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Ras/Raf/MEK/ERK (Ras-ERK) signaling has been implicated in the effects of drugs of abuse. Inhibitors of MEK1/2, the kinases upstream
of ERK1/2, have been critical in defining the role of the Ras-ERK cascade in drug-dependent alterations in behavioral plasticity, but the
Ras family of small GTPases has not been extensively examined in drug-related behaviors. We examined the role of Ras Guanine
Nucleotide Releasing Factor 1 (RasGRF1) and 2 (RasGRF2), upstream regulators of the Ras-ERK signaling cascade, on cocaine self-
administration (SA) in male mice. We first established a role for Ras-ERK signaling in cocaine SA, demonstrating that pERK1/2 is
upregulated following SA in C57BL/6N mice in striatum. We then compared RasGRF1 and RasGRF2 KO mouse lines, demonstrating that
cocaine SA in RasGRF2 KO mice was increased relative to WT controls, whereas RasGRF1 KO and WT mice did not differ. This effect in
RasGRF2 mice is likely mediated by the Ras-ERK signaling pathway, as pERK1/2 upregulation following cocaine SA was absent in
RasGRF2 KO mice. Interestingly, the lentiviral knockdown of RasGRF2 in the NAc had the opposite effect to that in RasGRF2 KO mice,
reducing cocaine SA. We subsequently demonstrated that the MEK inhibitor PD325901 administered peripherally prior to cocaine SA
increased cocaine intake, replicating the increase seen in RasGRF2 KO mice, whereas PD325901 administered into the NAc decreased
cocaine intake, similar to the effect seen following lentiviral knockdown of RasGRF2. These data indicate a role for RasGRF2 in cocaine SA
in mice that is ERK-dependent, and suggest a differential effect of global versus site-specific RasGRF2 inhibition.
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Introduction
The extracellular signal-regulated kinases (ERK) cascade (Ras/
Raf/MEK/ERK; Ras-ERK) couples activity at cell surface recep-

tors with the activation of transcription factors and subsequent
gene expression (Grewal et al., 1999; Mazzucchelli and Brambilla,
2000). Largely known for its regulation of cell proliferation, dif-
ferentiation, and survival (Roberts and Der, 2007; Mandalà et al.,
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Significance Statement

Exposure to drugs of abuse activates a variety of intracellular pathways, and following repeated exposure, persistent changes in
these pathways contribute to drug dependence. Downstream components of the Ras-ERK signaling cascade are involved in the
acute and chronic effects of drugs of abuse, but their upstream mediators have not been extensively characterized. Here we show,
using a combination of molecular, pharmacological, and lentiviral techniques, that the guanine nucleotide exchange factor Ras-
GRF2 mediates cocaine self-administration via an ERK-dependent mechanism, whereas RasGRF1 has no effect on responding for
cocaine. These data indicate dissociative effects of mediators of Ras activity on cocaine reward and expand the understanding of
the contribution of Ras-ERK signaling to drug-taking behavior.
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2014), the Ras-ERK pathway also plays a critical role in LTP and
memory formation (Brambilla et al., 1997; Jin and Feig, 2010), as
well as reinforcement and enduring drug-dependent plasticity
(Valjent et al., 2000; Ferguson et al., 2006; Girault et al., 2007).
Indeed, this pathway has been implicated in the acute and
chronic effects of a variety of drugs of abuse, most notably co-
caine and other psychostimulants (Valjent et al., 2000; Lu et al.,
2005; Miller and Marshall, 2005).

The majority of studies defining the role of the Ras-ERK path-
way in drug-mediated behaviors have been achieved using inhib-
itors of MEK1/2, the kinases upstream of ERK1/2, while the Ras
family of small GTPases has not been extensively examined. Ras
family GTPases link extracellular signals to distinct intracellular
signaling cascades by switching from an inactive GDP-bound
state to an active GTP-bound state, each of which recognizes a
distinct set of effector proteins and thereby allows Ras to function
as a molecular switch (Takai et al., 2001; Cox and Der, 2010). The
activation state of Ras proteins is controlled by two types of reg-
ulatory proteins. Guanine nucleotide exchange factors catalyze
the release of bound GDP, thus allowing activating GTP to re-
place it. GTPase activating proteins promote the ability of Ras to
hydrolyze GTP to GDP (Boguski and McCormick, 1993; Pamon-
sinlapatham et al., 2009). Multiple mammalian families of gua-
nine nucleotide exchange factors regulate the Ras activation cycle
(Cox and Der, 2010). Particularly important with respect to the
Ras-ERK pathway in neuronal signaling are two members of the
Ras guanine nucleotide releasing factor (RasGRF) family of gua-
nine nucleotide exchange factors, RasGRF1 and RasGRF2, that
allow certain neurotransmitter receptors to activate Ras in a
Ca 2�/calmodulin-dependent manner (Farnsworth et al., 1995).

RasGRF1 has been shown to play a role in the neuronal and
behavioral responses to both psychostimulants and alcohol
(Zhang et al., 2007; Fasano et al., 2009; Parelkar et al., 2009; Ben
Hamida et al., 2012). For example, RasGRF1 KO mice show a
decrease in the phosphorylation of ERK (pERK) in the ventral
striatum (VS) in response to cocaine, whereas RasGRF1 over-
expressing mice show an increased pERK in the VS following
cocaine, as well as decreased and increased, respectively, cocaine-
mediated locomotor sensitization and conditioned place prefer-
ence (CPP) (Fasano et al., 2009). The extent to which RasGRF2
may be involved in drug-mediated behaviors has to date been
primarily restricted to alcohol studies. A single-nucleotide poly-
morphism in the gene encoding RasGRF2 has been associated
with alcohol consumption (Schumann et al., 2011) and further
linked to alcohol-related reward anticipation (Stacey et al., 2012)
and binge drinking in male adolescents (Stacey et al., 2016), and
RasGRF2 KO mice demonstrated a loss in alcohol-induced do-
pamine increase in the NAc and reduction in alcohol drinking
(Stacey et al., 2012). However, it is unclear whether the involve-
ment of RasGRF2 extends to other drugs of abuse.

The purpose here was to better characterize the role of the
Ras-ERK pathway by direct comparison of the contribution of
RasGRF1 and RasGRF2 to cocaine-mediated behaviors. We first
established a role for the Ras-ERK pathway in cocaine self-
administration (SA) by performing immunohistochemistry for
pERK1/2, as well as the phosphorylation of (Ser10)-acetylated
(Lys14) histone H3 (pAcH3), a nuclear ERK substrate that has
demonstrated involvement in drug-induced neuroadaptations in
both rodents and humans (Brami-Cherrier et al., 2009; Damez-
Werno et al., 2016; Papale et al., 2016). We then performed SA in
RasGRF1 and RasGRF2 KO mice and WT littermate controls, fol-
lowed by further pERK and pAcH3 analysis. We also performed
site-specific lentiviral knockdown of RasGRF1 and RasGRF2 in mice

in the NAc, as well as in the dorsal striatum (DS). Finally, we exam-
ined the effects of both the peripheral and site-specific inhibition of
MEK1/2 on cocaine SA. Our experiments indicate a role for Ras-
GRF2, but not RasGRF1, in cocaine SA in mice.

Materials and Methods
Animals
C57BL/6N mice (Charles River) and male RasGRF1 (Brambilla et al.,
1997) and RasGRF2 (Fernández-Medarde et al., 2002) KO mice and their
WT littermate controls were single-housed in a temperature-controlled
(21°C) environment maintained on a 12 h light-dark cycle (lights on at
6:00 A.M.). Food and water were available ad libitum. All experiments
were performed in accordance with European Union guidelines on the
care and use of laboratory animals and were approved by the local animal
care committee. All behavioral testing was conducted during the light
phase between 0800 and 1700 h.

Drugs
Cocaine hydrochloride (Sigma-Aldrich) was dissolved in physiological
saline (0.9% NaCl) for 0.50 mg/kg/14 �l infusion for SA (Bernardi et al.,
2017). PD325901 (Sigma-Aldrich) was dissolved in 100% DMSO and
diluted to a 20% DMSO solution with sterile 0.9% NaCl for intraperito-
neal injection of 10 mg/kg (10 ml/kg). For intracranial administration,
PD325901 (Carbosynth) was dissolved in 100% DMSO and diluted to a
0.002% DMSO solution with sterile 0.9% NaCl for intracranial injection
of 5 ng/0.5 �l/side. This dose was determined using a comparison of its
IC50 with that of other MEK inhibitors commonly used for intracranial
injection. The vehicle for all PD325901 experiments consisted of an iden-
tical percentage DMSO solution as that used for the drug.

