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Neuronal nicotinic receptors (nAChR) are known to control
transmitter release in the CNS. Thus, this study was aimed at
exploring the diversity and localization of nAChRs present in
CA1 interneurons in rat hippocampal slices. The use of a
U-tube as the agonist delivery system was critical for the
reliable detection of nicotinic responses induced by brief expo-
sure of the neurons to ACh or to the a7 nAChR-selective
agonist choline. The present study demonstrated that CA1
interneurons, in addition to expressing functional a7 nAChRs,
also express functional a4b2-like nAChRs and that activation of
both receptors facilitates an action potential-dependent release
of GABA. Depending on the experimental condition, one of the
following nicotinic responses was recorded from the interneu-
rons by means of the patch-clamp technique: a nicotinic whole-
cell current, depolarization accompanied by action potentials,

or GABA-mediated postsynaptic currents (PSCs). Responses
mediated by a7 nAChRs were short-lasting, whereas those
mediated by a4b2 nAChRs were long-lasting. Thus, phasic or
tonic inhibition of CA1 interneurons may be achieved by selec-
tive activation of a7 or a4b2 nAChRs, respectively. It can also
be suggested that synaptic levels of choline generated by
hydrolysis of ACh in vivo may be sufficient to control the activity
of the a7 nAChRs. The finding that methyllycaconitine and
dihydro-b-erythroidine (antagonists of a7 and a4b2 nAChRs,
respectively) increased the frequency and amplitude of
GABAergic PSCs suggests that there is an intrinsic cholinergic
activity that sustains a basal level of nAChR activity in these
interneurons.
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In many areas of the brain, nicotinic acetylcholine receptors
(nAChRs) regulate the mechanisms of neurotransmitter release
(Léna et al., 1993; McMahon et al., 1994; McGehee et al., 1995;
Alkondon et al., 1996; Gray et al., 1996; Guo et al., 1998; Li et al.,
1998). In general terms, modulation of transmitter release by
presynaptic nAChRs (i.e., nAChRs present in synaptic terminals)
is insensitive to blockade by the Na1 channel blocker tetrodo-
toxin (TTX), whereas modulation of transmitter release by
nAChRs located in preterminal sites or in somatodendritic areas
of presynaptic neurons depends on propagation of action poten-
tials and is, therefore, sensitive to TTX (for review, see Wonna-
cott, 1997). Identifying the nAChR subtypes modulating the
release of a neurotransmitter has been an important, albeit stren-
uous, task for the understanding of their function.

The study, showing that cultured hippocampal neurons respond
to nicotinic agonists with at least one of three types of whole-cell
currents, namely type IA, type II, and type III currents (Alkon-
don and Albuquerque, 1993), introduced a set of criteria that
allows for the characterization of the nAChR subtypes subserv-
ing a given response. Briefly stated, a7-containing nAChRs me-

diate fast-desensitizing responses sensitive to blockade by
a-bungarotoxin (a-BGT) or methyllycaconitine (MLA), whereas
a4b2 and a3b4 nAChRs subserve slowly desensitizing responses
sensitive to blockade by dihydro-b-erythroidine (DHbE) and
mecamylamine, respectively (Alkondon and Albuquerque, 1991,
1993; Alkondon et al., 1992, 1994; Zorumski et al., 1992; Castro
and Albuquerque, 1993, 1995). The original classification of the
nicotinic responses recorded from cultured hippocampal neurons
has been recently expanded (Zoli et al., 1998).

Although nAChR subtype-selective antagonists have been
helpful in assigning a receptor subtype to a nicotinic response,
the discovery that choline modulates the function and expression
of a7 nAChRs introduced a key pharmacological tool to distin-
guish these from other nAChR subtypes (Papke et al., 1996;
Albuquerque et al., 1997; Alkondon et al., 1997b). In cultured
hippocampal neurons, choline fully activates a7 nAChR-
mediated type IA currents with an apparent EC50 of 1.6 mM, does
not evoke a4b2 nAChR-mediated type II currents, and induces
a3b4 nAChR-mediated type III currents with 20% of the appar-
ent efficacy of acetylcholine (ACh). Also, when continuously
applied to these neurons, choline, like other nicotinic agonists,
desensitizes the a7 nAChRs with an apparent IC50 of 37 mM

(Alkondon et al., 1997b). Therefore, choline as a nicotinic agonist
has the unique capability of providing substantial clues regarding
the nAChR subtype subserving a nicotinic response.

Initial studies showed that activation of nAChRs in CA1 inter-
neurons results in different responses, including facilitation of
GABA release (Alkondon et al., 1997a). Thus, the objective of
the present work was to identify the subtypes of functional
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nAChRs that subserve the nicotinic responses in CA1 interneurons
and to determine the location of these receptors. Using the patch-
clamp technique and a number of nAChR subtype-selective
pharmacological tools, particularly choline, we demonstrate that
functional a7 and a4b2 nAChRs are present in CA1 interneurons
and that activation of these nAChRs facilitates the action potential-
dependent release of GABA.

MATERIALS AND METHODS
Hippocampal slices. Slices of 250–300 mm thickness were obtained from
the hippocampus of 15- to 30-d-old Sprague Dawley rats according to the
procedure described earlier (Alkondon et al., 1997a). Animal care and
handling were done strictly in accordance with the guidelines set forth by
the Animal Care Committee of University of Maryland at Baltimore.
Slices were stored at room temperature in artificial CSF (ACSF), which
was bubbled with 95% O2 and 5% CO2 and had the following composi-
tion (in mM): NaCl, 125; NaHCO3 , 25; KCl, 2.5; NaH2PO4 , 1.25; CaCl2 ,
2, MgCl2 , 1; and glucose, 25. Neurons in the CA1 field of the slices were
visualized by means of infrared-assisted videomicroscopy (Alkondon et
al., 1997a). In some experiments, 0.4% Lucifer yellow was included in the
pipette solution, and the fluorescence image of the dye-filled neurons was
captured by a color chilled 3CCD camera (Alkondon et al., 1997a),
allowing morphological confirmation of the interneurons. In the present
study, we evaluated the effects of nAChR activation in CA1 interneurons
located in the stratum radiatum, stratum lacunosum moleculare, and in
between the two strata.

