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Abstract-The transepithelial permeation and the cellular uptake of ~-methylscopolamine (NMScop), 
,~I-methylnicotinamide (NMN), and tetraethylammonium (TEA) were studied in the isolated jejunal 
mucosa of the guinea pig. (1) The permeation rate, corrected for the fraction passing through the 
mucosa via an extracel~ular route (corr. perm~tion), was si~ifi~nt~y higher in the direction blood-to- 
lumen than in the direction lumen-to-blood with ~on~~trations below 500 PM. The corr. permeations’ 
ratio at concentrations of 0.1 and 1 i&M NMScop was 12, the corresponding values for 1 PM NMN 
and 50&/M TEA were 2.5 and 2, respectively. The corr. permeation brood-to-lumen decreased with 
increasing concentrations administered, and with the highest concentrations (1~2~~M) the differ- 
ences in permeation in the two directions were insignificant. During anaerobiosis the corr. permeation 
ratios approached 1 with all ~oncentrations~ and the corr. permeations were not dependent on the 
concentrations administered. (2). The kinetics of cellular uptake displayed similar characteristics: the 
uptake from the blood side was significantly farger than that from the lumen side of the mucosa. 
This difference decreased with increasing concentrations or anaerobiosis without being abolished com- 
pletely. (3). The three monoquatemary ammonium compounds were transported uphill, creating a 
concentration ratio lumen-side/blood-side greater than 1, which was highest with NMScop (1.65 within 
180 min). The establishment of this gradient was prevented by anaerobiosis. (4). Rising concentrations 
of NMScop progressively inhibited the corr. permeation from blood to lumen and the cellular uptake 
of NMN from the blood side of the mucosa. The results demonstrate the existence of an active secretory 
system for monoq~ate~ary ammonium compounds in the jejunal epithelinm. The experimen~l data 
are consistent with a cell model, which has two transport systems in series, one in the basal and 
one in the luminal cell membrane and both directed towards the intestinal lumen, plus a non-~turable 
pathway in each of the two cell membranes. 

The intestine is usually considered to be an absorptive 
organ with numerous transport systems for the 
transfer of nutrients against a concentration gradient 
from the lumen into the circulation. In contrast, dur- 
ing the last few years it has been demonstrated that 
the mucosal epithelium is capable of transporting car- 
diac glycosides in the reverse direction and concen- 
trating them in the intestinal lumen [Z-5], thus 
revealing an excretory function of the intestine. Fur- 
thermore an intestinal transport system for cardiac 
glycosides constitutes an exception to the theory pro- 
posed by Brodie, Hogben, Schanker and Shore that 
drugs and other foreign compounds permeate the in- 
testinal wall by simple diffusion of the unionized 
forms through the Iipoid membranes of the mucosal 
cells [6,7; reviews: 8,9]. 

The quaternary ammonium ions are another class 
of compounds whose absorptive behaviour does not 
conform to the theory ‘of non-ionic diffusion. These 
substances are absorbed to a considerable 
extent Cl@-171 in spite of the fact that they mostly 
have an extremely low Iipoid solubility because of 
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their permanent positive charge. ~erefore passive 
permeation of these compounds through aqueous 
pores has been suggested as their mechanism of 
absorption [l&20]. However this concept cannot 
explain the time course or the dose-dependence of 
the absorption of quaternary ammonium compounds. 
Levine and coworkers observed that after a rapid in- 
itial phase, absorption came to a complete halt 
although 70-90 per cent of the administered dose still 
remained in the intestine [l&14], and that there was 
a non linear correlation between the dose adminis- 
tered and the amount absorbed [Zl]. 

On the basis of the previous experiments with car- 
diac glycosides it has been proposed that the peculiar 
absorptive behaviour of quaternary ammonium com- 
pounds may be due to the existence of a secretory 
mechanism in the intestinal epithelium, specific for 
quaternary ammonium compounds [S, 223. Prelimi- 
nary experiments it1 vim showed that following iv. 
administration to rats and guinea pigs tetraethylam- 
monium ions were concentrated in the intestinal 
lumen substantiating this hypothesis [5,22]. 

In order to study the permeation mechanism of 
quate~ary ammonjum compounds. the isolated 
mucosa of guinea pig small intestine seemed es- 
pecially well suited. It allows the dete~ination of 
tissue uptake and transepithelia1 fluxes not only in 
the absorptive but also in the secretory direc- 
tion [4,23]. The transepithelial permeation and the 
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ccIMar uptake of N-mcthylscopofamine bromide 
(NMScop), :“J’-methylnicotinami~e chloride (NMN) 
and tetraethylammoilium bromide (TEA) were stud- 
ied over a concentratian range of 10w7M to 
2 x lO_“M. 

