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Cocaine use disorders (CUD) are devastating for affected individuals and impose a

significant societal burden, but there are currently no FDA-approved therapies. The

development of novel and effective treatments has been hindered by substantial gaps

in our knowledge about the etiology of these disorders. The risk for developing a

CUD is influenced by genetics, the environment and complex interactions between the

two. Identifying specific genes and environmental risk factors that increase CUD risk

would provide an avenue for the development of novel treatments. Rodent models

of addiction-relevant behaviors have been a valuable tool for studying the genetics of

behavioral responses to drugs of abuse. Traditional genetic mapping using genetically

and phenotypically divergent inbred mice has been successful in identifying numerous

chromosomal regions that influence addiction-relevant behaviors, but these strategies

rarely result in identification of the causal gene or genetic variant. To overcome this

challenge, reduced complexity crosses (RCC) between closely related inbred mouse

strains have been proposed as a method for rapidly identifying and validating functional

variants. The RCC approach is dependent on identifying phenotypic differences between

substrains. To date, however, the study of addiction-relevant behaviors has been limited

to very few sets of substrains, mostly comprising the C57BL/6 lineage. The present study

expands upon the current literature to assess cocaine-induced locomotor activation

in 20 inbred mouse substrains representing six inbred strain lineages (A/J, BALB/c,

FVB/N, C3H/He, DBA/2 and NOD) that were either bred in-house or supplied directly

by a commercial vendor. To our knowledge, we are the first to identify significant

differences in cocaine-induced locomotor response in several of these inbred substrains.

The identification of substrain differences allows for the initiation of RCC populations to
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more rapidly identify specific genetic variants associated with acute cocaine response.

The observation of behavioral profiles that differ between mice generated in-house and

those that are vendor-supplied also presents an opportunity to investigate the influence

of environmental factors on cocaine-induced locomotor activity.

Keywords: cocaine sensitivity, initial cocaine response, genetics, reduced complexity cross, rodent behavior,

addiction, rodent model, mice models

INTRODUCTION

Recent data indicate that cocaine use, the prevalence of cocaine
use disorder (CUD) and cocaine-related overdose deaths have
been increasing in the United States (1–4). Although cocaine
use and abuse remain a significant public health concern, there
are currently no FDA approved therapies for CUD. The lack of
treatment options is due, in part, to gaps in our knowledge about
the etiology of this complex and devastating disorder.

Not all who use cocaine will go on to develop a CUD,
suggesting that individual differences contribute to risk. Twin
studies yield heritability estimates of approximately 0.70 for
cocaine dependence indicating a significant genetic contribution
to risk of developing a CUD (5). CUD risk is also heavily
influenced by the environment and gene by environment
interactions (5–9). Human genome wide association studies
(GWAS) have been successful in identifying specific loci and
genes associated with nicotine dependence and alcohol use
disorders (10–13). The few GWAS studies that have been
published for cocaine dependence or CUD have suffered from
insufficient sample sizes, limiting discovery of loci and genes
that contribute to CUD risk (14–16). Identifying genetic and
molecular pathways implicated in CUD would provide insight
into individuals at increased risk and generate novel targets that
could be investigated for development of effective therapeutics.

Genetic mapping studies and follow-up of loci identified in
human GWAS using rodent models provides complementary
approaches to human GWAS studies of CUD. One notable
example is the identification of the family with sequence
similarity 53, member B (FAM53B) gene as a risk variant for
cocaine dependence in a human CUD GWAS and a mouse
mapping study of self-administration of cocaine (14, 17). The use
of rodent models offers several advantages, including the ability
for the genetic background, environment, and drug exposure
regimens to be controlled and manipulated. While rodent
models cannot fully recapitulate the range of symptoms observed
in human CUD, they do allow for measurement of specific
addiction-relevant behaviors, including initial drug sensitivity.
Retrospective and longitudinal studies in humans have shown
that individual differences in initial subjective drug responses can
predict subsequent drug use (18–21). In mice, acute locomotor
response to an initial dose of cocaine is a well-established model
of initial sensitivity (22, 23).

Genetic mapping studies in inbred mouse strains have
successfully identified genomic regions, termed quantitative trait
loci (QTL), that are associated with cocaine-induced locomotor
activation (17, 24–30). Traditional mapping approaches typically
involve crossing genetically and phenotypically diverse pairs of
inbred strains and intercrossing or backcrossing the resulting

F1s to generate F2 or N2 mapping populations, respectively.
The resulting QTL identified in these studies typically span
tens of megabases containing hundreds of genes and thousands
of potential causal polymorphisms. Therefore, identifying
the specific variant(s) that affect cocaine-induced locomotor
activation and other complex behavioral traits has been
extremely challenging.

Reduced Complexity Crosses (RCC) between inbred mouse
substrains offer a significant advantage over traditional genetic
mapping strategies. Substrains are nearly isogenic inbred strains
derived from the same founder strain that have been bred
independently for multiple generations (typically >20). An RCC
is generated in the same fashion as an F2 or N2 population
described above, by crossing two substrains that differ for a
phenotype of interest. QTL identified in RCCs are similarly
sized in comparison to those identified using traditional F2
mapping populations, but causal polymorphisms in the region
are limited to those that were still segregating at the time the
strains were separated or arose spontaneously since that time
(31, 32). This feature of RCCs dramatically facilitates detection of
polymorphisms within the QTL region and identification of the
causative polymorphism (32). Additionally, a recently developed
genotyping array captures polymorphisms between inbred
mouse substrains, facilitating rapid and reliable genotyping of
RCCs (33). RCCs have been used successfully to identify genetic
polymorphisms that impact psychostimulant response, binge
eating, binge alcohol consumption, thermal nociception and
brain weight (34–38).

Genetic differences between substrains are likely to influence
any number of phenotypes, offering a powerful tool with which
to expand our knowledge about the genetic loci that affect
addiction-relevant behaviors. However, the literature describing
substrain differences in locomotor response to drugs of abuse has
been limited primarily to the C57BL/6 substrains. In this study,
we measured cocaine-induced locomotor activation across 20
substrains derived from A/J, BALB/c, DBA/2, FVB/N, NOD and
C3H/He inbred mouse strains. We report significant substrain
differences in acute cocaine locomotor activation in response to
an acute exposure to 20 mg/kg cocaine. Our data significantly
expand the current knowledge about substrain differences in
cocaine locomotor response and offer the opportunity to pursue
genetic studies to identify genes that contribute to this behavior.

MATERIALS AND METHODS

General Methods
Mice were all housed in a pathogen-free facility at UNC. This
facility consisted of a 12-h light/dark cycle with lights on at
7:00 AM. All animal care and protocols were approved by the
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University of North Carolina at Chapel Hill (UNC) Institutional
Animal Care and Use Committee and followed guidelines that
were implemented by the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, 8th Edition. Mice
were maintained in AAALAC-accredited, specific pathogen free
(SPF) barrier colony in ventilated cages (Tecniplast, Buguggiate,
Italy). Food (PicoLab Rodent Diet 20, Purina, St. Louis, Missouri)
was provided ad libitum and throughout the duration of
behavioral testing. Edstrom carbon filtered; reverse osmosis
hyper-chlorinated water was provided ad libitum except during
behavioral testing.

