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Neurogenic-dependent changes in hippocampal

circuitry underlie the procognitive
effect of exercise in aging mice

Xiaoging Alice Zhou,'* Daniel G. Blackmore,'* Junjie Zhuo,"® Fatima A. Nasrallah,"? XuanVinh To,’
Nyoman D. Kurniawan,? Alison Carlisle,” King-Year Vien," Kai-Hsiang Chuang,’?* Tianzi Jiang,"*

and Perry F. Bartlett->*

SUMMARY

We have shown that the improvement in hippocampal-based learning in aged
mice following physical exercise observed is dependent on neurogenesis in the
dentate gyrus (DG) and is regulated by changes in growth hormone levels. The
changes in neurocircuitry, however, which may underlie this improvement,
remain unclear. Using in vivo multimodal magnetic resonance imaging to track
changes in aged mice exposed to exercise, we show the improved spatial learning
is due to enhanced DG connectivity, particularly the strengthening of the DG-
Cornu Ammonis 3 and the DG-medial entorhinal cortex connections in the dorsal
hippocampus. Moreover, we provide evidence that these changes in circuitry are
dependent on neurogenesis since they were abrogated by ablation of newborn
neurons following exercise. These findings identify the specific changes in hippo-
campal circuitry that underlie the cognitive improvements resulting from physical
activity and show that they are dependent on the activation of neurogenesis in
aged animals.

INTRODUCTION

The incidence of cognitive decline increases with age, especially for impairments in episodic memory (Nyberg
and Pudas, 2019) and spatial memory (Coughlan et al., 2018; Lester et al., 2017), which are typically associated
with the hippocampus (Fan et al., 2017). Deterioration in the morphometry of the hippocampus, as well as the
integrity of its circuitry, are thought to be critical in the progression of these deficits (Marstaller et al., 2015).
There is increasing evidence that some forms of physical exercise protect against spatial memory decline; how-
ever, the results have been inconsistent in both humans (Cooper et al., 2013; Livingston et al., 2017; Sofi et al.,
20711) and animals (Creer et al., 2010; Marlatt et al., 2012; van Praag et al., 2005). Although several explanations
have been proposed (Livingstonetal., 2017; Moon et al., 2016; Sleiman et al., 2016; van Praag, 2008), the precise
mechanism(s) by which exercise improves brain health remain unclear. We recently demonstrated that an
optimal period of exercise in aged mice is required to activate neurogenesis in a growth hormone-dependent
manner, resulting in the restoration of hippocampal-dependent spatial learning (Blackmore et al., 2021). What
remains elusive, however, is how the structure and functional circuitry of the hippocampus is remodeled and
what drives these connectivity changes following exercise in the aged brain.

In studies showing that adult hippocampal neurogenesis (AHN) leads to cognitive changes during aging,
little has been reported about how exercise affects the structure and functional circuitry responsible for
behavioral changes, and whether any circuitry changes are dependent on the level of neurogenesis. Mag-
netic resonance imaging (MRI) studies in humans have revealed that older adults show significant increases
in hippocampal volume (Erickson et al., 2011) and functional connectivity (Reagh et al., 2018) after aerobic
exercise intervention. Similarly, rodent MRI studies have demonstrated that running increases hippocam-
pal volume (Biedermann et al., 2012) and blood flow (Pereira et al., 2007). However, the specific circuitry
related to improved cognition and whether this is directly regulated by neurogenesis remain unknown.

To address these issues, we applied structural, diffusion, and functional MRI (fMRI) longitudinally following
different periods of exercise in mouse models. We hypothesized that behavioral performance in aged mice
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Figure 1. Optimal voluntary physical exercise restores hippocampal structure and function in 24-month-old animals
(A) 35 days of exercise resulted in a significant decrease in shock number during the APA test, with shorter or longer periods having no effect (mean + SE,
two-way RM-ANOVA with false discovery rate [FDR] posthoc tests).
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Figure 1. Continued

(B) 35 days of exercise resulted in spatial learning improvement, as calculated by the difference from day 1-5, represented as a percentage (mean + SE; two-
way repeated measures ANOVA with FDR posthoc tests).

(C) 3D rendering of the hippocampus, with the dorsal hippocampus represented in light pink and the ventral hippocampus represented in light blue. The
spatial distributions of the exercise-mediated volumetric changes (represented in dark pink) were overlaid, revealing that increased volume was restricted to
the dorsal hippocampus.

(D) The dorsal hippocampal volume was significantly increased after exercise (mean + SE; two-way RM-ANOVA treatment and time interaction [F(1,14) =
9.054, *p < 0.05], with FDR posthoc tests).

(E) The ventral hippocampal volume showed no significant changes after exercise.

(F) The spatial distribution of age-related MD changes (represented in gray) were overlaid and revealed that the increase in MD value in the no run group was
restricted to the dorsal hippocampus.

(G) The dorsal hippocampal MD value increased in the no run group mean =+ SE; two-way RM-ANOVA treatment and time interaction [F(1,14) = 11.996, *p <
0.05], with FDR posthoc tests).

(H) The ventral hippocampal MD value showed no significant changes for either group.

(1) The correlation matrices among hippocampal regions in the no run group compared with their individual baseline (paired-sample t test, uncorrected). The
upper triangle shows the raw t-score, and the lower triangle reveals the significant increase in sub-region-specific connections that survived statistics. No
connection matrices were significant in the no run group. The color scale indicates the z values.

(J) The correlation matrices among hippocampal regions in the 35-day run group compared with their individual baseline (paired-sample t test, uncorrected).
The dorsal DG-CA3 and dorsal DG-MEC connections were significantly enhanced in the runner group. NR, no run; R, run; ICV, intracranial volume; MD, mean
diffusivity. **p < 0.01,***p < 0.001.

See also Figure S1.

depends on dentate gyrus (DG) connectivity driven by exercise-induced neurogenesis. To determine the
contribution of AHN to this process, we specifically ablated doublecortin (DCX)-positive newborn neurons
using our novel knockin DCXPTR mouse line (Vukovic et al., 2013). Our results reveal that improved spatial
learning in aged mice after exercise is due to enhanced DG connectivity, particularly the strengthening of
the DG-Cornu Ammonis 3 (CA3) and the DG-medial entorhinal cortex (MEC) connections in the dorsal hip-
pocampus. Moreover, we provide evidence that this change in circuitry is dependent on the activation of
neurogenesis.

