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Kang, Jian, John R. Huguenard, and David A. Prince.Voltage- 1952; Kolb 1990; Rudy 1988, Schwindt et al. 1988). A delayed
gated potassium channels activated during action potentials in layefdétifier K™ current (x) was described first by Hodgkin and
neocortical pyramidal neurond. Neurophysiol83: 70—80, 2000. To Huxley (1952) and found to be responsible for AP repolariza-

investigate voltage-gated potassium channels underlying action po-_ . S o
tentials (APs), we simultaneously recorded neuronal APs and singgén in squid giant axons. However, the slow activation and

K* channel activities, using dual patch-clamp recordings (1 whol@activation properties of this current raised questions about its
cell and 1 cell-attached patch) in single-layer V neocortical pyramid&inction in repolarization of more rapid mammalian neuronal
neurons of rat brain slices. A fast voltage-gated ghannel with a APs. Subsequently, it was proposed that a transiéncitrent
conductance of 37 pS ¢Kopened briefly during AP repolarization. (1,) contributed to neuronal repolarization and repetitive firing
Activation of K; channels also was triggered by patch depolarizatiqConnor and Stevens 1971a,b; Hagiwara et al. 1961; Neher

and did not require Cd influx. Activation threshold was about20 1971; Schwindt et al. 1988; Storm 1987). The channels respon-
mV and inactivation was voltage dependent. Mean duration of chan; , = ' ’ )

nel activities after single APs was 6t 0.6 ms (meant SD) at sible forl, (Ka ‘Fha””e') .beglr) to aCt'V"_"te bel_ow the thres_hlolld
resting membrane potentiat 64 mV), 6.7+ 0.7 ms at-54 mV, and for AP generation and inactivate rapidly. Since these initial
62 + 15 ms at—24 mV. The activation and inactivation propertieslescriptions, a variety of transient'Kcurrents with a wide
suggest that Kchannels function mainly in AP repolarization but norange of voltage-dependent activation and inactivation have
in regulation of firing. K channels were sensitive to a low concenbeen recorded in a variety of neurons (Albert and Nerbonne
tration of tetraethylammonium (TEA, 1 mM) but not to charybdotoxin 995; Gestrelius and Grampp 1983; Kasai et al. 1986; Quandt

(ChTX, 100 nM). Activities of A-type channels (§§ also were 1988: Penner et al. 1986; Rudy 1988; Solaro et al. 1995; Spain
observed during AP repolarization.,Kchannels were activated byet al. 1991; Stansfeld et al. 1986).

depolarization with a threshold near45 mV, suggesting that K In addition tol ,, a fast C3&*-activated K~ current (o) also

channels function in both repolarization and timing of APs. Inactiva- ; T
tion was voltage dependent with decay time constants of ®ms WaS reported to contribute to AP repolarization and the fast

at—64 mV (rest), 112+ 28 ms at—54 mV, and 367+ 34 ms at—24 spike afterhyperpolarization (AHP) in peripheral a_nd some
mV. K, channels were localized in clusters and were characterized g§ntral neurons (Adams et al. 1982; Lancaster and Nicoll 1987;
steady-state inactivation, multiple subconductance states (36 andLggtorre et al. 1989; MacDermott and Weight 1982; Pennefa-

pS), and inhibition by 5 mM 4-aminopyridine (4-AP) but not by 1 mMther et al. 1985; Storm 1987)- was dependent on both
C

TEA. A delayed rectifier K channel (K,,) with a unique conductance membrane potential and intracellularCdevels and was very

Qf 17 pS was recorded from cell-att_ached patches W.I'[h TEA/‘}-ABensitive to TEA (0.2—1 mM) and charybdotoxin (ChTX) (Cas-

filled pipettes. K, channels were activated by depolanzatlon_ W|§h e et al. 1989; Lancaster and Nicoll 1987; Storm 1987). Large-

threshold near-25 mV and _showed del_ayed Ion_g-lastlng activation.onquctance K(BK) channels may contribute t. and AP

K4 channels were not activated by single action potentials. Larggpolarization in muscle cells (Pallota et al. 1981; Walsh and

conductance Cd -activated K~ (BK) channels were not triggered by .. )
neuronal action potentials in normal slices and only opened as né;nger 1983), chromaffin cells (Marty 1981), neurons of &,GH

ronal responses deteriorated (e.g., smaller or absent spikes) and gnerior pituitary cell line (Lang and Ritchie 1987), sympa-
spike-independent manner. This study provides direct evidence tBetic neurons (Pennefather et al. 1985), Helix neurons (Crest
different roles of various K channels during action potentials in layerand Gola 1993; Gola et al. 1990), and hippocampal neurons
V neocortical pyramidal neurons.;kand K, channels contribute to (Lancaster et al. 1991; Storm 1987; Yoshida et al. 1991).
AP repolarization, while I channels also regulate repetitive firing.Observations in large neocortical pyramidal neurons from layer
Kqr channels also may function in regulating repetitive firing, whereas of the cat sensorimotor cortex suggested that two transient
BK channels appear to be activated only in pathological conditiong.+ cyrrents contribute to AP repolarization, a fast-transient
current sensitiveata 1 mM TEAthat differed froml in terms
of its C&" dependence and a slow-transient Kurrent that
INTRODUCTION inactivated slowly and was attenuated by 4-aminopyridine
e{,jl_—AP) (Spain et al. 1991). A recent study showed that AP
polarization was not Ga dependent in rat neocortical py-
midal neurons (Pineda et al. 1998). Several other groups also
dicated that voltage—gatedﬂ(cur(r%%lts play mo}ge important
— — . les in AP repolarization than activated currents
of page charges, The artdle must therefore be hereby marcerisement (Abert and Nerbonne 1995; Foehring and Surmeier 1993;
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. =~ Locke and Nerbonne 1997). The channels responsible for the

