
The Journal of Neuroscience, May 1994, 74(5): 2943-2952 

Distribution of Agrin mRNAs in the Chick Embryo Nervous System 
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Agrin is a synapse-organizing protein likely to mediate nerve- 
induced aggregation of acetylcholine receptors and other 
postsynaptic components at the neuromuscular junction. We 
used in situ hybridization and polymerase chain reaction 
(PCR) to define the localization of agrin mRNA and its al- 
ternatively spliced forms in the chick embryo nervous sys- 
tem. Agrin cRNA probes intensely labeled motor neurons, 
dorsal root ganglia, cerebellar Purkinje neurons, and retinal 
ganglion cells. Neuronal layers in optic tectum and ventric- 
ular regions were also labeled. Analysis by PCR showed that 
all parts of the nervous system at embryonic day 10 con- 
tained three major forms of agrin mRNA. Our results raise 
the possibility that agrin isoforms play a role in synapse 
formation or other aspects of neuronal development in the 
central nervous system. 

[Key words: agrin, synapse formation, extracellular matrix, 
chick embryo, polymerase chain reaction, in situ hybridiza- 
tion] 

Agrin is the first synapse-organizing protein to be identified. 
Evidence is growing that agrin is the molecule provided by the 
motor axon that induces the formation of the postsynaptic ap- 
paratus at both the developing and the regenerating neuromus- 
cular junction. Agrin is synthesized in motor neurons, is trans- 
ported down their axons, and becomes associated with the 
synaptic basal lamina at the neuromuscular junction (Reist et 
al., 1987; Magill-Sole and McMahan, 1988, 1990). Originally 
isolated from extracellular matrix (ECM) of the synapse-rich 
Torpedo electric organ (Godfrey et al., 1984, 1988a; Nitkin et 
al., 1987), agrin causes the redistribution of acetylcholine re- 
ceptors (AChRs) and other postsynaptic components into dense 
aggregates on the surface of skeletal muscle cells (Godfrey et al., 
1984; Wallace, 1989). Recent studies of neuromuscular inter- 
action show that agrin is likely to be involved in organizing 
postsynaptic structures from the time they first appear in de- 
velopment. First, anti-agrin antibodies block nerve-induced 
AChR aggregation on muscle cells (Reist et al, 1992). Second, 
microaggregates of AChRs at newly formed nerve-muscle con- 
tacts in culture are colocalized with microaggregates of neuronal 
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agrin-like molecules on the surface of the motor axon (Cohen 
and Godfrey, 1992). Thus, agrin appears to be involved in neu- 
romuscular synaptogenesis from the time axons contact muscle 
cells. 

In addition to agrin’s localization in the synaptic basal lamina, 
agrin-like proteins are also present in most other basal laminae 
(Godfrey et al., 1988a,b; Godfrey, 199 1). In the chicken, agrin- 
like proteins purified from non-neural tissues such as muscle, 
kidney, and heart have much less AChR-aggregating activity 
than agrin from brain or spinal cord (Godfrey, 199 1). This dif- 
ference in activity of agrin-like molecules from various tissues 
may be due to alternative splicing of agrin mRNA. Complete 
cDNA sequences coding for rat and chicken agrin have recently 
been obtained (Rupp et al., 199 1; Tsim et al., 1992). In the chick 
embryo, several variants of agrin mRNA have been detected 
(see Fig. 6). These differ in sequence by the presence or absence 
of inserts at two positions near the 3’ end of the molecule, 
designated A(nucleotides 5016-5027) and B (5423-5455; Ruegg 
et al., 1992; Tsim et al., 1992). When partial cDNAs were ex- 
pressed as soluble proteins in a transfected cell line, only cDNAs 
containing inserts at both positions A and B encoded proteins 
with AChR-aggregating activity (Ruegg et al., 1992). Variants 
that lack one or both inserts (A,B, and A,B,) encoded proteins 
with little or no AChR-aggregating activity in this assay, and 
were detected in both neural and non-neural tissues. The A,B,, 
variant, which encodes an isoform that may have greater AChR- 
aggregating activity than those lacking the inserts (Ruegg et al., 
1992; Ferns et al., 1993), was found only in the nervous system 
of the chick embryo (Ruegg et al., 1992). In a more recent study, 
B, and B,, inserts were also detected in the chick ciliary ganglion 
(Thomas et al., 1993), bringing the total number of variants to 
four at the B position. Similar sequence variants have been 
found in the rat (Ferns et al., 1992; Hoch et al., 1993). 