RESULTS
Spatial learning performance is dependent on exercise duration

We first confirmed our previous data that only the mice that had run for 35 days showed significant improve-
ment in active place avoidance (APA) performance, as indicated by a decrease in shock number, whereas
shorter or longer periods of exercise had an insignificant effect on learning ability (Figure 1A). The learning
performance was then calculated as a percentage based on the number of shocks received on the last day
compared with the first day of APA testing. Only those animals that underwent 35 days of physical exercise
displayed an improvement in spatial learning ability relative to no run controls (Figures 1B and STA-S1C).
Although we focused primarily on shock number, other components including time to first entrance and
maximum time spent avoiding the shock zone were also compared during the testing period. We found
that only the animals that underwent the optimal 35-day period of exercise exhibited an increase in time
to first entrance and the maximal time avoiding the shock zone as the test continued, demonstrating
that spatial learning improved following exercise. The no run controls and those animals that underwent
either 21- or 49-day exercise periods, however, showed no improvement during testing (Figures S1D
and S1E). We also showed that cognition improved to a level that resembled the performance of younger
animals that had not been exposed to exercise (Figure S1F).

Physical exercise alters hippocampal structure and function in the aged murine brain

It has been demonstrated that the hippocampus is involved in learning and memory (Buzsaki and Moser,
2013; Fan et al., 2017), and studies have reported that the dorsal hippocampus is critical for successful
spatial learning (Moser et al., 1993, 1995). We initially investigated structural and functional changes in
the whole hippocampus, after which we compared the relative contributions of the dorsal and ventral hip-
pocampal sub-regions longitudinally following exercise in 24-month-old mice. The experimental design
used to assess the longitudinal hippocampal changes before and after exercise is shown in Figure S1G.

High-resolution structural MRI was used to subdivide the hippocampus into dorsal and ventral regions
in vivo (Figure STH). A morphometry analysis was applied to determine the volumetric change after exer-
cise. A 3D rendering of the hippocampus was produced, with the spatial distribution of the exercise-medi-
ated volumetric changes overlaid. This revealed that only the dorsal hippocampus increased in volume
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(Figures 1C-1E). Regional analysis confirmed that exercise significantly increased the volume of the dorsal
hippocampus, with posthoc analysis revealing that exercise significantly increased the dorsal hippocampal
volume relative to the baseline value before exercise (Figure 1D). The volume of the ventral hippocampus
was not affected (Figure 1E).

The microstructure of the hippocampus was assessed by measuring the mean diffusivity (MD) using diffu-
sion tensor imaging (DTI). It has been suggested that MD is a sensitive surrogate of cell density in tissue,
with an increase in MD indicative of reduced cell density (Le Bihan, 2014). We observed an age-dependent
MD increase specifically in the dorsal hippocampus of no run animals (Figures 1F-1H). Detailed analysis
confirmed that the MD values increased in the dorsal hippocampus (Figure 1G), but not the ventral hippo-
campus (Figure TH), in aged mice. This result indicates that exercise protects the integrity of the dorsal
hippocampal microstructure.

In concert with the structural changes, we also found that physical exercise altered the hippocampal functional
connectivity in the aged brain as measured by resting-state fMRI. The no run group displayed no change over
the intervention period, whereas the exercise group demonstrated increased connectivity within the hippo-
campal circuits, specifically between the MEC and dorsal DG, between the dorsal DG and the dorsal CA3 re-
gion, and between the dorsal DG and the ventral CA3 region, all of which have been demonstrated to be
involved in spatial learning ability and the consolidation of spatial information (Figures 11 and 1J).

Hippocampal structural and functional changes correlate with behavior and neurogenesis

We next examined the relationship between hippocampal volume, connectivity, and spatial learning per-
formance using Pearson correlations between these readouts at the level of the runner group. Investigation
of the hippocampal microstructure change in the dorsal hippocampus revealed a trend toward correlation
with spatial learning ability in the runners (Figure 2A). We also found a significant positive correlation be-
tween the dorsal DG-CAS3 functional connectivity change and spatial learning performance for the runner
group (Figure 2B). Thus, decreased MD and greater connectivity in the dorsal DG-CAS3 circuit are the key
components associated with improved spatial learning performance.

We then used the immature neuron marker DCX to quantify the number and location of adult-born neurons
(Figures 2C and 2D), revealing that exercise significantly increased the DCX*"® cell number in the dorsal
hippocampus but not the ventral hippocampus (Figure 2C). DAPI*Y® cell counts showed that exercise
increased the total cell number in the dorsal granule cell layer (GCL) compared with the control group (Fig-
ure 2E). Importantly, using our longitudinal high-resolution MRI of brain structure and connectivity, it was
also possible to compare these MRI readouts with traditional immunohistochemical data (Figure S2). This
analysis revealed that DAPI™® cell number significantly correlated with MRI MD value (Figure 2F), with the
increase in DCX*® cell number being significantly associated with improved spatial learning ability (Fig-
ure 2G) and decreased dorsal hippocampal MD (Figure 2H). There was also a strong correlated trend be-
tween increased functional connectivity in the dorsal DG-CA3 circuit and DCX*¥® cell number (Figure 2I).

To address whether non-optimized periods of exercise have the same beneficial effect on hippocampal
structure and connectivity, we examined 24-month-old animals that exercised on a running wheel for pe-
riods of 21 or 49 days. Examination of the hippocampus from these animals revealed no discernible effect in
terms of hippocampal volume, MD, functional connectivity, or DCX*"® cell number (Figure S3).

Together, these results indicate that the improved behavior resulting from physical exercise depends on
change in hippocampal structure, functional connectivity, and neurogenesis in the aged murine brain.

Ablation of neurogenesis in young adult mice results in the hippocampal structural and
functional changes typically observed in aged brains

To examine the effect of neurogenesis on hippocampal structure and function, we first assessed these
changes in 15-week-old (young adult) and aged animals, as aged animals generate minimal new neurons
(Bizon and Gallagher, 2003; Sorrells et al., 2018). We compared 15-week-old mice with 24 month-old mice
and found that the aged group displayed a significant decrease in hippocampal neurogenesis in both the
dorsal and ventral hippocampal regions (Figure 3A). The aged group also displayed a significant decrease
in dorsal hippocampal volume (Figure 3B) and an increase in dorsal hippocampal MD (Figure 3C) compared
with the 15-week-old group. In agreement with the structural impairment, aging also resulted in weaker
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Figure 2. Increased neurogenesis in the dorsal hippocampus is associated with structural and functional changes and improved spatial learning
ability

(A and B) (A) Spatial learning ability (the difference from day 1-5, represented as a percentage) negatively correlated with MD value (R?=0.538, p =0.061)
and (B) positively correlated with DG-CA3 connectivity (R? = 0.895, p <0.01).

