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Central Role for the Lens in
Cave Fish Eye Degeneration

Yoshiyuki Yamamoto and William R. Jeffery*

Astyanax mexicanus is a teleost with eyed surface-dwelling and eyeless cave-
dwelling forms. Eye formation is initiated in cave fish embryos, but the eye
subsequently arrests and degenerates. The surface fish lens stimulates growth
and development after transplantation into the cave fish optic cup, restoring
optic tissues lost during cave fish evolution. Conversely, eye growth and de-
velopment are retarded following transplantation of a surface fish lens into a
cave fish optic cup or lens extirpation. These results show that evolutionary
changes in an inductive signal from the lens are involved in cave fish eye

degeneration.

The evolution of development is usually stud-
ied in distantly related species (/, 2). This
approach has revealed conserved genes with
universal developmental roles, but large evo-
lutionary distances have obscured the mech-
anisms that generate morphological diversity.
The evolution of development in the teleost
Astyanax mexicanus, a single species with
eyed surface-dwelling (surface fish) and eye-
less cave-dwelling (cave fish) forms, has also
been studied (3, 4). The eyed and eyeless
forms of Astyanax probably diverged from a
common ancestor within the past million
years (5, 6). Here, we show that evolutionary
changes in an inductive signal from the lens
are involved in cave fish eye degeneration.

Although adult cave fish lack functional
eyes, eye formation is initiated during embry-
ogenesis (Fig. 1, A and B). The lens vesicle is
formed but later degenerates, and the cornea,
iris, and other optic tissues are absent or
rudimentary (Fig. 1, C and D) (7, 8). The
optic cup and neural retina are formed in cave
fish, but the retinal layers are disorganized,
growth is retarded, and photoreceptor cells do
not differentiate. The degenerate eye sinks
into the orbit and is covered by a flap of skin.
Constructive changes have also evolved in
cave fish, including enhanced lateral line and
gustatory systems (4, 9).

Cave fish lens cells undergo apoptosis
before the arrest of eye development (3).
Because extensive apoptosis has not been
detected in other eye tissues at this time, lens
apoptosis may be an important factor in eye
degeneration. Alternatively, lens apoptosis
and eye degeneration could be controlled by a
signal from the optic cup, which is dimin-
ished in cave fish (Fig. 1, A and B). To
determine the control of lens apoptosis, we
transplanted a surface fish lens vesicle into a
cave fish optic cup and vice versa (Fig. 2A)
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(10) and assayed for apoptosis by TUNEL
(terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate nick-end la-
beling) (/). The lens vesicle of a donor
embryo was transplanted into the optic cup
on one side (transplant side) of a host embryo
after removal of the host lens vesicle. The eye
primordium on the other side (control side)
served as a control. In another control, a
surface fish or cave fish lens vesicle was
transplanted into a surface fish or cave fish
optic cup, respectively. Eyes typical of the
respective hosts were formed in the latter
control, showing that the operations do not
affect optic development. The cave fish lens

underwent apoptosis on schedule in the sur-

face fish host (Fig. 2, F and G). Conversely,

the surface fish lens vesicle did not undergo
apoptosis and formed a differentiated lens in
the cave fish host (Fig. 2, D and E). Thus,
apoptosis is controlled autonomously within
the cave fish lens vesicle.

Eye development was stimulated on the
transplant side of the cave fish host (Fig. 3, A to
D) (12). Although no differences were apparent
after 48 hours (Fig. 3A), a larger eye was
detected on the transplant side after 8 days of
development. After 2 months, a large eye (re-
stored eye) with a distinct pupil was present on
the transplant side, whereas the eye had degen-
erated and sunk into the orbit on the control side
(Fig. 3, B and C). Sections of the restored eye
showed an anterior chamber, cornea, iris, and
lens (Fig. 3D). The epithelial cells of the cornea
and lens expressed the transcription factor Pax6
(13), which is absent in the area of the cave fish
eye that corresponds to the cornea (Fig. 4, A to
C) (14). The following experiment was per-
formed to be certain that the rescued eye parts
were derived from host rather than donor tis-
sues. A surface fish lens vesicle labeled with
fluoresceinated lysine-fixable dextran (FLDX)
was transplanted into an unlabeled cave fish
optic cup, and the host was allowed to develop
until a large eye formed on the transplant side.
Sectioning showed that FLDX labeling was
restricted to the lens, indicating that the
restored eye parts were derived from the
cave fish (Fig. 2, B and C). The results
show that a surface fish lens can induce the
development of anterior eye parts that have
been lost during cave fish evolution.