Having the sequence of agrin mRNA variants makes it pos- 
sible to determine their distribution and pattern of expression. 
Agrin’s AChR-aggregating activity is present in embryonic brain, 
especially in regions containing motor neurons (Magill-Sole and 
McMahan, 1988; Godfrey, 199 1). However, the precise distri- 
bution of agrin in the developing nervous system has not been 
reported. We have used a combination of in situ hybridization 
histochemistry and polymerase chain reaction (PCR) to study 
the distribution of agrin mRNA and its alternatively spliced 
forms in the chick embryo nervous system. We found that agrin 
mRNAs are concentrated in only a few structures in the devel- 
oping nervous system. All regions of the nervous system that 
were surveyed contained agrin mRNAs likely to encode proteins 
with potent AChR-aggregating activity and also those encoding 
agrin isoforms that may have less activity. Our results raise the 
possibility that agrin isoforms may play a role in the develop- 
ment of connections between specific sets of neurons within the 
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Figure I. Northern hybridization of RNA from El4 chick embryo 
spinal cord (s) and brain (B) with an antisense cRNA probe for chicken 
agrin. RNA-was purified as described in Materials and Methods; 3 Fg 
of ~olvA+ RNA from spinal cord and 20 fig of total RNA from brain 
weie loaded on a formaldehyde-agarose gel: Following electrophoresis 
and transfer of RNA to nylon membrane, hybridization was performed 
using the same digoxigenin-labeled antisense cRNA probe for chicken 
agrin that was used for in situ hybridization. One transcript of -8.2 kb 
was detected. Numbers at left indicate migration of RNA size standards 
(kilobases). 

CNS, in addition to their function at developing neuromuscular 
synapses. 

Some of this work has been reported in abstract form (Ma 
and Godfrey, 1992). 

Materials and Methods 
Northern hybridization. Total RNA was prepared from chick embryo 
[day 14 (E14)] spinal cord and brain using RNAzol (Tel-Test, Inc.); 
polyA+ RNA was purified with the Micro-FastTrack kit (Invitrogen). 
A formaldehyde-containing agarose (1.2%) gel was loaded with 3 pg per 
lane of polyA+ RNA from spinal cord and 20 pg of total RNA from 
brain. Following electrophoresis, RNA was transferred to nylon (0.45 
pm pore size; Micron Separations, Inc., Westboro, MA). The blot was 
prehybridized 3 hr, probed (45°C overnight, 50% formamide) with a 
digoxigenin-labeled antisense cRNA probe specific for the 5’ end of 
chicken agrin mRNA (nucleotides l-l 145), and washed twice in 1 x 
SSC, 0.1 O&SDS 30 min at room temperature, then twice 45 min in 0.1 x 
SSC, 0.1% SDS at 70°C. Probe was detected with anti-digoxigenin anti- 
bodies linked to alkaline phosphatase (Genius kit, Boehringer-Mann- 
heim), according to the manufacturer’s instructions. An RNA ladder 
(GIBCO-Bethesda Research Labs) was used as a size standard. 

In situ hybridization. Chick embryos (White Leghorn eggs, Sunnyside, 
Beaver Dam, WI) were used at E2 [stage (St) 151, E3 (St 18), E4 (St 23), 
E5 (St 26), E6 (St 28), E7 (St 30), E9 (St 35), El0 (St 36), El4 (St 40), 
and El8 (St 44); 3-d-old chicks (P3) were also used. Embryos were 
staged by the criteria of Hamburger and Hamilton (1951). Chick brain 
and chick embryo heads were prefixed 3 hr in 4% paraformaldehyde, 
embedded in OCT medium, and stored at -80°C. Chick embryo trunks 
were dissected, immediately embedded, and frozen without fixation. 

Digoxigenin-labeled agrin cRNA probes were synthesized using the 
Genius kit according to the manufacturer’s instructions (DIG RNA 
labeling kit, Boehringer-Mannheim). The templates were an 1100 base 
pair (bp) fragment at the 5’-end of the chicken agrin cDNA (nucleotides 
l-l 145) and a 2800 bp fragment near the center of the cDNA (nucle- 
otides 690-3460; Tsim et al., 1992). These agrin cDNA clones, in Blue- 
script KS with T3 and T7 promoters, were a gift of Drs. K. Tsim and 
U. J. McMahan (Stanford University). For hybridization of prefixed 
tissues, probes were hydrolyzed into fragments of 150-l 70 bp in 80 mM 
NaHCO,, 120 mM Na,CO,, pH 10.2 (Angerer et al., 1987). 

