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The behavioral repertoire of the sea anemone, Anthopleura

xanthogrammica, was investigated to test for the occurrence of any

immediate response to various regions of the electromagnetic spec-

trum. Monochromatic radiations in the visible and ultraviolet spectral

regions were produced by a 150-watt xenon lamp or a ZOO watt mercury

vapor lamp coupled to a Bausch and Lomb high intensity diffraction

grating monochromator. X-rays were produced by a Maxitron 300

lc-Vp x-ray machine. Small-area (1.75 x 2.5 cm) exposures were given

to: (1) the tentacles and oral disc, (2) the column, (3) the peristome,

and (4) the pedal disc. The effective dose of each wavelength, suf-

ficient to evoke a specific criterion of response, was determined for

each reaction. The relative efficiency for effective wavelengths was

calculated after correction for relative quantum efficiency. Action



spectra, based on the relative efficiency data, showed different stimu-

lative efficiency ranges and maxima in five distinct behavioral re-

sponses as follows: (1) tentacle flexion, from 340 nm to 600 nm with

peaks at 360 nm and 500 nm, (2) tentacle retraction, from 248 nm to 400

nm with a peak at 280 nm, (3) oral disc flexion, from 350 nm to 600

nm with a peak at 360 nm, (4) column cavitation, from 345 nm to 450

nm with a peak at 350 nm, and (5) peristome depression, from 350

nm to 400 nm with a peak at 360 nm. Flexion of tentacles, without

a decrease in length or diameter, resembled true photoreceptor re-

sponses by exhibiting a maximum stimulative efficiency in the same

spectral region as many forms of invertebrates with identifiable

photoreceptor systems. Tentacle retraction, characterized by a con-

striction of the apical and mesial portions of the tentacle, was con-

sidered to be a response to absorption of energy by membrane pro-

teins of receptor cells or neurons, as evidenced by its peak of ef-

ficiency at 280 nm. Retraction was elicited by exposure to x-rays as

well as to ultraviolet radiation. Oral disc flexion, column cavitation,

and peristome depression appear to be caused by local contraction

of muscles in response to radiation exposure. Column height reduc-

tion, that occurred concurrently with these responses, probably in-

volved the longitudinal muscles of the mesenteries. The photoprocess

initiating muscle contraction was not established. The disclosure

of behavioral responses that can be differentiated according to the



radiation spectral region, constitutes a novel finding with respect to

the reactions of coelenterates to radiation exposure. The occurrence

of these prompt reactions to x-ray, ultraviolet, and visible radia-

tions indicates that a highly organized receptor system is not es-

sential for radiation effects to be manifested in behavior.
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REACTIONS OF THE SEA ANEMONE, ANTHOPLEURA
XANTHOGRAMMICA, TO ELECTROMAGNETIC RADIATIONS

IN THE VISIBLE, ULTRAVIOLET, AND X-RAY RANGES

INTRODUCTION

That certain invertebrates can respond promptly to radiations

in the visible and ultraviolet spectral regions has been known for a

long time. Research has focused largely on the responses in phyla

containing organisms with specialized organ systems for photorecep-

tion. Moreover, most studies have been limited to the investigation

of radiations in the visible range. The study of ultraviolet radiations,

as a stimulus to evoke prompt reactions, has not been investigated in

invertebrate organisms classified in phyla below the arthropods. The

test animal for the present study was the sea anemone, Anthopleura

xanthogrammica, from the phylum Cnidaria. It was chosen as a

representative of invertebrates with a nerve net and without special-

ized photoreceptors. Preliminary studies on the behavioral responses

of this species to various wavelengths of ultraviolet radiation showed

clearly that it responded with tentacle, disc, and column movements

to electromagnetic radiations in the 240 nm to 400 nm range.

Objectives

The purposes of the present research were: (1) a critical

examination and analysis of the motor responses of Anthopleura
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to ultraviolet radiations, (2) an extention of the study of behavioral

responses to include reactions to electromagnetic radiation in the

visible and x-ray regions, and (3) a comparison of the responses ob-

tained with those evoked by ultraviolet exposure. Criteria were es-

tablished for recognition of reliable responses and the reactions were

characterized by the derivation of action spectra as clues to mecha

nisms of action.

The finding of behavioral reactions, in coelenterates, that can

be differentiated according to the radiation spectral region represents

a contribution to invertebrate physiology and behavior as well as to the

field of radiation biology. The occurrence of these prompt reactions

in an organism with a simple nervous system suggests that a highly

organized receptor system is not essential for the detection of radia-

tion levels sufficient to alter behavior. A review of the literature

dealing with prompt reactions to electromagnetic radiations in the

invertebrate phyla is pertinent to the present problem.

Survey of Literature

Reactions to Ultraviolet and Visible Radiations

Trembly in 1744 described migration responses of hydra when

exposed to light, and 150 years later Wilson (1891) noted that hydra

were more responsive to blue light than to any other color or to white
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light. The study of ultraviolet radiations on invertebrates has been

limited primarily to arthropods with specialized photoreceptors.

Lutz (1922), in a series of phototropic tests, found that Drosophila

melanogaster was strongly attracted to ultraviolet radiations.

Bertholf (1931) showed that the honeybee reacted to ultraviolet light

with a peak of stimulation efficiency at 365 nm, and with an action

spectrum that extended down to 297 nm. The maximum efficiency

at 365 nm was about 4 1/2 times as great as a second peak at 553 nm.

A similar type of action spectrum was observed for Drosophila

(Bertholf, 1932).

More recent studies (Carlson, Smith, and Stanley, 1968;

Goldsmith and Hernandez, 1968) have shown the high sensitivity of

tobacco horn worm moths to the middle ultraviolet range from 270 nm

to 310 nm, and the housefly, Musca domestica, to the spectral region

250 nm to 400 nm. Maximum sensitivity of Musca was at 340 nm to

350 nm and decreased at shorter wavelengths.

The spectral sensitivity of eyeless forms, that is those without

recognizable photoreceptor organs has been investigated by several

workers. Mast (1936) stated that for coelenterates, the stimulating

efficiency of light as judged by movement toward the light, was de-

pendent upon the wavelength, being zero at 443 nm and at 524 nm, and

maximum near 490 nm. The spectral sensitivity of the sea urchin,

Diadema antillarum, has been shown (Millott and Yoshita, 1957) to be
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maximum at 465 nm. Using a visible radiation source, North and

Pantin (1958) demonstrated that the sea anemone, Metridium senile,

had an action spectrum for column bending with maximum sensitivity

at about 490 nm to 520 nm. Despite extensive discussions of light

reception in eyeless forms (see for example, Millott, 1957 and 1968)

little or no attention has been given to the effect of ultraviolet radia-

tions on invertebrates below the arthropod phylum.

The Dermal Light Sense

Coelenterates and many other invertebrates without eyes or

eyespots have been found to manifest a photic sensitivity. Termed

the dermal light sense it has been defined as "sensitivity to electro-

magnetic radiation of wavelengths between 390 nm. and 760 nm that is

not mediated by eyes or eyespots and, in which, light does not act

directly on the effector (Millott, 1968)." Responses to light are often

localized or they may be integrated as in withdrawal reactions, kinesis

responses, and tropisms. Uniform, steady illumination, or changes

in intensity or movement of shadows can elicit responses. The dermal

light sense has also been reported in forms such as Daphnia, where

functional eyes exist (Millott, 1968).

The presence of a dermal light sense has often been clearly

demonstrated by behavioral responses to incident light. These obser-

vations of reactions need to be elaborated upon by electrophysiological
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studies. Some progress has been made in this area with crayfish,

echinoids, and crabs, but difficulties are encountered in anemones

that possess a diffuse nerve net with no central or radial nerves. To

conclusively demonstrate a dermal light sense it is paramount to show

that nerve discharges have arisen from photostimulation of dermal

photoreceptor organs (Mil lott, 1968).

In any sensory system, it is important to be able to identify

sensory receptors, but for the dermal light sense neither photorecep-

tor organs nor light-absorbing pigments have been identified for most

forms possessing the sense. As yet no well-authenticated pigment,

responsible for primary photoreception in the dermal light sense, has

been found (Millott, 1968) although carotenoids have been suggested.

Photosensitive Pigments

Wald (1945) presented considerable evidence that carotenoids

play a major part in the photoreceptor process in plants and animals.

Although pigments for invertebrate phototropism are generally un-

known, carotenoids are certainly a possibility. Astaxanthin and other

carotenoids are responsible for orientation of flagellates, and vitamin

A and retinene are active in absorption of light in arthropod and mol-

lusc eyes. Carotenoids have been detected in a wide variety of co-

elenterates and have been recovered, in varying amounts, from

colored varieties of Metridium senile (Fox and Pantin, 1941).
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Relatively greater quantities of carotenoids were found in red, red-

brown, or yellow-orange specimens than in white or brown varieties.

Astacene and metridene, isolated from white and red varieties,

showed absorption maxima near 500 nm.

Sulcatoxanthin has been isolated from Anthopleura xanthogram-

mica, (Strain, Manning, and Hardin, 1944) but the pigment has been

shown to arise from the zooxanthellae which live within the tissues

and which give the characteristic color. In the present study the white

variety of A. xanthogrammica, which showed greater sensitivity to

radiation than most green forms, apparently does not contain

zooxanthellae. Whether carotenoids are present in the white variety

is not yet known.

Millott (1957) noted that the spectral sensitivities of certain

molluscs and ascidians have been shown to be compatible with the

absorption of vitamin A derivatives of the rhodopsin-porphyropsin

type. However, he urged caution in identifying photosensitive systems

with particular compounds because of the absorption differences in

protein moieties.

North and Pantin (1958) noted that there was no sharp threshold

for a response to lateral column exposure in Metridium, and that the

photosensitive threshold did not stay constant. An explanation for the

high variability in reaction time was offered by hypothesizing the

presence of low concentrations of photosensitive pigments and the
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possibility that the reaction time may require integration of low in-

tensities over a minute or more of exposure. They listed the maxi-

mum sensitivities for a wide variety of organisms in the 450 nm to

550 nm range and gave the suggestion of Wald (1945, 1952) that photo-

sensitive systems may very generally depend on one group of sub-

stances, the carotenoids, that absorb in this region.

Unable to find clearly-defined photoreceptors some investigators

have proposed alternative mechanisms for photoreception. Because

heavy concentrations of nerve elements are often found near the sur-

face in areas of greatest dermal sensitivity, Millott (1968) has sug-

gested recently that the nerves themselves may act as the photosensi-

tive elements. Although a few nerves in invertebrates have been

shown to be sensitive when exposed to light, the inaccessibility of

some of these nerves in the intact animal does not allow definite cor-

relation of their sensitivity with the dermal light sense. North and

Pantin (1958) have proposed that epidermal muscle cells themselves

might also be photosensitive, citing for evidence the observation that

local contraction in response to light took place in those cells even

under magnesium chloride anesthetization.

Principle of Photoreception

Millott (1957) has described succinctly the principle of reaction

to light in living systems as consisting of three phases: (1) the



8

absorption of quanta of light, raising the energy level of electrons,

(2) the excitation of a coupled mechanism causing electrical changes,

and (3) the transfer of excitation along specialized conducting channels.

