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ABSTRACT

The activity of visual systems is known to affect development of the neural tissue associated
with vision in both vertebrates and invertebrates. Three species of crayfish were compared for vari-
ations in the gross structures of the eye and of the underlying neural tissue of the optic system that
were associated with environmental adaptation. The troglobitic crayfish Orconectes australis packardi
and two epigean crayfish, Cambarus tenebrosus and Procambarus clarkii, were used. Cambarus
tenebrosus raised in the cave are functionally blind although ommatidia develop, indicating that
the primary sensory structures still develop without nermal input. Troglobitic crayfish have lost the
genomic ability to form a functional visual system. Electrophysiological records from neurons within
the optic stalk of Q. australis packardi showed no response to light. The neuronal ganglia within
the eye stalk of C. renebrosus are disorganized which could be the reason for the lack of a behav-
joral response related to sight. Second order neurons associated with olfaction arise in the central
brain and send processes to lobula within the eye stalk via the protocerebral tract. Cross sections
of this tract revealed that the troglobitic crayfish have more olfactory projection neurons and fewer
large axon profiles than the other two crayfish, suggesting that O. australis packardi has more neural

processing devoted to olfaction as an adaptation to cave life.

Neural activity is widely recognized as a
contributing factor to neural development in
a variety of animal species. The pioneering
work of Wiesel and Hubel (1963) demon-
strated how gross morphological alterations
occur in synaptic organization in those parts
of the brain related to vision. The present hy-
pothesis is that the blind crayfish of an oblig-
atory (troglobitic) cave species and the be-
haviorally blind crayfish of a surface
(epigean) species found in caves both have
reduced numbers of neuronal and retinal
structures for the optic system as compared
to surface species that make use of vision.
The troglobitic crayfish Orconectes australis
packardi Rhoades, the cave facultative
species Cambarus tenebrosus Hay, and the
surface crayfish Procambarus clarkii (Girard)
were used in these studies. Even though C.
tenebrosus still retains pigment in the eyes,
the ability of the animal to use vision has not
been previously addressed. Mellon (1977) has
shown that members of the troglobitic cray-
fish species Procambarus erythrops Relyea
and Sutton retain eye stalk musculature and
reflexive eye movements such as protective

eye withdrawal, geotactic eye stabilization,
and proprioceptive nystagmus.

Crustaceans such as crayfish and lobsters
are used to study the establishment and main-
tenance of social hierarchy by indexing the
degree of dominance and submissiveness dur-
ing paired interactions (Kravitz et al., 1980,
Huber et al., 1997; Li et al., 1998). The crus-
tacean social behaviors studied to date have
evolved around visual posturing with a dis-
play of cheliped spread (meral spread) during
the initial and maintenance phases of domi-
nance behavior (Bruski and Dunham, 1987).
The blind troglobitic and blind troglophilic
crayfish do not show such obvious postural
behaviors upon interactions in the pools of
water within their natural cave settings. A
plausible reason for the lack of display is that
such behavior has no gain for blind oppo-
nents; nor are they able to see the result of such
posturing. Reduced visual structures and be-
haviors save metabolic energy for other needs.

Because the cave crayfish have a reduced
visual system, it seems likely that tactile
and/or chemosensory systems would be en-
hanced. Detailed developmental studies trac-
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ing olfactory afferent projections from the an-
tennular nerve to the olfactory lobe in the cen-
tral brain, and interneurons projecting from
the olfactory lobe to lobula in the eye stalk,
have recently been undertaken (Harzsch et
al., 1997; Schmidt, 1997) although not in
cave species. The olfactory projection neu-
rons (OPN) have their cell bodies within clus-
ter #10 of the central brain and send their ax-
onal projections via the olfactory globular
tract (OGT) to hemiellipsoid bodies in the eye
stalk ganglion (Harzsch et al., 1997; Schmidt,
1997). The OGT forms a distinct subgroup
of small axons within the protocerebral tract.
The protocerebral tract is the nerve bundle
of the eye stalk that contains the axons to and
from the ganglia within the eye stalk and the
central brain (Wiersma and Yamaguchi, 1966,
1967: Nunnemacher and Davis, 1968;
Schmidt, 1997; Sandeman et al., 1998). The
OPN bundle has been identified in cross sec-
tions of the protocerebral tract within the
shore crab, Carcinus maenas (Linnaeus) (see
Schmidt, 1997). The regional distribution is
also observed in cross sections of all three
species of crayfish used in this study. Because
this olfactory path is of a distinct neuronal
type and is isolated within the protocerebral
tract (Schmidt and Ache, 1996; Schmidt,
1997), the OPN provides a good measure to
determine if differences occur in the olfactory
interneurons among the adult blind cave cray-
fish and the adult sighted crayfish. Simulta-
neously, examination can be made for other
differences in visual neuron projections to the
central brain. Additionally, it has been shown
that new cells appear within cluster #10
throughout the life span of those crustaceans
examined to date (Sandeman ef al., 1998).
The purpose of this study was to examine
the gross morphology of the crustacean eye
among three species of crayfish, two of which
show varying degrees of cave adaptation (or,
at least, of evolutionary time in caves). In
addition, the profile of neurons within the
protocerebral tract and neural structures
within the eye stalk were examined for indi-
cations that there has been a loss of visual
information available for use by the blind an-
imal. It was anticipated that this loss would
be paired with an enhancement in the num-
ber of olfactory projecting neurons from the
central brain to lobula within the eye stalk.
This initial study lays the groundwork for fu-
ture studies to address comparisons of those

