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Abstract. Pyrethroid modulation of sodium channels is Key words: Sodium channel — Temperature — Hippo-
unique in the sense that it is highly dependent on temeampal neuron — Pyrethroid — Tetramethrin — Single
perature, the potency being augmented by lowering thehannel
temperature. To elucidate the mechanisms underlying
the negative temperature dependence of pyrethroid ac-
tion, single sodium channel currents were recorded fronintroduction
cultured rat hippocampal neurons using the inside-out
configuration of patch-clamp technique, and the effectsPyrethroids are synthetic derivatives of pyrethrins, which
of the pyrethroid tetramethrin were compared at 22 andare toxic components contained in the flowerGifiry-
12°C. Tetramethrin-modified sodium channels openedsanthemum cinerariaefoliuniThe pyrethroids are used
with short closures and/or transitions to subconductancwidely as near-ideal insecticides due to their high insec-
levels at 22 and 12°C. The time constants of the bursticidal potencies, low mammalian toxicities and biode-
length histograms for tetramethrin-modified channelsgradability. Pyrethroids may be classified into two types
upon depolarization to =60 mV were 7.69 and 14.46based on the structure and the symptoms of poisoning.
msec at 22 and 12°C, respectively,(Q= 0.53). Tetra- Type | pyrethroids lack the-cyano group and produce
methrin at 1Qum modified 17 and 23% of channels at 22 T syndrome characterized by aggressive sparring, el-
and 12°C, respectively, indicating that the sensitivity ofevated startle response, whole body tremor, and prostra-
the sodium channel of rat hippocampal neurons to tetration in the rat, whereas type Il pyrethroids which contain
methrin was almost the same as that of tetrodotoxinthe a-cyano group produce CS syndrome characterized
sensitive sodium channels of rat dorsal root ganglionby burrowing behavior, coarse tremors, clonic seizures,
neurons and rat cerebellar Purkinje neurons. The timsinuous writhing, and profuse salivation with lacrimation
constants for burst length in tetramethrin-modified so-(also referred to as choreoathetosis/salivation) (Ver-
dium channels upon repolarization to —100 mV from —30schoyle & Aldridge, 1980; Casida et al., 1983). A con-
mV were 8.26 and 68.80 msec at 22 and 12°G,(@ siderable degree of the selectivity of toxicity among vari-
0.12), respectively. The prolongation of tetramethrin-ous insect species and mammals exists, and low mam-
modified whole-cell sodium tail currents upon repolar- malian toxicity of pyrethroids as compared with insect
ization at lower temperature was ascribed to a prolongatoxicity was ascribed at least in part to the differences in
tion of opening of each channel. Simple state modelsnzymatic degradation (Jao & Casida, 184 Miya-
were introduced to interpret behaviors of tetramethrin-moto, 1976; Lawrence & Casida, 1982; Casida et al.,
modified sodium channels. The Qvalues for transition 1983). However, our recent study has clearly indicated
rate constants upon repolarization were extremely largethat the difference in sodium channel sensitivity to py-
indicating that temperature had a profound effect on tetrethroids plays a major part in selective toxicity between
ramethrin-modified sodium channels. insects and mammals (Song & Narahashi, )96
While type | pyrethroids generally produce repeti-

tive discharges in the nervous system as a result of an
- increase in depolarizing after-potential, type Il pyre-
Correspondence toT. Narahashi throids cause in most cases membrane depolarization
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without eliciting repetitive after-discharges and evokeascribed to high metabolic degradation (Jao & Casida, a®7Mi-
sensory discharges (Narahashi, 1992)_ However, theg@moto, 1976; Lawrence & Casida, 1982; Casida et al., 1983). (iii) A
two types of changes in nerve function are ascribed to th@urified (+)transisomer of tetramethrin was available to us. In light

. - . ] .of the lack of information about the exact sites of action of pyrethroids
modulation of sodium channels (RUIgt, 1984; Narahasmln the mammalian brain (Casida et al., 1983), hippocampal neurons

1989, 1992, 1996; Vijverberg & van den Bercken, 1990;yere chosen as the material, since they are among the most thoroughly
Narahashi et aI., 1995; SOdG”UI’]d, 1995). examined neurons in the brain.

Pyrethroids stabilize sodium channel gating particles
(Salgado & Narahashi, 1993), resulting in slowing of the
movements of both the activation and inactivation gate€issociATION AND CULTURE OF NEURONS
(Chinn & Narahashi, 1986), and shift the voltage depen-
dence of the gates in the hyperpolarizing direction (TateHippocampal neurons were prepared from 17-day-old embryos of a
bayashi & Narahashi, 1994)_ These changes cause a préprague-DawIey pregnant rat under methoxyflurane anesthesia. After
Ionged flow of sodium current into a cell, Ieading to an adequate Ie_vel _of anesthesia was reached as ingi_cated by lack pf
sustained membrane depolarization. Several neurotoxifgsPonses to pinching the hind legs, a transverse incision was made in

bindi it th di h h b identifi the lower abdomen of the pregnant rat and the fetuses were withdrawn
Inaing sites on the sodium channel have been laentine om the abdomen. The heads of the fetuses were immediately cut off,

on the basis of electrophysiological, biochemical andang the hippocampi were dissected and collected in a calcium- and
molecular biological studies (Catterall, 1992). However,magnesium-free phosphate-buffered saline solution (PBS). The
pyrethroids do not act at any of the sites previously de-mother rat was euthanized immediately thereafter by decapitation.
fined for other sodium channel toxins and seem to haveleurons were dissociated by repeated passage through a flame-
a specific binding site (Trainer et al., 1997). narrowed Pasteur pipette and diluted with Neurobasal Medium supple-

It is well known that pyrethroids have more potent mented with B-27 and 2 mnL-glutamic acid (GIBCO/Life Technolo-

f# di h | | h jes, Grand Island, NY). The final suspension was plated onto 12 mm
effects on sodium channels at lower temperatures than % ly-L-lysine-coated coverslips at a density of 200,00/well. Cells were

higher temperatures (Wang, Narahashi & Scuka, 1972xaintained in humidified atmosphere of 90 air and 10%,@687°C,
Vijverberg et al., 1983). This negative temperature de-and were used within 3 weeks of culture. Neurons having triangular
pendence is an important property that contributes sigeell bodies were selected for experiments.

