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The surface reactivity of the dog heartworm 
(D. immitis) was evaluated by comprehen- 
sive contact angle measurements and a 
platelet retention test. Contact angle data 
yielded calculated surface energy terms 
very similar to those previously reported 
for intact vascular endothelium. The plate- 
let test revealed the native worm surface 
to be nonreactive, retaining fewer platelets 
than glass or worms whose surfaces had 
been modified by extraction with acid and 
high salt solutions. The cuticular morphol- 
ogy of the heartworm was studied with 
both light and electron microscopy, the 
latter coupled with ferritin-conjugated 
double-layer immunolabeling to reveal ad- 
sorbed host protein on the cuticle surfaces. 
Multiple attenuated internal reflection 
(MAIR) IR spectroscopy confirmed the 
general composition of this surface layer 
to be glycoproteinaceous. Morphological 
and histochemical studies confirmed and 

extended previous descriptions of nematode 
cuticle, adding ultrastructural detail on 
cortical, medial, and basal layers. A trilami- 
nar membrane, apparently corresponding 
to a mammalian cell membrane (plas- 
malemma), constituted the external cortical 
layer as observed in high magnifications. 
The existence of a glycocalyx of varying 
thickness was demonstrated in ruthenium 
red-stained sections. MAIR IR spectra 
showed this glycoproteinaceous film to 
appear, in fully hydrated samples, as a 
loose biological gel. Ferritin-antibody con- 
jugate labeling confirmed the presence of 
adsorbed dog albumin, dog immunoglob- 
ulin class G (IgG) and dog complement 
fraction 3 (C3) in the cuticular surface layer. 
It is likely, therefore, that D. immitis heart- 
worms demonstrate long-term thrombore- 
sistance at least in part due to their passive 
low-surface-energy overcoating with host 
proteins. 

INTRODUCTION 

Incompatibility of blood with many foreign surfaces remains a major ob- 
stacle to the successful development of a greater variety of cardiovascular 
implants. In spite of impressive accomplishments made in recent years, sci- 
entific understanding of blood-foreign surface interactions, and develop- 
ment of new reliable, versatile blood compatible materials, still requires 
effort. ' 

Blood parasites have evolved in the bloodstream and perforce display 
thromboresistant surfaces. Among the numerous blood flukes, the dog 
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heart worm, Divofzluriu immitis, is especially interesting because of its nail- 
like covering called the cuticle. D. immitis is a nematode that usually lives in 
the pulmonary artery and right heart of the dog. It is generally accepted 
that D. immitis is not responsible for the destruction of blood and its surface 
is always observed to be clot-free. 

How does D. immitis achieve this hemocompatibility? One suggested 
mechanism is the spontaneous coating from blood of the cuticle with a be- 
nign layer of host proteins, such that this coat masks the parasite and it is 
not recognized as foreign.' For this and other suggested mechanisms for 
nonpathogenesis, the composition of the blood contacting surface, i. e., 
the cuticle, plays a critical role. Therefore, characterization of the cuticle of 
D. immitis was undertaken to improve our understanding of such important 
host-parasite relationships and provide some insight to mechanisms by 
which this blood-dwelling nematode achieves its hemocompatibility. 

The chemical composition of the cuticle of nematodes is described in de- 
tail by Bird.' In general, the nematode cuticle consists of mostly water and 
protein with small amounts of lipid and carbohydrate. Various morphologi- 
cal studies have revealed the cuticle to be an acellular structure mainly com- 
posed of collagen- and keratin-like proteins. The outermost layers of the ne- 
matodes have been shown to include a glycocalyx, a carbohydrate-rich 
coat usually associated with single cell surfaces. This coat can include 
proteins, glycoproteins, and glycolipids that are incorporated within the 
plasma membrane along with adsorbed molecules, but the polysaccharide- 
rich quality of the surface coat in question here has been demonstrated (on 
the cuticle of D. immitis microfilariae) using cytochemical stains.4 Lectin 
binding studies have shown that various extracuticular carbohydrate residues 
like D-mannose, D-glucose, N-acetyl-D-galactosamine and sialic acids are 
involved in nematode-host plant5 and nematode-fungal predator6*' recog- 
nition as well as in chemo-attraction to food and mate.8 The contributions of 
glycoproteins and of the carbohydrate moieties themselves to surface im- 
munogenicity and hemocompatibility have recently been documented in 
the case of the human blood fluke Schistosorna mansoni. 9~10 