Two groups of mice were used for behavioral testing (see
Supplementary Table 1 for a summary of substrains, origin,
housing, and vendor). The first group consisted of six sets of
substrains that were originally purchased from their respective
vendors and bred in the vivarium at UNC. Mice bred at UNC
were either group-housed with cagemates of the same substrain
or co-housed at weaning (postnatal day 21) with mice from other
substrains within their strain group (i.e. DBA/2J, DBA/2NCrl and
DBA/2NTac mice in the same cage). The second group consisted
of four sets of substrains that were purchased directly from their
respective commercial vendors, delivered to our vivarium at 6–
7 weeks of age and maintained in group housing throughout
testing. Since these substrains were received close to testing age,
they were maintained in substrain-specific cages and not co-
housed due to concerns about aggressive behavior among males
that had not been previously co-housed.

Vendor supplied substrains were an average age of 62 days old
at the start of testing. Mice bred in-house were an average age
of 65 days old at the start of testing. All mice were weighed on
the day prior to testing and weights were used to determine the
volume of saline or cocaine administered during testing. Mice
were transported to the procedure room located within the same
vivarium immediately prior to the start of testing. Behavioral
testing occurred during the light cycle from 8:00 AM to 12:00 PM
with the time that a mouse was tested being consistent across the
three test days. All vendor-supplied substrains were tested by the
same experimenter (female) whereas those bred in-house were
tested by 5 different experimenters (male and female).

Vendor Supplied Substrains
Information on all inbred substrains including source and
cage environment (cohoused vs not cohoused) is provided
in Supplementary Table 1. A/J, BALB/c, FVB/N and DBA/2
substrains were purchased from their respective commercial
vendors and housed in substrain specific cages throughout
testing. Mice were an average of 27 days old upon arrival to
UNC and were acclimated to the vivarium for 5 weeks after
arrival before behavioral testing. A/J substrains were A/J (The
Jackson Laboratory, 000646), A/JCr (Charles River Laboratories,
563) and A/JOlaHsd (Envigo, 049). BALB/c substrains were
BALB/cJ (The Jackson Laboratory, 000651), BALB/cByJ (The
Jackson Laboratory, 001026), BALB/cAnNCrl (Charles River
Laboratories, 028) and BALB/cAnNHsd (Envigo, 047). FVB/N
substrains were FVB/NJ (The Jackson Laboratory, 001800),
FVB/NCrl (Charles River Laboratories, 207), FVB/NHsd
(Envigo, 118), and FVB/NTac (Taconic Biosciences, FVB-
F/FVB-M). DBA/2 substrains were DBA/2J (The Jackson

Laboratory, 000671), DBA/2NCrl (Charles River Laboratories,
026) and DBA/2NTac (Taconic Biosciences, DBA2-F/DBA2-M).

Substrains Bred In-house
Another cohort of inbred mouse substrains were purchased from
commercial vendors but test animals were bred in-house at UNC.
The following substrains were tested in this cohort: DBA/2J,
DBA/2NCrl, DBA/2NTac, A/J, A/JOlaHsd, BALB/cByJ, BALB/cJ,
FVB/NJ, FVB/NTac, NOD/MrkTac (Taconic Biosciences, NOD-
F/NOD-M), NOD/ShiLtJ (The Jackson Laboratory, #001976),
C3H/HeJ (The Jackson Laboratory, #000659), C3H/HeNTac
(Taconic Biosciences, C3H-F/C3H-M), C3H/HeNHsd (Envigo,
040) and C3H/HeNCrl (Charles River Laboratories, 025). Some
of these mice were cohoused with cagemates that included at least
two different substrains from a single progenitor strain.

Drugs
Cocaine hydrochloride (HCl) was purchased from Sigma-Aldrich
(St. Louis, MO, USA; C5776-5G). A solution of cocaine HCl was
prepared fresh daily. Cocaine HCl was dissolved in physiological
saline at a concentration of 2 mg/ml and administered via
intraperitoneal (i.p.) injection at a volume of 0.01 ml/g resulting
in a dose of 20 mg/kg of body weight administered to mice for
behavioral testing. Saline was purchased from Fisher Scientific
(Waltham, MA, USA; 297753).

Open Field Apparatus
The open field (OF) arena (ENV-515-16, Med Associates, St.
Albans, VT, USA), measured 17 x 17 x 13cm and consisted of
four clear Plexiglas walls and a white Plexiglas floor. The walls
are surrounded by infrared detection beams on the X, Y, and Z
axes used to detect horizontal and vertical activity of the animal
throughout the duration of the test session. The OF chamber is
placed within a sound attenuating box (73.5 x 59 x 59 cm) that has
two overhead light fixtures containing 28-V lamps. Light levels
on the arena floor were 24 lux in the center, 10 lux in the corners
and 13 lux along the walls. Eight identical OF arenas were used for
testing with a mouse being tested in the same arena each test day.

Acute Cocaine-Induced Locomotor
Activity Test
On Day 1, behaviorally naïve mice were given an i.p. injection
of saline at a volume of 0.01 ml/g body weight and immediately
placed into the OF for 30min to habituate to the arena. On Day
2, mice were again given an i.p. injection of saline and placed into
the OF for 30min. On Day 3, mice were given an i.p. injection of
20 mg/kg of cocaine and placed into the OF chamber for 30min.
Locomotor behavior was measured as total distance moved (in
centimeters) for the entire 30-min test period each day using
the manufacturers data acquisition software (Activity Monitor
v5.9.725; Med Associates). Locomotor activity recorded during
day 2 was used as a baseline measurement for comparison with
cocaine-induced locomotor activity on Day 3. At the end of each
test session, mice were placed back into their home cages and the
OF chambers were cleaned with 0.25% bleach solution.
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Statistical Analyses
All statistical analyses were performed using SPSS v28 for Mac
(IBM Inc). Due to normality of data variables, a Box-Cox
transformation of locomotor activity data for each substrain
was performed and the resulting transformation used for each
strain group is reported in Supplementary Table 2. For each set
of substrains, we performed an ANOVA that included day of
testing, substrain and sex as independent variables and locomotor
activity as the dependent variable. In cases where multiple
individuals tested animals within the same strain cohorts, we
added experimenter as a covariate in the ANOVA model.
Significant main effects (p< 0.05) were followed up with post-hoc
Tukey’s HSD or independent samples T-tests.

RESULTS

Experimental data for all inbred mouse substrains including
origin of the mice, number of mice tested, cage environment,
strain means and standard deviations are provided in
Supplementary Table 1. We observed significant substrain
differences in basal and/or cocaine-induced locomotor activity
in all 6 strain groups we examined (Supplementary Table 2).
C3H/He and DBA/2 substrain differences were fairly stable
across experimental cohorts. We also observed substrain
differences (i.e., A/J and FVB/N) that were not replicated
across experimental groups (vendor-supplied vs in-house).
Sex differences also varied across and within strain groups
and experimental cohorts. Results presented individually by
substrain are described below.

A/J Substrains Are Not Activated Upon
Acute Exposure to 20 mg/kg Cocaine
Vendor Supplied

Overall, the locomotor activity of the vendor-supplied A/J
substrains did not increase significantly after exposure to cocaine
(F(2, 126) = 0.17; p = 0.846; Figure 1A), although increased
cocaine-induced locomotor activity can be observed in the
A/JCr substrain. There was a significant main effect of substrain
(F(2, 126) = 4.1; p = 0.019). A/JCr mice were significantly more
active than A/JOlaHsd mice (p = 0.014), but this appears to
be mostly driven by several high-responding A/JCr mice (data
not shown). No significant sex (F(1, 126) = 0.73; p = 0.396) or
interaction effects were observed.

