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This study examined the electrophysiological re-
sponses to antigen and to various stimuli in jejunal
mucosa from rats sensitized to egg albumin with
alum and pertussis adjuvants. Luminal antigen caused
an immediate increase in short-circuit current, a
measure of net ion transport, which was one of three
different patterns. All were inhibited by the chloride
channel blocker diphenyl-2-carboxylate, by chloride-
free buffer, and by doxantrazole, a mast cell sta-
bilizer. Depending on the pattern, the histamine-1
antagonist diphenhydramine, the 5-hydroxytrypta-
mine-2 antagonist ketanserin, and the cyclooxygen-
ase inhibitor piroxicam also reduced the responses.
A neural component was indicated by inhibition of
the responses to luminal antigen by the neurotoxin
tetrodotoxin and by neonatal capsaicin treatment,
which depletes substance P-containing nerves. In
the absence of antigen, histamine and substance P
caused increases in short-circuit current; the magni-
tude of these changes was significantly greater in
tissues from sensitized animals than in controls.
These data suggest that sensitization itself may result
in hypersecretory responses to some inflammatory
mediator and neurotransmitter substances.

Luminal antigens play a role in the pathogenesis of
a number of gastrointestinal disorders including
food allergy, eosinophilic gastroenteritis, parasitic in-
fections, celiac disease, cow’s-milk protein enteropa-
thy, and possibly inflammatory bowel disease (IBD)
and irritable bowel syndrome (1-5). Symptoms in
these disorders include abdominal pain, diarrhea,
nausea, and vomiting. Little is known about the mech-
anisms involved in intestinal reactions to foods. In
some conditions it is assumed that immediate hyper-
sensitivity reactions to ingested proteins occurring in
the intestinal wall cause these symptoms.

To study these hypersensitivity reactions, a variety
of animal models of intestinal anaphylaxis have been
developed using enteric parasites or food proteins as
sensitizing agents (6-12). Several groups have exam-
ined intestinal ion transport responses to these anti-
gens. We have previously shown in vivo accumulation
of water and electrolytes {13) and in vitro increases in
short-circuit current (Isc) caused by Cl- secretion in
response to egg albumin (EA) (14). However, these and
other in vitro experiments have mainly described Isc
responses to antigens added to the serosal side of the
intestine or delayed responses to luminal antigens.

In this paper we report results using a model in
which jejunal mucosa from sensitized rats develops
an immediate (within 3 minutes) increase in Isc in
response to antigen added to the luminal side of the
tissue. This response has been further characterized
using pharmacological inhibitors. In addition, studies
with secretagogues show that jejunum from sensitized
rats demonstrates increased responsiveness when com-
pared with tissues from control animals.

Methods
Animal Model

Sprague-Dawley rats (Charles River Breeding Labo-
ratories, St. Constant, Quebec, Canada) were sensitized with
1.0 mg chicken EA (grade V, Sigma Chemical Co., St. Louis,
MO) in 1.0 mL of alum solution injected SC and 1 mL of

Abbreviations used in this paper: SLG, S-lactoglobulin; BSA,
bovine serum albumin; G, conductance; DMSO, dimethylsulfoxide;
DPC, diphenylamine-2-carboxylate; DOX, doxantrazole; EA, egg
albumin; 5-HT, 5-hydroxytryptamine; NDGA, nordihydroguaretic
acid; Isc, short-circuit current; SCG, sodium cromoglycate; SP,
substance P; TTX, tetrodotoxin; TS, transmural stimulation.
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Bordetella pertussis vaccine (2 x 10" organisms; Connaught
Laboratories, Willowdale, Ontario, Canada) injected IP (15).
The rats were studied 10-14 days after sensitization. Unsen-
sitized littermates served as controls.

Specific immunoglobulin E (IgE) titers were determined
by passive cutaneous anaphylaxis as previously described
{18). Sensitized animals had serum titers of 1:=64 while
control animals had no detectable anti-EA antibody. Heat
treatment of serum from sensitized rats abolished reactivity
by passive cutaneous anaphylaxis.

Each rat was anesthetized with IM urethane (5 mg/g;
Aldrich Chemical Co. Inc., Milwaukee, WI), and the abdom-
inal cavity was opened to remove a 10-cm segment of
jejunum beginning 10 cm distal to the ligament of Treitz.
This segment was stripped of serosa, longitudinal muscle,
and myenteric plexus, leaving the submucosal plexus intact
(14). The tissue was then opened along the mesenteric
border and placed in 37°C oxygenated mannitol-Krebs
buffer. After removal of intestine, rats were killed by
cervical dislocation.

