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The importance of the mode of antigen presentation (intravenous, oral, or
enteral restricted to the lower ileum) in the development of a local immune
response and immunological memory for such a response in different parts of the
intestine was studied in mice. Cholera toxin was used as antigen and the immune
response was assayed by determining both the number of specific antitoxin-
containing cells in the lamina propria and protection against experimental cholera.
The results showed that all of these routes of antigen presentation could induce
significant memory along the entire small intestine. In contrast, the actual
production of antitoxin-containing cells or protective immune response elicited
by booster immunization was restricted to those parts of the intestine that were
directly exposed to antigen; i.e., lower ileum boosting resulted in immunity in the
distal ileum but not in the proximal jejunum, whereas oral or intravenous boosting
gave a response in both jejunum and ileum. Protection correlated closely with
the number of antitoxin-containing cells in the lamina propria (correlation coef-
ficient, 0.88); -4,000 antitoxin-containing cells per mm3 conferred solid immunity
to cholera toxin-induced diarrhea. The total number of immunoglobulin-contain-
ing cells in intestines was not significantly influenced by the specific immuniza-
tions. There were four times as many of these cells in the upper jejunum (167,000
cells per mm3) as in the lower ileum, but the proportions of immunoglobulin A-
containing cells (80 to 85%), immunoglobulin M-containing cells (14 to 20%), and
immunoglobulin G-containing cells (0.4 to 0.9%) were similar in various parts of
the intestine. The results indicate a differential dependence on local tissue antigen
for the intestinal antibody-secreting cells and their memory cell precursors.

Rodent intestines contain numerous plasma
cells, the majority ofwhich secrete immunoglob-
ulin of the immunoglobulin A (IgA) class (4, 5).
In mice most of these IgA-containing cells are
found in the lamina propria, are continually
renewed, and have a life span of approximately
4.7 days (14). These cells emanate from Peyer's
patches, enter the thoracic duct as large lym-
phocytes, and then recirculate to the intestinal
lamina propria and possibly also to other mu-
cosal surfaces (6, 11, 21).
The reason for this circulatory odyssey is un-

known. In contrast to the original hypothesis of
Gowans and Knight (6), evidence has accumu-
lated which indicates that the striking ability of
these blast cells to home back to the gut does
not seem to be mediated primarily by antigen.
Thus, it has been shown that homing oflympho-
cytes to the intestine occurs in fetal sheep in
utero (7), in the guts of unsuckled, Caesarian-
derived neonatal rats (8), and in sterile, hetero-
topic transplants of fetal intestine (16). On the

other hand, several studies with viral antigens
clearly have demonstrated that local vaccination
gives rise to a greater local IgA response than if
the vaccine is administered parenterally (1); fur-
thermore, the results of Ogra and Karzon (18)
suggested that the IgA response to local polio
immunization in the distal colon was essentially
confined to the antigen-exposed part of the gas-
trointestinal tract. Husband and Gowans (10)
recently demonstrated that the intestinal devel-
opment of specific antibody-containing cells
(ACC) after immunization with cholera toxin
probably results from antigen-dependent as well
as antigen-independent processes. They found
that after a segmented booster immunization,
there appeared in thoracic duct lymph-specific
ACC, which were randomly distributed in the
lamina propria of the entire intestine, but sur-
vived and proliferated only in the intestinal seg-
ment where antigen was present.
This paper describes the distribution of the

local mucosal immune response in different
17



18 LANGE ET AL.

parts of the small intestines of mice after various
immunization routes for priming or boosting,
using cholera toxin as the antigen.

MATERIALS AND METHODS

Animals. Inbred strain C57B1/6,J (H-2b) mice 6 to
12 weeks old were used. The animals were carefully
matched with regard to age and sex within each ex-
periment.
Immunizations. Groups of mice were given vary-

ing numbers of intravenous (i.v.) or oral (p.o.) immu-
nizations with purified cholera toxin. The immuniza-
tion procedures have been described in detail previ-
ously (13). Restricted immunization of the lower ileum
was done under ether anesthesia via a small laparot-
omy in the lower part of abdomen. About 5 cm from
the entrance of the ileum into the ascending colon, 0.2
ml of toxin diluted in phosphate-buffered saline was
injected directly into the ileal lumen; retrograde reflux
was prevented by occlusion of the intestine proximal
to the injection site for 3 to 5 min. Mice injected i.v. or
into the distal ileum with phosphate-buffered saline or

mice given bicarbonate-phosphate-buffered saline so-

lution p.o. served as controls and were analyzed con-

currently with the immunized animals. We used three
or four initial immunizations for building up a local
immunological memory in the intestine, and after the
actual antibody response resulting from this priming
had vanished (12, 20), a single booster immunization
was given for eliciting the local antibody response
under study.

