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In situ detection of enterocytic apoptosis in
normal colonic mucosa and in familial

adenomatous polyposis

J Striter, K Koretz, A R Giinthert, P Méller

Abstract

Physiological regeneration of colonic epi-
thelium entails proliferation at the crypt
base and cell loss by shedding or cell death.
The aim of this study was to localise and
assess the rate of apoptosis in normal and
neoplastic colonic epithelium with respect
to zones of proliferation. Familial adeno-
matous polyposis (FAP) was chosen as a
model to study neoplastic transformation
of colonic mucosa at an early stage.
Apoptotic cells were detected in situ by
TdT-mediated biotin-dUTP nick end
labelling (TUNEL) in parallel to cells in
cycle determined by Ki-67 immunohisto-
chemistry using the monoclonal antibody
MiB-1. By detection of genomic fragmen-
tation, two different patterns of enterocytic
apoptosis emerged: (a) apoptotic bodies
being engulfed by adjacent epithelial cells,
and (b) apoptotic cells with only subtle
morphological changes being extruded into
the gut lumen. The engulfment pattern was
seen predominantly in the crypts of the
normal colonic mucosa and, although very
rare, was clearly confined to the basal
proliferation compartment. The extrusion
pattern was restricted to the luminal
mucosal surface. Adenomas of FAP
showed highly increased numbers of apop-
totic bodies, which were scattered through-
out the transformed mucosa. Both patterns
of apoptosis were topographically inter-
mingled although the extrusion pattern
prevailed at the luminal adenoma surfaces.
Whereas cells in cycle were somewhat more
numerous in the upper parts of the crypts,
apoptosis occurred with increased fre-
quency at sites beneath the proliferation
maximum suggesting an inverted direction
of epithelial cell migration in adenomas.
These results suggest two distinct routes
towards enterocytic apoptosis in the colonic
mucosa leading to engulfinent or extrusion
of dying cells. Adenomatous transforma-
tion of colon epithelium is associated with a
considerable increase of the cellular
turnover rate and with a severe disturbance
of the microtopographical localisation of
birth and death of enterocytes.
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The process of renewal of the colonic mucosa
entails enterocytic proliferation within the

lower parts of the crypts, differentiation and
migration along the crypt axis towards the
surface epithelium, and, finally, cell loss by
shedding at the luminal surface or intraepithe-
lial cell death.! In recent years, many studies
have concentrated on proliferation kinetics and
distribution of proliferating cells in the normal
and neoplastic mucosa.?!! Thus, the cell cycle
time in colon and rectum was determined to
last about one to two days!? while the total
turnover time in the human colon has been
estimated to range between three and eight
days.!214 Iess, however, is known about
mechanisms of cell loss in the intestine. It has
been shown that cells of the luminal surface
epithelium exhibit fragmentation of their
DNA, 517 suggesting that programmed cell
death, apoptosis, is involved in the superficial
loss of intestinal cells. Apoptosis is an active,
irreversible process leading to progressive
genomic fragmentation and structural degrada-
tion of the cell, which is complete after less than
four hours.!® The aim of our study was to
investigate more deeply apoptosis in the normal
as well as in the neoplastic colonic mucosa with
respect to the position of apoptotic cells within
the mucosa and their relation to zones of pro-
liferation. For this purpose, the recently
described TdT-mediated biotin dUTP nick
end labelling (TUNEL) method for the in situ
detection of apoptotic cells!®> was applied
together with Ki-67 immunohistochemistry.
Familial adenomatous polyposis (FAP) was
chosen as a model to study neoplastic transfor-
mation of the colonic mucosa at an early stage
characterised by limited structural complexity.

Methods

Tissue and tissue preparation

Tissue taken from colonic biopsy specimens or
resection specimens was sent to our institute
for routine diagnostics. Specimens were fixed
in 6% formalin, routinely processed, and
embedded in paraffin wax. We examined 16
colonic tissue samples from patients with FAP
including non-neoplastic and adenomatously
transformed mucosa. Adenomas examined
ranged from macroscopically invisible, up to a
size of 0-5 cm in diameter. All were of the
tubular type. Normal colonic mucosa from 14
tumour free resection margins from colonic
specimens resected because of sporadic cancer
served as controls. Sections of about 4 pm in
thickness were adhered to glass slides that had
been coated with 2% 3-aminopropyltriethoxy-
silane (Sigma, St Louis, MO) in acetone.
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Deparaffinisation was done by xylene, followed
by rehydration in ethanol/water baths of
falling ethanol concentration. Subsequently,
deactivation of endogenous peroxidase in
methanol/H,0, for 20 minutes was carried
out. As we have shown that short-term
microwave irradiation sensitises the TUNEL
method for in situ detection of apoptotic
cells,!® tissue sections were transferred to a
0-01 M citrate buffer (pH 6-0) and treated in a
microwave oven (Sharp, Hamburg, Germany)
at 750 W before both the nick end labelling
procedure and immunohistochemistry. Treat-
ment duration was about three to five minutes
for TUNEL and 15 minutes for immunohisto-
chemistry.

