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Summary. Caecilians (Amphibia, Gymnophiona) have been
reported to have ‘vestigial’ eyes, to lack some or all of
the extrinsic eye muscles and their nerves, and to utilize
eye muscles and glands, or derivatives of them, to effect
movement of the tentacle, a chemosensory structure unique
among vertebrates. Morphological evidence indicates that
the eye is a functional photoreceptor in virtually all species
examined, with an intact retina and optic nerve. The pattern
of retention of extrinsic muscles varies. The ontogeny of
the eye of Dermophis mexicanus is typical of that of most
vertebrates, though components of accommodation never
develop. Several taxa are reported in the literature to lack
various eye structures; the present study reveals them to
be variously present. Evolutionary trends in caecilian eye
morphology include the following: (1) the eye is overlain
by thicker, often glandular skin, to overlain by bone as
well as skin; (2) extrinsic muscles become attenuate, and
some to all may be lost; (3) the retina has the typical verte-
brate layered organization, to having a reduced cell number,
to becoming net-like rather than stratal; (4) the optic nerve
is present, becoming attenuate, perhaps represented only
by glial cells; (5) the lens is round (aquatic forms, larval
and adult) to spheroid; lens crystalline to cellular (retention
of the embryonic condition) to amorphous to absent; (6)
the vitreous body is reduced or lost; (7) the cornea adheres
to the overlying dermis or periosteum; the lens is free to
adherent to cornea to adherent to both cornea and retina.
Scolecomorphids have the eye pulled out of the socket and
embedded in the tentacle under the skin of the upper jaw.
This pattern of trends in eye reduction is similar to that
observed in other vertebrate lineages that are fossorial or
troglobitic.

A. Introduction

Caecilians are structurally modified for a fossorial existence
— they are elongate, limbless, and have flattened, heavily
ossified skulls. Their eyes are small, and covered by skin
or skin and bone. Most caecilians upon which field observa-
tions have been made are nocturnal foragers (Taylor 1968;
Wake pers. obs.). Further, caecilians have a highly elabor-
ated chemosensory system, utilizing both narial olfaction
and the tentacle, a structure unique to caecilians among
vertebrates, whose lumen is continuous with the Jacobson’s

organ. It has long been known that the tentacle coopts
eye muscles, nerves, and glands during its development and
subsequent function (Leydig 1868; Wiedersheim 1879; P.
and F. Sarasin 1887-1890). The retractor bulbi, innervated
by the abducens nerve, becomes the retractor of the tenta-
cle; an internal rectus muscle, innervated by the oculomotor
nerve, is often the retractor of the tentacle sheath; the leva-
tor bulbi, innervated by a branch of the ramus mandibularis
of the trigeminal, becomes the compressor muscle of the
glands surrounding the tentacle; and the Harderian gland,
which lubricates the orbit in most terrestrial vertebrates,
moistens the tentacular channel.

Because of the small size of the eye, its covering layers,
the loss to the tentacle of structures associated with the
eye in other vertebrates, and the fossorial or swimming
and nocturnal habitus of the animals, many workers have
considered the caeciian eye “‘rudimentary”, “vestigial”,
and/or “degenerate” (Norris and Hughes 1918; Walls
1942) despite, or because of, their own investigations of
caecilian cranial structure.

Work on various species suggests a mosaic pattern of
loss of extrinsic eye muscles and their nerves, and their
utilization by the tentacle, and of the functional properties
of the eye. For example, Norris (1917) and Norris and
Hughes (1918) considered the eyes of all caecilians rudimen-
tary, but in those species with the eye covered by skin,
they thought that the eye probably was affected by light.
They stated that such forms have some or all of the eye
muscles and nerves present, but mostly vestigial or modified
for use by the tentacle. The other group that Norris recog-
nized included the species in which the eye is covered by
bone (maxillary and/or squamosal, rarely frontal) as well
as by skin, and Norris and Hughes declared that ““ the optic
nerve and all the eye-muscles and eye-muscle nerves, except
the retractor bulbi and its nerve, the abducens, have com-
pletely disappeared™. I infer that Norris considered such
eyes non-functional as photoreceptors. However, the litera-
ture is in conflict about the presence or absence of certain
eye structures both within and among species. Therefore,
as part of a larger study of the developmental and func-
tional morphology of the head of caecilians, I have under-
taken an examination of the eye and tentacle of a number
of species in several families. I here present information
on the comparative morphology and development and
function of the eye. [ offer a new interpretation of the struc-
ture of the eye and its variation, and consider the morpho-
logical evidence that allows interpretation of function.
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Table 1. Heads sectioned for study

Taxon Total Developmental
length stage
(mm)
Ichthyophiidae
Ichthyophis sp. 111 Larva
Ichthyophis glutinosus 344 Adult
Ichthyophis orthoplicarus 380 Adult
Uraeotyphlus narayani 151 Adult
Caeciliidae
Afrocaecilia taitana 246 Adult
Boulengerula boulengeri 1M Adult
Caecilia occidentalis 510, 489 Juvenile
Dermophis mexicanus 5-398 10 embryos,
14 fetuses,
6 juveniles,
7 adults
Geotrypetes grandisonae 101 Larva
Geotrypetes seraphini 15-335 1 embryo,
2 juveniles, 2 adults
Gymnopis multiplicata 200, 370 1 juvenile, 1 adult
Hypogeophis rostratus 5-224 6 embryos, 2 adults
Idiocranium russeli 94 Adult
Oscaecilia ochrocephala 432 Adult
Schistometopum thomense 224 Adult
Scolecomorphidae
Scolecomorphus kirkii 275 Adult
Scolecomorphus ulunguruensis 271 Adult

Typhlonectidae

Typhlonectes compressicaudus 15-350 1 embryo, 1 fetus,

1 juvenile, 2 adults

B. Materials and methods

Whole heads of adult specimens of eighteen species repre-
senting four families (see Table 1 for taxa and other data)
were decalcified, embedded in low-viscosity nitrocellulose
(LVN), sectioned frontally with a shding microtome,
mounted and stained with haematoxylin-eosin, saffranin
red-O, picro-ponceau, Heidenhain’s azan, or Mallory’s
trichrome (Humason 1978; Thomas 1983). The heads of
larvae and fetuses of additional species representing three
families (see Table 1) were prepared in LVN or epoxy or
paraffin and stained with alcian blue or as above. An onto-
genetic series of heads of Dermophis mexicanus (35 heads;
5-398 mm total length [TL]; see Table 1) was prepared by
embedding either in paraffin or LVN, sectioning frontally,
sagittally, or transversely, and staining as above in order
to examine development of the eye and associated struc-
tures. Measurements were taken using an ocular microme-

ter. Therefore representatives of four of the five families
of caecilians, the major life history modes and stages, and
the world-wide distribution of the order were available for
study.

C. Results

1. Comparative anatomy of the adult eye

The eye of adult Dermophis mexicanus (Dumeril and Bi-
bron) of the family Caeciliidae displays the characteristics
of the eyes of most caecilians. I describe it in some detail,
then compare the eyes of other species to it. In a 267 mm
TL specimen (a young adult), the orbit is in a socket that
is bounded laterally by the margins of the maxilla and squa-
mosal, and medially by the sphenethmoid complex. The
orbit is covered by a thick layer of dermis and epidermis
(Figs. 28, 29). In larger adults a monolayer of large mucous
glands lies in the dermis, but glands are absent in the skin
over the lens region of the eye in juveniles and young adults.
The cornea and sclera of the orbit are adherent to the con-
nective tissue of the covering dermis. The lens is large,
spherical, and somewhat cellular, both internally and in
its epithelium, and is adherent to the cornea. The diameter
of the lens is 0.22 mm; of the orbit is 0.6 mm. The iris
is effectively the diameter of the lens, and the lens protrudes
through the iris. There are no sphincters or muscles of ac-
commodation associated with iris or lens. The chorioid
layer is heavily pigmented. The retina is well developed,
covering virtually the entire inner surface of the eye. There
are two layers in the outer nuclear layer, two in the inner
nuclear layer, and 2-3 in the ganglionic (the numbers of
rows of nuclei in the three layers are referred to subse-
quently as the ‘retinal formula’). The retina apparently is
composed entirely of rods, which do not appear to contain
droplets, as Walls (1942) observed in Ichthyophis. A well
developed optic nerve (0.9 mm dia where it leaves the orbit)
extends from the medio-ventral quadrant of the eye to the
optic chiasma. All six extrinsic eye muscles (rectus internus,
r. inferior, r. superior, r. externus, obliquus superior, and
o. inferior) are present and innervated by the appropriate
cranial nerves (see discussion). The retractor and levator
bulbi are not associated with the orbit, but with the tentacle.
The orbit is surrounded by the extensive Harderian gland
except laterally, where it is in contact with the dermis.

