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Abstract. Pre-epithelial “unstirred” layers (abbr. pL) are Key words: Unstirred layers — Intestinal absorption —
generally regarded as undesirable diffusion barriers thaParacellular solvent drag — Membrane hydrolysis
impede access to absorptive cells of exogenous hexoses,
amino acids or other experimental probes added to ﬂuid? .

. . Introduction
bathing the mucosal surface. In the present paper it is

SuggeStEd that the .pL may have a functlona_l role. p'f'The absorptive surfaces of the brush border are over-
fusion plus convection of sacchar_ldes a_nd ollgope_ptlde%yed with the glycocalyx and a film of mucus 5—ffn
from lumen to brush border, combined with absorption to;,” thickness [61]. Overlying the mucus is an aqueous
blood qf their hydrolytic products, confers rectifying layer of chyme that is subject to variable degrees of
properties to the pL. The proposed model, based on exyixing with the major contents of the intestinal lumen.
perimental data from segmental jejunal perfusions incolectively the pre-epithelial layers are usually de-
normal human subjects, indicates that the functionakcribed as “unstirred layers” but this may be a misnomer
pathway for diffusion plus convection through the pL of not only because of variable mechanical mixing of lu-
hexoses and amino acids bound in the form of oligomersnenal contents by contractile elements in villi, muscu-
is only 10 + 2um or little more than the anatomical |aris mucosa and outer wall, but also because convective
thickness of the glycocalyx and mucus layers. In con-low of fluid continually penetrates the layers and alters
trast, the pathlength from brush border to lumenal perdiffusion gradients. As stated by Gruzdkov et al. [25],
fusion fluid for diffusion minus convection of monomers “, . . the diffusion zone adjacent to the enterocyte apical
generated by membrane bound hydrolases is 5080 membrane cannot be regarded as some immobile water
According to this model the pL offers little resistance to layer. The transport of substances across this zone . . . is
the passage of saccharides or oligopeptides from lumedetermined not only by its diffusion characteristics but
to brush border but at the same time it provides a proalso by the direction and intensity of the net transepithe-
tective blanket that diminishes diffusional losses to lu-lial water flow.”
menal chyme of hexoses and amino acids generated in  Previous treatments of this topic have characterized
the brush border. The model provides a theoretical exthe pL as an impediment to the transfer of free hexoses
planation for the “kinetic advantage” of transporting and amino acids from the intestinal lumen to the apical
hexoses or amino acids through the pL in the form ofsurface of absorptive cells. Although this interpretation
oligomers and it predicts the proximal-distal concentra-of “unstirred layers” is applicable to experiments in
tions of free glucose or fructose found experimentally inwhich exogenous hexoses or amino acids are perfused
the outflows from jejunal segments perfused with su-through intestinal segments or otherwise presented to the
crose or maltose. mucosal surface, it is not directly relevant to normal
physiological conditions. Normal products of lumenal
digestion of carbohydrates, proteins or polypeptides are
intermediate saccharides and peptides containing two to
Correspondence toJ.R. Pappenheimer, 63 Chilton St., Cambridge, t€Nn or more monomeric units [1]. Hexoses and amino
MA 02138-6801, USA acids therefore traverse the pL in the form of these in-
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termediate products of digestion, rather than as freenight be used to evaluate the thickneggsdf “unstirred
monomers. Final hydrolysis to free hexoses or amindayers” overlying the epithelium of the small intestine.
acids occurs in the microenvironment of the brush bor-Their proposal was based on the following equation,
der, catalyzed by membrane-bound hydrolyases of the

microvilli [6, 58, 65, 67]. Theoretically, there is a kinetic & = DA(K',, = K)/0.5V',, 1)
advantage to the diffusive transport of hexoses or amino

acids across the pL if they are transported in the form ofvhere D = diffusion coefficient of solute in pre-epi-
polymers. The potential kinetic advantage derives fronthelial layers;A = surface area of fluid layers overlying
two factors (i) hydrolysis in the brush border followed by the absorptive epitheliumy/’,;, = maximum rate of hy-
absorption of the monomeric products to circulatingdrolysis in the segment, estimated by extrapolation of
blood results in relatively high concentration gradientsdata relating flux to lumenal concentratidfY;,, = mean
for diffusional flux of saccharides through the pL as concentration of the solute in the segment when hydroly-
shown in Fig. 5 below, and (ii) the number of monomerssis rate is 50% of estimatad .., K, = kinetic constant
carried in a polymer is proportional to molecular weight of enzyme-substrate reaction (Michaelis-Menten Con-
(MW) of the polymer, whereas diffusional flux of the stant) measured in vitro with enzymes purified from in-
polymer is inversely proportional to (MW¥. For any testinal epithelium. A formal derivation of Eq. 1 is given
given molar concentration difference across the pL thén Appendix A of the present paper.

diffusional flux of monomers arriving at the apical sur- Smithson et al. applied Eq. 1 to hydrolysis rates of
face would therefore be expected to increase in proporsucrose, lactose, and a tetrapeptide in perfused jejunal
tion to the square root of the molecular weights of thesegments of anesthetized rats. Valuesdotalculated
parent polymers. from Eqg. 1 for all three solutes were more than 0a,

In Part | of the present paper evidence is presentedtalues which were (in the words of the authors) “. . . too
that the functional pathway for diffusion plus convection large to be compatible with the known dimensions of the
of disaccharides through the pL is only 8—1éh or little  ratintestine.” The undistended rat jejunum is in the form
more than the anatomical thickness of the glycocalyx anaf a rectangular tube or flattened ellipse in which the
mucus layers separating lumenal fluid from the apicalcentral axis is everywhere within about 2Mn of the
surface of absorptive cells. In Part Il the functional path-absorptive epithelium. To account for their anomalous
length for diffusional back-flux to lumen of monomers results, Smithson et al. postulated that the diffusion co-
formed in the brush border is estimated to be 50-15fficients of these small solutes through the mucus (un-
wm. The pre-epithelial layers may therefore act func-stirred) layers must be far less than in pure water. No
tionally as a rectifier with a high conductance to flow of direct measurements of diffusion through intestinal mu-
nutrients from lumen to the sites for final hydrolysis and cus are available but it seems unlikely that mucus-
transepithelial transport while at the same time acting aglycocalyx layers consisting mostly of water and having
a protective blanket to minimize diffusional losses of thean anatomical thickness of less thanld could restrict
free hexoses and amino acids generated by membrandiffusion of small uncharged solutes by the two orders of
bound hydrolases in the brush border of absorptive cellsnagnitude necessary to explain the anomalous results.
This possibility was first pointed out by Gruzdkov [26] The glycocalyx overlying endothelial cells offers little or
and | am indebted to him for providing me with a trans- no restriction to diffusion of solutes of molecular weights
lation of his paper. The present discussion will focusless than 10,000 [45]. Smithson et al. did not include in
mainly on experimental results obtained by many investheir paper the essential data relating flux to lumenal
tigators from perfusions of jejunal segments in normalconcentrations and so there was no assurance that there is
humans under conditions in which steady-state rates o true maximum to absorption of the test solutes as re-
absorption of saccharides, peptides and their hydrolysiguired by Eq. 1. Subsequent experiments by Gisolfi et
products can be measured together with rates of fluical. [20], Levitt et al. [39] and analysis of older experi-
absorption. ments by Holdworth & Dawson [29], Gray and Inglefin-

ger [22], McMichael et al. [44], Sandle et al. [57] and
others show that there is in fact no true maximum to

Part | absorption of sugars in perfused segments of human je-
junum; instead, the absorptive fluxes of maltose, sucrose
DIFFUSIVE AND CONVECTIVE TRANSPORT OF or glucose continue to increase almost linearly as lumen-
DISACCHARIDES FROMLUMEN TO BRUSH BORDER OF al concentrations are increased up to 100-200 as
PERFUSED JEJUNAL SEGMENTS EVALUATION OF shown in Fig. 1. The absorption rates summarized in
PATHLENGTH FOR DIFFUSION + CONVECTION Fig. 1 are “physiological” in the sense that they were

obtained with perfusion loads of CHO up to 200 mmols
Smithson, Millar, Jacobs and Gray [61] were the first tohr ™ or the caloric equivalent of about twice the normal
propose that hydrolysis rates of saccharides or peptidesetabolic rate of a 70 kg human (100 kCHr When
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500 : ; = [67], glucose transporters [34], fluid absorption [37] and
Absorption rates . f associated sodium concentrations [28, 60] are located
pmols hr'! em® A B near the villous tips. An alternative hypothesis is pre-

400 . yo e sented below.

@/_ ‘ Equation 1 and the models proposed by Smithson et
: : ~~ 1 al. [61] and by Levitt et al. [39] do not take account of the
300 3 ] R following two transport processes which alter interpreta-
EEEE/(/ ; . mlghr.1 Cpm»z tion of their results, both qualitatively and quantitatively.
200 AF ” _
‘ 1 O  sucrose Convective Transport Through the
Bo A glucose Pre-epithelial Layers

100 5 ; : B maltose |.

o ‘ The hydrolysis of saccharides or peptides is normally
Mean lumenal concentration, mM ‘ asso_mated with net fluid absorption _powered_ by osmotic
0 & : . : gradients generated by concentrative, carrier-mediated
0 50 100 150 200 250 transepithelial transport of hydrolysis products (e.g., glu-

) ] cose, amino acids). This results in fluid flow through the
Fig. 1. Absorption rates of glucose, sucrose and maltose from perfuse(ére_epithe"al Iayers with associated convective transport
jejunal segments of normal humans. The glucose data are from Tabl . .