(C) Exercise increased the number of immature neurons (DCX*" cells) in the dorsal DG (mean + SE, independent two-sample t test [t(14) = 9.441], ***p <
0.001).

(D) Representative images for DCX""® cells.

(E) Exercise increased the total cell number (DAPI™® cells) in the dorsal GCL of the DG (mean + SE, independent two-sample t test, t(14) = 2.509, *p < 0.05).
(F) The DAPI*¥® cell number negatively correlated with MD (R? = 0.672, p < 0.05).

(G) The DCX*¥® cell number positively correlated with spatial learning ability (R? = 0.745, p < 0.05).

(Hand ) (H) The DCX*¥® cell number negatively correlated with MD delta (R?=0.738, p < 0.05) and (I) positively correlated with DG-CA3 connectivity delta
(R? = 0.547, p = 0.057). The correlations were calculated in the runner group.

See also Figures S2 and S3.
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Figure 3. Neurogenesis depletion changes hippocampal structure and functional connectivity in young animals
(A) The 24-month group showed significant differences in the number of DCX*"€ cells in both the dorsal and ventral hippocampal regions relative to young
animals (mean + SE, independent two-tailed t test; t(14) = 12.26, p < 0.001 and t(14) = 5.54, p < 0.001, respectively).
(B) The volume of both the dorsal and ventral hippocampal regions significantly decreased in naive old animals compared with the naive young group

(mean + SE, independent two-tailed t test; t(14) = 3.638, p < 0.01).

(C) The MD in both the dorsal and the ventral hippocampal regions increased in naive old animals when compared with the naive young group (mean + SE,
independent two-tailed t test; t(14) = 2.685, p < 0.05).

(D) The functional connectivity of the dorsal DG-CA3, dorsal DG-subiculum, dorsal DG-ventral DG, dorsal CA3-subiculum, and ventral DG-CA3 connections
were significantly decreased in the old mice compared with young mice (independent two-tailed t test, uncorrected).

(E) DT treatment decreased the number of DCX*"® cells in both the dorsal and ventral hippocampal regions in young DCXP™® mice (mean + SE, independent
two-tailed t test t(15) = 15.33, p < 0.001 and t(15) = 16.8, p < 0.001, respectively).

(F) The volume of the dorsal hippocampus decreased significantly in the DT-treated DCXP™®
independent two-tailed t test; t(16) = 2.596, p < 0.05).

(G) The MD of both the dorsal and ventral hippocampal regions increased significantly in the DT-treated DCX°™® group compared with the vehicle-treated
group (mean =+ SE, independent two-tailed t test; t(16) = 2.892, p < 0.05 and t(16) = 3.150, p < 0.01, respectively).
(H) The functional connectivity of the dorsal DG-CA3 connection significantly decreased in the DT-treated DCXP™®
DCXP™R mice (independent two-tailed t test, uncorrected).

group compared with the vehicle-treated group (mean =+ SE,

mice compared with vehicle-treated
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Figure 3. Continued
(I) The vehicle-treated DCXP™® group showed improvement in spatial learning (the difference from day 1-5, represented as a percentage), whereas DCXP™®
mice injected with DT showed no improvement in spatial learning (mean + SE, independent two-tailed t test). *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S4.

connectivity within the hippocampus compared with that in 15-week-old animals, specifically between the
dorsal DG and dorsal CA3, between the dorsal DG and dorsal subiculum, between the dorsal DG and
ventral DG, between the dorsal CA3 and dorsal subiculum, and between the ventral DG and ventral
CA3 (Figure 3D), which were the same regions in which an improvement was observed in aged animals
following an optimal period of exercise.

We next examined the link between hippocampal neurogenesis and hippocampal structure and function in
young mice. To specifically ablate adult-born neurons we used naive 15-week-old transgenic DCXP™® mice
in which immature neurons (DCX*"®) express the human diphtheria toxin (DT) receptor (DTR). Upon administra-
tion of DT new neurons can be selectively ablated (Vukovic et al., 2013). We randomly divided the animals into
eithera DT or a control vehicle injection group. Following treatment, these mice were scanned to evaluate their
hippocampal structure and function. A significant decrease in neurogenesis was found in both the dorsal and
ventral hippocampus (Figure 3E). The neurogenesis ablation group displayed a volume decrease in the dorsal
hippocampus (Figure 3F), but not the ventral hippocampus, as well as an increase in MD values in both the
dorsal and ventral hippocampal regions (Figure 3G) when compared with the control group. In agreement
with the observed structural impairment, the ablation group also displayed decreased functional connectivity
between the dorsal DG and dorsal CA3 (Figure 3H). Cognitively, the neurogenesis ablation group showed no
improvement in spatial learning, and performed significantly worse than intact animals in the APA task
(Figure 3l).

To exclude any confounding effect of DT injection, we also examined its impact on the hippocampal fea-
tures and learning ability of a group of wild-type mice. This analysis revealed no significant change in cogni-
tive performance or hippocampal features in response to DT injection, and no decrease in the number of
newborn neurons (Figure S4).

Importantly, both the naturally aged mice and the 15-week-old animals in which neurogenesis was ablated
displayed a dorsal hippocampal volume decrease and an MD increase. The dorsal DG-CA3 functional
connectivity also decreased in both groups. These results suggest that the decrease in hippocampal
neurogenesis is a key factor in the structural and functional deterioration of the hippocampus.

