
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, 
Armed Forces Radiobiology Research 
Institute, Bethesda, Maryland 20814 
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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 minijication 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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movements were continuopsly taped and 
converted to digital form. We telemetri- 
cally recorded the same standardized 
activities (such as reading or paddle ball) 
at the same time of day in all experimen- 
tal phases under free-moving conditions 
to provide samples of normative ocular 
activity. 

Throughout all waking moments of the 
experimental phase, subjects wore oph- 
thalmological frames fitted with opaque 
diaphragms containing 5" apertures. 
Within each aperture was a reduction 
lens, oriented straight ahead, that per- 
mitted a 30" view in the 5" field. Proper 
lens alignment permitted binocular con- 
vergence from 1 m to infinity. Side 
shields blocked light from extraaperture 
sources. Electrodes located immediately 
adjacent to one eye in horizontal and 
vertical pairs permitted the recording of 
two orthogonal d-c EOG channels. A 
repeated calibration procedure utilizing 
eye movements of known direction and 
amplitude enabled us to generate equiva- 
lencies between voltage and degrees of 
visual angle. Calibrations were conduct- 
ed in normal room illumination at the 
beginning and end of each daytime re- 
cording session and were repeated, after 
20 minutes of dark adaptation, in near 
total darkness before and after each 
night of sleep. 

Eye movement amplitude, the princi- 

REM perlod number In phase 

Fig. 1. Eye movement amplitudes during con- 
secutive REM periods of the night and during 
the three phases of the study (15). Amplitude 
increased in successive nocturnal REM peri- 
ods in both baseline (@) and recovery (0) 
conditions. Amplitudes during experimental 
(A) condition are higher and more constant. 
Statistically, the strongest effect was in early 
night REM periods. The first REM period of 
the recovery phase showed lowered ampli- 
tudes, indicating a compensatory aftereffect. 
Vertical bars represent standard error of the 
mean. 

pal dependent variable, was analyzed 
with separate repeated measures analy- 
ses of variance for sleeping and waking 
data. The mean eye movement ampli- 
tude for each REM period during base- 
line was smaller than that during the 
experimental phase [F(l ,  5) = 13.68, P 
< ,0251 but not significantly different 
from that during recovery (Fig. 1). Fur- 
ther analysis of the main effect indicated 
that experimental first, second, and third 
REM periods differed significantly from 
baseline, but that fourth REM periods 
did not. The influence of the minification 
goggles on amplitude was greatest in 
REM periods early in the night as indi- 
cated by a phase-by-REM-period inter- 
action effect [F(l, 5) = 16.62, P < ,0251 
(Fig. 1). 

In each of the six subjects, the eye 
movement amplitudes of REM sleep in- 
creased during the experimental phase, 
the magnitude of the increase being simi- 
lar to that of the decrease effected by the 
goggles when the subjects were awake. 
Figure 2 pairs individual waking state 
and REM sleep mean values to facilitate 
comparisons within 24-hour cycles and 
across phases. The frequency of eye 
movements (per minute of REM sleep) 
increased from baseline to the experi- 
mental phase [F(l, 5) = 17.5, P < .025] 
but did not interact with REM veriod 
number. The only significant comparison 
between baseline and recovery was a 
decrease in the amplitude of eye move- 
ments in the first REM period of the 
recovery phase [F(l ,  3) = 35.63, P < 
.025] (Fig. 2). 

There was no significant difference 
among mean number of minutes in each 
sleep stage. Neither REM latency nor 
REM percentage differed significantly 
from phase to phase. Thus, the effect of 
the minification goggles on number and 
frequency of eye movements during 
sleep occurred in the absence of a paral- 
lel effect on the proportion of sleep occu- 
pied by any of the stages. The mean 
value for eye movement amplitudes 
while awake decreased by about 25 per- 
cent in the experimental phase (Fig. 2). 
Both amplitude and frequency of eye 
movements during the waking state de- 
creased from baseline to experimental 
conditions [F(1, 3) = 37.50, P < .025]. 

Augmentation of REM sleep compo- 
nents (phasic, tonic, or both) in response 
to perceptual manipulations while awake 
could be consistent with learning (lo), 
programming (4), or perceptual adapta- 
tion theories (11) of the function of this 
state. None of these hypotheses, howev- 
er, specifically predict that waking expe- 
rience would change the properties of 

eve movements in the absence of a cor- 
responding effect on the proportion of 
REM sleep. When subjects continuously 
wear goggles containing wave band-spe- 
cific red filters, the greatest alteration of 
dreamed colors occurs in awakenings 
from REM periods early in the night (8). 
Accordingly, the greatest effect of day- 
time alterations of the visual system 
found in investigations of both dream 
content and REM eye movement seems 
to occur in the early REM sleep. In the 
dream-content study, however, dreamed 
colors mimicked the effect of the red 
filters, unlike the inverse effect on ampli- 
tude and frequency of eye movements 
during REM sleep that results from the 
minification goggles. 

The responsiveness of the phasic 
event system of REM sleep to waking 
oculomotor manipulations implies plas- 
tic capabilities within the system and a 
physiological interaction between REM 
sleep and the waking state. Our evidence 
suggests an inverse physiological influ- 
ence of waking experience on REM 
sleep that is specific to the oculomotor 
system. In a finding similar to ours, 
Berger (12) conditioned monkeys to low- 
er the frequency of their eye movements 
during the day; he observed an increase 
in frequency during REM sleep. He also 
observed increases in CNS visual system 
monophasic waves. Thus, Berger's ma- 
nipulation of frequency and our modifi- 
cation of amplitude produced similar in- 
verse effects on oculomotor activity dur- 
ing REM sleep. 

