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A bstract. p-Spectrin is a m ajor com ponent o f the 
m em brane skeleton, a structure found at the plasm a 
m em brane o f m ost anim al cells. p-Spectrin and 
the m em brane skeleton have been proposed  to stabilize 
cell m em branes, generate  cell polarity, or localize spe­
cific m em brane proteins. We dem onstrate  tha t the Cae­
norhabditis elegans hom ologue o f p-spectrin is encoded 
by the unc-70 gene. unc-70 null m utan ts develop slowly, 
and the adults are  paralyzed and dumpy. H  owever, the 
m em brane integrity  is no t im paired in unc-70 animals, 
no r is cell polarity  affected. Thus, p-spectrin is no t es­
sential for general m em brane integrity  or for cell polar-

ity. H ow ever, p-spectrin is requ ired  for a subset of 
processes at cell m em branes. In  neurons, the loss o f 
p-spectrin leads to abnorm al axon outgrow th. In m us­
cles, a loss o f p-spectrin leads to disorganization o f the 
m yofilam ent lattice, discontinuities in the dense bodies, 
and a reduction or loss o f the sarcoplasm ic reticulum . 
These defects are consistent with p-spectrin function in 
anchoring p ro teins a t cell m em branes.

K ey words: unc-70  • Caenorhabditis elegans • cyto- 
skeleton • neurons • muscles

Introduction
p-Spectrin is an essential component of the membrane 
skeleton, a dense protein mesh that is associated with the 
intracellular surface of plasma membranes. The mem­
brane skeleton is primarily formed from a 2p2 spectrin tet- 
ramers, each composed of two a-spectrin and two p-spec- 
trin subunits (for reviews see Bennett, 1990; Bennett and 
Gilligan, 1993). Each spectrin subunit is a long, rod-shaped 
protein consisting mainly of tandem  triple helical spectrin 
repeats (Yan et al., 1993). a-Spectrin has 21 spectrin re ­
peats, an SH3 domain, and a COO H -term inal EF hand, 
whereas p-spectrin has 17 spectrin repeats, an N H 2-termi- 
nal actin-binding domain, and a COOH-term inal pleck- 
strin homology (PH )1 domain. a 2p2 spectrin tetram ers nu­
cleate around short actin filaments to form the membrane 
skeleton. The membrane skeleton is linked to the plasma 
membrane by direct interactions between the PH domain 
in p-spectrin and membrane phospholipids (Davis and 
Bennett, 1994) and indirect interactions between p-spec- 
trin and integral membrane proteins via the linker protein 
ankyrin (Bennett and Stenbuck, 1979). Since association 
of the m em brane skeleton with plasma m em branes is
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m ediated by p-spectrin, membrane skeleton function at 
plasma membranes requires p-spectrin.

Spectrin was first identified in erythrocytes (for review 
see Lux and Palek, 1995). In these cells, detergent extrac­
tion leaves behind a ghost, which is a dense protein mesh 
that follows the contours of the plasma membrane. Eryth­
rocytes are resilient cells that are capable of withstanding 
high shear forces caused by squeezing through narrow 
capillaries. M utations in human erythrocyte spectrin genes 
cause hereditary anemias, and the erythrocytes from these 
patients are fragile and exhibit membrane defects such as 
herniation. These data indicate that p-spectrin and the 
membrane skeleton control the shape and elasticity of 
erythrocyte plasma membranes.

M ore recently, a- and p-spectrins have been found in 
most metazoan cells and tissue types that have been exam­
ined, including most nonerythrocyte tissues of vertebrates. 
In particular, nonerythrocyte spectrins are abundant in 
neurons, muscle, and polarized epithelial cells. Two genes 
for a-spectrin and three for p-spectrin have been identi­
fied to date in both mice and humans, each of which is al­
ternatively spliced to produce multiple spectrin isoforms 
(for review see M orrow et al., 1997). The expression of iso­
forms is regulated in a complex, tissue- and time-specific 
m anner in a variety of cells. A dditionally, spectrin iso­
forms are not evenly distributed at the plasma membrane, 
as observed in erythrocytes. For example, in skeletal mus­
cle, spectrin is localized to the Z and M lines, which are the 
myofilament attachment structures for actin and myosin,
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respectively (Porter et al., 1992; Zhou et al., 1998). In cul­
tured M DCK epithelial cells, p-spectrin is associated with 
the basolateral domain and not the apical domain (Nelson 
and Veshnock, 1986). This uneven distribution of spectrin 
isoforms suggests that the membrane skeleton is perform ­
ing specialized functions at specific regions of the plasma 
membrane rather than playing a general role in membrane 
elasticity.

Invertebrates also have a membrane skeleton. Caenor­
habditis elegans has single genes for a-spectrin (Norman, 
K., and D. Moerman, personal communication) and p-spec- 
trin (this work), and also a gene for pH-spectrin, which is a 
very large spectrin with limited expression (McKeown et al., 
1998). The Drosophila genome also contains single genes 
for a- and p-spectrin (Adams et al., 2000) as well as for pH- 
spectrin (Thomas et al., 1998). Data from these organisms 
suggest that their membrane skeleton is functionally similar 
to that of vertebrates. Most strikingly, the distribution of 
p-spectrins in C . elegans closely parallels the distribution of 
vertebrate p-spectrin (Moorthy et al., 2000 [this issue]). For 
example, C. elegans p-spectrin is polarized to the basolat- 
eral domain in the gut epithelium, and is concentrated at 
the myofilament attachment structures in muscle.

These results support three models for the role of the 
membrane skeleton in both vertebrates and invertebrates 
(Lee et al., 1997). First, the spectrin-based membrane skel­
eton might function to maintain cell shape and membrane 
integrity, as proposed for erythrocytes (Lux and Palek,
1995). Second, the membrane skeleton might function to 
recruit or stabilize interacting proteins to specific regions 
of the cell membrane (Morrow et al., 1997). Third, the mem­
brane skeleton might play a role in the generation or main­
tenance of cell polarity (for review see Drubin and Nelson,
1996).

O ne way to distinguish among these models is to ana­
lyze defects found in mutants lacking spectrin. In the 
present work, we characterize the unc-70 locus, which en­
codes the C. elegans homologue of p-spectrin. unc-70 is 
the first mutation characterized in any species in noneryth­
rocyte p-spectrin. The first m utant alleles of unc-70 to be 
identified were dominant mutations that caused an unco­
ordinated phenotype (Brenner, 1974; Park and Horvitz, 
1986). Recessive lethal alleles of the unc-70 locus were ob­
tained by reversion of the dominant alleles (Park and H or­
vitz, 1986), in a screen for lethal mutations (Johnsen and 
Baillie, 1991), and in a screen for smg-dependent dominant 
mutations (Cali and Anderson, 1998). These recessive al­
leles were originally reported to be lethal mutations, how­
ever, we discovered that under certain conditions, animals 
homozygous for null mutations in unc-70 can survive and 
reproduce. These conditions enabled the study of animals 
that completely lack p-spectrin. We found that a loss of 
p-spectrin does not cause general membrane or cell polar­
ity defects in the tissues in which it is normally expressed. 
R ather, a loss of p-spectrin results in specific defects that 
depend on the cell type examined. For example, we ob­
served axon outgrowth defects in neurons and myofila­
ment lattice disorganization in muscles. These data suggest 
that p-spectrin functions differently in different cells, and 
support a model in which the nonerythrocyte membrane 
skeleton acts to recruit or stabilize components of specific 
subcellular processes.

