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Introduction

Persistent thoughts and actions related to the procurement and
use of illicit drugs, along with vulnerability to relapse following
exposure to contextual stimuli associated with drugs of abuse,
are hallmark features of drug addiction. Behavioural sensitiza-

tion, characterized by increased motor activity, is induced by re-
peated exposure to a variety of illicit drugs, including ampheta-
mines, and may be a key mechanism leading to compulsive
drug use in both human and animal models.1–4 Once established,
behavioural sensitization is often accompanied by enhanced
dopamine (DA) release in the nucleus accumbens (NAcc).5–7
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Background: Behavioural sensitization has been linked to drug craving in both clinical and preclinical studies of addiction. Increased
motor activity is accompanied by enhanced dopamine (DA) release, particularly in the nucleus accumbens (NAcc). The neural bases of
sensitization are linked to alterations in synaptic connections that also underlie learning and memory. The present study uses an “inter-
ference” peptide, Tat-GluA23Y, that blocks long-term depression (LTD) at glutamatergic synapses by disrupting the endocytosis of α-
amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARs), to explore the role of this form of synaptic plasticity in the in-
duction and maintenance of sensitization. Methods: Rats were given 5 injections of d-amphetamine (d-AMPH, 1.0 mg/kg,
intraperitoneal) every second day. Tat-GluA23Y, was administered by 2 different routes (intravenously and intracerebrally to the ventral
tegmental area [VTA] or to the NAcc) before each injection of d-AMPH. After a 14-day drug-free period, expression of behavioural sensi-
tization was evoked by a challenge injection of d-AMPH (0.5 mg/kg, intraperitoneal). Dopamine efflux in the NAcc was measured by
high-pressure liquid chromatography with electrochemical detection analyses of brain dialysates on days 1, 9 and 24 of the intravenous
peptide experiment. Results: Systemic administration of Tat-GluA23Y during the induction phase blocked maintenance of behavioural
sensitization and attenuated the maintenance of neurochemical sensitization. Intra-VTA infusion of Tat-GluA23Y before each administra-
tion of d-AMPH did not affect induction, but inhibited maintenance and subsequent expression of sensitization, whereas intra-NAcc infu-
sion of the peptide did not affect induction or maintenance of sensitization. Limitations: The relevance of behavioural sensitization in
 rodents is related to the development of craving and does not provide direct measures of drug reinforcement. Conclusion: These find-
ings confirm that drug-induced neuroplasticity is labile and may be subject to disruption at a time when long-lasting associations between
drug reward and contextual stimuli are formed. Furthermore, the unique ability of Tat-GluA23Y to block maintenance of behavioural sensi-
tization implicates LTD in the consolidation of essential associative memories. Tat-GluA23Y has the unique ability to disrupt functional
neuroadaptations triggered by repeated psychostimulant exposure and therefore may protect against the development of craving and
drug seeking behaviours.



Whereas terminal regions of the mesocorticolimbic DA system
are clearly implicated in the long term expression of drug-
 induced sensitization,8 its induction and initial maintenance de-
pends on modulation of synaptic events in close proximity to
DA-containing neurons in the ventral tegmental area (VTA).8–10

The enduring neural adaptations that accompany repeated
exposure to drugs of abuse have been linked to specific forms
of synaptic plasticity, including long-term potentiation (LTP)
and long-term depression (LTD).9,11–13 This in turn has high-
lighted possible similarities between neural adaptations related
to acquisition and maintenance of addictive behaviours and
those that underlie other forms of learning and memory.14,15 Pre-
vious work has pointed to a crucial role for the endocytosis of
α-amino-3-hydroxy-5-methylisoxazole-4- propionic acid recep-
tors (AMPARs) in a psychostimulant- induced behavioural sen-
sitization model of drug craving,16,17 extinction of morphine-
 induced place preference,18 and cue-induced reinstatement of
heroin self-administration.17 These studies used a small “inter-
ference” peptide, Tat-GluA23Y, to disrupt the regulated endocy-
tosis of AMPARs. This peptide has the unique ability to block
LTD by inhibiting facilitated AMPAR endocytosis16,19 via dis-
rupting protein–protein interaction between the GluA2 subunit
of AMPAR and Brag2, a clathrin-adaptor protein that activates
Arf6 to initiate regulated AMPAR endocytosis.20

