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The characteristics of the intestinal transport system for choline were investigated using isolated bru~,, ~order membra~ vesicles 
from rat small intestine. In spite of the diminutive lipid solubility, the uptake of choline by membreae ~esid s reflected s, ooth 
permeation into intravesicular space rather than the binding to the membrane surface. Physiologir ai conditions, present in the 
intact intestine, such as an inward-directed Na + or H + gradient and inside negative membrane potentials, didn't directly involve 
in choline transport across the brush-border membrane. Moreover, an outward-directed H + gradient had no significant effect on 
the time course of choline transport. However, in the absence of a driving-force,the initial uptake of choline exhibited a saturable 
manner. A kinetic analysis of the initial uptake rate gave an app~rent K m of 159/~M. Furthermore, unlabeled choline caused 
both cis-inhibition and trans-stimulation for labeled chol~r~e transport, suggesting the existence of a carrier-mediated transport 
system for choline, classified as so-called 'facilitated diffusion'. Si,~ce tetramethylammonium, acetyicholine, and N~-methylnico - 
tinamide caused both cis-inhibition and trans-stimulation, they appear to be accepted as the substrate of choline carrier. On the 
other hand, quaternary ammonium compounds (QACs) such as those which possessed hydrophobic parts in their molecules 
exhibited only cis-inhibition. They e~lso inhibited Na depende,.~ o-glucose transport, indicating that they influenced various 
carrier-mediated transport systems non-specifically du~. to intera~:tion with the membrane. These findings strongly suggest that 
the choline transport system on the brush-border membrane of rat intestine recognizes only ~mall molecular QACs as its 
substrate. 

Introduction 

Choline (trimethyl-/3-hydroxyethylammonium) i,z a 
quaternary ammonium compound (QAC) that is widely 
distributed amongst plants and animals. This sub~i,~,~.,. 
is utilized to produce the essential components of 
biomembranes, such as phosphatidylcholine and sph- 
ingomyelin. Moreover, it is a precursor for the biosyn- 
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lyl)]benzene. 

thesis of the neurotransmitter acetylcholine. Since only 
a small amount of choline is produced in the body, 
most animals including human beings must depend 
upon their diet for the greater part of the choline 
supply [1]. It is, therefore, considered that choline is an 
essential nutrient [2]. 

It is known thal choline is well absorbed from the 
intestine although it is completely ionized and ex- 
tremely water-soluble [3-5]. It was, therefore, common 
to assume that the specialized transport mechanisms 
such as a carrier-mediated transport system facilitated 
its absorption process. Many attempts to clarify the 
mechanisms have been carried out using various exper- 
imental models [5,6-10]. However, the details of the 
carrier-mediated system remain unclear. Moreover, 
most of these methods using whole tissue preparations 
could not distinguish the transcellular choline trans- 
port from the extracellular one. It should be noted that 
the extracellular pathway via the tight junctions and 
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the intercellular spaces behaved as aqueous pores with 
cation selectivity [11]. Therefore, the details of the 
transport across the lipoidal brush-border membrane, 
which is a substantial barrier to the absorption of ionic 
compound like choline, still remain to be fully charac- 
terized. 

Transport stud~ using brush-border membrane vesi- 
cles has proved useful as a model system to elucidate 
the absorption mechanism across the epithelial cell 
[12-14]. Up to now, using this membrane preparation 
from rat small intestine, we have reported the trans- 
port mechanism of QACs such as those which possess 
a variety of hydrophobic parts in their molecules [ 15,16]. 
The mechanism consisted of at least two consecutive 
processes. The first process was the rapid binding to 
the brush-border membrane, and the second was the 
entering into epithelium driven by the transmembrane 
electrical potential difference (cell interior negative). 

We illustrated, as well, ~hat the size of the hy- 
drophobic part in QAC molecule w~s an important 
factor /'or the determination of the degree at which 
QAC bound to the brush-border membrane and that 
the absorption from rat intestine was correlated to the 
degree of binding [17,18]. However, the reason for the 
adequate absorption of choline, which has no hy- 
drophobic parts in its molecule, is unable to be ex- 
plained on the basis of the transport mechanism men- 
tioned above. 

