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Cellular/Molecular

Kv4.3-Mediated A-Type K" Currents Underlie Rhythmic
Activity in Hippocampal Interneurons

Mathieu L. Bourdeau,* France Morin,* Charles E. Laurent, Mounia Azzi, and Jean-Claude Lacaille
Département de Physiologie, Groupe de Recherche sur le Systeme Nerveux Central, Université de Montréal, Montréal, Québec, Canada H3C 3]7

Hippocampal-dependent learning and memory processes are associated with theta frequency rhythmic activity. Interneuron and pyra-
midal cell network interactions underlie this activity, but contributions of interneuron voltage-gated membrane conductances remain
unclear. We show that interneurons at the CA1 lacunosum-moleculare (LM) and radiatum (RAD) junction (LM/RAD) display voltage-
dependent subthreshold membrane potential oscillations (MPOs) generated by voltage-gated tetrodotoxin-sensitive Na ™ and
4-aminopyridine (4-AP)-sensitive K * currents. They also exhibit prominent 4-AP-sensitive A-type K currents, with gating properties
showing activation at subthreshold membrane potentials. We found that LM/RAD cells are part of specific interneuron subpopulations
expressing the K channel subunit Kv4.3 and their transfection with Kv4.3 small interfering RNA selectively impaired A-type K™
currents and MPOs. Thus, our findings reveal a novel function of Kv4.3-mediated A-type K * currents in the generation of intrinsic MPOs
in specific subpopulations of interneurons that may participate in hippocampal theta-related rhythmic activity.
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Introduction

Theta frequency rhythmic electroencephalographic activity gen-
erated in the hippocampus has been implicated in explorative
behavior, learning/memory processes, and REM sleep (Winson,
1978; Bland, 1986; Vinogradova, 1995; Buzsaki, 2002; Cantero et
al., 2003). Hippocampal theta oscillations arise from network
activity and are essential in controlling temporal integration and
modification of synaptic inputs (Buzsaki, 2002). Extrinsic inputs
(Petsche et al., 1962), intrinsic conductances of pyramidal cells
(Nunez et al., 1987), and network interactions between inhibi-
tory interneurons and pyramidal cells contribute to theta activity
(Klausberger et al., 2003; Somogyi and Klausberger, 2005). Hip-
pocampal and entorhinal theta rhythms in vivo are driven by the
medial septum (Petsche et al., 1962; Mitchell et al., 1982), but
theta-like activity can be generated in isolated hippocampus by
cholinergic agonists (MacVicar and Tse, 1989; Fischer et al.,
1999). Moreover, theta-frequency range intrinsic membrane po-
tential oscillations (MPOs) occur in entorhinal cortical neurons
(Klink and Alonso, 1993), hippocampal CA1 pyramidal cells

Received July 26, 2006; revised Jan. 15, 2007; accepted Jan. 15, 2007.

This work was supported by Canadian Institutes of Health Research Grant MT-10848, Fonds de la recherche en
santé du Québec (Groupe de Recherche sur le Systéme Nerveux Central), and the Canada Research Chair Program
(J.-C.L.; Canada Research Chair in Cellular and Molecular Neurophysiology). Plasmid constructs were kindly provided
by M. Bouvier, J. M. Nerbonne, and A. Shrier. The antibodies against somatostatin (#56) and cholecystokinin (#9303)
were kindly provided by CURE/Digestive Diseases Research Center, RIA Core, and National Institutes of Health Grant
DK41301. We thank Julie Pepin for excellent technical assistance.

*M.L.B. and F.M. contributed equally to this work.

Correspondence should be addressed to Dr. Jean-Claude Lacaille, Département de Physiologie, Université de
Montréal, Cas Postal 6128 Succursale Centre-ville, Montréal, Québec, Canada H3C 3J7. E-mail:
jean-claude.lacaille@umontreal.ca.

M. Azzi's present address: Neurochem Incorporated, 275 Armand-Frappier Boulevard, Laval, Québec, Canada
H7V 4A7.

DOI:10.1523/JNEUR0SCI.3208-06.2007
Copyright © 2007 Society for Neuroscience  0270-6474/07/271942-12$15.00/0

(Leung and Yim, 1991), and certain inhibitory interneurons
(Chapman and Lacaille, 1999a), and likely contribute to theta
activity (Chapman and Lacaille, 1999b).

In hippocampal and entorhinal neurons, MPOs arise from an
interaction of voltage-dependent Na * and K currents activated
at subthreshold membrane potentials (Alonso and Llinas, 1989;
Leung and Yim, 1991; Klink and Alonso, 1993; Chapman and
Lacaille, 1999a,b; Hu et al., 2002). These ionic mechanisms con-
trast with Ca** and Ca**-activated K™ currents implicated in
oscillatory activity in other CNS neurons (Jahnsen and Llinas,
1984; Alonso and Llinas, 1992). However, it remains unclear
which specific voltage-gated K currents generate MPOs. In hip-
pocampal interneurons, MPOs are prevented by Ba®" and
4-aminopyridine (4-AP) but not by tetraethylammonium (TEA)
(Chapman and Lacaille, 1999a). This pharmacological profile
suggests that transient A-type K* currents or dendrotoxin-
sensitive K™ currents (I;,) may be involved in MPO generation
(Rudy, 1988; Hurst et al. 1995; Locke and Nerbonne, 1997; Co-
etzee et al. 1999; Shi et al. 2000). Activation of MPOs at sub-
threshold membrane potentials (Chapman and Lacaille, 1999a)
is also consistent with a potentially important role of these cur-
rents (Coetzee et al., 1999; Lien et al., 2002). Interestingly, neu-
ronal A-type K™ currents are associated with functions such as
regulating firing rate (Rudy, 1988), shaping spike waveform
(Zhang and McBain, 1995b) and controlling signal propagation
in dendrites (Hoffman et al., 1997), but have not been linked to
generating rhythmic activity. Therefore, our aim was to explore
the role of voltage-gated A-type K™ currents in interneuron
MPOs. Moreover, because members of the Kv4 family of voltage-
gated K™ channel « subunits (Birnbaum et al., 2004) underlie
somatodendritic A-type K™ currents in many neuronal types
(Shibata et al., 2000; Kim et al., 2005; Yuan et al., 2005) and
because hippocampal CAl interneurons highly express the Kv4.3
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subtype (Serodio and Rudy, 1998; Rhodes et al., 2004), we exam-
ined the role of Kv4.3 in A-type K* currents and MPOs in inter-
neurons. Our results uncover a crucial role of Kv4.3 in mediating
A-type K™ currents and generating subthreshold intrinsic rhyth-
mic activity in specific interneuron subpopulations.

Materials and Methods

Hippocampal slice preparation and culture. All animal procedures con-
formed to the animal welfare guidelines at Université de Montréal.
Sixteen- to 30-d-old male rats (Sprague Dawley; Charles River, St-
Constant, Quebec, Canada) were deeply anesthetized with halothane
(Halocarbon Laboratories, River Edge, NJ) and acute hippocampal slices
(300 pum thick) were prepared as described previously (Chapman and
Lacaille, 1999a).

Organotypic hippocampal slice cultures were prepared and main-
tained as described (Stoppini et al., 1991). In brief, Sprague Dawley rats
[postnatal day 7 (P7)-P12] rats were anesthetized and decapitated. The
brain was removed and dissected in HBSS- (Invitrogen, Eugene, OR)
based medium. Four-hundred-micrometer-thick corticohippocampal
slices were obtained with a Mcllwain tissue chopper (Campden Instru-
ments, Lafayette, IN). Three to four slices were placed on Millicell culture
plate inserts (Millipore, Bedford, MA) and incubated for 3 d in
OptiMem- (Invitrogen) based medium at 37°C in a humidified atmo-
sphere of 5% CO, and 95% air. Inserts were then transferred to
neurobasal-based medium (Invitrogen). Slices were used for experi-
ments after 3-12 d in culture.

