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BIOELECTRIC SENSITIVITY TO IRRADIATION 
OF THE RETINA AND VISUAL PATHWAYS 

C. T. Gaffey and A. K. Kelley 

Donl;ler Laboratory of Biophysics and Medical Physics 
University of California, Berkeley,' California 

September 9, 1963 

ABSTRACT 

UCRL-11005 

A study has been made of the acute effects of ionizing radiation on 
the visual pathways of the cat, as revealed by electrophysiological techniques. 
Irradiation sources were: 910 MeV alpha particles from the Lawrence Radi
ation Laboratory's 184-inch cyclotron, 40 -MeV alpha particles from the 
Heavy Ion Linear Accelerator, and 250 kV x rays. Rotational procedures 
restricted irradiation to the eye, optic tract, or optic chiasma. The b-wave 
amplitude of the electroretinogram served as an index of the functional sen
sitivity of retinal cells to unilateral irradiation. Photically evolved responses 
from chronically implanted bipolar electrodes in the optic tract provided a 
quantitative means of evaluating the influence of unilateral optic-tract irradi
ation. Midline irradiation of the optic chiasma was performed, and blockage 
of interocular transfer was used as a measure of the effectiveness of irradi
ation. Ophthalmoscopic examinations were performed on irradiated cats. 

Using 40-MeV and 910-MeV alpha particles, we carried out tests to 
determine if ionizing radiation effects the functional state of excitable systems 
in a manner analogous to electrical stimulation. Efforts were made to evoke 
with ionizing-radiation action potentials from frog sciatic nerve and internodal 
Nitella cells. Attempts were made to induce pupillodilation in the nucleus 
perifornicalis of the hypothalamus of cats, by means of focused ionizing, radi
ation. 
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INTRODUCTION 

The relative importance of vision for vertebrate activity is disclosed 
by the fact that of all the nerve fibers that enter or leave the central nervous 
system, 38o/o are optic-tract fibers (Bruesch and Arey, 1942), The visual 
system is normally credited with being the most important cha.nnel for infor
mation about the world. According to Ackerman (1962) the rate of visual in
formation entering the conscious part of the brain is 10 7 time the rate of 
auditory information. It is not surprising that vision has been investigated 
intensively and that there is now a large mass of significant data of visual 
perception and the influence of radiation on the receipt of visual information, 
However, the relative radiation sensitivity of the components of the visual 
system is still unknown, The purpose of this endeavor has been to study by 
electrophysiological techniques the acute effects of ionizing radiation on 
visual pathways. 

A principal concern of this study was the harmful effects of x rays 
and cyclotron-accelerated a particles on the cat' s retina, optic tract, and 
optic chiasma. Several studies have reported that high dosages of x rays 
decrease the amplitude of the b wave of the electroretinogram (ERG}. Baily 
and Noell ( 1958) found that 6 000 to 8 000 rad of 100 -kV x ray caused a re
duction in rabbit's ERG to light stimuli, Most of the studies on the influence 
of irradiation deal with histological changes, Brown (1956) and Cibis and 
Brown (1955) studied the ocular pathology of y radiation in monkeys. Cogan, 
Goff, and Graves (1952), Evans and Leinfelder (1954), Jacobson and Krohn 
(1961), and Moses, Linn, and Allen (1953) investigated the role of neutrons 
on the physiological changes of the eye, Hughes and Iliff (1946), Iliff (1947), 
Merriam (1955, 1956). and Von Sallman et aL (1955) reported the effects of 
f3 radiation on the eye. Von Sallman et aL (1955) described the effects of 
deuterons and a particles on the rabbit's lens, 

The results of optic -tract irradiations in cats led us to test the 
hypothesis that there is a direct stimulation of excitable systems by ionizing 
radiation (Hug, 1960; Hunt and Kimeldorf9 1962)0 High-energy a. particles 
have been used to see if this radiation acts in a manner analogous to electri
cal stimulation in the cae s pupillodilation center, the frog's sciatic nerve, 
and internodal Nitella cells 0 

METHODS 

X Ray Irradiation of the Eye 

, Baily and Noell {1958) recogniz;ed the problem of the distribution of 
the absorbed dose when irradiating rabbits' eyes. In their x ray dosimetry 
they considered. the influences of backscattering, bone structure, soft tissue, 
and the peculiar geometry of the eye. When possible, the method of solution 
of Baily and Noell (1958) has been applied to our studies of the cat. However, 
in our procedure there are specific differences that should be mentioned • 

• 
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Before irradiation a lucite phantom of a cat' s head was locrke4 in 
a stereotaxic head holder (Lab-"Tronics Instruments) and positioned under a 
circular opening (25.4 mm diameter) in a 63.5-mm iron shield, In the lucite 
phantom, a removable Victoreen r-meter (Glosser-Seitz, Model 70) was 
located at the estimated center of the eye and was placed in a hole drilled 
along the visual axis. A light beam that pas$ed through the opening in the " 
protective shielding facilitated the positioning of the probe. A Philips x ray 
machine, operating at 250 kV and 15 rnA, and equipped with a one-mm alu-
minum filter, replaced the light beam, Dosimetry was carried out on the 
phantom, and exact positions were recorded. This operation was repeated 
after substituting for the lucite phantom in the head holder an ophthalm,ectom-
ized cat with the Victoreen r-meter probe located in the center of the eye 
cavity. The extraorbital space was packed with cotton. Because of these 
preliminary steps, the phantom, empirically corrected to match the 13at, 
could be used as a convenient reference in determining the absorbed do~e in 
test animals. ·All the animals were anesthetized and immobilized in the ster
eotaxic head hold,er. The dose rate was 260 ± 10 r/min, and the beam passed 
perpendicularly to the visual axis of the cat. Irradiation of the cat was re
stricted to the 25,4-mm circular opening in the shielding that housed, tpe cat. 
In pilot experiments one half of the head was exposed to irradiation, and the 
rest of the cat was shielded. This technique was eliminated in order to re-
duce to a minimum the volume of tis sue being irradiated. 

Alpha-Particle Irradiation of the Eye 

The Lawrence Radiation Laboratory's 184-inch frequency-modulated 
cyclotron served as a source of high-energy a particles. The specifications 
of the beam particles from the synchrocyclotron have been summarized by 
Gaffey ( 1962), By appropriate magnetic focusing techniques, parti~les moving 
at 59o/o of the speed of light were made to travel in parallel, approximately 
monoenergetic beams. The maximum beam energy for a particles was 915 
MeV. An ionization chamber placed in front of the experimental animal mon
itored the delivered dose (Birge et al., 1956). The a particles were gen
erated with pulse averaging 500 IJ.Sec in duration, of 64 pulses/sec. In eye
irradiation experiments, the dose delivered was about 500 rad/min, whereas 
in optic -tract irradiations the dose rate was about 1 000 rad/ min one rad is 
100 ergs absorbed per gram of tissue). 

