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Abstract

Ultrastructural studies of the statocysts and touch-
plates of graviceptors (rhopalia) of Aurelia ephyrae re-
vealed that (1) touch-plate hair cells are present; and (2)
cytoplasmic strands from the hair cell bases extend from
the neurite plexus to touch similar strands from the litho-
cytes. This close association of hair cell neurites and
statocysts may have important implications regarding the
transmitting and processing of positional information
with respect to the gravity vector.

Graviceptors of ephyrae which developed while
weightless in microgravity were compared with controls
at the ultrastructural level. We found that hair cells of
ephyrae which developed in microgravity had fewer lipid
droplets in the large spaces near their bases as compared
with 1 g controls. In the ephyrae from the first micro-
gravity experiment, hair cells had more large apical vac-
uoles with filamentous content than were found in hair
cells of ephyrae from the second experiment and con-
trols. The neurite plexus and the network of cytoplas-
mic strands extending to the statocysts were not different
in microgravity-developed ephyrae from controls. Be-
havioral differences in swimming and orienting in ephy-
rae in microgravity and controls (reported earlier) were
not explained by morphological differences in the hair
cells of the touch-plates or the statocysts, although
functional differences apparently occurred.

Key Words: Graviceptors, touch-plates, hair cells,
statocysts, statoliths, ephyrae, development, neurites,
weightlessness, microgravity.
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Introduction

Little research has been done previously on the cel-
lular organization of Aurelia ephyra graviceptors. In
these animals, eight graviceptors (rhopalia) are located
at the tips of their arms between their lappets. The
graviceptors have statocysts at their tips and a touch-
plate adjacent to the statocyst. In ephyrae newly-re-
leased from their strobilae, statolith formation in the
lithocytes of statocysts under normal and experimental
conditions was described by Spangenberg (1976, 1986)
as was the ultrastructural morphology of the mechano-
receptor (MR) cells (Spangenberg, 1991). These newly-
released ephyrae did not have an organized touch-plate.
The touch-plate is found in medusae (and older ephyrae)
adjacent to the statocyst on the underside of the gravi-
ceptor (when the oral side of the organism is facing up-
ward). The tiny ephyrae lack a hood, which is found in
medusae (Hyman, 1940), over the touch-plate area of
the rhopalium.

Hyman (1940) described the importance of the stato-
cyst for equilibrium of medusae and more recently,
Hundgen and Biela (1982) stated that the statolith togeth-
er with the touch-plate constitutes the static sense organ.
Chapman and James (1973) reported that the touch-plate
has static flagella and, no doubt, is involved in the
appreciation of the tilt of the medusa. In Aglantha,
Mackie (1980) concluded that the statocysts (a term,
which in this organism, includes statoliths and hair cells)
are graviceptors and that input from them is necessary
for producing the motor responses responsible for right-
ing during each swimming cycle. He states that sensory
input from the statocysts affects the direction of locomo-
tion but the mechanism is unclear.

For the first time, Aurelia polyps were induced to
metamorphose (through strobilation) and to form ephy-
rae in a microgravity environment. The purpose of the
jellyfish experiment which flew on NASA’s (National
Aeronautics and Space Administration) Spacelab Life
Sciences (SLS-1) shuttle flight was to determine whether
ephyrae, and especially their graviceptors, could develop
during a nine day mission in microgravity. Ephyrae







Graviceptors in space-developed ephyrae

further prepared for SEM examination by dehydration in
ethyl alcohol, critical point drying, and coating with
gold-palladium. They were viewed with a Philips 515
SEM (Philips Electronic Instruments, Mahwah, NIJ).
Ephyrae selected for TEM studies were removed from
buffer, dehydrated with ethanol, embedded in Polybed
812 (Polysciences Inc., Warringon, PA), sectioned with
a Porter-Blum microtome (Ivan Sorvall Inc., Norwalk,
CT) and viewed with a Philips 301 TEM and a JEOL
JEM-1200EX II TEM (JEOL USA, Peabody, MA).
Longitudinal sections of the rhopalia were made with the
rhopalia embedded on their sides, so that the cells of the
touch-plate region, which is under the rhopalium when
viewed from the oral side, could be photographed
length-wise. Rhopalia from five flight ephyrae and 7
controls were viewed with the TEM and at least two
hundred micrographs of the rhopalia were studied.

