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Differential Toxicity of RCAy; (Ricin) on Rabbit
Intestinal Epithelium in Relation to Postnatal
Maturation’
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ABSTRACT. The purpose of this work was to assess the
toxic lectin ricin (RCAy) as a probe for the study of
intestinal permeability in the developing small bowel. Je-
junal explants from suckling and adult rabbits were ex-
posed to varying dosages of RCAy, for 30 min at 25° C and
then cultured in toxin-free medium. The RCAy; dose re-
quired to inhibit protein synthesis during 6 h of culture
increased from 0.1 pg/ml in 4-day-old rabbits to 25 ug/ml
in weanling rabbits. RCA,; cytotoxicity was almost com-
pletely blocked by 0.1 M lactulose in all age groups. The
kinetics of '"**I-RCAy; binding to purified microvillus mem-
branes were determined by incubating a fixed concentration
of membrane protein (30 ug) with increasing concentrations
of labeled lectin (2~18 pg/mi). Binding attained saturation
with adult but not with suckling animal membranes. The
latter yielded a curvilinear relationship in Scatchard plots,
suggesting either several classes of binding sites or negative
cooperativity. RCA;, binding was confined to the delipi-
dated fraction of the membranes and decreased by 42%
from 6 days old to adult age. The extreme sensitivity of
colostral epithelium to RCAy; is probably related to the
high level of endocytosis exhibited by the immature mem-
brane of suckling rabbits. The development of increasing
resistance to the toxin, and associated decrease in binding,
might be related to disappearance of saccharide sites in
productive surface receptors occurring in the develop-
mental course of intestinal glycosylation. (Pediatr Res 19:
868-872, 1985)
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The early part of the suckling period in rodents is characterized
by a high level of receptor-mediated responses in small intestinal
epithelium. This has been clearly shown for the jejunal transport
of breast milk immunoglobulin (1, 2) and is also inferred from
the high content of trophic factors in breast milk (3, 4). The
surface characteristics underlying this high receptor responsive-
ness in the intestine of neonatal animals are poorly understood.
A marked developmental change in surface reactivities to lectins
has been described in the small intestine of suckling rats (5-7).
In this animal species, the intestinal microvillus membrane
undergoes a progressive shift from sialylation to fucosylation of
glycoproteins and glycolipids during postnatal development (7).
In the present work, we have examined the response of rabbit
intestinal epithelium to the toxic action of RCA;. This toxin
inhibits protein synthesis in intact cells (8, 9) through a mecha-
nism that requires terminal nonreducing galactosyl (or N-acetyi-
galactosaminyl) residues (10) in a glycoprotein receptor capable
of transmembrane signaling for toxin internalization (11). This
toxin, therefore, “mimics” the mechanism of interaction of
trophic hormones (12). The RCA;; membrane receptors may be
part or be closely associated with cell surface components in-
volved in cell-macromolecule and cell-cell recognition (13). The
probing of intestinal epithelium with RCAy; may provide insight
into the role of glycosylation on receptor-mediated responses in
the developing small bowel.
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MATERIALS AND METHODS

Reagents and materials. Ricin (RCAg) was obtained com-
mercially (P-L Biochemicals, Inc, Milwaukee, WI). This protein
was further purified by affinity chromatography on Sepharose
4B using 0.01 M pD-GalNAc in the eluting buffer (10). The protein
gave a single band with a molecular weight of ~65,000 on SDS-
polyacrylamide gel electrophoresis. Lactose and lactulose (4-O-
B-D-galactopyranosyl-n-fructofuranose) were purchased from
Sigma (St. Louis, MO). [*H]-leucine (s.a. 59.2 Ci/mmol) and
['*C]-leucine (s.a. 54.5 mCi/mmol) were obtained from New
England Nuclear (Boston, MA); lactoperoxidase beads from
BioRad (Richmond, CA): cellutate filters (0.45 u pore size) from
Millipore (Bedford, MA); organ culture dishes and stainless steel
organ culturc screens from Faicon (Cockeysville, MD). New
Zealand White rabbits were purchased locally and maintained
on Purina rabbit Chow (St. Louis, MO).

