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The claustrum connects with a broad range of cortical areas including the prefrontal cortex (PFC). However, the function of the claustrum
(CLA) and its neural projections remains largely unknown. Here, we elucidated the role of the neural projections from the CLA to the PFC
in regulating impulsivity in male rats. We first identified the CLA–PFC pathway by retrograde tracer and virus expression. By using
immunofluorescent staining of the c-Fos-positive neurons, we showed that chemogenetic activation and inhibition of the CLA–PFC
pathway reduced and increased overall activity of the PFC, respectively. In the 5-choice serial reaction time task (5-CSRTT), we found that
chemogenetic activation and inhibition of the CLA–PFC pathway increased and reduced the impulsive-like behavior (i.e., premature
responses), respectively. Furthermore, chemogenetic inhibition of the CLA–PFC pathway prevented methamphetamine-induced impul-
sivity, without affecting methamphetamine-induced hyperactivity. In contrast to the role of CLA–PFC pathway in selectively regulating
impulsivity, activation of the claustrum disrupted attention in the 5-CSRTT. These results indicate that the CLA–PFC pathway is essential
for impulsivity. This study may shed light on the understanding of impulsivity-related disorders such as drug addiction.
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Introduction
Impulsivity is generally defined as actions which are poorly con-
ceived, prematurely expressed, unduly risky, or inappropriate to
the situation and that often results in undesirable consequences
(Dalley et al., 2011). A deficit in impulse control is a crucial symp-

tom in several psychiatric disorders, such as drug addiction, at-
tention-deficit/hyperactivity disorder, and schizophrenia.

Impulse control requires appropriate function and coordina-
tion of several brain systems. For example, the prefrontal cortex
(PFC)-striatal circuitry plays essential roles in regulating cognition,
attention, and impulsivity (Miller, 2000; Kim and Lee, 2011).

Recent studies showed that the claustrum (CLA), a brain re-
gion next to the insular cortex, directly innervates the PFC (Goll
et al., 2015; Jackson et al., 2018). It was hypothesized that the CLA
might be a center of consciousness because of the highest connec-
tivity and specific architecture of the CLA (Crick and Koch, 2005;
Goll et al., 2015). Recent studies suggested that the CLA interacts
with many cortical areas and plays critical roles in some funda-
mental functions of the brain (Kim et al., 2016; Brown et al.,
2017). However, the neurobiological function of the CLA is
largely understudied.

Previous studies have used several behavioral tasks to measure
impulsivity in animals. The 5-choice serial-reaction time task
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Significance Statement

The claustrum is one of the most mysterious brain regions. Although extensive anatomical studies demonstrated that the claus-
trum connects with many cortical areas, the function of the neural projections between the claustrum and cortical areas remain
largely unknown. Here, we showed that the neural projections from the claustrum to the prefrontal cortex regulates impulsivity by
using the designer drugs (DREADDs)-based chemogenetic tools. Interestingly, the claustrum–prefrontal cortex pathway also
regulates methamphetamine-induced impulsivity, suggesting a critical role of this neural pathway in regulating impulsivity-
related disorders such as drug addiction. Our results provided preclinical evidence that the claustrum-prefrontal cortex
regulates impulsivity. The claustrum–prefrontal cortex pathway may be a novel target for the treatment of impulsivity-
related brain disorders.
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(5-CSRTT) is the most widely used task evaluating attention and
impulsive-like behavior (Bari et al., 2008). In particular, the
5-CRSTT has been used to study the underlying mechanism,
including neuroanatomy and neurochemistry of impulsivity
(Robbins, 2002; Dalley et al., 2011). For example, it was shown
that pathological alterations in the PFC are linked to impaired
inhibitory control in the 5-CSRTT (Bari and Robbins, 2013).

In this study, by using the 5-CSRTT in rats, we aimed to in-
vestigate the function of the CLA–PFC pathway in regulating
attention and impulsivity. We confirmed the connectivity be-
tween the CLA and the PFC by using fluorescent tracer and vi-
ruses. We examined the effects of chemogenetic modulation of
the CLA and the CLA–PFC pathway on the performance of
5-CSRTT. We also investigated the effects of chemogenetic mod-
ulation of the CLA–PFC pathway on methamphetamine-induced
impulsivity.

Materials and Methods
Subject. Adult male Sprague-Dawley rats (initial weight 250 –280 g; En-
vigo) were housed individually on a 12/12 h light/dark cycle (behavioral
experiments were conducted during the light period) with ad libitum
access to water and food except during experimental sessions. Rats were
maintained and experimental procedures were approved by the Institu-
tional Animal Care and Use Committee, University at Buffalo, the State
University of New York, and with the 2011 Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources on Life
Sciences, National Research Council, National Academy of Sciences,
Washington DC).