Ussing Chamber Studies

Adjacent pieces of stripped jejunum were mounted
in Ussing-type chambers that contained agar-salt bridges to
monitor potential difference (PD) and inject Isc. The cham-
bers included stimulating electrodes on opposite sides of the
tissue (16). The chamber opening exposed 0.6 cm? of mucosal
and serosal surfaces to 10 mL of oxygenated Krebs buffer
that contained (in mmol/L) 115 NaCl, 8.0 KCI, 1.25 CaCl,, 1.2
MgCl,, 2.0 KH,PO,, and 25 NaHCO,, pH 7.35 at 37°C. In
addition, the serosal buffer contained 10 mmol/L glucose
and the mucosal buffer contained 10 mmol/L mannitol. In
some experiments, chloride-free buffer was used instead of
Krebs. This contained (in mmol/L) 116 Na isethionate, 4.6 K
acetate, 1.5 Ca acetate, 1.2 Mg acetate, 22 NaHCO,, and 1.2
NaH,PO,. The tissue was clamped at zero volts using a W-P
Instruments automatic voltage clamp (Narco Scientific,
Downsview, Ontario, Canada). The Isc {in uA) was recorded
continuously, and PD measurements (in mV) were taken at
10-minute intervals throughout the experiments. Conduc-
tance (G, in mS/cm? was calculated using values of PD and
Isc. The tissues were allowed to equilibrate for 20 minutes,
reaching a stable Isc reading, before antigen or secreta-
gogues were added. Electrical transmural stimulation (TS)
was carried out at the start and the end of each experiment
by passing rectangular current pulses from one side of the
tissue to the other through stimulating electrodes. Stimulus
parameters were 10 mA, 10 Hz in a 0.5-millisecond pulse
width delivered for a total of 5 seconds. Change in Isc (Alsc)
was calculated as the difference between the basal Isc and
the maximal Isc seen in response to TS (17).

Responses to Antigen

Egg albumin was added to either the serosal or
mucosal half of the chamber containing jejunum from
sensitized or control rats. The response (Alsc) was deter-
mined as the difference between the basal Isc and the
maximum increase in Isc seen after antigen was added. In
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addition to calculating Alsc for the total duration of the
luminal EA response, Alsc was calculated separately for the
initial 5-minute period {early phase) and the period follow-
ing for up to 20 minutes (late phase). Based on the pattern of
increase in Isc and the magnitude of the early phase (Isc
changes compared with late phase changes), responses were
categorized into three types. In biphasic type I responses, an
early increase in Isc was significantly greater in magnitude
than the late phase increase. In type II responses, a rapid
increase in Isc also occurred, but the magnitude of early and
late phase changes were the same in this monophasic
pattern. For type III responses (also monophasic), a maxi-
mum increase in Isc was achieved only during the late
phase, usually 10-15 minutes after addition of EA.

Dose response studies showed a maximal luminal re-
sponse with concentrations of 100 ug/mL. This dose was
used for all subsequent experiments. Bovine serum albumin
(BSA, Sigma) was used to test the specificity of the antigen
response.

Pharmacological Inhibition Studies

In inhibition experiments, adjacent pieces of jeju-
num from a sensitized rat were mounted in the chambers
and paired with respect to Isc, G, and response to TS. Pairs
did not differ with respect to these parameters by more than
25%. Preliminary experiments showed that tissues paired in
such a manner gave similar antigen responses. For each
pair, one tissue was pretreated with the inhibitor; the other
received the vehicle only. All drugs were added to the
chambers 15 minutes before EA challenge except doxantra-
zole, which was added to the chambers at the start of the
experiment,

Capsaicin Treatment

Newborn rats were injected SC with 50 ug/g capsai-
cin (Caledon Laboratories, Georgetown, Ontario, Canada)
(18). Untreated littermates acted as controls. Both groups
were sensitized (as described above) at 4 months of age and
studied in Ussing chambers 10-14 days after sensitization.
Capsaicin-treated rats failed to show paw withdrawal to
heat or respiratory irritation in response to ether (19).

