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Running Induces Widespread Structural Alterations in the
Hippocampus and Entorhinal Cortex

Alexis M. Stranahan, David Khalil, and Elizabeth Gould*

ABSTRACT:  Physical activity enhances hippocampal function but its
effects on neuronal structure remain relatively unexplored outside of
the dentate gyrus. Using Golgi impregnation and the lipophilic tracer
Dil, we show that long-term voluntary running increases the density of
dendritic spines in the entorhinal cortex and hippocampus of adult rats.
Exercise was associated with increased dendritic spine density not only
in granule neurons of the dentate gyrus, but also in CA1 pyramidal neu-
rons, and in layer Il pyramidal neurons of the entorhinal cortex. In the
CAT1 region, changes in dendritic spine density are accompanied by
changes in dendritic arborization and alterations in the morphology of
individual spines. These findings suggest that physical activity exerts
pervasive effects on neuronal morphology in the hippocampus and one
of its afferent populations. These structural changes may contribute to
running-induced changes in cognitive function. o 2007 Wiley-Liss, Inc.
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INTRODUCTION

In humans, exercise is generally believed to enhance learning and
memory and delay cognitive decline associated with aging (Colcombe
et al., 2004; Lautenschlager and Almeida, 2006). Studies in rodents have
also demonstrated that voluntary running improves performance on hip-
pocampus-dependent learning tasks, such as spatial navigation learning
and contextual fear conditioning (van Praag et al., 1999; Anderson
et al., 2000; Baruch et al., 2004; van Hoomisen et al., 2004; Burghardt
et al., 2006). These findings suggest that physical activity augments hip-
pocampal function, but the mechanisms which underlie these effects
remain to be determined.

The effects of running on neuronal plasticity in the dentate gyrus of
the hippocampus have been well-documented. Running has been shown
to enhance adult neurogenesis (van Praag et al., 1999, Trejo et al., 2001;
Stranahan et al., 20006) as well as to increase dendritic spine density on
granule cells of the dentate gyrus (Eadie et al., 2005; Redila and
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Christie, 2006; Zhao et al., 2006). These effects are
consistent with running-induced increases in dentate
gyrus activity, indicated by increased expression of the
immediate early gene c-fos in granule cells and
increased blood flow to the dentate gyrus (Rhodes
et al., 2003; Farmer et al., 2004; Pereira et al., 2007).
In addition, running has been shown to increase den-
tate gyrus levels of BANE a growth factor associated
with synaptic and structural plasticity (Vaynman et al.,
2004; Rex et al., 2007).

Running influences other parts of the hippocampal
circuitry but the effects in these regions are less well-
characterized than those of the dentate gyrus. For
instance, running increases BANF expression in the
CAL1 region (Neeper et al., 1996). Moreover, running
increases c-fos expression in the CAI region and
the entorhinal cortex (Oladehin and Waters, 2001;
Rhodes et al., 2003). While these results suggest run-
ning-induced alterations in a variety of locations
along hippocampal circuitry, no studies to date have
examined the effects of running on dendritic spine
density in the CA fields or within the entorhinal cor-
tex, a primary afferent to the hippocampus.

Here we investigated the effects of long term run-
ning on a variety of structural measures in the hippo-
campus and entorhinal cortex. Adult male Sprague
Dawley rats (~ 250 g) were housed individually with
(n = 9) or without ( = 8) a running wheel (Lafay-
ette Instruments). Running distance was recorded
daily from an optical counter (Supplementary Fig. 1).
The animals received food and water ad libitum and
the room was maintained on a 12-hr light-dark sched-
ule (lights on at 7 Am.). Two months after the start of
the experiment, the animals were anesthetized with
pentobarbital (100 mg/kg) and perfused transcardially
with 4% paraformaldehyde in phosphate buffer con-
taining 1.5% picric acid. All animal procedures and
protocols were approved by the Princeton University
IACUC and followed the NIH Guide for the Care
and Use of Laboratory Animals.

Single-section Golgi impregnation was carried out
as described in Kozorovitskiy et al. (2005). Golgi-
impregnated neurons were selected for analysis if they
were completely stained without truncated primary
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FIGURE 1. Physical activity increases dendritic spine density results. Dil-labeled neurons in the brains of runners show

and alters dendritic complexity in multiple cell types. (A) Running
increased the density of dendritic spines on the basal dendrites of
Golgi-impregnated pyramidal cells in the entorhinal cortex (EC);
increased spine density was also observed in the basal and apical
dendritic trees of neurons in the hippocampal CAl region. As pre-
viously reported (Eadie et al., 2005; Redila et al., 2006), running
increased the density of dendritic spines on dentate gyrus granule
neurons (DG). (B) We also used the lipophilic tracer Dil to visual-
ize spines within the same group of animals, and observed similar

dendrites and located in sufficient isolation from neighboring
stained cells to trace the dendritic segments back to their parent
dendrite. Dendritic spines were sampled from the secondary
and tertiary dendrites of each cell type. For dendritic spine den-
sity, 5 cells of each type per animal (» = 5-7 animals per cell
type, 3 dendritic segments per cell) were averaged to give the
mean spine density for each animal.

