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Cholinergic plasticity in the hippocampus

Laura Lee Colgin**, Don Kubota*, and Gary Lynch*

*|nstitute for Mathematical Behavioral Sciences and *Department of Psychiatry and Human Behavior, University of California, 101 Theory, #250,

Irvine, CA 92612-1695

Communicated by Richard F. Thompson, University of Southern California, Los Angeles, CA, January 15, 2003 (received for review April 20, 2002)

Tests were made for use-dependent plasticity in the cholinergic
projections to hippocampus. Transient infusion of the cholinergic
agonist carbachol into hippocampal slices induced rhythmic activ-
ity that persisted for hours after washout. Comparable effects
were obtained with physostigmine, a drug that blocks acetylcho-
line breakdown and thereby enhances cholinergic transmission. It
thus seems that activation of cholinergic synapses induces lasting
changes in hippocampal physiology. Two lines of evidence indi-
cated that cholinergic synapses are also the sites at which the
plasticity is expressed. First, the induction and expression of the
rhythms were not blocked by the N-methyl-p-aspartate receptor
antagonist p-2-amino-5-phosphonovaleric acid, indicating that a
long-term potentiation effect between pyramidal cells was not
involved. Second, a muscarinic antagonist (atropine) completely
abolished stable rhythmic activity after agonist washout. This
result indicates that endogenous cholinergic activity is responsible
for the persistence of rhythmic oscillations. These experiments
suggest that short periods of intense cholinergic activity induce
lasting changes in cholinergic synapses and thus extend such forms
of plasticity to beyond the glutamatergic system.

t is now well established that brief periods of intense synaptic

activity cause marked and lasting changes in the strength of
glutamatergic transmission at sites throughout the forebrain
(1-3). A similar consensus does not hold for other transmitters.
Several reports indicate that fast, inhibitory transmission medi-
ated by y-aminobutyric acid type A receptors exhibits use-
dependent, lasting changes (4-7), but others have failed to
obtain such effects (8). Activity-induced synaptic changes in
aminergic and cholinergic contacts in brain seem not to have
been reported. Although it is possible that glutamatergic trans-
mission is unique with regard to plasticity, it is also the case that
it is much more accessible to conventional stimulation and
recording techniques than other systems. In the present study, we
used a somewhat different approach involving conventional
hippocampal slice preparations to test for activity-dependent
changes at endogenous cholinergic synapses.

The hippocampus receives a moderately dense cholinergic
projection from the medial septum and basal forebrain (9-11)
and has both nicotinic and muscarinic acetylcholine receptors
(mAChRS) in its target zones (12, 13). These pathways generate
rhythmic activity of various frequencies (14-18), some aspects of
which can be reproduced in hippocampal slices by infusing
cholinergic agonists (19-23). The in vitro rhythms are mediated
by mAChRs (19, 20, 22, 23) and originate in the CA3 region from
whence they move along intrahippocampal pathways to other
subfields (22, 23). Although there is sizeable literature suggest-
ing that the cholinergic projections and the rhythms they gen-
erate make essential contributions to plasticity in glutamatergic
plasticity (2, 21, 24, 25) and learning (26, 27), there is no evidence
that the projections themselves change after intense use.

Given that cholinergic activation triggers rhythms in hip-
pocampus, plasticity could be manifested as a change in oscil-
lations that outlasts the activation itself. For such an effect to be
an analogue of the use-dependent changes seen in glutamatergic
synapses it would have to depend on cholinergic transmission as
opposed to being a secondary effect on some other transmitter
system induced by intense cholinergic activity. In other words, it
would be necessary to show that cholinergic synapses both induce
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and express changes in rhythmic oscillations. The following
studies addressed each of these issues with results indicating that
the cholinergic projections to hippocampus do undergo lasting,
physiologically important changes after transient activation.

Methods

Slice Preparation. Transverse slices (350 wm) were cut from the
mid- to ventral hippocampus of 3- to 4-week-old male Sprague—
Dawley rats by using a vibrating tissue slicer (Leica VT1000).
Animals were killed under an accredited animal protocol from
the University of California Institutional Animal Care and Use
Committee with guidelines from the National Institutes of
Health. Artificial cerebrospinal fluid was composed of 124 mM
NaCl, 3 mM KCI, 1.25 mM KH,PO4, 5 mM MgSO,, 3.4 mM
CaCl,, 10 mM D-glucose, and 26 mM NaHCOs for dissection.
Hippocampal slices then were placed on an interface recording
chamber and infused at a rate of 60 ml/h with oxygenated
recording artificial cerebrospinal fluid of the same composition
as described above except that the CaCl, and MgSO4 concen-
trations were lowered to 3 and 1 mM, respectively. Humidified
95% 03/5% CO, was additionally blown into the chamber
throughout the recovery and recording periods. Slices were
allowed to recover for a period of at least 1 h.

