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Abstract

New neurons are continuously added to the hippocampus of adult mammals. Their survival and
integration into the circuitry are highly dependent on experience. Here we show that mushroom
spine formation in newborn granule cells was modulated by experience and that dendritic
segments in different areas of the molecular layer were differentially regulated. Specifically,
spines of new neurons in the outer molecular layer of the dentate gyrus were more readily
influenced by non-spatial features in the living environment. Those in the middle molecular layer
were more likely to be influenced by the size of the living environment. Therefore, the activity of
cortical inputs into newborn granule cells may be reflected in the formation of mushroom spines in
different dendritic segments in the molecular layer.
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Introduction

New neurons are continuously generated in the dentate gyrus (DG) of the hippocampus
throughout life in essentially all mammals examined (Altman and Das, 1965; Eriksson et al.,
1998). The integration of newborn granule cells (GC) is regulated by experience. For
example, the “experiences” of new neurons during the immature stage shape their
integration into the circuitry so that more neurons will survive and express the immediate
early gene c-fos or Zif268 in response to the same experiences when they are mature
(Tashiro et al., 2007). This phenomenon suggests that some of these new neurons may
encode certain features of the “experiences.” Indeed, postnatally born GCs are needed for
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the accurate recall of previously learned spatial and contextual memories (Arruda-Carvalho
etal., 2011).

The main cortical inputs to the DG arrive from the perforant path axons that originate from
layer 11 of the entorhinal cortex (EC). The outer and middle molecular layers of the DG
receive inputs from the lateral and medial ECs, respectively (O'Keefe, 1978; Steward, 1976).
Neurons in the medial and lateral ECs respond to different features in the environment. Grid
cells, boundary cells and head-direction cells reside in the medial EC and provide spatial
information (i.e., where) to the hippocampus. In contrast, neurons in the lateral EC respond
to stimuli such as odor and objects and provide non-spatial information (i.e., what) to the
hippocampus (Manns and Eichenbaum, 2006; Moser et al., 2008).

Perforant path axons synapse onto the dendritic spines of GCs. Because dendritic spines are
the major postsynaptic sites of excitatory synapses, the integration of newborn GCs can be
correlated with spine growth and maturation. The peak of spine growth occurs when
newborn GCs are 2—4 weeks old, when these cells have a low threshold for long-term
potentiation (Ge et al., 2007; Schmidt-Hieber et al., 2004; Zhao et al., 2006). During this
time window, a large portion of the synapses that are formed on newborn GCs are on
multiple synapse boutons (MSBs) (Toni et al., 2007). After an extended period of
maturation, the numbers of mushroom spines increase, synapses on MSBs decrease and
newborn GCs become indistinguishable from existing cells in their electrophysiological
properties (Laplagne et al., 2006; Toni et al., 2007; Zhao et al., 2006).

To determine how cortical inputs into the DG shape the integration of adult-born GCs, we
used a series of different animal holding cages so that the complexity and/or the size of the
cage were different than the standard static mouse cage. We then used spine morphogenesis
to assess the integration of adult-born GCs. We found that mushroom spine formation in the
outer and middle molecular layers was differentially regulated by changes in the living
environment.

Materials and Methods

Mice

Six- to eight-week-old C57BI/6 female mice were used for all studies. Six different cage
conditions were used throughout the study, including a static mouse sedentary cage (S,
28x17 cm?), ventilated mouse sedentary cage (V, 28x17 cm?), standard rat sedentary cage
(R, 43x21.5 cm?), standard rat cage with running wheel (RW, 43x21.5 cm?2), mouse single
activity wheel chamber (Lafayette Instruments) (CW, 30.5x19 cm?), mouse single activity
wheel chamber with running wheel removed (C, 30.5x19 cm?), and custom-designed
enriched environment cage (EE, 91.5x91.5 cm?). All mice were group housed (4 in each
cage for S, V, R, RW, CW, C and 8/cage for EE). The animal protocols were all approved
by the Salk Institutional Animal Care and Use Committee.

