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Cellular interactions in a variety of vertebrate non-neural 
tissues are thought to be mediated by cell surface carbo- 
hydrate structures. The detection of cell-specific surface 
carbohydrates and carbohydrate-binding proteins within the 
embryonic nervous system has raised the possibility that 
carbohydrate recognition may also contribute to the inter- 
actions of developing neurons. Soluble lactose-binding lec- 
tins constitute one class of carbohydrate-binding proteins 
expressed in the vertebrate nervous system. We describe 
here the isolation of cDNAs from rat brain libraries encoding 
one of these lectins, RL-14.5, and demonstrate that this pro- 
tein is not only homologous to other soluble lectins, but also 
identical in primary sequence to a lectin present in at least 
one non-neural tissue. RNA blot analysis and in situ hybrid- 
ization reveal a restricted pattern of expression of RL-14.5 
mRNA within the rat nervous system. High levels of RL-14.5 
mRNA are present in primary sensory neurons and moto- 
neurons in the spinal cord and brain stem. Moreover, expres- 
sion of RL-14.5 mRNA in sensory and motoneurons is de- 
tectable soon after neuronal differentiation. These findings, 
together with previous studies demonstrating the selective 
expression of oligosaccharide ligands for RL-14.5 on the 
same neurons, are consistent with the idea that carbohy- 
drate-mediated interactions contribute to the development 
of this subset of mammalian neurons. 

Intercellular recognition and adhesion is initiated by the binding 
of surface proteins with complementary ligands. Frequently, 
these ligands are proteins; however, cell surface carbohydrates 
have also been shown to play a critical role in cell interactions 
in several vertebrate systems. For example, during fertilization, 
the binding of sperm to oocytes results from the interaction of 
sperm surface proteins with oligosaccharides on the ZP-3 gly- 
coprotein in the zona pellucida coat surrounding the oocyte 
(Wassarman, 1987; Bleil and Wassarman, 1988). At later stages 
of preimplantation development, the adhesion of mouse blas- 
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tomeres appears to involve carbohydrate recognition events that 
can be modified by perturbing specific oligosaccharide structures 
(Fenderson et al., 1984; Rastan et al., 1985). In addition, the 
homing of subsets of lymphocytes to specific lymphoid organs 
involves the recognition of oligosaccharides on endothelial tar- 
get cells by carbohydrate-binding proteins on the lymphocyte 
surface (Rosen and Yednock, 1986; Siegelman et al., 1989; Las- 
ky et al., 1989). 

The contribution of carbohydrates to cellular interactions 
within the nervous system is less clear. Specific carbohydrate 
structures have been identified on subsets of embryonic and 
adult neurons (Levine et al., 1984; Yamamoto et al., 1985; 
Jesse11 and Dodd, 1986; Blum and Bamstable, 1987). Moreover, 
the restricted localization of some of these carbohydrates cor- 
relates with the physiological properties and projection patterns 
of neurons. For example, subsets of rat dorsal root ganglion 
(DRG) neurons that convey different sensory modalities and 
project to different target regions in the spinal cord (Brown, 
1981; Perl, 1983) possess different classes of cell surface oli- 
gosaccharides (Dodd et al., 1984; Dodd and Jessell, 1985; Chou 
et al., 1989). Interestingly, many of the DRG subset-specific 
oligosaccharides are lactosamine-based structures that are sim- 
ilar or identical to the structures implicated in fertilization and 
blastomere adhesion. 

Several different carbohydrate binding proteins have been 
identified within the nervous system (Simpson et al., 1977; Ko- 
biler et al., 1978; Eisenbarth et al., 1978; Regan et al., 1986; 
Joubert et al., 1987; Zanetta et al., 1987; Kuchler et al., 1988). 
Two of these are soluble (non-membrane-bound) lectins that 
bind lactosamine-based carbohydrate structures (Barondes, 
1984). Soluble lectins have been detected in a variety of cell 
types where they can be seen in the cytoplasm and appear to 
be secreted (Beyer and Barondes, 1982; Cerra et al., 1984). Upon 
isolation, these molecules can mediate the agglutination of a 
variety of different cell types (Barondes, 1984). Immunohisto- 
chemical analysis indicates that, within the rat nervous system, 
the 2 lactose-binding lectins RL- 14.5 and RL-29 are expressed 
with a high degree of selectivity, primarily within primary sen- 
sory and motor neurons (Regan et al., 1986). The coincident 
expression of surface lactoseries oligosaccharides and lactose- 
binding lectins by DRG neurons early in development raises 
the possibility that soluble lectins are involved in mediating 
specific interactions among this set of neurons during devel- 
opment. 

The RL- 14.5 and RL-29 lectins belong to a family of struc- 
turally related proteins that are found in both neurons and non- 
neural cells (Barondes, 1984; Paroutaud et al., 1987; Leffler et 
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al., 1989). In order to gain information on the nature ofneuronal 
lactose-binding lectins, we isolated a series of rat nervous system 
cDNA clones encoding RL-14.5. We have determined the pri- 
mary structure of the neural RL-14.5 lectin and examined the 
expression pattern of the gene encoding this lectin by RNA blot 
analysis and in situ hybridization, focusing on the nervous sys- 
tem. We describe here that RL-14.5 mRNA is expressed in a 
highly restricted fashion in the nervous system, confined pre- 
dominantly to primary sensory neurons and motoneurons in 
the embryonic and adult spinal cord and brain stem. 

