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Novel Environments Enhance the Induction and
Maintenance of Long-Term Potentiation in the
Dentate Gyrus

Cyndy D. Davis, Floretta L. Jones, and Brian E. Derrick
Department of Biology and Cajal Neuroscience Research Center, The University of Texas at San Antonio, San Antonio, Texas 78249-0662

The induction of long-term potentiation (LTP) in the hippocampal formation can be modulated by different behavioral states. However,
few studies have addressed modulation of LTP during behavioral states in which the animal is likely acquiring new information. Here, we
demonstrate that both the induction and the longevity of LTP in the dentate gyrus are enhanced when LTP is induced during the initial
exploration of a novel environment. These effects are independent from locomotor activity, changes in brain temperature, and theta
rhythm. Previous exposure to the novel environment attenuated this enhancement, suggesting that the effects of novelty habituate with
familiarity. LTP longevity also was enhanced when induced in familiar environments containing novel objects. Together, these data
indicate thatboth LTP induction and maintenance are enhanced when LTP is induced while rats investigate novel stimuli. We suggest that
novelty initiates a transition of the hippocampal formation to a mode that is particularly conducive to synaptic plasticity, a process that
could allow for new learning while preserving the stability of previously stored information. In addition, LTP induced in novel environ-
ments elicited a sustained late LTP. This suggests that a single synaptic population can display distinct profiles of LTP maintenance and
that this depends on the animal’s behavioral state during its induction. Furthermore, the duration of LTP enhanced by novelty parallels
the time period during which the hippocampal formation is thought necessary for memory, consistent with the view that dentate LTP is

of a duration sufficient to sustain memory in the hippocampal formation.
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Introduction

Information flow through the “trisynaptic circuit” of the hip-
pocampal formation is dynamic and can vary depending on the
animal’s behavioral state (Winson and Abzug, 1978a,b; Buzsaki
et al,, 1981). Similarly, studies of the effect of distinct behavioral
states on the induction of long-term potentiation (LTP), a phe-
nomenon thought to reflect a cellular mechanism involved in
learning (Bliss and Gardner-Medwin, 1973; Bliss and Lomo,
1973; Bliss and Collingridge, 1993), suggest that behavioral states
such as alert waking states and rapid eye movement sleep are
more conducive to the induction of LTP than other states (Jones-
Leonard et al., 1987; Bramham and Srebro, 1989). However, in
these previous studies, behavioral states were broadly defined,
such as “alert” states or awake and sleep states. Other studies
observed LTP induction in waking states in which the animal was
acquiring new information (Roman et al., 1987; Chaillan et al.,
1996). These studies suggest that behaviors involving learning are
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permissive for LTP induction (Roman et al., 1987; Chaillan et al.,
1996). Thus, behavioral states that involve associative learning
appear permissive for LTP induction.

One behavior that implicitly involves learning and that may be
particularly permissive for hippocampal synaptic plasticity is the
exploration of enriched or “novel” environments (Rosenzweig et
al., 1962; O’Keefe and Nadel, 1978; Green and Greenough, 1986;
Wilson and McNaughton, 1993). Previous studies indicate that a
number of important physiological changes occur during the ini-
tial period of exploring a novel environment, some of which can
facilitate LTP induction. For example, a decrease in somatic
GABAergic inhibition is observed in the dentate gyrus during the
initial exploration of a novel environment (Moser, 1995, 1996).
Because a reduction in GABAergic inhibition can facilitate LTP
induction by enhancing postsynaptic depolarization (Wigstrom
and Gustaffson, 1983, 1985), the exploration of novel environ-
ments alters hippocampal function in a manner that would facil-
itate LTP induction. Thus, novel environments appear to elicit a
“mode” of hippocampal function, during which LTP induction is
optimal. As such, this mode may reflect states of hippocampal
operation during which LTP and learning normally occur.

