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Introduction

Most sensory receptors are especlslly sensitive to one
form of energy, the adequate stimulus. This stimulus not
only elicits a response, but it is the form of energy to
which the threshold of the receptor is the lowest. MNuller's
Jaw of specific nerve energies states that once the stimulus
energy 1ls transduced, even if the receptor is actlvated by a
form of energy other than the adequate stimulus, the subjec=
tive response is always the same.

Photoreceptors are sensitive to a narrow band of the
electromagnetic spectrum from a wavelength () of 327 mp to
a.j% of 723 mp. Some invertebrate photoreceptors, such as
those of bees, are able to transcend this limitation by per=-
celving the shorter wavelengths of the ultraviolet. [ot all
wavelengths of light are equally effective stimull, and the
wavelength will influence the Iintensity of light necessary
to evoke a sensatlon.  Compared toother receptors, the photo=
receptors exhliblt extreme sensltivity to their particular
form of stimulation, nearly attaining the lowest theorstical
limit of senaitivity, one quantum of light. (37)

The possibllity of electromagnetic waves with e shorter
wavelength than light belng able to produce & response via
the photoreceptors does not violate any classical law, Al-
though 1t is not the adequate stimulus, these shorter wavew
lengths could ellclt a response elther by the same mechanism

as light, a photochemlical stereolsomerization, or by an en=-



2.

tirely different mechanlsm. If the energy were transduced,
the response would be a visual response as requlred by the
law of specific nerve snergles. Any behavior normally asso=-
clated with exposure to light should manifest 1tself when
this other form of stimulus 13 employed.

With the di scovery of x-rays 1in 1895, Rosntgen, notlolng
that these rays, like light. caused a photographic film to
darken, suggested that x-rays might also ellclt a visucl res--
sponge through activation of visual receptors in a manner sime
ilar to that of light. Although hls inftlal attempts to
demonstrate thls were unsucecessful, an interest was aroused
in this problem. At first, the fallure was ascribed to the‘
opaclty of the ocular media. However, when the experiments
were performed on aphaklc (lensleas) subjects or when the
interference of the ocular medis was further reduced by ir-
radlating the retina dlrectly through the sclera, no resge=
ponse was noted. The fallure of these early investigators
was attributed to an insufficlent penetrance of the x-raysa
due to poor x-ray generators. A few years later, Roentgen
was able to overcome his initlal fallurs by evoking a light
sensation with x-rays. (27) Brandes and Dorn in 1896 were
among the first investigators to report an x-ray caused
light sensation produced in & blindfolded aphakic, and nu=-
merous reports apparently confirming their results subse=
quently emerged. (27) Many other investigators, working at

this time with blind and normal subjects, were able to pro=-
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duce the light sensatlon wlth x-rays although the actual
mechanism was subjoct to argument. Hlmstedt and Hagel,
1901, were able to measure the action current bstween the
fundus and cornes of an exclsed frog's eye. When the retina
was stimulated by x-rays, an action potential was produced
similar to that evoked when the stimulus was light. They
also noted that the action potential was weaker when the
animal was light adspted and became stronger with dark
adaptation. The action current which tkey described was
of the b wave type. Since thls actlon current is now
thought to hbe associated with rod activity, Lt would appear
that the locus of x~ray stimulation is at the rod level.
The same Investigators also worked wilth frogs, owls, chlckens,
turtles and pigeons. Although the owl and the frog responded
well, the chlcken showed a0 response to x-irradlation. (27)
The greater number of rods in the ILrog's and owl's eye may
explaln tlese results. It was alsc upparent sarly in the
history of this phenomenun that the threshold of stimulus
intensity varied among difforent subjects. By 1902, the
disagreements had been settled, and x-ruy perception by
photoreceptors was confirmed., Most expoeriments were dise
continued after 1908 because of the deleterious effects of
X=rays on llving tissues.

