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Abstract
Rationale  Impulsive behavior is a deleterious component of a number of mental health disorders but has few targeted phar-
macotherapies. One contributing factor to the difficulty in understanding the neural substrates of disordered impulsivity is 
the diverse presentations of impulsive behavior. Defining the behavioral and cognitive processes which contribute to dif-
ferent subtypes of impulsivity is important for understanding the neural underpinnings of dysregulated impulsive behavior.
Methods  Using a mouse model for disordered impulsivity, our goal was to identify behavioral and cognitive processes that 
are associated with increased impulsivity. Specifically, we were interested in the facets of impulsivity modulated by serotonin 
signaling. We used mice lacking the serotonin 1B receptor (5-HT1BR) and measured different types of impulsivity as well 
as goal-directed responding, extinction, habitual-like behavior, cue reactivity, and reward reactivity.
Results  Mice lacking expression of 5-HT1BR had increased levels of impulsive action, goal-directed responding, and moti-
vation, with no differences seen in rate of extinction, development of habitual behavior, delay discounting, or effort-based 
discounting. Interestingly, mice lacking 5-HT1BR expression also showed an overall increase in the choice of higher value 
rewards, increased hedonic responses to sweet rewards, and responded more for cues that predict reward. We developed a 
novel paradigm to demonstrate that increasing anticipated reward value could directly increase impulsive action. Furthermore, 
we found that 5-HT1BR KO-induced impulsivity could be ameliorated by decreasing the reward value relative to controls, 
suggesting that the increased 5-HT1BR-associated impulsive action may be a result of increased reward valuation.
Conclusions  Taken together, these data show that the effects of serotonin on impulsive action are mediated through the modu-
lation of hedonic value, which may alter the reward representations that motivate action. Overall, this data supports a role 
for reward value as an important substrate in impulsive action which may drive clinically relevant increases in impulsivity.
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Introduction

Impulsivity is an important component of daily life, but can 
lead to many deleterious outcomes such as making unhealthy 
eating decisions or excessive online shopping. It is also a 
core component of a number of psychiatric disorders includ-
ing attention deficit disorder, alcohol and substance use 

disorders, and gambling disorder (Dalley and Robbins 2017; 
MacKillop et al. 2016; Robbins et al. 2012). Treatment 
options to decrease impulsivity are limited, and those that 
exist are not targeted to impulsive behavior. One underlying 
issue in the development of approaches to reduce impulsive 
behavior lies within the complexity of the broad construct 
of impulsivity. Individual facets of what is broadly referred 
to as impulsive behavior, for example, impulsive action 
(e.g., acting on a whim) and impulsive choice (e.g., want-
ing immediate gratification), are likely mediated by different 
behavioral/cognitive processes with different neurobiologi-
cal substrates (Bari and Robbins 2013; Nautiyal et al. 2017; 
Robbins et al. 2012; Winstanley et al. 2004a). Though, some 
argue against the use of the term impulsivity at all given the 
divergence and independence of its latent factors, in favor 
of more specific labels which have internally consistent 
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behavioral and neurobiological substrates (Strickland and 
Johnson 2020). Furthermore, processes such as reward valu-
ation, compulsivity, motivation, attention deficits, novelty-
seeking, and anxiety have all been associated with some 
aspects of impulsivity using trait-level behavioral measures 
in humans (particularly in psychiatric populations) and in 
preclinical models (Chamorro et al. 2012; Dalley et al. 2011; 
Diergaarde et al. 2008; Ferland et al. 2014; Lovic et al. 2011; 
Moustafa et al. 2017; Weafer et al. 2014). Understanding 
how these behavioral and cognitive substrates are causally 
associated with different components of impulsive behavior 
will lead to an understanding of the behavioral/cognitive 
scaffolding and associated underlying neural circuits which 
lead to dysregulated impulsivity.

Ours and others’ previous work has examined how dif-
ferent dimensions of impulsivity can be dissociated, behav-
iorally and biologically (Dalley and Robbins 2017; Nauti-
yal et al. 2017; Winstanley et al. 2004b; Zeeb et al. 2016, 
2013). Specifically, impulsive action, characterized by the 
reduced ability to withhold or delay responses, is independ-
ent from impulsive choice, which includes an exaggerated 
discounting of future or risky rewards. While many studies 
have focused on the role of dopamine in the modulation of 
impulsivity, serotonin signaling is particularly relevant when 
focusing on dissociation of the neurobiology of impulsive 
choice from impulsive action. Manipulation of serotonin 
signaling in humans and rodents supports its role in modu-
lating impulsive action specifically (Fletcher et al. 2007; 
Higgins et al. 2016; Winstanley et al. 2004a; Worbe et al. 
2014). The mechanisms of these effects are likely through 
a number of the 14 serotonin receptors including 5-HT1B, 
5-HT2A, and 5-HT2C. We previously reported that mice lack-
ing the 5-HT1B receptors show increased impulsive action, 
but not impulsive choice (Brunner and Hen 1997; Nautiyal 
et al. 2015, 2017; Pattij et al. 2003). Interestingly, in humans, 
5-HT1BR has also been implicated in disorders which pre-
sent with dysregulated impulsivity, such as substance use 
and gambling disorders. Cocaine-dependent individuals had 
reduced 5-HT1BR activation compared to controls (Matuskey 
et al. 2014), and single-nucleotide polymorphisms in htr1b 
were associated with cocaine, alcohol, and heroin abuse 
(Cao et al. 2013). In preclinical models, genetic knockout 
of 5-HT1BR caused increases in cocaine self-administration 
in mice (Rocha et al. 1998), and administration of a 5-HT1BR 
agonist decreased behavior motivated by both cocaine and 
sucrose rewards (Acosta et al. 2005).

Serotonin signaling could act through several cognitive 
and behavioral mechanisms which may promote difficulty 
withholding responses (elevated impulsive action). While it 
is common to attribute this type of impulsivity to a deficit 
in inhibitory control, behavioral action is a product of both 
inhibitory and excitatory processes. Given intact inhibi-
tory control mechanisms, an exaggerated representation of 

reward value may also make “holding back” difficult due 
to increased drive, resulting in increased impulsivity. The 
representation of reward value that motivates behavioral 
responding arises from experiences with the current hedonic 
value of rewards (Balleine and Dickinson 1998; Dickinson 
and Balleine 1994; 2002). When response-outcome contin-
gencies are learned, the likelihood of responding is guided 
by the incentive value of the outcome, which can be seen 
in the hedonic reaction (Dickinson and Balleine 1995). 
For example, when subjects are hungry, food rewards have 
greater value than when subjects are sated, and thus hedonic 
reactions are diminished. When the expected reward value is 
lowered, motivation is also reduced. While the hedonic reac-
tions to reward referred to as “liking” and the motivational 
processes that energize behavior referred to as “wanting “ 
can be dissociated, wanting is generally directed at available 
outcomes that are liked (Berridge et al. 2009, 1989; Smith 
and Berridge 2007; Ward et al. 2012). Here we refer to the 
increased responding for an appetitive outcome as reward 
reactivity to include components of both liking and wanting.

Both increased reward reactivity and increased impul-
sivity are found in patients with substance use disorders, 
and potentially represent risk factors for the development of 
addictive disorders (Crane et al. 2018; Dissabandara et al. 
2014; Jonker et al. 2014; Kamarajan et al. 2015; Verdejo-
García et al. 2008). In this framework, substance use dis-
orders may arise from deficits in inhibitory control, but 
also from exaggerated hedonic valuation and/or through 
increased incentive salience, as in the Incentive-Sensitiza-
tion Theory (Berridge and Robinson 2016). It is possible 
that the contribution of the 5-HT1BR to drug-seeking behav-
iors is due to the modulation of hedonic reactions to drugs, 
at least in part. Reward reactivity has also been implicated 
in gambling disorder, with increased pleasure derived from 
winning potentially promoting the escalation of the behav-
ioral addiction (Gaher et al. 2015; Jimenez-Murcia et al. 
2017). Additionally, in gambling disorder patients, levels of 
5-HT1BR in brain regions associated with reward processing, 
including the ventral striatum, correlated with the severity 
of the disorder (Potenza et al. 2013). These considerations 
suggest the possibility that 5-HT1BR may impact impulsiv-
ity through changes in hedonic reactions and thus alter the 
representation of the value of a reward that motivates behav-
ioral action.