Neurogenesis underlies the structural and functional changes in the hippocampus

Having established that age-related hippocampal structure and function can be restored by optimal phys-
ical exercise, and that adult neurogenesis is linked to this outcome, we next investigated whether these
processes are directly linked. To achieve this, we used aged DCXP™®
neurons can be restored in response to physical exercise (Blackmore et al., 2021). As before, to stimulate
neurogenesis, all mice had access to a running wheel for a period of 35 days. We then divided the animals
randomly into either a DT or vehicle injection group. After injection, the mice were scanned to evaluate hip-
pocampal structure and function. The ablation group displayed a significant decrease in neurogenesis in
the dorsal hippocampus (Figures 4A and 4B). Structurally, this group also exhibited a significant dorsal hip-
pocampal volume decrease (Figures 4C and 4D), as well as a significant dorsal hippocampal MD increase
(Figures 4E and 4F), when compared with the control group. In agreement with the structural impairment,
the ablation group also displayed decreased functional connectivity between the dorsal DG and dorsal
CA3regions (Figure 4G; p < 0.001, uncorrected). In addition, this group showed no improvement in spatial
learning, as evidenced by receiving the same number of shocks for each day of APA testing, as opposed to
the control group that received fewer shocks as the test progressed (Figure 4H). Importantly, the hippo-
campal structure and function pattern of the ablation group resembled that of naive aged animals that
had not exercised. These results identify an increase in hippocampal neurogenesis as a key factor in the
structural and functional changes that occur in response to exercise.

mice in which the deficit in new

DISCUSSION

Using longitudinal, multimodal MRI, we demonstrate that exercise-mediated improvements in spatial
learning in 24-month-old female mice are due to changes in hippocampal structure and function. This
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Figure 4. Neurogenesis depletion abolishes exercise-mediated hippocampal structural and functional benefits in 24-month-old animals

(A) Representative image for DCX*© cells in 24-month 35-day run DCXPR mice.

(B) DT treatment decreased the number of DCX*® cells in the dorsal hippocampus in 24-month 35-day run DCXP™® mice (mean + SE, independent two-
tailed t test; t(16) = 12.26, p < 0.001).

(C) 3D rendering of the hippocampus, with the dorsal hippocampus represented in light pink and the ventral hippocampus represented in light blue. The
spatial distributions of the volumetric changes (represented in dark pink) were overlaid and revealed that only the dorsal hippocampus increased in volume.
(D) The volume of the dorsal hippocampus decreased significantly in the DT-treated DCXP® group when compared with the vehicle-treated group (mean +
SE, independent two-tailed t test; t(16) = 2.144, p < 0.05).

(E) The spatial distributions of the MD changes (represented in gray) were overlaid and revealed that only the dorsal hippocampus exhibited an increased
MD value.
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Figure 4. Continued

(F) The MD of the dorsal hippocampus increased significantly in the DT-treated DC
independent two-tailed t test; t(16) = 1.811, p < 0.05).

(G) The dorsal DG-CAZ3 functional connectivity in the DT-treated mice decreased compared with that in the vehicle-treated mice (independent two-tailed t

XPTR group when compared with the vehicle-treated group (mean + SE,

test, uncorrected).

(H) Following physical exercise, mice injected with vehicle showed an improvement in spatial learning (the difference from day 1-5, represented as a
percentage), whereas mice injected with DT displayed no improvement (mean + SE, independent two-tailed t test; t(16) = 3.395, p < 0.01). *p < 0.05, **p <
0.01, ***p < 0.001.

includes an increase in hippocampal volume, specifically within the dorsal hippocampus. There was a
concomitant increase in immature DCX™® neurons, also restricted to the dorsal hippocampus. Resting-
state fMRI highlighted the exercise-mediated enhancement of key circuitry components including between
the dorsal DG and CA3 and the dorsal DG and MEC. Importantly, these changes only occurred following an
optimal period of exercise with both shorter and longer exercise being ineffective. By using a separate
cohort of 24-month-old mice this study confirms the presence of an optimal exercise period, highlighting
the robustness of the model we reported earlier (Blackmore et al., 2021). Critically, the identification of a
specific, hippocampal-enhancing period of exercise allowed us to define the mechanisms occurring within
the aged brain and shows that reinstating key hippocampal circuitry lost during physiological aging drives
spatial learning improvements.

Female mice were chosen for ease of long-term group housing as they are less likely to fight and therefore
do notrequire prolonged separation and single housing, which is well established to cause separation anx-
iety and stress. Importantly, the positive effects of exercise including increasing hippocampal proliferation,
neurogenesis, and spatial learning was originally demonstrated using female mice (van Praag et al., 19993,
1999b). Furthermore, previous studies have shown no differences between sexes in terms of exercise-medi-
ated hippocampal proliferation (Ma et al., 2012), whereas others combined the data from males and fe-
males when examining changes in cognitive function (Sahay et al., 2011). Using 24-month-old female
mice, we first wished to determine, both at the macroscopic and microscopic levels, what changes occur
within the hippocampus following exercise that mediate the observed cognitive improvements. We found
that physical exercise selectively increased the volume of the dorsal hippocampus, a region described as
being critical for spatial learning and memory (Kheirbek et al., 2013; Moser et al., 1993, 1995), whereas no
change was observed in the ventral hippocampus. Correlation analysis found that spatial cognitive perfor-
mance was significantly associated with these changes in the dorsal hippocampus. Although it has been
reported that running increases AHN specifically in the dorsal hippocampus (Vivar et al., 2016), and an
ex vivo MRI study indicated volume increase occurs predominantly in the same region (Cahill et al.,
2015), the contribution to exercise-mediated changes in the dorsal hippocampus to behavioral improve-
ment remained speculative. Our results therefore suggest that an increase in dorsal hippocampal volume
could be an endophenotypic indicator of the efficacy of exercise in enhancing cognitive ability.

Our finding that the dorsal and ventral hippocampal regions are differentially affected adds to a wealth of
evidence, including lesion, genetic expression, and tracer studies, as well as fMRI, which have suggested
that the hippocampus is functionally segregated along its longitudinal axis into dorsal and ventral regions
in rodents, and analogous posterior and anterior regions in monkeys and humans (Fanselow and Dong,
2010; Strange et al., 2014). Moreover, lesion (Moser et al., 1993, 1995), electrophysiology (Jung et al.,
1994), optogenetic (Kheirbek et al., 2013), and fMRI (Greicius et al., 2003) studies have indicated that the
dorsal hippocampus and related networks are the components that are critical for spatial memory and
learning, whereas the ventral region is associated with emotional processing (O'Leary and Cryan, 2014;
Squire, 1992). Importantly, the APA test we employed has been shown not to increase cortisol levels (Les-
burgueres et al., 2016), indicating that the ventral hippocampus and amygdala are not heavily involved and
inactivation of the dorsal hippocampus using tetrodotoxin (Cimadevilla et al., 2000) prevented spatial
learning ability during APA testing.

