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Abstract

The hydromedusah Polyorchis peicillatus was observed to make a small amplitude
diel vertical migration. During the' day. over 85% of the individuals were observed within
1 m of the botiom, while at mght medusae rmgnwd several metcrs up into the watcr\

column. This movemem occurred ooncomnuntly with the emergence of many of the
major taxa of demersal zooplankton whose diel activity was quantified by cmergencc traps.
.Food boli contents collected from Polyorch(y s showed some selectmty for large,

fast- movmg demersal plankters and low capture and utilization of ‘invertebrate larvae.
Diel shifts in feeding behavior and water column Mon enable Polyorchls to feed
efficiently on high densities of demersal planktcrs at all times. Medusae may be exempt
from migration_ constraints imposed by visual predators and: are thus able to move into -
areas of high prey density to supply energetic requirements. Hydromegusae, such as

| Polyorchis, are shown 1o use a variety of f actors, such as tentacle position a_nd swimming
speed, in an "ambush” stralcgy o optimize prey cncoimters. B

Treadmill experiments show that the swimming frequency of Polyorchis is directly
‘proponio'nal to “the rate of decrease in iig,h't intensity. . Slow, cgminuous increases in light
' inicnsity cause an inhibigion of swimming and progressive "crumpling”. These slow
changes in light intensity, which are similar to the changes during sunset and sunrise, may
initiate the diel movements of Polyorchis in the field. “The threshold rate of light intensity
decrease for Lhe shadow response appears to ensure that the upward movements would .
begin after sunset. Similarly, the threshold rate of light intensity increase’ necessary 1o
elicit the inhibition of swimming probably ensures that sinking occurs by sunrise.
Po{yorchis tesponds to rapid white light OFF-ON shadows with one swimming contraction,
with a peak monochromatic response at around 450-550 nm. These results suggest that
the shadow response of Polyorchis is not used in predaior avoidance since the response
would not provide effective escape from a potential prédlator. Most of the photic .
responses of Polyorchis show size- (age) related differences. These differences may result

in ontogenetic changes in feeding behavior and distribution.



Elemrophysiolog;cal experiments show that the shadow response of Polybrchls is a
demonstrable reflex and is characteriséd by: ‘1) morphologically and {)hysiologically
identifiable reflex arc components, ("O° systcm "B" system, SMNs, tentacle
myoepithelium, and swimming myoepnhehum) 2) a predictable sequence of events .
following a shadow ("O" system hyperpolarization, f ollowed by "B" systerh and SMN ;
spiking which produce tentacle and swimming myoepithelium contractions, respectively: and
3) graded responses of the components with respect to the rate of change in light -
intensity. The graded responsc of the "O" system to pho{ic stimuli appeﬁrs 1o be similarh
10 ERG studies of Polyorchis. This together with the finding thal "O" system recordings
“can be made from within the ocelli suggests that the receptor cells of the ocelli ‘are the
terminal outgrowths of the 0" system. This is the only system f ound to be h
photosensitivc The electrically- coupled "O" system is of pnmary importance iff the
_ shadow responsc, f uncuomng as thc photoreceptor, transmitting’ phouc information to
efferent groups ("BT system, SMNs) and may mtcgratc light information in a way .
analogous to the rwcplor cells of the vertebrate: reuna A.28-30% instantancous reduction «
in light mlensny appears 10 be the threshold for the shadow response because percent
reductions less than thls failed to yield a response. Thc greatest response QCCurs after
100% reductions in hgm mtens:ty and usually/ consists of only’ a few rapid swnmmmg
‘contractions. This agam demonstrates the ineffectiveness of thc shadow Tesponse in
predator avoidance. [ "

Sinking rate experiments show that individual medusae sink'al rates pe’lwecn 18
cm/min and 60 cm/min with smaller individuals sinking slightly sl'owcr than larger
~ individuals. Daytime adapted medusac sink at a sxgmﬁcamly faster rate than mghmme
individuals. These results suggeét that diel changes in the buoyancy of Polyorchis may
contribute to diel vertical Wer its initiation by the shadow response and also

mamtam dayume and mghmme water column posmon
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1. INTRODUGCTION
Rationale for the Study
. .There are many definitions of behavior, but most sdggest that behaviorxis any

observable movement ‘oI process exhrbrted by an orgamsm in response to .some

self -perceived change erther within itself or in its surroundings. This broad defrmtron ;

' encompasses a wide variety of processes at many levels of complexity, but one of the

s1mplest forms of behavror is. the reflex (Kandel 1976). Reflexes are essentially

inheritable, unconscrous neuromuscular adJustrnents (Romanes 1883) Thrs simple form
v Y

of behavror is. hrghly stereotyprc and the various components involved, in a reflex can be

identified.~ These -properties.of reflexes’ have interested neuroethologrsts for a long’ trme
Indeed, these propertres appear to be essentral to neuroethologrsts because ' the only way a

behavroral act can be fully understood is in terms of the actual functromng of the

individual neurons producmg the output / commands and of the crrcurts m/whrch they
E Operate ‘(Hoyle 1984). Thjs conclusive statement by Hovle may B an-omen for the

| cellular ‘studies of more complex behavior mvolvmg volrtronal actron (Rose 1980) Thus,

1t would¢ seem most profrtable o our understanding of behavror to examine the varrous

components of reflexes m less complex orgamsms Indeed the possibility of elucxdatmg

,the fundamental propertres of simple behavior is often the rationale for usrng invertebrates

«as model systems By this reasonmg then it appears that our best. chance for fully

understandmg behavror would be to exarmne the most srmply organized animals that
possess an unquestronably defmed nervous system the cmdanans

There has been a long- standrng mterest igr cnidarian (and particularly medusan)
behavror and nervous systems The classic works of Hertwig and Hertwrg (1878) and
Romanes (1876, 1877) founded many current ideas about hydromedusan behawor and
nervous organization; Notably, many of their experiments were designed to determine the
importance of the mar‘ginal nerve- rings and their central role in the coordination of

behavior In addition to descrtbmg morphological dtfferences between  the two nerve- rrngs

_both. Romanes and tl'\l-lertwrgs made functronal distinctions between the rings. They

'

L



reasoned that the lower (inner) nerve- ring, Wthh is composed of relatively large fibers,
‘was primarily motor in-nature because of its location close to the swimming muscularure 5
on the subumbrellar surface of the bell. The upper (outer) nerve-ring is composed of a
larger number of relatively small nerve fibers and the Hertwigs and Romanes r:a:oned that
because of its close proxrmlty to sensory structures (e.g., ocelli, temacles) the outer
nerve-ring was probably important in the mtegrauon of sensory mformauon The .
conf‘ir.mation- of these early postulates about the function of these two centrahzed
nerve-rings arrd‘ their roles in the coordination of movements has been a focus of atiention-
of coelenterate neu‘r‘ol‘)iologists since then. ‘
Meclusan ref'lexes and the importance of the nerve-rings to these simple behaviors

have been known for about 100 years. Romanes (1885) often ref erred to various
. behaviors as reflex actions” and demonstrated that the execution of these behaviors
depended upon the marginal nerve- rings. Even Charles Sherrington (1906) exrensively'
referred to medusac while describing propemes of simple reflexes and likened the causes of

medusan swrmmmg to his concept of reﬂex rrradnauon This idea that complex |
movements are generated by some orderly combination of reflexes has long since been
discarded, giving way to the current dogma of central control (Delcomyn 1980; Kristan .
1980). However, the reﬂex may still be a useful concept even though it holds a dated
stigma. Modern defintions of a reflex usually include: 1) identification of reflex arc - //
components, which mimmally include a receptor a centralized integrator, efferent neurons/
and effector organs; 2) a predictable sequence of events: and 3) a graded response 1O. a/
specific stimulus. The last two characteristics of a reflex have been known in .
‘hydromedusae since the I-lertwig's time. Even the morphology and organization of
medusan receptors, muséles ‘and ‘neurons in the nerve-rings have been documented lor
some tﬁme (Hertwrg and Hertwig 1878; Linko" 1900; Little 1914). However, the
physiological 1dent1f lcau\on of reﬂex arc componeats, by intracellular recordings, has been
lackmg, until only very recém.ly

The first mtracellular recordmgs from a hydromedusan were made from the large

neurons within: the mnemrve ring of Polyorchis pemczllatus These neurons drrectly
control swimmmg muscle contractrons (Anderson and Mackie 1977) and have been called

swrmmmg motor neurons (SMNs) (Spencer 1978). Subsequem work by Anderson (1979),



Spencer (19@1\, 1982) and Spencer and Satterlie (1980, 1981) continued to examine ,,tge
properties of dﬁe SMNs as tell as the swimming muscles. These studies confirmed the

ideas of the. Henivigsl and Ro_rna'nes that the inner nerve-ring was primarily involved in

motor control Hov?ever the outer nerve' ring remained a black box, with known

 afferents emermg it and post- synapuc activity ‘observed in the SMNs coming from it. v'ini o
1984, Spencer and Arkett 1denuf ied two discrete neuron‘a'l networks in the outer nerve- rmg
of Polyorclus by mtraoellular recordings. This was a srgmfrcant advance because for the |

first time, intracellular recordmgs were possible from the centrahzed outer nerve-ring,

whrch conLarn neuronal networks pre-synaptic to the SMNs and -post-synaptic to sensor§'
organs. - This advance enabled us to begin to understand how sensory mformauon mrghl*"[ "
be mtegrated by a simple, radially symmetrical nervous system and used to alter o

locomotory patterns and other behavror

Thal sensor) mforrnauon is important to the alteration of one behavror notabl}
swimming activity, 1s evidenced by the additional fmdmg of Anderson and Mackre ( 1977)
that Polyorc)us responds to a rapid reduction in light mtensrt) rn the form of a raprd .
burst of SMN aclion poientials and thus swimming contractions. Anderson and Mackre
(1977) *attnbuted this predictable response to shadows to the ocelli and th) suggeswd that
this- marked response may be used in predator avoidance. Additionally. they found thar
"the SMNs were photosensitive, that is, the spiking frequency and membrane potential of
the SMNs were directly related to the-ambient light intensity. From this f rndmg
Anderson and Mackre (1977) suggested that swimming and thus diel vertical migrations of
medusae may be controlled by -the ambrem light intensity. These findings generated many
of my initial quesuons in this study .

The main purpose of thrs thesis is to characterize the photic bebavror of Polyorchis
pemcdlatus and to relate this behavior o its drel patterns of acuvrty in the field. To- this
end , the thesis is composed of five papers, each one dealmg with an aspect of the photic
behavror of Polyorclus In the frrst (Chapter 2; Arkett 1984), 1 demonstrate that .
Polyorchis is a demersal hydromedusan, spending much of its rime on or near the »bottom
during the daytime and migrating a short distance into the water column at night. This
typical dielk rertical migration pattern coincides with the err;ergence of many dcmersal

zooplankters, These plankters are the principal prey items found in food boli from
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Polyorchis. 1 propose in this chapter that the ‘feeding behavior and diel movement
patterns of Polyorch:_‘s may optimize encounters with thev’ demersal zooplankton. In
Chapter 3, 1.examine various photic responses of Twholly intact Polyorchis on a "jellyfish
treadmill”. Here 1 demonstrate that ve/ry répid reductions in ligh; intensity do not alter
the normal swimming frequency of Polyorchis. Slow, coﬁtinuous decreases and increases
in light intensity do alter swimming frequency, causing near continuous swimming and
"crumpling”, respectively. I propos# that these changés in swimming frequency may
thereby initiate diel vertical migraﬁons. I also propose that tge response of Poly_orchis to
rapid light intensity reductions, the shadow resﬁmse. does not function in predator
avoidance. In Chaﬁlcrs 4 and S, 1 attempt to demonstrate Lhat' the shadow response . of
Polyorchis is a simple reflex. I do this by showing the éellular behaviox of various
components involved in the shadow reSpénse, using photic stimuli similar ‘to those used in
the whole'animal experiments in lChgp'ter' 3. 1 demonstrate that the reflex components are
identifiable, that there is a predictabié sequence of ]evénts in the résponse. and thatvthe
response is graded with respect o é.specific s'timuli.ls., 1 also propose a mechanism by
which the centralized "O" system may integrate photic information. In Chapter 6, I
demonstrate that Polyorchis shbws some diel changes in its sinking rate. Siowér sinking
rates at night suggest that buoyancy changes may augment upward movements due to the ,
shadow response and help maintain a shallowér water column position throughout the
night. Chapter 7 éonsists of my concluding remarks.

This thesis is an attempt to explain a simple behavior in a relatively sirﬁple
organism by using a variety of techniques and approaches. I have examined the photic .
behavior of Polybrchis through observations in the field, in whole-animal controlled |
labdrétory experiments, and through the cellular properties of the neuronal systems that
control this behaviQr. Tﬁe greatest strength of this thesis lies in this integrative approach;

this may be the onl¥ way to understand f ully any behavior.
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1. FIELD DISTRIBUTION AND BEHAVIOR

Diel Vertical Migration and Feeding Behavior
of a Demersal Hydtomedmn(f’olyorchis penicillatus)

Qar .



' Introduction

Gelatinous zooplankters have often been overlooked in descriptions of diel vertical
migrations even though they are frequently abundant members of the plankton. This may
be due in part to their f‘railty and destruction when collected in plankton nets. There are,
however, a few detaiied accounts of vertical migrations of medusae. Russell (1925),
Moreira (1973), and Mills (1982), all using{plankton tows, reported distingt diel wvertical
migrations of numerous species of hydromedusae. Yasuda (1973) found that a
scyphomedusa, Aurelia aurita, rises during the day ana sinks at night, a .reversed diel
migration. These studies used plankton nets often taking samples tens of meters apart,
which may underestimate the numbers and distort the population distribution. Medusae
that migrate only short distances or are close to the bottom may.be cqnsidered
nonmigratory or are missed altogether with this sampling method. Haxﬁner et al.. (1975)
_and Maclée and Mills (1983) have circumvented these problems and have shown the
usef ﬁlness of direct field observations for studying migrations, aggregations, and behavior
of medusa€ and other gelatinous zooplankton. Studies using large containers (Mackie et
al. 1981; Mills 1983) have also been useful in observing diel migration 6f medusae.
Although it is clear that some medusae do migrate throughout the water columri in a
coordipated rhanner, the adaptive value of these miQraLionS has ‘not been demonstrated.

One possible advantage of diel migration and concurrent changes in f@ding
behavior may be to increase prey encounters. Medusae exhibit a wide variety of feeding
behaviors (Fraser 1969; Mackie 1980; Mills 1981; Ba.iley and Batty 1983), but most
medusae feed using some form of "sink-fishing”, a behavior in which the tentacles are
extended and catch prey on contact as the individual sinks through the water column.

_ The number of prey ‘encountered and the types of prey captured by medusae then depend
on tentacle number, tentacle orientation, behavior during sink-fishing bouts, rate of
sinking, and water column position. Because most medusae are purely planktonic, they

feed using some -form of sink-fishing, almost exclusively on small plankters. Yet, some



medusae have specialiwd to use other resources. One such medusa.is Haliclystus, which

has adopted a semi ode and reli¢s on drifting plankton. The small trachymedusan

TesseroggstrjaTarely swims; instead it occupies mud surfaces and eats small infauna
(Hesthagen 1971). The scyphomedusan Cassiopeia lies on the bottom with its oral side
facing\upward. In this position, Cassiopeia swims, causing water currents, which
.\;\)rcsuma ly carry sediments and food.'to flow over the oral arms (Hyman 1940).
Hydromedysae of the genus Polyorchis also spend much of their time at or near the
bottom, but unlike other bottom-dwelling medusae, they are also active swimmers. The
food boli contents of Polyorchis karafutoensis, found in the western Pacific, are indicative
of this bottom-dwelling behavior. Large, demersal plankters as well as purely planktonic
forms are regularly found within its manubriur‘n (Zelickman 1976). The hydromedusan
Polyo;chis benicillatus, commonly found near the bottom of shallow, muddy bays on the
west coast of North America, also often has large demersal crustaceans in its manubrium.
Mills (1983), using large cylinders, observed diel movements of Polyorchis and suggested

that capture of and feeding on demersal plankters by Polyorchis mawae facilitated by its

. movements in the water column. The diel migration of Polyorchis and its unusual

b?t’tdﬁﬁ"affinity behavior may be a unique adaptation to utilize a resource not commonly
extploited by other medusae. The purpose.of this study was to detcrmine'the extent of the
diel vertical migration of Polyorchis in the field and to correlate its movements with those
of its principal prey. ' o

I directly observed a small amplitude diel vertical migration of the hydromedusan
Polyorchis penicillatus. The migration occurs concomitantly with that of demersal -

plankters, which are the principal prey of Polyorchis as determined from the contents of

: food boli. 1 relate some of its feeding behavior observed in the field to the feeding

strategy used by ambush predators.



Methods and Materials . K E

The study area in Bamfxeld Inlet, Bamfield,B.C. (48° 49' N, 125° 08' W) ha
soft mud bottom with Zostera marina along the edges. Occasional macroalgal "island .
Agarum cribrosum, A. fimbriatum, Macrocystis mtegrefolla and Laminaria saccharina "ﬁ?

found on an otherwise nearly lomogeneous bottom. Depth of the samplm ar‘«rang‘f,

from 6-10 m, depending on the tide.

The vertical distribution of Polyorchis was determined visually usi:;g'SCUBA.
Vertical columns of water were defined by a weighted float-line marked at 1 m intervals
and the bottom 1 m into 0.5 m intervals. Ten to twenty replicate colurm;s were fmade at
the study site at nine day (08:30-20:30) and nine night (20:30-08:39) periods during late
July and August 1982. The position of each replicate column in the study area was -
randomly selected by a surface diver. For each replicate column a second diver moved
- vertically down and up the float line counting the number of individuals obsched thhm 1
cubjc ‘meter. This area was defined by the float line and a PVC frame. A dive-light was
mounted on the frame during the night and during periods of low visibility.

Behavioral observations of Polyorchis were made by divers during the day. Divers
maintained neutral buoyancy and observed undisturbed single individuals for 10 minutes.
The total number of swimming contractidns during this time was recorded. A total of 39
individuals over 10 dives were 6bserved at various times of the day.

Emergence traps, modeled after those designed by Alidredge and King (1980), wefe
used to determine the composition and abundance of demersal zooplankton. Emergence
traps, without the catch-bottles, were slowly lowered to the bottom site by divers,
Replicate traps were placed less than 2 m from each other. Once a trap was on the
bottom, the base was forced into phc mud to ensure a seal from surrounding water.
Catch-bottles filled with filtered (110 }im Nitex mesh) sea water were sealed and
transported to the traps. Seals were broken and catch-bottles put into place. The

catch-bottle opening was 0.5 m from the substratum. This procedure was followed
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throughout sampling to prevent disruption of the flocculent, bottom mud. At the end of
a sampling period, the catch-bottles were removed from traps, immediately sealed, and
u:ansported to the surface. Bottle contents were filtered through 110 pm Nitex mesh and
fixed in 10% formalin with rose bengal. The traps were Tepositioned, catch-bottles
refilled, and replaced onto traps. Samples were soried 10 major taxonomic groups,
counted, and the total number of individuals per squaré meter was determined. A single
sampling run consisted of two consecutive days yielding two night (50:00-08:00) and two
day (08:00-20:00) samples with three trap replicates for éach sample. Three such runs
weré made during late July and August 1982. |

Ten to twenty individual Polyorchis having a visible food bolus were collected
concurrently with each day and night sample.- The food boli were removed from
individuals and fixed in 10% formalin with rose bengal. Boli contents were later examined

and nearly whole, identifiable individuals were counted.
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Results

Migration Patterns of Polyorchis

Dénsitics of 2 to S individuals per m* were regularly observed: howcvc}. large
aggregations of up to 64 per m’ were not uncommon. These large aggregations were most
often found close to the bottom and clustered around Agarum. Most individuals counted
were larger than 1.0 cm bell height. Consistent visual observations of ‘smallcr individuals
proved too difficult. =~ |

The diel movements of Polyorchis” were of low amplitude and gcne?élly confined to
the area within several meters of the bottom (Fig. 1). There was an upward movement
several hours after sunset which resulted in a more even distribuiion in the water column
throughout the night. Just after sunrise, individuals were found very closp to the bottom
and usually remained in‘ this position throughout the day. Pooled night and daytime
samples (Fig..2) show increases in the percentage of individuals higher in the water
column at night, while during the day, over 85% of the individuals were within 1 m of the

~ ~
bottom.

Demersal Plankton Emergence

The major taxa of demersal plankters consistently showed two distinct emergence
activity patterns (Table 1). Those that emerged at night constituted the larger group with
copebods caught in the greatest numbers. Most of the iarge, fast-moving demersal taxa
(e.g., gammarid amphipods, cumaceans, ostrocods, two species of polychaetes) showed
significanf"’fxighttime increases in abundance (Table I). Larval or juvenile stages of
invertebrates were consistently captured in greater numbers during the daytime. Spionid
larvae and veligers were often very abundant.: Other organisms occasionally captured

included cladocerans, larvaceans, and megalops larvae.

