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The intestinal epithelium comprises differentiated cells
of four lineages maintained by precursor cells. As the
Notch pathway controls the fate of proliferating cells in
many systems, we investigated the effect of conditional
expression of an activated Notch mutant in intestinal
epithelium. An increase in the number of goblet cells
occurs within 8 h of induction, due to an effect of Notch
on post-mitotic cells, not on precursors. This observa-
tion broadens the role of Notch into controlling post-
mitotic differentiation and indicates that the composi-
tion of the epithelium is not solely determined by pro-
genitor cells.
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The epithelium of the small intestine comprises post-
mitotic differentiated cells arrayed on villi and main-
tained by proliferative stem cells in the crypts (Radtke
and Clevers 2005). The majority of the epithelium is
composed of enterocytes, which have an absorptive func-
tion. Goblet cells are found in the crypts and the villi.
The rarer endocrine cells are dispersed over the villi,
while Paneth cells are confined to the base of the crypts
(Fig. 1A). Cells constantly migrate from the crypts onto
the villi, and then to the villus tip, where they are shed
into the gut lumen. The turnover time of the villus epi-
thelium is 2–3 d.

The composition of the villus epithelium is thought to
be determined by regulation of crypt progenitor cells.
Enterocytes derive from an enterocyte precursor cell,
while goblet cells, endocrine cells, and Paneth cells are
thought to derive from a common secretory precursor
cell. The specification of precursors into enterocyte fate
is determined by the transcription factor Hes1, while the
differentiation of secretory precursors into goblet or en-
docrine fate is regulated by Math1 and neurogenin 3
(ngn3) (Jensen et al. 2000; Yang et al. 2001; Jenny et al.
2002; Schonhoff et al. 2004).

Hes1 is a target of the Notch signaling pathway, high-
lighting Notch as a candidate regulator of intestinal pro-

genitor cell fate. Notch regulates the cell fate decisions
of proliferating cells in development and in adult life
(Kadesch 2004). Signaling occurs when the transmem-
brane Notch receptor is bound by ligands expressed on
adjacent cells. The intracellular cytoplasmic domain of
the receptor (ICD) is cleaved from the transmembrane
domain by �-secretase and translocates to the nucleus,
where it binds the transcription factor CBF1 (RBPJ-�),
leading to the recruitment of transcriptional coactivators
and expression of Notch-responsive genes such as Hes1
and Hes5 (Jarriault et al. 1995; Furriols and Bray 2001).

In the intestinal epithelium, mRNA encoding Notch
ligands, receptors, and the Notch target genes Hes1 and
Hes5 is expressed in proliferating crypt cells. Hes5 tran-
script is also detected in post-mitotic cells in the lower
villi (Schroder and Gossler 2002). Zebrafish mutants in
which Notch signaling is believed to be disrupted show
an increase in the number of goblet cells in the gut epi-
thelium, suggesting that Notch may regulate the fate of
cryptal progenitor cells (Crosnier et al. 2005). Here we
investigated the effects of conditional expression of an
activated Notch mutant on the crypt–villus axis.

Results and Discussion

A mutant of mouse Notch 1 consisting of the cytoplas-
mic domain fused to EGFP (ICD-E) was constructed and
shown to have equivalent activity to the untagged Notch
cytoplasmic domain in vitro, in CHO cells (shown), and
also in NIH3T3, Cos7, C2C12, and 293T cells (Fig. 1B;
data not shown). Fluorescence microscopy showed that
in all cell lines tested, ICD-E was localized to the
nucleus, although in some cells cytoplasmic staining
was also seen (Fig. 1C; data not shown). Western blotting
of cells transfected with ICD-E using an anti-Notch-1
antibody confirmed the presence of ICD-E protein of the
predicted size (data not shown). ICD-E was then condi-
tionally targeted to the ubiquitously expressed Rosa 26
locus to generate heterozygous R26ICD-E/wt mice (Fig.
1D–F). These animals were crossed with the Ahcre trans-
genic mouse strain in which the cre recombinase under
the control of the Cyp1A promoter is transiently ex-
pressed in the intestinal epithelium following intraperi-
toneal injection of the xenobiotic �-napthoflavone (�NF)
(Ireland et al. 2004). The resulting heterozygous Ahcre/
R26ICD-E/wt mice express ICD-E in the intestinal epithe-
lium following cre-mediated recombination.