Retrovirus-mediated labeling of newborn GCs

Newborn GCs were labeled with retrovirus-mediated expression of green fluorescent protein
as previously described (Tashiro et al., 2006; Zhao et al., 2006). Briefly, 1 pl of retrovirus
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CAG-GFP at 1-5x108/ml was infused into the right hemisphere using the following
coordinates in reference to Bregma: anterioposterior: =1.7mm, lateral: —1.6 mm, dorsal/
ventral: —2 from dura). All mice were sacrificed at 8 weeks after virus injection for
morphological analyses. In some experiments, mice were given 2 doses of BrdU (50 mg/kg,
6 hours apart) the day before virus injection for a more accurate assessment of the level of
neurogenesis.

Immunohistochemistry and cell quantification

Mice were given a lethal dose of anesthesia (Ketamine 100 mg/kg, Xylazine 10 mg/kg) and
perfused transcardially with 0.9% NaCl followed by 4% para formaldehyde (PFA). Mouse
brains were post fixed in 4% PFA overnight and transferred to a 30% sucrose solution for 48
hours. Coronal sections of 40 um thickness were prepared with a sliding microtome. Brain
sections of one-in-six series were selected for immunostaining (for BrdU cell counting, rat
anti-BrdU, 1:100, Acurate) or DAPI staining. The characterization of rat anti-BrdU has been
previously documented (Mathews et al., 2010). BrdU+ or GFP+ cells in the GC layer were
visualized and counted with a Nikon E800 microscope (Melville, NY). The total number of
labeled cells per DG was estimated by multiplying the number counted from the one-in-six
series by 6.

Confocal imaging and spine analysis

All images were acquired through the Bio-Rad R2100 confocal system or the Zeiss710
confocal system. For unbiased sampling of newborn GCs, the labeling efficiency of an
individual mouse was first visually inspected under an epifluorescent microscope. A number
“n” was then decided based on the labeling efficiency so that every nt GFP+ cell would be
selected providing that this cell contained at least one dendrite that remained intact from the
cell body to the outer third of the molecular layer. If the nt" cell did not fit the criteria, the
next cell that met the criteria would be selected. The sampling started from the first anterior
section that displayed GFP+ GCs, and all sections across the anteroposterior axis were
sampled. All mice were numerically coded and the investigators were blind to the treatment
conditions of individual animals until all images were acquired and quantified. Images of the
overview of BrdU labeling were taken with a 20x objective (Bio-Rad R2100) or a 25xW
objective (Zeiss710). Images for assessment of the whole cell morphology were obtained
with a 40x oil objective (numerical aperture, NA 1.3, Nikon). For spine analyses, dendritic
processes of GFP+ cells in the outer and middle third of the molecular layer were imaged
with a 60x oil objective (NA 1.4, Nikon, on Bio-Rad R2100) or with a 63%0il objective (NA
1.4, Zeiss, on Zeiss710), respectively (Fig 1A-C). Each granule cell was represented by a
single dendritic segment in the middle or outer molecular layer, which was achieved by
imaging only the dendritic segments that were still visually connected to the cell body after
tissue sectioning. Images in the outer and middle molecular layers were acquired at different
times and on different systems. Therefore, the absolute numbers in different figure panels
cannot be cross-compared. The raw confocal image files were subjected to 10 iterations of
deconvulution (AutoDeblur, AutoQuant, Troy, NY). Dendrite measuring and spine analyses
have been described in detail (Zhao et al., 2006). Briefly, the center of the dendritic shaft
was manually traced using the IGL Trace program. For categorizing mushroom spines, the
lengths of the long and short axes of the spine head were obtained by manual tracing and the
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estimated surface area was deduced using the function 0.25*n*dx*dy (Fig 1D). Spines with
an estimated surface area of 0.4 pm? or greater were considered to be mushroom spines (Fig
1D, the sizes of spines with major and minor axes marked from left to right were 0.24, 0.36
and 0.41 um? respectively). The cut-off value of 0.4 um? was the nearest round-up of the
value of mean+2*standard deviation of the surface area of all spines from 3 independent
confocal images (Zhao et al., 2006). Spines with an area between 0.25 and 0.35 um? were
most frequently analyzed. Relative differences between groups remained consistent when
the cut-off value was set at 10% above or below 0.4 pm2. Due to the nature of manual spine
analyses, a single experimenter quantified each set of experiments.

Imaging Processing

Examples of spine images were cropped to the same size and assembled with Adobe
Photoshop without further adjustments. Images of BrdU immunohistochemistry and GFP-
labeled newborn GCs were adjusted with contrasting in Adobe Photoshop for better
visualization. All figures were assembled in Adobe Illustrator and exported in tiff format.

