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Abstract
The hippocampus is involved in the detection of novelty and is essential for certain forms of learning
about environmental events and relationships. The cellular and molecular mechanisms of one form
of hippocampal synaptic plasticity, long-term potentiation (LTP), are thought to overlap significantly
with the neural mechanisms of learning. In this study changes in hippocampal synaptic efficacy were
measured in awake, freely behaving rats during exploration of novel environments. Because
hippocampal physiology is modulated by on-going behavior, evoked potentials collected during Type
1 vs Type 2 behavior were evaluated separately. The effect of prior LTP induction at perforant path-
dentate synapses on exploration-induced changes was evaluated. The results show that exploration
causes an increase in population spike amplitude with no change in excitatory postsynaptic potential
during Type 1 behavior that lasts longer than 5 minutes. Prior induction of hippocampal LTP occludes
the change induced by exploration. This change is not likely to be due to a reduction of GABAergic
inhibition induced by novelty.
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1. Introduction
The specific role for the hippocampal formation in various aspects of memory has been a source
of continuing debate. A widely accepted and well-studied role of the hippocampal formation
is in certain forms of spatial memory. According to the cognitive map theory [23], the
hippocampus constructs an internal representation of the spatial properties of an environment.
As an animal moves around an environment, exploring or sampling cues, the hippocampus
constructs and stores a cognitive map that contains information about direction and distance
between places in that environment. Rats with hippocampal damage are impaired in learning
the radial arm maze [10,24], the T-maze [2,27] and the hidden platform version of the Morris
water task [15,16,36,37]. Recent functional neuroimaging studies in humans have also
provided evidence that the hippocampus activated during computerized spatial navigation [1,
13].
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The hippocampus is a key structure in the detection of novelty or familiarity. Evidence that
hippocampus is involved in novelty detection comes from hippocampal lesion,
electrophysiological and biochemical studies in animals and neuroimaging studies in humans
[8,20,25].

The phenomenon of hippocampal long-term potentiation (LTP) provides a well-described
physiological model of synaptic plasticity that may underly learning and memory [4]. If LTP
and learning are based upon a significant degree of the same cellular processes, then a mutual
interference or occlusion would be expected to take place. It has been postulated that under
natural conditions, experience changes hippocampal synaptic strength, which is the basis for
certain forms of learning and memory. LTP-like changes could be reflected in hippocampal
evoked potentials as a result of natural learning or exploration [38]. A number of researchers
have observed LTP-like increases in the EPSP slope and population spike amplitude of
perforant path-dentate gyrus evoked potentials as a result training compared to those evoked
before training [28,35,42]. Active locomotor exploration was shown to be accompanied by a
gradual increase in the EPSP and a decrease in the population spike (PS) while animals acquired
information about novel environments [3,33,34]. However, this relatively short term
modulation of evoked potentials during learning through exploration exploratory is in part due
to increases in brain temperature caused by increased movement [18]. Studies in area CA1 of
the hippocampus [7,44] have shown that expression of prior electrical stimulation induced LTP
was reversed by entering and exploring a novel environment.

Based on recorded hippocampal spontaneous electrical activity, two kinds of wave forms were
found by Vanderwolf [40] to correlate strongly with on-going movements. Rhythmical slow
activity (RSA or theta waves) was recorded during Type I behavior: walking, changing in
posture, turning or raising the head, standing up, rearing, or manipulating objects with the
forepaws. Large amplitude irregular activity (LIA) was recorded during Type 2 behavior: alert
immobility, face washing, licking, chewing, sniffing, or gnashing the teeth. Hippocampal
evoked potentials (EPs) also vary systematically with ongoing behaviors [6,12,32,43].
Entorhinal-dentate gyrus EPs recorded during Type 1 behaviors differ in shape and amplitude
from those recorded during Type 2 behaviors. These correlations between hippocampal activity
and motor activity are generally not changed by behavioral training [41]. Thus, the RSA
accompanying walking has the same frequency and amplitude regardless of whether the
walking occurs spontaneously or as a result of previous training [41]. EP amplitudes in the
dentate gyrus are greater during grooming, which is typically accompanied by LIA, than
running, which is typically accompanied by RSA [6]. In the area CA1, the amplitude of PS is
smaller during behaviors associated with RSA than during those associated with LIA [12].