If behavioral states elicited during the exploration of novel
environments also elicit conditions optimal for LTP, then it
would be expected that these same conditions would be particu-
larly conducive to the experimental induction of LTP. Several
recent studies indicate that LTP induction in the CA1 region (Li
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etal., 2003) and the longevity of early and late LTP (L-LTP) in the
dentate gyrus (Straube et al., 2003a) are enhanced by novelty.
However, studies have yet to address the effect of novelty on the
induction and maintenance of L-LTP that can persist for days to
weeks after its induction. In addition, in previous studies, the
effects of novelty on LTP were assessed before or after LTP induc-
tion (Straube et al., 2003a,b). We were interested in determining
whether LTP induced during a single, brief period of exposure to
novel environments alters LTP induction and its subsequent
maintenance in the absence of the novel stimuli, because their
continued presence may have influenced the apparent longevity
of LTP. Here, we report that inducing LTP during the initial
exploration of a novel environment results in an enhancement of
the LTP magnitude and increased the longevity of LTP to 2 weeks,
double its usual duration when induced in the animal’s home
cage. This effect can be mediated not only by novel environments
but by novel objects as well. Some of these data have been
reported previously (Davis-Hart and Derrick, 1997, 1999,
2000; Davis-Hart et al., 1998).

Materials and Methods

Subjects. Forty-one adult male Fisher-344 rats (350—400 gm), ~6
months of age (Charles River, Wilmington, MA), were housed individ-
ually with a 12 hr light/dark cycle and ad libitum access to food and water.
All animals were handled in accordance with the standards established in
the Guide for the Care and Use of Laboratory Animals published by the
Institute of Laboratory Animal Resources of the National Research
Council (United States).

Permanent electrode implantation. Permanent electrodes were im-
planted in the medial aspect of the angular bundle and the dentate gyrus
as described previously (Villarreal et al., 2002). Animals were anesthe-
tized with pentobarbital sodium, and under sterile conditions, a Teflon-
coated, stainless-steel recording electrode was placed in the hilar region
of the dorsal dentate gyrus (anteroposterior, —3.5 mm; mediolateral,
—2.0 mm; dorsoventral, —3.0 mm) (Paxinos and Watson, 1982). A bi-
polar stainless-steel stimulating electrode was placed in the dorsomedial
aspect of the angular bundle, which corresponds to perforant path fibers
generated primarily from the medial entorhinal cortex (anteroposterior,
—8.1 mm; mediolateral, —4.1 mm; dorsoventral, —2.3 mm) (McNaugh-
ton and Barnes, 1977; McNaughton, 1980). Electrodes were attached to
gold amphenol pins, mounted in plastic sockets, and affixed to the skull
with jeweler’s screws and dental acrylic (Fig. 1 A).

In some animals, a stainless-steel guide cannula (23 gauge) sealed at
one end with tin solder was implanted in the contralateral dentate gyrus
to allow insertion of a temperature probe (Physiotemp, Clifton, NJ) and
measurement of brain temperature simultaneously with the collection of
evoked responses. Animals were allowed to recover for at least 2 weeks
after surgery before the collection of field responses.

Collection of field responses and LTP induction in awake animals. After
recovery, field EPSPs were evoked using a current intensity that pro-
duced responses 50% of the maximal slope (200—600 wA) as determined
by input—output curves for each animal. This current intensity was used
for all subsequent stimulation, including daily collection of low-
frequency-evoked responses and high-frequency trains used to induce
LTP. Our previous studies indicated that stimulation at 50% of the max-
imal intensity induced LTP ~40-60% of the time (Davis-Hart and Der-
rick, 1997). Therefore, we used this intensity for LTP induction to in-
crease the sensitivity of detecting any alterations in LTP induction. The
magnitude of field EPSP slopes was measured in the averaged response
over the 1-3 msec period after response onset. Response magnitudes
were measured each day by collecting 10 evoked responses (0.333 Hz
rate) at the same time of day for each animal. Responses were amplified,
filtered (0.3 Hz to 10 kHz), digitized (10 kHz), and stored for off-line
averaging and analysis using commercially available software (DataWave
Technologies, Thornton, CO). After collection of baseline responses,
LTP was induced using three high-frequency “theta burst” trains (five 10
msec, 400 Hz bursts delivered at 200 msec interburst intervals per train;
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Figure 1.

