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Voluntary Running Exercise-Mediated Enhanced
Neurogenesis Does Not Obliterate Retrograde Spatial
Memory
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Running exercise (RE) improves cognition, formation of anterograde memories, and mood, alongside enhancing hippocampal neuro-
genesis. A previous investigation in a mouse model showed that RE-induced increased neurogenesis erases retrograde memory (Akers et
al., 2014). However, it is unknown whether RE-induced forgetting is common to all species. We ascertained whether voluntary RE-
induced enhanced neurogenesis interferes with the recall of spatial memory in rats. Young rats assigned to either sedentary (SED) or
running exercise (RE) groups were first subjected to eight learning sessions in a water maze. A probe test (PT) conducted 24 h after the
final training session confirmed that animals in either group had a similar ability for the recall of short-term memory. Following this, rats
in the RE group were housed in larger cages fitted with running wheels, whereas rats in the SED group remained in standard cages.
Animals in the RE group ran an average of 78 km in 4 weeks. A second PT performed 4 weeks after the first PT revealed comparable ability
for memory recall between animals in the RE and SED groups, which was evidenced through multiple measures of memory retrieval
function. The RE group displayed a 1.5- to 2.1-fold higher hippocampal neurogenesis than SED rats. Additionally, both moderate and
brisk RE did not interfere with the recall of memory, although increasing amounts of RE proportionally enhanced neurogenesis. In
conclusion, RE does not impair memory recall ability in a rat model despite substantially increasing neurogenesis.
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(s )

Running exercise (RE) improves new memory formation along with an increased neurogenesis in the hippocampus. In view of a
recent study showing that RE-mediated increased hippocampal neurogenesis promotes forgetfulness in a mouse model, we
ascertained whether a similar adverse phenomenon exists in a rat model. Memory recall ability examined 4 weeks after learning
confirmed that animals that had run a mean of 78 km and displayed a 1.5- to 2.1-fold increase in hippocampal neurogenesis
demonstrated similar proficiency for memory recall as animals that had remained sedentary. Furthermore, both moderate and
brisk RE did not interfere with memory recall, although increasing amounts of RE proportionally enhanced neurogenesis, imply-
ing that RE has no adverse effects on memory recall. j

ignificance Statement

neurogenesis has received considerable attention because of its
perceived role in forming new memories and improving mood

Introduction
Running exercise (RE) improves physical and mental health

(Hotting and Roder, 2013; Hamilton and Rhodes, 2015). Among
the brain plasticity induced by RE, enhanced hippocampal
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Figure 1.

A schematic representation of the experimental design and the timeline of the experiments. Young Sprague Dawley rats were first randomly assigned to either sedentary (SED) or

running exercise (RE) groups (n = 14/group) but housed in standard cages. Next, animals in both groups underwent water maze training comprising 8 learning sessions over 8 d. An initial probe
test (Probe Test 1) was conducted 24 h after the final learning session to detect any difference between the two groups in memory retrieval. Following this, animals in the SED group were continued
to be housed in standard cages (2 rats per cage), but animals belonging to the RE group were individually housed in larger cages fitted with running wheels to facilitate daily voluntary running
exercise. After 4 weeks of housing as above, animals in both groups were examined with a second probe test (Probe Test 2). A week later, subgroups from the SED and RE groups (n = 6/group) were
killed using intracardiac perfusions with 4% paraformaldehyde, and brain tissues were processed to analyze hippocampal neurogenesis using doublecortin (DCX) immunostaining. The remaining
animals (n = 8/group) were maintained in their respective housing conditions and killed after 8 weeks of housing using intracardiac perfusions. These animals also received three injections of
5'-bromodeoxyuridine (BrdU) in the third week (once daily for 3 d on days 15—-17) of the experiment to facilitate the quantification of net hippocampal neurogenesis through BrdU immunostaining
and BrdU-NeuN dual immunofluorescence methods. The tissues were also used to quantify the status of neurogenesis via DCX immunostaining.

neurogenesis can enhance cognition and memory in both physi-
ological and pathological conditions (Costa et al., 2015). The
beneficial effects of RE associated with enhanced neurogenesis
include improved performance in learning tasks (van Praag et al.,
1999), alleviation of age-related stress and learning impairments
(van Praag et al., 2005; Kannangara et al., 2011), and restrained
disease progression or improved cognition in subjects afflicted
with neurodegenerative diseases (Adlard et al., 2005; Hoveida et
al., 2011). Additional studies have demonstrated that physical
exercise facilitates faster recovery and less severe cognitive im-
pairment or neurological deficits after brain insults. This has
been observed in animal prototypes subjected to whole-brain
irradiation (Wong-Goodrich et al., 2010), chemotherapy (Wino-
curetal., 2014), status epilepticus (Gomes et al., 2014), traumatic
brain injury (Jacotte-Simancas et al., 2015); chronic stress (Kim
and Leem, 2016); ischemic stroke (Ahn et al., 2016); Hunting-
ton’s disease (Ji et al., 2015); and Alzheimer’s disease (Ryan and
Kelly, 2016).

