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ABSTRACT 26 

The nucleus accumbens (NAc) is critical for motivated behavior and is rewired following exposure 27 

to drugs of abuse. Medium spiny neurons (MSNs) in the NAc express either D1 or D2 receptors 28 

and project to distinct downstream targets. Differential activation of these MSNs depends on both 29 

excitation from long-range inputs and inhibition via the local circuit. Assessing how long-range 30 

excitatory inputs engage inhibitory circuitry is therefore important for understanding NAc function. 31 

Here we use slice electrophysiology and optogenetics to study ventral hippocampal (vHPC) 32 

evoked feed-forward inhibition in the NAc of male and female mice. We find that vHPC-evoked 33 

excitation is stronger at D1+ than D1- MSNs, whereas inhibition is unbiased at the two cell-types. 34 

vHPC inputs contact both parvalbumin+ (PV+) and somatostatin+ (SOM+) interneurons, but PV+ 35 

cells are preferentially activated. Moreover, suppressing PV+ interneurons indicates they are 36 

primarily responsible for vHPC-evoked inhibition. Finally, repeated cocaine exposure alters the 37 

excitation of D1+ and D1- MSNs, without concomitant changes to inhibition, shifting the E / I 38 

balance. Together, our results highlight the contributions of multiple interneuron populations to 39 

feed-forward inhibition in the NAc. Moreover, they demonstrate that inhibition provides a stable 40 

backdrop on which drug-evoked changes to excitation occur within this circuit.  41 
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SIGNIFICANCE STATEMENT 42 

Given the importance of the nucleus accumbens (NAc) in reward learning and drug-seeking 43 

behaviors, it is critical to understand what controls the activity of cells in this region. While 44 

excitatory inputs to projection neurons in the NAc have been identified, it is unclear how the local 45 

inhibitory network becomes engaged. Here, we identify a sparse population of interneurons 46 

responsible for feed-forward inhibition evoked by ventral hippocampal input and characterize their 47 

connections within the NAc. We also demonstrate that the balance of excitation and inhibition that 48 

projection neurons experience is altered by exposure to cocaine. Together, this work provides 49 

insight into the fundamental circuitry of this region as well as the effects of drugs of abuse. 50 

51 
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INTRODUCTION  52 

The nucleus accumbens (NAc) plays a key role in reward learning and motivated behavior 53 

(Humphries and Prescott, 2010; Sesack and Grace, 2010), and NAc circuits are disrupted by 54 

exposure to drugs of abuse (Robinson and Kolb, 2004; Russo et al., 2010). Medium spiny neurons 55 

(MSNs) are the principal cells of the NAc (Kreitzer, 2009), and are responsible for inhibiting 56 

downstream targets in the basal ganglia (Gerfen and Bolam, 2010). While MSNs respond to 57 

excitatory inputs from other brain regions (O’Donnell and Grace, 1995; Doig et al., 2010), they 58 

are also influenced by local inhibition (Tepper et al., 2008; Burke et al., 2017). However, the 59 

properties of striatal inhibitory circuits, and how they are impacted by drugs of abuse, remain 60 

relatively unexplored. 61 

 62 

MSNs are often segregated into two groups, based on the expression of D1 or D2 dopamine 63 

receptors (Gerfen et al., 1990; Gerfen and Surmeier, 2011). In the NAc, changes in D1+ and D2+ 64 

MSN activity have different consequences for motivated and reward-related behavior (Hikida et 65 

al., 2010; Lobo et al., 2010; Bock et al., 2013; Calipari et al., 2016). MSNs rest at very negative 66 

membrane potentials, and are driven to spike by excitatory inputs from other brain regions, with 67 

the ventral hippocampus (vHPC) providing a strong input that preferentially targets the NAc 68 

medial shell (Pennartz and Kitai, 1991; O’Donnell and Grace, 1995; Finch, 1996; Britt et al., 2012; 69 

MacAskill et al., 2012). Excitatory afferents can segregate between subtypes of MSNs, allowing 70 

differential activation of basal ganglia targets (Lei et al., 2004; Wall et al., 2013; Barrientos et al., 71 

2018). For example, vHPC inputs are strongest onto D1+ MSNs in the NAc medial shell, 72 

preferentially triggering these cells to fire action potentials (MacAskill et al., 2012; MacAskill et al., 73 

2014).  74 

 75 

Throughout the brain, excitatory inputs also evoke disynaptic inhibition mediated by local 76 

interneurons (Isaacson and Scanziani, 2011). The resulting excitation / inhibition (E / I) ratio 77 
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governs the activation patterns of neurons and can be altered by experience (Yizhar et al., 2011; 78 

Xue et al., 2014; Anastasiades et al., 2018; Moore et al., 2018). In the cortex, inhibition is primarily 79 

mediated by local interneurons expressing parvalbumin (PV+) and somatostatin (SOM+), which 80 

have distinct functional roles (Isaacson and Scanziani, 2011). PV+ cells are driven by afferents 81 

to mediate feed-forward inhibition (Swadlow, 2003), whereas SOM+ cells are thought to be locally 82 

activated to mediate feed-back inhibition (Silberberg and Markram, 2007), and both populations 83 

help to prevent excessive recurrent excitation. However, there are no excitatory cells in the 84 

striatum, and no recurrent excitation, suggesting different properties and roles of local inhibition. 85 

 86 

As in other parts of the brain, the NAc also contains multiple populations of GABAergic 87 

interneurons, including PV+ and SOM+ cells (Kawaguchi, 1993; Kawaguchi et al., 1995; Tepper 88 

and Bolam, 2004). In the dorsal striatum, these interneurons inhibit MSNs (Taverna et al., 2007; 89 

Gittis et al., 2010; Planert et al., 2010; Straub et al., 2016), with some studies showing preferential 90 

targeting of D1+ over D2+ MSNs (Gittis et al., 2010; Gittis et al., 2011). Both cortical and thalamic 91 

inputs synapse onto PV+ cells in the dorsal striatum to generate feed-forward inhibition of MSNs 92 

(Rudkin and Sadikot, 1999; Ramanathan et al., 2002; Mallet et al., 2005; Plotkin et al., 2005). 93 

While SOM+ cells in the dorsal striatum were recently shown to receive weak cortical input (Choi 94 

et al., 2018), little is known about how these interneurons are activated, and whether they 95 

participate in disynaptic inhibition. Even less is known about afferent connections onto PV+ and 96 

SOM+ interneurons in the NAc, or their local connections onto different subtypes of MSNs. 97 

 98 

Repeated exposure to cocaine and other drugs of abuse dramatically rewires cell-type- and input-99 

specific connectivity in the NAc (Lobo and Nestler, 2011; Lüscher and Malenka, 2011; Smith et 100 

al., 2013; Volkow and Morales, 2015). For example, cocaine sensitization normalizes the strength 101 

of vHPC inputs, eliminating the baseline bias onto D1+ MSNs (MacAskill et al., 2012). However, 102 

any equivalent bias of feed-forward inhibition and how it could be influenced by cocaine remain 103 
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unknown. For example, a cocaine-evoked decrease in vHPC-evoked inhibition at D1+ MSNs 104 

could counter the decrease in excitation to balance the E / I ratio; in contrast, no effect on inhibition 105 

could enable a decrease in the E / I ratio, which could lead to differential activation of these cells.  106 

 107 

Here we examine the properties and plasticity of vHPC-evoked feed-forward inhibition in the NAc 108 

medial shell, using a combination of slice physiology and both excitatory and inhibitory 109 

optogenetics, taking advantage of a variety of transgenic mice lines. We first determine the E / I 110 

balance at D1+ and D1- MSNs, showing that inhibition is equivalent at the two cell types. We then 111 

characterize PV+ and SOM+ interneurons in the NAc, examine how they are influenced by vHPC 112 

inputs, and explore their output to MSNs. Finally, we explore the impact of cocaine sensitization, 113 

showing that it adjusts excitation but not inhibition, changing the E / I ratio. Together, our results 114 

provide new insights into inhibitory circuits in the NAc, highlight a critical role for PV+ cells in feed-115 

forward inhibition, and demonstrate how excitation and inhibition shape the activation of MSNs. 116 
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MATERIALS & METHODS 117 

