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Previous studies in the laboratory indicated that glycosyl- 
phosphatidylinositol (GPI)-anchored proteins may generate 
diversity of the cell surface of different neuronal popula- 
tions (Rosen et al., 1992). In this study, we have extended 
these findings and surveyed the expression of GPI-an- 
chored proteins in the developing rat CNS. In addition to 
several well characterized GPI-anchored cell adhesion mol- 
ecules (CAMS), we detected an unidentified broad band of 
65 kDa that is the earliest and most abundantly expressed 
GPI-anchored species in the rat CNS. Purification of this 
protein band revealed that it is comprised of several related 
proteins that define a novel subfamily of immunoglobulin- 
like (lg) CAMS. One of these proteins is the opiate binding- 
cell adhesion molecule (OBCAM). We have isolated a cDNA 
encoding a second member of this family, that we have 
termed neurotrimin, and present evidence for the existence 
of additional family members. Like OBCAM, with which it 
shares extensive sequence identity, neurotrimin contains 
three immunoglobulin-like domains. Both proteins are en- 
coded by distinct genes that may be clustered on the prox- 
imal end of mouse chromosome 9. Characterization of the 
expression of neurotrimin and OBCAM in the developing 
CNS by in situ hybridization reveals that these proteins are 
differentially expressed during development. Neurotrimin 
is expressed at high levels in several developing projection 
systems: in neurons of the thalamus, subplate, and lower 
cortical laminae in the forebrain and in the pontine nucleus, 
cerebellar granule cells, and Purkinje cells in the hindbrain. 
Neurotrimin is also expressed at high levels in the olfactory 
bulb, neural retina, dorsal root ganglia, spinal cord, and in 
a graded distribution in the basal ganglia and hippocam- 
pus. OBCAM has a much more restricted distribution, be- 
ing expressed at high levels principally in the cortical plate 
and hippocampus. These results suggest that these pro- 
teins, together with other members of this family, provide 
diversity to the surfaces of different neuronal populations 
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that could be important in the specification of neuronal 
connectivity. 

[Key words: glycosylphosphatidylinositol (GPI), neurotri- 
min, opiate binding-cell adhesion molecule (OBCAM), in 
situ hybridization, neural cell adhesion molecules, chro- 
mosome mapping] 

A striking feature of the CNS of higher vertebrates is the ex- 
quisite precision with which functionally appropriate neural cir- 
cuits are established during development. Neurons that reside in 
widely separated areas extend processes that must successfully 
navigate distinct cellular environments en route to their synaptic 
targets. The precision observed in the formation of neuronal pro- 
jections is thought to result from mechanisms that regulate 
growth cone pathfinding and target recognition, followed by lat- 
er refinement and remodeling of these projections by events that 
require neuronal activity (Goodman and Shatz, 1993). The abil- 
ity of nerve fibers to make specific pathfinding choices during 
development and to select their appropriate synaptic target, 
therefore, underlies the precise patterns of neuronal connectivity 
observed in the mature nervous system. Emerging evidence in- 
dicates that different neurons extend nerve fibers that are bio- 
chemically distinct and rely on specific guidance cues provided 
by cell-cell, cell-matrix, and chemotropic interactions to reach 
their appropriate synaptic targets (Goodman and Shatz, 1993). 

One of the means by which diversity of the neuronal cell 
surface may be generated is through differential expression of 
cell surface proteins referred to as cell adhesion molecules 
(CAMS). Neuronally expressed CAMS have been implicated in 
diverse developmental processes, including migration of neurons 
along radial glial cells, providing permissive or repulsive sub- 
strates for neurite extension, and in promoting the selective fas- 
ciculation of axons in projectional pathways (reviewed in Jessel, 
1988; Edelman and Crossin, 1991). Interactions between CAMS 
present on the growth cone membrane and molecules on appos- 
ing cell membranes or in the extracellular matrix, are thought to 
provide the specific guidance cues that direct nerve fiber out- 
growth along appropriate projectional pathways. These interac- 
tions are likely to result in the activation of various second mes- 
senger systems within the growth cone that regulate neurite out- 
growth (Doherty and Walsh, 1992). 

In higher vertebrates, most neural CAMS have been found to 
be members of three major structural families of proteins: the 
integrins, the cadherins, and the immunoglobulin gene super- 
family (IgSF) (Jessel, 1988; Takeichi, 1990; Reichardt and To- 
maselli, 1991). Cell adhesion molecules of the IgSF (or Ig- 
CAMS), in particular, constitute a 1al;ge family of proteins fre- 
quently implicated in neural cell interactions and nerve fiber 
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outgrowth during development (Salzer and Colman, 1989; 
Briimmendorf and Rathjen, 1993). In some instances, members 
of the IgSF are believed to function in pathfinding choices. For 
instance, TAG-l is expressed in a region where clearly defined 
pathfinding decisions are being made such as on commissural 
axons of the spinal cord before crossing the midline (Dodd et 
al., 1988). Fasciclin II is critical for the formation of the MPI 
fascicle in both grasshopper and Drosophila (Grenningloh et al., 
1991). However, the majority of mammalian Ig-CAMS appear 
to he too widely expressed to specify navigational pathways or 
synaptic targets suggesting that other CAMS, yet to be identified, 
have a role in these more selective interactions of neurons. 

Of the recently identified neural Ig-CAMS, many have been 
found to be attached to the plasma membrane via a glycosyl- 
phosphatidylinositol (GPI) anchor. Thus, the vertebrate neural 
proteins TAG-l/axonin-1, F3/Fll, Thy-l, and the 120 kDa is- 
oform of NCAM (Tse et al., 1985; He et al., 1986; Gennarini et 
al., 1989; Furley et al., 1990) and the invertebrate proteins fas- 
ciclin I, amalgam, lachesin, and apCAM all exhibit GPI-an- 
chorage (Seeger et al., 1988; Hortsch and Goodman, 1990; May- 
ford et al., 1992: Karlstrom et al., 1993; reviewed in Salzer et 
al., in press). In addition, a number of studies have implicated 
GPI-anchored proteins in providing specific guidance cues dur- 
ing the outgrowth on neurons in specific pathways. In studies of 
the grasshopper nervous system, treatment of embryos with 
phosphatidylinositol-specific phospholipase C (PIPLC), which 
selectively removes GPI-anchored proteins from the surfaces of 
cells, resulted in misdirection and faulty navigation among sub- 
sets of pioneering growth cones, as well as inhibited migratory 
patterns of a subset of early neurons (Chang et al., 1992). The 
projection of retinal fibers to the optic tectum appears to depend, 
in part, on a 33 kDa GPI-anchored protein (Stahl et al., 1990). 
The precise nature of the GPI-anchored proteins involved in the 
directional outgrowth in these latter instances is not yet known. 

In view of their importance in neural cell interactions, we 
recently characterized the expression of GPI-anchored proteins 
by different populations of primary rat neurons in vitro, i.e., 
sensory neurons of the dorsal root ganglion, sympathetic neu- 
rons of the superior cervical ganglion, and cerebellar granule 
neurons (Rosen et al., 1992). In contrast to the similar pattern 
of total membrane protein expression by these different types of 
neurons, striking differences were observed in the expression of 
GPI-anchored proteins between these neurons. The majority of 
these proteins were identified, including F3, NCAM-120, and 
Thy-l. However, a number of the GPI-anchored proteins were 
not identified; in particular, a prominent and broad band of 65- 
70 kDa. In studies reported here, we have found this protein 
band is also abundantly expressed in the CNS and is comprised, 
in part, by a novel neural specific protein with three Ig-like 
domains that we have termed neurotrimin. Sequence analysis 
reveals that neurotrimin is highly homologous to the opiate bind- 
ing-cell adhesion molecule (OBCAM), which was originally iso- 
lated as a potential opiate receptor (Schofield et al., 1989), and 
genomic Southern analysis reveals that these proteins form a 
new multigene family of Ig-like CAMS. Their differential pat- 
terns of expression suggest that they generate diversity at the 
neuronal surface that may be significant in the development of 
specific neural projections. 

Materials and Methods 

Detection of GPI-anchored proteins. W-anchored proteins were iso- 
lated from membrane fractions of different tissues by modifying pre- 

viously described procedures (Rosen et al., 1992). Tissue was homog- 
enized with either a Dounce or Polytron homogenizer in 10 mllmg wet 
wt in calcium-free PBS containing 1 mu EDTA and the protease in- 
hibitors antipain, pepstatin A, and leupeptin, all at a concentration of 
0.1% (PE buffer). The homogenate was spun first at 700 X g for 10 
min to remove unbroken cells and then at 12,000 X g for 1 hr at 4°C. 
The resultant pellet was washed twice in PE buffer at 4”C, resuspended 
in 1 ml, and the protein concentration was determined by the Micro- 
BCA method following the manufacturer’s instructions (Pierce). Mem- 
brane protein (200 pg) was pelleted in a microfuge and resuspended in 
calcium-free PBS containing NHS-sulfa-biotin (Pierce) at a concentra- 
tion of 0.5 mglml. Samples were incubated for 30 min at 4”C, after 
which the membrane fractions were pelleted once more and washed 
once in Dulbecco’s MEM, and three times in calcium-free PE buffer. 
Pelleted membrane proteins were either used immediately or frozen at 
-80°C for later use. Subsequent purification of GPI-anchored proteins 
by release from a Triton-X-114 detergent phase into the aqueous phase 
by PIPLC treatment and subsequent precipitation with TCA was carried 
out as previously described (Rosen et al., 1992). 

