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The transcription factor cAMP response element binding protein (CREB) is implicated in the actions of drugs of abuse in several brain
areas, but little information is available about a role for CREB in the ventral tegmental area (VTA), one of the key reward regions of the
brain. Here, we demonstrate that chronic exposure to drugs of abuse induces CREB activity throughout the VTA. Using viral-mediated
gene transfer, we expressed green fluorescent protein (GFP)-tagged CREB or mCREB (a dominant-negative form of CREB) in the VTA
and, using a conditioned place-preference paradigm, found that CREB activation within the rostral versus caudal subregions of the VTA
produces opposite effects on drug reward. We identified VTA subregion-specific differences in the proportion of dopaminergic and
GABAergic neurons and in the dopaminergic projections to the nucleus accumbens, another brain region implicated in drug reward, and
suggest that this may contribute to behavioral differences in this study. We also measured expression levels of tyrosine hydroxylase
and the AMPA glutamate receptor subunit GluR1, both of which are known to contribute to drug reward in the VTA, and found that both
of these genes are upregulated following the expression of CREB-GFP and downregulated following expression of mCREB-GFP, raising
the possibility that CREB may exert its effects on drug reward, in part, via regulation of these genes. These results suggest a novel role for
CREB in mediating drug-induced plasticity in the VTA and establish two functionally distinct subregions of the VTA in which CREB
differentially regulates drug reward.
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Introduction
Repeated exposure to drugs of abuse causes complex molecular
adaptations in discrete brain regions, including the reward cir-
cuitry of the brain (Wise, 1996; Koob and Le Moal, 2001; Nestler,
2001). An example of this plasticity is activation of the transcrip-

tion factor cAMP response element (CRE)-binding protein
(CREB) in several regions following chronic morphine, cocaine,
or amphetamine exposure (Guitart et al., 1992; Konradi et al.,
1994; Lane-Ladd et al., 1997; Barrot et al., 2002; Shaw-Lutchman
et al., 2002, 2003; Walters et al., 2003). CREB regulates the ex-
pression of genes by interacting with CREs in their regulatory
regions. Several signal transduction pathways activate CREB,
suggesting that this transcription factor may integrate signaling
information from multiple sources and thereby mediate complex
forms of neural plasticity (Bailey et al., 1996; Daniel et al., 1998;
Shaywitz and Greenberg, 1999; Mayr and Montminy, 2001; Nes-
tler, 2001).

Prominent in brain reward circuitry is the ventral tegmental
area (VTA). Drug induction of phospho-CREB in the VTA has
been reported recently (Walters et al., 2003), but direct evidence
of the functional role of CREB in the VTA is still lacking. Chronic
drug exposure alters expression of many proteins in this region,
including components of the cAMP, Ras, and phospholipase C�/
IP3 signaling cascades, all of which can activate CREB (Berhow et
al., 1996; Lane-Ladd et al., 1997; Wolf et al., 1999). In addition,
some studies have reported increased levels of the glutamate re-
ceptor subunits GluR1 and NMDA receptor 1 in the VTA after
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chronic morphine, cocaine, or ethanol administration (Ortiz et
al., 1995; Fitzgerald et al., 1996) (but see Carlezon and Nestler,
2002; Wolf, 2003). These effects could lead to glutamatergic-
mediated increases in intracellular Ca 2� and CREB activation
(Perkinton et al., 1999; Rajadhyaksha et al., 1999; Riccio and
Ginty, 2002). These lines of evidence led us to hypothesize that
drug-induced changes in CREB function in the VTA might me-
diate some biochemical and behavioral adaptations to chronic
drug exposure.

Well established, but often overlooked, functional differences
in rostral versus caudal VTA were first demonstrated by Ikemoto
et al. (1997b, 1998) using intracranial self-administration of
GABAergic compounds. They found that GABAA antagonists
were reinforcing in rostral VTA, whereas GABAA agonists were
reinforcing in caudal VTA, and speculated that these differences
could be related to the differential expression of GABAA receptors
in GABAergic and dopaminergic neurons in the VTA (McBride
et al., 1999). Similar rostral versus caudal VTA differences in
glutamatergic regulation of drug reward have been reported pre-
viously (Carlezon et al., 2000). Consequently, we focused on dif-
ferences in the effects of CREB in rostral and caudal VTA and
considered a possible role for GABAergic neurons in this
phenomenon.

We now report that CREB-mediated transcription is upregu-
lated in the VTA in response to chronic drug exposure, and that
this upregulation has different behavioral consequences depend-
ing on the subregion of the VTA involved. Careful anatomical
analysis confirmed the presence of two distinct subregions of
VTA (rostral and caudal) that differ in both neuronal population
and projection to the nucleus accumbens (NAc), which could
explain why these two subregions differentially regulate reward.

Materials and Methods
Animals. The CRE-reporter mice used in this study express a transgene
containing CRE-consensus sequences in tandem, upstream of a minimal
respiratory syncytial virus promoter, and surrounded by insulator ele-
ments (generously provided by Jerry Yin, University of Wisconsin, Mad-
ison, WI) (Barrot et al., 2002). Male heterozygote transgenic mice were
out-crossed to wild-type C57BL/6 mice and were bred and maintained
under a 12 h light/dark cycle with food and water available ad libitum.
Genotyping was performed by PCR, and male and female mice (between
8 and 12 weeks of age) heterozygous for the transgenic sequence were
used for all experiments. For each experimental animal, a littermate of
the same gender and bearing the reporter transgene was used as a control.
Adult male Sprague Dawley rats (Charles River, Kingston, NY) were used
for all other experiments and also were maintained under a 12 h light/
dark cycle with food and water available ad libitum. Rats were used for
viral and tracer injections and for studies of target genes because of the
larger size of their brains and the ability to more easily discriminate
between VTA subregions. In contrast, the CRE-LacZ mice provide a
unique means of studying regulation of CRE-mediated transcription in
the brain in vivo, which is not possible in the rat.

