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Abstract

Sex differences in running behaviors between female and male mice occur naturally in the wild.
Recent experiments using head-fixed mice on a voluntary running wheel have exploited analogous
locomotor activity to gain insight into the neural underpinnings of a number of behaviors ranging
from spatial navigation to decision-making. It is however largely unknown if sex differences exist
between females and males in a head-fixed experimental paradigm. To address this, we
characterized locomotor activity in head-fixed female and male C57BL/6J mice on a voluntary
running wheel. First, we found that over the initial 7-day period, on average, animals increased
both the velocity and the time spent running. Furthermore, we found that female mice habituated
to running forward over the initial 2 days of encountering the wheel, while male mice took up to 4
days to habituate to running forward. Taken together, we characterized features of a sexually
divergent behavior in head-fixed running that should be considered in experiments employing
female and male mice.
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1| INTRODUCTION

Across multiple species, variability in behavior due to sex differences can be traced to
differences in neural circuits (Mowrey & Portman, 2012; Yang & Shah, 2016). In mice, for
instance, behaviors as diverse as fear conditioning and navigation on the Morris water maze
vary based on the sex of the animal (Gruene, Flick, Flick, Stefano, Shea, & Shansky, 2015;
Keeley, Tyndall, Scott, & Saucier, 2013; Roof & Stein, 1999; Yang et al., 2013). Examples
of sex-specific differences in behavior can also be found outside of the domain of fear and
learning as well. The distance or the duration that an animal runs vary between females and
males both in the wild (Goh & Ladiges, 2015; Lightfoot, Turner, Daves, Vordermark, &
Kleeberger, 2004) and when a running wheel is placed in the animal’s home cage (Beatty,
1979; Perrigo & Bronson, 1985). Thus, although a number of behaviors studied in laboratory
settings may be sexually divergent (An et al., 2011; Beery, 2018; Wald & Wu, 2010; Zucker
& Beery, 2010), much of what is known comes from experiments that either exclusively
used male mice (Tronson, 2018) or may not have treated sex as an independent variable
when both female and male animals were studied (Shansky & Woolley, 2016). For example,
a common experiment involves head-fixing an awake behaving rodent and placing it onto a
running wheel to study the circuits involved in sensory processing (Niell, Stryker, & Keck,
2010; Smear, Shusterman, O’Connor, Bozza, & Rinberg, 2011), spatial navigation
(Dombeck, Harvey, Tian, Looger, & Tank, 2010; Harvey, Collman, Dombeck, & Tank,
2009) and decision-making (Abraham et al., 2010; Juavinett, Erlich, & Churchland, 2018;
Smear, Resulaj, Zhang, Bozza, & Rinberg, 2013). Despite the ubiquity of this paradigm in
systems neuroscience, and the importance of measuring running either as a feature or a
confound of experiments, it remains unclear if there are differences between females and
males.

To explore this question, we analyzed the running behavior of head-fixed female and male 2-
to 3-month-old mice over a 7-day period on a voluntary running wheel. While both females
and males increased running over this duration, we saw significant sex differences in the
direction that mice ran during the early days of exposure to the running wheel. Within 2 days
on the wheel, all female mice ran on average forward, while male mice continued to move
on average backward. It was not until day 5 that male mice ran forward. These data suggest
sexually dimorphic behaviors occur during early exposure to head-fixed running.

2| MATERIALS AND METHODS

2.1| Animals

36 C57BL/6J (The Jackson Laboratory) mice, 18 female and 18 male mice, 2-3 months old
were utilized for this experiment. Nine female and nine male mice were used for run-
habituation following surgery, and nine female and nine male mice were used for run-
habituation 1 week after surgery. All experiments and procedures were approved by the
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University Committee on Animal Resources (UCAR) at the University of Rochester Medical
Center.

2.2| Head-fix procedure

Prior to the procedure, animals were dosed with 3.25 mg/kg slow-release buprenorphine via
subcutaneous injection. Animals were anesthetized with 1%—2% vaporized isoflurane in
1.5-2.5 L/min of O, and then placed in a stereotaxic for surgery (Kopf Instruments,
Tujunga, CA, USA). Following a midline incision on the skull, connective tissue was
resected and excess skin removed and vetbond (3M) was placed to attach the perimeter skin
to the skull. A 3D-printed headframe was then put into place and was affixed to the skull
using Liquid-Jet dental cement (Lang Dental) taking care to provide enough clearance for
the ears. The area was then allowed to dry completely prior to placing the animal into the
home cage for recovery. Animals were recovered for 24 hr prior to behavioral habituation.

