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Supplementary Online materials 

 

Materials and methods 
 

Electrophysiology 
 

Electrophysiological studies in nucleus accumbens slices: Sagittal slices of the nucleus 

accumbens (NAc) were prepared from Sprague-Dawley rats (3- to 4-week-old).  Briefly, under 

deep anesthesia, brains were rapidly removed and 300 µm-thick sagittal slices containing NAc 

were cut using a vibrating blade microtome in ice-cold modified artificial cerebrospinal fluid 

(aCSF) containing (mM) 256 sucrose, 2.5 KCl, 1 MgCl2, 1 CaCl2, 1.25 NaH2PO4, 26 NaHCO3 

and 20 glucose that was maintained at pH 7.4 by carbogen (95%O2/5%CO2).  NaCl was replaced 

by sucrose to improve the survival of neurons during slicing.  Freshly cut slices were placed in 

an incubating chamber with carbogenated aCSF without sucrose but physiological concentration 

of NaCl (126 mM) and recovered at room temperature for 1.5-hr prior to recording.  Recordings 

were done in a chamber perfused continuously by carbogenated aCSF containing bicuculline 

methiodide (10 µM) to block GABAA receptor-mediated inhibitory synaptic currents.  Whole-

cell recordings of medium spiny neurons in the shell region of NAc slices were obtained with the 

help of a MultiClamp 700A amplifier.  Identification of medium spiny neurons was based on their 

hyperpolarized resting membrane potential (< -75 mV).  Recording pipettes were filled with 

solution containing (mM) 117 Cs-gluconate, 2.8 NaCl, 3 MgCl2, 0.4 EGTA, 20 HEPES, 5 TEA-Cl, 

2.5 ATP, and 0.25 GTP with pH adjusted to 7.2 by CsOH.  EPSCs were evoked by stimulating the 

prelimbic cortical synaptic inputs via a constant current pulse (0.05 ms) delivered through a 

tungsten bipolar electrode.  Synaptic responses were evoked at 0.05 Hz except during the induction 

of LTD, which is triggered by pairing low frequency stimulation (1 Hz, 480 pulses) while voltage 

clamped the recorded cell at -50 mV. 
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Biochemistry 
 

Peptide synthesis: All peptides were synthesized and purified at the Peptide Synthesis Laboratory, 

Biotechnology Center, UBC. 

 

Primary culture of cortical neurons and ELISA cell surface receptor assay: Hippocampal 

culture neurons were prepared from embryonic E18 Sprague-Dawley rats, plated in a 12-well 

culture plate, and grown in Neurobasal culture medium supplemented with B-27 and 0.5 mM 

glutamine.  Neurons were fed twice a week.  An ELISA protocol was modified from a previously 

described method (S1).  Briefly, 14-day-old cortical neurons were treated with either extracellular 

solution (ECS: 10 mM HEPES, 140 mM NaCl, 25 mM glucose, 5.4 mM KCl, 1.3 mM CaCl2, 1.0 

mM MgCl2, pH 7.35, osmolarity: 310-320 mosM) or [Mg2+] free ECS containing NMDA (50 µM), 

glycine (10 µM) for 10-min.  After 15-min post-treatment, neurons were fixed in paraformaldehyde 

(4% in phosphate buffered saline (PBS)).  Neurons were, under either nonpermeant (PBS alone) or 

permeant (PBS containing 0.2% Triton X-100) conditions, blocked for 1-hr at room temperature 

with 5% normal goat serum and then incubated overnight at 4EC in monoclonal mouse-anti-GluR2 

primary antibody (1:1200) to detect AMPARs.  After extensive washes, neurons were sequentially 

incubated for 1-hr at room temperature with goat anti-mouse horseradish peroxidase-conjugated 

secondary antibody (1:1000) and for 10-min with 1 ml of OPD substrate.  Reactions were stopped 

with 0.2 volume of 3N HCl, and the optical density of 1 ml of supernatant was read on a 

spectrophotometer at 492 nm. 

 

Determination of Tat-peptide concentration in brain tissue: A dansyl-lysine group was added to 

the Tat peptides to serve as a fluorescent reporter.  Following a bolus intravenous (i.v.) injection of 

dansyl-Tat-GluR23Y (1.5 nmol/g), rats were perfused with saline to wash out residual peptide in the 

blood and sacrificed at the time points indicated.  Brains were homogenated in RIPA buffer and 
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then centrifuged at 15,000 x g for 30-min to isolate soluble proteins in the supernatant. Protein 

concentration of each sample was adjusted to 40 mg/ml.  The fluorescence intensity of dansyl-Tat-

GluR23Y in protein supernatants was then measured in a 24-well microplate (1 ml of protein 

supernatant in each well) using a fluorescence microplate reader at 335 nm excitation and 518 nm 

emission wavelengths. Peptide abundance (pg/mg total protein) was derived from a standard curve 

constructed with various known concentrations of dansyl-Tat-GluR23Y peptide added to brain 

extract supernatant of a control animal. 

