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Abstract
Chronic exposure to cocaine increases the activity of extracellular signal-regulated kinase
(ERK1/2) in the ventral tegmental area (VTA), a neural substrate for drugs of abuse. However, the
functional significance of changes in ERK1/2 activity in this brain region is unknown. Using
herpes simplex virus-mediated gene transfer to regulate ERK2 activity within the VTA in male
rats, we show that overexpressing ERK2 increases preference for environments previously paired
with low doses of cocaine and enhances cocaine-induced locomotion, whereas blocking ERK2
activity blocks cocaine-induced place conditioning and locomotor activity. These results
demonstrate that ERK2-signaling within the VTA is a key modulator of functional responses to
cocaine.
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Repeated exposure to drugs of abuse results in long lasting cellular, molecular and
behavioral adaptations in mesolimbic dopamine neurons–originating from the ventral
tegmental area (VTA) and projecting to target regions such as the nucleus accumbens
(NAc)–that have been implicated in the transition from drug use to abuse [24,38]. Within
this VTA-NAc neural pathway, it has been demonstrated that neurotrophins and their
signaling cascades play an important role in mediating cellular and behavioral responses to
drugs of abuse [7,19,33]. Among other adaptations, chronic exposure to cocaine or
morphine causes changes in VTA neurotrophin signaling proteins, including the
upregulation of extracellular signal-regulated kinase (ERK) signaling [6,40]. ERK, a
member of the mitogen-activated protein kinase (MAPK) family, consists of two isoforms
(ERK 1 and 2) and has been implicated in responses to drugs of abuse [19,29]. Specifically,
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global ERK1/2 signaling has been implicated in the development of preference for
environments previously paired with cocaine [30,40], the sensitized locomotor responses to
the stimulant [35,41], and the self-administration and seeking of the drug [15,28]. However,
it is not known how discrete modulation of ERK activity within specific brain regions, such
as the VTA per se, prior to drug exposure may influence behavioral responsivity to drugs of
abuse. Determining the specific role this protein kinase plays in response to drugs of abuse
has proven difficult given that the pharmacological tools available to inhibit ERK lack
specificity [13,32], and the use of knockout models presents additional limitations as well,
since genetic inactivation of ERK2 is lethal [1], while ERK1 knockouts display altered basal
locomotor activity [37] accompanied by compensations of enhanced ERK2 signaling in the
brain [18], thus making behavioral interpretation difficult. Consequently, the present study
was designed to directly assess the functional consequences of ERK2 modulation on
behavioral responses to cocaine using locomotor activity and conditioned place preference
(CPP) paradigms, after selectively increasing or blocking ERK2 activity in the VTA by
microinjecting a herpes simplex virus (HSV) vector encoding a wild type (HSV-wtERK2) or
a dominant negative mutant form (HSV-dnERK2) of this protein.

Adult male Sprague-Dawley rats were anesthetized with an intramuscular injection of a
ketamine/xylazyne cocktail (80/10 mg/kg), and given atropine (0.25 mg/kg) subcutaneously
to minimize bronchial secretions and given bilateral microinjections (1.0 μl per side over 10
min) of and HSV vector encoding green fluorescent protein (HSV-GFP), HSV-wtERK2, or
HSV-dnERK2, in established VTA coordinates, AP: −4.9, Lat: +2.2, DV: −7.6 mm below
dura, angled at 10° from the midline [23]. Only needle placements ranging from −4.9 and
−5.5 mm from Bregma were included in this study. The construction of the HSV vectors has
been described [31], and the ERK2 virus have been validated in vivo and in vitro [22,26].
Behavioral testing commenced 3 days after viral surgery, a time at which maximal transgene
expression is observed [10]. No detectable HSV expression was seen in either efferent (e.g.,
NAc) or afferent (e.g., dorsal raphé) regions of the injected area. Histological assessment of
microinjections and transgene detection was performed as described [22].