After a dormant period of close to thirty years, many
Investigators renewed attempts to dlscern similarities be-

tween the visual sensation caused by ligat and x-rays.
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Early workers had noticed that the eye had to remain in the
dark or undergo dark adaeptation before the r=ray could be
perceived. Dark adeptation 1s3 also necegssry when weak light
13 used as a stimulus. Dawson and Smith, working wlth the

horsehoe crab, Limulus polyphemus, noted the effect of low

level irradiation on the threshold sh!ft In ths visual re=-
ceptors. hen the animals were sub jected to lrradlation,
there was a marked visual response which was most pronounced
at the lower dosage levels and which was cancelled by adapta=-
tlon to light. They were able to characterize tentatively
the mechanism ag photochemical. (l2) A puplllary response
slmilar to that induced by llght was produced by xe-rays.
A visual response to llght will remain on the retina after
the dHource of stimulus is removed. XK-rays also exhibitsed
this effect. There is a critlical area which must be stimu-
lated on the retina in order to prroduwe a response to light.
This requiremsent wus characteriatlic for x-rays. (27) Born=-
schein, rape, and Zakowsky noticed that the threshold dose
was constant for low durations but then increased as the
duration increased. Thia reciprocity of duration and in-
tensity of stlmulus was 2130 noted for 1light. (8) The simi-
larity of an increase in light threshold with age to the in=-
crease in x-ray thrashold was also evident. (27)

The light phosphene, the subjectivse visual sensation
expsrienced when the optic nerve i1s stimulated by light,

has different characteristics than the x-ray phosphene, a
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fast which nressnts difficulties whan an explanation of the
mecshanlam of x-ray silmulation L3 atlempied. When human
aubjects underwent whole body irradiastion, they reported a
variety of colors and general appe&rances of the x-ray
phosphens. ALl deoscrintiona wera gulte Jdifloront frou the
constant color sensation produced by light. Thoe phoaphene

of x-rays diffored depending on stimulus intenslity, whoreas
that for 1ilght 4'd not. Through exsmination of X-ray shﬁdowa
on the retiina of frogzs and other animale, the followlng cone
cluslons were resched. (27) It was nosiced taus the ocular
nmedia did net refract x-rays and thal X-reys produced an arsa
of excitatlon when they intersected the retina. However, the
projectlion, asosociuted with the lignt phosphene, la the same
as that wlth x-rays, an observetion which suocuid hold accord-
ing to the law of specific merve energles. Lipetz (27) felt
thet, since the x-rays wer¢ not refracted by the media of the
eye, the form uf the lmage on the retina was due to & silhou-
ette of the object porcelved. The perivhery of the retina ¢xe
hibites & higher genslitivity to x-rays, & fact which further
supports the hypothesia that the rods aire the Qecepturs most
sensitive to x-rays. (27)

These preliminary studles and comparlsons led to numerous
attempts to conflrm these flndings 438 well 43 to explaln the
behavlioral responses which resulted. The main controversy was
whother radiation was percelved through visual receptors as

supported by dug or whether the vegetaiive nervoua syatem was
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thé vehicle, a view supported by numerous Russian workers. (25)
They felt that only the visible Spectruﬁ could be sensed By
photoreceptors and that evolutionary development had not pro-
vided an x-ray receptor. Hug suggested that perhaps there is
a latent abllity which still persists. (25)

Iipetz, one of the main investigators wo rking on x-ray
perception, had attempted to design experiments which might
elucidate the physiologlical mechanism involved in this phe-
nomenon. His working hypothesis was that since light ener-
gizes and bleaches visual purple, x-rays should also work by

the same mechanism. He discarded the possibllity of the

central nervous system as a.receptor to x~-rays since cur=-

arized frogs responded in a manner similar to pithed froga.
The optic nerve ganglion cell of the frog retine was utillzed
to produce an electroretinogram (ERG). The ERG which was re-
corded was examined closely, and the pattern of response
showed similarities to & light evoked FRG. #When the frog
retina was stimulated; there was a burst of electrical im-
pulses from the gangllion cell layer which signified an on
response. Then there was a continuous discharge of 1mpulses
followed by another burst of impulses marklng the off Te=.
sponse, This pattern of impulses was of the same wave form
and had the same discharge rate as an ERG of light. The type
of response was also similar. He noted that light and x-rays
effect the retina similarly in that exposure to either one

