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A search for POU domain sequences
expressed
in the human retina has led to the identification
of three closely related genes: Brn3a, BrnSb, and Brn-3c. The structure
and
expression
pattern of Brn-3b was reported earlier (Xiang et
al., 1993); we report here the structures
and expression
patterns of Brn-3a and Brn-3c. Antibodies
specific for each
Brn-3 protein were generated
and shown to label only ganglion cells in a variety of vertebrate
retinas. A complex pattern of strongly and weakly immunolabeled
ganglion
cells
was observed in mouse, cat, and monkey retinae. In mouse
and cat retinae, Brn-3a and Brn-3b proteins are found in a
large fraction of ganglion
cells, whereas Brn9c is present
in fewer ganglion
cells. In the cat retina, anti-Brn-3a
immunoreactivity
was strong in the small ganglion
cells (y
cells) and weak in the remaining
ganglion
cells (a and p
cells); anti-Brn-3b
immunoreactivity
was present in all ganglion cells; and anti-Brn3c
immunoreactivity
was confined
to the small ganglion
cells. lmmunolabeling
of macaque
retinae following
retrograde
labeling from the lateral geniculate nucleus revealed strong anti-Brn-3a
immunoreactivity
in a minority of retrogradely
labeled P-type ganglion
cells,
and weak Brn9a
immunoreactivity
in all of the remaining
P- and M-type ganglion
cells. In the same retinae, strong
anti-Brn-3b
immunoreactivity
was seen in nearly all P-type
ganglion
cells and weak immunoreactivity
in nearly all
M-type ganglion
cells. Each of the Brn-3-specific
antibodies
also labeled subsets of neurons in the dorsal root and trigeminal
ganglia, suggesting
that primary somatosensory
neurons and retinal ganglion
cells share genetic regulatory
hierarchies.
In vitro selection
of an optimal
DNA binding
site using the Brn9b POU domain has revealed a consenReceived
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sus [(A/G)CTCATTAA(T/C)]
that is recognized
by each of
the Brn-3 POU domains and is distinct from binding sites
previously
described
for other POU domain proteins.
[Key words: retina, dorsal root ganglia, retinal ganglion
cells, PO&domain,
retinal development]

The vertebrate retina consistsof three cell layers: the outer layer
containsthe primary sensorycells, the rods and cones;the central layer contains a diverse group of interneurons,the bipolar,
horizontal, and amacrinecells; and the inner layer containsboth
the output neurons,the ganglion cells, and displacedamacrine
cells (Rodieck, 1973; Dowling, 1987). Most of thesecell classes
can be further divided into a numberof types that differ in their
functional and morphological properties. For example, bipolar
cells differ in the polarity of their responsesto glutamatergic
input from the presynaptic photoreceptor cells, thereby generating either ON or OFF responsesto changesin light intensity
(Werblin and Dowling, 1969; Kaneko, 1970). The retina uses
this diversity of cell types to producea complex output in which
the visual stimulusis analyzed with respect to its chromatic,
spatial, and temporal properties.
Retinal ganglion cells can be divided into distinct classes
basedupon their responseproperties,morphologies,and central
projections (DeMonasterio and Gouras, 197.5; Rodieck and
Brenning, 1983; Stone, 1983; Spillman and Werner, 1990; Wassle and Boycott, 1991). In amphibia,ganglion cells with a high
degreeof selectivity are common,project principally to the tecturn, and mediate simple visually guided behaviors (Barlow,
1953; Lettvin et al., 1959). In mammals,a larger fraction of
ganglion cells have simple receptive fields and project to the
LGN, forming the first stageof the retino-thalamo-corticalpathway. In the cat the principal division of thesecells is into X and
Y types, the former respondinglinearly and the latter nonlinearly. In the primate retina, current evidence indicatesthat one
principal division amongganglion cells that project to the LGN
is into P and M types; which project, respectively, to the parvocellular and magnocellular layers of the LGN. In general
terms, P-cells are characterized by relatively slow conduction
velocities, insensitivity to small changesin luminancecontrast,
and high spatial resolution, especially near the fovea. Most
P-cells appear to have a chromatically opponent organization
that is built from either concentric or superimposedantagonistic
inputs. By contrast, M-cells are characterizedby relatively fast
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conduction velocities, sensitivity to small changes in luminance
contrast, and low spatial resolution. M-cells have achromatic
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receptive fields. The different characteristics of
P and M type ganglion cells have attracted considerable interest
because these cells represent the first stage at which separate

and parallel streamsof information can be recognized in the
retino-thalamo-cortical pathway (Spillman and Werner, 1990;
Merigan

and Maunsell,

XXXTGA

1993).
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One approach to studying ganglion cell diversity involves
identifying the genetic regulatory circuits that specify each distinctive cellular phenotype. In an initial step in this direction,
we recently reported the identification
of a POU domain gene,
Brn-3b, that is expressed in a subset of retinal ganglion cells in
a variety of vertebrates (Xiang et al., 1993). The POU domain
family of transcription
factors is defined by the presence of a
bipartite DNA binding domain consisting of a POU-specific domain of approximately
70 amino acids and a POU-homeo
domain of approximately
60 amino acids, separated by a variable
linker (Herr et al., 1988; Rosenfeld, 1991). Several POU domain

genesare known to be involved in the terminally differentiated
phenotype of the cells in which they are expressed: Pit-l in the
growth hormone secreting cells of the anterior pituitary (Bodner

et al., 1988; Ingraham et al., 1988; Li et al., 1990), Ott-2 in
B-cells (Clerc et al., 1988; Scheidereit et al., 1988; Corcoran et
al., 1993), and Uric-86 in a variety of sensory neurons in the
nematodeCuenorhabditis
elegans (Chalfie et al., 1981; Finney
et al., 1988). In the experiments reported here we have extended

this approachto identify two more POU-domain genes,Brn-3a
and Brn-3c, that together with Bm-3b define a family of putative
transcription
factors, each of which is expressed in retinal ganglion cells. As described below, the Brn-3 proteins bind to a

novel DNA sequenceand they are expressedin a complex pattern of overlapping
sets of ganglion cells. Their
pression also reveals an unexpected commonality

EH

pattern of exbetween reti-

nal ganglion cells and primary somatosensoryneurons.
Materials and Methods
Cloning and sequencing of the Bm-3a and Bm-3c genes. A POU domain DNA sequence, later identified as Brn-3a, was amplified by PCR
from a human retina cDNA library in lambda gtl0 (Nathans et al., 1986)
as described previously (Xiang et al., 1993). A human genomic DNA
library in EMBLS was constructed from size-fractionated Sau3A partial
digest genomic DNA as described by Frischauf et al. (1983) and
screened using a mixed probe consisting of the Brn-3a and the previously isolated Brn-3b (Xiang et al., 1993) POU domains. The human
retina cDNA library was similarly screened. Genomic DNA clones were
identified that correspond to Brn-3a, Brn-3b, and a novel POU domain,
Brn-3c. Two Brn-3a cDNA clones (hs204 and hs210) were identified
(Fig. 1). Following restriction mapping and Southern blot analysis of
these clones, the cDNA clones and the genomic DNA regions corresponding to the Brn-3a and Brn-3c open reading frames were subcloned
into pBluescript (Stratagene) and sequenced on both strands by the
chain termination method. A several hundred base G-C-rich region in
the Brn-3a open reading frame was sequenced by the chemical cleavage
method (Maxam and Gilbert, 1980).
Chromosome mapping. Human-mouse somatic cell hybrids derived
from 18 unrelated human cell lines and 4 mouse cell lines were characterized by karyotypic analysis and mapped enzyme markers as described previously (Shows et al., 1978, 1982, 1984; Naylor et al., 1983).
A 0.6 kb EcoRI fragment in the 3’ untranslated region of the Brn-3a
cDNA clone hs204 and a 0.4 kb SmaI-EcoRV fragment immediately
3’ to the Brn-3c coding region (Fig. 1) were found to hybridize specifically to the human Brn-3a and Brn-3c genes, respectively. These fragments were used to probe genomic Southern blots of Hind111 digested
DNA from either 29 or 30 human-mouse hybrid cell lines, respectively.
The hybridizing bands were scored and compared with the scoring of
human chromosomes in each hybrid.
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Figure I. Brn-3a and Brn-3c gene structures. The two bold lines represent the Brn-3a and Brn-3c genomic DNA regions defined by the
cloned genomic segments, which are shown underneath as overlapping
lines. Enlarged at the center are the transcribed regions. The solid bars
represent the protein coding regions; the open bars represent the 5’ and
3’ untranslated regions. The oositions of the initiation codon (ATG) and
termination codon (TGA) are indicated. The start sites of transcription
have not been defined. Two Brn-3a cDNA clones are represented by
two overlapping lines under the enlarged segment, one of which has a
polyA tail and is marked A,,. Abbreviations for restriction enzymes are
as follows: B, BamHI; E, EcoRI; H, HindIII; X, XhoI. Hind111 was the
only enzyme used to construct the Brn-3c restriction map.
Reverse transcription-PCR (RT-PCR) assay. For each Brn-3 gene a
pair of PCR primers was used that flank the intron: Brn-3a, 5’-CCCTGAGCACAAGTACCCGTCGCTGC-3’
and 5’-CCGGCTTGAAAGGATGGCTCTTGCCC-3’;
Brn-3b, S’-CGGGGGCTCGGAGGCTATGCGGAGAGC-3’
and 5’-TCCACGGCTGCCAGAGCCTCGGCGCG-3’;
Brn-3c, 5’-ACCCAAATTCTCCAGTCTGCACTCTG-3’
and 5’-GCGTGCCAGCAGGCTCTCATCAAAGC-3’.
DNA products were generated by PCR under standard conditions using as template either first
strand cDNA prepared from human retina RNA, DNA from a human
retina cDNA library, or human genomic DNA. The PCR products were
separated on an agarose gel, transferred to a GeneScreen Plus filter (Du
Pont). and hvbridized at room temuerature in 4X SSC (1 X SSC is 0.2
M N&l,
0.02 M Na citrate, pH 7j to 24 base oligonucleotide probes,
the sequences of which consist of the last 12 nucleotides of the first
coding exon and the first 12 nucleotides of the second coding exon for
each Brn-3 gene. The three oligonucleotides used are as follows: Brn3a, 5’-ACGCCGCCGCTGCAGAGCAACCTC-3’;
Brn-3b, 5’-CCAACCCCACCGAGCAATATATTC-3’;
Brn-3c, 5’-CCCAGCCCCGCAGCAGCAGGGTAA-3’.
Following hybridization, each blot was washed
in 3X SSC, 0.1% SDS at progressively increasing temperature. In a
separate experiment, the smaller PCR products derived from human
retina first strand cDNA were gel purified, subcloned, and sequenced.
Generation and purification of antibodies against Bm-3a and Brn3c. To produce the Brn-3a FP2’ coding segment, two DNA oligonucleotides,
5’-CGATGAATTCCTACTTGGAGGATCAGCTCATCCTCATCCTCATATGCATAGTCTAGGTCATCTATCACATCCTGCAG-3’ and S’-GATCGGATCCTACTAGACCTGGATGAGGTAGACCTGATGGCATGT’TCATTGCAGCTGCAGCTGCAGGATGTGATAGA-3’, were annealed and filled in using the Klenow fragment of DNA
polymerase I. The resulting double stranded DNA fragment encodes a
polypeptide corresponding to amino acids 186-224 (Brn-3a FP2’) but
is less G-C-rich than the human DNA sequence due to silent third position changes. The Brn-3a FPl and Brn-3c FP2 coding segments (Fig.
2) were generated by PCR using the cloned genomic DNA as template.
Each coding segment was fused in frame to the 3’ end of the bacteriophage T7 gene 10 coding region in the pGEMEX expression vector
(Promega; Studier et al., 1990). The resulting fusion proteins were produced in E. coli (strain BL21), purified to near homogeneity by pre-
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Figure 2. Brn-3a, Brn-3b, and Brn-3c protein sequences. A, Alignment of Brn-3a, Brn-3b and Brn-3c protein sequences. Amino acids that
are conserved between two or more sequences are shudrd. The POU
domain is boxed. The arrowhead indicates the intron position for the
three Brn-3 genes. The polypeptide regions used to construct fusion
proteins (FPI , FP2, and FP2’) are indicated by solid lines either above
or below the sequences. B, Comparison of amino acid sequences in the
upstream homology domain among the human (h) Brn-3, the Drosophila (d) tI-POU and the nematode (n) Uric-86 proteins. Amino acids that
are conserved among three or more sequences are shaded. The GenBank
accession numbers for these sequences are, for Brn-3a, U10062 and
U10063; Brn-3b, U06233; Brn-3c, U10060 and UlOO61.
parative SDS-polyacrylamide gel electrophoresis, and used for immunizing rabbits. For affinity purification of antibodies, fusion proteins
between the E. coli maltose binding protein (MBP) and each of the Brn3-derived polypeptides used for immunization were produced in E. coli
using the pMAL-cR1 expression vector (New England Biolabs) and
affinity-purified on an amylose resin to apparent homogeneity as determined by SDS-polyacrylamide gel electrophoresis. Affinity purification
was carried out with either 500 pg of MBP fusion protein coupled to
an AminoLink column (Pierce) or 250 pg electroblotted onto a nitrocellulose filter using elution in 0.1 M glycine pH 2.8 (Harlow and Lane,
1988). In general, the nitrocellulose method yielded antibodies of higher
specificity.
Western blotting.
MBP fusion proteins with Brn-3a FP2’, Brn-3b FP2
(Xiang et al., 1993), and Brn-3c FP2 (I .5 pg each) were resolved on a
10% SDS-polyacrylamide gel, transferred to nitrocellulose and immunoreacted sequentially with affinity-purified anti-Brn-3a FP2’, anti-Brn3b FP2, and anti-Brn-3c FP2. Signals were visualized by the enhanced
chemiluminescence (ECL, Amersham) detection system according to
the manufacturer’s protocol. For sequential reactions, the blot was dried
at room temperature for several days to inactivate any remaining peroxidase and washed in water for 20 min to remove the ECL reagents.
The anti-Brn-3a FP2’ antibody reacts poorly using standard Western
blot procedures. To increase the signal from this antibody, 10 pg of
each MBP fusion protein was resolved by SDS-PAGE and transferred
to a nitrocellulose filter as described above. Following a IO min rinse
in TBS [lo mM Tris (pH 8.0), 150 mM NaCl], the immobilized proteins
were denatured by two incubations of the blot in a denaturation solution
(6 M guanidine hydrochloride in TBS) for 5 min at 4°C. The proteins

