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Abstract
In the present study, we examined the ability of post-training injections of cocaine to facilitate
spatial memory performance using the Morris water maze (MWM). We also investigated the role
that hippocampal protein kinase A (PKA) and extracellular signal-regulated kinase 1/2 (ERK)
signaling may play in cocaine-mediated spatial memory consolidation processes. Male and female
C57BL/6 mice were first trained in a MWM task (eight consecutive trials) then injected with
cocaine (0, 1.25, 2.5, 5, or 20 mg/kg), and memory for the platform location was retested after a
24 hr delay. Cocaine had a dose-dependent effect on spatial memory performance because only
the mice receiving 2.5 mg/kg cocaine displayed a significant reduction in latency to locate the
platform. No sex differences in MWM performance were observed; however, females showed
higher hippocampal levels of PKA when compared to males. A second experiment demonstrated
that 2.5 mg/kg cocaine enhanced MWM performance only when administered within 2, but not 4
hr after spatial training. We also found that cocaine (2.5 mg/kg) increased ERK2 phosphorylation
within the hippocampus and one of its downstream targets (ribosomal S6 kinase), a mechanism
that may be responsible, at least in part, for the enhanced cocaine-mediated spatial memory
performance. Overall, these data demonstrate that a low dose of cocaine (2.5 mg/kg) administered
within 2-hr after training facilitates MWM spatial memory performance in C57BL/6 mice.
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INTRODUCTION
Cocaine, a central nervous system stimulant, increases dopamine levels in the synaptic cleft
by blocking presynaptic dopamine transporter reuptake in brain regions such as the nucleus
accumbens and striatum (for review see Anderson and Pierce, 2005). This increase in
dopamine in the nucleus accumbens and striatal regions is important for the addictive and
locomotor stimulating properties of cocaine (Di Chiara et al., 2004; Koob and Nestler,
1997). Cocaine also increases synaptic dopamine and other monoamines in the hippocampus
(Krasnova et al., 2008), a brain area important for spatial memory (Duva et al., 1997; Nadel,
1991). Given that increased synaptic levels of monoamines are known to enhance learning
and memory performance (Brown et al., 2000; Luine et al., 1990), cocaine administration
would be expected to also improve memory. This idea is supported by studies showing that
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cocaine administration increases memory-associated proteins in the hippocampus
(Thompson et al., 2002). For example, cocaine increases protein kinase A (PKA) and
extracellular signal-regulated kinase 1/2 (ERK) signaling (Freeman et al., 2001; Tropea et
al., 2008; Valjent et al., 2004), which are important mediators for long-term-potentiation
(LTP), a phenomena underlying synaptic plasticity (Frey and Morris, 1998). The second
messenger cyclic adenosine monophosphate (cAMP) is presumed to be the mechanism
through which LTP is induced after dopamine receptor stimulation (Gurden et al., 2000; Jay
et al., 1998). Thus, when stimulated, dopamine receptors activate cAMP, which in turn
activates PKA and ERK signaling (Ambrosini et al., 2000; Bertran-Gonzalez et al., 2008).
ERK signaling, via the activation of other downstream kinases, such as ribosomal S6 kinase
of 90 kd (90RSK), leads to gene transcription via cAMP-response-element-binding-protein
(CREB), which is necessary for the growth of new synaptic connections associated with
LTP (Bailey and Kandel, 1993; McGauran et al., 2008).

Since spatial memory is positively correlated with synaptic monoamine levels (Beatty and
Rush, 1983; Luine et al., 1990; Packard and White, 1989) and post-training administration
of dopamine agonists have been found to enhance memory consolidation in several memory
systems (Bekinschtein et al., 2010; Brown et al., 2000; Castellano et al., 1996), cocaine may
be a useful tool to assess whether increases in dopamine levels facilitate spatial memory
consolidation in challenging hippocampal-dependent memory tasks (Martin and Clark,
2007). While the pattern of cocaine’s effects on memory consolidation processes across
different memory systems is unclear, experimental evidence suggests that acute
administration of cocaine (in low doses) after training may enhance memory performance in
fear conditioning paradigms (White et al., 1995; Wood et al., 2007), while chronic-
administration (or high dose treatments) may impair memory acquisition in spatial tasks
(Quirk et al., 2001). Although most of the data on cocaine’s effect on memory comes from
basic research, its effects on memory are evident in humans as well. For example, stimulants
(with similar properties to cocaine) have been used as cognitive enhancers in both academic
and military settings (Butcher, 2003; Caldwell et al., 1995; Grayson et al., 2004), where they
have been found to promote mental arousal and/or wakefulness in low to moderate doses
(Greely et al., 2008). In addition, high doses of cocaine in humans can lead to abuse and
result in poor memory performance (Bolla et al., 1999; Simon et al., 2002). Therefore, the
goal of this study was to assess whether a single post-training injection of a low dose of
cocaine facilitates spatial memory in C57BL/6 mice after Morris water maze (MWM)
training, and to determine whether PKA and ERK activity within the hippocampus correlate
with MWM performance as a function of acute cocaine administration.

