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cCenter for the Neurobiology of Learning and Memory (CNLM), University of California, Irvine 
92697-2695, United States

dInstitute for Memory Impairments and Neurological Disorders (UCI MIND), University of 
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Abstract

Exercise facilitates hippocampal neurogenesis and neuroplasticity that in turn, promotes cognitive 

function. Our previous studies have demonstrated that in male mice, voluntary exercise enables 

hippocampus-dependent learning in conditions that are normally subthreshold for long-term 

memory formation in sedentary animals. Such cognitive enhancement can be maintained long 

after exercise has ceased and can be re-engaged by a subsequent subthreshold exercise session, 

suggesting exercise-induced benefits are temporally dynamic. In females, the extent to which the 

benefits of exercise can be maintained and the mechanisms underlying this maintenance have yet 

to be defined. Here, we examined the exercise parameters required to initiate and maintain the 

benefits of exercise in female C57BL/6J mice. Using a subthreshold version of the hippocampus-

dependent task called object-location memory (OLM) task, we show that 14d of voluntary exercise 

enables learning under subthreshold acquisition conditions in female mice. Following the initial 

exercise, a 7d sedentary delay results in diminished performance, which can be re-facilitated 

when animals receive 2d of reactivating exercise following the sedentary delay. Assessment of 
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estrous cycle reveals enhanced wheel running activity during the estrus phase relative to the 

diestrus phase, whereas estrous phase on training or test had no effect on OLM performance. 

Utilizing the same exercise parameters, we demonstrate that 14d of exercise enhances long-term 

potentiation (LTP) in the CA1 region of the hippocampus, an effect that persists throughout the 

sedentary delay and following the reactivating exercise session. Previous studies have proposed 

exercise-induced BDNF upregulation as the mechanism underlying exercise-mediated benefits 

on synaptic plasticity and cognition. However, our assessment of hippocampal Bdnf mRNA 
expression following memory retrieval reveals no difference between exercise conditions and 

control, suggesting that persistent Bdnf upregulation may not be required for maintenance of 

exercise-induced benefits. Together, our data indicate that 14d of voluntary exercise can initiate 

long-lasting benefits on neuroplasticity and cognitive function in female mice, establishing the 

first evidence on the temporal endurance of exercise-induced benefits in females.
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1. Introduction

The effects of physical exercise on supporting and maintaining brain health are well 

documented. In the brain, the hippocampus is critical for learning and memory formation 

as disruption of this brain structure leads to memory impairments (Packard & McGaugh, 

1996; Riedel et al., 1999; Scoville & Milner, 1957). Hence, aberrant morphological and 

functional alterations in the hippocampus are attributed to cognitive impairments associated 

with aging and disease states (Bettio et al., 2017). Studies in both humans (ten Brinke 

et al., 2015; Erickson et al., 2011; Pajonk et al., 2010; Teixeira et al., 2018) and animal 

models (Cooper et al., 2018; Neeper et al., 1996; O’Callaghan et al., 2007; Van Praag, 2008) 

have demonstrated the effects of exercise on supporting structural and functional integrity 

of the hippocampus, suggesting that physical exercise is an effective non-pharmacological 

intervention for cognitive impairment in both physiological and pathological conditions 

(Intlekofer & Cotman, 2013; Lauretta et al., 2021; Liu et al., 2011; Muscari et al., 2010). 

Despite ample research on beneficial effects of exercise and the relationship to hippocampus 

and cognitive function, little is known about the temporal dynamics of exercise-induced 

benefits. That is, what is the exercise duration required to augment hippocampal function, 

and how long do these benefits persist after exercise ceases? Even fewer studies have 

attempted to investigate the molecular mechanisms underlying the maintenance of exercise-

induced benefits. Given that exercise regimens in humans are less rigid and consistent than 

those used in animal studies (Lee & Skerrett, 2001), it is important to develop exercise 

protocols that are flexible and do not require a daily exercise routine but can still engage 

and maintain exercise-induced cognitive benefits. With regard to animal studies, it is difficult 

to identify the minimal exercise duration required to initiate and maintain the benefits of 

exercise due to considerable variability in exercise protocols used across studies (Loprinzi et 

al., 2019). Hence, it remains important to examine the exercise threshold that induces and 

maintains cognitive benefits and the underlying mechanisms.
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Exercise facilitates neuroplasticity, neurogenesis, and subsequently, learning and memory 

through mechanisms that induce the neurotrophic action of brain-derived neurotrophic 

factor (BDNF) in the hippocampus (Alomari et al., 2013; Cotman et al., 2007; Cotman 

& Berchtold, 2002; Ding et al., 2011; Triviño-Paredes et al., 2016; Van Praag, Christie, et 

al., 1999; Van Praag, Kempermann, et al., 1999). In both female and male rodents, exercise 

improves behavioral performance in a wide variety of memory tasks, including the heavily 

spatial-oriented, hippocampus-based tasks: Morris water maze (MWM), object-location 

memory (OLM) and radial arm maze in addition to other hippocampus-based memory 

tasks such as contextual fear conditioning, passive avoidance, and novel object recognition 

(Intlekofer et al., 2013; Lambert et al., 2005; O’Callaghan et al., 2007; Van Praag, Christie, 

et al., 1999; Van Praag, Kempermann, et al., 1999; Vivar, Potter, & Van Praag, 2012). In 

male rodents, our studies and others have identified that a minimal exercise duration of 2 

weeks is required for benefits on learning and memory which can be maintained through a 

period of inactivity and re-engaged by re-introduction to a brief, subthreshold 2d exercise 

session (Berchtold et al., 2010; Butler et al., 2019; Intlekofer et al., 2013). On the molecular 

level, 2 weeks of exercise induces upregulation of hippocampal brain-derived neurotrophic 

factor protein in male rats (Berchtold et al., 2005). Following the decay of elevated BDNF 

levels to baseline, a subsequent re-introduction to a brief, subthreshold 2d exercise session 

can re-facilitate elevated levels of hippocampal BDNF (Berchtold et al., 2005). This suggests 

exercise-mediated BDNF upregulation as a potential mechanism that primes long-lasting 

neuronal changes to enable a lower exercise frequency stimulus to capitalize on these 

adaptations and facilitate cognitive benefits.

BDNF signaling promotes protein synthesis-dependent mechanisms to induce hippocampal 

long-term potentiation (LTP), a cellular correlate of learning and memory (Panja & 

Bramham, 2014; Silva, 2003). Therefore, enhancement of hippocampal LTP following 

exercise is suggested to underlie exercise-facilitated learning (L. Bettio et al., 2019; Liu 

et al., 2011). To our knowledge, no study thus far has investigated whether an enhancement 

of LTP persists following exercise cessation in either sex. Several studies have demonstrated 

exercise to efficiently enhance LTP in the dentate gyrus (Farmer et al., 2004; Van Praag, 

Christie, et al., 1999; Vasuta et al., 2007), however, there is a surprising dearth of research 

investigating how exercise modulates synaptic plasticity in the CA1 subfield (Cotman et al., 

2007), which serves as the most studied area in the hippocampus in the context of spatial 

memory (Patten et al., 2015). Hence, the relationship between exercise and CA1 plasticity 

remains to be explored.

Several studies have supported the hypothesis that exercise-induced benefits are temporally 

dynamic (Berchtold et al., 2005, 2010; Butler et al., 2019; Y. P. Kim et al., 2003). Regarding 

female animals, our understanding of this process is less prominent as most of the work 

has been primarily conducted in males. Studies of learning and memory have provided 

evidence that similar behavioral outcomes between sexes might involve different neural 

mechanisms (Becker & Koob, 2016; Keiser & Wood, 2019; Sase et al., 2019). Despite 

data indicating that exercise improves neuroplasticity and cognition in both sexes, there is 

clear evidence for the sex-specific effects of exercise and the underlying mechanisms. In 

humans, exercise improves object-location memory in males and not females (Coleman 

et al., 2018). In rodents, exercise selectively improves the performance of one sex in 
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certain memory tasks (Barha et al., 2017). On the molecular level, distribution of BDNF 

across multiple brain structures and subregions of the hippocampus is different between 

sexes (Bakos et al., 2009; Franklin & Perrot-Sinal, 2006). Accumulating evidence has also 

highlighted sex differences in the functions and mechanisms of BDNF (Chan & Ye, 2017). 

For instance, the reproductive hormone, estrogen, can regulate BDNF expression through 

various mechanisms, one of which involves epigenetic modifications on the BDNF promoter 

(Fortress et al., 2014; Moreno-Piovano et al., 2014; Chan & Ye, 2017). In fact, hippocampal 

BDNF protein levels vary across the estrous cycle with the highest expression observed 

during estrus and proestrus, suggesting fluctuations in estrogen levels throughout the estrous 

cycle in females differentially affect BDNF expression (Scharfman et al., 2003). In addition, 

the estrous cycle can also modulate targets downstream of BDNF signaling pathways in the 

hippocampus (Spencer et al., 2008; Spencer-Segal et al., 2011). The expression of several 

genes involved in hippocampal function also undergoes dynamic changes throughout the 

estrous cycle (Iqbal et al., 2020). Collectively, these data emphasize the need to examine 

exercise-induced benefits separately in females and males.

As our previous study has established the exercise threshold that engages and maintains 

exercise-enhanced cognitive function in male mice (Butler et al., 2019), we utilized the 

same exercise paradigm to examine the temporal dynamics of exercise-induced benefits 

in female mice. In this study, we demonstrate that in female mice, 14d of voluntary 

exercise enables long-term memory formation under subthreshold acquisition conditions 

of the object-location memory (OLM) task. Similar to males (Butler et al., 2019), initial 

exercise-induced benefits are maintained through a 7d sedentary delay period and can 

be re-engaged by a brief 2d period of reactivating exercise to enable long-term memory 

formation under subthreshold acquisition conditions. OLM performance was not affected 

by phases of the estrous cycle at the time of training or test. However, voluntary wheel 

running activity was enhanced during the estrus phase. In addition, we demonstrate that 

exercise enhances LTP in the CA1 region of the hippocampus in females, and this effect 

persists even after a sedentary delay period, establishing the first evidence on the temporal 

endurance of exercise-induced neuroplasticity in females. To our surprise, assessment of 

hippocampal Bdnf expression following memory retrieval yielded no difference between 

experimental groups, suggesting persistent upregulation of BDNF may not be required to 

maintain exercise-induced cognitive benefits.

2. Materials and methods

2.1. Animals

Female, 8-week-old C57BL/6J mice (Jackson Laboratory) were individually housed under 

standard conditions (20 °C ± 1 °C; 70% ± 10% humidity; 12 h:12 h light and dark cycle) 

and provided ad libitum access to food and water. All experiments were conducted during 

the light phase. All experiments were conducted in accordance with the National Institutes 

of Health guidelines for animal care and use and were approved by the Institutional Animal 

Care and Use Committee of the University of California, Irvine.
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2.2. Exercise treatment

Mice were divided into groups (0–0–0: n = 8, 14–0–0: n = 7, 14–7–0: n = 8, 14–7–2; n = 8) 

and individually housed in either exercise cages (equipped with running wheel) or sedentary 

cages (standard cage). Exercise cages are made of 9.3 in × 13.9 in × 7.7 in (length × width 

× height) polycarbonate and equipped with a running wheel 40 cm in circumference, 12.7 

cm diameter (Lafayette Instruments). Voluntary wheel running was monitored via an 86,110 

Sensor/Counter plugged into a central interface connected to a dedicated PC with Scurry 

Activity Monitoring Software (Lafayette Instruments). Exercise parameters consist of an 

initial exercise period (0 or 14d) followed by a sedentary delay (0 or 7d), during which the 

running wheel was removed. Following this period of inactivity, some mice were assigned 

to receive a reactivating exercise session, consisting of 2d access to the running wheels (see 

Fig. 1).

2.3. Mouse estrous cycle stage identification

Phases of the estrous cycle were tracked and monitored around the same time (~10 am) 

daily, beginning on the first day of wheel running. Both visual assessment and vaginal 

smear were performed once a day as described by McLean et al. (2012) and Ajayi and 

Akhigbe (2020). Using a pipette, wet vaginal smears were taken in 5 uL of saline. To prevent 

pseudopregnancy effects (Adler & Zoloth, 1970), the pipette tip was carefully positioned to 

not penetrate the vaginal orifice. Collection fluid was placed on a glass slide and air-dried at 

RT. Once the smear was completely dry, slides were stained with 0.1% crystal violet stain 

(McLean et al., 2012). Cytology assessment was performed accordingly to identify phases of 

the estrous cycle (see Fig. 2E).

2.4. Subthreshold Object-Location memory (OLM) task

2.4.1. Apparatus—The subthreshold, 3-minute object-location memory (OLM) task was 

conducted using a set of 4 identical chambers. Each chamber was made of white-colored 

plastic with dimensions of 333 mm × 320 mm × 310 mm (length × width × height) and 

contained ~ 1 cm deep Sani-Chips (P. J. Murphy Forest Products). A vertical matte black 

marking strip was adhered to one side of each chamber to serve as the spatial navigation 

cue. Each context was illuminated by dim yellow light (~15 lx). Exploratory behavior was 

recorded and scored offline using ANY-maze tracking software (Stoelting Co.).