Electrophysiology. Cells were viewed with an upright microscope (Ax-
ioskop; Zeiss, Oberkochen, Germany) equipped with Hoffmann optics
(Modulation Optics, Greenvale, NY), a long-range water immersion ob-
jective (40X), and an infrared video camera (model 6500; Cohu, San
Diego, CA). In the CA1l region, interneurons located at the border of
strata lacunosum-moleculare and radiatum (LM/RAD), or pyramidal
cells from stratum pyramidale (PYR) were visually identified and selected
for recordings. All recordings were made at room temperature (20—
22°C) using an Axopatch 200B amplifier (Molecular Devices, Foster City,
CA). Signals were filtered at 2 kHz (8-pole Bessel filter) and digitized at 10
kHz on a Pentium-based computer using pClamp 7.0 or 9.0 (Molecular
Devices). Whole-cell current-clamp recordings were made in artificial
CSF (ACSF) containing the following (in mm): 124 NaCl, 26 NaHCO;,
2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 2 MgSO,, 10 glucose (305 mOsm).
Extracellular solutions were saturated with 95% O,-5% CO,. Recording
pipettes (1.0 mm OD, 2-5 M{); World Precision Instruments, Sarasota,
FL) were filled with the following (in mm): 140 K-gluconate, 5 NaCl, 10
HEPES, 0.5 EGTA, 2 MgCl,, 2 ATP-Tris, 0.4 GTP-Tris, and 0.1% biocy-
tin or 0.05% Oregon green dextran (285 mOsm, pH 7.2-7.3). The liquid
junction potential was 14 mV and corrected. For MPO recordings, steady
current injection was used to hold membrane potential at a level which
generated occasional spontaneous action potentials, in the presence of
antagonists of non-NMDA (CNQX, 20 um), NMDA (AP5, 50 um), and
GABA, (bicuculline, 25 um) receptors. Channel blockers tetrodotoxin
(TTX) (0.2 um), 4-AP (5 mm), 4-ethylphenylamino-1,2-dimethyl-6-
methylaminopyrimidinium chloride (ZD-7288) (10 wm), and 10,10-
bis(4-pyridinylmethyl)-9(10H)-anthracenone dihydrochloride (XE-
991) (10 um) were bath applied. When 5 mwm 4-AP was applied, the
GABAj, receptor antagonist CGP55845A (1 um) was also added. MPOs
were analyzed during segments of membrane potential recordings with
spectral analysis (peak frequency and total power between 1.5 and 5 Hz)
using pClamp software as described previously (Chapman and Lacaille,
1999a). In experiments with recordings from cells expressing fluorescent
proteins in transfected cultured slices, the antioxidant Trolox (0.04 mm)
was added to the ACSF.

Voltage-clamp recordings (outside-out patches and whole-cell config-
uration) were made in ACSF containing the following (in mm): 125 NaCl,
25 NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 2 MgCl,, 23 glucose (310
mOsm). Patch pipettes (1.0-1.2 mm outer diameter, 2-5 M()) were
filled with solution containing the following (in mm): 120 K-gluconate,
20 KCl, 10 HEPES, 5 EGTA, 1 MgCl,, 5 glutathione, 2 ATP-Tris, 0.4
GTP-Tris and 0.1% biocytin or 0.05% Oregon green dextran (Invitro-
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gen) (300 mOsm). After achieving the whole-cell configuration, leakage
and capacitative currents were subtracted on-line using a P/4 procedure.
Series resistance was in the range of 5-15 M() and compensated by 40—
60% during whole-cell voltage-clamp recordings. The liquid junction
potential of the solution was 13 mV and corrected. A-type K™ currents
were obtained in the presence of channel blockers by using voltage step
protocols and isolated with digital subtractions (Zhang and McBain,
1995a; Lien et al., 2002). The gating properties of A-type K™ currents in
interneurons were characterized using outside-out patch recordings. To
obtain the activation curve, we calculated the chord conductance ( g) by
dividing respective peak currents at different test potentials by the driv-
ing force, assuming ohmic behavior and a reversal potential of —101 mV
(measured using reversal of tail currents, data not shown). The activation
curve was fitted with a Boltzmann function of the form: g/g.... = (1 +
exp (—(V = V,,,)/k)) ~', where g/g,.... is the conductance normalized to
its maximal value, V is the membrane potential, V', is the membrane
voltage at which the current amplitude is half-maximum, and k is the
slope factor. The inactivation curve was also fitted with the following
Boltzmann function: I/I,,,,. = (1 + exp (V — V,,)/k)) ', where I/I,,,,.
is the current normalized to its maximal value. All drugs were purchased
from Sigma (St. Louis, MO), except for ZD7288 and XE991 from Tocris
Bioscience (Ellisville, MO), as well as TTX from Alomone Labs (Jerusa-
lem, Israel).

HEK293 cells. Human embryonic kidney 293 (HEK293) cells were
grown in DMEM, supplemented with 10% fetal bovine serum, penicillin/
streptomycin, and L-glutamine (Wisent, St-Bruno, Quebec, Canada) at
37°C in a humidified atmosphere of 5% CO, and 95% air. HEK293 cells
were seeded on glass coverslips 1 d before transfection and placed in 35
mm culture dishes containing DMEM. Whole-cell voltage-clamp re-
cordings were made using an extracellular solution containing the fol-
lowing (in mm): 150 NaCl, 5 KCl, 1 CaCl,, 2 MgCl,, 10 HEPES, 25
glucose (330 mOsm). Pipettes (outer diameter, 1.2 mm; 2-5 M()) were
filled with the following (in mm): 140 KCI, 1 MgCl,, 5 EGTA, 10 HEPES
and 2 ATP (315 mOsm). The liquid junction potential was 12 mV and
corrected.

Constructs, siRNAs, and transfections. pcDNA;-GFP |, vector [green
fluorescent protein (GFP)] was obtained from Dr. M. Bouvier (Univer-
sité de Montréal, Montréal, Quebec, Canada), pEYFP-C1 [enhanced yel-
low fluorescent protein (EYFP)] was obtained from Clontech Laborato-
ries (Mountain View, CA), ppkCMV-rKv4.3 (Kv4.3) was a gift from Dr.
J. M. Nerbonne (University of Washington, St. Louis, MO), and pHA-
CMV-Kv4.2 (Kv4.2) was provided by Dr. A. Shrier (McGill University,
Montréal, Quebec, Canada). All small interfering RNA (siRNA) were
purchased from Dharmacon (Lafayette, CO). Commercial siControl
(siRNA-CTL) and cyanine3-tagged siGLO (Cy3-siRNA-CTL) were used
as nontargeting control siRNAs. siRNA-Kv4.3 target sequences for rat
were ACUAGUCGCUCCAGCCUUAUU (sense sequence) and 5°-
PUAAGGCUGGAGCGACUAGUUU (antisense sequence). HEK293
cells were transfected using Fugene 6 (Roche, Basel, Switzerland), follow-
ing the manufacturer’s instructions. Cotransfections were completed us-
ing 1.8 ug Kv4.3 cDNA and 0.2 ug GFP cDNA. For siRNA experiments,
10 ul of a 20 um stock solution was added to the transfection mixture.
Cells were incubated at 37°C in 5% CO, for 4872 h (without siRNA) or
48 h (siRNA experiments) before recordings. Biolistic transfections of
neurons in organotypic slice cultures (between 4 and 6 d in culture) were
made using a Helios gene gun (Bio-Rad, Hercules, CA) following man-
ufacturer’s instructions. Gold beads (1.6 wm) were coated with 50 ug
EYFP cDNA alone or with 160 ul of 20 um duplex siRNA. Successful
adhesion of siRNAs onto gold beads was verified using Cy3-siRNA-CTL
(data not shown). Transfected slices were returned to the incubator for
48 h before experiments. GFP- or EYFP-expressing cells were selected for
recordings using an upright microscope equipped with an epifluores-
cence Fluoarc System and appropriate filters (Zeiss).