 118 

Animals and surgeries 119 

Physiology experiments were performed using D1-tdTomato hemizygous BAC transgenic mice 120 

(Ade et al., 2011) crossed with PV-2A-Cre (Madisen et al., 2010), SOM-Cre (Taniguchi et al., 121 

2011), or wild-type C57 BL/6J (wild-type) mice (originally purchased from Jackson Laboratories). 122 

Behavior and anatomy experiments also used wild-type, PV-Cre (Hippenmeyer et al., 2005), and 123 

Ai14 reporter (Madisen et al., 2010) mice. Animals of both sexes were used, and experiments 124 

were conducted on P29-P56 mice, as described below. All procedures were conducted in 125 

accordance with guidelines approved by the New York University animal welfare committee. 126 

 127 

Stereotaxic injections were performed on P29-P46 mice, as previously described (Little and 128 

Carter, 2012; Anastasiades et al., 2018). Injection site coordinates were determined relative to 129 

bregma (mediolateral axis, dorsoventral axis, and rostrocaudal axis (in mm): NAc = -2, -4.6, +1.5, 130 

at a 13º angle; vHPC = -3.1, -4.6 & -4.2, -3.3). 183-370 nL of virus was injected via a glass pipette 131 

and NanoJect III injection system (Drummond), and pipettes were left in place for at least 5 132 

minutes after injection. Cre-dependent fluorophores and ChR2 (AAV1-CAG-FLEX-EGFP, AAV1-133 

EF1a-DIO-EYFP, and AAV1-EF1a-DIO-ChR2-EYFP; UPenn Vector Core) were given a minimum 134 

of 9 days to express before conducting experiments, while non-Cre-dependent fluorophores and 135 

ChR2 for labeling of long-range inputs (AAV1-CaMKIIa-ChR2-mCherry and AAV1-CB7-CI-136 

mCherry, UPenn Vector Core) were given a minimum of 14 days and Cre-dependent ArchT 137 

(AAV9-CAG-FLEX-ArchT-GFP, UNC Vector Core) was given a minimum of 21 days.  138 

 139 

Slice physiology  140 

For acute slice preparation, P42-P56 mice were first deeply anesthetized using an intraperitoneal 141 

(IP) injection of a fatal dose of ketamine and xylazine, prior to an intracardial perfusion with an 142 
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ice-cold sucrose cutting solution (in mM: 65 sucrose, 75 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 143 

25 glucose, 2.5 KCl, 7 MgCl2, 0.4 Na-ascorbate, and 2 Na-pyruvate). Coronal sections (300 μm 144 

thick) of the NAc were sliced on a VS1200 vibratome (Leica) and transferred to 35°C ACSF (in 145 

mM: 119 NaCl, 25 NaHCO3, 1.4 NaH2PO4, 25 glucose, 2.5 KCl, 2 CaCl2, 1 MgCl2, 146 

0.4 Na-ascorbate, and 2 Na-pyruvate) for a 30-minute recovery. Slices were then held at room 147 

temperature for at least 30 minutes prior to recording at an elevated temperature of 30-32°C. 148 

 149 

Whole-cell recordings were made from fluorescently identified MSNs and interneurons in the NAc 150 

medial shell, located 300-600 μm medial to the anterior commissure. D1+ MSNs were identified 151 

based on tdTomato expression, and PV+ and SOM+ interneurons were identified by EGFP or 152 

EYFP expression. Neurons within a pair (D1+ x D1-, D1+ x PV+, or D1+ x SOM+) were located 153 

at the same depth in the slice and within 50 μm of each other. Recording order was varied for the 154 

two cell types in a given pair, as previously described (MacAskill et al., 2014). Voltage-clamp 155 

experiments used 3-5 MΩ glass pipettes filled with a Cs-based internal (in mM: 130 Cs-gluconate, 156 

10 HEPES, 10 Na-phosphocreatine, 4 Mg2-ATP, 0.4 NaGTP, 10 TEA, 2 QX-314, and 10 EGTA, 157 

pH 7.3 with CsOH). Current-clamp recordings were conducted with glass pipettes containing a K-158 

based internal (in mM: 135 K-gluconate, 7 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 Mg2-ATP, 159 

0.3 NaGTP, and 0.5 EGTA, pH 7.3 with KOH). Data were collected using a MultiClamp 700B 160 

(Axon Instruments), signals were sampled at 10 Hz, and filtered at 2 Hz for voltage-clamp and 161 

10 Hz for current-clamp recordings. Series resistance was <25 MΩ and left uncompensated. 162 

 163 

Neurons were patched using infrared-differential interference contrast (IR-DIC). For voltage-164 

clamp recordings of glutamatergic input, cells were held at -70 mV to measure AMPAR-mediated 165 

currents (for Figure 4, in 10 μM gabazine to block GABAA-Rs). Disynaptic IPSCs were measured 166 

at +20 mV in the presence of CPP (10 μM) to block NMDARs, and IPSCs from interneuron 167 

stimulation were recorded at the excitatory reversal potential (+15 mV or +20 mV) in CPP and 168 
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NBQX (10 μM) to block all glutamatergic currents. During current-clamp recordings (Figure 6), 169 

cells were left at their resting membrane potential during LED stimulation. For quantification of all 170 

LED-evoked currents and spikes, responses were averaged from at least 10 trials per LED 171 

duration with a 10 second inter-trial interval. Current injections (Figure 5) were conducted in CPP, 172 

NBQX, CGP, and gabazine to block all synaptic currents, and input resistance was calculated 173 

using a -50 pA current injection. All chemicals were purchased from Tocris Bioscience or Sigma. 174 

 175 

Optogenetics 176 

Glutamate release from vHPC fibers and GABA release from interneurons expressing ChR2 were 177 

triggered using 1-4 ms pulses of 473 nm light emitted from an LED through a 60x objective for 178 

evaluation of direct excitation or inhibition (Figures 3, 4, and 6) and through a 10x objective for 179 

disynaptic inhibition (Figures 1, 7, and 8), with intensity set to 0.5 – 4 mW at the back aperture of 180 

the objective. Within a pair of neurons, an intensity was chosen that yielded usable responses 181 

(i.e., 50 – 1200 pA EPSC amplitude for voltage-clamp experiments). For optogenetic suppression 182 

experiments (Figure 7), blue and yellow light was presented through the 10x objective. In these 183 

experiments, yellow light (590 nm, 3.5 mW) was delivered at 50 ms before a 2 ms blue LED pulse, 184 

and persisted for 350 ms in total (Figure 7A). Following prolonged suppression by yellow light, 185 

ArchT causes rebound GABA release at ArchT+ terminals, which is detected in the post-synaptic 186 

cell (D1+ MSN) as a barrage of IPSCs upon termination of yellow illumination (Mahn et al., 2016). 187 

We used the presence of these rebound IPSCs to evaluate successful viral infection and 188 

suppression of PV+ cells, and for our analysis only included data where this effect was observed. 189 

Additionally, slices were evaluated using fluorescence microscopy to determine sufficient 190 

infection of the PV+ population. 191 

 192 

Two-photon microscopy 193 

To obtain images of patched neurons, cells were filled via patch pipette during whole-cell 194 
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recording with AlexaFluor-594 dye (30 μM in internal solution), for at least 15 minutes. Imaging 195 

was performed on a custom microscope using a Titanium:Sapphire laser (Coherent) tuned to 196 

810 nm, as described previously (Carter and Sabatini, 2004; Chalifoux and Carter, 2010). A z-197 

stack was acquired at 512 x 512 resolution, and images were processed using NIH ImageJ. 198 

 199 

Histology and fluorescence microscopy 200 

Mice were deeply anesthetized with a fatal dose of ketamine and xylazine and perfused 201 

intracardially with 0.01 M PBS followed by 4% paraformaldehyde (PFA). Brains were extracted 202 

and stored in 4% PFA for 12-18 h at 4ºC. Tissue was sliced into 40 μm (for immunostaining) or 203 