In tlus paper, we have investigated the transport 
mechanism of choline acrt~ss the brush-border mem- 
brane, and suggested that choline might pass through 
the membrane via a carrier-mediated transport system, 
which recognize only small molecular QACs as its 
substrate. 

Materials and Method 

Materials 
[methyl-14C]Choline chloride (2.0 GBq/mmol) and 

D-[U-t4C]glucose (0.5 GBq/mmol) were obtained from 
Du Pont/NEN Research Products (Wilmington, DE, 
USA) and Amersham International (Buckinghamshire, 
UK), respectively. Unlabeled choline chloride, tetra- 
methylammonium bromide (TMA), and phenyltrimeth- 
ylammonium bromide were purchased from Nakalai 
Tesque (Kyoto, Japan). Unlabeled D-glucose, tetra- 
ethylammonium chloride (TE~), ~.nd acetylcholine 
bromide were from Wako Pure (Osaka, Japan). N ~- 
Methylnicotinamide chloride (NMN) was from Sigma 
(St. Louis, MO, USA). Hexyltrimethylammonium io- 
dide (C6), octyltrimethylammonium iodide (C8) were 
synthesized from the corresponding tertiary amines 
and methyl it~lide in our laboratory using the method 
of Huang et al. [19]. Decyltrimethylammonium bro- 
mide (CI0) was synthesized from n-decyi bromide and 
trimethylamine. The purities of. ~nthesized QACs were 

checked by elemental analysis and ~ H-NMR (100 MHz). 
All other chemicals were of the highest grade available 
and used without further purification. 

Preparation of brash-border membrane I~esicles 
Adult male Wistar rats (250-300 g) were used. En- 

tire small intestine was excised under anesthesia 
(pentobarbital sodium (30 mg/kg body weight, i.p.)). 
Brush-border membrane vesicles were isolated accord- 
ing to the calcium chloride precipitation method of 
Kessler et al. [20] as described previously [21]. Mem- 
brane vesicles were finally suspended in a medium 
containing 100 mM o-mannitol, 20 mM Mes-Tris (pH 
6.5) in a concentr~,tion of 3-4 mg membrane protein 
per ml. All steps were performed on ice or at 2°C. The 
purity of the membrane was routinely evaluated by 
measuring the enrichment of alkaline phosphatase (EC 
3.1.3.1), an enzyme specific to the intestinal brush- 
border membrane. The specific activity of this enzyme 
increased more than 12-fold in the final membrane 
suspension compared with concentrations found in the 
homogenate of intestinal scrapings. In some cases, the 
membrane vesicles were frozen at -8(1°C until use and 
thawed in iced water within 2 days for transport experi- 
ments. 

7"ran.il~ort experiments 
The transport of [14C]choline into the isolated mem- 

brane vesicles was measured by a rapid filtration tech- 
nique as described previously [21]. Briefly, in the regu- 
lar assay, the transport was initiated by mixing 51) ~1 of 
membrane vesicle suspension with 100 ~! of experi- 
mental buffer containing [~4C]choline. "['h~: sp,.,.,i,. 
conditions tbr each experiment are given in the legends 
of figures and tables. All transport experiments were 
carried out at 25°C. After appropriate time intervals, 
the mixture was diluted with 3 ml of ice-cold stop 
solution (150 mM NaCI, 1 mM Tris-HCI (pH 6.5)) and 
filtered under vacuum through a Millipore membrane 
filter (HAWP, 0.45 ~m pore size, 25 mm filter diame- 
ter), which w~s previously washed with 2 ml of ice-cold 
stop solution containing 5 mM phenyltrimethylammo- 
nium in order to reduce non-specific adsorption of 
[L4C]choline. The filter was washed once with 3 ml of 
the same ice-cold stop solution and dissolved in l0 ml 
of scintillation fluid (1% DPO, 0.05% POPOP in 
toluene/polyoxyethylene (10) octyl-phenyl ether (2: !, 
v/v)). The radioactivity was counted by liquid scintilla- 
tion spectrophotometer. In parallel, membrane-free in- 
cubation media were handled in an identical manner, 
and the radioactivity on the filter was subtracted from 
the uptake values determined in the presence of the 
membranes. Protein concentration of membrane sus- 
pension was determined by the method of Lowry et al. 
[22], using bovine serum albumin as the standard. 



