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Abstract 32 

The claustrum connects with a broad range of cortical areas including the prefrontal cortex 33 

(PFC). However, the function of the claustrum (CLA) and its neural projections remains largely 34 

unknown. Here, we elucidated the role of the neural projections from the claustrum (CLA) to the 35 

PFC in regulating impulsivity in male rats. We first identified the CLA-PFC pathway by 36 

retrograde tracer and virus expression. By using immunofluorescent staining of the c-Fos 37 

positive neurons, we showed that chemogenetic activation and inhibition of the CLA-PFC 38 

pathway reduced and increased overall activity of the PFC, respectively. In the 5-choice serial 39 

reaction time task (5-CSRTT), we found that chemogenetic activation and inhibition of the 40 

claustrum-prefrontal cortex pathway increased and reduced the impulsive-like behavior (i.e. 41 

premature responses), respectively. Furthermore, chemogenetic inhibition of the CLA-PFC 42 

pathway prevented methamphetamine-induced impulsivity, without affecting methamphetamine-43 

induced hyperactivity. In contrast to the role of CLA-PFC pathway in selectively regulating 44 

impulsivity, activation of the claustrum disrupted attention in the 5-CSRTT. These results 45 

indicate that the CLA-PFC pathway is essential for impulsivity. This study may shed light on the 46 

understanding of impulsivity-related disorders such as drug addiction. 47 

 48 
 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 
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Significance Statement 59 

The claustrum is one of the most mysterious brain regions. Although extensive anatomical 60 

studies demonstrated that the claustrum connects with many cortical areas, the function of the 61 

neural projections between the claustrum and cortical areas remain largely unknown. Here, we 62 

showed that the neural projections from the claustrum to the prefrontal cortex regulates 63 

impulsivity by using the designer drugs (DREADDs)-based chemogenetic tools. Interestingly, 64 

the claustrum-prefrontal cortex pathway also regulates methamphetamine-induced impulsivity, 65 

suggesting a critical role of this neural pathway in regulating impulsivity-related disorders such 66 

as drug addiction. Our results provided preclinical evidence that the claustrum-prefrontal cortex 67 

regulates impulsivity. The claustrum-prefrontal cortex pathway may be a novel target for the 68 

treatment of impulsivity-related brain disorders.  69 
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Introduction 70 

Impulsivity is generally defined as actions which are poorly conceived, prematurely expressed, 71 

unduly risky or inappropriate to the situation and that often results in undesirable consequences 72 

(Dalley et al., 2011). Deficits in impulse control is a crucial symptom in several psychiatric 73 

disorders, such as drug addiction, attention-deficit/hyperactivity disorder, and schizophrenia.  74 

Impulse control requires appropriate function and coordination of several brain systems. For 75 

example, the prefrontal cortex (PFC)-striatal circuitry plays essential roles in regulating 76 

cognition, attention, and impulsivity (Miller, 2000; Kim and Lee, 2011).  77 

 78 

Recent studies showed that the claustrum (CLA), a brain region next to the insular cortex, 79 

directly innervates the PFC (Goll et al., 2015; Jackson et al., 2018). It was hypothesized that the 80 

CLA might be a center of consciousness because of the highest connectivity and specific 81 

architecture of the CLA (Crick and Koch, 2005; Goll et al., 2015). Recent studies suggested that 82 

the CLA interacts with many cortical areas and plays critical roles in some fundamental 83 

functions of the brain (Kim et al., 2016; Brown et al., 2017). However, the neurobiological 84 

function of the CLA is largely understudied.  85 

 86 

Previous studies have used several behavioral tasks to measure impulsivity in animals. The 87 

five-choice serial-reaction time task (5-CSRTT) is the most widely used task evaluating attention 88 

and impulsive-like behavior (Bari et al., 2008). In particular, the 5-CRSTT has been used to 89 

study the underlying mechanism, including neuroanatomy and neurochemistry of impulsivity 90 

(Robbins, 2002; Dalley et al., 2011). For example, it was shown that pathological alterations in 91 

the PFC is linked to impaired inhibitory control in the 5-CSRTT (Bari and Robbins, 2013). 92 

 93 

In this study, by using the 5-CSRTT in rats, we aimed to investigate the function of the CLA-94 

PFC pathway in regulating attention and impulsivity. We confirmed the connectivity between the 95 
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CLA and the PFC by using fluorescent tracer and viruses. We examined the effects of 96 

chemogenetic modulation of the CLA and the CLA-PFC pathway on the performance of 5-97 

CSRTT. We also investigated the effects of chemogenetic modulation of the CLA-PFC pathway 98 

on methamphetamine-induced impulsivity.   99 

 100 

Materials and Methods 101 

Subject 102 

Adult male Sprague–Dawley rats (initial weight 250–280 g; Envigo, Indianapolis, IN) were 103 

housed individually on a 12/12-h light/dark cycle (behavioral experiments were conducted 104 

during the light period) with free access to water and food except during experimental sessions. 105 

Rats were maintained and experimental procedures were approved by the Institutional Animal 106 

Care and Use Committee, University at Buffalo, the State University of New York, and with the 107 

