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Backgrounds: Microvillus inclusion disease (MID) is a disorder with the clinical signs of intractable
diarrhoea in the newborn and infancy. The typical pathological features of the disease are well known
whereas the pathophysiology is still unclear.

Aim: This study was performed to define possible alterations of the cytoskeleton and exocytic as well
as endocytic pathways within enterocytes in MID.

Patients: Four patients with MID were studied. Three had a congenital onset of diarrhoea and one
patient had a late onset form.

Methods: Thin frozen sections of small bowel biopsies of patients were labelled by antibodies against
the cytoskeleton and the brush border enzyme sucrase-isomaltase. The binding sites of the primary anti-
bodies were visualised by immunogold particles in the electron microscope. Biopsies were labelled in
organ culture to analyse the biosynthetic and endocytic pathways within the enterocytes.

Results: Labelling with antibodies against actin and villin did not differ significantly in control and
patient biopsies. Biosynthetic labelling revealed normal intracellular processing and transport of the
brush border enzyme sucrase-isomaltase. Secretory granules in crypt epithelial cells were positive for
sucrase-isomaltase, differing in its labelling density between patients. Patient biopsies showed microvil-
lus inclusion bodies which endocytosed cationised ferritin within five minutes after uptake as well as
ovalbumin after incubation for 10 minutes. These microvillus inclusion bodies correspond to early
endosomes because they lack lysosome associated membrane proteins. Late endosomes and
lysosomes containing sucrase-isomaltase did not reveal microvillus-like structures.

Conclusion: Microvillus inclusion bodies in MID originate from autophagocytosis of the apical mem-

icrovillus inclusion disease (MID) is a disorder within
Mthe syndrome of intractable diarrhoea of infancy.' The

main pathological features of the disease include
villus atrophy and accumulation of periodic acid-Schiff (PAS)
positive material within the apical cytoplasm of enterocytes at
the light microscopic level.' * Electron microscopic criteria are
pathognomonic consisting of an increased amount of secre-
tory granules preferentially in crypt epithelial cells and the
presence of microvillus inclusion bodies (MIBs) which are
most frequently found in villus enterocytes.’ * The outcome of
patients is still poor, with parenteral nutrition and bowel
transplantation the only therapeutic options.' > > More efficient
treatments can only be developed when the pathogenetic
mechanism of MID has been understood.

Since Davidson described this disease in 1978, the molecu-
lar defect as well as the pathophysiology have remained
unclear.! A founder effect of a candidate gene has been attrib-
uted to the Navajo population.® It was suggested that MID
represents a defect of the biosynthetic pathway.”® An
increased number of secretory granules as well as an
abnormal accumulation of PAS positive material within the

brane of enterocytes with engulfing of microvilli.

apical cytosol of crypt epithelial cells indicated a block in the
normal transport of granules from the Golgi complex to the
apical membrane. Because acid phosphatase was not localised
within MIBs and their membranes appear to be that of the
microvillus, an autophagocytotic nature of these bodies was
withdrawn.' It was further proposed that components of the
cytoskeleton such as actin, myosin, and vinculin are involved
in the pathogenesis of MID.”"

The purpose of this study was to address the pathogenetic
concepts of MID, applying functional assays for analysing the
intracellular pathway of enterocytes, as well as a quantitative
method to determine the density of villin and actin within
microvilli of MID enterocytes. Using duodenal biopsies from
MID patients, we performed immunoelectron microscopic
studies and metabolic labelling in organ culture to analyse the

Abbreviations: MID, microvillus inclusion disease; SI,
sucrase-isomaltase; LAMP, lysosome associated membrane protein; OVA,
ovalbumin; PAS, periodic acid-Schiff; MIB, microvillus inclusion body.

Clinical outcome Investigation

Table 1 Clinical data
Case No  Sex  Onset Age at biopsy Present age
1 M Congenital 5 weeks and 11 months 17 months
2 F Congenital 2 weeks 9 months
8 M Congenital 3 weeks 20 months
4 F Late onset 3 and 7 months 16 months

On TPN, growth on 50% percentile IEM, BOC, OCT
On TPN IEM
On waiting list for transplantation IEM
On TPN IEM

tracers ovalbumin and ferritin; TPN, total parenteral nutrition.

IEM, Immunogold electron microscopy; BOC, biosynthetic labelling of saccharase isomaltase in organ culture; OCT, organ culture with the endocytic
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Figure 1
small bowel biopsies labelled by antibodies against villin (A, B) and
actin (C, D). Labelling densities did not differ between the microvilli
of patient and control samples by qualitative means. Bar=0.1 pm.