Place preference conditioning was carried out in a three-chamber apparatus as described
[9,23]. On the preconditioning day (day 0), rats were allowed to freely explore the entire
testing apparatus for 30 min to obtain baseline preference to any of the three compartments
(side compartments: 35 × 27 × 25 cm; middle compartment: 10 × 27 × 25 cm). Only rats
showing no spontaneous preference to either compartment were used (unbiased procedure);
this accounted for more than 90% of all of the rats tested. Rats then received bilateral
microinjections of HSV vectors into the VTA, and were allowed to recover for two days.
After recovery, conditioning trials (two per day) were given on two consecutive days (day 3
and 4). During the conditioning trials, rats received an intraperitoneal (IP) saline injection (1
ml/kg) and were confined to one of the compartments of the apparatus for 1 hr. After 3 hr,
rats received cocaine (0, 2.5, 5, or 10 mg/kg, IP; Sigma-Aldrich, St. Louis, MO) and were
confined to the opposite side compartment for 1 hr. Conditioning trials were
counterbalanced such that half the rats received drug in one compartment and the other half
received the drug in the opposite compartment. On the final day (day 5), rats were again
allowed to freely explore the entire apparatus for 30 min.

Two experiments were conducted to assess how ERK activity within the VTA influences
cocaine-induced locomotor activity. In experiment one, locomotor activity was measured
each day for 2 hr in automated (75 cm diameter × 15 cm wide, 4 photocell beams) circular
activity chambers (Med Associates, St. Albans, VT). Rats were exposed to the chambers
after one saline injection each day for 3 consecutive days and underwent HSV surgery at the
end of day 3. On day 5, rats received an acute saline injection saline to assess whether
surgery itself changed baseline locomotion. Rats were then randomly assigned to receive
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cocaine (2.5, 5.0 or 10 mg/kg) once daily for 5 consecutive days (starting on day 6). One day
after the last cocaine injection (day 11), rats were given a saline injection to assess whether
they were responding to the injection itself or to cocaine, and were rested for 1 week. At the
end of the rest period (day 18), rats were challenged with 2.5, 5.0 or 10 mg/kg cocaine
(according to original group assignment). The second experiment was conducted in a similar
fashion, with the exception that on day 15 (i.e., 3 days before challenge day) rats received
viral infusions (HSV-GFP, -wtERK2, or -dnERK2). Only rats showing enhanced behavioral
responding to cocaine on the last day of cocaine treatment (day 10) were assigned to various
viral conditions. Three days after viral infusion (day 18) all rats were challenged with 10
mg/kg cocaine.

Figure 1a shows the region of the VTA to which microinjections of HSV vectors (HSV-
GFP, -wtERK2, or -dnERK2) were targeted. Confocal microscopy (Fig. 1b) revealed that
the percentage of tyrosine hydroxylase (TH)-positive neurons overexpressing GFP-wtERK2
in the VTA was similar (~53%) to previous findings [26]. The effects of HSV treatments on
cocaine (0, 2.5, 5, and 10 mg/kg) CPP are shown in Figure 1c (N=97). Time spent in the
cocaine-paired compartment varied as a function of virus- (F(2,85)=19.08, p<0.0001) and by
drug-treatment (F(3,85)=10.61, p<0.0001), as well as their interaction (virus × drug
interaction: F(6,85)=4.69, p<0.0001). Rats receiving viral-vector treatments [HSV-GFP (n=7/
group), HSV-wtERK2 (n=9/group), dnERK2 (n=8–9/group)] and conditioned to saline did
not show preferences for either side of the compartments. Conversely, rats receiving HSV-
wtERK2 microinjections into the VTA spent significantly more time in environments paired
with moderate doses (2.5 and 5 mg/kg) of cocaine (p<0.05), whereas rats receiving HSV-
dnERK2 microinjections did not consistently approach the cocaine-paired environments. In
fact, microinjecting HSV-dnERK2 into the VTA resulted in avoidance of the cocaine-paired
compartment (5 mg/kg; p<0.05).

