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Abstract
Aging is associated with a decreased capacity for dentate gyrus (DG) granule cell depolarization
as well as reduced perforant path activation. Although it is well established that the maintenance
of DG long-term potentiation (LTP) over days is impaired in aged, as compared to young animals,
the threshold for inducing this LTP has never been investigated in aged, awake animals. In
addition, although exposure to novelty prior to θ-burst stimulation (TBS) increases both the
induction and longevity of DG LTP in adult rats, the effects of exposure to novelty on LTP in aged
rats have never been investigated. Here, we report that although TBS delivered in the home cage
induces robust and long-lasting DG LTP in young rats, TBS fails to induce DG LTP in aged rats.
Interestingly, delivery of TBS to aged rats exploring novel environments induces robust and long-
lasting LTP, with the induction, but not the longevity, of this LTP being similar in magnitude to
that observed in young rats delivered TBS in the home cage. These results indicate that although
TBS-induced DG LTP is impaired in aged, as compared to young rats, TBS during exploration of
novel environments is sufficient to rescue age-related deficits in DG LTP. We discuss these
observations in the context of previous findings suggesting that the facilitation of LTP by
exposure to novel environments results as a consequence of reduced network inhibition in the DG
and we suggest that, in spite of age-related changes in the DG, this capacity persists in aged rats
and represents a nondietary and nonpharmacological way to facilitate DG LTP during aging.
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Introduction
LTP is a persistent increase in synaptic strength observed after high-frequency stimulation
(HFS) of afferent fibers (Bliss and Lomo, 1973). Much evidence indicates that LTP is one
mechanism underlying memory processes (Morris et al., 1986; Barnes, 1995; Moser et al.,
1998), and thus LTP is the most intensely studied cellular model of synaptic plasticity (Bliss
and Collingridge, 1993). An interesting aspect of LTP is that, like memory, it is subject to
modification by environmental influences (Izquierdo et al., 2001; Straube et al., 2003a;
Davis et al., 2004).
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The hippocampus may function as a novelty detection network (Lisman and Otmakhova,
2001) and numerous hippocampal models suggest that environmental novelty facilitates a
state of hippocampal function thought ideal for the encoding of new information (Hasselmo
et al., 1995, 2002; Lisman and Otmakhova, 2001; Meeter et al., 2004). Given that LTP is
thought important for memory processes (Bliss and Collingridge, 1993; Barnes, 1995), the
observation of increased LTP in the DG of adult rats as a consequence of exploration of
novel environments (Davis et al., 2004; Sanberg et al., 2006) parallels previous observations
that the DG is essential for new encoding (McNaughton and Morris, 1987; McNaughton et
al., 1989). Indeed, the DG displays plastic changes in response to novel stimuli (Montag-
Sallaz et al., 1999) and shows increased activation with new learning (Zeineh et al., 2003).
Thus, exposure to novel environments may facilitate processes favoring hippocampal
synaptic plasticity and new learning (Paulsen and Moser, 1998; Guzowski et al., 2004;
Sanberg et al., 2006).

Recent studies indicate that, in adult rats, brief exposure to novelty can facilitate DG LTP
(Straube et al., 2003a,b; Sanberg et al., 2006). In the DG, LTP can be either facilitated by
brief novelty exploration around the time of tetanization (Straube et al., 2003a,b; Sanberg et
al., 2006) or impaired by exploration of novelty subsequent to tetanization (Xu et al., 1998).
Therefore, brief novelty exploration around the time of weak tetanization creates conditions
that favor novelty-mediated facilitation of LTP (Davis et al., 2004; Sanberg et al., 2006).