Responses to Stimuli

Responses to various stimuli were compared in
jejunum from sensitized and unsensitized control animals.
Responses (Alsc) were calculated as the difference between
basal Isc and maximal Isc seen after secretagogue addition.

Materials

Diphenylamine-2-carboxylate (DPC; Aldrich Chem-
ical Co., Milwaukee, W1} which inhibits chloride conduc-
tance at the apical membrane (20), was prepared in dimeth-
ylsulfoxide (DMSO). The DPC was added to the mucosal
half of the chamber at a concentration of 2 x 107* mol/L, a
dose previously shown to be nontoxic to tissue {21). The mast
cell stabilizers doxantrazole, (DOX; Burroughs Wellcome,
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Research Triangle Park, NC) solubilized in Krebs buffer and
sodium cromoglycate (SCG; Fisons, Bedford, MA), dissolved
in water, were added to both sides of the chambers at
concentrations of 107® mol/L. These doses were previously
shown to inhibit histamine release from isolated rat mast
cells (22). Diphenhydramine, tetrodotoxin (TTX), atropine,
theophylline, and nordihydroguaretic acid (NDGA) (all from
Sigma) were prepared in water (pH adjusted to 12.0 with
concentrated NaOH for NDGA}. The cyclooxygenase inhib-
itors, indomethacin and piroxicam (Squibb, Princeton, NJ),
were prepared in 95% ethanol and in DMSO respectively.
The 5-HT2 receptor antagonist, ketanserin (Janssen Pharma-
ceuticals, Belgium), and the 5-HT3 antagonist, BRL 43694
(Beecham Pharmaceuticals, Betchworth, Surrey, England),
were dissolved in water. For each (diphenhydramine, ketan-
serin, BRL 43694, indomethacin, piroxicam, NDGA, theo-
phylline, and atropine) the inhibitor was added to the
serosal side of the tissue at 10~° mol/L. Similar concentra-
tions of inhibitors have been used in other in vitro studies of
intestinal anaphylaxis (23-27). Piroxicam was also used at
10~° mol/L, a dose which reduced intestinal ion transport in
response to anti-IgE and inflammatory mediators (28). Sero-
sal 5 x 107° mol/L TTX was used, a dose which abolished
the response to TS (17).

Acetylcholine, histamine, 5-hydroxytryptamine (5-HT)
(Sigma), substance P (SP, Peninsula, CA) and prostaglandin
E, (PGE,, Cayman Chemical Co., Ann Arbor, MI) were
dissolved in water. Histamine and 5-HT were used at
concentrations of 10~* mol/L, acetylcholine at 10~° mol/L,
8P at 10~ mol/L, and PGE, at 107" mol/L.

Statistics

Data were compared using Student's t tests or paired
t tests where appropriate. A value of P <0.05 was considered
significant.

Results
Responses to Antigen

The addition of EA to the serosal or mucosal
side of jejunum from unsensitized control rats had no
effect on Isc. In contrast, the addition of EA to jejunum
from sensitized rats produced a rapid increase in Isc
whether added to the serosal or mucosal surface of the
tissue. The increase in Isc was paralleled by an
increase in PD so that G did not change at any point
during the reaction. Specificity of the EA response
{(Alsc) was demonstrated by the complete lack of
response to BSA (100 ug/mL) in jejunum from EA-
sensitized rats.

Egg albumin added to the mucosal side of the
chamber caused an increase in Isc (luminal response)
that conformed to one of three patterns illustrated in
Figure 1. All luminal responses were rapid in onset,
with a change in Isc that began 1-2 minutes after
antigen was added. In the biphasic pattern {type I
responses), the initial peak occurred within 5 minutes
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Figure 1. Representative tracings of Isc responses to EA (100
pg/mL} added to the luminal (A) or serosal (B) side of the chamber.
O represents the time at which antigen was added.

of antigen addition, followed by a decrease in Isc and
then a second increase. Type II responses also in-
cluded an early increase in Isc which reached a
maximum within the first 5 minutes and remained
elevated. The third pattern (type III) consisted of a
more gradual increase in Isc which reached a maxi-
mum only after 5 minutes, usually 10-15 minutes after
addition of antigen. In all three patterns, the Isc
remained elevated above baseline for the remainder
of the experiment. Changes occurring in the first 5
minutes after luminal EA addition were designated as
the “early phase” and later changes as the “late
phase” of the response. The three patterns occurred
with the following frequencies: type I, 29.4%; type II,
32.5%; type III, 38.1% (n = 126). More than one type
could be seen in adjacent tissues from a single rat. In
table 1, Alsc is compared with luminal EA and TS in
the three types of responses. For the early phase of the
antigen response, Alsc differed significantly between