Materials and Methods 

isolation and sequence analysis of neural lectin cDNAs.Adult rat brain 
cDNA libraries kindly provided by Jurgen Brosius or obtained from 
Clontech were screened by the filter hybridization method (Maniatis et 
al., 1982) with a 32P-labeled (Weinstock et al., 1978) cDNA fragment 
(Hep-2) encoding a protein recognized by antibodies against RL-14.5 
(Gitt and Barondes, 1986). In addition, a XGTll cDNA expression 
library prepared from RNA of El5 spinal cord (S. Temple and T. M. 
Jessell, unpublished observations) was screened with antibodies against 
RL-14.5 (Cerra et al., 1984) using published procedures (Young and 
Davis, 1983; Snyder and Davis, 1985). cDNAs were subcloned into 
M 13 vectors (Vierira and Messing, 1982) and sequenced using the di- 
deoxy chain-termination technique (Sanger et al., 1977). 

RNA blot hybridization.Polyadenylated RNA (Poly A+ RNA) was 
isolated as described (Chirgwin et al., 1977; Lund et al., 1986), size- 
fractionated on agarose gels, and transferred to Gene Screen (NEN). 
RNA blots were hybridized as previously described (Lund et al., 1986) 
using a 5’ Eco RI fragment of the RL-14.5 cDNA (nucleotides l-369) 
as probe. The RL-14.5 cDNA fragment was labeled with 32P by nick 
translation to a specific activity of lo* cpm/pg (Rigby et al., 1977). Two 
single-stranded synthetic DNk oligon&leotidks (27 and 36 nt) repre- 
senting nucleotides 312-338 and 39w25 of XGTlOJ9 cDNA (Fin. 1) 
were &o used as probes with similar results (not shown). The ocgo: 
nucleotides were labeled with 32P using polynucleotide kinase (Maniatis 
et al., 1982) and purified on 15% polyacrylamide gels containing 7 M 

urea (Maxam and Gilbert, 1977). After determination of RL- 14.5 mRNA 
levels, blots were stripped of RL-14.5 probe and reprobed with a 3zP- 
labeled cDNA encoding rat actin, to control for the amount of RNA 
loaded onto each lane of the gel. The relative amounts of RL-14.5 
reported in the text are for tissues which showed a similar abundance 
of actin mRNA (except for liver, which contains much lower levels of 
actin mRNA than other tissues). 

Localization of RL-14.5 mRNA in the nervous system by in situ hy- 
bridization. Adult rats were anesthetized with sodium pentobarbital(60 
mg/kg, i.p.) and perfused through the ascending aorta with PBS (0.15 
M NaCl in 10 mM sodium phosphate, pH 7.4) followed by 100 ml/l00 
gm body weight of fixative (4% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.4). Immediately after perfusion, tissues were removed, 
immersed in fixative for a further 3 hr, and placed in PBS containing 
30% sucrose for 12-l 8 hr at 4°C. Embryonic rats were killed by decap- 
itation, fixed by immersion in 4% paraformaldehyde for 3 hr and placed 
in PBS-sucrose for 12-18 hr at 4°C. After sucrose infiltration, tissues 
were rapidly frozen and 8-15 pm sections were cut using a cryostat. 
Sections were thaw-mounted onto slides subbed with gelatin/poly-l- 
lysine and stored at 4°C for 1648 hr. 

Sections were prehybridized in a buffer containing 50% deionized 
formamide, 0.6 M NaCl, 0.02% Ficoll and polyvinylpyrolidone (PVP), 
0.1% BSA, 10 mM Tris-HCl (pH 7.0), 1 mM EDTA (pH 7.0), and 
denatured salmon sperm DNA (ssDNA, 0.5 mg/ml), yeast total RNA 
(0.5 mg/ml), and yeast tRNA (0.5 mg/ml). Prehybridization was carried 
out for 2.5 hr at 50°C in an atmosphere saturated with buffer consisting 
of 4 x SSC and 50% formamide. After prehybridization, sections were 
rinsed in 4 x SSC and hybridized in a buffer similar to the prehybridiza- 
tion buffer with the following changes: bovine serum albumin was added 
to a final concentration of 0.02%, ssDNA to 0.1 mg/ml, total yeast RNA 
and yeast tRNA to 0.05 mg/ml, and dextran sulfate to 10%. 