The precipitated proteins were fractionated by SDS-PAGE and elec- 
troblotted onto nitrocellulose, which was then blocked with PBS con- 
taining 0.5% Tween-20, 150 mu NaCI, 10% glycerol, 1 mu D-ghCOSe, 

3.5% BSA, and 2.5% fat-free dried milk for 1 hr at RT To detect the 
GPI-anchored proteins, blots were then incubated with either lZ51-strep- 
tavidin or alkaline phosphatase-conjugated streptavidin (Bio-Rad) for 1 
hr. The blots were rinsed extensively in 0.5% Tween-20 in PBS, and 
exposed for autoradiography or developed with the BCIP-NPT substrate 
(Keirkegaard and Perry), respectively. In some cases, blots were also 
characterized by incubating with primary antibodies in 0.05% Tween- 
20 in PBS and then with alkaline phosphatase conjugated to either a 
goat anti-rabbit or a goat anti-mouse IgG secondary antibody (Cappel). 
Alkaline-phosphatase conjugated reagents were detected as above. 

Neurotrimin purification. A membrane-enriched fraction was pre- 
pared from 25 rat brains (Pel-Freeze) as described above. Membrane 
fractions were solubilized with 40 ml of Triton X-l 14 extraction solu- 
tion, and extraction of GPI-anchored proteins was carried out as de- 
scribed above with a proportionate increase in the volumes employed. 
Proteins released into the aqueous phase upon treatment with PIPLC 
were separated by SDS-PAGE and electroblotted onto nitrocellulose. 
The blot was stained with Ponceau-S red for 45 set and rinsed exten- 
sively with 1% acetic acid in deionized water. The glycoprotein band 
migrating at 65 kDa was excised from the blot and sent to the Harvard 
Microchemical Facility for protease digestion and internal peptide mi- 
crosequencing. 

Cloning of neurotrimin cDNA. Bovine brain cDNA was a gift of Dr. 
David Colman (Mt. Sinai Medical Center, New York). PCR on this 
cDNA was carried out using the Perkin Elmer RT-PCR reagent kit using 
two degenerate olinonucleotide mimers CGAA’ITCAAYGAYGTIGCI- 
GCICGGAYGT, c&espondingio amino acids 206-212 of neurotrimin 
and 207-213 of OBCAM, and CGAATTCCCRTCMATIACIGCICCIG- 
GICCRTA, corresponding to amino acids 330-339 of neurotrimin and 
331-340 of OBCAM (where M is an A or C and I is an inosine). Thirtv- 
five reaction cycles w&e carried out at 94°C for 1 min, 45°C fbr 2 men, 
and 72°C for 3 min using 90 pmol of primers per reaction. A PCR 
product of about 350 base pairs (bp) resulted. This-product was digested 
with EcoRI, subcloned into Bluescriot KS (Stratagene) and several 
clones were sequenced with the Sequeiase kit iU.S. giociemical). Cor- 
responding full length cDNA clones for neurotrimin were isolated from 
a P5 rat brain library (Stratagene) and plasmid rescue was carried by 
excision with R408 helper phage. Two full length cDNA clones, re- 
ferred to as 392A and 392B were isolated, subcloned into M13mp19, 
and single stranded DNA sequencing was performed by the dideoxy 
chain termination method (Sanger et al., 1977) using Sequenase. Se- 
quence analysis and comparisons were carried out using GCG and the 
Intelligenetics GENEwoRKs program. 

Generation of antibodies to a neurotrimin fusion protein. A portion 
of the neurotrimin cDNA corresponding to nucleotides 475-1208 that 
encodes about two-thirds of the protein was isolated by digestion of 
pBKS-392B with EcoRI. After filling in the 3’ ends with Klenow DNA 
polymerase to yield blunt ends, the fragment was digested with PstI to 
yield a 739 bp DNA fragment. This fragment was ligated into the 
pMAL-c vector (New England Biolabs) which had been digested with 
XbaI, filled in with Klenow DNA polymerase, and redigested with PstI. 
Expression of the fusion protein was induced following manufacturer’s 
instructions. Bacteria were lysed in PBS containing 0.5% Tween-20, 
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and 4% b-mercaptoethanol (BME) and centrifugated at 10,000 x R for 
1 hr. The resultant pellet was solubilized in Lacmmli sample buffer and 
subiected to SDS-PAGE (Laemmli. 1970). The gel was brieflv stained 
with Coomassie blue to identify the fusion protein band. This band was 
excised, crushed in 200 mu ammonium acetate and 4% BME, and 
incubated for 3 hr at 37°C. The eluted protein was separated from the 
polyacrylamide particles by centrifugation for 20 min at 10,000 X g. It 
was concentrated by ultrafiltration with a Centricon- (Amicon) to 0.5 
mg/ml prior to injection into rabbits for the production of polyclonal 
antiserum at a commercial animal facility. 

Southern analysis of rat genomic DNA and chromosomal mapping. 
Rat genomic DNA was prepared from liver as described (Sambrook et 
al., 1989). A 73 bp probe was generated by PCR from this genomic 
DNA using the upstream primer (5’-GCGGAGATGCCACCTTTC-3’) 
and the downstream antisense primer (5’-CACCTGAGGGT- 
GGCGCTC-3’). The reaction products were electrophoresed in a 10% 
polyacrylamide gel, and the band was cut out and eluted by the crush 
and soak method (Sambrook et al., 1989). The fragment was 32P labeled 
at the 5’ termini by T4 polynucleotide kinase to a specific activity of 
6.8 X 10” cpm/p,g. This was used to probe genomic DNA that had been 
digested overnight with a series of restriction enzymes (New England 
Biolabs), separated by agarose gel electrophoresis and blotted onto a 
nylon membrane (Genescreen, New England Nuclear). After hybridiza- 
tion, the blot was washed for 5 min each in 2X SSC/O.S% SDS at 20°C 
2X SSC/O.l% SDS at 20°C 0.1 X SSC/O.S% SDS at 37”, and 0.1 X 
SSC/O.S% SDS at 65”. 

For chromosomal mapping, STS/A and 020/A inbred mice, and OXA 
and CXS recombinant inbred (RI) mice were obtained from J. Hilgers 
(The Netherlands Cancer Institute). All other standard inbred and re- 
combinant mice were obtained from The Jackson Laboratory. Progeny 
of a reciprocal backcross between C57BL/6J and SWlUJ mice have 
been previously described (Blank et al., 1998). To type mice for restric- 
tion fragment length variants detected by the pXYZ neurotrimin probe, 
genomic DNA isolated from livers was digested with EcoRI and ana- 
lyzed by Southern blotting (Blank et al., 1998). To establish genetic 
linkages between Ntmn and other markers typed in RI mice, strain dis- 
tribution patterns observed for Ntmn were compared to those for ap- 
proximately 1975 other markers maintained in a database at NYU 
(D’Eustachio, l?, unpublished). The significance of pair-wise matches 
was assessed using the BAYLOC algorithm (Blank et al.. 1998). 

Northern analy& of neurotrimin-mRNA &pression. ‘Total cellular 
RNA was isolated by homogenizing tissue in phenol/guanidium thio- 
cyanate/chloroform (RNAzol, Cinna/Biotecx Laboratories) and precip- 
itation from the aqueous phase with isopropanol as per the manufac- 
turer’s instructions. Thirty micrograms of RNA per sample were elec- 
trophoresed through a denaturing formaldehyde gel (Sambrook et al., 
1989) blotted onto nylon membranes (Genescreen, NEB), and fixed by 
UV irradiation. A neurotrimin cDNA probe, extending from nucleotide 
#1296 to the 3’ end, was labeled with 32P by random priming using a 
commercially available kit (Boehringer-Mannheim). Hybridization of 
the labeled probe and washing of membranes was carried out as de- 
scribed (Sambrook et al., 1989). 

In situ hybridization. Brains from rats of different postnatal ages or 
whole El8 rat embryos were dissected. For El8 to PlO ages, samples 
were first immersed in 4% paraformaldehyde in PBS at RT for 4 hr, 
then incubated overnight in 20% sucrose in PBS at 4°C before being 
frozen on dry ice. For ages P14 and above, brain samples were fresh 
frozen on dry ice. In both cases, 15 micron cryostat sections were pre- 
pared, thaw mounted on gelatin-coated glass slides, and fixed in 4% 
paraformaldehyde in PBS. After extensive washing in PBS, the mounted 
sections were dehydrated through an alcohol series (5 min each in 60%, 
80%, 95%, and lOO%), and frozen at -70°C for later use. 

Antisense probes complementary to neurotrimin (AGGTCACACA- 
GTGCAGCTTGTGGGT-GGGTCCAAGCTAGGTGCGCCTTCTTCC) 
and(AGGAGCAGGTGTAAGACCAGAAGAGGGAGGAGCCAAAT- 
GCAGCCTGCCCT) or to OBCAM (ATGAAGAAGTGGGCAAAG- 
AAGGTCCCTGAGAGCCAGAGACAAGCC) and (GTGTACTGC- 
ACTGTGGGCCAAGTTGTACCTTCAGGGTGCGTGTCATGGGA) 
were synthesized and labeled with ?-labeled dATP by terminal di- 
deoxy transferase reaction to a specific activity of 0.75-1.5 X lo8 cpm/ 
kg. 4 X lo6 cpm of each probe were included in the hybridization buffer 
for each slide. Hybridization was carried out at 42°C overnight in 50% 
formamide, 4X SSC, 1X Denhardt’s, 100 pg/ml denatured salmon 
sperm DNA, 50 p,g/ml yeast tRNA, 10% dextran sulfate, and 10 mM 
DTT. After removal of the hybridization solution, slides were rinsed 

briefly in 2X SSC, followed by three 30 min washings in 2X SSC at 
room temperature and one 30 min washing in 1X SSC at 50°C and 
one 30 min washing in 0.5X SSC at 50°C followed by a brief rinse in 
0.5X SSC at RT Slides were dehydrated through an alcohol series 
(60%, 80%, 95%, and lOO%, each containing 200 mM ammonium ac- 
etate). Slides were first exposed to x-ray film, and then dipped in K5 
autoradiographic emulsion (Ilford) for autoradiography and processed 
as described (Levy et al., 1993). 