1. Family Ichthyophiidae. Ichthyophis glutinosus (Linnaeus).

Orbit bulges into outline of head, covered by thick, unpig-
mented, aglandular skin. Orbit 0.6 mm dia, very similar
to the “two-thirds mm” reported by Walls (1942). Lens

Fig. 1. Ichthyophis sp. larva (111 mm TL). The lens is crystalline, and free of cornea and retina. The retina is very well developed,
especially the outer nuclear layer. Abbreviations: b bone; bv blood vessel; ¢ cornea; ch chorioid layer; d dermis; e epidermis; em
extrinsic muscle; emp extrinsic muscle primordium; g/ ganglionic layer; hg Harderian gland anlage; i/ inner layer; inl inner nuclear
layer; ! lens; Ir lens rudiment; m melanocytes; mrt musculus retractor tentaculae; on optic nerve; ont optic nerve tract; ov optic vesicle;
pov primary optic vesicle; # retina; rf retinal fibers; ri rectus inferior; s sclera; sg skin gland; sga skin gland anlage; sk skin. Scale
bars=0.1 mm, except where indicated otherwise. In virtually all specimens, preservation artifact is exhibited by retinal detachment
from the chorioid layer, and often by the dissociation of lens, retina, cornea, and skin in situations in which these are adherent in

life. See text for further description

Fig. 2. Ichthyophis orthoplicatus (330 mm TL). The skin overlying the eye is thin. The lens is large, half the diameter of the orbit,
and is cellular centrally, lamellate peripherally. The cornea is adherent to lens and skin. See Fig. 1 for abbreviations and scale
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Fig. 3. Uraeotyphlus narayani (151 mm TL). The lens is large and cellular, adherent to cornea and retina. The retina folds, peripherally
into two shallow folds, centrally into a single deep fold. See Fig. 1 for abbreviations and scale

Fig. 4. Caecilia occidentalis (510 mm TL). The orbit is small (0.24 mm dia). The lens is cellular and somewhat amorphous, adherent
to cornea and retina. The chorioid is thick. The Harderian gland is unusually large, filling a large cavity behind the eye. See Fig. 1
for abbreviations and scale

Fig. 5. Hypogeophis rostratus (224 mm TL). The lens is adherent to cornea and to retina except in the quadrant behind which the
optic nerve exits. The rectus superior and the tentacular retractor muscles are shown, as in the optic nerve tract. The latter lies on
the tentacular retractor muscle for much of its course. The orbit is unnaturally flattened in this specimen. See Fig. 1 for abbreviations
and scale
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crystalline, with thick epidermis cellular laterally. Lens
slightly spherical, 0.3 mm dia. Middle of lens free of cornea,
though cornea is adherent peripherally. Chorioid layer very
thick, deeply pigmented. Optic nerve unusually well devel-
oped (0.1 mm dia) in contrast to that of adults of other
species. Retinal formula 2-2-2, similar to the 2-2-(2-3) re-
ported for the species by Walls (1942). Full complement
of extrinsic muscles present, as is a very well developed
retractor tentaculi.

Ichthyophis orthoplicatus Taylor (Fig. 2). Eye in this spe-
cies similar in viritually all respects to that described above
for I glutinosus. However, structure of lens in marked con-
trast; lens cellular internally, lamellate with few nuclei pe-
ripherally; lens attached to both cornea and retina in speci-
men examined.

Ichthyophis sp. (Fig. 1). Specimen examined is a large
(111 mm TL) free-living larva, the only such specimen avail-
able for analysis. Orbit well formed, 0.45 mm dia; overlain
by thick aglandular dermis and thin epidermis. Lens
0.15 mm dia, a crystalline sphere with a thin epidermis,
celiular laterally but not medially. Lens not adherent to
cornea nor retina; space between lens and cornea greater
than that between lens and retina. Chorioid well pigmented ;
where it forms the iris, underlain by a circular layer of
unpigmented cells attached to retina, but not to lens. Retina
well deveoped, formula 2-3-(2-3). Optic nerve 0.02 mm dia.
Six extrinsic eye muscles present, all insert on orbit. Tenta-
cle has not begun to develop; no separate retractor anlage.
Whether it develops later, as in Dermophis, or shifts posi-
tion, as indicated by Engelhardt (1924) and Walls (1942)
cannot be determined.

Uraeotyphlus narayani Seshachar (Fig. 3). Orbit 0.3 mm
dia, covered by aglandular dermis and epidermis. Lens
round, proportionally the largest observed at 0.2 mm dia,;
cellular centrally (least so at its greatest diameter), lamellar
peripherally. Epidermal layer lamellar, thick, deepest later-
ally. Lens adheres completely to cornea, and to retina ex-
cept centrally — there retina folds, initially (peripherally)
in two shallow folds that deepen medially (centrally) to
a single fold. Space between lens and retina coursed by
hyaloid tissue strand. Retina complex, flattened peripheral-
ly, retinal formula 2-2-(1-2), stouter centrally, formula
1-(3-4)-2. Retinal shape remniscent of the folding effected
by some other vertebrate species to afford accommodation
in the absence of a lens control mechanism (see below).
Optic nerve well developed, 0.06 mm dia. Eye lies in Har-
derian gland medially. Full complement of extrinsic muscu-
lature present, retractor tentaculi is well developed, corro-
borating Ramaswami’s (1941) report.

2. Other Caeciliidae. Caecilia occidentalis Taylor (Fig. 4).
The orbit small, 0.24 mm dia, in Harderian gland, overlain
by thick connective tissue and skin. Skin aglandular over
center of orbit. Lens cellular, not spherical but amorphous;

0.13 mm at greatest depth; fused to cornea and retina. Reti-
na well developed, retinal formula (2-3)-2-(2-3) centrally
and 2-2-2 peripherally. Optic nerve very attenuate (0.01 mm
dia). Only rectus inferior identifiable of extrinsic muscles;
present as few fibres only on the right orbit, absent from
the left in my sections. Retractor tentaculi stout, passes
ventro-medially to antero-laterally behind orbit.

Hypogeophis rostratus (Cuvier) (Fig. 5). Orbit latero-
medially flattened in this specimen, 0.35 x 0.23 mm, similar
to the 0.3 dia reported by Walls (1942). Lens cellular at
center, lamellar peripherally; slightly spherical, 0.12 mm
dia; outermost lens epithelial layer thick, cellular. Lens ad-
herent to cornea and retina, except where optic nerve exits,
there a small space is filled with amorphous material, tra-
versed by the hyaloid strand. Lens fused with iris at its
greatest diameter, protrudes half of its diameter beyond
iris to cornea. Retina well developed, formula 2-3-2 cen-
trally, 1-3-1 anteriorly; similar to Arnold’s (1935) report
of (2-3)-3-(2-3) centrally, (2-3-(1-2)-1 at the “border’. Chor-
ioid thick, well pigmented, as Arnold reported, but contra-
dicting Walls (1942). Optic nerve slender, 0.04 mm dia. All
six extrinsic muscles, and a stout retractor tentaculi, pres-
ent.

Geotrypetes seraphini (Dumeril) (Fig. 9). Orbit 0.33 mm
dia, overlain by skin. Epidermis thin, no glands in dermis
overlying eye. Cornea adherent to dermis. Lens cellular cen-
trally, lamellar peripherally; adherent to cornea and retina;
epidermis thin; lens round. Lens diameter 0.15 mm. Iris
fused to lens. Retinal formula 2-(2-3)-2 centrally, 1-2-1 pe-
ripherally. Chorioid layer deeply pigmented. Optic nerve
slender, 0.02 mm dia. Four extrinsic eye muscles present,
attenuate: rectus externus, r. internus, r. inferior, and an
obliquus. Harderian gland primarily below eye and in tenta-
cular channel.

Geotrypetes grandisonae Taylor (Fig. 10). Orbit in late
larva well developed, 0.2 x0.25 mm, overlain by thick,
aglandular, very cellular dermis and multi-layered, cellu-
lar epidermis, characteristic of larval skin. Lens virtually
round, 0.12 x 0.125 mm, vestigially cellular. Lens has very
thin slightly cellular epidermis, adheres to cornea, cornea
to dermis, lens adheres on medial circumference to retina.
Lens also fused to pigmented chorioid layer. Retinal for-
mula is 2-(3-4)-2. Optic nerve thin, 0.025 mm dia. Four
extrinsic muscles present, and the retractor tentaculi with
slip to orbit. Tentacle embryonic, but retractor tentaculi
attached to it; lumen of tentacle perforate to external envi-
ronment. Orbit in Harderian gland medially; gland not well
developed, two or three complexly twining tubules.

Schistometopum thomense (Barboza du Bocage). Eye
covered by skin, orbit 0.25 mm dia. Lens spheroid, 0.13 mm
dia, has three regions of different density and staining char-
acteristics: center an acellular stroma; surrounded by lamel-
late layer with few nuclei; peripheral layer of interwoven
strands containing numerous elongate cells. Lens free of

Fig. 6. Typhlonectes compressicaudus (90 mm fetus). The skin over the eye is very thin. The lens is round, free of cornea and retina.
The optic nerve is slender (0.04 mm dia). The Harderian gland anlagen are present. Se¢ Fig. 1 for abbreviations and scale

Fig. 7. Typhlonectes compressicaudus (321 mm TL adult). The lens is round and proportionally very large; it is adherent to cornea
and peripherally to the retina. The skin over the eye is thick but aglandular. See Fig. 1 for abbreviations and scale

Fig. 8. Dermophis mexicanus (282 mm TL). This section through the ventral edge of the eye illustrates the chorioid layer and adjacent

bone; the rectus inferior is stout. See Fig. 1 for abbreviations and scale
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Fig. 9. Geotrypetes seraphini (245 mm TL). The lens is small, less than half the diameter of the orbit. The Harderian gland is small.
The skin over the orbit is thin. See Fig. 1 for abbreviations and scale

Fig. 10. Geotrypetes grandisonae (101 mm TL larva). The skin over the orbit is thick but aglandular. The lens is nearly round and
more than half the diameter of the orbit. See Fig. 1 for abbreviations and scale.

Fig. 11. Idiocranium russeli (94 mm TL). The skin over the orbit is thick and glandular. The lens adheres to cornea and retina. The
orbit is small, even for a small species, and the Harderian gland is large. See Fig. 1 for abbreviations and scale
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cornea, held to retina only by connective tissue strands to
iris. Retina well developed, formula 2-3-2 centrally,
1-2.5-1.5 peripherally. Optic nerve very thin, 0.01 mm dia,
but clearly extends from the ganglionic layer posteriorly.
Chorioid heavily pigmented. Extrinsic muscles cannot be
counted, since the eye was dissected from the specimen,
but at least three are present.

Idiocranium russeli Parker (Fig. 11). Orbit proportiona-
tely small in this most diminutive of caecilian species at
0.21 x0.13 mm. Eye covered by highly glandular dermis
with a thick basal fibrous connective tissue layer and a
well developed epidermis. Much of orbit covered ventrally
by squamosal bone ledge. Lens crystalline with few cell
nuclei present; lens epidermis thin with a few large nuclei.
Lens fused to cornea, cornea to dermis, and medial aspect
of lens to retina; lens somewhat flattened, 0.1 x 0.6 mm.
Retinal formula 2-2-(2-1). Optic nerve minute, barely mea-
surable at 0.005 mm dia. Four extrinsic muscles present,
one represented by only two fibers. One is the retractor
tentaculi, which has slip to orbit. See discussion of extrinsic
musculature below.