Thin frozen sections of control (A, C) and patient (B, D)

biosynthetic and endocytic transport pathway within entero-
cytes of this disease.

METHODS

Patients

Four patients with MID were studied (table 1). Two (case Nos
1 and 2) were brother and sister of consanguine parents. Three
had a congenital onset of diarrhoea and one patient had a late
onset form of the disease. All suffered from intractable
diarrhoea and required total parenteral nutrition.

In each child, the diagnosis was established by light and
electron microscopy of proximal small intestinal mucosal
biopsy specimens demonstrating the characteristic features:
pathological PAS staining of enterocytes, microvillus atrophy,
MIBs in villus enterocytes, and a large amount of granules at
the apical region of crypt epithelial cells.

Preparation of duodenal biopsies

Fresh duodenal biopsies from two patients were incubated
with ovalbumin (OVA, fraction V; Sigma, St Louis, Missouri,
USA) and cationised ferritin (Sigma) for 5, 10, and 20 minutes
at room temperature before preparation for immunoelectron
microscopy and conventional electron microscopy. OVA was
dissolved in 0.15 M sterile saline at a concentration of 100
mg/ml (360 mosmol/kg). Cationised ferritin was used at a
concentration of 0.5 mg/ml diluted with phosphate buffered
saline. The samples were shaken at 37°C during incubation.
For conventional electron microscopy, biopsies were fixed in
3% glutaraldehyde in 0.1 mol/l sodium cacodylate buffer (pH
7.2) at room temperature for 60 minutes, postfixed in OsO,,
dehydrated in graded ethanol solutions, and embedded in
Epon 812.

Table 2 Quantification of labelling density for actin

Control Patient 1 Patient 2  Patient 3
No of EM pictures 36 27 31 27
Gold particles/pm? ~ 38.5 35.4 49.8 21.7
(18.0) (16.1) (19.8) (8.4)

EM, electron microscopy.

Table 3 Quantitation of labelling density for villin

Control Patient 2 Patient 4
No of EM pictures 41 19 20
Gold particles/pm? 44.7(17.5) 33.6(27.3) 19.83(12.0)

EM, electron microscopy.
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Antibodies

The primary antibodies used in this study were as follows:
monoclonal mouse antibody against human actin (dilution
1:100; CLT 9001; Cedarlane, Ontario, Canada), polyclonal rab-
bit antibody against human villin (dilution 1:30), monoclonal
mouse and polyclonal rabbit antibodies against sucrase-
isomaltase (SI) (dilution 1:50 and 1:1.000), monoclonal
mouse anti-lysosome associated membrane protein 1
(LAMP-1) antibody (dilution 1:30; Pharmingen, Hamburg,
Germany), and monoclonal mouse antibody against OVA
(dilution 1:10; Sigma).

The binding sites of the primary antibodies were visualised
by electron microscopy using gold conjugated goat sera
against rabbit and mouse IgG conjugated by gold particles
with a diameter of 6 and 12 nm (dilution 1:10 and 1:50;
Dianova, Hamburg, Germany).

Immunolabelling of frozen sections for immunoelectron
microscopy

Duodenal biopsies from all patients were frozen in liquid
nitrogen after fixation in 5% paraformaldehyde in 50 mmol/l
HEPES and cryoprotection by polyvinylpyrrolidone/sucrose.
Sectioning and labelling of ultrathin frozen sections (50 nm)
using the technique of Tokuyasu were performed as described
previously.” * Small tissue specimens were sectioned with an
ultracryomicrotome electron microscope FCS (Leica, Ben-
sheim, Germany) at —110°C. Thawed sections were incubated
for 45 minutes with antibodies at room temperature. After
labelling with immunogold, the grids were contrasted with
uranyl acetate and embedded in 2% methylcellulose. Exam-
ination was performed in a Philips 400 electron microscope
(Kassel, Germany).

Quantitative evaluation of labelling densities for actin
and villin

Quantitation of actin and villin within enterocytes was
assessed by counting the numbers of gold particles per area of
sectioned microvilli. Randomised electron microscopy pictures
of each patient were taken from the apical part of enterocytes
at a magnification of 25 000. The relative number of gold par-
ticles per pm’ area labelling microvilli were determined by
point counting, as described elsewhere."” '* Statistical analysis
was performed using the Student’s ¢ test.