The goal in the present studies was first to investigate 
what behavioral/cognitive processes, such as reward valu-
ation, contribute to deficits in behavioral inhibition, and 
second to understand which process mediates the effect of 
serotonin on impulsive action. Specifically, we explored 
the effect of 5-HT1BR on potential substrates of impulsivity 
including goal-directed responding, motivation, habitual-like 
responding, and hedonic responding. While each of these 
can be conceptualized as unique behavioral phenotypes with 

3294 Psychopharmacology (2021) 238:3293–3309



1 3

distinct neural substrates, we focused on how alterations in 
impulsive action could potentially be subserved by changes 
in these processes. We specifically tested the hypothesis 
that the influence of serotonin on impulsivity is mediated 
by effects on the valuation of reward outcome. Additionally, 
by assessing these phenotypes in a mouse model for patho-
logical impulsivity with deficits limited to impulsive action 
(absence of 5-HT1BR), we were also able to determine how 
associated behavioral mechanisms are related to different 
domains of impulsivity (Winstanley et al. 2004a). Coming to 
a better understanding of the specific neural and behavioral 
substrates of different dimensions of impulsivity will help 
us understand how these components combine to generate 
dysregulated impulsivity in psychiatric disorders.

Methods

Mice

Animals were bred in the Center for Comparative Medicine 
at Dartmouth College, or in the Department of Comparative 
Medicine at the New York State Psychiatric Institute. All 
mice were weaned at postnatal day (PN) 21 into cages of 2–5 
same sex littermates on a 12:12 light–dark cycle, and main-
tained on ad lib chow until experimental operant behavioral 
testing began at 10–14 weeks. The floxed tetO1B mouse 
model was used to generate groups of mice lacking expres-
sion of 5-HT1BR through crosses to a βActin-tTS mouse 
line (tetO1B + / + females crossed to tetO1B + / + ::βActin-
tTS + males), as previously reported (Nautiyal et al. 2015). 
In the validation of the Variable Value Go/No-Go paradigm, 
only tetO1B + / + control mice were used. In all other stud-
ies, tetO1B:: βActin-tTS + mice and their littermate controls- 
tetO1B:: βActin-tTS − mice were used. For the adult rescue 
groups, tetO1B:: βActin-tTS + mice were fed chow with 
doxycycline (DOX; 40 mg/kg, BioServ) beginning at PN60 
in order to rescue expression of the 5-HT1BR in the adult 
mouse, as previously validated and reported (Nautiyal et al. 
2015). All procedures were approved by the Institutional 
Animal Care and Use Committees of the New York State 
Psychiatric Institute or Dartmouth College.

A summary table of the mice used in these experiments 
is provided in Table S1. One group of male (N = 23) and 
female (N = 35) mice were used in goal-directed behavior, 
extinction, concurrent choice, and satiety-induced devalua-
tion. One mouse was excluded from progressive ratio due 
to technical issues, and one mouse died prior to the test, 
resulting in N = 22 males and N = 34 females included in 
the final analysis for the progressive ratio. Subsets of the 
total group were used in satiety-induced devaluation experi-
ments (males N = 23, females N = 18) and Go/No-Go and 
delay discounting (males N = 12, females N = 8). One mouse 

was excluded from delay discounting due to not meeting 
criteria (see delay discounting methods below). A separate 
group of mice was used to test effort-based discounting 
(males N = 7, females N = 14). Two mice were excluded 
from effort-based discounting due to not meeting criteria. 
A group of mice (N = 19, all female) were used to test free 
consumption of evaporated milk diluted at different concen-
trations. Additional groups of naïve mice were used in the 
lickometer (males N = 6, females N = 5) and Pavlovian-to-
instrumental transfer (PIT; males N = 6, females N = 9) stud-
ies. One mouse was excluded from the PIT study because 
of a failure to lever press. An additional naïve group of 12 
control mice (males N = 7, females N = 5) was used for the 
validation study of the novel Variable Value Go/No-Go para-
digm. Finally, for the study of the role of the 5-HT1BR in the 
Variable Value Go/No-Go paradigm, an additional group of 
naïve mice (males N = 14, females N = 7) was used to test the 
effect of 5-HT1BR expression. Three mice were removed due 
to not meeting criteria during lever training. A subset of the 
animals from this experiment (males N = 13, females N = 5) 
were used to examine the effect of 5-HT1BR expression on 
chow consumption.

Operant behavioral apparatus

Operant studies were conducted in eight identical chambers 
(Med Associates, St. Albans, VT) individually enclosed 
in ventilated isolation boxes. Each operant chamber con-
sisted of stainless steel modular walls, and stainless steel bar 
floors. Each chamber contained a noseport receptacle for the 
delivery of liquid reward by a dipper (0.02 ml cup volume), 
with head entry detected by an infrared beam break detec-
tor. On either side of the noseport, the chamber contained 
two ultra-sensitive retractable stainless steel levers placed 
2.2 cm above the chamber floor. In paradigms in which only 
one of the two levers was used, the lever was counterbal-
anced across mice and remained the same throughout all 
paradigms. There were LEDs located above each lever, and 
a houselight and speaker located on the upper portion of the 
wall opposite the levers. A computer equipped with MED-
PC IV (Med Associates Inc., St Albans, VT) computer soft-
ware delivered stimuli and collected behavioral data.

Operant behavioral training

Operant training and testing were run 5–7 days a week. 
Mice were maintained at approximately 90% of their free-
feeding weight. Water was provided ad libitum throughout 
the experiment. Undiluted evaporated milk was used as the 
reward for all operant studies in MedAssociates chambers. 
All mice were first trained to retrieve an evaporated milk 
reward through head entry into the receptacle, and then 
trained to press one of the two retractable levers to receive 
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the evaporated milk reward on a continuous reinforcement 
(CRF) schedule. Daily sessions ended when mice received 
a maximum of 60 rewards, or after 60 min elapsed if the 
maximum had not been reached. Mice were trained until 
the criterion of 55 lever presses in a 60-min session was 
reached. The mice were then trained on a random ratio (RR) 
schedule of escalating effort requirements (3 days of RR-5, 
3 days of RR-10, 3 days of RR-20). The data from the last 
day on each schedule was analyzed. Subsequently, they were 
tested in extinction trials, concurrent choice, satiety-induced 
devaluation (a subset), and then progressive ratio. A subset 
of mice were then tested in Go/No-Go and delay discount-
ing paradigms.

Progressive ratios of responding

Following random ratio testing, mice were tested on a pro-
gressive ratio (PR) schedule for three consecutive days. 
A PRx2 schedule was used in which the number of lever 
presses required to receive a reward doubled following each 
reward. The session ended following either 2 h, or a 3-min 
period in which no lever presses were recorded (Drew et al. 
2007). The total number of lever presses were summed over 
the session. One mouse was excluded from analysis due to 
technical problems with the operant box.

Extinction testing

Mice were exposed to an RR-20 schedule of reinforce-
ment for 3 days, before being tested in 3 consecutive days 
of extinction training. Mice were placed in the operant box 
with the lever extended; however, rewards were not admin-
istered. Lever presses and head entries were recorded for the 
duration of the 60-min extinction sessions.

Concurrent choice

Following 3 days of RR-20 schedule of reinforcement, mice 
were placed in the operant box on each of 2 days with either 
freely available chow pellets or freely available evaporated 
milk in a cell culture dish. The lever of the operant box was 
also extended and was rewarding the mice with evaporated 
milk on a RR-20 schedule. These chow and milk conditions 
were counterbalanced across mice over the 2 days separated 
by a no choice RR-20 schedule day. Chow pellets and the 
dish of evaporated milk were weighed before and after the 
test session. Lever presses and head entries were recorded 
during the 60-min session.