Determination of specific ACC and different
classes of immunoglobulin-containing cells. Spe-
cific ACC and immunoglobulin-containing cells of the
IgA, IgG, and IgM classes in the lamina propria were

determined microscopically by using peroxidase-la-
beled reagents.

Horseradish peroxidase (type VI; Sigma Chemical
Co., St. Louis, Mo.) was conjugated to the immuno-
globulin fractions of antisera specific for mouse IgA,
IgG2B, and IgM (Meloy Laboratories, Springfield,
Va.) (17). Conjugation of peroxidase to anti-cholera
toxin immunglobulin and control studies ofthe binding
specificities of the conjugates were done as described
previously (12, 17).

Intestinal specimens (length, 5 mm) were embedded
in paraffin, cut into 5-gAm transverse sections, depar-
affinated in xylol, and incubated with Triton X-100-
1,4'-aminotriazole in order to eliminate endogenous
peroxidase activity (11). ACC were developed by in-
cubating the sections with cholera toxin (1 Mig/ml),
followed by anti-cholera toxin peroxidase conjugate;
the immunoglobulin-containing cells of the various
classes were developed by incubating the specimens
with the appropriate peroxidase-conjugated anti-im-
munoglobulin. Stained cells were examined after in-
cubation with 3'3'-diaminobenzidine and hydrogen
peroxide. The optimal reagent concentrations were

determined by chessboard titrations (12).
ACC and immunoglobulin-containing cells were de-

termined for at least 10 full transverse sections of
intestine from each of three animals to reduce errors

due to an uneven distribution of positive cells in the
lamina propria. The tissue surface area of each such

section was approximately 1.5 mm2; the lamina propria
was roughly 25% of this. The average ACC diameter
was around 10 lim. When a transverse section of the
gut was prepared, the ACC located immediately above
or below the upper section surface were cut and there-
fore could be stained. It is evident that ACC outside
the range of +10Mum on both sides of the upper section
surface were not cut and therefore were not stained.
The number of ACC per cubic millimeter of intestinal
tissue was thus equal to the number of ACC per
section (area, 1.5 mm2) multiplied by 1,000/20 = 50
(which was the number of ACC per 1-mm thickness of
the gut section) and divided by 1.5. The number of
ACC per cubic millimeter of lamina propria was there-
fore obtained by multiplying the number of ACC per
section by 133([4 x 50]/1.5 = 133). This calculation
means that all stained areas were counted, even those
approaching the resolving power of the microscope (in
our case, about 1 Mm). The thickness of the layer
included in the calculations was ±10 Im on both sides
of the upper section surface. However, even if only
structures 25 ,um are counted, a layer of ± 9.3 ym on
both sides of the section surface is taken into consid-
eration, which implies a value for the above factor of
143 instead of 133. Thus, no great error in the esti-
mation of ACC per cubic millimeter of lamina propria
is introduced if the thickness of the counting layer is
set at 20gsm (i.e., ± 10,um).
The mean numbers and standard errors ofACC and

immunoglobulin-containing cells were calculated by
conventional statistical methods, using the section as
the unit of calculation. The use of the section and not
the animal as the unit for the statistical calculations
was justified by the fact that when the data were
subjected to analysis of variance, they did not reveal
any significant between-animal variance. All values
given are based on at least two separate experiments.

