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Materials and Methods  

Animals: We used 8-13-week-old transgenic (tg) mice bred in house at the Medical University of South 

Carolina for all experiments. Males were used for in vivo Ca2+ imaging (table S1) and both males and 

females were used for ex vivo electrophysiology. Original colonies of D1- and D2-Cre BAC and Drd2-

eGFP tg lines were generated and gifted by the GENSAT project (Rockefeller University) 1. Colonies were 

maintained by outbreeding tg mice with wild-type C57BL/6J mice (The Jackson Laboratory). Animals were 

group housed (3-5/cage) on a reverse 11:13 hour light:dark cycle (8pm-7am) in a humidity- and 

temperature-controlled environment, and had unrestricted access to food and water. Animal body weights 

ranged from 23-28g during experimentation. All procedures involving the use of animals were conducted 

in accordance with guidelines established by the National Institutes of Health and were approved by the 

Institutional Animal Care and Use Committee at the Medical University of South Carolina. 

 

Drugs: Haloperidol (HAL, 0.5mg/kg) was dissolved in physiological saline and mixed with 0.01% ascorbic 

acid (pH 6). The solution was mildly heated to optimize solubility. HAL was given at a final volume of 10 

ml/kg at room temperature. This dose of HAL was chosen because it does not saturate all D2r, even many 

hours after a systemic injection 2, making it ideal for the aims of the present investigation. 

 

Virus injection: Animals were anesthetized with isoflurane (5% for induction and 1-2% for maintenance) 

and stereotaxic surgeries were conducted using aseptic conditions with a digital small animal stereotaxic 

instrument (Kopf Instruments, USA). In vivo calcium imaging: To achieve selective expression of the Ca2+ 

sensing fluorophore GCaMP6f in D1- and D2- MSNs in the nucleus accumbens core (NAcc), D1- and D2- 

cre mice received injections of AAV1-hSyn-DIO-gCaMP6f (300 nL, Addgene) into the NAcc (AP: +1.6, 

ML: +1.1, DV: −4.4) at a flow rate of 0.05 µl/min and a final volume of 0.5 µl. Following the virus injection, 

a gradient refractive index lens (7.3 mm by 0.6 mm; Inscopix) was implanted above the NAcc (DV: −4.14) 

as previously described 3. GCaMP6f expression was evaluated by visual inspection of fluorescence under 

light isoflurane anesthesia starting 22 days after virus injection and lens implantation. A baseplate 



(Inscopix) to host a miniature microscope was secured with black dental cement in those mice showing 

dynamic GCaMP6f fluorescence generated by Ca2+ transients during inspection through the camera. Dust 

caps were placed on baseplates when mice were in their home cages. After experimentation, brains were 

collected and fixed in 4% PFA for histological verification. GIRK2-mediated IPSC recording: To 

selectively measure the D2r-meditated IPSC in D2-MSNs by stimulated dopamine transmission we injected 

300 nL of either cre -dependent or -independent double-floxed inverted orientation (DIO) 

AAV2/9.hSynapsin.tdTomato.T2A.mGIRK2-1-A22A.WPRE into the NAcc (AP: +1.6, ML: +1.1, DV: 

−4.4) in D2-cre or D2-eGFP mice, respectively, as previously described 4,5. After viral infusions animals 

were left in their home cages undisturbed for 3-4 weeks to allow virus expression. 

 

In vivo calcium imaging and data analysis: In vivo Ca2+ recordings were temporally synchronized with 

spontaneous locomotor activity in an open field (cm 43x43x30) in dim lighting (lux 15) and with mild 

background white noise (speed 1) by manually launching simultaneous recordings. Before commencing the 

study, mice were habituated to the experimental setting, at which time the camera was head-mounted and 

NAcc MSN fluorescence was briefly visualized while mice freely explored the open field for 10 min on 

three consecutive days. On the last 2 of the 3 habituation days, mice received 0.2ml physiologic saline (i.p.) 