Voltage-gated potassium channels play a major role in n
ronal action potential (AP) repolarization and repetitive ﬁrinfE
(Connor and Stevens 1971a; Hille 1992; Hodgkin and Huxl |2
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fast- and slow-transient Kcurrents in pyramidal neurons havePatch-clamp recordings

not yet bee.n |Qentlf|ed. . . - Neocortical slices were placed in a small chamber that had a
The application of cDNA cloning methods has identified gojume of 1.5 ml and were superfused with standard slice solution

large number of voltage-gated ‘Kchannel genes and tran gassed with 5% C995% O, at 31°C. Cells in slices were visu
scripts, demonstrating a molecular diversity that parallels thézed with a X63 water immersion objective and differential
functional diversity. Two groups of mammalian neuronal volinference contrast (DIC) optics (Axioskop, Zeiss, Germany; Fig.
age-gated K channel genes have been discovered. The fild)- Two electrically controlled mechanical manipulators (New-

; : port) were mounted on the microscope stage. Recording electrodes
group consists of homologs d@rosophila Shakemgene (Sh with resistances of 3—-7 K were pulled from KG-33 glass capil-

gene family), Shaker, Shab, Shaw (Kv3.x), and Shal (Jan Afes (2.0 mm ID, 1.5 mm OD, Garner Glass) using a PP-83

Jan 1990; Perney and Kaczmarek 1991; Rudy et al. 1992). Tgctrode puller (Narishige, Japan). Dual patch-clamp recordings

other of homologs ofDrosophila eaggene (Warmke and were performed on single pyramidal neurons, using an Axoclamp

Ganetzky 1994; Warmke et al. 1991). At least 20 Sh genes &l for whole cell current-clamp and an Axopatch 200A for cell-

25 Sh transcripts have been identified. In addition, subunits@fached patch configurations (Axon Instruments, Burlingame,

the same Sh subfamily can combine with each other to fogga)r}r?le?urreocn;rc\j,\ilghsssgrreezzti?f:(?luﬁ thrs rceéﬁcéig-c r?g:jgleatch

hgtero_multlmsrlc channels, and th_ereby further |ncre_a§e onhfiguration (Ha?nill et al. 1881) and fiI?ered through an 8-p§)ole

diversity of K™ channels (Covarrubias et al. 1991; Christie esse| jow-pass filter with a 1-kHz cutoff frequency. Neuronal

al. 1990; Isacoff et al. 1990; Luneau et al. 1991; McCormaggikes were recorded in the whole cell current-clamp configuration

et al. 1990; Ruppersberg et al. 1990). Shal-related mRN#sth 3-kHz bandwidth. The resting membrane potentials were

(Kv4.1, Kv4.2, and Kv4.3) were reported to be responsible foreasured in the whole cell recording. Patch membrane potentials

A-type K channels in the CNS (Serodio et al. 1994), where#re calculated from the equatiod, = RMP — V,, whereV is

Shab-related K channels (Kv2.1) were reported to contribute

to the delayed rectifier K current (Murakoshi and Trimmer A

1999). Channels, expressed from the Shaw-related gene su

family (Kv3.3, Kv3.4, and their heteromultimers) in oocytes,

are sensitive to 1 mM TEA (Luneau et al. 1991; McCormack

et al. 1990; Vega-Saenz de Miera et al. 1992). Wang et al

(1998) reported that Kv3.1 in mouse auditory neurons was alst

sensitive to 1 mM TEA. Shaw-related'Kchannels were found

to be broadly expressed in rat CNS neurons (Martina et al

1998; Weiser et al. 1994, 1995). Identification of the subunit —/

structure of particular native Kchannels in specific types of  a

CNS neurons is a challenging task. Kinetic and pharmacolog

ical properties of native K channels in brain slices may

provide useful data to clarify the relationship between native B~ = fu

K™ channels and cDNA-expressed Khannels. [N | &
In this study, we used dual patch-clamp techniques, with one

pipette in the cell-attached patch configuration and one tc

obtain whole cell currents (Hamill et al. 1981) to allow simul-

taneous recordings of single'Kchannel activities and action
potentials in individual large pyramidal neurons from layer V

of the rat sensorimotor cortex. We were able to identify three g _~
distinct AP-activated K channels that presumable have differ-
ent functions in spike generation.