2011 Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal 108 

Resources on Life Sciences, National Research Council, National Academy of Sciences, 109 

Washington DC). 110 

 111 

Drugs  112 

Drugs used in this study included clozapine-n-oxide (CNO; Research Triangle International, Log 113 

No.:13626-103; requested from National Institute of Drug Abuse Drug Supply Program, 114 

Rockville, MD), Fluoro-Gold (hydroxystilbamidine; Cat No.: 80014; Biotium, Inc., Fremont, CA), 115 

and methamphetamine (METH; National Institute of Drug Abuse, Rockville, MD). All drugs were 116 

dissolved in 0.9% physiological saline. Doses of CNO (intracranial: 1 mM, 0.5 μl/side; i.p.: 1 117 

mg/kg), Fluoro-Gold (3 % in saline, 0.3 μl/side), and METH (0.3 and 1 mg/kg, i.p.) were based 118 

on previous studies (Siemian et al., 2017; Wakabayashi et al., 2019).  119 

 120 
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Adeno-associated virus (AAV) 121 

To modulate the activity of the CLA, we bilaterally injected AAV viruses expressing the 122 

excitatory DREADD (hM3D) or inhibitory DREADD (hM4D) into the CLA. All viruses (AAV2/10-123 

CMV-hM3D-mCherry, AAV2/10-CMV-hM4D-mCherry, and AAV2/10-CMV-mCherry) used in the 124 

present study were provided and verified by Dr. Caroline Bass.  125 

 126 

Stereotaxic surgeries and intracranial injections 127 

These procedures were based on our previous studies (Liu et al., 2017; Yan et al., 2018). The 128 

rats (weighing 280-300 g when surgery began) were anesthetized with ketamine and xylazine 129 

(75 and 5 mg/kg, respectively, i.p.). We bilaterally injected AAV2/10-CMV-hM3D-mCherry, 130 

AAV2/10-CMV-hM4D-mCherry, or AAV2/10-CMV-mCherry into the CLA (0.6 μl/ side) with 5 μl 131 

Hamilton syringes (REF #: 84851) connected with 33 gauge injectors (REF #:: 7762-06; 132 

Hamilton Company, Reno, NV). To maximize the selectivity of viral expression in the CLA, we 133 

microinjected AAV viruses into two adjacent coordinates for the CLA (each 0.3 134 

μl/side/coordinate): [angle, 4°; anterior/posterior (AP), +1.0 mm; medial/lateral (ML), ±4.84 mm; 135 

dorsal/ventral (DV), −6.08 mm] and [angle, 4°; AP, +1.8 mm; ML, ±4.22 mm; DV, -5.92 mm. The 136 

viruses were microinjected at a rate of 0.05 μl/ min, and the injection needles were kept in place 137 

for an additional 5 min to allow for diffusion. Guide cannulae (26 gauge; Plastics One, Roanoke, 138 

VA, USA) were bilaterally implanted 1 mm above the PFC(Liu et al., 2017): angle, 10°; 139 

anterior/posterior (AP), +2.55 mm; medial/lateral (ML), ±1.6 mm; dorsal/ventral (DV), −2.5 mm. 140 

The cannulae were anchored to the skull with 3-4 stainless-steel screws and dental cement. A 141 

stainless-steel dummy was inserted into each cannula to keep it patent and to prevent infection. 142 

The rats were allowed to recover for at least 1 week after stereotaxic surgery. CNO (1 mM, 0.5 143 

μl /side) or saline was freshly prepared before the experiments and microinjected bilaterally over 144 

1 min via microinjection needles (33 gauge; Plastics One, Roanoke, VA, USA) that were 1 mm 145 

longer than the cannulae. The injection needles were kept in place for an additional 1 min to 146 
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allow for drug diffusion. The cannula placements were confirmed in 20-μm-thick sections using 147 

Nissl staining under light microscopy after all behavioral tests.  148 

 149 

Experimental Design and Statistica Analysis 150 

 151 

Five-choice serial-reaction time task (5-CSRTT) 152 

Rats were trained under a 5-CSRTT procedure according to a published protocol and our 153 

previous study (Bari and Robbins, 2013; Xue et al., 2018). Sessions were conducted in 154 

standard chambers designed for the 5-CSRTT (Med Associates, Inc., Georgia, VT) measuring 155 

within sound-attenuating, ventilated enclosures. Session programs were controlled and data 156 

collected through a PC-interface setup and Med-PC IV software (Med Associates, Inc.). Briefly, 157 

sessions began with illumination of the house light and food magazine and delivery of one food 158 

pellet (45 mg dustless precision pellets; Bio Serv Inc., Frenchtown, NJ). Once the food pellet 159 

was collected, the ITI began and only the house light was illuminated. At the end of the ITI, one 160 

of the five response holes on the chamber wall opposing the food magazine was illuminated for 161 

a brief amount of time, the stimulus duration (SD). A correct response into this hole within the 162 

limited hold (LH) period turned off the target stimulus, turned on the food magazine light, and 163 

delivered one food pellet. Once the food pellet was collected, the next ITI began. The target 164 

stimulus varied pseudorandomly between trials. A response into the non-target hole was 165 

considered an incorrect response, and a failure to respond was considered an omission; each 166 

caused a 5 s timeout period in which all chamber lights were extinguished, followed by an 167 

initiation of the next ITI. Responses during the ITI prior to target stimulus presentation also 168 

caused a timeout and were considered as premature responses.  169 

      Sessions lasted for 100 total trials or 60 min, whichever occurred first, and rats were trained 170 