2.4.2. Experimental design—OLM training, testing, and analysis were performed as 

described by Vogel-Ciernia et al. (2015) with the acquisition duration adjusted to 3 min, 

which we have previously demonstrated to be subthreshold for encoding, resulting in poor 

performance in both short and long-term memory (Butler et al., 2019; Intlekofer et al., 

2013; Malvaez et al., 2013; McQuown et al., 2011). Prior to OLM training, mice were 

handled and then habituated to the experimental context. Mice were handled for 2 min per 

day for 4 consecutive days with the last 2 days of handling overlapped with habituation. 

Habituation occurred over the course of 6 days, during which mice were exposed to the 

experimental context for 5 min per day. Habituation sessions were analyzed (to determine 

the distance traveled and speed) using ANY-maze behavioral analysis software. Reduced 

activity across days was used as an indicator for successful habituation (Supplementary 
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Fig. S1, S2). Regardless of the exercise regime, running wheels were removed the night 

prior to OLM training to eliminate the immediate effects of wheel running on behavior. 

Following habituation, mice received a 3 min acquisition session where two identical 

objects (100-mL glass beakers filled with cement) were placed in the distinct locations 

(location A1, upper left, and location A2, upper right). Objects were placed 9 cm away from 

each other, 6 cm from the sidewalls, and 1 cm from the front wall. To assess long-term 

memory, mice underwent a 5 min test, 24 h post-training during which one familiar object 

(counterbalanced) was moved to a novel location (location A3, bottom middle) positioned 

2.5 cm from the bottom wall. Exploration of the object in the novel (location A3) vs. the 

familiar/fixed location (A1) was examined. Exploration was only scored when the mouse 

head pointed toward the object and came within 1 cm or when the nose touched the object. 

Total exploration time was recorded (t) and preference for the novel object was expressed 

as discrimination index (DI = (tnovel −tfamiliar) / (tnovel + tfamiliar) × 100%). For training 

sessions, the object designated to be moved during the test session was used as the novel 

object to allow training and testing DI to be directly compared. Mice that explored <2 s 

during testing or training were excluded from the study. Mice that showed a preference for 

either object during training (DI > ± 20) were also excluded. All habituation, training, test, 

and scoring were performed by experimenters blinded to the experimental groups. Mice 

were sacrificed 60 min after the test and the dorsal hippocampi were dissected and stored at 

−80 °C until processing for RT-qPCR.

2.5. In vitro hippocampal slice preparation

Shortly following OLM acquisition, mice were anesthetized with isoflurane, decapitated, 

and the brains were quickly removed and submerged in ice-cold, oxygenated dissection 

medium containing (in mM): 124 NaCl, 3 KCl, 1.25 KH 2 PO 4, 5 MgSO 4, 0 CaCl 2, 26 

NaHCO 3, and 10 glucose. Coronal hippocampal slices (340 μm) (n = 11 (0–0–0), 6 (14–0–

0), 10 (14–7–0), 8 (14–7–2) slices from 6, 3, 5 and 5 mice) were prepared using a Leica 

vibrating tissue slicer (Model:VT1000S) before being transferred to an interface recording 

containing preheated artificial cerebrospinal fluid (aCSF) of the following composition (in 

mM): 124 NaCl, 3 KCl, 1.25, KH 2 PO 4, 1.5 MgSO 4, 2.5 CaCl 2, 26 NaHCO 3, and 10 

glucose and maintained at 31 ± 10C. Slices were continuously perfused with this solution at 

a rate of 1.75–2 ml/min while the surface of the slices were exposed to warm, humidified 

95% O2 / 5% CO2. Recordings began after at least 2 h of incubation.

Field excitatory postsynaptic potentials (fEPSPs) were recorded from CA1b stratum 

radiatum apical dendrites using a single glass pipette filled with 2 M NaCl (2–3 MΩ) in 

response to orthodromic stimulation (twisted nichrome wire, 65 μm diameter) of Schaffer 

collateral-commissural projections in CA1c stratum radiatum. Pulses were administered at 

0.05 Hz using a current that elicited a 50% maximal spike-free response. After establishing 

a 10–20-minute stable baseline, long-term potentiation (LTP) was induced by delivering a 

single episode of 5 ‘theta’ bursts, each burst consisting of four pulses at 100 Hz and the 

bursts themselves separated by 200 ms (i.e., theta burst stimulation or TBS). The stimulation 

intensity was not increased during TBS.
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The figures are presented as mean ± SEM. The fEPSP slope was measured at 10–90% fall 

of the slope and data in figures on LTP were normalized to the last 20 min of baseline. 

Electrophysiological measures were analyzed using a one-way ANOVA unless otherwise 

specified in the text and the level of significance was set at p ≤ 0.05.

2.6. RT-qPCR

Dorsal hippocampus tissue was kept frozen at −80 °C until processing. RNA 

was isolated using RNeasy Mini Kits (Qiagen) according to the manufacturer’s 

instructions and total RNA (50 ng) was reverse transcribed. cDNA synthesis was 

performed using the High-Capacity cDNA Reverse Transcription Kit (Roche Applied 

Science). Primers were designed using the Roche Universal Probe Library; all primers 

were obtained from IDT and probes from the Roche Universal Probe Library and 

were used for multiplexing in the Roche Light-Cycle 480 II Machine (Roche). 

For bdnf exon VI transcript and Hprt, we designed a PrimeTime qPCR assay 

(IDT) as no Universal Probe Library assay was available. The following primers 

were used: bdnf exon I: forward primer (5′–3′): GCATCTGTTGGGGAGACAAG, 

reverse primer (5′–3′): TCACCTGGTG-GAACATTGTG, probe 56, bdnf 
exon IV: forward primer (5′–3′): GCTGCCTTGATGTTTACTTTGA, reverse 

primer (5′–3′): AAGGATGGT-CATCACTCTTCTCA, probe 31, bdnf exon 

VI: forward primer (5′–3′): CTGGGAGGCTTTGATGAGAC, reverse 

primer (5′–3′): GCCTTCATG-CAACCGAAGTA, probe: /56-FAM/AGGGACCAG/Zen/

AAGCGTGA-CAACAAT/3IABkFQ/; bdnf exon IX: forward primer (5′–

3′): GCCTTTGGAGCCTCCTCTAC, reverse primer (5′–3′): AAGGATGGT-

CATCACTCTTCTCA, probe 31. All target probes were conjugated to the dye 

FAM. All values were normalized to Hprt expression, which used the following 

primers: forward primer (5′–3′): TGCTCGAGATGTCATGAAGG, reverse primer (5′–3′): 

CTTTTATGTCCCCCGTT-GAC, probe: /5HEX/AT CAC ATT G/Zen/T GGC CCT CTG 

T/3IABkFQ/. The normalization of values is adjusted to Hprt expression. Data and statistical 

analysis are done using Roche proprietary algorithms and REST 2009 software based on the 

Plaffl method (Pfaffl, 2001; Pfaffl et al., 2002).

2.7. Statistical analysis

Sample sizes in this study were similar to those generally used in the field, including those 

reported in previous publications (e.g. Butler et al., 2019; Keiser et al., 2021; Kwapis et al., 

2018, 2020; López et al., 2019; Vogel-Ciernia et al., 2013) although no statistical methods 

were used to predetermine sample sizes. Statistical analyses were performed using either 

one-way ANOVA (Figs.1, 2D, 3B, 4, S1C–F, S2 C–F) or two-way ANOVA (Figs. 2A–C, 

S1A–B, S2 A–B) followed by Tukey- corrected t tests to compare individual groups. Simple 

planned comparisons to assess discrimination index (DI) scores were conducted within 

group to compare training and test DI using Student’s t test (Fig. 1D). Two-way ANOVA 

had factors of Estrous Phase and Exercise Condition (Fig. 2A–B), Estrous Phase and Day 

(Fig. 2C) or Exercise Condition and Day (Fig. S1 A–B, S2 A–B). All statistics were 

performed with GraphPad Prism 8 software. Main effects and interactions for all ANOVA 

are described in the text. All analyses were two-tailed and required an α value of 0.05 for 

significance. Error bars in all figures represent SEM.

Dong et al. Page 7

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

3.1. Exercise enables long-term memory formation under subthreshold acquisition 
conditions in female mice

Previously we have demonstrated that 14d of exercise in male mice facilitates learning 

under subthreshold acquisition conditions of the OLM task which abolished following 

7d of sedentary delay (Butler et al., 2019). Moreover, a subthreshold 2d of reactivating 

exercise after this sedentary delay period can re-engage initial benefits of 14d exercise to 

again induce the benefits on cognition. On a molecular level, exercise-induced hippocampal 

BDNF also diminishes significantly from 7 to 14d post-exercise and can be re-facilitated 

with a subsequent 2d bout of wheel running (Berchtold et al., 2005, Berchtold et al., 2010). 

Collectively, the exercise paradigm consisting of 14d of initial exercise, a 7d of sedentary 

delay, and 2d of reactivating exercise appears to capture the temporal dynamic of exercise-

induced benefits in males. That is, the initial exercise engages cognitive benefits, which 

even though becomes dormant when exercise ceases, can be reactivated by a subsequent 

low-level exercise. Therefore, we examine whether similar exercise parameters also engage 

and maintain the cognitive benefits of exercise in females. We ran female mice through 

different exercise regimens that consist of an initial exercise (14d or 0d) followed by a 

sedentary delay (7d or 0d) and a reactivating exercise (2d or 0d) prior to OLM acquisition 

and test (Fig. 1A). To probe the beneficial effects of exercise on memory performance, 

mice received a 3-min subthreshold acquisition session during which the distinct locations 

(A1 and A2) of two identical objects were learned. In male mice, this training duration has 

been demonstrated as subthreshold for encoding in sedentary animals (Butler et al., 2019; 

Intlekofer et al., 2013; Malvaez et al., 2013; McQuown et al., 2011). On test day, one of 

the objects in the original locations was moved to a novel location (A3) and time spent 

exploring each object location was examined. Given that mice exhibit an innate preference 

for novelty, long-term OLM is evidenced by greater exploration of the novel object location 

compared to the object in the fixed location.

Exercise parameters affected memory performance on test day (Fig. 1D; one-way ANOVA, 

Group F (3,27) = 7.66, p = 0.0007), where 14 days of initial exercise (14–0–0) led to 

robust long-term memory performance relative to the sedentary control group (0–0–0) (Fig. 

1D Tukey’s post hoc test, p = 0.003). A 7-day sedentary delay resulted in diminished 

performance relative to 14–0–0 initial exercise group (Fig. 1D Tukey’s post hoc test, p = 

0.007) and a non-significant difference from control (0–0–0) (Fig. 1D Tukey’s post hoc 

test, p = 0.985). To investigate whether the benefits of the initial exercise are maintained 

throughout the sedentary delay, a group of animals were subjected to 2d of reactivating 

exercise prior to OLM acquisition following a sedentary delay (14–7–2). Mice in the 

reactivating exercise cohort (14–7–2) displayed significantly higher DI scores compared 

to both sedentary control (0–0–0) (Fig. 1D Tukey’s post hoc test, p = 0.019) and 

sedentary delay (14–7–0) cohorts (Fig. 1D Tukey’s post hoc test, p = 0.043). Within-group 

comparisons (Fig. 1D, significance denoted with # symbol within bars) of the DI scores 

from acquisition day compared to test day reveal greater DI scores during test compared 

with training for only the 14–0–0 (t (12) = 8.449, p = 0.0001) and 14–7–2 groups (t (14) 

= 4.991, p = 0.0002), but not the 0–0–0 (t (14) = 1.871, p = 0.082) or 14–7–0 groups (t 

Dong et al. Page 8

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(14) = 1.844, p = 0.086), further confirming successful long-term OLM formation only in 

the initial exercise (14–0–0) and reactivating exercise (14–7–2) cohorts. Test performance 

was not influenced by differences in object exploration time on test day (Fig. 1E; one-way 

ANOVA: F (3,27) = 2.264, p = 0.1038). Importantly, each exercise group habituated to 

the experimental context, measured by a significant reduction in distance traveled and 

mean speed across habituation sessions (Supplementary Fig. S1 A–B; Tukey’s post hoc 

test habituation day 1 vs 6, p < 0.05 for 0–0–0, 14–7–0 and 14–7–2 groups; p = 0.07 for 

14–0–0 group). During the acquisition session, mice in all groups exhibit relatively low and 

similar discrimination index (DI) scores, indicating a lack of preference for either object 

on training day in locations A1 and A2 (Fig. 1B; one-way ANOVA, DI: Group F (3,27) = 

2.604, p = 0.0724). Overall object exploration was also similar between groups (Fig. 1C; 

one-way ANOVA, DI: Group F (3,27) = 1.243, p = 0.3137), indicating that object preference 

or differences in exploration do not contribute to observed differences in test performance. 

