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SUMMARY

1. The rate of metabolism of glucose to lactate has been measured in
a number of non-vascularly perfused preparations of rat jejunum in vitro.
The glucose and lactate metabolism was measured simultaneously and
under conditions such that the uptake of glucose and the appearance of
lactate were linearly related to time.

2. It is found that there is no difference between the rates at which
rings of rat jejunum utilize glucose during the first 45 min of anaerobic
or aerobic incubation. During the first 15 min of incubation between
60-70 9, of the metabolized glucose was converted to lactate under aerobic
conditions; this value increased to 80-90 %, during the subsequent 30 min.
During the period 0-15 min of incubation, lactate production was found
to be higher under anaerobic than under aerobic conditions but after
this initial period the rate of lactate production was the same under
aerobic and anaerobic conditions.

3. For segments of rat jejunum, maintained ¢n vitro by the recirculation
of nutrient fluid through the intestinal lumen, neither the rate of produc-
tion of lactate, nor the utilization of glucose, was stimulated if the pre-
paration was maintained under anaerobic rather than aerobic conditions.
The direct delivery of gas into the intestinal lumen in the form of a stream
of bubbles (segmented circulation) reduced both the utilization of glucose
and the production of lactate under aerobic conditions. However, no effect
on glucose metabolism was observed under anaerobic conditions. The
finding of a Pasteur effect with the segmented-circulated preparation,
but not with the simple recirculated preparation, is associated with the
lower rate of aerobic lactate production in the former preparation.
Reasons are given for supposing that under conditions of segmented circula-
tion, the luminal compartment is better stirred, thereby increasing access
of O, to the tissue.
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4. A preparation of rat small intestine perfused through the vascular
bed is described. With this preparation the rate of glucose utilization is
significantly lower than that for recirculated preparations and the rate
of lactate production is substantially less than that of the other prepara-
tions studied.

5. With the preparation perfused through the vascular bed, and with
glucose, 10 mM, present only in the vascular medium the addition of
erythrocytes to the vascular infusate causes a significant reduction in both
glucose utilization and in the rate of lactate production. The addition of
erythrocytes to produce an haematocrit of 409, (v/v) causes a greater
reduction in glucose utilization and lactate production than is found for
an haematrocrit of 159%,. About 109, of the lactate produced appears in
the luminal contents. With an haematocrit of 159, the O, consumption
of the whole wall of the jejunum was found to be 6-4 gmole O, g dry wt.—!
min~, equivalent to a value for the @, of 8:6 ul. O, mg dry wt.~! hr—1.
The uptake of O, was almost entirely from the vascular infusate.

6. With the vascularly perfused preparation, an increased glucose
utilization and an increased lactate production is found when glucose is
present in the lumen and also when the concentration of gluosce in the
vascular bed is raised to 28 mm in the absence of luminal glucose. It is
suggested that in the rat jejunum some of the lactate is formed in a com-
partment that is readily accessible to glucose in the lumen but is accessible
to glucose in the vascular bed only when the glucose is present at a high
concentration.

7. In an Appendix the influence of an unstirred layer on the delivery
of O, to a tissue is considered in relation to the limiting thickness of the
tissue. It is shown that for a tissue with a respiration rate similar to that
of the jejunal intestinal mucosa, the presence of an unstirred layer of
thickness greater than about 5x 102 cm will lead to the tissue being
anaerobic at' depths greater than about 100 #m below the tissue surface.

INTRODUCTION

Recently doubt has been thrown on the ‘classical’ view that a
characteristic of the in vitro metabolism of rat jejunum is a high rate of
lactate production under aerobic conditions of incubation and the absence
of a Pasteur effect (Dickens & Weil-Malherbe, 1941; Wilson & Wiseman,
1954; Wilson, 1956; Lohmann, Graetz & Langen, 1966; Sherratt, 1968).
Lamers & Hiilsmann (1972) found that a vascularly perfused preparation
of the whole small intestine of the rat produced more lactate and utilized
more glucose if incubated under anaerobic than under aerobic conditions.
Moreover, Windmueller & Spaeth (1972) found that there was no net
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production of lactate by a vascularly perfused preparation that included
the whole small intestine, caecum and proximal colon. The metabolism
of glucose to lactate, under aerobic and anaerobic conditions, has there-
fore been re-examined in a number of non-vascularly perfused in wvitro
preparations of rat jejunum. In contrast to most previous investigations
the utilization of glucose and the production of lactate were measured
simultaneously and care has been taken to ensure that under the conditions
of incubation the uptake of glucose by the tissue and the appearance of
lactate in the incubation medium were linearly related to time.

We also present the first measurements of utilization of glucose and
production of lactate that have been obtained with a vascularly perfused
preparation of rat intestine that consists solely of jejunum.