—

METHODS

Brain slices

200
Brain slices were prepared using previously described technique. — [ZX pA

(Kang et al. 1996). Eight- to 15-day-old (P8—-P15) Sprague-Dawleyric. 1. A: dual patch-clamp recordings illustrating activities of adkian
rats of either sex (Simonsen Breeders) were anesthetized with pemts-during action potentials (AP) repolarizationset large layer V neocortical
barbital sodium (55 mg/kg) and decapitated. The brain was remowvadamidal neuron in a slice visualized with DIC optics. Cell soma is patched
rapidly, blocked in the coronal plane, and glued to the stage ofP¥ 2 electrodes { ) for whole cell (w) and cell-attached patch (p) recordings.
vibratome (TP, St. Louis, MO) with the posterior surface down. ThRial surface: up. Callbratlon: 10m. A: depolarizing current pulse of 200 pA
block was covered with ice-cold cutting solution (contentsSilu- (&t bottomof B) was delivered to the whole cell electrode.whole cell

current-clamp recordingb: cell-attached voltage-clamp recording showing

tions and drugk and 300xm coronal slices were cut. Slices containg enings of a Kchannel £). - - -, closed stateB: dual patch-clamp record

ng sensorlmotor cortex. (FL anq Parl) (le!es 1985) were incubat s illustrating K, channel activities during AP repolarizaticn.train of APs
for 1-8 h in standard slice solution (s€elutions and drugsgassed activated by depolarizing current pulde.representative cell-attached patch
with 5% CO,-95% O, at room temperature (23-25°C) before beingecording showing multiple K channels £) activated by neuronal action
transferred to the recording chamber for patch-clamp recordings. potentials.
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A il Steps B FIG. 2. A a_ction-potential-activated,P@hanne_l
AP \ . —Stim activities at different patch membrane potentials.
V Cell-attached patch recordingsnge) were ob-
tained when patches were conditioned by patch
depolarization steps (400 ms, solid linebatton).
Extracellular stimuli were applied to cortical layer
I/l with a delay of 100 ms (arrow, Stim1st
vertical line) to evoke action potentials (AR2nd
vertical ling). Dashed lines (c) and dotted lines (0)
indicate channel closed and open states, in this and
subsequent figuresy. Numbers at th# of traces
indicate patch membrane potentialg,(in mV)
(see METHODS). Data are from a representative
patch. Arrows in—14, —34, and—54 mV traces:
V (mV) K; channel openingsB: time course of action-
14 v potential-activated Kchannel activities at different
patch membrane potentials. Postspike duration of
channel activities after an AP was measured at
different patch membrane potentialé)( At +36
and +56 mV, the K channel was activated by
depolarization steps and inactivation started from
the beginning of depolarization steps. We only
include the data from AP-triggered openings of the
channel. Data are meansSE ( = 7 patches)C:
current-voltage I¢V) relationship for K channels.
Mean amplitude of outward single channel currents
. . L () was plotted against patch membrane potentials
+56 0 20 40 60 (V). Slope conductance calculated with linear re-
1 V (mV) gression was 37 1.5 (pS meanst SE;n = 7
patches).
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the patch depolarization step and RMP is the resting membram@d (EGTA), polyt-lysine, 1,2-bis(2-aminophenoxy)ethahe-
potential obtained with whole cell recordings. The reported volN,N',N’-tetraacetic acid (BAPTA), and 4-AP were purchased from
ages were corrected for the liquid junction potential. In data froigma. Other chemicals were purchased from Mallinckrodt Spe-
cell-attached patches with APs evoked by extracellular stimulatiocialty Chemicals (Paris, Kentucky).
an average RMP of 64 mV was used. Signals were acquired with
Pclamp6.0-Clampex and stored on a video-tape recorder viab
NEURO-CORDER converter (Cygnus Technology, Delaware Wa-
ter Gap, PA). Extracellular stimuli (0.1 Hz) were applied through PCLAMP 6.0 was used to plot recording traces and analyze
a bipolar tungsten electrode (impedance, 1Q;NFHC, Brunswick, amplitude histograms. Single channel currents were sampled every
ME) placed in neocortical layer I/111. 50 us with Fetchex and analyzed with Fetchan programs. A 50%
Channels permeable to Kions were distinguished according tothreshold criterion was used to determine the duration of open and
concentrations of ions across patch membrane and reversal potentigdssed events. The collected open and closed intervals were binned
Because the patch pipette solution contained neither i@ C&"  with Pstat, and logarithmic distributions of the open and closed
and intracellular levels of Naand C&" are relative low, unitary duration were exponentially fitted using the maximal likelihood
currents in cell-attached patch recordings should be carried’bgrK method. The binwidth was determined automatically with Pstat.
ClI™. Cell-attached patches contained 140 mM KCI, similar to thamplitude histograms were analyzed via Fetchan and Pstat pro-
expected intracellular [K], thus the reversal potential for'Kwas grams. Unitary currents farV curves were obtained from ampli-
close to 0 mV. The reversal potential for [Glwas —40 to —60 mV  tude histograms. The time course of channel activities that fol-
in these neurons, as estimated from recordings of GAB#gle |owed single APs, “postspike duration,” was measured from
channel currents obtained with GABA-filled cell-attached patch pihe positive AP peak to the end of channel activities. The mean

Ata analysis

pettes (unpublished data). value for postspike duration was obtained from 10 individual
traces for each channel studied. Statistical data are presented as
Solutions and drugs means+* SE.

