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Abstract
Aged (20–22 months) male Fischer 344 rats were randomly assigned to sedentary (A-SED),
environmentally enriched (A-ENR) or exercise (A-EX) conditions. After 10–12 weeks of
differential experience, the three groups of aged rats and young sedentary controls were tested for
physical and cognitive function. Spatial discrimination learning and memory consolidation, tested
on the water maze, were enhanced in A-ENR compared to A-SED. A-EX exhibited improved and
impaired performance on the cue and spatial task, respectively. Impaired spatial learning in A-EX
was likely due to a bias in response selection associated with exercise training, as object
recognition memory improved for A-EX rats. An examination of senescent hippocampal
physiology revealed that enrichment and exercise reversed age-related changes in long-term
depression (LTD) and long-term potentiation (LTP). Rats in the enrichment group exhibited an
increase in cell excitability compared to the other two groups of aged animals. The results indicate
that differential experience biased the selection of a spatial or a response strategy and factors
common across the two conditions, such as increased hippocampal activity associated with
locomotion, contribute to reversal of senescent synaptic plasticity.
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1. Introduction
It is clear that initiation of treatments to increase cognitive stimulation, including
environmental enrichment, can increase memory function in aging humans and animal
models of normal aging and neurodegenerative disease (Frick and Fernandez, 2003; Hall, et
al., 2009; Harburger, et al., 2007; Harburger, et al., 2007; Leal-Galicia, et al., 2008; Lores-
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Arnaiz, et al., 2006; Soffie, et al., 1999; Winocur, 1998). Exercise has also been proposed as
a means for delaying age-related cognitive decline; however, the effect of exercise on
cognitive decline during normal aging is still debated. A number of studies indicate no effect
of exercise in humans (van Uffelen, et al., 2008) and some rodent models (Asl, et al., 2008;
Barnes, et al., 1991; Hansalik, et al., 2006).

Similar cellular and molecular mechanisms have been proposed for environmental
enrichment and exercise effects on hippocampal function, including increased neurogenesis,
and interactions of synaptic signaling and genomic regulation (During and Cao, 2006;
Mohammed, et al., 1993; Mora, et al., 2007; Nguyen and Woo, 2003; Olson, et al., 2006;
Sweatt, 2009). Much of the work has focused on the dentate gyrus. In contrast, there are
notable differences in the effects of these treatments on synaptic plasticity in region CA1
such that environmental enrichment, but not exercise, enhances long-term potentiation
(LTP) (Artola, et al., 2006; Lange-Asschenfeldt, et al., 2007; van Praag, et al., 1999; Yang,
et al., 2006; Yang, et al., 2007). The results of the current study demonstrate that differential
experience influences animal’s selection of a spatial or taxon strategy. In contrast,
environmental enrichment and exercise had similar effects on synaptic plasticity, promoting
the induction of LTP and reducing the propensity for long-term depression (LTD). The
results indicate that neural activity associated with exercise and exploring novel
environments rejuvenates hippocampal neural plasticity processes. We suggest that physical
activity may be useful as an adjunct to various cognitive training programs.

2. Materials and methods
2.1 Animals

Procedures involving animal subjects have been reviewed and approved by the Institutional
Animal Care and Use Committee and were in accordance with guidelines established by the
U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals. Male
Fischer 344 rats, young (5–8 months) and aged (20–22 months) were obtained from
National Institute on Aging colony at Harlan Sprague Dawley Inc through the University of
Florida Animal Care and Service facility. Animals were maintained on a 12:12 hr light
schedule, and provided ad lib access to water. During this period the daily food intake and
weight was recorded for aged animals. Aged rats were randomly assigned to sedentary (A-
SED), environmentally enriched (A-ENR) or exercise (A-EX) conditions, which were
maintained for 10–12 weeks prior to behavioral testing.

2.2 Behavioral studies
Table 1 provides information on the sequence of behavioral tasks and the number of animals
that were examined for each task. The total number of animals included young (n = 12), A-
SED (n = 49), A-ENR (n = 22), and A-EX (n = 34). Following 10–12 weeks of differential
experience a subset of animals was behaviorally characterized on the water maze (Table 1).
Animals were first trained on the cue discrimination version of the water maze. Animals that
did not find the platform during the final block of testing on the cue task were removed from
the study (see below). This was followed three days later by spatial discrimination testing.
Testing for grip strength, gridwalking, and object recognition was initiated at least one week
following water maze training. A-SED (n = 10) and A-EX (n = 13) animals that had been
differentially housed for 10–12 weeks, but had not been tested on the water maze, were
added for testing on grip strength, gridwalking, and object recognition (Table 1). For
examination of electrophysiological measures (one animal per day), differential housing
conditions were maintained for at least 2–4 weeks following behavioral characterization in
order to reduce the effects of behavioral testingon subsequent biological measures.
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Young (n = 12) and aged rats in the A-SED condition (n = 49) were individually housed
with ad lib access to food and water. Food intake was recorded daily and body weight was
recorded weekly. Food intake and changes in body weight of A-SED rats over the 12 weeks
were used as a baseline for adjusting conditions of A-EX rats.

Animals in the A-EX group were assigned to one of two different exercise conditions:
calorie restriction-exercise (n = 18) and conditioned (n = 16). Rats exhibit a decrease in their
running activity during aging and a slightfood restriction (8–10%) preserves running
behavior in aged rats (Cui, et al., 2009; Holloszy, et al., 1985). Calorie restriction-exercise
rats were individually housed in cages equipped with activity wheels (1.068 m
circumference, Fisher Scientific, Pittsburgh, PA). Each wheel was equipped with a magnetic
switch and counter to record the number of wheel revolutions. Rats had free access to water
and received food pellets equal to approximately 90% that of the ad libitum food intake of
sedentary, age-matched rats. The number of wheel revolutions was recorded daily and body
weight was recorded weekly. Throughout the duration of the study, food intake of restricted
animals was adjusted each week based on food intake of the ad libitum group during the
previous week. The expected ad libitum weight of calorie restriction-exercise rats was
calculated according to the initial ad libitum weight and age-related weight changes in the
A-SED group. Food intake was increased if the animal lost more than 10% of the adjusted
body weight.