Together, these data demonstrate that 14d of an initial exercise enhances object-location 

memory formation under subthreshold acquisition conditions in female mice. This effect is 

maintained throughout the sedentary delay period and benefits can be re-engaged with a 2d 

reactivating exercise session.

3.2. Estrous phase affects voluntary wheel-running activity but not OLM performance

The estrous cycle of female rodents typically spans 4–5 days, during which reproductive 

hormones naturally fluctuate (Becker et al., 2017; Becker & Koob, 2016). Indeed, wheel 

running activity varies throughout the estrous cycle, suggesting the role of circulating 

sex hormones in modulating the physical activity of female rodents (Novak et al., 2012; 

Sherwin, 1998). Thus, we compare running distance across different phases of the estrous 

cycle to assess the role of estrous cycle on wheel running behavior. Regarding learning and 

memory, while some studies report no effect of estrous phase on behavioral performance 

of spatial memory tasks (Berry et al., 1997; Ter Horst et al., 2013; Keiser et al., 2017), 

others have suggested otherwise (Cordeira et al., 2018; Hokenson et al., 2021; Milad et 

al., 2009; Pompili et al., 2010; Tuscher et al., 2015; Warren & Juraska, 1997; Trask et al., 

2020), including enhanced performance of the OLM task during proestrus and estrus phase 

(Frick & Berger-Sweeney, 2001; Frye et al., 2007; Paris & Frye, 2008; Pompili et al., 2010). 

Hence, we also compare OLM performance between estrous stages during acquisition and 

test days to identify any effects of estrous cycle on OLM performance within the group. 

Due to the low sample size, mice in proestrus and estrus phases were grouped together and 

mice in metestrus and diestrus were placed in another grouping in analysis of estrous on 

acquisition and retrieval. In analysis of running distance, daily running was graphed with 

estrous phases collapsed due to low sample size and analyzed with all phases separated 

when assessing mean running distance over the initial 14-day period.

An effect of estrous on running distance was not observed in assessments of daily running 

(Fig. 2A; two-way ANOVA, Phase F (1,63) = 0.10, p = 0.748; Phase × Day F (13,424) = 

0.66, p = 0.798), but an effect of estrous phase was observed when estrous phases were 

separated and mean running distance was assessed (Fig. 2B; one-way ANOVA, Phase F 

(3,511) = 2.88, p = 0.035), where females in estrus ran significantly more than females 

in the diestrus (Fig. Tukey’s post hoc test, p = 0.034), but not proestrus (p = 0.133) or 
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metestrus (p = 0.949) phases. Estrous phase on training (Fig. 2C; two-way ANOVA, Phase 

F (1,23) = 0.11, p = 0.738; Phase × Exercise Group F (3,23) = 0.70, p = 0.559) or test day 

(Fig. 2D; two-way ANOVA, Phase F (1,23) = 1.79, p = 0.193; Phase × Exercise Group F 

(3,23) = 0.20, p = 0.894) did not affect performance. Together, our data indicate that in line 

with other reports on estrous and running distance, mice in estrus results in greater overall 

running distance.

3.3. Exercise-enhanced hippocampal LTP is maintained throughout a period of inactivity

As shown above, our exercise paradigms facilitate long-term OLM following 14d of exercise 

and 2d of reactivating exercise. Hence, we asked whether hippocampal synaptic plasticity 

was also enhanced following exercise-facilitated learning in these same animals (Fig. 

1A). Acute hippocampal slices were collected and processed to measure field excitatory 

postsynaptic potentials (fEPSP) recordings from the stratum radiatum of the CA1b in 

response to stimulation of Schaffer collateral-commissural projections in CA1c stratum 

radiatum. To examine changes in synaptic plasticity post-learning, we applied a single 

train of 5 theta-burst stimulation (TBS) to induce long-term potentiation (LTP) in slices 

collected during the memory consolidation window, 1 h after OLM acquisition. This BDNF-

dependent form of stimulation has been previously reported to induce stable potentiation 

in mice (Acharya et al., 2019; Keiser et al., 2021; Kramár et al., 2004; Kwapis et al., 

2018; Vogel-Ciernia et al., 2013; White et al., 2016). Twenty minutes post-TBS, fEPSP 

slope begins to stabilize as LTP enters the consolidation phase, during which dynamic 

synaptic events occur to maintain long-term synaptic strength (G. Lynch, 1998). In slices 

prepared from all mice, TBS produced immediate robust potentiation which decayed and 

then stabilized over the following 20 min (Fig. 3A). Stable LTP, measured 50–60 min 

post-TBS, was observed in exercise conditions (Fig. 3B; one-way ANOVA F (3,31) = 

9.32, p = 0.0002) where all groups that underwent exercise displayed an increase in mean 

potentiation relative to sedentary control (14–0–0: p = 0.003, 14–7–0: p = 0.0002, 14–7–

2: p = 0.033), indicating enhanced synaptic plasticity. To examine whether this synaptic 

strengthening was due to changes in baseline neuronal function within the hippocampus, 

we generated input/output curves and measured changes in paired-pulse facilitation. There 

was no significant difference between groups in the slope of the curves for fEPSP slope 

responses relative to fiber volley magnitude (Fig. 3C; one-way ANOVA F (3,31) = 0.35, p 

= 0.79) or paired-pulse facilitation (Fig. 3D; two-way ANOVA, group: F (3,31) = 1.49, p = 

0.24, interaction: F (6,62) 1.70, p = 0.13). Together, these data suggest that an initial exercise 

period enhances hippocampal synaptic plasticity that persists even after exercise cessation 

and following a reactivating exercise session without altering baseline neuronal functions. It 

is worth noting that this long-lasting enhancement of hippocampal LTP is inconsistent with 

diminished OLM performance observed following the sedentary delay, which we address in 

the discussion.

3.4. Hippocampal BDNF is not elevated following OLM retrieval

BDNF signaling is a crucial mechanism underlying improved hippocampal synaptic 

plasticity and learning by exercise (Cotman et al., 2007; Intlekofer et al., 2013; S. Vaynman 

et al., 2004; S. S. Vaynman et al., 2006). Hence, we examine the hippocampal expression of 

Bdnf mRNA during retrieval, 1 h following behavioral testing. We decided to assess BDNF 
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levels at this time point for two main reasons. First, this time period following retrieval 

involves up-regulation of a number of immediate early genes (IEGs) in dorsal hippocampus 

(Keiser et al., 2017). Second, given the novel object location placement during the test 

session, new learning might also occur. Hence, 1 h post learning represents part of the 

consolidation window involving cellular consolidation and stabilization of a memory trace 

(McGaugh, 2000), during which IEGs crucial for consolidation are highly upregulated (e.g., 

Lonergan et al., 2010; Radulovic et al., 1998). Third, it is possible that the novel object 

location might be incorporated into the previous memory trace through reconsolidation 

rather than new learning (Kwapis et al., 2020). BDNF has been shown to be necessary for 

reconsolidation (Radiske et al., 2015), and BDNF protein levels are significantly elevated 3–

4 h following retrieval (Radiske et al., 2015, Radiske et al., 2017). Hence, it is possible that 

upregulation of Bdnf mRNA might occur at an earlier timepoint. Collectively, we reasoned 

that 1 h following retrieval will best capture changes in BDNF expression.

In mice, the Bdnf gene consists of a 3′ common coding exon (exon IX) and eight 5′ 
noncoding exons (exon I-VIII) (Aid et al., 2007). Each 5′ untranslated noncoding exon is 

spliced to the 3′ common exon to generate multiple Bdnf transcripts (Aid et al., 2007), 

making exon IX a marker for total Bdnf transcripts. Exercise also selectively upregulates 

hippocampal Bdnf exon I, IV, and VI (Baj et al., 2012; Intlekofer et al., 2013; Sleiman et 

al., 2016); therefore, we assessed the hippocampal expression of these Bdnf exons. Different 

exercise regimes do not differentially affect the hippocampal expression of Bdnf exon XI 

(Fig. 4D; one-way ANOVA, F (3,25) = 0.18, p = 0.90), exon I (Fig. 4A; one-way ANOVA, F 

(3,26) = 0.90, p = 0.45), exon IV (Fig. 4B; one-way ANOVA, F (3,26) = 0.03, p = 0.99), or 

exon VI (Fig. 4C; one-way ANOVA, F (3,26) = 0.57, p = 0.63).

4. Discussion

The present study examined the effects of exercise on hippocampus-dependent learning and 

synaptic plasticity in female mice. We identified that a voluntary exercise period of 14d 

enables learning and long-term memory formation under subthreshold acquisition conditions 

of the hippocampus-dependent OLM task. Following the initial exercise, a 7d sedentary 

delay resulted in diminished performance, which was re-facilitated when animals received 

2d of reactivating exercise following the sedentary delay. Female mice exhibited elevated 

running activity during the estrus phase relative to the diestrus phase, and no effect of 

estrous phase was observed on OLM performance. On a synaptic level, exercise facilitated 

LTP in the CA1 region of the hippocampus, which persisted throughout the sedentary delay 

and following the reactivating exercise session. Assessment of hippocampal expression of 

Bdnf following behavioral testing reveals no differences between groups. Together, our 

study establishes evidence that voluntary exercise can engage and maintain exercise-induced 

learning and neuroplasticity benefits in females.

Our data provide evidence for exercise-enhanced learning in female mice, findings that 

are consistent with previous reports demonstrating the ability of exercise to improve the 

performance of female animals in hippocampus-dependent short-term (Kim et al., 2010; 

Marosi et al., 2012; Siette et al., 2013) and long-term memory tasks (Aguiar et al., 2011; 

Harburger et al., 2007; Kim et al., 2010; Marlatt et al., 2012; Marosi et al., 2012; Van 
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Praag, Christie, et al., 1999). The majority of studies examining the effects of exercise on 

hippocampus-dependent learning in female rodents report a longer exercise duration, which 

can range from 6 wks to 8 months (see Barha et al., 2017; Uysal et al., 2014). Therefore, 

our data suggest a lower exercise duration, such as 2 wks (14d), is sufficient to induce 

enduring benefits on learning and memory in females. This is congruent with our previous 

study in male mice (Butler et al., 2019) that also reports 2 wks of voluntary exercise is 

the threshold for exercise-facilitated learning, whereas 1 wk or 2d of exercise alone fail to 

induce cognitive enhancement. Our study did not examine the effect of either 1 wk or 2d of 

exercise on cognition in females, thus, it remains a possibility that an even lower exercise 

duration can initiate cognitive benefits in females. In addition to the benefits induced by 

an initial 14d voluntary exercise session, an improvement in memory performance was not 

observed in animals that underwent a 7d sedentary delay following exercise. However, a 

2d reactivating exercise following the sedentary delay re-facilitated learning, suggesting that 

exercise-induced cognitive benefits can be maintained and persist throughout the sedentary 

delay period and can be reactivated by re-exposing the animals to a lower exercise duration. 

This is similar to findings from Butler et al., 2019 using male mice, which demonstrate a 

2d reactivating exercise session can re-facilitate learning following a 7d sedentary delay. 

Future studies will need to investigate whether 2d of exercise alone, without an initial bout 

of exercise can engage benefits on cognition. Furthermore, Butler et al., 2019 also shows 

that re-engagement of exercise-induced benefits is not observed following 14d of sedentary 

delay, proposing the hypothesis that exercise initiates a “temporal memory window” during 

which a subsequent subthreshold exercise session can capitalize on the neuronal adaptation 

established by the initial exercise to facilitate learning. In our study, we did not further 

investigate whether 2d of reactivating exercise can still re-facilitate the benefits of exercise 

after 14d of sedentary delay following exercise in females. Therefore, future studies can 

use a longer sedentary period to examine the extent of this “temporal memory window” 

in females. Together, our findings indicate that 14d of voluntary exercise can facilitate 

long-term memory formation under subthreshold acquisition conditions of the hippocampus-

dependent OLM task, and these benefits are maintained throughout the 7d sedentary delay 

and can be re-engaged by 2d of reactivating exercise.

Our data also indicates similar running activity across phases of the estrous cycle with 

a significant increase in the total running distance during estrus relative to diestrus. In 

female rodents, the estrous cycle consists of a follicular phase (termed metestrus and 

diestrus), during which estradiol level gradually increases. Peak estradiol levels occur 

when animals are in the preovulatory phase (termed proestrus) and is followed by a 

surge in progesterone as animals enter the estrus phase, during which the animals are 

behaviorally receptive (Becker et al., 2017; Becker & Koob, 2016; Nilsson et al., 2015). 

This hormonal oscillation generates a day-to-day variability in exercise activity. Previous 

reports have shown variability in exercise engagement across the estrous cycle, with the 

highest running activity occurring during the proestrus phase when estrogen levels peak 

(Aguiar et al., 2018; Anantharaman-Barr & Decombaz, 1989; Manzanares et al., 2018). 

