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Downregulation of the astroglial glutamate transgorGLT-1 is observed in the nucleus
accumbens (NAc) following administration of mulgptirugs of abuse. The decrease in GLT-1
protein expression following cocaine self-admirastn is dependent on both the amount of
cocaine self-administered and the length of with@lawith longer access to cocaine and longer
withdrawal periods leading to greater decreaseSlim-1 protein. However, the mechanism(s)
by which cocaine downregulates GLT-1 protein remaimknown. We used qRT-PCR to
examine gene expression of GLT-1 splice isoformsT({&A, GLT-1B) in the NAc, prelimbic
cortex (PL) and basolateral amygdala (BLA) of rdtdlowing two widely used models of
cocaine self-administration: short-access (ShAj-adinistration, and the long-access (LgA)
self-administration/incubation model. While dowruégion of GLT-1 protein is observed
following ShA cocaine self-administration and extion, this model did not lead to a change in
GLT-1A or GLT-1B gene expression in any brain regexamined. Forced abstinence following
ShA cocaine self-administration also was withoute@f In contrast, LgA cocaine self-
administration and prolonged abstinence signifigatécreased GLT-1A gene expression in the
NAc and BLA, and significantly decreased GLT-1B geaxpression in the PL. No change was
observed in NAc GLT-1A gene expression one dayrdftgA cocaine self-administration,
indicating withdrawal-induced decreases in GLT-1ARMA. In addition, LgA cocaine self-
administration and withdrawal induced hypermethgtaiof the GLT-1 gene in the NAc. These
results indicate that a decrease in NAc GLT-1 mRBlAnly observed after extended access to
cocaine combined with protracted abstinence, aatlgpigenetic mechanisms likely contribute
to this effect.



1. Introduction

Drug-induced adaptations in glutamatergic projextido the nucleus accumbens (NAc)
contribute significantly to drug seeking behaviomsgluding relapse following protracted
withdrawal (Cooper et al., 2017; Knackstedt andivéa, 2009; Quintero, 2013; Scofield et al.,
2016a; van Huijstee and Mansvelder, 2014). In paldr, glutamate homeostasis is impaired in
the NAc following exposure to different drugs ofuab, including cocaine, heroin, nicotine, and
alcohol (reviewed in (Kalivas, 2009; Scofield et @016a)). Glutamate homeostasis refers to the
balance between synaptic and extra-synaptic glutanexels, and a disruption in glutamate
homeostasis results in increased drug-seekingwWolgpwithdrawal (Kalivas, 2009; Scofield and
Kalivas, 2014). Elements of impaired glutamate hostesis include decreased basal levels of
glutamate in the NAc (Baker et al., 2003) leadiagdecreased tone on inhibitory presynaptic
metabotropic glutamate receptors (mGIuR 2/3), whithturn leads to increased excitatory
transmission from the prefrontal cortex (PFC) te tdAc (Kalivas, 2009). This increase in
glutamatergic transmission has been observed follpwelf-administration of nicotine, heroin,
ethanol and cocaine, indicating that disruptionglimamate homeostasis may be a common
consequence of drug intake (Gipson et al., 2013yv&s 2009; Shen et al., 2014). Moreover,
pharmacological treatments that target glutamatadostasis have shown promise in reducing
motivation to seek drug in preclinical animal magels well as in human addicts (Knackstedt et
al., 2010; LaRowe et al., 2013; LaRowe et al., 200&ssner et al., 2014; Reissner et al., 2015;
Zhou and Kalivas, 2008).

Accordingly, evidence indicates that maintainingitginate homeostasis is critical in
preventing relapse. This maintenance is accomplitdrgely through the actions of the cystine
glutamate exchanger (system xC-) and the glutamatesporter GLT-1. While system xC- is
largely responsible for regulation of basal extiat@ glutamate levels via the 1:1 release of
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intracellular glutamate in exchange for uptake xfracellular cystine (Bridges et al., 2012,
Kalivas, 2009), GLT-1 is responsible for approxietat90% of synaptic glutamate uptake
(Danbolt, 2001). Protein expression of the catalgtibunit of xC- (xCT) and GLT-1 is down-
regulated in the NAc after cocaine self-adminigtratand withdrawal (Fischer-Smith et al.,
2012; Fischer et al., 2013; Knackstedt et al., 2@R€lssner et al., 2014; Reissner et al., 2015;
Trantham-Davidson et al., 2012). Furthermore, tlagmtude of GLT-1 decrease in the NAc is a
function of both duration of access and length mharawal from cocaine, with longer access to
cocaine and longer withdrawal periods leading &atgr decreases in GLT-1 protein expression
(Fischer-Smith et al., 2012). This decrease in @Ldrotein expression is not observed in brain
areas such as the prefrontal cortex and striatunagkstedt et al., 2010; Parikh et al., 2014;
Reissner et al., 2014), highlighting the importaoie of NAc GLT-1 expression in cocaine-
seeking behaviors.