~~l~t~~~~~~. Guinea pigs of both sexes (inbred 
strain. Fa Rest. D 581 ~~itten~~ ranging in weight 
from 335 to SXOg and fed with a diet [Aftromin 
3022,MS@, AItromin GmbH, D 4910 Lage/Lippef 
enriched with vitamins ~Multi~taminsdft Lappe, 
Lappe-Arzneimittel, D 5040 Bensberg), were used in 
the experiments. [ l-‘“C]Tetraethylammonium bro- 
mide (l--5 mCi/m-mole) and N’-[‘4C]methylnicotina- 
mide chloride (1-5 mCi/m-mole) were obtained from 
New England Nuclear Corp. (N.E.N.), Boston, Mass. 
~~-[3H]~l~thyisco~o~am~ne bromide (107 mCi/m- 
mole) was supplied by C. H. Boehringer Sohn, D 6507 
ln~ei~~eim. The ~~diocl~~rn~~~ and chemical purity of 
the substances was tested by thin-layer chromato- 
graphy on Silica gel and aluminium oxide using 
r~-huranoI-.water-tzcetic acid (4: 5: 1. by vol). All other 
chemicals were analytical grade. [Carboxy-‘4C]inulin 
(1 -3 ma/g) and [methoxy-“Hlinulin (TO-t50 mCi/g) 
were obtained from N&N. 

~.~p~~~~~~~~~~~t~~ procedure. The method of isolating 
the mucosa has been described in d&I in another 
paper 1’231, and therefore only the principles of the 
procedure will be discussed. 

Guinea pigs were ~~naesthetiz~ with 130 m&g 
phenobarbital sodium i~traper~toneal~~ and anaes- 
the& was sustained with ether given intermittently. 
Pieces of jejunum, l--2 cm length. were excised start- 
ing from the nexura duodeno-jejuna~js and opened 
along the mesenterial insertion. The sheet of gut was 
gently spread out. serosal side down, on a glass plate 
and the eDtire epitheiium was scraped off with a razor 
blade held at the appropriate angle. The isolated 
jejunal mucosa was Noatcd in isotonic buffered saline 
and placed on a thin nylon meshwork, which was 
then mounted between two polyvinyl chloride sheets, 
where it occluded a window of 5 mm diameter. The 
mucosa and the sheets together served as a separating 
membrane between two methyl methacrylate (Plexi- 
glas*) chambers, which were firmly locked together 
with a clamp. The c~lamber was then submerged haif- 
way in a water bath at 37”; the edge of both the 
sheets and the chambers had been coated with a thin 
layer of Vaseline to keep the compartments watertight. 
Both chambers were filled with 0.2 ml of buffered phy- 
siological salt solution (composition in mM: 
95.3 NaCl, 7.0 KU. 3.0 CaC$, 1 .O MgSO,. 0.9 sodium 
phosphate buffer fpH 7.41, 29.4 tris-(hydroxymethyl~ 
am~nometh~ne buffer (pH 7.41, 14.0 glucose, 14.0 man- 
nitol) and oxygenated through holes in the chamber 
wall. The T&-buffer did not influence the transfer 
characteristics of the compounds used, as was shown 
in coontrol experiments with bicarbonate buffered 
saline. 

fn the standard experiments the labelIed monoqua- 
ternary ammonjLim compound was a~in~ster~ to 
one side of the mucosa and the other side served as 
the co~lnterconlpartlne~~t in which the permeated 
amount was determined after a given period of incu- 

bation. One hundred$ of the incubation medium of 
both sides were counted in 9 ml of Bray’s scintillator 
for aqueous solutions [24] with a Packard Scintilla- 
tion Spectrometer, Tri-Garb, Model 3380. Thin-Iayer 
chromatography was performed with the remanning 
portion of the incubation medium to examine the 
possibIe fo~ation of metabolites of the compound. 
At the end of the experiment tke mucosa was cut 
out. weighed and soaked in 0.2 ml of distilled water 
for 2 hr at room temperature to recover the radioacti- 
vity in the tissue. Con@01 experiments with mucosae 
containing iabelled quaternary amm~?nium com- 
pounds and solubilized with Soluenc IO0 (Packard) 
revealed that the extraction with water was complete. 
The extracellular space and the leakiness of the 
mucosa were determined from one side of the mucosa 
with 14C- or 3H-labelled inulin, depending on the 
radionuclide of the quaternary ammonium com- 
pound. All those experiments with an inulin permea- 
tion greater than I per cent within 45min were 
rejected as not being intact; this was the case in ap- 
proximately 10 per cent of all mucosae mounted. 

Cnlculurior~s. Total permeation was defined as the 
amount in the countercompartment at the end of the 
experiment in per cent of the amount of drug ori- 
ginally administered, Since the volumes of the incuha- 
tion media on both sides of the mucosa were identi- 
cal, the calculated total permeation equals the con- 
centration in the countercomp~rt~lent in per cent of 
the concentration offered. 