Aging is associated with an increased threshold for LTP induction in the DG such that
greater postsynaptic depolarization is required to induce LTP (Barnes et al., 2000). Thus far,
the novelty-mediated enhancement of LTP has only been reported in adult animals and
whether exposure to novelty can facilitate LTP in aged animals is currently unknown. In
adult rats, novelty exploration causes a decrease in GABAergic inhibition in the DG (Wilson
and McNaughton, 1993; Moser, 1995, 1996), a condition thought to favor LTP by increasing
postsynaptic depolarization (Wigstrom and Gustaffson, 1983, 1985; Sanberg et al., 2006)
and facilitates DG population spikes (Kitchigina et al., 1997). In addition, it is suggested
that, in adult rats, novelty may facilitate DG LTP by inhibition of DG interneurons, thus
creating a net effect of increased network excitability, which may serve to increase LTP
(Sanberg et al., 2006). Aged rats display reduced cellular excitability in the DG as reflected
by an increased threshold for LTP induction (Barnes et al., 2000) and thus experimental
manipulations that reduce interneuron-mediated inhibition in the DG may be especially
effective in facilitating DG LTP in aged rats. Therefore, we studied the effect of brief
novelty exploration on DG LTP induction and maintenance in chronically implanted aged
rats. To create optimal conditions for novelty-mediated facilitation of LTP, we used weak
tetanization parameters to induce LTP around the time of novelty exploration. Some of these
data were presented in abstract form (Sierra et al., 2003).

Materials and Methods
Subjects

The subjects were young (6 months) and aged (22–24 months) male Fischer 344 rats (NIA/
Harlan, Indianapolis, IN). Rats were maintained on a 12:12 h light–dark cycle, housed
individually, and had access to food and water ad libitum. All animals were allowed to
acclimate for a 1-week period after arrival and handled daily after surgery until completion
of recordings.

Surgical Procedure
For surgery, rats were anesthetized with sodium pentobarbital (Nembutal) (50 mg/kg
intraperitoneally) and maintained at a surgical level of anesthesia with supplemental
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injections as needed. For each rat, body temperature was maintained at 37°C with a heating
pad. Each rat's head was mounted into the frame of a stereotaxic apparatus, and a sterile
stainless steel blade was used to make a vertical incision to expose the skull. Throughout the
surgical procedures, gauze moistened with sterile saline was used to keep the tissue moist.
After surgery, rats were removed from the stereotaxic apparatus, kept on a heating pad until
recovery from the anesthesia, and given a subcutaneous injection of 150,000 U of penicillin
G to prevent infections. Rats were given a solution of Tylenol and water (1%) ad libitum for
3 days after surgery. All experiments were conducted in accordance with National Institutes
of Health guidelines for the care and use of animals in research and with approval from the
UTSA Institutional Animal Care and Use Committee.

Electrophysiology
Bipolar electrodes were used to stimulate the medial perforant path in the angular bundle
(AP -8.5, ML 4.4, DV 3.0 mm; Paxinos and Watson, 1994). We recorded extracellular
excitatory postsynaptic potentials (EPSPs) referenced and grounded with screws mounted on
the anterior and posterior portions of the skull, respectively. EPSPs were amplified (500×)
with a Grass P511 A.C. preamplifier, filtered at 1 Hz to 3 kHz and stored for off-line
analysis using commercially available software (Data-Wave Technologies, Thornton, CO).
A digital stimulator (A-M Systems 2,100, Everett, WA) was used to deliver constant current
stimulation. Stimulation (biphasic constant current pulses, 0.2 ms duration) was delivered
with two twisted Teflon-coated stainless steel wires (0.005 inch diameter, A-M Systems). A
single Teflon-coated stainless steel wire (0.005 inch diameter, A-M Systems) was used to
record EPSPs from the DG (AP -3.5, ML 2.0, DV 3.0–3.5 mm). Final dorsal–ventral
coordinates for stimulating and recording electrodes were determined by
electrophysiological criteria that maximized the EPSP peak with the smallest amount of
current delivery. We confirmed the accuracy of electrode placements by stereotaxic
coordinates and electrophysiological criteria in all rats (McNaughton and Barnes, 1977).
Electrodes were permanently implanted as previously described (Dieguez and Barea-
Rodriguez, 2004). Briefly, electrodes were attached to gold Amphenol pins, mounted in 9-
pin Malino/MacIntyre sockets (Ginder Scientific, Canada), and affixed to the skull with
dental acrylic (Patterson Dental Supply, San Antonio, TX). All rats were allowed a
minimum period of 1 week for recovery from surgery before electrophysiological
recordings.

