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Abstract

Uncontrolled consumption of alcohol is a hallmarfkatcohol abuse disorders, however, the
central molecular mechanisms underlying excesdo@hal consumption are still unclear. Here,
we report that the GTP binding protein, H-Ras & tiicleus accumbens (NAc) plays a key role
in neuroadaptations that underlie excessive aledtioking behaviorsSpecifically, acute (15
min) systemic administration of alcohol (2.5 g/kg)eads to the activation of H-Ras in the
NAc of mice, which is observed even 24 hrs laterirBilarly, rat operant self-administration

of alcohol (20%) also results in the activation ofH-Ras in the NAc. Using the same
procedures, we provide evidence suggesting that tlexchange factor GRF1 is upstream of
H-Ras activation by alcohol. Importantly, we show hat infection of mice NAc with
lentivirus expressing a short hairpin RNA (siRNA) hat targets the H-Ras gene produce a
significant reduction of voluntary consumption of 2% alcohol. In contrast, knockdown of
H-Ras in the NAc of mice did not alter water, quinne and saccharine intake. Furthermore,
using 2-bottle choice and operant self-administratin proceduers, we show that inhibiting
H-Ras activity by intra-NAc infusion of the farnesytransferase inhibitor, FTI-276,
produced a robust decrease of rats’ alcohol drinkig, however, sucrose consumption was
unaltered. Finally, intra-NAc infusion of FTI-276 also resulted in an attenuation of seeking
for alcohol. Together, these results position H-Ras as a dentkecular mediator of alcohol’s
actions within the mesolimbic system and put foowHre potential value of the enzyme as a

novel target to treat alcohol use disorders.



Introduction

The small GTPase H-Ras belongs to the p21 family\Ra$ proteins that transduce
extracellular signals by cycling between an inae®®DP-bound state and an active GTP-bound
state (Takai et al., 2001; Cox and Der, 2010). B-Rathe most abundant p21Ras isoform
expressed in the adult brain (Leon et al., 198, i&s transcript is distributed throughout the
brain including the striatum (Manabe et al., 200)Ras activity in the central nervous system
(CNS) is tightly controlled by the exchange faajoanine nucleotide-releasing factor 1 (GRF1)
which promotes the dissociation of GDP from Ras asdeplacement by GTP (Feig, 2011,
Fernandez-Medarde and Santos, 2011). Converselpa&sFactivating proteins (GAPS) such as
neurofibromin protein type 1 (NF1) stimulate the intrinsic GTPase activity of H-Raading to
the recycling of the enzyme to its inactive formogBet al., 2007). p21Ras proteins are
synthesized as cytoplasmic precursors and reqosetpmnslational lipid modifications, namely
farnesylation of the C-terminal cysteine residuegider to be anchored to the plasma membrane
and to acquire full biological activity (Zhang afésey, 1996; Ahearn et al., 2012). Like other
members of the p21Ras family, once activated, Héfazulates downstream signaling cascades
including the phosphatidylinositol-3-kinase (PI3#ptein kinase B (AKT) and the mitogen-
activated protein kinase (MAPK) pathways (Moodieakt 1993; Orban et al., 1999; Castellano
and Downward, 2011).

In the CNS, Ras proteins play a role in cellulachaisms underlying synaptic plasticity
and memory formation via both pre- and post-sycapichanisms (Ye and Carew, 2014)d
inhibition of Ras signaling results in abnormal cdular plasticity and subsequent
deficiencies in learning and memory such as amygdaldependent memory consolidation

(Brambilla et al., 1997; Kim et al., 2003) Specifically for H-Ras, the enzyme contributes to



the inhibition of Src phosphorylation of the NR2A sibunit of the N-methyl D Aspartate
Receptor (NMDAR) and to the inhibition of synaptic membranal retention of the subunit
(Thornton et al., 2003).Transgenic mice expressing a constitutively acibren of the enzyme
(H-RasG12V)exhibit increased hippocampal learning and memdtyskiner et al., 2005),
increased plasticity in the developing visual coffi¢aneko et al., 2010), as well as alterations in
neuronal morphology (Alpar et al., 2004; Gartnerlet 2004).Furthermore, consistent with
the role of H-Ras in promoting long-term plasticity, GRF1 and NF1 transgenic mice also
exhibit alterations in memory formation (Costa et &, 2002; Ye and Carew, 2010).
Therefore, H-Ras appears to be a mediator of signa@vents that endurably impact synaptic
plasticity.

Uncontrolled drug and alcohol intake are thought tostem, at least in part, from
aberrant synaptic plasticity processes within the msolimbic system including the NAc
(Hyman et al., 2006; Russo et al., 2010). Rodentqmedures that model excessive and binge-
like drinking behaviors in humans enables the identfication of mechanisms underlying
excessive uncontrolled alcohol seeking and drinkingSprow and Thiele, 2012). Specifically,
recurring cycles of alcohol intake and withdrawal dive excessive consumption and binge
drinking in humans (Koob, 2003; Vengeliene et al2008; Koob and Volkow, 2010). These
phenotypes have been successfully mimicked in mi@nd rats undergoing sessions of
voluntary intake of 20% alcohol and withdrawal (Simms et al., 2008; Carnicella et al.,
2009; Neasta et al., 2010; Barak et al., 2011). T8eeprocedures lead to the consumption of
large quantities of alcohol over a short period otime (4 hrs in mice, 30 min in rats) that
result in a blood alcohol concentration (BAC) of aproximately 80 mg% which

corresponds to human binge drinking as defined byhe National Institute on Alcohol



Abuse and Alcoholism (Carnicella et al., 2009; Nets et al., 2010). The use of these
paradigms allowed us to test the hypothesis that IRas in the NAc is necessary for

mechanisms that underlie excessive alcohol drinkinigehaviors.