Ahcre/R26ICD-E/wt mice and Ahcre/R26wt/wt control
littermates were treated with three doses of �NF at 8-h
intervals. Quantitative RT–PCR of intestinal ICD-E
mRNA indicated that ICD-E was transcribed within 6 h
of the first dose of �NF, rising to a maximum at 16 h, and
falling to control levels by 96 h (Fig. 2A). To assess the
level of ICD-E mRNA compared with endogenous
Notch1 mRNA, we carried out quantitative RT–PCR
with two further primer sets (Fig. 2A). Primer set 2,
which amplifies a region of native Notch1 mRNA 5� to
the ICD, showed no significant difference in the level of
endogenous Notch between control and experimental
mice over the time course. In contrast, primer set 3,
which amplifies both ICD-E and endogenous RNA,
showed a 5.4 ± 1.3 (SEM)-fold increase in total ICD
mRNA between experimental and control animals at 24
h (data not shown), suggesting that the level of ICD-E
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mRNA is about fivefold higher than that of endogenous
Notch1.

ICD-E protein expression was confirmed using confo-
cal microscopy (Fig. 2B–E). By 24 h post-induction, green
fluorescence was visible in the villi, where nuclear and
cytoplasmic localization of ICD-E is seen, consistent
with the distribution in cells transfected with ICD-E in

vitro (Fig. 2C; data not shown). In contrast, no fluores-
cence was detected in uninduced Ahcre/R26ICD-E/wt

mice (Fig. 2B). Consistent with the loss of ICD-E tran-
script, fluorescence was confined to the upper villi at 72
h and was absent by 96 h (Fig. 2D,E; data not shown).
Faint fluorescence, just above the limit of detection, was
seen in the crypts at 24 h, and was lost at later time
points (data not shown). Finally, we carried out immu-
nohistochemistry with an antibody that recognizes the
N terminus of the Notch 1 cytoplasmic domain. At 24 h,
numerous cells with nuclear Notch staining are seen on
the villi of the Ahcre/R26ICD-E/wt animals, but these are
not seen in the induced Ahcre/R26wt/wt controls (Fig.
2F,G). Thus, ICD-E protein is expressed in the villus
post-recombination.

To confirm that ICD-E was functional, we analyzed
expression of the Notch target genes Hes1 and Hes5,
which require Notch activation for transcription. Hes5
mRNA rose in parallel with ICD-E expression in Ahcre/
R26ICD-E/wt mice; Hes1 mRNA was not significantly in-
duced at any time point (Fig. 2H,I). The induction of
Hes5 but not Hes1 presumably reflects the fact that
these genes are regulated by additional transcription fac-
tors as well as by Notch and consequently have overlap-
ping but distinct patterns of expression in the gut and
other tissues (Schroder and Gossler 2002; Hatakeyama et
al. 2004). At 24 h, the highest expression of ICD-E is in
the villi, which normally express Hes5 but not Hes1 (Fig.
2C; Schroder and Gossler 2002).

We then analyzed the phenotype of cells in the recom-
binant epithelium. Goblet cell numbers were assessed by
immunohistochemistry for the goblet-cell-specific
marker Muc2 and also by alcian blue and PAS staining,
both of which detect mucins. Increased numbers of gob-
let cells were found on the villi at 8 h post-induction in
experimental Ahcre/R26ICD-E/wt mice compared with in-
duced control Ahcre/R26wt/wt animals at the same time
point (Fig. 3A–C; data not shown). The maximum in-
crease in goblet cell numbers occurred at 24 h, but by 48
h villus goblet cell numbers had fallen to close to control
levels, consistent with the loss of recombinant epithe-
lium. There was only a small change in goblet cell num-
bers in the crypts at any time point (Fig. 3A). Quantita-
tive PCR for muc2 mRNA showed that transcription
rose to a peak at 16 h and decreased to control levels by
72 h, in Ahcre/R26ICD-E/wt mice but not in Ahcre/R26wt/wt

control animals.
The increase in goblet cell numbers in the villus com-

partment following Notch activation is surprisingly
rapid. There are five possible explanations for this phe-
notype:

(1) Notch activation induces selective apoptosis of en-
terocytes resulting in an apparent increase in the number
of goblet cells. However, there was no change in the
frequency of crypt apoptosis before 24 h, and no apopto-
sis was detected in the villi at any time. Thus, apoptosis
cannot explain the increased frequency of villus goblet
cells.