Table 1. Comparison of Types of Short-Circuit Current
Responses to Luminal Antigen

Type I Type IT Type HI
n 37 M 48
Total 53.7 £ 3.2 335 + 1.5° 295 + 1.6°
Early 53.7 + 3.2 30.0 + 1.7° 15.8 + 1.4°°
Late 304 £ 2.5 316 = 1.6 295+ 16
TS 66.3 + 5.1 57.0 + 3.8 426 + 2.4

NOTE. Values are expressed as mean + SEM Alsc values (in
uA/cm?). Total refers to the maximum increase in Isc occurring for
the total duration of the Isc response to luminally added antigen,
early refers to the maximum increase in Isc occurring during the
first 5 minutes of the Isc response to antigen, late refers to the
maximum increase in Isc occurring during the subsequent portion
of the Isc response to luminal antigen, TS refers to the maximum
increase in Isc after TS, before antigen was added, and n indicates
the number of tissues in which the observed types of responses
occurred and represent results from a total of 84 rats.

9P < 0.01 compared with type I.

P < 0.01 compared with type II.
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the three patterns, while no differences were seen for
the late phase. Increased Isc responses to TS were
seen in type I and II antigen responses compared with
type I1I responses.

In contrast to the three patterns seen with luminal
EA, serosal EA (100 ug/mL) always resulted in a single
pattern that consisted of an initial large peak begin-
ning 10-15 seconds after addition of antigen, followed
by two smaller peaks (Figure 1). The Isc remained
elevated above baseline throughout the remainder of
the experiment. The magnitude of the maximal Isc
response to serosal EA (66.2 + 5.6 wA/cm?
mean + SEM) was greater than mucosal EA (37.6 + 1.5
uA/cm?) (P < 0.05).

Pharmacological Inhibition Studies

In these inhibitor studies, the response to lumi-
nal EA refers to the maximum increase in Isc seen for
the total response (both early and late phases) unless
otherwise specified.

In the presence of the Cl~ channel blocker DPC (20),
the Isc response to luminal EA was significantly
reduced (14.3 + 3.9 uA/cm? n = 10, compared with
329 + 4.3 pA/cm® n =7), indicating active anion
secretion in response to antigen. This inhibition was
seen for all types of responses. Marked reduction of
responses occurred when chloride-free buffer was
used (4.2 + 0.7 uA/cm? n = 8, compared with 26.6 +
1.6 pA/cm? n = 8), also suggesting that the increased
Isc was caused by chloride secretion.

Effect of mast cell stabilizing agents. Doxan-
trazole, which has been shown to stabilize both mu-
cosal and connective tissue-type rat mast cells (22),
significantly inhibited the response to luminal antigen
(17.0 + 2,5 uA/cm? n = 18, compared with 31.8 + 5.6
uA/cm? n = 11) while SCG, which only stabilizes
connective tissue-type rat mast cells (22), did not
(25.6 + 4.2 uA/cm? n = 8, compared with 30.3 + 4.7
uA/cm? n = 6). The inhibition produced by DOX was
seen in all types of responses. These results suggest a
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Table 2. Effect of Mast Cell Mediator Inhibitors on
Short-Circuit Current Responses to Luminal

Antigen
Inhibitor Control Experiment
Diphenhydramine (10~° mol/L) 53.6 + 7.2 31.7 + 3.6
Indomethacin (10~° mol/L) 32.2+38 33.6 = 4.0
Piroxicam (10~ mol/L) 317 £ 3.5 239 £ 4.2
Piroxicam {10 ~° mol/L) 35.8 + 3.5 17.2 + 5.2
Diphenhydramine and piroxicam
(10~* mol/L) 33.3 £ 4.5 5.8 + 2.1°
NDGA (10~° mol/L) 37970 44.2 + 8.1
Ketanserin (10~° mol/L) 394 + 54 27.7 + 3.2°
BRL 43694 (10~° mol/L) 36.8 = 3.9 326+ 28

NOTE. Results are expressed as mean + SEM Alsc (in uA/cm?) and
represent the maximum increase in Isc for the total duration of the
Isc response to luminal antigen in the presence (experiment} or
absence {control} of inhibitors. Inhibitors were added to the serosal
side of the chambers at the concentration shown. Six to 12 tissues
were tested for each group.