MATERIALS AND METHODS
Animals

Male and female C57BL/6 mice (7 weeks old at time of arrival) were purchased from Harlan
Laboratories (Indianapolis, IN). Mice were housed 3-4 per cage and allowed to acclimate to
the colony room for 9 days prior to handling and behavioral testing. Specifically, mice were
housed in a room with a temperature of 22-23°C with a 12:12 hr light/dark cycle, and with
food and water accessible ad libitum. All procedures were conducted according to the 1996
National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals, and
approved by the Institutional Animal Care and Use Committee at California State University
San Bernardino.

Drug Treatment
Mice were randomly assigned to one of five conditions, and received a single intraperitoneal
(i.p.) injection of saline (VEH) or cocaine hydrochloride (1.25, 2.5, 5.0, or 20.0 mg/kg;
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Sigma St. Louis, MO) dissolved in 0.9% NaCl, immediately, 1, 2, or 4 hr after the
completion of spatial memory training as described below.

Apparatus
Morris Water Maze—The MWM was a white circular water tank 97 cm in diameter and
58 cm in height. The maze was filled with water to a depth of 18 cm. The water was made
opaque with white nontoxic paint, and its temperature was maintained at 24±1°C using a
standard heat-lamp. Around the perimeter of the water tank, four starting points (north,
south, east, west) were equally positioned, thus dividing the maze into four equal quadrants.
During spatial training, the escape platform (10 × 10 cm2) was submerged to a depth of 0.5
cm on the north-east quadrant. Extra-maze cues were placed throughout the walls of the
testing room.

Experiment 1
Habituation—All mice were handled for five days (5 min each time) in order to habituate
them to the experimenter. On the last day of handling (day 5), mice were also habituated to
the testing room for 20 min. This procedure was followed to reduce levels of stress by
handling and exposing the mice to the testing environment. Lastly, mice were also
habituated to the water immersion process (as described by Gresack and Frick, 2006).
Briefly, mice were given 4 shaping trials. On trial 1, each mouse was placed for 10 sec on
the escape platform (visible above water). For the remaining trials, each mouse was placed
at three distances progressively further from the platform and allowed to swim to the
platform. If the mouse did not find the platform within 60 sec, it was led to the platform by
the experimenter. No data were collected during habituation.

Spatial Training—Spatial water maze testing was performed as previously described
(Gresack and Frick, 2006; Packard and Teather, 1997b). The mice received one training
session of eight-trials (Training Day). Mice were placed in the water maze at one of the four
starting points and allowed 60 sec to freely swim and find the submerged escape platform.
Every starting point was used twice within the eight trials in a randomized fashion. If a
mouse did not locate the hidden platform within the allotted 60 sec, the experimenter
directed it to the escape platform. Once on the escape platform, each mouse was allowed 10
sec to view its surroundings (extra-maze cues). After every trial, each mouse was dried with
a towel and placed in a holding cage for a 45 sec inter-trial. At the end of the eight trials, the
mice were immediately injected with either VEH or cocaine (1.25, 2.5, 5.0, or 20.0 mg/kg),
and placed back into its home cage.

Test Day—Twenty-four hr after the last training trial and drug injection, the mice were
returned to the MWM for a single memory retention trial. All mice were released from the
same starting point (north point). Latency (sec) and velocity (cm/sec) to find the escape
platform were recorded via an automated computer tracking system (NOLDUS®). Lower
swim latencies were interpreted as better memory (Leon et al., 2010), while swim velocity
was used as a control for potential differences in swimming ability.