Results 

Expression of GPI-anchored proteins in the CNS 

In previous studies, we described the expression of GPI-an- 
chored proteins in different populations of primary neurons (Ro- 
sen et al., 1992). The major protein band expressed by cerebellar 
granule cells and sensory neurons of the dorsal root ganglion 
migrated with a molecular weight of 65-70 kDa. This band did 
not cross-react with antisera to a variety of known neural GPI- 
anchored proteins and, thus, appeared to be novel (Rosen et al., 
1992). To further characterize this 65 kDa protein band, includ- 
ing identifying a potential source for its purification, we exam- 
ined its expression in different tissues and its spatial and tem- 
poral expression in the nervous system. To this end, we extracted 
GPI-anchored proteins from different tissues by modifying our 
previous protocol (Rosen et al., 1992). Briefly, total membrane 
fractions were prepared, biotinylated, and solubilized in T&on 
X-l 14. Integral membrane proteins were partitioned into the de- 
tergent phase, which was treated with PIPLC to release GPI- 
anchored proteins into the aqueous phase. The GPI-anchored 
proteins were then fractionated by SDS-PAGE and visualized, 
after blotting, with 125I streptavidin. 

We first compared the pattern of GPI-anchored protein ex- 
pression in different tissues to determine whether expression of 
the 65 kDa band is restricted to the nervous system. We isolated 
GPI-anchored proteins from adult rat brain, liver, lung, spleen, 
cardiac muscle, skeletal muscle, intestine, and kidney (Fig. 1). 
The overall pattern of expression of GPI-anchored proteins dif- 
fers strikingly in these tissues. Notably, the CNS appears to be 
a rich source of GPI-anchored proteins and the major proteins 
appear to correspond to those previously found to be expressed 
by purified populations of sensory neurons (Rosen et al., 1992) 
suggesting they are principally of neuronal origin. Specifically, 
three major bands were observed in the brain: a slowly migrating 
band with an MW of 120-135 kDa (which frequently resolved 
as a doublet), a broad band of 65-70 kDa, and a band of 27 
kDa (Fig. 1, lane a). A similar pattern of GPI-anchored protein 
expression was observed in all regions of the adult rat CNS 
surveyed including the cerebellum, optic nerve, olfactory nerve, 
brainstem, and spinal cord (data not shown). By Western blot 
analysis, we determined that the 120 kDa band, which is also 
seen in spleen and kidney, and at low levels in lung and skeletal 
muscle, corresponds to the GPI-anchored form of NCAM. By 
Western blotting we also found that the upper portion of this 
band, with an MW of 135 kDa, corresponds in part to F3 (data 
not shown). TAG-l, which has a similar electrophoretic mobility 
(Furley et al., 1990) may also comigrate with this band. The 
lower 27 kDa band was presumptively identified as Thy- 1, based 
on its abundant expression in the CNS and its molecular weight. 
Notably, Thy-l and the 65 kDa protein band appears to be ex- 
pressed principally within the nervous system, as no correspond- 
ing protein bands were identified in the other tissues examined. 
Other GPI-anchored proteins known to be expressed in the ner- 
vous system, including the oligodendrocyte-myelin glycoprotein 
(Mikol et al., 1990) and T-cadherin (Ranscht and Dours-Zim- 
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Figure 1. Tissue-specific expression of GPI-anchored proteins. GPI- 
anchored proteins were isolated from brain (B), intestine (I>, kidney 
(K), spleen (S), cardiac muscle (CM), liver (Lv), lung (Lg), adrenal 
gland (A), and skeletal muscle (SM) of an adult rat. Samples were elec- 
trophoresed, blotted, and probed with l*Y-streptavidin. Note that a 65 
kDa protein band predominates in the brain and appears to be absent 
in the other tissues surveyed. Molecular weight markers are indicated 
at left. 
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merman, 1991), were not identified in these samples and, there- 
fore, appear to be less abundant proteins. 

To further characterize the 6.5 kDa protein, we determined the 
time course of its expression. We performed a developmental 
survey of GPI-anchored protein expression in the cerebrum be- 
tween embryonic day 15 and the adult (Fig. 2A). As previously 
described (Gennarini et al., 1989), F3 is seen arising at around 
E17, and Thy-l and the GPI-anchored form of NCAM appear 
between P5 and P30. It is of note that the earliest GPI-anchored 
protein to appear in abundance is the 65 kDa band, which is 
readily detectable by E15. The expression level of this 65 kDa 
species appears to peak during the first postnatal week and de- 
clines thereafter, although at all times it appears to be more 
abundant than F3LFl1, the GPI-anchored form of NCAM, and 
Thy-l. A similar pattern of expression was also observed in the 
cerebellum, where this band predominates at all time points (data 
not shown). 

These findings are complicated in part because, as is true of 
DRG neurons (Rosen et al., 1992), the 65 kDa band appears to 
be comprised of two different polypeptides species that comi- 
grate. Thus, after enzymatic deglycosylation, the 65 kDa GPI- 
anchored protein fraction from cerebellum and cerebrum also 
resolved as a major 39 kDa polypeptide band and, to a lesser 
extent, a 55 kDa band (data not shown). In other studies, we 
have determined that the upper portion of the 65 kDa protein 
band, with a core polypeptide size of 55 kDa, corresponds to 
the receptor for ciliary neurotrophic factor (C. Rosen and J. Sal- 
zer, unpublished results), which is known to be GPI-anchored 

Figure 2. Developmental expression of GPI-anchored proteins in the 
cerebrum. A (upper panel ), GPI-anchored proteins were isolated from 
the cerebrums of rats of different embryonic (E) or postnatal (P) ages, 
as indicated ar top. Samples were electrophoresed, blotted, and probed 
with 1251-streptavidin. Protein bands corresponding to F3, NCAM, and 
Thy-l are indicated at right. The 65 kDa protein (indicated by the 
asterisk at the right) is the first and most abundant GPI-anchored protein 
expressed in the cerebrum. Molecular weight markers are indicated at 
the Zef. B (lower panel), The blot shown in A was probed with anti- 
serum raised to a neurotrimin fusion protein. The embryonic age (E) or 
postnatal age (P) of each sample is indicated ar top of each lane. The 
antiserum recognizes a band as early as E15, which is developmentally 
regulated, increasing through early postnatal ages and declining in the 
adult. In all samples, the antiserum recognizes only the lower portion 
of the 65 kDa protein band present in A. Molecular weight markers are 
indicated at the left. 

(Davis et al., 1991). The 39 kDa polypeptide species is described 
further below. 

cDNA cloning of neurotrimin, a novel member of the 
immunoglobulin gene superfamily 

In order to determine the identity of the major component of the 
65 kDa protein band (gp65), we scaled up the GPI-anchored 
protein extraction to isolate sufficient protein for peptide micro- 
sequencing. We extracted, gel purified, and blotted approxi- 
mately 5 pg of the 65 kDa protein band onto nitrocellulose. The 
band was excised, and subjected to V8 protease digestion and 
subsequent internal peptide microsequencing. Amino acid se- 
quence data was obtained for two peptides, (DQSGEYEC- 
SALNDVAAPDVR) and (VTVNYPPYISEAK), both of which 
showed significant homology to the opiate binding-cell adhesion 
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molecule (OBCAM), an IgSF member isolated from bovine 
brain (Schofield et al., 1989). The former peptide showed 100% 
identity over 20 amino acids to bovine OBCAM, while the latter 
differed in 3 positions out of 13. These findings suggested that 
the 65 kDa protein band is comprised of the rat homolog of 
OBCAM and/or closely related proteins. 

To further characterize rat gp65, including its relationship to 
OBCAM, we isolated its corresponding cDNA. An upstream 
degenerate oligonucleotide corresponding to a portion of the se- 
quence of the first peptide and a downstream primer comple- 
mentary to amino acids 312 to 319 of the bovine OBCAM se- 
quence (Schofield et al., 1989) were synthesized. We used these 
primers to amplify PCR products from a bovine brain cDNA 
template, and identified two distinct products of the predicted 
350 bp size. The first product was identical to the corresponding 
region of bovine OBCAM. The sequence of the second PCR 
product was novel but highly homologous (67% identical) to 
OBCAM throughout its length. Conceptual translation of this 
second cDNA sequence indicated that it encoded a polypeptide 
with >60% identity to the comparable sequence of bovine OB- 
CAM. 

We used this second PCR product to isolate a corresponding 
full-length cDNA clone from a rat brain library. We obtained 
several cDNA clones with identical 3’ ends, the two longest of 
which were found to contain a single 1038 bp open reading 
frame encoding a protein of 344 amino acids (Fig. 3). The N-ter- 
minal 31 amino acids are quite hydrophobic and are likely to 
correspond to a signal sequence, with cleavage predicted to oc- 
cur at Arg32 (arrowhead, Fig. 3). The C-terminus also contains 
a hydrophobic sequence of 18 amino acids (underlined, Fig. 3), 
consistent with a GPI-anchor attachment signal. Based on at- 
tachment signals in other proteins (Kodukula et al., 1993), the 
two most favorable sites for GPI-anchor attachment are Asn320 
and Gly322. Like OBCAM, it contains three CZlike immuno- 
globulin domains. In view of its specific expression by neurons 
(see below), and its three immunoglobulin-like domains, we 
have termed this protein neurotrimin. 

Detailed comparison of the peptide sequences of neurotrimin 
to that of rat OBCAM, which was recently reported (Lippman 
et al., 1992), indicates that the two proteins are 77% identical 
overall. The highest homology between these proteins is shared 
by their first Ig-domains, which are 94% identical (Fig. 4). This 
represents only eight substitutions within a stretch of about 120 
amino acids, despite considerable alternate codon usage through 
much of this region. Neurotrimin has eight potential N-linked 
glycosylation sites (marked by asterisks, Fig. 3), two more than 
OBCAM. Like OBCAM, neurotrimin has three sets of cysteines 
that are likely to form intradomain disulfide linkages in each of 
its immunoglobulin-like domains. In addition, neurotrimin pos- 
sesses an extra cysteine at position 83, whereas OBCAM con- 
tains a serine at this position (marked by an asterisk in Fig. 4). 
This extra cysteine was confirmed in the sequence of two in- 
dependent neurotrimin cDNA clones; it could potentially form 
an intermolecular disulfide bond, although its physiologic sig- 
nificance is not yet known. 

