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Abstract

Rates of intestinal absorption and surface hydrolysis are de-
termined by the interaction of two barriers: poorly stirred
fluid adjacent to the mucosa, and the epithelial cell. These
two barriers commonly are modeled as a fixed, flat layer of
epithelium covered by a fixed thickness of unstirred fluid.
To more accurately simulate these barriers in a villous mu-
cosa, maltase activity (measured in vitro) was distributed
over an anatomically correct model of rat jejunal villi. We
then determined what interaction of the aqueous and epi-
thelial barriers best predicted in vivo maltose hydrolysis
rates measured over a broad range of infusate concentra-
tions. Hydrolysis was accurately predicted by a model in
which unstirred fluid extended from 20 pm over the villous
tips throughout the intervillous space. In this model, the
depth of diffusion into the intervillous space is inversely
proportional to the efficiency of epithelial handling of the
solute. As a result, both the aqueous barrier and the func-
tional surface area are variables rather than constants.
Some implications of our findings (relative to the conven-
tional model) include: higher predicted V,,,,, efficient han-
dling of low concentrations of a solute at the villous tips
while high concentrations must penetrate thick aqueous
barriers, and sensitive regulation of transport rates via ease
of access to the intervillous space. (J. Clin. Invest. 1996. 97:
2308-2315.) Key words: intestinal transport « maltose hy-
drolysis « unstirred layer « diffusion « motility

Introduction

Intestinal absorption of solute requires that the compound
cross two barriers in series: an aqueous diffusion barrier con-
sisting of poorly stirred luminal fluid adjacent to the brush bor-
der (the “unstirred layer”) and the epithelial cell (1). Knowl-
edge of how these two resistance barriers interact is fundamental
to understanding the absorptive process (2). If diffusion across
poorly stirred luminal fluid limits solute uptake, absorption
can only be altered by changes in luminal stirring. On the other
hand, if movement across the epithelial cell is rate limiting, al-
teration of absorption rate requires modification of epithelial
cell surface area and/or the transport efficiency of the individ-
ual cell.
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The relationship between the epithelium and the aqueous
barrier commonly has been modeled as a smooth layer of ab-
sorptive cells covered by a uniform thickness of totally un-
stirred water (2-6). If this simple model were correct, the
aqueous diffusion barrier could be represented as a single
thickness of water through which all solutes would have to dif-
fuse before absorption. However, the intestinal mucosa has a
villous surface. To the extent that transport occurs along the
sides, as well as at the tips, of the villi, the simple conventional
model seemingly could not accurately reflect the relationship
of the two absorption barriers.

The goal of the present study was to use in vivo measure-
ments of maltose hydrolysis to elucidate the true interaction
that occurs between the unstirred layer and the epithelium
during the surface hydrolysis of maltose in the rat jejunum.

Methods

Surgical procedure. Male Sprague-Dawley rats (300-350 g; Harlan
Sprague-Dawley Inc., Indianapolis, IN) were used in all studies. Un-
der pentobarbital sodium anesthesia, a midline laparotomy was per-
formed and a 15-cm segment of proximal jejunum was identified. A
polyethylene cannula (0.76 mm i.d.) with a flared tip was inserted into
the proximal end of this segment and secured with a purse-string su-
ture. A second cannula (1.67 mm i.d.) was similarly inserted 15 cm
distally. Both cannulas were glued to a 0.5 X 0.5 cm sheet of mesh
near the insertion sites to prevent the tubes from being drawn into
the gut. A trocar was inserted into the posterior abdominal wall and
directed subcutaneously to exit at the back of the neck. The cannulas
were inserted through the trocar, which was then removed. The jeju-
nal segment was replaced in the abdominal cavity and the abdominal
wound was closed. The animals were provided with a glucose-water
solution containing acetaminophen for 24 h and then fed standard rat
chow ad lib. The animals were allowed to recover for at least 2 wk be-
fore instituting perfusion studies.

Perfusion technique. After an overnight fast, each rat was placed
in a restraining cage and the jejunal segment was constantly perfused
via the proximal catheter, using a syringe pump (Harvard Apparatus
Inc., Millis, MA). The perfusion rate was 0.4 ml/min and the basic
perfusion solution consisted of a 0.06 M phosphate buffer (pH 6.6, the
optimum pH of maltase, see references 15, 16). The solution also con-
tained [*H]polyethylene glycol (PEG, 400,000 dpm/ml), 100 mg/dl
PEG, and maltose at concentrations of 2.9, 14.6, 36.5, 73.1, 146, or 292
mM plus [*C] maltose (40,000 dpm/ml). Sodium chloride was added
to adjust the osmolity of maltose plus NaCl to 300 mosmol/kg.

The infusate solution was maintained at 37°C during the infusion,
and at least four times the segment’s volume was infused before the
collection of samples via gravity drainage. Perfusate samples were
boiled for 2 min immediately after collection to prevent the possibil-
ity of further hydrolysis in the collected samples. The hydrolysis rate
of each maltose concentration was determined in 5-8 rats.