Experimental
Four groups of rats were used in this study: young rats delivered TBS in the home cage (n =
4), aged rats delivered TBS in the home cage (n = 6), aged rats delivered TBS in a novel
environment (n = 5), and aged rats delivered low-frequency stimulation (LFS) in a novel
environment (n = 3). At the beginning of each experiment, maximal responses for each rat
were evoked by stimulating with up to 379 μA of current intensity (biphasic pulses, 0.2 ms
duration). For each rat, two input–output curves were collected by averaging 10 responses at
each of 10 current intensities evoked at 120% increments of the minimal intensity required
to elicit a stable, recognizable EPSP. Baseline responses were evoked at 0.05 Hz with the
average current intensity that elicited a response magnitude 50% of maximum slope as
determined by the input–output curves. Measurements of DG responses were restricted to
the initial slope (dV/dt) of field EPSPs measured between 1 and 3 ms subsequent to response
onset. Ten responses were evoked at 20-s intervals at a fixed time of day for each rat (during
the middle of the light cycle). Daily responses were collected for a minimum of 10 min on
each of 3 consecutive days before TBS. TBS was delivered to experimental rats in the novel
cage but was delivered to control rats while in their home cage.
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The novel cage (47 × 25 × 20 cm) was identical to the home cage with the exception of
various novel objects being permanently mounted to the cage floor. Novel objects were
small metal or plastic toys. On the day of LTP induction, baseline responses were collected
in the animal's home cage for 10 min before novelty exposure. After baseline recordings in
the home cage, experimental rats were placed in the novel cage and allowed to explore
freely for 5 min, at which point 3 θ-burst trains were delivered at 5-min intervals. After
spending 15 min in the novel cage, experimental rats were returned to their home cage. After
each use of the novel cage, the cage and toys were wiped clean with soapy water and
bedding was replaced. To control for possible handling effects, control rats were handled
briefly in the home cage immediately before and after TBS. TBS consisted of three sets of
10 pulses delivered at 400 Hz, with an interpulse interval of 2.5 ms and pulse duration of 0.2
ms. Each of the three trains had a duration of 25 ms, with a 200-ms intertrain interval and a
5-min interburst interval. None of the animals displayed afterdischarges subsequent to TBS.

Because stimulation with a current intensity of about 75% of maximum effectively induces
perforant path-DG LTP (McNaughton et al., 1978), we stimulated with a current intensity of
50% during TBS to ascertain whether novelty could facilitate LTP that would otherwise be
unlikely to occur. Using a 50% of maximum current intensity, low-frequency (0.05 Hz)
responses were recorded for an additional hour. In addition, daily responses were then
collected for each rat until LTP decayed to baseline. Changes in synaptic responses are
presented as the percent change from the average of baseline responses collected over the 3-
day period before TBS. Post-TBS slopes showing an increase of at least 20% above that of
baseline slopes were considered LTP. LTP was considered decayed when daily responses
did not differ significantly from the average baseline response.

LTP induction and maintenance data were analyzed by two-way repeated measure
ANOVAs, followed by Tukey post hoc tests. To assess LTP longevity, the daily magnitude
of responses was compared to baseline values. A significance level of 0.05 was chosen for
all analyses.

