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Retinal transplants can drive a pupillary reflex in host rat brains
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ABSTRACT Retinae taken from embryonic rats were
transplanted over the midbrain of neonatal rats, from whom
one €ye had been removed. After 5 months, the optic nerve of
the remaining eye was cut, and the transplant was exposed.
Tlumination of the transplant caused pupilloconstriction of the
host eye, a response abolished by damaging the transplant.
Thus neural transplants are capable of driving specific reflexes
in response to natural stimuli.

Various studies have shown behavioral recovery following
transplantation of embryonic tissue to the brains of mammals
with neurological deficits resulting from specific lesions or
genetic disorders (1). In all these cases, the essential function
of the transplant seems to be to produce an appropriate
chemical in approximately the correct location. The donor
cells need not be the normal ones innervating the region:
adrenal medulla, for example, may serve as an alternative
source to substantia nigra of dopamine-producing cells (2).
The connections made between transplanted cells and host
brain also need not be normal for functional recovery to occur
14).

A second role for neural transplants that has so far received
much less attention is to mediate functions that require
precise patterns of connections as their substrate. One such
system is the pupillary reflex. In intact animals, this is
mediated through a subdivision of the pretectum, the olivary
pretectal nucleus (4, 5). This receives optic input and projects
directly or indirectly to the Edinger—Westphal nucleus of the
oculomotor complex, which in turn innervates the eye
through the ciliary ganglion (refs. 6-10; Fig. 1A). The reflex
is abolished by destruction of the pretectal nuclear complex
(11), and specific stimulation of tonic ‘‘on”’ cell clusters in the
olivary pretectal nucleus leads to pupilloconstriction (4). In
this study we have examined whether a reflex response can
be elicited in the eye of a host rat by illuminating a retinal
transplant placed over the brain stem.

METHODS

Retinae were dissected from rat embryos of 13 days of
gestation and transplanted over the superior colliculus of
neonatal rats, as described (12). Effort was made to place the
transplants either just caudal to the pretectum or more
caudally such that they would ultimately come to lie over the
cerebellum and be readily accessible for experimentation.
The right eye was removed at the time of transplantation to
ensure a heavier innervation of the subcortical visual centers
by the transplant (12). After 5 months, the optic nerve of the
remaining eye was sectioned intracranially to prevent relay of
visual information to the brain from that eye but to maintain
intact the parasympathetic outflow to the eye carried in the
oculomotor nerve. Two days later, the transplant was ex-
posed either by drilling off the bone over the cerebellum
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(posterior location) or by removing the bone, occipital
cortex, and hippocampus on both sides to expose the
midbrain (anterior location). The experimental preparation is
shown schematically in Fig. 1 B and C. A set of normal
animals served as controls. Their right eye was removed,
their left optic nerve was sectioned, and then their midbrain
was exposed as for the anteriorly located transplants. The
efficacy of optic nerve section was confirmed by ensuring
that the host eye failed to pupilloconstrict on illumination and
by direct examination both during surgery and at the time of
fixation. Horseradish peroxidase (HRP) was injected into the
orbit of controls to ensure that the oculomotor nerve had
been spared. The pupil was examined with a surgical micro-
scope (Wild M650) under normal illumination conditions. At
the énd of each experiment, animals were fixed by perfusion
with 4% (wt/vol) paraformaldehyde or 1% gluteralde-
hyde/1% paraformaldehyde (HRP experiments). The brains
were stained with Nissl and a silver stain for normal axons or
with HRP histochemistry using tetramethylbenzidine as a
chromagen. Animals were anesthetized with ether for neo-
natal surgery and subsequently with Nembutal or
tribromoethanol. No significant difference was noted in
pupillary response with the two anesthetics.

RESULTS

Six rats that had received transplants at birth and optic nerve
cuts at maturity form the basis of this study, with four
controls that had received no transplants. Optic nerve section
prior to testing generally resulted in a pupil of =3.5 mm in
diameter that was totally unresponsive to light. The diameter
was unaffected by the surgery necessary to expose the
transplant.