The IML-2 experiment

Polyps from groups of cultures which had been
maintained at 19°C were mixed and rinsed 10 times be-
fore they were selected for the experiment. Six polyps
of medium size which can produce only two ephyrae
were placed in 4 ml of 10° M iodine in ASW in special-
ly designed cuvettes which permit fixation in space. No
air bubbles were permitted. All groups were maintained
at 22°C in the Biorack; two groups of polyps were
maintained in Type 1 boxes in microgravity and two
were on the 1 g centrifuge. Four 1 g control groups
were maintained on the ground. After 12 MET (mission
elapsed time) days, one sample from each group was
fixed with glutaraldehyde in cacodylate buffer in space.
The solutions were injected into the cuvettes after insert-
ing a specially designed bag to collect the effluent
solution. The final concentration of glutaraldehyde was
approximately 3%. The fixed samples were stored in
the refrigerator for two days. Post-flight, the samples
were further fixed with fresh glutaraldehyde, rinsed with
cacodylate buffer and fixed with osmium for 1 hour
(TEM) or 5 minutes (SEM). They were prepared for
the SEM and TEM studies as described above. One
group of ephyrae were exposed to tannic acid (1%) in
cacodylate buffer for 30 minutes after treatment with 1%
osmium for 1 hour at 4°C.

Ground control groups were similarly injected with
fixative at comparable time periods and were further
prepared for the SEM and TEM studies simultaneously
with the flight groups. Longitudinal sections of rhopalia
were cut as described above. Rhopalia from six ephyrae
from the three groups, micro-g, 1 g in space, and
ground-controls, were examined and photographed. A
total of more than 600 micrographs of hair cells and
statocysts were studied.

In addition to the flight-associated groups, control
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ephyrae released 96 hours from the strobila were pre-
pared using our standard laboratory method. They were
fixed in 6% glutaraldehyde for 1.5 hours, stored in buff-
er a few days, and post-fixed with osmium for 1 hour
(TEM) or O or 5 minutes (SEM).

Results

Basic morphology of the hair cells of the touch-plate
of ephyrae

An organized touch-plate is not found in newly-re-
leased ephyrae until 48 hours after release from the
strobila. During the jellyfish-in-space experiments, nu-
merous ephyrae formed in space whether their "parent”
polyps were induced to metamorphose with iodine pre-
flight or in-flight (Spangenberg et al., 1994a, 1996).
Because polyps segment sequentially from the oral to ab-
oral region, ephyrae are released sequentially every 24
hours at 28°C. Those ephyrae induced to strobilate in-
flight had been released at different times representing
48-96 hours post-strobilation. Those ephyrae induced 24
hours pre-flight varied between 72-120 hours past their
release from their strobilae (having had an extra day for
development).  Electron micrographs taken of the
rhopalia of ephyrae revealed the following information:

Touch-plate surface morphology of controls

Examination of ephyrae 72-120 hours following
their release from their strobilae using the SEM revealed
hair cells with kinocilia which are surrounded by a
group of mv/st (hair bundles) of stacking lengths, the
tallest of which are closest to the kinocilium (Fig. 1a).
At least 20 mv/st are present per hair bundle (Spangen-
berg, 1994b) and hair bundles range in size from 1-2.7
pm in width at their bases and from 1-2.5 ym in height.
In some cells, lateral filaments are seen between the
mv/st (Fig. 2a). The touch-plate hair cells are easily
distinguished from other MR cells because their kinocilia
are longer, closely grouped, and tend to be straighter.
Hair cell kinocilia range in length in these developing
touch-plates from 8-18 ym with an average of 12.6 um.
A fine filamentous glycocalyx is seen covering the hair
bundle and the base of the kinocilium (Fig. 1b). This
material is best seen in samples prepared without osmi-
um treatment. Other kinocilia on the rhopalium are mo-
tile and are associated with MR cells both on the touch-
plate and in non-touch-plate areas. These kinocilia,
which range from 8-12 ym in length (Spangenberg,
1991), are surrounded by a circle of short microvillae of
nearly equal length (Chapman, 1974). Fine filaments
are often found between the tips of the microvillae and
the kinocilium in these MR cells (Fig. 2b). Lateral fine
filaments between the microvillae are also found.



