2.3| Open-field test

All open-field testing was conducted in an isolated room with black walls, floor and ceiling
to minimize external visual or auditory cues. Animals were placed into a 36-inch square
plexiglass chamber with raised sides, 12 inches in height. An overhead camera was used to
track the movement of the animal during the test. Testing was completed before the
headframe procedure (baseline), 24 hr after the headframe procedure (headframe) and after
the 7 days of running wheel exposure (post-training). Each test consisted of 5 min of free
running. The testing chamber was thoroughly cleaned between each trial to minimize any
olfactory cues. Post-testing analysis was completed using custom MATLAB code
(Mathworks).

2.4| Running wheel habituation

Animals were habituated on the running wheel beginning either 24 hr after head-fix
procedure or after seven days of recovery from surgery for seven consecutive days. Mice
were weighed daily prior to habituation to ensure that animals did not lose significant body
weight (more than 20% of baseline weight in accordance with the policies approved by the
University Committee on Animal Resources [UCAR]). Animals were habituated for one
hour per day on a cylindrical voluntary running wheel that allowed for both forward and
backward running. While animals were monitored remotely with a camera, all habituation
took place in darkness, and during habituation, there was no intervention or light input.
Habituation was always completed during the animals’ light cycle. Post-testing analysis was
completed using custom MATLAB code.

3| RESULTS

To explore running behavior in head-fixed animals, we first implanted a 3D-printed
headframe to the skull (Figure 1a, left) that allowed the animal to be placed on a non-
motorized cylindrical running wheel. Following this procedure, animals were given 24 hr to
recover prior to seven consecutive days of exposure to the running wheel (Figure 1a,
middle). Beginning on day 1, mice were placed on the wheel with their head fixed for 1 hr
(Figure 14, right), allowing them to voluntarily rotate the wheel forward or backward. A
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representative 15-min trace from the 1-hr period for a single animal on day 1 showed epochs
of running in the forward direction (positive velocity, Figure 1b) and in the backward
direction (negative velocity, Figure 1b). Interspersed between the bouts of running were
periods where the animal remained stationary (inset, Figure 1b). To quantify these features
of running, we first calculated the velocity over the 7 days of running wheel exposure. We
found a significant increase in the overall velocity of running between day 1 and day 7 (V=
18; day 1, 0.92 + 3.83 cm/s; day 7, 3.92 £ 3.38 cm/s; p = <.001; Wilcoxon rank-sum test,
Figure 1c). Furthermore, across all animals, there was a significant increase in the
percentage of time spent running between day 1 and day 7 (V= 18; day 1:6.92 + 12.15%
day 7:32.48 £ 15.95%; p < .0001; Wilcoxon rank-sum test; Figure 1d). Over the 7-day
habituation period, as the animals grew accustomed to the running wheel, they ran faster and
more frequently. After the initial 7-day exposure period, we observed no increases in either
run velocity or duration in animals habituated for more than 20 days (N = 2).