reduces the responsivity to both. In attempting to determine
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threshold x-ray stimulus, he used the off respongse due to its
particular clarity on the ERG and concluded that more energy
had to be absorbed from x-rays than from light for a thres-
hold response. Lipetz was able to derive some conclusive
similarities hitherto presented without proof. Both X-rays
and light have ﬁhe same‘type Qf dlischarge, on-off response,
with the same relative reaponsivities for the different types
of discharge. If elther one is used as a stimulus; the re-.
sponsivity to both is reduced, and the responsivity to both is
increased during subsequent non-stimulation. when the test
time 1s lncreased betwsen stimuli, there 1s a lowering of
threahold to that stimulua. The latency of reaponse was the
sameé for both. In an examination of duration of stimulus,
Lipetz found that there was critical duration less than which
a conatant dose was needed to produce & threshold response.
This duration was six seconds for light and two seconds for
x-rays. He also found that if he aprlied frequent, near
threshold x-irradiation, there was a cumulative temporary
rise in x-ray threshold with respect to light threshold, an
effect not evoked by light. When & near threshold x-ray
stimulus was used, thee was an immediate temporary rise in
the light threshold. This effect was also not observed with
a light stimulus. Again, if ho’applied & threshold x-ray
atimulus, the x-ray threshold was raised five times more than
if he applied a threshold U ght stimulation andobserved the

corresponding lncrease in light threshold. Finally, he noticed
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that x~irradiation temporarily reduced the voltage of the
ganglion cell discharge, and light did not. He suggested
that x-rays tend to desensitize the retina and that the few
differences notsd above ocould be because of the normal in-
Jurious effects of x-rays. (28) In 1941, Kektcheew, experi-
mentlng on humans, notlced that there was a change in thres-
hold of achromic vision after total or partial body lrradia-
tion. After a fifty mlinute dark adaptation period, an in-
crease in gsensitivity to x-rays was observed. A sharp de-
crease in sensitivity followed, corresponding directly to
the number of testa performed. There was & significaﬁt drop
in the threshold for light when any portion of ﬁh@ body was
exposed to irradiation, and Kektcheew was able to produce a
rise 1n threshold at times, depending on the state of the
iIndividual tested. The implication here as to the mechaniam
involved is that the vegetative nervous system responds, and
this effects the achromlic visual threshold. (23) TIn 1959,
Lipetz was able to prroduce observable effects at the organ
level, the eye, with as low as Zmr.. This result suggests
that radlatlon 13 able to trigger a sequence of amplifying
processes which lead to the responss. (29) Veninga also
worked wl th the frog's eye and compared light Ilriduced ZRG's
with those produced by x~-rays. There was a noticeable fa=-
tlgue effect if the lnterval between stimull was less than
one minute. He also showed how the LERG evoked by light

could be attenuated by the x-rays, and how the converase
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could occur. The off response produced & peak on the LRG
with a lower amplitude than the on response in many of his
experiments. (41) Recently, Bachhofer and Wwittry, also worke-

ing with fana pipiens, noticed that the x-ray evoked ERG was

similar to the ZRG produced by light, but although the on
responses correlated, the off responses did not. The type

of off response recorded depended directly on the strength
and duration of the stimulus. (4} In another experiment

they noticed that the retlna was able to recover completely
from short flashes of x-rays at different frequencies of
stimulation. #uen subjected to light, the visual receptors
evoked no ERG response to X-rays. Alter exposure to x-rays,
the light BRG is reduced. They concluded that the lnteraction
between photoreceptors and xX-rays is different from that bhe-
tween photoreceptors and light. (3) Similar experiments were

performed on an iInvertebrate, the cockroach, Blaberus gigantus,

and a marked effect on the amplitude and frequency of the ERG
due to large doses of X-raya was obsgerved. (5)

The mechanisms by which x-rays are able to evoke a re=~
gponse are still not clear. The differences between the
character of light perception and that of x-ray perception
seem to suggest a dlfferent mechanism. IJlowever, regardless
of how the impulse is generated, the sub jectivse response will
always be a visual sensation if the optic nerve is stimulated.
Thus, any behavioral response induced by light should also

result from x-irradiation. These responses have been found
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to exlst in the form of an acknowledgement of a noxious stime
uli, an effect of condltlonlng and a general change in active
1ty.

One of the earliest behaviorasl experiments with verte=
brates involving radlation exposure was done by Chalupecky,
1897. When 1lrradiation was administered to a dark adapted
dog for one hour, there was no behavioral response noted al-
though the retina showed pathologlcal effects. This fallure
can probably be attrlbuted to the low Intensity x-ray gener-
ator. (11) Some of the more recent investigations included
a condlitioning experiment where the taste perception in rats
was influenced by x-~irradlation. When the rats assoclated
saccharin flavored water, which before application of x-rays
was favored, wlth the lrradiation, they tended to show a
marked aversion for this fluld. (15) Similar experiments
utilizing cats and rats produced avoldance of a previously
preferred stimulus. {(24) These experlments 1llustrate the
effectiveness of lonlzing radlation acting as an unconditional
stimulus in the behavior of animals. Further studies were
conducted with rats by Overall and Brown, using a shuttlebox
arrangement to measurs the response to lrradlation. They con=-
cluded that x-rays have an immedla te effect on rats and are
percelved as a noxlous stimulus from which escape is sought.
They also suyggested that the physlological effects produced
by incldent radiation overshadowed the normally noxlous ef-

