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Bijlsma, P ie te r B., Amanda J. Kiliaan, Greet Scholten, 
Martine Heyman, Jack A. Groot, and Jan A. J. M. 
Taminiau. Carbachol, but not forskolin, increases mucosal-
to-serosal transport of intact protein in rat ileum in vitro. Am. 
J. Physiol. 271 (Gastrointest. Liver Physiol. 34): G147-G155, 
1996.—The effects of the secretagogues forskolin and carba
chol on protein uptake in isolated ileum of rats were studied. 
The mucosal-to-serosal transport of horseradish peroxidase 
(HRP, mol mass 40 kDa) was measured in Ussing chambers, 
and afterwards tissues were processed for electron micros
copy. In the absence of secretagogues, the flux of enzymati-
cally active HRP was 5 pmol-cm~2-h_1 at a mucosal concen
tration of 10 uM. Electron micrographs showed vesicles filled 
with active HRP in enterocytes but no HRP activity in 
intercellular spaces. Forskolin decreased HRP activity in the 
cells. Carbachol increased the amount of HRP-filled vesicles 
in enterocytes and induced HRP filling in some intercellular 
spaces and tight junctions in the upper parts of the villi. The 
transepithelial flux of intact HRP increased more than 2.5-
fold. This effect was suppressed by atropine. We conclude that 
cholinergic activation can increase the uptake of intact pro
tein via endocytosis and the transepithelial passage by the 
induction of a diffusional paracellular pathway. We speculate 
that the increased transport of intact protein through the 
intestinal barrier may influence immunologic sensitization to 
food allergens. 

protein permeability; tight junctions; fluid-phase endocytosis; 
allergy; carbachol 

THE INTESTINAL EPITHELIUM may absorb subs tances by 
means of endocytosis, as well as via carr ier -media ted 
and diffusional t r anspor t of nu t r i en t s a n d electrolytes. 
In general , th ree types of endocytotic up t ake a re recog
nized: 1) highly specific, receptor-mediated up t ake , 2) 
adsorptive endocytosis after binding of molecules to t he 
cell membrane , and 3) nonspecific fluid-phase endocyto
sis of substances dissolved in the extracel lular lumina l 
fluid. The last two types of endocytosis a r e considered 
to be re levant for t he up take and t ransfer of possible 
immunogenic food proteins (41). 

After up take , the bulk of the protein is t ransfer red to 
the lysosomal pa thway and degraded to amino acids 
and pept ide fragments , whose size m a y va ry depending 
on t he protein involved. A small b u t significant a m o u n t 
of the protein escapes lysosomal b reakdown and crosses 
the epi thel ium intact (30, 31 , 38). 

The in tes t inal absorpt ion of small a m o u n t s of immu
nogenic degradat ion fragments or in tac t prote in m a y 
induce immunologic sensit izat ion to dietary prote ins 
(see Refs. 9 and 19 for review). After t he development of 

sensi t izat ion to a protein, rechallenge may lead to a 
local anaphylact ic secretory response of the in tes t ine 
induced by m a s t cell degranula t ion (32). Released m a s t 
cell substances such as h i s tamine can act directly on 
epithelial cells, bu t they may also activate neurons in 
the submucosal plexus (5). In electrophysiological stud
ies of s tr ipped i leum from guinea pigs sensitized to 
cow's milk, t he Cl~ secretion elicited by rechallenge 
wi th ß-lactoglobulin can be reduced by the addition of 
tetrodotoxin (TTX), indicat ing neuronal involvement in 
the anaphylact ic secretory response (1, 2). In s tudies 
wi th sensitized guinea pigs and ra t s , rechallenge-
induced secretory responses are accompanied by a n 
increase in t ransepi the l ia l t r anspor t of macromolecules 
(18, 35). Nerves may be involved in th is phenomenon, 
as has been shown recently in the small intest ine of 
allergic r a t s (10). 

I t h a s been suggested t h a t the basic mechan ism 
essent ia l to secretion, namely, the secretagogue-stimu-
la ted increase of CI" conductance in the apical mem
brane , may be induced by incorporation of CI" channels 
by vesicle fusion (8, 13). The recapture of membrane 
mater ia l after vesicle fusion may lead to endocytotic 
up t ake of lumina l mater ia l . Taken together, these 
findings lead to the quest ion whether neurohumora l 
substances , known to cause a secretory response in 
in tes t ina l epi thel ium, can also modulate the t ransepi 
thel ial t r anspor t of food proteins in the intest ine. 

