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TOAD-64, a Gene Expressed Early in Neuronal Differentiation in the 
Rat, Is Related to uric-33, a Cm elegans Gene Involved in Axon 
Outgrowth 

Jane E. Minturn, Hugh J. L. Fryer, Daniel H. Geschwind,” and Susan Hockfield 

Section of Neurobiology, Yale University School of Medicine, New Haven, Connecticut 06510 

Using two-dimensional gel electrophoresis we previously 
identified membrane-associated proteins that are upregu- 
lated over the course of neurogenesis. One of these, 
TOAD-64 (Turned On After Division, 64 kDa), is expressed 
immediately after neuronal birth and is dramatically down- 
regulated in the adult. The gene encoding TOAD-64 has 
now been cloned, and its sequence shows homology to the 
uric-33 gene from C. elegans, mutations in which lead to 
aberrations in axon outgrowth. Northern and in situ hybrid- 
ization show that TOAD-64 mRNA is enriched in the ner- 
vous system and is developmentally regulated in parallel 
with the protein. The expression of the TOAD-64 protein 
and gene coincident with initial neuronal differentiation and 
the downregulation when the majority of axon growth is 
complete suggests a role in axon elaboration. Three addi- 
tional lines of evidence support this possibility: TOAD-64 
is upregulated following neuronal induction of P19 and 
PC12 cells; the protein is found in lamellipodia and filo- 
podia of growth cones; and axotomy of the sciatic nerve 
induces reexpression. While the sequence of TOAD-64 
lacks a signal sequence and therefore is likely to encode 
a cytoplasmic protein, biochemical experiments demon- 
strate that the protein is tightly, but noncovalently, asso- 
ciated with membranes. The data presented here suggest 
that TOAD-64 could be a central element in the machinery 
underlying axonal outgrowth and pathfinding, perhaps 
playing a role in the signal transduction processes that 
permit growing axons to choose correct routes and targets. 

[Key words: growth cone, axonogenesis, membrane pro- 
fein, axon outgrowth, regeneration, uric-33, differentiation, 
axon, development] 

As the brain develops, a population of mitotically active pro- 
genitor cells gives rise to postmitotic cells that assume the prop- 
erties of neurons or glia. Postmitotic neurons elaborate processes 
that are involved in the migration of neurons to their adult po- 
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sitions as well as the elaboration of axonal and dendritic arbors. 
To identify proteins that participate in early functions of devel- 
oping neurons, we previously used two-dimensional gel electro- 
phoresis to compare membrane associated proteins expressed by 
progenitor cells to those expressed by postmitotic neurons 
(Geschwind and Hockfield, 1989). We compared membrane 
preparations from the rat neocortex at embryonic day 14 (E14), 
when the neocortex contains largely progenitor cells, to mem- 
brane preparations from the cortex at E2 1, when the neocortex 
contains the mature complement of neurons. Ten proteins that 
are upregulated greater than threefold between El4 and E20 
were identified. One of these, TOAD-64 (Turned On After Di- 
vision, 64 kDa, initially labeled protein 310) was selected for 
further study. By two-dimensional gel analysis, TOAD-64 was 
upregulated sevenfold between El4 and E21, appeared to be 
enriched in brain, and represented approximately 0.1% of total 
protein at E21. 

Antisera raised to synthetic peptides based on amino acid se- 
quence of TOAD-64 permitted a more detailed analysis of the 
regulation and distribution of TOAD-64 (Minturn et al., 1995). 
As predicted from the original design of the two-dimensional 
gel study, TOAD-64 is expressed by neurons and not by pro- 
genitor cells. It is among the earliest known proteins expressed 
by postmitotic neurons. The protein is dramatically downregu- 
lated during the second postnatal week to an almost undetectable 
level in the adult. The neural specificity and timing of expression 
suggested that TOAD-64 might play a role in axonogenesis or 
neuronal migration. 

Here we report the full length sequence of a cDNA encoding 
TOAD-64 and show the pattern of expression of its mRNA, in 
situ and in two cell lines. TOAD-64 is homologous to the C. 
elegans uric-33 gene, mutations in which lead to aberrant pat- 
terns of axon outgrowth (Hedgecock et al., 1985; Li et al., 1992). 
Consistent with a role in axon outgrowth in the mammalian ner- 
vous system, the TOAD-64 gene is expressed early in neuronal 
differentiation and is downregulated in the adult. It is reexpres- 
sed in the adult during sciatic nerve regeneration. These data, 
together with the regulation of expression in parallel with the 
neuritogenesis in PC12 and P19 cells, and the localization of the 
TOAD-64 protein to growth cones, indicate that TOAD-64 may 
be a component of the intracellular machinery by which growing 
neurons elaborate axons. 

Materials and Methods 
PCR ampZiJcation. Degenerate DNA oligomer primers were designed 
based on peptide sequences obtained from microsequencing of purified 
TOAD-64 protein. The only primer combination that resulted in a single 
major PCR product was 5’-GA(C/T)(C/T)TIGT(G/T/C)AT(AIC/T)TG 
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GGA(Cm)CC-3’ (72-fold degenerate, 5’ primer) and 5’-GTC(G/A)AAI- 
ACIGG(A/C/G/TlC C(G/AjTC(G/AITA-3’ (32-fold degenerate. 3’ mim- 
er). First strand ;DNA, prepared using pol;A RNA i&ated fiom’post- 
natal day 5 (P5) rat cortex and random primers, was used as a template 
for PCl?. The PCR conditions were as-follows: 94”C, 1 min; 49’C, 2 
min: 72°C. 2 min: for 35 cvcles. PCR oroducts were analvzed bv aga- 
rose’ gel eiectrophoresis, aid a major band [280 base piir (bpj] was 
isolated and cloned into the TA cloning vector pCRI1 (Invitrogen). The 
insert was sequenced using the vector Ml3 and T7 primer sites. 

Isolation of cDNA clones. An embryonic day 18 (E18) rat brain li- 
brary (generously provided by J. Boulter, The Salk Institute) in the 
vector lambda ZAP was plated on E. coli (strain BB4) at a density of 
40,000 phage per 150 mm plate, and 400,000 clones screened according 
to standard techniques (Sambrook et al., 1989). Briefly, nitrocellulose 
filters were prehybridized at 65°C for 4-5 hr in 6X SSC (1X = 0.15 
M sodium cfiloride, 0.015 M sodium citrate), 0.1% SDS, 1 X Denhardt’s 
(0.02% Ficoll, 0.02% BSA, 0.02% polyvinylpyrrolidone), and 100 pg/ 
ml salmon sperm DNA. Hybridization was carried out in the same so- 
lution with the addition of 5 X lo5 cpm/ml of radiolabeled probe at 
65°C for 20 hr. Filters were washed once in 2X SSC, 0.1% SbS, and 
twice in 0.2X SSC. 0.1% SDS. at 65°C for 20 min. For the initial 
screening, filters were probed with the 280 bp PCR product radiolabeled 
([3zP]-dCTp, Amersham) by random priming (Feinberg and Vogelstein, 
1983) (NEBlot Kit, New England Biolabs, Inc.). To obtain the 5’ end 
of the gene. an additional 200.000 clones were screened with a 230 bn 
region ‘unpiified from the 5 ‘-most end of the initial clones. 

z 

DNA sequencing and analysis. DNA sequence was obtained by the 
dideoxy chain termination method using the Sequenase kit (Sanger et 
al.. 1977) (United States Biochemical Core.). Bluescrint SK!T7 mimers 

I  ~ I  ,  L 
or cDNA specific 20-mers were used. Sequence was v&ified from over- 
lapping clones or by sequencing both strands of DNA. Sequence com- 
pressions were resolved using dITP nucleotides and terminal deoxynu- 
cleotidyl transferase in the sequence reaction mix. Sequence alignments 
and analyses were performed using the University of Wisconsin Ge- 
netics Computer Group (GCG) software. 