In our previous study, acute intravenous administration of
Tat-GluA23Y immediately before a drug challenge test, as well
as direct intracerebral injection into the NAcc (but not the
VTA), blocked the expression of d-amphetamine (d-AMPH)–
induced sensitization of motor activity.16 The present study
addresses several critical issues of relevance to the potential
therapeutic value of Tat-GluA23Y, including the critical ques-
tion of whether this interference peptide can block the induc-
tion and maintenance of behavioural sensitization when
given before each of 5 injections of d-AMPH. Given the in-
volvement of the mesocorticolimbic DA system in both the
induction and expression of behavioural sensitization8,21–23 as
well as the rewarding effects of psychostimulant drugs,24–27

the present study also used brain microdialysis to monitor
the efflux of DA in the NAcc during the induction and ex-
pression of d-AMPH sensitization. Furthermore, the induc-
tion of behavioural sensitization involves neuroplasticity in
the VTA,28–30 therefore we also examined whether microinjec-
tion of Tat-GluA23Y into the VTA, but not the NAcc, would
block the induction and/or maintenance of sensitization.

Methods

Animals

We used male Sprague–Dawley rats (Charles River, Que.)
weighing 250–275 g for all experiments. Animals were housed
in pairs in transparent cages in a temperature- controlled ani-
mal colony and acclimatized to a 12-hour reverse light–dark
cycle (lights on at 7 pm) for 7 days before the beginning of the
experiments. They were subsequently housed individually
once experiments began. Food and water were available ad
 libitum during all phases of the study. All the experiments
were approved by the University of British Columbia Animal

Care Committee and conducted in accordance with policies
outlined by the Canadian Council on Animal Care.

Drugs

We diluted d-AMPH (USP) in 0.9% sterile saline. Tat-GluA23Y

peptide was constituted of 9 amino acids (YKEGYNVYG), and
was attached to an HIV-1 Tat peptide (YGRKKRRQRRR) to
cross the blood–brain barrier and permeate cells.19 The scram-
bled peptide, Tat-GluA23Yscr, comprised the same 9 amino acids
placed in random sequence (VYKYGGYNE) and served as a
control. Both Tat-GluA23Y and Tat-GluA23Yscr (GL Biochem-
Shanghai Ltd) were diluted in 0.9% sterile saline.

Surgical procedures

Surgeries were performed under isoflurane anesthesia (3%
isoflurance [Baxter] in oxygen) and maintained with 1.5%–
2.5% isoflurane for the duration of the procedure. As an ad-
junct to gaseous anesthesia, the analgesic, we administered
ketoprofen subcutaneously at the time of surgery to help
minimize postsurgical distress. All rats were all given a 1-
week recovery period before experimental procedures dur-
ing which their conditions were closely monitored twice
daily for possible postoperative complications.

Jugular catheter implantation
Once a surgical plane of anesthesia was achieved, hair was
clipped in 2 areas measuring 3.5 × 6 cm on the dorsal surface
and 2.5 × 4 cm on the anterior right region of the ventral sur-
face of each rat. We applied an iodophor scrub to the skin
surface, alternated twice with 70% ethyl alcohol to disinfect
the skin. A single incision measuring 2.5 cm was made using
a No. 10 surgical blade on the dorsal surface, and an incision
measuring 2 cm was made on the ventral surface above the
right jugular vein. A chronic indwelling silastic catheter con-
nected to a guide cannula (Plastics One, 22-gauge) was se-
cured to the dorsal surface of the rat with surgical mesh. The
silastic tubing was adhered to the vein by a series of sutures
(4–0 silk, nonabsorbable). We closed surgical wounds with
polyglactin 910 absorbable sutures.

Microdialysis and intracerebral cannulation
Animals were secured in a stereotaxic frame with the dorsal
surface of the cranium oriented in a horizontal plane. For the
microdialysis experiments, rats were implanted with bilateral
guide cannulae (nitric acid passivated stainless steel, 19-
gauge × 15 mm), positioned 1 mm below the dura directly
above the NAcc (+ 1.7 mm anteroposterior and ± 1.1 mm
mediolateral from the bregma). For the microinjection experi-
ments, rats were implanted with bilateral cannulae (stainless
steel, 23-gauge) directed at the VTA (–5.8 mm anteropos -
terior, ± 0.6 mm mediolateral, –7.0 mm dorsoventral) or
NAcc (+1.7 mm anteroposterior, ± 1.1 mm mediolateral,
–6.8 mm dorsoventral) at the border of the NAcc core and
shell. We secured guide cannulae to the skull via 4 stainless
steel screws and dental cement. Sterile obdurators were
placed into the guides to maintain patency.
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Microdialysis and high-pressure liquid chromatogaphy