For the investigation of a transport mechanism the 
transceIlular permeation is of prime interest; therefore 
the fraction passing through the ep~thelium via an 
extracellular route has to be subtracted from the total 
arno~lnt translocated. The existence of an extracellu- 
lar pathway is apparent from the fact that the isolated 
jejunal mucosa was not completely irn~~~b~e to 
inulin, as observed previously [4.23]. Within 45 min 
a mean of 0.34 per cent (S.E.M. & 0.02; n = f 3 I ) of 
the in&n administered permeated in the direction 
lumen-to-blood during aerobic conditions, and 0.52 
per cent (&0.02; n = 143) in the direction blood-to- 
lumen and this difference is significant (P < 0.001). 
This asymmetry of the inulin permeation in the two 
directions has been discussed elsewhere [23]. These 
‘inulin leaks’ apparently become more numeraus or 
widen during anaerobiosis, since the in&n permea- 
tion from lumen to blood rose significantly 
(P < 0.001) to 0.54 per cent (5 0.03; n = 113). and 
that from blood to lumen increased to 0.65 per cent 
(k 0.02; n = 1 I I), when the incubation media were 
equilibrated with Nz. However the significance of the 
difference between the inulin permeations in the two 
directions was not abolished (P < 0.005). 

In the case of equal percentage permeations of in- 
ulin and substrate through the extracellular pathways, 
the correlation between inulin permeation and total 
substrate permeation should yield a regression line 
with a slope of 1. But a regression coemcient of I 
was obtained only with relatively high inulin permea- 
tion values. whereas with small indin pern~eations 
the slope of the regression increased (Fig. 11. suggest- 
ing that the extrac~~~ular permeation of the small sub- 
strate molecules was higher than the inulin permea- 
thz, when the number or the size of the ~nu~~n-~~rne- 
abie feaks was smaI1, This ~~enomeno~~, which is 
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Fig. I Correlation of NMScop and inulin permeation 
across the isolated mucosa. [3HJNMScop and [‘4C}inuIin 
were administered on the luminal side. Incubation time 
45 min; 02; 37”. Concentration on the blood side in per 
cent of the con~ntr~tion initially administered for inulin 
(abscissa) and NMScop (ordinate). respectively. Each point 
represents one single experiment. B = slope of the regres- 

sion line. 

similar to that of ‘restricted diffusion’ described by 
Pappenhe~mer et al. and Renkin for capillary walls 
and porous membranes [25,26], may be explained by 
molecular sieving and/or ditferences in the free ditTu- 
sion coefficients of the large inulin molecules and the 
small substrate molecules. Thus, the substrate per- 
meation through extrace~ular shunt pathways was 
calculated as the product of the inulin permeation 
times the slope of the regression line between the in- 
ulin and the total substrate permeations, determined 
for low, high, and in some cases intermediate inulin 
permeation values separately, under both aerobic and 
anaerobic conditions. The fraction of the substrate 
transferred through the cells (total substrate permea- 
tion minus extracellular substrate permeation) will be 
termed corrected permeation (corr. permeation). 

The cellufar amount of a drug was defined as the 
difference between total amount in the wet tissue and 
the amount in the extracellular space (inulin space) 
on the side of administration. 

The mean extracellular space from the lumen side 
of the mucosa was 14.48 per cent (& 0.03; n = 244) 
and that from the blood side 12.49 per cent (+ 0.04; 
n = 254). Therefore, the cellular concentrations of the 
compounds tested were calculated by dividing the 
cellular amount by 75 per cent of tissue wet weight. 
Because of the high degree of constancy of the inulin 
spaces and of the wet weights of the punched out 
mucosae-I 2.01 mg (i: 0.01; n = 276) during aero- 
biosis, and 13.68 mg (& 0.01; n = 228) during anaero- 
biosis-there were only negligibfe differences between 
the cellular amounts and concentrations. Therefore 
only the cellular concentrations, expressed in per cent 
of the concentration administers, will be dealt with 
as the parameter of cellular uptake. 

RESULTS 

Permeation and cellular uptake of monoquatemary 
ammonium compounds during aerobiosis and anaero- 
biosis 

In the first set of experiments the permeation 
through the jejunal mucosa and the cellular uptake 

of monoquaternary ammonium compounds were 
studied as a function of the concentration of substrate 
used, the side of the epithelium on which the indivi- 
dual substances were administered and the avail- 
ability of oxygen. 

Permeation during aerobiosis. The changes in corr. 
permeation with increasing concentrations adminis- 
tered during aerobiosis and anaerobiosis are pre- 
sented in figures 24. The transepi~elial fluxes per 
unit area and unit time have been calculated from 
the total permeation and are given for the aerobic 
as well as for the anaerobic experiments in Table I. 
Both the total and the corr. permeation of the three 
monoquate~ary ammonium compounds tested were 
characterized by several common features: 

1. The permeation from blood to lumen was signi- 
ficantly larger than that in the reverse direction with 
concentrations lower than 500 FM. 

2. The permeation from blood to lumen was 
dependent on the concentrations administered: With 
increasing concentrations the corr. permeation from 
blood to lumen of the three substances decreased and 

concentrations administered 
(a&X)~~ Nh$iz$, 1000~1M NMN, and 1600 biM 
TEA) the corr. ideations in both directions 
throu~ the mucosa were not s~gnificatltly different 
from one another. 