Northern analysis. Total RNA (25 pg) was denatured in 2.2 M form- 
aldehyde, 50% formamide, 1 X MOPS (3-(N-morpholino) propanesul- 
fonic acid) buffer at 65°C for 15 min. The RNA was electrophoresed 
on a 1.0% agarose-formaldehyde gel with 1X MOPS buffer at 50 V 
with buffer recirculation, and blotted to Zetaprobe (BioRad). Blots were 
prehybridized at 65°C for 30 min in 7% SDS, 1% BSA, 0.5 M phosphate 
buffer (pH 6.8) (PB), and 1 mu EDTA. Hybridization was carried out 
overnight in the same buffer containing l-5 X lo6 cpm/ml [32P]dCTP- 
labeled cDNA. Blots were washed twice in 5% SDS. 0.5% BSA. 40 
mu PB, 1 mu EDTA, and once in 1% SDS, 40 mu PB, 1 mu EDTA 
at 65°C for 20 min (Church and Gilbert, 1984) and exposed to film 
(Hyperfilm, Amersham) at -70°C. The ubiquitously expressed, non- 
developmentally regulated gene cyclophilin (Lenoir et al., 1986; Dan- 
ielson, 1988) was used to determine equal loading of lanes. 

In situ hybridization. In situ hybridization was carried out as de- 
scribed by Jaworski et al. (1994). Briefly, 12-14 pm thick fresh-frozen 
secqions were thaw mounted onto gelatin-coated slides and postfixed in 
0.1 M phosphate-buffered 4% paraformaldehyde. Sections were probed 
with [?S]CTP (New England Nuclear)-labeled antisense or sense cRNA 
transcribed in vitro from a 280 bp PCR product inserted into the vector 
pCRI1 (Invitrogen). Following hybridization and washing, initial local- 
ization of probe was determined by exposing the slides to film (Hyper- 
film, Amersham) for 48 hr. Autoradiograms were used as negatives for 
prints. For higher resolution, the slides were exposed to Kodak NTB-2 
liquid emulsion, developed after 2-5 d, and counterstained with cresyl 
violet. An antisense probe for the gene for the middle subunit of neu- 
rofilament (NF) (Martin et al., 1992) was used as a positive control. 

Immunohistochemistty. Sprague-Dawley rats (Charles River Labo- 
ratory) ages El7 to adult were perfused transcardially with 0.1 M so- 

dium phosphate (pH 7.4) (PB), then 4% pamformaldehyde (PFA) in 
PB. Whole brains-or spinal cords were dissected out and postfixed in 
4% PFA for 24 hr at 4°C. then eauilibrated in 30% sucrose in PB. 
Coronal sections of El7 b&n were-cut at 30 pm, and transverse sec- 
tions of adult spinal cord cut at 50 pm on a cryostat and collected as 
free-floating sections in PB for immunohistochemistry. Tissue sections 
were incubated in rabbit anti-TOAD-64 (1:2000) (Mintum et al., 1995) 
at room temperature over night. The secondary antibody was HRP- 
conjugated goat anti-rabbit IgG (1:200, Capped). HRP was localized 
using a 0.7 mg/ml solution of 3,3’-diaminobenzidine tetrahydrochloride 
(DAB) with 0.003% H,O, in PB. Sections were dehydrated in graded 

ethanols, equilibrated in xylenes, and coverslipped with Permount (Fish- 
er Scientific). Sections retrogradely labeled with Fast blue were mount- 
ed in Aqua-Poly Mount (Polysciences, Inc.). 

Cell culture. Culture and induction of P19 cells was as previously 
described (McBurney et al., 1988). P19 cells (ATCC) were maintained 
in alpha modified MEM supplemented with 2.5% FCS and 7.5% new- 
born calf serum in 100 mm tissue culture plates. Cells adhering to the 
plates were treated with 0.05% trypsin/O.5 mM EDTA in Dulbecco’s 
phosphate-buffered saline (DPBS; GIBCO/BRL) without Caz+ or Mgz+, 
triturated with a flame constricted pipette in complete medium, and 
plated into bacteriological culture dishes at a density of 1 X 10s cell/ 
ml. For neural induction the culture medium was supplemented with 1 
JLM all trans-retinoic acid (day 0). Four days after induction the floating 
clumps of cells were treated with trypsin, dispersed by trituration, and 
plated onto culture dishes at a density of 5 X lo4 cells/cm2 in medium 
lacking inducer. Cells were collected and RNA prepared (as described 
above) at 2, 4, 6, 8, and 11 d following induction or at 4 and 8 d 
without induction. 

PC12 cells were plated on polyornithine/laminin treated 100 mm tis- 
sue culture dishes at a density of 75 cells/mm* in Dulbecco’s Modified 
Eagle’s Medium (DMEM; GIBCO/BRL)/lO% FCS. menty-four hours 
after plating the medium was replaced with medium containing 100 ng/ 
ml NGE Cells were harvested for either RNA or protein before NGF 
induction and at 1, 3, 5, and 7 d following induction. 

Primary neuronal cultures were made of rat sensory ganglia. Dorsal 
root ganglia (DRG) dissected from El6 Sprague-Dawley rat embryos 
in DPBS, were collected in DMEM. Following washes in Cah#g-free 
DPBS, ganglia were treated with 0.05% trypsin in Ca/Mg-free DPBS 
for 30 min at 37°C. After washes in DMEM supplemented with 10% 
fetal calf serum (Hyclone), 2 mu glutamine and penicillin-streptomycin, 
cells were dissociated by trituration using a fire-polished Pasteur pipette. 
Cells were plated onto flame sterilized, polyomithineflaminin (Sigma) 
coated, round cover glasses, at a density of 90 cells/mm* in me&u4 
SuDDlemented with 50 &ml 2.5s NGF (Collaborative Research). After 
26 hr at 37°C and 5% eOz, 4% phosphate-buffered paraformaliehydel 
0.2% glutaraldehyde was added to the cultures in a volume equal to 
that of the culture medium. After 10 min the cells were washed exten- 
sively with 0.1 M phosphate buffer. Cultures were incubated for 2 hr 
with DMEM supplemented with 5% fetal calf medium, 0.1% glycine, 
0.1% lysine, and 0.2% Triton X-100. 

