
Predictions of the EC50 for Action Potential Block for Aliphatic
Solutes

R. Hahin Æ J. Larsen Æ K. Gasser

Received: 3 July 2007 / Accepted: 12 November 2007 / Published online: 16 January 2008

� Springer Science+Business Media, LLC 2007

Abstract Experiments were conducted to test the

hypothesis that aliphatic hydrocarbons bind to pockets/

crevices of sodium (Na+) channels to cause action potential

(AP) block. Aliphatic solutes exhibiting successively

greater octanol/water partitition coefficients (Kow) were

studied. Each solute blocked Na+ channels. The 50%

effective concentration (EC50) to block APs could be

mathematically predicted as a function of the solute’s

properties. The solutes studied were methyl ethyl ketone

(MEK), cyclohexanone, dichloromethane, chloroform and

triethylamine (TriEA); the Kow increased from MEK to

TriEA. APs were recorded from frog nerves, and test sol-

utes were added to Ringer’s solution bathing the nerve.

When combined with EC50s for solutes with log Kows \
0.29 obtained previously, the solute EC50s could be pre-

dicted as a function of the fractional molar volume (dV/

dm = [dV/dn]/100), polarity (P) and the hydrogen bond

acceptor basicity (b) by the following equation: EC50 ¼
2:612 10 �2:117 dv=dm½ �þ0:6424Pþ2:628bf g� �

Fluidity changes

cannot explain the EC50s. Each of the solutes blocks Na+

channels with little or no change in kinetics. Na+ channel

block explains much of the EC50 data. EC50s are produced

by a combination of effects including ion channel block,

fluidity changes and osmotically induced structural chan-

ges. As the solute log Kow increases to values near 1 or

greater, Na+ channel block dominates in determining the

EC50. The results are consistent with the hypothesis that the

solutes bind to channel crevices to cause Na+ channel and

AP block.
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Introduction

The mechanism of general anesthesia is incompletely

understood. General anesthesia is produced by a variety of

substances possessing great structural diversity. Another

group of diverse solutes can act as anesthetic or anesthetic-

like agents and exhibit toxicity to humans and other verte-

brates. However, local anesthetics comprise a less diverse

group of substances and are known to block sodium channels

(Strichartz et al., 1990) by binding to a distinct site on the

channel protein. Possible explanations have been advanced

to describe anesthesia include membrane fluidity changes

(Mastrangelo et al., 1979) and the alteration of membrane

proteins including ion channels caused by nonspecific

anesthetic binding (Franks & Lieb, 1984). The potencies of

anesthetics correlate well with their lipid solubility, as

measured by their octanol water partition coefficient (Kow).

Since Kow can be reliably predicted (Kamlet et al., 1981) as a

function of several molecular properties (molar volume,

hydrogen bonding acceptor basicity, polarity), it is instruc-

tive to examine the relationship between the chemical

properties of a given compound and the production of action

potential (AP) and Na+ channel block.

In a previous study (Larsen, Gasser & Hahin, 1996), we

employed voltage-clamp techniques to show that a group
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of five solutes displaying a range of log Kows (from -1.35 to

0.1; log Kows \ 0.29) acted to decrease the amplitude of

Na+ currents to cause AP block. In this current study, a

group of five additional aliphatic and polychloroaliphatic

solutes showing log Kows from 0.29 to 1.94 was chosen for

study since they possess diverse properties, simple struc-

tures and Kows that have been well characterized (Taft

et al., 1985). When the five solutes that display log Kows

C 0.29 (methyl ethyl ketone [MEK], cyclohexanone,

dichloromethane [CH2Cl2], chloroform [CHCl3] and tri-

ethylamine [TriEA]) are combined with the previously

studied set of five solutes showing log Kows \ 0.29

(dimethyl sulfoxide [DMSO], dimethyl formamide [DMF],

N,N-dimethylacetamide [DMA], acetone, hexamethyl-

phosphoramide [HMPA], they form an ordered set of 10

solutes with Kows that progressively decrease in value so

that the set shows a [1,900-fold decrease in their values

from 87 to 0.045. Included in this set of solutes is chlo-

roform, which was first used as an anesthetic in 1847 and

last used clinically in the United States in 1960. Its use was

discontinued because of its toxicity to the liver and

kidneys.

In this study, we obtained a concentration-response

relation for solute-induced block of propagated APs in

desheathed sciatic nerves for each solute. The concentra-

tions blocking 50% of the AP height (EC50) were then

derived from each concentration-response relation. When

the EC50s of the solutes that exhibit log Kows C 0.29 are

combined with the EC50s of the solutes that display log

Kows \ 0.29 (Larsen et al., 1996), they form a set that

varies with, and can be mathematically predicted as a

function of, the fractional molar volume (dV/dm), polarity

(P) and hydrogen bond acceptor basicity (b) of the solutes.

In order to assay for solute-induced fluidity changes, we

examined the ability of each of the solutes to alter mem-

brane fluidity-sensitive chloride channel transport in

secretory granule membranes. These experiments suggest

that decreases in AP height appear at concentrations well

below levels that produce fluidity changes.

Similar to the solutes previously studied (Larsen et al.,

1996), the current set of solutes, displaying log Kows

C 0.29, also act to block Na+ currents with little change in

their kinetic properties; however, they are much more

potent and block Na+ currents and APs at much lower

concentrations. In total, the experiments suggest that AP

nerve block by all 10 aliphatic solutes is predominantly

caused by sodium channel block. Solute size (dV/dm),

polarity and hydrogen bond acceptor ability are important

chemical properties that predict solute potency in produc-

ing AP block. The results are consistent with the hypothesis

that a chemically diverse group of molecules bind to

appropriately sized crevices on the surface of Na+ channels

and act to block Na+ currents to cause AP block. In

addition, molecules that display log Kows C 0.29 have

better access to the complete set of crevices and act as

more potent ‘‘anesthetic-like’’ molecules.

Methods

Single Sucrose-Gap Technique

Solutes to be tested were dissolved in Ringer’s solution and

applied to isolated frog (Rana pipiens) sciatic nerves.

