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Abstract~~ln order to localize the previously demonstrated ~nt~stil~~~l transport m~~hanisn~ For yuatern- 
nry anlmo~~ium compounds. counter-transport and ef%x experiments were performed with X-methyl- 
scopolamine (NMScop) on isolated jejunal epithelia of guinea pigs. (1) Both [3H]NMS~op uptake from 
and [-‘HjNMScop release to the blood side of jejunai epithelia were stimulated by the presence of 
high concentrations of unlabelled NMScop in the compartment. into which flux was occurring. The 
phenomenon of counter-transport was not apparent at the luminal cell membrane. (2) From preloaded 
eoithelia f3H1NMScoa etflux to the lumen side was markedly reduced during NaCN-intoxication 
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as compared to controls. whereas that to the blood side increased. These effects-were hrought about 
mainly by a decrease in the luminal transfer coefficient. (3) At the luminal membrane the efflux coetfi- 
cient far exceeded that for influx, in spite of the negative potential of the cell interior. It is concluded 
that NMScop is transferred across the jejunal epithelium by two transport mechanisms in series. one 
located in the basolateral and one in the luminal cell membrane. 

In previous irr r2i-TV and in i+r~ investigations an 
intcstill~~l secretory system for InonoqLlaternary 
anlnlolliuln ~~~rn~~~~titl~s. caplthiz of uphili transport. 

was demonstrated in guinea pig jcjunum [I, 21. Since 
transcellular permeation in\,olves movements across 
at least two membranes arranged in series, the ques- 
tion arose in which membrane the transport 
mechanism for quaternary ammonium compounds is 
located. 

Earlier data on cellular uptake and transceltular 
permeation of quaternary ammonium compounds 
during aerobic and anaerobic conditions suggested a 
cell model consisting of both a iuminal and a baso- 
lateral carrier. both t~~i~sporting preferentially 
towards the gut lumen [I]. It is the aim of the present 
study to obtain more evidence for the postulated two 
transport processes. 

One of the most compelling arguments for the 
existence of a carrier is the demonstration of counter- 
transport. defined as the acceleration of the per- 
meation of a substrate across :I membrane by the 
prescncc of the same or a chemically related sub- 
stance on the opposite side of the membrane [3]. This 
phenomenon was studied both at the luminal and the 
basolatcral membrane of the intestinal epithelium by 
use of the method of the isolated mucosa of guinea 
pig jejunum 14.57. 

In a second series of experiments the effect of inhi- 
bition of oxydativc metabolism on bidirectional sub- 
stratc cffiux from preloaded epithelia was tested and 
the respective transfer coeflicients were calculated. 

NMScop was shown to exhibit the highest se- 
cretion rate of the compounds previously tested [I] 
and W;IS therefore chosen for the present study. 

* Part of this paper was presented at the FEBS-Sympo- 
sium on the Biochemistry of Membrane Transport. Zurich, 
Swlt7erland. July 1X 73. 1976. Abstract P 201. 

Guinea pigs of both sexes (inbred strain. Fa.Rost, 
D-581 Witten), ranging in weight from 367 to 548 g 
and fed a diet (Altromin 3022/MSR. Altromin GMBH. 
D-491 Lagc/Lippe) enriched with vitamins (Multivita- 
minsaft Lappe, Lappe-Arzneimittcl. D-506 Bensberg) 
were used for the experiments. 

N-[‘Hlmethylscopolamine bromide (107 mCi/m- 
mole) was supplied by C. H. Boehringer & Sohn, 
D-6507 Ingelhcim. [C’arboxyl-‘JC]inulin (1-3 mCi/g) 
was obtained from New England Nuclear Corp., Bos- 
ton. MA.. USA. All chcmicais used were of analytical 
grade. 