7 days per week. At the onset of training, the SD, LH, and ITI were 30, 30, and 5 s, respectively. 171 

Over the course of training, the SD and LH decreased according to each rat's performance(Bari 172 
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et al., 2008). Once the SD and LH reached 2.5 and 5 s, respectively, the LH remained constant 173 

for the rest of the experiment. The SD was further adjusted by 0.25 s increments until 174 

performance was maintained at a stable level of >70% accuracy and <30 omissions for three 175 

consecutive sessions. The final SD was set at 1.0 s. The ITI was set at 5s in a regular test, 176 

whereas it was increased to 15 s in the challenge test. The challenge test lasted for 100 total 177 

trials or 2 hours, whichever occurred first. In the present study, all rats finished the challenge 178 

test in 2 hours. Rats were always placed in the testing chambers and allowed to habituate for 5 179 

min prior to the start of the session, and three days of additional training (the performance 180 

achieved the stable level of >70% accuracy and <30 omissions) were interspersed between 181 

tests. CNO (1 mM, 0.5 μl/side) or saline (0.5 μl/side) was microinjected into the PFC 5 min 182 

before tests. Intraperitoneal injections of CNO (1 mg/kg) or saline (1 ml/kg) was conducted 30 183 

min before tests.  184 

 185 

Locomotor activity test  186 

Locomotor activity was recorded by an infrared motion-sensor system (AccuScan Instruments) 187 

fitted outside plastic cages (40 × 40 × 30 cm) (Liu et al., 2018). The plastic cages contained a 188 

thin layer of corn cob bedding and were cleaned between each test session. The Fusion 189 

activity-monitoring system software monitors infrared beam breaks at a frequency of 0.01 s. The 190 

interruption of any beam not interrupted during the previous sample was interpreted as an 191 

activity score. The Versa Max animal activity monitoring software monitors the distance the rats 192 

traveled in 30 min. The locomotor activity of the rats was measured 3 weeks after expression of 193 

AAV2/10-CMV-hM3D-mCherry or AAV2/10-CMV-hM4D-mCherry. CNO (1 mM, 0.5 μl/side) or 194 

saline (0.5 μl/side) was microinjected into the PFC 5 min before the test session started. 195 

 196 

Methamphetamine (METH)-induced hyperactivity 197 
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The above described locomotor chambers were used. Three weeks after viral injection 198 

(AAV2/2/10-CMV-hM4D-mCherry) into the CLA, rats were habituated in the chambers for two 199 

days (45 min/day). In the test, rats were placed in the chambers for 25-min habituation followed 200 

by saline (1 ml/kg, i.p.) or METH (1 mg/kg, i.p.) injections. The two tests (saline/ METH) were 201 

separated by one day with a 45-min habituation. A total of 20 min movement was recorded after 202 

injections (Siemian et al., 2017).  203 

 204 

Immunofluorescent staining 205 

Immunofluorescent staining methods were similar as described in our previous study (Liu et al., 206 

2018). Rats were perfused with 4% paraformaldehyde, and the brains were removed and post-207 

fixed for 24 h. For the c-Fos experiment, rats were perfused with 4% paraformaldehyde 90 min 208 

after microinjection of CNO or saline. The brains were then sectioned coronally with a 209 

microtome into 20 μm thick sections. The free-floating tissue sections were washed three times 210 

(10 min each) in PBS followed by 50-min incubation in blocking buffer (3% donkey serum, 0.3% 211 

tritonX100). Sections were then incubated overnight at 4 °C in primary antibodies diluted in PBS 212 

with 3% normal donkey serum and 0.3% Tween-20: anti-c-Fos (1:500), anti-mCherry (1:500), 213 

anti-Fluorogold (1:500). Alexa Fluor 488-conjugated or Alexa Fluor 594-conjugated secondary 214 

antibodies were diluted 1:500 in PBS. All antibodies were purchased from Abcam (Cambridge, 215 

MA). Sections were mounted with VECTASHIELD® Hardset™ Antifade Mounting Medium with 216 

DAPI (Cat. No: H-1500; Vector Laboratories, Inc., Burlington, ON) and stored at 4 °C. Images 217 

were taken with an Olympus IX51 fluorescence inverted microscope and Leica DMi8 218 

fluorescence inverted microscope. For the c-Fos experiment, 4-5 sections representing the PFC 219 

of each animal were selected according to the brain atlas and microinjection sites. The number 220 

of c-Fos positive cells was counted manually and was averaged for each rat. All image 221 

acquisition and analyses were conducted by investigators blind to the experimental conditions. 222 

 223 
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Statistical Analysis 224 