2, Col. B and represent the best fit to values published in references [150]C solutes. For example, normal 300 g9 ra_ts pr_owded with
17, 18, 19, 20, 22, 29, 41, 64]. Values are calculated for lumena®% glucose, maltose or egg albumen will drink and ab-
surface area of 6.4 chper cm length of catheter. The standard devia- SOrb 20 ml hi* steadily throughout their nocturnal feed-
tion from a smooth curve drawn through all the glucose data is +22%ing period: the absorbed fluid is excreted in urine at an
of the mean values. The sucrose data are from reference [22] and thgyerage rate of about 15 ml"ﬁr[49]. Exercising dogs
maltose data are from references [23, 32, 44, 57]. In the 15-30 ¢ 11] or humans [47] will drink and absorb |arge quanti-
sampling lengths of catheters used for these perfusions the absorptiqn

rates of disaccharides and their hydrolysis products were always Iess!es of sugar solutions for many hours and the rates

than their rates of disappearance from the perfusion fluid (Col. B ofOf fluid absorpt_lon per unit _area of mUCOSE_il surface
Table 1) because some of the hydrolytic products generated in thére almost ten times greater in humans than in rats [51].
brush border diffuse back to the lumenal perfusion fluid as explained inFluid absorption (convective flow) adds to diffusive
the text. The limiting slope of 1.35 ml fir cm™2 in the concentration transport in the direction lumen to brush border and at
range 50‘—200 mis d_irectly proportignal to net rate of.fluid_absorption the same time reduces the diffusive losses of hydrolysis
and provides an estimate of (1o)¢ in Eq. 4 as explained in the text. products in the direction brush border to lumen. Con-

At higher concentrations, fluid absorption is diminished by the osmotic erselv. the secretion of fluid into the lumen retards dif
pressure and becomes negative at concentrations exceedingv389 m v Y I uiat u !

shown in Fig. 3. This results in a diminished rate of increase of ab-fusion through the pL. Under physiological conditions
sorption of sugars that has been interpreted by some investigators as 4AUt not during segmental perfusions) the periodic dis-
approach to a transcellular transport maximum [22, 29, 43, 44]. charge of large osmotic loads from the stomach to the
duodenum after a meal may result in initial secretion of
fluid into the duodenum but normally net fluid absorp-

plotted as molg™ cm 2 as in Fig. 1 it is evident that in . S
the concentration range 50-200vnall three sugars are tion occurs throughout the. Iength of th? Jejunum [4, 16].
Abnormal net fluid secretion into the jejunum may be

cleared from perfusion fluids at approximately the same : f h )
rates with a common limiting slope of about 1.3 mrr induced by a variety of pathogens or drugs or during

cmi 2. This previously unrecognized relationship has im_expenmental perfusions with hypertonic solutions; under

plications for understanding mechanisms of intestinal ab:SUCh abnormal conditions the convective component of
sorption as discussed below. solute fluxes through the pL becomes negative. The con-

To explain the linear increase of absorption rates a%/ectlve component is omitted entirely from Eq. 1.

high lumenal concentrations Levitt et al. [39] postulated

that after saturation of maltases in upper regions of théconvective Transport of Unhydrolyzed Saccharides or
villi, the excess unhydrolyzed maltose diffuses throughPeptides from Brush Border to Blood Via Paracellular
interstices between villi where it is hydrolyzed and ab-Solvent Drag

sorbed at depths up to 3QOm below the villous tips.

This hypothesis is inconsistent with the fact that at highEquation 1 is based on the assumption that all of the
concentrations (60—200nm sucrose or exogenous glu- saccharides or peptides lost from the perfusion fluid are
cose are cleared from jejunal perfusions at approximatelydrolyzed so that rates of hydrolysis can be equated
the same rate as maltose (Fig. 1) despite large differencegith measured fluxes through the pre-epithelial layers;
in their diffusion coefficients or rates of hydrolysis. Itis this is equivalent to assuming that none of the saccha-
also inconsistent with the fact that hydrolytic enzymesrides or peptides are absorbed into blood intact. It is
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known, however, that significant quantities of ingested Proximal-distal gradient of sucrose
lipid-insoluble solutes in the molecular weight range

100-1000 Daltons are absorbed and can be recovered 1 3 : g ——
intact in urine, especially during high rates of fluid ab- g g | ... /G, WenC, =80s5mM
sorption. Thus, 50-80% of ingested creatinine (MW

113), dicyclopropylglycine (MW 155) ar-glucose (MW 0.8 . 5
180) and 50% of certain undegradalneoctapeptides 7 O Ref21.22 |
(MW 780-850) are absorbed and excreted intact in urine™ e B Ref59 ’

of normal mice, rats, birds or humans [2, 33, 38, 49, 50]. ¢
Significant quantities of carbohydrate polymers as large
as inulin (MW 5500) or Dextrans (MW 4400 to 17,200)
can be absorbed paracellularly from perfused segmentg'
of jejunum in anesthetized rats [40, 48, 58]. It may
therefore be expected that sucrose or maltose in concen;
trations high enough to saturate hydrolases in the villous™
tips will be absorbed to blood intact by paracellular con-

vective flow; significant quantities of ingested maltose : Distance between sampling ports, cm
have in fact been detected in portal blood [36]. 0.3 L ! L 1 |
The following model of hydrolysis and absorption of 0 10 20 30 40 50

saccharides is based on the principles embodied in Eq. 1 _ _ _
modified to include the additional transport processe§|g. 2. Proximal-distal gradient of sucrose. There have been no sys-
described in paragraphs (i) and (ii) above. The neV\}ematic investigations to test the proposition that lumenal concentra-

tions of disaccharides decrease exponentially with distance in perfused

model accurately describes results obtained from per§egments of the small intestine. The data shown for sucrose in Fig. 2

fused. jejunal segmepts of human subjects b_y Gray &were obtained incidentally by Gray & Ingelfinger [21, 22] and by Shi
Ingelfinger [21], McMichael et al. [44], Jones, Higgins & et al. [59].

Silk [32] and others.

I = (VaCo(Cp, + K 3)
THE NEw MODEL AND ITS APPLICATIONS
where J,, = mean rate of hydrolysis in the segment,
Proposition 1 molst™; V,,, = maximum rate of hydrolysis after hy-
drolases are fully saturated with substraig; = mean
concentration of saccharide in the brush bordéy; =
ichaelis-Menten affinity constant measured in vitro
+ 1 mm for maltose and 18 + 1 mnfor sucrose [1, 24].
This proposition is the same as that underlying Eq. 1
utilized by Smithson et al. [61] and by Levitt et al. [39];

(In G/CY)/l, and subscripts and o refer to measured .. o .
values at inflow and outflow. Experimental evidence in it is an approximation because of the nonlinear decrease
of concentrations with distance.

support of this proposition for the case of sucrose is
shown in Fig. 2. The mean concentration in the lumenal o
perfusion fluid C,) is then defined by Proposition 3

During perfusion of jejunal segments the lumenal con-
centrations of disaccharides decrease exponentiall
along the lengthl} of the intestine. The concentration at

any distancel] is then given byC,/C, = € wherek =

—(C - : Unhydrolyzed saccharides in the brush border are en-
G = (G~ CIIn(GICo) @ trained in paracellular fluid absorption and absorbed to
blood at a rate defined by (1 ¢)$J,C, whereJ, =
easured rate of fluid absorptio@;, = mean concen-
tration of intact disaccharide in the brush bordér:=
fraction of net fluid absorption that occurs paracellularly
and o = osmotic reflection coefficient at intercellular
Proposition 2 junctions.

For short segments under most experimental condition
the exponential mean is not significantly different from
the linear average.

At any point along the length of the perfused segmentProposition 4

the saccharides that reach the brush border are hydro-

lyzed at a rate defined by the Michaelis-Menten equationThe steady-state flux of saccharidk)(through the pre-

for first order enzyme reactions. When expressed agpithelial layers (i.e., its measured rate of disappearance
meanvalues along the length of the segment from the perfusion fluid) is defined by
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Js =3+ (1 -0)dICy (4)  APPLICATION OF THEMODEL TO ESTIMATE V,;, AND 0 IN
HUMAN JEJUNUM

It should be emphasized that the second term of Eq. 4

represents the component of total flux that is absorbedPiffusion Coefficients

paracellularly in unhydrolyzed form. This component

has been neglected in previous treatments but it becomdde following calculations employ the free aqueous dif-
a significant contributor to total flux during absorption of fusion coefficients of glucose, sucrose or maltose mea-
large CHO loads as shown in Fig. 1. Substitution of Eqg.sured at 25°C and corrected to 37°C [30]. For larger

3 in Eq. 4 and solving foW,,, saccharides it is assumed that their free diffusion coef-
ficients vary inversely with the square roots of their mo-
Vy, = {Js— (1 - 0)bI,CHC, + K,)/C, (5) lecular weights as shown in Table 6. If the diffusion

coefficients of sugars through pre-epithelial layers are
) ) less than in water, then the calculated values ofpre-
Cpin Egs. 4 and 5 can be evaluated as a function of meagent virtual or “equivalent” pathlengths that will be

lumenal concentration by the following fundamental yreaterthan the true pathlength in proportion to the re-
equation for diffusion in the presence of convection  giriction to diffusion.