Drugs. Drugs used in this study included clozapine-N-oxide (CNO;
Research Triangle, 13626-103; requested from National Institute of Drug
Abuse Drug Supply Program), FluoroGold (hydroxystilbamidine; cata-
log #80014, Biotium), and methamphetamine (METH; National Insti-
tute of Drug Abuse). All drugs were dissolved in 0.9% physiological
saline. Doses of CNO (intracranial: 1 mM, 0.5 �l/side; i.p.,1 mg/kg),
Fluoro-Gold (3% in saline, 0.3 �l/side), and METH (0.3 and 1 mg/kg,
i.p.) were based on previous studies (Siemian et al., 2017; Wakabayashi et
al., 2019).

Adeno-associated virus. To modulate the activity of the CLA, we bilat-
erally injected adeno-associated virus (AAV) expressing the excitatory
DREADD (hM3D) or inhibitory DREADD (hM4D) into the CLA.
All viruses (AAV2/10-CMV-hM3D-mCherry, AAV2/10-CMV-hM4D-
mCherry, and AAV2/10-CMV-mCherry) used in the present study were
provided and verified by Dr. Caroline Bass, University at Buffalo.

Stereotaxic surgeries and intracranial injections. These procedures were
based on our previous studies (Liu et al., 2017; Yan et al., 2018). The rats
(weighing 280 –300 g when surgery began) were anesthetized with
ketamine and xylazine (75 and 5 mg/kg, respectively, i.p.). We bilater-
ally injected AAV2/10-CMV-hM3D-mCherry, AAV2/10-CMV-hM4D-
mCherry, or AAV2/10-CMV-mCherry into the CLA (0.6 �l/ side) with 5
�l Hamilton syringes (#84851) connected with 33 gauge injectors
(#7762-06, Hamilton). To maximize the selectivity of viral expression in
the CLA, we microinjected AAV viruses into two adjacent coordinates for
the CLA (each 0.3 �l/side/coordinate): angle, 4°; anterior/posterior (AP):
�1.0 mm; medial/lateral (ML): �4.84 mm; dorsal/ventral (DV): �6.08
mm; and angle, 4°; AP: �1.8 mm; ML: �4.22 mm; DV: �5.92 mm. The
viruses were microinjected at a rate of 0.05 �l/ min, and the injection
needles were kept in place for an additional 5 min to allow for diffusion.
Guide cannulae (26 gauge; Plastics One) were bilaterally implanted 1 mm
above the PFC (Liu et al., 2017): angle, 10°; AP: �2.55 mm; ML: �1.6
mm; DV: �2.5 mm. The cannulae were anchored to the skull with three
to four stainless-steel screws and dental cement. A stainless-steel dummy
was inserted into each cannula to keep it patent and to prevent infection.
The rats were allowed to recover for at least 1 week after stereotaxic
surgery. CNO (1 mM, 0.5 �l /side) or saline was freshly prepared before
the experiments and microinjected bilaterally over 1 min via microinjec-
tion needles (33 gauge; Plastics One) that were 1 mm longer than the
cannulae. The injection needles were kept in place for an additional 1 min

to allow for drug diffusion. The cannula placements were confirmed in
20-�m-thick sections using Nissl staining under light microscopy after
all behavioral tests.

Experimental design and statistical analysis
5-CSRTT. Rats were trained under a 5-CSRTT procedure according to a
published protocol and our previous study (Bari and Robbins, 2013; Xue
et al., 2018). Sessions were conducted in standard chambers designed for
the 5-CSRTT (Med Associates) measuring within sound-attenuating,
ventilated enclosures. Session programs were controlled and data col-
lected through a PC-interface setup and Med-PC IV software (Med As-
sociates). Briefly, sessions began with illumination of the house light and
food magazine and delivery of one food pellet (45 mg dustless precision
pellets; Bio Serv). Once the food pellet was collected, the intertrial inter-
val (ITI) began and only the house light was illuminated. At the end of the
ITI, one of the five response holes on the chamber wall opposing the food
magazine was illuminated for a brief amount of time, the stimulus dura-
tion (SD). A correct response into this hole within the limited hold (LH)
period turned off the target stimulus, turned on the food magazine light,
and delivered one food pellet. Once the food pellet was collected, the next
ITI began. The target stimulus varied pseudorandomly between trials. A
response into the non-target hole was considered an incorrect response,
and a failure to respond was considered an omission; each caused a 5 s
timeout period in which all chamber lights were extinguished, followed
by an initiation of the next ITI. Responses during the ITI before target
stimulus presentation also caused a timeout and were considered as pre-
mature responses.