Single-stranded sense and antisense RL- 14.5 RNA probes were syn- 
thesized and labeled by in vitro transcription of a 5’ 369 nt Eco Rl 
fragment of the XGT10J9 cDNA which had been subcloned into the 
Bluescript vector (Stratagene). Transcription was initiated from vector 
T3 and T7 bacteriophage promoters. Probes were denatured by boiling 

for 2 min and added to 1 x hybridization buffer at 0.54 x lo6 cpm/ 
150 ~1, and slides were hybridized for 14-16 hr at 50°C. Slides were 
successively washed for 30 min at 50°C in 2 x SSC, digested with RNase 
A (30 &ml) at 37°C for 60 min in 0.5 M NaCl, 10 mM Tris, pH 7.5 
(to rem&e nonspecifically bound single-stranded RNA probe), washed 
for 3 hr at 50°C in 4 liters of 0.1 x SSC. 0.05% Na-nvronhosnhate. and 
14 mM ,&mercaptoethanol, and then ‘washed o&r&git in’ the same 
buffer which was allowed to cool slowly to room temperature. Slides 
were dehydrated through an ascending series of ethanols, air-dried, and 
dipped in Kodak NTB-2 photoemulsion diluted 1: 1 with distilled water. 
When dried, the slides were stored in light-tight boxes and allowed to 
expose for 5-2 1 d at 4°C. Slides were developed with Kodak D-19 
developer, fixed, washed, air-dried, and stained with cresyl violet-ace- 
tate. After staining, sections were dehydrated in ascending ethanol series, 
cleared with xylene, and coverslipped with permount. Autoradiographic 
grains were visualized with a Zeiss photomicroscope equipped with 
bright- and dark-field optics. 

Results 

Isolation of RL-14.5 lectin cDNA 
Our previous immunocytochemical studies showed that subsets 
of central and peripheral neurons express a lectin of approxi- 
mately 14 kDa that is recognized by antisera raised against a 
rat lung lectin of similar size (RL- 14.5; Cerra et al., 1984; Regan 
et al., 1986). cDNA clones encoding a 14 kDa lectin isolated 
from rat lung have been isolated and sequenced (Clerch et al., 
1988). Since multiple isoforms of 14 kDa lactose-binding lectins 
have been reported in mammalian tissues (Fitzgerald et al., 
1984), it was possible that the 14 kDa lectin present in neurons 
is immunologically related to, but structurally distinct from, the 
protein found in non-neural cells. To address this question and 
to provide further information on the structure and expression 
of the neural 14 kDa lectin, we isolated cDNA clones encoding 
the 14 kDa lectin present in the rat nervous system. 

Adult rat brain XGTlO and XGT 11 cDNA libraries were 
screened with a cDNA designated Hep-2 that was isolated from 
a HEP-G2 hepatoma cDNA library (Gitt and Barondes, 1986). 
The Hep-2 cDNA is similar or identical to the sequence of the 
cDNA encoding a mouse 14 kDa lectin (Wilson et al., 1989). 
In addition, a XGTl 1 cDNA library constructed from embry- 
onic day 15 rat spinal cord RNA was screened with antisera 
generated against the RL- 14.5 lectin isolated from rat lung (Cer- 
ra et al., 1984). A series of cDNA clones identified with antibody 
or cDNA probes were sequenced. All appeared to derive from 
the same mRNA species. The nucleotide sequence of the longest 
of these putative RL- 14.5 cDNA clones, XGT 1 OJ9, is shown in 
Figure 1. Other, shorter cDNA clones were identical in sequence 
to portions of hGTlOJ9. The sequence of XGT10J9 contains a 
single long open reading frame of 405 nucleotides (nt) which is 
preceded by a 53 nucleotide 5’ untranslated region and is fol- 
lowed by 64 nt of 3’ untranslated sequence, which includes a 
polyadenylation signal at nucleotides 490-495, and a poly A 
tail of about 44 nucleotides. A single mRNA species of 0.65 kb 
was detected by Northern blot analysis using the hGT 1 OJ9 cDNA 
as a probe (see below), indicating that the -566 nt sequence of 
XGTlOJ9 lacks only a short region of the 5’ untranslated se- 
quence and/or of the poly A tract. XGTlOJ9 encodes a protein 
of approximately 14.9 kDa that is highly homologous to 14-l 6 
kDa lactose-binding lectins isolated from several other species 
(see below). Moreover, the nucleotide sequence of XGTlOJ9 
cDNA isolated from rat brain is identical to that of a cDNA 
which encodes the rat lung lectin, RL- 14.5 (Clerch et al., 1988). 
Therefore, the 14.5 kDa lectins expressed in the nervous system 
and at least one non-neural tissue are identical in primary se- 
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RTGCCCGTCTGRCRGCTGGTGGRGCRGGTCGCRGGRRTCTCTTCGCTTCRRTC 

llst Rla Cys Gly Lsu Ual RIO Ssr Am Lou Ran Lsu Lys 13 

51 RTG GCC TGT GGT CTG GTC GCC RGC RRC CTG RRT CTC RRA 

Pro Gly Glu Cys Lsu Lys Ual Rrg Gly Glu Lsu Rlc Pro 26 

93 CCT GGG GRA TOT CTC RRR GTT CGG GGR GRG CTG GCC CCG 

Asp Ala Lys Ser Phs Ual Lsu Am Lsu Gly Lys Asp Ssr 39 

132 GRC GCC RRG RGC TTT GTG TTG RRC CT0 GGG RRR GRC RGC 

Ran Ran Lsu Cys LSU Hls Phs Ran Pm Rrg Phs Am RIO 52 
171 ARC ARC CTG TGC CTR CRC TTC RRC CCC CGC TTC ARC GCC 