Regulation and function of system xC- also app&at® region- and experience-dependent.
For example, stimulation of system xC- with cystimeluces glutamate release in cocaine-
withdrawn, but not cocaine-naive animals (Bakealgt2003). As referenced above, restoration
of glutamate homeostasis in the NAc has shown @®mnm preventing reinstatement to cocaine
seeking (Baker et al., 2003; Knackstedt et al.,02@eissner et al., 2015; Roberts-Wolfe and
Kalivas, 2015; Sondheimer and Knackstedt, 2011)ydwver, neither basal glutamate levels,
XCT, or GLT-1 are affected in the PFC in cocain¢ghadiawn rats (Knackstedt et al., 2010;
Reissner et al., 2014). Moreover, antagonists stesy xC- fail to decrease basal glutamate
levels in the PFC, as they do in the NAc (Bakalgt2003; Melendez et al., 2005).

Pharmacological treatments that restore xCT and-Glekpression in the NAc have also

been shown to decrease reinstatement to cocaireckistedt et al., 2010; Reissner et al., 2014;



Reissner et al., 2015). For example, ceftriaxon§;lactam antibiotic, and N-acetylcysteine
(NAC) both restore xCT and GLT-1 expression in K#c after cocaine self-administration and
extinction training, and importantly attenuate botie- and cocaine-primed reinstatement (Amen
et al., 2011; Knackstedt et al., 2010; LaCrossal.e2016; Moussawi et al., 2009; Sondheimer
and Knackstedt, 2011). The glial modulator propiitoe (PPF) also impairs reinstatement and
restores expression levels of GLT-1 protein (Reisst al., 2014). Of significance, all three of
these interventions require restored expressiomoti xCT and GLT-1, or GLT-1 specifically
(LaCrosse et al., 2017; Reissner et al., 2014;9Reiset al., 2015). These results collectively
highlight the important role of GLT-1 regulationthin the NAc in cocaine seeking.

While a central role for GLT-1 in cellular dynamitig|at mediate cocaine-seeking has been
established, the mechanism(s) responsible for doaice-induced downregulation of GLT-1
protein expression in the NAc remains unknown. iieestigate whether the cocaine-induced
decrease in GLT-1 protein in the NAc is mediated dmnetic mechanisms, this study
investigated changes in GLT-1 mRNA levels followihgo widely used models of rodent
cocaine self-administration. The short-access (Ste}administration and extinction paradigm
has been reliably used to test reinstatement taicecseeking following extinction training
(Venniro et al., 2016). In this model, animals gieen limited access (typically 2 hours/day) to
cocaine self-administration and, following extiocti of cocaine seeking behavior, cocaine
seeking is measured upon re-exposure to cocaineaaiine-related cues in a reinstatement test.
In contrast, in the long-access (LgA) and withdramvadel, animals have extended access (often
6 hours/day) to cocaine, followed by protractednaitiwal. This withdrawal period from LgA
cocaine self-administration leads to the incubatiboocaine craving, which is characterized by

an increase in cocaine seeking across the durafiamthdrawal (Grimm et al., 2001; Tran-



Nguyen et al., 1998). Although both models havenb&®own to downregulate GLT-1 protein
expression in the NAc (Fischer-Smith et al., 208i&cher et al., 2013; Knackstedt et al., 2010),
the mechanism(s) responsible for this decreaseindargely unexplored. To examine a possible
mechanism for the decrease in GLT-1 protein obsemeboth models, we examined mRNA
levels of GLT-1 and its splice variants (GLT-1A a@d T-1B) in the NAc after both ShA and
extinction and withdrawal, as well as after LgA amdthdrawal. Furthermore, since the
functional significance of GLT-1 protein downregida has been well characterized in the
NAc, and to account for the procedural differenbesween the two models (extinction vs.
withdrawal, and ShA vs. LgA), we examined GLT-1 gezxpression specifically within the
NAc in two additional groups. NAc GLT-1 gene exmies was examined after ShA self-
administration and three weeks of withdrawal (tald#a comparison of extinction vs. withdrawal
after ShA) and following 45 days of withdrawal frdBhA self-administration (to compare the
effects of prolonged withdrawal after ShA vs. LgAlfsadministration). In addition to these
findings in the NAc, we also investigated GLT-1Ada@LT-1B mRNA levels in the prelimbic
cortex (PL) and basolateral amygdala (BLA), twoisaeg with important innervations to the

NAc, after ShA and extinction, as well as after La#d withdrawal.

2. Methods
2.1 Surgical Procedures

Male (200-225 g at arrival) Sprague-Dawley ratsenedividually housed on a 12-hour
reverse light cycle (7 AM off, 7 PM on). After a emveek acclimation period to the animal
facility, rats were anesthetized with ketamine (b@§kg, i.m.) and xylazine (7 mg/kg, i.m.), and

a silastic catheter was surgically implanted irfte tight jugular vein as previously described



(Fuchs et al., 2007; Scofield et al., 2016b). Gantan (3 mg/kg) and heparinized saline (30
units/kg) were administered i.v. for five days pogeratively, as well as throughout all self-
administration procedures. All procedures were aygul by the University of North Carolina at

Chapel Hill Institutional Animal Care and Use Corttee.