Field-Potential Recording. Field potentials were recorded by using
extracellular recording electrodes filled with 2 M NaCl (1-5
MQ). For recording of spontaneous and rhythmic activity,
electrodes were placed in stratum pyramidale of field CA3. For
monitoring the excitatory postsynaptic potential (EPSP) evoked
by Schaffer collateral/commissural stimulation, a recording
electrode was placed in CAl stratum radiatum. Stimulation was
delivered through bipolar stimulating electrodes (twisted 64-um
insulated nichrome wires), and stimulation current intensity
was set to evoke a response that was <50% of the maximum
monophasic response (biphasic pulses of 0.1- to 0.3-ms duration,
10-50 wA). Samples of 800 ms were recorded every 30 s; in the
cases involving stimulation, stimulation pulses were delivered
every 30 s. Stable baseline conditions were monitored for at least
10 min before infusion of drug solutions. Data were recorded by
using a differential alternating current amplifier (Model 1700,
A-M Systems, Carlsborg, WA) and digitized at 5 kHz. Experi-
ments were conducted at physiological temperatures (32 = 2°C).

Reagents. All drugs were obtained from Sigma. Drugs were
added to the infusion line by using an injection pump with the
exception of D-2-amino-5-phosphonovaleric acid (AP5) and
tetrodotoxin, which were bath-applied. Solutions were prepared
freshly on the day of the experiment.

Statistics and Measures. Paired, two-tailed ¢ tests and two-way
ANOVA with repeated-measure tests were used to assess sta-
tistical significance. The data are expressed as means = SEM.
Power spectra were estimated from 400-ms samples by using the
fast Fourier transformation function in MATLAB (Mathworks,

Abbreviations: mAChR, muscarinic acetylcholine receptor; EPSP, excitatory postsynaptic
potential; AP5, p-2-amino-5-phosphonovaleric acid; CCh, carbachol; LTP, long-term poten-
tiation; NMDA, N-methyl-p-aspartate; 5-HT, serotonin.
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Natick, MA). Power was normalized to the last 5 min of agonist
infusion.

Spike and burst counts were computed by finding positive
peaks in the second derivative of smoothed time-series record-
ings within 400-ms time windows, again by using MATLAB. Spikes
occurring at intervals =5 ms constituted a “burst.” Spike and
burst counts were normalized to the last 5 min of agonist
infusion.

Results

Cholinergic Agonists Cause Long-Lasting Increases in Rhythmic Activ-
ity. Earlier studies using horizontal slices (22) or slices taken
from dorsal hippocampus (20) have reported that carbachol
(CCh) application produced oscillations with primary frequen-
cies in the vy and 6 ranges, respectively. In contrast, the present
report describes cholinergic rhythms that resemble those ob-
served in an earlier study conducted under experimental con-
ditions similar to those used here (23). Infusion of CCh (20 uM)
into field CA3 caused the rapid appearance of fast rhythmic
activity with a dominant frequency in the g band (27.4 = 0.2 Hz
at 10-20 min of infusion, n = 28) and a secondary frequency in
the y range (48.2 = 0.2 Hz; Fig. 14). Power in the B range
increased >30-fold during infusion (P < 0.0001, n = 28). The
waveform of the CA3 rhythm is illustrated in Fig. 1B. Each cycle
begins with a large spike or burst of spikes followed by a steep
positive-going potential, which gradually declines until the cycle
begins again. The spiking activity was largely absent from CA3
under baseline conditions. The increase in rhythmic activity was
associated with a reliable decrease in the amplitude of the field
EPSP recorded in the apical dendrites of field CAl in response
to stimulation of Schaffer collateral/commissural projections.