Sessions lasted for 100 total trials or 60 min, whichever occurred first,
and rats were trained 7 d per week. At the onset of training, the SD, LH,
and ITI were 30, 30, and 5 s, respectively. Over the course of training, the
SD and LH decreased according to each rat’s performance (Bari et al.,
2008). Once the SD and LH reached 2.5 and 5 s, respectively, the LH
remained constant for the rest of the experiment. The SD was further
adjusted by 0.25 s increments until performance was maintained at a
stable level of �70% accuracy and �30 omissions for three consecutive
sessions. The final SD was set at 1.0 s. The ITI was set at 5 s in a regular
test, whereas it was increased to 15 s in the challenge test. The challenge
test lasted for 100 total trials or 2 h, whichever occurred first. In the
present study, all rats finished the challenge test in 2 h. Rats were always
placed in the testing chambers and allowed to habituate for 5 min before
the start of the session, and 3 d of additional training (the performance
achieved the stable level of �70% accuracy and �30 omissions) were
interspersed between tests. CNO (1 mM, 0.5 �l/side) or saline (0.5 �l/
side) was microinjected into the PFC 5 min before tests. Intraperitoneal
injections of CNO (1 mg/kg) or saline (1 ml/kg) was conducted 30 min
before tests.

Locomotor activity test. Locomotor activity was recorded by an infrared
motion-sensor system (AccuScan Instruments) fitted outside plastic
cages (40 � 40 � 30 cm; Liu et al., 2018). The plastic cages contained a
thin layer of corn cob bedding and were cleaned between each test ses-
sion. The Fusion activity-monitoring system software monitors infrared
beam breaks at a frequency of 0.01 s. The interruption of any beam not
interrupted during the previous sample was interpreted as an activity
score. The Versa Max animal activity monitoring software monitors the
distance the rats traveled in 30 min. The locomotor activity of the rats was
measured 3 weeks after expression of AAV2/10-CMV-hM3D-mCherry
or AAV2/10-CMV-hM4D-mCherry. CNO (1 mM, 0.5 �l/side) or saline
(0.5 �l/side) was microinjected into the PFC 5 min before the test session
started.

METH-induced hyperactivity. The described locomotor chambers
were used. Three weeks after viral injection (AAV2/2/10-CMV-hM4D-
mCherry) into the CLA, rats were habituated in the chambers for 2 d (45
min/d). In the test, rats were placed in the chambers for 25 min habitu-
ation followed by saline (1 ml/kg, i.p.) or METH (1 mg/kg, i.p.) injec-
tions. The two tests (saline/METH) were separated by 1 d with a 45 min
habituation. A total of 20 min movement was recorded after injections
(Siemian et al., 2017).

Immunofluorescent staining. Immunofluorescent staining methods
were similar as described in our previous study (Liu et al., 2018). Rats

10072 • J. Neurosci., December 11, 2019 • 39(50):10071–10080 Liu, Wu et al. • Claustrum-PFC and Impulsivity



were perfused with 4% paraformaldehyde, and the brains were removed
and postfixed for 24 h. For the c-Fos experiment, rats were perfused with
4% paraformaldehyde 90 min after microinjection of CNO or saline. The
brains were then sectioned coronally with a microtome into 20-�m-thick
sections. The free-floating tissue sections were washed three times (10
min each) in PBS followed by 50 min incubation in blocking buffer (3%
donkey serum, 0.3% TritonX100). Sections were then incubated over-
night at 4°C in primary antibodies diluted in PBS with 3% normal don-
key serum and 0.3% Tween 20: anti-c-Fos (1:500), anti-mCherry (1:500),
anti-FluoroGold (1:500). AlexaFluor 488-conjugated or AlexaFluor 594-
conjugated secondary antibodies were diluted 1:500 in PBS. All antibod-
ies were purchased from Abcam. Sections were mounted with
VECTASHIELD Hardset Antifade Mounting Medium with DAPI (cata-
log #H-1500, Vector Laboratories) and stored at 4°C. Images were taken
with an Olympus IX51 fluorescence inverted microscope and Leica
DMi8 fluorescence inverted microscope. For the c-Fos experiment, four
to five sections representing the PFC of each animal were selected accord-
ing to the brain atlas and microinjection sites. The number of c-Fos-
positive cells was counted manually and was averaged for each rat. All
image acquisition and analyses were conducted by investigators blind to
the experimental conditions.

Statistical analysis. All results were presented as mean � SEM, and
were analyzed by GraphPad Prism 8 software. No statistical methods
were used to predetermine sample sizes, but our sample sizes are similar
to those reported in our previous studies (Xue et al., 2018). Behavioral
tests were analyzed by ANOVAs (specifically stated in figures) followed
by post hoc Bonferroni’s test. The c-Fos results were analyzed by two-
tailed unpaired t tests. p � 0.05 was considered statistically significant.
Injection sites and viral expression were confirmed for all animals. All
rats showed correct placement of cannulae in the present study. Eight rats
showing incorrect viral expression were excluded from the data analysis.