Previous work has identified sex differences in locomotor behavior in wild mice (Goh &
Ladiges, 2015; Lightfoot et al., 2004), including differences in locomotor activity when a
running wheel is placed in the animal’s home cage (Perrigo & Bronson, 1985). To determine
whether such differences were also found in head-fixed mice on a running wheel, we first
plotted the distribution of velocity (Figure 2a) excluding epochs where the animal did not
move (no movement = activity >-0.5 or <0.5 cm/s) for females (Figure 2a top, /=9, red)
and males (Figure 2a, bottom N/ =9, black) across the first 7 days of exposure to the running
wheel. Although female mice ran faster (Figure 2b, day 1: /=9 females, forward velocity =
1.67 £ 3.82 cm/s, reverse velocity = —0.67 £ 0.12 cm/s, =9 males, forward velocity = 1.08
+ 2.99 cm/s, reverse velocity = -0.67 + 1.02 cm/s, forward velocity: p= .78, reverse
velocity: p= .51, Wilcoxon rank-sum test; day 7: /=9 females, forward velocity = 3.84 +
3.78 cm/s, reverse velocity = —0.50 + 0.26 cm/s, /=9 males, forward velocity = 4.67 £ 2.90
cm/s, reverse velocity = —0.67 + 0.39 cm/s, forward velocity: p= .88, reverse velocity: p
=.12, Wilcoxon rank-sum test) and more often (Figure 2c, day 1: /=9 females, percent
time running = 8.23 + 15.10%, A= 9 males, percent time running = 6.34 + 8.98%, p= .55,
Wilcoxon rank-sum test; day 7: /=9 females, percent time running = 26.53 + 16.99%, N =
9 males, percent time running = 33.09 + 15.87%, p = .80, Wilcoxon rank-sum test) than
male animals over the 7-day exposure period, consistent with previous work on locomotor
activity in home-cage running wheels (Perrigo & Bronson, 1985), these differences were not
significant. To further dissect properties of locomotion during the period, we analyzed not
only the time and speed, but the time spent running either forward or backward (Figure 2d).
During the first day on the running wheel, no significantly differences were found between
females and males (day 1, V=9 females, percent time females run backward = 20.01% =
25.20%, N =9 males, percent time males run backward = 70.45% * 39.22%, p = .26,
Wilcoxon rank-sum test). On days 2 through 4, however, we found that males spent
significantly more time running backward when compared to females (V=9 females, V=9
males, day 2: female = 3.68% =+ 25.03%, male = 48.72% + 38.11%, p=.03; day 3: female =
1.17% £ 12.47%, male = 27.19% * 36.79%, p=.01; day 4: female = 2.50% + 9.95%, male
=16.82% = 13.19%, p= .03, Wilcoxon rank-sum test for all days). By day 5, these sex-
specific differences in head-fixed running were no longer present.
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To ensure that these sex differences were not due to differences in post-operative recovery
between males and females, we repeated the headframe procedure and waited 7 days before
beginning running wheel habituation (Figure 2e). Consistent with the previous experiment,
on day 1 we found that while females spent less time running in reverse as compared to
males, (day 1: /=9 females, percent time females run backward = 22.34% + 19.03%, V=9
males, percent time males run backward = 52.94% + 27.44%), this difference was not
statistically significant (o = .09, Wilcoxon rank-sum test). However, by day 2, female mice
spent 1.45% + 7.83% of the time running backward, significantly less than the time male
mice spent running backward (35.42% + 25.22% N =9 females, V=9 males, day 2, p
=.005, Wilcoxon rank-sum test). The trend persisted on days 3 and 4, with female mice
running backward less than the male mice (day 3: female = 1.28% + 6.16%, male = 7.32% +
24.92%, day 4: female = 2.33% + 6.98%, male = 2.87% = 18.14%), but these differences
were not statistically significant (day 3: p=.16, Day 4 p= .40, Wilcoxon rank-sum test for
both days). Taken together, these data suggest that sex differences in head-fixed running
during are presented in the early days of habituation and that these differences were
presented across different post-operative recovery times.

To ensure that the differences observed in head-fixed running were not due to changes in
general locomotor activity between female and male mice, we measured animal behavior in
an open-field environment before the headframe procedure (Figure 3a, d), 24 hr following
the procedure (Figure 3b, €) and 7 days after the surgery (Figure 3c, f) in both females (V=
8, Figure 3a—c) and males (V= 9, Figure 3d-f). Between Day 1 and Day 7 of the open-field
test, animals were also habituated the running wheel for 1 hr daily. Consistent with previous
work (O’Keefe & Dostrovsky, 1971), animals explored both the edges and the center of the
open-field environment (Figure 3a—f, top). Furthermore, both females and males moved
around the environment. We quantified this movement by measuring the speed of running
(Figure 3a—f, bottom) measuring the run speed before surgery (Figure 3g, top), 24 hr after
the headframe procedure (Figure 3g, middle) and 7 days following run habitation (Figure 3g,
bottom). Across all three conditions, we found no significant differences between males and
females (7= 9 males, V=8 females, Pre: p=.7, Post: p= .6, 7-days after: p=".9, Wilcoxon
rank-sum test).

