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Abstract Daily levels of physical activity vary greatly

across individuals and are strongly influenced by genetic

background. While moderate levels of physical activity are

associated with improved physical and mental health,

extremely high levels of physical activity are associated

with behavioral disorders such as attention deficit hyper-

activity disorder (ADHD). However, the genetic and

neurobiological mechanisms relating hyperactivity to

ADHD or other behavioral disorders remain unclear.

Therefore, we conducted a selective breeding experiment

for increased home cage activity starting with a highly

genetically variable population of house mice and evalu-

ated the line for correlated responses in other relevant

phenotypes. Here we report results through Generation 10.

Relative to the Control line, the High-Active line traveled

approximately 4 times as far in the home cage (on days 5

and 6 of a 6-day test), displayed reduced body mass at

maturity, reduced reproductive success, increased wheel

running and open field behavior, decreased performance on

the rotarod, decreased performance on the Morris water

maze that was not rescued by acute administration of

d-amphetamine, reduced hyperactivity from chronically

administered low clinical doses of d-amphetamine, and

increased numbers of new cells and neuronal activation of

the dentate gyrus. Standardized phenotypic differences

between the lines were compared to estimates expected

from genetic drift to evaluate whether the line differences

could have resulted from random effects as opposed to

correlated responses to selection. Results indicated line

differences in body mass and locomotor responses to low

doses of amphetamine were more likely due to selection

than drift. The efficacy of low doses of d-amphetamine in

ameliorating hyperactivity support the High-Active line as

a useful model for exploring the etiology of hyperactivity-

associated comorbid behavioral disorders.

Keywords ADHD � Artificial selection � Genetic drift �
Collaborative cross � Home cage activity � Heritability �
Amphetamine

Introduction

In human populations, individuals exhibit a wide variation

in daily physical activity levels (e.g., distance traveled over

the course of the day) (Trost et al. 2001). Significant

deviations from healthy activity levels are associated with

disease and behavioral disorders (Fox 1999; Trost et al.

2001). Moreover, multiple studies show that levels of

physical activity are heavily influenced by complex genetic

factors that are inevitably entangled with other whole

animal physiological and behavioral traits. For example,

genetic predisposition for low levels of physical activity

has been associated with increased adipose tissue mass

(Choh et al. 2009; Demerath et al. 2013), while genetic
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predisposition for high levels of physical activity is asso-

ciated with attention deficit hyperactivity disorder (ADHD)

(Sharp et al. 2009; Elia et al. 2012). In the context of

ADHD, hyperactivity refers to abnormally high levels of

physical activity in the home or school environment, and

difficulty remaining still for extended periods of time. The

increasing prevalence of complex genetic disorders asso-

ciated with hyperactivity, such as ADHD, necessitates

further elucidation of the underlying genetic and neuro-

biological mechanisms which contribute specifically to

increased physical activity and further how genetic-

hyperactivity mechanisms influence other relevant traits

such as inattention, impulsivity, or behavioral responses to

psychostimulant drugs (McLoughlin et al. 2007; Froehlich

et al. 2010; Greven et al. 2011; Thapar et al. 2013).

Previous research from our laboratory has successfully

used a genetically variable starting population of Collabo-

rative Cross G2:F1 (CC) mice (intercross of 8 divergent

mouse strains; (Chesler et al. 2008) to found two lines of

mice, High-Active and Control (Zombeck et al. 2011). The

High-Active line is selectively bred each generation for high

levels of home cage activity as measured by continuous

video tracking over 6 days, while the Control line is bred

randomly with respect to cage activity. Our previous paper

indicated a successful response to selection in the High-

Active lines across 5 generations (Zombeck et al. 2011). At

Generation 5, on days 5 and 6 of a 6-day test, the Control line

traveled an average of 0.35 km/day (±0.026 SE), not sta-

tistically different from the level of activity in the starting

population, whereas the High-Active line traveled an aver-

age of 1.0 km/day (±0.076 SE), which was significantly

different from the Control line and starting population.

Further, the paper reported that selective breeding for home

cage hyperactivity was not genetically correlated with other

locomotor activity measures, including wheel running and

open field behavior, suggesting specific genetic mechanisms

for home cage activity. In a different study (Clark et al.

2011), we compared home cage activity in 9 standard inbred

strains, 2 F1 hybrids, and one wild-derived mouse strain

(CAST/EiJ) using the same 6-day video tracking procedure.

Home cage activity ranged from approximately 0.1–0.5 km/

day among these strains. Hence, our High-Active line is

hyperactive not only relative to our Control line, but also

relative to all other mouse strains that have been measured in

our laboratory, and twice as active as CAST/EiJ, the highest

active strain we measured.

As our High-Active mice continue to demonstrate

increased hyperactivity following selective breeding, we

hypothesize that they may be useful as a model for genetic

hyperactivity disorders, such as ADHD. In order to char-

acterize these High-Active mice, we first wanted to

establish that they continue to display hyperactivity, a

clinical facet of common ADHD subtypes. Enhanced

locomotor activity in the home cage was clearly demon-

strated in High-Active mice through Generation 5 (Zom-

beck et al. 2011), and this paper provides an update through

Generation 10. The model is also evaluated for predictive

validity, in that these High-Active mice should demonstrate

the appropriate behavioral responsiveness to therapeutic,

chronic doses of d-amphetamine. Previous studies have

demonstrated that mice selectively bred for increased

physical activity, as indicated by levels of wheel running

activity, exhibit differential responsivity to dopamine

agonists and antagonists relative to control lines. Impor-

tantly, mice selectively bred for increased wheel running

behavior diminished running levels following exposure to

methylphenidate, while control lines increased wheel run-

ning following exposure to methylphenidate (Rhodes et al.

2001; Rhodes and Garland 2003; Garland et al. 2011b).

Therefore, we expected low doses of amphetamine to

ameliorate hyperactivity in High-Active mice, whereas in

the Control lines, we expected low doses of amphetamine

to either have no effect or to stimulate activity (Gainetdi-

nov 2008; Napolitano et al. 2010).

Our amphetamine administration paradigm was based on

previous research from our lab (Dabe et al. 2013), which

reported that at these specific doses, and over the same

extended period of administration, amphetamine enhances

neurogenesis in the dentate gyrus of C57BL/6J mice without

inducing activation of the region (as indicated by expression

of the immediate early gene, c-fos). The C57BL/6J inbred

strain is one of the 8 strains represented in the 8-way cross

(CC) G2:F1 starting population. Therefore, an additional

goal was to determine whether administration of these

amphetamine doses would reduce hyperactivity while

simultaneously enhancing the number of new cells in the

dentate gyrus. Further, we wished to determine the acute

effect of the amphetamine doses on a hippocampal depen-

dent task, the Morris water maze (MWM) test of spatial

learning. Mice were exposed to either saline or amphet-

amine, and tested on the water maze precisely 15 min after

injection. While some evidence suggests that high levels of

physical activity-induced neurogenesis does not improve

MWM performance, other studies in less active strains

exposed to running wheels suggest increased neurogenesis

due to enhanced physical activity may be correlated with

enhanced performance on the water maze (Rhodes et al.