Hls Gly Rsp Rla Ran Thr III Ual Cye Am Ser Lys Asp 65 

210 CRC GGR GRT GCC RRC RCC RTT GTG TOT RRC RGC RRG GRC 

Rsp Gly Thr Trp Gly Thr Glu Gln Rrg Glu Thr RIO Phs 78 

219 GRT GGG RCC TGG GGR RCA GRR CRR COG GRG RCT GCC TTC 

Pro Phe Gln Pro Gly SW II. Thr Glu Ual Cys Ile Thr 91 

266 CCT TTC CRG CCT GGG RGC RTC RCG GRG GTG TGC RTC RCC 

Phc Rup Gln Rla Rap Lou Thr II. Lys Lcu Pro Rsp Gly 101 
327 TTT  GRC CRG GCT GRC CTG RCC RTC RRG CTG CCR GRC GGG 

Hls Glu Phs Lys Phs Pro Am At.9 Leu Am tlet Glu Ala 117 
366 CRT GRR TTC Rflfl TTC CCC RRC CGC CTC RRC RTG GRG GCC 

II. Ran Tyr list RIO RIO Asp Gly Rsp Phe Ly3 II. Lye 130 
405 RTC RRC TRC RTG GCG GCG GRT GGT GRC TTC RRG RTT RRG 

Cys Urrl RIO Phs Glu --- .I. ..I ,,I ,I, I,, ,,I I,. 135 

414 TGT GTG 'GCC TTT GRG TGR RGC CRG CCR GCC CCR GCC CGT 

,,* ,,* .*. *.. .*, #,. ,,. *,, ,,* *., ,,, ,,, ,,, 
183 RGC CCC CRR TRR RGG CRG GTG CCT CTG CTC CCT GTR RCC 

. . . . ,.. .,, ,.. 
522 CRR RRR RRR RRR RRR a.. 

I- 
50nt 

Figure 1. Nucleotide sequence of rat neural 14.5 kDa lactose binding- 
lectin cDNA and deduced amino acid sequence. Nucleotides are num- 
bered in the left margin starting with the first base of the ATG initiator 
codon. Amino acids are numbered in the right margin. A diagrammatic 
representation of XGTlOJ9 cDNA is shown below. 

quence. The amino acid sequence predicted by RL- 14.5 cDNA 
does not contain a stretch of hydrophobic amino acids at the 
amino-terminus that could serve as a classical signal sequence. 

A comparison of the deduced amino acid sequence of RL- 
14.5 with that of 14-l 6 kDa lactose-binding lectins from other 
mammalian species is shown in Figure 2a. It is 93 and 90% 
identical to the predicted sequences of lectins present in mouse 
fibroblasts and human placenta, respectively (Hirabayashi and 
Kasai, 1988; Couraud et al., 1989; Wilson et al., 1989). RL- 
14.5 also exhibits a high degree of homology with similarly sized 
lactose-binding lectins from chicken and eel (Fig. 2a). The ma- 
jority of the invariant amino acid residues lie in the N terminal 
two-thirds of the molecule. Among these is a tryptophan residue 
(position 69) which, on the basis of chemical modification stud- 
ies, is thought to lie in or near the carbohydrate-recognition site 
(Levi and Teichberg, 198 1). 

RL- 14.5 also exhibits structural similarities with a larger (- 30- 
35 kDa) lactose-binding lectin of mouse termed CBP-35 (Jia 
and Wang, 1988) and with a rat IgE binding protein (Albrandt 
et al., 1987), which is probably the rat homolog of CBP-35 (Fig. 

2b). The rat IgE binding protein, in fact, appears to be identical 
to the rat lung lectin, RL-29, which is expressed in DRG neurons 
(Regan et al., 1986; Albrandt et al., 1987; Leffler et al., 1989; 
Poulter et al., personal communication). The carboxy-terminal 
domain of each of these is homologous to RL-14.5 (Fig. 2b). 
The partial amino acid sequences of additional lactose-binding 
lectins of 14-19 kDa isolated from rat intestine (Leffler et al., 
1989) indicates that there are several other members of this 
lectin family. 