Results
LTP Induction

With TBS in the home cage, young rats showed significant DG LTP induction whereas aged
rats did not ([F (1,8)] = 59.067, P < 0.001). However, this failure of DG LTP induction in
aged rats was rescued by delivery of TBS while aged rats explored novel environments, such
that LTP in young rats acquired in the home cage was indistinguishable from that acquired
by aged rats in the novel cage ([F (1,7)] = 0.700, P > 0.05, n.s.). In addition, TBS delivered
to aged rats during exploration of the novel environment significantly induced DG LTP,
whereas this stimulation failed to change synaptic efficacy in aged rats in the home cage ([F
(1,9)] = 24.177, P < 0.001) (Fig. 1A). Young rats in the home cage showed a mean increase
in responses of 123 ± 3%, aged rats in the novel environment showed a mean increase in
responses of 121 ± 2%, and aged rats in the home cage showed a mean increase in responses
of 99 ± 3%. These trends are evident in the depicted waveforms (Fig. 1B).

LTP Maintenance
Over a 7-day recording period, young rats delivered TBS in the home cage showed long-
lasting LTP while responses recorded in aged rats delivered TBS in the home cage failed to
show potentiation over days ([F (1,8)] = 54.728, P < 0.01). Post hoc analyses showed that,
on days 1–4 of recording, responses were significantly greater in young rats delivered TBS
in the home cage as compared to that observed in aged rats delivered TBS in the home cage
(*Tukey Test, P < 0.05). Responses recorded over a 7-day recording period were
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significantly different between young rats delivered TBS in the home cage and aged rats
delivered TBS in the novel environment ([F (1,7)] = 7.264, P < 0.04). Post hoc analyses
showed that, on days 1, 2, and 4 of recording, responses were significantly greater in young
rats delivered TBS in the home cage as compared to those observed in aged rats delivered
TBS in the novel environment (†Tukey Test, P < 0.05). In addition, responses recorded over
a 7-day recording period were significantly different between aged rats delivered TBS in the
home cage and those delivered TBS in the novel environment ([F (1,9)] = 42.646, P <
0.001). Post hoc analyses showed that, on days 1–3, responses were significantly greater in
aged rats delivered TBS in the novel environment than in those delivered TBS in the home
cage (§Tukey Test, P < 0.05) (Fig. 2A). These trends are evident in the depicted waveforms
(Fig. 2B).

Low-Frequency Stimulation
To address whether general changes in activity during exploration of novel environments
contributed to the novelty-mediated enhancement of LTP in aged rats, we recorded DG
responses utilizing low-frequency (0.05 Hz) stimulation during novelty exploration. LFS did
not cause a change in DG EPSPs of aged rats, neither immediately after novelty exploration
([F (2, 38)] = 1.118, P > 0.05, n.s.) (Fig. 3A) nor on any of several days afterwards ([F
(2,6)] = 0.472, P > 0.05, n.s.) (Fig. 3B).

Input–Output Curves
Input–output EPSP slopes were not statistically different for the following groups: aged
home, aged novel, and aged LFS (Tukey Test, P > 0.05, n.s.). However, the input–output
EPSP slopes for the young home group were significantly increased as compared to those of
the aged home, aged novel, and aged LFS groups ([F (3,9)] = 3.631, P < 0.001) (Fig. 4).
Specifically, post hoc analyses revealed that EPSP slopes for the young home group were
significantly elevated as compared to that of all other groups at input–output current
intensity levels 4–10 (*P < 0.05, Tukey Test).

