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Inflammatory Bowel Disease and Adenomas
in Mice Expressing a Dominant
Negative N-Cadherin

Michelle L. Hermiston and Jeffrey |. Gordon*

Cadherins mediate cell adhesion and are essential for normal development. Embryonic
stem cells were transfected with a dominant negative N-cadherin mutant (NCADA) under
the control of promoters active in small intestinal epithelial cells and then introduced into
C57BL/6 mouse blastocysts. Analysis of adult chimeric mice revealed that expression of
NCADA along the entire crypt-villus axis, but not in the villus epithelium alone, produced
an inflammatory bowel disease resembling Crohn’s disease. NCADA perturbed prolifer-
ation, migration, and death programs in crypts, which lead to adenomas. This model
provides insights about cadherin function in an adult organ and the factors underlying
inflammatory bowel disease and intestinal neoplasia.

Precise control of cell adhesion is necessary
during embryogenesis. In adult organisms,
perturbations of cell adhesion are associated
with tumor invasion and metastasis. Cad-
herins are transmembrane glycoproteins
that mediate homophilic adhesive interac-
tions between cells (I). Their conserved
cytoplasmic domains interact with B-cate-
nin or plakoglobin, which bind «-catenin
(2). These interactions are essential for
linkage to the actin cytoskeleton and for
productive adhesion (3). Results from cell
culture studies indicate that cadherin-cate-
nin complexes regulate cell polarity, forma-
tion of junctional complexes, migration,
and proliferation (1, 3). Disruption of en-
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dogenous cadherin production results in
embryonic lethality in mice and Xenopus,
establishing the fundamental role of cad-
herins in development (4). We describe
here the consequences of disrupting cad-
herin function in the crypt and villus epi-
thelium of the adult mouse small intestine.

The mouse intestinal epithelium express-
es a sequence of “developmental events”—
proliferation, lineage allocation, migration,
differentiation, and death—throughout life
(5). Proliferation is confined to the crypts of
Lieberkiihn. The crypt’s multipotent stem
cell gives rise to enterocytes, mucus-produc-
ing goblet cells, enteroendocrine cells, and
Paneth cells. Member cells of these four
lineages differentiate during an orderly mi-
gration and are subsequently eliminated by
apoptosis and exfoliation or phagocytosis.
Renewal is rapid (3 to 20 days).

The organization of the small intestinal
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epithelium makes it possible to use chimeric
inice, generated from normal blastocysts
and genetically manipulated embryonic
stem (ES) cells, to study cadherin function
(6). All stem cells in each crypt of an adult
chimeric mouse share an identical genotype
(7, 8). Each intestinal villus receives epi-
thelial cells from several surrounding mono-
clonal crypts. Cells differentiate as they
leave a crypt and migrate up an adjacent
villus in a vertical coherent column. When
129/Sv ES cells are introduced into a nor-
mal B6 blastocyst, the resulting B6<>129/Sv
intestine will contain patches of ES cell-
derived crypt-villus units and patches of B6
crypt-villus units (6, 8). The ES cell patch-
es are readily identifiable in whole-mount
preparations of intestine because 129/Sv
but not B6 enterocytes bind the lectin Ulex
europeaus agglutinin type 1 (UEA1) (8)
(Fig. 1A). The B6 patches act as internal
controls to assess the effects of the genetic
manipulation. Promoters are available to
express wild-type or dominant negative mu-

Fig. 1. Perturbed intestinal mucosal
barrier in B6<>129/SvNCADA mice.
(A) Whole-mount preparation of
nontransgenic B6<>129/Sv jejunum
stained with peroxidase-conjugated
UEAT1 (6). The arrow points to a poly-
clonal villus composed of columns
of UEA1* epithelial cells (brown)
from 129/Sv crypts and columns of
UEA1~ cells (white) from B6 crypts.
(B) UEA1* region of B6<129/
SVNCADA jejunum showing a sub-
mucosal lymphoid aggregate (open
arrow). By 6 months, the number of
aggregates per small intestine was
six times greater than in nontrans-
genic B6«<>129/Sv cage mates (144
+ 5 versus 24 * 2 in 50% 129/Sv
chimeras; n = 6). The solid arrows
point to villi with clear gaps between
their epithelial cells, indicative of dis-
rupted adhesion. Magnification in (A)
and (B), x60. (C) Section of jejunal
crypts incubated with rabbit anti-
body to pancadherin (which recog-
nizes the cytoplasmic domains of
NCADA and endogenous cad-
herins), Cy3-donkey antibody to
rabbit Ig, and bis-benzimide (blue
nuclear stain) (70). The amount of
NCADA expressed relative to endo-
genous cadherins can be deter-