Nick end labelling procedure

For the in situ detection of apoptotic cells, a
modification of the TUNEL method described
by Gavrieli!® was applied. Briefly, after diges-
tion of nuclear proteins by proteinase K
(Merck, Darmstadt, Germany) for about 15
minutes, terminal deoxyribonucleotidyl trans-
ferase (TdT) (Promega, Madison, WI, USA)
at a final concentration of 0-1 EU/pl was used
to insert Biotin-16-dUTP (Boehringer,
Mannheim, Germany) to the ends of the DNA
fragments. A streptavidin-peroxidase complex
(Amersham, High Wycombe, UK) and 3-
amino-9-ethylcarbazole (AEC) (Sigma) served
as a detection system for biotin, the peroxidase
reaction resulting in an intense red precipitate.
Finally, the sections were faintly counter-
stained with Harris haematoxylin. Negative
controls were performed by omission of the
transferase. This procedure did not show any
non-specific reaction. Positive controls were
done by DNAse I (Sigma) digestion of the
DNA, giving rise to a strong nuclear staining of
all cells. Apoptotic bodies within germinal
centres of the Payer’s plaques and in the inter-
stitium served as additional intrinsic positive
controls.

Evaluation of apoprotic cell death

In the untransformed mucosa, at least 12 well
oriented crypts of each tissue sample were
examined for apoptotic cells. Evaluation was
restricted to those crypts whose entire length
could be analysed. To determine the occur-
rence of apoptosis with respect to the cell posi-
tion along the crypt axis, normal colonic crypts
were longitudinally divided into five compart-
ments from the base (compartment 1) to the
luminal surface (compartment 5).!° Adenomas
differed considerably in size and their tubules
were often contorted, so that a division into the
above defined compartments was inadequate.
Thus, they were functionally divided into a
morphologically non-neoplastic base (if any),
composed of a proliferation zone (as defined
by Ki-67-expression, see later) (compartment
I) and a differentiation zone (compartment II),
and the more superficially located neoplastic
mucosa, divided into three compartments of
equal length from the basal parts of the
neoplastic mucosa (compartment III) to the
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luminal surface (compartment V). Again, at
least 12 adenomatous tubules were examined
giving preference to those that were cut most
longitudinally.

A preliminary evaluation showed some
degree of interindividual and intraindividual
variability in frequency of apoptotic events.
Therefore, the frequency of apoptotic cells
detected in a single compartment was assessed
in a semiquantitative manner. The following
semiquantitative score was set up: ‘0’ absence
of labelled cells; ‘1’ single apoptotic cells in
very few corresponding compartments of a
larger mucosal area; ‘2’ approximately one
stained cell or microbody within the corres-
ponding compartment of almost each crypt
per specimen; ‘3’ distinctly more than one
apoptotic cell per compartment separated by
gap-like ‘apoptosis-free’ regions; ‘4’ high
frequency of apoptotic bodies, lining the
basal membrane with as few as one to five
viable (unlabelled) enterocytes in between. In
the case of marked heterogeneity within
corresponding compartments of the same
tissue section, both categories concerned were
indicated (for example, 1/2; 2/3; 3/4).

Immunohistochemistry

To relate the location of apoptosis with zones
of proliferation, cells in cycle were immuno-
histochemically stained using an adjacent
tissue section and applying the mouse mono-
clonal antibody MiB-1 (Dako, Copenhagen,
Denmark), which recognised the Ki-67
antigen in paraffin wax embedded tissue
sections.2? The immunohistochemical staining
method is described in detail elsewhere.?! A
polyclonal biotinylated sheep antibody to
mouse Ig (Amersham, High Wycombe, UK),
the streptavidin-peroxidase complex (see
above), and AEC served as a detection system
for the primary antibody. Positive cells showed
a clear cut nuclear signal. Negative controls
were performed without the primary antibody.
No non-specific staining was seen in these
cases.

