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Abstract

Background: The nucleus accumbens (NAc) controls multiple facets of impulsivity, but is a 

heterogeneous brain region with diverse microcircuitry. Prior literature links impulsive behavior in 

rodents to gamma aminobutyric acid (GABA) signaling in the NAc. Here, we studied the 

regulation of impulsive behavior by fast-spiking interneurons (FSIs), a strong source of GABA-

mediated synaptic inhibition in the NAc.

Methods: Male and female transgenic mice expressing Cre recombinase in FSIs allowed us to 

identify these sparsely distributed cells in the NAc. We used a 5-choice serial reaction time task 

(5-CSRTT) to measure both impulsive action and sustained attention. During the 5-CSRTT, we 

monitored FSI activity with fiber photometry calcium imaging, and manipulated FSI activity with 

chemogenetic and optogenetic methodology. We used electrophysiology, optogenetics, and 

fluorescent in situ hybridization to confirm these methods were robust and specific to FSIs.

Results: In mice performing the 5-CSRTT, NAc FSIs showed sustained activity on trials ending 

with correct responses, but declined over time on trials ending with premature responses. The 

number of premature responses increased significantly after sustained chemogenetic inhibition or 

temporally delimited optogenetic inhibition of NAc FSIs, without any changes in response 

latencies or general locomotor activity.

Conclusions: These experiments provide strong evidence that NAc FSIs constrain impulsive 

actions, most likely through GABA-mediated synaptic inhibition of medium spiny projection 

neurons. Our findings may provide insight into the pathophysiology of disorders associated with 

impulsivity, and inform the development of circuit-based therapeutic interventions.
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INTRODUCTION

Impulsivity is defined as the tendency to act prematurely or without foresight, and involves a 

failure of cognitive control that characterizes various neuropsychiatric diseases (1, 2). 

Notably, impulsivity represents a vulnerability marker for substance use disorders (3), 

attention deficit/hyperactivity disorder (ADHD) (4, 5), and suicidality (6). The nucleus 

accumbens (NAc), a major hub in limbic circuits that regulate reward-seeking behavior, 

plays a critical role in controlling multiple facets of impulsivity (7). Evidence for this role 

comes from human brain imaging studies (8–11), as well as local pharmacological 

manipulations and brain lesion studies in rodents (12–17). These approaches have identified 

key neuromodulatory systems and provided critical insight into the aggregate function of the 

NAc, but we still have a limited understanding of how impulsive behavior is regulated by the 

activity of specific cell types embedded within NAc microcircuitry.

Gamma aminobutyric acid (GABA) has been implicated as a modulator of impulsivity in the 

NAc (18, 19) and other brain regions (20). A major source of local GABAergic signaling in 

these brain regions are fast-spiking interneurons (FSIs), a cell type frequently defined by 

parvalbumin (PV) expression (21). FSIs provide robust feed-forward inhibition that 

constrains and sculpts the output of projection neurons in the NAc (22–25), dorsal striatum 

(26–28), and other brain regions (29–31). FSIs in the prefrontal cortex regulate complex 

cognitive processes like attention (32), while FSIs in the dorsal striatum have been 

implicated in learning (33, 34) and habit formation (35). Manipulations of FSIs in the NAc 

alter behavioral responses to addictive drugs (36, 37), but the specific contribution of these 

cells to impulsivity has yet to be explored.

In this study, we investigated the function of NAc FSIs in mice performing the 5-choice 

serial reaction time task (5-CSRTT), a classic behavioral assay that measures sustained 

attention and impulse control (38). We focused on FSIs in the NAc core subregion, where 

GABAergic signaling has specifically been linked to impulsive behavior in this task (18). To 

monitor the activity of FSIs in behaving mice, we used a viral approach to express a 

genetically-encoded calcium indicator, and monitored fluorescent signals using in vivo fiber 

photometry. These calcium imaging experiments reveal that sustained activity of FSIs is 

associated with successful control of impulsive action. We then used chemogenetic and 

optogenetic methods to inhibit the activity of FSIs in the NAc core, and found these 

manipulations increased impulsivity. Together, our data suggest that FSIs in the NAc play an 

important role in constraining impulsive actions.

METHODS AND MATERIALS

Subjects

Male and female mice C57/B6J mice were housed with same-sex littermates on a 12 hr 

light/dark cycle, and used for experiments at 8–20 weeks of age. PV-2A-Cre transgenic mice 

(39) were obtained from The Jackson Laboratory (JAX stock #012358). All procedures 

conformed to the National Institutes of Health Guidelines for the Care and Use of 
Laboratory Animals, and were approved by the University of Minnesota Institutional 

Animal Care and Use Committee
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Behavioral Training

As previously described (40), mice were food-restricted to ~85% of free-feeding body 

weight, and pre-exposed to 14 mg purified dustless precision pellets (Bio-Serv) in the home 

cage. Behavioral training took place in standard mouse operant chambers (Med Associates), 

and began with two consecutive days of magazine training (30 food pellets delivered 

randomly over 30 minutes). We then began the first of eight training stages (Table 1), using a 

protocol adapted from previous studies of rats (41) and mice (42, 43). For additional details, 

see Supplemental Methods.