A second set of exercise rats was conditioned to use a running wheel to obtain food pellets.
Conditioned-running wheel cages (model H10–38R, Coulbourn Instruments, Allentown,
PA) were monitored by a computer program (Graphic State Notation Version 3.02,
Coulbourn Instruments, Allentown, PA) to deliver food pellets (45 mg) via an attached
feeder, following a specified number of wheel revolutions. Initially the criterion was set at
one pellet / revolution and was increased as the animals learn to run on the wheel in order to
obtain the food pellets. Wheel revolutions were recorded daily and body weight was
recorded weekly. The criterio distance for a food pellet was reduced if the animal exhibited
a decrease of more than 10% of the expected ad libitum weight. During the final eight weeks
of training, most animals were running ~3–4 meters for each pellet.

In accord with our previous research, the goal of the enrichment procedure was to alter the
environment in order to make available opportunities to perform the widest possible range of
behaviors that depend on the hippocampus, and to limit these behaviors for animals in the
control or sedentary condition (Foster and Dumas, 2001; Foster, et al., 1996; Gagne, et al.,
1998; Kumar and Foster, 2007). Animals in the A-ENR group (n = 22) were pair housed.
Each day, rats were placed in one of several novel environments (e.g. empty water maze,
large wooden box or large wire cage) for approximately 2–3 hr. The environments contained
an array of three dimensional objects, rat chow, and a water bottle. The environments and
the objects in each environment were rotated each day.

2.3 Water Maze
Methods employed to assess sensory-motor and memory deficits on the water maze have
been published previously (Carter, et al., 2009; Foster and Kumar, 2007; Foster, et al.,
2003). Animals were trained in a black tank, 1.7 m in diameter, positioned in a well-lit room
containing (when appropriate) an assortment of 2- and 3-dimensional cues. Water (27±2° C)
was maintained at a level approximately 8 cm below the surface of the tank. Behavioral data
was acquired with a tracking system and included cumulative path-length and latency to
escape to the platform (12 cm diameter) during training trials.

Rats were first trained on the cue discrimination version of the water escape task. Animals
were habituated to the pool by allowing 30 sec free swim and 4 trials to climb onto a
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platform from 4 different directions. A white Styrofoam flag was attached to the platform
and the platform extended 1 cm above the water level. Training consisted of five blocks of
three trials with all training massed into one day. Inter-trial intervals were 20 sec and inter-
block intervals were approximately 15 minutes. On each trial, the rat was placed in the water
in one of four equally spaced start locations (N, S, E, and W). Subjects were allowed 60 sec
to escape during each trial; if they did not escape within the allotted time, rats were gently
guided to the platform. Rats remained on the platform between trials. After each trial block
rats were placed in home cages under warmed air with access to added warmth from an
infrared heat lamp. Platform and start locations were randomized across each trial. Rats that
failed to find the platform on two out of the last three trials were removed from the study.

Three days following cue training, animals were trained on the spatial discrimination task.
For spatial discrimination, the escape platform was hidden approximately 1.5 cm beneath
the water level and remained in the same location relative to the distal cues in the room for
the duration of spatial training. Training procedures for spatial learning were similar to the
cue discrimination task, consisting of five blocks of three trials with all training massed into
a single day. A single training day was employed over multiple days of training in order to
increase the difficulty of acquisition and enable the examination of memory consolidation
over a 24 hr period. Probe trials delivered after training and 24 hr later, were employed to
assess acquisition and memory consolidation, respectively (Blalock, et al., 2003; Carter, et
al., 2009; Foster, et al., 1991; Foster and Dumas, 2001; Foster and Kumar, 2007). Inter-trial
intervals were 20 sec and inter-block intervals were approximately 15 minutes. On each
trial, the rat was placed in the water from one of four start locations. Subjects had 60 sec to
escape during each trial; if they did not escape within the allotted time, they were gently
guided to the platform. Rats remained on the platform between trials and in home cages
under the heat lamp after each block. Start locations were randomized across each trial.
Escape latency and escape path-length was measured. Fifteen min following the end of
training on block five, a free-swim probe trial was administered in order to test learning. The
probe trial was followed with a refresher training block to reinforce platform location. For
some rats, retention for platform location was tested 24 hr later using a second free-swim
probe trial. For probe trials, the platform was removed and the animal placed in the tank for
one minute. Behavioral measures acquired during the 60 sec probe trial included the time
spent searching the goal and opposite quadrant, and platform crossings. A spatial
discrimination index was computed according to the formula (G − O)/(G + O) where G and
O represent the percent of time spent in the goal quadrant and quadrant opposite the goal,
respectively (Foster, et al., 2003).

2.4 Grip Strength
Grip strength was determined using an automated grip strength meter by sensing the peak
amount of force an animal applies in grasping the pull bar assembly (Columbus Instruments,
Columbus, OH) as previously described (Carter, et al., 2009; Cui, et al., 2009). During the
procedure, the subject was hand-held by the experimenter. For each measurement, the
subject’s forelimbs were gently placed on the bar, the animal grabs the bar (a reflex response
in rodents) and was then drawn along a straight line leading away from the sensor. The
animal released the pull bar at some point and the maximum force attained was stored on the
digital display. The peak amount of the force an animal applies in grasping the pull bar was
measured. The mean force (grams) was calculated over three trials and was divided by body
weight.

2.5 Gridwalk
The gridwalk apparatus consists of a wire grid bridge (1.19 × 0.30 m) suspended above
(0.25 m) the ground, with an escape box at one end. The distance between the steps ranges
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from 2.3 – 7.6 cm. Animals are placed next to the escape box and allowed entry. After 1 min
in the escape box, they are transferred to the opposite end and allowed 3 min to cross. Time
to cross and foot faults are recorded. A foot fault is recorded when the animals attempts to
place the foot on the grid, misses, and the foot passes the plane of the grid.

2.6 Object Memory Task (OMT)
The OMT is also both sensitive to hippocampal function and affected by aging but is less
dependent on physical strength and endurance (Blalock, et al., 2003; Markowska, et al.,
1998). Animals were administered a habituation session (15 min) in an empty arena (0.91 ×
0.61 m). Object recognition training began 24 hr after habituation and consisted of a 15 min
acquisition session during which two three-dimensional objects were placed at opposite
sides of the arena, followed by a retention test sessions 24 hr after training. During the
acquisition session, the cage contained two sample objects (A and B), and the time spent
actively exploring each object was recorded. On the 24 hr test, one familiar object was
reintroduced and the other object was replaced by a novel object. The time spent exploring
each item was used to calculate a memory discrimination index (DI) as follows: DI = (N -
F)/T, where N is time spent exploring the novel object, F is time spent exploring the familiar
object, and T is total time spent exploring the two objects. More time spent exploring the
novel object (higher DI) is considered to reflect greater memory retention for the familiar
object.