Bred In-house

Two A/J substrains were bred in-house at UNC for 1–2
(A/JOlaHsd) or 3-4 (A/J) generations. These mice showed a
different behavioral profile than those obtained from commercial
vendors.We observed a significant decrease in locomotor activity
across all 3 days, including Day 3 after exposure to cocaine
(Figure 1B; F(2, 206) = 30.5; p = 2.5 x 10−12). We also observed
significant substrain (F(1, 206) = 34.9; p = 1.4 x 10−8) and sex
[F(1, 206) = 7.1; p = 0.009] effects. The A/J substrain showed
significantly higher locomotor activity regardless of day (t(217)
= 5.2; p = 4.1 x 10−7; Figure 1C). Overall, male mice were
significantly more active than female mice (t(217) = 2.5; p =

FIGURE 1 | A/J substrains are not activated in response to cocaine. (A)

Vendor-supplied A/J substrains do not exhibit increased activity in response to

cocaine on Day 3; (B) locomotor activity decreases across all three days of

testing in A/J and A/JOlaHsd substrains bred in-house and (C) A/J mice are

significantly more active than A/JOlaHsd mice regardless of day. Each data

point represents an individual mouse, error bars are SEM. ***p < 0.001.

0.013; data not shown). There were no significant interactions
among any of the independent variables tested.

Locomotor Response to Cocaine Differs in
BALB/c Substrains From the “J” Lineage in
Comparison With Substrains From the
“AnN” Lineage
Vendor Supplied

Vendor-supplied BALB/c substrains showed no locomotor
activation in response to cocaine exposure on Day 3. Rather,
locomotor activity decreased across the three days of testing in
the four substrains [F(2, 162) = 10.8; p = 3.9 x 10−5]. Collapsed
across substrains, locomotor activity on Day 1 is significantly
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FIGURE 2 | BALB/c substrains are not activated in response to cocaine. (A)

Regardless of substrain, locomotor activity was significantly higher on Day 1 in

response to saline in comparison to Day 2 activity (saline) and Day 3

cocaine-induced locomotor activity. (B) BALB/c substrains were significantly

more active than BALB/cAn substrains across all three days. Each data point

represents an individual mouse, error bars are standard error of the mean. **p

< 0.01; ***p < 0.001.

higher than either Day 2 (p = 3.7 x 10−5) or Day 3 (p =

0.004) (Figure 2A). We also observed a significant main effect
of substrain [F(3, 162) = 13.6; p = 6.2 x 10−8]. Mice of both
J substrains (BALB/cJ and BALB/cByJ) are significantly more
active than both BALB/cAnNHsd and BALB/cAnNCrl mice (all
p < 0.01; Figure 2B). Female mice were significantly more active
than male mice [F(1, 162) = 5.9; p= 0.016; data not shown].

Bred In-house

BALB/cJ and BALB/cByJ mice were generated in-house and we
tested offspring from the 1st and 2nd generations of breeding
from the initial vendor stock. We observed no significant day
[F(2, 27) = 2.4; p = 0.106] or substrain [F(1, 27) = 0.12; p = 0.731]
differences. We did observe a sex difference [F(1, 27) = 4.5; p =

0.043], but it should be noted that our experimental cohort was
limited to only 2 BALB/cByJ males and no BALB/cJ males (data
not shown).

C3H/HeNTac Mice Are More Active Than
Other C3H/He Substrains
Bred In-house

All C3H/He substrains were bred in-house. The initial cohort
was limited to C3H/HeJ and C3H/HeNTac substrains that were
the first generation of offspring from vendor-supplied mice

(C3H/HeJ) or offspring of crosses between mice from the third
generation bred at UNC (C3H/HeNTac). These animals were
cohoused such that mice from each substrain were weaned
into cages together and maintained in that manner throughout
testing. The second cohort of mice included C3H/HeNCrl
and C3H/HeNHsd substrains in addition to C3H/HeNTac and
C3H/HeJ, and were produced by breeding vendor-supplied mice
at UNC for one generation. These mice were weaned into and
maintained in substrain-specific caging throughout testing.

Both C3H/HeJ and C3H/HeNTac substrains in the cohoused
cohort were significantly more active in response to cocaine (Day
3) vs saline (Days 1 and 2) [F(2, 104) = 246.3; p= 3.6 x 10−40]. We
also observed a significant substrain effect [F(1, 104) = 52.5; p =

7.9 x 10−11]. C3H/HeNTac mice were significantly more active
than C3H/HeJ mice (t(115)= 3.3; p= 0.001; Figure 3A). No sex
differences [F(1, 104) = 0.0003; p = 0.986] or interaction effects
were observed.

In the non-cohoused cohort comparing all four C3H/He
substrains, we observed a significant effect of substrain [F(3, 527)
= 27.0; p = 3.0 x 10−16] and day [F(2, 527) = 277.5; p = 4.7
x 10−83]. Cocaine-induced locomotor activity on Day 3 was
significantly higher than activity on Days 1 and 2 (both p <

0.001). As in the cohoused cohort, C3H/HeNTac mice were
significantly more active than C3H/HeJ (p = 2.3 x 10−12) and
both C3H/HeNCrl (p = 1.2 x 10−12) and C3H/HeNHsd (p =

1.3 x 10−12) substrains (Figure 3B; all p < 0.001). We also
observed a significant substrain by sex interaction; C3H/HeNCrl
males are significantly more active than females (p = 0.013)
whereas the opposite is true for C3H/HeNHsd (p = 0.01).
Two different individuals tested mice in this cohort and we
identified experimenter as a significant covariate (p = 2.0 x
10−6). The experimenter effect reflects higher locomotor activity
across all substrains following cocaine administration on Day
3 in mice tested by one experimenter vs the other (data
not shown).

The availability of data from both cohoused and non-
cohoused C3H/HeJ and C3H/HeNTac mice allowed us to
examine the effects of housing on behavior in these two
substrains. An ANOVA including housing (cohoused vs. non-
cohoused) as well as day, strain and sex as independent
variables yielded no significant main effect of housing
[F(1, 300) = 2.4; p = 0.120]. A significant housing by day
interaction [F(2, 300) = 4.9; p = 0.008] suggested that non-
cohoused mice were significantly less active than cohoused
mice in response to an acute exposure to cocaine on Day
3, but post hoc tests revealed no significant difference (data
not shown).

DBA/2NTac Mice Were Significantly Less
Active Than DBA/2J and DBA/2NCrl Mice
Vendor Supplied

We observed significant day [F(2, 126) = 18.2; p = 1.2 x
10−7] and substrain [F(2, 126) = 25.0; p = 7.1 x 10−10]
differences among the three vendor-supplied DBA/2 substrains
– DBA/2J, DBA/2NTac and DBA/2NCrl. Cocaine-induced
locomotor activity on Day 3 was significantly higher than activity
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FIGURE 3 | C3H/HeNTac mice are more active than other C3H/He substrains.

(A) Cohoused C3H/HeJ and C3H/HeNTac substrains are significantly

activated by cocaine on Day 3 and C3H/HeNTac mice are significantly more

active than C3H/HeJ mice regardless of treatment (saline, cocaine). (B)

Non-cohoused C3H/He substrains are significantly activated in response to

cocaine on Day 3 and C3H/HeNTac mice are significantly more active than

C3H/HeJ, C3H/HeNCrl and C3H/HeNHsd substrains. (C) C3H/HeNCrl males

are significantly more active than females and C3H/HeNHsd females are

significantly more active than males. Each data point represents an individual

mouse, error bars are standard error of the mean. *p < 0.05; **p < 0.01; ***p

< 0.001.

following saline administration on Days 1 and 2 (both p < 0.001;
Figure 4A). DBA/2NTac mice were significantly less active than
both DBA/2J and DBA/2NCrl (both p < 0.001). No significant
sex differences were observed.