Table 1. Features of the Hair Cells and/or MR Cells of Aurelia Ephyrae and medusae and of Aglantha.

Graviceptors in space-developed ephyrae

Ephyra Ephyra MR MR MR Aglantha
HC MR I II 111 C cells

1 kinocilium + + + + + +

kinocilium motility slight + NR NR NR oy

number of mv/st > 20 12 10-15 10-15 10-15 7"
stairstep mv/st + - NR NR NR +

stereocilia with rootlets + - - - + NR
basal body with foot - + NR NR NR NR
ciliary rootlet - + + + + -~
apical vacuoles with fibrous material + + + + + NR
multivesicular bodies + - NR NR NR NR
whorled figures few + + NR + NR
apical Golgi + + + + + NR
large spaces with lipid + + - - - NR
myofibrils at base - - - + - NR
neurites (axons) + + + + + +

+: structure is present
NR = not reported;
*From Arkett and Mackie (1988);

MR - MR III: Medusa data from Hundgen and Biela (1982);

-: structure is absent
Mv/st = microvillae/stereocilia
**From Singla (1983)

MR = Mechanoreceptor cell

experiments, numerous ephyrae formed in space whether
their "parent” polyps were induced to metamorphose
with iodine pre-flight or in-flight (Spangenberg er al.,
1994a). Those ephyrae induced to strobilate in-flight
during the SLS-1 experiment were approximately 48-96
hours past their release from their strobilae and those
flown during the IML-2 experiment were 96-120 hours
past their release. In addition to the microgravity-
exposed ephyrae from space, during the IML-2 experi-
ment, a group of ephyrae developed at 1 g through cen-
trifugation in space. Examination of all the groups with
the TEM revealed that the rhopalia of the flight-devel-
oped and ground control ephyrae were well-developed.
The SLS-1 ephyrae which had developed at a higher
temperature over a short time period as compared with
the IML-2 animals had more vacuoles at their apex with
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filamentous material (Fig. 5b) inside than did their
ground controls. This difference however, was not seen
between the IML-2 space-developed ephyrae and their
controls. Both the IML-2 and the SLS-1 flight ephyrae
had large spaces (Fig. 8b) at the base of the hair cells
just below the nuclei with fewer lipid droplets than
ground controls (Fig. 8a). Hair cells from all the
groups had multivesicular bodies of different sizes as
well as various other filamentous bodies apically (Figs.
3a and 5a). Their number and content did not appear to
be different between the flight organisms and controls.

Statocysts were well-developed in both the space-de-
veloped ephyrae and ground-based controls. No mor-
phological differences were observed between the stato-
cysts of the flight and ground-based ephyrae. Cytoplas-
mic strands from the statocysts as well as those from the







Graviceptors in space-developed ephyrae

cells of both animals terminate as a neurite or axon at
their bases.

Integration of the cells of the rhopalia

The hair cells and MR cells of the touch-plate are
integrated with other MR cells of the rhopalium in the
neurite plexus, where non-polar synapses are seen. In
addition, our finding that cytoplasmic strands from the
neurite plexus of the touch-plate reach across the
mesogloea to touch similar strands from the lithocytes of
the statocysts suggests a network between these struc-
tures which may have functional implications. Move-
ment of the pendulum-style rhopalia during pulsing and
swimming could produce stimuli (through stretching or
touching) in one part of the structure, e.g., the statocyst
or touch-plate which would be rapidly integrated
throughout the rhopalium through the neurite plexus.
Responses to light may likewise be integrated through
this net-work since cytoplasmic strands which are inter-
woven between the lithocytes were also found extending
to cells of the cup ocellus. Earlier, Yoshida and Yoshi-
no (1980) noted that the mesoglea in the ocellar region
of rhopalia of ephyrae of Aurelia is extremely thin and
that not only processes of ectodermal cells including cili-
ary sheaths but also those of the endoderm cells often
penetrate through the thin mesoglea. Some of these
processes make up close contacts which these authors
believed may be responsible for inducing ciliary cells to
differentiate into sensory cells.