2.7 Hippocampal Slice Preparation
The methods for hippocampal slice preparation and recording have been published
previously (Foster and Dumas, 2001; Kumar, et al., 2007; Norris, et al., 1996). Briefly, rats
were anesthetized with isoflurane (Halocarbon Laboratories, River Edge, NJ) and swiftly
decapitated. The brains were rapidly removed and the hippocampi were dissected.
Hippocampal slices (~ 400 µm) were cut parallel to the alvear fibers using a tissue chopper.
The slices were incubated in a holding chamber (room temperature) containing standard
artificial cerebrospinal fluid (ACSF) (in mM): NaCl 124, KCl 2, KH2PO4 1.25, MgSO4 2,
CaCl2 2, NaHCO3 26, and glucose 10. Thirty to sixty min before recording, 2–3 slices were
transferred to a standard interface recording chamber (Harvard Apparatus, Boston, MA); the
chamber was continuously perfused with standard oxygenated (95% O2, 5% CO2) ACSF at
a flow rate of 2 ml/min. The pH and temperature were maintained at 7.4 and 30 ± 0.5°C,
respectively. Humidified air (95% O2, 5% CO2) was continuously blown over the slices.

2.8 Extracellular Recordings
Extracellular synaptic field potentials from CA3-CA1 synaptic contacts were recorded with
glass micropipettes (4–6 MΩ) filled with ACSF. Stimulating electrodes (stainless steel, tip
diameter ~0.13 mm) were positioned on either side (approximately 1 mm) of a recording
electrode localized to the middle of stratum radiatum and single diphasic stimulus pulses
were alternated between pathways such that each pathway was activated at 0.033 Hz. One
stimulating electrode activated a control pathway used to insure that the effects of pattern
stimulation were specific to activated synapses and not due to a change in slice health.
Stimulation intensity was set to elicit a response that was 50% of maximum excitatory
postsynaptic potential (EPSP) response and a stable baseline synaptic response was recorded
for at least 10 min before pattern stimulation using the same stimulation intensity. Following
pattern stimulation, the response was recorded for 35 min. Threshold long-term depression
(LTD) was induced by low frequency stimulation (LFS, 1 Hz, 900 pulses). Theta burst
stimulation (TBS, two sets of five bursts of 4 pulses at 100 Hz with 200 msec intervals
between bursts and the two sets separated by a 10 sec interval) was used for induction of
threshold long-term potentiation (LTP). The signals were amplified, filtered between 1 Hz
and 1 kHz and stored on computer disk for off-line analysis (Data Wave Technologies,
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Longmont, CO). Two cursors were placed around the initial descending phase of the
waveform and the maximum slope (mV/ms) of the EPSP was determined by a computer
algorithm that found the maximum change across all sets of consecutively recorded points
(20 kHz sampling rate) between the two cursors. For statistical analysis, the average
response during the last 5 min of recording of the recording session was used to calculate the
percent change relative to the averaged baseline response collected 10 min prior to pattern
stimulation.

2.9 Intracellular Recordings
Microelectrodes were pulled from thin-wall 1.0 mm microfiber-filled borosilicate capillaries
using a Flaming/Brown horizontal micropipette puller (Sutter Instruments, San Rafael,
California). The resistance of microelectrodes when filled with 3 M potassium acetate
ranged from 50 to 100 MΩ. Microelectrodes were visually positioned in the CA1 pyramidal
cell layer using a dissecting microscope (SZH10, Optical Elements Corporation,
Washington D.C). Intracellular sharp electrode recordings were obtained from CA1
hippocampal pyramidal neurons. The signals were amplified using an Axoclamp 2B
amplifier (Axon Instruments, Foster City, CA), and recordings were sampled at 1 kHz, and
stored on computer disk for off-line analysis (Data Wave Technologies, Longmont, CO). An
acceptance criterion was established for cell health such that only neurons with resting
membrane potential less than −60 mV measured in the absence of injected holding current,
an input resistance >20 MΩ, and an action potential amplitude of 70 mV were included in
the analysis. Bridge balance was obtained before the start of recording. Voltage deflections
resulting from hyperpolarizing current pulses (100 ms, 0.2 nA) were used to determine input
resistance and check bridge balance. For examination of the AHP, the membrane potential
was maintained at ~ 64 mV with a constant current injection (0.48 ± 0.02nA, mean ± sem) to
minimize the effects of voltage-dependent alterations in membrane conductance.
Depolarizing current pulses (100 msec, 0.1–1.2 nA) were delivered every 20 sec through the
intracellular electrode to elicit a sodium spike bursts of 4 action potentials. The AHP was
measured as the difference between the holding potential during the 100 msec period
immediately before the onset of the depolarizing current and the membrane potential 500
msec after the offset of the depolarizing current.

2.10 Western blot
Hippocampi were frozen in liquid nitrogen for storage at −80°C. Tissue was homogenized in
RIPA buffer (Thermo Scientific, Rockford, IL) containing protease inhibitors (Thermo
Scientific) and centrifuged at 20000 × g for 30 min at 4°C. The supernatant was collected
and protein concentrations were determined using a Pierce BCA protein assay (Thermo
Scientific). Lysates were denatured in Laemmli sample buffer with 2-mercaptoethanol (Bio-
Rad, Hercules, CA) and boiled at 100°C for 5 min before SDS polyacrylamide gel
electrophoresis. Aliquots (15 µg/lane for brain-derived neurotrophic factor (BDNF) and 20
µg/lane for all other proteins) and Kaleidoscope protein standards (Bio-Rad) were separated
on 10~20% Tris-HCl gels (Bio-Rad) for BDNF and 4–15% Tris-HCl gels (Bio-Rad) for all
other proteins. The gels were transferred to PVDF membranes (GE Healthcare, Little
Chalfont, Buckinghamshire). The immunoblots were blocked in Tris buffered saline with
5% non-fat powdered milk and 0.1% tween-20 for 1 hr at room temperature followed by
overnight incubation at 4°C with diluted primary antibodies, 4-hydroxy-2-nonenal (HNEJ-2)
(1:100; Abcam #ab48506); malondialdehyde (MDA), (1:800; Abcam #ab27642); BDNF
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA#sc-546); glutathione peroxidase 1
(GPX1) (1:1000; Abcam #ab22604, Cambridge, MA); superoxide dismutase 1 (SOD1)
(1:5000; Abcam #ab13498) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(1:10000, EnCor Biotechnology Inc #MCA-1D4, Gaivesville, FL). This was followed by
anti-mouse or anti-rabbit secondary antibodies (Cell Signaling Technology, Danvers, MA,
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anti-mouse #7076, anti-rabbit #7074; 1:1000–4000), and an ECL Plus kit (GE Healthcare
#RPN2132) for visualization. Blots were exposed to Bio Max MR film (Kodak, Rochester,
NY), developed on a film processor (Konica Medical Corp, Ramsey NJ), scanned using
GS-800 Calibrated Densitometer (Bio-Rad), and densitometry determined using ImajeJ
software (National Institute of Health, Bethesda, MD). Densitometry measures were
normalized to GAPDH. The specificity of the BDNF antibody was tested using human
recombinant BDNF (Santa Cruz Biotechnology, Inc, #sc-546). For both hippocampal tissue
and human recombinant BDNF a single band was observed ~14 kD indicating specificity
(data not shown).