Materials and Methods

Materials

Anti-H-Ras antibody, Ras assay reagégititathione S-transferase fused to the Ras binding
domain of Raf-1 bound to agarose, Raf-1 RBD), amcellulose membrane were purchased
from Millipore. Anti-phospho-GRF1 S&f antibody was purchased from Cell Signaling
Technology. Anti-GRF1 (sc-224) antibody and Hordesla Peroxidase (HRP)-conjugated
secondary antibodies were purchased from SantaEatechnology. EDTA-free complete mini
Protease inhibitor Cocktail was purchased from Roemd the phosphatase inhibitors cocktails
1 and 2 were purchased from Sigma Aldrich. Thedsyhtransferase inhibitor FTI-276 was
purchased from Calbiochem. NUPAGE® Bis-Tris prega$ss and Trizol reagent were purchased
from Invitrogen. Enhanced Chemiluminescence (EQu} pvas purchased from GE Healthcare
and BioMax MR Film was purchased from Kodak. Thd p&tigen ELISA kit was purchased
from Zeptometrix Corporation. Euthasol® was puregwadrom Virbac. Anti-GFAP and
paraformaldehyde were purchased from Sigma-Aldriéimti-NeuN was purchased from
Millipore. Anti-GFP antibody was purchased from Albt. Alexa Fluor 488-labeled donkey anti-
rabbit and Alexa Fluor 594-labeled donkey anti-n@ousere purchased from Invitrogen.

Vectashield mounting medium was purchased from dfdcibs.

Animals
Male Long-Evans rats (Harlan; 400-450 g at the toheurgery, 4-5 months old) and male
C57BL/6J mice (Jackson Laboratories; 25-30 g attiime of surgery; 3 months old) were

individually housed in a temperature- and humiditynrolled room under a 12 hr light:dark



cycle, and food and water availabdd libitum. All animal procedures in this report were
approved by the Gallo Center Institutional Animar€ and Use Committee and were conducted
in agreement with the Guide for the Care and Uskatoratory Animals, National Research

Council, 1996.

Drugs and treatments

Alcohol solutions for the drinking experiments wgneepared from absolute anhydrous alcohol
(190 proof) diluted to 20%lcohol (v/v) in tap water. For systemic adminigtma, alcohol was
diluted to 20% alcohol (v/v) in saline. FTI-276 wadsssolved in 10% dimethyl sulfoxide

(DMSO) in phosphate buffered saline (PBS).

Collection of brain samples for biochemical analyse

Experiments in mice: To measure the effect of sygtalcohol administration on H-Ras activity
and GRF1 phosphorylation, mice were killed 15 miiteraa single administration of alcohol.
This experiment was conducted three times using safte groups of animals.

To test the effect of Ltv-shH-Rasl or Ltv-shH-Ras2the level of H-Ras, mice were killed 8
weeks after virus infusion by cervical dislocatibnains were quickly removed and placed on an
ice-cold platform.

Experiments in rats: At the end of the 30 min selfinistration session, animals were
anesthetized by isoflurane, killed by decapitatimg brains were quickly removed and placed
on an ice-cold platform and the level of H-Ras \aigtiand GRF1 phosphorylation were

measuredT he experiment was conducted twice using separateagips of animals.



The NAc of mice or rats was dissected and immelgiat®mogenized in MLB buffer
supplemented with protease and phosphatase intsil{ftr H-Ras activity assay and phospho-
GRF1 analysis) or in Radiolmmuno Precipitation As@RIPA) buffer containing 25 mM Tris-
HCI pH 7.6, 150 mM NaCl, EDTA 1mM, 1% (v/v) NP-40.5% (w/v) sodium deoxycholate and

0.1% (w/v) SDS supplemented with protease inhibi{tor H-Ras knockdown analysis).

Measurement of H-Ras activity

Five hundredug of homogenates at a concentration @fgiul in MLB were pre-cleared for 30
min with GST-agarose beads and then incubated 3@thl of Raf-1 binding domain (RBD)
agarose for 40 min at 4°C. Agarose beads were w&hienes with 1 ml of MLB buffer. Bound
proteins were eluted with loading buffer, boiled i® min and resolved by SDS-PAGE. GTP

bound H-Ras immunoreactivity was detected by waditat analysis using anti H-Ras antibody.

Western Blot Analysis

Proteins were resolved by SDS-PAGE and then traresfeto a nitrocellulose membrane.
Membranes were blocked for 1 hr with 5% (w/v) nah+hilk in Tris Buffer Saline 0.1% (v/v),
Tween 20 (TBS-T), and then incubated overnight°at with the appropriate antibody. Bound
primary antibodies were detected with HRP-conjugjagecondary antibody and visualized by
ECL plus. The optical density of the relevant immrgactive band was quantified using NIH

ImageJ 1.63 program.



Production of lentivirus expressing ShRNA targetingH-Ras

The 19-nucleotide shRNA sequence targeting H-RasghH-Rasl) 5-GUA CAG GGA GCA
GAU CAA G was chosen based on a previous study @fai., 2008). A second sequence, Ltv-
shH-Ras2, 5-GGA CCU UGC UCG CAG CUA U, was destyusing the Thermo Scientific

siDesign  Center hftp://www.dharmacon.com/designcenter/designceate@spx The

sequences were incorporated into a previously bestistem-loop structure (Rubinson et al.,
2003). Synthesized oligonucleotides were anneatet! subcloned into the Hpal and Xhol
restriction sites in the recombinant lentiviral teecpLL3.7, which also expresses enhanced
green fluorescent protein (EGFP). The productiomegbmbinant lentivirus was conducted as
described previously (Lasek et al., 2007). The r@ated 19-nucleotide sequence 5-GCG CUU
AGC UGU AGG AUU (Ltv-NS), which has no significardentity to any mouse or rat mRNA,
was cloned as previously described (Lasek et @07Rand was used as a non-targeting control
shRNA. The scrambled sequence of Ltv-shHRas1 (GRS 5-GGG AAG UCC AUG CGA
AGU A, was also used as a control. Lentivirusesewencentrated by centrifugation and titers
were determined using the p24 antigen ELISA asridest previously (Lasek et al., 2007). Viral

titer forin vivo administration was 4 x 1@g/ml.