Satiety‑induced devaluation

Following 3  days of RR-20 schedule of reinforcement, 
mice were prefed either chow or evaporated milk on each 
of 2 days, counterbalanced across mice. Mice were placed 
individually in a holding cage similar to their home cage 
for 1 h, and were free to consume an unlimited amount of 
either chow or evaporated milk presented in a cell culture 
dish. Chow pellets, the dish of evaporated milk, and the mice 
were weighed before and after the hour-long prefeeding ses-
sion. Mice were then placed in the operant box and allowed 
to lever press for a RR-20 schedule of reinforcement. Lever 
presses and head entries were recorded during the 60-min 
session.

Food consumption

Mice were temporarily housed in individual cages for meas-
urement of food consumption with ad lib access to water. 
Mice were placed on the food restriction protocol 48 h prior 
to testing in the “food restricted” state testing, to mimic the 
food restriction state of the operant paradigms which con-
sisted of 1.5 h free access to chow daily. Twenty-four hours 
following the 1.5 h free access, chow was returned to mice 
and intake was measured at 1 h, 3 h, and 24 h time points. 
Following this 24 h ad lib period, mice continued to have 
free access to chow for an additional 48 h prior to “sated” 
state testing, when intake was recorded for a 24-h period.

Go/No‑Go

Mice were trained and tested as previously described (Nau-
tiyal et al. 2015). Briefly, following training on Go Trials, 
mice were presented with 7 daily sessions consisting of 30 
discrete Go trials and 30 No-Go trials which were pseudo-
randomly presented across blocks of 10 trials with a variable 
ITI averaging 45 s. In No-Go trials, the lever was presented 
simultaneously with 2 cues (the house lights turning off, and 
a small LED light above the lever turning on). A lever press 
during the 5-s trial caused the lever to retract, the house 
lights to turn on, the LED light to turn off, and a new ITI 
to begin without any reward for that trial. A lack of presses 
during the 5-s trial resulted in a reward presentation. The 
impulsivity index was calculated by subtracting the propor-
tion of correct No-Go trials from the proportion of correct 
Go trials.

Delay discounting

Mice were trained and tested as previously described (Nau-
tiyal et al. 2017). Briefly, following training mice were pre-
sented with two levers for which presses resulted in either 
small or large (3 × volume) rewards. The large reward was 
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assigned to the lever which was initially least preferred by 
the mice, and remained consistent throughout the paradigm. 
Each daily session began with 10 forced choice trials (five 
on each lever randomly distributed) to ensure a minimum 
experience with each lever in each session, before presenta-
tion of 20 experimental choice trials. Mice were trained in 
14 sessions with no delays on either lever. One mouse was 
eliminated because it did not meet the criteria of greater 
than 25% preference for the large lever averaged over the 
last 3 sessions. Subsequently, a delay was introduced after 
the large reward lever was pressed, before the reward was 
presented. There was no delay for the small reward, and 
time delays for the large reward (0, 2, 4, 6, 8, or 10 s) were 
presented in separate sessions with 3 days for each time 
delay, in ascending delay order. Data were used from the 
last session of each time delay. A linear equation was fit to 
the preference data for each mouse over all delays, and the 
slope, intercept, and indifference point (imputed delay at 
50% preference) were calculated from the linear regression.

Effort discounting

Mice were initially trained as described for the delay dis-
counting paradigm by presenting two levers for which 
presses resulted in either small or large (3 × volume) 
rewards. The large reward was assigned to the lever which 
was initially least preferred by the mice, and remained con-
sistent throughout the paradigm. Each daily session began 
with 10 forced choice trials (five on each lever randomly dis-
tributed) to ensure a minimum experience with each lever in 
each session, before presentation of 20 experimental choice 
trials. Mice were trained in 14 sessions, after which two 
mice were eliminated because they did not meet the criteria 
of > 25% preference for the large lever averaged over the last 
3 sessions. Subsequently, the fixed ratio (FR) schedule was 
increased from FR1 for the large reward lever, with 3 days 
at each of the follow schedules: FR2, FR4, FR8, FR16, 
FR24, and FR32. The small reward lever remained at the 
FR1 schedule throughout the paradigm. Any single press to 
the small reward lever resulted in presentation of the small 
reward and termination of the trial. Percent preference for 
the large reward was calculated as the percentage of choice 
trials in which the large reward was obtained. Data from the 
last session at each FR schedule are presented and used for 
statistical analysis.

Consumption of varied value rewards

Prior to testing in this paradigm, mice were previously 
exposed to evaporated milk in both consumption tests and 
13 weeks of operant behavioral testing under food restriction 
(as described above) rewarded with 100% evaporated milk 
in a variety of reinforcement paradigms (data not shown). 

For the reward testing, mice were placed individually in a 
cage and given 5-min free access to a small cell culture dish 
(Falcon, 35 mm × 10 mm) with varying concentrations of 
evaporated milk in a separate clean cage identical to their 
home cage. Milk concentration was varied across 5 days of 
testing, with 33%, 66%, 100%, 66%, and 33% on each day 
respectively (data was only analyzed for first 3 days because 
of anchoring effects on the descending concentration pres-
entation). Mice were weighed immediately before and after 
testing to determine milk consumption during the session. 
Because of the potential inaccuracies in weighing the dishes 
due to milk spillage or bedding being pushed into the dishes, 
change in mouse weight was used to assay consumption over 
this short 5-min timeframe.

Lickometer

A Davis Rig 16-bottle Lickometer (Med Associates MED-
DAV-160 M) was used to test the effect of 5-HT1BR expres-
sion on reward reactivity to various concentrations of 
sucrose in sated and restricted conditions as described pre-
viously (Ostlund et al. 2013). Mice were water restricted 
for 5 days of initial training, during which mice were placed 
individually in the apparatus and allowed to drink water for 
30 min from the spout which recorded licks using a capaci-
tance-based system. Subsequently, mice were maintained on 
ad libitum water, except for the night before exposure to a 
new concentration of sucrose to promote maximal consump-
tion for habituation to the new taste. Mice were exposed 
daily to sucrose in the testing chamber in a number of con-
ditions, and licking behavior was recorded for 30 min. The 
order of exposure was 10% sucrose with water restriction 
(1 day), 10% sucrose with food restriction (2 days), and 10% 
sucrose sated (2 days). These conditions were then repeated 
in the same order with 2% sucrose. For food restricted condi-
tions, mice were food deprived from the previous days’ test-
ing, and given 1 h free access to food following testing. For 
sated conditions, mice had ad lib access to food and water 
for at least 24 h. Conditions were run for two consecutive 
days to measure stability of licking within each set of param-
eters. There were no differences between any 2 days within 
the same condition, so data was averaged across the 2 days 
for analysis. The number of licks over the whole session and 
lick rate for the first 2 min were analyzed. The first 2-min 
lick rate was used as a way to assess hedonic component 
of licking behavior without the influence of post-ingestion 
satiety-related factors (Davis 1973; Glendinning et al. 2002).

Pavlovian‑to‑instrumental transfer

Mice were tested in a modified Pavlovian-to-instrumental 
transfer protocol aimed at assessing the extent to which 
a Pavlovian conditioned stimulus (CS) can support the 

3297Psychopharmacology (2021) 238:3293–3309



1 3

acquisition of a novel instrumental response, as previously 
described (O'Connor et al. 2010). All mice were first trained 
to retrieve an evaporated milk reward through head entry 
into the reward receptacle of the Med Associates chambers 
for 5 sessions. Mice were then trained for 12 sessions in a 
Pavlovian conditioning phase in which a cue (conditioned 
stimulus, CS) was paired with an evaporated milk reward. In 
each session, mice experienced 20 CS + presentations (10 s 
10 Hz click or white noise) in which a dipper containing 
evaporated milk reward was presented for 5 s following the 
cue onset. In each session, mice also experienced 20 presen-
tations of a CS − with which no reward was associated. CSs 
were presented in a pseudo-random order, with variable ITIs 
averaging 60 s (30–90 s range). The conditioned stimuli of 
either a click or white noise were counterbalanced across 
mice. The number of nosepokes into the reward receptacle 
was analyzed during CS + and CS − presentations for all ses-
sions with the immediately preceding 10 s of ITI respond-
ing subtracted out (elevation score). There was no instru-
mental conditioning phase, and so the instrumental transfer 
test was performed on the day following the 12th Pavlovian 
conditioning session. In the transfer test session, mice were 
presented with two levers extended for 45 min. A drop of 
evaporated milk reward was placed on each lever to promote 
lever pressing. Lever presses resulted in a 3-s presentation 
of either the CS + or CS − , but no reward was presented. 
The CS paired with the left or right lever was counterbal-
anced across mice and CS type. The number of presses to 
each lever was recorded, and grouped by association with 
CS + or CS − across mice. The difference score (CS + minus 
CS − lever presses) was calculated for each mouse.

