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Xenopus laevis Retinal
Ganglion Cell Dendritic
Arbors Develop Independently
of Visual Stimulation

Rebecca L. Rigel and Barbara Lom
Biology Department and Neuroscience Program,
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Newly formed neurons must locate their
appropriate target cells and then form synaptic
connections with these targets in order to
establish a functional nervous system.  In the
vertebrate retina, retinal ganglion cell (RGC)
dendrites extend from the cell body and form
synapses with nearby amacrine and bipolar cells.
RGC axons, however, exit the retina and
synapse with the dendrites of midbrain neurons
in the optic tectum.  We examined how visual
stimulation influenced Xenopus RGC dendritic
arborization.  Neuronal activity is known to be
an important factor in shaping dendritic and
axonal arborization.  Thus, we reared tadpoles in
dark and light environments then used
rhodamine dextran retrograde labeling to
identify RGCs in the retina.  When we compared
RGC dendritic arbors from tadpoles reared in
dark and light environments, we found no
morphological differences, suggesting that
physiological visual activity did not contribute
to the morphological development of Xenopus
RGC dendritic arbors.
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Introduction
In the developing Xenopus laevis visual

system retinal ganglion cells (RGCs) extend
axons out from the retina to their target in the
midbrain.   While RGC axons are navigating
toward the optic tectum where they arborize and
form synapses with tectal neurons, dendrites are
also beginning to extend from the RGC soma in
order to synapse with other retinal neurons.  In
many higher vertebrates, the effect of neuronal
activity on development of RGC axonal arbors
has been well characterized.  However, in both
higher and lower vertebrates considerably less is
known about RGC dendritic arbor development.

Consequently, we examined how visual
stimulation influenced RGC dendritic
arborization in Xenopus laevis by comparing the
morphologies of RGCs in tadpoles that had been
reared in light versus dark environments.

Figure 1 Vertebrate Retinal Anatomy Diagram of a
vertebrate retina illustrating retinal connectivity, cellular
and synaptic cell layers, and cell types in the retina. PR=
photoreceptor layer; ONL=outer nuclear layer; INL=inner
nuclear layer; IPL=inner plexiform layer; GCL=ganglion
cell layer; r=rod; c=cone; HC=horizontal cell; BP=bipolar
cell; A=amacrine cell; RGC=retinal ganglion cell.  Image
adapted from Cajal.

Retinal Ganglion Cells
Retinal ganglion cells (RGCs) connect

the eye to the brain via their axons (,) which
make up the optic nerve.  Their cell bodies are
located within the innermost ganglion cell layer
(GCL) of the retina, and their dendrites extend
into the inner plexiform layer (IPL) where they
arborize and receive synaptic input from
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amacrine cells and bipolar neurons (fig. 1).
RGC axons extend from the cell body, cross the
optic chiasm, and navigate through the midbrain
to reach the contralateral optic tectum.  There
they arborize and form synapses with tectal
neuron dendrites to form a retinotopic map, a
highly ordered topographical map of the visual
world.  RGCs form the only neuronal
connections between the eyes and the brain.
Because RGCs convey all visual information to
the brain, if RGCs do not develop properly, an
organism’s vision may be significantly
compromised.

Xenopus: A Model System for RGC Studies
Xenopus laevis, the African clawed frog,

is a model organism because these animals can
be bred in captivity, their eggs can be harvested
in abundance, they reproduce by external
fertilization, and they develop rapidly, which
makes tadpoles accessible for study at all stages
of development (Nieuwkoop and Faber, 1967).
Xenopus tadpoles have been used to study visual
system development (Johnson and Harris, 2000;
D i n g w e l l  et al., 2000).  Most of our
understanding of Xenopus RGC development
has focused on axon navigation and arborization
(Cohen-Cory, 1999, 2002; Cline, 2001), but it is
also possible to study RGC dendritic
development in Xenopus (Sakaguchi et al.,
1984; Holt, 1989; Lom and Cohen-Cory, 1999;
Lom et al., 2002;).  Retrograde transport of
rhodamine dextran from the tectum to
contralateral RGCs makes it possible to
visualize the morphology of individual
fluorescent RGC dendrites in vivo (Lom and
Cohen-Cory, 1999; Lom et al., 2002).