We next moved to identify the causal factors of increased hippocampal volume. We show that there was an
increase in immature, DCX*'® neurons following the optimal period of 35-d exercise, as we (Blackmore
et al.,, 2021) and others have reported (van Praag et al., 2005; Wu et al., 2015). Further analysis confirmed
that, as with our high-resolution structural MRI data, the increase in DCX"™® neurons was restricted to the dor-
sal hippocampus. In concert with both an increase in dorsal hippocampal volume and DCX*"® neurons was a
change in MD within the same region. Alterations in MD value have been associated with changes in both
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tissue density (due to reshaping of neuronal or processes) (Biedermann et al., 2016; Sagi et al., 2012) and
enhancement of tissue organization (strengthening of axonal or dendritic backbones and surrounding tissue)
(Gomez et al., 2017). The decrease in MD value following optimal exercise indicated an increase in tissue den-
sity, a finding confirmed by the histology readings of total cell count and cell density. Importantly, we then
confirmed that exercise-mediated neurogenesis correlated with larger DG volume and increased cell density.
The GCL and DG volume we report were both measured using histology, and the subgranular zone was
included in the GCL measurement. Thus, it is likely that the difference in dorsal DG volume is mainly attribut-
able to an increase in volume within the hilus area. This is likely due to an increase in vascularization that has
previously been reported (Creer et al., 2010; Leardini-Tristao et al., 2020) and discussed below. However, since
it is difficult to precisely determine the subgranular zone extent, which may extend into the hilus, it is possible
that some of the increase is attributable to changes here reflecting the increased proliferation seen in the
runners.

Given that the absolute number of adult-born neurons is low, particularly in aged animals, how the subtle
increase in DCX*¥® neurons contributes to macroscopic hippocampal morphometry and function has re-
mained obscured. To unequivocally demonstrate the integral role of neurogenesis in these hippocampal
improvements we specifically ablated the exercise-mediated DCX*"® neurons using our novel DCXP™® mice
(Vukovic et al., 2013). Ablation following exercise in this way led to the complete abrogation of exercise-
mediated hippocampal volumetric and connectivity changes and the inhibition of spatial learning when
compared with exercised mice injected with vehicle (increased neurogenesis), as we had observed previ-
ously (Blackmore et al., 2021). Furthermore, ablation of DCX*"® neurons in 15-week-old DCXPTR
resulted in reduced spatial learning ability, hippocampal volume, and connectivity, mimicking what occurs
in physiologically aged mice. Taken together, our study demonstrates that neurogenesis drives local struc-
tural and global functional changes in the hippocampus in both young and aged mice.

mice also

It has been proposed that newborn neurons recruited into pre-existing neuronal circuits (Vivar et al., 2016)
can produce global network changes (Pereira et al., 2007). We provide direct evidence that neurogenesis is
critical for dorsal DG-related functional connectivity as measured by fMRI. Specifically, we found that the
optimal period of exercise enhanced the dorsal DG-related network, particularly between the MEC-dorsal
DG and the dorsal DG-CA3 regions. The increased connectivity of both these circuits was also significantly
associated with spatial learning and memory. In line with a recent human study, we did not find a change in
MEC-dorsal DG connectivity during physiological aging (Berron et al., 2018), whereas exercise enhanced
this pathway in aged mice. The importance of these circuits, especially the DG-CA3 circuit, is further high-
lighted when comparing paradigms whereby connectivity is reduced. This includes physiological aging,
following non-optimal exercise and ablation of DCX*"® neurons in 15-week-old animals, all of which
demonstrated a decrease in connectivity in the dorsal DG-CA3 regions and subsequent deficits in spatial
learning. These findings add to previous neuroanatomical tract-tracing studies, which revealed that the
DG-CAS3 connection is the critical information pathway/circuit within the hippocampus (Brun et al., 2002;
Nakazawa et al., 2002; Small et al., 2011). Moreover, optogenetic (Bernier et al., 2017; Denny et al.,
2014), electrophysiological (Yassa et al., 2011), and fMRI studies (Reagh et al., 2018; Yassa et al., 2010)
have all consistently shown that this circuit is essential for spatial processing.

Previous reports have shown that exercise also leads to a substantial amount of synchronized neuroplasticity
including numerous cellular and molecular mechanisms directly related to neurogenesis, as well as possible
changesin blood flow and vasculature that contribute to the observed volume changes. For example, one recent
study (Leardini-Tristao et al., 2020) found that following exercise, the capillary density in the rat brain increases
from less than 300/mm? to over 400/mm?, the vessels covered by astrocytes in the CA1 region of the hippocam-
pus increase from 5% up to 15%, the number of microglial processes in the CA1 region increases from 25 cells/
field to 35 cells/field, and the total vessel length increases from 2 to 4 mm in the hippocampus. Furthermore, in a
study of auditory fear conditioning, a higher spine density could explain 20% of the increased volume in the audi-
tory cortex of mice (Keifer et al., 2015). These local changes would also contribute to the macroscopic volume
change promoted by neurogenesis (Asan et al., 2021; Biedermann et al., 2012; Keifer et al., 2015).

Translation of rodent studies to the human condition

It is now generally agreed that there is an age-dependent decrease in hippocampal proliferation and neuro-
genesis rates across mammalian species including rodents (van Praag et al., 2005), dogs (Pekcec et al., 2008)
and non-human primates including both macaque (Jabes et al., 2010) and rhesus monkeys (Ngwenya et al.,
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2015). Recently, however, there has been renewed discussion regarding the presence of hippocampal neuro-
genesis in the aged human brain. Out of necessity, studies in humans have primarily focused on examining
postmortem samples using immunohistochemical techniques. Differences in experimental approach,
including the time at which the sample was collected postmortem, the disease state of the participant, the
fixation process used, and the specific cellular markers examined, have resulted in inconsistent results, with
some (Sorrells et al., 2018) concluding that hippocampal neurogenesis is absent in aged brains, whereas
others report the opposite (Boldrini et al., 2018). Unfortunately, there are few instances where it has been
possible to determine if proliferation occurs postnatally in human subjects. One exception to this was a study
in which patients with cancer were injected with bromodeoxyuridine (BrdU) before death, revealing several
BrdU™ cells in the hippocampus that co-labeled for neuron-specific markers (Eriksson et al., 1998). An alter-
native to immunohistochemical analysis is a modified carbon dating approach conducted on brain tissue by
Spalding et al. (2005, 2013), which demonstrated that neural cells were younger than birth date, indicating that
cell division had occurred postnatally. The authors did not, however, purify the cells, making it impossible to
identify cell type. Thus, the presence of neurogenesis in aged humans remains contested.

