
Summary. As developmental biologists we study the
role of fetal movements in providing continuity between
prenatal and postnatal life. There are two major
categories of fetal motility. The first category consists of
movements that have an obvious effect on the survival or
development of the fetus (e.g., changes of position,
sucking and swallowing). The second category consists
of fetal movements that anticipate postnatal functions.
For example, fetal ocular movements (FOMs) predict
postnatal eye function (e.g., motion vision) of the
newborn and therefore represent an important indicator
of fetal health. However, while the clinical significance
of fetal motility is obvious, its biological significance is
elusive. We propose to use retina of genetically modified
mouse embryos to study the biological role of FOMs in
the genesis of cell diversity and organ functional
maturation. Our results have already demonstrated the
importance of fetal eye motility in the differentiation of
cholinergic amacrine cells (CACs) in the retina (Kablar,
2003). Apparently, these cells are sensitive to motion
and also responsible for motion vision. In the current
report, we suggest employing the unique opportunity
provided by the mouse Myf5-/-:MyoD-/- knock-outs that
lack skeletal musculature and FOMs, microarray
analysis and the follow-up experiments to identify a
group of candidate genes that are essential for the
molecular regulation of CAC differentiation and in turn
for the functional maturation of the visual system
towards its ability to perform motion vision. Finally, the
molecules identified via this approach may be important
in the mechanochemical signal transduction pathways
employed during the process of conversion of a
mechanical stimulus into an instruction understandable
by the developing retinal neurons and glia cells.
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Introduction

A paradigm in developmental biology is that both
intrinsic and extrinsic factors can influence cell fate. The
gene expression of a cell will often impose some
limitations on available fates (i.e., cell competence),
whereas final determination of a specific cell type may
depend on environmental influence. For example, two
different progenitors in the rat retina are restricted to
producing 3 types of neurons or 2 types of neurons and a
glial cell (Turner and Cepko, 1987). In culture these cells
are also subject to regulation by their cellular
environment. Placing embryonic day (E) 16 retinal
progenitor cells in an in vitro post-partum (P) 0 cellular
environment reduces the normal production of amacrine
cells and increases production of cone photoreceptors
(Belliveau and Cepko, 1999). In contrast, a P0 amacrine
cell-depleted culture environment allows the E16 cells to
produce more amacrine cells than would normally be
produced in vivo (Belliveau and Cepko, 1999). Thus, we
may also conclude that feedback inhibition on cell fate
determination is a likely mechanism to regulate cell type
ratios in the vertebrate neural retina. Treatment of E16
cells with size-excluded cell lysates has the same effect
suggesting that diffusible ligands are likely involved in
retinal cell fate determination.

Although the cellular microenvironment can clearly
influence cell fate determination, it is likely that the
large-scale physical environment is also involved.
Indeed, we have used Myf5-/-:MyoD-/- mouse embryos
(amyogenic, double-mutant or DM), which completely
lack striated muscle, to study the developmental
dependence of the neural retina on mechanical
stimulation of the eye (Kablar, 2003). Since neither of
the removed myogenic regulatory factors have been
detected in the mouse retina at various stages of
development nor do the single mutants have distinct
retinal phenotypes (Kablar, 2004 and the references
therein), the amyogenic embryos are ideal for studying
the role of FOMs in retinal differentiation. While the
basic laminar organization of the retina, cell cycle
kinetics (i.e., cell proliferation and cell death), and the
total number of cells present in each of the layers were
not altered in amyogenic fetuses, there was a notable
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absence of CACs (Kablar, 2003). We also observed that
many amacrine cell subtypes were present in larger
numbers, that amacrine precursors were significantly
depleted, and that ganglion cells did not completely
differentiate. Thus, by loss of function, we ascertained
that FOMs are important for maintaining the proper
ratios of differentiated cells as well as required for the
differentiation of at least one amacrine cell subtype. 

This review first encompasses studies of FOMs,
most of which involve real-time ultrasound observation
of human fetuses. Second, the intrinsic (genetic) control
of cellular competence for differentiation in the neural
retina is considered in the context of mechanical
stimulation, which may facilitate distribution of ligands
(Fig. 1). Finally, we present our recent microarray
findings which reveal that Ap3d1, Btrc, Snx17 and Wdr5
are among the few molecules significantly down-
regulated in the Myf5-/-:MyoD-/- E18.5 mouse retina.