Immunohistochemistry was performed as described above, using ei- 
ther rabbit antisera to TOAD-64 or an antibody to class III P-tubulin 
(Lee et al., 1990a,b; Easter et al., 1993; Minturn et al., 1995), gener- 
ously provided by Dr. Anthony Frankfurter, University of Virginia. An- 
tibody binding was visualized with species specific antibodies and DAB 
with 2% NiSO, for HRP in single-labeling studies, or with FITC or 
Texas red for double-labeling studies. 

Sciatic nerve lesion. Adult Sprague-Dawley rats weighing 150-200 
g were anesthetized with 400 mg/kg chloral hydrate, and the right sci- 
atic nerve was exposed at the level of the midshaft femur. The nerve 
was crushed with forceps and injected (proximal to the crush) with 1 
cl.1 of the retrograde tracer Fast blue (1% solution in PB). Survival times 
ranged from 4 hr to 2 weeks after surgery, at which time the animals 
were deeply anesthetized and perfused transcardially with 0.1 M PB 
followed by 4% paraformaldehyde in PB. The spinal cords were re- 
moved at the level of the lumbar enlargement and processed for im- 
munohistochemistry as described above. The motor neurons of the an- 
terior horn of the spinal cord labeled with Fast blue were visualized 
using epifluorescence microscopy with a UV filter. 

Tissue extraction and Western analysis. Tissues from euthanized an- 
imals were dissected and used immediately or stored frozen at -70°C. 
Fresh or frozen tissues were homogenized in a Teflon-glass Potter-El- 
vehjem homogenizer at a concentration of 0.2 gm (wet weight) of tis- 
sue/ml of phosphate-buffered saline (PBS) (50 mM sodium phosphate 
pH 7.4, 150 mu NaCl) containing a cocktail of protease inhibitors (1 
mu EDTA, 1 mu phenylmethylsulfonyl fluoride, 5 mM N-ethylmaleam- 
ide, 5 mu e-amino-n-caproic acid, 5 kg/ml leupeptin, and 1 pg/ml 
peps&tin A). Whole homogenate samples were taken directly from this 
preparation. Supernatant (S) and pellet (P) fractions were prepared from 
the homogenates as follows. The samples were centrifuged at 100,000 
X g for 1 hr and the supernatant (S fraction) was saved. The resulting 
pellet was rehomogenized with PBS and again separated into pellet and 
supernatant fractions by centrifugation. For differential extractions this 
pellet (from the second centrifugation) was homogenized in either 0.1 
M N+CO, pH11, PBS, 2 M NaCl in PBS, 1% Triton X-100 in PBS, 10 
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gaggattgcatctgtctcttatagttttgaaatctcctaatagcaagaccagctaagggattgtacctttttcctacaaatataaatatatatatattttaaaccaagtctttttttccg 120 
gctctctttgctttaaagctgtcctcttgaaattacttccccccgccccccggagagatgtcttatcaggggaagaaaaatattccacgcatcacgagcgatcgtcttctgatcaaaggt 240 

MSYQGKKNIPR 1 T  S R P L L 1 K G (21) 

ggcaagattgtgaatgatgaccagtccttctatgcagacatatacatggaagatgggttgatcaagcaaataggagaaaacctgattgtgccaggaggggtgaagaccatcgaagcccac 360 
GKIVNDDQSFYADIYMEDGLIKQIGENLIVPGGVKTIEAH (61) 

tccagaatggtgatccctggaggaattgacgtgcacactcgcttccagatgccagaccagggaatgacatcagctgatgacttcttccagggaaccaaggcagccctggccggaggaacc 480 
SRMVIPGGIDVHTRFQMPDQGMT SADDFFQGTKAALAGGT (101) 

accatgatcatcgaccatgttgttcctgagcccgggacaagcctattggcagcctttgatcagtggagggagtgggcggacagcaagtcctgctgtgactattcgctgcacgtggacatc 600 
TM I I DHVVP E POT S L LAAF D QWR E WADS KS C C DYS L HVD X (141) 

acggagtggcacaagggcatccaggaggagatggaagctctggtgaaggaccacggggtaaactccttcctcgtgtacatggctttcaaagatcggttccagctgacggattcccagatc 720 
TEWHKGIQEEMEALVK DHGVNSFLVYMAFKDRFQLTDSQI (181) 

tatgaagtactgagcgtgatccgggatattggtgccatagctcaagtccatgcagagaatggtgacatcattgcagaggaacagcagaggatcctggatctgggcatcacaggccccgag 840 
YEVLSVIRDIGAIAQVHAEN GDIIAEEQQRILDLGITGPE (221) 
ggacacgtgctgagccggccagaggaggtcgaggctgaagctgtgaaccggtccatcaccattgccaatcagaccaactgcccgctgtatgtcaccaaggtgatgagcaagagtgctgct 960 
GHVLSRPEEVEAEAVNRSIT IANQTNCPLYVTKVMSKSAA (261) 
gaagtcatcgcccaggcacggaagaagggaactgtggtgtatggtgagcccatcactgccagcctggggactgatggctctcattattggagcaagaactgggccaaggccgctgccttt 1080 
EVIAQARKKGTVVYGEPI TASLGTDGSHYWSKNWAKAAAF (301) 

gtcacctctccacccttgagccccgacccaaccactccagactttctcaactcgttgctgtcctgtggagacctccaggtcactggCagtgcccactgtaCCttcaacactgcccagaag 1200 
VTSPPLSPDPTTPDFLNSLLSCGDLQVTGSAHCTFNTAQK (341) 

gctgtggggaaggataacttcaccttgattccagagggcaccaatggcactgaggagcggatgtctgtcatttgggataaagctgtggtcactgggaagatggacgagaaccagtttgtg 1320 
AVGKDNFTL I PEGTNGTE ERMSVIWDKAVVX.~...BMDENQFV (381) 

gctgtgactagcaccaacgcagccaaagtcttcaatctttacccacggaaaggtcgtatctccgtgggatctgacgcagacctggtgatctgggaccctgacagtgtgaagaccatctct 1440 
AVTS TNAAKVFNLYPRKGR I SVG S DADLVI WDPDSVKT I S....(421) 

gccaagacgcacaacagtgctcttgagtacaacatctttgaaggcatggagtgtcggggctccccactggtggtcatcagccagggcaagattgtcctggaggacggcacgttgcatgtc 1560 
&JTHNSAL EYNI FEGMEC RG S P LVVI S OGK I VL E DG T  LHV (461) 

acggaaggctcaggacgctacattccccggaagcccttccctgactttgtgtacaaacgcatcaaggcaaggagcaggctggctgagctgaggggggtccctcgtggcctgtatgatgga 1680 
T  E G S.....G...B Y I P R K...P....F...P...Z)....b...H...X K R I K A R S R L A E L R G V P R G L YDG (501) 

cccgtatgcgaggtgtctgtgacgcccaagacggtcactccggcctcatcagctaagacatcccctgccaagcagcaggcgccacctgttcggaacctgcaccagtctggtttcagcttg 1800 
PVC E V S VT P K TV T  PA S .%..&...x T  S PA K Q Q A P P V R N L H Q S G F S L (541) 