For in situ hybridization, 16 pm cryostat sections were mounted on 
3-aminopropyltriethoxysilane-coated slides, fixed 5 min (2 min, pre- 
fixed tissues) in PBS with 4% paraformaldehyde, rinsed twice in PBS, 
and dried. The fixed sections were incubated in prehybridization buffer 
[50% deionized formamide, 0.75 M NaCl, 25 mM PIPES, 25 mM EDTA, 
5 x Denhardt’s, 0.2% SDS, 10 mM dithiothreitol, 500 mg/ml denatured 
herring sperm DNA, 300 &ml polyA, and 300 &ml tRNA] for 3 hr 
at 50°C covered with 70 ~1 of cRNA probe (0.57 ng/ctl) in hybridization 
buffer (prehybridization buffer plus 101 dextran sulfate), and incubated 
overnight at the same temperature. After hybridization, sections were 
rinsed twice in 4 x SSC, treated with 60 &ml RNase A (37°C 30 min), 
and rinsed 30 min in the same buffer, once in 1 x SSC at room tem- 
perature, and once in 1 x SSC at 58°C. After the last wash, sections were 
treated to reveal digoxigenin-labeled probes with alkaline phosphatase- 
conjugated anti-digoxigenin antibody (1: 1000 dilution) and substrates, 
according to the protocol provided by Boehringer-Mannheim. After 
mounting with Permount and coverslips, the sections were observed 
and photographed using a Nikon Optiphot microscope and camera. In 
control experiments, no specific labeling was observed in adjacent sec- 
tions in each group hybridized with either sense cRNA probe or without 
a probe to check endogenous phosphatase activity. 

Polymerase chain reaction. To obtain mRNA, all tissues were rapidly 
dissected on ice from El0 (St 36) embryos, except for heart (St 28) and 
limb (St 23). The mRNA was isolated with the Micro-FastTrack mRNA 
Isolation Kit (Invitrogen) and first-strand cDNA was synthesized with 
M-MLV reverse transcriptase and specifically primed using the primer 
B, (see below). 

To identify agrin mRNA variants, we tested for the presence of inserts 
at positions A (nucleotide 5016) and B (nucleotide 5423; Tsim et al., 
1992). Polymerase chain reaction was used to amplify region A with 
primers A, and 4, and region B with primers B, and B.. The sequence 
and position of these primers were, for A,, 5’-CAACACCTGGA- 
TAAGCG-3’ (nucleotides 4926-4942); A,, 5’-ATGGCTCCTT- 
CAGGTTGAGG-3’ (5043-5062); B,, S’-TTTGATGGTAGGACGT- 
ACAT-3’ (5377-5396); and B,, 5’-TCTGTTTTGATGCTCAGCTC-3’ 
(5485-5504; see Fig. 8). The PCR reaction mixture (100 ~1) contained 
1 pl of the cDNA mixture, 10 mM Tris HCI (pH 8.3), 50 mM KCl, 2.5 
mM MgCl,, 0.1 mM dATP, 0.2 mM each of the other nucleotides, 25 
pmol of each primer, 1 pl of 35S-dATP (1000 Ci/mmol; Amersham), 
and 2.5 U of Taq DNA polvmerase (Promeaa). which was added to the 
other components after heating to 9$C. Amplification was performed 
in a PTC-100 thermal cycler (MJ Research, Inc.) using 35 cycles of 
95°C for 1 min, 55°C for 1 min, and 72°C for 1 mitt, followed by a 7 
min extension at 72°C. Five microliters of each reaction was analyzed 
on an 8% polyacrylamide sequencing gel in TBE buffer (Sambrook et 
al., 1989). The gel was dried and autoradiography was performed 42- 
96 hr. 

DNA sequencing of PCR products. To confirm that the PCR products 
were amplified from agrin variants, direct sequencing of the products 
from position B was performed. Products from PCR with primers B, 
and B, were separated by electrophoresis in a 3% SeaPlaque (FMC 
BioProducts) agarose gel. Individual bands were cut out and purified 
with the Mermaid Kit (Bio 101); sequencing was performed with the 
fmol DNA Sequencing System (Promega), as specified by the manu- 
facturer. The amplification primers, 5’ end labeled with T4 polynucle- 
otide kinase and +*P-dATP (10 mCi/ml, 3000 Ci/mmol), were used 
for direct sequencing. 

