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Abstract

In the hippocampus, learning and memory are likely mediated by synaptic plasticity, known as
long-term potentiation (LTP). While chronic intermittent stress is negatively correlated, and
exercise positively correlated to LTP induction, we examined whether exercise could mitigate the
negative consequences of stress on LTP when co-occurring with stress. Mice were divided into
four groups: sedentary no stress, exercise no stress, exercise with stress, and sedentary with stress.
Field electrophysiology performed on brain slices confirmed that stress alone significantly reduced
dorsal CA1 hippocampal LTP and exercise alone increased LTP compared to controls. Exercise
with stress mice exhibited LTP that was significantly greater than mice undergoing stress alone but
were not different from sedentary no stress mice. An ELISA illustrated increased corticosterone in
stressed mice compared to no stress mice. In addition, a radial arm maze was used to examine
behavioral changes in memory during 6 weeks of stress and/or exercise. Exercised mice groups
made fewer errors in week 2. RT-qPCR was used to examine the mRNA expression of components
in the stress and exercise pathways in the four groups. Significant changes in the expression of the
following targets were detected: BDNF, TrkB, glucocorticoid, mineralocorticoid, and dopamine 5
receptors. Collectively, exercise can mitigate some of the negative impact stress has on
hippocampal function when both occur concurrently.
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INTRODUCTION

Plasticity is a unique characteristic of the nervous system. Following environmental stimuli
or experiences, neuronal synaptic connections in the brain are modified. The most common
form of synaptic modification observed ex vivo is known as long-term potentiation (LTP)
and is one phenomenon used to quantify learning and memory. Synaptic plasticity occurring
in the hippocampus has become the leading theory of the mechanism for memory formation
and recall (Malenka and Bear 2004).

One factor that has a dramatic impact on hippocampal learning and memory in rodents is
stress (McEwen and Sapolsky 1995). There are various types of stress induction techniques
(McCarty 2017). Regarding acute stress, it is a single stress incident that can be adaptive in
rodents and enhance memory behavioral performance (Maras and Baram 2012, Pignatelli,
Umanah et al. 2017) as well as synaptic activity and LTP (Blank, Nijholt et al. 2002), or
alternatively decrease LTP (Foy, Stanton et al. 1987, Garcia, Musleh et al. 1997). Acute
stress particularly affects LTP in the dorsal hippocampus, which is thought to be mediated
by the glucocorticoid receptors (Howland and Wang 2008, Cazakoff and Howland 2010),
and has been reviewed previously (Howland and Wang, 2008). The effects of acute stress on
LTP can be reversed over time (Garcia, Musleh et al. 1997). However, chronic/chronic
intermittent stress are ongoing stress incidents that are more maladaptive and their effects
are harder to reverse over time (Artola, von Frijtag et al. 2006, Joels and Krugers 2007). In
behavioral studies, chronic intermittent stress decreases the ability of rodents to form and
recall spatial memories (McEwen 1999) and hinders performance in the Morris water maze
(Kim, Lee et al. 2001) and novel object recognition (Baker and Kim 2002). Chronic stress
also decreases neurogenesis and can induce neuronal cell death (McEwen 1999). As our
study employed various chronic stress methods, the factor most pertinent to this study is that
chronic stress reduces CA1 hippocampal LTP in rodents (Artola, von Frijtag et al. 2006).

The connection between hippocampal plasticity and the aforementioned behavioral deficits
have been reviewed and discussed extensively (McEwen and Sapolsky 1995, Kim and Yoon
1998, McEwen 1999, Kim and Diamond 2002, Sandi and Pinelo-Nava 2007, Howland and
Wang 2008). The glucocorticoids are important hormones released during stress. In rodents,
corticosterone is a glucocorticoid that is released. Corticosterone binds to both
glucocorticoid and mineralocorticoid receptors in the central nervous system. Glucocorticoid
and mineralocorticoid release are increased during chronic stress and have been implicated
in causing changes in hippocampal plasticity (Conrad 2008, McEwen 2012). Studies have
shown that corticosterone acting on glucocorticoid and mineralocorticoid receptors alter
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) receptor function and
trafficking, as well as induces changes in synaptic plasticity (Krugers and Hoogenraad 2009,
Xiong, Cassé et al. 2016). While many things remain unclear, it is clear that chronic stress
impedes the ability for neurons to experience LTP and has profound effects on memory.

Conversely, studies have found that mice performing voluntary physical exercise has the
opposite effect on the mechanisms that are impaired by stress (Salmon 2001). Rodents that
exercise show robust performance in maze navigation and have increased hippocampal LTP
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in the dentate gyrus (van Praag, Christie et al. 1999). Exercise also has anxiolytic and
antidepressant effects by increasing brain-derived neurotrophic factor (BDNF) levels
(Duman, Schlesinger et al. 2008). BDNF is a protein that promotes neural survival, growth,
and differentiation of new neurons and synapses. It is clear that voluntary exercise increases
BDNF (Kim, Lee et al. 2001, Russo-Neustadt, Ha et al. 2001, Tong, Shen et al. 2001).
BDNF and other proteins in the BDNF pathway are thought to be the major contributors for
enhancing memory (Bekinschtein, Cammarota et al. 2008) and increasing LTP (Lu,
Christian et al. 2008, Martinez-Moreno, Rodriguez-Duran et al. 2011). Recent research
illustrates that BDNF activates mTOR, which regulates the expression of AMPA receptors to
increase memory and LTP (Slipczuk, Bekinschtein et al. 2009). Studies showed chronic
stress downregulated BDNF (Zagaar, Dao et al. 2013) and upregulated interneuron activity
(Schoenfeld, Rada et al. 2013), while exercise prevented these changes. However, these
studies were performed in the ventral hippocampus and not the dorsal hippocampus, which
is an important distinction since the different hippocampal subfields have different neural
projections and functions (Fanselow and Dong 2010). The dorsal hippocampus has been
studied less in regards to stress and exercise compared to the ventral hippocampus.