All results were presented as mean ± SEM, and were analyzed by the Graphpad Prism 8 225 

software (GraphPad Software, San Diego, CA). No statistical methods were used to 226 

predetermine sample sizes, but our sample sizes are similar to those reported in our previous 227 

studies (Xue et al., 2018). Behavioral tests were analyzed by ANOVAs (specifically stated in 228 

figures) followed by post hoc Bonferroni’s test. The c-Fos results were analyzed by two-tailed 229 

unpaired t tests. P < 0.05 was considered statistically significant. Injection sites and viral 230 

expression were confirmed for all animals. All rats showed correct placement of cannulae in the 231 

present study. Eight rats showing incorrect viral expression were excluded from the data 232 

analysis. 233 

 234 

Results 235 

The Claustrum Negatively Regulates the Activity of the PFC.  236 

To identify the neural projections from the CLA to the PFC, we first microinjected retrograde 237 

tracer Fluoro-Gold retrocedes into the PFC in rats (Fig. 1a,b). We found that Fluoro-Gold 238 

labeled neurons in the CLA but not neighboring brain areas (Fig. 1c,d). Then, we microinjected 239 

the adeno-associated virus (AAV)2/10-mCherry into the CLA and examined the neural terminals 240 

in the PFC (Fig. 1e). Rats infused with AAV2/10-mCherry were perfused three weeks after virus 241 

infusion. The virus was microinjected into the CLA exclusively (Fig. 1f). We observed extensive 242 

terminals expressing mCherry in the PFC (Fig. 1g).  243 

      To modulate the activity of the CLA-PFC pathway, we used the designer receptors 244 

exclusively activated by designer drugs (DREADDs)-based chemogenetic tools (Roth, 2016). To 245 

selectively activate or inhibit the CLA-PFC pathway, we microinjected the AAVs expressing 246 

excitatory DREADD hM3Dq or inhibitory DREADD hM4Di into the CLA and microinjected CNO 247 

via the cannulae implanted into the PFC (1 mM, 0.5 μl/side; Fig. 2a-c). To determine the validity 248 
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of our methods that we could modulate the activity of this pathway, we performed an 249 

immunofluorescence experiment to examine the expression of c-Fos, a marker of neuron 250 

activation, in the PFC (Fig. 2d,e). We found that microinjection of CNO into the PFC of rats 251 

expressing hM3Dq and hM4Di in the CLA suppressed and increased the number of overall c-252 

Fos positive neurons in the PFC, respectively (unpaired two-tailed t-test: hM3Dq-saline vs 253 

hM3Dq-CNO, t12 = 2.57, P = 0.02; hM4Di-saline vs hM4Di-CNO, t12 = 5.45, P < 0.001; 254 

Fig. 2f). Taken together, these results indicate that the CLA negatively control the activity of the 255 

PFC, which is consistent with a recent electrophysiological study reporting an inhibitory control 256 

of the PFC by the CLA (Jackson et al., 2018).  257 

      Before conducting the behavioral tests in the 5-CSRTT task, we would like to examine 258 

whether the CLA-PFC pathway would induce abnormal motor activity in rats. We microinjected 259 

CNO into the PFC of rats expressing hM3Dq or hM4Di in the CLA. We performed a locomotion 260 

test 10 min after microinjection to let the rats fully recover from the microinjection procedure. We 261 

observed that all groups of rats showed similar levels of locomotor activity (two-way repeated-262 

measures ANOVA; hM3Dq, F5,60 = 0.30, P = 0.91; hM4Di, F5,60 = 0.43, P = 0.82; n = 7/ 263 

group), indicating that chemogenetic modulation of the CLA-PFC pathway did not produce 264 

motor deficits (Fig. 2g).  265 

 266 

Chemogenetic activation of the claustrum disrupts attention. 267 

      Given that the CLA projects to a broad range of cortical areas (Atlan et al., 2017; White et 268 

al., 2017), we would like first to see whether chemogenetic modulation of the activity of the 269 

entire CLA affects the behavioral performances in the 5-CSRTT. We analyzed three major 270 

parameters in the 5-CSRTT task, including accuracy (correct responses/ total responses) and 271 

omissions to measure attention as well as premature responses to measure impulsivity (Bari et 272 

al., 2008) (Fig. 3A). All rats were under food restriction by following a standard protocol (Bari et 273 
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al., 2008), and food (15 g/ day) was provided one hour after the training or test session (2:00 274 

PM – 4:00 PM) each day. After being well trained in the 5-CSRTT task, rats received 275 

microinjections of AAV2/10-hM3Dq-mCherry or AAV2/10-hM4Di-mCherry into the CLA. 276 

Behavioral tests were conducted three weeks after the microinjection. CNO was administered 277 

intraperitoneally (1 mg/kg) to modulate the overall activity of the CLA (Fig. 3b). We found that 278 

activation of the CLA significantly attenuated the accuracy (Unpaired two-tailed t-test: t12 = 279 