Protection tests. Protective immunity against in-
testinal challenge with cholera toxin was studied by
using a ligated loop assay (13). One loop was tied as
far proximally as possible (i.e., 4 to 6 cm below the
pylorus), and the other loop was tied as far distally as
possible on the small intestine. The proximal and
distal loops were each injected with 2.5 Mg of cholera
toxin in a volume of 0.2 ml. After 5 h the length of
each loop was measured, and the loop with the accu-
mulated fluid was weighed. The protective effect of
immunization (i.e., the inhibition of cholera toxin-in-
duced fluid accumulation) was estimated by compar-
ing the fluid response per centimeter for control and
immunized mice. At least two experiments for each
immunization schedule were done, using five-animal
groups. The significance of differences in fluid accu-
mulation between immunized and unimmunized ani-
mals was calculated by Student's t test.

RESULTS
Immunoglobulin-containing cells of dif-

ferent classes in intestine. Numerous immu-
noglobulin-containing cells were present in sec-
tions from all parts of the small intestines of
unimmunized mice. Most cells were found in the
lamina propria, both in the subepithelial villus
area and in between the glandular crypts. The

INFECT. IMMUN.



ANTITOXIC CHOLERA IMMUNITY IN MICE

overwhelming majority contained IgA (Table 1),
and there were four times as many of these cells
in the proximal part of the jejunum as in the
distal part of the small intestine.
IgM- and IgG-containing cells were few com-

pared with IgA-containing cells. Their distribu-
tion along the small intestine was similar to that
of IgA-containing cells in the sense that there
were 5 times more IgM-containing cells and 10
times more IgG-containing cells in the proximal
jejunum than in the distal ileum (Table 1). The
ratio of IgA-containing to IgM-containing cells
was approximately 5:1 in all parts of the intes-
tine, whereas the ratios of IgA-containing to
IgG-containing cells were 100:1 in the proximal
part, 1,000:1 in the middle part, and 500:1 in the
distal part (Table 1).
The numbers of immunoglobulin-containing

cells of all classes did not differ significantly
between control and cholera toxin-immunized

TABLE 1. Distribution of different classes of
immunoglobulin-containing cells and ACC in the

small intestines ofnormal mice
Cells dis- No. of cells/mm3 of lamina propria

playing spe-
cific stain- .j. Middle je-
ing for: High Jejunum junum Low ileum
IgA 137,309 ± 5,182" 66,234 ± 3,110 34,899 ± 2,970
IgM 27,850 ± 3,016 15,399 ± 1,278 5,812 + 797
IgGb 1,476 ± 366 438 ± 138 159 + 66
ACC 0 0 0

a Mean ± standard error of the mean of 30 to 40 sections
from three animals.

bThe number of IgG-containing cells was calculated by
multiplying the observed number of IgG2B cells by three,
since IgGl-, IgG2A-, and IgG2B-producing cells have shown
very little variation in different lymphoid tissues of mice
(unpublished data).

animals in the various parts of the intestine after
any of the immunization procedures performed.
Distribution of ACC in different parts of

the intestine after immunization. Experi-
ments were undertaken to study the develop-
ment of cholera toxin-specific intestinal ACC
after immunizations by different routes, with
special reference to whether direct antigen ex-

posure is needed for stimulation of an ACC
response or memory for such a response. The
experimental approach was to immunize directly
into the distal ileum to obtain a restricted lower
intestine antigen exposure (the exposed segment
contained two to four macroscopically visible
Peyer's patches) and to give the antigen either
p.o. or v. to expose the whole small intestine
from the mucosal or serosal side, respectively.
After various combinations of these immuniza-

tion procedures, the numbers of ACC in the
proximal and distal small intestine were deter-
mined.
Table 2 shows that p.o. priming and p.o. boost-

ing induced a high number of ACC in the prox-
imal as well as the distal intestine, whereas
priming and boosting in the lower ileum gave
rise to a significant ACC number only in the
distal part of intestine. The number of ACC in
the upper intestine after priming in the lower
ileum was significantly increased only when this
priming was followed by a p.o. or i.v. booster.
The amount of antigen in the booster dose was
of importance because proximally as well as
distally many more ACC were formed after an
i.v. booster with 10 jtg than with 1 ,tg of cholera
toxin, when the priming immunization consisted
of four antigen administrations into the lower
ileum.