Figure 2a–c shows the effects of virus treatment [-GFP (n=9–10/group), -wtERK2 (n=8–
9group), -dnERK2 (n=9/group)] on cocaine-induced (2.5, 5, or 10 mg/kg) locomotor activity
(N=81). Figure 2a shows that baseline locomotion was similar across the groups before and
2 days after surgery, thus indicating that surgery alone, or the virus treatments, did not affect
spontaneous locomotor activity. Figure 2b compares behavioral responding to cocaine (2.5,
5, and 10 mg/kg) on day 6 (first cocaine exposure), day 10 (last day of cocaine before rest
period), and day 18 (challenge day) in all groups. These rats also received a saline injection
on day 11 to assess for potential conditioned locomotor activity effects. No differences in
behavioral responding to saline in any of the groups were revealed (data not shown). A three
way ANOVA yielded significant main effects of virus (F(2,216)=44.38, p<0.0001), drug
(F(2,216)=83.28, p<0.0001), and day (F(2,216)=18.52, p<.0001). Behavioral responses to
cocaine also varied as a function of virus × drug interaction (F(4,216)=2.87, p<0.02). No
differences were observed between the groups treated with 2.5 mg/kg cocaine. Conversely,
post hoc analysis revealed significant differences between the groups treated with 5 mg/kg
cocaine on day 6, indicating that behavioral responses were significantly higher for the
HSV-wtERK2-treated rats (p<0.05), and trended to be lower for the HSV-dnERK2-treated
rats (p=0.056), when compared to controls (HSV-GFP). As expected for the higher dose of
cocaine (10 mg/kg), the HSV-GFP group had enhanced locomotor responding on days 10
and 18 when compared to day 6 (p<0.05), indicating the expression of locomotor
sensitization. Also, rats microinjected with HSV-wtERK2 had a greater overall behavioral
responding to cocaine (10 mg/kg) than controls on day 6, which suggest that overexpression
of ERK2 increases behavioral sensitivity to acute cocaine. In addition, these rats showed
enhanced sensitivity to the stimulant on day 18, as compared with their behavioral
responding on day 6 (p<0.05), but not when compared to day 10. Interestingly, the
magnitude of their behavioral responding (wtERK2) did not significantly differ from that in
the HSV-GFP group on day 18 (challenge day), suggesting that wtERK2 did not enhance the
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degree of locomotor sensitization compared to control animals. Conversely, no differences
were apparent between day 6 and day 10 in the dnERK2-treated rats receiving 10 mg/kg
cocaine. Furthermore, these rats showed significantly blunted responses to cocaine as
compared with the other groups on day 6 (p<0.05) and day 10 (p<0.05; as compared to
wtERK2). On the other hand, there was a significant increase in locomotor activity in these
animals on day 18, although their behavioral responding to the cocaine challenge was still
significantly lower (p<0.05) than that observed in the other treatment groups. In the second
locomotor sensitization experiment (n=8/group), which was designed to assess how ERK2
activity after cocaine exposure influenced the expression of behavioral sensitization, a one-
way ANOVA revealed a significant virus main effect (F(2,21)=14.89, p<0.0001), indicating
that HSV-dnERK2-treated rats had a diminished response to cocaine (p<0.05), whereas the
GFP- and wtERK2-treated groups had the expected behavioral responding to cocaine (Fig.
2c). Interestingly, the HSV-wtERK2-treated group trended towards a higher response than
the GFP-treated rats (p=0.054).

This study was designed to assess behavioral responses to cocaine in two behavioral tasks
designed to examine the rewarding and locomotor activating properties of cocaine [2,36]
after discrete manipulation of ERK2 within the VTA using viral-mediated gene transfer to
locally increase or decrease ERK2 activity in this brain region. Rats treated with HSV-
wtERK2 reliably approached environments previously paired with doses of cocaine (2.5 mg/
kg) that did not induce place conditioning in control rats, thus directly demonstrating that
elevated levels of ERK2 activity prior to cocaine administration facilitated place
conditioning. In contrast, HSV-dnERK2-treated rats avoided environments paired with a
threshold dose of cocaine (5 mg/kg), while showing no reliable preference, or avoidance, to
environments paired with the higher (10 mg/kg) dose of cocaine, findings that parallel those
showing that ERK1/2 inhibition within the mesolimbic VTA-NAc circuit prevents the
establishment of drug-induced CPP [27,30,40]. These findings are in agreement with
demonstrations that molecular manipulations that reduce the rewarding effects of cocaine
often lead to cocaine-induced place aversions [3,10,23]. The biphasic properties of cocaine
are well documented, and it is possible that the aversion is caused by a decrement in
cocaine’s rewarding effects (i.e., tolerance to the rewarding effects of the drug), which, in
turn, unmasks other aversive effects of the drug [17,25,39].