tant proteins at different positions along the
crypt-villus and duodenal-ileal axes (5). By
transfecting ES cells with these DNAs, we
can confine manipulation of essential pro-
teins such as the cadherins to a subpopula-
tion of ES-derived epithelium in chimeras
with a low percentage of 129/Sv contribu-
tion (6).

E-cadherin, the principal intestinal cad-
herin, is localized to the basolateral surfaces
and apical junctional complexes of cells dis-
tributed along the length of crypt-villus units
(6). Using a promoter that functions only in
postmitotic villus enterocytes and a well-
characterized dominant negative N-cadherin
mutant lacking an extracellular domain
(NCADA) (4), we previously determined
that production of NCADA causes loss of
endogenous E-cadherin from the cell surface,
disruption of cell-cell and cell-matrix con-
tacts, increased rates of cell migration, and
precocious entry of enterocytes into a death
program (6). We have now used a fatty acid
binding protein gene (Fabp) promoter that is

active in undifferentiated crypt epithelial
cells and in differentiated members of all four
lineages to express NCADA (9). The pro-
moter’s expression domain extends from the
duodenum to the ileum, with maximal ac-
tivity in the proximal jejunum (9). Embry-
onic stem cells were stably transfected with
the Fabp promoter-NCADA DNA (10).
Eight cloned ES cell lines were used to gen-
erate  specific pathogen-free B6<>129/
SvNCADA chimeras (10). Animals were
examined at 1.5, 3, 6, 9, 12, or 19 months of
age (n = two to six chimeras per ES cell line
at each time point). Two cell lines yielded
animals without any abnormalities, and six
produced animals with similar intestinal
phenotypes that were most pronounced in
the proximal jejunum.

All chimeric mice generated from the six
cell lines developed inflammatory bowel dis-
ease (IBD). Their small intestines contained
patches of villi with poorly adherent UEA1*
enterocytes (Fig. 1, B and C). Disruption of
the epithelial barrier was associated with in-

mined by comparing the amounts of magenta staining in adjacent 129/Sv
and B6 crypts. Immunostains with a monoclonal antibody to E-cadherin
showed that NCADA production markedly depletes E-cadherin from the
surfaces of 129/Sv crypt and villus epithelial cells (6, 72). (D and E) Hema-
toxylin and eosin—stained sections of proximal jejunal villi. UEA1 staining of
serial sections confirmed that the villus in (D) was B6, and the villus in (E) was
129/Sv. The 129/SvNCADA villus has more IELs [open arrows in (D) and
(E)], plasma cells [solid arrow in (E)], and apoptotic cells [solid arrowhead in
(E)] and shows signs of cell adhesion defects [open arrowhead in (E)]. (F)
129/Sv jejunal villi sectioned perpendicular to their crypt-villus axis and
stained with fluorescein isothiocyanate (FITC)-labeled UEA1 (green), rat
antibody to mouse B, integrin (visualized with Cy3-donkey antibody to rat
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Ig), and bis-benzimide. B, integrin-positive IELs (red) are numerous. Be-
cause E-cadherin—a®B, interactions can mediate binding of T cells to cul-
tured epithelial cells (27), this raises the possibility that alternative adhesion
systems exist in the E-cadherin—depleted villus epithelium. (G) Boundary
between 129/SVLNCADA and B6 patches in the proximal jejunum. The
section was stained with FITC-UEA1, sheep antibody to mouse IgA, and
Cy3-donkey antibody to sheep Ig (red-orange). The 129/Sv UEA1* villus
(left) and the polyclonal villus located at the B6-129/Sv junction (middle)
contain an increased number of IgA* cells in their lamina propria (open
arrows) relative to B6 villi (right), and the amount of IgA is elevated in 129/Sv
crypt epithelium (solid arrow). The abundance of IgA* [and IgG* (72)]
plasma cells is consistent with B cell activation. Bars, 25 pm.
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flammatory changes. By 6 weeks of age, the
number and size of lymphoid aggregates was
increased in 129/SYNCADA but not in B6
epithelium (Fig. 1B). Aggregates possessed
germinal centers, peripheral CD4*af T
cells, and an overlying epithelium with
abundant antigen-sampling M cells (11, 12).
-The lamina propria was expanded as a result
of infiltration by lymphocytes, histiocytes,
and immunoglobulin A (IgA)- and IgG-
secreting plasma cells (Fig. 1, D, E, and G).
The villus epithelium contained an enlarged
population of B, integrin—positive intraepi-
thelial lymphocytes (IELs) (Fig. 1F). Major
histocompatibility complex (MHC) class 11
concentrations were markedly increased in