Drug administration to transgenic mice. In experiments examining
CREB activation after chronic morphine administration, morphine was
administered chronically twice daily by intraperitoneal injection of an
escalating dose of morphine sulfate over 5 d (10, 20, 40, 80, and 100
mg/kg) or saline injections of an equal volume (Shaw-Lutchman et al.,
2002). To ensure that Cre-LacZ activation was not attributable to the
acute effects of morphine, animals were killed with an overdose of pen-
tobarbital 12 h after the final injection and perfused transcardially with
saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer. At
this time point, levels of CRE activity returned to normal levels in the
VTA and other brain regions after a single injection of morphine (100
mg/kg) (Shaw-Lutchman et al., 2002).

Immunohistochemistry and anatomical analysis. Brains were postfixed
for 12 h and then cryoprotected in 20% glycerol in 0.1 M phosphate buffer

for 12 h. Brains were then cut (40 �m sections) coronally on a freezing
microtome and stored in PBS with 0.05% sodium azide. In experiments
using transgenic mice, LacZ expression was detected with a polyclonal
antibody to �-galactosidase (�-gal) (1:5000; Biogenesis, Poole, UK), and
some sections were double labeled for tyrosine hydroxylase (TH) (1:
1000; Chemicon, Temecula, CA) to determine whether the �-gal-
positive neurons were dopaminergic. To directly test the influence of
herpes simplex virus (HSV) vectors on CRE-mediated transcription,
mice positive for the CRE-LacZ transgene were injected with HSV-
CREB-green fluorescent protein (GFP), HSV-mCREB-GFP (a
dominant-negative form of CREB with a mutation at the serine 133
phosphorylation site that prevents phosphorylation and transactivation
and blocks the activity of endogenous CREB) (Carlezon et al., 1998), or
HSV-Cre-GFP (a viral vector expressing the bacterial protein Cre recom-
binase tagged with GFP, which is inactive in the absence of a floxed gene)
3 d before use. In all cases, antibody labeling was visualized using cyanine
2 (Cy2) and Cy3 fluorophore-labeled secondary antibodies (1:200; Jack-
son ImmunoResearch, West Grove, PA), and sections were mounted
onto slides in DPX (a mixture of distyrene, tricresyl phosphate, and
xylene) mounting media (Fluka BioChemika, Ronkonkoma, NY). Sev-
eral sections from injected mice were taken at five anatomical points
throughout the VTA: �2.92, �3.08, �3.16, �3.28, and �3.40 mm breg-
ma; the first three points were within the territory of the rostral VTA,
whereas the latter two points were in the territory of the caudal VTA.
Total CRE-LacZ-positive neurons with expression above basal back-
ground levels were counted using a technique described previously (Bar-
rot et al., 2002). In experiments quantifying transgenes and cell type in
rats, sections were labeled with either an antibody to TH (see above) or to
GAD65 and GAD67 (1:10,000; Sigma) and either an antibody to �-gal
(see above) or GFP (1:1000; Upstate Biotechnology, Waltham, MA) de-
pending on the transgene expressed.

Viral vectors. Construction and packaging of viral vectors has been
described previously (Neve et al., 1997). Transgenes (LacZ, Cre
recombinase-GFP, CREB-GFP, and mCREB-GFP) were inserted into the
HSV PrpUC amplicon under the control of an HSV 4/5 immediate early
gene promoter, packaged with helper virus 5dl1.2, purified on a sucrose
gradient, pelleted, and resuspended in 10% sucrose. The average titer of
viral stocks was 2.0 � 10 7 infectious units/ml. CREB-GFP and mCREB-
GFP fusion proteins were created by adding a GFP tag to the N terminus
of CREB and mCREB. Previous studies have indicated that tagging the N
terminus of CREB does not interfere with its functional activity (Chao et
al., 2002). Functional activity of these constructs was confirmed in cell
culture, in which overexpression of CREB-GFP increased while overex-
pression of mCREB decreased CRE-mediated transcription (data not
shown). After intra-VTA injection, maximal expression of all viral-
encoded transgenes is observed at 24 h after injection and persists for 3– 4
d after injection and then dissipates and is not detectable by day 7, as
reported previously (Carlezon et al., 1997; Barrot et al., 2002). This time
course is independent of the particular transgene expressed.

Surgery. Surgery was performed as described previously (Barrot et al.,
2002). Animals were anesthetized and received unilateral injections into
the VTA [rats: 2 �l of virus stock; anteroposterior (AP), �4.9 to �6.2
mm caudal to bregma; lateral (L), �2.1 mm from the midline; arm set at
a 10° angle toward the midline; dorsoventral (DV), �7.3 mm from dura;
mice: 0.5 �l of virus stock; AP, �2.8 mm caudal to bregma; L, �1.0 mm
from midline; arm set at a 7° angle toward midline; DV, �4.6 mm from
dura] or the lateral substantia nigra pars compacta (rats only: AP, �5.3
mm caudal to bregma; L, �3.1 mm from midline; arm set at a 10° angle
toward midline; DV, �6.5 mm from dura), which served as an anatom-
ical control. For sham surgery, the syringe was lowered 1.0 mm below the
dura, but no injection was made. We used unilateral injections, because
we found that bilateral injections in the VTA offer no greater biological
effect than unilateral injections, and the latter involve less stress to the
animal and less labor on the part of the experimenter (Carlezon et al.,
1997; Bolanos et al., 2003).

