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Phosphorylation of the transcription factor CREB on Ser133 is implicated in the establishment of long-term memory
for hippocampus-dependent tasks, including spatial learning and contextual fear conditioning. We reported
previously that training on a hippocampus-dependent social transmission of food preference (STFP) task increases
CREB phosphorylation in the hippocampus of trained rats in comparisons with controls. In the current study, we
tested the hypothesis that CREB function is necessary for long-term memory for STFP using herpes simplex viral
(HSV) vector-mediated gene transfer. Rats received intrahippocampal infusions of HSV-mCREB (a mutant form of
CREB, in which Ser133 has been replaced with Ala), HSV-LacZ, or saline, and were trained 3 d later. Rats were tested
for food preference (demonstrated vs. novel foods) immediately (short-term test) and 11 d (long-term test) after
training. Rats in all treatment groups showed a significant preference for the demonstrated food at the short-term
memory test. At the long-term memory test, however, the percentage of demonstrated food eaten by mCREB-treated
rats was significantly less than that eaten by the LacZ- or saline-treated rats. Quantitative Western blotting confirmed
that mCREB-infused rats had significantly more hippocampal CREB protein than controls during training. The
present results show that hippocampal CREB function is necessary for long-term, but not short-term memory for
STFP.

The social transmission of food preferences task assesses social
olfactory and paired associate learning (Sutherland and Rudy
1989) that is both hippocampus-dependent and nonspatial
(Winocur 1990; Bunsey and Eichenbaum 1995; Winocur et al.
2001; Alvarez et al. 2002). Galef and Wigmore (1983) found that
a “subject” rat that was allowed to interact with a “demonstrator”
rat that had recently eaten a flavored food was more likely to eat
that food over another when given a choice between the two.
Research using lesion techniques has revealed that the hippo-
campal region is necessary for formation of socially transmitted
food preferences. Lesions prior to training impair long-term
memory, while leaving short-term memory intact (Winocur
1990; Bunsey and Eichenbaum 1995; Winocur et al. 2001; but,
see Burton et al. 2000) whereas post-training lesions produce
temporally graded retrograde amnesia (Winocur 1990; Winocur
et al. 2001), consistent with the hypothesis that the hippocam-
pus mediates memory consolidation (Squire 1992).

Although the hippocampus is necessary for acquisition of
socially transmitted food preferences, little is known about the
neural mechanisms underlying this type of learning. Consolida-
tion of short- to long-term memory requires protein synthesis
and gene transcription, and transcriptional regulation has been
examined as a potential mediator of mnemonic processes. cAMP
response element-binding protein (CREB) is a constitutive tran-
scription factor implicated in the consolidation of long-term
memory (Dash et al. 1990; Bourtchuladze et al. 1994; Yin et al.
1994; Bartsch et al. 1995; Impey et al. 1998). Transcriptional
regulation by CREB is dependent on CREB activation through
phosphorylation of Ser133 (Gonzalez and Montminy 1989),

which allows CREB to recruit CREB-binding protein (CBP), a mol-
ecule that links CREB to some components of the basal transcrip-
tion machinery (Kwok et al. 1994). Experiments in which CREB
is deleted or blocked have produced impairments in water-maze
learning (Bourtchuladze et al. 1994; Gass et al. 1998; but, see also
Graves et al. 2002), fear-potentiated startle (Falls et al. 2000),
cued and contextual fear conditioning (Kida et al. 2002), as well
as social transmission of food preferences (Kogan et al. 1997).
Inhibition of CREB by administration of antisense in the hippo-
campus impairs long-term, but not short-term, spatial memory
for the Morris water maze (Guzowski and McGaugh 1997). Ad-
ministration of CREB antisense in the amygdala impairs long-
term memory for conditioned taste aversion (Lamprecht et al.
1997), whereas CREB antisense administration in the olfactory
bulb blocks long-term memory for olfactory aversive learning
(Zhang et al. 2003). In addition, augmenting CREB levels in the
basolateral amygdala facilitates long-term memory for fear con-
ditioning (Josselyn et al. 2001).