Lentiviral vector (LV) production
The LV-RasGRF1-shRNA, LV-RasGRF2-shRNA, and LV-scrambled-
shRNA were constructed and prepared as previously described (Bido et
al., 2015). Briefly, expression plasmids for Ras-GRF1 and Ras-GRF2
RNA interference were obtained from a commercial source (OriGene).
The following sequences were used as shRNA inserts against RasGRF1
and RasGRF2, respectively: GACGGCCTGGTCAACTTCTCCAAGAT
GAG and TAATGCAGAAGTACATTCATCTAGTTCAG. The company
provided all scrambled control sequences. The shRNA gene-specific
expression cassettes (U6-shRNA cassette) were cloned into the pCCLs-
in.PPT.hPGK.eGFP.PRE lentiviral construct. VSV-pseudotyped third-
generation LVs were produced as previously described (Indrigo et al.,
2010; Papale and Brambilla, 2014). Western blots demonstrating knock-
down of both RasGRF1 and RasGRF2 proteins both in vitro and in vivo in
striatal cells have been shown previously (Bido et al., 2015).

Apparatus and procedures
Cocaine SA. Cocaine SA was assessed in 12 operant chambers (Med As-
sociates) housed in light- and sound-attenuating cubicles. Each chamber
(24.1 � 20.3 � 18.4 cm) is equipped with two levers (left and right), a
food dispenser, and a drug delivery system connected via infusion pump
(PHM-100, Med Associates) located outside the cubicle. Operant cham-
bers were controlled using Med-PC IV (Med Associates) software. Mice
first underwent lever training with 14 mg sweetened food pellets
(TestDiet), as previously described (Bernardi and Spanagel, 2013). Fol-
lowing lever training, mice were implanted with an indwelling intrave-
nous catheter (made in-house) into the jugular vein. Catheter patency
was maintained with 0.15 ml heparinized saline (100 IU/ml) containing
Baytril (0.7 mg/ml) administered daily throughout the experiment. After
3 d recovery, mice underwent daily 1 h cocaine SA for 7 consecutive days.
Cocaine (0.50 mg/kg/14 �l infusion) delivery was contingent upon
pressing on the active lever under an FR2 schedule of reinforcement
(unless otherwise specified) and paired with the 20 s presentation of a
blinking light stimulus (conditioned stimulus), which also served as a
timeout period, during which lever presses were not reinforced. For all
experiments, presses on the inactive lever were recorded but had no
scheduled consequence.

Immunohistochemistry. Immunohistochemistry was performed fol-
lowing the protocol described by Papale et al. (2016). Free-floating sec-
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tions were rinsed in TBS and then incubated for 15 min in a quenching
solution containing 3% H2O2 and 10% methanol. One hour after block-
ing in 5% normal goat serum and 0.1% Triton X-100, sections were
incubated overnight at 4°C with anti-phospho-p44/42 MAP kinase
(Thr202/Tyr204) (1:1000, Cell Signaling Technology, catalog #4370L,
RRID:AB_231511), anti-phospho (Ser10)-acetylated (Lys14) histone H3
(1:500, Millipore, catalog #07-081, RRID:AB_310366), or anti-GFP an-
tibody (1:500, Invitrogen, catalog #A11122, RRID:AB_221569). The next
day, slices were rinsed in TBS and incubated with biotinylated goat anti-
rabbit IgG (1:200, Vector Laboratories, catalog #BA-1000, RRID:
AB_2313606) for 2 h at room temperature. Detection of the bound
antibodies was performed using a standard peroxidase-based method
(ABC-kit, Vectastain, Vector Labs), followed by incubation with DAB
and H2O2 solution. Images were acquired from the DS and VS with a
bright field microscope (Leica Microsystems, DM2000LED Macro/mi-
cro imaging system) at 20� magnification. Neuronal quantification was
performed using ImageJ software. The total number of pERK1/2- and
pAcH3-positive cells was counted in the DS and VS in 2 consecutive
rostral sections per mouse.

Lentivirus microinjections. Mice were anesthetized by isoflurane (4%
for induction, 1% for maintenance), secured in a stereotaxic frame (Da-
vid Kopf Instruments), and the lentiviral vectors (LV-RasGRF1-shRNA,
LV-RasGRF2-shRNA, and LV-scrambled-shRNA) were bilaterally in-
jected into the NAc (AP 1.20, ML �0.90, DV �4.75, relative to bregma)
or DS (AP 0.00, ML �2.20, DV �3.30, relative to bregma) in a volume of
0.5 �l/hemisphere over 2 min (at a rate of 0.125 �l/min). After the
infusion, needles were left in place for additional 2 min to allow for
diffusion. Mice were then sutured and allowed to recover from surgical
procedures. After the completion of behavioral experiments, mice were
anesthetized with isoflurane and perfused with 5 ml ice-cold PBS and 5
ml 4% PFA in PBS; their brains were removed and kept in 4% PFA in PBS
overnight for postfixation and then transferred into 30% sucrose in PBS
solution for at least 24 h. Coronal sections (30 �m) were subsequently
taken at the level of the NAc or DS with a cryostat (Leica Microsystems),
mounted onto polarized glass slides, and eGFP expression was imaged
using fluorescent microscopy. The extension of virus spread was assessed
manually based on the mouse brain atlas (Paxinos and Franklin, 2004).
Animals with placements outside of the NAc or DS, with unilateral ex-
pression or extensive mechanical damage, were excluded. No distinction
was made between core and shell or dorsolateral and dorsomedial stria-
tum in terms of virus injections, due to the difficulty in targeting one
region specifically in mice.

Cannula implantation and microinjections. Following food training,
mice were anesthetized by isoflurane (4% for induction, 1% for mainte-
nance), secured in a stereotaxic frame (David Kopf Instruments), and
cannulae (Plastics One) were mounted above the NAc (C235GS, double
cannula, AP 1.20, ML �0.75, DV �2.75, relative to bregma) or DS
(C315GS, bilateral single cannula, AP 0.00, ML �2.20, DV �1.80, rela-
tive to bregma), secured using screws and dental cement, and dummy
cannulae (C235DCS and C315DCS for NAc and DS, respectively, Plastics
One) were inserted to protect the cannulae. Mice were then allowed to
recover from surgical procedures for 7 d. Dummy cannulae were re-
moved before and replaced following daily SA sessions to habituate the
animals to the handling procedure. Microinjections of PD325901 were
conducted using internal cannula (C235IS and C315IS for NAc and DS,
respectively, Plastics One) that extended beyond the cannula guide (2
mm for NAc and 1.5 mm for DS) in a volume of 0.5 �l/hemisphere over
2 min (at a rate of 0.125 �l/min) under isoflurane anesthesia. After the
infusion, needles were left in place for an additional 2 min to allow for
diffusion. After the completion of behavioral experiments, all mice were
anesthetized with isoflurane, cannulae were injected with Coomassie
blue dye, and brains were removed and flash-frozen in isopentane for
placement verification. Coronal sections (30 �m) were assessed as to
cannula placement using the mouse brain atlas (Paxinos and Franklin,
2004). Animals with placements outside of the NAc or DS were excluded.
No distinction was made between core and shell or dorsolateral and
dorsomedial striatum in terms of intracranial injections, due to the dif-
ficulty in targeting one region specifically in mice.

Experimental design and statistical analysis
Statistical analyses were conducted using SPSS software (StatSoft). All SA
data were performed using three-way [number of presses: genotype/
treatment (between subjects) � lever (within subjects) � day (within
subjects)] or two-way ANOVAs [number of reinforcers: genotype/
treatment (between subjects) � day (within subjects)], followed by
Bonferroni-corrected independent-samples t tests, where indicated. Co-
caine intake data following intracranial PD325901 microinjection were
compared using independent-samples t tests, where indicated. Immuno-
histochemical data in RasGRF2 KO mice and controls were conducted
using a two-way ANOVA [genotype (between subjects) � treatment
(between subjects)], followed by independent-samples t tests, where
indicated. Immunohistochemical data in all other experiments were
compared using independent-samples t tests, except where data were
non-normal, in which a Mann–Whitney U test was used (where indi-
cated). Significance was set at p � 0.05.

