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Abstract The thalamus and central dopamine signaling

have been shown to play important roles in high-level

cognitive processes including impulsivity. However, little

is known about the role of dopamine receptors in the

thalamus in decisional impulsivity. In the present study,

rats were tested using a delay discounting task and divided

into three groups: high impulsivity (HI), medium impul-

sivity (MI), and low impulsivity (LI). Subsequent in vivo

voxel-based magnetic resonance imaging revealed that the

HI rats displayed a markedly reduced density of gray

matter in the lateral thalamus compared with the LI rats. In

the MI rats, the dopamine D1 receptor antagonist

SCH23390 or the D2 receptor antagonist eticlopride was

microinjected into the lateral thalamus. SCH23390 signif-

icantly decreased their choice of a large, delayed reward

and increased their omission of lever presses. In contrast,

eticlopride increased the choice of a large, delayed reward

but had no effect on the omissions. Together, our results

indicate that the lateral thalamus is involved in decisional

impulsivity, and dopamine D1 and D2 receptors in the

lateral thalamus have distinct effects on decisional impul-

sive behaviors in rats. These results provide a new insight

into the dopamine signaling in the lateral thalamus in

decisional impulsivity.
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Introduction

Impulsivity is simply defined as the tendency to act prema-

turelywithout foresight [1], and is generally separated into: (1)

decisional impulsivity, defined as ‘‘actions initiated without

due deliberation of other possible options or outcome

behaviors’’; and (2) motor impulsivity, defined as behaviors

that are ‘‘premature, mistimed, difficult to control and

suppress’’ [2]. Many diseases are closely associated with

impulsivity, such as attention deficit hyperactivity disorder,

substance abuse disorder, Parkinson’s disease, conduct disor-

der, and personality disorders [3–7]. Here, we focused on the

decisional impulsivity for large rewards in a delay discounting

task [8, 9], which has been validated in humans and animals.

Traditionally, the thalamus is considered as a ‘‘relay’’

for highly-processed sensory-motor information that is

conveyed to the cortices [10, 11] and the information

through integration in the cortex is progressively processed

at striatal, pallidal/nigral, and thalamic levels [12]. How-

ever, in recent years, the thalamus has been repeatedly

implicated in high-level cognitive functions such as

decision making, attention, learning, and memory, beyond

a mere role in relaying sensory-motor information to

cortical domains [13–20]. Several studies have demon-

strated that thalamic activity is closely associated with

motor impulsivity in humans [21, 22], however, the

subregions of the thalamus underlying decisional impul-

sivity remain poorly understood.
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In addition, dopaminergic receptors have been reported to

be involved in impulsivity. Systemic administration or local

brain infusions of the D1 receptor antagonist SCH23390

result in increased impulsivity in rats [23–26], while D1

receptor stimulation in the medial prefrontal cortex or

nucleus accumbens (NAc) promotes the choice of delayed

large rewards or premature ‘impulsive’ responding [25, 27].

Moreover, infusions of the D2/3 receptor antagonist

nafadotride into the NAc core (NAcC) decrease impulsivity

in rats with high impulsivity (HI) [28]. Clearly, these results

suggest that different dopamine receptors in different brain

regions have different effects on impulsive behavior.

However, there is limited research on the pharmacological

modulation of dopaminergic receptors in the thalamus.

Actually, dopaminergic inputs have been reported in the

thalamus, and thalamic neurons expressing dopamine recep-

tors in humans, primates, and rats [29–37]. An intermediate

level of D1 receptors is distributed in the lateral thalamus

and the distribution and density of thalamic D2 receptor are

similar to that of other brain areas in rats [30, 31, 37].

Here, we used in vivo voxel-based magnetic resonance

imaging (MRI) to investigate structural differences in the

thalamus of HI and low impulsivity (LI) rats. Then,

medium impulsivity (MI) rats were bilaterally infused with

the D1 receptor antagonist SCH23390 or the D2 receptor

antagonist eticlopride into the region regarded as a key part

of the thalamus in decisional impulsivity, in order to

investigate the role of thalamic dopaminergic modulation

in decisional impulsivity in rats.