olfactory organs contained in the antennular
flagella, and the number of aesthetasc sensilla
of blind cave-adapted crayfish.

This work has been presented in abstract
form (Cole et af., 1998).

MATERIALS AND METHODS

Animais.—Experiments were performed on three species
of crayfish. Procambarus clarkii measuring 6-10 cm in
body length were obtained from Atchafalaya Biological
Supply Co. (Raceland, Louisiana). Orconectes australis
packardi and Cambarus tenebrosus were obtained by the
authors from the Sloan’s Valley Cave System in Pulaski
County, Kentucky. A Kentucky Fish and Wildlife permit
was obtained to collect these animals within this cave sys-
tem and to use them for these experiments. Animals were
housed in an aquatic facility within the laboratory in com-
plete darkness and fed fish-food pellets.

Anatomy.—The crayfish species were photographed with
a Pentax ZXM camera with a 90-mm macro lens. The live
animals were held at approximately 30° to 45° angles
clockwise from the camera in order to allow the eye stalks
to extend at their maximum distance from the carapace
and to elicit and document a natural geotactic response
of the evestalk position. Measurements were made of
structures from calibrated photographic prints.

One of the eye stalks from each animal was used for
cross sections, and the other eye was used for longitudi-
nal sections for light and transmission electron mi-
croscopy (TEM).

After the eye stalk was cut and held in place, the prepa-
ration was fixed with 2.5% vol. glutaraldehyde, 0.5% vol.
formaldehyde disselved in a buffer (0.1 M sodium caco-
dylate, 0.022% wt. calcium chloride, 4% wt. sucrose, and
adjusted to pH of 7.4) for | h with 2 changes of solu-
tien. The tissue was subsequently processed for TEM
(Jahromi and Atwood, 1974; Cooper, 1998).

In order to obtain axonal measurements, thin sections
of the nerves were photographed at 1,500x and printed
at 2.5x 1o form montages. Maximum and minimum di-
ameters of the axons were measured. The square root of
the product of the maximum and minimum diameters pro-
vided the mean diameter of the axon.

Electrophysiology.—In order to obtain retinograms, one
tip of a silver wire was placed under the dorsal thoracic
carapace and a second silver wire was placed just under
the cuticular surface within the array of ommatidia. The
signals were amplified by an extracellular P15 amplifier
{Grass Instruments), The signals were recorded to VHS
tape (Vetter, 400) as well as on-line to a Power Macin-
tosh 9500 computer via a MacLab/4s interface (ADIn-
struments). All events were measured and calibrated with
MacLab Chart software version 3.5.4. Calibration pulses
were provided internally by the P15 amplifier. The com-
puter acquisition rate was at 10kHz.

Illumination of the eyes was provided by a fiber-op-
tic source from a Lumina (Chu Technical Corp.) in which
a single optic fiber of either 0.5-mm or 1.0-mm diame-
ter was passed over regions of the ommatidia or held di-
rectly over the eve to illuminate the entire eye.

Behavior—Observational studies were made of all three
species as to their ability to detect a hand passing 10 cm
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overhead in the presence ol dim red light, bright red light,
and dim white light. Other conspecific partners were
placed face-to-face out of water on moist sand just far
enough apart so that their antennae did not touch. Ob-
servations were made to examine any postural pesition-
ing that would indicate a response to the hand waving or
to an opponent. In addition, rotation of the body was per-
formed to examine oculomotor reflexes, and focused light
was shone at the optic cap to determine if the eye-low-
ering reflex was present.

RESULTS

General External Eye Morphology

The cuticle forming the eye stalk was pres-
ent in all three species. The stalk lengths were
similar in P. clarkii and C. tenebrosus, but the
stalk was grossly reduced in O. australis
packardi. Figure 1 is a side view of each
species showing the position of the eyes with
a maximal eye stalk extension.