Results
pERK1/2 and pAcH3 are increased in C57BL/6N mice
following cocaine SA
We previously showed that acute cocaine resulted in an increase
in the number of pERK1/2- and pAcH3-positive cells in the VS
and DS (Papale et al., 2016). Here we sought to determine the role
of the Ras-ERK pathway in cocaine SA using these indicators. We
first performed immunochemistry for pERK1/2- and pAcH3-
positive cells in the VS and DS on the seventh day of SA.
C57BL/6N mice underwent cocaine (n � 5) or saline (n � 6) SA
(as described above), with animals killed 30 min following the
first infusion achieved on day 7. Following testing, mice were
anesthetized with isoflurane and transcardially perfused with PBS
and 4% PFA in PBS. Brains were removed and placed in 4% PFA
in PBS for 24 h for postfixation, and then transferred into 20%
sucrose in PBS for at least 24 h and finally into 30% sucrose in PBS
until processing.

pERK1/2 analysis
Following cocaine SA, C57BL/6N mice demonstrated an increase
in the number of pERK1/2-positive cells in response to cocaine
on day 7 relative to saline controls in both the VS and DS. Figure
1A shows the mean (� SEM) number of pERK1/2-positive cells
in the VS following cocaine or saline SA in C57BL/6N mice. A
Mann–Whitney U test revealed that distributions of the number
of pERK1/2-positive cells in the VS in animals that underwent
cocaine and saline SA differed significantly (U � 0.0005, Z �
�2.7, p � 0.004). Figure 1B shows the mean (� SEM) number of
pERK1/2-positive cells in the DS following cocaine or saline SA in
C57BL/6N mice. An independent-samples t test revealed that
animals that underwent cocaine SA demonstrated a significant
increase in the number of pERK1/2-positive cells in the DS rela-
tive to saline controls (t(4.6) � 4.8, p � 0.006). Figure 1C shows
representative slices of pERK1/2-positive cells from the VS and
DS of C57BL6N mice that underwent cocaine or saline SA.

pAcH3 analysis
Following cocaine SA, C57BL/6N mice demonstrated an increase
in the number of pAcH3-positive cells in response to cocaine on
day 7 relative to saline controls in both the VS and DS. Figure 1D
shows the mean (� SEM) number of pAcH3-positive cells in the
VS following cocaine or saline SA in C57BL/6N mice. An
independent-samples t test revealed that animals that underwent
cocaine SA demonstrated a significant increase in the number of
pAcH3-positive cells in the VS relative to saline controls (t(5.0) �
5.3, p � 0.003). Figure 1E shows the mean (� SEM) number of
pAcH3-positive cells in the DS following cocaine or saline SA
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in C57BL/6N mice. An independent-
samples t test revealed that animals that
underwent cocaine SA demonstrated a
significant increase in the number of
pAcH3-positive cells in the DS relative to
saline controls (t(9) � 5.0, p � 0.001). Fig-
ure 1F shows representative slices of
pAcH3-positive cells from the VS and DS
of C57BL6N mice that underwent cocaine
or saline SA.

These data suggest that pERK1/2 and
pAcH3 are increased as a result of cocaine
SA mice, suggesting that these down-
stream components of the Ras-ERK path-
way may be critical for cocaine reward.

Cocaine SA was increased in RasGRF2
KO mice but unaffected in
RasGRF1 mice
To determine the contribution of Ras-
GRF1 and RasGRF2 to cocaine SA, Ras-
GRF1 and RasGRF2 KO lines were used.
These lines have been previously demon-
strated to show impaired cocaine-related
behaviors and alcohol intake, respectively
(Fasano et al., 2009; Stacey et al., 2012).
RasGRF1 KO mice (n � 11) and WT lit-
termate controls (n � 10), and RasGRF2
KO mice (n � 19) and WT littermate con-
trols (n � 14), underwent SA for 7 d as
described above.

RasGRF1 KO mice and WT controls did not differ in cocaine
SA. Figure 2A shows the mean (� SEM) responding on the active
and inactive levers during 7 daily 1 h sessions of cocaine SA in
RasGRF1 KO mice and WT controls. A three-way ANOVA (le-
ver � day � genotype) revealed significant main effects of lever
(F(1,19) � 51.8, p � 0.0005), indicating a distinction between the
active and inactive levers, and day (F(2.1,39.1) � 4.8, p � 0.024),
but no other significant effects (F values � 1), indicating no
difference in lever responding between KO and WT mice. Figure
2B shows the mean (� SEM) number of cocaine infusions re-
ceived during 7 d of cocaine SA in RasGRF1 KO mice and WT
controls. A two-way ANOVA (day � genotype) revealed no sig-
nificant effects of genotype (F values � 1), indicating no differ-
ence in cocaine intake in RasGRF1 KO mice relative to WT
controls.

RasGRF2 KO mice and WT controls differed in cocaine SA,
with RasGRF2 KO mice demonstrating an increase in responding
on the cocaine-associated lever and subsequent cocaine intake.
Figure 2C shows the mean (� SEM) responding on the active and
inactive levers during 7 daily 1 h sessions of cocaine SA in Ras-
GRF2 KO mice and WT controls. A three-way ANOVA (lever �
day � genotype) revealed significant main effects of lever (F(1,31)

� 201.5, p � 0.0005), indicating a distinction between the active
and inactive levers, and a significant main effect of genotype
(F(1,31) � 12.8, p � 0.001), and importantly, a lever � genotype
interaction (F(1,31) � 6.3, p � 0.017), indicating a difference be-
tween KO and WT controls over 7 d of cocaine SA. No other
effects reached significance (F values � 1, except lever � day:
F(2.4,74.4) � 2.4, p � 0.088). Independent-samples t tests con-
firmed that RasGRF2 KO mice responded more on the active
lever than control mice (t(31) � 3.6, p � 0.001; Bonferroni-
corrected � � 0.025) across days, but the two groups did not

differ on inactive lever pressing (t(31) � 1.6, p � 0.119;
Bonferroni-corrected � � 0.025), indicating a selective increase
in responding on the cocaine-associated lever by RasGRF2 KO
mice relative to littermate controls. Figure 2D shows the mean (�
SEM) number of cocaine infusions received during 7 d of cocaine
SA in RasGRF2 KO mice and WT controls. A two-way ANOVA
(day � genotype) revealed a significant main effect of genotype
(F(1,31) � 9.0, p � 0.005), but no other significant effects (day:
F(2.9,91.0) � 1.1, p � 0.363; day � genotype: F(2.9,91.0) � 1.9, p �
0.142), indicating an increase in cocaine intake in RasGRF2 KO
mice relative WT controls.

These findings suggest that RasGRF2, but not RasGRF1, is
important in mediating cocaine reward in mice during SA. Be-
cause previous studies have demonstrated a decrease in alcohol
reward in RasGRF2 KO mice (Stacey et al., 2012), these data also
suggest that RasGRF2 KO results in a decrease in putative cocaine
reward that, in terms of SA, is compensated for by an increase in
intake.

pERK1/2 and pAcH3 are inhibited in RasGRF2 KO mice
following cocaine SA
As RasGRF2 KO in mice altered cocaine SA, immunohistochem-
ical analyses were performed to determine whether RasGRF2 KO
affected pERK1/2 and pAcH3 activation during cocaine SA,
which we showed above likely mediates cocaine reward. The
numbers of pERK1/2- and pAcH3-positive cells were measured
in the VS and DS of RasGRF2 KO mice and WT littermate con-
trols on the seventh day of SA. RasGRF2 KO (cocaine, n � 4;
saline, n � 5) and WT controls (cocaine, n � 4; saline, n � 5)
underwent cocaine or saline SA as described above, with animals
killed 30 min following the first reinforcer achieved on day 7.
Following testing, mice were anesthetized with isoflurane and
transcardially perfused with PBS and 4% PFA in PBS. Brains were

