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Abstract

Rapid activation of nicotinic acetylcholine receptors (nNAChRs) at various anatomical and cellular
locations in the hippocampus differentially modulates the operation of hippocampal circuits.
However, it is largely unknown how the continued presence of nicotine affects the normal
operation of hippocampal circuits. Here, we used single and dual whole-cell recordings to address
this question. We found that horizontally oriented interneurons in the stratum oriens/alveus
continuously discharged action potentials in the presence of nicotine. In these interneurons, bath
application of nicotine produced slow inward currents that were well maintained and inhibited by
the non-a7 antagonist dihydro-p-erythroidine. Single-cell reverse transcription-polymerase chain
reaction analysis showed that nicotine-responding interneurons were consistently positive for the
a2 subunit mMRNA. These observations suggest that in the presence of nicotine, a subset of
interneurons in the stratum oriens/alveus are continuously excited due to the sustained activation
of a2* nAChRs. These interneurons were synaptically connected to pyramidal cells, and nicotine
increased inhibitory baseline currents at the synapses and suppressed phasic inhibition at the same
synapses. Nicotine-induced inhibitory activity increased background noise and masked small
phasic inhibition in pyramidal cells, originating from other interneurons in the stratum radiatum.
Thus, the continued presence of nicotine alters the normal operation of hippocampal circuits by
gating inhibitory circuits through activating a non-desensitizing a2 nAChR subtype on a distinct
population of interneurons.
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Introduction

y-aminobutyric acid (GABA)ergic interneurons, which are a target of cholinergic inputs to
the hippocampus, have a central role in the control of synaptic plasticity and hippocampus-
dependent learning. Discrete subtypes of these interneurons in turn provide selective
innervation of specific postsynaptic membrane domains (the somata, axon initial segment,
proximal dendrites, or distal dendrites) of excitatory principal cells (pyramidal cells and
granule cells) with each subtype likely having a unique operational role in the hippocampal
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circuitry (Freund & Buzaki, 1996; Maccaferri et al., 2000; Maccaferri, 2005). Many of these
interneurons express nicotinic acetylcholine receptors (nAChRs) (Alkondon & Albuquerque,
2001; Alkondon et al., 2000; McQuiston & Madison, 1999; Sudweeks & Yakel, 2000; Ji et
al., 2001; Buhler & Dunwiddie, 2001, 2002; Frazier et al., 1998a, 1998b, 2003). By
differentially activating discrete interneuron subtypes through nAChRs, cholinergic afferents
may switch synaptic inhibition between distinct postsynaptic membrane domains, thereby
altering the operation of hippocampal circuits.

Nicotine enhances several types of hippocampus-dependent learning (Abdulla et al., 1996;
Levin & Simon, 1998; Marti Barros et al., 2004; Gould, 2006; Davis et al., 2007) and
modulates the induction of long-term potentiation (LTP), which is considered to be a
cellular substrate of learning and memory, in the hippocampus (Sawada et al., 1994; Hamid
etal., 1997; Fujii et al., 1999; Matsuyama et al., 2000; Mann & Greenfield, 2003; Welsbhy et
al., 2006; Nakauchi et al., 2007a). These behavioral and cellular effects of nicotine are
mediated by its interaction with nAChRs that are normally activated by the neurotransmitter
acetylcholine (ACh). However, it is largely unknown which nAChR subtypes mediate these
effects of nicotine. Interneurons in different anatomical layers of the hippocampal CAl
region contain non-a7 NAChR (a3p4*, a4p2*) and a7 nAChR subtypes (Alkondon &
Albuquerque, 2001; Alkondon et al., 2000; McQuiston & Madison, 1999; Sudweeks &
Yakel, 2000; Ji et al., 2001; Buhler & Dunwiddie, 2001, 2002; Frazier et al., 1998a, 1998b,
2003). In addition, a2 mRNAs are expressed by interneurons in the stratum oriens/alveus
(Wada et al., 1989; Sudweeks & Yakel, 2000; Ishii et al., 2005), suggesting the presence of
a functional 02* nAChR subtype. Rapid application of ACh or nicotine onto interneurons in
hippocampal slices activates various nAChR subtypes (Frazier et al., 1998a; McQuiston &
Madison, 1999; Alkondon & Albuquerque, 2001; Alkondon et al., 2000, 2003; Sudweeks &
Yakel, 2000). However, bath application of nicotine, which might mimic slow delivery of
nicotine into the brain via cigarette smoking or systemic nicotine injection, fails to elicit
nAChR-mediated responses in interneurons due to desensitization (YYamazaki et al., 2006).
Furthermore, both synaptically elicited- and exogenous ACh mediated-nicotinic responses in
interneurons are blocked in the presence of nicotine at the concentration achieved by heavy
smokers (Frazier et al., 1998a, 1998b; McQuiston & Madison, 1999; Alkondon et al., 2000;
Alkondon & Albuquerque, 2005; Yamazaki et al., 2005, 2006). These results suggest that in
the presence of nicotine, nicotinic cholinergic control of GABAergic interneurons is blocked
via NAChR desensitization. Interestingly, however, bath application of nicotine in
hippocampal slices increases the frequency of spontaneous inhibitory postsynaptic currents
(sIPSCs) in pyramidal cells in the presence of glutamatergic inhibitors, which is blocked by
the Na* channel blocker tetrodotoxin (TTX) (Yamazaki et al., 2005). The implication of this
observation is that nicotine continuously excites GABAergic interneurons via a non-
desensitizing NnAChR subtype. This nAChR subtype becomes a critical component in
hippocampal circuitry in the presence of nicotine, and potentially serves as a molecular
switch for gating information flow and synaptic plasticity by altering local GABAergic
inhibition. However, the location of a non-desensitizing NAChR subtype, which is
responsible for the increase in the frequency of sIPSCs in pyramidal cells, remains to be
determined.

A single pressure pulse application of ACh onto interneurons in the stratum oriens/alveus
elicits slow non-a7 nAChR-mediated responses, which are confined primarily to
horizontally oriented oriens lacunosum-moleculare cells (McQuiston & Madison, 1999;
Sudweeks & Yakel, 2000). These responses are reduced in the presence of nicotine, due to
nicotine-induced desensitization. It was not tested whether bath application of nicotine
elicited non-a7 nAChR-mediated responses in these interneurons. In the present study, we
searched for a non-desensitizing NAChR subtype on interneurons of hippocampal CA1
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region, and found a non-desensitizing a2 nAChR subtype on horizontally oriented
interneurons in the stratum oriens/alveus.

Materials and Methods

All animal procedures were conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and with protocols approved by the
Institutional Animal Care and Use Committee of the University of California at Irvine.
Efforts were made to minimize animal suffering and numbers of rats used.

Slice preparation

Sprague-Dawley rats (18- to 54-day-old; Harlan, Indianapolis, IN, USA) were anesthetized
with urethane (1.25 g/kg) and Killed by decapitation. Transverse hippocampal slices (375
um) were prepared and maintained at 30-32°C in artificial cerebrospinal fluid (ACSF)
containing (in mM): NaCl 124, KCI 5, NaH,PQO4 1.25, MgSO,4 2, CaCl, 2.5, NaHCO3 22,
and glucose 10 and oxygenated with 95% 0,/5% CO», for at least 1 hour before recordings.