70 μm sections and either mounted directly onto gel-coated glass slides or processed for immuno-204 

labeling. After 1 h incubation with blocking solution (1% bovine serum albumin and 0.2% Triton-205 

X in 0.01 M PBS), primary antibodies were applied overnight (mouse anti-parvalbumin antibody 206 

(Millipore) at 1:2000, rat anti-somatostatin (Millipore) at 1:200, chicken anti-GFP (Abcam) at 207 

1:1000, or rabbit anti-RFP (Rockland) at 1:1000 in blocking solution). Slices were incubated with 208 

secondary antibodies (goat anti-mouse 647 at 1:200, goat anti-rat 647 at 1:200, goat anti-chicken 209 

488 at 1:500, or goat anti-rabbit 594 at 1:400 (Invitrogen), in blocking solution) for 1.5 h. For 210 

D1+/D2+ quantification, an additional incubation with Alexa-647-conjugated rabbit anti-NeuN 211 

(Abcam) was conducted, at 1:50 in blocking solution for 2 hours. Slices were mounted onto gel-212 

coated glass slides and cover-slipped using ProLong Gold with DAPI (Invitrogen) or Vectashield 213 

Antifade Mounting Medium (Vector Laboratories). Fluorescence imaging was conducted on an 214 

Olympus VS120 slide-scanning microscope or a Leica confocal using a 10x objective, and all 215 

image processing was performed using NIH ImageJ. 216 

 217 

Behavior 218 

Adult mice (5-8 weeks of age) of both sexes were first habituated to the behavior room for one 219 

2-hour session. The next day, they were placed in a dimly-lit, sound-attenuated behavioral 220 
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chamber (1 ft x 1 ft) for one 40-min habituation session. Behavior was recorded via an overhead 221 

camera linked to Ethovision software (Noldus), which quantified locomotor activity during each 222 

session. On the following day, mice were placed in the chamber for a 15-min baseline period 223 

followed by IP injection of saline and a 20-min post-injection session in the chamber, to acclimate 224 

the animals to injections and obtain a baseline locomotion measure. Animals then underwent 5 225 

days (1 session per day) of cocaine (15 mg/kg) or saline injection sessions in the chamber. 226 

Subsequently, animals either underwent a test session, where both cocaine-treated and saline-227 

treated mice received a 15 mg/kg cocaine IP injection, or were anesthetized and perfused for 228 

preparation of acute slices, as previously described (MacAskill et al., 2014). Locomotor 229 

sensitization data presented were acquired from pairs of animals used only for behavior, and 230 

represent movement (cm/s) during the 20-minute post-injection session. For electrophysiology 231 

experiments, D1-tdTomato mice were injected with optogenetic constructs and given at least 3 232 

days to recover prior to initiating behavioral sessions, as described above. 233 

 234 

Experimental Design and Statistical Analysis 235 

Electrophysiology and two-photon imaging data were acquired using custom software written in 236 

MATLAB (MathWorks). All electrophysiology, anatomical, and behavioral data was collected from 237 

a minimum of 3 animals from different litters. Physiology data analysis was performed in Igor Pro 238 

(Wavemetrics). EPSC and IPSC amplitudes were averaged from a 1 ms window around the peak 239 

current, and average traces in figures depict mean ± SEM of all recorded pairs. AP probabilities 240 

(Figure 6) were calculated for D1+ and PV+ cells as the presence of spikes across a minimum of 241 

10 trials at varying LED intensities. For SOM+ cells, baseline firing rate was calculated from a 242 

500 ms window with no stimulation, and this value was used to compute a likelihood of observing 243 

a spike in the 10 ms window after stimulation. For each LED intensity in each cell, expected 244 

probability was subtracted from observed probability, and the resulting value was plotted and 245 

used for statistical comparisons. Statistical significance of differences between two groups was 246 
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evaluated using the Wilcoxon Signed-Rank test for paired data or the Mann-Whitney test for 247 

unpaired data, with p values < 0.05 considered significant. For comparison of AP firing probability 248 

across multiple LED durations, a repeated-measures two-way ANOVA was used, with Sidak’s 249 

post-hoc multiple comparisons test. Significance of the LED duration x cell-type interaction is 250 

reported. Image analysis was conducted using NIH ImageJ. Statistical tests and graph generation 251 

were performed using Prism (GraphPad).  252 
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RESULTS 253 

 254 

vHPC inputs drive robust feed-forward inhibition in the NAc 255 

We examined how vHPC afferents engage local inhibitory circuits mediated by GABAergic 256 

interneurons in the NAc. To examine vHPC inputs, we first injected AAV-mCherry in the vHPC 257 

(Figure 1A), and observed prominent axons in the NAc medial shell (Figure 1B; n = 3 mice) (Britt 258 

et al., 2012; MacAskill et al., 2012; MacAskill et al., 2014). To assess connectivity, it was important 259 

to identify D1+ MSNs, which have been reported to overlap with D2+ MSNs in the ventral striatum 260 

(Wong et al., 1999). However, when we crossed D1-tdTomato x D2-EGFP mice, we observed 261 

minimal overlap between D1+ and D2+ MSNs in the NAc medial shell (Figure 1C; n = 3 slices, 2 262 

mice). These results indicate that most D1- MSNs are D2+ MSNs, allowing us to compare 263 

synaptic responses at D1+ and D1- MSNs using D1-tdTomato mice (Ade et al., 2011). 264 

 265 

To study synaptic responses, we next injected AAV-CaMKII-ChR2-mCherry into the vHPC, giving 266 

us optogenetic access to glutamatergic projections from this region. We then made sequential 267 

voltage-clamp recordings from neighboring D1+ and D1- MSNs within the NAc medial shell in 268 

acute slices, and confirmed their identity as MSNs morphologically via 2-photon imaging 269 

(Figure 1D). We found that wide-field illumination of vHPC inputs evoked short latency excitatory 270 

postsynaptic currents (EPSCs) at -70 mV in both cell types (Figure 1E), but excitatory responses 271 

were much larger in D1+ MSNs (Figure 1F; EPSC amplitude: D1+ = 400 ± 48 pA; D1- = 198 ± 272 

40 pA; p < 0.001; n = 13 pairs, 12 mice). vHPC stimulation also evoked delayed inhibitory 273 

postsynaptic currents (IPSCs) at +20 mV (Figure 1E), which were eliminated by the AMPA 274 

receptor antagonist NBQX (10 μM; % baseline: D1+ = 1.5 ± 0.5; D1- = 0.3 ± 0.5; n = 3, 4 cells), 275 

indicating they reflect robust feed-forward inhibition. In contrast to excitation, these inhibitory 276 

responses did not differ significantly between D1+ and D1- MSNs (Figure 1F; IPSC amplitude: 277 

D1+ = 458 ± 85 pA; D1- = 353 ± 86 pA; p = 0.41; n = 13 pairs, 12 mice). Consequently, the 278 
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resulting D1+ / D1- ratios were distinct for E and I (Figure 1G; D1+ / D1- ratio: EPSC = 2.3, 95% 279 

confidence interval (CI): 1.5 – 3.4; IPSC = 1.3, CI: 0.7 – 2.4; p = 0.03; n = 13 pairs, 12 mice), with 280 

biased excitation onto D1+ MSNs but unbiased inhibition at the two cell types. 281 

 282 

PV+ and SOM+ interneurons are distinct populations in the NAc 283 

To determine the source of vHPC-evoked feed-forward inhibition, we next examined GABAergic 284 

interneurons in the NAc medial shell. While most cells are D1+ or D2+ MSNs (Gerfen and 285 

Surmeier, 2011), cells expressing parvalbumin (PV+) or somatostatin (SOM+) are also present 286 

(Tepper and Bolam, 2004), and could mediate disynaptic inhibition (Figure 2A). We first 287 

examined PV+ cells by crossing PV-Cre (Pvalbtm1(cre)Arbr) mice with Cre-dependent tdTomato 288 

reporter (Ai14) mice. Surprisingly, we observed tdTomato+ cells throughout cortical regions, but 289 

found little expression in the striatum, including the NAc medial shell. Injection of a Cre-dependent 290 

reporter virus (AAV-FLEX-EGFP) also failed to reveal cells in the NAc medial shell (Figure 2B; n 291 