In ovariectomized rats, daily wheel running is significantly reduced and is restored with 

estrogen replacement, suggesting the role of estrogen in modulating exercise performance 

in females (Berchtold et al., 2001). Hence, our findings showing elevated wheel running 

Dong et al. Page 12

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during estrus are inconsistent with these reports, given estradiol level is low during the estrus 

phase (Nilsson et al., 2015). Our data, however, are in line with other studies that observe 

increased wheel running during the estrus phase (Dixon et al., 2003; Eckel et al., 2000). 

An earlier study by Steiner et al., (1981) indicates peak wheel running occurred during the 

night between proestrus and estrus, suggesting a specific time point at which animals exhibit 

elevated activity rather than an effect of a singular estrous phase. Therefore, it is possible 

that inconsistent results might be due to variability in the time points at which estrous is 

examined between studies. In this study, estrous assessment was performed when animals 

are in the light phase (10 a.m ± 1 h). Given that mice are more active at night, and the 

transition between estrous stages can occur rapidly, our cytology data might not capture 

this transition during the dark phase, and thus do not fully represent the running activity 

throughout the 24 h period. Hence, future studies can assess the estrous stage of the animals 

closer to or during the dark phase when animal activity culminates to best represent daily 

exercise performance.

Fluctuation in the level of estradiol modulates hippocampal physiology in females. 

Throughout the estrous cycle, dendritic morphology, and spine density of CA1 pyramidal 

neurons vary, with spine density being highest during proestrus (González-Burgos et al., 

2005; Gould et al., 1990; Kato et al., 2013; Prange-Kiel et al., 2008; Woolley et al., 1990; 

Woolley & McEwen, 1992). Alterations in hippocampal synaptic density are dependent on 

hippocampal estradiol synthesis (Prange-Kiel et al., 2009), which positively correlates with 

the plasma estradiol levels throughout the estrous cycle (Kato et al., 2013). Proestrus is also 

associated with enhanced LTP in CA1 neurons in response to Schaffer collateral inputs (Bi 

et al., 2001; Good et al., 1999; Warren et al., 1995), which may be mediated by changes in 

sensitivity to glutamate and GABA (Hamson et al., 2016). Jointly, these data provide the role 

of endogenous estradiol in modulating hippocampal network activity (Hamson et al., 2016), 

which might explain different behavioral performances throughout the estrous cycle when 

estrogen levels fluctuate (Triviño-Paredes et al., 2016; Walf et al., 2006; Warren & Juraska, 

1997). In our study, when correlating estrous stages on either acquisition or test day with 

OLM performance within treatment groups, we did not see a significant effect of estrous 

on OLM performance. Given our sample size is small and the number of mice in a certain 

estrous phase were at random, future studies can improve the statistical power by increasing 

the sample size to allow for multiple animals in each estrous phase at the time of acquisition 

and test.

Learning engages dynamic neuronal events to facilitate neuronal communication at the 

synapse through a process termed long-term potentiation (LTP). Therefore, the induction 

and maintenance of LTP in the hippocampus is crucial for learning and memory 

consolidation (Elgersma & Silva, 1999; M. A. Lynch, 2004; Pastalkova et al., 2006). 

Previous studies demonstrate that enhanced hippocampal LTP is associated with improved 

cognitive function (e.g Keiser et al., 2021; Kwapis et al., 2018; Tang et al., 1999). 

In congruence with these studies, our findings show that 14d of voluntary exercise 

enhanced LTP in the CA1 subfield of the hippocampus relative to sedentary control, 

which corresponds to our behavioral findings of enhanced long-term memory formation 

in subthreshold acquisition conditions with exercise. The number of studies investigating 

exercise-mediated synaptic plasticity in the CA1 region is sparse, especially in females and 
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often provide conflicting results. In male rodents, exercise reverses impaired LTP in CA1 

caused by stress (Dahlin et al., 2019), sleep deprivation (Zagaar et al., 2012, Zagaar et al., 

2013), and in mouse models of Alzheimer’s Disease (Dao et al., 2013, Dao et al., 2015). 

In females, exercise also attenuates LTP impairments in sleep-deprived rats (Saadati et al., 

2014, 2015). However, in these studies, exercise in healthy controls does not further enhance 

CA1 LTP relative to sedentary controls, suggesting that exercise only exerts facilitated LTP 

in the CA1 region under aberrant conditions. Contrary to these reports and in line with 

our findings, recent studies in male rodents report enhanced CA1 LTP in healthy animals 

following exercise compared to sedentary control (D’Arcangelo et al., 2017; Ivy et al., 2020; 

Tsai et al., 2018). Considering the discrepancy between these studies, it is possible that 

variability in the type, length, and intensity of the exercise paradigms might contribute to 

different results. For instance, many of these studies use forced exercise (Dao et al., 2013, 

2015; D’Arcangelo et al., 2017; Saadati et al., 2015; Tsai et al., 2018; Zagaar et al., 2012, 

Zagaar et al., 2013) with varied protocols, while only a couple studies employ voluntary 

wheel running (Ivy et al., 2020; Saadati et al., 2014) with different exercise duration. 

Provided that voluntary and forced exercise are not equivalent in their methodologies, 

and thus might differentially modulate hippocampal neurogenesis, neurotrophic factors, 

synaptic plasticity markers, and behavior (Barha et al., 2017; Leasure & Jones, 2008), 

it becomes necessary for future exercise research to be more homogeneous in exercise 

protocols used to allow for comparable results. Apart from this point, differences in age and 

strain of the experimental animals might also suggest different amounts of exercise required 

to engage certain benefits of exercise, further contributing to the dynamic regulation of 

exercise-mediated benefits. Altogether, our study is the first to show 2wks of voluntary 

exercise can indeed facilitate LTP in the CA1 region of the hippocampus in female mice.

In addition to the ability of exercise to enhance synaptic plasticity in the CA1 subfield of 

the hippocampus, we also demonstrate the persistence of an enhancement of LTP following 

exercise cessation, establishing the first evidence for the temporal endurance of exercise-

induced benefits on neuroplasticity in females. The finding of long-lasting enhancement of 

LTP is surprising given diminished OLM performance following the sedentary delay. Given 

that our stimulation protocol consists of 5 theta-bursts and has been shown to induce stable 

potentiation in sedentary mice (Acharya et al., 2019; Keiser et al., 2021; Kwapis et al., 2018; 

Vogel-Ciernia et al., 2013; White et al., 2016), it is possible that a subthreshold stimulation 

consists of 3 theta-bursts (López et al., 2016), which may mimic the hippocampal activity 

during the subthreshold acquisition conditions more closely, might be able to capture the 

absence of exercise-induced benefits on the synaptic levels during the sedentary delay. 

It is worth noting that LTP was recorded from the hippocampal tissues collected 1 h 

following subthreshold OLM acquisition, during which synaptic plasticity-related products 

are upregulated (Carulli et al., 2011; Irvine et al., 2006; Wang & Peng, 2016), which might 

compensate for the reduction and/or loss of factors required for LTP enhancement that occur 

during the sedentary delay. Therefore, LTP recordings from mice that did not go through 

subthreshold OLM acquisition might yield results that are more in line with our behavioral 

data. Nevertheless, the persistence of enhanced LTP in female mice during the sedentary 

delay relative to control suggests the maintenance of benefits on synaptic functions from the 

initial exercise.
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Exercise induces the hippocampal expression of brain-derived neurotrophic factor (BDNF) 

to facilitate neuroplasticity and learning (Cotman et al., 2007; Cotman & Engesser-Cesar, 

2002; Loprinzi & Frith, 2018; S. Vaynman et al., 2004). BDNF signaling promotes structural 

synaptic alteration that in turn, modulates synaptic transmission and LTP (Kramár et al., 

2004; Lu & Chow, 1999; Soulé et al., 2006). Expression of BDNF is crucial for long-term 

memory formation (Bekinschtein et al., 2008; Lubin, 2011), and BDNF induction is required 

for cognitive enhancement by exercise (Gomez-Pinilla et al., 2008; Intlekofer et al., 2013). 

Together, BDNF is a potential mechanism underlying the maintenance of exercise-induced 

benefits in females. To our surprise, Bdnf mRNA expression from hippocampal tissue 

collected 1 h post-OLM test was not significantly different between exercise conditions 

and sedentary control, rendering our findings inconsistent with other reports that show 

significant induction of hippocampal Bdnf mRNA following voluntary exercise in females 

(Berchtold et al., 2001; Gallego et al., 2015; Uysal et al., 2014). Our findings of exercise 

enhanced LTP despite the absence of hippocampal Bdnf upregulation are in line with that 

of Titterness et al., (2011), which provides evidence that exercise can enhance DG LTP 

in male rats and reduce the induction threshold for DG LTP in females in the absence of 

BDNF upregulation. In fact, time-course assessment of Bdnf mRNA following voluntary 

exercise in male rats reveals selective upregulation of Bdnf exons only following 1d and 

28d of exercise but not 14d of exercise (Adlard et al., 2004), which is congruent with our 

observation of the lack of change in the hippocampal Bdnf mRNA expression following 14d 

of exercise in female mice. On the protein level, hippocampal BDNF in male rats is reported 

to be elevated with 7d of exercise and returns to baseline following 14d of exercise (Adlard 

et al., 2005). With long-term exercise, enhanced levels of mature BDNF are observed 

with 8 months of voluntary exercise (Marlatt et al., 2012) but not 5 months of exercise 

(Venezia et al., 2016). Though we did not examine hippocampal BDNF protein levels in 

our study, our data, along with aforementioned studies, suggest that persistent upregulation 

of BDNF might not be required to maintain the benefits of exercise, further supporting 

the dynamic mechanisms underlying exercise-induced benefits. It is also worth noting that 

hippocampal tissue was collected for Bdnf quantification during memory retrieval, 1 h 

after OLM test. It is possible that absence of BDNF upregulation between groups is due 

to learning induced Bdnf (Hall et al., 2000). This time point also represents 2d following 

the completion of the exercise schedule, thus, elevated Bdnf levels might have returned to 

baseline after animals stop exercising. Future studies can assess the time-course of BDNF 

expression in female hippocampus following exercise to further our understanding of how 

exercise-induced benefits are maintained across time.

To our knowledge, this is the first study to examine the temporal dynamics of exercise 

on neuroplasticity and cognition in female mice. These data contribute to the hypothesis 

of a “molecular memory window” of exercise-induced benefits established by an exercise 

threshold, during which benefits on neuroplasticity and cognition are maintained and ready 

for reactivation by future exercise stimuli. Our data also propose that exercise-induced 

benefits and the underlying mechanisms might be different between distinct subregions of 

the hippocampus. Given the growing body of evidence highlighting the involvement of 

epigenetic regulation in exercise-mediated synaptic plasticity and cognition (Fernandes et 

al., 2017; Intlekofer et al., 2013; Keiser & Wood, 2019), it is possible that exercise-induced 
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benefits are primed and maintained by epigenetic mechanisms. Hence, additional work is 

required to understand how exercise modulates and maintains cognitive benefits in both 

sexes. This includes examining the extent of the “molecular memory window” of exercise 

in females and the underlying mechanisms in both sexes to develop exercise regimens that 

optimally benefit brain health.
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Acknowledgements:

This work was supported by funding from the National Institutes of Health (R01 DA047981/NIDA NIH 
HHS/United States, R01 DA047981/NIDA NIH HHS/United States, R01 NS083801/NINDS NIH HHS/United 
States, R01 AG051807/NIA NIH HHS/United States, R01 DA047441/NIDA NIH HHS/United States, R21 
AG067613/NIA NIH HHS/United States, F32 AG071209/NIA NIH HHS/United States, NSF GRFP.

We wish to thank all members of the Wood lab for scientific discussions and technical assistance. Additionally, we 
wish to thank members of the Cotman lab for scientific discussions.

Abbreviations:

OLM object-location memory

LTP long-term potentiation

BDNF brain-derived neurotrophic factor

DI discrimination index

DG dentate gyrus

References

Acharya MM, Baulch JE, Klein PM, Baddour AAD, Apodaca LA, Kramár EA, Alikhani L, Garcia 
C, Angulo MC, Batra RS, Fallgren CM, Borak TB, Stark CEL, Wood MA, Britten RA, Soltesz I, 
& Limoli CL (2019). New Concerns for Neurocognitive Function during Deep Space Exposures to 
Chronic, Low Dose-Rate, Neutron Radiation. ENeuro, 6(4), ENEURO.0094-19.2019.