Electrophysiological recordings

Current- and voltage-clamp recordings were made from the somatic region of pyramidal
cells and interneurons as described previously (Yamazaki et al., 2005, 2006). Slices were
placed in a recording chamber, submerged, and continuously perfused at 2-3 ml/min with
oxygenated ACSF at 30°C. Neurons were visualized using a 40x water-immersion objective
and infrared differential interference contrast (IR-DIC) system under infrared light
(Axioskop, Zeiss, Germany). Patch electrodes were pulled from borosilicate glass (World
Precision Instruments, Sarasota, FL, USA) using a micropipette puller (P-97, Sutter
Instrument, Novato, CA, USA). The pipettes had a resistance of 3-8 MQ after being filled
with pipette solution. For current-clamp recording, the patch pipettes were filled with
solution 1 (120 mM K-gluconate, 10 mM KCI, 2 mM ATP, 0.2 mM Na-GTP, 2 mM MgCl,,
10 mM HEPES, 10 mM EGTA). For voltage-clamp recordings, unless otherwise mentioned,
the patch pipettes were filled with solution 2 (130 mM Cs-methanesulfonate, 10 mM TEA, 5
mM BAPTA, 10 mM HEPES, 4 mM ATP, 5 mM QX-314). Responses of currents and
potentials were recorded using Axopatch-200B or Axoclamp-2B (Axon Instruments, Union
City, CA, USA), and were filtered (1-2 kHz), digitized at 1-5 kHz, and stored on a
computer. All drugs were applied by introduction into the bath perfusion system.

Single-cell reverse transcription (RT)-multiplex polymerase chain reaction (PCR)

To monitor the expression of different subtypes of nAChR subunits (a2-06) in recorded
cells, single-cell RT-multiplex PCR was performed by the procedure previously described
(Porter et al., 1999). After recordings, the cytoplasm of individual neurons was harvested by
applying suction on a patch pipette filled with sterile intracellular pipette solution. The
contents of the pipette were expelled into a PCR tube by the application of positive pressure,
quickly frozen on dry ice, stored at —80°C overnight, and subjected to RT-multiplex PCR
using the Titan One Tube RT-PCR System (Roche Molecular Biochemicals, Indianapolis,
IN, USA) and different pairs of PCR primers for simultaneous amplification of different
subtypes of NAChR subunits (a2-a6). This was followed by second rounds of PCR using 1
ul of the first PCR product as a template. In this second round, each target cDONA was
amplified individually using its specific primer pair. Each individual PCR reaction was run
on an agarose gel stained with ethidium bromide for identification of target cDNAs.
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Statistical analysis

Results

Data were analyzed off-line using Mini analysis program (Synaptosoft Inc., Decatur, GA,
USA), Origin (OriginLab, Northampton, MA, USA), and pCLAMP 7 (Axon Instruments).
Data were expressed as means £ SEM. Sample size n refers to the number of neurons
analyzed in electrophysiological recordings from hippocampal slices. Significant changes in
frequency of sIPSCs, membrane depolarization, and action potential firing frequency (before
vs. after drug application, or between two drugs) were assessed using a paired or an
unpaired, two-tailed Student's t-test where appropriate. The statistical tests for the data
presented in Fig. 2E were carried out on the percentage data. For all recordings, 5 min of
baseline data were acquired. Average pre-drug sIPSC frequency for a 2 min period
immediately prior to drug application and average sIPSC frequency during 2 min drug
application were normalized to 5 min of baseline data. These normalized data were then
compared using a paired t-test. Additional statistical tests for the data presented in Fig. 2E
were carried out on the percentage data. In these tests, we compared the effects of two drug
groups using an unpaired t-test and the results were presented in the text. The statistical tests
for the data presented in Fig. 3E were carried out on the unnormalized data. Average pre-
drug frequency for a 2 min period immediately prior to drug application and average
frequency during 2 min drug application were compared using a paired t-test. Additional
statistical tests for the data presented in Fig. 3E were carried out on the unnormalized data.
In these tests, we compared the effects of two drug groups using an unpaired t-test and the
results were presented in the text. The Kolmogorov-Smirnov test was applied to compare
distributions. A comparison was considered statistically significant if P < 0.05.

Bath application of nicotine increases tonic inhibition in pyramidal cells via activation of
non-a7 nAChRs

Whole-cell voltage-clamp recordings were obtained from pyramidal cells in the presence of
the glutamate receptor antagonists 6, 7-dinitro-quinoxaline-2, 3-dione (DNQX; 20 uM) and
2-amino-5-phosphopentanoate (AP5; 40 uM) to eliminate excitatory synaptic activity. We
confirmed the previous finding (Yamazaki et al., 2005) that bath application of nicotine (10
uM) caused a significant increase in the frequency of sIPSCs in pyramidal cells (Fig. 1A, B).
On average, after nicotine application the frequency of sIPSCs increased from 1.2 £ 0.3 to
4.0+ 0.8 Hz (n =6, t5 = —3.40, P = 0.019). We then examined whether the nicotine-induced
increases in the frequency of sIPSCs in turn influenced action potential discharges in
pyramidal cells. For this purpose, current-clamp responses to a current pulse (~80 pA) were
recorded in pyramidal cells and the effect of nicotine on the action potential firings was
monitored. We found that bath application of nicotine (10 uM) effectively prevented action
potential discharges (Fig. 1C) in the recorded cells. To further examine these effects of
nicotine, we simultaneously recorded from two pyramidal cells, one voltage-clamped and
the other current-clamped. In all cases (n=6), bath application of nicotine (10 uM) caused an
increase in the frequency of sIPSCs in the voltage-clamped cell, whereas it resulted in a
decrease in the frequency of action potentials in the current-clamped cell (Fig. 1D, E). These
effects of nicotine were most likely related (Fig. 1E) and were reversed upon washout of
nicotine (Fig. 1D). These observations indicate that nicotine causes the action potential
discharge of interneurons, leading to an increase of tonic inhibition in pyramidal cells.

Interneurons in the CAL region contain somatodendritic NAChRs (McQuiston & Madison,
1999; Alkondon et al., 2000; Sudweeks & Yakel, 2000). However, it is unknown whether
bath application of nicotine continuously activates a distinct nAChR subtype, thereby
exciting discrete interneurons in a particular anatomical layer. In our effort to identify the
regional location of nicotine-responding interneurons, we made a knife cut along the
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pyramidal layer in the stratum oriens to sever the axons of interneurons projecting to the
somata and apical dendrites of pyramidal cells. In such slices, the effect of nicotine on the
frequency of sIPSCs was not observed (Fig. 1F), suggesting that interneurons in the stratum
oriens/alveus are selectively excited in the presence of nicotine and are synaptically
connected to pyramidal cells.

