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Extract

A satisfactory technique for the continual infusion of solutions into the intestinal tract of the small
animal was developed. Using this technique, dilute solutions of lactic acid were infused into the rat
and their effect on fat absorption and mucosal structure assessed. Thirty-five rats were studied in
five groups, infused with either ion-free water or lactic acid (2.0 g/100 ml, 2.5 g/100 ml, 3.0 g/100 ml,
3.5 g/100 ml) for 10 days. Fecal fat excretion measured as a percentage of ingested fat was increased
significantly in rats infused with acid in a concentration of 3.0 g/100 ml (7.2 £-2.1) and 2.5 g/100 ml
(6.5 +2.1) compared to the water-infused group (2.9 4-1.9) or those infused with lactic acid 2.0 g/100
ml (2.2 4£0.9). Six rats infused with lactic acid 3.5 g/100 ml died within 72 hours of a perforated intes-
tine and the two remaining ones were killed prematurely for histological study.

Histological abnormalities were confined to the small intestine. Mucosal structure was normal in
both the water-infused group and those receiving lactic acid 2.0 g/100 ml. Shortening of villi occurred
at the site of infusion in both the groups infused with lactic acid 2.5 g/100 ml and 3.0 g/100 ml. Fusi-
form processes of epithelial cells were observed extending on narrow pedicles from the tips of some
of the shortened villi. Gross derangement of villous structure was observed in two rats killed after
48 hours on the most concentrated acid (3.5 g/100 ml).

It is probable that the abnormalities in fat absorption and mucosal structure were a direct effect
of the infusion with lactic acid. The mechanism behind the development of steatorrhea can only be
the subject of speculation. The histological observations suggest that the lesions produced in the
mucosa were associated with disordered turnover of the surface epithelial cells.

Speculation

A new technique for the continual long-term infusion of the small intestine of small animals may have
considerable application to the study of normal and abnormal intestinal function and structure in
the future. The observations of disordered fat absorption and mucosal lesions in response to the in-
fusion of an organic acid into the intestinal lumen may be relevant to the study of the pathogenesis
of certain malabsorptive states.
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Introduction

This report deals with a study of the effect of prolonged
infusion of lactic acid into the proximal portion of the
small intestine of the rat. A new technique for the con-
tinual infusion of solutions into the intestinal tract of
the small animal was developed. Using this technique,
dilute solutions of lactic acid were infused into the rat
and their effect on fat absorption and mucosal structure
assessed.

Lactic acid is an organic acid that may be produced
within the lumen of the intestinal tract by the bacterial
fermentation of carbohydrate [17, 25]. Although some
lactic acid is formed in the intestinal mucosal epithe-
lium during the absorption of glucose and fructose,
apparently little of this endogenous acid is released into
the bowel lumen [27]. A relatively strong acid, its acci-
dental ingestion in quantity by children has led to fatal
gangrenous gastritis and enterocolitis [7, 28]. Its irri-
tant action on the intestinal mucosa of the rabbit also
has been demonstrated in acute experiments [28].

Materials and Methods

Male Wistar rats (initial weights 180 g to 236 g) were
studied.

They were fed a semipurified, nutritionally complete
diet, containing 15 g of fat (corn oil 10 g, lard 5 g) per
100 g of diet.

The diet was offered ad libitum throughout the in-
fusion period beginning at least three days prior to the
onset of the infusion. Total daily intake and thus daily
fat intake were calculated by weighing the food offered
each day and subtracting from it the weight of the
food left or scattered. Reagent grade Lactic Acid! was
made up to the desired dilution with ion-free water for
each infusion study. The pH and osmolarity of the so-
lutions used are shown in table I. Tail cups described
by BARNES [1] were used on all animals for fecal collec-
tions. Complete collections could be obtained and
coprophagy prevented by this method.