M aterials and M ethods  

Strains and Genetics
Strains were grown at room  tem perature and m aintained as described 
(Brenner, 1974). unc-70  null m utants are subviable and are usually m ain­
tained as balanced heterozygotes. We found that we could maintain ho­
mozygous unc-70  animals by growing them  on fresh plates seeded with 
HB101 and transferring them  every 2 or 3 d. The following strains were 
used: MT2590, +/eT1; dpy-11(e224) unc-70(n493n1171)/eT1  (Park and 
Horvitz, 1986), EG1494: + /eT1; unc-70(r974)/eT1, EG 1988: + /eT1; unc- 
70(s1502)/eT1, and EG1989: +/eT1; unc-70(s1639)/eT1. EG1494 was con­
structed from strain TR1848: smg-1(r861); unc-70(r974)/+  (Cali and A n­
derson, 1998), EG1988 was constructed from strain BC2303: dpy-18(e364)/ 
eT1; unc-46(e177) unc-70(s1502)/eT1  (Johnsen and Baillie, 1991), and 
EG1989 was constructed from strain BC2440: dpy-18(e364)/eT1; unc- 
46(e177) unc-70(s1639)/eT1  (Johnsen and Baillie, 1991).

Genetic Mapping
unc-70  was previously m apped to chromosome V (B renner, 1974) to the 
right of dpy-11  (Park and Horvitz, 1986) and to the left o f unc-68. We 
m apped unc-70(n493n1171) to the interval between snb-1  and unc-68. 
From the progeny of dpy-11(e224) unc-70(n493n1171)/snb-1(m d247 ), we 
isolated nine D py non-U nc animals. Four of these nine animals segre­
gated the snb-1  phenotype, indicating that unc-70  is to the right of snb-1.

unc-70 Rescue
Cosmids from the snb-1  to unc-68  interval were injected into MT2590 and 
scored for rescue of unc-70. The cosmid T19F4 was capable of complete 
rescue. To identify the open reading frame (O RF) corresponding to unc- 
70, individual ORFs from the T19F4 cosmid were amplified using the Ex­
pand Long Template PCR system (Boehringer M annheim ); the fragments 
were gel-purified and recovered using a Q IA quick column (Qiagen), in­
jected into MT2590, and assayed for rescue. A 12.9-kb PCR product con­
taining the spectrin O R F was capable of complete rescue. This fragment 
extended 2.6 kb, 5' of the predicted start, and 1.3 kb, 3' of the predicted 
stop. A ll injections were perform ed essentially as described (Mello et al.,
1991). Injection mixtures for the rescue contained either 20 ng/^l T19F4 
cosmid or 20 ng/^l purified PCR product, together with 60 ng/^l of the 
plasmid pRF4, which contains the dom inant roller mutation rol-6(su1006), 
as a transform ation m arker (Mello et al., 1991). For both T19F4 and PCR 
fragment rescue, three o f three stable roller lines rescued the m utant phe­
notype.

cDNA Sequence
Most o f the unc-70  cDNA sequence was obtained by spliced leader se­
quence PCR (Krause, 1995) and reverse transcriptase-PC R . For these ex­
periments, the to tal C. elegans RNA was prepared essentially as described 
(A ndres and Thummel, 1994). Reverse transcription and PCR were per­
formed by standard methods using the following primer sets, which 
yielded a sequence extending from the SL-splice in exon 1 through the 3' 
end of exon 7: RT: MH143, PCR: SL1 and MH144; RT: MH141, PCR: 
M H 106 and M H 142, M H 103 and M H 104; RT: M H 138, P C R : M H 139 and 
M H 140, MH 107 and MH 108; and RT: MH 137, P C R : MH113 and MH 114, 
MH111 and MH112. PCR products were purified and all bands were se­
quenced. These experiments yielded the CepS1 isoform; no alternative 
splicing was detected. However, the results from Genefinder predictions 
(Baylor College of M edicine) suggested that there might be alternative 
exon usage. Therefore, we repeated this experim ent using the following 
primer set: R T : MH 143, P C R : MH 163 and MH 144. A second isoform was 
detected corresponding to CepS2.

The remaining cDNA sequence 3' o f exon 7 was obtained in two ways. 
First, a cDNA library obtained from P. O kkem a (University o f Illinois at 
Chicago, Chicago, IL) was probed with a 10.4-kb EcoRI-SpeI genomic 
fragment from T19F4, and one clone was isolated. Second, two cDNA 
clones corresponding to unc-70, yk144e2, and yk164c6, were obtained 
from Y. K ohara (G enom e Biology Lab, National Institute o f Genetics, 
Mishima, Japan). A ll three clones were completely sequenced and no al­
ternative splicing was detected. The O kkem a clone contained a poly(A )+ 
sequence downstream of a strong consensus polyadenylation signal. Se­
quence alignments were perform ed with ClustalW (Thompson et al., 
1994).
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unc-70 Mutant Sequence
For each allele, the overlapping fragments covering the entire unc-70  ge­
nomic region were amplified from homozygous unc-70  animals. The se­
quences of all exons were determ ined using an Applied Biosystems auto­
m ated DN A  sequencing apparatus at the Sequencing Core Facility 
(University of U tah).

unc-70::GFP R eporters
To determ ine in which cells the two unc-70  splice variants (CepS1 and 
CepS2) are expressed, we used reporter constructs expressing green fluo­
rescent protein (GFP; Chalfie et al., 1994). R eporter constructs, including 
a 4-kb construct upstream  of the predicted ATG codon, were prepared by 
amplifying fragments from the T19F4 cosmid using the Expand Long 
Tem plate PCR system (Boehringer M annheim); primers were tagged with 
a PstI site at the 5' end and an SacI site at the 3' end. These fragments 
were cloned into the pPD95.67 GFP vector (1995 Fire vector kit) in the 
Pstl-SacI sites. The resulting constructs contain the unc-70  prom oter and 
differing lengths of unc-70  coding sequence in-frame with the nuclear lo­
calization sequence and GFP.