2.2 Sdlf-administration Procedures

All self-administration procedures took place itamslard, sound attenuated operant
conditioning chambers (Med Associates, St. Albakg)). Prior to the start of self-
administration, to facilitate acquisition to leyamessing, all animals received at least one session
of food training, where responding on the actiweteesulted in the delivery of one 45 mg food
pellet (Bio Serv, Flemington, NJ). For the ShA saliministration paradigm, rats received two
weeks of cocaine self-administration for 2 h/dayaorFR1 schedule, followed by three weeks of
extinction training (6 extinction sessions/week,tatl extinction sessions). Responding on the
active lever during ShA cocaine self-administrati@sulted in the delivery of cocaine (0.2
mg/infusion, 0.04 ml total volume over 2.18 secgndad was also accompanied by a tone and
illumination of a stimulus light above the actiwxér for five seconds. All rats weighed 275-300
g across self-administration, equivalent to 0.6730mg/kg/infusion during ShA cocaine self-
administration. A 20-sec time out period occurréidraevery infusion of cocaine in which active
lever-pressing resulted in no programmed respoiEsponding on the inactive lever resulted in
no programmed responses. Saline-administeringeatsved saline (0.9% NacCl), as opposed to
cocaine infusions. After 12 days of a minimum of ddraine infusions received per day, rats
began extinction training where responding on eitleger did not result in the delivery of

cocaine, nor the presentation of any audio or Visuas. All rats were trained in extinction for



three weeks (6 sessions/week, 18 total extinctessiens), and all cocaine-extinguished rats
performed< 20 active lever presses during each of the lasts8ions. A subset of rats did not
undergo extinction training and instead, undervibreée weeks or 45 days of withdrawal in the
home cage following ShA self-administration. In thgA self-administration paradigm, rats
received 10 days of 6 hours/day of cocaine (0.75kgigfusion (in 0.045 ml total
volume/infusion for a 300 g rat) over 2.18 seconaiskaline self-administration on an FR1
schedule, followed by 24 h or 45 days of withdrawathe home cage. All other procedures

remained identical to the ShA paradigm.

2.3 Tissue collection and sample preparation

For animals that received ShA self-administratiat, rats were euthanized via rapid
decapitation either twenty-four hours following tlast extinction session, or twenty-four hours
following the last day of withdrawal, and tissuengdes were collected from the NAc and PL.
For animals that received LgA self-administratibmenty-four hours following the last day of
withdrawal, or twenty-four hours following the laslay of self-administration, rats were
euthanized via rapid decapitation and tissue sanpkre collected from the NAc and PL. For
all animals, the remaining brain samples were fltesh frozen in isopentane and stored at -80
°C. BLA samples were later collected from thesegamon a cryostat. All samples were stored
in approximately 100 ul RNA later solution (Qiagégpermantown, MD) until processing for
gRT-PCR. For methylated DNA immunoprecipitation (MB) procedures, NAc samples were

frozen on dry ice and stored at -80 °C until preoes

2.4 qRT-PCR



Tissue samples from all rats were stored in RN&rland processed either in-house or by
the UNC Animal Clinical Chemistry and Gene Expressiaboratories as previously described
(Jones et al., 2015; Kim et al., 2002). For tissammples processed by the UNC Animal Clinical
Chemistry and Gene Expression Laboratory, sampiet Were homogenized in RNA lysis
buffer and RNA was isolated using the ABI prism 6 &utomated nucleic acid work station (PE
Biosystems, Foster City, CA). gRT-PCR amplificatonere performed in an ABI prism 7700
sequence detector (PE Biosystems, Foster City, @A, 10 ul RNA and 20 pl PCR reaction
mixture per reaction. Each gRT-PCR amplificationswgerformed in duplicate under the
following conditions: 30nin at 48°C for the RT reaction, and I0in at 94°C, followed by 40
temperature cycles (Xat 94C and Imin at 60°C). For in-house analysis, RNA was isolated
as described above, and each gRT-PCR amplificatias performed in duplicate, in a final
volume of 20 ul (3 pl cDNA), using the Quantstu@id®CR system (ThermoFisher Scientific,
Waltham, MA) under the following conditions: holdrf2min at 50°C, hold for 2min at 95°C,
followed by 40 temperature cyclesglat 95°C and 20 seat 60°C). For all samplesGAPDH
was used as an endogenous control, and the foljps@guences were used to detect GLT-1
splice variants: GLT-1A Forward: GGAAAGCAACTCTAATGA/ATG, Reverse:
CATTGGCCGCCAGAGTTAC, Probe: FTCT/AATGCCGCACACAACT@TCGQ; GLT-1B
Forward: GGAAAGCAACTCTAATCAG/ATG, Reverse: TCCAGGAKGGGAAAGGTAC,
Probe: FTCT/AATGCCGCACACAACTCTGTCGQ; GAPDH ForwardsGGTCGGTGTGA
ACGGATTT, Reverse: GGCAACAATGTCCACTTTGT, Probe: FCGTGGTC/TACCAG

GGCTGCCQ (F = 5’ Fluorescein (FAM); Q = QuencheAMRA)).

2.5 Methylated DNA immunopr ecipitation (MeDIP)



DNA from NAc samples were isolated using the DiyeB®od and Tissue Kit (Qiagen,
Germantown, MD), and sonicated using the EpiSheabbd®Sonicator (Active Motif, Carlsbad,
CA). The quantity and purity of DNA (Aos0 between 1.8-2.0was verified using a
spectrophotometer. Methylated DNA was immunoptlieatipd using an antibody against 5-
methylcytosine (Active Motif, Carlsbad, CA). Forthacocaine and saline groups, 30 ul of input
DNA was saved and used to generate qPCR standavdscwith known amounts of DNA.
Methylated DNA was then amplified using SYBR graerder the following PCR conditions:
reaction volume of 20 ul (7 pul DNA, 13 ul PCR reactmixture), 1 cycle at 95 °C for 2 min, 45
temperature cycles (95 °C for 15 sec, 60 °C fos&f). The sequence of primers used to amplify
the GLT-1 gene was as follows- forward: ACAGCGTCTABATGGGGGG, reverse:

GCAGGCGATCGCTCTCTATT.

