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m Whe objective of this series of investigations was to explore and def‘iné t&g :.f,

'\ role of the cytoskeleton apparatus in the function and transport of solutes across ft:.:

(D the intestinal epithelium. Most epithelial cells, including the intestinal entero- i...:.

- cyte and the mucin-secreting goblet cell are now known to possess a highly ordered :

$ cytoskeletal matrix comprised of microfilaments, intermediate filaments and microtu- g::i

Q hules., Macromolecular aggregates such as actin and a variety of related proteins &3‘

< are present in the amplification structures, i.e. microvilli of the mucosal surface. ~ '
This component of the system was perturbed by the application of Cytochalasin B A

(CB), a macrolide antibiotic which interacts with mechanochemical proteins of micro- "EE

; filaments. Studies from a number of laboratories suggest that these cytokinins in- é:.;

hibit the rate of actin filament polymerisation and disrupt actin-based networks in

a very dynamic manner. Work performed on this contract provides evidence that micro- ‘
filaments and/or microtubules may be critical physicochemical transducers in the E

‘g
A, Y,

sequence of events leading to (1) transmural absorption of salts, organic solutes
and osmotically-linked fluid flow; {2) mucin secretions by the goblet cells, which
co?i te approximately 20-30% of the surface cell population; ‘ﬁ_i3) the expression

of‘“ Féceptors in HeLa cells by butyrate treatment is preceded by a dramatic reorgan-

. ’-{'5&2;

o
R s

’

ization of the intracellular cytoskeleton%‘

e

1. Serosal CB (1-5 x 107°M) evoked a significant rise in electrical resistance and

a 25% decrease in hydrogen ion secretion by frog gastric mucosa. Resistive effects .::E

but not acid secretion modification was readily reversible. In vivo absorption of \‘":\’“
C>l..- sodium, glucose and water by rat jejunum was inhibited by 50% during steady state
8 transport periods during which luminal CB was present. The results can be suitably E::::j
L explained by an electrical model wherein the microfilament-disruptive action of CB ,‘:
- is represented by changes in a cytoplasmic resistance. In a second study, similar Z-j:'\
E— alterations in electrical potential difference, resistance and H* secretion rate .':h}
€.~ were clearly a reflection of the structural state of the cell layer. A theoretical r
E paper presented at a conference of investigators supported by ONR Biophysics Program :E::

at Virginia Polytechnic Institute in 1980 concluded that the range of absorption :{,-_

rates of isosmotic fluid across epithelia represents the need for energy-dependent s
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transfer of fluid volume units as opposed to solute units per se. It may be appro-

priate to reconsider earlier models of a mechanical volume pump for transcellular
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relocation of fluid volume units, encompassing a cytoplasmic component. This model
should permit a flexible specificity with respect to the actively transported sol-

N utes and obviously incorporate the presence or transport of Na*, c17, HCO3' ions.
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Morphological evidence utilizing scanning and transmission electron microscopy pro-
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vides directional polarization and a structured pathway for the secretory transport
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system in the gastric parietal cell and the absorptive transport mechanism in the

intestinal cell. Cytochalasin-treated epithelia revealed a significant widening of
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the junctional regions between contiguous cells, which are normally tightly opposed.

Filamentous thread-like material was present on the apical cell surfaces and between

. cells and was of such morphometric dimensions as to permit the preliminary conclu-
:f sion that it represented disarrayed or disgorged filaments. .:’:-f.
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Fig. . This schematic diagram of intestinal epithelia Sor
illustrates 3 major concepts: A shows the major pathway for e
: fluid absorption which is dependent on actively transported o
v solufes. B represents our current understanding of the Si :":-
: cytoskeletal scaffold present in these cells. It has not yet :sion_For h
) been demonstrated that the microfilaments present in the 3 CRA&I ﬂ R
microvilli are architecturally contiguous with the interme- : TAB -
2 diate filaments and the microtubules. C indicates that nounced s e
junctional formation and hence paracellular permeation o .ce a "::
characteristics may involve regulation by the cell in terms ~cation F‘
; of microfilament assewbly and transposition to the junctional . -‘t
region between individual cells. . 0“{#‘_‘ X
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The foregoing figure summarizes a possible model (B) which incorporates our
experimental findings. Other investigators have demonstrated the strong role of the
parietal cell cytoskeleton in the tubulo-vesicular movement of acidic volume units
to the secretory apical surface of the stomach. Hence, we conclude that the spec-
trum of effects observed in these two transporting epithelia is compatible with the
concept of involvement of mechanochemical element(s) in the active secretion of [H*)
by frog gastric mucosa and isotonic transport of solutes and fluid by the in vivo

rat intestine.

2. Structural-functional considerations with respect to epithelial transport mecha-
nisms in organs exposed to external environments have rarely included a significant
population of cells. Mucin synthesizing and secreting cells include most of the
surface layer in the gastric and colonic loci and a fifth to a third of the mucosal
barrier in the small intestine. The maintenance of a surface coat of mucus and its
role in cell cyotprotection against acid or other noxious agents is now recognized
to be a continuous rapid and dynamic mechanism. In an extensive investigative
series aimed at defining the ultrastructural features of gastrointestinal mucosa
subjected to cytoskeletal disruption, aspirin, prostaglandin or bile acid challenge
morphometric findings clearly pointed to modifications of normal mucus secretory
patterns.

These observations were followed by biochemical studies of mucus elaboration,
in vivo, in a rat model. In almost all cases, the structural and biochemical metho-
dologies yielded corroborative data. The ultrastructural techniques deployed were
light microscopy, transmission and scanning electron microscopy. With these tech-
niques in addition to blunt cryofracture of tissue specimens, correlative informa-
tion concerning the detailed microarchitecture of the mucosal epithelial layers was
derived.

Mucus-producing cells are clearly identifiable sub-populations of cells in many
of the epithelial transport model systems studied; i.e. gastric, jejunal, and colon-
ic epithelial of the rat. The distribution of these cells varies from a predominant
location on the mucosal surface of the stomach to a regular degree of interspersion
among the dominant columnar epithelial cell population in the small and large intes-
tine. The functional state of these cells can be assessed by a variety of morpholog-
ical techniques and their biochemical synthetic and secretory capacity estimated by

isotopic tracer procedures. 1In the gastric¢ or jejunal acute ulceration model, sulfo-
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mucin production is decreased by aspirin and markedly enhanced by Prostaglandin Eq, 25}
providing additional evidence for the cytoprotective role of the mucin blanket. :f:(
With chronic feeding of the bile salt sequestrants which provoke colonic mucosal :
irritation and injury, there is also stimulated mucin output. Disruption of the ,,g

cytoskeletal framework of the mucosal cells by Cytochalasin B or colchicine depress- )
es mucin production and secretion. The implication of these studies is that the I..'_‘
microfilament/microtubular sub-structure of the mucosal cell plays a role in the e
functional vectorial conveyance of materials across the mucosal layer whether the A
moieties involved be absorbed electrolytes and water or a secreted organic compo- e
nent, e.g. mucin. e
3. In a final phase of this project, the role of the cellular microtubular array

'K

in the induction of B-adrenergic receptors of the cell membrane was probed in the i:::
HeLa cell line. Preliminary attempts to visualize the cytoskeleton in isolated ’:::.,
enterocytes from the small intestine proved frustrating because of altered morpholog- :
ical integrity. Butyrate is a potent inducer of functional alterations in many cul- ‘.:
.

tured cells. These include induction of B-adrenergic and cholera Toxin receptors in

,..
sy

HeLa cells, hormone and enzyme synthesis, metabolic modifications and shape changes. ’.\,
Using a Hela cell line (ES-1), we report a three-fold functional induction of B~adre- <
nergic receptors by 5 mM sodium butyrate and a five-fold increment in 1-isoprotere-
nol-stimulated cAMP production following 24 hours of butyrate treatment. By indi- }“3
rect immunofluorescence microscopy using polyclonal and monoclonal antibodies E’-
untreated HeLa monolayers were observed to possess an extensive network of randomly ‘L
arranged microtubules (MTN). In the presence of 5 mM butyrate for 24 hours, the ey
previously reported elongate shape change was reflected in a reorganization of the ;ﬁ‘
MT system such that a majority were then oriented in the long axis of the cell, ex- ;':-:
tending to the tips of the neurite-like processes or between them and few were seen El'
in the vicinity of the nucleus. Essentially similar results were obtained with .':
cells grown in chemically defined, serum-free medium. Colchicine (10"7M) prevented : l_
the butyrate-induced shape and MT alterations. With colchicine alone a diffuse
staining pattern, due perhaps to the presence of depolymerized tubulin, was evident. ‘
Cycloheximide (10 ug/ml) was without effect per se but blocked the butyrate-induced \
alterations in shape and MT patterns. It is concluded that the induction of R-adre- :'
nergic receptors and shape alterations in Hela cells by butyrate is associated with :::
a dramatic reorientation of the cytoskeleton, which is perhaps related to membrane ' v
Insertion of the known pool of intracellular receptors. Modification of protein
synthesis and subsequent modification of cell function may then ensue. :
=
:-
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Cytoskeletal reorganization is associated with the induction of 8-adrenergic
receptors in HeLa cells by butyrate

1 1,2 2
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Condensed title: Butyrate stimulates B-receptors, cAMP production and
microtubular modification in HeLa cells
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ABSTRACT

Butyrate is a potent 1nduceg~9f runctiqggigflﬁirations in many cultured cells.
These include induction of B8-adrenergic(receptors of HeLa cells, hormone and
enzyme synthesis, metabolic modifications ahd shape changes. Using a HelLa cell
(ES-1), we report a three-fold functional induction of B-adrenergic receptors by 5
mM sodium butyrate and a five-fold increment in l-isoproterenocl-stimulated cAMP
production following 24 hours of butyrate treatment. By indirect immunofluores-
cence microscopy using polyeclonal and monoclonal antibodies untreated HelLa mono-
layers were observed to possess an extensive network of randomly arranged microtu-
bules (MTN). In the presence of 5mM butyrate for 24 hours, the previously report-
ed elongate shape change was reflected in a reorganization of the MT system such
that a majority were then oriented in thé long axis .of the cell, extending to the
t&ps of the neurite-like processes or between them and few were seen in the vicin-
ity of the nucleus. Essentially similar results were obtained with cells grown in
chemically defined, serum-free medium. Colchicine (10-TM) prevented the butyrate-
induced shape and MT alterations. With colchicine alone a diffuse staining
pattern, due perhaps to the presence of depolymerized tubulin, was evident. Cyclo-
heximide (10 ug/ml) was without effect per se but blocked the butyrate-induced
alterations in shape and MT pattern. It is concluded that the induction of
B-adrenergic receptors and shape alterations in HelLa cells by butyrate is associat-
ed with a dramatic reorientation of the cytoskeleton, modification of protein syn-
thesis and subsequent modification of cell function. )
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INTRODUCTION

Butyrate 1s a potent inducer of differentiation in many cultured cell lines
(1) and induces both morphological and biochemical changes in these systems.
Treatment of Hela cells with relatively low concentration of butyrate (1-10mM)
leads to the following observable effects: (a) a change in the shape of the Hela
cells that involves extension of long, slender, filamentous protrusions or neurite-
like processes (2); (b) inhibition of proliferation ggq*ylzirade of cells in G
phase of the cell cycle (3); (c) increased production offthe]subunit of hCG (4,

5); (d) induction of various enzymes such as alkaline phosphatase (6), 5'-nucleoti-
dase, (7) and sialyl-transferase (8); (e) the induction of g-adrenergic (9) and
cholera toxin receptors (10); (f) histone hyperacetylation (11); (g) DNA hypomethy-
lation @.?N\M-{"‘ H#20 woml) be afpipnts
' A great deal of information about the biochemical characteristics of cytoske-
letal elements has been accumulated over the last few years (13). However, analy-
sis of the role of cytoskeleton in cellular physiology has begun relatively recent-
1y (14, 15, 16). The role of the cytoskeleton in cAMP production has been the
subject of an excellent review by Zor @, 17).

This paper describes our initial studies on the role of microtubules in the
modulation of B-adrenergic receptors in HelLa cells. HelLa cells contain low basal -
levels of B-adrenergic receptors which are increased more than 2-5 fold after
treatment of HelLa cells with SmM butyrate for 24 hoursu(18). This receptor induc-
tion can not be explained solely on the basis of histone hyperacetylation (19) or
DNA hypomethylation (20). We have hypothesized that elements of the cytoskeleton
may be involved, directly or indirectly, in butyrate induced B-adrenergic recep-
tors up-regulation in HeLa cells. This was based on the observation that a minimum
of 10-12 hours of exposure to 5mM butyrate is necessary before a significant
increase in receptor number and morphological changes become overt. Thus, changes
in the shape of the Hela cells and B-adrénergic receptor induction appear to
proceed in parallel. HelLa cells have been found to contain a large intracellular
pool of latent B-adrenergic receptors.( 9-'4—'—')(&*19404'\\9-“\»4.\5«.“3. \_\v\‘DwL\is\ulc{Ai
| Treatment with butyrate perhaps recruits these intracellular latent B8-adre-
nergic receptors for expression on the plasma membrane. This exocytopic traffic
of macromolecules may involve cytoskeleial elements.
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Methods M :WTW; W GY.\?"\MU"’B
Cell source and preparation: Gsiginal Hela cellsﬁyere obtained from Dr. Eric Stan-
bridge (Univ. of California, Irvine) in 1981. They have been continuously main-

tained at the NIH laboratory and are designated as the ES-! line. Periodic examin-

e B T

ation precludes mycoplasmic contamination. The cells are grown in the Dulbecco2A
modified Eagle's minimal essential medium containing 2 mM gluta&ine and non-essen-
tial amino acids supplemented with 5% heat inactivated (56&, 30 min) fetal calf
serum (MA Bioproducts, Walkerville, MD)

Receptor and cAMP assays: Rou cell culture and subculturation were carried
out as previously describé%.k éégi

AL

renergic receptor binding assays using whole
cells in test tubes were performed according to the filtration procedures describ-
-DiHYDRo ALPRENOLO—
- ed by Tallman et al (9). The radioligand 3H-DHA and unlabeled ligand were freshly
prepared prior to assay in ice-cold assay buffer. For routine binding assays, a
single concentration of 3H-DHA (1 - SnM final concentration) was used. Non-speci-

fic dinding of 3H-DHA was determined by 1nc1uding 20 um ﬂi-proqgnolol Both the

prap

total 3H-DHA binding (in the absence of progsnolol) and the non-specific 3H-DHA
binding (in the presence of proégnolol) were determined in triplicate for all data
points. Total binding minus the non-specific binding of radioligand &) is, by
definition, equal to the specific binding of radioligand (21).

For the measurement of catecholamine-stimulated cAMP produbtion.'the cells
were harvested as described except that the cell ﬁellet was suspended in the 16e-
cold assay buffer. cAMP was measured by the radioimmuncassay of Steiner et al
(22) and was performed as recommended by New England Nuclear.

2788 4 & & L

3 Fluorescence Microscopy: 1In the morphometric experiments desc;ibed in this study,

; ES-1 cells were seeded at 2-5000 cells per sq.cm. in Lab-Tek 2 chamber tissues

- culture slides. Twentyfour hours after seeding c¢ells were treated with 5.0 mM

& butyrate (Na salt) in fresh growth medium: untreated cells or cells with various

N concentrations of colchicine and/or cycloheximide (control) were exposed to fresh

; medium without butyrate. Both groups were then processed for immunofluoresence

{ microscopy in order to visualize microtubules. C(Cells were washed in Dulbecco's
phosphate buffered saline (PBS) to rinse of growth medium and lysed for 1-2

E minutes in lysing buffer [0.5% Triton X-100 in PEM (80.0 mM Pipes buffer, 1.0 mM

X EDTA, 1.gmM MgCly pH 6.9)]. This was followed by a 10-20 second rinse {n stabiliz-

2 _ ing buffer (4% Polyethyleneglycol, average molecular weight 6000, in PEM). Cells

' were fixed in 3% formaldehyde (EM grade) in buffered saline for 1 hour and saline

rinsed. The antibody sequence employed was the application of affinity-purified
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polyclonal sheep anti-bovine brain tubulin antibody or mouse monoclonal antibodies o \
(ascites fluid) against alpha and beta subunits of native chick brain microtubules. :*ié

This step was followed by FITC-conjugated rabbit anti-sheep IgGC Eﬁé’sheep ant{-~ _ ¥

mouse at L 6 and 1:20 dilutions respectively (Miles Laboratories). The prepara- ;Q,
tions were examined under a Zeiss microscope equipped with epifluorescence detec- | *s

tion capabilities, using appropriate excitation and barrier filters. Negative f{é
controls were prepared by incubating cells with the second antibody only. Follow- X

ing incubation with the fluorescent label cells were extensively washed in buffer- ;ﬁl;
ed saline for 1 hour. After a final rinse in distilled water to each slide was f;-{

: added 2 drops of mounting medium containing 1 part PBS, 9 parts glycerol, pH 8.5. ;;;
Each slide was then covered with clean glass coverslide (No. 1%). All slides were =

{ sealed with acrylate and immediately examined under a Zeiss microscope equipped ;;ﬁg
i with epifluoresence using appropriate excitation and barrier rilters ror ;j}:
) : fluoresc&nee ' ' ;2if
All photographs were taken under oil immersion using Kodak Tri-X Pan black & ;i
white, 400 ASA film, processed at 800 ASA. :.E

Antibodies were purchased from commercial sources as follows: (a) Affinity ;?:~

purified, polyclonal, sheep anti-~bovine bréin tubulin antibody from CABCO, Inec., &it‘

Houston, and used at a concentration of 0.1 - 0.2 mg/ml; (b) mouse monoclonal _

anti-g tubulin and anti-g tubulin (ascites fluid) against native chickbrain micro- E;ﬁ

tubules from Ame~sham, Illinois, and used at a concentration of 5-40 ug/ml; (e) iﬁ;
FITC-conjugated rabbit anti-sheep IgG either‘rrom Miles Laboratories, Inc., Indi- &\i

ana, or from CAPPEL Laboratories and used at 1/16 dilution; (d) FITC-éonjugated _\4

sheep anti-mouse 1g (whete—meoleeutre) from Amersham and used at 1/20 dilution. All ;;f

other chemicals were purchased from Sigma, Co. ﬁfﬁ

RESULTS '

Effect of butyrate on cell ﬁérggology: Untreated ES-1 cells have a typical HeL@ ;ﬁi

cell structure. When treated with SmM butyrate for 24 hours, a striking altera- E:f

tion in cell shape is induced. The shape changes induced by butyrate involved the iiﬁ‘

extension of long, slender, neurite-like processes and were blocked by cyclohexi- -

mide (10ug/ml). Exposure to butyrate also evoked a growth inhibitory effect on tﬁi:

ES~-1 cells. R€moval of butyrate from ES-1 cell cultures was followed by reversal :Et

of shape change and resumption of normal growth rates. When analyzed by the try- -;C

h pan blue dye exclusion test, butyrate treated cells were found to be fully viable. - t
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Induction of 8-adrenergic receptors in ES-1 cells by butyrate: Hela cells normal-

ly contain low levels of B-adrenergic receptors. As in HeLa R-73 cells, treatment
of ES-1 cells with 5mM butyrate led to a 2-U fold increase in B-adrenergic recep-
tors and also caused a small increment in the amount of protein per cell. Concomi-
tant with these effects, the isoproterenol-stimulated cAMP production in ES-1

cells was also Increased (Table 1). At this concentration of butyrate, the induc-
ed receptors were fully coupled to the adenylate cyclase system and cAMP produc-
tion was enhanced 10-fold by catecholamines.

Effects of butyrate on the microtubular network: Untreated HelLa cells were found

to contain an extensive network of microtubules which appeared to be distributed
randomly throughout theassll (Fig 1). There was a bright ring of microtubules
around the nucleus wherekin the peripheral parts of the cells, microtubules were
found to be criss-crossing each other at various angles. The microtubular network
appeared to originate from a single central, juxta-nuclear position and to radiate
outwards to the margins of the cell. In Hela cells treated with SmM butyrate for
24 hours, a definite, more elongated, shape change which has previously been
reported, was observed. The microtubular network in these cells appeared to be
much more organized. Individual microtubules appeared to extend from the juxta--
nuclear po-ition to the tip of an extended neurite-like process or from the tip of
one neurite-like process to the tip of another neurite-like process. A majority
of the microtubules appeared to by lying along the long axis of a given cell with
fewer criss-cross orientations being obvious (Fig 2). There also appeared to be
fewer microbutules in the immediate vicinity of the nucleds, There was no signifi-
cant difference in the amount of tubulin/cell as determined by_3H-colch1cine bind-
HENNEBERRY, un PUBLISHED OBSERVATIONS )
ing between untreated and butyrate-treated HelLa cells], Fig 3a demonstrates the
microtubular distribution in cells exposed to butyrate and visualized with the
polyclonal anti-tubulin antibody and Figure 3b was prepared using the monoclonal
anti-a and anti-8 antibodies together.

HeLa cells grown as monclayers using conventional serum-supplemented medium
and the newer hormone-supplemented, serum free medium gave essentially identical
results in all cases. Colchicine prevents the butyrate-induced shape change in
HeLa cells. At 10;7M and higher concentration, a 24 hour treatment of HelLa cells
with colchicine was cytotoxic and only a small number of cells remained attached
to the culture vessel. All these cells had a rounded appearence with no discern-

« ible microtubules being visible. However, a diffuse staining pattern was obtained

6
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which may be attributed to the presence of depolymerized tubulin dimers. Occasion-
ally, short segments of microtubules perhaps composed of tubulin paracrystals, ov E:l:g:;’
were seen in colchicine-treated cells. MicROTUALLE

Cells treated with 10'7 M and higher concentrations of colchicine together
with S mM butyrate did not show butyrate-induced shape changes and were &n—ggee Qaiej
juse—%tke HelLa cells treated with comparable concentrations of colchicine alone.
Many of these cells also contained surface blebs which showed diffuse staining but
no individual microtubules. At 1078 and 10~9 M, colchicine alone had no apparent
toxic effect on HelLa cells and the microtubulgg'distribution pattern in these
cells was similar to untreated HelLa cells (Fig 4a, 4b). S mM butyrate in the
presence of 10-8M colchicine was able to induce a shape change in most cells but
very few cells contained long strands of microtubules (Fig 5). Instead, most
cells contained short, broken segments of microtubules. At 10~9M colchicine plus
S mM butyrate, cells with altered morphology also displayed a change in microtu-
bule distribution pattern comparable to cells treated with butyrate alone. How-
ever, many rounded cells were also present (Fig 6).

