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Background & Aims: Setine protease inhibitor Kazal
type 1 (SPINK1), which is structurally similar to epider-
mal growth factor, is thought to inhibit trypsin activity
and to prevent pancreatitis. Point mutations in the
SPINK1 gene seem to predispose humans to pancreati-
tis; however, the clinical significance of SPINK1 muta-
tions remains controversial. This study aimed to eluci-
date the role of SPINK1. Methods: We generated
Spink3-deficient (Spink3~/7) mice by gene targeting in
mouse embryonic stem cells. Embryonic and neonatal
pancreases were analyzed morphologically and molec-
ularly. Specific probes were used to show the typical
autophagy that occurs during acinar cell death. Resuits:
in Spink3~/~ mice, the pancreas developed normally up
to 15.5 days after coitus. However, autophagic degen-
eration of acinar cells, but not ductal or islet cells,
started from day 16.5 after coitus. Rapid onset of cell
death occurred in the pancreas and duodenum within a
few days after birth and resulted in death by 14.5 days
after birth. There was limited inflammatory cell infiltra-
tion and no sign of apoptosis. At 7.5 days after birth,
residual ductlike cells in the tubular complexes strongly
expressed pancreatic duodenal homeodomain-contain-
ing protein 4, a marker of pancreatic stem cells, without
any sign of acinar cell regeneration. Conclusions: The
progressive disappearance of acinar cells in Spink3~/~
mice was due to autophagic cell death and impaired
regeneration. Thus, Spink3 has essential roles in the
maintenance of integrity and regeneration of acinar
celis.

nappropriate activation of trypsinogen in the pancreas
leads to pancreatitis. Once activated, trypsin is capable
of activating many other digestive proenzymes in the
pancreas and enhances autodigestion of the pancreas.
Trypsin activity is thought to be predominantly con-
trolled by the serine protease inhibitor Kazal type 1

(SPINK1), which is also known as pancreatic secretory
trypsin inhibitor. In the mouse, this homologous gene is
designated as Spink3 (serine protease inhibitor Kazal type
3). SPINKI is synthesized in the acinar cells of the
pancreas and binds to trypsin to prevent further activa-
tion of pancreatic enzymes when trypsinogen is con-
verted into trypsin. Thus, a lack of SPINKI may result
in the premature conversion of trypsinogen into active
trypsin in acinar cells, thus leading to autodigestion of
the exocrine pancreas by activated proteases. It is inter-
esting to note that SPINKI and epidermal growth factor
(EGF) have structural similarities, including the number
of amino acid residues and the presence of 3 intrachain
disulfide bridges.! SPINK]1 has been found to induce the
proliferation of a variety of cell lines.?3

Several mutations of the trypsinogen gene have been
identified and are assumed to be pathogenic in patients
with hereditary pancreatitis through the enhancement of
intrapancreatic trypsin activity.™® Although the muta-
tions lead to an 80% likelihood of developing pancreati-
tis, they are not found in approximately 50% of patients.
Mutations in the cystic fibrosis transmembrane conduc-
tance regulator are found in patients with chronic and
idiopathic pancreatitis.®” However, additional gene mu-
tations remain to be identified. Although the association
of several mutations in the SPINKI gene with familial

Abbreviations used in this paper: EGF, epidermal growth factor; ES,
embryonic stem; GFP, green fluorescent protein; LC3, microtubule-
associated protein 1 light chain 3; PCR, polymetase chain reaction;
Pdx1, pancreatic duodenal homeodomain-containing protein 1; RT-
PCR, reverse-transcription polymerase chain reaction; SPINK1, serine
protease inhibitor Kazal type 1; TUNEL, terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labeling.
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Figure 1. Targeted inactivation of the Spink3 gene and genotype
analysis. (4) Schematic maps of the wild-type Spink3 locus and 5’
probe (top), the targeting vector (middie}, and the mutated allele
(bottom). Exons and 5’ probes are shown as open boxes. Mouse
genomic and bacterial (V) sequences are shown by heavy and thin
lines, respectively. Diphtheria toxin A fragment (DT) and neo, shown
as open boxes, are in the same transcriptional orientation to the
Spink3 gene. Cleavage at Pstl sites (P) was used to distinguish
between wild-type and mutant alleles. Closed triangles are PCR prim-
ers. (B) Southern blot analysis of Pstl-digested genomic DNA of ES
cells with the 5’ probe, as shown in (A). (C) PCR analysis for geno-
typing. The PCR pair flanking the neo cassette detected a 292-base
pair band in the wild type and hetero type, but not in the homozygote.
(D) Northern blot analysis. (E) Western blot analysis. PGK, phospho-
glycerate kinase.

and juvenile pancreatitis has been reported,®~!! the clin-
ical significance of these mutations remains controver-
sial 1277 To elucidate the role of Spink3, we produced
Spink3-null mutant mice by gene targeting in mouse
embryonic stem (ES) cells.

Materials and Methods

Gene-Targeting Construction and
Generation of Spink3~/~ Mice

Genomic DNA containing all the exons of the Spink3
gene was isolated from a C57BL/6-EMBL3 library (a gift from
Dr Aizawa, Riken, Kobe, Japan) by hybridization with an
800 —base pair genomic DNA probe containing intron 1. The
targeting construction was produced in pBluescript II (Serat-
agene, La Jolla, CA) containing the phosphoglycerate kinase 1
promoter and the neomycin resistance gene (neo) cassette
flanked by the mutated /oxP sites /ox71 and /ox2272'% and the
diphtheria toxin A fragment with a polyadenylation cassette
by using a polyoma enhancer/herpes simplex virus thymidine
kinase promoter. The neo cassette was inserted in front of the
initiation codon (Figure 1A). Electroporation with TT2 ES
cells' (a gift from Dr Aizawa) and colony isolation were
performed as previously described.?’ Three targeted ES clones
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were obtained from among 360 G418-resistant clones. ES cells
were aggregated with ICR molura as described.? Chimeras
were mated with C57BL/6J mice, and germline transmission
was obtained for all 3 lines. Noon on the day of vaginal plug
detection was defined as 0.5 days after coitus. All experiments
were performed in accordance with the Declaration of Helsinki
and were approved by the Kumamoto University Ethics Com-
mittee for Animal Experiments.

Cerulein-Induced Pancreatitis

After overnight fasting, Spink3*'" and Spink3*'~ mice
(5-7 weeks old and weighing 18-23 g) were given hourly
intraperitoneal injections of saline as control (n = 3) or saline
containing a supramaximal stimulating concentration of cer-
ulein (50 wg/kg; n = 3) (Sigma-Aldrich Corp, Tokyo, Japan)
for several hours (3-12 hours). One hour after the last injec-
tion, mice were killed, and the serum and pancreas were
rapidly prepared for study. The serum was used for measure-
ment of amylase activity. The pancreas was used for Western
blot and trypsin assay analysis.

DNA and RNA Analysis

DNA was digested with PssI and subjected to Southern
blot hybridization. For genotyping of embryos and pups,
polymerase chain reaction (PCR) analysis was performed with
the following primers: neo cassette, 5'-AGAGGCTATTCG-
GCTATGAC-3' and 5'-CACCATGATATTCGGCAAGC-3";
Spink3 exon 1, 5 -AGTTCTTCTGGCTITTTGCACCC-3’; and
Spink3 intron 1, 5'-CTTTGCCACCACATCCCAAATG-3'.
Total RNA was isolated from the trunk or intestine with Sepasol
(Nacalai Tesque, Kyoto, Japan). For Northern blot analysis, 10
pg of RNA was applied to each lane and fractionated on a 1.4%
agarose gel. Fileer-bound RINA was sequentially hybridized with
a digoxigenin-labeled RNA probe (Roche Molecular Biochemi-
cals, Mannheim, Germany). Reverse-transcription PCR (RT-
PCR) analysis was performed with the following primers: Spink3,
5'-AGTTCTTCTGGCTTTTGCACCC-3" and 5'-CTCTTT-
TCCAGTCACCTTAGCT-3'; and trypsinogen, 5'-TGGCTT-
CCTAGAGGGAGGCAA-3' and 5'-CACAGCCATAGCCC-
CAAGAGAC-3'".