to habituate them to physical handling required for the experimental procedure. Animals were injected in 

the home cage and were reintroduced in the open field <10s after. During experimentation, mice were 

placed in the open field for Ca2+ imaging during 15-min of spontaneous locomotion (Baseline). Mice were 

then transferred back to their home cages where they received an injection of HAL (0.5mg/kg, i.p.), before 

returning to the open field for 30 min of Ca2+ and locomotor recording. Grayscale video was recorded  using 

nVista HD Acquisition Software (v. 2; Inscopix), at 15 Hz and with 20% LED power (≤ 0.1 mW) 3,6. After 

acquisition, images were downsampled by factor of 4 and preprocessed for motion correction, cropping and 

fluoresce contrast and regions of interest corresponding to visually identifiable cell bodies were selected 

using a built-in fully automated algorithm (Mosaic v.1.1.2., Inscopix) 3,6. Ca2+ traces extracted from 

independent MSNs, were computed based on their spatial and temporal components identified using 



principal/independent component analysis (PCA/ICA) 7. All neurons were visually inspected following 

PCA/ICA analysis, and those that displayed non-neuronal morphology were removed 3. MSN Ca2+ peaks 

(i.e. Ca2+ events or spikes) were defined as positive Ca2+ events with a minimal size of  ≥ 6x the median 

absolute deviation (MAD) of the input trace data (i.e. baseline background) and with a minimum mean 

decay of 0.1 s (tau-off) 8.  Ca2+ events were subsequently transformed into binary values using a binary 

activity vector to obtain the number of spikes per unit time (frequency/min) similar to 9. Each spike 

amplitude > 0 was assigned the value of 1, or 0 if a peak amplitude was ≤ 0. Subsequently the sum of spikes 

per minute for each cell was used to determine spikes in 5 min bins to obtain a total of 9 5-min bins. The 

first 3 bins reflect Ca2+ events at the baseline (15 min) and the remaining 6 bins represents Ca2+ events after 

HAL injection (30 min). Z-scores were calculated by subtracting the total Ca2+ events of each 5 min bin 

post HAL injection (30min/5 = 6 Ca2+ bins) minus the average of Ca2+ events at the baseline (BSL, 15 min). 

The difference was then divided by the standard deviation (SD) of the averaged baseline according the 

formula: 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 =  Ca X(bins 1 … 6) − BSL(average15min)/SD(BSL(average15min)). Z-scores were 

used to generate heatmaps whereas binary values were used for graphical representations and statistical 

analyses. Transformation of peaks into binary values and heatmaps were achieved with custom-written 

Matlab (Mathworks) codes. All other computations, statistics and figures were generated using GraphPad 

Prism7.  

 

Acute brain slice preparation: Mice were deeply anesthetized with isoflurane before rapid decapitation. 

Brains were quickly removed and placed in ice-cold slicing solution containing (in mM) 92 N-Methyl-D-

Glucamine (NMDG); 20 HEPES; 25 glucose; 30 NaHCO3; 10 MgCl2; 5.0 ascorbic acid; 3.0 sodium 

pyruvate; 2.5 KCl; 1.2 NaH2PO4; 0.5 CaCl2, pH 7.4 10. Coronal sections (~230 μm) containing the NAcc 

were obtained using a sapphire blade (Delaware Diamond Knives DDK) in a vibrating microtome (Leica, 

Weltzar, Germany). Slices were then transferred to artificial CSF (aCSF) containing (in mM) 126 NaCl, 

2.5 KCl, 26 NaHCO3, 2.5 CaCl2, 1.5 MgCl2, 1.25 NaH2PO4, and 10 glucose saturated with 95%/5% 



O2/CO2 for 30 min at 32°C and then were allowed to incubate at room temperature in this solution for at 

least 30 min before recording commenced.  

