
Ionizing Radiation Decreases Veratridine-Stimulated 
Uptake of Sodium in Rat Brain Synaptosomes 

Abstract. Veratridine-stimulated uptake of sodium-22 in brain synaptosomes was 
significantly reduced by ionizing radiation over a dose range of 10 to 1000 rads. The 
response was dose-dependent and involved a decrease in the maximum effect of 
veratridine on uptake. The central nervous system may be more sensitive to ionizing 
radiation than generally thought, perhaps through a loss of the ability of the sodium 
channel to respond properly to stimulation. 

The central nervous system (CNS) is 
generally considered to be relatively re- 
sistant to the direct effects of ionizing 
radiation (1). For example, electrophysi- 
ological studies have suggested that ion- 
izing radiation can induce changes in the 
bioelectric properties of nerve cells only 
at supralethal doses. Some investigators 

tains functionally defined channels that 
are specific for sodium and for potas- 
sium. Many investigators have ap- 
proached the question of sodium channel 
function and structure by using radioac- 
tive sodium ( 2 2 ~ a  and 24Na) and natural- 
ly occurring neurotoxins, such as verat- 
ridine, that alter sodium permeability in 

have shown an enhancement of neuroex- a slow, persistent, and specific manner 
citability at x-ray doses less than 10,000 (6). We used this approach with synapto- 
rads (2),  while others have reported that somes as the radiation target. That syn- 
radiation doses below 10,000 rads have aptosomes, which are detached nerve 
no effect on action potentials, conduc- cell endings (7), have functional sodium 
tion velocity, or membrane resistance channels is shown by measurements of 
(3). At supralethal doses, a decrease in membrane potential, ion flux, and neuro- 
excitability was reported by all investiga- toxin binding (8). Thus they provide a 
tors. On the other hand, electroenceph- convenient cell-free vesicular system in 
alograms and behavioral techniques pro- which sodium channel function can be 
vide evidence of a neural effect of radia- studied. Our method of measuring verat- 
tion at doses of a few hundred rads (4). ridine-stimulated uptake of sodium in 

In this study we explored the effects of synaptosomes is based on the method 
ionizing radiation on the CNS by exam- described by Tamkun and Catterall (9). 
ining the properties of a discrete entity of A crude synaptosomal suspension (10) 
neural function, the sodium channel. Ex- was prepared from the brains of male 
citable cell membranes are character- Sprague-Dawley rats (200 to 400 g) by 
ized, in part, by their ability to generate differential centrifugation. The material 
action potentials through time- and volt- was resuspended in an ice-cold medium 
age-dependent changes in membrane 
conductance of sodium and potassium 
ions (5). The pathways for the two ions 
are distinct, that is, the membrane con- 

Radiation dose (rads) 

Fig. 1. Dose-response effect of high-energy 
electrons on veratridine-stimulated uptake of 
22Na. The concentration of veratridine was 10 
pM.  The data are means for two experiments 
(three observations per experiment per dose) 
and were subjected to a two-way analysis of 
variance to determine the influence of replica- 
tion and dose on sodium uptake. Increasing 
doses of radiation significantly reduced up- 
take [F(5, 24) = 70.6, P < ,011. Individual 
comparisons were made with Dunnett's test 
on data pooled from both experiments since 
there was no significant dose x experiment 
interaction [F(5, 24) = 2.17, P > ,051. 
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containing 5.4 mM KCl, 0.8 mM MgS04, 
5.5 mM glucose, 50 mM Hepes-tris buff- 
er (pH 7.4), 130 mM choline chloride, 
and bovine serum albumin (1 mglml). 
Portions of the resulting suspension were 
irradiated with various doses of high- 
energy electrons delivered from a linear 
accelerator (11). After irradiation, verat- 
ridine-stimulated uptake of 2 2 ~ a  was de- 
termined in the synaptosomal prepara- 
tion (12). 

Synaptosomes were initially irradiated 
with 10 to 1000 rads of high-energy elec- 
trons. At a veratridine concentration of 
10 yM, uptake of 22Na was significantly 
reduced in a dose-dependent manner 
(Fig. 1). The decrease in uptake pro- 
duced by irradiation ranged from 13 to 60 
percent. 

To further characterize the effect of 
ionizing radiation on veratridine-stimu- 
lated uptake of sodium, we irradiated 
synaptosomes with 100 to 100,000 rads 
and measured sodium uptake in the pres- 
ence of a range of veratridine concentra- 
tions. Radiation exposure reduced the 
rate of 2 2 ~ a  uptake measurably only at 
high concentrations of veratridine, sug- 

gesting the the maximum effect of verat- 
ridine was reduced in a dose-dependent 
manner by radiation (Fig. 2). No shift in 
the concentration-response curve was 
apparent. Nonspecific sodium uptake in 
the presence of 1 p,M tetrodotoxin was 
not affected by radiation at the doses 
used. 

It is not clear how ionizing radiation 
causes this dose-dependent decrease in 
veratridine-stimulated sodium uptake. 
Since the maximum effect of veratridine 
on uptake was reduced after irradiation 
but no induced shift in the concentration- 
response curve was observed, a direct 
disruption of the normal functioning of 
the sodium channel is a more likely ex- 
planation than an alteration in the affin- 
ity of sodium for the channel. Radiation 
may in some way reduce the-number of 
sodium channels that can open on stimu- 
lation or may induce a conformational 
change that restricts the extent to which 
they can open. 