Statistical method 
Transport experiments were routinely carried out in 

triplicate or quadruplicate, and the variation among 
the replicate values was < 10% of the mean value in 
most cases. All experiments were performed with two 
to three membrane preparations. Statistical analysis 
was performed using the Student's t-test and a P < 0.05 
was considered significant. 

Results 

Transport ability of isolated manbrane t,esicles for o-glu- 
COSt" 

To ascertain the viability of membrane vesicles pre. 
pared in this study, the uphill transport of D-glucose 
was measured. The transport of o-glucose (50 pM) by 
brush-border membrane vesicles demonstrated its usual 
characteristics of a distinct 'overshoot' phenomenon in 
the presence of an inward-directed Na + gradient (out- 
side, 51) mM; inside, 1) mM). At the peak of the 
overshoot, the intravesicular concentration of o-glu- 
cose was about 3-fold greater than the equilibrium 
value. And the magnitude of overshoot was nearly 
identical in both freshly-prepared and frozen-thawed 
membrane vesicles. These results indicated that both 
membrane vesicles retained intact transport properties 
to the same degrees. 

Characteristics of choline transport by brush-border 
membrane t'esicies 

The initial uptake of [~4C]choline as a fupction of 
time was examined at the two omcentrations of 0.2 
mM and 0.5 mM. As shown in Fig. 1, at both concen- 
trations the uptake was nearly linear over at least 40 s. 
The extrapolation of the lines to time zero were ex- 
tremely small and the value was only 40.3 pmol/mg 
protein even at the concentration of 0.5 raM. 
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Fig. 1, Time-course of choline uptake by brush-border membrane 
vesicles. Membrane vesicles were suspended in a medium containing 
100 mM D-mannitol, 20 mM Mes-Tris (pH 6.5). Choline uptake was 
initiated by adding 50 pl of membrane suspension to 100/,tl of an 
incubation medium composed of 11.3 mM (o)  or 0.75 mM (e} 
[t4C]choline, 100 mM D-mannitol and 20 mM Mes-Tris (pH 6.5). 

Each point represents the mean +_ S.E. of f,:~ur determinations. 
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Fig. 2. Effect of medium osmolarity on choline uptake by brush- 
border membrane vesicles. Membrane vesicles were suspended in a 
medium containing 100 mM D-mannitol, 20 mM Mes-Tris (pH 6.5). 
Choline uptake was measured after 30 rain incubation in medium 
containing 0.5 mM [14C]choline, I00 mM i>-mannitol, 20 mM Mes- 
Tris (pH 6.5) :rod various concentrations (75-3t)0 mM) of D-cel- 
Iobiose. The osmolarity was checked using a Fiske Osmomeler. Each 

point represents the mean ± S.E. of six determinations. 

To clarify that choline uptake by membrane vesicles 
represented the transport into the intravesicular space 
rather than the binding to the membrane, the effect of 
extravesicular medium osmolarity on the uptake of 
choline (0.5 mM) at the steady state (30 rain) was 
investigated by adding D-cellobiose to the extravesicu- 
lar medium as a membrane-impermeable solute. The 
amount of choline taken up by vesicles was found to 
decrease in a linear fashion inversely proportional to 
the increase of extravesicular medium osmolarity (Fig. 
2). Extrapolating choline uptake to infinite osmolarity, 
i.e., to zero intravesicular space, was 231 pmol/mg 
protein. From this value, the percentage of membrane 
binding at the steady state was estimated to be 26% of 
the total uptake from the incubation medium normally 
used, and the remaining (74% of total uptake) was 
transported into the intravesicular space. The data 
shown in Figs. 1 and 2 suggest that in spite of the 
diminutive lipid-solubility the permeation of choline 
across the brush-border membrane is comparatively 
smoother than expected. 

in order to clarify whether the various physiological 
conUitions present in intact intestine involve in choline 
transport across the brush-border membrane, several 
experiments were performed. Table ! shows the effect 
of an inward-directed Na + gradient (outside, 100 mM; 
inside, 0 mM) on the uptake of choline (0.1 mM). The 
initial uptake value (30 s) under Na + gradient was 
almost identical to those under K ÷ and sucrose gradi- 
ent. It was, therefore, considered that choline transport 
across the brush-border membrane was independent of 
Na +. 