The proteins of the surface coats of parasitic nematodes have been stud- 
ied by gel electrophoresis." Host serum albumin was reported to be the ma- 
jor surface protein on the microfilaria of L. cauinii. The presence of host 
proteins on the surfaces of adult and microfilarial stages of D. immitis have 
also been shown with fluorescent antibodies.12 These findings support the 
hypothesis of molecular mimicry of the host. On the other hand, a heparin- 
like polysaccharide from the integument of S. rn~nsoni '~ and a polysulfated 
polysaccharide on the surface of the cestode Taenia taeniaeformis l4 were 
shown to have anticoagulant activities. 

Even though these latter observations suggest the use of an anticoagulant 
by some parasites to remain clot-free, the general significance of the physi- 
cal-chemical surface properties for the survival of these flukes remains. 
This is especially true for the case of D. immitis, which possesses only an in- 
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active cuticle from which no active secretion has been reported. Hence, con- 
tinued study of the surface of D. immitis may give us a better understanding 
of blood-foreign surface interactions by more complete characterization of 
this successful, intrinsically thromboresistant material. 

In this report, the surface reactivity of the nematode is evaluated by com- 
prehensive contact angle measurements and a platelet retention test. The 
cuticle is structurally characterized using light and transmission electron 
microscopy. The presence and general composition of the exterior layers is 
shown using IR spectroscopy and electron microscopy, and the presence of 
host proteins within this layer is demonstrated by antibody labeling results. 

MATERIALS AND METHODS 

Female D .  immitis worms were obtained as a gift from Dr. J. McCall, De- 
partment of Parasitology, University of Georgia, Athens, GA. Originally 
frozen worms were used for hemocompatibility analyses based on platelet 
retention criteria, for light microscopy to study the structure of the cuticle 
and, together with never-frozen worms, for electron microscopic studies of 
their surface coats. 

Hernocompatibility 

The surfaces of D.  immitis were evaluated using a customized platelet re- 
tention test.15 Briefly, citrated whole canine blood was passed over the 
worms in a test chamber, and platelet adhesion to the surfaces was evalu- 
ated by platelet counts of the blood before and after contact with the 
worms. Platelet adhesion to the cuticular surfaces was confirmed by scan- 
ning electron microscope visualization of the surfaces. Additional tests 
were performed on D. immitis that had been exposed to high electrolyte 
concentration (0.75M buffered saline) and low pH (acetic acid buffer 
pH = 4) solutions for 35-40 min in attempts to alter the surface coatings. 
Following such exposures, the worms were removed and viewed by SEM 
and the supernate was analyzed for protein content using Folin-Cochitine 
analysis. 

Light microscopy 

The frozen D. immitis worms were thawed, sectioned, and fixed in 10% 
buffered neutral formalin. The histochemical method of Ayoub-Shklar was 
used for keratin and collagen analysis. Routine Mayer’s H&E staining was 
employed to enhance cellular detail. A dog foot pad was used as control 
material for the analytical and morphological studies in each case. 
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Electron microscopy (TEM) 

Fresh female worms, obtained from the same laboratory, were trans- 
ported in culture medium RPMI-1640 (Gibco Ltd., Grand Island, NY). Some 
were frozen upon arrival at Clemson and kept frozen at -20°C until used. 
Worms were thawed on the day of the experiment and rinsed in 0.lM ca- 
codylate rinsing buffer (CRB), pH 7.4 (21.4 g/L sodium cacodylate and 
73 g/L sucrose). The worms to be used in ferritin-labeling experiments were 
incubated in a 1% solution of Bovine Serum Albumin (Miles Scientific, 
Naperville, IL) in cacodylate fixing buffer (CFB, 21.4 g/L sodium cacody- 
late), pH 7.4, for 30 min, to cover the nonspecific binding sites on the cuticle 
surfaces. The worms were then directly transferred to test tubes containing 
the primary antisera, where they incubated for 30 min at room temperature. 