Therefore, photosensitivity involves molecular responses that may not

be readily demonstrated, and analysis of behavioral reactions could

be the best method available at present for studying responses to

radiation.

Few attempts have been made to analyze the dermal light sense

in thermodynamic terms, but Hecht (1918, 1919) postulated the funda-

mental relationship that reaction time equals a sensitization period

plus a latent period. The sensitization time, then, is the minimum

time during which the animal could be exposed to elicit a reaction.

Two fundamental processes were postulated: (1) the decomposition

of a photosensitive substance S that yielded P (a precursor of S) and

an accessory substance A; P and A recombined to reform S in the

primary 'dark' reaction, and (2) catalysis of a secondary 'dark' reac-

tion by P or A changed an inert substance L into an active substance

T that stimulated the sensory nerve. Hecht, in presenting the scheme

in simple terms, recognized its possible shortcomings, and suggested

that other means of producing substance T were available.

Light

S PA
-nark

(P or A)

L T
Inert Active
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Responses to Ionizing Radiations

A wide range of immediate and reflex-like reactions of inverte-

brates to ionizing radiations have been observed by a number of

workers using a wide variety of animals (Bergeder and B'ouning, 1965;

Kimeldorf and Hunt, 1965). For example mosquito larvae and pupae,

subjected to x-rays at 38,000 R per second, showed a distinct in-

crease in activity amounting to 20 to 60 movements per minute

(Goldhaber and Feldman-Muhsam, 1944). When the exposure was

interrupted they returned at once to normal. Baylor and Smith

(1958) showed that the water flea (Daphnia) exhibited positive geotaxis

by immediate downward-swimming when exposed to x-rays. Hug

(1960) reported the following reactions: (1) reflex retraction of tenta-

cles and closure of the mantle cavity of snails, (2) retraction of gills

and closure of shells in certain clams, (3) peristaltic contraction of

the body of leeches, (4) retraction of tube feet in urchins, and (5)

changes in cirripedial rhythmic motion of the barnacle. Other re-

ported responses have been wingbeat flight movements in moths

(Smith, Kimeldorf, and Hunt, 1963) and agitation, defensive reactions,

and escape reactions in ants (Krebs and Benson, 1966; Krebs and

McLaughlin, 1968). The reactions varied over a wide range from

unrest to avoidance.
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MATERIALS AND METHODS

Materials

The Anemone, Anthopleura xanthogrammica

Anthopleura xanthogrammica is classified in the phylum Cnidaria,

class Anthozoa, subclass Hexacorallia, and order Actiniaria (Russell-

Hunter, 1968). The upper flat oral disc has many hollow muscular

tentacles arranged in six cycles of concentric rows (Torrey, 1906)

from the mid-disc region to the edge of the disc (Figure 1). The

peristome, a tentacle-free area surrounding the stomodeum, occupies

approximately one-third to two-thirds of the oral disc, and is con-

tinuous with the area of the disc bearing tentacles. Septal lines,

from the 24 pairs of enteron septa or complete mesenteries, are

visible on the surface of the peristome (Figure 2). The oval-shaped

stomodeum with siphonoglyphs, or ciliated furrows, lies in the center

of the peristome, and often shows lip-like raised margins at the sur-

face.

The length of the column of Anthopleura is usually shorter than

the diameter of the open disc, but may sometimes equal or exceed it.

Hollow, wart-like verrucae, prominent on the column, contain

nematocysts, and are heavily mucoid (Hyman, 1940). Numerous

acrorhagi, rounded hollow bodies covered with nematocysts, occur



Figure 1. Peristome view of Antho leura xantho rammica showing
cycles of tentacles



Figure 2. Peristome view of a white form of Anthopleura
xanthogrammica showing septal lines
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in circlets at the margin of the oral disc, directly below the tentacles.

The base of the column, the pedal disc, contains glands that secrete

mucous for attachment to the substrata. Radiating septal lines can

be seen in the pedal disc as were seen in the peristome.

Color of the tentacles, disc, and column may vary from white

through light green and brownish to a dark opaque green. The green

color is due to the presence of unicellular algae (zooxanthellae) in the

gastrodermis, especially of the tentacles, column, and septal fila-

ments. The color is exhibited strongly only in those specimens ex-

posed to the sunlight (Torrey, 1906).

The epidermis, mesoglea, and gastrodermis are the three layers

comprising the anemone wall. The latter two extend inward from the

wall to form the septa or mesenteries that serve to partially divide

the gastrovascular coelom and to increase surface area (Figure 3).

Structurally these layers are distinctly different. The epidermis

is composed of an external layer of ciliated epithelial cells, a middle

layer of sensory and nerve cells forming a nerve fiber 'plexus, and an

inner basilar lamina of muscle fibers (Bouillon, 1968). The relatively

thick mesoglea, a type of connective tissue between the epidermis and

the gastrodermis is supported with fibrous material and contains nu-

merous amoebocytes.

Flagellated columnar cells, making up the gastrodermis, have

bases that are drawn out into muscle fibers, sensory cells, nematocysts,
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Actinopha rynx

Body Wall

Transverse M

Gastrodermis

Exocoel

Sphincter M.

Septum

Longitudinal M.

Endocoel

Figure 3. Diagrammatic longitudinal section of an actiniaria. (after
Bouillon, 1968, copyright, Academic Press).
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acontia, and gland cells (Hyman, 1940). This layer is often crowded

with zooxanthellae that form tracts in the septal filaments.

The muscles of an anemone are classified as epidermal or

gastrodermal. Epidermal muscles are represented by longitudinal

fibers in the tentacles and column, and radial fibers in the oral disc.

Pantin (1935a) suggested that in some anemones the longitudinal fibers

extend from a tentacle into the oral disc for a considerable distance

causing that section to function with the tentacle as a unit. Gastroder-

mat muscles include: (1) muscles of the complete mesenteries such as

longitudinal or retractor muscles, tranverse muscles, and basilar

muscles (Figure 3), and (2) muscles of the oral disc, column wall,

and pedal disc. In the column, these muscles are circular bands of

fibers that are thickened just below the margin of the oral disc to form

the sphincter. Both histological and physiological evidence indicates

that the epidermal and gastrodermal muscle sheets of the oral disc

are functionally separate as are also the transverse and retractor

muscles of the mesenteries (Batham, Pantin, and Robson, 1961).

Sea anemones do not possess a central nervous system or highly

developed sense organs, but have a dual system of nerve nets arranged

in wide-meshed lattices composed of long straight bipolar or tripolar

nerve cells (Bullock and Horridge, 1965). On the basis of physiologi-

cal studies, Pantin (1935a) recognized the 'presence of two coexisting

nerve nets, an epidermal net in the column and a gastrodermal net in
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the coelomic wall and mesenteries. These two nerve nets make con-

tact only where the epidermis and gastrodermis are closely apposed.

The organization and location of the nervous system in the

anemone, Metridium senile, has been given in detail by Bullock and

Horridge (1965) and are probably descriptive of Anthopleura

xanthogrammica. The greatest concentration of nervous elements is

located in the oral disc and tentacle region. This region contains

numerous sensory and neuronal cells and a thick nerve fiber layer.

The pharynx is richly supplied with nerve fibers but has few neurons,

while the column has an exceeding sparse network of fibers. The ped-

al disc may or may not have abundant nervous elements, depending

on the species. The gastrodermal nerve net is highly developed as a

through-conduction pathway on the face of the mesentery bearing the

retractor muscle, and more sparsely arranged on the opposite trans-

verse-muscle face (Figure 4).

The receptor units for the nerve net seem to be sensory neurons

whose proximal processes make connection with neurons in the nerve

net (Batham et al., 1960). Although the termination of these processes

in muscle fibers has not been demonstrated there are concentrations

of sense cells, nerve fibers, and neurons in regions of heavy mus-

culature (Bullock and Horridge, 1965). Nerve cells are located be-

tween the epithelium and the muscle, and do not occur in the mesoglea

in all forms that have been studied. When silver-impregnated nerve
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Vertical axis

Retractor M.
Mesoglea

Sense Cell
Radial M.

Nerve Cell

Mesentery

Body Wall

Circular M.

Mesoglea

Epidermis

Figure 4. Nervous composition of the actinian body wall and
mesentery (after Batham, et al. , 1960). M = muscle.



18
nets are stripped away with the epithelium, the remaining mesoglea

shows no traces of nerve fibers. The same is true of teased and

macerated mesoglea (Batham et al. , 1960).

Laboratory Habitat

The sea anemone, Anthopleura xanthogrammica, is a common

intertidal invertebrate of the coastline from Alaska to Panama. For

this study specimens were collected near Newport, Oregon, brought to

the laboratory, and kept in 150-gallon "Instant Ocean" sea water culture

systems. The two systems were maintained at an average temperature

of 13. 5o C and at an average pH of 7.5. Specific gravity was maintained

at 1.025. Anemones were placed in individual plastic containers, 2

cm deep, made from sections of plastic pipe attached to thin circular

bases. Medium-sized cups were 5.5 cm in diameter with 7 cm bases

and large-sized cups were 8 cm in diameter with 11 cm bases. In prep-

aration for column exposure, the cups were inverted and the anemones

placed on the bottom of the base to allow maximum exposure of the

pedal disc and column. Attachment by the pedal disc to the cup or

inverted base usually occurred within a few hours to a day or two.

Artificial sea water, made with "Instant Ocean" synthetic sea

salts, was used as the medium for the anemones. The medium was

aerated, temperature-conditioned, and recirculated over a bacterial

substrate for neutralization of nitrogen products. Once a month, fifty

gallons of sea water were replaced by freshly prepared sea water
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medium. A bank of fluorescent tubes provided lighting on a 12-hour

day-night cycle. The anemones were fed pieces of frozen, uncooked

shrimp three times a week. Under these conditions the anemones have

been maintained in apparent excellent health for months.

Radiation Exposure Containers

Exposure containers for the anemones were fabricated from 6-

millimeter thick acrylic plastic with a front surface of quartz or Saran

wrap for ultraviolet transmission (Figure 5). The specimen chamber

measured 15 x 15 x 15 centimeters and was encased, except for the

front surface, by an outer chamber, 20 x 25 x 15 centimeters. By

adding ice as needed to the water in the outer chamber, it was possible

to maintain a constant temperature in the specimen chamber.

In the initial investigation of tentacle responses, the container

with a Saran-wrap front surface was used. The single-thickness of

Saran wrap was bonded to the front edge of the acrylic plastic container

with an epoxy glue. Daniels (1961) reported that Saran wrap had the

unusual feature of transmission far down into the ultraviolet region.

Samples measured gave a transmittance of 82 percent at 250 nm,

64 percent at 240 nm, and 45 percent at 231 nm.

Two additional exposure containers were built of acrylic plastic,

using 12.5 x 12.5 centimeter plates of 6-millimeter thick pure silica

quartz as the front surface. All studies subsequent to the initial



Figure 5. An anemone in the temperature-controlled exposure
chamber in position for exposure
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investigation were made with the quartz-plate containers. The percent

transmission of the silica quartz ranged from 88 percent at 240 nm

to 94 percent at 400 nm.