Cycloheximide also inhibits the butyrate-induced shape change in these cells.
At 10 pg/ml, cycloheximide alone had no effect on the microtubuleg distribution
pattern which was agéggi;:é&kexpntreated cells (Fig 7). With monoclonal antibod-
ies, extremely low background ueae obtained. In addition, with both anti-a and
anti-g tubulin monoclonal antibodies, many microtubules gave a segmented appear-
ance indicating the position of alpha and beta subunits of a tubulin dimer in a
given microtubule. ’

In Table II is summarized the alterations in Hela cell conformation and micro-
tubular patterns observed following 24 hour of exposure to butyrate, colchicine
and cycloheximide, either separately or in various combinations. Low doses of
colchicine or cycloheximide do not evoke a change in cell shape and the microtubu-
lar array i{s similar to control .cells. At higher concentrations, or in combina-
tion, there was disorganization and disintegration of the microtubular network.
Only butyrate (5mM) alone promoted a triangular cell architecture in which the
microtubules exhibited a polar orientation aligned with the long axis of the cell.
Colchicine and cycloheximide blocked the shape change and caused extensive damage
to the microtubular network with multiple surface blebs or vesicles which reacted
intensely with tubulin antibodies.
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DISCUSSION

An extensive intricate cytoskeletal network is found in mammalian cells, con-
sisting of three major filamentous systems; microfilaments, intermediate filaments
and microtubules (23). The microtubules are cytoplasmic organelles composed of
tubulin aggregates. The protafilaments of the tubulin protein consist of two very
similar molecules, a and 8 tubulin, each having a molecular weight of about 55,000.
In stable form, the tubulin is an o-8 heterodimer with a molecular weight of
110,000. The structure of the microtubules vary in length from a fraction of a
micrometer to several micrometers and have a rather constant diameter of about 25
nm (16). Significant progress with respect to structural-functional aspects of
this system has been made recently with the availability of specific immunofluores-
cent techniques for the visualization of tubulin and its sub-units. The actual
mechanisms whereby butyrate causes the multitude of effects described in the Intro-
duction Section is not yet understood. Based on past experimental evidence corre-
lating histone hyperacetylation with gene expression, it had been proposed that
most of the effects of butyrate could results form histone hyperacetylation and
subsequent changes in chromatin structure as measured by accessibility to DNA (1).
Others have argued that "... the consequences of butyrate treatment are far more
complex than an inhibition of histone deacetylase activity would suggest. There-
fore, it is premature to conclude that histone hyperacetylation per se, is the
major triggering mechanism responsible for the alterations of phenotype and
Gq-arrest of butyrate-treated cells.™ (11). .

Butyrate treatment has also been shown to cause DNA hypcmethylation and it
has, therefore, been argued that induction of differentiation by butyrate is media-
ted by hypomethylation of DNA (23). Our own studies lead us to conclude that the
induction of g-adrenergic receptors in HeLa cells could not be explained solely on
the basis of either DNA hypomethylation or hypermethylation.

Changes in the cytoskeletal elements of the cell, especially the microtubular
apparatus, have long been implicated in butyrate-induced morphological alteration®
#in HelLa cells (2). However, this aspect of the effect of butyrate on HelLa cells
haﬁé not been pursued in any detail. In a single published study so far, it was
found that the exposure of transformed NRK cells to butyrate results in the appear-

ance of cytoplasmic actin fibers in a distribution which closely resembles the

. actin distribution patterns of untransformed NRK cells and is distinctly different

from the actin distribution pattern of transformed but untreated NRK cells (25).
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Strong evidence has been adduced that during the intracellular transport of mem-
brane components, the final transport step from the Golgi apparatus to the cell
surface occurs by specific vesicles that migrate to the plasma membrane (26). We
have investigated the effect of butyrate on microtubular distribution patterns in
HeLa cells utilizing both polyclonal and monoclonal antibodies and report a consid-
erable effect of butyrate on the microtubular distribution in HcLa cells. Of pro-
found interest is whether the membrane mobilization of latent B-adrenergic recep-
tors in Hela cells by butyrate could be directed by elements of the ¢ytoskeleton.

The original hypothesis has been challeneged recently. Rogalski et al (27,
28) have shown that intracellular processing of an integral surface protein is
independent of the assembly status of cytoplasmic microtubules. In a detailed
study on the intracellular transport of the G. glycoprotein of vesicular stomati-
tis virus in cells infected with the virus, it was concluded that disruption of
the microtubules did not inhibit the rate or extent of surface expreséion of the G
protein (27). These investigations however, are predominantly dependent on poison-
ing of the microtubular polymerization by colchicine or other disruptive agents
and the evidence is hence, indirect. .

It has been shown, at least in some systems studied—so'far, that 8-adrenergic
receptors are normally constrained in the plasma membrane by a mechanism which
involves microtubules or microfilaments (29). A reorganization of the microtubu-
iar network in HeLa cells induced by butyrate may be responsible for removing or
lessening such a constraint so that receptor;mobility is increased leading to effi-
cient coupling of the B-adrenergic receptor ;ith the adenylate cyclase. This
reorientation of microtubules may also enhance or facilitate movement of B-adrener-
gic receptors from an intracellular pool to the cell surface.

However, changes in the distribution pattern of microtubules are not implied
as being the sole mechanism for_increased B-adrenergic receptor numbers in HeLa
cells after butyrate treatment. ”Concomitant alterations in genome expression and
membrane physiology undoubtedly occur. Cyclohemixide prevents B-adrenergic recep-
tor induction by butyrate in HeLa cells but does not have any effect, per se, On
the microtubules (Table I). Thus, additional protein(s) are perhaps necessary for
g-adrenergic receptor induction or insertion to take place. Paradoxically, colchi-

cine at 10‘8M, while it does not promote butyrate-treated HeLa cells and depolymer-

izes the mlcrocubules in this study appears not to block receptor induction by

[N —

butyrate (11) as measured by biochemical 1 techniques.
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Thus, the role of the cytoskeleton in butyrate-mediated receptor induction is {:“

far from clear. It remains likely, however, that the many membrane events in cul- ?-
tured cells, associated with butyrate-induction, involving genome to membrane sig-
nal transfer may be associated or, in fact, preceded by a dramatic reorganization Ej:
of cytoplasmic structure and metabolism. The cytoskeletal network offers one poss- b‘f*
ible route of transduction from the nucleus or cytosol to the plasma membrane and »,_‘
the very recent availability of highly specific antibodies renders this concept a b4
hypothesis worthy of pursuit. Ef\
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TABLE I

Effect of sodium butyrate on specific binding of 3H-DHA and l1-isoprotenerol
stimulated cAMP production in HeLa - ES% cells.

Specit‘icE;H_-}{DA binding CAMP production
Condition (f.mol/mg protein) p.moles/mg protein/min
Control 181 2.0
Treated (5mM butyrate) 562 10.3
Control s T

Treated (10 pg/ml cyclohemixide) 190
Treated (5mM butyrate) 490

Treated (S5mM butyrate + 10 pg/ml 145
cycloheximide

Cell monolayers were treated with or without either 5 mM butyrate 10 pag/ml

cycloheximide or both together in fresh growth medium for 24 + 1 hour. Monolayers
were harvested and used for the assay of B-adrenergic receptor binding utilizing 5
nM 3H-DHA and l-isoproterenocl (10 uM) stimulated cAMP production. All experiments

were performed in triplicate and were uniforaly reproducible with different
batches of cellsg”.._b HA .
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Summary of the structural alterations in HelLa ES-1 cells with and without
exposure to butyrate, colchicine and cycloheximide

Condition Cell Shave Microtubular Network (MTN)
Control Oval, e¢ircular Random organization of
conformation microtubules

5mM butyrate

Colchicine
(1078, 10-%M)

Colchicine (10‘5»@
+ SmM butyrate

(’/Colchicme (10"9M)j b

+5 mM butyrate
Cycloheximide (10 ug/ml)
Cycloheximide (50 ug/mi)
+ colchicine (10-8M)

S5mM butyrate +
colchicine (107-8M)+
50 ug/ml cycloheximide

Elongate shape
change

No shape change
No shape chﬁnée
No shape change
No shape change

No shape change

No shape change

Microtubules are oriented
parallel to the long axis
of the cells

MIN is similar to control

Many cells contain short
or broken microtubules

Cells appear normal

Cells appear normal

There is extensive disor-
ganization and destruc-
tion of the MIN

Diffuse disorganization
of the microtubules. Many
of the surface bleb struc-~
tures stain for the anti-
body
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Flgure 1.

Figure 2.

Figure 3a.

Figure 3b.

Figure 3a.

Figure 4b.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.
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LEGENDS TO FIGURES

The microtubular network (MTN) in an untreated HeLa cell. The MIN was
visualised by using monoclonal anti-a tubulin (ascites fluid diluted
1:1000). A bright concentric ring of microtubules is located around
the nucleus. In the peripheral region of the cell microtubules are
observed to criss-cross each other at multiple angles. X =

The MTN in a HeLa ES-1 cell treated with 5.0 mM butyrate for 24 hr.
The MTN was visualized by using monoclonal anti-eg tubulin (ascites
fluid 1:500). Relatively few microtubules are seen in the vicinity of
the nucleus. Most of them are seen lying parallel to the long axis of
the cell or extending from the tip of one cell to the other. X =

MTN appearence in ES-1 cells treated with 5.0 mM butyrate. The
antibody is polyclonal anti-tubulin. X =

MIN as visualized by monoclonal anti-a tubulin together with monoclonal -

anti-g tubulin (1:500) in ES-1 cells treated with 5.0mM butyrate. X=

HeLa ES-1 cells treated with 10'8M colchicine for 24 hr. (Monoclonal
anti-g8 tubulin, diluted 1:500). Note the lack of effect of colchicine
on the MIN at this concentration. X =

HelL.a ES-1 cells treated with 10°9 M golchicine for 24 hr. (Monoclonal
anti-8 tubulin, diluted 1:500) the microtubular network is intact. X =

HeLa ES-1 cells treated with 5.0mM butyrate plus lo'am colchicine for
24 nr. (Monoclonal anti-g tubulin diluted 1:500). Many of the cells
contain short or broken microtubules. X =

HeLa ES-1 cells exposed to 5.0mM butyrate plus 10~9M colchicine for 24
hr. (Monoclonal anti-f tubulin, diluted 1:500). Note that the shape
changes evoked by butyrate are not blocked by colchicine at this
concentration. X=

HeLa ES-1 cells treated with 10.0 ug/ml cyclohexmide for 2U4 hr.
(Monoclonal anti-g tubulin, diluted 1:500). The microtubular network

presents a distribution pattern essentially similar to that of control
cells. X =

HeLa ES-1 cells treated with 5.0mM butyrate and 10 ug/ml cycloheximide
(monoclonal anti-g tubulin, diluted 1:500). The microtubules appear to
be attached to the nucleus and radiate outwards to the cell border. X=

ES~-1 cells exposed to 10~-8M ug/ml colchicine + 50 ug/ml cyclohexmide
for 24 hr (polyclonal anti-tubulin). This treatment results in
extensive destruction of the MIN. X=

ES-1 cells treated with 5.0mM butyrate, 10-8M colchicine and 50ug/ml

eycloheximide (polyclonal anti-tubulin). The butyrate shape change is

blocked and many of the surface bleb structures stain for the antibody.
X=
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K One mechanism suggested to account for the hypocholesteremic effect of dietary fibers is A
4 their ability to sequester bile salts. Since bile salts have been found to alter intestinal
structure, the morphological effects of several commonly used, xenobiotic. bile salt-bind- b

“ ing agents was investigated. Wistar rats were fed a purified stock diet, ad libitum, for 6 oy
S weeks containing either 2% cholestyramine, 2% colestipol. or 2% DEAE-Sephadex. The s
5 bile salt-binding capacity of these substances was tested in vitro using taurocholate and fu-:
. glvcocholate. The effect of in vivo feeding of the resins was to evoke ultrastructural topo- ::\.
N graphical deviations from control appearance in both jejunal and colonic mucosae. Co- ,-r”' d

lonic cell injury was more severe than that observed in the jejunum of both colestipol- and
DEAE-Sephadex-fed animals while the reverse was true for the rats fed cholestyramine.
The degree of distortion in each condition was positively correlated with the extent of bile
salt-binding capabilitv in vitro. The rank order of both effects in terms of increasing sever-

»

ity was DEAE-Sephadex < colestipol < cholestyramine.

Cholestyramine. colestipol, and DEAE-Sephadex
are synthetic, nonabsorbable anion-exchange resins
which effectively bind bile acids in vitro (1, 2) and in
vivo (3-5). This binding reduces the effective micel-
lar concentration of bile acids in the upper intestinal
tract, thereby decreasing the solubilization of cho-
lesterol and of the monoglycerides and fatty acids
derived from lipolysis (6). This, in turn, leads to
hypolipidemia and increased fecal elimination of
certain lipids (7. 8). In addition to the possible direct
effects of cholestyramine on cholesterol absorption,
there is also a tenfold increase in fecal excretion of
the bound bile acids (9), resulting in reduced feed-

Manuscript received August 6, 1979: revised manuscript re-
ceived February 11, 1980: accepted February 11, 1980.

From the Departments of Physiology and Biochemistry. The
George Washington University, School of Medicine and Health
Sciences, Washington, D.C.: and The Wistar Institute of Anato-
my and Biology. Philadelphia. Pennsylvania.

Address for reprint requests: Dr. M.M. Cassidy, The George

Washington University, School of Medicine and Health Sci-
ences. 2300 | Street. N.W., Washington, D.C. 20037.

504

back control of hepatic bile acid production. The
increased conversion of cholesterol to bile acids in
the liver and the decreased absorption of endoge-
nous and exogenous cholesterol in the intestine re-
sult in sustained reduction in plasma cholesterol
levels and total body chojesterol (6). Since chole-
styramine is not absorbed in the gastrointestinal
tract, its major side effects are considered to be lim-
ited to the gut. Our primary interest was in deter-
mining whether the hypolipidemic properties of
these materials could be associated with morpho-
logical modifications of the epithelial layer.

The purpose of the present study was to assess
the relative bile salt-binding capacities of chole-
styramine, colestipol, and DEAE-Sephadex and to
compare their specific effects on the morphology of
Jejunal and colonic mucosa. The present report de-
scribes the marked effects of these resins on the
morphology of the jejunum and colon as assessed
by light and scanning electron microscopy (SEM).

Digestive Diseases und Sciences, Vol. 25, No. 7 (July 19%0)
Q1632116 XGO700-0504301 V1 € 1980 Digestive Disease Systems, Ine
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BILE SALT-BINDING RESINS

I'\hit I Etrrcr or ANIoN-EXCHANGE RESINSON Bt San r-BINDING 18 VITRO AND ON |~ns|wu Mum'nmm.\ INVivo®

g -

l' vtent of deviation
Jrom normal

I’4 reenfage uf inte \luml
villi or colonic ridgens

Bile sult-binding in vitro (77 with uhuurmul structuret (1.04.0)

Revin additiont Tuuru('lmlulc Glveacholate .I: i ( ulun -.-Iq)mmm ) (Wnl-n;; b
DEAE-Sephadex 35.08 35.2% 0= 16 406 9. 16207  25=06 YN
Colestipol 57.0 = 0.5¢ 56.0% 359 = 1.6 §5.0 = 10.1 1.5+04 29«04 ',‘
Cholestyramine 81.5 = 020 69.3 = 0.3 M2z 4T 39.5 £ 105 37 =00 3206 A

*A minimum of 300 mlunn.nl VI"I and 300 wlonu folds Irom 3 mnm.xls per uondmon was cxammcd The criteria for morphological
damage were twolold: the percentage of abnormal villi or colonic ridges observed to be abnormal: and the extent of deviation from
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normal as assessed by assigning a number from 1 to 4 to each villus or ridge examined.
+The purified diets were fed ud libitum for 6 weeks and contained in g/100 g: dextrose $3: casein, 25: corn oil. 14: salt mix, USP XIV. §:

vitamin mix. 1: resin. 2.
$Means = sem of 4 analyses.

§The figures for bile salt binding in vitro represent the percentages of 100 umol of the particular bile salt bound by 40 mg of the specific

resin in 5 ml of saline at 37° C during 1-hr incubation period.
fiMeans of 2 analyses.
»= Significantly different from DEAE-Sephadex (P < 0.05).

= Significantly different from DEAE-Sephadex (P < 0.001).

MATERIALS AND METHODS

Animals and Diets. Male albino rats of the Wistar strain
(Carsworth Farms). weighing 150-200 g, were maintained
in individual cages and provided the diet and drinking wa-
ter ad libitum for six weeks. They were housed in quar-
ters maintained at 23° C and with a 12-h dark-light cycle.
The isocaloric, isogravic diets administered in these stud-
ies were comparable to those used earlier (2) and con-
sisted of the following ingredients in g/100 g diet: dextrose.
55: casein, 25: corn oil. 14: salt mix. USP X1V, §: vitamin
mix. 1:in the resin-fed groups cholestyramine. colestipol.
or DEAE-Sephadex was added as 2% of the diet at the
expense of dextrose in the control group. Food consump-
tion and final body weights were similar in control and
treated groups.

Bile Acid and Cholesterol Binding by Cholestyramine. /n
vitro studies on the binding of bile acids were carried out
essentially as described earlier (2). Forty milligrams of
resin were mixed with 100 umol of the appropriate radio-
active bile sait in 5 ml physiological saline (pH 7.0). These
were incubated in sealed tubes for 1 hr at 37° C under
constant gentle agitation. After incubation. the tubes
were centrifuged at 32.000 ¢ for 15 min. Aliquots (0.15 m)
of the supernatant were added to 10 ml of scintillation
mixture and radioactivity was determined in a Beckman
LS-250 liquid scintillation spectrometer.

Morphological Methods. Three rats in cach dietary
group and three in the control group were prepared for
both light and scanning electron microscopic examina-
tion. At the end of the 6-week feeding period the rats were
anesthetized with sodium pentobarbital and subjected to
laparotomy. The alimentary tract from the pyloric sphing-
ter to the terminal colon was removed and the jejunum

was identified as the middle fifth of the small intestine.
Colon samples were derived from the middle 5-cm seg-
ment of that organ. Rectangular segments of both regions
were pinned flat and fixed in 377 phosphate-buffered
glutaraldehyde. Efforts were made to keep the degree of
tissue stretch during fixation as reproducible as possible,

Digestive Diseases and Sciences, Vol 25, No. 7 (July 1980)

During fixation the mucosal surface was brushed gently
with a sable brush to remove loose debris (10). For scan-
ning electron microscopy 1-cm® tissue samples were de-
hydrated and critical-point dried (Samdri PVT-3) using
CO,. The samples were mounted on aluminum stubs with
mucosal surface uppermost and coated with approximate-
ly 10 nm of gold/palladium using a Hummer | sputtering
device. They were coded and observed in either an AMR
1000 or a JSM-35 scanning electron microscope using 20-
25 kV accelerating voltage. The microscopists were un-
aware of the identity of the coded samples. A preliminary
assessment was made by a single viewer. Two other mi-
croscopists reassessed those samples and then analyzed
the results of a repeated experiment. All of the numerical
values recorded for the previously agreed upon criteria
(number of villi. severity of damage) were pooled and ex-
amined statistically (cf Table 1). A minimum of 300 jeju-
nal villi and 300 colonic ridges from three animals per con-
dition was examined, and the number of villi or ridges
with abnormal structure was recorded. The degree of de-
viation from normal was graded on the following scale:
I = apical swelling of cells, disordered microvillar array: 2
= dimpling of swollen cell surface. partial denudation of
microvilli: 3 = loss of most microvilli, rents or tears in
apical membrane: 4 = extrusion of cell contents and ioss
of cells from the epithelial layer.

Light microscopy preparations were obtained by post-
fixation of glutaraldehyde-fixed samples in phosphate-
buffered 277 Os0, followed by dehydration and embed-
ment in Epon resin. Sections approximately 0.5 um thick
were cut on a Sorvall MT2-B ultramicrotome, stained
with toluidine blue. and examined in a Zeiss phase con-
trast microscope equipped with a Reichert automatic
camera for photographic recording.

RESULTS

The jejunal villi of control animals. fed the con-
trol diet which did not contain the resin material,
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Fig 1. Individual villus of control jejunum. SEM reveals smooth
and rounded contours and mucus strands are evident (arrow).
The columnar epithelial cells tightly abut the basement mem-
brane in LM insert. ( x450. insert x325.)

are leaf-shaped and smooth in contour with inter-
twined mucin strands (Figure 1). Villar tips display
an occasional protruding intact cell. At higher mag-
nification (Figure 2) individual cell outlines are
faintly demarcated. and the goblet cells appear as
identations or with mucus extrusions surrounded by
the tightly packed microvilli of neighboring entero-
cytes. In Figure 2 a goblet cell is shown in the pro-
cess of being shed into the lumen. The SEM appear-
ance of goblet cells has been previously cross-cor-
related by transmission electron microscopy studies
(14). Figure 3 shows the appearance of control co-
lonic mucosa in SEM and light microscopy. The co-
lon exhibits a smooth, regularly indented topogra-
phy with the goblet cells interspersed among the
more dominant absorptive epithelial cells. The mi-
crovilli of the latter are fairly dense and essentially
similar to those in the small intestine (Figure 4).
Cholestyramine Feeding. In the cholestyramine-
fed rats there was evidence of cell disruption and
damage. primarily at the apices of the jejunal villi
(Figure 5). Enlargement of a portion of Figure 5
clearly demonstrates apical cell swelling, micro-
villar denudation, partial or total disruption of the
apical surtfuce. and breuaks or tears in the cell mem-
brane. Expulsion of cell contents was frequently
observed (Figure 6). The colons of the cholestyra-
mine-fed rats show a whorled contiguration with vi-
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Fig 2. High-magnification SEM in control jejunum displaying
epithelial cells with tightly packed microvilli surrounding a gob-
let cell with fewer microvilli. ( x5000.)

sual evidence that a large number of goblet cells are
engaged in the process of secretion (Figure 7). In
addition, sheets of mucus are present, overlying the
mucosal surface. Many of the surface cells are dam-
aged, exhibiting some hemorrhagic material, uneven
swelling of microvilli (blebbing), loss of microvilli,
and varying degrees of apical erosion (Figure 8).
Colestipol Feeding. The jejunum of colestipol-fed
animals showed fairly normal structural features
with mild disruption of microvillar morphology in a
limited number of cells. In some samples, fibrin,
erythrocytes, and other hemorrhagic debris were
present on the surface of the tissue (Figure 9). Swol-
len. partially denuded cells surrounded by normal
cells are shown at high magnification in Figure 10.
The colonic samples were less smooth in topogra-
phy than controls and showed evidence of cell ne-
crosis with several of the surface cells being devoid
of microvilli. Individual cell boundaries were clear-
ly defined and cells appeared swollen at the apices
{Figure 11). At higher magnification. microvillar de-
nudation and cell loss could be seen (Figure 12).
DEAE-Sephadex Feeding. Chronic ingestion of
20 DEAE-Sephadex by rats appeared to be associ-
ated with more convoluted jejunal villi than those
characteristic of control animals (Figure 13). but
this point has not been evaluated quantitatively.
Denudation of the brush border and erosion of a

Digestive Diseaves and Sciences, Vol 25, Na. 71 July 1980}
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Fig 3. Control colonic mucosa with a smooth and corrugated Fig 4. High magnification of control colon shows several goblet

appearance. LM displays a histologically intact pattern reflecting cells (arrows). mucus (M) from a goblet cell. and an empty goblet

that observed by the SEM mode. (<85, insert x150.) cell orifice {() being extruded. Note surrounding microvilli are
densely packed. (x4200.)