were then gradually renatured at 4°C using a series of five serial twofold
dilutions of denaturation solution in TBS (Vinson et al., 1988). After
two additional rinses in TBS at room temperature, the blot was immunoreacted with the anti-Brn-3a FP2’ antibody.
Immunohistochemistry.
To prepare cryosections from mouse tissues,
adult animals were anesthetized and perfused by cardiac puncture with
PBS followed by 4% paraformaldehyde in PBS. Following enucleation
of the eyes, the cornea and lens were removed, and the eye cups, whole
brain, and various other tissues postfixed overnight in 4% paraformaldehyde in PBS at 4”C, cryoprotected overnight in 30% sucrose in PBS
at 4”C, embedded in OCT compound, frozen in liquid nitrogen, and
stored at -80°C. Sections (lo-25 )*rn thick) were cut on a Microm
cryostat at -20°C and mounted on gelatin-coated slides.
To prepare cryosections from the macaque retina, eyes were enucleated from an animal that had been anesthetized and perfused with 4%
paraformaldehyde in PBS. The cornea, lens, and vitreous were removed
and the eye cups postfixed in 4% paraformaldehyde in PBS and cryoprotected in 8% sucrose in PBS. A strip of retina (-5 mm in width)
which included the fovea was cut from the entire horizontal meridian
and divided into 14 segments of approximately equal size (-2.3 X 5
mm). Each segment was embedded in OCT compound, frozen in liquid
nitrogen and cut into either 5 p,m sections (for the central segments) or
10 pm sections (for the peripheral segments). Rabbit and chicken retina
sections were prepared in a similar manner without division into segments of defined location.
Immunostaining of cryosections of retina, brain, and peripheral tissues was performed using the ABC system (Vector Laboratories) according to the manufacturer’s instructions except that cryosections were
postfixed in 100% cold methanol for 3 min prior to incubation with
primary antibodies overnight at 4°C. The horse radish peroxidase (HRP)
color stain was developed using the VIP substrate kit (Vector Laboratories). Procedures for double staining of cryosections with DAPI or
with monoclonal antibody ABS (Fry et al., 1985) were as described in
Xiang et al. (1993). In the analysis of immunostaining in the brain,
neuroanatomical assignments were made with reference to Sidman et
al. (1971) and Paxinos and Watson (1986). For quantitation of immunostained nuclei in sections of mouse and monkey retinas, sections that
were double stained with DAPI and the indicated antibody or mixture
of antibodies were examined with a Zeiss Axiophot under combined
UV and visible light, and the total number of nuclei (DAPI stained) as
well as the number of immunostained nuclei (HRP stained) were counted. For each data point, greater than 200 nuclei were counted.
The procedure for immunostaining of flat-mount retinae was modified
from Fry and Lam (1986). Macaque or cat eye-cups prepared from
either unperfused or 4% paraformaldehyde perfused animals, were fixed
overnight in 4% paraformaldehyde in PBS at 4°C and then cryoprotected overnight in 30% sucrose in PBS at 4°C. The retinae were peeled
off, and then frozen and thawed in liquid nitrogen seven times while
immersed in 30% sucrose to aid penetration of the antibodies. After the
retinae were rinsed three times in PBS for 5 min each, they were
blocked in 5% normal goat serum in PBS for 6 hr at room temperature,
and incubated for 10 d at 4°C in the primary antibody diluted in 5%
normal goat serum in PBS with 0.3% Triton X-100 and 0.05% sodium
azide. The retinae were then rinsed three times in PBS for 2.5 hr each
at room temperature prior to incubating for 2 d at 4°C in biotinylated
secondary antibodies (1:200; Vector Laboratories) diluted in PBS with
0.3% Triton X-100. Following incubation in secondary antibodies, the
retinae were again rinsed in PBS three times for 2.5 hr each at room
temperature, and incubated for 2 d at 4°C in the avidin-biotin-peroxidase complex (A+B, 1:lOO; Vector Laboratories) diluted in PBS with
0.3% Triton X-100. After rinsing the retinae in PBS three times for 2
hr each, the staining was visualized using the diaminobenzidine (brown)
or VIP (purple) substrate kits (Vector Laboratories). The retinae were
then flattened on microslides and mounted with Aqua-poly/mount (Polysciences). For double immunostaining of flat-mount retinae, the primary antibodies consisted of the desired Brn-3 antibodies together with
monoclonal antibody SMI-32 (Sternberger Monoclonals; Nixon et al.,
1989) or AB5 (Fry et al., 1985), and the secondary antibodies were
FITC-conjugated donkey anti-mouse IgG (1:50; Jackson Immunoresearch Laboratories) and the biotinylated anti-rabbit antibody described
above. To measure cell body sizes, color slides were taken at 400X
magnification on a Zeiss Axiophot microscope. The average of the
lengths of the long and short axes of the cell body was taken as its
soma diameter.
Retrograde
labeling from the lateral geniculate
nucleus (LGN).
In-
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Figure 3. Detection of Brn-3 transcripts in the human retina by RTPCR. A, Schematic diagram of PCR products derived from genomic
DNA (open urrowheud) and first strand cDNA (solid arrowhead) for
the three Brn-3 genes. The solid lines represent the two exons, and the
dashed line represents the intron. The positions of the two PCR primers
are indicated bv arrows. B, Southern blot analysis of PCR products.
For each Brn-3 gene, DNA products were generated by PCR using
primers in the two exons as shown in A and the following templates:
human genomic DNA (lane 1), a human retina cDNA library (lane 2),
and human retina first strand cDNA (lane 3). The PCR products were
resolved by agarose gel electrophoresis, transferred to nitrocellulose,
and hybridized to a 24 base probe that matches the mature mRNA
sequence and straddles the site of the intron (i.e., the probe contains the
las’t 12 nucleotides of the first coding exon joined tothe first 12 nucleotides of the second coding exon). Filters were washed in 3 X SSC, 1%
SDS at the indicated temp&atures. Two autoradiographs are shown for
each filter; the upper one was obtained after a low stringency wash and
the lower one after a high stringency wash. The open arrowhead indicates the PCR product obtained from the unspliced or genomic template
and the solid arrowhead indicates the product obtained from the spliced
template.
jections of Texas red-conjugated dextrans (10,000 MW, Molecular
Probes) were made in three monkeys. The monkeys were anesthetized
with ketamine (20 mg/kg, i.m.) and Nembutal (15 mglkglhr, i.v.) and
mounted in a stereotaxic frame. Using sterile surgical procedures, a
small craniotomy was made over the central sulcus and stereotaxical-
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ly-aimed tungsten microelectrodes were lowered through the cortex
into the dorsal thalamus. Multiunit activity was mapped during presentation of visual stimuli, which permitted the borders of the dorsal LGN
to be mapped with penetrations spaced 1 mm apart. The mapping electrode was withdrawn and a multibarrel glass pipette, pulled and filled
with 5% Texas red-dextran in sterile saline, was inserted at previously
identified sites in the LGN. After visually evoked responses were again
identified, the dextran solution was ejected iontophoretically (5 pA,
with a 7 set on/off duty cycle) over a period of 20-25 min. In one
experiment, injections were made at each of several sites in both parvocellular and magnocellular layers, and, in a second experiment, at a
single site in layer 6. After all injections were completed, the craniotomy was filled with dental cement and the wound was sutured closed.
Two or three weeks later, the monkeys were anesthetized with ketamine
and were injected with a lethal dose of Nembutal (100 mg/kg, iv.).
They were then perfused through the heart with 4 liters of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brain and eyes were
removed and postfixed in perfusate. Blocks of the LGN were then
placed in 20% buffered sucrose at 4°C for several days. They were
frozen and cut at 30 pm, collected serially and mounted on clean slides.
Injection sites were identified under a fluorescence microscope.
Preparation of whole-cell protein extructs and fusion proteins with
glututhione-S-transferuse (GST). Mammalian expression plasmids containing full-length Brn-3b and Ott-2 coding regions under the control
of the cytomegalovirus promotor were as previously described (Tanaka
and Herr, 1990; Xiang et al., 1993). These constructs were transiently
transfected into 2935: cells using the calcium phosphate method. Seventy-two hours after transfection, the cells were harvested and lysed by
sonication in the following microextraction buffer (Scholer et al. 1989):
20 mM HEPES (oH 8.0). 100 mM NaCl. 0.2 mM EDTA, 0.5 mM DTT,
25% glycerol, 02 mM PMSE 0.5 pg/ml leupeptin, and 1 pg/ml aprotinin. Cell debris was removed by microcentrifugation for 5-10 min and
the whole cell protein extracts were stored at -80°C.
Fusion proteins between GST and the POU-domains of Brn-3a, Brn3b, Brn-3c, and Ott-1 were generated from PCR products corresponding
to codons 253-423 of Brn-3a, 240-410 of Brn-3b, 168338 of Brn-3c,
or 276-443 of Ott-1. These regions were cloned in frame into the expression vector pGEX-2T (Pharmacia) and the sequences of the inserts
verified by DNA sequencing. The GST fusion proteins were purified
using glutathione-agarose affinity chromatography to apparent homogeneity as determined by SDS-polyacrylamide
gel electrophoresis
(Smith and Corcoran, 1991).
Gel mobili
shift assay. DNA probes were generated by 5’-end labeling with y-‘*P ATP and T4 polynucleotide kinase. Binding reactions
were prepared in a final volume of 20 pl with the following components: 10 mM HEPES (pH 7.5), 50 mM KCI, I mM EDTA, 50 pg/ml
poly(dI-dC), 0.1% Triton X-100, 5% glycerol, 0.1 mM DTT, 0. I mM
PMSF, approximately 1 X lo4 cpm of radiolabeled DNA, and the indicated fusion proteins or whole cell protein extracts from transfected
2938 cells. Competition reactions were prepared as described except for
the addition of the desired amount of cold DNA oligonucleotides. The
binding reactions and competition reactions were incubated at room
temperature for 20 min and 35 min, respectively. Immediately following
the incubation, the bound complexes were separated from the free probe
by electrophoresis in 5% nondenaturing polyacrylamide gels and visualized by autoradiography. The signal intensity was quantitated using a
Phosphor-Imager (Molecular Dynamics).
DkA binding site selection.. The procedure for DNA binding site
selection was adaoted and modified from Thiesen and Bach (1990). The
template oligonucleotide contained a central region consisting ‘of an
equal mixture of all four nucleotides at 15 consecutive positions which
was flanked on each side by 18 specific nucleotides that included a
BamHI site on one side and an EcoRI site on the other side: 5’ GGATGGATCCTGCAGTAC(N),,AGCTGAGCGAATTCGGTC
3’. In addition, two PCR primers were synthesized which matched the template
or its complement within the flanking sequences: A, S’GGATGGATCCTGCAGTAC-3’;
B, S’GACCGAATTCGCTCAGCT3’.
Doublestranded templates were synthesized with the Klenow fragment of DNA
polymerase I using the B primer.
For binding site selection, radiolabeled templates were incubated with
approximately 100 ng of the GST-Brn-3b POU-domain fusion protein
and subjected to gel mobility shift analysis. The bound complexes were
localized by autoradiography, and eluted from the dried gel by incubating the gel slice for 3 hr at 37°C in 250 pl of elution buffer [500
mM NH,OAc, 1 mM EDTA (pH S.O)]. Five microliters of the eluted
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Table 1. Segregation