Oscaecilia ochrocephala (Cope) (Fig. 13). Orbit small,
0.2 mm dia, embedded medially in Harderian gland and
lying under 0.1-0.2 mm bone, 0.5 mm skin with two layers
of dermal glands and a thick epidermis. Lens vestigial, an
infolding of the lateral stroma containing a few nuclei larger
than those of the retina. Retina loosely organized medially
in a stromatous net with an ill-defined ganglionic layer;
formula of 2-1 for the nuclear layers. Cells few and large.
Optic nerve present, attenuate, 0.02 mm dia where it exits
eye. Chorioid pigmented. Harderian gland unusual, highly
vascularized, traversed by large capillaries, has mass of lat-
eral muscle posteriorly. One postero-ventral extrinsic mus-
cle present, another may be represented by a stout connec-
tive tissue strand which extends anteriorly through Harder-
ian gland to bony rim of orbit.

Gymnopis multiplicata Peters (Fig. 12). Orbit overlain
by bone and skin. Central part of eye lies at articulation
of maxillary and squamosal bones. Lens amorphous, in
contact with a connective tissue layer, presumably the re-
duced cornea, immediately underlying the periosteum. Lens
0.17 mm dia at greatest depth, appears to lack an epithelial
layer. Cushion of cells surrounds portion of lens in contact
with exterior connective tissue. Retina well differentiated,
formula (1-2)-3-1. Chorioid layer well pigmented. Iris in
contact with lens, lens with retina. Optic nerve is attenuate,
0.025 mm dia at the orbit, then a minute strand lying on
the retractor tentaculi. The orbit is 0.33 mm dia. I cannot
distinguish any extrinsic musculature.

Afrocaecilia taitana (Loveridge) (Fig. 14). Orbit covered
by bone, overlain by glandular dermis and epidermis. Eye

extremely reduced (0.12 mm dia), adherent to periosteum
anteriorly, embedded in Harderian gland elsewhere. Lens
absent. Retina amorphous but continuous structure lining
sphere of orbit, anteriorly through posteriorly, as though
optic cup did not invaginate during development. Slight
central hollowing suggests two irregular layers. Optic nerve
very tenuous (0.005 mm dia, lying very near m. retractor
tentaculi). Eye lacks cellular chorioid layer, though evidence
of melanin posteriorly on orbit; pigment dispersed irregu-
larly, in contrast to that of eyes in other species examined.
Extrinsic eye muscles absent, except for scant fibers of a
ventrally inserting muscle near course of the optic nerve.
Retractor tentaculi well developed; orbit lies on it. It is
possible that fibers of other extrinsic muscles are incorpo-
rated into it, if they develop at all.

Boulengerula boulengeri Tornier (Fig. 17). Specimen not
well fixed; eye appears to be the most reduced of those
examined. Orbit lies under bone and skin; pulled to pos-
tero-ventral margin of the bony cavity by connective tissue
strands, which deform orbit so that it is 0.13 x 0.06 mm.
Lens, optic nerve, and chorioid pigment absent. Retina
present, represented by rather few nuclei lying in stroma,
arranged as a deformed bilayered net. Harderian gland very
small, lies medially to orbit. Retractor tentaculi in the Har-
derian gland; small, as de Villiers (1938) indicated. Connec-
tive tissue strands may be a vestige of the rectus inferior
muscle, which may be the last of the extrinsics to disappear.
De Villiers (1938) indicates an ““eye muscle” in his Figure 8,
but does not otherwise refer to it.

3. Family Scolecomorphidae. Scolecomorphus kirkii Bou-
lenger (Fig. 16). Eye, as in most species of the genus and
therefore the family, out of socket under squamosal and
embedded in tentacle; eye on posterior side of tentacle and
covered by a deep glandular dermis and thick epidermis.
Orbit 0.23 mm dia. Lens round, 0.15 mm dia, cellular, cells
few and held in a loose stromatous net. Lens adherent to
cornea, which lies under the dermis of upper jaw; lens also
adherent to retina. Retinal formula 1.5-3-(1-2); retina
0.06 mm deep. Optic nerve present, attenuate, 0.05 mm dia
where it leaves the orbit. Chorioid layer pigmented. Two
attenuate extrinsic muscles attach to orbit, probably retrac-
tor inferior and superior oblique. Two kinds of glands asso-
ciated with tentacle and eye, a posterior set that resembles
the Harderian gland, and an anterior epithelial set. A layer
of the latter form a glandular pocket between the cornea
and the dermis.

Scolecomorphus uluguruensis Barbour & Loveridge
(Fig. 15). Orbit, as in S. kirkii, pulled out of the socket
under bone, lies embedded in tentacle under skin, which
contains numerous glands. (This is contrary to de Villier’s

Fig. 12. Gymnopis multiplicata (370 mm TL). The lens is amorphous and adheres to retina and cornea, and the cornea to the overlying
bone. The retina is well organized. See Fig. 1 for abbreviations and scale

Fig. 13. Oscaecilia ochrocephala (432 mm TL). The lens is rudimentary and the retina a bilayer. Note the attenuate extrinsic muscle.
The Harderian gland is large and exceptionally vascular. See Fig. 1 for abbreviations and scale

Fig. 14. Afrocaecilia taitana (246 mm TL). The lens is absent and the retina amorphous. The eye adheres to the overlying bone. The

chorioid layer is not pigmented. See Fig. 1 for abbreviations and scale

Fig. 15. Scolecomorphus uluguruensis (271 mm TL). The eye is embedded in the tentacle and is drawn out of the socket, lying under
the skin of the upper jaw. The eye is oriented so that the lens is medial, and the net-like retina and chorioid layer are lateral toward
the skin. The eye is much reduced relative to that of S. kirkii (Fig. 28). See Fig. 1 for abbreviations and scale
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Fig. 16. Scolecomorphus kirkii (275 mm TL). The eye is embedded in the tentacle. The lens is cellular and adheres to the cornea.
The retina has three nuclear layers and the eye has a densely pigmented chorioid layer. See Fig. 1 for abbreviations and scale

Fig. 17. Boulengerula boulengeri (171 mm TL). The eye is very reduced; an amorphous retina is present. Extrinsic muscles are absent,
and evidence of an optic nerve is meager. See Fig. 1 for abbreviations and scale
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(1938) report, in which he stated that the eye is hidden
by the paraquadrate [=squamosal], but perhaps corrobo-
rates Ramaswami’s (1941) statement that the eye is not
covered by bone.) Both eyes oriented so that the pigmented
chorioid layer is lateral, abutting the dermis, and the lens
is medial. Ramaswami (1941) states that the eye is directed
toward the lower jaw, and devoid of lens, extrinsic muscles,
or optic nerve. Eye not small, 0.18 x 0.28 mm. Lens rudi-
mentary, some 6-8 cells and 0.03 mm dia, recessed in orbit,
held by stroma. Lens adheres to retina and to connective
tissue of capsule of orbit. Outer nuclear layer of retina one
layer deep; the other two nuclear layers are a few cells
irregularly distributed in a stromatous net. Neither extrinsic
muscles nor an optic nerve are discernable. Eye, twice diam-
eter of tentacle, and the tentacle, held in pocket of connec-
tive tissue that has a glandular epithelial lining and which
is entered by several capillaries. Obviously, considerable
variation in eye morphology can exist among species in
the same genus.

4. Family Typhlonectidae. Typhlonectes compressicaudus
(Dumeril & Bibron) (Fig. 6). Orbit proportionately large;
in young adults examined, 0.6 mm dia; bulges into outline
of head, covered by thick layer of aglandular dermis and
epidermis. Glands encroach in dermis over periphery of
orbit, but are not present in skin overlying lens. Lens round
0.35 mm dia, slightly cellular. Epidermal layer thick me-
dially, thin laterally, less cellular with different staining
characteristics than center of lens. Lens adheres to cornea,
peripherally to retina. Thin hyaloid strand present, connect-
ing the two structures. Retina well developed, formula
2-3-2. Optic nerve attenuate, 0.06 mm dia. Orbit lies in Har-
derian gland. Five extrinsic eye muscles identifiable, rectus
superior, obliquus superior, rectus externus, rectus inferior,
and obliquus inferior. 1 do not observe a rectus medialis,
but it is possible that its few fibers may be in the same
plane as the very large retractor tentaculi.

A 90 mm fetus of the same species has an eye rather
similar to that of the large adult (Fig. 7). Eye bulges under
thin aglandular dermis and very thin epidermis. Orbit
0.56 x 0.43 mm, lens 0.21 mm dia. Lens very round, cellular,
with a flat cellular epithelium. Lens free, with a large space
between it and cornea, and it and retina. Retinal formula
(1-2)-3-(2-3), the latter layer very cell dense. Optic nerve
0.04 mm dia. Chorioid layer deeply pigmented. Harderian
gland developing, several capillaries present in socket. Five
extrinsic eye muscles present, more attenuate but in the
position of those of the adult.

11. Development of the eye in Dermophis mexicanus

The embryology of the eye of caecilians is in accord with
the general vertebrate pattern until metamorphosis and the
appearance of the tentacle. Even so, there are variations
on the theme consistent with the absence or reduction of
many features normally present in the adult eye. 1 therefore
describe the development of the eye and its associated mus-

cles and glands in Dermophis mexicanus from specimens
5 mm total length through adults of nearly 400 mm TL.

5mm TL (Fig. 18). Primary optic vesicle well formed,
connected to prosencephalon by the constricted optic stalk.
Vesicle in contact with epidermal ectoderm, thickened in
the contact region.

8 mm TL. Optic stalk constricted, but optic vesicle has
not begun to invaginate. Lens placode component thick-
ened.