Statistical analysis

Results

All data were presented as meanzstandard error. Statistical comparisons were done using
ANOVA or unpaired two-tailed t-test. The Bonferroni’s Multiple Comparison test was used
for post-test comparisons. The n number represents all of the dendritic segments analyzed
within each group (3-4 mice each group). Because a single dendritic segment represented
each granule cell, the n number also represents all of the neurons analyzed within each

group.

We previously reported that running promoted mushroom spine formation in newborn GCs
(Zhao et al., 2006). This finding was based on a comparison between mice that were housed
in a standard mouse static cage (Fig 2A, S) and mice housed in a mouse single activity-
wheel chamber (Fig 2B, CW). In addition to the running wheel, the CW cages had some
other features that were different from S cages. The CW cages were slightly larger than S
cages. The CW cages also contained more objects: in addition to the feeder and water bottle,
they contained a special apparatus that held the running wheel in position. Therefore, the
CW cages were more complex, both spatially and non-spatially. Non-spatial and spatial
information may be relayed into the DG from lateral and medial ECs, respectively. Since
lateral and medial ECs project to outer and middle molecular layers of the DG, respectively,
we sought to determine whether dendritic segments of newborn GCs could be differentially
regulated by spatial and non-spatial changes in the living environment.

Mushroom spine formation in different dendritic segments of newborn GCs was
modulated by housing conditions

To confirm our previous findings, we repeated the experiment with the S and CW cages. We
also added a different running wheel cage: a standard rat cage equipped with 2 running
wheels (Fig 2C, RW). The rat cage provided a much larger space (inside parameter: 43x21.5
cm? for rat cage, 30.5x19 cm? for CW cage and 28x17 cm? for S cage). We followed the
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same experimental paradigm as that used in our previous study (Zhao et al., 2006). Female
C56B1/6 mice were group housed in these different experimental cages 1 week before virus
injection and BrdU administration, and the mice were sacrificed 8 weeks after the virus
injection.

First, we validated that the running wheel housing in both cages (CW and RW) promoted
neurogenesis; there was an increase in the number of BrdU+ cells in the DG of mice housed
in the CW and RW cages (Fig 2D-G, F(2,9)=6.994, p<0.05, n=4 mice for each group, S:
699+103, CW: 23731710, RW: 3132+387). Bonferroni’s Multiple Comparison test detected
a significant difference in BrdU cell numbers between S and RW.

Newborn GCs from different groups were similar in overall morphology by visual
inspection (Fig H-J). These cells did not differ significantly in total dendritic length (Fig
2K, F(2,69)=2.129, p=0.13; S: 608.2+35.7, n=29; CW: 636.9+44.7, n=24; RW: 724.9+37 .4
um, n=19). Newborn GCs from the RW group had more branching points than those from
the S group (Fig 2L, F(2,69)=3.893, p<0.05; S: 5.14+0.30, n=29; CW: 6.08+0.53, n=24;
RW: 6.84+47, n=19).

In the outer molecular layer, total spine density was similar in all conditions (Fig 2M-N,
F(2,134)=0.009, p>0.05, S: 3.07+0.12, n=34; CW: 3.07+0.10, n=55; RW: 3.05+0.10 per um,
n=48). Mushroom spine density was significantly higher in samples from both the CW and
RW cages (Fig 20, F(2,134)=11.51, p<0.01, S: 0.070+.011, n=34; CW: 0.181+0.018, n=55;
RW: 0.162+0.016 per um, n=48). In the middle molecular layer, total spine density was not
influenced by housing conditions either (Fig 2P-Q, Fig 2J, F(2,134)=2.429, p>0.05, S:
3.05+0.16, n=38; CW: 2.96+0.10, n=54; RW: 2.67+0.08 per um, n=45). Mushroom spine
density was higher in the middle molecular layer in samples from RW cages and was
modestly increased in those from CW cages (Fig 2R, F(2,134)=6.235, p<0.01, S:
0.041+0.006, n=38; CW: 0.064+0.008, n=54; RW: 0.083x0.009 per um, n=45).