fects of brightness and glare. The results were obtalned
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with & surprisingly low dose rate of one r/min. (35) Later
some more objective tests showed the observed effects to be
quite moderate. (30) Behavioral studles wers carried out on
male albino rats which had been trained to respond to a food
stimulus by pressing a lever. Randomly divided groups were
then subjected to varying amounts of irradiation as well as
varying numbers of exposures. There was a change in response
corresponding to both variables, the largest varlable beling
the cumulative dose rate recelved by the anlmal. (9) A umore
recent experiment employling the sams type of lever pressing
device, 1llustrated the abllity of animels to reccognize an
x=ray clue Iin thelr environment, yet no mechanlsn was suge
gested. (13) Andrews and Cameron noticed that there was an
lmmediate response 1 mice in the form of an avoldance be-
havior to high energy radiation, 50 r/min. and above. In
thlis experiment ventllation was controlled in an attempt to
eliminate the problem of ozones and oxides of nitrogen which
might be perceived via sensory receptors other than visual,
Equllibrium concentratlons of gaseous radiation products
should be attalined rapldly, and recognition should be prompt.
Since the applied dosage was constant and the time at which
avoidance was evlident varied, they argued agalnst secondary
stimulati on. (1) #hen rats, gulnea plgs and hamsters wers
subjected to whole body lrradiation, a depression of diffuse
activity was recorded by a spring suspended unit. (10) iith

low intenslty x~rays, Hunt and Kimeldorf wers able to waken



a 3leeplng rat after a short latent period of a few seconds.
(22)

Some other vertebrates demonstrated different behavioral
responses to ionizing radiation. A high intensity beam ine-
1tlated behavioral responses Ln certaln specles of fish. The
subjects increagsed a forward darting and backward swimming
movement and accelerated movement of the gllls. X-rays had
an effect on the acquisition and retentlion of conditloning,
and a gensral hyperactivity was noted durlng irradlation.
Unfortunately, the chemlical changes In the water were not
controlled ‘during this experiment. (38) Krebs, working with

the red-eared turtle, Pseudemys scripta elegans, nciiced

positlve responses to lrradiation. The turtle first ralsed
its head as 1f to localize the stimulus and then moved sude
denly out of the beam, 0ften the turtle would brush {ts head
with 1ts feet as 1f to remove an irritent. As the number of
exposures was lncreased, the resction time decreased, passed
through & broad minimum, and then sharply increased. This
description of the stimulus 1s similar to Baylor and Smith's

findings wilth Limulus polyphemus. Using & hlgh dose rate,

2900r/sec., XKrebs was unable to find any occurrence of bleach-
ing after histopathological Investlgations of the turtlets
retina. The reason for the high threshold in this particular
animal was attributed to the activatloa of an &ll cone re-
ceptor. (25)

Some early studies of lnvertebrate behavior were carried
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out by Axenfeld Iin 18¢¥6. He worked wlth some insects,
colsopterans, dipterans, and hymenopterans, and with the

crustacean, Porcelllius. Hls apparatus consisted of & box,

half of wood, mlf{ of lead, from which zll 1light was ex-
cluded. Upon x-irradletion, the animels showed a marked
preforence for the wooden slde of the box, a response which
he attributed to photophilia. yhen the animals were blinded,
they no longer responded, and Axenfeld concluded that a vis-
ual sensation had been p roduced. (2)

Later worgers, equipped vith nore powerful x-rey gen=
erators, continued worx in thls area. In response to a high
intenaity beam ol 38,000 r/min., behaviorsal activity was
noticed in the mcsquito Culex. The movementas of the lervae
were accelerated after tho onget of lrradiation. (16)