To determine the volume of the perfused segment, at the end of
nine perfusion studies, a 0.1-ml bolus of phenolsulfonphthalein was
instilled into the infusion catheter and a series of 10-s collections of
perfusate were analyzed for phenolsulfonphthalein concentration by
spectrophotometry (DU-70 spectrophotometer; Beckman Instruments,



Inc., Fullerton, CA). The volume of luminal contents was determined
via analysis of the outflow concentration profile of phenolsulfon-
phthalein using the Stewart-Hamilton formula (7). Eight of the nine
studies yielded interpretable outflow curves, and the volume of luminal
fluid in these studies averaged 1.5 ml£0.4 ml for the 15-cm segment.

Quantitation of villous architecture. Because villous architecture
varies with the degree of distension of the intestine (8), it was neces-
sary to examine the intestine at roughly the same degree of distension
as was present in the perfused intestine. In three rats, 15-cm segments
of jejunum were isolated between ligatures and isotonic saline was
perfused through the segment to remove debris. The segment was
then stripped free of fluid and filled with 1.5 ml of saline (the volume
determined to be present in the perfused segments, as described
above), both ends of the segment were occluded and the distended
segment was placed in 10% formalin fixative. Segments of jejunum
were sectioned longitudinally or perpendicular to the long axis of the
villi in 7-pm-thick sections. The dimensions of the villi and the inter-
villous space were then determined via microscopical examination us-
ing a calibrated eyepiece. Approximately 20 villi were examined per
section.

In vitro studies. After completion of the series of in vivo mea-
surements of maltose hydrolysis, five animals were anesthetized with
pentobarbital, the abdomen was opened, and the entire 15-cm seg-
ment of perfused jejunum was removed. All mucosa of the segment
was stripped off with a scalpel blade, diluted in a cold 0.06-M phos-
phate buffer at pH 6.6, and homogenized using a tissue grinder. The
maltase activity of an aliquot of the homogenate was determined in a
vigorously stirred solution containing 146 mM maltose in a 0.06-M
phosphate buffer (pH 6.6) at 37° C. The in vitro V ,, of the entire seg-
ment was then calculated from the glucose released during a 10 min
incubation. In additon, to determine the K, of the enzyme, aliquots
of the homogenized mucosa were incubated with vigorously stirred
solutions containing 2.5, 5, 10, 20, and 50 mM maltose at pH 6.6 and
37°C. Sufficient NaCl was added to the buffers such that the sum of
the osmolality of maltose plus NaCl equaled 300 mosmol/kg. The K,
was then determined from a double-reciprocal plot of hydrolysis rate
versus maltose concentration. No statistically significant difference in
maltase activity was observed when activity was determined over a
pH range of 6.6-7.2.

Analyses. Glucose was measured via a glucose oxidase technique
and radioactive compounds were measured via scintillation counting
with appropriate correction for crossover of the isotopes.

Calculations. The rate of maltose hydrolysis by the 15-cm jejunal
segment was determined from the sum of the *C disappearing from
the segment and the glucose present in the perfusate:

Rate of maltose hydrolysis =

(Inf rate) ([*C] Inf) 1“c] pert
(s.a maltose) " (sa mdtose) )
[PEG] Inf
0.5glucoseperf Inf rate‘[‘P‘Ec‘i]‘bE@

where [ Jinf and [ [perfrefer to concentrations of compounds in fluid
entering and leaving the segment, respectively, and s.a. maltose refers
to specific radioactivity of maltose (cpm/mmol). The logarithmic
mean luminal concentration of maltose was calculated from:

([malt] perf — [malt] inf) )
In ([malt] perf/ [malt] inf) @

log mean concentration =

Maltose hydrolysis rates for maltose concentrations of > 146 mM
were predicted, assuming Michaelis-Menten kinetics, from the ob-
served hydrolysis rates for infusate maltose concentrations up to 146
mM from a plot using the Eadie-Hofstee plot:

Hydrolysis rate vs hydrolysis rate/log mean [ maltose] 3)

The predicted maltose hydrolysis rate for various maltose concentra-
tions, assuming no unstirred layer, was predicted from the V,,, and
K, using the standard formula:

V o [Maltose]

Hydl’OlyS|S rate = [MITM“ (4)

Model of villous architecture and calculations employed to predict
maltose hydrolysis. The villi were approximated by rectangular
prisms with cross sectional dimensions of (1) X (v) and a length (d)
from the villous crypt to the tip. The width (w) of the intervillous
space was set at 15 wm (as determined from analysis of histological
sections). It was assumed that there is an unstirred layer of thickness
L over the villous tips, and this unstirred fluid extends throughout the
intervillous space. Maltase is located on the villous tips, and, in de-
creasing concentration, along the sides of the villus. It is assumed that
the rate of maltose hydrolysis per unit villous surface area (g) can be
described by Michaelis—Menten kinetics:

1=V ®)

where V(X) is the V ,,, per unit area of villous surface and is a func-
tion of X, the distance from the villous tip (X = 0 is at the tip and
X = d at the base of the villus), and C is the maltose concentration at
the brush border hydrolytic site. From the measurements of Nord-
strom, et al. (9), V(X) (i.e., maltase activity) decreases roughly lin-
early from the tips to the base, and it will be assumed that this activity
can be described by:

V(X) =V, [1- (1-g) X/d] ©)

where V) is the value of V,, at the villous tip, and g is the ratio of
Vmax at the base to that at the tip (g = 0.4). The K, is known from in
vitro measurements of maltose hydrolysis and should be the same at
all positions along the villus. Since the intervillous width (w) is about
15 pm, the maximal distance that separates solute and epithelium in
the intervillous space is 7.5 wm. If the intervillous space is considered
to be a square column with cross sectional dimensions of 15 X 15 cm,
50% of solute molecules will be < 2.5 pm from epithelium. Thus, it
can be assumed that diffusion is sufficiently fast to make the concen-
tration uniform in the direction parallel to the serosal surface, and
that concentration varies only in the perpendicular direction. In addi-
tion, the analysis includes the possibility of a fluid secretion, either
from the villous crypts or from just the villous tips.

With these assumptions, the following mathematical description
of the maltose hydrolysis can be derived: define Cy as the mean con-
centration in the well-stirred luminal region, and C, as the concentra-
tion at the tips of the villus (after diffusion through the unstirred layer
of thickness L). The concentration in the intervillous space at the
level of the tips (X = 0) will also be C,. There will be a steady state
concentration gradient [C(X)] in the intervillous space, established by
the diffusion, convection, and hydrolysis of maltose. This intervillous
concentration is then described by the nonlinear differential equa-
tion:

d’c dc _ c
DASa—)—(—ZfAsfa—)—( = SV(X)C-F—Km 7

where D is the maltose diffusion coefficient (0.67 X 107> cm?/sec), A,
is the fractional cross sectional area of the intervillous space (area/
cm? of serosal area) and S is the lateral villous surface area/villus
length per cm? serosal area. The constant f is the fluid flow velocity
produced by secretion from the crypts at the base of the intervillous
space. In the intervillous space, f = J,/A, where J, is the rate of fluid
secretion in units of milliliters/second per cm? of serosal area. In the
unstirred layer above the tips, f = J,.
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Eq. 7 is solved subject to the following two-point boundary condi-
tion:
AtX =0 C=C,
dc ®)

At X =d: Dﬁ—fC=O

The rate of hydrolysis (per cm? serosal area) by the villous tips
(Q,) is equal to:

C,
Q = AtVOK;I—_i—C-t ©)

where A, is the fractional cross sectional area of the villous tips. In the
steady state, the rate of maltose hydrolysis by the sides of the villi
(Q,) is equal to the net rate that maltose enters the intervillous space,
which is equal to the diffusive and convective terms at the villous tips:

@cao
Q = — ASDEW Dx:0+ AfC, (10)

If the convective flow in the intervillous space (i.e., f) is negligible, the
convective term, AfC,, becomes zero and maltose entry into the in-
tervillous is determined solely by the diffusive component.

The total rate of maltose hydrolysis (Q) is equal to:

Q=Q+Q (11

The variables O, O,, and Q, are all per cm? of serosal surface. At very
high concentrations, when all the maltase is saturated, the maximum
rate of maltase hydrolysis (Q..y) is equal to the hydrolysis at the vil-
lous tips plus the integral of the maximum rate on the sides of the
villus:

Quac = Vo [A+Sd(1+ f)/2] (12)

The above derivation has been based on the assumption that the mal-
tose concentration at the villous tips (C,) is known (see Eq. 8), when,
in reality, only the luminal concentration C; is known. The concen-
tration (C) in the unstirred layer between the tips and well-mixed lu-
minal region is described by the differential equation:

DdC fC 13
ax =Q 13)
where Q is the rate of metabolism (Eq. 11). Solving Eq. 13 (using the
boundary condition that C(0) = Cy) for the concentration at the vil-
lous tips:

fL
0. Q0= . Q
C=C, —zme° ++

f f (a4

T'his equation can then be solved for Q as a function of C, and C;:
Et; I, D B
= — D —
Q=f T C.e IZIl e’ g (15)

The solution to the set of Eqgs. 7-15 is obtained as follows. First,
an initial value of C, is assumed and the two-point differential Eq. 7 is
solved by a Runge—Kutta shooting method (10). This solution yields
the value of dC/dx at X = 0 from which Q, defined by Eq. 11, can be
determined and compared with the O defined by Eq. 15. Then, by a
trial and error (interpolation) procedure, C, is adjusted (and the dif-
ferential equation is solved) until the Q from Egs. 11 and 15 are equal
(to within a fractional error of 107%), yielding the final solution for Q.
These equations are for the case where the secretion is from the vil-
lous crypts. If the secretion is from just the tips, then f = 0 in Eqs. 7
and 8 and fis unchanged in Eq. 15.