Behavior. Using a balanced and unbiased paradigm, place condition-
ing occurred in a three-compartment apparatus as described previously
(Kelz et al., 1999). This apparatus consisted of a central small shuttle
chamber between two larger conditioning chambers, which differed in
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lighting, walls, and floors. Before surgery, animals were placed into the
central compartment and allowed to freely explore the entire apparatus
for 30 min. Animals that did not show a baseline preference (�18 min) or
a preference for the central chamber (�8 min) were admitted into the
study; �80% of all animals met these criteria.

After surgery, animals were allowed either 1 d of recovery and subse-
quently conditioned for 3 d consecutively or were allowed 2 d of recovery
and conditioned for 3 d consecutively. No significant difference between
the two conditioning protocols was observed. These time points were
chosen based on the fact that maximal HSV-transgene expression occurs
on days 1– 4 after surgery (Barrot et al., 2002). On conditioning days, two
pairing sessions were given. On the first trial of each day, animals received
a volume of saline equivalent to the volume of drug they would receive
and were restricted to one of the conditioning chambers for 1 h. After the
first pairing session, animals were returned to their home cages and
allowed to rest for a minimum of 3 h. On the second trial of each day,
animals received a dose of drug and were restricted to the other condi-
tioning chamber for 1 h. Depending on the group, drugs were given as
follows: 1.25 mg/kg cocaine, i.p., or 0.125, 0.25, and 0.5 mg/kg morphine,
s.c. After the final training day, animals were tested for conditioned place
preference (CPP) by placing them in the central chamber and allowing
them to freely explore the entire apparatus for 30 min. Drug and saline
pairings were given at the same time on each conditioning day, and
animals were tested for preference at the same time as the drug pairing on
the previous day. After testing (or for light microscopy, 3 d after intra-
cranial injection), animals were overdosed with pentobarbital or chloral
hydrate and perfused with 0.1 M PBS and 4% paraformaldehyde, and the
brains were removed and processed as described above. Animals were
then assigned to either a rostral (�4.9 to �5.4 mm bregma) or caudal
(�5.5 to �6.2 mm bregma) group depending on the site of injection.
Animals in which the placement of the needle was outside of the VTA
were excluded from the study. HSV-CREB-GFP, HSV-mCREB-GFP,
and several control groups did not show a baseline preference for either
side of the apparatus before training.

Western blot analysis. The VTA was rapidly punch-dissected 3 d after
surgery from rats that received intra-VTA injections of HSV-CREB-GFP
or HSV-Cre-GFP exactly as described previously (Carlezon et al., 1997).
Rostral and caudal VTA could not be dissociated in this experiment
because of the limits of microdissection; it is technically not possible to
obtain accurate and replicable VTA punches from these subregions be-
cause of their small size, subtle interanimal anatomical differences, and
the need for speed to preserve proteins levels. Levels of TH and GluR1
immunoreactivity were then measured by Western blot analysis exactly
as described previously (Carlezon et al., 1997; Lane-Ladd et al., 1997).
Equal loading and transfer was verified by Amido Black staining. TH and
GluR1 levels were normalized to �-tubulin, which was not affected by the
HSV treatments. These experiments were performed over a threefold
linear range of immunoreactivity levels.

RNA extraction and cDNA synthesis. Fresh tissue samples from rat
VTA, isolated as described above, were homogenized in 1 ml of TRIzol
reagent (Invitrogen, San Diego, CA) and extracted following the protocol
of the manufacturer. RNA was resuspended in DEPC-treated water,
quantified from A260 measurements, and assessed for quality by visual
inspection of samples electrophoresed on agarose gels. The RNA was
treated with 2 U of DNase using the DNA-free kit (Ambion, Austin, TX)
and then heated at 65°C for 10 min to inactivate the enzyme. cDNA
synthesis was performed using the Superscript First-Strand Synthesis
System for reverse transcription (RT)-PCR (Invitrogen) as follows: 1 �g
of RNA was preincubated with 1 �l of Oligo(dT) 12–18 (0.5 �g/�l) and
1 �l of 10 mM deoxyribonucleoside triphosphates at 65°C for 5 min. After
chilling on ice for 1 min, 4 �l of First Strand buffer (5�), 2 �l of DTT (0.1
M), 1 �l of RNase-OUT, and 1 �l (50 U) of Superscript II reverse tran-
scriptase were added for a final volume of 20 �l. The mixture was incu-
bated at 42° for 50 min and then 70°C for 15 min to terminate the
reaction. Each sample was then incubated at 37° for 20 min with 2 U of
RNase H.

Real-time RT-PCR and data analysis. PCRs were performed using the
LightCycler-FastStart DNA Master SYBR Green I kit (Roche Products,
Welwyn Garden City, UK) as follows. A total of 2 �l of cDNA diluted 1:10

in nuclease-free water was added to 2.5 �l of FastStart reaction mix, 2 �l
of 25 mM MgCl2 (final MgCl2 concentration, 3 mM), and water to a final
volume of 25 �l. Thermocycling and detection of the SYBR green
I-labeled, double-stranded PCR products were performed using the
Smart Cycler System (Cepheid). Thermocycling parameters were as fol-
lows: 95°C for 10 min (DNA polymerase activation) followed by 50 cycles
of denaturation at 95°C for 10 s, annealing at 58°C for 10 s, and extension
at 72°C for 10 s. Optical detection of the fluorescent signal occurred
during the extension phase. Each experiment was performed in dupli-
cate, and the results were averaged for data analysis. The cycle threshold
(Ct) was calculated by software supplied by the manufacturer as the cycle
during which the second derivative of the fluorescent signal reached
maximum value. Data for all genes of interest were normalized to the
expression levels of two housekeeping genes (B-actin, GAPDH) by the
following formula: �Ct � Ct(gene of interest) � Ct (GAPDH or B-actin).
Adjusted expression levels for the HSV-CREB-GFP and HSV-
mCREB-GFP groups were then calculated relative to controls (HSV-
Cre-GFP) by the following: ��Ct � �Ct � �Ct (control group).
Expression levels relative to controls were then calculated using the
following expression: 2 ���C t. GFP levels were measured in all of the
samples to verify expression in the area of the tissue punch. Animals
that had no GFP expression, and therefore no viral expression, were
excluded from the experiment.

