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Background: Adolescence is a period of time characterized by the onset of puberty
and is marked by cognitive and social developments and gross physical changes that
can play a role in athletic performance. Sex differences are present with differences in
body size, height, physiology and behavior which contribute to differences in athletic
performance as well. Pre-clinical studies representing this active group are lacking.

Methods: Acute and chronic effects of exercise were evaluated. Male and female
adolescent rats were given voluntary access to a running wheel for 10 consecutive
days. Running behavior (males and females) and estrous cycling (females only) were
analyzed daily. A second group was given 10 days of voluntary access to a running
wheel, then rested for 10 days to determine the long-term effects of exercise on the
adolescent brain. Brain and muscle tissue were harvested at 10 and 20 day time points
to understand exercise-dependent changes in mitochondrial activity and neuroplasticity.
Animal cohorts were carried out at two different sites: University of California Los Angeles
and Pepperdine University.

Results: On average, running distance, intensity of run, and length of running bout
increased for both male and female rats across the 10 days measured. Females ran
significantly further and for longer intervals compared to males. Cortical and muscle
expression of PGC1a showed similar levels at 10 days regardless of sex and exercise.
There was a significant increase in expression at 20 days in all groups correlating with
body size (p’s < 0.05). Cortical and hippocampal levels of BDNF were similar across
all groups, however, BDNF was significantly higher in exercised females at the acute
compared to long-term time point.

Discussion: Adolescent rats allowed 10 days of exercise show changes in physiologic
function. There are sex differences in running behavior not impacted by sex hormones.
These results are important to further our understanding of how exercise impacts the
adolescent brain.
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INTRODUCTION

Adolescence is a period of time characterized by the onset of
puberty and the acquisition of social behaviors necessary for
survival and reproduction (1). Adolescence is also marked by
gross physical changes that can play a role in athletic performance
in addition to cognitive and social developments. Maturational
changes and physical activity can influence one another in
a bidirectional manner. Puberty includes sexual maturation,
secretion of sex hormones, and reproductive function. Puberty
is a sexually dimorphic process that begins earlier in biological
females. This earlier onset can result in differences in body size,
height, physiology and behavior which contribute to differences
in athletic performance (2). Specifically, growth and behavioral
changes that occur during this time are not in tandem and
can independently effect both an adolescent’s athletic trajectory
and competitive performance (3). In rodents, body size and
gonadarche has been linked to pubertal onset as well (4-
6). However, while puberty in humans and chimpanzees is
characterized by adrenarche, the same does not occur in rodents
(7). Understanding the differences between rodent and human
development, particularly during adolescence, is important
for translation.

In the larger context of neurotrauma, understanding exercise-
dependent changes on the adolescent brain can help to uncover
the recovery profile of adolescents following brain injury. Despite
adolescent athletes being at high risk for mild traumatic brain
injury (TBI), the majority of pre-clinical mild TBI studies have
not considered exercise pre-conditioning as a variable (8, 9).
Further, studies suggest that female athletes suffer concussion
at higher rates compared to males in similar sports and
recovery from TBI may have some sex-dependence (10). Physical
exercise reduces the risk of cardiovascular disease, stroke, and
hypertension, and also results in changes of metabolic function,
stress response, and neuroplasticity. These mechanisms are also
interrupted following TBI emphasizing the need to understand
the baseline functional differences of athletes.

Athletic performance in females may also contribute to sex
hormone dysfunction. Distance running has been associated with
irregular menstrual cycling and delayed menarche and pubertal
onset in adolescent females, and increased distance run has been
correlated with increased menstrual cycle irregularity (11, 12).
Female athletes are particularly at risk for low energy availability
potentially due to disordered eating, low bone mineral density,
and menstrual dysfunction, commonly known as the Female
Athlete Triad (13, 14). In particular, sports that promote a lean
body type (gymnastics, cheerleading, etc.), tend to increase a
female’s risk for one or more components of the Triad (14).
The concept of the Female Athlete Triad has been expanded
to include males and non-athletes, and is now known as
Relative Energy Deficiency in Sports (RED-S) (15, 16). The
important inclusion of males emphasizes the significance of
energy availability in normal physiological function. Low energy
availability due to excessive exercise and low caloric intake
diverts energy expenditure away from processes not necessary
for immediate survival, like growth, fat accumulation, and
development (16). These changes are necessary to take into

consideration when studying the adolescent athlete, particularly
in females. In rodent studies, measuring growth is an important
component as it may indicate low energy availability and
decreased fat accumulation. Also, monitoring estrous cycling
is an important aspect to include in females given the Female
Athlete Triad.

Exercise has many benefits. It has been shown to release
peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGCla) and brain-derived neurotrophic factor (BDNF)
in skeletal muscle and leads to the release of both in the brain,
particularly the hippocampus, in rodent and human studies (17,
18). BDNF expression facilitates neurogenesis, neuroprotection
and cognitive enhancement. PGCla seems to be imperative
for BDNF expression as PGCla knock-out mice do not show
increases in BDNF in the brain (17). The acute and chronic
changes in BDNF concentrations that influence brain function
seem to differ based on sex, age and training experience. These
factors are important to understand at baseline as it may
influence outcomes following TBI and other traumas.

Typically, exercise regimens are performed over a course of
weeks or months. In adult humans, 3 months of endurance
training raised resting state plasma BDNF but remained stable
following 30 min spurts of exercise (19). Physical exercise over
6 weeks in young adult males found increased serum BDNF
that positively correlated with hippocampal volume and post-
exercise serum BDNF (20). In young adult mice, 5 weeks of
treadmill running increased BDNF mRNA in the hippocampus
alone (19). Pre-clinical studies focused on adolescence are limited
in time as the adolescent period is only about 30 days in rats. As
such, long periods of time for exercise training are not possible.
This is particularly true if studies are interested in evaluating
recovery from TBI. As exercise has been shown to increase
cognition and memory and BDNF expression, it's important to
understand how much exercise is necessary to observe beneficial
changes in the brain. One study on adults found that 6 days of
voluntary running was sufficient to see increases in BDNF in
the hippocampus (21). Another experiment evaluating 21 days
of voluntary running wheel exercise in both male and female
adolescent mice found increased BDNF mRNA expression in
the hippocampus (specifically CA1 region) in both sexes (22).
More research in this area is necessary to understand the effects
of exercise on adolescents and differences that could occur as a
result of sex, such as following TBI. The current study assessed a
10 day voluntary running paradigm and analyzed acute (10 day)
and chronic (20 day) changes in physiology.

In the current study, adolescent male and female rats
were given voluntary access to a running wheel. Sex was an
essential component with analysis during various stages in
the female estrous cycle. Exercise activity, body weight, and
menarche onset and pattern was recorded for each individual
rat. This study aimed to determine if 10 days of exercise
was sufficient to observe changes in PGCla and BDNF in
brain and skeletal muscle in adolescents. A second aim was to
determine effects of exercise on cycling patterns in females. It was
hypothesized that 10 days of voluntary running wheel exercise
is sufficient to see enduring physiological changes in exercised
adolescent rats.
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MATERIALS AND METHODS

In response to the National Institute of Health’s initiative to
enhance reproducibility across laboratories, behavioral collection
of animals was carried out at two different sites: University
of California Los Angeles (Los Angeles, CA) and Pepperdine
University (Malibu, CA). Data from these sites were expected to
increase heterogeneity in the rat population. Characteristics of
the sites that have shown to contribute to differences in animal
population and results are described below (23, 24).

Pepperdine

Housing and experimental environments were used solely by one
laboratory. Humidity ranged from 35-78%. Male and female rats
arrived at the facility at 28 days of age and acclimated to their
environment for 7 days before daily handling. Experimenters
were the only ones to handle rats throughout the study. Rats
of same sex were housed in groups of 3 on a 12:12 light: dark
cycle with lights on at 06:00. Standard chow (Lab Diet 1,5001,
Newcolab, CA) and water was available ad libitum.

University of California Los Angeles

Housing and experimental environments were shared by four
experimenters. Humidity was within the 30-70% range. Male and
female rats arrived at the facility at 28 days of age and acclimated
in a quarantine room with rats from a variety of sources. At 31
days of age they were transferred to a different and permanent
housing room and handled daily by both experimenters and
animal care staff. Rats of the same sex were housed in groups of 4
on a 12:12 light: dark cycle with lights on at 06.00. Standard chow
(Teklad, Enivigo, WI) and water was available ad libitum.

Subjects
Eighty-eight adolescent male (110-170 g) and female (110-140 g)
Sprague Dawley rats were 35 days old at the start of study at both
research sites (Charles River, RRID:SCR_003792). Animals were
housed in sex specific groups of 3 or 4 throughout the entire
study on a 12:12 light: dark cycle with lights on at 06:00. Food
and water was available ad libitum. Females were monitored daily
between 11:00-13:00 to determine stage in estrous cycle. Vaginal
opening occurs in female rats between post-natal days (PND) 34—
37, and therefore not all animals had an active estrous cycle on
day 1 of the study (n = 12). It is important to note that there
is no equivalent procedure for males. While vaginal lavage is
an accepted procedure for females, the daily handling may be
a confounding variable in stress and corticosterone assays. All
procedures were approved by The UCLA Chancellor’s Animal
Research Committee and National Institute of Health Guide for
the Care and Use of Laboratory Animals and the Institutional
Animal Care and Use Committee of Pepperdine University.
Beginning on PND35, males and females were placed into
individual cages containing a locked (sedentary) or functional
(rathlete) running wheel (Starr Life Sciences, Oakmont, PA)
from 22:00-06:00 the following day. Running wheels were
located in same room as housing and light:dark cycle was
same as previously mentioned. Food and water were available
during this time. Each morning, animals were placed back in

their homecages with the same social groups. The number of
revolutions was recorded each minute over this time using
VitalView v5.1 (VitalView Software, RRID:SCR_014497).
Average distance (m), intensity (m/min), and intervals
(min/bout) of running were determine for each animal on
each day. One group of males and females were euthanized after
wheel removal on the 10th day. A 2nd group was monitored
for an additional 10 days (socially housed, no running wheels)
to determine the stability of neurochemical changes (Figure 1).
Animals were randomly assigned to the four total groups.

