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ABSTRACT

The transcriptional mediator complex has emerged as an important component of transcriptional
regulation, yet it is largely unknown whether its subunits have differential functions in development. We
demonstrate that the zebrafish mutation m885 disrupts a subunit of the mediator complex, Crsp34/
Med27. To explore the role of the mediator in the control of retinal differentiation, we employed two
additional mutations disrupting the mediator subunits Trap100/Med24 and Crsp150/Med14. Our
analysis shows that loss of Crsp34/Med27 decreases amacrine cell number, but increases the number of
rod photoreceptor cells. In contrast, loss of Trap100/Med24 decreases rod photoreceptor cells. Loss of
Crsp150/Med14, on the other hand, only slightly reduces dopaminergic amacrine cells, which are absent
from both crsp34m885 and trap100lessen mutant embryos. Our data provide evidence for differential re-
quirements for Crsp34/Med27 in developmental processes. In addition, our data point to divergent
functions of the mediator subunits Crsp34/Med27, Trap100/Med24, and Crsp150/Med14 and, thus,
suggest that subunit composition of the mediator contributes to the control of differentiation in the
vertebrate CNS.

STUDIES investigating the transcriptional control
of pattern formation and cell differentiation in

development have previously focused predominantly
on the role of the combinatorial function of transcrip-
tion factors and coregulators (Mannervik et al. 1999;
reviewed in Blais and Dynlacht 2005). In recent
years, the transcriptional mediator complex has been
recognized as an additional level of transcriptional reg-
ulation in eukaryotes, serving as an adapter between
enhancer-bound transcription factors and the machin-
ery of RNA polymerase II (reviewed in Taatjes et al.
2004a). The human mediator comprises �25 subunits,
depending on source and preparation procedure
(Fondell et al. 1996; Rachez et al. 1998, 1999; Naar

et al. 1999; Ryu et al. 1999; Malik et al. 2000). In yeast,
analysis of deletion strains has revealed differential
requirements for individual subunits for different
portions of the transcriptome (Holstege et al. 1998).
During metazoan evolution, individual subunits have
diverged considerably, potentially reflecting the in-
creased complexity of transcriptional regulation (dis-
cussed in Boube et al. 2002). Recent studies have
demonstrated that combinatorial recruitment of me-

diator subunits and conformational changes of the
complex can regulate transcription in vitro (Taatjes

and Tjian 2004; Taatjes et al. 2004b). The emergence
of this concept has added further complexity to our
understanding of transcriptional regulation and the
intrinsic control of developmental events. Further, sev-
eral subunits have been implied as essential compo-
nents of signal transduction pathways and developmental
processes of metazoan organisms. Subunit Trap220
interacts with a number of nuclear receptors and is
required for thyroid hormone signaling in the mouse
(Yuan et al. 1998; Ito et al. 2000). Trap100 interacts with
Trap220 and serves as a cofactor for Trap220 function
(Zhang and Fondell 1999). In zebrafish, Trap100 is
required for proliferation of enteric neuron progeni-
tors (Pietsch et al. 2006) and, in mouse fibroblasts, for
full transcriptional activation from several promoters
(Ito et al. 2002). Trap230 and Trap240 are involved
in hedgehog signaling in the Drosophila eye and
wing discs, controlling cell differentiation and affin-
ity (Boube et al. 2000; Treisman 2001; Janody et al.
2003). Trap80 on the other hand is essential for cell
viability, suggesting a more general role in transcrip-
tional initiation (Tudor et al. 1999; Boube et al. 2000).
Thus, a number of in vivo studies have substantiated
roles of mediator subunits in controlling developmen-
tal decisions. Yet, the majority of subunits have not been
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functionally characterized in metazoan organisms.
Therefore, it remains unclear to what extent mediator
composition regulates developmental processes.

Investigating the role of the transcriptional mediator
complex in development requires a system that is well
understood with respect to mechanisms of cellular
differentiation. During the development of the verte-
brate central nervous system (CNS), a multitude of
neuronal and glial cell types differentiate under tight
temporal and spatial control. This control is mediated
by an interplay between extrinsic and intrinsic factors, as
shown for several neuronal structures, such as the ver-
tebrate retina (Alexiades and Cepko 1997; Belliveau

and Cepko 1999; Morrow et al. 1999; Kay et al. 2001;
Li et al. 2004; Martinez-Morales et al. 2005). In the
retina, six classes of neurons and one class of glia
develop from a pool of precursor cells, whose compe-
tence decreases during development (Wettsand Fraser

1988). Differentiated cells are stereotypically organized
in three layers: the ganglion cell layer (GCL) of gan-
glion and displaced amacrine cells; the inner nuclear
layer (INL) of amacrine, bipolar, and horizontal cells as
well as Müller glia; and the outer nuclear layer (ONL),
harboring rod and cone photoreceptor cells. Both this
well-described anatomy and the availability of molecular
markers make the retina a good model for the study of
neuronal differentiation in the vertebrate CNS.

Here, we address the roles of the mediator subunits
Crsp34 (34 kDa; also called Crsp8, Trap37, Med27),
Trap100 (100 kDa; also called Crsp4, Crsp100, Med24),
and Crsp150 (150 kDa; also called Crsp2, Trap170,
Med14) in the development of the zebrafish retina
through comparative analysis of their loss-of-function
phenotypes. We describe the positional cloning of the
allele crsp34m885 and provide in vivo data for roles of
Crsp34 in development. In the retina, loss of Crsp34
leads to decreased formation of amacrine cells but in-
creased formation of rod photoreceptor cells. On the
contrary, trap100lessen mutant embryos (Pietsch et al.
2006) exhibit a reduction of rod photoreceptor cells,
while crsp150hi2143 (Amsterdam et al. 2004) allows nor-
mal development of most retinal cell types. Our data
thus demonstrate divergent phenotypes in zebrafish
embryos mutant for crsp34, trap100, or crsp150, pointing
to subunit-specific functions in retinal development.

MATERIALS AND METHODS

Fish breeding, strains, and mutagenesis: Zebrafish were
maintained and bred under standard conditions at 28.5�
(Westerfield 1994). Embryonic stages are defined accord-
ing to Kimmel et al. (1995). To avoid pigmentation, embryos
were raised in 0.2 mm 1-phenyl-2-thiourea (Sigma, St. Louis)
prior to fixation. The following strains were used: crsp34m885,
trap100lessen (Pietsch et al. 2006), crsp150hi2143 (Amsterdam et al.
2004), and AB/TL wild-type fish. The crsp34m885 allele was de-
rived from a chemical mutagenesis screen; carriers were
scored for defects in th expression in the haploid F2 genera-
tion at 3 days postfertilization (dpf) (Holzschuh et al. 2003).