In contrast, at 48 h, a marked increase in apoptosis was
observed in the crypts (Fig. 3E). This is consistent with
the progressive loss of fluorescent epithelium described
above. Following death of recombinant crypt precursors,
the fluorescent epithelium is no longer replaced, but mi-
grates to the villus tip, where it is shed; by 72 h fluores-
cence was confined to the tips of the villi, and by 96 h it
was lost completely (Fig. 2B–E). This is not due to Ahcre-

Figure 1. Construct design, validation, and targeting. (A) Structure
of the intestinal epithelium; the cell types shown are enterocytes
(pale blue), goblet cells (dark blue), endocrine cells (yellow), Paneth
cells (green), and progenitors (pink); arrows indicate the migration of
cells from the crypts to the villi. (B) In vitro validation of construct.
cDNA encoding mouse Notch 1 cytoplasmic domain (Nicd), ICD-E,
EGFP, or empty vector was transfected into CHO cells with a CBF1
DNA-binding motif firefly luciferase reporter vector, and a Renilla
luciferase control (Strobl et al. 1997). Error bars indicate SEM. (C)
Confocal microscopy showing localization of EGFP and ICD-E
(green) in transfected 3T3 cells also stained with DAPI for DNA
(blue). (D) Conditional targeting of ICD-E to the Rosa 26 locus. Up-
stream of the ICD-E fusion a PGK neo pA sequence served as a Stop
cassette. This was flanked by LoxP sequences (blue triangles). A
splice acceptor (SA) was introduced in front of the floxed Stop cas-
sette to allow normal processing of ICD-E RNA following excision
of the Stop cassette by transiently expressed cre from the Ahcre line.
The construct was cloned into pRos26-MCS-13 for targeting to the
ROSA26 locus. (E) Southern blot analysis of ES cell clones con-
firmed the targeting of the construct to the ROSA26 locus. The
location of the probe used in the Southern blot analysis is shown in
D. The upper band corresponds to the EcoRI (E) fragment of the
wild-type allele and the lower band to the smaller EcoRI fragment of
the targeted allele shown in D. Lanes 1–6 represent ES cell lines
CA2, CA3, CB3, CC3, CD1, and CH1, respectively. Mice derived
from lines CA2 and CD1 were selected and used in this study; the
described phenotype was seen in both lines. (F) In vitro cre-mediated
recombination of the targeting construct. The plasmids shown were
incubated with or without cre recombinase in vitro, and analyzed
after a restriction digest to release the insert from pRosa26-MCS-13.
(Lane 1) Linearized pRosa26-MCS-13, no cre incubation. (Lane 2)
pRosa26-MCS-13 + insert incubated with cre and subsequently di-
gested with NheI and ClaI (sites N and C, respectively, in D). (Lane
3) pRosa26-MCS-13 + insert digested with NheI and ClaI, no cre
incubation. (Lane 4) One-kilobase ladder.
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induced recombination being restricted to short-lived
cryptal progenitors, as in Ahcre/R26EYFP/wt animals, in
which EYFP, rather than ICD-E, is expressed following
induction, the recombinant epithelium persists for at
least 2 mo (Ireland et al. 2004, 2005; data not shown).
Furthermore, the persistence of EYFP recombinant epi-
thelium suggests that the apoptosis in ICD-E mice is not
due to toxicity following the expression of the EGFP tag,
as EYFP and EGFP are highly similar, but is a conse-
quence of Notch activation. The small increase in apo-
ptosis in control animals at 48 h may be due to toxicity
from cre recombinase (Loonstra et al. 2001).