Family

of POU-Domain

Factors

of human Brn-3a and Brn-3c genes with human chromosomes in mouse-human

Chromosome

1

2

8 9
11 7
3
2
7 10
34 43

Brn-3a
Concordant #
of hybrids
Discordant #
of hybrids
% Discordancy

(+I+)
(-1-l
(+/-)
(-I+)

6
13
4
2
24

Brn-3c
Concordant #
of hybrids
Discordant #
of hybrids
% Discordancy

(+/+I
(-/-)
(+/-)
(-/+)

8 12
10 5
8
7
0
5
31 41

3

4

5

6

8
7
6
13 6
9
3
4
5
5 12 9
28 55 48

14 10
6
7
4
8
5
4
31 41

19 11
11
6
0
8
0
5
0 43

7

8

8
8
7
9
2
3
11 9
46 41
12
6
6
5
38

9

10

11

12

13

3
15
6
2
31

8
4
3
14
59

5
9
3
9
46

7
8
4
10
48

13
6
511
610
6
0
40 37

13
8
15
6
8
10
6
53 52

Data present the chromosomal
localization
of the human Bm-3a
and Bm-3c
genes. The presence
(+) or absence
(-) of the Southern
blot hybridization
signal
were scored for each mouse-human
with the Bm-3a
probe,
and only chromosome
5 shows 0% discordancy
with the Bm-3c
probe.

DNA was then PCR amplified using the A and B primers for 30 cycles
of 45”C, 2 min; 67”C, 3 min; 94”C, 30 sec. After addition of excess
primers and fresh Taq polymerase, a final cycle of 94”C, 5 min; 45”C,
2 min; 67”C, 10 min was performed to ensure that most of the oligonucleotides were double-stranded homoduplexes. Following separation
of the PCR products in a 4% low-melt agarose gel, they were purified
and end-labeled for the next round of selection. After four to eight
rounds of selection, the amplified oligonucleotides were digested with
BamHI and EcoRI, and ligated into pBluescript (Stratagene) at a low
concentration so that most subclones would have only one oligonucleotide insert.
To check the binding of individual cloned segments, single colonies
or minicultures were used as templates for PCR amplification using
PCR primers A and B, one of which was 5’-end labeled; 3% of the
PCR mixture was utilized directly for binding to the GST-Brn-3b POUdomain by gel mobility shift assay.

Results
Identi$cation, sequence,and chromosomallocations of the
genesencodingBrn-3a and Brn-3c
We previously reportedthe application of a PCR-basedapproach
(He et al., 1989) to identify cDNA sequencesfrom humanretina
that encode POU domain transcription factors (Xiang et al.,
1993). One POU domain sequence,Brn-3b, was characterized
in detail and found to be expressedin a subsetof retinal ganglion
cells. From theseexperiments, two lines of evidence suggested
the existence of additional Brn-3b-like genes. First, genomic
Southern blot analysisusing the Brn-3b POU domain revealed
several hybridizing fragmentsin vertebrate DNA (Xiang et al.,
1993). Second, in addition to the Brn-3b POU-domain PCR
product, the original collection of PCR products from human
retina revealed a secondPOU domain, ‘which sharesapproximately 95% amino acid sequenceidentity with the Brn-3b POU
domain. This secondPOU domain sequencewas found to be
identical to that of a rat POU domain PCR product referred to
as Brn-3a (He et al., 1989; Lillycrop et al., 1992). As the retinaderived sequenceis likely to be the humanhomolog of rat Brn3a it will be referred to hereafter as Brn-3a.
To characterizethe severalBrn-3b homologoussequences,
the
Brn-3a and Brn-3b POU domain probes were used to screen
both a human genomic DNA library and a humanretina cDNA
library (Nathanset al., 1986). Three groups of overlapping genomic DNA clones were obtained, encompassingthe genesencoding Brn-3a, Brn-3b, and a third Brn-3 gene family member,
designatedBrn-3c. Two groups of cDNA clones were isolated
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that derive from the Brn-3a and Brn-3b genes.Shown in Figure
1 are the clonesthat encompassthe Brn-3a and Brn-3c genes;
the Brn-3b clonesare describedin Xiang et al. (1993). Together
these clones account for all of the bandson human genomic
Southern blots that hybridize under standardconditions to the
Brn-3b POU domain probe (Xiang et al., 1993).
Comparisonof the Brn-3a and Brn-3c genomic DNA sequenceswith that of Brn-3b showssignificant homology in the
two regions correspondingto the Brn-3b open reading frame,
and predicts that all Brn-3 family memberspossessthe same
intron-exon arrangement,that is, two coding exons linked by a
short intron (Fig. 2). In all three Brn-3 family membersthe intron is predicted to reside at the sameposition in the protein
coding region. The precise location of the intron has been previously determinedfor Brn-3b by comparisonof the nucleotide
sequencesof genomic and full-length cDNA clones (Xiang et
al., 1993). To identify the preciseintron-exon junction in Brn3a and Brn-3c, PCR products were synthesizedacrossthis region using as templateeither humangenomic DNA, first strand
humanretina cDNA, or the humanretina cDNA library. In each
case a product of the expected size was obtained from the genomic DNA template(Fig. 3, opentriangles).A smallerproduct,
consistentwith the predicted splicing event, was obtainedusing
the two cDNA templates(Fig. 3, solid triangles).Following agarose gel electrophoresis,the PCR products were blotted onto
nitrocellulose and probed with an oligonucleotide probe spanning the predicted junction of the spliced exon sequences.As
shown in Figure 3, PCR productsderived from both cDNA and
genomic DNA templateshybridize to the oligonucleotideprobe
at low stringency, whereas only products derived from the
cDNA templateshybridize at high stringency.To further confirm
the predicted splice junction sequence,PCR products derived
from amplification of the cDNA templateswere cloned and sequenced.For each of the three Brn-3 genes,the amplified segmentsrevealed the predicted splicing event.
Taking into account the intron-exon structure defined above
and choosing the initiator methionine that correspondsmost
closely to the putative initiator methionine of Brn-3b, the genomic DNA sequencescontain openreadingframesof 423 amino acids for Brn-3a and 338 for Brn-3c, correspondingto molecular massesof 47 kDa and 37 kDa, respectively (Fig. 2A).
Each Brn-3 protein has a highly conservedDNA binding POU
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Figure 4. Specificity of anti-Brn-3 antibodies determined by immunoblot analysis. Fusion proteins between MBP and Brn-3a FP2’, Brn-3b FP2,
or Brn-3c FP2 (indicated above each lane by 3a, 3b, or 3c) were resolved by SDS-PAGE, transferred to nitrocellulose and immunoreacted with
affinity-purified antibodies against Brn-3a FP2’ (left), Brn-3b FP2 (center), or Brn-3c FP2 (right). Ten micrograms of each fusion protein was used
for the blot that was immunoreacted with anti-Brn-3a FP2’ antibodies; 1.5 pg of each fusion protein was used for the other two blots. Protein
molecular mass markers are indicated to the right. The band of lower mobility in the Brn-3b lane is presumed to arise from protein aggregation.