Subsequently, we carried out the pharmacology of the nicotine response using agonists and
antagonists. In these experiments, pyramidal cells were voltage-clamped at —70 mV and
sIPSCs were recorded with CsCl-filled pipettes. A85380 has been used as a non-a7-selective
agonist with higher affinity for f2* nAChRs than p4* nAChRs (Whiteaker et al., 2002;
Perry et al., 2002). Choline has been used as an o7-selective agonist (Papke et al., 1996;
Alkondon et al., 1997), but it also weakly activates o334 receptors (Alkondon et al., 1997).
Bath application of nicotine (20 uM) significantly increased the frequency of sIPSCs in
pyramidal cells (Fig. 2A, E; 313 + 60% change of pre-drug value, n = 6, ts = —3.56, P =
0.016). This effect of nicotine depended on action potential discharges as the increase was
completely prevented by preapplication of TTX (0.2-0.5 uM, n=6; Fig. 2B). Bath
application of A85380 (1 uM) mimicked the effect of nicotine (Fig. 2C, E), causing an
increase in the frequency of sIPSCs in pyramidal cells (614 + 112% change of pre-drug
value, n = 6, t; = —4.59, P = 0.0059). Bath application of choline (1 mM) had no significant
effect on the frequency of sIPSCs (Fig. 2D, E; 98 £+ 16% change of pre-drug value, n = 4, t3
=0.16, P = 0.89). In some recordings, however, we noticed that the frequency of sIPSCs
briefly increased immediately after choline application, perhaps due to very brief activation
and subsequent desensitization of a7 nAChRs. The non-a7 antagonist dihydro-f3-
erythroidine (DHPBE; 1 uM) alone did not significantly alter the baseline frequency of
sIPSCs (Fig. 2E; 121 + 16% change of pre-drug value, n = 6, tg = —1.31, P = 0.25), but
completely blocked the nicotine-induced increases (Fig. 2E; nicotine, 313 + 60% change of
pre-drug value, n =6, vs. DHBE + nicotine 120 + 18% change of pre-drug value, n = 6, tip =
—3.10, P = 0.011) and the A85380-induced increases (Fig. 2E; A85380, 614 + 112% change
of pre-drug value, n = 6, vs. DHBE + A85380 117 + 18% change of pre-drug value, n = 6,
t10 = —4.39, P = 0.0014). In contrast, the a7 nAChR antagonist methyllycaconitine (MLA;
100 nM) had no significant effect on the nicotine-induced increases (Fig. 2E; MLA +
nicotine, 346 + 12% change of pre-drug value, n = 6, ts = —21.21, P < 0.001; nicotine vs.
MLA + nicotine, t1g = 0.53, P = 0.61). These findings suggest that the effect of nicotine is
mediated via the activation of non-a7 nAChRs.

Nicotine continuously excites interneurons in the stratum oriens/alveus

To directly demonstrate that bath application of nicotine induces sustained action potential
discharges in interneurons of the stratum oriens/alveus, we performed current-clamp
recordings. We found that a subset of interneurons located at the stratum oriens/alveus
border generated action potentials in response to bath application of 0.2-1 uM nicotine (Fig.
3A1, A2), a concentration that can be achieved in the plasma during cigarette smoking
(Benowitz et al., 1989; Henningfield et al., 1993). The effect persisted throughout the
application of nicotine (Fig. 3A1, A2, B) and, thus, nicotine-responding interneurons were
continuously excited during 10 min bath application of nicotine, the longest application
tested (Fig. 3A1). On average, the application of nicotine (10 uM) induced a depolarization
in these interneurons ranging from 5.1 to 14.9 mV (Fig. 3C) in a manner sensitive to DHBE
(Fig. 3B, D; nicotine 10.9 + 1.0 mV, n = 10, vs. nicotine + DHBE —0.3£1.2mV,n=7, t15
=7.21, P <0.001), suggesting that they expressed varying numbers of non-a7 nAChRs. We
then compared the frequency of action potential before and after application of different
nicotinic drugs. On average, pre-drug values were very similar in these experiments (data
not shown) and were around 0.5 Hz (Fig. 3E, control). The frequency of action potentials
increased in the presence of nicotine in a concentration dependent manner (Fig. 3E; 2 uM

Eur J Neurosci. Author manuscript; available in PMC 2010 August 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jiaetal.

Page 6

nicotine 2.1 £ 0.9 Hz, n =7, t = —5.00, P = 0.0015; 10 uM nicotine 4.9 + 0.7 Hz, n= 19, t1g
= 3.95, P <0.001). This effect of nicotine was reversed upon washout (Fig. 3B, E; 0.5 £ 0.3
Hz, n = 7) and was blocked by DHBE (Fig. 3B, E; 1 pM DHBE alone 0.4 £ 0.2 Hz,n=5; 2
uM nicotine + 1 pM DHBE 0.4 £ 0.2 Hz, n = 5; 10 uM nicotine + 2 uM DHBE 0.2 £ 0.1 Hz,
n=9; 2 uM nicotine vs. 2 uM nicotine + 1 uM DHpE, t;g = —4.05, P = 0.0023; 10 uM
nicotine vs. 10 uM nicotine + 2 uM DHBE, tyg = —4.79, P < 0.001), but not MLA (Fig. 3E;
MLA + nicotine, 4.5 £ 0.9 Hz, n = 6, t5 = 4.79, P <0.001; 10 uM nicotine vs. MLA +
nicotine, tp3 = —0.28, P = 0.78). These results suggest that non-a7 nAChRs mediate the
effect of nicotine. Under IR-DIC optics, most, if not all, of these interneurons appeared to be
horizontally oriented cells, but not all horizontally oriented cells responded to bath
application of 10 uM nicotine (>3 mV depolarization in approximately 80% of recorded
cells). Perhaps the number of nicotine-responding cells is somewhat over-represented,
because late in the study we were often, but not always, able to identify them before
recording, on the basis of the presence of perineuronal glial cells alongside the soma.

GABAergic interneurons exhibit at least three different firing patterns (regular, irregular,
and clustered) that occur after maintained depolarizing current injections (Parra et al., 1998;
Minneci et al., 2007). Thus, we next examined whether nicotine-responding interneurons
exhibit particular firing characteristics. Bath application of nicotine (10 pM) triggered
different patterns of action potential discharges in these interneurons. At least three distinct
patterns of inhibitory cell discharge were evident (Fig. 3F), which were similar to those
previously reported (Parra et al., 1998; Minneci et al., 2007). There were interneurons
exhibiting clusters of two or more regularly occurring spikes (~3%; Fig. 3F, a) and regularly
firing interneurons with constant interspike intervals (~16%; Fig. 3F, b). However, the
majority of cells (~81%) exhibited the irregular firing pattern characterized by variable
interspike intervals (Fig. 3F, ). These findings suggest that nicotine is able to generate at
least three distinct temporal sequences of inhibitory postsynaptic potentials (IPSPs) in
pyramidal cells.