Results
The claustrum negatively regulates the activity of the PFC
To identify the neural projections from the CLA to the PFC, we
first microinjected retrograde tracer FluoroGold retrocedes into
the PFC in rats (Fig. 1a,b). We found that FluoroGold labeled
neurons in the CLA but not neighboring brain areas (Fig. 1c,d).
Then, we microinjected the adeno-associated virus (AAV)2/10-
mCherry into the CLA and examined the neural terminals in the
PFC (Fig. 1e). Rats infused with AAV2/10-mCherry were per-
fused 3 weeks after virus infusion. The virus was microinjected
into the CLA exclusively (Fig. 1f). We observed extensive termi-
nals expressing mCherry in the PFC (Fig. 1g).

To modulate the activity of the CLA–PFC pathway, we used
the designer receptors exclusively activated by DREADD-based
chemogenetic tools (Roth, 2016). To selectively activate or in-
hibit the CLA–PFC pathway, we microinjected the AAVs express-
ing excitatory DREADD hM3Dq or inhibitory DREADD hM4Di
into the CLA and microinjected CNO via the cannulae implanted
into the PFC (1 mM, 0.5 �l/side; Fig. 2a–c). To determine the
validity of our methods that we could modulate the activity of this
pathway, we performed an immunofluorescence experiment to
examine the expression of c-Fos, a marker of neuron activation,
in the PFC (Fig. 2d,e). We found that microinjection of CNO into
the PFC of rats expressing hM3Dq and hM4Di in the CLA sup-
pressed and increased the number of overall c-Fos-positive
neurons in the PFC, respectively (unpaired two-tailed t test:
hM3Dq-saline vs hM3Dq-CNO, t(12) � 2.57, p � 0.02; hM4Di-
saline vs hM4Di-CNO, t12 � 5.45, p � 0.001; Fig. 2f). Together,

Figure 1. The claustrum sends neural projections to the prefrontal cortex. a, Microinjection of retrograde beads FluoroGold into the PFC. b, A representative image showing the FluoroGold in the
PFC. c, Representative figures showing the location of the CLA. d, FluoroGold microinjected into the PFC labeled cells in the CLA. e, Microinjection of AAV2/10-mCherry into the CLA. f, A representative
figure showing expression of mCherry in the CLA. g, mCherry was detected in the neural terminals in the PFC after viral microinjection into the CLA.

Liu, Wu et al. • Claustrum-PFC and Impulsivity J. Neurosci., December 11, 2019 • 39(50):10071–10080 • 10073



Figure 2. Chemogenetic modulation of the CLA–PFC pathway did not affect locomotion. a, Representative figure showing chemogenetic modulation of the CLA–PFC pathway. b, Representative
figures showing expression of hM3Dq-mCherry and hM4Di-mCherry in the CLA. c, Brain atlas showing microinjection sites. d, Representative figure showing cannulae placement and c-Fos
expression in the PFC under low magnification (4� objective). e, Representative figures of c-Fos expression of different groups of rats under high magnification (20� objective). f, Chemogenetic
activation and inhibition of the CLA–PFC pathway reduced and increased the number of c-Fos-positive cells in the PFC, respectively. g, Chemogenetic activation or inhibition of the CLA–PFC pathway
did not affect locomotion. Data were presented s mean � SEM n � 7/group. *p � 0.05, compared with saline group.
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these results indicate that the CLA negatively control the activity
of the PFC, which is consistent with a recent electrophysiological
study reporting an inhibitory control of the PFC by the CLA
(Jackson et al., 2018).

Before conducting the behavioral tests in the 5-CSRTT task,
we wanted to examine whether the CLA–PFC pathway would
induce abnormal motor activity in rats. We microinjected CNO
into the PFC of rats expressing hM3Dq or hM4Di in the CLA. We
performed a locomotion test 10 min after microinjection to let
the rats fully recover from the microinjection procedure. We
observed that all groups of rats showed similar levels of locomo-
tor activity (two-way repeated-measures ANOVA; hM3Dq:
F(5,60) � 0.30, p � 0.91; hM4Di: F(5,60) � 0.43, p � 0.82; n �
7/group), indicating that chemogenetic modulation of the CLA–
PFC pathway did not produce motor deficits (Fig. 2g).