To determine whether these data may be influenced by the manual tracing of spine heads or
the utilization of different confocal systems, we did additional analyses on the data sets in
Fig 2R. First, the threshold for mushroom spine was set at +10% of 0.40 um?, specifically at
0.36 or 0.44 um?, and mushroom spine density was recalculated for each dendrite. As
expected, a cut-off value of 0.36 um? yielded more mushrooms spines, whereas a cut-off
value of 0.44 um? identified fewer mushroom spines (Fig 3 A&B). However, mushroom
spine density was significantly higher in RW group than that in S group in both cases. This
is consistent with the previous observation when spines of 0.40 um? or larger were
considered to be mushroom spines (Fig 3A, F(2,134)=7.933, p<0.01; Fig 3B,
F(2,134)=5.554, p<0.01). In addition, a distribution histogram of all traced spines showed
that spines of 0.25-0.35 um? were most frequently analyzed (Fig 3C). These data suggest
that manual image analysis by different individuals or slight variations in microscope
calibration should not obscure the comparison between study groups, and that spines
0.35um? or larger are likely all included in the analysis.

Therefore, mushroom spine formation in the outer molecular layer was enhanced in mice
housed in both running wheel cages, while mushroom spine formation in the middle
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molecular layer was enhanced only in mice housed in the RW cage. These data suggest that
mushroom spine formation in the outer and middle molecular layers can be differentially
regulated by experience.

Differential regulation of cell genesis and spine maturation

Since both CW and RW cages display additional differences from the control S cage beside
the running wheel(s), we could not determine whether the enhanced spine maturation in the
CW and RW groups was promoted by exercise. Therefore, we set up 2 experiments to use
similar cages as controls. To control for running in the CW cage, we used the C cage, which
was essentially the same as the CW cage except that the running wheel was removed (Fig
4A, B). Two groups of mice were acclimated in the C and CW cages for 7 days before virus
injection/BrdU administration and the mice were sacrificed 8 weeks later. Quantification of
BrdU cell number confirmed that inclusion of a running wheel in the cage indeed promoted
neurogenesis (Fig 4C,D). Total BrdU number in the DG of the hemisphere contra-lateral to
the virus injection side was increased nearly 3-fold in the CW cage compared to the C cage
(C: 867+£118, n=4; CW: 3267+589, n=4; p<0.01). There was no difference in total spine
density (Fig 4E-F, C: 1.87+0.09, n=23; CW: 1.87+0.06 per um, n=25) or mushroom spine
density (Fig 4G, C: 0.130+0.018, n=23; CW: 0.107+0.014 per um, n=25) in the outer
molecular layer between the 2 groups. Neither was there a significant change in total spine
density (Fig 4H-I, C: 2.76+0.12, n=34; CW: 2.52+0.09 per um, n=36, p=0.1) or mushroom
spine density (Fig 4J, C: 0.062+0.010, n=34; CW: 0.079£0.010 per um, n=36; p=0.23) in the
middle molecular layer.

To control for running in the RW cage, we used the standard rat cage without running
wheels (Fig 5A, B). These two groups of mice were not administered BrdU, so we
quantified GFP+ cell number to examine the level of neurogenesis (Fig 5C, D). The number
of GFP-labeled new neurons was higher in the mice housed in the RW cage than in the mice
housed in the R cage, confirming the effect of running in promoting cell genesis (R: 19567,
n=4; RW: 13051501, n=4; p=0.07). Due to variations in GFP labeling, the difference in cell
number did not reach statistical significance. In the outer molecular layer, there was no
difference in total spine density (Fig 5E-F, R: 3.29+0.24, n=20; RW: 3.05+0.17, n=30 per
um; p=0.40). However, mushroom spine density was higher in the RW group (Fig 5G, R:
0.025%0.009, n=20; RW: 0.072+0.014 per um, n=30; p<0.05). Strikingly, in the middle
molecular layer, the RW group did not differ from the R group in either total spine density
(Fig 5H-I, R: 3.07£0.19, n=26; RW: 2.81+0.14 per um, n=34; p=0.26) or mushroom spine
density (Fig 5J, R: 0.093+0.016, n=26; RW: 0.093+0.012 per um, n=34). In this experiment,
inclusion of running wheels promoted mushroom spine formation in the outer but not in the
middle molecular layer.