Western Blot Analysis

The pancreas was homogenized in lysate buffer
(HEPES 50 mmol/L, pH 7.4, NaCl 150 mmol/L, Triton
X-100 0.1%, glycerol 10%, NaF 1 mmol/L, sodium or-
thovanadate 2 mmol/L, ethylenediaminetetraacetic acid 1
mmol/L, and protease inhibitor cocktail {1:100 dilution; Sig-
ma-Aldrich]). Extracts (20 pg of protein per lane) were applied
to 20% (for Spink3 detection) or 16% (for microtubule-asso-
ciated protein 1 light chain 3 [LC3] detection) polyacrylamide
gel electrophoresis and transferred to an Immobilon polyvi-
nylidene difluoride filter (Millipore, Billerica, MA). Primary
antibodies to the following antigens (made in rabbit) were
used at the indicated dilutions: pancreatic secretory trypsin
inhibitor (Transgenic Inc, Kumamoto, Japan), 1:500; and LC3
(provided by Dr Tamotsu Yoshimori), 1:2000. An anti-rabbit
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immunoglobulin G antibedy conjugated with horseradish per-
oxidase (Amersham Biosciences Corp, Piscataway, NJ) was
used for detection. Quantification of the ratio of LC3-II to
LC3-I was performed by the Densitograph software library
version 4 (Atto, Tokyo, Japan). Unpaired Student ¢ tests were
used to calculate P values.

Histological and Immunohistochemical
Analysis

For histological analysis, tissue was fixed overnight in
10% formalin, embedded in paraffin, sectioned, and stained
with the H&E procedure. Immunohistochemistry was per-
formed by using the following primary antibodies: rabbit
anti-insulin antibody (diluted 1:200; Santa Cruz Biotechnol-
ogy, Inc, Santa Cruz, CA); rabbit anti-glucagon antibody
(Dako, Carpinteria, CA); goat anti-amylase antibody (diluted
1:200; Santa Cruz); rabbit anti-pancreatic duodenal homeodo-
main-containing protein 1 (Pdx1) antibody (diluted 1:500;
Chemicon International, Inc, Temecula, CA); and monoclonal
anti-proliferating cell nuclear antigen antibody (diluted
1:500; Novocastra Laboratories Led, Newcastle upon Tyne,
UK). Reactivity of the primary antibodies with mouse anti-
gens was confirmed. Primary antibodies were detected with a
commercial biotin-streptavidin system (Vector Laboratories,

Burlingame, CA).
Bromodeoxyuridine Incorporation Analysis

To evaluate the type of cells that synthesize DNA in
the pancreas, mice were given a single intraperitoneal dose
(100 mg/kg body weight) of bromodeoxyuridine (Sigma-
Aldrich), a thymidine analogue, and killed 24 hours later.
Sections of the pancreas were processed for paraffin embedding
and immunostaining with an anti-bromodeoxyuridine anti-

body (diluted 1:20; Dako).

Terminal Deoxynucleotidyl Transferase-
Mediated Deoxyuridine Triphosphate Nick-
End Labeling Assay

For the detection of apoptosis, terminal deoxynucleo-
tidyl transferase—mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) assay was performed by using an in situ
apoptosis detection kit (Wako, Osaka, Japan).

Electron Microscopy

Pancreatic tissues were fixed with 2.5% glutaraldehyde
and postfixed with 1% osmium tetroxide. After dehydration in
a graded series of ethanol and propylene oxide, the samples
were embedded in epoxy resin. Ultrathin sections were stained
with uranyl acetate and lead citrate and then imaged with an
H-7500 electron microscope (Hitachi, Tokyo, Japan).

Generation of Spink3~/~-Green Fluorescent
Protein-LC3 Mice and Fluorescence
Microscopy

Pancreases from Spink3~'"-green fluorescent protein
(GFP)-LC3 mice at 0.5 days after birth were dissected, fixed,
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and sectioned. GFP fluorescence was observed by using an
IX81 fluorescence microscope (Olympus, Tokyo, Japan)
equipped with an ORCA ER charge-coupled device camera
(Hamamatsu Photonics, Hamamatsu, Japan).

Trypsin Assay

Trypsin activity of the pancreas was measured fluoro-
metrically by using benzoyl-L-arginine p-nitroanilide as sub-
strate according to previously described methods.?! The tryp-
sin activity was corrected to the density of pancreas DNA.
Unpaired Student ¢ tests were used to calculate P values. P <
.05 was considered to indicate a significant difference.

Determination of Blood Glucose

Glucose was determined in the peripheral blood of
Spink3** | Spink3*'”, or Spink3 ™' mice at 0.5, 1.5, and 3.5
days after birth by use of commercial equipment (Glucocard)
according to the supplier's instructions (Arkray, Inc, Kyoto,
Japan).

Results
Generation of Spink3~/~ Mice

The vector used for homologous recombination in
ES cells to disrupt the Spink3 locus is shown in Figure
1A. Three targeted ES clones lacking Spink3 were iden-
tified by Southern blot analysis with a 5" probe (Figure
1B) and were used to generate chimeric mice. Spink3 ™/~
mice were healthy, fertile, and indistinguishable from
their Spink3 "' littermates, although the level of Spink3
expression was approximately half that of their Spink3 ™'+
littermates (Figure 1D and E). Male and female
Spink3 '™ mice were mated to produce Spink3 /" mice.
Genotypes were determined by PCR analysis (Figure
1C). The ratio of living Spink3™'*, Spink3™'~, and
Spink3 ™'~ mice at 0.5 days after birth was 33:72:36 (n =
141), respectively. This matches the mendelian rate of
1:2:1. Thus, a Spink3 deficiency does not cause embry-
onic lethality. In homozygous newborn mice, no Spink3
messenger RNA (mRNA) or protein was detected (Fig-
ure 1D and E), thus indicating the production of a null
allele of the Spink3 locus. At birth, Spink3 ™/~ mice were
indistinguishable macroscopically from their Spink3™/*
and Spink3*'™ littermates and were fed milk. However,
Spink3™'" mice did not gain weight (Figure 24 and B)
and died by 14.5 days after birth (Figure 2C). They were
severely dehydrated and had thin, cracking skin with
very little fur. Spink3™'" mice at 18.5 days after coitus
had a normal liver, gallbladder, spleen, stomach, duode-
num, bile duct, and other viscera. Similarly, the pancreas
appeared almost normal at 18.5 days after coitus (Figure
2D), thus suggesting normal embryonic development of
the pancreas. However, the pancreas progressively disap-
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Figure 2. Analysis of Spink3™/~ mice. (A) Spink3~/~ mice at 14.5
days after birth, with severe growth retardation. (B8) Growth curve of
Spink3*/ (O}, Spink3*/~ (/\), and Spink3~/~ mice ((1). (€} Survival
rate of Spink3*/* (O}, Spink3™/~ (A\), and Spink3~/~ mice {{]). (D) At
18.5 days after coitus, Spink3~/~ mice had pancreatic tissue indis-
tinguishable from that of their Spink3*/* littermates. (£) At 3.5 days
after birth, Spink3~/~ mice showed a transparent pancreatic bed and
atrophic change in the spleen and are clearly distinguishable from
their Spink3*/* littermates. *P < .05 (unpaired Student t test) vs
Spink3*/* mice. dpp, days after birth; dpc, days after coitus.

peared after birth, and the duodenum became extended.
The pancreatic bed was quite small and transparent, and
the spleen was much smaller than that of wild-type mice
at 3.5 days after birth (Figure 2E).

