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TYPE IV COLLAGEN IS ESSENTIAL FOR HEAD REGENERATION AND ITS EXPRESSION IS UP-REGULATED
UPON EXPOSURE TO GLUCOSE*
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Hydra vulgaris mesoglea is a primitive basement
membrane that also exhibits some features of an inter-
stitial matrix. We have characterized cDNAs that encode
the full-length hydra a1(IV) chain. The 5169-base pair
transcript encodes a protein of 1723 amino acids, includ-
ing an interrupted 1455-residue collagenous domain and
a 228-residue C-terminal noncollagenous domain. N-ter-
minal sequence analyses of collagen IV peptides suggest
the molecule is homotrimeric. Denatured hydra type IV
collagen protein occurs as dimers and higher order ag-
gregates held together by nonreducible cross-links. Hy-
dra collagen IV exhibits no functional evidence for the
presence of a 7 S domain. Type IV collagen is expressed
by the ectoderm along the entire longitudinal axis of the
animal but is most intense at the base of the tentacles at
the site of battery cell transdifferentiation. Antisense
studies show that inhibition of collagen IV translation
causes a blockage in head regeneration, indicating its
importance in normal hydra development. Exposure of
adult hydra to 15 mM glucose resulted in up-regulation
of type IV collagen mRNA levels within 48 h and signif-
icant thickening of the mesoglea within 14 days, sug-
gesting that basement membrane thickening seen in di-
abetes may be, in evolutionary terms, an ancient
glucose-mediated response.

The mesoglea is a 0.3–3.-mm-thick sheet of extracellular
matrix that extends throughout the freshwater coelenterate
Hydra vulgaris, with the exception of the mouth and the aboral
pore (1). In 1961, Fawcett (2) first noticed the physical similar-
ities between mesoglea and vertebrate basement membrane,
the specialized sheets of ECM1 composed mainly of type IV

collagen, laminin, nidogen/entactin, and heparan sulfate pro-
teoglycan that underlie or surround cells. Although the meso-
glea lies between two organized epithelial cell layers and has
an obvious role in physical support of the organism, this ECM
is also implicated in several cellular processes. In vitro studies
showed that epithelial cells (3) and nematocysts (4) could at-
tach to and migrate along isolated mesoglea or substrata
coated with purified ECM components such as collagen IV and
laminin. Zhang and Sarras (5) proposed that in addition to
cell-cell interactions and chemotactic gradients, cell migration
also depends on cell-matrix interactions. Using two modified
grafting procedures, in which normal cell-matrix interactions
were perturbed, they showed that interstitial cell migration is
sensitive to alterations in collagen structure and that migra-
tion is inhibited by molecules that can compete with cell-fi-
bronectin interactions.

The relation of mesoglea to higher metazoan connective tis-
sue has been speculated on for at least the past century. By the
early 1950s it was recognized that mesoglea was structurally
and chemically similar to vertebrate connective tissues. Since
then several biochemical studies have provided evidence of
collagen-like molecules in isolated hydra mesoglea (6–8). More
recent studies on mesoglea by Sarras et al. (9, 10) using indirect
immunocytochemistry suggested the presence of molecules
similar to type IV collagen, laminin, and heparan sulfate pro-
teoglycan core protein (all characteristic of vertebrate BM) in
mesoglea, as well as fibronectin, a component of interstitial
ECM. In frozen sections, antibodies to ECM components ap-
peared localized to the mesoglea layer between the epithelial
bilayer. The presence of a hydra laminin in mesoglea was
confirmed when cDNA clones encoding a b1 chain of laminin
were isolated (11). A fibrillar collagen has also recently been
isolated from mesoglea and characterized (12), providing fur-
ther evidence that mesoglea represents a primitive ECM ex-
hibiting composite basement membrane and interstitial matrix
properties.

So far six genetically different mammalian type IV a chains,
a1(IV) to a6(IV), have been identified which interact to form
various heterotrimeric triple-helical isoforms (13, 14). Type IV
a chains have also been characterized in invertebrates includ-
ing Drosophila, Caenorhabditis elegans, sea urchin, and sponge
(15–19). The primary structure of all the a(IV) chains is simi-
lar, each chain having a short noncollagenous sequence at the
N terminus, a central collagenous region consisting of Gly-X-Y
repeats, and a highly conserved C-terminal noncollagenous
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(NC1) domain (20). Unlike fibrillar collagens, the long collage-
nous domain is interrupted at several sites by short, noncol-
lagenous, sequences that are thought to impart flexibility on
the molecule (21). Type IV collagen molecules interact to form
a complex, irregular network that provides the BM with a high
level of stability.

Zhang et al. (22) produced hydra cell aggregates and exposed
the regenerating hydra to levels of glucose that mimic those in
human diabetic patients (15 mM). Regeneration occurred as
normal although within 72 h, glucose-treated reaggregating
animals synthesized mesoglea twice the normal thickness, sug-
gesting that the hydra may be a nonmammalian and tempo-
rally rapid model for the study of the much longer term glucose-
induced basement membrane thickening seen in diabetic
microangiopathy.