Rabbit anti-dog whole serum (RAD-WS, Miles), rabbit anti-dog albumin 
(RAD-A, Cappel Worthington, Cooper Biochemical, Talvern, PA), rabbit 
anti-dog complement fraction C3 (RAD-C3, Miles), and rabbit anti-dog im- 
munoglobulin G (RAD-IgG, Miles) were used in different tubes as primary 
antibodies. Following a rinse in CRB three times for a total of 30 min, the 
worms were allowed to incubate in horse spleen ferritin conjugated to anti- 
rabbit IgG produced in goat (F-GAR-IgG, ICN Immunobiologicals, Lisle, IL) 
for 30 min. All immunoglobulins were diluted 1:40 in CFB. After a final 
rinse in CRB twice for 15 min each, the worms were sectioned in three 
pieces of equal length; the head and tail portions were discarded and the 
middle piece was further sectioned in pieces of approximately 5 mm each. 

Sections were fixed in 4% glutaraldehyde in CFB for 2 h followed by 2% 
osmium tetroxide in CFB for 1 h, dehydrated in an ethanol series and infil- 
trated with propylene oxide twice for a total of 30 min. Worms selected to 
yield morphological sections were rinsed in CRB and sectioned as described 
above and then transferred into a mixture of 4% glutaraldehyde and 0.8% 
ruthenium red in CFB, pH 7.4 for 2 h, followed by a mixture of 2% osmium 
tetroxide and 0.8% ruthenium red in CFB, pH 7.4 for 2 h. Dehydration and 
infiltration were performed as described above, simultaneously for all test 
specimens. 

Spurr’s low viscosity embedding medium was used to achieve penetra- 
tion through the hard cortical layer of the cuticle. The specimens were 
passed gradually from the infiltrating agent to the embedding medium, us- 
ing ratios of 2:1, 1: 1, and 1:2, each for 24 h. After a final soak of 24 11 in 
pure embedding medium, each piece was cured under vacuum at 60°C for 
48 h. Cured specimens were trimmed and sectioned on a Reichert-Jung ul- 
tramicrotome with a diamond knife (DuPont Instruments). 

Thin sections, approximately 65 nm thick, were collected on acid-washed 
hexagonal copper grids (Electron Microscopy Sciences) and stained with 
uranyl acetate at 20°C for 12 min followed by lead citrate at 60°C for 45 min 
in a 2168 Ultrastainer Colsberg System (LKB Bromma). Stained sections 
were viewed with a JEM-100C electron microscope (JEOL LTD) at 60 kV. 

Three additional groups of worms were processed as surface, primary an- 
tibody and secondary antibody level controls. The surface level controls 
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were prepared by stripping off any surface proteinaceous coat in an acetate- 
acetic acid solution (6.37 g/L sodium acetate, 1.5% glacial acetic acid, 3 g/L 
sodium chloride) of low pH and high ionic strength for 2 h. The primary an- 
tibody level controls were treated with nonimmune rabbit whole serum 
(Cappel) in place of the primary antibody in the above-described procedure. 
The secondary antibody level controls incorporated those worms which 
were treated in RAD-WS as primary antibodies, but were incubated in un- 
conjugated 2 x crystallized ferritin (Polysciences, Inc., Warrington, PA) in- 
stead of F-GAD-IgG, as well as worms for which the primary antibody layer 
was omitted. 

Surface chemistry 

Fresh specimens were placed in 0.15M PBS, pH 7.4, 2.5% glutaraldehyde 
solution until prepared for both comprehensive wettability profiling (via 
contact angle measurements) and surface spectroscopy (via multiple attenu- 
ated internal reflection infrared measurements). 

The preparation technique consisted of distilled water rinsing of the indi- 
vidual filamentous worm bodies, and their mounting as suspended strands - 
without being put under tension-across the central region of a small, all- 
Teflon "embroidery hoop" device. Contact angle data were taken by direct 
droplet measurements along the lengths of these strands after they had air- 
dried. Infrared spectroscopy was performed by cutting short, straight seg- 
ments of these filaments and pressing them tightly against miniature 
internal reflection prisms made from pure germanium, and mounting the 
assembly in a condensing mirror optical device within the sample compart- 
ment of a standard recording infrared spectrophotometer. 

RESULTS 

Hernocompatibility 

The platelet count for each blood sample was done in duplicate. These 
values were used to calculate retention ratios to compare the properties of 
the different specimens tested. The average platelet counts and the platelet 
retention ratios for three different D. immitis surface states and for glass 
control specimens are presented in Table I. A simple f-test was used to de- 
termine if any significant differences existed between the retention ratios of 
native D. irnmitzs and the other surfaces tested, The retention ratios for all 
the other substrata tested were significantly different from that for the na- 
tive D. immifis. 