Statocyst/statoliths of space-developed ephyrae

Statocysts and statoliths developed as well in the
flight ephyrae of both experiments as in the ground con-
trols.  Quantitation of the statoliths of the IML-2
ephyrae which were derived from polyps induced to
strobilate 24 hours pre-launch, revealed no significant
differences in the numbers of statoliths formed in the
ephyrae exposed to microgravity, those at 1 g in space,
and the ground controls (Spangenberg er al., 1996).
Earlier, Spangenberg er al. (1994b) reported that stato-
liths of the space-developed ephyrae (SLS-1) induced to
strobilate in microgravity showed a statistically signifi-
cant increase in the number of statoliths formed per
rhopalium but those induced on Earth were not signifi-
cantly different from controls. The X-ray microanalysis
profile of statoliths from both groups from the SLS-1
experiment showed a very similar pattern of high levels
of calcium and sulfur as is expected in gypsum statoliths
(Spangenberg, 1994a).

Hair cells of space developed ephyrae

TEM studies of hair cells of ephyrae which had de-

veloped at 28°C in microgravity during the SLS-1 ex-

periment revealed larger vacuoles with fibrous material
in their apical region than were seen in controls. In
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addition, these cells and comparable ones of ephyrae
from the IML-2 experiment had large spaces with few
lipid droplets at their bases as compared with lipid drop-
lets in the ground-based controls. Although these spaces
were nearly empty in the flight animals, many lipid
droplets were found in the thin sections in other cells
nearby. This finding suggests that lipid metabolism was
modified in the space-developed ephyrae’s hair cells.
Lipid metabolism was found to be affected by space
flight in humans. Adipose tissue is a large component
of the body weight loss during flight according to Lane
and Rambaut (1993).

Apart from the discovery that the ephyrae which
developed in microgravity had fewer lipid droplets in
their hair cells, the statocysts and touch-plates were not
morphologically different from 1 g controls. Indeed, no
differences in the cytoplasmic strand net-work were
found between the rhopalia of the space-developed
ephyrae and their controls. This result agrees with that
of Vinnikov ez al. (1983), who, after reviewing effects
of weightlessness on developmental stages of amphibians
and fish, concluded that the maculae, cristae, and the
otolithic apparatus are formed normally in the embryos
of these organisms as compared with controls. Thus,
they concluded, the gravity stimulus is apparently not a
prerequisite for the formation of the structural organiza-
tion of the vestibular apparatus at the early stages of on-
togenesis. Likewise, the gravity stimulus apparently in
not a necessary stimulus for the differentiation of the
statocyst and touch-plate of ephyrae rhopalia.

Graviceptor function

Little is known about hair cell function in Aurelia.
Hair cells in frogs transduce mechanical energy to elec-
trochemical energy through the bending of the apical
bundle of stereocilia by lateral shearing forces. Accord-
ing to Hudspeth (1985), when the hair bundle is moved
toward its taller edge the membrane becomes more per-
meable to positively charged ions. Mechanoelectrical
transduction reportedly occurs near the stereociliary tips
(Lumpkin and Hudspeth, 1995) through tip link activity.

Directional bending of kinocilia and ciliary bundles
is seen in ephyra hair cells at the ultrastructural level
(Fig. 3b). Bending of the kinocilium results in bending
of the hair bundle also. Thus far, there are no electro-
physiological data to ascertain whether the hair cells
function in the same manner as those of the frog. The
hair cells of ephryae are directly exposed to the aquatic
environment so that the movement of ephyrae from puls-
ing per se could cause bending of the hair bundles as
they move through the sea water. In addition, positional
changes of the pendulum-style rhopalium during swim-
ming and while sinking probably result in bending of the
kinocilia and stereocilia of hair cells when the touch-
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Discussion with Reviewers

R.J. Kingsley: The material in the vacuoles of Figure
5b looks quite vesicular, not at all unlike that of multive-
sicular bodies. What is the possible relationship between
the vacuoles of Figure 5b and the multivesicular bodies?
What is the function of the multivesicular bodies?
Authors: We have labelled the bodies which have pre-
dominantly small empty vesicles "multivesicular bodies"
based on diagrams of them shown in hair cells of higher
animals. We do not know the function of multivesicular
bodies in the ephyra hair cells and, although they are
reported in hair cells of higher organisms, we have not
found a reported function for them. The ephyra hair
cells appear to have more bodies of various types than
are found in descriptions of hair cells of higher organ-
isms. It is possible that some of these types of bodies
may be the same types in different stages of develop-
ment. Further studies of these bodies in hair cells of
different stages of differentiation are needed.