Bred In-house

The same set of DBA/2 mice were bred in-house at UNC
and mice from the first generation were tested for cocaine-
induced locomotor activity. As with the vendor-supplied DBA/2

substrains, we observed significant day [F(2, 288) = 23.5; p= 3.6 x
10−10] and substrain (F(2, 288) = 10.5; p = 3.8x10−5) effects. We
also observed a significant day x substrain interaction [F(4, 288)
= 4.1; p = 0.003]. Although none of the substrains differed for
locomotor activity on Day 1, DBA/2NTac mice had significantly
lower locomotor activity than both DBA/2J (p = 0.014) and
DBA/2NCrl (p = 0.028) mice on Day 2. DBA/2NTac mice also
differed from DBA/2J (p = 0.003) and DBA/2NCrl (p = 0.002)
mice on Day 3 (Figure 4B).

Basal and Cocaine-Induced Locomotor
Behavior Differs Across FVB/N Mice Bred
In-house but Not the Vendor-Supplied
Cohort
Vendor Supplied

We identified significant day [F(2, 72) = 207.8; p = 1.2 x 10−30]
and substrain [F(3, 72) = 4.7; p = 0.005] effects but no substrain
by day interaction for the vendor-supplied FVB/N substrains.
All FVB/N substrains showed significantly increased locomotor
activity on Day 3 after exposure to cocaine (Figure 5A).
FVB/NCrl mice are significantly less active than FVB/NHsd mice
(p = 0.002; data not shown). No significant sex differences or
interactions were observed.

Bred In-house

Significant day [F(2, 107) = 35.7; p = 1.3 x 10−12], substrain
[F(2, 107) = 30.4; p = 2.5 x 10−7] and sex [F(1, 107) = 4.7; p =

0.032] effects as well as substrain by day (F(2, 107) = 3.5; p =

0.034) and substrain by sex [F(1, 107) = 8.3; p= 0.005] interactions
were observed for FVB/NJ and FVB/NTac substrains that were
bred in-house for 1–2 generations. The two substrains differed
significantly for locomotor activity on Days 1 [t(38) = 6.1; p
= 3.4 x 10−7] and 2 [t(38) = 3.4; p = 0.002] but not cocaine-
induced locomotor activity on Day 3 [t(38) = 0.706; p = 0.485]
(Figure 5B). FVB/NJ females are significantly more active than
FVB/NJ males (t(58) = 2.0; p = 0.045) but male and female
FVB/NTac mice do not differ (t(44) = 0.943; p = 0.351) (data
not shown).

FVB substrains in this cohort were tested by two different
individuals and experimenter was a significant covariate in the
ANOVA (p = 0.009). The experimenter effect reflects decreased
locomotor activity following cocaine exposure on Day 3 as well
as increased variability in data collected by one experimenter vs
the other (data not shown).

Locomotor Response to Cocaine Did Not
Differ Across 2 NOD Substrains
Bred In-house

Characterization of cocaine-induced locomotor activation in
NOD substrains was limited to those that were bred in-house at
UNC. We observed a significant effect of both substrain [F(1, 239)
= 4.2; p = 0.04] and day [F(2, 239) = 139.0; p = 9.0 x 10−41] as
well as a significant substrain by day interaction [F(2, 239) = 5.1; p
= 0.007]. NOD/MrkTac mice were significantly more active than
NOD/ShiLtJ mice on Days 1 (t(82)= 3.0; p= 0.003) and 2 (t(82)
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FIGURE 4 | DBA/2NTac mice are significantly less active than DBA/2J and

DBA/2NCrl mice. (A) All vendor-supplied DBA/2 substrains are significantly

more active in response to cocaine on Day 3 vs saline on Days 1 and 2.

DBA/2NTac mice are significantly less active than mice from both DBA/2J and

DBA/2NCrl substrains regardless of day. (B) DBA/2 substrains bred in-house

are also significantly more active in response to cocaine on Day 3 compared

with saline on Days 1 and 2. DBA/2NTac mice are significantly less active than

DBA/2J and DBA/2NCrl mice on Days 2 and 3, but not on Day 1. Each data

point represents an individual mouse, error bars are standard error of the

mean. *p < 0.05, **p < 0.01, ***p < 0.001.

= 3.5; p= 7.7 x 10–4) but not following cocaine exposure on Day
3 (Figure 6). No significant sex differences were detected.

DISCUSSION

Laboratory mice are invaluable tools in biomedical research
and have contributed greatly to our understanding of biological
and disease processes. Inbred strains, in particular, have been
used for decades in studies aimed at identifying genes that
contribute to behavioral phenotypes, including responses to
various drugs of abuse (27, 39–41). These studies have been very
successful in identifying chromosomal regions that likely harbor
causal genetic variants. However, the genetic diversity present in
mapping crosses between any two standard inbred strains and the
sheer number of potential causal genes and polymorphisms in
mapped loci has hindered progress. Thus, these strategies rarely
progress to identifying a specific causal gene or variant. The
reduced genetic complexity in inbred mouse substrains offers
the opportunity to overcome this hurdle and more rapidly and
efficiently identify the causative gene and specific genetic variant.

In order to use the RCC approach to identify causal genes
and genetic variants, one needs to identify substrains that exhibit

FIGURE 5 | FVB/NJ and FVB/NTac substrains bred in-house differ for

saline-induced locomotor activity on Days 1 and 2, but not cocaine-induced

locomotor activation on Day 3. (A) Vendor-supplied FVB substrains are

significantly activated in response to cocaine exposure on Day 3. FVB/NCrl

mice are significantly less active than FVB/NHsd mice. (B) FVB/NTac mice

bred in-house are significantly more active than FVB/NJ mice bred in-house

following saline exposure on Days 1 and 2, but not following cocaine exposure

on Day 3. Each data point represents an individual mouse, error bars are

standard error of the mean. **p < 0.01; ***p < 0.001.

FIGURE 6 | NOD substrains bred in-house differ for locomotor activity in

response to saline but not cocaine. All NOD mice, regardless of substrain, had

higher locomotor activity following cocaine administration compared to saline.

NOD/MrkTac mice are significantly more active than NOD/ShiLtJ mice on Days

1 and 2 following saline exposure but not in response to cocaine on Day 3.

Each data point represents an individual mouse, error bars are standard error

of the mean. **p < 0.01; ***p < 0.001.

phenotypic differences in the trait of interest. This approach has
been used successfully to identify the Cyfip2 gene as a regulator
of basal and cocaine-induced locomotor activity, behavioral
sensitization and binge-eating in two C57BL/6 substrains,
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C57BL/6J and C57BL/6NJ (34, 42). The study of addiction-
related behaviors, and specifically initial locomotor sensitivity
to psychostimulants, has been mostly limited to the C57BL/6
inbred substrains. We assessed differences in cocaine-induced
locomotor response across 20 inbred mouse substrains from
6 different strains. Our data represent the first behavioral
characterization of cocaine-induced locomotor activation in
most of these substrains.