In this study, using a hydra fibrillar collagen cDNA as a
probe in a low stringency screen, overlapping clones were iso-
lated that encode a complete hydra collagen IV a chain. In
addition, type IV collagen protein was purified from hydra
mesoglea and partially sequenced. All of the peptide sequences
obtained are present within the primary sequence deduced
from the cDNAs. The importance of collagen IV in hydra de-
velopment is demonstrated using antisense thio-oligonucleo-
tides, which block head regeneration. In addition, we show that
the mesoglea of adult (rather than the previously demonstrated
regenerating) hydra is rapidly thickened and collagen IV ex-
pression is up-regulated upon exposure to glucose.

EXPERIMENTAL PROCEDURES

Hydra Culture—H. vulgaris were maintained at 18 °C in hydra me-
dium (HM) as described previously by Sarras et al. (9). Cultures were
washed regularly and fed Artemia salina (brine shrimp) three times a
week.

Isolation and Characterization of cDNA Clones—ECM-enriched seg-
mented hydra were prepared (9) and allowed to regenerate for 24 h.
Poly (A1) RNA was extracted and used as template for cDNA synthesis
with either oligo(dT) or random primers. The randomly primed cDNA
was cloned into Stratagenes lZAPII vector (the HZAPII library),
whereas the 39-biased oligo(dT)-primed cDNA was directionally cloned
into Stratagenes UniZAP vector (the HUZAP library). 3 3 105 recom-
binant clones of the HZAPII library were screened with a 32P-labeled
2.3-kb hydra fibrillar collagen probe, HC1, which encodes the 59 half of
hydra type I/II collagen (12) and washed first at low stringency (45 °C,
0.23 SSC, 0.1% SDS) then at high stringency (65 °C, 0.13 SSC, 0.1%
SDS). After each wash, filters were exposed to x-ray film for 16 h.
Plaques that hybridized only at low stringency were chosen for second-
ary and tertiary screening. In vivo excised (ZAPPED) clones were cycle
sequenced using an ABI PRISM XL 377 DNA sequencer in combination
with a Big Dye terminator chemical kit (PerkinElmer Life Sciences).
The DNA clones were sequenced in both directions using a primer
walking strategy shown in Fig. 1. Comparisons of DNA sequences were
conducted using the Blastn and Blastx programs and the GenBankTM

data base (NCBI, National Institutes of Health). Protein alignments
were obtained using the Blastp, GCG, and MacVector 5.0

Isolation and Analyses of Type IV Collagen from Hydra Mesoglea—
For isolation of collagen, stocks of H. vulgaris were used that had been
stored at 278 °C after shock freezing at 2196 °C in 10 mM Tris buffer,
pH 7.5, containing 1% Triton X-100 and 10 mg/ml of the protease
inhibitors phenylmethylsulfonyl fluoride and p-chloromercuribenzoate.
For preparative extractions typically polyps from 20 plastic dishes
(20 3 20 cm) grown to a density of about 6000 hydranths/tray were
used. All preparations were done at 4 °C. After thawing, the hydras
were washed with the same buffer as used for freezing until the super-
natant was colorless. This procedure removed most of the cellular
proteins. To remove cell surface proteins still bound to the mesoglea,
the material was washed once more with 50 mM Tris buffer, pH 7.5,
containing 1 M NaCl, 0.5% Triton X-100, and the same protease inhib-
itors as above. Subsequently, the mesoglea collagens were extracted
with 10 ml of 50 mM Tris buffer containing 1 M NaCl, 10 mM EDTA, and
10 mg/ml phenylmethylsulfonyl fluoride for 5 h at 4 °C. This fraction
contained the majority of the type IV collagen and in addition a fibrillar
collagen (12). To isolate denatured collagen chains for sequence analy-
sis, the EDTA extract was made 1% in mercaptoethanol and separated

by reversed phase chromatography on a Vydac C-18 column (Separa-
tions Group, 250 3 2.2 mm) at a flow rate of 0.2 ml/min using a gradient
of 5–70% acetonitril in 50 min. Two major peaks at 21 and 35% of the
organic modifier were obtained, the latter of which contained the type
IV collagen. After lyophilization, the isolated chains were dissolved in
70% formic acid or 0.2 M ammonium bicarbonate for digestion with
cyanogen bromide and trypsin, respectively. The peptides were sepa-
rated by reversed phase chromatography and sequenced on a Procise
492A sequencer (PerkinElmer Life Sciences) with on-line detection of
the PTH amino acids according to the manufacturer’s instructions. To
isolate the type IV collagen under nondenaturing conditions, the EDTA
extract, supplemented with mercaptoethanol, was centrifuged at 45000
rpm in a Beckman 50 TI rotor. The supernatant was dialyzed against 20
mM Tris buffer, pH 7.4, and separated on a HiTrap Q column (1 ml)
using a gradient of 0–1 M NaCl in 40 min. Hydra collagen IV eluted as
a broad peak in the range of 0.2–0.4 M NaCl. Samples were analyzed on
4–10% SDS-polyacrylamide gels. For electron microscopy, samples
(about 50 mg/ml) were mixed with an equal volume of glycerol and, after
spraying onto mica discs, rotary shadowed with carbon/platinum (23).
The replicas were viewed with a Philips CM 12 electron microscope.