The depression of the field EPSP produced by CCh reversed
quickly after washout. Although recovery was never quite com-
plete, this provided a measure of the time course for CCh washin
and washout. In contrast to reversible effects observed with the
evoked response, the rhythmic activity continued at a high level
even after hours of washout. Fig. 1C shows normalized power in
the B and vy frequency ranges during washout for a group of 14
slices. Power in the B band after 50-60 min of washout was
>20-fold greater than that recorded in the pre-CCh period (P <
0.0001, n = 14) and gave no evidence of decreasing with time.
In three cases, recordings were continued for >3 h of washout,
at which time high levels of rhythmic activity still were present.
Similar effects were obtained in the y frequency range. Long-
lasting rhythms were eliminated completely after infusion of
tetrodotoxin (1 uM) 1 h post-CCh washout (n = 3, data not
shown).

The induction of persistent rhythms was accompanied by
long-lasting changes in firing patterns of CA3 pyramidal neu-
rons. Spiking and bursting spontaneously recorded in CA3
stratum pyramidale, relatively infrequent under baseline condi-
tions, increased after transient CCh application (Fig. 24) fol-
lowing the same time course as ongoing rhythms. In Fig. 2B the
spike rate (Upper) has been normalized to the mean rate during
the last 5 min of CCh infusion. As can be seen in these group
data, spiking increased ~3-fold with infusion and remained close
to that level throughout 60 min of washout (P < 0.0001 pre-CCh
vs. 60 min after, n = 14). The increased number of short,
high-frequency bursts of spikes produced by CCh also persisted
without evident change throughout the washout period (Fig. 2B
Lower). In all, the rhythms induced by cholinergic stimulation, as
well as the spiking activity associated with them, remained in
place for hours after the stimulation was removed.

Changes in the Cholinergic Projections Are Responsible for Long-
Lasting Rhythms. A plausible explanation for the long-lasting
changes induced by CCh is that the rhythms increase synaptic
strength among CA3 collaterals and thereby raise the probability
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Fig. 1. Induction of fast oscillations in field CA3 of hippocampal slices. (A)
Example power spectra of control (dotted line) and extracellular oscillations
induced by 20 uM CCh (solid line). (B) Example traces of extracellular record-
ings before (Upper) and after (Lower) infusion of 20 uM CCh. (Calibration: 50
ms, 100 pV.) (C) Persistence of oscillations after CCh washout. Each point
represents the average normalized power (mean = SEM) within the g or y
frequency band. CCh (20 uM) was infused for a 20-min period (indicated by
black bar) after at least 10 min of baseline recording.

of synchronized cell firing. Indeed, the spontaneous bursting of
CA3 neurons associated with the rhythms is reminiscent of
stimulation patterns used to induce long-term potentiation
(LTP) (2). However, neither induction nor expression of stable
rhythmic activity was blocked by N-methyl-D-aspartate (NMDA)
receptor antagonists. Fig. 34 summarizes results for a set of five
experiments in which 100 uM APS was added before, during, and
for 25 min after CCh infusion. The mean 3 power after 50-60
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Lasting increases in CA3 pyramidal cell activity levels after transient CCh application. (A) Representative traces showing examples of spikes and bursts,

indicated by * and **, respectively. (Calibration: 10 ms, 100 wV.) (B) Spike (Upper) and burst (Lower) rates of CA3 pyramidal neurons plotted across time to
demonstrate the sustained increases that result from transient (20-min) CCh application. Each point (mean + SEM) represents the normalized spike or burst count

within a 400-ms time window.

min of CCh washout was 76.0 = 1.6% of the peak effect for the
CCh-alone group and 109.0 = 4.7% for the CCh-plus-APS5 group
(P < 0.0001). If anything, then, NMDA receptors reduced the
power of the B activity.

An alternative explanation is that modifications to the cho-
linergic terminals themselves are responsible for long-lasting
rhythms. This idea has the great advantage that it could explain
why the rhythms found after washout of CCh so closely resemble
those triggered in its presence. On the other hand, unlike the
case for CA3 associational synapses, there is no evidence for
activity-dependent changes in cholinergic synapses. The acetyl-
cholinesterase inhibitor, physostigmine, was used to test whether
enhancing cholinergic transmission induces long-lasting rhyth-
mic activity. As shown in Fig. 3B, physostigmine caused an
increase in rhythmic activity that, other than being smaller in
scale, was not detectably different from that produced by CCh.
The peak effect was again in the B range, with a secondary
increase in the y band, and the resultant waves had the same
spike-on-trough pattern seen with the agonist. Most importantly,
the increased rhythmic activity persisted without evident change
for the entire duration of the washout period; power in the 8 and
vy ranges was approximately three times baseline power at the
end of the recording session (P < 0.0001, n = 5).