Finally, in addition to the differences we observed in running between females and males,
we identified specific features of head-fixed locomotion that highlighted the diverse ways in
which animals habituated to the running wheel over the first 7 days. A plot of normalized
position (the cumulative sum of the distance the animal ran over the habituation period
divided by the final position of the animal) for two example female (red = day 1, yellow =
day 7) and two example male (blue = day 1, green = day 7) mice illustrated three hallmarks
in their behavior (Figure 4a). First, on the day when an animal switched from running
backward to forward, the moment of this transition was abrupt and included a prolonged
bout of forward running. This transition occurred in 7/9 males and 3/9 females, although the
day on which it occurred varied across individuals and across both sexes. Second, we
observed that once animals ran in a forward direction, they exhibited a stereotypic pattern of
locomation, running forward for brief epochs followed by periods where they remained
stationary as illustrated by plots of the acceleration for the four example animals across days
5-7 (Figure 4b, day 5 top row, day 7 bottom row, color corresponding to code in Figure 4a).
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In each case, periods of forward movement (Figure 4b, black arrows) were interleaved with
periods where the animal remained stationary (Figure 4b, gray arrows). Although each
individual covered a different distance over the 1-hr period, the way in which they covered
that distance was common across animals. Finally, we found that once an animal
transitioned from running backward to running forward, they did not revert to running
backward (Figure 4c). We represented this in a change box matrix for all the females and
males across the 7 days, where white was a change from running backward on the previous
day to running forward, black indicated no change in direction of running, and gray
corresponded to a change running from forward to backward.

DISCUSSION

In this work, we found that over a 7-day period of exposure to a voluntary running wheel,
head-fixed animals increased the velocity and the amount of time with which they ran. When
we examined sex differences across this period, we observed a significant difference in the
time when female mice run forward as compared to males. As a result, female mice had a
larger velocity of running on average as compared to male mice, but this difference was not
statistically significant. The sex-specific differences we observed were abolished by day 5, at
which point both males and females consistently ran in the forward direction. While
anesthesia did influence the magnitude of differences in running after 3 days, we observed
that the early sex differences in head-fixed running persisted on day 2 across different
recovery times (either when habituation was done 24 hr following surgery, or after 1 week of
recovery time). Additionally, the trend of male mice spending more periods of time running
in reverse was presented on days 3 and 4 following 7 days of recovery, suggesting that the
sexually dimorphic behaviors associated with run direction early in habitation reflect a
general feature of behavioral heterogeneity. On the individual level, several hallmarks of
locomotor activity could be observed in both females and males. These included a sudden
burst in running as well as epochs of running interleaved with periods of locomotor
inactivity. Our findings suggest that some features of the sex differences previously
characterized either in free running (Goh & Ladiges, 2015; Lightfoot et al., 2004) or in a
running wheel (Perrigo & Bronson, 1985) placed in a rodent’s home cage are recapitulated
in head-fixed experiments.

As increased attention is being placed on understanding sex as a biological variable in
animal experiments both from investigators and from federal agencies such as the National
Institutes of Health (NIH) in the United States (Clayton & Collins, 2014), our results parallel
a number of others illustrating how considering sex as an independent variable can reveal
important differences in behavior (Gruene, Flick, et al., 2015; Gruene, Roberts, Roberts,
Thomas, Ronzio, & Shansky, 2015; Kim et al., 2015; Lin et al., 2011; Yang et al., 2013). For
instance, sexually divergent behaviors emerge when Pavlovian fear responses in classical
conditioning experiments are analyzed not only in terms of whether an animal freezes or not,
but the k7nd of motion that happens if an animal does move (Gruene, Flick, et al., 2015). Not
unlike these experiments, the initial introduction to the head-fixed running wheel represents
a novel environment that the mouse grows accustomed to with increasing days of
experience. It is therefore not surprising that sexually divergent strategies for running may
emerge over the initial habituation period.