domain at its carboxyl-terminus,
which displays approximately
95% sequence identity with each of the other Brn-3 POU do-

mains. The region amino-terminal to the POU domain shows
stretches of lower overall sequencehomology interrupted by
runs of one or a few amino acids (Fig. 2). Particularly notable
in this region is the upstreamhomology domain (UHD) conserved among all the Brn-3 membersand other classIV POU
family membersincluding Uric-86 and tI-POU/I-POU (Fig. 2B;
Finney et al., 1988; Treaty et al., 1991, 1992; Xiang et al.,
1993). The functional significanceof the UHD is unknown but
it may form an a-helix basedon secondarystructureprediction.
A cDNA clone isolatedfrom the humanJurkat T-cell line and
referred to asOtt-Tl (Bhargavaet al., 1993)correspondsexactly
to the human Brn-3a sequencereported here. A secondhuman
POU domain gene identified in a genomic DNA library and
referred to asRDC-1 (Collum et al., 1992) almostcertainly correspondsto Brn-3a despitesignificant discrepanciesbetweenthe
amino acid sequencereported by Collum et al. and that reported
here. We attribute thesedifferencesto sequencingerrors by Collum et al. Several recently reported mousesequences-referred
to asBrn-3.O/Brn-3a, Brn- 3.2&-n-3b, and Brn-3.1/Brn-3c-are
likely to representhomologsof humanBrn-Sa, Brn-3b, and Brn3c, respectively (Gerrero et al., 1993; Theil et al., 1993; Turner
et al., 1994). At the amino acid level the correspondingpairs of
human and mousesequencesshow 98% identity. As shown in
Figure 1, two partial Brn-3a cDNA clones were isolated from
the human retina cDNA library, one (hs204) with a longer 3’
untranslatedregion and the other (hs210) with a shorter one
followed by a polyA tract. Northern blotting has revealed two
forms of Brn-3a/RDC-1 transcripts (-2.0 kb and -4.0 kb) in
the human eye and in the CHPlOO neuroepitheliomacell line
(Collum et al., 1992) and two forms of mouseBrn-3.0 transcripts
(-2.4 kb and -3.8 kb) were found in rat trigeminal ganglia
(Gerrero et al., 1993).It is unclear in the presentinstancewhether utilization of alternative polyadenylation siteshas any functional consequence.
In many cases,membersof a gene family are clusteredat a

single locus following their duplication and divergence. To test
this possibility for the Brn-3 genes,we mappedthe chromosomal locations of the Brn-3a and Brn-3c genesby Southern blot
hybridization of DNA from a panel of mouse-humansomatic
cell hybrids (Table 1). Only humanchromosomes13 and 5 show
100% concordancewith the hybridization bandsderived from
Brn-3a and Brn-3c, respectively; in earlier work the Brn-3b gene
was found to reside on human chromosome4 (Xiang et al.,
1993). Thus, none of the membersof the Brn-3 genefamily are
linked. We note that this mapping further confirms the identity
of RDC-1 and Brn-3a, asRDC-1 is alsolocated on chromosome
13 (Collum et al., 1992).
Characterization of antibodiesspecijk for Brn-3a, Brn-3b, and
Brn-3c
As described above, a reverse transcriptase-PCR assay revealed the presencein humanretina of splicedRNA transcribed
from eachof the Brn-3 genes.Thesedata are in agreementwith
the resultsof RNA slot blot experimentsshowing hybridization
of probesderived from Brn-3b and Brn-3c to bovine retina RNA
(Xiang et al., 1993, and data not shown). To examine at high
resolution the cellular distribution of Brn-3a and Brn-3c proteins, we generatedrabbit polyclonal antibodiesspecific to each
protein using a strategy similar to that reported earlier for Brn3b (Xiang et al., 1993). An anti-Brn-3c antiserumwas produced
using an immunogencontaining the bacteriophageT7 gene 10
product fused to a polypeptide containing amino acids 110-l 80
(Brn-3c FP2), which correspondsto the sameregion from Brn3b that was previously used as an immunogenby Xiang et al.
(1993; Brn-3b FP2). Anti-Brn-3a antisera were similarly generated using gene 10 fusion proteins with either a Brn-3a polypeptide containing amino acid residues28-99 (Brn-3a FPl) or
a Brn-3a polypeptide containing amino acid residues 186-224
(Brn-3a FP2’; Fig. 2A). Becausethe high G-C content of the
Brn-3a FP2’ region precluded its expressionin E. coli, a DNA
segmentencoding the samepolypeptide sequencewas chemically synthesizedusing codonswith a higher A-T content. Each
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Brn-3b,
and Brn-3c
immunoreactivity
in the mouse retina. To simultaneously
localize Rrn-3
proteins and visualize
nuclei,
Figure 5. Anti-Brn-3a,
mouse retina sections were double stained with antt-Brn-3a
and DAPI (A, B), anti-Brn-3b
and DAPI (C, D), or anti-Brn-3c
and DAPI (E, F). Note
that the purple HRP product of the immunostaining
reaction partially
quenches DAPI fluorescence
when both are present in the same nucleus.
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Figure 6. Anti-Brn3a, Brn-3b, and Brn-3c immunoreactivity in cat retinal ganglion cells. Pieces of midperipheral cat retinae were flat-mounted
and double immunostdined with monoclonal antibody AB5 and anti-Brn-3a (A, B), anti-Brn-3b (C, D), or anti-Bm-3c (E, F). AB5 immunostaining
was visualized with a fluorescein conjugated second antibody (B, D, F); anti-Brn-3a, Brn-Sb, and Brn-3c immunostaining was visualized with the
ABC-peroxidase method (A, C, E). The large, medium, and small arrowheads
point, respectively, to (Y, p, and y ganglion cells. Note that the fiberlike staining in A, C, and E results from endogenous peroxidase activity in blood vessels. Scale bar, 25 pm.

t
Outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; CCL,
ganglion cell layer. Magnification, 400X.
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antiserum was affinity-purified
using the immunizing
Brn-3
polypeptide fused to the E. coli maltose binding protein (MBP).
In the Brn-3b and Brn-3c FP2 region, the three Brn-3 proteins
show 38-41% amino acid sequence identity. The shorter Brn-3a
FP2’ region is contained within the Brn-3b and Brn-3c FP2 region, and in this region the three sequences share 23-38% amino
acid identity (Fig. 2A). The FPl region shows 76-79% amino
acid identity. The specificities of anti-Brn-3c FP2 and anti-Brn3a
FP2’ antibodies, together with that of the previously generated
antibody against Brn-3b FP2 (Xiang et al., 1993), were assessed
by Western blotting using equal quantities of MBP fusion proteins containing
Brn-3a FP2’ (-56 kDa), Brn-3b FP2 (-60
kDa), and Brn-3c FP2 (-60 kDa). Each of the affinity-purified
antibodies bound to the corresponding
MBP fusion protein but
showed no detectable binding to the other two proteins (Fig. 4),
demonstrating
that these antibodies are specific. Further evidence for this specificity comes from the unique staining patterns
observed with each antibody as described below and for Brn-3b
in Xiang et al. (1993). An analogous Western blot using affinitypurified anti-Brn-3a FPl antibody and the three FPl MBP fusion
proteins showed strong binding to the Brn-3a fusion protein and
weak binding to the Brn-3b and Brn-3c fusion proteins (data not
shown). Unless otherwise noted all of the immunostaining
experiments described below were performed with affinity purified
anti-Brn-3a
FP2’, anti-Brn3b FP2, and anti-Brn-3c
FP2.

Distribution of Brn-3 proteins in the mouseretina
Immunostaining
of sections of mouse retina using anti-Brn-3a
and anti-Brn-3c
antibodies showed that both labeled a subpopulation of cells in the ganglion cell layer, although the anti-Brn3c antibody clearly stained fewer cells (Fig. 5A,E). This pattern
is reminiscent of that seen with anti-Brn-3b
antibodies (Fig. 5C
and Xiang et al., 1993). Close inspection of Figure 5 shows
significant heterogeneity in nuclear staining intensity with each
of the three antibodies. Double labeling with the fluorescent dye
4’, 6-diamidino-2-phenylindole
(DAPI), which visualizes all of
the nuclei, localizes the antibody staining to the nuclei, a subcellular location consistent with the Brn-3 proteins functioning
as transcription
factors. As reported earlier for anti-Brn-3b
antibodies (Xiang et al., 1993), antibodies against Brn-3a and Brn3c stained only the ganglion cell layer in monkey, rabbit, cat,
and chicken retinas. (Rabbit and chicken data are not shown.)
Double labeling experiments using AB5, a monoclonal antibody
that specifically labels all ganglion cells in rabbit and cat retinae
(Fry et al., 1985), and either anti-Brn-3a
or anti-Brn-3c
show
that in rabbit and cat retinae the cells expressing Brn-3a and
Brn-3c are ganglion cells (see below). With each of the Brn-3
antibodies occasional immunostained
cells were observed in the
inner nuclear or inner plexiform
layers as seen in Figure 5C;
these are presumed to represent displaced ganglion cells. In the
mouse retina the frequency of cells that stained with each of the
antibodies appears to be approximately
constant across the retina. In the descriptions that follow we will refer to the immunolabeled cells as ganglion cells, even in those species (such as
the mouse) where this has not been unequivocally
demonstrated.
The three subpopulations
of mouse retinal ganglion cells immunoreactive
with anti-Brn-3a,
Brn-3b, or Brn-3c antibodies
could be mutually exclusive, partially overlapping, or completely overlapping. To distinguish these possibilities, we counted the
number of nuclei stained in the mouse retina with each of the
anti-Brn-3 antibodies alone and, in adjacent sections, with each
of the three pairwise mixtures of anti-Brn-3
antibodies (Table

Table 2. Percentage of nuclei in the ganglion cell layer of the
mouse retina that are immunoreactive for combinations of Brn-3
proteins
Experiment 1
Anti-Brn-3a
Anti-Brn-3b
Anti-Brn-3a
Experiment 2
Anti-Brn-3a
Anti-Brn-3b
Anti-Brn-3c
Anti-Brn-3a
Anti-Brn-3b

(n = 700-900)

+ anti-Brn-3b
(IZ = 700-800)

+ anti-Brn-3c
+ anti-Brn-3c

36%
35%
37%
35%
36%
15%
36%
36%

Degree of overlap
of anti-Bm-3a,
Bm-3b,
or Bm-3c
immunoreactive
ganglion
cells in the mouse retina.
Adjacent
mouse retina sections
were immunolabeled
with anti-Bm-3a,
anti-Bm-3b,
or anti-Bm-3c,
or double
labeled
with various
pairwise
combinations
of antibodies.
Each section
was double
stained
with
DAPI
to determine
the total number
of nuclei
in the ganglion
cell layer. The
percentage
of cells in the ganglion
cell layer that were immunostained
is tabulated.
n, total number
of nuclei
counted
per section.

