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Excitation of rat hippocampal interneurons via modulation
of endogenous agonist activity at the α7 nicotinic
ACh receptor
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The α7 subtype of the nicotinic acetylcholine receptor (α7 nAChR) is prominently expressed

in the hippocampus where it is thought to play a role in the regulation of cognitive function. In

this study, we have investigated the effects of 5-hydroxyindole (5-HI), a positive modulator of

the α7 nAChR, on GABAergic activity in hippocampal CA1 stratum radiatum interneurons

in acute rat brain slices. Superfusion of 5-HI (100 μM) increased the mean frequency and

amplitude of spontaneous IPSCs (sIPSCs). The potentiation was occluded by pretreatment

of slices with: (1) a high concentration of the broad-spectrum agonist nicotine to desensitize the

α7 receptor, (2) an α7 nAChR antagonist, and (3) tetrodotoxin to block action potential firing.

These results indicate that facilitation by 5-HI was mediated by the α7 nAChR and required

neuronal excitation. In contrast, 5-HI had no effect on sIPSCs recorded in hippocampal slices

from younger animals, even though the expression of functional α7 nAChRs was confirmed by

agonist application experiments. In these slices, 5-HI only enhanced sIPSCs after pretreatment

with the acetylcholinesterase inhibitor Bw284c51. Taken together, our results suggest that 5-HI

facilitates GABAergic transmission via excitation of the α7 nAChR, and that this effect requires

the presence of the endogenous agonist ACh in the extracellular environment of the receptor.
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Nicotinic acetylcholine receptors containing the α7
subunit (α7 nAChRs) are expressed at high levels in the
rodent hippocampus and are characterized by blockade by
α-bungarotoxin and methyllycaconitine (MLA), selective
activation by choline, high permeability to Ca2+, and rapid
desensitization (Couturier et al. 1990; Séguéla et al. 1993;
Alkondon et al. 1997b). Disruption of α7 nAChR activity
has been implicated in the pathophysiology of psychiatric
and neurological conditions such as schizophrenia and
Alzheimer’s disease (Freedman et al. 1997; Court et al.
1999; Guan et al. 2000). For example, analysis of
post-mortem tissue from schizophrenia patients has
revealed a reduction in α7 nAChR protein levels in
various cortical regions (Freedman et al. 1995; Guan
et al. 1999), while the β-amyloid protein associated with
the pathophysiology of Alzheimer’s disease modulates α7
nAChR function (Wang et al. 2000; Pettit et al. 2001).
Although the broad-spectrum nAChR agonist nicotine
has long been reported to enhance cognitive processes
in animal models and in humans (reviewed by Levin,
2002; Newhouse et al. 2004), the involvement of the α7
nAChR subtype in cognition was speculative until the

recent development of selective pharmacological agents
that promote or inhibit α7 nAChR activity and the
generation of α7 nAChR receptor knockout mice. Selective
activation of the α7 nAChR was found to improve sensory
processing and cognition in animal models (Stevens et al.
1998; Levin et al. 1999; Cilia et al. 2005; Hajós et al.
2005), whereas impairments were elicited by application of
antagonists (Felix & Levin, 1997; Bettany & Levin, 2001) or
deletion of the gene encodingα7 nAChR (Young et al. 2004;
Keller et al. 2005). In light of these findings, the α7 nAChR
shows promise as a therapeutic target in the treatment of
various cognitive, neurological and psychiatric disorders
(Martin et al. 2004).

Its rapid activation/deactivation kinetics makes the α7
nAChR suitable for mediating fast synaptic transmission
and indeed, α7 nAChR-mediated synaptic currents have
been demonstrated in the rat hippocampus (Frazier
et al. 1998a; Hefft et al. 1999). In addition, its
presence at extrasynaptic and presynaptic locations
indicates the involvement of α7 nAChRs in modulatory
or ‘volume’ transmission in the CNS (Descarries et al.
1997; Fabian-Fine et al. 2001; Coggan et al. 2005). The α7
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nAChR has been shown to modulate the release of various
neurotransmitters, including glutamate (McGehee et al.
1995; Gray et al. 1996), GABA (Alkondon et al. 1997a),
dopamine (Schilstrom et al. 1998) and noradrenaline (Li
et al. 1998). Furthermore, α7 nAChR activity may also
regulate neuronal excitability and plasticity (Radcliffe &
Dani, 1998; Frazier et al. 2003; Maggi et al. 2004).