The slice cutting solution contained (in mM) 2.5 KCI, 1.25
NaH,PO,, 10 MgSQ, 5 CaCl, 10 glucose, 26 NaHCQand 230 RESULTS
sucrose. The standard slice solution contained (in mM) 126 Na@ihannel activities during action potentials
2.5 KCI, 1.25 NaHPQ,, 2 MgCl,, 2 CaCl, 10 glucose, and 26
NaHCO;, (pH = 7.4 when gassed with 95% 5% CO,). The Large pyramidal neurons in layer V of the rat neocortex
intracellular solution for filling whole cell electrodes contained (ifyere visualized with DIC optics and identified by their oblong
mM) 117 KMeSQ, 13 KCI, 0.1 EGTA, 2 MgC}, 10 HEPES, 1 somata and single long apical dendrite extending toward to pia

ATP, 0.2 GTP, and 4 dextrose (pH adjusted to 7.2 with KOHiri 1A 'inse}. Dual patch-clamp recordings were performed
osmolarity 280). The solution for filling cell-attached patch elecx ~_ ~ " ' : : :
trodes contained (in mM) 130 KCI, 5 EGTA, 2 MgCILO HEPES, on somata of these neurons to simultaneously acquire single

and 4 dextrose (pH adjusted to 7.2 with KOH). Estimated finghannel activities (cell-attached patch) and neuronal action

[K*] was 140 mM after adding KOH to adjust pH. DipotassiunPotentials (whole cell current clamp). The mean value of
ATP (ATP), N-2-hydroxyethylpiperazind¥-2-ethane sulfonic resting membrane potentials measured by whole cell electrodes

acid (HEPES), tetra-ethyl ammonium chloride monohydraas—64.0+ 0.3 mV (0 = 67 cells). When a neuronal AP was
(TEA), ethylene glycol-bigf-aminoethyl etheN, N,N,N'-tetraacetic evoked with a depolarizing current pulse, openings of two
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types of K" channels were observed in cell attached patches Hectrophysiological properties of ichannels

fast-opening channel (K was characterized by very brief

openings (Fig. Ab, <-), whereas a second channeljkvas To examine voltage-dependent properties ptannels, we
characterized by longer openings and clustering (FRip, A). obtained cell-attached patch recordings while evoking APs
Twenty-three of 65 patches contained bothafd K, chan  with extracellular stimulation. Cell-attached patches were con-
nels, 12 patches contained Bhannels without K channels, ditioned by delivering voltage steps to the patch electrode (Fig.
and 21 patches contained only,Kchannels. A single K 2A, botton), and an extracellular stimulus (2@&) was deliv-
channel often was observed (7 of 12) in a patch (F&kb,X-), ered to layer II/lll (Fig. 2\, arrow, Stim). Stimulus intensity
whereas multiple K channels always were recorded (21 of 21\as adjusted to reliably elicit a single spike with a delay of
from one patch (Fig. Bb), indicating that K, channels were 7-50 ms (Fig. 2, AP). Because only the patch membrane was
localized in clusters. depolarized, we could test voltage-dependent properties of

A | B N\

T|¥ TEA | ChTX

FiG. 4. Effects of 1 mM TEA and 100 nM
charybdotoxin (ChTX) on KchannelsA: in-
hibition of K; channels by 1 mM TEA dis
solved in the cell-attached patch pipette solu-
tion. Representative recordings, performed as
described in Fig &, are shown. Numbers at the
left of traces indicate patch membrane poten-
tials. — atbottomindicate patch depolarization
steps.B: K; channels are not sensitive to 100
nM ChTX contained in the cell-attached patch
pipettes. - - - and - -, channel closed (c) and
open states (0), respectively. Patch membrane
potentials are indicated iA.
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200 pA
e

FIG. 5. K, channels are not inhibited by chelation of intracellula®Ca
1,2-bis(2-aminophenoxy)ethaméN,N,N'-tetraacetic acid (BAPTA; 10 mM)
was dissolved in the whole cell pipette solutign.dual patch-clamp record-
ings before rupturing the whole cell patch membraneurrent-clamp record-
ings with the whole cell pipette showing the high-input resistance before
rupturing the membranéa: cell-attached voltage-clamp recordings showing
AP transient currents and JKchannel activities <-). B: dual patch-clamp
recordings 2 min after rupturing the membraaewhole cell current-clamp
recordings showing depolarization-induced ABs.cell-attached recordings
showing K, channel activities€-). — atbottomis a depolarizing current pulse
delivered to whole cell electrodes. - - -, closed state.

channels without changing RMP or neuronal excitability. In
addition, AP-activated channel activities could be measured at
different patch membrane potentials to examine voltage-depen-
dent inactivation of the channel. Data from seven patches,
which contained only Kchannels without I channels, were
analyzed. When cell-attached patches were depolarized to a
potential below—14 mV, the K channel was not activated by
depolarization steps but opened by APs (Fig)). Brief open-

ings of the channel indicate fast inactivation (FigA2andB).

