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Abstract. To study the role the phenyl group plays in from channel block and solute-induced changes,jn
producing local anesthetic block, a sequencenef kinetics. ®-alkanols were more effective at blocking and
alkanols and phenyl-substituted alkanofB-glkanols) inactivating Na channels than their unsubstituted coun-
were characterized in their ability to block Na channels.terparts. Phenyl-substituted alkanols are more likely to
The sequence af-alkanols studied possess 3-5 carbonsnteract with the channel than their unsubstituted coun-
(propanol-pentanol). The action of phenol andb3- terparts.
alkanols (benzyl alcohol, phenethyl alcohol, 3-phenyl-1-
propanol) were also studied. Na curreriig( were re-  Key words: Na current block — Na conductance block
corded from single frog skeletal muscle fibers using the__ g kinetics — Alkanols — Phenyl substitution
Vaseline-gap voltage clamp technique.s were re-
corded prior to, during, and following the removal of the
solutes in Ringer’s solution. Materials and Methods

All alkanols and phenol acted to blotk, in a dose-
dependent manner. Effective doses to produce halfhe Vaseline-gap voltage-clamp method was used to recofctiia
block (EDy) of I, or Na conductanceQ,,) were ob- rents (y.s) and chara.lcte.rize the kinetic and steady-state.changg§ of
tained from dose-response relations for all solutes use&aused by the application of test solutes to muscle fibers. A more

complete description of the method is found in Larsen, Gasser & Hahin
The block of GNa depended on VOItage’ and could be (1996). A brief description follows: single fibers were dissected from

separated into voltage-dependent and -independent COfag (Rana pipienssemitendinosus muscles and voltage clamped using
ponents. Each solute acted to sl@ -V relations in a  a modified version of the original Hille and Campbell (1976) Vaseline-
depolarized direction and reduce the maxim@Ggy, and gap voltage-clamp method. Improvements in the technique described
slope of the relation. All solutes acted to speedlyp previously (Campbell & Hahin, 1983) redut':ed.the series resis'tance to
kinetics and cause hyperpolarizing shifts in steady-staté range of 0.5-1.5)cn? and increased the fidelity of the recording of

. - - P . Na" currents. The improvements also virtually eliminated the contri-
|nact|vat|0r_1. The magthde of the kinetic changes in bution of transverse tubular (T) system current from the total current,
creased with dose.

. ; . . o thus allowing the surface Naurrent to be solely recorded.

Size was an important variable in determining the To speed up the removal of the T-system current from the total
magnitude of the changeslig,; however, size alone was current (to isolate the surface current), a new procedure was employed
not sufficient to predict the changes IR, EDsgs for and is described below: Instead of replacing CsF solution with standard

Gna and AP block could be predicted as a function of Ringer's solution prior to each experiment, a higt? Gg0 mw) Ring-
intrinsic molar volume hydrogen bond acceptor basicityer’s solution was applied for 20—-30 min followed by the application of
| Ringer’s solution. This procedure caused a more rapid precipitation of

(B) and donc_'r acidityd), and pol_arl_ty (P) of the solutes. C&* in the T-tubules and acted to rapidly eliminate *Nend slow
The equivalency of ERy predictions for AP an€@y.  capacitive currents associated with the T-sysem.
block can be explained by the fact that AP block arises ~ voltage-clamp command pulses were generated by a digital
stimulator whose timing was controlled by a Digitimer D4030 (Medical
Systems, Great Neck, NY). Subtraction of linear leakage currents was
_ performed using an analog electronic transient generator. The sub-
* Present addressDepartment of Medicine, Division of Cardiology, tracted current records were filtered using a 40 KHz filter. Current
The Johns Hopkins University School of Medicine, 720 North Rutland records were sampled at 1&ec using a Nicolet 2090 digital oscillo-
Ave., Ross 844, Baltimore, MD 21205, USA scope (Nicolet Instrument, Madison, WI), and stored on minidiskettes
for later analysis. The voltage-clamp, electronic leak subtractor, and
Correspondence toR. Hahin the digital stimulator were built by R. Hahin.
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The membrane potential was held at a holding potential of —140
mV to eliminate the effects of slow inactivation of Nehannels. Na
currents were elicited by 6 msec duration test pulses ranging in ampli-
tude from —60 to +100 mV. Pulses were applied in steps of 10 mV
with 6 sec intervals between pulses to insure full recovery from slow
Ina iNactivation. All experiments were performed at 12°.

ProTocoL To OBTAIN DOSERESPONSERELATIONS

To obtain dose-response relations,"Narrents were recorded in con-
trol Ringer’s solution followed by successive applications of the test
solutes and a return to Ringer’s solution (if possible). Sequences of
different concentrations of test solutes in Ringer's solution were ap-
plied externally to fibers typically in an ascending order from lower to
higher concentration. For short chairalkanols the following proce-
dure was used: a sequence of ascending doses was applied uhgl full
block was observed, followed by solute removal and recovery in Ring-
er's solution. In some experiments, a single dose of a test solute was
applied followed by recovery.

ANIMALS

Grass frogs Rana pipiens were purchased from Charles Sullivan,
Nashville, TN. Animals were ethanized in accordance with procedures
deemed acceptable by the Institutional Animal Care and Use Commit-
tee of Northern lllinois University.

SOLUTIONS 1 mA/cm?

Ringer’s solution contained (inm): 112 NaCl, 2 KCI, 2 CaCl and 10
HEPES. The high G4 Ringers solution contained invm 85 NaCl, 2 1ms

KCI, 20 CaC}, and 10 HEPES. The internal solution contained (in _

mwm): 115 CsF, 5 NaF, and 4 HEPES. All test solutions were prepareof:'g' 1. Ef_fect _of n-pentanql on Nécurrents.IN? traces recorded at 16
using a volume per volume dilution of test solutes in Ringer’s solution. VOItages in Ringer's solution (upper panel), in the presence of &0 m
The solutes used were: ethanoipropanol,n-butanol, benzy! alcohol, n-pentanol (middle panel) and after washout of pentanol with Ringer’s
phenethyl alcohol, 3-phenyl-1-propanol, and phenol. The pH of gy solution. All currents were elicited using a test pulse of 6 msec duration
solutions was adjusted to 7.4 with NaOH-Propanol, benzyl alcohol, from a holding potential of —~140 mV. Test pulses were applied in steps
phenethy! alcohol, 3-phenyl-1-propanol were purchased from Aldrich®f 10 mV from —60 to +100 mV at 12° C.

Chemical, Milwaukee, WI; methanol, ethanokbutanol, n-heptanol,

n-hexanol, and phenol were purchased from Sigma Chemical, St.