Adlard PA, Perreau VM, & Cotman CW (2005). The exercise-induced expression of BDNF within 
the hippocampus varies across life-span. Neurobiology of Aging, 26 (4), 511–520. 10.1016/
J.NEUROBIOLAGING.2004.05.006 [PubMed: 15653179] 

Adlard PA, Perreau VM, Engesser-Cesar C, & Cotman CW (2004). The timecourse of induction of 
brain-derived neurotrophic factor mRNA and protein in the rat hippocampus following voluntary 
exercise. Neuroscience Letters, 363(1), 43–48. 10.1016/J.NEULET.2004.03.058 [PubMed: 
15157993] 

Adler NT, & Zoloth SR (1970). Copulatory Behavior Can Inhibit Pregnancy in Female Rats. Science, 
168(3938), 1480–1482. 10.1126/SCIENCE.168.3938.1480 [PubMed: 5445942] 

Aguiar AS, Castro AA, Moreira EL, Glaser V, Santos ARS, Tasca CI, Latini A, & Prediger RDS 
(2011). Short bouts of mild-intensity physical exercise improve spatial learning and memory 
in aging rats: Involvement of hippocampal plasticity via AKT, CREB and BDNF signaling. 
Mechanisms of Ageing and Development, 132(11–12), 560–567. 10.1016/J.MAD.2011.09.005 
[PubMed: 21983475] 

Dong et al. Page 16

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Aguiar AS, Speck AE, Amaral IM, Canas PM, & Cunha RA (2018). The exercise sex gap and the 
impact of the estrous cycle on exercise performance in mice. Scientific Reports 2018 8:1, 8(1), 1–8. 
10.1038/s41598-018-29050-0.

Aid T, Kazantseva A, Piirsoo M, Palm K, & Timmusk T (2007). Mouse and rat BDNF gene structure 
and expression revisited. Journal of Neuroscience Research, 85(3), 525–535. 10.1002/JNR.21139 
[PubMed: 17149751] 

Ajayi AF, & Akhigbe RE (2020). Staging of the estrous cycle and induction of estrus in 
experimental rodents: An update. Fertility Research and Practice 2020 6:1, 6(1), 1–15. 10.1186/
S40738-020-00074-3.

Alomari MA, Khabour OF, Alzoubi KH, & Alzubi MA (2013). Forced and voluntary exercises equally 
improve spatial learning and memory and hippocampal BDNF levels. Behavioural Brain Research, 
247, 34–39. 10.1016/J.BBR.2013.03.007 [PubMed: 23499703] 

Anantharaman-Barr HG, & Decombaz J (1989). The effect of wheel running and the estrous 
cycle on energy expenditure in female rats. Physiology & Behavior, 46(2), 259–263. 
10.1016/0031-9384(89)90265-5 [PubMed: 2602468] 

Baj G, D’Alessandro V, Musazzi L, Mallei A, Sartori CR, Sciancalepore M, Tardito D, Langone F, 
Popoli M, & Tongiorgi E (2012). Physical Exercise and Antidepressants Enhance BDNF Targeting 
in Hippocampal CA3 Dendrites: Further Evidence of a Spatial Code for BDNF Splice Variants. 
Neuropsychopharmacology 2012 37:7, 37(7), 1600–1611. 10.1038/npp.2012.5.

Bakos J, Hlavacova N, Rajman M, Ondicova K, Koros C, Kitraki E, Steinbusch HWM, & 
Jezova D (2009). Enriched environment influences hormonal status and hippocampal brain 
derived neurotrophic factor in a sex dependent manner. Neuroscience, 164(2), 788–797. 10.1016/
J.NEUROSCIENCE.2009.08.054 [PubMed: 19723563] 

Barha CK, Falck RS, Davis JC, Nagamatsu LS, & Liu-Ambrose T (2017). Sex differences in aerobic 
exercise efficacy to improve cognition: A systematic review and meta-analysis of studies in older 
rodents. Frontiers in Neuroendocrinology, 46, 86–105. 10.1016/J.YFRNE.2017.06.001 [PubMed: 
28614695] 

Becker JB, & Koob GF (2016). Sex Differences in Animal Models: Focus on Addiction. 
Pharmacological Reviews, 68(2), 242–263. 10.1124/PR.115.011163 [PubMed: 26772794] 

Becker JB, McClellan ML, & Reed BG (2017). Sex differences, gender and addiction. Journal of 
Neuroscience Research, 95(1–2), 136–147. 10.1002/JNR.23963 [PubMed: 27870394] 

Bekinschtein P, Cammarota M, Katche C, Slipczuk L, Rossato JI, Goldin A, Izquierdo I, & Medina 
JH (2008). BDNF is essential to promote persistence of long-term memory storage. Proceedings of 
the National Academy of Sciences, 105(7), 2711–2716. 10.1073/PNAS.0711863105

Berchtold NC, Castello N, & Cotman CW (2010). Exercise and time-dependent benefits to 
learning and memory. Neuroscience, 167(3), 588–597. 10.1016/J.NEUROSCIENCE.2010.02.050 
[PubMed: 20219647] 

Berchtold NC, Chinn G, Chou M, Kesslak JP, & Cotman CW (2005). Exercise primes a 
molecular memory for brain-derived neurotrophic factor protein induction in the rat hippocampus. 
Neuroscience, 133(3), 853–861. 10.1016/J.NEUROSCIENCE.2005.03.026 [PubMed: 15896913] 

Berchtold NC, Kesslak JP, Pike CJ, Adlard PA, & Cotman CW (2001). Estrogen and exercise interact 
to regulate brain-derived neurotrophic factor mRNA and protein expression in the hippocampus. 
European Journal of Neuroscience, 14 (12), 1992–2002. 10.1046/J.0953-816X.2001.01825.X 
[PubMed: 11860494] 

Berry B, McMahan R, & Gallagher M (1997). Spatial learning and memory at defined points of the 
estrous cycle: Effects on performance of a hippocampal-dependent task. Behavioral Neuroscience, 
111(2), 267–274. 10.1037/0735-7044.111.2.267 [PubMed: 9106667] 

Bettio LEB, Rajendran L, & Gil-Mohapel J (2017). The effects of aging in the hippocampus 
and cognitive decline. Neuroscience & Biobehavioral Reviews, 79, 66–86. 10.1016/
J.NEUBIOREV.2017.04.030 [PubMed: 28476525] 

Bettio L, Thacker JS, Hutton C, & Christie BR (2019). Modulation of synaptic plasticity by exercise. 
International Review of Neurobiology, 147, 295–322. 10.1016/BS.IRN.2019.07.002 [PubMed: 
31607359] 

Dong et al. Page 17

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bi R, Foy MR, Vouimba RM, Thompson RF, & Baudry M (2001). Cyclic changes in estradiol regulate 
synaptic plasticity through the MAP kinase pathway. Proceedings of the National Academy of 
Sciences, 98(23), 13391–13395. 10.1073/PNAS.241507698

ten Brinke LF, Bolandzadeh N, Nagamatsu LS, Hsu CL, Davis JC, Miran-Khan K, & Liu-Ambrose 
T (2015). Aerobic exercise increases hippocampal volume in older women with probable mild 
cognitive impairment: A 6-month randomised controlled trial. British Journal of Sports Medicine, 
49(4), 248–254. 10.1136/BJSPORTS-2013-093184 [PubMed: 24711660] 

Butler CW, Keiser AA, Kwapis JL, Berchtold NC, Wall VL, Wood MA, & Cotman CW (2019). 
Exercise opens a temporal window for enhanced cognitive improvement from subsequent physical 
activity. Learning & Memory, 26(12), 485–492. 10.1101/LM.050278.119 [PubMed: 31732709] 

Carulli D, Foscarin S, & Rossi F (2011). Activity-Dependent Plasticity and Gene Expression 
Modifications in the Adult CNS. Frontiers in Molecular Neuroscience, 4. https://
www.frontiersin.org/article/10.3389/fnmol.2011.00050.

Chan CB, & Ye K (2017). Sex differences in brain-derived neurotrophic factor signaling and functions. 
Journal of Neuroscience Research, 95(1–2), 328–335. 10.1002/JNR.23863 [PubMed: 27870419] 

Coleman M, Offen K, & Markant J (2018). Exercise similarly facilitates men and women’s selective 
attention task response times but differentially affects memory task performance. Frontiers in 
Psychology, 9(AUG). 10.3389/fpsyg.2018.01405

Cooper C, Moon HY, & Van Praag H (2018). On the Run for Hippocampal Plasticity. Cold Spring 
Harbor Perspectives in Medicine, 8(4), a029736–a029736. 10.1101/CSHPERSPECT.A029736. 
[PubMed: 28495803] 

Cordeira J, Kolluru SS, Rosenblatt H, Kry J, Strecker RE, & McCarley RW (2018). Learning and 
memory are impaired in the object recognition task during metestrus/diestrus and after sleep 
deprivation. Behavioural Brain Research, 339, 124–129. 10.1016/j.bbr.2017.11.033 [PubMed: 
29180134] 

Cotman CW, & Berchtold NC (2002). Exercise: A behavioral intervention to enhance brain health and 
plasticity. Trends in Neurosciences, 25(6), 295–301. 10.1016/S0166-2236(02)02143-4 [PubMed: 
12086747] 

Cotman CW, Berchtold NC, & Christie LA (2007). Exercise builds brain health: Key roles of 
growth factor cascades and inflammation. Trends in Neurosciences, 30(9), 464–472. 10.1016/
J.TINS.2007.06.011 [PubMed: 17765329] 

Cotman CW, & Engesser-Cesar C (2002). Exercise Enhances and Protects Brain Function: Exercise 
and Sport Sciences Reviews. 10.1097/00003677-200204000-00006.

Dahlin E, Andersson M, Thorén A, Hanse E, & Seth H (2019). Effects of physical 
exercise and stress on hippocampal CA1 and dentate gyrus synaptic transmission and long-
term potentiation in adolescent and adult Wistar rats. Neuroscience, 408, 22–30. 10.1016/
J.NEUROSCIENCE.2019.03.046 [PubMed: 30926550] 

Dao AT, Zagaar MA, Levine AT, & Alkadhi KA (2015). Comparison of the Effect of Exercise 
on Late-Phase LTP of the Dentate Gyrus and CA1 of Alzheimer’s Disease Model. Molecular 
Neurobiology 2015 53:10, 53(10), 6859–6868. 10.1007/S12035-015-9612-5.

Dao AT, Zagaar MA, Levine AT, Salim S, Eriksen J, & Alkadhi KA (2013). Treadmill exercise 
prevents learning and memory impairment in Alzheimer’s disease-like pathology. Current 
Alzheimer Research, 10(5), 507–515. 10.2174/1567205011310050006 [PubMed: 23627709] 

D’Arcangelo G, Triossi T, Buglione A, Melchiorri G, & Tancredi V (2017). Modulation of synaptic 
plasticity by short-term aerobic exercise in adult mice. Behavioural Brain Research, 332, 59–63. 
10.1016/J.BBR.2017.05.058 [PubMed: 28559180] 

Ding Q, Ying Z, & Gómez-Pinilla F (2011). Exercise influences hippocampal plasticity by 
modulating brain-derived neurotrophic factor processing. Neuroscience, 192, 773–780. 10.1016/
J.NEUROSCIENCE.2011.06.032 [PubMed: 21756980] 

Dixon DP, Ackert AM, & Eckel LA (2003). Development of, and recovery from, activity-
based anorexia in female rats. Physiology & Behavior, 80(2–3), 273–279. 10.1016/
J.PHYSBEH.2003.08.008 [PubMed: 14637226] 

Dong et al. Page 18

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.frontiersin.org/article/10.3389/fnmol.2011.00050
https://www.frontiersin.org/article/10.3389/fnmol.2011.00050


Eckel LA, Houpt TA, & Geary N (2000). Spontaneous meal patterns in female rats with 
and without access to running wheels. Physiology & Behavior, 70(3–4), 397–405. 10.1016/
S0031-9384(00)00278-X [PubMed: 11006440] 

Elgersma Y, & Silva AJ (1999). Molecular mechanisms of synaptic plasticity and memory. Current 
Opinion in Neurobiology, 9(2), 209–213. 10.1016/S0959-4388(99)80029-4 [PubMed: 10322188] 

Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, Kim JS, Heo S, Alves H, White 
SM, Wojcicki TR, Mailey E, Vieira VJ, Martin SA, Pence BD, Woods JA, McAuley E, & Kramer 
AF (2011). Exercise training increases size of hippocampus and improves memory. Proceedings of 
the National Academy of Sciences, 108(7), 3017–3022. 10.1073/pnas.1015950108

Farmer J, Zhao X, Van Praag H, Wodtke K, Gage FH, & Christie BR (2004). Effects of voluntary 
exercise on synaptic plasticity and gene expression in the dentate gyrus of adult male sprague–
dawley rats in vivo. Neuroscience, 124(1), 71–79. 10.1016/j.neuroscience.2003.09.029 [PubMed: 
14960340] 

Fernandes J, Arida RM, & Gomez-Pinilla F (2017). Physical exercise as an epigenetic modulator 
of brain plasticity and cognition. Neuroscience & Biobehavioral Reviews, 80, 443–456. 10.1016/
J.NEUBIOREV.2017.06.012 [PubMed: 28666827] 

Fortress AM, Kim J, Poole RL, Gould TJ, & Frick KM (2014). 17β-Estradiol regulates histone 
alterations associated with memory consolidation and increases Bdnf promoter acetylation 
in middle-aged female mice. Learning & Memory, 21(9), 457–467. 10.1101/lm.034033.113 
[PubMed: 25128537] 

