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ABSTRACT

Extracellular signal-regulated kinase signaling i tlcleus accumbens
and behavioral sensitization by cocaine

Seungwoo Kim

Department of Medical science
The Graduate school, Yonsei University

(Directed by Professor Jeong-Hoon Kim)

Repeated administration of cocaine leads to thesldpment of behavioral
sensitization. Mitogen—activated protein (MAP) lsea play a crucial role in
cell growth, proliferation and neuronal plasticiBxtracellular signal-regulated
kinase (ERK), one of the subtypes in MAP Kinasezss been implicated in
several neurobiological processes. Although thdemscaccumbens (NAcc) is
the site mediating the expression of behaviorasitigation by drug of abuse,
the precise role of ERK activation in this site mag been determined. In this
study we demonstrated that blockade of ERK phoggétaon in the NAcc by a

single bilateral microinjection of PD98059 (0.5200 pg/side) or U0126 (0.1 or
1.0ug/side), into this site dose-dependently inhibitesl expression of cocaine-
induced behavioral sensitization when measured at @ following 6

consecutive daily cocaine injections (15mg/kg, Phis effect appears same
when measured after 3 weeks of withdrawal. Acuteramjection of either

vehicle or PD98059 alone produced no different haator activity compared to
saline control. Microinjection of PD98059 (2.Qg/side) in the NAcc

specifically reduced cocaine-induced increase ok pRosphorylation level in

this site, while unaffecting p38 protein levels.rtiRer, we sought to determine



whether ERK activation in the NAcc showed time-degent changes after
cocaine withdrawals. The basal levels of ERK phosghtion in the NAcc
showed no changes on withdrawal day 1, while timeyeiase on day 7, then
gradually lower down to reach the same level on2iain cocaine compared to
saline pre-exposed rats. Either total ERK or bdthsgphorylated and total p38
protein level were not different in any time-poiméasurements. Taken together,
our results suggest that ERK activation in the NAscnhecessary for the
expression of cocaine-induced behavioral sensiizaand time-dependent
ERK activation in the NAcc may contribute to newbplasticity leading to
long-lasting behavioral changes such as drug agavin

Key words: cocaine, ERK, behavioral sensitizationyjcleus accumbens,
microinjection, craving



Extracellular signal-regulated kinase signaling i tlucleus accumbens
and behavioral sensitization by cocaine

Seungwoo Kim

Department of Medical science
The Graduate school, Yonsei University

(Directed by Professor Jeong-Hoon Kim)
I. INTRODUCTION

Drug abuse is defined as a chronic, relapsing bdigease that is
characterized by compulsive drug seeking and' lise.known to be mediated
by rewarding circuit in the several brain regionsluding ventral tegmental
area (VTA), nucleus accumbens (NAcc), and prefiootatex (PFCY. Drug
abuse is considered as a brain disease resultitigeifong lasting changes of
not only brain structures but also molecular aniulze mechanisméThese
changes lead eventually to the comdbekaviors (for example, dependence,
tolerance, sensitizatiorand craving) that characterize an addicted state.
Psychomotor stimulant drug induced-behavioral szasion is a well-
established phenomendiRepeated intermittent administration of psychomoto
stimulant drugs such as cocaine or amphetamine upesd behavioral
sensitization, which is a proposed model for urndeding drug abuse.
Behavioral sensitization has been proposed to liadehe ability of
psychomotor stimulants to elicit craving by enhagcithe incentive
motivational value of these dru§Jhus, elucidating the molecular mechanisms



that involve in making these processes providep helbetter understanding
about the critical steps that mark the transiticstaft to compulsive drug use
among human addicts.

The extracellular signal-regulated kinase (ERKjlpanstream substrate of a
mitogen-activated protein kinase kinase (MEK), ipratein serine/threonine
kinase that plays an important role in diverse aeak adaptive responses such
as learning and memorySeveral lines of evidence indicate that ERK pathway
also importantly involves in both acute and longrieadaptive processes by
drugs of abuse. For example, the systemic injeatioa selective inhibitor of
MEK abolishes the rewarding effects as well as $leasitized locomotor
activity of cocaind;*°Chronic administration of cocaine or morphine iases
ERK activity in the VTA, the region in the ventratidbrain that contains
dopaminergic cell bodi€s.In the NAcc, which receives dopaminergic axonal
projections from the VTA, ERK activation is inducéy cocain& and it is
augmented in cocaine-sensitized rat&ehavioral studies also show that the
systemic injection of SL327, a selective inhibitof MEK, abolished the
development of locomotor sensitization as well sed@tioned place preference
by cocainé’ ®

The development of behavioral sensitization by peyaotor stimulant drugs
consists of two phases; induction and expressionyhich distinct neuronal
substrates mediate different neuronal processethénbrain'> * Evidence
indicates that the development of behavioral sizasibn is initiated in the VTA,
while its expression is due to drug actions in k&cc. > **Recent research
shows that the development of sensitization to ioecevas prevented by pre-
treatment of a MEK inhibitor prior to each drug adistration during the
induction phas€; ™ while its expression was not affected when chgeriater
with cocaine in the presence of the same inhiBitmwever, these results were
all obtained with systemic injection of a MEK infidr SL327, which crosses
the blood-brain barrier and affects various braigions, so that it was not clear
in which area of brain ERK actually contributessensitization. Although it



was previously observed that the initiation of babial sensitization to cocaine
was blocked by intra-VTA microinjection of anotHdEK inhibitor PD98059!
the role of ERK in the expression of sensitizati@s not been examined yet
directly in the NAcc. Thus, we investigated in theesent study whether a
specific blockade of ERK phosphorylation by micfection of PD98059 into
the NAcc produces a differential effect to the egsion of behavioral
sensitization to cocaine.