Aeration of the sea water in the exposure container was deemed

necessary because of the extended duration of testing dark-adapted

anemones. Aeration was accomplished by use of "Silent Giant" air

pumps and porous stone.

Radiation Sources and Monochromator

A Bausch and Lomb high-intensity diffraction grating mono-

chromator (#33-86-26) was used to accomplish spectral isolation

(Figure 6). To maintain maximum dose rates, an entrance slit of

5.36 mm x 20.0 mm was used with a paired exit slit of 3.00 mm x

11.2 mm. The band pass or spectral purity is determined by the exit

slit width. Two different gratings were used to provide spectral

separation. An ultraviolet grating (#33-86-01) with 2700 grooves per

millimeter, covered the region of the spectrum from 200 nm to 400 nm.

The grating was blazed at 250nm. It had a reciprocal linear dispersion

of 3.2 millimicrons/millimeter and was free of interference from

overlapping higher orders. The visible grating (#33-86-02) with

1350 grooves per millimeter provided spectral isolation in the 350 nm

to 800 nm range and was blazed at 500 nm. It had a reciprocal linear

dispersion of 6.4 millimicrons/millimeter and was overlapped by
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Figure 6. Light source, monochromator, exposure chamber and
radiometer
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second order bands from 200 nm to 400 nm (Bausch and Lomb, 1968).

A Corning filter, 3-74, was used with the visible grating, when

working with wavelengths above 400 nm, to eliminate overlapping

second-order spectral bands. It transmitted only 10-15 percent at

400 nm and eliminated all wavelengths below 380 nm. It was con-

venient to work with also, because of a sharp rise in the transmission

to 80-90 percent for wavelengths above 460 nm.

The three ultraviolet and visible radiation sources used were

tungsten, xenon, and mercury vapor lamps with appropriate voltage

stabilizing units. The quartz-iodine tungsten lamp (#33-86-39-01),

rated at 45 watts, was used only for preliminary testing because dose

rates in the ultraviolet range were found to be marginal for causing a

reaction in sea anemones.

The 150-watt xenon lamp (#33-86-20-01), that operated with a

short arc under several atmospheres of pressure, provided a spectral

output approximating that of solar radiation in the ultraviolet, visible,

and infrared range. The mercury source, a 200-watt, short arc,

super-pressure lamp, provided a continuous, fairly uniform intensity

spectrum covering the ultraviolet, visible, and infrared regions, ex-

cept for very high-intensity discrete lines that are characteristic of

the mercury arc spectrum. The radiation source, monochromator,

filters, and exposure platform were mounted on an optical bench and

checked frequently for alignment.
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Dose rates were varied at the different wavelengths by using

Ealing TFP, bi-metallic, quartz-bonded neutral density interference

filters. Their capacity to attenuate radiation to a specific degree is

virtually independent of the wavelength from 220 nm to 2.5 microns.

Dose rates were measured with a YSI-Kettering model 65

radiometer, with thermistors that operate in a wheatstone bridge cir-

cuit with an output voltage directly proportional to the radiant energy.

The first thermistor, a receptor, is coated with a special absorptive

material while the second one is shielded from radiation but exposed

to the ambient temperature as a reference. To aid in more accurate

measurement of low-intensity ultraviolet radiations a highly polished,

precision-finished aluminum collector cone was used in conjunction

with the radiometer. The "improvement factor" of the cone is de-

pendent upon the wavelength, the position with respect to the path of

radiation, and the condition of the cone surface. In the ultraviolet and

visible wavelengths, 260 nm to 650 nm, the improvement factor varied

from 5.3 to 6.4.

For x-ray exposures, a Maxitron 300 x-ray machine, operated

at 300 kVp and a current of 20 mA was used. Filters of copper

(2.0 and .25 mm) and aluminum (.25 mm) were inserted in the beam

path to vary the hardness of the x-rays. Both whole-body and partial-

body exposures were made. For partial-body exposures, a 15 x15 cm

lead shield, 6 mm thick, with a 1.1 cm aperture located off-center,
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limited exposure to the portion of the anemone directly beneath the

opening. Three adjustable legs, attached to the lead plate made it

possible to position the shield above the exposure container. When

specimens were used for more than one exposure, they were allowed

a recovery period of 10 minutes and were then rotated a quarter turn

beneath the lead shield to expose a different section of the oral disc

to x- rays passing through the aperture.

Recording Instruments

Continuous observation of the specimen during exposure to x-rays

was made possible by using a 3-unit closed circuit television system

consisting of: (1) a Shibaden, model HV-15 camera with an automatic

light compensator and an F 1.9, 25 mm lens; (2) a model TWA-77

transistorized receiver/monitor; and (3) an Apeco tele-tape video

recorder, model VT 101, with an audiochannel and helical-scanning

rotary heads. The camera was positioned close to the specimen in

the x-ray exposure room while the recorder and monitor units were

set up in the x-ray control room. A chronometer was placed in the

view field of the camera permitting real time analysis of exposure.

The investigator could observe on the video screen prompt reactions

of the anemone during any portion of the experiment, and could add

pertinent remarks to the audiovisual record. This record could then
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be used to check details of the written notes made during the experi-

ment.

Isolated tentacles and mesentery preparations were tested for

response to radiation by exposing them while they were attached to the

cantilever of a Grass Ft .03 strain gauge force transducer. The

transducer was then connected to a Grass model 7P1A, low-level,

DC preamplifier of the 4-channel Grass model 7, polygraph. For

x-ray studies, an air ionization chamber, placed in the path of the

x-ray beam, and connected to the external calibration plug on a Grass

7P5A, wide-band AC, EEG pre-amplifier produced a 60-cycle signal

while the x-ray beam was on. Direct ink write-out was used, with

separate channels recording time intervals and exposure durations, as

well as calibration data, and the response curves.

Methods

Exposure Chamber Environment

The inner chamber of the exposure container for holding the

anemone was filled with artificial sea water, that had been filtered to

remove particles and small organisms whose contact with tentacles

might induce a reaction. The outer chamber, filled with cold water,

to which ice was added, helped to maintain a relatively constant tern-
0perature of approximately 14.5C during experiments lasting several
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hours. In preliminary studies, the temperature of the sea water in

containers without temperature control often rose to 180 C and the

anemones showed an increase in tentacle reactions with frequent clo-

sure of the oral disc. Therefore, all subsequent experiments were

carried out using temperature-controlled containers.

It was found also that aeration of the water reduced the amount

and frequency of uninduced tentacle reactions. Air was continuously

bubbled into the sea water by the air pump system to help maintain

the oxygen content. Specimens whose oral discs had closed could

often be induced to open and expand simply by the aeration method.

Some difficulty in keeping specimens expanded during long

periods of dark-adaptation was experienced. Johnson and Snook (1967)

reported that this species (Cribrina xanthogrammica, now Anthopleura)

opens in the daytime and closes at night. Specimens that had closed

during dark-adaptation usually opened within a few minutes after

being returned to a lighted room. Anemones that were closing after

periods of dark adaptation, were often caused to open again by circu-

lating and aerating the water adjacent to the anemone surface.

Anemones recently transferred from the ocean to the laboratory

aquaria were very sensitive to touch and movement when being rotated

during exposure. Often several trial runs were necessary before the

animals became adapted to handling and did not show hypersensitivity.

Although this adaptation is very apparent, almost nothing is known
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of how it is accomplished.

Position for Exposure

Anemones were positioned in the exposure chamber with their

tentacles and oral disc margin approximately 1 1/2 cm from the

front quartz plate. By manipulating the plastic cup bases with wooden

applicator sticks the anemones could be rotated so that a different

section of the disc would be in the exposure field. A plastic cup,

with the anemone attached, was held vertically in a stand for exposure

of the peristome and stomodeum to the horizontally-directed beam.

A similar exposure arrangement was used for comparative studies

of responses of inner and outer rows of tentacles to ultraviolet and

visible radiations.

Most experiments involving visible radiation were carried out

on specimens that had been dark-adapted for one hour or more.

Overhead illumination was kept at a minimum, even during ultraviolet

radiation tests, to reduce the number and intensity of shadows falling

upon the anemone.

Under these conditions a 25-watt red light, used to illuminate

the anemone, made visual observation possible.
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Radiation Sources

The radiation source, monochromator, and platform to support

the exposure container were mounted on an optical bench (Figure 6).

The platform could be moved along the bench to vary the distance from

the monochromator exit slit to the specimen and it could also be raised

or lowered for exposure at different vertical positions on the anemone.

In the monochromator, spectral purity is determined by the

basic dispersion of the grating and by the width of the slits and type of

source. With the continuous spectra emitted by the tungsten and

xenon sources, 100 percent purity cannot be achieved because the

spectrum at the exit is in an infinite series of overlapping images,

each with the width of the entrance slit. Only a single wavelength is

at full intensity, because, for all other wavelengths in the overall band

passed by the entrance slit, a portion is occluded. For these experi-

ments, the widest entrance and exit slits were used to provide maxi-

mum dose rates for ultraviolet exposures. By multiplying the linear

dispersion times the slit width, nominal band-pass widths of 9.6 and

19.2 nm were obtained for the ultraviolet and visible spectra respec-

tively. Jagger (1967) indicated that biological absorbers rarely show

narrow ranges in the ultraviolet region and one almost always uses

wide band widths in order to get sufficiently high dose rates.
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To standardize distances used for irradiation a reference point

near the exit slit of the monochromator was used. Distances of ap-

proximately 5.3 cm, 6. 0 cm, and 7.5 cm were most commonly used.

Occasionally, because of high dose rates in the visible range of the

spectrum, distances of 10 to 20 cm were used. In these cases, the

size of the exposure field was controlled by use of a blackened shield

with an aperture to correspond with the field size at 7.5 cm. The

sizes of the beam, incident upon the anemone at 5.3 cm, 6.0 cm, and

7.5 cm were approximately 2.0 cm by 1.4 cm, 2.1 cm by 1.5 cm, and

2.5 cm by 1.75 cm.

The relatively low dose rates of ultraviolet light exiting from the

monochromator posed a special problem for exposure. Attempts to

direct the beam vertically into the open test chamber by means of a

front surface mirror were not successful. The reflectivity with front-

surface mirrors was over 90 percent, but the increased distance re-

duced the dose rate below the level of threshold for sensitivity of

Anthopleura. Consequently horizontal irradiation necessitated passing

the beam through Saran wrap or a quartz plate and approximately 1.5

cm of sea water.

Dose Rate Measurements

Dose rate measurements with the radiometer were made with

the beam passing through the Saran wrap or the quartz plate. The
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sensor probe, mounted in the collection cone, and protected by a water-

proof housing, was used to determine the effect of sea water on the

transmission of ultraviolet and visible radiations (Table 1). Percent

transmission was determined by a comparison with measurements

made with the beam passing through air only. Artificial sea water,

added to the exposure container during dosimetry increased the trans-

mission for all wavelengths from 340 nm to 600 nm. It seems probable

that this increase was due to a reduction in refraction of the beam.

