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Abstract

BACKGROUND—REelapse is a two-component process consisting of a highly motivated drug-
seeking phase that, if successful, is followed by a drug-using phase resulting in temporary
satiation. In rodents, cue-induced drug-seeking requires transient synaptic potentiation (t-SP) of
cortical glutamatergic synapses on nucleus accumbens core medium spiny neurons, but it is
unknown how achieving drug use affects this plasticity. We modeled the two phases of relapse
after extinction from cocaine self-administration to assess how cocaine use affects t-SP associated
with cue-induced drug seeking.

METHODS—Rats were trained to self-administer cocaine (n=96) or used as yoked-saline
controls (n=21). After extinction, reinstatement was initiated by 10 min of cue-induced drug
seeking, followed by 45 min with contingent cocaine access, after which cocaine was discontinued
and unreinforced lever pressing ensued. Three measures of t-SP were assayed during
reinstatement: dendritic spine morphology, AMPA:NMDA ratios, and matrix metalloproteinase
activity.

RESULTS—We found that cocaine use for 10 min collapsed all three measures of cue-potentiated
t-SP back to baseline. Moreover, when cocaine use was discontinued 45 min later, dendritic spine
morphology and AMPA:NMDA were restored as animals became motivated to engage unrewarded
lever pressing. Non-reinforced drug seeking was positively correlated with changes in spine
morphology and cocaine access reversed this relationship.

CONCLUSIONS—Using a novel modification of the reinstatement paradigm we show that

achieving cocaine use reversed the synaptic plasticity underpinning the motivation to seek drug.
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INTRODUCTION

Drug addiction is a chronic illness defined by enduring vulnerability to relapse to drug use
after extended abstinence (1). A relapse consists of two sequential phases: a highly
motivated drug-seeking state, and if seeking is successful, subsequent drug use (2, 3). The
circuit and cellular substrates underpinning the high motivation associated with the drug-
seeking phase of relapse is studied in the rodent self-administration/reinstatement model
using contingent presentation of Pavlovian cues previously associated with drug infusions to
recapitulate the powerful motivation to seek produced by drug-associated cues in addicts (4).
In this model, motivation is operationally defined as non-reinforced lever pressing in pursuit
of drug reward. Cued reinstatement of cocaine-, nicotine- and heroin-seeking requires
inducing rapid, transient synaptic potentiation (t-SP) at glutamatergic synapses on nucleus
accumbens core (NAcore) medium spiny neurons (MSNSs) (5-8). Transient-SP is quantified
using standard electrophysiological and morphological measures consistent with increasing
synaptic strength, including increases in the ratio of AMPA to NMDA currents
(AMPA:NMDA) and dendritic spine head diameter (dh) or density (9-11). Recently, we
found that t-SP requires catalytic cleavage of the extracellular matrix surrounding cortico-
accumbens synapses by activated matrix metalloproteinase-2 and -9 (MMP-2,9), and
increased MMP-2,9 activity constitutes a third t-SP measure (6). The importance of t-SP in
cue-induced drug seeking is revealed in studies where interfering with glutamatergic
transmission from prelimbic afferents to NAcore (5, 12) or blocking MMP-9 activity (6)
prevents t-SP induction and drug seeking. Correspondingly, the intensity of drug seeking is
positively correlated with the extent of t-SP (5).

Recent studies show that cued drug-seeking depends on t-SP at glutamate synapses in
NAcore (5, 6), but it is unknown what happens when the highly motivated state of drug-
seeking culminates in drug use that produces temporary satiation (defined as the process by
which drug consumption causes a transient decrease in motivation for drug seeking) (2, 3).
Understanding the mechanism whereby drug use temporarily reduces drug seeking could
reveal cellular mechanisms of satiation as useful targets for inhibiting the excessive desire to
relapse. We postulated that if drug seeking successfully culminates in drug use, switching
from the drug-seeking to drug-using phase of relapse would reverse t-SP. Moreover, when
drug availability is discontinued, rats re-enter a robust drug-seeking phase (13, 14), and we
hypothesized that the return to highly motivated drug seeking would renew t-SP. Thus, we
adapted a reinstatement paradigm to model distinct phases of relapse and measure t-SP: 1)
cued reinstatement of lever pressing (non-reinforced drug seeking), 2) cue-induced
reinstatement leading to cocaine use (drug using), and 3) discontinuing cocaine availability
(return to non-reinforced drug seeking). We found that t-SP underpinning cocaine seeking
was collapsed by cocaine use and when drug seeking was renewed, inputs to NAcore MSN
synapses re-potentiated.