Interestingly, it has been suggested in both huatticts and laboratory
animals that cocaine craving progressively devetmpmcubates during drug-
free withdrawal periods. During drug-free withdrayariods, what molecular
changes contribute to the incubation of craving sutssequently the expression
of sensitization is not precisely known yet. Reamsearch shows that the cell
surface expression of AMPA receptors in the NAaréases during 7-21 days,
but not 1 day, of cocaine withdrawafs''These results suggest that the drug-
free withdrawal periods are not dormant but rathetively changing some
molecular expression levels to contribute to tleeibation of craving.



II. MATERIALS AND METHODS

1. Drugs and intracranial microinjections

PD98059 and U0126 (Sigma, St. Louis, MO) were digsblin 70% and
20% DMSO, respectively, and small aliquots wereest@t -20C. Immediately
before use, frozen aliquots of each drug wereelilid concentrations of either
1.0 or 4.0ug/ul in 70% DMSO (PD98059) and of either 0.2 or gddul in 20%
DMSO (U0126). Both U0126 and PD98059 are noncortipetinhibitors with
respect to both MEK substrates, ATP and ERK. Cecanydrochloride
(Belgopia, Belgium) was dissolved in sterile 0.98tire. Bilateral intracranial
microinjections into the NAcc were made in the fyemoving rat. Injection
cannulas (28gauge) connectedillsyringes (Hamilton, Reno, NV) via PE-20
tubing were inserted to a depth 1mm below the gomlenula tips. Injections
were made in a volume of Oub per side over 30 sec. After 1 min, the injection
cannulas were withdrawn and the obturators weraceg.

2. Subject and surgery

Male Sprague—Dawley rats weighing 220-260 g ornvarnvere obtained
from Samtako (Osan, Korea). They were housed t{heeeage in a 12-h light:
12-h dark cycle room with food and water availaateall times. They were
allowed to stay in the colony room at least foreeiy during which they were
handled, before doing any experiments. All animak yrocedures were
conducted according to an approved IACUC protocol.

During the surgical operation, rats were anestldtiavith ketamine
(200mg/kg, i.p.) followed by xylazine (6mg/kg, )pplaced in a stereotaxic
instrument with the incisor bar at 5.0 mm above thteraural line and
implanted with chronic bilateral guide cannulas (g2uge, Plastics One,
Roanoke, VA) aimed at the NAcc (A/P, +3.4; L, +1B{V, -7.5 mm from
bregma and skull). Cannulas were angled at 1(iaoértical, positioned 1mm
above the final injection site and secured withtalesicrylic cement anchored to



stainless steel screws fixed to the skull. Aftagsty, 28 gauge obturators were
placed in the guide cannulas and rats returneldeio home cages allowing full
recovery until a challenge test day which lasteléast two weeks.

3. Locomotor activity

Locomotor activity was measured in a bank of sixivdg boxes
(35 cm x 25 cm x 40 cm) (IWOO Scientific Corporation, 8edéorea) made
of translucent Plexiglas and individually kept iarder PVC plastic sound
attenuating cubicles. The floor of each box coresigif 21 stainless steel rods
(5 mm diameter) spaced 1.2cm apart center-to-ceifwn infrared light
photocells (Med Associates, St. Albans, VT, USA3iponed 4.5 cm above the
floor and spaced evenly along the longitudinal asisthe box estimated
horizontal locomotor activity.

4. Western blotting

Tissues were homogenized in lysis buffer contaifirt82 M sucrose, 2 mM
EDTA, 1% SDS, 1Qg/ml aprotinin, 1Qug/ml leupeptin, and 1 mM
phenylmethylsulfonyl fluoride. The concentrationpsbtein was determined by
using Pierce BCA protein assay kit (Pierce, Roakftlc, USA). Samples were
then boiled for 10 min and subjected to SDS-polylacnide gel electrophoresis.
Proteins were transferred electrophoretically toooellulose membranes (Bio-
Rad, Hercules, CA, USA), which were then blockethvi% skim milk in PBS-
T buffer [10 mM phosphate-buffered saline plus 0.05%een-20]. Specific
antibodies against phospho-ERK1/2, phospho-p380QD idilution in PBS-T
with 5% bovine serum albumin; Cell Signaling, BdyerMA, USA) and
ERK1/2, p38 (1:1000 dilution in PBS-T with 5% skimilk; Cell Signaling)
MAP kinases were used to probe the blots. Primatipadies were detected
with peroxidase-conjugated secondary antibodie20Q0 dilution in PBS-T
with 5% skim milk; KOMA Biotech, Seoul, Korea) follved by enhanced
chemiluminescence (ECL) reagents (Amersham BiosegnArlington Heights,



IL, USA) and exposure to X-ray film. Band intensgiwere quantified based on
densitometric values using Fuijiflm Science Lab l@Tage Gauge software
(version 2.54). Antibodies on the membrane wereokad by using Restore™
Western Blot Stripping Buffer (Pierce, Rockford, USA) and re-probed with
antif}-actin antibody (1:10,000 dilution in PBS-T with 58&im milk; Abcam,
Cambridge, UK).