Js = I CLeP - Cy{ M'P — 1) (6)  Intestinal Dimensions

whence Fluxes measured during perfusions of human intestinal
segments are usually expressed per cm length, it being

C, = Ce¥/D — 3y3{e¥P) — 1} (7)  assumed implicitly that the length of intestine undergo-

ing exchange of fluid or solutes is equal to the distance

_ between sampling ports on the perfusion catheters. This

where Js = measured rate of |°5§1°f s_e;cchande fromassumption appears to be far from correct. The length of
perfusion fluid per unit area, mols™ cm™ J, = net  he relaxed, uncoiled small intestine measured at autopsy

fluid absorption per unit area or velocity, am; C. = s about 600 cm in adult humans [62] and 700 cm in 60
mean concentration or saccharide in lumen(Ci, = kg gorillas [8], whereas the distance traveled by catheter
Cow/In (Cin/Coud; @ = pathlength for diffusion plus s from duodenum to ileo-cecal valve in normal, fasting

convection,D = diffusion coefficient. adult humans is less than 300 cm [4, 16, 22]. This large

Various forms of Egs. 6 and 7 have been employedyiscrepancy could be explained if the catheters bypass
by previous investigators [3, 7, 10, 25, 54] to describeycosal folds that are present in living, tonically con-

diffusion in the presence of convection in biological SYS-tracting, coiled intestines but are absent in the uncoiled
tems; a formal derivation is attached in Appendix B. 3nq relaxed (dead) intestines: whatever the reasons, it
The dimensionless numbdyd/D is sometimes referred appears that the distance between sampling ports of a

to as the Peclet g}gmber [7, 52, 54]. Wt}%/D is 1ess  catheter may be very much less than the length of intes-
than about 0.2*® =1 +J,9/D (within 2%) and Eq. 6 {jnal mucosa actually exposed to the perfusion fluid.

reduces to the familiar form Although the functional length of perfused segments
may be indeterminate it is nevertheless possible to esti-
J.=(D/9) (C_.-Cy) +JC_. (63 mate the area of smooth lumenal surface per cm of cath-
flux = diffusion + convection eter length from the distribution volume of dyes added to

the perfusion fluid. Thus the volume of human jejunum

It should be emphasized that previous models of absorg?€fused at the rate of 15 ml/min is 325 + 65 ml per 100
tion have neglected the paracellular component of fluxcm Of catheter length, as found by the dye dilution tech-
(i.e., the linear component at high concentrations showidue of Dillard, Eastman & Fordtran [12]. The surface

in Fig. 1) and have therefore overestimated the value of"€ Of a circular cylinder of equivalent volume is 6.4 +

V., as determined by Eq. 5. Five of the terms in the six1-3 cnf/em and it will be assumed_that this is the area of
equations, namelys J,,C,, D andK,, can be determined pL_ (per cm catheter _Iength) a\{allable for exchang_e_of
experimentally. The remaining three terms, nam@ly fluid and solutes during perfusions of the human jeju-
Vi, anda are unknowns but two of them, namafy,and UM

d, are constants that are (theoretically) independent of

lumenal concentrations. To solve fgy, andd itis only  Fluid Exchange

necessary to find the unique (constant) value) dhat

leads to a constant value fdk,, that is independent of Since absorption of solutes includes convective as well
lumenal concentration. as diffusive flux (Egs. 4 and 6) it is necessary to specify
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Net fluid exchange (+Jv) during perfusion of generated by Na-coupled, concentrative transport of the
human jejunum with glucose,sucrose or maltose free glucose.
2.5 : ‘ The parameters given in paragraphs 1-3 above,
A, v, mlhrem? combined with observed values for fluxes, provide the
o R S data needed to solve Egs. 4-7 foy, V,, andd at any
15 b &/ EE ; \ , ‘ given lumenal concentration and perfusion rate. The es-
' Ki O glucose | sential data are shown in Cols. A-E of Table 1. The
1 °© A sucrose |- corresponding calculated values@f, o andV,;,, shown
EE\m 3 B maltose in Cols. F and G are obtained as follows: an arbitrary
0.5 Jfo o Qe - value fora is assumed and the corresponding values for
‘ ‘ \ C, andV,,, for each inflow concentration are calculated
0 A ' from Eqgs. 7 and 5, respectively. For the case of human
0.5 - ‘ 3 \ ‘ jejunum perfused with sucrose an assumed pathlength
' h (9) of 10 wm resulted in a constant value for maximum
1 ' rate of hydrolysis {,;, = 252 + Oumols hi't cm™) as
' L , shown in Col. G. Similar calculations for a range of
Mean llljmenal concentration mlglucose units, mM K . . .
-1.5 assumed pathlengths are plotted in Fig. 4; value$ of
0 100 200 300 400 500 greater than about 1pm lead to unacceptably large

_ _ _ _ o ~variations of calculated/,;, as a function of concentra-
Fig. 3. Net fluid exchange during perfusion of human jejunum with tion. If our model is correct. a pathlength of 20m

glucose, sucrose or maltose. Mean lumenal concentrations are calcu- Id be too | t it sufficient fl f t
lated from Eq. 2 and, is normalized to surface area as in Fig. 1. Data wou € 100 long to permit sutncient Tiux of Sucrose to

for glucose are from references [17, 18, 20, 29, 57], for sucrose fromACCOUNt for observed rat(_as of h_qulySiS- Similarlly, a
[20] and for maltose from [44, 57]. When concentrations are expresse@pathlength of about 1m yields minimumsp for maxi-
in glucose units all three sugars induce approximately the same rates ghhum hydrolysis rates of maltose in perfused segments of

fluid exchange, thus supporting the theory that fluid absorption is pow-hyman jejunum. A pathlength as short asué could
ered by transepithelial osmotic gradients associated with transport Oé|$0 fit the observed sucrose fluxes (Within their experi-
glucose. The decrease in net fluid absorption at concentrations exceed- P

ing 200 mm decreases the paracellular solvent drag component of ab-mental errors) but would be too short to fit the maltose

sorption of sugar and this is sometimes misinterpreted as an approad#ata. These derived values for(10 + 2 pm) are only

to a transcellular transfer maximum [22, 29, 43, 44]. 2-3x greater than the observed anatomical thickness of
the mucus layer overlying the brush border of the jeju-
num (4.3 = 1um, Ref [61]), thus indicating that the

net fluid absorption ratesl). Figure 3 summarizes rates fiProus glycocalyx and the long-chain mucin molecules
of net fluid absorption during segmental perfusions ofd0 not greatly restrict passage of small uncharged sol-
publications relating absorption rates of hexoses or sacsion of small solutes through pre-epithelial layers is
charides to lumenal concentrations do not include thedreatly restricted as suggested by Smithson et al. [61] or
data needed for calculating rates of fluid absorption. Tothat unhydrolyzed saccharides diffuse 306 into the
include the flux data from these publications | assumeclefts between villi before being hydrolyzed and ab-
that the rates of fluid absorption were equal to the aversorbed as monomers as proposed by Levitt et al. [39].
age rates shown in Fig. 3. Inspection of Fig. 3 shows that ~When expressed per unit area of mucosal surface the
at glucose concentrations in the range 60—-180the net  maximum rate of hydrolysis of sucrose (i.e., 2bthols
absorption rate of fluid X) is approximately constant hr™* cm™?) is approximately the same as that of maltose
(1.85+ 0.2 ml hr* cm™). In this range, also, hydrolases (Table 1). Reference to the experimental data of Fig. 1
are almost saturated and rates of hydroly3is &re con- indicates that absorption rates of sucrose or maltose ex-
stant. Under these conditions the absorptive fluxes areeed their maximal rates of hydrolysis at lumenal con-
linearly related to concentration as predicted from Eq. 4centrations above 75 vn at these concentrations the
and shown in Fig. 1. The limiting linear slope (IoydJ, unhydrolyzed disaccharides are presumably absorbed in-
= 1.35 ml hi* cm™ whence (1 o) = 1.35/1.85= tact by paracellular solvent drag in accordance with the
0.7. It is noteworthy that the fluid exchange rates persecond term of Eq. 4. For further analysis of the system
unit area and concentration of glucose units shown irt is useful to define the brush border concentratiddg (
Fig. 3 (£),) are approximately the same for maltose,as a function of lumenal concentrationS)( Figure 5
sucrose and exogenous glucose. This, previously unreshows this relationship for maltose and sucrose and for
ognized, property of the small intestine supports the hy-exogenous free glucose as determined in columns B and
pothesis that fluid absorption induced by carbohydrate$- of Table 1 and Columns A and E of Table 2. Itis seen
is powered by osmotic gradients across tight junctionghat the molar concentration gradients available for the
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Table 1. Maximum rates of hydrolysis (),) and pathlengthd) for diffusion + convection of sucrose (A) or maltose (B) through pre-epithelial
layers of perfused jejunal segments

A. Sucrose

Segment length= 15 cm Area= 96 cnt Ky = 18 mu Q; = 900 ml hi*

A B C D E F G

selectedlg,
Jg [Ref] within + SD J,.-ml/hr C, (Eq. 7)

G C. mmols/hr/seg. + SD wmol/hr/sg. cm per sg. cm. foro = 10 mu Vi
10 6.2 57+1.1,[22] 49 0.5 4.2 252
20 14.8 9.4+2,[22] 100 0.7 10.8 252
40 31 15.7£3.4,[22] 169 1.3 25.2 252
80 68 29.5+8, [22] 260 1.6 61.2 252

160 153 43 +19, [22] 412 1.9 147.5 252

Mean 252
+SD 0

B. Maltose

Segment length= 20-30 cm Area= 128-192 cri K, = 3.3mu Q, = 900-1200ml Hr*

10 4.3 8.6 £ 2*, [63] 72 0.4 1.2 266
28 14 25+ 4, [57] 174 15 5.7 265
35 16.7 33+13, [44] 193 15 7.6 266
40 20.5 28 + 7%, [63] 215 1.6 10.6 266
70 42 63+ 17, [44] 281 1.9 31.0 265
70 50.5 53 + 14, [31] 298 1.9 39.4 266
80 48 58 + 19, [23] 293 1.9 36.9 266
80 50 42 + 10*, [63] 297 1.9 38.9 266

139 102 90 + 25, [44] 346 14 91.0 266

Mean 266
+SD 0

C = concentration [subscripis inflow; L, mean lumenalp, mean in brush border (Eq. 7)J; = flux [subscriptsv, net fluid; s, disaccharide];
a = functional pathlength for diffusion + convection through pim; V,,, = maximum rate of hydrolysis in perfused segmeatols hi* cm 2,
Q, = perfusion inflow, ml hr™,

* No data forSD, assume + 25% of mean

diffusion of maltose are more than double those for ex-normal human subjects and variations in results obtained
ogenous glucose, thus providing a theoretical basis foby different investigators are relatively large as shown in
explaining the “kinetic advantage” originally described Col. B of Table 2. Although the standard deviations are
by Crane [6, 42] and discussed in more detail in Part lllarge (averaging £22% of the means), the values in Col.
below. C selected for calculations @&, (Col. F) andV,, (Col.
G) are close to the mean values of Col. B and in all cases
they are well within standard deviations reported by the

TRANSPORT OFEXOGENOUS GLUCOSE THROUGH various investigators.