(2) Notch activation respecifies the location of the
crypt/villus boundary and alters the normal distribution
of proliferating goblet cell precursors. To investigate
this, S-phase cells were labeled with a single BrdU injec-
tion 1 h before mice were sacrificed. No difference was
found in the frequency of proliferating cells between
ICD-E and control animals (Fig. 3F). More significantly,
there was no alteration in the spatial distribution of pro-
liferating cells, indicating that ICD-E has no effect on the
upper boundary of the proliferative compartment (Fig.
3G,H; data not shown).

(3) Notch activation respecifies the differentiation of
secretory precursor cells from endocrine and Paneth cell
fate into goblet cell fate. Quantitative RT–PCR for
mRNA of the Paneth cell marker cryptidin (Defcr-rs1)
revealed no difference between experimental and control
animals (Fig. 3I), and immunohistochemistry revealed
no decrease in the number of crypt cells expressing the
Paneth cell marker lysozyme at 8, 24, 72, or 96 h post-
induction (data not shown). Expression of the endocrine
cell marker Chromogranin A did not decrease following
induction in experimental animals compared with con-
trols as assayed by quantitative RT–PCR (Fig. 3J), and

there was no decrease in the number of synapto-
physin-positive cells assessed by immunohisto-
chemistry at 8, 24, 72, or 96 h (data not shown).
Finally, we examined expression of neurogenin3
and NeuroD, which regulate the differentiation of
endocrine precursor cells. There was a decrease in
the level of ngn3 following induction in experi-
mental animals compared with controls, but this
does not translate into a change in the number of
endocrine cells (Fig. 3K). NeuroD expression was
unchanged by Notch activation (Fig. 3L).

(4) Notch activation may promote rapid migra-
tion of goblet cells and/or their precursors from
the crypt. We investigated this by treating ani-
mals with BrdU at the time of the first �NF in-
jection (0 h) and analyzing the distribution of
BrdU-labeled cells 24 h later. BrdU labels the pro-
liferating cells of the crypt, which subsequently
migrate onto the villi as they differentiate; the
leading edge of BrdU labeling marks the furthest
extent of migration of progeny of precursor cells
that have divided since ICD-E expression was in-
duced. The position of the leading edge did not
vary between control and experimental mice at
24 h (Fig. 4A,B), with the highest point on the
villi reached by BrdU-labeled cells (the migration
distance [md] being 12.6 ± 3.5 cell positions
[mean ± standard deviation]) above the crypts in
Ahcre/R26ICD-E/wt mice and 11.0 ± 4.0 in Ahcre/
R26wt/wt animals. Thus, differential migration
cannot explain the increase in goblet cell num-

bers at or before 24 h.
(5) A final possibility is that Notch signaling promotes

the differentiation of post-mitotic precursor cells. We
analyzed goblet cell frequency in the BrdU-labeled zone
(LZ) (Fig. 4C), which contains the progeny of prolifera-
tive precursors that have differentiated and migrated on
to the villus during the 24 h following induction. No
increase in goblet cells was found in the LZ (Fig. 4D). In
contrast, cells in the upper, unlabeled zone (UZ) (Fig.
4C), which had exited the cell cycle before expression of
ICD-E, show an increased frequency of goblet cells that
accounts for all the increase seen in Ahcre/R26ICD-E/wt

mice (Fig. 4D). Thus, Notch activation increases goblet
cell numbers by driving differentiation of post-mitotic
cells into mature goblet cells.

We investigated whether the phenotype seen could be
linked with Notch activation. A key regulator of recruit-
ment of crypt precursor cells to the goblet cell lineage is
Math1, loss of which results in depletion of goblet cells
(Yang et al. 2001). Math1 mRNA levels measured by
quantitative RT–PCR at 2, 6, 16, 24, 48, and 96 h follow-
ing recombination in induced Ahcre/R26ICD-E/wt and
Ahcre/R26wt/wt mice are not significantly different in
experimental and control mice at any time point (data
not shown). Math1 transcription is inhibited by Hes1, so
this result is consistent with the lack of induction of
Hes1 by ICD-E, and indicates that ICD-E acts indepen-
dently of Math1 to increase goblet cell numbers. The
absence of induction of Hes1 may reflect the low levels
of ICD-E expressed in the crypt cells within 24 h of in-
duction (data not shown).