In this study, one method used if called the behavioral clamping method. In this method, EPs
are compared only when the animal is in the same behavioral state at the time that EPs are
recorded. The most important behavioral dimension is Type 1 vs Type 2 behaviors [40]. This
dichotomy is correlated with the presence of RSA vs LIA EEG states and at the initial transition
into a novel environment there is a clear shift in the proportion of each type of behavior.
Furthermore, existing data [6,12,32,41,43] demonstrate that important aspects of the dentate
evoked potential are modulated by RSA vs LIA states. Thus, the difference caused by the
behavioral states is minimized and learning-related effects can be separated from movement-
related effects.

The primary purpose of this study is to examine the physiological interaction between natural
learning and electrically-induced LTP. In this study, evoked potentials were recorded in the
dentate gyrus in freely-moving rats when rats entered a novel environment with behavioral
clamping method. If LTP underlies learning then within a relevant set of synapses they should
share many of the same cellular processes. Prior LTP induction will therefore interact with
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learning-induced physiological changes. Brain temperatures in both hemispheres were also
recorded to check whether brain temperature did increase in this study in the manner expected
by prior experimentation [18,19].

2. Materials and methods
2.1. Animals

The subjects were male hooded rats of the Long-Evans strain (300–400 g) obtained from Harlan
Laboratories. They were housed in hanging wire single mesh cages on a 12:12 light/dark cycle
with free access to food and water.

2.2. Surgery
Rats were anesthetized with halothane (O2 flow rate 1.5 l/min at 1.5–2% halothane) for chronic
implantation. Rats were implanted, using aseptic surgical techniques, with a single stimulation
electrode and a single recording electrode. In the case of hippocampal electrophysiology the
recording electrode was aimed at the hilar region of the hippocampal dentate gyrus (Paxinos
& Watson, 1986; coordinates: 3.5 mm posterior to the bregma, 1.8 mm lateral to the midline,
and 3.6 mm below the top of the skull) and the stimulating electrode was aimed at the ipsilateral
perforant path (Paxinos & Watson, 1986; coordinates: 8.1 mm posterior to the bregma, 4.3 mm
lateral to the midline, and 3.0 mm below the top of the skull). Two stainless-steel, jewelers’
screws tapped into the skull served as reference and ground components of the differential
recording circuit. One jewelers’ screw tapped into the skull served as the return portion of the
stimulation circuit. An additional jewelers’ screw tapped into the skull provided structural
support for the electrode assembly held in place by dental acrylic cement. The skin incision
was closed with a veterinary glue and the rats received injections of penicillin G (60,000 I.U.
i. m.) and buprenorphine (0.07 ml, i. p.)

2.3. Electrophysiology apparatus
All electrodes were constructed of stainless-steel, insulated with Teflon, and had an outside
diameter of 114 μm. Gold-plated Amphenol pins on the rat’s head served as connectors to the
recording leads. The recording leads passed through a commutator and into a differential
preamplifier (Grass model P15D) and thence to a Neurolog filter and amplifier. The signal was
filtered (1/2 amplitude low frequency - 1 HZ; 1/2 amplitude high frequency = 10 kHz) and the
total amplification was 200X. Signals were displayed on a Nicolet digital storage scope,
continuously monitored on a Grass audio monitor, and sent to a computer running the
DataWave PSW software package (version 6.0, DataWave Technologies, Longmont, CO) data
acquisition and storage system (Delay: 5 ms; Duration: 60 ms; Sampling Rate: 25000 Hz). The
Workbench analysis package was used to measure the amplitude and slope of the dentate gyrus
evoked potential. The positions of both depth electrodes were optimized under
electrophysiological guidance using single pulse stimulation (pulse duration = 100 μs,
amplitude = 300 μA, frequency = 1 per 20 s). Stimulation was provided by an AMPI Master
8 pulse former and an Isoflex optically-isolated constant current stimulator (AMPI Company,
Jerusalem, Israel).