Fig 5. Individual villus of cholestyramine-treated jejunum. A Fig 6. At higher magnifications of cholestyramine-treated jeju-
line of cell Jamage traverses the apex of the villus. Insert: The num cellular damage is seen as cell disruption and extruston of
uppermost cells show swelling and separation from the con- cytoplasmic components (arrow). ( < 36(0.)

tiguous normal cells, whereas cells along the side of the villus are

undamaged. ( ¥ 78S, insert <185))

limited number of cells at the villus tips was fre-  tissues (cf Figure 3), the cells were arranged in deep
quently observed. as exemplitied by Figure 14, The whorls with a large amount of mucin present (Fig-
colonic surface in this condition was distinctly ab-  ure 15). Some cells were distorted in shape. with
normal. Instead of the smooth ridges seen in control  tears in the apical membrane (Figure 16).
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Fig 7. Colonic mucosa of cholestyramine-treated animals shows Fig 8. High magnification of cholestyramine colon. Cell outlines
a whorled pattern with considerable mucus present. (X 300.) are visible and totally denuded cells are interspersed throughout
(arrows). (% 1200.)

Fig 9. In colestipol-treated jejunum erythrocytes are enmeshed Fig 10. Colestipol-treated jejunum at high magnitication displays oy
in tibrnin clots. The villi appear otherwise unaffected. (<300, occasional denudation and cellular damage. ( < 3850.)
Table T summarizes the ability of the various res-  pears to be at least a qualitative correlation between
*ins to bind the more common bile salts in viero and  these two pafameters. Cholestyramine-feeding was .
the eftfect of chronic feeding of these resins on the  associated with signiticantly greater ultrastructural
morphology ol the jejunum and colon. There ap- damage when compared to Sephadex feeding. With e

5()8 Dicestive Diveaves and Scrences . Vol 25 No 7t il 1980,
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Fig 11. Colonic mucosa of colestipol-treated amimal reveals a
moderate degree of whorling and cellular disruption. ( <150.)

the exception of cholestyramine. the specific struc-
tural alterations noted here were more severe and
more extensive in the colon than in the jejunum.

DISCUSSION

Epithelial cell renewal plays an important role in
the maintenance of mucosal integrity in the gastro-
intestinal tract. Recent SEM studies on the release
of senescent mucosal cells indicate that these cells
appear to be exfoliated from the surface of the
stomach and the tips of the villi as intact cells (15,
16). For rat jejunum and colon we have confirmed
this finding with this study (Figures 1. 2. & 3), and
also by means of an extensive survey of nine other
control animals.

The functional significance of the erosive damage
at the villar tips seen with all three bile salt-binding
resins is unclear. It is certainly a phenomenon
which appears to be distinet trom normal epithelial
replacement modes. Damage to the mucosa of the
small intestine and occasionally to the colonic mu-
cosa has been found to occur with oral administra-
tion of several agents such as aspirin (13-16), alco-
hol (20). laxatives (12, 18, 19), cholera enterotoxin
(23, and bile salts (21, 22,

. It has been postulated that nonspecific mucosal
injury appears to be a potent cocarcinogenic tactor
(29). More recently a strong association has been

Dreestive Diseases and Sciences, Vol 25 Noo 70 ludv T80
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Fig 12. High magmification of colestipoi-treated colon. [ndivid-
ual cells are ¢clearly demarcated with a prevalence of microvillar
denudation and cell extrusion. ( < 1X.)

suggested between high levels of fecal bile acids and
the incidence of human colon cancer (30 and that
secondary bile acids re sulting trom bacterial metab-
olism may be particularly important in this regard.
Oral administration of bile acids or of cholestyra-
mine (261 significantly enhances the carcinogenesis
caused by chemical tumorigenic agents. and this
stimulation is independent on the presence of in-
testinal bacteria (25y. In similar experiments. it has
been reported (27) that the majority of the bile acid
components remained bound” to cholestyramine
while in transit through the alimentary tract. These
results were originally interpreted as being contrary
to the suggested role of bile acids as cocarcinogens
(26. 27). However. neither of these studies consid-
ered that the resin itself. or the resin-bound bile
acids might. per se. enhance the carcinogenic effect
of 1.2-dimethylhvdrazine (26. 27).

Light and transmission electron microscopy stud-
ies by several workers (14, 15 clearly show that the
type of in sitie cell degeneration observed in the
present study causes breaks in the continuity of the
mucosal barrier, allowing penetration of luminal
materials to subepithelial layers. In the normal ma-
ture rat, 1.7°¢ of intact antigenic protein is absorbed
by the small intestine and 0.137 by the colon (26,
28). Several of the injury-provoking agents. such as
bile salts and laxatives. significantly enhance the
permeability of the intestine (23) and the colon (25)
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Fig 13. Individual villus of DEAE-Sephadex-treated jejunum. Fig 14. High magnification of jejunal tissue treated with DEAE- S

Cell boundaries are pronounced and occasional microvilli dis- Sephadex reveals apically eroded and partially denuded cells.
array and partial denudation (arrow) is seen. ( X600.) (% 5000.)

Fig 15. DEAE-Sephadex-treated colonic mucosa displays a Fig 16. High mugnitication of a whorled region of DEAE-Seph-
muderately whorled pattern. ¢ < 3200 ade x-treated colon shows loosely packed microvilli and tears in
the epithehial membrane tarrows), ( ~6250.)

to macromolecules. With the mucosal irritation and clearly seen. Therefore, it would appear that the

disruption evoked by the feeding of the resin mate-  epithelial cells most atfected by these agents are the
rials. significant guantities of antigenic or toxigenic senescent enterocytes which occupy the tips of the
. matenal could reach the bloodstream. intestinal and colonic folds. Whether or not these

In the leat-shaped villi of the resin-treated rats, ultrastructural perturbations are directly linked to
lines of cell injury traversing the villar apices are  the enhanced incidence of tumor growth with cho-
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lestyramine which has been documented cannot be
established at this time. A semiquantitative correla-
tion has been found in the present study between
the bile acid sequestration capability of a particular
resin in vitro and the morphological damage to the
jejunal mucosa induced by all three resins in vivo.
This fact would seem to implicate the resin-bile salt
complex as the primary etiologic factor in causing
mucosal damage. The morphologic aberrations
caused by either colestipol or DEAE-Sephadex
feeding were quantitatively more pronounced in the
colon than in the small intestine. Cholestyramine
feeding appeared to damage less of the colonic sur-
face area. but individual cells were more severely
affected (Table 1). A compelling reason to account
for the fact that cholestyramine alters a smaller
number of the colonic ridges than do the other two bile
sequestrants cannot be offered at this time. How-
ever, one possible explanation may be that the bile
salts remain more tightly bound to cholestyramine
in the colonic locus than do those attached to the
other two sequestration agents.

Many factors associated with this type of cell de-
generation are known to stimulate cytokinetic pro-
liferation in both the small and large intestine by a
postulated villus-to-crypt feedback mechanism (29).
It remains to be determined whether the resin itself,
free bile acids, or the resin-bile acid complex is the
ultimate provocative agent causing epithelial dis-
ruption, either directly or indirectly. However, it
could be suggested that long-term feeding of bile
salt-binding materials may be linked to altered rates
of cell repair and renewal in both intestinal and co-
lonic loci within the alimentary tract.
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INTRODUCTION e

Cytochalasin B (CB) is a macrolide antibiotic which
interacts with the mechanochemical proteins present in
microfilaments in a manner similar to the effect of
colchicine on microtubules. Work from a number of labora-
tories suggest that the cytokinins inhibit the rate of actin
filament polymerization and disrupt actin-based networks in
a very dynamic manner (Lin, et al, 1980, McLean, Fletcher
and Pollard, 1980). Most epithelial cells are now known to
possess a highly ordered cytoskeletal matrix comprised of
microfilaments, intermediate filaments and microtubules
(Osborn et al, 1978). Macromolecular- aggregates such as
actin and actinin are present in the amplification structures
of the small intestinal mucosal surface (Tilney and Mooseker,
1971, Mukherjee and Staehelin, 1971) and in frog skin
(Pratley and McQuillen, 1973). It has been suggested that
microfilaments may be critical physicochemical transducers
in the chain of events leading to the interaction of
hydro-osmotic forces with vasopressin, which evokes altered
fluid flow across epithelia (Taylor, 1977). Microfilaments
are closely associated with ouabain-resistant water
transport in liver slices (Van Rossum and Russo, 1981). 1t
has been proposed that cytokinin effects on membrane con-
stituents, cell shape, electrophysiological parameters and
ion transport are mediated by cAMP concentrations within the
cells and associated with modification of junctional
permeability (Bentzel and Hainau, 1979). More recent studies
with an epithelial cultured cell preparation (MDCK cells)
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indicate thatr the sealing of intercellular junctions
involves the celluylar assembly of microfilaments and micro-
tubules and that Cytochalasin B disorganizes actin filaments,
evokes functional opening and a decrement in the electrical
resistance across the tissue layer (Cereijido et al, 1981).
Catt ions, both extracellular and intracellular, play a role
in these processes.

It is clearly recognized that for effective vectorial
conveyance of solutes and water across epithelia segregated
ions pumps and leaks exist in apical and basolateral mem-
branes (Finn et al, 1981, Lewis and Wills, 1981). More
importantly, such a design is only functional if mechanism(s)
exist for apical to basolateral communication (Schultz,
1981). Rapid transmission of infcrmation between these
discrete barriers is probably exerted by several signals
including ion fluxes, alterations in conductance channels,
Catt translocation and other intracellular messengers, eg.
the cyclic nucleotides. It is also possible that the
structured cytomatrix of the epithelial cell is an organized
medium for this purpose and, in addition, regulates the
balance between transcellular and paracellular flow pathways
(Bentzel and Hainau, 1979).

Electromechanical alterations in the cytoskeleton may
manifest themselves as alterations in passive or active ionic
conductance, catt availability and cellular metabolism.

Using Cytochalasin B to disrupt microfilament assembly
and organization we have been studying two epithelial models
of transport with respect to this hypothesis. The first is
the classic in vitro secretory preparation of frog gastric
mucosa with which HY secretion rates, electrical potential
difference and resistance can easily be measured. The second
is the intact in vivo, perfused rat jejunum in which steady-
state absorption of major electrolyte and other solutes and
fluid can be agsessed. We have also examined morphological
features of these transporting tissues by transmission and
scanning electron microscopy. Ultrastructural examination
is necessary to discern any possible cytoarchitectural devi-
ations brought about by Cytochalasin treatment which would
indicate possible links between perturbation of the cytoskel-
eton and functional transport status.
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METHODS

Frog Gastric Mucosa Preparation In Vitro

Stripped gastric mucosa from Rana pipiens were mounted
in a modified Ussing chamber at 22°, The serosal fluid
compartment contained a bicarbonate buffered NaCl Ringer's
solution and a NaCl secretory solution was present in the
mucosal compartment. The pH in the mucosal fluid was main-
tained at 5.0. Histamine (lO'“M) was placed in the serosal
compartment to stimulate acid secretion. Two identical
calomel electrodes were used to measure the transmural .
potential difference (PD). The electrical resistance across
the mucosa was measured as the change in PD per microamps of
current passed for 0.5 sec. in both directions sequentially.
Serosal bathi+§ solution contained in mM; Nat: 101, K*: 6. 0,
ca*t: : 0.8, C1: 81, HCO3: 2.5, PO: 1.0, glucose:
10. The mucosal bathing solution contained in mM; Na™: 102,
K*: 4, C17: 106. Both solutions were aerated with 95% 03,
5% COp. In the experiments with CB, it was pre-dissolved in
0.1 ml DMSO and added to the serosal medium to a final
concentration of 107> M in the bathing medium.

Perfused Rat Jejunum, In Vivo

Male Wistar rats were anesthetized with Nembutal
(40 mg/kg) and a tracheotomy performed. The abdomen was
opened and the jejunum (middle 25 cm) of the small intestine
was cannulated. The segment was rinsed gently with
perfusate, returned to the abdominal cavity and the incision
sutured. The perfusate was pumped at 0.5 ml/min (Holter
microinfusion pump) through the proximal cannula and returned
to the reservoir via the distal cannula. The perfusate con-
tained a bicarbonate/phosphate-buffered Krebs Ringer
solution. In the glucose perfusates, glucose was present at
36 mM and substituted for sodium.

Isotopically labelled polyethylene glycol (MW = 4000)
was used as a tracer for net fluid transport. Recovery of
infused PEG was 98.2% 2.6%. Labelled 3Hglucose and
3Herythyritol (5 mM) were included in the appropriate
perfusate to monitor net solute transport of these sugars.
Sodium content of the perfusate solutions was determined by
flame photometry. Net water and solute transport was
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METHODS

Frog Gastric Mucosa Preparation In Vitro

Stripped gastric mucosa from Rana pipiens were mounted
in a modified Ussing chamber at 22°, The serosal fluid
compartment contained a bicarbonate buffered NaCl Ringer's
solution and a NaCl secretory solution was present in the
mucosal compartment. The pH in the mucosal fluid was main-
tained at 5.0. Histamine (10'4M) was placed in the serosal
compartment to stimulate acid secretion. Two identical
calomel electrodes were used to measure the transmural
potential difference (PD). The electrical resistance across
the mucosa was measured as the change in PD per microamps of
current passed for 0.5 sec. in both directions sequentially.
Serosal bathi+§ solution contained in mM; Nat: 101, K*: 6.0,
catt: 1 : 0.8, C1: 81, HCO3: 2.5, PO: 1. 0, glucose.
10. The mucosal bathing solution contained in mM; Nat: 102,
K*: 4, C1™: 106. Both solutions were aerated with 95% 03,
5% COy. 1In the experiments with CB, it was pre-dissolved in
0.1 ml DMSO and added to the serosal medium to a final
concentration of 1077 M in the bathing medium.

Perfused Rat Jejunum, In Vivo

Male Wistar rats were anesthetized with Nembutal
(40 mg/kg) and a tracheotomy performed. The abdomen was
opened and the jejunum (middle 25 cm) of the small intestine
was cannulated. The segment was rinsed gently with
perfusate, returned to the abdominal cavity and the incision
sutured. The perfusate was pumped at 0.5 ml/min (Holter
microinfusion pump) through the proximal cannula and returned
to the reservoir via the distal cannula. The perfusate con-
tained a bicarbonate/phosphate-buffered Krebs Ringer
solution. In the glucose perfusates, glucose was present at
36 mM and substituted for sodium.
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Isotopically labelled polyethylene glycol (MW = 4000)
was used as a tracer for net fluid transport. Recovery of
infused PEG was 98.2% 2.6%. Labelled 3Hglucose and
3Herythyritol (5 mM) were included in the appropriate
perfusate to monitor net solute transport of these sugars.
Sodium content of the perfusate solutions was determined by
flame photometry. Net water and solute transport was
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calculated from differences in the above parameters and
changes in PEG concentration as follows:

W T X T N, 5,

1. net Hy0 transport = Pp (1 - PEG in / PEG out) dry wt.
(ul/kg dry wt/min)

-

2. mnet solute transport = Py kSolutein - Soluteg,¢)
PEGin/PEGoy¢
(uEq or u mols/kg dry wt/min)

sTatn'a

Pp = perfusion rate

The jejunum was perfused at 0.5 ml/min for two to three
30-minute transport periods to establish steady-state
absorption. Cytochalasin B (1 X 10’4uM), dissolved in 0.1%
dimethylsulfoxide, was then added to a fresh reservoir of
perfusate and the experiment continued for an additional
2-3 hours.

AR AN PO AP,

Morphological Methods

Three tissues in each experimental group were prepared
for light, transmission and scanning microscopy. Samples
from the perfused jejunal loop and gastric mucosa sheets were
fixed in situ, and at that time post-CB exposure produced an
effect in the measured transport parameters that was discern-
able. Efforts were made to keep the degree of tissue stretch
during fixation as reproducible as possible during primary
fixation in 3% phosphate-buffered glutaraldehyde. For
scanning electron microscopy 1 cm® tissue samples were
dehydrated and critical-point dried (Samdri PVT-3) using COj.
Samples were mounted on aluminum stubs, mucosal surface
uppermost, and coated with 10 nm of gold/palladium. They
were examined in a JSB-35 scanning electron microscope at
20-25 kV accelerating voltage.

-

Gk AR

Transmission microscopy preparations were obtained by
post-fixation in phosphate~buffered 2% 0s04 followed by
dehydration and embedment in Epon resin. Thin sections
!' (60nm) stained en bloc with uranyl acetate and lead citrate
' were observed in a JEOL 100 B transmission electron micro-
| scope. A minimum of 200 discrete villi (jejunal mucosa) and
( 100 oxyntic cells (gastric mucosa) per condition were
studied.
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1 RESULTS AND DISCUSSIONS (GASTRIC MUCOSA)

The frog gastric mucosa is usually described as a
relatively 'tight' epithelium. In these experiments,
: discrete populations of preparations could be distinguished
i on the basis of indigenous resistance (those with less than
150 ohm.cm? and those with resistance greater than 170
ohm.cm?). This fact was utilized to enable us to
differentiate possible effects of cytochalasin B (CB) on
predominantly low conductance pathways and those of high
conductivity. The CB vehicle, DMSO had no effect on the
measured parameters, per se.

The Effect of CB in C1~ Media

The addition of CB to the serosal medium bathing the
mucosa consistently caused a decline in the titrated amount
of NaOH in the mucosal fluid. This decrease in H' secretory
rate continued even after several washes in CB-free Ringers

TABLE 1 THE EFFECT OF CYTOCHALASIN B ON
ELECTROPHYSIOLOGICAL PARAMETERS IN FROG
GASTRIC MUCOSA FOR MEMBRANES WITH
RESISTANCE LESS THAN 150 f.cm? IN CL”

MEDIA
PD K I
(mV) (2.cm2)  (u.eq.hr~lem=2)
CONTROL 16.1£2.5(6)* 12015 2.20+0.45 L
. ..\:
CYTOCHALASIN B 19.3:1.4 139+12 1.64%0.41 KX
5X10™°M (P<0.05) (P<0.05)  (P<0.05) 3
CB~FREE WASH 16.9+0.96 122+18**  1.04:0.37
(P>0.20) (P>0.20)  (P<0.05)

*Mean * SD (No. of exp.) P values w.r.t. control.
**Also not significantly different from value in the
presence of CB.
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solution. 1In all of these studies CB was added to the bath-
ing solution after the membrane had reached a steady-state
behavior, ie., comnstant (PD), (R), and Iy. In general the
addition of CB caused an increase in both (PD) and (R),
while decreasing the w secretory rate. When CB was removed
from the serosal bathing medium by repeated washing, the

' membrane potential and resistance showed a retura to control
u levels. 1If CB was present for more than ten minutes, a
coutinuous decline in (PD) occurred while the (R) remained
constant. Table 1 provides a statistical analysis for the
data obtained with membranes for which (R) is less than

250 cmz, (PD) and (R) both increased with CB and reverted to
control values following a CB-free wash. The HY secretory

3 rate decreased with the application of CB and continued to
ke fall after the CB was removed. In Table 2 is shown the

‘ response of high resistance membranes in C1™ media to CB.

£ . F F % o u_vw
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TABLE 2 THE EFFECT OF CYTOCHALASIN B ON
ELECTROPHYSIOLOGICAL PARAMETERS IN FROG
GASTRIC MUCOSA FOR MEMBRANES WITg
RESISTANCE GREATER THAN 170 Q.cm” IN CL™

2T T A,

i MEDIA

y 1

. , CONDITION PD R Iy

X (V) (Q.cm?) (Q.eq.hr~lcm-2)
-

' CONTROL 19.0+1.8(5)* 251465 1.00£0.15
CYTOCHALASIN B  18.4:3.3 275+49 0.52+0.20

y 5X10-3M (P>0.20) (p>0.20) (P<0.05)

: CB-FREE WASH 12.5:2.1 242446 0.22+0.09

. (P<0.05) (P>0.20) (P<0.05)

*Mean t SD (No. of exp.) P values w.r.t. contcol.

This agent had little detectable effect on (PD) or (R), but
the H' secretion was significantly reduced even during CB-
R free wash period when the (PD) also falls significantly.
t Cytochalasin B therefore exhibits different and distinct
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effects on gastric mucosa depending on initial ionic
conductance status of the preparation. It should be pointed
out here that these two distinct groups of low vs. high
resistance membranes could also be distinguished as high and
low secretors, as one would expect. Accordingly,
Cytochalasin B has a more pronounced effect on preparations
with lower HY-rate than on those with higher initial rates.
This effect would be expected in view of the findings of
other investigators in which the integrity of cytoskeletal
structure affects significantly cellular function. Such
findings are also confirmed in this study as will be
presented in our morphological studies.

Morphological Effects of CB on Frog Gastric Musosa

Figure 1 demonstrates the ultrastructural character-
istics of gastric mucosal parietal cells in the control

Fig. 1. Transmission electron micrograph of secretory parie-
tal cells of frog gastric mucosa (control) L = lumen: TJ = : e
tight junctions: C = secretory canaliculis X = 7,200 t >
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s secretory mode. The lumen of the gland (L) is visible
with surface amplification structures, ie., the microvilli.
The oxyntic cell canaliculi with microvillar processes were
mostly patent. Several parietal cells surround the lumen,
each cell demarcated by the cell to cell junctional nexus
(TJ). The microvilli are long and irregular in shape but
are few in number, compared to the density of microvilli in
the small and large intestine (Fig. 2). Microfilaments can

’
PR
. -
% %0 e Y
In

, .
RN
[

Fig. 2. Transmission electron micrograph of apical luminal
surface of gastric parietal cells in the secretory state
{contral). Microvilli are slender tortuous and sparse
compared to intestinal microvilli and project into the
lumen (L) X = ]5,500.

o
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be observed within the microvilli but they do not appear to
penetrate to any great degree into the apical cytoplasm.
Treatment of the tissue with 1 X 10-3M (CB) sufficient to
decrease the HY secretory rate by 50% was associated with
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¥ several morphological effects. The secretory canaliculi
appeared collapsed, with exposed surface and fewer micro-
. villi. Many vacuolated structures containing electron~
i dense material which may be derived from tubulovesicles
were present in the cytoplasm (Figs. 3 and 4). The luminal
microvilli were pleomorphic in character and considerable
membranous debris was found in the luminal space itself.
Lysosomal-like organelles were also significantly more
prominent in parietal cell cytoplasm. These in vitro
preparations showed a greater than normal aridity for the
heavy metal stains leading to osmophilic depositions which
were not removable by extensive washing.