ICD-E was found to induce Hes5 mRNA (Fig. 2H),
prompting us to investigate Hes5 expression in experi-
mental and control mice by immunostaining. Nuclear
staining of occasional crypt and villus goblet cells was

Figure 2. Inducible expression of ICD-E in adult mouse intestinal epithelium.
(A) Ahcre/R26ICDEfl/wt mice and Ahcre/R26wt/wt control mice were injected
with �NF (arrows) and sacrificed at the time points shown. Real-time RT–PCR
was used to detect ICD-E mRNA in intestinal mRNA. (Solid squares) Ahcre/
R26ICD-E/wt mice; (open circles) Ahcre/R26wt/wt controls. Error bars indicate stan-
dard error of the mean in two experiments performed in triplicate. (Inset) Loca-
tion of PCR primers used to amplify ICD-E alone (1), endogenous Notch alone
(2), or both RNAs (3). (B–E) Confocal microscopy of the jejunal villi of Ahcre/
R26ICD-E/wt mice for ICD-E (green); nuclei were stained with Topro III (red). (B)
Uninduced. (C) Twenty-four hour. (D) Seventy-two hour. (E) Summary of loca-
tion of recombinant epithelium (green) following recombination. (F,G) Immu-
nohistochemical staining for Notch1 ICD at 24 h post-induction. (F) Ahcre/
R26wt/wt. (G) Ahcre/R26ICD-E/wt. (H,I) Quantitative PCR analysis of Hes5 (H) and
Hes1 (I) mRNA normalized to GAPDH. (Solid squares) Ahcre/R26ICD-E/wt mice;
(open circles) Ahcre/R26wt/wt controls. Error bars indicate standard error of the
mean in two experiments performed in triplicate.
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seen in induced control Ahcre/R26wt/wt mice. At 8 h
increased numbers of cells exhibiting nuclear staining
were seen on the villi of Ahcre/R26ICD-E/wt animals (Fig.
4E,F). There was no significant difference in the percent-
age of Hes5-positive cells in the lowest 20 cell positions
in the villi, corresponding to the LZ in Figure 4C at 8 h
(8.4% in both Ahcre/R26ICD-E/wt and Ahcre/R26wt/wt),
but there was a substantial increase in the UZ (3.8% of
UZ cells in Ahcre/R26ICD-E/wt compared with 0.4% in
Ahcre/R26wt/wt; p < 0.0001). Thus the size of the in-

crease and distribution of Hes5-positive cells in the UZ
is consistent with ICD-E-induced Notch activation pro-
moting differentiation of post-mitotic Hes5-positive
cells on the villi into the goblet cell lineage (Fig. 4G). In
contrast, there was no difference between experimental
and control animals in their frequency or distribution of
Hes1-positive cells detected by immunostaining at 24 h
post-induction (data not shown).

These observations also explain the apparent contra-
diction between ICD-E driving goblet cell differentiation
and the results of treatment of rats with presenilin in-
hibitors (PSI), which block Notch signaling by prevent-
ing the cleavage of Notch to release the ICD (Milano et
al. 2004; Wong et al. 2004). Two benzodiazepine PSIs
cause crypt cell apoptosis within 24 h, followed by an
increase in goblet cell numbers in both crypts and villi.
Both the agents that affected goblet cell numbers in-
creased levels of Rat atonal 1 (Rath1) mRNA two- to
fivefold within 24 h; this and the increase in cryptal gob-
let cells indicate that PSIs act on cryptal precursor cells
(Fig. 4G; Milano et al. 2004). Furthermore, mice that lack
Hes1 exhibit both increased numbers of intestinal goblet
and endocrine cells, indicating that Hes1 promotes en-
terocyte differentiation (Jensen et al. 2000). Significantly,
the levels of Hes5 mRNA are also increased in Hes1-null
mice, consistent with the expression of Figure 4E and F
(Jensen et al. 2000). Taken together, the available data
suggest that Notch acts in opposing ways at two points
in goblet cell development, consistent with other lin-