Louis, MO. Results

REVERSIBLE ALKANOL -INDUCED BLOCK OF

lya DATA ANALYSIS
Na NA* CURRENTS

The degree ofy, block was defined to be the maximuir,, obtained ; .
from thel-V relation observed in the presence of the solute, divided byT0 characterize the effect of test solutes IQg, a se

the maximuml, from thel-V relation, obtained in Ringer’s solution quence of NaS Was_ elIC_Ited _and recordeq at ;1'6 different
prior to solute application. Maximurty, amplitudes were expressed Membrane potentials in Ringer’s solution, in the pres-
as a fraction (relative maximurhy,) of control values. Error bars ence of test solutes, and upon recovery in Ringer’s so-
represent the meansem. A 50% effective dose fok, block (EDs,)  lution. Figure 1 illustrates a typical experiment. Figure
was defined to be the concentration of solute in Ringer’s solution that] showdg naS recorded in Ringer’s solution (top panel), in
produced a 50% reduction of the maximuiyga amplitude. ERgs were the presence of 15 mn-pentanol (middle panel), and
obtained from ‘each dose—response relgtlon. The potency of gach tegtfter washout in Ringer’s solution (bottom panel). After
solute was defined as the reciprocal of itsfgL/EDs). The relative . , . . . .
potency (RP) of each solute was normalized so that methanol has a R\Eetum to Ringer’s solution, recovery in this experiment
of 1. Statistical significance of differences in mean values was estabWas 90%; the average recovery for all solutes was 96 +
lished atP < 0.05 by an unpairetiest. 2% (n = 36). Similar families of currents were observed
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for all other test solutes. Na current-voltageV rela-  Table 1. EDsgs for I, block
tions were constructed for all test solutes using recordbS | block
similar to that shown in Fig. 1. olute ha bloc
Figure 2 showd-V relations obtained for all test ED. b Log K

. 50 g ow
solutes at near half-blocking doses. The plotted symbols mM
represent the pedk, amplitudes as a function of the test
pulse potential. Each test soluteV relation (filled  n-Alkanols

circles) was superimposed upon th& relations ob- Methanol 1953~ -0.77
tained in Ringer's solution prior to (open circles) and Ethanol 779128  L.71% —0.31
after (open squares) application of a test solute. [TVig Empam' trixil 1.78+0.22 0.25
utanol 70+3 1.63+0.16 0.88
recovered completely after the removal of each test sol- pepanol 16+0.8  1.73+0.23 156

ute. Following the removal of ethanol, recovegys ex-  phenol andb-Alkanols

ceeded their pre-application values. This effect was pre- Phenol 6.3+0.4 1.86 £ 0.29 1.46
viously observed by Haydon and Urban (198B6)/ re- Benzy! alcohol 11.7+03 1.84+0.13 1.10
lations obtained in the presence of test solutes were also Phenethyl alcohol 6.7£04  152£0.18 151
shifted to more positive potentials as the concentration of 3-Phenyl-1-propanol 27+01  193£019 205

the test solutes increased. Upon recovery, the shifts iréD
50

. Effective Dose producing 50% block and Gy
I-Vs produced by test solutes disappeared. ’ J s e

b—slope parameter used to fit equation:

1

INa(RA) = C_b )
1 (e

Figure 3 represents dose-response relations plotted semi- EDso

logarithmicaly and fit with solid traces fon-alkanols  Wherecis a solute concentration.

(open symbols) aneb-alkanols (filled symbols). Also ~EDsofor Ina block was estimated from: B = 396/(K,,,”*).
shown is the dose-response relation for phenol (filled —S'°P¢ Parameter is a calculated averagertatkanols.
diamonds) fitted with an interrupted trace. Each of the

dose-response relations was fit by a logistics equation:gp, s for I, BLock

DoSERESPONSERELATIONS FOR Iy 4 AND Gy, BLOCK

|narea = 1 0 Table 1 tabulates the experimentally obtained values of
c \° EDg,and Log K,,, obtained from the published results of
L (ED50> Leahy et al. (1988) and el Tayar et al. (1991) for all test
solutes used. Table 1 shows that the;gBecreases as
wherely,ra)is the maximuni, relative amplitudeg is the chair_1 Ie_ngth increases fmalkgnols andb-alkanols.
the solute concentration in Ringer’s solution, £ the ~ Phenol is included for comparison purposes. As de-
half-blocking dose, anlis the slope parameter. Best fit Scribed in the previous section, the slope paraméger (
parameters for each logistics equation were obtained ugised in Eq. 1 to describi,ra) Was not significantly
ing a Marquardt-Levenberg nonlinear least square curvélifferent for n-alkanols and®-alkanols. This suggests
fitting algorithm. Figure 3 shows that increases in chainthat increases in chain length produced potency increases
length cause a reduction in the EPwhich can be ob- that can be interpreted as simple shifts of a shape invari-
served as a leftward shift of each dose-response relatioant dose-response relation.
for n-alkanols andb-alkanols.
These Ieftv_vard shifts represent increases in potenctNa_V RELATIONS
caused by adding a methylene group to the carbon back-

bone of the molecule. The trace used to fit propanol|_y relations for the test solutes were converted t¢ Na

(open triangles) can be shifted leftward and superposegonductance @,.) vs. voltage Gy.-V) relations using
well onto every other dose-response relation with in-the following equation:

creasing chain length; this shows that the slope for each

relation is not significantly changed with an increase inGy, = Iy/(Vm = Vaa) (2)
chain length and the addition of a phenyl group. Since it

was not possible to obtaikVs in the presence of ex- wherel,is the current recorded at a membrane potential
tremely large (>1v) concentrations of ethanol, the dose- V,,andV,, is a reversal potential obtained from edeW
response relation for ethanol was incompletely de-elation.

scribed. Therefore, an average slope for all other EachGy -V relation was fit using Eg. 3 to determine
alkanols was calculated and used to fit the dose-respongee maximumGy, (Gyamax) in Ringer’s solution (con-
relation for ethanol. trol and recovery) and in the presence of each test solute:
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A. 800 mM ethanol B. 200 mM propanol
2 2
1 INg (MA/cm™) 1 o INg (MA/emM™)
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C. 70 mM butanol D. 20 mM pentanol
2 2
1 5 INg (MA/cm©) 1 5 INg (MA/CmM®)
-60 -40 -20 g 20 40 60 &80 -60 -40 -20 g 20 40 66 880 Fig. 2. (A-D) Na" current-voltage relations for
b_gl.l.l.!,f.l.l.l.lllﬁ_ﬂﬂ_t Vi J.hl;:.l.l.hh@h?.lvm solutes at near ER concentrationsl-V relations
L2 3 °® e mv) g e 7 ° E (mV) obtained from fibers bathed in Ringer’s solution
©C ®ga0® @@ ®eee ® 5 (open circles), in the test solute at neardgD
= 1 e 8 © 1 = B concentration (filled circles), and in Ringer's
o) 1 B I E g solution following washout of solute (open
o 18 Jo squares). The data points represent the pedak Na
08 4 ) DE o current plotted as a function of the test pulses
E ©3 superimposed on a holding potential of =140 mV.
g B Each curve set represents one experiment at
3 ] the concentration indicated foA) ethanol,
-3 - -3 - (B) n-propanol, €) n-butanol, D) n-pentanol.
Gnamax Gng-V relations obtained in Ringer’'s solution; in the
Gna= RV VL, (3 presence of the solut&,,-V relations shift to the right
1+exp| ———Y2 and their slope is decreased. The solute induced a depo-
P RT