Immunocytochemistry. For immunocytochemical detection of Kv4.3-
channel subunit in physiologically characterized LM/RAD interneurons,
cells were labeled with Oregon green dextran during recordings and
hippocampal slices were fixed in 4% paraformaldehyde in 0.1 M phos-
phate buffer (PB, 4°C, overnight). Slices were cryoprotected in 30% su-
crose and recut (40 wm thick) on a freezing microtome (SM2000R; Leica,
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Nussloch, Germany). Sections were treated with 0.3% H,O, (30 min),
put in 0.5% blocking agent (30 min, TSA kit; PerkinElmer, Woodbridge,
Ontario, Canada), and incubated in rabbit anti-Kv4.3 (1:1000, overnight,
RT; Millipore, Temecula, CA). The next day, sections were placed in
biotinylated goat anti-rabbit IgGs (1:200, 1 h; Jackson ImmunoResearch,
West Grove, PA) in the avidin-biotin complex (Elite ABC kit; 1:200, 30
min; Vector Laboratories, Burlingame, CA) and in the tyramide ampli-
fication solution (1:100, 5 min; Perkin-Elmer). Sections were then rein-
cubated in ABC solution (30 min) and placed in Texas Red-conjugated
streptavidin (1:200, 1 h; Jackson ImmunoResearch). Sections were rinsed
thoroughly between incubations and mounted in Prolong Antifade kit
(Invitrogen). A similar protocol was used for detection of Kv4.3 in trans-
fected HEK293 cells.

For double immunofluorescence detection of Kv4.3 and calcium
binding proteins or peptides, male rats (25-28 d old; n = 2) were deeply
anesthetized with sodium pentobarbital and perfused with 4% parafor-
maldehyde in 0.1 M PB. Brains were postfixed for 5 h and cryoprotected in
30% sucrose. The next day, sections were cut (30 um in thickness) and
incubated in Kv4.3 (1:1000) and mouse antibodies for calbindin (CB)
D-28k (1:200; Sigma), parvalbumin (PV) (1:500; Millipore), somatosta-
tin (SOM) [1:200; CURE, University of California, Los Angeles (UCLA)],
or cholecystokinin (CCK) (1:200; CURE, UCLA). The Kv4.3 antibody
was revealed as described above, except for streptavidin conjugated to
Alexa Fluor 488 (1:200; Invitrogen) used as the fluorophore, whereas
mouse antibodies were revealed with goat anti-mouse IgGs conjugated to
cyanine5 (1:200, 1 h; Jackson ImmunoResearch). Sections were mounted
in the Prolong Antifade kit and observed with a Zeiss LSM 510 confocal
microscope system (Axioskop; Coherent, Santa Clara, CA) and appro-
priate filters. Fluorescent images of HEK293 and neurons in acute or
cultured hippocampal slices were obtained with an Eclipse E600 micro-
scope (Nikon, Tokyo, Japan) equipped with a Retiga 1300 camera (Q-
Imaging, Canada) and a fluorescent lamp (Hamamatsu, Hamamatsu
City, Japan). All images were exported and processed in Adobe (San Jose,
CA) Photoshop 7.0.

To verify the specificity of antibodies, controls were done by either
omitting primary antibodies or by preabsorbing the primary antibody
with its respective antigen (according to the manufacturer’s specifica-
tions) and, in each case, no visible staining was detected. We also con-
firmed the specificity of the Kv4.3 antibody from Millipore by using a
monoclonal antibody against Kv4.3 (clone K75/41; University of Califor-
nia Davis-National Institute of Neurological Disorders and Stroke-
National Institute of Mental Health Neuromab Facility, Davis, CA). A
similar distribution of Kv4.3 immunopositive interneurons was ob-
served in the CA1 area (see also Kollo et al., 2006) and a similar propor-
tion of Oregon green-labeled LM/RAD interneurons exhibiting MPOs
were found to be immunopositive for Kv4.3 (data not shown).

Statistical analysis. Data are presented as means = SEM. Statistical
comparisons between experimental groups were made using unpaired or
paired Student’s ¢ tests (two-tailed) as appropriate. Differences were con-
sidered significant when p < 0.05.

Results

MPOs in LM/RAD interneurons depend on Na* and

K™* currents

Using whole-cell current-clamp recordings from visually identi-
fied LM/RAD interneurons in rat hippocampal slices maintained
at room temperature, MPOs appear as fluctuations in membrane
potential occurring at a frequency near 2 Hz (Fig. 1). However,
during recordings at more physiological temperature (32°C),
MPO frequency has been shown to be in the theta range (6—8 Hz)
(Chapman and Lacaille 1999a). MPOs are generated by intrinsic
membrane conductances and are independent of glutamate and
GABA , receptor-mediated synaptic transmission because the an-
tagonists AP5, CNQX, and bicuculline did not prevent them (Fig.
1A,B,D). The total power of MPOs, measured by spectral analy-
sis, was significantly reduced to 8.6 = 1.2% of control (n = 24) by
—10 mV membrane hyperpolarization, whereas the peak fre-
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quency was unchanged (Fig. 1 E), indicating that the amplitude
but not the frequency of MPOs is dependent on membrane po-
tential. The interplay of voltage-dependent Na * and K" conduc-
tances in the production of MPOs (Chapman and Lacaille,
1999a) was confirmed by application of the Na ™ channel blocker
TTX (0.2 um), which abolished action potentials and inhibited
the power of MPOs to 8.9 = 2.3% of control (n = 9) (Fig. 1E).
The peak frequency was also augmented but this was a minor
effect. Also, application of the K™ channel blocker,
4-aminopyridine (4-AP, 5 mM) diminished the power of MPOs
to 30.0 £ 4.5% of control (n = 12) without affecting the peak
frequency (Fig. 1 A, E). The inhibition of MPOs by 4-AP was re-
versible (92.4 * 21.3% of control; n = 5). These results demon-
strate that voltage-gated K™ currents sensitive to millimolar con-
centration of 4-AP are implicated in the production of MPOs in
LM/RAD interneurons.

To determine whether the hyperpolarization-activated cat-
ionic current (I,), which contributes to MPOs in cells of the
entorhinal cortex (Klink and Alonso, 1993), is involved in MPOs
in interneurons, we applied the specific I, blocker ZD7288 (10
uM). ZD7288 had no significant effect on total power (78.4 *+
13.9% of control; n = 5) or peak frequency of MPOs in interneu-
rons (Fig. 1B,E). In contrast, inward rectification observed in
interneurons in response to hyperpolarizing current (Maccaferri
and McBain, 1996) was abolished by ZD7288 (rectification ratio,
1.30 = 0.09 in control vs 1.00 = 0.04 in ZD7288; n = 5; p < 0.05)
(Fig. 1C), confirming the block of I, currents in interneurons
displaying MPOs. Thus, I}, does not contribute to the generation
of MPOs in LM/RAD interneurons. To examine whether the
muscarine-sensitive K * current (I,), which is important for sub-
threshold resonance in hippocampal pyramidal cells (Hu et al.
2002), is involved in interneuron MPOs, we used the specific Iy,
blocker XE991 (10 uM) (Hu et al. 2002). Application of XE991
had no significant effect on the power (124.7 = 17.7% of control;
n = 5) and peak frequency of MPOs (Fig. 1D, E), but caused a
membrane depolarization in interneurons (V,,,, —62.2 = 0.8 mV
to —59.3 £ 0.9 mV; n = 5) consistent with inhibition of I; (Hu
et al. 2002). These results suggest that I, is not necessary for the
generation of MPOs in LM/RAD interneurons.