Interneurons in the rat hippocampus express high levels
of α7 nAChR, and functional α7 nAChR responses in
this system have been well characterized (Alkondon &
Albuquerque, 1993; Jones & Yakel, 1997; Frazier et al.
1998b; McQuiston & Madison, 1999; Fabian-Fine et al.
2001). Although brief local applications of nicotinic
agonists can temporarily enhance neuronal activity
(Alkondon et al. 1997a, 1999; Ji & Dani, 2000), receptor
desensitization may limit α7 nAChR signalling in the
prolonged presence of an agonist (Briggs & McKenna,
1998; Frazier et al. 1998b). An alternative approach to
receptor activation with an exogenous agonist is the
use of a positive allosteric modulator which would
enhance receptor function elicited by endogenous agonists
without directly activating or desensitizing the receptor.
A number of positive modulators of the α7 nAChR
have been reported, including ivermectin (Krause et al.
1998), galantamine (Santos et al. 2002), 5-hydroxyindole
(5-HI; (Zwart et al. 2002) and PNU-120596 (Hurst et al.
2005). In this study, we tested the ability of 5-HI to
enhance α7 nAChR function and modulate GABAergic
transmission in rat hippocampal CA1 interneurons. We
examined the relative efficacy of 5-HI at two stages of
postnatal development and investigated the dependence
of 5-HI efficacy on the presence of endogenous α7 nAChR
agonists.

Methods

Hippocampal neurons in primary culture

Neuronal cultures were prepared from embryonic rat
brains harvested following kill by CO2 inhalation
in accordance with GlaxoSmithKline animal welfare
guidelines and the UK Animals (Scientific Procedures)
Act 1986. The dissected hippocampi were placed into
an ice-cold medium: Hank’s balanced salt solution
(HBSS; Ca2+- and Mg2+-free); pyruvate, 1 mm; penicillin,
100 mg ml−1; streptomycin, 100 mg ml−1; Hepes, 10 mm;
NaHCO3, 0.035%. Trypsin/EDTA was diluted in HBSS
with sodium pyruvate (Ca2+- and Mg2+-free) and the
tissue was trypsinized for 30 min at 37◦C. Tissue pieces
were physically dissociated and neurons were plated onto
poly-d-lysine-coated coverslips in the following plating
medium: neurobasal medium + 1 mm sodium pyruvate;
penicillin, 100 mg ml−1; streptomycin, 100 mg ml−1; B27
supplement 1×; l-glutamine, 1 mm. Half of the volume
of medium was replaced twice weekly, and the cells were
used for recordings from 7 to 16 days in vitro.

Hippocampal slice preparation

Sprague-Dawley rats (postnatal day 12–35) were deeply
anaesthetized with isoflurane by inhalation, and the
brains were removed following decapitation in accordance
with GlaxoSmithKline animal welfare guidelines and
the UK Animals (Scientific Procedures) Act 1986.
Using a vibratome (Campden Instruments), horizontal
hippocampal slices (300 or 350 μm thick) were cut in
ice-cold artificial cerebrospinal fluid (aCSF) solution of
the following composition (mm): NaCl, 125; KCl, 2.5;
NaHCO3, 26; NaH2PO4.H2O, 1.25; glucose, 25; CaCl2,
1, MgCl2, 2, bubbled with 95% CO2/5% O2. Slices were
incubated at room temperature in aCSF containing 50 μm

d-aminophosphonovalerate (d-AP5) for an hour before
experimentation and used for up to 8 h later.

Electrophysiology recordings

Cultured hippocampal neurons were perfused with an
external solution containing (mm): NaCl, 145; KCl,
2.5; Hepes, 10; glucose, 10; CaCl2, 1.5; MgCl2, 1;
pH 7.4 with NaOH. Tetrodotoxin (0.5 μm) was perfused
throughout the recordings to block action potential
firing. Patch pipettes were filled with (mm): potassium
gluconate, 130; Hepes, 10; EGTA, 5; 300 mOsmol kg−1.
Membrane currents were recorded by whole-cell voltage
clamp using an Axopatch 200B amplifier and pClamp9
software (Molecular Devices). Solutions containing test
compounds were applied via a dual-barrel fast perfusion
system (RSC-160; Biologic, Grenoble, France).