Neural distribution of RL-14.5 mRNA 

The pattern of expression of RL- 14.5 mRNA in different tissues 
and during neuronal development was determined initially by 
Northern blot analysis. A single band with an estimated size of 
0.65 kb was detected at approximately equivalent abundance 
in both neural and non-neural tissues on embryonic day (E) 13 
(day of sperm plug is designated as EO; (Fig. 3). We did not 
determine the regional distribution of RL- 14.5 mRNA expres- 
sion in the nervous system by RNA blot analysis at this devel- 
opmental stage. By postnatal day (P) O-4, however, RL-14.5 
mRNA was detectable at much higher levels in the DRG and 
spinal cord than in the brain (Fig. 3). This quantitative difference 
in mRNA was maintained in the adult nervous system (Fig. 4). 
The highest levels of expression of RL-14.5 mRNA were de- 
tected in the DRG and spinal cord. Examination of RNAs pre- 
pared from different regions of the brain further showed that 
brain stem contains higher levels of RL- 14.5 mRNA than other 
brain regions. The midbrain, cerebellum, and hypothalamus 
contain much lower but still detectable levels of RL- 14.5 mRNA, 
whereas the cerebral cortex, hippocampus, and corpus striatum 
contain barely detectable levels of this mRNA (Fig. 4). The high 
level expression of RL- 14.5 mRNA within the DRG and spinal 
cord did not appear to change markedly during development 
(Figs. 3, 4). High levels of RL-14.5 mRNA were also detected 
in many non-neural adult tissues, including lung and heart (Fig. 
3). These findings provide further evidence that RL- 14.5 exists 
as a single molecular species in neurons and non-neural tissues 
but that in the nervous system the levels of expression of the 
lectin vary considerably in different regions. 

Cell-specific expression of RL-14.5 within the nervous system 

We next determined the identity and location of cells that syn- 
thesize RL-14.5 mRNA within the central and peripheral ner- 
vous system by in situ hybridization. In these experiments, ?S- 
labeled anti-sense RNA was transcribed in vitro from a vector 
containing nucleotides l-374 of RL-14.5. Labeled sense strand 
RNA prepared from the same segment was used as a control in 
these experiments. No specific hybridization was observed using 
sense RNA as probe (Fig. 6b). 

In addition, since RL-14.5 is only one of a family of struc- 
turally related lactose-binding lectins, oligonucleotide probes 
were used to exclude the possibility of cross-hybridization with 
other family members. The 2 oligonucleotides employed cor- 
respond to nucleotides 3 12-338 and 390-425 of XGTlOJ9 (Fig. 
l), and are in regions that do not exhibit homology to CBP-35 
or the rat IgE binding protein (Fig. 2b). The distribution of 
labeled cells detected with these DNA probes was identical, at 
all ages, to the distribution detected using RNA probes tran- 
scribed in vitro from RL-14.5 cDNA. 

Hybridization to cryostat sections of central and peripheral 
neural tissues revealed the presence of RL- 14.5 mRNA only in 
neurons. The location of labeled neurons was in agreement with 
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the regional distribution of mRNA detected by RNA blot anal- 
ysis. In the PNS, high levels of expression were detected in DRG 
neurons from early stages of development (-E13). Essentially 
all neurons in the DRG of El8 embryos appeared to express 
RL-14.5 mRNA (Fig. 5~) with no detectable differences in the 
levels of expression in subpopulations of sensory neurons at this 
stage. Expression of RL- 14.5 mRNA persists in essentially all 
DRG neurons at later developmental stages and is maintained 
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Figure 2. Amino acid sequence con- 
servation between RL-14.5 and ho- 
mologous proteins. a, Alignment of the 
amino acid sequences of - 14 kDa lac- 
tose-binding lectins isolated from dif- 
ferent species. Invariant amino acids are 
boxed. Sequences were obtained from 
mouse 3T3 (Wilson et al., 1989); hu- 
man placenta (Hirabayashi and Kasai, 
1988) chick (Ohyama et al., 1986), and 
eel (Paroutaud et al., 1987). b, Align- 
ment of the sequence of RL- 14.5 with 
homologous proteins of higher or un- 
determined molecular weight including 
human Hepl (Gitt and Barondes, 1986); 
the carboxy-terminal region (amino 
acids 127-262) of mouse CBP-35 (Jia 
and Wang, 1988) and of the carboxy- 
terminal region (amino acids 128-263) 
of the rat IgE binding protein (Albrandt 
et al., 1987). 

in adult sensory neurons (Fig. 6). The levels of mRNA, esti- 
mated by autoradiographic grain density, appeared greater in 
intermediate- and small-diameter neurons (Fig. 6~). Specific 
hybridization could not be detected in satellite cells in the DRG 
or in cells in the dorsal root or peripheral nerve, suggesting that 
RL- 14.5 mRNA expression in the DRG is restricted to neurons. 
Hybridization to sympathetic neurons in the superior cervical 
ganglion of adult rats was much less prominent than to sensory 
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Figure 3. Tissue and developmental expression of RL-14.5 mRNA determined by RNA blot analysis. Poly A+ RNA, 15 pg, were loaded into 
each lane. For embryonic day 13 (E 13) animals, heart, liver, and lung tissues (He + Li + Lu) were pooled for extraction of RNA. Similarly, brain, 
spinal cord, and dorsal root ganglion (Br + SC + DRG) tissues from these animals were pooled before extraction of RNA. Poly A+ RNA was 
prepared from individual tissues of postnatal day 0 (PO), day 4 (P4), and from adult animals. Tissues are denoted as follows: dorsal root ganglion 
(DRG), spinal cord (SC’), liver (Lz), brain (Br), lung (Lu), and heart (H). The size of the hybridizing RL14.5 mRNA, estimated by comparison to 
labeled and denatured Hind III fragments of bacteriophage X DNA is shown. Subsequent hybridization of the same blot with a ‘*P-labeled rat actin 
cDNA probe revealed similar levels of actin mRNA in all lanes with the exception of the lane containing liver mRNA. 