2.4. Two novel environments
During the time that electrophysiological and behavioral recordings were taken, the freely
moving, awake rats were always confined to one of three different recording chambers.

Chamber 1 was the recording chamber that was most familiar to all rats. It was a Plexiglas
square box (25 cm long × 18 cm wide) with a floor composed of small stainless steel bars. It
was placed inside a 100cm diameter cylindrical, white fibreglass enclosure.
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Chamber 2 was a yellow, plastic, square-bottom bucket (height 28 cm, length 30 cm, width 20
cm). Chamber 3 was an iron, circular-bottom popcorn container (height 28 cm; diameter 20
cm). Both chamber 2 and 3 were quite different from the recording chamber.

2.5. Behavioral Observations
During all the recording sessions, behavioral observations were taken at the time of each
stimulus delivery. Vanderwolf and his students named these groupings of behaviors Type 1,
RSA- or theta-associated, and Type 2, LIA-associated [40]. Behaviors were divided into two
categories: 1. walking, leaning forepaws against a wall, head scanning, moving paws, jumping,
rearing, sniffing, all four feet still but head moving. 2. freezing or awake immobility (no
movement of head, trunk, or paws), grooming, licking, scratching. The first behavior category
has been shown to be associated with hippocampal rhythmical slow-EEG activity (RSA or
theta) in the rat [40]. The latter behavior category is associated with hippocampal large
amplitude irregular- EEG activity (LIA) [40]. Behavioral clamping was accomplished for each
rat in the data evaluation by comparing EEG changes before and after introduction into the
novel environment during periods of the same behavioral type (i.e. RSA or LIA related
categories).

2.6. Experimental Procedures
One week after implantation, each rat received daily 30 min habituation sessions in the
recording chamber for 7 consecutive days. In all habituation sessions, each rat was connected
to the commutator and was permitted to freely explore the recording chamber. At the same
time, single pulse stimulation (pulse duration = 100 μs, amplitude = 100 μA, frequency = 1 per
20 s) was delivered and no recording was made throughout the whole session.

In the control group, 15 rats were used. The size of the evoked potential was measured at each
of 6 stimulus pulse intensities (100, 200, 300, 400, 500 μA) - each intensity was repeated 10
times at the rate of 1 pulse per 20 s for each rat. A stimulation intensity was selected by finding
the intensity which produced an evoked response 70–75% of the maximal response. A
submaximal response was selected to ensure that enhancement and inhibition of the evoked
response could be observed. Two measures were taken of each evoked potential: 1. the
amplitude of the field EPSP measured at approximately the middle of the rising slope at a fixed
time after the stimulus artifact (fEPSP), and 2. the amplitude of the trough using the tangent
method (voltage difference between a tangent to the two positive peaks and the trough of the
negative-going wave component) (PS). Rats received one-hour baseline recording in the
recording chamber. Then rats were gently picked up and placed into one of the novel
environments. Recordings continued for another hour in the novel environment.

In the LTP induction group, 15 rats received 20 pulses baseline recording at the optimal
intensity in the recording chamber. Then 10 trials of high frequency stimuli (400 Hz, 10 pulses)
at 500 μA were delivered. After that, rats received one pulse at the optimal intensity for an
hour in the recording chamber. Then rats were gently picked up and placed in a novel
environment. Recording continued for a second one hour in the novel environment. The
increase in LTP was expressed as a fractional change in which the average value of baseline
was divided by the difference between the average value of post-induction minus the average
value of baseline. The criterion of LTP was defined as: more than 50% increase in the amplitude
of PS and more than 15% increase in the slope of EPSP and the enhancement must last for one
hour.