Food Bolus Contents-



Figure 1. Mean percentage of individual Polyorchis sighted at each depth during selected
sampling pcn'odsfrom 2] July to 27 August 1982 in Bamfield Iniet. The 6 sampling
periods shown here were selected from the nine day and nine night periods to illustrate the
general diel distribution of Polyorchis. Time of each sampling period is shown above the
columns and the number of replicate columns for each é#mpling period is shown in

parentheses. Sunset was approximately 19:00 and sunrise 06:00.
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.‘F'ig'urc 2. Mean percentage of individual Polyorchis sightcd/ in the water column during
nine day (08 00-20:00) and nine night (20 00-08:00) samples from 21 July to 27 August

1982 in Bamfield Inler Day night compansons between mean percentage of mdmduals at '

each depth were made usmg the lecoxq_n two- sample test (Sokal and Rohlf 1969) ** =

© 0.01>p>0.001; NS = p > 0.05. Pooled number of column replicates for day and night
were 100 and 111,‘respéctive‘ly,; g ’ ' ' '
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Bolus contents consisted primarily of crustacean exoskeleton f ragments tightly
bound with mucus. Contents were in various stages of digesu‘ori with the greatest degree
of digestion found in the proximal portion of the manubrium (nearest gonad attachment).
Most of the.intact contents were found in the distal portion of the manubrium; however,
‘some items such as spionid larvae, veligers, ostracods, and cyprids were found intact at
the proximal end as well '

Organisms within food boli were similar 10 those found in demersal trap samples,
regardless of the time collected (Table 1). Nighttime mcreascs in numbers of cumaceans,
ostracods, zoea larvae, and cyprids collected in traps, however, corresponded with increases
in numbers of individuals present within food boli. 'Copepod fragments were present in
all food boli, but no attempt was made to quantify day-night differences. Daytime food
boh were almost totally devoid of groups with increased daytime activity. whereas the
presence of larvae within food boli mcreased at night. Caprellid amphipods and’ Ianalds
‘were consrstently found within boli both dunng the day and night, but, these taxa wére
never collected in the traps. Other organisms occasionally found in boli included fish

larvae, nematodes, and megalops larvae. ’

' Feedmg Behavzor

During each 10 min. observauon penod individuals of Polyorchzs spent 90-95% of
their ume in a "sink- -fishing" posture (Fig. 3 #1&9) Temacles were held outward at
their bases and more distal portions of tentacles dropped downward anung through the
water individuals maintained this posture and swam at a very low frequency of 3 15

swimming. contractions per minute: Smaller mdnvxduals swam at slightly higher frequencies

. than larger individuals (Fig: 4). 1 will refer to this low frequency swimming as )
"maintenance swimming" as the frequency was far too low to result in any net upward
movement and merely maintained their position in. the water co?umn During lhié
mamtenance swrmmmg medusae usually remained at the same depth or sank very slowly.

The sink-fishing posture was drsrupted by occasional contact with bottom
obstructions (e.g., 1slands of Agarum, logs, sea anemones) and usually resulted in 1- 2
very rapid swimming contractrons These swimming contractions resulted in upward

movements of several centimeters. Tentacles were often partially or fully contracted

& -
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Figure 3. Schematic pathway of an extended swimming bout exhibited by Polyorchis
during observation periods. “Position (1) shows an individual at rest before the bout with
its tentacles extended in the sink -fishing posture. A swimming bout spontaneously begins
' with tentacles fully contracted (2). Asymmetrical velar contractions (3-5) cause the

' individual to swim in an arc until it is swimming directly downward (6). This downward
swunmmg spontaneously stops (7) tentacles begin to relax as the bell returns to its
original orientation (8). Tentacles are fully relaxed wmle the fishing posture and low

frequency, maintenance swimming is resumed (9). V = velum.
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Figure 4. Swimming fréquencies of 39 various sized individuals of Polyorchis dﬁring
"maintenance swimming”. Frequency was averaged over ten minute field observation
periods. Y = 11.28 - 0.97X; r = 0.323 Regression is significant at 0.05>p>0.01.
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during these brief swims. Local currents sometimes moved and entangled tentacles over
the bell, or tilted the bell off vertical orientation. These disorientations did not cause
extensive tentacle contractions, or changes in swimming frequency. Animals continued to
swim at low frequencies while, owing to its center of gravity relative to its center of
buoyancy, the bell righted passi§ely. ' ‘ -

Prey capture also disrupted -the sink-fiShing position of the tentacles. When small
prey contacted tentacles, only tentacies involved in handling the prey contracied while the
remaining tentacles held their fishing posture. The manubrium then made "searches” of
the bell margin and made the transfer of ‘prey from.‘ tentacles to manubrium. Only when
large prey such as caprellid or gammarid amphipods came in contact with the iemacles did
more tentacles become-involved. This sometimes resulted in cessation of swimming and
"crumpling” wit"h subsequent sinking. l

. Maintenance swimming was occasionally interrupted by apparently spontaneous
extended swimming bouts. Thirty percent of the individuals observed showed 1 to 4
separate extended swimming bouts during the 10 min. periods. These extended swimming
bouts consisted of 10-20 swimming contractions at a2 frequency much higher than that of
maintenance swimming. Individuals swam at a rate of between 1-2 swimming comractions_
per second dependmg on the size of the individual with smaller medusae swimming at
greater frequencies than larger individuals. In these extended swimming bouts (Fig. 3),
the first few conuacuons were usualty symmemcal and only moved the individual several
centimeters. After several contractions, obvnous asymmetrical velar contractions caused
mdmduals xo turn in an arc with a diameter of about 20-30 cm, finally resulting in
downward swxmmmg At this pomt contractions ceased spontaneously, the bell righted to
the original orientation, tentacles relaxed, and maintenance swimming resumed in the
sink -fishing posture. This extended swimming bout‘did not uéu&ily result in a net vertical
displacement, but it did move the-medusa laterally. Variations on this general pat'tern
were also observed. Some individuals did not make the downward turn, but continued to
~swim vertically. A continuation of downward swimming was also observed, often to the’
point where they were swimming against the substfatum. Individuals alsp sat on their
tentacles directly on substrata while the manubriun; made "searches” around the bell

margin and across the substratum.
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Discussion

It is clear that Pol}orchis penicillatus undergoes a small amplitude diel vertical
migration within several meters of the bottom with an upwérd movement begining after
sunset and lasting throughout the night. Just after éunrisc, Polyorchis is down near the
bottom where it remains throughout the day. This type of migration would have been
missed by conventional sampling methods. Diel vertical migration of medusae has been
documented most often by re::xote collection gear such as plankton nets, which sample
robust species migrating large diétances. However, species with ‘small amplitude
migrations, such as Polyorchis, fnay be missed or considered nonmigratory due to the poor
depth resolution of plankton tows. Demcrsal.species, may also be missed or damaged due
to net-fouling by sediment or obstructions on the bottom. Direct observations of
plankton through the use of SCUBA (Hamner et al. 1975; Omori and Hamner 1982) and
submersibles (Mackie and Mills 1983) have eliminated some of these problems. Yet, some
problemé with direct observation of zooplankton distributions remain. A large number of
sample replicates is often required to establish the distributional patterns amongst low
density individuals, but replication is costly and time consuming and these considerations
precluded the detection of the precise’ﬁm_ing of vertical movements in my study. The
improved temporal resolution of movements in Mills' (1983) tank study. however, showed
that Polyorchis moves’."u'pward just after sunset and downward just after sunrise. ‘

Data from emergence trapping show the typical diel activity pattern of most
plankters with increased nighttime activity of several groups of large, mobile demersal
plankters. Their marked absence or reduced numbe:s duriﬁg daylight hours indicate that
these groups either remain in or on the sediments or _rnake only very short forays in the
water column. The‘ ;iming of upward and ddwnward movements was not determined, but
Alidredge and Ki_ng (1980) found most polychaetes and gammarid amphipods emerged just
after dusk and returned to sediments throughout the night. They also found that
cumaceans emerged just after dusk, but returned to the bottom during dawn. rLarval or
juvenile stages of invertebrates consistently showed increased activity during the daytime.

The sampling design of the traps precluded the determination bf the extent of their
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movements, but most marine invertebrate larvae are photoposunve during their early pelagic
stages and this characteristic allows them to concentrate in the surface waters during the
day (Thorson 1964). Two groups of demersal plankters known to be present in Bamfield
Inlet but were conspicuously absent from trap samples were caprellid amphipods and
tanaids. There are two possible reasons for their absence. Individuals may Qvoid capture
and return: 1o sediments wher they contact the walls of the traps. This "wall effect” may
then dcpress the numbcr of individuals collected. Another possibility is that individuals
from these two groups may make only very short forays away from the bottom. Even if
they do in fact become more active at night, they may not reach the opening of the catch -
bottles. However, for most large, mobile taxa (e}g.. gammarid amphipods, cumaceans,
and polychaetes), it is clear that daytime movements are resiricted to less than 0.5 m
from.thc bottom, while nighttime movement is at least this far and probably farther.

The primary adaptive advantage of the diel .vemcal 'migration of Polyorchis is
probably the optimization of prey encounters by ma;ching movements with its principal
prey, demersal plankton. The positional shift, albeit of small amplitude, is sufficient to
allow two different feeding modes and may permit prey selecuvny Clearly the planktom’c
sink -fishing behavior enables Polyorchis 10 capmmrntems swxmmmg in the water column.
Sink -fishing is probably most advantageous during the night when most of the demersal
plankton is moving, but this behavior vields to a greater dependence on substratum feeding
during the day. The bottom-sitting behayior of '&olyorchis has been 6bserwd. before and-
is referred to as "landing" (Zelickman 1976) or ';;erching"' (Mills 1981). Perching may
be seen at anytime, but it is most important during the day when many of the prey are
very close to the bottom or clinging to various substrata. Feeding close to or directly
from substrata explains the presence within food boli of prey items (e.g., caprellid
amphipods, tanaids) that are either nonmigratory or live close to or on substrata. This
feeding mode may, however, not normally be as efficient as sink -fishing, except when
Polyorchis lands on Agarum "islands" or other debris. The mechanism for the shifts from
planktonic sink-fishing to perching or extended s@imming bouts remains enigmatic. Many
medusae go through cycles of some form of sink-fishing interspersed with active swimming
(ielickman 1976; Mackie 1980; Mills 1981). A possible explanation of these shifts is that

individuals can detect prey densities by the frequency of encounters. If they enter areas
b4
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of low cncoumcrs Y may make a "decision” to move and this iS seen as an extended

swimming bout. b large aggregations of medusae observed near Agarum "islands” also
suggest that Polyorchis will remain in areas where prey density is high.

Stud: of ‘ the contents of food boli ihdicates that there may be some differential
selection and htiiizau’on of prey items. Gammarid amphipods and cumaceans may be
selectively captured as in some cases greater numbers of individuals were found in food
boli than in trap samplcs Larval or juvenile stages appear to be of minor importance as
prey because few were found in food boli relative to the number collected in traps.

Larval defences such as. veliger shells or setae of spionid larvae may deter capture if
nematocysts can not penetrate shells or extend past setae. Larvae may also escape
predauon by moving into surface waters during the davtime, thereby!avoiding high
concentrations of Polyorchis near the botiom. Most medusae may also not be able 10
effectively sink-fish in surface waters because turbulence may disrupt .temacle position and
cause "crumpling” and sinking. Even though, larval Stages are occasionally captured, they
may not be digested by Polyorchis. Many of the spionid larvae, veligers. and cyprids,

though occasionallv taken in large numbers, were found mlacl even at the proximal end of

“the bolus.

"Energetic™ models have been invoked to explain the adaptive value of migrations,
but they have been largely restricted to grazing plankters (Enright 1977). ‘Medusae clearly

are not under the same constraints as grazers, but may migrate to meet their energetlc

-requirements. These energetic models have rivaled the "predator avoidance theory " (Zaret

and Suffern 1976). Highly mobile and visible plankiers, such as many demersal species,
avoid predation through seclusive behavior during the daytime. These individuals then
emerge to feed, spawn, or disperse during the rﬁght when the probability of detection is
less.  Polyorchis is probably visible and vulnerable to predation at any of its daytimc ‘
positions in the water column. Nematocyst -laden tentacles may, however, deter predators
such as fish, and allow diel movements with impunity.

In addition to optimizing prey encounters, the diel migration of Polyorchis may
also afford some advantage by synchronizing spawning locations. ‘Mills (1983) found that

Polyorchis peniciflatus spawns in the hour immediately after dark and that spawning is

complete within ten minutes.- Concurrem movements of individuals together with very
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strong species specificity of sperm attraction (Miller 1980) may ensure a high percentage
of fertilization. Nighttime movement away from the flocculent substratum may also be
important in preventing gamete loss.

The unusual demersal feeding behavior of Polyorchis described in this study
illustrates onc example of the wide variety of behaviors used by predacious zooplankton to
concentraté and capture‘ prey. The planktonic sink-fishing posture of Polyorchis may
serve as a model for explaining how most planktonic medusae optimiie prey capture.
Gerritsen and Strickler (1977) and Gerritsen (1980) have suggested several factors that
affect the probaiailit_v of contacting prey; swimming speed and diréction, encounter radius,
and prey density. All but prey density are behavioral factors and are controlled by the
individual predator. Medusae use various combinations of these factors to increase their
prey encounters (Fraser 1969; Mills 1981; Bailey and Batty 1983). The demersal feeding
behavior of Polyorchis illustrates how these factors may be &sed by medusae for
specialized feeding on demersal plankton. Gerritsen and Strickler's model predicts two
energetically optimal swimming strategies for invertebrate zooplankton predators; "ambush"
and "cruising”. Polyorchis and most medusae are typical ambush predators; those which
move siowly relative 1o their prey items. Polyorchis remains nearly motionless in the
water column except for the low frequency maintenance swimming and slow sinking. This
- movement is very slow relative to principal preyv items, the. large, fast-moving demersal
plankters (e.g., cumaceans, gammarid amphipods). Gerritsen (1980) also predicted that
the highest encounter rate results when predator and prey items swim perpendicular to ’
each other. For a sink-fishing medusa like Polyorchis, the sinking is slow enough that
there may be little advantage gained from this, however, the tentacle arrangement while
sink -fishing may increase encounter rates by its orthogonality to prey movements.

Tentacle arrangement during sink - fishing may. increase encounter rates by altering
the encounter radius. Encounter radius, as defined by Gerritsen and Strickler '(1977), is a
composite of various sensory systems, habitat conditions, and prey type, but f or
sink -fishing predators like Polyorchis , it may be simplified to the area of tentacle
extension (Figure 3). The cylindrical arrangément of tentacles consists of both horizontal
and verticé] components. These components provide orthogonal ptacement of tentacles and

capture prey items moving vertically and horizontally. A large individual with a bell
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height of 4.0 cm in a typical sink-fishing posture can fully extend .its tentacles 12-15 ¢cm
downward and held outward in a 9-11 cm diameter circle. This posture can effectively
capture all prey items in a cylindrical area of 750-1500 cm®. If individuals become
aggregated in large numbers, they may fish out large volumes of water. These large
aggregations may be influential in reducing larval fish stocks and other plankters

(Plotnikova 1961; Sveshnikov 1963; Zelickman 1969; Bailey and Batty 1983).
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Ill. TREADMILL EXPERIMENTS

Photoresponses of a 'hydromedusany on a "treadmill™:

possible behavioral mechanisms of diel vertical migration
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Introduction

r{f;‘&‘arqu hydromedusae show distinct behaviofal responses to changing light
condit‘ibns. Some respond to ra‘pidly changing light intensities by a behavior that has been
generally referred to as an "off response” (Singla 1974) or a "shadow response”
(Tafnasige and Yamaguchi 1967). This behavior consists of a few rapid swimming
contractions following ‘rapid reductions in light intensity. Although the function of this
wejl-defined behavior ‘has never been demonstrated, it has by convention been considered a
predator avoidance mechanism. Many hydromedusae also show distinct responses to light
intensity changes as evidenced by their diel vertical migrations (Russell 1925; Morexra 1973;
Mills 1982). A few, such as Bougamw[lta Gonionemus, Polyorchis, Spirocodon, and
Stomotoca that have been shown to have some kind gf shadow response (Murbach 1909:
Hisada 1956; Singla 1974: Mackie 197s; Anderson and Mackie 1977) also make distinct diel
_vertical migrations (Kikcuchi 1947; Mills 1982 1983) Even though r‘:ipidly changing light
intensity at dusk and dawn is generally consxdered one of the most important cues used by
zooplankters in regulating diel vertical migration (Forward 1976a), the functional
relgtionship between the shadow response of hydromedusae and their diel migration has
not been previously considered. The purpose of this stidy was to characterize the photic
responses of various sizes, and thus ages, of vthe hydromedusan Pblyorclu’s penicillatus and
10 suggest roles fbr these reéponses in the regulation of its diel movements.

Several laboratory studies have attempted to look ;at the photic behavxor of
medusae (Murbach 1909; Mackie et al. 1981 Milis 1983), but these studies have been doné
with medusae swimming freely in tanks. There are at least two problems with these
studies"which may bias their results. First, medusae confined in a Lank often collide with
its walls and this may cause a change in swimming activity. Swimming may be either
inhibited by "crumpling” or increased by excitation of the tentacles wien they contact tank
walls. Secondly, with free-swimming medusae, it is difficult to con/trol the lighting regime

since the position of the medusa in the water column and the orientation of its ocelli with
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regard to light sources is constantly changing. 1 have eliminated these problems in this
study by devising a treadmill that allows tethered swimming of medusae without "wall
effects” and also maintains a constant orientation of ocelli to the controllable lighting.
Swimming frequency was found to be directly proportional to the rate of decrease
in light intensity. Slowly increasing_.light intensity' caused an inhibition of swimming. In
addition, rapid 100% shadows of varying absolute magnitude usually produced only a single
swimming contraction. These results suggest that the shadow response of Polyorchis does
not function in predator avoidance, but is more likely to contribute to the nighttime
upward movement. ' Differences in the photic reéponses of various size classes suggest
ontogenetic changes in the photic behavior of Polyorchis. These changes may contribute
to’distributional differences in the field with small (young) individuals staying in the

surface waters and larger (mature) individuals assuming a more demersal existence.
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Methods and Materials

Description of treadmill

Figure 5 shows an individual medusa suspended on the treadmill. Various sizes of
individual'sl(be‘ll height measured from apex of bell to bell mhrgin) were suspended on the
treadmill by fine (Imm diameter) glass tubing. Some very small individuals required
suspension by finer ‘wire. Tubing pierced the exumbrellar epithelial layer of the bell and
passed ﬁorizomal]j} through the thick mesogloea at the bell apex. Ncithef swimming
{nusculature on the subur\fibrellar surface nor any nervous tissue was disrupted. Tubing
ends rested on the sides of a 21x21x18 cm plexiglass tank and thus maintained the bell
margin bearing the ocelli horizontal as well as prevenfed the tentacles from touching the
.sides and bottom of the tank. In this position, individuals could freely perf o&n all of
their behavior (e.g., swimming, crumpling. feeding) without any inechanical restrictions.
Seawater temperature in the treadmill ranged from 10-13 °C. Treadmill seawater was
_ changed after each individual rﬁedusa. Individuals of the hydromedusan Polyorchis
penicillatus used in this study were collected by divers from Bamfield Inlet and Pachena
Bay., Bamfield, B.C. Medusae were kept unfed in running seawater and were used within
3-4 days. ‘All animals were kept under natural photoperiod brior to the experiﬁ1cnt§.

The light source for these experiments was a Voipi AG Intralux fiber optic system
equipped with a halogen lamp. Absolute light intensities weie measured w;th a Licor
- LI-185 Quantum Sensor. Light intensities were altered by opening and'closfng an iris
diaphragm located between the light source and fiber optic and by adjusting distances
between the fiber optic head and bell margin. Specifics of lighting conditi_ons for each
experimém are given in their respective sections. All experiments were conducted in a
darkened room. The light intensity in the rodm was below .Lhat detectable by the Licor
light meter (less than 0.1 microeinsleins / m?s). Thus, percentage changes in light
intensity were based on decreases or increases in light intensity from the light source’

relative to the light intensity of the darkened room.



Figure 5: Side (a) and aboral (b) view of Polyorchis' suspended on the ireadmill.
Medusae were completely immersed and ffree from contact with sides and bottom of the
tank. Individuals often assumed this typical "éink;fishing" posture shown here and could
swim freely. Fiber 'o'ptic lighting was suspended directly above the individuél. Distances

between the marks on glass tubing in (a) is 1 cm. o
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Medusa size / swimming frequency during extended swimming bouts

Seventeen individuals of various sizes were placed one at a time on the treadmill
and allowed to acclimate in room light for 15 minutes. The total number of swimming
contractions during spontaneous extended swimming bouts were counted. Three to five
separate bouts were. observed for each individual. The mean number of swimming
contractions per minute was plotted as a function of bell height. 'No special lighting

conditions other than ceiling fluorescem lights were used in this experiment.

Swimming frequency in constant light

Twenty -nine individual medusae were placed on the‘ treadmill and were allowed to
acclimate for 15 minutes at LOW (9.7 microeinsteins/ m? s) light intensity. At the start
of the experiment, the light intensity was increased (by opening the diaphram) over 15
seconds to the HIGH (280.7 microeinsteins/ m’ s) light intensity. Swimming contractions
were not co_umed during the light changing periods, but commenced.at the end of the 15 s
period. The number of swimming contractions were counted for a total of 15 mrnutes
" with the first 2 minutes divided into 15 s intervals. After 2 minutes, swimming
_ contractions were summed over 1 minute intervals. At the end of the 15 minure trial |
period, the light intensity was decreased (by closing the dlaphragm) over 15 s to the LOW
light level and swimming contractions were coumed as before This procedure was
followed by 1 more HIGH light and 1 more LOW hght trial, resulting in two LOW and
two HIGH light trials per individual. A two-way ANOVA (Sokal and Rohlf 1969) was
performed on log (x+1) transformed values (x=calculated number of swimming
contractions per second) comparing swimming frequency at 2 light levels and 21 time
per' Log (x+1) transform was used becausc the vanances increased with increasing
means. .
Response to rapid 100% changes in light intensity

Nine individuals of various sizes were placed on the treadmill one at a time and
allowed to acclimate in the dark for 15 minutes. This time period was found to be
sufficient for medusae to relax tentacles and maintain a sink fishing posture. Four light

intensities (280.7, 65.8, 9.7. 2.4 microeinsteins / m’ s) were presented separately for 2
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minutes and then a rapid OFF-ON (approximately 0.5 s) 100% shadow was made by
passing a card between the fiber optic head and the individual. The percent shadow was
determined by (I, - I,) 7/ I, where I, = initial absolute light intensity and I, = light
intensity after 0.5 s (in this case approaching 0 microeinsteins / m? s). During the two
minute pre-shadow period, the number ‘of swimming contractions per minute was counted.
After the shadow, the number of swimming contractions in five seconds was recorded.
The shadow response, as indicated by the number of 'swimming contractions per minute
following the stimulus, was determined by subtracting the pre-shadow swimming frequency
from the post-shadow swimming frequency. Four trials per individual were made at each
of the four light intensities. Comparisons of the mean swimming frequency (after log
(x+1) transform) of the shadow response at four different absolute light intensities were

made by a one;way ANOVA (Sokal and Rohlf 1969).