Feces for each three- or four-day period were made
up to 250 ml volume with tap water, homogenized,
and the assay for total fat carried out on 10 ml aliquots
using the method of VAN pE KAMER et al. [24]. Excre-
tion was expressed as a percentage of ingested fat.
Tissue taken for histological examination was fixed
first in Bouin’s solution for 4 hours and subsequently
in 70 % ethanol. All paraffin sections were stained with
hematoxylin and eosin. In addition, PAS and reticulin
stains [9] were used on selected sections. Measurements
were made using a standard micrometer on multiple
sections selecting only those villi that were cut precisely
in the longitudinal axis.

1 J.R.Baker Company, Phillipsburg, N.J. (USA).
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Table I. The concentrations of lactic acid used in ex-

periments
Group Number Infusate  Concen- pH Osmolar-
of rats tration ity
(g/100 ml) mOsm/]
1 7 water - - -
2 6 lactic acid 2.0 2.6 186
3 6 lactic acid 2.5 2.4 240
4 8 lactic acid 3.0 2.2 284
5 8 lactic acid 3.5 2.1 333

The technique for the implantation of a cannula in
thesmallintestine wasasfollows.Under ether anesthesia
after an overnight fast, a ventral midline incision was
made in the abdominal wall of the rat. Through a stab
incision in the gastric antrum, the distal end of a length
of fine vinyl tubing? was inserted into the stomach,
through the pylorus along the small intestine for a
distance of approximately 15 cm. The cannula was
secured by a purse string suture fixing the tube at the
antral wall. The proximal end of the tube was brought
out through the anterior peritoneal wall and abdomi-
nal muscle. It was passed through a dissected subcuta-
neous tunnel to the back and brought out through an
interscapular skin incision where it was incorporated
into a stainless steel mesh harness, similar to that de-
scribed by HortzmMaN and Visek [12]. The cannula,
in effect a jejunal fistula, was occluded and the rat re-
turned to its cage. Aseptic techniques were observed.
The cannulas were placed in antiseptic solution?® for
24 hours before use and rinsed with sterile saline just
prior to surgery.

The apparatus for the infusion of small intestine was
adapted from the gastric infusion apparatus described
by HoLTzmaN and Visek [12]. The rat was harnessed
to a length of flexible cable, the proximal end of which
was fixed to a specially designed cage lid by means of
a water-tight swivel. Through the swivel by means of
tubing passed through the cable and connected to the
cannula in the rat, solutions could be delivered to the
animal at any desired rate for a prolonged period while
the animal moved freely and fed normally in its cage.

A detailed cross-sectional drawing of the swivel is
shown in figure 1. Using four such devices, four rats
could be infused simultaneously. A quadruple syringe
infusion pump was used to deliver solutions at a con-
stant rate from four 30 ml syringes?.

2 Portex (PT-2) O.D. 1.50 mm, Portland Plastics, Kent
(England). :

8 Zephiran (aqueous solution 1:20,000), Winthrop
Laboratories, Aurora (Canada).

* Model 600-930, Harvard Apparatus Co., Dover,
Mass. (USA).
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Fig. 1. Swivel for infusion apparatus. — a) Base. A sheet
of plexiglas 10" x 12" x 3/16”" served as the base for the
swivel in addition to being the top of the cage. The
center of the base was drilled to take a ball race. Pre-
sumably the dimensions of the base can be adjusted to
fit any standard single rat cage. b) Ball race. A standard
%,"" ball race was used. A piece of 1/16” stainless steel
wire was shaped to form a circle, approximately %"
in diameter with ends projecting for 1’” at an angle of
45°. c) Brass rod. A brass rod 3/4” X Y’ was drilled to
take the shaft of a No. 18 needle, 1-3,” in length. The
upper end was rounded and the lower soldered into
the base of the bearing core. The needle was inserted
through the brass rod with %’ projecting from the
domed end, soldered in position and the lower end bent
to a 45° angle as shown. d) Teflon rod. The upper end
was recessed as shown with a shoulder to support the
outer case of the bearing. A 1’/ hole was drilled to
accept the brass insert, a further hole for the No.18
needle shaft. The No.21 needle was fixed in the teflon
rod with a drop of solder placed on the needle so that
it projected %’/ from the top and approximately 1-1/g"”
down into the lumen of the large No. 18 needle. €) Cap.
A plexiglas cap (17 in diameter) was made as shown,
drilled and recessed to accept the teflon tube. Equally
spaced holes were drilled so that three screws ( %—6-32)
could be inserted around the circumference. Holes
were drilled and threaded in the base at opposing loca-
tions and the entire unit then fixed to the base. f) Cable.
Standard movie projector cable was soldered to the
wire bracket on the bearing as described by HoLTzMAN
and Visek [12] and cut to a length that allowed the rat
sufficient mobility to reach all parts of the cage. An
oblong of stainless steel mesh was soldered to the lower
end of the cable as described by the same authors. This
oblong could then be fixed to the hitch on the back of
the rat with two pieces of soft wire.
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Experimental Procedure