Illustration of preparations used in the present studies. A, Photograph of an adult
rat with permanently implanted electrodes. B, Photograph of a typical novel environment. Each
environment was constructed from a standard cage (47 X 25 X 20 cm) and contained assorted
objects (metal and plastic toys) affixed to the cage bottom.

total train duration, 850 msec) delivered at 5 min intervals. An EEG was
collected (1 kHz rate; 2 sec epochs) immediately before and after collec-
tion of each low-frequency-evoked response and before and after deliv-
ery of each theta burst. The total power of EEG (V?) in the theta fre-
quency range (4—-12 Hz) was assessed before and after each theta train
using a fast Fourier transform analysis (DataWave Technologies). In
animals in which hippocampal brain temperature was measured, digi-
tized temperature values were collected simultaneously with each evoked
response.

Atropine hydrochloride (30 mg/kg) was used in some experiments and
was dissolved in water and administered intraperitoneally during the
baseline period and 30 min before placement in a novel cage. In these
experiments, only a single theta burst was used because our previous
studies demonstrated that the enhancement of LTP by novelty is equiv-
alent regardless of whether animals receive one or three theta bursts
(Davis-Hart and Derrick, 2000; data not shown).

Novel and “familiar” environments. In studies assessing the effects of
novel environments on LTP, LTP was induced after the animals were
either reoriented in a differentlocation within their home (familiar) cage,
or placed in a novel cage. Novel cages were identical to home cages (47 X
25 X 20 cm), save for the addition of four to five plastic and metal objects,
such as open-ended tunnels, miniature toys, and items with non-food
odors (e.g., commercial antiseptics). Objects were mounted permanently
on the cage floor to prevent displacement by the animal, which can
confound measures of total activity, and to maintain specific configura-
tions of objects within the cage (Fig. 1 B).

LTP induction in novel and familiar environments. For all experiments,
daily response magnitudes were calculated from an average of 10 re-
sponses collected each day in the animal’s home cage at a rate of 0.05 Hz.
After at least 5 d of stable daily responses, LTP was induced in either a
novel or a familiar environment. For LTP induction, baseline responses
were collected in the animal’s home cage at a rate of 0.05 Hz for a mini-
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mum of 15 min. Animals were then gently placed in a novel cage or
reoriented in the home (familiar) cage by grasping and moving the ani-
mal to the opposite end of the cage so as to control for any effects of
handling. We chose to manually place animals in environments, rather
than allowing choice entry into the novel environments, because the
latter method is often accompanied by avoidance behaviors, and animals
frequently do not enter accessible novel cages. In contrast, manually
placing animals in cages is likely less stressful because all animals are
handled several times a day (handling is necessary to attach head stage
connectors necessary for daily data collection). The novel cage bedding
was changed, and objects were cleaned with a methanol-based disinfec-
tant after each period of exploration. Responses were again collected over
the 15 min period in the home or novel cage (0.05 Hz). Locomotor
activity was monitored over the 15 min period after placement or reori-
entation in a novel or home cage. Five minutes after placement in the
novel or home cage, three theta burst trains were delivered at 5 min
intervals. Immediately after delivery of the third and final theta burst
delivered 15 min after placement or reorientation in the cage, animals
were grasped and returned to their home cage, or, in the case of home
cage controls, grasped and reoriented in their home cage. Responses were
again collected in the animal’s home cage for an additional 1 hr at the
same (0.05 Hz) rate as baseline responses. Daily responses collected after
LTP induction also were collected in the animal’s home cage.

Measurement of activity during exploration of novel or familiar environ-
ments. Exploratory behaviors include a number of diverse actions, in-
cluding locomotion, rearing, nose poking, etc. Therefore, we measured
the total activity of each animal during recording of daily responses and
during the 15 min period of exploration and LTP induction using an
activity monitor (Videomex-V; Columbus Institute, Columbus OH),
which analyzes motion by a pixel-by-pixel analysis of contrast changes
within the cage area (1000 X 3000 pixels/cm*) over the 15 min period of
exploration. Activity during exploration of novel or familiar environ-
ments is expressed as the total number of pixels detecting contrast change
over the 15 min period.