We studied the absorption of the model protein 
horseradish peroxidase (HRP) in str ipped r a t i leum 
mounted in Ussing chambers . As secretagogues we 
used forskolin, a direct act ivator of adenylyl cyclase, 
which induces CI" secretion by s t imula t ing adenosine 
3',5'-cyclic monophosphate (cAMP)-dependent prote in 
k inase A (PKA), and carbachol, a cholinergic agonist 
t h a t causes CI" secretion by increasing intracel lular 
Ca 2 + and activation of protein k inase C (PKC) (3). TTX 
was applied to reduce t he effect of neuronal activation 
(unpublished observations, P. B. Bijlsma, R. Bakker, 
and J. A. Groot). In t he course of th is s tudy we also 
observed t h a t t he d iamete r of t he la tera l intercel lular 
spaces may affect t he t ransepi thel ia l flux of HRP. 
Because application of secretagogues appeared to re
duce the d iamete r of the la tera l intercellular spaces, we 
prevented secretagogue-induced obstruction of the para
cellular pa thway by adding bumetan ide and Ba 2 + (un
published observations, Bijlsma et al.). The resul t s of 
t h e present s tudy indicate t h a t carbachol, bu t not 
forskolin, can increase t he mucosal-to-serosal t r a n s -
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port of HRP. The possible consequences for sensitiza
tion to food proteins a r e discussed. 

METHODS 

Electrophysiological measurements. Female Wistar rats 
(200-300 g) were anesthetized by intraperitoneal injection of 
pentobarbital sodium (60 mg/kg). A midline abdominal ven
tral incision was made, and segments of distal ileum were 
ligated, incised next to the ligatures, and rinsed with Ringer 
solution to remove intestinal contents. After the blood supply 
to the segment was ligated, the segment was removed and 
stripped of muscle layers, and flat sheets of tissue were 
mounted in tissue holders described elsewhere in detail (17). 
The time between cutoff of blood supply and mounting of 
tissue holders in the Ussing chambers was less than 2 min. 
The exposed area of intestine was 0.2 cm2 and was free of 
Peyer's patches. Both sides of the epithelium were perfused 
with Ringer solution and gassed with humidified 5% C02-95% 
02 . Solutions were maintained at 37°C with water jackets 
and recirculated (total volume 3 ml on either side) with a 
polystaltic pump. Transepithelial potential difference was 
measured using Ag-AgCl electrodes connected to the perfu
sion medium by Ringer-agar bridges. The tips were placed at 
less than 1 mm from the epithelium in the middle of the 
exposed area. The resistance was calculated from voltage 
deflections evoked by bipolar current injections of 10 uA 
through platinum electrodes placed 2 cm from the epithelium, 
and is given as conductance in millisiemens per square 
centimeter, i.e., the reciprocal of the resistance. Corrections 
were made for the resistance of the perfusion solutions and 
for potential differences between Ag-AgCl electrodes. The 
input resistance of the amplifiers was higher than 109 il. 

Flux measurements. After a 15-min equilibration period, 
HRP (type VT, Sigma, St. Louis, MO) dissolved in Ringer 
solution was added mucosally to a final concentration of 10~5 

M. Serosal samples of 125 or 225 pi were taken every 15 min 
and replaced by oxygenated Ringer. The appearance of HRP 
in the serosal bath was measured enzymatically as described 
previously (20). In short, a 0.1-ml sample of test solution was 
mixed with 1.4 ml phosphate buffer (0.1 M, pH 6.0) containing 
0.003% H202 and 0.009% o-dianisidine di-HCl. The linear, 
HRP concentration-dependent rate of increase in optical 
absorption at 460 nm was determined with an Eppendorf 
photometer (Eppendorf, Hamburg, Germany). In some of the 
experiments 2 uCi [14C]mannitol and 10 uCi [3H]polyethylene 
glycol-4000 (PEG-4000), adjusted to a final concentration of 
10~5 M with "cold" probe, were added together with HRP. 
Serosal 15-min samples of 100 ul were mixed with 10 ml of 
scintillation fluid (Lumogold, Packard, Meriden, CT) and 
counted in a scintillation counter (Packard 460). 

Electron microscopy. Ileal sheets of intestine, stripped free 
from muscle layers, were mounted in Ussing chambers. After 
a 15-min equilibration period (bumetanide, BaCl2, and TTX 
were added 5 min later), the epithelia were exposed for 5,10, 
30, and 60 min to mucosal HRP (10~5 M) in the absence or 
presence of serosal carbachol (10~5 M). The tissue was fixed in 
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 
7.4) for 2 h at room temperature and rinsed overnight (4°C) in 
0.1 M sodium cacodylate buffer (pH 7.4) and three times for 5 
min each in 0.05 M tris(hydroxymethyl)aminomethane (Tris) 
buffer (pH 7.6). Peroxidase activity was histochemically 
demonstrated using the method of Graham and Karnovsky 
(14). The tissue was preincubated for 15 min in 5 mg 
diaminobenzidine in 10 ml 0.05 M Tris buffer (pH 7.6, 22°C) 
and subsequently incubated for 15 min in the same buffer 
containing 0.01% H202 . Tissues were then processed for 
routine electron microscopy. Orientation of the tissue was 

such that villus cells were cut longitudinally. The amount of 
endocytosed, intact HRP was semiquantified by counting the 
number of HRP product-filled endosomes in an apical area of 
6 X 4 urn just beneath the brush border membrane and by 
measuring their diameter. Seven randomly selected photo
graphs from the upper one-half of each villus per experimen
tal condition and per animal were processed by personnel 
ignorant of the experimental history of the material. 