The eyes of P. clarkii and C. tenebrosus
were faceted, although corneal size varied ex-
tensively between the two species (Fig. 1).
This is clearly seen in the images obtained
from a dissecting microscope. The cornea in
O. australis packardi could not be observed
with surface imaging or in cross sections
taken from the eye-cap region (Fig. 2). Six
crayfish of this species were examined under
a dissecting microscope. The cornea appeared
to be absent in this species. The most visual
of the crayfish, P. clarkii, had a larger cap sur-
face area and more ommatidia than C. tene-
brosus. In order to resolve and count the om-
matidia, photographic montages were made.
The ommatidial dimensions were the same
between the two species, but there were fewer
of them in C. tenebrosus. Counts of the total
ommatidia from one eye revealed 3,596 in P.
clarkii and 1,859 in C. tenebrosus.

Ommatidial Structure

Longitudinal sections through the eye and
the stalk showed large differences in the un-
derlying neural anatomy of the visual system
in the three species (Fig. 3). As similarly
shown by Mellon (1977) for the troglobitic
crayfish Procambarus erythrops, the struc-
tured laminae were most distorted in O. aus-
tralis packardi. Because O. australis packardi
has even less of a cornea than P. erythrops,
it was not surprising that the structures were
less defined. In C. tenebrosus there was bet-
ter retention of neural structures in the eye
stalk visual system than for O. australis
packardi, although the most distinct lobula

structures in an eye stalk were observed in
P. clarkii.

Protocerebral Tract

Cross sections taken at the base of the eye
stalk distal to the central brain allowed a di-
rect count of the number of axons in each of
the three species. Cross sections of the pro-
tocerebral tract in the three species as seen
with a light microscope revealed the size dif-
ferences of the nerve (Fig. 4). A representa-
tive cross section of the eye stalk from O.
australis packardi is shown in Fig. 5A. At a
higher magnification (Fig. 5B, C) of a region
of the nerve bundle, a typical distribution in
the size differences in axonal diameters was
obvious. Montages of these high magnifica-
tions were made so that accurate measure-
ments could be made of the axon diameters.
In addition, size distributions of axon profiles
were made for ease in comparative analysis
among these three species and for use in fu-
ture studies (Fig. 6A-C).

There are likely motor axons within the
nerve bundles, because sections were made
proximal to some of the muscle attachments
within the eye stalk. The motor axons could
be the larger axon profiles, because more dis-
tal sections past the muscular regions did not
contain such large axons. Mellon et al. (1976)
provided a detailed study of the eye motor
axon anatomy and position for sighted cray-
fish. The present study does not include a sys-
tematic survey of axon profiles along the
length of the eye stalk among the different
species. Nonetheless it is of value to report
that the subset of axons composed by the
OPN were clearly delimited in all the cross
sections as the smallest axon profiles and
formed the wedge-shaped structure within the
protocerebral tract. The electron micrograph
of a cross section from the protocerebral tract
of O. australis packardi (Fig. 5A) demon-
strates the unique small axon diameters of the
OPN as compared with the other axons within
the protocerebral tract (Fig. 5B, C).

Electrophysiology

Electrical signals were elicited in the eye
of P. clarkii by shining light over the eye for
brief moments (horizontal line in Fig. 7A) or
in a sweeping manner (angled horizontal
lines) across the cornea of ommatidia array.
The sweeping motions of the light are indi-
cated as the solid lines in Fig. 7B, with the
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Fig. 1. Lateral profiles of the eye stalk on the crayfish of the epigean sighted Procambarus clarkii (top), and two
cave crayfish, Cambarus tenebrosus (middle) and Orconectes australis packardi (bottom). The animals were tilted
about 30-45° while the pictures were taken. Note the geotactic response of the eye stalk position. The right panel
are photographs of the most distal portion of the eye stalk. The top-to-bottom order is P. clarkii, C. tenebrosus, and
O. australis packardi. The arrow in the bottom picture points to the distal part of the eye in this species which is
difficult to see because of the lack of dark pigment. Scale bar for right panel is 2.5 mm; for left panel, scale bar is
286 Lm.



i

Fig. 2. Comparisons of cross sections in the cap region in epigean and troglobitic crayfish. Shown is a cross sec-
tion of the distal region to examine for ommatidial structures. The top-to-bottom order is Procambarus clarkii, Cam-
barus tenebrosus, and Orconectes australis packardi. Note that only ommatidia are observed from external and in-
ternal mornhalnov in P ~larkii and ¢ tenehrnsus Scale bar is 1 38 mm for left nanel and 0.138 mm for right panel.