Spectral sensitivity of the shadow response

" The spectral sensitivity of the shadow response was determined by presenting rapid
shadows of monochromatic light. Seventeen various sized individuals were placed on the
treadmill and were allowed to acclimate in the dark for 15 minutes. They were then
exposed to wavelengths 9f monochromatic light ranging from 425-700 nm in 25 nm
increments. Monochromatic light was produced by shining the fiber optic light source into "
a Bausch and Lomb Monochrometer (Band pass width 19.2 pm; dispersion 6.4 pm/mm,;
first order range 350-800 nm). All light levels were adjusted 10 0.7 ‘mi'cheinsteins/m’ S.
This was the greatest light intensity attainable for all wavelengths. Medusag were
pfesemed with monochromatic light for 2 miﬁutes and then given a 0.5 s, 100% shadow.
If a swimming contraction followed the shadow within 1 s, I considered that the
i‘ndividual responded to that wavelength aﬁd assigned a.value of 1 to that trial. Additional
swimming contractions after 1s were judged to be not 'directly due to the shadow and were
not counted. If it did not respond, 1 assigned a value of 0. Four such trials for each
individual were made at each Wavelength increment. Sf)ectral sensitivity is reported as a

percent of the maximum possible number of responses.

Swimming response to continuous changes in light intensity
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Eleven medusae of various sizes were again placed on the treadmill and allowed to
acclimate in the dark for 15 minutes. Individuals were then given four ratcs'of light
intensity change and the observed swimming frequency was recorded. Changing ligh:
conditions were produced by manually opening and closing an iris diaphragm located
between Lhé fiber optic and the light source. Tpc light intensity at the bell margin ranged
from 280.7 microeinsteins / m’ s (diaphragm f ully open, HIGH) 0 9.7 microeinsteins /
m?s (LOW). The light intensity changes produced by opening and closing the diaphragm
were not linear but followed a curve showr in Figure 6. Changes in diaphragm position
(HIGH to LOW and LOW 10 HIGH) were made over four time periods (1, 15, 30, 60 s)
and corresponded to the log of the mean percent change in light intensity pers ( Al ;)
of -0.015, -0.914, -1.123, -1.344, respectively,

Individuals were exposed to LOW Tlight for 15 minutes after which the diaphragm
was opened to HIGH, followed oy a change from HIGH 10 LOW, then LOW 10
HIéH,and HIGH to LOW. A 2 minute interval separated each change and 5 such
increasing and 5 decreasing light intensity trials were given to each individual for fou
rates pf change. The total number of SWi(mmIng contractions during these periods of
increasing and dccrez{sing light were counted and the mean number of ‘swims per minute
was calculated. Comparisons bétween the mean swimming frequency at eac‘h rate of light

change were made by one-wav ANOVA (Sokai and Rohlf 1969).



Figure 6. Plot Qf the measured area of iris diaphragm aperture and measured light
intensity (microc_insteins / m?s) of the fiber optic at a distance of 10 cm. The curve was
divided into 1, 15, 30, 60 second intervals and the absolute light intensity cha‘nge per s
was calchla;ed for each of the four time intervals. The mean rate of f)ercent change in

- light intensity per s ( A Ii') was determined by (I, - 1.) 7 I, where I, = initial 'absoolru[e

light intchsity and I, is the absolute light intensity after one second.
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Results

Medusa size / swzmmmg frequency durmg extended swzmmzng bouts

" Individual swimming bout durations ranged from as short as fifteen seconds to
longer than five minutes. Swimming frequency during each bout(\was,usually very regula*
~ Quiescent periods of "sink-fishing” or an occasional "crumnle“ separated bouts. The
© mean swimming frequency of Polyorchis’ durmg extended swrmmmg bouts mcreased

exponentrall» with. decreasing bell height (Fig. 7)

Swimming frequeney in constant liéht ' »
- Smaller medusae swam at a greater frequency under constant HI GH light intensity

than under LCW light intensity conditionS' larger medusaeﬁswam at nearly the same ’
" frequency regardless of the light condition (Fig. 8) The total number of mdlvrduals were
'separated into three arbitrary size classes, those ‘with bell heights less than 1.0 cm, 1-2 cm,
and those greater. than 2.0 cm. Two-way ANOVA (Sokal and Rohlf 1969) comparing the
mean number of swimming comractions.per second at two light intensities and 2] time

" increments showed that medusae with bell herghts less than l .0 cm swam at significantly
(p < 0.001) greater frequency under HIGH than under LOW hght intensity. For the two
groups of medusae with bell herghts greater than 1.0 cm, there was no srgnrf:rg;anl (;; > |
,0.05) difference in swimming frequency under the two light conditions. Altneugh the
grdup of smallest medusae showed an initial reduction in swimming frequency, suggesting
some adaptation to the light intensity, none of the groups showed e significant (p >
0.05) difference in swimrning frequency. over the 15‘minute period.

W

Medusae usually responded to rapid 100% shadows with 1 raprd swimming

Responses to raptd 100% changes in light intensity

cenrractron, regardiess of the absolute magnitude of the lrghtmreﬁsrr_\ change (Table I,I').

During the two minute’pre-shadow period, most of the individuals did not swim and

)
-



Figure 7. Mean ( £1SE) number of swimming. contractions pcr'min.ute of various sizes of
Polyorchis observed during extended spontaneous swimming bouts ‘on the treadmill: An
Y3

exponential curve (Y = 132.65 ¢ ; 1=0.96) has been fitted to the mean swimming

frequencies. The smallest individuals used were early eight and sixteen tentacle stages.
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Figure 8. Mean (+1SE) number of swunmmg contractions per minute by Polyorchis on
" the trcadxmu) over 15 min penods at HIGH (@ 280.7 microeinsteins / m! s) and LOW (A

9.7 migxgeinsteins / m* s ) hght intensity levels. Swimming frequency of mdmduals with

ﬁless than 1.0 cm (ran‘c 0.3-0. 7 cm, n=24) (top) Swimming frequency of

) thh bell heights between 1 2 cm (range 1.2-1.8 cm. n=16) (middle);

; "mg frequency of mdxvx@uals with bell heights greater than 2.0 cm (range 2.1-3.4

- n=18) (bottom). Notice the size class differences in overall swimming .frequency

- with émaller medusae swimming at a m;xch higher ‘frgquency than larger individuals.
N.B., the means and SE presented' here are from raw data and are not antilogarithms of

the log (x+1) transformed data.
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\ .

Table II. Mean (1 SE) number of swimming contractions in the 5s period after a rapid
100% shadow of four different absolute light intensity changes. Comparisons of the mean
shadow response frequency at four absolute light changes by one-way ANOVA showed no
significant (p > 0.05) difference in the responses.

. 2 v
Light Intensity (microeinsteins / m“ s)

2.4 9.2 65.8 ' 280.7
0.84 1.08 : 1.01 - 0.98
(0.08) (0.09) : (0.13) (0.02)

" Table III. Mean (:tln SE) total number of swimmin coritracﬁons duringlfou‘r different

intensity only. 1) For individ

rates of percentage change in light intensity ( & I1g) Values are for decreasing light
uals with bell hesghts T thauc 3¢ for decre: 2) For
individuals with bell heights greater than 2.0 cm, n=25.

LOG ZS?I<§

-0.015 - -0.914 -1.123 -1.344

1.51 (0.12) 12.73  (1.17) 15.53 (2.02) 12.17 (2.83)

1.22 (0.03) 13.08 (0.52) 2100 (1.03) 28.76 (2.73)
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remained motionless in the sihk-fishing posture. Immediately after the brief (0.55) |

- shadow was presented, nearly.all of these individuals responded” with one swimming !
contraction. This single swim did not lead to extended swimming bouts and the medusae
returned to their sink-fishing posture after the swim. For those medpsae, that were
swimming during the pre-shadow period, the response 1o the shadow was ] jnlerpolawd

swimming contraction in its pre-shadow swimming frequency.

Spectral sensittvity lof the shadow response

All medusae consistenfly responded to shadows of monochromatic light between
4_50-550 nm (Fig. 9).‘ Small medusae responded to a broad range :vith a peak response at
450 nm while the response range of larger medusae was slightlv compressed and the ﬁcak
response shifted to shghtl\ longer (550 nm) wavelength This peak and spectral
distribution of the shadow response is similar to the specual response of the
electroretinogram (ERG) of Polyorchis found by Weber (1982). Smaller individuals were
generally more responsive 10 all wavelengths as indicated by the overall higher percentage

of responses.

Swimming response lo continuous changes in light mlensn)

The swimming {requency of Polyorchis decreased markedly as the rate of
percentage light intensity change decreased (Fig. 10). Swimming usuaily only lasted as
long as the shadow period so that even though the highest ‘swimming frequency was |
observed during the most rapid light reductions, the total number of swimming
contractions in the response was small (Tabie I11). The greatest total number of  swims
occurred during the slowest rate of percentage light éhangéaas medusae swam nearl
_continuously throughout the shadow periods. Smaller medusae showed a grca{er overall
swunmmg frequency -and were much more responsive to ramd shadows (i.e., exhibited
greater swimming frequency than larger medusae) For s « - shadows, however, larger
gmedusae . showed a greater swimming frequency.

~ Durning increasing light, medusae rarely swam'and ofie” crumpled” resulting in
marked differences in swimming frequencies from those seen during decreasing light

intensity (Fig. 10). Crumpling behavior was most obvious during the slower hght



Figure 9. Percent of the maximum possible number of shadow responses to 0.5 s shadow
of monochromatic light. Solid columns indicate individuals with bell heights less than 2.0
cm (10 individuals), open columns indicate individuals with bell heights greater than 2.0

cm (7 individuals).
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Figure 10. Mean (ilSE) number of swimming contractions per minute by Polyorchis in
response 1o various ratés of percent changc in light intensity per s (' Alg). Top figure
shows the response of medusae with bell heights less than 2.0 cm (range 0.7-1.9 cm, 6
individuals). There was a significant (p < 0.001) difference between the four mean
swimming frequencies and a significant (0.05}p>0.01) linear regression (Y = 94.42 +
56.77 X) for decreasing ( @ ) light. No significant (p > 0.05) difference between the
mean swimming frequencies or regression (Y = -0.16 - .52 X) for increasing ( &)

light. Bottom figure shows the Tesponse of medusae with bell heights greater than 2.0 cm
(range i.4-2.8 cm, § individuals‘j. There was a significant (p < 0.001) difference

between the four mean swimming frequencies and a significant (0.05>p>0.01) linear
regression (Y = 75.40 + 31.09 X) for decreasing ( @ ) light. For increasing light (-4 ),
swimming frequency at the slowest rate of change was significantly (0.05>p>0.01)
diffcrcm than swimming frequencies at the three faster rates. Linear regression (Y =

0.43 - 2.49 X) is not significant (p > 0.05). For both size classes. swimming frequencies
‘at the grcatcét ra-tc of percentage décrease is probably close 10 the maximum swimming
frequency which may impart some .gurvih'nmn’ty to the function.- Dotted lines show

predicted swimming frequencies for othér rates of light intensity changes.
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intensity increases and consisted of progressive Leniacle contractions, bell margin
involutions, and radial muscle contractions. Once fully crumpled, individuals often
remained so for several minutes. If a medusa was in the crumpled position at the stast
of a successive décrcasing light intensity trial, it usually relaxed the severe radial and
marginal contractions, responded to the shadow with a swimming contraction and began to
swim at a frequency proportional to the rate of light intensity decrease. There were no
significant differences in the response to increasing light intensity by the different sizes of
Polyorchis ( ffig. 10); nearly all individuals, regardless of size, showed at least a partial

crumpling.
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Discussion

. | t

.

B
N

A shadow response in some form has traditionally been thought 10 function as a
predator avoidance mechanism (Coldstream 1836 in Gwilliam 1963. Gwilliarﬁ 1965,
Forward 1976b; Forward 1977). By analogy. the shadow reponse, exhibited by some
medusae, has also generally been ‘considc.red tof unction.‘m predator avoidance (Singla
1‘074: Anderson and Ma&kié,. 19775. Holwevc;‘ results from this study indicate that for
Polyorchs. this 1« an uniikely function of 1ts ;;fonounced response to ‘reductions in light
intensity . A typical shadow generated by some cruising predator during the daytime would
be a rapid OFF-ON shadow of a duration similar to that used for the experiments shown
in Table 11, but they w,ould likelv be much less than 100% decreases of original light
‘mtensn_\. Even if the hght 1ﬁtenSi1) reduction was.sufficiem lo produce a response, it is
clear that Polyorchus would respond to such a shadow with onlv 1-2 additional swimming
contracuions (Tabie 11). The small number of swimming contractions generated by this
shadow would not pfope! the indlvidual an effective escape distance, because distances
travelled are negligible until the medusa has reached maxxmum velocity, usuall\ aftex: 1-2

contractions (Gladfelter 1972: Daniel 1985). Furthermore. Lhe increase m hghl mtensm :

after the shadow would inhibit any further swimming contractions (I-ng.v,l())." Even+if

Polyarchus does respond to a predator-generated shadow. 1l seems unkikél\' that this *

w7

ES
h¥

movemen! would vield any advantage to the individual. but rather a dxsadvantage

Because the potenual predator creating the shadow would necessarily be above Lhe medusa;ij

LhC upward swxmmmg in response to such a shadow would only mcrease the probabrlm of . -

detection and capture as the medusa .moves closer to the predator. If the shgcfow reSponse
“exhibited by Polyorchis s not used for predator avondance what is the funcnjom Q‘fih)s s
-developed behavior”? 5 R

Correlations between the rate of light intensity change and the ampluzu“

velocity of vertical migrations of individuals or populations of zooplankters g(pnmzm]\
crustaceans) have been well documented (McNaught and Hasler 1964; ngaibfrg 1964
G b ”’

" Buchanan and Hanev 1980; Stearns and Forward 1984). A similar relationsfip’ m§\ exist

for Pozyorcms and other medusac which have a pronounced shadow resp(mf;
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study, changing light conditions have been shown to be important in causing the greatest
changes in the swimming activity of the hydromccwsan ‘Polyorchis. 1f thesc changes are to
result in nct movements, however, responses to liéhl stimuli must differ from the
"normal” swimming'frcqucncy. Field obscrvations have shown that Polyorchis spends
most of its time swimming at a frequency of 5-15 swims per minute as it drifts in the
water (Chapter 2; Arkett 1984). This behavior has been referred to as "maintenance
swimming” and may be considered the "normal” swimming frequency for Polyorchis.
Because net vertical movement during maintenance sWimming is negligible, any increase or
decrease in this swimming frequency over extended periods of time should result in a
change of position in the water column. Swimming frequevncies seen under the conétant
light experiments in Figure 8 arc similar to those of "maintenance swimming” (Chapter
2). Clearly, constant light intensities of different absolute magnitude do not cause
swimming frequency differences for larger medusae at least (but see below). Polyorchis
responds 1o rabid 100% OFF-ON shadows of varying absolute magnitude with one quick
swimming contraction -(Table 1), but this response does not alter the overall maintenance
swimming frequency. Marked difft_;rences in mainténance swimming have been observed in
the.field during extended swimming bouts as Polyorchis usually swims in an arc at
frequencies close to those seen in Figure 7. Even though the swimming frequency and the
duration of these bouts are sufficient to displace the individual apprec'biible distances, these
bouts are transient, apparently spontaneous, and “uafhe p@bably not a direct result of
changing light conditions and hence can not explai'nwdielx movements. However, slow,
“ln‘ éontinﬁous reductions in light intensity have been shown to produce nearly continuous
éﬁvimming at frequencies above maintenance swimming and for extended periods (Fig. 10).
These recurring shadow responses should displace individuals significant distances and result
in upward movements.

Whether this phenomenon really does contribute to diel vertical migration of
Polyorchis depends upon the rate of change in light intensity in field conditions. I
attempted to measure the rate of light intensity change every 10 min. during sunset and
suﬁrise in Bamfield Inlet on several different days. Typical absolute light intensities
during these periods near the bottom were less than 10 microeinsteins / m? s. The

greatest rate of change I could record before the light intensity fell below the sensivity of’
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the lrght meter, was 90% in 10 minutes (=0.0015/s, log x=-2.82). This value is over 10

times slower than the slowest rate I could produce in the experiménts shown in Fig. 10.

. However, this rate of fight intensity decrease was recorded very close 10 actual sunset and
in one of the few studres that recorded rates of change in- light intensity, Munz and
McFarland (1973). showed that the greatest Tate of light intensity decrease does not occur
until aﬂer sunset and for -about 40 minutes after that time. During this period‘ they.
recorded rates of percencage decrease in light intensity (over a 10 min period) of
approximately 0.0021 /s (log x = -2.67). Steans and Forward's (1984) study in. "
estuanne coastal warers showed rhar the rate of percem change in light mrensm (over a
10 min mtcrval from between sunset and 1o about 50 min after sunset) was approximately
0. 0016 /s (log x = -2.81). It is important to note here that these rates are integrated
over lO min intervals and the rate of percentage change calculated over 1 min intervals or
less would very. likely be faster. In any event, the predrcted swimaing frequency of large
individuals (greater Lhan 2.0 cm, Fig. 10) f or these rates of change in light intensity ‘is
close to or slightly greater than rhose found during constant light intensity (Fig. &) and
the "maintenance swimming” frequencies found in the field (Fig. 4). This small increase
in swimming frequency may then conm’hute to the initiation of upward movement at  ~

-sunset and drel vertical migration. .This explanation does not -appearlto hold for small
medusae (less than .0 cm) as their predicted swimming f{requency #o; rates of change in
lrght intensity at sunset i ‘well below rhar of their mamrenance swimming " f requency and
their swrmmmg frequency in constant lrghr intensiues (Chaprer 2).

The threshold rate.of light intensity decrease { or the shadow Tesponse appears 10
ensure thal upward movements would begin after sunset. Slower rates of lrghr decrease,
whrch occur late in the da\ and early evening, would not be likely to cause a_shadow
response. Even raprd shadows that occur during °he davume due to wave and surface
turbulence woui” be mef fecuve because subsequem increases in light intensity would inhibit
swrmrmng Su rmrmng frequency would thus not differ from maintenance swimming and
no apprecrable upward movement would be observed. As dusk approaches however, the
rate of lrght intensity decrease is conunuous ard accelerates raprdl\ (Rosenberg 1966)

' Onl\ at the more rapid rate of change could recurring shadow responses’ be elicited and

Aswrmmmg frequency "above maintenance swimming be reached and only then could a net
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upward movement be detected. This 15 1n fa#t what 15 observg )blyorchts does ot

show appreciable changes in its position. in me;water column . er sunset (Mills 1983,
Chapter 2; Arkett 1984). although there 15 probably some jime lag in their movements.
This may be due to the poor temporal Tesolution of the field ’sangplirig. Daphntalsho&'s a
threshold response 1o the rate of light Intensity decrease since the swimming reaction is not
initiated until the rate of light intensity decrearse reaches 0.0017 per s-even though the rate
of light intensity change at dusk ranged from (.0013 to 0.0024/s (Ringelbcrg 1964) .
Stearns and Forward (1984) aiso found thar the copepod }ilcartta_zonsa did not show
appreclg,;ble numbers moving upward intO the water column until about 30-40 minutes after
sunset“}‘ {Munz and McFarland (1973) found that the "quiet period” in coral reef fishes
also occurs only during the most rapid Chapges \in lighl' intensity, after sunset and before
sunrise. Alldredge and King (1980) also showed that a wide van'et_\ of demersal plénklers oo
emerge from the benthos afier dusk. These studies suggesln ‘thal manyv animals are cuelng
on these slow, cominuou§ shadows and 11 i possible that their lhresholu rate of light
imensity change is species specific. However, {he scarcin ql" lnf'orrrrallon on this rate
precludes any such conclus:ons at. this ume

In addition 1o decreases in light 1ntensu\ there 15 a dlSLlnCl spectra shift in the
light penctrating the water during sunrise and sunset, which may influence the shadow
#2ponse. During sunset, the underwater spectrum tends to shift toward shorter
. u/avelengths (450-500 nm, blue) (Munz and McFarland 1973). The peak respgnses of the
shadow response (of smaller rheduSae at leastl near 450 nm (Fig. 9) suggests Lhal theyv
are cueing on the quallt\ of ll&hl that 1s- most prevalent at sunset. Howe\'rer the large
amount of detrital ruauer or _vellow substance” in coastal waters (Jerlov 1966) and
especially in Bamfield Inlet tends to abSOrb blue light and often tends to shift the
maximum transmission to green (500- 550 nm) which is close to the maximal shadow
response for larger medusae (Frg 9) This suggests that the resultam shadow response
. swimming [ requenc1es found in the continuous change in light intensity experiments (Fig.
10) are conservative because the light quality @spectrum)lwas cdnstalm throughout. If’]
had been able to mimic spectral changCS whnch normally occur durmg sunset and sunrise,
in ‘these expenmems the responses 10 varioys rates of llghl mtensm change may have been

greater. The broad spectral distribution of the shacowure@pqnse (},g‘ 9) appears.



however 10 enable Polyorcfus 1o .Tespond 10 light intensity reductions under a wide range |
of spectral conditions. = |

~he marked mpubuon of swimmng b crumphing during increasing light intensity
may cwpiain why Pofyorchis shows a downward movement toward and an 'aggrega‘uon near
tne bottom just after dawn (Mills 1983: Chapter_ 2. Arkett 1984). AT falcs of increasing
iight miensity reprcsemauv of field condm}ons the pred\cteé SWimming frequency falls
well beijow that of mainienance swimming (Fig. -10). Ths alone should account for a net
Jownwarc movemen! & dav.r as Polyorchis 12 usuall\ negativei buovam (Cha;ler 6) and
any reduclon 1o SWIMMINg frequency beiow mainienance SWimming should cause sinking.
h"en more 1rﬁportam thar. a reducuion in swimming frequency 1s the {2 acl that durmg
inCTeasing highi. severe 'crumphng" ocCurs. Thxs behavior 1s common o many medusae
and 1 often occurs in Iesponse 10 noxtous sumuii. Because this behavior augfnems normal
.sinking Taies, 1t has usuah\ becn Lonsxdered an escape mechanism; rapidly sinking 1o avoid
pfédators However. 'hc ﬂrogresm\e crumpiing and resultant rapid passive smxmg 1n -
responst (¢ incTeasing LgDU uhuh often lasts the duration of increasing hght miensity.
saggesis thal this behavior nav be ‘uncvonall‘\ 1mponam for the dawn downward
movements  Passive sinking in Tesponse 10 INCTEases In 11ght mntensity at dawn also
appears ¢ be a common gehanor among several groups of zooplankters (e. g.. cladocerans.

d et.al. 1984: Stearns

fcopepod_s. prachvuran larvae) Daar ~and Ringelberg 1969: For&
and Forward 1984: Sulkin 1984, This response. 1o addiuon to funcuonmg as a.
mechamsm: {0 fo dawn sinking. has ajso been suggested as a mechamsm for rcgulalmg a
deep da_vume" position. Light intensily INCTEASCS. encountered by individuals durmg the
dav. act as a oame' ‘for upward movements (Pearte 1973; Forward et al. 1984) A
simiiar mec hanistn may also maxmam the deep davume position exhibited by Polyorcius
This jo supported by the observation that the conunupus swmmmg seen during slow

|
de;rcasmg ight intensiy can be stopped by mterposed light intensity 1NCTeases. Ontsu

13

u%:» has suggesled another mechanism by which the h\drornedusan Spirocodon ma\l’

'naxmpm ils deep davume position. He found lhai UV (350 nm) hght h_\'perpolames the
swirnmms motor neurons and thereby mhxbus swimming. As individuals swim upward in
';h: water columrn toward the surface. he suggested that the medusae encounter increasing

L% hin. intensinies, WRICh shouid 1nhibi: swimming and eventually cduse sinking. = ¢
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Compararivelv short wavelengths (350 nm) were not tried on Polyorchis and Ohtsu’s
explanation of sinking in surface water may apply to Polyorchis.