Stereotaxic Surgery

Intracranial virus injection and fiber-optic implantation were performed as previously 

described (40), with minor modifications described in Supplemental Methods. Viral vectors 

are described in the Key Resources Table and were used at a concentration of 3–5×1012 

particles/mL. After surgery, mice were given 500 μL saline and 5 mg/kg carprofen (s.c.) 

daily for three days, and recovered a minimum of 7 days before any behavioral testing.

Fiber Photometry

Fiber photometry recordings were conducted a minimum of two weeks after surgery, to 

allow for sufficient viral expression. Recordings from mice in the 5-CSRTT were conducted 

after one day of training in Stage 8. Real-time data were acquired as previously described 

(44), with details provided in Supplemental Methods.

Chemogenetic Manipulations of Behavior

PV-2A-Cre mice and wild-type littermates (negative control group) received bilateral 

injection of AAV8-hSyn-FLEX-hM4Di-mCherry into the NAc. After recovery, mice began 

training on the 5-CSRTT through Stage 8, providing at least four weeks of viral expression. 

After one day of training in Stage 8, mice received i.p. injections of either saline or 2 mg/kg 

CNO (Hello Bio) 30 minutes prior to testing. Saline and CNO sessions were conducted on 

separate days in counterbalanced order. After these tests, mice completed attention and 

impulsivity tests, again preceded by counterbalanced i.p. injections of saline or CNO (2 mg/

kg).

Optogenetic Manipulations of Behavior

Separate groups of PV-2A-Cre mice received bilateral injections of either AAV5-EF1a-DIO-

eNpHR3.0-mCherry or AAVdj-EF1a-FLEX-eYFP (negative control group) into the NAc, 

and bilateral implantation of 200um, 0.6NA fiber optic implants positioned +0.2mm 

dorsally. Mice were then trained on the 5-CSRTT through Stage 8, providing at least three 

weeks of viral expression prior to testing. Upon reaching Stage 8, mice were habituated to 

fiber optic tethering until achieving >50% correct. Optogenetic stimulation (593nm, constant 

power) was delivered using a laser (Shanghai Dream Lasers), coupled to a two-channel 

fiber-optic commutator, and controlled by TTL signals from the behavioral control software. 

Continuous light power was limited to ~3mW to minimize tissue heating (45). Mice were 

tested with light delivery in Stage 8 as well as impulsivity and attention tests.
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Histology

We confirmed the location of fiber-optic implants and extent of viral infection with 

immunohistochemistry, as described in Supplemental Methods. One animal from the 

optogenetic experiment was excluded due to lack of eNpHR3.0 viral expression.

Fluorescent in situ Hybridization

Fluorescent in situ hybridization was performed using the RNAscope Multiplex Fluorescent 

Assay (Advanced Cell Diagnostics), as described in Supplemental Methods.

Statistics

Analysis of variance (ANOVA) was conducted in IBM SPSS Statistics v24, with details 

provided in Supplemental Methods. All summary data are displayed as mean +/− SEM, with 

individual data points from male and female mice shown as closed and open circles, 

respectively. Complete statistical results can be found in Table S1.

RESULTS

Behavioral Measures of Impulsivity and Attention in Female and Male Mice

The 5-CSRTT requires mice to withhold a nose-poke response until it can be directed to one 

of five locations indicated by a brief visual cue (Figure 1A). Correct responses to the 

illuminated nose-poke aperture were rewarded with a food pellet, while all other trial 

outcomes were punished with a time-out period. These other outcomes included premature 

responses during the inter-trial interval (ITI) before cue presentation, incorrect responses to 

the wrong location, and omission trials in which the mouse fails to make a timely response.

Training consisted of eight sequential stages of increasing ITI and decreasing cue durations 

(Table 1). To examine behavioral performance under varying degrees of task difficulty, we 

systematically varied the duration of either the visual cue (to test attention) or the ITI (to test 

impulsivity), as previously described (43). In a pilot study, we conducted these attention and 

impulsivity tests both early and late in training (Figure 1B). In the attention test, omission 

responses increased monotonically with briefer cues (F1.59,22.26=86.54, p<0.001), and 

decreased overall from early to late training (F1,14=6.11, p=0.027; Figure 1C). In the 

impulsivity test, premature responses increased monotonically as the ITI grew longer 

(F1.74,24.35=67.93, p<0.001), and decreased overall from early to late training (F1,14=22.21, 

p<0.001; Figure 1D).