10 mm TL (Fig. 19). Optic vesicle fully invaginated,
forming secondary optic vesicle. Lens vesicle also fully inva-
ginated, hollow, has no ductal connection to epidermal ec-
toderm, but is overlain by an epidermal monolayer. A sec-
ond 10 mm specimen has thin outer (pre-chorioid) and thick
mner (pre-retinal) layers more distinctly forming the sec-
ondary optic vesicle.

22 mm TL (Fig. 20). Melanocytes present in chorioid
monolayer. Inner layer greatly thickened, several cell layers
deep, but not organized. Lens hollow cellular structure fill-
ing corneal gap of optic cup.

35mm TL (Figs. 21, 22). Chorioid layer well estab-
lished, retina differentiating, having a thick outer layer and
a thin inner layer. A thin hyaloid vessel to lens extends
from the central artery, and retinal fibers appear to be in-
vading the thin optic stalk.

44 mm TL (Fig. 23). Chorioid a densely pigmented
monolayer; retina dense, with an elongate outer nuclear
layer apparent but no other differentiation. Cornea and
sclera established. Lens well vascularized (large cells present
in center, peripherally reduced epithelial cellular layer). Op-
tic nerve and multiple vessels procede medially in course
of chorioid fissure of optic stalk as the fissure closes. Mesen-
chymatous masses that appear to be primordia for three
extrinsic muscles are present outside the orbit. Cells not
striated, lack origins and insertions.

58 mm TL (Fig. 24). Eye very similar to that of the
above-described specimen. Retina in two amorphous layers.
Hyaloid artery regressed but represented by connective tis-
sue strand. Ventro-posterior and antero-dorsal muscles in
contact with orbit, but not with their origins. Mesenchyma-
tous anlage of the tentacle aggregated. Third muscle present
in the 44 mm specimen differentiating in situ, not in contact
with any other structures.

68 mm TL (Fig. 25). Little change from the condition
reported above, except tentacle differentiated into “core”
and “wall” components (see below). Anlage of fourth ex-
trinsic muscle aggregated, but not differentiated.

72 mm TL. Retina three distinct nuclear layers, nuclei
of outer nuclear layer larger than those of other layers.
Lens composed of large cells. Optic nerve well developed,
relatively stout. Orbit well vascularized following closure
of chorioid fissure. Two extrinsic muscles have established
origins on medial wall (sphenethmoid) of socket, probably
rectus inferior and obliquus superior. Tentacle continues
to differentiate, but is not assoctated with musculature.
Harderian gland anlagen have appeared posterior to orbit.

80 mm TL. Lens protrudes through iris; presumptive

Fig. 18. The embryo is 5 mm total length (7L). The primary optic vesicle is connected to the prosencephalon by the optic stalk. Thickening
peripherally and invagination have begun. Bar =0.02 mm. See Fig. 1 for abbreviations

Fig. 19. 10 mm TL. The secondary optic vesicle and the lens vesicle are fully formed; the lens is free of epidermal ectoderm. See

Fig. 1 for abbreviations and scale
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Fig. 20. 22 mm TL. The retina is thickened; the lens hollow. Melanocytes are present in the chorioid. Bar=0.05 mm. See Fig. 1
for abbreviations

Fig. 21. 35 mm TL. The retina has differentiated to a thick outer and a thin inner layer of cells. See Fig. 1 for abbreviations and
scale

Fig. 22. 35 mm TL. Retinal fibers invade the path of the degenerating optic stalk. See Fig. 1 for abbreviations and scale

Fig. 23. 44 mm TL. The lens is solid and celtular. The retina is dense. The cornea and sclera are differentiated. Extrinsic muscle primordia
are forming. See Fig. 1 for abbreviations and scale
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Fig. 24. 58 mm TL. The eye is little changed from the 44 mm stage. The extrinsic muscles are differentiating, and two are in contact
with the orbit. See Fig. 1 for abbreviations and scale

Fig. 25. 68 mm TL. The retina is distinctly bilayered. The retractor muscle of the tentacle is developing in situ. It never contacts the
orbit. See text for discussion. See Fig. 1 for abbreviations and scale

Fig. 26, 105 mm TL. In this large fetus, the retina has three nuclear layers. The lens protrudes through the iris. Harderian gland
anlagen are aggregated, as are skin gland anlagen. See Fig. 1 for abbreviations and scale



=
. .08
E — L L] .
o .06+ o
o
© — L *
>
§ 04— * .
2 ] . . ]
- L ]
& 02 .
~ e
O T 1 T T 1 T )
.6] S o o .
E o .
E 4 . *
g - . .
> 3.
R
o ~ .
O L T T T T 1 T 1
0 100 200 300

Total length (mm)

Fig. 30. Growth of orbit and optic nerve in an ontogenetic series
of Dermophis mexicanus

cornea thin and in complete contact with lens and orbit.
Retinal layers better differentiated. A sixth muscle anlage
aggregated posterior to orbit. More Harderian gland anla-
gen have appeared; hollow monolayered spherical struc-
tures.

105 mm TL (Fig. 26). Lens still cellular in center; pro-
trudes through iris. Small, discrete space between lens and
retina. Retina at center has 3 rows of nuclei in inner nuclear
layer, 2 in ganglionic layer, and an irregular 1 in outer
layer. Peripherally 2 in inner layer and ganglionic also
poorly differentiated. Six extrinsic eye muscles in contact
with the orbit and the medial wall of the socket; recogniz-
able by position, origin, and insertion. Tentacular retractor
differentiated, parallels course of tentacle, originates on
socket wall, has indication of some fibers inserting on tenta-
cle, but is not yet striated. Other intrinsic muscles striated,
presumably capable of function. More gland anlagen pres-
ent.

110 mm TL. Structure much the same as 105 mm speci-
men. Retinal layers more discrete. Chorioid thick, well pig-
mented monolayer. Retractor tentaculi not yet striated. Op-
tic nerve still increasing in diameter (see Fig. 30), as is orbit.

147 mm TL. Orbit spherical; lens adherent to cornea
only at center. Iris contacts lens medially at its diameter;
lens protrudes through iris the length of its radius. Lens
0.19 mm dia, cellular. Retina effectively two layers, outer
layer with elongate nuclei in outermost layer. Optic nerve
better developed. Extrinsic muscles show scant striation.
Harderian gland nearly fills socket.

164 mm TL (Fig. 27). Orbit lateromedially compressed
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and elongated. Lens has cellular center and protrudes
through iris. Lateral aspect of orbit, including lens, overlain
by cornea and bound to it by fibrous connective tissue.
Cornea a discrete layer, but adherent to lower layer of der-
mis. Skin overlying cornea thin, lacks mucous or “poison”
glands only over orbit. Extrinsic eye muscles well developed
and of approximately equivalent diameters, except for re-
tractors of tentacle and its sheath. These muscles stout flat-
tened structures. Harderian gland well developed behind
orbit. No muscles of accommodation, ciliary body, etc.,
present, a characteristic of all caecilians.

199 mm TL. Lens cellular, completely free of contact
with cornea, so that there are fluid-filled chambers in front
of and behind lens. Retina is still two layers, effectively
in contrast to the 105 mm specimen. Harderian gland ex-
tends into the tentacular channel. Extrinsic muscles and
retractor tentaculi striated. Given that there is relatively
little fusion of the orbit to overlying tissues, it is possible
that the extrinsic muscles may be functional, and rotate
the orbit in these juvenile caecilians.

264267 mm TL (Figs.28, 29). Structure is little
changed from the 164 mm specimen. Lens protrudes
through iris; attached to cornea and iris. Retina has three
nuclear layers with a very well developed inner plexiform
layer. Extrinsic muscles more attenuate than formerly,
especially the obliques. Harderian gland extends into tenta-
cular channel. In the 267 mm specimen, lens adheres
strongly to cornea, and is deformed into cavity of orbit
by the hyaloid strand.

282 mm TL (Fig. 8). Eye has adult form. Lens diameter
of iris but free of cornea. Retina well differentiated, formula
2-2-(2-3). Space between lens and retina, and in this well
fixed eye, a connective tissue strand runs between lens and
retina, perhaps vestige of hyaloid artery. Muscles as de-
scribed above. Socket notably more extensive, bone sur-
rounding optic nerve, whereas much space previously, and
laterally maxilla circumscribes orbit. Optic nerve leaves or-
bit posteroventrally, passing through optic foramen in
sphenethmoid bone.

325-327 mm TL. Structure as described above, with ex-
trinsic muscles somewhat more attenuate and tentacular
retractor stout. Harderian gland massive, with tentacular
retractor coursing through it. Lens cellular, held to iris at
its edge by connective tissue. Gap between lens and cornea,
with no evidence of fibers between the two, but orbit is
shrunken so cannot determine whether this is artifact or
the lens really is not adherent.

D. Discussion

I General pattern of development

The embryology of the eye of caecilians is similar to that
of vertebrates in general (see Nelsen, 1956 and most em-

Fig. 27. 164 mm TL. The juvenile eye has a well formed retina. The lens is free of the retina, but attached by fibers to the cornea.
The epidermis is thickened, and dermal skin glands are interrupted only over the orbit. See Fig. 1 for abbreviations and scale

Fig. 28. 264 mm TL. In the mature eye, the lens is held to the cornea by connective tissue fibers. Extrinsic muscles and Harderian

glands are well developed. See Fig. 1 for abbreviations and scale

Fig. 29. 267 mm TL. The optic nerve (sheath shown) is relatively stout (0.05 mm dia), the orbit 0.6 mm dia. The skin over the eye

is thick in adults. See Fig. 1 for abbreviations and scale
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bryology texts), especially in terms of early development.
Yet there are significant differences in later development,
especially in the lack of initiation of components of accomo-
dation, the establishment of the extrinsic musculature, and
the fusion of cornea to dermis or periosteum. In addition,
there are differences in developmental timing and pattern
between species with free-living larvae and live bearers.