The rate of light intensity increases necessary 10 elicit the Jinhibition of swimming
also appears to control the timing of the dawn sinking. As the Tate of percent increase in
light mtensm is most rapid before sunrise (McNaught and Hasler 1964), “rapid sinking due
to the inhibition of swrmmmg to a level below maintenance swrmmmg should occur just
before sunrise. This is again what is observed in the field and the effect is more dramatic
than the nighttime upward movement. Figure 1 (Chapter 2) shows this effect with the
largest percentage of individuals ver\ near the boutom early in lhe morning.

Ontogenetic changes in photosensitivity in marine invertebrates are common and

these shifts may be-important in shaping the distribution dnd f eedmg behavior of later

slagés and adults (Thorson 1964 Pearre 1973; Forward and Costlow 1974: Cronin 1982).
Pifferences in the responses of various srzes of medusae 1o lrghl sumulr found in this
study suggest that Polyorchis also undergoes ontogenetic ‘changes in its ‘photic behavior. |
Smaller medusae swam at a greater frequency at higher light intensities, showed a slrghtlv_
proader spectral se'nsitivlty of the shadow response with its peak shifted toward shorter
wavelength, and were me>re responsive 10 Tapid shadows. These findings in addition to

higher maximum swrmmmg frequency during exlended swimming bouts (Fig. 7). greater

mainlenance swimming lrequencx (Chapter 2: Arkeu 19%4), and a greater maximum

. velocity (Gladfelter 1972) all suggest that smaller and presumablw younger medusae are

more planktonic and spend more time in the surface waters. There is also an indication

that smaller medusae smk slower than larger. medusae (Chapter 6). g"his is yrobabl\' due,

. 1o the fact thar smaller medusae have fewer and smaller protem -laden tentacles and &

)

smaller manubna bul this may be offset bv the mcreased llpxd comem of the mature

gonads in-larger individuals. These atmbutes whrch‘”’m:ﬁ&am newly budded and young:

~ stages of medusae in surface waters, may facrlna\%herr"‘drspersal as well as enable them

to capture and eat the predominantly smaller plar%kters found in ‘surface waters. I'ndeed,
many of the very small individuals used for these experlrnenys were collected from surface -
waters. As the individuals age many of the Juvemle photi

g
Polyorchls spends more, time in deeper water and assumes a demersal existence, feeding on

ails are altered and

the large demersa planklers (Arketr 1984). Synchronized upward movement at night and



Concomitant spawning of these older. reproductive individuals (Mills 1983) would also.
enﬂurc a hxghFr raie of ffenilxiatxon. '

" The use of a treadmill was essential’for the controlled laboratory study of the v
photic béhavior of Poiyorchus. The design of thie device has enabied individual medusae
of \'aﬁ\\(\)us sizes 10, perform Lhcir- entire. behavioral repertoire and /io' respond to phouc
sumuh‘w without "wall effects”, which often plague tank studies. Medusan swimming
activity i often increased or decreased wﬁcn individuals collide with the sides of the tank.
The chadpiill prevents ientacle or bell cortact with the walls and allows continuous. |
ummerrufated swimming. More importantly. the constant onentation of the photorecep;\ors
with respect 10 light sumuli allows one to precisely control light conditions. One drawback
of the uea‘&mill s thal swimming speed and turning ixhavior can not be determined. but
this information can{__,pi‘ gamed [ rom accompanymgiank studies.. Treadmills of vanous

designs may also be useful for studving other behavior. such as feeding.
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IV. ELECTROPHYSIOLOGY OF THE SHADOW RESPONSE 1.

The Shadow Reflex of 2 Hydromedusan:
L. Sequei‘lce of Events and Reflex Components ’



Introduction

One of the simplest forms of behavior as defined 1n Chapter 1 1s 1n the form of a
simple reflex. | will define the features of a reflex to include: 1) a predictable éequcnce
of events; 2) morphologically and physiologically identifiable refiex arc components (1.e..
receptors. afferent neurons, centralized integrator. efferent neurons. effector organs); 3) a
graded response with respect to the intensity of a specific stimulus. These criteria are
readilv met in numerous examples of reflexes in bilaterally svmmetrical systems of
vertebrates and many invertebrates. However, the nervous organi'zauon of the radially
svmmetrical cnidanans 15 very different and whether:or not the s}mplesx behaviors 1n this
group are mcdiatcd bv demonstrable reflexes remains equi‘}ocal.

One example of a Qimplc behavior cxhibited by some membérs of the cnidanans,
the hydromedusac. that may be a demonstrable reflex. 1s the shadow response. .This
behavior consists of a few fapid‘smmn‘ring contractions and simultaneous contractions of
tentacles in response to a rapid reduction in light intensity (Murbach 1909; Hisada 1956:
Singla 1974;. Mackie 1975). The scarcity of examples where discre&e neuronal units have °
been physiologically identified and the general cénception that this 'group lacks anv
centralized region of the nérvous system has, until recently. precluded the idea that a
‘simple béhavior, like the shadow response. could be a reflex as previously defined.
However, within the last few vears. intracellular recording techniques have been used
- successfully on medusae and the cellular mechanisms of the components ihvolved in simple
behaviors are being examined.

Several functional units invo‘lved in the shadow response have been identified in the
hvdromedusan Polyorchis penicillatus. Intracellular recording from large neurons within’ _
the inner nerve-ring (INR) by Anderson and Mackie (1977). Spencer and Satterlie (1980).
‘ Sp_encer (1981) identified these neurofis as a part of an anastomotic network of ‘
electrically-coupled swimming motor neurons (SMNs). Following a shadow. these SMNs

depolarize under a barrage of excitatory post-synapuc potentials (EPSPs) and fire a burst
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of 1-4 action potentials.  Fach spike in the burst produces a contraction in swimming
muscles and hence one swimmung stroke. This response 1s obliterated if the O&Hi are
removed suggesting that phouc information onginates 1n the ocelh (Anderson and Mackie
1977). The cilium-based receptor cells of the ocelli (Eakin and Westfall 1962) form
chemical svnapses onto purported secondary neurons which enter the outer nerve-ring
(ONR) (Singla and Weber 1982a). Spencer and Arkett (19%4) identified two networks
("B” and "O" systems) of electricall_\-c.oupled neurons in the outer nerve-ring (ONR).
Both of these systems showed a marked response to shadows. which suggesied thenr
involvement 1n the shadow response. This finding was significant because for the first
tume the cellular properuies of the neurons within the nng-shaped central nervous svstem
were described and their roie as the !nleératlrig center of sensory information was
supported. Heretotore, the ONR had been suspected as the CNS of h:\'dromedusac
tRomanes 1876: Hertwig and Hertwig 1§7%). but little was known of 1ts organization
because intracellular recordings had never been made from the svstems withun 1. Thus.
idenufication of these and other svstems now generates severai questions about the
simplest form of behavior in this radiallv svmmegrical ammal. What 15 the sequence of
events'in the shadow response ind ére thev predictable” Are the svstems wh¥ch are
involved 1n the shadow response part of an identifiable reflex ar¢”

I describe here the responses of several electncalhy -coupled neuronal networks and
‘ effector units involved in the shadow response of the hydiomédusan Polyorchus
penicillatus. Intracellular recordings from the various components show the pfedlclability
of the timing and sequence of events involved in the shadow - response. Removal of the
ocelli shows that these structures and their connections to the ONR are important for the
production and execution of the shadow response. Isolauon of cach network from
synaptic inputs by MgCl. anesthesia shows the endogenous photosensitivity of only the
"0O" svstem. The shadow response and the brganiLali()(n of the networks mvolved illustra(el
a fundamental reflex arc, starung in the ocelli and terminating with the swimming and
tentacle muscles. In Chapter 3. 1 demonstrate the graded nature of the shadowﬂ response.
consider how photic information might 9nlegraled In a radxali) symmétrxcal amimal, and

discuss the funcuonal significance of the shadow response.
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Methods ‘and ﬂaterials

B

Individual hvdromedusac of Poiyorchis pemct//alus were collected by divers t‘rdm
‘Bamfield Inlet. Bamfield. B.C. Medusac were kepl in runnming seawater (10-12 °C) and
were used for expeniments within 3-35 davs. Medium -sized mdxvxdualsﬁ%nth bell ‘heights of
1-3 ¢m were routinely used. All recordings Were made in natural seawater (13-1 *C)
unless otherwise stated

The outer nerve-ning preparation (P 11} and convenuonai intra- and
extraceliuiar recording techmques have been descgibed previoushs (Spencer 1978, Spencer
and Arkett 19%4)  For "intact” experniments. only the distai portion of cach tentacle was
removed o ensure that the ocell and their <onnecuions ¢ the outer nerve-Ting remaméd
undisturbed.  In some experiments requiring ablation of ‘the ocelli. a small portion of the
szumbreliar mesogiea. including all of the oceil and ali but the most provimal poruon of
the tentacles. was cut awayv The nerve-TINE Temained undamaged. A Vol minture of
sotonie ({32 M) MgCi and seawater was used as an anestheuie for cxpenments requifing
biockage of chemucai synapﬁesf The preparation was kept in this solution at least one half
hour before beginning any experiments.

Photic sumulation consisted of rapid changes (n illumination.  The preparation was
dluminated from below by a fiber opuic s¥SI€M connected 10 ¢ quarw haiogen source. A
mechanical camera shutter, placed between the source and the fiber opuic. was held open
by & cable release during light ON recordings. At light OFF . ‘ihe shutter wa- released.
closing within 2 ms, to present a '"shado»\" All of the light changes were 4. »roximately

4

100% with light intensity at the level of the preparation duning light ON al approximately

i &
200-306 microemstems, m* s, This was reduced to less than (.1 microemnsieins, m: s at
hght OFF. A photocell located beneath the preparation monitored changes in illumination.
The unpredictability of the neuronal penetrations and difficulty 1n maintaining penetrations
precluded any atlempts to control adaptation umes before shadow stimuiation.

N
The distribution of the three neuronal systems ("0, "B". SMNs) have been

identified previouslhy by Lucifer Yellow iontophorests (Spencer aﬁ‘é‘ Satterlie 1980; Spencer

and Arkett 1984) Figure 12 shows the distTibution of these¢ systems in Lhe inner and

°
-



Figure 11. a) Schemauc illustration of. Polyorchis with a cut away portion of a whole
individual showing t?ie radial array of tentacles and ocelli and the orientation of the
nerve-rings on €ither side of the velar sheet. The cut-away portion has been enlarged. b)
A portion of the bell as it appears in the "intact” recordings with the ocelli and
exumbrellar surface of the bell upward. Tentacles have been removed just distal to the
ocellar cup. INR. inner nerve-ring, ONR, outer nerve-ring; SWIM MYOEPITH,
swimming mvoepithelium; TENT . tentacle; VEL, velum: SPH MUS, sphincter muscle;
RING CAN, ring canal; MES, mesoglea; ONR EPITH. outer nerve-ring epithelium;
OCELLUS; VEL MUS, velar muscc MAN. Manubrium.
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outer nerve-rings and in thé\/’-temacles, "B system pevons WC’? iqenﬁfied by their resting
potemiall.(a‘b"ou't -40 mV), their spiking activity cofréwleq with tentacle contract§0ns, and
their bursting activity in response 10 a shadow. ’I‘he "B'; syste® APPEAN 1, be located
.superﬁcxalh since it was usually encountered just benezth the ONR tzpiulelium "o
system neurons were 1dennf ied by their characlensuc pon- SlﬁklIlg regm‘ir oscillations of
the’ membrane potential and by their rapxd hyperpolarﬂﬁlloﬂ (W’t Ul $dii ng) in response
to. rapld shadows. The membrane potennal of the "Q" system osclllateg about 20 mv -

' "'above and below’ a resung potential of between -40 and 75 mY (SPCHQQr and Al‘kett

. 1984). Thé "O" svslem appears 1o be fauch deeper jp the ONR 3 it “’as usuaU)
encountered after passing through the ""B" system. gMNs were Penetrated from the ONR
sxde by advancmg the electrode through the ONR ;- past the mesOBlea thy, separates the

~ inner and outer nerve- rmg and into the INR SMNS Werc identified. by their Testing

’ potentlal (about 60 mV); their -spiking acuvu) in response to shadows nd by their 1:1

°corre1anon wnh sw‘mmmg muscle contractions.

(=]
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, Figure 12, Schemali¢ diagram ¢ the distribution and MOrphology of the newfonal Svstems
involved 1:7 the shadow reflex. The "B" system extends Ovcr art of the ONR and sends',
a plexus of neufous up each ‘entaclc cxtcndmg to the Up. Ty, o systerm €Xtends over
.a wider portion of the ONR ang sends two bundles 4P and ound each tentaCle. These
bundles wmunalc a the ocellus | yhich in Lms figure is Dehing Lhe foided- back lcmﬂdt
Al portion of the ONR has ’beefk out away to ex?QSc th SMNs located in the INR THe
‘ ; SMNs. S "

arrow mdxcalcs ho%’ ONR \ Y arml"sbllaxase onm*lhe




LS}

e e

rd
i
m’#’
7
‘/

»

anddtad e adlian

-

Ly

ERN
w SR

3



Resyyy

Response of Smns 1o LIgH Imiensuy qhanges

Intrace]ylar recordiP8 fTom (he swimnﬁng ;nOIOT neurons (SMNg) n the “intact”
PTeParation shoy fairls regular. SPonlanegy; spiking activity 10 lighteq Condluons AU
UEOt OFF . the sMNs b8 10 dePolarize yp o, mean delay Of 1346 £ 3¢
D=2g from § mdmduai*’ and spike afie approximatels 200 mS- Du““@ this
. depgjapzation, ;5 parrage Of EXCltatorn POsy . s\napuc poterma13 (EPSPS) cap be seen o lead
1078 byt of one to three of fou.r acuon Dqtcnuals (he. 13a and Andemo" and Mackxe
197>y he GMNs produCe 4 burg Of Spikés, the shorw‘«'1 interspike mlef\al belween the

Birst 5 APs 18 gpout 4()()1115 th:;;: BN ‘he interval increases (Figs- 13a ang 14). Dunng

h
\ing depolahwUO” whit umau\ lasts the

dutagjon of the (piking acuvily . 7{:::/{0} oweh jow hyper POlarxzauOn_ during
) R . -~ ~D r e
wnjth ume the WN’;; are SHENL ey O small Lkulz | EPSP, p lman]\ﬁ fro e "B°

1984),

SMStem (Spencer and “arket! These Epspe go not usuall! 70Ut ip dclion potentials
N the SMNs d‘urmg the nxpC'DOIamauOn SMN« adapt 10 lm dark LOndmom aﬂ‘a@usual]\
DeRIn g fire spopuaneous! after 153 cconds. A light ON-"1P¢ SMNs nitig )y
“‘p@xpolanze ang then depoianize ang resul’ne spkag (Fig. 13a and Andersop, | and Mackie
19°%) The lalenc‘ for the ON rcspgg IS often variable and sOMClimey . Tequires several -
seconds before Tiring begin®: ”‘\w,'/)’ N 3 i R

Remova] of the ocelh 4nd tentacley does not dxsrupl the firing frequeuc» of Lhe
T SMNg iy lighteg cofldl‘)«lonS howevehg, hghz OFF, the reSPOr’Se I very different from the
“intag - preParatjon. Al light OFF there j¢ o depolarlla”"rl and»assomaled burst’ of
aC“(’VﬁowﬂUals mslead the SMNs hYperpola rize after a longeT and more Vanable latency

(8PDpox1mate]\ 15) -(Fig. 130). The memhr:me potential of the SMNS Temajng

c e

. by p%oliféﬁed durlﬂg dark ened Periods W“h EPSPs stiil vxSlble The Dresence of these -
‘EPSPy jfdicate that synapllc Connecucms belween the SMNs and other SySlemS probably
withip - the ONR | are sull intacl.  These Connections cross the layer of més‘)glOea

seParaying the two nerve-Tings (Spe’ncer 1979y At light ON, fhe SMN;s deDOIanze /ﬂer ;

S%Cral seconds and returd 10 [helr Previous. Splkmg frequency-



Figure 1' Uaccuﬁlar wcordxngs from thc sw,mmmg motor neurons (SMNs) in the
Inner nerve. nng of Palybrdw with, cwhgm trace (1owcr trace) showing changes in light
mtcnsuv Downward deflection (du;atmn Qjms) mdxcatcs a 100% shadow. Light traces
nave been redrawna rom onginal traces. ) Jpfact” prepaxaUQn@gowmg normal response

L
0 "apid decrease in light intensity . NGie the burst of aCU%n potepuals and subsequent

71
.

hy
y permlanzzuon Arrow indicates EPSP which most “probably are Trom the %P system.,
s

b) Re390::\5: of SMNs to & rapid shadow after the ocelli and a portion of the ‘Len‘taclcs
-hé
Y€ been removed. Not& the absence of the burst of action potentials, but presence of

mapUC activity. ¢) SMN recordmg in: Mgy, ancsthcsg showmg that therc is no

n 1stcnt immediate response 1o H&humensuy changes. Noucc me smm mcrnbranc
oscil uOns and the 1ack" of PSP acumv '

a
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Figure 14. flot of the interspike interval of normal OFF responZ} bursls in SMNs ( A)
and-"B” s»;ph (@ ). Times were taken from intracellular recor{lng% from 7 individuals
for "B” and 6 individuals for SMNs. Note that there arc usually fewer total numbcr of -

APs in the SMN OFF response than in the "B" system rcSponn,and also the mtcrs,mkc
mtcrval 15 gcnexall\ longer for th SMNs than for the "B” system for the same n Qf
APs in a burst. SMNs appcar to show a minimum mtcrspxkc interval of 400 ms ‘bﬁn

the first and second spxke in a npncal burst. The minimum mtcrval for the first two

)
spikes in a "B” system burst appcars much shorter, usually about 100 ms or less.
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The SMNs failed 10 show any detectable response 1o changes in light intensity after
isolating them from all synaptic input by using MRCl, anesthesia (Fig. 13¢ & 20e). The
firing f’r_equenc_\' of the SMNg in MgCl, anesthesia was either fairly regular or silent during.