Compound APs were elicited and recorded using a tech-

nique adapted from Hahin & Strichartz (1981) and briefly

described below. A sciatic nerve was placed in a chamber so

that the nerve spanned three compartments. The proximal

end (placed in the intracellular compartment) was bathed in

isosmotic KCl, and the middle (placed in the extracellular

compartment) was bathed in either control Ringer’s solu-

tion or a test solution and separated from KCl by a partition

through which 0.22 M sucrose flowed. Sucrose flow was

maintained constant (ca. 3–8 ml/min) throughout the

recording period. The distal end of the nerve was bathed in

Ringer’s solution, which was covered by a layer of paraffin

oil. APs were elicited by supramaximally stimulating the

distal end of the nerve at a fixed rate (typically 1 pulse/10

min). Stimuli were delivered to the nerve by the use of

chlorided silver wires and a model SD9 stimulator (Grass

Instrument, Quincy MA). A brief (100 ls) supramaximal

voltage pulse was used to elicit APs (typically 300–800

mV). APs were differentially recorded using Ag/AgCl

electrodes by obtaining the potential in the intracellular

compartment relative to the potential in the extracellular

compartment; the extracellular pool was grounded via a

third Ag/AgCl electrode. APs were recorded on photo-

graphs using a CR10 camera (Polaroid, Cambridge, MA)

from repetitively applied traces on a 502A oscilloscope with

1 MHz bandwidth (Tektronix, Beaverton, OR). No filtering

or preamplification was used.

Ringer’s solution was applied to nerves to establish a

control AP height and shape before applying any test solutes

to the nerve. After applying solutes in Ringer’s solution to

whole nerves and recording APs, the solution bathing the

nerve was removed and replaced with Ringer’s solution. In

order to ensure complete removal of the solutes, at mini-

mum, three volume replacements (washouts) of the

extracellular pool were made. Typically, the responses of

five to nine nerves were measured for each solute tested.

Voltage-Clamp Technique

Single muscle fibers were dissected from the semitendi-

nosus muscle of grass frogs (R. pipiens) and studied using
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the Vaseline-gap voltage-clamp technique (Hille &

Campbell, 1976). Changes in the original method were

used in the experiments (Hahin & Campbell, 1983; Hahin,

1988). These changes produced a decrease in series resis-

tance (0.5–1.5 X cm2) and electrically uncoupled surface

membrane currents from transverse-tubular currents so that

surface Na+ currents could be recorded in virtual isolation.

The technique is more fully described in Larsen et al.

(1996).

Voltage-clamp command pulses were generated by a

digital stimulator (fabricated by R. H.). The stimulator

timing was controlled by a Digitimer D4030 (Medical

Systems, Great Neck, NY). Linear leakage and capacity

current subtraction from original records was performed

using an analogue electronic transient generator (con-

structed by R. H.). The subtracted records were filtered

using a 40-kHz Bessel filter. Current records were sampled

every 10 ls for a 12-ms duration using a Nicolet (Madison

WI) 2090 digital storage oscilloscope and stored for later

analysis. The sampling duration permitted the recording of

currents prior to, during and after the application of a

command pulse.

In order to isolate Na+ currents from other currents in

muscle, CsF (see below, ‘‘Solutions’’) was applied to the

cut ends of the fiber (in pools C and E) to block K+ and

Ca2+ currents. Fibers were also transiently (10–15 min)

exposed to external CsF to electrically uncouple the

transverse tubule system. Holding the membrane potential

of the fibers at -120 mV in between pulses eliminated the

effects of long-term inactivation. The temperature of the

fibers was maintained at 20–22�C.

In order to record Na+ currents in the presence of the

test solutes, control Na+ currents were measured in the

presence of standard Ringer’s solution in the A pool.

After recording of Na+ currents in Ringer’s solution, the

A pool solution was quickly changed (solution exchange

\10 s) to a premixed test solution that contained Ring-

er’s solution and the test solute using the procedure

below.

Application of Test Solutes

In both AP and voltage-clamp experiments, test solutions

were not isosmotic to Ringer’s solution but contained

Ringer’s solution and the test solute added on a volume-

to-volume basis and expressed as volume percent of test

solute added. Following application of the test Ringer’s

solution to the fiber (voltage clamp) or whole nerve (AP

recording) and the subsequent recording of Na+ currents

or APs, the solution was changed back to Ringer’s solu-

tion to record postcontrol Na+ currents/APs. When AP or

Na+ current recovery was fairly complete ([75%, mean

91.5 ± 2.6) and the Na+ currents or APs exhibited min-

imal or no changes in kinetics or voltage dependence,

other concentrations of the solute were applied in

sequence followed by recovery periods in Ringer’s

solution.

Solute-Induced Secretory Granule Lysis Assay for

Chloride Transport

In order to detect solute-induced membrane fluidity chan-

ges, experiments were conducted to measure changes in

secretory granule Cl- transport caused by increases in

membrane fluidity induced by addition of the test com-

pounds (solutes). Rat pancreatic secretory granules were

isolated by the technique of Hopfer & Gasser (1989), and

the granules were suspended in control solutions of 150 mM

KCl, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfon-

ic acid (HEPES, pH 7.0), 1.0 mM ethyleneglycoltetraacetic

acid (EGTA) and 0.1 mM MgSO4 at 37�C. Test solutions

were prepared by adding various volumes of solute to the

suspension solution to produce a series of hypertonic test

solutions.

Intact secretory granules account for [90% of the

optical density at 540 nm (OD540) of the secretory granule/

test solution suspension. The rate of granule lysis was

monitored by determining the percent change in OD540. A

Beckman (Fullerton, CA) DU-64 spectrophotometer,

equipped with a constant temperature controller and

microprocessor-controlled sampling and analysis capabili-

ties, was used to record the change in OD540 at 37�C.

Granules were suspended in the control solution and vari-

ous test solutions generating an OD540 of approximately

0.3, and the rate of lysis was followed by recording

changes in OD540 typically for a 5-min period.