The parameters A, A and S can be related to the values of u, v,
and w defined above. Define N as the number of villi per cm? serosal
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area. Then N = 1/[(u+w)(v+w)], A, = Nuv, A, =1- A, and S =
2N(u+v). All measurements of maltose hydrolysis were made using a
15-cm length of intestine. These measurements are converted into
values that are normalized to 1 cm? of serosal area (the units of the
above theoretical expressions) by multiplying by the experimental
value of the area per unit length, which was determined from the
volume (1.5 ml) of the 15-cm length of intestine. The value of the pa-
rameter V, was determined from the in vitro measurements of the
maltose hydrolysis by the serosal surface. All the maltase in a 15-cm
loop was extracted and the true value of V. (units: milligrams/sec-
ond per cm? serosal surface) was determined. This value of V,
should be equal to the Q. (Eq. 12), and Eq. 12 can be solved for V.
The other experimental measurement that is need is C;, the mean
concentration in the well-stirred lumen. This concentration drops as
the infusate traverses the segment, and the value employed in the the-
oretical equations was the logarithmic mean concentration deter-
mined from Eq 2.

The predicted hydrolysis rate for the special case of a uniform un-
stirred layer of thickness L over the tips and sides of the villi was de-
termined as follows:

For the villous tips, the rate of diffusion through the unstirred layer
can be set equal to the rate of hydrolysis by the maltase on the villous
tips:

Q = V,C/(K,+C) = DA(C,~ C)/L (16)

This can be written in the form of a quadratic equation for C; which
can then be found analytically. Knowing C,, the rate of hydrolysis can
be obtained. A similar procedure can be used for the sides of the villi,
except that the value of V,,, varies as a function of distance from the
tip, and an integration over the surface is required.

Vmax (in vitro)

Mattose Hydrolysis Rate (umol/min/cm)

O.o ¥ T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450

[Maltose] (mM)

Figure 1. Observed (mean*=SEM) and predicted maltose hydrolysis
rates for varying logarithmic mean concentrations of maltose in the
rat jejunum: hydrolysis rate observed in perfused jejunum (@—@®);
hydrolysis rate predicted for maltose concentrations > 146 mM when
Michaelis—-Menten kinetics were employed with maltose concentra-
tions < 146 mM (@----@); hydrolysis rates predicted with 0 (X---X) or
7 pm (O---O)unstirred layer covering entire epithelium (values virtu-
ally superimposable). The V_,,, observed in vitro, 2.3 wmol/min per
cm (dashed line) is about 80% higher than the V., predicted from
Michaelis—-Menten kinetics (1.3 pmol/min per cm).
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Figure 2. Parameters
of the villous model
used to predict maltose
hydrolysis.

Results

Fig. 1 shows the observed in vivo maltose hydrolysis rates
(mean*SEM) for each logarithmic mean luminal maltose con-
centration. The in vitro studies yielded values for the K, and
V nax Of maltase activity of 2.40.061 mM and 34 pmol/min for
the entire 15-cm jejunal segment.

The dimensions of the jejunal villi (mean*1 SD) averaged
10411 pm by 199+14 pum by 460+46 wm in length. The inter-
villous space averaged 15+4 pm in width.

The villous model was then solved for the following “stan-
dard” set of parameters, determined from experimental mea-
surements and literature values: the villous cross section was
u = 104 by v = 200 microns, the villous length was d = 460 mi-
crons, and the intervillous width was w = 15 microns (see Fig.
2). In this model, the villous tips represent 57% of the cross
sectional area of the mucosal surface and 7.88% of the total
villous surface. A K, of 2.4 mM"as obtained from the in vitro
measurements. The ratio of V,,, at the base to the tip of the
villus was chosen as g = 0.4 on the basis of Nordstrom et al.
(9). The in vitro V,,,, per 15 cm of intestine was 35 pmol/min.
For this standard model, it was assumed that there was no se-
cretion (J, = 0). Thus, all the model parameters can be deter-
mined from direct experimental measurements with the excep-
tion of L (unstirred layer thickness) which is treated as an
adjustable parameter. Fig. 3 shows that the theoretically pre-
dicted rate of hydrolysis for this standard parameter, set as L,
was varied from 0 to 100 wm. Increasing the unstirred layer
over the tips resulted in an appreciable percent reduction in
hydrolysis rate only at the lowest maltose concentrations.
Thus, the hydrolysis rates observed at the lowest concentra-
tions were the primary determinants of the unstirred layer
over tips that provided the best fit of the model to the ob-
served data. For example, the predicted hydrolysis rates at the
lowest mean luminal maltose concentration (1.1 mM) was 0.11
wmol/min per cm? for zero unstirred layer and 0.027 wmol/min
per cm? for a 100-um unstirred layer, a nearly fourfold differ-
ence. In contrast, at the highest mean luminal concentration
(281 mM), zero and 100-wm unstirred layers over the tips
yielded predicted hydrolysis rates of about 1.6 pmol/min per
cm? and 1.5 pmol/min per cm?, a difference of less than 10%.
The best fit of the predicted to the observed hydrolysis data