 

Behavioral experiments 

 

Animals: Male Sprague-Dawley rats weighing approximately 250 g were housed in pairs in 

transparent cages in a temperature-controlled animal colony. Animals were acclimatized a 12-hr 

reverse light dark cycle (lights on 3:00 pm) for 7 days prior to the beginning of experiments, and 

were individually housed once experiments began. Except as noted below, rats were given ad 

libitum access to food and water during all phases of the study. 

 

Surgeries:  

Intravenous cannulation: Rats were implanted with chronically indwelling i.v. cannulae as 

previously described (S2). Briefly, animals were anaesthetized with ketamine (100 mg/kg) and 

xylazine (8.0 mg/kg) prior to surgery.  A silastic cannula was implanted into the right jugular 

vein and the free end was passed subcutaneously to the rats’ scapulae and connected to a plastic 

connector that was secured on the dorsal surface of the rat with Dacron mesh.  After the surgery, 

the cannulae were regularly flushed with heparinized saline to ensure patency.  

Intacerebral (i.c.) cannulation: Rats anaesthetized as described above were implanted with 

bilateral cannulae (stainless steel, 23 Ga) in the NAc and the VTA.  Coordinates for the NAc 

(+1.7 AP, ± 1.1 ML, -6.8 DV, from bregma) and VTA (-5.0 AP, + 1.5 ML on a 7 degree angle, -
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6.6 DV, from bregma) were based on Paxinos and Watson (S3).  Cannulae were secured to the 

skull with 3 stainless steel jewelers’ screws and dental acrylic. 

 

Diffusion of Tat-peptide in brain tissue after i.c. injection: Same volume (0.3 µl) of a dansyl-

tagged Tat-GluR23Y peptide (should we put in the fact that we used 1.5 nmol of the labeled 

peptide?), used previously in the i.c. experiments, was injected into the NAc to determine the 

diffusion of Tat-peptide from the injection site as previously described (S4).  Rats were deeply 

anesthetized 60-min after i.c. injections and perfused transcardially with saline and subsequently 

4% paraformaldehyde in 0.1 M phosphate buffer for 30-min.  After overnight post-fixation and 

cryoprotection in 10% sucrose containing fixative, fixed brains were sectioned at 50 µm using a 

cryostat.  Sections were then mounted on slides and examined by a fluorescent microscopy. 

 

Behavioral sensitization: Behavioral sensitization to D-amphetamine was measured in Plexiglas 

observation chambers containing two levels connected by ramps allowing rats to move freely 

from one level to the other.  Rats were randomly assigned to an experimental group (n = 5-8 per 

group) that received D-amphetamine (2.0 mg/kg, i.p.) or a control group that received saline 

every other day over 20 days (10 injections). On injection days 1, 5 and 10 rats were weighed 

and placed in the chambers for a 1-hr habituation period before receiving injections of D-

amphetamine or saline. Rats remained in the chambers for an additional 2-hr during which time 

their behavior was videotaped for analysis of stereotypy scores by observers blind to the 

treatment of the animals.  On injection days 2-4 and 6-9, rats were placed in opaque cages for 1-

hr prior to drug treatment. Rats remained in these cages for an additional 2-hr after drug 

treatment. All rats were returned to their home cages at the end of the 2-hr session.  After the 10th 

injection rats underwent a 21-day abstinence period during which they were surgically implanted 

with i.v. jugular cannulae or bi-lateral i.c. cannulae aimed at the NAc and VTA as described 

above.  On the 21st and 28th days of the abstinence period, all rats were re-exposed to a challenge 

dose of D-amphetamine (2.0 mg/kg i.p.). 
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Animals in the systemic administration group received either the Tat-GluR23Y peptide (1.5 

nM/gr, n = 8), Tat-GluR23A peptide (1.5 nM/gr, n = 8) or saline (n = 8), prior to D-amphetamine 

re-exposure.  Control groups received saline (n = 6).  After peptide pretreatment all rats were 

returned to their home cages for 30-min prior to being placed in the observation chambers for 1-

hr prior to the D-amphetamine challenge.  Behavioral analysis was conducted as described below. 