nificantly to the selective toxicity in mammals and in-

sects (Song & Narahashi, 196 Although there are

several studies that examined the negative temperatuffelECTRICAL RECORDING

dependence of pyrethroid action either in current clamp

or in whole-cell voltage clamp conditions, only one study Single-channel currents were recorded using the inside-out configura-
dealt with this issue at the single-channel level (Chinn &tion _of the patch-clam_p_ technique (Hamill et al., 1981). Pa_tch pip(_attes
Narahashi, 1989). Pyrethroid-induced slowing of the ac_fabrlcated from borosilicate glass capillary tubes (1.5 mm inner diam-

tivati di tivati t f di h | eter) had resistances of 5-@ when filled with pipette solution.
lvation and Inactivation gates or sodium channels The pipette solution contained (inm)t NaCl, 250; CsCl, 5;

(Chinn & Narahashi, 1986; Salgado & Narahashi, 199.3)06.05, 1.8; MgCl,, 1; and Hepes, 5. It should be noted that the pipette
was more pronounced at low temperatures than at higBodium concentration was doubled to 256 o obtain larger single
temperatures (Chinn & Narahashi, 1989). sodium channel currents (Motomura et al., 1995). The pH was adjusted
The present study was aimed at pursuing the mechdo 7.4 with NaOH. Normal Krebs solution containedyjnNacCl, 120;
nism of action of tetramethrin at the single-channel level<Cl: 5 CaCk, 1.8; MgCl, 1; Hepes, 5; and glucose, 25. The pH was

. - djusted to 7.4 wit NaOH. After making gigaohm seal in the Krebs
as a function of temperature. A variety of parameters 01fsjlolution, it was switched to the test bath solution, which contained (in

tetramethrin-modified sing[e sodium channels were COM<1): NaF, 1.4: CsF, 145; sucrose, 200: Hepes, 5: and EGTA, 5. The
pared at 22 and 12°C. Simple state models were progy was adjusted to 7.2 with CSOH. After the solution exchange, a
posed in order to explain the negative temperature demembrane patch was excised.
pendence of tetramethrin action. Single-channel currents passing through the pipette were recorded
by a patch-clamp amplifier (Axopatch 200A, Axon Instruments, Foster
City, CA). The currents were filtered at 2—10 kHz with a four-pole
Materials and Methods Bessel filter, digitalized at 10-50 kHz (at least 5 times larger than the
frequency of filtering) through an analog-to-digital converter (Digidata
1200, Axon Instruments), and stored on hard disk for later analysis.
CHoICE OF PYRETHROID AND NEURON PREPARATION The baseline of currents at the holding potential was continuously
recorded with a pen recorder. Programmed sequences of voltage pulses
Tetramethrin, a type | pyrethroid, was chosen as a test compound fofby the software pClamp6, Axon Instruments) were applied to the
several reasons: (i) A large amount of information has been accumupreparation from the computer using a digital-to-analog converter
lated regarding its mechanism of action on sodium channels in both{Digidata 1200). Voltage steps were applied after an initial stabiliza-
mammals and invertebrates (e.g., Lund & Narahashi, 4381982, tion period of about 15 min. Temperature of the solution was con-
1983; Yamamoto, Quandt & Narahashi, 1983; Tatebayashi & Narahatrolled by the temperature controller (TC-10, Dagan Corporation, Min-
shi, 1994; Song & Narahashi, 1998). (ii) Tetramethrin has proven neapolis, MN). All experiments were performed at#.1 or 22 + 1°C.
potent in modifying the sodium channel activity in mammalian neuronsResults are expressed as mearsgtt, andn represents the number of
despite its relatively low mammalian toxicity which is due likely to be patches unless otherwise stated.
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Fig. 1. Single sodium channel currents recorded from cultured rat hippocampal neurons at 22 and 12°C. Single-channel currents were evoked
a test pulse\(;) to —60 mV from a holding potentialM,) of =100 mV. The duration o, was 45 msec, and the interpulse interval was 5 sec. Final
cutoff frequency ofiltering was 5 and 2 kHz i andB, respectivelyA at 22°C;B at 12°C.A andB were derived from separate patch membranes.

In this and subsequent figures, downward and upward deflections represent inward and outward currents, respectively.

ANALYSIS OF SINGLE-CHANNEL CURRENTS vIv). All other chemicals were purchased from Sigma Chemical (St.
Louis, MO).

pClamp6 and TAC 3.0 (Bruxton Corporation, Seattle, WA) softwares

were used for single-channel current analysis. A Gaussian filtration

was applied if necessary. Capacitive and leakage currents were elimResults

nated by subtraction of an averaged null trace from a trace with channel

openings. Each corrected trace was carefully checked by eye and used

for further analysis. Openings and closings of the channel were deSINGLE SODIUM CHANNEL OPENINGS ON

tected using the half-amplitude threshold analysis (Colquhoun & Sig-DEPOLARIZATION AT 22 AND 12°C

worth, 1995). When the effective cutoff frequency was 2 and 5 kHz,

the rise times of the signal() were approximately 180 and sec, Normal single sodium channel currents were recorded
respectively, and an opening must have a duration of at least. Zox

its amplitude to be measured reliably. Therefore, only events withuSIng the inside-out conf!guratlon at 22 and 12°C. F'Q'
well-established open levels having durations longer tharr2were  Ure JA shows representative traces recorded at 22°C with
used for amplitude histogram analysis. Openings or closings having 4he final cutoff filtering of 5 kHz. The membrane was
duration longer thaiT, were selected for dwell histogram analysis. ~ depolarized to —60 mV from a holding potential of =100
mV for a duration of 45 msec. Very brief openings were
observed in response to depolarizations. FiguB 1
CHEMICALS shows traces obtained at 12°C with the final cutoff fil-
tration of 2 kHz using the same protocol as described

B e o jabove. Many channel openings were seen, and current
methrin were made in dimethylsulfoxide (DMSO) at a concentration of amp“tUdes were smaller and open durations were Ionger

10 mu. Final concentrations of tetramethrin and DMSO were, respec-t1@n those at 22°C. In the presence of 2@0tatrodo-

tively, 10 um and=0.1% v/v. Drug effect was compared with control tOXin in the pipette, these channel openings were not
experiments which were performed in the presence of DMSO (0.1%0bservedif = 4).
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Fig. 2. Averaged currents of normal channels at different temperatures and voltages. Fifty consecutive single-channel traces recorded in differ
conditions were averaged at 22°C, a: -60 mV b: -50 mVB at 12°C, a: -60 mV b: -50 mVA and B were from separate patch membranes.