 

Ex vivo electrophysiology: Hemisected NAcc slices were submerged in a recording chamber and 

superfused with 32.5°C aCSF at a flow rate of 2 ml/min. D2-MSNs from Drd2a-eGFP reporter mice or 

Drd2a-cre mice were identified and visualized with a Nikon Eclipse E600FN microscope fitted with 

infrared differential interference contrast optics. eGFP and TdTomato were visualized by fluorescence 

using an LED (Thorlabs) coupled through a 40x objective (Nikon, numerical aperture 0.8). Whole-cell 

electrophysiological recordings were obtained using borosilicate glass microelectrodes (tip resistance, 2.0–

4.0 MΩ).  In voltage clamp configuration, excitatory post-synaptic currents (EPSCs) were assessed using 

patch pipettes backfilled with an internal solution containing (in mM):  CsMeSO3H 130; NaCl 4; MgCl2 2; 

EGTA 0.3; HEPES 10; Mg2ATP 2; Na3GTP 0.2, QX314 3, pH ~7.3 and 280–285 mOsm, whereas D2-

mediated inhibitory post-synaptic currents (D2-IPSCs) were measured using pipettes backfilled with (in 

mM): 115 mM K-methylsulphate, 20 mM NaCl, 1.5 mM MgCl2, 10 mM HEPES(K), 10 mM BAPTA-

tetrapotassium, 1 mg/mL ATP, 0.1 mg/mL GTP, and 1.5 mg/mL phosphocreatine (pH 7.4, 285-290 mOsm). 

Access resistance was monitored with a 40-ms step of −5 mV and maintained below 20 MΩ, and recordings 

were accepted for analysis if changes in access resistance were <15%. Electrophysiological signals were 

amplified using the Multiclamp700A amplifier (Molecular Devices), low-pass filtered at 2 kHz, and 

digitized at 10 kHz. Data were collected on-line using AxoGraph X (Axo-Graph Scientific) and stored for 

off-line analysis. All electrophysiology recordings were obtained from NAcc neurons dorsal to the anterior 

commissure to match Ca2+ imaging recordings. 

 

D2 receptor-mediated IPSCs: Selective recordings of D2r-IPSCs in D2-MSNs were made from tdTomato 

(GIRK2) expressing cells in the NAcc as previously described in 4,5 15 min after HAL (0.5mg/kg, i.p.) 

injection. Fluorescence from the tdTomato reporter was extensively observed in the NAcc (fig. S4). Further 

confirmation of selective D2r-IPSC in D2-MSNs was obtained based on their morphological (fig. S5) and 



electrophysiological properties, including resting membrane potential (RMP), capacitance and membrane 

resistance (table S2). D2-IPSCs were isolated in aCSF that contained 100mM picrotoxin, 300 nM 

CGP55845, 10mM NBQX, 10uM MK801, 1mM SCH 23390 hydrochloride, 5 uM JNJ16259685, 5uM 

MTEP, and 200 nM scopolamine hydrobromide to block GABA-A, GABA-B, AMPA, NMDA, D1, 

mGluR1/5, and M4 mediated synaptic transmission. To evoke D2-IPSCs, MSNs were held at -60mV, and 

a single stimulation (0.2 ms, 10–160 uA) was used to evoke release from dopamine terminals. 

 

Pre- and post- synaptic glutamate transmission: To evoke post-synaptic currents, afferents were 

stimulated (100-200 µs duration) by positioning a bipolar tungsten electrode (FHC Inc.) immediately dorsal 

(within 150-200 μm) to the cell body. For EPSC paired-pulse ratios, the cell was held at -70 mV, and two 

stimuli were applied at an interval of 50 ms every 20s in the presence of picrotoxin 100μM. The paired-

pulse ratio (PPR) was calculated by dividing the amplitude of the second evoked EPSC by the first. To 

measure the AMPA:NMDA ratio cells were held at –70 mV for ~5 min to ensure stability and then were 

depolarized to +40 mV. Raw EPSC currents then were monitored for 5–10 min at +40 mV, and AMPA 

currents were isolated by applying the NMDA receptor antagonist D-2-amino-5-phosphonopentanoate (D-

AP5, 50 μM). The NMDA currents component was obtained by subtracting the AMPA current from the 

total current. The ratio of AMPAR:NMDAR ratio was calculated by dividing the AMPA over NMDA 

currents. Pure NMDA currents were also recorded in the presence of NBQX to block AMPA currents. To 

compare the NMDA I/V relationship using the same activation magnitude, we adjusted NMDA peak current 

in D2-MSNs to ~200 pA at 40 mV. Then in 20mV steps, we changed the membrane potential until reaching 

-80mV. Each data point on the plot represents the mean of two consecutive observations measured at 0.05 