Microfilaments have been identified in the microvilli
of parietal cells from several species both amphibian and
mammalian (Black et al 1982). Several lines of evidence

Fig. 3. TEM of frog gastric mucosa treated with 1 X 107°M
(CB). Secretory canaliculus (C) is narrow with few micro-
villi. Extensive tubulovesicular structures (TV) are
present in the cytoplasm X = 8,500.
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Fig. 4. TEM of gastric mucosa treated with 1 X 1073M (CB).
The microvilli (MV) in the luminal surface are distended
and distorted. X = ]0,000

have suggested that when HY secretion begins, tubulovesicles
move towards and fuse with the apical membranes of the cells.
This migration of the tubulovesicular machinery and conse-
quent mutation of the microvilli is a relatively rapid and
dynamic process. As with many other secretory systems, eg.
the thyroid (Williams and Wolff, 1971), the pancreas (Orci
et al. 1972) and mucin cells (Cassidy, et al. 1981) the
microfilaments and/or the cytoskeleton may provide direc-
tional polarization and a structured pathway for the
transport system. Our findings parallel those of Black et
al. (1982) in that (CB) inhibits stimulated H* secretion and
causes distinct morphological alterations. The Forte group
have also identified the presence of both actin and myosin
in cytoplasmic fractions from rabbit and piglet gastric
mucosa (Forte et al. 1981).
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It is interesting to point out that, in a number of
experiments where CB was left in the bathing media for more
than 40 minutes, titration of NaOH came to a complete halt,
' and the pH on the luminal side actually showed a significant
{ increase with time. Such an increase in the pH could best
! be interpreted as a leak of the serosal solution (pH = 7.4)
to the luminal surface (pH = 5.0).

It is therefore obvious that the effect of CB is

primarily related to changes in the cytoskeletal structure
i of the parietal cell and secondarily related to perturbations
} of transmural pathways which eventually caused the increase
! in the luminal pH. This later effect is not necessarily a
localized effect to either the intracellular or the para-
cellular pathways. A disruption to the cytoskeletal struc-
ture could extend its effects to cause changes in the shunt
pathways.

RESULTS AND DISCUSSION (RAT JEJUNUM)

Effect of Cytochalasin B on Rat Jejunum

Fluid absorption by the in vivo rat jejunum is believed
to be isotonic and can generally be demonstrated to be
related to the presence of both sodium and glucose in the
mucosal fluid. The addition of glucose to the perfusate
medium is associated with higher sready-state rates of water
absorption compared to glucose-free perfusate (Powell and
Malawer, 1968) and this observation is reiterated in the
experiments shown in Fig. 5. In the absence of glucose in
| the luminal fluid Hy0 absorption declined somewhat after 90
minutes: However, the addition of 1 X 10=%M (CB) to the
perfusate reservoir was associated with a rapid fall in
fluid absorption from control rates in both the glucose~
free and glucose media. The inhibition was in the range of
50-60%. When glucose was present, some recovery of trans-
port was evident within 60 minutes, even though (CB) was
still present in the luminal perfusate. The initial 1 hour
relative depression of net fluid transport by Cytochalasin B
was not influenced significantly by the availability of
luminal glucose. The reversibility of the (CB) effect was
not tested in these experiments since the inherent viability
of the preparaticn is questionable after 4-5 hours.
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EFFECT OF DMSO. CYTOCNALASIN B ON FLUID TRANSPORT IN VIVO
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Fig. 5. Effect of DMSO, and Cytochalasin B on jejunal fluid
transport, in vivo.

The absorption of sodium from the luminal perfusate was
examined by flame photometry. In eight rats, 3 steady-state

- control and 3 steady-state (CB) treated periods were statis-

tically analyzed and the results are_shown in Fig. 6.

0.1% Dimethylsulfoxide, used as the solvent for (CB), did
have an inhibiting effect on these absorption rates in
contradistinction to its lack of effect on measured tramsport
parameters in the in vitro gastric mucosal preparation.
Nonetheless, 1 X 10-4M (CB) in the mucosal fluid evoked a
significant inhibition of luminal sodium uptake both in the
presence and absence of glucose. The effect of DMSO, per se,
on sodium and fluid transport in rat small intestine may be
a direct lipolytic effect of the solvent on the membranes
since the osmolarity of the perfusate introduced into the
lumen did not alter with 0.1% DMSO addition.

In an attempt to characterize phenomenologic effects of
Cytochalasin B and hence microfilament involvement in organic
solute transport processes in the small intestine, we have
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, investigated the influence of (CB) on the absorption of

! labelled glucose (an actively transported solute) and

¢ labelled erythritol (a passively transported solute) in
this system. Steady~state glucose absorption was depressed

EFFECT OF DMSO AND CYTOCHALASIN B ON SODIUM ABSORPTION N VIVO
45,0

‘l Control, no giucoes
§ unJ {{-
r 8 ;' Ghucose, DMSO
: 25 | | e h
) 3 Gucoss, DMSO,
A 5‘%_ No glucoes, 100w CB
DMSO, 100uM CB

s

3 STEADY-STATE ABSORPTION PERIODS (30 MIN) PER ANMAL, ARE AVERAGED
FOR ALL CONDITIONS AND SHOWN = SE

St e L e

Fig. 6. Effect of DMSO and Cytochalasin B on Sodium
Absorption In Vivo.

bty Ay A4 )

by the addition of 1 X 10~4y (CB) but only after a ome hour
lag period (Fig. 7). Thereafter glucose uptake from the
perfusate fell off very rapidly. The only cell membrane
effect currently attributed to Cytochalasin B is its docu-
mented effect on the passive glucose carrier system (Mizel
and Wilson, 1972). Kimmich and Randles (1979) have shown
that in isolated intestinal cells, (CB) causes inhibition

of glucose exit from the cells allowing intensive intra-
cellular accumulation of the sugar. The time-lag of the (CB)
inhibition of hexose transport observed here (Fig. 7) may be
related to an effect of this agent on the serosal transport
of glucose in the in vivo perfused jejunum. Cytochalasin B
also affected the uptake of erythritol from the perfusate,
but in the case of this sugar the depression was induced

by the .first 30 minute measurement period following the
addition of (CB) to the perfusate. Clearly, both passive
and active transport in these organic solutes are impaired
by (CB) treatment of the intestinal mucosal epithelium

(Fig. 8).
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Cytochalasia B (100puit) -

zoL ~

d N
‘ .

Glusoss Absorption pM/min/g. dry wt.
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30 [} 990 120 150 180 210
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Fig. 7. The Effect of (CB) Addition on the Steady-State
Absorption of Glucose in the Rat. A

‘™

F’u
IN VIVO STEADY STATE TRANSPORT OF FLUID (‘". PEG MARKER) AND A PASSIVE '&:
SOLUTE ( *-‘.VT"'ITOL, IN THE ABSENCE AND PRESENCE OF CB (1 » 'ﬂ, :.‘
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Fig. 8. Fluid Absorption and That of 14¢ Labelled Erythritol
in the Rat Jejunum in the Presence and Absence of
Cytochalasin B. .

LA YSLYSTER

|

A

AR P

”‘_'

ST VIERe T e %
] -,

P R S ST R S N T et m s .. "o
:"—P.'-":'-P‘-"\'Ta AN A 'ﬂ".'-":n"l‘: R A A A R RO

K
K
.
.
A

.

SISO L R R A R R TR L R T L
< Y SRS NI P YYD AL S S LR Y
QG NGRSO AN A I AT N




el RaS Fa¥ FrL VoA Vi g ol ol e S s R e P i

Effects of Cytochalasin B in Epithelia / 357

Fig. 9a. Transmission electron
micrograph of jejunal mucosa
in steady-state absorptive
conditions. Epithelial cells
(EC) are regular, columnar
with no large intercellular
spaces evident. X = 1,920

Fig. 9b. Apical surface of rat
jejunum (transmission electron
micrograph) in control absorp-
tive conditions. The micro-
villi (MV) are tall and their
cytoskeletal matrix projects
vertically into the apical
cytoplasm (arrow). X = 8,000

Fig. 9c. Transmission electron
micrograph of CB-treated
jejunal mucosa. Epithelial
cells (EC) are distorted com~
pared to normal columnar con~
figuration and an expansion of
the lateral intercellular space
(1S) is noted. SM = surface
mucin goblet cells X = 1,920
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Morphological Effects of (CB) Exposure on Rat Jejunal
Ultrastructure

Transmission electron microscopy of normal transporting
rat jejunum in vivo reveals columnar epithelial cells
(Fig. 9a) with few apparent intercellular spaces. The
microvilli show central microfilaments which project
longitudinally into the terminal web area (Fig. 9b). At
this level of morphology, the most obvious effect noted was
a contraction of the basal portions of the epithelial
enterocytes and/or an expansion of the intercellular spaces
(Fig. 9c). The apical portions of the epithelial cells,
following treatment for one hour with luminal Cytochalasin B
(1 X 107*M), showed several distinct abnormalities. The
microvilliar membranes bulged outwards, their internal struc-
ture appeared to collapse and the proximal portions of the
cells contained many vacuoles (Fig. 10a, 10b). The

T A AN

Fig. 10a. Apical surface of
CB-treated rat jejunum.
Blebbing and distortion of
microvilli (MV) are evident
as are abnormal and numerous
vacuoles (V) in the apical
cytoplasm of the epithelial
cells. X = 8,000

Fig. 10b. Apical surface of
rat jejunum treated with
Cytochalasin B to inhibit
absorption. The microvilli
are shorter, the outer
microvillus membrane is
collapsed and the inner
microvilliar matrix is less
rigidly vertical (arrows).
X = 8,400
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microvilli became pleomorphic in character (Knutton et al.
1976). Scanning electron microscopy of transporting perfused
jejunum demonstrates the densely-packed microvilli on the
epithelial cells. Each surface mucin (ie. goblet cell) is
surrounded by enterocytes, and cell to cell junctional
regions are not perceptible from the surface view (Fig. lla).
In the Cytochalasin~treated intestines approximately 302

of the epithelial cells were clearly demarcated from the
contiguous cells by an electron-dense gap (arrows, Fig. 1llb)
and filamentous thread-like material was present on the
surface.

Fig. lla. Scanning electron
micrograph of jejunal mucosa in
control steady-state absorption.
SM = surface mucin cells, ie.
goblet cells. X = 7,000

Fig. 11b. Scanning electrom
micrograph of CB-treated
jejunum when steady-state
absorption is depressed. EC =
epithelial cells. Note the
separation of cell to cell
junctional regions and the pre-
sence of filamentous material
on the surface (arrows).

X =7,800
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GENERAL DISCUSSION

In the interpretation of the in vivo intestinal data,
the question arises as to whether the inhibition of absorp-
tion aobserved could be due to a nonspecific cytotoxic effect
of this agent. While this conclusion remains a possibility,
there are several factors which render it unlikely. 1In these
studies, the absorption of sodium fluid and organic solutes
was not abolished by exposure to (CB): the degree of inhi-
bition varied from 30-607 with one hour of treatment.
Secondly, the morphological deviations found are subtle and
only obvious at an ultrastructural level. In routine light
microscopy, tissue sections presented a non-pathological
appearance with the documented presence of microfilaments in
the apical and brush-border regions of the enterocytes, and
the known effects of (CB) on these filaments (CB) accentuates
the elongation of embryonic intestinal microvilli and alters
the spatial distribution of the microvilli and the structure
of the terminal web (Burgess and Grey, 1974). These findings
have been interpreted to suggest a role for the terminal web
as a platform for the growing cone filaments to push against.
Binding of [ H] Cytochalasin B to isolated actin preparations
demonstrates one binding site per F-actin filament, indicat-
ing that (CB) probably has a specific action on the ends of
actin filaments (Brown and Spudich, 1979, Lin et al. 1980).
Thus it is possible that the primary mechanism of action of
(CB) is disruption of the continuous assembly and maintenance
of the filamentous cones of the microvilli.

The concept that leaky 'tight' junctions, eg. intestine,
may be regulated by the ability of the epithelial cells to
modulate molecular flow through the junction is illustrated
in C, Fig. 12. Bentzel et al., using Necturus gall-bladder
(1980), found Cytochalasin B to induce rapid, reversible
increments in transepithelial resistance, and (PD) with no
change in the ratio of relative cell membrane resistances.
These effects were accompanied by morphological changes in
the microvillar filaments similar to those reported here and
with enhanced disorder of the intestinal meshwork structure
of the junction itself. In cultured MDCK cells, (CB)
reversibly disrupts the cytoplasmic microfilaments and
abolishes the electrical resistance of the monolayer (Meza
et al. 1980). In these studies, it is interesting to note
that removal of extracellular Ca'’ causes the junctions to
open, while (CB) inhibits resealing of the junction by
promoting filament disorganization. These authors conclude
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A ¢ e (r——-ﬁbbcbhﬁﬂ

A A o2in micro-

Cellular Precursors
Solute, W 0 Flow of Junctional Pormation

Fig. 12. This schematic diagram of intestinal epithelia
illustrates 3 major concepts: A shows the major pathway for
fluid absorption which is dependent on actively transported
solutes. B represents our current understanding of the
cytoskeletal scaffold present in these cells. It has not yet
been demonstrated that the microfilaments present inm the
microvilli are architecturally contiguous with the interme-
diate filaments and the microtubules. C indicates that
junctional formation and hence paracellular permeation
characteristics may involve regulation by the cell in terms
of microfilament assembly and transposition to the junctional
region between individual cells.

that in this MDCK preparation, available evidence concerned
with cell shape, cytoskeletal patterns and electrical resis-
tance suggests that the microfilaments, through their associ-
ation with plasma membrane components, exert a role in the
architecture of the junctional strands and hence influence
the degree of sealing of the occluding junctions. One piece
of evidence from our work implies a partially similar effect
in the rat intestine, in that scanning electron microscopy
shows abnormal junctional fenestration between the adjacent
enterocytes and excluded filamentous material. (Compare
Figs. lla and 1l1lb.)
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In an extensive series of studies some years ago Mak
et al. (1974) could detect little or no effect of (CB) on
the transport and synthetic functions of adult hamster or
rabbit intestine. This finding may reflect significant
species differences, but we have noted that the demonstration
of (CB) effects in both preparations tested here is dependent
on the freshness of the reagent used, and that the inhibitory
effects are consistent within one batch of the material but
vary from lot to lot.

M

Finally, although Cytochalasin B may have been found to
impact plasma membrane transport mechanisms directly, rather
than cytoplasmic processes, the only such effect proven to
date of which we are aware is an effect on passive sugar
carrier fluxes in sample cells and epithelia (Kimmich and
Randles, 1979, Mizel and Wilson, 1972). Hence we conclude
that the spectrum of effects induced in these two transport-
ing epithelial preparations is couwpatible with the concept
of the involvement of mechanochemical element(s) in the
active secretion of [H+] by frog gastric mucosa and isotonic
transport of solutes and fluid by the in vivo rat intestine.
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SOME REFLECTIONS ON THREE COMPARTMENT MODELS
FOR TRANSEPITHELTAL TRANSPORT

Dr. Marie M. Cassidy, Ph.D.

Department of Physiology
George Washington University Medical Center
Washington, D.C. 20037
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The demonstrated capacity of epithelial membranes to absorb and secrete a

variety of salt and water solutions is a subject of major physiological

d
importance. Although the detailed mechanisms involved are not understood, Si
the dominant theoretical and experimental paradigm has revolved around the :i;
acceptance of: ’:é

(a) active sodium transport as the primary driving force for the move- is
ment of water, organic solutes, and other nutrients, and ::;
(b) the conceptual framework of a three-compartment model in elucidating ~ )
the functional polarization of transport tasks in a macro-compartmental :2
and hence complex epithelial membrane. :ﬁ:
The remarks addressed to the meeting focussed upon the historical development .
of these ideas and also on the experimental evidence which exists in the past ;ég
fifteen years to support or reject them. It should be understood that while » -
such a framework of ideation contributes to the interpretation of data which 1%}
is developed, its most important impact, saienﬁificelly, may be in the design :ﬁ
of large scientific projects and even indusbsdel experiments. ;E?
The three currently controversial and unresolved questions in understanding ??
solute~linked water transport in epithelia as perceived from prevailing theory Eﬁi
are: bk
(1) wvalid estimates of transepithelial salt and water permeability and ;":
flow characteristics, |
(2) the proportion of salt and water transport which {s truly through the :ﬁ:
epithelial cells and that which is transcellular but via the para- ;ﬁ
cellular pathway between cells, and t
) (3) the ultimate validity of the need to find a tissue compartment in A%
which ions and/or solutes are concentrated osmotically such that bulk flow E;
2
-18- é
=
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of water and small sized solutes into that compartment can occur.

The development of the three-compartment model to explain known character-
istics of epithelial function from its initial and simple inception by

Curran and McIntosh was presented. Subsequent modifications include the arti-
culation of a continuous standing osmotic gradient in compartment #2 as put

forward by Diamond et al.

More recent studies on organic solute transport mechanisms require the
addition of specific steps at the mucosal or basolateral membranes. The pathways
whereby solutes accumulated within the tissue actually appear in the body

via vascular or lymphatic routes have been somewhat ignored. 1In the past two

years, compelling evidence has appeared indicating that the osmotic and hydro-

static pressures in the blood and lymph as well as diffusion gradients for
particular solutes must also be taken into account in explaining the final
transmural step in the process.

Studies published a decade ago by this investigator suggest that the
enterocyte cell compartment may modify or regulate transport of ions and solutes
by virtue of volume regulatory processes. The volume of the cell compartment,

the intercellular space and the submucosal space was measured by tracer bio-

chemical techniques and also directly by quantitative morphological methods.

A range of transport rates was induced by the inclusion of solutes and

.r;
.
»

inhibitors in the mucosal and serosal media. A linear correlation was ob-

D
i
%

f "
A

tained between the volume of the intestinal cell and the transmural rate of

-

ﬁ,"
< I
d %

k]
3

transport of salts and water. The alteration in cell volume was:ascribable
to a dramatic increment in cell height, with unfolding of the lateral mem-

branes and little or no change in the measured cell width. These studies have

been recently verified by Spring, using more sophisticated optical techniques s
» -.':A
in unfixed epithelial tissues. @Sj
Other studies by Frederiksen and Leyssac, Sanborn et al., and Erlij have -
al -
; . ~
provided data suggesting that the range of absorption rates of isosmotic ﬁ;s
Ry
fluid across epithelia represents the neced for energy requiring capacities for Q}?f
1.4
the transfer of fluid volume units as opposed to solute units per se. In '$l-
8
- l () - b.':'\
i r:‘:':'
e'a’
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view of these experiments, it seems appropriate to rcconsider the model of a
mechanical volume pump for transcellular transfer of fluid volume units en-
compassing a cytoplasmic component. This model should allow for a variegated

and flexible specificity with regard to the actively transported solutes and

+ -
obviously incorporate the presence or transport of Na and Cl1 ions.
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Drugs affecting cytoskeletal organization of the cytoplasm
of intestinal enterocytes have diverse effects on water ab-
sorption. Open ended segments of small intestine of male rats
were perfused at the rate of 0.5 cc/min. with Leibovitz's
(L-15) tissue culture medium; a balanced salt solution with
galactose, but no glucose; amino acids, vitamins, and buffers.
C!'“-polyethylene glycol (Mwt 4000) was used as a volume
marker and absorption or secretion measured as a function of
marker concentration. Cytochalasin B (10-100 ug/ml), a drug
which may cause actin filament depolymerization in the
terminal web, causes secretion in intestines shown to be
capable of absorption under control conditions. Colchicine
(0.5-12 mM), a drug which may cause depolymerization of cyto-
plasmic microtubules, demonstrated enhanced absorption over
control values. In combination experiments, with both cyto-
chalasin B and colchicine, an early secretory reponse (10-30
.min.) was followed by a reduction of secretion and sometimes
cessation. In most experiments, one hour of reversible per-
:fusion without drugs restored some absorption. The effects of
these drugs suggests a role for the cytoplasmic structural
proteins, actin and tubulin, in intestinal transport of water
and salts. Supported by Office of Naval Research Contract
N00014-81-K-0167.
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[From the Proceedings of the Physiological Society, 10-11 July 1980
Journal of Physiology, 308, 90-91P]

Effect of structural perturbation by Cytochalasin B on ion and water trans-
port in ‘tight’ and ‘leaky’ epithelia. An electrical model

By P.T. BeaLL, S. P. Bowex*, MaRIE M. Cassipy and M. DinNo. Department of
Physiology, George Washington University Medical Center, Washington D.C. 20037,
and * Department of Physics, Virginia Polytechnic Institute, Virginia 24061

The effect of serosal Cytochalasin B (CB) (1-5x 10-° M) on H* secretion rates
and on the electrical properties of frog gastric mucosa (a ‘tight’ epithelium) was
investigated in vitro. H+ secretion was monitored by mucosal NaOH titration to
pH 5. Similar concentrations of CB were used to examine the effect on absorption
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Paracellular pathway
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Cell i
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Fig. 1. Eq and E are the electromotive forces for the secretion of H+ and Cl- ions,
respectively. Ry and R are the intrinsic resistances of these pathways. £y represents
the electrochemical forces available for ion translocation across the basolateral mem-
branes. Ry, Ry and Ry are the resistances of the postulated transcellular return
pathways. R, ia that of the paracellular shunt channel and R is the resistive com-
ponent offered by the structured cytoplasm. -

of sodium, glucose and water in the perfused rat jejunum iz vivo (a ‘leaky’ epithel-
ium}). In preparations characterized by a transepithelial resistance (R), of < 150Q
cm? there was a significant rise in p.d. from 16-1 + 2:5 to 19-3+ 1-4 mV, an increase
in R from 120+ 15-5 to 139+ 12 Q.cem?, and a 259, decrease in apparent secretion
rates for [H+]. In preparations with R values > 170 Q.cm? the mucosal titration
value fell by 489, with little or no change in the p.d. or R values. The electrical
effects were completely reversible within 10 min of a CB-free wash. [H+] secretory
rates, however, continued to decline. Exposure to CB for more than 30 min caused a
decline of p.d. to near zero levels although R values remained high and mucosal
alkalinity increased continuously. In vivo absorption of Na, glucose and water by rat
jejunum was inhibited by 509, during steady-state periods in which luminal CB
was present.

The results can be suitably explained by an electric model (Fig. 1) where the micro-
filament-disruptive action of CB is represented by changes in a cytoplasmic resistance.

This work was supported by ONR Contracts no. N0014.79-C and C0971.
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TEMPORARY INHIBITION OF PROTEIN SYNTHESIS INCREASES ARYL
HYDROCARBON HYDROXYLASE ACTIVITY IN MAMMALIAN CELLS.
P. Whitlock, Jr.* and Harry V. Gelboin.

James
NIH, Bethesda, Md.

tangle 5%” x 4%” on plain paper
before using the special form.
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Note Especially:

Title in CAPITAL LETTERS: Use
significant words descriptive of sub-
ject content.

of the block.

synthesis.
Author names underlined

Laboratory where research was

done, city, state, and zip code 3T3-4C2.