3. The permeation, both total and corrected, in the 
direction lumen-to-blood did not exhibit nearly as 
marked a concentration dependence as was observed 
with the permeation from blood to lumen. Only with 
NMN and TEA there was a small, statistically insig- 
nificant increase in corr. permeation with rising con- 
centrations. 

Aside from these common features there were some 
quantitative differences among the corr. permeations 
of the three monoquate~ary ammonium compounds 
tested. NMScop had the highest transport rate in the 
direction blood-to-lumen at low concentrations: 3 per 
cent corr. permeation with 0.1 and 1 FM, as compared 
to 2.4 per cent with 1 FM NMN and 0.8 per cent 
with 50pM TEA. The corr. ~rmeation from lumen 
to blood on the other hand was lowest with NMScop, 
ranging between 0.16 and 0.26 per cent; the corres- 
ponding values for NMN were 0.92 to 1.09 per cent 
and for TEA 0.37 to 0.44 per cent. Consequently a 
ratio of ideation from blood to lumen to that from 
lumen to blood of 12 was calculated for 0.1 and 
1 PM NMScop (5.5 for the total, uncorrected permea- 
tion). The corr. permeation ratios were lower with 
the other two compounds: 2.5 with I PM NMN and 
2 with 5OpM TEA. 

Thin-layer chromatography revealed that NMScop 
and TEA appeared metallically unchanged in the 
countercompartment, whereas up to 30 per cent of 
the transported NMN was metabolized to a chroma- 
tographically faster-moving substance. 

In order to examine whether the decreased permea- 
tion from blood to lumen with the highest concen- 
trations of the monoquatemary ammonium com- 
pounds was due to a toxic effect on the epithelial 
cells, the intracellular concentrations of Na’ and K + 
were measured with a game photometer (Eppendorf) 
after the mucosal preparations had been incubated 
for 45 min in the usual manner (aerobic conditions) 
with the same drug concentrations as were used for 
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Table 1. Dependence of the fluxes of NMScop, NMN, and TEA on the concentration given, the side of administration, 
and the gas supply 

Gas supply 
Lumen 

Side of administration 
.- _- .~ 

Blood 
f-42 02 N, 

NMScop (pM) 
0.1 

1 

10 

100 

500 

1000 

2ooo 

NMN (,M) 

10 

100 

1000 

TEA (l&f) 
50 

100 

200 

4O# 

1600 

0.016 f 0.001 
(4) 

0.156 & 0.027 
(6) 

1.69 + 0.27 
(5) 

16.2 + 3.8 
(7) 

92 + 51 
(2) 

162 1: 27 
(41 

227 f 120 
(2) 

0.344 * 0.073 
iS) 

4.00 _t 0.3 1 
(12 

36.9 + 5.1 
(9) 

293 & 44 
(31 

13.4 & 1.3 21.2 * 4.1 
(10) (8) 

28.4 5 3.8 43.1 * 7.3 
(16) (9) 

52.4 f 3.1 78.7 _t 15.6 
(91 (6? 

96 f 11 160 * 31 
(9) (9) 

380 + 39 786 * 82 
(9) (9) 

0.024 & 0.007 
(4) 

0.316 i 0.069 
(4) 

I .89 + 0.29 
(3) 

24.0 + 6.4 
(4) 

107 * 47 
(2) 

275 * 76 
(51 

471 i: 44 
(2) 

0.631 i_ 0.096 
(5) 

6.16 * 0.64 
(11) 

62.1 + 2.7 
(9) 

515 + 136 
(5) 

0.081 :k 0.00x 
(81 

0.855 & 0.113 
(7) 

7.18 10.87 
(5) 

66.4 + 12.7 
(6) 

257 _I 117 
(21 

367 5 53 
16) 

635 * 173 
(2) 

0.731 & (1.044 0.7 IS 2 0.096 
(5) (61 

6.58 & 0.4’ 6.73 * 0.47 
(11) ( t 0) 

55.3 i: 4.0 65.8 & 5.1 
(12) (10) 

529 * 14 635 & 66 
(5) (6) 

22.8 Jr 2.2 
(13) 

48.4 * 2.0 
(19) 

54.9 & 8.0 
(9) 

164 * to 
(9) 

501 k 32 
(8) 

0.028 5 0.004 
(6) 

0.267 + 0.036 
(5) 

22.2 * 0.9 
(6) 

43.1 * 3.1 
( f 0) 

xx.4 & 16.9 
(5) 

172 f 20 
(10) 

892 + 39 
(9) 

Isolated intestinal mucosae were incubated 45min at 37”. Fluxes are calculated from the total permeation and are 
expressed in units of pmole cm-’ min- ‘. Mean values k S.E.M.; number of experiments in parenthesis. 