Figure 1. Cocaine SA increased pERK1/2 and pAcH3 in C57BL/6N mice. Cocaine (n � 5) SA resulted in an increase in the number
of pERK1/2-positive cells relative to saline controls (n � 6) in both the (A) VS and (B) DS. Data represent mean (� SEM) number
of pERK1/2-positive cells in each condition. C, Representative slices showing pERK-positive cells from the VS and DS of C57BL6N
mice that underwent cocaine or saline SA. Cocaine SA resulted in an increase in the number of pAcH3-positive cells relative to saline
controls in both the (D) VS and (E) DS. F, Representative slices showing pAcH3-positive cells from the VS and DS of C57BL6N mice
that underwent cocaine or saline SA. Mice were killed for immunohistochemistry on day 7 of SA, 30 min following the first injection
of cocaine. *p � 0.05, **p � 0.005.
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removed and placed in 4% PFA in PBS for 24 h for postfixation,
and then transferred into 20% sucrose in PBS for at least 24 h, and
finally into 30% sucrose in PBS until processing.

pERK1/2 analysis
Following cocaine SA, WT mice of the RasGRF2 line demon-
strated an increase in the number of pERK1/2-positive cells in
response to cocaine on day 7 relative to saline controls in both the
VS and DS, consistent with the data from C57BL/6N mice shown
in Figure 1. The increase in the number of pERK1/2-positive cells
on day 7 was not present in either the VS or DS of RasGRF2 KO
mice. Figure 3A shows the mean (� SEM) number of pERK1/2-
positive cells in the VS in RasGRF2 KO mice and WT controls
that were killed on day 7 after cocaine or saline SA. A two-way
ANOVA (genotype � treatment) of the number of pERK1/2-
positive cells revealed significant main effects of genotype (F(1,14)

� 8.2, p � 0.012) and treatment (F(1,14) � 6.6, p � 0.022), and a
significant genotype � treatment interaction (F(1,14) � 7.0, p �
0.019). An independent-samples t test revealed a decrease in the
number of pERK1/2-positive cells in RasGRF2 KO mice that un-
derwent cocaine SA, relative to WT controls (t(6) � 2.9, p �
0.027). Figure 3B shows the mean (� SEM) number of pERK1/
2-positive cells in the DS in RasGRF2 KO mice and WT controls
that were killed on day 7 after cocaine or saline SA. A two-way
ANOVA (genotype � treatment) of the number of pERK1/2-
positive cells revealed significant main effects of genotype (F(1,14)

� 18.8, p � 0.001) and treatment (F(1,14) � 34.0, p � 0.0005), and
a significant genotype � treatment interaction (F(1,14) � 13.3,
p � 0.003). An independent-samples t test revealed a decrease in
the number of pERK1/2-positive cells in RasGRF2 KO mice that
underwent cocaine SA, relative to WT controls (t(6) � 3.6, p �
0.011). Figure 3C shows representative slices of pERK-positive
cells from the VS and DS of RasGRF2 KO mice and WT controls
that underwent cocaine or saline SA.

pAcH3 analysis
Following cocaine SA, WT mice of the RasGRF2 line demon-
strated an increase in the number of pAcH3-positive cells in re-
sponse to cocaine on day 7 relative to saline controls in both the
VS and DS, consistent with the data from C57BL/6N mice shown
in Figure 1. The increase in the number of pAcH3-positive cells
on day 7 was not present in either the VS or DS of RasGRF2 KO
mice. Figure 3D shows the mean (� SEM) number of pAcH3-
positive cells in the VS in RasGRF2 KO mice and WT controls
that were killed on day 7 after cocaine or saline SA. A two-way
ANOVA (genotype � treatment) of the number of pAcH3-
positive cells revealed significant main effects of genotype (F(1,14)

� 7.9, p � 0.014) and treatment (F(1,14) � 22.3, p � 0.0005), and
a significant genotype � treatment interaction (F(1,14) � 14.8,
p � 0.002). An independent-samples t test revealed a decrease in
the number of pAcH3-positive cells in RasGRF2 KO mice that
underwent cocaine SA, relative to littermate controls (t(6) � 3.3,

Figure 2. Cocaine SA in RasGRF1 and RasGRF2 KO mice and WT controls. A, RasGRF1 KO mice (n � 11) did not differ in lever responding relative to WT controls (n � 10). Data represent mean
(� SEM) number of presses on the active and inactive levers during 7 daily 1 h sessions of cocaine SA (0.50 mg/kg/14 �l infusion). B, RasGRF1 KO mice did not differ in the number of cocaine
reinforcers achieved relative to WT controls. Data represent mean (� SEM) number of cocaine reinforcers achieved during 7 daily 1 h sessions of cocaine SA (0.50 mg/kg/14 �l infusion). C, RasGRF2
KO mice (n � 19) demonstrated an increase in responding on the cocaine-associated lever relative to WT controls (n � 14). Data represent mean (� SEM) number of presses on the active and
inactive levers during 7 daily 1 h sessions of cocaine SA (0.50 mg/kg/14 �l infusion). D, RasGRF2 KO mice demonstrated an increase in the number of cocaine reinforcers achieved relative to WT
controls. Data represent mean (� SEM) number of cocaine reinforcers achieved during 7 daily 1 h sessions of cocaine SA (0.50 mg/kg/14 �l infusion). #p � 0.05, main effect of genotype. **p �
0.005.
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p � 0.017). Figure 3E shows the mean (� SEM) number of
pAcH3-positive cells in the DS in RasGRF2 KO mice and litter-
mate controls that were killed on day 7 after cocaine or saline SA.
A two-way ANOVA (genotype � treatment) of the number of
pAcH3-positive cells revealed significant main effects of genotype
(F(1,14) � 7.4, p � 0.017) and treatment (F(1,14) � 6.0, p � 0.028),
and a significant genotype � treatment interaction (F(1,14) �
11.8, p � 0.004). An independent-samples t test revealed a de-
crease in the number of pAcH3-positive cells in RasGRF2 KO
mice that underwent cocaine SA, relative to littermate controls
(t(6) � 3.2, p � 0.019). Figure 3F shows representative slices of
pAcH3-positive cells from the VS and DS of RasGRF2 KO mice
and WT controls that underwent cocaine or saline SA.

These data suggest that RasGRF2 mediates cocaine reward
through an ERK-dependent pathway. Furthermore, these data
are supportive of the hypothesis that the increase in SA demon-
strated in RasGRF2 KO mice results from an inhibition of pERK-
mediated reward and a consequent compensatory increase in
cocaine intake.

Lentiviral-mediated knockdown of RasGRF2 into the NAc
and DS decreased cocaine intake
Here we sought to determine the contribution of RasGRF2
specifically in the NAc on cocaine SA in mice using lentiviral-
mediated knockdown of RasGRF2. Because RasGRF1 KO mice
showed no difference in cocaine SA compared with littermate
WT controls, we used lentiviral-mediated knockdown of Ras-
GRF1 in the NAc as a control. Four weeks following microinjec-
tions of LV-RasGRF2-shRNA (n � 9) or LV-scrambled-shRNA
(n � 11), or LV-RasGRF1-shRNA (n � 12) or LV-scrambled-
shRNA (n � 13), into the NAc, mice underwent 7 d of cocaine SA
as described above. In a separate experiment, we further deter-
mined whether microinjections of LV-RasGRF2-shRNA into the
DS affected cocaine SA in mice. Four weeks following microin-
jections of LV-RasGRF2-shRNA (n � 9) or LV-scrambled-
shRNA (n � 6) into the DS, C57BL/6N mice underwent 7 d of
cocaine SA as described above. Mice from this DS group were

killed immediately after the final SA session on day 7 so that, in
addition to virus and placement verification, alterations in pERK
activity during cocaine SA using immunohistochemistry could
also be assessed.

