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Stimulation on the Positive Phase of Hippocampal Theta Rhythm
Induces Long-Term Potentiation That Can Be Depotentiated by
Stimulation on the Negative Phase in Area CA1 In Vivo

Christian Holscher', Roger Anwyl,2 and Michael J. Rowan’

Departments of 1Pharmacology and Therapeutics and 2Physiology, Trinity College Dublin, Dublin 2, Ireland

Long-term potentiation (LTP) of synaptic transmission induced
by high-frequency stimulation (HFS) is considered to be a
model for learning processes; however, standard HFS proto-
cols consisting of long trains of HFS are very different from the
patterns of spike firing in freely behaving animals. We have
investigated the ability of brief bursts of HFS triggered at dif-
ferent phases of background theta rhythm to mimic more nat-
ural activity patterns. We show that a single burst of five pulses
at 200 Hz given on the positive phase of tail pinch-triggered
theta rhythm reliably induced LTP in the stratum radiatum of the
hippocampus of urethane-anesthetized rats. Three of these
bursts saturated LTP, and 10 bursts occluded the induction of
LTP by long trains of HFS. Burst stimulation on the negative
phase or at zero phase of theta did not induce LTP or long-term

depression. In addition, stimulation with 10 bursts on the neg-
ative phase of theta reversed previously established LTP. The
results show that the phase of sensory-evoked theta rhythm
powerfully regulates the ability of brief HFS bursts to elicit either
LTP or depotentiation of synaptic transmission. Furthermore,
because complex spike activity of approximately five pulses on
the positive phase of theta rhythm can be observed in freely
moving rats, LTP induced by the present theta-triggered stim-
ulation protocol might model putative synaptic plastic changes
during learning more closely than standard HFS-induced LTP.
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depotentiation; long-term depression (LTD); theta rhythm;
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Long-term potentiation (LTP) of neuronal synaptic responses has
been discussed for 30 years as a possible model for synaptic
changes that occur during learning (Lgmo, 1966; Bliss and Lgmo,
1973; McNaughton et al., 1986; Morris, 1989; Bliss and Col-
lingridge, 1993). The standard protocol used by most researchers
to induce LTP is high-frequency stimulation (HFS) in which
several hundred pulses at frequencies of 100—400 Hz are given to
induce LTP. Such stimulation patterns are quite different from
naturally occurring firing patterns of neurons. Endogenous neu-
ronal firing patterns such as complex spike activity are observed
in area CAl as high-frequency bursts of approximately two to
seven spikes (Buzsaki, 1986; Muller and Kubie, 1989; Otto et al.,
1991). One strategy to attempt to induce LTP in a more physio-
logical way is to give short bursts of stimuli with an interburst
interval of ~200 msec, called theta-patterned stimulation (Rose
and Dunwiddie, 1986; Stéubli and Lynch, 1987; Diamond et al.,
1988; Holscher et al., 1997c). Such high-frequency bursts of ap-
proximately five pulses resemble complex spike activity that oc-
curs predominantly on the positive or negative phase of theta
waves (Buzsdki, 1986; Otto et al., 1991; Stewart et al., 1992;
Jeffery et al., 1996). The interburst interval of ~200 msec was
used to mimic the period of theta that has a dominant frequency
of ~3-7 Hz (Green and Greenough, 1986).

Single pulse stimulation with a theta-like interval (~200 msec)
when applied after LTP induction can induce depotentiation
(DP), a reduction of previously potentiated EPSPs back to base-
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line levels (e.g., Staubli and Lynch, 1990; Doyle et al., 1997). Such
stimulation is at least as effective (Doyle et al., 1996; Staubli and
Chun, 1996a,b) as the standard low-frequency stimulation (LFS)
protocol of 1 Hz for 15 min (Dudek and Bear, 1993).