The method of the isolated mucosa has been de- 
scribed in detail elsewhere Cl.4, 51. In principle, iso- 
lated epithelia from guinea pig jejunum constitute a 
separating membrane of 0.2cm’ area between two 
plexiglass chambers. which are filled with 200~1 buf- 
fered physiological salt solution (composition in mM: 
98.3 NaGI, 7.0 KCI, 3.0 CaCI?. 1.0 MgSO+ 0.9 
sodium phosphate bufTer pH 7.4. 29.4 tris-(hydroxy- 
methyl)-aminomethan bufTer pH 7.4, 14.0 plucose. 14.0 
mannitol) and supplied with OZ. All experiments were 
performed at 37’. Preloading of epithelia was pcr- 
formed by administering the substrate from the blood 
side during a 45 min preincubation period. 

Cozit2trr-r~tmsporr crpt~titnr,nt.s. For the study on 
the phenomenon of counter-transport isolated epithe- 
lia were subjected to two successive incubation 
periods. In the first set of experiments the epithelia 
were preincubated for 45 min with I /tM 
[3H]NMScop, then the preparations were mounted 
in new chambers and the release of [‘H]NMScop 
within 10 min into incubation medium containing no 
(controls) 0’. I mM unlabelled NMScop on the lumen 
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or the blood side of the mucosa was measured, In 
the second set of experiments the uptake within 
1Omin of 1 FM [3H]NMScop from the blood or the 
lumen side into epithelia preincubated for 45 min with 
1 mM unlabelled NMScop or no NMScop (controls) 
was tested. The substrate concentrations used for the 
counter-transport study, 1 PM [“H]NMScop and 
I mM unlabelled NMScop. are either below or above 
the apparent half-saturation constant of 450 /IM 
found for transepithelial secretion of NMScop [l]. 

As a marker for extracellular space and paracellular 
permeation [14C]inulin was added to the incubation 
medium together with [3H]NMScop. 

At the end of the second incubation period the 
radioactivity in 100 ,uI incubation medium of both the 
lumen and the blood side was determined in 9 ml 
Bray’s [6] scintillator by a Packard Scintillation 
Spectrometer, Tri Carb, Model 3380. In order to 
determine the tissue radioactivity the mucosa was 
punched out. weighed ( 1 I .82 mg wet \vt. 
S.E.M. = 0.17. n = 123). and soaked in O.?ml water 
for 2 hr at room temperature with subsequent addi- 
tion of 9 ml Bray’s scintillator. 

~jfu\- qwitnents. For the calculation of the 
transfer coefficients of both the luminal and the baso- 
lateral membrane isolated epithelia were preloaded 
for 45 min with 10 PM [“H]NMScop. After changing 
the mucosa to new chambers. the time-course of sub- 
strate efflux into 200~1 buffered saline on either side 
of the epithelium was determined from the radioac- 
tivity in lOO/tl luminal and basolateral incubation 
medium. which were withdrawn every 4 min and re- 
placed by the same volume of fresh saline. 

The cellular amount of substrate. which will be 
dealt with as the parameter of cellular uptake. was 
defined as the difference between the total amount 
in the tissue and the amount in the extracellular space 
(inulin space), thus including possible cell membrane 
binding. Transcellular permeation was calculated 
from the difference between the amounts of substrate 
and inulin in the counter-compartment. both in per- 
cent of the amount administered. 

The compartmental analysis of the efflux experi- 
ments and all other calculations were carried out on 
a pdp ll/lO computer. Digital Equipment Corp.. 
Maynard, MA. U.S.A. 

RI%1 l.I‘S \1\1) I)IS(‘I SSIO\ 

In the lirst set of experiments isolated niuco~ac 
were preloaded with I /tM [‘H]NMScop. The addi- 
tion of I mM unlabelled NMScop to the hlvocl side 
stimulated the release of labelled substrate \ubstan- 
tially (Table I): The cellular content after the IO men 
etfiuv period has decreased by approximately I 3 in 
comparison to controls. This fall waz brought about 

by ;I marked incrcasc in basolateral release. ~herws 
that to the lumen decreased. The addition ol’ 1 mM 
unlabelled NMScop 10 the lumen side of the muc‘o\;I 
had no \lgnificant ~‘tl’t‘c~ on the rate ()I‘ [‘I1]NMScop 
release. 