Infusions were begun approximately seven days after
implantation of the cannulas when the rats had re-
gained their preoperative weights and had been taking
the semipurified diet for at least five days.

Eachratwasinfused for 10 daysatarateof43.24-1.6
ml per day. Drinking water was withheld during the
infusion period. The infusion rate was designed to ap-
proximate the daily water intake of a normal rat of the
same weight. Stools were collected and pooled over
three- or four-day periods. Each rat was weighed at
the beginning and at the end of the ten-day infusion
period. Food intake was recorded daily.

At the end of the infusion period, the rats were an-
esthetized with ether and the entire small intestine
quickly removed with the distal portion of the cannula
fixed in place asareference point. Segments of intestine,
2 cm in length, were taken at the following levels.

a) midway, cannula tip to pylorus

b) immediately proximal to (c)

c) at the cannula tip

d) immediately distal to (c)

e) 5 cm distal to (d)

f) midway between (c) and the cecum

The segments, which included the entire thickness
of the bowel wall, were divided longitudinally and
spread on a piece of card to facilitate orientation and
to prevent curling. The tissue, adherent to the card,
was fixed immediately.

Blocks of liver and pancreas were also taken for
histological study.

The thirty-five rats were studied in five groups as
shown in table L.

Results

General

The rats adjusted well to the infusion apparatus.
They moved about freely and did not struggle. All sur-
vived the ten-day infusion except for eight rats in
Group 5 (lactic acid 3.5 g/100 ml) which developed
severe diarrhea on the first day of infusion. Six of the
eight died within 72 hours; the other two were killed
48 hours after the onset of the infusion. Diarrhea was
noted in all rats of Group 5, in five rats of Group 4, but
in none of the other animals.

Food Intake and Weight Gain

The mean daily food intake and the total ten-day
weight gain of all the rats are shown in table II. The
rats infused with water ate and gained weight normally.
Although mean food intake did not vary significantly,
there was a significant decrease in weight gain
(p <0.001) in the rats that received lactic acid 2.5 g %
and 3.0 g %. The group infused with lactic acid 3.5 g %
ate virtually nothing and all lost weight.
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Figs.2-7. Intestinal mucosa from a water-infused rat
demonstrating normal villi with regular columnar epi-
thelium. H and E; x 30.

Fig.2. Level (a) proximal to cannula tip.

Figs.3, 4 and 5. Levels (b) (¢) (d) sections from conse-
cutive blocks at the infusion site.

Fig.6. Level (e) 5 cm distal to (d).

Fig.7. Level (f) mid-ileum.

Fig.8. Water-infused rat. A villus at the level of the
tip of the infusion cannula (c) with regular columnar
epithelium. H and E; x 200.

Fig.9. Rat infused with lactic acid 2.0 g %. Normal
villous structure taken at the level of the tip of the in-
fusion cannula (c). Hand E; X 30.