Preparation and culture of jejunal explants. Jejunal explants
from New Zealand rabbits were obtained by two methods. In
anesthesized adult and suckling rabbits older than 4 days, the
explants from proximal jejunum were cut and prepared as de-
scribed by Browning and Trier (14). From birth to 4 days of age,
the animal was anesthetized with ether, the proximal jejunum
was removed, washed with ice-saline, and sectioned into 2-3
mm long rings. The rings were opened with straight iris scissors
and the whole tissue placed mucosal side up on a stainless steel
grid. The thinness of the bowel in animals 1-4 days of age
precluded the cutting of mucosal explants. The initial culture
medium was serum-free RPMI 1640 with added glucose, insulin,
and antibiotics.

Treatment of jejunal explants with RCA,,. After equilibration
in culture medium for 15 min, the tissue explants were treated
with varying dosages of RCAy as follows: the grids with the
mucosal explants attached were transferred to glass Petri dishes
and immersed in serum-free culture medium (4.5 ml/dish) con-
taining RCAy; or bovine serum albumin as controls. The dishes
were placed in air-tight boxes, gassed with 95% O, and 5% CO,,
and shaken on a rotating platform (Fisher Rotator, Fisher Sci-
entific Co, Dallas, TX) at 70 rpm for 30 min at 25° C. The grids
were then removed, washed three times with 100 mM lactose in
PBS and returned to culture dishes containing initial culture
medium with added lactulose (5 mM) and 10% heat inactivated
fetal calf scrum. The culture times are indicated in the corre-
sponding figures. Four hours prior to the end of the culture
period, the medium was removed and replaced by Eagle’s mini-
mal essential medium without leucine to which 10% fetal calf
serum, 1 mM lactulose, and 1 Ci/ml of [*H]}- or [*C]-leucine
had been added. After culture, the jejunal explants were removed
from the grids, washed three times with | mM leucine in cold
PBS and homogenized in warm 0.1 M KOH. Aliquots of the
homogenates were taken for protein determination and for pre-
cipitation with cold 20% trichloroacetic acid. The precipitates
were left at 4° C for 2 h and collected on Millipore filters, washed
three times with 5% trichloroacetic acid and once with 95%
cthanol, dried. and counted with 3 ml Aquasol in a Packard Tri-
Carb scintillation counter.

Purification of the microvillus membranes. Microvillus mem-
branes were prepared from the proximal half of the small intes-
tine by the method of Schmitz ¢ al. (15) and further purified as
described by Ohsawa er al. (16). In 6-day-old rabbits, four litter
mates were pooled for each membrane preparation. Enrichment
of lactase (early suckling animals) and sucrase (late suckling and
adult animals) (17) was 20 to 22 fold. Protein was measured by
the method of Lowry et al. (18) using bovine serum albumin as
standard.

125I.RC Ay, binding. In preliminary studies, we found that bind-
ing of '*I-RCAy, to microvillus membranes reached equilibrium
within 10 min at 25° C. In subsequent studies, microvillus
membrane protein (30 xg in 50 ul) was added to 150 ul of PBS

369

containing '*I-RCAy; and incubated for 30 min at 25° C in
plastic tubes (Falcon). The incubation was ended by adding 2 m!
of PBS (4° C) and immediately filtering through 0.45 u cellulate
filters (these filters were found to retain 100% of the microvillus
protein used in the binding assays); the filters were then washed
twice with 4 ml of PBS at 4° C. The radioactivity retained by the
filters was counted in a Tri-Carb spectometer (Packard, Downers
Grove, IL). Nonspecific binding was determined in the presence
of 0.2 M lactose and was less than 1% of the total radioactivity
bound in all ages. Binding to the filter was less than 1% of the
total added radioactivity.

Preparation of '"*I-RCA,,. lodination of about 0.5 mg of pur-
ified RCA;; was performed using lactoperoxidase from BioRad
(Richmond, CA) as previously described (6). Each preparation
of labeled RCA; was used within 2 wk. The specific activity was
about 5.5 X 10° cpm/mg protein (efficiency of '*°I counting:
49.4%).