FOMs and retinal differentiation

To study intrauterine FOMs and as a clinical test for

central nervous system (CNS) problems, real-time
ultrasound has been employed (reviewed in Horimoto et
al., 1993 and the references therein). According to this
group, because of the simplicity of extraocular
musculature, very fine nervous control is required, thus
normal FOMs may reflect proper development of the
CNS. Four classes of FOMs have been described
(Birnholz, 1981). There are both rapid and slow eye
movements in the fetus and these have been quantified
as such (Horimoto et al., 1990). Early in gestation (up to
20 weeks), there are several minute-length periods
without eye movement, while eye movement periods are
approximately 10-12 minutes in length in the later parts
of gestation (Nijhuis et al., 1982). In fact, four weeks
later (i.e., at 24 weeks on), bursts of movement become
more frequent and acquire very high frequency near term
(Inoue et al., 1986). Finally, FOMs become less
spontaneous and transform into consolidated clusters of
eye movement (i.e., sporadic short bursts disappear late
in gestation and this disappearance coincides with the
stable periods of eye movement). Therefore, more
complex and repetitive motions of the eye are more
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Fig. 1. Hypothesized model of FOMs
influence on retinal cell differentiation.
Whereas the basic organization of the
retina (e.g., number of cell layers and
number of cells per layer) appears to be
determined by intrinsic genetic factors, the
individual progenitor cell fate (i.e.,
competence to make different cell types)
and the ratio of resulting cell types (i.e.,
cones, rods, bipolar, horizontal, amacrine
and ganglion cells) are influenced by
extrinsic environmental cues. In our
model, we are particularly interested in the
light and FOMs, possibly acting via
various mediators (e.g., transcription and
neurotrophic factors, etc.) to influence the
competence of progenitor cells and ratios
of resulting cell types.



consistently observed later in fetal development
(Birnholz, 1981). On the other hand, slow eye
movements result from the inability of the tonic system
(i.e., the extraocular muscles) to hold the eyes, and thus
they drift back to the original or resting position, where
the tensions of the six extraocular muscles are in
balance. Thus, the slow eye movements reflect
decreased muscle tone and the appearance of slow eye
movements coincides with muscle hypotonia (Aserinsky
and Kleitman, 1955; Bridgeman, 1983). In addition,
binocular eye movements of two types have been
described: rapid and in phase (i.e., the same for each
eye) and slow and out of phase (i.e., the eyes are not
moving in the same fashion). However, only preliminary
work has been done on conjugate versus disjunctive eye
movements (N.B., probably about 5.4% of all eye
movements are the latter) (Birnholz, 1981; Takashima et
al., 1991).

FOMs in mice, and possibly humans, are more than
just warm-up for looking around at birth. Apparently,
they are essential to the development of specialized cells
in the retina (Kablar, 2003). Expectant mothers are
familiar with their babies’ uterine acrobatics involving
kicks and turns. Ultrasound images reveal that by the
third trimester fetuses are also moving their lungs, as if
breathing, and moving their eyes. The movements are
currently used as indicators of fetal health. But there is
ongoing debate as to the biological role of these
movements in fetal development. It is true that we are
practising those movements in order to be able to
perform them better when we are born. But, it also
appears that we need them to stimulate the creation of
certain cell types that will be needed as soon as we are
born. The ability to isolate the role of eye movements
was made possible by using mutant knockout fetuses
that lack eye muscles and the associated genes. As
mentioned earlier, the cellular development in their
unmuscled, non-moving fetal eyes was compared to that
in the eyes of healthy mouse fetuses. Although the total
number of cells and the basic laminar organization of the
neural retina are essentially normal in amyogenic
fetuses, it does appear that extraocular muscle activity is
important for the differentiation of certain cell types. For
example, cholinergic amacrine cells are absent in the
double-mutants, whereas other amacrine cell types are
present in increased numbers along with decreased
amacrine cell precursors (Kablar, 2003). This suggests
that the broad organization of the eye is intrinsically
controlled by genetic factors (and not Myf5 or MyoD
transcription factors) (Kablar, 2004), whereas cell sub-
type ratios are influenced by extrinsic cues (e.g.,
mechanical stimuli from the extraocular muscles). In
fact, surprisingly, the non-moving eyes did not develop a
type of retinal cells involved in motion detection. It
appears that the intra-uterine fetal eye movements
prepare the retina and make cells differentiate so that the
newborn is able to capture motion in their surroundings.
If the eye does not move at all in the embryo it appears
these cells do not develop. It could be that it was the