In all six animals with transplants, the pupil in the remain-
ing host eye constricted when the transplant was exposed to
light (Figs. 1C and 2B) and dilated when it was covered (Figs.
1B and 2A). In most animals, constriction began after 5 sec:
in one it followed a small dilation that occuired predictably
after 1 sec of light exposure. The greatest change in pupil
diameter was from 1.5 to 4 mm and the least from 0.5 to 0.9
mm. The smallest diameter was achieved between 4 and 13
sec after initial light exposure. Dilation after covering the
transplant (Figs. 1B and 24) was somewhat slower, beginning
after 1-5 sec and taking 10-60 sec to reach completion. While
there was some variability in response times and magnitude
of response among animals, these were constant for each
individual when tested over a period of time. Indeed the
behavior was extremely robust and was still brisk after 5 hr
of testing. The constriction effect was not diminished by
placing a heat filter between the light source and transplant,
but the degree of constriction could be reduced by placing
barrier filters in between. In cases in which the transplant
could be visually localized, it was selectively masked leaving
the rest of the brain exposed to light: this resulted in
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F1G. 1. Schematic of pathway for pupilloconstriction. In normal
rats (A), light activates neurons that pass from the eye by way of the
optic nerve (II) to the olivary pretectal nuclei (OPN) on each side.
From there, axons project to the Edinger—-Westphal (EW) nuclei.
These project by way of the oculomotor (III) nerve through the
ciliary ganglion to the pupilloconstrictor muscles. (B) Experimental
preparation used here with the transplant (TP) screened from light
and with the pupil dilated. (C) Effect of illuminating the transplant.

pupillodilation. Thus, it would appear that the illumination of
the transplant is the essential stimulus for pupilloconstriction
of the host eye and that neither heat effects nor incidental

FiG. 2. Photographs of eye under conditions shown in Fig.
exposed. Scale is marked in millimeters.
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stimulation of host brain structures are confounding factors.
In two animals, the transplant was lying over the cerebellum,
and during testing it was removed without involvement of
host brain structures. In both cases, the host pupillary reflex
to visual stimulation of the transplant immediately disap-
peared and did not return. The control animals without
transplants showed no indication of pupillary change in
response to light. -

Histological examination of all six transplanted animals
showed healthy transplants lying over the superior colliculus
or (in the case of the two lesioned animals) small fragments
of retina over the cerebellum. All showed bundles of axons
emanating from the transplant and running across the surface
of the host midbrain. While it has not been possible to trace
the projection of the transplants in detail, previous studies
(12) and current experiments involving injection of HRP into
similarly placed transplants showed projections to the olivary
pretectal nucleus as well as to the superior colliculus,
posterior pretectum, lateral geniculate nucleus, and acces-
sory optic nuclei. Examination of the brains of the control
rats showed that the exposure of the midbrain was similar to
that performed in the experimental animals and that the
oculomotor nucleus was labeled with HRP, indicating that
failure of response was the result of neither a difficult
exposure nor inadvertent damage to the oculomotor nerve.

It appears from these results that retinal transplants placed
over the brain stem are capable of driving a reflex pathway
in the host rat. The response is somewhat more sluggish than
in normal rats. In normal rats (3), the pupil starts to constrict
400 msec or less after stimulus onset rather than the 1 sec or
more found here and reaches a minimum diameter after 1 sec
rather than between 4 and 13 sec observed in our animals.
Dilation is a slower process in normal animals, taking 30 sec
or more to reach a stable point, and this was also the case for
the transplanted animals. The transient dilation before con-
striction seen in one animal may reflect an anomalous pattern
of connections in the olivary pretectal nucleus, but the
possibility of incidental stimulation of the sympathetic sys-
tem, although unlikely, cannot be disregarded.

Studies have emphasized (4, 5) the role of the pretectum,
and in particular a specific cell class in the olivary pretectal
nucleus, in the normal animal as the center for pupil-
loconstriction. While we do not know whether the reflex
demonstrated here is also mediated through the olivary

1B (A) and of eye under conditions shown in Fig. 1C (B) with the transplant



6960 Neurobiology: Klassen and Lund

pretectal nucleus, there are a number of reasons to suspect
that this might be the case. Retinal transplants placed on the
dorsal midbrain project to the same regions in the host brain
as a normal retina (12). The only region to which they project
that normally subserves a pupillary reflex function is the
olivary pretectal nucleus; and this is the only region in which
retinal axons terminate that has a projection to the Edinger—
Westphal nucleus (10), the next relay in the reflex. There is
little evidence to support the possibility that by altering an
input to a region the output can be substantially modified, and
indeed there are studies in developing rodents showing this
does not happen (13). Thus it would be unlikely that trans-
plant input would modify the output projections of other
subcortical visual centers. It appears likely, therefore, that
the transplants are driving the reflex through the normal
pathways.

This study shows that besides modulating complex behav-
ior patterns, neural transplants can also drive simple reflex
pathways in response to natural stimuli. This observation is
important in examination of the possibility that transplanta-
tion may be an effective approach to recovering damaged
neural circuitry. The present preparation is also of value in
providing a simple functional assay for studying the efficien-
cy of connectivity underlying a reflex circuit, and how this
can be modified by altering various parameters of transplant
innervation.
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