= 3 mice). Next, we tested PV-2A-Cre (Pvalb-2A-Cre-D) mice with injection of AAV-FLEX-EGFP, 292 

and observed numerous EGFP+ neurons throughout the NAc medial shell, which stained positive 293 

for PV but not SOM (Figure 2C; PV+ = 87.8 ± 1.3%; SOM+ = 1.6 ± 0.8%; n = 6 slices, 3 mice). 294 

These PV+ cells were distinct from D1+ MSNs, as EGFP+ cells were D1-negative in crossed PV-295 

2A-Cre x D1-tdTomato mice (Figure 2C; D1+ = 1.5 ± 0.7%; n = 6 slices, 3 mice). These results 296 

highlight the importance of using appropriate transgenic lines for studying PV+ interneurons in 297 

ventral striatum. 298 

 299 

To identify SOM+ interneurons, we injected AAV-FLEX-EGFP into SOM-Cre (Sst-IRES-Cre) 300 

mice, labeling EGFP+ cells throughout the NAc medial shell, which stained positive for SOM but 301 

not PV (Figure 2D; SOM+ = 90.2 ± 0.7%; PV+ = 0.0 ± 0.0%; n = 6 slices, 3 mice). Again, these 302 

SOM+ cells showed negligible overlap with D1+ MSNs, indicating that they represent a unique 303 

population (Figure 2D; D1+ = 1.1 ± 0.5%; n = 6 slices, 3 mice). Together, these anatomical 304 
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approaches demonstrate that D1+, PV+, and SOM+ cells represent three distinct cell types within 305 

the NAc medial shell, which can be accurately accessed with viral tools in these transgenic lines. 306 

 307 

PV+ and SOM+ interneurons equally inhibit D1+ and D1- MSNs 308 

In order to mediate feed-forward inhibition, GABAergic interneurons must make direct inhibitory 309 

connections onto local neurons. Previous studies in the dorsal striatum demonstrated that PV+ 310 

interneurons can contact both D1+ and D2+ MSNs (Planert et al., 2010; Gittis et al., 2010). We 311 

explored whether PV+ and SOM+ cells in the NAc inhibit MSNs, and whether their targeting 312 

depends on MSN subtype. We injected Cre-dependent ChR2 (AAV-DIO-ChR2-EYFP) into the 313 

NAc of either PV-2A-Cre x D1-tdTomato or SOM-Cre x D1-tdTomato mice. This allowed us to 314 

drive time-locked action potential (AP) firing of PV+ or SOM+ cells in current-clamp recordings 315 

from resting potentials (Figure 3A&C).  We next recorded IPSCs from pairs of D1+ and D1- MSNs 316 

in the same slice, in the presence of glutamate receptor antagonists. We found that stimulation of 317 

PV+ interneurons evoked similar amplitude IPSCs in nearby D1+ and D1- MSNs (Figure 3B; 318 

IPSC amplitude: D1+ = 359 ± 75 pA; D1- = 298 ± 55 pA; p = 0.69; n = 7 pairs, 4 mice). Stimulation 319 

of SOM+ interneurons also resulted in equivalent inhibition at the two classes of MSNs 320 

(Figure 3D; IPSC amplitude: D1+ = 207 ± 41 pA; D1- = 165 ± 34 pA; p = 0.46; n = 8 pairs, 5 321 

mice). Together, these data demonstrate that both populations of interneurons provide direct 322 

GABAergic input to MSNs, with no evidence of biased targeting. 323 

 324 

vHPC afferents preferentially target PV+ interneurons 325 

Having confirmed the presence of PV+ and SOM+ interneurons in the NAc medial shell and their 326 

ability to inhibit MSNs, we next assessed whether they receive vHPC input. We labeled PV+ and 327 

SOM+ cells using AAV-DIO-EYFP in either PV-2A-Cre x D1-tdTomato or SOM-Cre x D1-328 

tdTomato mice. We also injected AAV-CaMKII-ChR2-mCherry into the vHPC, allowed several 329 

weeks for expression, and made sequential recordings from neighboring D1+ MSNs and either 330 
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PV+ or SOM+ interneurons in the same slice (Figure 4A&D). Comparing D1+ and PV+ cells, we 331 

observed short-latency EPSCs at -70 mV, with much larger inputs at PV+ interneurons 332 

(Figure 4B&C; EPSC amplitude: D1+ = 184 ± 55 pA; PV+ = 736 ± 110 pA; p = 0.008; n = 8 pairs, 333 

5 mice). However, comparing D1+ and SOM+ cells, we observed the opposite relationship, with 334 

much smaller inputs at SOM+ interneurons (Figure 4E&F; EPSC amplitude: D1+ = 699 ± 132 pA; 335 

SOM+ = 100 ± 23 pA; p = 0.008; n = 8 pairs, 6 mice). These results indicate that although vHPC 336 

afferents contact multiple cell types in the NAc medial shell, they exhibit marked preference, with 337 

PV+ cells receiving the strongest input, SOM+ cells the weakest, and D1+ MSNs intermediate. 338 

 339 

MSNs and interneurons have distinct intrinsic properties 340 

While these voltage-clamp experiments indicate a targeting bias, the intrinsic properties of 341 

neurons also shape synaptic responses. We next examined the intrinsic properties of D1+, D1-, 342 

PV+, and SOM+ cells in current-clamp recordings (Figure 5A). In response to a range of current 343 

injections, D1+ and D1- MSNs displayed similar firing properties, input resistances and resting 344 

potentials (Figure 5B&C; Rin: D1+ = 216 ± 47 MΩ; D1- = 190 ± 36 MΩ; Vrest: D1+ = -82 ± 1 mV; 345 

D1- = -80 mV ± 2 mV; n = 6 cells each), as previously reported in the dorsal striatum (Gertler et 346 

al., 2008; Cepeda et al., 2008). In contrast, PV+ and SOM+ interneurons exhibited lower and 347 

higher input resistances than MSNs, respectively (Figure 5B&C; Rin, PV+ = 94 ± 11 MΩ; SOM+ 348 

= 830 ± 85 MΩ; n = 7 cells each), indicating that SOM+ cells are much more excitable. 349 

Interestingly, most SOM+ cells also exhibited spontaneous activity, as seen in the dorsal striatum 350 

(Beatty et al., 2012), with the remainder resting near threshold potential, and substantially more 351 

depolarized than either MSNs or PV+ interneurons (Figure 5B&C; Vrest, PV+ = -75 ± 1 mV; SOM+ 352 

= -50 ± 2 mV). These data suggest that SOM+ cells are highly excitable neurons, which may not 353 

require strong input to influence spiking. Indeed, during current injections from rest, SOM+ cells 354 

reach their maximum firing rate with only 40 pA, while MSNs require a minimum of 100 pA to 355 

generate APs. In contrast, PV+ cells require a 200 pA current injection to fire APs, but are able to 356 



 

 17 

reach much higher firing rates with large current injections, typical of fast-spiking interneurons in 357 

circuits located throughout the brain (Figure 5B) (Kawaguchi, 1993; Hu et al., 2014). 358 

 359 

vHPC inputs most strongly activate PV+ interneurons 360 

Given that D1+, PV+, and SOM+ cells have highly divergent excitability, we next sought to 361 

determine the impact of vHPC input on AP firing. We again employed a dual virus strategy, 362 

expressing ChR2 in vHPC afferent fibers, and labeling PV+ or SOM+ interneurons alongside 363 

tdTomato+ (D1+) MSNs in the NAc. We recorded sequential pairs of nearby D1+ x PV+ or D1+ x 364 

SOM+ cells in current-clamp at resting membrane potentials, in conditions that isolated excitatory 365 

responses. We found that vHPC inputs evoked APs in most D1+ and PV+ cells (Figure 6A), but 366 