Therefore, when the size of the living environment was held constant, addition of a running
wheel did not affect mushroom spine formation in newborn GCs in the middle molecular
layer. However, mushroom spine formation in the outer molecular layer was promoted by
inclusion of running wheels in the rat cage. Again, these data indicate that spine maturation
in the middle and outer molecular layers is differentially regulated by experience.
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EE promotes mushroom spine formation in both the outer and middle molecular layers

We next predicted that an EE cage should promote mushroom spine formation in both the
outer and the middle molecular layers since it contained more objects (more non-spatial
information) and was much bigger in size (more spatial information). To test this hypothesis,
we used a custom-designed EE cage that measured 91.5x91.5 cm? and contained tunnels
and domes in addition to a feeder and water bottle (Fig 6B). To specifically test the effect of
non-spatial input of the environment without the interference of exercise, we did not place
any running wheels in this environment. A group of 8 mice was housed in this environment
for the duration of the experiment but only 4 were used for experimental analyses. For the
control cage, we used a standard mouse ventilated cage due to the overall cage change in the
animal holding room at the Salk Institute (Fig 6A). The only difference between the
ventilated cage and the previously used static control cage was that there was a water valve
on the backside of the cage. To minimize differences, we still used bottled water and placed
the ventilated cage on static racks. Consistent with previous findings, EE housing increased
the number of newborn cells (Fig 6C-D, V: 366145, n=4; EE: 602+44, n=4; p<0.01). EE
housing did not affect dendritic growth. We did not observe a significant difference in total
dendritic length (V: 567+27, n=30; EE: 569+23 um, n=35) or dendritic branching points (V:
5.50+0.31, n=30; EE: 5.71+0.28, n=35). Total spine density was not affected in either the
outer (Fig 6E-F, V: 3.06+0.15, n=39; EE: 3.04+0.17 per pm, n=27) or middle molecular
layer (Fig 6H-I, V: 2.80£0.14, n=31; EE: 2.87+0.12 per pm, n=32). In contrast, mushroom
spine density was increased in both the outer (Fig 6G, V: 0.095+0.013, n=39; EE:
0.157+0.023 per um, n=27; p<0.05) and middle (Fig 6J, V: 0.042+0.008, n=31; EE:
0.089+0.013 per um, n=32; p<0.01) molecular layer. Therefore, increasing both the non-
spatial and spatial complexity of the living environment promoted mushroom spine
formation in both the outer and middle molecular layers.

Discussion

In this study, we examined the integration of newborn GCs under different housing
conditions. We found that the presence of a running wheel consistently promoted
neurogenesis, whereas its effect on spine morphogenesis was layer specific and dependent
on the non-spatial and spatial complexity of the living environment.

Larger space promoted spine maturation in the middle molecular layer

In the middle molecular layer, mushroom spine formation in newborn GCs was promoted
only when the size of the living environment was significantly larger. Mushroom spine
density was higher in the RW cage compared to the static mouse cage (Fig 2R) and higher in
the EE cage compared to the ventilated mouse cage (Fig 5J). Both RW and EE cages were
much larger than mouse cages (RW: 925 cm?, EE: 8372 cm?, S or V: 476 cm?). When the
size of the cages was held constant, the addition of running wheels to the cage did not have
any effect on mushroom spine formation in the middle molecular layer (Fig 3J, CW vs C
and Fig 4J, RW vs R). Therefore, our data suggest that spine maturation in the middle
molecular layer was specifically regulated by the spatial component of the living
environment. This finding is consistent with the fact that the middle molecular layer of the
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DG receives input from the medial EC, which mainly provides spatial information to the
hippocampus.

Non-spatial components in the living environment promoted mushroom spine formation in
the outer molecular layer

Spine maturation of newborn GCs in the outer molecular layer appeared to be more readily
influenced in our experiments. We observed an increase in mushroom spine formation in the
outer molecular layer in all but one experiment. In Figure 3G, when the CW was compared
to the C group, there was no difference in mushroom spine density in the outer molecular
layer. However, when the RW was compared to the R group, we observed an increase in
mushroom spine density in the outer molecular layer (Fig 4G). It is unlikely that exercise
was the major contributor to spine maturation because adding a running wheel to the
appropriate control cages did not always promote mushroom spine formation (Fig 3G,
comparing CW to C). Furthermore, housing mice in an enriched environment with no
running wheel also promoted mushroom spine formation in the outer molecular layer (Fig
5G). Therefore, we speculate that the running wheels in the RW cage served as an
interesting object and added more non-spatial content to the rat cage (Fig 4A-B). In the case
of the C cage, because the cage already had more non-spatial complexity compared to the
standard mouse or rat cages, adding a running wheel may not have had the same level of
impact as it would in a simpler environment.