Vascularly perfused preparations of intestine differ in several ways from
other in vitro preparations: oxygen and glucose can be supplied from the
vascular bed; tissue glucose metabolism can be studied in the absence of
transepithelial glucose transport; and it is unlikely that there will be a
high concentration of glucose at the base of the epithelial cells (Fisher
& Parsons, 1953). We have tried to discover which, if any, of the above
factors are responsible for the differences found when the results obtained
for the metabolism of the vascularly perfused jejunum are compared
with other in vitro preparations of rat jejunum.

METHODS

Animals. Male Wistar rats were supplied by OLAC Ltd, Bicester, Oxon. The rats
were fed on Oxoid breeding diet. Experiments, upon unfasted rats usually of
200-250 g body wt., were performed between 11 a.m. and 3 p.m.

Incubation and perfusion fluids. The composition of the Krebs—Ringer bicarbonate
medium was as follows (mM): NaCl, 120; KCl, 4-5; MgSO,, 1-0; Na,HPO,, 1-8;
NaH,PO,, 0-2; NaHCO,, 25; CaCl,, 1-25. When gassed with 959% O,, 5% CO,
(v]v) (aerobic experiments), or with 95 % N,, 5 9%, CO, (v/v) (anaerobic experiments),
the medium reached a pH of 7-51.

Bovine erythrocytes were washed twice with 3 vol. isotonic saline at 4° C, and then
once with 3 vol. Krebs—Ringer bicarbonate medium which had been gassed with
95 9% O,, 5% CO, (v/v) and contained glucose at a concentration of 5 mm. Packed
cells were stored for not more than 5 days in dialysis bags placed in vessels con-
taining 6 vol. of the above Krebs—Ringer bicarbonate medium. On the day of use
the cells were washed twice with 4 vol. Krebs—Ringer medium without glucose.

Bovine serum albumin (Pentex), concentration 7-5 g/100 ml., was dialysed against
2 x 10 vol. Krebs—Ringer bicarbonate medium at 4° C, for at least 24 hr before use.
In all cases the concentration of albumin in the vascular perfusate was 3 g/100 ml.

Preparation and incubation of rings of jejunum. Rings of 2 mm width were cut
from a 30 cm segment of proximal jejunum. The rings were randomized in a dish of
ice-cold saline (9 g NaCl/l.). Batches of rings, two for each period and 15 rings per
batch, were incubated at 37° C for 15, 30 and 45 min. Incubation was terminated
by rapid homogenization of the tissue and incubation medium, and deproteinization
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by the method of Somoygi (1945). A batch of rings was taken to determine the
initial amounts of glucose and lactate in the tissue.

Procedure for recirculation. The apparatus of Fisher & Parsons (1949) was
modified such that a single incubation medium bathed both the mucosal and
serosal surfaces of the length of intestine. The operative procedure was similar to
that described by Parsons & Volman-Mitchell (1974). In experiments using the
segmented-circulated preparation (Fisher & Gardner, 1974) the pump (Peripump,
Schuco Scientific Ltd) that controlled the rate of flow of liquid through the lumen
of the intestine was switched on to the ‘input’ side and bubbles of the appropriate
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Fig. 1. Apparatus for vascular perfusion of rat jejunum in situ. B, and
B,, bubble traps; C, and C,, aortic and venous cannulae; C; and C,, luminal
cannulae; F, filter; Ay, height of luminal reservoir above intestine,
about 15 cm; h,, distance tip of venous cannular below portal vein, about
5cm; I, intestinal segment; M;, luminal manometer; M,, vascular
manometer; P, luminal peristaltic pump; P,, vascular peristaltic pump;
R;, luminal reservoir; R/,, reservoir oxygenator; V,, collection vessel
for venous effluent.

gas mixture injected just distal to the pump. In experiments using ileum, the 30 cm
segments terminated about 20 cm above the ileo-caecal valve.

Samples of incubation medium, taken at 10 min intervals over the period
20-50 min (jejunum) or 30—60 min (ileum), were deproteinized by the method of
Somoygi (1945).

Vascular perfusion — apparatus. The apparatus and perfused intestine (Fig. 1)
were maintained at 37° C in a cabinet somewhat similar to that described by Hems,
Ross, Berry & Krebs (1966). The cannulae were positioned with the aid of pot
magnets and the reservoir/oxygenator and filter were as described by Parsons &
Powis (1971) except that a siliconized glass bottle was used as a reservoir.

One channel of the peristaltic pump (Gilson minipuls HP,) which gave a virtually
non-pulsatile flow was used for pumping the arterial inflow whilst a second channel
was used to return the venous effluent to the reservoir. Arterial pressure was
measured with an anaeroid dial gauge, and was corrected for the resistance of the
tubing between the site of the gauge and the tip of the arterial cannula. Venous
pressure was maintained at 5-10 mmHg (6-8-13-6 cmH,0).
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Where possible nylon 6 tubing (Portex Ltd) was used to connect the various
components of the perfusion apparatus. Tygon vinyl tubing, formulation S-50-HL
(U.S. Stoneware Co.), was used where more flexible tubing was required. Both the
aorta and superior mesenteric vein were cannulated with nylon tubing of dimensions
0:75 mm i.d. and 0-94 mm o.d.