2.6 Data Analysis

All statistical analysis was conducted on the ifiot 11.0 software. For all behavioral
measures, a mixed ANOVAu(= 0.05) was performed with drug (cocaine vs. gliand time
(self-administration session) set as factors. Thpeddent variable for behavioral measures
included active lever presses and the number afsiafs received during self-administration.
For gRT-PCR, the delta-delta Ct method was useddlative comparisons of GLT-1A and
GLT-1B (with GAPDH used as an endogenous controbdcaine vs. saline groups. For GLT-1
gene methylation, the amount of immunoprecipitateethylated GLT-1 was normalized to
saline self-administering animals and the fold geim GLT-1 methylation in cocaine self-

administering animals was assessed relative tadhee group. For both gRT-PCR and GLT-1
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methylation a two-tailed, unpaired t-test was cated to examine statistical differences

between saline and cocaine self-administering dsima

3. Results
3.1 Prolonged withdrawal from LgA cocaine self-administration induces brain region and
isoform specific decreasesin GLT-1 gene expression

In the ShA and extinction paradigm, cocaine seffiaistering rats showed a
significantly greater number of both active leveegsesK (1, 190) = 44.97p < .001; Fig 1A)
and infusions received=((1, 190) = 64.82p < .001; Fig 1B) than saline self-administering
animals. For active lever presses, the main effetittne was also significanE((11, 190) = 3.46,

p < .001; Fig 1A), and for infusions, the interaatibetween drug and time was significalt (
(11, 190) = 6.61p < .001; Fig 1B). No significant difference was faubetween cocaine and
saline groups in active lever presses throughotma@ion sessionsH (1, 287) = 3.15p = .098;
Fig 1A). After ShA cocaine self-administration atilee weeks of extinction training, no
significant differences were observed between cecand saline self-administering animals in
GLT-1A (t (14) = 0.03,p = 0.96; Fig 1C) or GLT-1Bt((14) = 0.10,p = 0.92; Fig 1D) mRNA
levels in the NAc.

To compare extinction training vs. forced abstiremnithin the ShA cocaine self-
administration paradigm, GLT-1A and GLT-1B mRNA &v were assessed in the NAc of rats
following three weeks of withdrawal from ShA setfrainistration. Comparable to rats in the
self-administration and extinction paradigm, coeaiself-administering rats showed a
significantly greater number of active lever prasge (1, 227) = 44.56p < .001; Fig 1E) and

infusions receivedH (1, 227) = 365.6% < .001; Fig 1F) than saline self-administeringnaaiss.
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For active lever pressel (11, 227) = 5.96p < .001; Fig 1E), and infusion& (11, 227) = 59.39

p < .001; Fig 1F), the main effect of time was assgnificant. For infusions, the interaction
between drug and time was also significdnt(11, 227) = 19.53p < .001; Fig 1F). Similar to
rats in the ShA and extinction paradigm, no sigaifit differences in GLT-1At (17) = -0.73p

= 0.48; Fig 1G) or GLT-1Bt(17) = -0.69p = 0.50; Fig 1H) mRNA levels were observed in the
NAc of cocaine vs. saline self-administering ratdofving three weeks of withdrawal from ShA
self-administration.

Cocaine self-administering rats in the LgA and 4&<dwithdrawal group showed a
significantly greater number of both active leveegsesK (1, 209) = 10.80p < .05; Fig 2A)
and infusions received~((1, 209) = 43.61p < .001; Fig 2B) than saline self-administering
animals. For active lever press&s(9, 209) = 8.12p < .001; Fig 2A) and infusions received (
(9, 209) = 11.65p < .001; Fig 2B) the main effect of time was alggngicant. In addition, the
interaction between drug and time was significamtldoth active lever pressel (9, 209) =
2.99,p < .05; Fig 2A) and infusions receivel (9, 209) = 13.21p < .001; Fig 2B). Pairwise
comparisons using the Holm-Sidak test showed naifgignt difference in the number of
infusions received across time in saline self-adstening animals. However, cocaine self-
administering rats received a significantly greatember of infusions received on days 9 (vs.
day 2,t = 2.53,p < 0.05) and 10 (vs. day 2~ 3.05,p < 0.05; vs. day 3 = 2.23,p < 0.05),
indicating an escalation in self-administration.lléwing 45 days of withdrawal from LgA
cocaine self-administration, a significant decreas&LT-1A (t (18) = 2.68,p < 0.05; Fig 2C)
mMRNA was found in the NAc. However, no differencasafound in NAc GLT-1B mRNAt(

