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Background & Aims: Intestine from sensitized rats de-
velops a rapid secretory response to luminal antigen
challenge that depends on activation of subepithelial
mast cells. The aim of this study was to determine the
timing and route of the transepithelial protein antigen
transport. Methods: Rats were sensitized to horserad-
ish peroxidase (HRP). After 10-14 days, jejunal seg-
ments were resected, mounted in Ussing chambers,
and challenged with HRP on the luminal side. Results:
Electron microscopy of tissue specimens fixed at 2
minutes (before mast cell activation) showed enhanced
endocytic uptake of HRP in enterocytes of HRP-sensi-
tized rats compared with ovalbumin-sensitized or sa-
line-injected controls. At this time, HRP was distributed
throughout epithelial cells and was already evident in
the lamina propria. In contrast, HRP was restricted to
the apical region of enterocytes in controls. At 30 min-
utes (after mast cell activation), in HRP-sensitized rats
only, HRP was also located within tight junctions and
the paracellular region between epithelial cells. Tissue
conductance was increased in HRP-sensitized rats be-
ginning 30 minutes after HRP addition and correlated
with the overall flux of HRP across the tissue. Conclu-
sions: The results show that specific sensitization en-
hances the initial uptake and transcytosis of antigen
across intestinal epithelium. Subsequent to activation
of mast cells, antigen transport is further enhanced by
penetration through the paracellular pathway.

Alimal models of intestinal hypersensitivity to food
proteins have shown that antigen challenge of the
sensitized intestine produces alterations in ion transport,
permeability, and motility." Antigen absorbed into the
mucosa cross-links immunoglobulin E bound to FceRI
receptors on the surface of mucosal mast cells, resulting
in the release of a number of active mediators, including
histamine, serotonin, and prostaglandins that stimulate
net ion secretion from epithelial cells.” Studies involving

the inhibition of mast cell mediators™ and the use of
genetically mast cell—deficient mice and congenic con-
trols,” have clearly testified to the central role of the mast
cell in mediating the effects of intestinal anaphylaxis.

In our previous experiments using rats sensitized to
ovalbumin (OVA), we showed that antigen added to the
luminal side of isolated segments of jejunum evokes a
secretory response, beginning within approximately 3
minutes.” This rapid secretion cannot readily be explained
by our current understanding of macromolecular transport
across the epithelium by either the paracellular or the
transcellular pathway. The paracellular pathway between
adjacent epithelial cells has been shown to be impermeable
under normal circumstances to macromolecules such as
protein antigens.”® Kinetic studies of the transcytotic
pathway in polarized epithelial cells have indicated that
transport across the epithelial barrier takes approximately
20 minutes.” Antigen sampling M cells are not required
for this rapid secretory response, because Peyer’s patch—
free intestinal segments are routinely used in these experi-
ments. Therefore, the route by which luminal antigens
gain access to mast cells in the subepithelial compartment
of the mucosa in such a short time is not known.

The present study was designed to investigate the
effect of (1) specific sensitization, (2) nonspecific sensiti-
zation, and (3) the immediate hypersensitivity reaction
on antigen transport across the intestinal epithelium. For
these experiments, we sensitized rats to a model protein
antigen, horseradish peroxidase (HRP), because the intact
protein can be measured by kinetic enzymatic assay® and
its reaction product visualized by electron microscopy.’
We determined HRP uptake into endosomes and its rate
of transport across epithelial cells in rats sensitized to
HRP and compared results with those from rats sensi-
tized to an irrelevant antigen, OVA, or nonsensitized

Abbreviations used in this paper: HRP, horseradish peroxidase; IL,
interleukin; Isc, short-circuit current; OVA, ovalbumin.
© 1997 by the American Gastroenterological Association
0016-5085,/97/$3.00



September 1997

saline-injected controls. We found that sensitization of
rats to HRP profoundly altered the transport kinetics of
this protein antigen across the epithelium. HRP was
transported via a transcellular pathway in both entero-
cytes and goblet cells such that it reached effector cells
in the lamina propria by 2 minutes. In addition, our
study showed that after activation of mast cells, a large
increase in the flux of HRP across the tissue occurred that
correlated with increased conductance, and was associated
with penetration of antigen into the paracellular region.