For CepS1 expression, we fused the GFP O R F to the second exon of 
unc-70  (CepS1::GFP). Conceptual translation of CepS1::GFP predicts 
tha t it encodes the 22 NH2-term inal amino acids of CepS1 linked to GFP. 
For CepS2 expression, we fused the GFP O R F to the first in-frame ATG 
in the third exon of unc-70  (CepS2::GFP). We also fused GFP to exons 4, 
5, and 6, which are common to both CepS1 and CepS2. GFP expression 
from exons 4, 5, and 6 was identical to CepS1::GFP. These constructs are 
not expressed in the gut, even though they should include expression from 
the CepS2 splice form. However, gut expression has been verified by im­
munofluorescence (M oorthy et al., 2000 [this issue]).

Primer pairs used for construction of GFP fusions were as follows: for 
CepS1::GFP, MH149 and MH148; for CepS2::GFP, MH123 and MH122; 
for exon5::GFP, MH149 and MH147; for exon6::GFP, MH149 and 
MH180; and for exon4::GFP, MH149 and MH182. Each construct was in­
jected at 20 ng/^l into lin-15(n765ts) animals, together with the lin-15( +) 
plasmid pEK1 (Clark et al., 1994) as an injection marker. A t least three 
stable lin-15( +) lines were obtained for each construct; in all cases, lines 
had similar expression patterns.

Neuron and Muscle Staining
The GA BA  nervous system was visualized using the reporter construct 
oxIs12  (M clntire et al., 1997). oxIs12  expresses GFP under the control of 
the prom oter for the vesicular GA BA  transporter gene unc-47. We 
crossed oxIs12  animals to unc-70(s1639)/+  and unc-70(s1502)/+  animals 
and obtained animals heterozygous for both  unc-70  and oxIs12 . From 
these animals, we isolated homozygous unc-70  animals expressing GFP, 
and photographed the progeny of these homozygous animals.

For muscle staining, progeny of homozygous unc-70(s1639) and unc- 
70(s1502) animals were collected and stained with the antiparamyosin 
m Ab NE8/4C6.3 (G oh and Bogaert, 1991) by the whole-mount fixation 
m ethod essentially as previously described (M iller and Shakes, 1995). 
Confocal images were collected and assembled with LaserSharp2000 
(Bio-Rad Microscience Ltd., H em el H em pstead, U K ). The results were 
consistent among alleles; images are o f representative animals.

Electron Microscopy
A dult progeny of homozygous unc-70(s1639), unc-70(s1502), and unc- 
70(r974) herm aphrodites were prepared for electron microscopy as previ­
ously described (Richm ond et al., 1999). R ibbons of ultrathin sections 
(^ 3 5  nm) were collected and examined on a Hitachi H-7100 transmission 
electron microscope (Hitachi Ltd.) equipped with a G atan slow-scan digi­
tal cam era (G atan, Inc.). Images were adjusted for brightness, contrast, 
and size with A dobe Photoshop 5.0. M orphom etry was analyzed using the 
public domain software package NIH Image.

For quantification of the synaptic vesicle num ber and localization, we 
examined 500 serial sections from two animals o f the wild type, 650 sec­
tions from three animals o f unc-70(s1639), and 100 sections from two ani­
mals o f unc-70(s1502). A synapse was defined as all adjacent serial sec­
tions containing a higher than average num ber o f vesicles surrounding a 
presynaptic density. To obtain the percentage of vesicles found at the 
plasma m em brane, we counted all vesicles in each synapse that were 
touching or within one vesicle diam eter of the plasma mem brane, divided 
by the to tal num ber o f vesicles per synapse. Similar percentages were ob­

tained by counting only vesicles that were touching the plasma membrane 
(data not shown). To obtain the percentage of vesicles found at the pre- 
synaptic density, we counted all vesicles that were touching or within one 
vesicle diam eter of the presynaptic specialization, divided by the total 
num ber o f vesicles per synapse.

Statistical Analysis
D ata were analyzed using InStat for Macintosh version 2.03 (G raphpad 
software). A n unpaired t test was used to com pare data sets and a two­
tailed P  value was calculated.

Primer Sequences
M H 103 attcttgcgcaatcaacacg; M H 104 tgttcgagtttctcttgacg; M H 106 agcttgt- 
tgatgtaatcacg; MH107 attgcaagatgaaagcatcc; MH108 cttgatatcttcacgaatgg; 
MH111 agatgagacttacagagacg; MH112 gttcgtgtttcttgatttgg; MH113 attgta- 
catgatgcaagacg; MH114 agttcatttctctcttcacc; MH120 gtcagggtcacttggaaac- 
caatt; MH121 gttggcttagtcggttagaaagag; MH122 ctgcagctggtgctgatttgtgttt; 
MH 123 gagctctgtaaagagaatgcacaag; MH 137 ttctcgatttcacttgatgcgtagt; MH 138 
aacaacttctgtcccttctcctctgta; MH139 atggttccgtggtactctggc; MH140 aagat- 
tgtccatgatggaacgc; MH141 gcggagagtatcatacaagtagcgat; MH142 tgagaag- 
gcagaacacgaacg; MH143 agcagttttcatctggcaccac; MH144 agatgagacccaac- 
gtgaggc; MH147 gagctcacgagttcacgttcatctg; MH148 gagctcgacgagttgtcat- 
catagtc; MH 149 ctgcagtctcctctctttcgcttc; MH 163 atgacgagcatcatccttc; 
M H 180 gagctcaggagcatttttccgtctcgc; M H 182 ggctcgagcctctgaacctcaagtc- 
aac; and SL1 ggtttaattacccaagtttgag.

R esu lts

Molecular Characterization of unc-70
Recessive unc-70 mutants are shorter than the wild type, 
are paralyzed, and are nearly inviable (Fig. 1). To deter­
mine the protein encoded by unc-70, we characterized the 
gene. We mapped unc-70 to a narrow interval flanked by 
snb-1 and unc-68 on chromosome V (Fig. 2 A). We in­
jected cosmids from the region between snb-1 and unc-68 
and obtained the complete rescue of unc-70(n493n1171) 
with the single cosmid T19F4. A 12.9-kb region of this 
cosmid containing a single predicted ORF was amplified 
using PCR and was capable of completely rescuing unc- 
70(n493n1170) (Fig. 2 B).