A homology search of the Swissprot database with the neu- 
rotrimin amino acid sequence reveal that, like OBCAM, neu- 
rotrimin demonstrates highest homology to a number of well- 
characterized neural Ig CAMS, including NCAM, F3/Fl l/con- 
tactin, LUNILE, and MAG (Table 1). The regions of highest 
homology to most of these proteins occurs in the conserved 
sequences surrounding the cysteines involved in intradomain di- 

sulfide bonding and in the folding of the beta-sheets. Domains 
2 and 3 of both neurotrimin and OBCAM show highest simi- 
larity to domains 4 and 3 of NCAM, respectively. Interestingly, 
domain 1 of each protein shows the highest homology to the Ig- 
like domain 1 of the basic FGF receptor for (Reid et al., 1990) 
but also shows significant homology to several neural Ig-CAMS. 

Neurotrimin and OBCAM are part of a multigene family that 
is located on murine chromosome 9 

Comparison of the neurotrimin cDNA sequence to that of rat 
OBCAM suggested that these proteins are likely to be encoded 
by different genes rather than being alternative spliced from a 
single RNA transcript. In particular, there is no extended region 
of sequence identity throughout most of the 5’ or any of the 3’ 
noncoding regions. One region that is an exception extends be- 
tween nucleotides 456 and 653 in neurotrimin cDNA and 270 
and 467 in rat OBCAM cDNA and shows a remarkable degree 
of nucleotide identity, i.e., 98%. This region spans the start co- 
don of each protein and extends through the amino-terminal sig- 
nal sequence. These finding raised the possibility that rat OB- 
CAM and neurotrimin could be products of a single gene that 
is extensively alternatively spliced. 

In order to determine whether at least two copies of this se- 
quence are found in the rat genome, which would be consistent 
with separate genes encoding neurotrimin and OBCAM, we per- 
formed genomic Southern analysis. Primers bracketing part of 
the region of identity were synthesized (indicated by arrows in 
Fig. 3) and used to amplify the corresponding segment from rat 
genomic DNA. On PAGE, the resultant PCR product ran at the 
predicted 73 bp size, indicating that the primers do not span an 
intronfexon boundary. This 73 bp exonic fragment was used, in 
turn, to probe a Southern blot of rat genomic DNA digested 
with several different restriction enzymes (Fig. 5). We observed 
multiple bands in each lane. In some digests such as BamHI, up 
to five bands were observed (shown by the arrowheads in lane 
e), indicating that this 73 bp region is repeated as many as five 
times throughout the rat genome. This finding is consistent with 
the hypothesis that distinct genes encode neurotrimin and OB- 
CAM, and strongly suggest that additional related genes, yet to 
be identified, are present in the genome. Indeed, in other studies 
in which we performed PCR with degenerate primers using a 
rat brain cDNA template, we identified a third member of this 
family that demonstrates approximately 55% amino acid identity 
to both neurotrimin and OBCAM (0. Gil, G. Zanazzi, and J. 
Salzer, unpublished and see below). 

To localize the gene for neurotrimin on the murine chromo- 
some, Southern blotting of EcoRI-digested genomic DNA from 
inbred strains of mice was performed. This analysis revealed 
four bands reactive with rat neurotrimin, three of which were 
constant in size and one whose size varied between strains. In- 
heritance of the variant was followed in RI mice (Tables 2, 3) 
and in progeny of a backcross between the inbred strains 
C57BW6J and SWR/J. Comparison of the strain distribution pat- 
terns for the neurotrimin DNA variant with those previously 
determined for other markers defined a locus, Ntmn, on proximal 
chromosome 9 near Etsl (2 of 21 RI strains typed for both 
markers were recombinant, as were 3 of 65 backcross progeny, 
for estimated distances between the markers of 2.8 and 4.6 CM, 
respectively). Comparison of the RI typing data for Ntmn, Etsl, 
and other markers of chromosome 9 supports the placement of 
Ntmn proximal to Etsl (see Table 3). It is not yet known whether 
the genomic DNA fragments that were invariant in these map- 
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1 
61 

CAA CTT AAG AAA GTG CTG GAT TTC CCG TTG TTC GAT TGA GGA ACC GTA GAC CAC ATC TGG 
GTA GCT GGA TTC AGC CCA GCC ACA GCC CCG TTG GAT ACC AAA GTG CTT ACT CCT GTC CAA 

121 AGT GCC ATG CCT GAA CTG CTA CGG GGA AGA GGC AGC TTC TGA GAC CCG CAC CTG TGC GCC 
181 TGC TTG CCT GCC TTG CGC TTC TCT CTC CTG GCC ACC TTC CTG GCC ACA GGC AGC ACG GAG 
241 AAA GTC CGC CTC GGA TGT GTG TGG AAA CTG GTT CTC AGA GGC TGC GAG CTG AGG CTG GAT 
301 TTA GGG GAG GAA TAT TAG ACT TGG AGG AGT CTG CGC GCT TTT CTC CTC CCA GTG CAT CGC 
361 GCG GTC GCC GCT AGT TCA TCG CTG GGT CCC CGC GCT CAC TCC CCA CCC CAC CCA CTT CCT 
421 GTG CTC GCC CGG GGG GCG TGT GCG TGC CAC TAC CGG AGT TCT GGG AAG TTG TGG CTG TCG 

481 AGA ATG GGG GTC TGT GGG TAC CTG TTC CTG CCC TGG AAG TGC CTC GTG GTC GTG TCT CTC 
1 met gly val cys gly tyr leu phe leu pro trp lys cys leu val val val ser leu 

* 
541 AGG CTG CTG TTC CTT GTA CCC ACA GGA GTG CCG GTGVCGT ?J!GC GGA GAT GCC ACC TTT CCC 
20 arg leu leu phe leu val pro thr gly val pro val arg ser gly asp ala thr phe pro 

?k 4 I 601 AAA GCT ATG GAC AAC GTG ACG GTC AGG CAG GGG GAG AGC GCC ACC CTC AGG TGC ACA ATT 
40 lys ala met asp asn val thr val arg gin gly glu ser ala thr leu arg cys thr ile 

661 
* GAC AAC CGA GTC ACC CGG GTG GCC TGG CTA AAC CGC AGT ACC ATC CTC TAT GCT GGA AAT 

60 asp asn arg val thr arg val ala trp leu asn arg ser thr ile leu tyr ala gly asn 

721 GAC AAG TGG TGC CTA GAT CCT CGT GTG GTT CTC CTG AGT AAC ACC CAG ACC CAG TAC AGC 
80 asp lys trpmleu asp pro arg val val leu leu ser asn thr gln thr gln tyr ser 

781 ATT GAG ATC CAG AAT GTG GAT GTG TAT GAT GAG GGC CCT TAT ACC TGC TCG GTG CAG ACA 
100 ile glu ile gin asn val asp val tyr asp glu gly pro tyr thr eye ser val gln thr 

841 GAC AAC CAC CCT AAG ACC TCC AGG GTC CAC CTC ATT GTA CAA GTA TCT CCC AAA ATT GTA 
120 asp asn his pro lys thr ser arg val his leu ile val gin val ser pro lys ile val 

901 GAG ATT TCT TCA GAT ATC TCC ATT AAT GAA GGG AAC & C ATC AGC CTC ACT TGC ATA GCC 
140 glu ile ser ser asp ile ser ile asn glu gly asn asn ile ser leu thr eye ile ala 

961 ACA GGT AGA CCG GAG CCT ACA GTA ACC TGG AGA CAT ATT TCT CCC AAA GCT GTC GGC TTT 
160 thr gly arg pro glu pro thr val thr trp arg his ile ser pro lys ala val gly phe 

1021 GTG AGT GAG GAT GAG TAC CTG GAG ATC CAG GGC ATC ACT CGG GAG CAG TCA GGC GAG TAT 
180 val ser glu asp glu tyr leu glu ile gln gly ile thr arg glu gln ser gly glu tyr 

1081 GAG TGC AGC GCC TCC AAC GAC GTG GCA GCA CCA GTC GTA CGA AGA GTG ?f C GTC ACC GTG 
200 glu cys ser ala ser asn asp val ala ala pro val val arg arg val asn val thr val 

1141 AAC TAT CCA CCA TAC ATC TCA GAA GCT AAG GGT ACA GGT GTC CCC GTG GGG CAG AAG GGG 
220 asn tyr pro pro tyr ile ser glu ala lys gly thr gly val pro val gly gln lys gly 

1201 ACT CTG CAG TGT GAA GCC TCG GCA GTC CCT TCA GCA GAA TTT CAG TGG TTC AAG GAT GAC 
240 thr leu gln cys glu ala ser ala val pro ser ala glu phe gln trp phe lys asp asp 

1261 AAA AGA CTG GT'D GAA GGG AAG AAG GGA GTC AX+ GTG GAA AAC AGA CCT TTC CTT TCA AGA 
260 lys arg leu val glu gly lys lys gly val lys val glu asn arg pro phe leu ser arg 

* * 
1321 CTC ACC TTT TTC AAC GTC TCT GAA CAC GAC TAT GGG AAC TAC ACA TGT GTG GCA TCC AAC 
280 leu thr phe phe asn val ser glu his asp tyr gly asn tyr thr cys val ala ser asn 

k 
1381 AAG TTG GGC CAC ACC AAT GCC AGC ATC ATG CTA TTT GGC CCA GGT GCT GTC AGC GAG GTC 
300 lys leu gly his thr asn ala ser ile met leu phe gly pro gly ala val ser glu val 

3r 
1441 AAC AAT GGG ACG TCA AGG AGG GCA GGC TGC ATT TGG CTC CTC CCT CTT CTG GTC TTA CAC 
320 asn asn gly thr ser arg arg ala ulv CYS ile tro leu leu pro leu leu val leu his 