In the paired-pulse control group, 8 rats received paired-pulse stimulation at a constant
frequency of 0.1 Hz with varying inter-pulse intervals of ten each at 10, 15, 20, 25, 30, 40, 60,
and 100 ms in the familiar and novel chamber. In the paired-pulse LTP group, 5 rats received
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LTP induction in the familiar chamber, then received paired-pulse stimulation the familiar and
novel chamber. The amplitude of the population spike was measured using the tangent method.
Data were collected in the recording chamber and in the novel environments. Fractional change
at varying inter-pulse intervals was plotted by subtracting the second population spike
amplitude from the first and dividing by the first. Differences between fractional change curves
were then calculated for familiar and novel environments at each inter-pulse interval. This gave
a measure of degree of modulation for novel effect.

The rats’ behavior during all recording sessions was recorded on video tape. At no time in the
recording sessions did the rats show behavioral signs of sleep. The electrophysiological data
were stored on the microcomputer hard drive.

Bilateral temperature recording was carried out on 2 rats. All of the surgical procedures were
the same as the above experiment except two temperature probes were implanted at the hilar
regions of the bilateral dentate gyri. The temperature probes were 5cm long and 1mm in
diameter (TH-107, PhysiTemp Instruments INC). They were connected to a monitor
(Thermalert TH-8, 0.1 °C) through a flexible cable. The entire procedure was the same as the
above experiment.

2.7. Histology
Rats were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.). They were perfused
intracardially with 50 ml 0.1M phosphate buffered saline solution followed by 4% formalin/
phosphate buffered saline solution (100 ml). The brains were transferred to a 20% sucrose in
4% formalin/phosphate buffered saline solution 48 hr before frozen sectioning in a cryostat.
The brains were cut at 30 μ. Every section through the electrode tracks was mounted on gelatin-
coated glass slides and stained with cresyl violet. They were examined microscopically and
the location of the electrode tips were determined in relation to the atlas of Paxinos & Watson
(1986).

2.8. Data Analysis
All recorded evoked potentials were divided into two categories based on behavior Types 1
and 2 and were compared at the same behavior type.

PS amplitude and EPSP slope were measured automatically using the DataWave PSW software
package (version 6.0). In order to evaluate the effect of transfer from the familiar environment
to a novel one for each rat, six recording intervals were defined. They included the last 5 minutes
in the familiar environment (last5minF), the first 5 minutes in the novel environment
(first5minN), the second 5 minutes (second5minN), the third 5 minutes (third5minN), then the
next 15 minutes in the novel environment (next5minN) and the last 30 minutes in the novel
environment (last30minN). The ratio of the average of each these six durations to the average
of the whole 60 minutes in the baseline recording in the familiar environment were calculated
and the ratios were submitted to repeated-measures ANOVA. Post hoc LSD tests were applied
to statistically test the differences between each of the five intervals in the novel environment
and the last 5 minutes in the familiar environment when the interactions were statistically
significant (p < 0.05).

In the paired-pulse experiment the differences between PS amplitude in the familiar and novel
environment at 8 different intervals during Type 1 and Type 2 behaviors were submitted to
repeated-measures ANOVA.

In order to test the interaction between prior LTP induction and the changes induced by novelty,
the correlation of the proportional changes in PS amplitude and in EPSP slope with the
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proportional changes of all the five intervals in the novel environments {(post-pre)/pre} was
analyzed by Pearson’s correlation coefficient.

In the temperature recording experiment, the changes in brain temperature at both hipocampi
were measured by the fractional ratio [(value-the average of first 15min)/value]. The correlation
between both hippocampi was calculated for each rat to assess how similar the temperature
changes throughout the recoding session are in two hippocampi.

3. Results
Changes in behavior types

Both groups showed a burst in exploratory behavior upon transfer into a novel chamber. Type
1 behavior decreased in frequency and Type 2 behavior increased until they reattained the
levels shown in the familiar environment (Fig. 1 & 2).