Mean

Luminal
18 1 Concentration
(mM)
15 - —e——e 250.0
——
+———e 208.0
12 1

Predicted Hydrolysis Rate
(wmol/min/cm?2)
w0

0 20 40 60 80 100
Unstirred Layer Over Villous Tip (um)

Figure 3. Maltose hydrolysis rates predicted for model for varying
logarithmic mean concentrations of maltose using the standard set of
parameters (see text) and an unstirred layer over the villous tips vary-
ing in thickness from 0 to 100 wm.

was provided by an unstirred layer of about 20-um thickness
over the villous tips. As shown in Fig. 4, with this layer, hydrol-
ysis rates predicted by the model very closely approximated
the observed rates over the entire 100-fold range of infusate
maltose concentrations.

Fig. 5 shows, for each logarithmic mean luminal maltose
concentration, the predicted distance that maltose would have
to diffuse to achieve 50% and 90% of the observed hydrolysis
rates. These distances increased as the luminal concentration
of maltose increased.

Fig. 6 shows the predicted hydrolysis rates for the model
when one of the parameters (villus length, width of intervillous
space, maltase concentration gradient on the villus, or crypt se-
cretion) in the standard set was varied, keeping all other values
constant.

In Fig. 1, the observed hydrolysis rates can be compared
with those predicted if there were no unstirred layer or a 7um
unstirred layer covering the entire mucosa. Nearly identical
hydrolysis rates were observed for a 0- and a 7-um unstirred
layer, and in both these situations, saturation of maltase hy-
drolysis occurred at much lower concentrations than was ob-
served.

292 q

29.2

2.92 4

[Maltose] (mM)

0.292

0.0 0.3 0.6 0.9 1.2 1.5 1.8
Hydrolysis Rate (umol/min/cm2)

Figure 4. Comparison of the mean+SEM of observed hydrolysis
rates (@-@) and values predicted from the model (O-O) for varying
logarithmic mean concentrations of maltose using a 20-pum thick un-
stirred layer over the villous tips.

Interaction of Aqueous and Epithelial Barriers 2311



500

400
300
200

100

1.14 6.14 219 52.0 120 208
[Maltose] (mM)

Figure 5. Predicted diffusion distance to achieve 50% of total hydro-
lysis (diagonal stripes) and additonal diffusion distance to achieve
90% of total hydrolysis (solid bar) for varying logarithmic mean lumi-
nal maltose concentrations.

The hydrolysis rates for infusate concentrations of 146 mM
or less were used to predict the hydrolysis rates for maltose
concentrations greater than 146 mM based on the assumption
of Michaelis—-Menten kinetics. As shown in Fig. 1, Michaelis
kinetics predicted that hydrolysis should be nearly saturated at
a luminal maltose concentration of 146 mM, whereas, the ob-
served hydrolysis rates continued to rise as the infusate mal-
tose concentration was increased to 234 mM and 292 mM. The
Vnax Mmeasured in vitro (2.3 pmol/min per cm) was about 80%
higher than the V,,,, estimated from Michaelis-Menten kinet-
ics (1.3 wmol/min per cm).

Discussion

The rate of jejunal transport or surface hydrolysis of a luminal
solute is a function of the kinetics of the absorptive or hydro-
lytic process and the concentration of solute at the brush bor-
der. In the early 1970s, Dietchsy et al. (1) drew attention to the
existence of unstirred luminal fluid adjacent to the mucosa that
creates a diffusion barrier to more centrally located solute. As

a result, solute concentration at the brush border may be only
a small fraction of that in bulk luminal contents.

Most previous studies of the influence of the aqueous bar-
rier on absorption have used a model in which a flat, fixed sur-
face of functional epithelium is separated from solute in bulk
luminal contents by an unstirred aqueous layer of uniform
thickness (2-6). Use of this model has led to multiple attempts
to elucidate a single thickness of unstirred fluid (the “unstirred
layer”) through which all solutes must diffuse to reach the
brush border.