P < 0.05; "P < 0.01; °P < 0.0005 compared with controls.

role for mucosal mast cells in the Isc responses to
luminal EA.

Effect of inhibitors of mast cell degranulation
products. Results of these inhibitor studies are pre-
sented in Tables 2 and 3. In Table 2, Alsc was calcu-
lated using the maximum increase in Isc seen for the
total response to EA, while in Table 3 Alsc was calcu-
lated separately for both early and late phases of the
response.

Diphenhydramine (10~° mol/L), a histamine-1 antag-
onist, reduced the increase in Isc seen with luminal
antigen to 60% of the control response. This inhibition
was seen for both phases of the response and in all
types of responses. Theophylline (107° mol/L), an
adenosine antagonist, had no significant effect on
responses (26.9 + 5.0 uA/cm? n = 8, compared with
30.1 + 6.4 uA/cm? n = 8).

The cyclooxygenase inhibitors indomethacin (107°
mol/L) and piroxicam (10~® mol/L) had no significant
effect. However, at 10~° mol/L, piroxicam produced
inhibition of the total response (P < 0.01), particularly
of the late phase (P < 0.0005). Higher concentrations of

Table 3. Effect of Mast Cell Mediator Inhibitors on Early and Late Phases of Short-Circuit Responses to Luminal Antigen

Inhibitor Early Late
(107% mol/L) Control Experiment Control Experiment
Diphenhydramine 525 + 7.8 267 + 4.4° 46.9 + 4.9 31.7 + 3.6°
Piroxicam 27.8 + 6.6 16.9 + 5.4 30.3 + 28 6.2 + 2.5°
Diphenhydramine and piroxicam 28.1 + 6.4 50 + 2.1 333 + 45 5.0 + 2.0°
Ketanserin 38.3 + 5.2 15.4 = 3.6 322 +47 27.7 + 3.2

NOTE. Values are expressed as mean + SEM Alsc (in uA/cm?) and represent the maximum increase in Isc occurring during the first 5
minutes of the Isc response to antigen {early} and the subsequent portion of the Isc response to antigen (late] in the presence (experiment) or
absence (control) of inhibitors. Inhibitors were added at the concentrations shown. Only inhibitor experiments showing significant
differences between control and experimental groups are shown here. Six to eight tissues were tested for each group.

9P < 0.05; °P < 0.01; °P < 0.0005 compared with controls.
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Table 4. Effect of Tetrodotoxin, Atropine, and Neonatal Capsaicin Treatment on Short-Circuit Current Responses to
Luminal Antigen and Transmural Stimulation

TTX {5 x 10~ mol/L}) Atropine (10~° mol/L) Neonatal capsaicin
Control Experiment Control Experiment Control Experiment
Total 54.4 + 6.3 34.7 + 5.4° 43.1 + 5.1 40.0 + 2.9 417 + 7.6 19.6 + 3.6°
Early 54.0 + 6.5 27.4 + 5.6° 29.8+7.0 211 £ 5.7 41.7 + 7.6 17.3 + 3.6
Late 34.0 + 3.0 26.0 + 3.3° 43.1 +5.1 38.1 + 37 211+ 41 94 + 3.3°
TS 53.1 + 34 0.0° 51.0 £ 7.2 394 + 5.0 94.3 + 12.6 56.7 + 12.2°

NOTE. Values are expressed as mean + SEM Alsc (in pA/cm?) and represent the maximum increase in Isc occurring during the total duration
(total), the first 5 minutes (early), and the remaining portion (late) of the Isc response to luminal antigen or to TS in the presence (experiment)

or absence (control) of inhibitors or neonatal capsaicin treatment. Six to 13 tissues were tested in each group.

“P < 0.05, °P < 0.01, °P < 0.0005 compared with controls.

indomethacin were not tested because they interfere
with calcium uptake and release by endoplasmic
reticulum (29). Combination of diphenhydramine and
piroxicam (both 10~° mol/L) reduced the luminal EA
response to 17.5% of control values. The lipoxygenase
blocker NDGA did not alter responses to antigen.