Olivard and Hungate noted that Drosophlils would respond to

lonlzing radiation. (33) Baylor and 3mlith found that in

the presence ol red light, Daphnia, when irradiated, would
move downward. This response indlicates & preferentiel stimu-
lation of the neuplius eye. Flourescence a3z well as heat was
remOVed/as a cause ol these movements. Another interesting
result of thelr experiments was that redox polsoning com=-
peunda were able tc eveke the same response, (6) Hug filmed
the responses of nuny invertebratoes. In three spscles of
gnull, e obasurved the retraction ol tentacles ubt the onset
aend throughout tne application of irradlection, yet, when the

tentacles were shlelded, no such response occurred. snalls
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are known to retract their tentacles when a mechanical,
chemical, or optical stimulus is appllied. There was &
noticeable latency, and the speed of response wus dependent
on the atrength of stimulus. While a minimum doge rate was
necegsary to ellcit a response, it varled with the specles
tested. As the dose rate was lncreased, the latency was re-
duced, and the reflex was more pronounced. There was a min-
$mum exposure time at thresheold dose rate, yet this duration
dependa on many varisbles such as season, temperature, etc.

Hug also observed responses In the leech, Hlrudo medicinalis.

At low dose rates, .75-2.5 r/sec., the animel exhibited
perlistaltic contractions of its body, and at higher dose
rates, 1t detached 1ts sucker and moved violently from the
radiation beam. In an attempt to determine the mechanlams
Involved in the resctions of the leech, he used lsolated
nerve-muscle nrevarations of this animel. Upon irradiation,
changes in tone and contractlility were noted. A sesa urchin,

Echinus milieris, will retract its tube feet from the sur{ace

of the irradlated water, the reaction agaln derendent on dose
rate., Hug also studied the radlation responses of the barn-

acle, Balanus balanoldes, and cobssrved the evogxation of

rythmic motions, the opening of the co&er, and grasplng move-
ments with the cerripedia. Continuation of the exposure at
10 r/sec. slowed down the movements and after 6-7 geconds
caused the animal to close 1ts shell. A short time later,

the movements, slowed & blt, would resume. The reaction
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seemed to be dependent on the initiation of irradiation or a
zrid increese in dose rate. Other arthropods showing radla-
tion behaviorszl responses were flies, beetles, splders,
butterflies, and caterpillara. All of the tested animals
exhibited a sensitivity to light, and similar reactions
could be induced with xe-rays as the stimulus. Sometimes,
however, it was not because of an Ilncrease but rather a
cecrease In light that these reactlons occur. Both jJelix
pomatia and palanus react to a decrease in light with the
characteristic shadow reflex. Experimenting with ants, ug
obgerved numerousg reactions. 'The ants suspended the normal
actions of licking their companions and showed agitation,
exapgerated cleaning of their artennae as well as defensive
attitudes. hen glven the ortlon of a lead shlelded portion
of their contciner, the anlmals soon occupled this area.
Again, the dose rate and latency varied with the speciles

testad. i/hen Camponotus were 3subjected to a dose rate of

7¢ r/sec., 21l animals were under the lead within 75 seconds.
Hug attributes gsome of the ant defense reactions to chemical
effects on the organs of taste and anell. In addition to

his behavioral studles, Hug dld some pertinent worik with
1solabted mammallian organs in an attempt to induce lnmediate
responses. He was able to change the tonus and peristalals
in an i1snlated rabblt intestine. A threshnld dcse was needed
in thls case also. He 1lrradlated blood vesssls and noticed

a lowering In perfusion rate. Referring to the work of
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previous investigators, Mug suggested that the locus of
gtimulation was parasympathetlc at the enterlc ganglion
and indlcated the possibillity that x-rays may eliclt an
instantaneous reaction by aéting directly on cells and
organs other than tne photorecptora. There are tigsues,
nerve elements such as thogbdominal ganglion of lobsters
and worms, which are sensitive to light and whlch muy also
be sensitive to irradiation. (20) Born, stimilated by the
worik of Mug, experimented wilith pulmonate snalls and obe
served the contrectlon of the mantle casvity in response to
fonizing radiations, e response simlilar to the tentacle
retraction of Mug's snalls. Since the outer margin of the
mantle cavity is the area most sensitive to light for nmocat
ganails, Rorn also suspected & visuel response. {(7) Smith,
tmeldorf, ond Hunt recently recorded the motor response of
a moth to low 1ntensity irrediation. ., fter the animels were
firat derk adapted, they were subjected to a dose rate of
.01-1.5 r/sec., and a flight response was observed. The
index of response was wingbeat frequency which could be
initiated In resfing moths or augmentdd in active moths.
with a latency of less than one second. £Smploylng a cere-
armlec erystalline plezoelectric transducer to record ths
regponge, they varied the dose rate and concluded that the
stimulus intensity at the 3ite of action {35 presumed to be
related to the doses rate. The minlmum dose rate was de-

termined, and agaln it was found to vary with the speciles
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“teated. 'When they made a moth ER:, the threshold of the ERG

was the same aa that for initiation of wingbeat, a fact which
suggests that inductlion of flight activity in this case 1s a
behavioral consequence of visual stimulatlion. (39)