Long-term memory is also associated with learning-induced
changes in CREB activity. For example, increases in hippocam-
pal-phosphorylated CREB are associated with inhibitory avoid-
ance training (Bernabeu et al. 1997; Impey et al. 1998; Tauben-
feld et al. 2001), contextual fear conditioning (Stanciu et al.
2001), spatial memory in the radial arm maze (Mizuno et al.
2002), and transient synapse formation following avoidance
learning (O’Connell et al. 2000). Place and response learning in
the cross maze are associated with sustained CREB phosphoryla-
tion in the hippocampus and neostriatum, respectively (Co-
lombo et al. 2003). In addition, we reported increases in learning-
induced CREB phosphorylation in the hippocampus following
acquisition and recall of socially transmitted food preferences
(Countryman et al. 2005). In that case, the increase was found in
both the dorsal and ventral hippocampus, but CREB was acti-
vated most strongly in the ventral hippocampus, an area regu-
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lating social and ingestive behaviors (Kohler et al. 1985; Petro-
vitch et al. 2001).

The present study was designed to test whether or not CREB
function in the hippocampus is necessary for long-term memory
for a socially transmitted food preference. Viral vector-mediated
gene transfer was used to inhibit CREB activity pretraining in
both the dorsal and ventral hippocampus by overexpressing a
mutant form of CREB (HSV-mCREB) in which Ser133 was re-
placed with Alanine. Although mCREB cannot be phosphory-
lated, it can bind to the cAMP response element in the promoter
region, competing with endogenous CREB, and acting as a highly
selective competitive antagonist (Carlezon Jr. et al. 1997, 1998;
Josselyn et al. 2001). Rats were trained on the STFP task 3 d after
infusion, when transgene levels were maximal (Barrot et al.
2002), tested for short-term memory immediately afterward, and
tested for long-term memory 11 d later.

Results
Figure 1 shows that naive rats do not show a significant prefer-
ence for any of the three flavored foods used in the present ex-
periment [F(2,12) = 2.82, P = 0.099].

Blockade of CREB function impairs long-term,
but not short-term memory for a socially transmitted
food preference
The present behavioral results indicate that long-term, but not
short-term memory is impaired following pretraining inhibition
of CREB function in the hippocampus. Repeated measures
ANOVA revealed a significant effect of treatment [F(2,30) = 5.98,
P = 0.006], delay [F(1,30) = 20.05, P < 0.001], and an interaction
between treatment and delay [F(2,30) = 5.54, P = 0.008]. Analysis
of the interaction showed that rats receiving hippocampal infu-
sions of HSV-mCREB ate significantly more of the demonstrated
food during the short-term test than during the long-term test
(P < 0.001). For the short-term test, one-way ANOVA showed no
difference in the percent of demonstrated food eaten between
rats receiving infusions of HSV-mCREB, HSV-LacZ, or saline
[F(2,30) = 0.79, P = 0.463]. At the long-term test, however, a dif-
ference was found between groups [F(2,30) = 14.71, P < 0.001]
with HSV-mCREB-treated rats eating a significantly lower percent
of the demonstrated food than HSV-LacZ- and saline-treated rats
(P’s < 0.001), while HSV-LacZ- and saline-treated rats did not dif-
fer in the percentage of demonstrated food eaten (P = 0.217) (see
Fig. 2). Individual student’s t-tests (two-tailed) were performed at
both the short- and long-term memory time points in order to
compare the percentage of demonstrated food eaten against
chance level performance (50%). All three groups ate greater than
chance levels of the demonstrated food immediately after train-
ing as predicted [t(9) = 2.88, P < 0.05, t(10) = 7.73, P < 0.05,

t(11) = 5.70, P < 0.05 for saline-, HSV-LacZ-, and HSV-mCREB-
treated rats, respectively]. Eleven days after training, however,
only controls (saline and HSV-LacZ) performed better than that
predicted by chance [t(9) = 3.00, P < 0.05, t(10) = 6.68, P < 0.05 for
saline- and HSV-LacZ-treated rats, respectively]. The percentage
of demonstrated food eaten by rats receiving infusions of HSV-
mCREB was not different from chance levels [t(11) = 1.84,
P > 0.05] (see Fig. 2).

