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FAST-SPIKING INTERNEURON EXCITABILITY IN RAT DENTATE
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Abstract—Cholinergic transmission through muscarinic ace-
tylcholine receptors (mAChRs) plays a key role in cortical
oscillations. Although fast-spiking (FS), parvalbumin-ex-
pressing basket cells (BCs) are proposed to be the cellular
substrates of gamma oscillations, previous studies reported
that FS nonpyramidal cells in neocortical areas are unrespon-
sive to cholinergic modulation. Dentate gyrus (DG) is an
independent gamma oscillator in the hippocampal formation.
However, in contrast to other cortical regions, the direct
impact of mAChR activation on FS BC excitability in this area
has not been investigated. Here, we show that bath-applied
muscarine or carbachol, two mAChR agonists, depolarize DG
BCs in the acute brain slices, leading to action potential firing
in the theta-gamma bands in the presence of blockers of
ionotropic glutamate and y-aminobutyric acid type A recep-
tors at physiological temperatures. The depolarizing action
persists in the presence of tetrodotoxin, a voltage-gated Na*
channel blocker. In voltage-clamp recordings, muscarine
markedly reduces background K* currents. These effects are
mimicked by oxotremorine methiodide, an mAChR-specific
agonist, and largely reversed by atropine, a non-selective
mAChR antagonist, or pirenzepine, an M, receptor antago-
nist, but not by gallamine, an M,,, receptor antagonist. Inter-
estingly, in contrast to M,-receptor-mediated depolarization,
M, receptor activation by the specific agonist arecaidine but-
2-ynyl ester tosylate down-regulates GABA release at BC
axons—the effect is occluded by gallamine, an M, receptor
antagonist. Overall, muscarinic activation results in a net
increase in phasic inhibitory output to the target cells. Thus,
cholinergic activation through M,-like receptor enhances BC
activity and promotes the generation of nested theta and
gamma rhythms, thereby enhancing hippocampal function
and associated performance. © 2010 IBRO. Published by
Elsevier Ltd. All rights reserved.
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Fast rhythmic network activities in the gamma frequency
band (30—80 Hz) are associated with various cognitive
processes including sensory binding, selective attention
and consciousness (Gray and Singer, 1989; Fries et al.,
2001; Lisman and Buzsaki, 2008). In the hippocampus,
gamma oscillations are commonly nested within theta
(4-10 Hz) oscillations and have been implicated in learn-
ing and memory (Buzsaki, 2002; Klausberger and Somo-
gyi, 2008; Lisman and Buzsaki, 2008). Two gamma oscil-
lators are identified in the hippocampal formation in vivo:
One is the dentate gyrus (DG)—hilar region and the other is
the CA3-CA1 region (Csicsvari et al., 2003). Multiple lines
of evidence implicate that cholinergic signaling plays an
important role in nested theta-gamma rhythms. First, both
principal neurons and interneurons in the hippocampus are
innervated by cholinergic inputs from the medial septum/
diagonal band of Broca (Frotscher and Léranth, 1985;
Léranth and Frotscher, 1987; Buzsaki, 2002; Lucas-
Meunier et al., 2003). Second, cholinergic agonists excite
pyramidal cells as well as several specific subtypes of
GABAergic cells (Lamour et al., 1982; Kawaguchi, 1997;
Chapman and Lacaille, 1999; McQuiston and Madison,
1999; Fisahn et al., 2002; Lawrence et al., 2006a,b). Third,
activation of muscarinic acetylcholine receptors (mMAChRs)
induces network gamma oscillations in the hippocampus in
vitro (Fisahn et al., 1998; Hajos et al., 2004; Mann et al.,
2005). Finally, the power of theta oscillations is reduced
after ablation of cholinergic neurons of the medial septum
(Lee et al.,, 1994) and in vitro gamma oscillations are
absent in muscarinic M,-receptor-deficient mice (Fisahn et
al., 2002).

On the other hand, emerging evidence indicates that
fast-spiking (FS), parvalbumin (PV)-expressing basket
cells (BCs), are of critical importance for the generation of
network oscillations (Cobb et al., 1995; Wang and Buzsaki,
1996; Bartos et al., 2001, 2002; Hajos et al., 2004; Mann et
al., 2005; for review, see Bartos et al., 2007; Sohal et al.,
2009). An interesting study by Monyer and her colleagues
(Fuchs et al., 2007) demonstrated that reduced excitation
of PV(+) BCs disrupts hippocampal gamma rhythms and
hippocampal function. More recently, Sohal et al. (2009)
used optogenetic technologies to further show that inhib-
iting PV(+) interneurons suppresses gamma oscillations in
vivo, whereas driving these interneurons is sufficient to
generate emergent gamma-frequency rhythmicity. There-
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fore, cholinergic induction of gamma oscillations might be
in part through direct excitation of FS BCs. However, ex-
isting evidence is at variance with this notion (for review,
see Lawrence, 2008). In neocortical areas of rats, FS
nonpyramidal cells are unresponsive to cholinergic neu-
romodulation (Kawaguchi, 1997; Porter et al., 1999;
Gulledge et al., 2007; Kruglikov and Rudy, 2008), although
only one study has described mAChR-mediated hyperpo-
larization in FS neurons (Xiang et al., 1998). Intriguingly,
muscarinic responsiveness of perisomatic inhibitory inter-
neurons (including BCs) in the CA1 region seems quite
heterogeneous (McQuiston and Madison, 1999). Roughly
half the interneurons whose axons they classified as peri-
somatic are depolarized or oscillated in response to mus-
carine, whereas the remainder shows no response
(McQuiston and Madison, 1999).