Surface

Fig. 1. Eye development and
degeneration. Developing eye
primordia of 24-hour-old (A)
surface fish and (B) cave fish
embryos. Scale bar, 150 pm;
same magnification in (A)

~and (B). Sections of (C) adult
surface fish and (D) cave fish
eyes. Scale bars in (C) and (D)
are 500 and 180 wm, respec-
tively. C, cornea; DE, degen-
erate eye; |, iris; IL, integu-
ment layer covering degener-
ate eye; L, lens; LV, lens ves-
icle; NR, neural retina; OC,
optic cup.
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Fig. 2. Lens vesicle trans-
plantation and apoptosis.
(A to C) Lens transplanta-
tion. (A) One-day-old
cave fish embryo contain-
ing an FLDX-labeled sur-
face fish lens. Scale bar,
150 pm. (B) Bright and
(C) dark field images of
sections showing FLDX
restricted to the lens.
Scale bar, 40 pm; same
magnification in (B) and
(C). A one-cell surface fish
embryo was microin-
jected with FLDX (molec-
ular weight of 10,000)
(Molecular Probes, Eu-
gene, Oregon), and the
FLDX labeled lens was
transplanted into the op-
tic cup of an unlabeled
cave fish embryo and al-
lowed to develop for 10
days. The cave fish host
was fixed in 4% parafor-
maldehyde and viewed by
fluorescence microscopy.
(D to G) Apoptosis.
TUNEL of the optic pri-
mordia of a 48-hour-old
cave fish host showing
lens apoptosis on (E) the
control but not on (D) the
transplant side. TUNEL of
the optic primordia of a
48-hour-old surface fish
host showing lens apo-
ptosis on (F) the trans-
plant but not on (G) the
control side. Scale bar,
100 pm; same magnifica-
tion in (D) to (G). LE, lens
epithelium. Other abbreviations are as in Fig. 1.

Neural retina development was deter-
mined by examining the expression of Pax6,
Prox 1, proliferating cell nuclear antigen
(PCNA), and rhodopsin, which are retinal
markers for ganglion and amacrine cells, hor-
izontal cells, photoreceptor precursor cells,
and rod cells, respectively (9, 14, 15). Pax®6,
Prox 1, and PCNA were expressed in the
appropriate retinal cells in both surface fish
and cave fish [Web fig. 1 (16)], although the
retinal layers were disorganized and only a
few rod cells were present in cave fish (Fig.
4, E and F). In contrast, the restored eye
exhibited well-organized layers of neuronal
and glial cells, as well as a layer of rhodop-
sin-expressing rod cells (Fig. 4G). The teleost
retina grows throughout life by adding new
cells from the ciliary marginal zone (CMZ),
which exhibits intense Pax6, Prox 1, and
PCNA expression (9, 15, 17, 18). These
markers were detected in the CMZ of the
restored eye [Web fig. 1 (16)], implying that
the retina is actively growing. Thus, the sur-
face fish lens can promote normal patterning,
growth, and rod cell differentiation in the
cave fish retina.
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Transplant Side

Control Side

REPORTS

Surface Fish Host
E Transplant Side

Control Side

The effect of the cave fish lens on surface
fish eye development was determined by re-
ciprocal lens transplantations (Fig. 3, E to H)
(19). After 2 months of development, adult
hosts exhibited a normal eye on the control
side and a small eye (degenerate eye) on the
transplant side (Fig. 3, F and G), which failed
to develop a pupil, cornea, anterior chamber,
and iris (Fig. 3H). As determined by the
retinal markers [Fig. 4H and Web fig. 1 (16)],
retinal cell differentiation occurred in the de-
generate eye; however, the retina was small
and distorted (Fig. 3H) in relation to its coun-
terpart on the control side. The same results
were obtained following extirpation of the
surface lens vesicle. Although lens modifica-
tion cannot completely account for the cave
fish retinal phenotype, the results show that
the cave fish lens has lost the ability to pro-
mote eye development.