Figure 2. Distribution of agrin mRNAs in the lumbar spinal cord of the developing chick embryo. A, E3 (St 18); B, E4 (St 23); C, E5 (St 26); D, 
El0 (St 36); E, El4 (St 40); F, El 8 (St 44) (A-F all hybridized with antisense agrin cRNA probe); G, enlargement of boxed region in E (E14); H, 
sense cRNA control hybridized to section of E 10 spinal cord. Arrows, presumptive motor neurons, where the agrin mRNA signal was consistently 
seen; arrowheads, ventricular region. d, dorsal root ganglion; n, notochord, s, somitic myotome. Scale bars: A-C, 100 pm; D-F and H, 200 pm; 
G, 50 pm. 
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Results 

Specificity of probes used for in situ hybridization 
Two different antisense agrin riboprobes (cRNA probes) were 
synthesized from chicken agrin cDNA clones. One probe was 
complementary to the initial - 1 kilobase (kb) at the 5’ end of 
the -8 kb agrin mRNA sequence; the other probe represented 
-3 kb in the center of the agrin mRNA. Most of the in situ 
hybridization data were derived from the 5’-most probe, but 
the other probe gave identical results (comparison not shown). 
The 5’-most probe hybridized with only one band of -8.2 kb 
in Northern blot analysis of mRNA from chick embryo spinal 
cord and brain (Fig. 1). In dot blotting experiments, antisense 
cRNA probe hybridized with mRNA isolated from E 12 chick 
spinal cord, while the corresponding sense probe did not (not 
shown). In situ hybridization with the antisense probes showed 
that agrin mRNA was concentrated in portions of the embryo 
known to contain high levels of agrin protein, including ventral 
spinal cord (Fig. 2B) and embryonic kidney (not shown). The 
antisense cRNA signal was localized intracellularly (Figs. 2G, 
K,,D,, arrowheads), while sense cRNA probes did not yield 
specific hybridization patterns (e.g., Figs. 2H, 3B,, 4B,, 5A,,B,). 
Furthermore, hybridization without probe showed no signal, 
indicating a lack of nonspecific antibody binding and endoge- 
nous phosphatase activity (not shown). 

Distribution of agrin mRNAs in developing spinal cord and 
sensory ganglia 

The early (E2-E3) neural tube and surrounding tissues had a 
low but uniform level of agrin mRNA (E2, not shown; E3 = St 
18; Fig. 2A). However, by E4 (St 23) the lumbar spinal cord 
contained a population of ventrolateral cells, presumably motor 
neurons, that were labeled intensely with agrin antisense probes 
(arrows, Fig. 2B). The signal in the presumptive motor neurons 
appeared to be at its greatest intensity at this early stage. In- 
creased hybridization was also found in the area around the 
central canal of the spinal cord (arrowheads, Fig. 2B), and at 
this stage sensory ganglia also were labeled (“d,” Fig. 2B). At 
E5-E6 (St 25-28) when the first neuromuscular synapses form 
in the limb, ventrolateral cells were still labeled (arrows, Fig. 
2C), but in addition, intense labeling surrounded the central 
canal, especially dorsally, in the lumbar spinal cord (arrowheads, 
Fig. 2C). Interestingly, the hybridization signal in ventrolateral 
spinal cord at E5-E9 seemed much weaker in sections of thoracic 
spinal cord than in the lumbar region, suggesting that motor 
neurons innervating limb muscles contain a much higher level 
of agrin mRNA than those supplying axial musculature (not 
shown). At El0 (St 36) the putative motor neurons again con- 
tained the greatest signal (arrows, Fig. 2D), while the area around 
the central canal stained significantly less than at E5-6 (arrow- 
heads, Fig. 20). At El4 (St 40; Fig. 2E) and El 8 (St 44; Fig. 
2F), agrin mRNA was primarily concentrated in motor neurons, 
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but the intensity of the signal appeared to decrease with devel- 
opment. The reaction product was localized in the cytoplasm 
of putative motor neurons (El 4; Fig. 2G), as expected. Sensory 
ganglia from E5 to E 14 were also prominently labeled (“d,” Fig. 
2D,E). The largest sensory ganglion cells, presumably neurons, 
were most intensely labeled (not shown). Sections hybridized 
with sense cRNA probe showed no specific signal in the spinal 
cord at any stage (e.g., at ElO; Fig. 2H). 