There was no difference between groups in the total amount
of food eaten in grams (e.g., both demonstrated and novel foods)
during either the short-term [F(2,30) = 0.29, P = 0.749] or long-
term [F(2,30) = 0.57, P = 0.571] memory test (see Fig. 3). This dem-
onstrates that infusion of HSV-mCREB does not alter the amount
of food consumed during either short-term or long-term testing.

HSV-LacZ infusion into the hippocampus
causes expression of �-galactosidase
Infusion of HSV-LacZ into the dorsal hippocampus (see Fig. 4A)
and ventral hippocampus (see Fig. 4B) caused expression of �-ga-
lactosidase-positive cells 3 d later. The area surrounding the in-
jection site was heavily stained with dark-blue cells with staining
extending throughout the processes. The transgene expression
covered an area of ∼1–1.5 mm in diameter in agreement with
previous reports (Carlezon Jr. et al. 1998; Pliakas et al. 2001). In
contrast, infusion of HSV-mCREB or saline into the dorsal or
ventral hippocampus did not cause expression of �-galactosidase
3 d after infusion, thereby showing the specificity of the viral-
mediated transgene expression at this time point. Fourteen days
following infusion, there was no expression of �-galactosidase in
either the dorsal or ventral hippocampus (data not shown).

HSV-mCREB infusion into the hippocampus significantly
increases total levels of hippocampal CREB
Quantitative Western blotting confirmed that expression of a
mutant form of CREB (HSV-mCREB) in both the dorsal and ven-

Figure 1. Naive rats do not show an innate preference for cocoa, cin-
namon, or ginger-flavored rat chow at the concentrations tested.

Figure 2. There was no difference among groups in the percent of
demonstrated food eaten at the short-term memory test (white bars).
Rats in the HSV-mCREB group ate significantly less of the demonstrated
food than saline or Lac-Z controls at the long-term test (black bars).

Figure 3. There was no difference among groups in the total amount
of food eaten (both novel and demonstrated foods) at both the short-
term (white bars) and long-term memory tests (black bars).
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tral hippocampus caused a significant increase in total hippo-
campal CREB levels at the time of training in comparisons with
HSV-LacZ- and saline-infused rats. Controls were sacrificed 3 d
(e.g., time of training and short-term memory testing) or 14 d
(e.g., time of long-term memory testing) after surgery. Three days
following infusion of the viral vectors or saline, there was a sig-
nificant difference among groups in total levels of CREB protein
in the hippocampus [F(2,6) = 32.79, P < 0.001] (see Fig. 5). HSV-
mCREB-infused rats had more total hippocampal CREB protein
in comparisons with rats infused with either HSV-LacZ or saline
(P’s < 0.001). In contrast, total hippocampal CREB protein was
not different between rats infused with either HSV-LacZ or saline
(P = 0.458). There was no difference among groups in the
amount of total hippocampal CREB levels 14 d following infu-
sion [F(2,6) = 1.65, P = 0.268] (see Fig. 6). Total hippocampal CREB
protein was measured in the above comparisons, because the
antibody used bound to both mutant CREB and endogenous
CREB.

Discussion
The results of the present experiment show that hippocampal
CREB function is necessary for long-term, but not short-term
memory for a socially transmitted food preference. In order to
manipulate CREB function in the hippocampus specifically and
temporally, viral vector-mediated gene transfer was used to over-

express a mutant form of CREB that cannot be phosphorylated,
thus competing with endogenous CREB and suppressing gene
expression (Carlezon Jr. et al. 1997, 1998; Josselyn et al. 2001).
Food-preference training occurred 3 d after infusion, when levels
of mCREB in the hippocampus were elevated (Carlezon Jr. et al.
1997, 1998; Pliakas et al. 2001; Barrot et al. 2002). Overexpres-
sion of mutant CREB did not affect food preference when rats
were tested immediately after training. However, overexpression
of mCREB during training did eliminate long-term memory for
the food preference in comparisons with rats given either saline
or HSV-LacZ, as shown by a test of food preference 11 d later. The
memory impairment was specific to increased levels of mCREB,
because overexpression of �-galactosidase, a control protein, did
not alter preference for the demonstrated food when rats were
tested 11 d later. Food consumption was comparable among rats
receiving hippocampal infusions of saline, HSV-LacZ, or HSV-
mCREB during the short- and long-term tests; thus, motivation
to eat was not affected by infusion of mutant CREB into the
hippocampus.