Standard abbreviations used

...3-space indentation for first line

(Example of authorship by two nonmembers with member sponsorship )

Aryl hydrocarbon (benzo(a)pyrene) hydroxylase (AHH), a
microsomal mixed-function oxygenase, is inducible by benz(a)- |
anthracene in cells cloned from Buffalo rat liver.
absence of the polycyclic hydrocarbon inducer, inhibition of
protein synthesis for 4 hrs. by cycloheximide (10 ug/ml) or
puromycin (30 yug/ml) is followed by a 30-fold increase in
AHH activity during the subsequent 4 hrs.
function of both the degree (35-97%) and the duration (0.5-

4 hrs.) of inhibition of protein synthesis and is additive to
the increase which follows exposure to benz(a)anthracene.
increase requires RNA synthesis during the period of inhibi-
tion of protein synthesis, but not subsequent to the removal
The increase is prolonged by actinomycin D,

(1 yg/ml) when added after the release of the block of protein
Qualitatively similar results were observed in
cell cultures of golden Syrian hamster embryos, DBA/2N mouse
embryos, CS57BL/6N mouse embryos, and the mouse cell line

The results suggest the presence of a labile
protein(s) which reversibly represses AHH activity at a
post-transcriptional level.
NIH Grant NB #367-97)
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This increase is a

The

(Supported in part by USPHS.

Entire abstract in 1 paragraph typed
single-spaced
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names

RELEASE OF PROSTAGLANDIN FOLLOWING TEMPORARY OCCLUSION
OF THE CORONARY ARTERY.
(SPON: L.E. Hokin). Univ. of Wisconsin, Madison, WI 53706

R.J. Kraemer* and J.D. Folts#*

(Example of authorship by two members)
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1. Your abstract should be informative, containing: (a) the
study’s specific objectives, unless this is given by the title; (b)
brief statement of methods, if pertinent; (c) a summary of the
results; (d) the conclusions. It is NOT satisfactory to state: “The
results will be discussed.” Use short specific titles. Tables and
figures are permitted within this space.

2. Use a typewriter, preferably electric, with ELITE type. Clean
type before using. Use a carbon ribbon, if possible; otherwise, a
reasonably new, good quality BLACK ribbon. (A new ribbon
may smudge; a worn ribbon may be too faint.)

3. When using abbreviations for compounds, spell out in full the
first mention, followed by the abbreviation in parentheses (see
sample abstract). Do not abbreviate compounds in the title of the
abstract.

4. Any special symbols, such as Greek letters, that are not on
your typewriter must be drawn by hand in BLACK ink.

LONG TERM ORGAN CULTURE OF THE RAT PANCREAS ANLAGE.
TIAL MODEL FOR IN VITRO CARCINOGENESIS.
Walton H. Marsh.

A POTEN-
Ismail Parsa and

SUNY, Downstate Med. Ctr., Brooklyn, N.Y.

S. Underline names and initials of all authors. Place an asterisk
(*) after the name of each author who is not a member of a par-
ticipating Society. If no author is a member, follow author(s)’
name(s) by SPON: and the name of the sponsoring member. See
heading of second abstract.

6. DO NOT ERASE. Remember that your abstract will appear in
Federation Proceedings exactly as you submit it; any erasure,
smudges, errors, misspeliings, poor hyphenations and deviations
from good usage will be glaringly apparent in the published
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8. If you wish acknowledgement of receipt of your abstract also
enclose a self-addressed, stamped, U.S. postal card.

T-r'"'.,
R

oy~
el t',',' D

2%

s g
—':-“' v""l{:r. 'r;'v Fy

"
3 Y

lr'- El
&

Yy
P AL AR

AR ‘i

-

-
(]

o,
LIV IR
7 L)

Y

A

.
rl ;".(l:/l.’l:

»
R .
UL
% D e ey “r
. .



W e T
0

RAAN S

¢ F

RIS

AP P AN

SNty

.. " | .
N LN Sl T N

. *
o%a

ABSTRACT MUST BE RECEIVED AT SOCIETY OFFICE BY TUESDAY, DECEMBER 1, 1981

1982 FASEB Abstract Form

MAILING ADDRESS OF FIRST AUTHOR
{Please Print or Type. Provide full name rather than initials.)

Office
Phone: )

Home/Holiday

DO NOT FOLD THIS FORM

Mail to:

Membership Services Department
American Physiological Society
9650 Rockville Pike

Bethesda, Maryland 20814

SELECT CATEGORY NUMBERS & TITLES (SEE
TOPIC CATEGORY LIST);

1st# Title:
2nd # Title:
3rd # Title:

PRESENTATION PREFERENCE (CHECK ONE ONLY)

0O Poster session O Poster Discussion

O Slide session O indifferent

If your first choice is unavailable, you will

O Accept the aiternative O Withdraw the abstract

INSTRUCTIONS
IMPORTANT:
See sample abstracts, typing and mailing instructions
on reverse side; use enclosed Check List for prepara-
tion of abstract.

In addition to Abstract Block, fill out the follow-
ing items on this form:

a. Mailing Address of First Author

b. Topic Category Selection

c. Signature Block for Member's Signature

d. Check Presentation Preference Box

e. Return by first class mail the original
typed copy of this abstract form and the

first author addressed Program Confir-
mation Card.

SULFO AND SIALOMUCIN PRODUCTION BY RAT JEJUNUM FOLLOWING
IN VIVO EXPOSURE TO LUMINAL PROSTAGLANDIN E;. Marie M.
Cassidy, Fred G. Lightfoot™ and George V. Vahouny.
George Washington University Medical Center, Washington, DC
20037

Prostaglandins are known to be effective in preventing or
ameliorating toxic injury to epithelial surfaces. The effect
of PGE]; on the protective mucus barrier in rat small intes-
tine was tested by measuring the incorporation and secretion
of Na35804 and 34 glucose labelled mucin. Groups of anesthe-
tised male Wistar rats were given buffered saline or saline
containing PGE; (1 x 10714-1x107®M) by intestinal cannulation.
The animals were exposed to the drug for 1 hour and the
tracer substances were then injected i.v., 90 min prior to
sacrifice. Perfusate contents, rinse fluids and mucosal
homogenate samples were extracted for sulfo and sialQmucins,
using hexadecyltrimethyl~ammonium bromide precipitation and
their radioactivity expressed with reference to tissue “pro-
tein and plasma levels of the isotopic tracers. Maximal
stimulation of Na35804 incorporation into mucin, a four-fold
effect, was observed at 1 x 10~11M conc. of PGE; and followin:
60-90 min exposure to the drug. There was no significant
effect on 3H glucose labelled wmucin, compared to paired
controls. Ultrastructural studies showed enhanced mucin
production, microvillar distortion and apical cell swelling.

11t is concluded that topical PGE; in the rat jejunum is

associated with increased sulfomucin production from plasma
sources. (Supported in part, by ONR Contract #N00Q1479-C-603)

All compounds that are designated by code or initial letters must be identified adequately in
the abstract, e.g., MIJ-1999: 4-(2-isopropylamino-1-hydroxyethyl) methanesulfonanilide
hydrochloride.
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Ultrastructural Modifications of Intestinal and Colonic Mucosa

Induced by Free or Bound Bile Acids'

George V. Vahouny, Marie M. Cassidy, Fred Lightfoot, Lauretta Grau, and David Kritchevsky

Departments of Biochemistry and Physiology, The George Washington University, School of Medicine and Heaith Sciences, Washington, D. C. 20037 [G. V. V., M.
M. C., F. L., L. G.] and The Wistar institute of Anatomy and Biology, Philadeiphia, Pennsyivania 19104 [D.K.]

Abstract

There is substantial evidence that bile acids may enhance
the colon tumorigenesis induced by chemical carcinogens and
that agents stimulating increased bile acid excretion may show
similar promoting or enhancing activity. To test the premise
that these agents might modify topographical ultrastructure of
the small intestine and colon in the absence of carcinogens,
rats were fed for 6 weeks on chemically defined diets contain-
ing 2% levels of three commercial bile acid sequestrants or
15% levels of wheat bran, cellulose, pectin, or alfalfa. Major
qualitative and quantitative deviations from normal morphology
were observed with each of the three sequestrants. Similar but
less dramatic modifications occurred with diets containing al-
falfa or pectin, both of which either ‘‘bind’’ bile acids in vitro or
result in increased bile acid excretion. Bran and cellulose,
which neither '‘bind’’ bile acids nor increase their fecal excre-
tion, were without significant effects on intestinal or colonic
morphology. The morphological deviations observed with bile
acid sequestrants were shown to be a direct response to free
or bound bile acids by comparing the morphological modifica-
tions resulting from daily intracolonic infusions of free bile
acids, sequestrant-bound bile acids, or the sequestrant alone.

The topography and celluiar proliferative activity of the intes-
tinal mucosa are known to be influenced, both in humans and
experimental animals, by the diet, by the composition of luminal
contents, and by a variety of hormones. Both conjugated and
unconjugated bile acids at physiological concentrations have
been reported to affect intestinal ultrastructure and cause
disruptive changes (10). In the colon, bile acids exert a striking
influence in reversing normal sait and water absorption (8).
Much of the literature on the function of dietary fibers envisions
an interaction with luminal contents, whether nutrient materials,
secretions, or bacterial flora. The concept that chronic inges-
tion of dietary fiber may drasticaily modify the structure of the
small intestine has been reviewed in detail (6). Certain dietary
fibers and fiber components interact with bile acids and result
in increased fecal bile acid excretion in a manner comparable
to that observed with commerical bile acid sequestrants. It is
therefore conceivable that the effect of specific dietary fibers
on intestinal and colonic ultrastructure might be related to bile
acid-binding capacity of these materiails. To test this premise,
studies were conducted on the topographical ultrastructure of
the small intestine and colon of rats fed for 6 weeks on
chemically defined diets containing 2% levels of 3 bile acid
sequestrants, cholestyramine (Questran), colestipol, or DEAE-

' Presented at the Workshop on Fat and Cancer, December 10 to 12, 1979,
Bethesda, Md. Supported in part by USPHS Grant HL-02033, a grant from the
USDA, and the Research and Development Fund of the Department of Biochem-
istry.
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Sephadex (Secholex) or 15% levels of wheat bran, cellulose,
pectin, or alfaifa (3).

In the small intestine, cholestyramine caused cell distruption,
accompanied by cell swelling, microvillar denudation, and cell
lysis predominantly in the upper third ot each villus. The colonic
mucosa exhibited discontinuities of the epithelial barrier, cell
destruction, and hemorrhagic sites on the tissue surfaces.
Similar but tess severe deviations from normal morphology
were observed in animals fed the 2 remaining bile acid se-
questrants (4) or fed pectin or alfaifa (3). The intestinal and
colonic topography of animals fed white wheat bran or cellulose
was largely indistinguishable from controls, except for some
evidence of increased goblet cell numbers (or activity). Coin-
cidentally, these were the only groups demonstrating signifi-
cantly reduced intestinal transit times. In general, there was a
strong correlation between the bile acid-binding capacity (or
effect on fecal steroid excretion) of these test materials and
the morphological deviations observed, particularly in the colon
(Table 1). However, we have recently shown that commercial
ion-exchange resins and certain dietary fibers, notably guar
gum, alfaifa, and lignin, also sequester significant amounts of
phospholipid from micellar media (11). The effect of this potent
detergent on intestinal and colonic morphology and function
has not yet been determined.

in order to determine whether the alterations induced by
cholestyramine-bound bile acids were immediate or progres-
sive during prolonged intake of the resin, 165 umol of mixed
bile acids bound to 100 mg cholestyramine were introduced
directly into the jejunum, and the animals were sacrificed
immediately. Disruptive changes in the small intestinal mucosa
similar to those described above were evident.

Rats containing indwelling catheters at the junction of the
caecum and colon were given twice daily for 5 days either 100
mg cholestyramine alone, 165 umol mixed bile acids (cholic:
chenodeoxycholic:deoxycholic, 1:1:1), or cholestyramine-
bound bile acids. Although there were effects of infusion of
cholestyramine alone, morphological aiterations of the colonic
surface resulting from infusion of the free or resin-bound bile
acids were comparable to those resulting from feeding 2%
cholestyramine-containing diets for 6 weeks.

In studies on chemically induced colon carcinogenesis from
several laboratories, it has been reported that feeding of cho-
lestyramine to either normal (9) or germ-free rats (1), of pectin
(5), and of alfaifa? appears to result in enhancement of colon
tumor numbers or incidence of adenocarcinoma, irrespective
of the carcinogen used. In contrast, fibers such as wheat bran
and cellulose, which have little or no bile acid-binding capacity,
appear to exert a protective effect on chemically induced colon
carcinoma(2, 7). Our studies suggest that bile acid-sequester-
ing materials resuit in disruptive changes in colonic morphol-

2 8. Reddy, personal communication.
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Bile Acids and Intestinal Morphology

Table 1 induced colon carcinogenesis in the rat. Proc. Soc. Exp. Biol. Med., 157:
Correlation of biie acid-binding capacity of resins and dietary flibers with 656‘_559~ 1978. .
deviations in colomc morphology following feeding 3. Cassidy. M., Grund. B.. Lightfoot, F., Vahouny, G. V.. Gallo, L., Kritchevsky,
—— - D.. Story. J., and Treadwell. C. R. Alterations in topographical ultrastructure
. ) Deviations in colonic of rat jejunum and coton induced by feeding with alfaita or cholestyramine.
% of bile ac:dfbnnd- morphology (rating, Fed. Proc.. 37: 543, 1978.
ing capacity 0-5) 4. Cassidy, M. M., Lightfoot, F., Grau, L., Kritchevsky, D., and Vahouny, G. V.

Test material

Wheat bran 0-5 0 The effect of teeding bile salt-binding resins on the ultrastructure of rat
Cellulose 1-3 [0} jejunum and colon: A transmission electron microscopy study. Fed. Proc..
Pectin (++) + 39: 715, 1980.

Alfalta 10-15 + + 5. Castledon, W. M. Prolonged survival and decrease in intestinal tumors in
DEAE-Sephadex 30-40 ++ + dimethylhydrazine treated rats fed a chemically defined diet. 8r. J. Cancer,
Colestipol 50-60 + 4+ o+ 35 491~-495, 1977,

Cholestyramine 80-100 + ++ ++ 6. Creamer, B. Intestinal structure in relation to absorption. Biomembranes,

4A; 1-42,1979.

7. Freeman, H. J., Spiller, G. A., and Kim, Y. S. A double-blind study on the
effect of purified cellulose dietary fiber on 1,2-dimethylhydrazine-induced
rat colonic neoplasia. Cancer Res., 38: 2912-2917, 1978.

8. Mekhijian, H. S., Phillips, S. F., and Hofmann, A. F. Colonic secretion of
water and electrolytes induced by bile acids. J. Clin. Invest., 50. 1569~
1577,1971.

9. Nigro, N. D., Bhadhrachari, N., and Chomchai, C. A rat model for studying
colonic cancer: effect ot cholestyramine on induced tumors. Dis. Colon

ogy. Whether these observed changes may represent a mech-
anism for sensitization of the colon to chemical carcinogens is
implied but remains to be tested experimentaily.

Rectum, 16: 438-443, 1973. .
I References 10. Saunders, D. R., Hedges, J. R., Sillery, J., Esther, L., Matsumura, K., and -
Rubin, E. E. Morphological and functional effects of bile salts on rat colon. i
. Asano, T., Pollard, M., and Madsen, D. C. Effects of cholestyramineon 1,2- Gastroenterology, 68: 1236-1296, 1975. O
dimethylhydrazine-induced enteric carcinoma in germ-free rats. Proc. Soc. 11. Vahouny, G. V., Tombes, R., Cassidy, M. M., Kritchevsky, D., and Gallo, L. .‘-_. ‘.
Exp. Biol. Med., 150: 780-785, 1975. L. Binding of components of mixed micelles by dietary fibers. Fed. Proc., IR
. Barboit, T. A., and Abraham, R. The effect of bran on dimethyihydrazine- 39: 715, 1980. ¢}.~:'
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STRUCTURAL-FUNCTIONAL MODULATION OF MUCIN SECRETORY PATTERNS t 4
IN THE GASTROINTESTINAL TRACT "} ‘
%
: ; .jt
' Marie M. Cassidy, Fred G. Lightfoot, and George .
’ .-t
V. Vahouny gt
h
Departments of Physiology, Anatomy, and Biochemistry, :'
s The George Washington University Medical Center, }}-
N Washington, DC 20037. :};‘»
X
INTRODUCTION
S
A Structural-functional considerations with respect to epi- ::
| thelial transport mechanisms have rarely included a signifi- I,
4 cant populaticn of cells which exist in most epithelial models L
studied. These cells include most of the surface layer in the %
gastric region and 20-35% of the mucosal barrier in small and o
% large intestine. They are actively engaged in mucin synthesis ’\k
. and release and it is becoming apparent that these processes *?‘
are strongly modulated by an ever-growing list of neurohumoral &i i
and pharmacological agents. The mucus layer, itself once se- BQ
creted is a complex physicochemical structure composed of ex- %%
hd foliated cells, bacteria, glycoproteins, mucopolysaccharides, .
electrolytes, and water. The thickness and biochemical com- M,
j position of this surface layer is subject to dynamic alteration. .:\:
P It can, clearly, no longer be considered to be an 'inert paint' -
v on the epithelial surface. Because of its chemical hetero- :f:n
o geneity it does not lend itself to simple or well-defined o
-, characterization. In recent years this field has attracted ;&;
- growing attention, in part, because of the association of mal- vy
function of its cytoprotective role in such diseases as gas- ~a
tric ulceratf< and cystic fibrosis. For an excellent review e
of mucus production in health and disease consult Forstner et R
. i al. (1977). This group of investigators have pioneered much o
g ' of the work in this area. Y
: PN
Homeostatic regulation of synthesis and secretion is ob- -
3 viously essential to the maintenance of a surface mucus coat. ]
g The very rapid incorporation of isotopically labelled precursors Jt
was first demonstrated 25 years ago by Jennings and Florey E;
m .
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(1956). The resultant product, however, varies with the chem-
ical extraction procedures employed and reproducibility is
difficult from batch to batch of tissues used. Most experi-
mentation has relied upon the incorporation of isotopic glu-

cose and sulfur molecules into tissue fractions which almost
certainly contain a component of non-mucin tissue and membrane
glycoproteins (Lukie and Forstner, 1972). Autoradiographic

and histochemical techniques permit estimates of mucin cell <
production and turnover but are not sufficiently precise to
permit quantitative delineation of synthetic and secretory -
mechanisms (Neutra and Leblond, 1966; Gona, 1981). Glyco- -
proteins, however, do constitute the major macromolecular

moiety of the mucus secreted by vertebrate species (Reid and
Clamp, 1978).

In an extensive series of experiments aimed at defining
the ultrastructural histological features of the gastrointestinal
mucosa evoked by aspirin ingestion, prostaglandin administra-
tion, dietary feeding of bile salt-binding resins, and the
topical application of a microfilament-disruptive agent (Cy-
tochalasin B) morphological findings clearly pointed to modi-
fications of normal mucus secretory patterns. These obser-
vations were followed by biochemical studies of mucus elabor-

ation, in vive, in a rat model. In almost all cases the X

structural and biochemical methods yielded corroborative data. [«fx

The ultrastructural techniques used were light microscopy, y?i

transmission and scanning electron microscopy of the same sam- Ft#:

ples. With these techniques, including blunt cryofracture ‘$

of tissue specimens, correlative information concerning the a{”

detailed microarchitecture of the mucosal epithelial layer N

can be obtained. ey

N

" K0

t-‘(.‘

MATERIALS AND METHODS .'-:\

Q?:

All of these experiments were conducted using an in vivo ey

rat model. The various agents were either fed chronically or e

administered acutely via the luminal route. All procedures AR

involving animals were carried out in accordance with the p:;

: guidelines of the National Research Council on the care of 3 §{gi
] experimental animals. N
. ;':‘;‘:

Bile Acid Sequestrant Feeding Studies: Animals and Diets

A
Male albino rats of the Wistar strain (Carsworth Farms), LR
weighing 150-200gm were maintained in individual cages and ;t\.

-, -
h:\’\‘ ,
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b {i“
provided the diet and drinking water ad libitum for six weeks. :{;

They were housed in quarters maintained at 23°C and with a e
12-h dark-light cycle. The isocaloric, isogravic diets admin-

istered in these studies were comparable to those used earlier ¥

(Vahouny et al., 1980) and consisted of the following ingre- DA

dients in gﬁ7TOOgm diet: dextrose, 55; casein, 25; corn u:
oil, 14; sal mix, USP XIV, 5; vitamin mix, 1; in the resin- :fx.

fed groups, cholestyramine, colestipol, DEAE-Sephadex was '}}

. added as 2% of the diet at the expense of dextrose in the con- :iq

trol group. Food consumption and final body weights were sim-

ilar in control and treated groups. 3

. Aspirin (ASA), Prostaglandin (PGE,), and Cytochalasin B (CB) -4
. Studies E '
-~ by oA
Male Wistar rats weighing 200-225gm and maintained under =

L anesthesia with sodium pentabarbital were subjected to lapar- X
> otomy. The stomach, small and large intestine were identified, T?i
", a cannula was inserted in the appropriate location, and 10ml EE}
‘ of phosphate-buffered saline pH 7.2 (PBS) was infused in the N7
b control animals. In paired experiments, test infusion solu- §£
o tions were PBS containing either 10mg/kg body weight of ASA, >N
PGE1 of varying concentrations or both test substances toge- ”ji

o ther. g;
¢ Wy
\ In some groups of animals, the rats were lightly ether- )
ized to permit passage of a gastric tube into the stomach. ~
Control animals were administered in this mode, ejther 10ml rJf‘

of buffered PBS (control) and the treated group received either 2
PGE,, ASA, or mixtures of both. No morphological differences

N were discernible between the intubation and infusion treated :f:;
[ animals. In the Cytochalasin B experiments, 100uM of CB dis- -$:;
Y solved in 0.1% dimethylsulfoxide (DMSO) was added to the in- KR
2 fusion solution. In this case, control animals were infused R
) with the DMSO, alone, contained within the PBS vehicle. L

Biochemical Studies of Mucin Incorporation T

!: In the fesging study, biochemical incorporation of 3H };:
] glucose or Na,”"SO, into precipitable mucin was carried out ;3f
: following the“overnight fasting procedure. With acute admin- Yy
istration of ASA, PGE,, or Cytochalasin B, the abdominal cav- -
4 ity waﬁsclosed with surgical clips and 60 minutes later, 15uc o
: of Naz SOA and 10uc of 3H glucose (New England Nuclear) was ;¢3
- A
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injected intravenously. At varying times later, the contents
of the entire small intestine was flushed with 10ml cold PBS
and recovered as "wash fluid". 2ml blood samples were obtained
by cardiac puncture and centrifuged to obtain plasma.

