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A B S T R A C T

Impulsivity and anxiety are psychological traits involved in many aspects of the drug addiction cycle. However,
few preclinical models exist for examining both impulsive and anxiety patterns. In the current study, we in-
vestigated whether 6th generation rats selectively bred for high anxiety (HAn)-like behavior would display
amphetamine (AMPH) hyperactivity. In the same generational line, we also determined if HAn animals would
display impulsivity in an operant task. Filial 5 male Long Evans rats phenotyped as HAn and low anxiety (LAn)
were tested on the elevated plus maze (EPM) and in locomotor chambers following a low dose of AMPH (0.5 mg/
kg, IP). Next, a separate group of F5 animals was exposed to a differential reinforcement of low rate of re-
sponding (DRL: 30 s) operant schedule to assess impulsivity. Postmortem, 5-HT1A and α2 adrenergic receptor
protein levels were measured in the medial prefrontal cortex (mPFC), nucleus accumbens (NAc) core and shell,
and α2 adrenergic counts were assessed in the locus coeruleus (LC), and the paraventricular nucleus (PVN) of the
hypothalamus. F5 outbred HAn rats had decreased percent open arm time and entries on the EPM and elevated
AMPH-induced locomotion. In the DRL, HAn rats displayed an impulsive profile, they attained fewer total re-
wards, had more inter-response times, and showed greater burst ratios. We found that HAn rats had a higher
number of 5-HT1A receptor immunostained cells in the mPFC but were not different than LAn in NAc core or
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shell. By contrast, levels of the α2 adrenergic receptor protein were no different in the mPFC while HAn rats had
greater levels in the LC and lower levels in the PVN. Overall, these data further validate our outbred trait anxiety
rats: HAn males show anxiety-like behavior, AMPH hypersensitivity, greater impulsivity, and varying levels of
limbic and midbrain 5-HT1A and α2 adrenergic receptor proteins.

1. Introduction

Individuals suffering from substance use/abuse disorders display
persistent drug-seeking and drug-taking behaviors that may follow from
impulsive acts and anxiety patterns that contribute to first use, esca-
lation, and relapse. Humans and animals that show disruptions in
control over reactions or impulsivity to stimuli also display dysregula-
tion of the fronto-cortical systems implicated in control and decision-
making [1–3]. Dynamic changes in fronto-cortical brain regions are
found with repeated use of cocaine [3], suggesting that impulsivity in
drug-taking behavior likely involves alterations of these key brain re-
gions. Animals with a predisposition to acquire amphetamine (AMPH)
self-administration have diminished dopamine activity in the prefrontal
region [4,5].

Manipulation of dopaminergic [6], noradrenergic, and serotonergic
systems in the mPFC can influence impulsive patterns in a number of
behavioral paradigms in rodent models [7–9]. In the operant paradigm,
differential reinforcement of low rate of responding (DRL), impulsivity
is assessed based on premature and excessive responding beyond a
specified time interval, and amphetamine (AMPH) exacerbates these
patterns in DRL [10]. Moreover, AMPH dose is inversely related to DRL
performance, total responding increases at lower doses, and decreases
at higher doses [11]. Additional studies in DRL indicate antidepressant
agents, including α-1 adrenergic antagonists and 5HT1A agonists, de-
crease response rates while increasing reinforcement [12], demon-
strating that modulation of noradrenergic and serotoninergic receptors
can at least affect inhibition.

Anxiety disorders are comorbid with substance use/abuse disorders
and impact similar fronto-cortical systems [13,14]. Anxiety disorders
have been found to be the most prevalent of all disorders (28 %) with a
similar age of onset as impulse-control disorders (i.e., ∼11 years) [13].
Individuals who experience stress show greater vulnerability for de-
veloping drug abuse [15], which may be due to a greater propensity to
seek immediate gratification or impulsivity [16]. Tice and colleagues
(2001) suggest that those who experience mood disorders may not have
the ability to think about consequences of their actions to appropriately
self-regulate. Instead, they likely show increased tendencies to seek
short-term rewards. However, the link between trait anxiety and im-
pulsivity is not fully supported since, in clinical populations, co-oc-
currence of these traits is thought to represent a sampling artifact in
inappropriately suggesting distinct phenomena for a single symptom
cluster [17]. Other evidence supports co-occurrence across the lifespan
for meaningful, overlapping, but different syndromes, due to shared
genetic predispositions and risk factors [18].