Franklin TB, & Perrot-Sinal TS (2006). Sex and ovarian steroids modulate brain-derived 
neurotrophic factor (BDNF) protein levels in rat hippocampus under stressful and non-stressful 
conditions. Psychoneuroendocrinology, 31(1), 38–48. 10.1016/J.PSYNEUEN.2005.05.008 
[PubMed: 15996825] 

Frick KM, & Berger-Sweeney J (2001). Spatial reference memory and neocortical neurochemistry 
vary with the estrous cycle in C57BL/6 mice. Behavioral Neuroscience, 115(1), 229–237. 
10.1037/0735-7044.115.1.229 [PubMed: 11256446] 

Frye CA, Duffy CK, & Walf AA (2007). Estrogens and progestins enhance spatial learning of intact 
and ovariectomized rats in the object placement task. Neurobiology of Learning and Memory, 
88(2), 208–216. 10.1016/J.NLM.2007.04.003 [PubMed: 17507257] 

Gallego X, Cox RJ, Funk E, Foster RA, & Ehringer MA (2015). Voluntary exercise decreases ethanol 
preference and consumption in C57BL/6 adolescent mice: Sex differences and hippocampal 
BDNF expression. Physiology & Behavior, 138, 28–36. 10.1016/J.PHYSBEH.2014.10.008 
[PubMed: 25447477] 

Gomez-Pinilla F, Vaynman S, & Ying Z (2008). Brain-derived neurotrophic factor functions as a 
metabotrophin to mediate the effects of exercise on cognition. European Journal of Neuroscience, 
28(11), 2278–2287. 10.1111/J.1460-9568.2008.06524.X [PubMed: 19046371] 

Gonzalez-Burgos I, Alejandre-Gómez M, & Cervantes M (2005). Spine-type densities of hippocampal 
CA1 neurons vary in proestrus and estrus rats. Neuroscience Letters, 379(1), 52–54. 10.1016/
J.NEULET.2004.12.043 [PubMed: 15814198] 

Good M, Day M, & Muir JL (1999). Cyclical changes in endogenous levels of oestrogen modulate 
the induction of LTD and LTP in the hippocampal CA1 region. European Journal of Neuroscience, 
11(12), 4476–4480. 10.1046/J.1460-9568.1999.00920.X [PubMed: 10594677] 

Gould E, Woolley C, Frankfurt M, & McEwen B (1990). Gonadal steroids regulate dendritic spine 
density in hippocampal pyramidal cells in adulthood. The Journal of Neuroscience, 10(4), 1286–
1291. 10.1523/JNEUROSCI.10-04-01286.1990 [PubMed: 2329377] 

Hall J, Thomas KL, & Everitt BJ (2000). Rapid and selective induction of BDNF expression in 
the hippocampus during contextual learning. Nature Neuroscience 2000 3:6, 3(6), 533–535. 
10.1038/75698.

Hamson DK, Roes MM, & Galea LAM (2016). Sex Hormones and Cognition: Neuroendocrine 
influences on memory and learning.

Harburger LL, Nzerem CK, & Frick KM (2007). Single Enrichment Variables Differentially Reduce 
Age-Related Memory Decline in Female Mice. Behavioral Neuroscience, 121(4), 679–688. 
10.1037/0735-7044.121.4.679 [PubMed: 17663593] 

Dong et al. Page 19

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hokenson RE, Short AK, Chen Y, Pham AL, Adams ET, Bolton JL, Swarup V, Gall CM, & 
Baram TZ (2021). Unexpected Role of Physiological Estrogen in Acute Stress-Induced Memory 
Deficits. Journal of Neuroscience, 41(4), 648–662. 10.1523/JNEUROSCI.2146-20.2020 [PubMed: 
33262247] 

Intlekofer KA, Berchtold NC, Malvaez M, Carlos AJ, McQuown SC, Cunningham MJ, Wood MA, 
& Cotman CW (2013). Exercise and Sodium Butyrate Transform a Subthreshold Learning 
Event into Long-Term Memory via a Brain-Derived Neurotrophic factor-Dependent Mechanism. 
Neuropsychopharmacology, 38(10), 2027–2034. 10.1038/npp.2013.104 [PubMed: 23615664] 

Intlekofer KA, & Cotman CW (2013). Exercise counteracts declining hippocampal function in 
aging and Alzheimer’s disease. Neurobiology of Disease, 57, 47–55. 10.1016/J.NBD.2012.06.011 
[PubMed: 22750524] 

Iqbal J, Tan Z-N, Li M-X, Chen H-B, Ma B, Zhou X, & Ma X-M (2020). Estradiol Alters 
Hippocampal Gene Expression during the Estrous Cycle. Endocrine Research, 45(2), 84–101. 
10.1080/07435800.2019.1674868 [PubMed: 31608702] 

Irvine GI, Logan B, Eckert M, & Abraham WC (2006). Enriched environment exposure regulates 
excitability, synaptic transmission, and LTP in the dentate gyrus of freely moving rats. 
Hippocampus, 16(2), 149–160. 10.1002/hipo.20142 [PubMed: 16261558] 

Ivy AS, Yu T, Kramár E, Parievsky S, Sohn F, & Vu T (2020). A Unique Mouse Model of Early 
Life Exercise Enables Hippocampal Memory and Synaptic Plasticity. Scientific Reports 2020 10:1, 
10(1), 1–11. 10.1038/s41598-020-66116-4.

Kato A, Hojo Y, Higo S, Komatsuzaki Y, Murakami G, Yoshino H, Uebayashi M, & Kawato S 
(2013). Female hippocampal estrogens have a significant correlation with cyclic fluctuation of 
hippocampal spines. Frontiers in Neural Circuits, 7(OCT), 149–149. 10.3389/fncir.2013.00149. 
[PubMed: 24151456] 

Keiser AA, Krámar EA, Dong T, Shanur S, Pirodan M, Ru N, Acharya MM, Baulch JE, Limoli CL, 
& Wood MA (2021). Systemic HDAC3 inhibition ameliorates impairments in synaptic plasticity 
caused by simulated galactic cosmic radiation exposure in male mice. Neurobiology of Learning 
and Memory, 178. 10.1016/j.nlm.2020.107367

Keiser AA, Turnbull LM, Darian MA, Feldman DE, Song I, & Tronson NC (2017). Sex Differences 
in Context Fear Generalization and Recruitment of Hippocampus and Amygdala during Retrieval. 
Neuropsychopharmacology, 42(2), 397–407. 10.1038/npp.2016.174 [PubMed: 27577601] 

Keiser AA, & Wood MA (2019). Examining the contribution of histone modification to sex differences 
in learning and memory. Learning & Memory, 26(9), 318–331. 10.1101/lm.048850.118 [PubMed: 
31416905] 

Kim SE, Ko IG, Kim BK, Shin MS, Cho S, Kim CJ, Kim SH, Baek SS, Lee EK, & Jee Yong-Seok 
YS (2010). Treadmill exercise prevents aging-induced failure of memory through an increase in 
neurogenesis and suppression of apoptosis in rat hippocampus. Experimental Gerontology, 45(5), 
357–365. 10.1016/J.EXGER.2010.02.005 [PubMed: 20156544] 

Kim YP, Kim HB, Jang MH, Lim BV, Kim YJ, Kim H, Kim SS, Kim EH, & Kim CJ (2003). 
Magnitude- and time-dependence of the effect of treadmill exercise on cell proliferation in 
the dentate gyrus of rats. International Journal of Sports Medicine, 24(2), 114–117. 10.1055/
s-2003-38202. [PubMed: 12669257] 

Kramár EA, Lin B, Lin CY, Arai AC, Gall CM, & Lynch G (2004). A Novel Mechanism for the 
Facilitation of Theta-Induced Long-Term Potentiation by Brain-Derived Neurotrophic Factor. 
Journal of Neuroscience, 24(22), 5151–5161. 10.1523/JNEUROSCI.0800-04.2004 [PubMed: 
15175384] 

Kwapis JL, Alaghband Y, Keiser AA, Dong TN, Michael CM, Rhee D, Shu G, Dang RT, Matheos DP, 
& Wood MA (2020). Aging mice show impaired memory updating in the novel OUL updating 
paradigm. Neuropsychopharmacology, 45(2). 10.1038/s41386-019-0438-0

Kwapis JL, Alaghband Y, Kramár EA, López AJ, Vogel Ciernia A, White AO, Shu G, Rhee D, 
Michael CM, Montellier E, Liu Y, Magnan CN, Chen S, Sassone-Corsi P, Baldi P, Matheos 
DP, & Wood MA (2018). Epigenetic regulation of the circadian gene Per1 contributes to 
age-related changes in hippocampal memory. Nature Communications, 9(1), 3323. 10.1038/
s41467-018-05868-0

Dong et al. Page 20

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lambert TJ, Fernandez SM, & Frick KM (2005). Different types of environmental enrichment have 
discrepant effects on spatial memory and synaptophysin levels in female mice. Neurobiology of 
Learning and Memory, 83(3), 206–216. 10.1016/J.NLM.2004.12.001 [PubMed: 15820856] 

Lauretta G, Ravalli S, Maugeri G, D’Agata V, Rosa MD, & Musumeci G (2021). The impact 
of physical exercise on hippocampus, in physiological condition and ageing-related decline: 
Current evidence from animal and human studies. Current Pharmaceutical Biotechnology, 22. 
10.2174/1389201022666210405142611

Leasure JL, & Jones M (2008). Forced and voluntary exercise differentially affect brain and behavior. 
Neuroscience, 156(3), 456–465. 10.1016/J.NEUROSCIENCE.2008.07.041 [PubMed: 18721864] 

Lee I-M, & Skerrett PJ (2001). Physical activity and all-cause mortality: What is the dose-response 
relation?.

Liu H. li, Zhao G, Cai K, Zhao H. hua, & Shi L. de. (2011). Treadmill exercise prevents 
decline in spatial learning and memory in APP/PS1 transgenic mice through improvement 
of hippocampal long-term potentiation. Behavioural Brain Research, 218(2), 308–314. 10.1016/
J.BBR.2010.12.030. [PubMed: 21192984] 

Lonergan ME, Gafford GM, Jarome TJ, & Helmstetter FJ (2010). Time-Dependent Expression of 
Arc and Zif268 after Acquisition of Fear Conditioning. Neural Plasticity, 2010, Article e139891. 
10.1155/2010/139891

López AJ, Hemstedt TJ, Jia Y, Hwang PH, Campbell RR, Kwapis JL, White AO, Chitnis O, Scarfone 
VM, Matheos DP, Lynch G, & Wood MA (2019). Epigenetic regulation of immediate-early 
gene Nr4a2/Nurr1 in the medial habenula during reinstatement of cocaine-associated behavior. 
Neuropharmacology, 153, 13–19. 10.1016/j.neuropharm.2019.04.016 [PubMed: 30998946] 

López AJ, Kramár EA, Matheos DP, White AO, Kwapis JL, Vogel Ciernia A, Sakata K, Espinoza 
M, & Wood MA (2016). March 23). Promoter-Specific Effects of DREADD Modulation 
on Hippocampal Synaptic Plasticity and Memory Formation. Journal of Neuroscience. https://
www.jneurosci.org/content/36/12/3588.

Loprinzi PD, Blough J, Crawford L, Ryu S, Zou L, & Li H (2019). The Temporal Effects of Acute 
Exercise on Episodic Memory Function: Systematic Review with Meta-Analysis. Brain Sciences, 
9(4), 87. 10.3390/brainsci9040087 [PubMed: 31003491] 

Loprinzi PD, & Frith E (2018). The Role of Sex in Memory Function: Considerations and 
Recommendations in the Context of Exercise. Journal of Clinical Medicine, 7(6), 132. 10.3390/
jcm7060132 [PubMed: 29857518] 

Lu B, & Chow A (1999). Neurotrophins and Hippocampal Synaptic Transmission and Plasticity. J. 
Neurosci. Res, 58, 76–87. [PubMed: 10491573] 

Lubin FD (2011). Epigenetic gene regulation in the adult mammalian brain: Multiple roles in memory 
formation. Neurobiology of Learning and Memory, 96(1), 68–78. 10.1016/J.NLM.2011.03.001 
[PubMed: 21419233] 

Lynch G (1998). Memory and the Brain: Unexpected Chemistries and a New Pharmacology. 
Neurobiology of Learning and Memory, 70(1), 82–100. 10.1006/nlme.1998.3840 [PubMed: 
9753589] 

Lynch MA (2004). Long-Term Potentiation and Memory. Physiological Reviews, 84(1), 87–136. 
10.1152/physrev.00014.2003 [PubMed: 14715912] 

Malvaez M, McQuown SC, Rogge GA, Astarabadi M, Jacques V, Carreiro S, Rusche JR, & Wood MA 
(2013). HDAC3-selective inhibitor enhances extinction of cocaine- seeking behavior in a persistent 
manner. Proceedings of the National Academy of Sciences of the United States of America, 
110(7), 2647–2652. 10.1073/pnas.1213364110 [PubMed: 23297220] 

Manzanares G, Brito-Da-Silva G, & Gandra PG (2018). Voluntary wheel running: Patterns and 
physiological effects in mice. Brazilian Journal of Medical and Biological Research, 52(1). 
10.1590/1414-431X20187830

Marlatt MW, Potter MC, Lucassen PJ, & van Praag H (2012). Running throughout middle-age 
improves memory function, hippocampal neurogenesis, and BDNF levels in female C57BL/6J 
mice. Developmental Neurobiology, 72(6), 943–952. 10.1002/DNEU.22009 [PubMed: 22252978] 

Dong et al. Page 21

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.jneurosci.org/content/36/12/3588
https://www.jneurosci.org/content/36/12/3588


Marosi K, Felszeghy K, Mehra RD, Radák Z, & Nyakas C (2012). Are the neuroprotective effects of 
estradiol and physical exercise comparable during ageing in female rats? Biogerontology, 13(4), 
413–427. 10.1007/s10522-012-9386-3. [PubMed: 22722983] 

McGaugh JL (2000, January 14). Memory—A Century of Consolidation. https://www.science.org/doi/
10.1126/science.287.5451.248.