The medium that passed through the lumen of the intestine (luminal fluid) was
recirculated by means of a small peristaltic pump (Peripump, Schuco Scientific
Ltd) which gave a pulsatile flow. The transmural distension pressure (15-20 cm
saline), which was applied to the intestinal segment to prevent hypermotility, was
measured with a saline manometer and adjusted by altering the height of the reser-
voir which held the luminal fluid (k,, Fig. 1).

Vascular perfusion — operative procedure. The procedure most nearly resembles
that of Dubois, Vaughan & Roy (1968), but differs chiefly in that the intestine is
left in situ and the aorta is cannulated by the method of Gerber & Remy-Defraigne
(1966). In preliminary experiments the superior mesenteric artery was cannulated
directly and the blood supply to the intestine consequently interrupted for up to
5 min although O, was available from the lumen during this period. In such pre-
parations there was considerable destruction of the mucosal epithelium, and the
venous effluent did not appear to be appreciably deoxygenated.

The rat, anaesthetized with intramuscular sodium pentobarbitone (Nembutal
60 mg/kg body wt.), was positioned on the operating table inside the cabinet. The
abdomen was opened and the bulk of the intestinal tract was exteriorized and covered
with a plastic-backed gauze pad wetted with warm isotonic saline.

The duodenum was gently pulled away from the colon and the right colic artery
and vein were ligated. A glass cannula was tied into the lumen of the intestine
about 3 cm from the duodenal-jejunal flexure. The portion of jejunum proximal
to the site of insertion of the cannula was gently pulled under the colon. Vessels
supplying blood to the duodenum and the above section of jejunum were tied off
and a ligature was tied around the duodenum just distal to the point of entry of the
bile duct. Most of the duodenum was then excised.

The middle colic artery and vein were ligated. The lumen of the intestine
was flushed out with 30 ml of Krebs-Ringer bicarbonate medium at 37° C and a
second cannula tied into the lumen about 30 cm distal to the first. A loose tie
was placed around the vessels leading to the remainder of the small intestine,
the caecum and the proximal colon. 250 i.u. heparin were injected into the right
femoral vein.

Loose ligatures were placed around the aorta, just above and below the origin of
the superior mesenteric artery. The right and left renal arteries were tied. The aorta
was occluded with a fine bulldog clamp, just below the point of departure of the
superior mesenteric artery and the arterial cannula pushed up to the clamp and tied
in. The clamp was removed and perfusate flow started at 1-5 ml. min-1, or about
5ml. min-1g dry wt.”! (a similar value for the jejunal blood flow in vivo was
obtained by Windmueller & Spaeth, 1975). The intestine was isolated by tying the
loose ligatures around the aorta and the vessels leading to the ileum, caecum and
proximal colon. The flow of luminal fluid was started and a venous cannula pushed
up into the superior mesenteric vein and tied in.

The venous effluent for the first 15 min of perfusion was discarded after which
time it was returned to the reservoir and recirculated.

Vascular perfusion — conduct of experiments. In order to minimize the utilization
of glucose by erythrocytes the vascular perfusate was pre-incubated for 2 hr before
the start of perfusion. It was found that the utilization of glucose by the erythrocytes
in the subsequent hour was 6 times lower than if pre-incubation was for 30-45 min.
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For glucose and lactate determinations 0-5 ml. samples of vascular perfusate and
luminal medium were taken, alternately at intervals of 5 min usually over the
period 20-55 min, and were deproteinized with perchloric acid (35-5 g HCIO/1.).

Analytical methods. Glucose was determined by the glucose oxidase method of
Bergmeyer & Bernt (1963). L-( + )-lactate was measured by the method of Hohorst
(1963). The O, content of samples was determined by the method of Van Slyke &
Neill (1924).

Histology. Small pieces of intestine were fixed in Bouin’s fixative and the longi-
tudinal sections stained with haematoxylin and eosin.

Eaxpression and calculation of results. With the exception of the rings, glucose
metabolism is expressed with respect to the final dry weight of the tissue. The
blotted tissue was dried in an air oven at 105° C overnight. The results obtained with
rings are expressed with respect to the initial dry weight of the tissue, which was
derived from the initial wet weight by the use of accompanying measurements of
the ratio of the wet weight to the dry weight.

When the uptake of glucose increases linearly with time it is assumed that the
tissue is in a steady state of metabolism and the slope of the line relating uptake of
glucose to time is taken as a measure of the rate of metabolism of glucose by the
tissue (‘glucose utilization’). The rate of production of lactate was similarly measured
in the steady state from the linear relationship existing between thelactate appearing
and time. In the vascular perfusion experiments the steady-state rates of glucose
uptake and lactate appearance calculated for the vascular perfusate and luminal
medium were summed to give the over-all rates of glucose utilization and lactate pro-
duction. Where appropriate the measured concentrations of glucose and lactate in the
vascular perfusate were corrected for the effects of the metabolism of the erythro-
cytes. The rate of conversion of glucose to metabolites other than lactate is given by :

pmole glucose utilized g dry wt.~! hr-1
— 1 (pmole lactate produced gdry wt.~! hr1).