epithelial cells distributed along crypt-villus
units in 129/Sv but not in B6 patches (Fig.
2B).

By 3 months of age, mice developed his-
topathologic features of Crohn’s disease, a
type of human IBD (13). Foci of inflamma-
tion within 129/SYNCADA patches became
transmural (Fig. 2A). Evident abnormalities
included numerous lymphoid aggregates,
lymphangiectasia, cryptitis, crypt abscesses
characterized by a neutrophilic infiltrate,
goblet cell depletion, Paneth cell hyperpla-
sia, perturbed crypt-villus architecture, and
aphthoid as well as larger linear mucosal
ulcers (Fig. 2, C to G). Surveys of 1.5- to
19-month-old chimeras (n = 57) indicated

Fig. 2. Inflammatory bowel disease in B6<>129/SvNCADA mice. (A) 129/SvNCADA patch of jejunum

from a 12-month-old mouse showing transmural inflammatory changes and a lymphoid aggregate (open
arrow). (B) Jejunal section stained with FITC-UEA1 and rat antibody to MHC class Il [visualized with
Cy3-donkey antibody to rat Ig (red)]. High concentrations of MHC class Il expression are evident in UEA1+
villus enterocytes (arrows). (C and D) 129/Sv proximal jejunum showing inflammatory infittrate with
pronounced distortion of crypt-villus architecture. The boxed area in (C) is enlarged in (D). Numerous IELs
(solid arrows), plasma cells (open arrows), and apoptotic cells (solid arrowheads) are evident in (D). (E)
129/Sv jejunal crypt showing an intraluminal abscess containing neutrophils (thin solid arrow) and cellular
debris. The crypt epithelium is markedly flattened, disrupted in some areas, and contains apoptotic cells
(open arrow). Paneth cells are present at the crypt base (thick solid arrow). The pericryptal lamina propria
is infiltrated with plasma cells, lymphocytes, neutrophils, and macrophages. (F) 129/Sv ileal patch is
stained as in Fig. 1G. Nuclei are visualized with bis-benzimide. Epithelial ulceration is evident (arrows). The
epithelial breaches contain IgA (pink). The glandular structures (aqua) resemble the ulceration-associated
cell lineage that develops in human intestine (22). (G) High-power view of the ulcerated region in (F). The
arrows define the ulcer’s margins. Bars, 25 pm.
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that these histopathologic changes worsened
progressively over the first year of life. The
changes remained confined to the foci of
129/Sv ES cell-derived epithelium (Figs. 1F
and 2, F and G), confirming the absence of
an autoimmune disease. None of the his-
topathologic features were encountered in
normal (nontransgenic) chimeras raised in
the same microisolator, ruling out horizontal
transmission of the IBD.