tctggtgctcagattgacgacaacattccccgccgcaccacccagcgcattgtggcgccccctggtggccgtgccaacatcaccagcctgggctaaagctcctaggcctgcaggccacgt 1920 
S G A Q I D D N I P R R T  .T...Q....f$ I V A P P G G R A N I T  S L G Stop (572) 

ggggatgggggatgggacacctgaggacattctgagacttccttccttccaatttttttttcctttttttgagagagcctgtgatagttgctgtgggcagccagttcctggggcttcctc 2040 
ttgggccccctgcactcggtctcccctggagtttctgaattcgctcacccaagtccctacacagtcatgaacaccacacccaagcccagccacccaccccacactgagctgcatccaaca 2160 
tgcagacatgcgccaccatgcagatcccagcaagggtgcccttatcacatccttggctgtgcagtcagcaccttcctgtcacggggaagatttagtgaattaccctgagctgccttcttt 2280 
tcttttgaaaaatttttaaaaatggttttctttgtgggactggggagggatgggggggtgggagttttttttttttaatactaaattgaaagtctgattcaatattaatccttgggtctt 2400 
gaactggacatcctaatgatcaattacttaaccattaagctgattccgaggctggcaggctaccgccgcccctctggaaaggttccatgtgtctgtatcacccatcccttactcttctgg 2520 
tcagctgttgagasgagactggttttttctttggcctagattttgcaacagattagaccttttgaaggttctctaccatttttctgtgtctccggtctgttctggctttttcttctgcac 2640 
tcttggagagatttagatgttggtctcctggtttgtgtttcttcgagacaatgtgcttttttccctggctttttgtttgttctcaaagccaggcatctgaatttggcctcagacacagcc 2760 
tgagcggaccctagttttgacccccactccatagttttgtgctagcctggtgtctgtttaagattggtgctagctgattcccgtcactaggaggtggctgagcttgaggcttgccagaca 2880 
cagggatggtcctgattaagtcaccaatatgtcacatgtgggcccagataggtcacttgtggtggaa 2947 

Figure I. cDNA and deduced amino acid sequences of TOAD-64. The coding sequence for TOAD-64 is 1716 bp, which encodes a 572 amino 
acid protein. The deduced protein contains several potential protein kinase C phosphorylation sites and a tyrosine kinase phosphorylation site 
(dotted underlines). The four peptide sequences obtained by microsequence analysis of purified TOAD64 protein are unddined. These sequence 
data are available from the EMBL Nucleotide Database under accession number 246882. 

mM EDTA in PBS or 2 M urea in PBS. The samples were centrifuged 
as above, the supernatants saved, and the pellets washed with the ap- 
propriate buffer. Protease inhibitors were used in all buffers. Protein 
concentrations were determined by the method of Bradford (Bradford, 
1976) using the Bio-Rad dye reagent kit and BSA as a standard. 

Samples to be analyzed by immunoblotting were combined with gel 
loading buffer (20 mu Tris-Cl, pH 6.8, 3% SDS, 10% glycerol, 0.01% 
bromophenol blue) and b-mercaptoethanol (O.OS%), boiled for 5 min 
and electrophoresed by SDS-PAGE minigel (10%) in 50 mivr Tris base, 
0.38 M glycine, 0.2% SDS (Laemmli, 1970). The proteins were electro- 
phoretically transferred to nitrocellulose overnight at 50 mA in 25 mu 
Tris, 0.192 M glycine, and 20% methanol (Towbin et al., 1979). The 
blots were blocked in Blotto (5% nonfat dry milk in TBS) for 2 hr and 
incubated in primary antibody (diluted in Dulbecco’s modified Eagle’s 
medium supplemented with 5% fetal calf serum, 0.2% Tween 20, and 
0.2% sodium azide) over night at room temperature. The blots were 
washed and incubated with alkaline phosphatase conjugated goat anti- 
rabbit IgG or goat anti-mouse IgG (Promega) for 2 hr at room temper- 
ature. Immunoreactive bands were visualized with Nitro blue tetrazo- 
lium and 5-bromo-4-chloro-3-indolyl phosphate (Sigma). 

Densitometry of blots stained with TOAD-64 antibody was used for 
quantification of the relative amounts of TOAD-64 in soluble and pellet 
fractions. Images of immunoblots were captured with a Hitachi CCD 
camera and imported into an Apple Macintosh Quadra 650 computer 
using a Scion LG-3 frame grabbing board. Imported images were an- 

alyzed with NIH Image V1.57 (Wayne Rasband, NIH). Integrated den- 
sities from each band were determined. For each extraction the percent 
of total (Fig. lob) was determined by dividing the density of either the 
S or P bands by the sum of the integrated densities of both bands. 

Results 
Molecular cloning and sequence analysis of TOAD-64 

The TOAD-64 protein is expressed at its highest levels during 
the first postnatal week. To clone the gene encoding the TOAD- 
64 protein, first strand cDNA from postnatal day 5 (P5) rat cor- 
tex was used as a template for PCR amplification. Degenerate 
oligonucleotide primers were based on five peptide sequences 
obtained from microsequencing of purified TOAD-64 protein 
(peptide A: GAPLNSIXQG; peptide B: NHQSVAE, peptide C: 
YDGPVFDLTTTPK, peptide D: IAVGSDSDLVIWDPDAVK, 
peptide E: ALHVDIT). The primers were designed to encode 
only a portion of each peptide, so that a correct PCR product 
would be expected to contain the remainder of the peptide se- 
quence. Of 12 possible primer combinations, one combination 
(representing peptide D and peptide C) amplified a single major 
band of approximately 280 bp, while the others amplified mul- 
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tiple minor bands or generated no PCR product. The major 280 
bp PCR product was cloned into pCRI1 (Invitrogen) and se- 
quenced. The predicted amino acid sequence from the region 
internal to both of the primers matched that of the original pep- 
tide fragments from the TOAD-64 protein. To obtain full length 
sequence, the 280 bp PCR product was used to screen an El8 
rat brain lambda ZAP II cDNA library. A total of 4.0 X lo5 
recombinant plaques were screened, resulting in 15 positive 
clones. The insert size of each of the clones was determined and 
redundant clones were eliminated by constructing a map of each 
clone using PCR with vector- and TOAD-specific primers. To 
obtain the 5’ end of the gene, an additional 200,000 recombi- 
nants were screened with a PCR product comprising the most 
5’ end of the first set of clones. The composite sequence of 
TOAD-64 was obtained from four of these overlapping clones. 
The complete TOAD-64 coding sequence is 1716 bp (Fig. 1). 
The first in-frame methionine is preceded by a translational start 
consensus sequence, as described by Kozak (1984). An in-frame 
termination codon is found 30 bp upstream of the translation 
initiation site. The TOAD-64 gene encodes a 572 amino acid 
long protein. Analysis of the deduced amino acid sequence 
shows no signal sequence or likely transmembrane domain, con- 
sistent with a cytoplasmic location for the protein. The sequence 
also has several (S/T) X (R/K) consensus sites for potential pro- 
tein kinase C phosphorylation, as well as a potential tyrosine 
kinase phosphorylation site, (K) XXX (D) XX (Y), at Tyr-479 
(Pearson and Kemp, 1991), suggesting that TOAD-64 is a phos- 
phoprotein. 