Mapping and cloning of crsp34m885 and RT–PCR: For map-
ping, crsp34m885 in AB was crossed to the WIK strain. Infor-
mation on simple sequence length polymorphism (SSLP)
markers was obtained from zebrafish.mgh.harvard.edu. PAC
clones were derived from BUSM1 PAC library (Amemiya and
Zon 1999). Sequence data on genomic traces and contigs were
derived from the zebrafish genome project at the Sanger
Institute (http://www.ensembl.org). The crsp34 ORF (Sanger
Institute, Zv2) was sequenced from 5-dpf cDNA of mutant and
wild-type embryos (Superscript II; Invitrogen, San Diego),
revealing a C to A exchange at base 333, producing the stop
codon TAA.

crsp34_long and crsp34_shortA ORFs were predicted by
Ensembl Zv2 (Sanger Institute). 59 and 39 RACE (BD Bio-
science Smart RACE) with specific primers in proximity of
the point mutation amplified the same common 59 end, the
39 end of crsp34_long, and an additional 39 end (of variant
crsp34_shortB). Full-length isoforms were amplified from
mRNA isolated from 27-hr postfertilization (hpf) embryos
(Micro-Fast Track, Invitrogen), using the same forward primer
in the common 59-UTR (59-AGTGTTCGAGCAGAAGCA-39) and
reverse primers complementary to isoform-specific 39-UTRs:
crsp34_long (GenBank accession no. BC057508) (59-AGCCG
TGGAAAGCTGTTATC-39; 988-bp product), crsp34_shortA (59-
AAAAGAGACAAATCGTCACAA-39; 664-bp product), and
crsp34_shortB (59-AAATTCAAATGATACCCAATTC-39; 640-bp
product). Each isoform was cloned into pGEM-T-Easy (Prom-
ega, Madison, WI). For analysis of temporal profiles of isoform
expression, we used these isoform-specific primer pairs and
cDNA reverse transcribed (Superscript II, Invitrogen) from
1.2 mg total RNA (RNeasy; QIAGEN, Valencia, CA; AB/TL
embryos).

Genotyping: m885 mutant embryos were genotyped by
genomic PCR and sequencing or, alternatively, by PCR using
a perfectly matched forward primer (AGCGTCTCAGCAC
TTTGGTT) and a mismatch reverse primer (AACTTACTT
TATTGGACCATTCG), whose 39 end hybridizes to the site of
the point mutation, forming two 39 mismatches with the
mutant, but only one mismatch base with the wild-type allele
(Kwok et al. 1995 and references therein). This primer pair
specifically amplifies the wild-type locus. The hi2143 allele was
identified by PCR with one primer in the viral sequence
(CTGTTCCATCTGTTCCTGAC) and one in the genomic
DNA adjacent to the insertion site (GCTACAGCGAACCTAT
CATGAG) [Amsterdam et al. 2004; N. Hopkins, A. Amsterdam

and S. Farrington (MIT), personal communication]. Em-
bryos from heterozygous trap100lessen parents were genotyped
according to Pietsch et al. (2006).

Micro-injection of mRNA and morpholino: ORFs of crsp34
isoforms were cloned from pGEM-T-Easy (Promega) into the
EcoRI site of pCS21 (http://sitemaker.umich.edu/dlturner.
vectors). Capped mRNA was transcribed by a mmessage
mmachine Sp6 polymerase kit (Ambion, Austin, TX). Mor-
pholino MOcrsp34 (59-TCACTCCAACATTCATAACATCCGC-
39) was designed and synthesized by GeneTools and targeted
to bases 14 to 128 of all known crsp34 transcripts. For in-
jection, crsp34 mRNAs and MOcrsp34 were diluted in RNase-
free H2O and 0.05% phenol red. The amount of MOcrsp34
was optimized to exclude nonspecific effects such as brain
degeneration (Nasevicius and Ekker 2000). Injection of 0.5,
0.7, and 0.9 pmol MOcrsp34 was followed by brain degener-
ation in 16/31, 8/9, and 19/19 embryos at 24 hpf, respectively.
Injection of 0.3 pmol MOcrsp34 led to brain degeneration
in only 1/17 injected embryos. For rescue and phenocopy
experiments, we injected 300–600 pg of crsp34_long mRNA or
0.3 pmol MOcrsp34 into 1-cell stage embryos. Injected drop
volumes were �1 nl, as measured in halocarbon oil (series 27,
Halocarbon Products) on a micrometer slide.
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Whole-mount in situ hybridization, immunohistochemistry,
and TUNEL: Whole-mount in situ hybridization (WISH) with
alkaline phosphatase-based color reaction was performed as
described (Hauptmann and Gerster 1994), using the fol-
lowing probes: th (Holzschuh et al. 2001), tphD1 (Bellipanni

et al. 2002), pax6.2 (Nornes et al. 1998), mcm5 (Ryu et al. 2005),
and red opsin (Robinson et al. 1995). A fragment of the
published rhodopsin sequence (NM_131084) was cloned into
pGEM-T-Easy (Promega) for probe synthesis. The crsp34
antisense probe was transcribed from crsp34_shortA in pGEM-
T-Easy and the crsp34 sense probe from crsp34_shortA in
pCS21. Fluorescent WISH was carried out adapting reported
protocols (Denkers et al. 2004; Kosman et al. 2004) to the
zebrafish, using tyramide signal amplification (TSA) (Alexa
Fluor 488; Molecular Probes, Eugene, OR). Immunohisto-
chemistry (IHC) was performed as described (Solnica-
Krezel and Driever 1994), using a monoclonal antibody
against 5-HT (Chemicon, Temecula, CA), 1:50; goat poly-
clonal antibody against ChAT (Chemicon), 1:250 (Arenzana

et al. 2005); rabbit polyclonal antibody against GABA (Chem-
icon), 1:500; zpr1/FRet43, 1:20 (Larison and Bremiller

1990); and zn5, 1:500 (Trevarrow et al. 1990). Anti-5HT, anti-
GABA, and zn5 were detected by biotinylated secondary
antibodies and ABC–HRP (Vectastain); anti-ChAT and zpr1
were detected by rabbit anti-goat-Alexa555 and goat anti-
mouse-Alexa488, respectively (Molecular Probes). For terminal
transferase dUTP nick end labeling (TUNEL) assay, embryos
were fixed, permeabilized, and treated with Proteinase K as for
WISH. TUNEL reaction was performed according to the manu-
facturer’s instructions (ApopTag; Intergen, Purchase, NY).