All additions of secretagogues and inhibitors were made to 
the serosal side. Sample replacement was done with equal 
concentrations. Forskolin was dissolved in ethanol, bu
metanide in methanol, and TTX in Ringer solution; all other 
compounds used were dissolved in water. The final concentra
tions of ethanol and methanol were 0.1%. This concentration 
was without detectable effect on all measured parameters. 
Replacement of the mucosal perfusate by a hypertonic solu
tion (Ringer solution containing 200 mM mannitol) was 
performed while HRP and ion concentrations were kept 
constant. During all additions, replacements, and sampling, 
hydrostatic pressure was constant. 

The Ringer composition was (in mM) 117.5 NaCl, 5.7 KCl, 
25 NaHC03 , 1.2 NaH2P04 , 2.5 CaCl2, 1.2 MgS04, and 5 
inosine. After carbogenation, the pH was 7.3 and the osmolal
ity 290 mosmol/kg. The final concentrations of the inhibitors 
were bumetanide, 10 - 4 M, BaCl2, 10~3 M, TTX and atropine 
sulfate, 10~6 M. Statistical significance was tested by Mann-
Whitney [/-test or by unpaired Student's i-test as indicated. 

All chemicals were obtained from Sigma or Merck (Darm
stadt, Germany) except for [14C]mannitol (Amersham, Little 
Chalfont, UK), [3H]PEG-4000 (New England Nuclear), and 
bumetanide, which was a gift of Leo Pharmaceutical Products 
(Ballerup, Denmark). 

Experiments were approved by the local welfare committee 
for animal experiments. 

RESULTS 

Relation of transepithelial conductance and HRP 
flux. In t he first series of exper iments we examined the 
re la t ionship be tween the mucosal-to-serosal flux of 
intact H R P and the spontaneous t ransepi thel ia l conduc
tance of t he t issue. Because all H R P in th is s tudy was 
detected enzymatically, all da ta concern the flux of the 
in tact protein. In 18 t issues from 15 animals , fluxes 
reached a s teady-s ta te level 7 5 - 9 0 min after mucosal 
application of H R P (Fig. 1). The m e a n flux in t he period 
be tween 75 a n d 90 min was 4.6 ± 0.8 pmol . cm~ 2 -h _ 1 

w i t h l a rge ind iv idua l va r i a t i ons ( range 1.9-11.9 
p m o l c m " 2 - h _ 1 ) . Dur ing the flux exper iments t he tis
sues were kep t in good condition, as judged from the 
s teady-s ta te manni to l flux (171 ± 30 pmol . cm~ 2 -h _ 1 

from 30 to 90 min and 152 ± 26 pmol • c m 2 • h " 1 from 90 
to 150 min , n = 9) and PEG-4000 flux (32 ± 5 pmol-
c m ^ - h 1 from 30 to 90 min and 28 ± 4 p m o l - c m ^ - h " 1 

from 90 to 150 min, n = 9), the t ransepi thel ia l conduc
tance (54 ± 7 mS/cm2 a t 75 min and 60 ± 6 mS/cm2 at 
150 min , n = 9), and glucose-evoked potent ials a t the 
end of t he exper imenta l period (3.5 ± 0.4 mV, i.e., 
equivalent short-circuit current , 213 ± 31 uA/cm2, 28 
m M glucose, n = 9). There appeared to be no correlation 
be tween fluxes and the spontaneous conductance a t 
any flux period (r = 0.06 a t n = 22; l inear regression). 

In co lumnar epi thel ium most of t he basola tera l mem
b r a n e gives access to the la tera l intercel lular space. 
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Fig. 1. Time course of horseradish peroxidase (HRP) flux from 
mucosa to serosa after mucosal addition (10~5 M) at time 0. Values 
are means ± SE (n = 18). Flux was calculated from increment in HRP 
enzymatic activity in serosal bath in 15-min periods preceding time 
(t) indicated on x-axis. Flux reached a steady-state value at ~90 min 
and remained stable during the next 60 min. 