Tissue Preparation—Mice were killed by rapid decapitation immediately after
behavioral testing and their hippocampi were extracted bilaterally on dry ice and stored at
−80°C until assayed. Frozen tissue was placed in homogenization buffer [50 mM Tris (pH
7.4), 100 ng/ml aprotinin, and 5 mM EDTA] and homogenized using a hand-held Teflon
homogenizer (Crawford et al., 2006). Protein concentrations were determined using the Bio-
Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA) based on the Bradford method
(Bradford, 1976), using bovine serum albumin (BSA) as a standard.
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PKA Assay—PKA assays were performed as previously described (Crawford et al.,
2004,2006). Specifically, duplicate hippocampi homogenates containing approximately 4 μg
of protein for each subject were incubated for 5 min at 30°C in phosphorylation buffer [50
mM Tris (pH 7.4), 10 mM MgCl2, and 0.25 mg/ml BSA], containing 50μg of kemptide and
100 μg [γ-32P]ATP (ICN, Costa Mesa, CA). In addition, the buffer contained either cAMP
(10 μM) or protein kinase inhibitor (PKI, 6-22) amide (1 μM/reaction). Following
incubation, the phosphorylation mixture was blotted on phosphocellulose filter paper. The
filter paper was washed twice with 1% phosphoric acid for 5 min, followed by two 5 min
washes with double-distilled water. Filters were then placed in scintillation fluid and
quantified by liquid scintillation spectrometry. PKA activity was defined as the difference
between PKA activity in the presence of 8-bromo-cAMP and that measured in the presence
of PKI. PKA activity was measured in units of nmol/min/mg protein.

Experiment 2
Because no differences in spatial memory performance were observed between male and
female mice in Experiment 1, we selected to use only male mice in this follow up
experiment. Here, mice were habituated and trained on the MWM in a similar manner as in
Experiment 1 (see above). Mice were randomly assigned to receive an acute injection of
VEH or cocaine (2.5 mg/kg), immediately, 1, 2, or 4 hr after spatial training (i.e., after the
completion of trial-8). Mice were returned to the water maze 24 hr later for a single retention
trial (Test Day). Immediately after, mice were decapitated and bilateral hippocampi were
extracted on dry ice and stored at −80°C until assayed. In addition, a separate group of naïve
mice (no MWM spatial training) received an acute injection of either VEH or cocaine (2.5
mg/kg) and were killed 40 min later, in order to assess the effects of acute cocaine on ERK
signaling. This approach was taken because acute stressors (i.e., swimming and/or
temperature changes) increase the phosphorylation of ERK in various brain regions (Iñiguez
et al., 2010a), including the hippocampus (Shen et al., 2004; Zheng et al., 2008).

Western Blot Analysis—Western blots were performed as described (Iñiguez et al.,
2010a). Briefly, hippocampi from mice were sonicated in a standard lysis buffer and then
centrifuged at 14,000 rpm for 15-min. Samples (20 μg; estimated through Bradford assay)
were treated with β-mercaptoethanol and subsequently electrophoresed on precast 4%-20%
gradient gels (Bio-Rad, Hercules, CA). Proteins were transferred to a polyvinylidene
fluoride membrane, washed in 1× Tris-buffered saline with 0.1% Tween-20 (TBST), and
blocked in milk dissolved in TBST (5% w/v) for 1 hr at 25°C. Blots were probed (overnight
at 4°C) with antibodies against the phosphorylated forms of the protein [except
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)] and then stripped (Restore; Thermo
Fisher Scientific) and probed with antibodies against total protein of the same type.
Antibodies were from Cell Signaling Technology, Beverly, MA [ERK1/2, 90RSK, and
GAPDH, phospho (p)-protein and total (t)-protein] and were used according to the
instructions of the manufacturer (in 5% milk dissolved in TBST). After further washes,
membranes were incubated with peroxidase-labeled goat antirabbit IgG or horse antimouse
IgG (1:40,000; Vector Laboratories, Burlingame, CA). Bands were visualized with
SuperSignal West Dura substrate (Pierce Biotechnology, Rockford, IL) and quantified
(normalized to GAPDH) using ImageJ (NIH).

Data Analysis
The behavioral data was analyzed using two- and one-way analysis of variance (ANOVA)
for repeated measures with experimental group (sex and drug) and swim-trial (repeated
measure) as sources of variance for spatial memory (similar to Choopani et al., 2008; Leon
et al., 2010; Packard and Teather, 1997a; Packard and Teather, 1997b). Post hoc
comparisons were analyzed using Tukey test. Hippocampal PKA activity was also analyzed
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using two- and one-way ANOVAs with drug and/or sex as sources of variance. Western
immunoblots were analyzed using student’s t-test. Data are expressed as the mean ± SEM.
In all cases, statistical significance was defined as p<0.05.