Measurements have shown (Jerlov, 1950; Armstrong and Boalch,

1961) that transmission of ultraviolet through sea water should steadily

decrease as the wavelength decreases.

Table 1. Radiation transmission through sea water. W. L. = Wave-
length in nanometers, percent T = percent of transmission
through air

Visible Grating

W. L. 360 380 400 425 450 500 550 600

Percent T 120 120 122 124 123 122 123 122

Ultraviolet Grating

W. L. 260 280 300 320 340 360 380 400

Percent T 80.7 87.2 88.7 98 106.6 111.3 112.8 114.5

The refractive index of sea water, 1.35 at 340 nm, is close to

that for the fused quartz front plate, 1.47 at the same wavelength,

and shows this same relationship throughout the spectral range from
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250 nm to 600 nm (Jerlov, 1968). Adding of sea water to the con-

tainer would, therefore, reduce refraction of the beam giving a trans-

mission higher than transmission through air in the container.

A transmission factor for specific wavelengths from 260 nm to

600 nm was determined and used to adjust all dose rate measurements

made without sea water present. A collector cone improvement factor

was also determined by comparing the dose rate of radiation at se-

lected wavelengths, measured in air by the bare sensor probe, with

dose rates measured by the sensor probe mounted at the end of the

collector cone. Any subsequent measurements made with the collector

cone and without sea water, were corrected by dividing the instrument

reading by the cone improvement factor (Table 2) and multiplying by

the transmittance factor (Table 1).

Table 2. Cone improvement factor. WL = wavelength in nanometers,
F = improvement factor.

Visible Grating
WL 360 380 400 425 450 500 550 600
F 5.8 5.8 5.7 5.4 5.7 5.6 5.5 5.5

Ultraviolet Grating
WL 260 280 300 320 340 360 380 400
F 5.4 5.7 6.2 6.2 6.3 6.4 6.2 6.3
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Recording of Data

In the initial studies to determine if anemones reacted to ultra-

violet radiations a shorthand method for recording data was devised

(Table 3). The oral disc was viewed like the face of a clock with the

12 o'clock position at the exposure point. Any activity of tentacles

or oral disc could be conveniently and rapidly recorded according to

position on the disc. The number of tentacles involved in a reaction

was specified as 1T, 2T, 3T, etc. , or the symbols Ta, Tb, and Tc

used to indicate reaction in 1-5, 6-11, or 12 or more tentacles re-

spectively. Distinct behavioral responses were observed and recorded

as: (1) tentacle flexion (Tf), a bending of the tentacle without a de-

crease in length, (2) tentacle retraction (Tr), a constriction of the

apical and mesial portions of the tentacle, (3) oral disc flexion up-

ward (Du), a bending upward of a portion of the disc, and (4) oral

disc flexion downward (Dd), a bending downward of a portion of the

disc. For tentacle exposure, a positive response was recorded if at

some time during a 300-second interval, one or more tentacles in the

radiation field exhibited flexion or retraction. Although any reactions

in all tentacles were observed and recorded only those occurring in

the field of exposure were used in analysis of responses.

Two additional responses not recorded by the shorthand method

were column cavitation and peristome depression. Both responses
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Table 3. Method of recording data: sample data sheet.

Experiment HA Exposure Distance 5 cm
Date 7/21/69 Exposure Duration 120 sec
Wavelength 400 nm Area Exposed tentacles

Subject #23
Height 6 cm
Diameter 9 cm

Top View Of Disc
exposure point

Time (sec) Action Decoded

20 2T (12) Tr 2 tentacles at 12 o'clock, retract-
ing

55 3T (7) Fr 3 tentacles at 7 o'clock, rapidly
retracting

65 Du (3) Fr Rapid reflex flexion of the disc at
3 o'clock

80 Tb (12-2) Tr 6-11 tentacles retracting at 12-2
o' clock

Symbols

T = Tentacles

Ta = Tentacles, 1-5
Tb = Tentacles, 6-11
Tc = Tentacles 12 or more
Du = Disc flexion upward

(12) = 12 o'clock position

Dd = Disc flexion downward

Tr = Tentacle retraction
Tf = Tentacle flexion

Fr = Rapid reflex
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were characterized by inward movement of surface layers at the

point of exposure.

Procedures for Determining Action Spectra

The effective dose (ED) for each type of response at a number

of wavelengths was determined by more than 40 tests performed on

8-14 anemones per wavelength, so that the relative efficiency of the

various wavelengths could be compared in an action spectrum. Since

the same dose rate was not attainable at all wavelengths, it was neces-

sary, in a few instances, to adjust both dose rate and exposure dura-

tion to achieve a specific radiation dose. This was done only if prior

tests of the exposure variables demonstrated that a reciprocal rela-

tionship existed between dose rate and exposure duration for evoking

the response. Using the ultraviolet spectral grating, responses were

tested over the wavelength range from 240 nm to 400 nm at dose rates

ranging from 0.1-3.0 x 103 ergs/cm2/second. With the visible spec-

tral grating, responses were tested over the wavelength range from

350 nm to 600 nm at dose rates from 0,12 - 27.2 x 103 ergs/cm2/

second.

For tentacle flexion, oral disc flexion, column cavitation and

peristome depression, a series of test exposures, in which the dose

was changed by small units, was made around the oral disc of each

anemone. This is termed the step-up and step-down procedure. The
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ED was designated as the average between a dose causing a reaction

and the next lower dose value that failed to produce a response. In

the case of retraction, the duration of continuous exposure, required

to elicit retraction at a given dose rate, was specified as the effective

dose. This was more convenient since much longer exposures were

required because of low dose rates available in the ultraviolet region

where retraction was most prominent.

Action spectra for all reactions were based on the dose at a given

wavelength required to produce a response relative to that at a refer-

ence wavelength. The reference wavelength was that one showing

maximum effectiveness. This is a modification of the method outlined

by Jagger (1967) to measure inactivation cross-sections. The rela-

tive efficiency was calculated from the formula:
ED (reference wavelength)Relative Efficiency -

nm (test wavelength)ED (test wavelength) x nm (reference
wavelength)

For each area tested certain special procedures were used to

aid in identification of responses. Differences in reactions between

central and peripheral tentacles were tested by exposing the face of

the disc while the peristome was held in the vertical position. The

first two rows of tentacles nearest the peristome were considered

central while all other rows were designated as peripheral. Exposure

of different tentacles was achieved by movement to the left or right,
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raising or lowering the platform, or rotating the base of the plastic

cup in the slot of an acrylic plastic block used as a stand.

Individual tentacles were excised from an anemone and tested

by continuous exposure to visible, ultraviolet, and x-ray radiations.

Analysis of the reactions was made to determine the response char-

acteristics and latencies. Tentacles were also pinned to a block of

paraffin in the bottom of a container of sea water, and attached by

means of a fine hook and non-stretch thread to the cantilever of the

Grass Ft .03 strain-gauge force transducer adjusted to a sensitivity

of 3 mg /0. 1 mm. The transducer was then connected to the 7P1 low-

level DC pre-amplifier of the Grass polygraph.

The column response was most readily observed from the side,

at right angles to the plane of cavitation. To facilitate observation,

a grid of 1-cm interval lines was placed against the side of the ex-

posure container beyond the anemone and illuminated from behind by

a 25-watt red light. The grid was made from a piece of blackened

acrylic plastic with fine grid-lines etched in the paint.

Peristome reactions were tested by exposing the central disc

area between the tentacles and the stomodeum. The base rim of the

plastic cup, in which an anemone was attached, was inserted into a

slot in a block of acrylic plastic, thus providing a stand to maintain

the anemone in a horizontal position with the peristome vertical.

Exposures at different positions on the face of the peristome were
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made by moving an anemone either left or right and by raising or

lowering the platform. Exposures of the left and right side of the

peristome were made at one position and then exposures were made

at a second position. The anemone was then allowed to recover for

five minutes before a second series of tests was made at another

level. By use of more than one exposure container it was possible

to alternate specimens, and therefore keep up nearly uninterrupted

testing. Effective doses were determined for column and peristome

reactions in the same step-up and step-down procedure that was used

for determination of the ED for tentacle flexion.

Isolated mesenteries were tested for reaction to radiation in

the same manner as isolated tentacles. Anemones were anesthetized

for 12 hours in a seven percent solution of magnesium chloride.

Individual mesenteries were separated from the body wall and pharynx

and placed in artificial sea water for one hour to allow time for re-

covery from the anesthetic. The muscle was then pinned to a paraffin

block in a container of sea water and attached by a hook and thread to

the force transducer connected to the polygraph. Contraction was

registered by pen deflection, and the exposure duration, latency period,

and recovery time were recorded by the timer. Isolated mesentery

muscles showed much greater sensitivity than isolated tentacles to

external stimuli such as vibration and air currents affecting the thread.

Care was taken to keep the environment as stable as possible through-

out the experiment.
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RESULTS

Small areas of various body regions of the anemone, Anthopleura

xanthogrammica, were exposed to monochromatic radiations in the

ultraviolet and visible range from 240 nm to 650 nm. The specific

regions were as follows: (1) stomodeum, (2) peristome, (3) tentacle

and oral disc margin, (4) upper, middle, and lower column, and (5)

the pedal disc. Distinct behavioral reactions were observed in most

body regions in response to a portion of the spectrum used in testing.

These responses were: (1) tentacle flexion, (2) tentacle retraction,

(3) oral disc flexion, (4) column cavitation, and (5) peristome depres-

sion.

Tentacle Responses

Flexion

Flexion of the tentacles (Figure 7), without reduction in length,

occurred after exposure to radiations with wavelengths from 340 nm

to 600 nm. The point of flexure was near the base of the tentacle.

During the flexion reaction, the extended tentacle changed its relation-

ship to the oral disc from a nearly perpendicular position to a parallel

one. Latency, the duration of time from the start of exposure to the

beginning of a response, averaged ten seconds, and no flexion was

observed to begin beyond 30 seconds after the start of exposure. The
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Figure 7. Flexion of peripheral-cycle tentacles in response to ex-
posure to radiation at 500 nm. The dose rate was 16 x
103 ergs/cm2/second
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direction of flexion was almost invariably toward the rim of the oral

disc, and was not dependent upon which side of the tentacle was ex-

posed.

The action spectrum for tentacle flexion (Figure 8), derived

from relative efficiency data (Table 4), shows that radiation at 500 nm

is most efficient in producing a flexion response and that the efficiency

falls off rapidly to one-third at 450 nm and to one-quarter at 400 nm

and at §50 nm. The efficiency increases again, in the near ultra-

violet range, to slightly more than one-third at 380 nm and to nearly

two-thirds at 360 nm, falling rapidly to one-twentieth at 340 nm. The

action spectrum thus shows two peaks of efficiency in producing flexion

in tentacles, a high peak at 500 nm, and a medium peak at 360 nm.