Significant inhibition was produced by ketanserin
(10~° mol/L), but when assessed in terms of early and
late phases, ketanserin only had a significant inhibi-
tory effect on the early phase (Table 3). In tissues
showing only a monophasic late response (type III), no
inhibition was seen with ketanserin. The 5-HT, antag-
onist BRL 43694 had no effect on luminal EA re-
sponses.

These results suggest that mast cell degranulation
products, histamine, 5-HT, and products of the cycloox-
ygenase pathway of arachidonic acid metabolism are
mediators of the response to luminal antigen with
5-HT involved in the early phase, PGs in the late
phase, and histamine in both phases.

Effect of modulators of neural components.
The effect of TTX, atropine, and capsaicin on the
response to luminal antigen (total response as well as
early and late phases) and to TS are presented in
Table 4. The neurotoxin TTX significantly inhibited
the response to EA, reducing it to 64% of the response
in control tissues. This inhibitory effect was greater for
the early phase (P < 0.005) than the late phase
(P < 0.05). Tetrodotoxin completely abolished the re-
sponse to TS. The muscarinic antagonist atropine did
not affect the Isc responses to luminal EA or TS. In
jejunum from EA-sensitized rats treated with capsai-
cin as neonates, the Isc responses to mucosal antigen
and to TS were markedly reduced compared with
controls. When responses were assessed in terms of
early and late phases, the inhibitory effect of capsaicin
was greater for the early phase. Based on these results,
it appears that nerves mediate Isc responses to luminal
antigen and that peptidergic but not cholinergic nerves
are involved.

Comparison of Jejunum From Sensitized and
Control Rats

Basal electrical parameters and response to
transmittal stimulation. There were no differences in
the basal measurements of Isc, PD, or G in jejunum
from EA-sensitized or control animals (Table 5). The
magnitude of the response to TS was similar in both
groups.

Intestinal response to secretagogues. In this
series of experiments, responses to secretagogues were
compared in jejunum from EA-sensitized and unsen-
sitized control rats. Compared with controls, tissues
from sensitized animals showed a significant increase
in the magnitude of the increase in Isc when histamine
or SP were added. No differences were seen between
jejunum from sensitized or control rats with 5-HT,
acetylcholine, or PGE,. These results are shown in
Figure 2.

Discussion

These studies describe a model of food allergy
in which immediate changes in ion transport occur in
response to luminal antigen added in vitro to jejunum
from sensitized rats. Most previous reports of in vitro
intestinal anaphylaxis have focused on the ion trans-
port response to serosal antigen. Although an immedi-
ate Isc response to luminal antigen has been described
in B-lactoglobulin (BLG)-sensitized guinea pigs (27},

Table 5. Comparison of Basal Electrical Parameters in
Jejunum From Control and Sensitized Rats

Control Sensitized
n 30 30
Isc (uA/cm?) 413 = 3.1 391+ 2.2
PD (mV} 1.3 £ 0.1 1.2 £ 0.1
G (mS/cm?) 54.0 = 2.8 545 + 2.5
Alsc to TS (uA/cm?) 484 + 45 46.8 + 4.6

NOTE. Results are given as mean = SEM.
n, Number of tissues (results from a total of 24 animals).
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Figure 2. The mean Isc responses to secretagogues in jejunum
from sensitized rats are depicted as a percentage of the mean Isc
responses to these substances in controls. The SEMs are also
shown as a percentage of control results. The dotted line indicates
the control values (100%). Six to 10 tissues were tested for each
secretagogue in both control and sensitized groups; *P < 0.05, 1P <
0.01 compared with controls.

luminal antigen produced only a gradual increase in
Isc after a lag of 25 minutes in jejunum from EA-
sensitized Hooded Lister rats (14). Mucosal responses
do not occur in most models, and only serosal re-
sponses have been examined in detail (9,24,25,30).

In our study, the inhibition of the Isc response to EA
seen in the presence of DPC or chloride-free buffer
suggests that chloride secretion mediates much of the
Isc response to luminal antigen seen in our model.
Chloride appeared to be involved in all types of Isc
responses we reported because inhibition was seen in
both phases of the response and all three patterns of
response. In experiments examining effects of platelet-
activating factor on intestinal ion transport, results
with DPC correlated with those in experiments using
chloride-free buffer or ion fluxes (21). A similar role
for chloride has been shown for antigen-induced Isc
responses in other animal models {9-11,14,30).