1501 CTG CTC CTC AAA TTT TGA TGT GAG TGC CCC TTC CCT GCC GGG GAG AGC TGC TGC CAC CGC 
340 leu leu leu lvs phe OPA 

1561 ATC TCA ATT CAA CAG CAC TGC AAC ATG AAG CAA CAA GTC AGA ATC AAA TGA AAT TCC GAG 
1621 AAT CAC AGC CAA TGA GAC AGA AAT TCG AGG GAG GGG AAC A.%A GCA TAC TGT GGT AAA GGG 
1681 GAA AAA AAA AGT CTA AAA AAA GGA AAT TTG AAA ATT GCC TTG CAG ACA TTT CGG TAC CAC 
1741 TGA GTT TTC TTT CTT TTC CCA AAT GGG AAG AAG GCG CAC CTA GCT TGG ACC CAC CCA CAA 
1801 GCT GCA CTG TGT GAC CTC TCT GTT GCC AGG GTG GGC AAG GGC TCA GCC ACT CTG CCC ACT 
1861 AAA GTG CCC CAC CAT GGA ACA TTC TGG AGT CGG CCA TCC CAA ATT TCA TCG GTC CAT AGA 
1921 CAC AAG CAC AGA GTG AGA AAC AGG GGC CCA GAA GTG CCA CGG AGG GCC CTT TGG TGG GCT 
1981 GCG CGA TGG TGG CGT GTG TCA TGA AGT GTG AAA TCC GAA GTA GAA ALA AAA CAA GAA TAA 
2041 AAA AAA AAA AAA AA 

Figure 3. cDNA sequence of neurotrimin. A 2054 bp cDNA containing the full-length neurotrimin coding region was isolated and sequenced. 
The deduced amino acid sequence underlies the codons of the coding region. An arrowhead overlies the predicted site of signal sequence cleavage 
after translocation through the ER membrane. The six cysteines that are likely to form intradomain disulfide bonds are shown in boldface. The 
seventh cysteine present in the mature polypeptide available for intermolecular disulfide bond formation is boxed. The eight potential N-linked 
glycosylation sites are marked with asterisks. The hydrophobic C-terminal sequence specifying GPI-anchored attachment is underlined. Arrows 
overlie flanking sequences to which complementary oligonucleotides were designed for use in PCR from rat genomic DNA (GenBank accession 
no. U16845). 
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Figure 4. Comparison of the peptide sequences of neurotrimin and OBCAM. The deduced amino acid sequences of neurotrimin and rat OBCAM 
(Lippman et al., 1992) are aligned and identical amino acid residues shared between these two proteins are shaded. The six cysteines in each 
protein involved in intradomain disulfide bond formation are boxed. The extra cysteine present in neurotrimin but absent in OBCAM is marked by 
an asren’sk. The sites of amino-terminal signal sequence cleavage and carboxy-terminal GPI-anchor attachment are indicated with arrowheads for 
each protein. The probable mature polypeptide region for each protein, based on published predictions for signal sequence cleavage (Heijne, 1986) 
and for GPI-anchor attachment (Kodukula et al., 1993), is listed in boldface. 

Table 1. Homology of neurotrimin to other members of the immunoglobulin gene superfamily 

Region of Region of 
Protein similar protein neurotrimin % Identity Opt. score Z value 

NCAM 190-502 4&317 25.7 287 49.6 
MAG 23443 1 13&330 28.2 226 34.9 
Axonin- 1 290-503 99-310 28.0 222 38.8 
Ng-CAM 108-359 12-255 22.4 218 31.9 
F3 311-605 43-315 21.0 180 48.1 
K j?t receptor 621-783 186341 25.9 166 23.5 
Ll 207-500 2-299 20.4 151 30.7 
MLCK 1-174 149-310 24.0 149 34.3 
Amalgam 102-222 185-309 27.0 136 22.3 
Poliovirus receptor 17-359 7-342 20.8 121 24.1 
bFGF receptor 7-80 8-82 25.3 94 26.8 

A search of the Swissprot database with the deduced amino acid secpnence of neurotrimin using the FASTA program 
reveals significant similarity to members of the immunoglobulin superfamily. In additbn to rat and bovine OBCAM, 
which are not listed, the 12 most similar proteins are, in order of their optimized scores, mouse NCAM (Barthels 
et al., 1987). rat S- and L-MAG (Salzer et al., 1987), human axonin-l (Hasler et al., 1993). chick Ng-CAM (Burgeon 
et al., 1991), mouse F3 (Gennarini et al., 1989), human Kflr tyrosine kinase receptor (Shibuya et al., 1990), mouse 
Ll (Moos et al., 1988). chick nonmuscle myosin light chain kinase, MLCK (Shoemaker et al., 1990), Drosophila 
amalgam (Seeger et al., 1988), human poliovirus receptor (Mendelsohn et al., 1989), and the mouse basic FGF 
receptor (Reid et al., 1990). Percentage of identical amino acid residues between the similar regions of each related 
protein (third column) and neurotrimin (fourth column) are shown. The significance of the similarity is given by the 
Z value, which was calculated on the basis in Initn scores calculated from the FASTA search (not shown). Z values 
> 6 are probably significant; those > 10 are considered definitely significant (Lipman and Pearson, 1985). 
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Figure 5. Southern blot of genomic DNA with a common sequence 
from neurotrimin and OBCAM cDNAs. Rat genomic DNA was di- 
gested with Hi&III (a), EcoRI (b), HincII (c), PstI (d), and BumHI (e), 
electrophoresed, and Southern blotted onto a nylon membrane. This blot 
was probed with a 73 bp PCR product corresponding to an exonic 
fragment as described in the Materials and Methods. Note that five 
bands are seen after BumHI digestion (indicated with arrowheads to 
the right) and three to four are seen in the other lanes, including lane 
b, which contains several faint bands near the top of the gel. 

ping studies represent other regions of Ntmn, or whether they 
represent additional linked or unlinked members of a Ntmn gene 
family as suggested by the Southern blot in Figure 5. 

Analysis of neurotrimin expression 

To determine the relative contribution of neurotrimin to the 
broad 65 kDa band, we raised a polyclonal antiserum to a neu- 

Table 3. Mapping of neurotrimin to proximal mouse 
chromosome 9: Ntmn linkage relationships deduced from RI 
typing data” 

Marker Chr R/N Probability Distance (95% lim) 

Ets 1 9 2121 0.01625 2.8 (0.3-13.0) 
Apoal 9 3117 0.41281 6.0 (1.0-31.1) 

UP2 9 8/35 00.15616 8.7 (3.1-25.2) 

u The strain distribution pattern for the Ntmn restriction fragment length variant 
was compared to ones for 464 markers previously typed in the same RI strains. 
For each match shown, the marker’s name and chromosomal location are 
shown, together with the observed recombination fraction (R/N), probability 
of observing that fraction or a smaller one by chance (Blank et al., 1998), and, 
conditional on the existence of linkage, the estimated distance in centimeters 
between the two loci (Taylor, 1978), and the 95% binomial confidence limits 
for that estimate (Silver, 1985). 

rotrimin bacterial fusion protein. This antiserum, which appears 
to recognize a linear epitope (i.e., it reacts with blots but not 
tissue sections), was used to probe the developmental surveys 
of GPI-anchored proteins in the cerebellum and cerebrum de- 
scribed previously. The antiserum recognized a portion of the 
65 kDa protein band at all ages in both the cerebrum (Fig. 2B) 
and cerebellum (data not shown). In the cerebrum (Fig. 2B), the 
antiserum recognizes a band present as early as El5 that peaks 
during the first postnatal week. Of note, the antiserum appears 
to recognize only the lower half of the 65 kDa protein band, 
providing evidence for heterogeneity of proteins in this 65 kDa 
band. (Presumably the upper half of the band represents an un- 
related protein, such as the 70 kDa receptor for CNTF (Davis 
et al., 1991) or non-cross-reacting OBCAM/neurotrimin-related 
proteins.) In the cerebellum, the antiserum resolves the 65 kDa 
band into at least three bands of differing intensities that are 
developmentally regulated (data not shown). The identity of 
these proteins and their relationship to neurotrimin is not yet 
known. 

Further characterization of neurotrimin expression was carried 
out by Northern blot analysis. Thirty micrograms of total RNA 
isolated from different tissues were probed with a partial 3’ ter- 
minal fragment of the neurotrimin cDNA (as it has the most 
limited homology to OBCAM). Consistent with the pattern of 
GPI-anchored protein expression, neurotrimin message is only 
detectable in the adult nervous system and not in a wide variety 
of non-neural tissues examined (Fig. 6A). In the brain, two 
mRNA sizes are apparent, a prominent band at 3.2 kb and a less 

Table 2. Mapping of neurotrimin to proximal mouse chromosome 9: alleles of Ntmn defined by 
Southern blotting 