Biosynthetic labelling

Biopsy specimens from one patient were cultured and labelled
as described previously.” Three small pieces of the biopsy were
labelled in organ culture with *S methionine for 30 minutes,
four hours, and 18 hours. Triton X-100 detergent extracts of
the labelled samples were immunoprecipitated with mono-
clonal antibodies directed against the brush border protein SI.
Immunoprecipitates were finally analysed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis with or without
treatment with endoglycosidase H.

RESULTS
Ultrastructural localisation of actin and villin in MID
enterocytes
Labelling of thin frozen sections with anti-villin and anti-actin
antibodies showed gold particles within microvilli of entero-
cytes varying in number between the microvilli of single ente-
rocytes from control and diseased biopsies (fig 1). Binding
sites for actin were also detected within the terminal web and
to a lesser extent at the basolateral membrane of enterocytes.
According to the position of the enterocytes on the crypt-villus
axis, no difference in staining of actin and villin was found.
Quantification of actin and villin labelling revealed no
significant differences between patient and control biopsies.
Labelling density for the actin antibody within the microvilli
revealed 35.4-49.8 gold particles/um’ in the biopsies of three
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Figure 2 Thin frozen sections of a bowel biopsy obtained from a patient with microvillus inclusion disease. The biopsy was incubated with
ovalbumin (OVA) for 10 minutes before processing for immunoelectron microscopy. (A) This section was simultaneously labelled by a
monoclonal antibody against OVA and 6 nm large immunogold particles as well as a polyclonal antibody against sucrase-isomaltase (SI) and
12 nm large immunogold particles. Endocytosed OVA (arrows) was present within the microvillus inclusion body (MIB) in a villus enterocyte
and the paracellular space. (B) Double labelling with the SI antibody indicated by 6 nm large immunogold particles and the lysosome
associated membrane protein (LAMP) antibody indicated by 12 nm large immunogold particles revealed that MIBs in a villus epithelial cell
were negative for LAMP. The inset shows an enlarged detail of the microvilli from the MIB with visualisation of the Sl binding sites by 6 nm
large gold particles (arrows). LAMP positive organelles are situated beside the MIB (on the right side of the figure); arrowheads indicate 12 nm
large gold particles of LAMP binding sites. BL, basolateral membrane.
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Figure 3 Ultrastructural localisation of sucrase-isomaltase (SI) and lysosome associated membrane protein (LAMP) on a thin frozen section
from a patient small bowel biopsy. Binding sites for Sl are indicated by 6 nm large gold particles and those of LAMP by 12 nm large gold
particles. (A) Microvillus inclusion bOdK (MIB) situated close to the apical membrane (see overview in (D)) contained microvilli labelled by the Sl

antibody (6 nm large gold particles); there was no significant LAMP labelling within MIB. (B) Intermediate endosome located below the apical
region (see overview in (D)) contained SI (6 nm large gold particles, arrows) on microvilli-like projections and few LAMP molecules (12 nm
large gold particles, arrowheads). (C) Late endosome within the intermediate endosome (B) and an autophagic lysosome showed many LAMP
molecules (12 nm large gold particles) but only a few SI binding sites (6 nm large gold particles) without any detectable microvilli. (D)
Overview from this villus enferocyte; the insets reveal the location of (A), (B), and (C). The apical membrane showed only few and shortened
microvilli. IE, early endosome; LE, late endosome; M, mitochondrium; bars=0.1 pm.
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Figure 4 Epon sections of small bowel biopsies from patients with microvillus inclusion disease demonstrating autophagocytosis of the apical
membrane of the villus enterocyte. The biopsies shown in (B) and (C) were incubated with cationised ferritin (arrows) for?ive minutes.

(A) Engulfing of the apical membrane deeply inwards in the enterocyte. Arrowheads indicate the zone between the apical and basolateral
membranes and the asterisks the apical region of the neighbouring enterocytes. (B) Cationised ferritin appears to be attached to the
membranes of microvilli contained within a microvillus inclusion body which was located in the vicinity of the apical membrane. (C) Infolded
microvilli covered by a thin cytosolic strand. The structure contains two vesicles with cationised ferritin particles on their membranes (arrows).
(D) Cationised ferritin (arrows) is not only detectable on microvilli but also within vesicles of an invagination of the apical membrane. D,

desmosome; Lu, infestinal lumen; Mi, microvilli; bars=0.1 pm.

patients compared with 38.5 gold particles/um’ in three
control biopsies (table 2). Villin labelling density within the
microvilli showed 33.6 (patient No 2) and 19.8 (patient No 4)
gold particles/um’ in patient biopsies in comparison with 44.7
particles/um’ in four control biopsies (table 3). The Student’s ¢
test for patients versus control showed t=0.7 for actin
labelling and t=0.8 for villin labelling.