3.01, P < 0.01; Fig. 3c) but not omissions (t12 = 0.49, P = 0.63; Fig. 3d) or premature 280 

responses (t12 = 0.75, P = 0.73; Fig. 3e), suggesting that activation of the CLA induced 281 

attention deficit. This result is consistent with recent studies suggesting critical roles of CLA in 282 

regulating other attention-related tasks (Atlan et al., 2018; White et al., 2018). However, 283 

inhibition of the overall activity of the CLA by a systemic injection of CNO (1 mg/kg, i.p.) did not 284 

change any behaviors in the 5-CSRTT task (accuracy, t12 = 0.02, P = 0.98; omissions, t12 = 285 

0.58, P = 0.57; premature responses, t12 = 0.28, P = 0.78; Fig. 3f-h). These results 286 

indicated that the claustrum participates in the regulation of attention.  287 

 288 

Chemogenetic Activation of the CLA-PFC Pathway Induces Impulsivity. 289 

      To examine the role of CLA-PFC pathway in attention and impulsivity, we first tested the 290 

effect of activation of the CLA-PFC pathway on the performances of the 5-CSRTT task (Fig. 4a). 291 

The experimental design was similar to the CLA-PFC pathway experiment as described above, 292 

except that rats were microinjected with CNO via cannulae into the PFC 10 min before the tests 293 

(Fig. 4b). Three-way ANOVA (treatment × virus × time) was conducted to analyze the last three 294 

days of training. All groups of rats (n = 10-11/group) showed the same levels of accuracy (F2,114 295 

= 0.12, P = 0.86), omissions (F2,114 = 0.22, P = 0.80), or premature responses (F2,114 = 0.49, P = 296 

0.61; Fig. 4c-e). Two-way ANOVA (treatment × virus) was separately conducted to analyze the 297 

accuracy, omissions, and premature responses in the regular and challenge tests. In a regular 298 
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test during which the inter-trial interval (ITI) was set as 5 s, we found that chemogenetic 299 

activation of the CLA-PFC pathway did not affect accuracy (F1,37 = 0.21, P = 0.65; Fig. 4f) or 300 

omissions (F1,37 = 0.32, P = 0.58; Fig. 4g), but significantly increased premature responses (two-301 

way ANOVA; F1,37 = 9.14, P = 0.004; hM3Dq-saline vs hM3Dq-CNO: t = 4.18, P < 0.01; Fig. 4h). 302 

CNO treatment did not affect the behaviors of rats microinjected with a control virus expressing 303 

mCherry (all P > 0.05; Fig. 4i-k). To further confirm the role of the CLA-PFC pathway, we 304 

performed a challenge test, during which the ITI was increased to 15 s (Amitai and Markou, 305 

2011). The premature responses of control rats were markedly increased in the challenge test 306 

(premature responses of the mCherry-saline group; regular test vs challenge test, t18 = 10.94, P 307 

< 0.01; Fig. 4h,k). Chemogenetic activation of the CLA-PFC pathway further increased 308 

premature responses (two-way ANOVA; F1,38 = 4.35, P = 0.04; hM3Dq-saline vs hM3Dq-CNO: t 309 

= 3.53, P < 0.01) without influencing accuracy (F1,38 = 1.16, P = 0.23) or omissions (F1,38 = 0.14, 310 

P = 0.72; ; Fig. 3i-k) in the challenge test. Taken together, these results indicate that activation 311 

of the CLA-PFC pathway induces impulsivity in rats. 312 

 313 

Chemogenetic Inhibition of the CLA-PFC Pathway Reduces Impulsivity. 314 

      We then asked whether the CLA-PFC pathway would regulate impulsivity bi-directionally. 315 

We used AAV2/10-hM4Di-mCherry to selectively inhibit the CLA-PFC pathway. The 316 

experimental time course was similar to what was described in the above CLA-PFC hM3Dq 317 

experiment (Fig. 4a,b), except that hM4Di virus rather than hM3Dq virus was administered into 318 

the CLA. Three-way ANOVA (treatment × virus × time) was conducted to analyze the behavioral 319 

performance in the last three days of training, indicating no significant difference in accuracy 320 

(F2,102 = 0.04, P = 0.95), omissions (F2,102 = 0.45, P = 0.64), or premature responses (F2,102 = 321 

0.74, P = 0.48) (Fig. 5a-c). Two-way ANOVA (treatment × virus) was separately conducted to 322 

analyze the accuracy, omissions, and premature responses in the regular and challenge tests. 323 

However, we did not observe any significant differences in the accuracy (F1,34 = 0.35, P = 0.56), 324 
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omissions (F1,34 = 0.12, P = 0.71), or premature responses (F1,34 = 0.08, P = 0.77) among the 325 

groups of rats in the regular test (ITI = 5s) after inhibition of the CLA-PFC pathway, indicating 326 

that inhibition of the CLA-PFC pathway did not affect behavioral performance in the regular test 327 

(Fig. 5d-f). We suspected that this might be due to a floor effect given that the premature 328 

responses were relatively low in the regular test. Interestingly, we found a significant effect on 329 

the premature responses (F1,34 = 4.23, P = 0.047) but not in the accuracy (F1,34 = 0.10, P = 0.76) 330 

or omissions (F1,34 = 0.63, P = 0.43) in the challenge test (ITI = 15 s; Fig. 5g-i). Post hoc 331 

analysis revealed that treatment of CNO reduced premature responses in the hM4Di rats (t34 = 332 