Theta-patterned stimulation only imitates theta wave frequency
and does not take into account the possible importance of different
phases of theta activity. To test the possibility that theta phase may
regulate the induction of plasticity, the effects of stimulation at
different phases of artificially induced theta activity have been
investigated both in vivo (Pavlides et al., 1988) and in vitro (Huerta
and Lisman, 1995). Stimulation with 10 bursts of five pulses at 400
Hz on the positive phase of electrically evoked theta rhythm in
anesthetized rats has been reported to induce LTP in the dentate
gyrus, although of only relatively small magnitude (Pavlides et al.,
1988). The same stimulation on the negative phase of theta had no
effect on baseline but reversed LTP, although not reliably. More
robust theta-triggered LTP was observed in the CAl area of the
hippocampal slice (Huerta and Lisman, 1995). LTP was induced by
four pulses at 100 Hz given on the positive phase of carbachol-
induced theta rhythm. The same burst on the negative phase did
not induce long-term depression (LTD) but induced DP of previ-
ously potentiated EPSPs.

The present study investigated the possibility that the ability to
induce plasticity in the CAl area in the hippocampus may be
strongly regulated by theta activity that has been triggered by
sensory inputs. We used tail-pinch to trigger theta activity in
urethane-anesthetized rats (e.g., Green and Greenough, 1986;
Dickson et al., 1994). The application of brief bursts of stimuli
(five pulses at 200 Hz) on different phases of tail-pinch-evoked
theta rhythm should mimic naturally occurring neuronal activity
much more closely than either standard HFS or LFS.
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MATERIALS AND METHODS

Male Wistar rats weighing 200-250 gm were anesthetized with urethane
(ethyl carbamate, 1.5 gm/kg, i.p.) for the duration of all experiments.

Single pathway recordings of field EPSPs were made from the CAl
stratum radiatum of the right hippocampal hemisphere in response to
stimulation of the Schaffer collateral/commissural pathway using tech-
niques similar to those described previously (Doyle et al., 1996, 1997).
Electrode implantation sites were identified using stereotaxic coordinates
relative to bregma, with the recording site located 3 mm posterior and 2
mm right of the midline, and the stimulating electrode 4 mm posterior to
bregma and 3 mm right of the midline. Bipolar stimulating and monopo-
lar recording electrodes consisted of two pieces of twisted tungsten wire
(50/75 pm inner/outer diameter; only one wire of the recording electrode
was connected) insulated along its length with a Teflon coat except at the
tips and were attached to a miniature connecting socket. The electrodes
were slowly lowered through the cortex and the upper layers of the
hippocampus into the CAl region to a depth of ~2.2 mm below the
cortex surface and were optimally located in the stratum radiatum using
electrophysiological criteria (Leung, 1980). The electrodes were then
fixed in place with cyanoacrylate glue and acrylic dental cement for the
stimulation and recording of evoked field EPSPs. Stainless steel screws
fixed to the skull served as ground (anterior 7 mm, lateral 5 mm) and
reference (posterior 8 mm, lateral 1 mm) electrodes.

All recording and stimulating was performed using an on-line com-
puterized oscilloscope and data analysis interface system. In all experi-
ments test EPSPs were evoked at a frequency of 0.033 Hz, and an
input-output (I/O) curve (stimulus intensity vs EPSP amplitude) was
plotted for each experiment at this test frequency. For the test EPSPs,
the stimulation intensity was adjusted to give an EPSP amplitude of 70%
of maximum. Unless stated otherwise, the intensity was increased to give
an EPSP of 90% maximum amplitude during the stimulation used to
induce LTP/DP, because preliminary studies indicated that the results
were more reliable when the conditioning stimulation was >70%.