Variable value Go/No‑Go paradigm

To assess the effect of reward value on impulsive action, we 
developed a novel paradigm based on the Go/No-Go Test of 
impulsive action. Mice were trained as described in Operant 
Behavioral Training, except CRF training took place with 
both levers extended such that pressing either lever provided 
reward. All mice initially sampled each lever. For the vali-
dation study, training continued for 6 days, by which point 
all mice had formed stable and strongly biased lever prefer-
ences, which was determined based on average percentage 
of presses during the final three days of CRF training (range 
77 to 100%). For the experimental study, training continued 
for 7 days, with 3 mice being excluded from future testing 
due to not acquiring lever pressing behavior. The remain-
ing mice again formed biased lever preferences (range 61 to 
100%). In order to cause a reversal of their preference, the 
less preferred lever was then rewarded with three times the 
amount of evaporated milk reward compared to the more 
preferred lever, which remained at 0.02 ml evaporated milk. 
In order to deliver the larger, 0.06 ml reward, the dipper 

was activated three times in short succession, as previously 
described. In these reversal sessions, mice were presented 
with 10 forced choice trials (5 per lever) in which only one 
lever was extended until the lever was pressed (requiring 
them to sample each lever), followed by 20 choice trials in 
which both levers were presented. Mice were required to 
reach a criterion of 25% choice for the higher reward lever 
(averaged over the final 3 days of training) in order to be 
included in future testing. After 14 sessions, mice in the vali-
dation study were choosing the high reward lever 69 ± 6% 
of the time (averaged over the final 3 days of training). In 
the experimental study, 3 mice failed to reach the 25% cri-
terion and were removed. With this exclusion, mice chose 
the higher reward lever 57 ± 3% of the time (averaged over 
the final 3 days of training). Sixty trials were presented in 
each session, with 30 trials presented on each of the large 
and small reward levers randomly in blocks of 10 trials. In 
all trials, the lever extended for 5 s. A press within 5 s initi-
ated reward delivery, and lever retraction (“Successful Go 
Trial”). Otherwise, the lever retracted after 5 s and no reward 
was delivered (“Unsuccessful Go Trial”). Finally, mice were 
exposed to 8 sessions in which No-Go trials were added such 
that there were 16 Go and 16 No-Go trials on each lever (64 
total trials/session). In No-Go trials, the lever was presented 
simultaneously with 2 cues (the house lights turning off, and 
a small LED light above the lever turning on). A lever press 
during the 5-s trial caused the lever to retract, the house 
lights to turn on, the LED light to turn off, and a new ITI 
to begin without any reward for that trial (“Unsuccessful 
No-Go Trial”). A lack of presses during the 5-s trial resulted 
in a reward presentation (“Successful No-Go Trial”). Hit 
rate was calculated as the proportion of Successful Go trials 
and the false alarm rate as the proportion of Unsuccessful 
No-Go trials, respectively averaged over all days. Impulsiv-
ity index was calculated for small and large reward levers by 
subtracting the proportion of correct No-Go trials from the 
proportion of correct Go trials. This composite index has a 
maximum score of + 1, which indicates highest impulsive 
responding (always responding on Go and No-Go trials). 
The minimum score of − 1 indicates lowest impulsive behav-
ior, essentially never responding on either No-Go or Go tri-
als. The latency to lever press was also recorded for each 
trial and averaged across days; the latency was recorded as 
the maximum 5 s if there was no lever press during the trial.

Statistical analysis

Group effects were evaluated using analysis of variance 
(ANOVA), with post hoc Fisher’s PLSD in StatView 
(SAS Software, Cary, NC) or SPSS (IBM, Armonk, NY). 
When pairwise comparisons were made following the pri-
mary ANOVAs, one-way ANOVAs were first used to test 
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group effects within conditions when there was a signifi-
cant interaction in the repeated measures ANOVAs, fol-
lowed by post hoc Fisher’s LSD if there was an effect of 
5-HT1BR expression. Two-way repeated measures ANO-
VAs were used to assess the effects of 5-HT1BR (control, 
no expression, rescued expression) on concurrent choice 
and devaluation (5-HT1BR expression x condition [evapo-
rated milk or standard chow]), random ratio (5-HT1BR 
expression × RR schedule), progressive ratio (5-HT1BR 
expression × 3 days), and extinction (5-HT1BR expres-
sion × 3 days). For all remaining experiments, 5-HT1BR 
expression levels only included whole life knockout and 
control. Two-way repeated measures ANOVAs were 
also used for the standard Go/No-Go (5-HT1BR expres-
sion × 10 days), delay discounting (5-HT1BR expression  
× delay), and effort discounting (5-HT1BR expression 
× FR schedule). For delay discounting, a linear equation 
was also fit to data from each mouse. The slope, inter-
cept, and fit (r2) were compared between groups using 
unpaired t-tests. The indifference point, defined as the 
time delay when the preference was 50% was calculated 
for each mouse based on the linear equation, and com-
pared between groups using an unpaired t-test. For the 
lickometer tests of hedonic value/reward reactivity, three-
way mixed ANOVAs were used to determine the effects of 
5-HT1BR expression, sucrose concentration, and fed state 
(restricted or sated). A two-way mixed ANOVA was used 
to analyze the effect of CS and genotype on nose pok-
ing during the Pavlovian training in the PIT paradigm, 
and an unpaired t-test was used to compare the difference 
score between genotypes on the instrumental transfer 
test. Two-way mixed ANOVAs were used for the effect 
of reward value on impulsivity in the Variable Value Go/
No-Go paradigm validation study (reward size × 10 days 
for impulsivity index; reward size × trial type for hit rate/
false alarm rate and latencies). Three-way mixed ANOVAs 
were used to assess the effect of reward value and 5-HT1BR 
expression manipulation on impulsivity in the experi-
mental Variable Value Go/No-Go paradigm (5-HT1BR 
expression × reward size × 10 days for impulsivity index; 
5-HT1BR expression × reward size × trial type for hit rate/
false alarm rate and latencies). Mixed ANOVAs, as appro-
priate, were also used to assess the interaction of sex with 
these variables. For food consumption, sex was found to 
have a significant effect; therefore, data was analyzed with 
a three-way mixed ANOVA for the effects of 5-HT1BR 
expression, time, and sex in the restricted condition, and 
a two-way ANOVA for the effects of 5-HT1BR expression 
and sex in the sated condition. There were no significant 
effects of sex on the remaining behaviors measured, and 
therefore, the sexes are combined for all other analyses 
presented. 

Results

Mice lacking 5-HT1BR expression showed increased 
responding on operant lever pressing including on random 
ratio and progressive ratio schedules, which was also inter-
estingly reversed by adult rescue of receptor expression. 
For random ratio schedules, 5-HT1BR influenced the num-
ber of presses—mice lacking 5-HT1BR expression pressed 
40–50% more than control and adult rescue mice (Fig. 1A; 
F2,55 = 8.0, p = 0.0009). As the effort requirements increased, 
the effect of 5-HT1BR expression on lever pressing became 
larger (F4,110 = 3.4, p = 0.0118 for interaction; F2,110 = 182.4, 
p < 0.0001 for main effect of schedule). This suggests that 
the increased responding is related to goal-directed or moti-
vated responding, rather than a general increase in activ-
ity which would likely be read out as increased responding 
equivalently across all schedules. Adult rescue of receptor 
expression rescued normal behavior which points to an 
online adult rather than developmental or compensatory 
mechanism of action (all post hoc p > 0.05 for all schedules 
for adult rescue vs. controls).