2.83, P = 0.02) but not in the mCherry rats (t34 = 0.00, P > 0.99), indicating that inhibition of the 333 

CLA-PFC pathway significantly reduced the premature responses. These results indicated that 334 

inhibition of the CLA-PFC pathway reduced impulsivity. 335 

 336 

The Claustrum-PFC pathway regulates METH-induced impulsivity. 337 

      Impulsivity plays a critical role in regulating several mental illnesses such as drug addiction 338 

(Goldstein and Volkow, 2011). For example, in our previous study, we have shown that acute 339 

treatment with methamphetamine (METH) increased premature responses in the 5-CSRTT task 340 

(Siemian et al., 2017). To determine whether the CLA-PFC pathway would affect impulsivity 341 

induced by a drug of abuse, we tested the effects of inhibition of the CLA-PFC pathway on 342 

METH-induced impulsivity in the 5-CSRTT task (Fig. 6a). Three-way ANOVA (treatment × virus 343 

× METH doses) was conducted to analyze the accuracy, omissions, and premature responses. 344 

We found that METH dose-dependently increased premature responses (main effect of METH: 345 

F2,102 = 35.56, P < 0.0001) and omissions (main effect of METH: F2,102 = 43.90, P < 0.0001). 346 

Chemogenetic inhibition of the CLA-PFC pathway reduced 1 mg/kg METH-induced premature 347 

responses (main effect of CNO treatment: F1,102 = 6.60, P = 0.01; hM4Di-saline vs. hM4Di-CNO 348 

at 1 mg/kg METH, t102 = 3.59, P = 0.03) but not omissions (main effect of CNO treatment: F1,102 349 

= 0.02, P = 0.90; Fig. 6b-d). The core property of psychostimulants is that this kind of drugs 350 
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induces hyperactivity after acute administration. We then tested whether the CLA-PFC pathway 351 

regulates METH-induced hyperactivity (Siemian et al., 2017). However, we found that 352 

chemogenetic inhibition of the CLA-PFC had no effect on METH-induced hyperactivity in a 353 

locomotor test. Two-way ANOVA analysis (CNO treatment × METH) showed a main effect of 354 

METH (F1,20 = 32.74, P < 0.001), but not main effect of CNO treatment (F1,20 = 0.02, P = 355 

0.80) or interaction of METH × CNO treatment (F1,20 = 0.04, P = 0.85; Fig. 6f) These results 356 

suggest that inhibition of the CLA-PFC pathway selectively attenuates the effect of METH on 357 

impulsivity.  358 

 359 

 360 

Discussion 361 

      The CLA connects with most parts of the neocortex (Atlan et al., 2017). Unlike the thalamic 362 

nuclei which predominately innervate layers II/III and IV of cortices (Herkenham, 1980), CLA 363 

inputs primarily target deeper layers such as IV, V and VI (LeVay and Sherk, 1981). The 364 

particular anatomical characteristics of the CLA make it a theoretically ideal brain region for 365 

processing in the context of sensation and perception (Goll et al., 2015). Interestingly, a clinical 366 

report showed that stimulation of the CLA resulted in a disruption of consciousness, e.g., a 367 

complete arrest of volitional behavior, unresponsiveness, and amnesia, suggesting that the CLA 368 

may be involved in maintaining consciousness (Koubeissi et al., 2014). However, no further 369 

similar clinical or preclinical study has been reported. Besides, because the CLA is a key note 370 

connecting a broad range of brain regions, it is hypothesized that the CLA may integrate or 371 

coordinate cortical information (Smith and Alloway, 2010; Smith et al., 2012). While there are 372 

many hypotheses of the fundamental role of the CLA, recent studies predominantly support the 373 

hypothesis that the CLA may regulate attention (Goll et al., 2015). The CLA may control the 374 

output of the cortical representations to determine which sensory modality to be attended (Goll 375 
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et al., 2015). This was indirectly tested by a recent study showing that the CLA controls the 376 

ability of resilience to sensory distractions. By using the automated two-alternative forced-choice 377 

task and a naturalistic task of maternal pup retrieval, it was demonstrated that inhibition of the 378 

CLA disrupted the behavioral performances upon introduction of a distractor, indicating a critical 379 

role of the CLA in supporting resilience to a distraction (Atlan et al., 2018). The CLA may also 380 

serve as a neural center of top-down control from the frontal cortex to modulate the sensory and 381 

motor cortical modalities. A study showed that the CLA receives rich innervation from the 382 

anterior cingulate cortex (ACC) and that optogenetic inhibition of the neural projections from the 383 

ACC to the CLA (ACC-CLA pathway) disrupted percent correct responses in the 5-CSRTT, 384 

suggesting a critical role of CLA in regulating the top-down action control (White et al., 2018). 385 

Also, the CLA may interact with the limbic regions such as hippocampus and amygdala to 386 

transmit salient information and regulate state-dependent attention (Goll et al., 2015). For 387 

example, the entorhinal cortex-projecting neurons in CLA could be activated by novel context 388 

and participated in the formation of hippocampus-dependent contextual fear memory (Kitanishi 389 

and Matsuo, 2017).  390 

      The role of the CLA in regulating attention could be explained by direct regulation of the CLA 391 

on sensory and motor cortexes. Electrical stimulation of the CLA attenuated the spontaneous 392 

activity and firing properties of visual cortical neurons in the cats (Ptito and Lassonde, 1981). 393 