The observed clfects arc con&ent \\ith the 
phenomen,m of mounter-transporl at the ba~olateral 
membrane of the epithelial cells. But displacement 01 
labclled NMScop from binding sites on the c‘ytcrnal 
fact of the cells bq the excess of unlabcllcd N MScop 
may also bc rcsponsiblc for the increase in bnsolatcral 
outth. 

In order to excl~~de tl11s poshlblllty clcpermlcntj 
with the Ire\erse design were pcrformcd : The ccllula~ 
uptake of I /tM [‘H]NMScop was tested in cpithelia 
which were preloaded with I mM unlabelled 
NMScop. yielding ;I cellular concentration of ap- 
pt-o\imatel\ 350 /tM [I]. Since the ccllul;~~- YhlScop 
concentrat& was more than 2 or&r\ of niagnitiidc 
higher than the [ ‘H]NMScop concentration on the 
side of administration. displacement of unlabellcd 
NMScop from the external fact of the cells cannot 
account for xi increxc in cellulai- uptake 01 
[‘H]NMScop. 

In preloaded cpithclia the cellulat~ iiptahc 01 
labelled substrata across the basolatcral membrane 
was 50 per cent higher than in not-preloaded controls 
(Table 2). Yet the cellular uptake from the lumen side 
was not significantl! altered I~! prcloading the 
cpithelia. 

Thus in both it\ of euperimtznts the phenomenon 
of countrr-transport was clearl! e\ iclcnt at the basola- 

teral membrane. strongly indicating the cxiwncc of 

;I basolateral carriel- mechanism for rn~~noclu~~tL’rllar~ 
ammonium compou~ids. But at ltic Iuminal mcnl- 
branc neither uptake nor release of labelld whstl-ate 

was accelerated by the prcscnce 01‘ unlabclled oh- 
strate at the trans-side of the ccl1 membrane: hc’ncc 

Table 1. Counter-transport experiments: Inllucncc 01 unl~~hellcd ;CMScop rn the I~CW 
bation medium on the cellular I-CIGISC of L~3H]NMScop 

Residual cellular 
C3H]NMScop content 

(pmoles) 
[3H]NMScop release 

(pmoles) 
to the blood side 
to the lumen side 1.32 * 0.16 I .06 f 0.04* I.40 _t_ 0.16 

Isolated jejunal epithelia. preloadcd for 45 min I+ ith I pM [-‘H]NMScop Rclcaw 
of labelled substrate within IO min into incubation medium containing I mM NMScnp 
on the blood or the lumen side in compnnson to controls (no NMScop prc\ent on 
either side of the epithehum). Means _t S.E.M. 01 IS to 20 cxpcr-imunt\. 

*.t 2P < 0.05 and 0.001, rcspeclivel! 
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Table 2. Counter-transport experiments: Influence of 
cellular unlabelled NMScop on the uptake of 

[3H]NMScop 

Control 

Epithelia 
preloaded with 
1 mM NMScop 

Cellular uptake of 
[“H]NMScop (pmoles) 

from the blood side 3.94 * 0.15 6.02 + 0.17* 
from the lumen side 0.72 & 0.07 0.80 * 0.07 

Transcellular 
permeation of 
[“H]NMScop (pmoles) 

blood-to-lumen 0.76 k 0.10 0.34 * 0.04* 
lumen-to-blood 0.14 * 0.04 0.14 * 0.02 

Isolated jejunal epithelia. preloaded for 45 min with 
I mM NMScop or not-preloaded (controls). Cellulat 
uptake and transcellular permeation of label within 10 min 
after the administration of 1 uM f3H1NMScoo to eithe) 
the blood or the lumen side. Means-k S.E.M. of 14 to 
16 experiments. 

*2P<o.O01. 

in the counter-transport study a clear indication for 
a luminal carrier was not found. 

However, considering the transcellular permeation. 
which under the conditions employed is small in com- 
parison to cellular uptake, it is striking that in muco- 
sae preloaded with I mM unlabelled NMScop the 
permeation of [3H]NMScop in the direction blood- 
to-lumen was substantially lower than in controls. 
although the cellular content was markedly enhanced 
(Table 2). This observation may be explained in terms 
of inhibition of carrier-mediated transfer of labelled 
substrate across the luminal membrane by the excess 
of unlabelled substrate in the cell, whereas in case 
of mere passive permeability of the luminal mem- 
brane an increase in transcellular permeation blood- 
to-lumen as compared to controls would have to be 
expected with an increase in cellular concentration. 