Table 4. Relative efficiency for tentacle flexion. WL = test wave-
length in nanometers, ED = effective dose x 103 ergs/cm2,
QF = quantum factor (nm of test wavelength/500 nm), RE =
relative efficiency of test wavelengths compared to radiation
at 500 nm.

RE ED (at 500 nm)
ED (at test wavelength) x QF

WL Ave. ED QF RE

340 101.4 0.68 0.06
360 9.8 O. 7 0.6
380 12.9 O. 76 0.4
400 19.7 0.8 0.24
425 13.2 0.85 0.34
450 12.7 O. 9 0.34
500 3. 9 1.0 1.0
550 15.9 1 . 1 0.22
600 27.6 1. 2 O. 1
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Figure 8. Action spectrum for tentacle flexion.
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Peripherally located tentacles exhibited the most consistent

flexion responses to exposure, while tentacles of the inner two cycles

showed only occasional flexion reactions (Table 5a). At greater than

400 nm only about one-tenth of the central tentacles reacted by flexion

compared to the response of the peripheral tentacles.

Table 5. Percent response difference between inner-cycle and outer-
cycle tentacles. WL = wavelength in nanometers, NT =
number of tests.
a. For flexion responses
b. For retraction responses

Inner-Cycle Outer-Cycle
Specimen Number WL NT (Percent) (Percent)

a 24,7 450 22 7 88

24 500 12 8 90

24 600 16 13 66

b 17,31 280 20 100 97

22,7 360 11 83 83

24,21,22 400 16 89 94

To determine if the flexion of tentacles was in response to the

effect of light (500 nm) on receptors at the base of tentacles or on the

tentacles themselves, only the distal half of tentacles on the margin

of the oral disc were exposed by appropriate orientation of the speci-

men to the incident radiation. Although some light might have been

reflected from the tips of the tentacles to the base and to the oral disc,
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no direct illumination was incident on the disc. Seventy-five percent

of these tentacles showed flexion reactions. The reaction of flexion

occurred only after direct exposure of the tentacles; exposures at other

localities such as peristome, column, and pedal disc, did not cause

flexion in tentacles. Isolated tentacles that were separated from the

oral disc also showed flexion, characterized as bending without a de-

crease in length or diameter.

Retraction

A second type of tentacle reaction, tentacle retraction (Figure

9), occurred in response to radiations of wavelengths from 248 nm to

400 nm. During retraction, tentacles contracted from their normally

extended position and showed constriction of the apical and mesial

portions. Latencies varied from ten seconds to as long as 300 seconds,

and averaged 125 seconds.

The action spectrum for retraction of tentacles (Figure 10),

derived from relative efficiency data (Table 6), shows a peak of ef-

ficiency at 280 nm that drops to seven-eighths at 260 nm, and to one-

quarter at 248 nm, Some tentacles retracted at 240 nm, but reciproc-

ity of dose rate and exposure duration could not be shown to hold at

this wavelength so the data was not included in the action spectrum.

Above 280 nm the efficiency drops rapidly to just under one-half at

300 nm and to less that one-tenth at 320 nm. It is slightly above



Figure 9. Retraction of central-cycle tentacles in response to ex-
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posure to radiation at 400 nm, The dose rate was 11 x 103
ergs/cm2/second
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Figure 10. Action spectrum for tentacle retraction.
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one-tenth at 360 nm, but is below this value at 340 nm, 380 nm, and

400 nm. Retraction did not occur at wavelengths higher than 400 nm.

Table 6. Relative efficiency for tentacle retraction. WL = test wave-
length in nanometers, ED = effective dose x 10 3

wave-
length
QF = quantum factor (nm of test wavelength/280 nm), RE =
relative efficiency of test wavelengths compared to radiation
at 280 nm.

ED (at 280 nm)RE = ED (at test wavelength) x QF

WL Ave. ED QF RE

248 131.4 0.89 .24

260 35.7 0.93 .86

280 28.6 1.0 1.00

300 65.9 1.07 .41

320 301 1.14 .08

340 282.5 1.21 .08

360 206.8 1.28 .11

380 269.2 1.36 .08

400 331.7 1.43 .06

A comparison of the retraction reactions of central-cycle ten-

tacles to that of peripheral-cycle tentacles indicated that both regions

reacted equally well to radiations at 280 nm, 360 nm, and 400 nm

(Table 5b).
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Exposure of single tentacles, from approximately the middle to

the tip of the tentacle, gave 100 percent reactions at 280 nm in the form

of retraction. The retraction of tentacles does not appear to be depen-

dent upon direct exposure of any receptors at the base of the tentacles,

but upon the tentacles themselves. Seldom did tentacle retraction

occur concurrently with tentacle flexion, but often followed it in the

spectral region from 340 nm to 400 nm, a region of overlap of the two

phenomena.

Responses in Non-exposed Areas

The number of tentacles retracting, per unit area, in response

to exposure to visible and ultraviolet radiation was far greater for the

area of exposure than for an equal area containing non-exposed tenta-

cles (Table 7). Regional exposures to radiations of 260 nm to 400 nm

were observed to induce a number of retracting tentacles around the

entire disc. The number of retracting tentacles, that were not in the

radiation field, were normalized to the number of tentacles per unit

area by dividing by 14, the ratio of the non-exposed area to the ex-

posed area. Table 7 shows that the most evident response to radiation

in the visible and ultraviolet spectral ranges was manifested in re-

traction of the tentacles being exposed. In the comparison of equal

areas, an average of 97 percent of the retracting tentacles were in the

radiation field.



Table 7. The relative incidence of tentacle retraction in an exposed area compared to the incidence in the non-exposed area. Since the non-ex-
posed area/exposed area ratio is approximately 14 to 1, the number of retracting tentacles in the non-exposed area has been divided by a
factor of 14. The exposed area was approximately 4. 4 cm 2. Dose rates ranged from 2 x 103 ergs/cm2/sec. at 400 nm to 0. 3 x 10 ergs/
cm2/sec. at 260 nm. E = reacting tentacles of exposed area, NE = reacting tentacles of non-exposed area, WL = wavelength in nanometers,
# = specimen number

WL 400
NE

380
E NE E

360 340
NE E NE

320
E NE E

300
NE

280
E NE

260
E NE

37 4 . 5 6 . 9 6 1.0 6 .8 8. . 7 13 . 2 18 .6 44 2. 1

30 8 0 11 .1 8 .07 5 .1 5 1.07 23 .1 39 .07 11 .3

20 31 .3 32 .4 17 .2 1 1.5 25 .07 20 0 11 .1 7 .2

39 11 .6 5 1.3 10 .2 2 0 8 .07 12 0 12 0 7 0

35 11 . 2 18 1. 3 16 . 9 11 .6 13 . 2 15 . 9 6 0 6 .1

20 3 .07 8 .4 12 .07 3 1.0 7 .1 10 .07 10 0 6 .1

39 13 0 9 0 16 .1 13 0 12 0 27 .1 11 0 22 0

11 4 .07 28 1.1 10 .07 3 .2 15 1.1 10 0 11 0 10 .2

Total 85 1.74 117 5.5 95 2.61 44 4.2 93 2.3 130 1.37 118 .77 113 3.0

Percent
Re-
sponse 97.5 2.5 96 4 97 3 91 9 97.5 2.5 99 1 99 1 97.5 2.5
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Responses to X-rays

Regional body exposure of low-exposure rate x-rays, 1.1 R/

second for 30 seconds, evoked tentacle retraction as a response.

Areas exposed to x-rays showed the same high percentage (97 percent)

of retracting tentacles in comparison to non-exposed areas, as did

areas exposed to 280 nm ultraviolet (Table 8). No flexion of the ten-

tacles or downward flexion of the oral disc margin were observed in

response to exposure to x-rays, but rapid upward flexion of the oral

disc was occasionally observed in the field of exposure.

Whole-body exposures to x-rays at higher exposure rates, 20

R per second, for ten seconds elicited tentacle retraction in numerous

tentacles, sometimes around the entire circle of the disc. All speci-

mens receiving an exposure dose of 200 R reacted in 140 to 240 seconds

by opening the stomodeum. Rapid depression of the peristome region

around the stomodeum also occurred. The stomodeum-opening reac-

tion was never observed in specimens exposed to visible, ultraviolet,

or low exposure-rate x-ray radiations. Since the x-ray beam repre-

sented a wide spectrum of energies, up to a maximum of 300 kVp,

it was impossible to derive an action spectrum for tentacle retraction

based on the response to x-rays.
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Table 8. A comparison of the effects of ultraviolet and x-ray radiation
on the number of tentacles retracting, per unit area, in an
exposed area and a non-exposed area. Since the non-ex-
posed area/exposed area ratio is approximately 14 to 1, the
number of retracting tentacles in the non-exposed area has
been normalized to unit area by dividing by 14. The exposed
area was approximately 4.4 cm2. Observation time was
360 seconds.

280 nm Ultraviolet
0.6 x 103 ergs/cm2/sec.

for 120 sec.

X-ray

1.1 R/sec. for 30 sec.

Test Exposed Non-exposed Test Exposed Non-exposed

1 7 .1 1 2 .5

2 5 .3 2 7 .1

3 4 .2 3 7 0

4 4 .1 4 6 .3

5 4 .5 5 5 .2

6 6 0 6 4 .4
7 7 .07 7 8 .07

8 6 0 8 4 .2

Total 43 1.27 43 1.77

Percent
Response 97 3 96 4

Isolated Tentacle Responses

Isolated, unattached tentacles, that were exposed to radiations

from 260 nm to 340 nm, responded with characteristic retraction,

showing a decrease in length and diameter. Exposures to radiations

from 360 nm to 400 nm evoked retraction in some tentacles and the

appearance of flexion in others. In flexion of a tentacle, bending
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occurred with little or no evidence of a decrease in length or diameter.

At 500 nm only flexion-like responses were observed (Table 9).

Table 9. Responses of isolated, unattached tentacles to ultraviolet
and visible radiation. Dose rates ranged from 0.4 x 103
ergs/cm2/sec. at 260 nm to 1.8 x 103 ergs/cm2/sec. at
340 nm, for the ultraviolet grating, and ranged from 7.6 x
103 ergs/cm2/sec. at 360 nm to 23.2 x 103 ergs/cm2/sec.
at 500 nm for the visible grating. Retraction involved a de-
crease in length and diameter, but flexion was observed as
a change in shape by bending only.

Wavelength (nm) Test Latency (sec) Characteristics

260 1 10 retraction
2 100 retraction, C-shaped

280 1 10 retraction, from tip
2 15 retraction, waving
3 20 retraction

300 1 25 retraction
2 200 retraction, gradual

320 1 230 retraction, C-shaped
340 1 140 retraction

2 160 retraction
360 1 12 flexion

2 150 retraction
380 1 10 flexion
400 1 10 flexion

2 160 retraction
500 1 7 flexion

2 3 flexion

Contraction responses, whether of retraction or flexion type,

were observed when isolated tentacles, attached to the force trans-

ducer, were exposed to visible, ultraviolet, and x-ray radiations.

Figure 11 shows typical responses to wavelengths at 280 nm and to

x-rays. Responses to 500 nm radiation were elicited with minimum
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a. Ultraviolet exposure

15 sec. 280 nm 15 sec.