If the photoreceptors were the sole locus of reception
to x-rays, the animal should respond as though the stimulus
wag light in either a phototaxle or nhotophobie manner. As
previoualy stated, other parts of the organiam are radlo=
gensitive and show an immedlate response to irradiation.

Thus the response may result from the stimulation of 2 com=-
plex of receptors, yet one type of receptor may be the most
senaltive. If the hehavioral response 1s quite noticeable,
one can test the rhotoreceptors for this »nroperty of sensi-
tivity by simply excising them and observing any change in
the response, TIf the animal no longer exhibits the response,
or 1f the response 13 attenuated, one can conclude that the
photoreceptors might have a major role in radiastion percep=-

tion.
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Method and Materials

Animalss The flddler crab, Uca pu;ilator, was selected for

these studies for several reasons. First and most important,
this animal has its photoreceptors located at the end of pro-
truding eyestalks thus making excilsion a relatively slmple
procedure. sSecondly, the animal is in & proper size and
welght range to fit within a uniform radiation field. Fle
nally, the crab normally exhiblts a measurable locomotor
activity, variations of which can be used as an experimental
parameter,

Radlation: 150 KVp x=-rays were produced by means of a
Campbell x-ray therapy unit. Dose rates could be varied by
raising or lowering the teat chamber. The radlation char-
acteristics for all the experiments were 150 KVp at 8 milli-
amps, filtered through 5mm. of alumlinum inherent in the tube
itself.

Dosimetry: Doses and dose rates were determined by means of
a Victoreen condensor r meter (iiodel 70) and a 250 r thimbtle
chamber probe. [For each experiment three determinations of
dose were taken, and the values were averaged to give the
final figure. Dose rates varied from & maximum of 240 r/min.
to a minimum of 15 r/min.

Recording: Graphle recording of gross locomotor activity of
the fiddler crab in the teat chamber was accomplished by
means of a 3Sanborn Recorder utilizing a Sanborn strain gauge

amplifier. In this experiment SR-4 paper bonded strain
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éauges were attached to both sides of a .20mm. thick plece
of aluminum. A bridge connected the two sides in order to
sense the slight difference in resistance caused by the mi=-
nute bending of the aluminum. One end of the alumlnum was
attached to a solid base whereas the other end supported the
test chamber, a small plastlc dish. A change in tension of
the aluminum atrip due to the movements of the animal was
transformed via a correappnding change in resistance of the
strain gauge into an electrical impulse recorded on the poly-
graph.

Analysis of Data: An indlcation of the application and re-
moval of stimulation was made on the polygram. A marked
amplification or attenuation of the recording 1indicated a
noticeable incresase or decrease in locomotor activity,
reapectively.

Subjective observations of behavior: The x-ray unit was

equipped with a lead shielded window through which variations
in activity could be observed. The animal was 1lluminated
with a red light to make it visible to the observer.

Experimental design: Before each experiment the animala were

placed in the dark for ten minutes. The first exporiment was
concerned with determining dose rate dependency of the off
response. The total dose was held constant at 16.5r, and
three dose rates, 15r/min, 140r/min, and 240r/min, were
applied to the animals. After flrst ligating the eyestalks

at the movable joint near the proximal end of the stalk,
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they were then removed from ten crabs. Aflter a day to

allow for healing, these animals were subjected to a doae
rate of 240r/min. for four seconds. A light control was
run by recording the off response to & light stimulus of

ten nomal and ten blinded crabs in the same test chamber.
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Results

A. Gross benavioral responses of Uca pugllator to whele body

x-irradiation and light.

Both subjective observations and electronic recording
techniques showed similar results. All the results were ob-
tained with the test chamber illuminated by dim red light.