While many of the molecular, physiological, and behavioral effects of stress and exercise on
rodents have been studied in isolation, they are rarely studied concurrently. Despite the
evidence that exercise and stress influence brain health and plasticity in opposite ways, there
is a paucity of data that connects the effects these two factors might have in the dorsal
hippocampus when experienced by the same animal. Additionally, the mechanism by which
exercise could potentially reduce the negative effects of stress is not completely understood
(Salmon 2001). Therefore, we examined whether exercise occurring concurrently with stress
could alleviate the negative impact of stress on dorsal hippocampal plasticity. Using
behavioral interventions, such as exercise, to combat learning deficits due to chronic stress
could be a safe, cost-effective treatment that could improve cognitive function and quality of
life for many individuals. Furthermore, considering the neurotoxic effects of chronic stress
and the shown benefits of exercise, our results could add to the body of literature seeking to
understand and prevent neurodegenerative disorders associated with chronic stress.

MATERIALS AND METHODS

Treatment groups

Adult male C57BL/6 mice were used in this study. Mice were housed in approved
conditions with a 12-hour light-dark cycle. The experiments had ethical approval and were
conducted in accordance with the Brigham Young University Institutional Animal Care and
Use Committee standards and National Institute of Health guidelines to minimize pain and
suffering of the mice. The four treatment groups utilized in this study were sedentary no
stress (control; SNS), sedentary with stress (SWS), exercise with stress (EWS), and exercise
no stress (ENS). The average ages of the mice used were 87 days for the electrophysiology
experiments and 145 days for RT-gPCR and behavioral experiments. The difference in ages
between these groups is due to the radial arm maze assay lasting 6 weeks. The mice
continued to run during the duration of behavioral testing, and were sacrificed at the
conclusion of this memory assay. Their brains were extracted and hippocampi then isolated
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for RT-qPCR testing as described below. All four groups of mice used in electrophysiology
experiments were of similar age. The RT-qPCR and behavioral experiments also used age-
matched mice from all four groups.

Exercise and Stress Protocols

Mice from all four groups were housed solitarily with the same type of bedding to ensure
that those mice with access to running wheels had accurate distance measurements as well
as to maintain a consistent social environment to prevent uncontrolled variables. SNS and
SWS mice did not have locked running wheels in their cages and were housed in slightly
smaller cages than the exercise cages, and therefore were under slightly more impoverished
conditions. No enrichment was provided to the SNS and SWS mice. This is a potential
limitation in our methods, though we still note differences in SNS and SWS mice in LTP
studies, which were housed identically. ENS and EWS mice were allowed to run ad libitum
in a cage with a running wheel purchased from Lafayette Instrument Co and the distance
was tracked by software provided by the same company on a portable computer. The
average distance run by all exercise mice (stress and no stress)was 5.42 + 0.32 kilometers
per day, which was slightly higher, but still comparable to the average of approximately 4.5
kilometers per day (4.1 & 4.8 km/day) others saw using the same strain of mice (van Praag,
Christie et al. 1999, Marlatt, Potter et al. 2012). ENS and EWS mice ran at least an average
of 2 kilometers per day; no mice ran less than this so no exercise mice were excluded from
our study. Mice were exercised for a minimum of 4 weeks before being used for any
experimentation (electrophysiology, PCR, and behavior). The mice also were at least 30
days old before being moved into running cages. Surprisingly, there were differences in
average daily running distance between ENS and EWS mice used for electrophysiology
(ENS =6.31 £ 0.52 km, EWS = 4.40 £ 0.53 km, t test p < 0.05). This is surprising as
running occurred for one month while stress was only the last three days and running
distances were not significantly changed after stress. This difference appears to be random
based on which mice were selected for entry into stress procedures or not. However, this
caveat could influence differences in LTP noted between the two in the results section. No
differences in running distance were noted between ENS and EWS for behavioral/PCR
experiments (5.18 + 0.75 km and 4.69 £+ 0.97 km day; p>0.5).

Electrophysiology SWS and EWS mice experienced three consecutive days of stressors to
create chronic intermittent/variable stress. We used similar variable stressors from a prior
report (Katz, Roth et al. 1981), with some slight modifications to the stressors and shorter
stress duration. Another group (DeVallance, Riggs et al. 2017) also modified the original
Katz et al protocol to a shorter duration of 5 days. We shortened the stress protocol because
we wanted chronic stress physiological changes in the shortest amount of time. The stressors
included: a 5-minute cold (2-8° C) water swim on day one, a 30-minute elevated platform
stress on day two, and a 60-minute restraint with a 1 second 10 mA tail shock once per
minute on day three. During shock stressing, mice were put in restraining plastic tubes.
Copper electrodes, in the form of toothless alligator clips, were clamped on the taped down
mice tails. Electrode gel was applied before electrode attachment. Mice were sacrificed on
the third day of stress 1-2 hours following the completion of the last stress. Each stressor
was only performed once.
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SWS and EWS mice used for behavioral and RT-gPCR experiments were stressed once per
day beginning at the start of behavioral testing, which occurred immediately before
performing in the radial arm maze and continued with one daily stress to create chronic
intermittent stress until they were sacrificed for RT-gPCR experiments six weeks later. For
ENS/EWS groups, exercise began 30 days prior to use for memory behavior testing. It is
important to note that tail shock stress was not used with these mice, instead a 30 minute
tube restraint with no shock was used. Stressing started on day 1 of the radial arm maze
assay. During the radial arm maze, stressors were alternated Monday through Friday
between the 5-minute cold-water swim, 30-minute elevated platform stress, or 30-minute
restraining stress in a tube for the entire 6 weeks of the behavioral experiments. Mice were
not stressed on the weekends during the duration of the radial arm maze assay.

Field Slice Electrophysiology

The physiology methods used were similar to those described previously by our lab
(Bennion, Jensen et al. 2011). All mice were anesthetized with isoflurane using a vapomatic
chamber and decapitated. After decapitation, the brains were removed rapidly and placed in
ice-cold, oxygenated artificial cerebral spinal fluid (ACSF). Next, 400 pm coronal slices
were cut using a vibratome and then transferred to a holding chamber containing oxygenated
ACSF at room temperature.

Following an interval of at least 1 hour, slices were transferred to a submerged recording
chamber and perfused with oxygenated ACSF at a temperature on average of 30° C. Slices
were continuously perfused with ACSF at a flow rate of 2-3 ml/min. A bipolar stainless steel
stimulating electrode was placed in the stratum radiatum in the CAL to stimulate the
Schaffer Collateral pathway at 8-50 A for 100 psec once every ten seconds in order to
sample at 0.1Hz. Stimulation intensity was adjusted to elicit an excitatory post-synaptic
potential (EPSP) of ~0.8 mV at the beginning of each experiment. Recordings were
performed in current clamp mode to measure excitatory postsynaptic potentials using an
Axopatch 200B or MultiClamp 700B amplifier (Molecular Devices). Field recording
electrodes were borosilicate glass patch pipettes (2-3 MQ) filled with 1 M NaCl. Theta burst
stimulation was used to invoke LTP, which consisted of two bursts with each burst consisting
of 10 sets of 5 pulses, each pulse lasting 100 psec and applied at 100 Hz with 200 ms
between each set. There was a 20 sec delay between the two bursts. (S)-3,5-
dihydroxyphenylglycine (DHPG; Tocris), was used to induce long-term depression (LTD).

