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Summary. Ultrastructural changes associated with os-
motically-induced water transport and water perme-
ability were examined in two flatworm species, Schis-
tosoma mansoni and Hymenolepis diminuta. The struc-
ture of the surface layer of these parasites is unusual
in that it is a syncytial epithelial layer that lacks tight
junctions and lateral extracellular spaces. The perme-
ability coefficients observed in this study are therefore
necessarily associated only with the transcellular route
of transepithelial transport. The ultrastructural
changes associated with volume transport across the
epithelial syncytium were also unusual in that the
basally located channels extending distally from the
inward-facing membrane into the syncytial layer re-
mained open regardless of the direction of water flow.

Despite the structural differences, most of the fea-
tures of diffusive (P;) and osmotic (P,,) water fluxes
across the syncytium resembled those observed in
other epithelia: (i) Low water permeability with maxi-
mum values of 4.1 x 107 % for P, and 9.6 x 10~ > for
P (ii) Pogy > Py by 2.0- to 3.2-fold. (iii) Outward
water permeability less than inward water permeabili-
ty. This asymmetry could not be attributed to collaps-
ing channels when net volume transport was directed
outward since channels in the syncytium remained
open regardless of the direction of water flow. The
asymmetry could be explained by tissue contraction
or swelling when bathed in anisotonic fluids. (iv) P,
values were not significantly altered by tissue un-
stirred layers but both P, and P, values were under-
estimated when the bulk fluid was not vigorously
stirred.

The lower permeability in S. mansoni relative to
H. diminuta may be attributed to the membranous
surface coat of the former species.

Key words. Schistosoma mansoni, Hymenolepsis dimin-
uta, epithelial transport, water transport.

The flow of water across epithelial tissues has been
the subject of intensive research over the past two
decades, resulting in the discovery of a remarkable
correlation between water transport and the geometry
of fluid compartments within the epithelial layer. One
of the unsolved problems discussed recently by Dia-
mond (1979) is the inability of present techniques
to distinguish between water flowing across the epi-
thelial layer either by the paracellular route (across
the tight junctions) or by the transcellular route
(across the outward- and inward-facing membranes
of the epithelial cells). One approach to this problem
is to compare fluid movement across cellular epithelia
with an epithelial layer that does not have the mor-
phological prerequisites of a paracellular pathway.
The present investigation uses an epithelial membrane
system with the latter qualities. Although this ap-
proach will not aid in distinguishing the relative roles
of paracellular and transcellular routes of water trans-
port across epithelial with “tight” or “leaky” cell
Junctions, it does serve to characterize water transport
across epithelia in the absence of tight junctions.
The epithelial layer covering the external surface
of parasitic flatworms is a continuous layer of cyto-
plasm, bounded by outward- and inward-facing unit
membranes that are uninterrupted by tight junctions
and associated lateral extracellular spaces. This epi-
thelial syncytium appears to be an adaptation to para-
sitism in this group of acoelous organisms in that,
while the surface of parasitic forms is syncytial, the
surface of free-living flatworms is “typically ” cellular
(Podesta, 1980a, b). However, the epithelial syncy-
tium behaves similar to other solute transporting epi-
thelia in having outward- and inward-facing mem-
branes with asymmetrical chemical and functional
properties capable of achieving vectorial transport of
solutes across the epithelial layer. The epithelial syn-
cytium therefore behaves in a manner consistent with
the two membranes in series model of transporting
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epithelia proposed by Koefoed-Johnsen and Ussing
(Podesta, 19804, b).

Water transport across the epithelial syncytium
has not been examined in detail. We previously exam-
ined the relationship between solute and water trans-
port in the rat tapeworm, Hymenolepis diminuta, in
vivo and found that the results could be interpreted
in terms of the standing gradient, osmotic-flow hy-
pothesis (see Diamond, 1979) (Podesta & Mettrick,
1975). However, the relationship between solute and
water transport was unusual in that as both flows
increased there occurred a disproportionate increase
of solute inflow relative to the net inward flow of
water, such that the absorbate became increasingly
hypertonic. In addition, there appeared to occur a
substantial inward movement of solute in the absence
of net inward movement of water. This led us to
interpret our results in terms of a fluid circuit through
two sets of blind-ending channels, one set being
“backward” or secretory, the other being ““forward”
or absorptive. Since this interpretation was not sub-
stantiated by morphological studies or in vitro deter-
minations of water transport, the present study was
undertaken.