RESULTS
Experiment 1

Body Weights—The body weight of each mouse (females, n=55; males, n=52) was
recorded before and after drug administration in order to evaluate whether cocaine treatment
would influence weight-gain between the training and testing days (see Table 1). A two-way
ANOVA indicated that body weight did not differ prior to drug administration (Training
Day) between the groups as a function of group assignment (main effect, p>0.05), or a sex
by group assignment interaction (p>0.05). Conversely, a significant sex main effect was
observed (F1,97=124.99, p<0.0001), with females displaying lower weights when compared
to males. Similar results were obtained on the Test Day (24 hr post drug administration),
with females showing lower body weight when compared to males (F1,97=127.08,
p<0.0001), but this effect was not dependent on drug administration (main effect, p>0.05),
or their interaction (sex by drug; p>0.05). Importantly, this finding indicates that water maze
performance was independent of cocaine’s effects on body weight between male and female
mice.

Spatial Memory Training—All mice (N=107) learned to locate the escape platform in a
similar fashion during spatial training (swim trials 1-8) prior to drug administration
(n=10-12/group). There were no statistical mean group differences in latency [time to locate
the escape platform (sec)] prior to drug injection as a function of group assignment (main
effect, p>0.05), sex (main effect, p>0.05; Fig. 1a inset), or group assignment by sex
interaction (p>0.05). Similarly, there were no group differences in swim velocity (cm/sec)
prior to cocaine exposure on the Training Day as a function of group assignment (main
effect, p>0.05), sex (main effect, p>0.05, Fig. 1b inset), or group assignment by sex
interaction (p>0.05). Importantly, during spatial training (trials 1-8), significant main effects
of swim trial for latency (F7,679=4.08, p<0.0001; Fig. 1a) and velocity (F7,679=5.29,
p<0.0001; Fig. 1b) in the absence of significant trial by group assignment (p>0.05), trial by
sex (p>0.05), and trial by group assignment by sex (p>0.05) interactions, indicated that mice
were taking less time (while swim velocity was variable) to locate the platform across the
eight training trials. Specifically, Tukey post hoc comparisons indicated that for swim
latency (sec), the last two trials (trails 7-8) where significantly lower when compared to
swim trial 1 (p<0.05). In a somewhat similar pattern, the last six swim trials (trials 3-8) were
significantly lower when compared to swim trial 2 (p<0.05), but not swim trial 1 (p>0.05),
when swim velocity (cm/sec) was assessed. To ensure that no differences between the
groups existed by the end of spatial training, and that all subjects performed similarly,
additional one-way ANOVAs were conducted on trial 8 with group assignment (although no
drug had been administered) as an independent variable for latency (p>0.05) and velocity
(p>0.05). Also, a separate non-significant (p>0.05) one-way ANOVA, with sex as the
independent variable, indicated that females and males performed similarly in trial 8 to
locate the platform (latency) prior to drug injection, further demonstrating that female and
male mice did not differ prior to drug exposure. Together, all behavioral data from the
Training Day indicated that all mice performed similarly and did not differ as a function of
group assignment or sex prior to cocaine administration. Because sex differences were not
detected throughout spatial memory training (trials 1-8) all subsequent data of both male and
female mice were collapsed for further analysis on Test Day.
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Test Day: MWM Performance 24 hr Post Cocaine Administration—The effects of
post-training injections of cocaine (0, 1.25, 2.5, 5, and 20 mg/kg) on spatial memory
retention are displayed in Figure 2. In contrast to trial 8 (last trial prior to drug
administration), the groups statistically differed 24 hr post injection (Test Day) as a function
of drug dose. More specifically, a one-way ANOVA with drug as source of variance for
latency (F4,102=3.90, p<0.05), followed by Tukey post hoc tests, indicated that the mice
receiving 2.5 mg/kg cocaine found the escape platform in significantly less time (sec) when
compared to controls (see Figure 2a). Furthermore, the 2.5 mg/kg cocaine group differed
from the groups administered with 1.25, 5.0, and 20.0 mg/kg cocaine (Tukeys, p<0.05,
respectively). Importantly, swim velocity was not affected by the administration of cocaine
on Test Day (drug main effect, p>0.05; Figure 2b). Together, these data indicate that MWM
performance on Test Day was dependent on cocaine’s effect on spatial memory retention
and not on individual or drug-induced effects on motor ability.