An aluminum head holder that was designed to lock into the precision
machined alignment bench at the 184-inch cyclotron positioned the ~at in the 
cyclotron beam {Welch and Tobias, 1961; Born et al., 1959). By micrometer 
screw-type adjustments of the alignment bench, one eye of the cat was placed 
in the center of the circular beam of a particles. The diameter of the beam 
was 25.4 mm, and its path was normal to the visual axis of the eye. The 
linear-energy transfer of the a particles was 15 MeV -cm2 per gram (Born 
et al., 1959), and their range in aluminum was 7 in. 

Ophthalmoscopic Examination 

It was expected that ophthalmoscopic examination of the fundus of 
the cats irradiated in one eye with either x rays or ci particles would reveal 
vasolabile characteristics associated with the time course of ERG changes. 
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The study of the retinal vessels s t arted at t he optic disc (pap i lla) 
from which arteries and veins issue and spread over t h e fundus or eye 
ground, The retinal artery was follow f>d along i ts entire course t o its di s a p 
pearance at the periphery ; then the arteriole s and t h e terminal capillaries 
were examined, A venous s tudy fo llowed t his same routine, Some of the cir
culatory disturbances looked for were vasospasms, focal constriction, occlu
sion, dilation, h e morrhage , exudat es , and edema. 

Alpha- Particle I rradia tion of the Opt ic Tract 

In optic-trac t irradiations wi t h cyclot ron- produced a particles,the 
cat was immobilized in t he same head holder and positi oned wi t h the same 
alignment bench described i n the section o n a. particle i rr a diation of the eye. 
Previous t o i rradi ation, bipolar elec ·rodes were implanted i n t he opti c t rac t 
and visual cortex of both left and right h emisph eres. Using t h e tips of t h e 
bipolar electrodes as markers at which t o aim, we a ligned t h e cat by m .eans 
of horizontal and ve rtical x rays so that t h e term inals of the implanted elec
t rodes were at t he focus of rotation in the cent er of t he a- particle b eam. A 
multiplane rot ation technique (Tobias e t al., 1952; To bias et al., 1958) was 
us e d t o i rradiat e a sphere 0.25 in. in d iamet er. The recording t i ps were in 
t he approximate middle of t his i rradiate d volume (Fig. 1). In ac t u al practic e 
an ellipsoid was the confi guration resulting f rom t h e p roce dure, b e cause only 
five rotational p lanes were employed. 

A l pha-Pa rticle Irradiation of the Optic Chiasma 

Transection of the optic chiasma in cats was a t ternpted by passing 
a narrow beam of 910 - MeV a. particle s through the midsagit tal plan e of the 
head. In t h e majority of the cases, the dimens i ons of the sect ioning cyclotron 
beam were res t ricte d to 0. 5 X 25.4 mm (Fig. 2a); i n late r s t udie s bisection of 
t he optic chiasma was carrie d out with a cyclotron beam 2 X 10 mm (Fig. Zb). 
T he head hol der and alignment bench referr e d t o previo us ly were e ssential 
in this work. The mos t important l a ndmarks fo r the alignm e nt of t he cat were 
t he interaural line connecting the cent er of eadh exte rnal audit ory meatus, and 
t he cent er of th e inferior orbit a l r idge. The sutures of the skull s een by t h e 
x ray served as secondary reference points in pos itioning th e cat1 s head in 
the cyclot ron beam. A n a-par ticle dos e rate of approximately 100 0 rad/min 
was used in these experiments. 

E l ectrophysiol ogical Proc e dure 

(a ) Elect roretinogram (ERG ) 

In ERG studie s, cats were anes t h eti z ed by ir.:.t r aperit oneal injections 
of 20 to 30 mg/kg of Na pentobarbi tal i n s te r ile wate r, and t h ei r pupils w e r e 
dilat ed by admi n i stering to each eye 2 drops of 1 o/o atropine sulfate in 0. 5o/o 
met hylcellulose. The cat s were p l ac e d in a L a b-Tronics stereotaxic h ead 
holder within a dark, electrically shielded room. A photo s timulato r (Grass 
Model PS - Z) triggered a flash of b l ue-white ligh t (duration/flash= 10 IJ.Sec ; 
the distance from the photolamp t o t h e cat' s eye was 10 i n ches. The data 
report ed in this :rzaper are concerne d wit h th e respon se to an i n t ensity of L 0 
lumen-sec per ft , a lthough i ntensihe s from_ 0.25 t o 22 l umen-sec per ft 2 

w ere used. The ERG was recorded. on a n eight·- channeJ.. e lectroenc e phalogram 
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(a) 

ZN -3985 

Fig. 1a. Horizontal x-ray photograph of the dorsal view of a 
cat' s head in the alignment procedure. A 1/ 4-in. -diameter 
910-MeV a-particle beam is centered on the right optic
tract electrode. 

Fig. 1b. Vertical x-ray photograph of a late ral view of a cat' s 
h ead. Regardless of the angle of tilt, the tips of the optic
tract e lectrode remain at the focus of rotation of the high
energy a-particle beam. 
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(a) 

Fig. 2a. Horizontal x-ray photograph of a dorsal view of a eat's 
head. A 0. 5X 25. 4-mm slit of 910 -MeV a -particles is aligned 
along the midsagittal plane . 

Fig. 2b. Horizontal x -ray photograph of a dorsal view of a cat' s 
head. A 2.0X10.0-mm slit of high-energy particles is being 
adjusted along the midsagittal plane. 

ZN-3984 
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(Grass, Model III) by using the method of Groppel , Haass, and Kolrausch 
(1938) and Hairline (1925). The reference electrode was located in t he scalp 
at the sagittal cresL In addition, the photic responses were produced by 
delivering the potential difference to a push -pull ac preamplifier (Grass, 
Model P- 5 ), w h ich then fed the signal into a Tektronix oscilloscope (Model 
532) with a high-gain differential input amplifier (Tektronix type 53/53 D) . 
The displaced potential difference s were photo g raphed with a Fai r c hild os 
c illoscope camera (M o d el F-286 ). 

