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The beneficial effects of exercise on cognition are well established; however specific exercise parameters regarding the fre-
quency and duration of physical activity that provide optimal cognitive health have not been well defined. Here, we explore
the effects of the duration of exercise and sedentary periods on long-term object location memory (OLM) in mice. We use a
weak object location training paradigm that is subthreshold for long-term memory formation in sedentary controls, and
demonstrate that exercise enables long-term memories to form. We show that 14- and 2I-d of running wheel access
enables mice to discriminate between familiar and novel object locations after a 24 h delay, while 2- or 7-d running
wheel access provides insufficient exercise for such memory enhancement using the subthreshold learning paradigm.
After 14- and 2I-d of wheel running, exercise-induced cognitive enhancement then decays back to baseline performance
following 3-d of sedentary activity. However, exercise-induced cognitive enhancement can be reactivated by an additional
period of just 2 d exercise, previously shown to be insufficient to induce cognitive enhancement on its own. The reactivating
period of exercise is capable of enhancing memory after three- or seven-sedentary days, but not 14-d. These data suggest a
type of “molecular memory” for the exercise stimulus, in that once exercise duration reaches a certain threshold, it estab-
lishes a temporal window during which subsequent low-level exercise can capitalize on the neurobiological adaptations
induced by the initial period of exercise, enabling it to maintain the benefits on cognitive function. These findings

provide new information that may help to guide future clinical studies in exercise.

A growing body of evidence arising from studies of both animal
models and human subjects supports the beneficial effects of exer-
cise on general health (Warburton et al. 2006; Nagamatsu et al.
2014). These benefits appear to demonstrate a dose-response rela-
tionship, as total physical activity volume shows an inverse linear
relationship to all-cause mortality in humans (Lee and Skerrett
2001). Accordingly, the World Health Organization recommends
adults aged 18-64 experience at least 150 min of moderate-intensi-
ty aerobic physical activity per week (Haskell et al. 2007; WHO
2010). More specifically, physical activity is associated with neuro-
biological benefits, including improved cognition, a reduction in
the risk of developing a neurodegenerative disease, and attenua-
tion of age-related cognitive decline (Cotman and Berchtold
2002; Gomez-Pinilla and Hillman 2013; Nagamatsu et al. 2014).
However, much less is known of the minimal frequency or session
duration of physical activity required to maintain such cognitive
benefits (Alderman and Olson 2018). Indeed, exercise patterns in
humans are less rigid than exercise regimens used in animal stud-
ies, and generally do not follow a consistent daily routine (Lee and
Skerrett 2001).

A number of studies have examined the effects of exercise fre-
quency on cognitive improvement in rodent models, by varying
the duration of exercise and sedentary periods that rodents experi-
ence. Rodents display robust exercise-induced cognitive enhance-
ment as measured by a wide variety of behavioral tests (Vivar
et al. 2013). This cognitive enhancement has also been shown to
eventually decay following a return to sedentary activity, as dem-
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onstrated using the passive avoidance test (Radak et al. 2006),
and radial arm water maze (Berchtold et al. 2010). One molecular
correlate of this cognitive enhancement has been identified in
the form of increased hippocampal brain-derived neurotrophic
factor (BDNF) expression in rats and mice with access to running
wheels (Neeper et al. 1996; Berchtold et al. 2005, 2010). Exercise
on alternating days has been shown to be as effective in elevating
hippocampal BDNF levels as daily exercise (Berchtold et al. 2005),
and hippocampal BDNF levels remain elevated for 2 wk following
the complete cessation of exercise, returning to baseline levels after
3-4 wk in mice (Berchtold et al. 2010), and 14 d in rats (Berchtold
et al. 2005). Interestingly, a subsequent reactivating period of
exercise has been shown to return hippocampal BDNF levels
back to levels that previously required 2 wk of exercise for induc-
tion in rats, although the effect on cognition was not examined
(Berchtold et al. 2005). These data suggest that the initial exercise
period primes the hippocampus so that subsequent low-level phys-
ical activity can induce rapid BDNF expression.