Properties of A-type K* currents and expression of Kv4.3 in
LM/RAD interneurons

Because A-type K™ currents are transient voltage-gated currents
activated at subthreshold membrane potentials and sensitive to
4-AP (Serodio et al., 1996; Lien et al., 2002), we hypothesized that
these currents could be involved in MPOs in LM/RAD interneu-
rons. Thus, we characterized the biophysical properties of A-type
K™ currents in outside-out patches from LM/RAD interneurons.
In the presence of TTX (0.5 um) and TEA (20 mm), K™ currents
were evoked by 200 ms test pulses from a hyperpolarized mem-
brane potential and consisted of rapidly inactivating and nonin-
activating components (Fig. 2A). In contrast, K™ currents that
were evoked by similar test pulses from a depolarized membrane
potential were composed of only a noninactivating “delayed”
component (Fig. 2A). A-type K" currents were isolated by sub-
tracting the noninactivating component from the mixed rapidly
inactivating and noninactivating currents (Fig. 2A) (Zhang and
McBain, 1995a, Song et al., 1998). The mean amplitude of A-type
K™ currents evoked by a test pulse to 57 mV was 712.2 + 85.9 pA
(n=17). The 20—80% rise time of A-type K™ currents was 0.7 =
0.1 ms (n = 10) whereas the inactivation phase (decay) was fitted
by a biexponential function with time constants of 7., =
6.0 £ 0.3 ms and T = 228 = 1.2 ms (n = 9; relative

slow
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Figure 1.

hyperpolarizing current injections and produced by /,, (control in CNQX/AP5/BIC; left) was blocked by ZD7288 (10 wum; right). D,

Representative traces from another interneuron showing that MPOs and corresponding power spectra are not reduced by XE991
(10 um), a selective blocker of muscarine-sensitive K ™ current (/,,). E, Summary bar graphs showing that the power of MPOs was
significantly reduced by membrane hyperpolarization (V,,, threshold —10 mV), TTX (0.2 ), and 4-AP (5 mm) but not by ZD7288

(10 M) or XE991 (10 am), whereas the peak frequency of MPOs was generally unchanged. *p << 0.05.

MPOs in LM/RAD interneurons in acute slices are dependent on 4-AP-sensitive K currents but not on /, or /,,. 4,
MPOs from a representative interneuron (left) recorded at membrane potential near spike threshold in the presence of non-NMDA,
NMDA, and GABA,, receptor antagonists [C(NQX, 20 rum; AP5, 50 wum; bicuculline (BIC), 25 wum; top trace]. In the same cell, MPOs are
significantly reduced by application of 4-AP (5 mm; bottom trace). In this and other figures with traces showing MPOs, action
potentials are truncated. Power spectra (right) of records from the same cell show the reduction of the power of MPOs by 4-AP. B,
Similar data from another cell showing that MPOs recorded near spike threshold are not diminished by ZD7288, a blocker of the h
current (/). G, Positive control experiments from the same cell as in B showing that the sag in the membrane response elicited by
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amplitude contributions 7, = 65.0 *
6.9% and 7, = 35.0 = 7.0%). Addi-
tionally, the time course of recovery
from inactivation for A-type K™ cur-
rents (measured by test pulses to 57 mV
from holding of —73 mV) was quite
rapid (40.4 = 1.5 ms; n = 6). The acti-
vation curve was fitted by a Boltzmann
function with half-maximal (V;,,) acti-
vation at —16.9 £ 0.2 mV and a slope
factor (k) of 15.8 = 0.9 mV (n = 14)
(Fig. 2C). The inactivation of A-type K™
currents was studied by applying 1 s pre-
pulses followed by a test pulse (Fig. 2B).
The inactivation curve was also de-
scribed by a Boltzmann function with a
midpoint potential (V,,,) of —86.1 *
0.1 mV and a slope factor (k) of 12.1 =
0.4 mV (n = 10) (Fig. 2C). The intersec-
tion of the activation and inactivation
curves for A-type K* currents (Fig. 2C)
indicated the presence of a window cur-
rent near subthreshold membrane po-
tentials at which MPOs were observed.
Thus, our results indicate that LM/RAD
interneurons display prominent A-type
K™ currents with gating properties con-
sistent with activation at subthreshold
membrane potentials. Because MPOs
are sensitive to 4-AP, we examined the
effects of 4-AP on A-type K™ currents in
outside-out patches (Fig. 2A). The peak
amplitude of A-type K™ currents was
significantly reduced by 5 mm 4-AP
(61.7 = 9.9% of control; n = 8; p < 0.05)
without significant effects on decay time
constants (¢, 80.8 £ 17.6% of control;
Taow 83.7 £ 34.9% of control; n = 6).
The effects of 4- AP were partially revers-
ible and the amplitude of A-type K™
currents returned to 79.4 * 8.3% of
control (n = 4) after wash-out. Applica-
tion of a lower concentration of 4-AP
(60 uM) did not significantly affect the
amplitude of A-type K* currents
(94.6 = 31.7% of control; n = 3) nor
their decay time constants (7Tgq.
73.2.£20.9% of control; 7y,,, 89.8 =
21.3% of control; n = 3). Thus, these
results indicate that A-type K* currents,
like MPOs, are sensitive to 4-AP.
Because K * channels composed of Kv4
subunits are major contributors of soma-
todendritic A-type K™ currents (Serodio
et al., 1996; Birnbaum et al., 2004) and
because CAl interneurons highly express
Kv4.3 mRNA (Serodio and Rudy, 1998)
and protein (Rhodes et al., 2004), we ex-
amined whether interneurons displaying
A-type K™ currents and MPOs also ex-
press Kv4.3 by combining cell labeling
during whole-cell recording with immu-
nohistochemistry. Ninety-three percent
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of interneurons filled with Oregon green
during whole-cell recordings that dis-
played A-type K" currents in outside-out
patch recordings were also immunoposi-
tive for Kv4.3 (n = 14) (Fig. 2D). The
Kv4.3 protein was located in the somato-
dendritic compartment of interneurons.
Moreover, 71% percent of Oregon green-
filled interneurons that showed MPOs
were also Kv4.3-immunopositive (n = 24)
(Fig. 2E). These results demonstrate that
Kv4.3 is present in the somatodendritic
compartment of LM/RAD interneurons
displaying A-type K * currents and MPOs,
consistent with a possible implication of
this K™ channel subunit in these physio-
logical responses.