Immunochemistry

At the end of behavioral experiments, mice werepbe@nesthetized with Euthasol® and
perfused with 0.9% NacCl, followed by 4% paraforneddgde in phosphate buffer, pH 7.4. Brains
were removed, fixed in the same fixative for 2 farsg transferred to PBS at 4°C. The following
day, brains were transferred into 30% sucrose tordd for 3 days at 4°C. Frozen pfh-thick

coronal sections were cut on a cryostat (Micromeriifo Fisher Scientific) and collected into



24-well dishes. Free-floating sections containiing injection site in the striatum were selected,
and first permeabilized with 50% alcohol for 10 mihen rinsed in PBS. Sections were then
blocked with 10% normal donkey serum in PBS fon80 and incubated for 48 hrs at 4°C on an
orbital shaker with antibodies for either neuronadrker (anti-NeuN antibody) or glial marker

(anti-GFAP antibody) in combination with anti-GFRtiaody, diluted in PBS/0.05% Triton X-

100. Next, sections were washed in PBS, incubai#d 206 normal donkey serum for 10 min

and incubated for 4 hrs with secondary antibodidexa Fluor 488-labeled donkey anti-rabbit
and Alexa Fluor 594-labeled donkey anti-mouse. iAdtaining, sections were rinsed in PBS and
coverslipped using Vectashield mounting medium.gesawere acquired using a Zeiss LSM 510
META laser confocal microscope (Zeiss Microlmagiagrording to factory recommended filter

configurations.

Mouse experiments

Systemic administration of alcohol

Mice were habituated to the injection proceduredayly i.p. administration of salinéor 3
consecutive days. On day 4, alcohol (2.5 g/kg, 2@%)) or saline was administered in a volume

of 15.6 ml/kg and brain samples were collectedessigbed above.

Infusion of virus

Mice were anesthetized using a mixture of ketanfir®) mg/kg) and xylazine (8 mg/kg). The
injector (stainless tubing, 33 gauge, Small Panay stereotaxically positioned in the NAc
(anterioposterior + 1.7 mm from bregma,; lateral650mm from bregma). The injectors were

connected to Hamilton syringes (10; 1701, Harvard Apparatus), and the infusion was
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controlled by an automatic pump (Harvard Apparatiige were infused with ful of lentivirus
(Ltv-shH-Ras1, Ltv-shH-Ras2, Ltv-SCR or Ltv-NS) &4 10" pg/ml) at injection rate of 0.1
ul/min. Mice recovered for 4 weeks in their homeeapefore experiments were initiated. Only

data from subjects with infection localized in thAc were included in the analysis.

Continuous access, 20% alcohol 2-bottle choice dkimg paradigm

Ltv-shH-Ras1, Ltv-NS, Ltv-shH-Ras2 or Ltv-SCR wadused into the NAc of mice. Four
weeks later, oral alcohol intake was determinedgisontinuous access to 20% alcohol in a 2-
bottle choice drinking paradigm. This procedurédased on a paradigm described previously
(McGough et al., 2004). Briefly, mice had acces2 tbottles, one containing a 20% alcohol
solution (v/v) and the other containing tap watarZ weeks. Drinking sessions were conducted
24 hrs a day, 7 days a week. The bottles were wdighery day at 12:00 pm and the mice were
weighed once a week. The position (left or righHteach solution was alternated every day to
control for side preference. The amount of alcatarisumed (g/kg of body weight/24 hrs) was

calculated as the difference in solution volumthatend of the session.

Quinine and saccharin taste test

One week after the end of the alcohol-drinking gtumdice were tested for quinine and saccharin
intake. The procedure was similar to the continuacsess alcohol 2-bottle choice drinking
paradigm described above, except that alcohol wéstisuted for a saccharin (0.066%) or
quinine hemisulfate (0.06 mM) solution. Each santwas offered for 3 days and the amount of

fluid intake was recorded every day.
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Intermittent limited-access 20% alcohol drinking paadigm

Ltv-shH-Ras1 or Ltv-SCR (il/side) was infused into the NAc of mice. Four wedter, oral
alcohol intake was determined using an intermittmited-access 20% alcohol drinking
paradigm as previously described (Neasta et allQRO0Briefly, mice had access to a 20%
alcohol solution (v/v) for 4 hrs every other day foweeks. A water bottle was always available

except during the 4 hr alcohol access sessions.

Rat experiments

Cannulae implantation and microinfusion procedure

Rats were continuously anesthetized with isoflur@eeter) during the surgery for placement of
the bilateral guide cannulae (C235G, 26 ga, Pe<iine). The stereotaxic coordinates for the
NAc were +1.6 mm anterior to bregma, £1 mm latépathe medial suture and — 6.1 mm from
the skull surface. Bilateral intracerebral microsibns were made through stainless steel
injectors extended 1 mm below the tip of the caan&himals were infused with FT1-276 (10 or
100 ng/side; 1l/2.5 min) or vehicle 3 hrs before the beginninglu# 24-hr alcohol drinking or
operant self-administration session. After infusianimals were returned to the home cage until

the testing session.

Intermittent-access 20% alcohol 2-bottle choice dnking paradigm

The intermittent-access to 20% alcohol 2-bottleiahalrinking procedure was conducted as
described previously (Carnicella et al., 2009)eByi, rats were given 24 hr of concurrent access
to one bottle of 20% alcohol (v/v) in tap water amte bottle of water. The drinking session

started at 12:00 pm on Monday, Wednesday and Frigdlp 24 or 48 hr (weekend) alcohol-
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deprivation periods between the alcohol-drinkingsgans. The placement (left or right) of each
solution was alternated between each session ttotdor side preference. The water and
alcohol bottles were weighed 30 min and 24 hrg #fte beginning of the session. To assess the
effect of intra-NAc infusion of FTI-276 on alcohiotake, cannulae were implanted into the NAc
as described above. After 4 days of recovery, thtRe choice drinking procedure was

resumed.

Operant alcohol self-administration paradigm

The operant self-administration paradigm was peréal as previously described (Neasta et al.,
2010). Rats were first habituated to drink alcolmotheir home cage using the intermittent-
access to 20% alcohol 2-bottle choice drinking pdare as described above. The self-
administration chambersontain two levers: an active lever, for which theesses resuin
delivery of 0.1 ml of a 20% alcohol solutiomnd an inactive lever, for which responses are
counted but nprogrammed events occur. After 4 days under a fra¢id 1 (FR1Y1 response
delivers 1 reward), rats were trained oRR8 schedule (3 responses deliver 1 reward) 5 days
week in 30 min sessions. Animals wéraned for 5 weeks before experimentanipulation.
During the self-administratiosessions, several parameters such as number afepres the
active and inactive levenumber of alcohol deliveries, latenty the first reward, time delay
between 2 successive presses and latency to thpréss were recorded using MED-PC IV
software (Med Associates). To assess the effeahtcd-NAc infusion of FTI-276 on alcohol
self-administration, cannulae were implanted iftte NAc as described above. After 4 days of

recovery, the operant self-administration procedwes performed as described above. All
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subjects received vehicle or FTI-276 (100 ng/siote)a counterbalanced manner, with one

microinfusion per week.