Materials and Methods

Animals

Forty-three male Sprague-Dawley rats (Animal Center of

PekingUniversity, Beijing, China)weighing250–280 g at the

start of the experiments were habituated for 1 week before

training. Food was available ad libitum and each rat was

housed individually under a 12:12 h light-dark cycle (lights

off at 06:30) at a controlled room temperature (22 ± 3 �C)
and a relative humidity of 60 ± 15%. All experiments were

approved by the Animal Care Committee of Peking Univer-

sity (protocol No. LA2010-053), and met the requirements of

theNational Institutes ofHealthGuide for the Care andUse of

Laboratory Animals (National Research Council, 1996).

Delay Discounting Task

Apparatus

Rats were trained in operant chambers

(40 cm 9 20 cm 9 40 cm) equipped with a 6 W house

light above the chamber and two retractable levers (Med

Associates, St. Albans, VT), each 4 cm wide, 5 cm from

the Plexiglas floor and 10 cm apart, and equally distant

from the side wall. A metal water-containing dish 2 cm

above the floor was located in the center between the two

levers. Water reward was delivered by a pump (40 lL per

drop). A computer programmed the components of the

chamber and collected the behavioral data (Magnet, USA).

Procedures

The delay discounting task used in our study was modified

from the experiment model used by Yanfang Zuo and

Yijing Li [8, 9]. Rats were trained once per day, considered

to be a session. They were trained to learn the delay

discounting task according to a few steps, until a stable be-

havioral performance was achieved. Behavioral data from

the last three consecutive sessions were analyzed by

repeated measures ANOVA. If the main effect of ‘session’

was not significant but the effect of ‘delay’ was significant

at the P\ 0.05 level, rats were considered to have reached

a stable baseline of performance.

Each session lasted *45 min and was divided into 6

blocks. Each block consisted of 12 trials. In the first two

trials (forced-choice trial), only one lever was extended

(either the right or the left, counterbalanced in the group)

after the house light came on, and the rat had to press a

lever to obtain a corresponding reward. The other 10 free-

choice trials began with the house light switching on, and

the two levers were extended 2 s later. A response on one

lever (right or left) resulted in a small, immediate reward

(one drop of water) while a response on the other lever

resulted in a large, delayed reward (five drops of water)

after different delays across blocks (right or left, coun-

terbalanced in the group). Then the levers were retracted

and the rats waited for the corresponding reward delivery.

The house light was still on during the delay period and

turned off after the corresponding reward was delivered.

The trial ended and entered into the inter-trial interval

(ITI). If the rat did not respond during the free-choice

within 10 s, the trial directly entered into the ITI and was

recorded as an omission. The levers associated with the

large and small reward were the same for each rat during

training. The small reward remained at a 2 s delay within

all blocks and the delay to the large reward increased

from 2 to 4, 8, 12, 16, and 20 s across blocks. The ITI

was [40 – response latency ? delay duration)] seconds.

The rats were allowed to drink water freely for 15 min

after training, but they did not have access to water

during the rest of the day. Each rat obtained 40–50 mL

water during the training and free water times per day,

which was enough for their daily needs. The rats were

trained for 5–6 days per week.
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Morphological Assessment by MRI

MRI scanning was carried out in HI and LI rats after

stable behavioral performance was achieved (n = 8/group).

Rats were anesthetized with 10% chloral hydrate and

transferred to the MRI suite. Two-dimensional T2-weighted

fast spin-echo images were acquired in three orthogonal

planes to investigate the structure of the thalamus in the HI

and LI groups. The scanning used a 7T Bruker Bioclinscan

system with parameters of repetition time, 10500 ms; echo

time, 41 ms; echo train length, 7; matrix size, 256 9 256;

field of view, 36 9 36 mm; slice thickness, 0.5 mm (no

slice gap); number of excitations/averages: 2. The heart and

breathing rate were closely monitored throughout the MRI

scans. Scanning lasted *10 min for each rat; they were

sacrificed after scanning.