Eur J Neurosci. Author manuscript; available in PMC 2020 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Warner and Padmanabhan Page 7

While the underlying mechanisms governing differences in run behavior go beyond the
scope of this study, prior work points to a number of targets that may provide context for our
results. First, wheel running has often been framed in the context of energy demands, and a
number of studies have shown that female mice run more than males and that this increase in
running correlates to increased energy expenditure and increased food intake (Perrigo &
Bronson, 1985; Tokuyama, Saito, & Okuda, 1982). Wheel running in this context could
serve as an experimental proxy for energy allocation, with locomotor effort and food
availability pitted against one another (Perrigo & Bronson, 1985). Consequently, it is not
surprising that the demands of running and energy allocation may be different between
females and males, given that female and male mice may employ different survival and
reproductive strategies (Townsend & Calow, 1981). Nor is it surprising that differences in
run behavior can be heavily influenced by hormonal regulation (Beatty, 1979; Perrigo &
Bronson, 1985). In Swiss albino mice for instance, females are more active than males, but
exposing female animals to testosterone early in life reduces their home-cage running
activity (Broida & Svare, 1984). Conversely, castration of males, particularly early in
development, increases the amount the animals run (Beatty, 1979; Broida & Svare, 1984),
suggesting that hormonal differences can influence running behavior. Interestingly, when
paired with a food reward, locomotor activity changed only in males following gonadectomy
(Perrigo & Bronson, 1985).

A common theme in these studies is that the timing (age of the animal) of hormonal
manipulations plays a major factor in affecting locomotor activity. Not surprisingly then,
differences in wheel running between females and males are age-dependent (Bartling, Al-
Robaiy, Lehnich, Binder, & Hiebl, 2017). At two months of age, females show much higher
levels of locomotor activity, but this difference reduces with age (Bartling et al., 2017;
Koteja, Garland, Sax, Swallow, & Carter, 1999; Perrigo & Bronson, 1985). In addition to
age, behavior can also be strain-dependent. Castration of C57BL/6J males results in greater
decreases in locomotor activity as compared to castration in DBA/2J, for example (Broida &
Svare, 1983). Our results are performed in 2- to 3-month-old C57BL6/J mice, a specific
combination of age and strain within a larger space of parameters that likely influence the
duration, direction and degree of running. While the age at which we identified head-fixed
differences in running corresponds to the age at which the greatest difference in wheel
running has been reported (Bartling et al., 2017), and the strain (C57BL/6J) in which we
performed these experiments appear to be the most sensitive to changes in locomotor
activity (Broida & Svare, 1983), our results nonetheless highlight the importance of
considering sex as a variable in experiments that use mice in a head-fixed run wheel
paradigm.

In behavioral tasks ranging from spatial navigation (Dombeck et al., 2010; Meshulam,
Gauthier, Brody, Tank, & Bialek, 2017), to those that investigate how running modulates
sensory processing (Niell et al., 2010), a consideration of sex could be important for
interpreting results (Shansky & Woolley, 2016) and/or identifying the underlying neural
systems that give rise to these behavioral (Beatty, 1979; Perrigo & Bronson, 1985). Finally,
our data suggest that the early differences in head-fixed running could also serve as an
experimental framework to investigate the natural diversity of neural circuits involved in fear
(Hauner, Howard, Zelano, & Gottfried, 2013; Pibiri, Nelson, Guidotti, Costa, & Pinna, 2008;
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Yang & Shah, 2016), spatial reasoning (Harvey et al., 2009) and anxiety (An et al., 2011,
Ciocchi, Passecker, Malagon-Vina, Mikus, & Klausberger, 2015). Beyond their relevance to
understanding the natural diversity of behaviors (Shansky & Woolley, 2016), the inclusion of
female animals in experiments can provide insight into divergent circuits that shape natural
behaviors (Tronson, 2018; Yang & Shah, 2016) and the extent to which such differences
translate to different vulnerabilities to neurological and psychiatric disorders based on sex
(Earls, 1987; The Lancet Neurology, 2019).
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headframe habituation (D1-D7)
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FIGURE 1.