METHODS AND MATERIALS

Subjects and surgery

Male Sprague—-Dawley rats (250-300 g, Charles River Laboratories) were maintained on a
12-12 hr reverse light-dark cycle with ad-/ibitum food and water. After 1 week of vivarium

Biol Psychiatry. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spencer et al.

Page 3

acclimation, rats were implanted with jugular catheters. Rats used for /in vivo zymography
additionally underwent stereotaxic surgery delivering 23-gauge cannula to NAcore (S
Experimental Procedures). Food was temporarily restricted to 25 g/day standard chow prior
to food training. After one food training session, rats were restored to ad /ib feeding.
Experimental procedures were approved by the Animal Care and Use Committee of the
Medical University of South Carolina and performed in accordance with National Institutes
of Health guidelines.

Self-administration

Rats were trained to acquire operant responding for food in a single 2-hour session prior to
beginning 2-hour daily self-administration sessions or were yoked saline controls receiving
noncontingent saline infusions paired with light/tone cues according to a pre-programmed
pattern of average cocaine responding (Fig 1A). Rats self-administered cocaine (0.2 mg/0.05
ml infusion, ~0.5-0.67 mg/kg/infusion; National Institute of Drug Abuse) until reaching
criterion of 210 days with >10 infusions, followed by 1-2 weeks extinction (15). Training
was performed in standard operant chambers containing house and cue lights, tone, and two
retractable levers (Med Associates, St. Albans, VT). Subjects were trained on a fixed-ratio 1
schedule of reinforcement paired with light and tone (78 dB, 4.5 kHz) and followed by a 20-
s timeout period signaled by absence of house light. During extinction, active lever presses
no longer resulted in cocaine or cues. Extinction criteria were met when animals averaged
<25 active lever presses for 2 days prior to reinstatement testing.

Reinstatement and obtaining brain tissue

The protocol and timeline for obtaining tissue is illustrated in Fig 1A. Two groups (Yoked-
Sal; Coc-Ext) were killed 24 hr after the last extinction session and did not enter
reinstatement. Two groups entered a reinstatement session (Coc-Cue-Sal; Coc-Cue-Coc).
During the first 10 minutes of all reinstatement sessions, responses on the active lever
resulted in contingent delivery of previously drug-paired light/tone cues, akin to standard
cue-induced reinstatement (0-10 min). Between 11-55 min saline infusions accompanied
cues with each lever press in the Coc-Cue-Sal group, while cocaine plus cues was delivered
in the Coc-Cue-Coc group using self-administration conditions outlined above. Cocaine was
delivered at 0.2 mg/0.05 ml infusion during this phase of the reinstatement session, except
for in a control experiment where 0.06 mg/0.05 ml infusion was used. Brain cocaine
concentrations were estimated in accordance with the method described by Pan et al (16) (SI
Experimental Procedures). During the last 65 minutes of the trial (56-120 min), infusions
and cue delivery ceased for both the Coc-Cue-Sal and Coc-Cue-Coc groups. Reinstatement
groups were Killed at various times after initiating the session (20, 50 or 65 min) to capture
the effect of cocaine delivery on cue-induced t-SP (20 min), the effect of continued saline
versus cocaine delivery (50 min), and the effect of removing cocaine and saline delivery (65
min).

Dendritic spine quantification

A confocal microscope (LEICA) was used to image Dil-labeled sections (SI Experimental
procedures) using the Helium/ Neon 543-nm laser line. Dil-labeled neurons and dendrites
(Figure 2A,B) were imaged via optical sectioning by a 63x oil immersion objective
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(numerical aperture =1.4) with pixel size 0.01 um in the XY plane and 0.13-pm intervals
along the z-axis. Images were deconvolved by Autoquant (Media Cybernetics), and a 3D
perspective was rendered by the Surpass module of the Imaris software (Bitplane, Concord,
MA\). Spines on dendrites beginning at >75 pm and ending at <200 um distal to the soma
and after the first branch point were quantified from NAcore MSNSs. Three to twelve
segments (45-55 um each) were analyzed per animal (mean = 8 segments/rat). Minimum dh
was set at =0.143 um to reflect the Nyquist frequency resolution limits of the microscope.