The development of the eye of Hypogeophis rostratus
and Grandisonia alternans (Stejneger) was described by Ar-
nold (1935). However, he did not consider the extrinsic
musculature, glands, etc. Arnold also concentrated on pre-
metamorphic development, so comparisons of later stages,
especially involving the influence of the tentacle, cannot
be made. Conversely, Engelhardt’s (1924) description of the
eye and tentacle of Ichthyophis glutinosus dealt largely with
the musculature and its innervation rather than the develop-
ment of the entire system. The series of H. rostratus and
G. alternans described by Arnold (1935) is very complete
for early embryology but the ontogenetic series of D. mexi-
canus 1s more complete for the entire sequence and provides
finer discrimination of timing. Engelthardt (1924) had three
specimens 170-240 mm TL for his study of eye and tentacle
muscles and eye structure generally in Ichthyophis glutino-
sus, so he relied on the descriptions by Sarasin and Sarasin
(1887-1890) of the embryology of the eye and its muscula-
ture. I consider the development of the extrinsic muscula-
ture below, in conjunction with the analysis of interspecific
patterns of musculature.

Dermophis ontogeny described herein is much like that
of Hypogeophis and Grandisonia (Arnold 1935) and Ichthyo-
phis (Sarasin and Sarasin 1887-1890), especially in pre-
metamorphic stages. These species provide comparison
among a fairly large (adult body size) species with free-
living larvae, a medium and a small direct-developer (eggs
laid on land; metamorphosed young hatch), and a live-
bearer (metamorphosed young born after oviductal reten-
tion, apparently always with maternal nutrition after the
yolk is exhausted). Some of the differences between Ichthyo-
phis and the other genera may be correlated with utilization
of vision during the larval period. The skin overlying the
orbit is thin, and the epidermis is larval in character, only
a few cells deep and lacking a keratinized layer.

II. The larval eye

In larval Ichthyophis (Sarasin and Sarasin 1887-1890; pers.
obs.) the cornea is free of the dermis, and there is a space
between cornea and lens greater than that between lens
and retina (Fig. 1). The lens is well developed, only its later-
al epidermis cellular (but see Peter 1898). The lens is vir-
tually round, suggesting reasonably good visual acuity in
virtually all planes of intersection of light with the retina
(see discussion of lens morphology below). The retina is
well developed with several nuclei in each layer; rods are
large. The optic nerve is not large, though the ganglionic
layer of the retina has 2-3 rows of nuclei, suggesting multi-
ple fibers. All of the extrinsic muscles are well developed,
including the retractor and levator bulbi, and associated
with the orbit, as Walls (1942) reported. Since the tentacle
appears at metamorphosis, larvae lack that structure. The
skin overlying the orbit is thin, and the epidermis is larval
in character, only a few cells deep and lacking a keratinized
layer. The relatively well developed lens, retina, orbit, and
musculature suggest the probability of effective photorecep-

tion in these larvae. Further, the orbit is freer of attachment
to the dermis than in other caecilians, so it is possible that
the levator and retractor bulbi may be able to move the
orbit as in a number of other amphibians. However, it
should be noted that larval Ichthyophis have a mode of
sensory perception in addition to vision, hearing, and non-
tentacular, nasal olfaction. They have a lateral line neu-
romast system and ampullary electroreceptors (Hether-
ington and Wake 1979) and the latter may well supplement
any photoreception possible. The neuromasts disappear at
metamorphosis.

The eye of late-larval Geotrypetes grandisonae (Fig. 10)
also has a nearly round lens, suggesting visual acuity. How-
ever, dermis, cornea, lens, and retina are all adherent in
sequence, and the pigmented chorioid adheres to the lens.
I find only four extrinsic muscles. The tentacle is poorly
formed, though its lumen is perforate to the surface, and
the retractor tentaculi is stoutly attached to the tentacle,
not the eye.

Direct-developing and fetal eyes. Development of eyes
in species that do not have free-living larvae circumvents
certain aspects seen in Ichthyophis. Lenses characteristically
are spherical, but not round. Lenses may develop much
more slowly, retaining their embryonic cellular state even
throughout life, in contrast to that of the post-hatching
larva which is already more advanced. However, the mor-
phology of the lens of I orthoplicatus suggests that lens
development may vary within the genus, so a fast develop-
mental rate may not distinguish species with free-living lar-
vae. Development of the extrinsic musculature may be de-
layed, as seen in D. mexicanus. In particular, the retractor
tentaculi develops near metamorphosis and is never asso-
ciated with the orbit (see below). I suspect that in species
that lack certain extrinsic muscles, those muscles never de-
velop, rather than developing and subsequently regressing.
Optic nerve development is variable. It appears to increase
in size during development and after metamorphosis in both
Ichthyophis and Dermophis (Fig. 30), but Arnold (1935) re-
ported regression in diameter at approximately metamor-
phosis in Hypogeophis and Grandisonia. He also reported
a reduction in thickness of the retina with ontogeny. I do
not see this in Dermophis, and am concerned that Arnold
did not indicate where he measured this thickness in all
eyes, nor did he indicate whether a reduction in number
of retinal cells is involved. This is a crucial point in evaluat-
ing retinal change. It is my impression that the developing
retina may appear thick though not cell dense, but with
further organization of the layers of the retina, it may look
thinner, despite packing more cells. It appears that in Der-
mophis the retina may be effectively bilayered without a
discrete ganglionic layer until maturity, or two years after
birth.

I11. Comparative morphology of adult eyes

a) The lens. The lens in caecilians is spherical, a condition
correlated with reduced light (caves, fossorial situations)
that maximizes acuity by transmission of light nearly
equally to virtually the entire retinal receptor arc. The
round lens of free-living larvae and aquatic adults may max-
imize this condition (see above); however, lenses of most
adult caecilians are spherical, which should maximize visual
acuity in low-photic environments (Walls 1942; Rodieck
1973). The variation observed among species of caecilians



Table 2. Lens morphology in caecilians (state 1=Ilens absent;
2=rudimentary; 3 =amorphous, cellular; 4 =cellular; 5=crystal-
line outer layer, cellular inner; 6=cellular outer layer, crystalline
inner; 7=crystalline bilayer; r=round; s=spherical; + =state
present)

Species State

1 2 3 4 5 6 17

Ichthyophiidae
Ichthyophis sp. larva +s
Ichthyophis glutinosus +s
Ichthyophis orthoplicatus +s
Uraeotyphlus narayani +r

Caeciliidae
Afrocaecilia taitana +
Boulengerula boulengeri +
Caecilia occidentalis +
Dermophis mexicanus +s
Geotrypetes grandisonae +r

(larva)

Geotrypetes seraphini +s
Gymnopis multiplicata +
Hypogeophis rostratus +s
Idiocranium russeli +s
Oscaecilia ochrocephala +
Schistometopum thomense +s

Scolecomorphidae
Scolecomorphus kirkii +r
Scolecomorphus uluguruensis +

Typhlonectidae
Typhlonectes compressicaudus +r

is correlated with pattern of development of the lens and
its epidermis. Table 2 shows the variation in shape and his-
tology among species analyzed.

There is considerable variation among taxa in the state
of the lens. Variation is not consistent with taxonomic
groupings, nor with out-group comparisons of state of de-
velopment, ecology, or ‘evolutionary derivation’. The lens
epidermis varies among adults of taxa of caecilians in thick-
ness and in cellularity (proportion of nucleated cells pres-
ent) vs. lamellar structure, and in the morphology of the
central sphere of the lens. Given that cellular structure is
embryonic and its retention paedomorphic, a lamellate or
crystalline lens is developmentally advanced, both in terms
of developmental rate and by out-group comparisons of
lens condition in other amphibian and in non-amphibian
taxa. The data suggest (Table 2) that the ichthyophiids have
the best developed lens, and that typhlonectids, caeciliids
(with much variation), and particularly scolecomorphids
(with some variation) have slower developing and more
embryonic (possibly less derived) lenses. Further, the data
indicate that the more primitive caecilians (ichthyophiids,
by out-group comparison of other characters) have the
most highly developed lenses (and perhaps greater visual
acuity, especially among larvae, as noted above). The
aquatic typhlonectids have a well developed lens, possibly
useful in the turbid waters in which they live. The caeciliids
show a mosaic of lens development. Lenses range from
well developed to amorphous to rudimentary to absent.
Among caeciliids, larvae and diminutive paedomorphs
(Geotrypetes grandisonae and Idiocranium) have the furthest
developed lenses. Several species have intermediate develop-
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ment of the lens (crystalline structure presumed derived,
by out-group comparison; cellular structure primitive and
embryonic). A poorly organized, irregularly non-spherical
lens characterizes Caecilia occidentalis, which has the orbit
covered by skin and by bone. That of Oscaecilia ochroce-
phala and Scoleomorphus uluguruensis is rudimentary, rep-
resented only by a few cells. The diminutive Afrocaecilia
taitana and Boulengerula boulengeri, whose eyes are covered
by skin and bone, lacks a lens entirely. I infer that reduced
transmission of light through the skin and/or skin and bone
covering is correlated with the trend in lens morphology
from 1) the ‘adult vertebrate’ state to 2) retention of the
embryonic cellular morphology to 3) development of an
amorphous lens to 4) complete suppression or delay of lens
development.

b) The retina. Caecilian retinas characteristically have the
eight-layered morphology typical of most vertebrates. The
nuclear layers are easily identified and are usually well orga-
nized in three strata, the outer nuclear, the inner nuclear,
and the ganglionic. Numbers of rows of nuclei in these
layers and numbers of nuclei per row vary among taxa
(see Table 3). Absolute counts of nuclei were not attempted
due to thickness of sections and imperfect fixation. How-
ever, a comparison of the outer nuclear layer of, for exam-
ple, Uraeotyphlus (Fig. 3) with that of Dermophis (Figs. 28,
29) indicates that Uraeotyphlus has greater numbers of more
densely packed nuclei.