Sucrose self-administration

Rats were initially trained under FR1 using 8% ssgerdurin@ overnight sessions. Next, the FR
schedule was increased to FR3 and the sucrose racetgen was progressiveljyecreased to
1.5%. Rats were tested 5 days a week, 4 weeks in 30 min sessions. Guide cannulae
implantation into the NAc and the microinjectioropedure were performed as described above.
All subjects received both treatments in a coumtiarced manner, with one microinfusion per

week.

Histology

Rats implanted with cannulae received an i.p. iilgacof pentobarbital followed by transcardical
perfusion with 4% paraformaldehyde. Locations ofimtdae were verified in 5@m coronal
sections stained with thionin to allow visualizatiof probe tracks in the NAc. Only subjects

with cannulae located within the NAc were includedhe study.

Statistical analysis

Biochemical and electrophysiological data were yared by unpaired-test. Correlations were
analyzed by linear regression. Rat operant selfwaidtration experiments were conducted in a
within-subject design, whereas rat 2-bottle ch@od mouse experiments were conducted in a
between-subject design. Depending on the experirdatd were analyzed with one-way or two-

way ANOVA with or without repeated measures. Sigaifit main effects and interactions

14



revealed by ANOVA analyses were further investigargth the Student-Newman-Keuls post

hoc test or the method of contrasts. StatistigaliBtance was set at p < 0.05.

Results
Alcohol activates H-Ras in the NAc of rodents

To test whethein vivo exposure to alcohol alters the activity of H-Rasthie NAc,
C57BL/6J mice were systemically treated (intrajpeal, i.p.) with a single non-hypnotic dose
of alcohol (2.5 g/kg) and the level of H-Ras in@3P-bound (thus active) form was measured.
As shown in Fig. 1Aacutein vivo exposure of mice to alcohol results in a robusivatgon of
H-Ras in the NAc (i) = 2.93, p < 0.01)To determine whetheralcohol-mediated activation
of H-Ras is long-lasting, mice were treated as de#eed above and the level of GTP-bound
H-Ras was measured 24 hrs later. As shown in FigBl acutein vivo exposure of mice to
alcohol results in a prolonged activation of H-Rasn the NAc (t(10) = 3.26, p < 0.01)Next,
we tested whether alcohol self-administration poesusimilar changes in the activity of the
enzyme. To do so, rats underwent an intermitteoéss 20% alcohol 2-bottle choice drinking
procedure for 4 weeks, and were then trained tilyaalf-administer a solution of 20% alcohol
in an operant procedure for 5 weeks. Control ratteawvent the same procedures but consumed
only water throughout the experiment and were eggds the operant chamber for an equal
period of time. H-Ras activity in the NAc was exaed immediately after the last operant self-
administration session. As depicted in Fig. 1C, knel of GTP-bound, active H-Ras was
significantly increased in the NAc of rats that eéreely lever pressing for a high concentration

of alcohol (20%), as compared to rats that wereenexposed to alcoholgt= 3.05, p = 0.02).
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Together, these results suggest that self-admiatstas well as experimenter-administered

alcohol activates H-Ras in the NAc.

Alcohol increases GRF1 phosphorylation in the NAcfaodents

Next, we examined a possible mechanism for alcateidiated activation of H-Ras. The
enhancer of H-Ras activity, GRF1, is a substratarotein kinase A (PKA) (Baouz et al., 2001),
and PKA-mediated phosphorylation of GRF1 enhantes dctivity of the exchange factor
(Mattingly, 1999; Yang et al., 2003). The cAMP/PKxathway is one of the major signaling
cascades activated in the brain in response tdaldMailliard and Diamond, 2004; Ron and
Messing, 2011). Thus, we tested the possibilityt tB&®F1 phosphorylation in the NAc is
increased in response to alcohol exposure. Adriditesd in Fig. 2A, systemic administration of
alcohol @.5 g/kg enhanced the phosphorylation of GRF1 on the PKAsphorylation site
Ser® (tus) = 3.6, p = 0.002). Furthermore, a positive corietabetween the levels of H-Ras
bound to GTP and phospho-886RF1 was observed in the NAc of mice treated witotol
but not in mice treated with saline (Fig. 2B). Imjamtly, rat operant self-administration of 20%
alcohol also increased phosphorylation of GRFh@NAc as compared to control rats (Fig. 2C;
te)= 1.96, p = 0.049). Neither alcohol exposure p@madi produced a change in the total levels
of H-Ras or GRF1. Together, these data suggeststisé¢mic and voluntary administration of
alcohol lead to the phosphorylation of GRF1, tholsaacing the activity of the exchange factor

which, in turn, enables the activation of H-Rashia NAC.

Knockdown of H-Ras in the NAc of mice

16



To identify the functional consequences of H-Rasvaton in the NAc in response to
alcohol, we generated lentiviruses expressing E&tdPone of two distinct short hairpin RNA
(shRNA) sequences targeting H-Ras (Ltv-shH-Rasl EndshH-Ras2) as well as viruses
expressing a non-specific sequence (Ltv-NS) andarled sequence of shH-Rasl (Ltv-SCR).
Infusion of Ltv-shH-Rasl1 or Ltv-shH-Ras2 into thédof mice resulted in a high level of
infection exclusively in neurons (Fig. 3A (Ltv-shiRhsl) and data not shown (Ltv-shH-Ras2)).
Importantly, the level of H-Ras protein was sigrafitlyreduced in the NAc of mice infected
with Ltv-shH-Ras1 (i3 = 3.19, p = 0.007) or Ltv-shH-Ras2:£4f= 2.98, p = 0.01) compared to

animals infected with the control viruses Ltv-NSldnv-SCR (Figs. 3B-C).