Kv4.3-mediated A-type K* currents
and functional knockdown in
recombinant system

With the goal of interfering with Kv4.3 ex-
pression in interneurons, we first estab-
lished that siRNA could be used for func-
tional knockdown of Kv4.3-mediated
A-type K™ currents in a heterologous ex-
pression system. HEK293 cells were co-
transfected with Kv4.3 ¢cDNA and GFP
constructs. Immunocytochemistry was
used first to establish that GFP-positive
cells were immunopositive for Kv4.3 (Fig.
3A) (n = 4 cultures, 2 experiments). Then,
whole-cell recordings were obtained from
GFP-positive HEK293 cells. K™ currents
were evoked by test pulses from a hyper-
polarized membrane potential and con-
sisted of transient and sustained compo-
nents (Fig. 3B). K currents evoked from
a depolarized membrane potential con-
sisted of only sustained K * currents. Peak
A-type K™ currents, isolated using digital
subtraction and elicited by voltage step to
28 mV, had a current density (Iyepsiy) Of
79.7 £ 14.0 pA/pF (n = 30) (Fig. 3B). Cells
transfected with GFP alone lacked such
transient A-type K™ currents (I density’
5.6 = 1.6 pA/pF) and only presented en-
dogenous sustained K * currents (Fig. 3B)
(Yu and Kerchner, 1998). Therefore, ex-
pression of Kv4.3 in HEK293 cells results
in A-type K" currents (Barry et al., 1998;
Cotella et al., 2005). Next, we ascertained
the efficacy of a siRNA sequence targeting
Kv4.3 mRNA (siRNA-Kv4.3) in prevent-
ing the expression of Kv4.3-mediated
A-type K" currents. Efficient delivery of

siRNAs to HEK293 cells was assessed using a cyanine3-tagged
nontargeting siRNA (Cy3-siRNA-CTL) (Fig. 3C) (n = 5 cultures,
2 experiments). Using electrophysiological recordings, we ob-
served that cotransfection of Kv4.3, GFP, and siRNA-Kv4.3 sig-
nificantly reduced Kv4.3-mediated A-type K currents (I,
36.7 = 12.0% of control; n = 20) compared with cells cotrans-
fected with Kv4.3, GFP, and a non targeting siRNA sequence
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Figure 2.  Properties of A-type K™ currents and expression of Kv4.3 in LM/RAD interneurons in acute slices. 4, K * currents
were recorded from outside-out patches pulled from somata of interneurons in the presence of TTX (0.5 tum) and TEA (20 mw). K +
currents composed of rapidly inactivating and noninactivating components were evoked by test pulses to potentials between
—93 and 57 mV (200 ms) from a potential of —133 mV (150 ms) (left), whereas currents composed of only a noninactivating
component were evoked from a potential of —43 mV (middle). Digital subtraction resulted in the isolation of A-type K * currents
(right) and inset shows reduction of A-type K * currents from another interneuron (elicited by a test pulses to 57 mV) by 5 mm
4-AP. B, Inactivation of A-type K ™ currents was studied by applying 1 prepulses between — 143 and 7 mV followed by a pulse
to 57 mV (400 ms). €, Mean activation (n = 14) and inactivation (n = 10) curves of A-type K currents were fitted using a
Boltzmann function (left). Boxed area is shown enlarged at the right, illustrating the intersection of activation and inactivation
curves and window current near threshold. D, Confocal image of an Oregon green-filled interneuron (left) from which A-type K
currents were recorded in outside-out patch (inset; calibration: 200 pA, 25 ms). Confocal image shows immunolabeling for Kv4.3
in the same section (middle) and indicates that the protein is found in the soma and dendritic comportments. Merged images
(right) show colocalization. E, Example of a different Oregon green-labeled interneuron (left), which displayed MPOs during
whole-cell recordings (inset; calibration: 2 mV, 1 s). This interneuron was also immunopositive for Kv4.3 (middle and right
images). Scale bars: D, 20 wm; E, 10 m.

(siRNA-CTL; n = 19) (Fig. 3D). In contrast, the endogenous
sustained K * currents were unaffected by siRNA-Kv4.3 transfec-
tion (Ijensiry> 76.9 * 8.6% of control; n = 20) (Fig. 3D). To verify
the specificity of Kv4.3 siRNA, we expressed the closely related
Kv4.2 subunit in HEK293 cells. When Kv4.2, GFP, and siRNA-
CTL were cotransfected in HEK293 cells, typical transient A-type
K" currents were observed (Lensity» at 28 mV, 67.9 £ 19.1 pA/pF;

ensity>
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Figure3.  Kv4.3-mediated A-type K ™ currents and functional knockdown by siRNA in HEK293 cells. A, Fluorescence images
showing that GFP-expressing cells cotransfected with Kv4.3 (top) were immunopositive for Kv4.3 (middle and bottom). Scale bar,
25 wm. B, In cells cotransfected with Kv4.3 and GFP (top traces), prominent A-type K ™ currents were isolated (right) by subtract-
ing the sustained K ™ currents elicited by voltage jumps from a depolarized potential (middle) from the total K ™ currents evoked
by voltage steps from a hyperpolarized potential (left). A-type K ™ currents were absent in cells transfected with GFP only (bottom
traces). €, Fluorescence images showing that GFP-expressing cells (top) cotransfected with Kv4.3 and a cyanine3-tagged nontar-
geting control siRNA (Cy3-siRNA-CTL) colocalized the fluorescently tagged siRNA (middle and bottom). Scale bar, 25 pem. D, Traces
from representative cells (top and middle) and summary graphs for all cells (bottom; *p << 0.05) illustrating that cotransfection of
Kv4.3, GFP, and a nontargeting control (siRNA-CTL) resulted in large A-type K ™ currents, whereas cotransfection of Kv4.3, GFP,
and siRNA targeting Kv4.3 (siRNA-Kv4.3) prevented expression of A-type K ™ currents (left). In contrast, endogenous sustained
K™ currents were not different in the same cells (right), indicating a selective functional knockdown of A-type currents. E,
Summary graphs for all cells from control experiments with transfection of Kv4.2, showing that Kv4.2-mediated A-type K *
currents were similar in cells cotransfected with siRNA-CTL or siRNA-Kv4.3 (left). Sustained K ™ currents were also similar in both
groups (right), indicating a selective functional knockdown of Kv4.3-mediated A-type K * currents.
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slice cultures (Govek et al., 2004). First, we
established that whole-cell K* currents
were similar in LM/RAD interneurons in
cultured compared with acutely isolated
slices. In TTX (1 uM), cadmium chloride
(CdCl,, 150 um), and TEA (1 mm), whole-
cell K™ currents were composed also of
transient and noninactivating compo-
nents (Fig. 4A). Moreover, A-type K™
currents had a similar Iy, and sensitiv-
ity to 4-AP in interneurons in cultured
and acute slices (supplemental Table 1,
available at www.jneurosci.org as supple-
mental material). A-type K™ currents
were also comparable in interneurons
biolistically transfected with EYFP in
comparison to untransfected (Fig. 4B,
supplemental Table 1, available at www.
jneurosci.org as supplemental material).
Finally, using biocytin labeling, we veri-
fied that EYFP-expressing interneurons
were nonpyramidal cells (Fig. 4 B, C) with
morphological characteristics similar to
those of LM/RAD cells in acute hip-
pocampal slices (Chapman and Lacaille,
1999a). Thus, EYFP-expressing LM/RAD
interneurons in slice cultures exhibit
A-type K™ currents and cellular proper-
ties similar to interneurons in acute slices.

Next, we assessed the functional conse-
quence of Kv4.3 siRNA transfection on
A-type K™ currents in LM/RAD interneu-
rons. We verified that basic membrane
properties and A-type K™ currents of in-
terneurons transfected with EYFP and
siRNA-CTL were similar (supplemental
Table 1, available at www.jneurosci.org as
supplemental material). In contrast, in in-
terneurons cotransfected with EYFP and
Kv4.3 siRNA, the peak Iy, 0of A-type
K™ currents was significantly reduced
(38.1 = 8.0% of control; n = 6; p < 0.05)
(Fig. 4 D) compared with interneurons co-
transfected with EYFP and control siRNA.
Kv4.3 siRNA transfection did not affect
activation (V,,, = —3.0 £ 2.0 mV, k =
13.4 = 1.3 mV, n = 7 for control siRNA;
Vip=03%24mV, k=104 *03,n=
6 for Kv4.3 siRNA) or inactivation (V,,, =
—61.5 £33 mV, k= —9.0 £ 09 mV,
n = 5 for control siRNA; V;,, = —58.1 =
52mV, k= —9.5 * 0.7, n = 4 for Kv4.3

n = 19) (Fig. 3E). After cotransfection of Kv4.2, GFP, and siRNA-
Kv4.3, Kv4.2-mediated A-type K currents were not different
from control (Ijensiy> 89.7 £ 16.4% of control; n = 19) (Fig. 3E).
Hence, our results indicate a selective functional knockdown of
Kv4.3-mediated A-type K currents in recombinant system by
Kv4.3 siRNA (Cotella et al., 2005).