For analysis, the value of the EPSPs slopes was calculated using pClamp10.4 Clampfit
software (Molecular Devices). EPSPs initially measured every 10 seconds were averaged
into 1-minute intervals. EPSP normalized slope values were compared for significance
20-25 minutes post-theta burst stimulus. The time points of acute depression at 26-30
minutes as well as long-term depression at 41-45 minutes and 81-85 minutes were analyzed
from the DHPG experiments for statistical significance between the groups. For the paired
pulse ratios, the last 5 minutes of baseline and 30-35 minutes for post-conditioning were
used. Only one experiment was performed per slice, with the reported n-value being the
number of slices not the number of animals and one to three slices were used per mouse.
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Microsoft Excel and Origin (North Hampton, MA) software were used to organize, average,
graph, and perform statistical analysis on the data.

Solutions and Chemicals

Artificial cerebrospinal fluid (ACSF; in mM): NaCl, 119; NaHCOg, 26; KCI, 2.5; NaH,POy,
1.0; CaCly, 2.5; MgSQy, 0.6; glucose, 11; saturated with 95% O,, 5% CO» (pH 7.4). Salts
were purchased from Sigma-Aldrich, Mallinkrodt-Baker, or Fisher Scientific and dissolved
in double distilled water.

Radial arm maze

An eight arm radial maze was constructed out of 7 mm thick opaque, white, plastic. The
dimensions of the maze were a 27 inch (685.8 mm) diameter, 3.5 inch (88.9 mm) arm width,
6.5 inch (165.1 mm) arm height, 9 inch (228.6 mm) arm length, and 1 inch (25.4 mm) hole
diameter at the end of each arm for food baiting.

Our protocol was designed similarly to previous researchers that used the radial arm maze,
showing that food deprivation was one of the most common methods for encouraging
rodents to explore the maze (Hodges 1996). Mice were given food ad libitum until testing
was initiated and then food was restricted to 4 hours a day starting at approximately 6 pm
Monday through Thursday. Feeding restrictions ensured that the mice would search the
maze for food. The mice had ad libitum access to food Friday night through Sunday night
since no testing was done over the weekends. Mice were weighed at the beginning and end
of each week during the testing period to verify they maintained a healthy body weight. If
mice lost more than 15% of their body weight or seemed lethargic, they were allotted
additional time to feed. Only a few mice needed extra time to feed, which would only occur
within the first two weeks.

Testing consisted of 5 trials per day, 5 days a week for 6 weeks. Week 1 was an acclimation
week where all eight arms were baited with small pieces of cheese that the mice could eat
quickly without biasing the time each trial took to complete. For weeks 2-6, only four arms
were baited instead of eight and those same four arms were baited for every trial. A trial was
considered complete after the mouse found all four bates or if the timer reached 5 minutes.

The data recorded by researchers from each trial were the time, the number of reference
(long-term) memory errors, and the working (short-term) memory errors. A reference
memory error was recorded when the mouse would go down an arm that never had food in
it. A working memory error was recorded when the mouse would go down an arm it had
already been down during the same trial. Videos of each trial were recorded using a GoPro
Hero 3 camera and analyzed using ANY-maze software (Stoelting Co.; Wood Dale, IL;
version 4.99m).

Reverse Transcriptase Quantitative PCR (RT-qPCR)

DNA and RNA sequences for each gene were downloaded from PubMed and used for
primer design. Exon sequences from each gene were selected and compared to the RNA
sequence to ensure that the intended sequence did not undergo alternative splicing. Primers
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were designed using Primer Express (Applied BioSystems), such that when possible primer
sets (forward and reverse primers) would lie on either side of an exon-intron boundary. This
prevented amplification of genomic DNA. However, there were five targets whose forward
and reverse primers were on the same exon: BDNF, EIF4BP1, DRD1, DRD5, and 18S.
Table 1 contains all the sequences and provides information about which exons the primers
bind to, along with where they are located in the RNA sequence. We used ensembl.org and
Primer xpress to determine the exons where the primers bound. The BDNF primers were
both located on exon 9, which is the common coding exon (Aid, Kazantseva et al. 2007).
This is because exon 9 is included in all BDNF transcripts while other exons may or may not
be included. This was done to ensure we were examining all potential BDNF transcripts and
not missing some BDNF variants. DRD5 has only one exon, and DRD1 and EIF4BP1 have
one major exon and other smaller exons that proved more difficult for good functioning
primers across exon-intron boundaries. 18S was designed for a site that is specific for both
rat and mouse, and keeps our control gene consistent in both. The design parameters were
defined with an optimal annealing temperature range from 55-59° C. The range of GC
content was set for 40-60%, with primer lengths ranging from 18-30 base pairs. The range
for amplicon length was set for 100-150 base pairs. ThermoFisher Scientific/Life
Technologies manufactured final primer set sequences. All primers, including 18s, were
efficiency tested using serial dilutions of whole mouse brain cDNA template, and adjusted to
be at 90-95% efficiency. The 18S primers used had been previously designed by our
laboratory (Merrill, McNeil et al. 2012).

The entire hippocampi from both hemispheres were removed from the brain and the dorsal
portions were separated from the rest of the hippocampi. Dorsal hippocampal tissue was
homogenized and mRNA extracted using TriZOL (Invitrogen; Carlsbad, CA) as per
manufacturer instructions. After extraction, samples were placed into a reverse transcription
mixture containing iScript reaction mix and reverse transcriptase (BioRad). This mixture
was cycled in a C1000 Thermocycler (BioRad) according to the iScript reaction protocol,
which was 25° C for 8 minutes, 42° C for 60 minutes, and then 70° C for 15 minutes. The
cDNA was stored at 4° C.