larizing (rightward) shift in theG, -V relations to cause
Gna to be reduced at all voltages untd,, saturates.
where Gy, is the observed Na conductance \4t, However, since all test solutg,,-V relations were nor-
Gna(max) IS the maximum Na conductanc¥,,, is the  malized, solute-induced reductions @\ ,max) are not
membrane potential when conductance is reduced biflustrated in Fig. 4. On average, there is a 41% reduc-
50%,zis the slope at the midpoint @,-V relations,F  tion of Gy,maxUpon exposure of a solute to Nahan-
is Faraday’'s constanR is the gas constant, aridis the  nels near ERQ, doses.
absolute temperature. Gnamax) IN the presence of propanol, butanol, and
Differences in the shape @,V relations obtained pentanol was respectively reduced to 59, 54, and 60%
in Ringer’s solution and in the presence of a solute reveatontrol Gy,max Similarly, in the presence of benzyl
whether Na channels are blocked in a voltage-dependeriticohol, phenethyl alcohol and 3-phenyl propanal,
manner by the solutes. To best observe changes in th8y,max Was reduced to 61, 61, and 60% control
shape ofGy,-V relations that reflect the presence of volt- Gy,max) respectively. A pairwise comparison of each
age dependent block, ea@yV relation was normal- n-alkanol with its phenyl-substituted counterpart reveals
ized so thalGy,maxWas set to 1. that there is no significant difference in the reduction of
Figure 4A—H showsG,.-V relations for the test sol-  Gyamax) by the addition of a phenyl group to the parent
utes at near EL) concentrations foly, block (filled  compound. The results suggest that increases in chain
circles) and their Ringer’s solution pre-application con-length do not cause any systematic reductioGfmax)
trol (open circles) and recovery (open squarég)-V Solutes also produced changes in the slop8pfV
relations. Each of the solutes caused two changes in thelations which reflect the presence of voltage dependent
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E. 8 mM phenol F. 10 mM benzyl alcohol
2 2
1 INa (mA/cm®©) 1 5 INng (MA/em®)
Oe B
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-1 -ng® ©
@ S
] O je
8 0.9
o8 08 E
-3 3
G. 10 mM phenethyl alcohol H. 2.5 mM 3-phenyl-1-
propanol
2 2
1 5 INag (mA/cm®) 1 — INg (MA/Cm®)
60 -40 -20 1 20 40 60 80 60 -40 -20 1 20 40 60 80
11|1|.|F.1.1.1.1.|.|l|.JVm bjém.ml:,mm|.[||%Jvm
® 3 ° ® E
® 3 ..Q (mv) 8. ':‘ ..55 (mv)
) B ° .. I5) ® ® [ ] a
o % o RS S
E §) ] a
i © g 1.8
=) 16 . L .
E BH Fig. 2. (E-H) Na" current-voltage relations for
8 @E ] (E) phenol, F) benzyl alcohol, G) phenyl
B3 3 alcohol, {) 3-phenyl-1-propanol. For details
-3 - -3 - seelegend to Fig. 2-D.

block. Table 2 compiles the results of the shifi\,,) produce a greater shift i, and a larger reduction in

and changes in slopg)(produced by the solutes at Ef3  the slope of5, -V relations. These results are consistent

for I, block. The values in the table were obtained inwith the idea that phenol and-alkanols more effec-

the following way. The mean values alV,, (=3 rep- tively reduceG,, and produce a greater voltage depen-

lications) obtained for each solute were plotted for alldent block of Na channels.

concentrations of the solute usedq). Plots produced

linear relationships betweenV,, and concentration;

AV, increased as a function of concentration. UsingALKANOL SiZE, LoG K, AND EDso

previously obtained EL values forly, block, the cor-

respondingAVy,s were calculated. A similar procedure To characterize the relationship between solute size and

was used to calculate values&d at ED,s for |, block;  EDsp, EDsgwas plottedvs.the number of carbons in the

Az also linearly increased as a functin of concentrationmolecule. Two distinct linear relations between log
Table 2 shows that there were no systematic changelSDs, and carbon number were obtained fealkanols

in AV,,, and Az for the threen-alkanols; the respective andd®-alkanols. The log EE, value for phenol lies at a

means fom-alkanols were 7.6 and —1.79. Similarly, for point where one would expect the value fehexanol to

®-alkanols there were no systematic changed\ih,,  be placed on the log ER vs. carbon number fon-

and Az. Phenol produced values @V,, and Az that  alkanols. However, the relation between the logsED

were not much different than those obtained forand®-alkanol carbon number does not follow along the

®-alkanols. However, the mean valuesXdf,, andAz  same path specified by the linear relation between log

(11.1 and —-2.03, respectively) fdr-alkanols and phenol EDsq vs. carbon number fon-alkanols.

were significantly larger that those faoralkanols sug- In both sets of alkanols the logarithm of the ED

gesting that the presence of a phenyl group acted tdecreases linearly with an increase in the chain length of
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a —140 mV prepulse was plotted as a function of the
prepulse potential. Solutes were applied at neagED
doses. Each solute produced a reversible hyperpolariz-
ing (leftward) shift in theh,, relation; thus at any given
potential the test solute reduced the pggk The results
obtained for 50 m butanol (-8 + 1.5 mV) and 15 m
pentanol (=9 £ 0.9 mV) were similar to the those shown
by Elliott and Elliott (1991) and served as controls for
the h,, shifts produced byb-alkanols.

Shifts in h,, for 10 mv benzyl alcohol (-13 + 3.1
mV), 8 mv phenethyl alcohol (-13 + 1.8 mV), and 2.5
mm 3 phenyl-1-propanol (-12 + .5 mV) were not statis-
tically different. Theh,, shifts observed forb-alkanols
were significantly larger than those observed fer
alkanols. Elliott and Elliott (1991) showed that
alkanols caused hyperpolarizifg, shifts that were in-

o
)

Relative Amplitude of Maximum Na* Current

0.0 —Frr—— dependent of the size of the alkanol. Similar results were
10° 10° 102 103 obtained using Na channels from a number of different
Solute Concentration in Ringer's Solution (mM) species, including squid, frog, and rat (Elliott & Elliott,