23 Pediat. Res., Vol. 1, No. 5 (1967)
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Fecal Fat Excretion

Fecal fat excretion data, listed in table 11, demon-
strated that those rats which were infused with higher
concentrations of lactic acid (2.5 g % and 3.0 g %) ab-
sorbed dietary fat less well than did those that received
water or lactic acid 2.0 g %. Although these differences

Table II. The effect of acid infusion on food intake,
weight gain and fecal fat excretion

Group Food intake Weight gain Fecal fat
excretion

g/day g/10 days % fat ingested
(mean4+S.D.) (mean4-S.D.) (mean+-S.D:)

1 1445 3615 29419

2 1546 26414 2.240.9

3 1145 1549 6.5+2.1

4 10+4 1946 7.242.1

5 ~ _ -
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were significant (p <0.001), the steatorrhea was not
severe. The figures represent a mean value for the ten-
day period of the infusion. Although there were three
consecutive collections of feces during that ten days,
there was no significant difference between the con-
secutive values obtained for the same rat.

Necropsy Findings

Gross. Abnormalities were confined to the intestinal
tract. The proximal portion of the bowel was distended
and reddened in all of the rats infused with lactic acid
3.0 g% and in five infused with lactic acid 2.5 g %.
Those rats which died during the infusion of the 3.5 g %,
solution had necrotic intestinal perforations at the site
of infusion with the accumulation of fecal fluid in the
peritoneal cavity. Except for the two rats in the group
which were killed after two days, adequate tissue could
not be obtained for histological study because of ex-
treme autolysis.

Microscopic. Abnormalities were confined to the
small intestine. Sections taken at Intervals along its
length from a typical rat in Group 1 (water infused)
are shown in figures 2—7. The villous structure is intact
throughout the intestine, with a regular, columnar sur-
face epithelium shown in greather detail in a high
power view taken at the site of infusion (fig.8). A sec-
tion of intestine from a rat in Group 2 (fig.9), taken at
the infusion site, shows the same normal villous pat-
tern, typical of the group infused with lactic acid 2.0
g %-

Figures 10 and 11 demonstrate the striking shorten-
ing of villi seen in the mucosa of rats infused with lactic
acid 2.5 g %. In this group, abnormalities were localiz-
ed to the site of infusion and normal villi were seen 5 cm
distal to the infusion site (fig. 12). Of particular interest
were the fusiform processes extending from tips of villi
in three rats of the group (fig. 10). These processes oc-
curred adjacent to thesite of infusion and always at the
tips of villi. Their size seemed to vary although appar-
ent size depends to a considerable extent on the plane
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of section. Only when they were large was there ne-
crosis of the epithelial cells that encompassed them.
Necrosis occurred at the outer margin of the larger pro-
cesses where nuclear changes were seen and the cells
failed to take up stain normally. The processes usually
arose from a narrow pedicle of epithelial cells (fig. 13).
Goblet cells were observed in these processes (figs. 14
and 15). The substance of the core of the structures was
amorphous (fig. 10). It contained neither red blood
cells nor inflammatory cells and failed to stain with
PAS or reticulin stains (figs. 14 and 15).

Figures 16—-19 demonstrate mucosal abnormalities
inaratfrom Group 4 (lacticacid 3.0 g %). The changes
did not differ appreciably from the more advanced
changes that developed in rats of Group 3, although
they seemed more extensive. Abnormalities were evid-
ent in villi proximal to the infusion site (fig. 16) and
extended distally beyond the infusion site as shown
immediately distal (fig. 18) and 5 cm distal (fig. 19) to
the cannula tip. These abnormalities were seen in all
rats in the group and, again, the same fusiform pro-
cesses were observed (fig. 17).

Further data on villous structure were derived from
measurements of mucosal thickness and total villous
height carried out on sections taken at the infusion site
(level c) from Groups 1, 2, 3 and 4. The results shown
in table III demonstrate the significant (p <0.001)
shortening of villi in Groups 3 and 4. Total mucosal
thickness did not alter appreciably, although there was
a significant decrease in Group 4 (p < 0.01) when com-
pared with Groups 1 and 2.

Table I1I. The effect of acid infusion on mucosal thick-
ness and villous length

Group Mucosal thickness Villous length

(1) (m)
mean 4-S.D. mean 4-S.D.
(n = 30) (n = 30)

1 633 +46 465+35

2 689+123 517458

3 5524108 276 456

4 469494 266456

Fig. 10. Rat infused with lactic acid 2.5 g %. Shortened
villi are seen with fusiform projections from their tips.
Section taken at the level of the infusion cannula (c).
H and E; x30.