Slice preparation and whole-cell recordings

Coronal slices were collected into a vial containing artificial cerebrospinal fluid. Recordings
were collected at 32°C in dorsomedial NAcore. Inhibitory synaptic transmission was
blocked with picrotoxin (100 pM). AMPA and NMDA currents were recorded in whole-cell
patch-clamp configuration. Glass microelectrodes (1.5-2.5 MQ) were filled with cesium-
based internal solution. To evoke postsynaptic currents, we placed a bipolar stimulating
electrode (FHC, Bowdoin, Maine) ~300 um dorsomedial of the recorded cell to maximize
chances of stimulating PL afferents. Stimulation intensity was chosen to evoke EPSCs of
200-400 pA while the cell was voltage clamped at —80 mV, which typically represented 30—
70% of maximum eEPSC amplitude. Recordings were collected every 20 s and begun >10
min after rupturing the cell membrane to allow diffusion of internal solution. AMPA currents
were first measured at —80 mV to ensure response stability. Membrane potential was
gradually increased until +40 mV. Recording was resumed 5 min after reaching +40 mV to
allow stabilization of cell parameters. Currents composed of both AMPA and NMDA
components were obtained. D-AP5 was bath applied (50 uM) to block NMDA currents and
recording of AMPA currents at +40 mV was started after 2 min. NMDA currents were
obtained by subtracting AMPA from total current at +40 mV.

In vivo zymography measurement of MMP-2,9 activity

Rats were microinjected with intramolecularly dye-quenched fluorescein-conjugated gelatin
(Life Technologies) reconstituted in PBS (1 mg/ml) in NAcore 20 min prior to obtaining
brain tissue. For the yoked saline or cocaine extinction groups the microinjection was made
24 h after the last extinction session and rats were placed back into the home cage after
gelatin microinjection before sacrifice 20 min later. Alternatively, groups undergoing
reinstatement (Coc-Cue-Sal and Coc-Cue-Coc) were placed into the operant box
immediately after microinjection for 20 min to quantify lever pressing and evaluate the
effect of access to cocaine on MMP-2,9 activity. Rats were transcardially perfused with
phosphate buffer (PB) followed by 4.0% paraformaldehyde in PB. Coronal sections (50 um)
were mounted in Prolong Gold (Life Technologies). Images were obtained on a confocal
microscope (LEICA) using a 488 nm Argon laser line, emissions filtered to 515-535 nm
through a 10x objective (numerical aperture=0.3). Slices in which the injection site and
anterior commissure were visualized in the same frame were used for quantification. The
anterior commissure was masked-out of quantification, as was the injection tract since MMP
activity is induced by mechanical tissue damage. Fluorescence was quantified (ImageJ, NIH)
as integrated density from 4—6 sections per rat averaged and reported as arbitrary units (AU)
normalized to the values obtained from cocaine-extinguished rats.

Biol Psychiatry. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spencer et al.

Statistics

RESULTS

Page 5

Statistics were performed using Prism (GraphPad Software, La Jolla, CA). Behavioral data
were analyzed by one- or two-way ANOVAs as appropriate followed by Tukey post-hoc
tests for multiple comparisons. Spine dh was analyzed with a two-level nested ANOVA with
a Satterthwaite approximation (17). A nested ANOVA was used because we have one
measurement variable (dh) and multiple nominal variables or groups (treatment conditions).
The nominal variables are nested to form subgroups within groups (individual rats). In this
way, we test for significant variation in means among groups, among subgroups and within
groups. The Satterthwaite approximation corrects for unequal sample sizes providing a more
accurate Pvalue by using modified mean squares at each level (17). Post-hoc evaluations
were made over each experiment (time point of analysis) using a one-way ANOVA followed
by Dunnett’s post-hoc for comparison to extinction values. Spine density data were analyzed
both using the nested ANOVA, but also according to convention by collapsing data within
animals and using a one-way ANOVA followed by Dunnett’s post-hoc for multiple
comparisons. Electrophysiological data were analyzed as individual cells from 3-5 animals
per group using a one-way ANOVA with Dunnett’s post-hoc for multiple comparisons.
Zymography measurements were analyzed by one-way ANOVA. Significance was setat p <
0.05 and data are presented as mean + SEM.