2). In these experiments the retina sections were double-labeled
with DAPI to quantitate the number of immunostained
nuclei as
well as the total number of nuclei in the ganglion cell layer.
Table 2 quantitates the results from two representative experiments; similar results were obtained in several independent experiments. In the mouse retina, anti-Brn-3a and anti-Brn-3b
antibodies together stained approximately
37% of the nuclei in the
ganglion cell layer. In adjacent retina sections, anti-Brn-3a
antibodies alone stained approximately
36% of ganglion
cells
while anti-Brn-3b
antibodies stained approximately
35% (Table
2), indicating that the subpopulation
of ganglion cells expressing
Brn-3a largely overlaps that expressing Brn-3b. Anti-Brn-3c
antibodies alone labeled approximately
15% of nuclei within the
ganglion cell layer, and the percentage of labeled cells observed
when it was combined with either anti-Brn3a or anti-Brn3b antibodies (-36%)
was close to that observed with either antiBrn-3a or anti-Brn-3b
antibodies alone (Table 2). These data
indicate that in the mouse retina the cells expressing Brn-3c
constitute a subset of those expressing both Brn-3a and Brn-3b.

Differential distribution of Brn-3 proteins in cat retinal
ganglion cells
In the cat retina, ganglion cells have been classified into three
major groups-a,
p, and y-that
have, respectively, large, medium, and small cell bodies (Boycott and Wassle, 1974). These
three groups correspond to the physiologically
defined Y, X, and
W types, respectively (Cleland et al., 1975; Saito, 1983; Fukuda
et al., 1985). To determine the identities of the cat retinal ganglion cells that contain each of the Brn-3 proteins, we immunostained flat-mounts of cat retinae using each of the anti-Brn-3
antibodies and a monoclonal antibody, AB5, that had previously
been shown to specifically label all ganglion cells and their processes in the cat retina, thereby permitting a clear visualization
of (Y, 6, and y cell types (Fry et al., 1985; Fry and Lam, 1986).
As observed by Fry and colleagues, large-, medium-, and smallsized ganglion cells were labeled with AB5 and were clearly
distinguishable
(Fig. 6). A quantitative analysis of soma diameters among ABS-labeled
ganglion cells in the mid-peripheral
retina revealed the expected division into (Y, p, and y subgroups
(Fig. 7). As seen in Figure 6, A and B, and Figure 7A, strong
anti-Brn-3a
immunoreactivity
is confined to -70%
of the y
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Figure 7. Size distribution of ganglion cells expressing Brn-3 proteins
in the cat retina. From the experiment shown in Figure 6, the number
and sizes of ABS-labeled ganglion cells from a small retinal area were
determined. For each ABS-labeled cell, the degree of anti-Brn-3a, Brn3b, or Brn-3c immunoreactivity was recorded. Anti-Brn-3a immunoreactive cells could be roughly divided into two classes, strong and
weak, according to their nuclear staining intensity (see Fig. 6A,B).
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cells. We also consistently observe weak anti-Brn-3a immunoreactivity in all (Ycells and in -70% of the p cells (Figs. 6A,B;
7A). By contrast, the anti-Brn-3b antibody stainsall of the AB5labeled cells with a more uniform intensity, indicating that the
Brn-3b protein accumulatesto a similar level in (Y, p, and y
ganglion cells (Figs. 6C,D; 7B). Anti-Brn-3c antibodies stain
-50% of the y cells, and do not label either cxor p cells (Figs.
6E,F; 7C). As seenin Figure 6, E and F, the anti-Brn-3c antibodiesgave somecytoplasmic staining,especiallyamong(Yganglion cells. Becausevisualization of the HRP reaction product
using the anti-Brn-3c antibody required longer peroxidaseincubationtimes than did the anti-Brn3a or anti-Brn-3b antibodies,
the cytoplasmic staining may representnonspecificbackground.
Differential distribution of Brn-3 proteins in macaqueretinal
ganglion cells
In the primate retina different types of ganglion cells are distinguishedby their abundance,morphology, and topographic distribution. The physiologically defined P-cells correspondmorphologically to midget ganglion cells, constitute approximately
80% of ganglion cells, and have small cell bodies and small
dendritic fields (Perry et al., 1984; Rodieck et al., 1985; Watanabe and Rodieck, 1989; Dacey, 1993). The physiologically defined M-cells correspondmorphologically to the parasol cells,
constitute approximately 10% of ganglion cells, and have large
cell bodiesand large dendritic fields (Rodieck et al., 1985; Watanabeand Rodieck, 1989; Silveria and Perry, 1991). A number
of lesscommoncell types comprisethe remaining 10% of ganglion cells (Perry and Cowey, 1984; Rodieck and Watanabe,
1993). Both midget and parasolcells are distributed in a manner
that roughly parallelsthe overall distribution of ganglioncellsthat is, they are most concentrated near the fovea and fall to
progressivelylower density in the periphery. The relative density
of parasolcells remainsconstantat approximately 10% of ganglion cells throughout the retina (Perry et al., 1984; Silveria and
Perry, 1991), whereascurrent evidence suggeststhat the midget
cell density falls more steeply with eccentricity (Dacey, 1993).
As a first step in determining the identities of the Brn-3 expressingganglion cells, we examined their number and topographic distribution acrossthe macaqueretina. A strip of retina
containing the horizontal meridianfrom one macaqueretina was
divided into 14 segmentsof equal width and cryostat sections
from each segmentwere analyzed. Sections were stained with
each of the anti-Brn-3 antibodiesand with DAPI to quantitate
both the numberof immunolabelednuclei and the total number
of nuclei in the ganglion cell layer. As seenin Figure 8A for
anti-Brn-3a immunoreactivity, immunolabelingwas confined to
nuclei in the ganglion cell layer. A similar distribution was observed for anti-Brn-3b immunolabeling. Figure 8A also illustrates the characteristic heterogeneity of staining intensity observed with anti-Brn-3a and anti-Brn-3b antibodies.When both
strongly and weakly stainedcells are counted,then stainingwith
anti-Brn-3a alone, anti-Brn-3b alone, or a mixture of the two (as
describedabove for the mouseretina) producesapproximately
the samenumberof labeledcells (Fig. 8B). Thus, in the macaque
retina, as in the mouseretina, thesetwo proteins appearto colocalize. The anti-Brn-3c antibodiesrevealed only weak staining
of occasional nuclei within the ganglion cell layer (data not
shown), a result that could reflect either the low abundanceof
this protein in the retina or inefficient immunostainingwith these
antibodies.The topographic distribution of these cells has not
been determined.
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bin 7, the edge of the nasal retina; birz 6’, the edge of the temporal retina.

In contrast to the approximately
uniform distribution
of immunolabeled cells across the mouse retina, both the absolute and
the relative densities of anti-Brn-3a
and anti-Brn-3b
immunolabeled cells in the macaque retina show a progressive decrease
with eccentricity (Fig. 8). The topographic
distribution
of im-

munolabeled
cells roughly resembles the overall distribution
of
ganglion cells in the macaque retina (Rodieck, 1988). In Figure
8 we have plotted as a function of eccentricity the relative density of immunolabeled
cells, that is, the percent of all nuclei in
the ganglion cell layer that are immunolabeled.
A decline in
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relative density with increasingeccentricity is characteristic of
ganglion cells, whereasan increasein relative density is characteristic of displacedamacrinecells (Wassleet al., 1989). The
distribution in Figure 8 clearly implies that the labeled cells
correspondto ganglion cells. To estimate from these data the
fraction of ganglion cellsthat are immunolabeled,it is necessary
to correct for the presenceof displaced amacrine cells in the
ganglion cell layer asa function of position along the horizontal
meridian.In the central retina, displacedamacrinecellsrepresent
an insignificant fraction of the cells in the ganglion cell layer;
in the peripheral nasalretina they representat least one-third of
the cells in the ganglioncell layer; and in the peripheraltemporal
retina they increaseto a maximum density approximately five
times that of the ganglion cells (see Fig. 3 of Wassle et al.,
1989).Applying thesecorrectionsto the data in Figure 8 reveals
a distribution of immunolabeledganglion ceils that peaksin the
parafoveal region at greater than 70% and drops at both nasal
and temporal peripheriesto approximately 15%. In the nasal
retina the relative number of immunolabeledcells falls more
steeply with eccentricity than would be expectedfor all ganglion
cells as calculated by Wassleet al (1989). This discrepancyeither representsa group of ganglion cells that are not immunolabeledor arisesfrom a methodologicdifference possiblyrelated
to a difference in the angle of the meridional section reported
by Wassleet al. (1989) and that reported here.
To further characterize the ganglion cells expressingBrn-3a
and Brn-3b in the macaqueretina, we immunostainedretinae
that were retrogradely labeledby iontophoretic injection of Texas Red-conjugateddextran into both the parvocellular and magnocellular layers of the LGN as determinedby examining the
LGN by fluorescencemicroscopy (data not shown). Quantitative
analysisof somadiameter and immunolabelingwas performed
within a small(-2 mm?)region of midperipheralretina. As seen
in Figures 9 and 10, retrograde labeling generateda bimodal
distribution of somadiameters,with a smaller class(soma diameter 7-13 Km) and a larger class(somadiameter 13-20 I*.rn)
that presumablycorrespondto P and M ganglion cells, respectively. (We note that the relative abundanceof thesetwo classes
among the retrogradely labeled cells reflects the locations of
tracer injection within the LGN rather than the actual ratios of
these cell types within the retina.) Immunostainingof the flatmount retina with either anti-Brn-3a or anti-Brn-3b antibodies
showedthat nearly all of the retrogradely labeledganglion cells
could be immunolabeledto somedegreeby both antibodies.As
describedabove for staining of sections,anti-Brn-3a and antiBrn-3b antibodieswere consistentlyobservedto produce a range
of staining intensitiesamongdifferent ganglion cells in the flatmount preparation(Fig. 9). As shown in the histogramin Figure
10, strong immunolabelingwith anti-Brn-3a antibodieswasconfined to - 10% of the small cell population, with almost all of
the remaining backfilled ganglion cells showing weak immunolabeling. By contrast, -85% of the small cells were found to
label strongly with anti-Brn-3b antibodies,with almostall of the
remaining backfilled cells showing weak immunolabeling.
In a second backfilling expcrimcnt, Texas red-conjugated
dextran was injected into layer 6 of the macaqueLGN, a parvocellular layer that projects to the contralateral retina (Fig.
11A). In this experiment the backfilled ganglion cells were located exclusively within a small parafoveal region in the contralateral retina, consistentwith the observed injection site. As
seenin Figures 8 and 1lB-E, immunostainingof this region of
the retina shows a high density of Brn-3a and Brn-3b immu-
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Figure
9. Anti-Brn-3b immunolabeling of backfilled macaque retinal
ganglion cells. A macaque retina was immunostained with anti-Brn-3b,
?oll&ing retrograde transport of Texas red-conjugated dextran from an
injection that included both the parvocellular and magnocellular layers
of the LGN. A, Anti-Brn-3b immunoreactivity visualized with HRF? B,
Texas red fluorescence. The large arrowhead
points to a large backfilled
cell. and the small arrowheads
ooint to two smaller backfilled cells.
Magnification, 400X.