In order to mimic whole-cell sodium currents, con- SINGLE-CHANNEL CURRENTS UPONREPOLARIZATION

secutive single-channel traces were summed and divideBURING TETRAMETHRIN APPLICATION AT 22 AND 12°C
by the number of summed traces to calculate averaged
currents. Figure 2 represents averaged control currentSingle-channel currents upon repolarization were ob-
at -50 mV @) and =50 mV ) at 22°C @) and 12°C B). tained with the identical protocol at two temperatures;
Averaged currents were derived from two different membrane patches were depolarized to =30 mV for 5
patches. At —-60 mV, averaged currents did not indicatemsec, and subsequently repolarized to —100 mV. Figure
apparent rising and decay phases, but at -50 mV the#dA and B shows traces obtained at 22 and at 12°C, re-
phases were obvious at two temperatures. The channepectively. There was a striking difference between
opening pattern and tetrodotoxin sensitivity indicatedthem. Channel openings upon repolarization at 22°C
that this single-channel activity was derived from tetro-were observed only for tens of milliseconds, whereas
dotoxin-sensitive sodium channels. channels opened for hundreds of milliseconds at 12°C.

Openings contained many brief closures and/or tran-

sitions to subconductance levels both at 22 and 12°C.
TETRAMETHRIN-MODIFIED SINGLE-CHANNEL CURRENTS These deflections to baseline seemed to be more promi-
ON DEPOLARIZATION AT 22 AND 12°C nent and frequent at 12 than at 22°C, possibly due to the

limitation of filtering.

According to the previous whole-cell experiments,

Tetramethrin was included in the internal solution at apyrethroid-modified sodium tail currents often have their
concentration of 1wm. The patch membranes were de- own rising phase and subsequent decay phase. The ris-
polarized for 100 msec to —60 mV from a holding po- ing phase of tail current was diminished by the treatment
tential of ~100 mV. Figure 8 shows traces acquired at with a blocker of sodium channel inactivation such as
22°C. Two types of openings were observed here; onehloramine T (Song & Narahashi, 1996 Therefore,
was a very brief opening which may have represented théhis hooked tail current has been interpreted as being due
activity of normal channels, the other was a much longetto reopening of the inactivation gate and prolonged open-
opening which may have represented the activity of teting of the activation gate during repolarization. With the
ramethrin-modified channels. Furthermore, even afteprotocol described above, most openings upon repolar-
the membrane was repolarized to —100 mV, channeization were a continuation of openings during depolar-
openings were occasionally observesgdthe top trace ization. Nonetheless, we could also observe channel
of Fig. 3A). Traces recorded at 12°C (FigBBshowed a openings which were regarded as latent openings of
similar tendency to those in FigA3although their open channels only when either larger or longer depolarizing
durations were much longer than those at 22°C and theipulses were applied. FiguréAshows typical traces in
amplitudes were smaller than those at 22°C. which larger depolarizations (to 0 mV, 5 msec) some-
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Fig. 3. Single sodium channel currents during L tetramethrin application. Single-channel currents were evoked\gyt@—-60 mV fromV,,
of =100 mV during 10uMm tetramethrin application. The duration ¥f was 100 msecA at 22°C;B at 12°C.A and B were from separate patch
membranes. The final cutoff frequency of filtering was 2 kHz.

times caused latent openings upon repolarization at 22°& 9.9 msec If = 13) at 22 and at 12°C, respectively.
although many channel openings upon repolarization inrhe difference between the two temperatures was ap-
response to this pulse protocol were a continuation oproximately 8 times, which is consistent with the previ-
openings during depolarization (top trace). Figu® 5 ous whole-cell data showing that the decay time constant
shows latent openings upon repolarization when longemcreased steeply with a decrease in temperatgeHg.

(50 msec) depolarizations to =60 mV were applied at7 in Song & Narahashi, 199$. Averaged currents com-
12°C; each opening upon repolarization occurred with arpiled from the present data did not show an apparent
apparent delay from the moment of repolarization."hooked” tail current observed with dorsal root ganglion
These single-channel observations were in keeping witlfTatebayashi & Narahashi, 1994) and cerebellar Purkinje
the interpretation derived from whole-cell currents. neurones (Song & Narahashi, 1296 This indicates
that latent openings upon repolarization were rare in re-
sponse to the voltage step protocol shown in Figsese(
alsoFig. 4). Figure &€ shows a representative averaged
current at 12°C recorded without tetramethrin exposure.

Figure 6A andB represents averaged current traces comThe decay gm48 cor(ljsg%nt for theise 6nor_|;_nhal a\f/eraget:j cur
piled from single-channel currents recorded at 22 and&ems was ; msea (= h ) (ere c;re the
12°C, respectively, in the presence of 1@ tetramethrin ecay t'm? conts tant for tetramet ;ml mzc())o| !{e culrrents
in the bath solution. The voltage protocol was identicaltjhpaonn tLeaF?[Of(?r“rﬁngr%gIV\;?)?j%%Drglj(rl:gitea){ 129 Clmes onger
to that of Fig. /A andB. The lower traces are the ex- '

pansion of the upper ones. A few tetramethrin- modiﬁedAMpLITUDE HISTOGRAMS FORUNMODIFIED AND

channels were contained in these patches. Solid CUIVEE, 1 A METHRIN-M ODIFIED SODIUM CHANNEL CURRENTS
indicate fitting by single exponential functions. The de-

cay time constants for the averaged currents were 10.5 Amplitude histograms for normal channel currents at 22
1.6 msec (the number of averaged traced1) and 84.4 and 12°C are shown in FigA7andB, respectively, and

AVERAGED CURRENTS DURING TETRAMETHRIN
APPLICATION AT 22 AND 12°C
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Fig. 4. Tetramethrin induces single-channel current openings upon repolarization. Membrane patches were depolarized to —30 mV for 5 msec, ¢
subsequently repolarized to —100 m&¥/at 22°C;B at 12°C.A andB were from separate patch membranes. Tetramethrin concentration was 10
The final cutoff frequency of filtering was 2 kHz.

those for tetramethrin-modified channel currents at 2212°C. Tetramethrin did not much change the amplitude
and 12°C are shown in FigCrandD, respectively. All  of sodium channel current at 12°C, whereas the ampli-
opening events here were derived from traces duringqude of the tetramethrin-modified channel current at
depolarization to —60 mV. Events having longer dura-22°C was larger than that of the normal sodium channel
tions than 2 x rise time T, ) (i.e., 0.35 and 0.15 msec at current.