In order to test for changes in chloride transport pro-

duced by the solute-induced fluidity changes, the K+

ionophore valinomycin (10 lg/ml) was added to granules

suspended in control and test solutions; valinomycin

induced a K+ influx coupled to endogenous granule Cl-

influx. Thus, the rate of solute accumulation into the

granules and subsequent granule lysis depended directly on

the endogenous granule Cl- permeability. Changes in Cl-

transport produced by the presence of the solute were

measured by determining the difference in valinomycin-

induced lysis rates in the presence or absence of the test

solute. If the solute produced changes in membrane fluid-

ity, valinomycin-induced K influx led to an increased Cl-

channel flux and lysis rate (Gasser, Goldsmith & Hopfer,

1990). Rate changes were expressed as mean percentage

changes from control rates (absence of solute). Each solute

was tested at all concentrations on at least five separate

granule preparations.
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Solutions

Ringer’s solution contained NaCl (115 mM), KCl (2 mM),

CaCl2 (2 mM) and HEPES (4 mM). The pH was adjusted to

7.4 using NaOH. All test solutions were prepared using a

volume-per-volume dilution of the test solutes in Ringer’s

solution. Solute concentrations and effective concentra-

tions for AP block were expressed as volume percents, to

be consistent with Larsen et al. (1996). The solutes used

were MEK, cylclohexanone, CH2Cl2, chloroform and

TriEA. All solutes were purchased from Sigma (St. Louis,

MO).

The intracellular KCl solution used in the sucrose-gap

experiments contained KCl (120 mM) and HEPES (4 mM),

and the pH was adjusted to 7.4 using NaOH. The sucrose

(0.22 M) used to establish the sucrose gap was made

osmotically equivalent to Ringer’s solution. The internal

solution used in voltage-clamp experiments contained CsF

(115 mM), NaF (5 mM) and HEPES (4 mM), with the pH

adjusted to 7.4 using NaOH.

Statistical Analysis

Mean values are reported with their associated standard

error of the mean. Two-tailed t-tests were used at the 0.05

significance level to test for significant statistical difference

between means.

Results

Whole Nerve Experiments

Protocol to obtain concentration-response relations

Figure 1a displays a typical experiment designed to obtain

concentration-response relations for the solutes used in this

study. Shown in sequence are the application of MEK to a

sciatic nerve at two different concentrations. ‘‘R’’ indicates

the application of Ringer’s solution to the nerve; the

number accompanying ‘‘R’’ describes whether Ringer’s

solution was applied for the first, second or nth time. The

protocol used for every experiment is described below.

APs were stimulated and recorded repetitively (at either

5- or 10-min intervals) so that the progression of time

during the experiment could be observed. Thus, each suc-

cessive AP observed in the two panels represents one

recorded 5 min after the previous one. The envelope of AP

peak heights represents the kinetics of the onset or offset of

the AP block. Once a steady-state effect was achieved, the

solute was washed out to observe the degree of recovery; in

most cases, a steady state was observed in 30 min. Similar

protocols were used for all other solutes in this study, and

the results were very similar (not shown). Four of the five

solutes displaying log Kows C 0.29 (MEK, CHCL3,

CH2Cl2 and cyclohexanone) showed [93% recovery even

at 90–100% blocking concentrations. However, unlike the

other solutes, TriEA blocked APs irreversibly, and the

protocols used to study its action are described in a separate

section below.

Fig. 1 MEK reversibly reduces the height of compound APs. a
Effect of application of and removal of MEK Ringer’s solution on

compound APs at two different concentrations. APs were elicited and

recorded every 5 min; APs were delayed and photographed every 5

min to appear in sequence on the oscilloscope and on the photograph.

Shown are successive applications of MEK at 1vol% and 2vol%;

MEK applications are denoted by arrows. Application of Ringer’s

solution is denoted by the symbol R and a number denoting the order

of application. The three APs shown in Ringer’s solution (denoted by

R1) represent the first three APs recorded prior to addition of MEK

Ringer’s solution; 30 min of stable APs were recorded prior to MEK

Ringer’s solution application; however, only three are shown. b AP

height for eight experiments designed to measure AP rundown. In

these experiments, APs were recorded every 5 min and their relative

heights compared to their initial height were plotted as a function of

elapsed time. Unfilled symbols (circles, squares, triangles, inverted
triangles, diamonds) represent five nerves that demonstrated rundown

behavior that was fairly linear in time. Solid trace shows a linear least

squares fit (r = 0.94) exhibiting a negative slope of 3%/h to the mean

of the five nerves demonstrating fairly linear rundown. Filled symbols
(circles, squares, triangles) represent three nerves showing unaccept-

able rundown behavior that was not fairly linear
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Figure 1b shows the results of control experiments

designed to determine the degree of AP rundown during

the course of long experiments. APs were recorded every 5

min over 4 h. APs typically showed no change in kinetics

(shape) during the experiments. Experiments were accep-

ted for analysis if rundown was \3% per hour.

Experiments were corrected for rundown by assuming the

AP height diminished linearly in time between control APs.

For each reversibly acting solute, one concentration was

applied, followed by solute removal and recovery, before a

second successive concentration was applied to the nerve.

Application of low and high concentrations was random-

ized. Using this procedure and at least five different

concentrations for each solute, concentration-response

relations could be obtained for each solute. The degree of

block for each concentration was defined to be the AP

height in the solute divided by the preapplication control

height. At least five replications of each concentration were

used to obtain a concentration-response relation for each

solute.

Irreversible action of TriEA

Figure 2 shows the result of applying 1.8 and 3.6 mM

TriEA in Ringer’s solution to a sciatic nerve previously

bathed in Ringer’s solution. The application of 1.8 mM

TriEA was followed by two successive Ringer’s solution

washout periods prior to the application of TriEA at the

higher concentration. The initial application of 1.8 mM

TriEA caused an initial rise in the AP, followed by a

continued slow decline in height until the test solution was

washed out with Ringer’s solution. The AP slowly declined

in experiments in which TriEA was applied without

Ringer’s solution washouts. The first Ringer’s solution

washout elicited a transient increase in AP height, which

then declined to a steady-state value that was not much

different from the AP height in TriEA. Despite a second

Ringer’s solution washout, no significant recovery back to

the original control AP height could be achieved. In

experiments similar to the one shown in Figure 2, TriEA

application typically diminished the AP height within 25

min. After 25 min, the TriEA solution was replaced by

Ringer’s solution. Following the Ringer’s washout period,

the AP recovered on average to 70% of the initial control

height. Figure 2 also shows that application of 3.6 mM

TriEA produced an almost complete AP block in 25 min,

which recovered upon washout with Ringer’s solution to

70% of its preapplication control height. Because TriEA’s

effect on APs was not well reversed after washout, esti-

mates of its ability to block APs are believed to be in error

by about 20% and the measurements overestimate the

potency of TriEA.