Scanning electron microscopic (SEM) studies of D. immitis surfaces showed 
very little platelet adhesion (Fig. 1). The high salt and acid extracted speci- 
mens did not show any obvious alterations of the surfaces, but many addi- 
tional platelets were seen to remain attached to their surfaces with moderate 
pseudopodial extensions. The glass surfaces had about the same number of 



1032 

TABLE I 
Retention Ratios 
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Average Exposed 
Material Trial # Control Count Platelet Count Retention Ratio 

Native D. immitus 1 242,00O/mm3 236,000/mm3 0.025 
2 297,000 274,000 0.077 
3 256,000 242,000 0.055 

Acid extracted D. immitus 1 420,000 367,000 0.126 
2 483,000 408,000 0.155 
3 306,000 248,000 0.190 

Glass 1 310,000 281,000 0.094 
2 417,000 300,000 0.281 
3 375,000 297,000 0.208 

Salt extracted D. immitus 1 367,000 280,000 0.237 
2 264,000 157,000 0.405 
3 339,000 273,000 0.195 

Figure 1. Surface of D. immitis following a platelet retention test (original 
magnification ~1300) .  Notice the lack of platelets even around the irregular 
areas of the body cavity. 

retained platelets as the extracted D. immitis specimens. One observed dis- 
tinction was the even greater degree of pseudopodial extensions from the 
platelets on glass. 

Folin analyses confirmed the presence of extracted proteins in both the 
salt and acid supernates (7.8-55 mg/worm). 
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Light microscopy 

All sections revealed a central body cavity (Fig. 2) containing the diges- 
tive tract and the reproductive organs, a surrounding muscle layer, nerve 
bundles and an outermost cuticle. In higher magnifications (Fig. 3), the cu- 
ticle was observed to consist of three distinct layers: the exterior cortical 
layer was essentially amorphous and stained with aniline blue specific for 
connective tissue, especially collagen. The median layer contained collagen- 
like fibers staining with aniline blue wrapped around a keratin-like material 
staining with orange G. The basal layer showed characteristic fine aniline 
blue-staining striations in most of the sections. 

Electron microscopy 

Examination of the tissue with TEM revealed the ultrastructure of the cu- 
ticle in greater detail. The observed general pattern of cuticular design was 
similar to that seen with the light microscope, but the cortical layer was fur- 
ther resolved into external and internal structures. The latter was similar to 
a cellular trilaminar membrane, approximately 15 nm thick (Figs. 4, 9) as de- 
scribed by Bird. The former consisted of a generally amorphous osmiopho- 

Figure 2. Light micrograph of D. irnrnitis. Cross section of whole body (He- 
matoxylin-Eosin stain, ~ 6 0 . )  Bar = 200 pm. (b) basal layer, (Cu) cuticle, 
(c) cortical layer, (m) median layer, (h) hypodermis, (M) muscle, (n) nerve 
bundle, (mf) microfilariae, (U) uterus. 
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Figure 3. High magnification of Figure 2 showing cuticular layers. Note 
collagen-like fibers (closed arrow) wrapped around a keratin-like material 
(open arrow) (Orange G and Aniline blue stain, x370). Bar = 10 pm. 

bic layer approximately 5 pm thick (Fig. 4). The median layer was also 
observed to consist of external and internal structures, approximately 10 
and 20 pm thick, respectively, separated from each other by an electron lus- 
cent band only 1 pm thick. In the external median layer, an electron dense 
band crossed an osmiophobic material at varying angles to the cuticular sur- 
face, but in some micrographs the entire bulk of the internal medial layer 
was osmiophobic. Characteristic striations of the basal layer (Fig. 4), were 
observed in most sections, and these connected internally with the hypo- 
dermis. A glycocalyx was clearly seen in sections stained with ruthenium 
red (Fig. 5) as a 10-50-nm-thick layer attached externally to the epicuticle. It 
was also visible in some immunolabeled tissue micrographs as a cloudy os- 
miophilic background beneath the ferritin layer (Figs. 6-8). 