1991). h,, shifts for d-alkanols appear to also be inde-
Fig. 3 Dose-response relations fiyy, block. Dose-respoqse relations pendent of-alkanol size.
obtained for ethanol (open squares)propanol (open trianglesp-
butanol (open inverted triangles};pentanol (open diamonds), phenol
(filled diamonds), benzyl alcohol (filled circles), phenethyl alcohol
(filled squares), and 3-phenyl-1-propanol (filled triangles). Each plot-
ted point represents the mean relatlyg + sem for a particular con-
centration_ of_a test solute in Ringer‘s_ solution. At least three (range-ro characterize any kinetic Changes produced nby
3-8) repllt_:atlons c.>f each concentration were used to calculate th%\lkanols and®-alkanols, Na currents were fit with a
mean. Solid traces: dose-response curvesfpblock were calculated . .
using a logistics equatiorséetext). kinetic m_odel a_nd the solute _treate_d currents were com-
pared with their corresponding Ringer’s solution con-
trols. Comparisons were made over a range of voltages
the molecule. However, the relations fdr-alkanols in order to best detect any solute induced changes in
possess reduced S|opes Compared to the slopes for relginetics. The kinetic model chosen to make comparisons
tions forn-alkanols. These observations suggest that th&vas a modified version of the Hodgkin and Huxley
log EDy, is not solely determined by the size of the (19520) HH model forl,. Since the HH model does not
molecule. adequately describe the presence of delays in the devel-
To determine whether the solute lipid solubility can opment of activation and inactivation, they were incor-
solely determind,,/Gy, blocking potency, EB,s were porated in to the HH model to produce a modified model.
plotted on a logarithmic scale as a function of their logMuscle I.s also display two time constants of fast in-
Kow No single relation between the log Efand the log ~ activation (Hahin, 1988; Hahin 1990); this was also in-
Kow Can predict the behavior of both groups of mol- corporated into the model. The kinetic model used was:
ecules. Instead, two separate almost parallel linear rela-
tions are observed. This suggests that theMgg does Iy, = I\amax
not solely determine the Elg or the potency. (e A/ I3\ g (td2/aht (1 \y) g (t-d2/ah-s)
(7

ALKANOLS ALTER NA CHANNEL KINETICS

)

ALKANOL -INDUCED CHANGES IN
STEADY-STATE INACTIVATION wherel, is the observed Na curremf,max)is the maxi-
mum attainable inward Nacurrent,dl is the activation
Alkanols altered Na channel inactivation. To character-delay,t,, is the activation time constan¥ is the relative
ize the changes in steady-state inactivation caused bgmplitude of the fast component of rapid inactivation
alkanols, the following protocol was used: a 50 msec(fraction of fast inactivating Nachannels),d2 is the
prepulse was followed by a 0 mV test pulse. A sequencénactivation delays,_;is the fast inactivation time con-
of prepulses from -140 to +10 mV in steps of 10 mV wasstant, 1 -W is the relative amplitude of the slow com-
used. The amplitude df, elicited during the test pulse ponent of rapid inactivation (fraction of slowly inactivat-
relative to the maximum amplitude gf, obtained using ing Na" channels), and,_is the slow component inac-
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A. 800 mM ethanol B. 200 mM propanol

/ Vi (mV) / Vi (MV)
Lol b bbbl bl 5. IR I I T I T O I |

-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
C. 70 mM butanol D. 15 mM pentanol
GNa/GNamaX

Fig. 4. (A-D) Normalized conductance vs voltage
(Gna—V) relations for alkanol solutes at near ED
concentrations. Relations were obtained from
fibers bathed in Ringer’s solution (open circles), in
the test solute at near ERPconcentration (filled
circles; concentration indicated above the
corresponding curve-set), and in Ringer’s solution
following washout of test solute (open squares).
The points represent normaliz&j, plotted as a

Vin (mV) ) function of membrane potentiah) Ethanol, B)
Tola iy | - (T W I A I T T T T T | n—propanoI,C)n—butanol,D)n—pentanoI.EaCh
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 curve-set represents one experiment.

tivation time constant. The above modified HH model

was chosen for use because it allowed kinetic compar

sons to be made with previously published kinetic analy-ggte AV, “Az

ses of the action af-alkanols made using the HH model. mv mSiemens cii? mv-t
Table 3 shows kinetic parameters obtained in Ring

er’'s solution from fitting thel,s with nonlinear least

squares fits to Eq. 7. Shown are the activation time cona-Alkanols

stant ), two fast inactivation time constants,(; and n-Propanol 81+0.71 1.47+013

:Table 2. Voltage-dependent shifts @,,-V Relations at ERs

Th_d, two relative amplitudes of fast inactivation, where ~Butanol 54£0.21 1.48+0.06

W represents the relative amplitude of the rapid compo- &:::tfggﬂ 7gé4+iloé71 127'gl+i00?js
nent of fast inactivation and 1 W represents the relative  ppenol andb-Alkanols

amplitude of the slow component of fast inactivation, pnenol 14.4 +0.52 2.16 +0.08

and the delays for the activatiodl() and fast inactiva- Benzy! alcohol 12.3+0.67 1.98+0.11
tion (d2). In order to insure adequate comparisons be- Phenethyl alcohol 9.51+0.40 2.03£0.09
tween voltage-shifted kinetic parameters obtained in the 3-Phenyl-1-propanol 11.6+0.23 2.080.04

Mean +sem 11.1+£0.80 2.03+0.03

test solute relative to the kinetic parameters obtained in :
(excluding phenol)

Ringer’s solution, the following procedure was em-

ployed: kinetic parameter comparisons were made only
after compensating for the voltage dependent shifts imv,,,-depolarizing shift at the midpoint @,.-V relations.
GngV relations observed for each test solute. Az—change of the slope at the mid-point@f-V relations.
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E. 8 mM phenol F. 10 mM benzyl alcohol’

Vim (MV) , Vim (MV)
T T T | 4 I N T I T T I A

-60 -40 20 0 20 40 60 -60 -40 -20 0 20 40 60

G. 10 mM phenethyl alcohol H. 5 mM 3-phenyl-1-
propanol

GNa/GNamax GNa/qNamax

Fig. 4. (E-H) Normalized conductance vs
voltage Gy V) relations for alkanol solutes at
near EQQ, concentrations.K) Phenol, F)
Vi (MV) Vm (mV) benzyl alcohol, G) phenethyl alcohol, andH)

s l 1 ‘ 1 l 1 J 1 1 l 1 | 1 | 1 ' 1 | 1 I 1 l 1 ll l 1 lJ 1 1 1 I 1 | 1 I 1 ‘ 1 ] 3_pheny|_1_pr0pan0| FOI’ detallseelegend tO
-60 -40 -20 0 20 40 60 60 40 -20 0 20 40 60 Fig. 2A-D.

Table 4A—C shows the significantly affecteld,, ki- d2 were reduced to 55 and 71%, respectively, by both
netic parameters reported as a ratio relative to their valn-alkanols andb-alkanols and phenol.
ues in Ringer's solution. TableA4-C also shows the
difference between the parametedy) (obtained in the  piscussion
presence of the solute compared to Ringer’s solution and
the minimum de’gectable differencé)(for significance COMPARISON OF RESULTS
for the sample size. All concentrations used were near
EDs values. , , Alkanol-Induced Block ofy,