The intestine and colon was everted and "rinse fluid" was
recovered following mild shaking of the tissue in 25ml cold
PBS. The mucosal epithelium was scraped and homogenized in .
a further 10ml of cold PBS ("homogenate fluid"). The homo-
genate was centrifuged at 30,000 X g to yield a supermatant.
The mucus fractions from all three fluids were obtained by .
two methodologies:

a) by vacuum extraction using Buchner funnels with what-
man filter paper #2. The radioactivity trapped on the filter
papers was assayed by liquid scintillation spectrometry. This
method was used in the preliminary studies.

b) by precipitation, washing, and reprecipitation by
0.1% w/v CeMe,NBr as described by Ofuso et al. (1978).

Mucosal protein was determined by the method of Patterson
(1964). For each animal the incorporation of labelled mater-
ial into the fractions collected was expressed as counts/min/
mg of mucosal protein relative to the counts/min/ul of plasma.

Similar results between groups were obtained with both
extraction procedures. In some cases, particularly in the
low yield colonic experiments, wash, rinse, and homogenate
fractions were combined to provide an overall index of mucin
status in particular experimental groups.

Morphological Methods

. 'p. .

e ‘e

Three rats in each group were prepared for light, trans-
mission, and scanning electron microscopy. The alimentary
tract from the pyloric sphincter to the terminal colon was
removed. The fundic region of the stomach was identified:
jejunal samples were taken from the middle fifth of the small
intestine, and colonic samples from the mid 5cm segment of N
that organ. Rectangular segments of all regions were pinned
flat and fixed in 3% phosphate-buffered glutaraldehyde. Efforts
were made to keep the degree of tissue stretch during fixation -
as reproducible as possible.

1
fr.'

During fixation the mucosal surface was brushed gently

’.

NN e N T L N o

L



(] L‘l'-
A h:“-.
-
B }"c A
v *4‘
P
N
3T

&+
N Mucin Secretory Patterns in the Gi Tract / 101 "Es
2 with a sable brush to regove loose debris. For scanning ‘\a
) electron microscopy, lcm” tissue samples were dehydrated and Y
. critical-point dried (Samdri PVT-3) using CO,. The samples é
* were mounted on aluminum stubs with mucosal Surface uppermost &
" and coated with approximately 10nm of gold/palladium using F
N a Hummer I sputtering device. They were coded and observed o
: in either an AMR 1000 or a JSB-35 scanning electron microscope N

r
‘4

using 20-25kV accelerating voltage. The microscopists were

1 unaware of the identity of the coded samples. A preliminary
L~ assessment was made by a single viewer. Two other microsco-
pists reassessed those samples and then analyzed the results
of a repeated experiment. All of the numerical values recor-
ded for the previously agreed upon criteria (hemorrhagic foci,
number of villi, severity of damage) were pooled and examined
statistically. A minimum of 300 gastric folds, jejunal villi,
of colonic ridges from three animals per condition was examined,
and the number of these areas with abnormal structure was

N recorded. The degree of deviation from normal was graded on
the following scale: 1 = apical swelling of cells, disordered
microvillar array; 2 = dimpling of swollen cell surface, par-
tial denudation of microvilli; 3 = loss of most microvilli,
rents or tears in apical membrane; 4 = extrusion of cell con-
tents and loss of cells from the epithelial layer.
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. Light and transmission microscopy preparations were ob-
- tained by post-fixation of glutaraldehyde-fixed samples in

) phosphate-buffered 2% 0sO, followed by dehydration and embed-
ment in Epon resin. Thicﬁ sections were approximately 0.5um.
Thin sections of 60nm were cut on a Sorvall MT2-B ultramicro-
tome, stained with toluidine blue, and examined in a Zeiss
phase contrast microscope equipped with a Reichert automatic
camera for photographic recording.
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. Normal Morphology '1;r
o In these series of investigations three specific loci 9::
- within the rat gastrointestinal tract were examined. They :{n
- were the fundic region of the gastric mucosa, the jejunal re- EQ
- gion of the small intestine and the mid-colonic region of the e
. large intestine. The first group of figures (Fig. 1-7) depict van
the ultrastructural characteristics of tissue derived from —
s, these organs as determined by scanning (SEM) and electron trans- ff‘
., mission(TEM) microscopy. In SEM, the gastric ridges appear as ';\
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curved or convoluted folds whose surfaces are occupied by
mucus—-containing cells. Gastric foveolae or pits lie between
the folds (Fig. 1). The ridges are equivalent in width to the
foveolar openings, i.e., about 3-4 cells wide. The surface
cells usually present one of two distinct topographical pat-
terns. One type possesses a smooth cobblestone appearance
with adherent beads of mucus (S cells). The second type has

a honeycomb structure (H cells) with shallow apical erosions.
Once the mucin granules are released from the cell, the apical
surface appears vacuolated. The microvilli are short and
sparse on the S cells and are found mainly as projections at
the edges of the H cells. In control samples, the superficial
cell population can be divided generally between S and H cell
types. Figure 2 is a TEM micrograph of the mucus-containing
cells and quantitative morphometry shows that the granules
contained within the cells are approximately 200-400nm in
diameter. This figure is comparable to the measured size of
the similar granules observed in SEM.
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Figure 1. Control stomach Figure 2. Control stomach . AR
fundus, SEM: S points to fundus, TEM: Appearance of Q:b
cells with smooth surface mucin-containing cells on 0N
covering while H denotes the surface of the gastric !
the cells with a honeycomb ridges in the rat. v
vacuolated appearance. X = 8,800 'i;{
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The architectural configuration of the mucosal surface
of the small intestine is arranged as leaf-shaped villi. The
surface is relatively smooth, interrupted occasionally by in-
dentation of goblet cells and lateral folds on the surface
of the villi (Fig. 3).

In transmission electron microscopy (Fig. 4), the goblet
cells are clearly distinguishable from the contiguous absor-
ptive epithelial cells., The mucin granules are of varying
electron density and can be observed existing within the cell
type. The microvilli are usually sparse when compared to the
dense brush-border covering of the epithelial cells. The
brush-border usually shows a fuzzy coat or electron dense am-
orphous material identified as the glycocalyx.

Figure 3. SEM of control Figure 4. Control rat jejunum,
samples of rat jejunum: TEM: A goblet cell containing
Leaf-shaped villi with lat- mucinogen granules is seen (gc)
eral ridges are evident. with two adjacent epithelial
Arrows point to the loca- cells (ep). In this organ,
tion of goblet cells con- goblet cells are interspersed
taining mucin., X = 280

The surface of the colonic tissue is arranged in shallow
whorled-shaped folds as distinct from the vertical villi in

the small intestine and the deep convoluted folds of the gastric

mucosa. The circular or hexagonal form of the colonic folds
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have central and peripheral crypt regions. The mucin-containing S
goblet cells appear at regular spacing intervals within the boey

epithelial cell population (Fig. 5). They possess few micro- »ﬁ
villi on their apical surface and the luminal orifice of these T
cells is considerably larger in surface area than that of the a
narrow-mouthed goblet cells in the jejunum. In multiple ran- oy

dom samples, exocytosis of amorphous, non-granular secretory hiy

material is observed frequently. :.;

<
In thin sections of colon, the goblet cells have an ap- };.

pearance very similar to their counterparts in the small in-
testine (Fig. 6). When secretion of cell contents is observed,
the apical surface of the cell lacks apparent microvilli. In
quiescent mucin cells such as that shown in figure 6, the micro-
villar appendages of adjacent epithelial cells overlap with
those of the goblet cell itself and their specific cell origin
is not clear.

Figure 5. Control rat colon, Figure 6. Control rat colon,
SEM: The mucosal topography TEM: A goblet cell (gc) con-

is arranged in circular or taining mucin droplets lies

whorl-like configurations. between two epithelial

Goblet cells (gc) with wide cells. Microvilli appear

lumens are seen at regular in longitudinal and cross-

intervals among the epithe- sectional view (arrows).

lial cells (ep). Crypt re- X = 12,000

gions (arrows) are at the base '

or center of the folds, B

X = 660 ;.:;
o %)
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’ Blunt cryofracture of fixed tissue offers another visual
; perspective on the relationship of mucin cells to the epithe-
i lial cell population. The epithelial cells are uniform in
l.

:

.:‘;‘
T
2

appearance, but goblet cells, containing mucin, possess a
unique sub-structure. The information obtained from this pre-
paration correlates well with the cytological information ob~
tained from SEM and TEM procedures.

Figure 7. Control colon, SEM: This image is obtained by SEM
preparation of tissue sample fixed in situ. Goblet cell (gc)
and mucus (m) of two adjacent luminar surfaces are shown.
Epithelial cells (ep) are identified as the neighboring cells
which have less distinct morphological -features in this type
of preparation. X = 3,600

Effect of Aspirin and Prostaglandin E1
With the administration of aspirin (ASA), both gastric
and jejunal regions showed distinct structural abnormalities.
Hemorrhagic lesions were discernible by eye on the luminal
surfaces of both areas and were never observed in control an-
imals. Ultrastructural examination of the lesions present a
picture of blood clots and tissue debris and convey no use-
ful information concerning alterations in the structure of the
underlying cells, Hence electron microscopy was performed on
tissue samples not directly associated with hemorrhagic foci.
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LS
Table 1 summarizes the findings with respect to the effect of &
ASA on gastrointestinal morphology. Less mucin was visible 5
: on the surface of both stomach and jejunum of rats administered lh}f
ASA. 1In the small intestine, severe cell injury was limited ;g
to the uppermost third of the villi. The nature of the necro- e
tic damage is delineated in figure 8. Ve
e
W
e ¢
13
0 :i‘
hé

)
£
e
. i~
Figure 8. ASA-treated rat Figure 9. ASA-treated rat o
jejunum, SEM: Microvilli (mv) jejunum, TEM: Microvilli (mv) ":1.1_
9 are clumped and are actu- are missing from a portion i\
ally missing from some of an epithelial cell (ep). + )
areas of the cells. Tears " The tips of the microvilli =t
in the apical membrane have an unusual affinity for .
occur (arrows) leading to lead during the staining tv*
cell destruction. procedures (arrow). e
X = 4,000 X= 3,600 t{f
e
C;‘.."
Individual cells are greatly swollen, denuded of micro- e
o villi and frequently show rents or tears in the membrane e
. covering. In light and transmission microscopy, abnormal ?::.
. histological features were found at the base of the mucosal Ef\'
y layer. Normally the epithelial cells adhere quite closely é;}:
‘: to the underlying basement membrane, but with ASA treatment, b“
the basal epithelial membranes detach from the submucosal b
structures and intercellular spaces are grossly distended com- _
pared to control morphology. Damaged cells, however, are RO
y frequently surrounded by epithelial cells possessing normal -ﬁ:‘
] "
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N %
N structure. Sequential stages of cell necrosis were identi- ?5
fied in both fundic and jejunal regions of all 18 rats treated ??ﬁ
! with aspirin and quantitative morphometry from this study is fﬁ}
» included in Table 1. -
g
Table 1 '%
. i
- g A
: Effects of Ingestion of ASA on Rat Gastrointestinal Morphology b&
Stomach Jejunum '$5
- Number of animals treated I f
. with ASA 18 18 .
. Number of animals exhibiting N
- gross hemorrhagic lesions (a) 15 12 X

% of gastric ridges or villi e
exhibiting deviation from .

y normal structure (b) 42.6 + 8.1 66.5 + 13.0 oo
) Degree of cellular damage 1.55 + 0.4 3.12 + 0.7 %2
. vk
ol Control number of animals in this study was 9. Zti
d a) Stomach lesions were found predominantly in fundus and -~
N ranged from 1-2mm wide and from 3-7mm long. Some were i,
. punctate in character. Jejunal lesions were fewer and It
. smaller in size (0.5mm wide and 0.5-2mm long). :f
. b) A total of 300 gastric ridges and 300 intestinal villi '\§

were examined in both control and treated tissues.

: c) Damage criteria are outlined in Methods.
Y (Reprinted with permission from J Submicr Cytol (Cassidy and )
- Lightfoot, 1979) >
N N,
) ; -4
Ig7animals intraluminally perfused or intubated with 5
-, 1 X 10 ° PGE, mucin accumulation in the lumen and adhering to 26
. the surface was evident to the naked eye and in all modes of t;.
. microscopy. Individual cells were dimpled and distorted in fxf
X shape with a considerable degree of plasticity in the arrange- e
: ment of the apical membrane into microvilli (Fig. 10 & 11). In ?w
X addition to the visual evidence of stimulated mucin production A
and distortion of the normal tightly packed microvilli, one other ——
A phenomenon was observed in the PGE, treated animals. Normal ¥
cell exfoliation is difficult to detect in random control A
: 3
W l",l
b
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) Figure 10. PGE -treated rat Figure 11. PGE,-treated je-

R jejunum, TEM: ucus secre- junum, TEM: Celils show api-
o ted in PGE, condition devel- cal swelling with pleitropic
' ops a web-iike structure, microvilli (arrow) and some
with occasional bead form- denudation.
ation overlaying the surface X= 1,300
- cells, X = 4,000
3
L]
) micrographs, but in the presence of PGE,, there was a stimu-
lation of cell extrusion into’ the lumen of the gut. This LA
R enhanced cell extrusion was found in both scanning and trans-~ a
) mission electron microscopy (Fig. 12) and clumps of intact : .
o cells were routinely seen in the lumen entrapped in the se- o
¢ creted mucus. LA
.j \;\
< Figure 13 relates the effect of PGE, concentration admin- ::
istered to the percentage of jejunal villi affected by this o
i agent. There is clearly a bimodal dose-response on the ultra- -
A structur§% topogfaphy of the small intestine. Only the first gt
" peak (10 10 ""M) is strongly associated with visual evi- : Vs
N ggnce of increased surface mucin availability. The amount of b
- SO, labelled mucus secreted into the luminal fluid, found )
by rinsing the mucosal surface or recovered from the mucosal : N
homogenate, is shown in figure 1l4.
3 N,
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Figure 12. PGE, -treated rat h
jejunum, TEM: xfoliation
of an intact cell with K i
microvilli still attached %
(arrow). X = 2160 b
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EFFECT OF PGE, ON CELLS AT VILLAR APICES
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Figure 13. Dose-response curve relating the magnitude of the
observed morphologic effect of PGE, (cell swelling, micro-
villar disarray, Sf%l exfoliatigg) at a range of concentra-
tions from 1 X 1~ "M to 1 X 10 M.
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X Figure 14. The average % difference from control + (standard ﬁi:
’ error) for wash, rinse, and homogenate fluids obtained from Q:;
¥ the small intestine of ASA, PGE;, and ASA + PGE -treated :;ﬁj
. rats. Each treatment was compared to a control exper%gent e
(----) performed at the same time. In all 3 fluids, ~°S =
mucin is significantly greater with PGE, compared to ASA =™
A (P < 0.01)., Both rinse and homogenate %1uids of intestine L
K. exposed to ASA alone were different at the P < 0.05 proba- .
Y bility level. >t
e

Instillation of ASA into the alimentary tract for 90 .
minutes reduced the release of isotopically labelled mucus Y
while instillation of PGE, for the same time period stimulated

—y-
. s

.,

.

: secretion when compared to the effect of buffered saline a- )
g lone. When the results are expressed as the cumulative in- e
. corporation of the blood tracer into mucus for each animal, t'ﬂ
: i.e., cpm/mg protein of total recovered extract (wash, rinse, e
homogenate) /cpm/ul of plasma, the difference between ASA -
- and PGE1 treatment was statistically more significant (Table N
: I1). r :-.'
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Table 2

Incorporation and Release of 355 Labelled Mucin

Control ASA PGE1 ASA + PGEl

4.6 + 2.0 0.4 + 0.2 41.9 + 12.0 7.3 + 0.1

Cumulative counts/min/mg protein
Counts/min/ul of plasma

Means + SE of

Values for ASA and PGE, are significantly different from con-
trol and from each other (P < 0.05)

Effects of Bile Salt Sequestrant Feeding

With all three resins fed for a period of six weeks at
a 2% concentration, damage to the mucosa of the small and
large intestine was evident. The colons of the cholestyra-
nine-treated rats showed a whorled configuration with visual
evidence that a large number of the goblet cells were enga-
ged in the process of secretfon (Fig. 15). Sheets of mucus
were present, overlying the mucosal surface. Many of the sur-
face cells were swollen, had disrupted microvilli, or were
eroded at higher magnification (Fig. 16). Similar, but quan-
titatively less cell injury was observed with the other two
resins, Colestipol and DEAE-Sephadex.

Table 3 summarizes the ability of the different resins
to bind the more commonly available bile salts in vitro and
attempts to relate this parameter to the effect of chronic
feeding of these resins on the morphology of the colon in the
rat. There appears to be at least a qualitative correlation
between these two parameters. Cholestyramine-feeding was
associated with significantly greater ultrastructural damage
compared to the lesser bile salt sequestrant, Sephadex. The
effects of these agents are, in general, more severe in the
colon than they are in the jejunum. Mucin production by the
colon was tested in these animals by measuring the 90-minute
incorporation of tagged tracer molecules in the blood into
sulfo and sialomucin glycoproteins. Cholestyramine and DEAE-
Sephadex significantly enhanced the production of the sialo-
mucin material, while Colestipol feeding was associated with
a stimulation of sulfomucin (Table 4). These results are
preliminary and do require much more study in terms of time
and concentration dependence of the effects observed.
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Figure 15. Colon of choles-
tyramine-fed rats, SEM: Sur-
face cells are distorted in
shape with a greater de-

gree of mucin (m) secretion
compared to control chow-

fed animals. X = 408

L o o

Figure 16. Colon of choles-
tyramine-fed rat, SEM: Sur-
face cells are apically swol-
: len with partial loss of

- microvilli (arrows).

X = 3,040
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114 | Cassldy, Lightfoot, and Vahouny
Table 4

35
2 59,

into Rat Colonic Glycoprotein

Incorporation of 3H Glucose and Na

with Feeding of Bile Acid Sequestrants for 5 weeks

3H Glucose Na 3580
- 2 4
Control 140.1 + 3.0 192.2 + 1.0
Cholestyramine ’
(Questran) 339.5 + 7.0% 279.8 4+ 3.0
Colestipol 169.4 + 5.0 458.4 + 2,0%*
DEAE-Sephadex 331 + 8.0* 93.4 + 1.0%*

Numbers given are expressed as cpm/mg protein : cpm/ul plasma

* Significantly different from control P < 0,01
** Significantly different from control P < 0.05

Effects of Cytochalasin B

The presence of Cytochalasin B (at a concentration of
50uM in 0.1% DMSO in the physiological saline bathing the
luminal surface of the small intestine for one hour) resulted
in some distinct alteration$ in ultrastructural topography.
Normally, individual epithelial boundaries are only faintly
delineated and the junctional regions of the cells are tight-
ly apposed at the apices. With Cytochalasin B, microfilamen-
tous fragments appear on the surfaces of the cells (arrow) and
goblet cells have larger orifices than in control perfused
tissue (Fig. 17). There is a widening of the intercellular
junctions at the luminal surface with a consequent cell sep~-
aration width of one micron. Morphological structures also
appear in the 'opened' intercellular areas which are similar
in size to microfilaments (Fig. 18)., Sialomucin formation
is significantly reduced by the presence of Cytochalasin B
to the luminal perfusion fluid (Tavle 5) with no effect on
the measured sulfomucin component.
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Figure 17. Rat jejunum
treated with 50uM Cytochalasin
B, SEM: (gc) = goblet cell.
Arrow points to microfila-
ment-type material.

X = 1,440

Figure 18. Rat jejunum
treated with Cytochalasin B,
SEM: Note widening of
apices of intercellular
junctions (arrows).

X = 4,230
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Table 5
. 3 35
Incorporation of “H Glucose and Na2 SO4
into Rat Jejunal Glycoprotein
3 35
H Glucose Na2 SOA
Control 201.4 + 3.5 159.6 + 5.0
Cytochalasin B 92.3 + 4.0% 155.5 + 6.0

(50uM)

Values expressed as means + SE: cpm/mg protein + cpm/ul plasma

* Significantly different from control P < 0.1

DISCUSSION

Distribution of Mucus-Secreting Cells in the Gastrointestinal
Tract

At this point in time, mucus secreted by the cells of
the gastrointestinal mucosa cannot be characterized as an
adequately defined moiety. The viscous fluids found in the
lumen or adhering to the surface contain the other usual com-
ponents of gastric or intestinal juice secretions, e.g., bac-
teria, enzymes, ions, etc. The major organic constituent
of these fluids is glycoproteins which are synthesized and
secreted by morphologically identifiable cells in the mucosa.
Information concerning the biochemical pathways involved and
the physiological homeostasis of synthesis and secretion of
mucin is still fragmentary in nature and phenomenological
from an experimental point of view. Some general principles
are, however, beginning to emerge from investigations of
malfunction in the gastrointestinal tract and in other organ
systems such as the respiratory, salivary, and reproductive
epithelia.

In the acid-secreting fundic region of the stomach, the
mucin cells are found predominantly occupying the surface

of the gastric ridges (Lambert et al., 1968; Lev et al., 1972),
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L The cells which are active in H+ secretion lie at the lower Eﬁ,
3 portions of the foveolae or gastric pits. In control animals, :‘
intubated or perfused with physiologically buffered saline, &‘
the population of surface cells could be divided into two o
distinct populations based on morphological observations with ~§
the scanning electron microscope. One group possesses a smooth, o,
unbroken surface (S cells) while the second group demonstrates &*,
a vacuolated, apical appearance reminiscent of a honeycomb f?;
structure (H cells). Similar shallow apical erosions on the ﬁi‘
surface cells have been interpreted by Pfeiffer and Weibel (D

(1973) as representing the normal mode of cell loss and turn-
' over in the stomach. Both S and H cells are topographically
pulygonal in outline and individual cells can be faintly dis-
cerned. The approximate diameter of both types of cells is
in the range of 4.5 to 7.0um in the rat. Small circular and
ovoid granules ~200nm in diameter appear on the surface of
the H cells and correspond to the dimensions of the intracel-
lular granules in TEM (Fig. 2). Cells on the lateral sides
of the gastric ridges are mostly of the S type. We believe
that the H cells are not reflective of normal exfoliation
and repair, but instead represent a phase of normal mucin
secretion processes as proposed by Riddle et al. (1974) and
Harding and Morris (1977). From an extensive series of
studies in this laboratory we consider that the most likely
interpretation of the S and H conformation is as follows:
The smooth cells (S) are in a mucin synthetic phase coated
. with a thin layer of mucus, which is derived from the coal-
‘ lescence of secreted mucin granules. The honeycomb configura-
3 tion (H cells) which have also been observed in biopsied hu-
man tissue (Riddle et al., 1979) are believed to be in the
actual process of mucus secretion. Gastric mucin appears
to be released, at least initially, in a granular form rather
than as a soluble amorphous material. -
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Jejunal tissue from control animals exhibited an ultra-
N structural topographical picture which agrees closely with
information derived from transmission electron microscopy.