Nicotine-responding interneurons at the stratum oriens/alveus border contain non-
desensitizing non-a7 nAChRs

Because nicotine-responding interneurons were continuously excited, we predicted the
presence of non-desensitizing NAChRs in horizontally oriented interneurons. Previous
studies found that a single pressure pulse application of ACh onto interneurons in the
stratum oriens/alveus elicits fast a7 NAChR-mediated and slow non-a7 nAChR-mediated
responses, which are reduced in the presence of nicotine, due to nicotine-induced
desensitization (McQuiston & Madison, 1999; Sudweeks & Yakel, 2000). Thus, our effort
was focused on whether horizontally oriented interneurons in the stratum oriens/alveus
express non-desensitizing nAChRs. To record NAChR-mediated responses, whole-cell
voltage-clamp recordings (holding potential = =70 mV) were carried out in the presence of
DNQX (20 uM), AP5 (40 uM), and the GABAergic antagonist bicuculline (10 uM). Bath
application of nicotine (0.5-100 uM) produced long-lasting inward currents (Fig. 4A-C) that
were inhibited by DHBE (1 or 10 uM; Fig. 4C, D, F), but not MLA (100 nM, n=4; Fig. 4F).
Bath application of choline (5 mM, n=4) had no effect (Fig. 4E). These results suggest that
non-a7 NAChRs mediate the effect of nicotine. The amplitudes of peak inward currents
varied among the interneurons (Fig. 4B), but increased in a concentration-dependent manner
with an ECg of approximately 2.4 uM (Fig. 4C, D). DHBE (1 uM) shifted the
concentration-response curve to the right in a parallel manner (Fig. 4D), which is consistent
with a competitive block of nAChRs. Furthermore, nicotine-induced currents continued
even when synaptic transmission was blocked by TTX (0.2-0.5 uM; data not shown). These
results suggest that the responses were due to direct activation of non-a7 nAChRs on these
interneurons.
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Nicotine-sensitive interneurons in the stratum oriens/alveus contain a2* nAChRs

Bath application of low concentrations of nicotine desensitizes 04p2* NAChRs and o7
nAChRs in CALl interneurons (Frazier et al., 1998a, 1998b; McQuiston & Madison, 1999;
Alkondon et al., 2000; Yamazaki et al., 2005, 2006). However, a NAChR subtype expressed
on the interneurons was apparently not desensitized in the presence of a wide range of
nicotine concentrations and was continuously activated (Fig. 4C). Given the restricted
localization of 2 mMRNA in the stratum oriens/alveus (Wada et al., 1989; Ishii et al., 2005),
these interneurons may contain non-desensitizing a.2* nAChRs. To examine the expression
of different a subunit subtypes (02-a6) in nicotine-sensitive interneurons, we synthesized
specific sets of PCR primers that were successfully used for single-cell RT-PCR by others
(Porter et al., 1999). The efficiency and specificity of the RT-multiplex PCR using the
mixture of 5 primer sets were tested on total RNA isolated from rat hippocampi (Fig. 5A,
top). The 5 specific DNA fragments were detected, each corresponding to the size predicted
by its MRNA sequence (Porter et al., 1999). When we combined whole-cell recordings and
single-cell RT-multiplex PCR to monitor nicotinic responses and expression of different o
subunit mRNAS (a2-a6), nicotine-responding interneurons were consistently positive for the
a2 subunit mRNA (in 8 of 8 interneurons) (Fig. 5A, bottom, B). All cells tested were
negative for the a4 subunit mMRNA (Fig. 5A, bottom, B), but two cells were positive for the
a3 subunit mRNA (Fig. 5A, bottom, B). These results suggest that nicotine-sensitive
interneurons in the stratum oriens/alveus contain a2* nAChRs.

Nicotine-sensitive interneurons are synaptically connected to pyramidal cells

To directly examine whether nicotine-induced excitation of interneurons in the stratum
oriens/alveus produces sIPSCs in pyramidal cells, we performed dual whole-cell recordings
(Fig. 6A). Interneurons were current-clamped and pyramidal cells were voltage-clamped at a
holding potential of 0 mV in the presence of DNQX (20 uM) and AP5 (40 uM). In a pair,
interneuronal spikes, triggered by depolarizing current injection (~18 pA) with different
durations (50-150 ms) successfully evoked unitary inhibitory postsynaptic currents (uIPSCs)
that were superimposed on random background sIPSC activity in the pyramidal cell (Fig.
6B, C), confirming that they are synaptically connected. Bath application of nicotine
induced a depolarization of the interneuron and interneuronal action potentials (Fig. 6C,
left), confirming the presence of hon-desensitizing nAChRs on the interneuron. During the
discharges in the interneuron, the frequency of sIPSCs in the pyramidal cell increased (Fig.
6C, left), and the interneuronal discharges were temporally correlated with sIPSCs in the
pyramidal cell (Fig. 6C, right, a, b, ¢). The sIPSCs, which were temporally uncorrelated with
the interneuronal discharges, were also observed (Fig. 6C, right, a, b, ¢). These sIPSCs
might originate from other nicotine-sensitive oriens/alveus interneurons, spontaneously
active interneurons, or both. In different cell pairs, the effects of nicotine on the frequency
and amplitude distributions of sSIPSCs were examined. Nicotine produced a significant
leftward shift in the cumulative probability distribution of sIPSC intervals (Fig. 6D;
Kolmogorov-Smirnov test, P < 0.001), indicating an increase in frequency. The cumulative
probability distribution of the peak amplitude of sIPSCs was significantly shifted toward
larger values in the presence of nicotine as compared to controls (Fig. 6E; Kolmogorov-
Smirnov test, P < 0.001). Such significant shifts were observed in 4 of the 6 pairs (67%)
tested. These data suggest that nicotine-induced increases in the frequency of sIPSCs in the
pyramidal cell are indeed due to nicotine-induced depolarization of horizontally oriented
interneurons via non-desensitizing a2* nAChRs.

Nicotine increases inhibitory baseline currents and suppresses phasic inhibition
originating from nicotine-sensitive interneurons in pyramidal cells

Our results above showed that in the presence of nicotine, a subset of interneurons in the
stratum oriens/alveus persistently generated action potentials, which in turn dramatically
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increased the frequency of sIPSCs in postsynaptic cells. To examine the consequence of this
effect of nicotine for evoked IPSCs at the same synapses, dual recordings were performed
from synaptically coupled pairs of presynaptic nicotine-sensitive interneurons and
postsynaptic pyramidal cells. Delivery of single depolarizing stimuli to the patched
interneurons induced interneuronal spikes (Fig. 7A, Int.) and evoked ulPSCs in the
pyramidal cell without failures (Fig. 7A, Pyr.). The mean peak amplitude of ulPSCs was 26
+ 10 pA (n=7). Paired-pulse stimulation was also delivered at a 20-ms or 100-ms (data not
shown) interval to an interneuron, which triggered paired spikes (Fig. 7B, Int.) and evoked
ulPSCs in the postsynaptic cell (Fig. 7B, Pyr.). Under these conditions, there were no
failures in the absence or presence of nicotine (10 pM), and no significant differences were
observed between the amplitude of the first and second averaged ulPSCs in the absence or
presence of nicotine (Fig. 7B, Pyr.). These observations suggest that single action potentials
reliably evoke GABA release at the synapse during nicotine exposure despite the nicotine-
induced increases in interneuronal spiking and sIPSC frequency. Bath application of
nicotine (10 uM) caused depolarization and action potential discharge in the presynaptic
interneuron (Fig. 7A, B, Int., Nicotine, Single sweeps) and increased the frequency of
sIPSCs in the postsynaptic pyramidal cell (Fig. 7A, B, Pyr., Nicotine, Single sweeps), which
was most likely due to the activation of non-desensitizing nAChRs on the patched
interneuron. Some sIPSCs might originate from other nicotine-sensitive oriens/alveus
interneurons connected to the patched pyramidal cell. Nicotine also caused a shift of the
baseline current (Fig. 7A, B, Pyr., Nicotine), perhaps due to the summation of nicotine-
induced sIPSCs. Evoked IPSCs were depressed during nicotine exposure (Fig. 7A, B, Pyr.,
Nicotine), although delivery of depolarizing current pulses still reliably induced presynaptic
action potentials (Fig. 7A, B, Int., Nicotine). The nicotine-induced shift of the inhibitory
baseline current was reversed upon washout of nicotine (Fig. 7A, B, Pyr., Wash), whereas
the nicotine-induced depression of evoked IPSCs often persisted for over 10 min after
washout of nicotine (Fig. 7A, B, Pyr. Wash). Similar effects of nicotine were also observed
in other pairs (n=3). These results suggest that nicotine increases tonic inhibition and
decreases phasic inhibition between nicotine-sensitive horizontally oriented interneurons
and pyramidal cells.