Despite the essential role of PV(+) FS BCs in the
gamma oscillations, no attempts have been made so far to
examine the functional impact of mMAChR activation on
PV(+) FS BC excitability in the DG. Therefore, a major
goal of this study is to investigate the impact of postsyn-
aptic mAChR activation on rigorously identified FS BCs in
the DG of rat brain slices. In sharp contrast to FS BCs in
other cortical regions, our work reveals a robust relation-
ship between mAChR activation and FS cell excitation.
Activation of M, receptors results in somatic membrane
depolarization, an increase in input resistance, and en-
hancement of spike outputs. Functionally, M, receptor acti-
vation in BCs not only leads to a net increase in GABAergic
inhibitory tones in targeted granule cells (GCs) but likely also
provides a tonic driving force required for interneuron network
synchronization.

EXPERIMENTAL PROCEDURES
Preparation of hippocampal slices

Transverse hippocampal slices (300 um thick) were prepared
from male Sprague—-Dawley rats [postnatal day 16 (P16)—P21]
using a vibrating tissue slicer (DSK-1000, Dosaka, Kyoto, Japan)
as described previously (Lien et al., 2002; Lien and Jonas, 2003).
Animals were sacrificed by decapitation in agreement with na-
tional and institutional guidelines and all procedures were ap-
proved by the Animal Care and Use Committee of the National
Yang-Ming University. Slices were sectioned in the ice-cold cut-
ting saline containing (in mM): 87 NaCl, 25 NaHCO;, 1.25
NaH,PO,, 2.5 KCI, 10 glucose, 75 sucrose, 0.5 CaCl, and 7
MgCl,. Following sectioning, slices were incubated in the cutting
saline (oxygenated with 95% 0,/5% CO,) in a holding chamber at
34 °C for 25 min, and then at room temperature until used. During
experiments, an individual slice was transferred to a submersion
recording chamber and was continuously superfused with oxygen-
ated artificial cerebrospinal fluid containing (in mM): 125 NaCl, 25
NaHCO;, 1.25 NaH,PO,, 2.5 KCI, 25 glucose, 2 CaCl, and 1
MgCl,.

Electrophysiology

Patch pipettes for recordings were pulled from borosilicate glass
tubing (outer diameter 1.5 mm, inner diameter 0.86 mm; Harvard
apparatus, Holliston, MA, USA) and heat-polished before used.
The pipette resistance ranged from 3 to 7 M(}. Experiments were
performed under visual control using an infrared differential inter-
ference contrast (IR-DIC) microscope (BX51WI, Olympus, Tokyo,

Japan). DG BCs were visually identified by the size and the
location of cell body at the GC layer—hilus border under IR-DIC
optics (Hefft et al., 2002; Aponte et al., 2008). Only neurons that
generated =70 action potentials (APs) per second and had input
resistance <150 MQ) during 1-s current injections at 24 °C were
selected for experiments. For experiments at 36 °C, neurons that
fired =100 Hz and exhibited low input resistance (<100 M(}) were
chosen. Young and mature granule cells were arbitrarily defined
according to their input resistance. Young granule cells having
higher input resistance (R,,>1 G() than mature granule cells
(Rin<1 GQ) (Stocca et al., 2008). Whole-cell patch recordings
were made as described previously (Lien et al., 2002; Lien and
Jonas, 2003), using Multiclamp 700B or Axopatch 200B amplifiers
(Molecular Devices, Union City, CA, USA). Pipette capacitance
was compensated. Series resistance (12-38 M(2) was compen-
sated to 100% in current-clamp configuration and to 80% in volt-
age-clamp configuration during measurements of reversal poten-
tials. For synaptic responses, evoked inhibitory postsynaptic cur-
rents (elPSCs) were induced by a glass stimulation pipette (~20
um tip diameter) placed in the GC layer. Pulses were delivered by
using a stimulus isolator and had an amplitude of 2-7 V and a
duration of 100 us. The stimulation frequency was 0.2 Hz. Exper-
iments in which the series resistance changed by >15% were
discarded. Signals were low-pass filtered at 4 kHz (four-pole
Bessel), and sampled at 10 kHz using the Digidata 1440 (Molec-
ular Devices); data acquisition and pulse generation were per-
formed using pClamp 10.2 (Molecular Devices). Recordings were
made at 22-24 °C, unless otherwise specified.

Single-cell RT-PCR

Expression of PV was analyzed using single-cell RT-PCR ap-
proach as previously described (Lien et al., 2002). RNase-free
patch-clamp buffer containing (mM): 140 KCI, 3 MgCl,, 5 Hepes,
5 EGTA (pH=7.3) was autoclaved before used. Patch-clamp cap-
illaries were baked overnight at 220 °C prior to use. The cytoplasm
of a recorded neuron was harvested into the recording pipette
under visual control without losing the gigaseal immediately after
electrophysiological characterization. The contents of the patch
pipette (~3 ul) were expelled into a 0.2-ml PCR tube (Axygen
Scientific, Union city, CA, USA) containing 7 ul reverse transcrip-
tion (RT) mix (SuperScript Ill, Invitrogen). The mix contained 1 ul
diethylpyrocarbonate (DEPC)-treated water, 5 ul 2X RT reaction
mix (oligo(dT),o, random hexamers, MgCl, and dNTPs) and 1 ul
RT enzyme mix (SuperScript Il RT and recombinant ribonuclease
inhibitor). Total volume was about 10 ul. After a series of incuba-
tion at recommended temperatures according to Invitrogen’s op-
timized protocol for RT, the cDNA-containing tube was stored at
—70 °C until used.