Xenopus RGC Dendritic Development
Although more is known about the

development of Xenopus RGC axons, RGC
dendritic development is also well characterized
(fig. 2; Sakaguchi et al., 1984; Holt, 1989; Lom
and Cohen-Cory, 1999; Lom et al., 2002).
RGCs extend primary dendrites directly out
from the cell body after the beginning of
axonogenesis, and before their axons have
reached their target at the optic tectum.  As
axonogenesis continues, more short, unbranched
primary dendrites extend from the RGC cell
body and begin to lengthen toward their target,

the IPL of the retina.  In the IPL, RGC dendrites
synapse with amacrine and bipolar cells, while
RGC axons synapse with dendrites of tectal
neurons in the contralateral optic tectum.  The
first synaptic activity in the brain is detected at
stage 39, after RGC axons synapse with the
tectum (Sakaguchi et al., 1985; Holt, 1989).
Xenopus RGC dendritic morphologies appear
similar through developmental stage 45;
however, after stage 46, RGC dendritic
morphologies begin to be divisible into three
categories based on soma size and dendritic
branching arrangement (Sakaguchi et al., 1984).

Figure 2 Time Course of RGC axonal and dendritic
arborization in the Xenopus visual system. Transverse
diagram of the Xenopus brain and one eye depicts the
contralateral retinotectal projection as it develops.  Images
adapted from Sakaguchi et al. (1984), Nieuwkoop and
Faber (1967), and Chien and Harris (1994).

Neuronal Activity Influences Axon
Arborization in the Developing Visual
System

As the visual system develops, neuronal
activity is very important for establishing and
refining visual connections (Cohen-Cory, 2002).
Studies of RGC development have examined the
effects of neuronal activity on axonal growth,
arborization, and formation of the retinotopic
map on the midbrain.  In several species,
including cats and zebrafish, action potentials in
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the midbrain and/or retina have been shown to
be necessary for the proper development of RGC
axonal arbors.  Fetal cat RGCs exposed to the
sodium channel blocker tetrodotoxin (TTX) do
not fire action potentials during the period when
RGC axons synapse with their target neurons in
the midbrain.  Terminal axon arbors of these
RGCs that were deprived of all endogenous
retinal activity were much larger than the
terminal axon arbors of control RGCs (Sretavan
et al., 1998).  Size differences in axonal arbors
of control and TTX-treated RGCs indicated that
neuronal activity played an important role in the
development of terminal axon arbors. In a
similar study, TTX was used to inhibit action
potentials in developing zebrafish RGCs
(Gneugge et al., 2001).  Zebrafish RGC terminal
axon arbors were much larger when exposed to
TTX as compared to control RGC axon arbors
also indicating that neuronal activity is
important in RGC axon arborization.

Neuronal Activity Influences Xenopus laevis
RGC Axon Arborization

Studies of Xenopus RGCs have shown
that, like in mammals and in zebrafish, action
potentials are also important for the
development of axonal arbor morphology at the
tectum. Neuronal activity stabilizes Xenopus
RGC axonal arbors.  Time-lapse imaging of
individual RGC axon arbor morphologies
revealed that TTX suppression of retinal activity
resulted in significantly more complex axon
arbors (Cohen-Cory, 1999).  More axonal
branches were added than were eliminated,
which created unstable axonal arbors (Cohen-
Cory, 1999).

In a related study the glutamate agonist
NMDA was used to reduce postsynaptic activity
in the Xenopus tectum.  The number of stable
branches on RGC axons dramatically decreased
and significantly more branches were added and
retracted (O’Rourke et al., 1994).  These results
indicate that developing RGC axons rapidly
extend short pioneer branches that probe the
environment presumably in search of a place to
form a stable synapse with a tectal neuronal
dendrite.  Thus, the increased extension and
retraction of axon branches in RGCs deprived of
post-synaptic activity may be an indication of
synaptic instability.