Since there were no systematic changes in the
relative ratio of parameters as the size of the moleculd'wo studies (Armstrong & Binstock, 1964; Haydon &
increased, a mean ratio could be obtained for each padrban, 1983) showed that alkanols blogls in squid
rameter forn-alkanols and®-alkanols. 1,s{Tmr) = giant axons. Elliott and Haydon (1989) reported an,gD
0.77 + 0.05 g-alkanols) and 0.76 * 0.04b-alkanols), (14.8 [7]) forl, block byn-pentanol and benzyl alcohol
while 7,_¢s{Th_¢r) = 0.60 = 0.06 g-alkanols) and 0.52 (12[2]) that does not significantly differ from the corre-
+0.03 @-alkanols). Similarlyd2s/d2, = 0.73+0.04  sponding ERs (16 + 0.8 and 11.7 + 0.3) fdg, block
(n-alkanols) and 0.70 + 0.03D(alkanols). The differ- obtained in this study. Also in this study, Epfor I,
ences between- and ®-alkanols and phenol were not block declined (and the relative potencies increased) by
significant. Thus, botm-alkanols andd-alkanols and 3.6 + 0.8 for the addition of each methylene group from
phenol caused,, to be reduced to 76% of its original methanol ton-pentanol compared to a previously re-
value observed in Ringer’s solution. Similarhky, ;and  ported value of 3.7 + 0.2 (Elliott & Haydon, 1989).
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Table 3. Na current kinetic parameters obtained in Ringer’s solution

Vi, mV -11 -1 8 18 27

Ty MSEC 0.219 +0.008 0.183 +0.005 0.160 + 0.004 0.143 +0.003 0.129 +0.003
Th., MSEC 0.686 + 0.024 0.625 +0.020 0.566 +0.019 0.524 +0.018 0.495+0.018
Th. MSEC 3.57+0.417 5.22 +0.586 6.88 + 0.805 7.76 +1.47 7.88 +1.56
w 0.912+0.011 0.957 +0.006 0.968 + 0.005 0.970 +0.008 0.958 +0.015
dl, msec 0.093 +£0.003 0.079 £ 0.003 0.070 +0.003 0.069 + 0.004 0.064 +0.003
d2, msec 0.709 £ 0.012 0.643 +£0.010 0.586 + 0.009 0.536 +0.008 0.476 +£0.012

V, —membrane potential,
T—activation time constant,

Th.fast inactivation time constant,

Th.g-SlOW inactivation time constant,
W-fraction of rapidly inactivating Nachannels,
dl-activation delay,
d2—inactivation delay.

Alkanols Alter Kinetics ofy, the differences in concentrations used in the studies, Eqg.
1, 2, and 3 were used to calculate Bg,max) 0btained

Elliott and Haydon (1989) reviewed previous studies thaty Elliott and Haydon (1989) fon-pentanol and benzyl
examined the effect ai-pentanol and benzyl alcohol on alcohol at the same concentrations. The calculated val-
the kinetics ofly, Their analysis ofl,, kinetics at ~ues are reported in [brackets] in Table 5.

EDss for Iy, block revealed that-pentanol and benzy! Elliott and Haydon (1989) reported large depolariz-
alcohol did not reduce the maximum possible conducing shifts in the steady-state activation parameter
tance y,) and produced only small depolarizing shifts (AV(m.) in Table 5). Them, shifts are related to the
in steady-state inactivatiohy relations), seemingly con- depolarizing shifts experimentally observed3g,-V re-
tradictory to the results obtained in the present studylations, SinCeGyamax = Ona M Whenmy, is negligible.
Also n-pentanol and benzyl alcohol produced large de-Them,, curve was shifted by 16 and 10 mV by 14.&m
polarizing shifts in steady-state activatiom,( curves) n-pentanol and 12 m benzyl alcohol, respectively. The
and reduced,, time constants of activationr,() and  calculated values of relative&y,max for 14.8 nm n-
inactivation ). pentanol and 12 m benzyl alcohol were 0.58 and 0.61,

The results of Elliott and Haydon (1989) and a studyrespectively. Using the squich, curve (Hodgkin &
conducted by Armstrong and Binstock (1964), whichHuxley, 195%) and the reported shifts, the estimated
showed that-propanol decrease@,, are compared valuesfom, were 0.6 fom-pentanol and 0.68 for benzyl
with the results of this study in Table 5. Relative valuesalcohol. Sinceg,, reported by Elliott and Haydon
of peakly, (Inasolute) Na(Ringer) MAXIMUMGy, (Gras/  (1989) was reduced to 0.96 Iaypentanol and to 0.92 by
Gnary Calculated in this study, anGy, (Onais{Inar) benzyl alcohol, the calculated values for relatig, max
calculated by Elliott and Haydon (1989), shifts in the were 0.58 forn-pentanol and 0.62 for benzyl alcohol,
midpoint of the steady-state activatiol\(,,(m.)), which are nearly identical to the corresponding values
GngV relations AV(Gy V), and steady-state inactiva- (reported inbracket§) for this study. Thus, the shift of
tion (AV(h,)), and the relative amplitudes of the activa- GV relations AV(G,,)) reported in this study appears
tion time constanti(,,s{Tmry and inactivation time con- as a corresponding shift ofi, reported by Elliott and
stant f,sfThry) are tabulated. Haydon (1989) and fit well with that study.

The kinetic analysis of HH parameters Igf, per- Time constants of activation and inactivation were
formed by Elliott and Haydon (1989) differed from the reduced byn-alkanols and benzyl alcohol in both studies.
analysis used in this study since maxim@yg.s were Elliott and Haydon (1989) reported values fepentanol
different. In the Elliott and Haydon (1989) analydly,,  and benzyl alcohol only; their review of the results ob-
represents a constant independent of voltage (Hodgkin &ined in other studies suggested thatradllkanols re-
Huxley, 1952) that is related to maximur,, by the  ducedrt,, and T, similar to the results obtained in this
relation:Gyamax) = Ona me when the initial value of the  study.
activation variablem, = 0. The shifts of m are re- Armstrong and Binstock (1964) examined the effect
ported in Table 5 adV,(m,). In the present study, the of n-propanol on maximun®,, and changes ih.,; their
maximumGy,-V was obtained from Eg. 3; the shifts of results are compared with the results of this study. To
GnaV are reported in Table 5 @V(Gy,). To overcome better perform the comparisorGy,s{Gnacr) for n-
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Table 4. Test solutes alteration df, kinetic parameters