Following cDNA synthesis, the cDNA solution of a single cell
was split into three aliquots (5 ul). Each was used for the ampli-
fication of a single gene. A PCR approach with MyCycler (Bio-
Rad, Hercules, CA, USA) was performed in a total volume of 20 ul
with 1 ul of 10 uM primers (each), 5 ul DEPC-treated water and
the PCR mix (TakaRa, Shiga, Japan) containing (uL): 0.2 Taq
DNA polymerase, 1.6 dNTP, 2 10X buffer, 9.2 water. Primers
were designed with Perlprimer v1.1.14 and selected for maximal
specificity and intron-overspanning amplicons. PV (GenBank ac-
cession NM_022499.2) was detected with a pair of primers GGC-
GATAGGAGCCTTTACTGCTGC (forward) and GAAACCCAG-
GAGGGCCGCGA (reverse), which gave a PCR product of 372
bp. Cholecystokinin (CCK) (GenBank accession NM_012829.1)
was detected with a pair of primers GCTGGACAGCAGCCGTT-
GGA (forward) and GGCCAGAGGGAGCTTTGCGG (reverse),
which gave a PCR product of 280 bp. Glutamate decarboxylase
65 (GADG65) (GenBank accession NM_012563.1) was detected
with a pair of primers TGGCATCTCCGGGCTCTGGCT (forward)
and TGGCAGCAGGTCTGTTGCGTGG (reverse), which gave a
PCR product of 296 bp. The molecular weights of all amplicons
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Fig. 1. Muscarine excited fast-spiking cells in the DG. (A) Top, IR-DIC
image of a BC near the border (dashed line) between the GC layer
(GCL) and the hilus in the DG. Middle, voltage responses of the same
BC to 1 s de- or hyperpolarizing current pulses in the whole-cell
current-clamp configuration at 24 °C. Membrane potential before the
pulse was held at =70 mV. Currents during the pulse were +0.9 and
—0.1 nA. Bottom, protocol for current pulses. (B) Two-photon z-stack
(maximal intensity) projection of the same BC in (A) filled with biocytin
during whole-cell recording and stained with FITC-conjugated avidin.
The axonal ramification is almost exclusively within the GCL. Dashed
lines demarcate the borders of GCL. (C) Maximal firing rates obtained
from 60 rigorously identified BCs at 24 °C in response to 1-s depolar-
izing pulse (600—-900 pA). Inset, data obtained at 36 °C. Distribution of
maximal firing rates was fitted with a Gaussian function, yielding the
mean of 84.7 and the standard deviation of 7.9. (D) Input resistance
obtained from the same population of BCs shown in (C) at 24 °C.
Distribution of data was fitted with a Gaussian function, yielding the
mean of 108.5 and the standard deviation of 30.3. Inset, data obtained
at 36 °C. (E) Left, Ethidium Bromide-stained gels of the PCR products
amplified with primers specific for PV, CCK and GADG65 transcripts.
Molecular weight marker (M) was shown in the left lane, together with
the corresponding number of base pairs. All neurons (n=11) analyzed
were positive for GADG5, indicating selective harvesting from GABAergic
interneurons. Right, bar plot showing the percentage of PV- and
CCK-expressing cells from all GAD65™ cells. (F) Bath-applied mus-
carine (10 M) at 24 °C induced marked membrane depolarization of
a fast-spiking BC in the presence of KA (2 mM), gabazine (1 uM) and

were subsequently examined on Ethidium Bromide-stained aga-
rose gels; sizes were in close agreement with the expected length
(Fig. 1E). To exclude the possibility of contaminations, no tem-
plate control was performed in parallel to every PCR, and the
reverse transcriptase was omitted in a subset of cells. Additional
controls to exclude non-specific harvesting were performed by
advancing pipettes into the slice and taking them out without seal
formation and suction.

Solutions and drugs

The intracellular solution for BC recording consisted of (in mM):
135 Kgluconate, 20 KCI, 0.1 EGTA, 2 MgCl,, 4 Na,ATP, 10 Hepes
and 0.3 NazGTP; For GC recording, it consisted of (in mM): 35
Kgluconate, 100 KCI, 10 EGTA, 2 MgCl,, 2 Na,ATP, 10 Hepes
and 0.3 NazGTP; pH adjusted to 7.3 with HCI or KOH. Kynurenic
acid was from Sigma (St. Louis, MO, USA) and Ascent Scientific
(Weston super Mare, UK); gabazine was from Tocris Bioscience
(Park Ellisville, MO, USA) and Ascent Scientific; tetrodotoxin
(TTX) was from Tocris Bioscience. All other chemicals were from
Sigma except where noted.

Post hoc identification of BC morphology

Neurons were filled with biocytin (1-2 mg/mL) during whole-cell
recordings and subsequently fixed overnight with 4% paraformal-
dehyde in phosphate-buffered solution (PB; 0.1 M, pH 7.3). After
washing with PB, slices were incubated with fluorescein isothio-
cyanate (FITC)-conjugated avidin-D (2 wl/mL; Invitrogen, Eugene,
OR, USA) in PB and 0.3% Triton X-100 overnight at 4 °C. After
wash, slices were embedded in mounting medium Vectashield®
(Vector Laboratories, Burlingame, CA, USA). Labeled BCs were
examined by a two-photon microscope using a pulsed titanium:
sapphire laser (Chameleon-Ultra Il tuned to 800 nm; Coherent,
Portland, OR, USA) attached to a Leica DM6000 CFS microscope
(Leica, Wetzlar, Germany) that was equipped with a 20x/0.5
numerical aperture (NA) water immersion objective (HCX APO L;
Leica, Wetzlar, Germany). The morphologies of the cells were
reconstructed from a stack of 350—600 images (voxel size, 1.4—
1.6 um in the x-y plane; 0.24—0.5 um along the z-axis) and an
example of a reconstructed BC was shown in Fig. 1B.