For the quantitative PCR procedure, cDNA from the iScript reverse transcriptase reaction
described above was used. Each target was run individually in triplicates (triplicate values
were averaged together for analysis). Each sample was run on a CFX96 gPCR machine
(BioRad) using Sso Fast EvaGreen Supermix (BioRad) according to the following protocol:
95° C hot start for 3 minutes, followed by 50 cycles of 95° C for 15 seconds, 57° C for 20
seconds, and 72° C for 25 seconds. Amplification was measured using FAM (excitation at
488 nm, absorption at 494 nm, and emission at 518 nm) by detecting increased relative
fluorescence during each cycle. A cycle threshold (Ct) value was assigned to each target
using BioRad CFX Manager software. The 18S ribosomal gene was the housekeeping
control gene used for expression comparison. Samples from each target were also examined
using 4% agarose gel electrophoresis to verify amplicon size (Figure 4C). Relative quantities
of gene expression were determined using Microsoft Excel and the Livak and Schmittgen
delta delta Ct/Cq method (Livak and Schmittgen 2001). For each individual target, all four
mice groups were run on the same plate for more accurate comparison. If a sample failed to
have the majority of three replicates show up, then we did not use it and thus there are
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varying sample sizes for the different targets. Samples were rerun if pipetting errors occurred
during the first run.

Corticosterone Competitive ELISA

To determine differences in corticosterone levels, a corticosterone ELISA kit was purchased
from Enzo Life Sciences. Whole blood was collected between 8 — 11 AM from the
electrophysiology mice subsequent to isoflurane anesthesia and decapitation. For each
sample, 1 mL of blood was added to a plastic tube containing 100 pL of heparin to prevent
clotting. The blood samples were stored at -80° C until the ELISA was performed. Blood
samples were brought to room temperature and processed according to the manufacturers
specifications. The plate was read at a 405 nm optical density on a BioTek Synergy HT plate
reader using the BioTek Gen5 1.11 software. Triplicates were made of all samples, including
controls. Control values were then plotted into a logarithmic graph using Microsoft Excel.
The equation obtained from the best-fit line in the graph was used to determine the
corticosterone concentrations of the whole blood samples from the four treatment groups.

Statistical Analysis

RESULTS

The results in the graphs are presented as mean + S.E. The n values for all the experiments
are reported in the figure captions. The LTP, RT-gPCR, and ELISA data were analyzed using
a two-way (2x2) ANOVA and one-way ANOVA with Bonferroni’s post-hoc test. For the
LTP data, since our major comparison was between the EWS group to all other 3 groups, it
was appropriate to also use a two-tailed unequal variance Student’s T-test for pairwise
comparisons between groups to compare if the means between EWS and all other groups
was significantly different. The radial arm maze data as a whole were analyzed using a
mixed model that is similar to a regression, but incorporated a random effect since not all
observations were independent since there were multiple data points for each mouse and
post-hoc Tukey’s tests were also used after confirmation of normal distribution. The 2x2
ANOVAs were also performed. When analyzing just the second week of the radial arm maze
data, one-way ANOVAs were used for a comparison of the means between the test groups.
Paired pulse ratios were analyzed with Wilcoxon rank sum tests to compare baseline or post-
conditioning within a group. A one-way ANOVA was used to compare the baseline paired
pulse ratios between all of the groups. A p value of <0.05 was considered statistically
significant for all tests performed. A p value between 0.06 and 0.15 was considered a trend.

First, it was necessary to demonstrate that our stress and exercise models could effectively
alter LTP as noted by others. We used a form of chronic stress, lasting for 3 days with a
different stress each day. We waited at least an hour after stress before sacrificing the mouse
to perform the electrophysiology experiments. As others have shown differences in LTP
between control, exercise, and stress, our primary goal was to note whether exercise could
mitigate the negative effects of stress (i.e. is the exercise with stress LTP significantly bigger
than stress alone). The sedentary with stress (SWS) group experienced smaller
(144.3+4.9%) LTP compared to the sedentary no stress group (SNS; 171.6+4.7%; Figure
1A). In addition, as expected, the exercise no stress (ENS) group experienced LTP
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(192+7.3%) that was larger than the SWS group, demonstrating that our exercise protocol
was sufficient to induces changes in LTP mechanisms. Important to this study, exercise with
stress (EWS) mice, the novel group in this experiment, had significantly greater (p<0.05;
165.8+3.7%) LTP than SWS mice and was extremely similar to SNS mice, but still
significantly smaller (p<0.05) than ENS LTP (Figure 1A). A one-way ANOVA with a
Bonferroni post hoc test was performed and showed significant differences between the
groups (F3 56=5.471, p=0.002). To further examine interactions between stress and exercise,
we also performed analysis using a two-way (2x2) ANOVA and demonstrated a significant
effect of exercised and non-exercised groups (Fy s¢ =3.804, p=0.05) and between stressed
and non-stressed groups (Fy se =9.403, p=0.003), again confirming that stress and/or
exercise have a significant effect on LTP. The average daily running distances between ENS
(6.31 +/- 0.52 km) and EWS (4.40 +/- 0.53) mice was significant (T-test p=0.01).
Collectively, this demonstrates that not only do our exercise and stress methodology have
effects on plasticity, but also that exercise significantly mitigated the negative effect of stress
on LTP.

We used a linear regression to examine whether there was a relationship between distance
mice ran and percentage of LTP achieved in both the EWS and ENS groups (i.e. does the
amount of exercise correlate to the amount of LTP), but there was not a correlation. This
suggests that there is a ceiling on the effect exercise can have on LTP after a minimum
amount of exercise.

Considering that stress may also alter another form of synaptic plasticity, long-term
depression (LTD), we examined whether there was stress and exercise induced changes in
metabotropic glutamate receptor (mGluR)-dependent LTD (Figure 1B). DHPG, a type 1
mGIuR agonist, was applied to the bath to induce LTD. No significant changes to mGIuR-
LTD were mediated by the stress or exercise protocols used in this study.

Paired pulse ratios from LTP experiments were examined to determine if exercise or stress
were having a pre-synaptic effect on plasticity (Figure 2). Wilcoxon rank sum tests showed
no significant difference between baseline and post-conditioning ratios within the groups. A
one-way ANOVA showed no significant differences between the paired pulse ratios of the
baselines or post-conditioning between the four groups.