¥ lighted periods. No PSP_S were visible. At light OFF . there was no change either in
- finng frequency or membrane potential. The anesthetic effect of MgCl, was reversible as

L4 .
"intact " individuals showing no photic response under anesthesia, showed a normal
al: * v

bursting fesponse *;é‘ light OFF . i
e *"
Respome.s of B&wgn Io nghl Inlensll) Changes
g ipb iy Rpcofalngs from mu) B svslem in the ONR of intact preparations dunng hghl
ON show a8 fairl§ s{cgmar spontaneous firing frequency. Ay light OFF, the "B"system also

begins to depolarl%ﬁgr a mean dela\ of 167.6 £ 3.6 s (= ISE; n=7 from §
mdmduals) wuhgyﬁér&st action polemlal occurring after the first SMN spike at around
220-300 ms (PLQ 1 and b) The OFF responst consists of 4-8 spxkes with lhe
‘ mtersprke mtervglf gapldl\ increasing. The interspike interval for lhc first two action
potenua}{ 18 shoner than that observed in the SMNs (Fig_ 14) slarung around 100 ms and
ex.mndmg ;0 400 SO()ms after 4-5 spxkes The "B” system burst is often compleled before
lhe mq} d swmlmmg Lomracuon During this burst of action potentials lhere 1S a
slqw 10% m\‘ éiQing depolarlzauon which lasts  the duration of the burst. ~The "B*
system mperpolq.meﬂ afier the burst. but usually adapts to the dark and gradually
depolanzes At ‘light ON Lhe s»"rslem depolarizes and begms to spike at the previous
) frequencx mc the SMNS lhe 1a1&c> for the ON response is variable and.long (severs

seconds) relative to the OFF respon

Ablation of the ‘ocelli and tentacles has thetsam;ef'fects on the "B” system as‘%tiis
operation did on the SMNs. Under normal lighting conditions, the "B" system s‘pikes at a
similar frequency as the intact preparation. At light OFF, thére.is a 10-20 mV
hyperpolarization without the high frequency burst of action pot_emials‘f(Fié. 1,5‘c)'.' This
hypefpolarization continues in the dark; at light ON, the g system depolarizes and
resumes firing at its previous frequency.. ' ' o,

Recordings from the "B" system in 'MgCl; anesthesia, like the SMNs, show no

detectable response o .change's in light (Fig. 15d). All PSP activity is absent; but the
. 't @ = - ‘



Figﬁrg 15. ‘tnu;ccumaf recordings from the "B” system’ network in the ONR of
Polyorclus with’ the hght trace below. a) RcspOﬂSC of the "B” bsvstem to a rapid shadow
 m thc mtact preparauon Nomc the hlgh frequency burst of action pou:rmals on the

. undemmg s‘owzwmmauon b) Oscilloscope trace showing delay of the "B” system after
'hgm OFF \,Sweep was j(ngsered by, J.hc llgh[ momtor c) Shadow response of the "B™
svstem aftcr the bccllx and tcmadds have been rcmoved Like the SMNs there is 2
marked ,abécncc of the burstmg of APs a) light OFF. Synaptic activity is still apparcnl
Probably coming from other systems in the ONR. d) "B" system recording with all

synaptic activity, plocked by MgCl, anesthesia. There is no detectable response 0 shadows.

; .
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SVSIEM appears 10 have some endogenous thythmicity as 1t fires at a fairly regular

frequencs

Recordings trom Mvoepllhel.la/ L ffectors of the Tentacles and ONR

Intracellular recordings from the ectodermal m»oepnhehum of the tentacles show
umtary EPSPs that can be correlated 1:1 with "B system action potenuals (Fig. l6).
Simultaneous recordings frem widely separated tentacles show the synchronizing clffects;, of
the electnically -coupled (Spencer and Arkett 1984) "B” system (Fig. 17) kRach EPSP (¢
assoCiated with é local tentacle contraction.  This connection ts chemical in nature as v
bathing the preparation in MgCl. anesthesia reversibly abolishes the EPSPs. "B” s_vstchx
spikes also produce unitary FPSP<n the cctodermal epithelium overlving the ONR
(Spencer and Arkett 19%4) and show the same latency as o the tentacle myocpuh/cllum
<'Hg 18)  EPSPs seen in the ONR cpithelium are. however. shightly attenuated relam-'c 10
those seen n the tentacle myoepithelum.. This may be due to the relauvely deeper
location of the "B” system in the ONR a»t; compared to the shallow piexus of the "B"
svstem n the léntaclc‘. An hight OFF. H’SPk from both the tentacle myoepithelium and
the ONR cpwitﬁelium summate. during which time, the teniacles can be seen to rapidly.
shorten in consecutive contractions. ‘

‘Recordings from the ONR epithelium show additional acuvity which appears 1o
"‘ .COHSISI of o?ershooti'ng acuon potentials. These “spikes” althbugh of large amplitude
relative lo‘the .+ B system -generated EPSPs. do not appear to be a ™Bult of "B” system
spikes because they occur out of phase with them. This activity is most apparent during
the shadow response (Fig. 19). but can occur spontaneousl\ n smglt:s Or 1n muluples
‘ Thése "spikes” are most obwous in the ONR epithelium, but they are also present in the
tentacle myoepithelium, albeit severely attenuated (Fig. 19). Their presence in the ONR
epithelium suggests that these action potentials ox:iginale in the ONR Aepi[hé’iium or from
specxahzed muscle groups near the. ONR, such as velar radial musclesand. sphmcter {nuscle
Spencer (1978 198,1) and King (1979) have recorded similar acnvuy from radlal‘ quscle ui‘b'
radial*canal and endoderm, all- of whnch may %e mvolved m the severe contracuo‘ns 0‘?‘%
tentacles and involuti®h of the bel’l ;‘g;arg‘m durmg crumplmg The attenuation of Lhé\
ampmude of fhese ONR epfthellum splkes sﬁg'gests Lh\at they may not be overshooung



Figurc' 16. Dual imraccﬁiﬂaégpr&hé/from the m?oepithchum of the tentacle (1) ,
(resting potential about -40 mV<) and Jfrom the "B” system in the ONR at the base of the
game,,itnt;aclé (2). The‘most stable recordings for the tentacle myoepithelium were very
sﬁallo&i~withdn the Lcmcrf)f .the ocellar cup, although identica] recordings can be obtained
. from more distal portions of the tentacle. Delay from peak of "B" action potential 10

start of depolarization in tentacle epithelium is constant at §-10.ms.
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Fxgurc 17 a) Widely spaced (>1 0 cm) sxmultaneous intracellular .x‘ecordin.gs from the .
myoepuhchum of two tcmacla recorded at the ocellus. During light ON, EPSPs are
synchronized by the "B .system spka At light OFF (largc arrow), both traces show
summmg EPSPs duc to a’ rapid burst of the "B system. Small arrows\n bottom trace -,
’mdxcatc the prcscncc f some local input not, seen in the upper trace. b) Recordmg from
* the same posmop as in (a) but after a break (dashed hne in msct) in the ONR Qas_ \
made Although the response 0 shadows is intact, there is a nom:cablc asvnthromzation
in the "B" system- gcnerawd EPSPs due to Lhe ONR chsrupuon Notice that the:delay
from light OFF (mge arrows) to tH® first dcpoxanzaug\ of EPSPs is glso asynchronized
at r.he W0 dlfferem recordmg sites.

%
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~ Figure 18. Dual intrac;llular recording from ONR epithelium (1) (rcs;ing pOL.anial about
40 mV). and "B" systcm in the ONR (2). Recordings were made wnhm one tentacle of
cach ot.hcr Six oscilloscope sweeps show the short and constant dclay of -the EPSPs in
the cpxthehum whxch is sumlax 10 thq delay between Lhe "B" system and u!nuclc

myoepithelium.

N






Figure 19. Dual intracellular recording from the tentacle myoepithelium (1) and from the '
ONR ‘epithelium directly below that tentacle (2). Notice that EPSPs are synchronized due
" 1o common input }from the "B” syste;. but that the ONR épitheliufn EPSPs are |
somewhat altentuated. At light OFF (arrows), both systems depolarize with the EPSPs
recorded at the ocellus (1) slightly leading the EPSPs in the ONR. This suggests that the
OFF response is initiated ai the ocellus. EPSPs sum in both systems with “spikes” most
. obvipus in the ONR epithelium. These "spikes” are severely attenuated in the tentacle

myoepithelium, but produce additional EPSPs, which are unattributable to the "B" system.

N
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actions potentials, and their attenuation is duc\ 1o decremental conduction through the
electrically-coupled epithelium from the ONR to the tentacles. These additional |
depolarizations by the myoepithelium-generated “spikes™ may augment tentacle contractions
by adding onto the aiready summing EPSPs produced by the "B” system. This addiu'yc
effect may be most important during “crumpling” when tentacle contraction is most "
severe. These same ONR epithelium “spikes” also produce long duration inhibitory
post-synaptic potentials in the SMNs (Spencer 1981, Spencer and Arkett 1984). This also
Suégats that these “spikes” are involved 1n the crumpling behavior as the SMNs are |
inhibited during crumpling. The marked presence of the “spikes” in the proximal portion
of* the tentacles may also enable Polyorchis to maintain the sink-fishing® posture (Fig. S
Chapter 2). The proximal ‘portion of each tentacle is held outward while more distal

portions of the tentacle is relaxed and drops downward.

Responses of the "O" System 1o Light Intensity Changes
With the ocelli and tentacles intact, the "O" system typically shows very regular,

non-spiking membrane potential oscillations at a frequency of approximately 1 Hz. These

"oscillations are disrupted at light OFF (Fig. 20a and Spencer and Arkett 1984) with a

10-20 mV h)perpolanzauon after 2 mean delay of 153.2 + 3.7 ms (£ 1SE; n=18 from 6
individuals) (Fig. 20b). No action potentials have ever been observed in this system and
no bursting activity is seen at light OFF. At light ON, the "O" system depolarizes and
the oscillations resume their previous frequency. The «delay of the ON response is fairly
constant and is similar (o that of the OFF response. - This is in contrast to the SMNs and
"B" system whose ON latencies are longer and more variable than their OFF response
latencies. Initial oscillation frequencies after the light ON are slilghtJy higher than

prc -shadow frequencies, Butme\osmllauons return to their regular frequcncy within several

seconds. lf the preparation is left in ‘the dark, the "O" system appears to adapt as

" oscillations spontaneously reappear after 5-15 scconds (Fig. 20a). These oscillations are

initially of low Exmplitudc and low frequency, but gradually return to their previous values.
Neuro-neuronal chemical connections, which can be reversibly blocked by MgCl,
anesthesia, between the "O" system and the "B” system and SMNs are extensive. Spencer

and Arkett (1984) showed that both the "O" sysiem and SMNs received simultaneous
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Figure 20. a) Intracellular recording from the "O” system in the ONR (top) and
extracellular suction electrode recording from the ONR (bqgm\g) showing the response of
an "intact” animal 1o rapid light intensity changes. At light OFF, five swimming

contractions (arrows) can be seen as a response in the SMNs as the "O° system rapidly
. <

hyperpolarizes. At light ON, the "O" system rapidly depolarizes ancP shows the
exaggerated initial oscillations. The second light OFF shows an ﬁpparem adaptation of the
"O" system to the dark as oscillations spontaneously return to their initial resting potential
and frequency. b) Inset shows triggered "O” system hyperpolarization at light OFF. Top
trace shows "B° system-generaied EPSPs recorded from the tentacle myoepithelium.
Sweep was triggered by the light monitor. Arrows. indicate synaptic input onto the "0

system from "B system spikes.
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discrete EPSPs and suggested that they had a common ongin. Thcsc FPSPs 1n the "O"
system are seen most often duning the strong hyperpolarization of the OFF response (kg
20b). 1 s clear that 1t 1s the 'B“symcm which has common inputs to both the "0" and
" SMNs_ The SMNs also feed back onto the "O" svstem as well because SMN spikes can
alter the frequency of the "0 system by interpolatg oscillations (Spencer and Arkett

1984) This type of ;npul and 1ts 1mportance is more evident when action potenuals from
the SMNs can imtate oscillations in the "O" system when 1t 1s hyperpolarized after lLight
OFF (Fig. 20c)

Removal of the ocelli and tentacles does not affect the normal oscillavon
frequency of the "O" svstem n light. and the OFF response 15 only shghtly disrupted At
hght OFF. the svstem again hvperpolanzes and the oscillations stop (Fig. 20c). The delay
of the OFF response 1s. however, more vanable and generally fonger (1-1.3 ¢} than the
intact preparation. At hight ON the s_\"sxcm depolarnizes and returns 1o its regular
ffquency. Another response occasionally observed 15 that instead of a hvperpolanzauon
and absence of oscillauions. there 1s a significant decrease in the oscillation frequency at
hght OFF (Fig. 20d). In representative tnials taken from several individuals the mean
frequency (-1 ISE) of oscillations at light ON was 0.855 = 0.006 Hz (n=141) and at light
OPF was .75 = 0.008 Hz (n=153). In both conditions the oscillations were ver
regular as indicated” by the low standard error. One-way ANOVA (Sokal and Rohif 1969)
shows that the mean frequency of oscillations at light OFF is significantly (p < 0.001)
lower than the oscillauons at light ON.

When the "O" system is isolated by MgCl, anesthesia, it 15 the only one of the
three systems stud}ed that shows an immediate response to light intensity changes ( F’i:g.
20e). During light ON, no PSP activity is visible and the oscillations, which are unjque
to the system, are absent or severely attenuated. (ther than the attenuation of
oscillations, the system behaves as the “intact™ system. A1 light OFF, the "O" system
hyperpolarizes with the delay from light OFF 1o the initial hyperpolarization only slightly
longer (approximately 280 ms) than the normal delay. No oscillations are observed during
light OFF, and at light ON. the system:depolarizes after a delay similar to the OFF
response. The "O" system also appears to adapt to dark conditions as it gradually

depolarizes and returns to the pre-shadow membrane potential (Fig. 20e). When the "O"
rs



Figure 20. ¢) Intracellular recording from the "O" system (top). SMNs (muddle). and an
extracellular electrode over the ONR (bottom) showing the effects of a shadow on the
svstems without the ocelli. Large biphasic complex pulses in the extracellular trace
cqrrespond to SMN spikes and swimuung»musclc contracuons. Both‘ the "O" and SMNs
hyperpolanze at light OFF. 20 nA of positive current (arrow) was injected into the SMN
system causing an SMN spike and a swimming contraction (seen in the third trace) which

produces a single EPSP 1n the "O" system (top) and rapidly restarts the oscillations.
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Figure 20. d) Intracellular recording from the "O" system (top), extracellular recording
from the ONR (middie), and light trace (bottom) from .g brcparation with the ocelli and
tentacles removed. Notice the "O" system shows a marked reduction in oscillation
frequency at light OFF with a general broading of the trough of the oscillations. "O"
system oscillations can be seen in the extracellular trace and the large biphasic pulses are

swimming contractions.

~
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Figure 20. e¢) Dual intracelllular recoiding from "Q" system (top) agd SMNs (bottom)
from a pfeparation‘ bathed in 1:1 mixture of isotonic; MgCl, and sea water. Notice that
the oscillations are severly attenuated in the "O" system, but it responds to the shadow as
the 'intact"“ ".Ov" system. SMNs do ndt show any _changc in freqﬁency or mcmbx_’an:

'poteniial ;
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system has adapted, there is little effect observed wher the light intensity is increased.
Recording of the "O" system from .the Ocellus '

| Because portions of the "O” system have been found to extend up to each ocellus
(Spencer and Arkett 1984; Grimmelikhuijzen and Spencer 1984). attempts were made to
record from the "O" system at the ocellar cup. Typical "O" system activity and responses
to light intensity changes cantbe recorded from deep inside the ocellar cup (Fig. 2la).
Only 'thr'e'e such recordings were made after numerous attempts. This is probably due 10
the unstable, nature of the recording loéa\tjon as log:al tentacle and other muscle
contractions dislodge the electr'cidef ~Typical shadow rcsponsés of the "O" system have also
beT recorded while under MgCl. anesthesia (Fig. 21b) and they are comparable ‘to those
of the "O" system recorded in the ONR in MgCl, (Fig. 20e). The exact depth of the
recording sité was not determined. but it was below the open cup area. ;

|



Figure 21. a) Intracellular recording from deep within an ocellar cup of Polyorchis.
Recording from an "intact” animal showing the response to shadows which is nearly
identical to that of the "O" system recorded in the ONR. At light OFF (arrow), the
membrarie potential hyperpolarizes, the ogcillnﬁons cease, and thén reappear in’ ihe dark.
b) Recording from the ocellus from an ammal in 50% MgCl,. The response is sumlar to
that of the "O" system recorded in the ONR under MgCl,.
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Discussion

I suggest here that the simple behavior of Polyorchis in tesponse to rapid
_redhctiong in light intensity is a simple reflex. If it is in fact a genuine reflex, then this
behavior must meet the three criteria I have set forth. I will discuss here the first two of
these criteria and present evidence for the third in Chapter 5.

Shadow Response Sequence !

The response of }’olyoichis to rapid reductions in light intf:nsity involves several
systems operating in a predictable and ordered sequence. Since it has not been possible to
record intraceliularly from all SYstcms simultaneously, 1 have summarized the results from |
this and other studies to illustrate the suspected sequence of events during the shadow
response (Fig. 22). The first detectable event seen after light OFF is the nearly
simultaneous "Q" system hyperbolarization and SMN depolarization after approximately »
155ms; the "B" system initial depolarization lags slightly, by approximately 10 ms. This
slight delay in the "B" system results in a similar delay in initiation of the first action
potential, which typically occurs after the first SMN spike. Therefore, the barrage of
EPSPS observed in the SMNs during the iqiliil depolarization of the shadow response are
not a result of "B" system spikes as is rcgul;"rly seen during normal swimming (Spencer
and Arkett 1984). Anderson and Mackie (1977) found similar results and suggested that
another system, other than the "B" system (then known extracellularly as the marginal
pulse or MP sys'lcm\) must be responsible for the EPSPs and depo}arizau‘on of the SMN
after a shadow. The v_'other" system may be the "O" system as the SMN and ."'0"' system
show nearly simultaneous changes in membrane potential. Al Present, it is not known
whether the connections between the "O" system and SMNs and "B system are mono- or
polysynaptic, but there is no indication of any other neuronal system.‘

The first SMN spike produces EPSPs in the subumbrellar epithelial cells overlying
the SMNs (approximately 3.0 ms latency) which leads to a biphasic action potential of the
swimming muscles (Spencer 1982) (Fig. Zi). The biphasic swimming contraction, which is

seen only while recording close to the SMNs, can be broken down into an initial velar



Figure 22. Reconstructed intraceliular recordings from the functional units of the shadow
reflex in Polyorchis penicillatus showing the timing of cach event after a shadow. |
Information for swimming myoepithelium is from Spencer (1982). The first event after
the shadow is the hyperpolarization of the "O" systcﬁ followed by the depolarization of
the SMNs and "B" system. Notice that the "B" system fires at a greater frequency than
the SMNs and results in rapid, summing tentacle contraction; this occurs before the second
swimr&ng contraction. NOUCE also that the first swimming myoepithelium action potential.
is shorter in duration than the second. EPSPs which result from feedback from the "B°

system and SMNs can be scen in the "O" system.
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muscle contraction followed by sustained contraction of the subumbrellar swimming muscle
which is observed in most medusae (Satterlie and Spencer 1983). Results shown in Figure

14 indicate a lower limit to the interspike interval of the SMNs at 400 ms, althoy h ‘there

is some indication from bchavioral obscrvations that this apparent spike train ada'

may be important in producmg efficient swimming contractions by ensuring suf fi '
diastole before the next swimming contraction. Spencer (1978) found the Sw"“',. :

muscles were refraclory until about 100 ms after the:r complete repola izatfpn.

period of "pump refilling before the next swimming contraction occurs (Gladfelter 1972;
Spencer and Satterlie 1981; Daniel 1983).

The first "B” spike produces an EPSP in the tentacle mybepithelium after or
concurrently with the first swimming muscle contraction, but due to the siow decay of the
EPSPs and the short "B" system refractory period (Fig. 14), the hmgh frequency Burst
cﬁuses rapid summation of subsequent EPSPs. The bmtm&ggﬁractcristic of the "B”
system ensures that the tentacles are fully contracted before thé n;:;t swimming
contraction. Thus, the behavioral sequence of events in response to a rapid shadow is
highly predictable and consists of an initial single swimming contraction, followed by a
series of rapid successive tentacle contractions, finishing with several more swimming

contractions.

Reflex Arc Components

The predictable response of Polyorchis 1o shadows follows identifiable neuronal
pathways and may involve all the components of a true reflex arc. Such an arc shoyld
include receptors, afferents, a centralized integrator, motor neurons, and effector organs.
The connections and arrangements of these components are éummarized in Figure 23. The
motor and effector portions of the reflex are well understood from previous studies.
SMNs control swimming muscle contractions (Spencer and Satterlie 1980) while the "B”

system 1s clearly responsible for driving tentacle contractions. No such motor role is



Figure 23. Circuit diagram of the connections and components involved in the shadow
reflex in Polyorchis. Resistor symbols represent electrical coupling between cells within
each systcm.l The "Q" system is shclown'both as continuous with receptor cells of the
ocelli -(2)and as second-order neurons to the receptor cells of the ocelli (5) (see text for
discussion on these differences). Both situations show inhibitory input onto the SMNs
and "B" system and removal of this inhibition during a shadow may cause SMN and "B”
_system depolarization. Connections for the SMNs ‘and swimming muscles (3, 6) are from
Spencer (1978). Notice that the SMNs have excitatory feedback onto the "O" system.
The "B" system (1, 4) has excitatory input onto the SMNs, "O" system, and epithelium.
Excitatory input ont(; "epithelium " represents both ONR epithelium and tentacle
myoepithelium. "Mesoglea” respresents the mesoglea that separates the inner and outer

nerve-ring. \
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suggested by the "O" system as its regular, non-spiking oscillations do not correlate with
any overt behavior. The central location of the "Q" system between the ocelli and the
swimming motor neurons suggests that it is primarily involved in the integration and
afferent conduction of photic information (Chapter §), but it may alsd be important in
the detection of light.