absence of some known or unknown genes in the mutant
fetuses, together with the lack of movements that
determines the retinal cells’ fate. Furthermore,
proliferation and apoptosis appear to be unaffected in
amyogenic embryos (Kablar, 2003). Double-mutant
retinas contained less amacrine precursors and more of
most other amacrine cell types (except, of course, the
absent cholinergic type) and at the same time more
ganglion cell precursors and logically less differentiated
ganglion cells. Thus, it could be that the mechanical
stimuli from the extraocular muscle allow competence of
progenitors to form CACs, without direct influence on
cell cycle kinetics, even though cell cycle kinetics are
known to affect the distribution of the amacrine cell
population (Dyer and Cepko, 2000).

The intrinsic (genetic) control of cellular competence
for differentiation in the neural retina

Recent evidence suggests that extrinsic cues
influence the ratios of cell types, whereas changes in the
intrinsic properties of retinal precursors determine their
competence for differentiation (Cepko, 1999). The
vertebrate retina consists of six major classes of neurons
and Müller glial cells, arising from a multipotent
precursor cell population. Marking mitotic precursor
cells can end up labeling two very different cell types
(i.e., rod and amacrine cells produced from the same
retinal precursor) (Turner and Cepko, 1987). There are
two models proposed for the cell fate specification
process. The first involves cell fate depending entirely
on the environment while the second involves complete
dependence on intrinsic (genetic) factors. In late
embryonic rat retina there are at least 2 types of retinal
precursor cells present. One expresses markers of mature
horizontal and amacrine cells (i.e., the syntaxin epitope
recognized by HPC-1 antibody and sugar epitope
recognized by VC1.1 antibody). The latter cells produce
horizontal and amacrine cells in the embryonic and
postnatal period. In late embryonic development, an
increasing number of rods is also produced by these
cells. This is consistent with the second model (i.e.,
intrinsic control of cell fate). However there is some
flexibility. The VC1.1/syntaxin-positive horizontal/
amacrine-producing cells give rise to post-mitotic cells
which do not have these markers and thus the
VC1.1/syntaxin-cell type is transient and does not
persist, meaning that extrinsic cues can still be involved.
As mentioned earlier, placing an E16 progentior cell in
an in vitro P0 cell environment reduces its production of
amacrine cells and increases production of cone
photoreceptors (Belliveau and Cepko, 1999), suggesting
that extrinsic information can also play a role in cell fate
determination (N.B., normally P0 is a period of rod
production, but the induced E16 cells did not produce
extra rods). It is therefore possible that there is a signal
that prevents amacrine cell genesis in these E16 cells.
Most amacrine cells are produced by P0 and only 10%
of P0 cells have amacrine fate, possibly because of the
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feedback inhibition on cell fate by amacrine cells
themselves. Amacrine-enriched P0 cell populations have
the same amacrine-inhibiting effect when co-cultured
with E16 cells, but depletion of P0 amacrine cells allows
the E16 cells to produce more amacrine cells in co-
culture (Belliveau and Cepko, 1999). In fact, even more
than normal, suggesting that the E16 environment also
contains amacrine cells which feedback inhibit their
production. Indeed, we have observed that many
amacrine cell subtypes are up-regulated in amyogenic
fetuses but that one particular subtype, the CAC, is
completely absent (Kablar, 2003). Perhaps an early
elevation in the level of many amacrine populations
feedback inhibits the production of CACs. For example,
with insufficient FOMs, attenuating signals (i.e. ligands
or cell-surface interactions) may become more
concentrated than in the normally stimulated eye. As
Cepko (1999) notes, the co-culture experiments also
suggest that there is a photoreceptor-inducing signal
since cones are not induced to form by the amacrine-rich
P0 population, but they are by the “regular” P0
population. Inhibition of E16 cells from adopting the
amacrine fate only occurs if co-cultured prior to M phase
of the cell cycle (Belliveau and Cepko, 1999). The same
applies to treatment with P0 extract (<10 kDa),
suggesting the presence of a diffusible ligand as an
inhibitor of the amacrine cell fate. Thus, amacrine cell
commitment likely occurs in late G2 phase. Notch
signaling affects the development of most retinal cell
types (reviewed in Henrique et al., 1997). Mutant forms
of fibroblast growth factor receptor (FGFR) in Xenopus
alter amacrine cell production (McFarlane et al., 1998)
and, therefore like in our experiment, a loss-of-function
approach shows an effect on cell fate. However,
evidence for stochastic fate choices also exists. For
example, the presence of a uniform progenitor
population (from E17) producing distinct cell types at
different times in the same in vitro culture environment
(Jensen and Raff, 1997). Alternatively, one could argue
that these cells do have intrinsic genetic differences. In
conclusion, it appears that cell fate specification is a
fluid process, where the progenitor has a limited number
of cell types that can be produced, but with the fate
choice also open to environmental control. Thus,
specification is influenced by the changing cellular
environment during ontogeny, with the possibility of
feedback regulation by, for example, amacrine cells.