2003; Clark et al. 2008). We hypothesize that the therapeutic

doses of d-amphetamine could acutely improve deficient

performance in High-Active lines (Brown et al. 2000).

Therefore, the purpose of the present paper is fourfold.

The first goal is to characterize the progress of the selective

breeding experiment to date and provide updated correla-

tions with other physical activity, motor performance, and

life history traits. Home cage activity levels collected

during phenotyping are reported, in addition to a measure
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of reproductive success of the lines (number of successful

pairs/generation) and body mass at the time of home cage

activity phenotyping (approximately postnatal day 60). The

second goal is to begin to characterize whether the model

may be relevant for exploring etiology of genetic hyper-

activity disorders, such as ADHD, by evaluating locomotor

responses to psychostimulant administration, our predic-

tion being that low doses would ameliorate hyperactivity.

The third is to determine how chronic amphetamine affects

neuronal activation and growth of new cells in the granule

layer of the hippocampus of High-Active and Control lines,

since previous studies from our lab indicated that chronic

amphetamine increases adult hippocampal neurogenesis in

C57BL/6J mice. The fourth aim is to characterize acute

effects of amphetamine treatment on spatial learning in the

water maze, a hippocampus-dependent task, in the High-

Active versus Control lines.

Materials and methods

Animals

Mice from Generations 10 and 11 of a selective breeding

experiment for increased distance traveled in the home

cage were used (Zombeck et al. 2011). Our lab continues to

maintain two lines of genetically variable (outbred) mice: a

randomly bred, unselected (Control) line and a line selec-

tively bred for increased distance traveled in the home cage

(High-Active). Each line consists of 10–14 pairs of mice,

and within-family selection is applied to minimize

inbreeding. The starting population for each line was

generated from a mix of 8 inbred strains that were spe-

cifically chosen to maximize genetic variation (collabora-

tive cross mice G2:F1; Chesler et al. (2008). Each

generation at weaning (21 days old), mice are housed in

groups of 4 by sex. At approximately postnatal day 60, they

are phenotyped individually for home cage activity. Mice

are placed in custom-made acrylic home cages

(18.5 cm 9 33.5 cm 9 16 cm) with clear plastic lids that

allow continuous ceiling-mounted video tracking by Top-

Scan (CleverSystems, Reston, VA, USA). Each cage

individually houses 4 mice, with an interaction zone con-

structed of wire mesh that allows for limited physical

contact and interaction. The video coverage allows for

continuous tracking of 64 individual mice over the span of

6 days. Well after an extended habituation period of

4 days, the average distance traveled during days 5 and 6 is

used as the selection criterion. This criterion was chosen to

represent behavioral patterns established in an acclimated,

home cage environment, without any confounding effects

of novelty. Moreover, this criterion of average activity over

days 5 and 6 has been successfully implemented in other

selective breeding experiments for heightened physical

activity (Swallow et al. 1998).

General husbandry

Rooms are kept controlled for temperature (21 ± 1 �C)

and photo-period (12:12 L:D; lights on at 10:00 PM and off

at 10:00 AM). Food (Harlan Teklad, 7012) and water are

provided ad libitum at all times. Corncob bedding (7097

Harlan Teklad, Madison, Wisconsin, USA) was provided in

all cages. The Beckman Institute Animal Facility is AA-

ALAC approved. All procedures were approved by the

University of Illinois Institutional Animal Care and Use

Committee and adhered to NIH guidelines.

Experiment 1 Genetic differences in wheel running and

distance traveled in the open field between High-Active

and Control lines in Generation 10.

High-active mice (n = 10 males and n = 10 females)

and Control mice (n = 9 males and n = 10 females) were

randomly chosen from Generation 10 after excluding

breeders for Generation 11. The mice were chosen from 10

different families per line, i.e., 1 male and 1 female was

randomly selected per family. Mice were tested in the

following order, first home cage activity as routinely per-

formed starting at age 60 (±2 days), then left undisturbed

for 20 days, followed by 2 days of open field, 5 days of

wheel running, and 3 days of rotarod testing.

Open field

Testing occurred at approximately 11:00 AM during the

animal’s normal dark cycle under diffuse white light. Mice

were individually placed in a 67 cm 9 67 cm 9 30 cm

(L 9 W 9 H) open field box for 5 min. The procedure was

repeated the following day, and the distance traveled was

averaged between the 2 days. TopScan was used to track

distance traveled.

Wheel running

Mice were placed individually into cages with a running

wheel for 5 days. Dimensions of running wheel cages were

36 cm 9 20 cm 9 14 cm (L 9 W 9 H) with a 23 cm

diameter wheel mounted in the cage top (Respironics,

Bend, OR). Wheel rotations were monitored continuously

in 1 min increments.

Rotarod

Testing occurred at approximately 11:00 AM under red

light during the animal’s normal dark cycle. Mice were

placed on a stationary rotarod (AccuRotor Rota Rod Tall
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Unit, 63-cm fall height, 30-mm diameter rotating dowel;

Accuscan, Columbus, OH, USA). The dowel was then

accelerated at 60 rpm/min, and the latency to fall (in sec-

onds) was recorded. The procedure was repeated for 4

consecutive trials, which were averaged to give the daily

latency to fall for each mouse. If an animal fell off the

rotarod rapidly (e.g., due to inattention or slips), they were

placed back on the rotarod for an additional trial, and the

latency was not included in the average for the day. The

entire procedure was repeated the following 2 days for a

total of 3 days. In addition to the average latency across the

4 trials per day, the maximum latency to fall per day was

also analyzed.

Experiment 2 Genetic differences in amphetamine-

induced locomotor activity and hippocampal plasticity

between High-Active and Control lines.

Mice from Generation 11 were used [n = 5 per sex

(male or female)/line (High-active or Control)/treatment

(saline, 0.25, 0.5, or 2 mg/kg d-amphetamine) = 80 total].

Generation 10 breeders were allowed to produce an addi-

tional litter for continuing the lines (i.e., for selecting

Generation 11 breeders). The litters used for this experi-

ment were all born within 4 days of each other, which

allowed all animals to be measured at the same time and at

a similar age (Fig. 1). Mice from within a family were

distributed across the 4 treatment groups to prevent pos-

sible family effects from confounding treatment differ-

ences. Mice were weaned into cages in groups of 4 until

they were approximately 40 days old and underwent video

tracking session 1, after which they were individually

housed for the duration of the experiment.

Amphetamine injections

Beginning the second day after weaning at an age of

23 days old, all mice received twice daily intraperitoneal

(i.p.) injections of saline, 0.25 mg/kg d-amphetamine,

0.5 mg/kg d-amphetamine, or 2 mg/kg d-amphetamine,

approximately 3 h apart (at 10:00 AM and 1:00 PM). These

twice daily treatment injections continued throughout the

entirety of the experiment until sacrifice, including all days

of behavioral testing.