Data analysis and statistics

Data were analyzed using Clampfit 10.2 (Molecular Devices) and
Sigma plot 10.0 (Systat Software, Point Richmond, CA, USA).
MiniAnalysis (6.0.3 Synaptosoft, Fort Lee, NJ, USA) was used to
detect and analyze spontaneous IPSCs (sIPSCs). The concentra-
tion-response curve was fitted with the function:

1

St

where c denotes the concentration, IC5, represents the half-max-
imal inhibitory concentration, and n denotes the Hill coefficient.
For the measured reversal potentials, data points of /-V relations
were fitted by 2nd order polynomials, from which the interpolated
potentials were calculated. The equilibrium potential of K™ chan-
nels (E,) was predicted by the Nernst equation (Hille, 2001):

g _RT K,
k — f n ([K+]I) (2)

TTX (0.5 uM). Inset, summary plot of the membrane potential before
and after addition of muscarine (open circles) or carbachol (filled
boxes). * P<0.05. For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.
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where [K*],, [K™]; are outer and inner K* concentrations and F, R,
T have standard thermodynamic meanings (Hille, 2001).

AP voltage threshold was determined from the first sampling
point when AP trajectory exceeds 50 V/s as described previously
(Kole and Stuart, 2008). Values indicate mean=standard error of
the mean (SEM) unless otherwise stated. Error bars in figures also
represent SEM. Statistical significance was tested by the non-
parametric Wilcoxon signed-rank test, Wilcoxon rank-sum test or
Kolmogorov—Smirnov test (for cumulative probability plots in Fig.
7) at the significance level (P) indicated, using GraphPad Prism
5.0 (La Jolla, CA, USA) or MiniAnalysis.

RESULTS

Muscarinic agonists induce in vitro gamma oscillations in
the hippocampus (Fisahn et al., 1998; Hajos et al., 2004;
Mann et al., 2005). Given the important role of BCs in
gamma oscillations, we tested the direct muscarinic action
on FS BC excitability in the DG of the rat hippocampus.

Muscarinic depolarization of fast-spiking basket cells

FS BCs in the DG of acute brain slices were identified
based on the location of their cell bodies near the border
between GC layer and hilus (Aponte et al., 2006, 2008;
Doischer et al., 2008) (Fig. 1A, top), high-frequency AP
phenotypes, relatively low input resistance and the ab-
sence of sag response upon hyperpolarizing current
pulses at 24 °C (Fig. 1A, bottom). Only neurons that gen-
erated =70 APs per second and had input resistance
<150 MQ were selected for experiments. As shown in Fig.
1B, we chose cells with axonal arbors largely restricted to
the GC layer for subsequent analysis. The maximal firing
rates and input resistance from 60 morphologically con-
firmed BCs were 82+1 Hz (Fig. 1C) and 107+4 MQ (Fig.
1D), respectively. Results obtained at 36 °C from four
morphologically confirmed BCs were also shown for com-
parison (Fig. 1C, D insets). In a subset of recorded neu-
rons, the expression of the GAD65, PV, CCK was detected
using single-cell RT-PCR (Fig. 1E left). The majority (10
out 11 cells) of GAD65-expressing FS cells was immuno-
reactive for PV, whereas only one out of seven GAD65-
expressing FS cells was CCK-positive (Fig. 1E right).

To determine the postsynaptic cholinergic action on
BCs, we investigated the effect of bath-applied mAChR
agonist muscarine on BC excitability (Fig. 1F). We re-
corded BCs in the whole-cell current-clamp recording in
the presence of kynurenic acid (KA, 2 mM), a broad-
spectrum blocker of ionotropic glutamate receptors, gaba-
zine (1 uM), a GABA receptor type A (GABA,R) antago-
nist, and TTX (0.5 uM), a voltage-gated Na™ channel
blocker. TTX was used to block the discharge of the re-
corded neuron as well as the network activity. A represen-
tative experiment showed that muscarine (10 wM) revers-
ibly induced slow membrane depolarization of a FS BC by
13.5 mV at 24 °C (Fig. 1F). The effect of muscarine on BC
membrane potential was similar to that of another cholin-
ergic agonist carbachol (25 wM) (muscarine, 12.1+0.8
mV, n=24; carbachol 10.8+1.4 mV, n=5; P=0.69, Wil-
coxon rank-sum test; Fig. 1F inset) and thus they were
pooled together for analysis. Taken together, both musca-
rine and carbachol produced significant depolarization

(AV,,=11.9+0.7 mV, n=24 for muscarine and 5 for car-
bachol; P<<0.05) of all recorded FS interneurons.

Muscarinic effect on BC firing patterns

To determine whether muscarine-mediated depolarization
was sufficient to induce BC firing, we performed similar
experiments in the absence of TTX. In the presence of KA
and gabazine, FS BCs exhibited slow depolarization
(AV,,=11£1 mV, n=17; P<0.05) followed by repetitive
firing in response to muscarine at 24 °C (Fig. 2A). A part of
spike train in Fig. 2A was expanded and shown in Fig. 2B.
Analysis of the spike train revealed a rhythmic bimodal
firing pattern, which consists of beta (10-25 Hz) frequency
spike bursts with inter-burst frequency in the theta (1-5 Hz)
range (Fig. 2B). The bimodal firing patterns at 24 °C were
shifted to multimodal firing patterns at 36 °C (AV,,=16x2
mV, n=10; P<0.05) (Fig. 2C), which covered a wide range
of frequencies, from slow theta (3—8 Hz) and beta (10-30
Hz) ranges to the fast gamma (30—80 Hz) frequency band
(Fig. 2D).