Chemogenetic activation of the claustrum disrupts attention
Given that the CLA projects to a broad range of cortical areas
(Atlan et al., 2017; White et al., 2017), we would like first to see
whether chemogenetic modulation of the activity of the entire
CLA affects the behavioral performances in the 5-CSRTT. We
analyzed three major parameters in the 5-CSRTT task, including
accuracy (correct responses/ total responses) and omissions to

measure attention as well as premature responses to measure
impulsivity (Bari et al., 2008; Fig. 3a). All rats were under food
restriction by following a standard protocol (Bari et al., 2008),
and food (15 g/ d) was provided 1 h after the training or test
session (2:00 – 4:00 P.M.) each day. After being well trained in the
5-CSRTT task, rats received microinjections of AAV2/10-
hM3Dq-mCherry or AAV2/10-hM4Di-mCherry into the CLA.
Behavioral tests were conducted 3 weeks after the microinjection.
CNO was administered intraperitoneally (1 mg/kg) to modulate
the overall activity of the CLA (Fig. 3b). We found that activation
of the CLA significantly attenuated the accuracy (unpaired two-
tailed t test: t(12) � 3.01, p � 0.01; Fig. 3c) but not omissions (t(12)

� 0.49, p � 0.63; Fig. 3d) or premature responses (t(12) � 0.75,
p � 0.73; Fig. 3e), suggesting that activation of the CLA induced
attention deficit. This result is consistent with recent studies sug-
gesting critical roles of CLA in regulating other attention-related
tasks (Atlan et al., 2018; White et al., 2018). However, inhibition
of the overall activity of the CLA by a systemic injection of CNO
(1 mg/kg, i.p.) did not change any behaviors in the 5-CSRTT task
(accuracy, t(12) � 0.02, p � 0.98; omissions, t(12) � 0.58, p � 0.57;
premature responses, t(12) � 0.28, p � 0.78; Fig. 3f–h). These
results indicated that the claustrum participates in the regulation
of attention.

Figure 3. Chemogenetic activation of the claustrum disrupts attention. a, The process of the 5-CSRTT task. Three parameters including accuracy, omission, and premature response were
analyzed. b, Experimental timeline and a diagram showing chemogenetic activation of the CLA (n � 7/group). c–e, In the regular test, chemogenetic activation of the CLA reduced accuracy but did
not affect omissions or premature responses. f–h, In the regular test, chemogenetic inhibition of the CLA did not affect accuracy, omissions, or premature responses. Data were presented as mean �
SEM. *p � 0.05.
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Chemogenetic activation of the CLA–PFC pathway
induces impulsivity
To examine the role of CLA–PFC pathway in attention and im-
pulsivity, we first tested the effect of activation of the CLA–PFC
pathway on the performances of the 5-CSRTT task (Fig. 4a). The
experimental design was similar to the CLA–PFC pathway exper-
iment as described above, except that rats were microinjected
with CNO via cannulae into the PFC 10 min before the tests (Fig.
4b). Three-way ANOVA (treatment � virus � time) was con-
ducted to analyze the last 3 d of training. All groups of rats (n �
10 –11/group) showed the same levels of accuracy (F(2,114) � 0.12,
p � 0.86), omissions (F(2,114) � 0.22, p � 0.80), or premature
responses (F(2,114) � 0.49, p � 0.61; Fig. 4c–e). Two-way ANOVA
(treatment � virus) was separately conducted to analyze the ac-
curacy, omissions, and premature responses in the regular and
challenge tests. In a regular test during which the ITI was set as 5 s,
we found that chemogenetic activation of the CLA–PFC pathway
did not affect accuracy (F(1,37) � 0.21, p � 0.65; Fig. 4f) or omis-
sions (F(1,37) � 0.32, p � 0.58; Fig. 4g), but significantly increased
premature responses (two-way ANOVA; F(1,37) � 9.14, p �
0.004; hM3Dq-saline vs hM3Dq-CNO: t � 4.18, p � 0.01; Fig.
4h). CNO treatment did not affect the behaviors of rats microin-

jected with a control virus expressing mCherry (all p � 0.05; Fig.
4i–k). To further confirm the role of the CLA–PFC pathway, we
performed a challenge test, during which the ITI was increased to
15 s (Amitai and Markou, 2011). The premature responses of
control rats were markedly increased in the challenge test (pre-
mature responses of the mCherry-saline group; regular test vs
challenge test, t(18) � 10.94, p � 0.01; Fig. 4h,k). Chemogenetic
activation of the CLA–PFC pathway further increased premature
responses (two-way ANOVA; F(1,38) � 4.35, p � 0.04; hM3Dq-
saline vs hM3Dq-CNO: t � 3.53, p � 0.01) without influencing
accuracy (F(1,38) � 1.16, p � 0.23) or omissions (F(1,38) � 0.14,
p � 0.72; Fig. 3i–k) in the challenge test. Together, these results
indicate that activation of the CLA–PFC pathway induces impul-
sivity in rats.