cells. When both strongly and weakly immunoreactive cells were summed,45 of 46 backfilled cells were observed
to be labeledwith anti-Brn-3a antibodies,and 109 of 110 backfilled cells were observed to be labeled with anti-Brn-3b antibodies. Thus all or nearly all P-type ganglion cells are stained
to somedegree with anti-Brn-3a and anti-Brn-3b antibodies,a
pattern consistentwith that obtained in the first backfilling exnoreactive

periment

described

above.

In a third approach,ganglion cells in the macaqueretina that
were labeled with anti-Brn-3a and anti-Brn-3b antibodieswere
characterizedby double immunostainingwith a monoclonalantibody, SMI-32, which recognizesa nonphosphorylatedepitope
on the neurofilamentH chain and specifically stainslarge ganglion cells and their nerve fibers (Nixon et al., 1989). The results
of this double labeling experiment were consistentwith the observations describedabove with retrogradely labeled ganglion
cells. Fewer than one-quarter of the SMI-32-negative cells
stainedstrongly with anti-Brn-3a antibodies,and approximately
97% of the SMI-32-labeled cells were stainedweakly with the
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population of small ganglion cells. By contrast, the Brn-3b protein is present at low levels in most or all of the parasol or
M-type ganglion cells and at high levels in most or all of the
midget or P-type ganglion cells.
Distribution of Brn-3 proteins in somatosensoryganglia and
the brain
In the dorsal root and trigeminal ganglia of adult mice, each of
the anti-Brn-3 antibodies stained a subsetof nuclei (Fig. 13).
Interestingly, the number of labeled cells differed greatly with
the different antibodies.Anti-Brn-3a antibodieslabeledmost of
the neurons
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Figure 10. Size distribution of backfilled macaque retinal ganglion
cells scored for anti-Brn-3a and Brn-3b immunoreactivity. From the
experiment shown in Figure 9, the number and size of backfilled ganglion cells from a retinal area -2 mm2 were determined. For each
backfilled cell, the degree of anti-Brn-3a or Brn-3b immunoreactivity
was recorded. In both cases immunoreactive cells could be roughly
divided into two classes, strong and weak, according to their nuclear
staining intensity. As shown in Figure 12, this division is a relative
one-the cells that are weakly labeled with anti-Brn-3a stain with greater intensity than those cells that are weakly labeled with anti-Brn-3b.

antibody and (Fig. 12A,B). Most of the SMI-32negative cells most stainedstrongly with anti-Brn-3b antibodies,
and all of the SMI-32-labeled cells were stained weakly with
the anti-Brn-3b antibody (Fig. 12C,D).
These data imply that in the macaqueretina, most or all of
the large ganglion cells (the parasol or M-type ganglion cells)
and the vast majority of the small ganglion cells (the midget or
P-type ganglion cells) contain a low level of the Brn-3a protein.
However, the Brn-3a protein is presentat a high level in a sub-

anti-Brn-3a

in the two ganglia;

anti-Brn-3b

antibodies

labeled

fewer than 50% of the neurons;and anti-Brn-3c antibodieslabeled only occasionalcells (Fig. 13). At present,the functional
identities of theseneuronal populationsare not known. Consistent with theseobservations,Brn-3a/3.0 mRNA hasbeen shown
by RNAse protection to be about lo-fold more abundantthan
Brn-3b/3.2 mRNA in the P30 mousetrigeminal ganglion(Turner
et al., 1994), and in situ hybridization with a Brn-3a-specific
probe producesa more uniform signal than does a Brn-3c-specific probe in embryonic rat dorsal root ganglia (Ninkina et al.,
1993). In the adult mousespinalcord, both anti-Brn-3a antibodies and anti-Brn-3b antibodiesweakly labeled a small number
of neurons in the dorsal horn; labeling was not detected with
anti-Brn-3c antibodies(data not shown). As reported earlier for
anti-Brn-3b antibodies(Xiang et al., 1993),both anti-Brn-3a and
anti-Brn-3c antibodiesfailed to stain a variety of non-neuraltissuesincluding liver, kidney, heart, and skeletalmuscle(data not
shown).This observationis consistentwith a previous RNA slot
blot analysisin which a Brn-3b POU-domain probe that crosshybridizes to each of the Brn-3 sequencesfailed to hybridize to
RNAs from a variety of non-neuraltissues(Xiang et al., 1993).
A complete set of coronal sections from an adult mouse brain
were immunostainedwith the anti-Brn-3c antibody to investigate
its expressionin the brain. While no labeling was observed in
the cerebral cortex, pons, medulla, or cerebellum,a small number of anti-Brn-3c immunoreactivecells were found in the midbrain (Fig. 14). A population of weakly labeled and sparsely
distributed cells were seenin the deep layers of the superior
colliculus (Fig. 14A). In the adjacent region of the periaqueductal grey, a diffuse group of cells were more strongly stained
(Fig. 14A,C). Anti-Brn-3c antibodies also labeled a group of
cells in a wedge-like cluster in the recessof the inferior colliculus (Fig. 14B,D). The distribution of cells in the superior colliculus and periaqueductalgray that expressBrn-3c is roughly
similar to that reported earlier for Brn-3b, although the latter is
expressedin considerablymore cells and at levels that are more
nearly equal in the two areas(Xiang et al., 1993). Anti-Brn-3c
antibodiesdid not label the interpeduncularnucleusof the midbrain or the area postremaregion in the medulla, the two other
brain regions in which anti-Brn-3b immunolabeling was observed (Xiang et al., 1993; data not shown).
The distribution of Brn-3a protein in the brain could not be
defined with the available antibodies.The anti-Brn3a FP2’ antibody stained a large number of cells in many regions of the
mousebrain and in one region of macaqueoccipital cortex that
was tested. This immunolabelingpattern appearsto represent
adventitiousbinding to anothernuclearantigenbasedon the lack
of such staining with anti-Brn3a FPl antibodies (data not
shown). Although the anti-Brn-3a FPl antibody labels retinal
ganglion cells and trigeminal and dorsal root ganglion neurons
in a pattern consistent with that obtained using the anti-Brn-3a
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Figure
II. Immunolabeling of P-type
ganglion cells by anti-Brn-3b and antiBrn-3a antibodies in the macaque retina. A, Site of injection of Texas redconjugated dextran in layer 6 of the
LGN. LGN layers 3-6 are numbered.
B-E, Backfilled retinal flat-mounts
were immunostained with anti-Brn3a
(8 C) or anti-Brn-3b (D, E). Arrows
indicate backfilled cells that are strongly immunostained. The arrowhead indicates a cell that is very weakly immunostained with anti-Brn-3b antibodB-E,
ies. Magnification: A, 120X;
1000x.
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Figure
12. Colocahzation of SMI-32 and anti-Brn-3a or anti-Brn-3b immunoreactivity in the macaque retina. Macaque flat-mount retinae were
double immunostained with monoclonal antibody SMI-32 and anti-Brn-3a (A, B) or anti-Brn-3b (C, D). SMI-32 immunostaining was visualized
with a fluorescein conjugated second antibody (B, D); Brn-3a and Brn-3b immunostaining was visualized with the ABC-peroxidase method (A, C).
Arrows
point to SMI-32 labeled cells. Magnification, 400X.

FP2’ antibody (data not shown), the high degree of amino acid
sequence homology between Brn-3a, Brn-3b, and Brn-3c in the
FPl region and the observation that the anti-Brn3a FPl antibodies weakly cross-react with Rrn-3b FPl and Brn-3c FPl fusion proteins suggests that they may bind to some degree to all
of the Brn-3 proteins in immunohistochemical
experiments.
With respect to the pattern of staining observed in the retina and
dorsal root and trigeminal
ganglia with anti-Brn-3a
FP2’, we
cannot rule out the possibility that some of this staining represents cross-reaction
with the ubiquitous
brain-specific
nuclear
antigen described above. However, this possibility appears unlikely in light of the observations that anti-Brn3a FPl and antiBrn3a FP2’ give similar patterns of staining in these tissues and
that the cross-reacting antigen appears to be confined to the brain
proper, being absent from the spinal cord, and the inner and
outer nuclear layers of the retina. We note that transcripts from
the mouse Brn-3a/3.0 gene have recently been localized by in

situ hybridization
to the medial habenula, superior colliculus,
nucleus, and inferior olivary nucleus (Turner et al., 1994).

red

In vitro DNA binding specijcity of Brn-3 proteins
As a first step in identifying target genes that are regulated by
Brn-3 family members, experiments were performed to identify
in vitro the optimal DNA binding site for the Brn-3 proteins.
Using a gel mobility shift assay and a starting pool of DNA
oligonucleotides
containing random sequences at 15 central positions, DNA binding sites were selected in vitro using the POU
domain of Brn-3b fused to glutathione-s-transferase
(GST). Following several rounds of enrichment and PCR amplification, the
selected DNA segments were cloned, sequenced, and individually tested for their ability to bind the GST-Brn-3b
POU domain
fusion protein. Thirty-one of 33 cloned segments, representing
30 different DNA sequences, were found to bind the Brn-3b
POU domain (Fig. 15A,C) and were used to derive the consen-
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Figure 14. Anti-Bm-3c immunoreactivity in the mouse brain. A, The superior colliculus and adjacent pertaqueductal pray. B. The mfenor coll~ulus.
The aqueduct is at the bottom of A and B and the dorsal surface of the midbrain is visible at the top of B. C and D. Higher magnificatton lieas
of the boxed at-ens in A and B. Magnification: A and B, 100X; C and D, 400X.