Microinjections of LV-RasGRF2-shRNA into the NAc re-
sulted in a decrease in cocaine intake during SA, relative to LV-
scrambled-shRNA controls. Figure 4A, B shows representative
viral eGFP expression images using fluorescent microscopy and
DAB staining, respectively, of the LV-RasGRF2-shRNA and LV-
scrambled-shRNA constructs for the NAc. Figure 4C shows the
mean (� SEM) responding on the active and inactive levers dur-
ing 7 daily 1 h days of cocaine SA following NAc microinjection of
LV-RasGRF2-shRNA and LV-scrambled-shRNA constructs. A
three-way ANOVA (lever � day � treatment) revealed a signif-
icant main effect of lever (F(1,18) � 61.4, p � 0.0005), indicating a
distinction between the active and inactive levers, but no other
significant effects (F values � 1, except lever � treatment: F(1,18)

� 1.5, p � 0.238; lever � day: F(6,108) � 2.1, p � 0.063; lever �
day � treatment: F(6,108) � 1.3, p � 0.267; treatment: F(1,18) �
2.5, p � 0.132), indicating no significant difference in active
lever-specific responding as a function of treatment. Figure 4D
shows the mean (� SEM) number of cocaine infusions re-
ceived during 7 d of cocaine SA. A two-way ANOVA (day �
treatment) indicated a main effect of treatment (F(1,18) � 4.8,
p � 0.043), but no other significant effects (F values � 1),
indicating a decrease in cocaine intake resulting from the LV-
RasGRF2-shRNA microinjection.

Microinjections of LV-RasGRF1-shRNA into the NAc did not
affect cocaine SA, relative to LV-scrambled-shRNA controls. Fig-
ure 5A, B shows representative viral eGFP expression images us-
ing fluorescent microscopy and DAB staining, respectively, of the
LV-RasGRF1-shRNA and LV-scrambled-shRNA constructs for
the NAc. Figure 5C shows the mean (� SEM) responding on the
active and inactive levers during 7 daily 1 h days of cocaine SA
following NAc microinjection of LV-RasGRF1-shRNA and LV-
scrambled-shRNA constructs. A three-way ANOVA (lever �
day � treatment) revealed significant main effects of lever (F(1,23)

Figure 3. Cocaine SA resulted in an increase in pERK1/2 and pAcH3 in WT, but not KO, mice of the RasGRF2 line. Cocaine SA resulted in an increase in the number of pERK1/2-positive cells relative
to saline controls in both the (A) VS and (B) DS in WT mice (cocaine, n � 4; saline, n � 5), an effect not present in RasGRF2 KO mice (cocaine, n � 4; saline, n � 5). Data represent mean (� SEM)
number of pERK1/2-positive cells in each condition. C, Representative slices showing pERK-positive cells from the VS and DS of RasGRF2 KO mice and WT controls that underwent cocaine or saline
SA. Cocaine SA resulted in an increase in the number of pAcH3-positive cells relative to saline controls in both the (D) VS and (E) DS in WT mice, an effect not present in RasGRF2 KO mice. F,
Representative slices showing pAcH3-positive cells from the VS and DS of RasGRF2 KO mice and WT controls that underwent cocaine or saline SA. Mice were killed for immunohistochemistry on day
7 of SA, 30 min following the first injection of cocaine. *p � 0.05.

6330 • J. Neurosci., August 7, 2019 • 39(32):6325– 6338 Bernardi et al. • RasGRF and Cocaine



� 86.8, p � 0.0005), indicating a distinction between the active
and inactive levers, and a lever � day interaction (F(3.8,87.2) � 3.0,
p � 0.032), but no other significant effects (F values � 1), indi-
cating no difference in lever responding as a function of treat-
ment. Figure 5D shows the mean (� SEM) number of cocaine
infusions received during 7 d of cocaine SA following NAc mi-
croinjection of LV-RasGRF1-shRNA and LV-scrambled-shRNA
constructs. A two-way ANOVA (day � treatment) revealed no
significant effects (F values � 1), indicating no difference in co-
caine intake resulting from LV-RasGRF1-shRNA treatment rela-
tive to the scrambled control.

Microinjections of LV-RasGRF2-shRNA into the DS resulted
in a decrease in cocaine intake during SA, relative to LV-
scrambled-shRNA controls. Figure 6A, B shows representative
viral eGFP expression images using fluorescent microscopy and
DAB staining, respectively, of the LV-RasGRF2-shRNA and LV-
scrambled-shRNA constructs for the DS. Figure 6C shows the
mean (� SEM) responding on the active and inactive levers dur-
ing 7 daily 1 h days of cocaine SA following DS microinjection of
LV-RasGRF2-shRNA and LV-scrambled-shRNA constructs. A
three-way ANOVA (lever � day � treatment) revealed signifi-
cant main effects of lever (F(1,13) � 104.0, p � 0.0005), indicating
a distinction between the active and inactive levers, a main effect
of treatment (F(1,13) � 6.6, p � 0.023), a lever � day interaction
(F(1.9,24.6) � 7.0, p � 0.004), and only a trend toward a lever �
treatment interaction (F(1,13) � 4.5, p � 0.054), but no other
significant effects (day: F(2.6,33.9) � 2.2, p � 0.110; day � treat-
ment: F(2.6,33.9) � 1.5, p � 0.233; lever � day � treatment:
F(1.9,24.6) � 2.3, p � 0.128), indicating no significant difference in

active lever-specific responding as a function of treatment. Figure
6D shows the mean (� SEM) number of cocaine infusions re-
ceived during 7 d of cocaine SA following DS microinjection of
LV-RasGRF2-shRNA and LV-scrambled-shRNA constructs. A
two-way ANOVA (day � treatment) revealed a main effect of
treatment (F(1,13) � 10.7, p � 0.006), but no other significant
effects (F values � 1, except day: F(2.4,31.0) � 1.4, p � 0.258),
indicating a decrease in cocaine intake resulting from the LV-
RasGRF2-shRNA microinjection.

Immediately following the final session of cocaine SA, LV-
RasGRF2-shRNA mice demonstrated a decrease in the number
of pERK1/2-positive cells in response relative to LV-scrambled-
shRNA controls in the DS. Figure 7 shows the mean (� SEM)
number of pERK1/2-positive cells in the DS in LV-RasGRF2-
shRNA and LV-scrambled-shRNA mice that were killed on day 7
after cocaine SA, as well as representative slices of pERK-positive
cells from the DS of these groups. An independent-samples t test
revealed a decrease in the number of pERK1/2-positive cells in
LV-RasGRF2-shRNA mice that underwent cocaine SA, relative
to LV-scrambled-shRNA controls (t(13) � 6.3, p � 0.0005). These
data are representative of the ability of LV-RasGRF2-shRNA to
inhibit Ras-ERK signaling in striatal tissue as measured by pERK
activation.

These data confirm a role for RasGRF2 in the NAc, as well
as in the DS, in cocaine SA in mice. Because LV-RasGRF2-
shRNA reduced cocaine intake, in contrast to the increase in
intake demonstrated in RasGRF2 KO mice, further examina-
tion is required.

Figure 4. LV-RasGRF2-shRNA microinjected into the NAc decreased cocaine intake. A, Representative images of viral eGFP expression in the NAc following microinjections of RasGRF2-shRNA
(left) or LV-scrambled-shRNA (right) using fluorescent microscopy. B, Representative images of viral eGFP expression in the NAc following microinjections of RasGRF1-shRNA (left) or LV-scrambled-
shRNA (right) using DAB staining. C, Mice microinjected with LV-RasGRF2-shRNA (n � 9) and LV-scrambled-shRNA (n � 11) did not differ significantly in lever responding. Data represent mean (�
SEM) number of presses on the active and inactive levers during 7 daily 1 h sessions of cocaine SA (0.50 mg/kg/14 �l infusion). D, The number of cocaine reinforcers achieved differed significantly
between the groups across daily sessions, with the LV-RasGRF2-shRNA group earning less reinforcers than the LV-scrambled-shRNA group. Data represent mean (� SEM) number of reinforcers
achieved during 7 daily 1 h cocaine SA sessions (0.50 mg/kg/14 �l infusion). *p � 0.05, main effect of treatment.
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Peripheral PD325901 increased, whereas intra-NAc
PD325901 decreased, cocaine SA in mice
As our results above show, there were opposing results on cocaine
intake in RasGRF2 KO mice (increased) and animals adminis-
tered LV-RasGRF2-shRNA (decreased). We sought to clarify this
inconsistency using the selective MEK inhibitor PD325901 ad-
ministered both peripherally and site-specifically during cocaine
SA. We previously showed that PD325901 crosses the blood–
brain barrier and inhibits the increased pERK1/2 and pAcH3
associated with acute cocaine (Papale et al., 2016). For peripheral
PD325901 administration, C57BL/6N mice underwent 7 d of co-
caine SA under an FR1 schedule of reinforcement following pre-
treatment with vehicle (n � 9) or PD325901 (10 mg/kg; n � 11)
30 min before the start of each daily session. For immunohisto-
chemical confirmation of the effect of PD325901 on pERK1/2
signaling, a separate group of C57BL/6N mice underwent 7 d of
cocaine SA under an FR2 schedule of reinforcement following
pretreatment with vehicle (n � 5) or PD325901 (10 mg/kg; n � 5)
30 min before the start of each daily session, with animals killed
30 min following the first infusion achieved on day 7. For intra-
cranial injection, mice implanted with cannulae aimed at either
the NAc (vehicle, n � 10; PD325901, n � 9) or DS (vehicle, n �
6; PD325901, n � 7) underwent 7 d of cocaine SA under an FR2
schedule of reinforcement. PD325901 was injected 30 min before
the cocaine SA session on day 7, and mice were given additional
SA sessions on days 8 and 9.