Fig. 3. Longitudinal sections of the eye stalks in sighted and behavioral blind crayfish. The sighted Procambarus

clarkii (A), and two cave crayfish, Cambarus tenebrosus (B), and Oroconectes australis packardi (C), are shown at
the same scale (2.5 mm) for comparative purposes. The enlargement of O. australis packardi (D) demonstrates the

lack of orderlv arraneement of the optic neural structures and lack of projection to the e

ve cap (scale 1.27 mm). The

various regions are identified and named accordingly as by Mellon (1977), Strausfeld “and Niissel (1981), and Kirk

et al. (1982)—1, lamina ganglionaris; 2, medulla externa; 3, medulla interna; 4, terminal medulla.

responses shown directly below the lines. The
electrical response shows a relationship to the
intensity of the light. As shown in Fig. 7C,
illumination was given in short bursts with
increasing intensity upon the next exposure,
then the liocht was tnrned hack to the inten-

sity of the first exposure but this time the light
was left over the eye for continuous illumi-
nation. This response adapted relatively
quickly during the exposure time. When re-
peating similar experimental perturbations but
with freshlv obtained C. fenebrosus. no sig-
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Fig. 4. Cross section of protocerebral tract just prior to the central brain reveals the size differences among the

snecies. In thick sections photogranhed with light microscooyv. the differences among the three species can be seen—
Procambarus clarkii (A), Cambarus tenebrosus (B), and Orconectes australis packardi (C). The olfactory projection

tract (OPN) 1s outlined 1n white. Scale bar is shown in B and is the same for all at 23 um.
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Fig. 5. Counts and measurements of the axon diame-
ters were made from montages of electron micrographs
of cross sections. (A) Cross section of the protocerebral
tract as seen in an electron micrograph and areas that were
enlarged are noted by B and C as shown below in parts
B and C. Some montages were 2 m X 2.5 m at a final
magnification in order to measure the axon profiles with
a 0.5 um accuracy. An electron micrograph of a small
region highlights the differences in the axon dimensions
(B). Note the mitochondria (white arrowheads) in the
large axons. The region depicting only the smallest ax-
ons shows the cytoskeletal structure in these axons. Few
if any mitochondria were observed in these axons (scale
bars: A, 50 um; B and C, 1 pm).

nals could be observed in relation to the il-
lumination of the eye (Fig. 8A). This lack of
responsiveness was also true for O. australis
packardi (Fig. 8B). When the cornea was
touched with the optic fiber the eye stalk
withdrew, which resulted in a large distor-
tion of the electrical signal as seen in the later
part of the trace in Fig. 8B. However, when
the implanted wires were left in the eye for
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3 d and the animals were adapted to dim room
light, small responses could be observed to
light stimuli in C. tenebrosus (Fig. 8C). These
results indicate that in the eyes of P. clarkii
electrical signals can be measured easily in
response to light, but that in the eyes of C.
tenebrosus the pigments bleach out readily
upon exposure to light after the animals are
removed from the cave.

Behavior

The behavioral studies mimicked the re-
sults obtained with the retinograms in that
only P. clarkii responded to hand waving over
its head in dim white light and outdoor light-
ing. The typical response was the raising of
chelipeds in what is termed a “startle” re-
sponse. This postural behavior was seen fol-
lowing the pairing of one animal with another
in a face-to-face position. This species did not
show any response to hand waving in the
presence of dim red lighting. The other two
species, C. tenebrosus and O. australis
packardi, did not show any responses in any
of the lighting paradigms or in the pairing ex-
periments with a conspecific animal.

In the cave setting, C. tenebrosus and O.
australis packardi have co-existed and have
lived without light by use of non-visual be-
haviors. Even though there was some re-
sponse to light by C. tenebrosus, no behav-
ioral responses could be induced from hand-
waving over the eyes (e.g., inducing shadows)
or from pairing conspecifics in dim white
light. These behavioral tests were done on wet
sand to avoid the animal’s use of chemical
cues, and observations were made only when
the animals were far enough apart that their
antennae could not come in contact. Any time
the cornea was touched in any of the three
crayfish species, an eye stalk withdrawal oc-
curred. This type of reflex is normally ob-
served in crabs and crayfish (Burrows, 1967;
Burrows and Horridge, 1968; Mellon, 1977).

DISCUSSION

The eye of the troglobitic cave crayfish O.
australis packardi lacks facets, resulting in
the absence of a cornea. This lack of visual
receptors has led to an alteration of neural tis-
sue within the eye stalk as compared to
sighted crayfish. The developmental loss of
visual receptors is perhaps due to an altered
genome in O. australis packardi, because C.
tenebrosus retains ommatidia and a cornea,
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Fig. 6. The distribution of the axon dimensions found at the base of the protocerebral tract reveals differences among
epigean and cave crayfish. The histograms show the frequency of occurrence in the variously sized axons. The bin
widths used in the histograms were 0.3 mm for all three species. Procambarus clarkii (A), Cambarus tenebrosus
(B), and Orconectes australis packardi (C) are all plotted with the same scale for comparative purposes. The left
panels are enlarged to the right to highlight the lower occurring frequencies.
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B /7717 7L

Fig. 7. Retinograms made in the distal region of the eye stalk of the epigean crayfish. The sighted Procambarus
clarkii showed neural responses each time a light passed over the eye. (A) The light was turned on (bars) or off (no
bar). (B) The fiber-optic light source swept past the eye at variable rates (relative rates as indicated by the slope of
the bars). (C) The light was pulsed on or off and later in the trace the light remained on to test for accommodation.
Calibrations shown in Fig. 8.