Quantitative Western blotting confirmed that levels of total
CREB protein were elevated in HSV-mCREB-treated rats in com-
parisons with saline- or HSV-LacZ-treated rats during training by
∼25%. This increase most likely represents mutant CREB, because
the antibody used does not differentiate between endogenous
CREB and mutant CREB. LacZ staining showed that transgene
infection ranged from 1 to 1.5 mm in diameter as shown in
previous reports (Carlezon Jr. et al. 1998; Pliakas et al. 2001).
Principal cells of area CA1 and dentate gyrus of the dorsal hip-
pocampus were stained most densely, whereas area CA3 and den-
tate gyrus of the ventral hippocampus in the target region were
stained less densely. We were unable to quantify the total num-
ber of infected cells in the hippocampus due to the density of
staining, but others have reported ∼2000 (Carlezon Jr. et al. 1998)
to 4200 (Barrot et al. 2002) �-galactosidase-labeled cells visible in
the area of injection on day 3 following infusion. While the total
number of infected cells may be relatively small, the present re-
sults show that the number is sufficient to cause significant im-
pairment of long-term memory for this task.

A benefit of using the social transmission of food preference
task to measure long-term memory is that memory for a food
preference has been shown to last for durations up to 3 mo (Clark
et al. 2002). Our results are consistent with previous lesion re-
search, in which the social transmission of food preference was
used as a behavioral paradigm for studying nonspatial hippocam-
pal-dependent memory. Intact short-term memory, but impaired
long-term memory, has been reported on several occasions fol-
lowing pretraining lesions to the hippocampus (Winocur 1990;
Bunsey and Eichenbaum 1995; Winocur et al. 2001; Clark et al.

Figure 4. Expression of �-galactosidase 3 d after HSV-LacZ infusion
into the dorsal (A) and ventral (B) hippocampus.

Figure 5. CREB protein levels 3 d after infusion. There was significantly
more total CREB protein in the hippocampus of rats that received hippo-
campal HSV-mCREB infusions in comparisons with rats receiving hippo-
campal infusions of either saline or HSV-LacZ.

Figure 6. CREB protein levels 14 d after infusion. There was no differ-
ence in total hippocampal CREB levels among rats that received hippo-
campal infusions of saline, HSV-LacZ, or HSV-mCREB.
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2002). Although lesion research has consistently found impair-
ments in long-term memory using this task, whether or not im-
pairments would be readily observable following selective ma-
nipulations in the intact brain has not been examined. We re-
cently reported learning-induced CREB phosphorylation
following training on the socially transmitted food preference
task (Countryman et al. 2005). The present experiment estab-
lishes that CREB is not only associated with, but is necessary for
formation of long-term memory for socially transmitted food
preferences and follows previous studies implicating CREB in
long-term memory formation (Dash et al. 1990; Bourtchuladze et
al. 1994; Yin et al. 1994; Bartsch et al. 1995; Guzowski and Mc-
Gaugh 1997; Impey et al. 1998; Kida et al. 2002; Zhang et al.
2003). Importantly, our results are consistent with reports that
long-term memory for social recognition (Kogan et al. 2000) and
social transmission of food preferences (Kogan et al. 1997) is
impaired in CREB knock-out mice.