Materials and Methods
Animals

Pathogen-free male Sprague—Dawley rats (250-275
g; Charles River Breeding Laboratories, St. Constant, Quebec,
Canada) were housed in cages equipped with filter hoods. Rats
were sensitized to HRP (type II; Sigma Chemical Co., St.
Louis, MO) by a subcutaneous injection of 1 mg of HRP in
1 mL alum (10% AIK[SO,1,* 12 H,O0) plus an intraperitoneal
injection of 1 mL of Bordetella pertussis vaccine (Connaught
Laboratories, Willowdale, Ontario, Canada) (HRP group).
Control rats were either sensitized (using the same protocol)
to OVA (grade V; Sigma) as an irrelevant antigen (OVA
group), or injected with saline alone (Saline group). Rats were
studied 10—14 days after sensitization. All animal experiments
were conducted with approval from the McMaster University
Animal Care Committee.

Ussing Chamber Experiments

Rats were anesthetized with Urethane (Aldrich Chemi-
cal Company, Milwaukee, WI) and a 15-cm segment of jeju-
num was excised (beginning 5 c¢m distal to the ligament of
Treitz). The external muscle layers were stripped off, leaving
the submucosal plexus and mucosa intact. From each rat, eight
pieces of intestine were mounted in Ussing chambers (WPI
Instruments, Narco Scientific, Mississauga, Ontario, Canada).
Care was taken to avoid tissue containing Peyer’s patches. The
chamber opening exposed 0.6 cm” of serosal surface area to 8
mL of circulating oxygenated Krebs’ buffer (pH 7.35) at 37°C.
The serosal buffer contained 10 mmol/L glucose osmotically
balanced with 10 mmol/L mannitol in the luminal buffer. The
tissue was clamped at O V using a W-P Instruments automatic
voltage clamp (Narco Scientific, Downsview, Ontario, Canada).
The short-circuit current (Isc; in microamperes) was recorded
continuously, and at regular intervals, the Isc was turned off
to record potential difference, so that tissue conductance (milli-
seconds per square millisiemens) could be determined. Tissues
were allowed to equilibrate until Isc stabilized, and then HRP
was added to the luminal buffer.

HRP Flux

HRP was added to the luminal buffer at a final concen-
tration of 5 X 107> mol/L. Duplicate samples of serosal buffer
(500 UL) were obtained at 0, 30, 60, and 90 minutes, and were
replaced with Krebs' buffer. HRP activity was determined by
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assaying enzyme activity using a modified Worthington
method."” Briefly, 150 UL of sample was added to 800 UL of
phosphate buffer containing 0.003% H,O, and 80 Lg/mL o-
dianisidine (Sigma). Enzyme activity was determined from the
rate of increase in optical density at 460 nm during a 2-minute
period. Fluxes were calculated according to standard formulae
and were expressed as picomoles per square centimeter per hour.

Electron Microscopy

To determine the route and timing of transepithelial
transport of HRP, tissues from 4 rats in each group were
obtained for electron microscopy at 2, 5, and 30 minutes after
HRP addition to luminal side of tissue. Jejunal segments were
fixed in 2% glutaraldehyde in 0.1 mol/L sodium cacodylate
buffer (pH 7.4) for 2 hours at room temperature, washed and
left overnight at 4°C in the same buffer, and washed three
times for 5 minutes each in 0.05 mol/L Tris buffer (pH 7.6).
Tissues were incubated for 30 minutes in 5 mg of 3,3'-diami-
nobenzadine tetrahydrochlorine (Sigma) in 10 mL of 0.05 mol/
L Tris buffer and 0.01% H,O, (pH 7.6, 22°C), and were
subsequently processed for routine electron microscopy. Tis-
sues were oriented such that villus epithelial cells were cut
longitudinally. Photomicrographs were prepared from the
midvillus region. As an indication of the rate of transcytosis,
the incidence of HRP was recorded at 2 and 30 minutes after
addition of HRP within specific regions of enterocytes: apical
(above the nucleus), mid (beside the nucleus), or basal (below
the nucleus). Five enterocytes per rat, 20 per rat group, were
used. The percentage of HRP-positive enterocytes was calcu-
lated for each rat, and the mean and SE were calculated for
each rat group. To determine the amount of HRP initially
taken up by enterocytes, HRP-containing endosomes within
a4 X 6-um window in the apical region of the cell (immedi-
ately below the microvilli) were counted and measured in coded
photomicrographs.” Twenty photomicrographs were examined
per rat, 80 for each rat group. Analysis was performed by one
investigator (A.J.K.), who was unaware of the treatment group.
The area of HRP within endosomes was calculated and aver-
aged for each rat before determining group means.