To allow us to phase lock stimulation to theta wave activity, the
background electroencephalogram (EEG), recorded with the same elec-
trode as that used to monitor the EPSPs, was filtered to exclude frequen-
cies below 1.5 and above 7 Hz using an analog filter unit. The filtered
EEG was then sent to a phase and amplitude adjustable trigger unit (built
at Trinity College by Mr. B. Ryan) that consisted of a switchable
inverting/noninverting amplifier and a variable comparator serving to
activate the trigger pulse. This triggered a programmable stimulating
unit that in turn activated a constant current stimulus isolation unit
within 0.2 msec of detecting the selected phase and level of theta wave.
The data acquisition system was triggered simultaneously to record all
events. Sampling speed was at 20 kHz for baseline recording of EPSPs
and 1 kHz during recording of EEGs. The EEG was also simultaneously
monitored during experiments using a digital storage oscilloscope. Theta
activity was triggered by pinching the base of the rat’s tail in a manner
similar to that described previously (Green and Greenough, 1986; Dick-
son et al., 1994). Stable theta rhythm was observed in most animals after
a delay of ~5 sec. A burst of five pulses at 200 Hz was triggered on the
positive or negative phase, or at zero amplitude of theta rhythm (see Fig.
1D). Unless stated otherwise, the interburst interval was ~1.5 sec. We also
performed an experiment in which either 3 or 10 bursts were triggered on
consecutive theta waves with stimulation voltage decreased to give an EPSP
of 30% maximum amplitude (see Figs. 1E, 6¢). Our standard HFS protocol
for inducing LTP consisted of 10 trains of 20 stimuli, interstimulus interval
5 msec (200 Hz), intertrain interval 2 sec. Three sets of this standard HFS
(interset interval of 5 min) induces maximal LTP under our recording
conditions (Doyle et al., 1996; Holscher et al., 1997a). LTP was measured as
percentage of baseline EPSP slope recorded over the 20 min period before
the conditioning stimulation.

Unless stated otherwise, all data are expressed as mean * SEM
percentage baseline EPSP slope. Results were analyzed by Student’s ¢
test or Welch 7 test, which does not assume equal SDs between data sets.
Theta power results were analyzed with two-way repeated measures
ANOVA using a computer program (SYSTAT) after checking for nor-
mality of distribution of data.

RESULTS
Theta rhythm

The EEG was monitored in animals before and after tail pinch to
establish the parameters for the onset and dynamics of theta
rhythm. Figure 14 shows sample EEG traces before and after tail
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pinch. Tail pinch caused the disappearance of large amplitude
slow-wave activity and triggered theta rhythm. Figure 1B shows
examples of fast Fourier transformations of the EEG before and
after tail pinch. A shift of the maximal power in the spectrum from
1-2 to 4-5 Hz is apparent. This shift in EEG frequency after tail
pinch in urethane-anesthetized rats is similar to results published
by Green and Greenough (1986). Figure 1C shows the power
distribution of EEG measurements. Values are expressed as per-
centage of total power distributed over a 1-5 Hz spectrum. Two-
way repeated measure ANOVA showed a difference between
groups (F(; 5y = 19.2; p < 0.001) and power distribution (Fg 45, =
13.6; p < 0.001), n = 10. Post hoc repeated measures ¢ tests showed
differences between groups at 1, 2,4, and 5 Hz (1 Hz: t = 3.95,p <
0.01;2Hz:t=4.0,p <001;4Hz: t = 45,p <0.01;5Hz: t = 3.8,
p < 0.01). Figure 1d shows examples of burst stimulation using the
conditioning pulse intensity (90% of maximum response) on the
positive, zero, or negative phase of theta rhythm. There was a
transient (<1.5 sec) interference with the ability to record theta
rhythm, especially when the stimulation was applied on the positive
or zero phase of theta. Because stimulation on the negative phase
had less effect, it was possible to apply repeated bursts on consec-
utive waves using a weak stimulation intensity (30% of maximum
response) (Fig. 1E). In this case theta rhythm was only slightly
affected, with a small increase in peak-to-peak amplitude after
some bursts. The latter protocol was used only in the experiment
described in Figure 6c.

Brief burst stimulation on the positive phase of theta
rhythm induced LTP

Conditioning stimulation with a single burst of five pulses on the
positive phase of theta rhythm induced LTP in six of six animals
tested (Fig. 2). The increase in the slope of the test EPSP was
rapid in onset (<3 min) and was stable over the recording period,
measuring 119 = 6% (t = 3.5; p < 0.01) at 60 min after the
conditioning stimulation. Application of three bursts of five stim-
uli per burst on the positive phase of theta induced LTP of 152 +
9%, measured 60 min after stimulation (# = 23.5; six of six
animals; p < 0.001) (Fig. 3a). As can be seen from a typical I/O
curve shown in Figure 3b, the increase of the EPSP was present
over a wide range of stimulation intensities and not just the
standard test pulse intensity (70% maximum EPSP). Indeed,
when the magnitude of LTP was measured at a stimulation
intensity that evoked a test EPSP that was one-third of maximum,
the increase measured ~200%.