Agrin mRNAs in developing retina 

Four stages (E6, St 28; E7, St 30; E9, St 35; ElO, St 36) were 
selected for studying the distribution of agrin mRNAs in de- 
veloping retina. Agrin mRNAs at the earlier stages were con- 
centrated in the retinal ganglion cell layer (labeled “R,” Fig. 
3A,, E7; E6 not shown). At E9 and ElO, the retina was clearly 
differentiated, with several layers evident. Agrin mRNAs at 
these stages were still concentrated in the retinal ganglion cell 
layer (labeled “R,” Fig. 3B,), but some signal was also seen in 
all cellular layers between the ganglion cell layer and the pig- 
mented epithelium. The sense cRNA probe control labeled the 
retina at these stages in a uniform pattern and much less in- 
tensely (Fig. 3A,,B,). 

Agrin mRNAs in embryonic brain 

In the development of the cerebellum, a low level of reaction 
product was first observed at E9, when the cerebellar plate has 
first formed (not shown). At El0 some signal was clearly local- 
ized in the presumptive Purkinje cell layer (arrowheads, Fig. 
4A,). Compared with earlier stages, at El4 (St 40) the signal in 
the Purkinje cell layer was increased (arrowheads, Fig. 4B,,B,), 
although a lesser signal was also seen in the external granule cell 
layer (Fig. 4B,, arrows; BJ. By El 8 (St 44), agrin mRNA reached 
a maximal level and was clearly concentrated in Purkinje cells 
(arrowheads, Fig. 4C,,C,). At P3, the agrin mRNA signal was 
still seen in Purkinje cells (arrowheads, Fig. 4D,,D2), but was 
decreased when compared with that at E18. No specific signal 
was found with sense cRNA probe controls (Fig. 4A,, B,, C,, D,). 

Much of the embryonic brain had a low and fairly uniform 
level of hybridization with agrin antisense cRNA probes, which 
was nevertheless greater than in controls with sense cRNA (Fig. 
5A,,B,). However, several brain regions were prominently la- 
beled with agrin probes. The E6 (St 28) telencephalon was in- 
tensely labeled, especially in the superior region (Fig. 5A,; A,, 
arrowheads). By E9 or El0 the agrin mRNA signal in the tel- 
encephalon was greatly diminished, remaining primarily in the 
ventricular region (not shown). The agrin mRNAs in the optic 
tectum were mainly localized to the ventricular layer at E6 (not 
shown), but by E9 or ElO, when axons of retinal ganglion neu- 
rons begin to form synapses on tectal neurons (Rager, 1976), 
several more peripheral layers, presumably neuronal, were also 
labeled (arrowheads, Fig. 5B,). Cranial motor nuclei in the 

Figure 3. Distribution of agrin mRNAs in developing retina. A, (E7; St 30) and B, (E9; St 35), Retina, showing agrin mRNA signal concentrated 
in ganglion cell layer (R). A, (E7) and II2 (E9), Sense cRNA probe controls for A, and B,. Retinal ganglion cell layer (R) is at the bottom and 
pigment epithelium (P) at the top in all micrographs. Scale bars, 100 pm. 

Figure 4. Distribution of agrin mRNAs in developing cerebellum, seen in sag&al sections. A,: El0 (St 36); A,: sense cRNA control for A,. B,, 
El4 (St 40); B,, enlargement of boxed area in B,; B,, sense cRNA control for B,. C,, E18; C,, enlargement of boxed area in C,; C,, sense cRNA 
control for C,. D,, P3 (3 d posthatching); D,, enlargement of boxed area in D,; DJ, sense cRNA control for D,. Purkinje cells were heavily labeled, 
especially at E 18 (C) and P3 (0) (arrowheads). Agrin mRNA signal was localized in cytoplasm of these cells (large arrowheads, C,, D2). Scale bars: 
A,, A,, B,, C,, D,, 300 wn; B,, B,, C,. C,, D,, &, 100 w. 
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brainstem were heavily labeled, as expected, since they contain 
motor neurons (asterisks, Fig. 5C). In the diencephalon, signal 
was also found in the habenular nucleus (arrow, Fig. 5D; E9). 