Herpes simplex viral vectors allow for temporal and local-
ized manipulation of gene expression in animals that have de-
veloped normally. These vectors have been used only recently to
examine the role of CREB in long-term memory. Expression of
HSV-mCREB impairs long-term memory for odor-preference
learning (Yuan et al. 2003), while overexpression of wild-type
CREB using HSV vectors enhances long-term memory for fear
conditioning (Josselyn et al. 2001). In addition, HSV-CREB vec-
tors alter behavior and drug sensitivity when infused in reward
pathways of the brain (Carlezon Jr. 1997, 1998; Pliakas et al.
2001; Barrot et al. 2002). HSV-CREB vectors, however, do not
affect physical functioning as measured by locomotor activity in
the open field (Barrot et al. 2002; Wallace et al. 2004) or elevated
plus maze (Wallace et al. 2004), nor do they affect sensory func-
tions such as visual sensory responsiveness (Liao et al. 2002;
Mower et al. 2002) or taste perception as demonstrated by intact
short-term memory among rats infused with HSV-mCREB in the
present study.

Taken together, the results of the present study extend pre-
vious reports that CREB-mediated transcriptional regulation is a
key neuronal component of memory consolidation in the hip-
pocampus. Moreover, we demonstrate that selective manipula-
tion of a signaling pathway in the intact hippocampus is suffi-
cient to impair long-term memory for a nonspatial task.

Materials and Methods

Subjects
Eighty-nine male Long-Evans hooded rats (Charles River Labora-
tories) ∼250–300 g were housed individually in plastic-bottom
cages with pine-chip bedding in a temperature-controlled room
(25°C) under a 12-h light (7 a.m.–7 p.m.) /dark cycle with ad
libitum access to food and water. Rats were handled extensively
prior to training (5 min/d/9 d). All training was conducted during
the light cycle. Rats were maintained on a 23-h food restriction
schedule for 5 d prior to being housed in pairs and for 5 d prior
to long-term memory testing.

Viral-mediated gene transfer

Virus preparation
The viral vectors (HSV-mCREB, and HSV-LacZ) were supplied by
Dr. R.L. Neve (McLean Hospital, Harvard Medical School). Prepa-
ration of viruses was as described in Lim et al. (1996), Carlezon Jr.
et al. (1997), Neve et al. (1997), and Carlezon Jr. et al. (1998). In
brief, the cDNA’s for a mutant form of CREB in which Ser133 was
replaced by Ala (mCREB) (provided by Dr. E.J. Nestler), or LacZ
were inserted into an HSV amplicon (HSV-PrpUC) and packaged
using an IE2 deletion mutant 5dl1.2 (helper virus). The virus was
purified using a sucrose gradient, pelleted, and resuspended in

10% sucrose. The estimated titer of these recombinant viral
stocks was 108 infectious units/mL.

Surgical procedure
Surgery was performed according to procedures for aseptic tech-
niques in survival surgery adapted from The Experimental Animal
in Biomedical Research (Rollin and Kesel 1990). All surgical proce-
dures were performed in a class II biohazard cabinet (Labconco,
Fisher Scientific). Rats were anesthetized with a continuous sup-
ply of 1%–5% isoflurane gas and secured in a stereotaxic frame
(Kopf Instruments). The infusion coordinates for the dorsal hip-
pocampus were (AP = �3.3 mm, ML = �2.0 mm, DV = �3.4 mm)
and for the ventral hippocampus were (AP = �5.6 mm,
ML = �4.6 mm, DV = �6.2 mm). Bilateral injections of 2 µL
(HSV-mCREB, HSV-LacZ, or saline) were infused over 10 min at a
rate of 0.2 µL/min through 28-gauge infusion needles (Plastics
One) connected via polyethylene tubing to two 10-µL Hamilton
syringes driven by a multiple syringe infusion pump (Fisher Sci-
entific). The infusion needles remained in place for 10 min fol-
lowing the infusion procedure to facilitate diffusion away from
the needles. Studies using this infusion procedure have shown
that transgene expression is restricted to an area ∼1.5 mm in diam-
eter (Carlezon Jr. et al. 1998) and is specific to neurons (Carlezon Jr.
et al. 2000; Pliakas et al. 2001; Barrot et al. 2002). The burr holes
were sealed with bone wax and the incision closed, after which
each rat was placed in a recovery box with a heat lamp overhead,
and monitored while recovering from anesthesia. Animals were
returned to the vivarium when they recovered from anesthesia
and were ambulatory. All rats received 24 h of postoperative an-
algesics (buprenorphine, 0.02 mg/kg SQ BID).