Hippocampal PKA Activity—On Test Day, there was a significant difference in
hippocampal PKA activity between female (n=20) and male (n=20) mice (sex main effect:
F1,32=9.37, p<0.05). As shown in Figure 3a, female mice exhibited higher levels of
hippocampal PKA activity than male mice. Further analysis showed that PKA activity was
dependent of drug administration within the female group (F3,16=11.36, p<0.05; Figure 3b).
When compared to controls, the female mice (n=5/group) administered with 2.5 (p<0.05),
5.0 (p<0.05) and 20.0 (p<0.05) mg/kg of cocaine displayed higher hippocampal PKA
activity. This cocaine-dependent PKA increase was not observed in male mice (p>0.05;
Figure 3c; n=5/group).

Experiment 2
Cocaine facilitates spatial memory in a time-dependent manner—To assess
whether the enhancement of spatial memory performance was dependent on time of cocaine
administration, we trained a separate group of male C57BL/6 mice (N=80) on the MWM.
Here, mice received an injection of cocaine (0 or 2.5 mg/kg) immediately, 1, 2, or 4 hr
(n=9-11/group) after the last training trial (trial 8). Twenty-four hrs later (Test Day), mice
returned to the MWM for a single retention swim trial in order to assess memory for the
location of the escape platform. As observed in Experiment 1, the data from the Training
Day in this second experiment indicated that all mice learned the location of the platform in
a similar fashion (Fig. 4). This was evident by a non-significant group assignment main
effect (p>0.05) and by a lack of swim trial by group assignment interaction (p>0.05) on the
time (sec) it took the mice to locate the platform, without affecting swim velocity (cm/sec)
as a function of group assignment (main effect, p>0.05) or by the absence of a trial by group
assignment interaction (p>0.05). On the other hand, significant swim trial (within group
variable) main effects on the time to locate the platform (latency: F7,546=7.85, p<0.0001)
and swim velocity (F7,546=6.51, p<0.0001) were reached (see Fig. 4a-b, respectively). Thus
indicating that mice, regardless of group assignment, learned the location of the platform in
a similar fashion (decreasing time and velocity to locate the platform across trials) prior to
drug injection. This was evident by significant swim trial differences between trial 1 and the
last three swim trials (trials 6-8) in both the latency (Fig. 4a) and velocity (Fig. 4b) to reach
the escape platform (p<0.05, respectively). On the Test Day (Fig. 5), a two-way ANOVA
(drug by time-delay) indicated that mice treated with 2.5 mg/kg cocaine spent significantly
less time (sec) to locate the escape platform when compared to mice treated with VEH (drug
main effect: F1,72=14.37, p<0.0001). Furthermore, a significant time-delay main effect
(F3,72=14.48, p<0.0001) indicated that the time to locate the escape platform was dependent
on delay of injection after the last swim trial (Fig. 5a). That is, the mice receiving cocaine
located the platform in shorter time when the drug was administered immediately (p<0.05),
1 (p<0.05), or 2 hr (p<0.05) after the last training trial when compared to controls. No
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differences in time to locate the escape platform (p>0.05) were observed between the groups
administered with 2.5 mg/kg cocaine or VEH 4 hr after the last training trial. Importantly, no
differences in swim velocity (cm/s) were observed between the groups as a function of drug
treatment (main effect; p>0.05), time-delay (main effect; p>0.05), or their interaction (drug
by time-delay; p>0.05), thus indicating that performance in the MWM was independent of
any potential individual- or cocaine-induced locomotor effects (Fig. 5b).

Cocaine Increases Hippocampal ERK Signaling—Immunoblot analysis was used to
examine the effects of cocaine (2.5 mg/kg) on ERK signaling (Fig. 6), as measured by
phosphorylation levels of ERK1, ERK2, and one of its downstream targets, 90RSK, within
the hippocampus of mice exposed to cocaine immediately after spatial training (n=6/group;
all normalized to GAPDH). Figure 6a shows immunoblots of hippocampi homogenates
representing averages of expression levels of pERK1, pERK2, p90RSK, and GAPDH of
mice on Test Day. Cocaine increased the levels of p90RSK when compared to VEH-treated
controls (t10=3.31, p<0.01). Also, cocaine appeared to increase the levels of pERK2,
although this increase was not statistically significant (t10=2.01, p=0.07), without
influencing pERK1 (p>0.05). Lastly, cocaine (2.5 mg/kg) did not affect the total levels of
these proteins: tERK1, tERK2, and t90RSK (p>0.05, respectively; all normalized to
GAPDH) when compared to VEH-treated controls (see Fig. 6b).