Effect of transmembrane electrical potential differ- 
ence (inside negative) on choline uptake was examined 
using iipophilic anion which could permeate the 
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TABLE ! 

Effect of inward-directed Na + gradient ot~ choline uptake by the 
brush-border membrane vesicles 

Choline uptake was measured in medium containing 0.1 mM 
[t4Ckholine, 100 mM D-mannitol, 20 mM Mes-Tris (pH. 6.5) and 
100 mM NaCI or KCI, or 200 mM sucrose at final concentrations. 
Results represent the means ± S.E. of three to six determinations. 

Condition Choline uptake (pmol/mg protein) 

30 s 30 min 

Na ~ gradient 118.7 ± 13.0 204.0 ± 23. ! 
K + gradient 103.1 ± 14.0 21 !.8± 28.9 
Sucrose gradient i 15.6 :l: 7.1 246.0 ± 18.1 

brush-border membrane much faster than paired cation 
[23]. As shown in Table I1, the uptake of D-glucose (50 
tiM) over 15 s in the presence of NaSCN gradient was 
about 4-fold greater than equilibrium value (30 min). 
Under Na gluconate gradient, the stimulation of initial 
D-glucose uptake was extremely small. This result re- 
confirmed that Na+-dependent D-glucose transport 
across the brush-border membrane was also dependent 
to inside negative membrane potential [24]. In the case 
of choline (0.I raM), however, there was no difference 
in the uptake between these two experimental condi- 
tions, demonstrating that choline transport was irrele- 
vant to membrane potential. This result was compati- 
ble with that obtained from membrane preparation 
from rabbit intestine [20]. 

Table i l i  shows the effect of an outward-directed 
H + gcadient on the uptake of choline (0.2 mM) by 
brush-border membrane vesicles. Choline uptake didn't 
alter significantly in the presence or absence of a H + 
gradient. Although a type of endogenous organic cation 
is known to pass through the brush-border membrane 
via an organic cation-H + antiport system [25], there 

TABLE !! 

Effect of inside negatit,e trmumembrane electrical potential difference 
on the uptake of D.glucose and choline by the brash.border membrane 
resicles 

Uptake was measured in medium containing 100 mM D-mannitol, 20 
mM Mes-Tris (pH 6.5), either 100 mM NaSCN or Ha gluconate, and 
substrate. Results represent the means ± S.E. of three to tour deter- 
minations. The uptake of D-glucose and choline was measured using 
different membrane preparations, respectively. * P < 0.01, signifi- 
cantly different from Na 81uconate. 

Substrate Time Uptake (pmol/mg protein) 

NaSCN Na gluconate 

D-Glucose 15 s 88.4± 3,0 ~ 31.1 ± 2.3 
(50 ltM) 30 min 23.9 ± 4.4 27A ± 5.9 
Choline 30 ~ 105.4± 5.5 98.7± 14.7 
(100/~M) 30 min 185.7±40.1 156.2±25.7 

TABLE II! 

Choline uptake by the brush-border membrane t, esicles in the presence 
and absence of an outward-directed H + gradient 

Brush-border membrane vesicles were suspended in medium con- 
taining eitht~r 100 mM D-mannitol, 20 mM Mes-Tris (pH 5.5) or 100 
mM D-mannitol 20 mM Hepes-Tris (pH 7.5). Choline uptake was 
initiated by adding 20 ttl of membrane suspension to 100 pl of an 
incubation medium composed of 100 mM D-mannitol, 20 mM 
Hepes-Tris (pH 7.5) and 0.24 mM [n4C]choline. Results represent 
the means ± S.E. of four determination, n.s., no', significant. 

Time 
(rain) 

Choline uptake (pmoi/,ng protein) 

pH in -- 5.5 pH in -- 7.5 

0.5 225.6 :t: 26.4 206.3 ± 7.6 n.s. 
I 304.0 ± 29.8 297.9 ± 14.7 n.s. 

30 389.9 ± 61.7 410.6 ± 26.8 n.s. 

was no indication of active transport of choline via the 
antiport system. The result in Table Ill also suggest 
that inside negative H+-diffusion potential had no ef- 
fect on choline uptake. 

Moreover, an inward-directed H + gradient (PHin-  
7.5, PHout = 5.5), which is known to induce the uphill 
transport of dipetides [26,27], had no stimulatory effect 
on choline transport (data not shown). 