RESULTS

Effect of RCAy on rabbit jejunal explants. Figure 1 shows the
time-dose relationships of the effect of RCAj; on jejunal explants
from adult rabbits. The time required to reach 50% inhibition
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Fig. 1. Inhibition of protein synthesis in rabbit intestinal epithelium
by RCAj.. Mucosal explants from proximal jejunum were pulsed (30
min) with RCAy and then maintained in organ culture medium with $
mM lactulose, as described in “Materials and methods.” Top, the number
in micrograms are the RCA; concentrations used in each time-course
experiment. Each point on the curves represents the average of eight
RCA\-treated explants (two explants per culture dish) from two animals.
Paired control (albumin treated) explants were included for each set of
RCAy-treated explants. Each control value represents mean + SD for 40
explants from 10 animals. Bottom, the percentage of control values were
calculated for each set of RCAp-treated samples with respect to the
corresponding set of albumin-treated samples.
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of protein synthesis ranged from 4'2—16 h for RCA;; doses of 50
and | p/ml, respectively. Using this dose range. we then assessed
the effect of RCA; on jejunal explants from suckling rabbits
during a 6-h culture period. As shown in Figure 2, the toxin dose
required to cause 50% inhibition of protein synthesis was 0.5 ug/
ml at birth, fell sharply to 0.1 ug/ml on days 4-7 after birth (p
< 0.001), and then increased progessively to reach a value of 25
ug/ml on day 23. Extrapolation to 6 h in Figure | revealed the
latter 50% inhibition dose to be similar in adult animals. Finally,
we assessed the specificity of the effect of RCAy; by measuring
the blocking action of lactulose—a sugar that is not hydrolyzed
by intestinal mucosa. Figure 3 shows the toxin-hapten inhibitor
relationships in mucosal explants from 6-day-old and adult rab-
bits. In both animal groups, the toxic effect of 0.5 pg/ml RCAy,
could be almost completely abrogated with 100 mM lactulose.
In the next series of experiments, we compared the histological
damage caused by RCA;; on mucosal explants of 6-day-old and
weanling rabbits (Fig. 4). On light microscopy, control explants
showed normal cellular morpohology, slightly shortened and
broadened villi, and mild edema of the lamina propria. These
changes were similar to those previously reported by Kagnoft ez
al. (19). In 6-day-old pups, mucosal explants treated with RCAy,
showed marked stunting of the villi, as well as shortening and
pyknotic degeneration of the epithelial cells. By contrast, jejunal
explants from weanling animals similarly treated showed only
slight pyknotic changes and retained a near-normal cell shape.
Binding of **I-labeled RCAy to the microvillus membranes.
The binding of '*I-labeled RCA,, to the microvillus membranes
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Fig. 2. Developmental change in sensitivity to the toxic effect of
RCAy in jejunal explants from suckling rabbits. Each point represents
the dose of RCAy required to give 50% inhibition of protein synthesis
after a 30-min pulse of RCAy, followed by 6 h in culture. Triplicates of
organ culture grids each containing three explants were exposed to
varying doses of RCAy or bovine serum albumin as described in “Ma-
terials and methods.” The dose of RCAy which gave 50% inhibition of
protein synthesis was determined for each experiment from semi-log
plots of RCAy concentration against percentage inhibition of protein
synthesis. Each point represents a single animal from different litters
(cxcept for day 1. where three animals gave results within the dose range
covered by the symbol).
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Fig. 3. Inhibition of RCAy cytotoxicity by lactulose. Explants from
6-day-old (@) and adult (M) rabbits were pulsed with 0.5 ug/ml RCAy
(30 min, 25° C) in the presence of variable concentrations of lactulose
(0-100 mM). The tissues were then removed, washed with 100 mM
lactose in phosphate-saline buffer pH 7.38, and cultured for 24 h as
described in “Materials and methods.” Control samples in which bovine
serum albumin substituted for RCAy were also cultured for 24 h.

of suckling animals was higher than those of adult animals over
a wide range of lectin concentrations (Fig. 5). When the results
were represented according to the Scatchard equation (20) (Fig.
5, inset), the plot from adult rabbit membranes yielded a straight
relationship at concentrations above 2 ug/ml of free lectin (n =
23 ug mg™'). In contrast, the membranes from suckling animals
exhibited a curvilinear relationship throughout the plot, suggest-
ing either the existence of several classes of binding sites of
decreasing affinities, or the presence of additional nonsugar
interactions.

To assess the approximate distribution of RCAj; binding sites
between glycoproteins and glycolipids, about one-half of the
membrane preparations (4-5 mg protein) was delipidated (Table
1). Binding to intact and delipidated membranes was then com-
pared within the same binding assay, using equal amounts of
membrane protein and labeled lectin. RCA); binding was almost
identical in both membrane preparations, indicating that most
of the receptor sites were contained in the glycoprotein fraction
of the membrane. Under the assay conditions, from early suck-
ling to adult ages, RCA;; binding to delipidated membranes
decreased by 42%.