This cohort included equal numbers of female and male mice. Total days required to 

complete the final stage of training was similar between sexes (F1,14=1.58, p=0.23), but 

there was a significant Stage x Sex interaction (F7,98=2.80, p=0.011). Female mice 

completed stages 2 and 7 more rapidly, while male mice completed stages 1 and 3 more 

rapidly (p<0.05, LSD post-hoc test). In the impulsivity test, there were significant Training x 

Sex x ITI interactions for correct responses (F2.83,39.63=3.55, p=0.025) and premature 

responses (F2.90,40.54=5.14, p=0.005), as well as a significant Training x Sex interaction for 

omissions (F1,14=8.28, p=0.012). Early in training, female mice had more omissions 

(F1,14=6.24, p=0.026), while male mice made more premature responses (F2.71,37.98=13.42, 
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p<0.001) and fewer correct responses (F2.72,38.09=8.81, p<0.001) as the ITI grew longer. 

However, these sex differences in task performance were no longer detected late in training 

(all F<1). We used this protocol in subsequent experiments to investigate how NAc FSIs 

regulate 5-CSRTT performance in well-trained mice of both sexes.

Characterization of Optogenetically-Evoked Calcium Signals from FSIs

To study FSIs in the NAc core, we used a mouse line expressing Cre recombinase in a 

bicistronic fashion from the Pvalb locus (PV-2A-Cre). In this mouse line, Cre is active in 

cells with both high and low Pvalb expression (39), providing robust labeling of FSIs in both 

the dorsal striatum (33, 35) and NAc shell (22, 36). Stereotaxic injection of Cre-dependent 

adeno-associated virus (AAV) labeled cells with electrophysiological characteristics of FSIs 

(Figure S1A–C), including a high maximum firing rate, narrow action potential half-width, 

and short-duration afterhyperpolarization (46). Most cells also expressed mRNA transcripts 

for parvalbumin (Pvalb) or parathyroid hormone like hormone (Pthlh), two markers of 

striatal FSIs (47, 48) (Figure S1D,E).

Given the sparse distribution of FSIs in the NAc, we used fiber photometry to collect bulk 

calcium signal from FSI ensembles in freely behaving mice (49, 50). To establish the 

sensitivity of this approach, PV-2A-Cre mice were stereotaxically co-injected with AAVs 

expressing two Cre-dependent constructs (Figure 2A): the genetically-encoded calcium 

indicator jGCaMP7s (51), and the red-shifted excitatory opsin ChrimsonR (52). To deliver 

excitation light and collect emitted fluorescence, a fiber-optic was chronically implanted 

above the site of virus injection (Figure S2). Immunohistochemical examination of infected 

brain slices revealed sparse and overlapping viral co-expression beneath the fiber-optic 

implant (Figure 2B). We tethered freely moving mice to the fiber photometry system and 

delivered amber light (595 nm) through the fiber-optic implant to activate ChrimsonR 

(Figure 2C). We detected robust jGCaMP7s signals that varied in a dose-dependent fashion 

with stimulation frequency (F1.94,9.67=6.77, p=0.015; Figure 2D), pulse number 

(F3.99,19.98=4.92, p=0.006; Figure 2E), and light power (F1.89,9.47=14.44, p=0.001; 

Figure 2F).

Fiber Photometry Monitoring of FSIs in the 5-CSRTT

After verifying the specificity and reliability of fiber photometry signals from FSIs in the 

NAc, we proceeded to record these signals while mice performed the 5-CSRTT. 

Experimental mice included those with validated jGCaMP7s expression from the preceding 

optogenetic experiments (see Figure 2), as well as a control cohort of PV-2A-Cre mice 

expressing Cre-dependent eYFP. We collected fiber photometry data across five consecutive 

sessions in the final stage of training, with simultaneous excitation of jGCaMP7s at a 

calcium-dependent wavelength (470 nm), as well as an isosbestic wavelength (405 nm) used 

to correct for bleaching and movement artifact (Figure 3A). The fiber photometry signal was 

time-locked to different task events using TTL outputs from the behavioral control software 

(Figure 3B,C), and normalized to a 2 second baseline period preceding trial onset.

We first examined fiber photometry signals aligned to trial onset, which coincided with the 

beginning of the ITI period (Figure 3D, left). FSI activity was sustained throughout the ITI 
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on correct trials, whereas it declined on both omission and premature trials. These response 

profiles were absent in control mice expressing eYFP (Figure 3D, right), indicating the 

jGCaMP7s signal was not a motion artifact. After averaging calcium signals for each animal 

during the 2 seconds after trial onset, there was a significant Trial x Group interaction 

(F2,16=5.42, p=0.016), with a large effect size in both females (ηp
2=0.643) and males 

(ηp
2=0.413). Mice expressing jGCaMP7s showed a significant difference in FSI activity 

following the onset of correct versus premature trials (p<0.05, LSD post-hoc test; Figure 

3E).