Measures of LTP magnitude, probability, and longevity. LTP magnitude
was calculated as the percentage change in field EPSP slopes 55—60 min
after stimulation compared with the average slope magnitude observed
during the 5 min baseline period immediately preceding placement in
home or novel cages. LTP longevity was assessed by averaging 10 re-
sponses collected in the rat’s home cage 24 hr after LTP induction and
daily thereafter for at least 2 weeks. For measures of LTP magnitude over
days, the percentage change in the EPSP slope of the averaged daily
response was compared with the average magnitude of responses col-
lected during the 3 d baseline before LTP induction. LTP was considered
to have decayed once average daily responses did not differ significantly
from the average baseline response magnitude measured over the 3 d
before LTP induction. Although a number of studies quantify LTP decay
using exponential curve fitting (Abraham et al., 2002), we have noted that
LTP induced in awake animals using a series of theta bursts rarely elicited
LTP that appeared to decay exponentially (Villarreal et al., 2002). In fact,
on average, LTP magnitude often was larger 24 hr after induction than at
1 hr after tetanus (see Fig. 3B and Results). Therefore, in our studies, LTP
longevity was assessed by comparisons with LTP magnitude in control
cohorts over the 4—14 d after LTP induction (when LTP decay normally
is evident) using a two-way repeated-measures ANOVA and a Newman—
Keuls pairwise test for comparisons of LTP magnitude over days. LTP
was considered to have “decayed” once the average daily response mag-
nitudes for the group did not differ significantly from the average base-
line response amplitude. For all quantitative measures, data presented
reflect the mean = SEM.

For calculations of LTP induction probability, successful LTP induc-
tion was defined arbitrarily as an increase in field EPSP slope amplitudes
of =20% when measured 55—60 min after tetanus. LTP induction prob-
abilities are presented as the ratio of the number of animals displaying
LTP magnitudes of =20% over the number of animals displaying
changes that were <<20%. However, statistical analyses of probabilities
(e.g., Fisher test) require a substantial number of observations for suffi-
cient power. Because our experiments used sample sizes that were rela-
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Figure 2.  Phasic alterations in evoked perforant path—dentate gyrus responses are ob-

served after displacement of animals to novel or familiar (home) cages. A, Example of perforant
path— dentate responses before and after placement in a novel cage showing increases in
population spike amplitude and a concomitant decrease in field EPSP slopes. Calibration: 0.5
mV, 5 msec. Graphsillustrating the average time course and magnitude of changes in field EPSP
slopes (B) and population spikes == SEM ( () after placementin a novel environment (n = 5) are
shown.

tively small (<10 animals/group), LTP induction probabilities are pre-
sented here only as a descriptive statistic.

Results

Effects of novel environments on behavior and perforant
path—granule cell synaptic responses

After placement of the animal in the novel environment, the most
salient behavioral effect observed was exploratory behavior char-
acterized by ambulation, sniffing, and rearing. Responses that
usually accompany fearful or stressful novel environments, such
as freezing, defecation, or avoidance behavior (Diamond and
Rose, 1994), were not observed. Rather, animals immediately
engaged in exploratory behaviors when placed in the cage. Simi-
larly, control animals that were simply grasped and reoriented in
a different region of their home cage also showed similar in-
creases in exploratory behaviors (see below).

The one salient effect we observed in perforant path—dentate
responses after placement in either a novel or familiar (home)
cage was a transient (3—5 min) decrease in the field EPSP slope
(Fig. 2A,B) (F; 14y = 4.63; p < 0.06; n = 5). This was accompa-
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nied by a paradoxical, intermittent in-
crease in population spike magnitude (Fig.
2A,C) (Fy 14 = 471, p < 0.05; n = 5).
These effects are unlike those observed
during extensive exploration and medi-
ated by increases in brain temperature
(Erickson et al., 1993; Moser et al., 1993),
in which case increases in field EPSPs and
decreases in population spikes are ob-
served. However, these effects are quite
similar to previous reports indicating al-
tered responsivity of dentate granule cells
in response to novel objects (Stanton and
Sarvey, 1987; Sara and Segal, 1991; Harley
and Sara, 1992; Klukowski and Harley,
1994; Vankov et al., 1995; Kithigina et al.,
1997) in which an increase in evoked pop-
ulation spikes are reported. However, a
phasic decrease in field EPSPs also was ob-
served when animals were simply reori-
ented in their home cage (see Figs. 34, 5B).
Thus, the effects of exploration and nov-
elty on field EPSPs observed here may re-
flect a phenomenon distinct from novelty-
induced changes on population spikes,
because it was observed during explora-
tion of both novel and familiar
environments.