The mean postspike duration of &hannel activities was 6

0.6 ms at—=64 mV, 6.7 0.7 ms at-54 mV, and 62+ 15 ms

at —24 mV (Fig. B, n = 7 patches). The results show that
inactivation of K channels is voltage dependent. The current-
voltage relationshipl{V) corresponded to a slope conductance
of 37 = 1.5 pS (Fig. £, n = 7 patches). Single channel
currents were reversed atl.3 = 2.5 mV (h = 7 patches),
which was close to estimated ‘Kequilibrium potential for
cell-attached patchegf ~ 0 mV). K; channels were activated
by strong patch depolarization (FigA2+36 and+56 mV),
indicating that they are voltage-gated channels. To further t%ﬁ}

J. KANG, J. R. HUGUENARD, AND D. A. PRINCE

Sla

Pharmacological properties of i&channels

Patch depolarization induced openings etKannels (Fig. &)

with a threshold of-22 = 2.5 mV (h = 7 patches). Because
only a small piece of membrane in the patch pipette was
depolarized, no AP or AP-induced €a influx occurred.
Therefore activation of Kchannels was independent of AP-
induced C&" influx. The amplitude histogram for ;kchannel
openings had a single peak (FigB,30), reflecting a single
conductance state. Kinetic analysis demonstrated a mean open
time (r,) of 6.8 = 0.7 ms at membrane potential 656 mV

(n = 5 patches), which was close to the postspike duration of
K; channel activities at-64 mV (6.1 = 0.6 ms), suggesting
that the channel might open once, or very few times, during AP
repolarization. A double exponential with a fast time constant
(tep) of 1.1 = 0.1 ms and slow time constant.{) of 19 = 6

ms was needed to best fit the closed time distribution (Flg. 3

n = 5 patches).

In rat neocortical pyramidal neurons, both AP repolarization
and the fast-transient Kcurrent were inhibited by low cen
centrations of TEA (1 mM, data not shown), similar to obser-

.[':
A
Stim

i

5pA

20 ms

patches were depolarized without extracellular stimulatioms patches), respectively.

FIG. 6. Multiple subconductances of Kchannels. Four recording traces
from a representative cell-attached patch illustrate at least 2 subconductance
es (1 and 2) of Kchannels (dotted lines). Action potentials were evoked

o xtracellular stimuli (arrow, Stim). Patch was held at 0 mV. Amplitudes for
voltage-dependent activation of; Kchannels, cell-attachedine 2 open states are 120.03 pA 1 = 15 patches) and 2.3 0.04 pA 1 =
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FIG. 7. Voltage-dependent activation and inactivation Qf ghannelsA: activation of K, channels by patch depolarization
steps bottom line¥. Patch depolarization from rest 64 mV) to —44 mV activated K channels l§otton). Larger depolarization
(to —22 mV) activated more channel®f). B: voltage-dependent inactivation of,kchannels. Action potentials (AP) were evoked
by extracellular stimuli (arrow, Stim) when cell-attached patches were window-depolarized by applying voltage steps with a
500-ms duration and a 20-mV incremehoftom line$. Postspike duration of Kchannel activities was longer at more depolarized
compared with less depolarized patch membrane potentials-8f- and—54-mV traces). Dashed lines indicate closed st@te.
postspike duration of K channel activities at different potentials. This value was determined by calculating the decay time constant
of averaged I channel activities. Decay constant was obtained by fitting the averaged trace (average of 10 traces) from the
negative peak of the AP to the end of, Khannel activities with a single exponential.

vations in cat neocortical pyramidal neurons (Spain et ddrane, together witha train of AP transient currents that
1991). To further determine whetheg Bhannels contribute to showed frequency adaptation in cell-attached patch-clamp re-
the TEA-sensitive component of AP repolarization, we atordings (Fig. 5A). Action potentials were followed by ac-
tempted to block Kchannels by including 1 mM TEA in the tivities of multiple K, channels (Fig. Ab). Once the patch
patch pipette solution. Kchannel activities were not detectednembrane was ruptured, spike frequency adaptation was re-
in any of the 35 TEA-containing cell-attached patches (Figuced significantly (Fig. B, a and b), presumably due to

4A), indicating that K channels were TEA sensitive. Becausgactivation of CA*-dependent channel activities by chelation
Ca"-activated BK channels are very sensitive to both TEA @

: =" \of intracellular C&". However, K, channel activities were not
mM) and charybdotoxin (ChTX, 100 nM), we tested sensitivit

hibited (Fig. Bb, <), demonstrating that K channels are
of K channels to ChTX. Kchannel activities were not blocked,, ;i ~2+ éegenden?) g K

in five cell-attached patch recordings obtained with p|pettesKA channels showed multiple subconductances, a finding

gﬁg;ar:g'lgg a%gopﬁgﬂr m%hcgc() g(iI(:::'SIiyg)d,i Sdtﬁ]r?to ?rsc;[ﬁt'g% tgﬁ;f; e imilar to that reported in tissue cgltures (qusythe etal. 1992).
(Kang et al. 1996). ecause each pa.tch oftgn contained multipje ddannels, it
was difficult to distinguish all subconductance states from
simultaneous openings of multiple channels. However, we
could clearly distinguish at least two single channel current
To distinguish K, channels from C& -activated K chan levels of 1.2+ 0.03 pA and 2.3+ 0.04 pA after evoked APs
nels, we dissolved 10 mM BAPTA, a calcium chelator (Tsiefn = 15 patches), especially in late openings (Fig. 6, 1 and 2).
1980), in the whole cell pipette solution. Before the whole cellhe slope conductance of ;Kchannels was not resolvable
patch membrane was ruptured, a depolarizing current pulsecause channels were localized in clusters and multiple chan-
induced a large voltage jump-Q00 mV, Fig. Aad), due to the nels were activated when patches were depolarized (Fig. 7,
high-input resistancex1 G(2) of the intact of patch mem- andB). When conductance was estimated by dividing the mean