The results obtained with the rings over the initial period of 0-15 min were calcu-
lated from the changes in the amounts of glucose and lactate in the tissue and
incubation medium during that time. In this case the tissue may not have been in
a steady state.

RESULTS
Non-vascularly perfused preparations

Rings of jejunum. The time the rings spent in the ice-cold isotonic saline
had little effect upon their subsequent metabolism. Glucose metabolism
as judged by lactate production was directly proportional to the initial
dry weight of the tissue.

There was no significant difference between the rates at which the rings
utilized glucose under aerobic and anaerobic conditions of incubation
(Table 1). This was the case whether the initial concentration of glucose
in the incubation medium was 5 or 10 mM or whether the measurements
were made over the period 0-15 or 15-45 min.

Lactate production was found to be higher under anaerobic rather than
aerobic conditions only during the first 15 min of incubation. The rate
of production of lactate by the rings was the same whether the concentra-
tion of glucose in the incubation medium was 10 or 28 mM.
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TasLE 2. Utilization of glucose and production of lactate by rat jejunum recircu-
lated through the lumen under aerobic and anaerobic conditions. Results were
caleulated from measurements made between 20 and 50 min under aerobic incubation
conditions, and 20 and 40 min under anaerobic incubation conditions. Flow rate
through the lumen: 35 ml./min. Values are of means + 8.E. of mean

Initial Proportion
glucose Glucose Lactate of glucose
No. of concentra- utilization production converted

Incubation  experi- tion (pmole g (umole g to lactate
conditions ments (mM) drywt.~lhr-!) dry wt.-!hr-! (%)
Aerobic 6 5 460 + 32 748 + 72 82+17
Anaerobic 4 5 434+ 32 864 + 45 100+ 3
Aerobic 4 10 736 + 50 1288 + 115 87 + 3*
Anaerobic 4 10 600 + 37 1157 + 82 96 + 2
Aerobic 4 20 — 1186 + 67 —
Anaerobic 3 20 — 1056 + 193 —

For the comparison of the corresponding aerobic and anaerobic measurements;
P, where significant, denoted as follows: *, P < 0-05 > 0-02.

TasBLE 3. Utilization of glucose and production of lactate by rat small intestine re-
circulated with segmented flow through the lumen under aerobic and anaerobic
conditions. Flow rate of bubbles of gas, 95% 0, 5% CO, (v/v), through the
lumen 10 ml./min, flow of liquid through the lumen 13-14 ml./min. In all cases the
initial concentration of glucose in the incubation medium was 10 mm. Values are of
means +8.E. of mean
Glucose Lactate
utilization production  Proportion
No. of Period of (umole g (pmole g of glucose

Region of Incubation experi- measure- dry dry converted
intestine conditions ments ment wt.~1hr-1) wt.-1hr-') to lactate
(min) (%)
Jejunum  Aerobic 5 20-50 518+29 834+45 81+2
Jejunum  Anaerobic 4 20-40 569+ 45 1112+ 51%%*% QB + 4***
Tleum Aerobic 5 30-60 327+5 404 + 37 62+5
Ileum Anaerobic 4 3045 343+ 27 688+ 24%%** 102 + 11%%*

For the comparison of the corresponding aerobic and anaerobic measurements;
P, where significant, denoted as follows: ***, P < 0-01 > 0-001; **** P < 0-001.

Jejunum recirculated through lumen. The effects of anaerobiosis upon
the metabolism of this more intact preparation of intestine which was
neither cooled nor deprived of O, before incubation were similar to those
obtained with the rings, except that the production of lactate was never
increased when the tissue was incubated under anaerobic conditions
(Table 2).

Small intestine recirculated with segmented flow through lumen. In both
jejunum and ileum, the rate of production of lactate but not the utilization
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of glucose was stimulated if the preparation was maintained under
anaerobic rather than aerobic conditions (Table 3).

The introduction of bubbles of gas into the lumen of the segment of
intestine did not affect glucose metabolism under anaerobic conditions
but the utilization of glucose and the production of lactate under aerobic
conditions were both reduced (0-01 < P > 0-001 in both cases for the
comparison of the appropriate data in Tables 2 and 3). Consequently the
finding of a Pasteur effect with the segmented-circulated preparation,
but not with the recirculated preparation, seems to be a consequence of
the lower aerobic lactate production by the former preparation.