A competitive ELISA was used to determine whole blood concentrations of the stress
hormone corticosterone among the groups after three days of stress. Significant differences
were observed in corticosterone concentrations among the four groups (Figure 3). The ENS
group had significantly less (p<0.05) corticosterone in their whole blood compared to the
SWS group. The SWS group also had significantly more (p<0.05) corticosterone than the
SNS group. The 2x2 ANOVA (F1 27 =15.797, p=0.0004) also revealed that there was a
significant difference in corticosterone between stressed and not stressed groups. These data
demonstrate our stress methods were successful in evoking physiological changes in
corticosterone, and interestingly it is suggestive that corticosterone alone cannot account for
differences in plasticity.
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Since a difference in plasticity was noted, we wanted to examine whether behavioral
changes could be seen in these four groups using the memory assay, the radial arm maze.
However, one issue was that in order accomplish this we would have to increase the duration
of our stress model to the 6 weeks required to perform the radial arm maze in mice. While
this is a different stress and thus not comparable to plasticity data, we still thought it
important to examine potential changes between all the groups behaviorally as no one had
compared exercise with stress to stress alone in the radial arm maze to our knowledge.
Therefore, the physiology and behavioral data are not directly comparable, but provide
mutual support for one another by examining the behavioral effect of stressed mice that
concurrently exercise versus those that do not.

The radial arm maze tests the spatial short-term and long-term memory between the
treatment groups. Reference (long-term) memory errors, working memory (short-term)
errors, total distance traveled per trial, and total time to complete each trial were measured
(Figure 4). The chronic stress protocol for these mice lasted the duration of the behavioral
experiments as well as the running. The behavioral ENS and EWS data were extremely close
to each other and the SNS and SWS data were very similar to each other as well. The
exercise groups made significantly fewer (F1 40=2.901, p=0.04) reference memory errors
than the sedentary groups during the second week of the maze. Trends (p=0.06-0.15) were
also observed in the working memory errors between the exercise and sedentary groups,
with exercise groups making less errors than sedentary groups. In conclusion, exercise
increased learning and memory capabilities in the observed mice during the second week of
testing. A 2x2 ANOVA did not show any significance between the relation of stress,
exercise, or stress and exercise between the groups.

Next, we examined molecular adaptations that could potentially be involved in the molecular
mechanisms of stress and exercise effects on the brain. To do this, RT-gPCR was used to
study specific mRNA expression levels in the dorsal hippocampus. Primers were designed
for fifteen different targets. Targets included elements involved in the exercise/BDNF
pathway, which were BDNF, mTOR, TrkB receptor, EIF4AEBP1, and p70s6K. TrkB is the
receptor that binds BDNF. EIF4EBP1, mTOR, and p70s6K are downstream targets of the
BDNF pathway. Stress targets included glucocorticoid and mineralocorticoid receptors,
which bind corticosterone. Dopamine 1 and dopamine 5 receptors were also examined since
other researchers have demonstrated that these play a role in the BDNF pathway in the pre
frontal cortex (Perreault, Jones-Tabah et al. 2013) and can modulate LTP and LTD (Lemon
and Manahan-Vaughan 2006). The N-methyl-D-aspartate (NMDA\) receptor plays a vital
role in synaptic plasticity, especially in LTP, so the expression levels of the different NMDA
receptor subunits and the NMDA anchoring protein postsynaptic density protein 95
(PSD-95) were examined. Lastly, the Al and A2 subunits of 5’ adenosine monophosphate-
activated protein kinase (AMPK) were inspected to discover whether AMPK expression in
the hippocampus increased with voluntary running exercise. The reason why we chose to
look at AMPK is because other researchers have discovered increases in AMPK expression
in skeletal muscle and the brain due to exercise and AMPK is thought to be crucial to energy
metabolism (Pedersen 2013); AMPK is also thought to affect the BDNF pathway in the
hippocampus (Huang, Cao et al. 2015).
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The dorsal portion of the hippocampus was separated from the rest of the brain before
isolating mMRNA. The mice used for RT-gPCR were the same ones that performed in the
radial arm maze in order to reduce animal numbers used. The whole hippocampus was not
used because it is known that the dorsal and ventral portions of the hippocampus have
differing response to stress (Fanselow and Dong 2010). As a result, the PCR data cannot be
directly correlated to the behavioral data of intact mice. As an important note, parallel
processing of all four groups avoided aberrant variations between mRNA isolation or PCR
runs. The dorsal hippocampus had several targets that showed significant differences from
one-way ANOVAs (p<0.05) in expression level among the treatment groups. The targets that
had significant differences in expression levels were BDNF (F3 24=4.918, p=0.008), TrkB
receptor (F3 27=3.319, p=0.035), glucocorticoid receptor (F3 ,=6.404, p=0.003),
mineralocorticoid receptor (F3 29=7.542, p=0.001), and dopamine 5 receptor (F3 26=14.527,
p=0.0004) (Figure 5A). In general, the ENS mice displayed trends of increased expression
of almost all the targets examined with some being significant when compared to one or
more of the other three groups, indicating that exercise alone has the greatest effect for
increasing mMRNA expression levels of the targets we studied.

Two-way (2%2) ANOVAs were also performed on each of the targets. This analysis
demonstrated that other targets besides the ones that were significant in the one way
ANOVAs had differences in expression levels among the treatments. The three targets that
showed the most significant differences between the treatments in the 2x2 ANOVA were the
dopamine 5 receptor, glucocorticoid receptor, and mineralocorticoid receptor. Dopamine 5
receptor showed a significant difference between stress (F1 30=35.955, p=0.0004), exercise
(F1, 30=5.316, p=0.029), and a trend (F1, 30=3.669, p=0.066) for exercise and stress
combined. Glucocorticoid receptor had a significant difference between stress

(F1, 26=14.739, p=0.001) and stress and exercise combined (F1 26=5.347, p=0.03).
Mineralocorticoid receptor showed a significant change between exercise (F; 33=5.263,
p=0.029), stress (F1, 33=13.635, p=0.001), and exercise and stress combined (F1, 33=4.023,
p=0.05). Other targets also had some significant differences in the 2x2 ANOVA, which was
due to stress groups having decreased expression: BDNF (Fq 2=8.177, p=0.009),
EIFAEBP1 (F1 24=6.345, p=0.02), NMDAL (F1 29=4.863, p=0.037), NMDA2A

(F1, 33=6.890, p=0.014), p70s6K (F1 28=7.727, p=0.01), and PSD95 (F1, 29=6.566,
p=0.017). In the 2x2 ANOVA, TrkB was the only target besides the dopamine 5 receptor and
mineralocorticoid receptor that showed significant changes (F; 31=5.978, p=0.021) due to
exercise, because both exercise groups had greater expression than both sedentary groups.