Figure 3. Phenotype of recombinant epithelium. (A) Immunohis-
tochemical analysis of goblet cell numbers. Values shown are the
number of Muc2-positive cells in the crypt (open bars) and the villi
(solid bars) in Ahcre/R26ICD-E/wt mice, expressed as a percentage of
the corresponding value in Ahcre/R26wt/wt control animals at the
same time point. Cell counts of at least 500 cells (crypts) and 3000
cells (villi) were performed on duplicate mice at each time point.
(B,C) Appearance of intestine stained for Muc2 (brown) 24 h post-
induction. (B) Ahcre/R26wt/wt; (C) Ahcre/R26ICD-E/wt. (c) Crypts; (V)
villi. The yellow dotted line is the crypt/villus boundary, and the
white dotted line indicates the boundary between the labeled zone
(LZ) and unlabeled zone (UZ) (see text and cf. Fig, 4C). (D) Quanti-
tative RT–PCR for Muc2 mRNA following induction. (Solid
squares) Ahcre/R26ICD-E/wt mice; (open circles) Ahcre/R26wt/wt

controls. (E) Number of Caspase-3-positive apoptotic cells per
crypt following recombination. (Solid squares) Ahcre/R26ICD-E/wt

mice; (open circles) Ahcre/R26wt/wt controls. Insets show typical
crypts in induced Ahcre/R26wt/wt and Ahcre/R26ICD-E/wt animals at
48 h. (F) Percentage of S-phase cells in intestinal crypts following
induction assessed by 1 h of pulse BrdU labeling. (Solid squares)
Ahcre/R26ICD-E/wt mice; (open circles) Ahcre/R26wt/wt controls.
(G,H) Location of S-phase cells 24 h post-induction. (c) Crypts; (V)
villi. (I–L) Quantitative RT–PCR for Cryptidin (I), Chromogranin A
(J), ngn3 (K), and NeuroD (L).

Figure 4. Notch acts on post-mitotic epithelium. (A,B) BrdU cell
migration assays; dark-brown stain indicates BrdU labeling. (A)
Ahcre/R26wt/wt. (B) Ahcre/R26ICD-E/wt. (md) Migration distance. (C)
Migration assays. BrdU is injected at 0 h, labeling proliferating crypt
precursor cells (solid dots); after 24 h these cells and their progeny
migrate onto the lower villus, and are detected by immunostaining.
(LZ) Labeled zone; (UZ) unlabeled zone. (D) The percentage of Muc2-
positive goblet cells in LZ and UZ in Ahcre/R26wt/wt and Ahcre/
R26ICD-E/wt mice at 24 h post-induction, based on counts of at least
4000 villus cells in duplicate mice. (*) p = 0.01 by two-tailed t-test
compared with LZ in Ahcre/R26ICD-E/wt mice. A typical experiment
is shown; error bars indicate standard error of the mean. (E–G)
Hes5 immunostaining at 8 h post-induction. (E) Ahcre/R26wt/wt. (F)
Ahcre/R26ICD-E/wt. Red arrowheads indicate Hes5-positive cells. (G)
Summary of the roles of Notch in the goblet cell lineage: (PSI) pre-
senilin inhibitor; (Notch*) activated Notch.
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eages in which Notch plays opposing roles at different
stages of differentiation (Morrison et al. 2000; Tanigaki
et al. 2001; Robey and Bluestone 2004).

Notch signaling is commonly associated with main-
taining cells in a proliferative state, although in prolifer-
ating murine keratinocytes, Notch activation induces
p21Cip1, leading to cell cycle exit (Rangarajan et al. 2001).
Notch signaling regulates dendrite branching in post-mi-
totic neurons, but has not been reported to regulate the
differentiation of post-mitotic cells (Sestan et al. 1999).
These results demonstrate that Notch signaling regu-
lates the differentiation of post-mitotic cells and indicate
that the composition of the villus epithelium is not
solely determined by crypt progenitors.