McLean AC, Valenzuela N, Fai S, & Bennett SAL (2012). Performing Vaginal Lavage, Crystal Violet 
Staining, and Vaginal Cytological Evaluation for Mouse Estrous Cycle Staging Identification. 
Journal of Visualized Experiments: JoVE, 67, 4389–4389. 10.3791/4389.

McQuown SC, Barrett RM, Matheos DP, Post RJ, Rogge GA, Alenghat T, Mullican SE, 
Jones S, Rusche JR, Lazar MA, & Wood MA (2011). HDAC3 Is a Critical Negative 
Regulator of Long-Term Memory Formation. Journal of Neuroscience, 31(2), 764–774. 10.1523/
JNEUROSCI.5052-10.2011 [PubMed: 21228185] 

Milad MR, Igoe SA, Lebron-Milad K, & Novales JE (2009). Estrous cycle phase and gonadal 
hormones influence conditioned fear extinction. Neuroscience, 164(3), 887–895. 10.1016/
J.NEUROSCIENCE.2009.09.011 [PubMed: 19761818] 

Moreno-Piovano GS, Varayoud J, Luque EH, & Ramos JG (2014). Long-term ovariectomy increases 
BDNF gene methylation status in mouse hippocampus. The Journal of Steroid Biochemistry and 
Molecular Biology, 144, 243–252. 10.1016/j.jsbmb.2014.08.001 [PubMed: 25102255] 

Muscari A, Giannoni C, Pierpaoli L, Berzigotti A, Maietta P, Foschi E, Ravaioli C, Poggiopollini 
G, Bianchi G, Magalotti D, Tentoni C, & Zoli M (2010). Chronic endurance exercise training 
prevents aging-related cognitive decline in healthy older adults: A randomized controlled trial. 
International Journal of Geriatric Psychiatry, 25 (10), 1055–1064. 10.1002/GPS.2462 [PubMed: 
20033904] 

Neeper SA, Gómez-Pinilla F, Choi J, & Cotman CW (1996). Physical activity increases mRNA for 
brain-derived neurotrophic factor and nerve growth factor in rat brain. Brain Research, 726(1–2), 
49–56. 10.1016/0006-8993(96)00273-9 [PubMed: 8836544] 

Nilsson ME, Vandenput L, Tivesten Å, Norlén AK, Lagerquist MK, Windahl SH, Börjesson AE, 
Farman HH, Poutanen M, Benrick A, Maliqueo M, Stener-Victorin E, Ryberg H, & Ohlsson C 
(2015). Measurement of a Comprehensive Sex Steroid Profile in Rodent Serum by High-Sensitive 
Gas Chromatography-Tandem Mass Spectrometry. Endocrinology, 156(7), 2492–2502. 10.1210/
EN.2014-1890 [PubMed: 25856427] 

Novak CM, Burghardt PR, & Levine JA (2012). The use of a running wheel to measure 
activity in rodents: Relationship to energy balance, general activity, and reward. Neuroscience 
and Biobehavioral Reviews, 36(3), 1001–1001. 10.1016/J.NEUBIOREV.2011.12.012. [PubMed: 
22230703] 

O’Callaghan RM, Ohle R, & Kelly ÁM (2007). The effects of forced exercise on hippocampal 
plasticity in the rat: A comparison of LTP, spatial- and non-spatial learning. Behavioural Brain 
Research, 176(2), 362–366. 10.1016/J.BBR.2006.10.018 [PubMed: 17113656] 

Packard MG, & McGaugh JL (1996). Inactivation of Hippocampus or Caudate Nucleus with Lidocaine 
Differentially Affects Expression of Place and Response Learning. Neurobiology of Learning and 
Memory, 65(1), 65–72. 10.1006/nlme.1996.0007 [PubMed: 8673408] 

Pajonk FG, Wobrock T, Gruber O, Scherk H, Berner D, Kaizl I, Kierer A, Müller S, Oest M, Meyer 
T, Backens M, Schneider-Axmann T, Thornton AE, Honer WG, & Falkai P (2010). Hippocampal 
Plasticity in Response to Exercise in Schizophrenia. Archives of General Psychiatry, 67(2), 133–
143. 10.1001/ARCHGENPSYCHIATRY.2009.193 [PubMed: 20124113] 

Panja D, & Bramham CR (2014). BDNF mechanisms in late LTP formation: 
A synthesis and breakdown. Neuropharmacology, 76(PART C), 664–676. 10.1016/
J.NEUROPHARM.2013.06.024 [PubMed: 23831365] 

Paris JJ, & Frye CA (2008). Estrous cycle, pregnancy, and parity enhance performance of rats in object 
recognition or object placement tasks. Reproduction, 136(1), 105–115. 10.1530/REP-07-0512 
[PubMed: 18390689] 

Pastalkova E, Serrano P, Pinkhasova D, Wallace E, Fenton AA, & Sacktor TC (2006). Storage of 
spatial information by the maintenance mechanism of LTP. Science, 313(5790), 1141–1444. 
10.1126/science.1128657 [PubMed: 16931766] 

Dong et al. Page 22

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.science.org/doi/10.1126/science.287.5451.248
https://www.science.org/doi/10.1126/science.287.5451.248


Patten AR, Yau SY, Fontaine CJ, Meconi A, Wortman RC, & Christie BR (2015). The Benefits of 
Exercise on Structural and Functional Plasticity in the Rodent Hippocampus of Different Disease 
Models. Brain Plasticity, 1(1), 97–127. 10.3233/BPL-150016 [PubMed: 29765836] 

Pfaffl MW (2001). A new mathematical model for relative quantification in real-time RT–PCR. 
Nucleic Acids Research, 29(9), Article e45. 10.1093/nar/29.9.e45

Pfaffl MW, Horgan GW, & Dempfle L (2002). Relative expression software tool (REST©) for group-
wise comparison and statistical analysis of relative expression results in real- time PCR. Nucleic 
Acids Research, 30(9), Article e36. 10.1093/nar/30.9.e36

Pompili A, Tomaz C, Arnone B, Tavares MC, & Gasbarri A (2010). Working and reference memory 
across the estrous cycle of rat: A long-term study in gonadally intact females. Behavioural Brain 
Research, 213(1), 10–18. 10.1016/J.BBR.2010.04.018 [PubMed: 20416343] 

Prange-Kiel J, Fester L, Zhou L, Jarry H, & Rune GM (2009). Estrus cyclicity of spinogenesis: 
Underlying mechanisms. Journal of Neural Transmission, 116(11), 1417–1425. 10.1083/
jcb.200707043 [PubMed: 19730783] 

Prange-Kiel J, Jarry H, Schoen M, Kohlmann P, Lohse C, Zhou L, & Rune GM (2008). Gonadotropin-
releasing hormone regulates spine density via its regulatory role in hippocampal estrogen 
synthesis. The Journal of Cell Biology, 180(2), 417–417. 10.1083/JCB.200707043. [PubMed: 
18227283] 

Radiske A, Rossato JI, Gonzalez MC, Köhler CA, Bevilaqua LR, & Cammarota M (2017). BDNF 
controls object recognition memory reconsolidation. Neurobiology of Learning and Memory, 
142, 79–84. 10.1016/j.nlm.2017.02.018 [PubMed: 28274823] 

Radiske A, Rossato JI, Köhler CA, Gonzalez MC, Medina JH, & Cammarota M (2015). Requirement 
for BDNF in the Reconsolidation of Fear Extinction. Journal of Neuroscience, 35(16), 6570–
6574. 10.1523/JNEUROSCI.4093-14.2015 [PubMed: 25904806] 

Radulovic J, Kammermeier J, & Spiess J (1998). September 15). Relationship between Fos Production 
and Classical Fear Conditioning: Effects of Novelty, Latent Inhibition, and Unconditioned 
Stimulus Preexposure. Journal of Neuroscience. https://www.jneurosci.org/content/18/18/7452.

Riedel G, Micheau J, Lam AGM, Roloff EVL, Martin SJ, Bridge H, De Hoz L, Poeschel B, 
McCulloch J, & Morris RGM (1999). Reversible neural inactivation reveals hippocampal 
participation in several memory processes. Nature Neuroscience 1999 2:10, 2(10), 898–905. 
10.1038/13202.

Saadati H, Esmaeili-Mahani S, Esmaeilpour K, Nazeri M, Mazhari S, & Sheibani V (2015). Exercise 
improves learning and memory impairments in sleep deprived female rats. Physiology & 
Behavior, 138, 285–291. 10.1016/J.PHYSBEH.2014.10.006 [PubMed: 25447468] 

Saadati H, Sheibani V, Esmaeili-Mahani S, Hajali V, & Mazhari S (2014). Prior regular exercise 
prevents synaptic plasticity impairment in sleep deprived female rats. Brain Research Bulletin, 
108, 100–105. 10.1016/J.BRAINRESBULL.2014.09.009 [PubMed: 25264158] 

Sase AS, Lombroso SI, Santhumayor BA, Wood RR, Lim CJ, Neve RL, & Heller EA (2019). 
Sex-Specific Regulation of Fear Memory by Targeted Epigenetic Editing of Cdk5. Biological 
Psychiatry, 85(8), 623–634. 10.1016/j.biopsych.2018.11.022 [PubMed: 30661667] 

Scharfman HE, Mercurio TC, Goodman JH, Wilson MA, & MacLusky NJ (2003). Hippocampal 
Excitability Increases during the Estrous Cycle in the Rat: A Potential Role for Brain-
Derived Neurotrophic Factor. Journal of Neuroscience, 23 (37), 11641–11652. 10.1523/
JNEUROSCI.23-37-11641.2003 [PubMed: 14684866] 

Scoville WB, & Milner B (1957). Loss of Recent Memory After Bilateral Hippocampal Lesions. 
Journal of Neurology, Neurosurgery, and Psychiatry, 20(1), 11–11. 10.1136/JNNP.20.1.11. 
[PubMed: 13406589] 

Sherwin CM (1998). Voluntary wheel running: A review and novel interpretation. Animal Behaviour, 
56(1), 11–27. 10.1006/ANBE.1998.0836 [PubMed: 9710457] 

Siette J, Westbrook RF, Cotman C, Sidhu K, Zhu W, Sachdev P, & Valenzuela MJ (2013). Age-
Specific Effects of Voluntary Exercise on Memory and the Older Brain. Biological Psychiatry, 
73(5), 435–442. 10.1016/J.BIOPSYCH.2012.05.034 [PubMed: 22795967] 

Silva AJ (2003). Molecular and cellular cognitive studies of the role of synaptic plasticity in memory. 
Journal of Neurobiology, 54(1), 224–237. 10.1002/neu.10169 [PubMed: 12486706] 

Dong et al. Page 23

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.jneurosci.org/content/18/18/7452


Sleiman SF, Henry J, Al-Haddad R, El Hayek L, Haidar EA, Stringer T, Ulja D, Karuppagounder SS, 
Holson EB, Ratan RR, Ninan I, & Chao MV (2016). Exercise promotes the expression of brain 
derived neurotrophic factor (BDNF) through the action of the ketone body β- hydroxybutyrate. 
ELife, 5(JUN2016). 10.7554/ELIFE.15092

Soulé J, Messaoudi E, & Bramham CR (2006). Brain-derived neurotrophic factor and control of 
synaptic consolidation in the adult brain. Biochemical Society Transactions, 34(4), 600–604. 
10.1042/BST0340600 [PubMed: 16856871] 

Spencer JL, Waters EM, Romeo RD, Wood GE, Milner TA, & McEwen BS (2008). Uncovering the 
Mechanisms of Estrogen Effects on Hippocampal Function. Frontiers in Neuroendocrinology, 
29(2), 219–237. 10.1016/j.yfrne.2007.08.006 [PubMed: 18078984] 

Spencer-Segal JL, Waters EM, Bath KG, Chao MV, McEwen BS, & Milner TA (2011). 
Distribution of Phosphorylated TrkB Receptor in the Mouse Hippocampal Formation Depends 
on Sex and Estrous Cycle Stage. Journal of Neuroscience, 31(18), 6780–6790. 10.1523/
JNEUROSCI.0910-11.2011 [PubMed: 21543608] 

Steiner M, Katz RJ, Baldrighi G, & Carroll BJ (1981). Motivated behavior and the estrous 
cycle in rats. Psychoneuroendocrinology, 6(1), 81–90. 10.1016/0306-4530(81)90051-2 [PubMed: 
7195598] 

Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, Zhuo M, Liu G, & Tsien JZ (1999). 
Genetic enhancement of learning and memory in mice. Nature 1999 401:6748, 401(6748), 63–
69. 10.1038/43432.