Histological sections: Embryos were embedded in 0.4%
gelatin, 27% BSA, 18% saccharose, and 14% glutaraldehyde
and were cut to 10 mm (rhodopsin), 15 mm (pax6.2, anti-GABA,
anti-CAII), or 20 mm (red opsin, TUNEL, zn5) sections with a
vibratome. For plastic sections, fixed embryos were embedded
in agarose, dehydrated in ethanol, and embedded in Tech-
novit 7100 (Heraeus Kulzer), according to the manufacturer’s
instructions. Sections were cut to 4 mm with a microtome and
counterstained with 1% methylene blue in H2O. For cryosec-
tions, embryos were equilibrated in 30% sucrose in PBT,
embedded in tissue-freezing medium ( Jung), and cut to
16-mm sections with a cryostat (Reichert-Jung Frigocut).

Quantification of retinal cell layers: Thickness of amacrine
and ganglion cell layers was measured in cross-sections of
78-hpf embryos in the proximity of the optic nerve, using Zeiss
(Göttingen, Germany) Axiovision software. The GCL was mea-
sured as the distance between the edge of the lens and the
inner plexiform layer. The layer of amacrine cells was mea-
sured in the following sections: anti-GABA, each one m885
mutant and one wild type; anti-Hu (Molecular Probes) and
elavl3 WISH (Kudoh et al. 2001), both each one m885 mu-
tant and one wild-type embryo, data not shown. Further,
amacrine cell layers were distinguished by morphology in four
wild-type and three m885 mutant embryos. Three lessen mutant
embryos and three wild-type siblings and three hi2143 embryos
and four wild-type siblings were analyzed by pax6.2 WISH
(Nornes et al. 1998). We took five measurements each from
the central half of the left and the right retinas. The mean
value of 10 data points (in rare cases of only one suitable cross-
section: 5 data points) was recorded as data entry per embryo.
For evaluation of rod cells, confocal three-dimensional (3-D)
stacks were recorded (LSM510, Zeiss) from embryos stained
by fluorescent WISH to rhodopsin and counterstained with
TOTO3 (Molecular Probes). Equal image acquisition settings
were applied for each embryo. To determine the volume of
stained tissue and average staining intensities per embryo,
stacks were measured using Volocity 3.1 software (classifier set
to intensity range above background, including all object

sizes). P-values were analyzed by an unpaired t-test (StatView
5.0.1).

RESULTS

The mutation m885 ablates the formation of dopa-
minergic amacrine cells: We isolated the mutation m885
from a haploid genetic screen for mutations that affect
the development of catecholaminergic neurons in
zebrafish. At 60 hpf, live m885 mutant embryos show
normal overall morphology (Figure 1, A and B), but
entirely lack dopaminergic (DA) amacrine cells in the
retina, as revealed by absence of tyrosine hydroxylase (th)
expression (Figure 1, E and F). Additionally, m885
affects the development of other catecholaminergic
groups in the dorsal and ventral diencephalon and the
hindbrain, which are not discussed here (Figure 1, G
and H). Further, it appears that all serotonergic groups
contain reduced numbers of neurons, as judged from
anti-serotonin immunohistochemistry (Figure 1, K and
L). In the retina, absence of tphD1 expression reveals
that serotonergic amacrine cells are largely missing
(Figure 1, I and J). However, cholinoceptive groups of
the optic tectum, hindbrain, and spinal cord appear
largely normal, as judged by acetylcholine esterase
activity assay (not shown). From 3.5 dpf onward, a re-
duction of head, eye, and jaw size becomes evident, and
mutant embryos develop a pericardial edema (Figure
1, C and D). Mutant larvae fail to inflate their swim
bladders and die �6 dpf.

m885 is an allele of crsp34, encoding a subunit of the
transcriptional mediator complex: To identify the gene
affected by m885, we undertook a positional cloning
approach. The mutation was mapped to chromosome 8
by bulked segregant analysis with SSLPs (Michelmore

et al. 1991) and localized to a genetic interval of 0.15 cM
that was annotated with the crsp34 gene (Sanger In-
stitute Zv2; Figure 2A). Sequencing the ORF from
mutant embryos revealed a C to A base exchange,
introducing an early stop codon into the second exon
of crsp34 (Figure 2, B and D). Using the Ensembl gene
prediction (Zv2, Sanger Institute) and data from 59 and
39 RACE and RT–PCR, we isolated three zebrafish crsp34
transcripts, which were termed crsp34_long, crsp34_shortA,
and crsp34_shortB. These variants are produced by alter-
native splicing of exons IV and V (Figure 2C). Exons
V and VI are not predicted by Ensembl Zv5 (ENS-
DARG00000009681, Sanger Institute), but share high
similarity to human Crsp34 protein. Crsp34 protein
contains a coiled coil domain in exons I and II and a
bipartite nuclear localization signal in exon III (Figure
2D; domains were predicted by Ensembl Zv5, Sanger
Institute). m885 truncates all isoforms of Crsp34 to 110
amino acids, removing the nuclear localization signal.

A BLAST search of the zebrafish genome against
crsp34 coding sequence retrieved only one significant
match (Ensembl Zv5, Sanger Institute). Human, mouse,
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and zebrafish crsp34 loci are flanked by the rap guanine
nucleotide exchange factor 1 and netrin G1 genes (http://www.
ncbi.nlm.nih.gov/mapview), revealing synteny conser-
vation. Thus there is no indication of an additional copy
of the crsp34 gene in the zebrafish genome. Zebrafish
Crsp34_long protein (AAH57508) shares 88% identity
with human Crsp34 (NP_004260), which has been
isolated as a subunit of the transcriptional mediator
complex (Ryu et al. 1999). Crsp34_long homologs are
also found in Drosophila melanogaster, Caenorhabditis
elegans, and Schizosaccharomyces pombe, yet this subunit
is absent from the Saccharomyces cerevisiae mediator
(Bourbon et al. 2004; H. M. Bourbon, personal
communication).