Hippocampal slices were superfused (2–3 ml min−1)
at room temperature with aCSF (mm): NaCl, 125;
KCl, 2.5; NaHCO3, 26; NaH2PO4.H2O, 1.25; glucose,
25; CaCl2, 2; MgCl2, 1; bubbled with 95% CO2/5%
O2. Neurons in the CA1 stratum radiatum of acutely
isolated brain slices were visualized under IR-DIC optics
(Nikon). Membrane currents were recorded by whole-cell
voltage clamp using a Multipatch 700B amplifier and
pClamp9 software (Molecular Devices). For sIPSC
recordings, patch pipettes were filled with an internal
solution containing a high concentration of chloride
(mm): CsCl, 140; NaCl, 2; CsHEPES, 10; CsEGTA, 10;
300 mOsmol kg−1. Patch pipettes had tip resistances of
4–8 M� when filled with internal solution. NBQX (2,3-
dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-
sulphonamide disodium) (5 μm) and d-AP5 (50 μm) were
perfused throughout the experiment to isolate sIPSCs
pharmacologically. In pressure ejection experiments, the
following internal solution was used (mm): KMeSO4,
130; NaCl, 4; Hepes, 10; EGTA, 0.5; MgATP, 4; Na2GTP,
0.2; sodium phosphocreatine, 300 mOsmol kg−1. A glass
pipette of tip diameter 50–150 μm was positioned adjacent
to the target cell body and was used to apply ACh by
pressure microejection (50–100 ms duration, 5–15 p.s.i.
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(34.5–103.5 kPa); Picospritzer; Warner Instruments). All
chemicals were purchased from Sigma-Aldrich or Tocris
Cookson, except tetrodotoxin (TTX; Affiniti Research
Products). Data analysis of agonist-evoked currents was
performed using pClamp9 (Molecular Devices) and
Origin5 (Original Lab Corp., Northampton, MA, USA)
software. Concentration–response curves were fitted with
the Hill equation:

y = 1 + (EC50/x)nH

where y is the membrane current, EC50 is the concentration
of half-maximal efficacy, x is the agonist concentration,
and nH is the Hill coefficient. Synaptic currents were

Figure 1. 5-Hydroxyindole potentiates currents through the rat native α7 nAChR
Aa, representative ACh-evoked inward currents in rat hippocampal neurons in primary culture. Currents were
enhanced in the presence of 5-hydroxyindole (5-HI; 100 μM) and abolished by methyllycaconitine (MLA;
10 nM). Ab, concentration–response curves for ACh in the absence (�) and in the presence ( �) of 5-HI
(100 μM; n = 4 cells per data point). In the presence of 5-HI, the ACh EC50 shifted from 194 to 65 μM

(P < 0.05) and the Hill slope increased from 1.2 to 2.1 (P < 0.05). The maximal efficacy was not significantly
affected. Ba, representative fast inward currents elicited by pressure microejection of ACh (1 mM) onto CA1
stratum radiatum interneurons in a rat hippocampal slice. The responses were observed in the presence of
picrotoxin (100 μM), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-sulphonamide disodium (NBQX;
5 μM), D-aminophosphonovalerate (D-AP5; 50 μM), MDL72222 (0.5 μM) and dihydro-β-erythroidine (DHβE;
0.1 μM). The time course of agonist application is indicated by the bars above the traces. Bb, mean agonist-evoked
currents were enhanced in the presence of 5-HI (100 μμ) and inhibited in the presence of MLA (100 nM; n = 5–8
cells).

detected and analysed using MiniAnalysis (Synaptosoft,
Inc.). All data are reported as means ± s.e.m. Statistical
significance was determined using a two-tailed Student’s
t test (Excel, Microsoft).

Results

5-HI is a positive modulator at the rat α7 nAChR

Under whole-cell voltage clamp (V h −70 mV), agonist-
evoked α7 nAChR responses were elicited in rat cultured
hippocampal neurons using a dual-barrel fast perfusion
system. As shown in Fig. 1A, application of ACh (300 ms
duration at 2 min intervals) elicited fast inward currents

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society



702 M. H. S. Mok and James N. C. Kew J Physiol 574.3

in 9 of 22 cells. The ACh-evoked currents were abolished
by the selective α7 nAChR antagonist MLA (10 nm) in all
cells tested. Application of 5-HI (100 μm) increased the
peak amplitude and charge transfer of the ACh-evoked
responses. The ACh concentration–response curve was
shifted to the left by 5-HI, indicating an increase in the
potency of ACh at the rat native α7 nAChR. The EC50 for
ACh was 194 μm and 65 μm (n = 4 cells per data point)
in the absence and in the presence of 5-HI (100 μm),
respectively. We also observed an increase in the Hill slope
of the ACh concentration–response curve from 1.2 to 2.1.
In the six cells tested, 5-HI alone (100 μm) did not induce
any current responses (data not shown), confirming that
5-HI does not act as an agonist at the α7 nAChR under
these experimental conditions.