We have shown that the surface fish lens
is sufficient.to rescue eye development af-
ter transplantation into the cave fish eye
primordium. We conclude that a change in
an inductive signal emanating from the lens
is a major cause of eye regression in cave

Surface to Cave Cave to Surface

Fig. 3. Eye development following lens trans-
plantation. Head regions of (A to D) cave fish or
(E to H) surface fish hosts shown after 2 days
(A and E) and 2 months (B to D and F to H) of
development. (A and E) Ventral views. (B and F)
Dorsal views.. (C and G) Lateral views. Trans-
plant side is on the right in (A), (B), (E), and (F)
[arrows in (A) and (E)]. Scale bar in (A) is 150
wm, and the scale bar in (B) is 1 mm; the
magnification is the same in (A) and (E), (B) and
(F), and (C) and (G). (D and H) Sections through
restored (D) and degenerate (H) eyes in cave
fish and surface fish hosts, respectively. Scale
bar in (D) is 150 wm; the magnification is the
same in (D) and (H). CH, pigmented choroid
layer. Other abbreviations are as in Fig. 1.

fish (20). Our results illustrate how an evo-
lutionary modification in embryonic induc-
tion can result in dramatic changes in adult
morphology.
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Fig. 4. Cornea and retina development following lens transplantation. Sections through the (A to
D) anterior sector and (E to H) retina of a surface fish (A and E), a cave fish (B and F), a cave fish
host with a transplanted surface fish lens (C and G), and a surface host with a transplanted cave
fish lens (D and H). CE, corneal epithelium; R, rhodopsin-positive rod cells. Other abbreviations are
as in Figs. 1 through 3. Arrows in (F) indicate a small number of cells expressing rhodopsin in the
cave fish retina. Scale bar in (A) is 150 um, and the scale bar in (E) is 100 pm; magnification is the

same in (A) to (D) and in (E) to (H).
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The physiological role of striatal cholinergic interneurons was investigated with
immunotoxin-mediated cell targeting (IMCT). Unilateral cholinergic cell abla-
tion caused an acute abnormal turning behavior. These mice showed gradual
" recovery but displayed abnormal turning by both excess stimulation and in-
hibition of dopamine actions. In the acute phase, basal ganglia function was
shifted to a hyperactive state by stimulation and suppression of striatonigral
and striatopallidal neurons, respectively. D1 and D2 dopamine receptors were
then down-regulated, relieving dopamine-predominant synaptic perturbation
but leaving a defect in controlling dopamine responses. The acetylcholine-
dopamine interaction is concertedly and adaptively regulated for basal ganglia

synaptic integration.
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neurons in the direct pathway and striatopal-
lidal neurons in the indirect pathway contain
substance P (SP) and enkephalin (Enk), re-
spectively. The two striatal principal neurons
are thought to exert opposing effects upon the
SN1/EPN neurons and the dynamic balance
of basal ganglia—thalamocortical circuitry.
Activity of striatal principal neurons is
modulated by dopaminergic and cholinergic
inputs (/2-14). Dopamine (DA) from sub-
stantia nigra pars compacta neurons excites
and inhibits striatonigral and striatopallidal
neurons, respectively. Acetylcholine (ACh)
from striatal cholinergic neurons, opposing
the DA action, inhibits and excites striatoni-
gral and striatopallidal neurons, respectively
(13, 15, 16). The modulatory role of DA
transmission in the basal ganglia circuit has
been well characterized (12, 17-20), whereas
the precise physiological and behavioral
function of cholinergic neurons accounting
for only 1 to 2% of the striatal neuronal
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