Allele Size Strains 

a 5.0 AKR/J, 020/A, C57L/J, SWR/J, SJL/J, STS/A, NZBISlNJ, SM/J 
AKXD-3,6,7,10,11,13,18,23 
CXJ-6 
cxs-2,3,4,9,10,1 I,12 

b 3.4 C57BL/6J, DBARJ, C3H/HeJ, BALB/cJ 
AKXD-1,2,9,14,15,16,20,21,22,24,27 
BXJ-1,2 
CXJ-1,3,4,8,9,15 
CXS-1,5,6,7,8,13,14 
LXB-3,4 

u Variant DNA fragments (sizes in kb) were identified in Southern blots of EcoRI-digested genomic DNA. In addition 
to the variant fragment, DNA from all strains tested also yielded fragments of 9.6, 4.0, and 2.6 kb. 
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Figure 6. Northern analysis of neurotrimin expression. A, Tissue distribution of neurotrimin mRNA: 30 ug of total cellular RNA prepared from 
brain (B), spleen (S), skeletal muscle (SM), lung (Lg), adrenal gland (A), cardiac muscle (CM), liver (Lv), and kidney (K) from an adult rat (indicated 
at top) were electrophoresed in a denaturing agarose gel, blotted as described (Sambrook et al., 1989), and probed with a neurotrimin cDNA 
fragment. The corresponding ethidium bromide stained gel is shown prior to blotting. Neurotrimin message is detectable only in the brain. Two 
mRNA species are seen (arrowheads): a predominant lower species migrating at about 3.2 kb, and a less abundant species migrating around 4.0 
kb. The position of the 18s and 28s rRNA bands are indicated at the left. B, Developmental expression of neurotrimin in the CNS: 30 ug of total 
cellular RNA prepared from rat forebrains of different embryonic (E) or postnatal (P) ages (indicated at top) was electrophoresed in a denaturing 
agarose gel, blotted, and hybridized with a neurotrimin cDNA probe. The corresponding ethidium bromide stained gel is also shown. Neurotrimin 
message is detectable by E1.5, peaks in the first week postnatally, and declines thereafter. The relative intensity of the two bands is constant through 
development. 

intense band at 4.0 kb (arrowheads, Fig. 6A). As described be- 
low, two oligomers complementary to unique and widely spaced 
sequences of neurotrimin mRNA hybridize to the same two 
mRNA species strongly suggesting that they represent isoforms 
of neurotrimin message, rather than mRNAs of related proteins. 
To determine the developmental pattern of neurotrimin mRNA 
expression, total RNA was isolated from the forebrains of rats 
of different ages and probed with the neurotrimin cDNA (Fig. 
6B). Both isoforms of neurotrimin message are detectable at 
E15, the earliest time point examined, rise gradually prenatally, 
and peak during the first and second postnatal week. Thereafter, 
neurotrimin message levels gradually decline to about half max- 
imal levels in the adult, as determined by densitometry (data not 
shown). The relative intensity of both message isoforms remains 
constant at all ages studied. 

In situ analysis of neurotrimin mRNA expression 

To more precisely characterize the expression pattern of neuro- 
trimin within the developing CNS, we performed in situ analysis 
using oligonucleotides complementary to unique sequences of 
neurotrimin mRNA. Both probes recognized the 3.2 and 4.0 kb 

neurotrimin mRNA species on Northern blots (data not shown) 
and yielded identical in situ hybridization labeling patterns that 
could be specifically blocked with an excess of unlabeled oli- 
gonucleotide probe. During embryonic development, at El6 
(data not shown) and El8 (Fig. 7), neurotrimin expression ap- 
pears to be restricted to the nervous system and is expressed in 
much of the developing gray matter. Specifically, a strong signal 
is seen in the spinal cord, dorsal root ganglia, and forebrain (Fig. 
7A). On coronal sections (Fig. 7B), intense expression is seen in 
the developing thalamic nuclei, cortical plate (which corre- 
sponds principally to laminae IV-VI at this age), and the retina. 
Neurotrimin message may also be present in the cortical sub- 
plate, although it was difficult to ascertain the demarcation be- 
tween subplate and cortical plate on these sections. On emul- 
sion-dipped sections of the retina, the hybridization signal is 
intense over the ganglion cell layer located at the vitreal surface 
and absent over the mitotic cells of the neuroepithelium located 
at the choroidal surface (data not shown). Little hybridization 
signal overlies mitotic cells within the ventricular zone or within 
the white matter tracts suggesting that expression is restricted to 
post mitotic neurons. 
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Figure 7. Neurotrimin expression in the El8 CNS. Autoradiographs 
of in situ hybridization of a parasagittal section (A) and a coronal sec- 
tion (B) of an El8 embryo with a neurotrimin-specific probe, showing 
distribution of neurotrimin transcripts in the spinal cord (SC), dorsal 
root ganglia (DRG), and cortical plate in A, and cortical plate (CP), 
thalamus (Th), and retina (Rt) in B. 

As development proceeds, neurotrimin is differentially ex- 
pressed in specific regions of the CNS, as demonstrated in the 
series of autoradiographs shown in Figure 8. Regions expressing 
high levels of neurotrimin message at PO include the olfactory 
bulb, pyriform cortex, midbrain, thalamus, hypothalamus, hip- 
pocampus, basal ganglia, and cortical plate. At P7, neurotrimin 
expression is maintained at high levels, although some diminu- 
tion of signal may be noted in some regions, particularly the 
thalamus and striatum. By P14, and at later stages (see Fig. 10) 
including the adult (not shown), neurotrimin expression is sig- 
nificantly reduced in most regions of the cerebrum. Although 
present at reduced levels, the pattern of neurotrimin expression 
within the cortex, thalamus, olfactory bulb, and basal ganglia in 
general resembles that seen during the first and second postnatal 
weeks. One exception to the general decline in expression in the 
CNS occurs in the cerebellum where expression increases sub- 
stantially beginning at about PlO, with significant neurotrimin 
mRNA apparent over the internal granule cell layer by P14. On 
emulsion-dipped sections, both granule cells and Purkinje cells 
were found to express neurotrimin mRNA (data not shown). 

Emulsion-dipped sections demonstrated that specific popula- 
tions of neurons in many of the labeled structures identified on 
the autoradiographs, expressed neurotrimin mRNA. In the hip- 
pocampus, pyramidal neurons within the CAI, 2, and 3 regions 
express moderate levels of message between PO and P4; by P14, 
neurotrimin message continues to be expressed only within CA1 
(and’at reduced levels) and is absent from CA3 altogether; gran- 
ule cells of the dentate gyrus do not express neurotrimin to a 
significant degree at any stage. Similarly, neurons of the haben- 
ula express neurotrimin at El8 but by P4 have ceased expres- 
sion, whereas neurons present in the closely apposed medial 
thalamus, and in all other thalamic nuclei, continue to express 
high levels of neurotrimin mRNA at this stage. Within the brain- 
stem, the pontine nucleus shows a strong hybridization signal at 

Figure 8. Neurotrimin expression in the developing CNS. Autoradio- 
graphs of sag&al sections from PO, P7, and P14 brains hybridized with 
neurotrimin specific oligonucleotides are shown. The parasagittal sec- 
tion from PO demonstrates expression in most of the gray matter with 
particularly high levels of expression in the cortex (Cx), pyriform cortex 
(PC), striatum (St), and thalamus (Th). By P7, overall expression has 
diminished somewhat, but high level expression is apparent in the mitral 
cell layer of the olfactory bulb (MC), in the thalamus (T/z), in sensory 
and motor cortex, and in the pontine nucleus (Pi%‘). A laminar pattern 
of hybridization is seen in the cortex. By P14, expression is markedly 
downregulated in all regions of the forebrain. An intense signal overlies 
the granule cell layer of the cerebellum (Cb) and the pontine nucleus 
WI. 

most stages (see Fig. 8), while other brainstem nuclei and deep 
cerebellar nuclei express much less neurotrimin message. 

An interesting hybridization pattern overlies neurons of the 
developing basal ganglia. In addition to expression by neurons 
within the globus pallidus and substantia nigra, a graded distri- 
bution of signal intensity is present in a topologically oriented 
fashion within the striatum. In parasagittal sections, the signal is 
most intense in the rostral, dorsal region, and present at lower 
levels in the caudal and ventral regions (data not shown). This 
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Figure 9. Neurotrimin is differentially expressed within the striatum and cortical laminae. Dark- (A) and bright-field (B) photomicrographs of an 
in situ hybridization of an anterior coronal section of a P4 rat forebrain with a neurotrimin-specific probe, showing the graded distribution of 
neurotrimin mRNA transcripts in the striatum (outlined with the dotted white line). Higher signal intensity is seen overlying the dorsolateral striatum. 
Also of note, the ventricular zone (Vz) does not express neurotrimin message. Neurotrimin also demonstrates a laminar expression pattern in the 
cerebral cortex (C and D). Dark- (C) and bright-field (D) photomicrographs of a parasagittal section through the P7 parietal cortex hybridized with 
a neurotrimin-specific probe, demonstrate that cells in laminae V, VI express neurotrimin at the highest levels; cells in lamina I do not express any 
neurotrimin. Neurons in the hippocampus (Hc) and subplate (Sp) also express neurotrimin at high levels (A also demonstrates subplate labeling). 

higher intensity signal is readily apparent in the rostra1 dorso- 
lateral striatum on anterior coronal sections (Fig. 9A). 

Finally, a laminar pattern of expression was visible within the 
olfactory bulb and cerebral cortex. Within the olfactory bulb, 
intense hybridization signal was present over the mitral cell lay- 
er, which receives its major input from the olfactory cortex. Ol- 
factory neurons were not labeled and the other layers of the bulb, 
i.e., the glomeruli, the external plexiform layer, the internal 
plexiform, and the granule cells, were only lightly or moderately 
labeled. This pattern of expression is maintained at most devel- 
opmental stages (data not shown). In the cerebral cortex, laminae 
V and VI express the highest levels of neurotrimin at PO to P4, 
although all layers except the outer plexiform layer (lamina I) 
show some expression. At P7 the laminar distribution is more 
marked than at earlier ages, with the highest levels of expression 
in laminae V and VI, as well as in the subplate (Fig. 9C). Ex- 
pression within the hippocampus is also apparent on this section. 
No clear demarcation into radially organized domains was ob- 
served at different developmental stages, although there appears 
to be higher expression in sensorimotor compared to entorhinal 
cortex (see Fig. IOA). The implications of these findings are 
considered further in the discussion. 