370 JOURNAL OF CRUSTACEAN BIOLOGY, VOL. 21, NO. 2, 2001

100 50

20p.V

Fig. 8. The retinograms in the cave crayfish revealed differences from the epigean species. Orconectes australis
packardi and Cambarus tenebrosus did not show responses when given the same stimuli as for the Procambarus
clarkii. (A) The light was turned on (bars) or off (no bar), Cambarus tenebrosus. (B) Same as in A, but for Or-
conectes australis packardi. When the eye was touched by the optic light fiber, a reflex withdrawal presented a large
artifact in the baseline. (C) After the recording wires were in place and the crayfish (C. tenebrosus) was left in dim
white light (16 h) and dark (8 h) for 3 d, small responses could be observed upon illumination of the cornea. (D)
P15 calibrations for all traces in Figs. 6 and 7.
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Fig. 9. The defensive behavioral response induced by
a shadow passing overhead of a crayfish was noted for
sighted crayfish for some time (Bethe, 1897; see Wiersma,
1961). The abdomen may tuck under the abdomen, as il-
lustrated, or it may remain in an extended position. In
all cases the crayfish will display a meral spread, with the
chelipeds raised, as observed in aggressive interactions
among crustaceans (Dingle, 1969; Bruski and Dunham,
1987). The dim-light adapted Cambarus tenebrosus and
Orconectes australis packardi never displayed this type
of behavior to a visual stimulus.

even though it has lived without light. The
small responses from the retinograms and the
behavioral tests suggest that C. tenebrosus
crayfish are behaviorally and functionally
blind. The neural structures observed in the
longitudinal sections of the eye stalk in C.
tenebrosus are not as clearly delineated or ro-
bust in comparison to the analogous struc-
tures in P. clarkii. The effect of the altered
structures within these deeper layers on the
physiological function was not directly as-
sessed at a single-cell level in this study for
C. tenebrosus.

Some cave crustaceans have pigmented eye
structures, but these generally appear atro-
phied and possibly nonfunctional. Further
functional and structural studies are needed.
In other cave crustaceans eye structures are
completely absent. Both conditions occur
among cave invertebrates, as seen for cray-
fish, shrimp, amphipods, isopods, centipedes,
millipedes, and diplurans (Barr, 1968; Hobbs
et al., 1977). It was previously reported that
eyes may show signs of degeneration when
crayfish were raised in complete darkness
(Roach and Wiersma, 1974). This type of de-
velopmental process may very well be the
case for C. tenebrosus, as Darwin (1872; see
Culver ef al., 1995: 7-9) suggested that cave
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organisms lose functions that are not used.
In the case of O. australis packardi even the
juvenile stages appear to lack eye pigmenta-
tion, indicating the influence of heredity.

Morphological studies of crayfish fossils
and the geological evidence suggest that the
Orconectes of the Cumberland Plateau in
Kentucky originated from Procambarus stock
and probably entered the karst systems dur-
ing the Miocene period (Rhoades, 1944,
1962; Hobbs and Barr, 1960; Hobbs et al.,
1977; Barr, 1985). This long period may have
provided sufficient time for the development
of variations in the visual systems among iso-
lated cave crayfish populations. It should be
kept in mind, however, that following 69 gen-
erations of Drosophila raised in the dark to
induce eye loss, the animals still possessed
vision (Payne, 1911). It remains to be deter-
mined the evolutionary time scale needed for
functional changes to occur.

The behavior of the cave crayfish within a
cave or in the experimental laboratory tanks
indicates that the animals depend on the use
of antennae, which continuously sweep over
the terrain in front of them when walking
(Cole et al., 1998; Li and Cooper, 1999). This
action may very well enhance chemosensory
(i.e., olfaction) ability by causing water to
flow over the aesthetasc sensilla on the an-
tennules (Ache and Derby, 1985; Moore et
al., 1991). It remains to be determined if cave
crayfish have more neurons and neural space
in the central brain dedicated to primary tac-
tile and chemosensory sense from the anten-
nae and antennules.

Investigations are under way to determine
by electron microscopy the number of axons
and their size profiles from cross sections
made at the base of the antennae and anten-
nules in the same species used for this study.
Because it has already been determined that
the OPN forms a distinct tract within the pro-
tocerebral tract for relaying olfactory infor-
mation to the hemiellipsoid body within the
eye stalk, and because it has now been shown
that there are more axons within this bundle
in the adult blind cave crayfish than in the
larger adult sighted crayfish, there is some in-
dication that there are more primary sensory
neurons in the chemosensory antennules. Be-
cause it is known that these neurons increase
with age of the animal, further detailed stud-
ies at the various stages of development
among these animals would be useful for a
deeper comparative study among these three
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species. The fact that there are substantially
more OPN in the cave crayfish is a good
demonstration of the potential increased re-
liance on olfaction in the blind cave crayfish.