Because of the variable interval from trial onset to cue presentation, response, and reward 

retrieval, we also aligned the fiber photometry signal to these other task events. FSI activity 

on correct trials was sustained before cue presentation (Figure 3F, left) as well as response 

(Figure 3F, middle), and increased when mice retrieved reward (Figure 3F, right). The 

response signal did not vary as a function of spatial location relative to implanted 

hemisphere (Figure S3). After averaging calcium signals for each animal during the 2 

seconds preceding each event (Figure 3G), we observed significantly elevated FSI activity 

before cue presentation on correct versus omission trials (Trial x Group: F1,8=10.41, 

p=0.012), and before the response on correct versus premature trials (Trial x Group: 

F1,8=9.34, p=0.016). Incorrect responses were not analyzed, as they represented <2% of all 

trials. Altogether, these data show reduced FSI activity predicts poor behavioral performance 

in the form of premature responses.

Effects of FSI Manipulations on Projection Neurons

Given the relationship between FSI activity and behavioral performance in the 5-CSRTT, our 

next goal was to determine the effects of directly manipulating FSI activity in vivo. We 

assessed the efficacy of optogenetic and chemogenetic FSI manipulations by analyzing 

interactions with medium spiny projection neurons (MSNs) in the NAc core. First, we used 

red-shifted optogenetic actuators to manipulate FSI activity while recording GCaMP signal 

from MSNs with fiber photometry (Figure 4A,B). Stimulation of FSIs expressing 

ChrimsonR decreased the GCaMP signal from MSNs (Figure 4C). To optogenetically inhibit 

FSIs, we expressed halorhodopsin (eNpHR3.0), a chloride pump that produces robust 

neuronal hyperpolarization (33, 53, 54). Inhibition of FSIs expressing halorhodopsin 

increased GCaMP signal from MSNs (Figure 4D), with a robust difference between the 

effects of optogenetic activation and inhibition of FSIs (F1,6=17.37, p=0.006; Figure 4E).

We also measured synaptic interactions between FSIs and MSNs using whole-cell patch-

clamp electrophysiology. To stimulate FSIs and their synaptic outputs, we injected PV-2A-

Cre mice with a Cre-dependent AAV expressing ChIEF, an engineered hybrid of 

channelrhodopsin-1 and channelrhodopsin-2 with optimized biophysical properties (55, 56). 

We then prepared acute brain slices and performed voltage-clamp recordings from 

uninfected MSNs, evoking optical inhibitory post-synaptic currents (oIPSCs) with blue light 

pulses (Figure 4F). Some PV-2A-Cre mice were co-injected with Cre-dependent AAVs 

expressing ChIEF as well as a Gi-coupled chemogenetic actuator, hM4Di (57). In these 

mice, activation of hM4Di with clozapine-N-oxide (CNO) substantially reduced oIPSC 

amplitude (F1,8=413.73, p<0.001; Figure 4G). In slices from control animals that were not 
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injected with hM4Di, CNO had no effect but oIPSCs were blocked by picrotoxin (100 μM), 

a GABAA receptor antagonist (F1,8=200.10, p<0.001; Figure 4H).

Chemogenetic Inhibition of FSIs Increases Impulsivity

To translate this chemogenetic manipulation of FSI activity to behavioral performance of the 

5-CSRTT, PV-2A-Cre mice and wild-type littermates received bilateral injections of an AAV 

expressing Cre-dependent hM4Di (Figure 5A), with infection largely confined to the NAc 

core (Figure S4). Current-clamp recordings confirmed that CNO (10 μM) decreased the 

intrinsic excitability of infected FSIs in acute brain slices (Figure 5B), significantly reducing 

maximum firing rate and hyperpolarizing the resting membrane potential (Figure S5). When 

mice reached the last stage of training, we injected saline or CNO (2 mg/kg) 30 minutes 

before testing on separate days, followed by tests of impulsivity and attention (see Figure 1) 

under the same conditions on subsequent days.

In PV-2A-Cre mice, there was no change in total trial number after injection of CNO versus 

saline (Table S2). However, the percentage of premature trials increased significantly after 

injection of CNO versus saline (F1,12=7.15, p=0.020; Figure 5C, left; Figure S6A), with 

large effect sizes in both females (ηp
2=0.728) and males (ηp

2=0.344). This effect was not 

observed in wild-type littermates (F1,12<1; Figure 5C, right; Figure S6A), demonstrating 

dependence on hM4Di expression. Comparison of difference scores (CNO-saline) between 

genotypes confirmed a specific effect on premature responses (F1,24=6.39, p=0.018), with no 

significant change in other trial types (Figure 5D) or the number of perseverative responses 

(PV-2A-Cre: 1.71±1.76; wild-type: 2.86±1.13; F1,24<1). Importantly, chemogenetic 

inhibition of FSIs did not affect latencies to respond or retrieve reward (Figure S6B,C), nor 

did it alter locomotor activity in an open field (Figure S7)

In the impulsivity test (Figure S8), CNO administration increased premature responses in 

PV-2A-Cre mice when the ITI was relatively long. This pattern was evident in difference 

scores, which revealed a significant Group x ITI interaction (F1,24 =3.82, p=0.043), with no 

effect of CNO in the wild-type control group (Figure 5E). In the attention test (Figure S9), 

there was an increase in correct trials following CNO injection in PV-2A-Cre mice, but no 

significant changes in other trial types or differences with wild-type littermates.