Retrograde labeling studies. Animals used for retrograde labeling stud-
ies were injected with hydrostabilamine (HS; a derivative of fluorogold, a
retrograde tracer; Molecular Probes, Eugene OR) into the mid-
rostrocaudal shell region of the NAc. Injections were made stereotaxi-
cally with a 5 �l Hamilton microsyringe. The syringe was lowered into
the brain, and after 5 min of equilibration, 0.1 �l of HS was delivered over
a 10 min interval. After the injection, the needle was left in the brain for
18 min to allow for diffusion of the HS. Animals were then allowed to
recover for 5 d. On the fifth day, animals were injected with HSV-LacZ at
coordinates throughout the VTA. On the seventh day, animals were
overdosed with chloral hydrate and perfused transcardially with a vol-
ume of 100 ml of ice-cold 0.1 M PBS, pH 7.4, followed by 500 ml of 0.1 M

PBS containing 1.4 –2% gluteraldehyde and 2% paraformaldehyde, pH
7.4. After perfusion, brains were stored in the same fixative for 1–3 h,
followed by 5– 6 h in 20% glycerol in 0.1 M PBS solution. Brains were then
cut serially from the rostral lateral hypothalamus to the rostral pole of the
pons in 10 –14 �m sections on a freezing microtome. The shell of the
accumbens was also cut to determine accuracy of injection (�90%) and
the extent of the spread of tracer at the injection site (�1 mm). Sections
were stored in a 0.1 M PBS solution with 0.05% sodium azide and at 4°C
in the dark and labeled for �-gal, TH, and HS (1:2000; Chemicon) as
outlined above. Quantification and localization of immunofluorescence
was performed on a fluorescent microscope, and triple labeling was con-
firmed by confocal microscopy. Only sections with �30 �-gal-labeled
cells were included in the study.

Results
Chronic morphine exposure increases CRE-mediated
transcription in the VTA in a topographically specific manner
We mapped the ability of chronic morphine administration to
activate CRE-mediated transcription in the VTA using CRE-
LacZ transgenic mice. Because the VTA is a heterogeneous col-
lection of cell groups, we characterized �-gal induction by divid-
ing the VTA into two subregions (rostral and caudal VTA) based
on functional differences between these subregions reported pre-
viously in the rat (Arnt and Scheel-Kruger, 1979; Ikemoto et al.,
1997b, 1998; McBride et al., 1999; Ikemoto and Wise, 2002; Zan-
gen et al., 2002; Bolanos et al., 2003). In both rostral and caudal
VTA, there was a significant increase in CRE-LacZ-positive cells
after chronic morphine exposure (Fig. 1A).

Because the VTA is known to be populated by both GABAer-
gic and dopaminergic neurons, we next sought to characterize the
neuronal type in which this upregulation occurs by colabeling
with an antibody to TH, a marker of dopamine neurons. In ros-
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tral and caudal VTA, we observed a signif-
icant upregulation of CRE-LacZ in dopa-
minergic neurons (Fig. 1B). However, in
rostral VTA, a significant number of these
�-gal-positive neurons were TH negative
(Fig. 1C) (presumably GABAergic), indi-
cating that CREB activation in this region
may occur in a more heterogeneous pop-
ulation of neurons than in caudal VTA, a
supposition supported by work presented
below (see Fig. 6). Thus, these findings
suggest that chronic morphine exposure
induces CREB activity in partly distinct
populations of neurons in rostral versus
caudal VTA.

Viral-mediated expression of CREB-
GFP or mCREB-GFP in the VTA alters
conditioned place preference for cocaine
in an anatomically distinct manner
Based on our anatomical data that drug
induction of CRE activity differs between
rostral and caudal VTA and on previously
reported data for functional differences
between these regions (see the Introduc-
tion), we considered the possibility that
CREB may differentially regulate the ef-
fects of drugs of abuse in the rostral versus
caudal VTA. To test this hypothesis, we
expressed CREB-GFP or mCREB-GFP in
different areas of the rat VTA using HSV
vectors. The GFP-tagged fusion proteins
made it possible to distinguish transgenic
CREB (or mCREB) from endogenous
CREB. Cre-GFP (a bacterial protein, Cre
recombinase, tagged with GFP) was ex-
pressed as a control. We assessed the re-
warding effects of cocaine using the place-
conditioning paradigm, in which animals
learn to prefer a drug-paired environment. In an attempt to map
different functional subregions of the VTA, we plotted place-
preference scores as a function of the placement of viral infection
in each rat. The results are shown in Figure 2. From these data, we
identified two functionally different subregions in rat VTA. In
rostral VTA, which spans the supramammillary area to the rostral
pole of the interpeduncular nucleus (�4.9 to �5.4 mm bregma),

expression of CREB-GFP made a threshold dose of cocaine highly
rewarding, whereas mCREB-GFP made this dose of cocaine aver-
sive. Conversely, in caudal VTA, which spans the rostral pole of
the interpeduncular nucleus to the caudal end of the VTA (�5.5

to �6.2 mm bregma), CREB-GFP expression made the threshold
dose of cocaine aversive, whereas mCREB-GFP made this cocaine
dose highly rewarding (Fig. 2A,B). These two anatomical areas
correlate well with previous studies describing two functionally

Figure 1. Chronic morphine upregulates CRE-mediated transcription in the VTA. A, CRE-LacZ expression is upregulated by chronic morphine in rostral and caudal VTA relative to saline-treated
controls. B, CRE-LacZ expression in dopaminergic neurons (identified by colabeling for TH) is upregulated by chronic morphine in both rostral and caudal VTA. C, CRE-LacZ expression is also
upregulated by chronic morphine in nondopaminergic neurons but in rostral VTA only. This rostrocaudal difference was significant ( p � 0.05) by ANOVA. Data are expressed as cell numbers per
section 	 SEM (n � 8 animals per group). *p � 0.05; **p � 0.01; t test.