No significant difference was found on the number of Type 1 behavior between control and
LTP induction groups at any of the 7 intervals.

Transfer from the recording chamber to the novel chamber
In the control group, there was a significant increase in PS amplitude ratio immediately after
being transferred from the recording chamber to the novel chamber (Fig. 3). This increase was
statistically significant only during Type 1 behavior. The enhancement of the population spike
persisted in the novel environment (P < 0.01). PS amplitude ratio decreased gradually over the
60 min interval. But it remained insignificantly larger during the second 5 min, the third 5 min,
the next 15 min interval and the last 30 min in the novel chamber than that during the last 5
min in the familiar recording chamber. During Type 2 behavior, no significant difference in
PS amplitude ratio between any interval in the novel chamber and the last 5 min in the familiar
chamber was found (Fig. 4). No significant differences on EPSP slope ratio between any
intervals in the novel chamber and the last 5 min in the familiar chamber during Type 1 and
Type 2 behaviors were found (Fig. 5 & 6).

In the LTP induction group, during Type 1 behavior, no significant difference on PS amplitude
ratio between the last 5 min in the familiar chamber and the first 5 min in the novel chamber
was found. Significant decreases on PS amplitude ratio were found during the second 5 min,
the third 5 min, the next 15 min and the last 30 min in the novel chamber (Fig. 3). During Type
2 behavior, no significant decreases were found between any intervals in the novel chamber
and the last 5 min in the familiar chamber (Fig. 4). No significant difference on EPSP slope
ratio between the last 5 min in the recording chamber and any intervals in the novel chamber
during Type 1 and Type 2 behaviors was found (Fig. 5 & 6).

During Type 1 behavior, the proportional change in PS amplitude was significantly negatively
correlated with the proportional changes in the third 5 min (r15=−0.554, p=0.032) and the last
30 min (r15=−0.520, p=0.047) in the novel environment. The present data showed that the
larger magnitude of LTP in PS amplitude, the less increase in PS amplitude induced by novelty
effect. Thus, prior LTP induction significantly interacts with novelty-induced changes.

During Type 2 behavior, the Pearson correlation between the proportional change in PS
amplitude and all 5 intervals in the novel environment were not significant. During Type 1
behavior, Pearson correlations between the proportional change in EPSP slope induced by
high-frequency stimulation and EPSP slope in the 5 intervals in the novel environment were
not significant. During Type 2 behavior, the proportional change in EPSP slope was
significantly negatively correlated with the proportional changes of the first 5 min in the novel
chamber.
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Effects on paired-pulse inhibition and facilitation
During both types of behaviors in the familiar and novel chambers, paired-pulse inhibition was
evident when the interpulse interval is less than 30 ms and paired-pulse facilitation was evident
when IPI is from 30 ms to 60 ms. Paired-pulse facilitation was also seen at 100 ms IPI during
Type 2 behavior in the novel chamber.

No significant differences on paired-pulse inhibition or paired-pulse facilitation between
familiar and novel environments were found at any interpulse interval during either Type 1 or
2 behavior in the paired-pulse control and LTP groups (Fig. 7, 8, 9, 10)

Temperature changes (Fig. 11 & Fig. 12)
Brain temperature was highly associated with rats’ movement. It slowly decreased in both
hippocampi as rats reduced their activity in the recording chamber. When the rats were moving
around, the same increases in temperature were recorded from both hippocampi. After the rats
were transferred into the novel chambers, brain temperature for both hippocampi increased
about 1–2 °C in 10min as a result of increased movements. Then it started decreasing as the
rats habituated to the novel chamber.

No difference was found in temperature variations between the two hippocampi. For both rats,
the changes in brain temperature at both hippocampi were extremely highly positively
correlated (r356 = 0.99, p < 0.0001; r360 = 0.986, p < 0.0001).