PV+ interneurons displayed a higher probability of spiking with the same light stimulation 367 

(Figure 6B; two-way ANOVA, duration x cell type interaction: F(3,24) = 7.94, p = 0.0008; n = 7 368 

pairs, 5 mice). Additionally, in cells that fired, vHPC-evoked AP firing of PV+ interneurons 369 

occurred faster than at D1+ MSNs (Figure 6C; latency to spike: D1+ = 8.1 ± 0.3 ms; PV+ = 5.6 ± 370 

0.3 ms; p = 0.003; n = 5 and 7 cells, 5 mice). These findings indicate that PV+ cells are more 371 

readily triggered to fire APs than MSNs, suggesting they may mediate feed-forward inhibition. 372 

 373 

The majority of SOM+ interneurons in the NAc exhibited spontaneous activity, generating a 374 

background rate of firing (Figure 6D). We quantified the influence of vHPC input as the spike 375 

probability in a 10 ms window after stimulation minus the baseline firing probability, focusing on a 376 

time window for spiking that would enable generation of the disynaptic IPSCs we observed in 377 

MSNs (Figure 1E; onset of IPSC: D1+ = 7.7 ± 0.4 ms; range = 6.1 – 10.5 ms). When 378 

glutamatergic input was pharmacologically isolated using the GABAA receptor antagonist 379 

gabazine (+GZ), vHPC inputs evoked spiking across a range of light durations, with nearby D1+ 380 

MSNs similarly driven to spike (Figure 6E&F; two-way ANOVA, duration x cell type interaction: 381 

F(3,32) = 0.29, p = 0.83; n = 9 pairs, 6 mice). When we expanded our detection window to include 382 
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spikes within 50 ms of stimulation, we observed vHPC-evoked APs in SOM+ interneurons with 383 

much slower latency than those of D1+ MSNs (Figure 6G; latency to spike: D1+ = 7.4 ± 0.7 ms; 384 

SOM+ = 14.3 ± 2.0 ms; p = 0.006; n = 8, 9 cells from 6 mice). While vHPC input was capable of 385 

inducing spikes with a longer latency, spikes that occur outside of the initial 10 ms window would 386 

be unable to contribute to the feed-forward inhibition that we have observed in D1+ cells.  387 

 388 

We hypothesized that the slow response in SOM+ cells could also leave them more vulnerable 389 

to feed-forward inhibition generated by other cells, potentially disrupting vHPC-evoked excitation. 390 

When the GABAA receptor blocker gabazine was omitted to keep local inhibition intact (-GZ), 391 

vHPC had an even weaker influence over SOM+ firing, with many trials failing to evoke a single 392 

spike even at high stimulation durations (Figure 6H-J; two-way ANOVA, duration x cell type 393 

interaction: F(3,32) = 4.55, p = 0.009; n = 9 pairs, 5 mice). Interestingly, the baseline firing rate of 394 

SOM+ cells was also much lower with inhibition intact, suggesting this population is under tonic 395 

suppression (Figure 6K; firing rate: without gabazine = 3.4 ± 0.3 Hz; with gabazine = 7.4 ± 0.7 Hz; 396 

p < 0.001; n = 9 cells, 5-6 mice each). Together, these data suggest SOM+ neurons in the NAc 397 

are more likely the recipients of vHPC-evoked feed-forward inhibition rather than the mediators. 398 

 399 

PV+ interneurons mediate feed-forward inhibition of MSNs 400 

Given their strong targeting by vHPC inputs, rapid generation of APs, and ability to directly inhibit 401 

MSNs, we predicted that PV+ interneurons are the dominant mediator of feed-forward inhibition 402 

in the NAc. To test this idea, we next combined optogenetic activation of excitatory inputs with 403 

inhibition of PV+ interneurons, injecting AAV-ChR2 in the vHPC and AAV-FLEX-ArchT in the NAc 404 

of PV-2A-Cre x D1-tdTomato mice (Figure 7A). In current-clamp recordings from ArchT+ PV+ 405 

cells, we found that illumination with blue light alone activated vHPC inputs and evoked reliable 406 

firing (Figure 7B). When applied together, blue and yellow light hyperpolarized PV+ and blocked 407 

vHPC-evoked firing of PV+ cells, indicating successful suppression of this population (Figure 7B; 408 
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AP probability: activation of ChR2 alone = 1 ± 0; ChR2 + ArchT = 0 ± 0; n = 6 cells). Using this 409 

approach, we evaluated the effect of suppressing PV+ cells on vHPC-evoked EPSCs and feed-410 

forward IPSCs in D1+ MSNs. We found that blue light alone evoked robust EPSCs at -70 mV, 411 

which were unaffected by the addition of yellow light (Figure 7C; D1+ EPSCs: ChR2 = 225 ± 412 

23 pA; ChR2 + ArchT = 201 ± 20 pA; p = 0.078; n = 7 cells, 3 mice). Importantly, blue light alone 413 

also evoked feed-forward IPSCs at +20 mV, and these responses were strongly suppressed by 414 

co-illumination with yellow light (Figure 7D; D1+ IPSCs: ChR2 = 200 ± 20 pA; ChR2 + ArchT = 415 

67 ± 9 pA; p = 0.002; n = 10 cells, 3 mice). Together, these results indicate that PV+ interneurons 416 

mediate the bulk of vHPC-evoked feed-forward inhibition onto MSNs in the NAc medial shell.  417 

 418 

Cocaine shifts the excitation / inhibition balance at MSNs 419 

Repeated exposure to cocaine elicits robust cell-type-specific synaptic plasticity at MSNs in the 420 

NAc medial shell (Schmidt and Pierce, 2010; Kim et al., 2011; Volkow and Morales, 2015). The 421 

initial bias of vHPC input onto D1+ MSNs is eliminated at a short withdrawal after a 5-day cocaine 422 

sensitization protocol, equalizing excitatory input to the two MSN subtypes (MacAskill et al., 423 

2014). However, if feed-forward inhibition of D1+ MSNs also shifts during this experience, it is 424 

possible the impact of these changes could be either minimized or exacerbated. Thus, in order to 425 

elucidate the net impact on the activation of these different cell types by vHPC inputs, we next 426 

tested how disynaptic inhibition of D1+ and D1- MSNs is impacted by repeated cocaine. 427 

 428 

We first confirmed the ability of repeated cocaine to evoke locomotor sensitization, which 429 

indicates that synaptic plasticity has occurred (Churchill et al., 1999; Brown et al., 2011; Kim et 430 

al., 2011). Following three habituation sessions, mice underwent 5 consecutive days of saline or 431 

cocaine administration. After 1-day withdrawal, a challenge injection of cocaine was given to both 432 

saline- and cocaine-treated mice (Figure 8A). As classically observed, mice receiving cocaine 433 

progressively increase their locomotor response throughout sessions compared to their saline-434 
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treated counterparts. Moreover, they demonstrated an elevated response to the test injection of 435 

cocaine, indicating that robust locomotor sensitization occurred (Figure 8B&C; Average velocity: 436 

saline-treated = 3.3 ± 1.1 cm/s; cocaine-treated = 8.9 ± 0.9 cm/s; p = 0.008; n = 5 mice each).  437 

 438 

To evaluate the impact of cocaine on NAc circuits, instead of the cocaine challenge after 1-day 439 

withdrawal, we prepared NAc slices from saline-treated or cocaine-treated mice (Figure 8A). 440 

Similar to naïve mice, vHPC-evoked EPSCs were biased onto D1+ MSNs in the saline condition 441 

(EPSCs: D1+ = 252 ± 35 pA; D1- = 162 ± 21 pA; p = 0.003; n = 11 pairs, 7 mice). However, this 442 

bias was abolished by drug exposure (Figure 8D&E; EPSCs: D1+ = 218 ± 35 pA; D1- = 255 ± 443 

37 pA; p = 0.38; n = 13 pairs, 8 mice). This rebalancing of connectivity resulted in a pronounced 444 

shift in the excitation of D1+ and D1- MSNs (Figure 8E; D1+ / D1- EPSC ratio: saline = 1.5, CI: 445 