In a previous report (Larsen et al., 1996), the aliphatic

solute DMSO also produced an irreversible block of AP

and induced shape changes in the AP. Application of large

concentrations of DMSO Ringer’s solution (10% DMSO

Ringer’s or greater) always produced changes in AP height

and shape that were not reversed following Ringer’s

solution washouts. To obtain concentration-reponse rela-

tions for the irreversibly acting TriEA, a protocol similar to

the one employed by Larsen et al. (1996) for the irre-

versible action of DMSO was used. The height of the AP at

25 min after TriEA application divided by the preappli-

cation height was used to define the percent block obtained

at each concentration. Although TriEA acted irreversibly to

alter AP height, it did not produce the AP shape changes

observed previously by Larsen et al. (1996) for the action

of DMSO.

Concentration-response relations and EC50s for AP block

Concentration-response relations for the five solutes are

shown in Figure 3. Concentration-response curves for the

solutes displaying log Kows \ 0.29 were previously

described in Larsen et al. (1996). In Figure 3, the solutes

Fig. 2 TriEA irreversibly reduces the height of compound APs. The

figure shows the effect of application of and removal of 1.8 and 3.6

mM TriEA Ringer’s solution on compound APs. Shown are a

sequence of APs elicited and recorded periodically prior to, during

and following application of TriEA Ringer’s solution to a whole

nerve. R1 represents the application of Ringer’s solution (control)

during a 15-min period; APs were recorded 5 min apart. TriEA, 1.8

mM, was applied (denoted by arrow), and APs were recorded

immediately and 5, 15 and 25 min following the solution change. R2
and R3 signify two successive washouts of the chamber with Ringer’s

solution over a 35-min period; APs were recorded every 5 min over

this period of time. Following the two successive Ringer’s solution

washouts, a second application of 3.6 mM TriEA Ringer’s solution

was applied (denoted by arrow) to the whole nerve. APs were

recorded immediately and 5, 15 and 25 min after the solution change.

Following the second TriEA application, another Ringer’s solution

washout application was made (denoted by R4). APs were recorded 5,

15 and 25 min after the solution change
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are presented in order of increasing effectiveness at pro-

ducing AP block (MEK \ cyclohexanone \ CH2Cl2\
CHCL3\ TriEA). In each of the relations, a least squares

logistic equation was used to fit the data and is shown by a

solid trace; the logistic fits provide a simple method for

defining an EC50 for each solute. When the curve fits are

compared to a similar set of logistic fits for alkanols, they

also provide comparative insight into the binding of ali-

phatic solutes to Na+ channels. The form of the logistic

equation used was as follows:

%AP ¼ A

1þ S½ �
EC50

� �N
� �

where [S] represents the solute concentration, A is the

maximum height of the AP in % and N is a slope param-

eter. The %AP slope is proportional to N when

[S] = EC50.

The Levenberg-Marquardt algorithm was used to

obtain the best fits. The slope, N, required to obtain least

squared fits to the modified logistic equation for each

solute varied from a value of 2.7 to 8.0 and did not

systematically change as the EC50s were increased. The

slope term provides insight into the binding of the mol-

ecules to the Na+ channel protein; changes in N imply

that each solute binds to a different number of binding

sites. In contrast, a set of phenyl-substituted or nonsub-

stituted n-alkanols produced concentration-response

relations that exhibited a slope parameter that remained

constant as the length of the alkanol was increased by

adding successively more methylene groups (Hahin &

Kondratiev, 2001). EC50s were defined to be the con-

centration of the logistic fit to the concentration-response

relation that caused a 50% reduction in AP height from

the control height. The EC50s obtained from the concen-

tration-response relations are shown in Table 1. Table 1

shows EC50 values (expressed in vol% and molarity) and

the respective values of dV/dm, P, b and log Kow for each

solute. Polarity represents a measure of the high-fre-

quency polarizability of the solute, while b provides a

measure of the ability of the solute to accept a hydrogen

bond with the solvent (Taft et al., 1985).

Table 1 shows that the EC50 values decrease as the log

Kow increases. Figure 4 shows that the relationship

between EC50 and log Kow can be fit with a hyperbolic

function that exhibits two limiting slopes. The hyperbolic

relation was obtained by obtaining a least squares linear

regression of a double logarithmic plot of EC50 and log

Kow.

The more polar molecules displaying small Kows create

the (left) steeply negative asymptote of the EC50 relation,

while the molecules displaying a much greater ability to

partition into octanol than water produce the (right)

asymptote that approaches 0 as the log Kow increases. The

EC50 shows a correlation with P (r = 0.7) and b (r = 0.56)

but surprisingly little correlation with dV/dM (r = 0.21).

However, the EC50 correlates strongly with a linear com-

bination of all three variables.

Osmotically induced attenuation of the AP

It was important to determine if block by any of the agents

was produced solely by osmotic forces. Previous work

conducted by Larsen et al. (1996) suggested that the solutes

displaying log Kows B -0.77 (DMSO, DMF and DMA)

are membrane-permeant molecules and do not act to block

APs by osmotic forces. DMSO, DMF and DMA are less

effective at blocking APs than a simple impermeant solute.

However, HMPA, the largest of the solutes used in Larsen

et al. (1996) displaying a log Kow of 0.28, may cause AP

and Na+ channel block by acting as a simple osmotic agent;

HMPA acts similarly to sucrose in its ability to block APs

and Na+ currents. The test solutes used in the present study

all are membrane-permeant and do not act as simple

osmotic agents to exert their effect. In fact, the most effi-

cacious of the five test solutes (CH2Cl2, CHCl3 and TriEA)

could not be acting as simple osmotic agents to cause AP

block because they produce 50% block of APs at fairly

small concentrations (\32 mM). This contrasts to the large

concentration of a simple osmotic agent, sucrose ([500

mM), to produce 50% AP block.