Temporally Delimited Optogenetic Inhibition of FSIs Increases Impulsivity

The preceding chemogenetic manipulation was effective, but lacks the temporal precision of 

our fiber photometry recordings, which showed sustained FSI activity on correct trials 

during the ITI. To provide temporally precise inhibition of FSI activity, we used a 

halorhodopsin-based optogenetic strategy (33) already validated with fiber photometry (see 

Figure 4D). PV-2A-Cre mice received bilateral injections of an AAV expressing Cre-

dependent eNpHR3.0 or eYFP (Figure 6A), followed by chronic implantation of fiber-optic 

cannulae above the sites of virus injection in the NAc core (Figure S10). Current-clamp 

recordings in acute brain slices confirmed that amber light (593 nm) hyperpolarized infected 

FSIs, effectively preventing and interrupting action potentials (Figure 6B,C).

When mice reached the last stage of training, we conducted test sessions with interleaved 

presentation of three trial conditions: light delivery throughout the ITI, light delivery during 
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cue presentation, or no light (i.e., control) (Figure 6A, bottom). In mice expressing 

eNpHR3.0 in NAc FSIs (Figure 6D, left), light delivery throughout the ITI significantly 

increased the percentage of premature trials (F2.14=65.60, p<0.001) and decreased the 

percentage of correct trials (F2,14=5.11, p=0.022), relative to the dark control condition 

(p<0.05, LSD post-hoc test). Light delivery during the cue had no effect in mice expressing 

eNpHR3.0, and the eYFP control group showed no significant effect of light delivery under 

any condition (Figure 6D; Figure S11A,B). Total trial number was similar in eNpHR3.0 and 

eYFP groups (Table S3). Comparison of difference scores (ITI-control) between groups 

confirmed a specific effect on premature responses in mice expressing eNpHR3.0 

(F1,11=34.86, p<0.001), with large effect size in both females (ηp
2=0.851) and males 

(ηp
2=0.629), and no significant change in other trials types (Figure 6E). Optogenetic 

inhibition of FSIs also did not change latencies to respond or retrieve reward (Figure 

S11C,D).

To corroborate the specificity of these effects, we performed optogenetic manipulation in the 

same cohort of mice during tests of impulsivity and attention. We adopted a simplified trial 

structure that involved randomized light delivery during the ITI for the impulsivity test or 

during the cue for the attention test, and compared either trial type to interleaved control 

trials. In the attention test, there were significant Group x Cue interactions for correct trials 

(F3,33=3.62, p=0.023) and omissions (F3,33=4.55, p=0.009), with different effects at 2.5- and 

5-second cue durations (Figure S12). A clearer pattern emerged in the impulsivity test, 

where a significant Group x ITI interaction (F3,33=3.14, p=0.038) indicated that optogenetic 

inhibition of FSIs caused more premature responses at longer ITIs (Figure 6F), as well as 

fewer correct responses (Figure S13). Collectively, these data indicate sustained activity of 

FSIs in the NAc core is necessary to constrain premature responses in the 5-CSRTT, and that 

disruption of FSI function can lead to impulsive behavior.

DISCUSSION

Decades of research clearly implicate the NAc in controlling multiple facets of impulsivity, 

but the contribution of specific cell types within this heterogeneous brain region has 

remained unclear. In this study, we focused on the contribution of FSIs, which are few in 

number but exert powerful inhibitory control over MSN output from the NAc (22–25). We 

used PV-2A-Cre transgenic mice to monitor and manipulate the activity of FSIs in the NAc 

core. Our data suggest the sustained activity of these cells positively correlates with 

successful control of impulsive behavior in the 5-CSRTT. Furthermore, using chemogenetic 

and optogenetic methods to inhibit FSIs in the NAc core, we observed more impulsive 

behavior across a range of task conditions. These findings indicate FSIs in the NAc core play 

a key role in impulse control.

The sparse distribution of FSIs in the NAc has historically made these cells difficult to study. 

FSIs represent fewer than 1% of all neurons in the dorsal striatum of rodents (58), with 

immunohistochemical and electrophysiological evidence suggesting FSIs are even less 

abundant in the NAc (59, 60). Several aspects of our experimental design facilitated analysis 

of these scarce interneurons, including bulk calcium imaging of NAc tissue with fiber 

photometry and jGCaMP7s, a recently developed and highly sensitive genetically encoded 
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calcium indicator (51). This approach enabled real-time monitoring of FSI activity in the 

NAc core as mice performed the 5-CSRTT. On correct trials, FSI activity was sustained 

during the ITI, then declined after cue presentation and nose poke in the appropriate 

location. In contrast, FSI activity declined during the ITI on premature trials, and remained 

low at the time of premature response. To move beyond correlations between FSI activity 

and behavior, we used chemogenetic and optogenetic approaches to specifically inhibit FSIs 

in the NAc core. Both manipulations increased the frequency of premature responses, 

directly linking FSI activity with successful impulse control. Importantly, CNO injection and 

light delivery had no effect in control animals, demonstrating specificity in the behavioral 

effects of these manipulations.