Estrous Cycle Determination

Each day estrous cycling in females was monitored by vaginal
lavage using sterile normal isotonic 0.9% saline as has been
previously described (25). Briefly, 0.2ml of sterile saline
was used to flush the vaginal opening. When inserting the
syringe tip into the opening, care was taken to not insert
the syringe further than the tip (2mm) to prevent cervical
stimulation and pseudopregnancy. Samples obtained were then
characterized microscopically by appearance of cell types
(leukocytes, nucleated or round epithelial cells, or keratinized)
and cycle was described as (1) proestrus (small nucleated
epithelial cells, arranged into clusters, sheets, or strands, and
non-viscous and transparent appearing vaginal fluid), (2) estrus
(keratinized, anucleated cells, and non-viscous and transparent
vaginal fluid), (3) metestrus (leukocytes and round epithelial
cells, vaginal fluid remains non-viscous and transparent), or
(4) diestrus (majority leukocytes, vaginal fluid can be observed
as viscous and opaque). Typically, rodent cycles are 4-5 days
in length, with estrus lasting 1 day (4 day cycle) or 2 days
(5 day cycle). Proestrus typically lasts 12h, estrus last 24-48 h
metestrus lasts 6-8 h, and diestrus makes up the remaining time
(2-3 days). Cycling was observed for regularity. “Regular” was
defined as a 4 or 5 day cycle with 1-2 days of estrus followed
by 2-3 days of metestrus and diestrus. Irregular cycles were
classified as either “extended” or “abnormal.” “Extended” was
defined as 3-4 consecutive days of estrus or 4-5 consecutive
days of metestrus/diestrus. “Abnormal” was defined as cycles
<3 days, more than 4 consecutive days of estrus, or more than
6 consecutive days of diestrus. Cycle length was determined
following vaginal opening from the 1st day of diestrus through
the last consecutive day in estrus. Average days in estrus per cycle
was also determined. As the cycles of each individual subject
may not align with the typical 4-day model or categorization
determinants, the ability to recognize what is seen as typical
for each subject is important. Therefore, rather than comparing
samples from different subjects, it becomes necessary to solely
compare samples from the same subject when attempting to
categorize, as individual differences within stages occur and can
lead to misidentification. To decrease the amount of bias and
subjectivity involved in this process, two researchers conferred
in the categorizing process.

End Point

Subjects were euthanized between 09:00 and 12:00 on day 11 to
determine acute effects of exercise on physiological measures,
or on day 21 to determine chronic effects. Subjects were lightly
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Acute Chronic
| |

10 days
* Voluntary Running (m=14, f=14) “Run10”

10 days
' Homecage — no run (m=14, f=14) “Run20”

| Locked wheel (m=14, f=13) “Sed10” > | Homecage = no run (m=14, f=14) "Sed20">

FIGURE 1 | Experiment Outline. Male (m) and female (f) rats were placed in a locked or functional running wheel for 10 days and then euthanized (star) to determine
acute effects of exercise. A 2nd cohort of rats were placed in a functional or locked running wheel for 10 days then rested in their homecage for an additional 10 days

before euthanasia (star) to determine chronic changes due to exercise. Eth, euthanasia.

sedated using 5% isoflurane and 2% oxygen followed by rapid
decapitation using a guillotine. Trunk blood was collected using
ethylenediaminetetraacetic acid coated capillary tubes (Instech
Labs, Plymouth Meeting, PA) and spun at 4°C and 15,000
rpm for 20 min. Plasma supernatant was collected and stored
at —80°C for analysis. The brain was rapidly removed over
ice. One hemisphere was isolated into hippocampal and cortical
sections and stored at —80°C for Western blot analysis. The
gastrocnemius muscle was also removed and stored at —80°C for
Western blot analysis.

Western Blot

Brain and muscle tissue were homogenized in
radioimmunoprecipitation assay (RIPA) buffer (for BDNE
Thermo-Fisher, Waltham, MA) or nuclear extraction buffer (NE-
PER, for PGCla, Thermo-Fisher) to denature proteins. They
were spun for 20 min at 30,000 g at 4°C and the supernatant was
removed. Total protein concentration was determined using Bio-
Rad BCA protein assay. Following, 20 mg was loaded into each
well of a 17 well-acrylamide gel (4-12%, Thermo-Fisher). Protein
bands were separated at 200 v for 50 min. Following they were
transferred to a polyvinylidene difluoride (PVDF) membrane.
SYPRO Ruby Protein Blot Stain (Thermo-Fisher) was first run to
visualize the efficiency of the protein transfer and to normalize
target band against total protein (Supplementary Figure 1).
Membranes were blocked in 5% milk for 1h, washed in tris-
buffered saline (TBS), then incubated in primary antibody
against brain derived neurotrophic factor (BDNF, 1:2000, Novus,
Centennial, CO, USA, Cat# NB100-98682, RRID:AB_1290643)
and anti-peroxisome proliferator-activated receptor gamma
coactivator 1-a (PGCla, 1:5000, Abcam, Cambridge, MA Cat#
ab54481, RRID:AB_881987) overnight at 20°C. Samples were
then washed in TBS+ 0.1% Tween 10 and incubated for 1h in
secondary anti-rabbit IgG (1:20000 Vector Laboratories Cat#
BA-1000, RRID:AB_2313606) at room temperature. Bands were
visualized using ECLplus kits (Thermo-Fisher). BDNF band was
read at 28kDa and PGCla was read at 102kDa.

BDNF Antibodies

BDNF results in multiple bands when separated into its
cleavage products. Analysis of specific bands may provide
different results and conclusions. To test this, samples from

rathlete and sedentary groups were analyzed with three different
BDNF antibodies, from three different companies (Novus
Cat# NB100-98682, RRID:AB_1290643, Abcam Cat# ab108319,
RRID:AB_10862052, Santa Cruz Biotechnology Cat# sc-546,
RRID:AB_630940), targeting three different bands in a Western
blot (Supplementary Table 1). Included in this is the Novus
BDNF antibody used in the main analysis and described in the
previous section.

Corticosterone

As this is a test of stress hormones, timing of euthanasia and
animal handling procedures can influence results. There were
slight differences between sites. At UCLA, rats were moved from
a housing room to a holding room on a different floor. Euthanasia
occured in a room separate from the holding room as well,
with a wooden door separating rooms to minimize odors. Rats
were carried to the euthanasia room individually just prior to
euthanasia. At Pepperdine, housing room was in same location
as euthanasia. Rats were individually taken from their home
cage into a separate room for euthanasia. Rats from each group
were euthanized throughout the 3 h process making variability in
timing consistent across groups. Rats were lightly sedated for 2—-
3 min before rapid decapitation. Plasma samples were analyzed
for corticosterone using a 96-well-plate coated with donkey anti-
sheep IgG ELISA kit (lot: 19A663, Invitrogen, Carlsbad, CA).
Inter-assay variability ranged from 6.6-7.5%CV. Samples were
prepared with 5 pL dissociation reagent and diluted 1:100 using
Assay Buffer. All samples were analyzed simultaneously. Each
well was loaded with 50 L of each sample and standards ranging
from 10,000-0 pg/mL. Then, 25 pL of corticosterone conjugate
was added to each well, followed by 25 pL of corticosterone
antibody. One well of each plate was loaded with 75 pL Assay
Buffer to detect non-specific binding and 25 L corticosterone
conjugate. Next, 100 pL of tetramethylbenzidine solution was
added and samples incubated for 30 min. Finally, 50 pL of
Stop solution was added to each well. Absorbance was read
immediately at 450 nm. Sample concentrations were determined
from the standard curve.

Statistics
Analysis of the rathlete model was evaluated using GraphPad
Prism v 9.0.2 (GraphPad Prism, RRID:SCR_002798) and R v
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3.6.0 (R Project for Statistical Computing, RRID:SCR_001905).
Body weight was compared between rathlete and sedentary
groups separately for males and females using a Student’s ¢-
test. Male and female rats were analyzed for running behavior
(distance, intensity, interval) using mixed-effects ANOVA with
day as the repeated measure, followed by Sidak-corrected post-
hoc comparisons. A linear regression was performed to compare
changes in running behavior over time separately for males and
females, and slopes were compared. Weight gain, expression
of BDNF and PGCla protein levels were compared at the
acute 10 day and chronic 20 day timepoint using a Two-way
ANOVA for activity (running vs. sedentary) and sex (male vs.
female). Correlations between body weight and PGCla were
also compared using Pearson’s correlation coefficient (normally
distributed data) or Spearman’s test. Estrous cycling pattern
categorizations (regular, irregular) in females were compared
separately for sedentary and rathlete groups using a Fisher’s exact
test to determine effect of activity on cycling regularity. Length
of cycles and days in estrus were compared using aStudent’s -
tests or Mann-Whitney U-tests, if test of normalcy failed. Estrous
stage was also compared to running behaviors using Spearman
correlation, as data was not found to have a normal distribution.