A parallel behavioral phenotype was observed when increased ERK2 activity in the VTA
lead to an enhancement in the locomotor-activating effects induced by acute and repeated
cocaine exposure, while blocking ERK2 activity blunted cocaine-induced locomotion.
However, HSV-dnERK2-treated rats still showed a modest, though significant, increase in
locomotor activity to repeated cocaine exposure (at the 10 mg/kg dose) on the challenge day.
It is conceivable that this modest increase in locomotor activity may be mediated via the
NAc due to the systemic administration of cocaine [34,42]. These results are consistent with
those showing that repeated exposure to cocaine enhances ERK activity within the VTA [5]
and that pharmacological inhibition of ERK1/2 prior to cocaine administration decreases the
development of psychomotor sensitization to cocaine [35,41]. Given that no viral expression
can be detected a week after virus infusion, these data suggest that ERK2 activity in the
VTA may also be important for the expression of drug-induced behavioral sensitization [29],
because rats previously sensitized to cocaine and then treated with HSV-dnERK2 prior to
drug challenge showed a significant decrease in response to cocaine, although others report
opposite results using pharmacological ERK inhibitors [41]. Alternatively, it is conceivable
that ERK2 activity levels simply enhance or block cocaine-induced behaviors, as seen with
the CPP procedure, without regulating the intricate aspects of ‘induction’ and ‘expression’
of behavioral sensitization, a hypothesis that now needs further assessment in future studies.
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The mechanism(s) underlying these results are not fully known. It has been previously
shown that topographical differences within the VTA can mediate differential responding to
the rewarding and locomotor-activating properties of drugs [8,11,21], thus it is conceivable
that distinct populations of dopamine neurons within the VTA might mediate the effects
observed in this study [12,14,20]. Though anatomical characterization of the VTA is not yet
complete, this assumption is consistent with findings suggesting that dopamine neurons
from rostral portions of the VTA innervate primarily, but not exclusively, the NAc shell
(i.e., mesolimbic), while dopamine neurons from more caudal VTA regions project
predominantly, but not exclusively, to cortical areas [i.e., mesocortical regions] [16]. These
neural projections also show differential responding to drugs of abuse by increasing
extracellular dopamine levels in the NAc shell as compared to prefrontal cortical areas [4].
In this study we specifically targeted rostral portions of the VTA to regulate ERK2 activity.
Thus it is conceivable, within this framework, that increasing ERK2 activity within
dopamine neurons in rostral VTA increases sensitivity to cocaine, resulting in increased
reward and locomotor responding, while resulting in opposite effects when ERK2 activity is
blocked in this brain region.

Our findings are in agreement with evidence implicating the ERK pathway as facilitator for
development of cocaine-induced plasticity that may contribute to addiction [19,29]. Our data
further establish the functional importance of ERK2 expression in the VTA as mediating
behavioral responses to cocaine. Further assessment of the mechanisms underlying the
downstream targets of VTA ERK2 will lead to better understanding of the neural and
molecular basis of drug addiction.
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Figure 1.
ERK2 activity in the VTA regulates cocaine-mediated place conditioning. (a) Rostral region
of the VTA to which microinjections of HSV vectors were targeted. Adapted from The Rat
Brain in Stereotaxic Coordinates (3rd ed), Paxinos and Watson, 1997. (b) Merged confocal
photomicrograph (magnification, 400×) of a representative brain slice from the rostral VTA
(~5 mm caudal to Bregma) double-labeled for TH (red: Cy3) and GFP-wtERK2 (green:
Cy2) fluorescence. Arrows indicate double-labeled cells. (c) HSV-wtERK2 overexpression
enhanced sensitivity to 2.5 and 5 mg/kg of cocaine, whereas expression of HSV-dnERK2
resulted in place aversion at the 5 mg/kg dose (*p<0.05). HSV-GFP, and HSV-wtERK2 rats
treated with 10 mg/kg cocaine showed reliable place conditioning (√p<0.05: different from
HSV-GFP group exposed to 0, 2.5, and 5 mg/kg cocaine). HSV-dnERK2-treated rats did not
show place conditioning or aversion to 10 mg/kg cocaine. Error bars indicate mean ± SEM.
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Figure 2.
ERK2 activity in the VTA regulates cocaine-induced locomotion. (a) Baseline locomotor
activity for 3 consecutive days prior to and following 2 days after surgery (day 5). (b) Data
representing all groups on Day 6, 10, and 18. Administration of cocaine (5 mg/kg) enhanced
behavioral responding acutely (day 6) in the wtERK2-treated rats (*p<0.05: compared to
controls), while treatment with HSV-dnERK2 blunted behavioral responses (√p=0.05).
Repeated cocaine (10 mg/kg) treatment resulted in behavioral sensitization in all groups
(αp<0.05), though the magnitude displayed by the HSV-dnERK2-treated group was
significantly reduced. (c) HSV-dnERK2 significantly (p<0.05) blunted behavioral responses
to the cocaine challenge on day 18. *Significantly different from HSV-GFP; √p=0.054 from
HSV-GFP. Error bars indicate mean ± SEM.
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