In Situ Hybridization—Whole mount in situ localization of mRNA
was performed using a digoxygenin-labeled RNA probe generated from
clone 194.1 encoding the most 39 2505 bp presented in Fig. 2. The probe
is made by EcoRV linearization and T3 promoter transcription of the
entire insert including 2078 bp of the open reading frame and 427 bp of
39-untranslated sequence. Fixation, processing, hybridization, and vi-
sualization of the riboprobe in whole mount preparation was performed
as described previously by Grens et al. (24, 25). Briefly, hydra were fixed
with 4% paraformaldehyde after relaxation of the polyps with 2% ure-
thane. Specimens were subsequently treated with ethanol and protein-
ase K to facilitate diffusion of the probes into the epithelial bilayer. To
stabilize digested tissues, specimens were refixed with 4% paraformal-
dehyde and then prehybridized in hybridization solution (50% formam-
ide, 53 SSC, 13 Denhardt’s, 200 mg/ml tRNA, 0.1% Tween 20, 0.1%
CHAPS, 100 mg/ml heparin) to block nonspecific hybridization sites.
This was followed by a 48 h hybridization with the digoxygenin-labeled
RNA probe and a subsequent wash in hybridization solution and 13
SSC. Specimens were next washed in MAB (100 mM maleic acid, 150
mM NaCl, pH 7.5) and preblocked (2–6 h) in MAB with 20% sheep
serum and 1% bovine serum albumin. This was followed by the 16-h
incubation at 4 °C in the same solution with anti-digoxygenin antibody
(1:2000). Animals were washed eight times with MAB and then briefly
in alkaline phosphatase buffer (100 mM Tris-HCl, pH 9.5, 50 mM MgCl2,
100 mM NaCl, 0.1% Tween 20). Specimens were then stained with BM
purple alkaline phosphatase substrate (Roche Molecular Biochemicals),
dehydrated with ethanol, and mounted in euparal (Asco Laboratories).

Functional Analysis of Hydra Collagen IV Using Localized Electro-
poration and Thio-oligonucleotide Antisense Constructs—Because
transfection approaches have not been successfully applied to Cnidar-
ians, we developed a procedure to specifically test the effect of antisense
constructs on head or foot regeneration in hydra. This approach utilizes
a localized electroporation technique (LEP) to introduce antisense oli-
gonucleotides into the apical or basal pole of hydra. This procedure has
been applied to the functional analysis of a number of hydra genes
(26–28). Applying the LEP procedure, we tested the hypothesis that de
novo biosynthesis of hydra collagen IV is required for normal head
morphogenesis following decapitation. Based on the work of Dr. Rich-
ard W. Wagner (29–31), a series of 20-mer oligonucleotides with phos-
phorothioate linkages were designed. Six oligonucleotides were synthe-
sized to include four antisense sequences to portions of the 59-UTR,
initiation site, coding sequence, and 39-UTR; a sense strand of the
59-UTR; and a mismatch construct (the sequence of these molecules is
given in the legend of Fig. 9). The oligonucleotides were introduced into
hydra cells using electroporation (Bio-Rad Gene Pulser) with a micropi-
pette drawn on a pipette puller. The ends of the micropipettes brought
in contact with the hydra were polished with a micro-forge. Because
hydra collagen IV is expressed in the ectoderm layer of cells, LEP was
performed on the surface of the organism at the apical pole. Based on
preliminary experiments, we found that decapitation had to be per-
formed 2–4 h after LEP. This was necessary because if decapitation was
performed prior to electroporation, an extensive loss of electroporated
cells would occur at the cut edge of the apical pole. To maximally retain
the oligonucleotides within the area where the electroporation was
performed and also to reduce movement of the animal during LEP,
hydra were chilled in a 10% heptanol solution (heptanol in hydra
medium) for a maximum of 1 h. A 100 mM stock solution of 20-mer
thiolated oligonucleotide (Genset Corp.) was mixed with FITC-dextran
with a Mr 10,000 (Molecular Probes, Eugene, OR) in a ratio of 3:1
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(typically 6 ml of DNA 1 2 ml of FITC-dextran). After fitting the mi-
cropipette over the microelectrode (World Precision Instruments, Inc.),
the oligonucleotide/FITC-dextran mixture was loaded into the micropi-
pette. The Bio-Rad gene pulser was set at 100 ohms, 25 mFD, and 50 V,
and the average time for the pulse was 3.6 ms. Hydra were placed on a
Nytex net attached to a plastic Petri dish with soft wax. The dish was
placed on an incline to facilitate positioning of the micropipette. The
micropipette was placed in contact with the ectoderm at the apical pole.
After charging the gene pulser to 50 V, the pulse was initiated for a
3.6-ms period. An additional pulse could be applied if the width of the
ectoderm area at the pole was greater than the micropipette diameter.
To ensure that the DNA/FITC mixture was retained in cells at the
apical pole after decapitation, electroporation was performed with two
pulses on the ectoderm just inferior to the mouth region to make sure
that a more extensive area of the apical pole received the construct. In
this way, cells with the DNA/FITC mixture composed the apical pole
following decapitation. The hydra were then placed in hydra medium,
and at 24 h all animals were screened on a Leitz fluorescent microscope
to ensure that each specimen had retained the DNA/FITC-dextran
mixture at its regenerating apical pole. Electroporated hydra were
observed every 24 h, and the degree of regeneration was compared with
mock electroporated controls. In the current study animals were cut in
the neck region just inferior to the mouth and tentacle ring. The degree
of head regeneration was monitored by (i) observing the morphology of
the head process under a dissection microscope and determining the
degree of tentacle eruption and hypostome formation and (ii) analyzing
the cellular morphology of cells of the hypostome and tentacles using
Normarski optics. In controls, head regeneration is normally completed
within 72 h, and, therefore, experimental groups in which blockage was
observed were monitored for an additional 5 days to determine whether
recovery from blockage occurred. Control animals were treated with
mismatched thio-oligonucleotide 20-mer constructs (randomized se-
quence) or sense constructs if a particular antisense construct was
found to block morphogenesis. Control and experimental groups were
statistically compared using a Chi squared test and an analysis of
variance test.