Modeling the phases of a relapse in rats extinguished from cocaine self-administration

First, we examined behavioral responses in the reinstatement protocol shown in Figure 1A.
Rats were trained to self-administer cocaine and extinguished (Figure 1B). After extinction,
rats underwent the modified reinstatement protocol (Figure 1A) with trials separated by 2—-6
days of extinction using a random crossover design such that all rats had a session with
saline (Coc-Cue-Sal) and cocaine (Coc-Cue-Coc). The time course of responding graphed in
5 minute bins (Figure 1C) shows that active lever pressing was affected by whether rats self-
administered cocaine (Coc-Cue-Coc) or saline (Coc-Cue-Sal) during the Drug Using epoch
(t=11-55 min) using a 2-way ANOVA with repeated measures over treatment and time (time
F(23,161)=7.07, p<0.001; treatment F(1 7)=0.37, p=0.562; interaction F(,3 161)=4.32,
p<0.001). Notably, when cocaine was discontinued there was a significant rebound in lever
pressing compared to discontinuing saline. Also, during the Drug Use epoch cocaine
significantly reduced active lever pressing compared to saline. This reduction in lever
pressing by cocaine left open the possibility that the amount of lever pressing, not cocaine
exposure might modulate t-SP in subsequent experiments. Therefore, we added a control
group that received a lower dose of cocaine (0.06 mg/infusion) during the reinstatement trial.
These animals were trained using the same dose of cocaine as all other experimental groups
in this study (Figure 1D). During the reinstatement session, when the lower dose of cocaine
was restored to active lever pressing the Coc-Cue-Coc animals maintained lever pressing in
the range of the Coc-Cue-Sal group, but also demonstrated rebound pressing when this
lower dose of cocaine was discontinued (Figure 1E; time F(23 207y=7.15, p<0.001; treatment
F(1,9)=0.62, p=0.452; interaction F (23 207y=2.19, p=0.002). We modeled brain cocaine
concentrations in both Coc-Cue-Coc groups receiving during the reinstatement session and
found that cocaine levels were reduced in rats using the low dose compared with the high
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dose of cocaine, although stable levels were reached in both cases demonstrating differential
titration by dose (mean + SEM of the last 15 min of cocaine: 0.06 mg cocaine= 9.01+1.21
UM, N=10; 0.2 mg cocaine= 14.75+0.93 pM, N=8; t(16)= 3.68, p= 0.002) (e.g. compare Figs
1C and 1E).

Cocaine access reverses cue-induced increases in dendritic spine head diameter (dh)

We assessed dynamic changes in dendritic spine morphology of NAcore MSNs that might
parallel switching between drug-seeking and drug-using phases of relapse. Spine dh and
density were quantified from three-dimensionally reconstructed images of Dil-labeled
NAcore MSNs (Figure 2A,B). Rats were trained to self-administer cocaine and lever
pressing was extinguished (Figure 2C). There was an overall significant difference between
all groups for spine dh (nested ANOVA Fs(g 34)= 2.28, p= 0.046). Rats extinguished from
daily cocaine self-administration (Coc-Ext) showed a non-significant trend towards larger
mean spine dh than yoked-saline controls (Figure 2D). Ten minutes of cued reinstatement
plus 10 min of saline self-administration revealed that cues alone (i.e. Coc-Cue-Sal group)
increased mean spine dh compared with Coc-Ext animals (Figure 2B,E). In contrast, spine
dh collapsed to extinction baseline in rats allowed to self-administer either dose of cocaine
for 10 min (Coc-Cue-Coc groups; F(3 131)= 10.40, p< 0.001). The difference in spine dh can
be seen in the cumulative distribution where the Coc-Cue-Sal group is shifted to the right of
other groups (comparing elevations F3 g7y= 3.55, p= 0.019), (Figure 2F). The shift was
largely due to fewer thin spines in the Coc-Cue-Sal group relative to the other treatment
groups. Thus, only 7% of the neurons averaged dh<0.3 um in the Coc-Cue-Sal group, while
the other groups had 57% (Coc-Ext), 29% (Coc-Cue-Coc, 0.2 mg dose) and 50% (Coc-Cue-
Coc, 0.06 mg dose).