Therefore it was of interest to study the effects of an 
experimental decrease of the lateral intercellular space 
diameter on HRP flux. Because the transepithelial 
conductance in a leaky epithelium is mainly deter
mined by the conductance of the tight junction in series 
with the conductance of the lateral intercellular space, 
a collapse of the lateral intercellular space can be 
observed from the decrease of transepithelial conduc
tance. The addition of a mucosal solution made hyperos
motic with mannitol causes a transient collapse of the 
lateral intercellular space by removing water (6, 29, 
36). As shown in Table 1, the application of a hyperos
motic solution (Ringer + 200 mM mannitol) at 60 min 
caused a transient decrease in conductance at 90-105 
min, concomitant with a transient decrease in HRP flux 
compared with control experiments. Thus changes in 
the diameter of the lateral intercellular spaces may 
influence the HRP flux. 

Effects ofcarbachol on HRP flux. The effect of adding 
carbachol to the serosal compartment is shown in Figs. 
2 and 3. To compensate for the rather large variation 
between animals in basal HRP transport in this set of 
experiments, the fluxes were normalized to the flux in 
the 75-90 min period. TTX (10~6 M) was added to 
minimize cholinergic induction of neuronal activity. We 
observed a tendency of the HRP flux to increase after 

0\ 
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o 
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Fig. 2. Effect of carbachol addition at 90 min on relative HRP flux 
from mucosa to serosa. Fluxes, calculated as in Fig. 1, were normal
ized to compensate for individual variations. Open bars, normalized 
flux through control tissue in = 5); solid bars, flux through tissues 
that were stimulated at 90 min by addition of carbachol (10~5 M) to 
serosal bath (n = 6). Absolute value of flux in 75-90 min period was 
6.7 ± 1.3 (n = 11) p m o l c m " 2 h _ 1 . Flux in presence ofcarbachol did 
not reach a significantly larger value with respect to control, except at 
( = 150 min (P < 0.05, Mann-Whitney U-test). Tetrodotoxin (TTX; 
10~6 M) was added serosally at t = 85 min in all experiments. 

carbachol addition (Fig. 2), but in these experiments 
the effect was statistically insignificant. 

Carbachol and forskolin usually induced a decrease 
of tissue conductance (unpublished observations, Bijl-
sma et al.), presumably by decreasing the width of the 
lateral intercellular spaces (12,23). This decrease could 
be prevented by bumetanide, which blocks the epithe
lial uptake of Cl~ from the lateral intercellular spaces. 
Blocking the basolateral K+ channels with Ba2+ mini
mizes the efflux of CI" from the cells to the lumen and 
hence cell volume changes. To prevent a possible inter
action of these changes in the examination of effects of 
carbachol and forskolin on HRP transport, bumetanide 
and BaCl2 were applied together with TTX in all 
subsequent experiments. In a parallel study (unpub
lished observations, Bijlsma et al.) we have shown that 
the decrease of the conductance that is usually induced 
by forskolin or carbachol was respectively reversed into 
an increase or could be prevented by these blockers. 
Compared with the experiments in the absence of 
bumetanide and Ba2+, carbachol induced a signifi
cantly larger rise in HRP flux when the inhibitors were 

Table 1. Effect of mucosal hyperosmolarity on transepithelial conductance and HRP flux 
from mucosa to serosa in parallel experiments 

G, mS/cm2 
HRP Flux, 

pmol-cm_2-h_1 

Time, min: 60-75 90-105 105-120 60-75 90-105 105-120 n 

Control 
Experimental 
P 

51 ± 5 
49 ± 3 

NS 

5 7 ± 7 
4 2 ± 2 
<0.05 

5 8 ± 7 
5 1 ± 5 

NS 

4.9 ±0.8 
4.2 ±1.6 

NS 

6.3 ±1.2 
2.7±1.1 

<0.05 

8.3 ±1.6 
11.4 ±2.9 

NS 

5 
5 

Values are means ± SE. Hyperosmolarity was induced by addition of 200 mM mannitol to the mucosal bath at time (0 = 75 min. There was no 
significant difference (NS) in conductance and the horseradish peroxidase (HRP) flux between control and experimental tissues just before 
mannitol addition (60-75 min period). Hyperosmolarity induced a transient decrease in conductance and HRP flux, significantly different 
from control values in 90-105 min period (P < 0.05; Mann-Whitney U-test). 
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Fig. 3. Effect of carbachol addition (10~5 M) at 90 min on relative 
HRP flux from mucosa to serosa in presence of bumetanide and Ba2+ 

in serosal bath to block secretion. Flux in presence of carbachol (solid 
bars; n — 5) differed significantly from control (open bars; n — 4) at 
t = 120, 135, and 150 min (P < 0.05, Mann-Whitney U-test). In 
presence of 10~6 M atropine + carbachol (hatched bars, n = 3), HRP 
flux was not significantly different from control. Absolute value of flux 
in 75-90 min period was 7.1 ± 1.9 (n = 12)pmol-cmr2-h - 1 . Atropine, 
TTX (10"6 M), bumetanide (10-" M), and BaCl2 (10~3 M) were added 
serosally at t = 85 min in all experiments. 

present (Fig. 3). Atropine reduced the carbachol-
induced increase of the HRP flux. In the concentration 
used (10~6 M) it selectively blocks muscarinic receptors. 