Surgery

Twenty-seven MI rats were implanted with bilateral

cannulas. Each rat was anesthetized with 40 mg/kg sodium

pentobarbital (i.p.) and the head fixed to a stereotaxic

apparatus with the incisor set at -3.3 for a flat skull

position. Bilateral stainless-steel guide cannulas (OD 0.64

mm) were implanted into the lateral thalamus according to

the following stereotaxic coordinates: anteroposterior -2.4

mm (from bregma), mediolateral ±3 mm, and dorsoventral

-5 mm from dura. The cannulas were secured to the skull

using three bone screws and dental cement. The tips of the

guide cannulas were directed to 1.5 mm above the intended

sites of injection. Internal stylets were replaced with

dummy stylets, which were 0.5 mm longer than the guide

cannulas, to keep the cannulas patent and to prevent

infection. After surgery, rats were housed individually and

rested for 1 week. Following the recovery period, they

were re-trained in the delay discounting task.

Drugs

All drug doses were calculated as the salt and dissolved in

0.9% sterile saline. SCH23390 hydrochloride and eticlo-

pride hydrochloride were from Sigma-Aldrich (St. Louis,

MO). The dose ranges for all drugs were based on

published reports [25, 27, 38, 39].

Microinfusion Procedure

The infusion procedure was adapted from Winstanley et al.

[38]. Following re-establishment of stable post-operative

performance over 3 sessions, rats were habituated to the

infusion procedure with one mock infusion. Infusions were

given on a 4-day cycle, starting with a 2-day baseline

session for grouping rats, and on the following day the rats

received a drug or vehicle infusion prior to testing on the

delay discounting task, ending with another session to test

the elimination of drug effect.

The rats moved freely while the internal cannula was

removed and an injector was inserted with its tip extending

1.5 mm beyond the guide cannula. A 0.5 lL solution was

then infused for 2 min. The injector was left in place for an

additional 2 min to allow the drug to diffuse in the vicinity

of the injector tip. Then the injector was removed and the

internal stylet replaced. The rats were put into the operant

chambers and the delay discounting task started 5 min

later.

Histology

Rats were sacrificed to check the cannula locations after

completion of the behavioral experiments. Rats were

perfused with 0.9% saline (200 mL) followed by 4%

formalin (300 mL), then the brain was post-fixed in 4%

formalin overnight and transferred into 20% and 30%

sucrose (in 0.01 mol/L PBS) until sectioning. Coronal

sections (30 lm) were cut on a freezing microtome and

stained with cresyl violet to visualize the location of the

guide cannulas and injection sites.

Data Analysis

MRI Data Processing

Voxel-based morphology (VBM) analysis, based on an in-

house toolbox, was used to reveal differences in the

thalamus between the HI and LI rats. First, MRI images

were corrected for intensity non-homogeneity by N3 [40].

Then, the brain images were extracted from the corrected

images by skull stripping. Afterwards, these extracted

images were segmented into gray matter (GM), white

matter, and cerebrospinal fluid using SPM8 (Wellcome

Department of Imaging Neuroscience, London, UK; http://

www.fil.ion.ucl.ac.uk) [41]. Moreover, the GM of each rat

in the native space was normalized to the standard rat brain

atlas [42, 43]. After normalization, the resulting images

were smoothed with a Gaussian filter of 800 lm isotropic

Gaussian kernel. Next, we conducted voxel-by-voxel

comparisons of GM voxels between HI and LI rats using a

two tailed two-sample t-test. A voxel level threshold was set

at P\ 0.001 and clusters[10. To describe the relationship

between relative GM density in the bilateral lateral thala-

mus and decisional impulsivity, the non-linear exponential

function logk = (maxlogk - Plateau) * exp (-A * GM) ?