The above experiment establishes that cholinergic synapses
underlie a use-dependent, long-lasting change in a naturally
occurring aspect of hippocampal physiology. The question then
arises as to whether the same synapses also express the change
or trigger a reaction in a noncholinergic system that drives
rhythms. If the former hypothesis were true, then blocking
cholinergic transmission after washout of CCh (or physostig-
mine) would be expected to have a profound effect on the
induced rhythms. Fig. 3C summarizes results confirming this
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prediction. The muscarinic antagonist atropine was infused
starting 45 min after CCh washout, allowing long-term rhythms
to stabilize and, as is evident, completely abolished the oscilla-
tions. Normalized power of the 8 and vy activity was reduced to
near baseline levels by the last 10 min of atropine infusion (P <
0.0001 for B and P < 0.0001 for vy, n = 5). EPSPs were recorded
in CAl stratum radiatum to monitor the health of the slice and
appeared to remain strong and healthy during atropine washin
and washout, the same period during which oscillations were lost
(Fig. 3C Inset).

Reversal of Long-Lasting Increases in Rhythmic Activity. An unex-
pected feature of the effects of atropine on the tonic rhythms was
the absence of a washout effect. This could reflect the state of
the slices late into the experiment; that is, after several hours the
slices may not be capable of regenerating autonomous activity.
However, loss of rhythmic activity in the atropine cases was not
accompanied by reductions in the size of EPSPs during antag-
onist infusion and washout. An alternate but related idea is that
the rhythms are self-regenerative and therefore disappear if
interrupted for more than a few moments. Serotonergic activa-
tion is reported to desynchronize hippocampal electroencepha-
logram (28) and was used to test whether rhythms recovered
after a transient suppression unrelated to cholinergic receptors.
As shown in Fig. 3D, serotonin (5-HT, 10 uM) caused an
immediate reversal of rhythmic activity, but in marked contrast
to the atropine result the rhythms returned essentially un-
changed after washout of the agonist. Reversal and subsequent
recovery of long-lasting rhythms after 5-HT application were
accompanied by corresponding changes in CA3 pyramidal cell
activity levels (Fig. 4 B-D). In contrast, the complete elimination
of rhythms due to atropine was associated with a permanent

Colgin et al.
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Effects of pharmacological manipulations on long-lasting rhythms. (A) NMDA-independence of long-term increases in oscillatory activity. Shown are

five cases in which slices were infused with CCh (20 uM) for 20 min within a 50-min bath application of AP5 (100 uM). Representative EPSPs from CA1 stratum
radiatum are shown (Inset) at the end of the AP5 infusion and 30-min post-AP5 washout. (Calibration: 5 ms, 400 uV.) (B) Long-term increases in rhythmic activity
caused by elevation of endogenous acetylcholine levels. Physostigmine was applied for 20 min at a moderate concentration (5 uM). (C) Necessity of mAChRs for
maintenance of B and y rhythms. Atropine (ATR) was infused at a concentration of 10 uM for a period of 20 min beginning 45 min after CCh washout.
Representative EPSPs from CA1 stratum radiatum are shown (/nset) during atropine washin and washout. (Calibration: 5 ms, 500 nV.) (D) Temporary depression

of rhythmic activity brought on by 5-HT infusion. 5-HT (30 uM) was infused for 20 min after 45 min of CCh washout.

reversal of CCh-induced increases in pyramidal cell activity (Fig.
4 A-C). Although additional experiments with other transmitter
agonists are needed, these experiments suggest that the loss of
rhythmic activity with atropine is due to an effect unique to
cholinergic transmission; i.e., intense activation of cholinergic
receptors induces stable rhythms, whereas blockade of the
receptors eliminates them.