A separate set of rats was examined after 40 min of cocaine or saline use (i.e. 50 min in
Figure 1A). Spine dh returned to extinction baseline in Coc-Cue-Sal animals and Coc-Cue-
Coc rats remained at extinction baseline values (Figure 2E). Finally, rats were examined 10
min after saline or cocaine use was discontinued (65 min, Figure 1A), and the Coc-Cue-Coc
group showed increased spine dh, while the Coc-Cue-Sal animals remained at extinction
baseline (Figure 2E) (F(2,113)= 11.31, p< 0.001). The increased dh is reflected in a shift to
the left in the Coc-Cue-Coc group compared with Coc-Ext or Coc-Cue-Sal groups in the
cumulative distribution plot (elevations F, 50)= 9.63, p< 0.001), and this resulted largely
from a reduction in thin spines in the Coc-Cue-Coc group. Thus, the percent of neurons with
an average dh<0.3 um was 15% in the Coc-Cue-Coc group, but 35% in Coc-Cue-Sal.

The possibility that the changes in spine dh were related to motivation to seek drug is
indicated by a positive correlation between lever pressing and dh after 20 min of drug
seeking in the Coc-Cue-Sal group, and the lack of correlation during saline use (t=50 min)
and after discontinuing saline availability (t=65 min) when lever pressing reduced to
extinction levels (Figure 2G). In contrast, when cocaine was made available in the Coc-Cue-
Coc group, a negative correlation between lever pressing and spine dh was found at t=20
min (Figure 2H). When cocaine-using rats were examined at 50 min, the negative correlation
between spine dh and active lever pressing was lost, but when cocaine use was discontinued,
a positive correlation returned at t=65 (Figure 2H). We also analyzed dendritic spine density,
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but it did not show an overall significant difference between groups (One-way ANOVA
F(7,30)= 0.864, p= 0.053; Nested ANOVA F 7 »9)= 1.844, p= 0.117) (Figure S1).

Cocaine access reversed cue-induced increases in AMPA:NMDA ratio

Increased spine dh can be associated with potentiated synaptic function (10). Therefore we
conducted experiments using whole-cell patch clamp recordings to measure AMPA:NMDA
ratios in NAcore MSNSs. Rats were trained to self-administer cocaine and extinguished
(Figure 3A). Similar to spine dh, there was no difference in AMPA:NMDA between the
Coc-Ext versus Yoked-Sal groups (Fig 3B). Cue-reinstated animals that accessed saline
infusions for 10 min (Coc-Cue-Sal) had a significant increase in AMPA:NMDA, and this
was reduced to extinction baseline values in Coc-Cue-Coc animals that accessed cocaine
self-administration for 10 min (Figure 3C) (F3 45) =3.05, p = 0.038). Another groups of rats
were examined for AMPA:NMDA at the 65 min time point. As observed with dendritic
spine dh, there was a rapid repotentiation of AMPA:NMDA upon removal of cocaine access
in Coc-Cue-Coc rats (Fig 3C) (F(s 64)= 2.72, p=0.027). There was a trend for AMPA:NMDA
to remain elevated in the Coc-Cue-Sal group at t=65. This is consistent with previous work
showing that cue-induced increase in AMPA:NMDA remains elevated at 45 min and did not
return to extinction baseline until 120 min after initiating reinstatement (5). In contrast with
dh, there was no correlation measured between active lever pressing and AMPA:NMDA in
either group at either time point (t=20: saline- r2=0.52, p=0.085, N=5; cocaine- r2=0.42, p=
0.171, N=5; t=65: saline- r2=0.57, p= 0.243, N=4; cocaine- r= 0.95, p= 0.135, N=3).