(b) Electroencephalogram 

The Grass electroencephalograph was used to monitor the cortical 
electrical activity in cats studied for retinal sensitivity t o irradiation by 
x rays and b y 910-MeV a particles. Platinum alloy needle electrodes (Grass, 
E-2 ) were inserted intradermally, and bipolar and monopolar recordings we re 
taken at symmetrical positions of the head. In monopolar r ecordings the ref
erence electrode was locate d at the sagittal. crest. The animals were anes
thetized and fixed in a stereotaxic head holder, and t he pupils were dilated 
with a tr opine prior to photic stimulation in the darkened, shielded room. 

(c) Optic Tract 

Contact with the optic tract (O T) was made by insertion of a b i polar 
needle electrode through a burr hole in t h e skull of a n anesthetize d cat, im
mobilized in a stere otaxic head holder. Accurate anatomical placement o f 
the electrodes was achieved by using the coor dinates de t aile d in the contribu
tions of Jasper and Ajmone -Mars an ( 19 58) and Snider and Niemer ( 1961 )o 
Bipolar needle electrode s were constructe d of straight nichrome wire (0. 226 
mm o. d .) of which all but the 1 mm at the tip was insulated with Fo r mvar. 
Twin wires were attached with varnish (Epoxylite 6001) to strai ght steel 
tubing that sepa r ated the wires by 2 mm and served as a mechanic al support. 
Dur ing the implanation procedure (Hes s 9 1957; Hors ley and C larke 1908; 
Delgado, 1961) the cat was photic ally stimulated. The bipolar electrode was 
located where the optic -tract responses were maximaL Both l eft and right 
optic tracts were implanted , as were both sides of the vis ual cortex. The 
bipolar cortical elect rodes were located on a st r ip along the margi nal gyrus 
a djac ent to the striate area, as t h is area yielded the h i ghest evoked response 
to visual stimulation (Doty, 1958 ). The four o.ptlc-tract leads and the four 
visual-cortex leads were soldered to a nine-pin radio socket (Ampheno Corp.). 
A current lead from the sagittal crest served as a grounding elect rode on the 
ninth socket pin. The current lead wires and socket were h eld securely by 
dental plastic (a m ixture of Kadon resin powder and liquid met hyl methacry
late monomer from the L. D. Caulk Company) anchored to t h e skull by stain
less steel screw (Fig. 3). Control and postirradiation phot1cally evoked OT 
recordings were obtained fr om the alert cat constrained in a Lawrence cat 
box. The pupils were dilated with two drops of 1o/o atropine sulfate. The 
photolamp-to-eye distance was 10 in. Mirrors were placed bes i de anddirectly 
above t h e cat 1 s head. Both monopolar and bipol ar r ec ordi ngs were taken u nder 
these conditions with an eight-channel electroencephalograph. 
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parietoocci pita lis 

calcarina 
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N . opticu s Tra ctus opticus 

MU - 26053 

Fig. 3. Schematic diagram of a cat with electrode chronically 
implanted in some of the visual pathways. 
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(d) Optic Chiasma 

Mye rs and Sperry ( 19 53) have shown that following midsagittal 
division of t he optic chiasma (OC), interocular transfer no longer occurred. 
Thi s observation prompted us to try to produce chiasma-sectioned cats by 
means of a slit of 910-MeV a particles . Transecting the crossed retinal 
fibers at the optic chiasma would r estrict the excitation from two separate 
eyes to the separate hemisphere through t he preserved, uncrossed afferent 
pathways (Barris et al. , 1935). 

Electrophysiological techniques permitted indirect assaying of the 
effic iency of a particles in produc i ng a functional m idline bisection of the 
chiasma. Prior to irradiation, bipolar electrodes were implante d chronical
ly in the left and right optic tracts. OT -evoked responses to photic stimula
tion were recorded after one eye was masked. If radiation proved succ es sful 
in splitting the chiasma, only homolateral retinal stimulation would influence 
the amplitude of the optic tract discharge, as the contralateral r etinal fibers 
would be blocked. In a chiasma-i rradiated cat, if one eye is masked and the 
homolateral optic tract does not show a bioelectric respons e to photic stim
ulation from the contralateral eye, it may be assumed that optic chiasma ir
radiation was sufficient to block transmis sian. 

RESULTS 

ERG and X Rays 

The potential difference evoked by a light s timul us and recorded as 
the ERG is an index of t he functional s t ate of the retinal cells (Noe ll and Baily, 
1956 ; Baily and Noell, 1958; Noell , 1962) . In this study the measurement of 
the ampli t ude of t h e b wave of the cat' s ERG provi ded a quanti t a t ive m eans of 
evaluating irradiation damage. 

In pilot experiments, 10 cats had one half of their heads irradiated 
in order to administer x rays to one eye. Figure 4 demons t rates a drastic 
reduction in the m agnitude of t h e electrical retinal response to photoflashing 
in an eye exposed to 2 000 r . This a tt enuation of the ERG occurred within 15 
minutes, the time the first postirradiation ERG could be recorded. The pho
t ic ally evoke d elect rical activity of the nonirrad iated retina is normaL Elec
t roencephalographic (EEG) activit y r e co r ded in t h e oc cip i tal and parietal 
areas reveals no alteration resulting from irradiation. In three of the cats 
t he cortical activity from the parietal area showed high-voltage t ransients on 
the irradiated h emis phere (Fig. 5 ). In one cat t he EEG in the parietal region 
of t he irradiated side had a nons table bas e line ( Fig . 6). 

The pers1stence of h igh-voltage t ransie nts in t h e r t; s ting EEG records 
was roughly related to t h e administered dose. These high - voltage irregular
iti.e ·s were detected as much as 8 hours aft e r irradiation wit h 1 200 r, and for 
about 24 hours after do s e s from 2 000 to 2 500 r. This t rans1to r y phenomenon 
was difficult to study as it was not common aft e r all irradiations, and as con ·· 
siderable lengths of resting EEG records h a d t o be procured in order to note 
its app earanc e. When t he field of x r ay s was limited to a size 6o/o greater t han 
the eye, these asymmetrical irregularities in t h e EEG no longer occurred. 

I . 
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Fig. 4. Photoflashes (PF) are presented at the rate of 1 flash/sec 
to an anesthetized cat. The retinal activity (RA) of the eye 
exposed to 2,000 r of 250-kV x ray is drastically reduced, but 
the nonirradiated eye produces a normal response to light 
stimuli. The heart beat (HB) is regular, and the occipital 
activity (C) and parietal activity (C, R) are of low voltage. 
(Positivity is downward. ) 
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Control sid.e , P 

]rradiated side, P 

I 

Fig. 5. Parietal activity (P) during a nonstimulating period. 
Irregular, high-voltage activity is confined to the side of 
the head that received 2,000 r xray. The horizontal bar 
is i sec; the vertical bar is iOO !J-V. 