Effects of Glucose on Mesoglea Thickness—Hydra were cultured in
normal HM or in HM supplemented with either 15 mM glucose or 15 mM

sorbitol for 14 days prior to being anesthetized with 10 mg/ml sodium
pentobarbital to prevent body column contraction. Anesthetized organ-
isms were fixed in 2.5% gluteraldehyde, post-fixed in 2% osmium te-
troxide, stained with 2% uranyl acetate and 0.3% osmium tetroxide,
and embedded in Spurr’s resin. Animals were sectioned exactly perpen-
dicular to the axis of the body column to produce circular rather than
oval cross-sections. The body columns were sectioned near the head, at
the middle, and near the base. Eight randomly selected regions from the
circumference of each section were photographed, and the data from
these micrographs were used to calculate the mean mesoglea thickness
at each of the three locations in the body column.

RNA Extraction—RNA was isolated from adult hydra that had been
incubated for 48 h in HM or HM supplemented with 15 mM glucose.
2–10 hydra were added to an Eppendorf tube and 400 ml solution D (4
M guanidine thiocyanate; 0.5% sarkosyl; 25 mM sodium citrate, pH 7.0,
and 0.1 M b-mercaptoethanol added). The tube was vortexed for 30 s. 40
ml of 2 M sodium acetate, pH 4.0, 400 ml of phenol, and 40 ml of
chloroform were added, and the tube was briefly vortexed before incu-
bation on ice for 15 min and centrifugation at 6,000 3 g at 4 °C for 30
min. The upper layer was transferred to a fresh tube and an equal

volume of ice-cold isopropanol (propan-2-ol) was added. The tube was
vortexed, incubated at 270 °C for 1 h, and spun for 30 min at 4 °C at
10,000 3 g. The pellet was resuspended in 100 ml of solution D, and 100
ml ice-cold isopropanol was added. The tube was incubated for a further
hour at 270 °C and centrifuged (10,000 - g, 5 min), and the pellet was
washed with 70% ethanol to remove any residual salt. After air drying,
the pellet was resuspended in 10–20 ml of diethylpyrocarbonate-treated
water. The concentration and purity of the RNA was determined by
measuring A260 nm and A280 nm. Northern blotting and probing were
performed as described previously (32).

RESULTS

Characterization of Type IV Collagen—The previously de-
scribed hydra fibrillar type I/II collagen cDNA clone HC1 (12)
was used to screen a regenerating hydra cDNA library at low
and high stringency. A clone, G4.1.2, was identified that hy-
bridized to the fibrillar collagen probe only under conditions of
low stringency. The clone was purified and found to contain 1.7
kb of interrupted collagenous sequence. Using an EcoRI restric-
tion fragment of G4.1.2 to rescreen the library, several over-
lapping clones were isolated and purified that together cover
the entire coding sequence of a H. vulgaris type IV collagen
chain. The relationship of these clones to each other is shown in
Fig. 1. The complete nucleotide sequence of hydra type IV
collagen chain together with its deduced amino acid sequence is
shown in Fig. 2. There is a 59-untranslated region of 159 bp, an
open reading frame of 5,169 bp, and a 504 bp 39-untranslated
region. The deduced translation product of 1723 residues with
a predicted molecular weight of approximately 160,000 com-
prises a 24-residue putative signal peptide, a short 59 noncol-
lagenous domain of 16 residues, a 1455-residue collagenous
domain, and a 228-residue 39 NC1 domain. The triple helical
domain (residues 41–1495) contains 450 Gly-X-Y repeats inter-
spersed with 24 noncollagenous interruptions of 1–15 residues.
The primary sequence and domain sizes (Table I) are similar to
other reported type IV collagen chains. The locations of three-
quarters of the interruptions in the hydra collagenous domain
are conserved across species (data not shown). As in other
species, twice as many long imperfections (5 or more residues)
occur in the N-terminal half of the hydra type IV collagenous
domain. The hydra type IV collagen chain also has the single
N-linked glycosylation site (Fig. 2, amino acids 122–124) con-
served in other species and type IV chain types. Cysteine res-
idues are particularly highly conserved. The 4 cysteines in the
16-residue 59 noncollagenous domain (Fig. 2, amino acids 25–
40) are also found in all other type IV chains and are required
for N-terminal association of collagen IV molecules into tetram-
ers to form the ‘7S domain’. There are five cysteine residues in
the triple helical domain, mostly located in imperfections, with
four being in the N-terminal half of the collagenous domain.
This is comparable with other vertebrate and invertebrate