RESULTS
Site Reproducibility

Data were pooled between sites. Animals were housed and
handled at Pepperdine and UCLA, and have different laboratory
characteristics which have previously been shown to add
variability to groups (24). Males from both sites showed similar
daily weight, weight gain, distance run, run intensity, and
running intervals. Females, too, showed similar daily weight,
weight gain, average run intensity, and interval run across
the 10 days measured. However, females from Pepperdine
showed greater daily increases in running distance (bigger linear
regression slope) than that observed in females at UCLA.

Males

Body weight increased steadily from 136.8 3.7 gt0210.2 +4.3 g
over 10 days of running and to 270.8 £ 7.1 g over 20 days. Weight
of sedentary rats increased from 136.4 & 3.4¢ to 217.1 +29¢g
over 10 days and to 287.7 £ 4.8 g over 20 days. No significant
differences were found between sedentary and rathlete groups
[£(38) = 0.809, p = 0.423].

Male Rathlete

Running behavior was analyzed over the 8 h time period for each
rat daily. Total distance run, average intensity of running period,
and average length of running per bout was calculated each
day for each subject. Rats given voluntary access to functional
running wheels ran each day of testing. Distance run each day
increased consistently from 1648 £ 182.1 m to 4363 4 595.5m,
as did intensity of running from 7.69 £ 0.5 m/min to 20.71 %+
1.38 m/min. Length of running bout remained consistent over 10
days. The pattern of running from one rat is provided in Figure 2
to illustrate changes between day 1 and day 10.

Female

Rathlete weights increased from 124.0 4= 2.1g to 175.3 + 2.8¢
over 10 days and to 203.9 & 6.5g at 20 days. Sedentary rats
weighed 123.7 & 2.4 ¢ at the start, and increased to 168.3 +
3.1g at 10 days and to 200.2 & 4.5g at 20 days. No significant
differences were found between rathletes and sedentary groups
[£(38) = 0.410, p = 0.684].

Female Rathlete

On average, running distance, intensity of run, and length of
running bout increased across the 10 days measured. Individual
running patterns fluctuated over these days for each rat, as
opposed to consistently increasing in males. An example from
one rat is provided in Figure 3 in regards to estrous cycle stage
of rat and day of run. For some individual rats, the distance run
was related to stage of estrous cycle. This was not true of the
overall average, however (see Figure 4). There was no significant
correlation between stage in estrous to distance [r = 0.08, p =
0.23], intensity [r = 0.09, p = 0.17], nor length of running interval
[r = 0.09, p = 0.22]. The lack of correlation was not due to
regularity in cycling. Both regular and irregular cycling subjects
were as likely to run further distances during proestrus as they
were likely to not.

Estrous Cycling

Estrous cycles were monitored for each subject and patterns were
analyzed. Vaginal opening had not yet occurred on the 1st day of
monitoring in 5/22 (23%) rathletes. For sedentary females, 7/21
(33%) did not have observed vaginal opening on the 1st day of
estrous cycle monitoring. A chi-square analysis was performed
to compare the number of cycles classified as regular, extended,
or abnormal. No differences were seen between sedentary and
rathletes [two-sided fisher’s test, p = 0.25] indicating that the
rathlete model is not affecting estrous cycling. There were also
no differences between groups for days in estrus over the 10
days measured [t(41) = 0.28, p = 0.778] nor cycle length [Mann-
Whitney U-test = 210.5, p = 0.81].

Sex Differences

After subjects from UCLA and Pepperdine were combined, sex
differences were analyzed. Weight gain showed an activity x sex
interaction [F(3123) = 119.7, p < 0.001]. Sedentary and rathlete
females gained significantly less weight than males at both the
acute and chronic time point [Sidak-corrected post hoc 5123y =
3.47-11.23 p’s = 0.001-0.02] (Figure 5A).

Running behavior also revealed sex differences. A significant
time x sex effect on distance run was observed [Mixed-effects
ANOVA: F(g 346) = 3.20, p = 0.001] with females showing greater
distance run on days 1 [Sidak-corrected pots-hoc: t(37y = 4.00,
p = 0.003], 5 [t(32) = 3.60, p = 0.01], 6 [t(3p) = 3.79, p =
0.006], 8 [t36) = 3.16, p = 0.03], and day 9 [f(33) = 2.23, p =
0.03] (Figure 5B). A linear regression also indicated a significant
increase in daily distance run for both males [F(; j96) = 25.58,p <
0.001] and females [F(; 205y = 49.66, p < 0.001], though females
increased to a greater extent than males [F(; 404y = 9.78, p =
0.002]. Similarly, running intervals indicated a significant time
x sex effect [F(g346) = 2.24, p = 0.02] with females running for
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FIGURE 2 | Male Rat Running Pattern. Rats were placed in a cage with voluntary access to a running wheel from 10:00-06:00 (480 min) for 10 days. An example is

shown of the running pattern of one male in the study on Day 1 (A) and Day 10 (B) of wheel access. Blue line is the number of revolutions run by the individual rat. The
gray portions highlight running intervals. Black line indicates average distance run by all male rats on each perspective day (n = 28).
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longer intervals on day 6 [t(,5) = 3.18, p = 0.04] (Figure 5C). A
linear regression also indicated significant sex differences [F(; 49s)
= 6.43, p = 0.01] with females increasingly running for longer
bouts compared to males. Intervals of running only increased in
females [Mixed —effects ANOVA: F(; 505y = 13.40, p < 0.001]
not males [F(j96 = 2.09, p = 0.15]. Intensity of run also
indicated a significant effect for sex [F(g346) = 2.23, p = 0.02]
on days 1 (Sidak-corrected post-hoc: tz;y = 3.23, p = 0.02],
day 6 [t(30) = 3.46, p = 0.01], and day 8 [t39) = 3.29, p =
0.03], though linear regression did not show differences [F(; 404
= 3.06, p = 0.08] between groups indicating a similar overall
increase in intensity over 10 days of voluntary running [males:
F(1,196) = 90.09, p< 0.001, females: F(1,208) = 8742,p < 0001]
(Figure 5D).

Protein Expression

Acute (10 days) and chronic (20 days) effects of running on
protein expression was determined. Rats were euthanized and
brain tissue was analyzed in males and females for BDNF
and PGCla expression. In the parietal cortex, there were
significant differences in BDNF relative to activity [Two-way

ANOVA: F379) = 5.967, p = 0.001] and interaction with sex
[F379) = 6.495, p < 0.001], but not for sex alone [F 79
= 3.164, p = 0.79] (Figure 6A). Sedentary male rats at 10
days showed significantly less BDNF expression compared
to sedentary females at 10 days [Sidak-corrected post-hoc:
t79y = 4.05, p = 0.003]. No other significant differences
between males and females were found. In females, sedentary
rats at 20 days showed significantly less expression compared
to female rathletes [t;9) = 4.41, p = 0.05] and sedentary
females at 10 days [t(y9) = 7.18, p < 0.001]. For PGCla there
were only significant differences for activity [F(376) = 9.212,
p < 0.001], but not for sex [F376 = 0.119, p = 0.95], or
interaction [F(; 76 = 0.062, p = 0.80] (Figure 6B). Post-hoc
analyses for the main effect of activity found significantly higher
expression of PGCla at 20 days for rathlete and sedentary
rats compared to rathlete [t5;q = 4.09-4.24, ps < 0.001]
and sedentary rats [t5zg = 3.04-3.21, ps = 0.012-0.019]
at 10 days (Figure 6B, inset). As exercise and sex did not
appear to influence expression of PGCla, a Pearson’s correlation
coefficient was calculated to determine relation of protein
expression of PGCla to body weight (Figure 6C). Rathlete and
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FIGURE 3 | Female Rat Running Pattern. Rats were placed in a cage with voluntary access to a running wheel from 10:00-06:00 (480 min) for 10 days. Stage in
estrous cycling (Diestrus, Proestrus, Estrus) was monitored upon removal from wheels. An example is shown of the running pattern of one female in the study on Day 1
(A), Day 5 (B) and Day 10 (C) of wheel access. Distance run was compared to estrous stage, but no correlations were observed. Pink line is the number of revolutions
run by the individual rat. The gray portions highlight running intervals. Black line indicates average distance run by all female rats on each perspective day (n = 28).

sedentary groups were combined separately across sex and time.
A significant correlation was found in the cortex for both
rathletes [r = 0.36, p = 0.02] and sedentary rats [r = 0.38,
p=0.01].

In the hippocampus, there were no significant differences
in BDNF expression [Sex: F(1 75 = 0.15, p = 0.70; Activity:
Fi372) = 0.20, p = 0.89; Interaction F;37,; = 0.31, p =
0.81] (Figure 6D). There were, however, significant differences
in PGCla levels (Figure 6E). A Two-way ANOVA found a
significant interaction with sex and activity [F(359) = 7.91, p <
001]. In females, protein expression in rathletes at 10 days was
significantly less than rathletes [Sidak-corrected post-hoc: t(sg)
= 3.12, p = 0.01] and sedentary rats [f(59) = 4.55, p < 0.001]
at 20 days. As in the cortex, a correlation was calculated to
compare relation of PGCla expression in the hippocampus with
body weight (Figure 6F). A significant correlation was found
for rathletes [r = 0.36, p = 0.02], but not for sedentary rats
[r=—0.34, p = 0.08].