817 

MU-31127 
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Fig. 6. Parietal activity (P) and temporal activity (T) during a 
resting period. A base line drift, not an artifact, is re
stricted to the parietal area of the irradiated hemisphere. 
The horizontal bar is 1 sec; the vertical bar is 100 f.LV • 
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Using a procedure that restricted x rays to a 25,4-mm circular 
beam, we irradiated one eye in each of 23 cats. Dosages from 600 to about 
1 500 r produced for a period an ERG with a b wave larger than the pre
irradiation value, The maximum duration of the enhanced ERG oc~urred 
with doses near 1 200 r, but doses greater than 1 500 r produced no enhance
ment response, The enhanced phenomenon ultimately subsided, and an at
tenuated ERG was left. The biphasic action of irradiation is illustr~ted in 
Fig. 7, In this figure the time course of the b wave response ratio of the 
irradiated eye to the control eye is presented for a cat given 1 200 r, After 
a temporary enhancement phase, the response ratio was about 0.83, In 
another cat given the same dose, the steady-state b wave response ratio of 
the irradiated/ control was 0. 74 (Fig. 8). Hence, the b wave was redu<;:ed 17o/o 
in one case and ?6% in a similar case, The exact cause for this variation is 
not known. Since the retinal cells are distributed over a section of a sphe
roid, differently posit~oned retinal cells receive varying doses of x rays. 
This variation in dose received, as well as anatomical and age differences, 
partially accounts for the variability of the radiation response. A 2o/o 
variation would be expected as a consequence of the accuracy limits of the 
dosimetry calibration, In Fig. 9 the steady-state values for the b wave 
irradiated/ control response ratio are plotted as a function of the absorbed 
x ray dose. The dose -effect curve is clearly nonlinear. 

ERG and High-Energy Alpha Particles 

Six cats were irradiated in one eye with a 25.4-mm circular beam 
of 910-MeV a particles generated by the Lawrence Radiation Laboratory 1 s 
184-inch cyclotron, In Fig. 10 the steady-state amplitudes of the b-wave 
irradiated/ control ratio are plotted as a function of the delivered dose, It 
appears that the effectiveness of x ra,ys (Fig 9) and the effectiveness of a 
particles (Fig. 10) are approximately the same in blocking the ERG in the cat. 
The enhancement of the b-wave response with a.-particle irradiation is not as 
prominent a feature ~s the enhancement induced by x irradiation, 

Ophthalmoscopic Findings 

The retina is unique in that it is the one part of the body in which 
blood vessels can be observed directly. It is known (Trevor-Roper, 1955) 
that closure of the central artery, which is the source of all retinal arteries 
appearing in the ophthalmoscopic field, can be accompanied by a sudden onset 
of irreversible blindness. The retinal arteries and veins of cats given x rays 
or a particles were carefully examined after ERG recording sessions. 

Irradiation that inhibited the photically evoked ERG did not p;roduce 
changes in any of the ophthalmoscopic signs investigated, After doses of 
2 000 rad constriction of arterioles in the irradiated eye was followed by 
vein-diam~ter reduction to one third normal size. What is significant is that 
this vasoconstriction was not associated with the loss of evoked retinal ac
tivity because this change in the caliber of the retinal vessels occurred 6 to 
10 hours after ERG criteria indicated blindness. 

The external effects of eye irradiation were similar to the inflam
matory response described by Cibis, Noell, and Eichel (1955), i.e., edema 
of the conjunctiva and lids, lacrimation, and lid dosure. To prolong the 
period of observation the irradiated eye was cleaned and treated with anti
biotics, 
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Fig. 7. The b-wave amplitude of the electroretinogram is 
plotted as the irradiated/ control ratio against time. The 
irradiated eye received 1,200 r of 250-kV x :;:ay • 
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Fig. 8. Electroretinograms of the left ( 1, 200 r of x ray) and 
right (control) eye of a cat. The photoflash (PF) trigger 
is given on a separate channel. The horizontal bar is 0.25 
sec; the vertical bar is 200 f.LV. (Positivity is downward.) 
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Fig. 9. ERG's b-wave irradiated/ control response ratio is 
plotted against the x ray dose absorbed by the eye. 
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Fig. 10. The ERG's b-wave irradiated/ control response ratio 
is plotted against the 910-MeV particle dose delivered to 
the eye. 
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Optic-Tract Irradiation 

The radiosensitivity o'f the optic tract (OT) to 910-MeV a particles 
was investigated, Light-evoked bioelectric responses that were recorded 
from chronically implanted bipolar electrodes (Fig, 3) provided a means for 
evaluation effects of ionizing radiation, Monopolar and bipolar OT responses 
to photoflashing were studied (Fig. 11), In the majority of cases, bioelectric 
responses of the optic tract and visual cortex were recorded simultaneously. 
In other instances the optic tract, lateral geniculate nucleus, and visual cor
tex were monitored (Fig. 12). 

The terminals of the OT bipolar electrodes in one hemisphere were 
irradiated with high-energy u particlE:s, The tips of the electrodes were 
positioned at the focus of rotation in the center of a beam 1/4 in, in diameter 
(Fig. 1 ). The cat' s head was rotated about this focal point in order to pile the 
radiation in a spherical volume, The photically evoked responses of the bom
barded OT were compared with the OT responses in the nonirradiated hem,:. 
isphere. 

Unfortunately, the combination of a-particle ionizing irradiation and 
Nembutal anesthesia is hazardous to cats. A tilne -course study of irradiation 
effects in anesthetized cats was abandoned after the loss of nine cats. 

Alert cats were used in studies of the time course for the abolition 
of the OT response to photoflashing. In Fig. 13 the irradiated/ control ratio 
of the response to light stimuli is plotted against time after irradiation with 
35 000 rad of 910-MeV u particles, A maximum enhancement is exhibited 
44 h after irradiation. The results of 10 000 to 40 000 rad of high-energy 
u particles on seven alert cats are presented in Fig, 14, The survival time 
for the evoked response to light stimulation of the OT was within limits, a 
logarithmic function of the delivered dose, Extrapolation of the linear por
tion of this dose-survival curve for the OTis of special interest. It appears 
from Fig. 14 that to promptly block the OT' s response to light stimulus would 
require a massive dose of irradiation, i, e., about 200 000 rads of 910-MeV 
u particles. Since this is 100 times the dose that blocks the ERG; it appears 
that the relative sensitivity of the retina to the optic tract is 100:1. A special 
effect caused by optic -tract irradiation will be treated separately. 