Velocity and percent of time spent running increase during the habituation period. (a, left)
Schematic of 3D-printed headframe affixed to the surface of the skull with wings for head-
fixing during running. (a, middle) Experimental timeline where headframe surgery takes
place on day 0, and habituation consists of seven consecutive days beginning 24 hr after
surgery (D1-D7). (a, right) Running wheel schematic where the head-fixed mouse can run
forward (clockwise) or reverse (counterclockwise) on a cylindrical, voluntary running wheel.
(b) Example running behavior trace for one animal shows running in both the forward and
backward direction. Inset: blue-shaded areas show epochs of running, and non-shaded shows
epochs where the animal is stationary on the wheel. (c) Velocity analysis for all animals (V=
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18). The median velocity for each animal is plotted for each of the 7 days following
headframe. Significant increase in velocity between day 1 and day 7 (day 1 median velocity
=0.92 £ 3.83 cm/s, day 7 median velocity = 3.92 + 3.38 cm/s, p=.0004, Wilcoxon rank-
sum test). Error bars are standard deviation. (d) Percentage of time spent running for all
animals (V= 18). The median percentage of time spent running for each animal is plotted
for each of the 7 days. Significant increase in the percentage of time spent running between
day 1 and day7 (day 1 median time spent running = 6.92 + 12.15%, day 7 median time spent
running = 32.48 + 15.95%, p=.000072, Wilcoxon rank-sum test). Error bars are standard
deviation
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FIGURE 2.
Female mice spend less time running backward compared to male mice. (a) Velocity

histogram for females (red, /= 9) and males (black, /= 9) when animals were running
(velocities >+0.5 cm/s). The solid black line indicates a velocity of zero. (b) Median velocity
traces for females (red, /V=9) and males (black, /= 9) for the 7 days of habituation.
Forward velocity and reverse velocity are plotted separately across days. The solid black line
indicates a velocity of zero. Error bars are standard deviation. (c) The median percentage of
time spent running for females (red, //=9) and males (black, /= 9) for the 7 days of
habituation. The solid black line indicates zero time spent running. Error bars are standard
deviation. (d) The median percentage of time spent running in the backward direction for
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females (red, //=9) and males (black, A/=9) for the 7 days of habituation. The solid black
line indicates zero time spent running reverse. Error bars are standard deviation. Significant
differences were seen on days 2, 3 and 4 (day 2, V=9 females, =9 males, female =
3.68% + 25.03%, male = 48.72% + 38.11%, p=.03; day 3 female = 1.17% +12.47%, day 3
male = 27.19% =+ 36.79%, p = .01; day 4 female = 2.50% + 9.95%, day 4 male = 16.82% +
13.19%, p= .03, Wilcoxon rank-sum test for all days). (e) The median percentage of time
spent running backwards for females (red, /= 9) and males (V= 9) over a 7-day period
following 1 week of recovery. The solid black line indicates zero time spent running
backwards. Error bars are standard deviation. Significant differences between males and
females were seen on day 2 (day 2: V=9 females, /=9 males, day 2: female = 1.45% +
7.83%, male = 35.42% =+ 25.22%, p=.005)
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Speed (cm/sec)

No locomotor differences between female and male mice following headframe implantation.
Example trace of a single mouse movement in an open-field test (a, d) before the headframe
implantation, (b, e) 24 hr after the headframe procedure and (c, f) after 7 days of voluntary
running wheel exposure for an example female (a—c) and example male (d—f). (a—f, top) The
trajectory the animal took over a 5-min period. Scale bar = 10 inches. (A-F, bottom, left)
Instantaneous speed over time for the trace in the top panel. (Bottom, right) Distribution of
the speed over the duration of the 5-min period. (g) No differences in speed between female
and male mice before the headframe implantation (top, /=9 female, V=8 male, p=.7,
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ANOVA), 24 hr after surgery (middle, p= .6, ANOVA) and after 7 days of habituation
(bottom, p=.9 ANOVA)
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FIGURE 4.
Individual animals display common hallmarks of running behavior. (a) Normalized position

for 2 female (red) and 2 male (blue) examples. Normalized position results from the
cumulative sum of the distance the animal ran over the habituation period divided by the
final position of the animal. Running in the forward direction results in an end position at +1
while running in the reverse direction results in an end position at —1. (b) Acceleration plots
for females and males for the last three days of habituation (day 5-7). Black arrows indicate
active running while gray arrows indicate periods where the mouse is stationary. (c) Change
plots displaying the change in direction between days. Columns represent the difference
between the day listed and the day before. Rows are individual animals. The white boxes
show a change in running direction from reverse to forward running. The black boxes are no
change in direction. The gray boxes are a change from running forward to running in reverse
(no gray boxes present)
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