Nicotine-induced inhibitory activity increases background noise and masks small phasic
inhibition originating from stratum radiatum interneurons in pyramidal cells

Our results demonstrate that nicotine produces robust firing of interneurons in the stratum
oriens/alveus, resulting in increases in GABA release onto postsynaptic pyramidal cells.
During the period of intense synaptic activity, GABA escaping the synaptic cleft can
potentially reach pre- and post-synaptic GABA receptors in neighboring synapses, thereby
affecting synaptic transmission. Thus, we next investigated whether evoked IPSCs,
originating from feedforward interneurons in the stratum radiatum, in pyramidal cells were
affected during the sustained excitation of interneurons in the stratum oriens/alveus using
dual whole-cell recording (Fig. 8A). Synaptically coupled pairs of interneurons and
pyramidal cells were found, and ulPSCs were recorded in the pyramidal cells by eliciting
interneuronal action potentials through injection of a suprathreshhold current pulse. A few
pairs showed occasional synaptic failure (data not shown) and there were at least two
kinetically distinct ulPSCs, slow and fast (Fig. 8B), as previously described by others
(Pearce, 1993;Banks et al., 1998;Vida et al., 1998;Jiang et al., 2000). The amplitude of fast
ulPSCs was always larger than that of slow ulPSCs (Fig. 8B). We found that slow, but not
fast, ulPSCs were depressed in the presence of 10 uM nicotine (4 of 7 pairs). In a pair, a
trains of interneuronal spikes (Fig. 8C, Int.; a single trace on the left, superimposed single
traces on the right) successfully evoked ulPSCs (Fig. 8C, Pyr. control; a single trace on the
left, superimposed single traces on the right), which were blocked by 10 uM bicuculline
(Fig. 8C, Pyr. BIC), confirming that they were GABAergic events. Upon bath application of
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nicotine (10 uM), interneuronal action potentials were still reliably induced (Fig. 8C, Int.).
The frequency of sIPSCs was increased and evoked IPSCs in the pyramidal cell were
suppressed simultaneously (Fig. 8C, Pyr. NIC). These effects were reversed upon washout
of nicotine (Fig. 8C, Pyr. wash). Because bath application of nicotine did not generate
spontaneous action potentials in the patched interneuron (Fig. 8C, Int.), an increase in the
frequency of sIPSCs in the pyramidal cell is most likely due to the activation of non-
desensitizing a2* nAChRs on interneurons in the stratum oriens/alveus, projecting to the
patched pyramidal cell. Although the mechanisms underlying the effect of nicotine remain
to be determined, these observations provide evidence that relatively small phasic inhibition
arriving at specific membrane domains of pyramidal cells are masked by ongoing nicotine-
induced inhibitory synaptic activity.

Discussion

The present study shows that nicotine continuously excites distinct GABAergic interneurons
in the stratum oriens/alveus via activating a non-desensitizing a2 NAChR subtype. This, in
turn, causes the sustained release of GABA onto specific postsynaptic membrane domains of
pyramidal cells, leading to an increase in inhibitory baseline currents at the synapses and a
decrease in phasic inhibition at the same synapse as well as other synapses. These results
suggest that in the presence of nicotine, the local balance between excitation and inhibition
is altered, setting up a unique operation of hippocampal circuits. This effect of nicotine may
underlie the nicotine-induced modulation of LTP induction and, thus, hippocampal-
dependent learning.

The a7 NAChR is the most abundant subtype in the hippocampus. The fast a7 NAChR-
mediated responses were previously found in all layers of the CA1 region, whereas the slow
non-a7 NAChR-mediated responses elicited by rapid ACh application were confined
primarily to horizontally oriented cells in the stratum oriens/alveus (Alkondon &
Albuquerque, 2001; Alkondon et al., 2000; McQuiston & Madison, 1999; Sudweeks &
Yakel, 2000; Ji et al., 2001; Buhler & Dunwiddie, 2001, 2002; Frazier et al., 1998a, 1998b,
2003). Given the presence of a4f32 nAChRs, which have the highest affinity for nicotine and
is the primary candidate for mediating nicotine's central effects, in some GABAergic
interneurons in the stratum oriens/alveus (Rogers et al., 1998), it is possible that these slow
responses are mediated by a4p2 nAChRs. However, these responses were less sensitive than
a4p2-mediated responses to DHBE (McQuiston & Madison, 1999), suggesting the
involvement of a nAChR subtype that may or may not contain a4 and 2 subunits. Are these
non-a7 NAChRs the same as those identified in our current study? The slow non-a7 nAChR-
mediated responses in horizontally oriented cells described previously desensitize in the
presence of nicotine (McQuiston & Madison, 1999). In contrast, non-a7 nAChRs identified
in the current study are continuously activated by bath application of nicotine, suggesting
the presence of different subtypes of non-a7 NAChRs in stratum oriens/alveus interneurons.
The a2* nAChR is the most sparsely expressed nAChR subtype in the brain, but a subset of
interneurons in the stratum oriens/alveus do contain a2 subunit mRNAs (Wada et al., 1989;
Sudweeks & Yakel, 2000; Ishii et al., 2005). Some of these interneurons also contain a4
subunit mRNAs (Sudweeks & Yakel, 2000). In the current study, interneurons that are
continuously excited in the presence of nicotine contained a2 subunit mRNAs, but not o4
subunit MRNAs. These observations suggest that there is a distinct population of
horizontally oriented interneurons in the stratum oriens/alveus, expressing a non-
desensitizing a2 NAChR subtype. However, in our RT-PCR study, the absence of a4 subunit
mMRNAS can easily be due to lack of the sensitivity needed to detect less-abundant nAChR
subunit mRNAs. Thus, we are unable to exclude the possibility that a subset of interneurons
in the stratum oriens/alveus contain both a2* nAChRs and a4p2* nAChRs.
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The slow non-a7 nAChR-mediated responses in horizontally oriented interneurons in the
stratum oriens/alveus were not affected by the a3p2-selective antagonist a-Conotoxin Iml
(McQuiston & Madison, 1999). Our data demonstrate that choline, which can weakly
activate a3p34 receptors (Alkondon et al., 1997), has no effect on a2* nAChR-expressing
horizontally oriented interneurons in the stratum oriens/alveus. These observations suggest
that the involvement of a3f32 or a3p4 in the responses is unlikely. However, in our RT-PCR
study, 2 of 8 a2 subunit mRNA-containing cells express a3 subunit mRNAs. Although we
are unable to rule out the possibility that an a3-containing nAChR subtype is expressed in
these interneurons in addition to an a2-containing nAChR subtype, a possible explanation
for this is that there are at least two different a2* nAChR types, one lacking the a3 subunit
and the other containing the a3 subunit, which are differentially expressed in distinct subsets
of interneurons. Defining the subunit composition of a2* nAChRs, which mediates non-
desensitizing nicotine responses, remains a major challenge.