Microdialysis probes were constructed from Filtral 12
AN69HF semipermeable hollow fibres (2 mm long, 340 μm
outer diameter, 65 kDa molecular weight cut-off; Hospal) and
silica inlet-outlet lines (75 of 150 μm inner  diameter/ outer
 diameter). Samples were analyzed via high-pressure liquid
chromatography with electrochemical detection (HPLC-EC).
The HPLC systems were composed of the following: an ESA
model 582 pump (Bedford), a pulse damper (Scientific Sys-
tems), an inert manual injector (Rheodyne), a Super ODS TSK
column (Tosoh Bioscience) and an Intro Electrochemical detec-
tor (Antec Leyden). The mobile phase (70 mM sodium acetate
buffer, 40 mg/L ethylene diamine tetra acetic acid and 5 mg/L
sodium dodecyl sulfate [adjustable]; pH 4.0, 10% methanol)
flowed through the system at 0.10 mL/min. We used
EZChrome Elite software (Scientific Software) to acquire and
analyze chromatographic data.

Behavioural apparatus

To measure horizontal locomotion, we used 8 open-field
poly(methyl methacrylate) chambers, measuring 40 × 40 ×
40 cm. Top-mounted cameras allowed video capture and
tracking of locomotor activity measured and scored by the
digital monitoring software Ethovision 3.1 (Noldus). Cham-
bers were also fitted with a liquid-swivel required for in vivo
microdialysis. All experiments were run in a darkened room
under dim red lighting between 8 am and 6 pm.

Experimental design

Figure 1 outlines the procedural timeline from the initial day
of surgery to the final day of drug challenge to measure in-
duction and expression of d-AMPH–induced behavioural
sensitization. Prior to the start of experiments, animals were
habituated to the locomotor activity testing chambers for
30 min on 2 separate occasions. During the induction phase,
animals received a total of 5 injections of either d-AMPH (5 ×
1.0 mg/kg, intraperitoneal) or saline on alternate days, all
given in the testing chambers. Following the fifth day of
treatment (day 9), all rats remained in the colony room for a
2-week drug-free period. On Day 24, all groups were chal-

lenged with a lower dose of d-AMPH (0.5 mg/kg, intraperi-
toneal) to reduce the possible confounding effect of drug-
 induced stereotypy.

Intravenous administration of Tat-GluA23Y peptide 
and microdialysis
Dopamine efflux in the NAcc was measured by microdialysis in
each animal at 2 of 3 time points: the first or fifth exposure (day
1 or 9) to d-AMPH or saline and during d-AMPH challenge on
day 24. The day before microdialysis experiments on days 1, 9
and 24, probes were flushed with artificial cerebrospinal fluid
(aCSF; 10.0 mM sodium phosphate buffer with 147.0 mM NaCl,
3.0 mM KCl, 1.0 mM MgCl2 and 1.2 mM CaCl2; pH 7.4) and in-
serted unilaterally via the guide cannulae into the NAcc (dialy-
sis membrane spanned –4.8 to –6.8 mm, ventrally). Rats re-
mained in the locomotor activity testing chamber overnight
(14–16 h) with continuous perfusion of aCSF at 1μL/min. Food
and water were available ad libitum. In the morning, we re-
moved the food and water, and we collected 15 µL dialysis sam-
ples at 15-minute intervals from the NAcc and immediately as-
sayed them for DA using HPLC-EC. Baseline sampling
continued until 4 samples showed less than 10% fluctuation in
DA content. Animals were then treated with Tat-GluA23Y (5 ×
1.5 nM/g), Tat-GluA23Yscr (5 × 1.5 nM/g), or vehicle control (5 ×
0.9% saline) administered intravenously. Microdialysis sam-
pling and behavioural recording continued for 60 minutes, fol-
lowed by injections of d-AMPH. A fourth group received vehi-
cle control intravenously and saline intraperitoneally during the
conditioning period. Microdialysis samples were collected and
locomotor activity was measured for a further 2 hours, after
which rats were returned to their home cages. Experimental
procedures on challenge day 24 were similar except peptide
treatment was not given; instead, all animals received d-AMPH
injections immediately after baseline sampling.