In this study, we investigate the effects of varying exercise fre-
quency and duration on long-term object location memory, using
a weak object location memory (OLM) training paradigm that is
subthreshold for memory formation in sedentary controls. We
have previously demonstrated that exercise enables learning in
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these normally subthreshold conditions,
and that this learning is mediated by hip-
pocampal BDNF (Intlekofer et al. 2013).
We subject mice to differing exercise re-
gimes that consist of varying duration of
running wheel access, and standard sed-
entary cage housing, and determine the
time course of decay of OLM caused by a
return to sedentary activity. We also ex-
amine the effect on OLM of an additional
period of reactivating exercise just prior
to behavioral testing, to see if the previ-
ously discovered molecular memory for
exercise-induced BDNF expression has
an effect on long-term OLM.

Results

Exercise enables mice to learn
following subthreshold OLM
training

To investigate the effects of the quantity
and frequency of different periods of exer-
cise and sedentary activity on cognition
in mice, we first established the degree
to which different quantities of exercise
can benefit mouse OLM (Fig. 1). Mice
were given access to a running wheel for
either 2 d, or 1, 2, or 3 wk prior to OLM
training. Voluntary wheel-running was
chosen because it allows mice to choose
how much to run, therefore avoiding
confounding variables associated with
the stress of forced exercise, and is easily
quantifiable (Cotman and Berchtold
2002). To test for memory enhancement,
we used a subthreshold training time
(3 min), which has been previously shown
not to result in long-term OLM in seden-
tary wild-type mice, but can lead to long-
term memory in mice that have under-
gone exercise (McQuown et al. 2011;
Intlekofer et al. 2013; Vogel-Ciernia and
Wood 2014). A sedentary group of mice
was also included that received no access
to running wheels for the duration of the
experiment. Mice were handled and habit-
uated to the OLM chamber as described
prior to OLM training, regardless of indi-
vidual exercise group (Fig. 1A).

While in running wheel cages, exer-
cise was recorded automatically. The
mean total distance covered by each
group was proportional to the time spent
in the running wheel cages (Fig. 1B; 2d: M

A B Total Cumulative Distance Run

150000+

£ 100000
Z 8
Access to running wheels om | owm =
2 days, 1, 2, or 3 weeks Training | Testing o
v/4 —

: 50000
time —> I e

OLM habituation 24 hr
(6 days)

2 Days 1 week 2 weeks 3 weeks

Exercise Period Prior to OLM Training

C Total Object Exploration During OLM Training D Object Preference During OLM Training

151 601

40

10 20
)

o a i

£ e 0 T;_i_&'_‘?

(=

5 -204

-404

No Exercise 2 Days 1 Week 2Weeks 3 Weeks No Exercise 2 Days 1 Week 2Weeks 3 Weeks

Exercise Period Prior to OLM Training Exercise Period Prior to OLM Training

E Total Object Exploration During OLM 24hr Test F Object Preference During OLM 24hr Test

15+ 60 ke
40 i
— 104
2 it
o o ]
E 3 20
=
5
0.
- -20

No Exercise 2 Days 1 Week 2 Weeks 3 Weeks No exercise 2 Days 1 week 2weeks 3 weeks

Exercise Period Prior to OLM Training Exercise Period Prior to OLM Training

Figure 1. Effect of exercise on long-term object location memory. (A) Experimental schematic. Mice
were given access to a running wheelfor 2 d, 1, 2, or 3 wk prior to object location memory (OLM) behav-
joral training and testing. OLM testing was performed 24 h after training, and mice were returned to
standard home cages overnight. Mice were habituated to the OLM chamber for 6 d prior to OLM train-
ing regardless of exercise regime. A sedentary group of mice was also included that had no access to
running wheels. (B) The mean total distance run by mice in each experimental group. (C): Mean time
spent attending to objects during OLM training. There was no difference between the groups.
(D) Mean discrimination index for each group during OLM training. Mice showed no preference for
objects during training. (E) Mean time spent attending to objects during OLM testing. There was no dif-
ference between the groups. (F) Mean discrimination index for each group during OLM testing. Mice
that had no running wheel access showed no object location memory at 24 h. Mice that had run for
either 2 or 3 wk showed a significant increase in object location discrimination index compared to
the No exercise control group. Significant between-group comparisons are denoted by ***/****,
Significant comparisons between Test discrimination index (DI) and Training DI are denoted by ####.
All data shown is mean + SEM. (***) P<0.001, (****/####) P<0.0001.