Electrophysiolog ical recordings. Whole-cell currents were recorded
from the soma of CA1 interneurons according to the standard patch-
clamp technique (Hamill et al., 1981), using an LM-EPC7 patch-clamp
system (List Electronic, Darmstadt, Germany). The signals were filtered
at 2 kHz and either recorded on a video tape recorder for later analysis
or directly sampled by a microcomputer using the pClamp6 program
(Axon Instruments, Foster City, CA). The neurons were superfused with
ACSF at 2 ml/min. Atropine (1 mM) was added to the ACSF to block the
muscarinic receptors. Nicotinic whole-cell currents were recorded from
neurons continuously perfused with TTX (0.5 mM)-containing ACSF.
Patch pipettes were pulled from borosilicate glass capillary (1.2 mm outer
diameter), and when filled with the internal solution, had resistances
between 2 and 6 MV. The series resistance ranged from 7.7 to 20 MV. At
268 mV, the leak current was generally between 50 and 150 pA, and
when it exceeded 200 pA, the data were not included in the analysis. For
most of the voltage-clamp recordings, the internal solution consisted of
(in mM): EGTA 10; HEPES, 10; Cs-methane sulfonate 130; CsCl 10;
MgCl2 , 2; and lidocaine N-ethyl bromide (QX-314), 5, pH adjusted to 7.3
with CsOH; 340 mOsm. A few voltage-clamp recordings were obtained
with an internal solution that had the following composition (in mM):
EGTA, 10; HEPES, 10; CsCl, 80; and CsF, 80, pH was adjusted to 7.3
with CsOH; 340 mOsm. Current-clamp recordings were obtained with an
internal solution that consisted of (in mM): EGTA, 10; HEPES, 10;
K-gluconate, 130; and KCl, 20, pH adjusted to 7.3 with KOH. The
membrane potentials were corrected for the liquid junction potentials.
All recordings were performed at room temperature (20–22°C).

Data analysis. The peak amplitude, delay in onset, 10–90% rise time,
and decay time constant of nicotinic whole-cell currents were determined
using the pClamp6 program. The steady-state current was measured as
the difference between the baseline and the current remaining at the end
of a 6 sec pulse. The delay in onset of the nicotinic currents was defined
as the time between the stimulus artifact (time at which the valve was
closed for agonist ejection) and time at which 10% of the peak amplitude
was reached. GABAergic PSCs were analyzed using the continuous data
recording (CDR) program (Dempster, 1989) and the pClamp6 program.
The delay in the onset for agonist-evoked PSCs was defined as time
between stimulus artifact and the time to reach the peak of the first PSC
in a series of PSCs evoked by the agonist. We omitted from this analysis
experiments in which the agonist-evoked PSC could not be discriminated
from a spontaneous PSC. The peak amplitude, rise time, and decay time
constants of the PSCs were analyzed using the CDR program. Results
are presented as mean 6 SE and were compared for their statistical
significance by either paired or unpaired Student’s t test.

Agonist and antagonist application. Antagonists were applied via bath
superfusion. A modified U-tube was used to deliver the agonists to a
large field of neurons (Alkondon et al., 1997a). The tip of the modified
U-tube had a diameter between 100 and 160 mm, and the lower rim of the
U-tube tip was placed close to the neuron under study almost touching
the slice. The hydrodynamics of the U-tube tended to slow down the
onset and the rising phase of the agonist-elicited currents. For example,
a 50 msec pressure application of choline (10 mM) or ACh (1 mM) via a
single pipette (tip diameter, ,1 mm) to the soma of CA1 interneurons
induced currents with a rising phase 10- to 20-fold faster than that of
currents induced by U-tube application of the same agonists to the
interneurons (see Fig. 1 A and Table 1). Furthermore, the delay for the
onset of currents elicited by pressure application of the agonists was ;6-
to 10-fold shorter than that for the onset of currents evoked by U-tube
application of the agonists. With pressure application, a delay of 57 6 6
msec (n 5 6), and with U-tube, a delay of 487 6 25 msec (n 5 50) was
observed. In U-tube experiments, no difference was observed between
ACh and choline in the delay time to record nicotinic currents. The
U-tube had numerous advantages over the pressure-ejection system.
First, and of utmost importance, leakage of agonist from the U-tube is
much more unlikely than from a single pipette. This is a crucial point for
studying the activity of receptors such as the a7 nAChRs, which desen-
sitize rapidly after exposure to the agonist. Even the smallest leakage
can prevent detection of responses mediated by such receptors. Second,
the amount of agonist delivered via the U-tube is sufficient to displace
the physiological solution bathing the neurons under study, so that the
agonist concentration surrounding the neurons should be constant during
the agonist pulse. In such cases, measurements of the decay time con-
stants of currents elicited by sufficiently long agonist pulses delivered via
the U-tube can provide useful information about the kinetics of receptor
inactivation and desensitization. Third, with the U-tube it is possible to
test various concentrations of different agonists in a single neuron, and,
therefore, it is feasible to analyze more reliably concentration–response
relationships. Fourth, agonists delivered via the pressure-ejection system
reach a restricted area of the surface of the cell soma, whereas those
delivered via the U-tube reach the entire cell soma and dendrites.

Table 1. Characteristics of nicotinic currents evoked in interneurons by application of agonists

Parameter
Choline
(mean 6 SE)

ACh
(mean 6 SE)

Number of
neurons

Pressure application
Peak amplitude (pA) 95 6 28 80 6 11.1 6
Rise time (msec) 26 6 2.5 43 6 2.6 6

U-tube application
Peak amplitude (pA) (type IA currents) 124 6 10.9 107 6 9.3 46
Peak amplitude (pA) (type IB currents) 71 6 11.2 113 6 15.7 29
Steady-state current (pA) (type IB currents) 86 6 11.4 29
Rise time (msec) (type IA currents) 549 6 30 596 6 43 25
Rise time (msec) (type IB currents) 570 6 34 679 6 37 10
Decay time constant (msec) (type IA currents) 827 6 61 1002 6 78 25
Decay time constant (msec) (type IB currents) 1038 6 235 4351 6 756 9

Holding potential 5 268 mV.
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Finally, considering that a large area of the neurons can be rapidly
exposed to the agonists delivered via the U-tube, it becomes possible to
assess the effect of activation of nAChRs in various areas of presynaptic
neurons that synapse onto the neuron from which recordings are
obtained.