A vast majority of studies on hippocampal neurogenesis and
memory were, however, focused on examining the anterograde
effects of neurogenesis manipulation on memory formation,
which consistently demonstrated memory augmentation with
increased neurogenesis (Deng et al., 2010). However, two recent
studies examining the effects of RE-induced enhanced neurogen-
esis on memory retrieval in C57BL/6 mice demonstrated that
increased hippocampal neurogenesis interferes with the recall of
retrograde memory in contextual fear conditioning and spatial
reference memory tests (Akers et al., 2014; Epp et al., 2016). Au-
thors have proposed that, because successful memory recall re-
quires reactivation of patterns of neural activity present at the
time of memory encoding (Danker et al., 2010; Liu et al., 2012;
Richards and Frankland, 2013), an increased addition of newly
born neurons to the hippocampus circuitry obliterates retro-
grade memory through reconfiguration of dentate gyrus

(DG)-CA3 circuits. This is consistent with the prediction in com-
putational models that reconfiguration of DG-CA3 circuits
would reduce the ability of a given set of cues to reinvoke the same
pattern of activity that was present at the time of memory encod-
ing, which in turn would cause interference during the retrieval of
memories (Weisz and Argibay, 2012).

Nonetheless, it is unknown whether: (1) RE-induced in-
creased neurogenesis can expunge all types of retrograde memory
or only certain types of memories; (2) a moderate increase in
neurogenesis is adequate for obliterating retrograde memories;
and (3) RE-induced forgetting is common to all mammalian spe-
cies. We investigated whether voluntary RE-induced increased
neurogenesis hinders the recall of spatial reference memory in
rats. Two cohorts of young rats ascribed to either sedentary
(SED) or RE groups were subjected to eight learning sessions in a
water maze. A probe test (PT) performed 24 h after the final
training session established similar competence for the recall of
short-term memory in either group. Subsequently, rats in the RE
group were housed in larger cages fitted with running wheels,
whereas rats in the SED group remained in standard cages. A
second PT was conducted 4 weeks after the first PT to examine
the ability of animals belonging to either the RE or SED group for
recalling spatial memory, and neurogenesis was quantified to ex-
amine whether memory recall function correlated with the extent
of neurogenesis.

Materials and Methods

Animals and experimental design. This study used 6-week-old male
Sprague Dawley rats obtained from Harlan Sprague Dawley. The com-
bined institutional animal care and use committee of the Central Texas
Veterans Health Care System, Texas A&M Health Science Center College
of Medicine and Scott and White Hospital approved all experime-
nts performed in this study. Rats (n = 28) were first screened for
hippocampus-dependent spatial learning and memory function using a
Morris water maze test (WMT). Figure 1 illustrates the timeline of vari-
ous analyses performed on these rats. Two cohorts of young rats were
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Figure2. A,-B,, Comparison of the spatial learning and memory performance between the two groups of young Sprague Dawley rats assigned to the sedentary (SED) or running exercise (RE)
groups, before the commencement of voluntary exercise regimen. Two-way repeated-measures ANOVA revealed no differences between the two groups for swim speeds (A,; p > 0.05), swim path
lengths (SPLs), and latencies toreach the platform (4,,A;; p > 0.05), or swim path efficiency values (4, p > 0.05) in different learning sessions. The probe test conducted 24 h after the final learning
session also revealed no differences between the two groups (B;—Bj). Both groups showed greater affinity for the platform quadrant, in comparison with the other three quadrants of the pool
(one-way ANOVA, p << 0.0001; B,, B;). Additional parameters of memory retrieval ability, such as latencies to reach the platform quadrant (PQ; B,,), platform area (Figure legend continues.)
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first assigned to SED and RE groups and subjected to eight learning
sessions in the water maze. This was followed by a PT at 24 h after the final
training session, which confirmed similar proficiency of animals in either
group for the recall of short-term memory. Subsequently, animals be-
longing to the RE group were housed individually in larger cages fitted
with running wheels (n = 14), whereas rats in the SED group were
maintained two per cage in standard cages (n = 14). A second PT was
conducted after 4 weeks of housing to determine the spatial memory
recall ability of animals in the RE or SED group at an extended time-point
after learning and memory encoding. Subgroups of rats (n = 6/group)
were killed a week after the second PT and brain tissues were processed
for stereological quantification of doublecortin-positive (DCX ™) neu-
rons in the subgranular zone-granule cell layer (SGZ-GCL) of the DG.
This facilitated the quantification of the extent of the increase in neuro-
genesis in the RE group with ~5 weeks of exercise regimen, in compari-
son with the SED group. Additional subgroups of rats in both groups
(n = 8/group) received daily injections of 5’-bromodeoxyuridine
(BrdU) (100 mg/kg) on housing days 15-17 (i.e., the third week of exer-
cise in the RE group), to label cells and neurons that were born during
this period in the hippocampus. These animals were housed similarly as
described above until killed~5.5 weeks after the last BrdU injection
(equivalent to after 8 weeks of exercise in the RE group). The brain tissues
were processed for BrdU immunostaining, a BrdU-neuron-specific nu-
clear antigen (NeuN) dual immunofluorescence procedure, and quanti-
fication of net neurogenesis. This enabled measurement of the increase in
net neurogenesis with 15-17 d of exercise in the RE group, in comparison
with the SED group.