To assess motivation, we used a progressive ratio (PRx2) 
schedule of responding and found that the absence of 
5-HT1BR increased lever pressing, which was also reversed 
by adult rescue (Fig. 1B; F2,53 = 7.3, p = 0.0016). There were 
also significant effects of day (F2,106 = 70.1, p < 0.0001) 
and 5-HT1BR expression × day interaction (F4,106 = 10.2, 
p < 0.0001). Curiously, the effect of 5-HT1B R on lever press-
ing was only present on Day 1 (for post hoc comparisons 
of genotype, F2,53 = 12.0, p < 0.0001; p < 0.0001 for control 
and p = 0.0008 for adult rescue compared to 5-HT1BR KO, 
p = 0.4237 for control vs. adult rescue), and not on Days 2 
or 3 (F2,53 < 2.1, p > 0.1378).

One interpretation of the increased responding on the 
first day, but not subsequent days of testing in the PR is 
that 5-HT1BR KO mice show faster extinction resulting in 
lower responding after Day 1. To test this idea, we meas-
ured extinction of lever pressing behavior in non-rewarded 
sessions following RR-20 training. Over 3 days of extinc-
tion sessions, while all mice decreased lever pressing 
(F2,110 = 153.9, p < 0.0001), there were no significant effects 
of 5-HT1BR expression on number of lever presses (Fig. 1C; 
F2,55 = 1.5, p = 0.2376 for main effect of 5-HT1BR expres-
sion; F4,110 = 1.3, p = 0.2705 for interaction). The number of 
lever presses was also normalized to baseline lever pressing 
behavior to control for the higher starting point in mice lack-
ing 5-HT1BR expression, and there were still no differences 
in extinction rates between groups (Fig. 1D; F2,55 = 1.6, 
p = 0.2040 for main effect of 5-HT1BR expression). This 
suggests that the behavioral pattern seen in the progressive 
ratio task is not due to differences in extinction rate.
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To further investigate effort-based decision making, we 
used a concurrent choice task in which mice were provided 
with a choice between freely available food/reward in the 
operant chamber or lever pressing for evaporated milk 
(Fig. 2A). There was an effect of 5-HT1BR expression on 
this effort-based operant task, with mice lacking the receptor 
continuing to press more despite having a freely available 
option (F2,55 = 3.6, p = 0.0345). While all mice decreased 
their lever pressing behavior when the freely available option 
was evaporated milk compared to chow (F1,55 = 106.1, 
p < 0.0001), mice lacking 5-HT1BR expression continued 
pressing at 55% of their baseline rate despite concurrent 
access to freely available evaporated milk in the operant 
chamber, while control mice and mice with adult rescue 
of receptor expression reduced their pressing to 17% and 
25% of their baseline rates, respectively (interaction term 
approaching significance F2,55 = 2.8, p = 0.069). All mice 
continued to lever press at high rates for evaporated milk 
when the freely available option was chow (average 97% of 
baseline). There were no group differences in the consump-
tion of the freely available reward, though all mice consumed 

more milk than food (Fig. 2B; F2,55 = 0.1, p = 0.9187 for 
main effect of 5-HT1BR expression; F1,55 = 325.8, p < 0.0001 
for main effect of freely available option; F2,55 = 0.3, 
p = 0.7535 for interaction). Taken together, these results sug-
gest that 5-HT1BR expression could influence either the rep-
resentation of the outcome value that guides goal-directed 
action or habitual-like responding.

We first tested the hypothesis that mice lacking 5-HT1BR 
respond more habitually and are less guided by the out-
come/goal of their actions. To do this, we measured goal-
directed behavior following satiety-induced devaluation of 
the reward. There were no significant effects of 5-HT1BR 
expression in this test of habitual-like behavior. All mice 
similarly reduced responding when pre-fed with evapo-
rated milk reward, but not when pre-fed with chow, show-
ing that mice were responding in a similar goal-directed, 
rather than habitual manner on the RR-20 schedule (Fig. 2C; 
F2,38 = 0.1, p = 0.8929 for main effect of 5-HT1BR expres-
sion; F1,38 = 89.3, p < 0.0001 for main effect of prefed 
option; F2,38 = 2.1, p = 0.1318 for interaction). Furthermore, 
this suggests that the increased lever pressing behavior in 

Fig. 1   Lack of 5-HT1BR increases motivated responding. A Number 
of lever presses are shown during random ratio 5, 10, and 20 sched-
ules of reinforcement. *p < 0.05, 5-HT1BR KO compared to control 
and adult rescue groups for RR-5 and RR-20. * + p < 0.05, 5-HT1BR 
KO compared to control group, and p = 0.054 for 5-HT1BR KO vs. 
adult rescue for RR-10. B Number of lever presses are shown for a 
progressive ratio × 2 schedule of reinforcement, presented over three 

consecutive days. ***p < 0.001 and p = 0.0008 for 5-HT1BR KO 
compared to control and adult rescue groups. C Lever presses shown 
during 3 extinction sessions, compared to the previous RR-20 ses-
sion. D Percentage of presses from RR-20 baseline, during 3 ses-
sions of extinction trials, binned by 5 min. All data shown are group 
means ± SEM
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mice lacking 5-HT1BR in the concurrent choice paradigm 
is likely not a function of increased habitual-like respond-
ing, but rather potentially due to altered representations of 
the reward value. This is also supported by an increased 
intake in the pre-operant test satiety induction with mice 
lacking 5-HT1BR expression consuming more reward in 
the pre-operant feeding sessions, with the increase being 
larger in the milk compared to the chow condition (Fig. 2D; 
F2,38 = 7.5, p = 0.0018 for main effect of 5-HT1BR expres-
sion; F1,38 = 343.9, p < 0.0001 for main effect of prefed 
option; F2,38 = 5.1, p = 0.0106 for interaction; for post hoc 
pairwise comparisons of genotype, all ps > 0.05 for control 
vs. adult rescue, all ps < 0.05 for 5-HT1BR vs. control and 
adult rescue). Overall these results suggest that the behavio-
ral differences seen in mice lacking 5-HT1BR are not likely 
due to increased habitual-like responding.

As previously shown, a lack of 5-HT1BR expression 
increases impulsive action, but not impulsive choice. Spe-
cifically, mice lacking the 5-HT1B receptor showed increased 
impulsive action in the Go/No-Go task (Fig.  3A), as 

measured by a reduced ability to inhibit behavioral respond-
ing on No-Go trials (F1,18 = 7.0 p = 0.0167). While they 
showed some improvement in their ability to inhibit level 
presses on No-Go trials over 10 training sessions, this was 
slower and reduced compared to control mice (F9,162 = 3.1, 
p = 0.0017 for interaction; F9,162 = 8.1, p < 0.0001 for main 
effect of session). We also used a delay discounting para-
digm as a second test of impulsivity aimed at measuring 
the impulsive choice dimension (Fig. 3B). There was a sig-
nificant main effect of delay (F5,85 = 62.6, p < 0.0001) as 
well as an effect of 5-HT1BR expression on preference for 
the large reward (F1,17 = 12.4, p = 0.0026), with no interac-
tion between 5-HT1BR expression and delay (F5,85 = 1.6, 
p = 0.1649). Therefore, interestingly, mice lacking 5-HT1BR 
expression did not show increased choice impulsivity, but 
rather an overall increase in preference for the large reward. 
This is represented by an increased indifference point 
(t17 = 2.4, p = 0.0281)—the delay length at which small 
immediate and large delayed rewards are chosen equally, 
11.1 s (± 3.9 s) in mice lacking 5-HT1BR, compared to 2.5 s 

Fig. 2   Effects of 5-HT1BR on habitual and goal-directed responding. 
A Lever presses are shown as a percentage of a total presses from a 
baseline RR-20 schedule in conditions in which chow or evaporated 
milk were presented as free alternatives to lever pressing for evapo-
rated milk. B The amount of free alternative chow or evaporated milk 
that was consumed during the operant session is shown. C Lever 
presses are shown as a percentage of a total presses from a base-

line RR-20 schedule in conditions in which mice were prefed chow 
or evaporated milk before the operant test session. D The amount 
of chow or evaporated milk that was consumed during the prefeed-
ing session prior to operant session is shown. *p < 0.05, 5-HT1BR 
KO compared to control and adult rescue groups. All data shown are 
group means ± SEM
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(± 1.0 s) in controls. However, the increased preference for 
the large reward was seen across all delays with no group 
differences in the slope of the discounting function (t17 = 1.1, 
p = 0.2991), suggesting that the effect of 5-HT1B is not on 
impulsivity. Rather, the overall increase in preference for the 

large reward across all delays is shown by an upward shift in 
the discounting curve (t17 = 2.0, p = 0.0576 for trend toward 
change in intercept) suggesting that the effect of 5-HT1BR 
on choice may be due to changes in valuation of the reward.