5. Design and procedures
Experiment 1

Six different groups of rats were randomly assigaed half of them were
administered once a day with saline and the rdbtlith cocaine (15mg/kg, IP)
for 6 consecutive days. Injections were made iratttevity boxes on day 1 and
6, and at home-cage for the rest of days (day3),tto avoid any confounding
factor such as conditioning. On day 7, animals wiast habituated to the
activity boxes for 1 hour, then microinjected lelatly into the NAcc with
either vehicle (70% DMSO) or each dose of PD 98095 and
2.0ug/0.51l/side) (pre-exposure-microinjection-IP injectiosal-veh-coc, n=6,
sal-PD (0.5)-coc, n=6, sal-PD (2.0)-coc, n=6, ceb-eoc, n=7, coc-PD (0.5)-
coc, n=6, coc-PD (2.0)-coc, n=7) and U0126 (0.1 &rdug/0.5ul/side) (sal-
veh-coc, n=5, sal-U0126 (0.1)-coc, n=5, sal-U01R6)¢coc, n=4, coc-veh-coc,
n=5, coc-U0126(0.1)-coc, n=6, coc-U0126(1.0)-coe?)n After 30 min, they
were all cocaine (15mg/kg, IP) challenged and tHeirtomotor activity
measured for 2 hours. Additional four groups of raere first habituated to the
activity boxes for 1 hour, then microinjected wétther saline, vehicle, or one
of two doses of PD98059 (0.5 and ylside), followed by saline (IP)
challenges 30min later and their locomotor activitgasured for 2 hours (n=5
each).



Day 1-6 Day 7

Sal or Coc pre-exposure Habituation (1h) | Microimgecton (30 min) | Locomotor actonty (2h)

Experiment 2

Two groups of rats were microinjected bilateralhgoi the NAcc with either
vehicle (70% DMSO) or PD 98059 (24'side), respectively. Then, each group
was subdivided into two, which received IP salimecocaine 30min later
(microinjection-IP injection; veh-sal, n=7, veh-¢co%=8, PD-sal, n=7, PD-coc,
n=8). Brain tissues dissected immediately afteragi¢ation at 15min after the
IP injections, and processed for western blotting.

Microimyection (30 min) | Sal or Coc [P (1 5min) Mace extracton and Western blothing

Experiment 3

In the long-term withdrawal experiments, three goof rats (n=4 each) were
all cocaine pre-exposed, then after 3weeks of wétlvdl, they were either
saline or cocaine challenged 30min after microimpecof saline or a high dose
of PD98059 (2.0g/side) and their locomotor activity measured fdwoRrs.

Day 1-7

3 weeks
wathdrawal

Sal or Coc pre-exposure Hahituation (1h) | Microinjection {30 min) | Locomotor actiwity (2h)

Experiment 4

Rats (n=48) were administered with either salinecacaine (15 mg/kg, i.p.)
once daily for 7 days. On days 1 and 7, they wiese HHabituated to the activity
boxes for an hour, then injections made and imntelgiatheir locomotor
activities were measured for an hour, while on @athrough 6, they were



injected in home cages without activity measuremeAfter pre-exposures,
animals were allowed to have 1, 7, 14 or 21 daysirab-free withdrawal
periods. On each scheduled day of withdrawal, agdaaline and cocaine pre-
exposed group of rat1 € 6 each) was sequentially brought to a new place
(neither home cage nor locomotor boxes to avoid@mfounding factor such
as conditioning), and decapitated for western inigtt

T thdrawal
Day 1.7 Day 1 Day 7 Day 14 Day 21
Mare extraction Mare extraction Hiee extaction Wiee extraction

Sal or Coc pre-exposure | | i Wespmblotting | ad Westem blotting. | azd Westerublotting | axd Westernblotting

6. Histology

After completion of the experiments, rats were #retized and perfused via
intracardiac infusion of saline and 10% formalirraiBs were removed and
further post-fixed in 10% formalin. Coronal sec8ddOum) were subsequently
stained with cresyl violet for verification of caua tip placements.

7. Statistics

Total locomotor activity scores (means S.E.M.) and Western blotting were
analyzed by using two-way ANOVA with injections agdoups as factors of
variation.Post-hoc test were performed by using Scheffé comparisons.

10



I. RESULTS

Experiment 1:
1. Inhibition of ERK phosphorylation in the NAcc blocks the expression of
locomotor sensitization to cocaine

Figure 1A shows the locomotor activity counts atal in both saline and
cocaine pre-exposed rats in response to an IP reoogtiallenge injection
following NAcc pre-infusion of either vehicle or @adose of PD98059 (0.5
and 2.0 pg/side). The two-way between (microinjections)-with(pre-
exposures) ANOVA conducted on these data foundpanoached significance
for different microinjections [F 3=2.95, p<0.068] and multiple significant
effects of different pre-exposures, [(=35.34,p<0.001], and a microinjections
X pre-exposures interaction JR=3.71, p<0.05]. As expected, daily cocaine
pre-exposed rats compared to saline, showed atigedsiocomotor activity in
response to an IP cocaine challenge injection wiadnicle was microinjected
into the NAcc <0.001, bypost-hoc Scheffé comparisons). This effect of
cocaine, however, was inhibited in a dose-depenaminer by microinjection
into the NAcc of PD98059p&0.01 in a high dose, 2y/side, compared to
vehicle). In saline pre-exposed rats, PD98059 hadeffiect on locomotor
activity in response to a cocaine challenge indgigathat NAcc microinjection
of PD98059 produces its effects on sensitized rathan acute locomotor
activity by cocaine. The time-course data and looabf injection cannula tips
in the NAcc of rats that were included in this expent are illustrated in
Figure 1 B and C, respectively.