Stimulation of the CLA also reduced spontaneous activity of pyramidal tract neurons in the 394 

motor cortex of cats (Crescimanno et al., 1984). While it is unclear how the electrical stimulation 395 

would activate the CLA because both excitatory pyramidal neurons and inhibitory interneurons 396 

are richly expressed in the CLA, these results may imply an inhibitory effect of the CLA on 397 

sensory and motor cortexes. If the CLA negatively controls sensory and motor cortexes, 398 

activation of the CLA would inhibit the activity of these cortexes, which presumably disrupts 399 

attention. Consistent with this, our results showed that chemogenetic activation of the CLA 400 

disrupted percent correct responses in the 5-CSRTT, indicating that the CLA negatively controls 401 
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attention. These results seem to be inconsistent with the results that inhibition of the ACC-CLA 402 

pathway and inhibition of the CLA disrupted attention (White MG, et al., 2018; Atlan et al., 403 

2018). One explanation is that while activation of the CLA may inhibit the activity of the down-404 

stream cortexes, inhibition of the CLA may overactivate the cortical areas to prevent the brain 405 

from processing new information. Accordingly, it might be necessary that the CLA needs to be 406 

activated at an appropriate level to maintain a regular attention. 407 

      A recent study demonstrated that the CLA negatively controls the PFC (Jackson et al., 408 

2018). By analyzing the expression level of c-Fos, a marker of neural activation, our results 409 

indicated that chemogenetic activation and inhibition of the CLA-PFC pathway attenuated and 410 

increased the overall activity of the PFC. The PFC has been greatly implicated in regulating 411 

impulsivity (Bari and Robbins, 2013). Studies showed that pharmacological lesion or inhibition of 412 

the glutamatergic system of the PFC induced impulsivity (Chudasama et al., 2003; Paine et al., 413 

2011). Consistently, our results indicated that the CLA-PFC pathway negatively regulates 414 

impulsivity, e.g. producing impulsivity by activation of the pathway and attenuating impulsivity by 415 

inhibition of the pathway. Intriguingly, modulation of the CLA-PFC pathway did not affect 416 

behavioral performances of attention in the 5-CSRTT. It seems paradoxical that the CLA 417 

regulates attention while the CLA-PFC pathway does not. However, because the CLA 418 

extensively innervates the neocortex, it is not surprising that modulating the activity of the CLA 419 

and the activity of the particular CLA-PFC pathway affects attention and impulsivity in a different 420 

way. Evidence also indicates that the infralimbic cortex (IL; the ventral part of the medial PFC), 421 

rather than the more dorsal prelimbic cortex (PrL) is associated with impulsivity (Chudasama et 422 

al., 2003; Murphy et al., 2005). However, since this is the first study to investigate the CLA-PFC 423 

pathway in the 5-CSRTT, we did not distinguish the dorsal and ventral parts of the medial PFC 424 

in our study. It will be of great interest to determine the precise neural circuitry in future studies. 425 

Impulsivity is a broad concept which includes several aspects including reflection impulsivity, 426 

impulsive action, and impulsive choice (Wakabayashi et al., 2019). The premature response in 427 
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the 5-CSRTT is primarily used to evaluate impulsive action (Dalley et al., 2011). Moreover, the 428 

performance of animals in the 5-CSRTT was maintained by food self-administration and 429 

required a specific set of function in regulating motivation, perception, and rewarding, which 430 

potentially interacts with impulsivity. Future studies are required to address how exactly the 431 

CLA-PFC pathway regulates impulsivity. It is also noted that only male rats were used in this 432 

study. Given that there exists sex differences on the performance in the 5-CSRTT, the role of 433 

the CLA-PFC pathway in regulating impulsivity might not generalize to female animals (Bayless 434 

et al., 2012; Weafer and de Wit, 2014; Grissom and Reyes, 2019). 435 

      Furthermore, we demonstrated that chemogenetic inhibition of the CLA-PFC pathway 436 

attenuated METH-induced impulsivity without affecting METH-induced attention deficit or 437 

hyperactivity, indicating that the CLA-PFC pathway selectively controls impulsivity induced by 438 

METH. Drug-induced impulsivity plays a role in the development of drug addiction, and high 439 

impulsivity is associated with compulsive drug use (Dalley et al., 2011; Goldstein and Volkow, 440 

2011). Except for compulsive drug use, drug addiction is also characterized by a high rate of 441 

relapse (Dong et al., 2017). The PFC was extensively implicated in the extinction of drug-442 

seeking and relapse-like behaviors such as drug-paired cues- and drug-induced reinstatements 443 

of drug-seeking (Kalivas and Volkow, 2005). Because the CLA directly controls the activity of 444 