Retinas of all species examined appear to contain only
rods, with no cones evident at all, as suggested by Walls
(1942). There is little morphological variation in cells of
the outer nuclear layer. However, more precise histology
coupled with physiological measurements are under way
to confirm this suggestion. There does appear to be varia-
tion among taxa in shape of the rods. Forms with fewer
cells in the layer have ‘bulky’ rods with round nuclei and
proportionately short outer segments (e.g., Hypogeophis,
Dermophis, Gymnopis, Caecilia, Idiocranium, Afrocaecilia,
Typhlonectes); those with many cells have rods with elon-
gate nuclei and longer outer segments (e.g., Ichthyophis,
Uraeotyphlus, Geotrypetes). Shape of the rods in the latter
genera may be correlated with ‘packing’ the greater number
of cells, or with increased visual perception, or with both
aspects.

In the only recent study of caecilian photoreceptors,
Storch and Welsch (1973) examined the ultrastructure of
the chorioid layer and the receptor cells of Ichthyophis koh-
taoensis Taylor. They found reduced numbers of organelles
in receptor cells, and chorioid cells with a smooth basal
plasma membrane and few apical cellular processes afford-
ing only a loose contact with the receptor cell outer seg-
ments. They interpreted these data as indicating “markedly
decreased functional activity.”

Preliminary electroretinograms of Dermophis mexicanus
indicate retinal response similar to that of Necrurus. Normal
attenuation of response to multiple sequential stimuli also
occurs (Wake and Hare, unpublished).

The major trends seen in retinal structure in caecilians
are 1) apparent reduction in numbers of cells in more de-
rived taxa (see above), and 2) breakdown of retinal organi-
zation in eyes that are extremely reduced in other ways
as well. Only Afrocaecilia taitana and the closely related
Boulengerula boulengeri, and to a lesser degree, Scolecomor-
phus uluguruensis, of all species examined, have the retina
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Table 3. Retinal formulae in caecilians, compared with other verte-
brates (Retinal formulae are numbers of nuclear layers in the outer
nuclear, inner nuclear, and ganglionic layers of the retina at the
center of the orbit)

O I G Net Ref*

Family Ichthyophiidae
Ichthyophis sp. (larva)
Ichthyophis glutinosus

RN
fl\)t\)w
[\ N

Uraeotyphlus narayani

Family Caeciliidae
Afrocaecilia taitana X
Boulengerula boulengeri X
Caecilia occidentalis 2
Dermophis mexicanus 2 2
Geotrypetes grandisonae 2

(larva)
Geotrypetes seraphini 2
Gymnopis multiplicata 1
Hypogeophis rostratus 2
Idiocranium russeli 2
2
2

l\JII\)I\)

Oscaecilia ochrocephala
Schistometopum thomense

NOHIT)HN

Family Scolecomorphidae
Scolecomorphus kirkii 12 3 1-2
Scolecomorphus ulunguruensis 2 X
Family Typhlonectidae
Typhlonectes compressicaudus 1-2 3 2-3
(fetus)
Typhlonectes compressicaudus 1 2 2
(adult)
Osteichthyes

Acipenser fulvescens 2 0.5 0.125 w
Amia 3 1 w
Protopterus 2 4 1 W
Ameiurus nebulosus 2 1 few w
“Teleosts™ 3 4 1 P
“Teleosts™ 5 4 0.5 P
Amphibia
Xenopus laevis 1 1.5 1 W
Rana temporaria 2 3 1 D
Rana pipiens 2 5 1 P
Triturus 1 6 2 D
Reptilia
“Chelonians™ 2 5 1 P
Sphenodon 8 16 4 P
Boa 3 3 1 P
Osyrhina spallanzani 1 S 1 P
Dennisonia superba 3 3 1 P
“Crocodiles™ 2 1 4.5 P
Aves
Hen 2.5 2.5 18 P
Marsh hawk 4 3 20 P
Robin 3 3 15 P
Albatross 6 5 26 P
Mammalia
“Nocturnal placentals” 17 1 5 P
Loris 13 1 S P
Rat 10 1 5 P
Chinchilla 9 1 3 P
Opossum 1 1 3 P

# References: D =Duke-Elder, 1958 ; P=Prince, 1956; W = Walls,
1942. See literature cited for full reference

as an amorphous but continuous layer that lines the entire
orbit. The eye in these species is very reduced, covered by
bone or pulled out from under bone, and lacks a lens, ex-
trinsic muscles, and a cellular chorioid layer. An extremely
attenuate optic nerve may be present. This morphology sug-
gests that degeneration of retinal structure is one of the
last events in the reduction of visual capacity in caecilians.

c) The optic nerve. An optic nerve is present in nearly all
caecilians examined, even those with extreme of eye reduc-
tion {e.g., Caecilia, Afrocaecilia). It was not discernable in
Boulengerula boulengeri or Scolecomorphus uluguruensis,
but the specimens are not well preserved. The nerve may
be very attenuate, and associated with a disorganized retina
as in Afrocaecilia, but it need not be lost. The optic nerve
is reported absent in Dermophis (de Jager 1939a), but Ra-
maswami (1941) and I both have found it (it is present
in all eyes in some forty heads that I have sectioned of
D. mexicanus even with routine staining); it is reported ab-
sent in Boulengerula boulengeri and Scolecomorphus ulugu-
ruensis (de Villiers 1938), Oscaecilia (Coecilia of de Jager
1939a, and Herpele of Norris and Hughes 1918) ochroce-
phala, and Caecilia gracilis Shaw (Norris and Hughes 1918).
Ramaswami (1943) reported a poorly developed optic nerve
in Gegeneophis carnosus (Beddome). Ramaswami (1941)
summarized the literature on eye nerves (and muscles), and
indicated some of the contradictions in these reports. I find
them suspicious as well. My experience indicates that utili-
zation of old, field-preserved specimens can lead to serious
staining problems, for neural structures are among the first
to degenerate. Though I have not had material representing
some of the species examined by other workers, I have
found structures that they reported missing in some of the
species that we have both examined. I definitely find an
optic nerve in Oscaecilia ochrocephala and await better ma-
terial of Boulengerula boulengeri and Scolecomorphus ulu-
guruensis before declaring the nerve absent. Further, I have
examined species closely related phylogenetically to those
in question, and species with virtually the same ocular mor-
phology, and I have found that the eyes have optic nerves,
though attenuate and buried in muscle. I suspect that as
long as a retina in any form is present, an optic nerve
is as well. The retina typically degenerates completely if
the optic nerve is severed or absent (R. Eakin, pers. comm.).
Thus far, all caecilians that I have examined, including
those closely related to or the same as those in which retinas
and nerves were reported absent, have had both retinas
and indications of optic nerves. Among very attenuate
nerves, I have not been able to ascertain whether their struc-
ture is glial, and thus non-functional (as reported for ‘de-
generate’ eyes in other orders and classes of vertebrates),
but the optic nerves of most taxa are morphologically capa-
ble of conduction.

d) Tissues covering the eye. Norris (1917) considered caeci-
lian eyes of two types: eyes covered by dermis and epidermis
were thought to retain muscles and nerves, and to be poten-
tially functional; those covered by bone as well as skin
were considered to have lost their muscles and nerves and
to be vestigial and non-functional. This dichotomy does
not hold, at least so explicity. Eyes covered by skin only
in some species are quite reduced; conversely, in species
with eyes covered by bone, some muscles and nerves, at
least the optic nerves, are retained. Species with eyes cov-



ered by bone do show a greater amount of reduction. There
are also ontogenetic and ecologic components to the
amount of tissue covering the eye. Increase in dermal and
epidermal depth with the development of skin glands and
keratin in the outer epidermal layers appears at metamor-
phosis. In free-living larvae of Ichthyophis, dermis and epi-
dermis are thin, and the epidermis is not keratinized. In
Geotrypetes grandisonae (Fig. 10) there is thick dermal con-
nective tissue, and the epidermis has a thin keratinized
layer. Adults of the aquatic Typhionectes (Fig. 6) have skin
covering the eye similar to that of G. grandisonae. Reduced
covering is correlated with both earlier stages of develop-
ment and with the aquatic habitus. Adult Caecilia, Geotry-
petes, Hypogeophis, Uraeotyphlus, and Ichthyophis, and ju-
venile Dermophis (see Figs.) examined, as well as Siphonops
(Kohl 1892), all have the eye covered by dermis with consid-
erable connective tissue and an epidermis of several cell
layers, the outermost keratinized. Adult Dermophis and
Idiocranium (Fig. 11) have eyes covered by glandular dermis
and thick epidermis. Afrocaecilia (Fig. 14) and Gymnopis
(Fig. 12) have eyes covered by bone and a very glandular
skin. In Gymnopis there are no melanocytes in the dermis
just over the eye, but pigment is continuous in Afrocaecilia.
In scolecomorphids the eyes develop under bone, but are
pulled out of the socket as the tentacle develops. The eyes
are concomitantly modified (see discussion). As noted
above, both of the latter genera have reduced extrinsic mus-
culature and lenses, but both have attenuate optic nerves.
See discussion of evolutionary trends below.

e) Harderian gland. The Harderian gland is much enlarged
in all caecilians relative to other amphibians. It develops
shortly before metamorphosis in both larvae and in non-
larval species. Caecilians lack a lacrimal gland. The Harder-
ian gland functions to lubricate the channel of the tentacle,
rather than the orbit (which cannot move). Prince (1956)
notes that the Harderian gland is presumably an innovation
for orbit lubrication in terrestrial vertebrates, but that there
are numerous modifications of Harderian gland function.
Tentacle lubrication is unique to caecilians, but in various
reptiles, for example, Harderian gland secretion lubricates
(1) the orbit, (2) the nasal orifice, (3) Jacobson’s organ
via the lacrimal duct, and (4) contributes to the saliva. In
caecilians the Harderian gland usually fills the socket, and
may extend into the tentacular area. The gland usually sur-
rounds the orbit except for the corneal aspect. Exceptions
to this are Geotrypetes seraphini (Fig. 9) in which the eye
lies largely above the gland, and larval Ichthyophis (and
Dermophis embryos and fetuses) in which the gland has
not yet developed. The gland is well developed in the aquat-
ic Typhlonectes (Fig. 7). The gland is small in Boulengerula
(Fig. 17) and Afrocaecilia (Fig. 14). Its morphology is most
unusual in Oscaecilia ochrocephala (Fig. 13), for it is highly
vascular, and posteriorly has a large bulb of laterally ar-
rayed muscle fibers, not seen in other taxa.

f) The extrinsic eye musculature. The musculature of caeci-
lian eyes either typifies or is reduced from the standard
vertebrate plan of four rectus and two oblique muscles,
and as is typical of amphibians, levator and retractor bulbi
muscles. In caecilians the retractor bulbi becomes the re-
tractor tentaculi and is innervated by the abducens nerve.
There is considerable agreement that the retractor bulbi

is derived from a slip of the rectus externus (Edgeworth,
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1935). Probably the levator bulbi becomes the compressor
of the Harderian gland, and the rectus internus, or a slip
from it, retracts the sheath of the tentacle (Walls 1942).
There has been considerable debate in the literature about
the presence or absence of various muscles in various taxa,
their innervation, and the homology of the retractors. Ra-
maswami (1941) reviewed this problem and resolved several
of the issues. Later workers suggested other problems, sum-
marized below.