Microarray findings in the search for molecules
characteristic of CACs

It is reported that the synthesis of acetylcholine (i.e.
the incorporation of labeled choline into acetylcholine)
is four times accelerated by in vitro exposure of an
isolated rabbit retina to light (Masland and Livingstone,
1976). The electrophysiological function of the retina
can be maintained because it is simple to simulate
vascular diffusion from the choroid. Furthermore,
increasing the concentration of Mg2+ and Ca2+ in the

perfusate blocks the light-induced release of
acetylcholine from the retina. Therefore, as expected,
high concentrations of divalent cations are able to block
the neurotransmitter secretion, suggesting that the
release of acetylcholine occurs at a synapse and
implying the presence of cholinergic cells in the retina
(Masland and Livingstone, 1976). Indeed, the choline
acetyltransferase staining reveals two distinct
populations of cholinergic amacrine cells. One is located
where most amacrine cells localize, at the inner nuclear
layer (INL), but the other population is at the ganglion
cell layer (GCL), (Voigt, 1986).

Cyclin kinase inhibitors (CKIs) of the Cip/Kip
family regulate cell cycle progression. Three Cip/Kip
family members, p21Cip1, p27Kip1 and p57Kip2, have
been identified in mammals. p57Kip2, in addition to its
role in cell cycle exit, is also expressed in a subset of
amacrine cells and is required to produce the correct
number of cells for this amacrine subtype (Dyer and
Cepko, 2000). This is the first reported mutation (i.e., the
lack of p57Kip2 in postnatal mouse retinal cells) that
affects the distribution of amacrine cell subtypes. In
embryonic development p57Kip2 is important for cell
cycle exit of retinal progenitors, and without it the
excessive proliferation appears to be precisely balanced
by increased apoptosis. In fact, whether a progenitor cell
exits the cell cycle via p27Kip1 or p57Kip2 may affect the
available fates of daughter cells (i.e., competency). The
balancing apoptosis retains the majority of cell-type
ratios of the mouse retina, suggesting the existence of a
built-in cellular mechanism to maintain the basic laminar
organization of the eye. Indeed, we have observed in
amyogenic fetuses that the basic laminar organizations
are retained even though certain cell-type ratios are out
of balance (i.e., reduced differentiation of ganglion cells,
up-regulated amacrine cell differentiation, absence of
CACs) (Kablar, 2003). Thus, amacrine subpopulation
ratios are influenced not only by genetic factors (lack of
CKI) but also by extrinsic factors (as occurs in
amyogenic fetuses). However, it is intuitive that proteins
regulating cell cycle exit would also be involved in the
terminal differentiation of a cell, or at least the initiation
of this process. Consistently, p57Kip2 appears to be
expressed during the period of amacrine cell
differentiation (i.e., P2-P10) in a restricted subpopulation
of amacrine cells (and not in the calbindin-expressing
subpopulation) (Dyer and Cepko, 2000). Furthermore,
calbindin-expressing subpopulation of amacrine cells is
larger in p57Kip2-deficient mice, which is consistent with
our observation that certain amacrine cell subpopulations
are larger in amyogenic fetuses. In conclusion, this is
some of the first evidence for a connection between two
different amacrine cell subpopulations (Dyer and Cepko,
2000), while we provide evidence for connections
among multiple amacrine cell subpopulations (Kablar,
2003).