Few animal models exist for impulsivity and anxiety, and im-
pulsivity and drug vulnerability [19,20] to explore overlapping me-
chanisms that may be relevant for substance abuse disorders. To further
test the overlap of impulsivity and anxiety traits, the current study was
designed using extreme anxiety animals to determine if they also show
impulsivity in a DRL operant task. We used 6th generation outbred male
rats showing high (HAn) and low anxiety (LAn)-like behavior, tested
one set of animals’ responses to anxiogenic stimuli and to a low dose of
AMPH, and tested separate HAn and LAn lines in basal DRL perfor-
mance. Finally, we completed immunohistochemical analysis of 5-
HT1A and α2 –adrenergic receptor protein levels in fronto-cortical and
limbic structures (e.g., mPFC, nucleus accumbens (NAc) core and shell,
locus coeruleus (LC), and hypothalamic paraventricular nucleus
(PVN)), targets of impulsivity and anxiety-like behavior.

2. Materials and methods

2.1. Subjects

Male Long-Evans rats (N=32; (n= 16, 8 HAn and 8 LAn) loco-
motor activity (LMA) Experiment 1; (n= 16, 8 HAn and 8 LAn) DRL
Experiment 2) were selectively bred using unrelated mating pairs, at the
University of Massachusetts Boston (filial 5 (F5), 6th generational line).
The females from this generational line were included in a separate
study investigating hormones and depression-like symptoms. In adult-
hood (PND 110), F5 animals were phenotyped on the elevated plus
maze for anxiety-like behavior. Those in the lower quartile for percent
time on the open arms were designated high anxiety (HAn) and those
from the upper quartile, low anxiety (LAn). Previous findings from our
lab indicate that, beginning at the 4th generation (F3) and more apparent
at the 6th generation (F5), 80–85 % of offspring resemble their same-
phenotype parental lines [21]. For the current study, we selected those
animals that resembled their parental line and displayed the same
phenotype when screened on the EPM. All animals were housed in
same-phenotype/same-sex groups with not more than 2 littermates in
Plexiglas cages (18.5″x10″x8″) with light (12 h light/ dark cycle) and
ambient temperature control. Water was freely available for animals in
Experiment 1, but animals in Experiment 2 were only allowed to feed
freely until the onset of DRL training. At this time, animals were food
deprived for 24 h and given sugar pellets (45mg, Bioserv, Flemington,
NJ) and then food-restricted (4–5 pellets per rat daily) to maintain 85 %
of their free-feeding body weight. Study protocols received approval
from the IACUC of the University of Massachusetts Boston and followed
the guidelines set by the applicable portions of the Animal Welfare Act
and the U.S. Department of Health and Human Services “Guide for the
Care and Use of Laboratory Animals”. For Experiment 1, animals were
taken from F5, phenotyped on the EPM and then tested for sensitivity to
amphetamine in the LMA chambers. For Experiment 2, a separate group
of F5 male animals were phenotyped on the EPM (PND 110) and de-
signated as showing HAn and LAn behaviors and subsequently (be-
ginning at PND 120) placed in the DRL operant training paradigm.

2.2. Behavioral tasks

2.2.1. Elevated plus maze
The elevated plus maze (Med Associates, St. Alban, VT) was con-

structed of black Plexiglas and equipped with two sets of opposing
arms, two with only a floor and no walls and two with high, enclosed
walls. The maze was set up 70 cm off the floor and all animals were
tested for 5min on the following parameters were automated from the
Med Associates interface and software (MED-SYS-8) (1) percent time
spent on open arms (OA), (2) %OA entries and (3) total entries. An
entry was recorded when an animal moved into an arm and broke the
two infrared photobeams located at the entrance to each arm.

2.2.2. Locomotor activity
Using a commercial locomotor activity (LMA) system (Med

Associates), whole-body activity and rears were measured over 90min.
On a test day, animals were given a 30min habituation period and then
were removed for amphetamine injection (AMPH, 0.5mg/kg, IP; Sigma
Chemical Co., St. Louis, MO) and returned to the LMA chamber for an
additional 60min. Data for distance traveled and rearing bouts are
reported as group means ± SEM.
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2.2.3. DRL operant chambers
DRL experiments were conducted in four identical operant learning

chambers (12”x10”x13”) with stainless steel grid floors manufactured
by Coulbourn Instruments adapted with Med Associates hardware and
software (Med Associates). Each chamber was equipped with two re-
tractable levers, one on each side of the food hopper in order to register
lever presses, with only one lever active (i.e., releasing a BioServ
Dustless Precision Pellet® 45mg sugar pellet, BioServ). A white house
light was inserted at the middle top of the chamber and stimulus lights
were located six inches above each lever. White noise dampened ex-
traneous noise during training and a speaker emitted a signal to in-
dicate delivery of food pellet into the hopper.

2.2.3.1. Operant conditioning. The operant conditioning procedures
consisted of three phases including magazine habituation, auto-
shaping, and acquisition. Operant sessions were typically conducted 7
days per week and are described in detail below.