(18) = -0.17p = 0.86; Fig 2D).
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To compare the effects of withdrawal across ShA lag@l cocaine self-administration,
GLT-1A and GLT-1B mRNA levels were assessed in M#c of rats following 45 days of
withdrawal from ShA self-administration. As expetteocaine self-administering rats showed a
significantly greater number of both active leveegsesk (1, 191) = 23.95p < .001; Fig 2E)
and infusionsk (1, 191) = 55.96p < .001; Fig 2F) than saline self-administeringnaals. For
active lever presse§ (11, 191) = 4.40p < .001; Fig 2E), and infusion& (11, 191) = 6.4® <
.001; Fig 2F), the main effect of time was alsm#igant. For infusions, the interaction between
drug and time was also significari (11, 191) = 20.36p < .001; Fig 2F). In contrast to the
decrease in GLT-1A mRNA in the NAc following 45 @agf withdrawal from LgA cocaine self-
administration, 45 days of withdrawal from ShA doeaself-administration did not lead to any
changes in NAc GLT-1A mRNAt((13) = -0.85,p = 0.41; Fig 2G). Moreover, there was no
change in NAc GLT-1B mRNAt((13) = -1.48,p = 0.16; Fig 2H) following 45 days of
withdrawal from ShA cocaine self-administration.

In addition to GLT-1A and GLT-1B gene expressianthie NAc, we examined GLT-1
gene expression in the PL and BLA after ShA andhetibn, as well as after LgA and 45 days of
withdrawal. Similarly as observed in the NAc, Shécaine self-administration and extinction
training did not result in any significant changesGLT-1A or GLT-1B gene expression in the
PL or BLA (Fig 1C, 1D). However, LgA cocaine selfrainistration and withdrawal led to a
significant decrease in GLT-1B mRNA levetq19) = 2.32p < 0.05; Fig 2D), but not GLT-1A
MRNA levels in the PL. In the BLA, LgA cocaine saliministration and withdrawal

significantly decreased GLT-1A (19) = 2.18p < 0.05; Fig 2C) but not GLT-1B mRNA levels.
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3.2 The decrease in GLT-1A in the NAc after LgA cocaine self-administration requires
withdrawal

Behavioral data for all animals in the LgA self-adistration and 1 day of withdrawal
group is shown in figure 3 (A: active lever pres&sinfusions). Cocaine self-administering rats
showed a significantly greater number of activeetegpressesH (1, 157) = 25.34p < .001; Fig
3A) and infusionsK (1, 157) = 114.19 < .001; Fig 3B) than saline self-administeringnaailis.
For active lever presseB (9, 157) = 8.97p < .001; Fig 3A) and infusions receivdd (9, 157) =
16.21,p < .001; Fig 3B) the main effect of time was alggngicant. In addition, the interaction
between drug and time was significant for bothvactever pressed$-((9, 157) = 3.31p < .05;
Fig 3A) and infusions receive® (9, 157) = 7.03p < .001; Fig 3B). Pairwise comparisons using
the Holm-Sidak test showed no significant differeint the number of infusions received on the
last two days (vs. days 2 and 3) of self-adminigtrain saline self-administering animals.
However, cocaine self-administering rats receivesigaificantly greater number of infusions
received on day 9 (vs. dayt3 10.13,p < 0.05) and day0 (vs. day 3 = 2.32,p < 0.05). To
further assess the decrease in GLT-1A mRNA levidds &gA cocaine self-administration and
withdrawal, we examined GLT-1A and GLT-1B gene @gsion in the NAc of animals 24 hours
after the conclusion of LgA self-administration.tms case, measurements were taken 24 hours
after the last LgA session, as opposed to 45 daysitbdrawal. Although LgA cocaine self-
administration led to a trend toward a marginalrease in GLT-1A levels in the NAc, this
decrease was not statistically significgnt=(0.072; Fig 3C). Likewise, there was no significa
difference between cocaine and saline self-adnairingy animals in GLT-1B mRNA levels in

the NAc directly after LgA self-administratiop € 0.38; Fig 3D).
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3.3 The GLT-1 gene is hypermethylated in the NAc after LgA cocaine self-administration and
withdrawal

Behavioral data for all animals used in MeDIP ekpents is shown in figure 4 (A:
active lever presses, B: infusions). As expectaztbaime self-administering rats showed a
significantly greater number of both active leveegsesK (1, 169) = 59.94p < .001; Fig 4A)
and infusions received=((1, 169) = 134.19p < .001; Fig 4B) than saline self-administering
animals. For active lever press&s(9, 169) = 8.46p < .001; Fig 4A) and infusions receivedd (
(9, 169) = 4.92p < .001; Fig 4B) the main effect of time was alggngicant. In addition, the
interaction between drug and time was significamtdoth active lever presseB (9, 169) =
2.47,p < .05; Fig 4A) and infusions received (9, 169) = 4.53p < .001; Fig 4B). Pairwise
comparisons using the Holm-Sidak test showed naifgignt difference in the number of
infusions received on the last two days (vs. dagm@ 3) of self-administration in saline self-
administering animals. However, cocaine self-adstaning rats received a significantly greater
number of infusions received on days 9 (vs. day=222.66,p < 0.05; vs. day 3 = 2.26,p <
0.05) and 10 (vs. day 2= 2.98,p < 0.05; vs. day 3 = 2.57,p < 0.05). To examine a possible
epigenetic mechanism for the observed decreaséTRl® mRNA levels in the NAc after LgA
cocaine and withdrawal, we next examined the matlojl state of the GLT-1 gene after LgA
cocaine self-administration and withdrawal by usiMgDIP. In comparison to saline self-
administering animals, LgA cocaine self-administnatand withdrawal induced a significant

2.75-fold increase in GLT-1 gene methylatiol®) = -2.379p < 0.05; Fig 4C).