the permeation study. -The intracellular concen- 
trations of both electrolytes were unaffected even by 
the highest concentraiions of the organic bases 
administered. Therefore, it may be concluded that the 
decrease in permeation, both total and corrected, 
from the blood to the lumen side of the mucosa was 
not brought about by a deterioration of the cells but 
rather by saturation of a transport mechanism of the 
intact epithe~ium, 

~~~~~~ur uptake darken ~g~~b~asis. The aerobic cehu- 
far uptake of the three monoquaternary ammonium 
compounds is depicted in the lower left portion of 
Figs. 2-4 

The cellular uptake exhibited a pattern similar to 
that of the corr. permeation: the uptake of all three 
ammonium compounds was significantly higher from 
the blood side than from the lumen side. Again a 
dependence of the cellular uptake on the external con- 
centration was common to all three substances, as 
was observed in the permeation data. When increased 
concentrations were administered from the blood side 
the cellular uptake decreased. Although the difference 
in uptake from the two sides of the mucosa decreased 

with increasing concentrations administered, it was 
not abolished completely even with the highest con- 
centrations. 

The cellular uptake from the lumen side did not 
display as striking a concentration dependence as was 
observed with the uptake from the blood side. The 
luminal uptake seemed to decrease somewhat with 
higher concentrations of NMbi and TEA, while that 
of NMScop remained practically unchanged. Quanti- 
tatively, the uptake from the blood side was 79 per 
cent with 1 $4 NMScop and 50 FM TEA. but only 
21 per cent with 1 PM NMN. Similarly, the uptake 
from the lumen side was higher with NMScop (I I-14 
per cent) and TEA (13-18 per cent) than with NMN 
(4-8 per cent). Evidently there is no parallelism 
between the cellular uptake and the corr. permeation. 
None of the compounds tested was ~{c~umulated 
above 100 per cent of the ~on~entra~ons administered 
under these conditions. 

Permeation and cellular uptake during anarrohiosis. 
In order to investigate whether the observed differ- 
ences in permeation in the two directions and the 
discrepancy in cellular uptake from the two sides of 
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NMScop cow”, PM 

(b) 

NMScop concn, FM 

Fig. 2 Corr. permeation (a) and cellular uptake (b) of 
NMScop from the bloodside (0) and from the lumen side 
(0) during aerobiosis (0,) and anaerobiosis (NJ. Abscissa: 
concentration of NMScop administered (logarithmical 
scale): ordinate: corr. permeation (a) and cellular uptake(b) 
within 45 min. Each point represents the mean + S.E.M. 

the mucosa were dependent on aerobic metabolism, 
the same experiments as described above were 
repeated under anaerobic conditions by bubbling the 
incubation media with N,. It is apparent from the 
upper right portions of Figs. 24 that the permeation 
ratios for the three tested substances approach~ 1 
at ail concentrations during anaerobiosis. Addi- 
tionally, the dependence of the permeation on the 
concentration was abolished. The increase in permea- 
bility of the mucosa observed with the highest con- 
centrations of TEA and NMScop may be due to a 
toxic effect of the administered bases in combination 
with the oxygen lack. 

5 
u I I I 1 I 

I IO 100 1000 ( I lb Id0 Id00 
NMN cmcn, PM 

NMN concn, PM 

Fig. 3 Corr. permeation (a) and cellular uptake (b) of 
NMN from the blood side (0) and the lumen side (0) 
during aerobiosis (0,) and anaerobiosis (N,). Abscissa: 
concentration of NMN administered (logarithmi~l scale); 
ordinate: corr. permeation (a) and cellular uptake (b) 
within 45 min. Each point represents the mean f S.E.N. 
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I I 
/ 50 100200400 I600 
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Fig. 4 Corr. permeation (a) and cellular uptake (b) of TEA 

TEA corm, PM 

from the blood side (a) and from the lumen side (0) during 
aerobiosis (0,) and anaerobiosis (N,). Abscissa: concen- 
tration of TEA administered (logarithmical scale); 
ordinate: corr. permeation (a) and cellular uptake (b) 
within 45 min. Each point represents the mean -f S.E.M. 

A permeation ratio of 1 during anaerobiosis was 
reached both by a decrease in corr. permeation from 
blood to lumen and an increase in corr. permeation 
from lumen to blood as compared to aerobic condi- 
tions. Which of these two effects contributed more 
to a permeation ratio of 1 varied among the indivi- 
dual compounds: with NMN and TEA both 
m~hanisms were approximately equally effective 
whereas with NMScop it was primarily the corr. per- 
meation from blood to lumen which was greatly de- 
creased as compared to aerobic conditions, whilst the 
corr. permeation from lumen to blood was elevated 
only by a small amount. 

The cellular uptake of the three monoquaternary 
ammonium compounds was still higher under anaero- 
bic conditions from the blood side than from the 
lumen side (Figs. 2-4, lower right portions) but the 
difference in uptake from the two sides was reduced 
as compared to aerobiosis. This decrease was accom- 
plished by a significant reduction in uptake from the 
blood side (with 50-400 PM TEA), by a significant in- 
crease in uptake from the lumen side (NMScop), or 
by both (low concentrations NMN). With NMScop 
the uptake from the blood side was unchanged; with 