Ichthyophis glutinosus and other species of that genus
examined have been found to have all of the extrinsic mus-
cles present (Sarasin and Sarasin 1887-1890; Burkhardt
1891; Waldschmidt 1887; Engelhardt 1924; Norris and
Hughes 1918; Walls 1942; Ramaswami 1941; this work).
Norris and Hughes reported that the retractor bulbi is at-
tached to the orbit during the larval period, but switches
to the tentacle when that organ develops at metamorphosis,
which Walls considered ““seduction” of the retractor bulbi
by the tentacle. I cannot identify a retractor bulbi in the
late larva of Ichthyophis sp. in my sample. Visser (1963)
reported that the optic nerve was vestigial and the trochlear
absent. He did not comment on the musculature. Ramas-
wami (1948) also reported the trochlear absent in an em-
bryo of Ichthyophis. There is no indication in either of these
reports that the superior oblique, typically innervated by
the trochlear, is missing, so staining may have been a prob-
lem. Dermophis has been controversial. Norris (1917) stated
that only the rectus (r.) internus is absent in D. mexicanus;
Norris and Hughes (1918) found all of the extrinsic muscles
and their nerves present and considered the retractor tenta-
culi a modified r. internus. The muscles wee said to origi-
nate on the fascia over other muscles and tentacle rather
than from the wall of the braincase. De Jager (1939a) re-
ported all extrinsic muscles in D. mexicanus and D. (now
Schistometopum) gregorii (Boulenger) degenerated. Ramas-
wami (1941) determined that all of the extrinsic muscles
are present in D. mexicanus and that the retractor bulbi
identified by Norris and Hughes is actually the r. internus,
and that muscle passes through the retractor tentaculi.
Therefore, there is not a separate retractor bulbi, and the
retractor tentaculi is of the usual derivation from the r.
bulbi. My developmental and adult material confirms Ra-
maswami’s conclusions that all of the eye muscles are devel-
oped and have the expected relationships in D. mexicanus.
De Jager (1938) also reported that the abducens nerve
is absent in D. mexicanus though a large retractor tentaculi
is present. Els (1963), examining Schistometopum thomensis,
a west African congener of the east African S. gregorii,
reported both trochlear and abducens nerves absent with
no allusion to the muscles.

The meticulous work of Marcus (1910) described the
development of all of the extrinsic muscles and their nerves,
including an attenuate trochlear, in Hypogeophis. My mate-
rial confirms this. In Siphonops Waldschmidt (1887) and
Leydig (1868) refer to four extrinsic muscles, and the former
mentioned that the trochlear and abducens nerves are ab-
sent. Kohl (1892), in a beautiful and rarely cited work,
reported that all of the muscles and their nerves are present.
Norris and Hughes (1918) found in Geotrypetes (petersi)
seraphini six extrinsic muscles “all nearly vestigial” at-
tached to the orbit, and two retractor tentaculi, one inner-
vated by the abducens, the other extending to the tentacular
sheath and innervated by the oculomotor. Again, I concur
with Ramaswami (1941) that Norris and Hughes erred in
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denying the existence of a rectus internus, which in turn
affected their analysis of other muscles. Norris and Hughes
reported all of the muscles and nerves absent in Caecilia
gracilis. Ramaswami (1941) found that all of the extrinsic
muscles are present in Uraeotyphlus narayani, and carefully
described their courses. My material confirms his designa-
tions.

The remainder of species examined by others have their
eyes covered by maxilla or squamosal or both bones, and
the investigators generally conclude that the eye is vestigial
and its extrinsic musculature and nerves and the optic nerve
are absent, the eye represented only by a pigmented mass.
A retractor tentaculi is always present, usually reported to
be innervated by the abducens. This is the case for Oscaeci-
lia ochrocephala (Herpele of Norris and Hughes, 1918, and
Coecilia of de Jager 1939b), Gegeneophis carnosus (Ramas-
wami 1943), Scolecomorphus uluguruensis (de Villiers 1936,
1938; Brand 1956) (Ramaswami {1941] states that part of
the eye is not under bone), and Boulengerula boulengeri (de
Villiers, 1938, who also stated that there is no abducens
for the retractor tentaculi and the tentacular apparatus is
degenerated).

New material confirms the presence of all of the ex-
trinsic and tentacular muslces in Dermophis mexicanus, Ich-
thyophis glutinosus and 1. orthoplicatus, Hypogeophis rostra-
tus, and Uraeotyphlus narayani. In addition, that condition
obtains in Typhlonectes compressicaudus, Geotrypetes sera-
phini, G. grandisonae, and Idiocranium russeli. In the three
latter species, the superior oblique is attenuate (especially
in Idiocranium, in which it is some three fibers) and the
slips of r. externus are difficult to distinguish from those
of retractor tentaculi, which dominates the fiber course.
I find three extrinsic muscles attached to the orbit of Caeci-
lia occidentalis, an attenuate species closely related to C.
gracilis, in which Norris and Hughes (1918) found neither
extrinsic muscles nor optic nerve. The muscles present in
C. occidentalis are the recti superior, inferior, and medialis
(all presumably of oculomotor innervation). I examined
four species with eyes covered by bone: Afrocaecilia taitana,
closely related to the Boulengerula boulengeri examined by
de Villiers (1938), Boulengerula boulengeri, Oscaecilia ochro-
cephala, and Gymnopis multiplicata, closely related to Der-
mophis mexicanus. These species have reduced eyes; Afro-
caecilia, Boulengerula, and Gymnopis lack all of the extrinsic
musculature, have attenuate, at best, optic nerves, and have
retractor tentaculi, though that of Boulengerula is small.
Two extrinsic muscles clearly are present in Oscaecilia och-
rocephala, though all were reported absent by previous
workers. The Scolecomorphus with their eyes embedded in
the tentacle and pulled from under bone are an unusual
situation. I agree with de Villiers (1938) in not finding
extrins muscles in Scolecomorphus uluguruensis, but find
two attenuate muscles in S. kirkii despite the ““dislocation”
of the orbit.

g) Development and homology of the retractor tentaculi. It
seems apparent, based on the literature and on my ontogen-
etic series of D. mexicanus, that the retractor tentaculi is
derived from r. externus and is homologous with the retrac-
tor bulbi. The abducens innervation is evidence for this
homology. I cannot corroborate the “seduction’ of r. bulbi
from orbit to tentacle in Ichthyophis, for 1 do not have
adequate larval material. However, I note that in D. mexi-
canus, all of the extrinsic muscles develop rather late, near

the time of intraoviductal metamorphosis, and the r. exter-
nus and r. tentaculi develop in situ from mesenchymal ag-
gregation. A few slips, representing r. externus, extend to
the orbit. The majority of fibers form the r. tentaculi, which
never is in association with the orbit but extends to the
tentacle which is developing at the same time. There is never
a r. bulbi associated with the orbit.

h) Origins and innervations of eye muscles. The literature
is fraught with comments about the difficulty of tracing
muscles from the orbit to their origins, locating and tracing
the nerves that innervate them, and whether certain nerves
are present at all. This is not surprising. The eyes are small,
never even 1 mm dia; the muscles are very small, often
3-5 fibers. The nerves to these muscles are presumably even
more attenuate. Almost invariably older workers used a
single general staining method on serial sections of heads,
appropriate to single specimens. I have compared general
stains of several sorts, and find them inadequate to locate
particular structures. When, for example, I compare a head
stained with only one stain, be it hematoxylin and eosin,
saffranin O, methylene blue, or Mallory’s azan, with one
stained serially with several specific stains (H and E, Mal-
lory’s azan, and picro-ponceau preferred), I am able to find
structures not visible in singly stained heads. Even with
good connective tissue stains (azan, picro-ponceau), I some-
times have difficulty ascertaining the origins of attenuate
muscles, though they are usually traceable. Other authors
often report particular nerves absent, though the muscles
they ought to innervate are present. I can rarely identify
nerves with surety in my triply stained material (except for
the optic nerve, which is recognizable structurally and posit-
ionally). Other workers, and I for this study, did not use
nerve-specific stains on their rare material. I have silver
stained an ontogenetic series of heads of D. mexicanus, and
the nerves are readily distinguishable. The details of that
work are not the pervue of this paper and will be reported
separately.