Intracerebral administration of Tat-GluA23Y in the VTA 
or NAcc
In separate groups of rats, Tat-GluA23Y (15 pmol), Tat-
GluA23Yscr (15 pmol), or vehicle control, was microinjected bi-
laterally into either the VTA or NAcc 40 minutes before each
d-AMPH (5 × 1.0 mg/kg, intraperitoneal) or saline injection.
Injection needles were inserted via guide cannulae and con-
nected to an infusion pump (Harvard Apparatus). A total

Surgery Recovery Induction of sensitization Drug-free Challenge 

Microdialysis                                     Microdialysis                                      Microdialysis 

GluA23Y   GluA23Yscr   or    Vehicle

+ 
d-AMPH (1.0 mg/kg)    or    Saline 

d-AMPH (0.5 mg/kg)

1       2        3        4        5        6        7        8        9      10                     23      24 

Fig. 1: Procedural timeline from the initial day of surgery to the final day of drug challenge to measure induction and expression of d-amphetamine
(d-AMPH)–induced behavioural sensitization.



volume of 0.3 µL/side was delivered over 1 minute. Injec-
tion needles remained in place for 2 minutes to allow for dif-
fusion. Rats were then placed in open field chambers, and
locomotor activity was recorded and scored for 90 minutes.
At the end of each testing session, animals were returned to
their home cages. After the fifth treatment session, rats re-
mained in the animal colony for a 2-week drug-free period.
On Day 24, all animals were challenged with a lower dose of
d-AMPH (0.5 mg/kg, intraperitoneal) and locomotor activ-
ity was recorded.

Histology

Following completion of all testing procedures, animals
were given a lethal dose of sodium pentobarbitol and per-
fused transcardially with 0.9% saline followed by 10%
formaldehyde solution. Brains were rapidly removed and
cryoprotected in 20% sucrose in 10% formaldehyde for
several days. Serial 30 µm coronal sections were cut on a
cryostat, sections were mounted on glass slides, dried,
stained with cresyl violet and cover slipped. Placements
of the microdialysis probe or guide cannulae were veri-
fied under a light microscope and located on figures
adapted from the Paxinos and Watson atlas of the rat
brain,31 presented in the Appendix, Figure S1, available at
jpn.ca.

Injection of dansyl-tagged Tat-GluA23Y peptide in the brain

A dansyl-lysine group was added to the Tat-peptide to serve
as a fluorescent marker to estimate the diffusion of peptide
from the injection sites in the VTA or NAcc. Rats were pre-
pared with bilateral guide cannulae directed at the VTA or
NAcc according to the stereotaxic procedure described previ-
ously. One week after surgery, the dansyl-Tat-GluA23Y pep-
tide was microinjected with needles inserted through guide
cannulae connected to an infusion pump (0.3 μL/side over
1 min). Injection needles were left in place for an additional
2 minutes to allow for diffusion. Sixty minutes after the
micro injection, rats were deeply anesthetized and perfused
with saline followed by 4% paraformaldehyde in 0.1 M phos-
phate buffer for 30 minutes. Brains were stored overnight in
10% sucrose containing fixative, and fixed brains were sec-
tioned at 50 µm on a cryostat. Sections were then mounted on
slides and examined by fluorescent microscopy (Appendix,
Fig. S2).

Statistical analysis

All values are expressed as mean ± standard error of the
mean (SEM). We assessed statistical significance using 1-
way analysis of variance (ANOVA) or 2-way repeated-
measures ANOVA with time as the within-subject factor
and treatment groups as the between-subjects factor.
Where appropriate, we performed post hoc analyses using
the Tukey honestly significant difference test to examine
simple main effects. We considered results to be significant
at p < 0.05.

Results

Intravenous Tat-GluA23Y administration blocks induction
of behavioural sensitization and attenuates d- AMPH–
induced DA efflux in the NAcc

Figure 2 illustrates d-AMPH–induced locomotor activity and
DA efflux in the NAcc on day 1 and day 9 of induction of sen-
sitization. Based on the time course of behavioural response to
each d-AMPH injection, we observed peak locomotor activity
during the initial 30-minute period postinjection. Therefore,
we performed statistical analyses on the cumulative data of
distance travelled in the 30 minutes following d-AMPH injec-
tion. Repeated d-AMPH treatment (5 × 1.0 mg/kg) led to a
progressive increase in locomotor activity in rats that received
vehicle (n = 12) or Tat-GluA23Yscr (n = 9), whereas the interfer-
ence peptide Tat-GluA23Y (n = 13) blocked the induction of lo-
comotor sensitization (day × treatment group: F1,3 = 17.364, p =
0.001; post hoc: vehicle + d-AMPH group, day 1 v. day 9, p =
0.010; Tat-GluA23Yscr + d-AMPH group, day 1 v. day 9, p =
0.002; Tat-GluA23Y + d-AMPH group, day 1 v. day 9, p = 0.51).