We next evaluated the effect of 5-HI on α7 nAChRs
in isolated hippocampal slices from 3- to 5-week-old
rats. CA1 stratum radiatum interneurons were visually
identified and held under whole-cell voltage clamp
(V h −70 mV). Brief pulses (50–100 ms at 2 min intervals)
of ACh (1 mm) were applied locally to the cell body by

Figure 2. 5-HI facilitates sIPSCs in hippocampal interneurons
A, sample traces of a representative recording from a CA1 stratum radiatum interneuron (from postnatal day (P)26
rat). sIPSC frequency and mean amplitude were reversibly potentiated in the presence of 5-HI (100 μM). Aa–c
correspond to time points represented in B. sIPSC activity was abolished in the presence of picrotoxin (100 μM).
B, frequency–time plot from the recording shown in A, illustrating sIPSC frequency in control conditions (a), in the
presence of 5-HI (100 μM; b) and after wash-out of 5-HI (c). C, mean sIPSC frequency and amplitude data from
20 cells (from 3- to 5-week-old rats). ∗P < 0.05 versus control, paired t test.

pressure microejection in the presence of the glutamate
receptor antagonists NBQX (5 μm) and d-AP5 (50 μm),
the GABAA receptor antagonist picrotoxin (100 μm), the
5-HT3 receptor antagonist tropanyl 3,5-dichlorobenzoate
(MDL72222; 0.5 μm) and the α4β2 nAChR antagonist
dihydro-β-erythroidine (DHβE; 0.1 μm). In 57 of 70
cells, ACh elicited fast-rising inward currents with kinetics
similar to those previously described (Alkondon et al.
1993; Frazier et al. 1998b). Superfusion of 5-HI (100 μm)
potentiated ACh-evoked currents, increasing both their
peak amplitude and charge transfer by 50% (n = 7 cells;
Fig. 1B) but with no effect on the holding current
(data not shown). Perfusion of MLA (100 nm) at the
end of the experiment abolished ACh-induced responses
in all cells tested. Furthermore, pressure application
of 5-HI (100 μm) alone did not evoke any current
responses (n = 23 cells; data not shown). These results
confirm that 5-HI is a positive modulator at the rat
α7 nAChR in both cultured hippocampal neurons
and CA1 stratum radiatum interneurons in isolated
slices.
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Table 1. Comparison of sIPSC, mIPSC and ACh-evoked current properties recorded from
hippocampal slices taken from 2- to 3-, and 3- to 5-week-old rats

2–3 weeks old 3–5 weeks old

sIPSCs
Frequency (Hz) 3.5 ± 0.5 (n = 14) 4.7 ± 0.5 (n = 20)
Amplitude (pA) −43.4 ± 4.0 −52.5 ± 8.4
Charge transfer (fC) −773.1 ± 94.6 −973.7 ± 193.3
10–90% rise (ms) 4.3 ± 0.4 3.9 ± 0.2
Half-width (ms) 12.5 ± 0.9 12.6 ± 1.3

mIPSCs
Frequency (Hz) ND 4.3 ± 2.0 (n = 6)
Amplitude (pA) ND −45.8 ± 17.3

ACh-evoked currents
Amplitude (pA) −233.4 ± 55.0 (n = 26) −247.5 ± 75.9 (n = 19)
Charge transfer (pC) −158.5 ± 64.3 −206.1 ± 96.2

No significant differences were observed in sIPSC or ACh (1 mM)-evoked current
properties between the two ages. There were also no significant differences between
sIPSC and mIPSC properties recorded from 3- to 5-week-old animals. ND, not
determined.

5-HI increases GABAergic transmission in CA1 stratum
radiatum via the α7 nAChR

Using a chloride-based internal solution, and in the
presence of the glutamate receptor antagonists NBQX
(5 μm) and d-AP5 (50 μm), sIPSCs were recorded as
inward currents at a holding potential of −70 mV in
CA1 stratum radiatum interneurons in hippocampal
slices from 3- to 5-week-old rats. Bath application
of 5-HI (100 μm) increased the sIPSC frequency and
average amplitude (19 of 20 cells tested; Fig. 2),
effects which were sustained over a 15 min application
period and were reversible on wash-out. To test if
the 5-HI-induced potentiation required action potential
firing, TTX (0.5 μm) was applied 10 min before 5-HI
perfusion. In all cells tested, 5-HI had no effect on
sIPSC properties following TTX preincubation (n = 6
cells; Fig. 3). This indicates that 5-HI-induced facilitation
was dependent on the firing of connected interneurons
in the slice. Interestingly, the frequency and mean
amplitude of miniature IPSCs (mIPSCs) and control
sIPSCs were the same (Table 1). This indicates that, under
control conditions, spontaneous GABAergic activity
recorded from CA1 stratum radiatum interneurons is
action-potential independent.