Analysis of the rescuing ORF indicated that unc-70 en­
codes a C . elegans homologue of vertebrate p-spectrin 
(Fig. 3). We determined the structure of the unc-70 mRNA 
by examining cDNAs isolated by spliced leader sequence 
PCR, reverse transcription PCR, and from cDNA librar­
ies. These experiments identified two splice variants of the 
unc-70 gene that differ only at their N H 2 termini (Fig. 2 
C). We refer to the predicted products of these splice vari-

Figure 1. L ight m icroscope im ages o f (A ) wild-type and (B) unc- 
70(r974) adult anim als.
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Figure 2. G en etic  and m olecular characterization  o f unc-70. (A ) 
G enetic  m ap o f the  unc-70  region. (B) R escue o f  unc-70. The 
cosm id T19F4 rescued the  unc-70  pheno type  in th ree  ou t o f  th ree  
lines. A n  11.9-kb PC R  fragm ent, only contain ing the  spectrin 
gene, also rescued th e  unc-70  pheno type  in th ree  out o f th ree  
lines. P red icted  O R F s are shown below . (C) unc-70  cD N A s. E x­
ons a re  shown as closed boxes and in trons as lines. Two splice 
variants, C epS1 and C epS2, are shown. Ce (3S1 is trans-spliced  to 
the  SL1 sequence. The 5 ' end o f  Ce pS2 was not de term ined . (D) 
cD N A  and pro tein  structure  com parison. (top) Ce (3S1 cD N A  
showing th e  exon boundaries and the  positions o f  th ree  nonsense 
alleles induced by  e thy lm ethane  sulfonate. unc-70(s1639) is a G 
to A transition  th a t changes T rp49 to  a U A G  codon; unc- 
70(s1502) is a C to T transition  th a t changes G ln576 to  a U A A  
codon; and unc-70(r974) is a G to  A transition  th a t changes 
Trp927 to  a U G A  codon. (bo ttom ) D om ains o f  the  p ro tein . (E ) 
D om ain-by-dom ain  com parison o f  the  percen t iden tity  betw een  
C epS1, H sp2S1, and D rosophila  p-spectrin . The N H 2-term inal 
dom ain , spectrin  repea ts , and C O O H -term in a l dom ains are ind i­
cated  below .

ants as CepS1 and Ce pS2 in accordance with the standard 
spectrin terminology. Both variants are predicted to en­
code proteins containing all of the canonical p-spectrin 
domains, including an N H 2-terminal actin-binding region, 
a central region containing 17 spectrin repeats, and a 
COOH-term inal PH domain. All of the spectrin repeats 
except the 1st and the partial 17th repeat are contained 
within a single, very large exon (Fig. 2 D). The functional 
significance of this gene structure is not known, and is not 
observed in the two other known C. elegans spectrins, pH- 
spectrin (McKeown et al., 1998), and a-spectrin (Moer- 
man, D ., personal communication).

CepS1 is predicted to contain 2,257 residues (^262  kD) 
and is 54.2% identical to human p221 spectrin, which is 
the major nonerythrocyte p-spectrin isoform in verte­
brates (Hu et al., 1992; Figs. 2 E and 3). The C. elegans ge­
nome sequence is essentially complete (C . elegans Se­

quencing Consortium, 1998), and BLAST searches failed 
to identify any other p-spectrin homologues (Altschul et 
al., 1997). Thus, unc-70 is likely to encode the only C. ele­
gans p-spectrin. We compared individual domains of CepS1 
to human p221 and to Drosophila p-spectrin to identify 
strongly conserved regions and found four such regions 
(Fig. 2 E). The first includes the N H 2-terminal actin-bind- 
ing domain and the first two spectrin repeats that nucleate 
a p  heterodim er formation and interact with adducin and 
other proteins. The second and third regions of conserva­
tion are centered on the 8th and 14th spectrin repeats, re­
spectively; no specific functions have been previously lo­
calized to these repeats. Finally, the fourth region of 
conservation encompasses the last two spectrin repeats, 
which are essential for the formation of a 2p2 spectrin tet- 
ramers (Kennedy et al., 1994).

Expression of unc-70
The severe uncoordinated phenotype of unc-70 suggested 
that unc-70 was likely to be expressed in the motor system, 
either in muscles or neurons. We determ ined the expres­
sion pattern of the unc-70 gene using GFP reporter con­
structs. GFP expression for the predom inant isoform 
(CepS1::GFP, see Materials and Methods) was first de­
tected in the embryo in all cells except the intestine; by 
hatching, expression was confined mainly to neurons and 
muscles. In the adult, the strongest expression was found 
in neurons, all or nearly all of which expressed this isoform 
(Fig. 4, A and C). This correlates well with the high levels 
of UNC-70 protein observed by immunofluorescence in 
neurons (M oorthy et al., 2000 [this issue]). Robust expres­
sion was also observed in all muscles, including the pha­
ryngeal (Fig. 4 A), vulval, uterine, enteric (Fig. 4 B), and 
the body wall (Fig. 4 C) muscles. Again, UNC-70 protein is 
found in these cells (M oorthy et al., 2000 [this issue]). The 
spermatheca also expressed the predom inant isoform (Fig. 
4 D), and low levels of expression were observed in the hy- 
poderm. The gut and gonad did not express visible levels 
of the predom inant isoform. Expression of the second iso­
form (Ce pS2::GFP; see M aterials and Methods) was also 
detected in embryos, in all larval stages, and in adults. 
H owever, expression of this isoform was confined to the 
gut from at least hatching onwards (Fig. 4, E and F). Ex­
pression of the unc-70 gene in the gut is confirmed by im­
munofluorescence, which reveals UNC-70 protein in the 
gut at all developmental stages (M oorthy et al., 2000 [this 
issue]). Neurons and muscles that expressed high levels of 
the predom inant isoform did not express visible levels of 
the gut-specific isoform. Together, these results demon­
strated that p-spectrin is expressed in most tissues of C. el­
egans throughout its life span.

unc-70 Mutations
To ensure that the phenotype observed in unc-70 animals 
represents the null phenotype for this locus, we identified 
a molecular null in the unc-70 gene by sequencing reces­
sive alleles. unc-70(s1639) is likely to be a functional and a 
molecular null for three reasons. First, the mutation intro­
duces a stop codon that truncates the predicted protein af­
ter 48 residues and, therefore, lacks all of the functional 
domains of the p-spectrin. This mutation is in an exon
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Figure 3. Sequence alignm ent o f th e  C. elegans (Ce; G en B an k  accession num ber A F261891), D rosophila  (D m ; G en B an k  accession 
nu m b er A A A 28399), and hum an (Hs; G enB ank  accession num ber A A A 60580) hom ologues o f p-spectrin . Iden tica l residues are in 
b lack  boxes; num bers indicate spectrin  repeats.

common to both the CepS1 and the CepS2 isoforms. Sec­
ond, it is as severe as any other unc-70 allele; in fact, all al­
leles are indistinguishable as homozygotes. Third, unc- 
70(s1639) homozygous animals show no immunoreactivity 
to a p-spectrin antibody (data not shown; antibody pro­
vided by S. M oorthy and V. Bennett). We also identified 
two other alleles, s1502 and r974, that truncate the pre­
dicted protein after 575 and 927 residues respectively; 
these mutations are also in exons common to the two iso­
forms (Fig. 2 D). We observed no phenotypic differences 
among these three alleles. Thus, we used these presum p­
tive null alleles to infer the function of p-spectrin.

unc-70 is the only p-spectrin in the C. elegans genome. 
Further, while pH-spectrin is similar to p-spectrin in some 
respects, it is unlikely to substitute functionally for the loss 
of p-spectrin. pH-Spectrin is expressed primarily during 
embryogenesis, and is found mainly in epithelial tissues 
(McKeown et al., 1998). Even in epithelial tissues that ex­
press both p-spectrin and pH-spectrin, these proteins ap­
pear to play separate roles since p-spectrin is located at 
the basolateral membrane, whereas pH-spectrin is found at 
the apical membrane (Thomas and Kiehart, 1994). There­
fore, null mutations in unc-70 are likely to result in a com­
plete loss of p-spectrin function.