Reverse-Transcription Polymerase Chain
Reaction Analysis

To examine when the Spink3 and trypsinogen
genes start to express, RT-PCR analyses were performed.
Spink3 mRNAs and trypsinogen mRNAs were detected
in embryos at 11.5 and at 15.5 days after coitus, respec-
tively.

Histological and Immunohistochemical
Analysis of Pancreas and Gastrointestinal
Tract

Histological and immunohistochemical studies
were performed to analyze the cause of the pancreatic
deficiency. At 15.5 days after coitus, pancreases were
normal, with finely branched ducts and distinet lumen in
both Spink3*'" and Spink3 ™'~ embryos. At 16.5 days
after coitus, acinar cells were clearly recognized in both
Spink3 '™ and Spink3™/" embryos (Figure 3A), but
Spink3 ™'~ embryos showed mild vacuolization of acinar
cells (Figure 3A). This suggests that vacuolization begins
at around the time when zymogen granules appear.

At 18.5 days after coitus, vacuolization of acinar cells
became severe in Spink3 ™" embryos (Figure 3B). At 0.5
days after birth, acinar cell degeneration was clearly
evident in Spink3 ™/~ mice (Figure 3C). At 1.5 days after
birth, pancreatic lobules mainly comprised tubular com-
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plexes lined by flattened ductlike cells in a loose connec-
tive tissue stroma with few remaining acinar cells (Figure
3D). At 3.5 days after birth, degenerative changes be-
came severe (Figure 3E), and only a few acinar cells were
positive for amylase (Figure 3/). Until 3.5 days after
birth, islets remained quite normal histologically, and
the staining intensities for insulin (Figure 3A~E) and
glucagon (data not shown) in Spink3 ™'~ mice were sim-
ilar to those in Spink3™'* embryos. At 7.5 days after
birth, rapid loss of acinar cells resulted in {obular con-
traction and led to tightly clustered tubular complexes
associated with small numbers of residual acinar cells
(Figure 3F). It is interesting to note that inflammatory
cell infiltration was scarce in the pancreases of Spink3 ™/~
mice. Vacuolization or degeneration of acinar cells was
not observed in either Spink3*'* or Spink3*' mice at
any stage (Figure 3A—F). These findings suggest that a
lack of Spink3 activity induces massive selective acinar
cell degeneration.

In Spink3™'" mice at 7.5 days after birth, the ductlike
cells in tubular complexes strongly expressed Pdx1 an-
tigen, a marker of pancreatic stem cells (Figure 3L).
However, they showed no mitotic figures in H&E stain-
ing (Figure 3F), no positive immunostaining with pro-
liferating cell nuclear antigen (Figure 3L), and no bro-
modeoxyuridine incorporation (data not shown). Thus,
there is no evidence of regeneration of acini in Spink3 ™/~
mice during the period of our observations. Although
spleens were small, histological sections showed a normal
structure. The intestine of
Spink3 '~ mice looked normal up to 1.5 days after birth.
However, at 3.5 days after birth, it was expanded, with
the thin smooth muscle layer and villi mostly degener-
ated (Figure 4); the degeneration was probably caused by
the Spink3 deficiency. In any case, atrophy of the pancreas
by deficient exocrine function and degeneration of the
duodenum and small intestine were likely to be the main
causes of the severe retardation of growth and death of
Spink3 ' mice. This is consistent with the data that
mice lacking the gene encoding basic helix-loop-helix
protein p48 died soon after birth because of a complete
absence of exocrine pancreatic tissue.?? Apoptosis did not
seem to be involved in this process, because there was no

duodenum and small

increase in the number of apoptotic cells detected by
TUNEL assay (data not shown).

Electron Microscopic Analysis of Pancreas

We also performed transmission electron micro-
scopic analysis of the pancreas. At 18.5 days after coitus,
the cytoplasm of acinar cells in Spink3 /" mice was filled
with zymogen granules, but many vacuoles were ob-
served in Spink3 ™' mice (Figure SA). At 0.5 days after
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Figure 3. Histological and immunohistochemical analysis of the pancreas. At 16.5 days after coitus, pancreatic acinar cells are clearly visible
in Spink3*/* and Spink3~/~ (A}, although the pancreases of Spink3~/~ mice began to show mild vacuolization in the acinar cells. At 18.5 days
after coitus and 0.5 days after birth, marked acinar cell vacuolization was observed in Spink3™/~, but not in Spink3*/* (B). That pancreatic
lobuies mainly comprise the tubular complex lined by flattened ductlike cells in a loose connective tissue stroma with few remaining acinar cells
was evident at 0.5 days after birth (C), and the loss of acinar cells became severe thereafter (D-F) in the pancreases of Spink3™/~ mice. There
were no abnormalities in Spink3*/* and Spink3*/~ (A-F). The pancreas of a Spink3™/~ mouse was stained for amylase up to 3.5 days after birth
(G-J), but most acinar cells positive for amylase disappeared rapidly, whereas the endocrine cells retained their morphology and function (J and
K). The pancreas at 7.5 days after birth of a Spink3~/~ mouse was stained for Pdx1, but not for proliferating cell nuclear antigen (L) (bars = 20

rm). dpp, days after birth; dpc, days after coitus.

birth, §pink3 ™'~ acinar cells showed extensive vacuoliza-
tion, but only a small amount of vacuolization was ob-
served in Spink3™'" mice (Figure 5B). At a higher mag-
nification, some vacuoles were found to contain cellular
organelles, thus indicating that they were autophagic
vacuoles (Figure 5C). Nuclear changes and apoptotic
body formation were not observed (Figure 5D). Endo-
crine (arrowhead in Figure 5E) and ductal epithelial
(arrow in Figure SE and F) cells showed normal struc-
tures. At 1.5 days after birth, both the number and size
of acinar cells were markedly reduced in Spink3 ™" mice
(Figure 5F), and those remaining contained various types
of vacuoles compressing the nuclei and resulting in cell
death (Figure 5G). Occasionally, a huge vacuole contain-
ing various digested organelles was observed (Figure
5H). Some of the degenerated acinar cells were phago-

cytosed by macrophages (Figure 5I). These morphologi-
cal findings showed that the massive amount of acinar
cell death in Spink3 ™/~ mice was associated neither with
substantial infiltration of inflammatory cells, as found in
necrosis, nor with apoptosis, the best characterized form
of programmed cell death. The appearance of numerous
cytoplasmic vacuoles before nuclear alteration indicates
that acinar cell death in Spizk3 ™'~ mice is similar to an

autophagic cell death, a form of major physiological cell
death.?3-%

Autophagic Degeneration in Spink3~/~
Mice and Acute Pancreatitis

To confirm the presence of autophagosomes, we
analyzed the expression of LC3, an autophagosome-asso-
ciated protein.?¢ There are 2 forms of LC3 protein: LC3-1
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Figure 4. Histological analysis of the duodenum. (A and B) Duodenum of Spink3*/*. (C and D) Duodenum of Spink3~/~. At 3.5 days after coitus,
the duodenum of Spink3™/~ mice is expanded, with the thin smooth muscie layer and villi mostly degenerated.