Solute-induced changes in chloride transport

Larsen et al. (1996) showed that each of the solutes dis-

playing log Kows \ 0.29 acted to produce chloride

transport–sensitive fluidity changes in pancreatic secretory

vesicles at concentrations below and above EC50 values.

Larsen et al. (1996) showed that the relative efficacy of

solute-induced changes in chloride transport for the five

aliphatic solutes with log Kows \ 0.29 was HMPA [ ace-

tone [[ DMA [ DMF [ DMSO. The presence of these

solute-induced fluidity changes suggests that increases in

membrane fluidity may play a role in AP block. A similar

set of experiments was performed on the five test solutes

used in this study in order to test whether they also cause

membrane fluidity increases.

To test for membrane fluidity changes of all five test

solutes, secretory granules were incubated in various con-

centrations of the solutes. Secretory vesicles behave as

osmometers, and their rates of lysis are directly correlated

to the rates of solute and water influx. Spectrophotometric

techniques were used to estimate the relative rate of solute

influx compared to H2O efflux through the vesicle
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membranes. Additional experiments were conducted to

determine whether the solutes acted to alter vesicle mem-

brane fluidity reported by changes in Cl- permeability.

Previous experiments (Gasser et al., 1990) have shown that

increases in secretory granule membrane fluidity produced

by the addition of membrane fluidizing agents to the ves-

icle bathing solution that partition into the bilayer strongly

correlate with increases in secretory granule Cl- transport.

The solutes were applied to a buffered test KCl solution

(for composition of the solution, see ‘‘Methods’’) at dif-

ferent concentrations to pancreatic secretory vesicles either

in the absence or in the presence of the ionophore valino-

mycin. A change in lysis rate in the presence of

valinomycin can be attributed to changes in chloride

transport produced by solute-induced changes in membrane

fluidity.

Fig. 3 Concentration-response relationships for five aliphatic solutes.

a–e Concentration–response relationships for AP block for MEK,

cyclohexanone, dichloromethane, chloroform and TriEA, respec-

tively. Each plotted point represents the mean relative height of the

AP obtained from a nerve exposed to the solute at a particular

concentration, expressed as a percentage of the control height

obtained in Ringer’s solution. Solid traces, logistic fits to concentra-

tion–response relations. Error bars represent standard error
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Cyclohexanone and CH2Cl2 were applied at 0.1–0.75%

in increments of 0.25%, while CHCl3 and TriEA were

applied at 0.067%, 0.1% and 0.25% to the secretory

vesicles.

Only cyclohexanone produced a significant increase in

lysis rate at a concentration (0.75%) greater than its cor-

responding EC50 (0.55%, or 53 mM). At concentrations of

0.5% and below, no significant increases in lysis rate were

observed. Each of the other solutes (MEK, CH2CL2,

CHCL3 and TriEA) did not significantly increase the lysis

rate at any concentration tested (below or above their

corresponding EC50 values). These results suggest that the

solutes displaying log Kows of 0.29 or greater produce

nominal, if any, changes in membrane fluidity at the con-

centrations used. The results also suggest that AP block

cannot be attributed to solute-induced increases in mem-

brane fluidity.

Muscle Voltage-Clamp Experiments

Since Na+ channels are the principal sources of current for

AP production, experiments were conducted to test whe-

ther the five solutes act to alter the size and kinetic

properties of Na+ currents. Larsen et al. (1996) showed

previously that the solutes with log Kows \ 0.29 act to

block Na+ currents with minimal or no effect on kinetics;

therefore, it was prudent to check if the solutes with

Kows C 0.29 acted similarly.

Cyclohexanone, MEK, CH2Cl2, CHCl3 and TriEA block

muscle Na+ currents

Each solute was applied externally (in Ringer’s solution) to

muscle, to determine its effect on Na+ currents. Na+ cur-

rents were elicited with test pulses to 0 mV (from a holding

potential of -120 mV). Figures 5 and 6 show the results of

two experiments conducted using 50 mM cyclohexanone

and 30 mM CH2Cl2, respectively. The top of each figure

shows the voltage protocol used to elicit Na+ currents,

shown below the voltage pulse. Each record shows an

initial outward (upward deflection) capacitive current

(elicited by the start of the depolarizing pulse), followed by

an inward Na+ current that peaks and decays. Two Na+

current records are shown in each figure. The larger of the

two represents the preapplication Na+ current (control),

while the smaller one (designated by an arrow) represents

the current after solute application.

At small depolarizing voltages, muscle Na+ currents

(INa) exhibit fast and slow inactivation decays (Hahin,

1990), which were most observable at -40 mV. The slow

decay is likely produced by the decay of activated slow

Na+ channels (Hahin, 1990), which typically contribute

\6% of the total Na+ current; to minimize the contribution

of the slow component to the current kinetics, muscle fibers

Table 1 ED50 values and physical properties of solutes

Solute ED50 (% vol) ED50 (mM) dV/dm (ml/mol x 10-2) P ß log Kow

TriEA 0.045 3 1.401 0.14 0.71 1.45

Chloroform 0.12 14 0.805 0.38 0.10 1.94

Dichloromethane 0.21 32 0.624 0.62 0.10 1.15

Cyclohexanone 0.57 56 1.136 0.76 0.53 0.81

MEK 1.7 215 0.895 0.67 0.48 0.29

Acetone 4.5a 613a 0.706 0.27 0.47 0.10

HMPA 6.5a 373a 1.750 0.87 1.05 0.28

DMA 13.0a 1,400a 0.924 0.88 0.76 -0.77

DMF 12.5a 1,600a 0.774 0.88 0.69 -1.01

DMSO 20.0a 2,800a 0.710 1.00 0.76 -1.35

a Data obtained from Larsen et al. (1996). dV/dm, P, b and log Kow values obtained from Taft et al. (1985)

Fig. 4 EC50 vs. Kow relation. EC50 estimates obtained from Fig-

ure 3a–e plotted as a function of log Kow. Open circles represent data

obtained from Larsen et al. (1996), while filled circles represent data

obtained from Figure 3. The EC50 for HMPA is indicated by an

arrow. Solid trace, hyperbolic decay fit to data
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were chosen that showed slow components that contributed

3% or less to the total Na+ current.