As a further control, intestine from rats sensitized to HRP
but not challenged with HRP was fixed for electron micros-
copy, and the epithelium was examined for endogenous peroxi-
dase activity. There was no HRP evident in this group, indicat-
ing that endogenous peroxidase was not a factor in these
experiments.

Statistics

Statistical significance was tested by analysis of vari-
ance (ANOVA) with the Neuman—Keuls used for posthoc
analysis. Pearson’s correlation coefficient was used to examine
the linear relationship between HRP flux and conductance
measurements. A P value of <0.05 was considered significant.

Results
Electrophysiological Parameters

Baseline Isc did not differ between the rat groups
(19.5 * 3.3, 26.0 = 7.0, and 159 = 1.7 }.LA/Cm2 for
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Figure 1. A representative tracing of Isc in intestine from a rat sensi-
tized to HRP and challenged with 50 umol/L HRP on the luminal side
of the tissue. In experiments examining the transepithelial transport
of antigen before the ion secretory response, tissues were removed
from the Ussing chamber and fixed for electron microscopy 2 minutes
after HRP addition.

saline, OVA, and HRP groups, respectively). Intestine
from rats sensitized to HRP showed a marked increase
in Isc in response to luminal antigen challenge with
HRP. A representative Isc tracing is shown in Figure 1.
The increase in Isc at 5 minutes after HRP challenge
was 32.1 = 2.5 MA/cm2 (mean £ SEM), and the time
from antigen challenge to initial increase in Isc was 3.4
* 0.4 minutes. The magnitude of this response was
similar to that of tissue specimens from OV A-sensitized
rats challenged with OVA. In contrast, HRP challenge
to tissue specimens from either control groups (saline or
OVA) produced no change in Isc.

Initial baseline conductance was also not different be-
tween groups. However, conductance was significantly
increased in HRP-sensitized rats at 90 minutes, both
compared with the original baseline and with values in
saline and OVA rats at 90 minutes (Table 1). Conduc-
tance in the HRP-sensitized group was stable for the
first 10 minutes after HRP challenge, then slowly in-
creased such that it was significantly increased at 30
minutes, and rapidly increased thereafter (Figure 2). In
contrast, saline and OVA rats maintained a stable con-
ductance throughout the experimental period.

Table 1. Impact of Intestinal Hypersensitivity on Jejunal
Conductance

Initial (mS/cm?) Final (mS/cm?)

Saline 319+ 1.9 33.5*+24
OVA 32711 345+19
HRP 299 = 1.8 48.8 + 3.97

NOTE. Values represent the means + SEM for 6 rats per group, 2—
4 tissues per rat. Readings were taken after equilibration (time = O
minutes) and at the end of the experiment (time = 90 minutes).
2P < 0.05 compared with HRP-sensitized rats at O minute and com-
pared with saline control and OVA-sensitized rats at 90 minutes.
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Figure 2. Change in conductance in response to HRP challenge in
HRP-sensitized rats. Conductance was measured immediately before
(zero time) and at intervals after luminal HRP challenge. The change
in conductance at each time period was determined, and data are
expressed as mean change = SEM for 8 rats. 2-4 tissues per rat.