(3-Spectrin Is Not Required for Cell Polarity or 
Membrane Integrity
One hypothesized role for p-spectrin is that it functions in 
the generation of cell polarity (Drubin and Nelson, 1996). 
To test whether the loss of p-spectrin affects cell polarity, 
we compared the polarized epithelial cells of the C . ele- 
gans gut in unc-70(r974) to those of the wild type (White, 
1988). We found no evidence of a loss of polarity in unc- 
70(r974) animals by the ultrastructural criteria (n = 6 
worms). Both the apical (Fig. 5, A and C) and the basolat- 
eral (Fig. 5, B and D) domains of the intestine were nor­
mal in unc-70(r974) mutants. Specifically, the microvilli 
and electron-dense structures underlying the apical mem­
brane were indistinguishable from those of the wild type 
(Fig. 5, A and C, arrowheads). Belt desmosomes were also 
present in unc-70(r974) (Fig. 5, A and C, arrows). The ba­
solateral membrane of unc-70(r974) was also indistin­
guishable from the wild type (Fig. 5 B and D, arrow). 
Similar results were found in unc-70(s1502) and unc- 
70(s1639). Together, these results show that p-spectrin is 
not required for the generation or maintenance of cell po­
larity in the gut epithelium. To test whether this was true 
in other tissue types, we examined unc-70(r974), unc- 
70(s1502), and unc-70(s1639) neurons and muscles for cell
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Figure 4 . E xpression p a tte rn  o f  unc-70 . A dult 
anim als expressing G F P rep o rte r  constructs are 
o rien ted  an te rio r to  th e  left and dorsal surface to 
the  to p  except C and D , which depict th e  ven tra l 
surface. G F P  was visualized using confocal fluo­
rescent m icroscopy. (A -D ) Ce pS1 isoform  ex­
pression. (A ) Pharyngeal m uscles (pm ) and 
nerve ring (nr); (B) anal dep resso r m uscles (ad); 
(C) body  wall m uscles (bm ), m otor neurons 
(m n), com m issures (cm ), and v en tra l nerve cord 
(vnc); no te , th ere  is one trap ezo ida l m uscle cell 
visible th a t does not express G F P ; and (D ) sper- 
m atheca (st) and v en tra l nerve cord (vnc). (E 
and F) C epS2 isoform  expression. E xpression is 
observed exclusively in the  in testine , and is 
b righ test at the  an te rio r (E ) and p o sterio r (F).

polarity defects (see below). While both of these tissues 
exhibited severe defects in unc-70 mutants, we found no 
evidence that cell polarity was defective. Thus, p-spectrin 
is not a general determ inant of cell polarity.

p-Spectrin also has been proposed to function in the 
general m em brane integrity (Lux and Palek, 1995). We 
inspected the plasma membrane of unc-70(r974), unc- 
70(s1502), and unc-70(s1639) for the presence of general 
membrane defects such as herniation, invagination, vesic- 
ulation, or the loss of cell-cell contact. We found no gen­
eral membrane defects in any of the tissues examined, 
which included the gut epithelia (Fig. 5), neurons (see Fig.
7), and muscles (see Fig. 9). Thus, neither epithelial cells, 
neurons, nor muscles rely on p-spectrin to maintain the in­
tegrity and shape of their plasma membranes.

13-Spectrin Is Required for Axonal Outgrowth
Animals homozygous for null alleles of unc-70 exhibit

phenotypes, such as paralysis, which could be attributed 
to abnorm al neural function. To assess potential defects 
in the nervous system of unc-70 homozygous animals, we 
visualized the GABA nervous system of wild-type and 
unc-70(s1639) animals using a GFP reporter construct 
(Fig. 6, A -D ). To test whether the lack of p-spectrin af­
fects neurogenesis or neuronal cell differentiation, we as­
sayed whether unc-70(s1639) animals have the normal 
number of GABA neurons. We found that unc-70(s1639) 
does not result in a defect in the number of neurons; all 
worms examined had the norm al complement of 19 
GABA m otor neurons in the ventral nerve cord (n = 5 
worms; M cIntire et al., 1993). M oreover, while spacing of 
the neuronal cell bodies is not as regular in unc-70(s1639) 
as in the wild type, in general these cell bodies are posi­
tioned along the ventral side of the animal and are distrib­
uted along the anterior-posterior axis. Thus, p-spectrin 
does not appear to play an essential role in neurogenesis, 
neuronal cell identity, or migration, at least in the GABA
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Figure 5 . N orm al u ltra stru ctu re  o f  unc-70  gut ep- 
ithelia. A d u lt w ild-type (A  and B) and unc- 
70(s1639) (C and D ) anim als w ere fixed, and the 
transverse  sections w ere  im aged by  transm ission 
electron  m icroscopy. (A and C) A pical m em ­
b rane. E  ach panel shows part o f  tw o in testinal 
cells with m icrovilli ex tending in to  the  lum en o f 
the  gut. (arrow s) B elt desm osom e; and (arrow ­
heads) electron-dense structures at the  apical 
m em brane. (B and D ) B asal m em brane (arrow ).

motor neurons. Similar results were obtained with unc- 
70(s1502).

To determine the role of p-spectrin in axon outgrowth, 
we examined three structures in unc-70 animals: the ven­
tral nerve cord, the commissures that extend from the ven­
tral to the dorsal cord, and the dorsal cord. We found de-

fects in all of these structures, demonstrating that unc-70 
has an important role in axon outgrowth. Specifically, the 
ventral nerve cords in all unc-70(s1639) animals examined 
(n = 5 worms) were defasciculated, and in most animals, 
segments of the ventral nerve cord appeared to be com­
posed of a single process (n = 5 worms; Fig. 6 D, arrow).