In most experiments, the neurons were successively exposed to one of
two natural agonists: the a7 nAChR-selective agonist choline and the
nonselective agonist ACh, which activates all known nAChRs. The
results obtained from this protocol indicated, without further pharma-
cological tests, whether a given neuron expressed only an a7 nAChR or
an a7 and a non-a7 nAChR.

Drugs and toxins used. ACh chloride, (2)bicuculline methiodide, cho-
line chloride, tetrodotoxin, GABA, QX-314, and atropine sulfate were
obtained from Sigma (St. Louis, MO). CNQX was obtained from
Research Biochemicals (Natick, MA). a-BGT was purchased from Bio-
toxins Inc. (St. Cloud, FL). MLA citrate was a gift from Professor M. H.
Benn (Department of Chemistry, University of Calgary, Alberta, Can-
ada). Dihydro-b-erythroidine.HBr was a gift from Merck, Sharp &
Dohme (Rahway, NJ). Stock solutions of all drugs were made in distilled
water.

RESULTS
Functional a7 and a4b2 nAChRs are present in
CA1 interneurons
In the presence of TTX, application of ACh (1 mM) via a U-tube
to voltage-clamped CA1 interneurons in the stratum radiatum, in
the stratum lacunosum moleculare, and in the border of the two
strata resulted in the activation of two types of whole-cell cur-
rents (Fig. 1). One was a fast-decaying, type IA-like current that
could also be evoked by choline (10 mM), and the other was a
slowly decaying current that could not be evoked by choline (Fig.
1). Choline evoked type IA-like currents in all 75 interneurons
studied, whereas ACh evoked similar responses in only 46 of the
75 neurons. In the remaining 29 interneurons, currents evoked by
ACh retained a steady-state component of ;76% of the peak
amplitude. These currents had a slightly larger peak amplitude
and a fourfold slower decay time constant than those elicited by
choline in the same neuron (Fig. 1C; Table 1). Although the
slowly decaying current elicited by ACh appeared similar in
waveform to type II current recorded from hippocampal neurons
in culture (Alkondon and Albuquerque, 1993; Alkondon et al.,
1994), it conformed to the definition of a type IB current in that
it included a hidden fast-decaying component that was revealed
when the a7 nAChR-selective agonist choline was also tested in
the same interneuron (Fig. 1C).

In current-clamped interneurons, choline and ACh caused suf-
ficient depolarization to trigger action potentials (Fig. 1D,E). In
all current-clamped neurons (n 5 25), choline induced a brief
depolarization accompanied by a short-lasting burst of action
potentials (Fig. 1D), whereas in ;40% of these interneurons ACh
evoked a prolonged depolarization accompanied by a long-lasting
burst of action potentials (Fig. 1E).

The use of nAChR subtype-selective antagonists led to the
identification of the functional nAChR subtypes present in CA1
interneurons in slices. Superfusion of the hippocampal slices
for 3–10 min with desensitizing concentrations of choline (25–
100 mM) or with the a7 nAChR-selective antagonist MLA
(10–50 nM) or a-BGT (100 nM) inhibited both type IA-like

Figure 1. Choline and ACh produce distinct responses in CA1 interneu-
rons. A, Nicotinic currents evoked by pressure application via a single
pipette of choline or ACh (50 msec pulse, 10 pSi) to the soma of two
interneurons. Horizontal bar on the top (or bottom) of the traces repre-
sents the duration of agonist pulse. Vertical bar in the beginning of each
trace represents the stimulus artifact arising from the activation of the
drug delivery system. Membrane potential was held at 268 mV in all
voltage-clamp recordings unless otherwise stated. B–E, Responses of four
interneurons to U-tube application of choline and ACh for 6 sec. B,
Agonist-induced responses show only marginal difference in kinetics. C,
The ACh-evoked current decayed much slower than the choline-induced
current. D, In a current-clamped interneuron, both agonists induced
similar depolarization and bursts of action potentials. E, In another
current-clamped neuron, ACh induced responses that were more intense
and lasted longer than those evoked by choline. The resting membrane
potential of the neurons in D and E fluctuated around 269 mV. Atropine
(1 mM) was present in the ACSF in all the experiments. TTX (0.5 mM) was
present in the ACSF (in A–C) while recording the nicotinic currents in all

4

the experiments. In most of the experiments under voltage clamp, QX-314
(5 mM) was present in the pipette solution. CNQX (10 mM) and bicucul-
line (10 mM) were present in the ACSF during current-clamp recordings.
Calibration scale shown in B is applicable to all traces in A–C, however,
the vertical calibration for the ACh trace in A is 25 pA. The calibration
scale in D is also applicable to the traces in E.
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whole-cell currents and the brief depolarization accompanied by
short-lasting bursts of action potentials evoked by either ACh or
choline (Fig. 2A,C; Table 2). The blocking effect of bath-applied
choline was fully reversed within 5–10 min, and that of MLA was
reversed partly within 10–15 min of perfusion of the slices with
ACSF. In contrast, the effect of a-BGT persisted for .1 hr, the
maximum period up to which the reversal was monitored. Neither
choline nor ACh elicited type IA-like currents in CA1 interneu-
rons in slices (n 5 6) that had been preincubated for 1–3 hr with
a-BGT (100 nM). These results support the concept that a7
nAChRs underlie the short-lasting responses evoked by ACh or
choline in CA1 interneurons.

MLA (50 nM), choline (100 mM), and a-BGT (100 nM) were
only effective in inhibiting partly the initial peak of ACh-evoked
type IB-like responses and had no effect on the steady-state
component of these currents (Fig. 2B; Table 2). In contrast, 3–5
min superfusion of the neurons with DHbE (10 mM) reduced by
;85% the amplitude of ACh-induced type IB currents and the
amplitude of the depolarization as well as the frequency of action
potentials triggered by application of ACh to current-clamped
interneurons (Fig. 2B,C). These results suggested that the long-
lasting responses induced by ACh are mediated by a putative
nAChR containing a4b2 subunits (hereafter referred to as a4b2
nAChR, although the exact subunit composition remains to be
determined). At the concentration tested, DHbE did not recog-
nize exclusively a4b2 nAChRs, given that it reduced by ;40%
the amplitude of type IA-like currents evoked by either choline

(Fig. 2A; Table 2) or ACh. However, the antagonistic effect of
DHbE on type IA currents reversed in ,10 min wash, whereas it
took 15–20 min to get full recovery of type IB currents after
washing of the neurons with ACSF.