Concentration dependence of choline uptake by brush- 
border membrane vesicles 

Fig. 3 shows the rate of choline uptake at various 
extravesicular concentrations of choline over a range of 
0.025 to 1 raM. There was a non-linear relationship, 
saturability, between the concentration and the rate of 
uptake, in order to analyze the saturation of the rate 
of choline uptake, total uptake was divided into sat- 
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~ . /  non-saturable component 
0 , i t i , a, . . .  , dl 
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Fig. 3. Effect of choline concentration on the initial rate of choline 
uptake by brush-border membrane vesicles. Membrane vesicles were 
suspended in a medium containing 100 mM D-mannitol, 20 mM 
Mes-Tris (pH 6.5). Choline uptake over a 30 s period was measured 
in medium containing [t4C]choline at the indicated concentrations, 
100 mM D-mannitol and 20 mM Mes-Tris (pH 6.5). Results repre- 

sents the means + S.E. of six determinations. 
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Fig. 4. Effect of preloading of unlabeled choline on [14C]choline 
uptake by brush-border membrane vesicles. Membrane vesicles were 
suspended in a medium containing 100 mM o-mannitol, 20 mM 
Mes-Tris (pH 6.5). Firstly, membrane vesicles were preincubated in a 
medium containing unlabeled cho!ine at iqdicated concentrations, 
I(X) nlM t)-mannitol and 20 mM Mes-Tris (pH 6.5) at 25°C fi)r 31) 
min. And then [14C]choline t:ptake over a 30 s period was initiated 
by adding 40 #1 of the mixture to 2(X)/~1 of an incubation medium 
containing 30 btM labeled choline, IIX) mM i)-mannitol, 20 mM 
Mes-Tris (pit 6.5) and appropriate amount ol' unlabeled choline to 
adjust its extravesicular concentration 1o 166 #M. Results represent 
the means± S.E. of six determinations. * P< 0.01, ** P < 1|.050 sig- 

nificantly different from 0 mM. 

urable and non-saturable components by solving the 
following equation by computer  analysis: 

v.,,,,[s] 
v = I,' [sl 

where V is the initial uptake rate, [S] is the initial 
concentration, Vm,,~ is the maximum uptake by sat- 
urable component, K m is the Michaelis constant, and 
K d is the coefficient of non-saturable component (i.e., 
simple diffusion). The calculated values of apparent  
K,,, Vn,,, ~, and K d were 159 ~M,  166 p m o l / m g  protein 
per 30 s, and 322 p m o i / m g  protein per 30 s per mM, 
respectively. 

Effect of unlabeled choline on /14Clcholine uptake by 
bn¢sh-border tru, mbrane t'esicles 

To determine whether the saturability shown in Fig. 
3 indicates the presence of carrier-mediated transport 
of choline across the brush-border membrane, the ef- 
fect of unlabeled choline on [14C]choiine uptake was 
examined. The uptake of 0.1 mM [14C]choline over 30 s 
significantly decreased in the presence of a large quan- 
tity of unlabeled choline in the extravesicular medium. 
The degree of cis-inhibition by unlabeled choline was 
about 40% at 2.5 mM and 65% at 5 raM, respectively. 

Fig. 4 shows the effect of preloading of unlabeled 
choline on the uptake of [14C]choline (25/~M) over 30 
s. In these experiments unlabeled choline coexisting in 
the extravesicular medium at the start of [~4C]choline 
uptake was kept constant in every samples. [ ~4C]Choline 
uptake was gradually enhanced with the increase of 
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preloading concentrations of unlabeled choline. The 
data indicate that the presence of unlabeled choline 
inside the vesicles was capable of trans-stimulating the 
transport of labeled choline from outside to inside. 

Considering above results (saturability, cis-inhibi- 
tion, and trans-stimulation), it is strongly suggested 
that a carrier-mediated transport is mwlved in choline 
uptake by the brush-border membJane vesicles from 
rat small intestine. 