DISCUSSION

Overall, the data demonstrate that exercise mitigates some of the negative effects chronic
stress has on LTP and memory. The novel part of our electrophysiology data revealed that if
exercise and stress occur concurrently, the exercise is able to combat the stress so that the
dorsal hippocampus can experience normal levels of LTP. Our ELISA data illustrate that
corticosterone is less likely playing a role in the effects on LTP that we observed among the
four treatment groups and suggest a neuroprotective effect from exercise by another target.
Our radial arm maze data showed that exercise was having positive effects on spatial
memory when initially learning a new task. The RT-qPCR data identified some potential
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targets for future examination that exercise, stress or a combination of the two can modify.
While the stress paradigms differed between our LTP, behavior and PCR experiments (i.e.
due to different stress duration, variation in animal age upon experimentation, etc.), they
collectively demonstrate that exercise when occurring concurrently with stress can alter the
outcomes of stress alone.

The novel finding of our study is the fact that exercise was able to mitigate the negative
effects stress has on dorsal CAL LTP, bringing the animal back to normal (control) levels of
LTP. In a somewhat related study, another group examining ventral hippocampus
demonstrated that exercise alleviated chronic sleep deprivation decreases in LTP (Zagaar,
Dao et al. 2013). Our data in combination with their data show that exercise is able to make
positive changes in multiple portions of the hippocampus even while experiencing stress.
Our SWS electrophysiology data support that chronic stress reduces CA1 LTP particularly in
the dorsal portion, which adds to LTP data obtained by other groups in the CA1 (Artola, von
Frijtag et al. 2006, Zagaar, Dao et al. 2013) and dentate gyrus (Alfarez, Joels et al. 2003)
showing that stress alone reduces LTP levels. We also saw that exercise enhances dorsal
CAL LTP, supporting what others have shown indicating that exercise alone increases LTP in
the hippocampus, as occurs in the dentate gyrus (van Praag, Christie et al. 1999). Based on
the previous published literature and our electrophysiology data, the ideal situation for
improving hippocampal LTP and thereby learning and memory would be to experience no
stress and to exercise. However, since stress is unavoidable throughout life, knowing that
exercise can likely combat the deleterious effects stress has on dorsal CA1 hippocampal LTP
is a significant finding. Since none of the paired pulse data had any significant changes, this
suggests that the differences we observe in LTP due to exercise and/or stress are more than
likely being caused by an alteration to a standard postsynaptic CA1 LTP mechanism.

Our ELISA data demonstrate that exercise could be having a neuroprotective effect on the
dorsal hippocampus, which has been suggested by others (Wiegert, Pu et al. 2005, Pu,
Krugers et al. 2007, Martin, Henley et al. 2009, Kvarta, Bradbrook et al. 2015, Xiong, Cassé
et al. 2016), despite increased levels of corticosterone. Exercise mitigation of stress effect is
a mechanism independent of corticosterone as there were no differences in corticosterone
between EWS and SWS mice even though there was a difference between their LTP. Not
seeing a difference between EWS and SWS corticosterone levels supports what has been
reported by Campeau et al. where exercise does not have an effect on the HPA response if
severe stressors are used Campeau, Nyhuis et al. 2010). Our ELISA data are in line with
other studies that show that chronic stress increases glucocorticoid release and suppresses
LTP in the hippocampus (McEwen and Sapolsky 1995, Magarinos, Verdugo et al. 1997, Pu,
Krugers et al. 2007, Martin, Henley et al. 2009) and that chronic increases of glucocorticoids
can damage the hippocampus and hinder its functionality (Wiegert, Pu et al. 2005, Conrad
2008), supporting our methodology. The lower levels of corticosterone in ENS mice could
be why we saw elevated mMRNA expression of mineralocorticoid and glucocorticoid
receptors in this group, but there are also other glucocorticoids and stress hormones that we
did not measure that could be causing the increased stress receptor mRNA expression levels
observed in the ENS mice.
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While no changes in LTD were observed among the groups, other studies found alterations
in hippocampal LTD between acute stressed rats and control rats using DHPG, and that
higher levels of corticosterone contributed to the change in mGluR-dependent LTD
(Chaouloff, Hemar et al. 2007, Chaouloff, Hemar et al. 2008, Pignatelli, Vollmayr et al.
2013). The difference between our study and theirs could be due to differences in stress
techniques because our model was chronic stress and not acute stress like the Chaouloff
group. Furthermore, the same pathways that are altered by exercise may not affect this type
of LTD. Therefore, it cannot be ruled out that exercise and the type of stressors we used
could have an effect on other forms of LTD, such as NMDA-dependent LTD, since other
groups (Artola, von Frijtag et al. 2006, Martin, Henley et al. 2009) have shown that chronic
stress can alter AMPA and NMDA dependent LTD.

To examine the effects exercise and stress have on spatial memory, we used the radial arm
maze since it is commonly used in the literature to test spatial memory. While these
experiments are not directly comparable to the LTP experiments, our behavior data support
the notion that exercise rescues some of the changes caused by chronic stress. In relation to
reference memory errors, the EWS mice performed as well as the ENS mice, and both the
exercise groups performed better than the sedentary groups of mice showing that exercise
improves learning and memory of a new task. Others have shown that just being sedentary
reduces brain functionality (Vaynman and Gomez-Pinilla 2006), which is probably why both
sedentary groups performed similarly in our maze. Exercise enhanced the ability of the mice
to learn the maze, since exercise mice made significantly fewer reference memory errors in
their second week in the radial arm maze. This is similar to data obtained by some
researchers who noted memory assay changes using the Morris water maze in either stress
or exercise models (van Praag, Christie et al. 1999, Marlatt, Potter et al. 2012, Kim and
Leem 2016), however in contrast, others noted no changes in Morris water maze
performance in exercised, stressed, and control female mice (Marlatt, Potter et al. 2012).
Kim et al compared male chronic stressed with exercise mice to sedentary chronic stressed
mice using the Morris water maze and saw that the exercise with stress mice traveled less
distance and found the platform faster than the sedentary with stress mice. Though most
publications used the Morris water maze to test spatial memory, we chose not to because of
the forced swim aspect of this assay, which is why we chose the radial arm maze instead.
Also, while other researchers have demonstrated stress (He, Zhang et al. 2008) or exercise
(Berchtold, Castello et al. 2010) induced effects using the radial arm maze, as far as we
know, we are the only group that has performed the radial arm maze on male mice that were
stressed and exercised concurrently. Particularly important to note in this study is that
exercise, when occurring with stress, eliminated the increased reference memory errors at
the beginning of the assay associated with stress alone. This data indicate that exercise can
help expedite learning new tasks, regardless of being stressed and fasted. It is important to
note that while we had to house mice individually in order to track the exercise amount of
each animal accurately, and therefore mice needed to be housed individually to reduce
variables in our study, individual housing can create stress. Also, it could be suggested that
the exercised mice had enrichment with the running cage. Therefore, our data must be
considered with these caveats and that control mice may have had added stress, which may
have reduced our overall stress effect compared to others. Despite this added stress to all the
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groups of mice, we still saw differences in the radial arm maze, though not as dramatic as
other studies that used Morris water maze.