Vehicle- and PD325901-administered mice differed in co-
caine intake following peripheral administration. Figure 8A
shows the mean (� SEM) responding on the active and inactive
levers during 7 daily 1 h sessions of cocaine SA following intra-
peritoneal administration of PD325901 or vehicle. A three-way
ANOVA (lever � day � treatment) revealed a significant main
effect of lever (F(1,18) � 62.4, p � 0.0005), indicating a distinction
between the active and inactive levers, a significant lever � day
interaction (F(3.3,59.1) � 4.0, p � 0.01), and a main effect of treat-
ment (F(1,18) � 4.9, p � 0.04), but no other significant effects (F
values � 1, except lever � treatment: F(1,18) � 3.0, p � 0.10;
day � treatment: F(3.0,54.7) � 1.4, p � 0.249). Figure 8B shows the
mean (� SEM) number of cocaine infusions received during 7 d
of cocaine SA following intraperitoneal administration of
PD325901 or vehicle. A two-way ANOVA (treatment � day)
revealed significant main effects of treatment (F(1,18) � 15.8, p �
0.001) and day (F(3.0,54.4) � 3.4, p � 0.024), and a significant
treatment � day interaction (F(3.0,54.4) � 3.9, p � 0.013).

PD325901-treated C57BL/6N mice demonstrated a decrease
in the number of pERK1/2-positive cells in response to cocaine
on day 7 relative to vehicle-treated mice in both the VS and DS.
Figure 8C shows the mean (� SEM) number of pERK1/2-
positive cells in the VS on day 7 in C57BL/6N mice administered
either vehicle or PD325901 before daily SA sessions. An
independent-samples t test revealed that animals administered
PD325901 demonstrated a significant decrease in the number of

Figure 5. LV-RasGRF1-shRNA microinjected into the NAc had no effect on cocaine SA. A, Representative images of viral eGFP expression in the NAc following microinjections of RasGRF1-shRNA
(left) or LV-scrambled-shRNA (right) using fluorescent microscopy. B, Representative images of viral eGFP expression in the NAc following microinjections of RasGRF1-shRNA (left) or LV-scrambled-
shRNA (right) using DAB staining. C, Mice microinjected with LV-RasGRF1-shRNA (n � 12) and LV-scrambled-shRNA (n � 13) did not differ significantly in lever responding. Data represent mean
(� SEM) number of presses on the active and inactive levers during 7 daily 1 h sessions of cocaine SA (0.50 mg/kg/14 �l infusion). D, The number of cocaine reinforcers achieved did not differ
significantly between the groups across daily sessions. Data represent mean (� SEM) number of reinforcers achieved during 7 daily 1 h cocaine SA sessions (0.50 mg/kg/14 �l infusion).
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pERK1/2-positive cells in the VS relative to vehicle controls (t(8)

� 3.8, p � 0.005). Figure 8D shows the mean (� SEM) number of
pERK1/2-positive cells in the DS on day 7 in C57BL/6N mice
administered either vehicle or PD325901 before daily SA ses-
sions. An independent-samples t test revealed that animals ad-
ministered PD325901 demonstrated a significant decrease in the
number of pERK1/2-positive cells in the DS relative to vehicle
controls (t(4.0) � 5.6, p � 0.005). Figure 8E shows representative
slices of pERK1/2-positive cells from the VS and DS of C57BL6N
mice administered vehicle or PD325901. PD325901 treatment
also resulted in an increase in the number of cocaine infusions in
these mice (data not shown); a two-way ANOVA (treatment �
day) revealed a significant main effect of treatment (F(1,8) � 5.4,
p � 0.048), but no significant effect of day (F(1,8) � 2.8, p �
0.136) or treatment � day interaction (F � 1) for days 1– 6, and
no difference on the shortened day 7 (independent-samples t test:
t(8) � 1.9, p � 0.090).

Vehicle- and PD325901-administered mice differed in co-
caine intake following intra-NAc administration. Figure 9A
shows the mean (� SEM) number of cocaine infusions received
during 9 d of cocaine SA, with intra-NAc administration of
PD325901 or vehicle conducted 30 min before the session on day
7. A two-way ANOVA (treatment � day) of days 1– 6 revealed no
difference between PD325901 or vehicle groups before intra-NAc
microinjections (F values � 1 except day: F(5,85) � 13.2, p �
0.0005). Independent-samples t tests of the number of cocaine

Figure 6. LV-RasGRF2-shRNA microinjected into the DS decreased cocaine intake. A, Representative images of viral eGFP expression in the DS following microinjections of RasGRF2-shRNA (left)
or LV-scrambled-shRNA (right) using fluorescent microscopy. B, Representative images of viral eGFP expression in the DS following microinjections of RasGRF2-shRNA (left) or LV-scrambled-shRNA
(right) using DAB staining. C, Mice microinjected with LV-RasGRF2-shRNA (n � 9) and LV-scrambled-shRNA (n � 6) did not differ significantly in lever responding. Data represent mean (� SEM)
number of presses on the active and inactive levers during 7 daily 1 h sessions of cocaine SA (0.50 mg/kg/14 �l infusion). D, The number of cocaine reinforcers achieved differed significantly between
the groups across daily sessions, with the LV-RasGRF2-shRNA group earning less reinforcers than the LV-scrambled-shRNA group. Data represent mean (� SEM) number of reinforcers achieved
during 7 daily 1 h cocaine SA sessions (0.50 mg/kg/14 �l infusion). *p � 0.05, main effect of treatment.

Figure 7. LV-RasGRF2-shRNA decreased pERK. LV-RasGRF2-shRNA (n � 9) resulted in a
decrease in the number of pERK-positive cells compared with LV-scrambled-shRNA (n � 6) in
the DS in mice killed immediately following the final cocaine SA session on day 7. Data represent
mean (� SEM) number of pERK1/2-positive cells in each condition, with representative slices
showing pERK-positive cells from the DS of LV-RasGRF2-shRNA and LV-scrambled-shRNA be-
low. ***p � 0.0005.
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infusions received on days 7–9 indicate that PD325901-injected
mice showed a decrease in cocaine intake relative to vehicle-
treated mice on day 8 (t(17) � 2.8, p � 0.012), but not day 7 or day
9 (day 7: t(17) � 1.1, p � 0.290; day 9: t(17) � 1.3, p � 0.228).
Figure 9 (inset) shows a representative image from a cannula-
mounted mouse showing dye injected into the cannula tract in
the NAc.

Vehicle- and PD325901-administered mice did not differ in
cocaine intake following intra-DS administration. Figure 9B
shows the mean (� SEM) number of cocaine infusions received
during 9 d of cocaine SA, with intra-DS administration of
PD325901 or vehicle conducted 30 min before the session on day
7. A two-way ANOVA (treatment � day) of days 1– 6 revealed no
difference between PD325901 and vehicle groups before intra-DS
microinjections (F values � 1). Independent-samples t tests of
the number of cocaine infusions received on days 7–9 indicate
that PD325901- and vehicle-treated mice showed no difference in
cocaine intake on any of the 3 days (day 7: t(11) � 0.1, p � 0.891;
day 8: t(11) � 1.3, p � 0.237; day 9: t(11) � 0.7, p � 0.525). Figure
9 (inset) shows a representative image from a cannula-mounted
mouse showing dye injected into the cannula tract in the DS.