WMT. The Morris WMT is one of the most widely accepted tests for
measuring hippocampal-dependent spatial learning and memory func-
tion in rodents. The learning paradigm used in this study is detailed in
our previous studies (Hattiangady et al., 2011; Parihar et al., 2011, 2013;
Hattiangady and Shetty, 2012; Kodali et al., 2015). In brief, it comprised
eight learning sessions over 8 d with four acquisition trials per session.
Rats were trained to find the circular platform submerged in the water
using spatial cues. The movement of the rat was continuously video-
tracked and recorded using the computerized ANY-maze video-tracking
system. Each trial lasted 90 s, and the intertrial interval was 60 s. The rat
was placed in the water facing the wall of pool in a pseudo-random
manner so that each trial commenced from a different start location.
Once the rat reached the platform, it was allowed to stay there for 30 s.
When a rat failed to find the platform within the ceiling period, it was
guided to the platform where it was allowed to stay for 30 s. The location
of the platform remained constant across all days and trials for an indi-
vidual animal. Latencies and swim path lengths (SPLs) to reach the plat-
form, swim path efficiencies, and swim speeds were calculated and
collected using ANY-maze software. Mean SPLs to reach the platform in
different learning sessions were used to assess learning.

Two PTs were conducted in this study: one at 24 h and another at 4
weeks after the final learning session. For these, the platform was re-
moved and rats were released from the quadrant opposite to the original
position of the platform. Animals received a single trial for 45 s in the first
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(Figure legend continued.) ~ (PA; By), and target area (TA; By), SPLs in the platform quadrant
(B,), and platform area crossings (Bg), were also comparable between the two groups (p >
0.05, two tailed, unpaired Student’s ¢ test). C;—C,, Comparison of memory retrieval ability in
the second probe test performed after 4 weeks of housing in standard cages (SED group) or
cages fitted with running wheels (RE group) following the first probe test. Animals belonging to
both SED (C;) and RE (C,) groups exhibited a clear affinity for the PQ over the other three
quadrants (p << 0.01-0.0001, one-way ANOVA), implying a clear proficiency for recalling
memories that were formed 4 weeks earlier. Additional parameters of memory retrieval ability,
such as latencies to reach the PQ (C;), platform area (PA; C,), and target area (TA; C;), and SPLs
in the PQ (C,), were also comparable between the two groups (p > 0.05, two tailed, unpaired
Student's t test). Moreover, animals in the RE group exhibited greater numbers of platform area
crossings compared with animalsin the SED group (C,; p << 0.05), suggesting a relatively better
memory recall ability with exercise after learning. PQ (NE-Q), Platform quadrant (northeast
quadrant); SE-Q, southeast quadrant; SW-Q, southwest quadrant; NS, not significant; NW-Q,
northwest quadrant. *p << 0.05. **p << 0.01. ***p << 0.001. NS, Not significant.
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PT because this test was conducted 24 h after the last learning session. In
the second PT performed 4 weeks after the first PT, animals received two
probe trials, each lasting 60 s and separated by 2 min. Data from the
second trial were computed for analyses, as probe trials were conducted
at an extended time-point after the last learning session. Two trial probe
tests have been performed in previous studies examining the retention of
spatial memory at extended periods after learning (Clark et al., 2007).
The first trial served to reorient the animal to the water maze pool and
spatial cues whereas the second trial examined its memory retrieval abil-
ity using spatial cues. The reorientation or reminder experience in probe
trial 1 is believed to manifest as a performance that is significantly above
chance on probe trial 2 (Clark et al., 2007). Indeed, animals from both the
RE and SED groups showed greater SPLs in the platform quadrant in the
second trial. The overall performance in probe trials was examined in
detail by measuring SPLs in the platform quadrant compared with other
quadrants of the pool, dwell times in the platform quadrant, number of
entries to the platform quadrant and platform area, and latencies to
entering the platform and target areas.

Housing of animals belonging to RE and SED groups. Following the
water maze learning sessions and the first PT, animals assigned to the RE
group were housed individually in larger cages fitted with running wheels
and were given ad libitum access to wheels, food and water until killed.
Animals belonging to the SED group were housed in pairs in standard
cages with ad libitum access to food and water until killed.