Consistent with previous microdialysis experiments, d-
AMPH treatment on both day 1 and day 9 was accompanied
by a significant increase in DA efflux in the NAcc in rats
treated with vehicle (n = 9) or Tat-GluA23Yscr (n = 10; repeated-
measures ANOVA, F8,24 = 30.75, p = 0.005; Fig. 2B; repeated-
measures ANOVA, F8,24 = 37.12, p = 0.005; Fig. 2D). Tat-
GluA23Y peptide pretreatment (n = 8) did not significantly
affect levels of d-AMPH–induced DA efflux on day 1. How-
ever, repeated treatment with Tat-GluA23Y significantly atten-
uated the magnitude of d-AMPH– induced DA efflux in the
NAcc by the fifth d-AMPH injection (pairwise comparison,
633% ± 170% on day 1 v. 278% ± 53% on day 9, p = 0.001).

Repeated intravenous Tat-GluA23Y administration during
induction phase blocks maintenance and expression of
 behavioural and neurochemical sensitization to d-AMPH

Following a 14-day drug-free period, rats previously given
Tat-GluA23Y before each d-AMPH injection showed a signifi-
cantly reduced locomotor response to the d-AMPH challenge
compared with groups that received vehicle or Tat-GluA23Yscr

before d-AMPH in the induction phase. Furthermore, distance
travelled for rats given repeated Tat-GluA23Y and d-AMPH did
not differ significantly from that in rats receiving the challenge
dose of d-AMPH for the first time (treatment group: F3,40 = 5.89,
p = 0.008; post hoc: Tat-GluA23Y + d-AMPH v. vehicle + d-
AMPH, p = 0.012; Tat-GluA23Y + d-AMPH v. Tat-GluA23Yscr +
d-AMPH, p = 0.020; Tat-GluA23Y + d-AMPH v. vehicle + saline,
p = 0.10; Fig. 3). These data indicate that Tat-GluA23Y peptide
treatment blocked the induction of behavioural sensitization.

Clear evidence of a sensitized neurochemical effect was pro-
vided by a comparison of the magnitude of  d-AMPH– induced
DA efflux in the NAcc on challenge tests on day 24 in rats
treated repeatedly with d-AMPH versus those receiving the
challenge dose of d-AMPH for the first time (treatment group:
F3,32 = 36.285, p = 0.001; post hoc: vehicle + d-AMPH v. vehicle
+ saline, p = 0.036; Tat-GluA23Yscr + d-AMPH v. vehicle + saline,
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Fig. 2: d-Amphetamine (d-AMPH)–induced locomotor activity and dopamine efflux in the nucleus accumbens (NAcc) on day 1 and day 9 of
induction of sensitization after intravenous (IV) administration of Tat-GluA23Y or controls. (A) Time course of locomotor activity on day 1 of in-
duction. (B) Dopamine efflux in the NAcc on day 1 of induction. (C) Time course of locomotor activity on day 9 of induction. (D) Dopamine ef-
flux in the NAcc on day 9 of induction. (E) Cumulative locomotor activity over 30 min on days 1 and 9 of induction. (F) Dopamine efflux in the
NAcc at the 30 min peak on days 1 and 9 of induction. IP = intraperitoneal. *p < 0.01. 



p = 0.009; Fig. 3D). Most importantly, repeated treatment with
Tat-GluA23Y during the induction phase blocked the expres-
sion of neurochemical sensitization to a challenge injection of
d-AMPH in the absence of peptide (pairwise comparison, Tat-
GluA23Yscr + d-AMPH v. Tat-GluA23Y + d-AMPH, p = 0.025).