Discussion
The current data demonstrates that aged, as compared to young, rats are impaired in their
ability to acquire DG LTP as a consequence of perithreshold stimulation (i.e., TBS) in the
home cage. Remarkably, brief exposure to novel environments facilitates TBS-induced DG
LTP in aged rats as compared to that observed in aged rats delivered TBS in the home cage.
Although delivery of TBS to aged rats exploring novel environments induces DG LTP to a
degree that is similar to that observed in young rats delivered TBS in the home cage, the
maintenance of this LTP over days is still impaired in aged (delivered TBS during novelty
exploration), as compared to young (delivered TBS in the home cage), rats. This observation
is consistent with previously reported age-related deficits in the maintenance of hippocampal
LTP over days (Barnes, 1979; Dieguez and Barea-Rodriguez, 2004). Interestingly, DG LTP
observed in aged rats delivered TBS during exploration of novel environments is still
elevated for several days as compared to that observed in aged rats delivered TBS in the
home cage. These observations suggest that TBS during exploration of novel environments
can overcome the age-related decrease in DG excitability (Barnes et al., 2000) and/or the
age-related deficit in perforant path activation (Foster et al., 1991) to facilitate LTP
induction and can even augment LTP maintenance to some degree. Previous reports indicate
that novelty facilitation of adult DG LTP lasts for about 14 days (Davis et al., 2004; Sanberg
et al., 2006), whereas our current data demonstrate that novelty facilitates DG LTP for 4
days in aged rats. A comparison of the effect of novelty on DG LTP between young adult
and aged rats is beyond the scope of this report. However, it may be inferred that novelty
facilitation of DG LTP induced by TBS is greater in adult than in aged rats.
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To our knowledge, this is the first report of a nondietary, nonpharmacological environmental
manipulation that facilitates hippocampal LTP in aged animals. A previous study reported
normal TBS-mediated LTP in the DG of aged rats (Maroun and Richter-Levin, 2002), but
the current intensity was increased to 70–90% of maximum during tetanization, which had
the net effect of increasing the number of afferent fibers stimulated during tetanus and
thereby increasing the likelihood of obtaining LTP (McNaughton et al., 1978). In our study,
aged rats failed to show DG LTP when TBS was delivered with a 50% of maximum current
intensity, but, under the same conditions, DG LTP was observed in aged rats exposed briefly
to novelty during TBS. Thus, a TBS paradigm, which is normally ineffective in inducing
DG LTP in aged rats, is able to induce DG LTP when aged rats explore novel environments
during delivery of TBS. Thus, as previously reported in adult rats (Sanberg et al., 2006),
novelty exploration may serve to lower the threshold for DG LTP in aged rats as well. In
addition, these data are consistent with a recent report that θ-contingent training of aged
animals on an eyeblink conditioning task improves performance of aged animals, suggesting
that θ-patterned neuronal activity can be used to improve synaptic plasticity during aging
(Asaka et al., 2005). Thus, it appears that θ-patterned stimulation during brief exposure to
novel environments is sufficient to ameliorate age-related deficits in DG LTP.

Sanberg et al. (2006) recently reported that, in adult rats, novelty-mediated enhancement of
DG LTP is independent of changes in general activity during novelty exploration. In
addition, our data show that the novelty-mediated enhancement of DG LTP in aged rats is
not merely a consequence of changes in exploration during novelty exposure because, in our
studies, aged rats exposed to novelty but given only LFS show no changes in responses
either immediately after novelty exploration or for several days afterward, a finding which is
also suggestive of the stability of our recordings over time. In addition, aged Fischer 344 rats
do not show changes in any of several parameters of activity between home and novel
environments, nor do they show changes in rearing activity during exploration of novel
environments as compared to that observed in young rats (Casadesus et al., 2001), which is a
primary response to novelty exploration in adult rats (Rosenthal et al., 1989). Thus, the
novelty-mediated enhancement of DG LTP in aged rats may occur as a consequence of
novelty-mediated processes that may directly facilitate hippocampal synaptic plasticity.
Together, these observations indicate that the magnitude of evoked hippocampal EPSPs in
aged rats is unaffected by LFS in either home (Dieguez and Barea-Rodriguez, 2004) or
novel cages (current data) and suggests, rather, that HFS during exploration of novel
environments facilitates the induction and maintenance of synaptic potentiation.