DCX and BrdU immunohistochemistry. Animals were perfused with
4% paraformaldehyde (PFA) at time-points described earlier, and fixed
brains were processed for immunohistochemical analyses, as described
in our previous reports (Rao et al., 2005, 2006, 2007). In brief, each brain
was cut coronally through the entire hippocampus using a cryostat and
30-um-thick sections were collected serially. Serial sections (every 15th)
were picked from each animal and processed separately for DCX or BrdU
immunostaining, using methods described in our previous reports (Rao
and Shetty, 2004; Rao et al., 2005, 2006, 2007; Kodali et al., 2015). Pri-
mary antibodies comprised goat anti-DCX from Santa Cruz Biotechnol-
ogy and mouse anti-BrdU from BD Biosciences. Secondary antibodies
and ABC reagents were obtained from Vector Labs.

Quantification of numbers of DCX™ neurons and BrdU™ cells in the
SGZ-GCL. Serial sections stained for DCX and BrdU were used for the
stereological quantification of absolute numbers of DCX " and BrdU *
cells in the SGZ-GCL, using a Stereolnvestigator system (Microbright-
field) comprising a color digital video camera (Optronics) interfaced
with a Nikon E600 microscope (Nikon Instruments). The stereological
methods used are detailed in our previous reports (Rao and Shetty, 2004;
Rao et al., 2005, 2006; Hattiangady and Shetty, 2008). In each animal,
DCX * and BrdU " cells were counted using 100 X oil-immersion lens
from counting frame locations (each measuring 40 X 40 pum, 0.0016
mm? area) placed randomly and systematically in every 15th section
throughout the entire hippocampus. The Gundersen coefficient error
(CE) in this study varied from 0.08 to 0.15 for different animals.

Analyses of NeuN expression in BrdU™* cells. To visualize the fraction of
BrdU 7 cells that differentiated into mature neurons, a dual immunoflu-
orescence method for BrdU and NeuN was used, as described in our
previous studies (Rao et al., 2005; Shetty et al., 2012; Kodali et al., 2015).
Briefly, visualization of BrdU immunofluorescence involved overnight
incubation in a rat anti-BrdU antibody (1:200; Serotec) followed by a 1 h
treatment with an anti-rat AlexaFluor-594 secondary antibody (1:200;
Invitrogen). Following this, NeuN expression was visualized through
overnight incubation in a mouse anti-NeuN antibody (1:1000; Milli-
pore) followed by 1 h incubation in an anti-mouse AlexaFlour-488
secondary antibody (1:200; Invitrogen). The sections were washed thor-
oughly, mounted on subbed slides using a slowfade-antifade mounting
medium (Invitrogen), and analyzed using a laser scanning confocal mi-
croscope (Nikon Instruments). Z-stacks with a 1 wm interval were taken
through the SGZ-GCL from multiple sections in each animal. These
stacks were analyzed to identify and quantify cells dual labeled for BrdU
and NeuN amongall the BrdU * cells, and the percentages of BrdU ™ cells
expressing NeuN were computed for both groups. This quantification
involved analyses of 70-90 BrdU * cells per animal (n = 6/group) in both
groups.



8116 - J. Neurosci., August 3, 2016 - 36(31):8112— 8122 Kodali et al. @ Voluntary Exercise and Memory Recall

(@]
2
8
3

S
(=3
(=3
8

4 # of DCX+Neurons
in SGZ-GCL

T

Number of BrdU+ Cells
per SGZ-GCL
=)

g g

% of BrdU+ Cells
Expressing NeuN

~~
|
g N
e
gO
wn
3 5
ek
=
(5]
e

_—
S W
==
==
==

Number of DCX+
Neurons per SGZ-GCL

W

=

=4

(=

Figure3. A-C Five weeks of running exercise (RE) enhanced the production of newly born neurons expressing doublecortin (DCX) in the subgranular zone-granule cell layer (SGZ-GCL) of the DG.
A, B, Distribution of DCX * newly born neurons in the SGZ-GCL of a sedentary (SED) animal (4) and an animal that underwent RE for 5 weeks (B). Insets, Magnified views of regions from 4, B. €, Bar
chart compares the numbers of DCX ™ newly born neurons between SED and RE groups. Note an enhanced production of newly born neurons in RE animals, in comparison with SED animals (p <
0.05, two tailed, unpaired Student’s ¢ test). DH, Dentate hilus; ML, molecular layer. D,~M, Measurement of net hippocampal neurogenesis in the third week of RE (Figure legend continues.)
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Statistical analyses. First, SPLs and latencies to the hidden platform,
and swim path efficiency values in rats assigned to the RE and SED
groups were separately analyzed using one-way repeated-measures
ANOVA followed by Newman—Keuls post hoc tests. Next, we compared
swim speeds, SPLs, and latencies to the hidden platform, and swim path
efficiency values between rats assigned to the RE and SED groups using
two-way repeated-measures ANOVA followed by Bonferroni post hoc
tests. Comparisons of SPLs and dwell times between different quadrants
of the pool in the probe tests were performed using one-way ANOVA
followed by Newman—Keuls multiple-comparisons test. Comparisons
between RE and SED groups for probe test parameters, such as SPLs and
dwell times in the platform quadrant, latencies to the platform and target
areas, and platform area crossings used an unpaired, two-tailed Student’s
t test. All parameters of neurogenesis across the RE and SED groups were
also compared using an unpaired, two-tailed Student’s t test.