and LC3-II. Cytoselic LC3-I protein (18 kilodaltons) is
converted into LC3-II (16 kilodaltons) and is associated
with the autophagosome membrane. The amount of
LC3-II is thus correlated with the extent of autophago-
some formation. As shown in Figure 6A, Spink3 ™'~
pancreases possessed more LC3-II than those of
Spink3 't as in mice with cerulein-induced pancreatitis
(Figure 6C). Densitometric analysis showed that the ratio
of LC3-II to LC3-1 was 0.56 (SD, 0.24) and 2.23 (SD,
0.10) in Spink3 " and Spink3 '™ mice, respectively. The
ratio of LC3-II to LC3-I was 0.70 (SD, 0.46) and 2.06
(SD, 0.57) in control mice and mice with cerulein-
induced pancreatitis, respectively. Thus, the amount of
LC3-I1 increased in Spink3 ™'~ mice, thus suggesting that
autophagic activity is appreciably promoted in the
Spink3™'" pancreas. Furthermore, we used GFP-LC3
mice, in which the expression and localization of LC3 can
be monitored by the detection of GFP fluorescence.?’ In
Spink3 ' -GFP-LC3 mice at 0.5 days after birth, only a
few dots of fluorescence were detected in the cytoplasm of
acinar cells (Figure 6B, left). In contrast, many fluores-
cent dots were observed in the cytoplasm of acinar cells
of Spink3 ™'~ -GFP-LC3 mice at 0.5 days after birth (Fig-
ure 6B, right). Some dots can be recognized as ringlike
structures, which may represent the attachment of GFP-
LC3 protein to the autophagosome membrane. The num-
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ber of GFP-LC3 dots was fewer than that of vacuoles
observed by electron microscopy. We believe that this
difference can be explained by the fact that LC3 gradu-
ally dissociates from the autophagic vacuoles after fusion
with lysosomes. These results suggest extensive autopha-
gosome formation in Spink3 ™'~ acinar cells. Serum amy-
lases were increased in Spink3~'" mice at 0.5 days after
coitus as in mice with cerulein-induced pancreatitis (Fig-
ure 6D). This suggests that the last moment of cell death
is accompanied by disruption of the membrane, thus
releasing various cellular constituents, including amy-
lase.

Cerulein-Induced Pancreatitis

In Spink3 '™ mice, the serum amylase level after
3, 6, and 9 injections was 14,080, 17,860, and 33,800
TU/L, respectively (n = 5). In Spink3 '’ mice, the serum
amylase level after 3, 6, and 9 injections was 12,000,
20,500, and 33,620 TU/L, respectively (n = 5). These
results suggest that there is no difference in sensitivity to
cerulein-induced pancreatitis. In addition, there was no
significant difference in trypsin activities after 9 injec-
tions in Spink3 " mice (0.25 unit {Optical Density
(OD)/DNA concentration {(Pg/PL)] SD = 0.03; n = 5)
or Spink3 ™" mice (0.23 SD = 0.02; n = 5), although
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Figure 5. Electron microscopy. (A) Zymogen granules in Spink3*/* acinar cells and vacuolization in Spink3~/~ acinar cells at 18.5 days after
coitus. (B) Significant acinar cell vacuolization in the Spink3~/~ pancreas, but not in Spink3*/*, at 0.5 days after birth. (C) Vacuoles containing
degenerated organelles. (D) The intact nucleus. (E) Normal islet and ductal epithelial cells. (F) Abnormal and remaining acinar cells with various
types of vacuoles in Spink3~/~ mice at 1.5 days after birth. Nucleus degradation (G) and acinar cell death (H). (/) Phagocytosis of degenerated
acinar cells by infiltrating macrophages. Bars = 12 um (A, B, and F), 1.5 pm (C), 4 pm (D), 19 pm (E), 2.2 wm (G), 3.5 um (H), and 3 pm (/).

antivity (U
30000 40600

Figure 6. Analysis of LC3 expression in Spink3~/~ and acute pancre-
atitis mice. (A) Western blot analysis of LC3 proteins extracted from
the pancreas of Spink3*/*, Spink3*/~, and Spink3~/~ at 0.5 days
after birth. The upper band (18 kilodaltons) is LC3-, and the lower
band (16 kilodaltons) is LC3-H. (B) Fluorescence distribution in acinar
cells of Spink3*/~-GFP-LC3 and Spink3~/~-GFP-LC3 mice at 0.5 days
after birth (bars = 10 um). (C) Western blot analysis of pancreatic
LC3 expression in adult Spink3*/* mice with acute pancreatitis. (D)
Serum amylase levels in Spink3*/* (closed bar, n = 5) and
Spink3™/~ mice (open bar; n = 5) at 0.5 days after birth and in adult
mice with acute pancreatitis: 12 cerulein injections (gray bar, n = 5)
vs control (¢closed bar, n = B). *P <. ,05 (unpaired Student t test) vs
Spink3*/* mice or control mice of the same age. dpp, days after birth.

these activities were increased compared with those in
mice with saline injection (0.19 SD = 0.03; n = 5).

Analysis of Trypsin Activity in the Pancreas

The trypsin activity in the pancreases of
Spink3™'™ mice (0.55 and 1.1 at 0.5 and 1.5 days after
birth, tespectively; n = 3) was almost equal to that in
wild-type mice (0.68 and 1.02; n = 3) and hetero-type
mice (0.59 and 0.94; n 3), thus suggesting that
trypsin is not significantly activated in Spink3 ™" mice.

Determination of Blood Glucose

There were no significant differences in blood
glucose levels of Spink3™'*, Spink3t'~, or Spink3 ™'~

mice.

Discussion

We think that initially SPINK]1 binds to trypsin
to prevent activation of pancreatic enzymes and that a
lack of SPINK1 may result in the premature conversion
of trypsinogen into active trypsin within acinar cells,
thus leading to autodigestion of the exocrine pancreas by
activated proteases. However, in Spink3~'" mice, auto-
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phagic degeneration of acinar cells appeared at 16.5 days
after coitus, and the rapid onset of cell death occurred in
the pancreas and duodenum within a few days after birth,
thus resulting in death by 14.5 days after birth. Thus,
Spink3 has essential roles for maintenance of the integrity
and regeneration of acinar cells during the perinatal
stage.

Spink3~'" mice died by 14.5 days after birth. Blood
glucose levels were approximately the same in Spiné3*/™",
Spink3 '™, and Spink3 ™' mice at 3.5 days after birth,
when approximately 50% of Spink3 '~ mice had already
died. Thus, postnatal death may be due to exocrine
dysfunction of the pancreas caused by the loss of acinar
cells, but not of endocrine cells, and to malabsorption
caused by degeneration of the duodenum. The loss of
acinar cells can be caused by 1 of 3 mechanisms: necrosis,
apoptosis, or autophagic cell death. When acute pancre-
atitis is induced by inappropriate activation of trypsino-
gen in the pancreas, necrosis is usually observed in the
pancreas. Necrosis is characterized by the early swelling
of both cells and organelles and by the loss of plasma
membrane integrity. In Spink3™'" mice, swelling of aci-
nar cells and organelles was not detected, and the plasma
membrane was preserved without any scattering of the
cellular contents. Apoptosis is a distinct form of pro-
grammed cell death, involves the orchestrated action of
catabolic enzymes (proteases and nucleases) within the
limits of intact plasma membranes, and is accompanied
by a characteristic change in nuclear morphology, chro-
matin biochemistry, and stepwise DNA degradation. In
Spink3~'" mice, apoptotic body formation was not ob-
served, and TUNEL staining was negative. In contrast,
acinar cell death observed in Spink3 ™'~ mice was char-
acterized by the appearance of vacuoles that were con-
sidered to be autophagosomes, as shown by the detection
of more LC3-II than of LC3-1. A rapid increase of auto-
phagosomes after birth may result in acinar cell death.
These results suggest that the loss of acinar cells is caused
by autophagic cell death and not by necrosis or apoptosis.