Fig. 11. Rat infused with lactic acid 2.5 g %. Shortened
villi at level (c). Abnormality less marked than that
demonstrated in figure 10. H and E; x 30.

Fig.12. Rat infused with lactic acid 2.5 g %. Normal
villi approximately 5 cm distal to the tip of the infusion
cannula. H and E; x 30.

Severe changes were present in the two animals in-
fused with lactic acid 3.5 g % and killed after 48 hours.
In fig. 20, a section of bowel immediately distal to
the infusion site shows distortion and shortening of the
villi. The surface epithelium remained regular and
columnar (fig.21).

Sections of the distal portion of the small intestine (f)
from all rats studied were normal.

Normal hepatic and pancreatic structure was seen
in all animals in the study (figs.22 and 23).
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Fig.13. Epithelial cells projecting from a villous tip
forming the pedicle of a fusiform process. H and E;
% 500.

Fig.14. A small fusiform process showing goblet cells.
PAS; x200.

Fig.15. Amorphous matrix surrounded by epithelial
cells forming a small fusiform process. Reticulin; x 200.

Figs.16-19. Rat infused with lactic acid 3.0 g% de-
monstrating more extensive changes than those seen in
the group infused with 2.5 gm 9% acid.

Fig. 16. Proximal to cannula tip (a) showing minimal
shortening of villi. H and E; X 30.

Fig.17. Level of cannula tip (c) showing fusiform pro-
jections from villous tips. H and E; x 200.

Fig.18. Distal to cannula tip approximately 2 cm (d)
showing shortening of villi. H and E; x 30.

Fig.19. Distal to cannula tip approximately 5 cm (e)
showing shortening of villi. H and E; x 30.

Fig.20. Rat infused with lactic acid 3.5 g %. Gross
irregularity and shortening of villi at level of cannula
tip (c). Hand E; x 30.

Fig.21. Regular columnar epithelium from same tissue
shown in figure 20. H and E; x 200.

Fig.22. Normal pancreatic tissue. Rat infused with
lactic acid 3.0 g %. H and E; x200.

Fig.23. Normal hepatic tissue. Rat infused with lactic
acid 3.0 g %. Hand E; x 30.
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Discussion

The infusion apparatus, as described, was suitable for
prolonged infusion of the upper intestinal tract in the
rat. The device is simple in design and may be con-
structed of materials most of which are available in a
hospital work shop. The transparent base simplifies
maintenance of the apparatus and facilitates observa-
tion of the animals during the infusion.

Lactic acid, infused into the small bowel of the rat
for a prolonged period in proper concentration, im-
pared the normal process of fat absorption and altered
mucosal structure at the infusion site. These abnorma-
lities of both function and morphology undoubtedly
were due directly to the acid infusion rather than to
some secondary phenomenon such as an alteration of
the enteric microflora [2]. Firstly, changes occurred
rapidly after the onset of the infusion and mucosal
lesions were localized rather precisely to the region of
the cannula tip. Furthermore, data on dietary intake
exclude malnutrition as a complicating factor except
in the group infused with lactic acid 3.5 g/100 ml. On
the other hand, it cannot be concluded that the ab-
normalities observed were specific for lactic acid. In
fact, the subsequent discussion will suggest that similar
results might be anticipated if other acids were studied
in the same way. It should be emphasized, however,
that the particular agent used in this experiment, lactic
acid, is formed in the lumen of the normal intestinal
tract.