BrdU injections

Throughout the first 10 days, when mice were 23 through

32 days old, they received daily i.p. injections of 50 mg/kg

50bromo-50-deoxyuridine (BrdU) to label dividing cells.

These injections occurred at approximately 12:00 PM.

Locomotor activity

A random sample of 64 mice (n = 4/sex/line/treatment) of

the 80 total were used to measure distance traveled in the

home cage in response to d-amphetamine administration.

The sample size of 64 was chosen because that is the limit

for simultaneous video tracking in our laboratory. When

the mice were 40–42 days old (video tracking session 1),

62–64 days old (video tracking session 2), and between 71

and 73 days old (video tracking session 3), they were

placed individually in the custom cages with the clear lids

for continuous 24 h video tracking. The d-amphetamine/

saline injections continued throughout the video tracking

sessions. While TopScan continued to record activity for a

Fig. 1 Time-course for Experiment 2. Animals were administered

twice daily i.p. injections of saline, 0.25, 0.5, or 2 mg/kg d-amphet-

amine (n = 5 per sex/line/treatment = 80 total) for 49–51 days,

starting from when the mice were 23 days old (Experimental day 1)

and continuing until they were 73 days old (Experimental day 51).

Mice also received 10 daily i.p. injections of BrdU (50 mg/kg) to

label dividing cells on experimental days 1–10 (mouse age

23–32 days old). On Experimental days 16–18 and 40–42, 64 mice/

80 total were placed in specialized cages which allowed for video

tracking of home cage locomotor behavior (Tests 1–4). Prior to the

first locomotor activity session, mice were separated from group

housing conditions and individually housed to allow for individual

locomotor tracking. Mice then remained singly housed throughout the

duration of the experiment. On Experimental days 43–48, 40 mice/80

total were tested on the MWM. On Experimental days 49–51, the

same 64 mice were placed in the specialized home cages to allow for

video tracking one final time (Test 5), then staggered over the course

of the next 2 days for systemic perfusions with 4 % paraformalde-

hyde exactly 90 min following the final injection for each mouse
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24 h period, the analysis of locomotor response to

amphetamine was restricted to only 90 min following the

injection because after 90 min, brain concentrations of

amphetamine would be expected to wane (Zombeck et al.

2010). In addition, locomotor responses to amphetamine at

the doses that were given are known to last for approxi-

mately 90 min in mice (Dabe et al. 2013). Data are shown

only for the second and third day of video tracking sessions

1 and 2, to allow for one day of habituation which was not

analyzed. Locomotor response in video tracking session 3

represents only the 90 min between an animal’s final

injection and sacrifice, after 1–2 days of habituation.

Morris water maze

A sample of 40 mice of the 80 total was tested on the

MWM. This sample included randomly selected: n = 5

High-Active mice per amphetamine dose (3 males and 2

females), n = 5 Control per dose (2 males and 3 females)

times 4 doses equals 40 animals. Water maze training

occurred exactly 15 min after their daily afternoon injec-

tion of amphetamine. The sample of 40 mice rather than all

80 were tested for feasibility and to keep the timing

between amphetamine injections relatively constant. The

maze consisted of a circular tub, 70 cm diameter and

30 cm deep. Extra-maze cues of varying geometric pat-

terns, colors, and numbers were placed on the walls around

the tub in order to provide spatial markers of location for

the mice. A platform, made of a white plastic mesh mea-

suring 8.5 cm 9 8.5 cm, was placed in the middle of one

maze quadrant and submerged 1 cm below the surface of

the water. Crayola white tempera paint was added to make

the water sufficiently opaque, thereby hiding the platform

from sight. The whitened water provided contrast against

the dark mice, so TopScan could clearly track the animal as

it navigated the maze. Water temperature was maintained

at 21–23 �C. A trial lasted either 60 s or until the mouse

reached the platform and remained on the platform for

10 s. If a mouse did not reach the platform in 60 s, it was

gently guided there by hand. Mice were placed back in

their cage and allowed to rest for approximately 10 min

between trials. 24 h after training Day 5, the platform was

removed and mice were tested with a probe trial lasting

60 s. TopScan video tracking software was used to mea-

sure path length (mm) to platform, and time (s) spent in the

target quadrant of the maze during probe trial.

Immunohistochemistry

Following Clark et al. (2008), animals were anesthetized

with 100 mg/kg sodium pentobarbital via intraperitoneal

injection, and then perfused transcardially with 4 % para-

formaldehyde in phosphate buffer solution (PBS). Brains

were sectioned using a cryostat into 40 lm coronal sec-

tions and stored in tissue cryoprotectant at -20 �C.

Fos-DAB

Following previous protocols from our lab (Zombeck et al.

2008), a 1-in-6 series of free-floating sections were pre-

treated with 0.6 % hydrogen peroxide in PBS for 20 min at

room temperature, then washed in PBS containing 0.2 %

Triton X-100 (PBS-X) and blocked with 6 % goat serum

for 1 h at room temperature. Sections were then incubated

in monoclonal primary antibody against mouse Fos made

in rabbit (Calbiochem, San Diego, CA, USA) at a dilution

of 1:20,000 in PBS-X containing 3 % NGS for 48 h at

4 �C. Sections were subsequently washed in PBS-X and

incubated in secondary biotinylated antibody against rabbit

immunoglobulin made in goat (Vector Labs, Burlingame,

CA, USA) at a dilution of 1:200 in PBS-X with 3 % NGS

for 90 min at room temperature. Sections were then treated

using the Vectastain Elite ABC Kit (Vector Laboratories,

Burlingame, CA, USA) with diaminobenzidine (DAB),

enhanced with 0.008 % nickel chloride (Sigma, St. Louis,

MO, USA).

BrdU-DAB

A 1-in-6 series of these sections (i.e., series of sections

throughout the extent of the hippocampus with 240 lm

increments separating each section) was stained to visual-

ize BrdU to detect newly divided cells in the dentate gyrus.

Free-floating sections were washed in tissue buffering

solution (TBS) and then treated with 0.6 % hydrogen

peroxide. To denature DNA, sections were treated with

50 % deionized formamide, 10 % 20xSSC buffer, 2 N

hydrochloric acid, and 0.1 M boric acid. Sections were

then treated with a solution of 0.1 % Triton-X and 3 %

goat serum in TBS (TBS-X plus), and then incubated in

primary antibody against BrdU made in rat (Accurate,

Westbury, NY, USA) at a dilution of 1:200 in TBS-X plus

for 72 h at 4 �C. Sections were then washed in TBS,

treated with TBS-X plus for 30 min, and then incubated in

secondary antibody against rat made in goat at 1:250 in

TBS-X plus for 100 min at room temperature. Sections

were treated using the Vectastain Elite ABC Kit with DAB,

enhanced with 0.008 % nickel chloride.