Cocaine access reversed cue-induced increases in MMP-2,9 activity

Matrix metalloproteinases are endopeptidases that degrade the extracellular matrix, and
catalytic activation of the extracellular matrix by the gelatinase family of MMPs (MMP-2,9)
is necessary for inducing hippocampal synaptic plasticity and facilitates hippocampus-
dependent memory (18, 19). Activity of MMP-2,9 is also required for increasing
AMPA:NMDA and spine dh during cue-induced t-SP in cocaine-trained rats (6). We
hypothesized that gelatinase activation during cued-reinstatement would be reversed by
access to cocaine self-administration. To test this, a FITC-coupled dye-quenched gelatin was
infused into NAcore. This gelatin substrate is cleaved by MMP-2,9 liberating fluorescence
that increases linearly over time (6). Animals were trained to self-administer cocaine and
extinguished (Figure 4A). MMP-2,9 activity did not differ between Yoked-Sal and Coc-Ext
animals (Figure 4B,C), but cue-induced reinstatement produced a 50% increase in MMP-2,9
activity in NAcore of Coc-Cue-Sal rats (Figure 4C)(F(327) =4.46, p = 0.011). In contrast,
restoration of cocaine infusions in Coc-Cue-Coc rats reversed the cue-induced increase in
MMP-2,9 activity and did not differ from Coc-Ext animals. Coc-Cue-Sal rats showed a
significant negative correlation between active lever pressing and MMP-2,9 activity, while
no correlation was found in Coc-Cue-Coc rats (Figure 4D). The paradoxical negative
correlation in Coc-Cue-Sal animals may arise because MMP-2,9 activity is proximal in the
sequence of events leading to increased spine dh and AMPA:NMDA, and we previously
observed a rapid (within 15 min) induction of tissue inhibitor of metalloproteinase-2
(TIMP-2, inhibitory regulator of MMP-2,9 activity) by cue-induced reinstatement (6).
Accordingly, while the motivation to seek cocaine and the increase in spine dh and
AMPA:NMDA is initiated by MMP-2,9 activity, this activity may come under inhibitory
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regulation by TIMP-2 within 15 min after reinstating cocaine-seeking. The 65 min time
point was not examined for MMP-2,9 activity because making a microinjection of gelatin
substrate during the reinstatement session (i.e. at t=45, 20 min prior to obtaining tissue)
disrupted drug-seeking behavior (see Methods).

DISCUSSION

Cued reinstatement of drug seeking markedly potentiates (t-SP) glutamatergic synapses on
MSNs in NAcore. The degree of potentiation is correlated with the intensity of reinstated
lever pressing (5-7), indicating that t-SP is a positive correlate of the motivation to seek
drug. Here we show that gaining access to cocaine for 10 min completely reversed all three
measures of t-SP. In doing so, lever pressing became inversely correlated with spine dh.
Moreover, when cocaine use was discontinued, the motivation to seek drug accelerated
(increased non-reinforced lever presses) and the positive correlation between dh and active
lever pressing was restored. The sequence of changes in dh and AMPA:NMDA over the
cycle of drug-seeking, drug use and return to drug-seeking after drug removal indicates that
t-SP is strongly associated with the motivation to seek drug. Thus, it follows that the
reduction of t-SP by cocaine use may also be a correlate of the temporarily blunted
motivation (or satiation) that occurs in cocaine users when they first achieve use after a
period of highly motivated drug-seeking (2, 3). Moreover, the linkage between cue-induced
t-SP and motivation is supported by the fact that both reinstated cocaine seeking and t-SP are
abolished by inactivating prelimbic cortex (5, 12) or inhibiting MMP-9 activity (6).

Does cocaine-induced dopamine release decrease motivation?

The neurochemical and circuit mechanisms whereby cocaine use reversed t-SP are not
clarified in this study. However, numerous studies point to potential involvement of the
capacity for cocaine to increase extracellular dopamine (20). In contrast to cued
reinstatement, when non-reinforced lever pressing is reinstated by noncontingent cocaine
injection, t-SP is delayed to 45 min post-injection. This parallels the time-course of
reinstated lever pressing, whereas cue-induced reinstatement peaks within the first 15 min of
the session (21). Not only does this support the correlation between t-SP and motivated lever
pressing, but also raises the intriguing possibility that the cocaine-induced increase in
extracellular dopamine may suppress t-SP. Thus, as brain cocaine levels decline following an
acute noncontingent injection, the motivation to seek drug and t-SP increases. Indeed, this
would also explain the increase in t-SP and motivated lever pressing produced in the present
study when cocaine self-administration was discontinued. Finally, pharmacological
inactivation of VTA or systemic antagonism of dopamine receptors blocks cocaine-
reinstated lever pressing and prevents t-SP (21), consequently it is reasonable to postulate
that the ability of self-administered cocaine to reverse cue-induced t-SP may likewise
depend on a dopaminergic mechanism. Consistent with this postulate, animals are known to
titrate their cocaine intake around stable brain concentrations of cocaine and extracellular
dopamine (22, 23)(also see modeled brain cocaine levels in Figure 1C,E). Moreover, the
satiating effects of cocaine are regulated by dopaminergic mechanisms (24). Taken together,
these data seem consistent with the notion that increases in dopamine transmission could
trigger the collapse of t-SP by cocaine use.