FIG. 1. Illustration of overlapping cDNA clones and scheme of the primary structure of the a(IV) collagen chain. Top panel, white
boxes indicate the five overlapping cDNA clones obtained from regenerating hydra cDNA libraries, HZAPII and HUZAP. Clone G4.1.2 was obtained
following screening with a hydra fibrillar collagen probe, HC1, at low stringency. A small 39 restriction fragment from each purified clone was used
as a probe in subsequent rounds of library screening. EcoRI restriction sites are shown by E. All clones were sequenced using the primers indicated.
Middle panel, the complete mRNA contig contains a 159-bp 59-UTR, a 5196-bp open reading frame, and a 521-bp 39-UTR. Bottom panel, the
primary structure of the entire a(IV) chain, deduced from the cDNA sequence. The 59 noncollagenous domain, including the signal peptide, is
indicated by the first shaded box, the large collagenous domain is indicated by the long box interrupted by 25 short noncollagenous sequences, and
the 39 NC1 domain is indicated by the final shaded box.
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chains (Table I). The C-terminal NC1 domain of hydra is the
most conserved region of the molecule (Table I). The number
and relative position of the cysteine residues in the NC1 do-
main is identical to all other type IV chains (Fig. 3) regardless
of species.

The hydra sequence is slightly more closely related to the a1
family (a1, a3, and a5) than to the a2 (a2, a4, and a6) family of
collagen IV chains based on: (i) the levels of sequence identity
across species in the NC1 domain (Table I and Fig. 3); and (ii)
the presence of the highly conserved a1-like sequence GC-

NGTK (Fig. 2, residues 122–127) in the 7 S region, whereas in
a2-like chains, the Lys is replaced by Arg. Accordingly, we
designate the reported sequence hydra a1(IV) collagen.

Northern analyses revealed that hydra RNA contains two
a1(IV) mRNA species, the more abundant mRNA being approx-
imately 7 kb and the lesser, 6 kb (see Fig. 11). The most 39 clone
we sequenced contained a poly(A1) addition signal approxi-
mately 10 bases upstream of a poly(A1) tail and completes a
5.9-kb contig. It is probable that a second poly(A1) addition
signal lies 39 and accounts for the longer mRNA transcript as is

FIG. 2. Nucleotide sequence of full-length cDNA, as shown in Fig. 1, and deduced amino acid sequence of H. vulgaris a1(IV)
polypeptide.2 The overlapping cDNAs correspond to a 5855-nucleotide mRNA, including 159-nucleotide 59-UTR and 521-nucleotide 39-UTR.
Numbering begins at the start codon. The signal peptide is yellow, and the 59 noncollagenous domain is underlined. Cysteine residues are red, RGD
sequences are double underlined, and the potential N-linked glycosylation site is in light blue. Imperfections in the triple helical domain are in
green, and the 39 NC1 domain is blue. The termination codon (taa) is in bold type. Peptide sequences obtained from purified type IV collagen are
underlined with a dotted line.
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the case in several other collagen IV genes (20, 33).
Molecular and Supramolecular Structure—Extraction of hy-

dra mesoglea with EDTA, 1 M NaCl solubilized two major
collagens with molecular masses of 155 and 290 kDa (Fig. 4).
The smaller component has recently been shown to represent a
fibrillar collagen, hydra collagen I/II, that forms a large net-
work of thin fibrils (12). Here we show that the larger compo-
nent is type IV collagen, because all the peptide sequences
obtained from the 290-kDa chain (Fig. 2) are found within the
hydra a1(IV) collagen-deduced sequence. The peptide data
demonstrate that the polypeptide chain is not processed by
removal of the NC1 domain, as expected, and that the hydra
collagen IV frequently contains hydroxyproline in the Y posi-
tion of the triplet (data not shown). In many positions where

lysine should be found according to the cDNA sequence, Edman
degradation failed to detect any amino acid residue. This is
most probably because of the presence of glycosylated lysine (or
hydroxylysine) residues that are not seen in normal protein
sequencing protocols.

As shown in Fig. 4, the hydra type IV collagen was not able
to enter an SDS-polyacrylamide gel in the unreduced state,
indicating extensive polymerization via disulfide bonds. How-
ever, even after reduction, only bands down to the size of a
dimer (290 kDa) were found. Monomers were never detected,
indicating that two polypeptide chains are held together via
nonreducible cross-links. Most probably intermolecular bonds
between two adjacent molecules are formed rather than in-
tramolecular bonds within the same triple helical molecule