It is suggested that the novelty-mediated enhancement of DG LTP in adult rats may occur as
a consequence of novelty-mediated inhibition of DG interneurons (Sanberg et al., 2006),
thereby creating the net effect of increased cellular excitability (Wilson and McNaughton,
1993). Consistent with this hypothesis, in adult rats, increases in DG population spikes can
be elicited by novelty exploration (Kitchigina et al., 1997) or by local application of a
GABA-A receptor antagonist in the DG (Maroun and Richter-Levin, 2002). Specifically,
novelty may facilitate DG LTP in young adult rats via inhibition of hilar perforant path-
associated (HIPP) interneurons, which terminate in the molecular layer of the DG where the
perforant path synapses onto DG principal cell dendrites (Freund and Buzsaki, 1996). This
mechanism may also be operating in the DG of aged rats to facilitate DG LTP during
novelty exploration. Interestingly, aging is associated with a loss of HIPP interneurons (Vela
et al., 2003), an effect which may facilitate DG LTP, especially during exploration of novel
environments, because these cells are inhibited in the DG of adult rats during exploration of
novel environments (Wilson and McNaughton, 1993) to facilitate DG LTP in novel contexts
(Sanberg et al., 2006). In aged animals, enhancement of DG LTP by novelty exposure may
be augmented, because there are fewer HIPP cells to begin with and thus inhibition of fewer
HIPP cells is required to elicit a novelty-mediated facilitation of LTP. However, in response
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to the reduced GABAergic inputs to the molecular layer of the DG of aged rats, GABA-A
receptors in this region show an upregulation of α1 GABA-A receptor subunits (Gutierrez et
al., 1996) and display increased sensitivity (Ruano et al., 1995), both of which constitute an
adaptive response of DG principal cells to maintain network properties (Vela et al., 2003). In
spite of this compensation, which might serve to reduce novelty-mediated facilitation of DG
LTP, brief exposure to novelty nonetheless appears sufficient to facilitate DG LTP in aged
rats, presumably via novelty-mediated disinhibition in the DG as observed in adult rats
(Wilson and McNaughton, 1993).

It should be noted, however, that we cannot rule out the possibility that the novelty-mediated
enhancement of DG LTP in aged rats may occur via other additional mechanisms or by
unique mechanisms as compared to those operating in adult rats. It is reported that, in young
adult rats, the novelty-mediated enhancement of DG responsiveness or LTP depends on
adrenergic (Kitchigina et al., 1997; Straube et al., 2003a) dopaminergic (Li et al., 2003), and
serotonergic (Richter-Levin and Segal, 1990; Levkovitz and Segal, 1997; Sanberg et al.,
2006), but not cholinergic (Li et al., 2003; Davis et al., 2004), neurotransmission. In
addition, although corticosterone can facilitate primed burst potentiation (Diamond et al.,
1992), exploration of a novel environment does not significantly increase blood
corticosterone concentration as compared with exploration of a familiar environment (Xu et
al., 1998; Straube et al., 2003b) and exposure to a novel environment reverses stress-related
effects on hippocampal synaptic plasticity (Yang et al., 2006), suggesting that stress
hormones and exploration of a novel environment do not share a common mechanism but
rather have unique effects on LTP. It is possible that exploration of novel environments
during aging may facilitate DG LTP by increasing dopaminergic, cholinergic, or adrenergic
neurotransmission. However, all these systems are negatively affected during aging (Luine
et al., 1990; Chouinard et al., 1995; Stemmelin et al., 2000) and the facilitation of LTP by
dopaminergic (Bach et al., 1999), cholinergic (Frey et al., 2001; Bergado and Almaguer,
2002), and adrenergic (Seidenbecher et al., 1997; Bergado and Almaguer, 2002) inputs are
impaired during aging and thus are unlikely to facilitate DG LTP during exploration of
novel environments. Further studies will be required to definitively identify the
neuromodulators involved in the novelty-mediated enhancement of DG LTP during aging.