Two sets of strains showed particularly robust substrain
differences that were replicated across experimental cohorts.
C3H/HeNTac mice had significantly higher basal and
cocaine-induced locomotor activity than C3H/HeNCrl
and C3H/HeNHsd mice in one experimental cohort and
C3H/HeJ mice in both cohorts (Figures 3A,B). The similarity
of the behavioral phenotype in C3H/HeJ, C3H/HeNCrl and
C3H/HeNHsd substrains suggests that the causal variant(s)
may have become fixed in the C3H/HeNTac substrain after it
diverged from the other C3H/HeN lines in 1974 (C3H/HeNCrl)
and 1983 (C3H/HeNHsd). However, we must also consider
the possibility that C3H/HeNCrl and C3H/HeNHsd behavioral
phenotypes result from a different variant or variants. We
also observed consistent substrain differences in behavior in
DBA/2 mice that were supplied by commercial vendors and
bred in-house. DBA/2NTac mice had significantly lower basal
and cocaine-induced locomotor activity compared to DBA/2J
and DBA/2NCrl in both cohorts (Figures 4A,B). These data
suggest that the causal variant(s) likely arose in the DBA/2NTac
substrain after it diverged from DBA/2N in 1981.

Correspondence of significant substrain differences across the
two cohorts suggests a strong genetic component and supports
the use of the RCC to identify specific causal variants that
influence basal locomotor activity and response to cocaine. Our
observation of significant substrain differences in basal and/or
cocaine-induced locomotor behavior in all of the strain sets
examined (Supplementary Table 2) does suggest that a complex
genetic landscape underlies these behaviors. The presence of
more than one causal polymorphism and/or background genetic
factors that contribute to behavioral differences may make it
necessary to produce larger mapping crosses that are adequately
powered to detect QTL.

We also identified different behavioral phenotypes in vendor-
supplied substrains vs. those bred in-house. For example,
FVB/NTac mice bred in-house were significantly more active
than FVB/NJ mice bred in-house across all three days of
testing (Figure 5B) whereas vendor-supplied FVB substrains
showed similar locomotor behavior across all three test days
(Figure 5A). Neither A/J nor A/JOlaHsd substrains bred in-
house were significantly activated in response to cocaine
and in fact, locomotor behavior in these two substrains
decreased significantly across all 3 days of testing (Figures 1B,C).
Similarly, vendor-supplied A/J and A/JOlaHsd substrains were
not significantly activated in response to cocaine, but we observed
no significant decrease in locomotor activity across test days
(Figure 1A). It is important to highlight that cross-cohort
comparisons, especially those highlighting behavioral differences,
must be made with caution as these differences may be driven in
part by confounding factors.

The availability of cohoused C3H/HeNTac and C3H/HeJ
substrains vs those maintained in substrain-specific housing
allows us to examine indirect genetic effects that might influence
basal and cocaine-induced locomotor activity. Indirect genetic
effects are environmental effects that result from the genetic
background of interacting conspecifics (43, 44). We tested the
hypothesis that C3H/HeJ mice housed in mixed substrain cages
were behaviorally different than C3H/HeJ mice from substrain-
specific cages (and similarly for C3H/HeNTac). Our analyses
yielded no significant effect of housing demonstrating that cage-
level interactions among C3H/He substrains did not contribute
to behavioral differences.

The observation of behavioral differences in the same
substrain based on the source from which mice were obtained
suggests that other environmental factors could be responsible.
Multiple studies have systematically examined environmental
factors that might affect behavioral phenotypes including, but
not limited to diet, type of cage, cage density, season, time of
day, transportation and experimenter effects (45–49). However,
previous studies have generally assessed behavioral differences in
mice tested across multiple sites. We examined behavior in all
mice, independent of the source, in the same behavioral facility
(and same testing room) at UNC. As such, we were able to
control, to the extent possible, the environment to which the
mice were exposed in the 5-week period leading up to testing.
Mice were maintained on the same light cycle, tested during
the same time of day, provided the same diet and water and
housed in the same caging and animal holding room prior to and
throughout testing.

The stress of transportation is an obvious difference between
vendor-supplied mice and those bred in-house. We don’t believe
transportation stress could fully explain behavioral differences
between mice from different sources. Previous studies have
shown that transportation has very little effect on behavioral
outcomes (45, 48). Moreover, vendor-supplied mice arrived at
UNC very close to weaning age and were habituated to our
vivarium conditions for approximately 5 weeks prior to testing.

Experimenter effects can also have an impact on behavioral
outcomes. All mice supplied directly from the vendor were tested
by the same animal handler (a female), whereas substrains bred
in-house were tested by a group of 5 animal handlers including
males and females. At least two studies have established that
experimenter effects (49) and even the sex of the individual
testing the mice (47) can significantly affect the outcome of
behavioral tests. Although not widely observed, our analyses
support significant behavioral differences due to experimenter
in two substrain cohorts. However, drawing broader conclusions
from these results is confounded by experimental parameters.
For example, experimenters were not distributed evenly across
all batches for all substrains and although we tried to balance
substrains across all test batches, the composition of substrains
included in each batch varied such that experimenter differences
might also reflect substrain differences.

The gut microbiome has been implicated in numerous
behavioral traits including locomotor response to
psychostimulants (50, 51). Composition of the gut microbiota,
even in the same inbred strain background, can vary across time,
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from vendor to vendor, and even between different facilities and
animal holding rooms at the same vendor or institution (52, 53).
These differences can be attributed to a host of environmental
factors including diet, caging, bedding and water supply (54–56).
Host genetic background also plays a significant role in the
composition of the gut microbiota (57). Profound or even subtle
changes in the gut microbiota in response to relocation from
vendors to our vivarium could interact with different genetic
backgrounds to significantly impact behavior. The relationship
between genetic background and behavior becomes even more
complicated when one considers that substrain behaviors
attributable to stable differences in the gut microbiota could
be erroneously ascribed solely to genetics. Shifts in the gut
microbiota in response to changing environments could alter
phenotypes and impact replicability from study to study. Recent
studies have also established that the maternal microbiome
can affect offspring neurodevelopment and impact behavior in
adulthood (58–60). Thus, it is important to consider not only
the source of the mice being tested, but the composition of the
maternal microbiome during neurodevelopment.

Finally, an important caveat of our study is the limitation
of using a single, acute dose of 20 mg/kg cocaine. These
data represent a first step for future work involving a more
in-depth behavioral analyses of these substrains. Testing at
additional doses is certainly warranted as dose dependent
effects may reflect differences in drug sensitivity. It is also
important to examine activity across the session as substrain
differences in timing of the response, shifts in peak cocaine-
induced locomotor activation and other behavioral patterns
may not be adequately captured by collapsing across the
entire 30-min session (Supplementary Figure 1). It is also
important to note that dose-specific differences in cocaine
sensitivity may not be fully captured using locomotor activity
as the primary behavioral measure. Other behaviors, such as
stereotypy, should also be assessed in an expanded range
of doses. Finally, a full pharmacokinetic profile of these
substrains will be essential in determining potential differences
in drug metabolism that may be responsible for any observed
behavioral differences.