Results

Animals assigned to the RE or SED group displayed similar
ability for spatial learning and short-term memory

Young adult rats displayed an excellent ability to locate the sub-
merged platform in the learning sessions. Comparison of various
data revealed a similar ability for spatial learning between animals
assigned to either the RE and SED groups (Fig. 2; n = 14/group).
We first analyzed learning through one-way repeated-measures
ANOVA, which demonstrated a progressive decline in both SPL
and latency to reach the hidden platform over learning sessions
(Fig. 2A,,A;). These declines were similar in animals assigned to
RE or SED groups (SPL, F(; ;) = 38-49, p < 0.0001; latency,
F; 111y = 52-69, p < 0.0001). Consistent with these, swim path
efficiency values increased across learning sessions in both groups
(F7111) = 28-38, p < 0.0001; Fig. 2A,). Next, we compared the
two groups for various parameters through two-way repeated-
measures ANOVA, which revealed the following findings: (1)
Swim speeds were comparable across learning sessions (F; 14, =
1.9, p > 0.05; Fig. 2A,) and between the two groups (F, ¢ =
0.00, p > 0.05; Fig. 2A,;). (2) Learning curves showed a progres-
sive decline in SPL and latency to reach the hidden platformin the
first four learning sessions, implying an ability for spatial learning
(F(7,182) = 83-120, p < 0.0001; Fig. 2A,,A ;). Notably, both SPLs
and latencies plateaued in the last four learning sessions, imply-
ing the occurrence of memory consolidation processes. Learning
curves were similar between the two groups based on both SPLs
and latencies (F, ,6) = 0.4, p > 0.05; Fig. 2A,,A;). (3) Swim path
efficiency values increased over learning sessions (F; 5, = 63,
p < 0.0001), and swim path efficiency curves were equivalent
between the two groups (F; ,5) = 0.01, p > 0.05; Fig. 2A,). Fur-
thermore, the PT performed 24 h after the final learning session
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(Figure legend continued.)  and the status of hippocampal neurogenesis after 8 weeks of RE
revealed considerable augmentation of neurogenesis with RE. D,, E;, Examples of newly born
cells expressing 5'-bromodeoxyuridine (BrdU) in the SGZ-GCL from an SED rat (D,) and a rat
that underwent 8 weeks of RE (E;). In these animals, BrdU was administered in the third week
of RE for 3 consecutive days, and BrdU analysis was performed after 8 weeks of RE. D2, 2,
Magnified views of regions from D, E,. G,—G;, H,~H, Examples of BrdU * newly born cells
that have differentiated into NeuN-expressing mature dentate granule cells in a rat from the
SED group (G,—G;) and a rat from the RE group (H,—H,). G, H,,, Three-dimensional views of
BrdU ™ cells expressing NeuN that are indicated in G;, H, (arrowheads). K, L, Distribution of
DCX * newly born neurons in the SGZ-GCL of a SED rat (K) and a rat that underwent 8 weeks of
RE (I). F, 1,J, M, Bar charts compare the number of newly born BrdU * cells (F), percentages of
newly born cells expressing NeuN (/), net hippocampal neurogenesis (J), and DCX ™ newly born
neurons (M) between SED and RE groups. Both net hippocampal neurogenesis and DCX * newly
born cell counts are greater in RE rats than SED rats (p << 0.05—0.001, two-tailed, unpaired,
Student's ttest). Scale bars: 4, B, D;, E;, 200 um; D,, E,, 50 um; G;—H,,, 30 um; K, L, 50 um.
DH, Dentate hilus; ML, molecular layer. *p << 0.05. **p << 0.01. ***p < 0.001.
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(i.e., the first PT) revealed a similar ability for spatial memory
retrieval between animals assigned to the RE or SED groups. This
was evidenced through greater SPLs in the platform quadrant
vis-a-vis SPLs in other quadrants of the pool (F(; 55) = 27-30, p <
0.0001; Fig. 2B,—B;). Analyses through unpaired two-tailed ¢ tests
revealed that multiple additional parameters measured during
the PT were also comparable between the two groups (p > 0.05;
Fig. 2B,~By). Thus, the two groups were highly comparable in
their ability for spatial learning and spatial memory recall at the
time of assignment to the RE or SED groups.

Four weeks of exercise did not reduce the ability for spatial
memory recall in the RE group

Animals in the RE group ran an average of 2.8 km per day and 78
km in 4 weeks. Analysis of data from the second PT conducted 4
weeks after the last learning session demonstrated a clear ability
for spatial memory recall in both RE and SED groups. This is
typified by a preferential searching in the platform quadrant
compared with other quadrants of the pool by animals in both
groups (Fig. 2C;,C,). This was evidenced through greater SPLs in
the platform quadrant in comparison with SPLs in other quad-
rants of the pool (F;s5 = 4.6-8.7, p < 0.01-0.0001; Fig.
2C,,C,). Additional parameters of memory retrieval, such as la-
tencies to the platform quadrant, platform, and target areas,
were also comparable between the two groups (p > 0.05; Fig.
2C5—Cg). However, the number of platform area crossings
were greater for animals in the RE group than animals in the
SED group (Fig. 2C,).