Altﬁough the "O" system shows strong chemical synaptic feedback from the SMN
in the form of discrete EPSPs (Fig. 20), it is as yet unknown how the SMNs "read” the
rapid hyperpolariza’tion of the "O" system at light OFF. The resultant depolarization of
the SMNs could be a result of a shadow-induced releasc frc;m "O" system inhibition. 1T
an inhibitory transmitier were tonically released in light, "B" system and SMN activity
would be suppressed. At light OFF, the "O" system hyperpolarizes, possibly causing a
rapid release from inhibition of the SMNs and "B" system, both of which rapidly
depolarize and spike. The rapid burst of spikes may be due to increased excitability
caused by post-inhibitory rebound. That thils process may occur is evidenced by 1h¢ fact
that the spiking frequency of the SMNs are graded with respect to the degree of inhibitory
release (i.e., rate and magnitude of "O" system hyperpolarization . Chapter 5). Further
evidence for this is given by Spencer (1981), who was able to inhibit SMN action
potentials by injecting a coastant hyperpolarizing current. However, the characteristic
oscillations of the "O" system prob'ébly cause alternating inhibition and release of
inhibition, the effect of which is occasional membrane depolarizations and spiking in the
SMNs and "B" system. Only when the "O" system remains hyperpolarized (¢.g., during
extended light OFF periods. Fig. 20) does one see prolonged hypcrpolarizayion of the
SMNs and-"B" system and an inhibition of action potémials. A similar mechanism for
the bursting activity of the second-order neurons of the supra-oesophageal ganglion has
been suggested to explain the barnacle ‘shadow reflex (Milliecchia and Gwilliam 1972). In
this 'system, GABA functi(;ns as the inhibitor§ transmitter which is tonically released from
the barnacle‘ receptlor axon in light (Koike 1983). At light OFF, GABA release is
suppressed and spiking activity of the supra-oesphageal ganglion is produced by a release
from inhibition (Millecchia and Gwilliam 1972). This phenomenon of disinhibition, a
suppression of an inhibitory transmitter release upon light increase or decrease. appears 1o

be a common feature of photoreceptor systems in both vertebrates-and invertebrates (Fain

-
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1981; Laughlin 1981; Fain et al. 1983.). This same mechanism may function in Polyorchis
but, unfortunately, there are no conclusive studies as to the nature of the transmitier of
the "O" svstem (but sec Grimmelikhuijzen and Spencer 1984). Atlcrﬁpts to rapidly
hyperpolarize the "O" system by current injection to produce a burst of APs from both
the SMNs and the "B” sysiem have bccnysuccessf’ul, although the frequency of "O"
system oscillations can be altered. Constant depolarizing current injected into the "O"
system does increase the frequency of ocillations while constant hyperpolarizing current
does stop oscillations. Loading of the "O" svstem due to its extensive electrical coupling,
probably prevents ring-wide hyperpolarization and prevents the bursting of the "B" system
and SMNs.

The efferent feedback from l)hc SMNs onto the "O" system (Fig. 20) may be
important in altering the sensitivity of the photoreceptor system to light intensity changes.
Kaplan and Barlow (1980) and Barlow (1983) found that efferent activity, which increases
at night through a circadian clock, can drastically increase the sensitivity of Limulus lateral
eyes. It was suggested that this increased sensitivity of nighttime "vision” is important
for locating mates at night (Barlow 1983). Similarly, the SMNs may "prime" the shadow
response by depolarizing the "O" system, restart the oscillations, thereby increasing the
photic sensitivity during dusk. This property may be important in enabling the shadow
response to recur repeatedly when light intensity is very low and the rate of decrease is
greatest. This may explain how Polyorchis sees only the greatest rate of change in light
intensity which occurs after sunset (Chapter 3). 1 have found no indication of a
circadian clock system with respect to swimming activitv as observations of individuals on
the treadmill over 24 hour‘ periods of constant light intensity shows no difference in
swimming frequency. However, both the "B" system and SMNs do show endogenous
spiking activity when isolated in MgCl, (Fig. 13 & 15). Long term recordings from these
systems w'ere not possible, but the "B” system at least may show some circadian activity.
The function of the characteristic "O" system oscillations remain enigmatic. It is not clear
if the post-synaptic systems "read” these oscillations or whether they are merely a
function of excitafory feedback from the SMNs and "B" system and a® unused (but see

Chapter 5).
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mﬁtthough the peripheral projections of the "O system extending up each

tentacle (Spencer and Arkett 1984) and the ocellar nerve (Spencer 1979; Singla and Weber
1982a) appear to be synonomous some doubt remains as to whether the "O" system/
ocellar nerves are second- order neurons 1o the Teceptor cells of the ocellus or the receptor .
cells are terminal outgrowths of the "O" system Several lines of evrdence point to the
latter explanation.. The "O" system reSponds to’ shadows by graded potential changes
'(Chapter 5), typical for most pnmary photoreceptors although second order neurons ip

. both vertebrate and i
1981; Laughlin 1981)

ertebrate v1sual systems -also show graded potential changes (Fam
I
"The "O" system shows these graded potential changes with or

L3

without the ocelli pfesent and after isolation from synaptic inputs. The number of
photoreceptor cells and ‘axons in' the ocgllar nerve shout al:l correlation -(Singla and
Weber 1982a). 1 have shown in this study that norrnal “O".system recordings can be
made from the ocellar cup (Fig. ). Grimmelikhuijzen and Soencer (1984) using an

" antibody to FMR'Famide conjugated to fluor_escein found that the ocellar nerue (oart of
the "O" system) terminated at the ocellus in typical "flask-shapéd " sensory cells which are
similar to those of most medusan photoreceptors (Singla 1974). However they state that
-these cells terminated at the periphery of each ocellus and the photoreceptor cells lymg
within the ocellar cup. were not immunoreactive. These data all suggest that meurons of
the "O" system within the nerve- rmg the extensxons up to the ocellr and the termmatrons
’of the "O" system at the ocelh are continuous and are mnately-photosensrtwe. The
'apparent photoSensitivity of putative neurons in the subtentacular region of a closely -
related hydrdrnedusan. Spirocodon (Ohtsu 1983) may be explained by a photosensitive
system simi.lar to the "O" system of Polyorchis. Likewise, the apparent photosensitivity of
the swimming motor neurons in Spirocodon (Ohtsu 1983) like Polyorchis (Anderson and
Mackie 1977) may be attributed, to chemically mediated input from the innately
photosensitive "O" system homologue because it is clear from this study that the SMNs
are not photosensitive "The pronounced photic response of hydromedusae that lack |
specialized photoreceptors (e.g., Aglantha, Stomotoca Gonionemus) may also be explained
by an mnately photosensmve "O" system homologue. However, Satterlie (1985) proposes

\another explanatron to extraocular photo:s\ensmwty He has described putative extraocular

photpreceptors tha_t are located “just outside the ONR . fiber tracts and suggest ‘that these
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structures have excitatory inputs onto ONR networks There is, however, at present no
direct evndence 10 supporl the photosensitivity of these structures.

Singla and Weber (1982a) however, provide morphologlcal evidence which suggests
that the "O" system is made up of second ofder neurons to the%b reéeptor cells of the
ocelli. They 'showed afferent and efferent synapses between the receptor cells in the
ocellar cup and the proposed secondary neurons. This arréngement has been observe\q in
, several other medusae (Toh et al. 1979; Yarmamoto and Yoshida 1980). However, these
chemical synapses may be due to ‘connections betweenrthe "o" Qnd "B" system at the level
. of the ocelli. The best evidence for this come "rom Gnminehkhuszen and Spencer
(1984) who found that connecuons between the ocellar nerve (parl of the "O" svstem)
and the "B" sysiém were present-near the ocellus. as well as near the tentacle base. It is

’

clear from the present study thal these connections at the ocellus must be intact for the

"

bursting response of the "B" system as ablation of the ocelli elrmin'ates this response.
Furthermore, Figure 19 shows thnl there is a Qifferential delay in the initiation of "B”"
system-generated EPSPs which also suggests thar "B" and "O" system é‘onnections althe
'ocellus are present Further evidence :}Q the connections between the "B" and "O"
systems. must be intact at the ocellus(‘\‘ o0 produce a shadow response is given by Hisada
(1956) Using Spirocodon, he showed that an isolated tentacle with an ocellus intact
~ showed a normal response to a shadow, namely rapid summing contraction of Lhe temacle.‘
Some portion of the "b" systein would still be intact and its response 10 a shadow could
'produce bursting in the "B" system. ‘ ‘
Eakin e( 1968) has suggested that the cnigdarian pholoreceptor cells may be the origin
of the ciliary line of photoreceptors, which culminates ‘with the vertebrate retina. Because
the structure of the receptor cells of the vertebrare retina and th(;se of the ocelli of ¥
Polyorchis are based on cilia (Eakin and hWeéAfall 1962; Singla and Weber 1982ab), one
might predict that their cellular responses Ty light intensity changes may ibe similar and in
general, most ciliary photoreceptors do tend to show the characteristic graded
hyperpolarization with a light stimulus (McRe'ynol‘ds 1976)."‘ Conversely, most of athe-ﬁ \
photoreceptors of the rhabdomeric line (Eakin 1968) generally tend to show a graded
~ depolarization to light stimuli (Laughlin 1981). There are,’ however, a growing number of

exceptions to these generalizations as more animals are examined, suggesting that Eakin's
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scheme for the dichotomous line of photoreceptor struciur'ai (ana presumably functional)
evolution does not hold. Indeed, Salvini-Plawen and Mayi (1977) have suggested that
there may be at least forty different phyletic lines of photoreceptor differentiation of
unmodified cells. 1t seems reasonable 1o assume that cellular responses of photoreceptors
may also show some diversity or at least not be confined 1o the ciliu‘m / hyperpolarization
and rhabdom / depolarization dogma. 'Tiius, we may not be aole to make predictions
about a photoreceptor response based solely on it morphology. 1 have proposed that the
ciliary receptor cells of the ocellus are continuous with the "O" system and that it is the
primary photorecepior system. 1 will demonstrate that the "O" system shows a ’graded

" depolarization in response to light stimuli (Chapter 5), which is similar to the response of
rhabdomeric photoreceptors. This apparent structure / function aoomaly can not be_
resolved until it is shown that the "O" System is the primary photoreceptor and more
intracellular information from other medusan photoreceptors is available. For this reasori,
I have included the two possible arrﬁngemems between the ocelli and the "O" system in
the circuit diagram of the shadow refiex (Fig. 23).

From a behavioral standpoint, it may not be necéssary to functionally differentiate
the "O" system from the receptor cells. What is important is that at some predictable
time after a shadow, a soq‘uence of events is initiated that starts with the hyporpolarization
of the "O" system. This, together with the centralized location of the "O" system in the
ONR makes it a focal point for stu‘dyin/g how photic information is integrated. Thus, the
"O" system is of primary importance in the shadow response, pOssibl_i' functioning as the
receptor, certainly transmitting photic information to efferents w‘hich'comrol tentacle and

éwimming muscle contraction, and as will be seen in Chapter 5, integrating photic

information.
Y -
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Introduction

There are several general unifying properties of photoreccplqrs despite their wide
variety of structural configurations. First, photoreceptors rcsponq/&i‘o changes in light
" intensity with a graded potential that is directly proportional to the magnitude of the
change in light intensity. That this analog signal can convey very precise information
about small changes in light intensity to post-synaptic systems is probably the most
important function of the graded potential (Fain 1981). Secondly, many photoréceplors,
both vertebrate (Fain et al. 1976; Schwartz 1976) and invenebrate (Laughlin 1981) are
clectrically-co;xpled. This property may function as a first line of photic integration by
improving the detection of photic stimuli (Fain et al..1976; Schwartz 1976; Gold 1979).
It would, therefore, not be surprising that the well-developed photoreceptors of
hydromedusae were electrically-coupled and showed graded potential changes in response to
light stimuli. However, that an electrically-coupled photoreceptor system could function as
a central integrator of photic information in the simplified nervous system of a
. hydromedusan has not been considered. -

There are only a few studies that have suggested the presence of a graded electrical
response of hydromedusan ocellar receptor cells to changes in light intensity. Weber (1982
a,b) recorded from the‘ocelli of Polyorchis, penicillatus and Sarsia tubulosa and found a
graded positive potential change in response to varying light intensities. Similar responses
have also been suggested'for Spirocodon saltatrix (Ohtsu 1983). However, these
electroretinogiam (ERG) studies used extracellular recordings from the ocelli and probably
recorded frofn several different units. Thus, the responses they recorded are some
combination of photoreceptors, second-order neurons (if present), and mydepithelium.
Furthermore, their lack of identification of discrete systems precludes conclusions about
the cellular nature of membrane potential changes of the photoreceptor system in response .
to light stimuli. Spencer and Arkett (1984) have shown that the elegtricélly-coupled_ "Q"
“system Tesponds to a rapid change in light intensity. In Chapter 4, 1 have provided
evi.dence demonstrating that the hypérpolarization of the "O" system is the first dete®able

event in the shadow response and that the "O" system is probably the priinary



120

photoreceptor system for the response. If the "O" system is the primary photoreceptor
system, then intracellular recordings from this system should show the cellular properties
of a hydromedusan photoreceptor, what specific stimuli are important to the shadow
response, and how this photic information is integrated to produce the coordinated,
predictable response. ”

I demonstrate here that the "O" system, which has been shown to be either the
primary photorwcplors‘or éecond order neurons (Chapter 4), shows a graded response to
the rate of change in light intensity. Intracellular recordings from the "O" system show
that it hyperpolarizes at a rate directly proportional to the rate of light intensity decrease
and thaf it depolarizes in proportion to the magnitude of light intensity increases. Spiking
motor systems (SMNs and "B" system), which are post-synaptic to the "O” syslém. also
show a graded response with the rate of depolarization and spiking frequency directly
proportional to the same light stimuli. The graded responses of the various systems ’
involved in the shadow response further supports my hypothesis that this response is a
reflex as 1 had originally defined it (Chapter 4). | propose that the electrical-coupling
properties of the "O" system are important for the integration of photic information in a
radially symmetrical animal like 2 hydromedusan. I also provide further evidence that the

shadow response does not function as a predator avoidance mechanism, but rather that

slow shadows are important in initiating diel vertical migration.
5



Methods and Materials

Conventional intra- and extracellular recording techniques used in these experiments
have been previously described (Spencer 1978; Spencer and Arkett 1984). All recordings
from neurona! networks in the inner and outer nerve-rings of thc hydromedusan
Polyorchuis penicillatus were made in seawater (15-18 °CY). Medium-sized individuals with
bell heights of 1-3 cm collected from Bamficld Inlet, Bamfield, B.C. were routinely used.

The light stimulus for these experiments was a green light emitting diode (Siemens
LDS7C) with a peak output at 560 nm. The LED was placed 1-2 cm from the outer
nerve-ring and ocelli. Light intensity at-full ON during routine recording conditions was
approximately 2.0 PW / cm? s (measured by ISCO Model SR Spectroradiometer). This
value is equivalent to about 0.10 microeinsteins / m s. Various stimuli were produced by
driving the LED with a function generator (Wavetek Model 180) through a current control
circuit. "Instantaneous” light intensity changes were made by presenting square pulses of
light with a square wave; slow changes in light intensity were made by using a triangular
wave function. Percentage and absolute changes in light intensity were made by manually
varying the DC offset and amplitude of the signai.‘from the function generator. For
square waves i)roducing "instantaneous” changes, the duration of the swilching time from
one light intensity to another was 0.4 ms. Percémagé change in light intensity is defined
as (I, - 1,) 7/ I, where 1, is the initial light intensity and I, is the light intensity after
some tim€ ( t ). All experiments were done in a darkened room. No attempt was made

to control adaptation times of the ocelli before experiments.



 Results

Responses 1o "instantaneous” percentage changes in light intensity

Intracellular recordings from the "O" system show a graded response to varying
"instantaneous” percentage changes in light inteasity (Fig. 24). The response to
reductions in light intensity is a rapid hyperpolariiation of membrane potential occurring
with the greatest magnitude in response to 100% reductions in light intensity. As the
percent reduction in light intensity decreases, there is a corresponding decrease in the
magnitude of the hyperpolarization. Per&:m reductions of light intensity less than about
28 - 30% fail to produce a detectable hyperpoiariza: on. However, reductions less than
28% occasionally cause a slight decrease in 'the f:‘:-queﬁcy and amplitude of the
characteristic "O" system oscillations. In addition, for the greatest percentage decrease in
light intensity, the "O" system remains hyperpolarized during the reduced light period. As
the percent reduction decreases. the duration of thé membrane hyperpolarization is
shoriened as it quickly adapts and returns to the resting potential. For increases in light
intensity, the "O" system responds wigt 3, rapid depolarization and a resumption of the
regular oscillations. The an;plitude of the initial oscillation at light ON also shows a
direct relationship to the percentage increase in light intensity (Fig. 24).

The SMNs also show a gracied rcfponse to varying pércemggg changes in light
intensity (Fig. 25). For reductions in light intensity, the depolarization amplitude and the
number of action potentials is directly related to the percentage decrease in light intensity.
One hundred percent reductions produce the greatest number of action potentials. For
smaller percentage reductions, the membrane potential of the SMNs depolarizes only
slightly, quickly adapts, and returns to the resting potential. The percentage decrease in
light intensity at which no response could be detected was consistently around 26-28%,
although very slight depolarizations have occasionally been observed with as little as 22%
change. For increases in light intensity, the SMNs initially hyperpolarize. ' This response
is most ;apparent for the largest percentage increases in light intensity and can often
terminate a burst of action potentials. Hyperpolarization of the SMNs in response to the

smallest percentage increases in light intensity were not detectable.



Figure 24. Intracellular recording from the ONR showing the "O" system response (top)
to varying "instantaneous”. percentage changes in light intensity (bottom). The magnitude
of the hyperpolarization and depolarization is proportional to the percentage change in
light intensity. Note that the membrane potcfxtial rcniains hyperpolarized only for the
100% reduction in light intensity. Current monitor reflects percentage change in light
intensity. Full up light is ON; full down light is OFF. Time from ON to OFF is 0.4
ms. The absolute change in light intensity f1:om ON to OFF is about 2.0 pW / m’ s.



124 .

I L r— 01




Figure 25. Intracellular recording from INR showing the SMN response (lop) to varying
"instantaneous” percentage changes in light intensity (bottom). The greatest number of
spikes in a burst is present dufing 100% shadows while no response is seen to either
increases or decreases to the smallest percentage change. Note that a burst of APs is

terminated by an increase in light intensity (arrows).
AN
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The "B" system shows a similar response to these changes in light intensity ( Fig.
26), although the hyperpolarizatidh at light ON is not as pronounced as in the SMNs.
Only a few of these recordings were possible and I was therefore unable to determine the

threshold percentage change in light intensity.

Responses to "ins{antaneous"' 100% :changes at various absolute light intensities

The ‘“O" system shows a nearly constant response to "instantaneous™ 100% changes
in light intensity at all the absolute light levels tested (Fig. 27). For 100% deé;eases in
light intensity, the "O" system rapid‘Ly hyperpolarizes at light OFF with the membrane
potential remaining hyperpolarized for the duratibn of the light OFF fperi.od. The
membrane potential may adapt and return to restin;gotemial after sevq;al seconds if the
light remains off (Chapter 4). The delay from light OFF to the first detectable
hyperpolarization is constant and does notvvary with the absolute light intensities tested.
During hyperpolarization 4t light OFF, the characteristic oscillations are severely
-attenuated, but high frequency PSPs are prominent. For increasés in light intensity. the
"O" system depolarizes rapidly and the oscillations resume their normal { gequency and
amplitude. Neither the frequency nor amplitudé of the oscillations showe&x‘an'y gorrelation
with the absolute light intensity dubring light ON periods, excepi at extremely low 1i‘gh1
intensities (Fig. 27). The "O" system does not appear to habituate 10 repetitive 'ch;*ngc,s_
in light intensity as it shows nearly identical responses to 100% changes regardless of the.n‘
number of consecutive repetitions. |

The SMNs also show nearly identic  ~sponses to 100% changes in light intensity
at varying absolute light imensities'(Fig. bR For decreasing light intensities, the SMNs
respond” with a rapid depolarization, -with a ¢ stant delay, and fire a burst of action
potentials. The number of action potentizils and the amplitud'e of the underiving slow
depolari;ation at light OFF is nearly identical for all the light‘intensili.es tesredg,gfxCep[ at ’
very low light intensities where spikes sometimes failed (Fig. 28). In situations where
only a few APs are produced at light OFF. prominent, high frequency EPSPs are present
on the slow depolarization (Fig. 28b). These are absent during light ON periods. The -
duration of SMN depolarization depends upon the duration of the-light OFF period (Fig.

29). However, if the light OFF period extends for several seconds. then the SMN burst



Figﬁre 26. Intracellular recording“b from the ONR showing the "B" system response (top)
to varying "instantaneous” pércentage changesv in light intensity (bottom). The "B"

4system Tesponse appears to habituate quite rapidly to repetive stimuli.
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Kigure 27. "O" system response (top) to 100% “instantaneous” shadows of varying
absolute light intcnéitics. Note that the ,OFF response is similar regardless of absolute

- magnitude of light intensity change. Shadow #5 appears to show some irregularity in its -
frequency of oscillations, which may be due to the law light intensity, but it does not
_appear to-be much different from #10. Notice also that the "O" system does not

* habituate as the response to rcpcﬁdve shadows is the same rcgard_less.of the number of
consecutive trials. The occasional transient depolarizations during light OFF
hyperpolarizations (arrowsi)'are probably due to excitatory input from the SMNs. The
mean (1 SE) (n=11) dela)"from' light OFF to the start of hypcrpolariz.ation'is constant
at 159.1 (6.1) ms for this trial. Light intensity at ON is approximatcly 20 pW / cm’ s,

-
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‘ Figure 28. SMN response to 100% 1nstantaneous shadows of varying absolute light -
intensities: a) Lnght OFF produces a series of APs underlain by a slow depolarization of
| nearly the same magnitude regardless of light level. Increases in light intensity cause a
hyperpolarization and often arrest the burst of APs produced by light OFF. Notice that
SMNs do not appeax to habituate to the 100% shadows and they will continue to respond
indefinitely. The mean ( %1 SE) delay from OFF to initial depolaiization\is 186.5 =
5.9: n=10. b) A different preparation from (a) showing the response of SMNs 10 100%
shadows. Note the high frequency PSP activity during light OFF periods and their
absence during light ON. The last two shadows caused marked depolarization of the
SMNs with prominent EPSPs, however, the SMNs failed to spike. Tlus may be due to

the low light intensity as with the "O" system (Fig. 27).
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slows and stops (Chapter 4). Increases in light intensity produce a hyperpolarization of
the SMNs, often terminating a burst of action potentials. The membrane potential
remains hyperpolarized throughout light ON period, but will begin to depolarize if light
remains ON for several seconds (Chépler 4). The SMNs response to repetitive changes in
light did not appear to habituate as they can follow frequencies of light change up 10
about 3 Hz (Fig. 29). Recordings from the "B" system for this experiment were not

possible, but | suspect that they respond in a manner similar to the SMNs.