Analysis of agrin mRNAs with PCR 

The structure of the agrin cDNA and the position of inserts 
encoding variant sequences is shown in Figure 6. To determine 
the tissue distribution of the alternatively spliced mRNA var- 
iants and confirm the results of in situ hybridization, PCR was 
used to amplify independently the two regions of cDNAs syn- 
thesized from embryonic mRNAs of E4-E 10 non-neural (limb, 
muscle, kidney, and heart) and E 10 neural tissues (spinal cord, 
dorsal root ganglion, retina, and parts of brain). The DNA bands 
shown in Figure 7 were observed in five independent amplifi- 
cations from two different sets of cDNA preparations. No bands 
were observed when template DNA was omitted (not shown). 
Analysis of region A showed that most of the agrin mRNA from 
non-neural tissues had no insert in this position (A,), while agrin 
mRNA from the embryonic neural tissues consisted largely of 
molecules coding for the four amino acid insert (A,, Fig. 7A). 
A small amount of A, was also seen in PCR products from non- 
neural tissues, but only after longer exposures of autoradio- 
grams. Amplification of region B yielded PCR products (95- 
152 bp) lacking the B insert (B,) in non-neural tissues, while the 
nervous system contained both B, and sequences coding for ll- 
amino acid (B,,) and 19-amino acid (B,,) inserts (Fig. 7B). No 
B, insert was seen at these stages, but a band of this size was 
seen in reactions from E14-E20 spinal cord (not shown). The 
size of the PCR products was estimated by electrophoresis of 
unlabeled products from similar reactions with DNA size stan- 
dards on agarose gels stained with ethidium bromide (not shown). 
To confirm that the amplified PCR products represented agrin 
mRNA variants, the B region bands were sequenced directly. 
Sequence analysis confirmed that the bands were amplified from 
agrin cDNA. The B, and B,, sequences were identical to the 
agrin mRNA variants identified by Ruegg et al. (1992); the B,, 
sequence coded for the 11 -amino acid insert in tandem with an 
g-amino acid insert (Fig. 7C). Six of the eight amino acids were 
identical to those in the corresponding rat insert (Ferns et al., 
1992). Amino acid sequences of the chicken agrin inserts were 
recently published (Thomas et al., 1993); here we present the 
DNA sequences as well. Sequencing showed that one nucleotide, 
immediately to the 5’ side of the inserts (underlined, Fig. 7C), 
was different from the previously published sequence (Ruegg et 
al., 1992; Tsim et al., 1992). 

Discussion 

We have shown that agrin mRNAs in the chick embryo nervous 
system are concentrated in (1) neurons that send long projections 
through nerves, that is, motor, sensory, and retinal ganglion 
neurons; (2) a relatively small number of neuronal layers and 
nuclei in the brain, including those in optic tectum and cere- 
bellum; and (3) ventricular layers throughout the developing 
nervous system. Most ofthe neurons that appear to have a higher 
agrin mRNA content fall into pairs with their target cells, which 
also express an elevated level of agrin mRNAs, namely, motor 
neurons and muscle cells, sensory and motor neurons, retinal 
ganglion and tectal neurons, and cerebellar Purkinje and granule 
cells. There is also a low level of agrin mRNA expression 
throughout the nervous system. Non-neural tissues appear to 
contain only agrin mRNA lacking a B insert, which encodes 
proteins with little or no AChR-aggregating activity, based on 

expression of partial cDNAs in transfected cells (Ruegg et al., 
1992). However, all regions of the embryonic chick nervous 
system contain at least three agrin mRNA variants, due to al- 
ternative splicing at sequence position B. While the biological 
functions of the proteins encoded by these isoforms have not 
been fully investigated, these results raise the intriguing possi- 
bility that different agrin isoforms have different functions in 
nervous system development. For example, some agrin isoforms 
may play a role in the organization of neuron-neuron synapses. 