RE enhanced the number of DCX * newly born neurons in

the hippocampus

Analyses of the number of DCX ¥ newly born neurons in the
SGZ-GCL shortly after the second PT (i.e., after 5 weeks of hous-
ing in the running wheel fitted or standard cages) demonstrated a
1.5-fold increase in neurogenesis in the RE group, in comparison
with the SED group (p < 0.05; Fig. 3A—C; n = 6/group). Because
a vast majority of DCX ™ neurons represent neurons that were
generated in the 2-3 weeks before death (Rao and Shetty, 2004),
these results suggest that even a relatively short-term RE can en-
hance neurogenesis considerably in the hippocampus.

RE enhanced net hippocampal neurogenesis

Administration of BrdU on days 15-17 of housing in the running
wheel fitted or standard cages and quantification of BrdU ™ cells
in the SGZ-GCL at 5.5 weeks after the last BrdU injection, re-
vealed a 1.8-fold increase in the addition of newly born cells to the
hippocampus of RE rats, in comparison with the hippocampus of
SED rats (p < 0.05; Fig. 3D,—E,,F; n = 8/group). In addition,
quantification of fractions of newly born cells that differentiated
into NeuN-expressing neurons showed increased neuronal dif-
ferentiation of newly born cells in RE animals (p < 0.05; Fig.
3G,—H,J). Furthermore, net hippocampal neurogenesis (calcu-
lated through the extrapolation of BrdU ™ cell numbers with the
percentages of newly born cells expressing NeuN) in the RE
group was 2.1-fold greater than the SED group (p < 0.01; Fig.
3]). Because BrdU injections were given on days 15-17 of hous-
ing in running wheel-fitted cages, these results showed the extent
of neurogenesis occurring in the third week of running. Quanti-
fication of DCX™ neurons in the SGZ-GCL of these animals
showed 1.7-fold increased neurogenesis with 8 weeks of RE (p <
0.001; Fig. 3K—M; n = 8). These results suggest that both short-
term (5 weeks) and long-term (8 weeks) moderate RE leads to a
considerable increase in neurogenesis.
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Increasing running distance had no adverse effect on memory recall but proportionately enhanced hippocampal neurogenesis. A,—Ay, Correlation curves between the extent of running

and distinct measures of memory recall, such as latencies to the platform quadrant (PQ; 4,), platform area (PA; 4,), and target area (TA; A;), swim path lengths (SPLs; A,,) and dwell times (A;) in the
PQ, and platform area crossings (A). Longer running distance did not affect memory recall ability (r* = 0.001-0.1). B, B,, Relationship between running distance over 4 (B,) or 8 weeks (B,) and
the amount of neurogenesis using Pearson’s correlation. Increasing numbers of newly born neurons emerge with greater running distance (B, Pearson’s correlation coefficientr = 0.6; B,,r = 0.7).

Increasing amounts of running neither worsened nor
improved memory recall

Regression curves were analyzed between the extent of running
and various parameters of memory recall, such as latencies to the
platform quadrant, and platform and target areas, SPLs and dwell
times in the platform quadrant, and crossings of the platform
area. These analyses revealed that increased levels of running nei-
ther worsened nor improved memory recall (p > 0.05; Fig. 4
A,—Ag n = 14). Thus, the extent of voluntary RE performed by
rats in this study did not affect their ability to recall memory.

Increasing amounts of running proportionately

enhanced neurogenesis

The relationship between the extent of running accomplished in
4 or 8 weeks and the amount of neurogenesis was analyzed using

Pearson’s correlation. Proportionally rising numbers of newly
added neurons (net neurogenesis) was observed with longer run-
ning distances after 4 weeks of RE (Pearson’s correlation coeffi-
cient, r = 0.6; Fig. 4B;; n = 8). A similar positive correlation was
observed with 8 weeks of RE. Here, a correspondingly larger
number of newly born DCX ™ neurons were noticed with longer
running distances in the 8 week period (r = 0.7; Fig. 4B,; n = 8).
Thus, increased levels of running proportionately enhanced
neurogenesis.

Moderate and brisk runners displayed similar memory
retrieval ability

Because animals in the RE group displayed variable amounts of
running over the first 4 weeks, we classified them into two sub-
groups, namely, moderate runners (n = 9) accomplishing an
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Memory retrieval ability remained similar between moderate runners (MR) and brisk runners (BR). A,, Comparison of kilometers run by MR and BR, which differed significantly between

the two groups (p << 0.001). A;,—-A,, Comparison of the various parameters of memory recall, such as latencies to the platform quadrant (PQ; A,), platform area (PA; A;), target area (TA; A ), swim
path lengths (SPLs; A;) and dwell times () in the PQ, and platform area crossings (4,). Both moderate and brisk RE did not interfere with the recall of memory that was formed 4 weeks earlier.