TABLE 2. Numbers of specific ACC after various immunization schedules and their proportions of the total
number of immunoglobulin-containing cells in the small intestine

Immunization' High jejunum ACC Lower ileum ACC

Priming Booster % Of total % Of total
immuno- immuno-

No. of No. of No.b globulin- No.b globulin-
times Type times Type contain- containing

ing cells cells
3 P.O. 1 P.O. 6,919 ± 778 4.2 6,517 ± 770 16.0
3 LI 1 LI 359 ± 172 0.2 13,140 ± 799 32.2
3 LI 1 P.O. 1,011 ± 132 0.6 3,378 ± 355 8.3
4 LI 1 i.v. 133 ± 40 0.1 1,530 ± 224 3.8
4 LI 1 i.v. (10 tg) 1,028 ± 127 0.6 2,803 ± 262 6.9

'When not stated otherwise, all i.v. doses were with 1 ttg of cholera toxin and all p.o. or lower ileum (LI)
doses were with 5 yg of cholera toxin.

b The priming consisted of three or four immunizations with intervals of 10 days between the two first
immunizations and 6 days between subsequent ones. The booster was given 10 days after the last priming
immunization, when essentially all residual immunity after priming had vanished (12, 20). ACC were measured
as number of cells per cubic millimeter of lamina propria 4 days after boosting (mean ± standard error of the
mean of at least 60 sections from six mice in two experiments).
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Table 2 also shows that the specific ACC
usually comprised only a small fraction of the
total number of immunoglobulin-containing
cells, especially in the proximal jejunum, where
they did not exceed 5%. However, after exclusive
immunization in the lower ileum, the ACC com-

prised about 30% of the total immunoglobulin-
containing cells in the distal intestine. Interest-
ingly, the high number of specific ACC did not
increase the total number of IgA-, IgG-, or IgM-
containing cells (P > 0.20 for all classes, as
determined on 30 sections from three animals in
each group).
No specific ACC were found in the intestines

from control animals (Table 1).
Protective immunity and its correlation

with immunization schedule and ACC. The
fluid secretary response to intestinal challenge
with cholera toxin was studied in the proximal
and distal parts of the small intestine after the
various immunization schedules (Table 3).
An initial set of experiments was done to

evaluate the effect of generalized and restricted
enteral immunizations. It was found that p.o.
priming and p.o. boosting gave full protection in
the proximal as well as distal part, whereas p.o.
priming followed by a booster in the lower ileum
gave full protection in the distal loop but no
protection in the proximal loop. The latter pat-
tern was also seen when priming in the lower
ileum was followed by a booster in the lower
ileum. In contrast, protection in the distal part
was associated with about 50% protection in the

upper intestine when priming in the lower ileum
was followed by a p.o. booster.

It was then of interest to combine the paren-
teral route with restricted (lower ileum) and
generalized (p.o.) enteral immunization. Al-
though an i.v. booster dose of 1 ,ug of cholera
toxin only gave protection in the distal loop after
priming in the lower ileum, a 10-ag i.v. booster
gave protection in the proximal loop as well as
the distal loop. After i.v. priming, p.o. boosting
induced protective immunity in the proximal
intestine as well as the distal intestine. This was
in contrast to boosting in the lower ileum, which
gave protection only in the distal part of the
intestine. However, slightly better protection
with the latter combination of immunizations
could be achieved by increasing the amount of
antigen in the i.v. priming to a total of 17 tug of
cholera toxin instead of 4 ug. There was a good
correlation between ACC number and the pro-
tective effect, i.e. the degree of inhibition of
cholera toxin-induced fluid secretion in the loop
assay, after various immunizations (Fig. 1). Half-
maximal protection was obtained when the ACC
density in the lamina propria was about 2,000
cells per mm3, whereas 24,000 ACC per mm3
gave full protection and s250 ACC per mm3
gave no detectable protection against the toxin
challenge.