4. Discussion
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4.1 Genetic regulation of GLT-1 by cocaine depends on behavioral paradigm, isoform, and brain
region

Numerous studies have indicated that GLT-1 pro¢éejoression is downregulated in the
NAc following exposure to multiple drugs of abu§sdgson et al., 2013; Knackstedt et al., 2009;
Knackstedt et al., 2010; Sari et al., 2013; Sheal.e2014), and that restored expression of GLT-
1 is central to the mechanism for several candightgmacotherapies for relapse (Knackstedt et
al., 2010; LaCrosse et al., 2017; Reissner et28l14; Reissner et al., 2015). However, the
mechanism(s) responsible for drug effects on Glprdtein levels is unknown. The results from
this study show that GLT-1 gene expression afteaic® self-administration and withdrawal is
dependent on self-administration paradigm, as a®IlGLT-1 splice isoform and brain region.
Neither three weeks of extinction training nor theeeks of withdrawal following ShA cocaine
self-administration affected mRNA levels of eitf@LT-1 splice isoform in the NAc, despite
known effects on GLT-1 protein. Furthermore, ShAaoe self-administration and extinction
training did not affect GLT-1 mRNA levels in the B BLA. In contrast, prolonged (45 days)
but not short (1 day) withdrawal from LgA cocaindfsadministration significantly decreased
GLT-1A gene expression in the NAc. LgA cocaine-selministration and prolonged withdrawal
also significantly decreased GLT-1A mRNA in the BL&nd significantly decreased GLT-1B
MRNA in the PL. These results indicate that extendecess to cocaine combined with a
prolonged withdrawal period reduces GLT-1 gene esgion, and that this decrease is dependent
on splice isoform and brain region examined. A samymof the effects of cocaine self-
administration on GLT-1 mRNA levels in the NAc tsosvn in Table 1.

The three main splice isoforms of GLT-1, which\aty in the C-terminus, are GLT-1A,

GLT-1B, and GLT-1C (Holmseth et al., 2009). GLT-IsAconsidered to be the dominant GLT-1
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isoform, accounting for over 90% of all GLT-1 exgg®n in the brain (Holmseth et al., 2009;
Meabon et al., 2012). GLT-1B accounts for approxetya6% of GLT-1 expression, while GLT-
1C accounts for roughly 1% (Holmseth et al., 2008jhough GLT-1A is more abundantly
expressed overall in the rat brain, studies hawsvshbrain region-specific differences in the
expression of GLT-1 splice isoforms (Lehre et 8995; Reye et al., 2002). For example, GLT-
1A expression is more evident in parts of the manyi gland and external capsule, while GLT-1B
is more highly expressed in parts of the cerebellatei (Reye et al., 2002). The results from the
present study suggest that LgA cocaine self-adtnéttisn and prolonged withdrawal may
regulate GLT-1 gene expression differently base@soform and brain region. It is possible that
region-specific differences in mMRNA expression dfT&L splice isoforms contributed to the
differential effects of LgA cocaine self-adminidtom and prolonged withdrawal on GLT-1A
and GLT-1B gene expression in the NAc, PL, and BLA.

A recent report by Shin et al (Shin et al., 2016pwed an increase in cue-elicited
glutamate release in the ventromedial prefrontaitezo following 30 but not 3 days of
withdrawal from LgA cocaine self-administration. é&e results suggest that GLT-1 may be
regulated in the prefrontal cortex following profma withdrawal from LgA cocaine self-
administration, in accordance with our observatimat GLT-1B mRNA is significantly reduced
in the PL after prolonged abstinence following LAg 2D). Thus, while previous reports have
not indicated effects of ShA on GLT-1 in the PFCnéickstedt et al., 2010; Reissner et al.,
2014), engagement of modifications to glutamate dmstasis and GLT-1 expression may
become recruited following prolonged access to ibeca

In the NAc, ShA cocaine self-administration andiretion did not result in any changes

in GLT-1A or 1B mRNA levels, while LgA cocaine seatiministration and prolonged

17



withdrawal selectively decreased GLT-1A mRNA levdlis result was somewhat surprising
since both models of cocaine self-administratiowmiegulate GLT-1 protein levels in the NAc
(Fischer-Smith et al., 2012; Knackstedt et al.,@®eissner et al., 2015; Trantham-Davidson et
al., 2012), suggesting that post-transcriptional pmst-translational mechanisms may be
responsible for protein downregulation observedofaihg the ShA paradigm, while genetic
mechanisms may be responsible for the protein deguiation after LgA and withdrawal.
Accordingly, we propose aual model of GLT-1 regulation dependent on cocased-
administration paradigm. The downregulation of GLprotein in the NAc after ShA cocaine
self-administration and extinction likely reflecthanges in GLT-1 protein trafficking or
degradation (discussed in more detail below), wamethe decrease in GLT-1 protein in the NAc
after LgA and withdrawal engage changes in gemetalation of GLT-1.