4. Discussion
Exploratory activity, marked by locomotion, rearing, and head scanning, accounted for less
than 50% of behavior during a 60 min baseline recording period in a familiar environment.
During the first 15 min in a novel environment, rats exhibited extensive exploratory activities.
Although all rats showed large increases in novelty-induced exploration, this experiment
revealed an increase in PS amplitude and no change in EPSP slope during walking, posture
changing, turning or raising the head, standing up or rearing, which are termed as Type 1
behavior. While no changes were found in PS amplitude and EPSP slope during immobility,
face washing, licking, sniffing, or gnashing the teeth, which are termed as Type 2 behavior.
These results differ with results from some previous studies [9,33,34]. In those studies,
exploration was accompanied by a gradual increase in the EPSP and a decreased PS amplitude.
The increase in EPSP reached a maximum within 10–15 min, after which it decayed slowly
within the succeeding hour. These changes were interpreted as a result of spatial learning which
occurs during the exploration of a novel environment. In subsequent work, this exploration-
induced increase in EPSP slope and a decrease in PS amplitude were shown to be related to
exploration-induced increases in brain temperature [18].

Moser and his colleagues provided evidence that changes in brain temperature induced by
exploration are a very important factor, but not the only one, causing changes in hippocampal
evoked potentials. They carried out a specific experiment to investigate changes in evoked
potentials induced by exploration after brain temperature was controlled [19]. When rats
explored novel objects or familiar objects in a new spatial arrangement, changes in entorhinal-
dentate evoked potentials induced by exploration showed an increase in EPSP slope and a
decrease in PS amplitude. But when brain temperature was manually increased to the same
level as that increased by exploration, a smaller increase in EPSP slope and a bigger decrease
in PS amplitude were found compared to those induced by exploration. Thus, they argue, if
one adjusts for the temperature effect, then the change induced by exploration is an increase
in both PS amplitude and EPSP slope. In the present experiment, brain temperature was
measured not maintained about the same level. The present data are consistent with Moser’s

Wu and Sutherland Page 7

Behav Brain Res. Author manuscript; available in PMC 2008 January 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



data that brain temperature is highly positively associated with the rat’s motor activities.
Furthermore, the present data showed that brain temperatures measured from both hippocampi
change during behavior in a very similar way. According to Moser, an increase in EPSP slope
and a decrease in PS amplitude would be expected if the burst of Type 1 activity increased
brain temperature. Our data, though, showed the opposite effect, an increase in PS amplitude
with no change in EPSP slope related to the change from the recording chamber to the novel
environments. If brain temperature was the key to our results, we would expect an increase in
brain temperature during intense exploration with a resulting decrease in PS amplitude and an
increase in EPSP slope, in both Type 1 and Type 2 behavioral states. We consistently observed
an increase in PS amplitude, lasting more than 5 minutes only during Type 1 behavior in the
novel environment, with no change in EPSP. The fact is, that the changes we observed in PS
amplitude are in the opposite direction from those predicted by an increase in temperature, but
in the same direction as those observed by exploration minus temperature in the Moser et al’s
study [19]. Furthermore, the changes are specific to evoked potentials recorded during Type 1
behavior; they are absent during all intervals of Type 2 behavior. This fact certainly does not
fit with relatively slow brain temperature changes lasting minutes. Furthermore, there was no
evidence in this experiment for an increase in EPSP slope. This is another phenomenon that is
inconsistent with an effect of brain temperature increases.

Interestingly, in rats who had received prior LTP induction one hour before transfer to a novel
environment, there was no rapid change in PS amplitude. This phenomenon is not due to an
effect of prior LTP induction on behavioral states in the novel environment because no
significant difference on the proportions of Type 1 and 2 behaviors between control groups
and prior LTP group. The present data also showed that during Type 1 behavior, the greater
was the LTP induction, the lower was PS amplitude in the novel environment. This supports
the conclusion that there is an important interaction between processes underlying LTP
induction and exploration-induced changes. The nature of the interaction implies that LTP and
exploration induced enhancement may share common mechanisms.