Both ACh and choline induced a concentration-dependent
increase in the peak amplitude of type IA currents (Fig. 3A,B,F).
The lowest effective concentrations of ACh and choline were 30
and 200 mM, respectively. Fitting of the results by the Hill equa-
tion indicated an EC50 and a Hill coefficient of 225 mM and 2.1,
respectively, for ACh and 2.27 mM and 1.45, respectively, for
choline. According to the fit, the maximum achievable response
for the two agonists was nearly the same, indicating that the
efficacy of choline as an agonist is nearly the same as that of ACh.

Assuming that micromolar concentrations of choline may be
generated by the hydrolysis of endogenously released ACh and
that choline remains longer than ACh near synapses, we exam-
ined whether a7 nAChRs could be activated by several-second
exposure to low concentrations of choline. As illustrated in Fig-
ure 3C, a 20 sec pulse of choline (500 mM) induced a current that
decayed with a time constant of 4.2 sec, which is roughly five times
slower than that of currents induced by 1 mM ACh. Thus, con-
centrations of choline between 200 and 500 mM will be able to
maintain the activation of a7 nAChRs for at least 10–20 sec
before receptor desensitization.

Slowly decaying currents similar to type IB currents could be
evoked by an ACh concentration as low as 10 mM (Fig. 3E). The
concentration–response curve provided two EC50s for ACh: 25.7

Figure 2. Pharmacological agents identify different nicotinic responses. A, Fast-decaying nicotinic currents elicited by choline in four interneurons under
control condition (the largest response in each) and after 5–10 min exposure to different inhibitory agents (the smallest response in each). B, Slowly
decaying nicotinic currents elicited by ACh in four interneurons under control condition (the largest response in each) and after 5–10 min exposure to
different inhibitory agents (the smallest response in each). C, Choline-induced responses in a current-clamped interneuron before ( first trace) and after
5 min continuous exposure to choline (100 mM) (second trace). ACh-induced responses in another current-clamped interneuron before ( first trace) and
after 5 min continuous exposure to DHbE ( fourth trace).
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and 325 mM (Fig. 3F), indicating that type IB currents in the
interneurons arise from the simultaneous activation of a high-
affinity (possibly the a4b2) and a low-affinity (possibly the a7)
nAChR.

The amplitude of both type IA and IB currents increased
linearly with increasing hyperpolarization of the membrane be-
tween 28 and 298 mV. When Mg21 was present in the internal
solution, the currents rectified inwardly such that no outward
currents could be detected at membrane potentials between 0 and
150 mV (Fig. 3D,G). The current–voltage relationship of
choline-evoked currents could not be distinguished from that of
ACh-evoked currents (Fig. 3D). Replacing the permeant anion
chloride with the less permeant anion methane sulfonate in the
internal solution caused a negative shift in the reversal potential
of GABA-evoked currents (see Results), but did not affect that of
the nicotinic currents. In addition, the estimated reversal poten-
tial of the nicotinic currents was ;0 mV. Thus, both nAChR
subtypes present on the interneurons are permeable to cations.

With the discovery that functional a7 and a4b2 nAChRs are
present in CA1 interneurons and that activation of these recep-
tors causes sufficient depolarization to trigger action potentials,
we analyzed in detail the ability of nicotinic agonists to control
the action potential-dependent release of GABA from these
neurons.

Nicotinic receptor activation facilitates the action
potential-dependent release of GABA from
CA1 interneurons
Interneurons in the CA1 field of the hippocampus are GABAer-
gic in nature and establish synaptic connections with other inter-
neurons in this region. Therefore, it is conceivable that activation
of nAChRs in the interneurons can modulate the activity of other
interneurons by affecting GABA release. To determine the effects
of nicotinic agonists on GABA release, a methane sulfonate-
based pipette solution was used. Under this experimental condi-
tion, currents mediated by activation of GABAA receptors had a
null potential of 244 mV (Fig. 4A1). Thus, recordings obtained
from neurons held at 12 or 28 mV would have very little, if any,
contribution of currents mediated by activation of nicotinic or
glutamate receptors.

During a 6 sec U-tube application of choline (10 mM) or ACh
(1 mM) to the CA1 interneurons voltage clamped at 28 or
12 mV, the number of PSCs was much higher than that recorded

before the exposure of the neurons to the agonists (Fig. 4B1,C1).
Superfusion of hippocampal slices with bicuculline (10 mM) in-
hibited spontaneously occurring and agonist-induced PSCs (Fig.
4B2), confirming that these events were mediated via GABAA

receptors. Superfusion of the slices with TTX (0.5 mM) also
decreased the frequency of spontaneously occurring PSCs from
1.595 6 0.337 Hz to 0.944 6 0.387 Hz, and in the presence of
TTX, choline and ACh were unable to increase the frequency of
PSCs (Fig. 4C2; Table 3). Thus, the nAChRs subserving these
nicotinic responses were present in preterminal sites and/or in the
soma of interneurons synapsing onto the neurons from which
recordings were obtained, and activation of those receptors by the
agonists facilitated the action potential-dependent release of
GABA.

nAChR activation in CA1 interneurons induces short-
or long-lasting bursts of PSCs
GABAergic PSCs set the inhibitory tone in the CNS, and, con-
sequently, mediate major functions such as adjusting the firing
threshold of a neuron or altering Ca21 dynamics in the neurons
(Miles et al., 1996). Therefore, it would be of interest to know the
duration of the period in which GABAergic PSCs can be induced
by nAChR activation, because the cholinergic afferents are
known to innervate the interneurons (Frotscher and Léránth,
1985).