In the developing spinal cord, beginning at E4 (St 23), pre- 
sumptive motor neurons had a higher agrin mRNA content than 
surrounding cells. At this stage, motor axons have already exited 
the spinal cord, but have not yet entered the limb (Tosney and 
Landmesser, 1985). Our preliminary results (E. Ma and E. W. 
Godfrey, unpublished observations) indicate that agrin mRNAs 
coding for the 1 l- and 19-amino acid inserts at position B first 
appear at about this stage. Thus, prior to synaptogenesis with 
muscle cells in the hindlimb at and after St 26 (Landmesser and 
Morris, 1975), the motor neurons acquire machinery for alter- 
native splicing that produces mRNA encoding agrin isoforms 
capable of organizing the postsynaptic apparatus. These results 
suggest that active agrin may be externalized by motor axons 
before they enter muscle masses. This notion is consistent with 
results of two recent studies. First, Dahm and Landmesser (199 1) 
showed that AChRs were clustered in early limb muscle masses 
soon after muscle nerves entered them, even prior to branching. 
Thus, AChR clusters were seen up to 200 lrn from the nerve, 
suggesting that in the chick embryo the nerve secretes a diffusible 
factor capable of inducing these structures prior to axon-muscle 
cell contact. Second, Cohen and Godfrey (1992) found that ax- 
ons of embryonic frog spinal cord neurons in culture externalize 
and display on their surfaces microclusters of neuronally derived 
agrin, even in regions of the culture where the axons did not 
contact muscle cells. Over 90% of the AChR microclusters in- 
duced by these axons on muscle cells were colocalized with agrin 
microclusters, suggesting that the latter contain biologically ac- 
tive molecules. Further, frog spinal cord neurons in culture ex- 
ternalize active agrin molecules in the absence of muscle cells 
(Cohen et al., 1994). Thus, just as motor axons secrete ACh 
prior to contact with muscle cells (Young and Poo, 1983) motor 
neurons appear to have active mechanisms for translation, tran- 
scription, and externalization of active agrin isoforms prior to 
synaptogenesis. 

Dorsal root ganglia had an intense agrin mRNA signal from 
E4 until at least E14. The signal was most intense in the largest 
cells, presumably neurons. This localization is puzzling, because 
our data indicate that the same agrin mRNA variants are present 
in sensory ganglia as in spinal cord, yet sensory neurons do not 
cause aggregation of AChRs on muscle cells (Cohen et al., 1979; 
Role et al., 1985). Perhaps there is a difference in the synthesis, 
transport, or externalization of agrin molecules in sensory neu- 
rons as compared to motor neurons. 

Agrin mRNAs were also concentrated in ventricular germinal 
zones of the spinal cord and the brain. In the spinal cord, the 
hybridization signal near the central canal was first apparent at 
E4, but became very intense and extensive at E5-E6, especially 
in the dorsal half of the spinal cord. At later stages this signal 
gradually decreased, disappearing completely after E 14. We had 
previously observed fibrils of agrin immunofluorescence radi- 
ating from the dorsal end of the central canal of E5-El2 chick 
embryo spinal cord (R. E. Siebenlist and E. W. Godfrey, un- 
published observations). Others have observed agrin immu- 
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Figure 5. Distribution of agrin mRNAs in developing chick embryo brain. A,, E6 (St 28) telencephalon, coronal section. A,, an enlargement of 
superior region (boxed area) in A,. The signal was most concentrated in the region surrounded by arrowheads. A,, Sense cRNA control for A,. B,, 
El0 (St 36) optic tectum, coronal section; signal is in ventricular layer (arrows) and presumptive neuronal layers (arrowheads). B2, Sense cRNA 
control for B,. C, El4 (St 40) medulla, showing signal in cranial motor neurons (asterisks). D, E9 (St 35) diencephalon, sagittal section, showing 
habenular nucleus (arrow). A and B in color; C and D in black and white. Scale bars: A,, B,, B,, C, and D, 300 pm; A, and A,, 100 pm. 

nofluorescence and/or in situ hybridization signal near the cen- 
tral canal of chick (Tsim et al., 1992) and rat embryo spinal 
cord (Rupp et al., 199 1). The function of agrin in the ventricular 
zone is unlikely to be related to synaptogenesis, because ven- 
tricular cells divide to create new neurons and glial cells. The 
agrin mRNA in this region does not contain any of the B inserts, 
because in situ hybridization with antisense oligonucleotides 
specific for either B, or B,, sequences does not give a signal in 
the ventricular zone, as it does in the ventrolateral region (Ma 
and Godfrey, unpublished observations). The temporal pattern 