T he num ber 
m ay slightly

Figure 6. D efects in th e  m o r­
phology o f  th e  unc-70  n e r­
vous system . N eurons are vi­
sualized using a unc-47::G  FP 
construct th a t expresses G FP 
in the  G A B A  neurons 
(M cIntire  et al., 1997). A dult 
w ild-type (A  and C) and unc- 
70(s1639) (B and D ) anim als 
a re  o rien ted  an te rio r to  the  
left and dorsal surfaces to  the  
top . (A and B) H ead  region. 
(arrow ) D orsal cord; and (a r­
row heads) in ap p ro p ria te  a n ­
te rio r extensions. The dorsal 
cord in unc-70  is incom plete. 
(C and D ) M iddle region. 
(arrow ) V en tra l cord; and 
(arrow heads) ab erran t com ­
m issure phenotypes. The 
v en tra l cord in unc-70  is dis­
con tinuous and defascicu- 
lated . C om m issures are e i­
th e r e lab o rate ly  b ranched  or 
p rem atu re ly  te rm inated . (E )

o f com m issures th a t reached  the  dorsa l cord. O nly  com m issures th a t reached  th e  dorsal surface w ere counted . O u r analysis 
u n derestim ate  th e  num ber o f  com m issures since th e  actual num ber in the  wild type is 19 (W hite et al., 1986).
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Despite these defects, however, all animals had regions of 
their ventral cord that appeared similar to the wild type, 
suggesting that some axon outgrowth along the ventral 
cord occurs even in the absence of p-spectrin.

All unc-70(s1639) animals examined had severe defects 
in their commissural outgrowth (Fig. 6 E). Only 2.4 (±  0.5, 
n = 5) commissures reached the dorsal cord in unc- 
70(s1639) animals, compared with 17.4 (±  0.2, n = 5; P <  
0.0001) identified in wild type. The few commissures 
present in unc-70 animals, whether or not they reached the 
dorsal cord, displayed a variety of aberrant morphologies 
(Fig. 6 D, arrowheads). Many wandered, were branched, 
and often gave rise to large, complex elaborations elon­
gated along the anterior-posterior axis. O ther commis­
sures term inated prematurely, sometimes ending with a 
large terminal expansion similar in appearance to a growth 
cone. We also observed commissures extending anterior of 
the GABA-expressing RM E neurons, where none are 
normally present (Fig. 6 B, arrowheads).

Com pared with these severe defects in commissural out­
growth, outgrowth along the dorsal cord was relatively un­
affected. Specifically, of the commissures that reached the 
dorsal cord in the unc-70(s1639) animals, most (7/12 com­
missures) extended along the anterior-posterior axis to 
form a short segment of dorsal cord (Fig. 6 B, arrow). 
Thus, extension along the dorsal cord appears to be more 
normal (58%, 7/12) than the extension from the ventral to 
dorsal cord (14%, 12/87) in unc-70 mutants. Growth cone 
migration from the ventral to the dorsal cord may be spe­
cifically difficult because of the absence of previously 
formed axons with which a growth cone can fasciculate or 
because of an increased number of physical obstacles that 
the growth cone must negotiate (Knobel et al., 1999).

p3-Spectrin Is Not Required for Synaptogenesis or 
Synaptic Vesicle Localization
Because U NC-70 is highly expressed in mature as well as 
in developing neurons, C . elegans p-spectrin could play a 
role in neuronal function in addition to its requirem ent

during axon outgrowth. To determine whether spectrin is 
required for the structure of the synapse, we analyzed the 
ultrastructure of neuromuscular junctions in unc-70(s1639) 
and unc-70(s1502) animals. Surprisingly, we found no sig­
nificant difference between wild-type and unc-70 animals 
(Fig. 7, A and B). Neuronal membranes appeared identi­
cal in wild-type and unc-70 animals; as described above, 
they showed no membrane defects such as herniation, in­
vagination, vesiculation, or loss of cell-cell contact. Pre­
synaptic specializations also appeared normal in unc-70 
animals (arrows).

To identify the potential defects in synaptic vesicle pro­
duction, localization, release, or endocytosis, we quanti­
fied the distribution of synaptic vesicles in unc-70(s1639) 
and wild-type synapses (Fig. 7, C). The average number of 
synaptic vesicles per synapse did not differ significantly 
between wild-type and unc-70(s1639) animals (wild type = 
297 ±  30, n = 19; unc-70(s1639) = 386 ±  74, n = 16; P = 
0.25). Furtherm ore, we found no significant difference in 
the localization of these synaptic vesicles, both for the pro­
portion of the vesicles at the plasma m em brane (wild 
type = 34 ±  3%, n = 17; unc-70(s1639) = 35 ±  3%, n = 
15; P = 0.73) and for the proportion  of vesicles at the 
presynaptic specialization (wild type = 11 ±  1%; unc- 
70(s1639) = 9 ±  1%; P = 0.24). Although these data do 
not preclude a functional role for spectrin at the synapse, 
they do suggest that spectrin is not playing a structural 
role. In addition, the presence of synaptic vesicles and 
other synaptic components at their normal locations sug­
gests that neuronal cell polarity does not require p-spec- 
trin.

/3-Spectrin Is Required for Normal Sarcomere Structure
Because p-spectrin is expressed in muscles at all develop­
mental stages, it is possible that the paralyzed phenotype 
of unc-70 mutants is caused in part by the loss of spectrin 
in muscles. To visualize sarcomere structure, we stained 
thick filaments using an antibody against paramyosin 
(Goh and Bogaert, 1991). Because C. elegans body wall

Figure 7. Synaptic u ltrastru c tu re  is no rm al at 
unc-70  neurom uscu lar junctions. Sections show a 
rep resen ta tive  G  A B A  neurom uscular junction  in 
the  ven tra l nerve cord o f adult w ild-type (A ) and 
unc-70(s1639) (B) anim als. (arrow s) Presynaptic  
density  o f  the  synapse. B ody  wall m uscle is 
shown at th e  right side in bo th  im ages. (C) D istri­
bu tion  o f synaptic vesicles in the  wild type and in 
unc-70(s1639). unc-70(s1639) does no t differ sig­
nificantly from  the  wild type.
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F igure 8. D efec ts  in unc-70  
sarcom ere  organization . A dult 
w ild-type (A ) and unc-70(s1639) 
(B) anim als were stained with an 
antiparam yosin  an tibody  to  visu­
alize th ick  filam ents (A bands). 
In w ild-type m uscle (Fig. 8  A ), 
th ick  nonsta in ing bands (I 
bands, arrow ) a lte rn a te  with thin 
nonsta in ing  bands (M  line, a r­
row head). T his regular banding 
p a tte rn  is not p resen t in unc- 
70(s1639). B oth  en larged  gaps 
betw een  A bands (arrow ) and 
overlaps o f  ad jacent A bands 
(a rrow head) are p resen t. H o w ­
ever, despite  the  d isorganization 
o f  unc-70(s1639) m uscle, some 
areas are  sim ilar to  th e  wild type 
(double  arrow head). (C) Q u a n ­
tification o f  m uscle structure. 
A sterisk indicates significance 
(P  <  0.001).