To assess if the increased preference for the large reward 
was unique to delays or could be seen more generally in 
reward value-decision making, we tested the behavior of 
mice lacking 5-HT1BR in an effort-based discounting task. 
A similar pattern to the delay discounting data emerged—
namely that mice lacking 5-HT1BR expression showed 
increased preference for the large reward, over all effort 
requirements (Fig. 3C; F1,17 = 5.8, p = 0.0273 for main effect 
of 5-HT1BR expression; F6,102 = 19.9, p < 0.0001 for main 
effect of effort requirement; F6,102 = 0.6, p = 0.6928 for inter-
action). As seen in the delay discounting paradigm, there 
was no significant difference between groups in the slope of 
the discounting function (t17 = 0.9, p = 0.3754), suggesting 
that the 5-HT1BR does not influence effort-based discount-
ing, but rather might alter baseline reward value scaling.

Next, we addressed the hypothesis that an exaggerated 
representation of outcome value could arise from a differ-
ence in hedonic reactions to the reward. First, we meas-
ured amount of consumption to varied concentrations of 
evaporated milk reward used in operant tests (Fig S1). We 
found that mice lacking 5-HT1BR consume more evapo-
rated milk than controls and increase their consumption 
as the reward concentration goes up, suggesting that they 
scale reward value differently (F1,17 = 5.9, p = 0.027 for 
main effect of 5-HT1BR expression; F2,34 = 15.2, p < 0.001 
for main effect of concentration; F2,34 = 4.4, p = 0.020 for 
interaction; for post hoc pairwise comparisons of genotype, 
p < 0.01 at 66% milk concentration). Next, in order to test 
the effect of 5-HT1BR on hedonic value more directly, we 
used a standard lickometer to examine licking behavior to 
different concentrations of sucrose (Berridge and Robinson 
2003; Dwyer 2012). The lickometer reduces some of the 
motivational components required for operant-based tasks, 
and also eliminates the contribution of post-ingestive fac-
tors found in consumption tests, therefore allowing meas-
urement of a more immediate hedonic reaction through 
analysis of licking behavior. Mice lacking 5-HT1BR expres-
sion showed overall increased in hedonic reactivity, as meas-
ured by increased licking for sucrose compared to controls 
(Fig. 4A,B; F1,9 = 12.0, p = 0.007). Across different condi-
tions, mice lacking 5-HT1BR also showed greater increases 
in total licks as the motivational state or value increased 
suggesting that these mice were scaling reward value dif-
ferently (F1,9 = 8.6, p = 0.016 for interaction of 5-HT1BR 
expression × fed state; F1,9 = 4.8, p = 0.056 for suggestive 
interaction of 5-HT1BR expression x concentration). For 
all mice, there were main effects of deprivation state (food 
restricted vs. sated; F1,9 = 89.9, p < 0.001) and sucrose con-
centration (2% vs. 10%, F1,9 = 76.7, p < 0.001), as well as a 

Fig. 3   Absence of 5-HT1BR increases impulsive action but not delay 
or effort-based discounting. A Impulsivity index calculated as the 
proportion of successful Go trials minus the proportion of success-
ful No-Go trials is shown as a measure of impulsive action (1.0 is 
the highest impulsivity that a mouse can display) over 10 days pre-
sented in 2-day bins. B Data from a delayed discounting paradigm 
are shown as the percentage of trials on which the large (delayed) 
reward was chosen, represented over delays ranging from 0 to 10  s. 
Inset shows discounting slope, with more negative slopes indicating 
a more impulsive choice behavior. C Performance on an effort-based 
discounting task is shown for mice lacking 5-HT1BR and controls as a 
percentage of trials in which the large reward was chosen, represented 
over effort requirements ranging from fixed-ratio (FR)1 to FR32 
schedules. All data are shown as group means ± SEM
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fed state  × concentration (F1,9 = 85.9, p < 0.001), with mice 
licking more in the restricted and 10% sucrose conditions. 
We also examined lick rate during the first 2 min of the ses-
sions to remove any potential confound of effects of satiety 
on hedonic readouts since brief access durations reduce non-
taste effects (Davis 1973; Glendinning et al. 2002). Again, 
all groups had increased lick rates toward 10% sucrose 
(F1,9 = 35.8, p < 0.001 for main effect) and in the restricted 
condition (F1,9 = 41.2, p < 0.001 for main effect), with the 
increase being the largest in the restricted 10% condition 
(F1,9 = 11.5, p = 0.008 for concentration × fed state interac-
tion). Mice lacking 5-HT1B R expression showed increased 
lick rates that approached significance (Fig. 4C,D; F1,9 = 4.3, 
p = 0.069). Together, these results show that mice lacking 
5-HT1BR expression have exaggerated licking responses 
compared to controls across all conditions, though impor-
tantly maintain the normal relative changes based on motiva-
tional state and concentration. This suggests that the absence 
of the 5-HT1BR acts to shift the scale of the normal valuation 
of reward.

We also addressed the possibility that the effects of 
5-HT1BR expression were due to increased feeding drive 
rather than specific to reward responsivity. There were no 
significant differences in chow intake between 5-HT1BR KO 
and littermate control mice in either restricted (Fig S2A; 
F1,14 = 0.4, p = 0.555 for 5-HT1BR expression; F2,28 = 0.3, 
p = 0.758 for 5-HT1BR expression  × time interaction) or 
sated conditions (Fig S2B; F1,14 = 0.4, p = 0.524). All mice 
consume more food over longer periods of time in a deprived 
state (F2,28 = 463.8, p < 0.001), with males consuming more 
in general and increasing with length of time (F1,14 = 10.3, 
p = 0.006 for sex; F2,28 = 14.6, p < 0.001 for sex  × time inter-
action). This effect of increased consumption in males also 

occurred in the 24-h sated period (F1,14 = 11.9, p = 0.004). 
Importantly, there was no interaction of 5-HT1BR expres-
sion and sex in either experiment (F1,14 = 0.1, p = 0.725 
and F1,14 = 0.1, p = 0.725). These results suggest that the 
increase in reward-motivated behaviors seen in the absence 
of 5-HT1BRs is not due to a general increase in hunger or 
feeding, and thus lends support to our interpretation that 
5-HT1BR influences the valuation of palatable rewards.

So far, we have shown that mice lacking 5-HT1BR 
respond more vigorously to palatable rewards. We suggest 
that the exaggerated hedonic responses may be the result 
of higher value representations of reward, which also serve 
to increase goal-directed behavior relative to controls. We 
performed a modified Pavlovian-to-instrumental transfer 
(PIT) study to assess if a reward-paired cue motivates instru-
mental responding differently in the absence of 5-HT1BR 
expression. During the initial associative learning phase, 
all mice learned to discriminate between cues as meas-
ured by increased head entries into reward receptacle dur-
ing the CS + compared to the CS − (Fig. 5A; F11,132 = 4.5, 
p < 0.001 for main effect of session; F1,12 = 10.6, p = 0.007 
for main effect of CS type; F11,132 = 6.4, p < 0.001 for ses-
sion × CS type interaction). There were no significant 
effects of genotype during the Pavlovian training phase 
(F1,12 = 0.8, p = 0.401 for main effect; F11,132 = 0.5, p = 0.922 
and F1,12 = 1.0, p = 0.343 for interaction of genotype with 
session or CS type, respectively; F11, 132 = 0.7, p = 0.709 
for genotype × session × CS type interaction). However, 
mice lacking 5-HT1BR expression displayed higher levels 
of lever pressing for the CS + in the instrumental transfer 
test compared to controls (Fig. 5B; t12 = 3.1, p = 0.0107). 
Importantly, the transfer test was performed in the absence 
of any prior instrumental training, highlighting the role of 

Fig. 4   5-HT1BR expression 
influences hedonic valuation. 
Total number of licks to a spout 
delivering sucrose, shown in 
food restricted (A) and sated 
(B) conditions to 2% and 10% 
sucrose. Lick rate in the first 
2 min of the session, for food 
restricted (C) and sated (D) 
conditions to 2% and 10% 
sucrose. 1 All data are shown as 
group means ± SEM
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the CS + in promoting acquisition of instrumental behavior, 
rather than a potentiation of a previously learned response-
outcome association. This suggests that the value attributed 
to the CS + motivates instrumental responding more in the 
absence of 5-HT1BR expression.