Figure 2. CREB differentially regulates cocaine reward in rostral versus caudal VTA. Animals received injections of HSV-CREB-
GFP or HSV-mCREB-GFP throughout the rostrocaudal axis of the VTA and then were analyzed for conditioned place preference to
a threshold dose of cocaine (1.25 mg/kg, i.p.). Data reported are mean change in time spent on the drug-paired side minus the
saline-paired side before and after conditioning (	SEM), which provides a measure of place conditioning. Sham injection controls
and HSV-Cre-GFP and HSV-LacZ viral controls were not significantly different and thus were pooled into a single control group. A,
Place-preference scores (mean 	 SEM) are plotted as a function of the HSV injection site, revealing an inflection point of
approximately �5.5 mm bregma. B, Rostral to this inflection point, HSV-CREB makes a subthreshold dose of cocaine rewarding,
whereas HSV-mCREB makes it aversive. Conversely, caudal to this inflection point, HSV-CREB makes the subthreshold dose of
cocaine aversive, whereas HSV-mCREB has the opposite effect. *p � 0.05; t test; n � 6 –20. C, G, Schematic representations of
coronal sections through rostral and caudal VTA, respectively. These images are from Paxinos (1995), reprinted with permission.
D, E, H, I, Representative coronal sections through the VTA of rats injected with HSV-CREB-GFP into the rostral or caudal VTA and
immunohistochemically labeled with an antibody to GFP. F, J, Adjacent sections labeled with an antibody to TH.
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different subregions of the VTA (Ikemoto et al., 1997b, 1998;
Carlezon et al., 2000; Ikemoto and Wise, 2002; Zangen et al.,
2002; Bolanos et al., 2003; Rodd et al., 2005) and with our data
demonstrating differential induction of CRE activity within non-
dopaminergic cells of these subregions in CRE-LacZ mice (Fig.
1). Subsequently, all experimental animals were divided into two
groups with injections into either rostral or caudal VTA. As
found in several previous studies (Neve and Geller, 1995; Carle-
zon et al., 1997, 1998, 2000; Neve et al., 1997), injection of HSV
vectors caused minimal damage to the infected area, which was
indistinguishable from that seen with vehicle injections alone
(our unpublished observations).

To confirm the effectiveness of CREB-GFP and mCREB-GFP
in regulating CRE-mediated transcription in the VTA in vivo, we
injected HSV-CREB-GFP, HSV-mCREB-GFP, or HSV-Cre-GFP
throughout the VTA of CRE-LacZ transgenic mice. Expression of
CREB-GFP significantly increased CRE-LacZ expression in both
rostral and caudal VTA relative to control animals, whereas ex-
pression of mCREB-GFP significantly decreased CRE-LacZ ex-
pression in both VTA subregions (Fig. 3). These results demon-
strate directly that HSV-CREB-GFP and HSV-mCREB-GFP,
respectively, appropriately upregulate and downregulate CRE-
mediated transcription, consistent with previous data from our
laboratory in other brain regions (Barrot et al., 2002).

Viral-mediated expression of CREB-GFP or mCREB-GFP in
the VTA alters conditioned place preference for morphine
We next tested whether altered CREB activity in the VTA also
affects the rewarding effects of a threshold dose of morphine.
Results equivalent to those seen for cocaine were obtained. Ani-
mals that received HSV-CREB-GFP in rostral VTA showed a
strong preference for a threshold dose of morphine, whereas
those that received HSV-mCREB-GFP into rostral VTA showed a
mild aversion. In contrast, animals that received HSV-CREB-
GFP in caudal VTA showed a mild aversion for this morphine
dose, whereas those that received HSV-mCREB-GFP in caudal
VTA exhibited strong place conditioning (Fig. 4A). In contrast,
injection of the HSV vectors into the nearby substantia nigra had

no effect on morphine reward (data not shown), indicating the
regional specificity of CREB action within the VTA.

To better understand these effects of morphine, place condi-
tioning was studied over a full-dose range of the drug. At higher
doses of morphine, the effects of HSV-mediated changes in CREB
activity in rostral and caudal VTA disappeared, presumably be-
cause higher doses of drug overcome the inhibitory effects of
HSV-mCREB-GFP in rostral VTA and of HSV-CREB-GFP in
caudal VTA. However, a higher dose of morphine (0.5 mg/kg)

Figure 3. HSV-CREB-GFP and HSV-mCREB-GFP regulate CRE-mediated transcription in the
VTA. Animals received injections of HSV-CREB-GFP, HSV-mCREB-GFP, or HSV-Cre-GFP (a control
protein) throughout the rostrocaudal axis of the VTA, and sections throughout the VTA were
analyzed for CRE-LacZ expression levels. In both rostral and caudal VTA, HSV-CREB-GFP in-
creased, whereas HSV-mCREB-GFP decreased, CRE-LacZ expression levels relative to control
animals injected with HSV-Cre-recombinase-GFP. Data are expressed as cell numbers per sec-
tion 	 SEM (n � 3– 4). *p � 0.05; t test.