A. Kondratiev and R. Hahin: ER G, Block Predictions

Solute C, nm Tm(solute)Tm(Ringen) d;, msec 3, msec
Activation time constantt(,)
Ethanol 800 0.623 +0.023 0.081 +0.016* 0.065
Propanol 150 0.835 +0.047 0.028 + 0.008* 0.026
Butanol 70 0.796 £ 0.045 0.043 £ 0.012* 0.040
Pentanol 15 0.806 +0.021 0.037 + 0.006* 0.014
Phenol 5 0.772 £0.023 0.041 + 0.005* 0.017
8 0.660 + 0.024 0.058 + 0.008* 0.024
Benzyl alcohol 10 0.763 £ 0.021 0.043 + 0.006* 0.017
Phenethyl alcohol 5 0.676 £ 0.037 0.052 + 0.009* 0.028
8 0.826 +0.034 0.030 + 0.008* 0.024
3-Phenyl-1-propanol 2.5 0.884 £ 0.021 0.019 £ 0.004* 0.011
Fast Component of inactivation time constany.§
Solute C, v Thet(s) Th-i(R) d;, msec 3, msec
Ethanol 800 0.592 + 0.005 0.266 + 0.004* 0.014
Propanol 150 0.759 +0.093 0.270 £ 0.099* 0.113
Butanol 70 0.495 +0.024 0.310 £ 0.017* 0.057
Pentanol 15 0.552 +0.014 0.287 £ 0.012* 0.039
Phenol 5 0.501 + 0.007 0.292 + 0.012* 0.036
8 0.394 + 0.009 0.343 +0.011* 0.033
Benzyl alcohol 10 0.591 +0.018 0.229 + 0.016* 0.047
Phenethyl alcohol 5 0.544 £ 0.010 0.244 £ 0.012* 0.038
8 0.497 £0.019 0.349 + 0.015* 0.046
3-Phenyl-1-propanol 25 0.594 +0.036 0.306 + 0.039* 0.119
Inactivation delay q2)
Solute C, v d2(s/02, d;, msec 3, msec
Ethanol 800 0.696 +0.018 0.213 +0.015* 0.060
Propanol 150 0.819 +0.06 0.102 + 0.034* 0.114
Butanol 70 0.651 +0.008 0.227 + 0.009* 0.031
Pentanol 15 0.749 +£0.021 0.156 +0.011* 0.037
Phenol 5 0.719 £ 0.022 0.170 + 0.015* 0.045
8 0.600 +0.014 0.235+0.016* 0.048
Benzyl alcohol 10 0.728 +0.018 0.160 + 0.012* 0.037
Phenethyl alcohol 5 0.642 +0.029 0.206 + 0.024* 0.079
8 0.719 £0.024 0.169 + 0.014* 0.045
3-Phenyl-1-propanol 25 0.803 +0.017 0.117 +0.011* 0.032

C represents the solute concentration for which kinetic parameters were obtained.
d; represents the absolute value of the mean sample difference for each parameter + standard error of gmsmean (
o represents the minimum detectable difference obtained from the following equation for a one-steapfer a sample difference,.

s
8= \/; (tew + ta)s

wheres? is a sample, variancen is a number of observationts,, is the probability of detecting the difference with the significance leved 0.05,
andtg,,, is the probability of detecting the difference between the test and the control 90% of th€Zamé&996.
* indicates significant differences.

propanol was calculated from Egs. 1, 2, and 3 used to filuced byn-alkanols were similar in size to shifts re-

Gng-Vrelations in this study. The calculated values wereported in this study for ERs (AV) in Table 2).

0.65 and 0.46 for 130 and 260Mm-propanol, respec- A discrepancy was seen when comparing shifts in
tively, and are shown ifbrackets] Gy,s{Gnaryfor - h... In this study hyperpolarizing shifts of 9 and 13 mVv

propanol fits fairly well with the corresponding values were observed fan-pentanol and benzyl alcohol, respec-
obtained by Armstrong and Binstock (19643,,V  tively. Armstrong and Binstock (1964) reported no
shifts reported by Armstrong and Binstock (1964) pro-shifts in h,, by n-alkanols, whereas Elliott and Haydon
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Table 5. Kinetic parameters of, from three separate studies

Study Solute Test Rel. Rel. AV, AV AV Rel. Rel.
conc. max e (M) Guw () Tm ™
(mwm) Gna (mv) (mv) (mv)
Armstrong & Binstock (1964) n-Propanol 130 (2) 0.64 =5 0
260 (1) 0.61 0
Elliott & Haydon (1989) n-Pentanol 14.8 (3) [0.58] 0.96 16 2.8 0.57 0.71
Benzyl alcohol 12 (2) [0.62] 0.92 10.1 -34 0.68 0.58
Present study n-Propanol 100 (4) 5.8
150 (3) 6.7 0.84 0.76
n-Pentanol 12 (3) 0.68 6 -9
15 (6) 0.62 7.3 0.81 0.55
Benzyl alcohol 10 (6) 0.69 8.3 -13 0.76 0.59
15 (3) 0.52 11
Present study n-propanol 130 <0.65>
(calculated values) 260 <0.46>
n-pentanol 14.8 <0.58>
Benzyl alcohol 12 <0.61>

Rel. I, is the relative amplitude of peak Na current.

Rel. Gyamaxis the relative maximum Na conductand@(,max) Obtained in the present study.

Rel. Gy.a is the relative maximum possible Na conductargg,) obtained by Elliott and Haydon (1989).
AV, (m,) is the shift in the mid-point of the steady-state activation murve.

AV(Gy,) is the shift in the mid-point of the G-V curve.

AV(h.) is the shift in the mid-point of the steady-state inactivatiop) (turve.

Rel. 7, is the relative time constant of activation.

Rel. 7, is the relative time constant of inactivation.

Armstrong & Binstock (1964) and Elliott & Haydon (1989) used squid giant axons.

Numbers in parentheses give the number of observations.

(1989) observed a 2.8 mV depolarizing shift produced bysuppress 50% of,, were 2-9 times smaller than the
n-pentanol and a 3.4 mV hyperpolarizing shift producedconcentrations ofi-alkanols required to suppress 50% of
by benzyl alcohol. The present study shows that the tedt,. Armstrong and Binstock (1964) reported that al-
solutes inactivated more frog Na channels than thakanols suppressed maximu@ less than maximum
shown previously for squid Na channels. Howewver, G, Similar to the anesthetic procaine. These results
butanol anch-pentanol were shown to produce hyperpo-suggest that alkanols act by primarily altering™NA&an-
larizing shifts ofh,. of =11 mV in rat dorsal root ganglia nels.
(Elliott & Elliott, 1991), similar to the shifts obtained in
this study. Phenyl Substitution Changes Physical-Chemical

The differences betweem, may have resulted from properties of n-Alkanols and Increased Their
two likely sources. (i) Armstrong & Binstock (1964) and Anesthetic Potency
Elliott and Haydon (1989) used squid giant axons which
were immersed in artificial sea water; the ionic strengthTable 6 shows the ERs for AP block andl,, block
of artificial sea water is much greater than the ionicoptained for each of the solutes along with their physical-
strength of Ringer’s solution used in the present studychemical properties: intrinsic molar volumi), polarity
The greater ionic strength of artificial sea water may(p), and hydrogen bond acceptor basici) énd donor
decrease the octanol-water partition coefficients of polagcidity («), which are tabulated in column®, B, anda
alkanols and thus reduce the efficacy of alkanols to altefvere derived from the work of Taft et al. (1985) and
inactivation. (i) Alkanol-inducedh.. shifts may depend Kamlet et al. (1988)P represents a scalar measure of the

on species-specific properties of Na channels. high frequency polarizability of the solute whiieanda
provide a measure of the ability of the solute to accept or
Alkanol-Induced Block of KCurrents donate a hydrogen bond, respectively.