Image analysis

Fos-DAB and BrdU-DAB

The entire bilateral granule layer, represented in the 1-in-6

series, was photographed by systematically advancing the

field of view of the Zeiss brightfield light microscope, and

520 Behav Genet (2014) 44:516–534

123



taking multiple photographs, via AxioCam interfaced to

computer, under 109 (total 1009) magnification. These

photographs were then analyzed using ImageJ software

(NIH, Bethesda, MD, USA) to generate unbiased estimates

of total number of BrdU- and Fos-positive cells. Specifi-

cally, in each image, the granule layer was traced and

BrdU- or Fos-positive nuclei were counted within the

traced region automatically by setting a fixed threshold to

remove background. Following previous protocols from

our lab (Clark et al. 2011), to obtain unbiased estimates of

cell numbers, total counts were multiplied by 0.85, under

the assumption that 15 % of the nuclei counted would

intersect with the plane of the section. This was estimated

based on the observation that the average size of granule

neuron nuclei was 6 lm, which is 15 % of 40 lm, the

thickness of the section.

Statistical analysis

Data were analyzed with SAS (version 9.2) and R (3.0.2)

statistical software. In all analyses, P B 0.05 was consid-

ered to be statistically significant. Two different statistical

tests were performed to compare phenotypic differences

between the lines. The first was a simple test using standard

analysis of variance (ANOVA) methods and the Fisher

exact test for the reproductive success count data. Home

cage locomotor activity and body mass were analyzed per

generation by 2-way ANOVA, with sex and line (High-

Active and Control) as factors. To compare reproductive

success between the lines, the total number of successful

first litters out of the total number of pairs was compared

between High-Active and Control lines using a Fisher

exact test. Wheel running and Rotarod data were analyzed

using a repeated-measure ANOVA, with line and sex as

between-subjects factors and day as the within-subjects

factor. Data were log transformed to improve homogeneity

of variance between groups for Home cage activity and

Rotarod. In Experiment 2, cumulative distance traveled

1.5 h after amphetamine or saline injections was analyzed

by repeated-measures ANOVA with dose (saline, 0.25, 0.5,

2 mg/kg amphetamine), sex, and line as the between-sub-

jects factors, and test day (Test 1-5) as the within-subjects

factor. Two animals were removed (one from the female/

Control/saline group, and the other from the female/High-

Active/2 mg/kg amphetamine group) due to erroneous

video tracking. The locomotor activity data were also

analyzed collapsed across test day (i.e., the average over

the 5 tests), which is presented in Table 2. In addition, the

collapsed data from the amphetamine groups were

expressed as a difference relative to the saline-treated

controls (by line and sex), and analyzed a similar way with

line, sex, and dose (3 levels, 0.25, 0.5 and 2 mg/kg) as

factors. Distance to the hidden platform in the water maze

was analyzed by repeated measures ANOVA with dose and

line as the between-subjects factors, and day (1-5) as the

within-subjects factor. Distance to the platform on days 2

and 3 were collapsed and further analyzed by post hoc

Tukey tests. Duration spent in the target quadrant for the

probe trial was analyzed by 2-way ANOVA with dose and

line as factors. To establish whether the average duration in

the target quadrant was greater than expected by chance,

the average was compared to 25 % (for the 4 quadrants)

using a t-test. Total numbers of BrdU? and c-Fos? cells

were analyzed by ANOVAs using dose, sex, and line as

factors; c-Fos data were log transformed in this analysis to

improve homogeneity of variance. Pair-wise Pearson’s

correlations were evaluated between distance traveled,

total number of c-Fos cells, and number of new neurons.

Total numbers of BrdU? cells and c-Fos? cells were also

analyzed using a linear model that included distance trav-

eled, line, dose, and sex in the model. Statistical power was

estimated for the ANOVA analyses by simulating 10,000

data sets using the observed means and variances, and

calculating the percentage of these data sets displaying

statistically significant results for the main and interaction

effects. For data sets with repeated measures, the measures

were averaged to obtain one measurement for statistical

power analysis.

The second analysis was conducted to determine whe-

ther the observed phenotypic differences between the two

lines (High-Active versus Control) were likely correlated

responses to selection for home cage activity (e.g., pleiot-

ropy or linkage disequilibrium) as opposed to a result of

genetic drift or founder effects unrelated to selection. We

acknowledge that it is preferable to include replicate

selected and control lines to establish evidence for genetic

correlations between primary traits under selection and

secondary traits. However, in absence of replication, we

followed the guidelines suggested previously (Henderson

1989, 1997; Konarzewski et al. 2005). First, we calculated

standardized estimates of phenotypic differences between

the lines (Dy), as mean value of the trait in High-Active

minus mean value of Control divided by the pooled esti-

mate of the standard deviation of the trait within lines. We

then used the following equation (Eq. 1) to estimate the

standard deviation for Dy as expected from genetic drift

(r(dy)):

rðdyÞ ffi 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2
yF þ 1=n

q

ð1Þ

Here h2 refers to heritability and was estimated from the lit-

erature, F refers to the inbreeding coefficient which was

estimated in our lines by entering the pedigree from Genera-

tions 1–10 in ASReml-R version 2.0 following Konarzewski

et al. (2005). ‘‘n’’ refers to the number of families represented

for the specific phenotypic trait that was analyzed.
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The 95 % confidence interval for Dy was then calculated

by multiplying r(dy) by 1.96 (from standard normal distri-

bution). If the absolute value of Dy was greater than the

95 % confidence interval value, then Dy was considered

unlikely due to drift and more likely a correlated response

to selection.

Results

Response to selection, reproductive success, and body

mass

The High-Active line of mice continues to respond to

selection through 10 generations with some exceptions at

Generations 6 and 9 (Fig. 2a). No clear indication of a

selection limit has been reached. Selection differentials (S),

realized heritability estimates (hrealized
2 ) and responses to

selection (R) for Generations 1-9 are shown in Table 1. At

Generation 10, on days 5 and 6 of the six day test, the

High-Active mice traveled an average of 1.51 ± 0.08 SE

km/day whereas mice from the Control line traveled

0.36 ± 0.03 SE km/day (F1,171 = 101.5, P \ 0.0001) in

their cages, which is approximately a fourfold increase. In

the High-Active line, males traveled approximately 65 %

as far as females (F1,125 = 21.7, P \ 0.0001). In the Con-

trol line, the sex difference was smaller and not significant,

resulting in a significant interaction between sex and line

(F1,171 = 6.2, P = 0.0135).

The High-Active line displayed significantly reduced

fertility relative to the Control line as indicated by fewer

successful pairs out of the 140 total (14 pairs per generation
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Fig. 2 Home cage activity, reproductive success and body mass

across generations. a Data points represent the population means

(±SE) from each generation for home cage activity (distance traveled

on days 5 and 6 in km/day). Males and females are plotted separately.

b Every generation, 14 pairs of High-Active mice and 14 pairs of

Control mice were paired to produce the next generation. The total

number of successful pairings from each line per generation are

represented here (14 max). c Average body mass (±SE) at the time of

home cage phenotyping, PND 60–66. Males and females are plotted

separately
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x 10 generations) that contributed progeny to the 2 lineages

over the 10 generations (Fig. 2b). In the Control line, 130

pairs out of 140 total pairs successfully contributed off-

spring to the subsequent generation, while in the High-

Active line only 95 pairs out of 140 successfully contrib-

uted (Fisher Exact test, P \ 0.0001). The reason pairs

failed to produce offspring included failure of the female to

become pregnant, cannibalization of the pups, or death

from poor mothering.