A continuous distribution of the ferritin particles was observed on im- 
munolabeled surfaces for each of the four primary antibody types: anti-dog 
whole serum (RAD-WS), anti-dog albumin (RAD-A), anti-dog immunoglobu- 
lin G (RAD-IgG), and anti-dog complement fraction C3 (RAD-C3) (Figs. 6-9). 
RAD-A reacted the most vigorously with parasite surfaces (Fig. 7), while 
RAD-C3 was the least reactive (Fig. 9). At some locations, particles formed a 
mulaayered coat. Control surfaces, on the other hand, showed no significant 
binding of ferritin (Figs. 10-12) with the exception of a few cases (Fig. 13) in 
which there was insufficient stripping of the proteinaceous surface coat. 
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Figure 4. Transmission electron micrographs of D. immitis cuticle. LOW 
magnification showing whole cuticle and the trilaminar membrane (closed 
arrow). Note close resemblance of median layer patterns (spanning between 
cortical and basal layers) to those in Figure 2. Also note basal striations 
(open arrow) (original magnification ~ 3 3 0 0 ) .  Bar = 5 pm, (C) cortical layer, 
(B) basal layer, (G) glycocalyx. Both sections fixed in 4'% glutaraldehyde fol- 
lowed by 2% osmium tetroxide and stained with uranyl acetate and lead ci- 
trate. Additional stains indicated in parenthesis. 

Surface chemistry 

As a result of both drying-induced surface roughness and the intrinsic 
surface chemistry of these specimens, contact angle data were found to be 
nonequilibrium values. With the exception of the low-surface-tension, cy- 
clic saturated hydrocarbon called dicyclohexyl, each of the other test liquids 
utilized showed some penetration into the specimen surfaces after only 
brief contact times. 

Nevertheless, adequate data were collected to allow calculation of these 
important surface energy terms (with the caution that thermodynamic equi- 
librium was not obtained): 

Critical Surface Tension = 27.7 dynes/cm 
Distributed Component = 26.2 dynes/cm 
Particular Component = 22.2 dynes/cm 

These terms are often reported as gamma C (Critical Surface Tension), 
gamma D (usually denoting the dispersive, van der Waals forces), and 
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Figure 5. High magnification of Figure 4 showing the glycocalyx external 
to the trilaminar membrane (closed arrow) (Ruthenium red stain, original 
magnification x80,OOO). Bar = .1 ym. 

gamma P (usually denoting the polar-polar interactions). The values ob- 
tained for the heartworm specimens are very similar to those previously 
measured and published for the intact vascular endothelium and for 
glutaraldehyde-preserved vascular grafts that show excellent long-term 
thromboresistance. 

Figure 14 is an MAIR IR spectrum obtained with only a few, totally dried 
(in advance) heartworm segments clamped against it. This spectrum is al- 
most identical to the clean prism baseline, and may be taken as the appro- 
priate baseline for the remainder of the spectra provided here. 

Figure 15 is the MAIR 1R spectrum that resulted, after considerable ex- 
perimentation, from the most successful method of securing intimate con- 
tact of the heartworm surfaces with the analytical prism. This method 
utilized specimens that were still completely hydrated after distilled water 
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Figure 6. Transmission electron micrographs of ferritin-labeled cuticular 
surfaces (whole serum). Note even distribution of ferritin particles (closed 
arrow) (original magnification ~80,000).  All specimens (Figs. 6-9) fixed in 4% 
glutaraldehyde followed by 2% osmium tetroxide and stained with uranyl 
acetate and lead citrate. Rabbit anti-dog antibodies used as primary layer. 
Specificity of primary antibodies listed separately for each. All bars = 0.1 pm. 

rinsing away of the preservation solution. Figure 15 is, in fact, a typical spec- 
trum for water as bound in a loose biological gel. 

Figure 16 illustrates the conversion of this spectrum to that more charac- 
teristic of the actual heartworm surface as slow dehydration of the speci- 
mens was allowed to occur (adjusting the clamping pressure to maintain 
intimate specimen-to-prism contact throughout). Clearly, the emerging 
specimen signal is that of a predominantly glycoproteinaceous film. 

Figure 17 is representative of the fully dehydrated specimen surfaces, a 
spectrum classically associated with glycoproteinaceous coatings. 

Figure 18 is representative of the same specimens after even tighter clamp- 
ing against the mini-Ge prism, to enhance spectral contrast. 
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Figure 7. Albumin: Ferritin particles (closed arrow) formed a multi-layered 
coat over the thickness of the glycocalyx (open arrow) marking the abun- 
dance of adsorbed host albumin on surface (original magnification x 80,000). 
See Figure 6 for details. 