TEA the luminal uptake remained practically unal- 
tered during anaerobiosis in comparison to aerobiosis 
(the measured reduction was small and statistically 
insignificant). In contrast to the permeation the con- 
centration dependence in uptake from the blood side 
was not totally abolished by anaerobiosis. Therefore, 
adsorption cannot be excluded as being involved. 

In the experiments under aerobic conditions de- 
scribed above it was demonstrated that the permea- 
tion from the blood to the lumen side is higher than 
that from the lumen to the blood side at suitable 
concentrations. This saturable, metabolically depen- 
dent mechanism could represent a secretory system 
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capable of creating a gradient between the blood and 
the lumen side. In order to show uphill transport 
the following experiments were carried out: I PM 

NMScop, a concentration at which the corr. permea- 
tion blood-to-lumen was twelve times that in the 
reverse direction (Fig. 2), was given simultaneously 
to both the lumen and the blood side of the mucosa 
under aerobic conditions and a concentration gra- 
dient developed between both sides which increased 
with time (Fig. 5). After 18Omin the luminal concen- 
tration reached 122 f 4 per cent of the initial value. 
whereasDn the blood side the NMScop concentration 
had decreased to 74 + 3 per cent. This distribution 
corresponds to a concentration ratio lumen/blood of 
1.65. 

The establishment of this gradient was linked to 
oxidative metabolism. since it was reduced practically 
to zero when the same experiments were carried out 
during anaerobiosis (Fig. 5). The remaining small dif- 
ference was statistically insignificant (P > 0.1). 

A similar, but somewhat smaller gradient was 
established with NMN. The concentration ratio 
lumen/blood after 180 min was 1.20. This pheno- 
menon was least readily shown with TEA. which 
barely exceeded 100 per cent on the lumen side after 
180 min. with 86 per cent on the blood side. yielding 
a concentration ratio lumen/blood of 1.15. But the 
luminal concentration was still rising at 180 min. so 
it is likely that higher values would be reached at 
a later time. This observation was also made with 
the other substrates tested, so the given concentration 
ratios do not reflect the true equilibria. 

Another set of experiments was carried out to study 
whether monoquaternary ammonium compounds are 
transported by a common mechanism. 

Ten PM 14C-labelled NMN was administered 
alone and together with 10. 100, and 1000 PM of unla- 
belled NMScop on the blood or the lumen side of 
the jejunal preparation, which was supplied with O2 
and incubated for 45 min. NMScop was chosen to 

Blood s:de DISCUSSION 
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Time of incubation, rnln 

Fig. 5 Distribution ol” NMScop between the lumen side 
(0.A) and the blood side (..A) during aerobiosis (circles) 
and anaerobiosis (triangles) after simultaneous administ- 
ration of 1 $vl NMScop on both sides of isolated jejunal 
epithelium. Abscissa: time after NMScop administration; 
ordinate: concentration of NMScop in per cent of the con- 
centration originally administered. Each point represents 

the mean k S.E.M. of four experiments. 

Il7testinrfl secretior7 c~f rnor7oquutrr77ary amrnor7ium 

compounds. The present results demonstrate the exist- 
ence of a secretory system for monoquaternary 
ammonium compounds in the intestinal mucosa. This 
has been established by the following observations: 

1. The permeation ratio blood-to-lumen/lumen-to- 
blood was far greater than I for all three compounds 
tested at concentrations below 5OO~M. Certainly a 
permeation ratio greater than I has to be expected 
with positively charged compounds. since the lumen 

PM NMScop 

I I 
/-LM NMN 
I I 

0 

pd” NM&$ 
1000 

Fig. 6 Inhibition of the corr. permeation (a) and the cellu- 
lar uptake (b) from the lumen side (light columns) and 
from the blood side (dark columns) of IOpM NMN by 
IO. 100 and IOOO~M NMScop. All columns represent the 

mean k S.E.M. Incubation: 45 min at 37.. aerobiosis. 

inhibit the transport of NMN because according to 
the evidence presented earlier, NMScop seems to pos- 
sess a relatively high affinity for the transport 
mechanism. From Fig. 6 it is apparent that both the 
secretion of NMN and the uptake from the blood 
side were progressively inhibited by increasing con- 
centrations of NMScop. 

In order to test whether a secretory system for K’ 
interferes with the demonstrated secretion of mono- 
quaternary ammonium compounds, the permeation 
from blood to lumen of TEA was examined with 
varying K’ concentrations. There was no significant 
difference in TEA permeation with 7, 14. or 28 mM 
K ’ in the incubation medium. 
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side of the epithelium is negatively charged in com- 
parison to the blood side. A potential difference of 
2-4mV has been measured on the preparation used 
in this study [4,23] which agrees well with the 
3-6mV in guinea pig jejunum obtained by other in- 
vestigators [27,28]. But the corr. permeation ratios 
obtained in the present experiments-12 with 1 PM 
NMScop. 2.5 with 1 PM NMN, and 2 with 50pM 
TEA-far exceed the values to be expected for passive 
distribution of charged species according to Ussing’s 
flux ratio test [29]. With a potential difference of 
3 mV the calculated flux ratio is only 1.12, whereas 