DISCUSSION
The aim of this study was to define some of

the factors relating to the presentation ofantigen

TABLE 3. Effects of t arious routes of immunization on resistance to cholera toxin-induced fluid secretion in
the proximal and distal parts of the small intestine

Immunization' Proximal jejunum Distal ileum

Priming Booster % Inhnhitino
No flubit- ph % Inhibition of p

times Type No. of Type put- fluid outputtimes ~~~times Tp u

3 p.o. 1 p.o. 91 ± 7 <0.01 96 ± 6 <0.01
3 p.o. 1 LM 20 ± 11 NS 109 ± 7 <0.05
3 LIc 1 LI -4 ± 9 NS 98 ± 6 <0.02
3 LI 1 p.o. 57 ± 8 <0.05 106 ± 3 <0.02
4 LI 1 i.v. 3±12 NS 69±11 <0.01
4 LI 1 i.v. (10 jig) 36 ± 4 <0.05 56 ± 8 <0.02
4 i.v. 1 p.o. 49 ± 6 <0.05 44 ± 6 <0.02
4 i.v. 1 LI 9 ± 9 NS 30 ± 4 <0.02
4 i.v.(1+2+4 1 LI 8±10 NS 48±7 <0.01

+ 10 /g)
a For immunization schedules, see Table 2. Inhibition of fluid secretion (protective immunity) was determined

4 days after the booster immunization.
b The intestinal loops were each challenged with 2.5 jig of cholera toxin. In immunized mice this challenge

induced fluid accumulations of 134 ± 7 mg/cm in the proximal loop and 87 ± 7 mg/cm in the distal loop.
Percent inhibition of fluid output in the immunized animals was calculated in relation to the mean value for the
concurrently tested control group; each value represents the mean ± standard error of the mean of 10 to 15
immunized animals from two to three experiments. P values were calculated by comparing the fluid outputs in
the immunized and control animals. NS, Not significant (P > 0.20).

c LI, Lower ileum.
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FIG. 1. Correlation between protective immunity
(determined as percent inhibition of cholera toxin-
induced fluid secretion) and number ofACC in lam-
ina propria. The data plotted are from Tables 1

through 3. Regression analysis indicated a highly
significant correlation (correlation coefficient, 0.88).

that are important for the development of a local
immune response in different parts of the intes-
tine. This was done by varying the routes and
doses of administration of the antigen (cholera
toxin) for priming and boosting, respectively.
Whereas p.o. and i.v. immunizations probably
stimulate the entire length of the small intestine
from the mucosal and serosal sides, respectively,
introduction of the antigen into the lower ileum
should essentially exclude the upper part of the
small intestine from direct antigen contact. The
mucosal immune response was assayed by de-
termining either the number of specific ACC in
the lamina propria or the protective immunity
against experimental cholera in different parts
of the intestine 4 days after booster immuniza-
tion, i.e. at a time when the protective immunity
was maximal (12,13). Immunization in the lower
ileum does not exclude the antigen from reach-
ing a number of macroscopically visible Peyer's
patches. This is of importance since Peyer's
patches contain B lymphocytes rich in precur-
sors for the plasma cells which repopulate the
intestinal lamina propria after antigen exposure.
The results show that it is possible by either

p.o. or i.v. immunization to generate an immu-
nological preparedness in all parts of the intes-
tine for an anamnestic-type response to p.o.
booster. Our previous studies have shown that
more than 90% of the ACC and essentially all of
the protective immunity after these immuniza-

tion schedules represent the actual response to
the booster immunization and that the magni-
tude of this response is critically dependent on

the earlier prng immunizations (12,20). Thus,
there seem to be memory cells for mucosal ACC
and protective immunity, which have a longer
life span than ACC plasma cells themselves. The
present results indicate that such memory cells