The LTP induced by three bursts appeared to be maximal,
because 10 bursts of five stimuli elicited a similar magnitude LTP
(156 = 11% when measured 40 min after stimulation; ¢ = 31.2; six
of seven animals; p < 0.001) (Fig. 4a). Moreover, a standard HFS
of 10 trains of 20 stimuli, interstimulus interval 5 msec (200 Hz),
intertrain interval 2 sec (in the presence of theta rhythm) did not
increase LTP any further (Fig. 4a).

The effect of inducing LTP by standard HFS was investigated
to compare the relative effectiveness of this stimulation with brief
burst stimulation on the positive phase of theta. When a saturat-
ing amount of standard HFS was applied in the absence of theta
activity, it induced an LTP to 168 = 16% measured 40 min later
(t = 21.5; six of six animals; p < 0.001) (Fig. 4b). This was not
significantly different from the maximum magnitude of LTP in-
duced by brief burst stimulation on the positive phase of theta
activity.
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Brief burst stimulation on the negative or zero phase of

theta rhythm or in its absence did not induce LTP or LTD
Stimulation with 3 or 10 bursts at zero phase of theta rhythm did
not induce a change in the slope of EPSP (six of six animals) (Fig.
Sa). Furthermore, stimulation with 3 or 10 bursts on the negative
phase of theta rhythm did not induce LTP or LTD (six of six
animals) (Fig. 5b). Stimulation with three bursts of five pulses per
burst in the absence of tail pinch-triggered theta activity also had

1200 1600 2000 2400
ms

Figure 1.
Samples of EEGs before (4) and during (B) tail pinch. Although lower frequen-
cies with large amplitudes were suppressed after the tail pinch, higher frequencies
of ~4 Hz (theta) with a very regular cycle appeared. B, Examples of Fourier
transformation of EEGs before (fop) and during (bottom) tail pinch. A shift of the
power distribution from 1-2 to 3—-4 Hz was visible. C, The power distribution of
EEG measurements taken before and during tail pinch. Values are expressed as
percentage of total power distributed over 1-5 Hz spectrum. * p < 0.01. D,
Sample traces of stimulation on the positive (@), zero (neutral) (b), or negative (c)
phase of theta rhythm. The left scale shows theta wave amplitude, and the right
scale shows stimulus intensity as measured on a different channel. Theta rhythm
was induced by tail pinch, and a burst of five pulses at 200 Hz was triggered at a
preset amplitude level of theta rhythm. Note that subsequent theta rhythm was
disturbed by the stimulation. The large amplitude wave in the EEG immediately
after the stimulation is composed of the summated electrically evoked EPSPs. E,
Stimulation on the negative phase of theta rhythm on 10 consecutive theta waves.
In this protocol the stimulation intensity was reduced (30% of maximum EPSP
response) to avoid disturbance of theta rhythm as shown in d. The left scale shows
theta wave amplitude, and the right scale shows stimulus intensity as measured on
a different channel. Figure continues.

012345

10 Hz 15 20

EEG in the dorsal hippocampus of urethane-anesthetized rats. A4,

no long-lasting effect on synaptic transmission. Thus the slope of
the test EPSP measured 104 = 5% 60 min after stimulation (six
of six animals; graph not shown).

Brief burst stimulation on the negative phase of theta
rhythm induced DP

In these experiments, large amplitude LTP was first induced by
stimulating with three bursts on the positive phase of theta waves.
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Figure 2. Stimulation with a single burst of five pulses at 200 Hz on the
positive phase of theta rhythm induced LTP. The LTP was stable during
the 60 min recording period (p < 0.01; n = 6). Single traces of average
field EPSPs are shown as numbered insets. The numbers refer to times of
sampling shown in the graph.