Inducing LTP in novel environments
facilitates both induction and longevity
We first examined the effects of inducing
LTP during the initial exploration of a
novel environment. Five minutes after
placement of animals in the novel cage or
reorientation in the home cage, three theta
burst trains were delivered at 5 min inter-
vals. After 15 min (immediately after the
third train of theta bursts), animals were
either returned to their home cage or re-
oriented again in their home cage. Al-
though the initial level of LTP did not dif-
fer between groups immediately after theta
bursts (Fig. 3A), LTP magnitude measured
55-60 min after tetanus revealed signifi-
cantly greater LTP magnitude in animals
that received theta bursts in a novel envi-
ronment (144 = 7.6%; n = 7) compared
with animals receiving theta bursts while
exploring their home cage (126 £ 1.6%;
Foiis) = 15.44; p < 0.05; n = 8) (Fig. 3A).
Using increases in EPSP slopes of =20%
55-60 min after tetanus as an arbitrary
definition of LTP, potentiation was ob-
served 43% of the time in the home cage
(three of seven stimulation sessions),

whereas LTP induced in a novel environment was observed 75%
of the time (six of eight stimulation sessions).
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Figure3. Induction of LTP in novel environments enhances the magnitude and time course of LTP induced with three sets of

theta burst trains (arrows). A, The magnitude of LTP was enhanced significantly when induced in a novel cage (O; n = 8)
compared with LTP induced in the rat’s home cage (@; n = 7) 1 hr after tetanus (*p << 0.05). B, LTP duration over the 2 week
period after LTP induction as measured daily in the animal’s home cage. Only animals that displayed increases of field EPSP
magnitude >20% 1 hr after tetanus were used in comparisons of LTP longevity (see Materials and Methods). Comparison of the
duration of LTPinduced in a novel cage (O; n = 6) or the animal’s home cage (@; n = 3) reveal that LTP longevity was enhanced
5-12d after LTP induction in animals tetanized in a novel environment (*p << 0.05). C, Measures of activity during exploration of
novel or home cages. There were no significant differences in the total activity (total change in pixels within the cage area
measured over the 15 min period of exploration) in the home or novel cages ( p > 0.05).

only animals showing successful LTP induction (>20% increase
in field EPSP slopes 1 hr after tetanus) were included in measures

LTP induced during the first encounter with a novel environ-
ment not only enhanced LTP magnitude but also increased the
longevity of LTP. In these studies, the time course of LTP was
assessed by collecting daily responses up to 2 weeks after LTP
induction. To ensure an accurate comparison of LTP longevity,

of LTP longevity (n = 6 for animals tetanized in novel cages; n =
3 for animals tetanized in their home cages). Comparison of the
daily magnitude of potentiated responses revealed LTP with a
duration of ~7 d when induced in the home cage, a duration
commonly observed for perforant path—dentate LTP (Barnes,



Davis et al.  Novelty and LTP

1979; Villarreal et al., 2002). In contrast, LTP persisted for up to
14 d when LTP was induced while animals explored a novel en-
vironment (F, ;) = 9.8; p < 0.05) (Fig. 3B). Thus, inducing LTP
during periods of exploration of a novel environment facilitates
both the induction and longevity of perforant path—dentate LTP.

A number of factors associated with exploratory activity,
rather than novel environments per se, also could mediate these
alterations in LTP induction and maintenance. One confound
associated with recording from awake, freely moving animals is
that increased locomotor activity can alter a number of aspects of
dentate responses (Moser et al., 1993). Therefore, it is possible
that a greater degree of ambulation or exploratory activity in
novel environments may have altered LTP induction and its sub-
sequent maintenance. We therefore measured the total activity
during the exploration in a subset of animals from each group in
these initial experiments. A comparison of the total activity of
each animal from each group over the 15 min period of explora-
tion revealed no significant differences in total activity among
animals exploring novel and home cages (F, 4) = 0.02; p > 0.05;
n = 5/group) (Fig. 3C).