PRE-EPITHELIAL LAYERS: EVALUATION OF K ,j AND V4 The values ofC, and Vyg calculated by Eqg. 5 and
FOR THE CARRIER-MEDIATED, TRANSCELLULAR listed in Columns E and F of Table 2 determine the
CoMPONENT OF GLUCOSE ABSORPTION absorption rate of exogenous glucodg) (n terms of its

transcellular and paracellular components. Thus,

In the preceding section the equivalent pathlengjHdr

diffusion + convection of solutes from lumenal fluid to J3= Vi Co/(Cy + Kp) + (1= 0)J, Gy (8)
brqsh border was evaluated from absorption and hydrog,x = transcellular+ paracellular

lysis rates of maltose or sucrose. The calculated value

was 10 + 2um. Given this value fob, Eq. 7 predicts the

brush border concentratio@) of any absorbable solute whereV,, = maximum rate of transcellular transport of
in terms of the measured quantiti€s, D, Js, J, andA. glucoseumol hr 't cm™, Kmg = Michaelis-Menten con-
Application to the case of exogenous glucose perfusedtant of the carrier, m. (1 —o)¢ for glucose is approxi-
through jejunal segments of humans is shown in Table 2mately 0.7 (Fig. 1). Equation 8 contains two unknown
There have been many investigations of glucose transsonstants, namely,, andK,, To solve for these con-
port and fluid absorption in perfused jejunal segments oftants it is only necessary to determine the unique value



192 J.R. Pappenheimer: Function of Intestinal Unstirred Layers

Evaluation of maximum rate of hydrolysis of
sucrose (Vxh) and the pathlength (d)for its
diffusion tconvection through the pL

50
‘€
- >
— = [e) {\I‘
= 5 €
—= > O
[} 3 £ 7
S w £
=Y ) -
% % g Fig. 4. Evaluation of the maximum rate of
?_ = 3 hydrolysis of sucrose\,,, dashed line, right
c’, § -g ordinate) and the pathlength)(for its diffusion
95 g > convection through pre-epithelial layers. The flux
+H S and hydrolysis equations are solved for the unique
value ofd (10 wm) at whichV,,, is constant (252
+ 0) at all concentrations of sucrose between 10
and 160 .
0 5 10 15 20
Pathlength for diffusion + convection, ym
Concentration difference between 12 ; ; ; e 200
lumen and brush border, (C- C) +S,D. of Vxg : - Vxg,umoli hr'' cm™® 2
i ‘ >
(C-C), mM 1’ : : ‘ : : )
PP ‘ ‘ 2 8 ] g
‘]2 i ; . 3 f /‘_. 18()“
: ; k] ! : ; d : 5
/Wﬂ Maltose : : s 6 | e : %
4l 170 g
8 - g
> ] 160 2
Kmg; mM 3
6 R ; =
Sucrose 0 1 I 150
0 2 4 6 8 10
4
Fig. 6. Evaluation of maximum transcellular transport rate of glucose
2 P Glucose (Vyg andK,, of apical transporter. It is evident from Fig. 1 that there
; : ‘ is no maximum to glucose transport in the physiological range of sugar
Mean Ilumenal concentration, mM concentrations. Nevertheless, the transcellular transport maximum
0 & . L . . ! (V,o can be evaluated from the flux data by finding the unique value
0 50 100 150 200 250 of K, at whichV,4 in Eq. 8 remains constant at all values of perfused

glucose concentration. This occurs whep, = 5 mv andV,, = 170
Fig. 5. Concentration differences between lumen and brush bordemas shown in Table 2 and in Fig. 6 above. Dashed kn&olid line =
during perfusions of jejunum with glucose, sucrose or maltose. Once
the value ofo has been established as in Table 1 the concentration ofg constanl\/Xg of 170+ 0O Hmols hit cm™2 occurs at a
perfused solute in the brush border can be calculated from Eq. 7 for anK .., of 5 mm for brush border concentration§,) rang-
given lumenal concentration. The values @yrshown in Table 1, Col. ing from 16—197 mn as shown in Table 2 (COl E and F)

F and Table 2, Col. E are plotted in Fig. 5 which forms the basis for . . . . . .
extension of theory to estimate proximal-distal concentrations of hy-a'nd in Fig. 6. Slightly different combinations &, and

drolysis products and the kinetic advantage of transporting hexosegg also result in almost ConStaW(g but the vaIue; listed
from lumen to brush border in the form of saccharides. in Table 2 provide the best fit to the experimentally
determined means ak shown in Col. B. TheK, de-
termined in this way from glucose absorption rates in
of K, that leads to minimum variation of,; as a func-  perfused human jejunum does not differ significantly
tion of C,, in Eq. 8. The method of calculation is the from theK,;0f 4.1+ 1.7 mu found by Dorando & Crane
same as that used in the previous section to find th¢13]in membrane vesicles prepared from rabbit jejunum.
unique value ob that leads to a constant value\gf,as  Given these parameters {i.&/,, = 170,K;,, = 5 and
a function of concentration. In human perfused jejunum(l - o)é = 0.7} Equation 8 predicts within standard
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Table 2. Glucose transport

A B C D E F
Jg* Jg selected J, Cuy (EQ. 7) Vg for K., = 5 mM (Eq. 8)
wmol/hr/sg cm pmol/hr/sg cm ml/hr/sq cm mM wmol/hr/sg. cm
20 130+ 30 140 0.9 16.1 170
40 185+ 42 190 1.6 36.0 170
60 230+51 227 1.8 56.2 170
80 260 + 57 256 1.8 76.4 170
100 290 £ 64 291 1.9 96.8 170
150 360 + 80 361 1.9 147.6 170
200 430 + 95 388 1.6 197.8 170
Mean 170
+SD 0

Brush border concentration€/;) and transcellular transport maxime,§) of exogenous glucose perfused through jejunal segments of normal
humans.

D = 0.032 sg. cm/hrp = 10 um J; selected to result in consta¥f,,

* Means and averag8D from ref [15,17,18,19,20,22,29,41,64].

errors of measurement the observed rates of absorptidined as the ratio of glucose absorbed to that hydrolyzed)
of glucose as a function of its concentration in the brushmay be less than 0.5 both in humans [44] and rats [27].
border of the human jejunum. Normally all or most of the hydrolysis products that dif-
The values folC,, at any given flux or lumenal con- fuse from brush border to the lumen in proximal jejunum
centration of glucose shown in Table 2 provide the start-are carried by intestinal secretions and peristalsis to dis-
ing point for estimating the pathlength for diffusion— tal jejunum or upper ileum from which they are ab-
convection from the brush border to lumenal perfusionsorbed, even during digestion of large loads of saccha-

fluid as described in Part Il below. rides [1, 9, 14, 55]. Nevertheless, an understanding of
factors that determine the loss to proximal lumen of hy-
Part Il drolytic products formed in the brush border is necessary

for interpretation of results obtained during experimental
segmental perfusions.

The rates of brush border hydrolysis and the subse-
quent fluxes of hydrolytic products through each of the
three possible pathways can each be described by rela-
tively simple and well-known equations that apply to
Free glucose (or fructose) generated in the brush bordesolutes in free solution. These equations will be used to
has three possible transport pathways: construct a mathematical model of the system with the

aim of predicting proximal-distal concentrations and
Sluxes of the free hexoses generated in the brush border
Y as a function of the concentration of perfused disaccha-
rides, the perfusion flow rate, the rate of fluid absorption
and the pathlength through the pL for diffusion or con-
vection from brush border to lumenal perfusion fluid.
The model predicts the proximal-distal concentrations of
glucose or fructose during perfusion of human jejunal
segments with maltose or sucrose in concentrations rang-

The jejunal segments used for perfusion experimentéing from 10-160 mi. The predicted outflow concentra-
are usually so short that substantial quantities of the hytions are close to observed values when the pathlength
drolytic products are lost to the perfusion outflow via for diffusion-convection from brush border to lumenal
pathway (iii). For example, during perfusion of 15-30 perfusion fluid is in the range 50-150m (Mean = 95
cm lengths of human jejunum with 80mrsucrose about =+ 9 pum). This pathlength is 10x greater than the path-
50% of the liberated fructose was lost to the perfusionlength for diffusion + convection of disaccharides from
fluid [21, 22] (see alsoFig. 9 below). Similarly, large perfusion fluid to brush border and this result supports
guantities of free glucose appear in the outflow duringthe hypothesis that pre-epithelial fluid layers provide a
perfusions with maltose [32, 44, 57]. At high concentra-protective blanket that minimizes loss to lumen of mono-
tions of perfused maltose the “coupling coefficient” (de- mers generated in the brush border of proximal jejunum

ProXIMAL -DisTAL CONCENTRATIONS AND FLUXES OF
FREE HEXOSES DURING PERFUSIONS OFJEJUNUM WITH
MALTOSE OR SUCROSE THE PATHLENGTH FOR
DiFFusION = CONVECTION OF HEXOSES FROMBRUSH
BORDER TO PERFUSIONFLUID

(i) It can be captured by membrane bound carrier
and enter the transcellular pathway to villus capillar
blood

(ii) It can be entrained in paracellular fluid absorp-
tion to villus capillary blood.