The gastrocnemius muscle was also analyzed for levels
of BDNF (Figure 7A) and PGCla (Figure 7B). A Two-way
ANOVA for BDNF showed significant difference for activity
[F(378) = 5.56, p = 0.002], but not interaction [F(3g) = 0.91, p
= 0.44]. Similar results were seen with PGCla [Activity: F(3 79) =
3.74, p = 0.14, Interaction: F(3 79) = 1.34, p = 0.27]. There were
no sex differences for either BDNF [F(; 75y = 0.74, p = 0.39] or
PGCla [F(79) = 3.92, p = 0.051] therefore, male and female
groups were combined. Sedentary rats showed significantly less
BDNF expression than rathletes at day 10 [t = 3.73, p =
0.049] and day 20 [t(;3) = 5.65, p < 0.001], and sedentary rats
at day 20 [t(7g) = 3.86, p = 0.039]. There were no differences
found at 10 days for PGCla, but sedentary rats at 20 days
showed significantly less expression than rathletes at 20 days [#(79)
= 3.15, p = 0.01]. Correlation coefficients were calculated for
body weight and PGCla expression, but were not significant
for either rathletes [r = 0.09, p = 0.59] not sedentary groups
[r=—0.03, p = 0.84].
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represent cycling patterns of individual females with the lowest bars representing diestrus (“D”), the middle bars representing proestrus (“P”), and the tallest bars
representing estrus (“E”). The pink insets show representative distance run of the same rat during different cycling stages. (A) Regular cycle with running distance
correlating with estrous stage. (B) Regular cycle without correlation with estrous stage. (C) Irregular (extended) cycle with running distance correlating with estrous
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BDNF Bands

A Western blot technique was used to measure the multiple
isoforms of BDNF with three different antibodies from Abcam
(UK), Santa Cruz Biotechnology (CA, USA), and Novus
Biologicals (CO, USA) (Supplementary Table 1). The Abcam
antibody targeted the 38kDa band of BDNF most robustly,
though many bands were observed (Supplementary Figure 2).
Previous studies have focused analysis on the 14kDa dimer,
however. The Santa Cruz antibody targeted multiple isoforms
between 25-37kDa and no band at 14kDa was observed. The
Novus antibody, primarily used in this study, targeted the
28kDa band most robustly, with a faint single band at the
14kDa band. The variability of band detection and the results
comparing rathletes to sedentary males varied wildly between
these antibodies emphasizing the importance of methodology in
data analysis.

Corticosterone

Plasma corticosterone levels were measured from trunk blood
at 10 and 20 days in males and females to determine effect of
exercise as a stressor (Figure 8). A total of four samples were
removed from analysis due to hemolysis (1 male sedentary 20
day, 1 female rathlete 10 day, 1 female sedentary 10 day, 1 female

sedentary 20 day). A Two-way ANOVA found no significant
differences for sex [F(;75) = 1.45, p = 0.23], activity [F(3 75 =
0.20, p = 0.90], nor an interaction [F(3 75 = 0.06, p = 0.98].

DISCUSSION

The results of this study have shown behavioral and physiological
differences between active and sedentary adolescent rats.
Voluntary running distance, duration, and intensity increased
daily in males and females, though body weight gain did not differ
between rathlete and sedentary groups. Sex differences in these
groups were present. Distance and duration of running increased
to a greater extent in female adolescent rats. This did not seem
to be impacted by changes in female sex hormones across the
estrous cycle as running behavior was not correlated to stage of
estrous cycle. Cycling did not begin on day 1 of the study in
28% of females (23% of rathletes, 33% sedentary). Both sedentary
and exercised female rats presented irregular cycling that was
not significant across groups. This study also found sex and
activity-dependent differences in protein expression of BDNF
and PGCla. There were exercise-dependent increases in BDNF
in muscle tissue, and time-based changes in PGCla. Finally,
no sex or activity-dependent changes in basal corticosterone
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levels were observed. These results are important to further
our understanding on the effects of exercise on the developing
adolescent brain.

One significant strength of this study is that data were
collected from two universities. Given the differences between
the sites, increased variability was expected in the data (23, 24).
The results, then, have a greater propensity for reproducibility as
the data was representative of the variability seen between most
laboratories. Further, this has translational potential. Clinically,
variability exists in patient population, equipment, and tests
performed in clinics and hospitals around the world. The current
study intended to represent the clinical variability through
the differences present at Pepperdine and UCLA. Another
strength of the study is that the sedentary rats in were not
completely inactive, often climbing in their wheels. As placement
in running wheel cages occurred only 8h per day, all animals
had access to socialization and play when not in cages with
locked or functional wheels. This is important as it relates
clinically. Adolescents that are considered sedentary are not

completely immobile, but rather spend little time (<3 h/week)
exercising (26).

Activity-dependent differences in protein expression were
observed with greater muscle expression of PGCla in both
males and females compared to sedentary groups. This could
suggest differences in body composition, though not studied
here. Studies in mice have found greater fat oxidation and
mitochondrial biogenesis when an overexpression of PGCla
was observed (18, 27). Increased expression of skeletal muscle
PGCla, similar to results observed here, is important to fuel
muscle fibers and promote endurance during exercise. Sex may
be an important factor that influences exercise-induced changes
in PGCla, though pre-clinical research on adolescents that focus
on this is limited. Due to the voluntary running paradigm
implemented in the current study, increases in mitochondrial
biogenesis and PGCla in exercised animals were expected.
This study found chronic protein expression increase in both
males and females, with no sex differences. Acute exercise-
dependent changes in PGCla were not seen. Both sedentary
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FIGURE 6 | Protein Expression in Brain. A Western blot was used to determine levels of (A) BDNF and (B) PGC1a in the parietal cortex. Acute (10 day) and chronic
(20 day) changes in protein expression were compared between rathletes (“Run”) and sedentary (“Sed”) rats between these time points. Sex differences were also
analyzed. Where sex differences were not present, males and females were combined (B, inset). A correlation and linear regression were analyzed between body
weight and density of PGC1a in the (C) cortex. Density of specific bands were normalized to total protein by Sypro Ruby staining (see Supplementary Figure 1).
Hippocampal expression of BDNF (D) and PGC1a (E) was also determined, as well as correlations in body weight to PGC1a (F). For correlations, males and females
were combined within the rathlete and sedentary groups. Significant regressions were found for rathletes in the cortex (p = 0.02) and hippocampus (p = 0.04).
Significance was only found for the sedentary group in the cortex (o = 0.02), but not hippocampus (p = 0.08). Run 10 = voluntary running wheels for 10 days (n =
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and exercised rats showed increased protein levels in the parietal
cortex and hippocampus at the chronic (20 day) time point
compared to sedentary and exercised rats at the acute (10 day)
time point. This suggests that the increase in PGCla is due
to development, possibly related to increases in body weight
and size. For rathletes, the expression of PGCla in each the
cortex and hippocampus was positively correlated with body
weight and to each other. A positive correlation was only
observed between body weight and PGCla in the cortex for the
sedentary group. This suggests that exercise during development
can enhance changes in PGCla. Future studies should look at
later time points to see if hippocampal expression of PGCla
ever correlates with body weight and/or levels in other brain
regions in sedentary rats. It would be interesting to determine
if the correlations with the hippocampus are specifically due to
exercise and rathletes in this study and if it relates to exercise-
induced neuroplasticity and neuroprotection following a brain
insult. Previously, we have shown a significant increase in PGCla
in the hippocampus and parietal cortex in adolescent male
rathletes after 20 days of voluntary wheel running with protection
against cognitive deficits following brain injury (28). Similarly,
another study allowing juvenile rats 20 days of voluntary exercise
found that gene expression of PGCla was only increased in the
hippocampus of exercised females, and was actually decreased

in the prefrontal cortex of males (29). However, prior research
on 8 week old male mice found increases in PGCla in various
brain regions following 8 weeks of forced treadmill activity (18).
Differences between these studies may be due to voluntary vs.
forced exercise, intensity run, or length of exercise regimens.
This is the first study to look at sex as an influence on
running intensity and duration. Other studies have found
changes in activity that were dependent on sex hormones in
both male and female rats. Specifically, castrated adult male
rats or ovariectimized adult female mice given testosterone or
178 estradiol, respectively, increased running wheel activity (30—
32). Another study looking at regularly cycling adult female rats
found maximal running wheel activity during estrus (33). The
current study did not find any correlation in running distance
and estrous cycling in adolescent females. The role of testosterone
in running behavior was also not studied. The differences in
results may be in part due to age of the rats studied. Previous
studies of estrous cycling and running have been performed on
adults, not adolescents. Additionally, previous studies allowed
voluntary exercise 24 h/day, while in the current study, time in
wheels was limited to 8 h/day to allow for socialization with peers.
It's important to note as well that 23% (5/22) of the female rats
in the current study given access to a running wheel were not
cycling on day 1 of wheel access. An additional six rats had at least
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FIGURE 8 | Plasma Corticosterone. Male and female rats were placed in a
locked or functional running wheel for 10 days and then euthanized. A 2nd
cohort of rats were placed in a functional or locked running wheel for 10 days
then rested in their homecage for an additional 10 days before euthanasia.
Truck blood was collected at time of euthanasia and plasma was isolated.
Corticosterone level were determined by ELISA. Run 10 = voluntary running
wheels for 10 days (n = 14/sex), Sed 10 = locked wheels for 10 days (n =
14/sex), Run 20 = voluntary running for 10 days then rested in homecage 10
days (n = 14/sex), Sed 20 = locked wheels for 10 days then rested in
homecage for 10 days (n = 14/sex). Data are presented as average + SEM.

one irregular cycle during access to running wheel. As hormone
regularity in female adolescents, and its relation to running, is
largely unstudied, it is uncertain whether these results are typical.
It may be that these results are specific to adolescents as the

hypothalamo-pituitary-gonadal (HPG) axis is starting to become
active during puberty.

