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Abstract: The effect of ionizing radiation ¢n neuronal
membrane function was assessed by measurement of
neurotoxin-stimulated **Na* uptake by rat brain synap-
tosomes. High-energy electrons and y photons were
equally effective in reducing the maximal uptake of **Na~*
with no significant change in the affinity of veratridine for
its binding site in the channel. Ionizing radiation reduced
the veratridine-stimulated uptake at the earliest times
measured (3 and 5 s). when the rate of uptake was
greatest. Batrachotoxin-stimulated **Na* uptake was
less sensitive to inhibition by radiation. The binding of
[*H]saxitoxin to its receptor in the sodium channel was
unaffected by exposure to ionizing radiation. The effect
of ionizing radiation on the lipid order of rat brain syn-
aptic plasma membranes was measured by the fluores-

cence polarization of the molecular probes 1,6-diphenyl-
1.3,5-hexatriene and 1-[4-(trimethylammonium)phenyl}-
6-phenyl-1,3,5-hexatriene. A dose of radiation that
reduced the veratridine-stimulated uptake of *Na* had
no effect on the fluorescence polarization of either probe.
These results demonstrate an inhibitory effect of ionizing
radiation on the voltage-sensitive sodium channels in rat
brain synaptosomes. This effect of radiation is not depen-
dent on changes in the order of membrane lipids. Key
Words: lonizing radiation—Sodium channels —Mem-
brane fluidity— Fluorescent probes—Neuronal mem-
branes. Mullin M. J. et al. lonizing radiation alters the
properties of sodium channels in rat brain synaptosomes.
J. Neurochem. 47, 489--495 (1986).

Exposure to ionizing radiation has a complex ef-
fect on the CNS, an effect that depends on the dose
delivered and time elapsed after radiation expo-
sure. In the whole animal, exposure to low to mod-
erate doses (50-400 rad) of radiation produces a
conditioned taste aversion in rats (Smith, 1971;
Rabin et al., 1982), a reduction in the threshold for
electrically induced scizures (Rosenthal and Ti-
miras, 1961; Pollack and Timiras, 1964; Sherwood
et al., 1967), and changes in the electroencephalo-
gram of rabbits (Minamisawa and Tsuchiza, 1977).
Doses of radiation in the range of 1,000-1,500 rad
produce arousal in rats (Kimeldorf and Hunt, 1965)
aud increased locomotor activity in mice (Mickley
et al., 19834,b). Radiation doses of >10,000 rad d=-
press the CNS, and the irradiated animals demon-
strate lethargy, disorientation, ataxia, reduced lo-
comotor activity, and an inability to avoid shock

(Casarett and Comar, 1973; Mickley and Teitel-
baum, 1978; Bogo, 1984).

The mechanisms of radiation-induced changes in
CNS function are largely unknown. Neurochemical
studies nave demonstrated a reduction in brain cy-
clic nucleotide levels (Hunt and Dalton, 1980) and
increases in high-affinity choline uptake and K+*-
stimulated dopamine release (Hunt et al., 1979)

after exposure to 5,000-10,000 rad. In addition, 8- -

endorphin like-immunoreactivity is reduced in the
brain after 1,500 rad (Mickley et al., 1983a,b).
Electrophysiological studies of the effects of ion-
izing radiation have yielded conflicting results. Sev-
eral studies have reported a temporary enhance-
ment of neuronal excitability at doses of <10,000
rad (Bachofer and Gautereaux, 1960; Bachofer,
1962), whereas others have reported no change in
the amplitude or rate of rise of the action potential,
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conduction velocity, or membrane resistance at ra-
diation doses of <10.000 rad (Gerstner and Orth,
1950; Gastelger and Campbell, 1962). Higher doses
of radiation have usually been reported to reduce
neuronal excitability.

In many cells, DNA has been shown to be the
primary target for ionizing radiation. However, in
the mature, postmitotic CNS, radiation-induced
changes in the structure and function of neuronal
membranes may be the site of action. The interac-
tion of ionizing, radiation with water is known to
produce a variety of reactive products, including
hydroxyl- and hydrogen radicals, hydrated elec-
trons, hydrogen peroxnde. and superoxide radicals
(Okada, 1970)..The reaciive products of water can
then interact with membrane lipids or proteins, re-
svling inlipid, peroxndatlon or oxidation of sulfhy-
dryi groups (Edwards et al., 1984). Structura{ modi-
fication of membrane components. would be ex-
pected to cause changes i in the funcuonal properties
of membranes.