Chemogenetic inhibition of the CLA–PFC pathway
reduces impulsivity
We then asked whether the CLA–PFC pathway would regulate
impulsivity bidirectionally. We used AAV2/10-hM4Di-mCherry
to selectively inhibit the CLA–PFC pathway. The experimental
time course was similar to what was described in the above CLA-
PFC hM3Dq experiment (Fig. 4a,b), except that hM4Di virus

Figure 4. Chemogenetic activation of the CLA–PFC pathway induced impulsive-like behavior in rats. a, Experimental timeline: four groups of rats (n � 10 –11/group) received training in the
5-CSRTT, stereotaxic surgery, the regular test (ITI � 5 s), and the challenge test (ITI � 15 s). b, Representative figure showing selective activation of the CLA–PFC pathway by excitatory DREADD
hM3Dq. c–e, In the last 3 d of training, no difference was found in the accuracy, omissions, or premature responses. f– h, In the regular test, chemogenetic activation of the CLA–PFC pathway
increased premature responses but not accuracy or omissions. i–k, Chemogenetic activation of the CLA–PFC pathway increased premature responses without influencing accuracy or omissions in
a challenge test. Data were presented as mean � SEM. *p � 0.05.
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rather than hM3Dq virus was administered into the CLA. Three-
way ANOVA (treatment � virus � time) was conducted to ana-
lyze the behavioral performance in the last 3 d of training,
indicating no significant difference in accuracy (F(2,102) � 0.04,
p � 0.95), omissions (F(2,102) � 0.45, p � 0.64), or premature
responses (F(2,102) � 0.74, p � 0.48; Fig. 5a–c). Two-way ANOVA
(treatment � virus) was separately conducted to analyze the ac-
curacy, omissions, and premature responses in the regular and
challenge tests. However, we did not observe any significant dif-
ferences in the accuracy (F(1,34) � 0.35, p � 0.56), omissions
(F(1,34) � 0.12, p � 0.71), or premature responses (F(1,34) � 0.08,
p � 0.77) among the groups of rats in the regular test (ITI � 5 s)
after inhibition of the CLA–PFC pathway, indicating that inhibi-
tion of the CLA–PFC pathway did not affect behavioral perfor-
mance in the regular test (Fig. 5d–f). We suspected that this
might be because of a floor effect given that the premature re-
sponses were relatively low in the regular test. Interestingly, we
found a significant effect on the premature responses (F(1,34) �
4.23, p � 0.047) but not in the accuracy (F(1,34) � 0.10, p � 0.76)
or omissions (F(1,34) � 0.63, p � 0.43) in the challenge test (ITI �
15 s; Fig. 5g–i). Post hoc analysis revealed that treatment of CNO
reduced premature responses in the hM4Di rats (t(34) � 2.83, p �
0.02) but not in the mCherry rats (t(34) � 0.00, p � 0.99), indi-
cating that inhibition of the CLA–PFC pathway significantly re-
duced the premature responses. These results indicated that
inhibition of the CLA–PFC pathway reduced impulsivity.

The CLA–PFC pathway regulates
METH-induced impulsivity
Impulsivity plays a critical role in regulat-
ing several mental illnesses such as drug
addiction (Goldstein and Volkow, 2011).
For example, in our previous study, we
have shown that acute treatment with
METH increased premature responses in
the 5-CSRTT task (Siemian et al., 2017).
To determine whether the CLA–PFC
pathway would affect impulsivity in-
duced by a drug of abuse, we tested the
effects of inhibition of the CLA–PFC
pathway on METH-induced impulsivity
in the 5-CSRTT task (Fig. 6a). Three-way
ANOVA (treatment � virus � METH
doses) was conducted to analyze the
accuracy, omissions, and premature
responses. We found that METH dose-
dependently increased premature re-
sponses (main effect of METH: F(2,102) �
35.56, p � 0.0001) and omissions (main
effect of METH: F(2,102) � 43.90, p �
0.0001). Chemogenetic inhibition of the
CLA–PFC pathway reduced 1 mg/kg
METH-induced premature responses
(main effect of CNO treatment: F(1,102) �
6.60, p � 0.01; hM4Di-saline vs hM4Di-
CNO at 1 mg/kg METH, t(102) � 3.59, p �
0.03) but not omissions (main effect of
CNO treatment: F(1,102) � 0.02, p � 0.90;
Fig. 6b–d). The core property of psycho-
stimulants is that this kind of drugs
induces hyperactivity after acute adminis-
tration. We then tested whether the CLA–
PFC pathway regulates METH-induced
hyperactivity (Siemian et al., 2017). How-

ever, we found that chemogenetic inhibition of the CLA-PFC had
no effect on METH-induced hyperactivity in a locomotor test.
Two-way ANOVA analysis (CNO treatment � METH) showed a
main effect of METH (F(1,20) � 32.74, p � 0.001), but not main
effect of CNO treatment (F(1,20) � 0.02, p � 0.80) or interaction
of METH � CNO treatment (F(1,20) � 0.04, p � 0.85; Fig. 6f)
These results suggest that inhibition of the CLA–PFC pathway
selectively attenuates the effect of METH on impulsivity.