Responses to "slow" changes in light intensity

The "O" system shows a graded response to the rate of percentage decrease in light
intensity. Figure 30a shows that as light intensity slowly decreases, the regular oscillations
begin to decrease in amplitude and become progressively irregular as the membrane
potential slowly hyperpolarizes. This gradual attenuation of oscillations and slow
hyperpolarization is most noticeable during very slow reductions in light intensity (Fig.
30b). The rate of "O" system hyperpolarization is directly proportional to the rate of
percentage light intensity decrease (Fig. 31). During light OFF periods. the membrane
potential remains hyperpolarized until light intensity increases or the "O" system adapls
and the oscillations spontaneously resume. The membrane potential depolarizes rapidly
with the first light intensity increase and the oscillations return, usually with the initial
oscillation larger and at greater frequency than subsequent ones. There doés not appear (o
be a graded response to the rate of increasing light intensity, although the delay for
depolarization is somewhat longer for slower increases in light intensity.

Intracellular .yecordings from the SMNs also show a graded response to gradual
percenu}ge‘changes in light intensity (Fig. 32). During slow reductions in light, the SMNs
slowly ‘.c’lepolarize under a barrage of EPSPs and begin to fire action potentials. Slower
reductions in light intensity produce a more prolonged dcﬁolarizadon and greater number
of APs, but at a lower frequency than faster reductions. During light OFF periods, high
frequency EPSPs are préminem as the membrane potential remains depolarized. As light ’
intensity gradually increases, the SMNs show a concurrent gradual hyperpolarization, which
of te.n interrupts a burst of action potentials. The high frequency EPSPs are absent during

this hyperpolarization. Spencer (1981) and Spencer and Arkett (1984) noted that



Figure 29. Response of SMNs to 100% shadows at various frequencies of light stimuli.
Note that the duration of the depolarization is directly related to the duration of light ON
and that even for frequencies up to about 3.0 Hz, the SMNs respond although no action

potentials are generated.

S,
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Figure 30. a) "O" system response (top) to varying rates of percentage light intensity
changes (bottom). Compare the slope of the "O" system hyperpolarization with the slope
of the current monitor (light intensity change). Depolarization at light ON occurs with
first light intensity increase ahd oscillations resume normal frequency. Initial oscillations
are often of greater amplitude and slightly‘grcater frequency than subsequent ones.

Notice also that the system does not habituate to slow changes in light intensity.-b) "O"
system response to the slowest attempted rate of light intensity change (1.7% / s).
Oscillations start to become very irregular and then the "O" system hyperpolarizes. Light
is fully OFF at large arrow. Small arrows indicate possible unitafy inhibitory

post-synaptic potentials IPSPs that appear only duh'ng membrane hyperpolarization.
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Figure 31. Plot showing the linear relationship between the rate of percentage change in
light intensity and the slope of the "O" system hyperpolarization during slow changes in
light intensity. Data were taken from intracellufff®yraces from 2 different animals. Y =

ificant at 0.01>p>0.001. Rate of

304 + 0.28 X; .= 094 n = 22. Regressio"?v“'

"O" system hyperpolarization appears to be li Nk ause for "instantaneous” reductions
(0.4 ms duration , 100% / 0.4 ms = 25,000% / 100 ms) the maximum rate of "O" system

hyperpolarization was 20 mV / 100 ms.
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Figure 32. Intracellular recording 'of SMN (top_‘) showing its response to varying rates af
'pcrcentage light intensity change (bottom). Note high frequency EPSPs during light OFF
and underlying slow depolarizations during decreasing light intensity. As light intensity
increases, EPSPs are immediately absent (arrow) and do not appear 10 be solelv a |
function of membrane potential. . Slow increasing light intensity agafn causes a Progressive
hyperpolarization. The response to repetitive reductions in light intensity does not appear

1o habituate.
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spontaneous hyperpolarization of the SMNs can occur and are attributable to action
potentials Vin the epithelium overlying the nerve-rings. 'However, the hyperpolarization of
the SMNs during increases in light intensity occurs without any epithélial spiking ,aétivity‘
(Fig. 33). The slow hyperpolarization of the "O" system and the depolarization of the
SMNs are nearly in pha'se with the "O" system slightly leading the SMNs (Fig; ). 1
was. not able to record simqlta_neou_g'\}uyv frong the "O™ system and SMNs and give
"instantaneous” shadows in ord ~,~.\"\j__\ m}ne conductance delays. However, data from

By .

. "' . 1 g v .
Chapter 4 on delays from the variqUssaPstems suggests that there are monosynaptic

connections between the "O", "B" systems, and SMNs, _
The "B" system shows a response similar to that of the SMNs, however, the

hvperpolarization during light increases is not as pronounced (Fig. 35).



Figure 33. Intracellular recording of SMNs (top) with ean;llular recording over ONR
(xmdd]z) and LED current monitor (bottom). Note that the "O" (m,. ) and "B"( &)
systems are active while SMNs hyperpolarize durmg light intensity increases. NoO spkag
activity from epithelial cells, which would be seen as large, biphasic potentials in the
cxuacellular trace, is present in the ONK recordmg during increasing light intensity and
SMN hyperpolarization. Notice that the first two small depolarizations in the intracellular
 trace (arrows) which correspond to the *B" system spikes are largcr than subsequent ones.

This is often seen whcn thc "B" system fires in pairs (Spencer an&! ‘Arkett 1984).



145

AWS0 _

VOO OO0 OGO OV O VYO O Vv v® <~“
. I 4
s

v v v v ) 4

Awoz |




‘ Figure. 34, Sirm'xltaneous intracellular recording from the "O" system (tojé) and SMNs
(middle) with LED current monitor (bottom) showing the résponscs during slow changes
in light intensity. Notice the interpolation of small,oscillations in the "O" system. resulting
_from SMN spikes (arrows). SMN spikes feedback onto, dcmlﬁﬁu- and speed recovery "5!"
the "O" system oscillations. Notice the high frequency EPSPs in the SMNs during
decreasing light intensity and hyperpolarization of the "O" system. SMN spikes are
"clipped" by the ben recorder amplifier. |

H
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Figure 35. Intracellular recording from the "B" system (top trace) showing its response
to slow changes in light intensity as shown by the current monitor of the LED (bottom
trace). Note the slow underlying depolarization during increasing spiking activity at light

. OFF.
/‘/’\
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Discussion

Graded response of the shadow ~reﬂex components

The graded nature of the "Q" systein's photic response demonstrated here appears
to be similar to that found in the few hydromedusan ERG studies that have been done.
Although it is difficult to compare the results f rom ‘this chapter and Chapter 4 with Lhc§e
studies (primarily due to their lack of intracellular information), several comparisons can
be made. Weber (1982a) conducted an extensive ERG-like study of the photic response
of Polyorchis. While recording extracellularly from the ocellar cup. he found graded
electrical activity in response to flashes of light of varving intensity. This positive
deflection appeared after a 50-60 ms delay from the onset of light flashes. The 'O'"
system shows a similar graded positive response to increases in light intensity (Fig. 24) .
although the delay found in my study 1s slightly greater. This difference in delay time
couid be due to svnaptic delav between a primary phmorcccpt;)r and secondary neurons
since Weber was recording at the ocellar cup and mv recordings were in the ONR.  This
seemns. however, far too long a period to be attributable soiely 1o synapuc delay.
Alternativelv . this dela\ discrepancy may be an age-related problem since Weber used small
medusae and "vounger” ocelli. | hiv/e suggested 1n Chapter 3 that vounger medusae ma\
be more responsive than older medusae and this phenomonon may produce these delay
_differences. Although Weber's (1982a) ERG study. like most ERGs. are primarily
interested in the response of photoreceptors to increases i hght mlérlsxty he showed that,
Polyorchis also responded to hight OFF with a slow positive deflection with a latency of
250 ms. followed by high frequency pulses. | have shown a graded hyperpolarization of
the "O" system at light OFF, the delav of which is nearly 100 ms faster. [ have ni; good
explanation for the discrepancy in polarity of these OFF responses. 1t seems unlikely that
Weber s AC. extracellular recordings could pick up the low frequency oscillations of the
"O" svstem. except at light ON or OFF when the change in membrane potential is most
_ rapid. The high frequency pu%ées following light OFF described by Weber (1982a). which
ne thought oniginated in the "nerve plexus of the oplical nerve”, are almost certainiy due

‘0 eitner "B7 svstem acuorn potenuals or tentacie myoepithelium contracuons. It



difficult 1o compaic the results of Weber's study with myv results since the ERG
recordings would intlude many combonems. Indeed. this problem has traditionally been
the source of much confusion in c¢cmdarian neurobiology. Weber (1982a) concedes that
precise nterpretation of his own results is difficult because his recordings “consist(s) of
component responses recorded from photoreceptors, pigment cells, and second-order
neurons of the opuic nerve”. Similar clectrical events have been recorded in a closely
related amhbmcdusan Splr?codon saltatrix.  Ohtsu (1983) foﬁnd that while recording in
the occ'llt}s {probably extracellularly). Spirocodon shows spontanecous oscillations in the
dark. These oscillanons appear to be analogous to the "O" system oscillations seen 1
Polvorchus, although the oscillations in Spirocodon are slightly smaller amplitude and
shightlv greater frequency. When the ocellus 15 illuminated with 500 nm light. there 15 a
large 1mitial raprd posiuve oscillaion. At hight OFF . “spike-like™ acuviny su;')erlmposed on

a slower positive potential was observed. This spike-like activity may again be attributabie

to a "B” svstem homologue and tentacle mvoepithelium contractions. 'l wever, beanng in
mind the differences in recording techmques and hight sumulr the i ¢ between the
results of Weber (1982a) and Ohtsu (19%3) and my findings support v interpretation

that the "O7 svstem 1s the functional photoreceptor svstem in Polyorchis.

An ERG from the ocellar cup of Sarsxab tubulosa appears 10 show a similar
response as that seen in Polyorchus and Spirocodon (Weber 1982b). However, a shightly
delaved. opposite polan deflection of similar time course, is seen while recording {rom
the more proximal opue ganglion. This polanty change, which 1s not seen in Polyorchis
or Spirocodon, 1s ém enigma because one might expect such a change dimng vtransmission
between receptor cells and-second-order neurons. However, no secondlorder neurons are
found In /_’?arsza,,tha! 15, the recepror cells of the ocelli are cominuous with the ocellar
nerve (Weber 1982b . Singla and Weber 1982). Additionaiy, Weber (1982b) found that
recording from the tentacular ganglion near the ONR .failed to show any activity directly
correfated with the ERG. Based on Weber's findings. the photorec/eptor organization and
‘mechanism appears to differ from that of Polyorchis and Spirocodon. That the resulting
photic behavior mayv also differ from that of Polyorchis and Spirocodon was shown by
Romanes (1885). He demonstrated that Sarsia did not show a shadow response. In fact,

Romanes (1883) showed that swimming in Sarsia 1s inhibited in the dark. but swims



actively 1n the hght.

The graded potenual of the "O" system may be important in providing more

"~ precise information on ven small, relatively slow changes in light intensity, a feat less

likelv with a dignal sngnal. This fine tuning may be possibic if the requng potenlnal Qf a
non-spiking system, like thc "0" system, were within a few millivolts of the threshold for
transmitier release (Wilson and Phillips 1983) .- Furthermore, if a non-spiking cell

tonically releases transmitter, as photoreceptors cells}tgenerally do (Chapter 4) (Fain 1981;
l.aughhn 1981; Famn jer’“al, 1983),'1hen even a slight depolarization or hyperpolarization of

"~

the membrane potenual could produce a graded increase or decrease in the amount of
transmitter released. Tr;us this analog mechamsm has the effect of maximizing the
sensitivity of the photoreceptor svstem. A similar mcchamsm mayv be operating with the
graded, non-spiking "O" system . enabling 1t to respond.to the smallest pre-synaptic
voltage changes or ’to the smallest change in light ‘imensit_\' and thereby causing a graded
elease of transmitter to the post-svnaptic s_\"stems {SMNs. "B" system). This graded
release thus enables the shadow response 1o be a graded function of the rate of light
Intensity ch'ange

I have demonstrated here the graded response of Lhe non- splkmg photoserfsmv
"O" system and shown that the rate of hvperpolarization of the "O" svstcm is derC[l\
proporuional to the rate of decreasing light intensitv (Fig. 31). In addition, the. t”"'
post - smapua spiking motor neuron Systems involved in the shadow- reﬂex (VSMNs "B"
system) show at first a corresponding graded response to this same sumulus wmeh 15 ‘
subsequently coded into spiking frequency. Thus, | have demonstrated thal the expressgon

of the shadow response is a graded funcuon and is directly related to a speczf c sumulus

This final component together with the demons[rable predictable sequem:e of’ evems aﬁd

identifiable units (Chapter 4) conclusively establishes that the shadow resjaonse of“

Polyorchis is a reflex as | had initially definéd it. . g
S

There is no a priori reason that the radially. symmetrical nervou %'
hydromedusan must conform to bilaterally symmetrical neuronal concepwh sucﬁ as a reﬂex

However, reference to and demonstration of the shadow response as a; s:mpl& reﬂex has
i’

eWous systems.

e

The idea that medusae showed reflexive behavior is not novel. Indeed,: 1) workers

1mportam-connotauons for the organization and mechanisms of simple,
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(Romancs 1885; Sherrington 1906) often used this term even though they labeled some
behavior as a reflex solely on the graded behavigtal response. | have also demonstrated
the graded nature of the shadow response (Chapters 3 and 5). More importantly,
however, | have been able to identify by intracellular recordings the various components
involved in a specific responsc and to show the cellular properties and function of these
identified systems. My propoéition that the shadow reponse is a reflex suggests that some
"centralized adjustor” must be present between the "receptor-effector” system characteristic

of medusae (Parker 1919). 1 propose that the "O" system is centralized between the

- receptors and effectors and further, that it is involved in the integration of light

information for the shadow reflex (sec below) and thereby functioning as a simple central
nervous system in Polyorchis. This 15 not to say that the "O" system is organized into
some kind of "ganglion” as Mackie (1991) has suggested for Sarsia. But, the perceived
lack of any lgind of "centralized adjustor” in hydromedusae has created a belief that there
is a concurrent lack of coordinated behavior, such as a reflex. Merely by using the work
reflex to described some simple behavior, like the shadow response, we do not return to
the idea that behavior is a result of a "chain of reflexes” (Sherrington 1906), but
.idemification of reflexes will enable coelenterate neurobiologists to refer to functional
neuronal components, to order behavioral hierarchies, and to suggest mechanisms of more

~

complex behaviors. "

dh 8
“ k‘!\‘;

Integration ofﬂLighl by Electrically-Coupled Networks
The electrical coupling properties of the "O" system (Spencer and Arkett 1984)

‘ ""'ma_v enable it to integrate information in a way analogous to the simple integration that

takes place in the electrically-coupled receptor cells of the vertebrate retina (Fig. 36).
‘The importance of the strong electrical coupling between receptor cells of the retina lies in
the fact that low intensity light may be amplified and detected by spatial summation of
inputs from widely spaced receptors (Baylor et al. 1971; Fain et al. 1976; Schwartz 1975,
1976, Gold 1979). In addition, the membrane potential changes in the receptors tend to
be synchronized by rapid electrotonic conduction through gap junctions, leading to a
temporal summation of inputs and enhancement of the signal. Extensive electrical

coupling of the receptor cells and more proximal cells (e.g., horizontal, bipolar) may also



7 summation of 'PSPs: : I'4
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_Figure 36. a)v Schematic diagram of the planar array of eleétrically-coupled receptor cells

in toad retina as proposed by Fain et al. (1976) an¢/ Gold (1979). b) Schematic of the
electncally coupled "O" system connecting the radla array of individual ocelli of

Palyc:!}us In each case the resistor symbol (RAAAAN—)TESpresents the electrical couplmg

- resistance between individual receptor cells or ocelh Lxght sumuh impinging upon a single

receptor cell (a) or ocellus, (b) should not produce a Tesponse in reSpecuve post -synaptic
cells, (horizontal, bipolar or "B" or SMNs). If light stimulates all receptors and all ocelli

simultaneously, ‘post-synaptic Celis should respond due to the spatial and temporal
- % - )
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" summation area of the recepuve field by mcreasing -the electfical-coupling resistance
between the horizontai cells (Negishi et al. 1983: Piccolino et al. 1982, 1984). Whether a
simuiar recepuive ficld narrowing by localized uncoupling occurs in Polyorchis and if it has
anv ‘uncuona. sigmficance 1s unknown. It is clear, however, that local contractions ‘of the
veium and tentacles can occur (Chapters 2 and #). resulting in turning behavior (Chapter
2 an¢ Gladfelter 1972 or selécuve tentacle contracuons. These activities mayv be due Lo
';écahz,ed uncoupiing of the mvoepithelia; cells, "B" sysiem, or completely separate local
Dathwavs |

The highiv predictable. ontogenetic chapges in the number and position of ocelli in
' Polyorchis suggests that there s 'some plasticity 1n’ the résolution and the sensitivity of the
snadow reponse. It s doz knowr. how the addmongl mputs, by way of addiuonal ocelli,
a:ters the ejecinica. coupling properues of the "O" svstém. but more ocelli 1n older animals
Mav 1InCcTease he >ensm\m of the shadow response This may be important o the older
:nd:viduals wnich generalh occupy e dcepcr posiuon 1 the v;’aler column and "see” lower

Nt omntensiuey thar sounger ndividuals

functiona: Significance o’ the Shadow Response

Predatos a‘\'oxdancc nas ofter been invoked 10 explamn the functional signif‘iéance ‘of
SRAUOW TespOnses (Gwiliam . 1963.1965; Singla 1974; Forward 1977). For, a medusa, the
SNOTT DUTS Of SWImMMing N responst e & raplc'v shadow may resul! in movement sufﬁcxerﬂ

cvage predators  Bor escape swimming 10 be eff‘cw\'/cl. Damnie! (1983} has shown tha! :
overcormng tne Taccelerauion reacuor’ in ihe fxr_él few swimmng cycles and once r;xox'ing.
requeing the 3rag aTe 1mporian: - The shaQow response of Poiyorchis 'appéars al f”irst. 1o
conform 1o these requirements as demonstraxcc Dy mc sequence of events in ng\/ure 23‘

2

i Chapler < ."nc mmitia: effec wor response 0 & rapld shadow 18 the short durauon
5L

&b s@ghm jonge: duration contractions

COTTTACUON O tne swimming, muscies. ;ollow;

Spernicer and Satzerhe (9% Effcen: '\ro;“ Isi0n requxres sirong. long duration

SOnlTacuiorn 0f 1NC sWimming muscies. For this reasorn. lh& first conuacuon which 1»
a‘

TmElivens shOTT i CLTalOn. may not e as effecuve avsuoscque.n' contracuons in- cxpclimg

waier ‘rom the el Unw wher oronongcf bom'acuom f@%ﬁu' should maximum veloux\ be

. ~N
Zoaln /

6o WRILn orCusualld not anu. the seeonc contracuor (kFig 2D and Giadieher 1972
’ $



15

However. the initial contraction mav be important in overcoming the acceleration reaction

(Daniel 1983).  The rapid contraction of the tentacles after the first swimming contraction

(Fig. 22, Chapter 4) may also be important in reducing drag. which Danie! (1983} showed
X'\,

. . , .
+ 10 begin to increase after several contractions.

Although these findings tend to support the idea thal the shadow responsc 15 used

A

in rapid swimming, which presumably is.used in escape moveéments. this behavior is short
lived and does not result in large mov;mems’. The results of some of the experiments n
this study corroborate those in Chapter 3. 'l have shown that the number of swimming
co"r‘itraclions in the-shadow response is directy related to the durauén of the 1% shadow
(Figﬁ 29). Fuqﬁermore, there appears to be a threshold of approximately 2&-30%
reduction .in h’gm»intensn')‘ for the shadow responsc. Most predator- or wave-generated
shaddyvs seen ‘b_\' Polyorchts under field condinons would be much iess tharn 100% anc
would ‘.probe‘lbl_\' be verv short duration. These tvpes of shadows would. as 'na; beer.
demonﬁtraled. produce onl)_ 1-2 swimmung contracuons which would not airer ;he norma:
swimming frequency and thus. would not resuit m a ngnxfncanx escape distance
Furthermore, any swimming burst Initiated by the shadow wouid be terminated by tht
1rihibui@of-the SMN¢ dunng subseqhem light intensity increases. However -as | have 2

discussed in Chapter 3, significant distances mas be travelled afte; a markec change in the
, -
.