In addition, it was anticipated that RT-gPCR would identify definitive targets that were
altered in exercise, stress, or the combination of the two. Some potential candidates that may
play significant roles in molecular changes in the brain due to exercise and stress are
dopamine 5, glucocorticoid, and mineralocorticoid receptors since they showed the most
significant changes between ENS and the other treatment groups in one-way ANOVAs, and
all showed differences when stress and exercise were both examined using 2x2 ANOVAs.
The dopamine 5 receptor was the only target that showed a significant difference between
the SNS and SWS groups, with the SWS group having lower mRNA levels. Dopamine 5
receptors are coupled to adenylyl cyclase and alter the BDNF pathway in the prefrontal
cortex (Perreault, Jones-Tabah et al. 2013) and could be doing something similar in the
dorsal hippocampus. As exercise increases dopamine 5 receptor mRNA expression and
stress decreases it, dopamine 5 receptor is an interesting target to examine the changes due
to exercise. Regarding dopamine 1 receptor mMRNA levels, we did not see significant
changes in expression, which correlates to another study examining the effects of exercise in
the caudate putamen of rats (Rabelo, Horta et al. 2017). In summary, as far as we know, the
discoveries we have shown on how the dopamine 5 receptor dorsal hippocampal MRNA
expression changes due to exercise and stress are novel and have not been shown before,
which adds to the possibility of dopamine 5 receptor playing a role in memory changes.

In general, ENS mice had enhanced expression of several targets that were not elevated in
the other three groups. The BDNF pathway was indeed more activated in the dorsal
hippocampus in the ENS group, which is similar to the western blot data obtained by
another group (Fang, Lee et al. 2013). The BDNF pathway is a likely candidate for the
positive hippocampal changes in all the targets examined due to exercise since BDNF was
expressed more in our RT-qPCR data. The TrkB receptor was the only target that had higher
expression levels in our data in both exercise groups compared to both sedentary groups,
which indicates that the BDNF pathway activity could be helping exercise mitigate the
negative consequences of stress. These observations support what has been shown by others,
which is that the BDNF pathway is more activated due to exercise and can have many
positive effects on the brain by acting on other pathways and receptors (Cunha, Brambilla et
al. 2010, Fang, Lee et al. 2013) and that BDNF expression levels are elevated (Vaynman and
Gomez-Pinilla 2006, Duman, Schlesinger et al. 2008) due to exercise. Specifically one
group showed that the BDNF pathway was interacting with increased AMPK levels to cause
the positive changes to learning and memory (Marlatt, Potter et al. 2012) and we also saw a
trend (p<0.15) of increased AMPK A1 subunit expression in our ENS mice compared to the
stressed and sedentary groups. It could also be presumed that the NMDA receptor subunits
2A or 1, and the NMDA receptor anchoring protein PSD-95 could also be involved in the
changes in spatial memory caused by ENS, since we did show a trend (p<0.15) of increased
expression in those plasticity elements in our ENS mice. Two other groups of researchers
also showed increases in PSD-95 protein in exercised rodent hippocampi compared to
sedentary (Fang, Lee et al. 2013, Kim and Leem 2016). The increased expression levels of
these proteins involved in synaptic plasticity could be affected by the increased activation of
the BDNF pathway, which has been suggested by other researchers (Tong, Shen et al. 2001,
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Cotman and Berchtold 2002, Gomez-Pinilla, Ying et al. 2002, Cotman, Berchtold et al.
2007).

As a note, while it has been shown that EWS mice will voluntarily run less than ENS mice
(DeVallance, Riggs et al. 2017), we did not have a significant difference (p=0.21) in our
mice used for behavior/PCR, only in our electrophysiology exercise mice (p=0.01).
Therefore, decreased exercise may not account for mRNA expression differences between
EWS and ENS. A possible reason why we did not see a significant difference, only a partial
difference could be because all the behavior/PCR mice underwent food deprivation, which is
a stress, and could have caused the ENS mice to not run as much. Collectively, the data still
suggest there is probably more than one molecular pathway and/or many receptors involved
in any effect exercise has on mitigating stress changes. However, it is still uncertain how
many molecular targets are specifically interacting between exercise and stress when stress
and exercise are experienced concurrently in the same animal. One last caveat to consider is
that mMRNA levels do not always correlate to protein expression or activation of signaling
pathways involved; mRNA expression means that a certain gene was transcribed more, but
this does not indicate simultaneous increased translation. Therefore, we cannot exclude any
of the pathways we examined based on PCR data for their potential involvement.

CONCLUSIONS

Overall, our data does suggest, even with the differing stress protocols, that exercise may be
a legitimate and cost-effective treatment or adjunctive therapy for mitigating the negative
effects stress has on dorsal CA1 hippocampal LTP and spatial memory function. Exercise
can improve spatial memory and hippocampal LTP when compared to being sedentary.
Therefore, our study suggests understanding the interactions between exercise and stress
when co-occurring is an important consideration.
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AMPK
BDNF
ENS
EWS
GR

LTD
LTP
NMDA
MR
RT-gPCR
SNS

SWS

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
adenosine monophosphate-activated protein kinase
brain-derived neurotrophic factor

exercise no stress

exercise with stress

glucocorticoid receptor

long term depression

long term potentiation

N-methyl-D-aspartate

mineralocorticoid receptor

reverse transcriptase quantitative polymerase chain reaction
sedentary no stress

sedentary with stress
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HIGHLIGHTS

. Exercise is neuroprotective against the negative effects of stress on CA1
dorsal hippocampal long-term potentiation (LTP), in a likely corticosterone-
independent manner.