Rescue and morpholino phenocopy confirm the
identity of the mutation: To establish a causal relation-
ship between truncation of Crsp34 and the lack of
DA amacrine cells, we tested whether micro-injection
of wild-type crsp34 mRNA could rescue the formation
of these cells. Homozygous mutant embryos injected
with wild-type crsp34_long mRNA consistently formed
DA amacrine cells (22/22 mutant embryos), which never
occurred in untreated mutant embryos (Figure 3, A and
B). In contrast, DA amacrine cells of crsp34 mutant em-
bryos are not rescued by crsp34_shortA or crsp34_shortB
mRNA (not shown). At the same time, we did not
observe any gain-of-function phenotypes in wild-type
siblings (regarding live body shape of larvae and the
formation of catecholaminergic groups) injected with
any crsp34 isoform (not shown). Thus, Crsp34_long is
permissively required for the development of DA ama-
crine cells in the zebrafish retina. Furthermore, trans-
lational inhibition of crsp34 by morpholino MOcrsp34
injection prevented the formation of DA amacrine cells
in all injected wild-type embryos (17/17; Figure 3, C and
D). Co-injection of MOcrsp34 with MOcrsp34 target
sequence fused to GFP entirely ablated green fluores-
cence in 98/98 injected embryos, while co-injection with
control GFP mRNA produced robust fluorescence in
91/91 injected embryos (not shown). This result in-
dicates that MOcrsp34 efficiently and specifically inhib-
its translation of crsp34 and, together with the loss of the
nuclear localization signal in mutant Crsp34 protein,
argues that m885 is a null allele. Together, our rescue
and phenocopy experiments confirm the causal re-
lationship between the disruption of the crsp34 gene
and the absence of DA amacrine cells.

Figure 1.—The phenotype of m885 mutant embryos. (A)
At 60 hpf, live wild-type embryos resemble their (B) mutant
siblings. (C and D) At 96 hpf, mutant larvae exhibit reduced
brain and eye size, as well a reduction of the jaw and a peri-
cardial edema (arrowhead in D). (E) WISH to tyrosine hydrox-
ylase (th) labels DA amacrine cells (arrow) of 60 hpf wild-type
embryos. (F) In m885 mutant siblings, DA amacrine cells do
not form. DA cells of the ventral diencephalon are reduced in
mutant embryos when compared to wild-type siblings (arrow-
heads in E and F). (G) Sixty hpf wild-type embryos develop,
among other sites, DA neurons in the pretectum (arrow) and
NA neurons in the medulla oblongata (arrowhead). (H)
These groups do not form in m885 mutant siblings. NA neu-
rons in the locus coeruleus (asterisk) develop normally. (I)
WISH to tryptophane hydroxylase D1 (tphD1) labels serotonergic
amacrine cells in 72 hpf wild-type embryos (arrow). ( J) These
cells are absent from m885 mutant siblings. (K) IHC to sero-
tonin (5-HT) in 72 hpf wild-type embryos labels serotonergic
neurons in the dorsal and ventral diencephalon (black and
white arrows, respectively) and in the raphe nucleus (arrow-
head). (L) These groups are reduced in m885 mutant sib-
lings. Serotonin-producing cells of the epiphysis (asterisk)
form normally in the mutant; the weaker signal apparent in
this wild-type embryo (K) does not reflect a consistent differ-
ence. Bars: A, 500 mm for A–D; E, 100 mm for E–H; I, 100 mm
for I–L.
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Expression of crsp34 during zebrafish development:
We analyzed the expression of crsp34 during zebrafish
development by whole-mount WISH. A riboprobe to all
crsp34 isoforms detects maternal contribution of crsp34

mRNA at the 16-cell stage, when zygotic transcription
has not yet been initiated (Figure 4A). Expression of
crsp34 is ubiquitous at all stages analyzed (Figure 4, B–D,
I, and J). At 48 and 72 hpf, the level of expression
appears to be lower when compared to that at earlier
stages. To allow comparison of staining intensities,
embryos of all stages were processed in the same batch.
Comparison to a parallel batch of embryos that was
hybridized to the sense probe suggests that the weak
signal detected at 48 and 72 hpf represents a specific
staining (Figure 4, E–H, K, and L).

To determine the temporal expression profile of
crsp34 isoforms, we performed RT–PCR on mRNA iso-
lated from different developmental stages with isoform-
specific primer pairs. crsp34_long is expressed at all
embryonic stages analyzed, as well as in the adult fish
(not shown). Conversely, expression of crsp34_shortA
and crsp34_shortB is detected only at 24 hpf and at 24 and
48 hpf, respectively (not shown). Accordingly, crsp34_long
is the predominantly expressed variant, and therefore
the ubiquitous signal observed by WISH most likely
reflects crsp34_long expression.

Loss of Crsp34 affects the formation of subsets of
amacrine cells: Any in vivo role of mediator subunit
Crsp34 had not been previously addressed. Thus, we set
out to use crsp34-deficient zebrafish to investigate the
role of this subunit in the development of the CNS. As
cell types of the zebrafish retina can be easily distin-
guished both by molecular markers and by the positions
of their cell bodies (Malicki 2000), we decided to focus
our analysis of Crsp34 on the retina.

The lack of DA amacrine cells in the crsp34m885 mu-
tant retina could indicate a failure of neurotransmitter

Figure 3.—Rescue and phenocopy of m885 confirm the
identity of the mutation. Embryos were stained by WISH
for th. (A) Control m885 mutant embryos at 3 dpf do not form
DA amacrine cells. (B) Micro-injection of 600 pg crsp34_long
mRNA rescues the formation of some DA amacrine cells in
homozygous mutant siblings at 3 dpf (arrow). (C) Untreated
wild-type embryos form normal numbers of DA amacrine cells
by 80 hpf (arrow), (D) which wild-type siblings injected with
0.3 pmol MOcrsp34 morpholino fail to generate. Bar, 100 mm.