Hz. NMDA decay kinetics were assessed at +40mV and normalized to the peak current. Spontaneous 

EPSCs (sEPSCs) were recorded at -75 mV in presence of picrotoxin 100μM for 5-10 minutes. The threshold 

for detection was set to  > 7 pA, and amplitude and frequency were measured using Axograph and a sliding 

algorithm template. Field EPSPs were recorded in the current clamp-mode with an artificial CSF-filled 

pipette in the presence of picrotoxin 100μM. After 5 min of stable baseline, NMDA-dependent long-term 



potentiation (LTP) was induced with an established high-frequency stimulation protocol (100 pulses at 100 

Hz train of stimuli, 1s duration repeated four times at 20s intervals). To prevent saturation, high-frequency 

stimulation was delivered at 40-60% of maximal response. Peak field EPSP amplitude was expressed as a 

percentage of the mean baseline value observed during the 5 min (100%) preceding high-frequency 

stimulation. Each data point on the plot represents the mean of two consecutive observations measured 30s 

apart. LTP magnitude was assessed by measuring field EPSP amplitude after induction of high-

frequency stimulation. 

 

Bar test:  It has been reported that 0.5mg/kg HAL induces catalepsy hours after a single systemic injection 

2, but it is not clear if catalepsy can be recorded within 30 min of treatment. Therefore, female and male 

(3/sex = 6) wild-type mice were placed with front paws resting on a metal bar (1 cm in diameter, suspended 

4 cm from the cage bottom with bedding removed) 2 min after HAL injection (0.5mg/kg, i.p.). Catalepsy 

was recoded every 5 min for a total of 40 min. The time during which a mouse remained in the same position 

was measured for a maximum of 180 seconds every 5 min 11. A 5-point catalepsy scale was used to 

determine the intensity of catalepsy from 0-to-5 according to the following scoring criteria: 0 = 0-19s, 1 = 

20-35s, 2 = 36-80s, 3 = 81-132s, 4 = 133-179s and 5 ≥ 180s. 

 

Reward reactivity test: NAcc neurons play a central role in encoding salience and rewarding experience 

12 and therapeutic doses of APDs may reduce reward reactivity depending on treatment regimens and 

conditions 13-16. Since we observed depression of D2-MSNs in the NAcc rapidly after HAL treatment we 

investigated if reward reactivity was also changed. To evaluate early changes in mouse sensitivity to 

environmental salience after HAL, we used a modified protocol described in 17,18 and illustrated in fig S3. 

Female and male wild-type mice were restricted to 75% of their normal chow intake starting on day -1 and 

throughout the experiment. On day 0, chocolate (2g) was also available to mice in the home cage along 

with chow. On day 1, each mouse was placed in the testing arena (42 x 42 x 23.5cm) under dim lighting 

and sound attenuation. Two cylinders were placed in opposite corners of the arena, each near a tray with 



either a 2g standard food pellet or 2g chocolate (white and milk-hazelnut, Lindt). Mice were allowed to 

freely explore for 30 min. On days 2 and 3, mice received a saline injection (vol/BW, i.p.) and were placed 

in the arena for 30 mins with both chocolate and chow available. On day 4, mice received HAL (0.5mg/kg, 

i.p.), and their exploratory behavior and chocolate/chow consumption was recorded for 30 mins. Time spent 

in each cylinder and near each food tray was recorded throughout the session on day 3 (baseline) and day 

4 (HAL). Testing was repeated 24h after HAL treatment. Consumption of chow or chocolate was measured 

immediately after the session. Data were collected and analyzed using EthoVision XT. 

 

Statistics: Data were analyzed using a Student’s t-test or 1- or 2-way ANOVA with repeated measures 

when possible to determine the effects of HAL treatment in comparison with the baseline and between D1- 

and D2 MSNs. Post-hoc comparisons were performed using Sidak’s or Dunnet’s test. A Pearson’s 

correlation coefficient was calculated to determine the relationship between Ca2+ events and locomotor 

activity. Kolmogorov-Smirnov and Chi2 tests with a Bonferroni correction were used for comparisons of 

Ca2+ event frequency distributions. Statistical significance was set at p≤ 0.05.  
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