Are non-desensitizing a2* nAChRs an important component in hippocampal circuitry?
Hippocampal CA1 pyramidal cells, which provide the major output of the hippocampus,
receive two major excitatory synaptic inputs, the Schaffer collateral (SC) path and the
temporoammonic (TA) path. One set of inputs comes through the hippocampal trisynaptic
circuit [entorhinal cortex-dentate gyrus-CA3-CA1] and terminates on the proximal dendritic
regions (the SC path). The other set of inputs represents a direct connection from the
entorhinal cortex and terminates on the very distal dendritic regions (the TA path). At the
SC path, nicotine promotes the induction of LTP (Fujii et al., 1999; Mann & Greenfield,
2003; Nakauchi et al., 2007a). In contrast, at the TA path, nicotine suppresses LTP induction
(Nakauchi et al., 2007a). These opposing effects of nicotine are absent or greatly reduced in
a2 knockout mice (Nakauchi et al., 2007a), suggesting not only that activation of a2*
nAChRs mediates these effects, but also that this subtype is an important component in
hippocampal circuitry. However, the locations of a2* nAChRs involved in these effects of
nicotine and the underlying mechanisms remain unknown. Because there are relatively few
neurons expressing o2 subunit mMRNAs in the brain (Wada et al., 1989; Ishii et al., 2005), a
non-desensitizing 02 NAChR subtype expressed in stratum oriens/alveus interneurons that
we identified in the current study may be involved in these effects.

How can activation of a2* nAChRs in stratum oriens/alveus interneurons differentially
modulate LTP induction at the SC and TA paths? Our previous findings showed that bath
application of nicotine reversibly suppressed field excitatory postsynaptic potentials (EPSPS)
at the TA path (Nakauchi et al., 2007a,b). This suppressive effect of nicotine at the TA path
is mediated by the activation of non-a7 nAChRs and depends on the presence of
GABAergic inhibition (Nakauchi et al., 2007b). Furthermore, a knife cut in the stratum
oriens (parallel to stratum pyramidale), which severs the axons of interneurons projecting to
the apical dendrites of pyramidal cells, prevents the suppressive effect of nicotine (Nakauchi
et al., 2007b). These observations suggest that excitation of GABAergic interneurons in the
stratum oriens is involved in nicotine's effects. Is this effect of nicotine mediated through the
same interneurons described here? In the literature (Maccaferri et al., 2000; Maccaferri,
2005), there are at least three different subtypes of horizontally oriented interneurons
(oriens-lacunosum moleculare cells, basket cells, and oriens-bistratified cells) that innervate
pyramidal cells. In the current study, a few interneurons used for the recordings were
passively filled with biocytin through the recording pipette for subsequent morphological
identification. They showed morphological characteristics of oriens-lacunosum moleculare
cells (unpublished results), which project to the most distal dendrites of pyramidal cells
(Freund & Buzsaki, 1996; Maccaferri et al., 2000; Maccaferri, 2005). Although we need to
expand these preliminary findings to determine whether nicotine selectively activates oriens-
lacunosum moleculare cells, our observations suggest that nicotine excites oriens-lacunosum
moleculare cells to cause sustained GABA release at the TA path termination zones.
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Because the induction of LTP at the TA path requires sufficient depolarization of pyramidal
cells to activate both N-methyl-o-aspartate receptor receptors (NMDARS) and voltage-gated
Ca?* channels (Remondes & Schuman, 2003; Nakauchi et al., 2007b), increased GABA
release at the TA path would be a straightforward mechanism for the suppression of field
EPSPs (Yanovsky et al., 1997; Nakauchi et al., 2007b) and LTP induction (Nakauchi et al.,
2007a). However, the facilitation of LTP induction at the SC path via the activation of
oriens-lacunosum moleculare cell would need novel mechanisms such that increasing
inhibition at the TA path facilitates LTP induction at the SC path (Remondes & Schuman,
2002). Because changes in neural activity at the TA path affect synaptic plasticity at the SC
path (Remondes & Schuman, 2002), the possibility that nicotine-induced GABA release at
the TA path modulates LTP induction at the SC path does in fact exist. Oriens-lacunosum
moleculare cells make synaptic contacts with interneurons in the stratum lacunosum
moleculare in addition to their more frequent contacts onto the distal dendrites of pyramidal
cells (Katona et al., 1999; Elfant et al., 2008). The involvement of these interneurons, at
least some of which express non-a7 NAChRs (McQuiston & Madison, 1999; Alkondon et
al., 2000), in the nicotinic modulation of LTP induction remains possible.

Nicotine application also has a lamina-selective effect in the CA3 regions, causing changes
in field EPSPs only in the stratum lacunosum moleculare (Giocomo & Hasselmo, 2005).
The effect of nicotine in CA3 stratum lacunosum moleculare was characterized by a
transient suppression of field EPSPs followed by an enhancement of field EPSPs (Giocomo
& Hasselmo, 2005), which is different from the effect observed in CA1 stratum lacunosum
moleculare (TA path; Nakauchi et al., 2007a,b). The different effects are most likely due to
different nAChR subtypes expressed in the inhibitory circuits involved (Giocomo &
Hasselmo, 2005; Nakauchi et al., 2007a,b).

In the present study, horizontally oriented interneurons in the stratum oriens/alveus
responded to bath application of nicotine with at least three distinct firing patterns,
generating the different temporal sequences of IPSPs in pyramidal cells. These firing
patterns are similar to those observed with enhanced green fluorescent protein (EGFP)-
positive, somatostatin-containing interneurons in the stratum oriens/alveus of transgenic
mice (Minneci et al., 2007). Because at least some of these EGFP-positive interneurons are
electrically coupled via gap junctions (Minneci et al., 2007), bath application of nicotine
may excite a large population of interneurons in the stratum oriens/alveus. These
interneurons may be connected to different postsynaptic membrane domains of pyramidal
cells and other interneurons, thereby affecting the normal operation of local circuits.