muscles are obliquely striated, the myosin- and paramyo- 
sin-containing thick filaments (A bands) are arranged in 
regular bands almost parallel to the axis of contraction 
(Fig. 8 A ). These brightly staining bands are separated by 
thick nonstaining bands, which are the actin-containing 
thin filaments (I bands, arrow), and by thin nonstaining 
bands, which are the myosin attachm ent structures (M 
lines, arrowhead). To determine whether unc-70 m uta­
tions affect the overall shape of muscle cells, we compared 
the length and width of these cells to those of the wild type 
(Fig. 8 C). We found that on average, unc-70(s1639) mus­
cles were shorter than wild-type muscles, which is consis­
tent with the short overall body size of the unc-70 mutants 
(wild type = 135 ±  3.7 ^m , n = 4; unc-70(s1639) = 74 ± 
2.6 ^m, n = 8; P < 0.0001). The width of unc-70(s1639) 
muscles was not significantly different than wild type (wild 
type = 14.6 ±  0.7 ^m , n = 5; unc-70(s1639) = 14.0 ±  0.5 
^m , n = 9; P = 0.5276). In addition to the reduced length 
of muscles in the mutants, the arrangem ent of sarcomeres 
was disrupted when compared with those of the wild type. 
Fewer sarcomeres were found in unc-70(s1639) muscles 
than in the wild type (wild type = 9.3 ±  0.3, n = 4; unc- 
70(s1639) = 6.2 ±  0.2, n = 9; P < 0.0001). On average, 
each unc-70(s1639) sarcomere was wider than in the wild 
type (wild type = 1.57 ^m, unc-70(s1639) = 2.26 ^m). How­
ever, it was readily apparent that this average increase in 
sarcomere width in unc-70 muscles was unevenly distrib­
uted (Fig. 8 B). The width of individual sarcomeres often 
varied along their length in unc-70 mutants; variable 
widths were never observed in the wild type. Further, the 
relationship between adjacent sarcomeres was disrupted 
in unc-70, such that in some areas, large gaps appeared be­
tween A bands (arrow), whereas in other areas, adjacent 
A bands appeared to overlap (arrowhead). However, most 
muscles also had small regions in which the banding pat­
tern appeared normal (double arrowhead). These data 
suggested that unc-70 is required for normal myofilament 
organization.

These defects in sarcomere structure were confirmed 
at the u ltrastructural level (Fig. 9). In transverse sections 
of wild-type specimens, the alternating bands of thick 
and thin filaments (A and I bands, respectively) were 
clearly defined. Rarely, we observed unc-70 sections that 
lacked thick filaments; these sections likely correspond 
to the gaps between sarcom eres discussed above. In 
most unc-70 sections, a distinct band of thin filaments 
was not visible; instead, thick filaments were found 
throughout the section, often clustered around the dense 
bodies. These phenotypes appear to correspond to the 
enlargem ent of brightly staining thick filam ent-contain­
ing areas that we observed with param yosin staining. In 
addition to the mislocalization of thick filaments, these 
filaments were not clustered in evenly spaced columns as 
they are in the wild type. Finally, M lines were reduced 
or absent.

In addition to defects in the arrangement of the myofila­
ment lattice, unc-70 animals had defects in dense body and 
sarcoplasmic reticulum morphology. Dense bodies in mu­
tant specimens were narrower than the wild type and often 
were observed to taper sharply, whereas in the wild type, 
they appeared uniformly thick. Discontinuities in the elec­
tron-dense portion of the dense bodies, never observed in 
the wild type, are often present in unc-70 muscles (Fig. 9
B, arrow). In the wild type, the sarcoplasmic reticulum is a 
series of elongated vesicles closely associated with the 
dense bodies and with the plasma membrane beneath the 
myofilament lattice (Fig. 9 A, arrowheads). These struc­
tures were reduced in number or absent in unc-70 muscles. 
When present, their distribution was restricted to the 
plasma membrane, never extending along the sides of the 
dense bodies as observed in the wild type.

Despite the severe defects observed in unc-70 sarco­
mere organization, the overall muscle organization was 
normal, with the myofilaments and dense bodies polarized 
to the hypodermal side of muscle cells. Also, the sarcomeres 
were correctly oriented parallel to the body axis. This sug­
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Figure 9 . U  ltra stru c tu ra l defects in unc-70  m us­
cles. Sections show a rep resen ta tive  region o f  the 
adult w ild-type (A ) and unc-70(s1502) (B) body 
wall m uscle. E  ach panel shows th ree  dense b o d ­
ies (db) and th e  neighboring  m yofilam ent lattice; 
the  hypoderm is is at th e  bo ttom . T he I and A 
bands and the  M  line are ind icated  in th e  wild- 
type m uscle; no sim ilar organ ization  is p resen t in 
unc-70(s1502). A rrow heads ind icate  sarcoplas­
mic re ticu lum , which is not p resen t in unc-70  an i­
mals.

gests that p-spectrin is not required for overall cell polarity 
in muscles.

The structural defects seen in unc-70 muscles could be 
due to the p-spectrin function in the development of the 
sarcomeres or to the p-spectrin function in maintenance of 
sarcomeres during muscle contraction. To distinguish be­
tween these possibilities, we tested whether the unc-70 
phenotype was suppressed by unc-54(e1092). unc-54 en­
codes the predom inant myosin in the body muscles, and 
unc-54 mutant animals are capable of only weak muscle 
contractions (Dibb et al., 1985). We found that unc-54 
(e1092); unc-70(r974) animals were significantly longer 
than unc-70(r974) animals, although not as long as the wild 
type (Fig. 10). These data indicate that muscle contraction 
causes at least part of the length defect in unc-70, and sug­
gest that an im portant function of p-spectrin in muscle is 
during muscle contraction.

Discussion
The results presented in this study are the first character­
ization of adult animals lacking p-spectrin, a component of 
the membrane skeleton that is found in most tissues in ver­
tebrates and C. elegans. The unc-70 gene encodes the C. el­
egans homologue of p-spectrin. Animals homozygous for 
null alleles of unc-70 that have been previously character­
ized as lethal mutations can survive and propagate under

certain conditions. These animals have two striking pheno­
types: they are paralyzed and dumpy. To determine which 
cellular processes are disrupted in unc-70 animals, we ex­
amined three tissues in which p-spectrin is expressed: gut 
epithelia, neurons, and muscles.