Kv4.3 siRNA selectively reduces A-type K™ currents in
LM/RAD interneurons

To evaluate the contribution of Kv4.3 to A-type K™ currents in
interneurons, we used biolistic transfection of Kv4.3 siRNA in

siRNA) properties of A-type K currents. Moreover, delayed rec-
tifier K™ currents were not significantly affected by Kv4.3 siRNA
transfection (Iepsiy» 131.5 = 31.0% of control; n = 6) (Fig. 4D).
Thus, the functional knockdown produced by siRNA-Kv4.3 is
selective to A-type K+ currents. We further established the selec-
tivity of the functional knockdown produced by Kv4.3 siRNA by
recordings of A-type K* currents in CA1 pyramidal cells, which
are thought to be mostly mediated by Kv4.2 rather than Kv4.3
(Serodio and Rudy, 1998; Rhodes et al., 2004; Kim et al., 2005).
Again, A-type K™ currents were similar in EYFP-transfected and
untransfected pyramidal cells (89.5 % 17.5% of control; n = 5)
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(Fig. 5A-C). Moreover, transfection with
Kv4.3 siRNA did not alter either A-type
(100.7 = 30.9% of control; n = 5) or de-
layed rectifier (89.8 = 14.7% of control;
n = 5) K* currents in pyramidal cells
compared with control siRNA transfec-
tion (Fig. 5D). Thus, Kv4.3 siRNA trans-
fection selectively reduced A-type K™ cur-
rents in interneurons, consistent with the
cell-type specific expression of Kv4.3 in
CA1 hippocampus.

Kv4.3 siRNA impairs MPOs in

LM/RAD interneurons

Next, we examined the functional conse-
quence of reducing A-type K™ currents by
Kv4.3 siRNA transfection on interneuron
excitability and rhythmic activity. First,
because Kv4-mediated A-type K* cur-
rents shape action potential waveform in
pyramidal and Purkinje cells (Shibata et
al., 2000; Kim et al., 2005; Yuan et al.,
2005), we verified the effects of Kv4.3
siRNA transfection on interneuron action
potential properties. Action potential am-
plitude (Fig. 6 B), threshold and afterhy-
perpolarization (supplemental Table 1,
available at www.jneurosci.org as supple-
mental material) were not significantly
changed after Kv4.3 versus control siRNA
transfection. In contrast, action potential
duration at half amplitude (APD, i viqen)
was significantly longer in interneurons
transfected with Kv4.3 versus control
siRNA (154.0 = 10.8% of control; n = 10;
p <0.05) (Fig. 6 A, B). Again, as with other
membrane properties tested, APD, it wideh
was similar in EYFP-expressing and un-
transfected interneurons (supplemental
Table 1, available at www.jneurosci.org as
supplemental material). Application of
4-AP (5 mm), which blocks A-type K™
currents, also significantly increased
APD, e wiam (325.7 = 60.8% of control;
p <0.05;n =15) (Fig. 6 A, B). 4-AP did not
significantly change action potential am-
plitude (102.5 = 2.2% of control), thresh-
old (111.5 * 4.6% of control), or AHP
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Figure 4.  Kv4.3 siRNA reduces A-type K ™ currents in interneurons in slice cultures. 4, Whole-cell K ™ currents recorded from
interneuronsin TTX (1 wm), CdCl, (150 i), and alow concentration of TEA (1 mw). Total K * currents activated by test pulses from
a hyperpolarized potential consisted of rapidly inactivating and delayed components (left). Delayed rectifier K ™ currents evoked
by test pulses from a depolarized potential (middle) were subtracted to isolate A-type K ™ currents (right). Inset shows sensitivity
of A-type K currents to 5 mu 4-AP. B, Fluorescence image of an EYFP-expressing LM/RAD interneuron (left). Traces from a
representative EYFP-expressing interneuron showing isolated A-type K * currents are shown in the middle. A summary graph
illustrating similar A-type K * current density in untransfected and EYFP-expressing interneurons is shown at the right. €, Example
of biocytin labeling of an EYFP-expressing interneuron showing typical nonpyramidal morphology of LM/RAD interneurons. D,
Traces from representative interneurons (top) and summary graphs for all cells (bottom), indicating that transfection of Kv4.3
siRNA selectively reduced A-type K ™ current density (left) and did not affect delayed rectifier K * currents (right), compared with

amplitude (101.8 £ 13.5% of control) in
the same cells. Having verified that Kv4.3
siRNA affected action potential waveform in interneurons, we
next determined the contribution of Kv4.3-mediated A-type K™
currents to subthreshold MPOs in interneurons. MPOs were
present in LM/RAD interneurons in cultured slices (Fig. 6) but
their power was smaller and peak frequency elevated in compar-
ison to acute slices (supplemental Table 1, available at www.
jneurosci.org as supplemental material). Other MPO properties
were generally similar to those in interneurons in acute slice:
prevented by membrane hyperpolarization (8.3 * 1.4% of con-
trol; n = 22), 0.2 um TTX (7.7 = 3.1% of control; n = 6), and
5 mM 4-AP (26.8 * 8.1% of control; n = 5) (compare Figs. 1,
6C,D). However, transfection of Kv4.3 siRNA impaired MPOs in
interneurons. The power of MPOs was significantly decreased in

transfection with control siRNA. Scale bars: B, €, 25 m. *p << 0.05.

interneurons transfected with Kv4.3 siRNA compared with con-
trol siRNA (53.3 = 12.5% of control; p < 0.05; n = 10), whereas
the peak frequency of MPOs was unchanged (Fig. 6 E, F). Overall,
these data show that Kv4.3 siRNA, which produced a functional
knockdown of A-type K* currents, resulted in inhibition of
MPOs and broadening of action potentials. Thus, Kv4.3-
mediated A-type K™ currents play a critical role in subthreshold
membrane potential oscillations, in addition to regulating action
potential firing, in interneurons.

Specific interneuron subpopulations expressing Kv4.3
We investigated next in more detail the CA1 interneuron sub-
populations that express Kv4.3, using double immunofluores-
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cence against Kv4.3 and specific markers of interneuron sub-
populations, the Ca**-binding proteins PV and CB, and the
peptides SOM and CCK (Freund and Buzsaki, 1996). Interneu-
rons immunopositive for each marker were first quantified ac-
cording to their soma location within hippocampal CA1 layers
[oriens/alveus (O/A), PYR, RAD, and LM] and then the propor-
tion of interneurons in each layer, which colocalized Kv4.3 was
assessed (Table 1). The majority of PV-immunopositive inter-
neurons (81/84 neurons) were located within the pyramidal layer
and only 12% of these cells coexpressed Kv4.3 (Fig. 7A).
Calbindin-positive neurons were found in all hippocampal layers
but Kv4.3 colocalization was higher in RAD and LM (50 and 70%,
respectively) than O/A and PYR (20% each) (Fig. 7B).
Somatostatin-positive neurons were mostly found in O/A, how-

Isolated A-type

Delayed rectifier K* currents

-100-80-60-40-20 0 20
Test Potential (mV)