In summary, this study expands the knowledge of phenotypic
differences in locomotor activity and initial response to cocaine
in 6 sets of inbred mouse substrains which had previously not
been characterized. All six strain lineages displayed substrain
differences in either basal- or cocaine-induced locomotor
behavior and can be utilized in RCCs to identify causal genetic
variants. Expanded behavioral testing in these substrains to
characterize the rewarding and reinforcing effects of cocaine is an

important next step. Environmental factors also warrant follow-
up, as differences in behavior were observed across the same
inbred substrains obtained from different sources. Substrains
from C3H/He and DBA/2 lineages demonstrated stable and
robust differences in cocaine-induced locomotor behavior, and
are good candidates for additional studies to investigate genetic
and environmental factors that contribute to initial cocaine
sensitivity. Future studies can utilize these data to increase our
understanding of the complex factors that increase CUD and
potentially lead to new therapeutic targets.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by UNC
Institutional Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

CG, SS, MF, FP-M, and LT: conception and design of work
and revising/editing manuscript. CG, SS, JF, DL, and LA-C:
data collection. CG, SS, and LT: data analysis and drafting the
manuscript. CG, SS, JF, DL, LA-C, GS, DM, MF, FP-M, and LT:
approval ofmanuscript. SS, GS, DM,MT, FP-M, and LT: provided
resources. All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by pilot funding from NIDA P50
039841 to SS and LT. Pilot funding was used to purchase
research materials and support personnel conducting studies.
Funding from R21 DA052171 to LT was used to support
personnel conducting studies and purchase research material.
U24 HG010100, U19 AI100625, and P01 AI132130 to FP-M
and MF provided funding to maintain inbred mouse substrain
colonies that provided research subjects for the work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2022.800245/full#supplementary-material

REFERENCES

1. Karila L, Petit A, Lowenstein W, Reynaud Diagnosis M, and

consequences of cocaine addiction. Curr Med Chem. (2012)

19:5612–8. doi: 10.2174/092986712803988839

2. John WS, Wu LTrends T, and correlates of cocaine use and cocaine use

disorder in the United States from 2011 to 2015. Drug Alcohol Depend. (2017)

180:376–84. doi: 10.1016/j.drugalcdep.2017.08.031

3. Jalal H, Buchanich JM, Roberts MS, Balmert LC, Zhang K, Burke DS.

Changing dynamics of the drug overdose epidemic in the United States

from 1979 through 2016. Science. (2018) 361. doi: 10.1126/science.aau

1184

4. Bentzley BS, Han SS, Neuner S, Humphreys KM, Kampman K, Halpern

CH. Comparison of Treatments for Cocaine Use Disorder Among Adults,

A Systematic Review and Meta-analysis. JAMA Netw Open. (2021)

4:e218049. doi: 10.1001/jamanetworkopen.2021.8049

Frontiers in Psychiatry | www.frontiersin.org 9 May 2022 | Volume 13 | Article 800245

https://www.frontiersin.org/articles/10.3389/fpsyt.2022.800245/full#supplementary-material
https://doi.org/10.2174/092986712803988839
https://doi.org/10.1016/j.drugalcdep.2017.08.031
https://doi.org/10.1126/science.aau1184
https://doi.org/10.1001/jamanetworkopen.2021.8049
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Gaines et al. Cocaine Response in Inbred Substrains

5. Ducci F, Goldman D. The genetic basis of addictive disorders. Psychiatr Clin

North Am. (2012) 35:495–519. doi: 10.1016/j.psc.2012.03.010

6. Merikangas KR, Avenevoli S. Implications of genetic epidemiology for

the prevention of substance use disorders. Addict Behav. (2000) 25:807–

20. doi: 10.1016/S0306-4603(00)00129-5

7. Goldman D, Oroszi G, Ducci F. The genetics of addictions, uncovering the

genes. Nat Rev Genet. (2005) 6:521–32. doi: 10.1038/nrg1635

8. Thatcher DL, Clark DB. Adolescents at risk for substance use disorders, role

of psychological dysregulation, endophenotypes, environmental influences.

Alcohol Res Health. (2008) 31:168–76.

9. Mennis J, Stahler GJ, Mason MJ. Risky substance use environments and

addiction, a new frontier for environmental justice research. Int J Environ Res

Public Health. (2016) 13. doi: 10.3390/ijerph13060607

10. Bierut LJ, Madden PA, Breslau N, Johnson EO, Hatsukami D, Pomerleau

OF, et al. Novel genes identified in a high-density genome wide

association study for nicotine dependence. Hum Mol Genet. (2007) 16:24–

35. doi: 10.1093/hmg/ddl441

11. Hancock DB, Markunas CA, Bierut LJ, Johnson EO. Human Genetics of

Addiction, New Insights and Future Directions. Curr Psychiatry Rep. (2018)

20:8. doi: 10.1007/s11920-018-0873-3

12. Sullivan PF, Agrawal A, Bulik CM, Andreassen OA, Borglum AD, Breen G,

et al. Psychiatric genomics, an update and an agenda. Am J Psychiatry. (2018)

175:15–27. doi: 10.1176/appi.ajp.2017.17030283

13. Walters RK, Polimanti R, Johnson EC, McClintick JN, AdamsMJ, Adkins AE,

et al. Transancestral GWAS of alcohol dependence reveals common genetic

underpinnings with psychiatric disorders. Nat Neurosci. (2018) 21:1656–

69. doi: 10.1038/s41593-018-0275-1

14. Gelernter J., Sherva R, Koesterer R, Almasy L, Zhao H, Kranzler HR,

et al. Genome-wide association study of cocaine dependence and related

traits, FAM53B identified as a risk gene. Mol Psychiatry. (2014) 19:717–

23. doi: 10.1038/mp.2013.99

15. Cabana-Dominguez J, Shivalikanjli A, Fernandez-Castillo N, Cormand B.

Genome-wide association meta-analysis of cocaine dependence, Shared

genetics with comorbid conditions. Prog Neuropsychopharmacol Biol

Psychiatry. (2019) 94:109667. doi: 10.1016/j.pnpbp.2019.109667

16. Sun J, Kranzler HR, Gelernter J, Bi J. A genome-wide association

study of cocaine use disorder accounting for phenotypic heterogeneity

and gene-environment interaction. J Psychiatry Neurosci. (2020) 45:34–

44. doi: 10.1503/jpn.180098

17. Dickson PE, Miller MM, Calton MA, Bubier JA, Cook MN, Goldowitz D,

et al. Systems genetics of intravenous cocaine self-administration in the

BXD recombinant inbred mouse panel. Psychopharmacology (Berl). (2016)

233:701–14. doi: 10.1007/s00213-015-4147-z

18. Haertzen CA, Kocher TR, Miyasato K. Reinforcements from the first drug

experience can predict later drug habits and/or addiction, results with coffee,

cigarettes, alcohol, barbiturates, minor and major tranquilizers, stimulants,

marijuana, hallucinogens, heroin, opiates and cocaine. Drug Alcohol Depend.

(1983) 11:147–65. doi: 10.1016/0376-8716(83)90076-5

19. Davidson ES, Finch JF, Schenk S. Variability in subjective responses to

cocaine, initial experiences of college students. Addict Behav. (1993) 18:445–

53. doi: 10.1016/0306-4603(93)90062-E

20. Lambert NM, McLeod M, Schenk S. Subjective responses to initial experience

with cocaine, an exploration of the incentive-sensitization theory of drug

abuse. Addiction. (2006) 101:713–25. doi: 10.1111/j.1360-0443.2006.01408.x

21. de Wit H, Phillips TJ. Do initial responses to drugs predict

future use or abuse? Neurosci Biobehav Rev. (2012) 36:1565–

76. doi: 10.1016/j.neubiorev.2012.04.005

22. Thomsen M, Caine SB. Psychomotor stimulant effects of cocaine in

rats and 15 mouse strains. Exp Clin Psychopharmacol. (2011) 19:321–

41. doi: 10.1037/a0024798

23. Wiltshire T, Ervin RB, Duan H, BogueMA, ZamboniWC, Cook S, et al. Initial

locomotor sensitivity to cocaine varies widely among inbred mouse strains.