Figure 4. Regional distribution of RL- 
14.5 in the adult rat nervous system as 
determined by RNA blot analysis. In 
the first 3 lanes. 8 ~a ~01~ A+ RNA 0.65kbw 
was loaded. In the n&t 7 lanes, 15 pg 
poly A+ RNA isolated from different 
regions of adult brain was loaded into 
each lane. Brain regions are denoted as 
follows: brain stem (BrSt), cortex (Cfx), 
cerebellum (CB), midbrain (Mid Br), 
hippocampus (Hi), striatum (SO’), and 
hypothalamus (Hyp). The size of the 
RL-14.5 mRNA transcript was esti- 
mated by comparison to labeled and 
denatured Hind III fragments of bac- 
teriophage X DNA. 
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neurons (not shown), and we could not resolve whether these 
signals reflected specific or background labeling. Sympathetic 
ganglion neurons express levels of RL-14.5 immunoreactivity 
that are not distinguishable from that detected by labeling with 
preimmune sera (Regan et al., 1986). 

The localization of RL-14.5 mRNA in the PNS detected by 
in situ hybridization is similar to the distribution of the RL- 
14.5 protein detected immunocytochemically (Regan et al., 
1986). Small- and intermediate-diameter DRG neurons express 
higher levels of RL- 14.5 immunoreactivity than larger-diameter 
neurons. By in situ hybridization we detect RL-14.5 mRNA 
expression in all DRG neurons, whereas our previous immu- 
nocytochemical study detected significant immunoreactivity in 
only 63% of neuronal cell bodies. This discrepancy may be due 
to the differing sensitivity of the 2 techniques or to the selective 
degradation or transport of the lectin out of the cell bodies of 
some neurons. The present observations combined with pre- 
vious immunocytochemical studies therefore suggest that in the 
PNS RL- 14.5 is predominantly or selectively expressed in sen- 
sory neurons. 

Figure 5. Localization of RL-14.5 
mRNA in the spinal cord and DRG of 
El8 rat embryo by in situ hybridiza- 
tion. a, Low-power, dark-field photo- 
micrograph showing strong hybridiza- 
tion in the DRG of an E 18 rat embryo 
(arrowheads). Silver grams appear white 
under dark-field illumination. Scale bar, 
200 pm in A, 150 pm in B. b, Higher- 
power, dark-field photomicrograph of 
E 18 spinal cord. Within the spinal cord 
there is an accumulation of silver grains 
in the ventral spinal cord over regions 
occupied by developing motoneurons 
(arrowheads). The density of silver 
grains seen .over other regions of the 
spinal cord is not significantly different 
from background. 

RL-14.5 mRNA also shows a highly restricted pattern of 
expression within the CNS. Specific hybridization was detected 
in motoneurons both in the spinal cord and brain stem. Hy- 
bridization to motoneurons in the spinal cord was first detect- 
able by El3 and became more prominent by El8 (Fig. 5b). The 
intensity of hybridization in motoneurons increased during de- 
velopment with high levels of mRNA persisting in motoneurons 
in the adult spinal cord (Fig. 7). Within the brain stem, cranial 
nerve motoneurons, including the motor nucleus of the trigem- 
inal nerve and the facial motor nucleus (Fig. 7), were intensely 
labeled. Labeled neurons were also observed in the trigeminal 
mesencephalic nucleus and the nucleus ambiguus. Brain-stem 
projection neurons in the cerebellar dentate nucleus and the 
vestibular nuclei exhibited low levels of hybridization. How- 
ever, specific hybridization could not be detected in other re- 
gions of the brain, including areas such as the hypothalamus 
and cerebral cortex, where transcripts were detected by RNA 
blot analysis. Other neurons or non-neuronal cells within the 
central and peripheral nervous system may therefore express 
RL-14.5 mRNA, but at levels significantly lower than that de- 
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Figure 6. Localization of RL-14.5 mRNA in DRG neurons in the adult rat by in situ hybridization. a, Low-power, dark-field photomicrograph 
showing intense hybridization to sensory neurons of the adult rat DRG. Hybridization was detected in virtually all neurons in the adult rat DRG. 
Scale bar, 200 pm in A, 200 firn in B, 50 wrn in C. b, Hybridization to an adjacent section of adult rat DRG, using a ?S-labeled RNA probe 
transcribed from the sense strand of the RL- 14.5 cDNA. No hybridization above background was detected. c, High-power, bright-field photomi- 
crograph of adult DRG. Accumulation of silver grains in adult DRG consistently localized over DRG neuronal cell bodies and not over support 
cells within ganglion. The autoradiographic grain density was higher in small- and intermediate-diameter neurons (s) than in large-diameter neurons 
(0 

tected in sensory and motoneurons. Alternatively, these low 
levels of RL-14.5 mRNA may derive from other non-neural 
cells, for example, vascular smooth muscle cells or hemato- 
poietic cells present in the CNS. 