2.11 Statistical Analysis
In general, multiple analyses of variance (ANOVAs) were used to establish main effects and
interactions. Repeated measures ANOVAs on escape latency or distance, across blocks of
trials, were employed to examine effects of training on the water maze swim task (Blalock,
et al., 2003; Carter, et al., 2009; Foster, et al., 1991; Foster and Dumas, 2001; Foster and
Kumar, 2007; Foster, et al., 2003). Follow-up ANOVAs and/or Fisher’s PLSD post hoc
comparisons with p < 0.05 were employed to determine specific differences. Student t tests
were used to determine whether quadrant search behavior was different than that expected
by chance and whether patterned stimulation resulted in a change in synaptic strength
different from baseline. A Mann-Whitney U test was employed for gridwalk crossing times.
For electrophysiological studies, the average of five to ten AHPs was calculated for each
cell. An ANOVA was used to determine main effects. Post hoc analyses were conducted
(Stat view, SAS Institute Inc., Cary, NC) using Fisher’s PLSD tests, with significance set at
p < 0.05.

3. Results
Our previous work indicates that, despite differences in the distance traveled, the two
exercise paradigms have similar effects on behavior and markers of brain aging (Cui, et al.,
2009). This was confirmed in the current study such that a significant (p < 0.001) difference
was observed in average distance traveled over the 10–12 weeks prior to behavioral testing.
The distance traveled was increased in conditioned animals which worked for food
according to a set criterion (4216 ± 199 m) relative to calorically restricted animals which
substituted wheel running for foraging activity (1623 ± 212 m). No difference was observed
between the two exercise groups for weight or behavioral measures on the water maze, grip
strength, gridwalk, or object recognition task, and no correlation was observed between
distance traveled and behavioral measures. Therefore, the two exercise groups were
combined for behavioral comparisons with young, A-SED, and A-ENR rats. An
examination of body weight across all groups on the day prior to behavioral testing indicated
a group effect [F(3,116) = 27.2, p < 0.0001] and post hoc tests indicate that A-EX and young
rats had reduced body weight relative to A-SED and A-ENR (Fig 1).

3.1 Cue discrimination learning of aged animals is facilitated by exercise
For testing on the water maze, the initial groups included young (n = 12), A-SED (n = 39),
A-ENR (n = 22), and A-EX (n = 21). Eight A-SED animals (20%), three A-EX (14%) and
three A-ENR animals (13%) did not reach the platform within 60 sec for two out of the last
three trials of cue discrimination training. These animals were classified as having sensory-
motor deficits or impaired procedural learning which would have detrimental effects on the
spatial version of the task (Blalock, et al., 2003; Foster and Kumar, 2007). Therefore, these
animals were removed from further analysis (Table 1). For the remaining animals, a
repeated measures ANOVA on escape latency during cue training (Fig 2A) indicated a
significant main effect of training across blocks [F(4, 304) = 20.5, p < 0.0001], a tendency
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for a group effect (p = 0.053), and an interaction of training and group [F(3, 304) = 2.5, p <
0.005]. Post hoc ANOVAs within each group indicated that young [F(4,44) = 8.83, p <
0.0001], A-SED [F(4,120) = 4.67, p < 0.005], and A-EX [F(4,68) = 14.7, p < 0.0001]
exhibited a significant change in latency during training. A comparison of the mean escape
latency for the last three blocks indicated a group effect [F(3, 76) = 3.2, p < 0.05] and post
hoc analysis indicated that latency was increased in A-SED rats compared to young and A-
EX rats (Fig 2B). Interestingly, no difference was observed between young and A-EX rats.

Similar results were observed for escape path length with main effects of training [F(4, 304)
= 9.9, p < 0.0001] and group [F(3, 76) = 3.5, p < 0.05] in the absence of any interactions
(Fig 2C). Post hoc ANOVAs indicated that young [F(4,44) = 4.27, p < 0.01], A-SED
[F(4,120) = 4.57, p < 0.005], and A-EX [F(4,68) = 5.42, p < 0.001] exhibited a decrease in
escape path length over the course of training. A comparison of the mean escape path length
for the last three blocks indicated a tendency for a group effect (p = 0.069) and post hoc
comparisons indicated that distance was reduced in A-EX rats compared to A-SED and A-
ENR (Fig 2D). Together, the results indicate that exercise can improve cue discrimination
performance.

3.2 Spatial discrimination learning is impaired by exercise training
A repeated measures ANOVA on escape latency during spatial discrimination testing
indicated significant main effects of training [F(5, 380) = 16.4, p < 0.0001] and group [F(3,
76) = 9.4, p < 0.001] and an interaction between group and training F(15, 380) = 1.7, p <
0.05] (Fig 3A). Post hoc ANOVAs within each group indicated that young [F(5,55) = 9.64,
p < 0.0001], A-SED [F(5,150) = 6.78, p < 0.0001], and A-ENR [F(5,90) = 3.53, p < 0.01]
exhibited a decrease in escape latency over the course of training. An ANOVA on the mean
latency for the last three blocks indicated a group effect [F(3, 76) = 11.0, p < 0.0001] and
post hoc analysis indicated that young rats exhibited reduced latency relative to the other
three groups (Fig 3B). Furthermore, A-ENR animals exhibited a reduced latency relative to
the A-EX group.