Behavioral training

Test of innate food preference
In order to verify that rats did not have an innate food preference
for any of the demonstrated foods, naive rats (n = 5) were put on
a 23 h food restriction schedule for 5 d. On the sixth day, the rats
were placed individually in a plastic-bottom cage (42 � 24 � 27
cm) with ∼12 g each of 2% cocoa, 1% cinnamon, and 1% ginger-
flavored rat chow in food cups placed equidistant from each
other. Rats were allowed to eat for 1 h. The difference among the
percentage of cocoa, cinnamon, and ginger-flavored rat chow
eaten was analyzed using ANOVA with significance set at
P < 0.05.

Social transmission of food preferences
The training procedures were adapted from those reported by
Winocur (1990) and Winocur and Moscovitch (1999) and de-
scribed previously (Countryman et al. 2005). The procedure was
modified to accommodate surgery and the time-course of trans-
gene expression. Experimental rats were randomly separated into
Subject (n = 33) and Demonstrator (n = 33) conditions. One day
before surgery, subjects and demonstrators were housed together
in a plastic-bottom cage (42 � 24 � 27 cm) lined with sawdust
bedding (Interaction). The rats were separated from physical con-
tact by a wire mesh screen with openings of ∼1 cm. The following
day, subjects received surgery to infuse 2 µL of HSV-mCREB
(n = 12), HSV-LacZ (n = 11), or saline (n = 10) bilaterally into
both the dorsal and ventral hippocampus, and afterward were
placed back into the interaction cage. Rat dyads were left undis-
turbed for 2 d with ad libitum access to water and regular rat
chow. All food was taken away from both the subjects and dem-
onstrators 23 h before STFP training. On the third day following
surgery, STFP training took place. Demonstrators were removed
from the interaction cage and allowed 30 min to eat cocoa-
flavored rat chow (2% cocoa in ground rat chow). Demonstrators
were then placed back in the interaction cage in order to interact
with subjects through the wire mesh screen. After 30 min, sub-
jects were removed from the interaction cage and placed in a
plastic-bottom cage (42 � 24 � 27 cm) for short-term memory
testing. Two food cups were located at opposite ends of the cage,
one containing ∼12 g of 2% cocoa-flavored rat chow and the
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other containing ∼12 g of 1% cinnamon-flavored rat chow. A
1-cm plastic ledge was fixed to the middle of the cage in order to
prevent scattered food from mixing. Subjects were given 1 h to
eat, after which they were returned to their home cages for 10 d.
Subjects were put on a 23-h food restriction schedule for 5 d prior
to long-term memory testing. Long-term memory testing took
place on the eleventh day following training (14 d following
surgery). Subjects were taken out of their home cages and again
placed in a plastic-bottom cage with ∼12 g of 2% cocoa-flavored
rat chow at one end and 1% ginger-flavored rat chow at the
other. Subjects were again allowed to eat for 1 h. Differences in
the percent of demonstrated food eaten among groups were ana-
lyzed using ANOVA with significance set at P < 0.05. Aposteriori
LSD tests were used to test main effects.

Histology
Following behavioral testing, cannulae placements for the ma-
jority of rats in the subject condition (n = 24) were confirmed by
cresyl violet staining. The remaining rats (n = 9) were included in
Western blot analysis of CREB protein levels. For these rats, can-
nulae placement was confirmed by visual inspection of the dis-
sected hippocampi. All needle tracts fell within the target region,
and no rats were excluded from statistical analyses on the basis of
this examination.

Tissue preparation

Western blot tissue preparation
Dissection of the hippocampus was performed on a chilled glass
stage. The tissue was weighed and homogenized in 5 vol of ice-
cold 20 mM Tris-HCL (pH 7.4) containing 0.25 M sucrose, 2 mM
EDTA, 10 mM EGTA, 5 mM dithiothreitol, 0.234 mM leupeptin,
0.1% triton X-100, and 1 mM PMSF. A fraction of the total ho-
mogenate (50 µL) was removed to measure total protein (Brad-
ford 1976). The remaining homogenate was mixed (1:1) with 2�
Laemlli sample buffer (0.2 M SDS, 20% glycerol, 10% �-mercap-
toethanol, 0.004% bromophenol blue, 1.5% Tris), boiled for 5
min, and stored at �20°C until Western blot analysis.