a potential difference of 66mV would be necessary 
for a flux ratio of 12. 

2. The transport system was concentration depen- 
dent and exhibited SZitUrdtiOn kinetics; the permea- 
tion ratios approached 1 with high concentrations. 

3. The establishment of permeation ratios greater 
than 1 and the concentration dependence of the per- 
meation from blood to lumen were abolished by a 
decrease in oxidative energy. 

4. In accordance with the preferential flux direction 
blood-to-lumen, the system was capable of uphill 
transport, creating a concentration gradient between 
the lumen and the blood side of the mucosa. The 
establishment of this gradient was also abolished by 
anaerobiosis. 

Therefore. this secretory mechanism must be classi- 
fied as an active transport system. The fact that one 
monoquaternary ammonium compound inhibited the 
transport of another in a concentration-de~lldent 
manner is consistent with a common transport system 
for these substances. 

Since the demonstration of an active secretory sys- 
tem for cardiac glycosides [2-51. the intestinal trans- 
port of monoquaternary ammonium compounds rep- 
resents a second system which secretes compounds 
of a chemically distinct group of substances into the 
intestinal lumen. But whereas an active transport sys- 
tem for cardiac glycosides has been additionally 
demonstrated only in the liver [30.31], and, possibly. 
in the kidney [32,33] that for quaternary ammonium 
compounds seems to be widely distributed through- 
out the body. Quatemary ammonium compounds are 
reported to be actively transported by the 
liver [34-37: reviews: 8. 38,391, the kidney [4&43; 
reviews: 44,451. the choroid plexus [46,47], nervous 
tissue [48,49], myocardial cells [SO]. and erythro- 
cytes [ 5 1.521. 

Close similarities of the transport system for qua- 
ternary ammonium compounds seem to exist between 
the intestine and other tissues with respect to sub- 
strate affinity. in the present study NMScop was most 
readily transported. Compounds with a chemical 
structure similar to that of NMScop (a highly polar 
group at one end of the molecule and a lipophilic 
structure at the opposite end) are also most rapidly 
excreted in bile. for instance mepiperphenidol (Dar- 
stin@), benzomethamine. oxyphenonium or procaine 
amide ethobromide [37,39]. In the kidney substances 
with an asymmetrical charge distribution like Darstin, 
other dialkyl-piperidinium compounds, and tetraalkyl- 
ammonium derivatives with one longer alkyl substi- 
tuent have a relatively high affinity for the organic 
base transport system, measured by inhibition stud- 
ies [53-551. Those quaternary ammonium com- 

pounds which lack the nonpolar component in their 
structure, for example TEA, are slowly excreted in 
bile [37] and possess a relatively low affinity for the 
renal transport system [X--55]. These results agree 
well with the present findings, in which TEA was also 
the substrate least transported by the active 
mechanism described. The lipoid solubilities of the 
tested compounds (chloroform--water partition coeffi- 
cient: 0.06 for TEA. 0.06 for NMN. and 0.10 for 
NMScop) are consistent with the suggestion that a 
nonpolar side chain facilitates the interaction with 
binding sites at the cell wall CS3.543. 

Furthermore the molecular weight may also con- 
tribute to the quantitative differences in transport. 
Quaternary ammonium compounds with relatively 
low molecular weights (< 200-300) tend to be poorly 
excreted in bile, but biliary excretion increases as the 
molecular weight of the compounds rises [56,57]. 
Similarly in the present study NMScop, which has 
a molecular weight of 318, was far better transported 
than NMN and TEA with molecular weights of 137 
and 130. respectively. 

D(&mtiation qf permeation into a saturable and a 
~~omaturuhle corqwnet~t. The permeations in the secre- 
tory direction dcxrease more or less rapidly with in- 
creasing concentrations (Figs. 24). This kind of curve 
is to be expected when a carrier system reaches its 
saturation. But even with high concentrations there 
is no tendency of the permeation from blood to lumen 
to approach zero, indicating the pa~icipation of a 
second. nonsaturable permeation mechanism. The lat- 
ter is more clearly apparent from Fig. 7, in which 
the absolute amount of NMScop secreted per unit 
time and unit area is plotted versus the concentration, 
both for the total permeation (Fig. 7a) and the corr. 
permeation (Fig. 7b). In both cases the flux may be 
described as the sum of a saturable term disp~dying 
Michaelis-Lenten kinetics plus a second nonsatur- 
able term. since the ffux tended to become propor- 
tional to the concentration offered as the latter was 
increased. Thus the tlux from blood to lumen can 
be described by the equation 

where: Y = amount secretedj(time . area), V= maxi- 
mum velocity of transepithelial carrier-mediated 
transport, K, = half-saturation constant of trans- 
epithelial carrier-mediated transport, P = permeabi- 
fity coefficient (proportionality constant for nonsatur- 
able process), S = substrate concentration offered. 

V, K,, and P were calculated by approximating 
the parameters of eq. (1) to the experimental data 
for the NMScop permeation from blood to lumen 
by an iteration procedure [SS]. The values obtained 
are given in the legend to Fig. 7. The satisfactory 
fit of the calculated curves to the values measured 