Novelty-induced facilitation of LTP habituates with
familiarity but is reinstated in a distinct novel environment

In our initial experiments, the effects of both novel and familiar
(home) environments on LTP were tested in each animal using a
counterbalanced experimental design. Over the course of these
studies, we noticed that repeated induction of LTP within a single
novel environment resulted in a reduction in the enhancing effect
of novel environments on LTP (data not shown). Therefore, we
addressed directly the effect of familiarity with the novel environ-
ment on LTP induction and longevity, as well as the possible
contribution of exploratory activity to this effect. In our first
experiments, LTP was first induced while the animals explored a
novel environment, and the usual facilitation of LTP longevity
was observed. Three to 4 weeks later, LTP was induced again
while the animal explored this same novel environment. As
shown in Figure 4 A, LTP longevity was significantly less than the
duration of LTP that was induced initially in this same environ-
ment (F, ,) = 4.58; p < 0.05; n = 5). Three to 4 weeks later, LTP
was induced again in these same animals, with tetani delivered
while animals explored a new, unfamiliar novel environment that
contained different novel objects. The enhancement of LTP lon-
gevity was reinstated by this unfamiliar environment and was
identical to LTP longevity observed with the initial novel envi-
ronment. Measures of activity in separate animals under identical
conditions indicate no significant differences in activity while
animals explored the novel, familiar novel, or the new novel cages
at 3—4 week intervals (F(, o) = 1.47; p > 0.05; n = 4) (Fig. 4B).
Together, these data indicate that the enhancement of LTP lon-
gevity by novelty habituates with familiarity of the novel environ-
ment and that the facilitation of LTP is significantly attenuated
when induced while exploring the now familiar novel
environment.

Novelty-induced facilitation of LTP induction and LTP
longevity is differentially affected by novel environments and
novel objects

The above findings indicate that the facilitation of LTP induced
in novel environments is attenuated by familiarity with the envi-
ronment. One likely explanation for such habituation is that the
facilitation of LTP by novel environments may be stimulus
bound and dependent on the novel stimuli within the environ-
ment. However, there are a number of possible confounds asso-
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initial induction of LTP in a novel environment (¥; n = 5) produced LTP that persisted for ~14
d. Subsequent induction of LTP in these animals in the same novel environment 3—4 weeks
|ater resulted in a significant reduction in LTP longevity (O; *p << 0.05), suggesting the animals
habituated to the once-novel cage. However, when these same rats were tetanized in a new,
unfamiliar novel environment 3—4 weeks later, the novelty-induced enhancement of LTP lon-
gevity was reinstated (@). 8, No significant differences in activity were observed while animals
explored novel cages (N1), the same cage 3—4 weeks later (N1), or a new novel cage 3—-4
weeks later (N2; n = 4).

ciated with these experiments that also could account for these
effects. For example, the effects of novel environments on LTP
induction and LTP longevity may be regulated by nonspecific
aspects of exploratory behavior, such as ambulation or arousal
associated with novelty. It also is possible that contextual or con-
figurational aspects of the objects, rather than simply the novelty
of the objects, may be sufficient to elicit conditions that facilitate
LTP (Wan et al., 1999; O’Reilly and Rudy, 2001). Thus, some or
all of the facilitation effects seen with LTP induced in a novel
environment may be mediated by factors other than simply novel
stimuli within the environment.

We addressed this question first by testing the effects of novel
stimuli on LTP induction and longevity. In these experiments,
baseline responses were collected daily for 3 d in the home cage,
after which the animals were placed in a novel cage and allowed to
explore this novel environment for 15 min periods over 3 con-
secutive days (n = 15). On the fourth day, the animals were
divided into two groups, with one group of animals placed in the
original novel cage containing the same, now familiar, objects
(n = 9) or the standard cage that contained new, unfamiliar
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objects (n = 6) (Fig. 5A). LTP was induced using three theta
bursts at 5 min intervals after placement in the cages containing
the novel or familiar objects. Immediately after LTP induction,
animals were returned to their home cages, and responses were
collected for 1 additional hour; daily responses were collected in
the animal’s home cage for 2 weeks after LTP induction.