Results

Detection of genomic fragmentation by
TUNEL resulted in an intense nuclear staining
of apoptotic cells and apoptotic bodies. Both in
the normal and neoplastically transformed
colonic mucosa, two distinct patterns of
apoptotic cell death emerged (Fig 1): (a)
intraepithelial enterocytic apoptosis and sub-
sequent engulfment of apoptotic bodies by
adjacent epithelial cells (Fig 1A, C), and (b)
apoptosis along with extrusion of enterocytes.
These apoptotic cells show only very early
morphological changes while, after having
been extruded, they undergo progressive struc-
tural desintegration within the luminal mucus
layer (Fig 1B).

Normal colon epithelium
Figure 2A summarises the findings in the
normal colon epithelium. Apoptotic cells or
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Figure 1: Two distinct patterns of apoptotic cell death are highlighted by TUNEL staining
of the normal colon mucosa. (A) Cells being extruded into the gut lumen at early stages of
apoptosis were more frequent than typical apoptotic bodies engulfed by adjacent viable cells
(arrow heads). Note nuclear changes of cells while being extruded (arrows). Additionally,
single apoptotic bodies in the lamina propria are labelled. Original magnification X 400.
(B) High power view of stained cells being extruded into the gut lumen (‘extrusion
pattern’). Note chromatin condensation at the nuclear periphery as early sign of apoptosis
(arrow) and subsequent nuclear fragmentation (double arrow). Within the gut lumen,
pycnotic nuclei are labelled (arrow heads) X 630. (C) High power view of typical apoptotic
bodies within the crypt base (‘engulfment pattern’) X 630.

bodies were located within two different zones
(Fig 3), the first of which comprised the lower
parts of the crypts (compartments 1 and 2).
Compartments 1 and 2 neatly corresponded to
the proliferation zones as shown by detection of
the Ki-67 antigen. Within these compartments,
apoptotic cell death was a rather rare event with
a mean frequency of much less than one apop-
totic cell per crypt and always gave rise to the
engulfment pattern (Fig 1C). In three of 14
tissue samples, apoptotic bodies were detected
in these compartments at a slightly higher
incidence of about one or two events per crypt.

The second and main region to contain con-
siderable numbers of apoptotic cells or bodies
was the luminal surface mucosa (compartment
5). In this compartment, labelled apoptotic fig-
ures varied considerably in number comprising
single scattered cells, ranging up to most of the
cells in at least some areas of the surface
epithelium. Cell death giving rise to the engulf-
ment as well as to the extrusion pattern was
seen, however, in most cases, the extrusion
type was more frequent (Fig 1A).

Apoptosis in the middle and upper parts of
the crypts (compartments 3 and 4) was
detected in single crypts in as few as two of 14
samples of normal colonic mucosa and, thus,
was extremely infrequent.

Untransformed mucosa in FAP

Figure 2B summarises the data obtained from
the untransformed mucosa in FAP. Even
though minor morphological differences
between the normal colonic mucosa and the
untransformed mucosa in FAP were obvious
(for example, extensive production of mucus
with dilatation of the globlet cells and of crypt
lumina in FAP), the frequency and distribu-
tion of apoptotic cells in these glands was
essentially similar: labelled apoptotic cells or
bodies were located mainly at the lower parts
of the crypts and in the surface epithelium.
Within compartments 1 and 2, again corres-
ponding to the proliferation zone as charac-
terised by Ki-67 antigen expression, only single
apoptotic bodies in very few crypts were seen.
This was true for all cases but one, which did
not show any apoptosis in these basal parts of
the crypts. In four of 16 cases, apoptotic cell
death was found occasionally in compartment
3, whereas dying cells were absent in compart-
ment 4. Similar to the normal state, apoptotic
cell death within these lower compartments led
to engulfment. The superficial epithelium
(compartment 5) again showed significantly
more labelled cells undergoing both engulf-
ment and extrusion type of apoptosis but the
extrusion pattern prevailed in most cases.