Thirty minutes later burst stimulation was applied on the negative
or zero phase of theta to attempt to induce DP.

In one set of experiments, strong stimuli (90% of maximum
EPSP response) were applied on the negative phase of theta with
an interburst interval of 1.5 sec. Stimulation with three bursts on
the negative phase of theta 30 min after inducing LTP (to 146 =
8%; t = 20.5; six of six animals; p < 0.001) induced a short-term
depression of only 10%, but no DP was induced (six of six
animals) (Fig. 6a); however, stronger stimulation on the negative
phase of theta rhythm did induce depotentiation (DP). As shown
in Figure 6b, LTP of 142 = 7% (¢t = 17.8; six of six animals; p <
0.001) was depotentiated to 110 = 8% when stimulation with 10
bursts was applied on the negative phase of theta (+ = 5.8; six of
six animals; p < 0.001; measured 30 min after negative phase
stimulation). LTP was restored by subsequent stimulation with
three bursts on the positive phase of theta (to 140 = 7% when
measured 30 min later; t = 16.8; six of six animals; p < 0.001)
(Fig. 6b). In contrast, stimulation with 10 bursts on the zero phase
of theta 30 min after the induction of LTP did not induce DP
(from 154 + 7% LTP to 151 = 11% 20 min after zero phase burst
stimulation; n = 4).

In a separate set of experiments, conditioning stimulation was
applied at a weaker intensity (30% maximum response, an inten-
sity that did not disrupt theta) on the negative phase of consec-
utive theta waves. Three mild bursts on consecutive theta waves
did not induce DP (from 159 * 3% to 153 = 5% of baseline 20
min after stimulation; n = 6; data not shown). Stimulation on the
negative phase of 10 consecutive theta waves (Fig. 1E), however,
induced DP of previously potentiated EPSPs from 161 = 9% of
baseline values down to 120 *+ 4% when measured 30 min later
(t = 14.9; six of six animals; p < 0.001). LTP was restored by
subsequent stimulation with three bursts on the positive phase of
theta waves (to 143 = 7% when measured 30 min later; ¢t = 15.2;
six of six animals; p < 0.001) (Fig. 6¢c).
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Figure 3. Stimulation with three bursts (five pulses per burst) on the
positive phase of theta rhythm induced large LTP. a, The top graph shows
data from a single animal, whereas the bottom graph is the average of six
experiments (p < 0.001). Single traces of average field EPSPs are shown
as numbered insets. The numbers refer to times of sampling shown in the
graph. b, Example of an I/O curve (stimulus intensity vs amplitude of field
EPSP) before and after stimulation on the positive phase of theta rhythm.
The largest potentiation was observed at a stimulation intensity that
evoked an EPSP one-third to one-fifth of the maximum slope.

DISCUSSION

The present study shows for the first time that LTP can be
reliably induced in the CA1 area of the intact hippocampus
with as few as five pulses when applied as a single burst at 200
Hz on the positive phase of sensory-evoked theta. In contrast,
brief burst stimulation had no effect when given on the nega-
tive or zero phase or in the absence of theta. LTP was satu-
rated with as few as three bursts of five pulses on the positive
phase of theta. Theta-triggered LTP occluded standard HFS-
induced LTP and had a maximum amplitude that was equiv-
alent to the maximum induced by standard HFS.

Our data are consistent with and greatly extend the findings
of a previous in vivo experiment performed in the dentate
gyrus of urethane-anesthetized rats (Pavlides et al., 1988). In
that study a small (9%) LTP of the EPSP was induced when 10
bursts (five pulses at 400 Hz) were applied on the positive
phase of electrically induced theta rhythm. This suggests that
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Figure 4. LTP induced with theta-triggered stimulation occluded HFS-
induced LTP. a, Stimulation with 10 bursts on the positive phase of theta
rhythm induced LTP (p < 0.001; n = 6). Additional stimulation with 200
pulses at 200 Hz did not increase the slope of EPSPs any further. b, For
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induced LTP group are shown. The numbers refer to times of sampling
shown in the graph.