HRP Flux Measurements

To obtain an overview of transepithelial transport
of antigen, luminal to serosal flux of HRP across the
tissues was measured over a 90-minute period. The flux
of HRP reached steady-state at 30—60 minutes in both
control groups, but flux across intestine from HRP-sensi-
tized rats continued to increase throughout the 90-min-
ute experimental period (Figure 3). The HRP flux value
was not significantly different between groups during
the initial 30-minute period, but was significantly in-
creased in the HRP-sensitized group during the 30—60-
minute period compared with control groups (32.9 *
10.6 vs. 10.4 = 2.5 and 8.6 + 1.7 pmoles*cm™*+hr™'

pmoles/cm?/h

Flux Period

Figure 3. Effect of sensitization and antigen challenge on mucosal
to serosal flux of HRP. Flux of HRP was measured across intestine
obtained from rats injected with saline (OJ), rats sensitized to OVA
(0), or rats sensitized to HRP (H). HRP was measured in serosal
buffer by kinetic enzymatic assay at 0-30 (/), 30-60 (/l), and 60—
90 (/1) minutes after addition of 50 umol/L HRP to the luminal buffer.
Data are expressed as mean + SEM for 8 rats per group, 2—-4 tissues
per rat. *P < 0.05 compared with saline controls.
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[mean *= SEM]} for HRP sensitized, OVA, and saline,
respectively), and was fivefold greater (64.3 = 11.0 vs.
12.4 + 24 and 11.9 * 2.6 pmoles*cm ™ °+hr™') at the
60—90-minute flux period. The control groups did not
differ from each other in each time period. The relation-
ship between conductance and flux was examined by cor-
relation analysis with data from the three treatment
groups in the final flux period, resulting in a correlation
coefficient of 0.80 (P < 0.001).

Electron Microscopy

Two-minute time point. To determine if antigen
was reaching cells in the lamina propria before mast
cell activation and the subsequent ion secretory response,
tissues were fixed 2 minutes after HRP challenge (Figure
1). Electron photomicrographs of enterocytes and the
underlying lamina propria were used to assess the distri-
bution of HRP (Figure 4). In HRP-sensitized rats, HRP
was found to be distributed throughout enterocytes such
that 65% of enterocytes examined had HRP within endo-
somes in the apical region, 50% were positive for HRP
in the midregion, and 45% of enterocytes contained en-
dosomes positive for HRP in the basal region of the cell,
adjacent to the lamina propria (Figure 5). OVA rats also
had HRP distributed throughout enterocytes, but the
incidence of HRP-containing endosomes was much lower
than that observed in the HRP-sensitized group. HRP-
positive endosomes in the apical region were found in
45% of enterocytes in OVA rats, 20% contained HRP
in the midregion, and only 15% contained HRP in the
basal region. Saline rats had a more limited distribution
of HRP within enterocytes than the HRP- or OVA-
sensitized rats. Enterocytes from saline rats did contain
HRP-positive endosomes, but these were predominantly
in the apical region. Of the enterocytes examined, 30%
contained HRP within the apical region, 10% were posi-
tive for HRP in the midregion, but there was zero inci-
dence of HRP within the basal region of enterocytes. In
addition to enterocytes, HRP was also observed within
goblet cells (Figure 4) and Paneth cells (not shown) of
HRP-sensitized rats. Intestinal epithelial cells from rats
sensitized to HRP but not challenged showed no HRP
reaction product in any location.

To determine if sensitization altered the amount of
HRP taken up into enterocytes, the diameter of HRP in
endosomes within the apical region was measured (Figure
6). The mean area of endosomal HRP was significantly
greater in HRP-sensitized rats compared with saline rats
(257 = 80 nm? vs. 72 * 16 nm?). OVA-sensitized rats
did not significantly differ from either group (111 % 45
nm?).

At 2 minutes after HRP challenge, HRP was already
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present in the lamina propria (Figure 7A) in 40% of
photomicrographs examined from the HRP-sensitized
group, compared with 10% and 0% of photomicrographs
from OVA and saline rats, respectively (Figure 5). At 5
minutes after HRP challenge, there was more HRP evi-
dent within the lamina propria, and mast cells showed
early signs of activation (Figure 7B). The source of lamina
propria HRP seemed to be transcellular antigen trans-
port, because there was no evidence for paracellular trans-
port of HRP. Tight junctions were negative for HRP in
all 3 groups at the 2-minute postchallenge time point.
Thirty-minute time point. In tissues fixed for elec-
tron microscopy analysis at 30 minutes after HRP chal-
lenge, mast cells were obviously activated. Transcellular
movement of HRP across the epithelium was again ob-
served, with HRP distributed throughout enterocytes in
all 3 treatment groups (Figure 8). HRP-sensitized rats
had an increased incidence of HRP in the basal region
of enterocytes compared with OVA and saline rats (50%
of enterocytes positive for HRP-containing endosomes
compared with 25% and 20%, respectively). HRP was
observed in the paracellular region and tight junctions
between adjacent epithelial cells in 3 of 4 rats sensitized
to and challenged with HRP (Figure 9). Epithelium from
OVA-sensitized or saline rats showed no HRP crossing
the tight junctions or within the paracellular region.