On the 21st day of the abstinence period sensitized rats in the i.c. administration group received 

bilateral injections of either Tat-GluR23Y peptide (15 pmol), Tat-GluR23A peptide (15 pmol) or 

saline in either the NAc or the VTA (n = 5-8/group).  All i.c. injections were administered in a 

volume of 0.3 µl/side, through injectors that extended 1 mm below the end of the cannulae.  On 

the 28th day, rats received bilateral injections of either Tat-GluR23A peptide, Tat-GluR23Y peptide 

or saline in the opposite structure.  Control groups received bilateral injections of saline in the 

NAc on one challenge day and in the VTA on the other challenge day.  Rats were placed in the 

locomotor boxes immediately following their pretreatments where they remained for 1-hr prior 

to the D-amphetamine challenge. 

The videotapes were analyzed by raters blind to the drug treatment, to assess stereotypy 

and locomotor activities.  Stereotypy was rated for 1-min periods at 10-min intervals according 

to the rating scale developed by MacLennan and Maier (S5).  When the experiment was 

completed, rats in the intracranial administration experiment were deeply anaesthetized with 

ketamine (100 mg/ml) and perfused intracardially with 0.9% sodium chloride solution.  Brains 

were rapidly removed and stored in formalin with 20% w/v sucrose until they were sliced into 40 

µm coronal sections and stained with cresyl violet for verification of cannula placement.  

Animals with tracts in shell-core region of the NAc and the VTA were included in statistical 

analysis. 

 

Effect of Tat-GluR23Y peptide on D-amphetamine-induced locomotor activity: Rats were 

pretreated with i.p. injections of saline every other day for a total of 10 injections.  Animals were 

placed in bi-level activity chambers for 1-hr before being injected with saline, and on injection 
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days 1, 5 and 10.  Locomotor activity was scored manually for 2-hr.  Rats were given 1 point 

every time they crossed horizontally from one side of the chamber to the other, and 1 point every 

time they changed levels.  Twenty-one days later rats were pretreated with intravenous saline (n 

= 4) or 1.5 nM/gr Tat-GluR23Y (n = 6) 30-min prior to being placed in the chambers, given an i.p. 

injection of D-amphetamine 60-min later, and locomotor activity was scored for 2-hr. 

 

Food reward study: Rats (n = 11) were implanted with a chronically indwelling jugular cannulae 

as described above. After a 7-day recovery period, rats were food deprived for 16-hr before being 

placed in operant chambers and trained to press a lever for Noyes food pellets under an FR-2 

schedule of reinforcement. Food training was conducted during daily 2-hr sessions. The operant 

chambers used for food training were identical to the chambers used for drug-self-administration, 

however, they were only equipped with one lever and there was no house light to signal the start or 

end of the session. Once stable rates of responding for food were established, rats were pretreated 

with a systemic injection of either the Tat-GluR23Y peptide or the Tat-GluR23A peptide (1.5 

nM/gr), 90 minutes prior to their daily food self-administration session. Animals were returned 

to their home cages for the duration of the pre-treatment period. At least 3 days of stable 

responding separated test sessions. 

 

Self Administration of D-amphetamine: Rats (n = 6) were food trained as described above, 

before cannula surgery.  Following recovery rats were initially trained to self-administer D-

amphetamine (0.2 mg/kg/injection) under an FR-1 schedule of reinforcement (maximum 20 

injections) during daily 5-hr sessions.  Rats were placed in an operant chamber equipped with a 

house-light, one active, and one non-active lever.  Cue-lights were located above each lever and 

drug infusions were accompanied by flashing of the cue-light located above the active lever.  

Daily sessions began with a priming injection of D-amphetamine (0.2 mg/kg/injection).  

Thereafter, each response on the active lever resulted in the delivery of saline solution containing 

D-amphetamine over a 5-sec period.  Infusions were followed by a 20-sec timeout period during 
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which the cue-light was turned off and presses on the levers had no programmed consequence.  

Responses on both the active and inactive levers were recorded throughout the session.  The FR 

schedule was switched to a Progressive Ratio (PR) schedule of reinforcement following 3 

consecutive days of responding to criterion on the FR1 schedule.  Thereafter, drug infusions 

were contingent upon an increasing number of responses (procedure described in detail in (S2)).  

In order to determine baseline Break Point, rats were maintained on this schedule until they 

exhibited 3 days of responding over which Break Points varied by less than 2.  Break Point was 

defined as the number of completed increments prior to a 1-hr period during which no D-

amphetamine infusions were obtained, and daily sessions lasted until Break Point was obtained. 

Once responding for food or D-amphetamine self-administration had stabilized, rats were 

pretreated with Tat-GluR23Y or Tat-GluR23A (1.5 nM/gr) i.v., 90-min prior to their daily self-

administration session.  Animals were returned to their home cages for the duration of the 

pretreatment period. Test sessions were separated by 3 consecutive days of stable responding. 