We quantified dendritic arborization and spine density on
pyramidal neurons located in layer III of entorhinal cortex—
these cells were inferior to the rhinal sulcus on caudal sections
(from bregma —5.60 mm to bregma —6.80 mm, approx.; Pax-
inos and Watson, 1998). Golgi-impregnated neurons were
sampled from both the lateral and medial regions because the
morphological and electrophysiological properties of layer III
neurons are similar in these areas of the entorhinal cortex
(Witter and Moser, 2006). Golgi-impregnated neurons in the
CA1l region were sampled primarily from bregma —2.30 mm
to bregma —6.30 mm. Granule cells were sampled from the
suprapyramidal blade. Sampling of this cell type extended from
the rostral portion of the granule cell layer (bregma —2.30) to
more caudal regions (bregma —6.04). We also measured den-
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increased spine density in the same regions where changes were
observed with Golgi impregnation. (C) Running was associated
with increased dendritic length in the DG. (D) Physical activity
increased the number of branch points in the apical dendritic tree
of CAl pyramidal neurons, and in DG granule neurons. (*) indi-
cates significance (P < 0.05) following 2-tailed unpaired student’s
t-test. EC, entorhinal cortex; CAl, hippocampal CAl field; DG,
dentate gyrus.

dritic spine density on pyramidal neurons in layer II/III of pri-
mary visual cortex, sampled from bregma —5.80 mm to
bregma —6.80 mm in a subset of animals (z = 3—4). For den-
dritic length and branch point analyses, 5 Golgi-impregnated
cells per animal were selected for each neuron type. Cells were
traced using the 40X objective on an Olympus BX60 micro-
scope with a motorized stage attached to a computer with
the aid of Stereolnvestigator software (Kozorovitskiy et al.,
2005).

Crystals of the lipophilic tracer Dil (Molecular Probes) were
inserted at multdiple points in the temporal lobe to label neu-
rons in a retrograde manner. Following insertion of crystals,
brains were incubated for 3 weeks in PBS at 37°, after which
tissue blocks were sectioned on a vibratome and imaged as
described for analysis of dendritic spine density (Kozorovitskiy
et al., 2005). Layer III entorhinal cortex pyramidal cells, CAl
pyramidal cells, and dentate gyrus granule cells were selected
for analysis using similar neuroanatomical criteria as described
for the Golgi-impregnated tissue (7 = 6-8 animals per neuron
type). Differences in the number of animals included in the
analysis for each neuron type were the result of variability in
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FIGURE 2. Golgi impregnated and Dil labeled neurons. (A)
Golgi-impregnated pyramidal neuron in layer III of entorhinal
cortex. (B) Golgi-impregnated pyramidal neuron in the CA1l sub-
field of the hippocampus. (C) Golgi-impregnated granule neurons
in the dentate gyrus of the hippocampus. (D) Dil-labeled pyrami-
dal neuron in layer III of entorhinal cortex. (E) Dil-labeled py-
ramidal neuron in the CAl subfield of the hippocampus. (F) Dil-
labeled granule neurons in the dentate gyrus. For each cell type,
the upper right panel shows a dendritic segment from a control

the degree to which each brain had a sufficient number of
adequately labeled neurons.

For analysis of dendritic spine morphology, image stacks
(28.0 X 28.0 X 0.5 pm3) were filtered using the lowpass and
median functions in Zeiss LSM 510 software (see Supplemen-
tary Figs. 2A-B, for comparison of raw capture and filtered
images). Image stacks were analyzed using the Autotrace feature
in Reconstruct software (http://synapses.bu.edu). First, spines
were identified based on the presence of a clearly resolved head
and neck. Next, the spine was outlined based on the area of
pixels with a grayscale intensity value >50. For analysis of
spine length, the full extent of the tracing was determined
manually, from the point of contact with the dendritic shaft to
the tip of the spine head (Supplementary Fig. 2C). Because the
spine head was generally brighter than the spine neck, we out-
lined the spine head using a brightness criterion of >75. Spine
head area measurements were derived from the outlined con-

tour (Supplementary Fig. 2D). We sampled 100 spines per
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animal, and the lower right micrograph shows a segment from a
runner. Segments shown are from secondary dendrites for all cell
types. For pyramidal neurons of the entorhinal cortex and CAl
region, the segments are from the basal dendritic tree. Arrows indi-
cate dendritic spines. Scale bars shown with dendritic segments are
5 pm; scale bars shown with cells are 25 pm. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

neuron type, per animal, from secondary and tertiary dendrites
on 3-5 cells per animal.