Microinjection of Tat-GluA23Y into the VTA or NAcc has
no effect on induction of d-AMPH sensitization

Infusion of Tat-GluA23Y into the VTA before a systemic d-
AMPH injection did not significantly affect  d-AMPH– induced
locomotion on the first day of exposure (repeated-measures
ANOVA, F9,38 = 8.34, p = 0.040; post hoc: Tat-GluA23Y + d-AMPH
v. Tat-GluA23Yscr + d-AMPH, p > 0.99; Tat-GluA23Y + d-AMPH v.

vehicle + d-AMPH, p > 0.99; Fig. 4A). Furthermore, repeated d-
AMPH injections led to significant increases in activity and total
distance travelled on day 9 of the induction phase in all groups,
including those pretreated with Tat-GluA23Y (day × treatment
group: F1,5 = 5.47, p = 0.001; post hoc: vehicle + d-AMPH group,
day 1 v. day 9, p = 0.008; Tat-GluA23Yscr + d-AMPH group, day 1
v. day 9, p = 0.001; Tat-GluA23Y + d-AMPH group, day 1 v. day
9, p =0.002; Fig. 4C and 4E).

Similarly, infusions of Tat-GluA23Y into the NAcc before
each systemic d-AMPH injection did not affect  d-AMPH–
induced locomotion on the first or ninth day of the induction
phase (Fig. 4B and 4D). Repeated d-AMPH injections led to a
significant increase in peak activity and total distance travelled
from day 1 to day 9 in all groups, including the one pretreated
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Fig. 3: d-Amphetamine (d-AMPH)–induced locomotor activity and dopamine efflux in the nucleus accumbens (NAcc) on day 24 after a 14-day
drug-free period in animals that received intravenous (IV) administration of Tat-GluA23Y or controls during induction. (A) Time course of loco-
motor activity on challenge day 24. (B) Dopamine efflux in the NAcc on challenge day 24. (C) Cumulative locomotor activity over 30 min fol-
lowing drug challenge. (D) Dopamine efflux in the NAcc at the 30 min peak following drug challenge. IP = intraperitoneal. *p < 0.05.
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Fig. 4: d-Amphetamine (d-AMPH)–induced locomotor activity on day 1 and day 9 of induction of sensitization following microinjection of Tat-
GluA23Y or controls into the ventral tegmental area (VTA) or nucleus accumbens (NAcc). (A) Time course of locomotor activity on day 1 of in-
duction following VTA microinjection of peptide or controls. (B) Time course of locomotor activity on day 1 of induction following NAcc microin-
jection of peptide or controls. (C) Time course of locomotor activity on day 9 of induction following VTA microinjection of peptide or controls.
(D) Time course of locomotor activity on day 9 of induction following NAcc microinjection of peptide or controls. (E) Cumulative locomotor ac-
tivity over 30 min on days 1 and 9 of induction following VTA microinjections. (F) Cumulative locomotor activity over 30 min on days 1 and 9
of induction following NAcc microinjections. IC = intracerebral; IP = intraperitoneal. *p < 0.01.



with Tat-GluA23Y (day × treatment group: F1,5 = 19.85,
p = 0.005; post hoc: vehicle + d-AMPH group, day 1 v. day 9,
p = 0.021; Tat-GluA23Yscr + d-AMPH group, day 1 v. day 9,
p = 0.024; Tat-GluA23Y + d-AMPH group, day 1 v. day 9,
p = 0.011; Fig. 4F).

Microinjection of Tat-GluA23Y into the VTA, but not the NAcc,
inhibits maintenance and expression of d-AMPH sensitization

When challenged with d-AMPH (0.5mg/kg) after a 14-day
drug-free period, rats treated with microinjections of  
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Tat-GluA23Y into the VTA during the induction phase failed
to express behavioural sensitization on day 24 (treatment
group: F5,38 = 3.25, p = 0.001; post hoc: Tat-GluA23Y + d-AMPH
v. vehicle + d-AMPH, p = 0.003; Tat-GluA23Y + d-AMPH v.
Tat-GluA23Yscr + d-AMPH, p = 0.025; Fig. 5A and 5C). In con-
trast, all sensitized animals, including those pretreated with
microinjections of Tat-GluA23Y into the NAcc, displayed an
enhanced response to the d-AMPH challenge relative to con-
trol rats that received d-AMPH for the first time (d-AMPH
main effect: F5,36 = 6.54, p = 0.010; Fig. 5B and 5D).