In Xu’s study, it showed an immediate decrease in the population EPSP to prior LTP induction
level in area CA1 when animals started exploration after LTP had been induced for an hour
[44]. No evidence showed that erasure effect was found in this experiment. EPSP slope did not
change significantly after rats were transferred to the novel environments. Even though PS
amplitude during both type of behaviors decreased 5 min after exploration started, it did not
return to baseline value. It disagrees with some studies which have examined the effect of
exploration on electrically induced LTP in area CA1 of the hippocampus [7,14,44]. In these
studies, they showed that the expression of prior electrically induced LTP was unaffected when
rats explored a familiar environment, but LTP was reversed and returned towards baseline
values when animals were transferred to a novel environment one hour after the induction.
They inferred that exposure to novelty, and the attendent synaptic plasticity underlying
acquisition of new information, had the effect of interfering with or erasing the synaptic
enhancement produced by prior LTP induction. A possible explanation for the different
outcomes in the present experiment may be that different hippocampal regions received LTP
induction. Even though LTP in both CA1 area and DG is NMDA-dependent, these two regions
have different roles in spatial memory. It has been reported that rat behavioral performance in
a Y-shaped maze task showed a significant correlation with LTP in the DG, but not in CA1
area [21]. In the Morris water maze task, increased synaptic efficacy in CA1 area facilitates
learning while increased synaptic efficacy in the DG impairs learning [22]. These studies
clearly show that area CA1 and the DG have different roles in different spatial behavioral tasks.
Thus, it is not surprising that the interaction between prior LTP induction and exploration
induced enhancement are different.
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A study with a fear conditioning task in the amygdala showed that prior experience (learned
fear) actually occludes electrically induced LTP in the cortico-amygdala pathway. It indicates
that this kind of learning-inducing enhancement shared some steps with electrically induced
LTP [39]. Another study with contextual fear conditioning in the hippocampal CA1 area
reported that after rats freely explored the experimental apparatus without any adverse
stimulation, the increase in EPSP amplitude was decreased significantly compared to naïve
rats [29]. These studies show prior experience occludes the changes induced by high frequency
stimulations in the amygdala. The present data show that prior LTP induction in the
hippocampus occludes the changes induced by exploration. It implies that LTP and the changes
in evoked potentials induced by exploration share the same mechanism.

In Moser’s study [19], the effect of sensory stimulus-elicited arousal on entorhinal-dentate
evoked potentials was also investigated by presenting an unexpected high frequency tone. The
results showed that the tone caused an immediate increase of the EPSP slope and a parallel
reduction of the PS amplitude. Four minutes after tone onset, this effect disappeared. In our
study, novelty-induced changes in evoked potentials are different from this, but the time course
is similar. It cannot be denied that when rats enter a novel environment they have an initial
arousal or alerting response at the beginning. It is possible that the level of arousal in our study
is different from Moser’s study. Thus, even though our present data are quite different from
Moser’s data, a hypothesis that cannot be ruled out is that the evoked potential changes reported
here reflect a kind of arousal-related modulation of dentate gyrus excitability.

In a previous study, Kitchigina and his colleagues [11] reported that when rats explored a novel
object in an open field, noradrenergic activity arising from cells in the locus coeruleus was
increased and resulted in a large and transient (about 75 s) potentiation of PS amplitude with
no change in EPSP slope in the dentate gyrus. After a intraperitoneal injection of propranolol
(noradrenergic receptor blocker), this phenomenon disappeared. They suggest that novelty-
induced exploration can temporarily increase information transmission through the
hippocampus via the activation of the noradrenergic neurons. In the present experiment, the
increase in PS amplitude during Type 1 behavior lasts longer than 5 min. If a noradrenergic
modulatory effect induced by novelty only lasts 75s, the remaining period (about 225s) of
increase in PS amplitude could be due to different processes.