The High-Active mice display significantly reduced

body mass as compared to Controls at the time of pheno-

typing (age approximately 60 days) (Fig. 2c). The differ-

ence was apparent starting at Generation 5 and continues

through Generation 10. At Generation 10, High-Active

mice were approximately 84 % as heavy as Controls

(F1,171 = 48.3, P \ 0.0001) and Females were 80 % as

heavy as males (F1,171 = 81.2, P \ 0.0001). No interaction

between line and sex was detected. The difference in body

mass between the lines in Generation 10 was more likely a

correlated response to selection than a consequence of

genetic drift (Table 2).

Experiment 1 Genetic differences in wheel running and

distance traveled in the open field between High-Active

and Control lines in Generation 10.

Home cage activity

A sample of animals from Generation 10 (n = 39 total)

were used to examine wheel running and open field

behavior in High-Active and Control Lines. Distance

traveled in the home cage on days 5 and 6 during the

routine screening in this sample, ranged from 0.153 km/

day (Control male) up to 3.53 km/day (High-Active

female). Within this sample, a significant effect of line

(F1,35 = 40.3, P \ 0.0001) and sex (F1,35 = 4.5,

P = 0.041) was observed. No interaction between line and

sex was detected (Fig. 3a).

Wheel running

Average distance traveled across a 5 day test was 7.2 km/

day (±0.73 SE) for Control mice, and 9.06 km/day (±0.79

SE) for High-Active mice. Wheel running behavior showed

main effects of line (F1,33 = 4.4, P = 0.044) and sex

(F1,33 = 9.7, P = 0.0038), and a trend for an interaction

between line and sex (F1,33 = 2.5, P = 0.12; Fig. 3b).

Statistical power was estimated to be 26 % for detecting

the interaction. The difference in wheel running between

the lines is within the range expected by genetic drift and

therefore we cannot conclude that it is necessarily a cor-

related response to selection (Table 2).

Open field

Average distance traveled in the open field over 5 min was

significantly greater in the High-Active line as compared to

Control (F1,35 = 14.6, P = 0.0005; Fig. 3c). No main

effect of sex was detected, but a trend for an interaction

between sex and line was observed (F1,35 = 2.0,

P = 0.16). Statistical power was estimated to be 29 % for

detecting the interaction. The difference in open field

activity between the lines is within the range expected by

genetic drift and therefore we cannot conclude that it is

necessarily a correlated response to selection (Table 2).

Rotarod

All mice learned the rotarod task as indicated by increased

latency to fall from the rotating beam from Day 1 to Days 2

and 3 (for average latency across 4 trials per day,

F2,70 = 21.4, P \ 0.0001; for max latency across 4 trials,

F2,70 = 12.1, P \ 0.0001). High-Active mice performed

significantly worse on the rotarod as indicated by reduced

latency to fall across days (for average latency, F1,35 = 5.0,

P = 0.032; for maximum latency, F1,35 = 5.2, P = 0.029).

No significant effect of sex was detected. However, a trend

for an interaction between sex and line was observed (for

average latency, F1,35 = 2.7, P = 0.10; for max latency,

F1,35 = 3.9, P = 0.056; see Fig. 3d, e). Statistical power to

detect the interaction was estimated to be 31 % for average

latency to fall collapsed across the 3 days. The difference

in rotarod performance between the lines is within the

range expected by genetic drift and therefore we cannot

conclude that it is necessarily a correlated response to

selection (Table 2).

Table 1 Realized heritability (hrealized
2 ) estimates of home cage

activity

Generation S (km/day) R (km/day) hrealized
2

1 0.27 0.12 0.44

2 0.36 0.25 0.69

3 0.87 0.051 0.06

4 0.56 0.22 0.39

5 0.43 0a 0

6 0.14 0.31 1b

7 0.82 0a 0

8 0.64 0.025 0.04

9 0.53 0.5 0.94

Avg. 0.51 0.16 0.40

S selection differential, R response to selection
a The actual value was negative
b The actual value was above 1.0
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Table 2 The magnitude and statistical significance of between-line differences in secondary traits expressed in standardized phenotypic SD

units (Dy) and compared to 95 % confidence intervals (95 % CI) for Dy as computed from Eq. 1 in the text

h2 references: Body Mass (Falconer 1973; Table 5); Gen 10 Cohort Home Cage Activity and Wheel Running (Zombeck et al. 2011; Table 1 and

Fig. 6c); Open Field (DeFries et al. 1970); Rotarod (Belknap et al. 1993; Rustay et al. 2003); Amphetamine Response (Alexander et al. 1996);

Morris Water Maze latency (Galsworthy et al. 2005; Table 4); Total number of new cells in dentate gyrus (Clark et al. 2011)

Standard errors are shown in parentheses next to means for the secondary phenotypic traits under ‘‘High-Active line’’ and ‘‘Control line’’. ‘‘P-

value’’ refers to a pair-wise comparison of the High-Active line versus the Control line. ‘‘F’’ refers to the inbreeding coefficient estimated from

the entire pedigree. ‘‘n’’ refers to the number of families represented for the specific phenotypic trait that was analyzed. ‘‘95 % CI’’ refers to the

95 % confidence interval for Dy expected by genetic drift as calculated from Eq. 1 in the text. ‘‘Dy’’ refers to the difference between lines in

standardized phenotypic units

Dy values larger than the 95 % CI are shown in bold and provide evidence that the secondary trait has evolved as a correlated response to

selection for home cage activity
a Body Mass refers to Generation 10
b Rotarod refers to average latency of the 4 trials per day over three days
c Locomotor response to amphetamine expressed as a difference score relative to the saline group of each sex and line
d Total number of new cells in dentate gyrus refers to average total number of BrdU cells in the granule layer of the dentate gyrus collapsed

across dose
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Experiment 2 Genetic differences in amphetamine-

induced locomotor activity and hippocampal plasticity

between High-Active and Control lines.

Locomotor activity (Fig. 4a–d, Fig. 5)

The overall ANOVA of distance traveled within the 90 min

period after an injection of saline, 0.25, 0.5, or 2 mg/kg

amphetamine in High-Active versus Control mice over the 5

testing days indicated a significant effect of day (F4,183 =

14.4, P \ 0.0001), line (F1,46 = 85.7, P \ 0.0001), dose

(F3,46 = 5.4, P = 0.003), sex (F1,46 = 22.8, P \ 0.0001),

line*dose (F3,46 = 3.2, P = 0.03), line*day (F4,183 = 7.3,

P \ 0.0001), dose*day (F12,183 = 1.9, P = 0.04), sex*day

(F4,183 = 5.2, P = 0.0005), line*sex (F1,46 = 24.4, P \
0.0001), and line*sex*day (F4,183 = 2.4, P \ 0.05). Fig-

ure 4a–d shows the data separately by sex, line, day and dose.