Differential regulation of neurogenesis and neuronal integration

Our data suggested that the level of neurogenesis and the integration of newborn cells could
be regulated differentially. Running consistently promoted neurogenesis in all experiments
but did not have a significant effect on neuronal maturation. It only increased mushroom
spine formation in the outer molecular layer in the RW compared to R group, and it did not
affect mushroom spine formation in the middle molecular layer when same-size cages were
used as controls. In contrast, mushroom spine formation in newborn GCs was more readily
influenced by the spatial and non-spatial complexity of the living environment. Interestingly,
spatial learning shapes both the selection and connectivity of newborn cells (Dupret et al.,
2007; Tronel et al., 2010). Furthermore, adult-born neurons have been found to contribute to
long-term spatial memory in the Morris water maze task (Deng et al., 2009; Snyder et al.,
2005). Thus, our data partially explain how running is beneficial to hippocampus-dependent
learning and memory: running promotes the generation of adult-born GCs that are readily
recruited to experiences such as spatial exploration.

Dendritic growth or spine growth in general was not significantly influenced by EE

Throughout our studies, we observed an increase in branching points only when animals
were housed in the RW cage (compared to the static mouse cage). In general, no difference
was detected in dendritic growth, branching points or total spine density. Similar to our
findings, Piatti et al. (2011) found that running could promote spine growth in neurons in the
temporal DG at 21 days post injection and that spine density did not differ between neurons
found in the septal and temporal DG at 56 dpi in mice. In addition, electrical stimulation of
EC did not affect dendritic or spine growth, although it efficiently increased the total number
of newborn cells in mice (Stone et al., 2011). However, Abrous and colleagues have
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consistently reported that spatial learning promoted dendritic growth and branching and
increased total spine density in adult-born GCs (Lemaire et al., 2012; Tronel et al., 2010).
Aside from the difference in the stimuli used in these studies (exercise, EE and spatial
learning), a possible explanation for this discrepancy is that we may have underestimated the
effects of running and EE. All mice were group housed in this study and did not have the
same access to running wheels. More importantly, only a portion of newborn cells would
survive the first 4 weeks during their development, and running/EE housing was able to
rescue the cells that would have died if the mice were housed in standard conditions
(Kempermann et al., 2003; Kempermann et al., 1997; Muotri et al., 2009; Tashiro et al.,
2007). It is possible that the rescued cells were destined to die because they were deficient in
dendritic and spine growth. In fact, in a separate study we observed that the average spine
density significantly decreased when we forced the survival of newborn cells by over-
expressing the pro-survival protein Bcl2 (data not shown). In contrast, when the death of
newborn cells was prevented by running or EE in this study, we did not see a decrease in
total spine density. Therefore, it is reasonable to speculate that running or EE may increase
the survival of newborn cells by enhancing their integration into the system through
promoting dendritic and spine growth.

Even with this possible underestimation, we observed that experiences modulated spine
maturation in a layer-specific manner that was likely an activity-dependent response with a
certain level of spatial resolution. Indeed, activity-dependent structural remodeling can be
input-specific at the level of individual spines (Matsuzaki et al., 2004). We would like to
propose that input activity from different cortical areas is reflected in layer-specific spine
maturation in the dendritic segments of adult-born GCs.
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Figure 1. Data acquisition and analyses
(A) Sample image of newhorn GC labeled by retrovirus CAG-GFP at 8 weeks post virus

injection. Arrows indicate the dendritic processes shown in B and C. (B) Sample image of
dendritic processes in the outer molecular layer (mol). (C) Sample image of dendritic
processes in the middle molecular layer. (D) Examples of spines whose sizes were estimated
by measuring the major and minor axes of the spine heads.. Scale bars =20 um (A), 5 um (B
and C), 2 ym (D).
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Figure 2. Spine maturation in the outer and middle molecular layers is differentially regulated
(A) Standard mouse static cage - S. (B) Mouse single activity wheel chamber - CW. (C) Rat

cage with a big and a small running wheel — RW. (D) Quantification of BrdU cell number
confirmed that running increased hippocampal neurogenesis. BrdU cell number was
significantly higher in the RW group than in the S group (*: p<0.05). (E-G) Sample images
of BrdU labeling in the DG in mice housed in S (E), CW (F) and RW cages (G). (H-J)
Representative images of newborn GCs from mice housed in cages S, CW and RW,
respectively. (K) New neurons did not differ significantly in total dendritic length between