The intrinsic molar volume, which represents a mea-
Previous studies have shown tmaalkanols suppressed sure of molecular size, increases by approximately 10
Na“ currents more than they suppressed ¢urrents  ml/m with each additional methylene group added to an
(Armstrong & Binstock, 1964; Haydon & Urban, 1986; n-alkanol. Addition of a phenyl group to amalkanol
Elliott & Haydon, 1989). Haydon and Urban (1986) re- increased the size of the molecule by 43 nml/Thus
ported that the concentrations wfalkanols required to phenyl group substitution substantially increased the size
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Table 6. Experimentally obtained Ef3s and Physical-chemical properties of solutes

Solute EDQ, (mm) Physico-chemical properties
AP Ina V,/100 P B « log Kow
Block Block
n-Alkanols
Methanol 2392 + 54 0.205 0.40 0.42 0.35 -0.77
Ethanol 881+ 30 779+ 19 0.305 0.40 0.45 0.33 -0.31
n-Propanol 235+ 8 171+ 11 0.405 0.40 0.45 0.33 0.25
n-Butanol 69+ 3 70+ 3 0.499 0.40 0.45 0.33 0.88
n-Pentanol 20+ 1 16+0.8 0.593 0.40 0.45 0.33 1.56
n-Hexanol 7.0+0.6 0.690 0.40 0.45 0.33 2.03
n-Heptanol 23%0.1 0.788 0.40 0.45 0.33 2.72
Phenol and M-alkanols
Phenol 8.1+0.3 6.3+0.4 0.536 0.72 0.33 0.61 1.46
Benzyl alcohol 20+ 0.5 11.7+0.3 0.634 0.99 0.52 0.39 1.10
Phenethyl alcohol 10+0.6 6.7+0.4 0.732 0.97 0.55 0.33 151
3-Phenyl-1-propanol 3.1+0.2 20x0.1 0.830 0.95 0.55 0.33 2.05

EDss—solute concentration producing 50% block.
V,/100~intrinsic molar volume/100 (nM/x 107?).
P—polarity (high frequency polarizability).
B—hydrogen bond acceptor basicity.
a—hydrogen bond donor acidity.
log K,,—0ctanol-water partition coefficient.

of eachn-alkanol; the percent increase in size due tosolute’s size, polarity, the ability to accept H-bonds, and
phenyl substitution decreases as the size of the pareits lipid solubility. Thus®-alkanols are less hydropho-
n-alkanol increases. Thus, benzyl alcohol is more than dic than unsubstituted-alkanols of similar size. Phenol
times the size of methanol while 3-phenyl-I-propanol isand phenyl substituted-alkanols are polar anesthetics.
only slightly more than 2 times the size ofpropanol. Phenol accepts hydrogen bonds less than and donates
The polarity of unsubstituteai-alkanols does not hydrogen bonds better than all tesalkanols. Although
change with the addition of methylene groups, whereadts size andK,,, are smaller than the size andg,, of
the polarity of phenyl substituted-alkanols decrease n-pentanol, phenol (ERup piocy = 8.1 Mm) is more
upon addition of methylene groups. The ability to acceptpotent tham-pentanol (ER, = 20 mv). Thus the po-
(B) or donate &) a hydrogen bond does not change as theency is not solely determined by size andkyy,,
size of ann-alkanol increases. Unsubstitutadhlkanols The chain length an&,,, were found to be impor-
are better acceptors of hydrogen bonds than donorgant factors in determining the potency of alkanols.
However, phenyl substitutegalkanols accept hydrogen However, neither the chain length nor ldg,,, solely
bonds better than unsubstituteealkanols. The ability determined blocking potency. The potencylQf block
of ann-alkanol to donate a hydrogen bond changes littlein a homologous series ofalkanols increased by 3.6 +
with phenyl substitution. 0.8 for every methylene group added. The potency in-
The EDyy values decreased as the octanol-water parerease per methylene group for phenyl substituted
tition coefficients K,) and the size\(,) of the molecule alkanols was not constant, but instead increased as the
increased. SincE andf changed little or not at all from methylene chain increased. Phenyl-substituted ethanol
one alkanol to another, molecular size is a key determi{phenethyl alcohol) was two times more potent than
nant of EQy, relative potency, an,,,. Each additional phenyl-substituted methanol (benzyl alcohol), whereas
methylene group increased the sikg,, and the potency phenyl-substitutech-propanol (3-phenyl-1-propanol)
of then-alkanols. Thus each additional methylene groupwas more than three times more potent than phenethyl
made each successimalkanol more hydrophobic. Phe- alcohol. The potency increase per methylene group is
nyl group addition ton-alkanols increases their lipid likely to converge to 3.2 (potency increase per methylene
solubility; the K, of each of the threé-alkanols is at group for n-alkanols) as theb-alkanol is extended in
least 60 times as great as its unsubstituted counterpaigize. Phenyl substitution increased the potencies of cor-
An n-alkanol of comparable size to &-alkanol is the respondingn-alkanols. Phenyl group addition to an
more potent and hydrophobic of the two molecules.  alkanol simply increases the potency independent of the
Adding a phenyl group to an-alkanol increases the chain length of then-alkanol (up to 3-carbon chain).
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104 5 O AP perpolarizing shifts inh... The contribution of each of
] G these changes are briefly discussed below.
i \Y4 Na

103 Predicted Voltage-Dependent Block of N&hannels

il

All test solutes acted to produce a voltage-dependent
block of I, the reduction ifl, increased with increases

in membrane potential. At near EpPconcentrations un-
substituted and phenyl-substitutedalkanols signifi-
cantly decreased the slops 6f GV relations (Table

ED5q (mM)
2

il

10" 3) at their midpoint; the mean reduction in slope was 1.9
. + 0.2 mSiemens ciit mV ™. In addition to the voltage-
i dependent block of Na channels, there was a larger
10° ! S | R voltage-independent block of the channels.

o 1 2 3 4 5 6 7 8

Number of methylene groups
in alkanol chain length

Alkanols Accelerate Kinetics of]

At nearly half-blocking doses, alkanols sped lyg ac-
Fig. 5. Predictions of EQ,s for AP and Gy, block for alkanols.  tivation by 24% and almost doubled the rate of fast in-
EDsg's for AP (circles) andGy, (triangles) block forn-alkanols and  activation. I, inactivation also occurred 29% earlier
®-alkanols as a function of the number of methylene groups in thethgn normally oberved in Ringer’s solution. These ki-
solute. Predlgtlons for ERy's for G, block based on equation 8 are netic effects act to reduce the pelk at any voltage.
shown as solid traces. . L
The effect of reductions in time constants and
Th_s and inactivation delayd@) produced a small effect
- 0 in-
Predictions of EQ, (<5_/o decrease) on the pe&l_ga. Ina Peaks and then in
activates faster than normal in the presence of an alkanol.