2.2.3.2. Magazine habituation. For the first phase of operant
conditioning, the animals were habituated to the chambers and
testing schedule. Each chamber had only the housing and stimulus
lights present, and levers were not installed. The Med-PC software was
programmed to dispense a sugar pellet every 30 s for a total of 30 min.
If any sugar pellets were left in the hopper after the 30min expired, the
animals were given an extra 20min to consume the pellets. Each animal
was tested on three separate occasions during this phase.

2.2.3.3. Auto-shaping. At this next phase of operant conditioning,
animals learned to lever-press for the active reward lever only, the
inactive lever was not installed for this testing phase. Animals were
given a maximum of 30min, which included a 5-min habituation period
in which the lever was inactive, and the house light would illuminate.
After the habituation ended, the house light was extinguished, the
stimulus light would illuminate on the right or left (alternated for each
chamber), and the lever introduced. If the lever were pressed, the
stimulus light would extinguish and a sugar pellet would be dispensed
into the food hopper signaled by a click of the dispenser; if it were not
pressed, the stimulus light would go out and the lever would no longer
be activated. After a brief interval (5−10 s), the session would resume.
Criterion was met when the animal reached 50 reinforcements or the
30-min time limit. The auto-shaping phase was done for three
consecutive days when criterion was met.

2.2.3.4. Differential-reinforcement-of-low-rate of responding (DRL) 15/30-
s acquisition. The next phase of operant conditioning was advancement
on the auto-shaping as now the active and inactive levers were installed
and available. This session was lengthened to 60-min maximum, which
also included the 5-min habituation period. The housing light would
illuminate at the beginning of each session. In this testing phase, the
animal was given the choice of an active lever that would dispense
sugar pellet reinforcement into the food cup, and an inactive lever that
would not yield any reinforcement. Initially, for two sessions, the
animals were allotted a 1 s inter-response time (IRT) before active lever
responding was rewarded. Next, animals moved to 5 s and 10 s (DRL 5,
10) during which the IRT was 5 s and 10 s, respectively, for a total of
two sessions each. If IRTs were not observed and premature responses
occurred, animals were penalized and the timer reset to zero, delaying
possibility of future reward. Criterion was met when the animal reached
50 reinforcements or when the 60-min maximum was reached. Animals
then moved to the final two stages, DRL 15 and 30 with 15-s and 30-s
IRT, respectively. During all phases, animals were tested daily, and the
testing phase ended once 50 rewards (i.e., the criterion) was stabilized,
which was approximately 24 sessions. At this point, the study was
terminated, and animals were returned to free access to food.

2.3. Immunohistochemistry (IHC)

One week following the termination of the study, animals were
given an overdose of sodium pentobarbital (1ml, 50mg/kg) and
transcardially perfused with isotonic saline (50ml) followed by 4 %
paraformaldehyde (200−250ml) in 0.1 M Na phosphate buffered
saline (pH 7.4). Brains were extracted and stored in the same fixative
for a minimum of 24 h. 30-micron coronal sections were taken after
cryoprotection in 10 % and 20 % sucrose 4 % paraformaldehyde so-
lutions for 48 h each. Free-floating sections were run using the Hoffman
Protocol [22] initially by repeatedly washing the sections in Tris buffer
saline (TBS, 0.05M, pH 7.6). Next the tissue was incubated in a mixture
of the primary anti-5-HT1A antibody for 1 h (1:75,000; EMD Millipore,
USA) diluted in 3 % Triton X-100 and NaPBS at 4 °C. The brain sections
were then stored in the primary antibody solution for 48 h (4 °C). After
six washes with NaPBS, the sections were incubated for 1 h in PBS
(0.1M, 3 % triton, pH 7.4) containing biotinylated goat anti-rabbit IgG
(1:200, Vector Laboratories, USA). After several washes with NaPBS,
the sections were incubated in avidin–biotin–peroxidase complex (1 h;
ABC Vectastain Elite Kit, Vector Laboratories, USA). Following thor-
ough washes in TBS, pH 7.6), the sections were stained with 3,3′-dia-
minobenzidine (Vector Laboratories, USA) and then washed with TBS
and NaPBS (0.1M, pH 7.4). The sections were air-dried overnight,
cover slipped with Permount and made into permanent slides.

For α-adrenergic-immunolabeling, the tissue process was identical,
using the anti- α2A adrenergic receptor α2A -AR primary antibody
1:1000; Calbiochem, USA diluted in 3 % Triton X-100 and NaPBS at
4 °C. Secondary antibody dilutions and 3,3′-diaminobenzidine staining
protocols were identical to those used for 5-HT1A staining.