2 and 5 kHz filtering, respectivelysee Materials and

Methods) and reaching their full amplitudes were se-
lected for histograms. CURRENT-VOLTAGE RELATIONSHIPS FORUNMODIFIED

The distribution of normal channel current ampli- AND TETRAMETHRIN-MODIFIED SODIUM CHANNELS

tudes was well fitted by a Gaussian distribution with a
mean of 3.00 pA and 2.19 pA at 22 and 12°C, respecThe mean amplitude of single-channel currents at each
tively. The variance of histograms was large, possiblypotential level was plotted as a function of voltage. Fig.
because histograms might include subconductance lev8A andB shows current-voltage relationships for normal
openings (Benndorf, 1994). Another possible reason fochannels and tetramethrin-modified channels, respec-
the large variance of histograms might be due to theively. The curves in these figures are those predicted by
limitation of filtering, although the theoretically reliable the Goldman-Hodgkin-Katz current equation (Hodgkin
criteria described above were used. & Katz, 1949). The current-voltage curve for normal
The amplitude histograms for tetramethrin-modified channels at 22°C was derived from only two data points
sodium channel currents were compiled only from eventdecause it was difficult to accumulate enough reliable
that had longer durations than 1 msec at 22°C and 2 msegvents due to brief and early openings at more depolar-
at 12°C in order to eliminate normal channel openingsized potentials (Fig. 8). The conductance of normal
(seeburst length histograms, Fig.A9and B). Events  channels obtained by linear regressions was 29.8 and
reaching their full amplitudes were selected. The mear20.0 pS at 22 and 12°C, respectively,(G= 1.49). The
amplitude of tetramethrin-modified sodium channel cur-amplitude of single-channel currents for tetramethrin-
rents at —60 mV was 3.46 pA at 22°C and 2.12 pA atmodified channels increased at potential from 0 to —60
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Fig. 5. Latent openings of tetramethrin-modified single sodium channel upon repolarizatjadembrane patches were depolarized to 0 mV for
5 msec, and subsequently repolarized to —100 mV at 2BLMembrane patches were depolarized to —60 mV for 45 msec, and subsequently
repolarized to —100 mV at 12°C. The final cutoff frequency of filtering was 2 kHz.

mV, as expected from an increase in driving force.Events having longer durations thdp (i.e., 0.17 and
However, hyperpolarizations to the level more negatived.07 msec at 2 and 5 kHz filtration, respectively) were
than —60 mV did not increase unit amplitude as expectedelected. All opening events were less than 1 msec at
from the theoretical curve. This rectification observed at22°C or 2 msec at 12°C. The time constants calculated
hyperpolarized potentials was mainly due to voltage-by fitting with a single exponential function were 0.089
dependent divalent cation block as reported previouslynsec and 0.31 msec at 22 and 12°C, respectively, al-
(Yamamoto, Yeh & Narahashi, 1984). The conductancehough the reliability of their values were somewhat lim-
of tetramethrin-modified channels calculated from theited because of the limitation of filtering.
slope between —60 and 0 mV was 30.9 and 18.5 pS at To assemble appropriate burst length histograms
22°C and 12°C, respectively (@ = 1.67). The Q, from tetramethrin-modified single-channel traces was
values of normal channels (1.49) and tetramethrinnot so easy. All closed time histograms should be com-
modified channels (1.67) were smaller than thg @l-  piled at first from a patch containing only one channel in
ues of 2.11 and 2.15 for normal and deltamethrin-order to determine the upper limit of brief close duration
modified sodium channels, respectively, in mouse neuin a burst (Colquhoun & Sigworth, 1995). However, the
roblastoma cells (Chinn & Narahashi, 1989), but largerpatch membrane having only one channel rarely showed
than the Q, of 1.3 for simple aqueous diffusion (Hille, long openings after tetramethrin application and the ac-
1992). It was concluded that the,Qvalue for single- cumulation of tetramethrin-modified channel opening
channel conductance was not much affected by tetraevents was difficult in the present study. This could be
methrin modification. due to the relatively low sensitivity of tetrodotoxin-
sensitive sodium channels to 10 tetramethrin (Tate-
bayashi & Narahashi, 1994; Song & Narahashi, )96
ANALYSIS OF OPEN TIME DURING DEPOLARIZATION Therefore, most patches having a tetramethrin-modified
channel contained at least another unmodified channel,
Open time histograms for normal sodium channels at 2Zausing difficulties in compiling reliable closed time his-
and 12°C are shown in FigsA9and B, respectively. tograms.
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Fig. 6. Comparison of the decay phase of averaged currents upon repolarization. Membrane patches were depolarized to —30 mV for 5 msec,
subsequently repolarized to =100 mV. Fifty consecutive traces were averagedB, during 10uM tetramethrin application at 22°@)and 12°C

(B). Lower trace inA or B was the expansion of the upper tradeandB were from separate patch membran€).The averaged current of normal
channels at 12°C. The membrane patch contained multiple channels. Curves superimposed on the averaged currents are single exponential f
the decay phase of currents upon repolarization.