Given the effects of 5-HT1B on driving reward associ-
ated cue-motivated behavior, we next tested if alterations 
in reward valuation could also explain the increased impul-
sivity seen in mice lacking 5-HT1BR expression. We first 
developed and tested a novel paradigm—the Variable Value 
Go/No-Go, to directly examine how manipulating reward 
value could impact impulsive action on a trial-by-trial basis 
(Fig. 6A). By varying reward value in a Go/No-Go paradigm 
within a single session, we could compare impulsivity within 
mice between trials in which large or small rewards were 
expected. In control mice, we found that mice were more 
impulsive on large compared to small reward trials (Fig S3; 
F1,11 = 19.1, p < 0.001 for main effect of reward size) which 
decreases over days (F9,99 = 7.0, p < 0.001 for main effect of 
days; F9,99 = 2.2, p = 0.025 for interaction of reward  × days). 
The increased impulsivity index in the large reward condi-
tion was influenced by both more correct Go trials and more 
incorrect No-Go trials (F1,11 = 19.1, p = 0.001 for main effect 
of reward size), with faster responding on large reward tri-
als (F1,11 = 9.5, p = 0.010). Using this novel paradigm, we 
were then able to investigate the role of increased reward 
valuation in 5-HT1BR-induced deficits in impulsive action, 
and test whether the increased impulsivity in mice lacking 
5-HT1BR expression could be ameliorated by decreasing 
reward value. Our results show that the increased impul-
sivity in mice lacking 5-HT1BR was ameliorated, in part, 
by reducing the reward value by three times. Specifically, 
behavior on small reward trials in mice lacking 5-HT1BR 

was similar to that of high reward trials in controls (Fig. 6B; 
F1,16 = 6.3, p = 0.023 for main effect of 5-HT1BR expression; 
F1,16 = 25.9, p < 0.001 for main effect of reward size). Over-
all, both a lack of 5-HT1BR expression and a larger reward 
magnitude increased impulsivity as seen in false alarm 
rates and hit rates (Fig. 6C,D; F1,16 = 6.3, p = 0.023 for 
main effect of 5-HT1BR expression; F1,16 = 25.9, p < 0.001 
for main effect of reward size). These effects could also be 
read out by decreased response latencies in mice lacking 
5-HT1BR and in controls on large reward trials (Fig. 6E,F; 
F1,16 = 4.7, p = 0.046 for main effect of 5-HT1BR expression; 
F1,16 = 46.7, p < 0.001 for main effect of reward size). Inter-
estingly, this shows that 5-HT1BR-associated impulsivity 
can be reduced by decreasing the reward value and suggests 
that alterations in reward value alone can lead to increased 
impulsivity. Our data suggest that reward reactivity is an 
important behavioral component to measure in the study 
of the neural circuits underlying impulsivity, and point to a 
behavioral mechanism through which serotonin influences 
impulsive action.

Discussion

Overall, our data points to a role for altered reward value 
representation in the serotonin modulation of impulsive 
behavior. Specifically, we show that 5-HT1BR expres-
sion influences goal-directed behavior, motivation, PIT, 
and hedonic valuation, along with effects on impulsive 
action, but not impulsive choice. We also tested a subset of 
these phenotypes with adult rescue of 5-HT1BR expression 
which rescued normal behavior, suggesting ongoing mod-
ulation of neural circuits rather than compensatory effects. 

Fig. 5   Lack of 5-HT1BR expression results in increased responding 
in a modified Pavlovian-to-instrumental transfer test. A Head entries 
into the reward receptacle are shown for 12 sessions of Pavlovian 
training represented as group means (± SEM) of the increase in the 
number responses per minute (rpm) during the CS compared to rpm 
during 10 s of the ITI immediately preceding the CS. B Performance 

on the instrumental transfer test is shown as the increase in the num-
ber of lever presses for the CS + over the number of lever presses for 
the CS − (difference score). Each animal is represented (open circle, 
controls; solid circle, 5-HT1BR KO mice), as well as the group means 
( −) ± SEM
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While, we have previously shown that 5-HT1BR recep-
tor expression influences impulsive action during adult-
hood, we now provide a behavioral mechanism of action. 
First, mice lacking 5-HT1BR expression show increases in 
hedonic responses to sucrose, compared to controls. We 
propose that this may be a readout of increased valuation 
of rewards. This interpretation is consistent with a recent 
study which illustrates the influence of 5-HT1BR on the 
representation of outcomes through changes in sensitivity 
to the sensory qualities of reinforcers (Corbit et al. 2019). 
Interestingly, in our studies, mice lacking 5-HT1BR expres-
sion also show increased goal-directed responding, which 
is sensitive to extinction and devaluation, and we propose 
that this is driven by increased valuation of the reward. 
This is supported by increased responding seen in the PIT 
study in 5-HT1BR KO mice, which suggests that a higher 
attribution of value to the CS + (acquired during the Pav-
lovian training) motivates higher levels of instrumental 
responding. Taken together with the effects of 5-HT1BR on 
impulsive action, these data point to the possibility that the 
influence of 5-HT1BR on reward valuation may contribute 
to the effects on goal-directed behavior and motivation, as 
well as on impulsive action.

Previous studies in humans and animal models have 
examined the relationship between hedonic value and impul-
sivity (Anker et al. 2008; Mechelmans et al. 2017; Weafer 
et al. 2014). In rats, increased sucrose-seeking is associated 
with increased impulsive action (measured in the 5-choice 
serial reaction time task) (Diergaarde et al. 2009), and rats 
bred for high sucrose consumption displayed higher levels 
of impulsive action (on the Go/No-Go task) when respond-
ing for cocaine (Anker et al. 2008), and also higher levels 
of impulsive choice (on the delay discounting task) (Perry 
et al. 2007). Though in humans, one study showed that 
increased hedonic value measured with varying sweet con-
centrations is associated with increases in impulsive choice 
(assessed in a delay discounting task), but not impulsive 
action (measured in a Go/No-Go paradigm) (Weafer et al. 
2014). However, a confound in the interpretation of many of 
these studies suggesting associations between reward value 
and impulsivity arises from between-subjects designs meas-
uring more trait-like phenotypes. This leaves open the pos-
sibility for another trait-level behavioral construct to mediate 
the association between reward value and impulsivity (e.g., 
learning about appetitive goal-directed behavioral contin-
gencies). In order to test the causal association of higher 

Fig. 6   Decreasing reward value ameliorates 5-HT1BR-related impul-
sivity. A Diagram of Variable Value Go/No-Go paradigm. B Impul-
sivity index calculated as the proportion of successful Go trials minus 
the proportion of successful No-Go trials is shown as a measure of 
impulsive action (1.0 is the highest impulsivity that a mouse can dis-

play) over 10  days presented in 2-day bins. Data is shown for each 
small and large reward trials for controls and 5-HT1BR KOs. C Hit 
rate for Go trials and D false alarm rate for No-Go trials. E Latency 
to press the lever for Go trials and for F No-Go trials. All data are 
shown as group means ± SEM
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valued incentive stimuli leading to increased impulsivity, 
we developed a within-subject, within-session experiment 
varying reward value, and could therefore directly meas-
ure the effects on impulsive action in the Go/No-Go task. 
The results from this Variable Value Go/No-Go paradigm 
show that increased reward value causes increased impulsive 
action as measured by a decrease in behavioral inhibition in 
No-Go trials. This supports a causal role for reward value in 
impulsive action. Furthermore, we were able to increase the 
impulsivity in controls to similar levels to that seen in mice 
lacking 5-HT1BR by tripling the reward value. This suggests 
that the impulsive phenotype seen in mice lacking 5-HT1BR 
could feasibly be derived by only changing the subjective 
value of the reward.