Autophagy is a dynamic process that involves several
steps: the rearrangement of subcellular membranes to
sequester the cytoplasm and organelles to form autopha-
gosomes, the assembly of these autophagosomes with
lysosomes, and the formation of autolysosomes, where
the sequestered cargo is degraded and recycled.?® Al-
though the primary roles of this degenerative pathway
are the normal turnover of cytoplasmic constituents and
a response to starvation, it might also be important for
the digestion and removal of abnormal proteins that
would otherwise accumulate in cells. In addition to
maintaining cellular homeostasis, there is growing evi-
dence regarding the participation of autophagy in pro-
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cesses such as cellular differentiation, tissue remodeling,
growth control, cell defense, and adaptation to adverse
environments. In fact, mice deficient for Atg5, which is
essential for autophagosome formation, die within 1 day
of delivery but appear almost normal at birth.?? Auco-
phagic cell death is 1 type of programmed cell death. In
contrast to apoptosis, cell death occurs independently of
caspases,”®*! and mitochondria are degraded, although a
few are required for the supply of adenosine triphosphate
while the cytoskeleton remains intact.

In this study, we have shown that autophagy typically
occurs during acinar cell death in Spink3~'" mice. The
most prominent feature of Spink3 ™'~ mice is the appear-
ance of autophagosomes in acinar cells. This can be
caused by 2 ways; 1 is that autophagosomes seem to play
a protective role in the degradation of activated pancre-
atic enzymes, which are cytotoxic to acinar cells. In
Spink3 '~ mice, the absence of Spink3 may result in the
activation of trypsin within acinar cells and may lead to
the activation of other pancreatic enzymes; this may
trigger the appearance of autophagosomes to degrade
activated digestive enzymes, including activated trypsin.
If this were the case, we should observe evidence of
trypsin activation, and the appearance of the autophago-
some should coincide with the exptession of trypsinogen
in Spink3 '™ mice. As described in Results, trypsin was
not significantly activated in Spink3 /" mice.

Han et al?*? reported that the mRNA expression of
trypsinogen genes in the rat starts as early as 12 days
after coitus and that it increases during embryonic de-
velopment. Other groups have reported that active tryp-
sin in rat was detected only at the end of the fetal
period.’3** Our RT-PCR analysis showed that trypsin
mRNA can be detected at 15.5 days after coitus. How-
ever, we do not know what amount of trypsin is required
for autophagosome formation. Thus, it is not clear
whether the appearance of the autophagosome coincides
with the expression of the trypsinogen gene. In any case,
activation of trypsin may not be related to autophago-
some formation. The second possibility is that Spink3
regulates the formation of autophagosomes in acinar cells
and that a deficiency in Spink3 may lead to the formation
of numerous autophagosomes, thus leading to autoph-
agic cell death. Further analyses will be required to test
this possibility. Currently, the reason for the increase of
amylase is not known. However, it may be explained as
follows. In Spink3 knockoutr mice, autophagosome for-
mation is rapid and massive in the pancreas, as shown by
electron microscopic studies and LC3 Western blot anal-
ysis. Thus, all autophagesomes may not be fused with
lysosomes to form autolysosomes, or the number of ly-
sosomal enzymes may not be enough for complete deg-
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radation of cellular constituents. Finally, acinar cell death
may occur by constitutive activation of autophagy,* thus
resulting in the release of intact cell constituents, includ-
ing digestive enzymes.

In Spink3 ™" mice, extensive autophagic cell death
was not accompanied by the regeneration of acinar cells
from the tubular complexes, even though these cells
expressed Pdx1. Tubular complexes are usually found as
an intermediate or end-stage lesion during acute and
chronic pancreatitis, cystic fibrosis, and pancreatic can-
cer.?® The massive degeneration of acinar cells induces
the regeneration of acinar cells from tubular complexes.
In experimental rat models for severe acute pancreatitis,
marked mitotic activity and Pdx1 expression were ob-
served in ductal cells and tubular complexes.?” In con-
trast, Pdx1-positive cells were present in tubular com-
plexes but did not show mitotic activity in Spink3 '~
mice at 7.5 days after birth. SPINK1 has structural
similarities to EGF, and mice that lack EGF receptors
have been shown to have impaired branching morpho-
genesis due to a generalized proliferation defect of the
pancreatic epithelia.?® In addition, SPINK1 can stimu-
late the proliferation of a variety of cells,»* and the
Spink3 gene is also expressed in extra-acinar cells, includ-
ing pancreatic duct cells.*® These findings suggest that
Spink3 is a key growth and differentiation factor for the
regeneration of acinar cells and that Spink3 is essential
for maintaining exocrine integrity of the pancreas.

Recently, autophagy or autophagic cell death has been
recognized as the major process in myopathies such as
Danon disease® and in neurodegenerative diseases such
as Parkinson disease,’ Huntington disease,? and Alz-
heimer disease.® However, these findings have all been
obtained from electron microscopic studies. The associ-
ation of several mutations in the SPINKI gene with
familial and juvenile pancreatitis has been reported®-!!;
given that this is the case, it is possible that pancreatitis
is caused by autophagy, but not by the activation of
trypsin. This fits with the notion that the SPINKI1
mutation is more of a modifier for pancreatitis that
potentiates the harmful effects of other genetic and en-
vironmental factors that actually initiate episodes of pan-
creatitis.
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Abstract

The Hedgehoy signaling pathway is critical for a significant number of developmental patterning events. In this study, we focus on the
defects in pharyngeal arch and cardiovascular patterning present in Sownic hedgehog (Shin) null mouse embryos. Our data indicate that, in the
absence of Skh, there is general failure of the pharyngeal arch development leading to cardiac and craniofacial defects. The cardiac phenotype
results from arch artery and outflow tract patterning defects, as well as abnormal development of migratory neural crest cells (NCCs). The
constellation of cardiovascular defects resembles a severe form of the human birth defect syndrome tetralogy of Fallot with complete
pulmonary artery atresia. Previous studies have demonstrated a role for Shh in NCC survival and proliferation at later stages of development.
Our data suggest that SHH signaling does not act directly on NCCs as a survival factor, but rather acts to restrict the domains that NCCs can

populate during early stages (e8.5-10.5) of cardiovascular and craniofacial development.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Cardiac; Neural crest; Migration; Pulmonary atresia; Tetralogy of Fallot; Outflow tract; Septation: Anterior heart field; Bmp4; Repulsion

Introduction

Shh is one of three marmmmalian gene homologues of the
extracellular signaling molecule, Hedgehog, first described
as a segment polarity gene product in Drosophila (Nusslein-
Volhard and Wieschaus, 1980). Previous loss-of-function
studies in the mouse have demonstrated that Shh is required
for patterning of several organs such as the nervous system,
limbs, lungs, and foregut (Chiang et al., 1996; Litingtung et
al., 1998, 2002). Mouse embryos that are homozygous null

for Shh (Shh™'") are also known to have pharyngeal arch
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and cardiac defects, but the etiology of these defects has yet
to be described in detail (Izraeli et al.,, 1999; Kim et al.,
2001; Meyers and Martin, 1999 Tsukui et al., 1999).
NCCs are ecto-mesenchymal cells that migrate from the
junction of the surface ectoderm and neuroectoderm along
the dorsal neural tube to populate numerous structures
throughout the embryo. Cranial NCCs arise from the
forebrain and hindbrain regions to populate craniofacial
structures, as well as pharyngeal arches one through three,
giving rise to the maxilla, mandible, and other structures of
the neck and face (reviewed in Le Douarin and Dupin, 2003;
Santagati and Rijli, 2003). Cardiac NCCs populate the third,
fourth, and sixth pharyngeal arches, as well as the outflow
tract (OT) of the heait and contribute to the smooth muscle
of arch arteries in both chick (Kuratani and Kirby, 1992;
Nishibatake ot al,, 1987) and mouse (Jiang et al.,, 2000).
Ablation and genetic studies have shown that NCC
production, delamination, directed migration, and survival

—-236-
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are critical for cardiovascular patterning (reviewed in Gitler
et al, 2002; Hutson and Kirby, 2003; Maschhott and
Baldwin, 2000). Recent evidence suggests that SHH
function is required for NCC survival in chick (Alidgren
andd Bronover-Frasey, 1999; Ablgren ef al., 2002) and mouse
(Jeong et al., 2004). In this last study, a direct requirement
for Hedgehog signals in the development of murine
craniofacial NCCs was demonstrated by genetically remov-
ing the Smoothened (Smo) receptor from migratory NCCs.
However, this effect on NCCs appeared after mid-gestation
and was not as severe as that demonstrated by functional
blocking studies in chick embryos or by the phenotype of
Shh™'~ mouse embryos, suggesting an additional eatlier cell
autonornous role for ShA in NCC development.