11



Pre-exposure

[ SAL
» 1000 | mm cocC
= *kok
8 800 1 *%
600 1 Tt
S 400 |
3
S 200 1
0
PD 98059 (ug/side) : 0 0.5 2.0
IP challenge : cocaine
400 -

ACTIVITY COUNTS
»n
(=]
S
1

T
20 40 60 80 100 120
TIME (min)

12

Challenge
Pre-exposure (,.injec - IP)
—-O- SAL VEH coOC
—— SAL PD(0.5) COC
-1 sAL PD(2.0) COC
-@- coc VEH cocC
—A— COC PD(0.5) COC
—- COoC PD(2.0) COC




Figure 1. Blockade of ERK phosphorylation by a single miojection of
PD98059 in the NAcc inhibits the expression of @oeanduced locomotor
sensitization. (A) Animals were either saline oc&@ioe pre-exposed for 6 days.
At day 7, their locomotor activity was observedeaftocaine (15mg/kg, IP)
challenge injection preceded 30 min earlier by @cwingle bilateral
microinjections of either vehicle or PD 98059 (@#Bd 2.0ug/side) into the
NAcc. Data are shown as group mean (+S.E.M.) totaimotor activity counts
observed during the first 1 hour. Numbers of ratseach group are 6-7.
Symbols indicate significant differences as rewdal®y post-hoc Scheffé
comparisons following two-way between (microinjeas)-within (pre-
exposures) ANOVA.”" p<0.001, " p<0.01; significantly more counts in
cocaine relative to saline pre-exposed animals<0.01; significant differences
in cocaine pre-exposed animals when PD98059 (@8ide) compared to
vehicle was microinjected. (B) Time-course data sinewn as group mean
(+S.E.M.) locomotor activity counts for every 20mtime-bins obtained during
the 2-hr test immediately after cocaine challemgection. (C) Location of the
microinjection cannula tip in the NAcc of rats imded in the data analyses.
Only rats with injection cannula tips located ®latly in this site were included
no neural damage was observed other than that geddoy the insertion of the
cannulae. Numbers to the right indicate millimefeosn bregma.

13



2. Acute microinjection of either vehicle or PD9808 alone produced no
different locomotor activity compared to saline cotrol.

To further examine the specific ability of NAcc PEI%®9 to inhibit the
expression of locomotor sensitization to cocaireliteoonal rats were just acute
saline challenged following microinjection of eitheshicle or PD98059 and
their locomotor activity were measured (Fig.2). Thee-way ANOVA
conducted on these data found no significant diffees between groups
[F316e0.07, p<0.976], indicating that either vehicle or any dagePD98059
used in the present experiments dose not prodecehgmge of basal locomotor
activity consistent with previous findirg.

14
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Figure 2. Acute microinjection of vehicle or PD98059 alondoirthe NAcc
produces no different levels of locomotor activitympared to saline control.
Locomotor activity is observed following saline XliRjections preceded 30 min
earlier by bilateral microinjections of either salior vehicle (70% DMSO),
PD98059 (0.5 and 2.fig/side) into the NAcc. Data are shown as group mean
(+S.E.M.) total locomotor activity counts obserdedl hour (n=5/group).
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3. Intra-NAcc microinjection of MEK inhibitor U0126 blocks the
expression of locomotor sensitization to cocaine

Figure 3 shows the locomotor activity counts ol#diin both saline and
cocaine pre-exposed rats in response to an IP redaatiallenge injection
following a single NAcc pre-infusion of either veld or each dose of U0126
(0.1 and 1.0ug/side). The two-way between (microinjections) -thivi (pre-
exposures) ANOVA conducted on these data foundgaifgiant effect of
different pre-exposures {k= 6.90,p<0.05]. Again, rats pre-exposed to daily
cocaine compared to saline showed a sensitizedniatwo activity in response
to an IP cocaine challenge injection when vehiches wnicroinjected into the
NAcc (p<0.01, by post-hoc Scheffé comparisons). However, this effect of
cocaine, similar to PD98059, was inhibited in aeddspendent manner by a
single microinjection into the NAcc of U0124<0.01 in a high dose, 1.0
pg/side, compared to vehicle). In saline pre-expasesl U0126 had no effect
on locomotor activity in response to a cocaine lehgke indicating that NAcc
microinjection of U0126 also produced its effectsmmsitized rather than acute
locomotor activity by cocaine.

16
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Figure 3. Microinjection of U0126 into the NAcc inhibits thexpression of
cocaine-induced locomotor-sensitization. Animalsemeither saline or cocaine
pre-exposed for 6 days. At day 7, their locomotctivity was observed after
cocaine (15mg/kg, IP) challenge injections prece8@dmin earlier by acute
bilateral microinjections of either vehicle or UBLP.1 and 1.Qug/side) into
the NAcc. Enhanced increase of locomotor activitycbcaine compared to
saline pre-exposed animals was dose-dependenilyitadh by a single U0126
microinjection into the NAcc. Data are shown asugranean (+S.E.M.) total
locomotor activity counts observed during the 1rhdlumbers of rats in each
group are 4-6. Symbols indicate significant differes as revealed Ippst-hoc
Scheffé comparisons following two-way between (wigjection) — within
(pre-exposures) ANOVA.” p<0.01; significantly more counts in cocaine
relative to saline pre-exposed animalsp<0.05; significant differences in
cocaine pre-exposed animals when U0126 (g@&ide) compared to vehicle
was microinjected.