Our current study shows that slow ulPSCs originating from feedforward interneurons at the
SC path are depressed in the presence of nicotine-induced increases in the frequency of
SIPSCs. ulPSCs from dendritic synapses rise more slowly than ulPSCs from perisomatic
synapses due to dendritic filtering (Major et al., 1994; Jiang et al., 2000; Maccaferri et al.,
2000) and molecular heterogeneity of postsynaptic GABAA receptors (Banks et al., 1998;
Pearce, 1993), raising the possibility that nicotine selectively inhibits ulPSCs originating
from dendritic synapses. There are multiple loci where nicotine may act to influence
ulPSCs. It is possible that sustained activation of presynaptic non-a7 nAChRs suppresses
evoked GABA release (Yamazaki et al., 2005) and/or activation of postsynaptic NAChRs
depresses GABA 4 receptor-mediated responses via stimulating a Ca2* signaling pathway
(Wanaverbecq et al., 2007; Zhang & Berg, 2007). Alternatively, the activation of oriens-
bistratified cells, whose axons primarily terminate in the stratum radiatum and overlap the
dendritic trees of pyramidal cells (Maccaferri et al., 2000), might increase GABA release at
the SC path. This might cause GABA spillover and lead to desensitization of postsynaptic
GABA receptors at neighboring inhibitory synapses, which receive synaptic input from
feedforward interneurons. Activation of presynaptic GABARg autoreceptors (Davies et al.,
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1990) might also contribute to the nicotine-induced depression of ulPSCs originating from
feedforward interneurons at the SC path. Reduced excitability of feedforward interneurons
and/or suppression of GABAergic synaptic transmission onto pyramidal cells are potential
mechanisms for enhancing NMDAR-mediated responses, which would promote LTP
induction at the SC path (Bliss & Collingridge, 1993). Because activation of a2* nAChRs
facilitates the induction of LTP (Nakauchi et al., 2007a), the observed suppressive effect of
nicotine on slow ulPSCs may be involved in the nicotine-induced facilitation of LTP
induction at the SC path. However, it remains to be determined whether activation of non-
desensitizing a2* nAChRs in stratum oriens/alveus interneurons mediates the facilitative
effect of nicotine on LTP induction.

Nicotine increases inhibitory baseline currents and suppresses phasic inhibition between
nicotine-responding horizontally oriented interneurons and pyramidal cells. These effects of
nicotine have similarities to the effects of kainate on oriens-lacunosum moleculare cells and
other interneurons described previously, in which bath application of kainate increases the
frequency of sIPSCs in CA1 pyramidal cells through an increase in interneuronal spiking
while simultaneously suppressing evoked IPSCs (Cossart et al., 1998; Frerking et al., 1998,
1999). Kainate-induced suppression of evoked IPSCs appears to be mediated by increasing
spontaneous GABA release and subsequently activating presynaptic GABARg autoreceptors,
which depresses GABA release, and postsynaptic GABA receptors, which increases shunt
effects (Frerking et al., 1999). It is also interesting to note that activation of muscarinic
receptors on interneurons increases the excitability of the interneurons, causing an increase
in the frequency of sIPSCs and a decrease in evoked IPSCs in pyramidal cells (Pitler &
Alger, 1992; Behrends & ten Bruggencate, 1993; Patil & Hasselmo, 1999). This suppression
of evoked IPSCs involves the activation of presynaptic muscarinic receptors at GABAergic
terminals (Behrends & ten Bruggencate, 1993). Based on the observed similarities between
the effects of nicotine, kainate, and a muscarinic agonist, it is possible that nicotine-induced
depression of phasic inhibition at synapses between nicotine-sensitive interneurons and
pyramidal cells is mediated by the same mechanisms involving presynaptic GABAg
autoreceptors, postsynaptic GABAA receptors, and presynaptic NAChRs. The functional
effects of combined depolarization of interneurons (increasing background inhibition) and
suppression of GABAergic synaptic transmission (decreasing evoked inhibition) are
analyzed in computational modeling (Patil & Hasselmo, 1999).

In conclusion, the present data indicate that during nicotine exposure, local circuit activity is
altered due to the sustained activation of a a2 nAChR subtype. This subtype is an important
component in hippocampal circuitry and potentially serves as a molecular switch for gating

information flow and synaptic plasticity by altering local GABAergic inhibition.
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Abbreviations

ACh acetylcholine

ACSF artificial cerebrospinal fluid

AP5 2-amino-5-phosphopentanoate
DHBE dihydro-p-erythroidine

DNQX 6, 7-dinitroquinoxaline-2, 3-dione
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EGFP enhanced green fluorescent protein
EPSPs excitatory postsynaptic potentials
GABA y-aminobutyric acid
IPSPs inhibitory postsynaptic potentials
IR-DIC infrared-differential interference contrast
LTP long-term potentiation
MLA methyllycaconitine
NAChRs nicotinic acetylcholine receptors
NMDARs N-methyl-o-aspartate receptors
RT reverse transcription
PCR polymerase chain reaction
SC Schaffer collateral
sIPSCs spontaneous inhibitory postsynaptic currents
TA temporoammonic
TTX tetrodotoxin
ulPSCs unitary inhibitory postsynaptic currents
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Figure 1. Nicotine increases tonic inhibition in pyramidal cells via activation of interneurons in
the stratum oriens/alveus

(A) Bath application of nicotine (10 uM) in the presence of DNQX (20 uM) and AP5 (40
uM) reversibly increased the frequency of sIPSCs in pyramidal cells voltage-clamped at 0
mV. The traces below show sIPSCs from the regions indicated by the arrows 1 and 2 on an
expanded time scale. (B) Summary plot of the effect of nicotine on the frequency of sIPSCs
(mean £ SEM). Numbers in parentheses in this and the following figures indicate the
numbers of experiments. (C) Bath application of nicotine (10 uM) in the presence of DNQX
(20 uM) and AP5 (40 puM) reversibly reduced the frequency of action potentials in current-
clamped pyramidal cells. To induce the repetitive firing of action potentials, depolarizing
current (~80 pA) was injected. (D, E) Simultaneous recordings from two pyramidal cells,
one voltage-clamped and the other current-clamped. (D) sIPSCs (top) and action potentials
(bottom) recorded in the absence (Control) and presence of nicotine (10 uM), and after
washout of nicotine are shown. (E) Nicotine reversibly increased the frequency of sIPSCs,
while decreasing the rate of action potentials triggered by depolarizing current injection. The
horizontal bar indicates bath application of nicotine (10 pM). (F) A knife cut in the stratum
oriens, parallel to stratum pyramidale, prevented the nicotine-induced increase in the
frequency of sIPSCs in voltage-clamped pyramidal cells (Vh = 0 mV). *P < 0.05
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Figure 2. Nicotine increases the frequency of sSIPSCs in pyramidal cells via activation of non-a7
nAChRs