1.2 – 1.9; cocaine = 0.9, CI: 0.6 – 1.3; p = 0.009; n = 11 pairs from 7 mice, 13 pairs from 8 mice).  446 

 447 

As in naïve mice, we also observed similar feed-forward inhibition of D1+ and D1- MSNs in the 448 

saline condition (Figure 8D&F; IPSCs: D1+ = 253 ± 51 pA; D1- = 297 ± 54 pA; p = 0.37; n = 11 449 

pairs, 7 mice). However, cocaine exposure did not induce changes in the feed-forward inhibition 450 

of D1+ and D1- MSNs, despite the large shift in excitatory input (Figure 8D&F; IPSCs: D1+ = 345 451 

± 55 pA; D1- = 422 ± 88 pA; p = 0.34; n = 13 pairs, 8 mice). Consequently, relative inhibition of 452 

the two cell types remained unchanged after cocaine (Figure 8F; D1+ / D1- IPSC ratio: saline = 453 

0.9, CI: 0.6 – 1.2; cocaine = 1.0, CI: 0.6 – 1.8; p = 0.95; n = 11 pairs from 7 mice, 13 pairs from 8 454 

mice). Moreover, cocaine altered the excitation / inhibition (E / I) ratio, which was higher at D1+ 455 

MSNs in saline-treated mice (Figure 8G; saline E / I ratio: D1+ = 1.06, CI: 0.77 – 1.45; D1- = 0.60, 456 

CI: 0.42 – 0.86; p = 0.04; n = 11 pairs from 7 mice), but equivalent to D1- MSNs after drug 457 

exposure (Figure 8G; cocaine E / I ratio: D1+ = 0.68, CI: 0.50 – 0.90; D1- = 0.75, CI: 0.52 – 1.09; 458 

p = 0.31; n = 13 pairs from 8 mice). Together, these results indicate that the effect of cocaine 459 



 

 21 

exposure on the excitatory balance of D1+ and D1- MSNs is not accompanied by a shift in the 460 

inhibitory balance, suggesting that the relative drive of MSNs by vHPC inputs is indeed altered. 461 
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DISCUSSION 462 

Considerable attention has been paid to how excitatory afferents contact MSNs in the NAc and 463 

how this connectivity impacts behavior. Local inhibitory signaling is another critical factor that 464 

determines the output of MSNs, but remains much less understood. Here we characterized the 465 

feed-forward inhibition produced by vHPC afferents to the NAc medial shell. We determined that 466 

both PV+ and SOM+ interneurons receive vHPC input and are capable of providing inhibition to 467 

MSN subtypes. However, we found PV+ cells are most strongly activated by these long-range 468 

afferents and are primarily responsible for disynaptic inhibition. Moreover, we established that 469 

cocaine-evoked plasticity at D1+ MSNs leads to dramatic changes in E / I balance.  470 

 471 

Many studies in the cortex highlight balanced E / I ratios at different cell types, achieved through 472 

specific targeting of excitatory and inhibitory inputs (Xue et al., 2014; Anastasiades et al., 2018). 473 

In contrast, we observed a strong bias of excitation but not inhibition in the NAc, with vHPC inputs 474 

preferentially contacting D1+ MSNs, but evoking unbiased feed-forward inhibition, yielding 475 

unequal E / I ratios in the two MSN subtypes. In the cortex, matching feed-forward inhibition to 476 

the degree of excitation can equalize the amount of firing a given neuronal population experiences 477 

from excitatory input (Isaacson and Scanziani, 2011). The lack of such organization in the NAc 478 

suggests that differences in excitatory targeting will result in a substantial difference in evoked 479 

spiking, and thus bias output of divergent projection pathways. Because activation of D1+ and 480 

D2+ MSNs produces opposite behavioral effects (Lobo et al., 2010), a lack of biased inhibition 481 

allows D1+ MSNs to be preferentially activated by vHPC afferents, which could explain why 482 

activation of these inputs are able to signal reward in rodents (Britt et al., 2012). 483 

 484 

Unlike the cortex, the striatum lacks a source of local excitation, and is instead composed almost 485 

entirely of MSNs and local interneurons (Gerfen and Bolam, 2010). PV+ and SOM+ cells are two 486 

of the main GABAergic interneurons in the NAc, and help regulate local striatal circuits to shape 487 
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behavior (Tepper et al., 2008; Burke et al., 2017). We found the contributions of the PV+ 488 

population could be missed with commonly used PV-Cre mice, which works well in the cortex but 489 

not in NAc (Hippenmeyer et al., 2005). However, PV+ cells can be identified in the NAc of PV-2A-490 

Cre mice, which may provide more sensitivity to low PV expression in these cells (Madisen et al., 491 

2010). We established that inhibition evoked by both PV+ and SOM+ cells shows no apparent 492 

preference for D1+ over D1- MSNs. The absence of bias agrees with recent work using similar 493 

optogenetic tools in the dorsal striatum (Straub et al., 2016).  494 

 495 

We determined that vHPC connections are strongest onto PV+ cells, intermediate onto D1+ 496 

MSNs, and weakest on SOM+ cells. While PV+ cells have similar resting potentials and F/I curves 497 

to MSNs, they are strongly and rapidly activated by vHPC inputs. Moreover, their suppression 498 

greatly reduces the amplitude of disynaptic IPSCs, suggesting that they are likely the dominant 499 

source of feed-forward inhibition in the NAc. These findings are reminiscent of cortex, where PV+ 500 

cells also receive long-range afferents to mediate feed-forward inhibition (Swadlow, 2003). They 501 

also agree with a recent study in the dorsal striatum, which used a similar optogenetic strategy to 502 

identify PV+ cells as the primary contributors to cortically-evoked disynaptic inhibition onto MSNs, 503 

and assessed the influence of this inhibition on behavior (Owen et al., 2018). The emerging picture 504 

is that PV+ cells receive strong excitatory inputs, and mediate feed-forward inhibition, signifying 505 

that they are likely to be critical regulators of circuits throughout the striatum. 506 

 507 

While SOM+ cells are a prominent class of GABAergic interneurons, their roles in the local circuit 508 

have also been unclear. Interestingly, we find the baseline firing rate and heightened excitability 509 

of SOM+ cells enable them to respond to weak vHPC input.  However, the inability of these cells 510 

to rapidly respond to vHPC inputs makes it unlikely that they mediate feed-forward inhibition. 511 

Moreover, the slow time-course of activation often leaves them susceptible to feed-forward 512 

inhibition, further preventing rapid spiking. This inhibition could be provided by PV+ cells, or other 513 



 

 24 

interneurons, such as those expressing tyrosine hydroxylase (Assous et al., 2017) or the 5HT3A 514 

receptor (Muñoz-Manchado et al., 2016). Although we observe little impact on the probability of 515 

an evoked spike shortly after stimulation, vHPC and other excitatory inputs could also affect the 516 

phase of ongoing spiking and potentially change synchrony of firing across neurons (Isaacson 517 

and Scanziani, 2011; Schultheiss et al., 2012). When SOM+ cells are active, it is possible that 518 

long-range projections from these cells target dendrites of more distant MSNs (Straub et al., 519 

2016), and could control more distal synapses or gate synaptic plasticity, as observed in 520 

pyramidal cells (Isaacson and Scanziani, 2011). The generation of dendritic plateau potentials in 521 

MSNs from activation of excitatory inputs is impacted by dendritically-targeted inhibition, 522 

potentially allowing SOM+ synapses to control integration of distal glutamatergic inputs (Du et al., 523 

2017). In addition, SOM+ cells could be responsible for providing inhibition onto other cell types 524 

in the NAc, or may act through different types of GABA receptors. Interestingly, most SOM+ cells 525 

in the striatum also express nitric oxide synthase and release nitric oxide, giving them an 526 

additional mechanism by which to influence the local circuit (Figueredo-Cardenas et al., 1996; 527 