Discussion

The present results indicate that transient periods of cholinergic
stimulation induce long-term rhythms, associated with lasting
increases in cell spike and burst rates. In that they involve
naturally occurring physiology, are triggered by relatively brief
episodes of intense activity, and remain long after the triggers are
removed (3 h at least), the tonic rhythms resemble LTP. A
plausible explanation for lasting increases in rhythmic activity
would be that an induction of LTP at glutamatergic synapses,
resulting from burst patterns induced by CCh, maintained the
rhythmic activity via strengthened collateral connections. How-
ever, NMDA receptor antagonists at concentrations that com-
pletely suppress LTP did not interfere with the formation of
stable rhythms. Subsequent experiments showed that facilitation
of endogenous cholinergic activity resulted in the formation of
stable rhythms, whereas antagonism of endogenous cholinergic
transmission eliminated already developed rhythms. In all, the
long-term rhythms appear to be both induced and expressed by
endogenous synapses, probably within field CA3. This observa-
tion leads to the further conclusion that the cholinergic projec-
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tions to hippocampus are plastic and in particular undergo
use-dependent changes that bear some resemblance to those
found in LTP.

Because the long-term rhythms are not notably different from
the acute oscillations in the presence of CCh or physostigmine,
it is likely that they are due to the same end points produced by
the drugs, namely stimulation of above-normal numbers of
cholinergic receptors. This could be achieved by enhancing
either (i) spontaneous release of acetylcholine from the within-
slice projections arising from the medial septum/diagonal-bands
complex or (if) the response of postsynaptic receptors to released
transmitter. Although there is little evidence favoring either of
these ideas, CCh is reported to affect the distribution of postsyn-
aptic mAChRs in cortex (29). Equilibrium-binding and immu-
nocytochemical studies should quickly narrow the range of
possible postsynaptic mechanisms underlying the expression of
long-term rhythms, and intracellular recordings should be useful
in determining whether presynaptic release kinetics play a role.

One of the more surprising features of the rhythms was their
erasure by transient exposure to a muscarinic antagonist. That
is, not only were the rhythms blocked by the antagonist, as
expected if the oscillations reflect ongoing cholinergic activity,
but they also failed to return after washout of the antagonist.
This was not due to suppression of the rhythms per se, because
noncholinergic agents blocked the oscillations only while present
in the tissue. These results suggest that periods of subnormal
cholinergic activity reset the lasting changes induced by periods
of intense activity. This observation should be of help in iden-
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Fig. 4. Effects of atropine and 5-HT on spike and burst frequency. (A) Examples of spontaneous activity recorded in CA3 stratum pyramidale after induction
of long-term rhythms immediately before, during, and 30 min after atropine infusion. (Calibration: 20 ms, 100 uV.) (B) Reversible effects of 5-HT on spike
frequency contrasted with irreversible effects of atropine. (C) Recovery and lack of recovery of lasting increases in burst frequency after 5-HT application and
atropine application, respectively. (D) Representative samples of spontaneous activity recorded in the CA3 pyramidal cell layer immediately before, during, and

30 min after 5-HT infusion. (Calibration: 20 ms, 100 uV.)

tifying the changes that express the long-lasting rhythms. For
example, activation and/or deactivation of signaling cascades
may be involved, given that mAChRs are G protein-coupled.
Beyond this, reversibility has important implications for the
possible functional significance of cholinergic plasticity. Possibly,
the strength of the connections between the ascending cholin-
ergic projections and their forebrain targets undergoes contin-
uous adjustment, with the most recent period of (high/low)
activity serving to set up activity for the events that follow.
The functional significance of tonic rhythmic activity presum-
ably is related to whatever roles the rhythms play in their acute
occurrences. The most widely discussed hypothesis regarding
this is that fast rhythms synchronize interconnected brain areas
and thereby allow for transfer of information between them
(30-32). For example, two-way interactions between hippocam-
pus and entorhinal cortex are proposed to be necessary for the
formation and retrieval of memory (33-35); in accord with this
idea, frequency-dependent transfer of activity from superficial
layers of entorhinal cortex to hippocampus has been described
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in studies using real-time optical imaging and voltage-sensitive
dyes (36). The effects described in this article could preserve
temporal relationships between the two areas across the ex-
tended periods of time needed for complex behaviors without
requiring that animals maintain behavioral modes (e.g., search-
ing) associated with intense cholinergic activity. According to
this hypothesis, animals would initiate synchronizing rhythms
with one set of behaviors and then use these rhythms during a
second, quite different set of behavioral activities.

In all, the present studies provide evidence that long-lasting,
use-dependent plasticity is not restricted to glutamatergic syn-
apses and raise new questions about how such phenomena are
used during behavior. Additionally, these data link cholinergic
fast rhythms to lasting changes in neuronal activity, consistent
with a primary role for fast rhythms, and the cholinergic system
in general, in mnemonic processing.
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