***p < 0.001. NS, Not significant.

average of 44 km of running, and brisk runners (n = 5), achieving
an average of 138 km of running (Fig. 5A;). We next examined
differences in their memory retrieval ability. Comparison of var-
ious parameters of memory recall, such as latencies to the plat-
form quadrant, platform, and target areas; SPLs and dwell times
in platform quadrants; and platform area crossings, revealed no
differences between moderate runners and brisk runners (p >
0.05; Fig. 5A,—-A;). Thus, both moderate and brisk RE does not
interfere with the recall of memory that was formed 4 weeks
earlier.

Discussion
The results of this study emphasize that RE does not expunge
hippocampus-dependent retrograde spatial memory in a rat
model. This was revealed through analogous spatial memory re-
call capability 4 weeks after water maze learning between animals
that performed RE and animals that stayed sedentary after learn-
ing. Notably, memory recall was preserved in RE animals despite
1.5- to 2.1-fold augmentation of hippocampal neurogenesis.
These results are in sharp contrast to an earlier elegant
study in a mouse model, which suggested that an increased
hippocampal neurogenesis mediated by RE leads to competi-
tive circuit modification and results in forgetting (Akers et al.,
2014). This study showed that: (1) very young (17 days old)
mice demonstrating robust hippocampal neurogenesis exhib-
ited deficient memory recall compared with adult mice
displaying relatively decreased levels of neurogenesis; (2) ma-
nipulations that enhanced neurogenesis in adult mice (such as
RE or administration of the drugs memantine or fluoxetine)
caused a loss of retrograde memory; and (3) inhibition of
RE-induced increased neurogenesis sustained normal mem-
ory retrieval function in adult mice. These results were
demonstrated with both contextual fear conditioning and wa-
ter maze paradigms, implying that an increased neurogenesis
can erase both fear related memory as well as spatial reference
memory. Although fear memory is initially hippocampus-
dependent, it can also be supported by extrahippocampal
structures (Déry et al., 2015). Spatial reference memory, on
the other hand, is permanently hippocampus-dependent
(Snyder et al., 2005; Jessberger et al., 2009). Additional exper-
iments showed that postnatal guinea pigs and degus (a rat-like

rodent with a long silky coat) exhibited superior ability for
memory recall than postnatal mice, seemingly due to some-
what lower levels of hippocampal neurogenesis in the postna-
tal period as a consequence of a longer gestation period in
these animals. Furthermore, it was uncovered that manipula-
tions that increased neurogenesis in guinea pigs and degus
interfered with their memory recall ability (Akers et al., 2014).
A follow-up study suggested that the weakening of existing
memories by an increased hippocampal neurogenesis facili-
tates the encoding of new, conflicting information in mice
(Epp et al., 2016).

The data presented by Akers et al. (2014) suggested a new
concept that enhanced neurogenesis (resulting from lifestyle
changes such as daily RE) is disadvantageous for memory recall.
This suggestion is consistent with the memory clearance hypoth-
esis that states increased synaptic incorporation of newly born
neurons destabilizes preexisting synaptic connections storing en-
coded memories (Weisz and Argibay, 2012; Frankland et al,,
2013; Mongiat and Schinder, 2014). As per this hypothesis, if a
particular lifestyle (e.g., daily exercise) or intake of compounds or
drugs that increase neurogenesis would result in the erasing of
previously encoded memories, even though increased neurogen-
esis improves learning, cognitive flexibility, the ability for form-
ing new memories, pattern separation and contextualization of
information, and mood (Jacobs et al., 2000; Parihar et al., 2011;
Kempermann, 2012a,b; Abrous and Wojtowicz, 2015; Kodali et
al., 2015; Johnston et al., 2016). The above concept implies that
the encoding of new memories without significantly erasing pre-
viously formed memories would require the right amount of
hippocampal neurogenesis. However, the threshold at which
augmented neurogenesis starts to obliterate previously formed
memories is unclear. Furthermore, it is unknown whether in-
creased neurogenesis-induced forgetting is common to all mam-
malian species.