2.4. Cell counts

Slides were placed under imaging light microscope (Olympus B201)
at 40× magnification. Landmarks were located to identify brain re-
gions of interest using the Paxinos and Watson [23] rat brain atlas.
Once brain regions of interest were located in 5–6 representative ani-
mals from each experimental group, an image was captured using Spot
Advanced imaging software. The images were transferred to Cell-
Target© software (Open Source GUI, Universidad de Alcalá, Spain),
separate thresholds were set to identify 5-HT1A and α-adrenergic re-
ceptor positive cells and then automated for counts within a 250 μm
square region of the target areas. All researchers involved in the
quantification of positive cells were blind to the experimental condition
of the representative animals.

2.5. Data analysis

For EPM and DRL, all data are represented as average response for
each respective group, LAn and HAn,± SEM, and graphed using
GraphPad Prism (version 7.0c for Mac). We tested for normality of all
data using the Shapiro-Wilk test in SPSS (v. 22 for Mac). Next, we ran
separate student’s t-tests to analyze %OA time, %OA entries, and Total
Entries on EPM between trait anxiety lines. For impulsivity tasks, when
the normality assumption was violated, we used Welch’s correction,
and ANOVAs were run on active lever responses during IRT > 3 s
(Factors: Trait (LAn and HAn) and Session) and Distance Traveled and
Rearing Bouts for LMA data (Factors: Trait (LAn and HAn) and Time (18
Levels: 0−90min, 5-min time blocks). When appropriate, multiple
comparisons with Bonferroni adjustments were performed to discern
pairwise differences. For each DRL session, we recorded the inter-re-
sponse time (IRT) between consecutive lever presses and these were
placed into 1-sec bins. Lever presses that were recorded less than 1-s
were marked as bursts. Other performance characteristics that were
analyzed include average reinforced lever presses, mean lever presses
for rewards, total correct lever presses, burst ratios, and percent effi-
ciency (correct lever presses/total lever presses). For IRT 1-s bins,
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ANOVAs were performed to analyze any Trait, IRT Bins, and
Trait× IRT Bins interaction effects; when necessary, the Holm-Sidak
method was used for exploring pairwise comparisons.
Immunocytochemistry for 5-HT1A was performed and analyzed in the
mPFC and the NAc (core and shell); for α–adrenergic receptors, stained
cell counts was performed in the mPFC, locus coeruleus and the para-
ventricular nucleus of the hypothalamus. analyzed using the Mac ver-
sion of GraphPad Prism 8.0 (GraphPad Software, Inc.).

3. Results

3.1. Elevated plus maze

All F5 animals (N=80) were phenotyped on the EPM (PND 60)
prior to the LMA and DRL portions of each experiment (Fig. 1 Experi-
mental Timeline) and experimental animals (Experiment 2, (N= 16))
were re-tested on the EPM (PND 110) before subsequent DRL beha-
vioral testing. At PND 110, the EPM results revealed a significant dif-
ference between HAn and LAn lines for percent time on open arms
(Welch’s corrected t=6.488, df= 9.537, p < 0.0001, two-tailed) with
HAn animals spending far less time on the open arms. There was also a
significant effect found for percent open arm entries between HAn and
LAn lines, again with fewer entries for HAn rats (t=3.638, df= 15. 21,
p < 0.01, two-tailed) (Fig. 2A-B). Comparison of HAn and LAn anxiety
group means for total entries revealed a significant group difference
with HAn animals making fewer entries in all arms of the maze
(t=2.802, df= 16.97, p < 0.05, two-tailed) (Fig. 2C).

3.2. Experiment 1: locomotor activity

Animals were brought to the testing room and allowed a 30min
habituation to the LMA chamber followed by an amphetamine injection
(AMPH 0.50mg/kg, IP) and post-injection activity monitoring for
60min. Repeated measures ANOVA revealed HAn animals traveled
more in the LMA (significant effect of Trait F(1,252)= 8.212,
p < 0.0001), particularly after the AMPH injection (significant effect
of Time F(17,252)=29.23, p < 0.0001). The Trait × Time interaction
(F(17,252)=9.433, p < 0.001) indicated that the distance travelled
varied across time, depending on phenotype. Post-hoc comparisons

showed that HAn animals moved more at timepoints 55–70 (p < 0.05)
(Fig. 3A).

3.2.1. Rears
Following AMPH injections, there were marked increases in the

number of rears in the HAn line compared to LAn (Trait effect F
(1,252)= 2.278, p < 0.001), and this was most notable after the
AMPH injection (Time effect F(17,252)=28.17, p < 0.0001). Post hoc
tests indicated these differences at timepoints 35, 40 (p < 0.01), 45
(p < 0.00001), 50 (p < 0.01), and 55 (p < 0.05) (Fig. 3B).

3.3. Experiment 2: differential-reinforcement-of-low-rate 15 s responding

Stable 15- and 30-sec DRL performance occurred after approxi-
mately ∼20 training sessions. This was determined when there were no
noticeable fluctuations between two subsequent training sessions for
each respective phenotype.