=11,571 meters, SD=3157 m; 1 wk: M=32,567 m, SD=7847 m;
2 wk: M=101,557 m, SD=49,572 m; 3 wk: M=129,786 m, SD=
37,669 m; F(3 28 =29.23, P<0.0001), with mice receiving 3 wk of
running wheel exposure exercising the most. Mice from each
group then received OLM training the day after the last day of run-
ning wheel access. Each group of mice displayed a similar total ob-
ject exploration time during training, indicating no effect of
exercise treatment on object exploration (Fig. 1C, F(445=0.6179,
P=0.6520, ns). There was also no significant difference in the DI
for the objects (Fig. 1D, F(445)=1.464, P=0.2291), indicating no
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object preference during training. Following training, mice were re-
turned to standard home cages for 24 h. Mice were then analyzed
for long-term OLM, by placing them back in the OLM chambers,
where one object had been moved to a novel location. The total
time spent investigating both objects was not significantly differ-
ent between groups (Fig. 1E, F4 45)=1.343, P=0.2688), suggesting
no differences in object exploration. However, OLM DI was shown
to be affected by the previous exercise paradigm (Fig. 1F; F4 45)=
18.04, P<0.0001). Mice that received no exercise demonstrated a
DI near 0, indicating no object preference and thus no object
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location memory. Similarly, mice that received running wheel ac-
cess for 2 d, or 1 wk showed no significant difference in OLM DI
compared to sedentary controls (2 d vs. Sedentary: P=0.7995;
1 wkvs. Sedentary: P>0.9999). However, mice that received either
2- or 3-wk of exercise prior to OLM training displayed a significant
novel object location preference during testing, as shown by sig-
nificantly increased DI, suggesting an enhanced object location
memory compared to both the Sedentary control group, and to
the corresponding OLM Training DI (2 wk vs. Sedentary: P<
0.0001; 3 wk vs. Sedentary: P=0.0002; Comparisons of OLM
Test DI to Training DI: Sedentary: P=0.9473; 2 d: P>0.9999;
1 wk: P>0.9999; 2 wk: P<0.0001; 3 wk: P<0.0001). Thus, 2- and
3-wk of running wheel access provides sufficient exercise to enable
long-term OLM following a training paradigm that is subthreshold
for sedentary controls, whereas 2 d or 1 wk of running wheel access
does not.

Effects of a return to sedentary behavior and reactivation
exercise on OLM performance in mice that have
experienced 2 wk of running

We next examined the effect of a return to sedentary activity prior
to OLM training (Fig. 2). A separate cohort of mice received a 2 wk
period of running wheel access, before being returned to sedentary
home cages for either 3, 7, or 14 d. Standard subthreshold OLM
training and testing was then performed (Fig. 2A). An additional
cohort was provided running wheel access for 2 wk, followed by
a sedentary delay period of 3, 7, or 14 d, but then also given an ad-
ditional 2 d “reactivating” period of exercise, to determine if the ef-
fects of the sedentary delay could be rescued by the addition of a
short period of exercise. OLM handling and habituation were per-
formed on each mouse identically as above, regardless of cage type
(Fig. 2A).

The mean total cumulative exercise recorded from each group
during the initial 2 wk period was not significantly different (Fig.
2B; F(s,52)=2.269, P=0.0611), demonstrating that each group re-
ceived a similar quantity of exercise during the 2 wk period (2 wk
exercise, +3 d sedentary: M=84,341 m, SD=25,839 m; 2 wk3 d+
2 d: M=97,633 m, SD=19,999 m; 2 wk7 d: M=98,063 m, SD=
30,902 m; 2 wk7 d+2 d: M=111,903 m, SD=24,391 m; 2 wkl4
d: M=112,315 m, $D=22,032 m; 2 wk14 d+2 d: M=111,498 m,
SD=20,152 m). Exercise data from mice that had 2 wk of running
wheel access previously presented in Figure 1B is shown again for
comparison (Fig. 2B). The mean cumulative exercise recorded
from each group that underwent 2 d of reactivation exercise was
also not significantly different (Fig. 2C; F(3 29)=2.393, P=0.0888).