Each of the five solutes was applied in Ringer’s solution to

single voltage-clamped muscle fibers to test their effects on

the amplitude and kinetics of INa. Each of the solutes reduced

Na+ currents and blocked them completely if they were

applied at concentrations much greater than the EC50 for AP

block. To compare the kinetics of INa in the presence of each

solute, solute-modified currents were scaled up (not shown)

so that their peak values matched their corresponding pre-

application control peak INas. The two solutes shown were

chosen because they typically displayed the most visible

changes in kinetics. Two of the other solutes (TriEA and

MEK, not shown) produced only small changes in the kinetic

properties of INa, and chloroform produced changes that

were very similar to dichlormethane. A systematic study of

the kinetic alterations of INa produced by each solute was not

undertaken; however, Table 2 illustrates the changes pro-

duced by the solutes. Table 2 shows estimates of the ratios of

INa activation and inactivation time constants in the test

solute relative to their values in Ringer’s solution. Time

constants were obtained using a modified Hodgkin-Huxley

kinetic model (Hodgkin & Huxley, 1952) for INa to simplify

the analysis. CH2Cl2 reduction of INa was similar to that seen

for CHCl3. CHCl3 is an anesthetic, and its actions in reducing

INa and changing channel kinetic properties have been pre-

viously reported (Haydon & Urban, 1983). CH2Cl2 is

structurally related to CHCl3 and is simply a less potent

version of the anesthetic. A more systematic study of its

action in altering the kinetics of INa has been previously

reported (Haydon & Urban, 1983). TriEA is the most potent

of the solutes used, and its action is similar to that seen for

MEK, CH2Cl2, CHCl3 or cyclohexanone. Application of the

solutes at concentrations near their corresponding EC50 for

AP block typically produced a block of 55–75% of INa;

therefore, the ability of these solutes to block INa was

TriEA [ CHCl3 [ CH2Cl2 [ cyclohexanone [ MEK.

Discussion

Action and Toxicity of Aliphatic Hydrocarbons

The effects of exposure of aliphatic hydrocarbons to

humans (Seppalainen, 1985) have been previously studied.

Arlien-Soborg (1992) put forth hypotheses to explain how

organic compounds produce neurotoxicity. He suggested

Fig. 5 Cyclohexanone attenuates Na currents with little change in

kinetics. Shown are single muscle fiber Na+ currents elicited by test

pulses of 0 mV from a holding voltage of -120 mV. The pulse protocol

used is shown above the current records. Currents were obtained from

fibers bathed in Ringer’s solution and 50 mM cyclohexanone Ringer’s

solution (denoted by arrow). T = 20�C

Fig. 6 Dichloromethane attenuates Na currents with little change in

kinetics. Shown are single muscle fiber Na+ currents elicited by test

pulses of 0 mV from a holding voltage of -120 mV. The pulse protocol

used is shown above the current records. Currents were obtained from

fibers bathed in Ringer’s solution and 30 mM cyclohexanone Ringer’s

solution (denoted by arrow). T = 20�C

Table 2 Test solute changes in sodium current activation and

inactivation

Solute C (mM) sm(S)/sm(R) sh(S)/sh(R)

MEK 100 0.89 ± 0.1 0.92 ± 0.08

Cyclohexanone 50 1.05 ± 0.1 1.12 ± 0.07

Dichloromethane 30 0.78 ± 0.13 0.82 ± 0.09

Chloroform 15 0.74 ± 0.17 0.85 ± 0.1

TriEA 3 0.9 1.1

sm(S)/ sm(R), ratio of activation time constant in solute relative to

Ringer’s solution; sh(S)/sh(R), ratio of fast inactivation time constant

in solute relative to Ringer’s solution
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that lipid-soluble compounds act as anesthetics to alter

membrane fluidity or alter the membrane microfluidity near

Na+ channels. Our results suggest that Na+ channel block

principally contributes to aliphatic hydrocarbon AP block.

Fluidity changes do not appear to be a key factor in causing

block.

Biological Action of Specific Solutes

Solutes displaying small Kows (DMSO, DMF, DMA, HMPA

and acetone)

The actions, properties and toxicity of DMSO, DMF,

DMA, acetone and HMPA and their ability to block Na+

channels with minimal changes in kinetic properties were

previously described (Larsen et al., 1996). Each of these

solutes acted to produce AP block by a combination of

effects including Na+ channel block, osmotically induced

structural changes and fluidity changes (Larsen et al.,

1996). As the Kow of these solutes increased, Na+ channel

block played a greater role in producing AP block.

Solutes displaying larger Kows (CHCl3, CH2Cl2, TriEA,

MEK and cyclohexanone)

MEK was found to be one of the most potent solutes

studied, producing neurotoxicity (Kimura et al., 1971) with

an estimate of its median lethal dose (LD50) of 56 mM/kg

i.p. (Tanii, Tsuji & Hashimoto, 1966). Workers exposed to

MEK over many years displayed abnormal nerve conduc-

tion velocities (Mitran et al., 1997). Ultrastructural studies

showed that 300 lg/ml MEK for 7 weeks produced mor-

phological abnormalities (Veronesi, 1984). Neurotoxicity

by MEK is likely produced by altering ion channels asso-

ciated with synaptic transmission and axonal conduction.

The oral LD50 of cyclohexanone in rats was reported

(Smyth, Carpenter & Weil, 1969) to be 1.62 ml/kg (15 lM).

Holland et al. (1990) showed that cyclohexanone acts to

alter brain activity in mice and suggested that it binds to the

GABAA channel. The LD50 reported (Smyth et al., 1969)

for cyclohexanone is much smaller than the EC50 for AP

block reported in this study. This suggests that cyclohex-

anone may act to bind to other ion channels with better

affinity than Na+ channels.

In neurophysiological studies (Fodor & Winneke, 1971),

CH2Cl2 exposure (500–3,000 ppm for 3 days) to rats

altered electroencephalograms and somatosensory evoked

potentials. CH2Cl2 (5,000 ppm) produced depression of

motor activity, and injections in rats slowed nerve con-

duction velocities. CH2Cl2 blocked squid axon sodium

currents (Haydon & Urban, 1983) at concentrations similar

to that reported in this study. Dichloromethane’s alteration

of Na+ channel properties likely caused the central nervous

system changes.