"maintenance " gwim;ggsgg frequency (Chapter 2 and Arket: 1984, This change has beers
shown 10 be during slow . conuinuous cinangeﬁ in hight intensity (Fig 10 Chapter &
Here }‘ have demor;strated that the SMN¢ show 2 graded depoianzation and proporuona".
spikmgf'requency tn résponsc o ;,iow reducuons 1n hght intensit: . wmckh correlate with ‘ne -
graded:hyperpolanzauon of Ihc‘ "0O" system (kg 30 anc 31y Furthermore, Qfm

mcreaéés‘: n lﬂighl mniensity 1% qolrrepkaled with gradual hvperpolarnizauon of the SMNs. This
explains the mnhibition of SWImMIng dunng increasing hight intensity 1n the treadml
expen;ﬁ_‘:éms {Fig. 10 Chapter 3} These slow changes :n x“g}r IMNLENsity Wouid not >
vprodtiééa‘ by z predator. but more likelv result from changing ught intensity condiions al

sunrise and sunset. | Thus. tht shadow response 1¢ more ikely used by Polyorchus (¢ make

.
A

diel vertica: migrations (Chan o
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VL. BUOYANCY EXPERIMENTS

Differential die sinking rates may facilitate

diel vertical migration of Polyorchis penicillarus
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lntrodugtion

Many gelatinous zooplankiers move about the water column by active swimming
However, some planktonic hvdrozoans usc other devices such as iipid accumuléuon. gas
floats. or 1on exclusion (Mackie 1974) to provide lift which augments swimming. The
latter mechanism. ion exclusion. 1s well known 1n hydromedusae and many of them can
alter their buovancy and can regain their “normal” buoyancy state within a few hours
after encounterning hypo- or hvpertonic scawater (leonard 1980 Mills 1984)° This gensits
regulating ability 1s probably an adaptation o the estuanne condiions wn which mans
hvdromedusae are found However. changes 1n buovanch may also be important dunng
peniods when large water column distances arc 1o bt travelled. such as duning diel verticai
mxgrailon and when changes i Jensits occur due to feeding. ~ These changes mas
compound the cffects of swimming alone (kvder 1923 Mackie 1974). Mills and Vo
{19%4) looked at a vanety of vhj.dromedusac which make diei migrations and their Ji
pauérns of 1omc composition as an indication of density changes  They found that
mesogleal 1ons, which nave mos: often been imphicated 1n controlhing buovanc: . jld‘ no
show any ;iiel differenccs i concentration  Thus, they conciuded that wmc changes. and
b extrapolation buoyancy changes. did nat contribute to diel migration and that their
migrations were due (0 chahgcs In swimming acuvity alone

Mechanisms other than iomiC exchange may. however. alter buovancy and a more
_ direc. simphstic approach to this problem. would be to iook at diel density changes of
mdmduéls. Precise measurements of changes in the absolute density of individuals v vers
difficult. bul because the sinking rate of an individuai 1 a fairis good indicauon of its
density with respect to the surrounding medium, any diel differences in sinking raie should
“suggest some change$ 1n buc;y.‘-anc} compensauion. regardless of the méchamsm The
purpose of this study was 1o compare the sinking rates of vanous sizes of dayume anc
mghtime adapted Polyorchis. Results from this study show a significantly greater sn_nkmg
rate for davume adapted mdmduzﬂs thar for mightume adapted ones. These data suggest
that the diel verucai migration of Folyorvchu, which 1s imtiated by the shadow response.

may e faciitated by corresponding buovancy changes.
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Methods and Materials

Fiftv -five Polyorchis of various sizes (1.1. - 3.8 cm BH) were collected from
Bamfield Inlet, Bamfield. B.C. during June 1983. Medusae were kept unfed‘ in running
sea water under natural pholopc}xod for several days before beginning experiments.
Immediately before each experiment, four radial cuts were made through the bell margin
and up the swimmung muscle; this prevented effective swimming. Each individual was
then placed just below the surface of the water and released. The sinking rate was
determined as the total ume each individual required to sink 20 cm. The mean sinking
rate for cach individual medusa was determined after 10 separate trials. Sinking rates for
25 medusac tested from 13:00-16:00 (davtiime) and 30 medusae tested from 01:00-04:00
(mighttime) on several separate dates were determined.

Medusae we're maintained under the same sea water conditions as those used [o

measure sinking rates. No altempt was made o standardize the temperature / salinity

conditions either from day to day tnals or from day to mght trnials. However, sea water

»
conditions varied little between dav and night due 10 the depth of the sea water intakes in

Bamfield (e.g.. 27 June 01:00. 11.2 °C. 30.0%0: 27 June, 14:00, 13.2 °C, 29.1%0).

N
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Resuits

~ Medusae sank at rates ranging from 18 cm/min to greater than 60 cm/min with
smaller individuals Sinking slighily slower than larger individuals (Fig. 37), however
regression analysis (Sokal and Rohlf 1969) showed that this relatiogship was not
‘significam (p>0.05f or either day- or nighttime adapted individals. Furthermore,
there was a significant (p < 0.01) difference between the 23 mean daytime sinking rates
and between the 23 means for the nighttime. Based on these findings, 1 pooled all |
daytime and nighttime individuals into 2 groups. Pooled daytime individuals showed a
mean (+ 1 SE) sinking rate of 42.3 (0.66) cm / min (n=230), while nighttime
individuals sank at 39.2 (0.66) cm-/ min (n=230). A one-way ANOVA comparing
pooled day- and nighttime sinking rates showed that these mean sinking rates are
significantly (0.01>p>0.001) different. This was based on a(n-1) df where a=2 (day
and night) and n=23. In addition, 7 / 30 (23.3%) nighttime individuals were either
neutrally or positively buoyant and did not sink within five minutes after the start of the
experiment. Only 27/ 25 (8.0%) da.,vtime individuals were either neutral or positively

buoyant.
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Many gelatinous zooplankters move about the water column by active swimming.
However, some planktonic hydrozoans use other devices such as lipid accumulation, gas' o
floats, or ion‘exclusion (Mackic 1974) to provide lift which augments swimming. The
latter mechanism, ion exclusion, is well known in hydromedusae and many of them can
alter their buoyangy and can regain their "normal" buoyancy state within a few hours
after encountering hy;io: or hypertonic seawater (Leonard 1980; Mills 1984). This density
regulating ability is probably an adaptation to the estuarine conditions in which many
hydromedusae are found. However, changes in buovancy mayv also be important during
periods when large water éolumn distances are 1o be travelled. such as during diel vertical
migration and when changes in density occur due to feeding. These changes may
compound the effects of swimming alone (Evden 1923; Mackie 1974}.. Mills and Vogt
(1954) looked at a variety of hyvdromedusac¢ which make diel migrations and their diel
patterns of ionic composition as an indication of density changes. They '(‘ound that
mesogleal ions, which have most ofien bee‘n implicated in controlling buovancy, did not
show anv diel differences in concentration. Thus, thev concluded that ionic changes. and
by extrapolation buovancy changes, did not contribute to diel mgration and that their
migrations were duc ..» changes in swimming abcm'it,\ alone. p

Mechanisms othér than ionic exchange mav. however, alter buovancy and a more
direct. simphstic approach to this problem. would be to look at diel depsit_\' changes of
individuals.  Precise measurements of changes in the absolute density of individuals is very
difficult, but because the sinking rate of an individual is a fairly good indication of its
densitv with respect to the surrounding. medium, anyv diel differences in sinking rate sﬁould
suggest some changes 1 buovancy compensation. regardless of the mechanism. The
purpose of thys sfudy was 1o corﬁpare the sinking, rates of various sizes of davtime and ,
nighttime adapted Polyorchis. Results from thig study show a significantiy greater sinking
rate for davume adapted individuals than for nighuime»adapled ones. These data suggest
that the diel vertical migration of Polyorchis. which 1s initiated by the shadow response,

mas o factiitated by corresponding buovancy -changes.

N -
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Methods and Materials T v

. . ” ‘ @ !

Fifty-five Polyorglis of various sizes (1.1 - 3.8 cm BH) were collected from
Bamfield Inlet, Bamfield, B.C. during June 1983. Medusae were kept unfed in running
sea water under natural photoperiod for several days before beginning experimepts.s
Immediately before each experiment, four radial culsf‘;were made through the bell margin
amdé:i up the swimming muscle; this prevented effcctjve swimming. Each individual was
then placed just below the surface of the water and relcased. The sinking rate was
determined as the total time each individual required to sink 20 cm. The mean ;inking
rate for cach individual medusa was determined after 10 separate trials. Sinking rates for
25 medusae tested from 13:00-16:00 (daytime) and 30 medusac tested from 01:00-04:00
(nighttime) on sc‘i'%"r"‘al separate dates wére determined.

quu&ae wen've ma\sifmained under the same sea water conditions as those used to
;Lmeasure sinking r.afé‘s‘. Mo attempt was made to standardize the temperature / salinity

conditions either from dii_\' to dayv trials or from dav. to night trials. However, sea water

4

-

e condifjons vgi‘iéd little between day and night due to the depth of the sea water intakes in
. Bamfield (e.g...27 June 01:00, 11.2 °C, 30.0% : 27 June, 14:00, 13.2 °C, 29.1% ).

N ‘
i
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, Resulls

Medusac sank aff rates ranging from ¢ ¢m/min 1o greater than 60 cm/min with
smaller in_di\)idu‘als sinking slightly slower than Jarger individuals (Fig. 37). however
regression analeis (Sokal’and Rohlf 1969). showed Lh‘atg this féla_tionship was not
’ signifi 1cant (p > 0. 05) for either day- or mighttime adﬁled individuals Funﬁérmore

‘thére was a sxgmﬁcam (p < O Ol) difference betwcen the 23 mean dagmme smkmg rates
~and betwaen the 23 means for Lhe mghtume Based on these findings. I pooled all . |
davume and nighttime mdmduals mto 2 groups. Pooled da\ume mdmduals showed a .

" mean (=1 SE) sinking rate of 42;3 (0.66) cm / min (n=230), while nightume
“individuals sank at 39?2 (0.66) cm 7 inio (n:Z.’;O).“.‘A one-wav ANQVA comparing
pooled day- and highuime sinkiog_r&tes showed that thesc mean sinking rates arc
significantly (0.0l>pl>0.001) different. This was based on a(n-1) df where a=2 (dav
and nigfn) and n=23. In addition, 7 / 30 ('73 3%) nighttime individuals were either
'neutrall\ or powlvel\ buovam and did not sink within - f1ve m1nule< after the start of the
experiment. ‘le_\ 2./ 38 (8 0%) damme mdmduals were elther neutrauor posmvel\

buoyant.
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Figure 37. Plot of the mean smkmg rates of various sizes’ of Polyorchls durmg d’ayume (.! W
and mghtume (@). ' | ' ’ . ‘



Discussion

‘ Tht ;‘i“&;«l&a’{sq YO imit study hare showr thal individuals of Polyorchis unae:
Javume conditions sink ad o greater rate than thoseunder mghtume conditions  This

e\ ny n difference 'n sinking raic. suggests that Polyorchus car control 1ts density with
respect 10 sea whter and become more negauvely buovant during the davume and less
negatively buovan: a mght.  Althougr lt‘ nas beer showrn tha! hvdromedusae car aller
‘et pbuehanch wher placedr’m hvper- or nvpolomi sez wate: (Leonard 1980: Mills 1984

tht mechansm of thest buovanc: changes has not been consiusivels demonstrated  Milis

¢

and Vog: (194, hgyt showr inal lhe mesogica. concentrauon of 1ons suspectec Lo o
mOost imporiant in @mhc\ compensalion (:.¢ L Ssan "}a Mg‘ Kt  Cd 5 (Dentor
gnc"Shau l%l. Macka® 1969 Blclgart ang, Blgg« 1950+ dic no! show an: slgmflean dies
differences. in ’ﬂt‘SOglﬁd‘ 10N concentrauons in se\e'a» species of die: mlgralmg
‘n,\aromeausaz. inciuding Potyorchus. Hq\kevet Mlll\ anc A og! 't (’%41 studs Ine luoei
Poiyorctus 1 all of the ion anaivses. with the conspicuous excepuon of sulphate - In fer

] thesis, Milis ll%?g did iook at sul\pha’te ’coneemrauon for Poiyo}r(hl.s anc found =
~:‘$'lgnil’lcafmlj. grealer“,éoncemrapon of sulphale in daviime animmals thas mghtume ammals.
put she slated {pers. comm.) :‘nal she'dic not 1rl(:lude ‘these data in the publication ( Mills
“and Vogt 1984) because there was a great deal of va‘nabiln} and was doubtful of thewr
accurracy . In addﬁmdn. a gravlmelric“analvsls of l’rlesogleal sulphale c‘oncemrauon n o
collab6rauon wuh Dr weC Macka\ (Univ. of Alberta) showed Lhal»é'dayum.e.adapled
- -1ndividuals ol Po/yorchls ‘hdd a mean (*l SE) sulphale concentration of 140 (0.561)

1 of mesoglea Eight nighttime adapted individuals had 6.085 (0.507) mM /1 of
-"mesogle'a. ,A one-way ,ANOVA (Sokal and Rohlf I%g9) showed that these means weTe not
significantly (p > 005)\d1fferem These values were considerably lower than Lhe‘ .
concemrauommale ion in the seawatér at mght (25.20 mM / 1) and day, (25.84 mM‘,
-/ l). Confhctmg results from this study and MlllS unpubllshed lhesm?”work preclude any
decision about whether sulphate is responsnble o1 bouyancy changes in Pglyorch:s‘ “The x

meehamsms of buoyancy changes in Polyorchis is beyond the scope of this theS1s and

remams equivocal, but the sinking rate data from this study do suggest that. Polyozphzs
, - : . o L




does undergo shght die. cnanges :ooits buovanoy which s seen as dif ferenual sinking rates.

The differentia: sinking raie of Pofyorchus may {aciinate s diel migrator. by
augmenung the primary mode of iocomotion, swimming. The greater posmve fr at mght
shouid exaggeraic the results of upward swimming causec by the shaddu response.  The |
combined effects of increased. swimming freque'ncl) and slower sinking should resuil in a
sustamned mgne} posiuon in the water column. At dawrn. the Combined effects of

increased density, crumpling. and’ reduced swimming should result in a net downward

3

movemen: an¢ arr accumuiatior. of individuals neat the botlom  This 18 wha! v observed

-

i the Neic (Chapier 2 It oas presentiy unknown what iriggers buovancy chamges, bul lhe
rapidly changing hight conditions at dusk ‘and dawn. which cause the shadow response. mayv
. 4 o : . S

ails¢ be umportan! o 1r1ggeqm% buoyancy changes.
« e
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- ~+ VI, CONCLUSION &

The purpost of “this Lhesqs was m characlenze the phouc behavror of lhe
“hydromedusan Polyorchu pemcﬂatus and 10 relate this behavror to m diel patlerns 0{

“acuvity an the held I have .done" 1h1x by using a varxet\ of lechmques and this

other )

In"Chapter 2.1 descn ‘ g1 ‘erucal migration and-olhcr behavior of*
Polyorctus 1n the ﬁcld. I 1~s ‘," i 'l‘yorc'hu move§ up nto the waier célumn at
xunscr and Jmove«rdown toway ‘ rn at dawn My behavioral obscr\auonx of
wnmmmg activity showed lhax ) jm swims a‘t very low, frequencre& most of the ume
gthis | dubbed mamlenancé smmmﬂg‘ The significance of the diel vcrlrcal mrgrauon [}
Pol)orchzs 15 %uggestcd by the concommnam diel vérucal migration of many demersal
plankter taxa; the principle pre_\ of Rolyorclu.\. Documenung that Polyorchis drd indeed *
make a distinet diel vertical migration ,wa‘szen)r, W¥Ant initial step in the thesis. © From
this point onward, | desr'gncd varrons‘eiperirneniﬁto explain”tht mechanismis of this-

¥

coordinated movement. ' #
Ehc whoie ammal experr'menls in Chapter} were designed (o test the various
photie résponsc af Polyorchis ahd to detemine if any.of these could explain the, diel I
"‘m%&"értf&%gﬁlion i r\cd 0 srmulate« the phouc sumuh (hat Polyorchzs mrghl e.ncoumer
: \m the field and thcref ore, in these and all experrmems Lhrodghout l,he Lhesrs photic
SUmuh were brologtcal]\ meamngful wrth m&tensmes representatrve g\those found under
© field condmons ln ths chapter 1 showed that slow conunuous changes m light m}em‘
were moSt 1mportam n altermg mamtenance swrmmmg frequency These changes in’
swrmmrng freq : y probably occur durmg sunset and sunrnse and may mrtrate the upward
and downward movements of Polyorchts in the watet column. It rs 1mportant to note
here that although the changes in marntenance swimming" frequency probably ‘occurs

during periods ‘of the mos! rapid change 1_n light intensity (e.g., sunset and sunrise), the
- -~ . - oo,
4 . . ! . K 17() o " . ":} ;oo o
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effect 1 transient and can no! explain the maintained nightume ar;a dav u'ﬁ‘g;‘\posnuoﬁp, ‘
However, 1n Chapter ¢, | have provided evidence that suggests 1hal Pdl)lrvbts fru‘ndergéﬁ
diel buovancy changes © These changes may be tniggered the rapld changes in hghl ,
imtensm and.appear 1o be long-hived. In additon to augmcnl’mg the 1mitral movementg‘m
sunset and sunnse. these bumancx changes may cxplain the mamtamed da\ume and \
nightume posiions.* The mechanisms ofothese changes 15 not knqwn. but fuﬁher 'wer;i,,‘fé‘h .‘
this area may be frunful.
} have also show':r‘ thatl the responses io rapid reductions in hghl intensity (the
shadoy response) wér'c shoh-hv_ed and did not resull in marked changes in swimming
~ irequencies and therefore could not resuit n large md)\ésncnls Thus, the shadm\
response, which has' been tradmonally been thought k?\bc used 1n predator avoidance.
“‘wbuld not perform this funcnon I have aiso ;}tmonsﬁﬁued that a shadow of the
'magnitude and duration that might be generated by p;“cﬂdalc‘)r@coulc‘i,nol’ produce effective
escape swimming (Chapter 5). ',,_, ‘ : | N
' In Chapters 4 and $. | attempted 10 descri';x the photic behavior of Poiyorchis (as
.dcmonstraled in Cﬂﬂ!ﬂcrx 2 and 1) 1in terms of the cellular propemes %é '\'arious .
Lomwgnems involved 1n the shadow response. Herﬂ I demonstr:ted that the shadow
TESPOnse 1S a simplg reflex in the strictegl sense of the word. T{]C three criteria | used to
,describe a reflex were: 1) a prediclable sequence of events. Thi-s 1s summarized in Figure
22 and shbws that the first event in response to a shadow is the h_vperpola@uon Of*jhc
"O" system. Thié is followed by spiking in the SMNs and "B” svstem whiéﬁ: produces
swimming and lentacie myoep}thelium comrgctions, respectively.; 2) morphologically and
physiologically identif ;able rqﬁéx arc corhpoﬁm,&s. These are summarized in Figures 11 and -
< 12.. 1 have presented evidence hére that thé “’O'c‘éystem may be the prirnar}‘ phoiorecebtor
and af ferent neurons and function as a centralized integrator 'Qf _photic information. The
- efferent neurons, SMNs and‘”B" “sysierﬁ_. drive the effectg‘r’ prgans, swimming and tentacle .
r‘nyo,epithe‘lium.‘ r'espec\tively.; 3) a graded response with respect to thé intensity of 'a - - &
spécific stimulus I have shown that the "O" system shoWs'a graded hy‘perpolar'izati’on v
* that is proportional to the rate of decrease in light mlensﬁy and thahghe SMN firing rate

is also graded with this rate of change. : o B .
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Although reference 1o ‘the shadow response av & reflex may suggest 1o some readers
a reversion lo the “chamn re(lexe« idea. using the word, refk:\ 10 describe a SImplc
behavior 1in a h\dromedusan may advance our thinking abou(“midanan nervous $ystems
and bchavno.'. Thcrc are 4t ieastotwo reasons whs | othink this 15 so First, the word
reflex connotes vern \peufu ndea« about the nervous organizaton and neuronal mechansme
which hCTClOfOTt has not realh beeﬂeonsndcred or hvdromedusac Thxs 18 probabl\ dut
1o the alc mler*venuon of intraceliular x;x.hmques and thus a gcneral \gnorance of
‘ emda;;an ncurdna, mechamsms Howcever, marked enanges in+the underslandmg of
»é?%hld;ﬁ:n“rmcufobb@log\ have resulted and will continue with the relauvels recent advent of
‘mmeellular technigues on both suphomujusan and hvdromedusae Thc usc of these
technigues and the results from such studlc\ has oegun m""oree ztmdanaqd nourobwlogusts
10 divoree themselves {rom extracghular recordxngsv. The 1Z-rr‘n.molog\ of 1mraeellular )
S -
techniques 1 more_precise and more n*m'aml;. s un_lversal among ncurobiologists.
Fatracellular recordings from various Coldanans, which referred to some activity as a
marginai pulse” or, “lentacle pulse”. are ver confusing and | think this. togejher with
the lack of identifiability of neuronal components. created a credibility problem for
cnidarian neurobiolog}. However. with  the current use of ntracellular techniques,

& .
cnidarian neurobiologists can now talk in :rms of basic cellular properties which appear (o

be conserved throughout all neuronal svs-emi-  Now that cnidanan neurobiologists arc
beginning to speak a more umversal lapguape . there is an irresistable yrge to make '
s comparisons between the neuronal mechanisms of cmidarian svstems and rrybre complex o

Ay

©svstems. My attempt to make an anology between & simpte form of mlegrauon of photic

)

information in the v‘ertebrate retina and the electricallv-coupled "O" system and ocelli; is
4 N /

one such comparison. This sefmmglv backward comparison from simple to more comple¥#

¥

neuronal systems may ge the rule for sorpe time until more intracellular information from
cnidarians is avaxlable However with the ever increasing intracellular knowledge of Lhe
mechamsms of cmdarxan nervous systems, those working in more complex’ systems may

begxp, reduc,mg or simplif ymg their systems and using cnidarian neuronal properties as"

¢ - T . ! -3

_examples. ' '

The second Teason that using .the word reflex to descibe a behavior will change

convemional wisdom is that reference to 4 simple behavior as a ref 1éx suggests that a :

\
\ - . :



hierarchy of behavior does exist in simpie animals and that more complex behavior 1s
possible. That more complex behavior is possibie 18 suggested through the field and
laboratory obscr\'atloﬁ§ of Po.lyorchuy One of these is the apparent spontaneous extended
swimming bouts ‘described in Chapter 2. This behavior mayv result from some kind of
"decxsion," to move {rom areas of low prev encounters. (xher behavior, most nouﬁly
those 1nv6iv§d in feeding, i‘ria) include complex coordination of tentacles. manubrium, and
bell m&xr - ’ -

It 1*: clear from this slud\ that one can fully characterize a simple behavior, such -

as a reﬂcx,ﬁm a simply orgamzcd‘ ammal Whether one will be able to describe more

, P ic " T .
")mmsplex behawor roma&:n& 10- bc scen howcwr medusac will be good umdldales for such
work . :’.’L S ’ . .
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