Figure 8. IgG (original magnification X55,OOO). See Figure 6 for details. 
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Figure 9. C3 (original magnification X 55,000). Note relatively low ferritin 
adsorption over the trilaminar membrane (closed arrow). See Figure 6 for 
details. 

DISCUSSION 

LumsdenI6 has already noted how ’ I .  . . the importance of surface phenom- 
ena in the biology of parasitic organisms is well appreciated. . .“ and that 
’ I .  . . it is at the body surface that the host’s defense mechanisms are often 
directed.” The present study sought to elucidate the cuticular composition, 
morphology and surface reactivity (both physical-chemical and antigenic) 
of the adult D. immitis. The hypothesis is that a rational explanation of the 
mechanical, physiological, and immunological responses elicited by the 
parasite can emerge only from a good understanding of the morphology, 
surface chemistry, biochemistry, immunogenicity, and thrombogenicity of 
the external structures. In this respect, the cuticle and especially any ad- 
sorbed protein layers on the cuticular surfaces deserve special attention. 

Although the morphology of the nematode cuticle, especially for Ascauis, 
Tvichnella, and Caenarhabditis species has been extensively surveyed for both 
adult and larval stages, relatively little ultrastructural research has been con- 
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Figure 10. Transmission electron micrographs of primary antibody level 
control. Worms incubated in nonimmune rabbit whole serum followed by 
F-GAR-IgG. Nonspecific binding of primary antibody to surface antigens 
tested. All specimens (Figs. 10-13) fixed in 4% glutaraldehyde followed by 
2% osmium tetroxide and stained with uranyl acetate and lead citrate. Note 
absence of ferritin adsorption to surfaces. All micrographs (Figs. 10-13) 
X55,000. All bars = 0.1 pm. 

ducted with the genus Dirofiluria, most of the available data consisting of 
SEM or light microscopy  finding^.'^,'^ The present study shows that the cu- 
ticle of D. immitis fits into the classical description of a typical three layered 
nematode exoskeleton with basal, median and cortical layers, as proposed 
by Bird. l9 

The chemical composition of Ascuris cuticle has been studied by previous 
workers. Bird’’ characterized the proteins found in the cortical and median 
layers as keratin-like and collagen-like, respectively, unique to and charac- 
teristic of nematodes. Fujimoto and Kanaya” on the other hand, isolated 
another structural protein from the cuticle of the same parasite and coined 



SURFACE CHARACTERIZATION OF D. IMMITIS 1041 

Figure 11. Secondary antibody control, I: Worms incubated directly in 
F-GAR-IgG, the primary antibody being omitted. Nonspecific binding 
between goat antibodies and dog antigens tested. See Figure 10 for details. 

the term cuticulin for this new material. Although biochemical confirmation 
was not obtained in the present study, the histological observations do sup- 
port the previous findings regarding nematode cuticular design and compo- 
sition, in general. Collagen-like fibers (aniline blue-positive in histological 
and osmiophilic in TEM preparations) were observed to be wrapped around 
a keratin-like material (orange G positive and osmiophobic) in the median 
layer (Figs. 3, 4). These spirals probably correspond to the diagonal fibers 
crossing the Ascaris cuticle at an angle of about 75" to the longitudinal axis, 
as previously described.l' It is known that collagen-like and keratin-like 
molecules give the cuticle its characteristic strength and stiffness, respec- 
tively. The particular arrangement for D. immitis detected in this study may 
provide the worm body with some extra degree of freedom in flexibility, 
still preserving the hardness and tensile strength required for survival. 

An external glycocalyx and an internal trilaminar membrane were ob- 
served as the bounding surfaces of the cuticle. This new structural finding 
is potentially extremely important in understanding how several aspects of 
the host-parasite relationships are determined. Since the role of the trilami- 
nar membranes in mediating ionic interactions and selective permeability is 
a well-known phenomenon for single mammalian cells, the interior cuticu- 
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Figure 12. Secondary antibody control, 11: Worms incubated in RAD-WS 
followed by unconjugated ferritin. Nonspecific binding of ferritin to primary 
antibody tested. See Figure 10 for details. 