When the locomotor data were analyzed collapsed

across the test days, results showed a significant effect of

line (F1,46 = 83.2, P \ 0.0001), dose (F3,46 = 5.3,

P = 0.03), sex (F1,46 = 23.5, P \ 0.0001), line*sex

(F1,46 = 26.0, P \ 0.0001), and line*dose (F3,46 = 3.3,

P = 0.03) (Table 2). When the locomotor activity data for

the amphetamine groups were expressed as a difference

score relative to their respective saline controls (i.e., within

each sex and line), results of the overall ANOVA showed a

significant effect of line (F1,25 = 11.7, P = 0.0016), dose

(F2,35 = 9.1, P = 0.0007), and line*dose (F2,35 = 4.4,
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Fig. 3 Locomotor activity and motor performance in the High-

Active and Control lines from Generation 10. Males and females are

plotted separately (n = 10 High-Active males, n = 9 Control males,

n = 10 High-Active females, n = 10 Control females). a Average

distance traveled in the home cage (±SE) on days 5 and 6 (km/day)

for the same animals shown in b–e. b Average distance traveled on a

running wheel (±SE) over 5 days (km/day). c Average distance

traveled in the open field (±SE), across 2 daily 5-minute open field

tests (m/5 min). d, e Average latency (±SE) to fall off the

accelerating rotarod (s) averaged across 4 sessions per day
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P = 0.02; Fig. 5). No other main effects or interactions

were significant. The interaction between line and dose in

these analyses is due to the low dose of amphetamine

reducing locomotor activity in the High-Active line while

increasing activity in the Control line (Fig. 5). This was

indicated by a significant post hoc Tukey test comparing

the response to amphetamine at 0.25 mg/kg between

Control and High-Active mice (P = 0.0024). Tukey tests

between High-Active and Control mice for 0.5 mg/kg and

2 mg/kg were not significant. The differential responses to

low, clinically relevant doses of d-amphetamine between

the lines in both sexes are likely correlated responses to

selection as opposed to consequences of genetic drift

(Table 2).

Morris water maze

Acquisition (Fig. 6a–d): On average, animals learned the

MWM as indicated by decreased path length with day

(F4,128 = 34.7, P \ 0.0001). In addition to a main effect of

day, the overall analysis of variance indicated a significant

effect of line (F1,32 = 5.6, P = 0.02), and interaction

between day and line (F4,128 = 4.2, P = 0.003). No main

effects or interactions with dose were detected. However,

Fig. 6 indicates that the learning curves for High-Active

and Control mice were very similar following saline

injections, but that the High-Active mice show impairment

after amphetamine treatment, particularly on days 2 and 3.

In an analysis that considered only days 2 and 3 (the days
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Fig. 4 Locomotor activity following saline or amphetamine adminis-

tration. a Average (±SE) distance traveled in the home cage by Control

males within a 90 min period following an i.p. injection of saline, 0.25,

0.5, or 2 mg/kg d-amphetamine across 5 separate test days (Tests 1 and

2 occurred on postnatal days 41 and 42; Tests 3 and 4 occurred on

postnatal days 63 and 64; Test 5 occurred between postnatal days 71

and 73 just prior to sacrifice). Each test day is an average of morning

and afternoon injections. b–d Same as a for cohorts of High-Active

males, Control females, and High-Active females, respectively. The

same 64 mice underwent video tracking on all Tests 1–5 (n = 4/sex/

line/treatment = 64 total)
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when most of the learning occurred), a trend for a signifi-

cant interaction between line and dose was observed

(F3,32 = 2.7, P = 0.06). Post-hoc Tukey tests indicated

significant differences between High-Active and Control

lines at the 0.5 mg/kg (P = 0.013) and 2 mg/kg

(P = 0.008) doses of amphetamine. The impaired perfor-

mance on the water maze in the High-Active line is likely a

correlated response to selection as opposed to a conse-

quence of genetic drift (see results for day 2; Table 2).

Probe test: On average, animals remembered the spatial

location of the platform as indicated by significantly

greater duration spent in the target quadrant than would be

expected by chance (t38 = 2.8, P = 0.008). The average

duration spent in the target quadrant across all animals was

28.3 % ± 1.19 SE. No significant effects of line, dose or

interaction were detected (data not shown).

Immunohistochemistry

c-Fos-DAB (Fig. 7a): The 3-way ANOVA indicated a

significant main effect of line (F1,64 = 24.3, P \ 0.0001)

and sex (F1,64 = 11.5, P = 0.001). No main effect of dose

or any interactions were detected. Control mice displayed

approximately 50 % the number of c-Fos cells as compared

to High-Active mice and males displayed approximately

55 % the number of females.

BrdU-DAB (Fig. 7b): The 3-way ANOVA indicated a

significant main effect of line (F1,61 = 5.3, P = 0.025) and

sex (F1,61 = 8.7, P = 0.004). No main effect of dose or

any interactions were detected. Control mice displayed

approximately 77 % the number of BrdU positive cells as

compared to High-Active mice and males displayed

approximately 71 % the number of females.

Correlation between locomotor activity, BrdU-DAB,

and c-Fos-DAB

The distance traveled within 90 min preceding euthanasia

(Test 5) was strongly correlated with total number of c-Fos

positive cells in the granule layer of the dentate gyrus

(Pearson’s r = 0.67; F1,62 = 51.7, P \ 0.0001) (Fig. 8a).

After including distance traveled as a covariate in a 3-way

ANOVA with factors line, sex and dose, no other factor or

interaction was significant, indicating that the differences

in number of c-Fos cells shown in Fig. 7a can be explained

by differences in locomotor activity.

The distance traveled within 90 min preceding eutha-

nasia (Test 5) was also correlated with total number of

BrdU-positive cells in the granule layer (Pearson’s

r = 0.40; F1,59 = 11.6, P = 0.001) (Fig. 8b). After

including distance traveled as a covariate in the 3-way

ANOVA, no other factor or interaction was significant

except for dose (F3,44 = 3.3, P = 0.03). Comparison of

least square means indicated that the 0.25 mg/kg dose

increased BrdU-positive cells to 111 % of saline levels,

whereas 0.5 mg/kg reduced BrdU-positive cells to 87 % of

saline levels, and 2 mg/kg reduced BrdU-positive cells to

65 % of saline levels.

Numbers of c-Fos-positive cells were correlated with

numbers of BrdU-positive cells in the granule layer of the

dentate gyrus (Fig. 8c). The correlation without 2 outliers

(with c-Fos numbers above 10,000) shown in Fig. 8c was

0.67 (F1,73 = 58.6, P \ 0.0001), and with the outliers

present, the correlation was 0.51 (F1,75 = 26.8,

P \ 0.0001).

Table 2 indicates that the difference in BrdU cells

between the lines is within the range expected by genetic

drift. However, the phenotypic correlation between dis-

tance traveled and number of BrdU cells (Fig. 8b) supports

the conclusion that the line difference is probably a cor-

related response to selection via the intermediate pheno-

type of physical activity.