Muscarinic excitation was associated with a reduced
rheobase

We next determined if the muscarinic effect on BC excit-
ability persisted when the cell was maintained at a similar
voltage (—72 mV) as in the control by adjusting the holding
current throughout the experiment. Under control condi-
tions and in the presence of muscarine, BCs were depo-
larized by a series of incremental current steps (1 s dura-
tion, 2 pA step) (Fig. 3A). As shown in Fig. 3A—C, BCs did
not generate spikes in response to a 1-s current pulse (300
pA) injection in the control (Fig. 3A top), but displayed a
single spike in response to a relatively smaller current
pulse (266 pA) in the presence of muscarine (Fig. 3A
bottom, black). The overlay of both voltage trajectories
revealed that muscarine moderately increased the input
resistance as measured during small depolarizing current
steps. The plot of spike number against current pulse
showed that muscarine significantly lowered the current
threshold (rheobase) for spike generation (Fig. 3B, arrows
indicate the rheobase values), but had no effect on the
mean AP frequency in response to the large current pulse
(500 pA) injection (control, 52.8+5.5 Hz, n=5 and musca-
rine, 46.4+6.5 Hz; n=5, P=0.14; Fig. 3C). Interestingly, in
contrast with the current threshold, the AP voltage thresh-
old (control, —36.8+0.8 mV and muscarine, —34.2+0.8
mV; n=7, P<0.05; see experimental procedures) was
slightly higher in the presence of muscarine than the con-
trol. Overall, the AP frequency evoked by the 1-s long
pulse (500 pA) was not changed by muscarine while the
rheobase (28041 pA) was significantly reduced by mus-
carine to 84% (234+45 pA; n=6; P<0.05) of the control
(Fig. 3D).

Inhibition of resting K* conductance by muscarine

Muscarine may depolarize neurons via inhibition of resting
K™ conductance (Nicoll, 1988). We tested this possibility
by recording the resting current change after bath addition
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Fig. 2. Muscarine induced firing of BCs. (A) Bath-applied muscarine (10 uM) induced membrane depolarization (AV,,) followed by repetitive firing in
the presence of KA (2 mM) and gabazine (1 uM) at 24 °C. Inset is the summary of muscarinic effect on V,,, from 17 BCs. Black circles indicate mean;
gray circles indicate data from individual experiments. Measurements from the same cell are shown connected by lines. * P<0.05. (B) Representative
trace of expanded spike train in the presence of muscarine at 24 °C. Histogram of instantaneous AP frequency in the presence of muscarine from four
BCs. (C) Muscarine (10 uM) induced membrane depolarization followed by firing at 36 °C under the same condition as in (A). Inset is the summary
of muscarinic effect on V,,, from 10 BCs. * P<<0.05. (D) Representative trace of expanded spike train in the presence of muscarine at 36 °C. Histogram

of instantaneous AP frequency in the presence of muscarine from eight BCs.

of muscarine. A representative experiment showed that
muscarine at a concentration of 1-100 uM changed the
holding current in a concentration-dependent manner
when a BC was voltage clamped at —65 mV (Fig. 4A top).
The holding current gradually decreased from +40 pA
(outward) to —40 pA (inward) upon increasing concentra-
tions of muscarine, reflecting either the induction of an
inward current or the blockade of an outward current by
muscarine. The change of holding current was concomi-
tant with an increase of input resistance (Fig. 4A bottom),
suggesting the blockade of an outward current. The plot of
muscarine concentration against the relative decrease of
holding current (normalized by the effect of 100 uM mus-
carine) was fitted with a single Hill equation, yielding a
half-maximal inhibitory concentration (IC,,) of 5.1 uM and
a Hill coefficient of 1.1 (n=3 for each symbol, Fig. 4B).
Activation of mMAChRs may result in inhibition of di-
verse populations of K* channels including inward rectifier
K* channels, KCNQ/M/Kv7 channels, calcium-activated
K* channels, and leakage K* channels (McQuiston and
Madison, 1999; Watkins and Mathie, 1996; Lawrence et
al., 2006b,c; Mathie, 2007). To investigate the functional
properties of MAChR-mediated currents, we applied a volt-
age ramp protocol (from —40 to —120 mV, 0.8 V/s) to BCs
before and after bath addition of muscarine in the voltage-
clamp configuration (Fig. 4C). Consistent with previous
reports (McQuiston and Madison, 1999; Lawrence et al.,
2006b), a representative data showed that muscarine-
sensitive current obtained by subtracting the current in the
presence of muscarine from the control had a reversal
potential of —103 mV, close to the K* equilibrium potential

—106 mV (Fig. 4D). Overall, the current (I)-voltage (V)
relationship of muscarine-sensitive currents appeared
quasi-linear (ohmic) with a reversal potential of —109+3
mV (Fig. 4E, n=3). Finally, we examined the possible
occlusion between the effect of muscarine and the effect of
barium, a broad-spectrum resting K* channel blocker.
Muscarine (10 uM) and barium (1 mM), known to block 2P
domain K* and inward rectifying K* channels, induced
—60.0=6.9 pA (n=29) and -64.6*x27.1 pA (n=4)
changes of holding current, respectively (Fig. 4F). Coap-
plication of muscarine (10 uM) and barium (1 mM) induced
—97.0%=31.6 pA (n=5) change of the holding current, not
only markedly less than the arithmetic sum of individual
effects, but also not significantly different from the effect of
each of the blockers (P>0.05; Wilcoxon rank-sum test).
Thus the results showed a large degree of occlusion be-
tween the effects of muscarine and barium.