Biol Psychiatry. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spencer et al. Page 9

Does cocaine-induced glutamate release decrease motivation?

Our results are also consistent with literature demonstrating that in cocaine-experienced
animals a cocaine challenge elicits synaptic depression at constitutively potentiated NAc
glutamatergic synapses (25). After extended withdrawal from either contingent or
noncontingent cocaine, glutamatergic synapses are potentiated as measured by dh or spine
density (5, 10, 26), AMPA currents and receptor surface expression (11, 25, 27, 28), and
MMP-2 activity (6). Boudreau and colleagues show that acute cocaine injections cause
internalization of accumbens AMPA receptors, and postulate that cocaine-induced AMPA
receptor internalization is produced by elevated glutamate release (27), since this is known
to occur /n vitro (29, 30). This is consistent with the increase in extracellular glutamate
produced in NAcore during cocaine-induced reinstatement (31). Surprisingly, in the
Boudreau et al. study, a saline challenge induced the same level of AMPA receptor
internalization in cocaine-sensitized rats suggesting that the drug associated cue (i.e. the
injection procedure) fully substituted for an acute cocaine injection. These results contrast
with the present findings in that the presence of drug-associated cues alone (animals given
saline access) produced t-SP and contingent cocaine depressed accumbens synapses. This
difference may be attributed to differences between noncontingent cocaine-induced
sensitization and contingent cocaine self-administration, since the latter produces stronger
conditioned associations (32).

Conclusions

The bidirectional change in t-SP according to whether an animal is motivated to seek
cocaine by conditioned cues or temporarily satiated by using cocaine indicates that t-SP is
potentially a useful index of the state of motivated drug-seeking behavior. Importantly, t-SP
is produced in NAcore by drug-associated cues across multiple classes of addictive drug, but
not by cue-induced motivation to seek sucrose, a biological reward (5). Together, our data
argue that the cellular and circuit mechanisms mediating the bidirectional regulation of t-SP
by drug seeking and drug use are important mediators of relapse and highlight the potential
value of studying t-SP produced in NAcore by a relapse event towards understanding
addiction, a chronic relapsing disorder. Moreover, this study highlights the importance of
investigating the neurobiology underpinning the entire relapse event, including both the
highly motivated drug-seeking phase, as well as the culmination of drug seeking in drug use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Adapting the cue-induced reinstatement model to assess relapse that includes using
cocaine

(A) Diagram of the experimental time line and all comparison groups used throughout this
study. Schematic outlines the modified reinstatement protocol and time points for obtaining
slices of NAcore tissue and making measures of t-SP (red arrows). Two control groups did
not enter the reinstatement protocol (Yoked-Sal and Coc-Ext), and tissue was obtained 24 h
after the last extinction session. Two groups entered the reinstatement protocol. After 10 min
of standard cue-induced reinstatement of lever pressing in both groups, either cocaine (Coc-
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Cue-Coc) or saline (Coc-Cue-Sal) was restored to the active lever, and 45 min later cues and
cocaine/saline infusions were discontinued in both groups. SA=period of self-administration.
(B) Active and inactive lever pressing during cocaine self-administration and extinction for
rats assigned to receive the higher concentration of cocaine (0.2 mg/0.05 ml) during
reinstatement. (C) Active lever pressing in 5 min bins over the time course of the protocol in
Figure 1A using the 0.2 mg/infusion dose of cocaine (rats were reinstated in a randomized
crossover design such that each rat was reinstated with restoration of saline and cocaine on
alternate days with =2 days of extinction between tests). The red line indicates modeled
mean + SEM concentration of brain cocaine using an algorithm based on animal weight and
infusions of cocaine self-administered (16). (D) Active and inactive lever pressing during
cocaine self-administration and extinction for rats assigned to receive the lower
concentration of cocaine (0.06 mg/0.05 ml) during reinstatement. (E) Active lever pressing
in 5 min bins over the time course of the protocol in Fig 1A using the 0.06 mg/infusion dose
of cocaine. The red line indicates the modeled mean £ SEM concentration of cocaine.