Measurements of dendritic shaft diameter were made on the
same sets of images used for spine morphology analysis. The
diameter of the dendritic shaft was approximated by determin-
ing the length of the scanned segment, then dividing the area
of the suprathreshold region (pixel intensicy >100, Supplemen-
tary Fig. 2E) by the length to determine the width. The width
of multiple 2D traces taken from serial images along the Z-axis
was then averaged to approximate the mean dendritic diameter,
as described (Knafo et al., 2004). For all measures, data were
compared across runners and controls using two-tailed unpaired
student’s rtests using Graphpad Prism software. Relationships
between running distance and dendritic spine density were
explored using Pearson’s correlations.

Running increased dendritic spine density on the basal den-

drites of pyramidal neurons in layer III of entorhinal cortex
(Golgi, 15 = 2.85, P = 0.02, Dil, n4 = 2.26, P = 0.04;

Hippocampus DOI 10.1002/hipo
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FIGURE 3. Running alters the morphology of individual den-

dritic spines in area CAl of the rat hippocampus. (A) Dendritic
segments from the apical and basal trees of CAl pyramidal neu-
rons in the hippocampus of control animals and runners. Scale
bar = 2 pm. (B) Rats that ran for 60 days have longer dendritic
spines on CAl pyramidal cells relative to sedentary controls. No

Figs. 1 and 2). This occurred without changes in the length or
complexity of dendrites in the basal arbor (total dendritic
length, 7z = 1.09, P = 0.31; branch points, g = 1.24, P =
0.25). No changes in spine density or dendritic length and
complexity were observed in the apical dendritic tree of Golgi-
impregnated cells in this region (spine density, 75 = 0.41, P =
0.69; total dendritic length, 75 = 1.61, P = 0.15; branch points,
tg = 1.62, P = 0.14). Physical activity also enhanced the num-
ber of spines on dendrites of granule neurons in the dentate
gyrus, in concurrence with previous reports (Golgi, #, = 2.47,
P = 0.029; Dil, o = 5.70, P =0.0002; Figs. 1 and 2; Eadie
et al,, 2005; Redila and Christie, 2006). In addition, running
increased the length and complexity of the dendritic arbor of
Golgi-impregnated granule neurons (total dendritic length, 7,
= 2.44, P = 0.03; branch points, 1, = 4.82, P = 0.004).
Additional running-induced changes were observed in the
CAL1 region of the hippocampus. Running increased the density
of dendritic spines on the basal dendrites of pyramidal neurons
in this area (Golgi, r,0 = 2.61, P = 0.03; Dil, 7y = 2.68, P =
0.03). The basal dendrites of the CAl pyramidal cells showed
no change in dendritic length and branch point numbers with
running (total dendritic length, no = 0.75, P = 0.46; branch
points, ;9 = 0.31, P = 0.76). The apical dendrites of CAl
pyramidal neurons also responded to exercise with increased
dendritic spine density (Golgi, rp = 2.24, P = 0.04; Dil,

Hippocampus DOI 10.1002/hipo
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changes in spine length were observed on pyramidal neurons in the
entorhinal cortex (EC) or on granule neurons of the dentate gyrus
(DG). (C) Running is associated with reduced spine head area in CAl
pyramidal cells, suggestive of an increase in filopodia. No changes in
spine head area were observed in other regions. (*) indicates signifi-
cance (P < 0.05) following 2-tailed unpaired student’s #test.

= 3.303, P < 0.01). This change was accompanied by
increased complexity, but not length, of the apical dendritic
tree (branch points, £, = 3.13, P = 0.01; total dendritic
length, ;0 = 1.28, P = 0.23). While it remains uncertain
whether the effects of running on dendritic spines are specific
to hippocampal circuitry, we observed no such change on the
dendrites of pyramidal neurons in layer II/III of primary visual
cortex (for the basal dendrites of Golgi-impregnated neurons,
t; = 1.15, P = 0.31; for the apical dendritic tree, z5 = 0.45,
P = 0.67, Supplementary Fig. 3).