These data confirm somewhat our previous findings in Ras-
GRF2 KO mice and LV-RasGRF2-shRNA mice. Consistent with
the RasGRF2 KO line, peripheral PD325901 resulted in an in-
crease in cocaine SA, suggesting that general, or systemic, altera-
tions in Ras-ERK signaling may result in a decrement in cocaine
reward that is overcome by increasing cocaine intake. Consistent
with our findings with LV-RasGRF2-shRNA in mice, PD325901
administered into the NAc reduced cocaine intake, albeit tempo-
rarily, suggesting that focused Ras-ERK inhibition may decrease
cocaine reward.

Discussion
Here we sought to extend the understanding of the role of the
Ras-ERK pathway in general, and RasGRF1 and RasGRF2 more
specifically, in drug-mediated behaviors using operant respond-
ing for cocaine in mice. Cocaine SA resulted in an increase in
pERK1/2- and pAcH3-positive cells in both the VS and DS rela-
tive to controls. RasGRF2 KO mice demonstrated an increase in
cocaine SA, whereas RasGRF1 KO in mice had no effect, suggest-
ing that RasGRF2 is more relevant to the primary reinforcing
properties of cocaine than RasGRF1. Increases in pERK1/2- and

Figure 8. PD325901 administered intraperitoneally increased cocaine intake and decreased pERK. A, Mice treated with intraperitoneal vehicle (VEH; n � 9) or PD325901 (PD, 10 mg/kg; n � 11)
before daily cocaine SA sessions did not differ significantly in lever responding. Data represent mean (� SEM) number of presses on the active and inactive levers during 7 daily 1 h sessions of cocaine
SA (0.50 mg/kg/14 �l infusion). B, The number of cocaine reinforcers achieved differed significantly between the groups across daily sessions, with the PD group earning more reinforcers than the
VEH group. Data represent mean (� SEM) number of reinforcers achieved during 7 daily 1 h cocaine SA sessions (0.50 mg/kg/14 �l infusion). PD325901 (n � 5) decreased the number of
pERK1/2-positive cells relative to vehicle (n � 5) in both the (C) VS and (D) DS following pretreatment before 7 daily cocaine SA sessions. Data represent mean (� SEM) number of pERK1/2-positive
cells in each condition. E, Representative slices showing pERK-positive cells from the VS and DS of C57BL6N mice that received vehicle or PD325901. Mice were killed for immunohistochemistry on
day 7 of SA, 30 min following the first injection of cocaine. **p � 0.005, main effect of treatment. ##p � 0.005.
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pAcH3-positive cells in the VS and DS resulting from cocaine SA
in WT mice were absent in RasGRF2 KO mice, suggesting an
important role of the Ras-ERK signaling cascade in cocaine rein-
forcement during cocaine SA. Finally, microinjection of LV-
RasGRF2-shRNA, but not LV-RasGRF1-shRNA, into both the
NAc and DS reduced cocaine intake during SA relative to LV-
scrambled-shRNA controls, although this effect was opposite to
that seen in RasGRF2 KO mice. Importantly, daily presession
peripheral administration of the MEK inhibitor PD325901 repli-
cated both the behavioral and molecular effects demonstrated in
RasGRF2 KO mice, increasing cocaine intake and decreasing
pERK1/2 expression during SA. In contrast, intra-NAc adminis-
tration of PD325901 resulted in a similar decrease in cocaine
intake to that demonstrated following LV-RasGRF2-shRNA
administration, albeit only temporarily, whereas intra-DS
PD325901 had no effect. These data suggest that RasGRF2 plays
an important role in cocaine reward in mice that can be differen-
tiated on the global and more focal levels.

Our demonstration of an increase in the number of pERK1/
2-positive cells in both the DS and VS in response to cocaine
relative to controls is consistent with other studies demonstrating
pERK activation following acute and repeated peripheral injec-
tions of cocaine (Valjent et al., 2004; Papale et al., 2016). Further-

more, the increase in the number of pAcH3-positive cells in both
the VS and DS is consistent with increases in the expression of
pERK1/2. Histone H3 is a nuclear ERK substrate activated by
mitogen and stress-activated protein kinase 1 (MSK1) that has
been linked to the transcriptional activation of immediate early
genes, such as c-fos (Thomson et al., 1999; Clayton and Mahade-
van, 2003), which have been demonstrated to be critical to the
enduring plasticity associated with drugs of abuse (Berke and
Hyman, 2000; Chandra and Lobo, 2017). Following activation in
the cytoplasm, pERK translocates to the nucleus, where it acti-
vates MSK1, which subsequently phosphorylates histone H3
(Brami-Cherrier et al., 2009). The findings of increased pERK1/2
and pAcH3 are consistent with a role for the Ras-ERK pathway in
the striatum in cocaine SA.

Cocaine SA in RasGRF2 KO mice resulted in an increase in
SA relative to WT mice. In contrast, cocaine SA was not af-
fected in RasGRF1 KO mice, suggesting dissociation between
the actions of RasGRF1 and RasGRF2 on cocaine reward. Pre-
vious work has demonstrated both impaired conditioned sen-
sitization and CPP in response to cocaine in RasGRF1 KO
mice relative to controls (Fasano et al., 2009). These data sug-
gest that RasGRF2 is more relevant for cocaine reward,
whereas RasGRF1 may mediate conditioned responding fol-
lowing the learning of associations between cocaine and
cocaine-associated cues and environments.

The increase in cocaine SA in RasGRF2 KO mice likely reflects
a decrease in the magnitude of the cocaine reinforcer, requiring
an increase in cocaine intake to achieve a similar putative subjec-
tive effect, similar to that demonstrated following a reduction in
the dose of cocaine (e.g., Thomsen and Caine, 2006). This effect is
similar to that seen with peripheral injections of dopamine D1-
receptor (D1R) antagonists. The D1R antagonist SCH-23390 has
been consistently demonstrated to increase cocaine SA when ad-
ministered systemically (Haile and Kosten, 2001; Caine et al.,
2007) in rodents. Previous research has specifically implicated
D1R-mediated signaling (Valjent et al., 2000; Zhang et al., 2004;
Bertran-Gonzalez et al., 2008), in concert with NMDA receptor
activation (Jiao et al., 2007; Ren et al., 2010), via subsequent
Ras-ERK activation as a critical factor in the regulation of
cocaine-dependent synaptic plasticity in the striatum (Girault et
al., 2007; Cerovic et al., 2013). In addition to a clear postsynaptic
role for Ras-ERK signaling resulting from dopaminergic activity,
RasGRF2 has also been identified as part of the proteome of the
dopamine transporter (Maiya et al., 2007), suggesting a potential
presynaptic role for RasGRF2, such as influencing DA release
(Bloch-Shilderman et al., 2001).

Our pERK1/2 data in the RasGRF2 line confirm the likelihood
that RasGRF2 mediates its effects via the Ras-ERK pathway. Ras-
GRF2 KO mice did not show the increase in pERK1/2-positive
cells in the VS and DS demonstrated in WT littermates and in our
first experiment, a likely mechanistic explanation for the increase
in SA demonstrated in RasGRF2 KO mice. The increased pAcH3
outlined in the first experiment was also replicated in RasGRF2
WT controls but absent in RasGRF2 KO mice. These findings
further implicate this ERK substrate in cocaine SA in mice. Pre-
vious studies in mice have demonstrated that an acute injection
of cocaine resulted in an increase in pAcH3 (Brami-Cherrier et
al., 2005; Bertran-Gonzalez et al., 2008), an effect not present in
MSK1 KO mice (Brami-Cherrier et al., 2005), which also lacked a
c-Fos response, and impaired when preceded by the MEK inhib-
itor PD325901 (Papale et al., 2016). Our findings suggest that the
inhibition of a cocaine-induced increase in pAcH3 is at least in
part mediated through the Ras-ERK pathway via RasGRF2.