Our results support earlier electro- 
physiological studies suggesting a reduc- 
tion in neuroexcitability after radiation 
exposure, and contradict reports of radi- 
ation-induced increases in excitability. 
When Schwarz and Fox (13) used the 
voltage-clamp method to assess the ef- 
fects of x-irradiation on nodes of Ranvier 
from frog nerve fibers, the peak sodium 
current decreased 1000 seconds after a 
threshold dose of about 8000 rads. While 
isotopic flux measurements such as were 
used in our experiment cannot address 
the time course of radiation effects, they 
do urovide additional evidence that ion- 
izing radiation can inactivate functional 
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Fig. 2. Dose-response effect of high-energy 
electrons on the maximum uptake of Z2Na as 
stimulated by veratridine. The data are means 
for up to three experiments (three observa- 
tions per dose of radiation and concentration 
of veratridine). Friedman's test (14) was used 
to determine whether radiation exposure re- 
duced the effect of increasing concentrations 
of veratridine. Increasing doses of radiation 
significantly reduced maximum veratridine- 
stimulated uptake [X2 (4) = 103.5, P < ,0011. 
Multiple comparisons of the effects of individ- 
ual doses of radiation indicate that each in- 
creasing dose had a significantly greater effect 
(P  < .001) than the preceding dose. 
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sodium channels in excitable mem- 
branes. However, our results suggest an 
effect at radiation doses one to two or- 
ders of magnitude lower than those used 
in voltage-clamp analysis. In addition to 
noting differences in the target tissue 
used, it is necessary to observe that the 
different types of radiation employed 
may vary in their relative biological ef- 
fectiveness. However, preliminary stud- 
ies in this laboratory with gamma-irra- 
diation suggest a dose-dependent effect 
on sodium channel function similar to 
that produced by high-energy electrons. 

A radiation effect such as we observed 
indicates that the mammalian CNS is 
more sensitive to single sublethal doses 
of radiation than is generally thought. If 
this is the case, then a radiation-induced 
disruption of a fundamental CNS pro- 
cess is possible that could affect individ- 
uals at far lower doses than previously 
believed, perhaps even at doses com- 
monly used for therapeutic purposes. 
Further studies of discrete receptor sites 
in the sodium channel may provide addi- 
tional information on the mechanism by 
which radiation exerts its effect and on 
the biological significance of these find- 
ings. 

Behavioral Sciences Department, 
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Modifying Oculomotor Activity in Awake Subjects Increases the 
Amplitude of Eye Movements During REM Sleep 

Abstract. The eye movements of human subjects were experimentally modijied 
while they were awake to determine the effect of waking experience on electroculo- 
graphic activity during rapid eye movement (REMJ sleep. After normal eye move- 
ments were monitored under controlled conditions, subjects spent 5 days wearing 
goggles that contained min$cation lenses and that curtailed vision to a 5" field. The 
amplitude and frequency of eye movements decreased when subjects were awake 
and increased during REM sleep; sleep stage durations and distributions were 
unaffected. Values returned to normal in the first 24 hours of recovery. 

Theories of the role of rapid eye move- 
ment (REM) sleep in the biological econ- 
omy of mammals frequently focus princi- 
pally on the spontaneous appearance of 
oculomotor activity ( I )  and related cen- 
tral nervous system (CNS) excitation (2) 
that occur in this state. Various theories 
share the premise that the organism 
benefits from the activation of the visual 
system during REM sleep: binocular ste- 
reopsis is improved (3),  perceptual mo- 
tor learning is integrated (4), or the onto- 
genetic development of the CNS is en- 
hanced by endogenous neural stimula- 
tion (5). 

Little is understood of how activity 
within the visual system during REM 
sleep is related to waking visual and 
oculomotor activity (6). Similarly, al- 
though studies of interactions between 
the waking state and REM dreaming 
have shown that meaningful waking ex- 
periences (7) and recent perceptual ac- 
tivity (8) can influence dream content, 
the regulatory mechanisms by which ma- 
terial is incorporated into dreams remain 
elusive. Does the phasic event system of 
the REM state discharge principally un- 
der the influence of genetotrophic fac- 
tors (9), or might daily waking experi- 
ences affect patterns of neuromuscular 

activation within the REM state as they 
affect dreams? If REM sleep is somehow 
functionally related to behavior of the 
visual system during the waking state, it 
should be possible to demonstrate be- 
havioral or physiological interactions 
within the visual system across these 
two states. Such interactions might be 
observed through attributes of dream 
content or in terms of the characteristics 
of REM sleep eye movements. We mea- 
sured the frequency and amplitude of 
eye movements while subjects were 
awake and when they were in REM 
sleep; we now report that phasic events 
characterizing REM sleep are influenced 
by experimentally induced modifications 
of visuomotor behavior while awake. 

Six volunteer subjects, 19 to 30 years 
old, with normal visual acuity, depth 
perception, and orthophoria continuous- 
ly participated in a 12-day study. Each 
subject underwent 2 weeks of home 
sleep normalization and three laboratory 
adaptation nights prior to 12 consecutive 
24-hour periods in the experiment. Dur- 
ing the 12 live-in days (four baseline, five 
experimental, and three recovery), elec- 
trooculographic (EOG) activity was re- 
corded daily with d-c amplification while 
the subject was awake. REM sleep eye 
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