Time (min)

there is an inherent difference in the inducibility of LTP in the
CALl area and the dentate gyrus in response to theta-triggered
stimulation. A previous in vitro study in area CAl found that
LTP was induced by a single burst of four pulses at 100 Hz
given on the positive phase of carbachol-induced theta rhythm
(Huerta and Lisman, 1995; Lisman, 1997). There is doubt,
however, about whether carbachol-induced theta activity accu-
rately mimics naturally occurring theta, such as that used in the
present experiments (Stewart and Fox, 1990).

The high sensitivity of LTP to positive phase stimulation is
reminiscent of the increased responsiveness of LTP induction to
theta-patterned stimulation. In particular, Diamond et al. (1988)
showed that a burst of four pulses, which were preceded by a single
pulse 200 msec previously, induced stable LTP in the intact hip-
pocampus. This priming is thought to be attributable to the pres-
ence of minimal inhibition at this time interval (Diamond et al.,
1988). Because theta activity is known to be associated with oscil-
lations in the level of inhibitory neuron activity (Vanderwolf and
Leung, 1983; Buzsaki, 1986), somewhat similar mechanisms may
be responsible for the ability to induce LTP with a single burst on
the positive phase of theta in the present study. We have shown
previously, however, that a theta-patterned stimulation protocol
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Figure 5. Stimulation on the zero or negative phase of theta did not
induce LTP or LTD. a, Stimulation with 3 or 10 bursts at zero phase of
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bursts on the negative phase of theta rhythm did not change EPSPs (n =
6). Single traces of field EPSPs are shown. The numbers refer to times of
sampling shown in the graphs.

(five pulses per burst, 200 msec interburst interval, in the absence
of theta) under the same experimental conditions as described here
required a minimum of four consecutive bursts to induce stable
LTP (Holscher et al., 1997c). It would appear therefore that stim-
ulation on the positive phase of theta rhythm is a more effective
method of inducing LTP than at least some theta-patterned stim-
ulation protocols.

In view of our finding that theta-triggered LTP occluded HFS-
induced LTP, it will be of interest to compare their pharmacolog-
ical profiles to find out whether both forms of LTP are based on
activation of similar receptors and biochemical processes. In a
previous in vitro study, Huerta and Lisman (1995) reported that
LTP induced by stimulation on the positive phase of theta was
blocked by NMDA glutamate receptor and muscarinic acetylcho-
line receptor antagonists at concentrations that inhibited theta
activity. It is known that theta activity in vivo can be blocked by
such agents (Bland, 1986; Leung and Desborough, 1988; Dickson
et al., 1994).

Remarkably, stimulation on the negative phase of theta reversed
previously established LTP. Thus, the application of 10 bursts of
five pulses at 200 Hz on the negative phase of tail-pinch-evoked
theta activity, 30 min after LTP induction, resulted in a large DP.
Stimulation on the zero phase of theta was without effect. These
results are much more convincing than those reported previously
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with three bursts on the positive phase of theta waves induced LTP (p <
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Numbers refer to sampling times indicated in the graph.