Endocytic pathway in MID enterocytes

Double labelling experiments with antibodies against ST and
LAMP showed that MIBs were positive for SI (fig 2A) but
negative for LAMP (fig 2B). Villus enterocytes presented SI
positive vacuoles whose morphology differed. Vacuolar bodies
with complex internal structures, including single or groups
of SI positive brush border microvilli, were observed at the
apical membrane and were not labelled by the LAMP antibody
(fig 3A). In addition, there were differences in appearance
between those which contained SI positive microvillus-like
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projections within the lumen without LAMP labelling and
those which showed weak staining for SI and many LAMP
molecules on the outer membrane (fig 3B). Furthermore,
some vacuoles were strongly positive for LAMP but revealed
only weak SI staining (fig 3C). These distinct structures were
simultaneously noted in single villus enterocytes whose apical
surface presented with few markedly shortened and disorgan-
ised microvilli (fig 3D).

Patient biopsies disclosed villus enterocytes whose brush
border was engulfed inwards (fig 4A) and whose microvilli
were covered by a thin cytosolic strand (fig 4C). Biopsies incu-
bated with cationised ferritin for five minutes after taking
biopsies and embedded in Epon revealed ferritin localised to
microvillus membranes (fig 4B) and vesicular membranes
within MIBs close to the apical membrane of the enterocytes
(fig 4C, D). Specimens incubated with OVA for 10 minutes
showed OVA containing MIBs which were labelled by anti-SI
antibodies (fig 2A).
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Figure 5 Exocytic pathway within enterocytes of patients with microvillus inclusion disease. (A) Biosynthetic labelling of the patient’s biopsy
sample in organ culture: endo H resistant glycoprotein which corresponds to complex glycosylated mature SI_is detected after four hours. Sl is
the endo H sensitive mannose rich precursor form. (B) Thin frozen section of a diseased small bowel labelled with the sucrase-isomaltase (Sl)
antibody and 12 nm large immunogold particles. The secretory granules in the apical region of this crypt epithelial cell were strongly positive
for SI. In contrast, the apical membrane does not contain SI. (C) Crypt epithelial cell with strong Sl labelling on the apical membrane indicated
by 6 nm large immunogold particles. In contrast, there was no Sl staining of the secretory granules within the apical region of this enterocyte.
Lu, intestinal lumen; Mi, microvilli; SG, secretory granules; bar=0.1 pm.

Biosynthetic pathway in MID enterocytes
Biosynthetic labelling of the patient’s biopsy sample in organ
culture revealed normal intracellular processing and transport
of the brush border protein SI compared with its counterpart
in control biopsy samples. This was demonstrated by the nor-
mal conversion rates of the endo H sensitive mannose rich
precursor forms of these proteins (SI,) to the endo H resistant
complex glycosylated and mature species (SI..) (fig 5A).
Immunoelectron microscopy showed preferentially in pa-
tient No 1 as well as in patient No 3 that a minority of crypt
epithelial cells contained many SI positive granules (fig 5B) in
addition to a majority of crypt epithelial cells with granules
that were completely negative for SI (fig 5C). Crypt epithelial
cells with SI positive secretory granules (fig 5B) as well as
enterocytes containing MIBs (fig 3D) did not reveal SI on the
apical membrane. Most enterocytes showed dense labelling
for SI at the brush border in all patients, and no significant
difference between patients and control biopsies in labelling
density was found. Other intracellular structures such as the

endoplasmic reticulum and Golgi stacks were labelled by only
a few gold particles. The apically located vesicles were negative
for cationised ferritin in the biopsies incubated with this
ligand for 5-10 minutes (not shown).

DISCUSSION

Electron microscopic studies in MID revealed unique MIBs
within enterocytes that do not occur in any other intestinal
disorder.' **' An additional characteristic feature of MID is
the marked increase in electron dense vesicles in the apical
cytosol of crypt epithelial cells.