We have examined. the effect of i lomzmg radiation
on the propemes of voltage- -sensitive sodium
channels in rat brain synaptosomes. Neuronal so-
dium channels were studied, because they are be-
lieved to be involved.in the control of neuronal ex-
citability (Catterall, 1984) and because the func-
tional properties of these channels are sensitive to
perturbauons of the lipid and protein components
in the membrane microenvironment (Baumgold,
1980; Saum et al., 1981; Harris and Bruno, 1985a).

MATERIALS. AND METHODS

Materials

Scorpion venom (SV Leiurus quinquestriatus), tetro-
dotoxin (TTX), and veratridine were purchased from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Batracho-
toxin (BTX) was kindly supplied by Dr. John Daly (Labo-
ratory of Bioorganic Chemistry, National Institute of Ar-
thritis, Metabolism, and Digestive Diseases, National In-
stitutes of Health, Bethesda. MD, U.S.A.). Carrier-free
2NaCl was obtained.from New England Nuclear
(Boston, MA, U.S.A.); [*H]saxitoxin (STX) with a spe-
cific activity of 9.3 Ci/mmol and a radiochemical purity of
507 was a generous gift from Dr. Stephen Davio (Patho-
physiology Division, U.S. Army Research Institute of In-
fectious Diseases, Fort Detrick, Frederick, MD, U.S.A.).
Flucrescent probes ‘were obtained from Molecular
Probes, Inc. (Junction City, OR, U.S.A.). All other
chemicals’ were obtained from commercial sources and
were of analytlcal grade

Animals '
Male Sprague Dawley rats wughmg 200-300 g
_(Charies River Breeding Laboratories, Inc., Wilmington,
MA, U.S.A.) were housed two:per cage w:th free access
to water and standnrd laboratory chow.

Measurement of s ptosomal sodium uptake
A crude synaptosomal (P,) fraction was prepared from
rat brain after removal of the’ cerebellurn and brainstem
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by a modification of the method of Gray and Whittaker
(1962). The final pellet was resuspended in ice-cold incu-
bation buffer (8- 10 ml/brain) containing 5.4 mM KCl, 0.8
mM Mg80,, 5.5 mM glucose, 130 mM choline chloride,
and 50 mM N-2-hydroxyethyl-piperazine-N’-2-ethanesul-
fonic acid (HEPES), with the pH adjusted to 7.4 with Tris
base. The uptake of 2Na* was measured by a slight mod-
ification of the method of Tamkun and Catterall (1981).
Aliguots (50 ul) of the synaptosomal suspension were in-
cubated for 2 min at 36°C. BTX or veratridine was then
added, and the incubation was continued for an addi-
tional 10 min. The samples were then dituted with 300 pui
of uptake solution containing 5.4 mM KCI, 0.8 mM
MgSO,, 5.5 mM glucose, 128 mM choline chloride, S mM
ouabain, 2 mAM NaCl, 1.3 uCi of 2NaCl/ml, the indicated
concentration of BTX or veratridine, and 50 mM HEPES
(pH adjusted to 7.4 with Tris). After a 5-s incubation (ex-
cept where noted), uptake was terminated by addition of
3 mi of ice-cold wash solution containing 163 mM choline
chloride, 0.8 mM MgSO,, 1.7 mM CaCl,, | mg/ml of bo-
vine serum albumin, ard 5 mM HEPES (pH adjusted to
7.4 with Tris). The mixture was rapidly filtered under
vacuum through a 0.45 cellulose filter with 0.45-um pores
(041255; Amicon), and the filters were washed twice with

. 3 ml of wash solution. Radioactivity was determined by

liquid scintillation spectrometry.. The data are presented
as corrected specific uptake (Mullin and Hunt, 1984,
1985) after subtraction of nonspecific uptake (BTX or ve-
ratridine plus TTX, 1 M present in incubation and up-
take buffers).