To determine whether 5-HI facilitates GABAergic
transmission via modulation of nAChRs, a high
concentration of nicotine (1 mm) was preapplied for
5–10 min to desensitize α7 nAChRs (Frazier et al. 1998b;
McQuiston & Madison, 1999). As summarized in Fig. 3,
5-HI had no significant effect on sIPSCs following
preincubation with nicotine (n = 5 cells). To further
investigate the involvement of the α7 nAChR subtype, we
evaluated the effect of blocking α7 nAChRs with MLA.
MLA (100 nm, 30 min preincubation; n = 4 cells) occluded
the facilitatory actions of 5-HI. It should be noted that

a sufficient period of preincubation was necessary for
MLA to completely block the 5-HI-induced potentiation.
Pretreating slices for 10 min only inhibited the 5-HI effect
by 50% (data not shown; n = 6 cells). In contrast to the
occlusion by MLA, the 5-HI-induced potentiation was
unaffected by the 5-HT3 receptor antagonist MDL72222
(0.5 μm) or theα4β2 nAChR antagonist DHβE (10 μm) in
all cells tested (Fig. 3). Taken together, these results strongly
suggest that 5-HI facilitated GABAergic transmission via
the modulation of α7 nAChR function.

Figure 3. 5-HI-mediated facilitation of sIPSCs is occluded by
inhibition of α7 nAChR activity
Pretreatment (10–15 min, unless otherwise stated) with, and
coapplication of, nicotine (1 mM; n = 5 cells), MLA (100 nM, 30 min
preincubation; n = 4 cells) or TTX (0.5 μM; n = 6 cells) blocked the
facilitatory effect of 5-HI (100 μM) on sIPSC frequency. No significant
changes in sIPSCs were observed on application of 5-HI in the
presence of nicotine, MLA or TTX. In contrast, MDL72222 (0.5 μM;
n = 6 cells) and DHβE (10 μM; n = 4 cells) had no effect on 5-HI-
induced potentiation of sIPSC frequency. ∗∗P < 0.005 versus control,
unpaired t test.
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5-HI had no effect on sIPSCs in slices
from ‘juvenile’ rats

In experiments carried out in slices from younger rats
aged 2–3 weeks, we observed that 5-HI had no effect on
GABAergic sIPSCs in 14 interneurons from these ‘juvenile’
animals (%control: sIPSC frequency, 106.2 ± 4.2%; mean
amplitude, 105.6 ± 3.7%; Fig. 4). As summarized in
Table 1, comparison of control sIPSC properties revealed
no significant differences in frequency, mean amplitude,
charge transfer, rise time or event half-width between
recordings from ‘juvenile’ (2–3 weeks old) and ‘adolescent’
rats (3–5 weeks old).

To investigate whether the absence of 5-HI-induced
facilitation in recordings from juvenile rats might reflect
a lack of α7 nAChR expression, we applied ACh onto
interneurons in slices from juvenile rats to test for
functional α7 nAChRs. Pressure application of ACh
(1 mm) onto the soma of CA1 stratum radiatum
interneurons elicited fast inward currents in most

Figure 4. 5-HI had no effect on sIPSCs recorded from juvenile rats (2–3 weeks old)
A, sample traces from a representative recording of a CA1 stratum radiatum interneuron (from P14 rat). Perfusion
of 5-HI (100 μm) for 30 min had no effect on sIPSC frequency or mean amplitude. B, mean sIPSC frequency
and amplitude in the presence and absence of 5-HI (100 μm; n = 14 cells) in recordings from juvenile rats.
C, comparison of 5-HI effect in slices from 2- to 3-, and 3- to 5-week-old rats (n = 14 and 20 cells, respectively).

interneurons tested in slices from juvenile rats (50 of 58
cells; adolescent rats, 57 of 70 cells) which did not differ
in peak amplitude or charge transfer to those evoked in
slices from adolescent rats (Table 1). The pharmacology
of the agonist-evoked responses from juvenile rat neurons
was also similar to those recorded from the adolescent
neurons. The ACh-evoked currents were potentiated by
5-HI (100 μm; Fig. 5) and abolished by MLA (100 nm;
data not shown) in all cells tested. Interestingly, 5-HI
affected the charge transfer of the ACh-evoked response
to a greater degree than the peak amplitude. This effect
was manifest as a significant slowing of the decay kinetics,
suggesting that 5-HI may differentially affect receptor
desensitization and/or deactivation in juvenile relative
to adolescent slices. Taken together, the data confirm
the expression of functional α7 nAChRs in stratum
radiatum interneurons from juvenile rat brain slices and
that 5-HI is effective as a positive modulator at these
receptors.
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5-HI efficacy depends on activation of α7 nAChRs
by endogenous agonist