Mast cells are known to mediate allergic reactions
through release of histamine, 5-HT, PG, and other
substances (31). Evidence that mast cells were in-
volved in the luminal response to antigen in our model
comes from the observation that DOX, a mast cell
stabilizing agent, was capable of inhibiting the re-
sponse. This inhibition was seen for all types of
response. The failure of SCG to inhibit the response
suggests that these mast cells were of the mucosal type
because SCG has been shown to inhibit rat peritoneal
mast cells only (22). Our results are in keeping with
previous in vivo studies using a different model of
intestinal anaphylaxis in which DOX, but not SCG,
reduced secretion of fluid and release of histamine
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(32). Doxantrazole also reduced the Isc response to
serosal EA in Ussing chambers, but its effect on the
small delayed luminal Isc response was not tested (14).

Further evidence implicating mast cells in the lumi-
nal response comes from the use of pharmacological
inhibitors of mast cell degranulation products. Antago-
nists of two preformed mast cell mediators, histamine
and 5-HT, reduced the response to luminal antigen
seen in our model. A histamine-1 antagonist, DPH,
was used because previous studies have shown hista-
mine-2 antagonists to have no effect on histamine
responses in rat intestinal mucosa (23). The DPH
produced inhibition of both phases of the response. In
contrast, ketanserin, a 5-HT, antagonist, inhibited the
early phase only, while the 5-HT; inhibitor had no
effect on either phase. These results suggest that 5-HT
mediated part of the response to luminal antigen and
that 5-HT, receptors were involved. Studies of serosal
Isc responses to antigen have demonstrated involve-
ment of histamine and 5-HT using pharmacological
antagonists and direct measurement of these media-
tors (23-25,30). Castro et al. have shown inhibition
with 5-HT, antagonists in their Trichinella spiralis-
infected rat model (25), while 5-HT, receptors appear
to be involved in BLG-sensitized guinea pigs {26).

Our results suggest that at least some products of
arachidonic acid metabolism were involved in caus-
ing secretion following administration of luminal anti-
gen. The inhibitory action of piroxicam suggests that
PG was responsible for alterations in ion transport,
particularly during the late phase of the response.
Products of the lipoxygenase pathway did not appear
to be involved because NDGA had no effect on the
response. In other ion transport studies, similar use of
cyclooxygenase inhibitors in addition to direct mea-
surements of PG have provided evidence of PG-
mediated ion transport responses to serosal antigen
(24,25,30).

Adenosine, another mast cell mediator, did not
appear to be involved in our model because theophyl-
line had no inhibitory effect. A role for adenosine has
not been examined in other animal models of intesti-
nal anaphylaxis. However, Barrett (33) has demon-
strated theophylline inhibition of Isc responses to rat
basophilic leukemia cell lysates on cultured human
colonic epithelial cells suggesting that adenosine is
involved in that system.,

In our model, 5-HT inhibition had a greater effect
on the early phase of the luminal response while
cyclooxygenase inhibition had a greater effect on the
late phase, suggesting that different mediators are
involved in the two phases of response. This conclu-
sion is supported by the observation that 5-HT pro-
duced a rapid increase in Isc of short duration, while
PGE produced a sustained increase. The release of
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different mediators by antigen could account for the
three different patterns of response observed. Our
findings have similarities to those reported by Castro
et al. in which inhibitors of histamine and 5-HT had
the greatest effect on the first phase, while indometha-
cin inhibited the second phase of a biphasic response
to serosal antigen in jejunum from T. spiralis-infected
rats (25).

We have demonstrated inhibition of the luminal
response with the neurotoxin TTX. The neural compo-
nent did not appear to be cholinergic because atropine
had no effect on the response. Other ion transport
studies of intestinal anaphylaxis have shown neural
involvement in the response to serosal antigen using
atropine or TTX (23,25,26), although in some models
no inhibition was seen (27). Baird et al. have provided
evidence that the inhibitory effect of TTX is mediated
by nerves rather than nonspecific effects on epithelial
or mast cells. This study showed that antigen re-
sponses in “reconstructed” intestinal tissue were not
inhibited by TTX while responses in intact tissue were
(34).