[*H]STX binding assay

{*H]STX binding was measured using a slight modifica-
tion of the method of Krueger et al. (1979). A synapto-
somal (P,) pellet was prepared as described above, but
the final pellet was resuspended in an incubation buffer
containing 140 mM NaCl and 20 mM HEPES (pH 7.5 at
4°C). An aliquot (200-300 pg of protein) of synaptosomes
was mixed with various concentrations of [PH]STX
(0.10-10 aM) in a final volume of 1.5 ml, and the samples
were incubated for 60 min at 0-2°C. Following incuba-

_tion, the samples were diluted with 5 ml of ice-cold incu-

bation buffer and rapidly filtered through glass fiber
filters (GF/F; Whatman) under vacuum. The filters were
washed twice with 5 mi of ice-cold incubation buffer, and
the radioactivity remaining on the filter was determined
by liquid scintillation spectrometry. Nonspecific binding
was measured in the presence of 10 pM TTX. The Ky
and B, values were calculated according to the proce-
dure of Scatchard (1949).

Fluoresceace measurements

A HH-1 T-format polarization spectrofluorimeter
(BHL Associates, Burhngame, CA, U.S.A.) with fixed
excitation and emission polarization filters was used to
measure flaorescence intensity parallel and perpendic-
ular to the polarization phase of the exciting light (Harris
and Schroeder, 1982). Polarization of fluorescence and
intensity of flunrescence were calculated by an on-line
microprocessor. Similar instrumentation is presented in
more detall by Johnson et al. (1979). The fluorescent
probes 1.6diphenyl-1,3,5-hexatriene (DPH) and 1-[4-(tri-
methylammonium)phenyl]- 6-phenyl -1,3,5-hexatriene
(TMA-DPH) were used. The excitation wavelength was
362 nm, a G3FGGO01 filter (Melles Guriot, Irvine, CA,
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U.S.A.) was used in the excitation beam, and KV389
filters (Schott Optical. Duryea. PA, U.S.A.) were used
for emission. Cuvette temperature was maintained by a
circulating water bath and monitored continuously by a
thermocouple inserted into the cuvette to a level just
above the light beam.

Synaptic plasma membrane (SPM-2) preparations were
used for all fluorescence measurements. The cerebellum
and brainstem were removed from the brain, and SPM-2
preparations were separated by Ficoll and sucrose den-
sity centrifugation as described by Harris and Schroeder
(1982). Membranes were resuspended in phosphate-buff-
ered saline (8 g/LL of NaCl, 0.2 g/L of KCl. 0.2 g/L of
KH,PO,. 1.15 g/L. of Na;HPO, - 7 H,0. and 0.48 g/L. of
HEPES. pH 7.4) at a concentration of 1-3 mg of protein/
ml and were frozen and kept at — 80°C before analysis.
SPM-2 preparations were diluted to 0.05 mg of protein/
ml, and fluorescent probes were incorporated at 35°C for
15 min with frequent vortex mixing. DPH was dissolved
in tetrahydrofuran, and TMA-DPH was dissolved in tet-
rahydrofuran/water (1:1 vol/vol). The probes were added
in a volume of 0.3~0.5 ul/ml to give a probe concentra-
tion of 40-80 ng/ml. Control levels of fluorescence (base-
line) were determined at 20 or 35°C. In certain cases, an
aliquot (1-10 ul) of ethanol was added to the cuvette, and
fluorescence was determined 3-5 min later.

Irradiation procedures i

The synaptosomes or SPM-2 preparations were placed
in glass test tubes in a Plexiglas ice bath and were irra-
diated with 18.5 MeV electrons from the Armed Forces
Radiobiology Research Institute linear accelerator. Pulse
duration was 4 us, and pulses were delivered at a rate of
15/s. Dose rate was ~12 rad/pulse. Synaptosomes were
exposed to y radiation using a ®Co source at a dose rate
of 100 rad/min (for the 100-rad dose only) or 7,600 rad/
min. Dosimetry was performed using a 0.05-cm? tissne
equivalent ion chamber whose calibration is traceable to
the National Bureau of Standards. The ion chamber was
placed in a glass test tube inside the Plexiglas ice bath
during dosimetry measurements.

Miscellaneous methods

Protein content was determined by the method of
Lowry et al. (1951), using bovine serum albumin as the
standard. Data are presented as mean + SEM values. In
each experiment, triplicate samples were prepared for
each concenuration of toxin. The number of experiments
is given in the legend of each table and figure. Statistical
analysis was performed using Student's 7 test. Multiple
comparisons with a control were done by analysis of vari-
ance and Dunnett’s test (Dunnett, 1964).