Following initial exercise, sedentary period, and reactivating
exercise, mice from each group received OLM training. Each group
of mice displayed a similar total object exploration time during
training, indicating no effect of exercise treatment on object explo-
ration (Fig. 2D; Two-way ANOVA with a Group (4) x Reactivation
(2) design: Effect of Group: Fze1)=1.941, P=0.132; effect of
Reactivation: Fq 61,=4.235, P=0.044; Interaction: F61,=0.175,
P=0.840; Bonferroni post-hoc tests comparing No Reactivation
to Reactivation within each group: 2 wk3 d: P=0.5175; 2 wk7 d:
P=0.4097; 2 wk14 d: P>0.9999). There was also no significant dif-
ference in DI for the objects, indicating no object preference during
OLM training (Fig. 2E; Effect of Group: F(3 61y=0.833, P=0.481; ef-
fect of Reactivation: F(;,61,=0.585, P=0.447; interaction: F 1)=
0.062, P=0.940).

Following training, mice were returned to standard home
cages for 24 h, and then analyzed for long-term OLM as stated
above. The total time spent investigating objects during testing
was not significantly different between groups (Fig. 2F; Effect of
Group: F3,63=1.677, P=0.181, effect of Reactivation: F 63)=
0.290, P=0.592; interaction: F ¢3,=0.812, P=0.449), while the
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DI was shown to be affected by the given exercise paradigm
(Fig. 2G; Effect of Group: F3e63=7.853, P<0.0001; Effect of
Reactivation: F(; ¢3)=95.079, P=0.028; interaction: F ¢3,=0.192,
P=0.826). A 3-d sedentary period within a standard home cage
was sufficient to significantly decrease OLM performance com-
pared to mice with 2-wk of running with no sedentary period
(Fig. 2G; comparing 2 wk DI to 2 wk3 d DI: P=0.0268). Similarly,
sedentary delay periods of 7- and 14-d also counteracted the bene-
ficial effect on subthreshold OLM performance from 2-wk of
running (Fig. 2G; 2 wk vs. 2 wk7 d: P=0.0225; 2 wk vs. 2 wk14 d:
P=0.0008). However, exercise-induced OLM enhancement was re-
tained in those mice that received 2 d of reactivating exercise fol-
lowing either 3- or 7-d sedentary delay, but not 14-d sedentary
delay (Fig. 2G; 2 wk vs. 2 wk3 d+2 d: P>0.9999; 2 wk vs. 2 wk7
d+2d: P=0.3156; 2 wk vs. 2 wk14 d+2 d: P=0.0077; comparing
within groups No reactivation vs. +2 d Reactivation: 2 wk3 d: P=
0.5832; 2 wk7 d: P>0.9999; 2 wkl14 d: P>0.9999; comparing
OLM DI during Training to Test: 2 wk: P<0.0001; 2 wk3 d: P=
0.0836; 2 wk3 d+2 d: P=0.0004; 2 wk7 d: P=0.2774; 2 wk7 d+2
d: P=0.0023; 2 wk14 d: P>0.9999; 2 wk14 d+2 d: P>0.9999).
These data suggest that exercise-induced OLM enhancement de-
cays following a return to sedentary activity, but can be “reactivat-
ed” by a short period of exercise.

Increasing initial exercise period length does not

increase the sedentary period that can be rescued

by 2 d exercise

Given that 2 d of reactivating exercise could maintain exercise-
enhanced OLM after 3 and 7, but not 14 d, we next investigated
whether extending the length of the initial exercise period could
increase the length of sedentary delay that could still be rescued
by 2 d of reactivating exercise (Fig. 3). Mice were given access to
running wheels for a period of 3-wk, followed by a delay period
of either 7- or 14-d, prior to OLM training and testing. A separate
cohort of mice was again reexposed to the running wheels for
2-d just prior to OLM training and testing (Fig. 3A).

Exercise during the 3-wk initial exercise period was recorded
for each mouse. The mean total distance run by each group of
mice during the 3 wk period was not significantly different (Fig.
3B: F2,29)=1.591, P=0.2130), suggesting each group received a
similar quantity of exercise. Exercise data from mice that had 3
wk of running wheel access previously presented in Figure 1B is
shown again for comparison (Fig. 3B). The mean cumulative exer-
cise recorded from each group that underwent an additional 2 d of
reactivation exercise was also not significantly different (Fig. 3C;
F,20)=2.766, P=0.0848).