Cis-inhihition and trans-stimulation effect of other qua- 
ternary ammonhim compounds on choline uptake by 
brush-border membrane resicles 

Since there is considerable variety within the struc- 
tures of QACs, it would be worthwhile interesting as to 
whether the presumable choline transport system on 
the brush-border membrane accepts other QACs as its 
substrate. Initial uptake of choline (0.1 mM) was signii- 
icantly inhibited to varying extents by other QACs with 
the single exception of TEA (Fig. 5). Decyltrimeth- 
ylammonium was the strongest inhibitor among QACs 
tested. Tetramethylammonium, C6, and C8 inhibited 
choline uptake to similar degrees. The effect of acetyl- 
choline and NMN was weaker than that of other QACs 
but stili significant. The inhibitory effect of C8 and CI0 
on choline uptake was observed even at 40 min, whereas 
TMA, NMN, and C6 had little or no effect (data not 
shown). Since C8 and CI0 interact with the brush- 
border membrane, the long-acting inhibition of these 
QACs might take place as a result of this action. 

In order  to investigate as to whether the inhibition 
of choline uptake shown above (Fig. 5)was  the result 
of a competition of tested compoands wilh choline foi 
transport carrier or not, the ability of QACs to trans- 
stimulate the uptake of choline was studied. Mem- 
brane vesicles were preloaded at the concentration of 

Acetylcholine * 

TMA ~ ** 

TEA n.d. 

NMN ~ L t  * 

CB ~ ** 

CO ~ ', 

C10 ~ *** 
• i i i | , - . , . . a  

0 20 40 60 80 100 
Percent of control 

Fig. 5. Effect of other QACs on choline uptake by brush-border 
membJa,c vc~ic!es, Membrane vesicles were suspended in a medium 
containing 100 mM D-mannitol, 20 mM Mes-Tris (pH (~5), Choline 
uptake over a 30 s period was measured in medium containing 0.1 
mM [14C]choline, 100 mM o.mannitol, 20 mM Mes-Tris (pH r~.5) a,d 
2.5 mM OAC at final concentrations. Results represent the means_+ 
S.E. of six determinations, n.d., not different from control. * P < 0.05, 

• * P < 0.01, * * * P < 0.001 significantly smaller than control. 
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0.1 mM for 30 min. As shown in Fig. 6, the presence of 
0.1 mM unlabeled choline inside the vesicles stimu- 
lated the uptake of radiolabeled choline (25 /.tM) by 
50%. i M A  and acetylcholine obviously enhanced 
choline uptake. Although the effect observed with 
NMN ~as less significant, as compared to unlabeled 
choline, it exhibited a tendency to stimulate choline 
uptake. On the contrary, TEA, C6, and C8 had no 
stimulatory effect and C10 caused considerable inhibi- 
tion even under the experimental conditions used here. 

Effect of  quaternary ammonium coml~unds on Na +-de- 
I~,ndent z).glucose tq~take ~}, brush.i~mh'r membr¢:.,w 
t'esicles 

As previously reported [1~,17,28,29], QACs possess- 
ing a hydrophobic part in their structures, such as C8, 
CI0, and propantheline, interact with the brush-border 
membrane, it is, therefore, probable that the inhibition 
of these QACs on choline transport (Fig. 5) is non- 
sp~:,,ificaily caused as a result of membrane binding of 
these QACs. In order to substantiate the possibility, 
their effect on the well-characterized carrier-mediated 
transport system was examined. Table IV shows the 
effect of fou~" QACs on l)-glucose uptake in the pres- 
ence of an inward-directed Na ÷ or K + gradient. Al- 
though TMA and C6 failed to inhibit i)-glucosc trans- 
port under Na + gradient, C8 and CI0 significantly 
inhibited it. On the other hand, all QACs exhibited no 
noteworthy effects on i~-glucose the uptake in the 
presence of K + gradient. Since there was no difference 
in t)-glucose uptake at a steady state (40 rain) in the 
presence or absence of CI0 (data not shown), it seems 
to indicate that the: decrease of choline transport at 40 
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Fig, 6, Effect of preh~lding of oli~:r OA('s on ~,~mlinc uptake h)' 
brush-border membrane vesicles Membrane vesicles were sus. 
I~nded i;I a medium containing I(1{| mM ,)-mannitol, 20 mM Mes-Tris 
(ptl  6.5). Firstly, memhrane vesicles ~,~re preincubaled in a mediu'm 
conlainieg 0,1 mM QAC, 100 mM I)-mannitol and 20 mM Mes-Tris 
¢pll 6.5) at 2Y'C for ~) rain, And then choline uptake over a 30 s 
pcri~l was initiated by adtling 40 ~tl of the mixture to 200 p.I of an 
incubation medium comprised of ,~  tLM [l'lC]choline, If}0 mM 
t~-manni~ol and ~J raM Mes-Tris (pH 6.5). Results represent the 
means _+ S,E, of six determinations. * P < 0,05, significantly greater 

than control. 