The key element in this study is that rats were given voluntary
access to a running wheel. Rats were able to control running
intensity and duration, which may influence physiological and
neural changes. The average intensity of running for males
was 7-21 m/min, and 9-23 m/min for females. Each bout
of running was 5min on average for males and 6-9 min for
females. No sex differences were observed for running intensity.
Intensity of exercise affects the energy stores being utilized by the
body and the physiological changes that can occur as a result.
For spurts of energy <1 min, anaerobic energy metabolism is
favored (2). In this study, wheel revolutions run were counted
every 1min of time, the cut off for anaerobic exercise, so
for all running analyzed in this study at least 60% of the
energy system was using oxidation (3, 34). The importance
of this is the corresponding response of the cardiovascular
and respiratory system which can protect individuals from
cardiac disease and stroke (35). This is important in terms of
brain injury, where we have previously shown a reduction in
PGCla in adolescents following repeat TBI suggesting metabolic
dysfunction that can be recovered with exercise. Also, in
comparison to forced exercise, voluntarily running rats have
been shown to have lower corticosterone levels, run at higher
intensities, and have better memory performance on a spatial
memory task (36, 37). In the current study, corticosterone
levels ranged between 20 and 282pg/il and variability was
similar across groups. The range observed could be due to
handling procedures in the study, circadian fluctuations, and
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timing of euthanasia. The levels observed in this study are
consistent with non-stressed adolescent rats found by others
(38, 39).

One unexpected result of this study was that levels of BDNF
in the parietal cortex and the hippocampus were similar for
running and sedentary rats and may be due to age of the
rats or length of exercise regimen. Exercise has been shown to
serve as a neuroprotectant for brain injury, preventing memory
dysfunction, through the upregulation of BDNF (28). Previous
studies of juvenile male and female rats found a significant
increase in gene expression of BDNF in the hippocampus but not
parietal cortex following 20 days of voluntary wheel running (29).
Timing of the previous study may be a factor as the rats were
analyzed closer to adulthood at 58 days of age compared to 45
days here. This study focused on adolescents whose brain regions
are still maturing. During this time, BDNF has shown regional
differences in expression beginning at low levels and increasing
as regions mature (40). Specifically, in the hippocampus, BDNF
mRNA levels in rats were low at 1 week and peaked at 4-5 weeks
of age and then dropped again in adulthood (41). In the cortex,
however, increases in BDNF were seen at 2 weeks and remained
stable until adulthood (41). In the current study, BDNF was
analyzed at 4-5 weeks of age, when BDNF mRNA in the targeted
regions were already at their highest expression. This may explain
the insignificant increases observed due to exercise.

One strength of this study was that intensity of running
was monitored, and is described as the most important factor
in aerobic fitness. Moderate intensity exercise is typically
prescribed to promote cognitive health (particularly memory),
cardiovascular health, and prevent metabolic diseases (35, 37).
Running intensity has also been shown to influence BDNF
expression. One week of low intensity forced running on a
treadmill in adolescent rats resulted in greater BDNF mRNA
expression than moderate-high intensity running (42). Low
intensity running was described as 5 m/min for the first 5min
up to 11 m/min, while moderate-high intensity was defined
by 8 m/min for 5min up to 22 m/min. As intensity of
running increased, hippocampal BDNF mRNA decreased with
only those running at low intensity showing levels significantly
greater than control rats (42). Average intensity running for
the male and female rathletes in this study was high, ranging
from 10-20 m/min (range 4.14-40.45 m/min). The inverse
relationship between running intensity and BDNF transcription
could explain the lack of significance in hippocampal BDNF
protein expression found in this study. This is important in
understanding how exercise can influence and protect the brain,
particularly during adolescence.

The method to study changes in BDNF is important as well.
Changes in gene expression do not directly correlate to changes
in protein expression. In a clinical study of 12 male participants
(age 23-38), Siefert et al. compared a 3 month exercise routine to
a sedentary one (19). Plasma BDNF did not change in response
to endurance training even though mRNA levels increased in the
brain (19). They also found that acute (30 min, ~65% VOzpax)
exercise did not change plasma levels of BDNF from pre-exercise
levels. In their study, mRNA of BDNF was studied and showed
an increase, though protein expression was not measured. In

a similar study of mice, BDNF mRNA was increased as well,
but no increase was seen in protein levels, highlighting that
gene transcription does not directly relate to protein translation
(43). The current study measured protein expression of BDNF
following 10 days of voluntary exercise. It may be that the results
found were due to a combination of age, running patterns, and
method to analyze BDNF. Future studies should consider such
details to understand the physiological effects of exercise on
BDNF in the brain.

One last possible explanation for the stable protein expression
of BDNF is the stable expression of PGCla in the brain and
muscle. PGCla has been shown to facilitate the release of BDNF
through activation of FNDCS5, a positive regulator of BDNF (17).
Both PGCla and FNDCS5 are highly expressed in the brain and
skeletal muscle, though little is known on the function of FNDC5
in the brain. Following 30 days of voluntary running wheel access,
muscle and hippocampal expression of PGCla and FNDC5 were
upregulated, but was stable in the rest of the brain (17). Further, in
PGCla knockout mice, BDNF gene expression was significantly
reduced in the cortex and hippocampus indicating that PGCla
is necessary for BDNF expression (17). Given that the current
study did not find exercise-induced increase of PGCla in the
brain, and PGCla is required for BDNF expression, then it is
not unexpected to see the stable BDNF protein levels in the
brain. The cognitive consequences of the stability warrant further
investigation to understand how the employed exercise regimen
could serve as a neuroprotectant.

Another important aspect of this study is the careful
monitoring of the estrous cycle. The proportion of irregular
menstrual cycles in female rats observed in this study was
13% at UCLA and 33% at Pepperdine. Clinically, one study of
adolescents from Singapore found an average of 23.1% females
with irregular menstrual cycles lasting either <22 days or more
than 35 days (44), and another from India found rates at 24%
(45), though other clinical studies have reported much higher
percentages of irregularly cycling female adolescents (46-48).
Irregular cycling may be due to an immature HPG axis (48, 49).
Exercise can modulate the HPG axis through suppression of
gonadotropin release (50). Clinical studies examining irregular
menstrual cycling and distance running have found conflicting
results, some finding dysfunction (anovulation) associated with
increased mileage run (average age: 29), while others have
not (49). Some studies of female runners, particularly focused
on distance running, have been correlated with hormone
imbalance and changes in menarche (11, 51). Lower estradiol and
progesterone levels and shorter luteal length has been found in
runners (average age: 23) with both regular and irregular cycles
(49, 52). Research on young adult runners (average age: 30)
have shown reduced progesterone levels even in the absence of
irregular menstruation (51). Still others have found no difference
in sex hormone levels of eumenorrheic and amenorrhoeic
runners (53). In addition to a dysfunctional HPG axis, studies
have found significantly lower systolic blood pressure in irregular
cycling adolescent girls who participated in regular exercise
(48). Following a mild brain injury, pituitary and hormone
abnormalities are common, with 4-71% of males and 25-50%
of females reporting irregularity in sexual function (54, 55).
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Females with a mild injury are 70% more likely to have sexual
dysfunction compared to those severely injured as well (56).
Knowing a baseline incidence of sexual dysfunction may help to
better predict occurrence of sexual or hormonal abnormalities
following brain injury and other brain disorders.

The large proportion of irregularly cycling rats is an important
aspect to understand and consider for future studies. This is
particularly important in studies relating to TBI. Previously
we have shown that TBI causes a disruption in pituitary and
endocrine function in adolescents (57). Pubertal hormones
influence bone growth and thus can influence physical injuries
during adolescence (2, 58, 59) with a transient decrease in
bone strength correlating with peak height velocity, as evidenced
by peak radial bone fractures in 12 yr old girls and 14
yr old boys (60). Irregularity in menstrual cycling has been
found to influence adrenal functioning and stress responses
in women, with increased serum cortisol in athletic-dependent
menstrual dysfunction (11, 61-63). Sex hormone levels were not
monitored in this study, but may relate to the high variability in
corticosterone in female rathletes and should be considered in
future studies. In animals already having hormonal dysfunction,
responses to TBI could be exaggerated.

Irregular cycling may also may be due to inadequate energy
intake relative to exercise energy expenditure, a deficiency now
termed Relative Energy Deficiency in Sport (RED-S). Low energy
intake has also been linked to metabolic rate, protein synthesis,
growth, development, and other physiological processes (15,
16, 64). This impairment can affect males and well as females,
and both non-athletes and athletes. When energy expenditure is
greater than energy availability, the body will suppress functions
not critical for survival like metabolic rate and reproduction,
resulting in sex hormone dysfunction (15, 16, 65). In rodents,
this idea is difficult to study. It would require monitoring daily
food intake by individual rats, which would then require isolated
housing, a stress for social animals, and adolescent rats in
particular. Other, indirect measurements to suggest RED-S in
an animal cohort could include tracking weight gain, heart rate,
bone density, and neuroendocrine alterations including leptin,
ghrelin, insulin-like growth factor-1, insulin, and sex hormones,
which can be adversely affected by low energy availability (15,
66-69). It is an important consideration in overall adolescent
health, and may make them susceptible to peripheral injuries and
cardiovascular disease, which could also lead to stroke.

Studies focusing on irregular hormone cycling in males,
particularly adolescent athletes, are severely lacking. Previous
studies in males (average age: 23) have shown peaks of
testosterone (T, 6.4 nmal/dL) every 112min, follicular
stimulating hormone (FSH, 0.38 IU/L) every 85min and
luteinizing hormone (LH, 1.3 IU/L) every 95 min and peak times
correlate so that changes in testosterone levels can be predicted
through concentration of LH 10-20 min earlier (70). Reports
on the relationship between LH and T in male athletes are
conflicting. In a study of young adult males, serum LH increased
significantly as strength endurance exercise increased, though
serum T remained steady (71). However, when endurance
training weaned, serum T decreased and cortisol increased
significantly. Male endurance runners (average age: 34) with

over 65 km/week have shown lower serum testosterone levels
(11, 72) and may be due to higher cortisol levels (73). While
another study comparing male marathon runners to lean
healthy controls (aerobic exercise 1 x/week) found increased
LH in marathon runners but no difference in FST or T (74).
Another study looking at male athletes found higher systolic
and diastolic blood pressure in high intensity athletes (8 h/week,
5 h/week), along with lower LH levels and higher plasma T
and estradiol compared to low intensity (30 min/week) males
(75). While studies investigating effects of intensity are lacking,
they may influence prevalence of hormonal dysfunction and
metabolic disorders.