The goal of the present study was to use maltose hydrolysis
measurements to elucidate the true in vivo interaction that ex-
ists between the unstirred layer and the villous epithelium of
the rat jejunum. The methodology employed used the concept
that the rate of absorption or surface hydrolysis of luminal sol-
utes is a function of the kinetics of the absorptive or hydrolytic
process and the concentration of solute at the brush border.
Knowledge of the kinetics of the process makes it possible to
model the appropriate aqueous diffusion barrier, (i.e., the bar-
rier that would yield the brush-border concentrations that
would make possible the observed absorption or hydrolysis
rates). The accuracy of the technique requires that the kinetics,
determined in vitro, where efficient mixing eliminates the un-
stirred layer effect, accurately reflect the in vivo situation. For
this reason, we elected to employ the hydrolysis rate of mal-
tose, as opposed to the absorption rate of a solute such as glu-
cose, for these studies. The in vivo kinetics of this enzyme can
be accurately and reproducibly determined by in vitro studies.
In contrast, solute transport is a complex process, and kinetic
data obtained in vitro tends to be highly variable and may not
reflect the in vivo transport kinetics of the epithelial cells.

Modeling the interaction of the unstirred layer and the epi-
thelial maltase first required a physical representation of these
two entities. The dimensions of the villi and the intervillous
space were determined from histological sections of intestinal
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segments distended to the same degree as was present in per-
fused intestine (1.5 ml/15 cm). As previously described, the
villi were found to be leaf shaped rather than cylindrical (8),
with dimensions of about 460 wm in length by 200 pm by 105
pm. The intervillous space averaged about 15 um in width (see
Fig. 2). These values are roughly comparable to those reported
in the more elegant study of rat ileal mucosa by Harris et al.
(8), although the jejunal villi were somewhat longer than re-
ported for ileal villi. Maltase activity, determined from in vitro
measurements of the V,,, and K, was distributed over the villi
of the model such that the activity declined from 100% at the
villous tips to 40% at the base as reported by Nordstorm et al.
(9). The potential aqueous diffusion barrier was modeled as
totally unstirred water that extended from a variable distance
over the villous tips throughout the extent of the intervillous space.

The goal was to determine what interaction of unstirred lu-
minal fluid and maltase activity in the above model best ex-
plained the in vivo hydrolysis rates observed over a broad
range of maltose concentrations. These hydrolysis measure-
ments were obtained by constantly perfusing the jejunum of
conscious animals via chronically implanted cannulas since
previous studies have demonstrated that laparotomy and anes-
thesia markedly reduce luminal stirring in the rat (6).

Initially, we examined the possibility that the conventional
model of the epithelium—unstirred layer relationship (i.e., a
smooth layer of epithelium covered by a single thickness of un-
stirred fluid) was compatible with the observed data. There are
two possible scenarios whereby this conventional model might
reflect the situation in a villous epithelium: (@) if solute absorp-
tion or hydrolysis occurred entirely at the villous tips after dif-
fusing though a layer of unstirred fluid over the tips or (b) if
convection distributed solute throughout the intervillous space
such that the solute was separated from the entire functional
epithelial surface (tips and sides of villi) by the same thickness
of unstirred fluid. The former possibility can be excluded since
only ~ 10% of the maltase activity of the segment was present
on the villous tips, while ~ 70% of the total maltase activity
was required to account for the hydrolysis observed at high
maltose concentrations. The second possibility also can be ex-
cluded. The intervillous space is only about 15-wm wide; thus,
convection into this space would virtually eliminate any un-
stirred layer separating cells along the sides of the villi from
solute in this space. As shown in Fig. 1, maltase on a mucosa
covered by unstirred layers of 0 or 7 wm (the maximal possible
distance separating solute and epithelium in the 15qum-wide
intervillous space) would be expected to saturate at much
lower concentrations than was actually observed in the per-
fused jejunum.

It can be concluded from the above analysis that the epi-
thelium lining the sides of the villi must play a major role in
maltose hydrolysis and that maltose must reach this epithelium
via diffusion down the longitudinal extent of the intervillous
space rather than via convection. The simplest model of such a
situation is a continuous unstirred water barrier beginning
somewhere in the region of the villous tips and extending the
length of the intervillous space. Using the parameters of our
villous model, hydrolysis rates of maltose were predicted for
such an unstirred water barrier, varying the thickness of fluid
over the villous tips to determine the best fit to the observed
data. As shown in Fig. 4, such an unstirred aqueous barrier be-
ginning about 20 wm above the villous tips yielded predicted
maltose hydrolysis rates that rather accurately reflected ob-

served hydrolysis rates over the entire 100-fold range of infu-
sate maltose concentrations. The need for a 20-um layer over
the tips primarily was determined by the hydrolysis rates of the
lowest concentrations of maltose; the predicted rates for high
maltose concentrations were only minimally influenced by the
thickness of the layer over the tips (see Fig. 3).

The good fit of the observed data to the model does not, of
course, assure that all aspects of the model are correct. Other
combinations of parameters might also have yielded data that
fit the experimental findings. In addition, the parameters of
our villous model represented average values for our rats, and
some of these parameters were approximations. Variability in
these parameters would be expected to exist at different intes-
tinal sites in the same rat, between individual rats, and be-
tween species. Thus, while we believe that the model devel-
oped in this study provides qualitatively valid and useful
insights into unstirred fluid—epithelial interactions, the quanti-
tative predictions of the model are unlikely to have widespread
applicability.