17



Experiment 2:
4. Microinjection of PD98059 into the NAcc selectely inhibits cocaine-
induced increase of ERK phosphorylation in this si

Because we used microinjection techniques, ierai@ confirm the ability of
PD98059 to lower phosphorylated ERK 1/2 levels dliyein the tissue, the
NAcc was taken out from the animals either salimecacaine IP injected
following microinjection of either vehicle or a liglose of PD98059 and their
protein levels were analyzed (Fig. 4). Either plnasplated (p-ERK 1/2 and p-
p38) or total (ERK 1/2 and p38) protein kinase lsevevere examined on
separate gels and normalized ffactin protein levels. The 42-and 44-KDa
forms of ERK were quantified together. The increbdlewels of phosphorylated
ERK 1/2 by cocaine in the NAcc were significantgduced in PD98059 (2.0
ug/side)- compared to vehicle-microinjected aninedsrevealed byost-hoc
Scheffé comparisongp€0.01) following two-way between (IP challenges) -
within (microinjections) ANOVA (for microinjectionfF; ,s4.03,p<0.055], IP
challenges [E 264.33, p<0.05], and a microinjections X I[P challenges
interaction [k ,e=4.60,p<0.05]).

18
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Figure 4. PD98059 in the NAcc lowers cocaine-induced inaeat ERK
phosphorylation levels in this site. Rats receiledaline or cocaine (15mg/kg)
30 min after a single microinjection of either v@hior PD 98059 (2.Qig/side),
and then 10 min later, the brains were removed tardNAcc tissues were
punched out. (A) Representative Western blots ébelith antibodies against
phosphorylated and total ERK1/2, phosphorylated tatal p-38, andg3-actin.
(B) Blots were scanned and the band intensitiesewguantified using
densitometer. Values are normalized ff@ctin and expressed as mean (+
S.E.M.) (n=7 to 8/group) transformed to relativecaimts of control (vehicle
microinjection-saline IP) values. Symbols indicaignificant differences as
revealed bypost-hoc Scheffé comparisons following two-way between (IP
challenges) -within (microinjections) ANOVA. p<0.01; significantly higher
levels of p-ERK 1/2 in cocaine relative to salifalienged animals! p<0.01;
significant differences in cocaine challenged afsmahen PD98059 (2.0
ug/side) compared to vehicle was microinjected.
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Experiment 3:
5. Increased locomotor activity when cocaine chaltged after 3 weeks of
withdrawal in cocaine-sensitized rats, blocked by P98059

To further examine the ability of NAcc PD98059 teyent the expression of
locomotor sensitization to cocaine in long-termhditawal, additional cocaine
pre-exposed rats were challenged 3 weeks aftelatedrug pre-exposure.
When challenged to cocaine with NAcc PD98059 (#ylside), rats showed
levels of locomotion that were significantly low#ran those displayed by
cocaine-challenged rats with saline microinject{pr0.05). Post-hoc Scheffé
comparisons after an ANOVA found significant effectf NAcc infusion [k
9=11.22,p<0.01] (Fig. 5A). Challenge injection of cocaindldaving vehicle
microinjection increased the levels of ERK phosptaiion in the NAcc about
2 times than those obtained by saline challengg. B-C). However, in the
presence of NAcc PD98059 (2:16/side), challenged injection of cocaine failed
to increase ERK phosphorylation levels in the NAEte ANOVA conducted
on these data showed significant effects of NAdasion [, 9.2, p<0.01].
Post-hoc Scheffé comparisons indicated that levels were driginly in rats
cocaine-challenged with saline microinjection tharother rats (p<0.05). The
level of total ERK, both phosphorylated and tota8 pvere all not changed.

21



ACTIVITY COUNTS

600 - _[
350 - Microinjection-IP 400
—O~ Veh-Sal
300 - —/\— Veh-Coc T
050 | —l- PD-Coc 200 1
200 + T
0
150 Microinjection Vehicle Vehicle PD 98059
IP injection Saline Cocaine Cocaine
100 +
50 4
0 T )
20 40 60 80 100 120
Time (min)
N RO @ & o
o S & P S e
& F P & &
p-ERK 1 — - P S—— ERK 1 ey —————
p-ERK 2 — N — ERK 2 -

Actin: P -

P-pIS D - — —

At ’-;-

22

Actin p e

gl 8 4

Actin P o — —



2.5 1
Microinjection-i.p.
* * 1 Veh-Sal
2.0 A == Veh-Coc
I PD98-Coc
1.5 4

RELATIVE AMOUNTS

;
1.0 A1

05 | Hl
0.0

p-ERK ERK  p-p38 p38

Figure 5. PD98059 in the NAcc blocks the expression of loctumo
sensitization to cocaine even when tested afteg-term withdrawal. (A)
Animals were all cocaine pre-exposed for 7 dayshwdgily IP cocaine
injections. After 3 weeks of withdrawal, they wetgallenged with IP saline or
cocaine following 30 min earlier microinjection either vehicle or PD98059
(2.0 pg/side). Data are shown as group mean (+S.E.M9Jnhotor activity
counts obtained during the 2 hr test (n=4 for egocbup) following the
sensitization test injection. Inset shows totalrtswobtained in the first hour of
testing. Rats microinjected with saline showedgaificantly greater locomotor
response to cocaine compared to saline challenge@.01), but this sensitized
response was absent when PD98059 was microinjegteccocaine challenge
(" p<0.05). (B) Representative western blots labeleth wintibodies against
phosphorylated and total ERK, phosphorylated atal @38, and3-actin. (C)
Blots were scanned and the band intensities weaatifjied using densitometer.
Values are normalized tp-actin and expressed as mean (+ S.E.M.) (n=3-
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4/group) transformed to relative amounts of contfiwiicroinjection saline
followed by IP saline as control) values. Symbotglicate significant
differences in the levels of p-ERK 1/2 in the NAas revealed byost-hoc
Scheffé comparisons following ANOVA. p<0.05; vehicle-saline vs. vehicle-
cocaine; p<0.05; vehicle-cocaine vs. PD98059-cocaine.
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Experiment 4:
6. Time-dependent change of ERK phosphorylation l@ls in the NAcc
during withdrawals from repeated cocaine