Several converging lines of evidence indicate that the gene 
we have cloned encodes the TOAD-64 protein. First, the isolated 
gene encodes a protein with a predicted molecular mass of 
62,364 daltons and an isoelectric point (PI) of 6.34. These values 
are remarkably similar to the molecular mass (64 kDa) and p1 
(6.4) of TOAD-64 (protein 310) on two-dimensional SDS-PAGE 
(Geschwind and Hocklield, 1989). Second, four of the original 
five peptides obtained by amino acid sequence analysis are rep- 
resented in the cDNA sequence (see Fig. 1). And third, synthetic 
peptides generated from a region of the sequence (residues 381- 
399) that was not obtained in the original amino acid sequence 
analysis was used to immunize rabbits. Antisera to this new 
sequence recognizes TOAD-64 protein immunoprecipitated by 
one of the original antisera to TOAD-64 (data not shown). To- 
gether these data confirm that the isolated gene encodes the 
TOAD-64 protein. 

Sequence similarity analysis using the GenBank and EMBL 
databases at both the nucleic acid and amino acid levels indicate 
that TOAD-64 is a previously unreported gene. The TOAD-64 
gene product is homologous to the uric-33 gene product of C. 
elegans. Over the entire length of the proteins, TOAD-64 and 
uric-33 show 34% identity, and as much as 79% similarity (Fig. 
2~). C. elegans mutants in uric-33 have pronounced abnormal- 
ities in axonal arborizations, presumably due to errors in axonal 
branching and guidance during axonogenesis (Hedgecock et al., 
1985; Li et al., 1992). 

Substantial amino acid homology also exists between TOAD- 
64 and six sequences isolated from a human fetal brain library 
using a random cloning strategy (Adams et al., 1993). Three of 
these map to overlapping stretches of the TOAD-64 gene, two 
map to a region in the 5’ end, and one to a region in the 3’ end 
of the gene. Over very long stretches, there is close to 100% 
identity between the TOAD-64 gene and the human fetal brain 
sequences (Fig. 2b-e). The overlap and degree of similarity be- 
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Figure 2. The predicted amino acid sequence of TOAD-64 is homol- 
ogous to the C. elegans uric-33 gene (A) and to several human fetal 
brain cDNAs (B-E). A, The predicted amino acid sequences for TOAD- 
64 and me-33 (Li et al., 1992) are shown aligned. Solid lines between 
the two sequences represent identical sequence and dots indicate con- 
served substitutions. The two proteins are 34% identical over the entire 
coding region and possess many conserved substitutions. B and C, The 
first 114 coding amino acids of TOAD-64 are nearly identical to human 
sequences TO7524 (EMBL accession number) and T06278. The initi- 
ating methionine is indicated in bold. D and E, The homology between 
TOAD-64 and the human clones continues through the length of the 
protein, and ranges between 7495% identity. The human sequence, 
TO8129, shown in D is also found in sequences TO6728 and TO9404. 
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Figure 3. TOAD-64 mRNA is neural specific and developmentally 
regulated. Total RNA (25 yg) from E17, PO, P5, P14, P21, and adult 
rat cortex (A) and from P21 rat liver, kidney, and spleen (B) were probed 
for TOAD-64 mRNA. A single 4.5 kb transcript is detected in the cortex 
at E17, continues to be expressed during the first postnatal week (P5), 
and subsequently declines during the second postnatal week to a level 
that is nearly undetectable in the adult. B, TOAD-64 mRNA is not 
detected in non-neural tissues. Even after over exposure, no TOAD-64 
mRNA was detected in liver, kidney, or spleen. Both filters were si- 
multaneously hybridized with a probe for the nondevelopmentally reg- 
ulated gene, cyclophilin (cyc), to verify equal RNA loading levels. 

tween these six gene fragments and the TOAD-64 gene suggests 
that all six fragments represent multiple sequences from a single 
gene or a gene family. These human fetal brain sequences have 
not been characterized, but it can be predicted that they represent 
the human homologue(s) of rat TOAD-64. The very high degree 
of conservation between rat and human could suggest that 
TOAD-64 has a highly conserved, essential function. 
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TOAD-64 mRNA is enriched in the nervous system and is 
developmentally regulated 

Two different partial sequences from the TOAD-64 gene, rep- 
resenting bases 530-1215 and 1220-1533, were used to study 
the regulation and distribution of TOAD-64 mRNA. Northern 
analysis shows that a single band at 4.5 kb representing the 
TOAD-64 mRNA is developmentally regulated (Fig. 3a). 
TOAD-64 mRNA is detected in brain at E17. The levels increase 
up to postnatal day 5 (P5), and subsequently decline to an almost 
undetectable level in the adult. No TOAD-64 message is de- 
tectable in the non-neural tissues sampled (Fig. 3b). The pattern 
of regulation of the TOAD-64 mRNA parallels that previously 
described for the TOAD-64 protein (Minturn et al., 1995). 

In situ hybridization confirms both the developmental regu- 
lation and the neural specificity of TOAD-64 mRNA (Fig. 4). 
TOAD-64 mRNA is abundant throughout the neuraxis at E14. 
Hybridization signals are high in both the CNS and PNS. In the 
PNS, sensory and autonomic ganglia express TOAD-64. No hy- 
bridization is detected outside of the nervous system. In the 
CNS, all regions of the brain and spinal cord express TOAD- 
64, although the distribution within each area indicates that not 
all cells within the CNS are TOAD-64 positive (see below). As 
development proceeds, hybridization remains high through the 
first postnatal week, but then declines to an almost undetectable 
level in most areas of the brain by postnatal day 14 (P14). The 
only area of the CNS in which TOAD-64 mRNA is detected in 
adults is the hippocampus. Antibody to TOAD-64 shows that 
the adult dentate gyrus contains a small population positive cells, 
whose position and morphology matches that of the dentate neu- 
rons that are born in adult rats (Bayer, 1982). Antibody staining 
also reveals TOAD-64 protein expression in the primary affer- 
ents to the olfactory bulb in adult animals, axons from neurons 
that continue to be generated in the adult (Graziadei and Monti- 