A repeated measures ANOVA for escape path length for the spatial task indicated
significant main effects of training [F(5, 380) = 17.9, p < 0.0001] and group [F(3, 76) = 3.4,
p < 0.05] with a group by training interaction [F(15, 380) = 2.1, p < 0.05] (Fig 3C). Post hoc
ANOVAs indicated that young [F(5,55) = 14.74, p < 0.0001] and A-SED [F(5,150) = 11.33,
p < 0.0001] groups exhibited a decrease in escape path length over the course of training. An
ANOVA on the mean escape path length for the last three blocks indicated a group effect
[F(3, 76) = 6.1, p < 0.001] and post hoc analysis indicated that young exhibited reduced path
length relative to the other three age groups (Fig 3D).

An examination of data from the probe trial delivered between training blocks 5 and 6
indicated poor acquisition of a spatial discrimination search strategy by the A-EX group (Fig
4). An ANOVA on platform crossings indicated a significant group effect [F(3, 76) = 8.5, p
< 0.0001] and post hoc comparisons indicated that young rats exhibited more crossings
relative to the other three groups (Fig 4A). However, platform crossing is influenced by age
and does not serve as a good measure of memory function across age-groups (Foster and
Dumas, 2001). Therefore, the percent dwell time in the goal quadrant and opposite quadrant
(Fig 4B) were used to calculate a spatial discrimination search index. An ANOVA on the
discrimination index indicated an effect of group [F(3, 76) = 6.0, p < 0.001] and post hoc
tests indicated that the discrimination index was reduced in A-EX compared to the other
three groups (Fig 4C). A comparison of the discrimination index relative to that expected by
chance (i.e. 0) indicated that all groups, except A-EX, focused their search on the goal
quadrant. The results indicate that, as a group, the A-EX animals did not acquire a spatial
search strategy. While A-SED rats exhibited an index score above chance, the index score
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was decreased relative to young controls suggesting that some animals in this group failed to
acquire a spatial search strategy.

3.3 Retention of spatial discrimination is improved by enrichment
Previous work indicates that aging is associated with an increase incidence of impaired
recollection and more rapid forgetting in humans (Davis, et al., 2003) and rodents (Bizon, et
al., 2009; Countryman and Gold, 2007; Foster, 1999; Foster and Kumar, 2007). In
examining retention deficits, it is important to control for differences in the degree of
learning. Cut-off criteria can be employed to identify animals that successfully acquired a
spatial search strategy (Foster and Kumar, 2007; Tombaugh, et al., 2005). In order to
remove animals that failed to acquire a spatial search strategy, the performance of young
animals was used to set a cut-off criterion one standard deviation below the mean for the
young group (i.e. a discrimination index of 0.23). Those animals that did not meet the
criterion were considered to have failed to acquire the spatial discrimination. The criterion
resulted in the loss of one rat from the young group (8%) thirteen rats from the A-SED
group (42%), seven animals from A-ENR (37%), and fourteen from A-EX (78%). The
remaining animals that were classified as acquiring a spatial search strategy (A-ENR = 12;
A-EX = 4; A-SED = 18; young = 11) were tested for retention using a probe trial 24 hr after
acquisition training. An ANOVA for platform crossings indicated a significant group effect
[F(3, 41) = 5.28, p < 0.005] and post hoc comparisons indicated that young rats exhibited
more crossings relative to the other three groups (Fig 5A). An ANOVA on the
discrimination index indicated no effect of group. However, a comparison of the
discrimination index relative to that expected by chance (i.e. 0) indicated that only young
and A-ENR rats exhibited retention, focusing their search on the goal quadrant (Fig 5C).

In order to insure that exercise improved motor function, young (n = 6 previously tested on
the water maze), A-SED (n = 39, 29 previously tested on the water maze and 10 naive), A-
ENR (n = 16 previously tested on the water maze) and A-EX (n = 31, 18 previously tested
on the water maze, in addition to naïve caloric restriction wheel running (n = 6) and naïve
conditioned wheel running (n = 7)) rats were tested for grip strength. The results indicate a
tendency for a difference across groups, and post hoc tests indicated that grip strength was
increased in A-EX relative to A-SED (Fig 6A). A subset of the A-EX (n = 21) and A-SED
(n = 12) animals were further tested on a gridwalk crossing task, which has been shown to
be sensitive to exercise (Chang, et al., 2009; Ding, et al., 2002). An ANOVA on the number
of foot faults indicated a tendency (p = 0.051) for fewer foot faults (Fig 6B) and a Mann-
Whitney U (U = 69.5, p < 0.05) indicated reduced median time to cross the grid walk bridge
in the A-EX rats (Fig 6C).

The results indicate that, exercise improved motor function including sensory-motor
learning on the water maze. In contrast, exercise was associated with impaired performance
on the spatial discrimination learning task. One possibility is that the exercise treatment
biased the animals to select egocentric or non-spatial response strategies. Previous studies
indicate that exercise can increase object recognition memory in young animals (Garcia-
Capdevila, et al., 2009; Griffin, et al., 2009; O'Callaghan, et al., 2007) and performance on
this task declines with advanced age (Blalock, et al., 2003; Dellu, et al., 1992; Ennaceur and
Meliani, 1992; Hauser, et al., 2009). To determine whether exercise would influence
performance on this non-spatial memory task, we examined object recognition in A-SED (n
= 6) and A-EX (n = 14) rats. The results indicate better performance [F(1, 18) = 4.5, p <
0.05] by A-EX rats and comparison of the discrimination index for object recognition
relative to chance indicated that only the A-EX rats exhibited memory over a 24 hr period
(Fig 6D).
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3.4 Effects of differential experience on senescent physiology
In some cases, the differential housing conditions were maintained for at least 2–4 weeks
following behavioral characterization in order to reduce the effects of behavioral testing on
subsequent biological measures. Previous work indicates that caloric restriction can reverse
the LTP impairment observed in aged animals (Eckles-Smith, et al., 2000; Hori, et al.,
1992). However, a number of studies suggest that the effects of calorie restriction may be
due in part to the increase in motor activity (Carter, et al., 2009; Duffy, et al., 1989; Duffy,
et al., 1997; Duffy, et al., 1997; Goodrick, et al., 1983; Goodrick, et al., 1983; Weed, et al.,
1997; Yu, et al., 1985). In order to better isolate the effect of exercise from caloric
restriction on physiological parameters, only animals conditioned to run on the wheel were
included in the A-EX group. The maximum EPSP slope was determined for the CA3-CA1
synaptic response. An ANOVA on the maximum response indicated a tendency for a
difference across groups (p = 0.09) and post hoc tests indicated that the response was
reduced in A-EX relative to young (Fig 7). Following determination of the maximum
response, the synaptic response was set at 50% of maximum for examination of synaptic
plasticity. Figure 8A shows the time course for the synaptic responses following LFS in
slices from young (n = 12/8, slices/animals), A-SED rats (n = 10/10, slices/animals), A-EX
(n = 8/7, slices/animals) and A-ENR (n = 12/8, slices/animals). When comparisons were
performed on the response relative to baseline, only A-SED rats exhibited significant (p <
0.05) LTD (Fig 8B).