Discussion

Consistent with the behavioural sensitization literature,
loco motor activity increased significantly from day 1 to day
9 as a result of repeated amphetamine exposure.32,33 Import -
antly, this effect was maintained in all control groups after a
14-day drug-free period, as evidenced by a significantly en-
hanced locomotor response relative to drug-naive controls
following the challenge dose of d-AMPH (0.5 mg/kg) on
day 24. Intravenous administration of Tat-GluA23Y did not
affect the initial acute locomotor response on day 1; how-
ever, repeated coadministration of Tat-GluA23Y with each
amphetamine injection prevented the induction of behav-
ioural sensitization normally observed after 5 intermittent
injections of d-AMPH. A challenge injection of d-AMPH af-
ter a 14-day drug-free per iod confirmed that coadministra-
tion of Tat-GluA23Y peptide during the induction phase
blocked the induction and maintenance of  d-AMPH–
induced behavioural sensitization observed in the Tat-
GluA23Yscr and vehicle-treated groups.

The microdialysis experiment confirmed that acute d-
AMPH induced a significant increase in DA efflux in the
NAcc in the control groups on the first and fifth day of drug
exposure. It is important to note that the induction of sensiti-
zation is not always accompanied by an increase in DA re-
lease in the NAcc, especially after a short incubation period.
Paulson and Robinson34 measured motor behaviour and DA
neurotransmission at different times after discontinuation of
repeated d-AMPH treatment, and they failed to observe a
sensitized neurochemical response to a challenge dose of d-
AMPH after either 3 or 7 days of withdrawal. In contrast, ani-
mals that received the same sensitization protocol displayed
enhanced DA release when tested after a 28-day drug-free
period. These results indicate that the development of neuro-
chemical sensitization, expressed as an increase of DA release
in the NAcc, may develop more slowly than enhanced motor
activity. In the present study, when tested after a 14-day in-
cubation period, both Tat-GluA23Yscr and vehicle-treated
groups displayed significantly higher levels of evoked DA
than the d-AMPH–naive group, thereby confirming the oc-
currence of neurochemical sensitization.33

Here we also identify a distinct role for regulated endocy-
tosis of GluA2–containing AMPARs in modulating the efflux
of DA within the NAcc after repeated but not acute exposure
to d-AMPH. A transient (1–5 d) synaptic potentiation of
 AMPAR currents in DA neurons in the VTA35 is attributed to
a change from GluA2-containing to GluA2-lacking AMPARs,

induced by the initial exposure to a psychostimulant drug.36,37

In the present study, the significant attenuation of DA efflux
observed after the fifth injection of d-AMPH, when GluA2-
containing AMPAR endocytosis is blocked by coadministra-
tion of Tat-GluA23Y, clearly implicates the development of
LTD in the maintenance of a robust neurochemical response
to repeated psychostimulant exposure. The behavioural
pharmacological response to d-AMPH, whether in the form
of a conditioned response associated with repeated drug ex-
posure or as a drug-induced behavioural sensitization, is
highly influenced by associative processes,33,38 which in turn
are encoded as enduring memories of drug-related environ-
mental stimuli. We hypothesize that formation of such mem-
ories is dependent on an LTD-like process that may well in-
volve the replacement of GluA2-containing by GluA2-lacking
AMPARs. When AMPAR endocytosis is disrupted by the
inter ference peptide Tat-GluA23Y, the inhibition of LTD re-
sults in the absence of both neurochemical and behavioural
sensitization in rats subsequently exposed to a challenge dose
of d-AMPH 14 days later.

The microinjection studies targeting the NAcc and VTA
revealed important differences in the neuroplasticity in-
volved in the induction of sensitization as distinct from
those processes related to the maintenance of behavioural
sensitization. Notably, microinjection of Tat-GluA23Y into
 either the VTA or the NAcc had no effect on the initial in-
crease in drug-induced locomotion from the first to the fifth
injection. In contrast, disruption of GluA2 endocytosis in
the VTA during the induction phase did have a marked ef-
fect on d-AMPH– induced locomotion in response to the
 final challenge dose of this drug on day 24. A direct com-
parison of the VTA microinjection data to results obtained
with systemic administration of Tat-GluA23Y suggests that
the blockade of sensitization observed in the latter condition
involves actions of Tat-GluA23Y at sites beyond the VTA,
which remain to be identified. Accordingly, there is a dis-
tinction between processes responsible for the immediate
increase in motor activity during repeated injections of a
psychostimulant drug and those neuro adaptations related
to the encoding and augmentation of behavioural sensitiza-
tion over a drug-free period before the expression of sensiti-
zation.38 Importantly, our findings are consistent with the
literature linking neural activity within the VTA to neuro -
adaptations that establish and maintain sensitization,39–42 as
distinct from other forms of adaptation in the NAcc respon-
sible for the expression of behavioural sensitization.40,43 The
imposition of a prolonged drug-free period after repeated
noncontingent treatments with cocaine is related to en-
hanced AMPAR function in medium spiny neurons (MSNs)
in the NAcc shell, which is linked to increased surface ex-
pression of GluA1 and GluA2 subunits.44,45 This state may be
permissive for the expression of behavioural sensitization,
as both enhanced AMPAR currents and surface expression
receptor subunits are reversed immediately following a
challenge dose of cocaine.13,44,46