A separate group of naïve male mice (n=5/group) received an acute cocaine (0 or 2.5 mg/kg)
injection and hippocampal tissue were extracted 40 min after to assess whether cocaine
alone (without MWM training) influenced ERK signaling within this brain region (see Fig.
6c-d). We chose this approach because acute stress (i.e., swimming) increases hippocampal
ERK activity (Shen et al., 2004; Zheng et al., 2008). In Figure 6c we show that acute
cocaine administration increased the levels of pERK2 (t8=2.45, p<0.05), without changing
pERK1 (p>0.05), p90RSK (p>0.05), or the total levels of these enzymes (p>0.05,
respectively; Fig. 6d) when compared to VEH-treated controls.

DISCUSSION
The goal of the present study was to assess whether cocaine facilitates MWM spatial
memory consolidation in C57BL/6 mice. This approach was taken because (1) previous
work in rodents and humans suggest that stimulant use in low doses are beneficial, whereas
high doses are detrimental, to performance on cognitive tasks (Wood et al., 2007), (2)
stimulants increase dopamine, and dopamine modulates memory consolidation processes
(i.e., LTP) by increasing intracellular levels of PKA and, along other signaling molecules,
(3) converge on the ERK signaling cascade (Hinoi et al., 2002; Impey et al., 1998). Once
activated, hippocampal ERK plays a role in gene expression by phosphorylating
transcription factors and promoting chromatin modification, essential components for spatial
long-term memory consolidation processes (Blum et al., 1999; Chwang et al., 2006;
Levenson et al., 2004; Satoh et al., 2007). To this end, male and female C57BL/6 mice were
trained on a single-day MWM spatial task, injected with VEH or cocaine and the memory
for the escape platform was tested after a 24 hr delay. This behavioral protocol was adopted
in order to avoid any possible confounding effects of pre-training drug administration on test
performance given the motor enhancing properties of cocaine.

Our results show that both male and female mice performed similarly on the MWM, as there
were no differences in the latency or swim velocity to locate the escape platform between
the groups throughout spatial training. Although previous research suggests that males
usually outperform females on spatial tasks (Gresack and Frick, 2003), gender differences
are not always reported (Faraji et al., 2010; Healy et al., 1999), or they occur as a function of
task difficulty (Berger-Sweeney et al., 1995; Coluccia and Louse, 2004), thus it is possible
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that our single-day protocol may not have been challenging enough to promote/unmask sex
differences. Interestingly, the optimal dose of cocaine to facilitate spatial ability (in both
male and female mice) was 2.5 mg/kg (see Fig. 2a), with an overall u-shaped function where
both the lowest and higher doses did not affect MWM performance. These results are in
agreement with previous reports demonstrating that 2.5 mg/kg cocaine facilitated memory
performance on shock avoidance memory tasks in mice (Castellano et al., 1996; Cestari and
Castellano, 1996). Importantly, our data further suggests that these cocaine-induced effects
are time dependent, since enhanced spatial memory performance was observed only in
animals receiving 2.5 mg/kg cocaine within 2 hr of MWM training (see Fig. 5a). These
results are likely due to cocaine’s ability to facilitate spatial memory consolidation
processes, since no differences in swim velocity or body weight as a function of cocaine
treatment were observed between any of the groups (see Table 1, Figs. 2b and 5b).
Interestingly, the highest cocaine dose (20 mg/kg) did not impair MWM performance, and
although these mice took longer to locate the platform, they did not differ statistically from
controls. Previous investigations have reported that high doses of cocaine (20-40 mg/kg)
administered chronically prior to, or during training, impair memory consolidation on
MWM-related tasks (Coluccia and Louse, 2004; Quirk et al., 2001). However, in the present
study, exposure to 20 mg/kg cocaine after training did not impair MWM performance. These
variable results can be attributed to differences in experimental design, as cocaine was
administered acutely (one time only) after training in the present investigation.
Alternatively, it is possible that 20 mg/kg was not high enough to induce memory
impairment, as it was marginally close to those cocaine doses previously found to facilitate
memory performance in rats tested in a Pavlovian appetitive approach test or a lever-release
conditioned avoidance task (Taylor and Jentsch, 2001; White et al., 1995).