Materials and Methods

Hymenolepis diminuta was obtained from the small intestine of
male Wistar rats that had been infected with 30 cysticercoids from
flour beetles (Tribolium confusum) 11 days prior to removal, as
described previously (Podesta et al., 1977). At this age these para-
sites are each 30-70 mg wet wt and are approximately 20 cm in
length.

Schistosoma mansoni (Puerto Rican strain) was obtained from
the perfused hepatic-portal veins of hamsters that were infected
40 days previously by intraperitoneal injection of cercariae shed
by infected snails (Biomphalaria glabrata), using conventional tech-
niques. At this age these blood flukes are less than a cm in length,
the females weighing 83 + 1.0 pg, the males 251 £2.7 pg wet wt.

The diffusion of water across the epithelial syncytium of both
parasite species was determined by monitoring the changes in the
levels of *HOH in the parasite tissues during a second 30-min
interval where the *HOH was present in the incubation fluid
(10 uCi in 2 ml incubation fluid) during the second incubation
(inward rate of exchange) or the tissues were loaded with *HOH
during the first 30 min incubation (outward rate of exchange).
Parasites were weighed at the beginning of the second incubation
and six independent groups of parasites (one H. diminuta, five
pairs of S. mansoni), were removed at 1-min intervals up to 10 min
and at 5-min intervals thereafter. A balanced electrolyte solution
(Podesta et al., 1977) was used throughout except in the second
incubation in some experiments where the solution was diluted
by 50 mOsm/liter or made hypertonic by the addition of 50 mm
sucrose. The osmolality of the fluids was monitored with an os-
mometer (Instrumentation Laboratories). A nonabsorbable
marker, 1*C-polyethylene glycol 4,000 (0.5 pCi in 2 ml) was used
to correct the *HOH fluxes for label in the adherent surface volume
(Podesta, 1977a; Podesta et al., 1977). After weighing and solubiliz-
ing (NCS, New England Nuclear) the parasites, *C and *H were
determined by liquid scintillation using an equation derived pre-
viously to convert cpm determinations to units of volume flux,

D.A. Brodie and R.B. Podesta: Water Flux in Syncytium

J, (mlem™ %) (Podesta et al., 1977). A weight to surface area relation
determined in another study for H. diminuta was used in these
calculations (Podesta, 19775). Estimates of the outward diffusive
permeability (P4) and inward diffusive permeability (P) were deter-
mined as the rate coefficients + s of the slope from linear regres-
sions of In J, against time, giving P, in units of ml cm™2 sec™ .
The osmotic permeability of the epithelial layers (P,,) were esti-
mated by the steady-state volume fluxes determined from weight
changes, giving P, in units of ml cm~2 sec™* osmol™* {(cm sec™?
osmol ™%, see below). In some experiments using H. diminuta, the
incubation fluid was vigorously stirred (710 rpm) using a magnetic
stirring bar (Podesta, 19775), but in all other experiments the
parasites were incubated in a shaking water bath maintained at
37 or 21°.

For the morphological studies, parasites were incubated for
30 min in a shaking water bath at 37° in isotonic or anisotonic
fluids as described in Table 1. Specimens were then removed and
immersed in 2.5% glutaraldehyde with 2% sucrose in 0.05 M Na
cacodylate at pH 7.4, and diced into 2-3 mm lengths. After 5-20 hr
fixation, the tissues were washed in 0.05M Na cacodylate with
4% sucrose and then post-fixed in Na cacodylate-buffered 1%
OsOy. This same procedure was followed for isotonic fixation and
the osmolality of all fixatives were monitored with the aid of an
osmometer. After post-fixation, the tissues were washed with dis-
tilled water and stained “en bloc” for 4-17 hr in aqueous 3.5%
uranyl acetate, followed by dehydration in ethanol and propylene
oxide and embedment in Araldite. Silver sections stained with ura-
nyl acetate and lead citrate were viewed at 80 kV on a Philips
300 electron microscope.