RESULTS

Ion flux studies

Incubation of synaptosomes with the alkaloid
toxin veratridine caused a concentration-dependent
incrcase in synaptosomal 2Na+ uptake. The effects
of exposure to high-energy electrons on 2Na* up-
take are shown in Fig. 1, Irradiation with doses of
100, 1,000, and 10,000 rad caused a dose-dependent
inhibition of veratridine-stimulated 22Na* uptake.
The uptake of ?Na* uptake into irradiated synap-
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FIG. 1. Etfect of high-energy electrons on veratridine-stimu-
lated #Na* uptake by rat brain synaptosomes. in each ex-
periment, triplicate samples were incubated with the indi-
cated concentration of veratridine, and 2Na* uptake was -
measured during a 5-s uptake phase. Data are mean values
from four experiments; the SEM was 5-~10% of the mean.
Significant effects of radiation are indicated as follows: *p <
0.05, **p < 0.01.

tosomes was significantly different from control
values only at the higher concentrations of veratri-
dine. A double-reciprocal analysis of these data in-
dicated that the maximal uptake was reduced with
no change in the affinity of veratridine for its
binding site in the channel (data not shown) In ad-
dition, nonspecific sodium uptake in the presence
of veratridine and TTX and the uptake in the ab-
sence of any added toxins were unaffected by ion-
izing radiation (data not shown). These findings are
in agreeraent with previous work on ion channels in
our laboratory (Wixon and Hunt, 1983).

To determine if other types of ionizing radiation
had a similar effect on the sodium channel, we irra-
diated synaptosomes with y rays and measured the
uptake of 2Na* over a range of concentrations of
veratridine (Fig. 2). Exposure to y rays reduced the
maximal effect of veratridine with no apparent shift
in the concentration-effect curve. The magnitude of
the radiation-induced inhibition of veratridine-stim-
ulated 2Na* uptake was similar in synaptosomes
exposed to high-energy electrons or v radiation.

When sodium channels were activated by BTX,
the effect of radiation was less pronounced at a
given dose of radiation (Fig. 3). One thousand rad
of high-energy electrons reduced the maximal ef-
fect of veratridine by 25%, whereas the maximal ef-
fect of BTX was reduced by only 11%. At 3 pM

J. Neurochem., Vol. 47, No. 2, 1986
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F1G. 2. Effect of vy radiation on veratridine-stimulated 22Na~
uptiake by rat brain synaptosomes. in each experiment, tripli-
cate samples were-incubated with the indicated concentra-
tion of veratridine, and #Na uptake was measured during a
§-s period. Data: are. mean values from three 10 five experi-
ments; the SEM 'wag 5~10% of the mean. Significant effects
of radiation.are irdicated as follows: *p < 0.05, **p < 0.01.

BTX, the higher dose of radiation (10,000 rad)
caused a significant (p < 0.05) reduction in 2Na+
uptake. This difference in the potency of radiation
may be related to the fact' that BTX is considered to
be a full agonist; whereas veratridine is a partial ag-
onist: in stimulating 2Na* uptake (Catterall; 1980).
In addition, the mechanism by which veratridine
and BTX stimulate sodium uptake may be slightly
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FIG. 3. Eftact of high-energy electrons on BTX-stimulated
2Ng+ uptake by rat brain synaptosomes. Triplicate samples
were incubated with the indicated concentration of BTX, and
ZNa* uptake was measured during a 5-s period. Data are
mean values from three experiments.
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FIG. 4. Time course of veratridine-stimulated #Na* uptake.
in sach sxperiment, triplicate samples were incubated with
veratridine (200 uM? for 10 min, and #ZNa* uptake was mea-
sured st the indicated interval. Synaptoscmes were irra-
diated with 10,000 rad of high-energy electrons. Data are
mean = SEM (bars) values from three to five experiments. A
significant effect of ionizing radiation is indicated as follows:
'p < 0.05.

different because of other properties of the toxins
(Miller, 1983; Tanaku et al., 1983).

The time course of veratridine-stimulated 22Na*
uptake in control and irradiated synaptosomes is
shown in Fig. 4. Exposure to 10,000 rad of high-en-
ergy electrons significantly reduced veratridine-
stimulated 2Na+ uptake at incubation times of 3
and 5 s but not at later time points. Thus, ionizing
radiation reduced the initial rate of neurotoxin-de-
pendent 2Na* uptake when the influx was unidi-
rectional and the rates of uptake were greatest.