(iii) It can diffuse back to lumenal perfusion fluid
from which it is subject to absorption to blood in more
distal regions of the segment.
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Table 3. Proximal-distal concentrations and fluxes of glucose and fructose during perfusion of 15 cm of human jejunum witlsdcraose

C,i = 40mv Q. = 900 ml/hr V., = 261 pmol/hr/sg cm

Cso= 26.4+1.5mM An= 9.6 sgcm Vyg = 170pumol/hr/sg. cm

A B C D E F G H | J K L

A. Glucose

Coupling
n l,em Gsmy Cosmy And, Andhny Qn Cign-n Cig(n) Andary Cogn coeff. (n)
1 15 38 33 14.0 1613 886 0 0.4 1241 12.2 0.77
2 3.0 37 31 13.8 1588 872 0.42 0.8 1237 121 0.78
3 45 35 30 13.6 1564 859 0.82 1.2 1232 12.0 0.79
4 6.0 34 29 13.3 1541 845 121 1.6 1228 11.9 0.80
5 7.5 32 28 13.0 1517 832 1.58 1.9 1223 11.9 0.81
6 9.0 31 27 12.8 1494 820 1.93 2.3 1218 11.7 0.82
7 10.5 30 26 12.6 1480 807 2.27 2.6 1222 11.9 0.83
8 12.0 29 25 12.4 1449 795 2.59 2.9 1208 115 0.83
9 135 28 24 12.2 1427 782 2.89 3.2 1203 11.4 0.84
10 15.0 26 22 12.0 1389 770 3.18 34 1219 11.9 0.88
Observed= 3.1+.6

B. Fructose
1 15 38 33 14.0 1613 886 0 12 572 34.32 0.65
2 3.0 37 31 13.8 1588 872 1.18 2.3 581 34.87 0.67
3 4.5 35 30 13.6 1564 859 2.33 35 592 35.49 0.69
4 6.0 34 29 13.3 1541 845 3.46 4.6 601 36.06 0.71
5 7.5 32 28 13.0 1517 832 4,57 5.7 610 36.59 0.73
6 9.0 31 27 12.8 1494 820 5.66 6.7 619 37.13 0.76
7 10.5 30 26 12.6 1480 807 6.73 7.8 637 38.22 0.79
8 12.0 29 25 12.4 1449 795 7.78 8.8 637 38.23 0.80
9 135 28 24 12.2 1427 782 8.80 9.8 643 38.55 0.82

10 15.0 26 22 12.0 1389 770 9.80 10.8 621 37.26 0.81

Observed= 10.8 +.8

Calculations are for pathlength of 1@dn from brush border to lumen.
Data of Gray & Ingelfinger [22], §eetext for definition of symbols].

while at the same time offering little impediment to the UNITs AND DEFINITION OF SYMBOLS

E?jsﬁ%%rodfesracchandes (or oligopeptides) from lumen tR/Iost of the symbols to be used in Part Il have already

The equations describing flux through each of thebeen defined in Part | but they are listed here in tabular
three possible pathways include both quadratic and e><f—Orm for easy reference.
ponential terms and numerical solutions for their combi-A = area of lumenal surface, ém
nation are complex. Doubtless a fully computerized pro-C = concentrationumol cmi 3,
gram could be devised to accomplish this but the solutiorD = free aqueous diffusion coefficient, érhr™?;
used by the author involves a tedious process of graphie* = pathlength for diffusion + convection from brush
cal integration that is only partially automated. For thisborder to perfusion fluidum;
reason, only the fundamental equations and the principal, = absorptive flux to bloodpmol hr't cm™;
results obtained from them will be described in the text.J,, = rate of hydrolysis of disaccharidgmol hr* cm™2;
A detailed, step-by-step description of the graphical in-J, = flux from brush border to lumenal perfusion fluid,
tegration process with associated spreadsheets similar fomol hr' * cm™2;
those of Table 3, 4 and 6 are available from the author ortJ, = net fluid absorption or secretion, mlHrcm>;
request. Success of the model in predicting the simulta¢ = fraction of net fluid absorption that occurs paracel-
neous outflow concentrations of hydrolytic products hav-lularly;
ing such different absorption mechanisms as glucose anél = distance along segment, cm;
fructose over a wide range of sucrose or maltose conK,,, = Michaelis-Menten constant for hydrolysis or for
centrations lends credibility to the model and its severakarrier transport;
applications to mechanisms of intestinal absorption ofQ = flow of perfusion fluid, ml hr;
saccharides and oligopeptides. o = osmotic reflection coefficient;
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Vins = Max. rate of hydrolysis of the disacchariggnol ~ Jy) + iy = In(n) (10a)

hrtcm™

V,g = max. rate of transcellular carrier transport of glu- )

cose,umol hr't cm2. The rate absorption ofjlucosefrom brush border to
) blood in thenth section is

Subscripts:

n = the nth section of the perfused segment

~ P d Jag) = AnVxg Cognf (Cogin) + Kmg)

b = brush border 1 10 11

f = fructose + (1 = 0)d A Coginy (11)

g = glucose

i,0 = inflow, outflow [see also Eq. 8 of Part ]

L = lumenal perfusion fluid

s The rate of absorption ofructose from perfused
s = saccharide

segments of human jejunum is approximately propor-
For exampleC,, denotes the concentration of unhy- tional to its concentration in the perfusion fluid as found
drolyzed disaccharide in the brush border of tlesec-  experimentally by Holdsworth and Dawson [29] and by
tion of the perfused segment. Gray and Ingelfinger [22]. The constant of proportion-
ality is 1.7 + 0.2umols hit cm 2 mm™% Since the path-
length for diffusion-convection in the direction lumen to
ASSUMPTIONSREGARDING THE CONCENTRATIONS OF brush border is only about 40m (seeTable 1 of Part I)
UNHYDROLYZED DISACCHARIDES the concentration differences are negligible and within
experimental error
At any point in the proximal-distal axis (i.e., in any given
sector,n) the concentration of disaccharide in the brush
border Cpgny is related to its concentration in lumenal Jaim = 1.7 Coiny
perfusion fluid C, 5,) by Eq. 7 of Part | and is expressed
numerically by the smooth curves shown in Fig.@, is

assumed to decrease exponentially with distance as d%he rate of diffusion — convection of glucose or fructose
i . ; S ) rom brush border through pre-epithelial layer rfu-
scribed in Part | (Fig. 2) but at any point in the proximal- om brush border through pre-epithelial layers to perfu

distal axis is assumed to be uniform from the central axisSIOn fluid is

to the pre-epithelial layer.

Let the perfused segment be divided imtsections Jom = IAC €M) - Cb(n)}/{e“"‘”D) -1 (12
such that each section has a lumenal surfacs, afn?.
The rate of hydrolysis in sectiom® is then

(11a)

Iy = {AMDI*H Comy = CLint = ACriny  (123)
Jniy = AnVens Cosf Cosy + Kmgt (©)]

Finally, the flux of glucose or fructose from brush border

whereC,g, is the concentration of the saccharide in the; . perfusion fluid of thenth section is also

nth section of the brush border aKg,.is the Michaelis-
Menten constant determined in vitr¥,,, in perfused
segments of human jejunum is 252nol hr* cm™ for Jiw = QulClim ~ CLin-n)} (13
sucrose and 26Gmol hrt cm™ for maltose (Part |, whereQ, = {Qu_y - Jy), cnihr

Table I). In vitro determinations df,,,care in the range no ey sk

3 £ 1 mv for maltose and 18-20 mfor sucrose [1, 24].

In the following analysis we assume th&f,cis 3.3 ™ Equations 11, 12 and 13 each include a convective com-
for maltose and 18 m for sucrose. ponent,J,, which varies with lumenal concentrations of
The glucose or fructose from hydrolysis in the brushg|ycose or disaccharide as shown in Fig. 3. Although the
border is either absorbed to blood,) or diffuses back  experimental data of Fig. 3 have large standard devia-
to lumenal perfusion fluid 3 ). Hydrolysis of 1 mol  tjons, the mean values fdy taken from the smooth curve
of maltose generates 2 mols of glucose for transportggq 1o good agreement between theory and experiment
whence as shown below in Fig. 7.
Equations 9-13 contain 6 unknowns, namelyy,,
Jamy t I = 2 10 Cyny Iy Jamy i @Nda*. For any assumed value of
d* it is therefore possible to solve for the other five
Hydrolysis of 1 mol of sucrose generates 1 mol of glu-unknowns.
cose and 1 mol fructose whence When the selected (assumed) valu@®ois such as
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Table 4. Proximal-distal concentrations and fluxes of glucose during perfusion of 30 cm of human jejunum with 35 onedaltose

A. C,=35mu Cout = 9.9 Q;, = 1200 ml/hr An = 6.4 sq. cm/cm
V., = 266 pmols/hr/sq cm Vg = 170pumols/hr/sq cm
A B C D E F G H | J K L
coupling
n I Criny Crnbry AL, Jnny Qn Cin-n C, Jamy G, coeff.
1 3.0 30.7 19.5 33.00 4368 1167 0.00 35 4693 71 0.54
2 6.0 26.9 16.5 29.00 4256 1138 3.46 6.9 4571 74 0.54
3 9.0 23.6 13.2 27.00 4086 1111 6.93 10.3 4476 75 0.55
4 12.0 20.7 10.7 26.00 3903 1085 10.25 134 4411 74 0.57
5 15.0 18.1 9.0 25.00 3737 1060 13.38 16.3 4351 74 0.58
6 18.0 15.9 7.0 24.00 3471 1036 16.33 18.9 4231 70 0.61
7 21.0 14.0 55 23.00 3192 1013 18.94 21.2 4103 66 0.64
8 24.0 12.2 4.7 22.00 3000 991 21.20 23.2 4012 64 0.67
9 27.0 10.7 4.2 21.00 2860 970 23.20 25.0 3942 63 0.69
10 30.0 9.4 3.8 19.00 2733 951 25.03 26.7 3840 62 0.70
Observed= 23.2+8.3
B. C,, = 69.5m Cout = 36
coupling
n I Conicy Crnttry & Ine Qn Ciny Cim Jagny Cog coeff.
1 3.0 65.1 54.1 36.00 4813 1184 0.00 3.8 5088 80 0.53
2 6.0 60.9 49.9 35.70 4790 1148 3.83 7.7 5175 84 0.54
3 9.0 57.1 46.1 35.30 4766 1113 7.67 115 5257 88 0.55
4 12.0 53.4 42.4 35.00 4739 1078 1151 154 5338 92 0.56
5 15.0 50.0 39.0 34.70 4709 1043 15.35 19.2 5417 95 0.58
6 18.0 46.9 35.9 34.30 4677 1009 19.19 23.0 5484 99 0.59
7 21.0 43.9 329 34.00 4641 975 23.02 26.8 5553 103 0.60
8 24.0 41.1 30.1 33.70 4602 941 26.85 30.7 5618 106 0.61
9 27.0 38.5 27.5 33.30 4559 908 30.66 345 5669 109 0.62
10 30.0 36.0 25.0 33.00 4512 875 34.45 38.2 5725 113 0.63