In distinct contrast to the conventional representation of
functional epithelium as a fixed surface area covered by a fixed
layer of unstirred fluid, in our villous model the functional epi-
thelial area and the distance the solute must diffuse before hy-
drolysis are linked variables, both increasing as the efficiency
of the absorptive or hydrolytic process decreases. At the low-
est mean luminal maltose concentration (1.1 mM), 50% of the
total hydrolysis occurs at the villous tip after diffusing ~ 20 pwm
through the unstirred layer that overlies the villous tips, and
90% hydrolysis occurs after diffusing another 20 pm into the
intervillous space (see Fig. 5). As the infusate concentration in-
creases, maltase at the villous tips becomes saturated and the
build up of maltose concentration at the tips drives diffusion
deeper into the intervillous space. At a mean luminal maltose
concentration of 208 mM, 50% and 90% hydrolysis are
achieved only after maltose diffuses 124 pm and 270 pm into
the intervillous space (Fig. 5). Thus, efficiently absorbed or hy-
drolyzed solutes are largely handled at the villous tips after dif-
fusing ~ 20 wm. Very inefficiently handled solutes will diffuse
throughout the extent of the intervillous space (about 460 pm
in the rat jejunum) exposing the entire villous surface to sol-
ute. The time-honored use of an unstirred “layer” to represent
the aqueous diffusion barrier accurately portrays the true
physiological situation only in the rare situation where the sol-
ute is very efficiently handled by the cells at the villous tips.

Previous attempts to measure the thickness of an unstirred
layer in the human jejunum used several different techniques,
and reported thicknesses have ranged from 600 pm (11, 12) to
40 pm (13). As discussed above, the observed hydrolysis of
low concentrations of maltose in the rat could not have oc-
curred if the unstirred layer over the villous tips had been
thicker than ~ 20 wm. Analysis of the absorption of low glu-
cose concentrations in man indicated that the observed ab-
sorption rates could not have occurred if the unstirred layer
were greater than 40-wm thick (13). In contrast, very slowly
absorbed solutes would diffuse the entire length of the intervil-
lous space, about 600 wm in man. The maximal mean distance
any solute might diffuse before transport would be one-half
the length of the human intervillous space or about 300 pm.

The sensitivity of the model’s predictions to potential alter-
ations of one parameter (while holding the others constant) is
shown in Fig. 6. The hydrolysis rate was relatively insensitive
to physiological variations in the observed villous length. For
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example, increasing the villous length from the observed value
of 460 pm to 600 wm, or shortening it to 300 wm, decreased or
increased hydrolysis rates by a maximum of about 15%, re-
spectively. Predicted hydrolysis rates were more sensitive to
potential alterations in the diameter of the intervillous space,
which averaged 154 pm. Decreasing the diameter to 10 pm
yielded maximal reductions of the predicted rate of hydrolysis
of about 15%, while increasing the diameter to 30 wm yielded
maximal increases of about 30%. Since the primary effect of
these parameter alterations was to alter the rate of delivery of
maltose to enzyme on the sides of the villi, the effect was max-
imal at high luminal maltose concentrations. As shown in Fig.
6, alterations of the assumed decline in maltase activity from
tip (100%) to base of the villus (40%) had a minimal effect on
the predicted rates of maltose hydrolysis.

Lastly, our model assumed negligible net fluid absorption
or secretion in the intervillous space. Fluid secretion from the
crypts would be expected to slow the rate of movement of sol-
ute down the intervillous space; whereas, net fluid absorption
in the space would increase this rate of movement. As shown
in Fig. 6, major reductions in hydrolysis rate would be ex-
pected to occur at high luminal maltose concentrations and rel-
atively rapid secretion rates.

There are a number of physiological implications of the
concept that hydrolysis (and presumably absorption) involves
solute diffusion into the intervillous space. The conventional
model of the epithelium and unstirred layer supposes a fixed
number of active sites separated from bulk luminal solute by a
fixed thickness of unstirred layer. As a result, this model satu-
rates according to Michaelis-Menten kinetics. In contrast, the
villous model is less readily saturated since more epithelial sur-
face area is recruited as solute diffuses down the narrow corri-
dor of the intervillous space. Thus, the V,,, predicted from
Michaelis—-Menten would be expected to underestimate the
true V,,, if our model of the unstirred water—epithelial inter-
action were correct. This was indeed the case in that the V,,,,
predicted from Michaelis—Menten kinetics for maltose concen-
trations of up to 146 mM (the usual upper limit of concentra-
tion of maltose or glucose used for such predictions) was about
40% less than the true V,,,, observed in vitro, and appreciably
less than the rate actually observed at high concentrations of
maltose, in vivo (see Fig. 1). It seems likely that previous esti-
mates of V,,,, of active transport of a variety of nutrients may
have been similarly underestimated due to the inappropriate
assumption that villous transport systems saturated according
to Michaelis—Menten kinetics. For example, the failure of
D-glucose transport to follow Michaelis-Menten kinetics has
been attributed to passive transport of D-glucose. (3) This con-
cept was supported by the finding of an appropriate rate of up-
take of L-glucose, a presumed indicator of the paracellular
transport of D-glucose. (3) However, a recent study suggested
that L-glucose uptake was carrier mediated and not a reliable
measure of paracellular transport of D-glucose (14). In addi-
tion, several recent reports have found minimal paracellular
transport of hexoses (14, 15), suggesting that passive uptake
explains the lack of saturation of uptake observed at high lumi-
nal D-glucose concentrations. It seems possible that this failure
to saturate merely reflects the expected difficulty in saturation
of a transport system located on the sides of the villi.