In synaptosomes and cultured neuroblastoma
cells, the small polypeptide toxins present in cer-
tain SVs enhance the neurotoxin-dependent influx
of sodium through an allosteric mechanism (Cat-
terall, 1980). The data in Table 1 illustrate that the
interaction of SV and veratridine remains intact in
irradiated synaptosomes.

[*HISTX binding

In addition to the receptor sites for veratridine

and SV, sodium channels in synaptosomes also

TABLE 1. Effect of high-energy electrons on
SV-induced enhancement of veratridine-stimulated
BNa* uptake

1Na* uptake
{nmol/mg of protein/$ s)

Dose Veratridine (100 pM)
(rad) Veratridine (100 pM) + SV (100 pg/mb)
0 497 = 0.10 6.92 + 022«
1,000 3191 = 025 6.03 = 0.36*
10,000 3.51 = 0.18¢ 579 = 0.27«

After irradiation, synaptosomes were preincubated with SV
(_100 ug/mi) for 2 min followed by a 10-min incubation with verat-
ridine, aad #Na* uptake was measured after a 5-s uptake phase.
Data are mean = SEM vilues from three experiments.

 Denotes a significant effect of SV, p < 0.01.

% Denotes a significant effect of radiation, p < 0.05.

¢ Denotes a significant effect of radiation, p < 0.01.
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TABLE 2. Effect of ionizing radiation on binding of
PPHISTX to rat brain svnaptosmes

. B""!‘ .

Group (pmol rag of protein) K (nd)
Control 2RO = QLIS 163 = 010
lrradiated? 265 = 0.3 1.76 = 0.20

Synaptosomes were iacubated at 0-2°C for 60 min with
[*HISTX (0.10-10 nM) in the absence and presence of 10 pM
TTX. and binding was measured using a rapid filtration assay.
Data are mean = SEM vaiues from four experiments.

“ Synaptosomes were irradiated with 10,000 rad of high-en-
ergy electrons.

contain a t...ptor site for TTX and STX. The
binding of PH]STX is sensitive to changes in the
lipid and protein components of the membrane
{Baumpgold. 1980). However, exposure to 10.000
rad of high-energy electrons did not alter the equi-
librium binding parameters of PH|STX (Table 2). In
addition, exposure to 25.000 rad of vy radiation did
not affect the concentration of TTX required to in-
hibit veratridine-stimulated **Na* uptake by 50%
(data not shown).

Fluorescence polarization studies

Ionizing radiation in doses of =500 rad has been
shown to increase the fluidity of erythrocyte mem-
branes (Edwards et al., 1984; Yonei et al., 1984). In
addition, there is a strong correlation between inhi-
bition of veratridine-stimulated sodium influx and
increased membrane fluidity in mouse brain syn-
aptic membranes (Harris and Bruno, 19854). The
fluorescence polarization of the probes DPH and
TMA-DPH in rat brain synaptic plasma membranes
after 10,000 rad of ionizing radiation is shown in
Table 3. There was no significant differerce in the
baseline fluorescence polarizaticn of DPH or
TMA-DPH in the irradiated me.nbranes compared
with the corresponding control. The response of ir-
radiated membranes to the lipid-disordering effect
of ethanol was identical to the response in control
membranes (Table 4). We conclude that a 10,000-
rad dose of ionizing radiation has no effect on the
baseline fluidity of synaptic plasma membranes

and, in addition, the respounse of irradiated mem-
branes to the fluidity-inducing effect o1 ethanol is
also unchanged. Thus, the changes in synaptosomal
sodium uptake we observed are not due to changes
in the order or arrangement of lipids in the neuronal
membranes.

DISCUSSION

The CNS has traditionally been considered to be
somewhat resistant to the effects of ionizing radia-
tion. However, there is a growing body of evidence
that low to moderate doses of radiation cause a
wide variety of behavioral effects. In addition, the
state of neuronal excitability, as assessed by
changes in seizure thresholds, appears to be quite
sensitive to radiation (Pollack and Timiras, 1964,
Sherwood et al., 1967). Only recently have the pos-
sible mechanisms underlying these effects been
stndied with the methods available to membrane bi-
vlogists and neurochemists.