The failure to demonstrate the phenomenon of 
counter-transport at the luminal membrane does not 
exclude the existence of a luminal carrier, but may 
be attributed to a low affinity of the carrier on the 
outside of the luminal membrane. The assumption of 
a very low affinity of the luminal transport 
mechanism for substrate at the outside of the luminal 
cell membrane as compared to the inside is consistent 
with the secretory direction of the transport system. 
But the luminal carrier should become clearly appar- 
ent from a study of substrate transfer in the preferen- 
tial direction of transport, from the cell towards the 
lumen. A higher permeation rate across the luminal 
membrane in the direction of efflux as compared to 
that in the direction of uptake would strongly argue 
for the presence of a luminal carrier mechanism. 

For this investigation the time-course of substrate 
efflux to both the lumen and the blood side of epithe- 
lia preloaded with [3H]NMScop was studied simul- 
taneously either under aerobic conditions or under 

inhibition of oxydative metabolism with 1 mM 
NaCN. Within 60min approximately 90 per cent of 
the total tissue content was released. The total 
amount released during infinite incubation time to 
either the lumen or the blood side was calculated as 
the sum of all efflux values of the individual sampling 
periods (see Methods) plus a proportional fraction of 
the residual radioactivity in the epithelium. As is 
apparent from a plot of the difference between the 
amount released to either side of the epithelium dur- 
ing infinite time and that up to time f versus time 
(Fig. I). efflux to the lumen as well as to the blood 
side originates from at least two compartments, 
Assuming a two compartment model for efflux, the 
individual rate constants and initial contents of the 
compartments were calculated by approximating par- 
ameter estimates to the experimental data by use of 
an iterative curve fitting procedure [7], 

The rapidly exchanging compartment was defined 
as extracellular. because both its content and rate 

0 20 40 Bon-h 

Fig. I. Efflux experiments. Isolated jejunal epitheha, preloaded for 45 min with 1011M [3HJ’ChlScop. 
Time-course of the decrease of the virtual [3H]NMScop tissue pools destined for luminal (crrcles) 

or basolateral (triangles) efflux during aerobic conditions (OL) or intoxrcation with I mM NaCN. 



ct~ll\i;mi ~~j~pr~~~~tll~l~cd the corresponding cnlues 
obtained from the simultaneously determined 
[ ‘YJinulin efRux. The slowly exchanging oompart- 
men1 is therefore considered to represent the func- 
rional cellular space. 

The rate constant of the cellular compartment is 
equal to (k’,, + fc,,,i. the sum of Ihe transfer coetii- 
cie~~ts of the luminal and the basolaleral membrane. 
since the cellular substrate content is decreased by 
both :I luminal and a basolaternl ~iirnin~t~t~n process 
in p;trallel. A detailed description of an anaiogoiis 
mathematical treatment is given elsewhere [8.9]. The 
values for the total amount of cellular substrate 
released to the lumen and the blood side (C’+, and 

C‘,,,,,?,. respectively). and (K,, + K,,,) obtained from 
the compartmental analysis arc gibcn in Table 3. 

Durinp aerobic conditions CYchci,, was higher. 
~ii~li~)u~h not si~iiif~~~tIl~ly. than c‘,,,,>,. This di~ere~l~~ 
was markedly enhanced during N~CN-int{~xic~ti~~ii, 
the cellular ciflus to the lumen side being grcntly 
rzduccd, whcrreas that to the blood side increased 
(Table 3). 

The fact that the values for (K,, + K,,) deri\cd 
from either llic luminal or basolateral elllus arc 
almost identical is in agreement with the assumption 
that both fluxes originate from one cellular comparl- 
men1. 