In the present study, twenty-four hours after &t LgA cocaine self-administration
session, we observed a non-significant trend tow@antinimal decrease in NAc GLT-1 mRNA
levels, but observed a robust decrease in NAc GATHRNA following prolonged withdrawal
from LgA cocaine self-administration. This is alsonsistent with the greater magnitude of
GLT-1 protein downregulation observed following lormged withdrawal from LgA cocaine
self-administration (Fischer-Smith et al., 2012)rtRermore, we found no effect of ShA cocaine
self-administration and prolonged withdrawal on GLTMRNA expression. This is in agreement
with a recent report finding no change in NAc GLTFIRNA in cocaine-extinguished rats,
despite a decrease in protein expression (LaCretssk, 2017). Since GLT-1 transcription is
decreased only following extended access to codait@ved by prolonged withdrawal, this
decrease in GLT-1 mRNA in the NAc may be considececeflect a neurochemical correlate of

the incubation of cocaine craving, akin to otheviiwusly reported (Wolf, 2016).
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4.2 Genetic and post-transcriptional regulation of GLT-1

In vitro andin vivo studies have shown that post-transcriptional aost-fyanslational
mechanisms can lead to decreased cell surface sskpmeof GLT-1 protein. For example,
numerous studies using cell cultures have showh Sk#MOylation (Foran et al., 2014) and
ubiquitination (Garcia-Tardon et al., 2012; Iba@eal., 2016; Martinez-Villarreal et al., 2012;
Sheldon et al., 2008) can lead to internalizatiod decreased cell surface expression of GLT-1.
Further, in response to activation of protein ken&; increased ubiquitin levels are observed
leading to the internalization and degradation &ff@ (Garcia-Tardon et al., 2012; Sheldon et
al., 2008; Susarla and Robinson, 2008). In addith@at shock protein (Hsp@Owhich aids in
the degradation of GLT-1 protein, is increaseddactive astrocytes of patients with temporal
lobe epilepsy, as well as in a mouse model of ppyigSha et al., 2017). In the same study, an
inhibitor of HSP90 was then shown to increase GLTetels (Sha et al.,, 2017), further
suggesting regulation of GLT-1 protein by HSP90inc& GLT-1 gene expression was not
downregulated after extinction training or prolodgeithdrawal following ShA cocaine self-
administration, it will be interesting to determimehether these or other post-translational
mechanisms contribute to the widely observed doguiegion of GLT-1 protein expression after
ShA cocaine self-administration.

The results from this study also show an increageliT-1 gene methylation in the NAc
following LgA cocaine self-administration and profged withdrawal, providing one epigenetic
mechanism for the observed decrease in GLT-1A mRiNAthe NAc. Increased DNA
methylation leads to a decrease in transcriptianrecruitment of methyl-CpG binding proteins

which prevent the binding of transcription factoos, by directly preventing the binding of
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transcription factors to DNA sequences (Nestled 430 Studies using cell culture have shown
region specific increases in DNA methylation at rehcegions of GLT-1 CpG islands, with
higher methylation patterns observed in the cehatmeVs. the cortex (Perisic et al., 2012). Other
studies using cultured astrocytes from the ceretrelhave shown that inhibitors of DNA
methyltransferase can increase GLT-1 gene trangorifZschocke et al., 2005). Furthermore,
numerous studies have shown cocaine-induced cham@dsA methylation patterns, including
changes in gene expression of DNA methyltransfe3@sand 3B in the NAc (Anier et al., 2010;
LaPlant et al., 2010), as well as hypermethylatibthe protein phosphatase-1 (PP1c) promoter
(Anier et al., 2010). Microarray analysis used xaraine the methylation state of various genes
in the NAc after LgA cocaine self-administrationdawithdrawal indicated a hypermethylation
of genes related to glutamatergic signaling (Mdssaral., 2015). Similarly, in the medial
prefrontal cortex of mice, prolonged abstinencemfrococaine self-administration altered DNA
methylation patterns in 28 different genomic locas (Baker-Andresen et al., 2015). The results
from this present study add to these findings dmvsthat LgA cocaine self-administration and
withdrawal results in the hypermethylation of theT&L gene in the NAc. Although there was
only a decrease in GLT-1A and not GLT-1B mRNA im tNAc following LgA cocaine self-
administration and withdrawal, hypermethylation toe GLT-1 gene in the NAc was still

evident. This provides further evidence that inlthec, GLT-1A is the dominant isoform.

4.4 Conclusions
The results from this study show that LgA cocase#f-administration and withdrawal,
but not ShA cocaine self-administration and extorct decreases GLT-1 gene expression,

indicating both transcriptional and post-transeoiphl mechanisms that contribute to the

20



downregulation of GLT-1 protein are observed insth@aradigms. This decrease is specific to
GLT-1 splice isoform and brain region, and requiegtended access to cocaine followed by a
prolonged withdrawal period. Moreover, the decréagBLT-1 mRNA in the NAc is associated
with a significant increase in methylation of theTG1 gene, indicating epigenetic regulation of
GLT-1 expression in the NAc following LgA and pralged withdrawal. Future studies will
further elucidate what mechanism(s) may be resptangor the observed decrease in GLT-1
protein in the NAc after ShA and extinction. Pog#ibs include post-transcriptional
mechanisms and/or post-translational mechanismemniains to be studied if these mechanisms
play a role in the downregulation of GLT-1 proteifier ShA cocaine self-administration and
extinction.