If the dose rate were sufficlently high, above 140 r/min.

the animala would exhlbit a characteristic behavioral re-
sponse when the radiation stimulus was turned off. This
response consisted of & tranalent (up to two seconds)
cessation of locomotor activlity. The response was observed
in 40 of 60 trtals at 240 r/min. In some experimental runs,
10 of 10 trials exhibited this response. The response was
seen only after the cessation of the radiation stimulus, and
the animal exhibited no obvious behavioral change elther at
the onset or during irradiation. A typlcal electronic re-
cording is shown in Fig. 1. Tiere is an almost instantaneous
reaponse as can be seen by the diminlshed amplitude of the
recording, following the indication of removal of stimulus,
Unfortunately, the recording system, because of 1ts inherent
properties, was not as sensitive an indicator of this type of
response as & subjectlive observation. In order to minimize
personal error, on several occasions two neonle simultaneously,
but Independently, observed the results wlth good correlation
of observations. Responses were recorded as positive (defi=

nite stop), questionable, or negative (no response). At low



N

22.

dose rates, 15 r/min, 49 of 60 trials were negative, and 15
were questionable. Only one off response in sixty was noticed
at this dose rate.

Another 100 trials were perfomed in which light served
as the stimulus source. The recording chamber and recording
procedure were identical to those used in the studlies on x-
irradiation. Animals, under the constant 1llumination of
dim red light, were exnosed to light from a microscope lamp.
When the light was turned off, they showed the characteristic
cessation of movement. To eliminate the possibility that the
switch nolse might be the clue, the light was turned off by
pulling the plug. Ninety-five of one hundred trials gave a
poaltive off response. It was also noted that when light
and x-rays were applied concurrently, the animal would not
respond obviously to the x-rays.

B. The effects of whole body x~lrradiation and 1light on

eyestalkless Uca pugilator.

The recording chamber and recording procedure were
again ildentical to those in the previous set of experiments.
Forty trials were performed at a dose rate of 240 r/min, and a
total dose of 16.5 r. There was not one positive response in
the forty trials attempted.
. When, under the same conditlons, light was used as a
stimulus, not one trial in forty showed the characteristic

response to cessatlion of stimulus.
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Ce The effsecta of dose rate on the response of Uca pugllator

to whole body irradiation.

_TABLE I
# of trials Dose rate Total dose
60 15r/min 16.5r
60 140r/min 16.5r
60 240r/min 16.5r

Off response

+* ? o]
49 15

"~ 15 37 8
40 11 7



Discussion

There are three probable ways that x-rays might evoke
the characteristic response noted in thls experiment. First,
there could be an indirect activation of the nervous system
by the release of bloactive substances such as endocrine
secretions or blogenic amines, 3econdly, there might be a
direct activation of the optlc nerve or some other neural
satructures. lnally, there might be & direct activation of
the photoreceptors.

The first possiblility, that of an indirect activation
by the radiation lnduced release of endocrine substancses, can
not be discounted entirely. However, a number of bits of in-
direct evidence would suggest that thla possibllity is un-
likely. Pirst of all, a response to endocrine stimulation
would be slower than the instantaneous response wlitnessed
in the fiddler crab. Previous st;dies have shown that the
release of neurosecretory substances by irradiation usually
exhibl ts a much longer latent perliod and requires a much
higher total dose than that applied in these experiments.,
(19, 31, 32, 36) Secondly, most endocrine structures re-
mained intact in the animal when the eyestalks were removed,
and since the response was no longer apparent upon excision
of the eyestalks, one can eliminate other neuroendocrine
structures as poasible loecil, instrumental in causing the
response. However, ons can not entirely discount the

possibility that the sinus gland and 1ts related structures,
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located within the eyestalks, might be involved in the ob-

served response. Neverthelesas, 1t seems unlikely that the

sinus gland is involved since there does not seem to be any
reported behavioral off response, such as that observed in

this experiment, which has been attributed to an endocrine

system.

The second posslble locus for evoking the observed re-
sponse are neural structures, such as the optic nerve, etc.
It also seems to be unlikely that these are the target struc-
tures. I the nerves were stimulated directly, one should be
able to evoke a response in the eyeleas animals with the same
dose and dose rate utilized in this study. This did not
prove to btoe the case. It 1s also known from previous in-
vestigations by & large number of workers that the threshold
dose of lrradiatlion to neurons, necessary to produce any
change in excitabllity, is thousanda of roentgens, (17, 40)
The responde in thls experiment was evoked wi th total doses
of as 1ittle as 16.5r.