TaBLE 4. Tissue hydration and recovery of arterial inflow in venous effluent. Flow
rate of vascular perfusate in all cases 1-5 ml./min. Values are of means +s.E. of
mean with the number of experiments in parentheses, or as the mean of two results,
with the results in parentheses

Glucose
concentrations Flow Venous
(mM) rate of recovery
Haema- ———*———  luminal (% of Tissue
Prepara- tocrit Vascular Luminal  fluid arterial hydration
tion (%) medium medium (ml./min) inflow) (g HyO/g dry wt.)
Fresh
tissue — — — — — 3-55 + 0-10 (6)
A 0 10 0 12 97+1(3)  3-78+0-06 (3)
B 0 10 0 12+ 95+1 (3) 3:79+0-18 (3)
C 15 10 0 2 93+0-3 (4) 3-54+0-08 (4)
D 40 10 0 2 96+2(4)  3-11+0-06 (4)**
E 40 10 0 2 96+ 1 (3) 3-45+0-16 (3)
F 40 10 10 2 96 + 2 (3) 3-46 + 0-20 (3)
G 40 10 28 2 99+1(3)  3-63+0-07 (3)
H 40 28 0 2 96+ 3 (3) 3:55+0-03 (3)
I 40 28 10 2 96 (99, 94) 3-69 (3-69, 3-69)

**, P < 0-02 > 0-01 for the comparison with fresh tissue.
1 Bubbles of gas, 959, O,, 5% CO, (v/v) introduced into the lumen at a rate of
3 ml./min.

With both recirculated and segmented-circulated jejunum, there was
a reduction in the uptake of glucose by the tissue and in the appearance
of lactate in the medium after 40 min of incubation under anaerobic
conditions. This was not seen if the tissue was incubated under aerobic
conditions.

With the exception of the proportion of glucose converted to lactate
under anaerobic conditions, all the results shown for ileum in Table 3 were
significantly lower (P < 0-01 in all cases) than the corresponding results
for jejunum. The stimulation of lactate production by anaerobiosis was
greater in the ileum (70 9,) than in the jejunum (339%,).
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Vascularly perfused rat jejunum

Some characteristics of the preparation. Values for the recovery of the
arterial inflow in the venous effluent measured at the end of the experi-
mental period and for the hydration of the tissue after perfusion are shown
in Table 4. Gross leakage of fluid from the vascular perfusate into the
lumen of the perfused jejunum was not responsible for the incomplete
recovery of the arterial inflow in the venous effluent for no such secretion
was detectable when [“C]polyethylene glycol (mol. wt. 4000) was used as
a non-absorbable marker for the volume of the luminal fluid. The conditions
adopted for perfusion did not give rise to oedema of the tissue wall.

The perfusion pressure rose slightly during the experiments (Fig. 2),
and was increased relatively little when the haematocrit of the vascular
perfusate was 40 9, rather than 159,.

After perfusion for 1 hr the tissue histology was essentially normal
although a small number of cells appeared to have become detached from
the epithelium.

Changes in the amounts of glucose in the vascular perfusate were
usually, and of lactate, always, linearly related to time over the period
20-50 min (Figs. 34, B). When glucose was added only to the vascular
perfusate, the highest value for the mean concentration of glucose in the
medium that passed through the lumen after 45 min of perfusion was
0-12 + 0-04 m-mole/l. (4) (preparation C, Table 5). The appearance of
lactate in the luminal fluid was linearly related to time after perfusion
for 35 min. The rate of appearance of lactate in the luminal fluid was
10-15 9, of the total rate of lactate appearance.

Ozxygen consumption. In two experiments with 159, haematocrit in the
vascular medium, O, consumption was 5-48 and 7-28 ymole g dry wt.~!
min~! (mean @, 8:58 xl. mg dry wt.~* hr~!). The uptake of O, was almost
exclusively from the vascular perfusate rather than from the fluid in the
closed luminal circuit, and was the same whether measured over the period
20-25 or 45-50 min (cf. Parsons & Powis, 1971). On average 22 9, of the
O, delivered to the tissue in the vascular perfusate was utilized.

Ozxygen supply. Comparison of preparations A and B (Table 5) shows that
a large increase in the delivery of O, to the lumen of the perfused segment
of jejunum (preparation B) had no significant effect upon the utilization
of glucose, the production of lactate or the proportion of glucose converted
to lactate. However, when erythrocytes were present in the vascular
perfusate (preparation C) the rate of lactate production was reduced
below the levels found with preparation A (P < 0-001), and preparation B
(P < 0-05 > 0-02). The utilization of glucose was significantly reduced
below that found with preparation A (P < 0-02 > 0-01).
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Fig. 2. Vascular perfusion of rat jejunum. Effect of perfusion time on
perfusion pressure. In all cases flow rate of vascular perfusate 1-5 ml./min,
and luminal distension pressure 15-20 cm saline. @, haematocrit 15 9%,
glucose in vascular medium 10 mM, no glucose in lumen, mean of two ex-
periments. O, haematocrit 40 %, glucose in vascular medium 10 mM, no
glucose in lumen, mean of three experiments. A, haematocrit 40 %, glucose
in vascular medium 28 mm, no glucose in lumen, mean of three experiments.
W, haematocrit 409, glucose in vascular medium 10 mm, glucose in
lumen, 10 mM, mean of three experiments.