Haydon & Urban (1983) showed that chloroform

blocked Na+ currents in squid axons with only small

changes in the current kinetics. When applied to rabbits

orally in a single concentration, chloroform exhibits an

LD50 of 2 g/kg (Torkelson, Oyen & Rowe, 1976); an LD50

of 2 g/kg (10 mM) is near the EC50 for AP block (14 mM)

found in this study.

The oral LD50 of TriEA in rats is 0.46 g/kg (Smyth,

Carpenter & Weil, 1951). A charged derivative of TriEA

acts to block cardiac sarcoplasmic reticulum calcium-

release channels (Tinker & Williams, 1993). In the cal-

cium-release channel TriEA acts as an impermeant cation

that blocks the pore (Tinker & Williams, 1993). It appears

likely that the LD50 reported in rats derives from AP block.

Alkanols Block Na+ Channels and APs Differently

from Aliphatic Hydrocarbons

Alkanols are similar to local anesthetics. The potency of

alkanols in producing anesthetic block correlated with the

log Kow (Requena & Haydon, 1985; Elliot & Haydon,

1989). AP and Na+ channel block by phenyl-substituted

primary alkanols showed that increasing their chain length

increased their potency (Hahin & Kondratiev, 2001; Kon-

dratiev & Hahin, 2001). However, unlike the

concentration-response relations for aliphatic solutes which

show a variety of slopes, every alkanol displayed the same

slope in its concentration-response relation (Hahin &

Kondratiev, 2001; Kondratiev & Hahin, 2001). This sug-

gests that primary alkanols bind to identical locations on

the Na+ channel to exert their effect. This is consistent with

a hypothesis that anesthesia is produced by binding of

solutes to pockets on ion channel proteins (Heidman,

Oswald & Changeux, 1983; Franks & Lieb, 1984, 1994).

This study’s results are consistent with the idea that ali-

phatic solutes bind to a number of different pockets to

cause block. Since each aliphatic solute does not bind to

the same pocket or set of pockets, the slope of the con-

centration-response curve can change.

EC50 Correlates with Log Kow

The EC50s for all 10 solutes (five in this study and five in

Larsen et al., 1996) correlate (r = –0.92) well with their

respective log Kows, showing that the molecules exhibit

behavior (partition into a lipid-like substance and anes-

thetic action) similar to compounds studied by Overton

(1901) and Meyer (1937). Overton and Meyer observed

that anesthetic potency correlates with the solubility of the
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molecules in olive oil, and since that time it has come to be

known as the ‘‘Meyer-Overton rule.’’ The Meyer-Overton

rule or hypothesis also implied that increases in the bilayer

concentration of agents alter membranes to cause anes-

thesia; the changes have generally been interpreted to be

membrane fluidity increases because gaseous anesthetics

reduce the order of lipid bilayers (Goldstein, 1984). The

fluidity increases could be mimicked by small increases

(ca. 1�C) in temperature. More recent work (Franks &

Lieb, 1984; Larsen et al., 1996; Kondratiev & Hahin, 2001;

Hahin & Kondratiev, 2001) suggests that anesthetic

potency correlates with the ability of a substance to bind to

membrane proteins.

To test the Meyer-Overton hypothesis, experiments

were performed to measure solute-induced changes in

chloride transport and INa. Solute-induced changes in

chloride transport were measured to assay for ion channel–

sensitive fluidity changes. Gasser et al. (1990) showed that

agents added to secretory granules that increase membrane

fluidity cause increased chloride transport. The results of

this study show that not all solutes increase chloride

transport consistently with fluidity increases. These results

are inconsistent with the Meyer-Overton hypothesis. For

those solutes that do produce fluidity increases, decreases

in AP height (and INa) appear at concentrations well below

levels that produce fluidity changes; these results suggest

fluidity changes may contribute to AP block (most

importantly by increasing ICl) but are not the major con-

tributor to the block. However, these experiments do not

completely rule out the Meyer-Overton hypothesis because

Na+ channels may experience a different microenviron-

ment from chloride transporters and fluidity changes that

do not alter chloride transport may alter Na+ transport.

Voltage-clamp studies of all the solutes showed that

each solute acted to reduce INa with no or minimal kinetic

changes. Fluidizing agents act to speed up the kinetics of

INa. Our AP and INa studies do not show any substantial

speeding up in kinetic properties. Our results are best

interpreted to represent a solute–ion channel interaction

leading to channel block.

Experiments with the solutes displaying log Kows \
0.29 (Larsen et al., 1996) were also designed to assay for

osmotically induced structural changes in the whole nerve.

The results of those experiments suggest that each of the

solutes (with the possible exception of HMPA) does not act

as a simple osmotic agent to produce AP block. However,

osmotic forces do appear to cause intracellular and/or

extracellular volume changes that would lead to resistance

changes which contribute to reductions in AP height and

shape.

The protein binding hypothesis explains most, but not

all, of the results of this study. AP block appears to be

produced by a combination of effects: channel block, small

membrane fluidity increases and osmotically induced vol-

ume and viscosity changes. The solutes with log

Kows C 0.29 cause block at low concentrations, and thus,

the first two effects predominate. The solutes with log

Kows \ 0.29 are ineffective blockers of Na+ channels and

only block at concentrations that may cause significant

osmotic effects; therefore, osmotic alterations of channel

properties may contribute to AP block.

EC50 Follows a Hyperbolic Relation with Kow

Figure 4 shows that the EC50 is hyperbolically related to

Kow using a two-parameter fit to the data. The five solutes

used in this study are shown as filled circles. The open

circles represent data previously obtained by Larsen et al.

(1996). The slopes of the curve approach asymptotic lim-

iting values over the region of the curve that the solutes

partition well into either water (log Kows \ 0) or the lipid

membrane (log Kows [ 1). Over the region where the

solutes partition well into the bilayer, the solutes (filled

circles) potently block Na+ channels/APs and act as anes-

thetic/anesthetic-like molecules. Over this region, the EC50

relation to log Kow is approximately linear. The two-

parameter fit describes the behavior of four of the five

solutes well. Using a double logarithmic plot of the data,

Figure 7 shows that the discrepancy between the empirical

relation and the data are greatest for TriEA because of

TriEA’s irreversible action on nerve fibers.