Figure 2.—Positional cloning of m885. (A) The mutation
was mapped between SSLPs z11001 and z13142 and further
fine mapped between EST fb80f02 and the elavl4 gene.
fb80f02 aligned to a genomic contig (Sanger Institute, Zv2)
that contained BAC end zK203.a5.T7. A genomic walk started
from zK203.a5.Sp6 spanned the critical interval by PAC clones
b13109, n1522, i0251, and c01163. The interval was defined
by one recombinant in 2054 meioses on either side of the in-
terval, representing a genetic distance of 0.15 cM. The closest
proximal marker was anchored on contig ctg26110, which
contained the crsp34 gene (Sanger Institute, Zv2). (B) Se-
quencing the ORF of crsp34 revealed a C to A exchange in
the m885 allele, introducing a premature stop codon. (C
and D) crsp34 exon structure was revealed by alignment of
cDNA to genomic sequence (Zv5, Sanger Institute). As exons
Vb and VI could not be retrieved from the genome assembly,
their boundaries were identified on the basis of the conserved
exon structure of the human CRSP34 locus, which we found
for exons I–III, IVb, VII, and VIII (human genome assembly,
Sanger Institute). (C) Alternative splicing of exons IVa and
IVb, and Va and Vb. Inclusion of exon sequences IVa or Va
in the mature transcript causes stop codons in the ORF after
4 and 8 bases, respectively. (D) Crsp34 protein is expressed in
three isoforms: Crsp34_long (311 aa), encoded by exons I–
VIII; Crsp34_shortA (194 aa), encoded by exons I–Va; and
Crsp34_shortB (160 aa), encoded by exons I–IVa. m885 trun-
cates all isoforms to 110 aa, retaining a coiled coil domain (de-
picted in yellow) but removing the nuclear localization signal
(depicted in green). Domains were predicted by Ensembl Zv5
(Sanger Institute).
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production or the absence of this population of cells. To
distinguish between these alternatives we assayed for
amacrine cells by pan-amacrine features. We identified
the amacrine cell layers by the rounded morphology of
amacrine cell bodies (Dowling 1987) in retinal cross-
sections (Figure 5, A and B, red arrows) and by
expression of pax6.2 (Figure 5, C and D, red arrows),
which was used as a marker for ganglion and amacrine
cell layers (Hirsch and Harris 1997). Quantification
of the amacrine cell layer thickness in cross-sections at
78 hpf revealed a 35% reduction in crsp34m885 mutant
embryos as compared to wild-type siblings (Table 1).
Consistently, we observed a reduction of several ama-
crine subtypes, including GABAergic cells (Figure 5, E
and F), and absence of both cholinergic (Figure 5, G
and H) and serotonergic subtypes (Figure 1, I and J).

Similarly, we quantified the thickness of the ganglion
cell layer, comprising ganglion and displaced amacrine
cells (Figure 5, A–F, I, and J, white arrows), and found a
15% reduction in crsp34m885 mutant embryos as com-
pared to wild-type siblings (78 hpf; Table 1). It remains
unclear whether any loss of displaced amacrine cells
contributes to this reduction of the GCL. Although
ganglion cells of crsp34m885 mutant embryos show nor-
mal expression of pax6.2 and HuC and normal levels
of GABA (Figure 5, C–F, and data not shown), they
display reduced expression levels of DM-GRASP (Figure

5, I and J), an adhesion molecule involved in fascicula-
tion (Fashena and Westerfield 1999). This indicates
that the remaining portion of ganglion cells may harbor
additional defects. Taken together, our data suggest that
loss of Crsp34 leads to an overall reduction of amacrine
cells, including DA cells, and potentially affects some
aspects of ganglion cell differentiation.

Crsp34 mutant embryos produce more and ectopic
rod photoreceptor cells: We asked whether loss of
Crsp34 similarly affects the formation of other retinal
cell types. By 78 hpf, wild-type embryos have formed rod
photoreceptor cells across the outer nuclear layer,
which can be detected by WISH for rhodopsin (Figure
6A). At the same time, crsp34m885 mutant embryos dis-
play a denser arrangement of rods (Figure 6B), which
appears indicative of an overproduction of rod cells.
To address this possibility, we performed fluorescent
WISH for rhodopsin and quantified the stained volume in
3-D stacks of confocal images, taking the total volume of
rods as a measure for rod number. This analysis revealed
a 70% increase of rod photoreceptor cells in crsp34m885

mutant embryos as compared to their wild-type siblings
(Table 1). To exclude artifacts by variations in stain-
ing intensities or recording conditions, we analyzed
the mean intensities of in situ hybridization signals
(Alexa-488) and of nuclear counterstaining by TOTO3.
This control for quantification revealed no significant

Figure 4.—Expression of
crsp34 during zebrafish develop-
ment. WISH was carried out with
a common probe for all isoforms.
(A) crsp34 mRNA is present at
the 16-cell stage, when zygotic
transcription has not yet been
initiated. crsp34 is ubiquitously ex-
pressed at (B) sphere stage, (C)
six somites, (D) 24 hpf, (I) 48 hpf,
and (J) 72 hpf. (E–H, K, and L)
WISH with the sense probe serves
as a reference for background
staining. Staining time was identi-
cal for all embryos and antisense
and sense control embryos were
processed together in a single
tube.
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difference between mutant and wild-type embryos
(Table 1), suggesting that the detected change indeed
represents a difference in stained volume, respectively
cell number, but not in staining intensities or record-
ing techniques. Surprisingly, we observed rhodopsin-
expressing cells at ectopic locations in crsp34m885 mutant
embryos, which occurred only rarely in wild-type sib-

lings (Figure 6, C and D, and Table 1). These ectopic
cells reside in the GCL and the innermost region of the
INL, which is populated by amacrine cells.

Next, we addressed the formation of cone photore-
ceptor cells. Immunohistochemistry with zpr1/FRet43
(Larison and Bremiller 1990) indicates a slight re-
duction of double cone photoreceptors in crsp34
mutant embryos (Figure 6, E and F). Conversely, red
opsin WISH revealed no difference between wild-type
and crsp34m885 mutant embryos, indicating that red cone
photoreceptor cells are not affected by loss of Crsp34
(Figure 6, G and H).

Furthermore, we attempted to determine the effect of
the mutation on the formation of bipolar cells, detected
by WISH for vsx2, and Müller glia, labeled by immuno-
histochemistry to carbonic anhydrase II. While some
cell bodies of Müller glia retained abnormal positions
within the INL, we did not observe changes in the
population sizes of these cell types (not shown).

In summary, loss of zygotic Crsp34 significantly in-
creases the formation of rod photoreceptor cells but
may reduce the formation of double cone photorecep-
tors, while proportions of bipolar cells, Müller glia, and
red cone photoreceptor cells remain unaffected.