DISCUSSION

The experimental approach used in these studies—a short
pulse of RCA; followed by organ culture in toxin-free medium
in the presence of the blocking sugar—allowed us to define
accurately the cytotoxic effect of RCA;; on rabbit jejunal mucosa
in vitro. The intestinal epithelium was highly sensitive to the
effect of RCAy; during the colostral period, and became increas-
ingly resistant with growth and maturation. The cytotoxic effect
of RCAy; could be completely abrogated by lactulose in both
colostral and weanling animals, indicating that a receptor-me-
diated process was required throughout development for toxin
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penetration into the epithelial cells.

The results of our protein inhibition and histological studies
indicated a marked age-related difference in the susceptibility of
the intestinal villus cells to RCAy; cytotoxicity. The decrease in
sensitivity of these cells to the effect of RCAy was accompanied
by both qualitative and quantitative changes in RCAj; binding
to the microvillus membrane. The kinetic characteristics of
RCA, binding to membranes from suckling animals could be
explained through the presence of several classes of binding sites
of decreasing affinities; however, an alternative explanation could
be negative cooperativity induced by nonsugar interactions. A
similiar phenomenon has been observed in the differential tox-
icity of RCA, toward chick fibroblasts in relation to the stage of
embryo development (21). The kinetic behavior of the RCAy,
interaction with immature membranes might be related to the
unique molecular organization of the intestinal apical membrane
of suckling animals (22, 23). In this regard, it is interesting that
the binding of '**I-cholera toxin to the microvillus membrane of
suckling and adult rabbits exhibited kinetic differences similar
to those shown herein for RCAy (24). There is increasing evi-
dence (25) that lectins and bacterial toxins share common prop-
erties in their ability to mimic hormonal interactions with the
membrane to gain access into cells. The increased mucosal
uptake of RCAy; during the rabbit colostral period might occur
through interaction with membrane structures involved in the
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high level of endocytosis characteristic of this period (1, 2, 26).

The marked decrease in the binding of RCAj; to delipidated
membranes of weanling animals suggested either the diappear-
ance of specific glycoproteins from the membrane or a change
in the glycosidic structure of certain glycopeptides. Conceivably,
the specific glycopeptide involved in transmembrane signaling
and internalization of RCAy (11) might be affected by such
change in glycosylation. Similar to what we previously described
in the rat (7), the microvillus membrane of suckling rabbits
experiences a decrease in sialic acid and increase in fucose
content during postnatal development (unpublished observa-
tions). This leads to a complete reversal of the sialic acid to
fucose molar ratios in glycoproteins and glycolipids at weaning.
It remains to be determined if this shift from sialylation to
fucosylation plays a role in decreasing the accessibility of RCAy,
to the receptor saccharide sites in the membrane.

In summary, the intestinal epithelium of suckling rabbits
exhibits high sensitivity to the toxic effect of RCAy; during the
colostral period. At this time, the lectin-receptor interaction
might be influenced by membrane structures primarily involved
in enhanced endocytosis during the rabbit neonatal period. The
epithelium loses considerable sensitivity to the toxin with age-
related maturation. This might be related to disappearance of
saccharide binding sites in a productive membrane receptor, as
a consequence of developmental changes in glycosylation.

"-ﬁ!ﬂ'
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Fig. 4. Appearance of explants after 30-min exposure to albumin (controls) or RCAU followed by 8-h culture. 4, Adult rabbit intestine exposed
to albumin. B. adult rabbit intestine exposed to RCAy . C, 8-day-old rabbit intestine exposed to albumin. D, 8-day-old rabbit intestine exposed to
RCA,. Note that albumin-cxposed explants tolerated in vitro conditions well. RCAy exposure resulted in both focal necrosis and alterations in
surviving cells. the latter manifested principally by interceflular edema in explants from adult bowel, but marked rounding of cells and nuclei in
explants from suckling bowel. Hematoxylin and eosin, X500.



25
4 24 °
B U
F ®
20- 1
R T T
10 20
(=]
15-

1

\

1

'551-RCA, BOUND (ug mg)
<

1 li T T I T T T T [ T T T T

5 10 15
25(-RC A, FREE (ug/ml)
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