In contrast to the results of our first study comparing LTP
induction in novel environments and the home cage, no signifi-
cant differences in LTP magnitude as measured at 1 hr were ob-
served among animals tetanized while exploring novel versus fa-
miliar objects, although a trend of larger LTP when induced in
the presence of the novel objects was observed [change in field
EPSP slopes in animals that received theta bursts in the original
novel environment, 114 * 6% (n = 9); LTP magnitude induced
while exploring the novel environment with new objects, 118 =
8% (n = 6); F1 5 = 0.12; p > 0.05] (Fig. 5B). In addition, the
proportion of stimulated animals displaying LTP (increases of
>20%) was similar in environments with new and familiar ob-
jects (three of six animals for novel objects vs five of nine animals
for familiar objects). However, the probability of LTP (increases
of >20%) was lower in both groups that were observed in our
first experiment in which animals were exposed to a completely
novel environment. Thus, novel objects within the cage had little
effect on LTP induction, and previous exposure to complex en-
vironments reduced the facilitation of LTP magnitude and in-
duction probability normally observed in novel environments.
However, an analysis of LTP longevity in a subset of animals
displaying LTP (n = 3/group) revealed that the longevity of LTP
when induced in environments with novel objects was enhanced
compared with animals tetanized in the environment with famil-
iar objects (Fig. 5C) (F(; 4, = 8.9; p < 0.05). Interestingly, the
longevity of LTP induced in the presence of novel objects was
similar to the duration of LTP when induced on the initial expo-
sure to a novel environment (compare Fig. 3B). Again, measures
of activity in animals that displayed LTP revealed no differences
in total activity on day 4 when animals were tetanized in cages
containing familiar or new novel objects (F, ,) = 0.01; p > 0.05;
n=6) (Fig. 5D). Together, these data indicate that the addition of
novel objects to a familiar environment significantly enhanced
LTP maintenance, but not LTP induction, as reflected in initial
LTP magnitude and induction probability.

Does the enhancement of LTP involve alterations in

brain temperature or in theta rhythm that occurs with
exploratory behaviors?

A number of factors associated with exploratory behaviors but
unrelated to novelty within the environment may have produced
the facilitation observed with LTP when induced in novel envi-
ronments. Previous investigations have reported that extensive
ambulation and subsequent increases in brain temperature can
alter evoked dentate responses (Moser et al., 1993, 1994). Thus,
elevations in brain temperature resulting from greater amounts
of ambulation in novel environments could alter induction and
subsequent expression of LTP. However, as observed in our orig-
inal experiments (Figs. 3C, 4B), no differences in total activity
were observed among animals exploring either familiar or home
cages, or cages containing novel objects. This argues against the
view that increased activity underlies the enhancement of LTP
when induced in novel environments.

Although the lack of a difference in total activity suggests it is
highly unlikely that locomotor-induced changes in brain temper-
ature are a potential confound, we nonetheless determined
whether differences in brain temperature might have contributed
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to the effects observed on LTP induced in novel environments.
This was accomplished by measuring the changes in brain tem-
perature during exploration of both the home cage and novel
environments using a temperature probe placed in the contralat-
eral dentate gyrus (see Materials and Methods). Both tempera-
ture and field EPSP slopes were measured in a separate set of
animals (n = 4) 5 min before and 10 min after placement in the
novel environments or reorientation in the home cage. Brain
temperature did not change significantly during exploration of
either novel or home cages (Fig. 6).