The reduction of amacrine cells is not caused by cell
death and may reflect a differentiation defect: Poten-
tially, the reduction of amacrine cells could be due to
apoptosis. To investigate this possibility, we labeled
apoptotic cells in mutant and wild-type embryos at 24,
48, 60, and 72 hpf by TUNEL assay. Up to 60 hpf, we
detected no increase in cell death in crsp34m885 mutant
embryos (Figure 7, A and B, and data not shown). En-
hanced cell death was first observed at 72 hpf in the optic
tectum and was scattered across the INL of the retina
(Figure 7, C–F). At 4 dpf, apoptosis is still restricted to
optic tectum and retina (not shown). As the lack of DA
amacrine cells is overt at 60 hpf, there is no indication
for a role of cell death in the establishment of the DA
amacrine phenotype in crsp34m885 mutant embryos.

Alternatively, loss of Crsp34 could, directly or in-
directly, affect retinal patterning or differentiation.

Figure 5.—Loss of crsp34 leads to reduction of amacrine
and ganglion cell layers. All embryos were fixed at 78 hpf.
(A–F) The ganglion cell layer (GCL, white arrow) and ama-
crine cell layer (ac, red arrow) can be distinguished in sec-
tions, counterstained with methylene blue (A and B),
stained for pax6.2 expression by WISH (C and D), or by
anti-GABA immunohistochemistry (E and F). Quantification
of layer thickness revealed a 35% reduction of amacrine cells
and a 15% reduction of ganglion cells in mutant vs. wild-type
embryos (Table 1). (G) Wild-type embryos develop choliner-
gic amacrine cells expressing choline acetyl transferase
(ChAT). (H) ChAT immunoreactivity is absent from crsp34m885

mutant embryos. (I) Zn5 labels DM-GRASP-expressing gan-
glion cells and their projections. ( J) In crsp34m885 mutant em-
bryos, zn5 staining intensity is reduced. Bar: 20 mm in A for A,
B, E, and F and in C for C, D, and G–J.
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Amacrine cells are reduced concentrically in mutant
embryos, which could be indicative of the reduced
range of an activator or increased range of an inhibitor,
secreted from the ganglion cell layer. A candidate

inhibitory factor was sonic hedgehog, which is secreted
from ganglion and a subset of amacrine cells (Neumann

and Nuesslein-Volhard 2000; Shkumatava et al.
2004) and mediates negative feedback regulation of
ganglion cell differentiation (Zhang and Yang 2001).
Yet, we found no indication for increased hedgehog
signaling by expression analysis of the target genes ptc2
(Stenkamp et al. 2000), gli3 (Tyurina et al. 2005), or
hhip1 (Chuang and McMahon 1999) (data not shown).
Accordingly, any potential extrinsic or intrinsic factor
that mediates the reduction of amacrine cells remains
to be identified.

The increased production of rod cells is probably
not caused by premature cell cycle exit of progenitors:
In wild-type embryos, the majority of rod precursor cells
become postmitotic between 48 and 54 hpf (Hu and
Easter 1999). As differentiation is closely linked to the
time point of cell cycle exit (Alexiades and Cepko

1997), we asked whether premature cell cycle exit might
account for the overproduction of rod cells in crsp34m885

mutant embryos. To address this issue, we labeled pro-
liferating cells by WISH for mcm5, which is expressed
in proliferating cells (Blow and Hodgson 2002). At 48
and 54 hpf, mutant and wild-type embryos display vari-
able expression of mcm5 in the retina. Although embryos
with strongest or weakest retinal expression of mcm5
tend to be wild type and homozygous mutant (Figure 8,

TABLE 1

Formation of retinal cells in crsp34m885 mutant embryos and wild-type siblings (78 hpf)

Assay wt 6 SD Mutant 6 SD P-value

Thickness of amacrine layer 24.6 6 3.2 mm (n ¼ 8) 16.1 6 2.7 mm (n ¼ 7) P , 0.0001
Thickness of ganglion cell layer 33.4 6 5.4 mm (n ¼ 13) 28.3 6 4.0 mm (n ¼ 14) P , 0.01
rhodopsin-stained volume 97,637 6 28,196 (n ¼ 10) 165,632 6 59,793 (n ¼ 8) P , 0.006
rhodopsin staining intensity (average per pixel) 187 6 10 (n ¼ 10) 190 6 15 (n ¼ 8) P ¼ 0.56
Nuclear TOTO3 staining intensity

(average per pixel)
93 6 8 (n ¼ 10) 94 6 6 (n ¼ 8) P ¼ 0.89

Ectopic rhodopsin-expressing cells 0.3 6 0.7 (n ¼ 10) 6.5 6 1.8 (n ¼ 8) P , 0.0001

wt, wild type.

Figure 6.—Loss of crsp34 differentially affects photorecep-
tor cells. The analysis was carried out at 78 hpf. (A and B) Rod
photoreceptor cells were labeled by fluorescent in situ hybrid-
ization to rhodopsin, recorded as 3-D stacks and subsequently
processed to 2-D projections. Rhodopsin-expressing cells are
denser in the retina of crsp34m885 mutant embryos. Quantifica-
tion of rhodopsin staining volume revealed a 70% increase in
mutant embryos as compared to wild-type siblings (Table 1).
(C and D) Mutant embryos produce single rhodopsin-expressing
cells at ectopic locations, which rarely occurred in the wild
type. (E and F) Double-cone photoreceptors were labeled
by zpr1/FRet43 immunohistochemistry. crsp34m885 mutant em-
bryos show slightly reduced zpr1/FRet43 expression. (G and
H) Red cones, labeled by red opsin WISH, form normally in
crsp34m885 mutant embryos. Bar, 20 mm in A for A, B, E, and
F and in C for C, D, G, and H.
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A and B), respectively, there are mutant and wild-type
embryos with indistinguishable patterns and levels of
mcm5 expression at 48 hpf (two of three mutants like 3 of
9 wild types; Figure 8, C and D) and 54 hpf (six of six
mutants like 7 of 10 wild types; Figure 8, E–G). Accord-
ingly, we do not find a clear correlation, and therefore
it seems unlikely that the overproduction of rods in
mutant embryos is caused by a proliferation defect.

Loss of mediator subunits Crsp34, Trap100, and
Crsp150 differentially affects amacrine cells and rods:
The retinal phenotype of crsp34m885 mutant embryos
could reflect a subunit-specific function of Crsp34 or,
alternatively, reduced activity of the mediator complex.
To examine these alternatives, we investigated whether

loss of different mediator subunits has divergent or
similar effects on retinal development. To this end, we
took advantage of the recent isolation of two zebrafish
lines carrying mutations in other subunits of the
mediator complex: the hi2143 allele, a retroviral in-
sertion that disrupts the crsp150 gene (Amsterdam et al.
2004), and the lessen allele, carrying an early stop codon
in the trap100 gene (Pietsch et al. 2006).