Neuronal Activity Influences RGC Dendritic
Arborization

Although most studies of neuronal
activity have examined RGC axon development
at the target, neuronal activity is also important
in the development of dendritic arbors within the
retina.  In one study, TTX was used to block
action potentials in the eyes of kittens (Wong et
al., 1991).  RGCs in eyes deprived of neuronal
activity showed reduced complexity of dendritic
arbors, and dendrites with fewer branches and
spines.  These results indicated that retinal
activity participates in RGC dendritic
arborization.  In a reciprocal study, Campbell et
al. (1997) treated kitten midbrains with TTX to
determine how absence of activity at the target
affected growth of RGC dendritic arbors.  TTX
treated animals had slightly more dendritic
spines, but in general, RGC dendritic
development in TTX treated animals was similar
to untreated animals.  Taken together the results
of these studies suggest that neuronal activity
within the retina may be more influential in
regulating RGC dendritic arborization than
neuronal activity in the midbrain.

The effects of neuronal activity on the
development of Xenopus RGC dendritic arbors
are unknown.  In our study, we investigated the
effects of visual stimulation on Xenopus RGC
dendritic arborization to determine if
physiological activity induced by light versus
dark environments had any influence on RGC
dendritic arborization.

Methods
We examined the effects of neuronal

activity on Xenopus RGC dendritic morphology.
Neuronal activity was modulated by controlling
the light environment in which the Xenopus
tadpoles were reared to control the amount of
light-evoked retinal activity.  We conducted four
experiments in which we evaluated the effects of
light on the growth of RGC dendrites in
Xenopus tadpoles (fig. 3).  All reagents were
obtained from Fisher or Sigma unless otherwise
indicated.  Tadpoles were reared in 20%
modified Steinberg’s solution (60 mM NaCl,
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Figure 3  Diagram of Experimental Methods.  Tadpoles
were reared in light or dark environments during the period
when RGC dendritic arbors begin to form.  RGC dendrites
were visualized by retrograde rhodamine dextran labeling
and visualized with fluorescence microscopy.

0.67 mM KCl, 0.34 mM Ca(N03)2, 0.83 mM
MgSO4, 10 mM HEPES, and 40 mg/l
gentamycin, pH 7.4; Keller, 1991).
Approximately 0.001% phenylthiocarbamide
was included to reduce pigmentation.  Animals
were anesthetized during dye injection and
before fixation with 0.05% tricane
methanesulfonate. All animal care and use
protocols were approved by the Davidson
College Institutional Animal Care and Use
Committee (protocols #8-03-01 and 8-03-03).

We obtained Xenopus embryos by in
vitro fertilization (Sive et al., 2000) and staged
embryos according to Nieuwkoop and Faber
(1967).  When the tadpoles reached stage 35/36
(the onset of dendritogenesis) we placed two
plastic dishes of tadpoles under the two
fiberoptics of a halogen lamp source.  One dish
was covered with foil to shield the tadpoles from
light.  At stage 43 (when RGC axons have
innervated the optic tectum), we microinjected
the left optic tectum of each anesthetized tadpole
with the fluorescent dye rhodamine dextran