Induced Pupillodilation during Alpha- Particle Irradiation 

In testing the radiosensitivity of the optic tract of cats to 910-MeV 
u particles, we were surprised to find that the homolateral pupil was dilated 
maximally after radiation (Fig. 15), while the contralateral pupil (control side) 
was normal size. A multiple-plane rotation technique had been employed in 
irradiating the optic tract, and the expected volume of irradiated tis sue was a 
spheroid 1/4 in. in diameter. This pupillodilation phenomenon seemed re
markable, as it occurred during irradiation and was evidenced at the termi
nation of the delivered dose, Fixed far -vision and ophthalmoplegia accom
panied permanent pupillodilation, 

Attempts were made to reduce both pupils to the same diameter by 
using 0. 5o/a isoptoeserine, but enlarged pupil was resistant to this agent, 
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Fig. 11. Photoflashes (PF) are delivered to an alert cat at the 
rate of 1 flash/ sec. Bipolar evoked responses to light 
stimuli in the left (1-2) and right (3-4) optic tracts are 
compared with monopolar responses. G is the indifferent 
electrode located in the sagittal crest. The horizontal bar 
is 1 sec; the vertical bar is 100 IJ.V. 
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Fig. 12. Photoflashes (PF) are presented to an alert cat at the 
rate of 1 flash/ sec. Bipolar responses to light stimuli are 
recorded from the optic tract (OT), the lateral geniculate 
nucleus (LGN), and the visual cortex (VC ). The horizontal 
bar is 1 sec; the vertical bar is 100 !J.V. 
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Fig. 13. The time course for the inhibition of the photically 
evoked response of the irradiated optic tract. The irra
diated optic tract received 35,000 rad of 910 MeV a-par
ticles. The ratio of the irradiated/ control response to a 
light stimulus is plotted against postirradiation time. 

80 

MU- 31131 



Vl 
Q) 

u 
~ 

L.. 

0 
a. 
0 

....r::. 
a. 
0 

........ 
0 
Vl 

'""0 
0 
L.. 

:::.:: 

100 
90 
80 
70 

-21-

lOL-----~----~----~-----L----~--~~ 
0 2 3 4 5 6 

Days after optic tract irradiation 
MU-31130 

UCRL-11005 

Fig. 14. The logarithm of the dos e of irradiation (910 MeV 
a-particles) is plotted against survival time for the pho
tically e voked response of the optic t ract. A dose of 
40,000 rads of high-energy a-particles inhibits the optic 
tract activity in 2-1/2 days. 
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ZN -3983 

Fig. 15. Photograph of a cat aft e r rece1v1ng 15,000 rad of 
91.0 MeV a-particles in an optic tract irradiation. 
Pupillodilation results from irradiation of the right 
optic tract. 



-23- UCRL-11005 

A 1o/o isoptoatropine was effective in equalizin g pupil diam eters by dilating the 
pupil o n t he non i rra dia.te d side t o t he size of t he pupil on t h e i rradiated side. 

The m inimum a - particle dose that pr o d uce s pupillodi l a t i o n is not 
k now n at this writ ing. Thus far a dos e of 15 000 rad provi des i mme diate 
pupillary di l a t ion. 

E x p e rime nt s t o Stimul ate Directly t h e C NS, P e riphe ral Nerve, 

and Nitella Ce lls by Radiation 

Optic i rradiations suggest t hat a -pa r ticle ionizing r a d ia,ti o n is ca
pable of d i r ectly stimul a t i ng pupillodilation. One can hypothesi z,e t h at t he 
m etal of t h e O T b i polar ele c t rodes caused st r ay radiation by s catt e ring the 
h i gh- e nergy a -particle b eam and t hat t h is s t r ay radiation had an excitation 
effect in t h e pupillodilation cente r of th e brain. This s eemed unlike l y be
caus e t h i s center was 2. 7 beam radi i from t h e site of i rr a diati on. Neverthe
J. e s s, w e t este d the possibility o f dir ect s t imul a ti on of t h e pupillodilation 
center with ioni zing radiation. 

Chronic a lly implante d b i polar electrodes were s te r eot axically placed 
i n t he pupillo d ilation center of t h e brain , i. e ., in t h e region of t h e n ucle us 
per ifornicali s of the h y pot halamus (H ess, 1957) . The tips of t h e b ipolar elec
t rodes s erve d a s m a rker s at which t o a im t he 910-Me V a particles. By a 
mul t i p ie -pl ane rotat ion procedure, i rradiati on was fo cus e d d irectl y at t he 
brain' s pupillo dilation cente r . Dos es as high as 100 000 r a d of h igh-energy 
a particle s failed to evok e pupillodil ation during or after ir r a diation. 

, Precaut ions were take n t o pla c e t he bipolar electrodes mo st effec-
tively. Dur ing impl antation a Grass stimul ato r (Model S -4 ) d e live r e d a bi
phasic puls e 1 mse c i n durat i on at 40 pps , and pupillodilation was i mmediat ely 
evoke d. The electrode w a s place d at t h e location where t h e m inim a l c urrent 
was requi r e d for dilation of t h e pupil. Alth o ugh irradiati on was not effe ctive 
in d i r e c tly s timulating the nervous system's pupillodilation cen te r, it was 
e ffec tive in blocking t h e e l ectrical current t hat w ould elicit pupi U o di lati on. 
Immed iate inhibit i o n of electrical pupillo dilat ion r e qui r e d 125 000 r a d of a 
pa rticles. L e ss e r doses also caused suc h inhibitio n, but t h e ons e t o f t his 
effect occurred at longer times a ft e r i rr a diati on (Gaffey a nd K elley, unpub
lished data). 

A r eexamina t i on of fac t ors t h at coul d b e causing i mme di ate pupillo
dilation dur ing OT ir radi a tion i s n eeded. From anatomical c o n siderations 
i t would s eem mos t probabl e that t he oculom .otor ne r ve (th ird cranial nerve ) 
has been inte rc epted by t he s a me spheroi d volume t hat contains t h e O T bi 
polar electrodes . It i s k n own t hat dest r uc t i o n of t h e oculomoto r -inhibi ting 
portion of t h e pupillodi l a ti on p a thway cau ses i mme d iate and perma ne nt en-
la r gement of t h e pupil {Langwort hy, '1 943 ). These c.r e t h e cha r acte ristics 
o f p upillo diJation c a u se d by high -energy a p a r t i cles. Howeve r , t his inte rpr e
tati on r e m a ins to be proven. It is s afe to conclude t hc.t in t h e c at, i rra diation 
of t h e nucleus perifo r nic alis does n o t s timulate t h e pupillodilation center in 
t h e cent r al nervo us system. 