susDNA binding site (A/G)CTCATTAA(T/C) (Fig. 15B). Each
of the 31 segmentscontainsthis consensusor a closederivative
of it. The two cloned segmentsthat were not bound by the Bm3b POU domain do not have the selectedconsensussequence,
although one of the two (segment4) has a closely related sequence(Fig. 15A).
To determinewhich regionsof the selectedBm-3 consensus
sequencewere required for Bm-3 binding, we synthesizeda
double strandedDNA segmentcontaining the selectedconsensus sequence(Con) together with a seriesof derivatives contaming base substitutionsin or around the consensusregion
(Ml-M6;
Fig. 16A). These DNA segments, and two other segmentsof identical length containing either a consensusoctamer
site (ATGCAAAT, Ott), or an Uric-86 binding site [CAT(N),TAAT; M7; Xue et al., 19921were testedfor binding by GSTPOU domainfusion proteinsderived from Bm-3a, Bm-3b, Bm3c, and Ott-1 (Fig. 16B-E). As expected from the high degree
of sequenceidentity among the Brn-3 proteins in the POU domain (Fig. 2A), the three Bm-3 POU domainsexhibit very sim-

ilar DNA binding properties (Fig. 16A-D). Each of the three
Bm-3 POU domainsbind to the selectedBrn-3 consensussequencewith high specificity, and in eachcasemutating pairs of
nucleotides within the core sequenceCTCATTAA (M2-M5)
dramatically reducesDNA binding. Consistentwith the loose
preferencefor purine at the 5’ end and pyrimidine at the 3’ end
of the selectedsequences(Fig. 15B), mutations in the flanking
regions (Ml and M6) result in only marginally reduced DNA
binding by all of the Brn-3 POU domains.Unlike many other
POU domains,the Bm-3 POU domainsdo not bind tightly to
the canonical octamer site, and thus display a rather restricted
specificity for their DNA binding sites. By contrast, the Ott-1
POU domain has a much broader DNA binding specificity: it
binds not only to the consensusoctamer with high affinity, but
also to the selectedBm-3 consensusand the Uric-86 site with
intermediateaffinities (Fig. 16A,E).
The CAT(N),TAAT site contained in DNA segmentM7 has
been shown to be a binding site in V~IYJand in \,itro for the C.
elegans POU-domainprotein Uric-86 (Xue et al.. 1992). In I~WO
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Figure 1.5. Selection of DNA binding sites by the Brn-3b POU domain. A, Alignment of the sequences of DNA segments selected by gel mobility
shift with the GST-Brn-3b POU-domain fusion protein. The (+) or (-) signs indicate, respectively, the capability or incapability of the cloned
segment to bind to the GST Brn-3b POU-domain fusion protein as determined by gel mobility shift assay. Sequences derived from the initially
randomized 15-mer core of the oligonucleotide pool are shown as uppercase letters; sequences from the fixed flanking regions are shown as
lowercase letters. The bold letters indicate nucleotides that match those in the selected Brn-3 consensus CTCATTAA. B, Derivation of the consensus
binding site. The number of each of the four nucleotides at 14 positions was counted and compared. The sequences from two cloned segments that
could not bind to the GST-Brn-3b POU-domain fusion protein and the sequences from the fixed flanking regions were excluded from this analysis.
C, Binding of the selected and cloned DNA segments to the GST-Brn-3b POU-domain fusion protein by gel mobility shift assay. The probes were
derived by PCR from each of the cloned segments (1-15 shown in A). F, Free probe; B, bound probe.

binding and tissueculture transactivationexperimentsshow that
the CAT(N),TAAT sequencealsobindsto the murineBrn-3 proteins (Gerraro et al., 1993; Li et al., 1993; Turner et al., 1994).
Surprisingly, the isolatedBrn-3a and Brn-3c POU domainsbind
M7 poorly and the isolated Brn-3b POU domain binds with a
reduced affinity relative to the selected Brn-3 consensussite
(Fig. 16A-D). (In Fig. 16C the minor shifted band with higher
mobility appearsto result from a protein degradationproduct of
the GST-Brn-3b POU domain fusion protein sinceit hasa lower
apparentmolecular massand the samebinding propertiesasthe
intact fusion.)
To determine whether regions outside of the POU domain
exert someinfluence on the specificity of DNA binding we investigatedthe DNA binding propertiesof full-length Brn-3b protein. Whole cell protein extracts were preparedfrom untransfected humanembryonic kidney cellsor from cells that had been
transiently transfectedwith a Brn-3b expressionconstruct or an
Ott-2 expressionconstruct. Full-length Brn-3b showed strong
binding to the selectedBrn-3 consensussite and no detectable

binding to the octamer consensus(Fig. 17A). By contrast, expressedOtt-2 and endogenous2933 Ott-1 bound well to the
octamer consensusbut poorly or not at all, respectively, to the
selectedBrn-3 consensussite. A comparisonof Figures 16 and
17 reveals that full-length Brn-3b resemblesthe isolatedBrn-3b
POU domain-GST fusion in its relative affinity for the selected
Brn-3 consensusand its derivatives, Ml-M6, but it differs from
the isolatedPOU-domainin binding to M7 with relatively higher
affinity (compareFigs. 16C, 17B). The full-length Ott-1 (produced endogenouslyin 2938 cells) also appearsto have higher
DNA sequencespecificity than does its isolatedPOU domain,
as the former showslittle or no detectablebinding to the Brn-3
consensussite, its derivatives, or the Uric-86 consensus(Fig.
17).
To quantitate the differential affinity of full-length Brn-3 and
the Brn-3 POU domainfor the selectedBrn-3 consensussite and
the Uric-86 binding site, we performed a competition binding
experiment with a radiolabeledBrn-3 consensussite and various
ratios of unlabeledcompetitors(Fig. 18). With the GST-Brn-3b
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Figure
16. Gel mobility shift analysis of the binding of Brn-3 and Ott-I GST-POU-domain fusion proteins to the selected Brn-3 consensus and
to various mutant sites. A, Summary of the relative DNA binding affinity of the Brn-3 and Ott-1 POU-domains for the consensus site (Con), mutant
sites (MI-6), the Uric-86 binding site (M7), and the canonical octamer site (0ct). Nucleotides identical to those in the selected Brn-3 consensus
CTCATTAA are shown in boldface. The CAT and TAAT motifs of M7, and the ATGCAAAT motif of the octamer site are also shown in boldface.
The mutant oligonucleotide positions are underlined.
The sequences shown correspond to one strand of the double-stranded DNA oligonucleotides
used in the mobility shift assays. B-E, Gel mobility shift analysis. 5’-End labeled DNA duplexes containing the indicated sites were incubated with
equal amounts of GST-Bm-3a POWdomain (B), GST-Brn-3b POU-domain (C), GST-Brn-3c POU-domain (D), or GST-Ott-1 POU-domain (E)
fusion proteins, and resolved in native polyacrylamide gels. + or -, Presence or absence of the POU domain protein in the reaction mixture; F,
free probe; B, bound probe.
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DNA binding specificity of full-length Brn-3b. A, Comparison of the binding of Brn-3b and Ott-2 to the selected Brn-3 consensus
site (Con) and the canonical octamer site (Ott). Whole cell protein extracts from 2938 cells (293), and 2933 cells transiently transfected with a
Brn-3b expression construct (Bm-3b) or an Ott-2 expression construct (Ott-2) were utilized for gel mobility shift assay. B, DNA binding affinity
of Brn-3b for the selected Brn-3 consensus site (Con), mutant sites (Ml-6), the Uric-86 binding site (M7), and the octamer site (Ott). Whole cell
protein extracts from 2933 cells transiently transfected with the Brn-3b expression construct were used for gel mobility shift assays. Mobilityshifted complexes with Brn-3b, Ott-1, and Ott-2 are indicated by m-rows. Note that all of the 293 cell extracts contain endogenous Ott-1. F, Free
probe.
Figure

POU domain, addition of excess Brn-3 consensus competitor
(Con) led to a progressive inhibition of binding with nearly complete inhibition at a 1000-fold molar excess (Fig. 18A, left; B).
An analogous binding experiment with the Uric-86 binding site
(M7) as competitor revealed a significantly lower degree of inhibition (Fig. 18A, left; B). When the competition binding experiments were carried out with full length Brn-3b, the selected
Brn-3 consensus site was only marginally more effective as a
competitor than the Uric-86 binding site (Fig. 18A, right; C).
In summary, these experiments demonstrate specific binding
of each Brn-3 POU domain to a novel recognition site, (A/
G)CTCATTAA(T/C).
Experiments with full-length Brn-3b protein expressed in mammalian cells demonstrate similar binding
affinities for this site and the unrelated consensus Uric-86 binding site, CAT(N),TAAT. Whether full-length Brn-3a and Brn-3c
proteins also bind both sites with similar affinities remains to be
determined.

Discussion
The Brn-3 family of POU domain genes
The experiments reported here define the human Brn-3 gene
family. The three membersof this family sharenearly identical
POU domain sequences,and in each casethe POU domain is
located at the extreme carboxy-terminus of the protein. Elsewhere in the protein, the amino acid sequencesalthough still
highly homologousshow greater divergence. In the region ami-

no-terminal to the POU domain the Brn-3a and Brn-3b proteins
are distinguishedby runs of simple sequencesthat most likely
representunstructuredspacerdomains.In the SCIP/Tst-l/Ott-6
POU domain protein similar runs of simple sequencesare dispensablefor transcriptional activation of cotransfectedreporter
constructs (Monuki et al. 1993). The human Brn-3 sequences
reported here and in Xiang et al. (1993) are 98% identical to
their presumptive murine counterparts (Gerrero et al., 1993;
Theil et al., 1993; Turner et al., 1994). That this gene family
exists in similar form and performs similar functions in diverse
vertebrates is suggestedby the observationsof strong hybridization of a humanBrn-3 POU domain probe to human,mouse,
and chicken genomic DNA fragments and of immunolabeling
of ganglion cell subsetsin mouse, cat, rabbit, monkey, and
chicken retinas with each of the Brn-3-specific antibodies.In
view of the direct regulation of growth hormonegenetranscription by Pit-1 (Bodner et al., 1988; Ingraham et al., 1988; Li et
al., 1990) and of immunoglobulin gene transcription by Ott-2
(Clerc et al., 1988; Scheidereit et al., 1988; Corcoran et al.,
1993), it seemsreasonableto supposethat the Brn-3 proteins
are involved in genetic regulatory decisionsthat determinethe
characteristicsof the ganglion cells in which they reside.
Distinctive DNA binding speciJicityof the Brn-3 proteins
The in vitro binding site selectionexperiment reported here reveals a Brn-3 consensussite (CTCATTAA) distinct from both
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Figure 18. Competition analysis of the binding affinity of the selected
Bm-3 consensus site (Con) and the Uric-86 binding site (M7) for fulllength Brn-3b and the GST-Brn-3b POU-domain fusion protein. 5’-End
labeled duplex DNA containing the selected Brn-3 consensus site was
incubated with the GST-Brn-3b POU-domain (B) or with a whole-cell
protein extract from 293s cells transiently transfected with a Brn-3h
expression construct (C) in the presence of the indicated molar excess
of cold Brn-3 consensus site or M7. The radioactivity present in the