An ANOVA for TBS-induced LTP revealed a significant treatment effect [F(3, 52) = 6.57, p
< 0.001] and post hoc comparisons indicated that the level of LTP was decreased in young
(n = 12/4, slices/animals), A-SED (n = 17/10, slices/animals), and A-ENR (n = 11/6, slices/
animals) relative to A-EX (n = 16/10, slices/animals) rats (Fig 9). In addition, LTP in young
tended (p = 0.06) to be greater than A-SED. A comparison of the response 35 min following
TBS relative to baseline indicated that LTP was observed for young, A-ENR, and A-EX, but
not in A-SED animals.

A total of 117 intracellularly recorded cells (young 40/12, cells/animals; A-SED 39/14,
cells/animals; A-ENR 21/11, cells/animals; A-EX 17/5, cells/animals) were acceptable
according to our cell health criteria. Passive membrane properties: input resistance, resting
membrane potential, and spike amplitude were not different between the four groups (Table
2). AHPs were elicited by a burst of 4 action potentials and the amplitude was measured as
the difference between the holding potential during the 100 msec period immediately before
the onset of the depolarizing current and the membrane potential 500 msec after the offset of
the depolarizing current. For each cell, the average of five to thirty AHPs was calculated and
used for statistical analysis. An ANOVA on the AHP amplitude indicated a significant
group effect [F(3, 113) = 6.8, p < 0.0005] and post hoc comparisons confirmed a reduced
AHP in young and A-ENR compared to A-SED (Fig 10). Furthermore, the AHP amplitude
for the A-ENR group was reduced relative to A-EX and there was a tendency (p = 0.06) for
the AHP to be reduced in young relative to A-EX.

To determine whether our exercise procedure reduced oxidative stress in the hippocampus,
we measured lipid oxidation using western blots (Fig 11). The analysis indicated no
difference (A-SED: n = 10; A-EX: n = 10) in HNE levels detected between 30 kDa and 70
kDa. There was a slight decrease in MDA levels for the A-EX group when measures
included all bands. The decrease was largely due to a decrease in two bands between 90 kDa
and 120 kDa (p < 0.05). Furthermore, no group differences were observed for expression of
BDNF, GPX1, or SOD1.
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4. Discussion
The current study set out to compare the effects of environmental enrichment and exercise
on age-related cognitive decline and senescent physiology. The results on environmental
enrichment are consistent with a number of studies, which demonstrate that environmental
enrichment improves cognition in rats (Lores-Arnaiz, et al., 2006; Soffie, et al., 1999;
Winocur, 1998) and acquisition of the spatial version of the water maze in rats and mice
(Fernandez, et al., 2004; Frick and Fernandez, 2003; O'Callaghan, et al., 2009). We now add
that environmental enrichment increased memory consolidation in aged rats. Thus, while
young, A-SED, and A-ENR rats acquired a spatial search strategy (Fig 4C), only young and
A-ENR rats exhibited retention over the 24 hr period (Fig 5C). Aged animals can rapidly
acquire spatial information; however, impairment is observed as the retention delay is
increased (Bizon, et al., 2009; Driscoll, et al., 2006; Foster, 1999; Foster, et al., 1991; Foster
and Kumar, 2007). Furthermore, impaired memory consolidation is highly sensitive to
aging, emerging in middle-age (Bizon, et al., 2009; Blalock, et al., 2003; Driscoll, et al.,
2006; Foster, et al., 2003). For studies that examine training across multiple days, aged rats
initially exhibit learning within each day of training and memory consolidation deficits are
observed as impaired performance for the first trial on the following day(Foster, 1999). This
“saw tooth” pattern of behavior disappears with continued training as incremental learning
permits age animals to establish a long term spatial memory (Foster and Kumar, 2007;
Rapp, et al., 1987; van Groen, et al., 2002).