As 5-HI is a positive modulator and has no apparent
agonist activity at the α7 nAChR, its facilitatory
effect on sIPSCs in slices from adolescent rats implies
the presence of an endogenous α7 nAChR agonist
in the extracellular environment. Reduced levels
of endogenous agonists in juvenile rat slices may
accordingly underlie the lack of 5-HI activity in this
preparation. To test this hypothesis, we pretreated slices
from juvenile rats with the acetylcholinesterase inhibitor
1,5-bis(4-allyldimethyl-ammoniumphenyl)-pentan-3-one
dibromide (Bw284c51) to reduce ACh degradation and
elevate the levels of endogenous ACh in the extracellular
space. Superfusion of Bw284c51 (1 μm) had no effect on

Figure 5. CA1 stratum radiatum interneurons from juvenile rats
express functional α7 nAChRs
A, pressure ejection of ACh (1 mM) locally onto the soma of a
representative CA1 stratum radiatum interneuron (from P19 rat)
evoked a fast-rising inward current. Bath application of 5-HI (100 μM)
increased the peak amplitude, charge transfer and decay time
constant of the ACh-evoked response. B, comparison of mean
5-HI-induced potentiation of ACh-evoked responses between slices
from 2- to 3-, and 3- to 5-week-old rats (n = 26 and 19 cells,
respectively). In recordings from 2- to 3-week-old rats, 5-HI had a
greater effect on charge transfer and a significant effect on the decay
time constant τ . ∗P < 0.05 versus control, paired t test; #P < 0.05
peak amplitude versus charge transfer, unpaired t test.

sIPSC frequency or amplitude (data not shown; n = 6
cells). After 10–15 min preincubation with and in the
presence of Bw284c51 (1 μm), an increase in sIPSC
frequency was observed on bath application of 5-HI
(100 μm; percentage increase 48.3 ± 24.6%, n = 6 cells;
Fig. 6). In contrast, 5-HI had no significant effect on
sIPSCs in the presence of Bw284c51 and MLA (100 nm;
n = 4 cells), supporting mediation by the α7 nAChR.

Although the presence of an agonist is necessary for
5-HI activity, high levels of endogenous agonist in the
extracellular space may actually limit the effect of 5-HI due
to receptor desensitization. To test this, we investigated the
effect of Bw284c51 (1 μm) on 5-HI-mediated potentiation
of sIPSCs in slices from adolescent rats aged 3–5 weeks. In
Bw284c51-treated slices, 5-HI enhanced sIPSC frequency
and mean amplitude by 30% (n = 5 cells; p < 0.05 for
both frequency and amplitude, paired t test; Fig. 7), effects
not significantly different to those observed under control
conditions. It should also be noted that Bw284c51 alone
had no effect on sIPSC properties in all cells tested
(Fig. 7B).

Figure 6. 5-HI facilitated sIPSCs in recordings from juvenile rats
following pretreatment with Bw284c51
A, representative traces showing the effect of 5-HI (100 μM) on sIPSCs
after preapplication of the acetylcholinesterase inhibitor Bw284c51
(1 μM, 30 min preapplication time). B, following pretreatment with
Bw284c51, 5-HI significantly facilitated sIPSC frequency, but had no
effect on the mean sIPSC amplitude (n = 6 cells). In contrast, 5-HI had
no significant effect on sIPSCs in the presence of Bw284c51 and MLA
(100 nM; n = 4 cells). ∗P < 0.05, paired t test.
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Discussion

In the present study, we have shown that 5-HI is a positive
modulator at the rat α7 nAChR in cultured hippocampal
neurons and in CA1 stratum radiatum interneurons
in acutely isolated slices. 5-HI increased the apparent
potency of ACh at the rat α7 nAChR in cultured neurons.
This was previously reported for recombinant human α7
nAChRs expressed in Xenopus oocytes (Zwart et al. 2002).
However, we also observed a significant increase in the
Hill slope of the ACh concentration–response curve in the
presence of 5-HI, and this indicates an increase in agonist
co-operativity under our experimental conditions.