A.L. Boskey: Are the differences in lipid distribution
in these animals metabolic or structural?

Authors: We believe that the lipid in ephyrae, includ-
ing the hair cells, is residual lipid from lipid stored in
polyps prior to metamorphosis. (The polyps are routine-
ly fed newly-hatched brine shrimp but they received no
nutrition during metamorphosis). There is very little
information available concerning lipid metabolism in the
jellyfish larval forms in general, but we would expect
that some of the stored lipid would be utilized by the
organisms during metamorphosis. Differences in the
lipid of hair cells of flight and ground controls could
reflect a difference in ephyra activity between in-flight
and ground controls. If so, total lipid content of the
flight animals may be different from controls; this will
be have to be quantitated in a future flight experiment.

A.L. Boskey: Were any differences in ionic composi-
tion or distribution detected during the early time points?
Authors: We only compared the X-ray microanalysis
profiles (Spangenberg er al., 1994b) of the statoliths of
flight-developed ephyrae induced to strobilate in-flight
(SLS-1) and ground controls; these were not different.

M.L. Wiederhold: Is there any indication that there is
a significant difference between space-reared and control
specimens? If so, what might this difference mean?

Authors: We found only the one difference between
space-developed ephyrae and controls: the space-devel-
oped hair cells have large empty spaces at their bases
where fat globules (droplets) are seen in controls. This
result, as shown in the text, was seen in both SLS-1 and
IML-2 flown ephyrae. Differences between lipid drop-




lets in flight and ground-based ephyrae may reflect
differences in pulsing/swimming activity between these
organisms but this needs to be studied further.

M.L. Wiederhold: The term "statocyst” usually refers
to an organ that forms a cyst or closed space. Here the
term appears to be used to mean the collection of "stato-
liths" or statoconia. In text, the authors state: "No
morphological differences were observed between the
statocysts of the flight and ground-based ephyrae”.
What was measured? How many were measured?
Authors: Statocyst is the term given for the sack of
statoliths found at the tip of the rhopalia of scyphozoan
jellyfish. The term "graviceptor” is sometimes used to
refer to the rhopalium. The statement quoted above is
based on observations of the numerous micrographs of
statocysts of ephyrae from the SLS-1 and IML-2 experi-
ments. Quantitation of statoliths/rhopalia from both
experiments was done post-flight using the light micro-
scope. These data, from statoliths counted in ephyrae
post-flight (Spangenberg er al., 1996), revealed that
there were no statistically significant differences in
numbers of statoliths/rhopalia except in those groups of
ephyrae derived from polyps induced to strobilate in-
flight during the SLS-1 experiment. Only these ephyrae
formed statistically significant higher numbers of stato-
liths. Note that all of the IML-2 flight animals were
induced to strobilate 24 hours pre-flight and the other
SLS-1 flight animals were induced 24 and 48 hours pre-
flight. All of these groups had statolith numbers which
were not significantly different from their controls.
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M.L. Wiederhold: The basis of directional sensitivity
in vertebrate hair cells, as well as similar receptors in
decapods, arises from the stair-step arrangement of ster-
eocilia getting longer in succeeding rows as they ap-
proach the kinocilium. This leads to excitation when
links between the tip of one row and the side of the
next-longer row of stereocilia is stretched. In the jelly-
fish, the stereocilia are arranged in a circle around the
kinocilium. Regular links between the stereocilia and
the kinocilium are not described. How would this affect
sensory function?
Authors: The stereocilia of the hair cells have stair-step
arrangement of stereocilia (see figures in the manu-
script), but the MR cells have the circle of microvillae
of nearly equal length around the kinocilium. Although
illustrations of cells with lateral connections between the
mv/st are included, we have not yet detected filament
connections between the mv/st and kinocilia in hair
cells. Such tiny filaments are found between the tips of
mv and kinocilia in the MR cells of rhopalia. It is not
known whether such connections function as tip links
reportedly function in vertebrate hair cells.

More recently, we have detected glycocalyx material
surrounding the kinocilium and hair bundle which may
play a coordinating role between mv/st and kinocilia.
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