Discussion
The CLA connects with most parts of the neocortex (Atlan et al.,
2017). Unlike the thalamic nuclei which predominately innervate
layers II/III and IV of cortices (Herkenham, 1980), CLA inputs
primarily target deeper layers such as IV, V, and VI (LeVay and
Sherk, 1981). The particular anatomical characteristics of the
CLA make it a theoretically ideal brain region for processing in
the context of sensation and perception (Goll et al., 2015). Inter-
estingly, a clinical report showed that stimulation of the CLA
resulted in a disruption of consciousness, e.g., a complete arrest
of volitional behavior, unresponsiveness, and amnesia, suggest-
ing that the CLA may be involved in maintaining consciousness
(Koubeissi et al., 2014). However, no further similar clinical or
preclinical study has been reported. In addition to, because the
CLA is a key note connecting a broad range of brain regions, it is
hypothesized that the CLA may integrate or coordinate cortical
information (Smith and Alloway, 2010; Smith et al., 2012). Al-

Figure 5. Chemogenetic inhibition of the CLA–PFC pathway attenuated impulsive-like behavior in rats. a–c, In the last 3 d of
training, no difference was found in the accuracy, omissions, or premature responses between two groups (n � 9 –10/group).
d–f, In the regular test, chemogenetic inhibition of the CLA–PFC pathway did not affect accuracy, omissions, or premature
responses. g–i, In the challenge test, chemogenetic inhibition of the CLA–PFC pathway decreased premature responses but did not
affect accuracy or omissions. Data were presented as mean � SEM. *p � 0.05.
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though there are many hypotheses of the
fundamental role of the CLA, recent stud-
ies predominantly support the hypothesis
that the CLA may regulate attention (Goll
et al., 2015). The CLA may control the
output of the cortical representations to
determine which sensory modality to be
attended (Goll et al., 2015). This was indi-
rectly tested by a recent study showing
that the CLA controls the ability of resil-
ience to sensory distractions. By using the
automated two-alternative forced-choice
task and a naturalistic task of maternal
pup retrieval, it was demonstrated that in-
hibition of the CLA disrupted the behav-
ioral performances upon introduction of
a distractor, indicating a critical role of the
CLA in supporting resilience to a distrac-
tion (Atlan et al., 2018). The CLA may also
serve as a neural center of top-down con-
trol from the frontal cortex to modulate
the sensory and motor cortical modalities.
A study showed that the CLA receives rich
innervation from the anterior cingulate
cortex (ACC) and that optogenetic inhibi-
tion of the neural projections from the
ACC to the CLA (ACC–CLA pathway)
disrupted percentage correct responses in
the 5-CSRTT, suggesting a critical role of
CLA in regulating the top-down action
control (White et al., 2018). Also, the CLA
may interact with the limbic regions such
as hippocampus and amygdala to trans-
mit salient information and regulate
state-dependent attention (Goll et al.,
2015). For example, the entorhinal cortex-
projecting neurons in CLA could be acti-
vated by novel context and participated in
the formation of hippocampus-dependent
contextual fear memory (Kitanishi and
Matsuo, 2017).

The role of the CLA in regulating attention could be explained
by direct regulation of the CLA on sensory and motor cortexes.
Electrical stimulation of the CLA attenuated the spontaneous
activity and firing properties of visual cortical neurons in the cats
(Ptito and Lassonde, 1981). Stimulation of the CLA also reduced
spontaneous activity of pyramidal tract neurons in the motor
cortex of cats (Crescimanno et al., 1984). Although it is unclear
how the electrical stimulation would activate the CLA because
both excitatory pyramidal neurons and inhibitory interneurons
are richly expressed in the CLA, these results may imply an inhib-
itory effect of the CLA on sensory and motor cortexes. If the CLA
negatively controls sensory and motor cortexes, activation of the
CLA would inhibit the activity of these cortexes, which presum-
ably disrupts attention. Consistent with this, our results showed
that chemogenetic activation of the CLA disrupted percentage
correct responses in the 5-CSRTT, indicating that the CLA neg-
atively controls attention. These results seem to be inconsistent
with the results that inhibition of the ACC–CLA pathway and
inhibition of the CLA disrupted attention (Atlan et al., 2018;
White et al., 2018). One explanation is that whereas activation of
the CLA may inhibit the activity of the downstream cortexes,
inhibition of the CLA may overactivate the cortical areas to pre-

vent the brain from processing new information. Accordingly, it
might be necessary that the CLA needs to be activated at an ap-
propriate level to maintain a regular attention.