Compared to these effects on impulsivity, manipulations of NAc FSIs had no consistent 

effect on sustained attention in the 5-CSRTT. Chemogenetic inhibition tended to reduce 

omissions in the impulsivity and attention tests, with a corresponding increase in correct 

responses. However, these trends were not apparent under standard task conditions (Stage 8) 

or with optogenetic inhibition. The chronic nature of chemogenetic FSI inhibition could 

provoke compensatory changes in GABA release from other sources, such as low-threshold 

spiking interneurons or local MSN collaterals (61). The attention and impulsivity tests 

introduce novel task conditions, which may enhance recruitment of low-threshold spiking 

interneurons (62), leading to co-release of GABA and other neuromodulators (nitric oxide, 

somatostatin, neuropeptide Y) that affect attention. Regardless of the explanation for this 

inconsistency, our findings contrast with studies of FSIs in prefrontal cortex, which are also 

active during the ITI but appear to sustain attention in the 5-CSRTT (32).

Our data show FSIs form strong inhibitory synaptic connections onto MSNs in the NAc, as 

previously reported in brain slices (22–25). By combining optogenetics and fiber 

photometry, we found that FSIs in the NAc core negatively modulate calcium signals from 

surrounding MSNs, consistent with a net inhibitory influence of NAc FSIs on MSN activity 

in vivo. The increased impulsivity observed after chemogenetic or optogenetic FSI inhibition 

is thus likely to involve disinhibition of NAc output from MSNs. We speculate that the 

amount of GABA released by FSIs may be a key factor controlling impulsivity, since highly 

impulsive rats have decreased NAc GABA levels (19), but no apparent change in the number 

of GABA receptors (63). Local MSN collaterals are another potential source of GABA 

release (61), but highly impulsive rats have lower expression of glutamate decarboxylase in 

the NAc core (18), and this key GABA synthetic enzyme is encoded by two genes (Gad1 
and Gad2) highly expressed by FSIs (64). Reduced GABA synthesis by FSIs may thus 

contribute to increased impulsivity observed after local knockdown of glutamate 

decarboxylase expression in the NAc core (18).

Our data are consistent with evidence that FSI activity in the dorsal striatum can delay goal-

directed actions (65). Other evidence suggests these cells suppress inappropriate movements 

and actions: striatal FSIs are lost in Tourette’s syndrome (66), and experimental disruptions 

of FSIs in the rodent striatum produce abnormal behaviors, including motor stereotypies and 

dyskinesias (67–71). These multiple functions are consistent with the fact that FSIs exert a 

strong inhibitory influence over both striatonigral and striatopallidal MSNs (28, 72), 

pointing to a multifaceted role in regulating action selection and choice execution (73, 74). 
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Regulation of learning (33, 34) and habit formation (35) likely involves plasticity of 

inhibitory FSI synapses onto MSNs, as well as plasticity of excitatory synaptic inputs to 

FSIs themselves (23, 75). However, maladaptive engagement of FSI plasticity could 

contribute to addiction and other disease states (36, 37, 76). The present findings thus have 

broad implications for understanding addiction and other neuropsychiatric disorders 

associated with impulsivity and associated dysfunction of limbic neurocircuitry (2, 8, 11, 

77).
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Figure 1. The 5-choice serial reaction time task (5-CSRTT) in mice.
(A) (top) Trial outcomes in the 5-CSRTT. (bottom) Timeline of individual trials in the 5-

CSRTT. Arrows indicate nose poke response. P, premature; C, correct; I, incorrect; O, 

omission. (B) Progression of mice in 5-CSRTT training. (C) In a test of attention at early 

and late training phases of the 5-CSRTT, percentage of correct, and omission trials varied by 

cue duration. (D) In a test of impulsivity at early and late training phases of the 5-CSRTT, 

the percentage of premature, correct, and incorrect trials varied by inter-trial interval (ITI) 

duration. n = 16 mice (8 female, 8 male).*p<0.05 for the indicated main effect or interaction.
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Figure 2. Optogenetically-evoked calcium signals from fast-spiking interneurons (FSIs) in the 
nucleus accumbens (NAc) core.
(A) Viral injection of Cre-dependent ChrimsonR and jGCaMP7s into the NAc core of 

PV-2A-Cre mice (n = 7; 4 male, 3 female). Inset shows photometry signal on a single 

representative trial. (B) (left) Visualization of fiber photometry implant placed above FSIs 

co-expressing (red) ChrimsonR and (green) jGCaMP7s (ac, anterior commissure; scale bar, 

100 μm). (right) Magnified image of a single FSI (scale bar, 10 μm). (C) Setup for 

simultaneous in vivo optogenetic light stimulation and fiber photometry monitoring. 