Electrophysiological properties of KXchannels
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FIG. 8. Steady-state inactivation of ,Kchannels. Recordings of channel activities were performed as described inBFig. 7
Cell-attached patches first were heM, X at rest A, —64 mV), then 20 mV depolarizedB( —44 mV), and finally 20 mV
hyperpolarized €, —84 mV). More K, channel activities were generated after APs when the patch was held at hyperpolarized
potential C). Solid lines below each column of traces indicate patch depolarization steps. Dashed lines indicate closed state. Data
are representative of those obtained in 10 experiments.

current amplitude by-64 mV (assumed mean resting memtential (Fig. 7,B and C, —54, —44, and —34). Postspike
brane potential from whole cell recordings), two major sulduration of K, channel activities was 32 6 ms at—64 mV,
conductances of 19 and 36 pS were obtained. The differdrit2 = 28 ms at—54 mV, and 367+ 34 ms at—-24 mV (h =
conductances are likely to represent two subconductancesopatches). The results indicated that inactivation from the
the K, channel, rather than two subtypes of, KKhannels opening state of K channels is voltage dependent. The time
because these two conductances always coexisted in patamsse of K, channel activities would allow the channel to play
containing K, channels; transition between two states could beles in both AP repolarization and regulation of the repetitive
seen occasionally; they showed similar activation and inactiring rate. The steady-state inactivation property, previously
vation; 4-AP blocks both of them; and similar subconductancdsscribed forl, (Connor and Stevens 1971a,b), also was
of K, channels have been reported previously in neuronabserved in K channel activities. When patch membrane was
tissue cultures (Forsythe et al. 1992). held at rest {64 mV), AP-activated K channel activities
K, channels are voltage-gated and were opened by pateére similar to those in Fig.® (Fig. 87A). When the patch
depolarization with a threshold 6f44.8 = 2.9 mV (Fig. A, membrane was held at44 mV (5-15 s), K channels were
n = 13 patches). Channel activities were larger during tateady-state inactivated (FigBB When the patch membrane
currents than during the depolarization period because of then was held at-84 mV (10-20 s), K channels recovered
larger driving force at—64 mV than at—44 mV (Fig. 7A, from inactivation, and even more channels were activated by
botton). Stronger patch depolarizations induced opening tiie AP than at rest (cf traces ¥ —64 mV, Fig. 8A andV,
more channels (Fig.A, top. To test the voltage-dependence-84 mV Fig. &), suggesting that some channels had been
of K, channel inactivation, cell-attached patches were stefactivated at rest. Steady-state inactivation occurs from the
depolarized (Fig. B, botton) and APs were evoked by extra-closed state of K channels and is different from inactivation
cellular stimulation (Fig. B, arrow, Stim). Action-potential- occurring from opening state of the channel (FigB7andC).
activated K, channel activities lasted much longer when th8teady-state inactivation is also voltage dependent and occurs
patch membrane potential was more positive than resting po-less channels when the patch membrane is more hyperpo-
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A C
4-AP

pyridine (4-AP) and TEAA: dual patch-clamp re-

cordings in the presence of 4-AP. 4-AP (5 mM) and
1 mM TEA were predissolved in the cell-attached
b 3 AP patch pipette solution, and 10 mM BAPTA was

¥ CON TEA predissolved in the whole cell pipette solution. Re-
cordings were performed as described in Fig. 1. T
a
i 4}

M—Stim FIG. 9. Sensitivity of K, channels to 4-amiro

integration time.B: integrated charge for channel
activities in cell-attached patch recordings in the
absence (CON) or presence (4-AP) of 4-AP. Control
recordings (CON) were obtained in the presence of
1 mM TEA and 10 mM BAPTA. A 50-ms period of
traces starting from the negative peak of the AP (T
T in Ab) was integrated. P < 0.05 compared with
control, t test. n = 5 patches (showing channel
activity) for the control group and 4 patches (show-
ing channel activity) for the 4-AP groug: cell-
attached patch recordings with extracellular stimu-
lation-induced AP in the absence (CON) or presence
(TEA) of 1 mM TEA. TEA was dissolved in the
J patch pipette solution. Recordings were obtained as
described in Fig. &. a representative traces from
patches obtained with control (CON) and TEA-
100 '|' containing (TEA) patch pipetted: average of 20
* traces. Decay was fitted by a double exponential (
50 + andr,) in control (eft) and a single exponentiat)(
Stim Stim in TEA conditions (ight). - - -, closed state. Data