Results

The ultrastructure of the epithelial syncytium of flat-
worms has been extensively reviewed (Hockley, 1973).
The present ultrastructural studies confirmed our
previous suggestion (Podesta & Mettrick, 1975) that
the most obvious change in the structure of the
epithelial syncytium in response to water transport
would involve the space occupied by the infoldings
of the inward-facing membrane (IFM). Figure 1 rep-
resents a section of the body surface of S. mansoni
after removal from the portal system without subse-
quent incubation. The anucleate syncytial layer is 2—
5 um deep, bounded on the outward-facing aspect
by a plasma membrane (OFM outward-facing mem-
brane of epithelial syncytium) with numerous invagi-
nations and covered by membranous layers. The IFM
(inward-facing membrane of epithelial syncytium)
consists of numerous finger-like projections (chan-
nels) extending into the syncytial layer of cytoplasm.
The epithelial syncytium lies over a thin basal lamina
and is connected by narrow internuncial processes
to the nucleated cells which lie beneath and among
the underlying muscle fibers. Although few mitochon-
dria are located in the epithelial syncytium, numerous
multilammelar bodies and elongate bodies are pres-
ent. Spines are also present in the syncytium connect-
ing at their base with the IFM and covered on the
apical surface by the OFM.

Following 30-min incubations in isotonic saline,
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the parasites were fixed for morphological examina-
tion in fixatives that were hypertonic (Fig. 2) or
isotonic with respect to the incubation fluids (Fig. 3).
As indicated in these figures and Table 1, incubation
of 8. mansoni in vitro resulted in an increase in the
space occupied by the channels, and channel diame-
ters were not altered by the tonicity of the fixative
when compared to the changes observed in response
to anisotonic incubations. Isosmotic replacement of
saline with 150 mM sucrose (Fig. 4) caused a signifi-
cant increase in channel diameters over control values
(Fig. 2, hypertonic fixation after isotonic incubation),
while the largest changes occurred in response to hy-
potonic (Fig. 5) and hypertonic (Fig. 6) incubations.
Isosmotic replacement of saline with 20 mm glucose
increased channel diameters to the same extent as
that observed with 150 mm sucrose (Fig. 7).

The epithelial syncytium on the body surface of
H. diminuta is similar to that of S. mansoni except
that it is thicker (10-20 um), spineless, and the OFM
is a brush border rather than having apical invagina-
tions as seen with S. mansoni (Lumsden, 1975). The
basal region of the syncytium of H. diminuta is shown
in Fig. 8 to lie over a basal lamina that is thicker
(0.5-1.0 um) than observed with S. mansoni. Swelling
of the channels was observed to occur when the para-
sites were bathed in cither hypotonic (now shown)
or hypertonic fluids, although the channels do not
extend as far into the much thicker syncytial layer
of H. diminuta.

Since the channels swelled regardless of the direc-
tion of water movement across the epithelial syncy-
tium, we looked without success at other tissue com-
partments. There were no consistent changes observed
in the depth of the syncytial layer or in the underlying
tissues. With S. mansoni the size of the spaces made
by the invaginations of the OFM varied considerably
but not with any consistent pattern. As described
in the experiments to follow, the tissues as a whole
undoubtedly swelled or contracted depending on the
tonicity of the bathing fluids, but these changes could
not be associated with any specific tissue compart-
ment.

The *HOH and osmotic transport studies indicat-
ed that the epithelial syncytium of H. diminuta and,
especially, S. mansoni may be characterized as having
a low permeability to water (Table 2) — consistent
with the hypothesis that the syncytium is an extreme
example of a ‘“‘tight” epithelium (Podesta, 1980a).
For example, P, for “leaky” epithelia are in the
1072-10" 3 range while tight epithelia have P,
values in the range of 107 °-10~° (Phillips, 1977; Dia-
mond, 1979).