Teixeira CVL, Ribeiro de Rezende TJ, Weiler M, Magalhães TNC, Carletti-Cassani AFMK, 
Silva TQAC, Joaquim HPG, Talib LL, Forlenza OV, Franco MP, Nechio PE, Fernandes PT, 
Cendes F, & Figueredo Balthazar ML (2018). Cognitive and structural cerebral changes in 
amnestic mild cognitive impairment due to Alzheimer’s disease after multicomponent training. 
Alzheimer’s & Dementia: Translational Research & Clinical Interventions, 4, 473–480. 10.1016/
J.TRCI.2018.02.003

Ter Horst J, Kentrop J, Arp M, Hubens C, de Kloet E, & Oitzl M (2013). Spatial learning of female 
mice: A role of the mineralocorticoid receptor during stress and the estrous cycle. Frontiers in 
Behavioral Neuroscience, 7. https://www.frontiersin.org/article/10.3389/fnbeh.2013.00056.

Titterness AK, Wiebe E, Kwasnica A, Keyes G, & Christie BR (2011). Voluntary exercise does not 
enhance long-term potentiation in the adolescent female dentate gyrus. Neuroscience, 183, 25–
31. 10.1016/J.NEUROSCIENCE.2011.03.050 [PubMed: 21458541] 

Triviño-Paredes J, Patten AR, Gil-Mohapel J, & Christie BR (2016). The effects of hormones and 
physical exercise on hippocampal structural plasticity. Frontiers in Neuroendocrinology, 41, 23–
43. 10.1016/J.YFRNE.2016.03.001 [PubMed: 26989000] 

Trask S, Reis DS, Ferrara NC, & Helmstetter FJ (2020). Decreased cued fear discrimination learning 
in female rats as a function of estrous phase. Learning & Memory, 27(6), 254–257. 10.1101/
lm.051185.119 [PubMed: 32414943] 

Tsai SF, Ku NW, Wang TF, Yang YH, Shih YH, Wu SY, Lee CW, Yu M, Yang TT, & Kuo 
YM (2018). Long-Term Moderate Exercise Rescues Age-Related Decline in Hippocampal 
Neuronal Complexity and Memory. Gerontology, 64(6), 551–561. 10.1159/000488589 [PubMed: 
29734165] 

Tuscher JJ, Fortress AM, Kim J, & Frick KM (2015). Regulation of object recognition and object 
placement by ovarian sex steroid hormones. Behavioural Brain Research, 285, 140–140. 10.1016/
J.BBR.2014.08.001. [PubMed: 25131507] 

Uysal N, Kiray M, Sisman AR, Camsari UM, Gencoglu C, Baykara B, Cetinkaya C, & Aksu I (2014). 
Effects of voluntary and involuntary exercise on cognitive functions, and VEGF and BDNF levels 
in adolescent rats. Biotechnic & Histochemistry, 90(1), 55–68. 10.3109/10520295.2014.946968 
[PubMed: 25203492] 

Van Praag H (2008). Neurogenesis and exercise: Past and future directions. NeuroMolecular Medicine, 
10(2), 128–140. 10.1007/s12017-008-8028-z [PubMed: 18286389] 

Van Praag H, Christie BR, Sejnowski TJ, & Gage FH (1999). Running enhances neurogenesis, 
learning, and long-term potentiation in mice. Proceedings of the National Academy of Sciences, 
96(23), 13427–13431. 10.1073/PNAS.96.23.13427

Dong et al. Page 24

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.frontiersin.org/article/10.3389/fnbeh.2013.00056


Van Praag H, Kempermann G, & Gage FH (1999). Running increases cell proliferation and 
neurogenesis in the adult mouse dentate gyrus. Nature Neuroscience 1999 2:3, 2(3), 266–270. 
10.1038/6368.

Vasuta C, Caunt C, James R, Samadi S, Schibuk E, Kannangara T, Titterness AK, & Christie BR 
(2007). Effects of exercise on NMDA receptor subunit contributions to bidirectional synaptic 
plasticity in the mouse dentate gyrus. Hippocampus, 17(12), 1201–1208. 10.1002/HIPO.20349 
[PubMed: 17879376] 

Vaynman SS, Ying Z, Yin D, & Gomez-Pinilla F (2006). Exercise differentially regulates synaptic 
proteins associated to the function of BDNF. Brain Research, 1070 (1), 124–130. 10.1016/
J.BRAINRES.2005.11.062 [PubMed: 16413508] 

Vaynman S, Ying Z, & Gomez-Pinilla F (2004). Hippocampal BDNF mediates the efficacy of exercise 
on synaptic plasticity and cognition. European Journal of Neuroscience, 20(10), 2580–2590. 
10.1111/J.1460-9568.2004.03720.X [PubMed: 15548201] 

Venezia AC, Guth LM, Sapp RM, Spangenburg EE, & Roth SM (2016). Sex-dependent and 
independent effects of long-term voluntary wheel running on Bdnf mRNA and protein 
expression. Physiology & Behavior, 156, 8–15. 10.1016/J.PHYSBEH.2015.12.026 [PubMed: 
26752611] 

Vivar C, Potter MC, & Van Praag H (2012). All About Running: Synaptic Plasticity, Growth Factors 
and Adult Hippocampal Neurogenesis. Current Topics in Behavioral Neurosciences, 15, 189–
210. 10.1007/7854_2012_220

Vogel-Ciernia A, Matheos DP, Barrett RM, Kramár EA, Azzawi S, Chen Y, … Wood MA (2013). The 
neuron-specific chromatin regulatory subunit BAF53b is necessary for synaptic plasticity and 
memory. Nature Neuroscience, 16(5), 552–561. 10.1038/nn.3359 [PubMed: 23525042] …

Walf AA, Rhodes ME, & Frye CA (2006). Ovarian steroids enhance object recognition in naturally 
cycling and ovariectomized, hormone-primed rats. Neurobiology of Learning and Memory, 
86(1), 35–35. 10.1016/J.NLM.2006.01.004. [PubMed: 16529958] 

Wang H, & Peng R-Y (2016). Basic roles of key molecules connected with NMDAR signaling 
pathway on regulating learning and memory and synaptic plasticity. Military Medical Research, 
3(1), 26. 10.1186/s40779-016-0095-0 [PubMed: 27583167] 

Warren SG, Humphreys AG, Juraska JM, & Greenough WT (1995). LTP varies across the 
estrous cycle: Enhanced synaptic plasticity in proestrus rats. Brain Research, 703(1–2), 26–30. 
10.1016/0006-8993(95)01059-9 [PubMed: 8719612] 

Warren SG, & Juraska JM (1997). Spatial and nonspatial learning across the rat estrous cycle. 
Behavioral Neuroscience, 111(2), 259–266. 10.1037/0735-7044.111.2.259 [PubMed: 9106666] 

White AO, Kramár EA, L opez AJ, Kwapis JL, Doan J, Saldana D, Davatolhagh MF, Alaghband Y, 
Blurton-Jones M, Matheos DP, & Wood MA (2016). BDNF rescues BAF53b-dependent synaptic 
plasticity and cocaine-associated memory in the nucleus accumbens. Nature Communications, 
7(1), 11725. 10.1038/ncomms11725

Woolley CS, Gould E, Frankfurt M, & McEwen BS (1990). Naturally occurring fluctuation in 
dendritic spine density on adult hippocampal pyramidal neurons. Journal of Neuroscience, 
10(12), 4035–4039. 10.1523/JNEUROSCI.10-12-04035.1990 [PubMed: 2269895] 

Woolley CS, & McEwen BS (1992). Estradiol mediates fluctuation in hippocampal synapse density 
during the estrous cycle in the adult rat. Journal of Neuroscience, 12 (7), 2549–2554. 10.1523/
JNEUROSCI.12-07-02549.1992 [PubMed: 1613547] 

Zagaar M, Alhaider I, Dao A, Levine A, Alkarawi A, Alzubaidy M, & Alkadhi K (2012). The 
beneficial effects of regular exercise on cognition in REM sleep deprivation: Behavioral, 
electrophysiological and molecular evidence. Neurobiology of Disease, 45(3), 1153–1162. 
10.1016/J.NBD.2011.12.039 [PubMed: 22227452] 

Zagaar M, Dao A, Levine A, Alhaider I, & Alkadhi K (2013). Regular Exercise Prevents Sleep 
Deprivation Associated Impairment of Long-Term Memory and Synaptic Plasticity in The CA1 
Area of the Hippocampus. Sleep, 36(5), 751–761. 10.5665/SLEEP.2642 [PubMed: 23633758] 

Dong et al. Page 25

Neurobiol Learn Mem. Author manuscript; available in PMC 2023 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Exercise enables long-term memory formation under subthreshold acquisition conditions 
in female mice.
(A) Schematic of different exercise regimes prior to OLM and electrophysiology. (B) 
Discrimination index (DI) score during the 3 min subthreshold OLM acquisition. (C) Total 

amount of time in seconds exploring objects during acquisition. Mice in all groups display 

low DI, indicating no preference for either object-location at training. (D) DI scores during 

test. Mice in 14–0–0 and 14–7–2 exhibit enhanced performance compared to 0–0–0 and 14–

7–0. (E) Total amount of time in seconds exploring objects during test. Data are presented as 

mean ± SEM; (0–0–0: n = 8, 14–0–0: n = 7, 14–7–0: n = 8, 14–7–2; n = 8), ### p < 0.001, 

#### p < 0.0001 compared with acquisition session (within group). * p < 0.05, ** p < 0.01 

compared to original object location.
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Fig. 2. Estrous cyclicity affects voluntary wheel-running activity but not OLM performance.
(A) Daily running distance in meters throughout the first 14d of the experiment with 

Proestrus/Estrus combined and Metestrus/Diestrus combined. (B) Average total daily 

running distance in meters separated by estrous phase. Mice in estrus phase show enhanced 

running distance relative to those in diestrus. (C-D) Discrimination index (DI) scores on 

test day stratified by estrous phase on acquisition (C) and test (D) day. Proestrus (P) and 

Estrus (E) are combined and Metestrus (M) and Diestrus (D) are combined similar to A. 

(E) Representative images of vaginal smears during (from left to right) proestrus, estrus, 

metestrus, and diestrus. The cell types are identified as follows: nucleated epithelial cells 

(black arrow), cornified epithelial cells (black box), and leukocytes (white arrow). * p < 0.05 

compared to diestrus.
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Fig. 3. Exercise-enhanced hippocampal LTP is maintained throughout a period of inactivity.
(A) Extracellular field recordings following stimulation of the Schaffer-commissural 

projections to the proximal apical dendrites of the CA1b field of the dorsal hippocampus 

after exercise and 1 h following subthreshold OLM acquisition. Following a stable 20-

minute baseline recording, a single train of TBS was applied, and baseline recordings 

were resumed for an additional 60 min. The time course shows theta burst stimulation 

(TBS)-induced LTP was significantly enhanced in slices from 14–0–0, 14–7–0, and 14–7–2 

compared with slices from sedentary control (0–0–0). Inset, representative traces collected 

during baseline (black line) and 60-minute post-TBS (red line). (B) Summary graph showing 

mean fEPSP slope 50–60 min after stimulation. Potentiation was significantly higher in 

slices from 14–0–0, 14–7–0, and 14–7–2 compared with 0–0–0 cohort. (C) Plot of fEPSP 

slope against corresponding fiber volley amplitude reveals no difference between groups. 

(D) Paired-pulse facilitation (PPF) was comparable between all groups. Data are presented 

as mean ± SEM; (n = 11 (0–0–0), 6 (14–0–0), 10 (14–7–0), 8 (14–7–2) slices from 6, 3, 5 

and 5 mice). * p < 0.05, ** p < 0.01, *** p < 0.001, compared to control.
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Fig. 4. Hippocampal bdnf is not enhanced following OLM retrieval.
(A) Schematic of the time point at which the hippocampus was dissected for Bdnf 

quantification. (B-E) Quantification of hippocampal expression of bdnf mRNA associated 

with (B) exon I, (C) exon IV, (D) exon VI, and (E) exon IX. Data are presented as mean ± 

SEM; (0–0–0: n = 8, 14–0–0: n = 6, 14–7–0: n = 8, 14–7–2; n = 8).
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