A recent study demonstrated that the CLA negatively controls
the PFC (Jackson et al., 2018). By analyzing the expression level of
c-Fos, a marker of neural activation, our results indicated that
chemogenetic activation and inhibition of the CLA–PFC path-
way attenuated and increased the overall activity of the PFC. The
PFC has been greatly implicated in regulating impulsivity (Bari
and Robbins, 2013). Studies showed that pharmacological lesion
or inhibition of the glutamatergic system of the PFC-induced
impulsivity (Chudasama et al., 2003; Paine et al., 2011). Consis-
tently, our results indicated that the CLA–PFC pathway nega-
tively regulates impulsivity, e.g., producing impulsivity by
activation of the pathway and attenuating impulsivity by inhibi-
tion of the pathway. Intriguingly, modulation of the CLA–PFC
pathway did not affect behavioral performances of attention in
the 5-CSRTT. It seems paradoxical that the CLA regulates atten-
tion while the CLA–PFC pathway does not. However, because the
CLA extensively innervates the neocortex, it is not surprising that
modulating the activity of the CLA and the activity of the partic-
ular CLA–PFC pathway affects attention and impulsivity in a
different way. Evidence also indicates that the infralimbic cortex

Figure 6. Chemogenetic inhibition of the CLA–PFC pathway attenuated methamphetamine-induced impulsivity. a, Experi-
mental timeline of methamphetamine dose–response curve test (n � 10/group). b, METH did not affect accuracy. c, METH (1
mg/kg, i.p.) increased omissions. Inhibition of the CLA–PFC pathway had no effect on omissions. d, METH dose-dependently
increased premature responses, which was attenuated by inhibition of the CLA–PFC pathway. e, Chemogenetic inhibition of the
CLA–PFC pathway did not affect METH-induced hyperactivity (n � 6/group). Data were presented as mean � SEM. *p � 0.05,
#p � 0.05.
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(the ventral part of the medial PFC), rather than the more dorsal
prelimbic cortex is associated with impulsivity (Chudasama et al.,
2003; Murphy et al., 2005). However, because this is the first
study to investigate the CLA–PFC pathway in the 5-CSRTT, we
did not distinguish the dorsal and ventral parts of the medial PFC
in our study. It will be of great interest to determine the precise
neural circuitry in future studies. Impulsivity is a broad concept
which includes several aspects including reflection impulsivity,
impulsive action, and impulsive choice (Wakabayashi et al.,
2019). The premature response in the 5-CSRTT is primarily used
to evaluate impulsive action (Dalley et al., 2011). Moreover, the
performance of animals in the 5-CSRTT was maintained by food
self-administration and required a specific set of function in reg-
ulating motivation, perception, and rewarding, which potentially
interacts with impulsivity. Future studies are required to address
how exactly the CLA–PFC pathway regulates impulsivity. It is
also noted that only male rats were used in this study. Given that
there exists sex differences on the performance in the 5-CSRTT,
the role of the CLA–PFC pathway in regulating impulsivity might
not generalize to female animals (Bayless et al., 2012; Weafer and
de Wit, 2014; Grissom and Reyes, 2019).

Furthermore, we demonstrated that chemogenetic inhibition
of the CLA–PFC pathway attenuated METH-induced impulsiv-
ity without affecting METH-induced attention deficit or hyper-
activity, indicating that the CLA–PFC pathway selectively
controls impulsivity induced by METH. Drug-induced impulsiv-
ity plays a role in the development of drug addiction, and high
impulsivity is associated with compulsive drug use (Dalley et al.,
2011; Goldstein and Volkow, 2011). Except for compulsive drug
use, drug addiction is also characterized by a high rate of relapse
(Dong et al., 2017). The PFC was extensively implicated in the
extinction of drug-seeking and relapse-like behaviors such as
drug-paired cues, and drug-induced reinstatements of drug-
seeking (Kalivas and Volkow, 2005). Because the CLA directly
controls the activity of PFC (Jackson et al., 2018), it is possible
that the CLA may participate in the regulation of drug relapse.
Thus, controlling impulsivity by modulating the CLA–PFC path-
way might be a strategy to combat drug addiction and relapse.

In summary, we identified the CLA as a brain region that
controls the activity of the PFC and revealed a critical role of the
CLA–PFC pathway in regulating impulsivity. Our study may
shed light on the understanding of impulsivity-related disorders
such as drug addiction and attention-deficit/hyperactivity disor-
der (Nigg, 2003).
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