Neurotrimin and OBCAM are expressed in distinct regions of 
the developing CNS 

As a further check of the specificity of the neurotrimin hybrid- 
ization pattern and to determine the pattern of expression of a 
highly related family member, oligonucleotides complementary 
to OBCAM sequences were also characterized by in situ hy- 
bridization (Fig. 10). Like neurotrimin, OBCAM expression is 
limited to gray matter and maximal in the first postnatal week, 
suggesting that it is restricted to postmitotic neurons. However, 
OBCAM is expressed in a more restricted set of neurons than 
is neurotrimin, with high levels of expression principally within 
the hippocampus and mitral cells of the olfactory bulb and mod- 
erate levels of expression in the cortical laminae. At E18, OB- 
CAM mRNA is localized to the cortical plate, and possibly the 
subplate and spinal cord at low levels (data not shown). In con- 
trast to neurotrimin, little signal is present in the developing 
thalamus or dorsal root ganglia. During the first postnatal week, 
OBCAM is prominent within cerebral cortex, developing hip- 
pocampus, pyriform cortex, and the mitral cell layer of the ol- 
factory bulb (Fig. 100). Within the hippocampus, a strong hy- 
bridization signal is seen overlying all regions of Ammon’s horn, 
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Figure 10. Neurotrimin and OBCAM are expressed in different regions of the developing rat CNS. Autoradiographs of in situ hybridizations with 
a neurotrimin specific probe (A and C) and an OBCAM specific probe (B and D) are shown. Serial coronal sections through the P7 rat cerebrum 
were hybridized in A and B and serial parasagittal sections of the P20 CNS in C and D. On the coronal sections, OBCAM expression (B) is more 
restricted than neurotrimin (A), with strong expression in CAl, 2, and 3 of the hippocampus (Hc), moderate expression in the cerebral cortex, and 
minimal expression in the thalamus (T/z); no OBCAM mRNA was detected overlying the basal ganglia. On the parasagittal sections, OBCAM 
mRNA (D) was present at high levels in the hippocampus, at moderate levels in the cerebral cortex, olfactory bulb, pyriform cortex, and very 
weakly in portions of the thalamus. No OBCAM is detectable in the brainstem, striatum (St), or cerebellum (Cb), in striking contrast to the 
distribution of neurotrimin message (shown in C). 

with much lower signal overlying the dentate gyrus (Fig. 10B). 
The cortical plate also displays strong labeling with a differential 
laminar distribution. In contrast to neurotrimin (Fig lOA), there 
is very limited expression, if any, within most of the thalamic 
nuclei. Also, in contrast to neurotrimin, very low levels of OB- 
CAM message expression were observed in the brainstem, cer- 
ebellum, and no expression was detected in the basal ganglia at 
this stage or at P20 (Fig. 1OD). 

Discussion 

We have surveyed the expression of GPI-anchored proteins in 
the developing rat brain in an effort to identify a broadly mi- 
grating 6.5 kDa protein band that we previously found to differ- 
entially expressed by primary neurons (Rosen et al., 1992). This 
protein band is restricted to the nervous system and is the most 
abundant and the earliest expressed of the GPI-anchored species 
in the CNS. We have determined that it is comprised of a family 
of IgSF members, each containing three Ig-like domains that 
share significant amino acid identity. One of these proteins is 
OBCAM (Schofield et al., 1989). We have isolated and se- 
quenced a cDNA encoding a second member of this family that 
we have termed neurotrimin, and present evidence for the ex- 

istence of additional family members. Differential expression of 
neurotrimin and OBCAM suggests they, together with other 
members of this family, may have a role in generating diversity 
of the neuronal cell surface during development. These findings 
are considered in more detail below. 

Neurotrimin expression appears to be restricted to postmitotic 
neurons. By Northern and Western blots, neurotrimin is first ex- 
pressed on or before El5 in the forebrain and peaks during the 
first postnatal week (its expression peaks somewhat later in the 
cerebellum). This early and abundant expression in the cerebral 
cortex corresponds to a period when the majority of cortical 
neurons have been generated and precedes the period of maxi- 
mal gliogenesis (Paterson et al., 1973). In addition, by in situ 
hybridization, no signal was observed over the dividing cells of 
the ventricular zone or over white matter structures, i.e., the 
corpus callosum, fornix, internal capsule, and cerebral and cer- 
ebellar molecular layers. Also, in areas of high message abun- 
dance, such as the l-week-old thalamus, clusters of silver grains 
representing hybridization signal were clearly observed over 
neurons but not glia in emulsion dipped sections (data not 
shown). Finally, the 65 kDa band was not seen in extractions of 
GPI-anchored proteins from cultured astrocytes or Schwann 
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cells in different stages of differentiation (C. Rosen, L. Lovejoy 
and J. Salzer, unpublished observations), and Schwann cells do 
not express detectable levels of neurotrimin mRNA (data not 
shown). 

Neurotrimin has a core polypeptide of 39 kDa, that is heavily 
glycosylated, with the mature polypeptide migrating at approx- 
imately 65 kDa. Two neurotrimin mRNA species, with sizes of 
3.2 and 4.0 kb, can be detected by Northern analysis. These 
classes of neurotrimin message appear to be coordinately regu- 
lated, as their relative intensities remain unchanged through de- 
velopment. We think it likely that these represent alternatively 
spliced variants of untranslated segments of neurotrimin. No al- 
ternative isoforms of the protein were seen on the Western blots 
of GPI-anchored proteins using the anti-neurotrimin antiserum, 
and seven neurotrimin cDNAs we have characterized all had 
identical 3’ ends. Interestingly, three alternatively spliced OB- 
CAM cDNAs have been isolated; these differ only in their 5’ 
noncoding region and, in one case, in part of the signal peptide 
the sequence (Lippman et al., 1992). Based on the in situ hy- 
bridization studies and ease of mRNA detection by Northern 
blots, neurotrimin appears to be significantly more abundant than 
OBCAM (Schofield et al., 1989). 

Neurotrimin is a member of a new subfamily of the &SF 

Peptide microsequencing of the 65 kDa band demonstrated that 
it contained a mixture of at least two proteins, as one peptide is 
a partial OBCAM peptide and the other a partial neurotrimin 
peptide. In addition, using the anti-neurotrimin antibody, we 
have been able to resolve the 65 kDa band into three bands of 
varying intensities in some instances. Further, using a 73 bp 
exonic sequence that is conserved between OBCAM and neu- 
rotrimin, we have identified up to five distinct genomic segments 
that are complementary, suggesting that several additional relat- 
ed genes are yet to be identified. We cannot exclude at this time, 
however, that some of these additional sequences may represent 
pseudogenes. 

Of particular note in this regard, we have recently isolated by 
degenerate PCR using a rat brain cDNA template, a partial 
cDNA that is very similar to both OBCAM and neurotrimin (0. 
Gil, G. Zanazzi, and J. Salzer, unpublished). Concomitantly, we 
became aware that a cDNA for the limbic associated membrane 
protein (LAMP), a cell adhesion molecule specific to the limbic 
system (Keller et al., 1989), had been cloned and was a new 
GPI-anchored IgSF member (Pimenta et al., 1993). Comparison 
of the sequence of LAMP with that of the PCR-generated cDNA 
indicate that they are identical (I? Levitt, personal communica- 
tion). The full sequence of LAMP is approximately 67% iden- 
tical at the nucleotide level, and 54% identical at the amino acid 
level to both OBCAM and neurotrimin and is comprised of three 
C2 domains (I? Levitt, personal communication). Thus LAMP, 
together with neurotrimin and OBCAM, are members of a new 
subfamily of Ig-like CAMS. Moreover, it remains quite likely, 
in view of the genomic Southern blots, that additional members 
may exist. 

This subfamily is characterized by having several common 
structural elements as well as a significant degree of amino acid 
sequence homology. Structural similarities include three C2-type 
immunoglobulin domains, with the first and third being full C2 
domains and the middle domain being a truncated C2 domain, 
and a GPI anchor. All three proteins are extensively glycosylated 
with six potential N-linked sites in the case of OBCAM and 
eight in the case of LAMP (Pimenta et al., 1993) and neurotri- 

min. Neurotrimin and OBCAM are more closely related to each 
other than either is to LAMP, with particularly striking homology 
between the first immunoglobulin domains of these two proteins. 
Within the stretch of 100 residues that comprises this domain, 
there are only eight amino acid differences between OBCAM 
and neurotrimin, and five of these are conservative substitutions. 
Domains two and three of neurotrimin and OBCAM share 70% 
and 66% identity, respectively. The region of nucleotide identity 
between OBCAM and neurotrimin, particularly in their 5’ 
regions, is also quite striking, extending from the 5’ untranslated 
region through the first Ig domain. The extended identity be- 
tween these two proteins may reflect conservation of an impor- 
tant functional segment, recent evolutionary divergence of their 
respective genes or, possibly, gene conversion. Gene conversion 
in particular has been proposed as a mechanism to account for 
the extended identity that exists between the tandemly arrayed 
members of the immunoglobulin heavy-chain and cytochrome 
P-450 gene complexes, among others (Yamawaki-Kataoka et al., 
1982; Atchison and Adesnik, 1986). Perhaps consistent with re- 
cent evolutionary divergence and/or gene conversion in this sub- 
family, the neurotrimin gene is located immediately proximal to 
Etsl on mouse chromosome 9, suggesting that it is closely 
linked to Obcam (Chakraborti et al., 1993) and possibly Zcam 
(Seldin et al., 1991). These findings raise the possibility that 
these three members of the IgSF may be clustered in the ge- 
nome. Further physical and genetic mapping studies will be 
needed to test this hypothesis and to determine whether other 
members of this family, including LAMP, may be similarly clus- 
tered. 