* p< 0.05 comparing the active lever presses between the Coc-Cue-Sal versus Coc-Cue-Coc,
using a Tukey’s post hoc test.
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Figure 2. Cocaine access reverses cue-induced increases in dendritic spine dh during cue-induced
cocaine-seeking

(A) Representative diolistically-labeled neuron from NAcore. Bar= 50 um. Box indicates
source of the high magnification dendrite in the right panel. Bar=5 um. (B) Representative
segments of dendrite from each condition. Sal-20, -50, -65 and Coc-20, -50, -65 = rats
examined at time= 20, 50 or 65 min (Fig 1B) that were allowed to self-administer saline
(Coc-Cue-Sal) or cocaine (Coc-Cue-Coc). Bar= 3 um. (C) Active and inactive lever pressing
during self-administration and extinction for rats used to quantify spine morphology. (D)
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There was no difference in dh between Yoked-Sal and Coc-Ext rats when the data were
compared using a Students t-test (left panel) or regression analysis of a frequency
distribution plot (right panel). Numbers in each bar refer to the number of neurons quantified
over number of animals. (E) Spine dh that was increased with contingent presentation of
drug cues in Coc-Cue-Sal rats was reduced back to extinction levels by access to cocaine in
Coc-Cue-Coc animals (t= 20 min), and enlarged again when drug-seeking was renewed by
removing cocaine access in the Coc-Cue-Coc group (t=65 min). (F) Frequency distribution
plots for each experimental group. (G) Correlations between spine dh and active lever
presses in animals self-administering saline averaged over the 15 and 20 min bin for t=20
min, 45 and 50 bins for t=50 min, and 60 and 65 min for t=65 min. Line was drawn via
linear regression analysis. (H) Correlations between spine dh and active lever presses in
animals self-administering cocaine averaged over 5 min time bins as in Figure 2G. Note that
at t=20, both the 0.2 mg and 0.06 mg dose cocaine groups were used in regression analysis
since both doses significantly collapsed dh back to extinction baseline (Figure 1E).

*p < 0.05, panel E compared to Coc-Ext dh using a 1-way ANOVA over each time epoch
followed by a Dunnett’s post hoc comparison; panel F comparing line elevations of the Coc-
Ext group to all other groups in each panel.
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Fig 3. Cocaine access reverses cue-induced increases in AMPA:NMDA ratio
(A) Active and inactive lever pressing during self-administration and extinction for rats used

to quantify AMPA:NMDA. (B) There was no difference in AMPA:NMDA between Yoked-
Sal and Coc-Ext rats when the data were compared using a Students t-test. (C) Increase in
AMPA:NMDA (mean+SEM ratio) after cue-induced reinstatement in animals self-
administering saline (Coc-Cue-Sal) was reversed by 10 min cocaine access (Coc-Cue-Coc).
When cocaine access was removed at t=65 AMPA:NMDA was increased. Dashed red line
indicates extinction baseline. Numbers in bars represent number of cells recorded over
number of animals in each condition. Representative traces are shown for each treatment
beneath the corresponding bar in Panels B and C. Black line= NMDA current, Gray line=
AMPA current.

*p< 0.05, comparing all groups to extinction baseline (Ext) using a Dunnett’s post hoc test.
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Fig 4. Cocaine access reverses cue-induced increases in MMP-2,9 activity
(A) Active and inactive lever pressing during self-administration and extinction for rats used

to quantify MMP-2,9 activity. (B) Representative examples of FITC-gelatin fluorescence
corresponding to MMP-2,9 activity in NAcore from each treatment group. Dashed line
outlines the anterior commissure (ac) and injection site that were masked-out for
quantification. Bar= 0.5 mm. (C) Increase in MMP-2,9 (mean + SEM normalized integrated
density of fluorescence reported in arbitrary units) after cue-induced reinstatement in
animals self-administering saline (Coc-Cue-Sal) was reversed by 10 min cocaine access
(Coc-Cue-Coc). Data from 4—6 coronal slices were averaged per rat, and the number in the
bar refers to number of rats in each group. (D) Negative correlation between active lever
pressing and the integrated density of fluorescence indicative of MMP-2,9 activity in Coc-
Cue-Sal animals, but no correlation was found in the Coc-Cue-Coc rats. These data are
derived from the data shown in figure 4C and behavior was quantified as described in Figure
2 legend.
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*p< 0.05, comparing all groups to extinction baseline (Ext) using a Dunnett’s post hoc test.
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