M, receptors mediated BC depolarization

There are five subtypes of mAChR receptors (M, to Mj),
with M;, M, and M, being the predominant receptors in the
hippocampus (Volpicelli and Levey, 2004). GABAergic in-
hibitory interneurons of the hippocampus are major targets
of septal cholinergic fibers (Frotscher and Léranth, 1985;
Léranth and Frotscher, 1987; Parra et al., 1998; Lawrence
et al,, 2006a,b). We next examined the subtypes of
mAChRs that mediated the depolarizing effect on BCs
using the pharmacological approach. First, we found that
bath-applied atropine (1 uM), a broad-spectrum mAChR
receptor antagonist, largely reversed the muscarine-medi-
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Fig. 3. Muscarinic excitation was associated with a reduced rheobase. (A) A series of incrementing current pulses depolarized a BC in the control (top)
and in the presence of 10 uM muscarine (bottom). For the comparison, the voltage response (gray) to the 300 pA current pulse in the control was
overlaid with that (black) to the 266 pA current pulse in the presence of muscarine. (B) Relationship of spike number against injected current from the
same BC in (A). Arrows indicate the rheobase required for spike generation during a 1-s current pulse in the control and in the presence of muscarine,
respectively. (C) The number of APs during a 1-s depolarizing (500 pA) was not significantly changed (P>0.1) after addition of muscarine. (D)
Rheobase was significantly reduced after bath application of muscarine (10 uM). * P<0.05.

ated effect (Fig. 5A). In accordance with this notion, bath
application of Oxo-M (10 uM), an mAChR-selective ago-
nist, led to a decrease of the holding current of the BCs
(Fig. 5B). Furthermore, the muscarine-mediated response
was largely reversed by the bath addition of pirenzepine,
an M, receptor antagonist, at a low concentration (1 wM),
indicating that the muscarinic effect was mainly mediated
by M,-like mAChRs (Fig. 5C). Finally, the bath-applied
M,,, receptor antagonist gallamine (2 wM) did not signifi-
cantly attenuate the effect of muscarine (Fig. 5D). The
graphs (Fig. 5E—H) summarized the results of pharmaco-
logical characterization of the muscarine-induced holding
current changes in FS interneurons.

Presynaptic M, receptor activation down-regulated
GABA release

Activation of mAChRs down-regulates GABA release of
FS BCs (Hefft et al., 2002; Kruglikov and Rudy, 2008) likely
through presynaptic M, receptors (Hajos et al., 1998). We
thus explored whether M;- and M,-like receptors were
differentially expressed in FS BCs. To investigate presyn-
aptic M,, receptor-mediated effects, we recorded pharma-
cologically isolated monosynaptic IPSCs in GCs by extra-
cellularly stimulating BC axons in the GC layer (Fig. 6A).
Arecaidine but-2-ynyl ester tosylate (ABET, 30 uM), a
preferential muscarinic M, receptor agonist, significantly
inhibited elPSCs (Fig. 6B-D). Furthermore, pretreatment
with gallamine (10 wM), a muscarinic M, receptor antago-
nist, prevented ABET-mediated inhibition of GABA release
(Fig. 6E, F). Most notably, gallamine significantly in-

creased elPSCs, suggesting tonic inhibition of GABA re-
lease in BCs by endogenous ACh (Fig. 6E, F). Taken
together, these results are consistent with the previous
studies that mAChRs play an auto-regulatory role at axon
terminals of BCs and further provide direct evidence sup-
porting the hypothesis that expression of M,-type recep-
tors at BC axons.

Muscarinic facilitation on GABAergic transmission

Our results showed that M, receptor activation robustly
enhanced FS BC excitability, whereas M,, receptor activa-
tion down-regulated GABA release of the same cell. How
the dichotomous effects mediated by M,- and M,-like re-
ceptors in BCs affected the net inhibitory outputs? To
address this question, we recorded sIPSCs from GCs in
the presence of KA (2 mM) (Fig. 7A, inset). The input
resistance and intrinsic membrane properties of young
GCs were shown to correlate well with the dendritic devel-
opment (Stocca et al., 2008). In this study, we first re-
corded sIPSCs from young GCs (defined by input resis-
tance >1 G()) (Stocca et al., 2008), because young GCs
at this stage exclusively receive inputs from somatic
GABAergic synapses (Ming and Song, 2005; Stocca et al.,
2008). A representative experiment (Fig. 7A) showed that
bath-applied muscarine (10 uM) profoundly increased
sIPSCs in a young GC (1.2 GQ) at holding potential of —65
mV. The increased IPSCs were sensitive to 1 uM gaba-
zine, suggesting that the increased synaptic events were
GABA,R-mediated IPSCs (Fig. 7A). The plots of cumula-
tive distribution showed that muscarine alone greatly en-
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Fig. 4. Muscarine resulted in inhibition of K* currents of BCs. (A) Top, bath-applied muscarine (1-100 uM) markedly decreased the resting current
of a BC at the holding voltage of —65 mV in the presence KA (1-2 mM) and gabazine (1 uM). Bottom, the input resistance was concomitantly increased
during muscarine application. (B) Dose-response curve of muscarinic effect on the holding currents from three BCs. Open symbols were fitted with
a single Hill equation, yielding an IC4, of 5.1 uM and a Hill coefficient of 1.1. (C) Top, representative currents of a BC evoked by a voltage ramp in
the control (black) and in the presence of muscarine (grey), respectively. The dashed line indicates zero current. Bottom, a voltage ramp protocol from
—40 to —120 mV with the rate of 0.8 V/s. (D) -V relationship of the muscarine-sensitive current obtained by subtracting the current in the presence
of muscarine from that in the control in a single BC revealed a reversal potential of —103 mV. (E) Averaged /-V relationship of the muscarine-sensitive
current obtained from three BCs. (F) Bar graph showing changes of holding current by 10 uM muscarine (n=29), 1 mM barium (n=4) and a
combination of 10 uM muscarine and 1 mM barium (n=5). Note marked occlusion of the effects.

hanced the frequencies of sIPSCs by ~23 fold (control,
0.13 Hz; muscarine, 3.09 Hz; P<0.001; Kolmogorov—Smir-
nov test; Fig. 7B) without altering sIPSC amplitudes (con-
trol, 21.9+2.0 pA; muscarine 27.3+1.0 pA; P=0.28; Kol-
mogorov—Smirnov test; Fig. 7C). On the contrary, further
addition of gabazine (1 wM) markedly decreased the fre-
quencies (muscarine, 3.09 Hz; muscarine+gabazine, 0.02
Hz; P<0.001; Kolmogorov—Smirnov test; Fig. 7B) as
well as amplitudes of sIPSCs (muscarine, 27.3=1.0 pA;
muscarine+gabazine, 13.8+1.4 pA; P<0.05; Kolmogorov—
Smirnov test; Fig. 7C).