At least 22 morphologically distinct amacrine cell
subtypes are described in the adult vertebrate retina and
each subtype is believed to play a unique role in visual
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signal processing (MacNeil and Masland, 1998). Only a
small population of CACs (6.8%, according to Dyer and
Cepko, 2000) exists in the retina. These cells synthesize
and release acetylcholine, necessary for generating
spontaneous bursts of activity in immature ganglion
cells, resulting in waves of correlated activity across the
retina (Wong et al., 1995). These spontaneous bursts are
found to play a role in refinement of early synaptic
connections between the ganglion cells and extra-retinal
areas of the brain (Penn et al., 1998). Therefore, well-
described starburst cholinergic amacrine cells execute
their role in directional selectivity (Moran and Schwartz,
1999 and references therein) by potentiating the
response of ganglion cells to moving stimuli (He and
Masland, 1997). Their dendritic processes make synaptic
connections with OFF- and ON/OFF-center ganglion
cells, directly shaping how visual stimuli are processed
(Nguyen et al., 2000). Recently, starburst amacrine cells
were found to be the key element that discriminates the
direction of stimulus movement and stabilizes image
motion (Yoshida et al., 2001).

We decided to further our understanding of the
recent data on amyogenic embryos by taking advantage
of the retinas that specifically lack the CACs and
employing cDNA microarray analysis that efficiently
allows the isolation of differentially expressed mRNAs

(Hubank and Schatz, 1994; Pastorian et al., 2000;
Gilbert et al., 2003). Using this approach, we were able
to perform molecular comparisons between the mutant
and control retinas. Molecules that were not present in
the mutant retinas were assumed to be specific for the
lacking neuronal cell types. Taken together, this
approach might allow identification of genes that are
involved in the development of CACs and, importantly,
are specific markers for CACs. In turn, that would
provide the basis for numerous follow-up experiments,
such as expression studies at different developmental
stages to specifically address the development of CACs.
Generation of a knockout mouse or a conditional mouse
mutant could be used to study in vivo and in the whole
animal the role of the gene of interest. 

There are some obvious pitfalls of using cDNA
microarrays for this study. Using this technique one can
only detect gene expression patterns of genes that are
represented on the slide. Also, it is not very sensitive
given that our target cells are only 4% of the total
population. This is where Representation Difference
Analysis (RDA) comes in. RDA allows for the selective
production of cDNA only from mRNA that is present in
one sample but absent in the other, through a subtraction
step. That cDNA is then amplified by PCR and
sequenced. Genbank is then used to identify the cDNA
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Table 1. Genes down-regulated in Myf5-/-:MyoD-/- mouse embryonic retina.

GENE GENE TITLE BIOLOGICAL FUNCTION CHARACTERISTICS OF DELETION MUTANTS

Ap3d1 adaptor-related Vesicle-mediated transport; Pigment dilution, platelet defects, lysosomal abnormalities, blindness,
protein complex 3, antigen presentation deafness and neurological defects, increased perinatal mortality (1, 2)
delta 1 subunit

Btrc beta-transducin Ubiquitin-mediated protein Mammary, uterine and ovarian tumorigenesis and male infertility (3, 4)
repeat containing catabolism; signal transduction

Snx17 protein sorting Receptor-mediated endocytosis NAa

nexin 17 and protein trafficking

Wdr5 WD repeat domain 5 G-protein coupled signal NA
transduction; skeletal
development