Kv4.3 siRNA did not affect A-type K * currentsin CAT pyramidal cellsin slice cultures. 4, Total whole-cell K * currents
(left) were composed of rapidly inactivating A-type (right) and delayed rectifier (middle) K * currents in pyramidal cells. A-type
K™ currents were inhibited by 4-AP (inset). B, Fluorescence image of EYFP-expressing pyramidal cells (left). Traces from a
representative EYFP-expressing pyramidal cell (middle) and summary graph for all cells (right) showing similar A-type K ™ current
density in untransfected and EYFP-expressing pyramidal cells are shown. C, Example of biocytin labeling of an EYFP-expressing
pyramidal cell. D, Traces from representative pyramidal cells (top) and summary graphs (bottom) illustrating that A-type (left)
and delayed rectifier (right) K current density were unchanged by Kv4.3 compared with control siRNA transfection. Scale bars:
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ever very few of these SOM-positive cells
colocalized Kv4.3 (13%) (Fig. 7C). Inter-
estingly, the small proportion of SOM-
positive cells found in PYR showed a high
percentage of Kv4.3 colocalization (80%).
Cholecystokinin-immunopositive  neu-
rons were distributed in all hippocampal
layers but the majority was located in LM.
The proportion of CCK-positive inter-
neurons coexpressing Kv4.3 was highest in
LM (88%), less in PYR and RAD (25 and
33%, respectively), and null in O/A (Fig.
7D). Therefore, some interneuron sub-
populations preferentially express Kv4.3
and include CCK-positive interneurons in
LM, CB-positive interneurons in RAD
and LM, and SOM-positive interneurons
of PYR. Thus, Kv4.3 may play a critical
role in A-type K™ currents and rhythmic
activity in these specific CA1 interneuron
subpopulations.

+4-AP
5 mM)

K* currents

~ Biocytin

Discussion
Our principal findings are that hippocam-
pal interneurons display subthreshold
MPOs generated by an interplay of Na™
and 4-AP-sensitive A-type K™ currents,
independent  of  hyperpolarization-
activated cationic currents I, and
muscarine-sensitive K™ currents, I;. We
show that A-type K™ currents are promi-
nent in LM/RAD interneurons, have a
window of activation at subthreshold
membrane potentials, and are inhibited by
4-AP. Kv4.3 a-subunits of K™ channels
mediate LM/RAD interneuron A-type K™*
currents because (1) interneurons with
A-type K™ currents and MPOs were im-
munopositive for Kv4.3, (2) Kv4.3 expres-
sion generated A-type K™ currents in
HEK293 cells, and (3) Kv4.3 siRNA trans-
fection functionally  knocked-down
A-type K™ currents in HEK293 cells and
LM/RAD interneurons. Kv4.3 siRNA-
induced impairment was K * current- and
cell type-selective as Kv4.2-mediated
A-type K™ currents were unchanged in
HEK293 cells, sustained/delayed rectifier
K™ currents unaffected in HEK293 cells or
interneurons, and A-type currents unim-
paired in CAl pyramidal cells. Kv4.3 siRNA transfection pre-
vented interneuron MPOs and broadened action potentials, un-
covering a critical role of Kv4.3 A-type K™ currents in MPO
generation. Finally, specific interneuron subpopulations prefer-
entially expressed Kv4.3: cholecystokinin-positive interneurons
of LM, calbindin-positive interneurons of RAD and LM, and
somatostatin-positive interneurons of PYR. Our findings reveal a
novel role for Kv4.3-mediated A-type K™ currents in the gener-
ation of intrinsic MPOs in specific subpopulations of interneu-
rons, which are important for CAl hippocampal rhythmic
activity.

Our findings provide novel evidence about intrinsic mem-
brane currents critically underlying LM/RAD interneuron
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MPOs. Consistent with results in CA1 py-
ramidal cells (Leung and Yim, 1991) and
entorhinal stellate cells (Klink and Alonso,
1993), TTX-sensitive Na™ currents are
key contributors to MPO generation in
LM/RAD interneurons (Chapman and
Lacaille, 1999a). Because MPOs are
present at subthreshold membrane poten-
tials in absence of sustained repetitive
spiking, persistent subthreshold Na ™ cur-
rents are implicated in interneurons, as in
entorhinal cells (Klink and Alonso, 1993).
However, other membrane currents in-
volved in rhythmic activity contribute in a
cell type-specific manner. First, nonselec-
tive cationic currents I,,, critical for MPOs
in entorhinal stellate cells (Klink and
Alonso, 1993; Dickson et al., 2000) and for
subthreshold theta-frequency resonance
in CAl pyramidal cells (Hu et al., 2002),
are not implicated in interneurons be-
cause interneuron MPOs were not pre-
vented by the selective I}, blocker ZD7288,
or by extracellular Cs™ (Chapman and
Lacaille, 1999a). Second, muscarine-
sensitive K™ currents I, important for
CA1 pyramidal cell theta-frequency reso-
nance (Hu et al., 2002), appear not to be
involved because MPOs are unaffected by
the selective I, blocker, XE991. Finally,
Ca’"-mediated and Ca’"-dependent
currents, critical for oscillatory activity in
thalamic neurons (Jahnsen and Llinas,
1984; Luthi and McCormick, 1998), are
unnecessary in interneurons because in-
terneuron MPOs persist in presence of
Ca*"-free extracellular solution or Ca®"
channel blocker Cd** (Chapman and
Lacaille, 1999a). Thus, intrinsic MPOs in
LM/RAD interneurons are produced by a
cell-type specific interplay of voltage-
gated Na © and K™ currents, independent
of I,, I, voltage-gated Ca?" currents, and
Ca’*-dependent KV currents (Ig,).
Native somatodendritic A-type K™
currents arise from multimeric K™ chan-
nels composed of pore-forming a sub-
units of the Kv4 family (Sheng et al., 1992;
Serodio et al., 1996; Song, 2002), in asso-
ciation with auxiliary subunits, like Kv3
subunits, K* channel interacting pro-
teins, frequenin, and DPPX (for review,
see Birnbaum et al., 2004). In CA1 hip-
pocampus, a cell-type specific differential
expression of Kv4 subtypes has been sug-
gested with pyramidal cells highly express-
ing the Kv4.2 subtype and interneurons
strongly expressing Kv4.3 (Martina et al.,
1998; Serodio and Rudy, 1998; Lien et al.
2002; Rhodes et al., 2004). Moreover,
A-type K™ currents appeared predomi-
nantly mediated by Kv4.3 channels in CA1
stratum oriens/alveus interneurons (Lien
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Kv4.3 siRNA broadens action potentials and inhibits MPOs in interneurons in slice cultures. A, Representative traces

of spontaneous action potentials in interneurons illustrating that Kv4.3 siRNA (top) and 4-AP (bottom) increase action potential
duration. B, Summary bar graphs indicating that APD,i¢.,,iq«, Was significantly increased by either Kv4.3 siRNA compared with
control siRNA or by 5 mm 4-AP (left), whereas action potential amplitude was unaffected by Kv4.3 siRNA or by 4-AP (right). C,
Representative traces (in presence of CNQX, AP5, and bicuculline) and corresponding power spectra for the same cell illustrating
MPOs and the inhibitory effect of the K * channel blocker 4-AP (5 mm). D, Summary bar graphs indicating that the power (left) but
not the peak frequency (right) of MPOs is reduced by hyperpolarization, TTX, and 4-AP. E, Representative traces and corresponding
power spectra for the same cells showing that MPOs are decreased in interneurons transfected with Kv4.3 siRNA (bottom)
compared with interneurons transfected with control siRNA (top). F, Summary bar graphs demonstrating the significant reduction
in MPO power (left) and unchanged peak frequency (right) by Kv4.3 siRNA compared with the control SiRNA. *p << 0.05.
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Table 1. Coexpression of Ca®* -binding proteins and peptides with Kv4.3 in CA1 interneurons