TABLE IV 

Effect of ]bur QACs on D-glucose teptake by the brush-bsmh'r nwm- 
brahe t'esich's 

D-Glucose uplake over a 30 sec pcri,~d was iucasured in medium 
containing 51) #M ~)-[14C]glucosc, It}O mM D-rnannitol, 20 mM 
Mes-Tris (pH {~.5) anf:| 2.5 mM QAU at final ~:onccnlrations. Results 
represent the means ± S.E. of time determinations, * P < 0.05. * * P 
< 0.01, significantly different from control. 

QAC D-Glucose uptake (pmol /mg protein) 

' Na '  gradient K '  gradient 

None (control) 12~.5 + 5.(~ 7.g + 1.0 
TMA ~ 125.6~ 1.4 9.8 + 3.8 
C(~ \ ! 23,0 + 3.{': 8. i + 0.3 
C~ IttT.2 ± 2,~ * 8.11 + 11.3 
('Ill 72.7 ) 8.~ ~ * 7. {) ± I. I 

rain by CI(} mentioned above wlts not duc to a morpho- 
logical change st~ch as a decrease ~f vcsicuhu" v o h i n l e .  

I)iscussion 

The present results demonstrate the existence of a 
carrier-mediated transport system for cholipc in the 
brush-border mtanbrane from rat small intestine. The 
evidence can be summarized its follows: (I) initial tip- 
take of choline was accomtAishctl in a s;!~urable man- 
nor with an al~parent K., of 159 uM (Fig. 3), (2) 
unlabeled choline caused cis-inhibition and trans- 
stimulation of [";C]cholinc uptake (Fig. 4X and (3) 
some structurally-related QACs had the same effect as 
unlabeled choiiae on the transport of labeled one 
(Figs. 5 and 6). Although it is possible that saturability 
of initial uptake and cis-inhibition are observed in tile 
p~:rmcation thr¢~ugh cation-selective pores or clumnels 
on the mcmbrar:e, trans-stimulation is considered to be 
characteristic of the carrier-mediated transport [30,31]. 
In vitro results obtained with everted intestinal sltcs of 
ra' [5,61 and hamster [6], intestinal segments of chicken 

• [7], guinea pig [8] and rat [10], isolated entcrocytes of 
guinea pig [91, or brush-border membrane vesicles from 
rabbit intestine [20] have indicated the saturability of 
choline transport. The affinity of tr'qnspor| ~y~tem such 
its K m value shown in this study was within the range 
reported in previous papers. 

The conflicting aspect in the literature concerned 
the sodium depcnd¢ncc of the choline transport. 
Sodium-dependent choline transport was indicated us- 
tag intestir;al segment of chick [7] and isolated entero- 
cytes of guinea pig [8]. Our results illustrated that 
choline transport into rat intestinal brush-border mem- 
brane vesicles was unaffected in the presence of an 
inward-directed Na + gradient (Table I). A similar re- 
sult was reported in the same experimental model with 
rabbit intestine. Although species difference in choline 
transport can not be excluded, choline transport 
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may be characterized as a sodium-independent pro- 
cess. !t is generally known that such physiological con- 
ditions present in intact intestine as inward-directed 
Na + or H + gradient, inside negative membrane poten- 
tial and outward-directed H + gradient, participate in 
~h~ membrane transport of various substance as the 
driving-force. In the present ~,~.udy, however, these 
physiological conditions had no significant effect on 
choline transport, indicating a possibility that the car- 
rier-mediated transport system for choline didn't nec- 
essarily demand a driving-force; assuming this was true, 
the transport system would be characterized as a sort 
of iacilitated diffusion. Since Ruifrok and Mol [Ill 
reported the contribution of the extracellular route to 
the absorption of small molecular QACs such as TMA, 
TEA and choline, choline would be efficiently ab. 
sorbed via the carrier-mediated transport system in 
addition to the extracellular route. 