FIG. 2—continued
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that should result in a mixture of dimers and monomers.
To get information about the structure of the dimer we

isolated type IV collagen by ultracentrifugation and ion ex-
change chromatography in the presence of mercaptoethanol
but in otherwise nondenaturing conditions. Electron micros-
copy after rotary shadowing of the protein showed dimers con-
nected via the C-terminal globular domains (Fig. 5). Surpris-
ingly, in marked contrast to the vertebrate type IV collagens,
the triple helix exhibits many bends and kinks so that the
predicted length of almost 400 nm is never observed. As seen in
one molecule in Fig. 5, the collagenous domain is even able to
fold back on itself. The supramolecular structure of the type IV
collagen in the unreduced state was visualized by electron

microscopy of the unfractionated EDTA extract. Although this
fraction contains a mixture of the hydra fibrillar collagen I/II
and the type IV collagen, assignment of the type IV structures
was very easy because collagen I/II forms a clearly distinguish-
able fibrillar network lacking globular domains (12). Some
selected electron microscopy pictures are shown in Fig. 6. Ir-
regular networks are seen typically, but in addition, smaller
oligomeric structures formed by lateral association of a few
molecules can also be detected.

In Situ Hybridization—In situ hybridization analysis in
adult hydra revealed that collagen IV expression is observed
along the entire longitudinal axis of the animal but is most
intense at the base of the tentacles, at the site of battery cell

TABLE I
Comparison of the hydra with other vertebrate and invertebrate type IV collagen a chains

Domain sizes are given as numbers of amino acid residues.

Hydra
a1

Human
a1a

Human
a2b

Drosophila
a1c

Drosophila
a2d

C. elegans
a1e

C. elegans
a2f

Urchin
a1g

Urchin
a2h

A. suum
a2i

Translation product 1723 1669 1712 1775 1761 1758 1758 1752 1752 1763
Signal peptide 24 27 36 23 24 28 26 28 27 26
59 noncollagenous 16 15 32 70 16 14 15 14 15 16
Collagenous domain 1455 1413 1449 1456 1461 1487 1486 1484 1483 1487
NCl domain 228 229 227 231 259 229 231 226 227 234
Interuptions in collagenous

domain
24 21 23 21 24 17 15 23 19 17

Cys in 59 noncollagenous
domain

4 4 4 3 3 4 4 4 4 4

Cys in collagenous domain 5 4 5 6 3 9 3 4 3 3
Cys in NCl domain 12 12 12 12 13 12 12 12 12 12
Percentage of identity in NCl

domain compared to hydra
a chain

100 58.1 50.4 45.1 44.6 55.3 53.5 58.4 50.5 54.1

a Ref. 38.
b Ref. 39.
c Ref. 15.
d Accession number AAB6408.
e Ref. 16.
f Ref. 40.
g Ref. 17.
h Ref. 18.
i Ref. 41.

FIG. 3. Amino acid sequence com-
parison of the NC1 domain of hydra
type IV collagen (Hy) with all six hu-
man type IV collagen chains (A1–A6).
Dashes represent identities with the
amino acid sequence of the hydra NC1
domain. Gaps (z) are introduced to achieve
best alignment. Conserved cysteine resi-
dues are indicated by arrows.
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transdifferentiation (Fig. 7, A and B). Interestingly, collagen IV
expression is restricted to the ectoderm (Fig. 7, C and D),
whereas laminin b1, the other basement membrane component
characterized in hydra, is expressed solely by the endoderm
(see “Discussion”). During head regeneration type IV collagen
levels are increased basal to the decapitation site. Initially, an
apical cap of type IV-positive cells form (Fig. 8, A–C), and then,
by 72 h, additional patches of stronger expression appear in the
tentacle region (Fig. 8D).

Functional Analysis of the Role of Hydra Collagen IV in Head
Morphogenesis Using Antisense Thio-oligonucleotides—As
shown in Fig. 9., head regeneration was blocked with antisense
thio-oligonucleotides designed to a region of the 59-UTR and
coding region of hydra collagen IV. Statistically significant (p #
0.001) blockages of 84 and 45% were observed for these anti-
sense oligonucleotides, respectively, when compared with mis-
match and sense controls. No blockage was observed with an-
tisense thio-oligonucleotides designed to the initiation site or to

a region of the 39-UTR. Inhibited animals (59-UTR and coding
groups) recovered from blockage by 5–7 days after LEP.

Effect of Glucose on Mesoglea and Type IV Collagen—Adult
hydra were incubated for 14 days in HM containing 15 mM

glucose. Control groups were incubated either in HM alone or
in HM containing 15 mM sorbitol (control for osmolarity be-
cause the polyol sorbitol is not readily transported across cell
membranes). TEM micrographs of sections through the three
different regions of the body columns revealed that the meso-
glea in the two control groups had the same thickness irrespec-
tive of the level of sectioning, whereas the mesoglea in the
glucose-treated animals was significantly thickened (p , 0.001;
Fig. 10 and Table II).

To investigate the effect of glucose on type IV collagen ex-
pression, hydra were incubated for 48 h in hydra medium
without glucose or supplemented with 15 mM glucose. A North-
ern blot of RNA extracted from each experimental group was
probed with the hydra collagen IV cDNA (Fig. 11). Compared
with hydra in normal medium, there is 2–3-fold increase of type
IV collagen mRNA levels in animals exposed to 15 mM glucose.