H-Ras in the NAc contributes to alcohol-drinking bénaviors

Next, we set out to identify the behavioral conssges of alcohol-mediated H-Ras
activation in the NAc of rodents. First, the NAcroice were infected with Ltv-shH-Ras1 or Ltv-
NS (experiment 1) and with Ltv-shH-Ras2 or Ltv-S(&Rperiment 2), and the level of voluntary
intake of a high alcohol solution (20%) and wateerev measured. As shown in Fig. 4,
knockdown of H-Ras with Ltv-shH-Rasl (Fig. 4Aa) ldv-shH-Ras2 (Fig. 4Bb) resulted in a
robust reduction of daily alcohol intake as comgaremice infected with Ltv-NS (Experiment
1: Fig. 4Aa, two-way ANOVA with repeated measurBM|, significant main effects of Ltv-
shH-Rasl infusion (F22= 21.11, p < 0.001), no significant effects of we¢k: )= 3.25, p =
0.085) and no interaction k2= 0.51, p =0.48)) or Ltv-SCR (Experiment 2: Fig.a4 Bvo-way
ANOVA with RM, significant main effects of LtvshHd&82 infusion (fr2s5= 9.97, p = 0.004)
and weeks (fr2s5= 7.67, p < 0.001) but no interaction;(fs)= 0.04, p = 0.84)). Subsequent

analyses using the method of contrasts detecteghdicant difference in alcohol intake within
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week 1 and 2 between mice infused with Ltv-shH-RaslLtv- shH-Ras2 and their
corresponding controls (p values < 0.001 for expent 1 and p values < 0.05 for experiment 2).
Importantly, H-Ras knockdown did not change wat¢éake (Experiment 1: Fig. 4Ab, two-way
ANOVA with RM, no effects of Ltv-shH-Rasl infusidffi2)= 1.60, p = 0.22), a significant
effects of weeks (fr22) = 4.74, p = 0.04) and no interaction (b = 0.22, p =0.64) and
Experiment 2: 4Bb, two-way ANOVA with RM, no effecof Ltv-shH-Ras2 infusion (Fs) =
2.76, p = 0.11), a significant effect of weekg 6k = 6.29, p = 0.19) and no interaction: (k)=
0.01, p =0.94). Subsequent analyses using the ohethoontrasts did not show a difference on
water intake within week 1 and 2 between mice iefuwith Ltv-shH-Rasl or Ltv- shH-Ras2
and their corresponding controls)), but reducedptieéerence for alcohol vs. water (Experiment
1: Fig 4Ac, two-way ANOVA with RM, significant maireffects of Ltv-shH-Rasl infusion
(Fa22= 11.72, p = 0.002) and weeks(f2)= 10.26, p = 0.004) but no interaction(f)= 0.29,

p =0.87); Experiment 2: Fig. 4Bc, two-way ANOVA WwitRM, significant main effects of
LtvshH-Ras2 infusion (f2s)= 8.08, p = 0.009) and weeks;(fs)= 21.30, p < 0.001) but no
interaction (k125 = 0.14, p = 0.71). Subsequent analyses using #thad of contrasts detected
a significant difference in alcohol preference witlveek 1 and 2 between mice infused with
Ltv-shH-Ras1 or Ltv- shH-Ras2 and their correspogaiontrols (p values < 0.01 for experiment
1 and p values < 0.05 for experiment 2)). Nexwedfy that the reduction in alcohol intake and
preference in response to H-Ras knockdown was n@ @ nonspecific alterations in
consummatory behaviors and/or taste palatability,9ame animals used for experiment 1 were
tested for saccharine (sweet) or quinine (bittetdke. As shown in Fig. 4C, mice infected with
Ltv-shH-Ras1 or Ltv-NS drank similar amounts ofd@rine (g2 = 0.84, p = 0.41) or quinine

(t(22) = 0.33, p=0.74) solutions. In addition, sfreous locomotor activity was examined 3
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days after the end of the saccharine and quinimdddg experiments, and no difference was
observed between the groups (data not shown).

Furthermore, we found that H-Ras knockdown in the Significantly reduced limited
access binge-like alcohol drinking in mice (Fig.,4Do-way ANOVA with RM, main effects of
Ltv-shH-Ras1 infusion (fr22) = 23.92, p < 0.001), no effect of weeksg:6b) = 2.23, p = 0.15)
and no interaction (E22) = 0.53, p =0.47). Subsequent analysis using thihadeof contrasts
detected a significant difference on binge alcdhtdke between mice infused with Ltv-NS or
Ltv- shH-Ras1 within week 1 and 2 (p values < 0.01)

Next, we examined whether pharmacological inhibitef H-Ras activity in the NAc
reduces binge drinking of alcohol. Farnesyl trarasfe is required for anchoring and signaling of
p21Ras (Zhang and Casey, 1996; Ahearn et al., 20h2&refore, to inhibit H-Ras activity we
used the farnesyl transferase inhibitor, FTI-27@jighly potent and selective antagonist of
p21Ras proteins (Sebti and Hamilton, 2000). Rate weused with vehicle or FTI-276 into the
NAc 3 hrs before the beginning of the drinking s@ssand alcohol intake was measured at the
end of the 30 min drinking sessidrhe level of alcohol intake pre-vehicle (4.9 + 0.g/kg) and
post- infusion of vehicle (10% DMSO) (4.4 g/kg + Q.g/kg) were not significantly different
(t(14) = 1.16, p = 0.26)Intra-NAc infusion of FTI-276 dose-dependently idased binge (30
min) intake of alcohol (Fig. 5A, One-way ANOVA sk = 12.32, p < 0.001), and excessive
consumption of alcohol over the 24-hr session (BB, One-way ANOVA, k20 = 6.38, p =
0.007). Water consumption was similar in vehicled &TI-276-treated rats (Fig. 5C), and the
preference for alcohol was reduced (Fig. 5D, Ong-W&lOVA, Fp20 = 5.76, p = 0.011).
Together, these results strongly imply that H-Rasthe NAc plays an essential role in

mechanisms underlying excessive binge drinkindadtel.
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Inhibition of farnesyl transferase activity in the NAc of rats attenuates operant self-
administration of alcohol but not sucrose

Operant self-administration was used next to agbessontribution of H-Ras in the NAc
to the motivation of rats to lever press for aldoi® shown in Fig. 6A-B, infusion of FTI-276
into the NAc of rats significantly reduced operaggponding for a high alcohol solution (20%)
(One-way ANOVA with RM, b9y = 32.51, p < 0.001). In addition, FTI-276 treatineisplayed
an early termination of the drinking episode compawith vehicle-treated rats (Fig. 6B, Two-
way ANOVA with RM revealed significant main effeat$ time (Ri4126)= 33.00, p < 0.001),
treatment (f126) = 9.53, p = 0.013), and time X treatment inte@ct{R14126= 11.32, p <
0.001)). Rats treated with FTI-276 also displayesgaificant increase in the latency to obtained
the first reward (Fig. 6C,F9)= 5.34, p = 0.046) and a decrease in the latenoptain the last
reward (Fig. 6D, fro) = 13.41, p = 0.005). Together, these results stgbat H-Ras in the NAc
is an important contributor to mechanisms that direleéhe motivation to self-administer
excessive amounts of alcohol.