Adenomas in FAP
Figure 2C shows the results obtained from
adenomas in FAP. In most small adenomas,
especially in those of the oligotubular type,
crypts were often composed of a morpho-
logically normal base with neoplastically
transformed epithelium on top. In the untrans-
formed crypt base, apoptosis and engulfment
were found again in small numbers within the
proliferation zone as determined by Ki-67
expression (compartment I). In compartment
II, apoptotic cells were seen in just two cases,
each of which contained very few nuclear frag-
ments. Thus, distribution and frequency of
apoptosis at the adenoma base resembled that
seen in the crypts of the normal colonic
mucosa. However, a peculiar feature (not
shown in Fig 2C) was sometimes seen: close to
the border of the neoplastic mucosa there was
a sharp increase in apoptotic events all of them
giving rise to the engulfment pattern (Fig 4).
Frequency and distribution of proliferating
and dying cells were very different in the
neoplastic part of the adenomas (Fig 5): (a)
proliferation and apoptotic rates were highly
increased, and (b) the distribution of prolifer-
ating cells and apoptotic events was highly
abnormal. Cells in cycle were found most fre-
quently in the upper parts of the neoplastic
glands close to the luminal adenoma (compart-
ment IV). However, apoptotic cells, in con-
trast, were found most frequently close to the
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Figure 2: Frequency and distribution of apoptotic cells in the normal colon mucosa (A), in untransformed mucosa in FAP
(B), and in adenomas in FAP (C). Crypts of the untransformed (Arabic numerals) and neoplastic (Roman numerals)
mucosa were longitudinally divided into five compartments (see Methods). The compartment number is shown on the left
and on the right hand side of the diagram. Each half-crypt represents one case (tissue sample) with at least 12 crypts
examined, the case number being shown above. To show the number of apoptotic cells per crypt, a semiquantitative score
was set up; the digit ‘0°-°4’ signify different frequencies within a certain crypt compartment with ‘0’ representing the lowest
and ‘4’ the highest number of apoptotic cells or bodies (for details see Methods).

adenoma base — that is, close to the border of
the underlying untransformed glands (com-
partment IIT). Thus, with respect to normal
status, there was some sort of upside-down
situation within the neoplastic part of the
adenoma. Both patterns of apoptotic entero-
cyte elimination were present. Irrespective of
the inverted relative frequencies of apoptotic
events, the patterns of elimination corre-
sponded to that of the normal situation (Fig 5):
the extrusion pattern prevailed at the adenoma
surface (compartment V), while the engulf-

ment pattern predominated along the neoplas-
tic glands (compartments IV and III) (Fig 6).

Discussion

We have shown that in normal colonic
mucosa, apoptotic death of enterocytes leads
to two different patterns of elimination, (a)
engulfment by adjacent enterocytes and (b)
extrusion. In the normal state these patterns
are confined to distinct micro-environments.
Labelled apoptotic cells giving rise to the
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immunohistochemical staining of cells in cycle (at the crypt bases) by the monoclonal
antibody MiB-1 recognising the Ki-67-antigen. (B) Detection of DNA fragmentation
using the TUNEL technique. Labelled cells are seen in two different compartments: single
apoptotic bodies are detected within the proliferation compartment at the base of some crypts
(arrow head); more frequently, however, cells exhibiting DNA fragmentation are visualised
within the surface epithelium (arrows).

engulfment pattern were located within the
proliferation zones located at the bottom of the
crypts, whereas the extrusion pattern was pre-
dominate at the luminal surface. These find-
ings confirm and extend published data.
Already in the 1950s, cytoplasmic inclusion
bodies containing DNA had been seen in
human rectal polyps by Leuchtenberger,?2

Figure 4: Border area of untransformed mucosa (bottom)
and adenoma in FAP (top). Several apoprotic bodies are
detected within the transformed mucosa. Additionally,
apoptotic remnants are seen lining the basal membrane of
the untransformed mucosa most adjacent to the adenoma
(arrows). Original magnification X400.

and, recently, the occurrence of
‘Leuchtenberger bodies’ was described to be a
characteristic of adenomas in FAP.23 In both
reports, these bodies have been misinterpreted
as being either viral inclusion bodies or
remnants of intraepithelial lymphocytes. Our
finding that these bodies contain high amounts
of DNA fragments and regularly occur within
the proliferative basal zone of normal glands
shows strong evidence that these are apoptotic
bodies. The significance of spontaneous apop-
totic cell death in the proliferation compart-
ment is unknown. It has been speculated that
spontaneous apoptosis in the basal parts of the
crypts may result from an occasional sym-
metrical stem cell division in a system that
normally divides asymmetrically?4 to prevent
hyperplasia. After irradiation and after
administration of cytotoxic drugs, apoptotic
bodies are seen in dose dependent numbers
predominantly in the basal proliferation zone
of colonic crypts.2>-27 This, however, suggests
that enterocytes die by apoptosis whenever
mitosis fails.