of agrin mRNA expression correlates with the period of rapid 
cell division in the dorsal germinal zone of the spinal cord 
(Hamburger, 1948), so agrin may play a role in cell division 
and/or migration in this structure. An intense signal for agrin 
mRNA was also seen in ventricular zones in the brain and, 
interestingly, in a zone subjacent to the germinal layer in the 
telencephalon at E6 but not at E9. Although birds do not have 
a true cerebral cortex, this layer may be related to the transient 
cortical subplate neurons that are generated early in the devel- 
opment of mammalian cortex (Luskin and Shatz, 1985). 
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Figure 6. Diagram of chicken agrin cDNA structure (modified from McMahan et al., 1992) and position of variant sequences in regions A and 
B [numbers under A and B represent amino acid and base numbers from agrin sequence reported by Tsim et al. (1992)]. The combinations A,B,, 
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Figure 7. Analysis of agrin mRNA sequence variants in chick embryo tissues by PCR. Two variable regions were amplified from cDNA prepared 
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for a 19 amino acid insert; I?,,, 11 amino acid insert; B,, no insert. Lanes in A and B: I, limb bud, 2, muscle; 3, kidney; 4, heart; 5, dorsal root 
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The distribution of agrin mRNAs in the developing brain 
raises some interesting questions about the possible function of 
the agrin isoforms they encode. Apart from the intense agrin 
mRNA signal in ventricular regions at early stages, the sites 
with the greatest hybridization included retinal ganglion cells, 
cranial motor nuclei, habenular nuclei, layers in the optic tec- 
turn, and cerebellar Purkinje cells. It is remarkable that an in- 
tense agrin mRNA signal is found in so few structures in the 
developing brain, although a low level of specific hybridization 
was seen throughout the nervous system. The limited number 
of structures expressing a high level of agrin mRNA suggests 
that the agrin isoform(s) made by neurons in these structures 
has a specific function(s) unique to these cells. The most obvious 
possibility is that agrin organizes postsynaptic components, in- 
cluding neurotransmitter receptors, at the synapses made by 
these neurons. Another possible function could be in neuron- 
neuron adhesion and recognition prior to synaptogenesis. Yet 
a third possibility is that at least some agrin isoforms are ex- 
ternalized by axons to function in neurite outgrowth. Prelimi- 
nary evidence shows that agrin binds to laminin and other basal 
lamina components (Godfrey, 1991; N. Drzewiecki and E. W. 
Godfrey, unpublished observations). Perhaps agrin, especially 
isoforms lacking an insert at position B, which may have low 
AChR-aggregating activity (Godfrey, 1991; Ferns et al., 1992, 
1993; Tsim et al., 1992), is externalized by axons, binds to 
laminin or other ECM molecules, and enhances neurite out- 
growth. This is an especially attractive hypothesis to account 
for the large amount of agrin mRNAs in sensory ganglia and 
retinal ganglion cells. Both sensory ganglia and retina seem to 
contain mostly A,B, mRNA. It remains to be determined wheth- 
er neurons in these structures contain this form, or if it is only 
found in non-neuronal cells. Although this mRNA form is pres- 
ent in spinal cord, it does not seem to be enriched in motor 
neurons (Tsim et al., 1992). The low level of specific hybrid- 
ization seen throughout the developing nervous system suggests 
that agrin mRNA is made by non-neuronal cells as well as 
neurons. This has already been demonstrated in the optic and 
sciatic nerves of chick embryos (Ruegg et al., 1992). Levels of 
expression in non-neuronal cells may be low, but agrin made 
by these cells could also have important functions, for example, 
in cell adhesion or neurite outgrowth. 

In the embryonic nervous system, we found that most agrin 
mRNA contained the sequence coding for the 4-amino acid 
insert at position A, as previously shown by Ruegg et al. (1992). 
However, we observed three variants at the B position in this 
study. In addition to the B, sequence (coding for a protein with- 
out an insert), there were agrin mRNA molecules containing 
sequence B , , , coding for an 11 -amino acid insert (Ruegg et al., 
1992; Tsim et al., 1992) and B,, (for a 19-amino acid insert; 
Thomas et al., 1993) throughout the embryonic nervous system. 
Agrin mRNAs containing a B, insert have also been demon- 
strated in ciliary ganglia (Thomas et al., 1993), spinal cord, and 
dorsal root ganglia of older chick embryos (Ma and Godfrey, 
unpublished observations). Thus, there are four variants at the 

t 

B position in the chicken agrin sequence, corresponding to the 
variants observed in the rat agrin sequence at this position (Ferns 
et al., 1992). It will be interesting, though difficult, to determine 
the function of the agrin isoforms in CNS development. New 
assays and approaches will be required to address this question. 
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