Following the initial 3-wk exercise period, sedentary period,
and reactivating exercise period, mice from each group then re-
ceived OLM training. Each group of mice displayed a similar total
object exploration time during training, indicating no effect of ex-
ercise treatment on object exploration (Fig. 3D: Two-way ANOVA
with a Group (2) x Reactivation (2) design: Effect of Group: F(, 37
=1.705, P=0.196; effect of Reactivation: F(; 37,<0.001, P=0.998;
Interaction: F(;,37,=2.847, P=0.100). There was also no significant
difference in DI for the objects, indicating no object preference
during training (Fig. 3E: Effect of Group: F 37,=0.032, P=0.969;
effect of Reactivation: F(; 37,=0.088, P=0.768; interaction: F 37
=0.006, P=0.940). Following training, mice were returned to stan-
dard home cages for 24 h, and then analyzed for long-term OLM as
described above. The total time spent investigating objects during
testing was not significantly different between groups (Fig. 3F;
Effect of Group: F;37)=2.895, P=0.068, effect of Reactivation:
Fa,37y=0.203, P=0.655; interaction: F(; 37,=0.142, P=0.709).

Exercise-induced OLM enhancement significantly decreased
in all groups, except for those mice that received 2 d of reactivating
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Figure 2. Effect of a sedentary period and reactivating exercise on 2 wk exercise-enhanced long-term object location memory. (A) Experimental sche-
matic. Mice were given access to a running wheel for 2 wk. Mice were then split into groups and returned to their home cages for either 3, 7, or 14 d. Mice
were then either immediately trained and tested for OLM, or given access to running wheels for another 2 d (reactivation exercise) prior to OLM training
and testing. OLM testing was performed 24 h after training. All mice were habituated to the OLM chamber for the 6 d prior to OLM training. (B) The mean
total distance run by mice in each experimental group during the 2 wk exercise period. There was no significant difference in the amount of exercise each
group received during this period. Distance data from 2 wk exercise mice presented in Figure 1B also shown for comparison. (C) The mean total distance
run by mice that underwent 2 d reactivation exercise. There was no significant difference in the amount of exercise each group received during this period.
Distance data from Figure 1B also shown for comparison. (D) Mean time spent attending to objects during OLM training. Data from Sedentary and 2 d
exercise controls presented in Figure 1C are also shown for comparison. There was no difference between the groups. (£) Mean DI for each group during
OLM training. Data from Sedentary and 2 d exercise controls presented in Figure 1D are also shown for comparison. Mice showed no preference for objects
during training. (F) Mean time spent attending to objects during OLM testing. Data from Sedentary and 2 d exercise controls presented in Figure 1E are
also shown for comparison. There was no difference between the groups. (G) Mean DI for each group during OLM testing. Data from Sedentary and 2 d
exercise controls presented in Figure 1F are also shown for comparison. Mice that run for 2 wk followed by either a 3, 7, or 14 d sedentary period show a
significant decrease in preference for novel object location, compared to mice that run for 2 wk with no sedentary period. Mice that then receive a 2 d
period of reactivation exercise following either 3 or 7 sedentary days show a significant increase in novel object preference during testing compared to
training. However, 2 d of reactivation exercise is not sufficient to significantly improve object location memory in mice that have had a sedentary delay
period of 14 d. All data shown is mean + SEM. Between-groups comparisons denoted by *'s, within-group comparisons denoted by #s. (*) P<0.05,
(**/##) P<0.01, (***/###) P<0.001.