Using the TUNEL technique, Gavrieli ez al !5
showed DNA breaks in epithelial cells located
in the villus tips in the rodent and human small
intestine, suggesting involvement of apoptosis
in the process of physiological gut mucosa
regeneration. These data were supported by
Ansari ez al 17 who applied an in situ nick trans-
lation technique. However, these authors
refrained from accepting these labelled cells as
being apoptotic because of the lack of clear
cytological criteria of programmed cell death.
They speculated that DNA breaks might be
secondarily caused by artefacts of fixation and
tissue processing. Nevertheless, ultrastructural
studies by Potten and Allen?® showed that,
close to the small intestinal villus tips, apopto-
sis actually occurs and apoptotic cells may
undergo extrusion into the gut lumen rather
than getting engulfed by adjacent cells.
Considering these and our own findings, it is at
least possible that one route towards apoptosis
starts by detachment from the basal lamina,
which provides necessary survival signals. This
would be in accord with a recent report on
apoptosis induction by disruption of epithelial
cell/matrix interaction, a phenomenon called
‘anoikis’ by the authors.?° On the other hand,
it is known that apoptotic cells tend to rapidly
detach from adjacent structures.3? In our case,
it is unclear which of the two phenomena is the
cause and which is the consequence. The
‘anoikis’ concept, however, apparently does
not apply to the engulfment pattern of entero-
cyte elimination, which is the consequence of
apoptosis in situ. This suggests that entero-
cytes might have a second route at apoptosis.
Alternatively, there might be one apoptotic
programme that can be modulated by
factors/signals differing microtopographically
along the maturation pathway of the entero-
cyte. Our comparative analysis of frequencies
of cells in cycle and cells undergoing apoptosis
showed that, in the neoplastic part of
adenomas, both processes are considerably
increased thus illustrating an abnormally high
turnover rate. Cycling cells were more frequent
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Figure 5: Serial paraffin wax sections of an adenoma in FAP; original magnification
X100. (A) Immunohistochemical staining of Ki-67-positive cells. Note that stained cells
are predominantly in the superficial compartments with only few Ki-67-positive cells in the
more basal parts of the crypt. (B) Detection of DNA fragmentation by TUNEL. Apoptotic
bodies are scattered throughout the transformed mucosa, most often lining the basal

brane, the maxi amount of bodies found within deeper parts of the crypts. Note
that wi{hir:i the surface epithelium, the pattern of apoprotic cells being extruded is
maintained.

in apical parts of the neoplastic component
while apoptotic events were concentrated at
the base of the neoplasm. Thus, with respect to
the normal state, the regions of cell birth and
cell death are inverted. An explanation of this
inversion would be an inverted direction of
enterocyte migration along the neoplastic
glands. This assumption is in accord with in
vivo measurements of proliferation kinetics in a
patient with Gardner syndrome using tritiated
thymidine. Distribution of labelled cells
showed their abnormal retrograde migration
away from the adenoma surface towards the
crypt base.> However, the topographical inver-
sion of regions of proliferation and apoptosis
did not affect the local confinement of the
patterns of apoptosis. Similar to the normal
state, the extrusion pattern prevailed at the
adenoma surface and the engulfment pattern
predominated at the adenoma base, again
suggesting that the mode of eliminating dying
enterocytes depends on modulating local
factors. This would also apply to the normal
cells of the untransformed adenoma base.
These cells migrate along the crypt axis but
cannot reach the luminal surface as they collide
with the neoplastic part of the adenoma.
Consequently, the engulfment pattern of
apoptosis should be induced, which, as we
show (Fig 4), is indeed the case.
Summarising, we conclude that, within the
colonic mucosa, two distinct patterns of apop-
totic enterocytic cell death exist, illustrated by
two different modes of elimination of cells
programmed for apoptosis, engulfment and
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Figure 6: Transverse section through adenoma crypts in
FAP. Numerous apoprotic remnants are detected within the
epithelium most of them lining the basal lamina. Only
single apoprotic bodies were extruded into the crypt lumen
(arrow). Original magnification X400.

extrusion. Adenomatous transformation of the
colonic epithelium in FAP is associated with an
increased turnover rate of neoplastic cells and
with a severe topographical disturbance of
cellular birth and death. Despite deregulated
cell proliferation, however, adenoma cells
remain either susceptible to signals inducing
apoptosis or sensitive to apoptosis by growth
factor withdrawal and thus remain under some
sort of ‘social control’.
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