Number of cells in layer/total Percentage coexpression with Kv4.3

0/A PYR RAD M 0/A PYR RAD LM
Parvalbumin 3/84 81/84 0/84 0/84 0 12 0 0
Calbindin 5/31 10/31 6/31 10/31 20 20 50 70
Somatostatin 52/58 5/58 1/58 0/58 13 80 0 0
Cholecystokinin 5/28 4/28 3/28 16/28 0 25 33 88

parvalbumin

somatostatin merged

”

cholecystokinin

Figure7.  Specific subpopulations of CA1interneurons coexpressing Kv4.3 and Ca > -binding proteins or peptides. 4, Confocal
image of parvalbumin-immunopositive interneurons located in stratum pyramidale (left). Confocal image of immunolabeling for
Kv4.3in the same section (middle) and the merged images (right) indicate that parvalbumin-positive interneurons mostly did not
colocalize Kv4.3. B, Calbindin-positive neurons (left) in stratum radiatum and lacunosum-moleculare often colocalized Kv4.3
(middle, right). Arrows point to double-labeled interneurons. C, Somatostatin-positive interneurons (left) in stratum oriens (ori)
and alveus (alv) mostly did not colocalize Kv4.3 (middle, right). D, Cholecystokinin-immunopositive interneurons in stratum
radiatum and lacunosum-moleculare (left) highly colocalized Kv4.3 (middle, right). Scale bars, 15 pm.
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etal.,2002). We obtained multiple lines of
evidence indicating that Kv4.3 mediates
A-type K™ currents in LM/RAD interneu-
rons. First, LM/RAD interneurons with
A-type K™ currents in voltage-clamp re-
cordings were identified as Kv4.3 immu-
nopositive, indicating that A-type K * cur-
rent presence was correlated with Kv4.3
expression in the same cell. Second, Kv4.3
expression in HEK293 cells was sufficient
to generate A-type K* currents. Third,
transfection of a siRNA sequence targeting
Kv4.3 mRNA selectively inhibited Kv4.3-
mediated A-type K™ currents in HEK293
cells, as well as native A-type K currents
in LM/RAD interneurons in slice cultures.
This K™ current functional knockdown
was unlikely a nonspecific effect of siRNA
transfection because A-type K™ currents
were selectively diminished, and delayed
rectifier K™ currents, mediated by Kv sub-
units other than Kv4 (Coetzee et al., 1999;
Song, 2002), were unchanged in interneu-
rons. Additionally, Kv4.3 siRNA effects
were cell-type specific because CA1 pyra-
midal cell A-type K" currents, thought to
be mediated by Kv4.2 (Serodio and Rudy,
1998; Rhodes et al., 2004; Kim et al., 2005),
were unaltered.

Having identified Kv4.3 as a K*-
channel subunit mediating LM/RAD in-
terneuron A-type K currents enabled us
to show directly that A-type K* currents
contribute to MPOs in these cells. Using
Kv4.3 siRNA transfection of LM/RAD in-
terneurons in slice cultures, we uncovered
clear impairment of MPOs after A-type
K™ current functional knockdown. These
results were entirely consistent with our
findings of clear correlation between
Kv4.3 expression and MPOs in individual
interneurons with current-clamp record-
ings and Kv4.3 immunodetection. More-
over, compatible with known roles of
A-type K™ currents in regulating action
potential onset and shape (Rudy, 1988;
Zhang and McBain, 1995b; Hoffman etal.,
1997; Kim et al., 2005), Kv4.3 siRNA
transfection resulted in a significant
broadening of interneuron action poten-
tials (see also Shibata et al., 2000; Yuan et
al., 2005). Overall, our results clearly show
that A-type K™ current functional knock-
down by Kv4.3 siRNA significantly im-
paired LM/RAD interneuron MPOs,
revealing an essential role for Kv4.3-
mediated A-type currents in generating
such intrinsic rhythmic activity in hip-
pocampal interneurons. Our results are
consistent with pharmacological evidence
that interneuron A-type K™ currents
(Lien et al. 2002) and MPOs (Chapman
and Lacaille 1999a) are sensitive to the K+
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channel blocker 4-AP but not to TEA. However, our results do
not rule out that other K currents sensitive to 4-AP and Ba*™
(Chapman and Lacaille 1999a) might also contribute to MPOs.
Indeed, our observation that 4-AP effects on MPOs are larger
than Kv4.3 siRNA effects suggests that other 4-AP sensitive K™
currents may also contribute. It is unlikely that fast delayed rec-
tifier K* currents are necessary because they are blocked by TEA
(Lien et al. 2002), whereas MPOs are not affected (Chapman and
Lacaille 1999a). However, certain Kvl channels that underlie
dendrotoxin-sensitive K™ currents (I,) and that operate at sub-
threshold membrane potentials are resistant to TEA but sensitive
to 4-AP (Coetzee et al. 1999) and Ba** (Hurst et al. 1995). Al-
though dendrotoxin-sensitive I}, currents were reportedly absent
in CAl oriens/alveus interneurons (Zhang and McBain, 1995a;
Lien et al. 2002), they could be present in specific interneuron
subtypes like LM/RAD cells. Additional work will be important
to resolve a possible additional contribution of I, currents to
MPOs in LM/RAD interneurons.

Our recordings of prominent A-type K™ currents in outside-
out patches from LM/RAD interneurons are also consistent with
a cell-specific role of A-type K" currents in MPOs. Although
interneurons in stratum oriens/alveus exhibit A-type currents
(Zhang and McBain, 1995b), specific interneuron cell types in
LM/RAD were reported previously to display much more prom-
inent A-type currents in dissociated cells from CA1 area (Fan and
Wong, 1996). Our results with LM/RAD interneurons in acutely
isolated slices demonstrate that A-type K currents in outside-
out patches exhibit a window of activation corresponding to the
subthreshold membrane potentials at which MPOs are observed,
suggesting that A-type K™ current gating properties are compat-
ible with a role in MPO generation in these interneurons. More-
over, using double immunofluorescence against Kv4.3 and
interneuron-specific cell markers like Ca** -binding proteins and
peptides, we uncovered distinct interneuron subpopulations
preferentially expressing Kv4.3 subunits. Although Kv4.3-
immunopositive interneurons were found in all hippocampal layers
(Rhodes et al., 2004), they colabeled with cholecystokinin-positive
interneurons of LM, calbindin-positive interneurons of RAD and
LM, and somatostatin-positive interneurons of PYR. Thus, Kv4.3
may be important for A-type K™ currents and regulation of soma-
todendritic excitability in these specific interneuron subpopulations,
supporting an interneuron subtype-specific role of Kv4.3 in MPOs
and, consequently, in hippocampal rhythmic activity.

Hippocampal theta rhythmic activity in vivo is driven by a
combination of extrinsic inputs and network interactions be-
tween pyramidal cells and inhibitory interneurons (Buzsaki,
2002; Klausberger et al., 2003; Somogyi and Klausberger, 2005).
Our work further indicates that such rhythmic activity likely in-
volves additional synergistic interactions with intrinsic mem-
brane conductances of individual interneurons, as suggested for
CA1 pyramidal cells (Konopacki et al., 1987; MacVicar and Tse,
1989; Leung and Yim, 1991; Chapman and Lacaille, 1999b) and
entorhinal stellate cells (Klink and Alonso, 1993). Thus, our find-
ings identify a critical contribution of Kv4.3-mediated A-type K *
currents in MPOs in specific interneuron subpopulations that
may be important for hippocampal rhythmic theta activity. Such
a role in regulation of rhythmic activity expands the function of
neuronal A-type K™ currents beyond their previously established
roles in regulation of firing rate (Rudy, 1988), action potential
waveform (Zhang and McBain, 1995b), and dendritic signaling
(Hoffman et al., 1997).
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