We focused on a rat model because an increased neur-
ogenesis-mediated forgetting of retrograde memories had not
previously been examined in this species. Rats are also among the
most favored species for assessing changes in cognition and
memory in aging and neurological disorders because of the sim-
ilarities in their physiology to humans and the perception that
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rats are more intelligent than mice (Iannaccone and Jacob, 2009).
We examined whether voluntary RE-induced increased neuro-
genesis inhibits the recall of spatial reference memory in rats
using a WMT. Animals that ran an average of 78 km during a 4
week period after water maze learning (RE animals) displayed
comparable memory recall to animals that did not have access to
running wheels (SED animals). Excellent memory recall in both
groups was evinced through increased SPLs in the platform quad-
rant compared with the other three quadrants. Comparisons of
multiple other parameters of memory recall also revealed no dif-
ferences between the two groups. Indeed, comparison of plat-
form area crossings showed better memory recall in animals
belonging to the RE group than the SED group. Moreover, in
comparison with SED animals, RE animals showed a 1.5- to 2.1-
fold increase in neurogenesis. Additionally, the production of
newly born neurons increased proportionately with longer run-
ning distances, but memory recall ability remained similar be-
tween moderate runners (accomplishing ~44 km of running)
and brisk runners (achieving ~138 km). Thus, our results under-
score that RE-induced increased neurogenesis does not impair
the ability for recalling the previously formed spatial reference
memory in a rat model.

What are the potential reasons for discrepancy in results
between our study and the previous study by Akers et al.
(2014)? It does not seem that there were major differences in
the extent of neurogenesis after RE to differentially influence
memory recall function between the two studies. In our study,
animals in the RE group showed a 1.5- to 2.1-fold increase in
neurogenesis, whereas in the study of Akers et al. (2014) the
overall increase in neurogenesis after RE appeared to be ~1.4-
fold. However, the running distance achieved in the 4 week
running period differed greatly between the studies. Rats in
our study ran an average of 2.8 km/d, whereas mice in the
previous study ran an average of 4.7 km/d. This implies that
rats can accomplish greater levels of neurogenesis through
relatively modest RE, whereas mice need extensive RE to boost
neurogenesis. Is this difference in the amount of running
the cause of the differential memory recall between the two
species rather than increased neurogenesis alone influenc-
ing this function? This possibility is unlikely because Akers et
al. (2014) demonstrated that the blunting of RE-induced
increased neurogenesis in thymidine kinase mice thro-
ugh administration of ganciclovir diminished RE-induced
forgetting.

Considering the above, it is likely that how increased neu-
rogenesis affects memory recall varies in different species. Our
study used a rat model, whereas the previous study used
mouse, guinea pig, and degu prototypes. Although the degu is
a rat-like rodent displaying more complex social behaviors,
vocal communications, and manual dexterity than rats
(Kumazawa-Manita et al., 2013), it is unknown whether the
extent of changes in hippocampal neurogenesis over the lifes-
pan after birth, memory encoding, and storage and retrieval
patterns are comparable between degus and laboratory rats.
Indeed, studies have shown that a number of fundamental
features of circadian function differ considerably between de-
gus and nocturnal laboratory rats (Lee, 2004) and the sponta-
neous development of signs of Alzheimer’s disease is observed
in degus between 12 and 36 months of age but not in rats
(Ardiles et al., 2012; Deacon et al., 2015). Furthermore, there
are substantial differences in the attributes of newly born neu-
rons between rats and mice (Snyder et al., 2009). Newly born
neurons in rats rapidly acquire mature neuronal markers, ex-
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press activity-induced immediate early genes, and display a
reduced tendency to undergo death and an increased propen-
sity for incorporation into learning and memory circuits, in
comparison with their counterparts in mice (Snyder et al.,
2009). Thus, it is plausible that newly born neurons in rats can
encode new memories via the establishment of new synaptic
connections without involving significant destabilization of
the existing synapses. This phenomenon likely preserves pre-
vious memories that were strongly encoded, such as the spatial
reference memory that is encoded and consolidated through
multiple trials over many days.

The concept of forgetting due to RE-mediated increased neu-
rogenesis needs to be examined thoroughly in multiple species
for different types of memories, to fully understand the impact of
such a phenomenon in people who perform rigorous exercise on
a daily basis. In humans, multiple studies have shown that phys-
ical exercise induces transient and permanent brain changes at
the structural and functional levels (Kramer et al., 2006; Hillman
etal., 2008; Erickson and Kramer, 2009; Liu-Ambrose et al., 2012;
Bherer et al., 2013), and that higher fitness levels are associated
with a larger hippocampus and better spatial memory perfor-
mance (Erickson et al., 2009; Kleemeyer et al., 2016). However,
the direct effects of exercise or consequently increased neurogen-
esis on the recall of previously formed memories are unknown in
humans. A recent study, however, found that people with lower
stress and depression (presumably also exhibiting higher levels of
neurogenesis) displayed better long-term retention of pattern
separation memory than those with higher stress and depression
scores (likely displaying lower levels of neurogenesis) (Déry et al.,
2015), which indirectly suggested that higher levels of neurogen-
esis are associated with the stabilization of remote memories
rather than enhanced forgetting.

In conclusion, our study using a rat model provides three
novel findings. First, moderate exercise (2.8 km of running per
day) does not impair the recall of spatial reference memory
formed earlier. Second, a 50%-110% increase in hippocampal
neurogenesis (mediated by RE) does not weaken the ability to
recall the spatial memory that was encoded before the com-
mencement of exercise. Third, both moderate and brisk RE does
not interfere with the recall of memory, even though brisk RE
greatly enhances neurogenesis.
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