Smith et al., 2017). 528 

 529 

While PV+ and SOM+ cells are classic GABAergic interneurons, MSNs represent the majority of 530 

neurons throughout the striatum. MSNs send GABAergic projections to downstream basal ganglia 531 

regions, but can also mediate lateral inhibition within the local circuit (Taverna et al., 2004; Tepper 532 

et al., 2008; Dobbs et al., 2016; Burke et al., 2017). In principle, MSNs could also contribute to 533 

disynaptic inhibition evoked by long-range inputs, without needing to engage other GABAergic 534 

interneurons. However, this is unlikely for two reasons. First, we observe disynaptic inhibition at 535 

levels of excitation that are subthreshold for MSN firing. Second, because vHPC inputs are 536 

stronger at D1+ than D1- MSNs (MacAskill et al., 2012), and lateral inhibition from D1+ MSNs is 537 

biased onto other D1+ MSNs (Taverna et al., 2008), we would expect that vHPC-evoked lateral 538 

inhibition would also be biased onto these cells. We instead find this inhibition is similar at D1+ 539 
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and D1- MSNs, consistent with a primary role for PV+ cells, but not MSNs. However, stronger 540 

activity will necessarily recruit MSNs, which could ultimately inhibit both MSNs and other cells in 541 

the NAc.  542 

 543 

Our findings indicate that PV+ cells are the primary source of feed-forward inhibition evoked by 544 

hippocampal afferents. Perturbing these cells, either experimentally or in disease, should have 545 

major consequences for behavior. In the cortex, defects in inhibition contribute to epileptic activity 546 

and are thought to underlie neuropsychiatric diseases (Yizhar et al., 2011; Marín, 2012). However, 547 

it has been less clear how equivalent inhibitory circuits in the striatum support normal function 548 

and go awry in disease. Interestingly, patients with Tourette’s Syndrome display a selective 549 

decrease in PV+ cells in the dorsal striatum (Kalanithi et al., 2005). Recent studies employing 550 

selective ablation or suppression of PV+ cells have observed behavioral effects, including 551 

aberrant stereotyped movements and impaired learning (Xu et al. 2016; Rapanelli et al., 2017; 552 

Lee et al., 2017; Owen et al., 2018). Similar manipulations of PV+ cells in the NAc will also yield 553 

valuable information about their role in reward- and addiction-related behaviors, particularly when 554 

utilizing the PV-2A-Cre line to access the low PV-expressing cells in the NAc medial shell. 555 

 556 

Exposure to cocaine and other drugs of abuse dramatically reorganizes basal ganglia circuitry, 557 

particularly at glutamatergic connections within the NAc (Russo et al., 2010; Pascoli et al., 2012; 558 

Lüscher and Malenka, 2011; Britt et al., 2012; Bock et al., 2013; Suska et al., 2013; MacAskill et 559 

al., 2014; Pascoli et al., 2014; Sjulson et al., 2018). For example, we previously found in juvenile 560 

mice that repeated cocaine shifts the strength of vHPC inputs, reducing their bias onto D1+ MSNs, 561 

so they are similar to D2+ MSNs (MacAskill et al., 2014). Here we observed a similar normalization 562 

at D1+ and D1- MSNs, indicating that repeated cocaine evokes equivalent plasticity in mature 563 

mice. In principle, a similar shift of inhibition would counteract changes in excitation, preserving 564 

net activation of D1+ MSNs. However, we observed no equivalent change in the preference of 565 
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feed-forward inhibition onto either D1+ or D1- MSNs. This resulted in a significant drop in the E / 566 

I ratio at D1+ MSNs, while equalizing the E / I ratio at the two cell types, allowing for the effects 567 

of drug exposure on glutamatergic inputs to influence output of the NAc. 568 

 569 

It is important to note that other glutamatergic afferents may demonstrate different patterns of 570 

drug-induced plasticity. For example, repeated cocaine enhances BLA connections onto D1+ 571 

MSNs (MacAskill et al., 2014), and BLA inputs to PV+ interneurons show increased presynaptic 572 

release probability after cocaine self-administration (Yu et al., 2017). While our results suggest 573 

that drug exposure does not induce changes in the relative inhibition of D1+ and D1- MSNs, it is 574 

possible that feed-forward inhibition of both MSN classes by BLA afferents could be enhanced by 575 

cocaine exposure (Yu et al., 2017). Additionally, lateral inhibition between MSNs can be 576 

modulated by cocaine to control the overall activity levels of these cells (Dobbs et al., 2016). 577 

Interestingly, previous work suggests decreased amplitude of spontaneous inhibitory currents in 578 

MSNs at 21 days of cocaine withdrawal, suggesting that GABAergic connections from 579 

interneurons or MSNs may be altered at later time-points after drug exposure (Otaka et al., 2013). 580 

 581 

Together, our results shed light on the synaptic organization and function of local inhibitory circuits 582 

within the NAc, which control the activation of projection neurons via feed-forward inhibition. 583 

Understanding what sculpts activity patterns of D1+ and D2+ MSNs is vital in assembling a 584 

complete picture of basal ganglia circuitry. While this is informative for determining how this circuit 585 

supports behavior, our findings also highlight mechanisms by which exposure to drugs of abuse 586 

rewires the NAc. Such changes alter the relative drive of these two populations and thus inhibition 587 

of downstream areas, and contribute to the development of drug-seeking behaviors. Future 588 

studies will need to determine the in vivo activity patterns of these sparse interneuron populations, 589 

and how the widespread inhibitory control provided by these cells impacts behavior. 590 
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FIGURE LEGENDS 811 

 812 

Figure 1: Ventral hippocampal input evokes disynaptic inhibition in the NAc. 813 

A, Schematic of AAV-mCherry injection into the ventral hippocampus (vHPC) to label projections 814 

to the nucleus accumbens (NAc).  815 

B, Example of injection site in the vHPC (left) and fluorescent fibers in the NAc medial shell 816 

(middle), with expanded view (right). Scale = 300 μm. 817 

C, Left, Confocal image showing distribution of fluorescent cells in the NAc of a D1-tdTomato x 818 

D2-EGFP mouse, with NeuN staining (blue) to identify neurons, and anti-GFP (green) and anti-819 

RFP (red) antibodies to enhance fluorescent signals. Right, Quantification of D1+ and D2+ cells 820 

relative to total NeuN-labeled cells. Scale = 100 μm. 821 

D, Example two-photon images of D1+ and D1- MSNs filled with Alexa-594 via the patch pipette. 822 

Scale = 20 μm. 823 

E, Average vHPC-evoked EPSCs at -70 mV and IPSCs at +20 mV in D1+ (red) and D1- (black) 824 

MSNs, in the presence of the NMDAR antagonist CPP. Triangle indicates light pulse. Addition of 825 

the AMPAR antagonist NBQX eliminates the IPSCs (dotted line), indicating a disynaptic response. 826 

F, Summary of EPSC amplitudes (left) and IPSC amplitudes (right) in D1+ and D1- MSNs, where 827 

connected data points indicate pairs of neurons. Data presented as arithmetic mean +/- SEM. 828 

G, Ratio of D1+ to D1- current amplitudes for EPSCs and IPSCs. Data presented as geometric 829 

mean with 95% confidence interval. Note the logarithmic axis. 830 

* p < 0.05, *** p < 0.001, n.s. = not significant (p > 0.05)  831 
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Figure 2: Distinct populations of GABAergic interneurons in the NAc. 832 

A, Schematic of potential feed-forward inhibitory circuitry in the NAc, with PV+ and / or SOM+ 833 

neurons receiving vHPC inputs and inhibiting D1+ MSNs to evoke disynaptic inhibition. 834 

B, Injection of AAV-FLEX-EGFP into the NAc of PV-Cre x Ai14 tdTomato reporter mice, with 835 

coronal slices of the NAc showing lack of Cre-dependent cell labeling. Scale = 300 μm. 836 

C, Injection of AAV-FLEX-EGFP into the NAc of PV-2A-Cre x D1-tdTomato mice to label PV+ 837 

neurons. EGFP+ cells stain positively for antibodies against parvalbumin (PV) but not 838 

somatostatin (SOM), and show little overlap with D1+ MSNs. Scale = 300 μm (left), 20 μm (right). 839 