Genes Brain Behav. (2015) 14:271–80. doi: 10.1111/gbb.12209

24. Tolliver BK, Belknap JK, Woods WE, Carney JM. Genetic analysis

of sensitization and tolerance to cocaine. J Pharmacol Exp Ther.

(1994) 270:1230–8.

25. Miner LL, Marley RJ. Chromosomal mapping of the psychomotor

stimulant effects of cocaine in BXD recombinant inbred mice.

Psychopharmacology (Berl). (1995) 122:209–14. doi: 10.1007/BF0224

6541

26. Phillips TJ, Huson MG, McKinnon CS. Localization of genes

mediating acute and sensitized locomotor responses to cocaine in

BXD/Ty recombinant inbred mice. J Neurosci. (1998) 18:3023–

34. doi: 10.1523/JNEUROSCI.18-08-03023.1998

27. Jones BC, Tarantino LM, Rodriguez LA, Reed CL, McClearn

GE, Plomin R., et al. Quantitative-trait loci analysis of cocaine-

related behaviours and neurochemistry. Pharmacogenetics. (1999)

9:607–17. doi: 10.1097/00008571-199910000-00007

28. Boyle AE, Gill K. Sensitivity of AXB/BXA recombinant inbred

lines of mice to the locomotor activating effects of cocaine,

a quantitative trait loci analysis. Pharmacogenetics. (2001)

11:255–64. doi: 10.1097/00008571-200104000-00009

29. Gill KJ, Boyle AE. Confirmation of quantitative trait loci

for cocaine-induced activation in the AcB/BcA series of

recombinant congenic strains. Pharmacogenetics. (2003) 13:329–

38. doi: 10.1097/00008571-200306000-00004

30. Boyle AE, Gill KJ. A verification of previously identified QTLs for cocaine-

induced activation using a panel of B6.A chromosome substitution strains

(CSS) and A/J x C57Bl/6J F2 mice. Psychopharmacology (Berl). (2009)

207:325–34. doi: 10.1007/s00213-009-1656-7

31. Bryant CD, Ferris MT, De Villena FPM, Dama MI, Kumar V. Reduced

complexity cross design for behavioral genetics academic press(molecular-

genetic and statistical techniques for behavioral and neural research. (2018)

165–90. doi: 10.1016/B978-0-12-804078-2.00008-8

32. Bryant CD, Smith DJ, Kantak KM, Nowak TS, Williams RW, Damaj

MI, et al. Facilitating complex trait analysis via reduced complexity

crosses. Trends Genet. (2020) 36, 549–562. doi: 10.1016/j.tig.2020.

05.003

33. Sigmon JS, BlanchardMW, Baric RS, Bell TA, Brennan J, BrockmannGA, et al.

Content and Performance of the MiniMUGA Genotyping Array, A New Tool

To Improve Rigor and Reproducibility in Mouse Research. Genetics. (2020)

216:905–30. doi: 10.1534/genetics.120.303596

34. Kumar V, Kim K, Joseph C, Kourrich S, Yoo SH, Huang HC, et al. C57BL/6N

mutation in cytoplasmic FMRP interacting protein 2 regulates cocaine

response. Science. (2013) 342:1508–12. doi: 10.1126/science.1245503

35. Yao EJ, Babbs RK, Kelliher JC, Luttik KP, Borrelli KN, DamajMI, et al. Systems

genetic analysis of binge-like eating in a C57BL/6J x DBA/2J-F2 cross. Genes

Brain Behav. (2021) e12751. doi: 10.1111/gbb.12751

36. Jimenez Chavez CL, Bryant CD, Munn-Chernoff MA, Szumlinski KK.

Selective inhibition of PDE4B reduces binge drinking in two C57BL/6

substrains. Int J Mol Sci. (2021) 22. doi: 10.3390/ijms22115443

37. Beierle JA, Yao EJ, Goldstein SI, Scotellaro JL, Sena KD, Linnertz

CA, et al. Genetic basis of thermal nociceptive sensitivity and brain

weight in a BALB/c reduced complexity cross. Mol Pain. (2022)

17448069221079540. doi: 10.1177/17448069221079540

38. Goldberg LR, Yao EJ, Kelliher JC, Reed ER, Wu Cox J, Parks C,

et al. A quantitative trait variant in Gabra2 underlies increased

methamphetamine stimulant sensitivity. Genes Brain Behav. (2021)

20:e12774. doi: 10.1111/gbb.12774

39. Tarantino LM, McClearn GE, Rodriguez LA, Plomin R. Confirmation of

quantitative trait loci for alcohol preference in mice. Alcohol Clin Exp Res.

(1998) 22:1099–105. doi: 10.1111/j.1530-0277.1998.tb03707.x

40. Philip VM, Duvvuru S, Gomero B, Ansah TA, Blaha CD, Cook KM,

et al. High-throughput behavioral phenotyping in the expanded panel

of BXD recombinant inbred strains. Genes Brain Behav. (2010) 9:129–

59. doi: 10.1111/j.1601-183X.2009.00540.x

41. Yazdani N, Parker CC, Shen Y, Reed ER, Guido MA, Kole LA, et al. Hnrnph1

Is A Quantitative Trait Gene for Methamphetamine Sensitivity. PLoS Genet.

(2015) 11:e1005713. doi: 10.1371/journal.pgen.1005713

42. Kirkpatrick SL, Goldberg LR, Yazdani N, Babbs RK, Wu J, Reed

ER, et al. Cytoplasmic FMR1-Interacting Protein 2 Is a Major

Genetic Factor Underlying Binge Eating. Biol Psychiatry. (2017)

81:757–69. doi: 10.1016/j.biopsych.2016.10.021

43. Baud AFP, Casale AM, Barkley-Levenson N, Farhadi C, Montillot B, Yalcin J,

et al. Dissecting indirect genetic effects from peers in laboratory mice.Genome

Biol. (2021) 22:216. doi: 10.1186/s13059-021-02415-x

Frontiers in Psychiatry | www.frontiersin.org 10 May 2022 | Volume 13 | Article 800245

https://doi.org/10.1016/j.psc.2012.03.010
https://doi.org/10.1016/S0306-4603(00)00129-5
https://doi.org/10.1038/nrg1635
https://doi.org/10.3390/ijerph13060607
https://doi.org/10.1093/hmg/ddl441
https://doi.org/10.1007/s11920-018-0873-3
https://doi.org/10.1176/appi.ajp.2017.17030283
https://doi.org/10.1038/s41593-018-0275-1
https://doi.org/10.1038/mp.2013.99
https://doi.org/10.1016/j.pnpbp.2019.109667
https://doi.org/10.1503/jpn.180098
https://doi.org/10.1007/s00213-015-4147-z
https://doi.org/10.1016/0376-8716(83)90076-5
https://doi.org/10.1016/0306-4603(93)90062-E
https://doi.org/10.1111/j.1360-0443.2006.01408.x
https://doi.org/10.1016/j.neubiorev.2012.04.005
https://doi.org/10.1037/a0024798
https://doi.org/10.1111/gbb.12209
https://doi.org/10.1007/BF02246541
https://doi.org/10.1523/JNEUROSCI.18-08-03023.1998
https://doi.org/10.1097/00008571-199910000-00007
https://doi.org/10.1097/00008571-200104000-00009
https://doi.org/10.1097/00008571-200306000-00004
https://doi.org/10.1007/s00213-009-1656-7
https://doi.org/10.1016/B978-0-12-804078-2.00008-8
https://doi.org/10.1016/j.tig.2020.05.003
https://doi.org/10.1534/genetics.120.303596
https://doi.org/10.1126/science.1245503
https://doi.org/10.1111/gbb.12751
https://doi.org/10.3390/ijms22115443
https://doi.org/10.1177/17448069221079540
https://doi.org/10.1111/gbb.12774
https://doi.org/10.1111/j.1530-0277.1998.tb03707.x
https://doi.org/10.1111/j.1601-183X.2009.00540.x
https://doi.org/10.1371/journal.pgen.1005713
https://doi.org/10.1016/j.biopsych.2016.10.021
https://doi.org/10.1186/s13059-021-02415-x
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Gaines et al. Cocaine Response in Inbred Substrains

44. Baud AS, McPeek N, Chen K, Hughes A. Indirect Genetic Effects,

A Cross-disciplinary Perspective on Empirical Studies. J Hered.