LacZ-staining tissue preparation
Under anesthesia (ketamine [100 mg/kg body wgt.]/xylazine [7
mg/kg body wgt.]), rats were perfused transcardially with 2%
NaNO3/0.9% saline, followed by 4% paraformaldehyde/0.1 M
phosphate buffer (PB). The brains were removed and placed in
4% paraformaldehyde for 3 h, after which they were placed in a
sucrose solution (20% sucrose/1% DMSO/0.1 M PB) overnight at
4°C; 50-µm sections were taken from the dorsal and ventral hip-
pocampus using a freezing microtome and stored in cryopro-
tectant (1.25% polyvinylpyrrolidone/37.5% ethylene glycol/
37.5% sucrose/0.05 M PB) at �20°C until further use. Coronal
sections were taken throughout the hippocampus (�2.56 to
�6.04 mm) relative to Bregma (Paxinos and Watson 1998).

Biochemical analyses

Western blot analysis
Samples of whole-tissue homogenate from individual rats in-
fused with HSV-mCREB, HSV-LacZ, or saline 3 (n = 9) or 14
(n = 9) d prior to dissection were normalized for total protein
content by dilution with a 1:1 mixture of 2� sample buffer:run-
ning buffer. Normalized total homogenates (25 µL) from both
samples (15 µg total protein) and standards (homogenate from
naive rats in a linear range from 7 to 18 µg total protein) were
resolved on 12% SDS–polyacrylamide gels and transferred elec-
trophoretically overnight at 4°C to PVDF immobilon membranes
(Millipore). PVDF membranes were probed with an antibody spe-
cific for CREB (CREB, 06–863, 1:750; Upstate Biotechnology
Inc.). Membranes were incubated in 1° antibody for 1.5 h, fol-
lowed by incubation (1.5 h) with 2° antibody conjugated to
horseradish peroxidase (1:10,000; Kierkegard & Perry Laborato-
ries). Before and after primary antibody incubation the mem-
branes were washed 3 � 5 min in 0.1 M PBS (pH 7.4) and blocked

3 � 5 min in 0.1 M PBS containing 5% nonfat dry milk and
0.03% Tween-20. Following the secondary antibody incubation,
the membranes were washed 15 � 6 min in 0.1% Tween-20/0.1
M PBS. All incubations and washes were conducted at room tem-
perature on a slow rocker. The immunoreactive bands were visu-
alized with the ECL-enhanced chemiluminescence kit (Amer-
sham Pharmacia Biotech) and filmed using Kodak Scientific im-
aging X-OMAT film.

Confirmation of �-galactosidase transgene expression
Sections (50 µM) from rats infused with HSV-mCREB, HSV-LacZ,
or saline 3 (n = 9) or 14 (n = 9) d prior to dissection were probed
overnight for �-galactosidase by incubation in 5 mM potassium
ferrocyanide, 4.8 mM potassium ferricyanide, 20 mM MgCl2, 0.1
M PBS, and 5-bromo-4-chloro-3-indolyl-�-D-galactopyramosi-
dase (0.2 mg/mL; Boehringer Mannheim) (Lim et al. 1996; Car-
lezon Jr. et al. 1997, 1998; Neve et al. 1997). Expression of �-ga-
lactosidase was confirmed by visual inspection of the area around
the injection site (Carlezon Jr. et al. 1998).

Image analysis

Western blot analysis
Densitometric analysis of the autoradiograms was performed us-
ing Flashpoint 128 Framegrabber and Scion Image (NIH Image
software equivalent for the PC). An integrated function of optical
density X band area was taken as the measure of protein in each
sample. Relative amounts of CREB were determined by regression
analysis from a standard curve prepared from known concentra-
tions of total protein (7–18 µg) from naive animals (Colombo et
al. 1997). Differences in total protein levels among groups were
analyzed using ANOVA with significance set at P < 0.05. Aposte-
riori LSD tests were used to test main effects.
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