exercise following a 7-d sedentary delay (Fig. 3G; Effect of Group: Training to Test: 3 wk: P<0.0001; 3 wk 7 d: P=0.5285; 3wk 7 d +
F,37y=22.752, P<0.0001; Effect of Reactivation: F 37,)=10.327, 2d: P<0.0001; 3 wk 14 d: P>0.9999; 3 wk 14 d+2 d: P=0.9212).
P=0.003; interaction: F 37)=3.422, P=0.072; post-hoc tests com- These data suggest that increasing the length of the initial period
paring each group to 3 wk DI: 3wk 7 d: P=0.0016; 3wk 7d+2: P> of exercise has no effect on the decay of exercise-induced memory
0.9999; 3 wk 14 d: P<0.0001; 3 wk 14 d+2 d: P=0.0005; com- enhancement caused by a return to sedentary activity, but may
paring within groups No Reactivation vs. +2 d Reactivation: 3 wk increase the ability for reactivation exercise to enhance cognition
7 d: P=0.0068; 3 wk 14 d: P>0.9999; comparing OLM DI during after a 7-d delay.
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Figure 3. Effect of sedentary activity and reactivating exercise on 3 wk exercise-enhanced long-term object location memory. (A) Experimental schemat-
ic. Mice were given access to a running wheel for 3 wk. Mice were then split into groups and were returned to their home cages for either 7 or 14 d. Mice
were then either immediately trained and tested for object location memory (OLM), or given access to running wheels for another 2 d (reactivation ex-
ercise) prior to OLM training and testing. OLM testing was performed 24 h after training. All mice were habituated to the OLM chamber for the 6 d prior to
OLM training. (B) The mean total distance run by mice in each experimental group during the 3 wk exercise period. There was no significant difference in
the amount of exercise each group received during this period. Distance data from 3 wk exercise mice presented in Figure 1B also shown for comparison.
(C) The mean total distance run by mice that underwent 2 d reactivation exercise. There was no significant difference in the amount of exercise each group
received during this period. Distance data from Figure 1B also shown for comparison. (D) Mean time spent attending to objects during OLM training. Data
from Sedentary and 2 d exercise controls presented in Figure 1C are also shown for comparison. There was no difference between the groups. (E) Mean DI
for each group during OLM training. Data from Sedentary and 2 d exercise controls presented in Figure 1D are also shown for comparison. Mice showed no
preference for objects during training. (F) Mean time spent attending to objects during OLM testing. Data from Sedentary and 2 d exercise controls pre-
sented in Figure 1E are also shown for comparison. There was no difference between the groups. (G) Mean DI for each group during OLM testing. Data
from Sedentary and 2 d exercise controls presented in Figure 1F are also shown for comparison. Mice that run for 3 wk followed by either a 7- or 14-d
sedentary period show a significant decrease in OLM performance compared to mice that run for 3 wk with no sedentary period. Mice that experience
a 2-d period of reactivation exercise following the sedentary period show a significant increase in novel object preference during OLM testing compared to
training. However, 2 d of reactivation exercise was not sufficient to significantly improve object location memory in mice that had a sedentary delay period
of 14 d. All data shown is mean + SEM. Between-groups comparisons denoted by *'s, within-group comparisons denoted by #'s. (**) P<0.01, (***) P<
0.001, (****/####) P<0.0001.

Discussion were unable to distinguish between novel and familiar object loca-

tions 24 h after training, as were mice with 2-d, or 1-wk of running
This study examined the effect of exercise period duration, seden- wheel access. However, 2- or 3-wk of running wheel access enabled
tary period duration, and reactivating exercise on cognition in the formation of long-term object location memories, using the
mice, using a specific subthreshold object location memory same OLM training paradigm. The effect of a return to sedentary
(OLM) training paradigm. Mice with no running wheel access activity on subthreshold OLM was then examined; the
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exercise-induced OLM enhancement seen in mice that had 2-wk of
running wheel access was shown to decay to sedentary control lev-
els after three sedentary days. However, OLM could be reenhanced
in these mice by an additional period of running wheel access for
2 d, which by itself was insufficient to enable a long-term OLM
to form. These data may suggest a “molecular memory” for the ex-
perience of exercise, in that once exercise reaches a certain thresh-
old, both cognition, and the ability of future exercise to improve
cognition, are enhanced. These findings provide new information
regarding the time course of cognitive enhancement by exercise,
and may have implications for the recommendations of minimum
exercise required for cognitive enhancement in humans.

Exercise enables memory encoding from subthreshold
training

The demonstration of exercise enhancing cognition in rodents is
in line with numerous other studies using a variety of behavioral
tests, including radial arm maze, Morris water maze, Y-maze, con-
text fear conditioning, and novel object recognition (Fordyce and
Farrar 1991; Anderson et al. 2000; Baruch et al. 2004; Van der
Borght et al. 2007; Fahey et al. 2008). Importantly, we replicate
the results of Intlekofer et al. (2013) demonstrating that exercise
enables the encoding of long-term OLM that is not typically en-
coded in nonexercising mice. While it was previously shown that
using the subthreshold training paradigm, 3-wk of running wheel
access enabled OLM to form, here we extend these findings, dem-
onstrating that 2-wk of exercise is also sufficient, while 1 wkor 2 d
of running wheel access is not. These data suggest an exercise
threshold for cognitive improvement in the subthreshold OLM
task, below which there is insufficient signaling for the neurobio-
logical mechanisms that underlie cognitive enhancement to occur.
Our previous findings implicated hippocampal BDNF protein lev-
els as a molecular mechanism required for exercise-induced OLM
enhancement. Hippocampal BDNF is an important mediator for
the formation of hippocampal-dependent memory (Mu et al.
1999; Bekinschtein et al. 2007; Heldt et al. 2007), and BDNF pro-
tein levels progressively increase with longer running duration
(Adlard et al. 2004; Berchtold et al. 2005). Indeed, we have demon-
strated a direct relationship between hippocampal BDNF levels and
performance in the radial arm water maze (Berchtold et al. 2010),
and shown that hippocampal BDNF is required for OLM following
subthreshold training (Intlekofer et al. 2013). It is thus reasonable
to suggest that the exercise-induced cognitive enhancement seen
in the present study is mediated via a BDNF mechanism.