Application of choline and ACh to the CA1 interneurons
resulted, respectively, in short- and long-lasting bursts of PSCs
(Fig. 5A,B). Whereas the effect of choline declined during a
12 sec agonist pulse, that of ACh outlasted the agonist pulse (Fig.
5A,B). The effects of both agonists on GABA release were
concentration-dependent (Fig. 5A,B). With increasing concentra-
tions of choline there was a shortening of the delay for detecting
the PSCs, and with increasing concentrations of ACh there was
also an increase in the frequency of PSCs (Table 3). In the
experiments shown in Figure 5, A and B, the delay in the onset of
PSCs evoked by 1 and 10 mM choline was 1884 and 965 msec,
respectively, and the delay in onset of PSCs evoked by 0.01, 0.1,
and 1 mM ACh was 880, 505, and 264 msec, respectively. The
average delay in the onset of agonist-evoked PSCs calculated
from nine experiments was 1422 6 393 msec for 10 mM choline
and 690 6 76 msec for 1 mM ACh. The shorter delay for the onset
of the ACh response suggested that the nAChRs activated by
ACh are located in close proximity to the interneuron under
study, whereas the nAChRs activated by choline, in many in-
stances, are located distally to the recorded neuron. It is likely
that applied choline activated nAChRs present in the soma and
dendrites of nearby interneurons, whereas applied ACh activated
predominantly nAChRs present in preterminal regions of presyn-
aptic interneurons.

Agonist-mediated PSCs were analyzed according to one of two
methods. When the PSCs did not summate and could be detected
as isolated events, parameters such as frequency (Table 3), am-
plitude, rise time, and decay time constant of the PSCs were
analyzed. In many instances, however, particularly at ACh con-
centrations $ 0.1 mM, the PSCs summated and could not be
detected as individual events (Fig. 5A, traces; Fig. 5C, expanded
traces). In such cases, quantification of the effects of the nicotinic
agonists was made possible by the charge analysis (Fig. 5D).

Analysis of individual PSCs indicated that both choline
(10 mM) and ACh (1 mM) did not change the distribution of the
peak amplitudes or rise times of these events; the mode amplitude
was 24.8 pA, and the mode rise time was 1.24 msec, regardless of

Table 2. Inhibition of nicotinic currents by different pharmacological
agents

Agent

Peak current amplitude
% Inhibition (mean 6 SE)

Type IA (peak) n Type IB (steady-state) n

MLA (10 nM) 74.2 6 2.3 6
MLA (50 nM) 100 6 4.5 6 1.0 4
Choline (25 mM) 34.2 6 3.2 4
Choline (50 mM) 58.0 6 4.8 5
Choline (100 mM) 97.8 6 1.1 6 6.2 6 1.4 5
a-BGT (100 nM) 100 6 5.7 6 1.5 4
DHbE (10 mM) 39.2 6 3.9 4 87.2 6 4.6 5

Steady-state current was measured as the difference between the baseline and the
current at the end of a 6 sec agonist pulse. The amplitudes of the currents recorded
in the presence of each antagonist were significantly (p , 0.05 according to the
paired Student’s t test) different from those measured in the absence of the
antagonists.
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whether the PSCs were recorded in the absence or in the pres-
ence of ACh (1 mM) or choline (10 mM). It should be noticed that
although in most cells (n 5 10) the agonists did not alter the
amplitude distribution of the PSCs, in three neurons large-
amplitude events were detected in higher frequency when the
interneurons were exposed to the nicotinic agonists than under
control condition. In contrast, the frequency of PSCs was always

higher, as revealed by shortening of the interevent interval, when
the interneurons were exposed to choline or ACh than under
control condition. Fitting the interevent intervals to a single-
exponential function indicated that under control condition this
function decayed with a time constant of 786 msec, a value that is
longer than the time constant obtained from the single-
exponential fittings of the intervals between choline- or ACh-

Figure 3. Nicotinic currents rectify inwardly and show
differences in sensitivity to activation by agonists. A, Fast-
decaying currents (type IA) evoked by different concen-
trations of ACh in an interneuron. B, Type IA currents
induced by different concentrations of choline in another
neuron. C, In the same interneuron as in B, a 20 sec pulse
of choline (0.5 mM) also elicited a current. The decay
phase of this current was fit by a single exponential func-
tion (fit represented by solid line through the data) with a
decay time constant of 4.2 sec. D, Graph shows the plot of
the peak amplitude versus membrane potential for
choline- and ACh-evoked type IA currents; the data were
obtained from two neurons each. Inset shows the current
traces evoked by choline in a single experiment. At posi-
tive membrane potentials, no outward nicotinic currents
were evoked, although the spontaneous GABAergic PSCs
were present. In all experiments, the pipette solution con-
tained methane sulfonate as the main anion and MgCl2. E,
Slowly decaying currents (type IB) evoked by various
concentrations of ACh in another interneuron. F, Concen-
tration–response relationship for ACh and choline in in-
ducing different responses. The amplitude of the currents
evoked by the highest agonist concentration tested was
taken as 100% and used to normalize the amplitude of the
currents evoked by the other concentrations. Data points
are the average from two neurons for choline and ACh in
type IA and from one neuron in type IB. Solid lines
passing through data points represent the fit of the data to
a Hill equation. For type IB, two EC50s and two Hill
coefficients were assumed. G, Graph shows the plot of the
peak amplitude versus membrane potential of ACh-
evoked type IB currents from a single interneuron. Inset
shows the current traces at different membrane potentials.
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Figure 4. Nicotinic agonists trigger GABAergic PSCs in interneurons in an action potential-dependent manner. A1, Plot of the membrane potential
versus peak amplitude of GABA-evoked currents. Data points are from the traces shown in A2, inset. Spontaneous PSCs recorded from another
interneuron at different membrane potentials. Note that both spontaneous PSCs and GABA-evoked whole-cell currents reversed at approximately
244 mV. B, Recording of PSCs spontaneously occurring or evoked by nicotinic agonists in an interneuron at 12 mV. Traces on the lef t column (B1)
were obtained under control condition, and those on the right (B2) were obtained 3–9 min after exposure of the neuron to bicuculline. C, Panel of traces
showing spontaneous and agonist-evoked (6 sec pulse) PSCs under control (C1) and 3–7 min after exposure to TTX (C2). Data were obtained from a
single interneuron at 12 mV. All experiments with PSCs were performed using a pipette solution that contained Cs-methanesulfonate as the main anion
and QX-314 (5 mM).
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induced PSCs (i.e., 420 and 266 msec, respectively). Cumulative
probability distributions of peak amplitude, rise time, and inter-
event intervals for PSCs recorded under control condition and
during exposure of the interneurons to ACh or choline clearly
show the specific effect of the nicotinic agonists on the PSC
frequency (Fig. 6A). Although ACh caused no change in the
decay time constant of the averaged PSCs, choline slightly accel-
erated the decay phase of the PSCs (Fig. 6B). The decay time
constant of the averaged PSCs in control, choline, and ACh were
16.51, 14.47, and 16.02 msec, respectively.