Notably, a similar scenario was also found in mature
GCs (defined by input resistance <1 G(}), although the
effect on sIPSC frequency was substantially less than that
in young GCs. Overall, muscarine markedly enhanced the
frequency (young GCs: control, 0.30+0.05 Hz; muscarine,
1.90+0.43 Hz; n=10, P<0.0005; Fig. 7D; mature GCs:
control, 1.95+0.34 Hz; muscarine, 4.00+0.80 Hz; n=12,
P<0.05; Wilcoxon signed-rank test; Fig. 7F) but did not
alter the mean amplitude (young GCs: control, —20.1+1.4
pA; muscarine, —26.8+x7.4 pA; n=10, P=0.91; Fig. 7E;
mature GCs: control, —20.6+1.7 pA; muscarine, —21.4+
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holding currents of BCs. * P<0.05.

1.9 pA; n=12, P=0.81; Wilcoxon signed-rank test; Fig. 7G)
of sIPSCs recorded from both young and mature GCs.

DISCUSSION
Cholinergic modulation of DG FS interneurons

Several studies reported that ACh profoundly alter excit-
ability of pyramidal cells and GABAergic interneurons in
the hippocampus and other brain regions (Lamour et al.,
1982; Behrends and ten Bruggencate, 1993; Kawaguchi,
1997; Scuvée-Moreau et al., 1998; Chapman and Lacaille,
1999; McQuiston and Madison, 1999; Fisahn et al., 2002;
Lawrence et al., 2006a,b). Despite its diverse cellular and
synaptic targets, the muscarinic actions on cortical or hip-
pocampal interneurons are highly specific, altering the ex-
citability of distinct inhibitory cell types (reviewed by Law-
rence, 2008). In frontal cortex, muscarinic agonists selec-
tively modulate the activities of peptide (somatostatin or
vasoactive intestinal polypeptide)-containing GABAergic
cells with regular- or burst-spiking characteristics (Kawagu-
chi, 1997). In the hippocampus, interneurons near the bor-
der between stratum radiatum and stratum lacunosum-
moleculare (LM) of CA1 area are depolarized by bath
application of carbachol and the depolarization is sufficient
to induce rhythmic AP generation (Chapman and Lacaille,
1999). Similarly, mAChR activation depolarizes CA1 stra-

tum oriens interneurons and tunes them to amplify spike
reliability during theta rhythmic inputs (Lawrence et al.,
2006a).

However, earlier studies have shown that the excitabil-
ity of FS cells in neocortex is affected little by ACh and
other neuromodulators (Kawaguchi, 1997; Gulledge et al.,
2007; Kruglikov and Rudy, 2008), leading to the view that
these cells tend to operate as a constant “clockwork” for
cortical network oscillations (reviewed in Freund and
Katona, 2007; also see Discussion in Kruglikov and
Rudy, 2008). Here, in contrast with previous investiga-
tions in FS cells in other cortical regions, our results
demonstrate that cholinergic system has direct excita-
tory influence on these interneurons in the DG and thus
provide a piece of evidence for region-specific cholin-
ergic modulation of BCs.

Differential expression of M,- and M,-like receptors
in FS BCs

M, receptors are known to play a prominent role in the
depolarizing effect on hippocampal CA1 pyramidal cells
(Nishikawa et al., 1994; Scuvée-Moreau et al., 1998). Con-
sistent with prior reports, the IC;, value (5 uM) of musca-
rine measured in the present study is comparable to those
measured in CA1 pyramidal cells (8.6 uM by Nishikawa et
al., 1994; 0.7 uM by Scuvée-Moreau et al., 1998). Taken
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Fig. 6. Presynaptic M, receptor mediated inhibition of GABA release. (A) Schematic illustration of experimental configuration. (B) Example of
30 uM ABET-mediated inhibition of elIPSCs at BC-GC synapses. Traces of elPSCs were average of 30—60 sweeps. Peak amplitudes of elPSCs
(V-clamp —70 mV) were plotted against time. Dashed line indicated the mean amplitude (baseline) before ABET application. (C) Summary of
results from experiment similar to that in (B). Peak amplitudes of elPSCs were normalized to the baseline and averaged from eight cells. (D)
Bar graph showing normalized peak amplitude of elPSCs in the control, after bath application of ABET and washout. * P<<0.05. (E) Pretreatment
of 10 uM gallamine induced an increase of elPSCs and prevented inhibitory effect of ABET. Data were obtained from five cells. (F) Bar graph
showing normalized peak amplitude of elPSCs in the control, pretreatment of gallamine, after gallamine+ABET and after ABET washout.

* P<0.05.

together with the high sensitivity to pirenzepine, our results
point to M,-like-receptor-mediated down-regulation of K*
currents in BCs.

Direct activation of mAChRs in FS axon terminals is
shown to down-regulate GABA release in the DG and
neocortex (Hefft et al., 2002; Kruglikov and Rudy, 2008).
Consistently, we found that ABET, a preferential M, recep-
tor agonist, down-modulated GABA release of BCs (Fig.
6B-D). Thus, specific subcellular localization of M,- and
M,-like receptors in BCs (Frotscher and Léranth, 1985;
Hajos et al., 1998; Hefft et al., 2002; Kruglikov and Rudy,
2008) may account for the dichotomous effects of MAChR
activation. By local release at specific subcellular domains,
ACh might serve as a bi-functional neuromodulator in the
regulation of BC excitability and GABA release.