Figure € andD show the open time histograms for ing events should be regarded as an intraburst closure or
tetramethrin-modified sodium channels at 22 and 12°Cfransition to subconductance levels, and that at least one
respectively, analyzed using the 50% amplitude threshepening in a burst should have a longer duration than 1
old method. Note that logarithmic scale is used for themsec at 22 or 2 msec at 12°C. This complicated defini-
abscissa. As was shown in Fig. 3, the histograms heréon was designed to eliminate misidentification that re-
should contain both unmodified and modified channelpetitive normal sodium channel openings might be re-
opening events. The open time histogram at 22°C hagarded as a burst.
two apparent peaks, whereas the histogram at 12°C Burst length histograms shown in Fige922°C)
shows only one peak. This might be due to the existencandF (12°C) were analyzed by using this criterion. Both
of many brief deflections to baseline which were detect-histograms had two peaks which were well fitted by two
able by the 50% threshold methoskéFig. 3). exponential functions. The time constants for two com-

We defined here that a close or deflection to baselingponents were 0.20 and 7.69 msec at 22°C, and 0.76 and
shorter than 1 msec which is located between two openi4.46 msec at 12°C. The fast component should corre-
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Fig. 7. Amplitude histograms of normalA( B) and tetramethrin-modifiedQ, D) sodium channel currentsA @ndB) Histograms of unmodified
channel openings at 22°@)and 12°C B). Bin size was 0.2 pA in botiA andB. (C andD) Histograms of tetramethrin-modified channel currents

at 22°C C) and 12°C D). Bin size was 0.067 pA in bot@ andD. Curves superimposed on the histograms are single Gaussian fits to the data points.
All histograms were derived from traces evoked by,do0 —60 mV.

spond to unmodified channel openings, and the slowing events at -60 mV. Openings with duration longer
component should correspond to tetramethrin-modifiedhan 1 msec at 22°C or 2 msec at 12°C were selected as
channel openings. tetramethrin-modified channel openings and used for re-

construction. Current traces were reconstructed by using

their own values of latencies and burst lengths. Here we
RECONSTRUCTEDCURRENTS FROM assumed that each event had the same unit amplitude.
TETRAMETHRIN-MODIFIED OPENINGS Although brief events were not included in reconstructed

currents, its influence should be negligible since their
Since tetramethrin-modified whole-cell currents usuallyopen times were much shorter than those of tetramethrin-
consist of modified and unmodified channel openings,modified events. Interestingly, the reconstructed cur-
any comparison of kinetic properties between unmodi+ents had both the rising and decay phases that normal
fied and modified currents is difficult. One convenient averaged currents did not show at —-60 mV (Fig.&hd
assumption that has been used for the analysis of whole). It should be noted that tetramethrin-modified recon-
cell currents is that peak currents in the presence o$tructed currents had an apparent decay phase during
pyrethroid derive mainly from unmodified channel depolarization, suggesting that the inactivation process
openings and steady-state current at the end of the déake place even at a depolarization to —-60 mV. The de-
polarization is due mainly to modified channel openings.cay time constants obtained by fitting with a single ex-
Thus, we reconstructed tetramethrin-modified whole-cellponential function were 21.2 and 29.5 msec at 22 and
currents from tetramethrin-modified single-channel12°C, respectively. Thus, it was suggested that the decay
opening events. Figure 10 shows reconstructed currerthase of reconstructed currents at —60 mV were not so
traces compiled only from tetramethrin-modified open-much affected by lowering the temperature.
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A Membrane potential (mV) not be detected at 22°C, while the slower components
represent tetramethrin-modified channel openings=(
-150 -100 -50 0 50 100 150 68.80 msec).

’ % ’ Figure 1T and D shows closed time histograms

during bursts at 22 and 12°C, respectively. The time

constants obtained by single exponential fittings were
0.075 and 0.29 msec at 22 and 12°C, respectively, al-
though the reliability of their values were somewhat lim-
ited because of the limitation of filtering.

1
T

i

Amplitude (pA

VOLTAGE DEPENDENCE OFBURST LENGTHS OF
TETRAMETHRIN-MODIFIED CHANNELS

Figure 12 shows the voltage dependence of burst length

. of tetramethrin-modified single-channel currents at two

B Membrane potential (mV) temperatures. Opening events derived from different
450 100 50 0 50 100 150 patches were accumulated an_d bur§t length histograms

| ; . —+ et were compiled at each potential. Time constants were

y

T

estimated by fitting with two exponential functions.
Although the fast component that corresponds to un-
modified channel openings at less negative potentials
were not so accurate because of the short and early open-
ings during depolarization, the slow component that cor-
responds to modified channel openings were relatively
reliable. The ordinate represents a reciprocal of time
constant at each potential. Thus, burst length decreased
with larger depolarizations at both temperatures. The re-
sult is compatible with the previous whole-cell data
showing that the difference between control and tetra-
Fig. 8. Current-voltage relationships for norma)(and tetramethrin- r_nethrln is much I_ess promlner_]t at less negative poten-
modified @) channels. &) Normal sodium channel. Filled circles, at tials (Tatebayashi & Narahashi, 1994; Song & Naraha-
22°C; filled squares, at 12°CB) Tetramethrin-modified channel. Open shi, 199@). The interpretation of this tendency is not so
circles, at 22°C; open squares, at 12°C. The solid curves are theoreticgasy since burst durations at each potential are associated
curves calculated from the following equation: with multiple and different processes: the gating reac-
_ i i} tions during a repolarization may be a combination of
= AE[INaY; - [Nalexp@E)T1-expEE). deactivation and the recovery from inactivation and ac-
wherel is the current amplituded is a constantE is the voltageBis  tivation. Gating at potentials positive to —60 mV may be

-F/RT,and [N&]; and [N&], are inside and outside Naoncentrations, ~associated with activation, deactivation, and onset of in-
respectively. The two sets of plots were derived from separate patchyctivation.

membranes. Standard deviations of each data point are shown with data

points.