Observed= 36+ 11

Calculations are for pathlength of 1@QGn from brush border to lumen; Data from McMichael et al. [44].

to predict hexose concentrations in the outflow (i.e., glu-observed values. Table 4 summarizes analogous data for
cose or fructose in the last section) that equal the conperfusions of 30 cm segments with 35 or 69.6 malt-
centrations actually measured experimentally then theose at the rate of 1,200 mlIHr As shown in Col. |, n=
numerical values of the other 5 unknowns are definedl0 the calculated values are within the standard errors of
and the problem is solved. measurement of observed values. Similar calculations

for perfusions with 10, 20, 80 and 160wsucrose or 28,

80 and 139 m maltose yield similar results; the path-
APPLICATION TO PERFUSION OF JEJUNAL SEGMENTS lengths at which calculated outflows equal observed

range from 50-15@.m with a mean of 95 * 95F) um.
Table 3 shows the predicted proximal-distal concentraThe calculations of Tables 3 and 4 utilize the approxi-
tions and fluxes of glucose and fructose during perfu-mate form of the diffusion-convection equation (Eq.
sions of 15 cm segments of human jejunum with 40 m 12a). If the full equation (Eqg. 12) is used the average
sucrose at the rate of 900 mihr This rate of perfusion calculatedo* is 89 + 6 um instead of 95 + Qum.
supplies 36 mmols At of CHO or the caloric equivalent Figure 7 summarizes the relations between calcu-
of about 50% of the average energy consumption of dated and observed outflow concentrations of free glu-
normal 70 kg human; it is therefore well within physi- cose and fructose when the pathlength for their diffusion-
ological limits. The calculations in Table 3 assume aconvection is 10Qum. Given this pathlength, the theory
pathlength of 100um for diffusion-convection of glu- predicts outflow concentrations of glucose and fructose
cose or fructose from the brush border (where they aravithin experimental errors over the whole range of in-
generated) to the lumenal perfusion fluid. This assumedlow concentrations of sucrose or maltose (10-16@) m
pathlength results in calculated outflow concentrationsfor 15-30 cm segments of proximal jejunum (distance
(Col. I, n = 10) that are within the standard errors of between catheter sampling sites).
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Fig. 7. Predicted outflow concentrations of glucose and fructose dur-
ing perfusion with sucrose or maltose (10—-16®)nwhen the path-
length for diffusion minus convection from brush border to perfusion
fluid is 100 um. The predicted concentrations fall within the standard
errors of observed values over the entire range of concentrations.

Tables 3 and 4 also show the calculated proximal-

distal coupling coefficients (i.e., the ratios of absorption
to hydrolysis). For the relatively short segments of
proximal jejunum employed by most investigators the
losses of hydrolysis products to perfusion fluid may be a
high as 36% for glucose and 55% for fructose. It is well
known, however, that there is little free glucose in
samples of chyme taken from distal regions of the intac
jejunum, even after ingestion or perfusion of large load
of maltose or sucrose [4, 8, 14, 55]. In humans mor

than 80% of large loads of ingested CHO [4] or perfused

sucrose and/or glucose [35] are absorbed from the du
denum and the proximal half of the jejunum. It is there-
fore pertinent to extend the theoretical model to the full
length of the jejunum and to examine the role of pre-
epithelial fluid layers in minimizing diffusional losses of

monomers generated in the brush border.

EXTENSION OF THEORY TO PREDICT PROXIMAL -DISTAL
CONCENTRATIONS AND FLUXES OF GLUCOSE (OR
FrRuctosg OVER THE FULL LENGTH OF THEJEJUNUM

The equations derived above for predicting proximal-
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and absorption rate of 73 mmol sucrose in the distal half
of jejunum (8 + 5 mmols/hr) as compared with the
proximal (40 £ 4). For purposes of the following analy-
sis it will therefore be assumed that values for maximum
rates of hydrolysis of disaccharidég () and transcellu-

lar transport of glucose/,) evaluated as in Tables 1 and
2 do not vary significantly over the whole length of the
human jejunum.

Figure 8A andB show the predicted proximal-distal
concentrations of lumenal free glucose or fructose during
perfusions of the jejunum with 80Mmmaltose or sucrose
at the rate of 900 ml Att (72 mmols hr* or the caloric
equivalent of 2400 kCal/24 hr). The calculations are
similar to those illustrated in Table 4 but are based on the
data of Gray & Santiago [23] for an inflow of 80nm
maltose. It is assumed that the pathlength for diffusion-
convection of glucose from the brush border to the per-
fusion fluid is 100pm as determined in the preceding
section. The concentrations rise to a maximum of &0 m
at a catheter length of 50 cm or about two-thirds of the
distance from the ligament of Treitz to the ileo-cecal
valve. The concentrations of free glucose then decrease
with distance as glucose carried from more proximal
regions is absorbed faster than fresh glucose is formed by
the diminishing concentrations of maltose. When con-
centration is maximal the “coupling coefficient” be-
comes unity (i.e., the rate of absorption equals rate of

resentation to the brush border). The elliptical marker
at 30 cm distance is the meansk of the glucose con-
centration measured experimentally by Gray and San-

ttiago [23]; it falls almost exactly on the predicted curve.

2Although the concentrations of glucose in distal regions

are relatively high the total quantity of glucose lost to
erfusion fluid is small owing to concomitant absorption
>f perfusion fluid. As indicated in Fig. 8 about 70% of
the perfusion flow has been absorbed by the time the
fluid reaches 60 cm from the ligament of Treitz and the
percentage of free glucose lost to the perfusion dimin-
ishes from 50% at the inflow to less than 15% at the
outflow. The quantity of glucose lost to perfusion fluid
includes the glucose remaining in the lumen during
steady state perfusion as well as the quantity lost in the
distal outflow. In the example of Fig. 8 the integrated
estimate of glucose formed by hydrolysis of maltose was
about 135 mmols At of which 105 mmols h* was

distal fluxes and concentrations assume constant valuesbsorbed to blood, 18 mmols iwas lost in distal per-

for maximal rates of hydrolysis of disaccharidég,j  fusate and 11 mmols were present in the intestinal lumen
and maximal rates of transcellular transport of glucosen the steady state of perfusion.

(Vxg) per unit area. No systematic studies have been  Fructose is absorbed less rapidly thaglucose and
made to determine if maximal rates of hydrolysis or ab-for this reason its (predicted) concentrations continue to
sorption are the same in distal jejunum as they are inincrease for the full length of the jejunum during perfu-
proximal jejunum. However, Gray and Ingelfinger [22] sions with 80 nw sucrose as shown in FigB8 Of the
found no significant differences in absorption rates of 73fructose derived from hydrolysis of perfused sucrose (67

mm exogenous glucose (e.g5 4 5 mmols/hr in distal
half of jejunum as compared withdd+ 4 mmols/hr in
proximal half). There was a slightly greater hydrolysis

mmols hr'?) the model predicts that about 75% would be
absorbed and 25% would be lost to the jejunal perfusion
fluid.
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Fig. 8. Predicted diffusion of &) glucose andg) fructose from brush border to lumen (pathlength 108) during perfusion at 900 ml it with

80 mv maltose A) or 80 nm sucrose B); extension of model to full length of jejunum (catheter length 70 cm). The predicted concentration of
glucose A) reaches a maximum about 2/3rds of the distance along the jejunum and at this point the absorption to blood exactly matches the
presentation to the brush border from proximal perfusion fluid plus local hydrolysis of maltose (i.e., the coupling coeffiti@)t The predicted
concentration of free glucose at 30 cm exactly matches the concentration found experimentally by Gray & Santiago [23]. Byustalssofbed

less rapidly than glucose and in contrast to gluc@geté concentration increases along the full length of the jejunum. The predicted concentration

of fructose and its percent loss to perfusion fluid at 15 cm are almost exactly equal to the values measured by Gray & Ingelfinger [22]. The
(predicted) loss of fructose to perfusion fluid near the distal end of the jejunum is 27% of the inflow.