 

Data Analysis: ANOVAs and post-hoc tests (Tukey-Kramer for electrophysiology studies and 

Fisher’s LSD for behavioral studies) were used to analyze differences in different treatment groups.  

The critical value for statistical significance was set at p < 0.05.  Data are presented as mean " SEM. 

 

S1 H. Y. Man, W. Ju, G. Ahmadian, Y. T. Wang, Cell Mol. Life Sci. 57, 1526 (2000). 

S2 N. R. Richardson, D. C. Roberts, J. Neurosci. Meths. 66, 1 (1996). 

S3 G. Paxinos, C. Watson, The Rat Brain in Stereotaxic Coordinates (Academic Press, 

Sydney, ed. 2, 1986). 

S4 M. S. Bowers et al., Neuron 42, 269 (2004) 

S5 A. J. MacLennan, S. F. Maier, Science 219, 1091 (1983). 
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Fig. S1. GluR23Y peptide has no effect on basal synaptic transmission.  A) The effect of 

GluR23Y peptide (100 µg/ml, included in the recording pipette; n = 5) on basal synaptic 

transmission was tested using whole-cell patch-clamp recording at a holding membrane potential 

of -60 mV.  Note that no change in the amplitude of evoked EPSCs was observed during the 30-

min long recording.  B) None of the peptides (100 µg/ml) included in the recording peptide 

(Control, n = 12; Dyn, n = 8; Scrambled Dyn, n = 7; GluR23Y, n = 14; GluR23A, n = 12) affected 

the baselines of evoked EPSC amplitude.  
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Supplementary Text for Fig. S2 

To facilitate the intracellular delivery of the peptide, both the wild type GluR23Y peptide and 

inactive control GluR23A peptide were fused to the cell-membrane transduction domain of the 

human immunodeficiency virus-type 1 Tat protein (YGRKKRRQRRR (S6)) to generate membrane 

transducing Tat-GluR23Y and Tat-GluR23A using previously published methods (S7).  In order to 

determine if the Tat-peptides would be transduced into neurons, we conjugated the Tat-GluR23Y 

with the fluorophore dansyl chloride and bath-applied it (10 µM) into cultured cortical neurons.  

Visualization with fluorescent microscope revealed that the peptide was effectively transduced into 

neurons in a time-dependent manner with significant fluorescence visible by 10-min with a 

maximum at approximately 30-min to 60-min (Fig. S2A).  We then determined if, following 

transduction into neurons, the Tat-GluR23Y would function as an effective inhibitor of regulated 

AMPAR endocytosis during LTD expression, as it did when injected into postsynaptic cells in brain 

slices.  This was done using a culture model of LTD, in which bath application of NMDA induces 

AMPAR endocytosis and LTD of AMPAR-mediated synaptic transmission (S8).  Following 60-min 

pretreatment with or without Tat-GluR23Y (10 µM), cortical cultured neurons were subjected to bath 

application of NMDA (50 µM plus 10 µM glycine under no added extracellular Mg2+ for 10-min).  

The ELISA-based cell surface expression of AMPAR assay revealed that NMDA treatment resulted 

in a significant decrease in AMPAR surface expression and this reduction was completely blocked 

by pretreatment with Tat-GluR23Y, but not the control peptide Tat-GluR23A (Fig. S2B).  Consistent 

with the specific action of the GluR23Y against regulated, but not constitutive, AMPAR endocytosis, 

neither peptide significantly affected the steady-state basal level of cell surface AMPARs (Fig. S2B). 

 

S6.  S.R.Schwarze, A. Ho, A. Vocero-Akbani, S.F.Dowdy, Science 285, 1569 (1999). 

S7. M. Aarts et al., Science 298, 846 (2002). 

S8. E. C. Beattie et al., Nat. Neurosci. 3, 1291 (2000). 
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Fig. S2. Transduction of Tat-GluR23Y into cultured cortical neurons blocked regulated 

AMPAR endocytosis.  A. Fluorescent microscopic images show time-dependent uptakes of 

dansyl-labeled Tat-GluR23Y peptide following incubation of cultured cortical neurons with the 

peptide (10 µM) for various times.  B. Tat-GluR23Y, but not Tat-GluR23A mutant, blocks 

NMDA-induced AMPAR endocytosis.  Cortical neurons were pretreated for 60-min with either 

saline or 10 µM Tat-GluR23Y or Tat-GluR23A followed by a 10-min 50 µM NMDA plus 10 µM 

glycine treatment.  The percentage AMPAR surface expression as measured by cellular ELISA 

was defined as the amount of surface expression (non-permeabilized) divided by the total 

expression (permeabilized).  n = 4 to 16; mean ± SEM.  ** p < 0.01, Tukey-Kramer Test. 

 