Figure 4. In situ hybridization confirms the neural specificity of TOAD-64 and demonstrates the broad distribution of TOAD-64 in the developing 
brain. Parasagittal sections from El4 (A), PO (B), P5 (C), P14 (O), and P21 (E) rats were hybridized to a 35S-labeled cRNA probe for rat TOAD- 
64 and the middle subunit of neurofilament (F) as a control. A, At E14, TOAD-64 mRNA is detected throughout the developing brain and spinal 
cord (SC), and in the dorsal root ganglia (arrow) of the peripheral nervous system. B, At PO TOAD-64 hybridization is detected throughout the 
brain, with a particularly high level of signal in the neocortex (c). The hybridization signal in the neocortex is not uniform; labeling is high in the 
developing cortical plate and far lower in the ventricular zone (arrow) (see also Fig. 6). C, At P5, hybridization is still high in the neocortex as is 
labeling in the olfactory bulb (CJ) and pyriform cortex (p). D, At P14, hybridization throughout the brain is reduced. E, By P21, the expression of 
TOAD-64 mRNA is almost undetectable. F, At P21, neurofilament mRNA is abundantly expressed in differentiated neurons throughout the CNS. 
Scale bar, 1 mm. 
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Figure 5. In the developing cortex, TOAD-64 is expressed in the cor- 
tical plate, which contains postmitotic neurons, but not in the mitotic 
cells of the ventricular zone. Parasagittal sections of El7 rat embryos 
were hybridized with TOAD-64 antisense cRNA probe (A and B), and 
stained with cresyl violet (C), or, sections were stained with TOAD-64 
antiserum (D). A, A view of the whole embryo demonstrates the re- 
striction of TOAD-64 mRNA expression to the nervous system. Hy- 
bridization is abundant in the spinal cord (SC), midbrain (m), and neo- 
cortex (c). Signal is also detected in the olfactory epithelium (arrow). 
B, An emulsion-dipped section viewed under dark-field illumination 
shows that in the El7 cortex, hybridization signal is most abundant in 
the cortical plate (cp). The ventricular zone (v), though very cell dense 
(compare with panel C), has a far lower density of silver grains. C, 
Cresyl violet staining shows the relative cell densities of each layer of 
the El7 neocortex. D, Antibody staining of me cortex shows that the 
TOAD-64 protein has a very similar distribution to that of me mRNA. 
Antibody staining is largely restricted to the intermediate zone and the 
developing cortical plate. The ventricular zone is largely unstained, with 
the exception of a few process-bearing cells (arrows) that appear to be 
migrating into the intermediate zone (i). 

Graziadei, 1978). While we have not examined the nasal sinuses 
in adult animals, in embryos TOAD-64 mRNA is present in the 
olfactory epithelium (Fig. 5~). 

In a previous report we showed that the TOAD-64 protein is 
first expressed by neurons shortly after they have completed 
their final mitosis (Minturn et a1.,1995). It was important to de- 
termine if this pattern of protein expression reflected transcrip- 
tional or translational regulation. In situ hybridization shows 
clearly that TOAD-64 mRNA, like TOAD-64 protein, is not 
detected in the ventricular zone of the developing brain. For 
example, in the cortex at E17, the highest level of hybridization 
is seen in the cortical plate (Fig. 5b), with far lower levels of 
hybridization in the ventricular and subventricular zones, similar 
to the distribution of the protein (Fig. 5d). These results indicate 
that the restricted expression of the protein to newly born neu- 
rons is likely to be controlled at the level of gene transcription. 

TOAD-64 is expressed by PI9 and PC12 cells coincident with 
neuronal differentiation 

In the developing brain TOAD-64 is expressed only by cells that 
have undergone a commitment to a neuronal phenotype. To ad- 
dress the possible association of TOAD-64 expression with neu- 
ronal differentiation, we examined the expression of TOAD-64 
in two cell lines that can be induced to assume a neuronal phe- 
notype, the embryonal carcinoma cell line, P19, and the rat 
pheochromocytoma cell line, PC12. 

P19 cells are developmentally pluripotent (Edwards and Mc- 
Burney, 1983). P19 cells exposed to retinoic acid (at greater than 
3 X lo-’ M) develop neural properties: by 6 d after exposure to 
retinoic acid approximately 85% of cells express neuronal mark- 
ers (McBurney et al., 1988; Staines et al., 1994). We examined 
undifferentiated and retinoic acid differentiated P19 cells by 
Northern analysis (Fig. 6~). Prior to neural induction, TOAD- 

A P19 
PI: 2 

1 

B PC12 
Pi: 0 

c ’ 

RA C 
4 6 8 11 4 11 

2 3 4 5 6 7 

2 3 4 5 

Figure 6. TOAD-64 is regulated in parallel with neuronal differenti- 
ation of P19 and PC12 cells. A. Total RNA (40 &lane) from retinoic 
acid induced (RA) or control (C) cultures of P19 embryonal carcinoma 
cells were probed for TOAD-64 mRNA expression. TOAD-64 mRNA 
is not detected at 2 d after induction (lane l), but is detected at increas- 
ing levels after 4, 6, 8, and 11 d of retinoic acid treatment (lanes 2-5). 
Control cells at 4 or 11 d in culture do not express TOAD-64 mRNA 
(lanes 6 and 7). B. Total RNA (35 u,giIane) from PC12 oheochromo- 
cytoma cells probed for TOAD-64 mRNA shows that prior to (lane 1) 
or in the days following induction with NGF (PI; lanes 2-5) TOAD- 
64 mRNA is expressed. C, In contrast to the mRNA, Western blots of 
protein from uninduced (lane I) or NGF-induced (lanes 2-5) PC12 cells 
show that prior to (lane I) or 1 d after (lane 2) NGF induction, little 
TOAD-64 protein is detected. Three days following NGF-induction 
(lane 3) TOAD-64 protein is detected on Western blots and increases 
gradually thereafter (lanes 4 and 5). 

64 mRNA is not expressed, but exposure to retinoic acid induces 
the expression of TOAD-64 mRNA. 

PC12 cells are an adrenal chromaffin-derived tumor cell line 
(Tischler, 1975; Greene and Tischler, 1976) that, when grown 
in the absence of nerve growth factor (NGF), proliferate and do 
not assume neuronal properties. When NGF is added to the cul- 
ture medium, PC12 cells differentiate into cells with neuronal 
properties, including the cessation of mitotic activity, neurite ex- 
tension, and the expression of genes associated with mature neu- 
rons (Tischler, 1975; Stein et al., 1988; Vetter and Betz, 1989; 
Sano et al., 1990). TOAD-64 expression was assayed in unin- 
duced and NGF-induced PC12 cells. In contrast to P19 cells, 
PC12 cells, in the absence of any induction by NGF, express 
TOAD-64 mRNA (Fig. 6b). Furthermore, there is no apparent 
upregulation of mRNA following NGF induction. The disparity 
between the behavior of TOAD-64 mRNA in these two cell 
types prompted us to examine the expression of TOAD-64 pro- 
tein in PC12 cells (Fig. 6~). In the absence of NGF, little TOAD- 
64 protein is detected. After NGF addition, the amount of 
TOAD-64 increases at 24 hr and continues to increase up to 5 
d. These results suggest that the TOAD-64 protein is involved 
in the neuronal differentiation of PC12 cells, perhaps in the elab- 
oration of neurites. However, in PC12 cells, in marked contrast 
to both P19 cells and to neurons in vivo, TOAD-64 protein ex- 
pression is not transcriptionally regulated. 
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Figure 7. TOAD-64 is present in the lamellipodia of growth cones in primary neuronal cultures. A, In primary cultures of rat dorsal root ganglion 
neurons, TOAD-64 is present in the cell bodies and processes of neurons. B and C, TOAD-64 immunoreactivity is detected throughout the growth 
cone. The darkest staining for TOAD-64 is seen in the distal part of the neurite, just as the neurite gives rise to the growth cone (asren’sks). TOAD- 
64 immunoreactivity extends into the growth cone itself, with staining present at the leading edge of the lamellipodia (curved arrow in C). Even 
many of the fine filopodia that arise from the growing tip of the neurite contain TOAD-64 protein (arrowheads). D and E, In contrast to the 
distribution of TOAD-64 in the growth cone, immunoreactivity for class III P-tubulin is restricted to the axon and only the most proximal portion 
of growth cones (asterisks). Class III P-tubulin is not observed either in the distal part of the growth cone (curved arrow in E) or in the filopodia 
(arrowheads in D). Scale in A = 20 pm; scale in B-E = 5 l.rrn. 