Comparison of the effects of forskolin and carbachol 
on HRP flux. In paired experiments (3 tissues per 
animal, n = 8), the effects of forskolin and carbachol 
compared with controls were studied. Figure 4 shows 
the time course of the HRP flux. Carbachol induced a 
significant increase in HRP transport compared with 
both time-matched controls and preaddition values at 
all sampling periods after 120 min. The effect of 
forskolin was statistically insignificant. 
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Fig. 4. Comparison of HRP flux from mucosa to serosa in presence of 
carbachol or forskolin. At t — 90 min, 10"5 M carbachol (solid bars; 
n = 8) or 10~5 M forskolin (hatched bars; n = 7) was added to serosal 
side. Open bars (n = 9) are control values. TTX (10~6 M), bumetanide 
(10~4 M), and BaCl2 (lO"3 M) were added serosally at t = 85 min in all 
experiments. Fluxes in presence of carbachol at t = 135,150, and 165 
min are significantly enhanced compared with both control flux and 
flux at t = 75-90 min, before carbachol addition (P < 0.05, Mann-
Whitney U-test). Forskolin did not induce an increase of HRP flux. 

During the 45-min period in which the carbachol-
induced effect on HRP permeability was evident, man-
nitol and PEG-4000 fluxes were also augmented by this 
cholinergic agent (Table 2). Forskolin did not affect the 
fluxes of mannitol and PEG-4000. 

Electron microscopy. The electron micrographs pro
vided further evidence for the enhancement of the HRP 
flux by carbachol. Epithelia were exposed for 5, 10, 30, 
or 60 min to mucosal HRP in the absence or presence of 
carbachol or forskolin (5, 10, 30 min). The number and 
diameter of endosomes filled with HRP product in 
windows with an area of 6 X 4 urn were counted and 
measured. Table 3 summarizes the means of the total 
diameters of HRP product-filled endosomes per apical 
area in villus and crypt cells. This value depends on the 
number and the diameter of the endosomes and is used 
here as an index for the resulting amount of intact HRP 
that had initially been taken up by endocytotic activity 
before lysosomal degradation. With the assumption 
that the rate of degradation is not affected by the 
secretagogues, an increased amount of HRP compared 
with timed controls suggests an increase of endocytotic 
activity, and a decreased amount indicates an inhibi
tion of endocytosis. 

The villus and crypt epithelial cells of the control 
tissues showed endosomes with HRP activity. No HRP 
reaction product could be detected in the lateral inter
cellular space. HRP activity in the lamina propria was 
detected at 60 min, but the number of HRP-stained 
spots was very small. The amount of intact HRP in the 
apical region of the epithelial cells appears to reach 
steady state at ~30 min. In the basal one-half of the 
cells no HRP activity could be found at 5 and 10 min, 
and at 30 and 60 min the mean of the sum of diameters 
of HRP product-filled endosomes per 24 urn2 in villus 
enterocytes was 70 ± 32 and 69 ± 33 run (n = 30), 
respectively. These values are —25% of the activity in 
the apical region, demonstrating the degradation of 
HRP during transcytosis or the recycling of HRP-filled 
endosomes to the lumen. 

Table 2. Comparison of carbachol and forskolin effects 
on probe fluxes att = 120-165 min 

n 
Mannitol Flux, 
pmol-cm-2-h-1 

PEG-4000 
Flux, 

pmol-cm~2-h 
HRP Flux, 

1 pmol-cm"2-h_1 

Control 
Forskolin 
Carbachol 
Flux incrementt 

9 
7 
8 
8 

124.2 ±24.5 
169.8 ±31.3 
215.9 ±24.9* 

91.7 ±20.9 

21.9±4.1 
23.2 ±4.3 
34.2 ±3.3* 
12.3 ±2.6 

3.16 ±0.54 
3.78 ±0.66 
8.06 ±2.79* 
4.90 ±1.89 

Flux Increment Ratio 
(dimensionless, n = 8) 

HRP/Mannitol HEP/PEG PEG/Mannitol 

0.053 ±0.024 0.398 ±0.175 0.134 ±0.042 

Values are means ± SE. tCarbachol vs. control, standard error 
calculated by relative error analysis. * Significantly different from 
control P < 0.05 (two-tailed Mann-Whitney t7-test). Drugs were 
added as given in the legend of Fig. 3. For a quantitative comparison 
of all probe fluxes in this period the three 15-min samples were pooled 
to one value per tissue, before statistical testing was performed. 
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Table 3. Mean sum of diameters (nm) of HRP 
product-filled endosomes per apical area of 24 /xm2 