In this study, we sought to characterize the early (e9.5-
11.5) cardiovascular and pharyngeal arch development of
Shh™'" mouse embryos to better understand how Shh
expression affects NCC development and these tissues. Our
data indicate that Shh is required for both NCC and
pharyngeal endoderm survival and support Shh as a
candidate gene defective in patients with tetralogy of Fallot,
as well as a possible modifying locus for the 22q! Ideletion
syndromes. Furthermore, mislocalization of NCC deriva-
tives in Shh™'" embryos supports a model where SHH
signaling is required for NCC guidance cues.

Materials and methods
Experimental animals

Mouse strains were maintained on an outbred ICR
background unless otherwise indicated. This background
was chosen because of the multiple transgenes used and the
late-term survival with consistent cardiovascular defects. In
addition, cardiac looping reversals were absent in Shh™™
embryos on this outbred background, simplifying the
analysis of cardiac development at later stages and consistent
with previous studies {(lzracli ot al, 1999; Tsukoi et al,
1999). Shh ™" embryos were generated by intercrossing
Shh™ (Shh™“"¢) males and females (Chiang et al., 1996).
Noon on the day of vaginal plug was designated embryonic
(e} day 0.5. More accurate staging was then determined by
somite numbet. Genotyping was by phenotype (late stages)
or PCR (early stages) as described (Chiang ot al., 1996). All
embryos were dissected in either DEPC (diethylpolycarbo-
nate)-treated phosphate-buffered saline (PBS) or PBS with
0.1%Triton X-100 (PBT). Fixation was at 4°C ovemight in
4% paraformaldehyde (PFA) unless otherwise specified.

.

Cardiovascular system visualization in Shh™" embryos
Shh*'™ males also transgenic for the Tie2-LacZ transgene
(Tg(TIE2-lucZ)182Sato/]), in which LacZ is controlled by a
Tie2 endothelial-cell-specific promoter element (Schlacger
et al., 1997), were crossed to Shh~ females to visualize

237~

endothelial structures in Shh™" embryos. The chest wall/

pericardial sac was opened by blunt dissection to better
expose the heart and vessels. Embryos were then fixed and
washed. p-galactosidase (j3-Gal) activity was detected by X-
Gal staining. Following staining, embryos weie washed,
post fixed (4% PFA), and either cleared in 50% glycerol in
PBS for whole mount visualization or embedded in paraffin
for sectioning using standard procedures (Hogan, 1994),

Generation of Shh™" :PO-Cre;R26R embryos

In order to lineage trace NCCs in Shh™'" embryos, we
generated studs that were Shh''™ and ransgenic for PO-Cre
(tg(PO-Cre)1Ky), which expresses the Cre transgene in
migratory NCC precursors (Abu-lssa et al., 2002; Yamauchi
etal., 1999). These transgenic studs were crossed with Shh™'"
female mice that were also transgenic for the CRE reporter,
R26R (Gt(Rosa)2680r™'®"), which irreversibly expresses
LacZ in cells that have undergone recombination by the CRE
protein (Soriance, 1999). This method allowed us to effec-
tively compare lineage-marked NCCs in Shi ™~ and control
embryos. Wntl-Cre (Tg(Wntl-cre)11Rth) males (Danielian
stal., 1998) were crossed to R26R females to compare to PO-
Cre pattern. Embryos were fixed, stained for p-Gal activity,
and cleared as described above.

Ptch]™*

Pich1*Z (Pieh™™P% with LacZ inserted into the
Prehl locus, is heterozygous null for Prehl function
(Goodrich et al, 1997). Embryos expressing Prchi'*?
were generated on Shh"" and Shh™' backgrounds by
generating Skh" " Pieh MY males that were crossed o
Shi*'~ females.

In situ hybridization

Whole-mount mRNA in situ hybridization was per-
formed as described previously (Neubuser et al, 1997)
using digoxygenin-tabeled antisense riboprobes constiucted
from linearized plasmids. Riboprobes were constructed for
Paxl, Ap2a, CrabPl, Bmp4, Sox9, and Twist. Embryos
were examined at stages indicated within text and figures.
All in sita hybridization results were confirmed in at least
three Shh™'" mutant embryos and three control embryos
that were treated identically.

Whole-mount immumohistochemistry

Immunohistochemistty (1HC) was performed on whole
embryos that were fixed and washed in PBS with
0.1%Triton X-100 (PBT). Embryos were placed in blocking
solution (BS = 3% bovine serum albumin and 10% sheep or
horse serum in PBT) for | h then incubated in primary
antibody in BS at 4°C overnight. Control embryos were
incubated similarly but not exposed to primary antibody.
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Embryos were then washed three times for 1 h each in BS
diluted 1:5 in PBT, and incubated overnight with secondary
antibody in BS. Embryos were washed three times for 1
h each in block diluted 1:5 in PBT and mounted with
DABCO or benzyl alcohol:benzyl benzoate as described
(Zucker et al., 1999).

Cranial nerves/dorsal root ganglia (DRGs) were visual-
ized with 2H3 antibody (Developmental Studies Hybridoma
Bank and developed by T. Jessel and J. Dodd), as described
previously (Swiatek and Gridley, 1993) at a primary dilution
of 1:100. Cell proliferation was determined by presence of
phosphorylated histone H3 (PH3) using anti-phosphorylated
rabbit PH3 primary antibody (Upstate Biotechnology)
diluted 1:1000.

Cell death analysis

Cell death was demonstrated in whole embryos using
Lysotracker™ Red (Molecular Probes) as described previ-
ously (Abu-Issa et al., 2002), with the following modifica-
tions: sterile lactated ringers was substituted for Tyrode’s
buffer; 2--4 uM Lysotracker™ was used for 30 min while
rotating at 37°C under air; embryos were washed 3 times in
lactated ringers and then 4 times in PBS over the course of
30 min at room temperature with geatle inversion. Embryos
were then fixed, debydrated, and cleared as described
(Zucker et al., 1999).

TUNEL assays were performed to detect apoptotic cells in
paraffin sections. Embryos were fixed in 4% PFA, dehy-
drated, embedded in paraffin, and sectioned at 6 jum. Sections
were deparaffinized, rehydrated, incubated in 2% proteinase
K, permeabilized in 0.1% Triton X-100 in 0.1% sodium
citrate then incubated with TUNEL reaction mixture (1:20
TdT enzyme per TUNEL Label; Roche) for 60 min at 37°C.

Confocal analysis

Embryos with fluorescent secondaty antibodies or Lyso-
tracker were analyzed on a Zeiss LSM 410 or LSM 510 meta
Zeiss laser scanning confocal microscope. Z-sectioning series
were obtained from using the same settings for controls and
mutants, which were then stacked and converted to Quick-
time movie images using Zeiss Meta software.