We also measured lever-press responding for aalaewarding substance, sucrose, in
response to an intra-NAc infusion of the FTI-2#6prder to determine whether the reduction of
alcohol self-administration is due to a generakralion in reward-motivated behaviors or
attenuation of locomotor activity. To do so, raterg trained to self-administer a sucrose
solution, and 3 hrs before the testing session;2/6l or vehicle was infused into the NAc. As
shown in Fig. 7, intra-NAc infusion of FTI-276 ditbt alter lever press responding for sucrose
(Fa7 = 0.41, p = 0.55). In addition, no significantesff on the distribution of inter-response

intervals was observed between the groups (datashmin). Therefore, alterations in general
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reward-motivated behaviors or locomotor activitynieat account for the inhibitory actions of

FTI-276 on self-administration of alcohol.

Inhibition of farnesyl transferase activity in the NAc of rats attenuates alcohol seeking
Finally, to test whether H-Ras drives alcohol-segkiehavior, FTI-276 was infused into
the NAc of rats that underwent an extinction sessmowhich rats were able to respond but did
not receive an alcohol reward. As shown in Fig.irfdusion of FTI-276 into the NAc
significantly decreased the number of presses enatbohol-paired lever (Fig. 8A, One-way
ANOVA with RM, Fag = 6.92, p = 0.03), and increased the latencye&dtid press which is the
response followed by reward under FR-3 schedulp @8, One-way ANOVA with RM, {rg)=
5.37, p = 0.049). We also observed that the patietaver presses during the extinction session
(Fig. 8C, Two-way ANOVA with RM, main effects of nie (Ris112) = 42.05, p <
0.001),treatment (E112)= 9.53, p= 0.07), and treatment X time interaci{bfs, 1127 11.32, p <
0.001)) was similar to the pattern during self-agistration in the presence of the drug (Fig. 6B).
Together, these results suggest that intra-NAcsiofuof FT1-276 reduces the motivation of rats

to seek alcohol.
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Discussion

Here, we show that systemic administration of abtohs well as alcohol self-
administration leads to the activation of the sn@lprotein, H-Ras, in the NAc, a brain region
heavily implicated in reward-seeking behaviors (Hymet al., 2006). We further show that
downregulation of H-Ras protein levels or pharmagimal inhibition of its activity in the NAc

significantly reduces excessive alcohol-drinking aseeking in rodents.

We found that H-Ras is activated in the NAc in respnse to both acute and
prolonged alcohol exposure. It is very plausible tht alcohol intake initiates the stimulation
of H-Ras and that the continuous/chronic activatiorof this cascade by alcohol is necessary
for the development and maintenance of alcohol-retad behaviors. Thus, H-Ras
contributes to both the onset as well as the mainmance of maladaptive signaling cascades
that mediate alcohol-drinking behaviors. The fact hat both acute and chronic drug
exposures activate a protein with enzymatic actiwt in vivo is not unique to H-Ras. For
example, AKT and mTORC1 kinases are activated in 8 NAc in response to acute and
prolonged intake of alcohol (Neasta et al., 2010;adsta et al., 2011), and both stimulants
and opiates acutely and chronically activate the anscription factor, CAMP response
binding-element (CREB) in the NAc which, in turn, pomote drug-related behaviors
(Robison and Nestler, 2011).

The mechanism of H-Ras activation in response tohal exposure has yet to be
elucidated. Activation of growth factors or G piiateoupled receptors (GPCRs) as well as
calcium leads to the activation of p21Ras proté@sx and Der, 2010). We provide evidence

suggesting that GRF1, a GDP to GTP exchange f&tat least in part, the upstream mediator
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of H-Ras activation in these paradigms. GRF1 isoneyl to be specifically activated by
lisophosphatidic acid (LPA), the neurotrophic facteceptors, Trk, cannabinoid receptors as
well as cAMP/PKA (Fernandez-Medarde and Santos1RQQur results link the activation of
GRF1 by alcohol to the cAMP/PKA pathway. Specifizalalcohol exposure resulted in
increased phosphorylation of GRF1 on a PKA siter{se916), a post-translational modification
that enhances the intrinsic GDP to GTP exchangeitgcof GRF1 (Mattingly, 1999; Yang et
al., 2003). Although the increase in GRF1 actig@n influence the function of other members
of the p21Ras family, several studies suggest@RiIEL is the specific exchange factor for H-
Ras but not N-Ras or K-Ras (Fernandez-Medarde amthb§, 2011). Activation of dopamine
D1/D5 receptors, which are coupled to cAMP/PKA sigry are positively associated with
GRF1 function in the striatum (Fasano et al., 2088th systemic and voluntary administration
of alcohol results in an increase in dopamine Euethe NAc of rodents (Gonzales et al., 2004).
Therefore, it is plausible that alcohol-mediatedease of dopamine will result in the
phosphorylation of GRF1, leading to the activaidii-Ras.

We show that infection of mouse NAc neurons withtil@ruses expressing specific
SiRNA sequences that target H-Ras reduced excesdoohol intake whereas lentiviruses
expressing two controls (a nonspecific RNA sequesrca scrambled H-Ras siRNA sequence)
did not. These results strongly suggest that ttezadlon in alcohol intake by the knockdown of
H-Ras in the NAc is not due to off target effedtge also report that the inhibition of farnesyl
transferase activity attenuated binge drinking el as seeking in the absence of alcohol reward.
Although we cannot rule out the possibility thatest farnesylated proteins contribute to
mechanisms that underlie excessive alcohol drinkettaviors, the robust activation of H-Ras in

response to alcohol and the attenuation of behsdssociated with alcohol exposure after the
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knockdown of the small GTPase strongly imply thaR&k is a main target of alcohol in the
NAcC.