It is interesting to speculate on the possible mechan-
isms responsible for the defective fat absorption observ-
ed in the present study. HorrMAN has postulated that
excessive acidity in the duodenal lumen might depress
the rate of hydrolysis of dietary triglyceride by causing
fatty acid to accumulate at the water-oil interface in
the bowel lumen [10]. However, the infusion was de-
livered to a site well beyond the level of entry of the
pancreatic ducts into the duodenum. Therefore, it is
unlikely that the major effect of the infused acid was
on pancreatic lipolysis. In the human, BorcsTrROM ¢f al.
have shown that 65-70% of dietary triglyceride is
hydrolyzed before it leaves the duodenum [3]. Al-
though lesions of the absorptive cells of the intestine
were observed, they were localized and cannot be im-
plicated as primary factors in causing the steatorrhea.
The explanation for the defect in fat absorption may
liein the observed disturbance of solubility of fatty acids
in micellar solutions leading to impaired micellar for-
mation at low pH [11]. Impairment of micellar forma-
tion would lead to defective fat absorption since it is in
the form of micelles that most dietary fats are absorbed
[19].

The clinical situation in which hyperacidity of the
proximal intestine is most frequently recognized is the
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Zollinger-Ellison syndrome [29]. In these patients,
steatorrhea may develop secondary to the passage of
excessive hydrochloric acid into the small intestine [18,
22]. The relevance of these clinical observations to the
present discussion is difficult to assess. In such cases,
excessive acidity occurs in the duodenum where its
potential to influence pancreatic lipolysis is greater
than that of acid instilled into the jejunum.

Morphological abnormalities similar to those de-
scribed in the present study have been produced in iso-
lated segments of intestine of the experimental animal
by a number of irritant agents, including acids. WiL-
L1aMs isolated segments of rat intestine at laparotomy
and assessed the effect on mucosal structure of various
solutions placed in the loop for a two-minute period
[26]. Hydrochloric acid (0.2 N) and formic acid (0.1 %)
produced ulcers that on healing were replaced by
shortened villi. As in the present experiment, the effect
depended on the concentration of the acid used. More
concentrated solutions caused necrosis of the entire
thickness of the bowel wall. TowNLEY ¢t al. isolated dog
Jjejunum and repeatedly instilled NHCI into the bowel
lumen over a ten-weck period. Flattening of the villous
structure was noted ; it returned to normal after cessa-
tion of the acid instillations [23]. In addition to the
presence of islands of gastric epithelium in the duode-
num of patients with the Zollinger-Ellison syndrome,
James found shortened villi [13]. Additional observa-
tions of villous atrophy of the jejunal mucosa in such
patients have been recorded [6, 21] although in most
cases in which intestinal biopsies have been studied,
the mucosa has been normal [21].

It has been suggested that the shape of villi is de-
pendent upon the rate of turnover of their epithelial
cells [5, 6]. In the normal rat, the mucosal epithelial
cell moves from the crypt to the tip of the villus from
which itis subsequently shed into the bowel lumen [15].
In the present experiment, it is more probable that the
fusiform processes of epithelial cells were extrusions
from the villi rather than the result of constriction of
the villous shafts since there were no cellular elements
within their cores. Also, the finding of a narrow pedicle
extending from the very tip of the villus was consistent.
These extrusions probably indicate a derangement of
epithelial cell turnover although it cannot be stated
whether the rate of replacement of those cells was in-
creased or decreased. Epir studied epithelial cell turn-
over in rat intestinal mucosa after ulcerating damage
with 0.5 NHCI in 10 % hydrogen peroxide [8]. His
results suggested an increased rate of cell migration
from the crypts as studied by H3 thymidine.

The results of the present experiment may be per-
plexing to the pediatrician since in children with con-
genital intolerance to dietary disaccharide excessive
amounts of lactic acid are produced in the intestinal
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tract, yet with rare exceptions [14, 16, 25] these pa-
tients have neither steatorrhea nor mucosal lesions [20].
In such cases, it is probable that the acid is produced
distal to the site where fat is absorbed and distal to the
point at which tissue is taken for biopsy.

Summary

A technique for the continual prolonged infusion of
solutions into the proximal intestine of the intact rat
was described. The infusion of lactic acid in a concen-
tration of 2.5 g % or 3.0 g % for 10 days produced in-
creased excretion of fat in the feces and localized lesions
of the intestinal mucosa. The lesions were characterized
by shortened villi and, in some rats, abnormalities of
the surface epithelium.
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