To explore the roles of these two subunits in the
formation of amacrine cells, we performed in situ
hybridization to pax6.2, labeling ganglion cells as well
as amacrine cells (Figure 9, A–C, red arrows). Again, we
measured the thickness of amacrine cell layers in cross-
sections. At 78 hpf, both trap100lessen and crsp150hi2143

Figure 7.—m885 mutant embryos have normal
apoptosis levels until 60 hpf. (A and B) At 60 hpf,
TUNEL staining reveals that apoptosis levels are
similar in crsp34m885 mutant and wild-type em-
bryos. (C and D) At 72 hpf, mutant embryos ex-
hibit an increase of cell death in the optic tectum
(arrow), as well as in the retina, where apoptotic
cells are scattered across the INL (E and F, black
arrow). Bar, 100 mm in A for A–D and in E for E
and F.

Figure 8.—Proliferation is not consistently altered in m885 mutant embryos. (A) At 48 hpf, some wild-type embryos show strong
mcm5 expression (6/9 embryos), which is exclusively expressed in proliferating cells. (B) At the same stage, weaker mcm5 expres-
sion can occur in crsp34m885 mutant embryos (1/3 embryos). (C and D) Importantly, some wild-type (3/9) and mutant (2/3) em-
bryos exhibit comparable levels of mcm5 expression. (E and F) Similarly, at 54 hpf crsp34m885 mutant embryos (6/6) show similar
mcm5 expression as a portion of wild-type siblings (7/10), while some wild-type embryos (3/10) display stronger mcm5 expression
levels (G). Genotypes of embryos were determined by genomic PCR and sequencing. Bar, 100 mm.
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mutant embryos show no significant difference from
their wild-type siblings in the extent of pax6.2 expres-
sion domains (Tables 2 and 3), in contrast to our results
for crsp34m885 mutant embryos. Around the same stage,

however, DA amacrine cells are entirely absent from
trap100lessen mutant embryos (Figure 9E) and reduced in
crsp150hi2143 mutant embryos (Figure 9F).

As for crsp34m885, we quantified rod photoreceptor
cells in 78-hpf embryos by the stained volume of
fluorescent WISH to rhodopsin. In contrast to crsp34m885

mutant embryos, which show a 70% increase (see
above), trap100lessen mutant embryos show a 77% de-
crease of rod photoreceptor cells (Figure 10, A and B,
and Table 2). At the same time, rod formation is not
significantly affected in crsp150hi2143 mutants (Figure 10,
C and D, and Table 3). Further, neither loss of trap100
nor loss of crsp150 leads to the formation of rhodopsin-
expressing cells at ectopic locations, as observed in
crsp34 mutant embryos.

As before, we tested the possibility of staining or
recording artifacts by comparison of signal intensities
between mutant and wild-type embryos. Mean intensity
values for in situ hybridization signals and nuclear
counterstaining are highly similar between sets of lessen
or hi2143 mutant embryos and their wild-type siblings,
indicating that our data indeed reflect differences in
staining volumes (Tables 2 and 3). Furthermore, we
measured the thickness of ganglion cell layers in cross-
sections and analyzed the formation of bipolar cells and
Müller glia in trap100lessen and crsp150hi2143 mutant em-
bryos at 78 hpf. These analyses did not reveal changes
in lessen or hi2143 mutant embryos vs. their wild-type
siblings (not shown).

In summary, DA amacrine cells are reduced or absent
in embryos mutant for crsp34, trap100, and crsp150, while
the entire layer of amacrine cells is significantly reduced
only in the crsp34 mutant. Surprisingly, the formation
of rhodopsin-expressing cells is significantly increased
upon loss of Crsp34—both in the ONL and at ectopic
positions—but decreased upon loss of Trap100. Rod
cell formation is not affected by loss of Crsp150. Thus,
we observed both overlapping and divergent mutant
phenotypes, indicating both common and distinct
functions of Crsp34, Trap100, and Crsp150.

DISCUSSION

As most subunits of the transcriptional mediator
complex have not been functionally analyzed in verte-
brates, the extent to which subunit composition may
contribute to developmental mechanisms has remained

Figure 9.—Loss of mediator subunits Trap100 (lessen) and
Crsp150 (hi2143) does not affect the thickness of the ama-
crine cell layer, but impairs the formation of DA amacrine
cells. (A–C) The amacrine cell layer (red arrow), as well as
the GCL, were labeled by WISH for pax6.2. No difference
was observed between wild-type and mutant embryos at 78
hpf. Quantification of layer thickness confirmed the absence
of significant changes (Tables 2 and 3). (D) WISH for th shows
DA amacrine cells in 3 dpf wild-type embryos (arrow). (E) DA
amacrine cells remain absent from trap100lessen mutant em-
bryos at 3 dpf and are reduced in crsp150hi2143 mutant embryos
at the same stage (arrow in F). Bars: A, 20 mm for A–C; D,
100 mm for D–F.

TABLE 2

Formation of retinal cells in trap100lessen mutant embryos and wild-type siblings (78 hpf)

Assay wt 6 SD Mutant 6 SD P-value

Thickness of amacrine layer in 31.2 6 1.2 mm (n ¼ 3) 32.7 6 1.2 mm (n ¼ 3) P ¼ 0.19
rhodopsin-stained volume 166,364 6 38,997 (n ¼ 7) 55,387 6 28,192 (n ¼ 7) P , 0.0001
rhodopsin staining intensity (average per pixel) 233 6 4 (n ¼ 7) 242 6 10 (n ¼ 7) P ¼ 0.04
Nuclear TOTO3 staining intensity (average per pixel) 208 6 26 (n ¼ 7) 205 6 46 (n ¼ 7) P ¼ 89
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unclear. Here, we present the first functional analysis
of the subunit Crsp34 in the context of development
and cell differentiation of zebrafish. We tested the
concept of subunit-specific roles by analyzing the loss-
of-function effects of three mediator subunits on the
development of the vertebrate CNS: Trap100 (Pietsch

et al. 2006), Crsp150 (Amsterdam et al. 2004), and
Crsp34 (this study). As an experimental system we chose
the developing zebrafish retina, since it represents one
of the best-studied units of the CNS, regarding anatomy
and control of proliferation, as well as expression of
genes involved in patterning and differentiation for
zebrafish (reviewed in Malicki 2000). Therefore, anal-

ysis of the retina in a mutant embryo allows us to detect
developmental defects at high resolution.

