowledgments
	REFERENCES