Short-lasting PSC bursts are induced by activation of
a7 nAChRs, whereas long-lasting PSC bursts are
induced by activation of a4b2 nAChRs in CA1
interneurons
Superfusion of the hippocampal slices for 3 min with choline
(100 mM) prevented brief pulses of choline (10 mM) from inducing
PSCs. This blocking effect of choline was completely reversed
after washing. In contrast, even longer (6 min) exposure of the
interneurons to choline (100 mM) had negligible effect on ACh-
induced (1 mM) long-lasting bursts of PSCs. Superfusion of the
slices with DHbE (10 mM) for 6 min caused a slight decrease in
the choline-induced PSCs, whereas after 3 min exposure of the
interneurons to DHbE, the ability of ACh to induce PSCs was
blocked by ;85%. After a 10–13 min washing of the interneurons
with DHbE-free ACSF, the ability of choline to evoke PSCs was
completely restored, whereas that of ACh was only partly recov-
ered. Finally, 3 min superfusion of the slices with MLA (50 nM)
completely inhibited choline-induced (10 mM) PSCs but pro-
duced negligible inhibition of ACh-evoked PSCs. Partial reversal
from MLA-induced blockade occurred after 15 min wash. The
blocking effect of different agents on the agonist-induced PSCs

were analyzed by calculating the charge movements in the pres-
ence and in the absence of the blockers (Fig. 7). It was also
observed in five different slices pretreated with a-BGT (100 nM)
for 1–3 hr that choline failed to induce any PSCs, whereas ACh
evoked a typical long-lasting burst of PSCs. Thus, the present
results provide evidence that a7 nAChRs underlie the choline-
induced short-lasting burst of PSCs, and a4b2 nAChRs underlie
the ACh-induced long-lasting burst of PSCs in the interneurons.

Long-lasting bursts of PSCs elicited by activation of a4b2
nAChRs could be recorded from all 25 interneurons studied in
the absence of TTX (i.e., a 100% incidence). In contrast, whereas
a7 nAChR-mediated type IA-like currents were recorded from
all interneurons studied in the presence of TTX, a4b2 nAChR-
mediated nicotinic currents were observed in ;65, 32, and 36% of
the interneurons sampled in the stratum lacunosum moleculare
(n 5 17), in the stratum radiatum (n 5 50), and in the border of
the two strata (n 5 33), respectively. The mismatch between the
number of neurons responding to ACh with a4b2 nAChR-
mediated currents and with a4b2 nAChR-induced facilitation of
GABA release can be explained on the basis that the first re-
sponse arises from activation of receptors present on the soma
and proximal dendrites of the interneurons from which record-
ings were obtained, whereas the second response was triggered by
activation of nAChRs present in other interneurons and on
preterminal sites as well.

Basal a7 and a4b2 nAChR activity controls the
excitability of CA1 interneurons in hippocampal slices
Superfusion of the slices with either DHbE (10 mM) or MLA
(50 nM) caused an increase in the peak amplitude as well as in the
frequency of PSCs recorded from CA1 interneurons (Fig. 8A,B).
In the example shown in Figure 8A, these effects were observed
within 20–30 sec after start of the superfusion and lasted for ;3
min, after which time the amplitude and the frequency of the
PSCs returned to their control values. In a few interneurons (n 5
3), the effects of MLA and DHbE on the PSC frequency and
amplitude lasted for ,1 min. Neither MLA nor DHbE altered
the decay time constant of the PSCs, indicating a presynaptic
action of these agents. In the presence of TTX, MLA and DHbE
failed to increase the frequency and amplitude of spontaneous
PSCs (n 5 2). These results suggested that the nAChRs present
in the interneurons are constantly subjected to the action of the
endogenous transmitter or transmitters and that this activity
maintains a basal inhibitory tone in the neurocircuitry in the CA1
field of the hippocampus.

DISCUSSION
The present study demonstrates for the first time that CA1
interneurons in hippocampal slices exhibit two kinetically and
pharmacologically distinct nicotinic currents in response to exog-
enously applied agonists, a finding that is consistent with the
existence of two functional subtypes of nAChRs in these neu-
rons. One nAChR subtype contains the a7 subunit and mediates
fast excitation of the interneurons, as shown in previous studies
(Alkondon et al., 1997a; Jones and Yakel, 1997; Frazier et al.,

3

Figure 5. Choline and ACh differ in their ability to trigger GABAergic PSCs. A, A 6 sec pulse of choline induced a burst of PSCs that did not outlast
the agonist pulse (top trace). Note that the evoked PSCs were preceded by a small inward current that was induced by choline. In the same neuron,
application of ACh induced a concentration-dependent increase in the PSC frequency (second, third, and fourth traces). The PSCs outlasted the ACh
pulse. Membrane potential, 28 mV. B, In another neuron, a 12 sec pulse of choline (1 mM) also induced a burst of PSCs. The delay for the onset of the
response was shortened by increasing the concentration of choline to 10 mM. In the same neuron, ACh induced a concentration-dependent increase in

Table 3. Analysis of the frequency of GABAergic PSCs under different
conditions

Experimental condition
Number of PSCs
per sec (mean 6 SE)

Absence of TTX
Control 1.451 6 0.263
Choline (1 mM) 2.524 6 0.152a

Control 1.451 6 0.263
Choline (10 mM) 2.636 6 0.165a

Control 1.388 6 0.393
ACh (0.1 mM) 2.152 6 0.360a

Control 1.388 6 0.393
ACh (1 mM) 3.138 6 0.342a

Presence of TTXb

Control 1.331 6 0.345
Choline (10 mM) 1.196 6 0.409
Control 1.331 6 0.345
ACh (1 mM) 1.432 6 0.436

ap , 0.01, compared to respective control by paired t test; n 5 5 in all groups.
bSlices were continuously perfused with TTX (0.5 mM)-containing ACSF.
Agonists were applied via the U-tube to the CA1 interneurons for 6–12 sec.
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the PSC frequency that outlasted the duration of the agonist pulse, particularly at the highest concentrations of ACh (third and fourth traces). C, Traces
shown in A were expanded for better visualization of the PSCs. Under control ( first two traces), individual PSCs are well (Figure legend continues)sepa-
rated. With choline (10 mM), the PSCs summated such that individual events could not be identified (third trace). In the presence of ACh (10 mM),
individual PSCs could still be identified. However, in the presence of 100 mM and 1 mM ACh, the PSCs summated such that the frequency could not be
analyzed. D, An example of an experiment in which charge analysis of the PSCs was performed. Traces shown in B were used for this analysis. Charge
movement per 2 sec segment was calculated in the traces before, during, and after the end of pulse and plotted against time. The 10th sec in the time
scale corresponds to activation of the agonist-delivery system. Membrane potential, 12 mV.
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1998a), and the other contains most likely a4b2 subunits and
mediates slow excitation in the interneurons. Also of major im-
pact was the finding that activation of a7 or a4b2 nAChRs
facilitates the action potential-dependent release of GABA from
CA1 interneurons, indicating these nACh R subtypes can be
assigned to presynaptic neurons.