Optogenetically-evoked jGCaMP7s signal measured in vivo by varying (D) stimulation 

frequency (0, 5, 10, 20 Hz; n = 20 trials each), (E) pulse number (0, 1, 2, 5, 10, 20; n = 20 

trials each), or (F) light power (0, 0.5, 1, 2 mW; n = 20 trials each). *p<0.05 for the 

indicated main effect.
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Figure 3. Fast-spiking interneuron (FSI) activity within the nucleus accumbens (NAc) core 
predicts trial outcome in the 5-choice serial reaction time task (5-CSRTT).
(A) Fiber photometry setup for in vivo monitoring of jGCaMP7s expressed by FSIs during 

the 5-CSRTT. (B) Timeline of the 5-CSRTT, including events for fiber photometry analysis. 

Arrows indicate nose poke response. T, trial onset; P, premature; C, correct; I, incorrect; O, 

omission. (C) Example fiber photometry signal across various trial types in PV-2A-Cre mice 

expressing (top) jGCaMP7s or (bottom) eYFP. (D) Fiber photometry signal aligned to trial 

onset for mice expressing (left) jGCaMP7s (trials: correct, 919; premature, 425; omission, 

4871) or (right) eYFP (trials: correct, 1336; premature, 305; omission, 3697). (E) Fiber 
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photometry data averaged within animal for jGCaMP7s (mice: n = 6: 3 male, 3 female) or 

eYFP (mice: n = 6: 3 male, 3 female). (F) Fiber photometry signal from mice expressing 

jGCaMP7s aligned to (left) cue, (middle) nose poke response, or (right) magazine entry for 

food reward. (G) Fiber photometry data averaged within animal. Bar graphs represent 

normalized dF/F values averaged over two seconds following (trial onset) or prior to (cue, 

response) each aligned event. *p<0.05, LSD post-hoc test.
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Figure 4. Fast-spiking interneurons (FSIs) inhibit medium spiny neurons (MSNs) in the nucleus 
accumbens (NAc) core.
(A) (left) Visualization of fiber photometry implant placed above FSIs expressing 

ChrimsonR (red) and MSNs expressing jGCaMP7s (green; ac, anterior commissure; scale 

bar, 100 μm). (right) Magnified image of FSI-MSN juxtaposition (scale bar, 10 μm). (B) 

Setup for simultaneous red-shifted optogenetic manipulation (pulsed for ChrimsonR, 

constant for eNpHR3.0) and fiber photometry monitoring in vivo. (C) (left) Viral co-

injection of Cre-dependent ChrimsonR to excite FSIs with Cre-inactivated jGCaMP7s to 

monitor MSNs. Insets show photometry signal on a single representative trial. (right) MSN 

signal decreases from baseline during FSI excitation (green, n=20 trials/mouse), compared 
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to no stimulation trials (black, n=20 trials/mouse) (n=5 male mice). (D) (left) Viral co-

injection of Cre-dependent NpHR3.0 to inhibit FSIs with CaMKII-promoted GCaMP6f to 

monitor MSNs. Insets show photometry signal on a single representative trial. (right) MSN 

signal increases from baseline during FSI inhibition (green, n=20 trials/mouse), compared to 

no stimulation trials (black, n=20 trials/mouse) (n=3 male mice). (E) Significant difference 

in MSN signal between FSI excitation and inhibition. *p<0.05, main effect of group. (F) 

Viral co-injection of Cre-dependent ChIEF, with or without Cre-dependent hM4Di. Inset 

shows an optogenetically-evoked inhibitory postsynaptic current (oIPSC, black) blocked by 

picrotoxin (100 μM, gray). (G) oIPSCs in slices co-expressing hM4Di were reduced by bath 

application of clozapine-N-oxide (CNO, 10μM, red bar) (ChIEF only, n=4 male cells; ChIEF

+hM4Di, n=7 cells; 3 female, 4 male). Inset shows an example trace before (black) and after 

(red) CNO, from a slice expressing ChIEF+hM4Di. (H) oIPSCs were significantly reduced 

by chemogenetic inhibition (red) or picrotoxin (PTX, gray; n=3 male cells). *p<0.05, main 

effect of group.
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Figure 5. Chemogenetic inhibition of fast-spiking interneurons (FSIs) increases premature 
responses in the 5-choice serial reaction time task (5-CSRTT).
(A) (left) Bilateral viral injection of Cre-dependent hM4Di into the NAc core of PV-2A-Cre 

or wild-type (Cre-) mice, and (right) histological verification of hM4Di expression (scale 

bar, 1 mm). (B) Whole-cell current-clamp recording of a representative FSI before (left) and 

after (right) bath application of CNO (10 μM). Red trace indicates lowest input current 

needed to elicit spiking (rheobase) before CNO application. (C) Trial outcomes for the final 

stage of the 5-CSRTT in (left) PV-2A-Cre (n=14, 10 male, 4 female) and (right) wild-type 

(n=14; 7 male, 7 female) mice following injection of saline or CNO (2 mg/kg). *p<0.05, 

main effect of treatment. (D) Systemic administration of CNO (2 mg/kg) selectively 

increased the percentage of premature trials in PV-2A-Cre mice expressing hM4Di. *p<0.05, 

main effect of group. (E) In the impulsivity test, systemic administration of CNO (2 mg/kg) 

increased the percentage of premature trials in PV-2A-Cre mice, especially at longer ITIs. 