(A) Bath application of nicotine (20 uM) in the presence of DNQX (20 pM) and AP5 (40
uM) reversibly increased the frequency of sIPSCs in pyramidal cells voltage-clamped at —70
mV. (B) Preapplication of TTX (0.2-0.5 uM) blocked the effect of nicotine. (C) The non-a7
nAChR agonist A85380 (1 uM) mimicked the effect of nicotine. (D) The a7 NAChR agonist
choline (1 mM) had no significant effect on the frequency of sIPSCs. (E) Summary plot of
the effects of different nicotinic agonists and antagonists on the frequency of sIPSCs as a
percentage of control. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. Nicotine depolarizes horizontally oriented interneurons in the stratum oriens/alveus
and increases interneuronal spiking rate

(A1, A2) Bath application of low concentrations of nicotine in the presence of DNQX (20
uM) and AP5 (40 uM) caused a depolarization and increased action potential firing in
current-clamped interneurons. (A1) The interneurons remained depolarized during 10-min
application of 1 uM nicotine. (A2) Nicotine at a low concentration found in cigarette
smokers excites interneurons. (B) Bath application of 10 uM nicotine reversibly induced a
depolarization of interneurons and increased the rate of action potential firing (top). These
effects were blocked by 2 uM DHBE (middle). The blocking effect of DHBE was reversible
after washout of the drug (bottom). (C) The magnitude of nicotine-induced depolarization
varied among interneurons. (D) Summary graph showing the magnitude of depolarization
observed in the presence of nicotine (10 uM) and nicotine (10 uM) + DHBE (2 uM). Note
that nicotine depolarizes interneurons and the effect of nicotine was blocked by DHBE. (E)
Summary graph showing the frequency of action potential observed in the absence (control)
and presence of nicotine, DHPBE, nicotine + DHPBE, and nicotine + MLA, and after washout
of nicotine (wash). Note that nicotine reversibly increased the rate of action potential firing
in a dose-dependent manner, and the effect was blocked by DHBE, but not MLA. (F)
Nicotine-responding interneurons exhibited different firing patterns. On the right,
representative traces from three different interneurons exhibiting clustered (top), regular
(middle), and irregular (bottom) firing patterns at arrows (on the left, a, b, c) are shown on
an expanded time scale. **P < 0.01, ***P < 0.001.
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Figure 4. Nicotine persistently activates non-a7 nAChRs on interneurons in the stratum oriens/
alveus

(A, C, E, F) Bath application of nicotine in the presence of DNQX (20 uM), AP5 (40 uM),
and bicuculline (10 pM) induced inward currents in interneurons voltage-clamped at —70
mV. (A) The response elicited by bath application of 10 uM nicotine is shown. (B) Low
concentrations of nicotine found in cigarette smokers induced inward currents and the
amplitude of nicotine-induced currents varied among interneurons. (C) Successive bath
application of nicotine with increasing concentrations increased the amplitude of inward
currents rather than desensitizing the non-a7 nAChRs. (C, D) Nicotine induced inward
currents in a dose-dependent manner and DHBE blocked the nicotine-induced inward
currents. (E) Bath application of choline (5 mM) onto nicotine-responding interneurons had
no effect. (F) MLA (100 nM) had no significant effect on nicotine-induced inward currents.
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Figure 5. Nicotine-sensitive interneurons in the stratum oriens/alveus contain the a2 subunit
MRNA

(A) RT-multiplex PCR amplification of different nAChR subunit sequences. (A, top)
Hippocampal RNA (500 pg) was subjected to the RT-multiplex PCR protocol to detect the
expression of different nAChR subunits (a2-06). (A, bottom) RT-multiplex PCR applied on
a single nicotine-responding interneuron after electrophysiological recording to detect
expression of (02-a6). An example of single-cell RT-multiplex PCR, showing the presence
of a2 and a3 subunits in a recorded cell. RT-PCR products were separated by agarose gel
electrophoresis and visualized with ethidium bromide. The amplified fragments had the
sizes (in bp) predicted by the mRNA sequences: 300 (02), 221 (a3), 265 (04), 291 (a5), 367
(«6). A 100 bp DNA ladder was used as a molecular weight marker (A, top, M). (B)
Summary data of single-cell RT-multiplex PCR.
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Figure 6. Non-a7 nAChR-expressing interneurons are synaptically connected to pyramidal cells
(A) Schematic of recording electrode positions in the hippocampal CAL1 region. (B) An
example of dual whole-cell recordings from a synaptically coupled interneuron (Int) and
pyramidal cell (Pyr). Unitary IPSCs in the pyramidal cell evoked by short (50 msec, upper
traces) and long (150 msec, lower traces) depolarization of the interneuron. (C) Nicotine (10
uM) caused the interneuron to depolarize and fire repetitively and simultaneously increased
the frequency of sIPSCs in the pyramidal cell (left). The records at arrows are shown on an
expanded time scale on the right. Note that each action potential in the interneuron is
precisely correlated with a sSIPSC in the pyramidal cell. Other sIPSCs, which did not
correlate with action potentials, might originate from other interneurons activated by
nicotine. (D), (E) The effects of nicotine on the interval and amplitude distributions of
SIPSCs were examined. (D) Cumulative distributions of sSIPSC intervals. (E) Cumulative
distributions of sIPSC amplitudes. The Kolmogorov-Smirnov test indicates that the interval
(D) and amplitude (E) distributions of sIPSCs were significantly altered (P <0.001) in the
presence of nicotine.
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Figure 7. Nicotine causes tonic and phasic inhibitions at synapses between interneurons in the
stratum oriens/alveus and pyramidal cells

A dual whole-cell recording from a current-clamped interneuron and a voltage-clamped
pyramidal cell at 0 mV was carried out. Trains of single (A) or paired spikes at the 20 ms
interval (B) in the interneuron (Int.) evoked ulPSCs in the pyramidal cell (Pyr.). Ten
superimposed traces and averaged traces recorded in the absence (Control) and presence of
nicotine (Nicotine) and 10 min after washout of nicotine (Wash) are shown. Bath application
of nicotine (10 pM) increased the frequency of sIPSCs and simultaneously depressed evoked
ulPSCs. (A, B, Nicotine). Note that nicotine also caused a large shift of the baseline current
during the nicotine-induced increase in the frequency of sIPSCs, perhaps due to the
summation of nicotine-induced sIPSCs. The broken lines indicate the baseline potential and
current in the control condition.
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Figure 8. Nicotine-induced sIPSCs mask evoked ulPSCs originating from feedforward
interneurons in the stratum radiatum in pyramidal cells

Dual whole-cell recordings from current-clamped interneurons and voltage-clamped
pyramidal cells at 0 mV were performed. (A) Schematic of recording electrode positions in
the hippocampal CA1 region. (B) Slow and fast ulPSCs recorded by eliciting a spike in the
interneuron by injection of a suprathreshold square current pulse. (C) On the left, a train of
interneuronal spikes generated by 0.1 nA current injection evoked ulPSCs in pyramidal cells
in the absence (Control) and presence of 10 uM nicotine (NIC) and after washout of nicotine
(wash). All responses recorded in the pyramidal cell were blocked in the presence of
bicuculline (BIC, 10 uM). On the right, five consecutive current or potential traces recorded
from a pyramidal cell-interneuron pair were superimposed. Note that bath application of
nicotine increased background noise and simultaneously masked evoked ulPSCs in the
pyramidal cell.
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