Another possible factor involved in the present novelty-induced effect is GABAergic
interneurons. Moser [17] reported a decreased PS inhibition via GABAergic modulation during
exploration of new objects. The present data cannot exclude the possibility that the increase in
PS amplitude reflects a temporary reduction in GABA-related inhibition of dentate gyrus
activation. A decrease in GABA inhibition would lead to a larger PS but not EPSP via reducing
current shunting through the GABA-activated Cl− channel. In our study, the novelty effect
which exploration of a novel environment caused an increase in PS amplitude over 5 min and
no change in EPSP slope is not likely to be explained by a reduction of GABAergic inhibition
because the data show no evidence for a reduction in paired-pulse inhibition induced by
novelty.

In the present experiment, the increase in PS amplitude during Type 1 behavior lasts longer
than 5 min with no increase in PS amplitude during Type 2 behavior. It is known that Type 1
behavior is associated with the rhythmical slow activity (RSA). RSA has been considered to
be related to aspects of the learning process [5]. It has been suggested that natural patterns of
bursts of presynaptic activity that are locked to a certain phase of the theta rhythm are especially
able to generate long-lasting synaptic enhancement. A few studies have shown that behavioral
performance is related to the hippocampal theta rhythm. In an eyeblink classical conditioning
study [31], rabbits who showed a large portion of theta rhythm during the acquisition phase
were found to learn this task at a faster rate than those had higher frequencies. When
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hippocampal theta rhythm is disrupted by lesion or drug application, acquisition of this task is
delayed [30]. In this study, during the first 5 min in the novel chamber, each animal was engaged
in Type 1 behavior. It is possible that information about the novel environments is acquired
more efficiently during this burst of Type 1 behavior.
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Figure 1.
Changes in Type 1 behavior during one hour in the familiar chamber (60minF), last 5minutes
in the familiar chamber (last5minF) and 5 different durations in the novel chamber (first 5minN,
second5minN, third5minN, next15minN, last30minN). No significant differences exist
between two groups.
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Figure 2.
Changes in Type 2 behavior during one hour in the familiar chamber (60minF), last 5minutes
in the familiar chamber (last5minF) and 5 different durations in the novel chamber (first 5minN,
second5minN, third5minN, next15minN, last30minN). No significant differences exist
between two groups.
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Figure 3.
Changes in population spike amplitude during Type 1 behavior in control and LTP induction
groups when the rats are transferred from a familiar chamber to a novel chamber. (*, significant
differences in comparison to last5minF, p < 0.05)
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Figure 4.
Changes in population spike amplitude during Type 2 behavior in control and LTP induction
groups when the rats are transferred from a familiar chamber to a novel chamber.
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Figure 5.
Changes in EPSP slope during Type 1 behavior in control and LTP induction groups when the
rats are transferred from a familiar chamber to a novel chamber.
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Figure 6.
Changes in EPSP slope during Type 2 behavior in control and LTP induction groups when the
rats are transferred from a familiar chamber to a novel chamber.
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Figure 7.
Changes in the paired-pulse effects on the population spike amplitude during Type 1 behavior
after rats were transferred into a novel chamber (n=8).
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Figure 8.
Changes in the paired-pulse effects on the population spike amplitude during Type 2 behavior
after rats were transferred into a novel chamber (n=8).
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Figure 9.
Changes in the paired-pulse effects on the population spike amplitude during Type 1 behavior
at the unilaterally implanted rats after the high frequency stimulations and after being
transferred into a novel chamber (n=5).
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Figure 10.
Changes in the paired-pulse effects on the population spike amplitude during Type 2 behavior
at the unilaterally implanted rats after the high frequency stimulations and after being
transferred into a novel chamber (n=5).
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Figure 11.
Proportional temperature changes at the left and right sides of a bilaterally implanted rat during
one hour in the familiar chamber and after being transferred into the novel chamber. The arrow
indicates the moment that the rat is transferred from the familiar chamber into the novel
chamber.
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Figure 12.
Proportional temperature changes at the left and right sides of another bilaterally implanted rat
during one hour in the familiar chamber and after being transferred into the novel chamber.
The arrow indicates the moment that the rat is transferred from the familiar chamber into the
novel chamber.
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