Limitations

It's important to note that the analysis of BDNF targets may
influence results. As previous studies have shown, different
changes are seen in BDNF mRNA when compared to protein
expression (43). Further, there are multiple cleavage products of
BDNE, (a) a pro-BDNF precursor metabolite of 34kDa that gets
processed into (b) mature BDNF of 14kDa, and (c) unprocessed
BDNF at 28kDa (76) that can be targeted by ELISA and Western
blot. Each of these metabolites has slightly different roles (77).
The 34kDA pro-BDNF precursor is thought to be involved in
long-term depression and apoptosis, while the 14kDa mature
BDNF promotes long-term potentiation and cell survival, and
the 28kDa is poorly understood but is thought to be released
in an activity-dependent manner and signal through different
receptors than the mature BDNF (76-78). With this in mind,
the data analyzed play a strong role in the takeaway results,
particularly as they relate to cognitive and behavioral changes.
The antibody used in this study was specific to the 28kDA
BDNF protein, which was acknowledged as mature BDNF. It
may be beneficial to include analyses that target multiple variants
of BDNF to better understand the changes that occur through
exercise and other manipulations.

CONCLUSIONS

Adolescence represents a unique period of development
characterized by changes in body size, sex hormones,
and physiology. Activity during this time can influence
neurophysiology and behavior. This study has shown that 10
days of voluntary running leads to acute increased protein
expression of BDNF in skeletal muscle and chronic increase
in PGCla. Voluntary running does not raise corticosterone
levels and does not seem to be a stressor when adolescent rats
are allowed socialization with peers. Sex differences were found
whereby females ran further distances and for longer durations
than males. Females also showed greater BDNF expression in
the parietal cortex at the acute time point compared to the
chronic time point, when rats were allowed rest for 10 days.
This has implications for other studies interested in exercise or
BDNF-dependent changes, and emphasizes the need to include
sex as a dependent factor in analysis. Further, the adolescent
period responds differently to exercise than adults. Behavioral
outcomes may need to be adjusted for the adolescent age range
given non-significant changes from exercise on neurophysiology.
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Data in this study were collected at two different sites to
better represent rat populations across laboratories. The results
presented here are thought to be robust and allow other studies
to replicate the conclusions.

DATA AVAILABILITY STATEMENT

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

ETHICS STATEMENT

The animal study was reviewed and approved by UCLA Animal
Research Committee.

AUTHOR CONTRIBUTIONS

TG, ME CG, and MP conceived the ideas presented and
developed the behavioral paradigms used in this study. LF, HR,

REFERENCES

1. Spear LP. Adolescent brain development and animal models. Ann N Y Acad
Sci. (2004) 1021:23-6. doi: 10.1196/annals.1308.002

2. McKay D, Broderick C, Steinbeck K. The adolescent athlete: a
developmental approach to injury risk. Pediatr Exerc Sci. (2016) 28:488-500.
doi: 10.1123/pes.2016-0021

3. Rocha Piedade S, Imhoff AB, Clatworthy M, Cohen M, Espregueira-
Mendes J. The Sports Medicine Physician. Cham: Springer International

Publishing (2019).
4. Spear LP. The adolescent brain and age-related behavioral
manifestations. ~ Neurosci ~ Biobehav ~ Rev. ~ (2000)  24:417-63.

doi: 10.1016/50149-7634(00)00014-2

5. Kennedy GC, Mitra J. Body weight and food intake as initiating
factors for puberty in the rat. ] Physiol. (1963) 166:408-18.
doi: 10.1113/jphysiol.1963.sp007112

6. Becu-Villalobos D, Gonzélez Iglesias A, Diaz-Torga G, Hockl P, Libertun C.
Brain sexual differentiation and gonadotropins secretion in the rat. Cell Mol
Neurobiol. (1997) 17:699-715. doi: 10.1023/A:1022542221535

7. Cutler GB, Glenn M, Bush M, Hodgen GD, Graham CE, Loriaux
DL. Adrenarche: a survey of rodents, domestic animals, and primates.
Endocrinology. (1978) 103:2112-8. doi: 10.1210/endo-103-6-2112

8. Sarmiento K, Thomas KE, Daugherty J, Waltzman D, Haarbauer-
Krupa JK, Peterson AB, et al. Emergency department visits for sports-
and recreation-related traumatic brain injuries among children -
United States, 2010-2016. MMWR Morb Mortal Wkly Rep. (2019) 68:237-42.
doi: 10.15585/mmwr.mm6810a2

9. Baldwin GT, Breiding MJ, Dawn Comstock R. Epidemiology of sports
concussion in the United States. Handb Clin Neurol. (2018) 158:63-74.
doi: 10.1016/B978-0-444-63954-7.00007-0

10. Dick RW. Is there a gender difference in concussion incidence and outcomes?
Br ] Sports Med. (2009) 1(Suppl. 43):i46-50. doi: 10.1136/bjsm.2009.058172

11. Cumming DC. Physical activity and control of the hypothalamic-
pituitary-gonadal axis. Semin Reprod Endocrinol. (1990) 8:15-24.
doi: 10.1055/5-2007-1021419

12. Feicht CB, Johnson TS, Martin BJ,
Secondary amenorrhoea in  athletes.
doi: 10.1016/50140-6736(78)92294-8

13. Joy E, De Souza MJ, Nattiv A, Misra M, Williams NI, Mallinson R], et al. 2014
female athlete triad coalition consensus statement on treatment and return
to play of the female athlete triad. Curr Sports Med Rep. (2014) 13:219-32.
doi: 10.1249/JSR.0000000000000077

Sparkes
Lancet.

KE, Wagner WW.
(1978)  2:1145-6.

and RS performed the experiments and analyses. LF wrote the
initial draft of the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

The work of the current project was in collaboration with
the Social Science Division at Pepperdine University.
It was supported in part by the National Institute of
Health (NS110757, MP), Easton Labs for Brain Injury,
and the Brain injury Research Center and Steve Tisch
BrainSPORT program at the University of California
Los Angeles.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.685822/full#supplementary-material

14. Nattiv A, Loucks AB, Manore MM, Sanborn CE Sundgot-Borgen J,
Warren MP, et al. American College of sports medicine position stand.
The female athlete triad. Med Sci Sports Exerc. (2007) 39:1867-82.
doi: 10.1249/mss.0b013e318149f111

15. Dipla K, Kraemer RR, Constantini NW, Hackney AC. Relative energy
deficiency in sports (RED-S): elucidation of endocrine changes
affecting the health of males and females. Hormones. (2020) 20:35-47.
doi: 10.1007/s42000-020-00214-w

16. Elliott-Sale KJ, Tenforde AS, Parziale AL, Holtzman B, Ackerman KE.
Endocrine effects of relative energy deficiency in sport. Int ] Sport Nutr Exerc
Metab. (2018) 28:335-49. doi: 10.1123/ijsnem.2018-0127

17. Wrann CD, White JP, Salogiannnis ], Laznik-Bogoslavski D, Wu ],
Ma D, et al. Exercise induces hippocampal BDNF through a PGC-
1a/FNDC5 pathway. Cell Metab. (2013) 18:649-59. doi: 10.1016/j.cmet.2013.
09.008

18. Steiner JL, Murphy EA, McClellan JL, Carmichael MD, Davis JM. Exercise
training increases mitochondrial biogenesis in the brain. ] Appl Physiol. (2011)
111:1066-71. doi: 10.1152/japplphysiol.00343.2011

19. Seifert T, Brassard P, Wissenberg M, Rasmussen P, Nordby P, Stallknecht
B, et al. Endurance training enhances BDNF release from the human
brain. Am ] Physiol Regul Integr Comp Physiol. (2010) 298:R372-7.
doi: 10.1152/ajpregu.00525.2009

20. Wagner G, Herbsleb M, de la Cruz E Schumann A, Briinner F, Schachtzabel
C, et al. Hippocampal structure, metabolism, and inflammatory response after
a 6-week intense aerobic exercise in healthy young adults: a controlled trial. J
Cereb Blood Flow Metab. (2015) 35:1570-8. doi: 10.1038/jcbfm.2015.125

21. Griesbach GS, Hovda DA, Molteni R, Wu A, Gomez-Pinilla F. Voluntary
exercise following traumatic brain injury: brain-derived neurotrophic factor
upregulation and recovery of function. Neuroscience. (2004) 125:129-39.
doi: 10.1016/j.neuroscience.2004.01.030

22. Gallego X, Cox RJ, Funk E, Foster RA, Ehringer MA. Voluntary exercise
decreases ethanol preference and consumption in C57BL/6 adolescent mice:
sex differences and hippocampal BDNF expression. Physiol Behav. (2015)
138:28-36. doi: 10.1016/j.physbeh.2014.10.008

23. Richter SH, Garner JP, Zipser B, Lewejohann L, Sachser N, Touma C,
et al. Effect of population heterogenization on the reproducibility of
mouse behavior: a multi-laboratory study. PLoS ONE. (2011) 6:e16461.
doi: 10.1371/journal.pone.0016461