Table 1 shows the locomotor activity counts obtdiirerats pre-exposed to
cocaine or saline. Only rats that showed more #@# increase of locomotor
activity on day 7 relative to day 1 were considefedfurther analyses. This
procedure is commonly used for the developmenteakitization by cocaine.
Of the 32 rats prepared for cocaine sensitizaowere dropped for failing to
meet this criterion.

Any protein levels measured on the next day follmypre-exposures were
not different in cocaine compared from saline peated rats (Fig. 6). Paired
test comparisons of these data revealed no signifidifferences< 0.97—
0.26). Fig. 7A shows the representative Westertshiabeled with different
antibodies in either saline or cocaine pre-expogealips following longer
withdrawal periods (7, 14 or 21 day3he band intensities on the blots were
quantified and expressed as relative amounts ofrao(saline pre-exposed
group at withdrawal day 7) values (Fig. 7B). The @¥A conducted on these
data found significant effect of different pre-espoe groups H; 378.24,
p<0.01] only in p-ERK1/2 levelsPost hoc Scheffé comparisons revealed
significant differencesp<0.01) in the levels of p-ERK1/2 in cocaine complare
with saline pre-exposed group at withdrawal daynterestingly, this effect is
gradually diminished in a time-dependent manndofohg withdrawal periods
(p<0.05, withdrawal day 21 compared with day 7 inaone pre-exposure).
Total ERK1/2 and both phosphorylated and total p&@ls showed no
differences between groups. These results inditdad¢ the basal ERK1/2
phosphorylation levels in the NAcc differentiallizange following withdrawal
periods from cocaine pre-exposures.
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Table 1.Locomotor activity counts during pre-exposures

Pre-exposuré Day 1 Day 7
Saline (24) 367 54 +8
Cocaine (24) 222 £ 50 600 £ 55

Data are shown as group mean (xS.E.M.) locomottivigccounts. All rats
were habituated for 1 h and their locomotor agtiviteasured for an additional
1 h following their respective injections. Onlydsty 1 and 7, locomotor activity
was measured during the pre-exposure injectionse(daily total 7 injections).
#®Numbers in parentheses indicatper group.
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Figure 6. The basal levels of ERK phosphorylation in the MAare not
different in cocaine compared from saline pre-ergogroups on withdrawal
day 1. Animals were pre-exposed to daily IP infatsi of cocaine or saline for 7
days. On withdrawal day 1, brains were removed tasdNAcc was punched
out. Western blots were scanned and the band itie=sng/ere quantified using
densitometer. Values are normalize@4actin and expressed as mean (+S.E.M.)
(n =6 per group) transformed to relative amounts oftrobd values (saline pre-
exposed group as control). Total ERK1/2 and botbsphorylated and total p38
levels also showed no differences between groups.
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Figure 7. The basal levels of ERK phosphorylation in the NAchange
following withdrawal period from cocaine pre-expostt Animals were pre-
exposed to daily IP injections of cocaine or salioe 7 days. On each of
withdrawal day 7, 14, and 21, their brains were aesd and the NAcc was
punched out. (A) Representative Western blots ébelith antibodies against
phosphorylated and total ERK1/2, p38, ahdctin. Groups indicate either
saline (S) or cocaine (C) pre-exposures with dffierwithdrawal periods. (B)
Blots were scanned and the band intensities weaatifjied using densitometer.
Values are normalized tp-actin and expressed as mean (+S.E.M.) (n=6 per
group) transformed to relative amounts of contralues (saline pre-exposed
group at withdrawal day 7 as control). Symbols ¢atk significant differences
on the levels of p-ERK1/2 in the NAcc as revealed gost hoc Scheffé
comparisons following two-way ANOVA. p<0.01, saline compared with
cocaine pre-exposure at withdrawal day 'P<0.05, withdrawal day 21
compared with day 7 in cocaine pre-exposure. T&ERK1/2 and both
phosphorylated and total p38 levels showed noréiffees between groups.
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IV. DISCUSSION

The present results demonstrate that a direcebdbinicroinjection into the
NAcc of PD98059, or U0126, MEK inhibitor, dose-dedently inhibits the
expression of cocaine-induced behavioral sendiiza®his effect was clearly
observed when challenged by cocaine following theesingle microinjection
of PD98059, or U0126, in cocaine pre-exposed asimahile it was not in
saline pre-exposed. Microinjection of PD98059 itbe NAcc produced no
effect on the basal locomotor activity, while itesgically lowered cocaine-
induced increase of phosphorylated ERK level irs thite. These results
illustrate the importance of ERK activation in tN&cc for the expression of
cocaine-induced behavioral sensitization. Furtttex, basal levels of ERK1/2
phosphorylation in the NAcc change in a time-depethdnanner during the
drug-free withdrawal periods in cocaine compareddtine pre-exposed rats.
These findings are the first systematic demonsimatio our knowledge, that
ERKZ1/2 phosphorylation levels in the NAcc are difatially regulated during
drug-free withdrawal periods after repeated cocpieeexposures.