Amplitude (pA)

Discussion

ANALYSIS OF CURRENTS UPON REPOLARIZATION After tetramethrin application, sodium channels showed

two patterns of openings; one was brief openings similar
Single-channel currents upon repolarization were reto normal sodium channel openings and the other was
garded as bursts with brief closures and transitions tdonger ones (Fig. 3). At least two possible interpreta-
subconductance levels. Burst length histograms weréons of these two patterns of openings are conceivable.
compiled from data at 22°C (Fig. AL and at 12°C (Fig. First, brief and longer openings are deemed to represent
11B) in the presence of tetramethrin. The histogram atunmodified and tetramethrin-modified channel openings,
22°C showed one peak which was fitted by a singlerespectively (Song & Narahashi, 1996 Second, both
exponential function with a time constant) (of 8.26  opening patterns are of tetramethrin-modified channels
msec. The histogram at 12°C had two apparent peakdyut with different modes. Our present data showed that
the faster component represents normal channel opethere was the fast component in the burst length histo-
ings upon repolarizationr(= 0.22 msec), which could gram at 12°C during repolarization (Fig.BY In addi-
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Fig. 9. Open time histograms for channel openings beféreBj and during tetramethrin applicatio® (D, EandF). All histograms were derived
from traces evoked by, to —60 mV. Unitary currents shorter than 0.07 ms&gdnd 0.17 msecH, C, D, EandF) duration were excluded from
the histogram to avoid truncation errors introduced by the limited frequency response of the recording gyateB) Open time histograms for
normal sodium channel openings at 22%) and 12°C B). (C and D) Open time histograms for channel openings duringuiOtetramethrin
application at 22°C() and 12°C D). (E andF) Burst length histograms for channel openings during tetramethrin application at2paéd 12°C
(F). Curves superimposed on the histograms are double exponential fits to the data points.

A

Fig. 10. Reconstructed currents derived from
tetramethrin-modified opening events. Openings
longer than 1 msec at 22°C or 2 msec at 12°C on
depolarization to —60 mV were selected. The
values of their own latencies and open durations
were used for current reconstructiod) (at 22°C;

(B) at 12°C. The abscissa is standardized current
amplitude. Curves superimposed are single
exponential fits to the decay phase of currents.

———

20 ms

tion, this component was very similar to the normal possibility that brief openings may be due to the tetra-
channel openings at 12°C upon repolarization (F(@.6 methrin molecule being dissociated from its binding site
These observations suggest that the normal unmodifiedarlier resulting in short openings, we take the first in-
channels are contained in the membrane patch after teterpretation that brief and longer openings represent un-
ramethrin application. Although we cannot exclude themodified and tetramethrin-modified channel openings,
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Fig. 11. Burst length histograms and closed time histograms in bursts upon repolarization in tetramatandBJ Burst length histograms upon
repolarization at 22°CA) and 12°C B). (C andD) Closed time histograms in bursts upon repolarization at 22)@id 12°C D). Only histogram

C was compiled from traces whose final cutoff frequency was 5 kHz. Others were derived from traces filtrated at 2 kHz. All histograms were derive
from traces upon repolarization to =100 mV from -30 mV.

respectively, as a more likely possibility throughout this prominent at 22 than at 12°C partly because of the limi-
paper. tation of filtering. Tetramethrin at 1AM modified 17%

It should be noted that the neurons investigated wer®f channels at 22°C (Fig.B®and Table 1), with an as-
assumed to express a single population of sodium charsumption that the open probability for modified channels
nels in the present study. Although inactivation-resistantvas the same as that for unmodified channels. It should
persistent sodium currents in hippocampal neurons havalso be noted that the value of 17% could be overesti-
been reported (e.g., French et al., 1990; Hammars& mated since unmodified channel openings at 22°C were
Gage, 1998), their population is much smaller than thatoo short to be detected and counted compared to those at
of large transient ordinary sodium currents (1.5 and 0.7-42°C. The percentage of tetrodotoxin-sensitive sodium
1% in French et al. (1990) and Hammarstr& Gage channels modified by the same concentration of tetra-
(1998), respectively). Besides, the single-channel datanethrin was 12% in rat dorsal root ganglion neurons
derived from 36 patches were compiled in the presen{Tatebayashi & Narahashi, 1994) and 23% in rat cerebel-
study. The heterogeneity of sodium channels could béar Purkinje neurons (Song & Narahashi, 18p6More-
negligible, although we cannot completely exclude theover, the characteristic prolongation of the pyrethroid-
possible contaminations of other sodium channel popumodified sodium tail current which was more prominent
lations. at lower temperatures (Song & Narahashi, 1&%eems

The tetramethrin-modified sodium channels openedo be similar to the present result based on averaged
forming bursts with brief closures and/or transitions tosingle-channel current traces (Fig. 6). Thus, hippocam-
subconductance levels during depolarization (Fig. 3) angbal neurons of rats are endowed with sodium channels,
upon repolarization (Fig. 4). This feature was lesswhich exhibit approximately the same tetramethrin sen-
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It has been shown that the tail current of the pyre-
throid-modified sodium channel is greatly prolonged at
lower temperatures in frog nodes of Ranvier (Vijverberg
et al., 1983) and in rat cerebellar Purkinje neurons (Song
& Narahashi, 1998). Three possibilities are considered
in order to explain the prolongation of whole-cell tetra-
methrin-modified sodium currents by lowering the tem-
perature. First, a remarkable increase in percentages or
opening frequency of modified channels occurs at a low
temperature. If the total number of modified channel
openings increases drastically, it may cause the prolon-
gation of the current. Second, the frequency of reopen-

-100 -80 -0 -40 -20 0 ings during the late portion of repolarization is increased
Membrane potential (mV) at lower temperature. Third, the open time of each chan-
nel is prolonged at low temperature.
Fig. 12. Voltage dependence of burst length of tetramethrin-modified Percentages of modified channels at different tem-

channels. Ordinate indicates membrane potentials, while abscissa irber(,:ltur(_:‘S are important factors in the negative tempera-
dicates a reciprocal of time constant of burst length at each potential

Open squares; at 22°C, open circles; at 12°C. Lines show the results J‘Pre dependence_(_)f pyrethroid aCthn' To eStIr_nat_e pe_r-
linear regression on data points. centages of modified channels during repolarization is

difficult since there could be multiple modified channels.