Given that past studies have implicated serotonin in the 
regulation of feeding and locomotion, alternative interpre-
tations for our data include that the phenotypes are driven 
by an influence of 5-HT1BR on increased hunger drive or 
general activity. To rule out hunger, we directly measured 
feeding behavior, and found no effect on food intake in fed 
or restricted conditions. Importantly, past work implicating 
5-HT1BR in body weight regulation in the original 5-HT1BR 
knockout mouse line (generated in the 1980s) includes a 
methodological limitation of not controlling for genetic 
background (using non-congenic, non-littermate controls) 
making reported effects on bodyweight difficult to interpret 
(Bouwknecht et al. 2001b; Lee et al. 2004). Other pharma-
cology work has reported that 5-HT1BR agonists decrease 
food consumption; however, we suggest that these effects are 
derived from a non-specific behavioral effect on motivation, 
and because of the use of large doses that may bind non-spe-
cifically (Lee et al. 2004). For example, the authors report 
no effect on feeding at 5 mg/kg of the 5-HT1BR agonist 
CP-94,253, a dose that elicits behavioral effects on impul-
sivity, and report that the effects on food intake were only 
seen at doses more than twice at high (10–20 mg/kg). These 
higher doses also have suggestive or significant effects on 
feeding in 5-HT1BR KO mice suggesting non-specific bind-
ing. Additionally, the idea that 5-HT1BR influences motiva-
tion for non-food reward is further supported by past studies 
showing increased motivation for cocaine in 5-HT1BR KO 
mice (Rocha et al. 1998). To address the possibility that 
the reported phenotypes are due to hyperactivity, we also 
referenced past work in the 5-HT1BR KO mouse. This past 
report of 5-HT1BR involvement in modulating a hyperac-
tive response was specific to non-entrained stimuli (unex-
pected intruder in the resident-intruder task or disturbance 
by an experimenter) in a startle-like manner rather than a 
conditioned response to an entrained stimulus (Bouwknecht 
et al. 2001a). We would argue the unexpected and poten-
tially stressful stimuli which induce the startle-like hyper-
activity are unlike any stimuli presented in our studies. In 
fact, our data shows increased responding in a stimulus-free 

well-learned action-outcome contingency. Additionally, our 
results show that extinction and pre-feeding both reduce 
responding to control levels which would not be expected 
in a model of general hyperactivity. Based on these reports 
and our results, we maintain our initial interpretation that the 
behavioral effects seen here are not likely due to a change in 
feeding drive or activity, but rather an exaggeration of the 
representation of hedonic value of rewarding stimuli.

Past work has examined the role of 5-HT1BR in the modu-
lation of a number of models of psychiatric disorders which 
present with reward-related dysfunctions including addic-
tion and depression. However, there has been limited careful 
exploration of the underlying behavioral mechanisms that 
contribute to these 5-HT1BR-associated phenotypes which 
is important for our understanding of complex behavioral 
processes found across multiple psychiatric disorders. Our 
data presents a basic reward reactivity-related phenotype that 
may serve as a framework for synthesizing these previously 
reported varied effects. Additionally, our work on behavioral 
mechanisms adds value to past and future studies investigat-
ing the neural circuit mechanisms through which 5-HT1BR 
exerts its effects on more complex phenotypes seen in sub-
stance use disorder and major depressive disorder.

Early studies in the original 5-HT1BR KO mouse line 
showed an increased motivation for (Castanon et al. 2000; 
Rocha et  al. 1997, 1998) and decreased motivation for 
cocaine following 5-HT1B receptor agonist administration 
(Acosta et al. 2005), now we can investigate the circuit 
specific effects of 5-HT1BR on drug taking behavior. We 
propose a role for 5-HT1BRs expressed on the terminals 
of nucleus accumbens shell neurons, particularly in the 
rewarding properties of low-doses of cocaine that do not 
induce reward behavior in controls (Barot et al. 2007; Hop-
light et al. 2007; Pentkowski et al. 2012). Additional work 
also implicates 5-HT1BR expression on these accumbens 
projection neurons in the consumption of ethanol (Furay 
et al. 2011). Alterations in ventral striatal 5-HT1BR expres-
sion are also seen in major depressive disorder (Murrough 
et al. 2011a, 2011b), and in rodents, 5-HT1BR expression 
in the ventral striatum is implicated in inducing depressive 
states (Alexander et al. 2010; Svenningsson et al. 2006). 
Finally, the 5-HT1BR has also been examined in the context 
of social reward. Particularly, the rewarding properties of 
social behavior in mice requires activation of 5-HT1BRs in 
the nucleus accumbens (Dolen et al. 2013). On one hand, 
these neural mechanisms point to a potential neural circuit 
mechanism for our results, and concurrently, our studies 
provide the behavioral mechanistic link between the circuit 
level mechanisms and the complex behavioral readouts.

It is interesting to note that the increasing reward value 
was associated with increased impulsive action, but not 
impulsive choice. Specifically, in the delay discounting task 
used to measure impulsive choice, mice lacking 5-HT1BR 
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expression chose the large delayed reward more than con-
trols across all delays. This increased preference was seen 
in trials without any delay, suggesting that the differences 
seen in the delay discounting task are not due to changes in 
the tolerance to delay, but rather to some factor that is com-
mon across all delays, such as reward valuation. This inter-
pretation is consistent with past studies which have found 
that rats prone to attribute incentive salience to reward cues 
show increased impulsive action but not impulsive choice 
(Lovic et al. 2011). Though there is evidence that also sup-
ports a link between the sensitivity to the hedonic valuation 
of sweet reward and impulsive choice, it is possible that 
5-HT1BR signaling acts through striatal mechanisms to link 
reward value and impulsive action rather than cortical areas 
like the vmPFC which may mediate the link between sweet 
taste activated reward and delay discounting (Rudenga and 
Small 2013; Sellitto et al. 2010; Weafer et al. 2014). This 
would fit with the lower relative levels of 5-HT1BR protein 
expression in the cortex compared to the ventral striatum 
(Boschert et al. 1994; Varnas et al. 2005). Indeed, a lack of 
5-HT1BR expression results in increased dopamine release 
in the nucleus accumbens, which is a substrate for goal-
motivated behaviors and impulsive action (Pecina and Ber-
ridge 2005; Pisansky et al. 2019; Sesia et al. 2008; Taha and 
Fields 2006). Understanding the 5-HT1BR-induced changes 
in reward reactivity that correlate with behavioral inhibition 
in impulsive action paradigms, but not temporal discounting 
in impulsive choice paradigms, may shed light on the neural 
circuits which underlie psychopathologies that have disor-
dered reward responsiveness and impulsivity.

Overall, we propose that a behavioral mechanism for the 
effect of serotonin signaling on impulsive action is altera-
tions in reward reactivity. While prior work demonstrated a 
role for 5-HT1BR expression in the modulation of impulsiv-
ity as well as the rewarding properties of drugs and social 
stimuli, our studies provide a unifying hypothesis for all of 
these effects by identifying a common underlying behavioral 
substrate. Specifically, we show that there is a causal effect 
of reward value on impulsive action in our novel Variable 
Value Go/No-Go paradigm and that decreasing reward value 
alone is enough to decrease 5-HT1BR-associated impulsivity. 
These studies contribute to research aimed at understand-
ing factors that contribute to increases in impulsivity seen 
in clinical populations. Additionally, our research points to 
the utility of serotonin receptor-specific treatment strategies 
to alter hedonic valuation for psychiatric disorders which 
involve dysregulated impulsivity.
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