Discussion

Here we report an update on the progress of a selective

breeding experiment for increased distance traveled in the

home cage through Generation 10, and initial evidence that
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Fig. 5 Locomotor response to amphetamine. Average (±SE) loco-

motor response to 0.25, 0.5, and 2 mg/kg amphetamine in the Control

and High-Active lines. Response was calculated for each individual

receiving amphetamine as the distance traveled 90 min after admin-

istration of amphetamine minus the average distance traveled by the

saline group from the same sex and line. Hence negative values

indicate a suppression of locomotor activity from amphetamine

whereas positive values indicate stimulation. Results are shown

collapsed across sex (n = 8/line/treatment = 64 total)
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the hyperactivity demonstrated by High-Active mice is

ameliorated by the low (0.25 mg/kg) dose of d-amphet-

amine. The differential responses to the low doses of

amphetamine were likely a correlated response to selection

rather than a consequence of genetic drift, providing sup-

port for the suitability of the High-Active line to model

genetic hyperactivity disorders. Importantly, the High-

Active line continues to respond to selection without

reaching a clear selection limit (Fig. 2a). Body mass at

maturity was significantly decreased in the High-Active

line as compared to the Control line. The line difference is

likely a correlated response to selection for home cage

activity, and unlikely caused by random factors such as

genetic drift (Fig. 2c; Table 2). Small differences between

the lines were detected in wheel running, open field, rota-

rod performance, and water maze performance, but these

differences may not be definitely ascribed to the effects of

selection, and could have resulted from genetic drift rather

than correlated responses to selection (Table 2). The

increased number of BrdU cells in the dentate gyrus

observed in High-Active mice is likely attributable to the

neuronal activation (as measured by number of c-Fos

positive cells) of the dentate gyrus associated acutely with

increased levels or intensity of physical activity. Further

work, including replicating the High-Active lines, will be

necessary for greater statistical power to detect genetic

correlations for these and other relevant traits.

The reduction in number of successful pairings of High-

Active parents relative to unselected Controls potentially

indicates less viable offspring or impaired maternal com-

petence in High-Active mice (Fig. 2b). Future studies will

determine whether instinctual maternal care is compro-

mised by selection for hyperactivity, or whether pups are

simply less viable. Some evidence suggests that maternal

neglect has been linked to altered dopamine neurotrans-

mission in key reward regions of the brain (Gammie et al.

2008), and selection for physical activity in other lines has

itself been shown to alter those reward pathways (Rhodes

et al. 2005; Garland et al. 2011b). Therefore, it is possible

that over ten generations of selective breeding for
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Fig. 6 Morris water maze acquisition in response to amphetamine.

a Average (±SE) path length (m) to reach the submerged, hidden

platform on each day, 15 min after receiving an afternoon i.p.

injection of saline (n = 3 High-Active males, n = 3 Control females,

n = 2 Control males, n = 2 High-Active females; n = 10 total). b–d,

Same as a except for the administration of 0.25 mg/kg d-amphet-

amine, 0.5 mg/kg d-amphetamine, or 2 mg/kg d-amphetamine,

respectively
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hyperactivity has altered dopamine neurotransmission,

which then produced secondary deficits in maternal care.

Alternatively, as the High-Active mice exhibit lower body

weights overall (Fig. 2c) and during weaning (unpublished

observations), it is possible High-Active pups are less

viable. Interestingly, clinical studies have associated lower

body weight at birth with the development of ADHD later

in life (Mick et al. 2002; Lahti et al. 2006; Strang-Karlsson

et al. 2008). Regardless of the cause of reduced repro-

ductive success, this phenomenon may become a signifi-

cant contributor to the continued divergence of our High-

Active populations. For example, diminished reproductive

success at Generations 5 and 8 reduced the selection dif-

ferential and response to selection in generations 6 and 9

(Fig. 2a, b; Table 1).

In addition to reduced reproductive success, the High-

Active mice also display reduced body mass at maturity

(Fig. 2c). The difference in body mass between the lines

survives the test of whether these results could be due to

genetic drift represented in Table 2, suggesting the differ-

ences in body mass between the lines are probably not

caused by genetic drift alone, and that selection likely

contributed to this effect. In a replicated selective breeding

experiment for increased voluntary wheel running, a neg-

ative genetic correlation between levels of physical activity

and body mass was also observed (Swallow et al. 1999).

Taken together, these data provide strong support for the

hypothesis that body mass at maturity and levels of phys-

ical activity in a habituated environment broadly speaking

(e.g., as measured in cages without wheels or with wheels)
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are negatively genetically correlated. Further experiments

are needed to determine whether the reduced body mass in

our High-Active line results from a combination of reduced

body fat and reduced skeletal length similar to mice

selectively bred for increased voluntary wheel running

behavior (Swallow et al. 1999, 2001; Houle-Leroy et al.

2003).

Another interesting comparison to clinical populations

arises from the enhanced activity of females in our High-

Active strain (Figs. 2a, 3a). While many other studies

across different strains of mice and within other popula-

tions selectively bred for physical activity corroborate our

observation of increased female activity relative to males

(Clark et al. 2011; Garland et al. 2011a), our High-Active

female hyperactivity contrasts clinical ADHD populations

in which males tend to be diagnosed more frequently with

ADHD Hyperactive Type, while females more frequently

present as ADHD Inattentive Type (Gaub and Carlson
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Fig. 8 Correlations between

cellular activation, growth of

new cells in the dentate gyrus,

and locomotion. a Phenotypic

correlation between total

number of c-Fos? cells and

distance traveled (m) within the

90 min period prior to

euthanasia (n = 4/sex/line/

treatment = 64 total). b Same

as a for BrdU? cells.

c Phenotypic correlation

between total number of c-Fos?

cells and total number of

BrdU? cells for all mice,

regardless of whether they

underwent video tracking

(n = 5/sex/line/treatment = 80

total)
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1997; Gershon 2002). Despite the preponderance of

Hyperactive Type males in clinical literature, some females

also exhibit a hyperactivity component to their ADHD

diagnosis. The lack of clinical data on female children with

ADHD Hyperactive Type contribute to an especially poor

understanding of the neurobiological underpinnings in

hyperactive female populations (Rucklidge 2010), and our

selectively bred population may be useful in elucidating

these characteristics.

Our characterization of a subset of mice from Genera-

tion 10 (whose activity levels approximate the entirety of

Generation 10, as shown in Fig. 3a) shows differences in

wheel running and open field locomotor activity between

the lines (Fig. 3b, c). However, Table 2 indicates that we

cannot rule out the possibility that these differences are a

result of genetic drift, rather than selection. Data from the

original report in Zombeck et al. (2010) favor the drift

hypothesis rather than selection because in that study we

observed no significant genetic correlation between wheel

running or open field activity and home cage physical

activity, but significant heritability of wheel running and

open field in the starting population. Although wheel run-

ning might be hypothesized to be correlated with home

cage activity, open field is expected to have different

genetic underpinnings. Behavior in the open field test is

thought to indicate exploratory behavior, or anxiety in a

novel environment (Choleris et al. 2001), as distinct from

behavior in a habituated home environment.