The downstream target of H-Ras activation by altafidikely to be the PI3K/AKT.
PI3K and AKT are activated in response to the atim of p21Ras. The PI3K/AKT pathway is
activated in the NAc in response to alcohol, artdbiion of these kinases attenuates alcohol
intake (Cozzoli et al., 2009; Neasta et al., 20EL)ythermore, a downstream target of AKT is the
mammalian target of rapamycin in complex 1 (mTOR@19erine/threonine kinase that plays an
essential role in plasticity mechanisms and legraimd memory via the translation of a subset of
synaptic proteins in dendrites (Hoeffer and Klag010; Wang et al., 2010). We recently
obtained data that link mTORC1 in the NAc to nedaj#ations that underlie alcohol
consumption and reward (Neasta et al., 2010). 8paity, we observed that systemic
administration of a non-hypnotic dose of alcohd, well as alcohol intake result in the
phosphorylation of the mTORC1 substrates, the eukiar translation initiation factor-4E
binding protein (4E-BP), and S6 kinase (S6K), ia MAc of rodents (Neasta et al., 2010). We
further showed that the activation of mMTORC1 letmdthe increase in protein levels of specific
synaptic proteins and that inhibition of mMTORC1hvety decreases alcohol-drinking and -
seeking behaviors (Neasta et al., 2010). Togethesge results raise the possibility that H-Ras in
the NAc is positioned at a focal cross point thadtdes the activation of mTORC1 which, in
turn, produces molecular adaptations that undedhe development and/or expression of
excessive alcohol drinking and seeking behaviors.

The possible role of H-Ras in the NAc in mechanigimst underlie alcohol intake
correlates with a genomic study, which was aimecdcharacterize genes implicated in the

susceptibility to develop alcohol abuse disord8ygecifically, Mulligan et al. reported that the
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H-Ras transcript is significantly increased in thrain of selected lines of mice that consume
high amounts of alcohol (Mulligan et al., 2006).dddition, a genetic variation in PI3K, a main
downstream target of H-Ras protein, has been lin&gmhtterns of risky alcohol consumption in
human male adolescents (Desrivieres et al., 200Bjs raises the possibility that H-Ras
signaling may play an important role in the transitfrom controlled to excessive compulsive
alcohol intake in humans. Importantly, our findingd forward the possibility that targeting H-

Ras activity could be a valuable strategy for teatment of alcohol use and abuse disorders.
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Figure Legends

Figure 1: Systemic and self-administration of alcobl increases H-Ras activity in the NAc of
rodents.

(A-B) Mice were systemically treated with alcohol (2.&kgy/i.p.) or saline, and the NAc was
removed 15 minA) or 24 hrs (B) later. (C) The NAc of rats lever pressing for 20% alcohal an
controls rats that were never exposure to alcolete collected at the end of the last 30 min
operant session. Active GTP-bound H-Ras was igblayea pull-down assay using Raf-1 RBD
agarose beads. The levels of H-Ras-GTP and to®®h$lwere determined by western blot
analysis. Optical density quantification of H-Rasekpressed as the ratio of H-Ras-GTP to the
total H-Ras protein. Data are presented as mediM; 8nd expressed as percentage of control.

Two-tailed unpaired-test, *p < 0.05, **p < 0.01. n=9 (A), n = 6 (B)=4 (C) per group.

Figure 2: Systemic and self-administration of alcobl increase GRF1 phosphorylation in
the NAc of rodents.

Mice (A-B) and rats C) were exposed to alcohol as described in Fignd,the level of GRF1
phosphorylation on serine 916 (p8&BRF1) as well as total GRF1 were determined by evest
blot analysis. The level of GRF1 phosphorylatioexpressed as the ratio of the phosphorylated
protein to the total protein and presented as péage of control.B) A correlation between the
level of H-Ras-GTP (Y axis, Fig. 1A) and phospherS-GRF1 (X axis, Fig. 2) in the NAc of
mice following systemic administration of salineef{) or alcohol (right). Correlation was

analyzed by linear regression, the effect siZevélue) was calculated and the p value was
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determined. (A) Two-tailed unpaired t-test, **p 00. n=9 per group. (B) One-tailed unpaired

t-test, *p < 0.05. n=4 per group.

Figure 3: Infection of mice NAc with lentivirus expressing sbrt hairpin RNA that targets
H-Ras produces a downregulation of the protein.

Recombinant lentivirus containing H-Ras-shRRAv-shH-Ras1A,B, Ltv-shH-Ras2C), a non-
specific RNA sequence (Ltv-N®) or a scrambled sequence (Ltv-SGR), and EGFP were
bilaterally infused at a titer of 4 x 1@U/ml into the NAc of mice. Analyses were conduct

the end of the behavioral experiments (8 weeks #ftesurgeries) described in legends of Fig. 5.
(A) Ltv-shH-Rasl infects NAc neurons. Left panel depicts the specificity of the siteiriction,
slices were co-stained with anti-GFP and anti-Nenhbodies, scale: 1 mm. Right panels depict
co-staining of GFP with NeuN (top) or GFAP (bottorsgale: 5Qum. (B,C) Ltv-shH-Rasl (B)

or Ltv-shH-Ras2 (C) decreases the protein level of H-Ras in the NAc. The level of H-Ras was
determined by western blot analysis using anti-i$-Ratibody (Left, top panel), and GAPDH
immunoreactivity was used as an internal loadingtrod (bottom panel). Right: Histogram
depicts the mean ratio of H-Ras/GAPDH + SEM andidake expressed as the percentage of
control (Ltv-NS infected mice). Two-tailed unpairetest, *p<0.05, **p < 0.01. n=7-8 (B), n=7

(C) per group.