Time, min Control Carbachol Forskolin 

Villi 

5 
10 
30 
60 

56 ±22 (21) 
101 ± 3 1 (21) 
284±81t±(21) 
200 ±50 (21) 

140 ±46 (21) 
241±47*t(21) 
510±87*t±(21) 
290±81t t (21) 

Crypts 

104 ±43 (21) 
53 ±10 (21) 
67 ±24* (21) 

ND 

10 
30 
60 

85 ±24 (24) 
48 ± 2 1 (21) 
78 ±34 (17) 

142 ±50 (24) 
237 ± 117* (9) 
301 ±145 (10) 

89 ±44 (12) 
42 ±17 (13) 

ND 

Values are means ± SE. P < 0.05 *compared with control at the 
same time, t compared with values at t = 5 min, ± compared with 
values at previous time (Mann-Whitney U-teat). Number of areas 
(from 3 animals) given in parentheses. 

In the presence of carbachol the amount of intact 
HRP in the apical region was much larger (Table 3). It 
appeared to reach a peak at —30 min and then tended 
to decrease to the control level. Figure 5 shows the 
number of endosomes at the different times and experi
mental conditions. It appeared that the difference between 
control and carbachol-treated tissue developed in the first 
10 min. In the basal region of the cells the mean of the sum 
of diameters was negligible at 5 and 10 min, 430 ± 130 
nm at 30 min, and 109 ± 38 at 60 min. The values for 
control (70 ± 32 nm) and carbachol-treated tissue are 
statistically different (P < 0.05) at 30 min. In the 
presence of forskolin the number of HRP product-filled 
endosomes and the total amount of endocytosed HRP in 
the apical region were reduced (Table 3). 

In the presence of carbachol, HRP activity became 
visible in the lateral intercellular spaces of the villi 
after 30 min of incubation. After 60 min in four of six 
tissues from three animals, the whole length of some 
lateral intercellular spaces was filled with HRP (Fig. 
6A), and a large amount of HRP activity could be seen 
in the lamina propria. Occasionally HRP activity could 
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Fig. 5. Time course of increase in total number of endosomes filled 
with HRP product in 21 apical areas of villus cells of 3 rats. O, 
Control; • , carbachol; D, forskolin. 

be found throughout the entire tight junction of villus 
epithelial cells (Fig. 6B), whereas in control tissue no 
HRP could be demonstrated in the tight junctions (Fig. 
6C). Serial sections of the whole exposed areas of 0.2 
cm2 showed a notable regional variation in HRP activ
ity in the presence of carbachol (60 min exposed to 
HRP): some epithelial cells of the villi showed only 
staining in endosomes, some showed prominent stain
ing of the lateral intercellular space, and others showed 
staining in both endosomes and the lateral intercellu
lar space. 

Figure 6D and Fig. QE are typical electron micro
graphs of apical regions of villus cells at 10 min after 
HRP addition, showing the HRP product-filled endo
somes. The number and diameter of endosomes is 
larger in Fig. QD (carbachol-treated tissue) than in Fig. 
QE (control tissue). The crypt cells of carbachol-treated 
sheets also showed more endosomes with HRP activity 
compared with control tissue (Table 3). The total amount 
of HRP product, however, was smaller than in the villi, 
and no HRP product could be found in the lateral 
intercellular space. 

DISCUSSION 

The time course and steady-state values of the con
trol flux of HRP as observed in the present study are 
comparable to flux values obtained from in vitro studies 
of rabbit, guinea pig, and human small intestine (18, 
20, 22). Moreover, the electron micrographs showing 
the reaction products of HRP activity in both control 
and experimental tissue in our study confirm earlier 
observations of endocytosis of macromolecules in rat 
intestine (40). The new results are that carbachol, a 
Ca2+- and PKC-related secretagogue, but not forskolin, 
a cAMP-related secretagogue, can increase the lumen-
to-tissue transport of HRP and, by inference, the 
transepithelial transport of intact proteins of similar 
molecular mass. The carbachol-induced increase of 
mucosal-to-serosal HRP flux occurred in the presence of 
TTX and was suppressed by the addition of atropine. 
This suggests that the enhancement of the permeabil
ity to HRP is caused by a direct action of carbachol on 
muscarinic receptors on the enterocytes. The results 
give direct support for the conclusion, drawn from 
effects of TTX (10), that the enteric nerves can modu
late the uptake of macromolecules from the intestinal 
lumen. 