*p<0.05, LSD post-hoc test. #p<0.05, group x ITI interaction.
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Figure 6. Optogenetic silencing of fast-spiking interneurons (FSIs) during the inter-trial interval 
(ITI) increases impulsive behavior in the 5-choice serial reaction time task (5-CSRTT).
(A) (top) Bilateral viral injection of Cre-dependent eNpHR3.0 (n=9; 6 male, 3 female) or 

eYFP (n=6; 3 male, 3 female) into the NAc core of PV-2A-Cre mice; (bottom) trial types 

for 5-CSRTT testing; (right) histological verification of fiber-optic placement and 

eNpHR3.0 expression (ac, anterior commissure; scale bars, 1 mm). (B) Whole-cell current-

clamp recording of a representative FSI expressing NpHR3.0 (left) before and (right) after 

optogenetic inhibition. (C) Light interrupts spiking of a FSI. (D) Trial outcomes for the final 

stage of the 5-CSRTT in PV-2ACre mice expressing (left) eNpHR3.0 (n=9; 6 male, 3 

female) or (right) eYFP (n=6; 3 male, 3 female) across the three trial types. *p<0.05, LSD 

post-hoc test. (E) Optogenetic inhibition during the ITI significantly increased the 

percentage of premature trials in eNpHR3.0-expressing mice. *p<0.05, main effect of group. 

(F) During the impulsivity test, optogenetic inhibition during the ITI increased the 

percentage of premature trials in eNpHR3.0-expressing mice, especially at longer ITIs. 

*p<0.05, LSD post-hoc test. #p<0.05, group x ITI interaction.
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Table 1.

Training protocol for the 5-CSRTT.

Training Stage ITI Length (sec) Cue Duration (sec)

1 N/A ∞ (all cues)

2 N/A ∞ (single cue)

3 2.5 20

4 5 10

5 5 8

6 5 4

7 5 – 10 4

8 5 – 10 2

Impulsivity Test 2.5, 5, 10, 20 5

Attention Test 5 2.5, 5, 10, 20
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KEY RESOURCES TABLE

Resource Type Specific Reagent or Resource Source or Reference Identifiers

Antibody Anti-GFP monoconal antibody (3E6) - mouse Invitrogen #A-11120

Antibody Anti-RFP polyclonal antibody (pre-absorbed) - rabbit Rockland 600-401-379

Antibody Donkey anti-rabbit Alexa Fluor 647 IgG Abcam ab150075

Antibody Goat anti-mouse Alexa Fluor 405, 488 or 647 IgG Abcam 600-401-379

Mouse Pvalb-T2A-Cre mouse Jackson Laboratory #012358

Virus pAAV-Syn-FLEX-rc[ChrimsonR-tdTomato] Gift from Edward Boyden via 
Addgene #62723

Virus pGP-AAV-CAG-FLEX-jGCaMP7s-WPRE Gift from Douglas Kim via 
Addgene #104495

Virus pGP-AAV-CAG-DO-jGCaMP7s-WPRE University of Minnesota Viral 
Core N/A

Virus AAVdj-EF1a-FLEX-eYFP Stanford Viral Core AAV-13

Virus AAV8-hSyn-FLEX-hM4Di-mCherry Addgene #44362-AAV8

Virus AAV5.EF1a.DIO.eNpHR3.0.mCh Gift from Brandon Harvey via 
Addgene #47631-AAV5

Virus pAAV-EF1a-DIO-CHieF-Venus Gift from Marc Fuccillo

Fiber Photometry 
Workstation RZ5P Tucker Davis Technologies

Fiber Photometry Mini 
Cube Doric Lenses

Fiber Photometry LEDs M470F3, M405F1, M595F2 Thor Labs

Fiber Photometry Implants MFC_400/430–0.48_6mm_MF1.25_FLT Doric Lenses

Fiber Photometry 
Photoreceiver Model 2151, FC Adapter Newport

Optogenetic Fiber-Optic 
Implants 0.5NA fiber, ceramic ferrule ThorLabs FP200ERT, 

CFLC230

Optogenetic Laser SDL-593–050MFL Shanghai Dream Lasers

RNAscope Multiplex 
Fluorescent Assay Advanced Cell Diagnostics

RNAscope Probe Pthlh Advanced Cell Diagnostics 456521

RNAscope Probe Pvalb Advanced Cell Diagnostics 421931-C2

RNAscope Probe tdTomato Advanced Cell Diagnostics 317041-C3

Clozapine-N-Oxide HB6149 Hello Bio
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