24. Fontoura-Andrade JL, Amorim de RFB, Sousa JB. Improving reproducibility
and external validity. The role of standardization and data reporting of
laboratory rat husbandry and housing. Acta Cir Bras. (2017) 32:251-62.
doi: 10.1590/50102-865020170030000010

Frontiers in Neurology | www.frontiersin.org

July 2021 | Volume 12 | Article 685822


https://www.frontiersin.org/articles/10.3389/fneur.2021.685822/full#supplementary-material
https://doi.org/10.1196/annals.1308.002
https://doi.org/10.1123/pes.2016-0021
https://doi.org/10.1016/S0149-7634(00)00014-2
https://doi.org/10.1113/jphysiol.1963.sp007112
https://doi.org/10.1023/A:1022542221535
https://doi.org/10.1210/endo-103-6-2112
https://doi.org/10.15585/mmwr.mm6810a2
https://doi.org/10.1016/B978-0-444-63954-7.00007-0
https://doi.org/10.1136/bjsm.2009.058172
https://doi.org/10.1055/s-2007-1021419
https://doi.org/10.1016/S0140-6736(78)92294-8
https://doi.org/10.1249/JSR.0000000000000077
https://doi.org/10.1249/mss.0b013e318149f111
https://doi.org/10.1007/s42000-020-00214-w
https://doi.org/10.1123/ijsnem.2018-0127
https://doi.org/10.1016/j.cmet.2013.09.008
https://doi.org/10.1152/japplphysiol.00343.2011
https://doi.org/10.1152/ajpregu.00525.2009
https://doi.org/10.1038/jcbfm.2015.125
https://doi.org/10.1016/j.neuroscience.2004.01.030
https://doi.org/10.1016/j.physbeh.2014.10.008
https://doi.org/10.1371/journal.pone.0016461
https://doi.org/10.1590/s0102-865020170030000010
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ferguson et al.

Sex Differences With Voluntary Running

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Goldman JM, Murr AS, Cooper RL. The rodent estrous cycle: characterization
of vaginal cytology and its utility in toxicological studies. Birth Defects Res B
Dev Reprod Toxicol. (2007) 80:84-97. doi: 10.1002/bdrb.20106

Kim Y, Umeda M, Lochbaum M, Stegemeier S. Physical activity, screen-
based sedentary behavior, and sleep duration in adolescents: youth
risk behavior survey, 2011-2013. Prev Chronic Dis. (2016) 13:E131.
doi: 10.5888/pcd13.160245

Tadaishi M, Miura S, Kai Y, Kano Y, Oishi Y, Ezaki O. Skeletal muscle-
specific expression of PGC-1a-b, an exercise-responsive isoform, increases
exercise capacity and peak oxygen uptake. PLoS ONE. (2011) 6:€28290.
doi: 10.1371/journal.pone.0028290

Ferguson L, Giza CC, Serpa RO, Greco T, Folkerts M, Prins ML.
Recovery from repeat mild traumatic brain injury in adolescent rats is
dependent on pre-injury activity state. Front Neurol. (2020) 11:616661.
doi: 10.3389/fneur.2020.616661

Mychasiuk R, Hehar H, Ma I, Candy S, Esser MJ. Reducing the time interval
between concussion and voluntary exercise restores motor impairment, short-
term memory, and alterations to gene expression. Eur | Neurosci. (2016)
44:2407-17. doi: 10.1111/ejn.13360

Lightfoot JT. Sex hormones’ regulation of rodent physical activity: a review.
Int J Biol Sci. (2008) 4:126-2. doi: 10.7150/ijbs.4.126

Roy EJ, Wade GN. Role of estrogens in androgen-induced spontaneous
activity in male rats. ] Comp Physiol Psychol. (1975) 89:573-9.
doi: 10.1037/h0077436

Gorzek JE Hendrickson KC, Forstner JP, Rixen JL, Moran AL,
Lowe DA. Estradiol and tamoxifen reverse ovariectomy-induced
physical inactivity in mice. Med Sci Sports Exerc. (2007) 39:248-56.
doi: 10.1249/01.mss.0000241649.15006.b8

Gerall AA, Napoli AM, Cooper UC. Daily and hourly estrous running in
intact, spayed and estrone implanted rats. Physiol Behav. (1973) 10:225-9.
doi: 10.1016/0031-9384(73)90302-8

Maughan R], Gleeson M, Greenhaff PL. Biochemistry of Exercise. In:
Maughan R], editors. Nutrition in Sport. New York, NY: Oxford University
Press, USA (1997). p. 17-38.

Wilmore JH. Aerobic exercise and endurance: improving fitness for health
benefits. Phys Sportsmed. (2003) 31:45-51. doi: 10.3810/psm.2003.05.367
Leasure JL, Jones M. Forced and voluntary exercise differentially
affect brain and behavior.  Neuroscience.  (2008)  156:456-65.
doi: 10.1016/j.neuroscience.2008.07.041

Clark R, Hoffmann H. Intensity-dependent effects of voluntary exercise on
memory task performance in rats. Impulse. (2013) 1-9.

Jacobson-Pick S, Richter-Levin G. Differential impact of juvenile stress and
corticosterone in juvenility and in adulthood, in male and female rats. Behav
Brain Res. (2010) 214:268-76. doi: 10.1016/j.bbr.2010.05.036

Romeo RD. The teenage brain: the stress response and the adolescent brain.
Curr Dir Psychol Sci. (2013) 22:140-5. doi: 10.1177/0963721413475445
Maisonpierre PC, Belluscio L, Friedman B, Alderson RF, Wiegand SJ, Furth
ME, et al. NT-3, BDNE and NGF in the developing rat nervous system:
parallel as well as reciprocal patterns of expression. Neuron. (1990) 5:501-9.
doi: 10.1016/0896-6273(90)90089-X

Friedman W], Olson L, Persson H. Cells that express brain-derived
neurotrophic factor mRNA in the developing postnatal rat brain. Eur J
Neurosci. (1991) 3:688-97. doi: 10.1111/.1460-9568.1991.tb00854.x

Lou S, Liu J, Chang H, Chen P. Hippocampal neurogenesis and gene
expression depend on exercise intensity in juvenile rats. Brain Res. (2008)
1210:48-55. doi: 10.1016/j.brainres.2008.02.080

Kight KE, McCarthy MM. Sex differences and estrogen regulation of BDNF
gene expression, but not propeptide content, in the developing hippocampus.
J Neurosci Res. (2017) 95:345-54. doi: 10.1002/jnr.23920

Agarwal A, Venkat A. Questionnaire study on menstrual disorders in
adolescent girls in Singapore. ] Pediatr Adolesc Gynecol. (2009) 22:365-71.
doi: 10.1016/j.,jpag.2009.02.005

Verma PB, Pandya CM, Ramanuj VA, Singh MP. Menstrual pattern of
adolescent school girls of bhavnagar (Gujarat). Natl. J. Integr. Res. Med. (2011)
2:38-40.

Negi P, Mishra A, Lakhera P. Menstrual abnormalities and their association
with lifestyle pattern in adolescent girls of Garhwal, India. ] Family Med Prim
Care. (2018) 7:804-8. doi: 10.4103/jfmpc.jfmpc_159_17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

68.

Hillen TI, Grbavac SL, Johnston PJ, Straton JA, Keogh JM. Primary
dysmenorrhea in young Western Australian women: prevalence,
impact, and knowledge of treatment. | Adolesc Health. (1999) 25:40-5.
doi: 10.1016/S1054-139X(98)00147-5

Wiksten-Almstromer M, Hirschberg AL, Hagenfeldt K. Menstrual disorders
and associated factors among adolescent girls visiting a youth clinic. Acta
Obstet Gynecol Scand. (2007) 86:65-72. doi: 10.1080/00016340601034970
Dale E, Gerlach DH, Wilhite AL. Menstrual dysfunction in distance runners.
Obstet Gynecol. (1979) 54:47-53. doi: 10.1097/00006250-197907000-00013
Hakimi O, Cameron, L.-C. Effect of exercise on ovulation: a systematic review.
Sports Med. (2017) 47:1555-67. doi: 10.1007/s40279-016-0669-8

Bullen BA, Skrinar GS, Beitins IZ, von Mering G, Turnbull BA, McArthur JW.
Induction of menstrual disorders by strenuous exercise in untrained women.
N Engl ] Med. (1985) 312:1349-53. doi: 10.1056/NEJM198505233122103
Pirke KM, Schweiger U, Broocks A, Tuschl R], Laessle RG. Luteinizing
hormone and follicle stimulating hormone secretion patterns in female
athletes with and without menstrual disturbances. Clin Endocrinol. (1990)
33:345-53. doi: 10.1111/j.1365-2265.1990.tb00499.x

De Souza MJ, Maguire MS, Rubin KR, Maresh CM. Effects of menstrual phase
and amenorrhea on exercise performance in runners. Med Sci Sports Exerc.
(1990) 22:575-80. doi: 10.1249/00005768-199010000-00006

Sandel ME, Williams KS, Dellapietra L, Derogatis LR. Sexual functioning
following traumatic brain injury. Brain Inj. (1996) 10:719-28.
doi: 10.1080/026990596123981

Scott KM, Hastings JA. Sexual dysfunction and disability. Brad Phys Med
Rehabil. 6th ed. (2021). p. 431-46. doi: 10.1016/B978-0-323-62539-5.00022-9
Anto-Ocrah M, Bazarian J, Lewis V, Jones CM, Jusko TA, Van
Wijngaarden E. Risk of female sexual dysfunction following concussion
in women of reproductive age. Inj. (2019) 33:1449-59.
doi: 10.1080/02699052.2019.1644377