CON 4-AP are representative from 21 patches.
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larized (Fig. 8), whereas inactivation from opening state of ttemM 4-AP in cell-attached patch pipettes. BAPTA (10 mM)
channel is faster when the patch membrane is more hyperpad 1 mM TEA were added to the whole cell and cell-attached
larized (Fig. 7,B and C). Therefore voltage dependence fopipettes, respectively, to eliminate activities offCaactivated
steady-state inactivation is opposite in direction to that fa¢* and K channels. Six of 10 control patches showegd K
inactivation from the opening state of\Kchannels. channel activities, and 4/10 patches obtained with 4-AP-filled
pipettes showed 4-AP-insensitive, kchannel activities (Fig.
9A). Measurements of the integrated charge for channel cur-
To examine sensitivity of K channels to 4-AP, dual patch-rents over a period of 50 ms indicated that 4-AP significantly
clamp recordings were performed in the absence or presencebibited K, channel activities (Fig. B, P < 0.05,t-test,n =

Pharmacological properties of Kchannels

A B
L ST Y/
S re
+ \
s6 = —~—_ g i _'g
+56 i ’ Fic. 10. A: Kg channel activities activated
— 1= T A bt g by patch depolarization steps. Cell-attached
[ J patch recordings combined with extracellular
64 stimulation-induced APs were performed as de-
+6 scribed in Fig. 2. TEA (1 mM) and 5 mM
4-AP were predissolved in the patch pipette
solution. K;, channels were not activated by
single action potentials but were activated by
-24 N v v et [ g patch depolarization te-24 mV. B: activation
of a Ky, channel by patch depolarization b6
mV. — (below trace), patch depolarization
step. Data iPA andB are from a representative
44 MR patch.C: |-V curve for Ky, channels. Number
— aboveto the regression line is mean SE for
g_ the slope conductanca & 5 patches).
64w ol PRI =
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+
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5 and 4 for control and 4-AP groups, respectively), ¢han
nels that were insensitive to 4-AP had properties similar to i
b a

those of 4-AP-sensitive K channels, including subconduc
tances, clustered localization, voltage-dependent activation and
inactivation, and steady-state inactivation (data not shown). 20 min
From these data, we cannot determine whether there are two
types of K, channel that are differentially sensitive to 4-AP or
one type the sensitivity of which to 4-AP is relatively low, so

Y

that 5 mM 4-AP could not block all channels.,Kchannel A3

activities were not blocked by 1 mM TEA, although the fast

component of decay component of postspike ensemble channel = 40 min
activity (1), which reflected Kchannel activities, was elimi a

nated (Fig. €b). b

Activities of delayed rectifier K channels (I,)

Activities of a Ky, channel were observed in 5/10 patches )
recorded with TEA/4-AP-filled pipettes.Kchannels were not 42 min
activated by single APs when the patch membrane potential
was more negative thanr24 mV (Fig. 13}). Strong patch M Y RTTY ! i l l TR

B

depolarization induced delayed long-lasting openings gf K b
channels (Fig. 1B). The threshold for K, channel openings RLURT A IR ‘
was—23 + 2.4 mV (h = 5 patches). A unique slope conduc- |

tance of 17+ 0.7 pS for K;, channels was determined frdav

curves (Fig. 1€, n = 5 patches). The channel could not be a = b e o2
subconductance state of,Kchannels because jKchannels < 40 mv

never showed multiple conductances;, Khannels were not )

distributed in clusters; activation and inactivation qf, Khar 100 ms

nels were slower than those of,Kchannels; the opening 200 pA

threshold for K, channels {23 = 2.4 mV) was higher than —1

that of K, channels {44.8 = 2.9 mV); and insensitivity to 1  Fic. 11. Large conductance €aactivated K (BK) channels were not

mM TEA or 5 mM 4-AP. The results suggest that iKKhannels activated during APs under normal conditions. Dual patch-clamp recordings
99 & gre performed as described in Fig. 1. Times in minutes atofhef each set

may not contrlbutg to.repolarlzat_|on of a S'”Q'e A_P becau,se ﬁ double traces indicate times after rupturing the whole cell patch membrane.

their delayed activation but, with a slow inactivation timerow, K, channel activitiesa: whole cell recordingsb: cell-attached patch

course, may play a role in regulation of AP wave form duringcordings. Dashed lines (c), indicate closed state. Dotted lines ol and 02,

repetitive firing. indicate openings of 2 BK channels. Solid line at thettom indicates the
depolarization current delivered to the wholecell electrode. Data are represen-
tative for 6 experiments.