Fig. 3. Vascular perfusion of rat jejunum. In all cases vascular perfusate
contained glucose 10 mM, and bovine serum albumin 3 g/100 ml. Flow
rate of vascular perfusate 1-5 ml./min. Flow rate of Krebs-Ringer bicar-
bonate (no glucose) through the lumen: preparations A and B, 12 ml./min;
preparations C and D, 2 ml./min. In preparation B bubbles of gas, 959,
0;, 5% CO, (v|v), were introduced into the lumen at 3 ml./min. Prepara-
tions A and B, haematocrit of vascular perfusate 0, preparation C 15 %,
preparation D 40 9%. Number of experiments in parentheses. (a) Relation-
ship between the uptake of glucose from the vascular perfusate/g dry wt. of
perfused jejunum, and time. (b) Relationship between the amount of lactate
in the vascular perfusate[g dry wt. of perfused jejunum, and time.
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If the haematocrit of the vascular medium was increased to 409,
(preparation D), then the rates of utilization of glucose and production
of lactate were significantly lower than the values found in the presence of
159%, haematocrit (preparation C) (P < 0-02 > 0-01 and P < 0-001,
respectively).

The rate at which glucose was converted to metabolites other than
lactate was the same in all preparations.

Effects of orientation and concentration of glucose. The addition of glucose
to the luminal fluid of the perfused intestine resulted in an increased
utilization of glucose and production of lactate by the tissue (compare
preparations E and F, Table 6).

When the concentration of glucose in the luminal fluid was increased
from 10 to 28 mM there was no further stimulation of glucose utilization
or of lactate production (compare preparations F and G, Table 6).

When the concentration of glucose in the vascular medium was raised
to 28 mmM (preparation H) lactate production was higher than when the
concentration of glucose in this medium was 10 mm (preparation E),
occurring at a rate similar to that found in preparations F, G and I, where
glucose was also present in the luminal fluid.

DISCUSSION

Non-vascularly perfused preparations of rat small intestine. A feature of
our experiments is that unlike previous work glucose and lactate meta-
bolism was investigated under conditions in which the tissue was appa-
rently in a steady state with respect to the uptake of glucose and the output
of lactate. Rings of rat jejunum exhibit a Pasteur effect only during the
first 15 min of incubation. This suggests that changes within the tissue
during incubation may have been one of the factors responsible for the
inability of previous workers (Dickens & Weil-Malherbe, 1941; Wilson &
Wiseman, 1954; Lohmann et al. 1966; Sherratt, 1968) to find a Pasteur
effect in this tissue.

A Pasteur effect was also found with the segmented-circulated prepara-
tion of intestine, but not with a similar preparation in which only liquid
passed through the lumen of the intestine. In the latter preparation the
oxygen delivered to the lumen was adequate to support a @, of 126 ul. mg
dry wt.~! hr~!, which is one order of magnitude above the likely @, of
the tissue (Bronk & Parsons, 1965). An effect of presence of the gas
bubbles may therefore be an increased stirring of the luminal compart-
ment (Fisher & Gardner, 1974), with a consequent reduction in the thick-
ness of the unstirred layer adjacent to the epithelium. A reduction of the
thickness of this stationary layer will increase the access of O, to the tissue
(see Appendix).
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In no case was lactate production significantly higher under aerobic
than anaerobic conditions of incubation. It is possible that the finding of
an ‘inverse Pasteur effect’ by Lohmann ef al. (1966) is related to our
finding that the metabolism of glucose tends to fall off during the incuba-
tion of the tissue under anaerobic, but not under aerobic conditions.

Under anaerobic conditions and when the concentration of glucose in
the incubation medium was 10 mm it is unlikely that the availability of
glucose was limiting its utilization by the tissue (see Leese & Bronk, 1975),
for raising the concentration of glucose in the incubation medium to
28 mum did not increase lactate production. The rate of glucose utilization
obtained under anaerobic conditions with 10 mm glucose in the incubation
medium may thus be taken as a measure of the maximal rate of glucose
metabolism by the tissue. Since there was no difference between
the utilization of glucose under anaerobic and aerobic conditions of
incubation it would appear that glucose utilization under aerobic con-
ditions was similarly maximal. This also seems to be true in the ileum
despite the presence of quite a large Pasteur effect in this tissue.

Vascularly perfused intestine

Viability. The viability of the preparation would appear to have been
maintained over a period of 1 hr as judged by the constancy of the O,
consumption, the uptake of glucose by the tissue, and the appearance of
lactate in the incubation medium; the small variation in perfusion
pressure; the absence of oedema, and the essentially normal histology
found at the end of the experiment.

Regulation of metabolism. When the haematocrit of the vascular per-
fusate was 409, and glucose was absent from the fluid in the lumen of
the intestine, the utilization of glucose and the production of lactate by
the vascularly perfused preparation was clearly not taking place at a
maximal rate, for much higher rates of these processes could be obtained
if erythrocytes were absent from the vascular perfusate.