(Molecular Probes) and rapidly returned the
tadpoles to their light or dark environment.  At
stage 45 (before RGC morphologies subdivide
into three categories) we fixed both groups of
tadpoles in 4% paraformaldehyde overnight at
4° C.  We then removed the right eye of the
tadpoles and flattened the retina onto
microscope slides in order to view the
fluorescently stained RGC dendrites.  Because
RGC axons are the only anatomical connection
between the optic tectum and the retina, any
fluorescently labeled neurons in the retina are
necessarily RGCs (Lom and Cohen-Cory, 1999).
After capturing digital images of the RGC
dendritic arbors using fluorescence microscopy,
we traced each dendrite’s morphology manually,
then scanned the traced images into the
computer for length analysis with Scion Imaging
software (www.scioncorp.com). All data
collection and analysis were performed under
blind conditions to minimize any potential
biases.  For each RGC we determined cell body
area, total dendritic arbor length, and cell body
diameter.  Numbers of primary dendrites and
dendrite branch tips were counted manually. For
each of the four experiments, we normalized the
data to the average of the dark values for each
parameter.  Because the average length of the
dendrites and complexity of dendritic arbors
varied between each experiment, normalizing
the data was necessary for comparison of data
between individual experiments.  We used Prizm
Software (GraphPad) to perform an unpaired,
two-tailed t-test for all data analysis.

Results and Discussion
Our results indicate that physiological

stimulation of RGCs with light does not affect
the morphology of developing RGC dendritic
arbors in Xenopus laevis.  RGC dendritic arbors
from tadpoles reared in light and dark conditions
appeared morphologically similar (figure 4).
For all parameters, including number of primary
dendrites, number of dendritic tips, ratio of tips
to dendrites, length of dendrites, and area of
RGC somas, and the differences between light-
reared and dark-reared RGC dendrites were
insignificant  (p > 0.05; figure 5).  RGCs in
dark-reared tadpoles extended 4.1 + 0.2 (SEM)
primary dendrites compared to an average of 4.5
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Figure 4 RGCs from tadpoles reared in the light
environment and dark environment. No obvious
morphological differences were observed between RGC
dendritic arbors of tadpoles reared in light versus dark
environments.

+ 0.3 primary dendrites in light-reared tadpoles.
Similarly, RGCs in dark-reared tadpoles
extended 14.9 + 1.3 branch tips compared to an
average of 14.4 + 1.2 branch tips per RGC in
light-reared tadpoles.

While our results indicate that RGC
dendritic morphogenesis is independent of
environmental light, it is possible that neuronal
activity in the retina does influence growth of
dendritic arbors in developing X e n o p u s .
Because neurons may become desensitized when
exposed to a continuous stimulus, it is possible
that tadpoles reared in the light became
accustomed to the light and that retinal neurons
ceased or altered their firing in response to
constant light stimuli.  Retinal activity may
therefore influence developing dendritic arbors,
but because the neurons became habituated to
the constant, bright light their firing patterns
were altered and the light stimulation did not
have a significant influence on dendrite
development.  Future studies in which the
tadpoles would be exposed to intermittent light
instead of continuous light would help resolve
this question.  Using a strobe light set at a

Figure 5  Light stimulation does not alter the
morphology of RGC dendritic arbors.  The average
values of each parameter measured in light-reared versus
dark-reared RGCs were ratioed for primary dendrite
number, branch tip number, branch tips per dendrite, total
dendrite arbor length, and soma area.  Thus, a value at or
near 1.0 indicates that there was no difference in the
average of the morphological parameter.  (n = 161 RGCs)

specific frequency, the retinal neurons would not
become accustomed to the light and would thus
be more likely to respond to light.  RGCs of
tadpoles reared under the strobe light could then
be compared to RGCs of tadpoles shielded from
the strobe light to determine if retinal activity
intermittently evoked from an exogenous light
source does in fact play a role in development of
RGC dendritic morphology.

In a study of Xenopus  optic tectal
neurons (the synaptic targets of RGC axons),
visual stimulation significantly increased the rate
of RGC dendritic growth, the number of new
branches, and the length of dendritic branches
(Sin et al., 2002).  The investigators used a panel
of green light to stimulate the tadpole retinal
neurons.  The panel of light had rows that turned
on sequentially for one second, as in a wave
motion.  Because tectal cells do not become
adapted to repeated stimulation it is likely that
RGCs do not get adapted to repeated stimulation
either (Sin et al., 2002).  If this is the case,
exposing tadpoles to repeated intervals of light
and dark may have an affect on the growth of
RGC dendritic arbors not observable in our
study.