Discussion

Previous experiments in our laboratory have
shown that intestine from rats sensitized to OVA re-
sponds to antigen challenge on the luminal side of the
tissue with a rapid (beginning in approximately 3 min-
utes) increase in Isc that is caused by chloride ion secre-
tion.”"" Mast cells are required for the response.”* These
findings suggest that antigen is transported across the
epithelial barrier to activate subepithelial mast cells
within a very short time. However, the recognized kinet-
ics of transepithelial protein movement indicate that ap-
proximately 20 minutes are required for transcytosis.’
The aim of the current study was to determine the route
and timing of antigen transport across the intestinal epi-
thelium in sensitized rats. We showed that protein trans-
port across the intestinal epithelium was increased by
nonspecific sensitization, and dramatically enhanced by
specific sensitization such that antigen gained access to
effector cells in the lamina propria within 2 minutes after
its addition to the luminal surface. Our finding that
transcytosis was maximal for the sensitizing antigen sug-
gests that there may be a component of recognition in
the antigen transport process. In addition, morphological
documentation of HRP between tight junctions and ad-
jacent epithelial cells together with increased tissue con-
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Figure 4. Representative photomicrographs prepared from tissues fixed 2 minutes after addition of HRP to the lumen, showing HRP-containing
endosomes within epithelium from (A) HRP-sensitized rats and (B) OVA-sensitized rats. The lumen (LU) and microvilli (Mv) are indicated on the
left side of the photomicrographs. Short arrows indicate the presence of HRP-containing endosomes; long arrows indicate the endosomes
shown in the higher magnification insets. Bars = 2 um (inset bars = 0.5 um).
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Figure 5. Distribution of HRP within enterocytes and in the lamina
propria. Tissues from saline ([J), OVA-sensitized (), and HRP-sensi-
tized (M) rats were fixed for electron microscopy 2 minutes after lumi-
nal HRP addition. Coded photomicrographs (20 for each of 4 rats/
group) were examined for incidence of HRP (percentage of sections
with HRP-containing endosomes) in the apical, mid, or basal region
of enterocytes, or in the lamina propria (LP), and data are expressed
as percentage (mean = SEM) of photomicrographs examined in each
group that were positive for HRP.

ductance suggest that after activation of effector cells,
antigen penetrated the epithelium via the paracellular
pathway.

To examine antigen transport across the epithelium,
we used HRP (a protein that can be readily measured by
enzymatic assay and visualized by electron microscopy) as
a sensitizing antigen. Intestine from HRP-sensitized rats
responded to HRP challenge with similar ion transport
responses, as we previously observed with rats sensitized
to OVA,” with respect to the magnitude of the Isc in-
crease and the timing of the secretory response.