It has recently been shown that the developmesepsitization to cocaine is
prevented by systemic pre-treatment of a MEK inbihiSL327, prior to each
drug administration during the induction phasé.These effects were further
supported by earlier results that the initiation befhavioral sensitization to
cocaine was blocked by intra-VTA microinjection ahother MEK inhibitor,
PD98059. These results indicate that consistent ERK adtimaespecially in
the VTA, during the induction phase is necessany the development of
behavioral sensitization by cocaine. However, tile of ERK activation in the
expression of behavioral sensitization, which isdimied through a different
neural substrate (i.e., the NACE), remained undefined. Although recent
results also showed that the blockade of ERK paghdia not alter the
expression of behavioral sensitization to cocaind amphetaming,these
results were all obtained with systemic injectidnSh.327. This drug crosses
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the blood-brain barrier and reduced ERK phosphtigrialevels in various
brain regions,which thereby makes it unclear whether the NAc&ERtually
contributes to the expression of behavioral seratitn to psychomotor
stimulants. In the present results, we used aesidigect microinjection into the
NAcc of different types of MEK inhibitors, PD9805&; U0126, and found that
ERK activation specifically in this site is actyatlecessary for the expression
of behavioral sensitization. The NAcc exists asatml part of a complicate
neuronal circuit mediating rewarding and motor bédraand its activity is
regulated by signals coming from other brain regiofihe difference in our
results compared from previous finding that SL32#%eh no effect on the
expression of behavioral sensitization may haveecont because we inhibited
ERK phosphorylation directly in the NAcc, whereathass inhibited it
simultaneously in many brain regions causing iteatfin the NAcc to be
compromised by signals coming from other regions.

The delivery vehicle we used for MEK inhibitors wasSO. Microinjection
of this vehicle alone (up to 70% for PD98059) coregato saline didn’t affect
basal locomotor activity in response to IP salingdtion. Similar to and
consistent with our findings, others have also rigabthat various dose ranges
(50-100%) of DMSO were microinjected into the NAaxwell as into the VTA
without evident disturbances of locomotor activailyd neuronal damage? *®
Our present results also showed that microinjeatiom the NAcc of PD98059
had no effect on the locomotor activity produceceiifter acute cocaine (saline
pre-exposed and cocaine challenged in Fig. 1A)atine injection (Fig. 2).
These results indicate that the inhibitory effecP®98059 was rather specific
to the expression of locomotor sensitization toafwe and further support and
extend its role in the regulation of neuronal pétst induced by drugs of abuse
found in various aspect of addictionm> 2 18

It has been reported that the levels of ERK phogpiion in the NAcc
increased by cocaine challengén order to verify that this increase of cocaine-
induced ERK phosphorylation levels is actually losgeby our microinjection
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procedure, we measured protein levels in both tAecNand dorsal striatum
after either vehicle or PD98059 microinjection.h&ugh a recent finding using
knockout mice suggest that ERK 1 and 2 may haverdiit roles in cocaine-
induced plasticity? it remains to be further explored, so that we diegiin the
present experiments to quantify both proteins togretAs shown in Fig. 4, our
microinjection procedure specifically lowered cowainduced increase of
phosphorylated ERK 1/2 levels in the NAcc, but affécted the levels of total
ERK 1/2 and another MAP kinase, p38, both phosghtag and total. These
results support that our behavioral finding weréualty obtained correlated
with the specific blockade of ERK phosphorylationthe NAcc and further
suggest that specific ERK activation in this sitaynplay an important role in
neuronal plasticity contributing to the expressibisensitization.

Evidence shows that the interaction of both dopanaind glutamate in the
NAcc is necessary for the expression of behavicsahsitization by
psychomotor stimulant$ *> ?and previous exposure to these drugs increases
dopamine and glutamate overflow in the NAZE Interestingly, it has been
shown that cocaine-induced ERK activation is alspemhdent on both dopamine
and glutamate activatidh?* Together with our present findings, this leadt®o
hypothesis that the increase of dopamine and ght@rtevels by cocaine
challenge may subsequently result in increase oK PpRosphorylation, and
thereby contributes to the expression of behavisealsitization. However, it
remains to be further explored.

It has been previously shown in laboratory aninthlst cocaine craving
progressively incubates during drug-free withdrapeiiiods’®> Associated with
this phenomenon, it has also been found that BDidEem levels in the NAcc
as well as in other brain regions involved in dragdiction progressively
increase after cocaine withdravialn parallel with these, more recent research
has shown that the cell surface expression of AME&#eptors in the NAcc
increases during 7—21 days, but not 1 day, of watlvdls from cocaine pre-
exposures? *’ These results indicate that the drug-free withaigweriods are
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not dormant but rather actually regulate the exgoesof molecules by which
they may contribute to the long-term expressiobeifavioral sensitization and
subsequently of craving. We have found in the presesults that the basal
levels of ERK1/2 phosphorylation are also differaht regulated during the
drug-free withdrawal periods after cocaine pre-expes. They show no
changes on a short withdrawal (day 1) but significéncreases on an
intermediate withdrawal (day 7), suggesting thakKEER may have a potential
role for setting a stage during intermediate witlvdal period for subsequent
consolidation of drug craving and behavioral séredion. It is interesting to
find some similar time-courses for ERK1/2 in outadaith AMPA receptors in
others showing that the cell surface expressioth@m in the NAcc increases
during 7-21 days, but not 1 day, of withdrawalarfroocaine pre-exposures.
Also consistent with our findings, it has recenbigen shown that ERK2
phosphorylation levels in the NAcc increase to s$heilar levels of ours on
withdrawal day 14 from cocaine pre-exposufeBur present findings, however,
further show that ERK1/2 phosphorylation levels dyly lowered from
withdrawal day 7 through 21, which is interestimgnpared to previous reports
that BDNF gets gradually increased and AMPA ceifate expression keeps
increased levels during these periGt$” *We do not know yet how they are
differentially regulated during withdrawals. Howeyvg is very suggestive that
differential activation of ERK1/2 in the NAcc dugrthe withdrawals may be
linked to those other molecules in terms of contidn to the incubation of
craving as well as the long-term expression of fbehal sensitization,
considering the fact that activation of ERK pathwaxolves in both AMPA and
BDNF-activated receptors traffickirg.?’