Comparisons between the species indicated that
the P§ of H. diminuta was three- to fourfold (un-

109

Table 1. Diameters of channels in the epithelial syncytium of Schis-
tosoma mansoni in response to anisotonic incubations

Incubation fluid Osmolality  Diameter of channels

of fixative

X & SE (nm) ()

Unincubated Hypertonic 13+0.642 (22)
Balanced Electrolyte Hypertonic 187 +26.8 25
Solution Isotonic 137+24.4 (25
!/, Balanced Electrolyte Hypertonic 306 +38.6% (25)
Solution plus 150 mm
Sucrose
!/, Balanced Electrolyte Hypertonic  647+77.2° (25)

Solution (150 mOsm liter ™ 1)

Balanced Electrolyte Hypertonic 414 +41.2* 23
Sucrose
Balanced Electrolyte Hypertonic 311 +78.6* 25

Solution plus 20 mm
Glucose

a

Significantly different (at least a 5% level of significance using
Student ¢ test) from results using balanced electrolyte solution
and hypertonic fixative.

stirred) greater than that observed with S. mansoni,
while the P, values were two- to threefold greater
and P, threefold greater in the former species (Ta-
ble 2). Due to the small size of S. mansoni it was
not possible to hold this species stationary in a well-
stirred incubation fluid.

In both species the P, was slightly higher than
the P§ when the parasites were bathed in isotonic
fluids at 37 °C. To test whether the P, values were
altered by osmotic flow of water, glucose was added
to the incubation fluid. Glucose increased the inward
and outward rate of exchange of *HOH (P <0.05),
which is consistent with the well known observation
of glucose-stimulated ion transport in both these spe-
cies (Podesta, 19804, ). However, when the tempera-
ture of the incubation fluid was lowered to 21°, the
effect of glucose (hence, osmotic water flow) was min-
imized since both the P, and P were reduced to
levels equivalent to or below those observed without
glucose at 37°. All further experimentation was car-
ried out at 21° to minimize the effect of solute-coupled
water fluxes. In this respect, the P values were gener-
ally greater than P§ values, except when the direction
of osmotically induced water movement favored the
outward flow of *HOH.

When the incubation fluid was unstirred the P,/
P, ratios (where P, is in the same direction as volume
flow) were approximately 2.1 in S. mansoni and 2.9
in H. diminuta (Table 2). In both species the osmotic
permeabilities were asymmetrical, the inward P, ex-

osm

ceeding the outward P, by 2.7-fold in S. mansoni
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Fig. 1. General ultrastructure of syncytium of S. mansoni fixed without prior in vitro incubation. Note numerous channels (arrows)
of IFM. OFM invaginations, I; multilamellar bodies, B; underlying musculature, M. x 18,000, Bar=1 pm

Fig. 2. Syncytium of specimens fixed in hypertonic fixative after incubation in balanced electrolyte solution. The channels (arrows)
are swollen slightly when compared to unincubated control tissue. x 18,000. Bar=1 um

Fig. 3. Syncytium of specimens fixed in isotonic fixative after incubation in balanced electrolyte solution. The extent of channel swelling
(arrows) is not significantly different from hypertonic fixation. x 18,000. Bar=1 um

and by 1.7- and 2.3-fold in H. diminuta in unstirred
and stirred experiments, respectively.

Stirring the fluid bathing H. diminuta increased
P% by only 5% but the Py was increased by 74%
when there was no accompanying volume flow. When
SHOH exchange was examined in the presence of
net outward volume flow stirring increased P§ by 78%
and P; by 2.2-fold when accompanied by net inward
volume flow. Stirring the incubation fluid also in-
creased the outward P, by 26% and the inward
P, by 71%.