The results of the present study confirm and ex-
tend our earlier observation that ionizing radiation
reduced the veratridine-stimulaed uptake of 2?Na*
by rat brain synaptosomes (Wixon and Hunt, {983).
In addition, we determined that high-energy elec-
trons and vy radiation were equally effective in re-
ducing veratridine-stimulated 22Na* uptake. Ia this
regard, it is interesting to note that high-energy
electrons are nearly twice as potent as vy photons in
degrading performance in certain behavioral para-
digms (Hunt, 1983). lonizing radiation did not af-
fect the interaction of SV with veratridine or the
binding of {*HISTX to its receptor site in the so-
dium channel. Thus, only the receptor site for ve-
ratridine was affected by exposure of the mem-
brane to ionizing radiation. lonizing radiation re-
duced the maximal effect of veratridine and BTX
without affecting the affinity of these toxins for the
receptor site in the channel. We are currently
studying the effect directly by measuring the effect
of radiation on the binding of radiolabeled BTX.

There are several similarities .in the effects of
ionizing radiation and intoxicant-anesthetic drugs
on the function of rat brain sodium channels. These

TABLE 3. Effect of ionizing radiation on baselire fluorescence
© 7 polerization of DPH and TMA-DPH

Baseline fluorescence polarization

Probe Temperature Control Irradiated
DPH 20°C 0.313 = 0.002 €.3i5 = 0.004
35°C 0.253 = 0.002 0.253 = 0.004
TMA-DPH 20°C 0.335 = 0.002 0.339 = 0.003
is°C 0.303 = 0.002 0.305 = 0.003

SPM-2 preparations were irradiated with 10,000 rad of high-energy electrons, and
fluorescence polarization was measured as described in Materials and Methods. Data

are mean + SCEM values (n = 6).

J. Neurochem., Vol. 47, No. 2, 1586
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TABLE 4. Effect of ethenol in vitro on fluorescence

. polarization of DPH
L Change in polariz  of DPH
‘Ethanol

concentration (mM) Control {rradiated®
78 -0.003 = 0.001 -0.002 = 0.001
150 ] -0.004 = C.001 ~-0.004 = 0.001
300 -0.007 = 0.001 -0.008 = 0.001
600 -0.013 = 0.001 -0.013 = 0.002

The mdlcaled concentrauon of ethanol was added to each cu-
vette, and the change in the baseline fluorescence polarization of
DPH was measured at 35°C. Data are mean = SEM values

(n = 6).
-« SPM-2 pnpmuons were arradmed with !0 000 rad of high-

J energy eleclrons

drugs and radiation reduce the initial rate of uptake
and reduce the maximal effect of the toxins with
little or no effect on affinity, and neither the SV-ve-
ratridine' interaction nor the action of TTX is af-
fected appreciably (Mullin and Hunt, 1984, 198S;
Hartis and Bruno, 1985b). Also, the effect of BTX
is less sensitive than the effect of veratridine to in-
hibition by these agents (Muilin and Hunt, 198S;
Harris and Bruno, 1985b).

- Because ionizing radiation has been shown to in-
crease the fluidity of erythrocyte membranes
(Yonei.and Kato, 1978; Yonei et al., 1984) and be-
cause there is a good correlanon between increased
membrane fluidity and reduced neurotoxin-stimu-
lated sodium influx (Harris and Bruno, 1985q), we
investigated the effects of ionizing radiation on the
fluidity. of synaptic plasma membranes and no dif-
ference .in the response of these membranes to the
lipid-disordering effect of ethanol at radiation doses
that. reduce the. neurotoxin-stimulated uptake of
2Na* by synaptosomes. As DPH is a probe of the
lower (methyl terminal) portions of lipid acyl
groups and TMA-DPH is a probe of the glycerol
backbone and upper (carboxy!) portions of the acyl
groups in membranes (Harris et al.. 1984), we con-
clude that a 10,000-rad dose of ionizing radiation
does not affect.the order or packing of lipids in the
neuronal membranes. Although aiterations in the
order of packing of membrane lipids may be an im-
portant determinant of radiation daniage in certain
biological membranes (Edwards et al., 1984; Yonei
et al., 1984), this does not appear to be the case for
membranes derived from the CNS. Perturbation of
other membrane constituents such as oxidation of
sulfhydryl groups and/or changes in protein confor-
mation may be related to the observed effect of ion-
izing radiation on the functional properties of neu-
ronal sodium channels.
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