Because of the large amount of secretory granules in MID, a
transport defect within enterocytes seems likely.” " ® Philips et
al have already shown that the direct and indirect constitutive
pathways of enterocytes are intact in MID." These findings
were confirmed by our results demonstrating normal intra-
cellular processing and transport of the brush border protein
SI. Most of the secretory granules in the apical region of a
minority of crypt epithelial cells were significantly labelled by
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Figure 6 A model of the exocytic and endocytic pathways in crypt and villus microvillus inclusion disease (MID) epithelial cells. (A) Secretory
granules, which are present in crypt epithelial cells, are labelled by the sucrase-isomaltase (Sl) antibody with variable intensity. Crypt epithelial
cells whose secretory granules do not contain Sl show Sl labelling on the apical membrane (AM). In contrast, crypt epithelial cells with no SI
labelling on microvilli reveal secretory granules with Sl staining. (B) Villus enterocytes with detectable microvillus inclusion bodies (MIBs) are
characterised by a few and shortened microvilli. Microvilli within MIBs are labelled by the Sl antibody but are negative for lysosome associated
membrane protein (LAMP) indicating their early endosomal nature. Late endosomes of MID enterocytes, which are identified by LAMP positivity,
reveal few microvillilike projections and Sl labelling. Lysosomes, which are strongly positive for LAMP, contain a low amount of SI without any

microvilli-like structures. BL, basolateral membrane.

the anti-SI antibody. This is in contrast with Philips ef al who
found ST at the apical membrane and in the MIBs but not in
secretory granules.'® We suggest in our model of MID (fig 6A)
that the transport granules deliver SI (and other brush border
proteins) to the apical membrane but to a different extent in
different patients, most likely depending on which secretory
protein is induced. This is supported by the observation that
(induced) enterocytes with SI positive secretory granules do
not contain SI on the apical membrane in contrast with
(uninduced) enterocytes with SI negative secretory granules
and SI positivity of the brush border. While the presence of
immunoreactive SI in the apical membrane supports the con-
cept of an intact biosynthetic pathway in MID, the high
number of SI positive granules within the apical region of
crypt epithelial cells may be indicative of delayed fusion of
these granules within the apical membrane.

Because acid phosphatase, a lysosomal marker, was not
found in MIBs, it was postulated that MIBs do not originate
from autophagocytosis of the apical membrane.' It was
further suggested that inclusion bodies develop due to a block
within the exocytic pathway with retention of transport gran-
ules within the cytosol. Smaller granules were thought to
develop into MIBs or large vesicular bodies.” Our findings
obtained under organ culture conditions demonstrate that
cationised ferritin and OVA are possibly endocytosed as
ligands from the apical surface of MID enterocytes within
5-10 minutes and are then localised within MIBs. This
indicates that MIBs originate from autophagocytosis of
engulfing brush border membranes. Induction of autophago-
cytosis and formation of MIB-like structures in epithelial cells
by drugs depolymerising microtubules' '* and actin'’ support
the concept that a defect in the cytoskeleton of enterocytes is
involved in the generation of MIBs. MIB-like structures
termed vacuolar apical compartment are produced in MDCK
cells kept under low calcium conditions which prevents the
establishment of cell-cell contact.” There are many reports on
epithelial cells which form organelles with an intracellular
lumen.” Thus intracellular lumen has been described in many
epithelial cells, including cancer cells with increased develop-
ment under culture conditions. It is interesting that dysfunc-
tion of the cytoskeleton is discussed in all of these instances.
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Because MIBs do not contain LAMPs which are present in
late endosomes, lysosomes, and to a lesser extent in early
endosomes,” they are considered to be early endosomes which
is in accordance with their lack of acid phosphatase.' Early
endosomes constitute the first endocytic compartment
through which ligands internalised from the cell surface are
recycled or pass en route to late endosomes and lysosomes.”
Ligands appear in these organelles which are less acidic than
late endosomes and lysosomes, within five minutes after its
uptake.” We have recently shown that enterocytes endocytose
luminal OVA into early and late endosomes and transport this
ligand to the basolateral membrane and the paracellular space
within 5-10 minutes after its oral administration.” We assume
that the morphology of microvilli within MIBs disappears
during further progression and degradation within late endo-
somes and lysosomes which are the organelles with the
strongest presence of acid phosphatase and LAMP.

While this study served to disclose the pathogenetic mech-
anism of MIB formation in MID, the basic molecular defect of
MID remains obscure. Our quantitative results do not confirm
any structural abnormalities of actin and villin in MID
enterocytes although a functional defect of these proteins
cannot be excluded by the applied experimental approach.
Nevertheless, ample evidence indicates that the molecular
defect of MID is localised within the cytoskeleton of the MID
enterocyte. Components of the cytoskeleton such as actin and
tubulin are not only involved in endocytic* but also in
secretory processes” ** of (polarised) epithelial cells. Further
studies are necessary to define the basic molecular genetic
defect of the cytoskeleton in MID.

In summary, our results refute a defect in the biosynthetic
pathway of MID enterocytes. Our data suggest that MID is a
disorder caused by increased autophagocytosis of the apical
membrane of enterocytes with the formation of MIBs by
engulfing of microvilli.
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