Instead, the percentages of modified channel openings to
sitivity as that of tetrodotoxin-sensitive sodium channelstotal openings during depolarization were calculated
of rat dorsal root ganglion neurons and cerebellar Purwith an assumption that percentages of modified chan-
kinje neurons. nels were constant during depolarization and repolariza-

Openings of sodium channels during depolarizationtion. The proportion of tetramethrin-modified channel

to —60 mV were greatly prolonged by tetramethrin modi- openings among all openings during depolarization, es-
fication both at 22 and 12°C (FigA9 B, EandF). A  timated bya;, and a,,, values &: ratio of each com-
previous single-channel experiment showed that theonent to total event number) in burst length histograms
open time constant became approximately four timegFig. 9 and F), were not so different between 22 and
longer after modification with tetramethrin, although it 12°C (Q,, = 0.74 in Table 1). In order to estimate the
was performed with a different preparation and with dif- contribution of tetramethrin-modified single-channel
ferent experimental conditions (Song & Narahashi,openings to whole-cell currents, ¢ Tras: 28NA 810w Tsiow
199@). The present results indicate that tetramethrinwere calculated and compared between the two tempera-
prolongs sodium channel open time 60—90 times both atures. The ratio 0By Tsiow 0 (Bfast Trast T Asiow Tsiow
22 and 12°C. was almost the same and a remarkable difference that

200

1/ pyrst (1)

1 | |

Table 1. Comparison of various single sodium channel parameters between two temperatures

22°C 12°C Qo Source (Figure)
Normal channel
Current amplitude (=60 mV) 3.0 pA 2.19 pA 1.30 1A,B
Conductance 29.8 pS 20.0 pS 1.49 A8
Open time constant (=60 mV) 0.089 msec 0.31 msec 0.29 A, B9
Tetramethrin modified channel
[Depolarizatiof!
Current amplitude (=60 mV) 3.46 pA 2.12 pA 1.63 X, D
Conductance 30.9pS 18.5pS 1.67 B 8
Burst length (-60 mV)r.q; 0.20 msec 0.76 msec 0.24 E9F
Telow 7.69 msec 14.46 msec 0.53 E9F
aslovs/(afast+ aslow) 0.17 0.23 0.74 Ev F
Aslow Tslom/(afast Trast T Ssiow Tslow) 0.89 0.84 1.06 8, F
[Repolarization (100 m\f)
Burst length Trast 0.22 msec 4,1A, B
Tolow 8.26 msec 68.80 msec 0.12 4,A1B
Brief closures in burst 0.075 msec 0.29 msec 0.26 C,In

Decay time constant of averaged current 10.5 msec 84.4 msec 0.12 6
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would cause the marked prolongation of tail current attance states in sodium channels has been demonstrated

low temperature was not found (Table 1). These obserby many investigatorsseePatlak, 1991), including py-

vations are compatible with the previous whole-cell datarethroid-modified sodium channels (Chinn & Narahashi,

(Song & Narahashi, 1929. Thus, it was concluded that 1989). Some deflections should be regarded as short clo-

the prolongation of tetramethrin-modified whole-cell sures, others as transitions to subconductance lev-

currents at low temperature was not due either to arels. However, since the objective distinction between

increase in percentages of modified channels or to athem is difficult, the interpretation of brief transitions to

increase in open frequency of the modified channelsbaseline was important to quantify our data.

In addition, a second possibility that calls for the increase ~ We applied two other different state models (models

in the frequency of reopenings during the late portion of2 and 3) derived from the original state model (model 1)

repolarization by lowering the temperature was not likelyin order to interpret channel behaviors upon repolariza-

since latent openings during the late portion of repolartion; the brief transitions to baseline were taken into

ization were very rare (Figs. 4 and 6). consideration in model 2, but not in model 3. These two
Comparison of burst length at two temperaturesmodels were used for analysis separately and the results

showed striking differences. Tetramethrin-modified were compared.

single-channel currents, especially upon repolarization,

indicated a remarkable difference between two tempera- p ke

tures; the time constant for burst length at 12°C uporPPens closel(short closurek: close2

repolarization was eight times as long as that at 22°C * -

Eii;%sé:oar?s?;ri?(,)r%ljrst |£h§fh'2tTf§E|g oTL)J,ri\r,]vg;]zreepa:)SIatr?;a- First, we assume that transitions to subc_:onductance

tion was only twice as long as that at 22°C,(G- 0.53 levels are neglected and tha_t most defl_ectlons are re-

in Table 1). Thus, the prolonged flow of sodium whole- garded as short closures. This assumption changes the

. .~ model 1 to the model 2, which is a simple linear model
cell current at lower temperatures was attributed mamlyhaving one open state and two closed states. The closed
to a prolongation of each opening. :

. . o . dstate 1 represents very brief closures in bursts, while the
Prolonged openings during repolarization containe

brief closures and/or transitions to subconductance IeveICIOSEd state 2 exhibits longer closures that is regarded as

. . O &n absorbing state in this model. The two closed states
(Fig. 4) and the time constant of the closed time in bursts an communicate with each other, but an open channel

histogram at 12°C was over three times longer than tha
at 22°C (Figs. 1€ andD, Table 1). It was possible that S;r;eelnter the closed state 2 only through the closed

these brief transitions to baseline could be a similar phe- Rate constants between two states can be defined as

nomenon at different temperatures. To q_uanu_fy and 'NYescribed above and can be estimated from experimental
terpret these changes in channel behavior, simple sta@

models are introduced. Four different states are as_alues (time constants for burst length and brief closure,

i } . and numbers of brief closures in bursts), using the
sumed; openings to full conductance, openings to sub-

conductances, brief closures and long closures method originally deyeloped for the anqusis of s.inglej

' ' channel currents activated by acetylcholine. In this esti-
mation, missed events due to the limitation of filtering
should be corrected (Colquhoun & Sakmann, 1985;
Colquhoun & Hawks, 1995; Colquhoun & Sigworth,
1995). Although the model should incorporate binding
The state dependency of channel modification byanddur%bmdlndg Io;t.etrﬁmethrm o thz channctiel, we malmly
pyrethroids has been extensively investigated with vari—>€ the model - In the present study in order to evaluate

i . . , brief transitions in bursts at both temperatures.
ous preparations by using electrophysiological tech-
nigues. There are at least two possibilities of pyrethroid
modification of sodium channels; the pyrethroid mol- gpen < close
ecule binds to the sodium channels either in the closed o
state or in the open state (Narahashi, 1996). However,
whether or not the pyrethroid molecule leaves its recep-  Alternatively, we can assume that both transitions to
tor site before the channel can close is still unknown.subconductance levels and short closures can be ne-
To simplify the model, we assume here that the tetraglected since an objective distinction between them is
methrin-modified channel has its own kinetic pathwaydifficult. This assumption changes the model 1 to an-
and that entering closed states does not necessarily implther simple model, having only one open state and one
the dissociation of the tetramethrin molecule from theclosed state (model 3). A burst opening including many
channel binding site. During a burst, we can see manyhort closings and transitions to subconductance levels is
deflections to the baseline. The existence of subconduaegarded as a single opening. Rate constants between the

open(subconductange

!
opens close(short closurg s close (long closurg
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Table 2. Comparison of calculated rate constants according to stateevaluation of the temperature dependence of the activa-
models tion process by tetramethrin was difficult in our present
study because of the shift of the conductance-voltage