Two mechanisms appear to be involved in the in
creased transepithelial transport: an increment of trans-
cytosis and increased paracellular permeability. The 
electron micrographs of carbachol-exposed tissue sug
gest an increase in endocytotic uptake of HRP The 
increased amount of HRP in the apical region partially 
escapes lysosomal breakdown as judged from the in
creased amount seen in the basal region at 30 min in 
carbachol-exposed tissue. It remains to be studied 
whether the carbachol-induced increase in endocytosis 
is related to its effect on CI" secretion (3). It has been 
hypothesized (4, 16) that activation of Cl~ secretion by 
agents that enhance cytosolic Ca2+ or PKC may involve 
insertion of CI" channel proteins into the apical mem-
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Fig. 6. A: rat ileal villus epithelium after 60-min exposure to HRP 
on mucosal side and carbachol on serosal side. Few endosomes 
(shown by arrowheads) are found apically, and dense staining of 
HRP reaction product is shown throughout the paracellular space 
(X6,300). LP, liposome. B: tight junction (arrows) between 2 villus 
epithelial cells exposed for 60 min to mucosal HRP and serosal 
carbachol. HRP reaction product is present throughout tight junc
tion and lateral intercellular space (X59,200). C: tight junction 
between 2 villus epithelial cells exposed for 60 min to mucosal HRP. 
No HRP activity is present in the lateral intercellular space or in the 
tight junction (X59,200). D and E: rat ileal villus epithelia at 10 min 
after mucosal HRP addition. Endosomes filled with densely staining 
HRP product in carbachol-exposed tissue CD) exceed in number and 
diameter the endosomes in control tissue (E; X 14,700). 
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brane by vesicle fusion, lb recover the surface area, this 
is followed by an endocytotic retrieval of membrane 
material. Presumably,"the latter step can account for 
the observed increase in endocytotic uptake of HRP. In 
contrast, forskolin- and cAMP-induced Cl~ secretion 
appeared to be mediated predominantly by activation 
of Cl~ channels that are resident in the cell membrane, 
and not primarily by insertion of Cl~ channel proteins 
into the apical membrane (11, 16). Although Bradbury 
and Bridges (8) found activation of exocytosis by forsko
lin, they observed depression of endocytosis in T84 cells 
as in the present study with rat ileum. 

The carbachol-induced filling of the lateral intercellu
lar space with products of HRP activity may be ex
plained by two mechanisms: exocytosis of HRP via the 
lateral membranes or diffusion of HRP through the 
tight junctions. Evidence for involvement of the second 
mechanism was found by careful scanning of tight 
junctions in serial sections, which showed HRP activity 
in some tight junctions located in the upper parts of the 
villi (Fig. 6B). This indicates that carbachol may also 
induce paracellular diffusion of HRP by increasing the 
permeability at distinct locations within the tight junc
tions. Moreover, the difference in the increase of manni-
tol and PEG-4000 fluxes by carbachol (91.7 ± 20.9 and 
12.3 ± 2.59 p m o l - c m ^ h 1 , respectively; Table 2) 
strongly suggests the involvement of the paracellular 
diffusional pathway. An increase in endocytotic uptake 
would have increased the fluxes of these two nondegrad-
able probes with an equal absolute amount because the 
mucosal concentrations were alike. Probe diffusion 
through nonrestrictive pores is approximately related 
inversely to the square root of their molecular weight 
(37). Thus theoretical diffusion ratios through such 
pores for HRP/mannitol, HRP/PEG-4000, and PEG-
4000/mannitol would be 0.067,0.316, and 0.213, respec
tively. In the presence of carbachol the ratios of the flux 
increments were 0.053 ± 0.024, 0.398 ± 0.175, and 
0.134 ± 0.042, respectively (Table 2), not significantly 
different from theoretical values (f-test). The similar 
range of expected and measured values again suggests 
that the increase in HRP permeability is mainly caused 
by the induction of large pores in the tight junctions. 
We speculate that carbachol induced a fusion of smaller 
pores to one with a larger diameter, allowing the 
passage of HRP. It is not clear why the increased 
permeability does not occur in all tight junctions. 

In a previous electron microscopic study, Phillips et 
al. (33) showed that subcutaneous injection of carba
chol can increase crypt tight junctional staining by 
intravenously injected HRP in rat ileum in vivo, suggest
ing increased permeability of tight junctions for HRP 
transport from blood to lumen. However, in their in vivo 
experiments an increased mucosal-to-serosal transport 
could not be detected upon luminal application of HRP. 
Phillips and co-workers (33) attributed this asymmetry 
to carbachol-induced water secretion and mucus produc
tion, which thus prevented HRP from reaching the 
mucosal membrane. Although the increase of the blood-
to-lumen transport of HRP induced by the systemic 
injection of carbachol may be influenced by numerous 

indirect effects of this cholinergic agent in these in vivo 
experiments, our in vitro data support their original 
suggestion for an increased permeability of the epithe
lial layer. In our in vitro experiments, the drug-induced 
neural activation and the secretion of CI" and water 
were minimized. Under these conditions an increased 
endocytotic uptake of HRP could be detected in crypt 
cells as well as in villus cells, indicating substantial 
access of protein to the entire apical membrane surface. 