PFC (Jackson et al., 2018), it is possible that the CLA may participate in the regulation of drug 445 

relapse. Thus, controlling impulsivity by modulating the CLA-PFC pathway might be a strategy 446 

to combat drug addiction and relapse.  447 

     In summary, we identified the CLA as a brain region that controls the activity of the PFC and 448 

revealed a critical role of the CLA-PFC pathway in regulating impulsivity. Our study may shed 449 

light on the understanding of impulsivity-related disorders such as drug addiction and attention-450 

deficit/hyperactivity disorder (Nigg, 2003). 451 

 452 
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 570 

Figure legends 571 

Figure 1: The claustrum sends neural projections to the prefrontal cortex.  572 
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a, Microinjection of retrograde beads Fluoro-Gold into the prefrontal cortex (PFC). b, A 573 

representative image showing the Fluro-Gold in the PFC. c. Representative figures showing the 574 

location of the claustrum (CLA). d, Fluoro-Gold microinjected into the PFC labeled cells in the 575 

CLA. e, Microinjection of AAV2/10-mCherry into the CLA. f, A representative figure showing 576 

expression of mCherry in the CLA. g, mCherry was detected in the neural terminals in the PFC 577 

after viral microinjection into the CLA. CLA, claustrum; PFC, prefrontal cortex.  578 

 579 

Figure 2: Chemogenetic modulation of the CLA-PFC pathway did not affect locomotion.  580 

a, Representative figure showing chemogenetic modulation of the CLA-PFC pathway. b, 581 

Representative figures showing expression of hM3Dq-mCherry and hM4Di-mCherry in the CLA. 582 

c, Brain atlas showing microinjection sites. d, Representative figure showing cannulae 583 

placement and c-Fos expression in the PFC under low magnification (4× objective).  e, 584 

Representative figures of c-Fos expression of different groups of rats under high magnification 585 

(20× objective). f, Chemogenetic activation and inhibition of the CLA-PFC pathway reduced and 586 

increased the number of c-Fos positive cells in the PFC, respectively. g, Chemogenetic 587 

activation or inhibition of the CLA-PFC pathway did not affect locomotion. Data were presented 588 

s mean ± SEM. n = 7/group; *P < 0.05, compared with saline group.  589 

 590 

Figure 3: Chemogenetic activation of the claustrum disrupts attention. 591 

a, A figure showing the process of the 5-CSRTT task. Three parameters including accuracy, 592 

omission, and premature response were analyzed. b, Experimental timeline and a cartoon 593 

showing chemogenetic activation of the CLA (n = 7/group). c-e, In the regular test, 594 

chemogenetic activation of the CLA reduced accuracy but did not affect omissions or premature 595 

responses. f-h, In the regular test, chemogenetic inhibition of the CLA did not affect accuracy, 596 

omissions, or premature responses. Data were presented as mean ± SEM. *P < 0.05. 597 

 598 
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Figure 4: Chemogenetic activation of the CLA-PFC pathway induced impulsive-like 599 

behavior in rats.  600 

a, Experimental timeline: four groups of rats (n = 10-11/group) received training in the 5-choice 601 

serial-reaction time task (5-CSRTT), stereotaxic surgery, the regular test (ITI = 5s), and the 602 

challenge test (ITI = 15s). b, Representative figure showing selective activation of the CLA-PFC 603 

pathway by excitatory DREADD hM3Dq. c-e, In the last three days of training, no difference was 604 

found in the accuracy, omissions, or premature responses. f-h, In the regular test, 605 

chemogenetic activation of the CLA-PFC pathway increased premature responses but not 606 

accuracy or omissions. i-k, Chemogenetic activation of the CLA-PFC pathway increased 607 

premature responses without influencing accuracy or omissions in a challenge test. Data were 608 

presented as mean ± SEM. *P < 0.05.  609 

 610 

Figure 5: Chemogenetic inhibition of the CLA-PFC pathway attenuated impulsive-like 611 

behavior in rats.  612 

a-c, In the last three days of training, no difference was found in the accuracy, omissions, or 613 

premature responses between two groups (n = 9-10/group). d-f, In the regular test, 614 

chemogenetic inhibition of the CLA-PFC pathway did not affect accuracy, omissions, or 615 

premature responses. g-i, In the challenge test, chemogenetic inhibition of the CLA-PFC 616 

pathway decreased premature responses but did not affect accuracy or omissions. Data were 617 

presented as mean ± SEM. *P < 0.05. 618 

 619 

Figure 6: Chemogenetic inhibition of the CLA-PFC pathway attenuated 620 

methamphetamine-induced impulsivity.  621 

a, Experimental timeline of methamphetamine dose-response curve test (n = 10/group). b, 622 

METH did not affect accuracy. c, METH (1 mg/kg, i.p.) increased omissions. Inhibition of the 623 

CLA-PFC pathway had no effect on omissions. d, METH dose-dependently increased 624 



 
Liu et al. 

24 
 

premature responses, which was attenuated by inhibition of the CLA-PFC pathway. e, 625 

Chemogenetic inhibition of the CLA-PFC pathway did not affect METH-induced hyperactivity (n 626 

= 6/group). Data were presented as mean ± SEM. *P < 0.05; #P < 0.05. 627 

 628 