-24- UCRL-11005 

Experiments were done to determine if high-energy a particle s 
could directly stimulate an action potential from the isolated frog sciatic 
nerve or an internodal Nitella celL The procedure for recording action p o
tentials of sciatic nerve can be found in Gaffey's ( 1962) report, and that for 
recording action potentials from giant plant cells in the report by Gaffey and 
Mullins ( 19 58) . 

The 910-MeV a particles from the Lawrence Radiation Laboratory's 
184-inch cyclotron and the 40-MeV a particles from the Berkeley heavy- ion 
linear accelerator (Hilac) have failed to trigger excitability in t he frog's 
sciatic nerve and internodal Nitella cells, The characteristics of the Hilac 
have been p:ce sented in TobiaSls paper (1962}. The H1lac might be considered 
suitable for providing excitation because it can deli·; er single or multiple 
pulses of a particles, v ary the duration of the pulse, and va ry the dose per 
pulse up to i0 7 rad/pulse. Hilac parameters were va r ied as follow s in tests 
to determi ne if radiation is analogous to electric current in exciting sciatic 
nerve : (a) the duration of the radiation pulse was lengthened as much as to 
2 . 0 msec; (b) the dose was increased as high as 300 000 rad/pulse; (c) the 
range of the a particles in the nerve was adjusted for complet e passage, 75 
o/o passage, 50o/o passage, and 25o/o passage; (d) the length of the nerve exposed 
to irradiation was varied from 4 to 8 mm, None of these radiation charac
teristics or com.b1nations of characteristic s permitted stimulat10n of the sci ~ 

atic nerve. 

About 300 000 rad of 40-MeV a particles from the Hilac causes a 
conduction block. This is evidenced from t he pr oduct of the number of pulses 
multiplied by the dose per pulse, For example, t h e fo1low1ng combinations 
of 40-MeV a particles induced a conduction block in t he frog's sciatic nerve: 

2 Hilac pulses 
3 Hilac pulses 

6 or 7 Hilac pulses 

( 150 000 rad/pulse) 
( 100 000 rad/,pulse) 
( 50 000 rad/pulse) 

A dose of 300 000 rad would be expected to cause a rise i n t emperature of 
0. 72 ° c. 

One- .msec pulses of 40-MeV a particles consisting of 50 00 0 rad/pulse 
were sufficient t o induce instant wilti ng in t he plant cell Nitella, T he only e ie c
t rophysiological effect recordable was t h e irreversibl e mechanical collapse of 
the internodal cell. Thermal s t ress produ ed effects indistigui shable from 
high --energy a -parti cle ir radiation. 

Optic Chiasma I rradi a!ion 

Photically induced responses from the bipolar electrodes c hroni,; ally 
implanted in the opti tract w ere re corded before and afte r optic chiasma (OC) 
irradiation w1th 910 ·--MeV a particles. F i rs t one eye was masked, then the 
other, during photic stimulation, Seven cats rec eived doses as high as SO 000 
rad of a particles from the cyclotron~ s beam restr i cted to a 0. 5 X 25.4-mm s lit. 
In no instance was there a blockage at the ch i asma of cont ralate ral retinal 
light stimulation. The homolate ral OT continued to show bioelectric r e sponse s 
to photic stimulation of the contralat eral eye, and this ind1cate s that functional 
transfer across the OC has not been interrupted. 
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Additional at t e mpts were made on Four Cats t o functionally bise ct 
t h e OC w ith t h e cyclotron1 s beam lim ited t o 2 X 10 mm. These d im ens ions 
proved suffic i ent to block inte rocular t r ansfe r across t h e OC. A dose of 
20 000 r a d of h i gh -enerby a part i cles b l ocked crossed r etina l fi b ers 36 h afte r 
i rra d iation ( F ig. 16). The data from fou r experim ents a r e s cant y, and i t would 
b e dangerous t o sugfest t h at the dose-response curve is a l ogar ithmic function 
of t h e d elive r e d dose. T he dotte d dos e -res pgns:e line in F i g. 16 is w h at o ne 
would expect t o find if thi s w e r e t h e ca.se . 

DISC USSI ON 

ERG Comments 

The elect ronic c urr ent r ecorde d a s th e ERG from t he e ye is a m as s 
surface r esponse t hat is often tak en as an i ndication of retinal activity and 
re t inal sensitivity. E vi d enc e for t h e reliability of t h e ERG as an ind ex of a 
functional r etina h a s been given by Noell and Baily ( 1956) in t h ei r findi ng that 
t h e amp litudes of t h e a and b-waves of t h e r a bbit 's ERG a r e relat ed t o the 
numbe r of visual cells affecte d b y inj ur i ous agents. Noell, E ichel, and C i bi s 
(1954), and Noell (1 962 ) s tate t hat a q uan:itative evaluati o n of x- r ay d a m age t o 
t he r abbit's r etinal cells can be m a d e by t he electroph y siologi cal tech ni que of 
r ecor ding t h e ERG. In our study, focal eye expos u re to x rays and h i gh -energy 
a irradiation has b e en carrie d out, and t h e cat' s ER G was used a s an i n d i cator 
of radios e ns i tivity. Afte r x-ray doses r anging from 60 0 to 1500 r , t h e b -wave 
a mplitud e of he ERG p a s sed t hrough a t r a nsient enhancement phase befor e 
being attenuated. Baily and Noell ( 19 58) r e p o r te d t h at the r a bbi t ' s ERG r e
m a ined c o n s tant u ntil a damagi n g do se was adminis t ered, and t h at t hen th e 
b wave d ecline d s t eadily. A dose of 4 428 rad of 250-kV x rays caused retinal 
c ell death (ibid.). Noell, E ichel, and Ci bis (1954) a p plied x rays to t he or
bit al a r eas and whole h eads of r a bbits and noted t h e complete disappear a nc e 
of t h e ERG 1 0 m inutes after 29 0 40 r. Death of the enti r e visual c ell popula 
t ion i n t h e irradiate d rabbit eye was evi d ent h istologically with in 10 hours 
(ibi d . ). Our studies showe d that a dos e of 2 000 r of x r ays e liminated t h e cat' s 
ERG within 15 m inut es afte r exposure . C ibis, Noe ll, and Eich el ( 1955 ) re 
porte d t h at t h e spe cific reacti on w i thin t h e r etina after expos ure to 2 000 r was 
ir r eversible d a m age t o t he rod -cell popula ion. Primary damage to cone cells 
w a s obse r ve d at 3 0 000 r (ibid. ). It was proposed that disappearance of t h e 
b - w ave potential of t h e ERG was due to t h e selective neutral death of t h e rod 
cells a t 2 000 r (ibid. ). 