Mushroom spines

=

CW RW
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groups. (L) New neurons in the RW group had more dendritic branching points than those in
the S group (*: p<0.05). For H-I, n=35, 30 and 25, respectively, for S, CW and RW. (M)
Representative images of newborn GC dendritic processes in the outer molecular layer (2
each for S, CW and RW). (N) Total spine density of new neurons did not differ between
groups in the outer molecular layer. (O) Mushroom spine density was significantly increased
in both the CW and RW groups in the outer molecular layer (*: p<0.01). For N-O, n=34, 55
and 48 for S, CW and RW, respectively. (P) Representative images of newborn GC dendritic
processes in the middle molecular layer (2 each for S, CW and RW). (Q) Total spine density
of new neurons did not differ between groups in the middle molecular layer. (R) Mushroom
spine density was specifically increased in the RW group in the middle molecular layer (*:
p<0.01). For Q-R, n=38, 54 and 45, respectively for S, CW and RW. Scale bars: 100 pm
(E=G), 50 pm (H-J) and 5 pm (M,P).
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Figure 3. The differences between groups remained consistent when different threshold was set
for the identification of mushroom spines

(A) The cut-off was set at 0.36 um? for the identification of mushroom spines. (B) The cut-
off was set at 0.44 pm? for the identification of mushroom spines. (C) The size distribution
of all spines selected for tracing in Fig 2R. The Y -axes are the counts of spines for each
bracket (0-0.9 pm2, step: 0.05um3).
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Figure 4. The running wheel in the CW cage did not affect spine maturation in newborn granule
cells

(A) Control cage for the mouse single activity wheel chamber - C. (B) Mouse single activity
wheel chamber - CW. (C) Sample image of BrdU labeling in mice housed in C cage. (D)
Sample image of BrdU labeling in mice housed in CW cage. (E) Representative images of
newborn GC dendritic segments in the outer molecular layer (2 each for C and CW). (F)
Total spine density in the outer molecular layer. (G) Mushroom spine density in the outer
molecular layer. For E-F, n=23 and 25 for C and CW, respectively. (H) Representative
images of newborn GC dendritic segments in the middle molecular layer (2 each for C and
CW). (1) Total spine density in the middle molecular layer. (J) Mushroom spine density in
the middle molecular layer. For G-H, n=34 and 36 for C and CW, respectively. Scale bars:
100 pm (C-D) and 5 pm (E,H).
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Figure 5. Inclusion of running wheels in the R cage specifically promoted mushroom spine

formation in the outer molecular layer
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RW

(A) Standard rat cage with no running wheel as a control — R. (B) Rat cage with running
wheels - RW. (C-D) Sample images of GFP labeling in mice housed in R and RW cages,
respectively. (E) Representative images of newborn GC dendritic segments in the outer
molecular layer (2 each for R and RW). (F-G) Total and mushroom spine density in the

outer molecular layer respectively (*: p<0.05 in F). N=31 and 35 for R and RW,

respectively. (H) Representative images of newborn GC dendritic segments in the middle
molecular layer (2 each for R and RW). (1-J) Total and mushroom spine density in the
middle molecular layer, respectively. N=26 and 34 for R and RW, respectively. Scale bars:

100 pm (C-D) and 5 ym (E,H).
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Figure 6. EE housing promoted mushroom spine formation in newborn granule cells
(A) Ventilated mouse cage — V. (B) Enriched environment cage -EE. (C-D) Sample images

of BrdU labeling in mice housed in ventilated and EE cages. (E) Representative images of
newborn GC dendritic segments in the outer molecular layer (2 each for V and EE). (F-G)
Total spine density and mushroom spine density in the outer molecular layer. N=39 and 27
for VV and EE, respectively. (H) Representative images of newborn GC dendritic segments in
the middle molecular layer (2 each for V and EE). (I-J) Total spine density and mushroom
spine density in the middle molecular layer. N= 31 and 32 for V and EE, respectively. EE
increased mushroom spine formation in both outer and middle molecular layers (*, F,
p<0.05 and H, p<0.01). Scale bars: 100 um (C-D) and 5 um (E,H).
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