Activities of BK channels
Initiation of BK channel activities often occurred over a short

Although BK channels have been hypothesized to contribWige (1-2 min) accompanied by a change in cellular morphol-
to AP repolarization and the fast AHP in hippocampal pyrgsgy observed under DIC optics, implying that some untoward
midal neurons (Lancaster and Nicoll 1987; Storm 1987; Y@ytracellular events might have occurred. The results suggest
shida et al. 1991), we did not observe BK channel openingsiifht somatic BK channels do not contribute to AP repolariza-

any of.the 65 “normal” cell-attached _p_atches in rat neocorticghn and the fast AHP in these cells but may play roles under
pyramidal neurons even under conditions wheré'q2 mM) pathological conditions.

was included in the patch pipette € 5). Further, BK channels
were not activated wher20 APs were evoked by the depoy, s cyssion
larizing current (data not shown). However, after patches were

excised from neurons and changed into the inside-out configdn these experiments, we examined the properties of two
uration (8/8 of patches), BK channel openings were observem)tage-gated K channels activated by APs; Knd K,, using
indicating that patches contained BK channels, but they did rdital patch-clamp techniques applied to large layer V pyramidal
open in intact neurons under our recording conditions. Theseurons in neocortical slices. The properties of these two
results are in accordance with previous observations by otlannels and a third,  that was activated by depolarizing
groups that nolc was found in whole cell currents of catsteps, are summarized in Table 1. Fast and transient opening of
neocortical pyramidal neurons (Spain et al. 1991) and spikg channels with a threshold of22 mV suggests that they
repolarization was Cd independent (Pineda et al. 1998gontribute to AP repolarization but not to sculpting interspike
Schwindt et al. 1988). In six experiments, BK channels wemoltage trajectories. Openings were brief (Fig\bl postspike

not activated when neuronal APs appeared normal (Fig. 11, @@ration: 6.1+ 0.6 ms), suggesting that they did not have a
min, a). However, BK channels started to open in a spikesle in setting interspike intervals. The fast-transienit &ur-
independent manner when neuronal responses deteriorateceas previously reported in whole cell recordings (Spain et al.
evidenced by smaller or absent spikes (Fig. 11, 40 and 42 mih91) likely results from K channel activities because both
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TABLE 1. Properties of K, K,, and K, channels

Conductance, Opening Postspike Steady-State TEA 4-AP
pS Threshold, mV Activation Duration, ms Inactivation, mV (2 mM) (5 mM)
Ks 3715 —22+25 Fast 6.1 0.6 0~ —-20 Sensitive —
Ka 19 and 36 —45+ 2.9 Fast 32 £6 —44~ —64 Insensitive Sensitive
Kar 175+ 0.7 —23+24 Slow — — Insensitive Insensitive

The values of conductance (except fog)Kthreshold, and postspike duration are meaiSE for 5-13 patches. Numbers for steady-state inactivation are
voltage ranges for 7 and 10 patches, respectively. —, not tested. 4-AP, 4-amino pyridine.

events are similar in terms of voltage-dependent activation awtiole cell electrodes because the same results were observed in
sensitivity to 1 mM TEA. Although K channels are very cell-attached patch recordings combined with extracellular stim-
sensitive to TEA, they are distinct from BK channels in termglation-induced APs, where the neuronal membrane was intact.
of their conductance of 37 pS (FigC), voltage-gated activa- BK channels were not activated even when neurons were firing at
tion without requirement for AP-induced €ainflux (Fig. 34)  a high rate 20 spikes per train). At this spiking rate, intracellular
and insensitivity to ChTX. Céa " should be higher than the threshold concentration 6f Ca

K. channels also were activated by action potentials. Anecessary for activation of BK channels (Kang et al. 1996; Ross
tion-potential-activated K channels might have been misin 1993). Absence of BK channel openings was not due to lack of
terpreted as Cd-activated channels becausg khannel ac local C&" entry because BK channel activities were not observed
tivities were attenuated by perfusion of cadmium in previowduring APs when the cell-attached patch contained Ca@ider
studies (Alger et al. 1994; Kang et al. 1995). However, resuksich conditions, APs should have depolarized the patch mem-
of BAPTA experiments (Fig. 5) showed that,kchannels are brane intracellularly and induced €ainflux through C&" chan
not C&" dependent. Voltage-dependent activation gfdkan  nels in the patch. The results in the present study are in accordance
nels at a low threshold of 45 mV suggests that these channelwith the previous observations that spike repolarization was not
influence AP generation. Postspike duration of Khannel Ca&" dependent in neocortical pyramidal neurons (Lorenzon and
activities was 32+ 6 ms at—64 mV, indicating that these Foehring 1995; Pineda et al. 1998; Schwindt et al. 1988). BK
channels contribute to both AP repolarization and regulation ciiannels were observed only as neurons deteriorated. At the time
repetitive firing rate. When patches were depolarizeBK channels started to open, neuronal spikes had always become
postspike duration of channel activities was much longer thamaller or absent (Fig. 7, 40 min) and morphological alterations
that at rest (Fig. 7B and C), suggesting voltage-dependentvere often seen. Therefore BK channels may function in patho-
inactivation from the opening state of,kchannels. This prop logical conditions but do not contribute to AP repolarization and
erty suggests that Kchannels play even larger roles whertthe fast AHP in these cells.
neurons are transiently depolarized, such as during repetitive
firing. However, if neurons are depolarized for a prolongedAddress for reprint requests: J. Kang, Dept. of Cell Biology and Anatomy,
time, K, channels will be inactivated because of steady-stdiew York Medical College, BSB Rm 220, Valhalla, NY 10595.
inactivation that occurs from closed state of channels (FBY. 8 received 15 March 1999; accepted in final form 21 September 1999.
Steady-state inactivation is a well-known propertyl gfand
explains why sp|ke frequency was higher when neurons Welerrrences
held at depolarized potentials (data not shown).
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