Another potential factor that we thought would likely alter LTP in-
duction during exploration is the occurrence of theta rhythm, a 3-12 Hz
rhythm observed in the hippocampal formation during exploratory be-
haviors and locomotion (Landfield et al., 1972; Vanderwolf, 1975; Arai
and Lynch, 1992). Previous studies indicate that stimulation parameters
that mimic theta activity are optimal for inducing long-lived LTP in the
CALI region (Staubli and Lynch, 1987). In addition, LTP induction is
enhanced when high-frequency trains are delivered during the positive
phase of theta rhythm (Pavlides et al., 1988; Huerta and Lisman, 1993;
Orr et al., 2001; Buzsaki, 2002). Thus, it is possible that greater amounts
of theta rhythm generated during the periods in novel environments
may underlie the enhancement of LTP induction or maintenance. To
investigate the possible contribution of theta rhythm to the novelty-
induced enhancement of LTP, we compared EEGs collected before and
after each theta burst train in our original experiments in which animals
explored either a novel or familiar (home) cage. An analysis of total
power in the theta range (3—12 Hz) during two 2 sec epochs before and
after each theta burst train revealed no differences in theta power in
animals exploring either the home (1 = 5) or the novel (n = 5) environ-
ment (F3 ;) = 0.002; p > 0.05) (Fig. 6 B). Thus, activity, brain temper-
ature, and theta rhythm power during tetanus were equivalent among
animals exploring novel and familiar environments.

Although the measures of general activity and theta magni-
tude were equivalent in novel or familiar environments, it re-
mains possible that novel environments may have elicited more
frequent, or perhaps longer, periods of theta rhythm over the 15
min period of exploration. We therefore addressed further the
possible contribution of theta rhythm to the enhancement of LTP
by novelty using systemic administration of atropine sulfate (30
mg/kg, i.p.), a treatment that blocks type II theta (Vanderwolf
and Leung, 1983). In these experiments, only a single theta burst
was used to induce LTP. During the course of our studies, we
found that the enhancement of LTP magnitude and longevity by
novel environment were equivalent regardless of whether one or
three theta trains were used (data not shown). In these experi-
ments, atropine (n = 5) or water vehicle (n = 5) was adminis-
tered 30 min before placement in a novel environment, and a
single theta train was delivered 5 min later. Although this dose of
atropine attenuated baseline responses shortly after administra-
tion, atropine did not affect the enhancement of LTP magnitude
or longevity when induced in novel environments (Fig. 7A). In
addition, both atropine- and vehicle-treated animals showed the
usual novelty-induced facilitation of both LTP induction proba-
bility (LTP of >20% was observed in four of five animals treated
with atropine and in four of five animals given only the water
vehicle) as well as LTP longevity (compare Figs. 3B, 7B).

Discussion

The principal finding of these studies is that both the induction
and maintenance of LTP are enhanced when LTP is induced
while the animal is exploring a novel environment. Novel envi-
ronments are regarded as rich learning situations and are known
to produce a number of alterations in hippocampal morphology,
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Figure 5. Induction of LTP in the presence of novel objects enhances LTP longevity. A,

Graphic showing the experimental design. Animals were allowed to explore a single novel cage
for a 15 min period over 3 consecutive days (n = 15). On the fourth day, animals were placed
either in this same cage orin an identical cage with distinct, unfamiliar objects. LTP was induced
by delivering three sets of theta burst trains (arrows). 8, Comparison of LTP magnitude at 1 hr
when induced in a cage containing familiar (@; n = 9) or novel (O; n = 6) objects. No
significant differences were observed in LTP magnitude 1 hr after tetanus ( p > 0.05). , The
longevity of LTP in animals displaying increases of >>20% when induced in cages that con-
tained either novel (n = 3) orfamiliar (n = 3) objects. LTP longevity was significantly enhanced
over days 8 —13 in animals tetanized in the presence of novel objects (*p << 0.05). D, Measures
of total activity during the 15 min period of exploration over days 1-4in animals that displayed
LTP. Shown are measures of activity (total change in pixels within the cage area as measured
over the 15 min period of exploration; £) on days 1-3 (n = 9), and for these same animals
placed in home cages with either familiar (n = 3) or unfamiliar (» = 6) objects on day 4. No
significant differences in activity were observed among animals exploring cages with familiar
objects (H) or novel objects (1) on day 4 ( p > 0.05).
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Figure 6.  Changes in brain temperature and theta rhythm observed while exploring novel or
home environments. 4, Plot of field