We further report here that female mice displayed higher levels of PKA activation as
compared to males when assessing the role of hippocampal PKA in spatial memory
consolidation processes after cocaine administration. In addition, we demonstrate that
hippocampal PKA levels increased as a function of cocaine within the female groups. This
finding is not surprising given that female rodents are generally more sensitive than males to
drugs of abuse by demonstrating greater behavioral responses (Becker et al., 2001; Chin et
al., 2002; Festa et al., 2004; Halladay et al., 2009). These results further parallel the work by
others that have reported sex differences in PKA activity after acute cocaine administration
within brain areas other than the hippocampus (Nazarian et al., 2009), or after drug
pretreatment during the preweanling period, with females displaying higher PKA levels, as
compared to males, when assessed in adulthood (Crawford et al., 2006). Interestingly, this
cocaine dose-dependent increase of hippocampal PKA activity was not observed in the male
mice (see Fig. 3c). This was surprising, since hippocampal PKA signaling is known for
playing a critical role in associative memory formation (Kandel et al., 2000; Micheau and
Riedel, 1999; Sunyer et al., 2009). Within this framework, it is conceivable that the lack of
cocaine-induced PKA changes in the male groups indicates that hippocampal PKA-related
signaling mechanisms underlying cocaine-facilitated spatial memory (in a single-day spatial
MWM task) may differ between male and female mice in a task-dependent manner (Abel et
al., 1997). This is likely the case as recent evidence suggests that other types of learning,
such as contextual fear conditioning, exhibit sex-specific molecular differences within this
brain region (Gresack et al., 2009).

Another signaling molecule that plays an important role in spatial memory is ERK
(McGauran et al., 2008; Morozov et al., 2003; Peng et al., 2010). To assess the role of ERK
in spatial memory consolidation processes after cocaine administration, we extracted
hippocampal tissue of male C57BL/6 mice immediately after the MWM task in our second
experiment. We found evidence that ERK signaling was increased in the animals showing
better spatial performance (lower time to locate the platform), as shown by a significant
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increase in the phosphorylation of one of its downstream targets, namely 90RSK. Because
acute stress also activates ERK signaling (Iñiguez et al., 2010a; Shen et al., 2004; Zheng et
al., 2008), we also assessed the effects of acute 2.5 mg/kg cocaine alone on ERK signaling
in a separate group of male naïve mice to rule out stress-induced effects on ERK
phosphorylation. Indeed, we found that cocaine was sufficient to increase the
phosphorylation of ERK2, without influencing 90RSK, indicating that ERK signaling was
dependent on the spatial task (Cahill et al., 2003; Sandi et al., 1997) in addition to cocaine,
thus likely contributing to facilitated spatial memory retention (McGauran et al., 2008).

Together, our findings suggest that ERK2 phosphorylation induced by cocaine (2.5 mg/kg)
administration correlates with better spatial MWM performance, although not activated
directly via PKA between males and females. This is possible because activation of the ERK
pathway can be mediated via various signaling pathways that include PKA, protein kinase
C, growth factors, tyrosine kinases, calcium, and a variety of guanine nucleotide binding
proteins (G-proteins) through both Ras-dependent and Ras-independent signaling pathways
(for review see, Peng et al., 2010; Yao and Seger, 2009). Interestingly, PKA has also been
found to increase or decrease the phosphorylation of ERK via different isoforms of the
upstream G-protein Raf (Cook and McCormick, 1993; Konig et al., 2001; Kwong and Chin,
2010). Thus, cocaine-induced facilitation of spatial memory may be mediated via different
signaling molecules upstream of ERK, with females, but not males, showing a hippocampal
PKA-dependent mechanism. Clearly, further molecular research is needed to better assess
this hypothesis.

Although it is well established that the hippocampus is of critical importance for spatial
memory performance (Duva et al., 1997; Nadel, 1991; Sekeres et al., 2010), we cannot rule
out the possibility that other brain areas involved in cocaine-induced motivated behaviors,
such as the ventral tegmental area (Iñiguez et al., 2008), the striatum (Velazquez-Sanchez et
al., 2009), and the prefrontal cortex (Li et al., 2008), may contribute to the cocaine-induced
facilitated spatial memory retention observed in our investigation (see Leon et al., 2010;
Mizumori et al., 2009; Swanson, 1982). For example, in the ventral tegmental area of the
midbrain, stress and cocaine influence the activity of ERK signaling (Bradberry and Roth,
1989; Iñiguez et al., 2010a; Iñiguez et al., 2010b) and the firing rate of dopaminergic
neurons within this brain region (Marinelli et al., 2006), factors that have been linked to
learning associations between contextual stimuli and motivational/rewarding events (Fields
et al., 2007). The hippocampus receives dopaminergic inputs from the ventral tegmental area
(Swanson, 1982), and disruption of its firing rate negatively influences spatial memory tasks
(i.e., radial arm maze performance; Martig and Mizumori, 2010). Therefore, it is
conceivable that the acute stress of swimming, in addition to the low dose of cocaine (2.5
mg/kg), may have resulted in additive effects by increasing the firing rate of ventral
tegmental area neurons projecting to the hippocampus, which, in turn, may increase ERK2
signaling within this brain region. Within this framework, it is possible to conceive the
notion that the facilitation of spatial memory consolidation by systemic administration of
cocaine may be the result of a multidimensional and complex interaction between different
brain regions, in addition to the hippocampus, that govern distinct types of dopamine-
associated learning (Jay, 2003; Mizumori et al., 2009).