for electrically triggered theta in the dentate gyrus in vivo (Pavlides
et al., 1988). In that study, stimulation with 10 bursts of five pulses
at 400 Hz induced DP in only three of seven experiments. In
contrast, in area CAl in vitro a single burst of four pulses on the
negative phase of carbachol-induced theta induced DP (Huerta
and Lisman, 1995). Why much stronger stimulation was needed in
the in vivo experiments described here is not clear. It is possible
that carbachol can directly facilitate the induction of DP in addition
to its modulatory action via theta activity (Barkai and Hasselmo,
1995; Kirkwood et al., 1996). Alternatively, the use of urethane
may be responsible for the difference. It is interesting to note that
burst stimulation interfered with theta rhythm to the least extent
when relatively weak stimulation (30% of maximum) was used on
the negative phase of theta (Fig. 1E). In this case it was possible to
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stimulate on the trough of consecutive theta waves without disrupt-
ing theta rhythm. Such stimulation had an interburst interval of
~200 msec (as opposed to an interburst interval of 1.5 sec with
strong stimuli) but resulted in an equivalent magnitude of DP.
Obtaining DP with 10 bursts of five pulses is significantly less than
the number of stimuli required to induce DP with LFS in most
previous studies; usually 300-900 pulses at 1-10 Hz are necessary
(Stéubli and Lynch, 1990; O’Dell and Kandel, 1994; Doyle et al.,
1996; Staubli and Chun, 1996a; Holscher et al., 1997a; but see
Staubli and Chun, 1996b). It appears therefore that theta rhythm
facilitated the induction of DP. Although the mechanisms of DP
induction are poorly understood, previous reports indicate that
excitatory stimulation at a time when there was strong inhibition of
pyramidal cell firing (using a paired-pulse protocol) enabled the
induction of LTD in vivo (Thiels et al., 1995; Doyere et al., 1996).
Earlier studies suggest that the neuronal system is under greater
inhibition on the negative phase of theta (Buzsaki, 1986). Thus
stimulation with excitatory bursts during a period of relative inhi-
bition may account for the observed facilitation of DP induction.
Overall, the finding that the same brief burst stimulation on differ-
ent phases of theta could induce LTP or DP indicates that the
phase of sensory-evoked theta rhythm regulates not only the
threshold for hippocampal plasticity but also its direction.

LTD was not observed at all in the present study. This is
consistent with a large number of previous in vivo studies in which
DP but not LTD was readily inducible (Pavlides et al., 1988;
Staubli and Lynch, 1990; Doyle et al., 1996, 1997; Hélscher et al.,
1997a; but see Heynen et al., 1996). Furthermore, it was reported
recently that although LTD could not be induced with LFS in the
CAL1 area of nonstressed adult animals, in stressed animals LTD
was easily induced (Kim et al., 1996; Xu et al., 1997).

It is impressive that LTP could be reliably induced in the CA1
area of the intact hippocampus with as few as five pulses when
given on the positive phase of sensory-evoked theta. The finding
that LTP and DP induction is dependent on theta rhythm sug-
gests that these forms of synaptic plasticity play a role in cognitive
processes. Theta rhythm occurs naturally during motor activity or
novelty perception and is believed to be important for memory
formation, because the blocking of theta rhythm impairs the
ability of rats to learn a spatial task (Winson, 1978). Furthermore,
a stimulation pattern of one burst of five pulses at 200 Hz
resembles natural firing patterns such as complex spike activity
more closely than long trains of HFS or LFS. It has been sug-
gested that complex spike activity represents the activity of py-
ramidal neurons that process or convey sensory input (Vino-
gradova, 1975; Otto et al., 1991; O’Keefe and Burgess, 1996).
Because theta rhythm is induced by novel stimuli and not during
situations in which few potentially important sensory stimuli are
present, theta rhythm could be part of a filter system that ampli-
fies stimuli of relative importance to the animal and facilitates the
induction of LTP/DP-like processes. It can be imagined that
complex spike activity represents or encodes sensory information.
Selective synaptic changes of activated synapses or neurons could
form a memory trace of neuronal activity patterns for future
reference (Burgess et al., 1996).

Recently published evidence suggests that HFS-induced LTP
might not be a valid model for learning mechanisms, as had been
postulated previously (Bannerman et al., 1995; Huang et al., 1995;
Saucier and Cain, 1995; Nosten-Bertrand et al., 1996; Holscher et
al., 1997a,b). Whether LTP induced by brief burst stimulation on
the positive phase of theta wave is correlated with learning and
only with learning and not with other factors such as novelty
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detection or motor activity needs to be tested in freely moving
rats. The encouraging results presented here, however, show that
LTP induction is facilitated by theta activity, and this might be a
facilitation mechanism that is active during learning. LTP ob-
tained this way could model neuronal changes that may underlie
memory formation better than HFS-induced LTP.
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