Moreover, while our results show that hypermethgtatof the GLT-1 gene is one
contributing mechanism responsible for the obserdedreases in GLT-1 mRNA, other
epigenetic mechanisms, such as histone modificatideely also play a role in the regulation of
GLT-1 expression. Indeed, numerous studies havertexp cocaine-induced changes in histone
modifications (Kennedy et al., 2013; Kumar et 2005; LaPlant and Nestler, 2011), and future
studies can examine if histone modifications on @GEeT-1 gene influences GLT-1 gene
expression after LgA cocaine self-administratiord amthdrawal. Furthermore, although the
main focus of this study was to characterize thanges in GLT-1 mRNA after cocaine self-
administration in the NAc, where protein downregjola is most readily observed, we also
observed significant decreases in GLT-1A mRNA ia BLA, and GLT-1B mRNA in the PL
following LgA and prolonged withdrawal. Current expnents are in progress to determine if
GLT-1 gene methylation is also a possible mechar@ndecreases in GLT-1 mRNA observed

in these brain regions, and if the changes in GLIMRNA in these brain regions are evident 24
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hours following the last LgA self-administrationssen and/or following 45 days of withdrawal
from ShA self-administration. Finally, future stadican examine the epigenetic mechanism(s)
leading to the changes in GLT-1 gene expressiomrimtyhe NAc following more extensive
cocaine use, in order to determine whether pradacise and withdrawal recruits epigenetic

mechanisms to suppress GLT-1 expression in redieysnd the NAc.
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FigureLegends

Figure 1: Effects of ShA and extinction or forced abstinence on GLT-1A and GLT-1B
MRNA levels in NAc, PL, and BLA. (A, B) Behavioral data for ShA self-administration
followed by three weeks of extinction training; (,behavioral data for ShA self-administration
followed by three weeks of forced abstinence. (¢ ,Relative GLT-1A (C) and GLT-1B (D)
MRNA levels in the NAc, PL, and BLA after ShA ardde weeks of extinction training. GLT-
1A and GLT-1B mRNA levels are unchanged followinigAScocaine self-administration and
extinction. (G, H) Relative GLT-1A (G) and GLT-1B{ mRNA levels in the NAc after ShA
self-administration and three weeks of withdrav&flA self-administration and three weeks of
withdrawal does not change GLT-1A or GLT-1B mRNAvdés in the NAc. *Significant
difference between cocaine and saline self-adnainisj rats jp < 0.05).

Figure 2: Effects of LgA and ShA followed by prolonged abstinence on GLT-1A and
GLT1-B levels. (A, B) Behavioral data for LgA self-administration; (E, b¢havioral data for
ShA self-administration, each followed by 45 daysvihdrawal. (C, D) Relative GLT-1A and
GLT-1B mRNA levels in the NAc, PL, and BLA afterllimving 45 days of withdrawal from
LgA self-administration. LgA cocaine self-admination and 45 days of withdrawal
significantly decreases GLT-1A gene expressionhim WAc and BLA (C), and significantly
decreases GLT-1B gene expression in the PL (D)Hj(QRelative GLT-1A (G) and GLT-1B (H)
MRNA levels in the NAc following 45 days of withaval from ShA self-administration. ShA
self-administration and 45 days of withdrawal doe$¢ change GLT-1A or GLT-1B mRNA
levels in the NAc, in contrast to LgA.p* 0.05. +Significant difference between day 2 dag
3 of self-administrationg(< 0.05).

Figure 3: Effect of LgA and one day of abstinence on NAc GLT-1 mRNA levels. (A, B)
Behavioral data for LgA self-administration follod/&y one day of withdrawal. (C, D) Relative
GLT-1A (C) and relative GLT-1B (D) gene expressiarthe NAc after one day of withdrawal
from LgA self-administration. No significant charsge GLT-1A or GLT-1B were observed.pf(
< 0.05) +Significant difference between day 3 df-administration p < 0.05).

Figure 4: Effect of LgA and prolonged abstinence on GLT-1 gene methylation in the NAc.
(A, B) Behavioral data for animals in MeDIP expeemts after LgA self-administration and 45
days of withdrawal. (C) Methylation state of the TGL gene in the NAc after LgA cocaine or
saline self-administration and withdrawal. LgA coea self-administration and withdrawal
induces a significant 2.75-fold increase in GLT-dng methylation in the NAc.p*< 0.05.
+Significant difference between day 2 and day 8adfFadministrationg < 0.05).
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Table 1. Changesin NAc GLT-1 Gene Expression after Cocaine Self-Administration

ShA Cocaine Self-Administration

LgA Cocaine Self-Adninistration

3 weeks 3weeksof | 45daysof 1 day of 45 days of
extinction | withdrawal | withdrawal withdrawal withdrawa
GLT-1A | Nochange | Nochange | No change No change l 41 + 7%
*p <.05
(Figure 1C) | (Figure 1G) | (Figure2G) |  (Figure 3C) (Figure 2C)
GLT-1B | Nochange | Nochange | No change No change No change
(Figure 1D) | (Figure 1H) | (Figure 2H) (Figure 3D) (Figure 2D)
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Highlights

GLT-1 mRNA was examined after different paradigms of cocaine self-administration
ShA self-administration and extinction did not affect GLT-1 mRNA levels

ShA self-administration and abstinence did not affect GLT-1 mRNA levels

LgA self-administration/withdrawa decreased GLT-1A/1B in aregion-specific manner

LgA sdf-administration and withdrawal led to hypermethylation of the GLT-1 gene