Loss of memory-enhancement upon return to sedentary
activity

Mice that experienced a 3- or 7-d sedentary delay period between
running wheel access and OLM testing displayed a significant
decrease in OLM performance compared to nonsedentary delayed
controls. This decay in exercise-induced memory enhancement is
more rapid than that seen in other studies (Radak et al. 2006;
Berchtold et al. 2010), which may reflect an increase in the diffi-
culty of the behavioral paradigm used. Furthermore, increasing
the initial exercise period from 2- to 3-wk did not result in a notice-
able increase in OLM after a 7-d sedentary delay. These data suggest
that the sedentary decay of exercise-induced OLM enhancement is
not affected by the quantity of initial physical activity experienced.

Reintroduction to physical activity reactivates a “memory”
for exercise-induced cognitive enhancement

On its own, 2 d of running wheel access had no effect on OLM
compared to sedentary controls. However, mice that had lost the
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exercise-induced OLM enhancement due to a return to sedentary
housing, displayed a recovery in their ability to form OLM when
reexposed to 2-d of running wheel access. This reactivation effect
also displayed a time course of decay; reactivating exercise was suc-
cessful following three- or seven-sedentary days, while
14-sedentary days prior to the reactivation period did not result
in significantly improved OLM when compared to training.
These data are broadly in accordance with our previous work dem-
onstrating a “molecular memory” for BDNF induction by exercise,
which further implicates hippocampal BDNF levels as a molecular
mechanism underlying the cognitive enhancement seen in the
present study (Berchtold et al. 2005; Intlekofer et al. 2013).
Hippocampal BDNF protein returns to sedentary levels after 7-14
sedentary days, but is rapidly reexpressed in response to 2 d of run-
ning wheel access (Berchtold et al. 2005). While the time course of
BDNF expression in the hippocampus differs slightly compared to
the cognitive enhancement shown here, this may be explained by
the use of rats compared to mice, as well as the difficulty of the
behavioral paradigm used, as previously discussed.

While transient changes in hippocampal BDNF levels may ex-
plain cognitive enhancement by exercise or the return to
sedentary-type cognition following a return to sedentary housing,
the molecular priming for BDNF induction by exercise requires fur-
ther investigation. There is some evidence that such molecular
priming may occur via an epigenetic mechanism. Epigenetic mod-
ifications have been shown to modulate learning and memory out-
comes (Levenson and Sweatt 2005; Sleiman et al. 2016; Campbell
and Wood 2019). Both exercise and sodium butyrate (NaB; a his-
tone deacetylase (HDAC) inhibitor) treatment have been shown
to induce expression of the same BDNF transcripts in the hippo-
campus, and to improve OLM (Stefanko et al. 2009; Intlekofer
et al. 2013). Exercise and NaB are also shown to increase acetyla-
tion of histone H4 at promoters for the same bdnf gene transcripts
(Intlekofer et al. 2013). Furthermore, exercise has been shown to
induce hippocampal accumulation of the endogenous ketone
body p-B-hydroxybutyrate, which can also inhibit class I HDACs
(Sleiman et al. 2016). Hippocampal neurons treated with
p-p-hydroxybutyrate in vitro show increased acetyl-histone H3, de-
creased HDAC2 and HDAC3 occupancy at the bdnf promoter, and
increased BDNF expression (Sleiman et al. 2016). These data sug-
gest that exercise may induce a permissive chromatin state that al-
lows the rapid expression of cognitive-enhancing genes such as
bdnf following further exercise stimulus. Future studies may thus
examine other genes affected by epigenetic changes that occur fol-
lowing periods of exercise and sedentary activity that are similar to
the exercise regimens presented in the current study.