Effect of haematocrit. An explanation of the finding that an increase in
the haematocrit of the vascular perfusate from 15 to 40 9, reduced glucose
utilization and lactate production, despite an apparent surplus of oxygen
at the lower haematocrit, is that the distribution of blood flow within
the jejunal wall was such that the supply of O, to a region of the tissue
was inadequate when the haematocrit was 159,. Such an explanation
does not necessarily require the presence of shunts of the type described
by Spanner (1932). Another possible contributory factor could be a reduc-
tion in the villous haematocrit as a result of plasma skimming (Jodal &
Lundgren, 1970).
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Possible explanations for the behaviour of the non-vascularly
perfused preparations

Two factors can increase the utilization of glucose and the production
of lactate by the vascularly perfused preparation above the basal level found
with glucose in the vascular medium (10 mm). These are (a) the addition
of glucose to the luminal medium, as has been found in vivo (Csaky & Ho,
1966 ; Forster, Meyer & Ziege, 1972), and (b) increasing the concentration
of glucose in the vascular perfusate to 28 mm (Table 6). During absorption
under non-perfused conditions ¢n vitro monosaccharides such as glucose
galactose, etc., accumulate within the intestinal wall. Thus Fisher & Par-
sons (1953) found that during absorption by rat jejunum from 28 mm
glucose in the lumen the average tissue concentration was in excess of
50 mm. The presence of glucose at the luminal pole of the intestinal
epithelial cell and the consequent accumulation of glucose within the
tissue may therefore contribute to the high rates of glucose metabolism
found with the non-vascularly perfused preparations of rat jejunum.

In the vascularly perfused preparation, both an increased glucose
utilization and an increased lactate production is found when either glu-
cose (10 mM or more) is present in the lumen or when there is a high (28 mm)
concentration of glucose in the vascular inflow. It is possil.le that the
increased glucose metabolism that is found during absorption under our
conditions of vascular perfusion occurs in a compartment easily accessible
to glucose absorbed from the lumen. If so, this compartment is not
accessible to glucose at 10 mM in the vascular bed although it may be
accessible to glucose at 28 mm in the vascular bed (see also Sherratt,
1968).

One interpretation of the data shown in Table 5 is that the oxygen
requirement of rat jejunum cannot be satisfied by the delivery of large
amounts of oxygen exclusively via the lumen of the intestine. It is possible
that the access of O, to deeper regions of the intestinal wall, such as the
crypts, might be limited by the presence of an unstirred layer of fluid in
the lumen (see Appendix). Although the effect of erythrocytes in the
vascular perfusate in reducing glucose utilization and lactate production
may be mediated through an increase in the oxygenation of the tissue,
there is no effect upon the proportion of glucose that is converted to meta-
bolites other than lactate, a fraction which should reflect oxygen con-
sumption. It is found that values for this fraction are lower in a number
of non-vascularly perfused preparations (Table 7).

A limitation in the supply of oxygen would presumably result in a fall
in the ATP/ADP ratio, which if sufficiently large might result in deinhibi-
tion of phosphoiructokinase, and a rate of glucose utilization similar to
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that found under anaerobic conditions. B. J. Parsons (1959) found that
incubation of everted sacs for 1 hr resulted in a reduction in the total ade-
nine nucleotide content of the tissue together with a decreased ATP/ADP
ratio. However, tissue adenine nucleotide levels that might favour
deinhibition of phosphofructokinase have also been found upon incubation
of isolated cells (Iemhoff, Van Den Berg, De Pijper & Hiilsmann, 1970)
and slices of intestinal mucosa (Bronk & Leese, 1973) and it is difficult to
see how an inadequate oxygenation could be involved in these cases.

TaBLE 7. Utilization of glucose and production of lactate by preparations of rat
jejunum in vitro. Aerobic conditions of incubation. Initial concentration of glucose
in the single incubation medium, or in the vascular perfusate and luminal fluid,
10 mm. Haematocrit of vascular perfusate, 409,. Figures in parentheses are the
period of time (min) over which measurements were made. Values are of means + s.E.
of mean and are taken from Tables 1, 2, 3 and 6

(pmole g dry wt.—1 hr-1)
A

Conversion Proportion
of glucose to of glucose

No. of metabolites converted
experi- Glucose Lactate other than to lactate
Preparation ments utilization  production lactate (%)
Vascularly 3 401 + 31 421 + 59 190 + 27 52+5
perfused (20-55)
Rings (0-15) 4 552 + 58 728 + 67* 188 + 69 68+9
Rings (15-45) 4 402 + 25 T18 + 34%%* 43 + 22*%%* (0 + 5%**
Recirculated 4 736+ 50*** 1288 + 115*** 92 + 18* 87 + 3***
(20-50)
Segmented- 5 518 + 29* 834 +45*%**% 101+ 13%* 81 4 2%**

recirculated (20-50)

For the comparison with the vascularly perfused preparation, P, where significant,
denoted asfollows: *, P < 0-05 > 0-02;**, P < 0-02 > 0-01;***, P < 0-01 > 0-001.