3.3.1. Total rewards
After DRL-15 and 30 training was stabilized, data were collected on

daily average rewards achieved. These daily averages were then pooled
into a total group average ± SEM. Student’s t-test analysis showed a
significant difference in total reinforcements between phenotypes. LAn
subjects received on average of 62.45 ± 2.43 reinforcements com-
pared to 34.13 ± 2.33 reinforcements for HAn (p < 0.01) (Fig. 4A).

3.3.2. Percent efficiency
Another performance measured was the percent efficiency of each

subject (total correct lever presses on the active lever/total lever
presses). These data were collected for each training session, averaged,
and analyzed, revealing a significant group difference with LAn subjects
exhibiting an average 94.35 % (±0.653) percent efficiency compared
to HAn with an average 71.64 % (±2.725) efficiency (p < 0.0001)
(Fig. 4B). We also ran multiple comparisons for each session, comparing
each group’s %efficiency using the Holm-Sidak method with alpha
adjustments (α=5.000 %). The anxiety lines differed for the following
sessions, 1–6, 8–12, 14–15,16, 17, 22–23 (p < 0.00001) and 19
(p < 0.01) (session data not shown).

Fig. 1. Timeline Schematic showing the study
timeline from birth, weaning, EPM screening
and behavioral testing (e.g., Experiment 1, lo-
comotor activity; Experiment 2, Differential
reinforcement for low rate of responding) to
termination. Abbreviations: AMPH, ampheta-
mine; DRL, differential reinforcement of low rate
of responding; EPM, elevated plus maze; HAn,
high anxiety-like behavior animals; LAn, low an-
xiety-like behavior animals; PND, postnatal day.
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3.3.3. Inter-response times (IRTs)
In order to further assess DRL 30-sec performance, we measured the

time between active lever presses (i.e., when lever presses are re-
warded), known as inter-response times (IRTs). These measures showed
the time intervals between successive lever presses. These data were
collected for each training session of DRL and placed into 1-sec bins for
times when no reward was available. Student’s t-test showed a sig-
nificant difference between phenotyped anxiety groups with HAn ani-
mals exhibiting greater IRTs than LAn (p < 0.01). We also analyzed
the 1-s IRTs by Day using a two-way ANOVA (Factors: Trait and IRT
Bins). Analyses revealed significant main effects of Trait F(1,161)
=11.68, p < 0.01 (p=0.0036), IRT Bins F(23,161)=21.33,
p < 0.001 (p=0.0002), and no interaction F(23,161)=6.581,
p > 0.05 (p=0.1252). Post-hoc tests (Holm-Sidak with alpha adjust-
ments) revealed significant pairwise differences for Sessions 18, 20, 21,
and 23 (p < 0.05, p < 0.01, p< 0.001, and p < 0.05, respectively)
(Fig. 4C).

3.3.4. Burst ratios
The final performance measured in the DRL testing was the burst

ratios of each anxiety group. These burst responses were classified as
inter-response times under 1-sec, which was deemed a time-out phase.
The ratio of burst responses to total inter-response times was calculated.

Student’s t-test revealed a significant difference (Fig. 4D) between an-
xiety groups. LAn animals showed an average 0.1475 (± 0.17) burst
ratio and HAn animals showed an average 0.25125 (± 0.026) burst
ratio throughout the course of the study t=3.292, df= 14, p<0.01.

3.4. Immunohistochemistry

3.4.1. Serotonin1A (5-HT1A) receptor protein levels
Separate analyses for 5-HT1A stained cells showed a difference be-

tween HAn an LAn lines for the mPFC but not NAc shell and core brain
regions. In the mPFC, LAn animals (n=6) averaged fewer positively
stained 5-HT1A neurons (M=53.11 ± 3.73) relative to HAn (n=5)
(M=83.22 ± 4.572) (t = 5.103, p<0.0001; Welch’s nonparametric
t-test) (Fig. 5A). By contrast, in the NAc shell, cell counts for LAn ani-
mals (n=6) (M=93.69 ± 5.68) were no different than HAn animals
(n= 6) cell counts (M=97.78 ± 11.21) (t = 0.4786, df= 17.19,
p=0.6382). Similarly, in the NAc core, no significant differences were
observed between the phenotypes (LAn M = 220.3± 10.43; HAn M =
213.9±8.36) (t = 0.4726, df= 20.98, p=0.4726).

3.4.2. α2 adrenergic receptor protein levels
We observed no significance difference between HAn and LAn lines

in the overall α2 adrenergic receptor counts in the mPFC (HAn

Fig. 2. A–D. Elevated Plus Maze Filial 5 animals
from Experiment 2 were screened on the EPM
at PND 110 with offspring of LAn parental lines
showing greater percent time on open arms (A)
and increased percent open arm entries (B)
relative to HAn. LAn animals displayed greater
total entries (C) and closed arm entries (D)
relative to HAn rats. Significant differences for
total entries were also found with more activity
for the LAn phenotype (Fig. 2C). *p < 0.05,
**p < 0.01, ****p < 0.00001.