Plateau was chosen to fit the data, where Plateau represents

the maximum value of logk and A represents the rate con-

stant (calculated in Prism 5.0; GraphPad Software, San

Diego, CA).
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Behavioral Data Processing

In order to estimate the level of decisional impulsivity, the

k value of the hyperbolic discounting V = V0/(1?kD) was

calculated, where V is the percentage of large reward after

a delay of D in seconds, V0 is the percentage of large

reward at D = 2 s (when the delay of small and large

reward is the same) and the free parameter k describes how

rapidly V declines with increasing delay. The calculated k

values are shown as logk, which represents the level of

decisional impulsivity. The discount factor, k, was used to

characterize each rat as LI, MI, or HI.

All analyses used SPSS (ver. 20, IBM Corp., Armonk,

NY). As described in detail in previous reports [8, 44], the

following variables were analyzed: percentage of large

reward, operating rate of all free trials, and number of

omissions. Data are presented as mean ± SEM. Behavioral

data were analyzed using single dependent variable factor

analysis of variance (ANOVA) with group and delay (three

groups, six delays) as factors. Results of all drug studies

were analyzed using single dependent variable factor

ANOVA with dose and delay (vehicle plus 2 doses, six

delays) as factors. The LSD post hoc test was used for

pairwise comparisons. The operating rate and the number

of omissions were analyzed using one-way ANOVA with

dose as a between-group factor and the LSD post hoc test

was applied. Graphs were produced using GraphPad Prism

5.0. Statistical significance was set at P\ 0.05. Only the

significant effects that were critical for data interpretation

are reported. During the analysis, the homogeneity of

variance across groups was determined using Tamhanes’

T2.

Results

Gray Matter Density of the Lateral Thalamus is

Lower in HI Rats

After all rats underwent 42 days of training in the delay

discounting task, they were divided into HI, MI, and LI

groups based on the logk values of the stable behavioral

performance in the last three sessions (Fig. 1A). The top

20% (mean logk value, -0.774; n = 8) were selected as

the HI group, the bottom 20% (mean logk value, -1.97;

n = 8) as the LI group, and the rest (mean logk value,

-1.19; n = 27) as the MI group. With an increased delay

of a large reward, the HI rats showed more preference for

the small immediate reward than LI and MI rats during the

baseline task (group F(2, 246) = 18.10, P\ 0.001; delay

F(5, 246) = 131.64, P\ 0.01; group 9 delay F(10,

246) = 7.24, P\ 0.01), especially at delays of 4, 8, 12,

16, and 20 s (P\ 0.001) (Fig. 1A). However, the

operating rate and omissions of lever presses throughout

all free trials did not differ among the three groups (group

F(2, 40) = 0.23, P = 0.80) (Fig. 1B, C). These results

suggest that HI, LI, and MI rats are significantly different

in the level of impulsivity, but not the level of basic

movement.

Subsequently, in vivo voxel-based MRI was used to

assess structural differences between HI and LI rats, and

showed that GM differed between HI and LI rats only in

the lateral thalamus and cerebellum. The results showed a

bilateral reduction of the relative GM density in the lateral

thalamus in the HI rats compared with the LI rats (Fig. 2A,

P\ 0.001), and the specific difference in the lateral

thalamus between HI and LI rats was superposed unilat-

erally on an averaged MRI template using VBM analysis of

orthogonal coronal, sagittal, and horizontal sections

(Fig. 2B). The relative GM density of the bilateral lateral

thalamus was moderately associated with the logk values,

which represent the degree of impulsivity (Fig. 2C,

R2 = 0.65) (non-linear fit of the exponential function,

logk = (173.6 ? 2.2) * exp (-11.5GM) – 2.2). However,

no relationship between the relative GM density of the

bilateral medial thalamus and the logk values was found

(Fig. 2D, R2\ 0.001) (non-linear fit of the exponential

function, logk = (6.4 ? 49.4) * exp (-0.17GM) – 49.4).

These results implied that more impulsive rats have a

decreased GM density in the lateral thalamus, but not the

medial thalamus, so subsequent experiments on dopamine

receptors in MI rats focused on the lateral thalamus.