In conclusion, it is evident that whatever the mechanism involved, the
only preparation of rat jejunum that exhibited a low rate of glucose
utilization and converted a relatively small proportion of the glucose
utilized to lactate was one in which the vascular bed was perfused with a
medium containing a high content of erythrocytes. With this preparation
the presence of glucose in the lumen or high concentrations (28 mm) of
glucose in the vascular bed stimulates glucose utilization and lactate pro-
duction and raises questions with respect to compartmentation within
the intestinal mucosa of substrate that can be metabolized as well as
absorbed from the lumen.

P.J.H. was a Medical Research Council scholar. We further thank the Medical
Research Council for financial support.
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APPENDIX

A NOTE ON THE INFLUENCE OF AN UNSTIRRED LAYER
ON THE DELIVERY OF OXYGEN TO A TISSUE
AND HENCE ON THE EFFECTIVE
‘LIMITING TISSUE THICKNESS’

We attempt to answer the question: Is the diffusion of O, through
unstirred layers of incubating medium in practice likely to be rate limiting
to the respiration of a tissue? We show that the limiting thickness of
the tissue may in practice be reduced to an extent that is related to the
thickness of the unstirred layer.

Assume a tissue in the form of a plane sheet with uniform respiration
rate of @ vol. vol-! sec~! independent of O, pressure and exposed on one
side to a fluid medium (Appendix Fig. 1). Suppose the medium is divided
into two compartments. One, the bulk phase, well stirred and containing
O, at a uniform pressure of P, units (see below), the other, a stationary

Tissue phase

A
Bulk (stirred) phase Unstirred phase /[ A\

le—pO, =zero

Il

Rate of O,utilization.
Q ml. sec™' ml. tissue™*
Appendix Fig. 1. Model tissue in the form of a plane sheet, the left-hand
side of which is exposed to a fluid medium composed of two phases. The
well-stirred phase is separated from the tissue by a stationary, unstirred,
phase of the fluid medium, kA cm thick. O, diffuses into the tissue and is
consumed at a constant rate. Beyond the ‘limiting thickness’, A cm below
the surface of the tissue, all the O, that diffuses in has been consumed and
at all greater depths the partial pressure of O, is zero.
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unstirred phase of thickness & cm, adjacent to the sheet and through
which there is a flux of O, (J) in the direction normal to the plane of the
tissue and at a rate determined by Fick’s law with diffusion coefficient D;,
cm? sec~. If the diffusion coefficient of O, within the tissue is D, then in
the plane distant A cm from and parallel to the tissue surface, the partial
pressure of O, will be zero when

A = {2P,.D,[/Q}*% (see Warburg, 1923, and Hober, 1945), (1)
where P, is the partial pressure of O, at the surface of the tissue, i.e. at the
fluid-tissue interface (Appendix Fig. 1). Then the steady-state influx of O,
into unit area of tissue is given by

J = AQ ml. sec.

A is the limiting tissue thickness as defined by the Warburg equation (1).
Also, the flux of oxygen through the unstirred layer in the steady state is
J = D, (P,— P,)[h ml. sec™?,

hence

P, = P,—hAQ/D, ml. ml.71.
Inserting this value for P, in the Warburg eqn. (1) and solving for A gives.
A = {(hD,/D,)? + 2P,D,|Q}*5 — hD,|D, cm.

Consider a specific example. For a flat sheet of epithelium with a respira-
tion rate of 10 xl. mg dry wt.~! hr—! (Bronk & Parsons, 1965), and suppose
4 g tissue = 1 g dry wt. and 1 g tissue = 1 ml. tissue = 0-25 g dry weight
giving @ = 2-5ml. ml. tissue~! hr-! = 7-10#4ml. O, ml. tissue~? sec~.
For P,, the partial pressure of O, in the bulk phase it is convenient to use
units of volume of O, per unit volume of solution which take into account
both the pressure in atmospheres and the solubility of the oxygen.
Assume P, the O, pressure in the bulk phase, 0-025 ml. ml.7! (i.e. p,,
around 700 mm Hg) and D, = 2 x 10-%cm? sec~! and D, = 10~% cm? sec~!
equivalent to the value of Krogh for O, diffusion in muscle (Warburg,
1923) of 1-4 x 10~ ml. O, cm? min—! with 1 atm pressure difference. It then
appears that the effective limiting thickness of the tissue is related to the
thickness of the unstirred layer as follows:

Thickness of Limiting
unstirred layer, thickness of
h tissue, A
() (pm)
0 261
1 261
10 257
100 221
250 165
500 112
1000 64
5 mm 14

1cm 7
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The thickness of the whole wall of adult rat jejunum (excluding the villi)
is about 150 um and the villi stand 250-300 gm high (D. S. Parsons,
unpublished observations). The unstirred layer thickness may vary
from 100 #m to more than 500 um; ¢n vivo the thickness may be even
greater because of mucous secretion (see Winne, 1973, and Dietschy &
Westergaard, 1975).
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