Fig. 3. A–B. Locomotor Activity Filial 5 HAn and LAn male rats
were habituated to the locomotor activity cages for 30min. At
30min (arrow), all animals were administered amphetamine
(0.5mg/kg IP) and post-injection activity was recorded for an
additional 90min. (A) HAn rats showed elevated mobility
after AMPH as compared to LAn animals in distance traveled
(cm), particularly at time points 55–70 (*p < 0.05). (B)
Animals from the HAn line also reared significantly more than
those from LAn post-amphetamine at time points 35
(**p < 0.01), 40 (**p < 0.01), 45 (****p < 0.0001), 50
(**p < 0.01), and 55 (*p < 0.05).
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M=38.4 ± 10.24; LAn M=39.79 ± 10.570) (t = 0.1817,
p=0.8567; Welch’s nonparametric t-test) (Fig. 5B). Neither did we
observe any differences between HAn and LAn lines in positive cell
counts in the NAc core and shell (data not shown). LAn rats had sig-
nificantly more positively stained α2 adrenergic receptor cells in the
PVN relative to HAn animals (t = 3.479, p=0.0016) (Fig. 5C).

Significantly more immunopositive cells were found in HAn animals in
the LC relative to LAn (t = 2.459, p=0.0161) (Fig. 5D; Fig. 6A-B).

4. Discussion

In this study, we report that F5 HAn male Long-Evans rats exhibit

Fig. 4. A–D. Differential Reinforcement for Low
Rate Responding Animals phenotyped as
showing high anxiety-like behavior displayed
greater impulsivity. (A) LAn rats received sig-
nificantly more rewards (**p < 0.01), (B)
achieved greater percent efficiency
(*p < 0.05), (C) displayed fewer inter-re-
sponse times, particularly on test days 18
(*p < 0.05), 20 (**p < 0.01), 21
(***p < 0.001), 23 (*p < 0.05), (D) while
HAn rats recorded greater burst ratios
(**p < 0.01).

Fig. 5. A–D. 5HT1A and α2 Adrenergic Receptors in HAn/LAn Brain Regions (Left Panels mPFC, NAc core/shell, paraventricular nucleus and locus coeruleus) Implicated in
Anxiety and Impulsivity (A) In the mPFC, male rats phenotyped as HAn showed increased 5HT1A receptor levels as compared to those characterized as LAn
(****p < 0.0001) (B) with no trait differences for α2 adrenergic receptors. (C) In the paraventricular nucleus, LAn animals had more positive α2 adrenergic
receptors compared to HAn rats (**p < 0.01) (D) with no significant differences observed in the locus coeruleus.
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more anxiety-like behavior when tested in the EPM and are more sen-
sitive to the locomotor-activating effects of AMPH administration than
their LAn counterparts. This is in line with previous reporting of these
outbred lines [21], with HAn animals exhibiting decreased OA entries,
lower %OA entries and total (OA+CA) entries on the EPM, which is
typical of anxiety-like behavior [24]. Sensitivity to AMPH was evi-
denced in HAn rodents by increased rears and increased distance tra-
veled post-injection. We extend these earlier findings by testing the
anxiety lines for impulsivity in the DRL operant task. HAn rats display
greater IRTs (active lever presses when no reward is available), burst
ratios (persistent lever presses after rewards end), and attain fewer
overall rewards than LAn animals.

Impulsivity is a common component of addiction, personality dis-
orders, and attention-deficit/hyperactivity disorder (ADHD)
[15,25,26]. Also, impulsive and anxiety disorders often co-occur in
clinical populations [27], and many of the underlying brain and neural
systems for the disorders overlap [28–30]. Neuroanatomical regions
important for impulsive behavior and substance use/abuse include the
frontal cortex, NAc, basolateral amygdala, hippocampus, and pre- and
infralimbic areas (Pattiji & Vanderschuren 2008; [31–33];). For ex-
ample, studies have demonstrated that ablation of the NAc core, PFC, or
infralimbic structures, can result in behavioral shifts in impulsivity in
the DRL paradigm, 5-choice serial reaction time task (5CSRTT) and
delay-discounting task [34–36]. Furthermore, similar brain regions are
implicated in anxiety, such as the basolateral amygdala, hippocampus,

and mPFC ([37] for review).
Serotonergic and noradrenergic systems and their projections to