. Exercise with stress mice performed just as well on the radial arm maze
spatial memory assay as exercise no stress mice, while performing better than
both groups of sedentary mice.

. Changes in glucocorticoid, mineralocorticoid, and dopamine 5 receptors
MRNA expression were noted between exercise and stress groups.

. Exercise is a viable method to protect learning and memory mechanisms from
the negative cognitive impact of chronic intermittent stress on the brain.
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Figure 1.

Exercise and stress significantly alter theta burst induced LTP, but not DHPG-mediated LTD.
EPSP normalized slope values were compared for significance using a one-way ANOVA
with Bonferroni’s posthoc analysis and a 2x2 ANOVA. A) The important comparison was
that exercise with stress mice had greater theta burst-induced (arrow) LTP as measured using
fEPSPs than sedentary with stress mice (p < 0.05). Exercise no stress mice exhibited the
largest levels of LTP that were greater than exercise with stress, whereas sedentary with
stress significantly decreases LTP compared to sedentary no stress (p < 0.05). Exercise with
stress mice have similar levels of LTP as sedentary no stress mice (p > 0.05). The biggest
difference in LTP was between the exercise no stress and sedentary with stress groups
(p=0.004). Sedentary No Stress (SNS, n=14); Sedentary With Stress (SWS, n=19); Exercise
With Stress (EWS, n=12); Exercise No Stress (ENS, n=15). Percent changes for LTP when
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compared to pre-conditioning baseline: SNS = 171.6+4.7%, SWS = 144.3+4.9%, EWS =
165.8+£3.7%, ENS = 192+7.3%. Inset: average of 10-15 traces taken just before (black) and
28-30 minutes after (red) the conditioning theta burst stimulation. B) This dot graph
represents the average slopes throughout the DHPG experiments. There were no significant
differences in metabotropic glutamate receptor (MGIuR)-dependent LTD induced by 10
minutes of DHPG (100 pM) application among the four groups as analyzed by one-way
ANOVAS (SNS n=15, SWS n=11, EWS n=17, ENS n=17). C) This bar graph compares the
average slopes of all the groups at multiple time points during the DHPG experiments and
one-way ANOVAs determined that there were no significant differences at any of the three
time points measured.
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Figure 2.
Paired pulse ratios of field electrophysiology experiments of all four groups showed no

significant changes. A) A plot of all the baseline ratios for all four groups (ENS n=8, EWS
n=9, SWS n=11, SNS n=11). A one-way ANOVA showed no significant differences
between the paired pulse ratios of the baselines between the four groups. B) A plot of all the
postconditioning ratios for all four groups. A one-way ANOVA showed no significant
differences between the paired pulse ratios between the four groups. This indicates that
stress and exercise were not likely having a presynaptic effect on LTP.
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Figure 3.

Corticosterone blood concentrations for all four groups measured by an enzyme-linked
immunosorbent assay (ELISA). A one-way ANOVA (F3 27 =6.098, p=0.003) showed
significant differences in corticosterone concentrations with a Bonferroni post-hoc test. SWS
mice had significantly more corticosterone compared to SNS mice (p< 0.05). ENS mice had
significantly less corticosterone than SWS (p< 0.05). There were trends (p<0.15) in
differences of corticosterone levels for EWS vs SNS and EWS vs ENS, with EWS having
increased levels. A 2x2 ANOVA indicate that corticosterone levels were significantly
different (F1, 7 =15.797, p=0.0004) between stressed groups and not stressed groups. (SNS
n=9, SWS n=9, EWS n=8, ENS n=5). An asterisk (*) here denotes p < 0.05.
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Figure 4.

Week

Radial arm maze results indicating learning and memory differences between exercise and
stressed mice during the second week of testing. In all the graphs, the mixed model statistics
(see methods section for details) showed that there was a significant difference (p<0.05)
between weeks for all groups showing that all groups improved in maze performance from
one week to the next (n=11 for all groups and graphs). 2x2 ANOVASs revealed no significant
differences in A-D. A) Average reference (long-term) memory errors per trial for all groups
over the course of 5 weeks. A one-way ANOVA revealed significant differences (F3, 40
=2.901, p=0.04) in week 2 between exercised and sedentary mice, with the exercise mice
making fewer errors. No significant difference was noted between sedentary or exercise
mice (SNS vs SWS p > 0.5; EWS vs ENS p > 0.5), but significant (p < 0.05) differences
were importantly noted between SWS vs EWS as well as SNS vs ENS, and SWS vs ENS.
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B) Average working (short-term) memory errors. Week 2 differences between exercised and
sedentary mice were not significant according to a one-way ANOVA (F3, 49 =1.857, p<
0.15,), but instead illustrate a trend of exercise mice making fewer errors. Several trends
were noted between specific groups (SNS vs EWS p=0.15, SNS vs ENS p=0.10, SWS vs
EWS p=0.12, SWS vs ENS p=0.06), with no differences noted between stress or exercise
groups (SNS vs SWS p=0.99, EWS vs ENS p=0.82). C) There was no significant (p > 0.05)
difference between the distances traveled in each trial between the four groups. D) There
were no significant (p > 0.05) difference in time to complete the trial between the four
groups.
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Figure 5.
The expression of various mMRNA targets involved in the exercise and stress pathways, as

well as synaptic plasticity. A) Dorsal hippocampus RT-gPCR results: one-way ANOVAs
showed significant difference in expression levels for brain-derived neurotropic factor
(BDNF), TrkB, glucocorticoid receptor (GR), mineralocorticoid receptor (MR), and
dopamine 5 receptor. SNS n=7-9, SWS n=5-8, EWS n=5-7, ENS n=5-8; Boxes highlight
targets with significant changes in mRNA expression: * indicates p<0.05 between ENS and
SWS groups; ” indicates p<0.05 between ENS and EWS; ! indicates p<0.05 between ENS
and SNS; # indicates p<0.05 between SNS and SWS. B) Gels illustrating that the primers
used were specific for the designed target as indicated by the appearance of single bands at
the correct base pair amplicon length. For specific amplicon base pair lengths and primer
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sequences, refer to table 1. The gel illustrating 18S was noted in a prior publication (Merrill,
McNeil et al. 2012).
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