Because there are so little distinctive neural
tissue and lobular structures within the eye
stalk of O. australis packardi, it is hard to
identify the particular structures with confi-
dence. The reason that any neural tissue re-
mains in the optic stalk of O. australis
packardi is probably due to the many other
functions the eye stalk carries out, such as hor-
monal secretion of the molt inhibiting hor-
mone (Skinner, 1985; Fingerman, 1987, 1995)
as well as other factors (see Barrera-Mera and
Berdeja-Garcia, 1979; Aréchiga et al., 1990).

The numbers of ommatidia per eye in P.
clarkii and in C. tenebrosus are within the
range reported for Pacifastaces leniusculus
(~2,500) of the same range of body mass
(Kirk et al., 1982). It would be of interest to
raise eggs in a lighted surface environment
from a gravid C. tenebrosus caught in the
cave to determine if use may have a devel-
opmental role on the numbers of ommatidia
and eye-stalk neuronal structures. Pigment
within the eye of crustaceans is known to mi-
grate in response to light, which is thought
to be regulation for light adaptation (Sta-
venga, 1979). It is unknown if pigment mi-
gration occurs in C. tenebrosus in the cave
or if it would occur if specimens were ex-
posed to a light: dark cycle. Such studies in
pigment migration could be addressed by ex-
posing P. clarkii to cave (absolute darkness)
conditions during development. Possibly the
lack of exposure to light may also induce P.
clarkii to show a lack of diurnal cycles, also
shown to be lacking in a troglobitic crayfish
(Park et al., 1941).

In spite of the small eye stalks in P. eryth-
rops (see Mellon, 1977) and O. australis
packardi, they both have oculomotive reflexes
for protective eye withdrawal and geotactic
eye stabilization. The large axons with mito-
chondria in the protocerebral tract are prob-
ably motor neurons that innervate the eye-
stalk musculature. These motor neurons have
been reported in Procambarus erythrops, by
Mellon (1977). Possibly there are cuticular
sensory structures in the eye stalk that might
contribute to a percentage of the total num-
ber of axons observed in the cross sections.

Investigations of a variety of surface and
cave crustaceans at various stages in devel-
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opment will provide insight as to the evolu-
tionary process of vision loss with simulta-
neous enhancement of other sensory modal-
ities, allowing cave animals better chances for
survival. For example, Mellon (1977) re-
ported that P. erythrops possesses a cornea,
whereas it has been shown that O. australis
packardi does not. Because there are numer-
ous cave crustaceans with various degrees of
structural loss in visual components, such a
study is feasible for structural and functional
correlations related to the evolutionary
processes in well-defined ecological niches,
such as in isolated caves (Poulson, 1964).
Crayfish in general do show a high degree of
plasticity in their nervous system and mus-
cles based on activity or use (Cooper et al.,
1998). Studies on both amblyopsid fishes and
the crustacean Gammarus minus have pro-
vided indirect anatomical support for a trade-
off between optic and olfactory systems in
cave-dwelling forms (Poulson, 1963; Voneida
and Fish, 1984; Culver, 1987).

ACKNOWLEDGEMENTS

Ilustrations were provided by the courtesy of Hye Won
Cooper. Superb electron microscopy technical assistance
was provided by Ms. Mary Gail Engle and Mr. Richard
Watson (Univ. of Kentucky). Gratitude is given to Dr.
Tom Barr (Tennessee) and to Dr. Horton Hobbs (Witten-
berg Univ.) for help in identification of cave organisms.
Thanks is given to Mr. Tom Crockett for access to the
cave entrance on his property. Appreciation is expressed
to Dr. H. B. Hartman for use of optic fibers. Thanks are also
given to Hye Won Cooper for helping to count and mea-
sure axon profiles. Thanks is given to Dr. Hugo Aréchiga
(Mexico) for useful discussion on references to optic struc-
ture. Funding was provided by University of Kentucky Re-
search and Graduate Studies Office (R.L.C.) and NSF
grant IBN-9808631(R.L.C.). This work is in partial ful-
filment of the Ph.D. requirements for Mr. Hao Li. This
paper is dedicated to the late Mrs. Cathy Crockett, who
was a nationally recognized ecologically minded caver.

LITERATURE CITED

Ache, B. W, and C. D. Derby. 1985. Functional orga-
nization of olfaction in crustaceans.—Trends in Neu-
roscience 8: 356-360.

Aréchiga, H., U. Garcia, and L. Martinez-Millan. 1990.
Synaptic regulation of neurosecretory cell activity in
the crayfish eye stalk. Pp. 373-380 in K. Wiese, W.-
D. Krenz, J. Tautz, H. Reichert, and B. Mulloney, eds.
Frontiers in Crustacean Neurobiology, Advances in Life
Sciences. Birkhduser Verlag, Basel.