We isolated the zebrafish mutation crsp34m885, which
disrupts the mediator subunit Crsp34 and reduces the
formation of several neuronal groups, including DA
neurons of the retina. Micro-injection of wild-type
mRNA into crsp34m885 mutant embryos showed that the
predominant crsp34 isoform is sufficient to rescue the
formation of DA amacrine cells. At the same time, no
gain-of-function phenotypes were observed for crsp34
overexpression. Thus, crsp34 does not appear to have
instructive functions in development, but may be re-
quired to execute instructive functions in conjunction
with other developmental signaling, patterning, or dif-
ferentiation programs.

In the zebrafish retina, loss of Crsp34 leads to a
reduction of amacrine cells, including DA, GABAergic,
cholinergic, and serotonergic neurons. In the photore-
ceptor layer of crsp34m885 mutant embryos, the number
of rods is significantly increased, while double cones
are decreased, and red cones appear unaffected. Our
data show that this shift of retinal cell type composition
is likely not due to changes in proliferation or apopto-
sis levels. As ganglion cells are essential for normal
development of other retinal cells types (Kay et al.
2001), the subtle defect observed in differentiated
ganglion cells of crsp34m885 mutant embryos could po-
tentially play a causative role in the establishment of
other retinal defects. Furthermore, as amacrine and rod
cells of the rat retina derive from a common precursor
population (Alexiades and Cepko 1997), loss of
Crsp34 may, directly or indirectly, bias common pre-
cursors toward the rod fate.

The ubiquitous expression of crsp34 mRNA may
suggest a universal requirement for Crsp34 in tran-
scriptional initiation. Further, maternally contributed
wild-type Crsp34 protein may partially rescue zygotic
requirements for Crsp34 in mutant embryos during
early phases of development. This constellation might
mimic a specific function of Crsp34 in the formation
of cell types that differentiate late in development, due
to lower residual levels of maternal protein (compare to
maternal rescue of zygotic functions for the Nodal co-
receptor oep and pou5f1/spg genes described in Gritsman

et al. 1999 and Lunde et al. 2004). However, in crsp34m885

mutant embryos a reduction of cells is observed in the
ganglion and amacrine cell layers, whose progenitors

Figure 10.—Loss of mediator subunit Trap100 leads to de-
creased formation of rod photoreceptor cells. Rods were la-
beled by fluorescent WISH for rhodopsin (78 hpf), recorded
as 3-D stacks for quantitative analysis, and presented here
as 2-D projections. (A and B) Comparison of rod density in
(A) wild-type embryos and (B) trap100lessen mutant siblings re-
veals a lower density in the central region of the mutant ret-
ina. Quantitative analysis of staining volumes indicates a 77%
decrease in trap100lessen mutant embryos (Table 2). (C and D)
The corresponding analysis of rod formation in crsp150hi2143

mutant embryos does not reveal any apparent change be-
tween mutant and wild type. Quantitative analysis confirms
the absence of a significant difference (Table 3). Bar, 20 mm.

TABLE 3

Formation of retinal cells in crsp150hi2143 mutant embryos and wild-type siblings (78 hpf)

Assay wt 6 SD Mutant 6 SD P-value

Thickness of amacrine layer 38.0 6 2.9 mm (n ¼ 4) 34.7 6 2.5 mm (n ¼ 3) P ¼ 0.18
rhodopsin-stained volume 209,400 6 71,627 (n ¼ 8) 175,621 6 40,695 (n ¼ 8) P ¼ 0.27
rhodopsin staining intensity (average per pixel) 192 6 11 (n ¼ 8) 192 6 14 (n ¼ 8) P ¼ 0.96
Nuclear TOTO3 staining intensity (average per pixel) 110 6 14 (n ¼ 8) 111 6 16 (n ¼ 8) P ¼ 0.89
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are the first to become postmitotic, as well as in later-
born double-cone photoreceptors (Hu and Easter

1999). Several late differentiating cell types—bipolar
cells, Müller glia, and red cone photoreceptor cells—
appear to form normally, while the number of rod
photoreceptor cells is even considerably increased.
Accordingly, there is no simple correlation between
differentiation defects and the residual level of mater-
nal Crsp34.

The apparent discrepancy between the restricted
defects of crsp34m885 mutant embryos and ubiquitous
expression of crsp34 mRNA may be explained by
dynamic recruitment of Crsp34 protein to the mediator
complex. As recruitment of subunits can induce con-
formational changes and expose differential reactive
interfaces (Taatjes et al. 2004a), Crsp34 protein may
thus contribute to the regulation of a restricted subset of
promoters, despite its ubiquitous mRNA expression.
Interestingly, the Crsp34 homolog of S. pombe, Pcm3
(Bourbon et al. 2004; H. M. Bourbon, personal com-
munication), is nonessential for cell viability, support-
ing a restricted role of this subunit in transcription
(Spahr et al. 2001).

In striking contrast to the overproduction of rod cells
observed in crsp34m885 mutant embryos, loss of Trap100
leads to a significant reduction of this cell type. At the
same time, the layer of amacrine cells is significantly
reduced only in crsp34 mutant embryos, but not in
embryos mutant for trap100 or crsp150. Yet, DA ama-
crine cells are reduced or absent in all three mutant
lines. These findings allow the following conclusions:

1. Judged from their loss-of-function phenotypes,
Crsp34 and Trap100 appear to play divergent roles
in the development of rod photoreceptor cells. Since
Trap100 has been linked to thyroid hormone signal-
ing via subunit Trap220 (Zhang and Fondell 1999;
Ito et al. 2002), the reduction of rod photoreceptor
cells in the trap100lessen mutant retina could be due to
a defect in this signaling pathway.

2. DA amacrine cells are particularly sensitive to the
activity of the mediator complex as a whole or to a
submodule comprising all three subunits.

3. The observation that the thickness of amacrine layers
is not significantly affected in trap100lessen and
crsp150hi2143 may indicate that DA neurons in the
zebrafish retina develop as a separate group, as has
already been proposed on the basis of their inter-
plexiform projections (Dowling 1987).

Taken together, these data suggest that combinatorial
recruitment of mediator subunits specifically modulates
developmental decisions and thus represent an addi-
tional level of developmental control in the vertebrate
CNS.
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