110 111111

1 sec. 2 sec. 5 sec. 10 sec.

b. X-ray exposure

15 sec.
. 2mV1

cm
. 4 mm/sec.

2m1CM

. 4mm/sec.

10 sec.

111111
30 sec.

15 R/sec.

Figure 11. Isolated tentacle response to: (a) ultraviolet radiation
exposures of 1-, 2-, 5-, 10-, and 15-second duration at
280 nm, and a dose rate of 1; 1 x 103 ergs/6m 2 /sec., and
(b) x-ray radiation at 15 Rfsec. Tentacles were attached
to a force transducer connected to the Grass polygraph.



54

exposure durations from 10 to 14 seconds. At 280 nm, minimum

exposure durations to cause a response were 14 to 23 seconds. With

exposures to wavelengths of 360 nm and 400 nm, minimum exposure

durations to evoke a response varied from 12 to 180 seconds indicating

perhaps either a tentacle flexion or tentacle retraction response.

Repeated brief exposures at 280 nm, given in a sequence of one

second on and one second off, were not effective in evoking a response.

Another sequence of two seconds on and one second off was similarly

ineffective, but a third sequence of three seconds on and one second

off caused contraction after 48 seconds. This represented approxi-

mately 16 seconds of "on" time.

Continuous exposure of isolated tentacles to x-rays at 15 R per

second evoked retraction with an average latency of 112 seconds to

the first response. This was considerably higher than the average

latencies of 21 seconds for retraction at 280 nm, 45 seconds for re-

traction at 360 nm, and 11 seconds for flexion at 500 nm.

Oral Disc Flexion

After exposure of the tentacles and a portion of the oral disc

margin to radiations from 360 nm to 600 nm, the tentacle flexion re-

action is followed closely by a downward flexion of the oral disc mar-

gin at the point of exposure. Latencies (10 to 60 seconds) for disc

flexion were generally longer than latencies for tentacle flexion.
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Whereas most tentacles showed flexion responses within 10 to 20

seconds, most oral disc sections exhibited downward flexion responses

within 30 to 50 seconds after the beginning of exposure.

The action spectrum for oral disc flexion (Figure 12), deter-

mined from relative efficiency data (Table 10) shows a peak efficiency

at 360 nm radiation, in evoking flexion. The efficiency drops pre-

cipitously to one-fifth at 350 nm, but decreases more slowly above

360 nm to four-fifths at 380 nm, one-half at 400 nm, one-third at 450

nm, and one-fifth at 500 nm. Beyond 500 nm the efficiency increases

slightly to one-quarter at 550 nm but drops again to one-fifth at 600

nm. Depending on wavelength the average ED required to cause oral

disc flexion was from 6 to 65 times the average ED required to cause

tentacle flexion.

Table 10. Relative efficiency for oral disc flexion. WL = test wave-
length in nanometers, ED = effective dose x 103 ergs/cm 2 ,

QF = quantum factor (nm of test wavelength/360nm), RE =
relative efficiency of test wavelengths compared to radiation
at 500 nm.

ED (at 360 nm)RE = ED (at test wavelength) x QF

WL Ave. ED QF RE

350 328.7 0.97 0.21
360 67.9 1.00 1.00
380 81.7 1.06 0.78
400 116.9 1.1 0.53
450 164.6 1.3 0.32
500 243.3 1.4 0.20
550 169.4 1.5 0.27
600 186.9 1.7 0.21
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Figure 12. Action spectrum for oral disc flexion.
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Most of the oral disc flexion reactions were preceded by ten-

tacle flexion responses. Only 3 to 11 percent of the tests showed

oral disc flexion without any prior tentacle flexion. Column height

reduction usually accompanied oral disc flexion, and was generally

limited to the side exposed.

Column Cavitation

Earlier studies by North and Pantin (1958), on reactions of

anemones to exposure of the column to visible light, indicated that

bending might occur in response to visible radiations from 450 nm to

550 nm. Responses were expected to be similar to those reported by

them for Metridium. In the present study of reactions in Anthopleura,

however, only specimens exhibiting extended, slender columns showed

detectable column bending.

Exposure of the column to the spectral region from 345 nm to 450

nm did produce a regional concavity (Figure 13) at the exposure site,

that was caused by an inward, medial movement of the surface. The

cavitation became more pronounced if the portion of the column being

exposed was relaxed and bulged convexly. A downward flexion of the

oral disc margin occurred at a point directly above the concavity and

was usually coincident in timing with cavitation of the column.

The action spectrum for column cavitation (Figure 14) was based

on the relative efficiency (Table 11) of each wavelength to cause



Figure 13. Cavitation of the column caused by exposure to radiation
at 400 nm. The dose rate was 11 x 103 ergs/cm2/second
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Figure 14. Action spectrum for column cavitation.
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cavitation. Over the spectral region tested, 350 nm and 360 nm were

most efficient in causing column cavitation, with efficiency falling to

less than one-half at 345 nm, three-quarters at 380 nm, and one-

quarter at 450 nm. No cavitation of the column was observed in 12

specimens tested at wavelengths below 345 nm, with intensities from

16.6 x 103 ergs /cm2 /second to 44 x 103 ergs /cm2 /second. Cavitation

was not observed at 500 nm and 550 nm but oral disc margin flexion

still occurred.

Table 11. Relative efficiency for column cavitation. WL = test wave-
length in nanometers, ED = effective dose x 103 ergs/cm 2,
QF = quantum factor (nm of test wavelength/350 nm), RE =
relative efficiency of test wavelengths compared to radia-
tion at 350 nm.

ED (at 350 nm)
RE = ED (at test wavelength) x QF

WL Ave. ED QF RE

345 176.3 0.99 0.46

350 79.8 1.00 1.00

360 84.1 1.03 O. 92

380 98.4 1.08 0.75

400 190.4 1.14 0.37

450 218.5 1.29 0.28
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Peristome Depression

Exposure of a portion (1..75 x 2.5 cm) of the peristome to radia-

tions from 350 nm to 400 nm initiated two responses, a depression of

the peristomial area exposed, and an upward flexion of the oral disc

margin adjacent to the point of exposure (Figure 15). This reaction

showed a gradation from only depression of the area exposed to de-

pression of the peristome accompanied by disc margin flexion upward.

Depression of the exposed area of the peristome was usually accom-

panied by a reduction of the column height on the same side as the

exposure site.

The range of the spectrum producing easily recognizable peris-

tome reactions was relatively narrow, 350 nm to 400 nm. Exposure

of the peristome with 313 nm and 340 nm radiation, produced at high

intensity by the mercury vapor lamp, failed to cause a reaction.

Above 400 nm, little or no depression was observed in the specimens

tested.

A series of exposures was made on ten specimens at each wave-

length to determine the effective dose that would cause 'peristome de-

pression (Table 12). As in previous testing this was done by a step-up

and step-down procedure with five second intervals in most cases.

In very sensitive specimens, two second intervals were used. Some

slight reactions were seen at 425 nm and 450 nm, but were not
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Figure 15. Depression of the peristome and upward flexion of the oral
disc margin in response to exposure to radiation at 400
nm. The dose rate was 11 x 103 ergs/cm2/second
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considered adequate for valid comparisons. The action spectrum for

peristome depression (Figure 16) shows a peak of maximum efficiency

at 360 nm, dropping to one-half efficiency at 350 nm and at 380 nm.

The efficiency continues to drop off to one-quarter at 400 nm.

Table 12. Relative efficiency for peristome depression. WL = test
wavelength in nanometers, ED = effective dose x 10-3 ergs/
cm2, QF = quantum factor (nm of test wavelength/360 nm),
RE = relative efficiency of test wavelengths compared to
radiation at 360 nm.

RE = ED (at 360 nm)
ED (at test wavelength) x QF

WL Ave. ED QF RE

350 85.8 0.97 0.49

360 40.8 1.00 1.00

380 76.5 1.06 0.5

400 153.7 1.1 0.24

Isolated Mesentery Responses

Isolated mesentery strips exposed with 280 nm, 360 nm, and

400 nm radiations at exposure durations of 30 and 60 seconds gave

response curves that were much more irregular than the smooth curves

of tentacle contraction (Figure 17). The average latency for con-

traction was 29 seconds and the average time to maximum displace-

ment, 44 seconds, was higher than that for tentacles, 12 seconds.



64

350 360 370 380

Wavelength in nanometers
390

Figure 16. Action spectrum for peristome depression.
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.05mV
cm

a. Visible radiation .4mm/sec.

30 sec. 400 nanometers
IOW
35 sec.

b. Ultraviolet radiation

SINN
30 sec.

360 nanometers

Figure 17. Responses of isolated mesentery muscle (attached to a
force transducer) to: ka) 400 nm radiation at a dose rate
of 11.3 x 103 ergs/cmVsec., and (b) 360 nm radiation
at a dose rate of 6.2 x 103 ergs/cm2/sec.
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The isolated mesentery preparations were highly sensitive to en-

vironmental changes and would contract in response to vibrations of

the table or the attachment thread.

Pedal Disc Tests

Exposure of the pedal disc through the base of the plastic cup

to radiations at 360 nm and 400 nm, at dose rates of 6.2 and 11.3 x

103 ergs/cm /sec. caused a reduction in height of the column in

approximately 50 percent of the specimens tested. Those specimens

showing no reaction to pedal disc exposure appeared to have folded

and thickened bases. Since the incidence of reacting specimens was

not very large, no further work was done with pedal disc exposure.

Reactions to Broad-spectrum Xenon Exposures

Exposure of Anthopleura xanthogrammica to the broad spectrum

of wavelengths generated by the xenon lamp without the diffraction

grating, evoked a sequence of responses involving tentacle flexion,

oral disc flexion, and tentacle retraction. In more than 90 tests on

ten anemones, exposure durations were increased by increments of

five seconds to a maximum of 35 seconds and the time of each response

was observed. The average times from the beginning of exposure to

reaction were: (1) tentacle flexion, 12 seconds, (2) oral disc flexion

downward, 38 seconds, and (3) tentacle retraction, 46 seconds.
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Table 13 shows that an exposure duration of five seconds evoked

oral disc flexion in 43 percent of the tests and tentacle flexion in 64

percent of all tests. With exposure durations from ten seconds to 35

seconds the percentages of tests showing tentacle flexion and oral disc

flexion were high, but variable. The percentage of tests showing

tentacle retraction increased from 13 percent at ten seconds exposure

duration to 100 percent at 35 seconds exposure.

Table 13. Percentages of tests showing one or more responses to
broad-spectrum exposure at varied exposure durations.
The spectral source was the 150-watt xenon lamp. The
size of the beam was 1.5 cm by 4 cm and the dose rate was
5.2 x 105 ergs/cm2/sec.