DISCUSSION

Although the presence of type IV collagen in hydra had
previously been suggested by a study using antibodies raised
against vertebrate BM components (9, 10), the elucidation of
the primary structure of collagen IV (Figs. 1 and 2) provides the
first molecular identification of this protein in hydra. Sequence

FIG. 4. Isolation of collagen IV from hydra mesoglea. By extrac-
tion with EDTA/NaCl, a mixture of collagen I/II (155 kDa) and collagen
IV (290 kDa) was solubilized and analyzed by electrophoresis on a
4–10% SDS gel prior to (lane 1) and after (lane 2) reduction with
mercaptoethanol. Collagen IV was purified from the reduced extract by
ion exchange chromatography using nondenaturing buffers (lane 3).
The molecular weights of the chains have been determined with appro-
priate protein standards.

FIG. 5. Panels of electron micrographs of rotary shadowed
dimeric type IV collagen molecules. Note the extremely high flex-
ibility of the triple helical domain. The bar denotes 100 nm (applies to
all images).

FIG. 6. Electron micrographs of rotary shadowed type IV col-
lagen oligomers and polymers seen in the unfractionated meso-
glea extract. The arrows denote regions of parallel association of two
type IV collagen molecules which can be recognized because of the short
distances between their globular NC1 domains. The bar is 100 nm
(applies to all images).
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analysis clearly shows the molecule is similar to all known
a(IV) chains but most closely resembles vertebrate and inver-
tebrate a 1(IV) collagen chains (Table I and Fig. 3).

Our data suggest that the hydra type IV collagen molecule is
homotrimeric because all the peptide sequence data obtained

from purified protein (Fig. 2) originates from the a1(IV) chain.
Solubilization of type IV collagen from vertebrate basement
membranes usually requires pepsin digestion, and it was there-
fore very surprising that the hydra type IV collagen could be
solubilized in the form of dimeric molecules under reducing but
otherwise nondenaturing conditions (Figs. 4 and 5). Sequence
analysis of peptides obtained by harsh protease treatment of
the insoluble residue remaining after extraction revealed that
all the type IV collagen had been solubilized (data not shown),
thus excluding the possibility that solubilized material is only
a minor fraction. Electron microscopical investigation (Fig. 6)
showed that the dimers assemble into a tight network stabi-
lized by disulfide bonds. For vertebrate type IV collagen a
model has been proposed in which four molecules aggregate via
their N-terminal domains forming spider like structures. The
interactions are stabilized via disulfide bonds and lysine de-
rived cross-links, resulting in a highly protease-resistant 7 S
domain that can easily be isolated after pepsin digestion. In
addition, the C-terminal globular domain, NC1, binds to itself,
mainly via disulfide bridges, to form a linear dimer (14). Both
interactions at the N-terminal and C-terminal ends lead to the
proposal of an open network structure that can further poly-
merize via lateral aggregation of the triple helical domains
(34). Our data certainly support the idea of lateral aggregation
of type IV molecules, which is very difficult to observe experi-
mentally in vertebrate basement membranes, although there
are also marked differences in the molecular architecture.
Firstly, two molecules of hydra collagen type IV are held to-
gether by nonreducible cross-links between the globular NC1
domains rather than by disulfide bonds (Fig. 5). Secondly, we
do not have any structural evidence for the existence of a 7 S
domain in hydra collagen IV despite the presence of the 4
conserved cysteine residues in this region. Pepsin digestion of
the hydra type IV collagen did not yield the 7 S domain but
instead resulted in a complete destruction of the protein; a
protease-resistant domain could not be detected by SDS gel
electrophoresis or by electron microscopy (data not shown). It is
interesting to note that lack of a 7 S domain is not unique to
hydra because similar results have previously been obtained
for the collagen type IV molecule of the helminth Ascaris suum
(35). Thus, formation of compact, protease-resistant 7 S domain
might be an important step in the polymerization of vertebrate
collagen type IV but appears not be essential for invertebrates.
For hydra, a less compacted and highly flexible organization of
the collagen IV network is presumably advantageous given the
organisms physiological requirements for an extremely flexi-
bile mesoglea.

The hydra is a member of the phylum Cnidaria, one of the
oldest metazoan phyla and the highly conserved nature of type
IV collagen indicates its critical role in hydra ECM formation.
The presence of both collagen IV and laminin in hydra and
their co-localization in the mesoglea (11) provide compelling
evidence that the mesoglea is essentially composed of the same
molecular components found in vertebrate BMs, and it is likely
that cell-substrate interactions involve the same ligands and
receptors. However, it is noteworthy that in addition to classi-
cal BM components, the hydra mesoglea also contains a cen-
trally located core of another collagen, which, based on se-
quence comparisons, is a classical fibrillar collagen (12). It is
therefore possible that the first functional extracellular matri-
ces evolved with composite properties of what are now consid-
ered classical basement membrane and interstitial matrices
and that later in evolution, the uses of components in these
“primitive basement membranes” were refined to produce the
wide array of connective tissues seen in higher orders.