Discussion 
Several lines of evidence suggest that cell surface carbohydrate 
structures may participate in cell-cell or cell-substrate inter- 
actions during nervous system development. Galactosyltrans- 
ferases have been reported to bind to carbohydrates on extra- 
cellular matrix substrates and contribute to the migration of 
neural crest cells (Runyan et al., 1986). Ganglioside structures 
on developing neuroblasts have also been suggested to modify 
neural cell adhesion by regulating the interactions of these cells 
with extracellular matrix molecules such as fibronectin (Stallcup 
et al., 1989). Moreover, various complex oligosaccharide anti- 
gens and several carbohydrate binding proteins have been lo- 
calized to specific subsets of developing neurons (Dodd et al., 
1984; Levine et al., 1984; Dodd and Jessell, 1985; Yamamoto 
et al., 1985; Jesse11 and Dodd, 1986; Blum and Bamstable, 
1987). In the present study, we provide further information on 
the structure and specificity of expression of one carbohydrate 
binding protein within the mammalian nervous system. The 
isolation of cDNA clones encoding the lactose-binding lectin 
RL- 14.5 has established that this lectin is synthesized at high 
levels in a restricted subset of central and peripheral neurons. 
Within the nervous system, RL-14.5 mRNA is expressed at 
high levels in most or all motoneurons, and in primary sensory 
neurons of the trigeminal mesencephalic nucleus and at low 
levels in the cerebellar dentate and vestibular nuclei. Moreover, 
the expression of RL- 14.5 mRNA occurs soon after neuronal 
differentiation, suggesting that this lectin, if secreted, could con- 
tribute to the interactions of developing sensory and motoneu- 

rons with other cells or extracellular matrix molecules in their 
environment. 

Structure of RL-14.5 

Two major classes of lectins have been identified in vertebrate 
tissues. The first comprises a large family of structurally related 
integral membrane and secreted proteins that require the pres- 
ence of Ca2+ for their carbohydrate-binding function (Dricka- 
mer, 1988). This class includes the hepatic asialoglycoprotein 
receptor, macrophage mannose-binding proteins, a lymphocyte 
homing receptor, and several extracellular matrix proteoglycan 
core proteins (Drickamer, 1988). The second class, which in- 
cludes RL- 14.5, consists of smaller soluble lectins that do not 
require Ca*+ for carbohydrate binding and react predominately 
with lactosamine-based structures (Barondes, 1984, 1988). 
Members of this family of lectins lack signal sequences, although 
they appear to be secreted from at least some cells (Barondes, 
1988). Although extensive sequence homology is apparent among 
members of each class, primary sequence homologies between 
the 2 classes are not seen even when the carbohydrate ligand 
seems to be the same. In addition, comparison of the sequence 
of RL-14.5 and related lectins with the sequence of galactosyl- 
transferases (Narimatsu et al., 1986; Shaper et al., 1986) has 
not revealed any structural similarities. 

The predicted amino acid sequence of the rat brain RL- 14.5 
lectin is identical to that of the rat lung lectin sequence reported 
by Clerch et al. (1988). This finding suggests that there is only 
one species of RL- 14.5 which is common to neurons and non- 
neural cells (see also Abbott and Feizi, 1989). Isoforms of 14 
kDa lactose-binding lectins detected by 2-dimensional electro- 
phoresis (Fitzgerald et al., 1984) may therefore reflect posttrans- 
lational modifications of the same core protein. However, sev- 
eral other lectins which are structurally related to RL- 14.5 have 
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Figure 7. Localization of RL-14.5 mRNA within the central nervous system of the adult rat detected by in situ hybridization. a, Low-power, 
dark-field photomicrograph of a parasagittal section through adult rat spinal cord. Hybridization to RL- 14.5 mRNA is detected over motoneurons 
in the ventral,region of the spinal cord but not to any other cell type in the spinal cord. Scale bar, 200 pm in A, 500 pm in B, 50 wrn in C. b, Low- 
power, dark-field photomicrograph showing hybridization neurons in the brain stem. The major nuclei illustrated in this photomicrograph are the 
facial nucleus (f), the trigeminal motor nucleus (tm), and the trigeminal mesencephalic nucleus (me). No labeling was detectable in the cerebellum. 
Faint labeling is detected over the neurons in the deep cerebellar nuclei. c, High-power, bright-field photomicrograph showing accumulation of 
silver grains over motoneurons in the brain stem. Counterstained non-neuronal cells show no labeling above background (arrowheads). 

been identified within mammalian tissues. Lactose-binding lec- 
tins of 18 and 29 kDa have been isolated from rat lung (Cerra 
et al., 1984). RL-29 appears to be identical to the IgE binding 
protein isolated from rat RBL cells (Albrandt et al., 1987) and 
the rat homolog of the CBP-35 lectin isolated from mouse 3T3 
fibroblasts (Jia and Wang, 1988). Additional structurally related 
lactose binding lectins have also been identified in rat intestine 
(Lcffler et al., 1989). The marked amino acid sequence homol- 
ogies which exist among these distinct proteins (Fig. 2) clearly 
defines this group of lectins as a family of structurally and per- 
haps functionally related molecules. 