To determine the effect of sensitization on initial anti-
gen uptake (i.e., before mast cell activation), tissues were
fixed for electron microscopy at 2 minutes, approximately
1 minute before the beginning of the Isc increase induced
by luminal HRP antigen challenge. Quantification of the
amount of HRP within a fixed apical region of entero-
cytes revealed that there was significantly greater uptake
of HRP into enterocytes of HRP-sensitized rats com-
pared with OVA-sensitized and nonsensitized control
rats. Although there was a trend showing increased up-
take of HRP in OVA sensitized rats, this did not reach
the level of statistical significance. However, when the
distribution of HRP within enterocytes was examined,
HRP was located in endosomes throughout enterocytes
and in the lamina propria in both HRP-sensitized and
OVA-sensitized rats, although the incidence of HRP in
all regions was lower in OV A sensitized rats. In contrast,
HRP within the epithelium of saline-control rats was
confined to the apical region of enterocytes. These find-
ings indicate that the rate of antigen transport across
epithelial cells and into the lamina propria was altered
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by specific sensitization, and that the rapid initial uptake
of antigen may have been influenced by specific recogni-
tion. The data suggest that nonspecific sensitization en-
hances transepithelial antigen transport, but not to the
same extent as specific sensitization. These results agree
with previous in vivo experiments from our laboratory
showing that intestine from OVA-sensitized rats had a
greater baseline transport of ’'chromium-ethylenedi-
aminetetraacetic acid than control rats.'” Taken together,
these studies imply that sensitization alone alters the
barrier properties of the intestine.

Studies in control animals have shown that there is
significant transcytosis of macromolecules to the basal
membrane in polarized epithelial cells, but that the time
from apical uptake of protein to exocytosis across the
basal membrane is slow, requiring at least 20 minutes.’
This is consistent with our observations of antigen trans-
port across intestine from saline-control rats. It is not
clear how sensitization induces changes in the kinetics
of transcytosis, but it is possible that cytokines released
from immunocytes could regulate endocytic transport.
Atopy is associated with an increase in T, cell cytokines,
particularly interleukin (IL)-4, IL-5, and IL-10."° Al-
though a number of cytokines have been shown to have
profound effects on ion secretion and epithelial barrier
resistance, the impact of these immunological mediators
on the transcytotic pathway has yet to be addressed.
Inflammatory cytokines (IL-1, tumor necrosis factor o)
have been shown to up-regulate the endocytic rate in
hepatic endothelium,"” indicating that immunological
regulation of endocytic pathways is possible. In addition,
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Figure 6. Effect of sensitization on uptake of HRP into enterocytes.
The area of endosomal HRP within 4 X 6-um windows beneath the
microvilli was determined in coded electron photomicrographs taken
from intestine of saline-injected, OVA-sensitized, or HRP-sensitized
rats. Tissue was fixed 2 minutes after luminal addition of HRP, and
20 photomicrographs per rat (4 rats per group) were used for quantifi-
cation. *Significance at P < 0.05 compared with saline-injected con-
trol rats.
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Figure 7. Representative photomicrographs showing HRP within the lamina propria in HRP-sensitized rats at (A) 2 minutes and (B) 5 minutes
after luminal addition of HRP. Curved arrows indicate the presence of HRP; the straight arrow indicates a clear area surrounding a mast cell

(MC) granule, an early sign of activation. Bars = 2 um.

milk protein has been shown to stimulate secretion of
cytokines (including tumor necrosis factor o) from pe-
ripheral blood mononuclear cells obtained from infants
with cow’s milk allergy, and epithelial cells cultured with
supernatants from these cells demonstrated increased flux
of intact HRP."

The specificity of the increased uptake of antigen into
the enterocyte raises the intriguing possibility that there
is recognition of antigen by the enterocyte, possibly
through an antibody-mediated mechanism. If uptake of
HRP was occurring through a receptor-mediated trans-
port mechanism, this could explain both the specificity
and increased rate of transport observed. Binding to a
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Figure 8. Distribution of HRP within enterocytes after effector cell
activation. Tissues from saline ((), OVA-sensitized (), and HRP-sen-
sitized (M) rats were fixed for electron microscopy 30 minutes after
luminal HRP addition. Coded photomicrographs (20 for each of 4 rats/
group) were examined for incidence of HRP (percentage of sections
with HRP-containing endosomes) in the apical, mid, or basal region
of enterocytes; data are expressed as percentages (mean = SEM) of
photomicrographs examined in each group that were positive for HRP.

receptor might reduce lysosomal degradation of the pro-
tein and thus explain the increased incidence at 30 min-
utes of HRP in endosomes in HRP-sensitized rats com-
pared with the other rat groups.