Exposure Duration
(sec)

Tentacle Flexion
(Percent)

Disc Flexion
(Percent)

Tentacle
Retraction
(Percent)

5 64 43 0

10 87 80 13

15 76 92 42

20 86 86 50

25 89 89 56

30 91 64 82

35 100 100 100

A composite graph was prepared of the action spectra for ten-

tacle flexion and retraction, oral disc flexion, column cavitation and
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peristome depression (Figure 18). It shows: (1) that tentacle flexion

and tentacle retraction are evoked by exposure to very different spec-

tral regions, (2) that oral disc flexion, column cavitation, and peri-

stome depression are evoked by exposure to the same spectral region,

but distinctly different from those evoking tentacle flexion and retrac-

tion. The responses of the anemone, Anthopleura xanthogrammica,

to the full spectrum of electromagnetic radiations produced by the

xenon lamp show three maximum peaks of sensitivity: (1) a peak for

tentacle retraction at 280 nm, (2) a second peak at 350 nm to 360 nm

for oral disc flexion, column cavitation and peristome depression,

and (3) a third peak for tentacle flexion at 500 nm.

Color Variations

The color of Anthopleura xanthogrammica varied from dark

opaque green, brown, transparent green, and light green to white.

Reactivity to ultraviolet and visible radiations varied somewhat with

respect to color. The dark opaque green varieties were the least re-

active while light-colored anemones were the most sensitive. The

middle-green and brownish anemones appeared to be about equal in

sensitivity. In the foregoing experiments the selection of subjects

was random with regard to color so that no bias was introduced by

the differential response.
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INTERPRETATIONS AND CONCLUSIONS

The results of this study on Anthopleura xanthogrammica show

that several prompt behavioral reactions can be elicited with electro-

magnetic radiations. These reactions vary according to the spectral

distribution of radiant energy. Total body exposure is not necessary

since experimentation revealed that these reactions can be evoked by

limiting exposure to discrete anatomical regions. A discussion of

these reactions and their interrelationships is important to provide

a basis for hypothesizing potential mechanisms involved.

Tentacle Flexion

The flexion response of tentacles to electromagnetic radiations

appears to require direct exposure, as it was never seen in non-ex-

posed tentacles. It occurred most consistently in 'peripheral tentacles

of the oral disc. Tentacles of the more centrally-located two cycles

seldom reacted by flexion. The flexion of peripheral tentacles may

provide the anemone with a means to direct more surface of the disc

toward the light, the direction from which food would be more readily

available. This would be particularly true if the anemone had attached

itself to a narrow crevice or the wall of a cave.

Irrespective of the portion of the tentacle exposed, flexion oc-

curred in the direction of the margin of the oral disc. Tentacles
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exposed while specimens were inverted, still flexed toward the disc

margin. Pantin (1935a) stated that a visible light stimulus to the side

of a tentacle caused it to bend, owing to the local contractions of the

longitudinal muscles. The longitudinal muscles are doubtless responsi-

ble for flexion, since the reaction can occur against the effect of grav-

ity, ruling out a mere relaxation of muscles, but the direction from

which the radiation stimulus was coming did not determine the direc-

tion of flexion in the present study.

Pantin (1935b) also stated that a prolonged stimulus of light to

a tentacle tended to cause rapid and complete contraction distally from

the point of stimulation while the proximal portion of the tentacle re-

mained unaffected. This has not been shown to be true for Anthopleura

xanthogrammica tested in the spectral region of 425 nm to 650 nm,

since continued exposure beyond the minimum effective time to cause

a response did not evoke additional flexion reactions.

Under continuous exposure to the near ultraviolet spectral region

(360 nm to 400 nm), retraction responses were observed to occur in

the same tentacles in which flexion had previously occurred, In the

near ultraviolet spectral region, then, continuous exposure often

evokes flexion of tentacles followed by retraction. The difference in

timing of the two reactions is a function of the latencies.

Tentacles generally exhibited a refractory period (5 to 15

minutes), following flexion, during which additional flexion reactions
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will not be evoked by further exposure to radiation. In Anthopleura,

the flexion response appears to be localized to tentacles in the exposed

region. If a reaction was observed in tentacles outside of the ex-

posure field it was never manifested as flexion.

The action spectrum for flexion (Figure 8), with its peak of

sensitivity at 500 nm, corresponds well to the action spectrum for

column bending in Metridium senile with partial column exposure, as

reported by North and Pantin (1958), and it may be that a similar

photoreceptive process is involved. However, a study of column ex-

posure responses in Anthopleura xanthogrammica showed few detect-

able bending responses. Responses to column exposure consisted of

concavity induction, column height reduction, and oral disc flexion.

These reactions showed minimum sensitivities at 500 nm, and do not

correlate very well with the findings of North and Pantin.

The action spectrum for tentacle flexion exhibits two peaks of

maximum stimulative efficiency. These peaks are similar to the

stimulative efficiency maxima for reaction of visual receptors in

Drosophila, Musca, Apis, and other invertebrates to radiation. This

suggests a similarity in receptor mechanisms. No chromophore pig-

ments, however, have been isolated from Anthopleura, probably be-

cause the coelenterates have suffered from almost complete neglect

by biochemists and organic chemists (Goodwin, 1958). However,

North (1957), in proposing an hypothesis based on the uncertainty of
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quantum capture to explain the great variability of latency, suggested

that chromophores may be in such extremely small concentrations as

to make isolation very difficult.

Although the receptor organs or photosensitive pigments for this

reaction are still unknown the response does resemble a true photic

reaction, mediated by energy incident upon receptors.

Tentacle Retraction

Retraction of tentacles occurred in response to radiations in the

near and far ultraviolet range. This region of the spectrum has not

been examined previously for reactions of anemones. The character-

istics of the response makes retraction easily distinguishable from

flexion responses. Retraction usually began with a waving of the

distal third or more of the tentacle followed by reduction in length and

diameter. The tentacle often coiled and twisted and occasionally

caused reflex retractions in adjacent tentacles that it brushed against.

Often constriction of the tentacle from the tip to as much as three-

fourths of the length occurred during retraction.

Tentacles of the central and peripheral cycles responded about

equally well to a given wavelength in the ultraviolet range. Responses

in tentacles exposed from the middle to the tip, without exposing any

'portion of the disc, indicated that the response was caused by the

reception of radiation within the tentacles themselves. This was
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conclusively demonstrated by retractions measured in detached ten-

tacles subjected to the same spectral radiations.

Tentacle retraction is also evoked by exposure to x- rays.

Various explanations for the way that ionizing radiation causes a be-

havioral response in other organisms have been proposed, such as:

(1) sodium permeability changes in nerve cell membranes (Gasteiger

and Daube, 1962), (2) action on deep photosensitive molecular and

cellular structures (Hug, 1960), (3) release of neurohumoral or

humoral substances or release of bound transmitter substances (Levy,

1967), in addition to (4) direct activation of receptors. It has also

been suggested that x- rays are effective in altering the behavior of

daphnids because of the free radicals produced by ionizations (Baylor

and Smith, 1958). Other investigators (Daniel and Park, 1951) exposed

an aqueous medium to very high doses of x-rays and produced sub-

stances said to be deleterious to the tentacles of hydra.

It could be hypothesized that tentacle retraction in the anemone,

Anthopleura xanthogrammica, is caused by ultraviolet and x-ray

radiation effects on membrane proteins of receptor cells or neurons.

In the case of far ultraviolet the action must take place at or near the

surface because of limited penetration. Jagger (1967) has stated that

approximately 90 percent of the radiation at 260 nm will be absorbed

in the initial ten microns of tissue of average density. Since the action

spectrum for tentacle retraction (Figure 10) shows a peak of
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stimulative efficiency at 280 nm with a high value (86 percent) at 260

nm, it corresponds to the absorption peaks for proteins and nucleic

acids. This suggests that these substances might be the primary

energy absorbers for tentacle retraction. However, it is difficult

to visualize a mechanism through which nucleic acids could initiate

rapid responses in tentacles. It may be that ultraviolet radiation

first affects cells surrounding receptor cells or even the more ac-

cessible parts of the receptor cells before it affects the region ini-

tiating the discharges.

The action spectrum for tentacle retraction need not necessarily

be interpreted as an effect on the nucleus. It has been found that

injurious effects of ultraviolet radiation to the cytoplasm of the

Habrobracon egg (von Borstel and Wolff, 1955) and to isolated single

nerve fibers (Booth, von Muralt, and Stg.mpfli, 1950) yielded action

spectra resembling the absorption spectrum for nucleic acids. The

site of action in either case was considered to be extra-nuclear.

The sensitivity of nerves to far ultraviolet has led to the hypoth-

esis that the absorbed energy causes chemical reactions which disturb

the normal sequence of free energy transfer. Giese and Furshpan

(1954) exposed crayfish stretch receptors to low dose rate (10-12

ergs/mm2/sec)
ultraviolet radiation and invariably produced an in-

crease in the discharge level above that of the accomodation level.
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Under continuous irradiation the frequency of discharge increased to

a maximum of as much as eight fold, after which it dropped to zero.

Bachofer (1959) agreed that a two-fold effect can be observed: an

enhancement of activity, followed by a destruction of activity.

Gasteiger and Daube (1962) suggested that changes in slope of

the action potential and radiotracer studies indicate that the inter-

action of ultraviolet radiation with the nerve membrane occurs by

disruption of the mechanisms that control sodium conductance and

thus affects the firing level of the membrane. This hypothesis has

been substantiated by the work of Lieberman (1967a, 1967b, 1967c)

on the structural and functional sites of the action of ultraviolet radia-

tions in crab nerve fibers. He found that the sodium conductance

mechanism, sensitive to 285 nm, is located on the outside of the

membrane and the potassium conductance mechanism, sensitive to

255 nm, is located on the inner surface. Doses of 105 ergs/mm 2,

required to cause an excitability block are in the same range as enzyme

photoinactivation by ultraviolet radiation. It was suggested that the

site of action was a membrane-related sodium-potassium activated

ATPase. This highly active system was effectively inactivated by 285 nm

and 255 nm. On the basis of the maximum stimulative efficiency and absorp-

tion of ultraviolet at the wavelength 280 nm, it has been suggested

(Booth et al. , 1950; Gasteiger and Daube, 1962; Lieberman, 1967c)

that nerve membrane proteins may be the active absorbers.
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The retraction response to ultraviolet and x-ray radiations, then

should probably not be considered to be a photoreceptor response.

The limitation of the response to wavelengths below 400 nm suggests

a response to absorption of energy by substances other than receptor

pigments, at least in the far ultraviolet and x-ray ranges.

In Anthopleura the two tentacle reactions, flexion and retraction,

are separate phenomena, overlapping in the spectral region from 340

nm to 400 nm, but exhibiting widely separated peaks of maximum

sensitivity. They are probably mediated by the effects of radiation

on two or more different, but as yet undetermined absorbers.