In hippocampal slices from weaned ‘adolescent’
(3–5 weeks old) rats, sustained application of 5-HI
led to an increase in the frequency and magnitude
of GABAergic sIPSCs. Desensitization of α7 nAChRs
by pretreatment with a high concentration of the
non-selective nAChR agonist nicotine (Frazier et al. 1998b;
McQuiston & Madison, 1999) completely occluded the
5-HI-mediated facilitation. Blockade of the α7 nAChR by
the antagonist MLA also inhibited the effect of 5-HI on
sIPSCs. Previously, Mannaioni et al. (2003) showed that
5-HI potentiated sIPSCs recorded from CA1 pyramidal

Figure 7. Effect of Bw284c51 on 5-HI-induced facilitation in interneurons from adolescent rats
A, representative traces showing the effect of Bw284c51 (1 μM, 15 min incubation; middle panel) and coapplication
of Bw284c51 and 5-HI (100 μM; right panel) on sIPSCs from a P25 rat. B, perfusion of Bw284c51 (1 μM) had no
effect on sIPSC frequency or mean amplitude in 7 cells tested. C, 5-HI significantly increased sIPSC frequency and
mean amplitude in slices pretreated with Bw284c51 (1 μM; n = 5 cells; P < 0.05, paired t test). The magnitude of
potentiation was not significantly different to that observed under control conditions (P > 0.1, unpaired t test).

neurons but this effect was not sensitive to (10 min)
preincubation with MLA. The authors speculated the
involvement of nAChRs other than the α7 subtype.
As CA1 stratum radiatum interneurons also express
α4β2 nAChRs (Alkondon et al. 1999; McQuiston &
Madison, 1999) and 5-HI also facilitates 5-HT3 receptor
activity (Kooyman et al. 1993), we investigated the
possible involvement of these receptors. Preincubation
with the antagonists DHβE or MDL72222 had no effect
on the 5-HI-induced potentiation of sIPSCs, indicating
that 5-HI was not acting via α4β2 nAChRs or 5-HT3

receptors, respectively. Although we cannot rule out the
possibility that 5-HI may also act on targets other than α7
nAChRs, the pharmacological data presented here provide
strong evidence that 5-HI facilitates hippocampal sIPSCs
via modulation of α7 nAChRs. Furthermore, these α7
nAChRs do not appear to be located at the presynaptic
GABAergic axon terminals, as TTX occluded the effect of
5-HI even though action potential-independent mIPSCs
persisted. Thus, our data suggest that positive modulation
of α7 nAChRs leads to excitation of GABAergic inter-
neurons, which is sufficient to cause cell firing and neuro-
transmitter release.
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A number of published reports have shown that
brief (milliseconds or seconds) and local (pressure
microejection or U-tube) applications of α7 nAChR
agonists elicited GABAergic IPSCs in CA1 interneurons
in an MLA- and TTX-sensitive manner (Alkondon et al.
1997a, 1999; Ji & Dani, 2000). Indeed, brief α7 nAChR
agonist applications can directly generate depolarization
and cell firing in hippocampal interneurons (Alkondon
et al. 1999; McQuiston & Madison, 1999; Ji & Dani,
2000). In our experiments, we globally applied an α7
nAChR positive modulator for over 15 min and observed
a robust and sustained potentiation of sIPSCs. Although
the time course and strategy of receptor activation were
different (sustained versus phasic; positive modulator
versus agonist), both approaches elicited GABAergic IPSCs
via α7 nAChR activation and action potential firing.

As 5-HI did not exhibit any agonist activity at the
α7 nAChR, its facilitatory effect on sIPSCs suggests
the presence of endogenous agonists (ACh and choline)
in the extracellular space. We did not observe any
changes in the holding current on perfusion of MLA,
suggesting that α7 nAChRs are not tonically active. We also
observed no changes in sIPSC properties on application
of MLA (data not shown) or the acetylcholinesterase
inhibitor Bw284c51, in contrast to Alkondon et al.
(1999) who reported a transient increase in sIPSC
frequency and amplitude on perfusion of MLA. As
5-HI (100 μm) lowered the EC50 for ACh in cultured
neurons, it is likely that 5-HI enhances the affinity of α7
nAChRs for endogenous agonists in the slice, promoting
receptor activation, neuronal depolarization and firing. We
attempted to demonstrate directly the presence of endo-
genous agonists in the slice by pressure application of
5-HI onto the cell body of interneurons in slices from
adolescent animals. Although no 5-HI-induced currents
were observed, this does not necessarily rule out the
presence of endogenous ACh in the slice. Pressure ejection
of 5-HI might displace any endogenous tonal ACh in
the vicinity. Moreover, the concentration of endogenous
agonist is likely to be very low (as α7 nAChRs were not
tonically desensitized in our experiments) and the cell
bodies of the neurons recorded from in these experiments
were near the surface of the slice where ACh may easily
diffuse away. Interestingly, Fayuk & Yakel (2004) observed
desensitization of α7 nAChRs after superfusion of acetyl-
cholinesterase inhibitors only when ACh was applied
exogenously in pressure application experiments.