At the early time point (2 minutes), it is also possible
that a small number of HRP molecules, too few to be
detected morphologically, could have leaked across the
tight junctions. This possibility cannot be ruled out in
this study, although the conductance data suggest that
there was no opening of tight junctions until after 5

Figure 9. Representative photomicrograph of an enterocyte from an
HRP-sensitized rat 30 minutes after addition of HRP to the luminal
buffer. Arrows indicate the paracellular space between enterocytes,
which is filled with HRP. Bar = 1 um.
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minutes, at the earliest. Further studies are in progress
to accurately determine the contribution of each pathway
to transepithelial antigen transport before mast cell acti-
vation.

Although numerous studies have shown an increased
flux of specific antigen,'” bystander antigens,'®™" or
small molecular weight probes'” during intestinal ana-
phylaxis, the route of the uptake has not been clearly
delineated. Therefore, we examined the uptake of HRP
across the intestine by electron microscopy 30 minutes
after HRP challenge, well after the mast cell—mediated
increase in Isc. As indicated previously, HRP transport
via endosomes was enhanced by specific antigen chal-
lenge. In addition, the antigen-induced hypersensitivity
response was associated with an increase in tissue conduc-
tance and the presence of intact HRP in the paracellular
regions between enterocytes. HRP within the lateral
spaces could be attributed to either penetration through
tight junctions and/or exocytosis of intracellular HRP.
High magnification electron microscopy demonstrated
HRP within the tight junctional area. Although paracel-
lular HRP was not present in all sections examined from
HRP-sensitized rats, HRP in the paracellular regions was
never documented in any sections from saline or OVA
rats. In addition, the conductance was elevated in HRP,
but not saline or OVA rats. Measurements of conduc-
tance, believed to reflect the permeability of the tight
junction," correlated highly with the flux of HRP across
tissues from all three treatment groups. This suggests
that the increased flux in specifically sensitized and chal-
lenged rats was related to the increased conductance of
the tight junctions, and that the pathway of HRP trans-
port included a paracellular component.

Previous studies in our laboratory have shown that
receptor antagonism of mast cell mediators or neural
blockade attenuates the ion secretory response,””’ indi-
cating that release of mast cell and nerve products occurs
after antigen challenge. Rat mast cell protease II has
been shown to decrease epithelial barrier function.”' In
addition, several studies have established that neural acti-
vation or neurotransmitters can alter epithelial perme-
ability to macromolecules. Stimulation of rat intestine
with cholinergic agonists®’ increased tight junctional
permeability, and stress was also shown to impair barrier
function via cholinergic mechanisms.”” In those studies,
electron microscopy indicated HRP within the tight
junctions and paracellular regions. Neural blockade with
tetrodotoxin and atropine inhibited macromolecular
transport across the normal small intestine.”> Evidence
also suggests that substance P and neuropeptide Y can
modify the epithelial barrier.”** In our study, because
HRP was observed in the paracellular space only after
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the ion secretory response, we hypothesize that activation
of mucosal mast cells and/or their interaction with nerves
mediated the paracellular permeability to antigen.

Mucosal to serosal flux of HRP was significantly ele-
vated in rats specifically sensitized to HRP compared
with OVA-sensitized and saline control rats. This is con-
sistent with previous findings that demonstrated in-
creased serum levels of antigen after anaphylaxis.'? This
could be caused by enhanced uptake via both the transcel-
lular and paracellular routes. In addition, the flux of HRP
continued to increase throughout the entire experimental
period in rats sensitized to HRP, whereas in the other
rat groups, the flux of HRP reached equilibrium after
30 minutes. The escalating rate of antigen transport may
indicate that after crossing the epithelial barrier, HRP
was activating mast cells and perhaps nerves, thereby
continuing to augment the epithelial barrier defect.

In summary, transepithelial antigen transport in sensi-
tized rats appeared to be a highly complex process com-
posed of two phases. The initial phase occurred before
mast cell activation. This phase involved enhanced endo-
cytic uptake of specific antigen into enterocytes and its
rapid transcytosis into the lamina propria. The second
phase occurred after mast cell activation and was associ-
ated with a markedly increased conductance, the presence
of antigen in tight junctions and paracellular regions,
and increased overall flux of antigen across the tissue.
Further experiments are necessary to define fully the
mechanisms responsible for phase I and II of transepithe-
lial antigen transport.
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