In erythrocytes and in some other tissues, the loss of 
p-spectrin leads to general defects of the plasma mem­
brane such as herniation and the loss of cell adhesion (for 
review see Lux and Palek, 1995). Thus, one possible func-

Figure 10. Suppression of 
unc-70  length  defects by  a 
m uta tion  in th e  body  wall 
m yosin. A d u lt p rogeny  o f 
hom ozygous anim als were 
m oun ted  in 10 m M  sodium  
azide and photographed . 
L ength  at the  m idline was 
m easured  using N IH  Im age. 
W ild type =  994 ±  17 ^m , n =  
5; unc-54( e1092) =  961 ±  21 
|j,m, n =  5; unc-70(r974) =  
536 ±  17 ^m , n =  5; and unc- 
54(e1092); unc-70(r974) =  
680 ±  10 ^m , n =  5. unc- 

54(e1092); unc-70(r974) is significantly d ifferent from  unc- 
70(r974) and from  th e  wild type (P  <  0.001).
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tion for fi-spectrin is to support general membrane in­
tegrity and adhesion. However, we did not observe any 
general membrane defects in unc-70 animals. Plasma 
membranes and cell-cell contacts appeared normal in 
muscles and gut epithelia. In neurons, we also failed to ob­
serve any general membrane defects, although the defect 
we observed in axonal architecture could be due to mem­
brane defects in growth cones. We conclude that C . ele- 
gans fi-spectrin is not required for general membrane in­
tegrity or for cell adhesion.

fi-Spectrin displays a differential localization in some 
polarized cells, such as M DCK cells and vertebrate neu­
rons (for review see Morrow et al., 1997). This suggests 
that fi-spectrin may be a determ inant of cell polarity. 
However, we observed no polarity defects in any of the tis­
sues we analyzed. In the gut epithelia, the apical and baso- 
lateral domains retained their normal identity in unc-70 
animals by a number of ultrastructural criteria. In muscles, 
we found the myofilament lattice to be polarized to the 
lateral surface and correctly oriented relative to the body 
axis in unc-70 animals. In neurons, we found that the ultra­
structure of neuromuscular junctions of unc-70 animals 
was normal. Together, these data suggest that fi-spectrin is 
not a determ inant of cell polarity in C. elegans.

Although we failed to find evidence for fi-spectrin func­
tion in processes of cell polarity, we did find abundant de­
fects in unc-70 animals, which indicate that fi-spectrin is 
essential for specific processes at cell membranes. One 
process that requires fi-spectrin is axon outgrowth. While 
unc-70 animals appeared to have the normal complement 
of neurons, these neurons did not extend axons to their 
targets. These data suggest that fi-spectrin is required in 
growth cones during axon extension. A role for spectrin in 
growth cone function is supported by the observed distri­
bution of spectrin in cultured vertebrate neurons (Sobue 
and Kanda, 1989; Sobue, 1990). In these cells, spectrin is 
found localized to the sites of m em brane-substratum  ad­
hesion in growth cones. In addition, neurite extension in 
cultured neuroblastoma cells is inhibited by the injection 
of the N H 2-terminal fi-spectrin peptides, which presum ­
ably disrupt the spectrin-actin interactions (Sihag et al., 
1996). Together with our results, these data suggest that 
functional fi-spectrin is required in growth cones during 
neuronal outgrowth, potentially at adhesion sites. A lterna­
tively, fi-spectrin may be required in the substrate across 
which growth cones migrate.

fi-Spectrin is also expressed at high levels in the mature 
nervous system of C . elegans, which suggests that it plays a 
role in neuronal function after development is complete 
(Sikorski et al., 1999). However, we did not observe any 
defects that suggested a role for fi-spectrin in mature neu­
rons. Our results suggest that fi-spectrin does not function 
in axonal transport or synaptic vesicle localization. We ob­
served no decrease in synaptic vesicle number, as would be 
expected for a defect in axonal transport of vesicles (Hall 
and Hedgecock, 1991). We also observed no defects in the 
distribution of vesicles at the synapse, as would be ex­
pected if unc-70 was involved in synaptic vesicle localiza­
tion. It has been proposed that fi-spectrin is a component 
of the 100-nm filaments that appear to anchor synaptic 
vesicles to the presynaptic density (Goodman et al., 1995). 
We did not directly address the presence or absence of

these filaments in animals lacking fi-spectrin, since it was 
difficult to observe them  even in our wild-type sections. 
However, our data suggest that if fi-spectrin is a compo­
nent of these 100-nm filaments, then either the filaments 
are not required for synaptic vesicle localization at the res­
olution of our electron micrographs, or a compensatory 
mechanism  exists. Finally, fi-spectrin does not appear 
to be an essential com ponent of the  presynaptic den­
sity, since this structure appears normal in electron micro­
graphs.

It is possible that spectrin plays a role in synaptic vesicle 
exocytosis, rather than in the organization of the synapse. 
A vertebrate fi-spectrin isoform has been shown to inter­
act with the vertebrate UNC-13 protein, which is an essen­
tial component of the presynaptic vesicle release machin­
ery (Ohara et al., 1998; Sakaguchi et al., 1998). M utations 
in the unc-13 gene in C. elegans prevent synaptic vesicle 
fusion and result in a large accumulation of vesicles at the 
synapse (Richmond et al., 1999). We did not observe a sta­
tistically significant accumulation of vesicles in unc-70, 
suggesting that spectrin is not required for synaptic vesicle 
exocytosis. Unfortunately, a more detailed analysis of such 
a role is not possible because of the severe developmental 
defects in the unc-70 nervous system.

In addition to its role in neuronal development, we also 
identified a requirem ent for fi-spectrin in muscles. Our 
analysis of muscle structure in animals lacking fi-spectrin 
dem onstrated that the sarcoplasmic reticulum was absent 
from around the dense bodies, and that the thin filament 
attachm ent structures (dense bodies) and the thick fila­
m ent a ttachm ent structures (M lines) were disrupted. 
fi-Spectrin is specifically found at thin and thick filament 
attachm ent structures in both C . elegans (M oorthy et al., 
2000 [this issue]) and vertebrate muscle (Nelson and Laz- 
arides, 1984), and the regular, striated arrangem ent of 
myofilaments is blurred in unc-70 mutant animals. These 
data suggest that fi-spectrin may function to link the sarco­
plasmic reticulum and the thin filaments to the dense bod­
ies, and the M lines to the cell membrane. In the absence 
of fi-spectrin, the myofilament lattice detaches from its an­
chors and becomes disorganized. Alternatively, fi-spectrin 
could be playing a more direct role in muscle contraction. 
Specifically, we found that the dumpy phenotype of fi-spec- 
trin mutants was partially suppressed by a mutation that 
reduces muscle contraction. M oreover, in animals lacking 
fi-spectrin, thick filaments invaded the I bands, suggesting 
that these muscles are hypercontracted. Thus, fi-spectrin 
and the membrane skeleton may function as a compres­
sive spring in muscle, acting to return muscle cells to their 
expanded state after contraction.

Our analysis of fi-spectrin in C . elegans suggests that 
fi-spectrin’s function in nonerythrocyte cells is not for gen­
eral membrane support since we observed no defects in 
m em brane integrity in any of the tissues we examined. 
fi-Spectrin does not appear to be essential for the genera­
tion or maintenance of cell polarity since we found no cell 
polarity defects in any tissue. We conclude that fi-spectrin 
has specific but essential functions in a variety of tissues. 
The link that unites these functions is likely to be the 
membrane skeleton’s ability to anchor proteins at or near 
the plasma membranes. While sarcomere stabilization and 
neuronal outgrowth appear to be dissimilar processes,
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their requirem ent for p-spectrin suggests that muscles and 
neurons use a common mechanism to control protein lo­
calization at membranes, although the specific target pro­
teins may differ.
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