Figure 4. CREB differentially regulates morphine reward in rostral versus caudal VTA. Ani-
mals received injections of either HSV-CREB-GFP or HSV-mCREB-GFP throughout the rostrocau-
dal axis of the VTA and were then trained for conditioned place preference to a threshold dose of
morphine (0.125 mg/kg, s.c.) (A) or a dose range (0.125, 0.25, or 0.5 mg/kg, s.c.) (B, C). Data
reported are mean change in time spent on the drug-paired minus the saline-paired side before
and after conditioning (	SEM), which provides a measure of place conditioning. Control ani-
mals were injected with HSV-LacZ. Note the opposite effects of CREB and mCREB in the rostral
versus caudal VTA (A). The effect of mCREB in rostral VTA (B) and the effect of CREB in caudal VTA
(C) were overcome by higher doses of morphine. *p � 0.01; ANOVA and t test (n � 3– 8).
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was apparently necessary to overcome the effect of HSV-
mCREB-GFP in rostral VTA compared with HSV-CREB-GFP in
caudal VTA (0.25 mg/kg) (Fig. 4B,C).

GluR1 and TH are putative target genes for CREB in the VTA
CREB affects molecular, cellular, and behavioral processes by
regulating the transcription of numerous genes. As a first step in
understanding the mechanism by which expression of CREB-
GFP and mCREB-GFP within the VTA alter CPP to drugs of
abuse, we used real-time RT-PCR to measure changes in message
levels of two CREB-regulated genes implicated in drug reward.
Previous studies suggest that both GluR1, an AMPA glutamate
receptor subunit that regulates drug reward via its actions in the
VTA (Carlezon et al., 1997, 2000; Carlezon and Nestler, 2002),
and TH, the rate-limiting enzyme in dopamine biosynthesis in-
duced by drugs of abuse in the VTA (Nestler, 2001), are regulated
by CRE sites in their respective promoters (Joh et al., 1978; Lewis
et al., 1987; Hiremagalur et al., 1993; Kim et al., 1993; Boundy et
al., 1998; Myers et al., 1999; Borges and Dingledine, 2001). We
found that expression of CREB-GFP in the VTA increased local
GluR1 and TH message levels, whereas expression of mCREB-
GFP had the opposite effect (Fig. 5A). The relative difference in
message levels between CREB-GFP and mCREB-GFP-treated
animals was nearly twofold (Fig. 5A). Additional evidence for
CREB regulation of these genes was obtained by Western blot
analysis. As shown in Figure 5B, injection of HSV-CREB-GFP
into the VTA significantly increased levels of TH and GluR1 im-
munoreactivity in this brain region.

Different neuronal populations are infected in rostral versus
caudal VTA
The VTA is thought to contain two primary types of neurons:
dopaminergic neurons, which comprise approximately two-
thirds of the neurons in this region, and GABAergic neurons,
which comprise the remainder. However, the number of dopa-
minergic neurons is reportedly greater in more caudal subregions
of the VTA (Swanson, 1982; German and Manaye, 1993). We

therefore hypothesized that our HSV vectors might be infecting
different proportions of dopaminergic and GABAergic neurons
in caudal VTA versus rostral VTA, and that such differences
could contribute to the different behavioral effects observed after
vector injections into these subregions. Using double-label im-
munohistochemistry for GFP (to mark viral infection) and for
TH or GAD (a marker of GABAergic neurons), we characterized
the types of neurons infected with HSV-CREB-GFP in rostral
versus caudal VTA. As shown in Figure 6A, the percentage of
infected neurons colabeled with TH increased in an approxi-
mately linear manner from rostral to caudal VTA. When we ex-
amined the number of HSV-infected neurons that expressed
GAD, we saw the opposite pattern; the percentage of infected
neurons colabeled with GAD decreased in an approximately lin-
ear manner from rostral to caudal VTA. Similar results were ob-
tained for HSV-LacZ (data not shown), a control viral vector
without behavioral effects, consistent with previous studies dem-
onstrating that efficiency of HSV infection is independent of neu-
ronal type or viral-encoded transgene.

When we pooled the neurons counted into rostral and caudal
VTA groups based on the anatomical boundaries used in our
behavioral experiments, we found that approximately equal pro-
portions of GABAergic and dopaminergic neurons were infected
in rostral VTA. However, in caudal VTA, by far, more infected
neurons were dopaminergic than GABAergic (Fig. 6B).

More dopaminergic neurons in caudal VTA project to the
NAc than in rostral VTA
Previous studies have shown that dopamine neurons in the VTA,
particularly caudal regions, project to the NAc (Swanson, 1982),
a brain region also strongly implicated in drug and natural re-
ward. To determine whether the neurons that we were infecting
in caudal VTA project to the NAc, we injected a retrograde tracer
(HS) into the NAc shell and HSV-LacZ into both rostral and
caudal VTA. We saw no difference in the number of �-gal-
positive neurons between rostral and caudal VTA (Fig. 7A).
However, consistent with previous studies, we found more retro-
gradely labeled neurons in caudal than rostral VTA, indicating
that more neurons in this subregion project to the NAc. We next
examined the projections of these rostral and caudal VTA neu-
rons by colabeling for �-gal and HS. Of the neurons expressing
�-gal, significantly more neurons in the caudal VTA compared
with the rostral VTA were colabeled with HS. Thus, a significantly
greater number of infected neurons in caudal VTA than in rostral
VTA project to the NAc. In addition, triple labeling for �-gal, HS,
and TH demonstrated that nearly all of these infected projection
neurons, in either rostral or caudal VTA, were dopaminergic, a
finding consistent with the fact that the majority of VTA projec-
tions to the NAc are dopaminergic (Swanson, 1982) (Fig. 7A).
These results, combined with those presented above, suggest that
the population of HSV transgene-expressing neurons in rostral
VTA differs significantly from that in caudal VTA not only in
terms of cell type but also in efferent projections.