The time course of the agonist-induced PSCs suggested that a7
nAChRs are best suited for mediating phasic inhibition in the
interneurons, whereas the a4b2 nAChRs are likely to mediate
tonic inhibition in these neurons. The finding that nicotinic an-
tagonists enhanced the amplitude and frequency of GABAergic
PSCs also indicates that ACh released from cholinergic fibers
maintains a basal level of nAChR activity that sustains the inhi-
bition of the GABAergic system in the CA1 field of the
hippocampus.

The ability of TTX to attenuate choline- and ACh-induced
facilitation of GABA release suggested that the nAChRs subserv-
ing such effects are present in somatodendritic regions (Fig. 9, site
a) and in preterminal sites (Fig. 9, site c) of axons (Fig. 9, site b)
of interneurons that synapse onto the interneuron under study.

The longer delay to induce PSCs with choline than with ACh
supports the contention that choline-evoked PSCs originated
from activation of a7 nAChRs located in somatodendritic regions
of interneurons that synapse onto the neuron under study and
that ACh-evoked PSCs could have arisen from activation of a4b2
nAChRs located in preterminal sites (Lu et al., 1998) of presyn-
aptic interneurons. Further analyses are underway to delineate
the location of the nAChRs that are critical for mediating GABA
release after activation by the agonists and to determine whether
nAChRs could also be present in the presynaptic terminal of
GABAergic interneurons and control the action potential-
independent release of GABA.

Diversity of nAChRs in the CA1 interneurons
The present results indicate that at least one of two nAChR
subtypes (i.e., an a7 and/or an a4b2) are present in CA1 inter-
neurons in hippocampal slices taken from rats at early stages of
development (15- to 20-d-old) and from mature (21- to 30-d-old)
rats. The properties of the nAChR subtypes in CA1 interneurons
are remarkably similar to those of the receptor subtypes present
in cultured neurons (Alkondon and Albuquerque, 1993; Alkon-
don et al., 1994). For example, type IA currents in both prepa-
rations exhibited fast kinetics of inactivation during a short ago-
nist pulse, showed very similar sensitivity to activation by
agonists, and had similar sensitivity to desensitizing concentra-
tions of choline. Also, type IB currents in both preparations
showed a higher sensitivity to ACh than type IA currents. These
similarities suggested that fetal hippocampal neurons in culture
retain an intrinsic ability to express functional nAChRs even in
the absence of the major septal cholinergic afferents that inner-

Figure 6. Nicotinic agonists increase the frequency of PSCs. Analysis of
the peak amplitude, 10–90% rise time, and interevent intervals of PSCs
that occurred either spontaneously (270 sec data) or in response to
choline (40 sec data, two pulses applied) and ACh (20 sec data, one pulse
applied) in a CA1 interneuron. Data were from the same experiment as
illustrated in Figure 5B. A, Cumulative distribution of peak amplitude,
rise time, and interevent intervals of events recorded under different
experimental conditions. This representation clearly shows that nicotinic
agonists increased the frequency but not other parameters of the PSCs. B,
Several PSCs were averaged: 304 spontaneous events, 81 events recorded
in the presence of choline, and 57 events recorded in the presence of ACh.
These averaged traces show very little differences in their decay phase.

Figure 7. Pharmacological agents identify the nAChR subtypes that
trigger PSCs. Agonist-evoked PSCs under different conditions were quan-
titated using charge analysis. The values obtained before perfusion of the
neurons with the antagonists were taken as 100%. The data are mean 6
SE calculated from three experiments. The values in the antagonist group
were significantly different from control ( p # 0.02 according to the
Student’s t test). Note that the bar representing choline-induced PSCs in
the presence of MLA is not visible because of a complete blocking effect.
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vate the hippocampus. However, striking differences in the sen-
sitivity of the receptor subtypes to the reversible competitive
antagonists MLA and DHbE were seen; 50–100 times larger
concentrations of these agents were necessary to block the nico-
tinic currents recorded from neurons in slices than to block the
same responses in the neurons in culture. Although the access
barrier in slices can interfere with the determination of antago-
nist sensitivity of the responses, it could not account for the
magnitude of difference noted in the slice neurons. These findings
suggest that there may be age-related changes in the affinity of the
receptors for competitive antagonists. Alternatively, this discrep-
ancy could be attributed to changes in the receptor composition
that may occur as a consequence of the cholinergic innervation of
the hippocampal neurons.

Depending on the nAChR subtype activated there can
be a short- or a long-lasting excitation of
CA1 interneurons
The kinetics of inactivation of both a7 and a4b2 nAChRs have a
direct correlation with the ability of these receptors to control the
activity of the CA1 interneurons. Activation of a7 nAChRs by
short pulses of the nicotinic agonists choline and ACh resulted in
phasic, whereas activation of a4b2 nAChRs by ACh resulted in
tonic excitation of these interneurons. The recent demonstration
of an a7 nAChR-mediated fast synaptic transmission in the CA1
interneurons (Alkondon et al., 1998; Frazier et al., 1998b) is
consistent with the concept that synaptically released ACh could
trigger a phasic pattern of action potentials in these neurons. At
this point, it is unclear whether a4b2 nAChRs can also mediate