7%~ tr:~rlcfer ctreficien(s of the iri~iividLl~il mcm- 
brancs, k,, and kL,,. given in Table 3 wcrc ohtaincd 
from the relationship K,,;Ki, = C’,,,,,,/C,,,,,, [X. 91. 
With unimpaired metabolism the Iuminal transfer 
cocfiicient K,, w;ts somewhat smaller than that for 
~hc husohtteral mcmhrane. K,,,. During NaCN-intoxi- 
cation Ihc luminal tr;tnsfir cocficicnt fell to half the 
taluo obtained with intact rnet~tb~)lisii~. whereas the 
basoluteral Wan&r coetfcicnt rose ~nsi~ni~~~i~tiy by 
27 pur CCIIL. The marked increase in total cellular 
cfttu~ to the hlonri &IV oh~r\ eil unticr ‘U:t(‘N is 

LUMEN. SIDE EPITHELIAL CELL 

According to the presented ctidcncc NMSoop is 
transferred across the jejunal e~~itlleliunl by two wr- 

rier rn~~h~iiisrn in series. one located in the b;~sola- 
teral anti one in the iuminul ccl1 memhrano. 
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The existence of the basolateral carrier is clearly 
apparent from the demonstration of counter-trans- 
port: both the uptake from and the efflux to the blood 
side of the epithelium were stimulated by the presence 
of substrate in the compartment, into which flux was 
occurring. The basolateral carrier mechanism was 
additionally substantiated by the saturability of cellu- 
lar uptake from the blood side found earlier [I]. 

The prcsencc of the luminal pump was demon- 
strated by the finding that the iuminal transfer coeffi- 
cient in the direction of efflux decreased during inhibi- 
tion of oxydative metabolism (Table 3). whereas 
luminal uptake increased as compared to aerobic con- 
ditions [I]. Furthermore. the predominance of the 
luminal flux coefficient in the direction of efflux over 
that for influx (Fig. 2) despite an electrical potential 
in the revcrsc direction strongly argues for an extru- 
sive mechanism in the brush-border membrane. 

The arrangement of a basolateral and a luminal 

carrier. both preferentially transporting towards the 

lumen. explains the earlier observation that the cellu- 

lar uptake of NMScop from the blood side was un- 
changed in anaerobiosis in comparison to aerobic 
conditions. although secretion was markedly inhibited 
[I]. Assuming a single luminal pump alone inhibition 
of secretion would have to result in increased cellular 
uptake, while with a single basolateral carrier alone 
a decrease in cellular uptake would have to be 
expected with inhibited secretion. Yet the model with 
two carrier mechanisms in series complies with the 
experimental findings: Since less substrate enters and 
leaves the cells in anaerobiosis, the cellular concen- 
tration may remain unaltered as compared to aerobic 
conditions. although secretion is inhibited. 

A three compartment model of the intestinal epi- 
thclium without carriers, based on different degrees 
of dissociation of a weak electrolyte in different com- 
partments due to pH-gradients and different ionic 
permeabilitics of the individual boundaries, was pro- 
posed by Jackson and coworkers [I?] to explain the 
higher flux rates of the organic bases benzylamine, 
hexylamine. and t>-amphetamine in the direction 
srrosa-to-lumen than in the opposite direction. This 
system. however. cannot explain the observations 
with NMScop. because quaternary ammonium com- 
pounds arc fixed cations. But considering that the 
compounds tested by Jackson and coworkers have 
rather high pK,-values. ranging between 9 and IO. 
the findings of these investigators may also be 
explained by intestinal secretion of these substances 
in their charged form. using. the transport system 
shown for quaternary ammomum compounds. 

Secretion by two transport mechanisms m series 
does not seem to be unique for quaternary 
ammonium compounds. A similar system has been 
inferred for the intestinal secretion of cardiac glyco- 
sides [III, 141. Furthermore, evidence has been pre- 
sented that the influx of quaternary ammonium com- 
pounds into the liver cells as well as their efflux into 
the bile canaliculi proceed against electrochemical 
gradients [l5. 161. Thus the arrangement of two 
transport mechanisms in series might prol;e to be a 
widely distributed principle to accelerate transccllular 
permeation without unduly high intracellular suh- 

strate accumulation. 
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