Barr, T. C. 1968. Cave ecology and the evolution of
troglobites.—Evolutionary Biology 2: 35-102.

Barr, T. C., Jr. 1985. Cave life of Kentucky. In P. H.
Dougherty, ed. Caves and Karsts of Kentucky. Ken-
tucky Geological Survey, Special Publication 12, se-
ries XI. Univ. of Kentucky, Lexington.



COOPER ET AL.: NEURAL STRUCTURES IN CRAYFISH

Barrera-Mera, B., and G. Y. Berdeja-Garcia. 1979. Bi-
lateral effects on retinal shielding pigments during
monocular photic stimulation in the crayfish, Procam-
barus.—Journal of Experimental Biology 79: 163-168.

Bethe, A. 1897. Vergleichende Untersuchungen iiber die
Funktionen des Centralnervensystems der Arthropo-
den.—Archiv gesamte Physiologie 68: 449-545.

Bruski, C. A., and D. W. Dunham. 1987. The importance
of vision in agonistic communication of the crayfish
Orconectes rusticus, 1. An analysis of bout dynamics.—
Behaviour 63: 83-107.

Burrows, M. 1967. Reflex withdrawal of the eyecup in
the crab Carcinus.—Nature 215: 56, 57.

——, and G. A. Horridge. 1968. Eyecup withdrawal
in the crab, Carinus, and its interaction with the opto-
kinetic response.—Journal of Experimental Biology 49:
285-297.

Cole, J. L., H. Li, H. L. Hopper, and R. L. Cooper. 1998.
The neuroecology of cave crayfish: the importance of
tactile vs. visual cues in determining behavior as re-
lated to spatial learning & social interaction. National
Speleological Convention. Sewannee, Tennessee. Au-
gust 3-7, 1998. [Abstract.]

Cooper, R. L. 1998. Development of sensory process
during limb regeneration in adult crayfish.—Journal
of Experimental Biology 201: 1745-1752.

, W. M. Warren, and H. E. Ashby. 1998. Activ-
ity of phasic motor neurons partially transforms the
neuronal and muscle phenotype to a tonic-like state.—
Muscle & Nerve 21: 921-931.

Culver, D. C. 1987. Eye morphometrics of cave and
spring populations of Gammarus minus (Amphipoda:
Gammaridae).—Journal of Crustacean Biology 7:
136-147.

, T. C. Kane, and D. W. Fong. 1995. Adaptation
and natural selection in caves. Harvard University
Press, Cambridge, Mass.

Darwin, C. 1872. On the origin of species by means of
natural selection, or the preservation of favoured races
in the struggle for life. 6th ed. John Murray, London.

Dingle, H. 1969. A statistical and information analysis
of aggressive communication in the mantis shrimp
Gonodactylus bredini Manning.—Animal Behavior 17:
561-575.

Fingerman, M. 1987. The endocrine mechanisms of
crustaceans.—Journal of Crustacean Biology 7: 1-24.

. 1995. Endocrine mechanisms in crayfish, with
emphasis on reproduction and neurotransmitter regu-
lation of hormone release.—American Zoologist 35:
68-78.

Harzsch, S., K. Anger, and R. D. Dawirs. 1997. Im-
munocytochemical detection of acetylated a-tubulin
and Drosophila synapsin in the embryonic crustacean
nervous system.—International Journal of Develop-
mental Biology 41: 477-484.

Hobbs, H. H., Jr., and T. C. Barr. 1960. The origins and
affinities of the troglobitic crayfishes of North America
(Decapoda, Astacidae) 1. The genus Cambarus.—Amer-
ican Midland Naturalist 64: 12-33.

, H. H. Hobbs I1I, and M. A. Daniel. 1977. A re-
view of the troglobitic decapod crustaceans of the
Americas.—Smithsonian Contributions to Zoology. No.
244: 1-183.

Huber, R., M. Orzeszyna, N. Pokorny, and E. A. Kravitz.
1997. Biogenic amines and aggression: experimental
approaches in crustaceans.—Brain, Behavior and Evo-
lution 50: 60-68.

373

Jahromi, S. S., and H. L. Atwood. 1974. Three-dimen-
sional ultrastructure of the crayfish neuromuscular ap-
paratus.—Journal of Cell Biology 63: 599-613.

Kirk, M. D., B. Waldrop, and R. M. Glantz. 1982. The
crayfish sustaining fibers. I. Morphological represen-
tation of visual receptive fields in the second optic neu-
ropil.—Journal of Comparative Physiology A 146:
175-179.

Kravitz, E. A., S. Glusman, R. M. Harris-Warrick, M. S.
Livingstone, T. Schwarz, and M. F. Goy. 1980.
Amines and a peptide as neurohormones in lobsters:
actions on neuromuscular preparations and preliminary
behavioral studies.—Journal of Experimental Biology
89: 159-175.