The results of thias experiment strongly suggest that
the photoreceptors are the primary locus of x-ray reception
in the fiddler crab. The 3speed of the reéponse strongly ime-
plies a photoreceptor activation. The similarity of the off
response to light and the off response to x-rays was apparent.
In each case there was & dlstinct hesitatlon upon removal of
the stimulus. The many investigations, previously reviewed

in the Introduction, tend to support the contention that the
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photoreceptor, in all probabllity, 1s the x-ray sensitive
structure. FPFinally, and perhaps most important, when the
photoreceptors were exclsed, the characteristic off response
to both light and x~rays was abolished.

The mechanism by whlch x-rays svoke an activation of the
photoreceptors was not elucldated by these experiments. How-
ever, cne can speculate that there could be a direct activa-
tion of a photosensitive molecule by means of the radiation
Induced excitation of molecules. The molecule Iin this ex-
clted state would be able to undergo either an already known
series of reactlons or a different serles in which 1ts newly
acquired energy could be utillzed to activate a photosensitlive
molecule such as rhodopsin.

Baylor and Smith (6), as well as Lipetz (27), suggested
that indirect activation of photosensitive molecules by the
production of florescence was unlikely. However, thils source
of activation can not be definitely sliminated as a possie
bility.

In & number of previous studies, reviewed earlier in
this paper, it has been noted that many behavioral responses
are dose-rate rather than total dose dependent. The results
of tnis study also l1adicate a response dependent on dose-rate.
The question that occurs is why should the rate of ensrgy
application rather than the total energy applied be a criti-

cal factor in a number of systems Involving receptor cells.
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One attractive hypothesis involves a system with a fixed
repalr rate, for example, & sodium pump or the resynthesis of
rhodopsin, and also with a given response threshcld. If this
condition exists, as it does'in neurons and receptors, then
the rate of stimulus application becomes important. This
stimulus characteristic 1s found in blological asystems where
temporal summation occurs. If the rate of ensergy absorption
exceeds the rate of repalr, then the threshold can be attalined.
If, on the other hand, the rate of repalr either equals or is
greater than the rate of ensergy absorption, no response la
evoked. The strong dose-rate dependency, observed in this
study, might be explained by the above hypothesis. Although
other possible mechanlisms for dose-rate dependency exist,
no critlcal work has bheen done to elucidate thia phenomena

which has only recently come to our attention.
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Conclusion

There are three final conclusiona to be derived from
the results of thls experiment. PFirst, one can state that
the fiddler crab exhibits an instantaneous behavioral re-
gsponse to the removal of the x-ray stimulus. 3Secondly,
the response demonstrated by thls anlmal 1s dependent on
the dose-rate, T™inally, although this conclusion can not
be stated unsequivocably, one can strongly suggest that the
photoreceptors of this anlmal are the primary locus of x=-

ray perception.
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Abatract
Many animals, lnvertebrates as well as vertebratsa, have
demonstrated an abllity to somehow sense lonizing irradiation.
This recognition 1s often apparent by a behavioral reaponse
which can be correlated with the x-ray stimulus in some way,

The fiddler crab, Uca pugllator, was found to sxhiblt a

behavloral response to lonlzilng 1rradiation. hen the x-ray
machine was turned off, the animal would respond instanta-
neously by a marked heaitation in 1ts general movement after
which Lt would resume itz normal activity. This response
suggests the animalt's abllity to somehow bhe aware of lrradia=-
tlon. P?revious work in thls area suyggested that the photo-
receptors were the primary site of stimulation. The fiddler
erab's photoreceptors, located at the ends of protruding eye-
stalks, are partlcularly easily exclsed. ‘hen the ayestalks
wera removed, the response to xerays was no longer svident.

A parallel series of exneriments wers done with ligh%t as the
stimulus. With intact eyestalks, the animal showed the same
off response, and with the syestalks removed, the subject ex-
hibited no such response. The possibllity of a dlirect stimu-
lation of nervous structures as well as that of an indirect
activation by the x-ray evoked release of bloactive substances
13 discussed. After considering the sinus gland, which was
also removed along with the photorsceptors, as a possible slte

of x-ray receptlion, a strong lmplicatlion that the photorecep-

‘tors are the primary locus of x-ray sensltivity in the fiddler
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crab was stated. The marked dose rate dependency of the
animal's response to x-rays was noted, and a rossible ex-

planation was suggested.