Chimeras expressing NCADA along
their entire crypt-villus axis were compared
to chimeras that produced NCADA only in
their villus epithelium. The mice were of
similar age, had similar degrees of chimer-
ism, were maintained together in microiso-
lators, and had equivalent disruption of
cell-cell and cell-matrix contacts on their
villi. Animals that expressed only NCADA
in their villus enterocytes had a limited
mucosal immune response, even though
clusters of bacteria were observed infiltrat-
ing between poorly adherent cells (6).
There was a slight increase in lamina pro-
pria lymphocytes under 129/Sv villi and
Peyer’s patches were enlarged, but the his-
topathologic features of IBD were absent
(12).

These results reveal differences in im-
mune responsiveness along the crypt-vil-
lus axis. Vigorous immune responses to
antigen penetration into NCADA™ villi
appeared to be suppressed. Entry of enteric
antigens into normal villi may occur fre-
quently because of perpetual apoptosis and
cellular exfoliation, which creates a re-
quirement for unresponsiveness. In con-
trast, antigen penetration through the
crypt epithelium is associated with a ro-
bust immune response. Careful analyses of
the distribution of immune mediators -
along crypt-villus units may provide infor-
mation about the mechanisms that control
responsiveness to normal enteric antigens
(that is, oral tolerance).

A fundamental question about IBD is
whether it reflects an appropriate response
to an abnormal stimulus (for example, a
pathogen or a weakened epithelial barrier)
or an aberrant immune response to a nor-
mal stimulus (14). Knockouts of the T cell
receptor (TCR) a, TCRB, TCRBS, MHC
class 11, interleukin-2 (IL-2), or IL-10 genes
produce IBD in mice, presumably from a
failure to suppress mucosal B cell responses
to normal enteric antigens (15). The spe-
cific pathogen-free NCADA chimeras pos-
sess a complete repertoire of immune effec-
tors. In these chimeras, IBD is initiated by a
genetically engineered disruption of epithe-
lial adhesion. We speculate that IBD may
arise in immunocompetent individuals from
functional disruptions of the crypt epitheli-
um because of a variety of causes.

In addition to IBD, the chimeric mice
developed intestinal neoplasms. By 6 weeks
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Fig. 3. Intestinal neoplasia in B6«>
129/SVNCADA mice. (A to C) B6
crypts (A) and (B) and 129/SVNCADA
crypts (C) from adjacent jejunal
patches. NCADA production (Fig.
1C) is associated with hyperprolif-
eration evidenced by an increase in
the number of M-phase cells [arrow
in (C)] and an increase in crypt
depth. The B6 crypts in (B) are po-
sitioned at the B6-129/Sv bound-
ary and show modest increases in
depth compared with B6 crypts
positioned in the middle of the
patch (A), raising the possibility
that enterotropic factors are pro-
duced by the 129/SvNCADA epi-
thelium. (D) 129/SvNCADA jejunal
crypts showing that proliferative
abnormalities are accompanied by
an increase in the number of ap-
optotic cells (solid arrows; inde-
pendently confirmed by terminal
deoxynucleotidyl transferase-me-
diated, deoxyuridine 5’-triphos-
phate-nick end labeling). Lym-

phangiectasia is apparent (open

arrows). (E) Polyclonal jejunal villus

sectioned perpendicular to its crypt-villus axis. A B6 villus and a 129/Sv
villus are located at top and at bottom, respectively. UEA1+* enterocytes
(brown) are vacuolated and form multilayers. (F) 129/Sv jejunal villi with
dysplastic epithelium. (G) UEA1-stained ileal whole mount showing an ad-
enomain a 129/Sv patch. (H and I) Hematoxylin and eosin—stained sections
of UEA1* adenomas. High-power view (l) reveals enlarged, hyperchromatic
nuclei with prominent nucleoli, increased mitotic activity, cell death, irregular
surface infolding, and micropapillary tufts with secondary necrosis. These

features distinguish the adenomas from inflammatory pseudopolyps. Like
Min adenomas (77), most cells do not express markers of terminally differ-
entiated ‘enterocytes or of enteroendocrine, goblet, or Paneth cells (72). (J)
Comparison of cellular concentrations and distribution of g-catenin in ad-
jacent 129/SVNCADA and B6 jejunal villi. The section was incubated with
rabbit antibody to B-catenin and Cy3-donkey antibody to rabbit Ig. Bar in
(A), (D), (B), (F), (1), and (J), 25 pm; bar in (H), 50 um. The same size bar as