Effects of Intra-lateral Thalamic Infusions

of SCH23390 or Eticlopride on Decisional Impul-

sivity in MI Rats

Bilateral infusions of the dopamine D1 receptor antagonist

SCH23390 into the lateral thalamus in MI rats increased

their preference for the small-immediate reward (dose: F(2,

70) = 10.49, P\ 0.001; delay: F(2, 165) = 57.04,

P\ 0.001); dose 9 delay: F(10, 350) = 0.57, P = 0.84)

(Fig. 3A). Post hoc comparisons revealed that SCH23390 at

1 lg/side shifted the preference from the large-delayed

reward towards the small-immediate reward compared to

vehicle (P\ 0.01), but 0.3 lg/side did not (P = 0.13).

Compared with vehicle, an effect of 1 lg/side SCH23390

was found at delays of 8, 16, and 20 s (P\ 0.05). Moreover,

the movement of rats was influenced by SCH23390

(Fig. 3B, C; dose: F(2, 33) = 3.60, P\ 0.05). Further

comparisons revealed that only 0.3 lg/side SCH23390

decreased the operating rate and increased the omissions

compared to vehicle infusion (P\ 0.05).

Bilateral infusions of the dopamine D2 receptor antag-

onist eticlopride into the lateral thalamus in MI rats

increased the preference for a large-delayed reward (dose:
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F(2, 64) = 11.97, P\ 0.001; delay: F(5, 160) = 43.81,

P\ 0.001); dose 9 delay: F(10, 320) = 1.12, P = 0.35)

(Fig. 4A). Further post hoc comparisons revealed that

1 lg/side but not 0.3 lg/side shifted the preference from

the small-immediate reward towards the large-delayed

reward compared to vehicle group (P\ 0.01). Compared

with vehicle, a significant effect of 1 lg/side eticlopride

was found at delays of 8 s (P\ 0.05), 12 s (P\ 0.05), and

20 s (P\ 0.01). Unlike SCH23390, eticlopride had no

effect on the operating rate or the omissions during all free-

choice trials (dose: F(2, 33) = 2.20, P = 0.13) (Fig. 4B,

C). These results suggested that antagonism of D1 and D2

receptors in the lateral thalamus of MI rats has distinct

effects on decisional impulsivity.

Fig. 1 Baseline task performance of HI, MI, and LI rats in the delay

discounting task. A Percentage choice of a large reward by HI rats

was lower than that of LI and MI rats as the delay of a large reward

increased (group: P\ 0.001; delay: P\ 0.01; interaction: P\ 0.01).

The operating rate (B) and omissions (C) throughout all free trials did
not significantly differ among the three groups (F = 0.23, P = 0.80).

HI and LI rats: n = 8/group; MI rats: n = 27, ***P\ 0.001

compared to HI group.

Fig. 2 HI rats showed a reduced density of gray matter (GM) in the

lateral thalamus. A The relative GM score of HI rats was lower than

that of LI rats (***P\ 0.001). B VBM analysis of orthogonal

coronal, sagittal, and horizontal sections superposed unilaterally on an

averaged MRI template. C Moderate positive correlation between

logk values and GM scores of the most significant voxels in the lateral

thalamus (R2 = 0.65). D No significant relationship of the logk values

and GM scores of the most significant voxels in the medial thalamus.

HI and LI rats: n = 8/group.
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Histological Verification of Cannula Placement

The correct placement of cannulas in the lateral thalamus

was checked for all rats after completion of the experi-

ments. All injector tips were mapped onto standardized

sections of the rat brain (Fig. 5). Two rats were excluded

from analyses because of incorrect cannula placement. One

rat died during surgery. Therefore, 24 rats in total were

included in the drug administration analysis. Sometimes,

the rats failed to finish the drug administration and their

data were also excluded. Animal numbers are given in the

figure legends.

Discussion

To the best of our knowledge, this is the first study to

investigate the functional involvement of dopamine sig-

naling in the rodent lateral thalamus in decisional impul-

sivity. We found a lower GM density in the lateral

thalamus of HI rats than in LI rats. Infusions of the D1

receptor antagonist SCH23390 or the D2 receptor antag-

onist eticlopride into the lateral thalamus in MI rats had

opposing effects on choice of the small-immediate and the

large-delayed rewards in a delay-discounting task.