Figure 9. Intra-NAc, but not intra-DS, PD325901 decreased cocaine intake. A, The number of
cocaine reinforcers achieved differed between groups administered vehicle (VEH; n � 10) or
PD325901 (PD; n � 9) into the NAc only on day 8, with the PD325901 group earning less
reinforcers than the vehicle group. Data represent mean (� SEM) number of reinforcers
achieved during 9 daily 1 h cocaine SA sessions (0.50 mg/kg/14 �l infusion). PD325901 (5
ng/0.5 �l /side) or vehicle was administered into the NAc 30 min before the day 7 SA session.
Inset, A representative image from a cannula-mounted mouse showing dye injected into the
cannula tract in the NAc. Black arrows indicate location of catheter tip. B, The number of cocaine
reinforcers achieved differed between groups administered vehicle (VEH; n � 6) or PD325901
(PD; n�7) into the DS only on day 8, with the PD325901 group earning less reinforcers than the
vehicle group. Data represent mean (� SEM) number of reinforcers achieved during 9 daily 1 h
cocaine SA sessions (0.50 mg/kg/14 �l infusion). PD325901 (5 ng/0.5 �l /side) or vehicle was
administered into the DS 30 min before the day 7 SA session. Inset, A representative image from
a cannula-mounted mouse showing dye injected into the cannula tract in the DS. Black arrows
indicate location of catheter tip. *p � 0.05.
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In contrast to our findings in RasGRF2 KO mice, cocaine
intake decreased following microinjection of LV-RasGRF2-
shRNA into the NAc relative to LV-scrambled-shRNA. It is not
entirely clear why the response to cocaine differed in these ani-
mals, but may result from a focal knockdown of RasGRF2, in
contrast to the global disruption of RasGRF2 in KO animals.
Indeed, it has been previously hypothesized that the KO of Ras-
GRF2 in mice resulted in a reduced excitability of VTA DA neu-
rons and subsequent generalized disruption of dopaminergic
signaling, which caused a reduction in alcohol consumption in
RasGRF2 KO mice relative to controls (Stacey et al., 2012). This
hypothesis is consistent with the alteration in basal extracellular
DA levels demonstrated in RasGRF2 KO mice (Stacey et al.,
2012). In terms of the studies reported here, a disruption in do-
paminergic signaling may have resulted in a minor decrease in
cocaine reward that was overcome by increased cocaine intake. In
contrast, knockdown of RasGRF2 in the NAc likely resulted in a
focused, disruptive effect in a brain region that specifically medi-
ates putative cocaine reward (Wise and Bozarth, 1985; Koob and
Volkow, 2010). For example, previous studies have demonstrated
that minor decreases in cocaine reward result in compensatory
increases in cocaine intake, whereas further decreases result in a
reduction of intake (De Wit and Wise, 1977; Ettenberg et al.,
1982; Caine and Koob, 1994). These divergent findings may im-
plicate brain areas outside of the striatum in the effects of the
RasGRF2 KO on cocaine reward. As already mentioned, Ras-
GRF2 may play an important role on DAT-containing neurons
(Bloch-Shilderman et al., 2001). Nonetheless, our data confirm
that RasGRF2 is involved in cocaine reward during SA. In con-
trast, LV-RasGRF1-shRNA administration had no effect on co-
caine SA relative to LV-scrambled-shRNA controls, consistent
with our findings in RasGRF1 KO mice.

Interestingly, microinjection of LV-RasGRF2-shRNA into the
DS also resulted in a decrease in cocaine intake. Beyond its well-
known role in the control of habitual behavior following exten-
sive drug-taking (Everitt and Robbins, 2005; Pierce and
Vanderschuren, 2010), some previous research has also indicated
a role for the DS in the acute reinforcing properties of cocaine.
For example, the magnitude of the dopaminergic response to
self-administered cocaine in drug-naive rats was shown to be
similar in the NAc and DS (D’Souza and Duvauchelle, 2006). In
addition, Veeneman et al. (2012) demonstrated that the DA re-
ceptor antagonist �-flupenthixol administered into the dorsolat-
eral striatum altered cocaine SA in rats, even after limited
exposure (see also Kantak et al., 2002), and disconnection studies
between the NAc shell and dorsolateral striatum with �-flu-
penthixol demonstrated that these serial connections mediate
cocaine reinforcement during early cocaine exposure (Veeneman
et al., 2015). A role for the DS in cocaine reinforcement is consis-
tent with our molecular results above, in which cocaine SA in-
creased pERK activation in the DS in addition to the VS, effects
impaired in KO mice. Further studies will need to clarify whether
this effect of RasGRF2 inhibition is due to a serial connection
between the VS and DS or results from another as yet unspecified
role of the DS in cocaine SA.

Daily SA sessions preceded by administration of the MEK
inhibitor PD325901 increased cocaine intake while simultane-
ously decreasing pERK1/2 levels in the VS and DS. These findings
replicated those seen in RasGRF2 KO mice, suggesting that Ras-
GRF2 exerts its effects via the Ras-ERK signaling cascade and
confirming the likelihood that a global inhibition of Ras-ERK
signaling may result in a loss in cocaine reward that is overcome
by a compensatory increased intake. In terms of cocaine, few, if

any, studies have demonstrated alterations in cocaine intake spe-
cifically during SA resulting from the inhibition of activity of
components of the Ras-ERK signaling pathway, such as impair-
ment of MEK (but see Miszkiel et al., 2014). However, numerous
previous studies have demonstrated the involvement of MEK,
and the subsequent activity of ERK, in other cocaine-related be-
haviors, such as CPP (e.g., Valjent et al., 2000; Miller and Mar-
shall, 2005; Papale et al., 2016), which support an inhibitory role
of Ras-ERK signaling blockade on cocaine reward. For example,
we previously demonstrated that PD325901 administered before
a test for cocaine CPP resulted in the long-term inhibition of CPP
and a complete attenuation of an acute cocaine-induced increase
in pERK1/2 in the VS (Papale et al., 2016). SL327, like PD325901,
one of only a few available blood– brain barrier penetrating MEK
inhibitors, was also shown to increase alcohol SA in mice when
administered before daily sessions (Faccidomo et al., 2009) and
was interpreted as a compensatory increase in responding due to
a decrease in alcohol reward. In addition, RasGRF2 KO mice have
previously been shown to demonstrate a loss in alcohol-induced
dopamine increase in the NAc and DS (Stacey et al., 2012), sug-
gesting a reduction in alcohol reinforcement and consistent with
a modulatory role of the Ras-ERK pathway in drug-mediated
behaviors.

The site-specific administration of PD325901 into the NAc,
but not DS, resulted in a decrease in cocaine intake. PD admin-
istered into the NAc failed to have an immediate effect, but dur-
ing the next session on day 8 resulted in a temporary decrease in
cocaine intake that was no longer significant on day 9. A lack of
effect on day 7 is not surprising given that the relatively stressful
injection procedures likely masked any potential differences be-
tween the groups. The decrease in intake the following day is
consistent with the pharmacokinetics of PD325901, which
showed 50% inhibition of pERK at �24 h in rodent brain at the
dose used in the current study (Iverson et al., 2009). Further-
more, this effect is consistent with the decrease in cocaine intake
following LV-RasGRF2-shRNA, again suggesting that an NAc-
specific inhibition of Ras-ERK signaling resulted in an impair-
ment in cocaine SA. That PD325901 had no effect on cocaine
intake may be surprising given that LV-RasGRF2-shRNA in the
DS resulted in a reduction in intake similar to that seen with
LV-RasGRF2-shRNA in the NAc. As noted above, several studies
have suggested a role for the DS in cocaine reward during early
exposure, and RasGRF2 knockdown before cocaine SA in mice
may have inhibited the acquisition of SA, whereas MEK inhibi-
tion at a single administration after several days of SA failed to
affect the maintenance of cocaine SA. However, further disentan-
glement of the specific role of RasGRF2 in the DS during cocaine
SA is required.

In conclusion, we used a combination of molecular, pharma-
cological, and lentiviral techniques to demonstrate that Ras-
GRF2, but not RasGRF1, is involved in cocaine reinforcement
associated with operant SA. These studies further implicate the
role of the Ras-ERK pathway in the effects of drugs of abuse and
indicate that RasGRF2 may be a risk factor in the cocaine use that
may ultimately lead to dependence in humans.
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