Using multiple linear regression analysis an equation de[—lowever, at nearly EL alkanol concentrations, kinetic

o . ) o e
signed to predict EQ, Gy, block as a function of the changes via simulations produced an estimated 17% re

i . A .~ __duction in the AP height.
physical chemical properties of the solutes was derived: Similar to fluidizing agents which speed up the ki-

EDg, = 106530V, + 0.88P - 1.06B — 4.92a + 6.29), netics ofl, by decreasing the values gf andr,, (Elliott
®) & Haydon, 1989), alkanols and phenol accelerated the

kinetics of I, However, alkanols caused kinetic
changes that have only a nominal effect on the amplitude
of Iy, thus the Na channel blocking effect cannot be
simply attributed to membrane fluidity increases.

whereV, is the solute intrinsic molar volume is the

hydrogen bond acceptor basicityjs the hydrogen bond

donor acidity, and is the polarity of the solute.
Figure 5 shows ERs for AP (circles) ands,, (tri- )

angles) block fon-alkanols andb-alkanols as a function Alkanols Inactivate NaChannels

of the number of methylene groups in the solute. Super- . o )

imposed on the symbols are predictions off5Dfor Gy, Phenyl subsututem—alka_nols_acted to significantly in-

block based on Eq. 8; the traces represent predictions féiease the number of inactivated ‘Nehannels at the

both, n-alkanols and®-alkanols. The predictions are resting potential. At near Ef3 concentrations unsubsti-

quite good. The equation adequately predicts,&SHor tuted n-alkanol_s shiftech,, relations at the m_|dpo_|nt by

bothGy,, and AP block. These results suggest that varia=8-7 MV and increased the slope at the midpoinh.of

tions in EDy, can be adequately explained as a functionCUrves, whereas phenyl substitutedlkanols produced

of V,, P, B, anda. ~12.5 mV shifts and comparably increased the slope of
Equation 8 also predicts Egs of n-alkanols and h., curves. The alkanol-induced changes in theare

d-alkanols and phenol for AP block. This observationSufficient to cause a 28%n{alkanols) and 40% &-

was unexpected, since Na channel block is non”neamalkanols) increase in the number of inactivated Na chan-

related to AP block. A 50% block of Na channels typi- Nels for a fiber held at -80 mv.

cally results only in a small (less than 10%) reduction in

AP size. However, Na channel block in itself does notExplanation of AP Block

simply explain AP block. Other changes in Na channel

properties produced an additional apparent block of N&Since experimentally observed and calculated, S»f

channels. These changes include depolarizing shifts in-alkanols for AP block are not significantly different

GngV relations, changes in Na current kinetics, and hy-from EDggs for I, block, n-alkanol-induced AP block
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cannot be simply explained by the block of Nehan- dence of sodium channel gating caused by divalent catibrGen.
nels. Unsubstituted and phenyl-substitutedlkanols _Physiol. 92:331-335 _ _
produce AP block through a combination of effects. AP Elliott, J.R., Elliott, A.A. 1991. Action of alcohols on sodium channels

imulations b d on Hodakin-Huxl tions for in dorsal root gangliaAnn. New York Acad. S#%25:344-354
simufations based o odg uxiey equations 10 Elliott, J.R., Haydon, D.A. 1989. The action of neutral anaesthetics on

squid axons (Hodgkin & Huxley, 19%2 were employed ion conductances of nerve membranBiochim. Biophys. Acta
to estimate the percentage reduction of AP height attrib- 988257286
uted to each factor: (i) Alkanols shifted, relations in el Tayer, N., Tsai, R.S., Tests, B., Carrupt, P.A., Leo, A. 1991. Parti-
the hyperpolarizing direction and inactivated resting Na tioning of solutes in different solvent systems: the contribution of
channels: 22% of the AP height was reduced due to the hydrogen-bonding capacity and polarity. Pharm. Sci.80:590-
inactivation OOf N& Chan.nels at -80 mv bw-alkanOIS’. Hahin, R. 1988. Two open states or two different Na channels in
Whereas ?jro %o of AP helght was reduc_ed due to inactiva- skeletal muscle fibers: Markov models of the decay of Na current
tion of Na" channels by phenyl substitutedalkanols. in frog skeletal muscleJ. Biol. Phys.16:81-91
(i) Alkanols equally acceleratedl, kinetics which  Hahin, R. 1990. Kinetic evidence for two Na channels in frog skeletal
caused a 17% decrease in the AP height. (iii) Alkanols muscle.J. Biol. Phys.17:193-211
produced avo'tage_independent and avo'tage_dependehgydon{ D:A., Urban, B..W. 1983. The action of aI(_:ohoIs and other
block of Na channels and shifte@,,-V relations in non'-(ljon_lc surfaci a;:]lve' ﬁu;:;inlcfigg the sodium current of the
I, . . : squid giant axonJ. Physiol.341:
depolarizing dlreCtlon'. The COWpOSIte effect .Of ChannelHaydon, D.A., Urban, B.W. 1986. The action of some general anaes-
block and a depolarlzmg shift by unsubstituted and thetics on the potassium current of the squid giant adoRhysiol.
phenyl-substituted-alkanols resulted in an 11 and 28%  373311-327
block of AP height, respectively. The combined effectHille, B., Campbell, D.T. 1976. An improved Vaseline gap voltage
of Na' channel inactivation, acceleration kp\fa kinetics, clamp for skeletal muscle fiberd. Gen. Physiol67:265-293
relations produced an estimated 53% AP block at 50% g‘:]ter?"f'li’g 43907‘1";'(‘;6°°”d”°ta”°e in the giant axort.oligo. J.
. - . ysiol.116:497—
INa bIOCklng concentrations of unSUbStltuwdalkar!OIS Hodgkin, A.L., Huxley, A.F. 195B. A quantitative description of
and an estimated 75% AP block at 50%, blocking membrane current and its applications to conduction and excitation
concentrations of phenyl-substitutaehlkanols. in nerve.J. Physiol.117:500-544
In conclusion, the results of the present study are<amlet, M.J., Doherty, R.M., Abraham, M.H., Marcus, Y., Taft, R.

consistent with the hypothesis that alkanol-induced AP  1988. Linear solvation energy relationships. 46. An improved equa-
block results from the alteration of Nahannels. Un- tion for correlation and prediction of octanol/water partition coef-

. p " ficients of organic nonelectrolytes (including strong hydrogen bond
§ubstltuteq and phenyl-substitutedalkanols pa_rtltlon donor solutes)J. Phys. Cherm02:5244-5255
mte the bllayer and act On N&hanne_ls by alte”ng the Kuroda, Y., Ogawa, M., Nasu, H., Terashima, M., Kasahara, M., Ki-
Na" conductance and gating properties of hannels. yama, Y., Wakita, M., Fujiwara, Y., Fuijii, N., Nakagawa, T. 1996.
Most importantly, they alter the inactivation of Na Locations of local anesthetic dibucaine in model membranes and
channels. Kuroda et al. (1996) showed that the phenyl the interaction between dibucaine and a"Nhannel inactivation
group of the local anesthetic dibucaine interacts with gate peptide as studied Bi- and H-NMR spectroscopiegio-
residues involved in Nachannel inactivation. Since  Phys. J711191-1207 _ _
phenyl substituted-alkanols inactivated more Na@han- Larfen.’ J., Gasser, K., Hahin, R. 1996. An analysis of dimethylsul-

. . . oxide-induced action potential block: A comparative study of

nels than the,'r u_nsu,bSt'tUted countgrparts, it appears that DMSO and other aliphatic water soluble solut€ex. Appl. Phar-
phenyl-substitution increases the likelihood that phenyl macol.140296-314

substitutedn-alkanols bind to Nachannels so as to in- Leahy, D.E. 1986. Intrinsic molar volume as a measure of the cavity

activate more channels. term in linear solvation energy relationships: octanol-water parti-
tion coefficients and aqueous solubilities. Pharm. Sci.75:629—
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