One question concerns which aspects of environmental enrichment contribute to improved
cognitive function. The environmental enrichment procedures provide social interactions,
cognitive stimulation, exposure to novelty, and increased motor activity. Previous research
indicates a major role for cognitive stimulation (Cracchiolo, et al., 2007; Harburger, et al.,
2007; Marques, et al., 2009; Pietropaolo, et al., 2006) and novelty (Pardon, et al., 2009;
Veyrac, et al., 2009) in improving spatial learning and memory, with a relatively minor
influence of social interactions (Diniz, et al., 2010; Schrijver, et al., 2002; Schrijver, et al.,
2004; Winocur, 1998). Motor activity interacts with the other variable such that improved
memory is observed when motor activity occurs in an environment that is separate from the
home cage or requires extensive handling (Harburger, et al., 2007; Lambert, et al., 2005;
O'Callaghan, et al., 2009). In the current study, exercise occurred in the home cage and was
associated with impaired spatial water maze performance. On the surface, the results would
support work indicating little or no benefit from exercise on cognition in aging rats (Asl, et
al., 2008; Barnes, et al., 1991; Hansalik, et al., 2006). Alternatively, it is possible that the
exercise condition predisposed the animals to focus on an egocentric or response strategy
rather than a spatial strategy (DeCoteau and Kesner, 2000; McDonald and White, 1993;
Potegal, 1972). The A-EX group exhibited superior performance on the cue discrimination
task, suggesting enhance reliance on systems other than the hippocampus McDonald and
White, 1994; Packard and McGaugh, 1992). In older humans, exercise may promote more
general attentional processes with limited influence specific to spatial processing (Colcombe
and Kramer, 2003). The object recognition task requires attentional processing (Levin, et al.,
2011) and minimizes the need for spatial orientation. Furthermore, performance on this task
declines with advanced age (Blalock, et al., 2003; Dellu, et al., 1992; Ennaceur and Meliani,
1992; Hauser, et al., 2009). We observed that exercise increased object recognition memory
in older rats, a result similar to that observed in young animals (Garcia-Capdevila, et al.,
2009; Griffin, et al., 2009; O'Callaghan, et al., 2007), suggesting that exercise can improve
memory in older animals. Together, the results suggest that the exercise conditions altered
the response selection, such that when presented with the option of using a spatial or a
response strategy in the water maze, animals with a history of 10–12 weeks of exercise
biased their behavior to employ an egocentric response strategy.
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The results on physiology confirm an age-related increase in the susceptibility to induction
of LTD (Foster and Kumar, 2007; Foy, et al., 2008; Hsu, et al., 2002; Norris, et al., 1996),
impaired LTP induction (Coultrap, et al., 2008; Deupree, et al., 1993; Eckles-Smith, et al.,
2000; Moore, et al., 1993; O'Callaghan, et al., 2009; Shankar, et al., 1998), and an increase
in the AHP(Bodhinathan, et al., 2010; Disterhoft, et al., 1996; Gant and Thibault, 2009;
Kumar and Foster, 2007; Kumar and Foster, 2002; Landfield and Pitler, 1984; Tombaugh, et
al., 2005). Consistent with a number of studies, mainly in young animals, environmental
enrichment decreased LTD and improved LTP (Artola, et al., 2006; Duffy, et al., 2001;
O'Callaghan, et al., 2009; Yang, et al., 2006; Yang, et al., 2007). Similarly, we confirmed
that exposure to novelty decreases the AHP in aged rats (Kumar and Foster, 2007). The fact
that the AHP was larger in A-SED and A-EX, groups that performed poorly on the water
maze, is consistent with the idea that learning reduces the AHP amplitude (Oh, et al., 2010).
Previous work indicates that exercise in young animals does not enhance LTP in region CA1
(Lange-Asschenfeldt, et al., 2007; Tartar, et al., 2006; van Praag, et al., 1999). In contrast,
we observed that the influence of exercise on synaptic plasticity was qualitatively similar to
environmental enrichment, reducing the susceptibility to induction of LTD and enhancing
LTP. The difference may be due to baseline differences in the threshold or susceptibility to
LTP induction, such that exercise improved LTP induction only in aged animals that
normally exhibit impaired LTP.

The rejuvenation of senescent physiology by environmental enrichment and exercise has
important implications for our understanding of brain aging. The improvement in synaptic
plasticity is likely due to factors that are common across the two conditions including
increased hippocampal activity associated with locomotion (Bland, 1986; Buzsaki, 2002;
Czurko, et al., 1999; Foster, et al., 1989). The idea that neural activity modifies Ca2+-
dependent processes is consistent with gene microarry studies (Molteni, et al., 2002;
Stranahan, et al., 2008; Tong, et al., 2001). This work indicates that exercise increases the
expression of genes linked to neural activity and synaptic plasticity and reduces the
expression of genes linked to oxidative stress. In some cases, the increase in neural activity
due to exercise results in increased expression of BDNF (Berchtold, et al., 2005; Griffin, et
al., 2009; Molteni, et al., 2002; O'Callaghan, et al., 2009) and protection against oxidative
stress (Nakajima, et al., 2010; Rodrigues, et al., 2010; Stranahan, et al., 2010; Vaynman, et
al., 2006). We did not observe an increase in BDNF expression, which is consistent with
several other studies (Cechetti, et al., 2008; Lou, et al., 2008; Marais, et al., 2009; Vaynman,
et al., 2004). Taken together, the results indicate that the ability to observe an increase in
BDNF is related to the specific region of the hippocampus examined and a number of
ancillary factors associated with the exercise treatment including the age of the animal,
intensity, and duration of the exercise.

Exercise can shift the redox state of the brain (Radak, et al., 2007). It might be expected that
a shift in redox state would influence oxidative damage. We observed a decrease in lipid
peroxidation, which was limited to certain bands on the western blot. The results are
consistent with other studies that observed minimal changes in lipid peroxidation in the
hippocampus following exercise training (Acikgoz, et al., 2006; Cechetti, et al., 2008; Devi
and Kiran, 2004; Jolitha, et al., 2006). Thus, it is possible that a shift in redox state has large
effects on the activity of signaling cascades that are important for hippocampal function
(Bodhinathan, et al., 2010; Bodhinathan, et al., 2010) with limited effects on oxidative
damage.