are distributed along the whole intestine after
either p.o. or i.v. immunization. Our data also
show that even when priming is restricted to the
lower ileum, it is possible by either p.o. or i.v.
boosting to elicit significant ACC and protective
immune responses in the upper jejunum, albeit
of a lower magnitude than those attained in the
distal ileum. This suggests that the distribution
and persistence ofmemory cells in the intestine,
which probably originate from Peyer's patches
(5, 7, 8, 10), do not depend critically on the
presence of local antigen. On the other hand, our
results indicate that the actual response ofACC
and protective immunity, which is different from
memory, is restricted to the directly antigen-
exposeu parts ofthe intestine. Irrespective of the
route of priming (i.v., p.o., or lower ileum), a
booster immunization in the lower ileum elicited
an immune response in the lower ileum but no
response in the proximal jejunum. In contrast to
these results, Cebra et al. (2), using two Thiry-
Vella loops in rabbits, described that the IgA
antibody responses were similar in the antigen-
stimulated loops and the unstimulated control
loops. However, our results agree with the recent
findings of Husband and Gowans (10), who dem-
onstrated that in rats after intraperitoneal prim-
ing, a booster deposition of antigen in either of
two separated intestinal segments gave rise to
an ACC response only in the antigen-exposed
segment. Their data further suggested that the
antigen did not per se dictate the migration and
initial distribution, but that it determined the
ultimate distribution of ACC in the lamina pro-
pria by stimulating local ACC proliferation. In
the absence of local antigen, the few initial ACC
disappeared within 12 h. Our results with an
exclusively leal immune response after ileal
boosting are likely explained by such antigen-
dependent cell proliferation. If this explanation
is correct, our results after p.o. or i.v. boosting
support the hypothesis that either route of im-
munization is capable of delivering antigen to
the intestine, which can mediate the antigen-
driven local proliferation of ACC (10). Husband
and Gowans did not study the distribution and
fate of memory cells within the intestine. Our
results suggest not only that the initial distri-
bution of these cells is independent of local
antigen but also that the memory cells, which
are different from the ACC, survive in the ab-
sence of antigen. The data do not distinguish
between the possibility that the memory cells
have repopulated the various Peyer's patches
along the intestine and the possibility that they
are distributed in the lamina propria. In the
study by Husband and Gowans, the surgical
removal of Peyer's patches from an intestinal
segment essentially obliterated the generation of
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ACC into the thoracic duct lymph after chal-
lenge with antigen. It did not, however, decrease
the number of ACC in lamina propria. This was
interpreted as an ability of the antigen to stim-
ulate proliferation of simultaneously injected
thoracic duct lymph ACC (10, 19), but it could
probably equally well represent local antigen-
driven proliferation of memory cells already
present in the lamina propria from the intraper-
itoneal priming. More recent studies by Hus-
band et al. (9) have shown that in intraperito-
neally primed sheep the ACC response in lamina
propria after intestinal boosting was not de-
creased by cannulation and drainage of the tho-
racic duct lymph. This supports the possibility
of antigen-induced local proliferation ofmemory
cells into ACC in the lamina propria. The recent
studies of Mayrhofer and Fisher (15) also sup-
port the idea of cell proliferation within the
intestinal lamina propria; such proliferation
would also be consistent with our previous find-
ing of significant clustering of the ACC in the
lamina propria (12).
The influence of the various immunizations

on the total number of immunoglobulin-contain-
ing cells of different classes was also studied.
The majority of the immunoglobulin-containing
cells, irrespective of immunoglobulin class, were
found in the proximal intestine; this is in agree-
ment with earlier studies in other species (3, 4,
10). This might reflect the greater load of dietary
antigens in this part of the intestine and suggests
that these antigens maintain a greater number
of intestinal immunoglobulin-containing cells
than the commensal gut flora, which are heavi-
est in the distal small intestine. In no instance
did the immunization with cholera toxin give
rise to any significant difference in either the
number or the distribution of immunoglobulin-
containing cells in the lamina propria. This was
not surprising as far as the cells in the upper
part of the intestine were concerned, since the
immunoglobulin-containing cells were so many
that the specific ACC never exceeded 5% of their
number. However, in the lower part of the small
intestine, the ACC occasionally exceeded 30% of
the total number of immunoglobulin-containing
cells without giving rise to any significant in-
crease in the total IgA-, IgG-, or IgM-containing
cells. This finding raises the possibility of the
existence of hitherto unknown regulatory mech-
anisms for maintaining a relatively constant
number of mature plasma cells in the gut.
Our results show a very good correlation be-

tween protective immunity and intestinal ACC,
confirming previous findings in mice (12). Al-
though we did not identify the immunoglobulin
class of the specific ACC, most of the latter cells

were probably of the IgA-containing type, both
because the ACC often outnumbered the total
IgM- and IgG-containing cells, and because our
earlier studies indicated that only locally syn-
thesized IgA antibodies mediate protection
against experimental cholera in mice (20).
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