In 1977, Thomson and Dietschy (16) described an ap-
proach to estimating the intervillous unstirred layer effect in
which they assumed that each cross sectional lateral surface of
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the villous was an equivalent flat surface with an effective un-
stirred layer that varied with the distance of that surface from
the villous tip. This approach provides only an approximation
of the true situation since, among other things, it does not ac-
count for the hydrolysis or absorption of solute during diffu-
sion down the intervillous space. The author’s calculations led
them to conclude that Michaelis—-Menten kinetics will not ac-
curately predict active transport in a villous mucosa where ef-
fective surface area and unstirred layers are not constants.

The accurate prediction of absorption or hydrolysis rates is
an important feature of a physiological model of the gut. Un-
fortunately, predictions of these rates from the villous model
are far more complicated than is the case with the conventional
assumption of Michaelis kinetics. Predictions using the villous
model require knowledge of the kinetics along the entire ex-
tent of the villus, and these kinetics probably vary markedly
from the bottom to the top of the villi.

Conventionally, functional absorptive surface area is con-
sidered to be a constant. Thus, transport rates can be influ-
enced only via alteration of epithelial cell function or major in-
creases of the unstirred layer over the villous tips. Neither of
these mechanisms would be expected to be readily or rapidly
adaptable to luminal conditions. In contrast, the present dem-
onstration that hydrolysis (and presumably absorption) occurs
along the sides of the villi suggests that functional surface area
may be sensitively controlled via regulation of solute access to
the intervillous space. Such regulation could be “passive” or
“active.” An example of passive regulation would be the wid-
ening of the intervillous space, with resultant increased access
to the sides of the villi, that occurs with gut distention. In sup-
port of this concept is the demonstration that gut distention
has been shown to increase the absorption rate of certain sol-
utes (17). In contrast, minimal swelling of the villi would be ex-
pected to appreciably narrow the intervillous space and retard
absorption. The gut is capable of copious secretion when ex-
posed to a variety of stimuli, and this secretion is thought to
originate in the crypts. Convection of fluid up the narrow con-
fines of the intervillous space would far more efficiently limit
solute access to mucosa than would a similar secretion origi-
nating from a flat mucosa of similar total surface area. On the
other hand, the absorption of a solute such as glucose from
the intervillous space would enhance water absorption from
the space. The resultant convection of bulk luminal fluid into
the space would increase the exposure of epithelium to luminal
solutes, thus providing a mechanism for the well-known ability of
glucose to enhance the absorption of a variety of other lumi-
nal solutes.

While rat villi are nonmotile, the villi of the dog, cat, and
possibly man (18, 19) have been shown to have rhythmic con-
tractile activity, and various luminal solutes have been shown
to alter this contractility (20). It seems possible that villous
contractions might serve to convect material into the intervil-
lous space, thus providing a means by which the intestine could
locally control its absorption rate.

Since absorptive surface area conventionally is considered
to be constant, the influence of various manipulations on ab-
sorption rates usually have been attributed to alterations in the
efficiency of transport by the individual epithelial cell. The
present study suggests that changes in functional absorptive
surface area due to varying access of solute to the intervillous
space needs to be considered as a potential explanation for the
influence of a variety of acute perturbations on absorption rate.



Lastly, the combination of a thin unstirred layer over the
villous tips and a thick unstirred barrier between the villi has
implications for the intestinal handling of compounds that un-
dergo surface hydrolysis such as maltose or limit dextrins. The
thin layer over the tips permits the efficient hydrolysis and
transport observed for low concentrations of these compounds.
The requirement that high concentrations diffuse more deeply
into the intervillous space before hydrolysis results in the re-
lease of most of the monomers at a site separated from bulk lu-
minal contents by a relatively thick diffusion barrier. Thus, the
monomers tend to be “trapped” in the intervillous space,
rather than rapidly diffusing back into bulk luminal contents as
would be the case with a thin unstirred layer. As a result, ab-
sorption and hydrolysis rates appear to be “linked” (21, 22)
and large quantities of carbohydrate can be digested and ab-
sorbed with minimal increases in the osmolality and resultant
volume of bulk luminal contents.
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