ROLE OF PRE-EPITHELIAL LAYERS IN MINIMIZING Losses  over the full length of jejunum is about 35% as compared
To LUMEN oF HYDROLYSIS PRODUCTS FORMED IN THE with 25% for the normal jejunum. In both cases these
BRuUsHBORDER relatively small amounts of fructose in distal jejunum
would probably be fully absorbed to blood as fluid
In preceding paragraphs evidence was presented that gasses along the ileum. In proximal jejunum, however,
perfused segments of jejunum the functional pathlengthihe pre-epithelial layers evidently provide a significant
for diffusion + convection of disaccharides from lumen diffusion barrier that minimizes losses of fructose gen-
to brush border is only about 30m, whereas the path- erated by large loads of sucrose as shown in Fgy. 9
length for diffusion-convection of their hydrolytic prod- The glucose liberated by hydrolysis of sucrose is
ucts (glucose or sucrose) from brush border to lumen isabsorbed more rapidly than the equimolar fructose and
50-150 pm (mean = 95 * 9 um). This asymmetry the predicted losses of glucose in distal jejunum are too
raises the possibility that the pre-epithelial (“unstirred”) small to be of physiological significance even if the dif-
layers covering the brush border might serve a usefufusion-convection pathway from brush border to lumenal
function by reducing losses of hydrolytic products to theperfusion fluid were only 1Qum. For small loads of
lumen with corresponding increases in their absorptiorsucrose (e.g., less than about 50 mmolg imflow) the
to blood as first suggested by Gruzdkov [26]. This pos-distal losses of fructose are also too small to be of physi-
sibility can now be examined quantitatively by calculat- ological significance. During perfusions with 80vm
ing the concentrations and fluxes expected if a pathmaltose, however, the production of free glucose is more
length of 9* = 10 wm is substituted fop* = 100 um  than double that from sucrose and losses of glucose to
in the diffusion-convection equations. perfusion fluid are significant. Figure”Ashows the pre-
Figure B shows the predicted losses of fructosedicted losses of glucose during perfusions with 8@ m
during perfusions with 80 m sucrose if the pathlength maltose when the pathlengths for diffusion-convection
for diffusion-convection were only 1Am as compared through pre-epithelial layers are either 40 or 10pum.
with the 100pum estimated for normal perfused jejunum. Under these conditions the 100m pathlength mini-
For short segments (e.g., 15 cm) the predicted loss ofizes losses of glucose to lumenal fluid in proximal
fructose for a pathlength of 1Qm is about 85% as jejunum but the losses are small by the time perfusion
compared with about 50% for 1Q0m; the predicted loss fluid reaches distal jejunum.
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Fig. 9. Effect of pathlengthd*) on (A) loss of glucose during perfusion with 80vimaltose or B) loss of fructose during perfusion with 80Mm
sucrose. A pathlength of 1Q0m for diffusion minus convection provides significant protection against loss of hydrolysis products to lumen when
compared with a pathlength of 30m for diffusion plus convection of disaccharides in the opposite direction. Despite the complexity of the flux
and hydrolysis equations the percentage loss of hydrolysis products is almost linearly related to distance along the jejunum.

FLUX OF SACCHARIDES RELATIVE TO FREE GLUCOSE bound in the form of maltose is absorbed more rapidly
DoEs THEpPL PROVIDE A KINETIC ADVANTAGE FOR than equal caloric loads of exogenous free monomer in
DELIVERY OF GLUCOSE PACKAGED AS SACCHARIDES? perfused jejunal segments of humanghe issue is of

practical importance for oral rehydration therapy because

c d : 6 42 he fi h artial hydrolysates of starch or rice are less expensive
rane and associates [6, 42] were the first to note t nd simpler to prepare than pure glucose for large scale
more glucose could be absorbed when presented to thﬁinical use [46, 68]

mucosa in the form of maltose than as free glucose. The

h v d ibed “Kinetic ad The qualitative theoretical explanation of this kinetic
P erlomenon was aptly escribed as a Inetic a Vanédvantage described in the introduction to the present
tage” but no credible mechanism was proposed to ex

S . . . paper can now be examined quantitatively. Table 5
plain it. In the introduction to the present paper it was

. X ; -“>shows the predicted delivery of glucose unidy to the
pointed out that for a given molar concentration gradient, . ,sn porder when the lumenal glucose is either in the
the diffusive flux of monomers bound as oligomers is

. . form of free glucose or an isocaloric load of maltose.
theoretlcal!y proportional to th? square root qf the mo- 5 equal caloric loads the flux of CHO through the pL in
lecular weight of the parent oligomer. Thus, in the ab-

. PR the form of maltose is more than double that of glucose
sence of convective transport, the diffusional flux of a(CoI F). The observed absorption ratds) (of glucose
given molar gradient of glucose in the form of maltose isyoerated from maltose are less than the amounts reach-
theoretically 37% greater than in the fOfF“ Of free glu- ing the brush border (Col. G) because some of the brush
cose; f@a 9 unit oligomer of glucose the diffusional flux 546 glucose derived from maltose is lost to the per-
of glucose units is _theorencally 3 that of free g_Iucose. usion fluid as described in the preceding section. Thus

Crane's experiments were performed on isolatedyq 1inetic advantage is less when measured in terms of
segments of hamster intestine in which the main compo

gl b tion th hen me ed as fl f glu-
nent of flux through the pL was diffusive and the diffu- giucose absorption than when meastired as fiux ot giu

sion pathway was abnormally long compared to in vivo
conditions. However, several investigators have re-
ported that maltose [32, 57], maltotriose [32] or partial 1 Unlike other investigators, McMichael et al. [44] concluded that there
hydrolysates of starch [31, 68] are absorbed more effiis no kinetic advantage for absorption of glucose in the form of maltose.
ciently than equicaloric loads of exogenoufglucose. However, McMicheal et al. did not compare absorption rates of maltose

L . s . with those of exogenous glucose in their own experiments. Instead they
Slmllarly’ In rats more glycme is absorbed in the form of utilized the glucose data of Holdsworth & Dawson [29] who reported

di-, tri- or tetraglycine than from free eXOgem_)us glycmeglucose absorption rates that are about 50% higher than those found by
[43]. When_ the d'ataIOf F'Q'- 1 are replotted in terms of numerous subsequent investigators and summarized in Figs. 10 and
glucose units as in Fig. 10 it becomes clear that glucos@&able 2 of the present paper.
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700 r border would be infinite. Unstirred layers may therefore
Absorption rate be necessary to prevent undue losses of hydrolytic prod-
600 [ " eose units Taltose ucts and the extent of such losses will be determined by
pmols b~ cm H the functional pathlength through the pL to lumen on the
500 - & one hand and the kinetic properties of transport from
B brush border to blood on the other. In the present paper
400 F | have attempted to combine and evaluate these opposing
Glucose transport processes. My analysis includes heretofore ne-
300 glected convectional transport of oligomers through the
pL and a paracellular component of their absorption to
200 | blood in unhydrolyzed form. When these components of
flux are included in the analysis the estimated pathlength
100 A for diffusion plus convection of disaccharides from lu-
Meai: ‘sﬂ‘fg:é cortcenteron menal perfusion fluid to the brush border is only 10 + 2
0 ' L I | wm or little more than the anatomical thickness of the

0 50 100 150 200 250 glycocalyx and mucus layers. This is far less than any
previous estimates and leads to the conclusion that the

Fig. 10. Experimental demonstration of the kinetic advantage to trans—pL offers very little resistance to the passage of products
port of glucose across pre-epithelial layers in the form of disaccharide

rather than free glucose. The data are the same as those of Fig. 1 bﬁ't]c lumenal digestion to sites of final hydrolysis to mono-

expressed as glucose units (proportional to grams per liter of CHOTners n the_ brush b(_)rder' Hyd_rOIy_Sl‘_'c' ator ”‘?ar cell sur-
rather than molar concentrations and fluxes. The highest concentratiofaC€S provides a sink for maintaining relatively large
of maltose shown in Fig. 1 is not included because it would be off scaleconcentration differences of oligomers across the pL.

Thus the molar concentration differences across the pL
cose units through the pL. Application of the model to &€ larger for maltose or sucrose than they are for exog-
1-4 linked saccharides larger than maltose such as tho§&10US glucose as shown in Fig. 5. Given the added fact
generated by lumenal digestion or by partial hydrolysis(heretofore neglected) that the quantity of monomer
Of Starch can be made on the assumption thaKmﬁ)r reaChIng the brush border by diffusion (pel’ unit concen-
hydrolysis (3—4 mn) is the same as for maltose [1, 24]. tration difference) is proportional to the square root of
Table 6 and Fig. 11 show the calculated kinetic advanthe molecular weight of the parent oligomer, it follows
tage as a function of number of glucose units in thethat there will be a considerable kinetic advantage to
saccharide. For loads of CHO in the physiological rangdransport through the pL in the form of oligomers as
(up to 100 mmols hi') the model predicts a maximum shown quantitatively in Figs. 10 and 11. Indeed, it may
advantage for saccharides having 3—-6 glucose unitde argued that digestion of carbohydrates or proteins to
This prediction appears to be supported, at least qualitantermediate sized oligomers in the lumen, followed by
tively, by the investigations of Jones et al. [31, 32] whofinal hydrolysis to monomers at cell surfaces under a
found that maltose and maltotriose confer a greater kiprotective blanket of mucus and unstirred layers is an
netic advantage to absorption of glucose units tharefficient overall process that developed by natural selec-
higher molecular weight 1-4 linked saccharides. Calcution.
lations utilized for construction of Table 6 and Fig. 11 There are no enzymes to remove hydrolytic products

are shown in Appendix C. diffusing from brush border to lumen and the diffusion
gradients can extend as far into the lumen as mechanical
Discussion mixing and proximal-distal flow of chyme flow will al-

low. According to the proposed model the diffusion dis-
Most investigators agree that hexoses or amino acidtance for glucose or fructose generated in the brush bor-
generated by membrane-bound hydrolases at the surfacker during perfusions with sucrose or maltose extends
of absorptive cells can combine with membrane carrier&0-150pm into the perfusion fluid or 5-15x the path-
in conformance with the laws of mass action in freelength for saccharides moving in the opposite direction.
solution (Michaelis-Menten kinetics). If this is the case, From a functional point of view the pL acts as a rectifier
however, it should follow that hydrolysis products will with conductance to nutrients in the direction lumen to
also be free to diffuse back to the intestinal lumen and irblood some 10-fold greater than in the opposite direction.
fact large quantities of free hexoses are found in effluents  Each of the several flux equations utilized in the
from short intestinal segments perfused with sucrose opresent analysis is relatively well known and tested but
maltose both in humans [22, 32, 44, 57] and in rats [27]their combination leads to exponential, hyperbolic and
Theoretically, if there were no plot = 0) the rate of quadratic terms that render numerical solutions difficult.
diffusion to lumen of monomers generated in the brushFew readers will wish to invest the hours required to
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Table 5. Kinetic advantage for absorption of maltose relative to glucose

A B C D E F G
C,, mm Cy Jv Predicted Observed
(mean) From Fig. 5 From Fig. 3 expIv(d/D) Jfrom Eq. 6 J, from Fig. 10
Glu 30 25.6 1.4 1.0448 180 185
Malt 15 7 14 1.0628 399 300
Glu 60 55.6 1.8 1.0579 245 250
Malt 30 19.5 1.8 1.0814 572 380
Glu 100 96.4 1.9 1.0612 302 310
Malt 50 39 1.9 1.0861 675 495
Glu 150 146.2 1.9 1.0612 403 390
Malt 75 64 1.9 1.0861 770 560

Comparison of predicted fluxJ) through pL with observed absorption rates to blodd) (
J andJa measured in glucose unitgmol/hr/sg. cm.