Parameter 22°C 12°C Q A . . ; .
curves during tetramethrin modification (Tatebayashi &
Model 20 Narahashi, 1994; Song & Narahashi, 18p6The time
Mean number of brief closures to peak of reconstructed currents in Fig. 10 shows that
per burst (corrected value) 1.815 2.164 0.84 the delay of the activation process by tetramethrin is not
g;ce“'cifgt;ﬁte” time 28Imsec  21.85msec 01354 anparent and not so enhanced by lowering the tem-
o 350 sec! 46 sect 75 pgrature. Howeyer, further investigations are required
B 8,600sect  680sect  15.0 since a small shift of the conductance-voltage curve may
K, 4,740 sect  320sect 126 cause large change in the time to peak of reconstructed
(Model 37 currents. The whole-cell current analysis of the type Il
o’ 120sec’  15sec’ 80  pyrethroid deltamethrin revealed an apparent delay for

the time to peak of deltamethrin-modified current at each
depolarized potential (Tabarean & Narahashi, 1998).

. . This suggests that pyrethroids have effects on the acti-
two states are defined as described above. Thus, the ra\Vi\tion pgrgcess. Py

, : .
constantp’, can be calculated as a reciprocal of the time Temperature dependence of inactivation process is

cons_lfag}. 5 sh . f calculated i another interesting point. The reconstructed current
able 2 SNows comparisons of caicuiated parametely., .o having apparent decay phases (Fig. 10) and strong

at 22 and 12°C, and Qvalues between them according .

to two-state models (models 2 and 3). Although the re_voltage d_epgndence of bprst Iength.(l_:|g. 12) suggest that
o ) : .~ the inactivation process is not negligible at a membrane
liability of rate constants in the analysis of model 2 is

somewhat limited because of very short closed time conf ggm'alhg];:soa rrg\c{éni?r\ijv(?t\; %r’gﬁﬁe%tt)zevogt'ggttggtr;hjch
stants in bursts, the mean number of brief closures pe‘lj yp

burst at 22°C was similar to that at 12°C in model 2affected by lowering the temperature (Fig. 10) indicates

(Table 2). The calculated open time at 12°C was 8 time§hat a similar tempe_rature-inde_zpendent process might be
larger than that at 22°C, similar to the time constant of "vOIved in the closing of modified channels at 60 mV

burst length at 12°C which was 8 times larger than thaf! (he to temperatures. Further investigation will be
at 22°C during repolarization (Table 1). In addition, ev- requw_ed to e_yaluate the involvement pf inactivation pro-
ery rate constant decreases with a decrease in temperg€SS in modified channels as a function of temperature.
ture and each @ value is at least 7.5 between the two  Although we could not evaluate the temperature ef-
temperatures. Chinn and Narahashi (1986) suggestefGCt on the recovery from inactivation base(_j on the pres-
that pyrethroid stabilizes a variety of channel states byent single-channel data, it has been shown in other prepa-
reducing the transition rates between them. The largéations that the difference in @ values between the
QlO value of every rate constant in the present Study ma}deacuvaﬂon and the reCOVery from inactivation proceSS
mean that this stabilization effect by pyrethroid becomegvas quite different. For instance, in rat cerebellar Pur-
more prominent by lowering the temperature. Either re-kinje neurons (Song & Narahashi, 189fwhole-cell tail
sult based on two different models (models 2 and 3)current comparisons revealed a large difference; the Q
suggests that open time of channels is prolonged apvalue for deactivation calculated from the time constants
proximately 8 times by lowering the temperature. of decay phase of tail currents between 20 and 25°C was
McLarnon & Wang (1991) examined temperature 37.75, whereas the ,Q for recovery from inactivation,
dependence of drug block of a calcium-dependent potasestimated by the time constants for rising phase of tail
sium channel and reported that the rate constant whichurrents, was 2.25. Itis suggested that the recovery from
was not related to drug blocking step exhibited a considinactivation process is less affected than the deactivation
erably low dependence on temperaturg@ 1.5) com-  process by lowering the temperature.
pared with the blocking step (e.g.,0= 2.7). Correa, In summary, we presented here comparisons of vari-
Bezanilla & Latorre (1992) who investigated the prop- ous parameters of tetramethrin-modified sodium chan-
erties of batrachotoxin-modified sodium channels re-nels based on single-channel data. The tetramethrin-
ported that Q, values for rate constants were around 4 tomodified sodium channel opens longer than the normal
5. The Qg values for rate constants in Table 2, togethersodium channel, with brief closures and/or transitions to
with these previous reports, seem to be extremely largesubconductance levels in bursts both at 22 and 12°C.
which may reflect unique effects of pyrethroid at low The prolongation of tetramethrin-modified whole-cell
temperatures. current at low temperature upon repolarization is not due
Compared with the apparent change in the deactivato an increase in the percentage of modified channels, an
tion process by lowering the temperature, the accuratécrease in opening frequency of the modified channel,
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or an increase in the frequency of reopenings during thdao, L.T., Casida, J.E. 194Esterase inhibitors as synergists for (+)-

late portion of repolarization. It is due to the prolonga- trans-chrysanthemate insecticide chemic&lesticide Biochem.

tion of each channel opening in a burst pattern. Further- Physiol 4:456-464 _ _

more, simple state models introduced to interpret t},]e]ao, L.T., Casida, J.E. 19F4Insect pyrethroid-hydrolyzing esterases.
’ b e . Pesticide Biochem. Physiol:465—-472

tetramethrin-modified channel behaviors reveal that thq_ e =l ve!

Q,, values for rate constants upon repolarization are ex- awrence, L.J., Casida, J.E. 1982. Pyrethroid toxicology: Mouse intra-
10 p p cerebral structure-toxicity relationshipBesticide Biochem. Phys-

tremely large. iol. 18:9-14
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