(2021). doi: 10.1093/jhered/esab059

45. Crabbe JC, Wahlsten D, Dudek BC. Genetics of mouse behavior,

interactions with laboratory environment. Science. (1999) 284:1670–

2. doi: 10.1126/science.284.5420.1670

46. Wahlsten D, Metten P, Phillips TJ, Boehm, Burkhart-Kasch S, Dorow J, et al.

Different data from different labs, lessons from studies of gene-environment

interaction. J Neurobiol. (2003) 54, 283–311. doi: 10.1002/neu.10173

47. Sorge RE, Martin LJ, Isbester KA, Sotocinal SG, Rosen S, Tuttle AH, et

al. Olfactory exposure to males, including men, causes stress and related

analgesia in rodents.NatMethods. (2014) 11:629–32. doi: 10.1038/nmeth.2935

48. Chesler EJ, Wilson SG, Lariviere WR, Rodriguez-Zas SL, Mogil JS.

Identification ranking of genetic and laboratory environment factors

influencing a behavioral trait, thermal nociception, via computational

analysis of a large data archive. Neurosci Biobehav Rev. (2002) 26:907–

23. doi: 10.1016/S0149-7634(02)00103-3

49. Chesler EJ, Wilson SG, Lariviere WR, Rodriguez-Zas SL, Mogil JS. Influences

of laboratory environment on behavior. Nat Neurosci. (2002) 5:1101–

2. doi: 10.1038/nn1102-1101

50. Kiraly DD, Walker DM, Calipari ES, Labonte B, Issler O, Pena CJ, et al.

Alterations of the host microbiome affect behavioral responses to cocaine. Sci

Rep. (2016) 6:35455. doi: 10.1038/srep35455

51. Meckel KR, Kiraly DD. A potential role for the gut microbiome in

substance use disorders. Psychopharmacology (Berl). (2019) 236:1513–

30. doi: 10.1007/s00213-019-05232-0

52. Servick K. Of mice and microbes. Science. (2016) 353:741–

3. doi: 10.1126/science.353.6301.741

53. Ericsson AC, Franklin CL. The gut microbiome of laboratory mice,

considerations and best practices for translational research. Mammalian

Genome. (2021). doi: 10.1007/s00335-021-09863-7

54. Lundberg R, Bahl MI, Licht TR, Toft MF, Hansen AK. Microbiota

composition of simultaneously colonized mice housed under either a

gnotobiotic isolator or individually ventilated cage regime. Sci Rep. (2017)

7:42245. doi: 10.1038/srep42245

55. Ericsson AC, Gagliardi J, Bouhan D, Spollen WG, Givan SA, Franklin

CL. The influence of caging, bedding, and diet on the composition of

the microbiota in different regions of the mouse gut. Sci Rep. (2018)

8:4065. doi: 10.1038/s41598-018-21986-7

56. Bidot WA, Ericsson AC, Franklin CL. Effects of water decontamination

methods and bedding material on the gut microbiota. PLoS ONE. (2018)

13:e0198305. doi: 10.1371/journal.pone.0198305

57. Bubier JA, Chesler EJ, Weinstock GM. Host genetic control of

gut microbiome composition. Mamm Genome. (2021) 32:263–

81. doi: 10.1007/s00335-021-09884-2

58. Codagnone MG, Stanton C, O’Mahony SM, Dinan TG, Cryan JF. Microbiota

neurodevelopmental trajectories. role of maternal and early-life nutrition.

Ann Nutr Metab. (2019) 74 Suppl 2:16–27. doi: 10.1159/000499144

59. Warner BB. The contribution of the gut microbiome to

neurodevelopment and neuropsychiatric disorders. Pediatr Res. (2019)

85:216–24. doi: 10.1038/s41390-018-0191-9

60. Vuong HE, Pronovost GN, Williams DW, Coley EJL, Siegler EL, Qiu A, et al.

Thematernal microbiomemodulates fetal neurodevelopment inmice.Nature.

(2020) 586:281–6. doi: 10.1038/s41586-020-2745-3

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Gaines, Schoenrock, Farrington, Lee, Aponte-Collazo, Shaw,

Miller, Ferris, Pardo-Manuel de Villena and Tarantino. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychiatry | www.frontiersin.org 11 May 2022 | Volume 13 | Article 800245

https://doi.org/10.1093/jhered/esab059
https://doi.org/10.1126/science.284.5420.1670
https://doi.org/10.1002/neu.10173
https://doi.org/10.1038/nmeth.2935
https://doi.org/10.1016/S0149-7634(02)00103-3
https://doi.org/10.1038/nn1102-1101
https://doi.org/10.1038/srep35455
https://doi.org/10.1007/s00213-019-05232-0
https://doi.org/10.1126/science.353.6301.741
https://doi.org/10.1007/s00335-021-09863-7
https://doi.org/10.1038/srep42245
https://doi.org/10.1038/s41598-018-21986-7
https://doi.org/10.1371/journal.pone.0198305
https://doi.org/10.1007/s00335-021-09884-2
https://doi.org/10.1159/000499144
https://doi.org/10.1038/s41390-018-0191-9
https://doi.org/10.1038/s41586-020-2745-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Cocaine-Induced Locomotor Activation Differs Across Inbred Mouse Substrains
	Introduction
	Materials and Methods
	General Methods
	Vendor Supplied Substrains
	Substrains Bred In-house
	Drugs
	Open Field Apparatus
	Acute Cocaine-Induced Locomotor Activity Test
	Statistical Analyses

	Results
	A/J Substrains Are Not Activated Upon Acute Exposure to 20 mg/kg Cocaine
	Vendor Supplied
	Bred In-house

	Locomotor Response to Cocaine Differs in BALB/c Substrains From the ``J'' Lineage in Comparison With Substrains From the ``AnN'' Lineage
	Vendor Supplied
	Bred In-house

	C3H/HeNTac Mice Are More Active Than Other C3H/He Substrains
	Bred In-house

	DBA/2NTac Mice Were Significantly Less Active Than DBA/2J and DBA/2NCrl Mice
	Vendor Supplied
	Bred In-house

	Basal and Cocaine-Induced Locomotor Behavior Differs Across FVB/N Mice Bred In-house but Not the Vendor-Supplied Cohort
	Vendor Supplied
	Bred In-house

	Locomotor Response to Cocaine Did Not Differ Across 2 NOD Substrains
	Bred In-house


	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