The length of dendritic spines on the basal dendrites of py-
ramidal neurons in the CAl field increased with long term
running (CAl, £, = 2.85, P = 0.01, Fig. 3). Runners also
exhibited a reduction in spine head area in this region, suggest-
ing a possible increase in the number of filopodia (#9 = 3.12,
P = 0.01, Fig. 3). Reduced spine head surface area was also
observed on apical dendrites of CAl pyramidal neurons, with
no change in spine length (spine surface area, #;9 = 5.33, P =
0.0003; spine length, #10 = 1.54, P = 0.15). No changes in
dendritic spine length were observed on the other neuron types
examined (EC pyramidal cells, zg = 0.02, 2 = 0.97; DG gran-
ule cells, #0 = 1.67, P = 0.12). Similarly, no differences in
the surface area of the spine head were noted on the other neu-
ron types (EC pyramidal cells, 5 = 0.06, P = 0.95; DG gran-
ule cells, #;p = 1.36, P = 0.22). We observed no significant
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differences in the diameter of the dendritic shaft in any of the
neuronal populations examined (EC basal, 7z = 0.01, P =
0.98; CALl apical, 1o = 0.1852, P = 0.85; CAl basal, #;o =
1.04, P = 0.32; DG, 1o = 0.22, P = 0.83; Supplementary
Table 1).

There was no detectable relationship between the average
distance run and the density of dendritic spines in any of the
regions examined (P > 0.05 for all correlations). Additionally,
no correlations were observed between the percent change in
running distance from Day 1 to Day 60 and the density of
dendritic spines in any of the cell types examined.

These results demonstrate that running induces widespread
changes in the structure of neurons in both the hippocampus
and a major afferent region to the hippocampus, the entorhinal
cortex. Two months of running increased dendritic spine den-
sity on pyramidal cells of the entorhinal cortex and the CAl
region, as well as on granule cells of the dentate gyrus. In area
CAl, increased spine density was accompanied by an overall
decrease in spine head diameter, and increase in spine length,
suggestive of more filopodia-type spines. Dentate granule
neurons and CAl pyramidal cells also exhibited an increase
in the complexity of the dendritic tree. The extent to which
these effects are specific to hippocampal circuitry remains un-
known—our results leave open the question of the degree of
regional specificity in the effects of exercise on the brain.

In apparent contrast to our results, Zhao et al. (2000)
reported an increase in the density of mushroom spines specifi-
cally on newly generated granule neurons in the dentate gyrus,
whereas we found no such change. It should be emphasized,
however, that the methods we used labeled a mixed population
of newly generated neurons and developmentally generated
neurons. If running has a greater influence on immature gran-
ule cells than it does on mature granule cells, such effects may
be masked when both cell populations are combined.

The volitional nature and intensity of exercise could modu-
late effects on neuronal structure. Briones et al. (2005) reported
no change in synaptic ultrastructure in the dentate molecular
layer with exercise; however, this exercise protocol consisted of
5 minutes per day on a treadmill for 2 weeks, while our ani-
mals ran voluntarily in a wheel for 2 months. Given previous
studies suggesting that there may be a time-dependent compo-
nent for the effects of exercise on adult neurogenesis (Holmes
et al., 2004; Stranahan et al., 20006), it is possible that long-
term exercise might be necessary in order to increase the num-
ber of dendritic spines and synapses. Alternatively or in addi-
tion, the stress of involuntary treadmill running in combination
with the exercise-induced elevation of adrenal steroid hormones
could inhibit formation of new dendritic spines.

Our findings of increased dendritic spine density and
enhanced dendritic complexity in the dentate gyrus are in con-
currence with previous studies (Eadie et al., 2005; Redila and
Christie, 2006). The finding that running enhances dendritic
architecture in CA1 contrasts with a previous report by Faherty
et al. (2003), which showed no change in dendritic complexity
following 4-5 months of exercise, in both CA1 pyramidal cells
and dentate granule neurons. One possibility is that the effects
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of exercise on neuronal structure in the hippocampus may be
transient, with a homeostatic decrease in dendritic branching
following the initial extension of new processes. Future studies
will be needed to determine the time course of these effects.

The results of the present report demonstrating dendritic
alterations in several neuronal populations of the hippocampal
circuitry following running present the possibility that these
structural changes may contribute to running-induced altera-
tions in hippocampal function. Changes in dendritic spines
and dendritic complexity on mature neurons, in combination
with enhanced production of new granule cells in the dentate
gyrus (van Praag et al., 1999), may contribute to the improve-
ments in learning and memory performance on hippocampus-
dependent tasks (Leuner et al., 2003, 2006). However, it is im-
portant to note that the behavioral effects of exercise include
improvements in performance on tasks which do not require
the hippocampus, such as conditioned place preference and
rotarod training (Buitrago et al., 2004; Eisenstein and Holmes,
2007). In humans, physical fitness is associated with improve-
ments in a wide range of capabilities, including recall memory,
reaction time and motor coordination (Baylor and Spirduso,
1988; Colcombe et al., 2004; Lautenschlager and Almeida,
20006; Pereira et al, 2007). If the effects of exercise on behavior
are not exclusive to hippocampus-dependent tasks, then it is
possible that the effects of exercise on brain structure may also
extend beyond the hippocampal circuitry.
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