Greco T, Hovda D, Prins M. The effects of repeat traumatic brain injury
on the pituitary in adolescent rats. J Neurotrauma. (2013) 30:1983-90.
doi: 10.1089/neu.2013.2990

Bordini B, Rosenfield RL. Normal pubertal development: Part I: the endocrine
basis of puberty. Pediatr Rev. (2011) 32:223-9. doi: 10.1542/pir.32-6-223
Attie KM, Ramirez NR, Conte FA, Kaplan SL, Grumbach MM. The pubertal
growth spurt in eight patients with true precocious puberty and growth
hormone deficiency: evidence for a direct role of sex steroids. J Clin Endocrinol
Metab. (1990) 71:975-83. doi: 10.1210/jcem-71-4-975

Bailey DA, Wedge JH, McCulloch RG, Martin AD, Bernhardson SC.
Epidemiology of fractures of the distal end of the radius in children
as associated with growth. J Bone Joint Surg Am. (1989) 71:1225-31.
doi: 10.2106/00004623-198971080-00016

Schwartz B, Cumming DC, Riordan E, Selye M, Yen SS, Rebar RW. Exercise-
associated amenorrhea: a distinct entity? Am J Obstet Gynecol. (1981) 141:662—-
70. doi: 10.1016/S0002-9378(15)33308-1

Ding JH, Sheckter CB, Drinkwater BL, Soules MR, Bremner WJ. High serum
cortisol levels in exercise-associated amenorrhea. Ann Intern Med. (1988)
108:530-4. doi: 10.7326/0003-4819-108-4-530

Shangold M, Rebar RW, Wentz AC, Schiff I. Evaluation and management
of menstrual dysfunction in athletes. JAMA. (1990) 263:1665-9.
doi: 10.1001/jama.1990.03440120087043

Mountjoy M, Sundgot-Borgen J, Burke L, Carter S, Constantini N, Lebrun
C, et al. The IOC consensus statement: beyond the female athlete triad-
relative energy deficiency in sport (RED-S). Br ] Sports Med. (2014) 48:491-7.
doi: 10.1136/bjsports-2014-093502

De Souza M]. Menstrual disturbances in
luteal phase defects. Med Sci Sports Exerc.
doi: 10.1249/01.MSS.0000084530.31478.DF

Leidy HJ, Dougherty KA, Frye BR, Duke KM, Williams NI. Twenty-four-hour
ghrelin is elevated after calorie restriction and exercise training in non-obese
women. Obesity. (2007) 15:446-55. doi: 10.1038/0by.2007.542

Brain

focus on
35:1553-63.

athletes: a
(2003)

. Koehler K, Hoerner NR, Gibbs JC, Zinner C, Braun H, De Souza M]J, et al.

Low energy availability in exercising men is associated with reduced leptin
and insulin but not with changes in other metabolic hormones. J Sports Sci.
(2016) 34:1921-9. doi: 10.1080/02640414.2016.1142109

Brook EM, Tenforde AS, Broad EM, Matzkin EG, Yang HY, Collins JE, et al.
Low energy availability, menstrual dysfunction, and impaired bone health:

Frontiers in Neurology | www.frontiersin.org

July 2021 | Volume 12 | Article 685822


https://doi.org/10.1002/bdrb.20106
https://doi.org/10.5888/pcd13.160245
https://doi.org/10.1371/journal.pone.0028290
https://doi.org/10.3389/fneur.2020.616661
https://doi.org/10.1111/ejn.13360
https://doi.org/10.7150/ijbs.4.126
https://doi.org/10.1037/h0077436
https://doi.org/10.1249/01.mss.0000241649.15006.b8
https://doi.org/10.1016/0031-9384(73)90302-8
https://doi.org/10.3810/psm.2003.05.367
https://doi.org/10.1016/j.neuroscience.2008.07.041
https://doi.org/10.1016/j.bbr.2010.05.036
https://doi.org/10.1177/0963721413475445
https://doi.org/10.1016/0896-6273(90)90089-X
https://doi.org/10.1111/j.1460-9568.1991.tb00854.x
https://doi.org/10.1016/j.brainres.2008.02.080
https://doi.org/10.1002/jnr.23920
https://doi.org/10.1016/j.jpag.2009.02.005
https://doi.org/10.4103/jfmpc.jfmpc_159_17
https://doi.org/10.1016/S1054-139X(98)00147-5
https://doi.org/10.1080/00016340601034970
https://doi.org/10.1097/00006250-197907000-00013
https://doi.org/10.1007/s40279-016-0669-8
https://doi.org/10.1056/NEJM198505233122103
https://doi.org/10.1111/j.1365-2265.1990.tb00499.x
https://doi.org/10.1249/00005768-199010000-00006
https://doi.org/10.1080/026990596123981
https://doi.org/10.1016/B978-0-323-62539-5.00022-9
https://doi.org/10.1080/02699052.2019.1644377
https://doi.org/10.1089/neu.2013.2990
https://doi.org/10.1542/pir.32-6-223
https://doi.org/10.1210/jcem-71-4-975
https://doi.org/10.2106/00004623-198971080-00016
https://doi.org/10.1016/S0002-9378(15)33308-1
https://doi.org/10.7326/0003-4819-108-4-530
https://doi.org/10.1001/jama.1990.03440120087043
https://doi.org/10.1136/bjsports-2014-093502
https://doi.org/10.1249/01.MSS.0000084530.31478.DF
https://doi.org/10.1038/oby.2007.542
https://doi.org/10.1080/02640414.2016.1142109
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ferguson et al.

Sex Differences With Voluntary Running

69.

70.

71.

72.

73.

74.

75.

a survey of elite para athletes. Scand ] Med Sci Sport. (2019) 29:678-85.
doi: 10.1111/sms.13385

De Souza MJ, Leidy HJ, O’Donnell E, Lasley B, Williams NI. Fasting ghrelin
levels in physically active women: relationship with menstrual disturbances
and metabolic hormones. J Clin Endocrinol Metab. (2004) 89:3536-42.
doi: 10.1210/j¢.2003-032007

Veldhuis JD, King JC, Urban R], Rogol AD, Evans WS, Kolp LA, et al.
Operating characteristics of the male hypothalamo-pituitary-gonadal axis:
pulsatile release of testosterone and follicle-stimulating hormone and their
temporal coupling with luteinizing hormone. J Clin Endocrinol Metab. (1987)
65:929-41. doi: 10.1210/jcem-65-5-929

Hikkinen K, Pakarinen A. Serum hormones in male strength athletes during
intensive short term strength training. Eur J Appl Physiol Occup Physiol. (1991)
63:194-9. doi: 10.1007/BF00233847

Wheeler GD, Wall SR, Belcastro AN, Cumming DC. Reduced serum
testosterone and prolactin levels in male distance runners. JAMA. (1984)
252:514-6. doi: 10.1001/jama.1984.03350040044020

Cumming DC, Quigley ME, Yen SS. Acute suppression of circulating
testosterone levels by cortisol in men. J Clin Endocrinol Metab. (1983) 57:671-
3. doi: 10.1210/jcem-57-3-671

Bagatell CJ, Bremner WJ. Sperm counts and reproductive hormones
in male marathoners and lean controls. Fertil Steril. (1990) 53:688-92.
doi: 10.1016/S0015-0282(16)53465-7

Fitzgerald LZ, Robbins WA, Kesner JS, Xun L. Reproductive hormones and
interleukin-6 in serious leisure male athletes. Eur | Appl Physiol. (2012)
112:3765-73. doi: 10.1007/s00421-012-2356-2

76. Mowla SJ, Farhadi HE Pareek S, Atwal JK, Morris SJ, Seidah NG,
et al. Biosynthesis and post-translational processing of the precursor
to brain-derived neurotrophic factor. J Biol Chem. (2001) 276:12660-6.
doi: 10.1074/jbc.M008104200

Yang B, Ren Q, Zhang JC, Chen QX, Hashimoto K. Altered expression
of BDNF. BDNF pro-peptide their precursor proBDNF in
brain and liver tissues from psychiatric disorders: rethinking the
Transl Psychiatry. (2017) 7:e1128. doi: 10.1038/tp.

77.
and

brain-liver axis.
2017.95
78. Miranda M, Morici JE Zanoni MB, Bekinschtein P. Brain-derived
neurotrophic factor: a key molecule for memory in the healthy
and the pathological brain. Front Cell Neurosci. (2019) 13:363.

doi: 10.3389/fncel.2019.00363

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021  Ferguson, Giza, Serpa, Greco, Robert, Folkerts and
Prins. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

16

July 2021 | Volume 12 | Article 685822


https://doi.org/10.1111/sms.13385
https://doi.org/10.1210/jc.2003-032007
https://doi.org/10.1210/jcem-65-5-929
https://doi.org/10.1007/BF00233847
https://doi.org/10.1001/jama.1984.03350040044020
https://doi.org/10.1210/jcem-57-3-671
https://doi.org/10.1016/S0015-0282(16)53465-7
https://doi.org/10.1007/s00421-012-2356-2
https://doi.org/10.1074/jbc.M008104200
https://doi.org/10.1038/tp.2017.95
https://doi.org/10.3389/fncel.2019.00363
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Sex Differences in Neurophysiological Changes Following Voluntary Exercise in Adolescent Rats
	Introduction
	Materials and Methods
	Pepperdine
	University of California Los Angeles
	Subjects
	Estrous Cycle Determination
	End Point
	Western Blot
	BDNF Antibodies
	Corticosterone
	Statistics

	Results
	Site Reproducibility
	Males
	Male Rathlete
	Female
	Female Rathlete
	Estrous Cycling
	Sex Differences
	Protein Expression
	BDNF Bands
	Corticosterone

	Discussion
	Limitations

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