Moreover, the additional significant finding in the 
present study is the substrate specificity of the carrier 
involved in choline transport. From the results shown 
in Figs. 5 and 6, tested QACs were divided into at least 
three groups tm the basis of their effect on choline 
uptake. The first group, exhibiting both cis-inhibition 
and trans-stimulation, includes TMA, acetylcholine, 
and most likely NMN. OACs such as thuse which 
caused cis-inhibition but no trans-stimulation are in the 
second group, including C6, C8, and CI0. The third 
group contains compounds like TEA, which exhibited 
no effect on choline uptake. A special feature of OACs 
in the first group is that their structures are compara- 
tively small and there are no hydrophobic parts in their 
molecules, as well as choline. These QACs are cons;d- 
ered to be the substrates of the carrier-mediated trans- 
port system of choline in the brush-border membrane, 
because of their trans-stimulation effect which is a 
convincing demonstration of a carrier-mediated trans- 
port system. On the other hand, it seems that QACs in 
the second group are not directly recognized as sub- 
strafes of the choline transport system, it is of impor- 
tance that C8 and Ci0 in this group influenced a 
separate carrier-mediated transport system. As shown 
in Table IV, the magnitude of overshoot in Na4-de - 
pcadem o-glucose transport significantly decreased in 
the presence of these QACs. We have already shown 
[17,18] that the binding of n-alkyltrime~.hylammonium 
to the brush-border membrane gradually increased with 
each extention of unbranched hydrocarbon chain from 
C8 to tetradecyltrimethylammonium (C14), and yet, C6 
and heptyltrimethylammonium (C7) failed to bind to 
the membrane significantly. 

It is well known that a variety of amphiphilic organic 
cations strongly interact with biomembrane [28,32,33] 
and interfere in various membrane functions [34-36]. 
If the inhibition of Na +-dependent o-glucose transport 
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by C8 and CI0 was due to the interaction between 
these QACs and the brush-border membrane, their 
inhibitory effect on choline transport as shown in Fig. 5 
would take p[ace non-specifically. These QACs didn't 
change D-glucose transport under K ~ gradient instead 
of Na + (Table IV), suggesting that they had little or rio 
effect on the simple diffusion process. It is, therefore, 
possible that these QACs may possibly suppress vari- 
ous carrier-mediated transports by means of random 
binding to carrier proteins rather than by the change in 
membrane fluidity. We have previously found that sialic 
acids, which occupy a terminal position in carbohydrate 
chains of glycoprotein or glycolipid, play an important 
role in the high binding of QACs to the brush-border 
membrane [29]. This finding may serve as a possible 
explanation tor the direct interaction between QACs 
and carrier proteins. 

The transport of TEA, a prototypical substrate for 
the well-known organic cation/proton antiport in kid- 
ney, into rcnal brush-border membrane vesicles was 
significantly inhibited by choline [37]. It is, therefore, 
noteworthy that TEA had no effect on choline trans- 
port across intestinal brush-border membrane. This 
may indicate that TEA is unable to interact with the 
binding sites of the carrier on rat intestinal brush- 
border membrane, due to steric hindrance caused by 
the four ethyl groups around the nitrogen atom. The 
TEA result was compatible with that reported by Tsub- 
aki and Komai [5]. The greater part of the character- 
istics of the choline transport syst6m in this study seem 
to be quite consistent with the translocation model of 
the choline carrier of erythrocyte as reported by Deves 
and Krupka [38]. 

In conclusion, the rat intestinal brush-border mem- 
brane was shown to possess a carrier-mediated process 
for choline transport and this process quite possibly 
plays an important role in choline absorption from the 
intestine. Since this transport system operal~d fully 
independent of a driving-force, it might be charac- 
terized, for the pres~m, as a type of facilitated diffu- 
sion. The choline carrier accepts only small molecular 
QACs, such as TMA, acetylcholine, and NMN, as its 
substrate. Moreover, QACs such as those possessing 
hydrophobic parts in their structures are able to i, ind 
to the choline carrier, but are unable to permeate the 
membrane via the transport system, it is, therefore, 
considered that the transport mechanism between small 
molecular and larger QACs is substantially distinct. 
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