of age, NCADA™" crypts exhibited pro-
nounced increases in proliferation and apop-
tosis when compared to adjacent B6 crypts,
even in the absence of a surrounding inflam-
matory response (Fig. 3, A to D). Although
immunostaining revealed differentiated
members of all four lineages, there were signs
of defective migration. UEA1™" cells often
formed multilayers in crypts and on villi (Fig.
3E). Mice derived from each of the six ES-
NCADA cell lines developed foci of dyspla-
sia within their 129/Sv epithelium (Fig. 3F).
An analysis of chimeras generated from
three ES cell lines revealed adenomas, dis-
tributed from the duodenum to the ileum
(Fig. 3, G to I), beginning at 3, 6, and 9
months of age. Progression to adenocarcino-
ma was not observed during the first 19
months of life. Neoplastic changes were not
found in the B6 patches of these animals, in
comparably aged nontransgenic chimeras, or
in mice that expressed NCADA only in their
villus enterocytes (n = 184; ages from 1.5 to
19 months).

Results from previous studies have indi-
cated that disruption of cadherin function is
a late event in tumorigenesis (16). In our
chimeras, tumorigenesis is initiated by per-
turbing endogenous cadherins in the crypt
epithelium. Mutation of the adenomatous
polyposis coli (APC) gene is an early event
in the development of human colorectal
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neoplasms and produces small intestinal ad-
enomas in Min mice (17). Catenin-E-cad-
herin complexes, catenin-APC complexes,
and pools of free catenins exist in dynamic
equilibrium within cells (2, 18). By using
NCADA to disrupt endogenous cadherins,
we have affected this equilibrium, as evi-
denced by a reduction in the amounts and a
change in the intracellular distributions of
B-catenin (Fig. 3]) and E-cadherin (6). Our
data are consistent with the notion that
shifting the equilibrium toward catenin-
APC complexes can increase proliferation,
alter cell migration, and promote apoptosis.
Added mutations affecting one or more of
these processes could then lead to intestinal
neoplasia.

Patients with IBD have an increased risk
of developing intestinal neoplasms (19). The
mechanisms responsible for this association
are unknown. Components of the-intestine’s
resident immune population can affect epi-
thelial proliferation programs (20). Howev-
er, mice with IBD from immunoregulatory
gene knockouts do not develop gut neo-
plasms (15), and adenomas occurred in both
inflamed and noninflamed 129/SYNCADA
patches of chimeric intestine. Comparisons
of normal B6 epithelium with inflamed or
neoplastic 129/SYNCADA epithelium pro-
vide an opportunity to examine the patho-
genesis of neoplasia in IBD.

VOL. 270 * 17 NOVEMBER 1995

in (A) applies to (B) and (C). :
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Concerted Signaling by Retinal Ganglion Cells

Markus Meister,” Leon Lagnado,t Denis A. Baylor

To analyze the rules that govern communication between eye and brain, visual responses
were recorded from an intact salamander retina. Parallel observation of many retinal
ganglion cells with a microelectrode array showed that nearby neurons often fired syn-
chronously, with spike delays of less than 10 milliseconds. The frequency of such syn-
chronous spikes exceeded the correlation expected from a shared visuai stimulus up to
20-fold. Synchronous firing persisted under a variety of visual stimuli and accounted for
the majority of action potentials recorded. Analysis of receptive fields showed that con-
certed spikes encoded information not carried by individual cells; they may represent

symbols in a multineuronal code for vision.

Current understanding of how the retina
transmits the visual scene to the brain is
based primarily on electrical recordings from
single neurons. As a consequence, the spike
trains from different optic nerve fibers have
commonly been treated as independent
messages about the environment. However,

pairwise recordings from retinal ganglion

cells in goldfish (1), rabbits (2), and cats
(3-5) have shown that this assumption is
violated—nearby cells of similar functional
type have a strong tendency to fire synchro-
nously. These measurements were all ob-
tained in darkness or under constant uni-
form illumination [but see (6)], when gan-
glion cells fire sporadically, and thus it was
not possible to assess the function of such
correlations in visual signaling. It has been
suggested that synchronous firing during vi-
sual stimulation would imply redundancy
among neuronal messages and thus an inef-
ficient use of the optic nerve (2).