Discussion
Using CRE-LacZ reporter mice, we show that CREB activity is
upregulated throughout the VTA by chronic morphine adminis-
tration. We then used viral-mediated expression of CREB-GFP
or mCREB-GFP in the VTA to assess the contribution of CREB
activity to drug reward. Our study defines two functionally dis-
tinct subregions of the VTA (rostral and caudal), which differ
dramatically in their responses to CREB-GFP and mCREB-GFP
expression. In rostral VTA, CREB-GFP expression made mor-

Figure 5. Regulation of GluR1 and TH expression in the VTA by CREB. A, GluR1 and TH mRNA
expression levels in the VTA of rats injected with HSV-CREB-GFP (n � 11) or HSV-mCREB-GFP
(n � 12) as measured by real-time RT-PCR. Data are displayed as a percentage of expression
relative to the control group (HSV-Cre-GFP; n � 13) and are normalized to levels of �-actin,
which is not regulated by these treatments. B, GluR1 and TH immunoreactivity in the VTA of rats
injected with HSV-CREB-GFP (n � 7) or HSV-Cre-GFP (control; n � 7) was measured by West-
ern blot analysis and normalized to levels of �-tubulin, which is not regulated by these treat-
ments. Data are displayed as a percentage of expression in the control group	SEM. *p�0.05;
t test.
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phine and cocaine more rewarding, whereas mCREB-GFP ex-
pression decreased drug reward. Opposite effects were seen in
caudal VTA. These findings agree with previous descriptions of
two functionally distinct VTA subregions (Arnt and Scheel-
Kruger, 1979; Ikemoto et al., 1997a,b, 1998; Carlezon et al., 2000;
Ikemoto and Wise, 2002; Zangen et al., 2002; Bolanos et al., 2003;
Rodd et al., 2005). We also identified two target genes for CREB,
GluR1 and TH, which could partly mediate the opposing effects
of CREB-GFP and mCREB-GFP observed in rostral versus caudal
VTA. Finally, our study demonstrates anatomical differences be-
tween rostral and caudal VTA that could underlie the functional
differences observed in this and previous studies. These subre-
gions differ not only in their responsiveness to drug reward but
also in the types of neurons that populate them, as well as in their
efferent projections.

Using anatomical boundaries of rostral and caudal VTA de-
scribed previously, we found that CRE-LacZ expression was in-
creased in rostral and caudal subregions of VTA after chronic
drug exposure, consistent with the recent finding that phospho-
CREB levels are increased in this region after chronic exposure to
drugs of abuse (Walters et al., 2003). CRE-LacZ expression was
induced in TH-positive neurons in both VTA subregions,
whereas induction in TH-negative neurons, presumably
GABAergic, was seen in rostral VTA only. This study is the first to
demonstrate that CREB-activated transcription in response to
chronic drug administration occurs throughout the VTA, and
that this induction occurs in different populations of neurons in
rostral versus caudal subregions.

Using viral vectors, we next showed that CREB activation in
rostral versus caudal VTA has opposite effects on morphine and
cocaine reward. Greater doses of morphine can overcome the
effects of CREB-GFP and mCREB-GFP expression in both sub-
regions. This may be a result of the activation of other brain

regions involved in morphine reward. An-
other possibility is that, at higher doses,
other transgene-negative VTA neurons are
recruited. It is also interesting to note that
a higher dose of morphine is required to
overcome these effects in rostral rather
than caudal VTA. This may reflect the dif-
ferences in the sensitivity of these two neu-
ronal populations to the effects of either
CREB or morphine.

As a transcription factor, CREB pro-
duces its effects by regulating the expres-
sion of other genes. We examined the ex-
pression of two candidate genes that may
contribute to CREB action in the VTA:
GluR1 and TH. Both genes have functional
CREs in their promoters (Lewis et al.,
1987; Hiremagalur et al., 1993; Kim et al.,
1993; Boundy et al., 1998; Myers et al.,
1999; Borges and Dingledine, 2001), and
both are upregulated in the VTA by
chronic drug exposure (Fitzgerald et al.,
1996; Lane-Ladd et al., 1997). Further-
more, upregulation of GluR1 expression,
like CREB, has opposite effects on drug re-
ward in rostral versus caudal VTA (Carle-
zon et al., 2000). Although we were not
able to distinguish rostral and caudal VTA
in these experiments because of technical
limitations (see Materials and Methods),

we did find that CREB-GFP expression increases GluR1 and TH
mRNA and protein levels in the VTA, and that mCREB-GFP has
the opposite effect.

We hypothesized that the functional differences between the
effects of CREB in rostral and caudal VTA and similar rostrocau-
dal differences reported previously may be attributable to neuro-
anatomical differences between these two subregions. To address
this possibility directly, we characterized the relative abundance
of two types of VTA neurons, GABAergic and dopaminergic, in
rostral and caudal VTA. Whereas approximately equal percent-
ages of GABAergic and dopaminergic neurons were infected in
rostral VTA, a much larger percentage of dopaminergic neurons
was infected in caudal VTA. Because HSV vectors do not prefer-
entially infect one neuronal cell type more than another, our
results presumably reflect the different cellular make up of these
two subregions, consistent with previous studies reporting a pro-
portionately greater number of dopamine neurons in caudal
VTA (Swanson, 1982; German and Manaye, 1993). In addition,
we present evidence that rostral and caudal VTA neurons differ in
their efferent projections: many more caudal VTA neurons
project to the NAc. Using triple-labeling techniques, we found
that, in both rostral and caudal subregions, the large majority of
NAc-projecting neurons are dopaminergic. In the present study,
retrograde tracer was injected into the mid-rostrocaudal shell of
the NAc. Additional studies are needed to determine whether this
topographical organization of VTA dopamine projections holds
for other NAc subregions.