Figure 8. Nicotinic antagonists increase
the frequency of large-amplitude PSCs. A,
PSCs recorded at 28 mV from an inter-
neuron before and 1 min after exposure to
each of the antagonists. During exposure
to these agents, large-amplitude events ap-
peared frequently, and this effect reversed
after wash. B, The averaged PSC traces
obtained from several individual PSCs in
each group indicated marked changes in
the PSC amplitude. C, The arithmetic
mean and SE of the peak amplitudes (lef t
graph) and decay time constants (middle
graph) of PSCs are shown for each group.
The number of PSCs (both small- and
large-amplitude events) per second before
and during exposure of the neurons to the
antagonists was calculated and is depicted
in the right graph. D, Distribution of the
peak amplitude of PSCs recorded for 450
sec in the absence of antagonists, for 150 sec
in the presence of DHbE, and for 150 sec
in the presence of MLA. Note that large-
amplitude events are more prevalent in the
presence than in the absence of the
antagonists.
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synaptic transmission in CA1 interneurons. However, the higher
sensitivity of a4b2 nAChRs to ACh is compatible with those
being activated in a nonsynaptic manner by diffusing agonist. The
low incidence (;7%) of cholinergic axon varicosities opposing
synaptic specializations in CA1 neurons (Umbriaco et al., 1995)
and the low incidence (10–20%) of detecting a fast nicotinic
synaptic transmission in CA1 interneurons (Alkondon et al.,
1998; Frazier et al., 1998b) support the notion of volume trans-
mission mediated by diffusing ACh acting through a4b2 nAChRs
(Léna and Changeux, 1997; Wonnacott, 1997).

Nicotinic receptor activation can result in inhibition
or disinhibition of neurons in the CA1 field of
the hippocampus
Nicotinic receptor activation in interneurons that synapse directly
onto pyramidal neurons is likely to inhibit the activity of the latter
(Fig. 9). However, activation of nAChRs in interneurons that
innervate other interneurons would cause disinhibition of the
pyramidal neurons (Fig. 9). In fact, the connectivity between

interneurons and other interneurons or pyramidal neurons has
been well described (Acsády et al., 1996; Gulyás et al., 1996; Hájos
and Mody, 1997). Disinhibition of CA3 pyramidal neuron activity
by stimulation of septal GABAergic afferents has been demon-
strated, and the importance of such disinhibitory mechanisms to
the functions of the hippocampus has been stressed (Hawkins et
al., 1993; Tóth et al., 1997). The present results indicating that
GABAergic PSCs can be induced in the interneurons by nAChR
activation and that GABAergic PSCs could be enhanced in
amplitude and frequency by nicotinic antagonists support the
existence of a disinhibitory circuit in the CA1 region that could be
controlled by nicotinic cholinergic activation. Thus, the results
provided in this study give direct experimental support to previ-
ous studies in which a GABAergic mechanism was suspected to
explain the relationship between a7 nAChR gene locus and
attentional deficits in schizophrenia (Freedman et al., 1997) and
that between cholinergic deafferentation and kindling epilepto-
genesis (Kokaia et al., 1996).

Endogenous choline may control the a7
nAChR activity
Similar to the findings obtained from cultured hippocampal neu-
rons (Alkondon et al., 1997b), the present results reveal that
choline interacts selectively with a7 nAChRs, being unable to
either activate or desensitize a4b2 nAChRs. This provides a
mechanism by which selective activation and inactivation of a7
nAChRs can be achieved. Such selectivity cannot be attained with
the primary neurotransmitter ACh, which activates all known
subtypes of nAChRs.

The concentrations of choline in the CSF range from 4 to
12 mM (Klein et al., 1992). Thus, circulating choline is unlikely to
cause either activation or inactivation of a7 nAChRs. It is un-
known whether choline can be released from the cholinergic
terminals and serve as the neurotransmitter at a7 nAChR-
bearing synapses in the CNS. However, choline can be generated
at high micromolar concentrations near cholinergic synapses by
the hydrolysis of ACh by AChE, and its concentration may
fluctuate depending on the frequency of activation of cholinergic
fibers. Thus, the following effects can be predicted from the
synaptically generated choline. First, it can activate the somato-
dendritic a7 nAChRs and alter Ca21 dynamics in the interneu-
rons. Second, choline can activate or inactivate a7 nAChRs and
either facilitate or inhibit the release of GABA from a7 nAChR-
bearing neurons. It should be noted that an earlier study, in which
agonists were applied by pressure ejection to CA1 interneurons
via a single pipette, failed to detect an agonist effect of low
concentrations of choline (Frazier et al., 1998a). The use of the
U-tube in the present study was of paramount importance for the
detection of the agonist effect of choline at low concentrations,
because it minimized agonist-leak-induced desensitization, thus
allowing reliable detection of nicotinic responses induced by
successive pulses of different agonists or of a given agonist at
different concentrations. Thus, the possibility that choline gener-
ated at cholinergic synapses is able to activate extrasynaptic a7
nAChRs (Frazier et al., 1998a) cannot be ruled out. Finally, the
ability of choline to desensitize a7 nAChRs can serve as a
rate-limiting step in the a7 nAChR-mediated postsynaptic
transmission.

In conclusion, the present study demonstrates that CA1 inter-
neurons, in addition to expressing functional a7 nAChRs, also
express a4b2-like nAChRs and that activation of each of these
receptors facilitates the action potential-dependent release of

Figure 9. Schematic representation of an interneuron circuitry in the
CA1 region that can be affected by nicotinic cholinergic activity. This
scheme is based on the anatomical evidence that is reported in the
literature and on the functional evidence that is presented in this study.
For simplicity, we have shown three interneurons (I1–I3) and one pyra-
midal neuron ( P) connected in series. The present results and those of our
previous study (Alkondon et al., 1997a) suggest that nAChRs are located
in preterminal sites (c) of axons (b) and in somatodendritic regions of
CA1 interneurons. Endogenous nicotinic cholinergic activity can induce
either inhibition or disinhibition depending on the interneuron that is
activated in the circuitry. A properly timed cholinergic signal to one
interneuron (e.g., I1) can effectively nullify the ability of a glutamatergic
signal to drive a second interneuron (e.g., I2), resulting in the disinhibition
of a synaptically connected neuron (e.g., I3). The ability of nicotinic
antagonists to increase the frequency of GABAergic PSCs in the inter-
neurons supports such a scheme.
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GABA. The nAChRs present in the interneurons remain the
target sites for the action of ACh and, possibly, choline as neu-
rotransmitters and are intimately involved in the control of neu-
ronal excitability in the CA1 field of the hippocampus.
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