Li, H., and R. L. Cooper. 1999. The neuroecology of the
blind cave crayfish: social interactions.—American Zo-
ologist 38: 201A. [Abstract.]

, P. Huffman, J. L. Cole, H. L. Hopper, and R. L.
Cooper. 1998. The neuroecology of cave crayfish: spa-
tial learning among blind cave crayfish.—Abstract for
the Society of Neuroscience 468.8. [Abstract.]

Mellon, DeF. 1977. Retention of oculomotor reflexes in
blind cave-dwelling crayfish.—Brain Research 134:
191-196.

, R. H. Tufty, and E. D. Lorton. 1976. Analysis
of spatial constancy of oculomotor neurons in the cray-
fish.—Brain Research 109: 587-594.

Moore, P. A., J. Atema, and G. A. Gerhardt. 1991. Fluid
dynamics and microscale chemical movement in the
chemosensory appendages of the lobster, Homarus
americanus.—Chemical Senses 16: 663-674.

Nunnemacher, R. F., and P. P. Davis. 1968. The fine
structure of the limulus optic nerve.—Journal of Mor-
phology 125: 61-70.

Park, O., T. W. Roberts, and S. J. Harris. 1941, Prelim-
inary analysis of activity of the cave crayfish, Cam-
barus pellucidus.—American Naturalist 75: 154-171.

Payne, F. 1911. Drosophila ampelophila bred in the dark
for sixty-nine generations.—Biological Bulletin 21:
297-301.

Poulson, T. L. 1963. Cave adaption in amblyopsid
fishes.—American Midland Naturalist 70: 257-290.

. 1964 Animals in aquatic environments: animals
in caves. Pp. 749-771 in D. B. Dill, E. F. Adolph, and
C. G. Wilber, eds. Handbook of Physiology. Sec. 4.,
Adaptation to the environment. Williams and Wilkins
Co., Baltimore, Maryland.

Rhoades, R. 1944. The crayfishes of Kentucky, with
notes on variation, distribution and descriptions of
species and subspecies.—American Midland Natural-
ist 31: 111-149.

. 1962. The evolution of crayfishes of the genus
Orconectes Section Limosus (Crustacea, Decapoda).—
Ohio Journal of Science 62: 65-96.

Roach, J. L. M., and C. A. G. Wiersma. 1974. Differ-
entiation and degeneration of crayfish photoreceptors
in darkness.—Cell Tissue Research 153: 137-144.

Sandeman, R., D. Clarke, D. Sandeman, and M. Manly.
1998. Growth-related and antennular amputation-in-
duced changes in the olfactory centers of crayfish
brain.—Journal of Neuroscience 18: 6195-6206.

Schmidt, M. 1997. Continuous neurogenesis in the ol-
factory brain of adult shore crabs, Carcinus maenas.—
Brain Research 762: 131-143.

,and B. Ache. 1996. Processing of antennular in-

put of the spiny lobster, Panulirus argus. II. The ol-

factory.—Comparative Physiology A 178: 605-628.




374

Skinner, D. E. 1985. Molting and regeneration. Pp.
43—145 in D. E. Bliss and L. H. Mantel, eds. The bi-
ology of Crustacea. Vol. 9. Academic Press, New York.

Stavenga, D. G. 1979. Pseudopupils in compound eyes.
Pp. 357-439 in H. Autrum, ed. Handbook of sensory
physiology. Vol. 6. Springer, Berlin.

Strausfeld, N. J., and D. R. Nissel. 1981. Neuroarchi-
tectures serving compound eyes of Crustacea and in-
sects. Pp. 1-132 in H. Autrum, ed. Handbook of sen-
sory physiology. Vol VII 6B. Springer, New York.

Voneida, T. I., and S. E. Fish. 1984. CNS changes re-
lated to the reduction of visual input in a naturally blind
fish Anophtichthys hubbsi.—American Zoologist 24:
775-782.

Wiersma, C. A. G. 1961. Reflexes and the central ner-
vous system. Pp. 241-279 in T. H. Waterman, ed. The

JOURNAL OF CRUSTACEAN BIOLOGY, VOL. 21, NO. 2, 2001

Physiology of Crustacea. Vol. II. Sense Organs, Inte-

gration, and Behavior. Academic Press, New York.

,and T. Yamaguchi. 1966. The neuronal compo-
nents of the optic nerve of the crayfish as studied by
single-unit analysis.—Journal of Comparative Neurol-
ogy 128: 333-358.

, and . 1967. Integration of visual stim-
uli by the crayfish central nervous system.—Journal
of Experimental Biology 47: 409—-431.

Wiesel, T. N., and D. H. Hubel. 1963. Effects of visual
deprivation on morphology and physiology of cells in
the cat’s lateral geniculate body.—Journal of Neuro-
physiology 26: 978-993.

RECEIVED: 19 January 2000.
ACCEPTED: 19 September 2000.