Spontaneous neuronal activity may also
affect development of RGC dendritic arbors in
Xenopus.  In vitro recordings of electrical
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activity in the retinas of chicks, neonatal rabbits,
fetal rats, and embryonic ferrets has indicated
that spontaneous activity is important for the
development of morphologically correct RGCs
and cells in the lateral geniculate nucleus (LGN;
Wong et al., 1998; Wong, 1999).  Spontaneous
bursts of activity present in the developing
retinas of higher and lower vertebrates suggests
that endogenous retinal activity may be essential
for development and refinement of primary
visual connections (Wong, 1999).  Future
studies in X e n o p u s  could also consider
measuring retinal activity in light and dark
environments.

Wong and Wong (2000) have also
shown that when endogenous activity in cells
with high spontaneous activity is inhibited,
dendritic mobility decreases.  Endogenous
neuronal activity appears to be necessary for
normal postnatal maturation of RGC axons
(Wong et al., 1991).  In embryonic chicks and
ferret kits, spontaneous retinal activity is
important for refinement of the retinotopic map.
Spontaneous activity in chick and ferret retinas
is dependent on excitatory cholinergic
stimulation (Wong et al., 1998).  In ferret kits,
blockade of endogenous retinal activity by
cholinergic blockers altered the pattern of axonal
lamination on the LGN.  The axonal projection
from the active retina was greatly enlarged and
formed connections on the LGN where the
opposite eye normally synapses.  Projections
from the inactive eye were significantly smaller
than normal.  The abnormal development of
axonal projections indicates that spontaneous
retinal activity helps drive development of
stereotypical connections with the brain before
vision begins (Penn et al., 1998).

Lohmann et al. (2002) studied the
effects of TTX on embryonic chick RGCs.  They
found that in developing RGCs Ca+2 is
spontaneously released both throughout the
neuron and locally within small dendritic
segments.  Ca+2 release helps stabilize RGC
dendritic structure and blockade of local Ca+2

release causes immediate dendritic retraction.
This work suggests that Ca+2 release may be a
way in which afferent activity regulates
dendritic structure in developing dendrites.

Spontaneous neuronal activity is also
important in the development of axonal

connections at the visual cortex. Catalano and
Shatz (1998) injected TTX into the brain of cats
during the period when LGN axons were
reaching their target at the visual cortex.  At this
period of development spontaneous action
potentials in the retinas are relayed to the LGN
and likely help guide growing axons.  The TTX
injections caused the axons to extend significant
projections within the subplate of the cortical
areas where the neurons do not usually extend.
LGN axons that did not reach the tectum were
topographically disordered.  Axonal disarray at
the visual cortex indicates that neuronal activity
is necessary for thalamic axons to locate the
correct target and to establish appropriate
connections.

Whereas rearing tadpoles in the dark
inhibits retinal activity provoked by external
sources, it does not silence spontaneous retinal
activity that might affect RGC dendritic growth.
To determine if spontaneous retinal activity
influences RGC dendritic growth future
experiments could inject TTX into the eyes of
tadpoles to silence any spontaneous retinal
activity.  RGC dendritic arbors of tadpoles not
exposed to TTX could then be compared to the
TTX exposed RGCs to determine what effects
spontaneous activity has on developing RGCs.

Conclusion
Although our results indicate that

physiological stimulation of RGCs by constant
light does not influence Xenopus RGC dendritic
arborization, it is still possible that neuronal
activity plays a role in early dendritic arbor
development.  Neuronal activity is important for
RGC dendritic and axonal arborization in other
organisms, and it is probable that some type of
neuronal activity may be important in the
development of morphologically correct
dendritic arbors in Xenopus.  More research is
necessary to determine whether endogenous
activity or a different type of physiological
stimulation influence Xenopus RGC dendritic
arbor development and morphology.
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