Recently, Rimm et al. (24) showed a suppression of 
the mucosal-to-serosal transport of intact bovine serum 
albumin (BSA) by atropine and by TTX in rat jejunum 
in vitro. Addition of the cholinergic agonist bethanechol 
did not increase BSA transport, which the authors 
attribute to an already high endogenous neural activity 
in their preparation. Also, in in vivo perfused rabbit 
jejunum the intraluminal leakage of serum albumin 
can be increased by vagal stimulation or intraperito
neal bethanechol administration (15), indicating the 
interspecies similarity of the effect of cholinergic agents 
on intestinal macromolecular permeability. An en
hanced tight junctional permeability to HRP by agents 
that raise cellular Ca2+ and/or activate PKC [hista
mine, methacholine (7), carbachol (26), 2,5-di-(tert-
butyl)-l,4-benzohydroquinone (27), vasopressin, epi
nephrine, and angiotensin II (28)] has been shown to 
occur in some other epithelial tissues as well, e.g., 
tracheal epithelium of guinea pig (7), rat liver (27, 28), 
and rabbit exocrine pancreas (26). Thus it appears that 
the regulation of tight junctional permeability to macro-
molecules by intracellular Ca2+ and/or PKC may be a 
general phenomenon. 

The lateral intercellular space is a common part of 
the transepithelial transport route, whether HRP per
meates predominantly via the tight junctions or is 
taken up via endocytosis. Our experiments with short-
term mucosal exposure to hypertonic solutions stress 
the importance of the diameter of the lateral intercellu
lar space in HRP transport. The observed transient 
decrease of the conductance and electron microscopy 
studies in guinea pig intestine (29) and rabbit (36) and 
frog gallbladder (6) indicates that the lateral intercellu
lar spaces collapse under luminal hyperosmotic condi
tions. Changes in the diameter of the lateral intercellu
lar space also occur during the secretory response 
elicited by increased cAMP (12, 23), and the addition of 
forskolin or carbachol usually causes a decrease in 
transepithelial conductance of rat ileum (unpublished 
observations, Bijlsma et al.) and rabbit ileum (23, 34). 
Thus the collapse of the lateral intercellular space may 
mask the endocytotic and tight junctional effects of the 
secretagogues on HRP flux. This is illustrated by our 
finding that with blockade of basolaterally located 
Na+-K+-2C1" cotransporters, which prevented the elec
trolyte and water depletion of the lateral intercellular 
space, the carbachol-induced increase of the transepi
thelial HRP flux was much larger (Figs. 2 and 3). 

In contrast to the effect of carbachol, forskolin did not 
enhance mucosal-to-serosal HRP flux, confirming the 
earlier finding in in vitro rabbit jejunum (21). Forskolin 
decreases endocytosis in the human colon carcinoma 
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cell lines T84 (8) and HT-29 (16). Our observation that 
forskolin reduces the endocytotic uptake of HRP in rat 
ileum corroborates these findings. This reduction is not 
reflected in a decreased HRP flux. This may indicate 
that most of the HRP-filled endosomes recycle to the 
apical membrane domain under control as well as 
experimental conditions. In addition, we have shown in 
a parallel study (unpublished observations, Bijlsma et 
al.) that forskolin can have a significant effect on 
transepithelial conductance. The increase of the conduc
tance after the forskolin-induced increase of cAMP in 
the presence of TTX, bumetanide, and Ba2+ appeared to 
be caused mainly by an increase of the anionic conduc
tance in the tight junctions. One conclusion of impor
tance in experimental work is that an increase of 
transepithelial conductance does not necessarily testify 
to increased nonelectrolyte- or macromolecular perme
ability of the epithelium. 

The increased intestinal permeability to proteins 
induced by secretagogues that activate intracellular 
messengers such as Ca2+ or PKC may be related to 
increased sensitization and allergic reactions to dietary 
proteins (1, 2, 18) induced by anaphylactic secretory 
responses. The anaphylaxis-induced broadening of re
sponses may also apply to human intestine. In jejunal 
biopsies of infants with cow's milk allergy (CMA), an 
enhanced absorption of luminal proteins occurs (22), 
and milk rechallenge in patients with CMA caused an 
immune response to intraluminal proteins not related 
to cow's milk (39). Finally, the results may suggest a 
possible explanation for the observation in pediatric 
gastroenterology that diarrhea may induce food allergy 
(9, 21, 25). We speculate that the cAMP -induced secre
tion does not correlate with sensitization to food pro
teins, whereas Ca2+ and PKC-related diarrhea may 
increase the transepithelial passage of immunogenic 
substances. 
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