Results

Shh™"" embryos display conotruncal and pharyngeal arch
artery defects

Late-term Shh ™' embryos (¢16.5-18.5) had consistent-
ly (100%) abnormal cardiovascular development which
included a single outtflow artery arising from the right
ventricle instead of the usual two-vessel configuration
where the pulmonary trunk arises from the right ventricle
and the aorta arises from the left ventricle. The aortic arch

was right-sided (normally left-sided) and gave rise to a
single midline carotid artery with abnormal subclavian
arteries (Figs. 1A,B). While the two ventricles were similar
in size, the right was displaced rostrally (pulled up) relative
to the left in Shk ™" mutants as previously described (Jzracti
et al., 1999; Tsukui et al., 1999). Overall, the mutant hearts
were smaller (as were the entire embryos) at this stage of
development when compared with controls.

The descending aorta gave rise to abnormal limb arteries;
distal to these were collateral pulmonary arteries directed to
abnormal lung tissue (Figs. 1C,D). There was no ductus
arteriosus. Venous patterning in Shh~'~ embryos was
notable for abnormal pulmonary vein connections (anoma-
lous pulmonary venous return) as previously reported (data
not shown and Tsukut et al, 1999). These findings awe
consistent with developmental abnormalities observed at
earlier stages (see below).

. . . o /
Intracardiac lesions are present in near-term Shh
embryos

The atrial septum primum and septum secundum were
defective 1n all mutants examined (7 = 5), creating the
appearance of a single, common atrivm. The two atrioven-
tricular valves were present in most embryos, but the
distance separating them was abnormally short (Figs. 1E.F),
and in 1 of 5, there appeared to be a single atrioventricular
valve. In general, the myocardium was variably thickened in
near-term ShiA ™" mutants suggesting hypertrophy. No
pulmonary valve was detected. Finally, the base of the aorta
was shifted rightward with bias to the right ventricle and
over-tode a membranous ventricular septal defect (VSD)
(Figs. 1G,H). The coronary arterics and epicardium were
present and grossly normal.

. . . e
Aortic arch artery development is abnormal in early Shh
embryos

In order to understand the pathogenesis of the defects
seen at near term, we next examined the cardiovascular
development of Shh ™~ embryos between e8.5and el12.5.
Aottic arch artery development in mutants also transgenic
for the endothelial cell marker Tie2-LacZ was compared
with littermate controls. The aortic arch arteries arise as
condensations of endothelial cell precursors and sequential-
ly develop within the mesenchyme of the pharyngeal arches.
In control embryos, progressive development of the first
three aortic arch arteries was evident by €9.5 (Fig. 2A). In
Shh™'" embryos, the first three aortic arch arteries were
hypoplastic, with the first aortic arch artery often single and
Jocated at the midline (Fig. 2B). In couatrol embryos, the
third, fourth, and forming sixth aortic arch arteries were
clearly visible by e¢10.5 (Fig. 2C), while the fourth and sixth
aortic arch arteries in Shh~'~ embryos did not appeat to
develop (Fig. 2D). These data suggest that the right third
arch artery rather than the left fourth persists as the aortic
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Fig. 1. Comparison of whole-mount Zie2-LacZ transgenic (A-D) and
histological sections (E—H) of wild type (A,C,E,G) and Shh ™" (B.D,EH)
¢16.5 embryos. Ventral view (A,B) demounstrates a single outflow tract (?)
rather than aortic (Ao) and pulmonary artery (Pa) as seen in wild-type
embryos. Dorsal view (C,D) demonstrates a midline descending Ao with
branch pulmonary arteries (BPa} arising from the descending aorta distal to
abnormal limb arteries (Lba) rather than off the main pulmonary artery as in
control {D vs. C arrow). Sectioning of the hearts demonstrates an absent
atrial septum (black arrowhead), abnormal atrioventricular valves (arsows),
and thickened ventricular musele (F) compared with controls (E). The Ao
outflow was malpositioned (H) between the right and left ventricles (RV
and L.V) overriding a ventricular sepial detect (VSD). LL—left lung, RE—
right lung, RA—right atrium, LA—left atrium.
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Fig. 2. Arch artery development was abnormal in Tie2-LacZ transgenic
Shh™" embryos (B,D) compared to controls (A,C). As carly as 9.5, Shh ™"~
embryos have hypoplastic arches (particular st arch) and abnormal vascular
endothelial cell pattern (B vs. A). By ¢10.5, only the right 3rd arch artery is
well formed in Shh™ mutants with no apparent 4th or 6th arch actery
development (D vs. C).

arch in Shh '~ embryos. In addition, the pharyngeal space
and the aortic sac in k4" embryos was much smaller and
narrower than in contols. This reduction in overall size
appeared to be secondary to the reduced width and size of
the pharyngeal arches and pharyngeal region.

,,,,,,,

Conotruncal development is abnormal in early Shh
embrvos

We next compared conotruncal development between
Shh™'"Tie2-LacZ and control embryos. Surprisingly, OT
lengthening was impaired, and development of the pulmo-
nary portion was deficient prior to the anival of migratory
NCCs. At ¢9.0 (23 somites), Shh™"" hearts alveady
demonstrated subtly smaller OT and right ventricle relative
to the inflow and left ventricle (data not shown). Atel0.5 (35
somites), when NCCs first enter the OT, there was already a
matked difference in OT and right ventricle length between
mutants and controls (Figs. 3A- D), compare white bars). The
shortening of the OT appears to result in the right ventricle
being “pulled” toward the pharyngeal region relative to the
left ventricle. By ell.5 (43 somites—when NCCs have
populated the OT), the combined length of the OT and right
ventricle were markedly smaller, and the left portion of the
OT lacked an endothelial channel (Figs. 3E-H). In addition,
there appeared to be less rostral/caudal compression of the
endothelial tact (Figs. 3G vs. H, arrowheads). By ¢12.0-
12.5, the single outflow tract in Shh ™" embryos was
continuous with the right third aortic arch artery with a
hypoplastic left 3rd arch artery, while the pulmonary channel
was completely absent (Figs. 31-L, black arrows). No
consistent defects were noted in the myocardium of €9.5—
12.5 Shh™'" embryos, suggesting that any myocardial
abnormalities seen pear-term are secondary to pressure/flow
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Fig. 3. Outflow tract development was abnormal in Sk ™ embryos. Using Tie2-Lac, outflow tract and ventricular development were visualized after X-Gal
staining in embryos at e10.5 (37 somites: A—D), e]11.5 (43 somites: E—H), and e12.5 (I1-L). Wt and $4h mutants as marked. White bar is identical in length in
adjacent figures. At 37 somites, both the distal truncus (B vs. A) and conus/right ventricle (D vs. C) of the developing outflow tract were smaller. This
difference persisted and became mote apparent particalarly in the conus/right ventricular portion of the outflow tract at 43 somites (H vs. (). In addition, the
truncus was thin and the endothelial chammel less flattened by presumptive NCCs (G vs. H, white arrowheads). By 43 somites, the pulmonary endothelial
channel was not forming, and a VSD was present between ventricles (1-L), demonstrating development of pulmonary arlery atresia.

changes associated with defects in the outflow tract and
pharyngeal arch arteries or a later function of Shh.

Shh™ embryos have hypoplastic pharyngeal arches and
loss of arch derivatives

One of the most striking defects observed by gross
examination of Shh ™~ embryos at early stages was
abnormal development of the pharyngeal arches. Hypopla-
sia of the first pharyngeal arch could be identified in Sk~
embryos as early as €9.0. The first pharyngeal arches were
abnormally fused in the midline, and the distance between
the remaining left and right pharyngeal arches was
significantly reduced. To evaluate for defects of pharyngeal
arch-derived structures, we examined sections and bone
preparations of Shh™' ™ embryos at e16.5-18.5.