Animal models provide the ability to target and manipulate specific neural cells or circuits by taking advan-
tage of techniques that are not possible with human participants. Results garnered from these animal
studies can then be used to provide direction and less invasive approaches to examine the human brain.
The aged mouse model has revealed that hippocampal precursor proliferation and neurogenesis decrease
to negligible levels with age (Kronenberg et al., 2006). Our data (here and Blackmore et al., 2021) for naive
24-month-old mice support such a reduction and are therefore comparable to studies that posit minimal
neurogenesis in the aged human hippocampus (Sorrells et al., 2018). Specific ablation of immature neurons
in young mice mimics two major components of the aging brain: a lack of neurogenesis and deficits in spatial
learning (Vukovic etal., 2013). Importantly, comparing aged sedentary and young ablated mice in vivo using
our longitudinal multimodal MRI approach revealed the same overlapping, distinct changes in structural
volume and circuitry, both of which are correlates that can be investigated in live human subjects.

Positive modulators of neurogenesis such as exercise have routinely been demonstrated to increase neuro-
genesis levels and improve spatial learning in aged rodents (van Praag et al., 2005), but due to the invasive
and terminal nature of such experiments these have yet to be directly examined in human subjects. Instead,
there is a reliance on correlates such as MRI perfusion and blood flow studies (Pereira et al., 2007). The data
presented here demonstrate that in vivo changes in mouse hippocampal structure and function following an
optimal period of exercise correlate to improvements in cognitive function and increased neurogenesis.
Specific ablation of immature neurons during exercise prevented all of these positive changes. These findings
provide mechanistic insight into how exercise activates otherwise quiescent neurogenesis and alters
hippocampal structure and function as well as how immature neurons play a central role in these changes.
Considering that MRI studies in humans have demonstrated correlations between hippocampal volume
and/or connectivity and cognitive ability (De Marco et al., 2019; Lisofsky et al., 2015; Szymkowicz et al.,
2016; Vecchio et al., 2017), we believe that our study offers a rational explanation for what may be occurring
in the human brain following exercise and provides components that can be examined, especially in a longi-
tudinal manner, to serve as useful indicators to optimize exercise in older adults to enhance cognitive function.

Taken together, our results indicate a direct relationship between neurogenesis and microstructural changes
based on three lines of evidence. First, neurogenesis and structural changes coincide in the dorsal hippocam-
pus following physical exercise. Second, there is a significant correlation between neurogenesis and structural
changes. Third, to validate the causative effect of neurogenesis, we provide evidence that the structural and
functional changes observed following exercise are abolished when neurogenesis is ablated. In future studies,
the relationship between the structural plasticity of non-neuronal components and MRI changes should also be
examined to determine their contribution to the observed macroscopic changes.

Conclusions

Neurogenesis alters the structure and functional circuitry in the hippocampus following exercise and ulti-
mately results in cognitive improvement in aged animals (Figure 5). Specifically, neurogenesis decreases
during aging, and results in hippocampal volume, MD, and connectivity deficits, as well as impaired
learning. However, exercise can restore neurogenesis in old animals, which in turn restores the hippocam-
pal volume and MD, resulting in significant changes in the strength of the connections in parts of the DG
network, and improved learning. Our data bridge the gap between the microscopic and macroscopic
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Figure 5. Schematic summarizing the changes in the dorsal hippocampus in response to aging, exercise, and
neurogenesis ablation

(A) Information processing in the hippocampus occurs through a mostly unidirectional circuit, whereby projections from
the entorhinal cortex (EC) via the perforant path connect to the DG, which in turn gives rise to mossy fibers that terminate
within the CA3 region. Fibers projecting from CA3, termed Schaffer collaterals, innervate the CA1 region, which outputs
to the subiculum and the EC.

(B) Neurogenesis in the DG decreases during aging (B1) and following ablation (B2, B3), resulting in decreased
hippocampal volume; increased MD, specifically interrupting the DG-CA3 connectivity; and eventually learning
impairments.

(C) Exercise restores neurogenesis in old animals, which in turn restores the hippocampal volume, MD, and DG-CA3
connectivity and leads to improved learning ability.

levels of the hippocampus, linking hippocampal structure and connectivity with neurogenesis, and confirm-
ing that AHN is an essential driver of macroscopic changes in this region.

Limitations of the study

Only female mice were used in this study. When examining the effect of exercise in old animals, only
healthy, 24-month-old female C57BL/6 mice without overt health issues were used. This was done to mini-
mize separation of mice, which is more common for males as they fight. Young male and female mice have
been reported to run different daily distances (Clark et al., 2011), and so the exact timing of physical exer-
cise may be different between the sexes; however, previous studies indicate that this may not be the case.
To determine if our findings can be generalized to both sexes or if there is a sex-dependent response to
exercise in aged mice these experiments would need to be repeated in both sexes.

STARX*METHODS
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

4',6-diamidino-2-phenylindole (DAPI)
Guinea pig anti-DCX
Goat anti-guinea pig Alexa Fluor-488

Sigma-Aldrich
Merck Millipore

Molecular Probes

D9542
RRID:AB_1586992
RRID:AB_2534117

Chemicals, peptides, and recombinant proteins

Ketamine Provet Keti1
Xylazine Provet Xylaz2
Medetomidine Dormitor®, Pfizer 149-109
Antiseden Zoetis 40612/59805
Fluorescence anti-fade DAKO $302380
mounting medium

Isoflurane Henry Schein 988-3244
Diphtheria toxin Sigma-Aldrich D0564
NGS Sigma G9023
BSA Sigma A8412
Triton-X100 Sigma T9284
Tween 20 Sigma P1379

Experimental models: Organisms/strains

C57BL/éJ

The Jackson Laboratory

RRID:IMSR_JAX:000664

DCXP® knock-in mouse Ozgene Vukovic et al. (2013)
J.Neurosci 33(15):6603-13

Software and algorithms

Microsoft Excel Microsoft 16.53

Prism Graphpad 9.0

Australian Mouse Brain Mapping Consortium

Richards et al., 2011

(http://www.imaging.org.au/

(AMBMC) brain template AMBMC/AMBMC)
SPSS Microsoft 26

Other

9.4 T horizontal bore animal scanner Bruker BioSpin GmbH N/A

PAP pen Abcam Ab2601

APA apparatus Biosignal N/A
MR-compatible rectal temperature probe SA Instruments SAll

infrared pulse oximeter sensor SA Instruments SAll

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Perry Bartlett (p.bartlett@ug.edu.au).