BG063010b NA NA NA

1. Kantheti et al., 1998; 2. Qiao et al., 2003; 3. Guardavaccaro et al., 2003; 4. Kudo et al., 2004. a. NA,  not applicable, or data not available; b:
expressed sequence tag (EST), i.e., nucleotide sequence clustering near known genes, but itself not yet annotated to code for a characterized gene.
Note: Retinas from embryonic day (E) 18.5 old mouse embryos that were either wild-type (WT) or Myf5-/-:MyoD-/- double-mutants (DM) were isolated.
Total RNA from three WT retinas was extracted and pooled and the same was done with three DM retinas. 15K mouse cDNA microarray slides from
the Microarray Centre at the Ontario Cancer Institute were used, as previously reported (Gilbert et al., 2003). Cy3/Cy5 labeled cDNA was produced
from total RNA isolated from the WT and DM retinas, using SuperScript II Reverse transcriptase (Invitrogen) and hybridization reactions were carried
out essentially as described previously (Wigle et al., 2002). The reverse transcription reaction mixture contained less of dTTP relative to the other
dNTPs. It was replaced with aminoallyl-dUTP, which allowed for the labeling of the cDNA strands with Cy3 and Cy5 fluorescent dyes. Using this
process we produced WT cDNA that was labeled with the fluorescent dye Cy3 (which fluoresces green) and the DM cDNA was labeled with Cy5 (which
fluoresces red). These were then mixed and allowed to hybridize onto the microarray slide. If a gene was equally expressed in both WT and DM retina,
there would have been mRNA present for that gene in both the DM and WT retina. Thus relatively equal red and green labeled cDNA binding would
make that spot appear yellow. Accordingly if a gene was only expressed in the WT retina or had higher expression in the WT retina compared to the
DM retina, the spot for that gene would have appeared green. While in the opposite case, when a gene is expressed only in the DM or has higher
expression in the DM, the spot for it would appear red. To confirm any observations, the experiment was repeated, but with reciprocol labeling (i.e. the
WT cDNA was labelled with Cy5 and DM cDNA with Cy3) to rule out the binding efficiency of the dyes as a factor in the results. A total of two such
microarray experiments were performed according to the detailed instructions previously reported (Gilbert et al., 2003) and in the very same facility
(kindly provided by Dr. H. A. Robertson at Dalhousie University).



and its source gene (Hubank and Schatz, 1994; Pastorian
et al., 2000). In the meantime, the results from our
cDNA microarray analysis have pointed towards a few
genes as being expressed in the wild-type (WT) and not
(or at very low levels) in the double-mutant (DM) fetal
retina (Table 1). These results have been routinely
confirmed by RT-PCR (Fig. 2 and Table 2). Surprisingly,
we did not obtain a large number of candidate
molecules, but instead only one unknown gene (its gene
ID is: BG063010) and just four known genes (i.e.,
Ap3d1, Btrc, Snx17 and Wdr5). Therefore, we obtained
a set of genes of interest, which we relate to the CACs.
Since we are hoping to find a marker for these cells, we
will have to provide evidence that the gene in question is
actually expressed by CACs and that its expression is
selective enough to be used as a marker. One way to do
that can be through tissue in situ hybridization or
immunohistochemistry experiments using sections of
WT and DM retina. This technique can potentially
indicate whether a gene of interest is expressed by CACs
or not, and whether they express this gene selectively in
the retina. This approach may also indicate whether its
expression is absent in the DM or is simply at a lower
level compared to the WT. In that case of course the
gene may not be specifically expressed by CACs, but its
expression may be important for the differenciation of
CACs, or may be a product of these cells. Finally, we
will analyze the development of the retina and especially
the CACs of the existing Mocha mice (available from

the Jackson Laboratory) which result from a
spontaneous mutation in Ap3d1, one of the genes
identified by our microarray analysis. Mocha mice are
found to be blind two weeks after birth (Qiao et al.,
2003). Similarly, we are going to analyze the
development of the retina and CACs of the Btrc-/- mice
(Guardavaccaro et al., 2003; Kudo et al., 2004).

In conclusion, we believe that the results of the
follow-up studies will increase our understating of the
particular aspects of retinal cell differentiation and of the
visual system function, therefore increasing the
knowledge in the field and helping in medical practice in
application to conditions such as those characterized by
inability of gaze stabilization and/or spatiotemporal
interactions (e.g., as occurs when driving).
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