These rostrocaudal differences in neuronal cell type and pro-
jections could explain why the two subregions influence drug
reward mechanisms so divergently. The explanation of such dif-
ferences remains highly speculative, particularly because we do
not yet know what effect CREB activity has on the excitability of

Figure 6. HSV vectors infect different populations of neurons in rostral versus caudal VTA. A, Percentage of infected neurons
colabeled with TH or GAD varies as a function of bregma coordinates. Data points are taken from sections with a minimum of 20
infected neurons. B, In rostral VTA, similar proportions of HSV-infected neurons were colabeled with TH and GAD, respectively.
However, in caudal VTA, far more infected neurons were colabeled with TH than GAD (**p � 0.001; t test). C–E, Representative
section taken from an animal injected with HSV-LacZ into rostral VTA, labeled immunohistochemically for �-gal (C) or GAD (D); a
merged image is shown in E. F–H, Representative section taken from an animal injected with HSV-CREB-GFP injected into caudal
VTA, labeled immunohistochemically for GFP (F ) or TH (G); a merged image is shown in H.
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rostral and caudal VTA neurons. Never-
theless, a working hypothesis can be
proposed.

Previous studies have shown that ex-
pression of GluR1 or administration of pi-
crotoxin, a GABAA receptor antagonist,
into rostral VTA is rewarding. Both of
these treatments could amplify the excit-
ability of rostral VTA neurons either by
increasing their sensitivity to glutamate or
by disinhibiting them via blockade of
GABAA receptors. Ikemoto et al. (1997a)
suggested that this excitation promotes re-
ward by increasing mesolimbic (i.e., VTA
to NAc) dopamine neurotransmission, a
hypothesis supported by their finding that
administration of picrotoxin into rostral
VTA increases dopamine release in the
NAc. A similar increase in neuronal activ-
ity via CREB-induced GluR1 expression
could occur in rostral VTA mesolimbic
dopamine neurons. Mesolimbic dopa-
mine release could be further augmented
by an increase in TH expression and, con-
sequently, dopamine levels.

Another mechanism that could ac-
count for the effects of CREB in rostral
VTA is a similar excitation of mesocortical
neurons, which predominate in this subre-
gion (Swanson, 1982; Loughlin and Fal-
lon, 1984). Both GABAergic and dopami-
nergic VTA neurons project to the
prefrontal cortex, and activation of both
neuronal types inhibits prefrontal cortex
neurons (Pirot et al., 1992). This inhibi-
tion could lead to decreased corticolimbic
excitatory drive, a mechanism proposed to
promote reward (Carlezon and Wise,
1996a,b; Wise, 1996, 2002). This hypothe-
sis is supported by our recent finding that
injection of HSV vectors into rostral VTA
causes transgene expression in mesocorti-
cal GABA neurons (V. Olson and E. J. Nes-
tler, unpublished observations), which make up �70% of the
mesocortical projection (Swanson, 1982). It is also possible that
these two mechanisms act synergistically to mediate the effects of
CREB in rostral VTA on reward.

Why upregulation of CREB in caudal VTA antagonizes drug
reward is less straightforward, but one possible explanation is
that elevated CREB levels in this region sensitize an animal to the
aversive properties of drugs. Because most neurons in this region
are dopaminergic, this effect would appear to be mediated almost
exclusively by this cell type. CREB induction of GluR1 and TH in
these neurons could increase their excitability and, therefore, lo-
cal dopaminergic tone. An increase in local dopamine release
could activate inhibitory autoreceptors on mesolimbic dopamine
neurons (Falkenburger et al., 2001; Beckstead et al., 2004) and
could also activate D1 receptors on GABA nerve terminals arising
from the NAc, increasing local GABA release and further attenu-
ating mesolimbic dopamine neuron firing (Mansour et al., 1991;
Sugita et al., 1992; Cameron and Williams, 1993). Such activation
of local autoreceptors may also explain why lower, but not higher,
doses of cocaine are self-administered into the caudal VTA (Rodd

et al., 2005). Moreover, mesocortical dopamine neurons would
be impervious to these changes because they do not express in-
hibitory autoreceptors (Bunney et al., 1973; Aghajanian and Bun-
ney, 1977; Bannon et al., 1981; White and Wang, 1984). A final
consideration is that caudal VTA may be a direct target of drugs
of abuse, whereas rostral VTA may influence drug reward

through indirect, circuit-level interactions among the major re-
ward regions of the brain. Additional studies are needed to clarify
these important issues.

The studies reported here support a fundamental reconsider-
ation of the role of the VTA in brain reward circuitry. Our find-
ings contribute to a growing body of evidence suggesting that the
VTA is a heterogeneous brain region, with at least two function-
ally discrete subregions that can modify drug reward in a distinct
and independent manner, neither of which fit the conventional
model of drug reward circuitry. We contend that differences in
rostral versus caudal VTA, by analogy with differences in the shell
versus core subregions of the NAc, should be taken into account
in studies of VTA function. We provide two mechanisms for why

Figure 7. A large portion of neurons infected in caudal VTA project to the NAc and are dopaminergic. The number of �-gal-
positive neurons did not significantly differ between rostral and caudal VTA. However, more neurons were retrogradely labeled in
caudal VTA than in rostral VTA after injection of HS into the NAc. More neurons in caudal VTA than in rostral VTA also were colabeled
with �-gal and HS. Most of the HS- and �-gal-positive neurons in rostral and caudal VTA were also TH positive. B–G, A repre-
sentative section from caudal VTA, triple labeled for HS (B), �-gal (C), and TH (D). E, Merged image from B and C showing neurons
colabeled with HS and �-gal. F, Merged image from B and D showing neurons colabeled with HS and TH. G, Merged image from
B–D showing triple-labeled neurons (arrows). Data are expressed as cell numbers per section 	 SEM (n � 3). *p � 0.05; **p �
0.01.
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these VTA subregions differ, including a difference in the propor-
tion of dopaminergic versus GABAergic neurons in rostral and
caudal VTA, and a difference in the efferent projections of these
neurons. Our findings support a distinct role for these VTA sub-
regions in drug reward and provide new insight into the molec-
ular neuropathological changes in this region that contribute to
drug addiction.
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