Materials availability

This study did not generate unique reagents.
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Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.

® Any additional information required to reanalyse the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals

Adult female C57BL/6J mice up to 24 months of age were used throughout the study, unless otherwise
stated. All animals were tested in accordance with the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes. The University of Queensland Animal Ethics Committee approved all ex-
periments. Animals were housed three or four per home cage. All animals had ad libitum access to food
and water and were housed on a 12h light/dark cycle.

METHOD DETAILS

Exercise paradigm

Animals were housed three to a cage in boxes that were 50 cm long X 20 cm wide X 12.5 cm deep, with test
animals given ad libitum access to a single hanging running wheel (Able Scientific) for defined periods of
time. These exercise (“run”) periods were 21, 35, or 49 days. Control (“no run”) animals were housed in the
same-sized boxes without a running wheel. A locked running wheel was not placed in these cage as this

may have induced climbing and/or investigation, and hence may have qualified as environmental enrich-
ment (Clark et al., 2008; Koteja et al., 1999).

Timeline of experimental procedures

The animals were tested two weeks after removal of the running wheel. Behavioral testing was conducted
during the light phase. MRI scanning was conducted the day after cognitive testing had concluded.
Animals were sacrificed immediately following the final MRI scan with brains prepared for immunohisto-
chemical analysis.

Specific ablation of DCX*V¢ cells

Female DCXP™R knock-in mice at either 15 weeks or 24 months of age were used as previously described
(Vukovic et al., 2013), to investigate the effect of specific ablation of newborn neurons following voluntary
exercise. Briefly, animals underwent an initial round of active place avoidance (APA) testing to obtain their
baseline spatial learning ability. They were then housed three to a cage and given ad libitum access to a
running wheel for 35 days. After 28 days of exercise, diphtheria toxin (DT; Sigma) injections were initiated;
10 ng DT/g body weight was injected intraperitoneally every third day for a total of 6 injections. Body
weight was measured daily. After 35 days of exercise, the running wheels were removed for 2 weeks prior
to retesting of spatial learning ability using APA with novel cues.

MRI acquisition

All MR data were acquired in a 9.4 T horizontal bore animal scanner (Bruker BioSpin GmbH) equipped with
a two element anatomically shaped cryogenic mouse head coil for transmission and reception. The mice
were initially anesthetized with 2-3% isoflurane in air and O, (47% O,) mixture. After securing the head
in an MRI-compatible stereotaxic holder, 0.05 mg/kg medetomidine (Dormitor, Pfizer) was given intraper-
itoneally, after which sedation was maintained with 0.1 mg/kg/h continuous infusion and isoflurane was
maintained at 0.4-0.8%. A low level of isoflurane (<0.5%), together with a low dose of medetomidine infu-
sion, is considered to be the most robust anesthesia for detecting functional connectivity (Chuang and Nas-
rallah, 2017). Body temperature was maintained at 37.0 + 0.5°C with an in-built warm water circulator and
the cryoprobe surface heater, and monitored by an MR-compatible rectal temperature probe (SA Instru-
ments). The breathing rate was monitored with a sensor pad (SA Instruments), with an average breathing
rate of 110 £ 10.0 breaths/min. To ensure proper physiology under anesthesia, SpO; and heartbeat were
measured using an MR-compatible infrared pulse oximeter sensor (SA Instruments) placed on the shaved
left upper hindlimb in five of the animals, with an average SpO, of 96.5 + 1.5% and an average heartbeat
rate of 250.0 + 50.0 beats per minute. For accurate and reproducible positioning, the head of the mouse
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was fixed with a bite bar and a pair of ear bars in a stereotactic holder. Eye cream was applied to protect the
animal’s eyes and prevent them from becoming dry. The total time under anesthesia was less than 2.5 h for
each animal.

Structural imaging. To measure brain structure and volume changes, high-resolution structural MRI
scans were acquired using a T2-weighted RARE-sequence (Rapid Acquisition with Refocused Echoes)
with the following parameters: TR/TE = 9000/20 ms, effective TE = 40 ms, resolution = 0.05 x 0.05 x
0.23 mm?, matrix = 320 x 200 X 78 centered on the hippocampus, RARE factor = 4, and 2 averages.
The total acquisition time was 6 min 32 s.

Diffusion tensor imaging (DTI). DTl was used to estimate microscopic tissue and white matter integrity
changes. Scans were acquired with a diffusion-weighted spin-echo echo-planar-imaging (EPI) pulse
sequence with the following parameters: TR/TE = 10,000/20.7 ms, 3/A = 4/10 ms, resolution = 0.2 X
0.2 x 0.2 mm?, matrix = 80 x 50 x 78, 30 non-collinear gradient directions with a single b-value at 2000
s/mm? and two b-value of 0 s/mm? (referred to as b0). The total acquisition time was 10 min 40 s.

Functional connectivity imaging. Resting-state blood oxygenation level-dependent (BOLD) fMRI was
used to measure the functional connectivity. It was consistently acquired 1.5h after the start of anesthesia
when the physiology was most stable. BOLD fMRI data were acquired using a 2D gradient-echo EPI with the
following parameters: TR/TE = 1000/10 ms, resolution = 0.23 x 0.26 x 0.5 mm?, and matrix = 90 x 40 x 30.
600 volumes were acquired with a total acquisition time of 10 min.

MRI processing
All MRI data were pre-processed using FSL software (http://fsl.fmrib.ox.ac.uk/fsl).

Structural imaging. Tensor-based morphometric analysis was conducted on the structural MRI to esti-
mate the volume changes in each voxel. T2-weighted images were first skull stripped by FSL-BET function,
after which refined and manually modified. Field correction was performed by FSL-FAST to correct for field
inhomogeneity. Linear and non-linear transformations were then applied with the FSL-FLIRT and FSL-
FNIRT functions, respectively, to register the T2-weighted data to the resampled Australian Mouse Brain
Mapping Consortium (AMBMC) brain template (http://www.imaging.org.au/AMBMC/AMBMC) (Richards
etal, 2011). The study-specific template was made out of the registered images generated from all animals
in each study. A second round of linear and non-linear transformation was then applied to register the
T2-weighted data to the study-specific template. The Jacobian determinant map derived from this process
was used as the estimate of volume change. The hippocampus was manually delineated on the AMBMC
brain template and applied to the Jacobian determinant map to calculate the hippocampal volume.