The transient changes in osmotic water flow ob-

served in other epithelia, where the initial rates (mea-
sured over the first 5 min of incubation) of volume
transport in response to osmotic gradients were sever-
al times greater than the steady-state values (see Dia-
mond, 1979), were also observed in the present study.
However, the initial rates of water flow during the
first few minutes of incubation never exceeded the
steady-state values reported in Table 2 by more than
a factor of 1.8. To determine whether our values for
P, were underestimated by unstirred layers in the
tissues underlying the epithelial syncytium, we used
the analysis published recently by Pedley and Fisch-
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Fig. 4. Isosmotic replacement of saline with 150 mm sucrose in the incubation medium caused a significant increase in channel diameter
(arrows) when compared to control images (Fig. 2). x 18,000. Bar=1 um

Fig. 5. Syncytium exposed to a hypotonic incubation medium. Note the very large channel diameters (arrows). x 18,000. Bar=1 pum

Fig. 6. Syncytium exposed to a hypertonic incubation medium. Large channel diameters (arrows) are characteristic. x 18,000. Bar=1 pm

Fig. 7. Isosmotic replacement of saline with 20 my glucose in the incubation medium caused a significant increase in channel diameter
(arrows) when compared to control images (Fig. 2). x 18,000. Bar=1 um

barg (1980) to calculate y — the ratio of the measured
water flux to the water flux which would be expected
to occur in the absence of tissue unstirred layers.
Using this analysis and assuming unstirred layers in
the range of 50-500 um (well within the range ex-
pected for the two parasite species), the steady-state
osmotic water fluxes observed in the present study
were all within 5% of those predicted on the basis
of no tissue unstirred layers. This indicated that tissue
unstirred layers may not affect the determination of
water permeability in the flatworms examined in the
present study.

Discussion

Despite the unusual structure of the surface epithelial
syncytium of S. mansoni and H. diminuta, several
features of fluid transport across this barrier are simi-
lar to those which characterize fluid transport across
more intensively studied vertebrate epithelia.

As in other “tight” epithelia (Fromter & Dia-
mond, 1972; Phillips, 1977), the P, and P, values
obtained in the present study for the epithelial syncy-
tium are lower than those obtained from epithelia
whose junctions are leaky. Compared to Dugesia dor-
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Fig. 8. Syncytium of H. diminuta exposed to a hypertonic incubation medium. Swollen channels (arrows) are evident. x 18,000. Bar=1 pm

Table 2. Outward (P5) and inward (P}) diffusive and osmotic (P,.,,) water permeability of the surface epithelial syncytium of Hymenolepsis

diminuta and Schistosoma mansoni

Incubation fluid P P P Ratio®
(x107%cm sec™!

(x107%cm sec™ ) osmol™ %)

S. mansoni

300 mOsm liter ™, 37° 2.440.16 4.9+0.17

300 mOsm liter™?, 37° (5 mMm glucose) 3.6+0.13 5.5+0.12

300 mOsm liter !, 21° (+ 5 mM glucose) 1.7+0.10 5.1+0.11

350 mOsm liter ™1, 21° 4.1+0.18 3.8+0.11 9.94+1.22 2.4

250 mOsm liter %, 21° 2.9+0.14 13.8+0.18 27.1+3.36 2.0

H. diminuta

300 mOsm liter ™, 37° 8.5+0.19 10.9+0.16

300 mOsm liter™ !, 37° (5 mM glucose) 9.8+0.15 11.6+0.12

300 mOsm liter™t, 21° (US)® (+ 5 mM glucose) 7.8+0.09 10.14£0.17

300 mOsm liter™ %, 21° (S)® 8.2+0.15 17.6 +0.13

350 mOsm liter™*, 21° (US) 10.3+0.10 7.9+0.15 32.7+£3.32 32

350 mOsm liter™ %, 21° (S) 18.340.13 6.0+0.15 4]1.14+3.28 2.3

250 mOsm liter™*, 21° (US) 8.8+0.11 19.2+0.18 56.4+4.34 2.9

250 mOsm liter™ !, 21° (S) 9.6+0.12 41.34+0.22 96.2+6.41 2.3

Ratio of P, to P, when the latter is in same direction as P,.
b S, unstirred; S, stirred bulk fluid.

otocephala, a free-living flatworm with a cellular sur-
face epithelial layer, the outward diffusive permeabili-
ty of the syncytial layers of S. mansoni and H. diminu-
ta are also low with a value of 2.38x 107 ° cm sec™!
for the former species (Prusch, 1976) and 1.7-2.4 x
10 %cm sec™* and 7.8-8.5x 107 % cm sec™* for the
latter two species, respectively. However, due to the
absence of a paracellular pathway in the epithelial
syncytium, we are assured in the present study that
the values obtained represent the combined perme-
abilities of the OFM and IFM. Pedley and Fischbarg