Besides exposure to novelty, a number of studies report pharmacological enhancement of
hippocampal synaptic plasticity during aging. Age-related deficits in hippocampal LTP can
be attenuated by the application of (Watson et al., 2006) or dietary supplementation with
(Murray and Lynch, 1998; McGahon et al., 1999) antioxidants. In addition, calcium
chelation (Tonkikh et al., 2006) or pharmacological blockade of L-type calcium channels
(Norris et al., 1998; Yu et al., 2003) improves hippocampal synaptic plasticity during aging.
Lastly, pharmacological supplementation with nerve growth factor improves hippocampal
LTP in aged, cognitively impaired rats (Bergado et al., 1997).

The age-related reduction in basal DG synaptic transmission, as revealed by deficits in
input–output functions in the aged groups before our LTP experiments, is a manifestation of
the age-related decrease in the number of perforant path afferents to the DG (Geinisman et
al., 1992) and is supported by previous electrophysiological studies (Barnes and
McNaughton, 1980). In our view, the observation of age-related deficits in basal DG
synaptic transmission, as indicated by input–output functions, does not compromise our
finding of enhanced DG LTP by novelty in aged rats. In fact, our view is that the finding of
enhanced DG LTP by novelty in aged rats is made even more important by the presence of
age-related deficits in basal DG synaptic transmission. Interestingly, our data suggest that
although the aged DG shows deficits in basal synaptic transmission, it still possesses the
ability to show enhanced synaptic plasticity, as revealed by LTP, in response to brief
exposure to novel environments. It should be noted here that basal synaptic transmission and
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LTP are unique, dissociable phenomena, and a deficit in one does not necessarily imply a
deficit in the other. For example, Foster et al. (1996) showed that enriched environments can
increase basal CA1 synaptic transmission without increasing CA1 LTP (actually, CA1 LTP
was decreased by enriched environments). In addition, Dieguez and Barea-Rodriguez (2004)
showed that the age-related deficits in CA3 LTP occur in aged rats without an
accompanying decrease in basal input–output functions (note, however, that this study did
not include an exhaustive investigation of basal synaptic transmission).