Oral Disc Flexion

The downward flexion reaction of the disc margin is of consider-

able interest because it occurred as a direct response to exposure of

the tentacles and disc margin, and to column exposure. It appeared

to be similar but opposite in direction to the upward flexion of the

disc with peristome exposure. The tentacles and oral disc margin

were exposed at the same time and the disc margin reaction always

showed a longer latency than the tentacle response. Both tentacle

and oral disc downward flexion reactions appear much slower than

the rapid reflex upward flexion of the oral disc that sometimes occur-

red in anemones in response to other stimuli.
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The most surprising result of the study of the oral disc downward

flexion was that its action spectrum was not at all like that of tentacle

flexion. It was not suspected that 500 nm, the spectral region of

highest efficiency for evoking tentacle flexion, would be the region

of lowest efficiency for evoking oral disc flexion. Even at 360 nm,

where the relative efficiencies are high for both, the ED for disc

flexion is over six times larger than the ED for tentacle flexion.

A further separation of the two phenomena is noted in tests

showing oral disc flexion reactions without any 'preceding tentacle

flexion responses. This occurred in only three to eleven percent of

the tests, but it happened often enough to suggest that oral disc flexion

was not dependent upon a prior tentacle flexion reaction.

The high sensitivity of the oral disc flexion response to wave-

lengths from 360 nm to 400 nm may not be easily accounted for by

pigment absorption. Relatively few biologically important com-

pounds show definite absorption bands above 350 nm (Hollaender,

1943), but riboflavin has a set of bands in this region and is known to

become toxic after ultraviolet exposure. It is not known whether

riboflavin, or closely related compounds are present in Anthopleura

xanthogrammica. It seems evident, however, that the oral disc flexion

reaction involves a response mechanism independent of tentacle

flexion.
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Column Cavitation and Oral Disc Flexion

The initiation of oral disc flexion by exposure of the column may

or may not implicate the nerve net as a means of transfer of informa-

tion to the disc margin. Josephson (1966) suggested that in electrical

stimulation of Metridium, the column conducting system reacted as a

single unit, with activity at one point apparently spreading to and

reaching all other points. In exposures with ultraviolet and visible

radiation to the column of Anthopleura, the cavitation response oc-

casionally spread to include the full 360 degrees of the column at that

level, but more often it remained localized. If the difference between

spreading of the reaction in electrical stimulation of Metridium, and

limitation of the area of response in radiation stimulation of Anthopleura

is not species-dependent, it may indicate that electrical stimuli affect

the nerve net, while radiation stimuli affect the transverse and logi-

tudinal muscles directly. The occasional spread of the reaction to

include segments of the column and disc outside of the exposure field

may involve connections with the through-conducting neural system as

hypothesized for tentacles.

The formation of a concavity at the exposure site in column ex-

posure, appears to involve a movement and rearrangement of the epi-

dermal layer, perhaps in response to localized contraction of muscles

directly beneath the point of exposure. This hypothesis seems to be
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supported by the greater magnitude of the cavitation response in

previously bulged areas with relaxed musculature.

Reduction of the column height accompanying disc flexion,

column cavitation, and peristome depression occurred in response

to x-ray, ultraviolet, and visible radiations. These observations are

consistent with the hypothesis that retraction of the logitudinal mesen-

tery muscles is the mechanism for column and disc reactions. The

evidence offered is: (1) the reduction reaction occurred on the side

exposed in partial-body exposures, (2) shortening involved the entire

column in whole-body exposures, (3) reduction of the column height

also occurred against the pull of gravity and against moderate hydro-

static pressure, and (4) preparations of mesentery muscles, isolated

from the column and attached to a force transducer, showed retrac-

tion with an average latency similar to that for responses of the oral

disc, column, and peristome.

The energy absorption mechanism is less clearly indicated for

column and disc reactions than for tentacle flexion or retraction. No

action spectrum was determined for column height reduction but the

reaction was observed in response to x-rays, and to ultraviolet and

visible radiations in the range from 350 nm to 450 nm. Mechanisms

for radiation-induced column reactions could be of more than one

type. This is suggested by the high sensitivity for the response to

x-rays on one hand, and to near ultraviolet and visible radiations on
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the other. If photoreceptors are involved, then these receptors ap-

peared to be more deeply located than the receptors for other re-

sponses. This is also based on the observations that darkly pigmented

anemones showed little or no column response, presumably because

the pigment prevented penetration of the radiation to the receptor.

Peristome Depression

Exposure of the peristome caused a depression of the exposed

area followed by a flexion of the oral disc margin upward and inward.

This action may have been caused by radially-arranged muscles in

the peristome. Continuous exposure extended the reaction until the

disc margin adjacent to the exposure site had rolled inward to the

stomodeum. Exposure of the upper surface of the oral disc and

peristome caused an upward flexion as opposed to the downward flexion

when exposure occurred at the disc edge or below the margin.

Broad Spectrum Reactions

Exposure of Anthopleura xanthogrammica, to the broad spectrum

of electromagnetic radiations produced by the xenon lamp, evoked

five types of responses. These were distributed into three distinct

peaks with respect to specific spectral regions of sensitivity (Figure

18). Three of the responses, tentacle flexion, oral disc downward

flexion, and tentacle retraction occurred sequentially with average
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times from the beginning of exposure to reaction of 12 seconds, 38

seconds, and 46 seconds respectively. Exposure durations of ten

seconds or more were sufficient to evoke tentacle or oral disc flexion

in a high percentage (64-100 percent) of the tests. Tentacle retrac-

tion generally required exposure durations greater than 25 seconds to

elicit a high percentage of responses. This again suggests the lack

of specialized photoreceptors for the retraction response.

Color Pigment Effects

The two color forms of Anthopleura xanthogrammica most

commonly available for laboratory study were green and light brown.

It is probable that both colored forms contain a brown pigment,

melanin, (Fox and Pantin, 1941) and that the green color is produced

by chlorophyll of a unicellular, symbiotic algae. Although no signifi-

cant differences were noted in the sensitivities of brown and medium

green Anthopleura, a distinct difference was evident when dark green

or very light green forms were exposed. In several tests, specimens

with dark, opaque green color showed little or no response to ultra-

violet or visible radiation. On the other hand, the most sensitive and

highly responsive anemones were a very light green. One specimen

was white and contained no visible pigmentation, but its tentacles were

very sensitive to radiations.
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North and Pantin (1958), working with brown, red, and white

varieties of Metridium senile, found that the red and brown forms

showed evidence of less sensitivity to radiation at 500 nm than the

white form, and were less sensitive to the shorter wavelengths, where

the extra pigments could be expected to absorb more light. Their

study of the comparative optical densities of tissues from the three

forms showed a greatly increased relative absorption by pigmented

tissue at the shorter wavelengths, that could account for the differences

in sensitivity. They concluded that the pigments that give character-

istic body colors, act as filters rather than receptor pigments. When

one compares the action spectrum of the brown Metridium with that

of the white form, it appears that other important factors must be

taken into account. The brown form showed a relatively greater sensi-

tivity at nearly all wavelengths tested. Experiments with young forms

of the urchin Diadema (Millott, 1954) also showed that darkly-colored

phases were less sensitive to light than paler forms.

With Anthopleura, then, as in these other pigmented forms, the

presence of a considerable amount of pigment appeared to reduce the

amount of radiation able to reach deeper photoreceptive materials.

Only in the dark green forms was this a very significant factor.

Some green forms and the brown varieties appeared translucent and

were relatively equal in sensitivity to ultraviolet and visible radiation.



84

SUMMARY

The responses of the anemone, Anthopleura xanthogrammica,

to electromagnetic radiations in the visible, ultraviolet, and x-ray

ranges involved three type of reactions: (1) a flexion of tentacles,

(2) a retraction of tentacles, and (3) muscular contractions in the oral

disc, column, and peristome regions causing flexion, cavitation, de-

pression, and column shortening. Flexion of tentacles, always toward

the rim of the oral disc, occurred with an average latency of ten sec-

onds in response to radiations from 340 nm to 600 nm. A peak of

maximum sensitivity was observed at 500 nm and a second lower peak

at 360 nm. Flexion was prominent in tentacles of the peripheral

cycles, but was minimal in tentacles of the two inner cycles. It was a

'phenomena apparently produced only by direct exposure of tentacles,

and appears to be mediated by a photoreceptor system.

Retraction of tentacles with an average latency of 125 seconds,

occurred in response to radiations from 248 nm to 400 nm, and to

300 kVp x-rays. It involved a reduction in length and diameter by

constriction of the apical and mesial portions of the tentacles. Periph-

eral-cycle and central-cycle tentacles responded equally well by re-

traction. The action spectrum for retraction shows a peak of maxi-

mum sensitivity at 280 nm with a fairly high sensitivity at 260 nm,

suggesting the possibility that the phenomena of retraction may be
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initiated by absorption of radiant energy by membrane proteins of

receptor cells or neurons rather than by a photoreceptor cell system.

The response of tentacles to x- rays was identical with that for ultra-

violet radiation.

The oral disc margin exhibited a downward flexion response at

the site of exposure to radiations from 350 nm to 600 nm. Latencies

averaged 35 seconds. A maximum sensitivity at 360 nm and a mini-

mum sensitivity at 500 nm are shown by the action spectrum for disc

margin flexion. Disc margin flexions were also observed during ex-

posure of the column to radiations from 345 nm to 600 nm. These

were localized and occurred at the disc region directly above the ex-

posure field on the column. Conceivably, the disc flexion involves

a different receptor mechanism than tentacle flexion responses because

the action spectrum for disc flexion shows minimum sensitivity at

500 nm, while that of tentacle flexion shows maximum sensitivity at

the same wavelength. Also, the effective dose (ED) required to cause

oral disc flexion was many times greater than that necessary to cause

tentacle flexion.

Exposure of the column to the spectral region from 345 nm to

450 nm produced a concavity at the exposure site. The cavitation

reaction was accompanied by downward flexion of the oral disc mar-

gin and a shortening of the side of the column being exposed. A peak

sensitivity for cavitation is seen in the action spectrum, at 350 nm
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with a rapid drop to less than one-half at 345 nm and one-quarter at

450 nm.

A depression in the peristome region, accompanied by an up-

ward flexion of the oral disc margin and a reduction in height of the

column, was elicited in the ultraviolet-violet range, with a maximum

sensitivity at 360 nm. The sensitivity of this reaction sequence drop-

ped off to one-half at 350 nm and 380 nm, and to one-quarter at 400

nm.

The nature of column cavitation and peristome depression in-

dicates that local muscle contractions may be responsible, but that

the disc margin flexion and column height reduction may also bring

another muscle system into play. Retraction of the longitudinal

mesentery muscles is strongly suggested for column and disc reac-

tions for the following reasons: (1) the reaction occurred on the side

exposed, in partial-body exposures, (2) shortening involved the entire

column, in whole-body exposures, (3) reduction of the column height

also occurred against the pull of gravity and against moderate internal

hydrostatic pressure, and (4) preparations of mesentery muscles,

isolated from the anemone and attached to a force transducer, re-

tracted with an average latency similar to those for responses of the

oral disc, column, and peristome.

It is concluded from this study that the sea anemone, Anthopleura

xanthogrammica, although possessing only a dermal nerve net,
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responds to electromagnetic radiations in the visible, ultraviolet, and

x-ray ranges with a variety of behavioral reactions. The occurrence

of these prompt reactions in coelenterates suggests that a highly

organized receptor system is not essential for the effects of radiation

to be manifested in behavior.
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