The view t hat rods and c one s of t h e retina are t he source o f t h e ERG 
(exlud i ng t h e c wave ) is quite untenable n ow ( Brind l ey, 1960 ). It is r eas onable 
to exp ect t hat ERG atte n uat ion caused by i rra di a tion should be related t o t h e 
functional state of t h e cellular elements, t he b i pola r cells «Tomita, 1950 ; 
O ttoson and Svaelich in, 1953 ), g e nerating the ERG. His tolo gical evi d ence cor
r elating the d e cline of t he ERG b wave and radiation d amage of b i p olar cells 
is wante d. Noell, Ei c h el, a nd Cibi s (1954 ) s t ate d t hat d a m a g e to bipolar cells 
::.n one mammalian eye was caus e d by 35 000 r of 260 kV x rays. 

Winter, R einh a rdt, and M a dden (1958 ) fo u n d no c h ange in t h e r etinas 
o f cat s exp ose d t o 10 000 r of a irra diati on, but after 20 000 r nec ro sis of rod 
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Fig. 16. The logarithm of the dose of irradiation (910 MeV 
a-particles) i s platted against survival time of the pho
tically evoked response of the optic chiasma. A dose 
of 40,000 rads of high-energy particles inhibits optic 
chiasma activity in 24 hours. 
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and cone cells occurred. At this dose there was no difference in the suscep
tibility of rods to irradiation (ibid.), Cibis , Noell , and Eichel (1 955 ) stated 
that the x ray threshold for rod d egeneration in the rabbit was one -tenth that 
of the threshold in the cat. Winter , Reinhardt, and Madden (1958) fractioned 
the dose, and this proc e dure may account for some of the difference. 

Ophthalmos copic Comments 

An ophthalmoscopic examination of t he cat 1 s eye showed constriction 
of the arterioles followed by venous constriction 6 to 10 h afte r adminis tration 
of 2 000 r. Since the latency period for ERG inh ibition was at t he most 15 min 
in the eye expos ed to 2 000 r , irradiation-induce d vascular c hanges cannot ac
count for t h e observed bioelectric changes. Detailed opht halmoscopic changes 
in t he i rradiated eyes of the guinea pig, rabbit, rhesus monkey, and dog are 
described in the elegant paper of Cibis , Noell , and Eichel (1.955 }, Ham (1.953) 
has presented an extensive review of the radiation cataract, and Lucas ( 1962) 
has summarized the histological effects of irradiation on the i1nmature mam
malian retina . 

Optic Tract Comment s 

After high-energy a-particle irradiation of t he optic tract, the sur
vival period of t h e photically evoked response was logarithmically related to 
doses greater than 12 500 rad. The dose-response curve of Fig. 14 shows that 
200 000 rad of a particles would be r equired to promptly inhibit the optic 
tract 1 s bioelectric response to light stimuli . Since t h e cat loses its ERG after 
2 000 rad of a particles (Fig . 10), we concluded that t he retina is 100 times as 
sensitive to irradiation as t he optic tract . The optic tract and t he optic chi
asma (Fig . 16) are of similar sensitivity to irradiation ; each require s about 
200 000 rad of a particles for an immediate loss of activity. A study of the 
bioelectric effects of high-energy a particles on frog sciatic nerve (Gaffey, 
1962) showed that the action potential was promptl y inh i bited after a dose of 
300 000 rad, Hence , the radiation resistance of axonal fibe r s - -such as t ho se 
of the optic tract, the optic chiasma, and t h e sciatic nerve ·--appears to b e 
extremely high. A membrane model , interpreting the molecular events oc
currin~ in axonal material after irradiation, h as been offered (ibid. ), The 
retina; optic - t ract radiosensitivity rat io suggests a d endrite/ a xoneradio
sensitivity ratio of 100/1. 

Opti c Chiasma Comments 

The axones of the ganglion cells of the retina are the fibers of the 
optic nerve . In the cat one-third of t he fibers d ecussate at t he optic chiasma 
(Glees, 1961). When the cat 1 s crosse d fibe rs are sectioned at the chiasma, 
the animal retains m.ost of its visual field. However, stereoscopic overlap 
is eliminated, and each eye feeds impulses to its homolateral hemisphere 
(Sperry, 1962 ), Our experiments have demonstrated that midline radio sur
gery of the optic chiasma can be performed by using a 2-mm - wide beam of 
high-energy a p articles, The great advantage of radi osurgery in t he central 
nervous system is that t h e risk of infection is eliminated. However, because 
the rate of lesion formation is a function of dose , there i s an interval dur ing 
which the n e rvous system adjusts to the developme nt of the lesion, Les ions 
can be produced by heat , f reezing, ultrasound, and chemicals, but immediate 
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stress to the central nervous system limits the usefulness of such procedu re, 

The r e lation be tween beamwidth and the threshold dose radiogenic 
brain lesions caused by cyclotron-ac celerate d parti c l e s has b ee n reported by 
Z e man, Curtis, Gebhard, and I-Iaymaker (1.959); Zeman, Curtis , and Bake r 
(1961) ; and Ordy, Barnes, Samorajski, Curbs, Wolin, and Z e man (i963). 
Although leswns can be induced readily with high -e nergy particle s , attempts 
to functionally block crossed - fiber transmission at the optic chiasma (with a 
0.5X25 . 4-mm slit of high-energy a particles were unsuccessful. Doses as 
high as 50 000 rad were employed, and even after 6 months there was no 
blockage of crossed-fiber impulse transmission, The observation that brain 
transecti on does not always block neural t ransmission is not new (Libet and 
Gerard, i 93 9} . It is most hkely that a 0. 5 -mm b eam of a particle s fails to 
interrupt communications becaus e of the cable prope r ties of th , fi bers . The 
distl·ibution o f current along the length of the fiber p e rmits t he passage of a 
signal t h1 o :J.Q;lJ. a dam.aged region, if the damage has been less t han t h e fiber ' s 
length constant. As a 2 X 10-mm beam of 910 - MeV a particles does ipdu ce a 
functional blockage, we can p:t·oviswnally accept that the length constant of the 
opt1c clnasrna fibers is between 0 . 5 and 2 , 0 mm, The length constant for the 
c rab's nerv e is 0 . 5 mm; that for a frog's sartorius muscle is i rnm; and that 
for a froG's medullated nerve is Z mm (Davson, 19 54 ). 