many of the shared anatomical sites contribute to impulsivity [7–9] as
well as mood disorders such as anxiety and depression [38,39]. Dy-
namic changes in these neurotransmitters are also noted in animal
models of addiction [40,41]. Presently, we found support for differ-
ences in serotonin 1A receptor protein levels between LAn and HAn
lines distinguished on their impulsivity patterns and response to am-
phetamine. Male rats from the HAn line showed increased 5-HT1A re-
ceptor levels in the mPFC compared to those from the LAn line. 5-HT is
a major neurotransmitter long implicated in impulsivity and anxiety
traits. 5-HT abnormalities have been found in those suffering from
mood and substance abuse disorders [38,39] specifically, abnormalities
in 5-HT1A receptors and the 5-HT-transporter [42,43]. Mice lacking 5-
HT1A exhibit increased anxiety-like behavior [39] and rodents who
have experienced an early-life stressor, such as maternal separation,
will exhibit an increase in 5-HT1A and 1B receptors in the hippo-
campus, along with elevated CORT response to stressors later in life
[43]. These data suggest that changes in serotonin transmission and
receptor integrity (e.g., 1A and 1B) correspond with anxiety-like be-
havior and substance abuse, particularly in limbic structures.

Although research supports a role for 5-HT, 1A and 1B receptors in
both anxiety and impulsivity disorders, the exact nature of this con-
tribution remains unclear. Several studies have found that increased
level of 5-HT1A binding and density in the PFC are indicative of

Fig. 6. A–D. HAn Rats Have Elevated 5-HT1A and α2 Adrenergic Receptors in mPFC and the Locus Coeruleus. Photomicrographic images taken using a brightfield
microscope at 20× (Bregma +1.00mm for mPFC; -10.00mm for LC) and the 200-μm2 reticule placed for immunohistochemistry cell counts. Representative images
show (A) increased 5HT1A positively stained cells were observed in the mPFC of HAn rats relative to (B) LAn rats. (C) In the locus coeruleus, HAn animals also
displayed greater number of immunostained α2 adrenergic receptors compared to (D) LAn animals. Scale bar in (D) =100 μm for all images.
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increased anxiety-like behavior [42,44,45], which is in line with our
finding that increased 5-HT1A density in the mPFC was associated with
high anxiety-like behavior in the HAn males. Pharmacological manip-
ulation of the 5-HT1A receptor with the antagonist, WAY100635, in-
duces anxiolysis [42] while administration of the 5-HT1A agonist, 8-
OH-DPAT, prompts rats to act impulsively on the 5CSRTT [46]. In
human studies, depletion of 5-HT in healthy volunteers resulted in an
increase in impulsive behavior [45]. However, an increase in 5-HT re-
lease in the mPFC region has been found to correlate with impulsive
actions [47]. These seemingly contradictory findings could be due to
interactions between 5-HT and other neurotransmitter systems, such as
norepinephrine or dopamine, or may be explained by pre- and post-
synaptic differences in the 5-HT receptors activated pharmacologically.
In addition, it is probable that varying levels of the 5-HT receptors were
present based on stress activation in HAn versus LAn lines. 5-HT1A
receptors are located pre-synaptically while 5HT1B are located post-
synaptically [48], and stress hormone levels influence hippocampal
mRNA expression for 5HT-1A [49].

While HAn animals exhibited increased 5-HT1A immunoreactivity
in the mPFC (Fig. 6C-D), no differences were observed in the NAc core.
It is likely that increased 5-HT1A receptors in the mPFC may reflect
lower 5-HT levels and depressed signaling. [50]) found that 5-HT1A
stimulation in the mPFC improved attentional deficits induced by the
competitive NMDA antagonist 3-(R)-2-carboxypiperazin-4- propyl-1-
phosphonic acid (CPP). We did not observe any NAc differences 5-
HT1A levels in the current model, suggesting that these local changes
are critical for the impulsivity task used. Nonetheless, the importance of
the NAc to impulsive behavior is evidenced by lesion studies, with se-
lective disruption of the NAc core resulting in an increase in impulsive
behaviors not evident with ablation of the NAc shell [25,31,34,36].
Moreover, Moreno et al. [51] found that increased impulsivity in the
5CSRTT negatively correlated with NAc 5-HT turnover. Administration
of 8-OH-DPAT, a 5HT1A agonist, not only decreases forebrain 5-HT
levels, and reduces impulsive behavior but alters DA levels in both the
PFC and NAc [36] with significant increase in DA release in the mPFC
[52]. Blocking 5-HT1A receptors in the NAc results in an increase in
extracellular 5-HT [53]. 5-HT has been found to alter DA activity within
the NAc [36,54] and D2/3 receptor availability is significantly de-
creased in the NAc of impulsive subjects regardless of drug exposure
[33]. The D2/3 receptor agonist, quinpirole, and the D2 agonist, su-
manirole, reduce impulsivity on the 5CSRTT [55] indicating that DA
neurotransmission also plays a role in impulsivity. 5-HT1A receptors
are found on dopaminergic cells in the VTA, which sends projections to
the NAc [56]. Given that increased levels of 5-HT1A receptors corre-
spond to decreased extracellular 5-HT, a hallmark of impulsive beha-
vior, it may be expected that HAn animals would have greater 5-HT1A
receptor density compared to LAn animals. However, this is not the case
in the NAc core suggesting that in our work, increased level of 5-HT1A
receptors in the mPFC contributes more to impulsive behavior. Inter-
estingly, a decrease in 5-HT1A receptors also corresponds to increased
anxiety-like behavior [57] and this was exhibited by HAn males in this
study.