The differential performance on the rotarod between the

High-Active versus Control line did not survive the test for

possible role of genetic drift (Fig. 3d, e; Table 2). There-

fore the small reduction in performance (Fig. 3e) may not

be related to selection and could be caused by genetic drift.

Replication of the lines would help resolve the selection

versus drift issue. If the difference is related to selection,

reduced rotarod performance in High-Active mice could

have clinical relevance. Rotarod performance is generally

considered to reflect cerebellar-mediated coordination

(Goddyn et al. 2006), and the current data demonstrate

impaired performance. The reason for the impairment

could be one of two possibilities—that High-Active mice

are less coordinated than Controls, or that they lack the

attentional control necessary to successfully focus on the

task. Regardless of the source of the impairment, it will be

interesting to further characterize the High-Active model

by directly correlating total cerebellar and vermis volume

with rotarod performance, as this could corroborate

mounting clinical evidence which implicates the cerebel-

lum in the neuropathology underlying hyperactivity disor-

ders such as ADHD. While some studies indicate cerebellar

volume does not vary between mice selectively bred for

increased wheel running behavior and control lines (Kolb

et al. 2013), it may be that selection for home cage

hyperactivity will produce different effects on brain vol-

ume measurements. Studies suggest that the cerebellum is

important in not only motor coordination, but also medi-

ating timing and attention functions through frontal asso-

ciations (Allen et al. 1997), and children with ADHD have

significantly smaller cerebellar hemispheres and smaller

posterior-inferior vermal volumes (Mackie et al. 2007;

Bledsoe et al. 2009; Cherkasova and Hechtman 2009).

Taken together, this evidence has resulted in the generation

of the frontostriatal-cerebellar theory of ADHD (Krain and

Castellanos 2006), and provides another avenue by which

we may characterize these High-Active mice.

The second aim of this paper was to determine whether

chronic, therapeutic doses of d-amphetamine ameliorated

hyperactivity in the High-Active lines. Toward this end, we

observed that the low dose of 0.25 mg/kg amphetamine

significantly reduced locomotor activity in our High-Active

line whereas the same doses increased locomotor activity

in the Control line (see Fig. 5). The differential response to

low dose amphetamine between our lines is most likely a

correlated response to selection rather than a consequence

of genetic drift (Table 2). Results establish the predictive

validity of our model with respect to ameliorative effects of

therapeutic doses of amphetamine on the hyperactive

phenotype. Future studies will focus on evaluating the

effect of daily 0.25 mg/kg amphetamine on other behav-

ioral measures relevant to ADHD, such as impulsivity and

inattention.

The third aim of this paper was to determine whether

chronic amphetamine influences neuronal activation of the

dentate gyrus and number of newly divided cells, as pre-

vious results from our lab using the exact dosing regimen

over the same developmental period found dose-dependent

increases in neurogenesis in C57BL/6J mice (Dabe et al.

2013). However, in the current study, no changes in the

number of new cells in the dentate gyrus were observed in

response to amphetamine without adjusting for the effects

of distance traveled. After adjusting for distance traveled,

the higher doses, 0.5 and 2 mg/kg, reduced numbers of

BrdU? cells. Although we did not perform a double label

analysis to detect co-labeling between BrdU and a mature

neuronal marker such as NeuN to confirm that the BrdU

cells were in fact neurons, based on previous work in our

lab, it is likely that a majority of these new cells were

neurons (probably greater than 80 %) (Clark et al. 2011). It

is possible that the increase in neurogenesis from

amphetamine observed in Dabe et al. (2013) is specific to

the C57BL/6J genotype. The High-Active and the Control

lines in this study were derived from a cross of 8 divergent

strains (including 3 subspecies) and the individuals within

the lines are expected to display a large degree of genetic

variation as supported by the low inbreeding coefficient

estimated in Table 2. Hence, if the influence of
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amphetamine on neurogenesis is highly genotype-specific,

then large individual genetic variation in our lines would be

expected to obscure detection of a response characteristic

of a single genotype such as C57BL/6J.

Although group differences in neuroplasticity markers

(c-Fos expression and BrdU positive cells) were not

observed in response to amphetamine, significant line dif-

ferences were detected. Mice from the High-Active lines

displayed greater numbers of c-Fos and BrdU positive cells

than mice from Control lines. The difference is likely due

to the different levels of physical activity displayed by the

animals and the strong phenotypic relationship between

distance traveled and the outcome variables (Fig. 8a–c).

We endeavored to measure MWM because we hypoth-

esized that the High-Active mice might display poor per-

formance relative to Control lines due to their inherent

inattention, and that the amphetamine might ameliorate

some of this decline. The MWM is also a hippocampal-

dependent task, and we hypothesized that changes in the

number of new cells in the hippocampus or neuronal

activation between the groups might relate to performance.

While previous literature has reported that d-amphetamine

facilitates learning in the MWM (Brown et al. 2000), in the

present study all animals learned the task over 5 days

without any overall significant effect of amphetamine. A

significant effect of line was detected, with High-Active

mice performing worse than Control. Inspection of Fig. 6

indicates that the difference was most apparent at the

higher doses of amphetamine. Results suggest impaired

performance in High-Active mice relative to Controls on

day 2 is likely a correlated response to selection rather than

a consequence of genetic drift (Table 2). The difference

might reflect inattention or inherently reduced hippocampal

function in High-Active mice. Regardless of the cause, the

water maze performance in High-Active mice was cer-

tainly not improved with amphetamine, and if anything,

was impaired.

Results from this study provide support for using the

High-Active mice as a model for ADHD. High-Active

mice performed significantly worse on the water maze and

rotarod which could be related to their inattention or

inability to focus on the task at hand. However, attributing

their performance to inattention or any other cognitive

construct would have to be evaluated empirically using

operant tests such as serial reaction time or Go/No go tasks

(Bari and Robbins 2013). Moreover, if the impaired per-

formance was caused by inattention it certainly was not

ameliorated with amphetamine as is typically observed in

ADHD (see Fig. 6). On the other hand, amphetamine sig-

nificantly ameliorated the hyperactivity in the High-Active

line. Current studies are already in progress characterizing

impulsive-like behavior in these High-Active mice, using

the Go/No-go paradigm (Moschak and Mitchell 2012). It

will be interesting to observe whether impulsivity is

affected by our continued selection for home cage hyper-

activity, and the extent to which that impulsivity is ame-

liorated by d-amphetamine. Moreover, it will be important

to evaluate whether the High-Active mice display any

reduced dopamine function in prefrontal regions before

continuing to evaluate this model in the context of ADHD

(Arnsten 2009).

In conclusion, our High-Active mouse line provides a

unique tool which may be used to evaluate the genetic and

neurobiological mechanisms underlying hyperactivity and

its inevitable correlated responses such as reduced body

mass, reduced reproductive success, and locomotor

response to amphetamine administration. Results support

the continued development of the High-Active line as a

model for ADHD. Future studies will compare attention,

impulsivity-like behavior, cerebellar volume and various

measures of dopamine function between the lines.
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