Pupillodilation Comment s 

Experiments presented in this paper have dealt with an immediate 
pupillodilahon response to high -energy a-particle irradiation of t he optic 
tract. Although it is most tempting to interpret this phenomenon as the result 
of direct stimulation of the sympat hetic nerve supplying t he dilato r pup11lae, 
our investigations have indic ate d that th1s hypothesis is not usefuL The most 
probable explanation is that the parasympathetic fibers (oculomotor nerve) 
sending constrictor impulses to the pupil are blocked, Functional blockage of 
the oculomotor nerve is characte rized by loss of the constrictor mechanism 
of the pupil, loss of all the voluntary movement of the eye innervat ed by t h is 
nerve , and paralysis of accommodation, These are t he symptoms induced by 
irradiations with 910-MeV a parbcles in the r egion of the optic t ract , It 
c ould be expected t hat the spher e of irradiations (1/4--in, diamete r} containing 
the opt ic trac t would also intercept the oculomotor nerve, What was not ex -· 
p ected was the prompt effect on t h e oculomotor nerv e, 

Our opinion 1s that the oculomoto r nerve is probably as r e s1stant to 
irradiation as is the optic tract, What makes the oculomotor nerve so re a dily 
susceptible to ionizing radiation is its vascular relation. Aneurysmal dilation 
of the superior cerebellar , pos te r io r cerebral, or posterio r comn1un1ca.ting 
artery could compress the oculomotor nerve ( Peele , 1954 ), and this compres
sion would produc e pupillodilat ion, fixed fa r vision, and ophthalmoplegia . 

Direct observation in animals has revealed that irradjat1on exposures 
on the order of 10 000 r are required to cause functional c hanges in vessel 
d1ameter and blood flow (Downing, Bishop, and Warren, 1940 ; Sm1th, Svihla,. 
and Patt , 1951) . Winter, Reinhardt, and Madden (1958) h ave shown that 100 
to 800 r of -y rays dilate the uveal vessels . Thus far in ou:r study we have ob
served that 15 000 rad of h1gh-ene rgy a. particles caus es pupillodilation , 
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It is the opinion of some scientists (Hug, 1960; Hug and Schleip, 
1961; Garcia, Buchwald, Feder, and Koelling, 1962; Tobias, 1962, Hunt 
and Kimeldorf, 1962; Hunt and Kimeldorf, 1963; Smith, Kimeldorf, and 
Hunt, 1963) that the effect of ionizing radiation on the functional state of the 
nervous system is analogous to the effect of electrical stimulation. Hug 
(1960) has stated that if a. minimum dose rate is achieved, radiation-induced 
reflect responses in lower animals and mammalian organs can be obtained. 
In contradiction to this we have found that it is not possible to stimulate 
directly with high-energy a particles an action potential in a frog's sciatic 
nerve or an internode! Nitella cell. 

SUMMARY 

(a) Using a procedure that restricted 250-kV x rays to a 25.4-mm circular 
beam, we irradiated one E;ye of the cat. Doses of 2 000 r promptly abolished 
the electroretinogram. There was attenuation of the b wave of the electro
retinogram at doses less than 2 000 r. X ray dosages from 600 to about 
1 500 r produced for a period an electroretinogram with a b wave larger 
than the preirradiated value. Enhancement of the b wave response with 910-
MeV a particles was not a prominent feature. In other respects 910-MeV 
a.-particle irradiation was similar to 250-kV xray irradiation. 

(b) An ophthalmoscopic examination revealed constriction of arterioles fol
lowed by a r.eduction in diameter of the retinal veins to 1/3 their normal 
size, after x ray doses of 2 000 r. This vasoconstriction was not associated 
with the loss of evoked retinal activity because this change in the caliber of 
the retinal vessels occurred 6 to 10 h after electroretinographic criteria 
indicated blindness. 

(c) The radiosensitivity of the optic tract to 910-MeV a particles was studied. 
Light-evoked bioelectric responses that were recorded from chronically im
planted bipolar electrodes provided a means for the evaluation of ionizing ra
diation effects. The survival time for the evoked response to light stimula
tion of the optic tract was within limits, a logarithmic function of the de
livered dose. 

(d) To promptly block the optic tract's responses to a light stimulus would 
require 200 000 rad of 910 MeV a particles. As this is 100 times the dose 
that blocks the electroretinogram, it appears that the sensitivity of the retina 
relative to the optic tract is 100:1. 

(e) Midline radiosurgery of the optic chiasma has been performed with a 
2 X 10-mm beam of 910 MeV a particles. When the cyclotron's high-energy 
beam was restricted to a 0. 5 X 25. 4-mm slit, the optic chiasma was not func
tionally bisected. We can accept provisionally that the length constant of the 
optic chiasma fibers is between 0.5 and 2.0 mm. The data suggest that the 
radiosensitivity of the optic chiasma fibers is a logarithmic function of the 
delivered dose. 
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(f) In testing the radiosensitivity of the optic tract to 910 MeV a. particles, 
we noted that the homolateral pupil was dilated maximally after irradiation 
whereas the contralateral pupil (control side) was normal size. A multiple
plane rotation technique had been employed in irradiating the optic; tract, 
and the expected volume of the irradiated tis sue was a spheroid 1/4 in. in 
diameter. Pupillodilation occurred during irradiation and was evidenced at .,_ 
the termination of.the delivered dose. Fixed far vision and ophthalmoplegia 
accompanied permanent pupillodilation. 

{g) The pupillodilation center of the brain, the region of the nucleus per
ifornicalis of the hypothalamus, was irradiated with a 1/ 4-in. circular beam 
of 910-MeV a. particles. Although not effective in directly stimulating the 
nervous system's pupillodilation center, irradiation was effective in blocking 
electrically induced pupillodilation. 

{h) It is the view of some scientists that the effects of ionizing radiation on 
the functional state of the nervous system is analogous to the effects 9f elec
trical stimulation. In contradiction to this opinion we have found that it is not 
possible to stimulate directly with 40-MeV and 910-MeV a. particles an action 
potential in the frog's sciatic nerve or an internodal Nitella cell. 
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