D, Similar for injection of AAV-FLEX-EGFP into NAc of SOM-Cre x D1-tdTomato mice to label 840 

SOM+ neurons. EGFP+ cells stain positively for antibodies against SOM but not PV, and show 841 

little overlap with D1+ MSNs. Scale = 300 μm (left), 20 μm (right). 842 

For (C&D), quantification is mean +/- SEM for 6 slices from 3 animals, per condition. 843 
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Figure 3: PV+ and SOM+ interneurons inhibit D1+ and D1- MSNs in the NAc. 844 

A, Left, Schematic of AAV-DIO-ChR2 injection into the NAc of PV-2A-Cre x D1-tdTomato mice to 845 

allow for optogenetic activation of PV+ interneurons. Right, Current-clamp recording of light-846 

evoked firing of a ChR2+ PV+ cell from resting membrane potential, showing 5 overlapping traces. 847 

B, Left, Average PV+-evoked IPSCs at pairs of D1+ and D1- MSNs held at +20 mV, in the 848 

presence of AMPAR antagonist NBQX and NMDAR antagonist CPP. Middle, IPSC amplitudes in 849 

D1+ and D1- MSNs, shown as mean +/- SEM with pairs linked by lines. Right, Responses 850 

normalized to the D1+ MSN. 851 

C-D, Same as (A-B), but using SOM-Cre x D1-tdTomato mice to stimulate SOM+ interneurons. 852 
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Figure 4: Ventral hippocampal afferents preferentially contact PV+ interneurons. 853 

A, Two-photon image of a PV+ interneuron (identified by Cre-dependent EGFP+ expression in a 854 

PV-2A-Cre x D1-tdTomato mouse) filled with Alexa-594 via the patch pipette. Scale = 20 μm. 855 

B, Average vHPC-evoked EPSCs recorded at -70 mV in pairs of D1+ and PV+ cells in the NAc 856 

medial shell. Triangle indicates light pulse. 857 

C, Left, Quantification of EPSC amplitude in D1+ and PV+ neurons, indicating stronger vHPC 858 

inputs to PV+ cells, shown as mean +/- SEM, with lines connecting recorded pairs. Right, Ratios 859 

of D1+ to PV+ EPSC amplitudes, shown as geometric mean with 95% confidence interval. Note 860 

the logarithmic axis. 861 

D-F, Same as (A-C) for D1+ vs. SOM+ comparisons, illustrating stronger targeting of D1+ neurons 862 

by vHPC inputs. 863 

** p < 0.01  864 
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Figure 5: NAc cell types display distinct passive and active properties. 865 

A, Whole-cell current-clamp recordings of D1+ (tdTomato+), D1- (tdTomato-), PV+ (PV-2A-Cre 866 

with AAV-DIO-EYFP) and SOM+ (SOM-Cre with AAV-DIO-EYFP) cells in the NAc medial shell at 867 

resting membrane potentials or in response to current injections. Scale = 200 ms, 20 mV. 868 

B, Graph of action potential (AP) firing in all cell types during 500 ms current injections across a 869 

range of intensities, with values shown as mean +/- SEM. 870 

C, Quantification of input resistance (left) and resting membrane potential (right) from all cell 871 

types, calculated using a 500 ms, -50 pA current injection, and depicted as mean +/- SEM. Note 872 

that values for SOM+ cells include only cells that were not spontaneously firing.  873 
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Figure 6: Ventral hippocampal inputs preferentially activate PV+ interneurons. 874 

A, Whole-cell current-clamp recordings of vHPC-evoked EPSPs and spikes in a pair of D1+ and 875 

PV+ cells from resting membrane potentials, in the presence of CPP, gabazine (GZ), and the 876 

GABAB-R antagonist CGP. Triangles indicate light pulse. 877 

B, Probability of evoked spiking in D1+ and PV+ cells across a range of light durations, shown as 878 

mean +/- SEM. 879 

C, Latency to spike, measured from light onset to peak of AP, for D1+ and PV+ cells with 4 ms 880 

LED duration. 881 

D, Similar to (A), for a spontaneously spiking SOM+ interneuron. 882 

E, Spike raster plot for an example pair of D1+ and SOM+ cells, highlighting impact of vHPC 883 

inputs (blue line) on spike timing, with inset showing expanded time around stimulation. 884 

F, Similar to (B), showing probability of evoked spiking in D1+ and SOM+ cells, calculated during 885 

a 10 ms window after light stimulation, with baseline firing rate subtracted.  886 

G, Similar to (C) for D1+ and SOM+ cells. 887 

H-J, Similar to (D-F), but in the absence of gabazine to allow for local inhibition (-GZ). 888 

K, Baseline firing rate in SOM+ interneurons, with gabazine (+GZ) or without gabazine (-GZ), 889 

shown as mean +/- SEM. 890 

** p < 0.01, *** p < 0.001  891 
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Figure 7: PV+ interneurons contribute to feed-forward inhibition of MSNs. 892 

A, Schematic of experimental design. PV-2A-Cre x D1-tdTomato mice were co-injected with AAV-893 

CaMKII-ChR2-mCherry in the vHPC and AAV-CAG-FLEX-ArchT-GFP in the NAc. In each trial, 894 

ChR2 was activated with blue light to trigger vHPC inputs at D1+ MSNs or ArchT+ PV+ 895 

interneurons. In alternating trials, ArchT was also activated with yellow light to suppress the 896 

activity of ArchT+ PV+ interneurons. Colored bars indicate timing of ChR2 and ArchT activation. 897 

B, Current-clamp recording of ArchT+ PV+ interneurons, showing vHPC-evoked spiking by 898 

activation of ChR2 (blue trace) that was blocked by simultaneous activation of ArchT (black trace). 899 

Right, Quantification of vHPC-evoked spiking, demonstrating effective suppression by ArchT. 900 

C, Left, Average vHPC-evoked EPSCs at D1+ MSNs at -70 mV, with (black trace) or without (red 901 

trace) suppression of PV+ interneurons. Right, Quantification of EPSC amplitude, shown as mean 902 

+/- SEM, where lines indicate single D1+ MSNs under the two conditions. 903 

D, Similar to (C) for vHPC-evoked IPSCs at +20 mV in the presence of CPP. Right, Normalized 904 

responses, showing reduction in feed-forward IPSCs with suppression of PV+ interneurons. 905 

** p < 0.01  906 



 

 41 

Figure 8: Cocaine exposure alters vHPC-evoked excitation / inhibition balance. 907 

A, Schematic of cocaine sensitization experiments. Following habituation, animals received daily 908 

IP injections of cocaine (15 mg/kg) or saline. After 5 treatment days, animals were either given a 909 

cocaine challenge to test for behavioral sensitization or used for in vitro recordings. 910 

B, Average post-injection locomotion across days for saline- and cocaine-treated animals, 911 

depicted as mean +/- SEM. 912 

C, Example of locomotion after the cocaine challenge on day 6 for cocaine- and saline-treated 913 

animals. 914 

D, Average vHPC-evoked EPSCs and disynaptic IPSCs in D1+ and D1- MSNs following saline 915 

(left) or cocaine (right) treatment, recorded at -70 mV or +20 mV in the presence of CPP. 916 

E, Left, Quantification of EPSC amplitudes, indicating a loss of bias after cocaine exposure. 917 

Connected data points are pairs of D1+ and D1- MSNs. Data represent mean +/- SEM. Right, 918 

Ratio of D1+ to D1- EPSC amplitudes, shown as geometric mean with 95% confidence intervals. 919 

F, Similar to (E) for vHPC-evoked disynaptic IPSCs, showing lack of effect on relative inhibition 920 

of D1+ and D1- MSNs. 921 

G, Quantification of E/I ratio, calculated from vHPC-evoked EPSC and IPSC amplitudes at D1+ 922 

and D1- MSNs, shown as geometric mean with 95% confidence intervals. Connected data points 923 

represent pairs of neurons.  924 

Note the logarithmic axes in (E-G). 925 

* p < 0.05, ** p < 0.01 926 


