A recent discussion of synaptic plasticity induced by
drugs of abuse and its contributions to the neuropathology
of addiction highlights the many and varied processes



 involved.47 Initial findings emphasize the induction of LTP
by acute exposure to drugs of abuse that was subsequently
linked to an increase in AMPAR trafficking.48 Of particular
importance to the present discussion is the finding that the
prominence of GluA2-containing AMPARs in a drug-naive
state is replaced by increased expression of the GluA2-
 lacking variant of  AMPARs following exposure to a psycho -
stimulant drug.36,37 Together, these findings suggest that
 increased Ca2+ permeability and conductance of GluA2-
lacking AMPA receptors are essential factors in the sensi-
tized response to a psychostimulant drug challenge. If this
change in AMPAR subtype is a critical step in the modifica-
tion of glutamatergic synapses on DA neurons in the VTA
required for the encoding of associations between contex-
tual stimuli and drug reward, it follows that interference
with regulated endocytosis of GluA2-containing AMPARs
by Tat-GluA23Y is an ideal tool to prevent the ascendency of
drug-related memories.

Limitations

Behavioural sensitization in rodents, as a model of addiction,
does not provide direct measures of drug reinforcement.
One may also question the relevance of experimenter-
 administered drug treatment to an understanding of proces -
ses related to human addiction. Critics of noncontingent
drug administration methods favour the use of drug self-
 administration protocols; however, it is also important to use
procedures that lead to behavioural, psychological or neuro-
biological outcomes that parallel those seen in clinical addic-
tion.49 Animals that develop behavioural sensitization ac-
quire self-administration more readily, indicating increased
motivation for drug reward.50 They also exhibit impairments
in tests of cognition51 and display prolonged neurochemical
alterations, such as enhanced glutamate release52 or drug -
induced DA efflux,53 as observed in the present study. The
intermittent treatment and relatively high dose of drug per
injection may contribute to the utility of sensitization in
mimicking the initial period of irregular drug use and ex -
peri mentation, while the maintenance of a heightened re-
sponse seen after a prolonged drug-free period may effect -
ively model drug craving. Although we have not observed
adverse side effects in rats treated repeatedly with the Tat-
GluA23Y peptide, formal toxicology is required before it may
be considered as a candidate for use in human clinical trials.

Conclusion

The interplay between glutamatergic synapses and dopamin-
ergic projections onto MSNs within the NAcc core has long
been recognized as a critical factor in the expression of behav-
ioural sensitization as well as different forms of relapse to
drug-seeking behaviour. In a similar manner, AMPARs in the
VTA have also been implicated in the induction of behav-
ioural sensitization.12 The present study provides conclusive
evidence linking AMPAR endocytosis within the VTA to the
induction and maintenance of behavioural sensitization. In
this context, inhibition of the endocytosis of GluA2- containing

AMPARs by the interference peptide Tat-GluA23Y may serve
to maintain or restore the balance of GluA2- containing to
GluA2-lacking AMPARs. Furthermore, these effects may re-
flect modulation of DA transmission within the NAcc. Our
findings complement our previous observation that disrup-
tion of GluA2 AMPAR endocytosis by direct microinjection of
Tat-GluA23Y peptide into the NAcc can prevent the expression
of behavioural sensitization to d-AMPH.16

By preventing the induction of LTD, the interference
peptide Tat-GluA23Y may retain the mesocorticolimbic DA
system and related glutamatergic modulation in a drug-
naive state. An immediate consequence of this mode of
action would be to block the encoding of critical drug–
contextual stimuli associations essential for the main -
tenance and expression of behavioural sensitization.
Given the arguments that support a close relationship be-
tween behavioural sensitization and drug craving54,55 and
its relevance to clinical addiction in humans,3 one may
contemplate the use of the interference peptide Tat-
GluA23Y to protect against the development of craving and
drug-seeking behaviours.
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