is illustrated in Fig. 7. 

The values obtained for I/and K, by using either 
the total or the corr. permeation for the approxima- 
tion procedure were not significantly different from 
one another. Only the permeability coefficient was ap- 
proximately four times higher, when the values for 
total permeation were used. This fact may be con- 
sidered as additional evidence for the practicability 
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Fig. 7 Permeation from blood to lumen of NMScop in 
absolute terms as a function of the concentration adminis- 
tered. Abscissa: concentration administered (linear scale); 
ordinate: total (aj and corr. permeation (b) in nmoles 
mine ’ cm- I, Insets: permeations with low concentrations 
offered. Curves correspond to the equations 
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calculated by use of the constants obtained by approximat- 
ing the parameters of eq. (1) to the experimental data. The 
constants used were: 

(nmoles rnk 
P 

-’ cm-‘) (5 (10-5cmmin~1) 

(a) 0.268 445 20.94 
(b) 0.277 467 5.84 

of the correction method employed for the extracellu- 
lar substrate permeation described above. However, 
the values obtained for the transport parameters are 
only approximations, since they are based on permea- 
tion rates which also include a non-steady-state 
period. 

Cellular localization of the transport system. The 
proof of the intestinal secretion of monoquatemary 
ammonium compounds by a saturable, metabolically 
dependent transport system poses the question where 
is this mechanism located within the epithelial cell. 

The existence of a transport mechanism in the 
basolateral membranes is suggested by the saturabi- 

lity of the uptake from the blood side of the epithe- 
lium (Figs. 24). If no further transport system is 
assumed to be involved in the transepithelial permea- 
tion, a decrease in cellular uptake from the blood 
side would be expected with inhibition of secretion. 
Yet with NMScop the cellular uptake from the blood 
side was unchanged in anaerobiosis, although the se- 
cretion is markedly decreased in comparison to aero- 
bic conditions. These experimental findings may be 
explained by the assumption of a second transport 
system in the luminal membrane, secreting monoqua- 
ternary amines toward the lumen. If less substrate 
enters and leaves the cells in anaerobiosis, the cellular 
concentration may remain unchanged in comparison 
to aerobic conditions, although the secretion is inhi- 
bited. Thus, the cell model which fits all experimental 
data is that of two transport mechanisms in series, 
paralleled by diffusional pathways across both mem- 
branes. Analogous cell models have been derived pre- 
viously from studies of the secretion of cardiac glyco- 
sides [4,5] and the absorption of 3-O-methyl-D-glu- 
case [59] by the isolated mucosa. 

The existence of the luminal system is substantiated 
by the increase in cellular uptake from the lumen side 
in anaerobiosis in comparison to aerobiosis as 
observed with NMScop and NMN. A decrease in 
basal efflux cannot be responsible for this finding, 
because the basal efflux coefficient is unchanged un- 
der these conditions (Turnheim and Lauterbach, in 
preparation). The unaltered luminal uptake of TEA 
in anaerobiosis might be attributed to an especially 
low affinity to this pump, which is in good agreement 
with the demonstrated low secretory rate of TEA 
when placed on the blood side. The unsaturability 
of the luminal uptake may be explained by a low 
affinity of the substrates for this system, as would 
be expected from the preferential direction of trans- 
port. Therefore the concentrations studied in which 
the basal uptake exhibited saturation were probably 
less than the saturation range of the transport system 
on the outside of the luminal membrane. 

Intestinal transfer of non-quaternary amines. In a 
number of organs a common transport system is 
shared by quaternary and non-quaternary amines, as 
shown by inhibition studies [41,43,52.55,60,68]. It 
is quite conceivable, therefore, that non-quaternary 
amines in their cationic form are also substrates for 
the intestinal secretory system demonstrated for qua- 
ternary ammonium compounds. As a matter of fact. 
the tertiary amine atropine (pK, 9.9) has been shown 
to be a potent inhibitor of NMScop transport in the 
isolated jejunal mucosa (Sund, Lauterbach, Turn- 
heim; unpublished). Intestinal secretion may thus be 
responsible for the finding of Hogben et al. [69] that 
the distribution ratio intestinal lumen/plasma of 
organic bases was higher than that which had been 
expected on the assumption that only the unionized 
form transgresses the cell boundaries. The dose- 
dependence of the absorption of the tertiary amines 
quinine and quinidine which has been observed under 
certain conditions by Ragozzino and Malone [70] 
and which is very similar to that recorded for benzo- 
methamine [21] may also be due to saturable intes- 
tinal secretion. 

Therefore the demonstration of a secretory system 
for quatemary ammonium compounds not only 
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emphasizes the excretory function of the intestine but 
may also provide an explanation for the peculiarities 
in absorption kinetics of drugs, which thus far could 
not be fully explained by the non-ionic diffusion 
theory. 
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