Diffusion tensor imaging. Diffusion-weighted images were first motion and eddy current corrected with
FSL-eddy function to realign different volumes to the b0 volume as a reference. Skull stripping was per-
formed using the FSL-BET function and then refined and modified manually. Local fitting of diffusion tensors
was performed with FSL-dtifit to obtain a matrix describing the orientation dependence in each voxel and
the eigenvalues and eigenvectors of the diffusion tensor, which were further used to calculate the mean
diffusivity (MD). Linear and non-linear registration were then applied to register b0 images to the AMBMC
MRI template using FSL-FLIRT and FSL-FNIRT, after which a study-specific DTI template was constructed
from the registered images. A second round of linear and non-linear registration was conducted to register
the DTI data to the study-specific DTI template. The transformation was then applied to the MD maps.

Functional connectivity imaging. Resting-state fMRI images were first skull stripped by FSL-BET and
then refined manually. Nuisance regression was performed by regressing 10 principal components of
the time series outside the brain, motion repressors (estimated by FSL-mcflirt) and the quadratic trend
that models the baseline signal drift (Chuang et al., 2019). For registration, the averaged EPI of each animal
was first field inhomogeneity corrected by FSL-FAST and then registered to its own structural MRl scan, fol-
lowed by linear and non-linear transformation by ANTs (http://stnava.github.io/ANTs/) to the AMBMC
brain template. An fMRI study-specific template was then constructed from the registered images. A sec-
ond round of linear and non-linear transformation was applied to register the fMRI data to the study-spe-
cific template. After registration, the data were bandpass filtered at 0.01-0.3 Hz, followed by minimal
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spatial Gaussian smoothing (FWHM = 0.23 mm) to avoid reducing the high spatial resolution. Seed-based
correlation analysis was applied to estimate the functional connectivity between pre-defined regions of in-
terest (ROls) that partitioned the hippocampus into 10 sub-regions (Figure S5), including the medial and
lateral entorhinal cortex, dorsal and ventral DG, dorsal and ventral CA1, dorsal and ventral CA3, and dorsal
and ventral subiculum. The correlation was then converted to a Z score by Fisher’s z-transformation for
further group-wise statistical tests.

Spatial learning

Animals were handled daily for 4 days prior to the initiation of behavioral tests. They were placed in a clear
plastic cylinder (1 meter diameter) on a gridded platform (Biosignal) rotating at 1 revolution per min. A5 min
habituation session with no shocks was conducted on the first day, and 10 min testing sessions were con-
ducted for the following 5 days. During the testing sessions, a 60° area was denoted by the tracking com-
puter; animals were tracked automatically and if an animal entered this exclusion area it received a 0.5
mA shock with a 500 ms latency. The inter-shock latency was 1,500 ms. Visual cues were spaced evenly
around the room, and the animal was placed into the arena at the same position on each day of testing.
At the conclusion of testing, animals were randomly assigned to control (no run or vehicle injection) or treat-
ment (running wheel or DT injection) groups. At the conclusion of the experimental paradigms, the animals
were again tested on the APA platform. In the retest phase, the visual cues were replaced with novel cues but
the shock zone remained in the same location. For retesting, novel visual cues were used, the habituation
day was omitted and there were 5 testing days. Visual data collection for the animals was achieved via a ceil-
ing-mounted video camera connected to the tracking and shock computer. Between testing of each animal,
the grid and platform were thoroughly cleaned with 80% ethanol. Parameters including distance traveled,
speed and number of shocks were all recorded automatically. To calculate learning ability during the APA
task we calculated the number shocks between the first day of testing to the last and expressed this as a per-
centage. Prior to all experiments, any animal with cataracts was excluded.

Tissue processing and immunohistochemistry

Animals were deeply anesthetized with sodium pentobarbitone. They were then transcardially perfused
with ice-cold phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in PBS (pH 7.4). Brains
were removed, post-fixed overnight at 4°C in 4% paraformaldehyde and then placed in 30% sucrose solu-
tion. Serial brain coronal sections were cut at a thickness of 50 um and placed in a six-series configuration.
All sections were placed in PBS, washed and stored at 4°C in PBS +0.01% sodium azide until used.

Brain tissue sections were processed and labeled for the detection of DCX and DAPI. Sections were washed
three times with PBS prior to incubation with blocking solution (PBS/0.2% Triton X-100/2% normal goat
serum) for 60 min at room temperature (RT). They were then washed three times in PBS and incubated over-
night at 4°C on a shaking platform with guinea pig anti-DCX (1:1,000; Merck), after which they were again
washed three times prior to the addition of goat anti-guinea pig Alexa Fluor 488 (1:1,000; Invitrogen) for 2 h
on a shaking platform at RT in the dark. The sections were then washed, with DAPI (1:10,000) being added
after the second wash, before being mounted on Superfrost Plus slides. Once the excess liquid had dried,
fluorescence anti-fade mounting medium (DAKO) was added and a coverslip applied. The sections were
viewed using an x20 objective on an upright Zeiss Axio Imager Z1 fluorescence microscope. Mosaic images
of the hippocampus were taken using the DAPI filter and the DG length was calculated using ZEN image
analysis software (Zeiss). To estimate the volume of the DG, the boundaries of the granule cell layer (GCL)/
subgranule cell layer (SGL) were outlined in every DAPI-labelled section in a 1 in 6 series throughout the
dorsal hippocampus. The sum of the outlined GCL/SGL areas per animal was then multiplied by six and
by section thickness (40um) to estimate the total volume according to the Cavalieri principle (Salminen
et al., 2016). The cell density was estimated by dividing the total cell counts by the volume.

QUANTIFICATION AND STATISTICAL ANALYSIS

Repeated measures (RM) two-way analysis of variance (ANOVA) with a false discovery rate (FDR) multiple
comparison post hoctest or a Student's t-test was used to analyze data, as appropriate. Pearson correlation
was applied to the correlation analysis. Parameters were analyzed in SPSS and Prism 9 (Graphpad Software
Inc.). All values are expressed as mean + standard error of the mean, unless otherwise indicated.
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