Clinical implications of findings

If the data presented in the current study is applicable to humans,
our results suggest that while cognition is enhanced by exercise, it
can also deteriorate from a sedentary lifestyle. However, a regular
exercise routine whereby physical activity is experienced only oc-
casionally may be sufficient to preserve normal cognitive function.

Materials and Methods

Animals

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 at Irvine. Male, 6-wk-old C57Bl/6]
mice (Jackson Laboratory) were individually housed with food
and water ad libitum, and allowed 1 wk acclimation to the vivari-
um prior to experiments. Lights were maintained on a 12 h
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light-dark cycle, with all behavior performed during the light
phase. Total number of mice analyzed: 182.

Exercise treatment

Mice were split into separate groups and spent different periods of
time in either exercise cages (housed with a running wheel) or
sedentary cages (standard cages). Exercise cages consisted of 24
x35x20 cm clear plastic, containing a running wheel 40 cm in
circumference, 12.7 cm diameter (Lafayette). Voluntary running
was monitored via a computer system (Lafayette) with activity
recorded every 6 h (4 times per day). Exercise regimes consisted
of an initial period of exercise (0, 1, 2, or 3 wk), followed by a sed-
entary period during which mice were returned to home cages (0,
3, 7, or 14 d). Some groups of mice then received a period of re-
activating exercise, consisting of 2 d access to the running wheels
(see Figs. 1A, 24, 3A).

Subthreshold object location memory (OLM) testing
OLM training and testing was performed as described by
Vogel-Ciernia and Wood (2014). Briefly, OLM chambers consisted
of 30 x 30 x 40 cm boxes, containing 1 cm deep corn cob bedding.
Nine days prior to OLM training, each mouse was handled for
2 min per day, for 5 consecutive days, within the OLM training
room. Each day for 6 d prior to training, each mouse was habituat-
ed to the OLM chambers for 10 min per day. Mouse handling and
habituation thus overlapped for 2 d. Regardless of the exercise re-
gime, each mouse was returned to the standard sedentary home
cage the night before OLM training. On OLM training day, two
100 mL beakers filled with cement were placed into each OLM
chamber upside down. Subthreshold OLM training consisted of al-
lowing each mouse to explore the chamber and objects for 3 min,
before returning to home cages. Twenty-four hours after training,
OLM testing was performed, consisting of moving one of the bea-
kers and allowing each mouse to explore the chamber and objects
for 5 min. Exploratory behavior was recorded and scored manually
offline using BORIS v7 software (Friard and Gamba 2016). Object
exploration was defined as the interaction time when the mouse’s
nose was within 1 cm of the object and was pointing directly at the
object, discounting when the mouse was on top of the object, look-
ing over the object, or engaged in repetitive behavior such as dig-
ging at the base of the object (Vogel-Ciernia and Wood 2014).
Object exploration time was recorded and used to calculate a DI=
((Novel object location exploration time — Familiar object location
exploration time)/Total object exploration time x 100). Typically, a
DI>20 indicates a robust OLM (Vogel-Ciernia and Wood 2014).
Mice that did not have a total object exploration time of at least
3 sec during either training or testing were excluded.
Additionally, mice that displayed an object preference during
training as evidenced by a DI of £20 were also excluded. OLM train-
ing and tests were performed with knowledge of the previous exer-
cise regime of each mouse, while manual offline OLM scoring was
blinded. Total mice excluded from study: 18.

Statistics

One-way ANOVAs were used to analyze total distances run (Figs.
1B, 2B,C, 3B,C), and the effect of exercise on OLM Acquisition
Exploration Time, Acquisition DI, Testing Exploration Time, and
Testing DI (Fig. 1C-F). For OLM data, Bonferroni post-hoc tests
were performed comparing each exercise group to the sedentary
control group following significant ANOVA results. For OLM data
following either 2- or 3-wk of exercise with a delay period and reac-
tivation exercise, two-way ANOVAs were performed, with a Delay
group x Reactivation design (Figs. 2D-G, 3D-G). Significant effects
were examined using Bonferroni post-hoc tests comparing each
group to the relevant exercise control. Training and Test DIs
from each mouse were also compared following a repeated mea-
sures two-way ANOVA (Figs. 1F, 2G, 3G). Data was analyzed using
GraphPad Prism software, and SPSS (IBM).
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