TOAD-64 is present in growth cones 

To determine whether TOAD-64 might have a role in the mech- 
anisms by which axons advance toward their targets, we ex- 
amined the distribution of the TOAD-64 protein in neurons in 
primary culture. In cultures of dorsal root ganglion cells or cor- 
tical neurons grown on a polyornithine-laminin substrate, growth 
cones can be easily identified after 20 hr in culture. Immuno- 
histochemical analysis shows that TOAD-64 is expressed in neu- 
ron cell bodies and processes (Fig. 7~). TOAD-64 immunoreac- 
tivity is present along the full length of the axon into the growth 
cone. In the growth cone immunoreactivity is most intense at 
the center of the growth cone, but it also extends through the 
lammellipodia to the edges of the lammellipodial veil (Figs. 
7b,c; 8a,c). Often a region of particularly intense immunoreac- 
tivity for TOAD-64 is observed in the fine filopodial extensions 
from the growth cone. The distribution of TOAD-64 in the 
growth cone is different from the cytoskeletal protein, class III 
P-tubulin (Figs. 7d,e; 8b,d), which does not extend into the la- 
mellipodia or filopodia. 

TOAD-64 is reexpressed following peripheral axotomy 

The possibility that TOAD-64 might play a role in the growth 
of axons led us to examine its expression during axon regener- 
ation in adult animals. Following lesions of the sciatic nerve, 
sciatic motor neurons with cell bodies in the spinal cord can 
regenerate axons toward their target muscles. Expression of the 
TOAD-64 protein by the sciatic motor neurons was studied fol- 
lowing a sciatic nerve crush. In normal adult animals, there is 
no detectable TOAD-64 expression by motor neurons. Follow- 

ing sciatic nerve crush, TOAD-64 protein is expressed in sciatic 
motor neurons (Fig. 9b). The unlesioned, contralateral, motor 
neurons do not express the protein (Fig. 9a). A time course of 
the reexpression of TOAD-64 following nerve injury reveals 
expression of TOAD-64 protein as early as 1 d after nerve crush. 

TOAD-64 is a membrane associated protein 

While the sequence of TOAD-64 does not contain a transmem- 
brane domain, biochemical experiments demonstrate that TOAD- 
64 has a membrane associated form. Two-dimensional gel anal- 
yses showed that TOAD-64 partitions with a soluble fraction, 
which contains cytoplasmic constituents, as well as with a partic- 
ulate fraction, which contains membrane and cytoskeletal ele- 
ments. Western blot analysis of a P12 cortical homogenate using 
antisera to TOAD-64 provides further evidence that TOAD-64 
has both soluble and particulate forms (Fig. lOa). 

To determine the mechanism of association with the pellet 
fraction, further extractions were performed (Fig. 10). Extraction 
of the pellet with PBS or with 2 M NaCl releases only 20% of 
the TOAD-64 from the particulate fraction. TOAD-64 is not 
bound to the insoluble fraction through Ca*+-dependent mech- 
anisms, because extraction of the particulate fraction with EDTA 
also releases only 20% of the protein. In contrast, treatment of 
the particulate fraction with 2 M urea releases 50% of the pro- 
tein, and 90% of the protein is extracted with 1% Triton X-100. 
Efficient extraction with Tiiton makes it unlikely that TOAD-64 
is associated with the particulate fraction by binding to the Triton 
insoluble cytoskeleton. The fact that over 90% of the TOAD-64 
protein can also be extracted with Na,CO, indicates that it is 
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Figure 8. Double labeling shows that TOAD-64 is present in lamel- 
lipodia and filopodia of growth cones. Primary cultures of dorsal root 
ganglion neurons were stained for TOAD-64, visualized with FITC (A 
and C), and for class III B-tubulin, visualized with Texas red (B and 
D). The same field is shown under FITC optics for TOAD-64 in A and 
under Texas red optics for class III B-tubulin in B. Similarly, the same 
field is shown in C and D. A and C, TOAD-64 immunoreactivity is 
detected throughout the neurite and into the growth cone. Intense stain- 
ing for TOAD-64 is seen in the distal part of the neurite, just as the 
neurite gives rise to the growth cone (open arrows). TOAD-64 immu- 
noreactivity extends into the growth cone itself, with staining often 
present at the leading edge of the lamellipodia (curved arrows). Many 
of the fine filopodia that arise from the growing tip of the neurite contain 
TOAD-64 protein (arrowheads). B and D, In contrast to the distribution 
of TOAD-64 in the growth cone, immunoreactivity for class III B-tu- 
bulin is restricted to the neurite and only the most proximal portion of 
growth cones (open arrows). Class III B-tubulin is not observed either 
in the distal part of the growth cone or in the filopodia. Scale = 10 
m. 

either a peripheral membrane protein or trapped within vesicles. 
Both the amino acid sequence deduced from the nucleic acid 
sequence, which does not contain a putative transmembrane do- 
main, and the immunohistochemical localization of the protein 
to the cytoplasm (Minturn et al., 1995), further indicate that 
TOAD-64 is an intracellular protein. Together these data show 
that the particulate form of TOAD-64 is likely to be tightly 

Figure 9. In adult animals, TOAD-64 is reexpressed in spinal cord 
motor neurons following a peripheral axotomy. Five days following 
sciatic nerve crush, TOAD-64 is detected ipsilateral to the lesion (B), 
but not contralateral to the lesion (A). A, If  the sciatic nerve is intact, 
antisera to TOAD-64 does not stain motor neurons in the ventral horn 
of the spinal cord. B, The sciatic motor neurons on the side of the nerve 
crush show staining with TOAD antisera, indicating a reexpression of 
the protein after injury, coincident with axon regeneration. wm = white 
matter; gmX = gray matter; Scale bar, 100 pm. 

associated with a membrane protein, and not itself a transmem- 
brane protein. 

Discussion 

We report here the full length sequence and expression pattern 
of a gene, TOAD-64, that is initially transcribed at the earliest 
stages in neuronal differentiation. Neither the TOAD-64 protein 
nor its mRNA is expressed by mitotically active progenitors in 
the ventricular zone, but both are expressed by postmitotic neu- 
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Figure IO. Extraction conditions for TOAD-64 demonstrate that it is 
membrane associated. A, Homogenates from P12 rat cerebral cortex (H) 
were separated into soluble (8) and pellet (P) fractions by centrifugation 
at 100,000 X IZ for 1 hr. The uellet fraction was rehomogenized in PBS 
and divided into six separate aliquots that were recetkifuged. After 
resuspending the ahquots in either 0.1 M Na$O, pH 11 (CO), PBS 
(PB), PBS+2 M NaCl (NaCl), PBS+10 mM EDTA, PBS+2 M urea, or 
PBS+ 1% Triton X-100, soluble and pellet fractions were once again 
generated. Immunoblots of the protein extracts were then probed with 
the antibodv to TOAD-64. B. The relative amount of TOAD-64 in the 
soluble or pellet fractions was quantified using densitometry. 
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rons. TOAD-64 is one of the few known genes that is turned on 
coincident with the very earliest events in neuronal differentia- 
tion. The regulation of TOAD-64 in parallel with axon elonga- 
tion in several different paradigms, together with its localization 
to lamellipodia and filopodia of growth cones, suggests a role 
for this protein in axonogenesis. 