Evidence indicates that ERK pathway is importaiiyolved in long-term
adaptive processes by cocaffidn the extension of this notion, our present
results further revealed that ERK1/2 phosphoryfatievels in the NAcc are
differentially regulated during the cocaine withded periods, suggesting that
time-dependent phosphorylation changes may comdribm the incubation of
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cocaine craving.
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V. CONCLUSION

The present results indicate that the blockadeRK Ectivation in the NAcc
by direct bilateral microinjection into this sitd 8D98059 or U0126 dose-
dependently inhibits the expression of cocaine-tedubehavioral sensitization,
while acute microinjection of either vehicle or FED39 alone produces no
effect on the basal locomotor activity compareddtine control. These findings
illustrate the importance of ERK 1/2 activationtie NAcc for the expression
of cocaine-induced behavioral sensitization. Ewvderindicates that ERK
pathway is importantly involved in long-term ada&ptiprocesses by cocaine. In
the extension of this notion, our present resultthér revealed that ERK1/2
phosphorylation levels in the NAcc are differenyiategulated during the
cocaine withdrawal periods, suggesting that timeedelent phosphorylation
changes may contribute to the incubation of coceiaging.
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Abstract (in Korean)

Nucleus accumbens ©| 41 9] Extracellular signal-regulated
kinase signaling @ F7}¢lol] 93l 3= awlvls-

7RIS WEAHo=m  Fstd  PFFHEREgo] dojuA  Hrh
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HE ojdA wWete=Aol] ] GolEdth. ERK 14Fse]  basal
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TdA = FUFEel uEbaL, AH fAste] 219A = saline
9 FAY B FEoE FAHY AA ERKEF p38E AIZHERE
obdl W37l YEbA Tt old gt ANES TSI EHdE
g NAcc®] ERK <l4bst= 3:Z7kQlel ogh s Fuigkg-o] o

=Aol Aste = Aoz AZAHETh Eak A7 ERKS A9
Mste Ee] AW e FTHY o W] 7o Aow
Bzrect.

;A = @ =Tl ERK, 35 #dES nucleus accumbens,
Z

microinjection, 2%

41



Publication list

1.

4.

Kim S Yoon HS,Kim J-H. Blockade of ERK phosphorylation in the
nucleus accumbens inhibits the expression of ceeaituced
behavioral sensitization in raig.revision.

. Kim § Kim J-H. Time-dependent change of ERK phosphtinita

levels in the nucleus accumbens during withdraviwsn repeated
cocaine. Neurosci Lett 2008;436:107-10.

. Kim WY, Kim S Kim J-H. Chronic microinjection of valproic acid

into the nucleus accumbens attenuates amphetandoeed
locomotor activity. Neurosci Lett 2008;432:54-7.

Kim S Yoon HS, Kim J-H. CART peptide 55-102 microingdtinto
the nucleus accumbens inhibits the expression ofaweral
sensitization by amphetamine. Regul Pept 2007;184:6

. Yoon HS,_ Kim $Kim J-H. Microinjection of CART peptide 55-102

into the nucleus accumbens blocks both the exmnmessi behavioral
sensitization and ERK phosphorylation by cocaine.
Neuropharmacology 2007;53:344-51.

42



	Table of contents
	Abstract
	Ⅰ. INTRODUCTION
	Ⅱ. MATERIALS AND METHODS
	1. Drugs and intracranial microinjections
	2. Subject and surgery
	3. Locomotor activity
	4. Western blotting
	5. Design and procedures
	6. Histology
	7. Statistics

	Ⅲ. RESULTS 

	Experiment 1
	1. Inhibition of ERK phosphorylation in the NAcc blocks the expression of locomotor sensitization to cocaine
	2. Acute microinjection of either vehicle or PD98059 alone does not affect the locomotor activities of rats
	3. Intra-NAcc microinjection of MEK inhibitor U0126 blocks the expression of locomotor sensitization to cocaine

	Experiment 2
	4. Microinjection of PD98059 into the NAcc selectively inhibits cocaine-induced increase of ERK phosphorylation in this site


	Experiment 3
	5. Increased locomotor activity by cocaine challenge after 3 weeks of withdrawal is blocked by PD98059 in cocaine-sensitized rats

	Experiment 4
	6. Time-dependent change of ERK phosphorylation levels in the nucleus accumbens during withdrawals from repeated cocaine


	IV. DISCUSSION
	V. CONCLUSION
	References
	Abstract (in Korean)
	Publication list