lar structure observed here may be speculated to perform similar functions. 
Another important feature of the trilaminar membrane could be that it pro- 
vides attachment sites for negatively charged sugar molecules via integral 
proteins that contribute to its ultrastructure.16 Such acidic mucopolysaccha- 
rides, apparently involved in attractionhepulsion interactions between para- 
site surfaces and host cells, have been proven to be present by experiments 
where destruction of surface charge with neuraminidase,z2 hyaluronidase 
and/or P-glucuronidase16 facilitated attachment of leukocytes to cuticular sur- 
faces and hence cuticular destruction, in uitro. 23 Although reticuloendothe- 
lial system cells have been observed on freshly recovered worm surfaces, it 
has been impossible to obtain evidence for in uivo destruction of the cuticle. 

On the contrary, it is generally believed that animals infected with tissue 
helminths develop a suppressed cellular reaction while still being able to ef- 
ficiently produce antibodies. 24 A possible explanation of the inhibition of 
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Figure 13. Surface level control: Surface proteins stripped off by soak in 
low pH, high ionic strength acetate-acetic acid buffer, prior to incubation in 
RAD-WS followed by F-GAR-lgG. Note adherence of few ferritin particles 
caused by insufficient stripping. See Figure 10 for details. 
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Figure 14. Baseline infrared spectrum. 

the cellular component (including both phagocytic and sensitized cell popu- 
lations) may be the very existence of the nonadhesive glycocalyx, providing 
the worm with an efficient barrier against cellular attachment and attack. 
Detection of anticuticular IgG on ferritin-labeled surfaces (Fig. 8), on the 
other hand, provides evidence of the persistent activity of the humoral 
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Figure 15. Infrared spectrum of fully hydrated cuticular surface of D .  immitis 

4000 3500 M O O  2400 20VO 13UO CM-I lUU0 

MAX=100.00 T 

\ MIN=O.OO 1 

Figure 16. 
D. irnmifis cuticle. 
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Figure 18. 
dominating thromboresistant heartworm surfaces. 

Confirming infrared spectrum of glycoproteinaceous matter 

component. Although the amount of adsorbed protein was not quantified 
in this study, the continuous and sometimes multilayered distribution of 
ferritin made it obvious in RAD-IgG treated sections that quite a strong IgG 
reaction was elicited by the cuticle. Whether the bound IgG is D. immitis 
specific or it merely represents a cross-reacting result of sensitization to pre- 
vious exposures to different parasitic immunogens can be determined with 
enzyme-linked immunosorbent assay (ELISA) as described earlier. 24 

The detection of host C3 on D. immitis surfaces (Fig. 9) also deserves par- 
ticular attention. It is well known that parasite surfaces are potent activators 
of the alternative pathway of complement, a process that requires genera- 
tion of enzymatically active C3b fraction by spontaneous hydrolysis of the 
highly reactive thioester bond incorporated in the free C3 molecule.25 It may 
thus be understood how the incorporation of the available C3 on worm cu- 
ticular surfaces would result in blocking of the alternative pathway for acti- 
vation via decreasing the plasma concentration of this C3b precursor. The 
operation of this mechanism would eventually lead to surface immunity to 
complement-dependent lysis. 

Selective retention of host albumin (Fig. 7) on D. immitis cuticular sur- 
faces may have a similar effect in transforming an essentially foreign and 
reaction-inducing surface into a host-like and inert one. Demonstration of 
bound albumin by the immunolabeling method described in this paper is in 
accord with previous data'' and supports the view that adsorbed serum al- 
bumin from the host may serve the function of improved hemocompatibil- 
ity, as proposed for foreign tissues and artificiaI surfaces,26 by minimizing 
platelet retention and blood lysis. 

The platelet retention studies provide strong support to this view, in that 
stripping of superficial protein layers was a significant factor in increasing 
platelet uptake. 
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Combining these findings with the infrared spectral data, the conclusion 
is inescapable that within the micrometer or so deep superficial layer, these 
heartworms are covered with a predominantly glycoproteinaceous sheath. 

It is the outermost aspect of this proteinaceous superficial layer whose sur- 
face properties were characterized by the noted contact angle data. Overall, 
these data are very similar to results obtained on other bioadhesion-resistant 
surfaces, such as endothelial linings, intraoral mucosa, and the backs of dol- 
phins and killer whales. Nature seems to solve the same problems in the 
same way in many, diverse circumstances. 
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