While OBCAM, LAMP, and neurotrimin clearly form a dis- 
tinct subgroup within the IgSF they also share several important 
features with two recently characterized invertebrate proteins, 
amalgam (Seeger et al., 1988) and lachesin (Karlstrom et al., 
1993). Notably, both of these proteins contain three Ig-like do- 
mains and are GPI-anchored to the cell surface. They are also 
prominently expressed in the nervous system: lachesin is ex- 
pressed by all early neuroblasts and by a specific subsets of 
axons in the mature CNS of the grasshopper (Karlstrom et al., 
1993) while amalgam is expressed on very early mesoderm, on 
neurons and axons in the developing CNS, and later on specific 
subsets of neuronal cell bodies in the PNS in Drosophila (Seeger 
et al., 1988). However unlike LAMP OBCAM, and neurotrimin, 
the first Ig-like domain of both amalgam and lachesin is a vari- 
able-like domain. In addition, these proteins have only a few 
N-linked carbohydrate attachment sites and exhibit only modest 
homology to neurotrimin and OBCAM that is not significantly 
higher than that to several IgSF members that do not function 
in cell adhesion (i.e., nonmuscle light chain kinase, the JEt re- 
ceptor). In the future, determination of the intron-exon organi- 
zation of these different genes may help clarify their evolution- 
ary relationship to the neurotrimin-related proteins and to other 
three Ig domain proteins such as the poliovirus receptor (Men- 
delsohn et al., 1989) and several members of the CEA super- 
family (Khan et al., 1992). 

An additional notable feature of these proteins is that they 
share a GPI-linkage to the plasma membrane. A large proportion 
of CAMS in the nervous system, such as TAG-llaxonin-1, F3/ 
Fl 1, an isoform of NCAM, Thy- 1, and T-cadherin in vertebrates 
and fasciclin I in invertebrates, are GPI anchored, and with the 
description of this novel family of neurotrimin-like proteins, that 
proportion is growing. The reason why so many neural CAMS 
are GPI-anchored to the membrane is not known. A number of 
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potential advantages for their function in cell adhesion have been 
suggested (see Salzer et al., in press, for a recent review). These 
include enhanced planar mobility (Ishihara et al., 1987; Noda et 
al., 1987) that could serve to promote adhesion by recruitment 
of these proteins into sites of cell contact (Chan et al., 1991), 
targeting these proteins to specific membrane domains including 
axons (Lisanti et al., 1988; Dotti et al., 1991), cleavage, and 
release from the plasma membrane by anchor-specific phospho- 
lipases (Metz et al., 1994) which might provide a mechanism 
for regulating adhesive events (Stoeckli et al., 1991) and par- 
ticipation in signal transduction through activation of intracel- 
lular second-messenger systems (Stefanova et al., 1991; Su et 
al., 1991). Whether any of these features are relevant to the 
function of neurotrimin will require further investigation. 

Homology of neurotrimin to other proteins 
As described earlier, neurotrimin demonstrates striking homol- 
ogy to OBCAM, very high homology to LAMP and significant 
homology to a number of well-characterized neural cell adhesion 
molecules including NCAM, MAG, and axonin-l among others 
(see Table 1). OBCAM was originally isolated as a potential 
mu-type opiate receptor (Cho et al., 1986). However, subsequent 
studies have shown that the physiologic opiate receptors belong 
to the G-protein-coupled receptor family (Evans et al., 1992; 
Kiefer et al., 1992). Indeed, OBCAM does not promote direct 
binding of opioids when transfected into heterologous cells (Loh 
and Smith, 1990), although it has been suggested that it may 
have an indirect role in opiate binding and signaling (Govitra- 
pong et al., 1993). Similarly, in preliminary studies in which we 
have transfected neurotrimin into a CHO cell line, we have not 
detected any increase in the binding of an opioid agonist (A. E 
Struyk, E. Simon, and J. Salzer, unpublished observations). 
Rather we favor the notion that neurotrimin and OBCAM, like 
LAMP and the other neural CAMS (to which all three proteins 
are homologous), have a role in mediating cell interactions in 
the nervous system. 

The role of LAMP during neural development has been ex- 
tensively characterized by I? Levitt and his colleagues. LAMP 
is a 64-68 kDa GPI-anchored glycoprotein with a core poly- 
peptide size of 37 kDa (Zacco et al., 1990). It is expressed by 
neurons in the limbic system or associated structures including 
the hippocampus, some nuclei of the thalamus, in the entorhinal 
cortex and the molecular layer of the cerebellum (Levitt, 1984); 
its expression begins about E14-15 in the rat (Zacco et al., 
1990). A number of studies have suggested that LAMP expres- 
sion correlates with the acquisition of a stable identity by limbic 
system neurons and may be important in their pathfinding and 
synaptic target recognition (Keller et al., 1989; Barbe and Levitt, 
1991). For example, in vitro, anti-LAMP antibodies block the 
ability of septal neurons to extend fibers into hippocampal tissue 
sections or synapse appropriately (Keller et al., 1989). Substrate- 
bound LAMP has been reported to specifically promote attach- 
ment and nerve fiber outgrowth by perirhinal limbic cortical 
neurons but not by other nonlimbic neurons (Zhukareva and 
Levitt, 1993). Taken together, these observations suggest that 
LAMP may function as a limbic system specific CAM to pro- 
mote appropriate pathfinding and target recognition during de- 
velopment. 

Potential signi$cance of the pattern of neurotrimin expression 
during development 
The high homology of LAMP with neurotrimin and OBCAM 
raises the possibility that these latter proteins could similarly 

promote system specific development in vivo. While widespread, 
the expression of neurotrimin does appear to correlate with the 
development of several neural circuits. For example, between 
El8 and PlO, neurotrimin mRNA expression within the fore- 
brain is maintained at high levels in neurons of the developing 
thalamus, cortical subplate, and cortex, particularly laminae V 
and VI (with less intense expression in II, III, and IV, and min- 
imal expression in lamina I). It is of interest in this regard that 
cortical subplate neurons may provide an early, temporary scaf- 
fold for the ingrowing thalamic afferents en route to their final 
synaptic targets in the cortex (see Allendoerfer and Shatz, 1994, 
for a recent review). Conversely, subplate neurons have been 
suggested to be required for cortical neurons from layer VI to 
grow into the thalamus, and neurons from layer V to select their 
targets in the colliculus, pons, and spinal cord (McConnell et 
al., 1994). Essentially nothing is known about the molecular 
basis by which these projections are established, although mem- 
brane-bound factors are believed to be involved (Bolz et al., 
1993). The high level expression of neurotrimin in many of these 
sites suggests that it could be involved in the development of 
these projections. 

Similarly, in the hindbrain, high levels of neurotrimin message 
expression were observed within the pontine nucleus and by the 
internal granule cells and Purkinje cells of the cerebellum. The 
pontine nucleus receives afferent input from a variety of sources 
including corticopontine fibers of layer V, and is a major source 
of afferent input, via mossy fibers, to the granule cells which, 
in turn, are a major source of afferent input via parallel fibers 
to Purkinje cells (Palay and Chan-Palay, 1974). High level ex- 
pression of neurotrimin in these neurons again suggests potential 
involvement in the establishment of these circuits. 

Of additional interest is the graded pattern of neurotrimin in 
the early postnatal striatum. Increased neurotrimin expression is 
found overlying the dorsolateral striatum (Fig. IO), while lesser 
hybridization intensity is seen overlying the ventromedial stria- 
turn. This region of higher neurotrimin hybridization intensity 
does not correspond to a cytoarchitecturally differentiable re- 
gion; rather, it corresponds to the primary area of afferent input 
from layer VI of the contralateral sensorimotor cortex (Jones et 
al., 1977; Gerfen, 1984; Donoghue and Herkenham, 1986). The 
ventromedial striatum, by contrast, receives the majority of its 
afferent input from the perirhinal and association cortex (Gerfen, 
1984; Donoghue and Herkenham, 1986). It is interesting to note 
that a complementary graded pattern of LAMP expression, both 
protein (Levitt, 1984; Chesselet et al., 1991) and message (P 
Levitt, personal communication) has been observed within the 
striatum, with highest expression in ventromedial regions, and 
lowest expression dorsolaterally. Thus, within the striatum, 
which is comprised of a histologically uniform population of 
medium spiny neurons, two members of this subfamily of pro- 
teins are differentially expressed in a complementary, graded 
fashion that directly corresponds to topographically defined 
regions of afferent input. Interestingly, other areas of high neu- 
rotrimin expression, i.e., the pontine nucleus, Purkinje and in- 
ternal granule cells of the cerebellum, sensorimotor and pyriform 
cortex, and the olfactory bulb, are areas with low expression of 
LAMP (Levitt, 1984) whereas LAMP is expressed at high levels 
in several structures (the amygdala, entorhinal cortex, and a 
number of brainstem nuclei) where neurotrimin is expressed at 
low levels. 

Comparison of the pattern of neurotrimin and OBCAM ex- 
pression reveals that these two very homologous proteins are 
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also distinctly distributed. The most abundant OBCAM expres- 
sion was observed in the hippocampus, where it is expressed at 
very high levels within CAl, 2, and 3, at lesser levels within 
the presubiculum and subiculum, and not at all within the den- 
tate gyrus. This pattern of expression overlaps with neurotrimin, 
which demonstrates more moderate expression within Ammon’s 
horn and greater expression over the subiculum during the first 
postnatal week, before undergoing significant downregulation by 
P14. At later ages, OBCAM is expressed prominently within all 
regions of Ammon’s horn, whereas neurotrimin expression is 
absent within 213, and significantly downregulated within CAl. 
Neurotrimin and OBCAM message expression also overlap 
within the developing cortical plate, but they may have different 
laminar distributions. OBCAM and neurotrimin are also coex- 
pressed in the mitral cell layer of the olfactory bulb and the 
pyriform cortex. OBCAM is not expressed in some cell popu- 
lations in which neurotrimin is found in abundance, including 
the early postnatal retina, thalamus, striatum, and, at later ages, 
the cerebellum. These results further support the notion that neu- 
rons in different regions of the CNS express different combi- 
nations of this family of proteins during development. 

Taken together, the distinct distribution and differential rela- 
tive expression of neurotrimin, OBCAM, and LAMP, suggests 
that they may contribute to the diversity at the surface of dif- 
ferent populations of neurons during development. Future stud- 
ies focused on characterizing the pattern of protein expression, 
including whether they are coexpressed by individual neurons; 
identification of other potential family members; and modifica- 
tion of their expression in viva by molecular genetic strategies 
should help clarify the role of this family of proteins in the 
specification of neural projections. 
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