In summary, our results demonstrate that an acute low dose of cocaine (2.5 mg/kg) after
spatial training can facilitate performance in the MWM task in C57BL/6 mice. This
behavioral alteration is accompanied by increases of molecular markers involved in
hippocampal dependent memory function, namely ERK2 signaling (Hebert and Dash, 2002;
Martin and Clark, 2007). Our data further highlights the importance of drug dose as a critical
factor in mediating enhanced spatial memory performance, and the hippocampal
mechanisms that may contribute to the effects of stimulants on memory function.
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Figure 1.
All mice exhibited similar acquisition performance during spatial training (eight training
trials) of the Morris water maze task. (a) Mean latency (sec) and (b) swim velocity (cm/sec)
decreased across training trials, indicating the acquisition of the spatial memory task by all
mice. No differences between male and female C57BL/6 mice [latency to locate the escape
platform (inset a) or swimming velocity (inset b)] were observed. Mice received an injection
of cocaine (0, 1.25, 2.5, 5, or 20 mg/kg) immediately after trial 8 (arrow). *Indicates p<0.05
when compared to swim trial 1. βIndicates p<0.05 when compared to swim trial 2.
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Figure 2.
Effects of a post-training injection of cocaine (0, 1.25, 2.5, 5 or 20 mg/kg) on (a) latency
(sec) and (b) swim velocity (cm/sec) to locate the escape platform 24 hr after spatial training
on the Morris water maze (Test Day). Mice receiving 2.5 mg/kg of cocaine performed
significantly better than controls or those receiving 1.25, 5 or 20 mg/kg on Test Day. No
differences in swim velocity were observed between any of the groups on the Test Day (b).
Data is presented as a percent of VEH treated controls. *Indicates p<0.05 when compared to
controls.
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Figure 3.
Mean hippocampal PKA activity (nmol/min/mg protein) of female and male C57BL/6 mice
on Test Day, 24 hr after eight training trials on the Morris water maze and injected with
cocaine (0, 2.5, 5, or 20 mg/kg). Female mice displayed overall higher PKA activity when
compared to males 24 hr after spatial memory training and cocaine administration (a).
Female mice showed a dose-dependent increase of hippocampal PKA as a function of
cocaine administration (b). No differences in PKA activity as a function of cocaine were
observed in male mice (c). *p<0.05 when compared to controls.
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Figure 4.
All male mice exhibited similar acquisition performance during spatial training (eight
training trials) of the Morris water maze task. (a) Mean latency (sec) and (b) swim velocity
(cm/sec) decreased across training trials, indicating the acquisition of the spatial memory
task by all mice. Mice received an injection of cocaine (0 or 2.5 mg/kg) immediately, 1, 2,
or 4 hr after trial 8. *Indicates p<0.05 when compared to swim trial 1.
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Figure 5.
Effects of post-training injections of cocaine (2.5 mg/kg) after 0, 1, 2, or a 4 hr delay after
the last spatial training trial. The moderate low dose of cocaine facilitated spatial memory
performance on the Morris water maze only when administered within 2 hr of spatial
memory training (a). Cocaine did not influence swim velocity (cm/sec) between any of the
groups across the different time delays (b). Data is presented as a percent of VEH-treated
controls. *Indicates p<0.05 when compared to controls.
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Figure 6.
Representative Western blot of the effects of acute cocaine (2.5 mg/kg) on expression of
hippocampal ERK1/2 signaling in C57BL/6 male mice. On Test Day (a-b), 24 hr after
spatial memory training and drug administration, cocaine (2.5 mg/kg) increased the levels of
p90RSK, without affecting pERK1 (p>0.05), pERK2 (αp=0.07), or total (p>0.05) levels of
protein when compared to controls (all normalized to GAPDH). Acute cocaine (2.5 mg/kg)
in naive C57BL/6 mice (c-d) selectively increased hippocampal pERK2, without affecting
pERK1, p90RSK, or total levels of protein (all normalized to GAPDH). VEH, saline-treated
animals. *Indicates p<0.05 when compared to controls.
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