In this study, the lateral thalamus illustrated by MRI

mainly included the ventral posterolateral thalamic nuclei

(VPL) and reticular thalamic nuclei (RTN). The RTN is a

thin sheet surrounded by other thalamic nuclei [45]. RTN

neurons receive collateral innervation from the cerebral

cortex and thalamocortical pathway, while they do not send

direct projections to the cerebral cortex, but rather send

dense, inhibitory GABAergic projections to the other

thalamic nuclei [46–48]. The VPL receives projections

from the dorsal horn and sends projections to somatosen-

sory cortical areas, which are important components of the

sensorimotor pathway [49–52]. Clearly, the structural

characteristics of the lateral thalamus suggest that it is

involved in regulating the inflow and outflow of informa-

tion between the cortex and other thalamic nuclei.

Recently, it has been reported that the GM density in the

nucleus accumbens core (NAcC) in rats with high motor

impulsivity is lower, but the number of NAcC neurons is

not changed, although the structural integrity and the

density of dendritic spines in this region are affected [53].

In addition, the mesolimbic dopamine system has been

Fig. 3 Effects of dopamine D1 receptor blockade in the lateral

thalamus on performance of MI rats. A The percentage choice of a

large reward declined with 0.3 or 1 lg/side SCH23390 (dose:

P\ 0.001; delay: P\ 0.001; interaction: P = 0.84). Infusions at

1 lg/side shifted the preference towards the small-immediate reward

at delays of 8, 16, and 20 s (P\ 0.05). B, C SCH23390 at 0.3 lg/side
decreased the operating rate (B; P\ 0.05) and increased the

omissions of lever presses (C; P\ 0.05) during all free-choice trials.

n = 12/SCH23390 group. *P\ 0.05 compared to vehicle.

Fig. 4 Effects of dopamine D2 receptor blockade in the lateral

thalamus on MI rats. A The percentage choice of a large reward

increased with SCH23390 at 0.3 and 1 lg/side (dose: P\ 0.001;

delay: P\ 0.001; interaction: P = 0.35). Infusions at 1 lg/side
significantly shifted the preference towards the large-delayed reward

at delays of 8, 12, and 20 s (P\ 0.05, P\ 0.05, P\ 0.01). B,
C Infusions at 0.3 or 1 lg/side had no effect on operating rate (B;
P = 0.13) and omissions (C; P = 0.13) during all free-choice trials.

n = 11/eticlopride group, *P\ 0.05 compared to vehicle.
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strongly linked to impulsive decision-making; interference

with D1 or D2 receptors in different brain regions impairs

the performance of several impulsive decisional tasks, such

as the delay discounting task [8, 23–25, 44, 51, 54–56],

probabilistic discounting task [57], and effort discounting

task [58]. In the present study, the GM density in the

lateral thalamus of HI rats was significantly lower than

that in LI rats, and this may be related to changes in the

structure and function of dopamine receptors in the lateral

thalamus.

As expected, the choice of small-immediate and large-

delayed rewards was changed by inhibiting either D1 or D2

receptors in the lateral thalamus in MI rats. In particular,

infusions of the D1 receptor antagonist SCH23390 into the

lateral thalamus of MI rats promoted the choice for small-

immediate over larger-delayed reward, while the D2

receptor antagonist eticlopride had an opposite effect,

reducing the choice for small-immediate over larger-

delayed reward. These results are consistent with previous

reports that small-immediate reward increases when

SCH23390 is administered systemically [39] and small-

immediate reward is decreased by systemic infusion of

raclopride [55]. These opposite effects on decisional

impulsive performance in MI rats may result from differ-

ences in the distribution and function of D1 and D2

receptors themselves.