Selective expression of RL-14.5 within the nervous system 
The results of the present studies on the localization of RL- 14.5 
mRNA in the nervous system are consistent with immunocy- 
tochemical studies of the expression of RL-14.5 (Regan et al., 
1986). The in situ hybridization studies presented have further 
demonstrated that the presence of the lectin in primary sensory 
neurons and in motoneurons reflects synthesis by the neurons 
themselves and not the accumulation of lectin synthesized by 
other central or peripheral cells. These studies also reveal that 
there is no detectable synthesis of the lectin by cells in the dorsal 
horn of the spinal cord at any stage of development. The high 
levels of RL- 14.5 immunoreactivity detected in the dorsal horn 
of the embryonic and adult spinal cord therefore reflect the 
presence of the lectin in or around the central terminals of DRG 
axons. Although precise quantitation was difficult, it appears 
that the highest levels of RL-14.5 mRNA are present in DRG 
neurons with small- or intermediate-diameters, consistent with 
the protein expression pattern observed by immunocytochem- 
istry (Regan et al., 1986). Within the spinal cord, RL-14.5 mRNA 
expression is restricted to motoneurons. RL- 14.5 may therefore 

prove useful as an early marker of spinal motoneuron differ- 
entiation. 

Function of RL-14.5 
RL-14.5 and related lectins have been proposed to mediate 
interactions between non-neural cells expressing appropriate cell 
surface carbohydrate stuctures (Barondes, 1984). 

The function of RL-14.5 in sensory and motoneurons is not 
clear. Previous studies have provided evidence that these lac- 
tose-binding lectins are released from non-neural cells (Beyer 
and Barondes, 1982; Cerra et al., 1984). Moreover, both RL- 
14.5 and RL-29 appear to be released from rat DRG neurons 
maintained in dissociated cell culture (Hynes et al., unpublished 
observations). If RL-14.5 functions extracellularly, at least 3 
modes of action can be considered. One function of RL-14.5 
may be to cross-link lactosamine structures on the surface of 
DRG neurons. Under physiological conditions, RL-14.5 exists 
as a dimer and can agglutinate neuronal and non-neural cells 
(Barondes, 1984; Joubert et al., 1987). A variety of lactoseries 
structures are differentially expressed on functional subsets of 
DRG neurons (Jesse11 and Dodd, 1986; T. M. Jesse11 and J. 
Dodd, unpublished observations). Moreover, RL-14.5 has dif- 
ferential affinity for these structurally distinct lactoseries oli- 
gosaccharides (Leffler and Barondes, 1986). Thus, even though 
RL-14.5 is expressed by all DRG neurons, differences in the 
binding affinity of RL- 14.5 to the distinct lactoseries structures 
expressed by subpopulations of DRG neurons (Dodd and Jes- 
sell, 1985) could result in the selective cross-linking of axonal 
subsets and in this way promote the fasciculation of functional 
subclasses of sensory afferents in the dorsal root. Alternatively, 
since both motoneurons and DRG neurons extend axons into 
the periphery, RL- 14.5 may mediate interactions of sensory or 
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motor axons with carbohydrate structures in the peripheral ex- 
tracellular matrix. Lactoseries oligosaccharides have been de- 
tected on a variety of peripheral cells as well as on extracellular 
matrix proteins including laminin (Fujiwara et al., 1988). Fi- 
nally, RL- 14.5 could exert a direct signaling action on sensory 
or motor neurons via its binding to cell surface lactoseries car- 
bohydrates on growth cones. 

It is also possible that RL-14.5 has an intracellular function 
in DRG and motoneurons. Immunocytochemical studies in both 
non-neuronal cells and in DRG neurons have indicated that 
RL- 14.5 and RL-29 can be detected both in the cytoplasm and 
in the nucleus (Barondes, 1984; Regan et al., 1986). The recent 
observations that numerous nuclear proteins, including some 
transcription factors, are glycosylated (Holt and Hart, 1986; 
Jackson and Tjian, 1988), raises the possibility that one role of 
these lectins may be to regulate the function of nuclear proteins. 
Observations on the structure and location of CBP-35, the mouse 
homolog of RL-29, has provided some support for this idea. 
The amino acid sequence of CBP-35 deduced from cDNA clon- 
ing has revealed that the protein consists of 2 distinct domains. 
The carboxy-terminal domain exhibits homology to other sol- 
uble lactose-binding proteins; however, the amino-terminal re- 
gion exhibits sequence similarity with proteins of heterogenous 
ribonucleoprotein complexes (Jia and Wang, 1988). Moreover, 
CBP-35 appears to be a component of ribonucleoprotein com- 
plexes in mouse 3T3 cells (Laing and Wang, 1988). 

The presence of RL-14.5 and RL-29 in both the nucleus and 
in the synaptic terminals of DRG neurons and the detection of 
the protein in secreted form suggest that these lectins may have 
multiple and diverse functions. The isolation of cDNA clones 
that encode RL- 14.5 provides a basis for the design of cellular 
and molecular assays to assess the function of this protein in 
functionally distinct subsets of neurons. 
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