The restriction of hydra type IV expression to the ectoderm

FIG. 7. Expression pattern of type IV collagen in adult hydra.
Whole mount in situ hybridization using an RNA probe generated from
clone 194.1 is shown. Localization of type IV collagen is observed along
the entire longitudinal axis of the polyp (A) but is most intense at the
base of the tentacles (B). The localization is restricted to the ectoderm
(A and B). This is best seen in thin sections of whole mounts embedded
in JB4 compound as shown in C and D. A bright field image is shown in
C with the ectoderm containing reaction product for type IV collagen
mRNA indicated by an arrowhead. The endoderm is negative and is
indicated by an asterisk (C). The intervening ECM (arrow) is shown
using Normarski optics in D. The ectoderm (arrowhead) and endoderm
(asterisk) are also shown in D. Bar magnifications: A, 500 mm; B, 100
mm; C and D, 20 mm.
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(Fig. 7) contrasts with laminin, which is expressed solely in the
endoderm but is localized to the subepithelial zones adjacent to
both the ectoderm and endoderm layers (11). In an immunocy-
tochemical study of hydra ECM, polyclonal antibodies gener-
ated against mammalian type IV collagen were localized
throughout the entire mesoglea (9, 10), suggesting that, like
laminin, type IV collagen can assemble into basement mem-
branes on cells that have not produced it. The sources and final
locations of type IV collagen have been determined in some
vertebrate and invertebrate systems. In co-cultures of fetal
intestinal chick mesenchyme with rat endoderm, type IV col-
lagen in the resulting basement membrane was derived only
from the mesenchyme (36), whereas in C. elegans type IV has
been detected at sites distant from its site of synthesis (37). The
assembly of type IV collagen in hydra, away from the ectoderm
cells that express it, suggests there is a mechanism regulating
its assembly that is directed by interaction with other (cell
surface-associated) molecules. Functional antisense studies
show inhibition of type IV collagen translation causes a subse-
quent blockage in head regeneration (Fig. 9), re-emphasizing
the importance of this molecule and the mesoglea in regener-
ation and development.

In mammals, thickening of the basement membranes in
blood capillaries is the hallmark of diabetic microangiopathy, a

FIG. 9. Effect of hydra collagen IV antisense thio-oligonucleo-
tides on head regeneration. The percentage of blockage of head
regeneration is shown for each experimental and control group tested.
The asterisk indicates groups that were significantly different from
controls at a p # 0.0001. N denotes the number of animals per group.
Sequence of thio-oligonucleotides are as follows: 59-UTR, 59-AAT CGG
CCA TAT ATC GAA AG-39; Initiation (Init), 59-CAT TTG GTC GTG
GTG TGA TTC AT-39; Coding, 59-AAT AGG TCC TTG TGG TCC GG-39;
39-UTR, 59-AAA ACT GTT TCG TAA CAA AT-39; Mismatch, 59-GCT
AAT ATG CAT GTA TCC GA-39; and Sense 59-UTR, 59-CTT TCG ATA
TAT GGC CGT TT-39.

FIG. 8. Expression of hydra type IV
collagen during head regeneration. Fol-
lowing decapitation just basal to the neck
region, hydra were fixed and processed for
whole mount in situ hybridization using a
digoxigenin-labeled RNA probe generated
from clone 194.1. The arrow indicates local-
ization of reaction product for type IV colla-
gen in the ectoderm layer beginning at 4 h
and through 72 h when higher levels are
associated with the base of the tentacles.
The bar denotes 20 mm (applies to all
images).
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severe long term complication of diabetes mellitus that is the
leading cause of blindness and renal failure in the developed
world. The molecular mechanism(s) underlying this thickening
are still undetermined, although the process is thought to be
glucose-dependent. Zhang et al. (22) showed that reaggregating
hydra exposed to 15 mM glucose developed a newly synthesized
mesoglea twice the thickness of controls and suggested hydra
as a simple and rapid model system for studying glucose in-
duced basement membrane thickening. We now show that
thickening of mesoglea upon exposure to glucose is a general-
ized phenomenon in hydra, occurring rapidly in adults (Fig. 10
and Table II) as well as developing (reaggregating) animals.
This effect is directly caused by glucose because, unlike mam-
mals, the hydra does not possess the endocrine system that is
clearly perturbed in diabetes coincident with the onset of hy-
perglycaemia. Furthermore, we demonstrate that the thicken-
ing of mesoglea is preceded by an up-regulation of collagen IV
expression within 48 h of glucose exposure (Fig. 11). The ex-
pression of laminin (b1 chain mRNA) has also been found to be
increased upon exposure to glucose.2 These effects of glucose

are not due to a generalized increased message levels because
the actin mRNA levels presented in Fig. 11 were not altered.
These findings raise the possibility that the thickening of BM
seen in diabetes is, in evolutionary terms, an ancient response
to elevated glucose levels retained by cells that are freely per-
meable to glucose. Given the striking conservation of hydra and
mammalian BM genes, together with the rapidity with which
glucose-responses are elicited, the hydra represents an exper-
imentally tractable, simple, in vivo model system in which to
further investigate the mechanism underlying glucose-induced
basement membrane thickening.

In summary, we have characterized hydra type IV collagen
and shown it to be highly conserved with respect to its mam-
malian counterparts, although its organization and assembly
at the supramolecular level shows some unique features. Type
IV collagen expression is essential for hydra development and
responsive to elevated levels of glucose.
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