The neurotransmitter NE is strongly associated with the stress re-
sponse and is important for working memory, impulsivity, and atten-
tion. NE has greatest affinity for α2 receptors, which exist in high
density in PFC [58] and the locus coeruleus, many of which modulate
the inhibitory action of NE via action on postsynaptic dendrites [59].
Depleting NE in the PFC with 6-OHDA introduces negative effects on
both memory and impulsivity [58] while significantly elevated levels of
NE and DA in the PFC also induce negative effects on behavior [60]
indicating that the PFC requires an optimal level of catecholamines for
ideal functioning. In addition, administration of the α2A agonist,
quanfacine, reduces impulsive behavior while the antagonist, yo-
himbine, impairs working memory and increases impulsivity [55,60].
In clinical populations as well, yohimbine inflicts anxiety [61] under-
scoring the importance the α2 receptors play in contributing to

impulsivity and anxiety related behaviors. α2A agonists in the locus
coeruleus are implicated in regulating NE, lowering levels that improve
attention and reduce impulsivity [62]. Here, we found no differences in
α2A receptor levels in the mPFC, which suggests that NE signaling le-
vels and stimulation at α2A receptors in this region are likely not al-
tered in the current animal model. However, we did see that HAn lines
had markedly more α2A immuostained cells in the locus coeruleus
relative to their LAn counterparts (Fig. 6A-B). Interestingly, we did see
variability within each phenotype for the positively stained α2A cells in
the LC, likely due to individual variation in the relative contribution of
abnormalities in this receptor expression for phenotypic expression of
anxiety and impulsivity. Nonetheless, these increased levels do imply
more overall LC NE activity and by extension, more impulsive and an-
xiety-like patterns in the HAn lines. Studies show that pharmacological
inhibition (i.e., peripheral or local infusion with clonidine) of locus
coeruleus (LC) NE activity results in a diminution in DA and NE levels
in several frontocortical areas, including the mPFC. By contrast, acti-
vation of LC NE activity with antagonists increase DA and NE fronto-
cortical levels [63,64]. It is probable that LC NE activity increases not
only NE but also DA levels (as DA is co-released by LC NE neurons), and
together, they may contribute to greater impulsive patterns. Additional
work is needed to determine if disruptions in impulsive and/or anxiety-
like behavior are altered with direct stimulation of mPFC and LC re-
ceptors in the current animal model.

Anxiety and impulsivity traits are heritable. Intergenerational trait
anxiety animal models exhibit distinct behavioral and neurobiological
profiles [21,65,66] while familial and genetic studies have found high
heritability in the human population with estimates of genetic influence
over anxiety disorders estimated to be as high as 48 % [67,68]. A
2010study by Ersche et al. [69], comparing a substance-dependent in-
dividual to a substance-free sibling, found that both siblings regardless
of drug use, scored high on the BIS-11, a test of trait impulsivity,
compared to substance-free unrelated individuals while only the drug
dependent sibling scored high on the sensation-seeking SSS-V scale,
demonstrating that impulsivity is one aspect of addiction. In animal
models, rats that exhibit increased impulsivity in the 5CSRTT have
increased rates of cocaine self-administration compared to animals
exhibiting low levels of impulsive behavior [33,70]. Here, we show
animals bred along high anxiety-like behavior lines also exhibit greater
impulsivity in the differential reinforcement of low rate of responding
operant task.

4.1. Conclusions

We have established that 6th generation outbred male rats pheno-
typed as showing high anxiety-like behavior exhibit sensitivity to
AMPH and added to those findings that HAn rats also display greater
impulsivity in the DRL. Animals displaying increased anxiety and im-
pulsive behavior were found to have a greater density of 5-HT1A re-
ceptors in the mPFC, increased α2 adrenergic receptor levels in the LC,
and decreased α2 adrenergic receptor densities in the PVN. Increased 5-
HT1A densities in the mPFC implies that there are lower levels of 5-HT,
critical to impulsive patterns. Similarly, elevated α2 adrenergic den-
sities in the LC are suggestive of greater NE activity and levels, im-
portant for impulsivity. Together, these findings highlight the im-
portance of exploiting multiple traits in an animal model of addiction
for understanding neural impairments and identifying potential treat-
ment targets.
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