Figure 4: Downregulation of H-Ras expression in th&lAc of mice reduces alcohol intake.
(A-B) Knockdown of H-Ras in the NAc of mice reduces alcohol intake. Mice were infused with
Ltv-shH-Ras1 A), Ltv-shH-Ras2 B), or the control viruses Ltv-NSAj or Ltv-SCR B) in the

NAc. Four weeks later, animals were tested in aigoaus access 20% alcohol 2-bottle choice
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drinking protocol. Mice were allowed access to 2lbe, one containing a 20% alcohol solution
(v/v) and one containing tap water for 2 weeks,(Ba) Average daily alcohol intake per week.
(Ab, Bb) Average of daily water intake per weekc( Bc) Average of daily alcohol preference
per week. Alcohol preference was calculated asp#reentage of alcohol solution consumed
relative to total fluid intake (alcohol + waterlC)(Knockdown of H-Ras in the NAc of mice does

not alter intake of saccharin or quinine. Saccharin or quinine intake was each provided for 3
successive daysDJ Knockdown of H-Ras in the NAc of mice attenuates binge drinking of
alcohol. Mice were infused with Ltv-shH-Ras1 or Ltv-SCR irtk@ NAc. Four weeks later, mice
had access to a 20% alcohol solution (v/v) for g éwery other day for 2 weeks and alcohol
intake was measured at the end of each 4-hr sessidnpresented as average of daily alcohol
intake per week. Data are presented as mean + $ENB. and D) Newman-Keuls post hoc test
and method of contrasts, (C) Two-tailed unpaire¢esst, *p < 0.05, **p < 0.01, ***p < 0.001.

n=12 per group (A, C and D), n=13-14 per group (B).

Figure 5: Inhibition of farnesyl transferase activiy in the rat NAc reduces excessive
drinking of alcohol.

(A-D) Intra-NAc infusion of FTI-276 reduces binge and sustained drinking of alcohol. Rats were
trained to consume a 20% alcohol solution in thermittent access 2-bottle choice drinking
paradigm. Vehicle (Veh) or FTI-276 (10 or 100 nd&iwas infused into the NAc 3 hrs before
the beginning of the drinking session, and alcohtalke was measured after 30 mi) @nd 24
hrs B). Water consumption was measured at the end of2thesession §), and alcohol
preference) was calculated as described in the legends of EiguE) Schematic drawings of

coronal sections of the rat brain showing the placement of bilateral injection sites in the NAc.
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Histologically reconstructed sites of infusion lbzed in the NAc of rats that were included in
the analysis of experiments. White circles refevehicle-treated group, gray circles refer to rats
infused with FTI-276 (10 ng/side) and black circke$er to rats infused with FTI-276 (100
ng/side). Data are presented as mean + SEM. Newaals post hoc test, *p < 0.05, **p <

0.01, ***p < 0.001 compared to vehicle. n=7-8 pesup.

Figure 6: Inhibition of H-Ras activity in the NAc reduces operant self-administration of
alcohol in rats.

Rats with a history of high levels of alcohol comgtion in an intermittent-access 20% alcohol
2-bottle choice drinking paradigm were trained tally self-administer a solution of 20%
alcohol in an operant procedure on a fixed rat{R33) schedule. Three hrs before the beginning
of a 30 min session, FTI-276 (100 ng/side) wassefuinto the NAc of ratsA) Number of
active lever presses during the 30-min operant halcoself-administration sessionB)(
Cumulative mean presses in bins of 2 min, indieatif’the rate of presses for alcohol during the
session. €) Latency to the first alcohol delivery (0.1 ml 80% alcohol/delivery) obtained
during the 30 min sessiorD) Latency to the last alcohol delivery)(Schematic drawings of
coronal sections of the rat brain showing the placement of bilateral injection sites in the NAc.
Histologically reconstructed sites of infusion lbzad in the NAc of rats that were included in
the analysis of experiments. Data are represergedean + SEM. Newman-Keuls post hoc test,

* p<0.05, **p<0.01 **p<0.001. n=10 per group.
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Figure 7: Intra-NAc infusion of FTI-276 does not ater self-administration of sucrose.

Rats were trained to self-administer a solutiorl &% sucrose in an operant procedure. Three
hrs before the beginning of the 30-min sessiors, nadre infused in the NAc with FTI-276 (100
ng/side) or vehicle and the number of presses erstitrose lever during the 30-min operant
self-administration session were record®&). $chematic drawings of coronal sections of the rat
brain showing the placement of bilateral injection sites in the NAc. Histologically reconstructed
sites of infusion localized in the NAc of rats thegre included in the analysis of experiments.

Data are presented as mean + SEM. n=8 per group.

Fig. 8: Inhibition of H-Ras activity reduces alcohd-seeking behavior in rats.

Rats with a history of high levels of alcohol comgtion in an intermittent-access 20% alcohol
2-bottle choice drinking paradigm were trained tally self-administer a solution of 20%
alcohol in an operant procedure on a fixed rat{R33) schedule. Three hrs before the beginning
of a 30 min extinction session (alcohol was noitveéeéd), FTI-276 (100 ng/side) or vehicle was
infused into the NAc.A) Number of active lever presses during the 30 session.B) Latency

to the &' press. C) Cumulative mean presses in bins of 2 min. Datapsesented as mean +

SEM. Newman-Keuls post hoc test, * p<0.05. n=9greup.
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Figure 2

p-GRF1/ Total GRF1
(% of control)

H-Ras-GTP / Total H-Ras
(% of control)

p-GRF1/ Total GRF1
(% of control)

150 J *%

125

ey
o
o
1

~
a1
1

(]
o
1

254

pSer916GRF1

200 -
180 4
160 4

r2=0.265
p=0.156

140 4
120 4
100 4
oo
80 4

60

Saline

[ saline
Il Alcohol

Saline Alcohol

pSers916
GRF1

- —-—lGRFl

|._-.. —_— i —

[— — — —

Alcohol

r2=0.51 (]
p=0.03

200 -

180

160

140

120 4

(% of control)

100 4

H-Ras-GTP / Total H-Ras

80

80 90 100

pGRF1/ Total GRF1
(% of control)

*
160 |

140 |
120 |
100 |
80
60
40
20

110 120 80 100 120 140 160 180

pGRF1/ Total GRF1
(% of control)

[ Control
[l Alcohol

Control Alcohol

| pSero1s
GRF1
« [orF1

| - ||

pSer°GRF1



Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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