The identations in SEM represent the narrow openings of
intestinal mucus-secreting goblet cells which are surrounded
O by absorptive epithelial cells. Individual cell outlines are
o ) faintly distinguishable in SEM as has been reported by
other investigators (Riddle et al., 1974; Harding and Morris,
1977). The release of the mucin droplets is seen occasionally
as an amorphous substance when viewed in the SEM. Goblet
cells on the villi occur every 4-5th epithelial cell.
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Rat colonic tissue is arranged in low ridges which some-
times have a topographical whorled configuration. The gob-
let cells are seen at regular distances from each other and
with respect to the number of intervening columnar epithelial
cells. On the basis of light microscopy it has been pointed
out that the goblet cell distribution around the circumference
is significantly non-random and that the architectural pattern
is such that they are situated around the crypt circumference
as far from each other as possible (Géralski et al., 1975).
The most likely pattern of distribution favored is in the
form of a spiral with a variable pitch from crypt to surface.

"
}
|
|
“
i
;;
%
;
;
:

Both goblet and columnar cells are formed in the crypts
and migrate upwards in similar fashion and with identical
life spans. It is, therefore, likely that the goblet cell
and the columnar enterocytes have the same progenitor (Free-
man, 1965). The secretory process 1s apocrine in type.
Formation of mucus has been shown to be constant from the
time of formation in the crypts throughout the migration of
the cell up the villus (Moe, 1955). It is not yet established
whether the secretory process is a one-~time or recurrent e-
vent during the 2-5 day life span of the cell. With respect
to the putative functions of mucin in the alimentary tract
(Table 6), it would also be of interest to determine whether
the mucus cell is fixed, as such, at the time of formation or
whether in fact there is a degree of plasticity in develop-
ment between enterocytes and mucin~containing cells during
villar or fold migration. A continuation of morphological
techniques, e.g., SEM, TEM, histochemistry, and autoradio-
graphy can be of considerable. utility in answering these
questions.

[

L

Table 6 I

. _’\

Putative Functions of Alimentary Mucins .

«
s

. Buffering.capacity

m’,

5y
¢ ¢
LS

. Lubrication, transit of alimentary materials

. Cytoprotection of mucosal cells from injury

.

’
%

. Locus of antibacterial, antiviral reactions

5

v

. Locus of antigenic response to orally ingested materials

/£,

1
2
3
4. ‘'Waterproofing' of mucosa
5
6
7

. Retardation of ion and water fluxes across the mucosa
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Aspirin, PGE, in a Jejunal Ulceration Model e

v;,:‘jﬁ

These studies confirm that normal cell turnover involves ot

the shedding of intact cells into the lumen. The apex of :

each villus in control tissue appears to be covered with a 3

h fairly smooth and unbroken layer of cells with a very occa- ey
' sional cell being seen to project upwards from the surface. tfl&
L In ASA-treated jejunum, a clear line of cell injury traverses t}ﬂ:
to the tips of many villi. Such damage is not observed on A

1 the sides of the villi. It would seem that the more sevescent 2
' cells are most susceptible to this stress agent and also to i

other such agents as certain dietary fibers, bile salts, and >

bile salt sequestrants (Cassidy et al., 1981). A similar t.:

finding holds true for the gastric ulceration model (Cassidy N

and Lightfoot, 1979). Gross evidence of tissue damage is more t :r

apparent in the stomach of the ASA-fed rats compared to the kﬁx

jejunal regiom (Table 1). Ultrastructural injury was signif- E:i

icantly more extensive, however, in the small intestine, both I

in terms of the degree of surface area affected and the degree
of cellular disruption. The discrete sequential cytotoxic
alterations in cell structure from apical swelling to cell
destruction are interpreted as the initial steps in the path-
way leading to the development of ulcerative lesions in both
loci.

Prostaglandin E (PGE ) has been shown to inhibit gastric
secretion (Classen e% al., 1971' Robert et al., 1968) and
mucosal blood flow (Jacobson, 1970) while preventing ulcer
, formation (Robert et al., 1971). Intestinal lesions induced
: by aspirin and indomethacin have.been shown to be associated
with prostaglandin deficiency presumably by an inhibition
of prostaglandin synthesis (Whittle, 1976). The cytgprotec—

tive effect of prostaglandins in the jejunum where H secre- :}5
. tion is rot a factor may be due to alterations in tissue xi
. blood flcw, mucosal permeability, mucin secretion, or a com- Y.
) bination of these effects. We have examined the mucin secre- Cold
tion hypothesis using both ultrastructural and biochemical }*3

techniques (Lightfoot and Cassidy, 1978; Cassidy and Light- i
foot, 1980). While PGE, administration is associated with e
usual evidence of mucin production, overt cell injury is not ;

apparent. There is distortion of cell shape and microvilli

and an apparent enhancement of cell extrusion into the lumen :%:

of the gut. The increased cell loss is observable by both N

SEM and TEM, but such a cytokinetic effect has not yet been .

verified by autoradiographic techniques. The topographical e
effects are bimodal with respect to PGE, concentration. Pro- u:-%

staglandins are known to significantly alter the absorptive :,“

e

LSS

LK

) »

: .’q'.'
Ve

» LSRN
9 LN
LN

o\.-.’
NN

LSk

e L T
> A.fm 3 *W"MM.“



-..--‘A i -"’-Jﬂ\ -( ~ A AN & by i.“_‘,‘, & . Pt M. R D iR SR T » Wt EAv e 4 > e S g m A s . s - o & g o /s
24
Ve
af Byt
B ! ‘l"“
" F." ,
' e
P
¢ I'S"
) 120 / Cassidy, Lighttoot, and Vahouny a. :
]
" function of the enterocytes: 1in general by promoting secre- t
| tion of fluids and electrolytes instead of the normal uptake l”:
' of these nutrients (Binder, 1979). The apical cell membrane :ir~
of these cells exhibits a degree of unfolding of the micro- —
villi which could be interpreted as a cellular response to ~»§
dramatic changes in epithelial cell volume such as has been :%
. proposed for volume regulation in villated cultured cells Snx
- (Knutton et al., 1976). e
* A
» Aspirin has a marked effect in diminishing the rate of }“i
S incorporation into mucin in the jejun39 while a signif- '>
; icant stimulation is observed with 1 X 10 ‘M PGE, (Table 2). ot
) Aspirin has previously been observed to inhibit the synthe- Lo
A sis (Kent and Allan, 1968) and the availability of intra- ':}
. cellular gastric mucin (Lev et al., 1972). Carbenoxolone, '&{:
] a drug which accelerates the healing of gastric ulcers, sig- Sy
) nificantly enhances the formation of glycoproteins (Shilling- i
ford et al., 1974). The ameliorative effect of prostaglandins TE
on gastrointestinal ulceration by topical aspirin appears to R
3 be due in part to the ability of PGE, to reconstruct a pro- P
. tective mucus barrier, thereby prevefiting access of toxic ﬁ{{
. materials to the absorptive surface. It remains to be deter- ;*}
mined whether the increase in mucin production with PGE, and -
. the corresponding decrease with ASA is due to opposite effects -
at a simple step in the synthetic/secretory process. (A) Both b
! PGE, and Carbenoxolone markedly enhance the gastric gel mucus t};
X thickness in vivo (Bickel and Kaufman, 1981). (B) Mugus O\
. glycoproteins can, in fact, inhibit the diffusion of H ions ~ {
] in an in vitro chamber (Pfeiffer, 1981), a finding which has Ry
- been interpreted as being due to the steric hindrance offered k .
by this unstirred layer rather than the buffering properties
v of the mucus, per se. NG
J aY
) 4
: Effects of Bile-Sequestrant Feeding on the Colon f:}
4 :"‘.'.
A pattern of erosive damage of the surface cells in the N
colon is observed with chronic feeding of the bile salt-bin- G
ding resins (Table 3), The stages in individual cell destruc- N
. tion are very similar to those seen in gastric or jejunal ulcer- K{-
. ation. Damage to the mucosa of the intestine is known to f}'
: occur with oral administration of several agents, such as o
’ laxatives (Gaginella and Phillips, 1976; Saunders et al., . ,f
1975), cholera enterotoxin (Asakura et al., 1974), and bile .
; salts themselves (Low-Beer et al., 1970). In 5-day colonic ¥
: perfusion studies designed to test whether the necrotic agent ftf
" &?¢.
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in this case was bile salts, the resin, or the bile salt-resin t \
complex per se, it was found that both bile salt mixtures or :
the resin evoked equal injury which was equivalent to that b Y
found in the feeding studies. When the bile salt-resin com- -~
plex was infused, there was, again, significant loss of mu- ;Ff
r cosal integrity, but the individual effects were not poten- 55,
t tiated (Cassidy et al., 1981). Many of the injury-provoking *.
agents such as bile salts and cathartic- agents markedly en- N

hance the permeability of the intestine and the colon. With z

the mucosal irritation and disruption caused by the feeding 4.5
of the resin materials there was also the morphological _;;

A evidence of stimulated mucin secretion. This perception was A
. borne out by a higher rate of precursor incorporation into ANL
glycoproteins in these animals (Table 4). Many factors as- ;‘J“
sociated with the type of cell degeneration seen with aspirin f}:

or bile salt sequestrant treatment are believed to stimulate t ;
cytokinetic proliferation in both the small and large intes- =
tine by a postulated tip-to-crypt feedback mechanism. 1If 7;
the administration of these agents is linked to altered Y
rates of cell repair and renewal it may be that enhanced mu- O

cin synthesis and secretion is a necessary consequence since {{

the cell replacement process is temporally and spatially sim- DA

ilar for both columnar and mucus cells. Sulfomucin produc- ,‘
tion has been correlated with gastric and coleonic carcinomas .
(Sipponen et al., 1980). .

Effects of Cytochalasin B }:;

oo,

Cytokinins, such as Cytochalasin B, disrupt the macro-~ 23:

molecular organization of the epithelial cell cytoplasm (Prat-

ley and McQuillen, 1973), modify cell-to-cell junctional R

coupling (Bentzel and Hainau, 1979), and inhibit ion and f:“

water transport processes (Beall et al., 1980). We have ;::

found 50% inhibition of ncrmal fluid and sodium absorption o

by rat jejunum perfused in vivo (Beall et al., 1980). Tis- tk\

sue samples from the perfused jejunum consistently exhibit

several morphological pecularities. In transmission micro-

graphs, there is disarray of the microfilaments normally seen
\ . in the microvilli. There is a widening or 'gap' appearance
in the junctional regions between adjacent epithelial cells,
and short threads are present on the surface of the cells,
although these have not been positively identified as micro-
filamentous material. It has been suggested by Bentzel and
Hainau (1979) that the cytoskeletal framework of the epithe- gy
lial cell is responsible for the assembly of the junctional o
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components. ln 'leaky epithelia’, such as rat jejunum, rapid
and reversible restructuring of the junctions could regulate
net transport efficiency without necessarily incurring the
energy cost required for the mediation of active transport.
Clearly, Cytochalasin B induces abnormal architecture in
both intracellular and intercellular morphology and may be
of use in the experimental exploration of the relationship
between the cytoskeletal system and transport mechanisms.
This agent also diminishes the incorporation of glycoprotein
; by the jejunal mucosa, as has previously been noted for the
microtubular disruptive factor, colchicine. The implication
of these preliminary studies is that the microfilament/micro-
tubular sub-structure of the mucosal cell plays a role in
the functional vectorial conveyance of materials across the
mucosal layer whether the moieties involved be absorbed elec-
trolytes and water or a secreted organic component, e.g.,
mucin. The growing list of agents which have been found to
modulate the latter function, mucus secretion, is summarized
in Table 7.

SUMMARY

1. Mucus-producing cells are clearly identifiable sub-popu-
lations of cells in many of the epithelial transport model
systems studied, i.e., gastric,. jejunal, and colonic epithe-
lia of the rat.

2. The distribution of these cells varies from a predominant
location on the mucosal surface of the stomach to a regular
degree of interspersion among the dominant columnar epithelial
cell population in the small and large intestine.

3. The functional state of these cells can be assessed by a
variety of morphological techniques and their biochemical
synthetic and secretory capacity estimated by isotopic tracer
procedures.

4. 1In the gastric or jejunal acute ulceration model, sulfo-
mucin production is decreased by aspirin and markedly enhanced
by Prostaglandin E,, providing additional evidence for the
cytoprotective role of the mucin blanket.

5. With chronic feeding of the bile salt sequestrants which
provoke colonic mucosal irritation and injury, there is also .
a stimulated mucin output.

NS
b

T

6. Disruption of the cytoskeletal framework of the mucosal
cells by Cytochalasin B or colchicine depresses mucin productiom.
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7. Many of the compounds currently known to phenomenologically
perturb mucus synthesis and/or secretion (Table 7) are utili-
zed as probes in the delineation of electrolyte and water
transport processes in these epithelial models., It is of
interest to note in this volume that renal epithelial tissues
do not appear to possess a significant mucin cell population.
The developing concept of an association between mucus secre-
tion and antigenic or immune responses may account for this
fact. In several epithelial systems, however, modulation

of mucin cell function should be taken into consideration in
the construction of transport models.
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DIETARY FIBER IN HEALTH AND DISEASE
Edited by Vahouny and Kritchevsky
(Plenum Publishing Corporation, 1982)

From:

Dietary Fiber, Bile Acids, and
Intestinal Morphology

MARIE M. CASSIDY, FRED G. LIGHTFOOT, and
GEORGE V. VAHOUNY

1. INTRODUCTION

The rates of occurrence and mortality from colorectal cancer have been positively
correlated with total fat intake in several populations (Carroll and Khor, 1975:
Correa and Haenszel, 1978, Wynder, 1979). The possible relationships between
fat ingestion and the subsequent steps in lipid metabolism have been explored
in studies aimed at determining the link between bowel cancer risk, dietary fats,
products of fat metabolism, and their appearance in the stool composigion. Of
the populations with higher incidences of bowel cancer there is also gvidence
of higher fecal steroids, bile acids, and 7-dehydroxylase activity (Hill et al.,
1975, Reddy et al., 1975a) compared to control studies. Subjects with higher
levels of fat consumption also demonstrate a high fecal concentration of important
lipid metabolites (Reddy ez al., 1976).

Studies with animal models have evinced additional evidence supporting
a relationship between bile acids, luminal lipid metabolites, and intestinal car-
cinogenesis (Nigro et al., 1976; Reddy, 1975b). In several studies a low incidence
of bowel cancer is observed in conjunction with a diet moderately high in fats.

MARIE M. CASSIDY @ Department of Physiology. The George Washington University,
School of Medicine and Health Sciences, Washington, D.C. 20037. FRED G. LIGHT-
FOOT @ Department of Anatomy. The George Washington University, School of Medicine and
Health Sciences, Washington, D.C. 20037. GEORGE V. VAHOUNY ® Department of Bio-
chemistry, The George Washington University, School of Medicine and Health Sciences. Wash.
ington, D.C. 20037. ' .
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This difference has been attributed to a protective effect of dietary fibers as a
component of the diet (Burkitt er al., 1972). The mechanisms postulated to
account for this amelioration in effect include transit time of fecal material,
alterations in gut floral metabolism, alterations in stool composition, particularly
with respect to bile acid metabolites, binding of carcinogenic or precarcinogenic
materials to luminal materials such as nondigested fibers, and alterations in lipid
absorption leading to hypocholesteremia. The mechanism of action of dietary
fibers has generally been considered as being limited to their interactions with
some component of the gut contents, whether such contents be ingested food
substances. physiological secretions, or bacterial flora. However, it is also pos-
sible that fiber per se or bile salt derivatives interact directly by some mechanism
with the mucosa to evoke a fundamental change in the intrinsic absorptive
capacity of the intestinal tract. Long-term effects of dietary patterns may be
associated with biochemical and morphological alterations in the absorptive bar-
riers.

Fatty acids and bile acid administration both evoke intestinal salt and water
secretion and cause substantial and reversible alterations in the ultrastructural
histology of the mucosal surface (Philips and Gaginella, 1979). The secondary
bile acids have been demonstrated to be tumor promoters in experimental animals
(Barisawa er al., 1974), as is pancreaticobiliary diversion to the mid small bowel
(Williamson er al., 1979). Bile acid accumulation has been proposed to be
responsible for the diarrhea staies associated with calonic cancer. In an extensive
series of studies designed to probe the mechanisms underlying the putative
antiatherogenic and anticarcinogenic effects of a semipurified chronic dietary
fiber intake and that of bile salt sequestrants, we hayg, studied the ultrastructure
of the small and large bowel in considerable detail.

2. MATERIALS AND METHODS

2.1. Animals and Diets in the Chronic Feeding Studies

Male albino rats of the Wistar strain (Carsworth Farms), weighing 150-200
g. were maintained in individual cages and provided the diet and drinking water
ad libitum for 6 weeks. They were housed in quarters maintained at 23°C and
with a 12-hr dark-light cycle. The isocaloric, isogravic diets administered in
these studies were comparable to those used earlier (Vahouny et al., 1980) and
consisted of the following ingredients in g/100 g diet: dextrose, S5; casein, 25,
comn oil, 14; salt mix, USP X1V, 5; vitamin mix. The ability of these various
materials to bind cholesterol, phospholipids, and bile salts in vitro was also
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determined and compared to the quantitative morphological observations derived
from scanning electron microscopy.

2.2. Methods

2.2.1. Chronic Feeding Studies

The dietary fiber materials, which were fed for a period of 6 weeks at a
level of 15 g/100 g diet, included alfalfa (Bio-Serv, Frenchtown, N.J.), white
wheat bran (Bio-Serv, Frenchtown, N.J.), cellulose (Solka floc, Brown and Co.,
Berlin, N.H.), and pectin (Bio-Serv, Frenchtown, N.J.). In the resin-fed groups
cholestyramine (Questran, from Dr. H. P. Sarrett, Mead Johnson, Evansville.
Ind.), colestipol, or DEAE-Sephadex (Secholex, a gift from Dr. A. Howard,
Cambridge, England) was added as 2% of the diet at the expense of dextrose
in the control group. CofMtrol animals were maintained on Purina Rat Chow.
Food consumption and final body weight were similar in control and treated
groups.

2.2.2. Colonic Infusion Studies of Bile Acids and Bile Sait
Sequestrants

Wistar rats weighing 200 g were fasted for 2 days, with water ad libitum.
A polytechnic catheter (PE #200) was implanted luminally at the junction of
the cecum and the colon. It was threaded under the skin and externalized at the
dorsal surface behind the neck. The animals were allowed to recover in individual
cages and had free access to chow and water for the remainder of the study.
Twice daily at 9:00 a.m. and 3:00 p.m. for 5 days. 1.0 mi of the appropriate
test substances in 0.9% saline was introduced into the colon via the indwelling
catheter. The test substances included: (1) Saline control (0.9% NaCl). (2) Cho-
lestyramine: 100 mg given twice daily, which corresponds to the amount ingested
per diem by rats fed a purified diet containing 2% cholestyramine. (3) Mixed
bile acids: 164 wmol mixture of cholate, chenodeoxycholate, and deoxycholate
in the proportions of 1.1 : 1.3 : 1.0 in 1 ml saline. This is equivalent to the
amount of total and mixed bile acids sequestered by the dose of cholestyramine
employed. (4) Cholestyramine-bile acid mixture: 100 mg of cholestyramine and
164 pmol of the mixed bile acids. This mixture was prepared by incubation of
the resin and bile acids and reisolation of the resin containing bound bile acids
as decribed previously (Vahouny er al.. 1980). A total of five animals were used
for each group in two sets of experiments. All animal procedures were in ac-
cordance with the National Research Council’s guide for the care and use of
laboratory animals.

.
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2.2.3. Morphological Methods

Three rats in each dietary group and three in the control group were prepared
for both light and scanning electron microscopic (SEM) examination. At the end
of the 6-week feeding period the rats were anesthetized with sodium pentobarbital
and subjected to laparatomy. The alimentary tract from the pyloric sphincter to
the terminal colon was removed and the jejunum was identified as the middle
fifth of the small intestine. Colon samples were derived from the middie 5-cm
segment of that organ. Rectangular segments of both regions were pinned flat
as mucosal surface uppermost and fixed in 3% phosphate-buffered glutaralde-
hyde. Efforts were made to keep the degree of tissue stretch during fixation
comparable in all conditions.

During fixation the mucosal surface was brushed gently with a sable brush
to remove loose debris. For SEM I-cm? tissue samples were dehydrated and
critical-point-dried (Samdri PVT-3) using CO,. The samples were mounted on
aluminum stubs with mucosal surface uppcrmost and coated with approximately
10 nm of gold/paliadium using a Hummer | sputtering device. They were coded
and observed in either an ARM 1000 or a JSM-3S5 scanning electron microscope
using 20-25 kV accelerating voltage. The microscopists were unaware of the
identity of the coded samples. A preliminary assessment was made by a single
viewer. Two other microscopists reassessed those samples and then analyzed the
results of a repeated experiment. All of the numerical values recorded for the
previously agreed upon criteria (number of villi, severity of damage) were pooled
and examined statistically (cf. Table 1). A minimum of 300 jejunal villi and 300
colonic ridges from three animals per condition were examined, and the number
of villi or ridges with abnormal structure was recorded.

The degree of deviation from normal was graded on the following scale:
1. apical swelling of cells. disordered microvillar array; 2, dimpling of swollen
cell surface. partial denudation of microvilli; 3, loss of most microvilli, tears in
apical membrane; 4, extrusion of cell contents and loss of cells from the epithelial
layer. The extent of agreement between the viewers was *+3.5%.

Light and transmission electron microscopy (TEM) preparations were ob-
tained by postfixation of glutaraldehyde-fixed samples in phosphate-buffered 2%
050, followed by dehydration and embedment in Epon resin. Sections approx-
imately 0.5 wm thick were cut on a Sorvall MT2-B ultramicrotome, stained with
toluidine blue, and examined in a Zeiss phase contrast microscope equipped with
a Reichert automatic camera for photographic recording.

Thin sections for TEM were stained with uranyl acetate and lead citrate and
examined in a JEOL 100B transmission electron microscope. Quantitative mor-
phology of lipid density in the epithelial cell layer was determined by volume
measurements of lipid : cell ratios using the MOP 111 Digitizing Systems (Bal-
timore Instrument Co.. Baltimore. Md.).
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2.2.4. Bile Acid and Lipid Binding by Fibers and Resins

¢
s

-

Binding of bile salts and lipids was determined as previously described by
this laboratory (Vahouny et al., 1980). Forty milligrams of the appropriate resin
or fiber source was added to 5 ml of each micellar solution in a stoppered tube

» and the mixture was shaken in a Dubnoff incubator at 37°C for | hr. The tubes
were centrifuged at 30,000g for 10 min and the entire supernatant was unified
by mechanical agitation on a Vortex mixer prior to assay. Aliquots (0.1 ml) of
the supernatant were added to 10 ml liquid scintillant (Scintiverse. Yorktown
Research, Elmhurst, Pa.), and radioactivity was determined in a Beckman LS
250 liquid scintillation spectrometer using external standardization. Controls of
the appropriate micellar media without added binding substances were carried
through the same procedure. Binding was determined as the difference between
the radioactivity of each micellar component added and that recovered in the

i supernatant after incubatiom. All studies were carried out at least three times and

all isotope analyses were carried out in duplicate. Figures represcit the mean
+ standard error of the mean by statistical analysis.