It is known that D1 receptors are almost exclusively

localized post-synaptically on neurons, while D2 receptors

are found both pre- and post-synaptically [59, 60]. It is

worth noting that a substantial proportion of D2 receptors

is primarily expressed in presynaptic membranes as

autoreceptors, suggesting that D1 and D2 receptors play

distinct roles in dopamine signaling [61]. On the other

hand, our results showing that infusion of D1 and D2

receptor antagonists into the lateral thalamus had distinct

effects on the decisional impulsive performance in MI rats,

are consistent with previous pharmacological interventions

in the medial prefrontal cortex [54, 57]. Moreover, a body

of evidence has accumulated to support the hypothesis that

D1 and D2 receptors act differently in cognitive processes,

such as motor impulsivity [27], learning and memory [62],

and attention [63]. Taken together, these studies indicate

that a critical balance of intracerebral D1 and D2 receptor

activity may contribute to normal decisional impulsivity,

and altering this balance induces dissociable changes in

impulsive behaviors.

In the present study, SCH23390 infusions into the lateral

thalamus were accompanied by a decrease in operating rate

and an increment in omissions (1 lg/side: P = 0.056;

0.3 lg/side: P = 0.018), which might be for two reasons.

First, previous research has shown that both the dopamine

antagonist a-flupenthixol and SCH23390 decrease the

number of completed trials and increase omissions in

delay discounting tasks [23, 25, 55], perhaps indicating

changes in the motivational value of food or the motivation

to respond to conditioned reinforcers. In a delay discount-

ing task similar to that in the current study, the change of

motivational value was found to increase the response

latency and omissions, but the choice of reward was not

affected [23]. Second, it has been reported that activity in

the lateral thalamic nuclei is modified by shifts of visual

attention, and these changes affect visual cognitive pro-

cessing [64]. Moreover, the visual-projection neurons in

the lateral thalamus show a reduced firing rate during a

visual detection task using an optogenetic strategy [65].

These results imply that neurons in the lateral thalamus

play an important role in attention. Thus it cannot be

excluded that slight inattention after blocking D1 receptors

in the lateral thalamus produced the reduction in operating

rate and increment in omissions in MI rats here. Above all,

though the decrease in operating rate and increment in

omissions induced by infusions of SCH23390 at 0.3 lg/

Fig. 5 Schematic of coronal sections depicting injection sites in the

lateral thalamus at -2.12, -2.30, -2.56, and -2.80 mm rostral to

bregma.
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side and 1 lg/side might be associated with altered

motivation or inattention, the effects of D1 receptor

antagonists in the lateral thalamus in MI rats on decisional

impulsivity cannot be excluded since both doses of

SCH23390 were modest and the operating rate was still

[75%.

In the present study, an infusion volume of 0.5 lL
delivered over 2 min was used in the pharmacology

experiments. Based on previous studies, the estimated

spread was *1 mm [27, 66], which was within the lateral

thalamus. Furthermore, to demonstrate site specificity, the

locations of the cannulas in each rat were checked and data

from rats with inaccurate locations were excluded. Thus,

the effects of drug infusions on decisional impulsivity were

mediated by inhibiting dopamine receptors within the

lateral thalamus.

Of course, some limitations in our work need to be

pointed out. First, the MI group was not included in MRI

data acquisition. Second, compared to LI rats, a lower GM

density was found in the lateral thalamus of HI rats, but

structural and functional differences in neurons in the

lateral thalamus with dopamine receptors between HI and

LI animals were not further investigated, such as numbers

of spines and firing rates of neurons; these will be

investigated in subsequent research. Third, based on the

literature, we selected the doses of the dopamine receptor

antagonists (0.3 and 1.0 lg/side) [8, 24, 44], which had

similar effects on the choice of small-immediate or large-

delayed reward in MI rats. The results indicated 1 lg/side
was better than 0.3 lg/side. Although there are some flaws,

this is still the first study to report the effects of

pharmacological manipulation of D1 and D2 receptors in

the lateral thalamus on decisional impulsivity.

Altogether, our results extend previous findings indicat-

ing that the lateral thalamus plays an important role in

decisional impulsivity, and D1 or D2 receptors in the

lateral thalamus have distinct effects on cognitive impul-

sivity. The findings may contribute to further unraveling

the neural correlates of decisional impulsivity, improving

the understanding of psychiatric disorders in which impul-

sive decision-making is disturbed, such as substance use

disorders and Parkinson’s disease.
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