Modulation of background K* conductances through
mAChHR activation

Hippocampal interneurons are highly sensitive to neuro-
modulators by expressing a rich repertoire of neurotrans-
mitter receptors (Parra et al., 1998; Gorelova et al., 2002;
Kruglikov and Rudy, 2008). As a general view, multiple
metabotropic receptors can be expressed by a single in-
terneuron (Nicoll, 1988; Parra et al., 1998; Hefft et al.,
2002; Kruglikov and Rudy, 2008) and a given receptor can
affect multiple molecular targets (Nicoll, 1988; Lawrence et
al., 2006a). On the contrary, multiple metabotropic recep-
tors can also affect the same molecular target (Nicoll,
1988; Talley et al., 2000). In the present study, mMAChR
activation reduces the holding currents of BCs in the volt-
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Fig. 7. Muscarine enhanced GABA,R-mediated currents in GCs. (A) Inset, a schematic drawing of the experimental arrangement showing that
a young GC receives major axosomatic synapses from BCs; a representative recording showing the effect of muscarine on sIPSCs recorded
at holding potential of —65 mV from a young GC with input resistance of 1.2 G() before and after bath application of muscarine (10 uM). The
increased sIPSCs were largely inhibited by subsequent bath addition of gabazine (1 uM). (B) Cumulative distribution plots showing the effect
of muscarine on sIPSC frequency before, after application of muscarine and further addition of gabazine. The distributions of frequency were
significantly different among three conditions (control, 0.13 Hz; muscarine, 3.09 Hz; muscarine+gabazine, 0.02 Hz; P<0.001 for the control vs.
muscarine and P<0.001 for muscarine vs. muscarine+gabazine). (C) Cumulative distribution plots showing that muscarine alone did not change
the distributions of amplitude, whereas further bath addition of gabazine significantly decreased the distributions of amplitude (muscarine,
27.3+1.0 pA; muscarine+gabazine, 13.8+1.4 pA, P<0.05). (D) Bar graph summarizing the effect of muscarine on sIPSC frequency from young
GCs (for each input resistance>1 G(}, on average 1.45+0.1 GQ, n=10). *** P<0.0005. (E) Bar graph summarizing the effect of muscarine on
sIPSC amplitude from young GCs. (F) Bar graph summarizing the effect of muscarine on sIPSC frequency from mature GCs (for each input
resistance<1 G(), on average 411+48 MQ, n=12). * P<0.05. (G) Bar graph summarizing the effect of muscarine on sIPSC amplitude from
mature GCs.

age-clamp configuration. The net current obtained by sub- mV, very close to the Nernst potential for the K™ -selective
tracting the current in the presence of muscarine from the channel, suggesting that K™ channels underlie the back-
control is quasi-linear and has a reversal potential of —109 ground currents. However, further dissection of distinct
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types of K* channels underlying the relatively small cur-
rents (~80 pA at —65 mV) is not possible because of the
limited selectivity of available blockers for targeted candi-
dates, such as two-pore-domain K™ channels and inwardly
rectifying K™ channels. A challenge of future studies will be
to use genetic knockout mice to perform precise charac-
terization of specific target channels following mAChR ac-
tivation.

Despite the fact that the identity of mMAChR-coupled K™
channels remains undetermined here, a single type or a
mixture of multiple resting K™ channels might account for
the muscarinic inhibition of resting K* currents (McQuiston
and Madison, 1999). First, tandem of P domains in a weak
inwardly rectifying K* channel (TWIK)-1 and TWIK-related
K*-1 channels can give rise to a linear membrane current
in physiological solutions (Lesage et al., 1996; Zhou et al.,
2009). Second, M, receptor activation is known to down-
modulate constitutively active two-pore-domain “leak” K*
channels (Millar et al., 2000) and inwardly rectifying K*
channels (Carr and Surmeier, 2007). A combination of
these two channels might generate a linear I~V curve.
Finally, other channels such as SK channels and KCNQ/
Kv7 subunits associated with KCNE subunits can produce
background conductance (Lawrence et al., 2006c). Over-
all, the muscarine-sensitive K* conductance can be gen-
erated by variable combinations of these channels or by a
yet uncharacterized combination of subunits and auxiliary
proteins.

Functional implications

A tonic excitatory drive is required for the generation of
gamma oscillations in the interneuron network models
(Wang and Buzsaki, 1996; Bartos et al., 2001, 2002,
2007). FS BCs are set in a ready-to-fire mode because of
their relatively more depolarized resting potentials than
those of principal neurons (Fricker et al., 1999; Verheugen
et al., 1999). Therefore, fine tuning of resting membrane
potentials by neuromodulators may exert substantial influ-
ences on BC activities. During cognitive tasks, cholinergic
release increases dramatically (Parikh et al., 2007). The
muscarinic excitation of BCs can result in an increase of
input resistance and membrane time constant, thereby
attenuating the dendritic filtering and augmenting temporal
summation of excitatory synaptic potentials in BCs (Geiger
et al., 1997; Carr and Surmeier, 2007; Hu et al., 2010).
Thus, cholinergic modulation not only depolarizes BCs but
also enhances the firing probability and synaptic integra-
tion during glutamate transmission. As a consequence,
increased cholinergic release can recruit FS BCs to gen-
erate emergent gamma-frequency rhythmicity and en-
hance cortical circuit performance (Fuchs et al., 2007;
Sohal et al., 2009). Notably, gamma oscillations often oc-
cur as nested rhythm together with theta activity (White et
al., 2000; Buzsaki, 2002; Hentschke et al., 2007). In the
present study, cholinergic agonists promote the discharge
of FS BCs in the theta as well as in the gamma frequency
band, an intriguing possibility is that cholinergic activation
promotes this nested activity pattern.
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