(1980) have recently discussed the possibility that the
steady-state measures of P, in rabbit gallbladder
may represent the osmotic permeabilities of the cell
membranes. If this is correct, then the cell membranes
of the leaky gallbladder epithelium will be much more
permeable (1.4-4.7 x 1073 ¢cm sec™ ') than the mem-
branes examined in the present study (9.9-27.1 x 107°
cm sec™ Y, S. mansoni; 3.27-9.62x 107> cm sec™ !, H.
diminuta).

Another characteristic of fluid transporting epi-
thelia with which the data of the present study are
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consistent, is the observation that osmotic permeabili-
ties are greater than the diffusive permeabilities
(Fromter & Diamond, 1972; Schafer & Andreoli,
1972). The ratios of P,;/P,,, obtained for S. mansoni
and H. diminuta were 2.0-3.2 compared to 4.8 in
toad bladder and 5.3 in toad skin (Schafer & Andreo-
li, 1972).

The asymmetric osmotic and diffusive permeabili-
ty properties of the epithelial syncytia is another fea-
ture of water permeability in S. mansoni and H. dimin-
uta that has been observed in other fluid transporting
epithelia. In the rabbit gallbladder, the asymmetry
has been attributed to the collapsing of lateral inter-
cellular spaces when fluid traverses the epithelial layer
in a serosal to mucosal direction. This results in the
osmotic permeability of the epithelial layer being less
in the secretory direction than in the absorptive direc-
tion (van Os, Wiedner & Wright, 1979; Diamond,
1979; Pedley & Fischbarg, 1980). However, this can-
not be the explanation for the similar asymmetry ob-
served in the present study since the epithelial syncy-
tium lacks a paracellular pathway and the channels
stemming from the IFM remained open regardless
of the direction of the net fluid movement. As suggest-
ed recently by van Os et al. (1979) and Pedley and
Fischbarg (1980) with reference to rabbit gallbladder,
the asymmetric osmotic permeabilities in the present
study are probably a reflection of tissue swelling and
contraction when the parasites were incubated in an-
isotonic fluids (see below).

The lower water permeability obtained with S.
mansoni relative to H. diminuta, is probably a reflec-
tion of the unusual “surface coat” covering the sur-
face of the OFM. Although the composition of the
surface coat is not known, it appears ultrastructurally
as stacks of trilaminate membranes up to 15 layers
but is usually pentalaminate or heptalaminate (Hock-
ley, 1973). Recent studies have indicated that the sur-
face coat of S. mansoni is predominantly phospholipid
(S.S. McDiarmid & R.B. Podesta, unpublished) and
may therefore be expected to lower the water perme-
ability of the epithelial syncytium in this parasite spe-
cies. Indeed, the P, and P, values obtained for S.
mansoni are lower than those reported from phospho-
lipid membranes (Schafer & Andreoli, 1972).

The most notable exceptions to current models
of fluid transport across epithelia (see Diamond,
1979) were the lack of junctions in the epithelial syn-
cytium and the observation that basal channels re-
mained open regardless of the direction of fluid move-
ment across the epithelial syncytium. In a previous
study using H. diminuta, the latter observation was
predicted as the only explanation for the increasing
solute to volume flux ratios obtained as net inward
ion transport was accelerated in response to CO, and
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glucose in the bathing fluid (Podesta & Mettrick,
1975). However, since the channels formed by the
IFM were assumed to be secretory (Diamond, 1971),
it was also necessary for the channels to work in
conjunction with another tissue compartment to
achieve a hypertonic absorbate. In the present study
we were not able to attribute a fluid transport role
to any single compartment.

On the basis of weight determinations, there ap-
peared to be a general contraction or swelling of the
tissues in response to osmotically induced water
movement across the epithelial syncytium. This would
be expected if, as suggested recently (Podesta, 19804,
b), the tissues underlying the epithelial syncytium were
connected to it and to each other by electrically cou-
pled gap junctions. This appears to occur in both
H. diminuta and S. mansoni (Podesta, 1980a; Thomp-
son, Bricker & Pax, 1980) and would tend to evenly
distribute volume changes throughout the cells of the
parasite tissue.