Further evidence of neural involvement in our
model comes from the capsaicin experiments, which
suggest that the response to luminal antigen was
mediated by peptidergic nerves. Neonatal capsaicin
treatment is known to permanently destroy sensory
fibers containing SP or other nonadrenergic, non-
cholinergic neurotransmitters (18,35), although one
report showed no effect of capsaicin pretreatment on
SP concentrations in rat intestine (36). Comparisons to
other ion transport models of intestinal anaphylaxis
cannot be made because capsaicin has not been used
in those models. Consistent with our findings is a study
in which capsaicin desensitization reduced the in-
creased esophageal vascular permeability seen in re-
sponse to IV antigen challenge in EA-sensitized guinea
pigs (37). We have previously shown inhibition of
antigen-induced Isc responses in tracheas from EA-
sensitized rats by capsaicin treatment (38).

The neural component appeared to be more impor-
tant for the early phase of the luminal Isc response
because both TTX and capsaicin had a greater inhibi-
tory effect on the early phase when the two phases
were assessed separately. Responses in which early
increases in Isc were seen {types I and II} were
associated with greater Isc responses to TS. This
observation supports the hypothesis that neural ele-
ments of the sensitized intestinal mucosa are involved
in the early phase of the luminal Isc response. Varia-
tion in the innervation of jejunum from sensitized rats
may explain the different patterns of response to
luminal antigen observed in our study.

It is difficult to explain the variation in Isc response
to luminal antigen in different models; responses

GASTROENTEROLOGY Vol. 99, No. 1

ranged from none (9) to small and delayed (14) to large
and immediate (our model}, while a consistent serosal
response is seen in all models of intestinal anaphy-
laxis. Clearly the models differ in terms of animal
type, species, and intestinal region. The route of
sensitization, dose of antigen, and use of adjuvants
may also contribute to the variation in luminal antigen
response. Further studies are needed to better under-
stand these factors and other mechanisms that may be
involved in producing luminal responses seen in our
model.

The onset of responses to serosal antigen seen in our
model occurred within 10-15 seconds of addition of
EA to the chambers. Previous reports (9-11,14,25,27,30)
have described similar rapid-onset responses to sero-
sal antigen. Because fixed rather than continuous Isc
readings were measured in those studies, the earliest
time at which an increase was noted was 30 seconds
after addition of antigen. The rapid serosal responses
found in our model and others are a testimony to the
sensitivity of the intestinal immune system. In less
than 30 seconds, sufficient antigen must reach effector
mast cells to induce degranulation. The electrophysio-
logical consequences of this reaction are mediated
through the action of released substances on epithelia
and nerves (25). We believe similar sensitive mecha-
nisms take place in luminal responses, although it is
less clear where antigen-effector cell interactions oc-
cur and how luminally administered antigen reaches
these cells within the short time {2-3 minutes) de-
scribed.

Our data demonstrating increased Isc responses to
histamine and SP in sensitized vs. control rat jejunum
suggest that intrinsic properties of the intestinal mu-
cosa were altered with sensitization. It is not clear
what elements are responsible for the increased re-
sponses, but possibilities would include mast cells,
nerves, and epithelial cells. Although other groups
studying intestinal anaphylaxis have looked at Isc
responses to a variety of secretagogues, including
histamine (23,25,27), 5-HT (25,26), carbachol {27), and
PG (25,27), none have compared these responses in
intestines from sensitized and control animals. In-
creased responsiveness to mediators released through
mast cell degranulation could act to amplify the
secretion seen in response to antigen. These hyper-
secretory responses of sensitized intestine certainly
warrant further investigation. These results, as well as
those demonstrating a role for mast cells, their media-
tors, and neural factors in the Isc response to luminal
antigen, agree with a general model of immune system
regulation of water and electrolyte transport proposed
by Powell (39). In this system, effector cells such as
mast cells elaborate soluble mediators of inflamma-
tion that augment the signal by stimulating other
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leukocytes, epithelial cells, endothelial cells, smooth
muscle, and the enteric nervous system.

In conclusion, we have examined a model of intesti-
nal hypersensitivity in which sensitization altered the
intestinal mucosa to produce an immediate secretory
response to luminally as well as serosally adminis-
tered food protein. This luminal response appeared to
be mediated by mast cells and enteric nerves, with
different mediators accounting for the variation in
patterns of response. Some aspects of this luminal
antigen Isc response have similarities to previously
reported models of serosal antigen response. How-
ever, a role for peptidergic nerves has been more
clearly demonstrated in this model. In addition, this in
vitro luminal response has relevance to the clinical
situation of intestinal allergy, in which antigens are
encountered intraluminally. As such, the model may
provide insight into pathogenetic mechanisms of intes-
tinal food allergy.
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