the canonical octamer site (TGCAAAT) and the site shown previously to bind Uric-86 and the murine Brn-3 proteins
(CAT(N),TAAT)
(Xue et al., 1992; Gerraro et al., 1993; Li et
al., 1993; Turner et al., 1994). In a competition experiment fulllength recombinant Brn-3b bound to the Uric-86 binding site and
to the selected Brn-3 consensus site with similar affinities. The
numerous differences between the two sites suggest either that
the Bm-3 POU domains are able to contact their DNA targets
with different geometries, as postulated by Li et al. (1993) for
the interaction between Brn-2 and its target in the promotor of
the corticotropin releasing hormone gene, or that they can make
different but specific protein-DNA contacts using a single binding geometry. Unlike most other POU-domain proteins described thus far, the Bm-3 proteins bind poorly to the canonical
octamer site, and conversely Ott-1 and Ott-2 bind poorly to the
selected Brn-3 consensus site. These observations suggest that
the Brn-3 proteins act on target genes in viva that are distinct
from those of previously described POU-domain proteins.
NMR and x-ray diffraction studies have revealed the three
dimensional structure of the Ott-1 POU domain and the manner
in which it contacts DNA (Assa-Munt et al., 1993; Dekker et
al., 1993; Klemm et al., 1994). The POU-specific and POUhomeo domains fold as independent helix-turn-helix units and
contact opposite faces of the DNA. The linker region connecting
the two DNA-binding domains is disordered in the crystal structure, and this observation, together with the protease sensitivity
of the Ott-1 linker and the observed sequence divergence among
linker regions from different POU domains, has led to the suggestion that the linker may be relatively flexible (Klemm et al.,
1994). Alignment of the Bm-3 and Ott-1 POU-domains shows
only one amino acid substitution among the seven residues involved directly in base contacts: threonine45-to-serine in the
POU-specific domain (the numbering system refers to the Ott-1
POU domain; see Figs. 1 and 5 of Klemm et al., 1994). However, five amino acid substitutions occur among the 19 residues
that contact phosphates. These five substitutions could conceivably affect sequence recognition either by distorting the DNA
or by altering the packing of the recognition helices against the
major groove of the DNA.
Alignment of the Brn-3a, Brn-3b, and Brn-3c sequences indicates that 11 of the 15 amino acid substitutions that distinguish
the POU domain sequences of the three Brn-3 proteins from one
another fall within the linker region. The remaining 4 substitutions involve conservative changes and when overlaid on the
Ott-1 structure do not involve residues in direct contact with
DNA. These sequence similarities together with the similar in
vitro DNA-binding specificity of the POU domains of Brn-3a,
Bm-3b, and Brn-3c predict that in the absence of specific heteromeric interactions with other factors these proteins will compete for the same DNA target sequences.
Differences in Brn-3 proteins among subsets of retinal
ganglion cells
The observationsdescribedin this article, namely the identification of molecular differences between ganglion cells, introduce a new approachthe classificationof retinal ganglion cells.
Historically, the classificationof ganglion cells has been based
t
mobility-shiftedbandsis plotted in A:L.& the GST-Brn-3bPOU-domain;right, full-lengthBrn-3b.F, Freeprobe;B, boundprobe.
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upon morphology, physiological response properties, and the
pattern of central projections (Rodieck and Brening, 1983;
Stone, 1983). Although these three approaches to classification
were developed independently, they have become increasingly
integrated in recent years (Wassle and Boycott, 1991). In the
present work we have chosen to study proteins involved in genetic regulation with the idea that these will ultimately provide
some insight into the logic of cell type differences. Because
molecular differences between cell types may be conserved
across species whereas cell number and some aspects of cell
morphology or physiology may not, the molecular genetic approach can reveal homologies that would otherwise not be apparent. This issue is of general interest in comparative neuroscience and is of special interest in the study of ganglion cells
because of the difficulties encountered in comparing potentially
related cells from different species, for example, in the comparison of X-, Y-, and W-cells in the cat and P- and M-cells in the
monkey (Shapley and Perry, 1986; Spillman and Werner, 1990).
Cross-species comparisons are also useful in integrating human
psychophysics with physiological and anatomical studies in nonhuman animals.
Immunolocalization of each of the Brn-3 proteins in a variety
of mammalian retinas has revealed several broad similarities in
the distribution of these proteins. First, immunoreactivity was
found predominantly within nuclei, as might be expected for
transcription factors. Second, in all species tested thus far-including chicken, mouse, rabbit, cat, and macaque-nearly
all
immunostained nuclei were found in the ganglion cell layer. The
rare exceptions are located at the inner edge of the inner nuclear
layer and are presumed to be the nuclei of displaced ganglion
cells. Third, the staining intensity among labeled nuclei was consistently observed to be heterogeneous, with the ratio of strongly
to weakly stained nuclei varying in a reproducible fashion between species. And fourth, in those cases where independent
methods were used to distinguish ganglion and amacrine cellsAB5 immunolabeling of ganglion cells in rabbit and cat retinae
and retrograde labeling from the LGN in the macaque-Brn-3
immunoreactivity was found in the ganglion cells. Because AB5
immunolabels all ganglion cells in cat and rabbit retinae, we
have been able to show in those species that each of the three
Brn-3 proteins is found exclusively in ganglion cells. In the macaque, immunolabeling by anti-Brn-3a and anti-Brn-3b antibodies of all or nearly all ganglion cells retrogradely filled from the
LGN, together with the decline in the relative density of immunolabeled nuclei with increasing eccentricity, strongly suggests that in primates all of the Brn-3a- and Brn-3b-containing
cells are also ganglion cells.
As described below, the pattern of Brn3a, Brn3b, and Brn3c immunolabeling of retinal ganglion cells in different species
reveals a series of overlapping subsets of immunoreactive cells.
In cat and macaque retinae, where ganglion cell types have been
most thoroughly studied, we have performed a series of immunolabeling experiments aimed at identifying the ganglion cell
types that express each of the Brn-3 proteins. We consider first
the ganglion cells that express Brn-3a and Brn-3b. In all species
tested Brn-3a and Brn-3b expressing cells were abundant. In the
cat both anti-Brn-3a and anti-Brn-3b antibodies stain all or nearly all ganglion cells, although 01 and l3 cells stain less strongly
than y cells with anti-Brn-3a antibodies. The pattern of anti-Brn3a immunostaining in the macaque retina resembles that in the
cat, except that in the former only a minority of small ganglion
cells stain strongly. This similarity suggests that there may be a
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functional correspondence between the subsets of cells in the cat
and in the macaque that are strongly stained by anti-Brn-3a antibodies. The lower frequency of these cells in the macaque retina compared to their frequency in cats could be explained entirely or in part by the observation that the primate retina has
approximately 10 times as many retinal ganglion cells as the cat
retina due to a great expansion of the retino-geniculo-cortical
pathway in general and its parvocellular division in particular
(Spillman and Werner, 1990).
The pattern of Brn-3b immunostaining in the macaque provides evidence for molecular differences between P and M ganglion cells. In both retrograde labeling and double immunolabeling experiments with mAb SMI-32, large cells (i.e., M cells)
were weakly stained and the vast majority of small cells (i.e., P
cells) were strongly stained. Whether the set of small cells that
stain strongly with anti-Brn-3b antibodies includes completely,
partially, or not at all the set of small cells that stain strongly
by anti-Brn-3a antibodies remains to be determined.
In cat and mouse retinae, the cells expressing Brn-3c are most
obviously distinguished from those expressing Brn-3a or Brn3b by their relatively lower frequency. In the macaque retina the
weak immunostaining with the anti-Brn-3c antibody precludes
at present any definitive statement regarding the abundance and
distribution of cells expressing Brn-3c. In cat and mouse retinae,
the cells expressing Brn-3c were shown to constitute a subset
of those expressing Brn-3a and Brn-3b, and in the cat morphometric analysis identified these as y cells. Unlike the CKand l3
cells, the y class of ganglion cells has long been known to be
physiologically heterogeneous, despite their being placed within
a single group in the X/Y/W classification scheme (Spillman and
Werner, 1990). The y class has been found to include many cells
that project to the superior colliculus (Wassle and Illing, 1980).
As noted above, an intriguing aspect of the Brn-3 immunolabeling patterns is the characteristic and reproducible heterogeneity in nuclear labeling intensity. Heterogeneity in nuclear
immunostaining intensity in both mouse and macaque retinal
ganglion cells has also been observed with antibodies to a fourth
and highly divergent POU domain protein that we have recently
identified (H. Zhou and J. Nathans, unpublished data), and in
the inner nuclear layer, there is a gradient of immunostaining for
the homeodomain protein, ChxlO (Liu et al., 1994). This heterogeneity in levels of transcription factors suggests that stable
differentiated states may be determined not only by the presence
or absence of different transcription factors, but by the maintenance of these factors at particular intermediate levels. A graded
mechanism of this general type has been shown to mediate anterior-posterior fate determination in the Drosophila embryo, in
which caseconcentrationgradientsof a small set of maternally
derived regulatory proteins determinethe level of expressionof
a larger set of target genesat different positionsin the embryo
(St. Johnstonand Nusslein-Volhard,1992).
Shared transcription
neurons

factors

in visual and somatosensory

The Brn-3 genesshow a pattern of expressionwithin the adult
mouseCNS that is highly restricted. Immunostainingand/or in
situ hybridization localizes their expressionto subsetsof midbrain structures,retinal ganglion cells, subsetsof cells in the
dorsal root and trigeminal ganglia, and occasionalcells within
the dorsal spinalcord (this work; Lillycrop et al., 1992; Gerrero
et al., 1993; Ninkina et al., 1993; Xiang et al., 1993; Turner et
al., 1994). The prominent expressionof all three Brn-3 genesin
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both the somatosensory and visual systems is intriguing in light
of the fact that both systems divide a complex sensory input into
parallel streams (Barlow and Mollon, 1983). The data presented
here suggest an homology in the development of these two sensory systems based upon a partial overlap of transcriptional regulators.
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