Exploration of novel environments may represent an ideal condition under which to reveal
increases in DG plasticity mediated by network disinhibition. We thus extend previous
findings that novelty facilitates DG LTP in adult rats (Sanberg et al., 2006) and now indicate
that aged animals are capable of showing novelty-mediated facilitation of DG LTP. Thus,
brief novelty exposure appears sufficient to facilitate DG LTP in aged animals and
represents a nondietary, nonpharmacological environmental manipulation that facilitates
hippocampal synaptic plasticity during aging.
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FIGURE 1.
Aging impairs TBS-induced DG LTP in the home cage, but TBS delivery during exploration
of novel environments facilitates DG LTP in aged rats. A: Medial perforant path-DG LTP
induction as a consequence of TBS in the home cage in young rats (black triangles, n = 4),
in the home cage in aged rats (gray circles, n = 6), and in a novel environment in aged rats
(black circles, n = 5). After a 30-min baseline, TBS was delivered at time 0, and responses
were recorded for an additional 1 h. TBS induced DG LTP to comparable levels in both
young rats delivered TBS in the home cage and aged rats delivered TBS in the novel
environment (P > 0.05, n.s.). In addition, young rats delivered TBS in the home cage
showed DG LTP, whereas aged rats delivered TBS in the home cage failed to acquire LTP
(P < 0.001). TBS delivered to aged rats in the home cage failed to induce DG LTP, but TBS
delivered to aged rats exploring novel environments induced DG LTP (P < 0.001). B:
Depicted are waveforms (a) during baseline, (b) 30 min into the post-TBS recording period,
and (c) 60 min into the post-TBS recording period for a young rat delivered TBS in the
home cage. Also shown are waveforms (d) during baseline, (e) 30 min into the post-TBS
recording period, and (f) 60 min into the post-TBS recording period for an aged rat delivered
TBS in a novel environment. Depicted are also waveforms (g) during baseline, (h) 30 min
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into the post-TBS recording period, and (i) 60 min into the post-TBS recording period for an
aged rat delivered TBS in the home cage. Calibration bar: 2 mV, 5 ms.
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FIGURE 2.
Delivery of TBS to aged rats induces long-lasting DG LTP in aged rats tetanized during
exploration of novel, but not home, environments. A: Medial perforant path-DG LTP
maintenance as a consequence of TBS in the home cage in young rats (black triangles, n =
4), in the home cage in aged rats (gray circles, n = 6), and in a novel environment in aged
rats (black circles, n = 5). After a 30-min baseline, TBS was delivered at time 0, and
responses were recorded for an additional 4 days. TBS-induced DG LTP was more enduring
in young rats delivered TBS in the home cage as compared to that observed in aged rats
delivered TBS in the novel environment (P < 0.04). Post hoc tests showed differences
between these groups on days 1, 2, and 4 (†Tukey test, P < 0.05). In addition, young rats
delivered TBS in the home cage showed long-lasting DG LTP, whereas aged rats delivered
TBS in the home cage failed to show LTP over days (P < 0.01). Post hoc tests showed
differences between these groups on days 1–4 (*Tukey test, P < 0.05). Furthermore, TBS
delivered to aged rats in the novel environment induced DG LTP that was greater in
magnitude than responses recorded from aged rats delivered TBS in the home cage (P <
0.01). Post hoc tests revealed differences between these groups on days 1–3 (§Tukey test, P
< 0.05). B: Depicted are waveforms (a) during baseline, (b) 2 days into the post-TBS
recording period, and (c) 4 days into the post-TBS recording period for a young rat delivered
TBS in the home cage. Also shown are waveforms (d) during baseline, (e) 2 days into the
post-TBS recording period, and (f) 4 days into the post-TBS recording period for an aged rat
delivered TBS in a novel environment. Depicted are also waveforms (g) during baseline, (h)
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2 days into the post-TBS recording period, and (i) 4 days into the post-TBS recording period
for an aged rat delivered TBS in the home cage. Calibration bar: 2 mV, 5 ms.
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FIGURE 3.
LFS delivered to aged rats briefly exploring novel environments fails to cause changes in
DG responses over minutes or days. A: LFS delivered to aged rats briefly exploring novel
environments does not cause changes in DG responses recorded for 60 min after the
postbaseline recording period (P > 0.05, n.s.). Rats were transferred to novel environments
at time 0 for 15 min and were subsequently returned to the home cage, where DG responses
were recorded for 1 additional hour. Depicted are waveforms from an aged rat (a) during
baseline, (b) 30 min into the postnovelty exposure home cage recording period, and (c) 60
min into the postnovelty exposure home cage recording period. B: LFS delivered to aged
rats briefly exploring novel environments does not cause changes in DG responses recorded
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for 4 days after the postbaseline recording period (P > 0.05, n.s.). Rats were transferred to
novel environments at time 0 for 15 min and were subsequently returned to the home cage,
where DG responses were recorded for an additional 4 days. Depicted are waveforms from
an aged rat (a) during baseline, (b) 2 days into the postnovelty exposure home cage
recording period, and (c) 4 days into the postnovelty exposure home cage recording period.
Calibration bar: 1 mV, 5 ms.
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FIGURE 4.
Input–output curves for all groups of rats utilized in this study. Input–output EPSP slopes
were not statistically different for the following groups: aged home, aged novel, and aged
LFS (Tukey Test, P > 0.05, n.s.). However, the input–output EPSP slopes for the adult home
group were significantly increased as compared to those of the aged home, aged novel, and
aged LFS groups ([F (3,9)] = 3.631, P < 0.001). Specifically, post hoc analyses revealed that
EPSP slopes for the young home group were significantly elevated as compared to those
observed in all other groups at input–output current intensity levels 4–10 (*P < 0.05, Tukey
test).
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