Summarizing, the major contribution of this study
appears to involve the observation that blind-ending
channels in an epithelial syncytium remain open re-
gardless of the direction of osmotic water flow across
the epithelial layer. The asymmetric P, valves ob-
tained in this membrane system cannot therefore be
due to collapsing channels as suggested for other epi-
thelia (see Diamond, 1979). The explanation for this
effect is incumbent upon a detailed analysis of the
whole tissue swelling or contraction when the para-
sites are bathed in anisotonic fluids.
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by N.S.E.R.C. grants to R.B. Podesta (4} A6620) and M. Locke
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References

Diamond, I.M. 1971. Standing-gradient model of fluid transport
in epithelia. Fed. Proc. 30:6-13

Diamond, J.M. 1979. Osmotic water flow in leaky epithelia. J.
Membrane Biol. 7:195-216

Frémter, E., Diamond, J.M. 1972. Route of passive ion permeation
in epithelia. Nature (London) 235:9-13

Hockley, D.J. 1973. Ultrastructure of the tegument of Schistosoma.
Adv. Parasitol. 11:233-305

Lumsden, R.D. 1975. Surface ultrastructure and cytochemistry of
parasitic helminth. Exp. Parasitol. 37:267-339

Os, C.H. van, Wiedner, G., Wright, EM. 1979. Volume flows
across gallbladder epithelium induced by small hydrostatic and
osmotic gradients. J. Membrane Biol. 49:1-20

Pedley, T.J., Fischbarg, J. 1980. Unstirred layer effects in osmotic
water flow across gallbladder epithelium. J. Membrane Biol.
54:89-102

Phillips, J.E. 1977. Problems of water transport in insects. In:
Water Relations in Membrane Transport in Plants and Ani-
mals. A.M. Jungreis, T.K. Hodges, A. Kleinzeller and S.G.
Schultz, editors. pp. 333-353. Academic Press, New York —
London



114

Podesta, R.B. 1977a. Hymenolepsis diminuta: Marker distribution
volumes of tissues and mucosal extracellular spaces. Exp. Par-
asitol. 42:289-299

Podesta, R.B. 1977b. Hymenolepsis diminuta: Unstirred layer thick-
ness and effects on active and passive transport kinetics. Exp.
Parasitol. 43:12-24

Podesta, R.B. 19804. Concepts of membrane biology in Hymeno-
lepsis diminuta. In: The Biology of Hymenolepsis diminuta. H.P.
Arai, editor. Academic Press, New York — London (in press)

Podesta, R.B. 19805. Membrane biology of helminths. In. Inverte-
brate Membrane Physiology. R.B. Podesta, editor. Marcel
Dekker, New York (in press)

Podesta, R.B., Mettrick, D.F. 1975. Hymenolepsis diminuta: Acidi-
fication and bicarbonate absorption in the rat intestine. Exp.
Parasitol. 37:1-14

D.A. Brodie and R.B. Podesta: Water Flux in Syncytium

Podesta, R.B., Stallard, H.E., Evans, W.S., Lussier, P.E., Jackson,
D.J., Mettrick, D.F. 1977. Hymenolepsis diminuta: Determina-
tion of unidirectional uptake rates for nonelectrolytes across
the surface epithelial membrane. Exp. Parasitol. 42:300-317

Prusch, R.D. 1976. Osmotic and ionic relationships in the fresh-
water flatworm, Dugesia dorotocephala. Comp. Biochem. Phys-
iol. 54 A:287-290

Schafer, J.A., Andreoli, T.E. 1972. Water transport in biological
and artificial membranes. Arch. Intern. Med. 129:279-292

Thompson, D.P., Bricker, C.S., Pax, R.A. 1980. Biophysical char-
acterization of tegumental and subtegumental compartments
in S. mansoni. Proc. Am. Soc. Parasitol. 55:33

Received 10 October 1980; revised 20 January 1981