In summary, the data indicate that both exercise and environmental enrichment ameliorated
the physiological markers of hippocampal aging including synaptic plasticity (Fig 8&Fig 9).
In contrast, the results indicate that only environmental enrichment improved hippocampal-
dependent spatial discrimination learning (Fig 4C), ameliorated the memory consolidation
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deficit observed in older animals (Fig 5C), and improved cell excitability (Fig 10). Taken
together with other studies comparing the effects of exercise and experience on age-related
cognitive decline, our results suggest that neural activity associated with locomotion,
exploration, and novelty may rejuvenate hippocampal neural plasticity processes; however,
the history of experience may predispose the animal to employ a limited behavioral
repertoire. Thus, exercise appears to provide a means to promote healthy brain aging;
nevertheless, in the absence of concomitant cognitive training, the benefits may not be fully
realized. Consequently, physical activity and the associated activation of hippocampal
circuits may be useful as an adjunct to various cognitive training programs.
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Figure 1.
Bars represent the mean body weight (+SEM) for young, A-SED, A-ENR, and A-EX
animals. Asterisk indicates significant difference from young, pound sign indicates
significant difference from A-SED, and dollar sign indicates a significant difference from A-
ENR in this and subsequent figures.
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Figure 2.
Environmental enrichment and exercise improve cue discrimination performance. A) Mean
latency on each of the five training blocks (B1–B5) during cue discrimination training for
the four groups: young (open circle), A-SED (filled circle), A-ENR (filled diamond) and A-
EX (filled triangle). B) Comparison of the mean escape latency averaged over the last three
blocks of training. C) Mean distance traveled during each block for each group. D)
Comparison of the mean escape distance averaged over the last three blocks.
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Figure 3.
Performance on spatial discrimination training. A) Mean latency for the six training blocks
(B1–B6) of the spatial discrimination task for the four groups: young (open circle), A-SED
(filled circle), A-ENR (filled diamond) and A-EX (filled triangle). The gap between blocks 5
and 6 indicate the time in which the probe trial to test for acquisition was delivered. B)
Comparison of the mean escape latency averaged over the last three blocks of training. C)
Mean distance traveled during each block for each group. D) Comparison of the mean
escape distance averaged over the last three blocks.
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Figure 4.
Impaired acquisition of a spatial discrimination associated with exercise in aged rats. The
figure shows (A) the platform crossings, (B) percent dwell times (mean + SEM) for the goal
quadrant (open bars), opposite quadrant (filled bars), quadrant to the left of the goal (light
gray), quadrant to the right of the goal(dark gray), and (C) the discrimination index
calculated from the dwell times for the acquisition probe trial conducted between blocks 5
and 6 of the spatial discrimination training for the four groups. The † sign indicates that the
discrimination index was significantly (p < 0.05) above chance (i.e. 0). Note that only A-EX
animals did not exhibit a discrimination index above chance.
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Figure 5.
Exposure to environmental enrichment is associated with improved memory consolidation.
The figure shows (A) and platform crossings, (B) percent dwell times (mean + SEM) for the
goal quadrant (open bars), opposite quadrant (filled bars), quadrant to the left of the goal
(light gray), quadrant to the right of the goal(dark gray), and (C) discrimination index for the
retention probe trial conducted 24 hr after spatial discrimination training. The † sign
indicates that the discrimination index is significantly (p < 0.05) difference from chance (i.e.
0). Note, that only young and A-ENR rats exhibit a spatial search strategy focused on the
goal quadrant.
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Figure 6.
Influence of exercise on grip strength, grid walk, and object recognition. A) Exercise
increased the grip strength of aged rats. Compared to A-SED, exercise enhanced
performance on the grid walk task observed as a decrease in B) the mean number of foot
faults and C) median latency to cross the grid walk bridge. The box in C represents the
inter-quartile range and line within the box represents the median score for each age group.
The bar extending away from the box denote the minimum value. D) Mean discrimination
index for object recognition examined 24 hr after initial exposure showing superior memory
for A-EX relative to A-SED rats.
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Figure 7.
Maximum EPSP slope across the four groups. The asterisk indicates a significance
difference relative to young. The numbers in each bar represent the number of slices
recorded to calculate the mean.
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Figure 8.
Effect of environmental enrichment or exercise on LTD. A) Time course of the field EPSP
measurements obtained from hippocampal slices 10 min before and 35 min after 1 Hz
stimulation (900 pulses, 1 Hz, horizontal bar) for the slices obtained from young (open
circle), A-SED (filled circle), A-ENR (filled diamond) and A-EX (filled triangle) animals. A
non-tetanized control path (Cont Path, open diamond) was used to make sure that the
changes in EPSP responses were specific to pattern stimulation and not due to change in
slice health. Each individual response was computed as a percent of the mean baseline
response (dashed line) collected during the 10 min just prior to pattern stimulation. LTD was
measured as the slope of field potentials normalized to baseline and is plotted against time.
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B) Bar diagram showing the average magnitude of LTD during the last 5 min of recording.
The number in each bar represents the number of slices used to calculate the mean. †
represents significance difference from baseline (dotted line). Note only A-SED animals
exhibited LTD.
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Figure 9.
Exposure to environmental enrichment or exercise facilitates induction of LTP in aged
animals. A) Time course of the field EPSP measurements obtained from hippocampal slices
10 min before and 35 min after TBS (arrow) for the slices obtained from young (open
circle), A-SED (filled circle), A-ENR (filled diamond) and A-EX (filled triangle) animals. A
non-tetanized control path (cont path, open diamond) was used to make sure that the
changes in EPSP responses were specific to pattern stimulation and not due to change in
slice health. Each individual response was computed as a percent of the mean baseline
response (dashed line) collected during the 10 min just prior to pattern stimulation. LTP was
measured as the slope of field potentials normalized to baseline and is plotted against time.
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B) Bar diagram showing the average magnitude of LTP during the last 5 min of recording.
The number in each bar represents the number of slices used to calculate the mean. †
represents significance difference from baseline, * represents significance difference from
young, # represents significance difference from A-SED, $ represents significance
difference from A-ENR.
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Figure 10.
Exposure to environmental enrichment or exercise reduced the aged associated enhanced
amplitude of AHP. A) Figure illustrates distribution of AHP amplitude of individual cells
for slices obtained from young (n = 40 cells), A-SED (n = 39 cells), A-ENR (n = 21 cells),
and A-EX (n = 28 cells) animals. B) Bar diagram shows the mean amplitude of AHP for the
different groups. The number in each bar represents the number of cells used to calculate the
mean. * represents significant difference from young, # represents significant difference
from A-SED, and $ represents significant difference from A-ENR animals.

Kumar et al. Page 31

Neurobiol Aging. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11.
Protein analysis of lipid oxidation. Western blots for A-SED (filled bars) and A-EX (gray
bars) showing the mean expression of A) MDA and HNE or B) BDNF, GPX1, and SOD1.
Densitometry readings for each protein of interest were standardized by the corresponding
reading for GAPDH. Inserts provide example blots. All measures were normalized to the A-
SED group. MDA measured between 90 – 120 KDa (bracket on the blot insert) was
decreased in the A-EX group. Asterisk indicates a significant (p < 0.05) difference.
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Table 1

Table 1 illustrates the total number of animals employed (TOTAL) and the number in each task. Animals in
the grip strength, gridwalk, and object recognition tasks included animals tested on the spatial task and
additional A-SED (n = 10) and A-EX (n = 13) animals.

Young A-SED A-ENR A-EX

TOTAL 12 49 22 34

Cue Discrimination 12 39 22 21

Removed 0 8 3 3

Spatial Acquisition 12 31 19 18

Spatial Retention 11 18 12 4

Grip strength 6 29+10 16 18+13

Gridwalk 12 21

Object Recognition 6 14
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Table 2

Biophysical properties of CA1 neurons recorded from aged male F 344 rats.

IR (MΩ) RMP Spike Amplitude

Young (40/12) 39.2 ± 2.40 −61.7 ± 0.79 84.2 ± 0.78

A-SED (39/14) 37.1 ± 1.55 −61.1 ± 0.85 84.9 ± 0.83

A-ENR (21/11) 41.8 ± 4.64 −62.9 ± 1.15 83.1 ± 0.81

A-EX (17/5) 33.5 ± 1.71 −62.6 ± 0.82 87.1 ± 1.21

Values are ± SEM. RMP, Resting membrane potential, IR, Input resistance, A-SED, aged-sedentary; A-ENR, aged enriched; A-EX, aged exercise.
RMP and spike amplitude values are in mV. Numbers in parentheses indicate number of cells and animals respectively for each condition.
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