Application of 5-HI did not facilitate sIPSCs recorded
from younger ‘juvenile’ rats (2–3 weeks old). This was
not due to the absence of α7 nAChRs, as expression of
functional receptors was confirmed by the observation
of MLA-sensitive ACh-evoked responses. This is in
agreement with α-bungarotoxin-binding studies which
demonstrated the expression of α7 nAChR protein in the
neonatal rat hippocampus, with protein levels actually

decreasing over the first three postnatal weeks (Adams
et al. 2002; Tribollet et al. 2004). In addition to validating
receptor expression, we have also confirmed that 5-HI is
effective as a positive modulator of ACh-evoked currents
at α7 nAChRs in slices from juvenile animals. Our
observation of a 5-HI-induced increase in decay kinetics
of agonist-evoked currents in juvenile slices is intriguing.
As there is very little information on the developmental
regulation of the functional properties of α7 nAChRs
in the literature, we can only speculate on the possible
explanations for this, e.g. the receptors are differentially
regulated by intracellular binding proteins or receptor
phosphorylation.

The cholinergic innervation of the hippocampus
continues to develop postnatally, and staining studies
have shown that the septohippocampal projection reaches
adult patterns during the second postnatal week in
the rat (Milner et al. 1983; Linke & Frotscher, 1993).
More importantly in terms of ACh production and
release, Aznavour et al. (2005) used choline acetyl-
transferase immunocytochemistry to show that the density
of ACh-containing varicosities in the rat CA1 doubled
between postnatal day (P)8 and P16, with a further increase
of 50% to adult levels between P16 and P32. In light of
this, it is possible that the level of ACh in the extracellular
environment is lower in slices from juvenile rats due to
the reduced cholinergic innervation. Our experimental
results are in line with this hypothesis such that the
facilitation of sIPSCs by 5-HI was ‘rescued’ after boosting
levels of endogenous ACh with perfusion of Bw284c51,
an acetylcholinesterase inhibitor with no direct actions
on rat α7 nAChRs (Fayuk & Yakel, 2004). Similarly,
the novel and selective α7 nAChR positive modulator
PNU-120596 and the less selective galantamine were found
only to facilitate sIPSCs when coapplied with ACh in
hippocampal slices from P16–25 rats (Santos et al. 2002;
Hurst et al. 2005). Our results also offer an explanation
for the discrepancy in the Hurst et al. (2005) paper
between the effectiveness of PNU-120596 alone in vivo
and the need for the coapplication of exogenous ACh
in electrophysiological recordings in vitro. Later in post-
natal development, the extracellular levels of endogenous
ACh in the rat hippocampal slice are sufficient for a
positive modulator to have an effect without addition of
an exogenous agonist. However, the relationship between
5-HI efficacy and the concentration of agonist present is
likely to be complex as α7 nAChRs are rapidly desensitized
not only after agonist-mediated activation but also in the
presence of agonists at subactivation threshold (Briggs &
McKenna, 1998). We observed a trend towards reduction
of 5-HI effect in the presence of Bw284c51 in slices from
adolescent rats. This is consistent with the idea that higher
levels of agonist will desensitize α7 nAChRs and thereby
limit the ability of a positive modulator to enhance receptor
function. That Bw284c51 affected the efficacy of 5-HI in

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society



708 M. H. S. Mok and James N. C. Kew J Physiol 574.3

our experiments indicates that ACh is actively degraded,
limiting its exposure at the receptor, and hence suggests
that the release of ACh continues in the deafferented
hippocampal slice (Benardo & Prince, 1980). In addition
to the cholinergic septohippocampal projection, a possible
source of ACh release is the cholinergic interneurons
which have been identified in the CA1 subfield of the
hippocampus (Freund & Buzsáki, 1996).

In summary, 5-HI is effective as a positive modulator
at the rat α7 nAChR. Potentiation of α7 nAChR function
by the sustained presence of 5-HI facilitates GABAergic
transmission onto hippocampal interneurons. The lack
of 5-HI efficacy in slices from younger animals, together
with rescue of the 5-HI-induced potentiation by an
acetylcholinesterase inhibitor, indicate that the
extracellular levels of ACh in the microenvironment
of α7 nAChRs are lower in these slices. Enhanced α7
nAChR signalling may offer therapeutic potential in
psychiatric and neurological disorders. In view of our
findings, one may postulate that α7 nAChR positive
modulators might be more efficacious in the treatment
of conditions with reduced receptor expression (as in
schizophrenia) than in disorders such as Alzheimer’s
disease where the extracellular level of endogenous
cholinergic agonists may be compromised.
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