To assess the importance of concerted
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firing in visual signaling, we used a micro-
electrode array to record simultaneously the
spike trains of 30 to 50 ganglion cells in an
isolated salamander retina (7). This prepa-
ration contains large hardy neurons and has
been used extensively to study the cellular
mechanisms of retinal processing. Figure 1A
illustrates the responses of two nearby neu-
rons to spatially uniform illumination that
regularly switched between two intensity
levels. Although each cell fired only a few
spikes per stimulus period, at times that
varied by several hundred milliseconds from
trial to trial, the spikes from the two cells
appeared to be tightly locked to each other
in time. The mean firing rate of each neu-
ron was strongly modulated by the periodic
stimulus (Fig. 1B), and as a result, the cor-
relation function between the two spike
trains showed a pronounced periodic com-
ponent (Fig. 1C). However, this stimulus-
induced correlation was dwarfed by a tall
peak near zero delay, with a full width at
half maximum of only 20 ms (Fig. 1D). This

strong tendency to fire in near-synchrony’

shows that the two neurons did not respond
to light independently.

To quantify the strength of concerted
firing, action potentials from cells 1 and 2
were defined as a spike pair if they occurred
within 20 ms of each other. We then com-
puted a correlation index as the number of
spike pairs observed divided by the number
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expected if the two neurons responded in-
dependently (8). For the cell pair in Fig. 1,
this index was 12.4, so that tightly linked
pairs of spikes occurred about 12 times more
frequently than was expected. Such anom-
alous pairing accounted for 60% of all
spikes generated by cell 1 and 42% of spikes
generated by cell 2. We computed correla-
tion functions for all pairs among 32 cells in
this retina: 31% of the pairs showed clear
evidence of concerted firing, with a corre-
lation peak near zero delay whose shape was
similar to that shown in Fig. 1D, though it
varied in amplitude. Further statistical anal-
ysis revealed that synchronous firing events
generally extended over more than two
neurons (9). Overall, these patterns of con-
certed firing accounted for approximately
50% of all action potentials from the re-
corded sample of ganglion cells. Because the
electrode array typically monitored only
10% of the overlying ganglion cells, we
probably missed many synchronous firing
patterns. Thus, the fractional contribution
of concerted firing to the retinal output may
well exceed 50%.

The correlation index varied with the
distance between the two neurons’ recep-
tive fields (Fig. 2). It decreased from a
maximum of 20 at short distances by a
factor of e over 200 wm. In comparison, the
centers of these neurons’ receptive fields
had approximately Gaussian-shaped profiles
(10), with an average radius of 120 pm.
Concerted firing thus appears to be associ-
ated with overlap of receptive-field centers.
At distances between 400 and 1000 pm,
the correlation index dropped significantly
below 1, indicating that more distant cells
avoided firing together. When separated by
more than 1000 pm, ganglion cells ap-
peared to signal independently as assessed
by this test. When the ganglion cells were
sorted by functional type (10), it was found
that pairs of “fast OFF” cells (Fig. 2A)
exhibited more synchronous firing than did
pairs of “slow OFF” cells (Fig. 2B), whereas
pairs of ON cells produced the weakest
correlation index (Fig. 2C). ON and OFF
cells generally fired independently of each
other, although some pairs with strong cor-
relations were found at short distances (Fig.
2D). The shape of the correlation function
(Fig. 1D) and its dependence on overlap of
receptive fields (Fig. 2), as well as the dom-
inance of synchronous firing among neu-
rons with transient responses (Fig. 2A), are
remarkably similar to the observations of
Mastronarde (3) on cat ganglion cells under
uniform illumination. In contrast to that
study, we generally did not observe a sharp
well in the cross-correlogram between an
ON cell and an OFF cell. Furthermore, the
negative correlation among cells of the
same class at distances greater than 400 pwm
has not been reported previously.
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