EC50 Predictions

Since EC50 is related to log Kow and the log Kow of ali-

phatic solutes can be well predicted as a function of dV/

dm, P and b (log Kow = 0.1 + 2.9 dV/dm – 0.88P – 3.6b)

(Taft et al., 1985), a new equation can be constructed

predicting EC50 as a function of dV/dm, P and b using the

two-parameter model:

EC50 ¼ 2:612 10 �2:117 dv=dm½ �þ0:642Pþ2:628bf g
� �

ð1Þ

The above relation is valid for aliphatic solutes only. The

relation between log Kow and dV/dm, P and b (Taft et al.,

1985) derives from the theory of linear solvation energy

relationships, which presumes that conditions exist such

that general properties (e.g., solubility, chemical reactivity)

of molecules (solutes) in a solvent (water) can be predicted

as a linear combination of independent variables (Kamlet,

Abboud & Taft, 1981). Therefore, by extension of the

theory, each of the coefficients of the variables of equation

1 can also be physically interpreted. The coefficient of dV/

dm represents an endoergic cavity term that represents the
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difference in energy required to produce a cavity (to con-

tain the solute) in the bilayer compared to the solution

phase. The coefficient P represents an exoergic dipolar

term involving solute–solvent dipole–dipole interactions

(including induced dipole interactions) that compares

dipolar interactions in the bilayer and solution phase.

Similarly, the coefficient b represents an exoergic hydro-

gen bonding term involving the solvent as donor and the

solute as acceptor, which compares hydrogen binding

energies in the bilayer and solution phase.

Since reductions in INa appear to be the principal cause of

AP block, the simplest interpretation of the equation is that

the solute can interact with Na+ channels (via the bilayer or

water phase) to produce block. The sign of the coefficient

for dV/dm suggests that solute molecules principally enter

the bilayer and interact with (bind to) Na+ channels to cause

reductions in INa and AP block. Similarly, solutes of high

polarity that readily accept hydrogen bonds prefer to par-

tition in the solution phase either do not block Na+ channels

or block Na+ channels via the water phase.

Figure 7 compares the hyperbolic decay relation that

best fits the EC50 observations shown in Figure 4 (straight

line) with the calculated EC50s (crosses, X) obtained from

equation 1 and the actual observed EC50s (circles) using a

double logarithmic plot of EC50 and Kow. Figure 7 shows

that two solutes (HMPA and TriEA) are not well predicted

by equation 1. TriEA acts to block APs but also to irre-

versibly reduce AP height by causing nerve fiber

deterioration; therefore, the potency of TriEA as a channel

blocker was overestimated by the data. This expectation is

supported by the predicted value of the log EC50 for TriEA

using equation 1; the predicted EC50 shown as a cross is

higher than the observed EC50 (filled circle) and lies near

the straight line trend established by the other solutes.

HMPA is much larger in volume than all other solutes

but also is quite polarizable and an excellent hydrogen

bond acceptor. In this case, equation 1 dictates that the size

effect should predominate to predict a much more potent

block for this solute than was observed. Thus, the three

variables explain the vast majority of the variation in EC50

but not all the variation. Experiments conducted by Larsen

et al. (1996) suggest HMPA may act as a membrane-

impermeant solute that blocks Na+ channels by osmotic

forces similar to an impermeant solute such as sucrose. If

HMPA acts as an impermeant solute, then equation 1

should overestimate its ability to block APs and poorly

predict HMPA’s observed EC50 as seen in Figure 7. Fig-

ure 7 illustrates the discrepancy between the observed log

EC50 for HMPA (open circle) and the value predicted by

equation 1 (X). All other predictions imply that AP block

by the aliphatic solutes is predominantly produced by

solute binding to Na+ channels via the bilayer phase.

Toxicity of Solutes Correlates with EC50

When mean toxicity estimates of the oral LD50 obtained

from the Registry of Toxic Effects of Chemical Substances

(see NIOSH, 1981) for mice and rats of the 10 solutes were

plotted vs. the corresponding EC50 values obtained in this

study and in Larsen et al. (1996), a statistically significant

linear correlation (R = 0.87) was obtained. The mean of at

least five independent estimates of the mean were used to

obtain the grand means for each solute used. The rela-

tionship obtained was oral LD50 = 4.49(EC50) + 999.

EC50s were expressed in millimoles, and LD50s were

expressed in milligrams per kilogram. Although AP block

is not the principal cause of death as measured by the LD50

for most of the solutes, it plays a greater role as the solute’s

Kow increases to cause AP block. The likelihood that death

in rats and mice occurs via AP block increases as the Kow

increases, and this ensures that a significant correlation

between EC50 for AP block and toxicity will exist.

AP Block Is Principally Caused by Na+ Channel Block

The solutes act to block Na+ channels at lower concen-

trations as the Kow increases. The EC50 vs. concentration

curves display different slopes, unlike the corresponding

curves for alkanols; this suggests the solutes bind to Na+

channels at more than one site. Almost all of the solutes

also act on other membrane and soluble proteins, producing

cytotoxicity in many other organ systems or tissues as

measured by LD50, toxicity and teratogenic assays. Thus,

Fig. 7 EC50s can be predicted as a function of P, dV/dm and ß.

Shown is a double logarithmic plot of EC50 vs. Kow. Solid line
represents a linear best fit regression (log [EC50] = 0.49 - 0.73[log

Kow], R = -0.95) to the data (excluding TriEA). Crosses represent

predictions of EC50 obtained using equation 1. The observed and

predicted values of EC50 for HMPA and TriEA are indicated with

arrows
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solutes do not interact with the channels in a specific way.

AP block appears to be produced by a combination of

effects with the following priority:

1. Solute–channel interactions causing channel block

2. Increases in membrane fluidity causing alterations in

channel properties

3. Osmotically induced cellular volume changes and

channel block

4. Solute-induced changes in extracellular viscosity

As the Kow increases, Na+ channel block becomes the

most significant event that causes AP block.
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