Minification lenses alter the relation- 
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Fig. 2. Eye movement amplitude during the 
waking state and during REM sleep in three 
subjects. Waking values were obtained during 
20 minutes of recording controlled activity; 
tasks remained constant throughout baseline, 
experimental, and recovery phases. Epochs 
with muscle or high-frequency artifact were 
eliminated. Sections of REM sleep interrupt- 
ed by body movements or brief arousal were 
also removed. Amplitude during waking de- 
creased as REM sleep amplitude increased. 
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ship between the sizes of eye and head 
movements, thus affecting the vestibulo- 
ocular reflex. Modification of retinal dis- 
placement by magnification or  minifica- 
tion goggles leads to rapid adaptation in 
the vestibular system in humans (13), 
and vestibular-ocular interactions could 
play some role in the effect we observed. 
It would be helpful to replicate the mini- 
fication study while examining another 
phasic system [middle ear muscle activi- 
ty (14)] to  determine (i) whether the 
effect on eye movements might be  gener- 
alized to other sensory systems and (ii) 
whether increasing the amplitude of eye 
movements while awake would have a 
similar inverse effect on REM sleep. 

JOHN H. HERMAN 
HOWARD P. ROFFWARG 

Department of Psychiatry, 
Southwestern Medical School, 
University of Texas Health Science 
Center. Dallas 75235 
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Potassium Currents in Drosophila: Different Components 
Affected by Mutations of Two Genes 

Abstract. Electrophysiological analysis of the Drosophila behavioral mutants Eag 
and Sh and the double mutant Eag Sh indicates that the products of both genes take 
part in the control ofpotassium currents in the membranes of both nerve and muscle. 
In voltage-clamped larval muscle jbers, Sh affects the transient A current, whereas 
Eag reduces the delayed rect8cation and, to a lesser extent, the A current. 

Mutations can be used to perturb ex- 
citable membranes to  analyze their phys- 
iological and developmental processes 
(14). In Drosophila, analysis of behav- 
ioral mutants Shaker (Sh)  suggested de- 
fective potassium (K') currents (2, 3). 
Voltage-clamp studies in developing 
flight muscles (4) showed that Sh affects 
the transient potassium A current (3, IA,  
but not the delayed rectification potas- 
sium current (6), IK.  Therefore, other 
genes must exist that affect IK.  In addi- 
tion, with some Sh  alleles, IA was absent 
in developing flight muscles but not ma- 

ture ones (4). We now report on the 
effect of Sh at  other developmental 
stages. 

We have found that Eag, a mutation 
previously identified by abnormal leg- 
shaking behavior (7) similar to  that of Sh ,  
also affects larval neuromuscular trans- 
mission. In Sh larvae, transmitter release 
at the neuromuscular junction (8, 9) is 
more readily triggered than in normal 
(Canton-S) larvae, resulting in excitatory 
junctional potentials (EJPS) of increased 
amplitude and duration (2). Similarly, in 
all Eag larvae examined ( N  > 20), EJPS 

Ca a Normal C Eag 
mM a Normal C sh 
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Fig. 1 (left). Excitatory junctional potentials -50 ,I L -50 J 
I ,- ~ - 

(EJPS) obtained from larval neuromuscular 
junctions in normal (a), ~h~~~~~ (b), Eag (c), b Normal d Eag 
and the double mutant Eag ShKS1j3 (d) larvae 
at the Ca2+ concentrations indicated EJPS l 2  r l l L  10 -r---!-. -- 
were evoked by stimulating the segmental 
nerve cut close to ganglion (left traces in a to 

i----L- 3-(----C-- 3 -  
-10 i------~.-. 

d) or occurred spontaneously in the same -9 -+ -25 
preparation without stimulation (right traces). -43 -65 , , -- 
Spontaneous EJPS occurred frequently in ,rl -7 
Eag but only miniature EJPS were seen in -25 -- 

normal and ~ h ~ ~ ~ ~ ~ .  In the double mutant Eag 40 "A L -50 J L-. 
40 mV 

shKS1j3, greatly prolonged EJPS occurred 200 msec 
both spontaneously and in response to nerve 
stimulation. Fig. 2 (right). Outward membrane currents in normal (Canton-S) and mutant 
larval muscles obtained by a conventional two-microelectrode voltage clamp at 15°C in 0 mM 
Ca2+ Ringer (9) .  In (a) to (d), the total membrane currents are shown, and a single voltage trace 
is given below to indicate the time of voltage steps and conditions of membrane voltage control. 
Numbers to the left of current traces indicate the amplitude of the voltage step in millivolts and 
those to the left of voltage traces indicate the holding potential, VH. (a) Normal, VH = -50 mV. 
The transient ZA (asterisk) and delayed steady ZK can be seen. Capacitive currents (arrow) were 
reduced by the limited frequency response of the strip-chart recorder. However, IA and I K  were 
faithfully reproduced as compared to oscilloscope recordings (not shown). (b) Normal, 
VH = -25 mV. I A  is inactivated at this VH. (c) ShKS133, VH = -50 mV. The IA is absent. (d) 
Eag, VH = -50 mV. There is a reduction in I K  and IA ,  
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