The TOAD-64 gene encodes a deduced protein with a mo- 
lecular mass of 62,364 and p1 of 6.34, almost identical to the 
estimates for the protein from two-dimensional gels (Geschwind 
and Hockfield, 1989). The TOAD-64 gene shows significant ho- 
mology to the C. elegans uric-33 gene. uric-33 was originally 
isolated in a screen for motorically uncoordinated mutants. Fur- 
ther histological analysis revealed that all neurons in uric-33 mu- 
tants have defective patterns of axon outgrowth (Hedgecock et 
al., 1985; Li et al., 1992). In uric-33 mutants, axons terminate 
prematurely, have abnormal branch points and follow inappro- 
priate routes (Hedgecock et al., 1985; Desai et al., 1988; Sid- 
diqui and Culotti, 1991; Li et al., 1992). Based on axonal mor- 
phology, it was predicted that uric-33 would encode a cytoskel- 
etal protein, such as a microtubule associated protein (Hedge- 
cock et al., 1985), but subsequent sequence analysis revealed 
that, like TOAD-64, uric-33 showed no homology to any protein 
already in the database (Li et al., 1992). The uric-33 product is 
predicted to have several potential phosphorylation sites, con- 
sistent with the fact that the TOAD-64 gene sequence contains 
consensus sites for serine, threonine, and tyrosine phosphoryla- 
tion. In addition, uric-33 lacks a transmembrane region or signal 
peptide, as does TOAD-64. The major difference between unc- 
33 and TOAD-64 is that uric-33 has three transcripts, while we 
have detected only one for TOAD-64. The size of the largest 
predicted uric-33 protein, 90 kDa, is significantly larger than 
TOAD-64; however, the uric-33 protein(s) itself has not been 
isolated or characterized. Nevertheless, the sequence and pre- 
dicted structural similarities between the uric-33 gene product 
and TOAD-64 suggest that they are related, and perhaps ho- 
mologous, proteins from evolutionarily distant species. This pro- 
vides support for the possibility that TOAD-64 may, like unc- 
33, play a critical role in axon outgrowth in rodents. 

Our previous work led to the suggestion that TOAD-64 might 
participate in early neuronal differentiation, such as in cell mi- 
gration or axon outgrowth (Mintum et al., 1995). Antibodies to 
TOAD-64 showed that the protein is first expressed by neurons 
shortly after the final mitosis, at a time when neurons are just 
beginning their migration out of the ventricular zone. TOAD-64 
expression precedes that of several neuronal markers, including 
neurofilament and MAP%. Double labeling with an antibody to 
class III P-tubulin showed that all postmitotic neurons express 
TOAD-64. The in situ hybridization analyses presented here in- 
dicate that the TOAD-64 gene, like the protein, is not expressed 
in the region occupied by progenitor cells, but is first detected 
outside of the ventricular zone. These data on the expression of 
TOAD-64 mRNA demonstrate that the regulation of TOAD-64 
protein in the developing brain is at the level of gene transcrip- 
tion. Unlike most previously described neuronal genes and pro- 
teins, TOAD-64 mRNA is downregulated to an almost unde- 
tectable level in most regions of the adult brain. The decline in 
TOAD-64 expression during the second postnatal week coin- 
cides with the end of the major period of axon growth, sugges- 
tive of a role in neurite extension. 

TOAD-64 expression in cell lines further underscores its reg- 
ulation in parallel with neuronal differentiation and axon out- 
growth. TOAD-64 mRNA is not detected in the embryonal car- 

cinoma cell line, P19, prior to the induction of a neuronal phe- 
notype. Induction of neuronal properties by retinoic acid induces 
the expression of TOAD-64 mRNA. In PC12 cells, neuronal 
differentiation apparently increases the rate of translation or the 
stability of the TOAD-64 mRNA or protein without altering the 
constitutive expression of TOAD-64 mRNA. This kind of pro- 
tein regulation is similar to that observed for other neuronal 
proteins in PC12 cells (Sharma et al., 1993). Although the mech- 
anism of regulation of protein levels is different in P19 and 
PC12 cells, it appears likely in both cases that TOAD-64 protein 
plays a role in the acquisition of a neuronal phenotype, poten- 
tially in mediating neurite outgrowth 

A role in neurite outgrowth is also suggested by the localiza- 
tion of TOAD-64 to the lamellipodia and filopodia at the ad- 
vancing edge of growth cones. Moreover, further evidence sup- 
porting such a role comes from our experiments on axon regen- 
eration. Reexpression during axon regeneration would be pre- 
dicted for a protein required for axon outgrowth or navigation. 
During development, TOAD-64 is expressed at a high level in 
the spinal cord. In the normal adult spinal ventral horn, as in 
most other areas of the adult CNS, there is little detectable 
TOAD-64. Motor neurons with axons in the sciatic nerve reex- 
press TOAD-64 as they regenerate to find targets following a 
sciatic nerve lesion. Protein upregulation during axon regener- 
ation has also been demonstrated for GAP-43 (Skene and Wil- 
lard, 1981), a protein known to be associated with axonal elon- 
gation. Also consistent with a role in axonogenesis is the ex- 
pression of TOAD-64 in areas of the adult brain that hav: the 
capacity for ongoing neurogenesis and axon growth. 

A membrane-associated protein expressed during axonal ex- 
tension and localized at lamellipodia would be optimally situated 
to participate in the signal transduction processes that permit 
growing axons to choose correct routes and targets. The nucleic 
acid sequence of TOAD-64 encodes a protein that lacks a signal 
sequence or a transmembrane domain, dictating that the TOAD- 
64 protein is cytoplasmic. However, extraction experiments 
demonstrate that the protein has both soluble and membrane- 
associated forms. The mechanism by which TOAD-64 associ- 
ates with the membrane fraction is not apparent from the se- 
quence alone. Biochemical experiments show that conditions 
that extract transmembrane proteins and proteins associated with 
them can release TOAD-64 from a crude membrane preparation. 
It is therefore likely that TOAD-64 binds noncovalently with 
high affinity to a membrane protein. A membrane localization 
might be predicted for a protein that participated in the cellular 
machinery by which axons navigate to reach their targets. While 
definitive demonstration of the function of TOAD-64 still lies 
before us, the data presented here and previously (Geschwind 
and Hockfield, 1989; Mintum et al., 1995) suggest that TOAD- 
64 could be a central element in the complex machinery under- 
lying axonal outgrowth and pathfinding. 
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