Table 6. Kinetic advantage

A B C D E F G H | J
V., = 252 umols/hr/sq cm d = 10pm Kmn = 3.3mu Jsg
Glucose D C. Jv Cy Glucose Kinetic
units sq cm/hr mm ml/hr/sq cm 1 -o) from Eq. C2 of expd,d/D Js,Eq. 6 units advant.%
Appendix C

1 0.032 30 14 0.7 25.6 1.0447 180 180 0
2 0.023 15 1.4 0.68 7.6 1.0628 186 372 107
3 0.019 10 14 0.65 3.5 1.0765 133 399 122
4 0.017 7.5 1.4 0.63 2.0 1.0858 100 401 123
5 0.015 6 1.4 0.61 1.3 1.0978 76 378 110
6 0.014 5 14 0.59 1.0 1.1052 60 362 101
9 0.011 3.3 14 0.57 0.5 1.1357 34 302 68
1 0.032 60 1.8 0.7 55.6 1.0579 245 245 0
2 0.023 30 1.8 0.68 20.7 1.0814 260 519 112
3 0.019 20 1.8 0.65 104 1.0994 210 630 157
4 0.0167 15 18 0.63 5.8 1.1138 173 690 182
5 0.015 12 1.8 0.61 3.6 1.1275 140 701 186
6 0.014 10 1.8 0.59 25 1.1372 116 698 185
9 0.011 6.7 1.8 0.57 11 1.1778 69 619 153
1 0.032 100 1.9 0.7 96.4 1.0612 302 302 0
2 0.023 50 1.9 0.68 39.6 1.0861 324 649 115
3 0.019 33 1.9 0.65 21.7 1.1052 267 801 165
4 0.0167 25 1.9 0.63 13.4 1.1205 230 922 205
5 0.015 20 1.9 0.61 8.6 1.1350 198 992 229
6 0.014 17 1.9 0.59 6.1 1.1453 175 1049 247
9 0.011 11 1.9 0.57 2.3 1.1885 109 977 224

check the numerical calculations or to test the effects operbolic and logarithmic components as well as the com-
varying the parameters | have selected from the literatur@lex reactions of oxygen with its transport protein (he-
to construct the Tables and illustrations. Analogy maymoglobin). The combination of these equations results
be made to the equations describing flux of respiratoryin cumbersome relationships which are nevertheless fun-
gases in both directions between lungs and blood. Theamental to understanding respiratory gas exchange in
lumenal contents, like the alveolar gases, are outside thieealth and disease. As stated by Rahn and Fenn [53] the
body. Exchange of intestinal solutes between lumen andesulting analysis is “. .. highly forbidding at first ac-
blood involves diffusion, convection and complex reac-quaintance and even the more mathematically inclined
tions with carriers and so, too, does the respiratory gaghysiologists are inclined to resent this kind of symbol-
exchange. Respiratory exchange equations include hysm as an unnecessary complication — and they there-
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Fig. 11. Prediction of kinetic advantage for delivery of glucose to the 9.

brush border in the form of 1-4 linked saccharides rather than isoca-

loric free glucose. The kinetic advantage depends on two factors (i) forlO.

any given molar concentration gradient the number of glucose units

transported across the pL by diffusion is proportional to the square roof.1.

of the molecular weight of the parent saccharide and (ii) the molar

concentration gradient of saccharides is greater than that for (exogi2.

enous) free glucose by virtue of hydrolysis at the brush border as shown
in Fig. 5. The kinetic advantage for diffusion is reduced by convection

and the convective component becomes more significant with larged 3.

saccharides.

fore put it aside in expectation of the day when the nec
essary facts can be explained in a few words.”

In the present paper | have tried to develop a similar;s

integrative analysis of solute exchanges across the pL of
the small intestine in a form that is mathematically cor-
rect but is necessarily complex. At the same time | have

tried to present the material in qualitative, nonmath-16:

ematical form in the hope that at least some nonmath-
ematically inclined readers will appreciate its signifi-
cance and will be stimulated to make use of the severa|;
potential applications to mechanisms of intestinal ab-
sorption.

18.

| thank Drs. Andrei Gruzdkov and Ludmila Gromova of the Pavlov
Institute, St. Petersburg, Russia, for supplying me with translations of
their papers and sharing with me the results of extensive, unpublished
data obtained from their unique methods for chronic perfusions of
jejunal segments in unanesthetized rats. In many ways their results
mirror the human data and support the generality of the hypotheses
proposed in the present paper.
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In the steady statelg, is constant and differentiation of Eq. 1

Appendix A yields
Derivation of Eq. AL used by Smithson et al. [61] and by Levitt et al. 0=J, dC/dx+ D d°C/dx’ (B2)
[39, 63].

Let dC/dx = y or dyly = —(Jy /D) dx and after integration

=K e—(Jv/D)x

9 =DAK'1, = K)/0.5V', (A1) YTFRa€m _ ,

Substitution ofy in Eq (B1) yields
where 9 = thickness of pre-epithelial layers (pL) = diffusion
coefficient of solute in pLA = surface area of the p\/, = estimated
maxium rate of hydrolysis in the segmekKt,,, = apparent Michaelis-
Menten affinity of the solute for its enzyme mean concentration of
the solute in the segment when hydrolysis rate is 50%'QfK’,,, =
Mlchaells—Menten aﬁ_‘lnlty _of hydl_’olys_|s measured in vitro with en- WhenceK, = (Js— Jy C,)/D (B3a)
zymes purified from intestinal epithelium.

Js=Jy Cy + D Ky & VO (B3)

Whenx = 0, C = C,, whereC, is concentration of solute at apical
membranes of brush border.

Whenx = 9, C = C_ is concentration of solute at the interface between
the pre-epithelial layers and well mixed contents of the intestinal
ASSUMPTIONS chyme in the central lumen.

. . Substitution in Eq. B3 and BBand solving for J yields
(1) All of the saccharide (or peptide) removed from the perfusate (

ip:ss‘]es_ttj]rough the pL and is hydrolyzed at ajate the brush border, Jo=Jy {C eMVD) _ /[P — 1) (B4)

= Ys T vYh

(2) Jsor J,, approach a maximum valu¥®.() at high lumenal concen-  Equation B4 was first applied to transport through pL of intestine by
trations C,) and the value o¥,;, can be determined by extrapolation of Gruzdkov, Gusev & Ugolev (19813¢eUgolev: Membrane Digestion,

experimental data relatings to C, . Mir Press 1989. Eq. 5.2]
(3) WhenJs = J,, = 0.5V, C_ = K',andC, = K, whereC, = When Qv/D)d less than about 0.2°Y®? = 1 +Jv/D)a (within
concentration of saccharide (or peptide) in the brush border 2%) and Eqgs. B4 and B5 reduce to the familiar forms

(4) Transport through the pL is purely diffusive so that
Js=D (C_=Cp)/a +IC, (B5)
Js=DA/d (C_-C,) or d=DA/J5(C_—-Cp) o .
flux = diffusion + convection

and substitution of (3) in (4) yields For diffusion in the direction opposite to convective flow the original

differential equations becomds = J, C,, — D dC/dxand the steady

d =DAK',, - K,)/0.5V .e.d. Al
(K'm =K xh 4-€ (A1) state flux becomes

For reasons given in the present paper it appears that all the above (35* /D) Iy* /D)
assumptions are flawed and the derived valuesifbiave no physi- fs=3,{C-Cre y/ie -1 (®

ological significance. where the * refers to flux from brush border to lumen.

Appendix B Appendix C

Derivation of equations describing steady-state, linear diffusion in theAlgebraic solution for brush border concentrations of saccharidgs (
presence of convective flow as applied to pre-epithelial layers (pL) ofas & function of lumenal concentratioit} J using the numerical values
the small intestine. for V., 9, andJ,, given in Table 1.
The concentrations of saccharides and oligopeptides produced ifl) From Eg. 4 of the text and Eq. B5 in Appendix B
lumenal fluid by pancreatic amylases and trypsins decrease progres-
sively from duodeum to ileum. However, in any one crosssectional’s (VimatlCo)/(Cp + Kn) + (1 = 0 WG, =D (C = Cp)/9 + Gy
sector Ql) along the length of the intestine we will assume the con- (€1)
centratio_ns to be h_om_ogeneous from the central axis of the lumen up tf’Z) Setting {(1 o) IV + DIa}/(dy + D/a)} = A, [Voraad(y + D/3)
the_ f_uncnonal beginning of the pl'_. In' such a sector the f!ux of solute (K., — C)] = B and solving the resultant quadratic 16
arriving at the brush border by diffusion and convection is
— R + [R2— 0.
= 1,C,, + D dC/dx ®1) C, ={-B = [B? - 4AK,C, ]"°)/2A (c2)
Numerical solutions forC, together with associated fluxes and the
where kinetic advantages for delivery of glucose to the brush border in the
form of polymers are shown for human jejunum in Table 6. The kinetic
Js = flux of solute per unit area of mucosal surface in the sector advantages are shown in graphical form as Figure 11 of the text.