3. RESULTS

SEM of jejunal tissue from animals fed the control chow diet is exemplitied
by Fig. 1. The villi are leaf-shaped, with some folds along the lateral sides.
. Individual epithelial cells are faintly demarcated as hexagonal shapes. Focal
indentations in the smooth contour (arrow) have been identified as mucin-se-
creting goblet cells by cross-correlation with TEM studies. Figure 2 is a TEM
of a goblet cell with contiguous enterocytes on eit.ier side. The goblet cells (GC)
contain mucin granules of varying electron density and usually show some degree
of secretory activity. The epithelial microvilli constitute a tightly packed brush
border (BB) with a fuzzy coat or glycocalyx on the outer tips. The ultrastructural
topography of control rat colon is similar in many respects to that of the small
intestine (Fig. 3). The microvilli are, however, somewhat less denscly packed
and the ratio of goblet cells to epithelial cells is greater than in the jejunum
(arrows). The ingestion of 15% alfalfa for 6 weeks was associated with disruption
of the uppermost mucosal cells in both small intestine (Fig. 4) and large bowel
(Fig. 5). Swollen, distorted epithelial cells and loss of apical membrane integrity
were more obvious in the colonic samples.

Figure 6 is representative of jejunal samples from the bran-fed rats. These
were essentially comparable to control samples. Occasional exfoliation of intact
cells was seen and with the standard preparative procedures more mucin was
associated with the surface of the tissue. The colons of the same animals were
normal in appearance (Fig. 7), but as in the small intestine, there was evidence
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FIGURE 1. Rat jejunum, control sample. Individual villi are leaf-shaped with a smooth
topographical appearance. Arrow points 10 apical indentation which is a goblet cell orifice.
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FIGURE 2. Rat jejunum, conirol TEM showing the typical intraceliular structure of a goblet
cell (GC) with adjacent brush border (BB) and glycocalyx material on the surface of the
microvilli.
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FIGURE 3. Ratcolon, control SEM. The epithelial surface has whorled or folded appearance
and the interspersed goblet cells show a wider oritice at the luminal surface than do those
of the jejunum.
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FIGURE 6. SEM of bran-fed animals. The appearance is essentially similar to normal
contro! tissue. Visually, these animals seemed to have more mucin material associated with
the tissue surface.
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FIGURE 7. SEM of colonic surface in bran-fed rats. The epithelial cells are normal in shape
and microvillar density. A larger proportion of the surface cells are goblet cells compared to
controls and mucus secretion is apparent from many of these cells.

of enhanced goblet cell secretory activity (arrows). Cellulose feeding for 6 weeks
had little apparent effect on the surface mucosal integrity of either small (Fig.
8) or large intestine (Fig. 9). More mucin was visually apparent ¢ n these samples,
as with the bran-feeding regimen. There was some clumping and mild disarray
of the microvillar processes in the colonic epithelial cells in this condition.

In the animals fed 2% cholestyramine, tissue damage at the villar apices
was always observed (Fig. 10). Injured cells were frequently surrounded by
normal cells and in several cases hemorrhagic debris was found on the tissue
surface of both jejunum and colon. Complete loss of the microvillar covering
was frequently found (Fig. 11) and a substantial portion of the colonic surface
was thus affected by cholestyramine ingestion. Figure 12 is a micrograph from
colestipol-treated animals and milder degrees of cell disruption were observed
in this condition. Swollen, partially denuded jejunal cells surrounded by nonnal
cells were apparent. The colonic samples were less smooth topographically than
controls and showed evidence of cell necrosis. with several of the surface cells
being completely stripped of microvilli (Fig. 13). Individual cell boundaries were
sharply defined.

Chronic ingestion of 2% DEAE-Sephadex appeared to be associated with
more convoluted jejunal villi than those characteristic of animals maintained on
control chow. The jejunal surface was fairly normal, but some minor degree of
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y FIGURE 10. Jejunal villus from cholestyramine-treated animals. Cells at the villar apices
’ exhibit swelling, microvillar denudation, and membrane damage.
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\ FIGURE 11. Colonic surface of cholestyramine-treated animals. Arrows point to areas of
: cell damage, apical membrane disruption, and epitheliolysis.
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FIGURE 12. Jejunal villus from coleslipol-treated rats. Occasional paiches of microvillar
denudation were observed.

FIGURE 13. SEM of colonic surface in colestipol-fed animals. Many cells are devoid of the
microvillar covering and others show progressive signs of cell injury.
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b cell swelling occurred (Fig. 14). Instead of the smooth ridges usually seen in
control colonic tissue, the cells were arranged in deep whorls (Fig. 15) with
random patches of cells devoid of microvilli. The alterations in ultrastructural
b intestinal morphology with chronic feeding semipurified fiber or bile-salt binding
resins, as depicted in the preceding micrographs, have been quantitatively es-
timated. This was achieved by a blind-coding system of examination by three
microscopists and the results are shown in Table 1. Also included in this table
is the in vitro bile salt-binding capability of the four fibers and the three resin
substances used. It is apparent that a relationship does exist between the degree
of bile salt binding in vitro of a specific dietary agent and the effect of chronic
feeding of this agent on intestinal mucosal topography. The ingestion of 15%
pectin or alfalfa or 2% cholestyramine or colestipol is associated with significant
morphological deviations in both small and large intestine compared to control
animals maintained on regular chow, bran, or cellulose. Figure 16 is a trans-
mission electron micrograph of cholestyramine-treated jejunum showing intra-
celluar accumulation olgﬁpid droplets.

In a series of experiments designed to test whether the resin per se or the
resin-bile salt complex was the necrotic agent the effect of b:'~ salt resin or
resin-bile salt complex was probed by twice daily colonic infusion of these
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outlines are more clearly demarcated compared to controls and some loss of microvilli was

! FIGURE 14. SEM of jejunal villi from animals Ireated with DEAE-Sephadex. Individual cell
: apparemt. .
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FIGURE 15. Colonic surface of Sephadex-treated rats. There is a mild disarray or clumping
of the microvilli with occasional patches of denudation.
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FIGURE 16. TEM of epithelial cells from cholestyramine-fed animals. In this condition the
cells exhibit a high density of lipid droplets (arrows) compared to controls The lipid globules
are particularly prominent in the apical half of the enterocyles.

R . . - . - . - - -~ .- '\'-' a '.\ .~- ‘~-'.‘ . ““ -
PO, U S TR TV N S S S TN

" . Q-'q'~'h-§".h'.'- - .« . . . -.l.‘ o “- -t . - - . S
P ALV YR PR Ty AP W SRE W I PRRTIRIUEL I, R DR, T DR T WP . P, WL P/ |

WL IRANIGE WAPS )

N Y e
.

'
s
.
AL
-

¥4
3

4ty '."n-' ﬁ

P :‘ )

'.‘Jm' PN

Tadl



[ S AARTLIY A
Y OO B8

Tt

e

T

h WA ¥

“xapeydag-3yI( PUT [ONLOD WoL) AP Apuedyudig

OO > d) jonued wosy waappp Apuesyiuiig,

TIRGL) [P 12 APISSE]) SOV

(1K6 1) P 10 Kunoyrp 1Y |

(SLH11 Asmg pur Kysaaymnuy sy ,

‘SPIOJ MNUDIOD JO H[IA [BUNISHUI OOF JO WINWIUIW B J0) TS < SUBIW e UMOYS SINITA “(IR6] "ORG1) P 12 Apisse)) wiod) uoissiuuad yum pawuday ,

90 +17¢ 70+ L't $01 = S6¢ LY =799 »q001 08 autwesfisajoyd)
0+ 67 ?0 =+ S1l 101 = 06§ AT = 6'6¢ 09-0¢ fodusajo)
900 + §T Lo+ 91 A6 = 900 9'€ = 0t o0t xapeydag-3v3a
T0+17t¢t 70+ 60 £y = 98¢ £Z'L+ 8L rqS1 ejlev
1'0 = 2¢'1 1'0 = 811 L8 + v6 JAL'Y = LOE ol und33g
010+1L0 0’0 = ¢T°0 P ZR W 44 pl'TF 6L L0 oM
€00 + $°0 800 = TI'0 p6'v = 061 1’1 = 0°¢ »4$ ueig
s00=+10 1070 xwwo =0S A 0 Mmoyd j05u0D)
uojo) wnunlof ﬁ:o_ou wnunfof (%001 —0) 0411 w1 uaunda Aeag

Kioedes Sutpuiq

{onuos woly Ayjeutiouqe jeIndUS Yum pioe apiq aSmday

UOTIBIAJP JO 1UIXY 1A feUNSAUL JO ABEIDIIIG

~ADBojoydion pue buipuig Jies-eiig uo buipeey uisey pue Jeqid 0 19843 | 318VL

L L A a e B LA BEEEEE o e oo e al e s e o o o o ol o o o o o e o o



254 MARIE M. CASSIDY et al.

/"‘ "

— -
T
A

vl

TEEE

e v ey
[ AR »
Ay K ke

FIGURE 17. SEM of colonic surface from animals perfused twice daily for 5 days with the oS
contro! colonic catheterization fluid. The lissue is normal in appearance. '\{5
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FIGURE 18. SEM of colonic surface in animals administered cholestyramine by colonic
infusion for 5 days. Loss of microvilli, cell swelling, and membrane destruction are evident.

s 5.7 ™
00| 1

.

) R A A S R I R |
. J\ N 'AQ‘J.‘!‘AEA}.‘“{A W Th

77
b
‘i

QA r.' o o .
DN I IIRTIN00505 55353



o AL YT Foo g AP E 2 y "y
o A% B A .’ Rl B, FYETN b Rlky Lo & ¥ § g b N -, L y ‘ol PR, r A ol r . ‘g d -

L . e “-
b : ¥ 5
; IR
i A
<
: N
. ‘ :‘-c l
an
. 3
Nt
y 4
» l\ -
+&} i\.h
p :“.
- i
\ *_:.r
[} L
. A
¥
W)
’ e
- e lﬁ
."' b
R V5
. EETE S N
n::'.
\ =
o. ‘-\
2 9
AN
-( +
’ s
RO
. -_:-
- FIGURE 19. SEM of colonic tissue from rals exposed 1o the mixed bile salt mixture via ;
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MORPHOLOGICAL EFFECTS: % OF COLONIC RIDGES EXHIBITING §
DEVIATION FROM NORMAL STRUCTURE ..1
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mixtures. With administration of standard physiological saline the colonic to- o

pography did not differ from that of the animals fed the control diet (Fig. 17). E 'ﬁ

With the addition of cholestyramine to the control medium the sequence of cell | an

damage and epitheliolysis was clearly evident (Fig. 18). The mixed bile salt

mixture without cholestyramine showed a very similar pattern of injury (Fig.
: 19). When cholestyramine bound to the bile salts was infused a similar pattern
‘o of tissue damage was evident (Fig. 20), although distortion of cellular architecture
‘ was more obvious (arrows). The extent and degree of morphological effect of

these agents was quantitated and the results are expressed in Fig. 21 as a his-
’ togram. Both cholestyramine and the mixed bile salt mixture caused similar
effects on colonic topography. Surprisingly, perhaps, the infusion of both ma-

% e
Ratio
of 12.0-4
Lipid Area
Tissue Area
10.0 'l'*
8.0 T *
T
6.0
4.0
2.01
3 o 3
P 9

Control Colestipol  Choles- DEAE-
tyramine Sephadex

ODIETS

FIGURE 22. The morphometric lipid density of jejunal epithelial cells in groups of rats fe
the control diet, DEAE-Sephadex, colestipol, or cholestyramine. Both cholestyramine an
DEAE-Sephadex show significantly greater mucosal lipid accumulation when compared t
control-fed animais and colestipol-treated rats. °, Significantly different from control (p
0.01).
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TABLE It.  Binding of Components of Taurochenodeoxycholate-Phospholipid
Micelles by Bile Acid Sequestrants and Dietary Fibers:

Binding.® percent
Test substance® Bile salt Phospholipid Cholesterol
Cholestyramine ) 91.9 = 06 990 = 0.2 86.2 > 48
DEAE-Scphadex 842 = 03 994 = 0.2 9.6 = 0.1
Guar gum? 3 =27 21.7 = 4.6 234 = 07
Guar gum* 376 =30 33616 2722 2 0S
Lignin 7+ 14 16 15 145 = 0.7
Alfalfa 144 = 1.1 1.5 =13 836 + 06
Wheat bran 121 = 0.7 0+0 95 =08
Cellulose 3510 13+=10 47 = 1.7

‘ Reprinted with permission from Vahouny et al. (1981).
* Micellar mistures contained $ mM taurochenodeoxycholate, 625 uM lecithin, 250 uM monoolein. SO0 M oleic
acid. and 250 pM cholesierol. Triplicate incubations were carried ot with 40 mg of each test substance and
contzined varinus comhinations of [ Ta-"Hitaurochenudeox ycholate, [1-'4C ioleylphosphatidylcholine, and cither
{1.2-"H]cholesterol or [4-1Clcholesterol. ~
* Figures represent means from 6-12 incubations = SEM.
‘ Low viscosity, food grade.
* High viscosity.

’

terials together did not appear to evoke a potentiation of their individual effects.
These cells are apically swollen and separated from the neighboring cells. Several
of the cells are partially or completely denuded of their microvilli.

The lipid accumulation phenomenon was derived only from morphological
visualization of the material. In the chronic feeding Studies the post hoc obser-
vation of this effect precluded identification of the lipid material by virtue of the
necessary fixation and preparative methodology. An attempt was made to quan-
L tify the observations by morphometric analyses of large numbers of representative
‘T"i'““'-‘;f“""-’“if? B tissue sections. The results are presented in Fig. 22. Both the cholestyramine-
‘ and DEAE-Sephadex-treated animals showed a significantly greater degree of
lipid density in the epithelial layer compared to control-fed or colestipol-treated
rats. A partial piece of evidence which may explain this finding is shown in
Table II. When these resins are incubated in vitro with micelles of varying
composition cholestyramine and DEAE-Scphadex are capable of binding up to
98-99% of available phospholipid in addition to their sequestration effects on
cholesterol and bile salts.

. KYH

4. DISCUSSION

SEM of the alimentary epithelial surface possesses certain advantages as a
morphological technique. It avoids the tedious thin-sectioning and stereological
reconstruction associc .; with transmission or light microscopy procedures. Rapid
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assessment of surface mucosal integrity, even in human biopsy material,
possible, and is a factor of considerable importance in utilizing this mcthodolog\
in the determination of the etiologic factors and their progressive identification
in a wide variety of gastrointestinal disease states. A disadvantage lies in the
fact that only the upper third of the intestinal surface, by virtue of its architectural
configuration, is accessed by this technique. It is generally considered, however.
that the epithelial cells in this region constitute the more differentiated and hence
functionally competent cells in the mucosal layer. The transport of important
solutes, €.g., inorganic ions, water, glucose, and amino acids. has been ascribed
to the cells in this particular region of the villi and hence their morphological
characteristics deserve serious study.
In the studies outlined in this paper we have attempted to characterize the
morphological consequences of certain dietary regimens in a rat model. The data
thus far obtained would seem to indicate that there is a morphological component
which should be added to the expanding list of intestinal mechanisms associated
with modification of dietary patterns by fiber ingestion or the administration of
bile salt sequestrant materials. A complete and detailed appraisal of normal
variations ascribable to species, dict, developmental status. or of the normal
ultrastructural topography of small and large intestine is still lacking. Hence, it
must be emphasized that the information presented here represents an attempt
to quantify readily observable morphological characteristics in groups of animals
subjected to feeding regimens in which lipid absorption and metabolic charac-
teristics are fairly well defined. Two primary questions arising from these findings
are: (1) Are the differences which have been noted attributable to a degree of
deviation which might be expected to be within the normal range? (2) Can such
deviations in mucosal structure be interpreted in light of other known and relevant
physiological and biochemical observations derived from these or other similar
feeding studies?
In regard to the first question, it would seem reasonably well established
that normal mucosal cell production, exfoliation, and replacement in the gas-
trointestinal tract is an unobvious phenomenon when viewed by ultrastructural
techniques (Cassidy and Lightfoot, 1979; Creamer et al., 1961). The kinetics
of the phenomenon and its regulation have been documented by biochemical and |
autoradiographic techniques. Currently it seems as if cell expulsion at the villus &+
tips occurs via loss of intact cells (Harding and Morris, 1977; Lightfoot and
Cassidy, 1978) without any overt disruption of apical membrane integrity. The
cell swelling, loss of microvilli, distortion, and injury seen with certain fibers
and resins have not been reported in any control population of rats either by us
or others (Gaginella et al., 1977; lvey et al., 1978). The cell damage phenomenon
appears to be limited to those cells of the small intestine or colon that are closest
to the lumen. We have, therefore, concluded that the ultrastructurat differences
induced by the perturbant feeding patterns are mainly limited to the mature.
senescent enterocytes in both small and large intestine.
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It is accepted that various types of irritant agents that evoke similar stages
of cell necrosis can stimulate crypt cell production, migration, and villar repair
rates via a tip to crypt feedback mechanism (Sprinz, 1971). Specific experimental
examples include the effect of aspirin in an ulceration model (Yeomans et al.,
1973) and bile salt influences on epithelial cell dynamics (Roy et al., 1975). It
is true that particular dietary regimens and hormonal agents stimulate jejunal and
colonic hypertrophy (Dworkin et al., 1976; Hageman and Stragand, 1977; Maud-
sley et al.. 1976. Mak and Chang, 1976).

These results would suggest that one possible intestinal adaptation to chronic
feeding patterns or bile salt sequestrations may involve altered rates of cytokinetic
loss and renewal. The limited focal lesions found in our studies may represent
early mucosal irritation and injury which could lead to later hyperplastic and
perhaps neoplastic responses. Further studies are necessary to demonstrate such
a continum between mild epithelial cell damage and longitudinal development
of carcinomatous lesions. The type of in situ cell degeneration noted here causes
breaks in the continuity of the mucosal barrier allowing penetration of luminal
materials to subepithelial layers. In the normal mature rat, 1.7% of intact an-
tigenic protein is absorbed by the small intestine and 0.13% by the colon (Nigro
et al., 1973, Asano et al., 1973; Warshaw et al., 1977). The mechanism of
necrosis may relate to membrane damage by lysolecithin or to extraction of
membrane phospholipids, leading to epitheliolysis.

With respect to a putative association between other documented effects of
thee= "1y materials and the observed structural changes, we have probed
several othe, possible mechanisms implicated in the antiatherogenic and anti-
carcinogenic sequelae of high-fiber feeding. Particularstudies carried out with
the same groups of rats included intestinal transit times, the direct measurement
of cholesterol absorption into the lymphatic system, certain parameters of hepatic
lipid metabolism. and the bile salt-binding capabilities of these"agents in vitro.

Only cellulose and bran significantly reduced intestinal transit time (Va-
houny et al.. 1980). There was qualitative evidence of more goblet cell activity
and mucin secretion in both of these conditions, although these preliminary
observations have not been quantitatively documented. It is not yet established
whether cells in the crypt region are predetermined to remain as such or whether
some lability betwee., columnar and goblet cells occurs during the villar matur-
ation process. Cellulose feeding induced a significant depression of cholesterol
absorption, while the bran diet mildly lowered lipid uptake. Neither of these
semipurificd dicts bind bile acids in vitro and their effect on mucosal surface
structure is indistinguishable from controls.

Feeding of pectin and alfalfa and the three resins, on the other hand, is
associated with lowered cholesterol absorption, binding of bile salts from mixed
micelles, and the microscopic appearance of distinctly abnormal mucosal ultra-
structure. It would seem that the most clearly discernible correlation between
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the morphological and biochemical findings lies in the in vitro bile salt seques-
tration phenomenon. There is some evidence that bran and cellulose exert a
protective effect against the induction of tumorigenesis with 1,2-dimethylhydra-
zine in the colon (Barbolt and Abraham, 1978; Fleiszer et al., 1978; Freeman
etal., 1978). By contrast, bile acids, fed as such, enhance the mutagenic activity
of several carcinogens, even in germ-free animals (Reddy et al., 1978). A similar
type of stimulation is observed with cholestyramine (Nigro et al., 1973; Asano
et al., 1970). In the colonic perfusion studies we found similar damage to the
colonic surface when either bile acids or cholestyramine or the bile acid-resin
complex was presented twice per diem for S days. There was no evidence of an
additive histological effect when bile salts and cholestyramine were used to-
gether. Chadwick et al. (1979) have recently emphasized the specific bile salt
molecular structure required to cause various effects in the intestinal tract, in-
cluding salt and water secretion and epitheliolysis. Ammon (1979) has concluded
that biliary lecithin is critfcal for the protection of mucosal galibladder from the
potentially damaging effects of bile salts. The finding by Levine .t al. (1980)
that antral instillation of bile salts significantly elevates serum g.<:.in levels in
man suggests that gastrin secretion may be modulated by these dietary regimens
and, in consequence, trophic effects on intestinal epithelium could be predicted.

One other observation from our morphological appraisals is the significant
accumulation of lipid droplets within the jejunal enterocytes with cholestyramine
or DEAE-Sephadex administration. The nature of this material has not yet been
identified, but was apparent in three out of four separate feeding studies. An
explanation for such lipid-laden cells rests on the assumption of a greater blockage
of lipid exit mechanisms at the basolateral membranes of the mucosa than that
initially presumed to occur at the micellar entry step, when bile sequestrants are
present in the lumen. An obligatory requirement for luminal phospholipid in the
exit step via chylomicron packaging and exit has been postulated (O’ Doherty
et al., 1973). Our observations on the capacity of the sequestrants to bind. not
only cholesterol and bile acids, but also 98-99% of available phospholipids in
mixed micelles is pertinent. With the feeding of cholestyramine or
DEAE-Sephadex there may be a lack of intracellular phospholipid for this es-
sential step. An analogous finding of intracellular lipid deposition has been
reported with the use of hydrophobic detergents. Detergent amd resin agents may
prove to be useful probes of lipid serosal transfer mechanisms in the intestinal
tract. It should be mentioned that alternatively (1) permeation of resin into the
cell could conceivably bind intracellular phospholipid essential to chylomicron
formation, or (2) the resin could also bind other essential luminal components
of the lipid transfer process, e.g.. pancreatic cholinesterase (Gallo ef al.. 1980).

In summary, we have sought to investigate structural alterations in the
alimentary organs in response to chronically ingested dietary materials. Whether
the relationships we have consistently observed are causative or merely correl-
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ative epiphenomena remains to be determined in studies designed to test possible
underlying mechanisms. Ultimately, any mechanism involved in the explanation
of health status relating to diet must originate from some signals which are
perceived by this organ and relayed to a host of other homeostatic systems,
whether these be morphological, biochemical, physiological, or pathological in
nature. Scanning electron microscopy offers a relatively easy and rapid approach
to the assessment of morphological modifications and also provides novel clues
in the pursuit of other important adaptive responses which may lie in the mo-
lecular or biochemical realm.
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