Materials and methods

Construct design and embryonic stem cell targeting
The EGFP coding sequence was fused to the C-terminal end of the mouse
Notch1 intracellular domain to generate ICD-E. A LoxP-sequence-
flanked stop cassette was then introduced upstream of the ICD-E Kozak/
ATG sequence. The whole transgene was cloned into the pRos26-MCS-
13 vector (gift from A. Berns, NKI, Amsterdam) (Vooijs et al. 2001) for
targeting to the ROSA26 locus in 129/SV embryonic stem cells. Targeted
cell clones were determined by Southern blot.

Generation of Ahcre/R26ICD-E/wt mice
Homozygous mice from the transgenic line Ahcre (Ireland et al. 2004)
were crossed to heterozygous R26ICD-E/wt mice to generate heterozygous
Ahcre/R26ICD-E/wt mice. Expression of cre recombinase was induced at 2
mo of age by 3× intraperitoneal injections at 0, 8, and 16 h of �NF (80
mg/kg) dissolved in corn oil at 8 mg/mL.

Plasmids and transient transfections
pEGFP, ICD, and ICD-E cDNAs were cloned into pCS2 and NIH 3T3,
CHO, Cos7, C2C12, and 293T cells transiently transfected using Fugene
(Roche). The Notch-responsive pGa981-6 reporter plasmid, containing 12
RBP-J�-binding sites upstream of a minimal �-globin promoter was a gift
from Ursula Juste (GSF, Munich) (Strobl et al. 1997). pRL-TK was used as
a transfection efficiency control. Firefly and Renilla luciferase activity
was measured with a Dual luciferase kit (Promega). All results were
normalized to Renilla luciferase activity.

Tissue sample preparation for immunohistochemistry
and fluorescence
For immunohistochemistry, the small intestine was dissected and
flushed with cold PBS and then fixed in formalin for 24 h and ethanol for
48 h at room temperature. The tissues were paraffin-embedded and sec-
tioned (3 µm). Following dewaxing and rehydration, the sections were
pretreated with peroxidase (3% H2O2 in 1× PBS) for 10 min at room
temperature. Antigen retrieval was performed by pressure cooking in a
sodium citrate buffer (10 mM at pH 6.0) for 3 min. Incubation of anti-
bodies was performed in 3% BSA in 1× PBS for 1 h at room temperature
for BrdU (Dako) and overnight at 4°C for Ki-67 (AbCam), Notch1 (Ab-
cam), Hes1 (gift from T. Sudo, Toray Industries, Tokyo, Japan), Hes5
(Chemicon), Synaptophysin (Dako), Lysozyme (Dako), Muc-2 (a gift from
Gunnar Hansson, Göteborg University, Gotenberg, Sweden), and
Caspase-3 (R&D Systems). Incubation of the biotinylated secondary an-
tibodies was performed at room temperature for 1 h. Strep ABC or En-
Vision kits (DAKO) were used to amplify the signal; staining was devel-
oped using DAB and counterstained with hematoxylin. Goblet cells were
also stained histochemically with alcian blue and PAS. All goblet cell,
lysozyme, and muc-2-positive cell counts were as a proportion of the
total number of nucleated epithelial cells; only crypts or villi that were
sagittally sectioned along their entire length were scored. Synaptophysin
staining was scored by counting the number of cells/crypt/villus unit in
at least 60 sagittally sectioned villi.

For fluorescence, the intestine was dissected and flushed with cold
PBS, then 4% paraformaldehyde (PFA) containing a cocktail of protease
inhibitors (Roche). The tissues were fixed in PFA for 24 h at 4°C followed
by 48 h in 20% sucrose. The tissues were then frozen in liquid nitrogen

and sectioned (8–12 µm). The sections were stained with TOPRO-3 (Mo-
lecular Probes) and viewed on a confocal microscope.

RT–PCR assays
For RT–PCR analysis, total mRNA was isolated from snap-frozen small
intestine using TRIzol according to the manufacturer’s instructions.
cDNA was synthesized using Invitrogen reagents according to the manu-
facturer’s instructions. Quantitative RT–PCR using Taqman probes (Ap-
plied BioSystems) or Sybr Green (for Cryptidin, Notch 1 ICD, Chromo-
granin A, Neurogenin, and NeuroD) was performed on a Corbett Re-
search RotorGene PCR machine. Primer sequences are available on
request.
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