Most of the extrinsic eye muscles in the species I have
examined are traceable to origins on the periosteum of
bones of the eye socket in the general positions indicated
by Edgeworth (1935) for most amphibians. Like other in-
vestigators, I cannot trace some attenuate muscles from
the orbit to their origins, and lose them on the retractor
tentaculi or within the Harderian gland. I do not infer that
these structures are the origins of the extrinsic muscles, for
I cannot identify the morphological attachments that indi-
cate association. I suggest that such muscles are attenuate
at their origins, and difficult to trace. The muscles are
striated, so their morphology indicates capability of con-
traction.

i) Function of extrinsic musculature. It had long been
thought that the extrinsic musculature of all amphibians
was non-functional, and that only r. and 1. bulbi effected
movement of the orbit (Walls 1942; Prince 1956; Duke-
Elder 1958). This was determined by optomotor tests, other
physiological tests, and behavioral observations. However,
recently Dieringer and Precht (1982) and Dieringer et al.
(1982) have demonstrated horizontal movements in eyes
of frogs of 3-6° that they believe controlled by extrinsic
muscles, and Manteuffel et al. (1977) report involuntary
movement of the eyes of salamanders (Salamandra?), and
Rettig et al. (1981) report eye movement in larval Triturus



as the oculomotor neurons develop. However, though the
muscles may indeed be functional, it is clear that the move-
ments they induce are minimal. One therefore cannot as-
sume that caecilian extrinsic muscle function then is mark-
edly different from that of other amphibians. Muscle fibrils
differentiate as spheres in D. mexicanus, and later, at the
time they attach to the orbit, they become striated. This
is evidence of coordinated activity (R. Strohman, pers.
comm.). At that stage of development, the cornea is not
yet fused to the dermis, and the Harderian gland does not
surround the orbit, so movement is not impossible. Intra-
oviductal use of vision and concomitant eye positioning
is not likely, though it is possible in free-living larvae. The
extrinsic muscles of caecilians are attenuate relative to those
of other amphibians (except certain salamanders; see be-
low). I suggest that in all amphibians, including caecilians,
the extrinsic musculature is utilized for low-level, perhaps
almost isometric, position maintenance. In caecilians the
relative attenuation of these structures is correlated with
other morphological structures that provide maintenance
of position, so that development of the muscles is not en-
hanced. Development may arrest at the juvenile stage. This
heterochronic pattern would account for the development
of all of the muscles, in a presumably juvenile state in some
species, relative attenuation of later-developing muscles in
some of those species, and finally the delay of development
so long that some, and finally all, of the muscles never
appear. Corroboration of this hypothesis is offered by the
fact that in species which lack extrinsic muscles, the lens
is embryonic or never develops, and development of the
retina is retarded as noted above.

E. Conclusions

1. Evolutionary trends in caecilian eye morphology

I infer that (1) an orbit overlain by skin, but not by bone,
(2) the presence of 4 recti, 2 oblique, and retractor and
levator bulbi (modified for tentacular function), with their
typical innervation, (3) presence of a relatively well devel-
oped optic nerve, (4) and a retina of multiple, well organized
layers, (5) and a crystalline spherical lens, which is free
of attachment to cornea and retina, (6) and a vitreous body,
(7) the cornea fused to the underlying layer of the dermis,
and (8) lack of components of accommodation constitute
the primitive state in caecilians. This condition is observed
in taxa considered primitive based on the other features
of morphology and of reproductive biology. Modification
of eye morphology includes the following transitional series
relative to the primitive state: (1) eye overlain by thicker,
often glandular, sometimes pigmented skin, to overlain by

bone as well as skin; (2) attenuation of to reduction in.

number of extrinsic muscles, the superior oblique and its
innervation by the trochlear (cranial nerve IV) lost first,
the retractor bulbi component of the rectus externus inner-
vated by the abducens (cranial nerve VI) always present
as the retractor tentaculi; (3) retina present but losing stra-
tal organization; (4) optic nerve present, becoming attenu-
ate, perhaps reduced to glial cells; (5) lens round (larval
and adult aquatic forms) to spheroid, lens cellular peripher-
ally, medially, or completely to lens amorphous to lens ab-
sent; (6) reduction to loss of the vitreous body; primitive
states 7 and 8 are retained in all caecilians. Clearly the
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trend is toward reduction of the eye in the derived state.
Muscles and nerves become attenuate, and finally muscles
and some nerves do not develop at all. Absence of muscles
is a mosaic of loss, but loss of the superior oblique, and
reduction of or loss of association of rectus externus with
the orbit as its retractor bulbi component subsumes retrac-
tion of the tentacle are typical. An optic nerve is virtually
always present, even though the retina is poorly developed.
Retinal cell number, numbers of nuclear layers, and finally
retinal organization, diminish. The lens retains an embryon-
ic state (cellular) longer and longer, finally not developing
at all. Attachment of the lens to adjacent structures, and
of the orbit to its exterior, increases. Extremes in these
features are correlated with increased covering of the eye
by dermal and epidermal components and especially by
bone, though reduction is seen in eyes of species relatively
lightly covered as well. Increased covering is not correlated
with any known conditions of the environment of the spe-
cies.

Several of the above trends are heterochronic, possibly
neotenic, probably progenetic. Development of muscles,
nerves, lens and retina show delay, until they finally do
not develop at all. This is not a complete and simple expla-
nation of the pattern of caecilian eye structure, for the in-
ception of the unique chemo-sensory tentacle, which coopts
certain eye structures (r. and L. bulbi, r. internus [part],
Harderian gland, etc.) and the correlation of development
of certain structures with the habitats of the animals com-
pounds the issue. There is no answer beyond mere specula-
tion to the question of why caecilians alone among verte-
brates should develop a tentacle with its Jacobson’s organ-
olfactory associations. Further, both larval and adult
aquatic forms have round lenses, and all of the structures
associated with the eye are relatively well developed. These
species live in turbid waters, and visual acuity implementing
other sensory modes has not been investigated. However,
developmental delay is not involved in the very real reduc-
tion of certain eye structures in adults. Several authors have
assumed that muscles and nerves develop ‘“normally” then
degenerate in adults. There is little evidence to support this,
save for the general information in Sarasin and Sarasin
(1887-1890), and, of great significance, Arnold’s (1935)
careful data showing that the diameter of the optic nerve
and the thickness of the retina, but not lens or orbit size,
reduce after hatching in both Hypogeophis rostratus and
Grandisonia alterans, compared with pre-metamorphic size
in these direct-developing species. Conversely, my data on
eye development in Dermophis mexicanus (Fig. 30) indicate
that the eye and its associated structures continue to grow
through adulthood, but the rate of growth diminishes after
birth. It would not be surprising for different patterns to
obtain in different species.

2. Comparison with other vertebrates

There is a large literature on the eyes of animals living
in low-light to dark habitats, such as caves and burrows.
Some superb summary papers exist, as well as a number
of reports on individual species. One very useful work (Kohl
1892) presented original information on the comparative
morphology of eyes of species of cave fish, cave salaman-
ders, a burrowing caecilian, and burrowing lizards, snakes,
and mammals. This beautifully iltustrated compendium is
rarely cited by investigators of reduced eyes. Eigenmann
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(1909) presented careful description and explicit compari-
son of the condition of the eye in cave and burrowing spe-
cies, as well as a number of other aspects of the biology
of cave-inhabiting taxa. His concluding essay on “The
causes of individual and phyletic degeneration” is a land-
mark that should be read by all modern evolutionary biolo-
gists. He considered the phenomenon of degeneration in
a framework evaluating the views of Lamarck, Darwin,
and Weissman, among others, and found ““the Lamarckian
factor” appealing. His consideration of selection (in a pre-
genetic context) is well worth contemplating. Hanke (1912)
presented much information on “rudimentary” eyes of am-
phibians and reptiles. Walls’ (1942) treatise on eyes of all
vertebrates is invaluable, and Prince (1956) and Duke-Elder
(1958) have useful information on eye morphology. Dubost
(1968) summarized a wealth of information on subterrane-
an mammals, and Underwood’s (1970) review of the struc-
ture of the reptilian eye is very useful, though it has scant
information on the extrinsic musculature and nerves. Valu-
able papers on particular species with reduced eyes include
those of Alt (1910), Brandon (1968), Hawes (1946),
Schlampp (1892), Stone (1964), and Gundy (1977).

Though there is some variation on the theme, a striking
similarity in ontogenetic and phylogenetic trends in the
structure of the eye of taxa living in light-deprived environ-
ments exists across all vertebrate groups. When eye reduc-
tion in species of cave or fossorial animals in discrete phylo-
genetic lineages is compared, and assessment is made of
degree of morphological change, often correlated with de-
velopmental and environmental information, similar trends
are noted in several lineages. Kohl’s (1892) and Eigen-
mann’s (1909) work and that of others demonstrates that
among fish, silurids, amblyopsids, and brotulids exhibit
similar trends; these trends are repeated in plethodontid
cave salamanders of several genera (see also Brandon,
1968), in amphisbaenean and typhlopid burrowing reptiles
and in gophers and moles among mammals (see also Du-
bost 1968). The present work indicates that these trends
obtain in caecilians. In all of these lineages, the trends sum-
marized above are seen — the lens remains in the cellular,
embroynic state, may become amorphous and then lost.
Covering over the eye increases — eyelids fuse, skin thickens,
bone may overlie the eye. The cornea fuses to overlying
layers. Concomitantly, the vitreous body reduces, and the
lens, if present, may fuse to cornea and/or retina. The retina
and optic nerve are almost invariably the last structures
to be reduced or lost. Several investigators (such as Stone
1964) have reported adequate retinas, but that the optic
nerve is absent or does not reach the brain, so that the
eye is functionless. It is a well known pathological phenom-
enon that the retina degenerates if the optic nerve is severed,
and many people who work on eyes believe that an intact
retina would not exist in the absence of an optic nerve
(R.M. Eakin, pers. comm.). Since nerve stains were rarely
used in these studies, I suggest that an intact retina indicates
some central nervous system association and the possibility
of function. Caecilians do not have eyes reduced to the
extent seen in some cave fishes, and in mole-rats. The mor-
phology of the caecilian eye, and to some extent the behav-
ior of the animal, suggest that the eye may be functional
in at least light vs. dark perception in all species examined.
Certain developmental patterns and environmental con-
straints, resulting in common trends in morphology, appear
to obtain in virtually all vertebrates with reduced eyes.
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