The first through third pharyngeal arches and pouches
contribute to a number of structures such as the face/neck
bones, external/internal eax, as well as several glands in the
neck (thymus, thyroid, and parathyroid glands). Virtually all
of the structures derived from the first through sixth
pharyngeal arches/pouches were abnormal or absent in
Shh™"" embryos (data not shown). Craniofacial structures
essentially consisted of only a nasal and otic capsule.

Notably, there was a small thymus present in mutants,
consistent with other reports (Fagman et al., 2004; Moore-
Scott and Manley, 20095).

Most or all of the defects described in ShA™" embryos
are consistent with loss of the pharyngeal arch and pouch
derivatives of which NCCs are a major component. In
addition, NCCs are required for arch artery and OT
development. Given previous evidence that Shh signaling
can affect NCC development, we next examined the speci-
fication, migration, and fate of NCCs in Shh™" embryos.

Neural crest cells ave specified though migrate abnormally

in Shh™"" embryos

NCCs are specified and migrate in Shh ™" embryos as
determined by CrabPl and Ap2«, two markers expressed in
migrating NCCs (Dencker et al., 1990; Mitchell et al.,
1991). We found that, while both CrabP! and Ap2u were
expressed at grossly normal levels, the pattern of expression
was abnormal in Shh mutants (Figs. 4A~D). CrabPl was
not expressed in the first arch, and there was fusion of the
post-otic tracts of neural crest (third and fourth arch) into
one broad stream (Fig. 4A vs. B). Similatly, Ap2«, which is
normally expressed in the dorsal neural tube and DRGs and
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along distinct paths into the arches, was more diffuse and
misexpressed in tissue including the ventral neural tube of
el0.5 Shh™'" embryos (Fig. 4C vs. D). This altered
expression patiern could be the result of abnormal arch
segmentation independent of NCC expression. However,
examination of the endodermally expressed franscription
factor Pax! demonstrated that the arches were well defined
and separated in Skh ™" embryos (Figs. 4E,F). Atell.5, a
general reduction in the number of cells positive for 4p2a
and CrabPl was seen in Shh™ ™ mutants (data not shown).

The pattern of 4p2a and CrabP] suggested that NCCs
were migrating along abnormal pathways. To further study
this phenomenon, we examined the expression of the
newofilament specific antibody, 2H3, which marks the
NCC-derived cranial nerves and DRGs (Figs. 4G-J).
Strikingly, the cranial nerves and DRGs were abnormally
fused and more broadly distributed, respectively, consistent
with the previous 4p2a and CrabP] mRNA analysis.

Shh™"" embryos have a reduced population of NCC
derivatives

To study the fate of NCCs in greater detail, we
generated Shh ™'~ embryos that were also transgenic for
PO-Cre (expressed by migrating NCCs) and the Cre
reporter R26R. This strategy allowed us to effectively
compare lineage marked NCCs in Shh™" embryos and
controls. At el10.5, a marked decrease in 2-Gal positive
cells in the pharyngeal arches of ShA™'~ embryos (data not
shown) suggested that loss of arch tissue in the mutants
resulted from a reduced NCC population. In addition, there
is a general reduction in the expression of LacZ in the
DRGs. By ell.5, this general loss of NCCs is even more
striking (Figs. 4K,L). NCCs did enter the cardiac OT but
appeatred to be decreased in number and in an abnormal
pattern in Shi ™ embryos. In control hearts, NCCs entered
the outflow tract in two discrete prongs, whereas NCCs
entering the outflow tract in Skh~'~ embryos were
distributed along the walls and not in distinct prongs of
cells (see Fig. 8). The general reduction in NCC numbers

Fig. 4. Expression of NCC markers demonstrale induction and migration
bul an abnormal pattern in Shh mutants. At €9.5, CrabPJ expression was
absert in the Ist arch, and the distinet streamis of NCCs in arches 3 -4 were
fused into one (B vs. A and arrow). At el0.5, Ap2x expression was more
widespread than normaal with no distinction in the arches (arrowheads), loss
of specitic NCC tracts, and diffuse signal in arcas of the trunk (arrow) in
Shi mutants (D vs. C). Expression of the endodermal specific iarker Pax/
demonstrated that the arches were well segmented in Shh mutants like
controls, although expression was missing from the developing somites (E—
F). Examination of cranial nerves (CN) and DRGs utilizing the neurofila-
ment antibody 2H3 {see Materials and methbods) demonsirated fusion of CN
7,9, and 10 in Shh mutants (G vs. H) as well as abnormal DRGs and
sympathetic chain ganglia with indistinct borders (1 vs. J}. Lineage trace of
NCCs (K - L) utilizing PO-Cre and the Cre reporter R26R (see Materials and
methods) demonstrated a reduced number of NCC derivatives with marked
reduced population within the craniofacial region and arches as well as
abnormal or absent DRGs by el 1.5 (atrows). O—otocyst.
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after induction suggests that NCCs fail to proliferate and/or
survive in Shh ™'~ embryos. Together, these results indicate
that NCCs are specified but localize abnormally and are
markedly reduced in number as early as el0.5.

,,,,,,,

NCCs proliferate normally in Shh™" embryos

Given the reduced number, we next examined cell
proliferation of NCCs using an anti-phospho-histone H3
antibody that labels cells in metaphase. Counfocal laser
microscopy opfical sections of €9.5 and el0.5 embryos
demonstrated no significant difference in proliferation
within the arches of Shh ™~ embryos (n = 3) compared to
control littermates (data not shown). However, we cannot
rule out that subtle differences in proliferation, or changes in
proliferation occurring at earlier stages, contribute to the
decreased NCCs seen in these nutants,
Shh™"" embryos exhibit increased cell death within the
arches and pharyngeal endoderm

We examined cell death in whole mount Shh ™ embryos
by using both TUNEL (data not shown) and the fluorophore
Lysotracker Red which indicates necrotic or dying cells
(Zucker et al., 1999). Suwikingly, there were marked aveas of
increased cell death in the arches of Shk ™" embryos.
Confocal laser optical sections demonstrated that at €9.0
there were small amounts of cell death in the forebrain and
at the mid-hindbrain boundary of control embryos (Figs.
SA—C). In contrast, Shh ™" mutants had a marked increase
in cell death in forebrain, midbrain, around the developing
eye, and cells adjacent to the neural tube (supgestive of
migratory NCCs) (Figs. SE-G). These zones of cell death
are consistent with the defects previously described in these
mutants, including forebrain and mid-hindbrain defects
(Chiang et al., 1996; Moore-Scott and Manley, 2003). At
el10.0, there were several smal] areas of cell death in wild
type embryos, including a moderate population migrating
from the mid-hindbrain region into the first pharyngeal arch
{(data not shown), a smaller population immediately around
the developing otocyst, and a population at the proximal
junction of the first and second pharyngeal arches (Figs.
5H--J). In Shh ™'~ embryos, there was a dramatic increase in
cell death in cells of the developing arches, as well as cell
death present in the developing pharyngeal endoderm.
Optical sections revealed that virtually all of the first and
second arch mesenchymal cells were dying, particulatly
distal arch cells (Figs. SK-~M). At e10.5, the endoderm and
presumptive NCCs entering the outilow tract were also
dying, unlike controls (Figs. SO,P).

Ptchl expression suggests a role for Shh in NCC
localization

In order to understand how loss of Shh affects
pharyngeal arch, NCCs, and cardiovascular development,
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Fig. 5. Contocal laser optical sections of whole-mount Lysotracker-treated
embyyos demonstrated excessive cell death in Shh mutanis (E-G, K—M, P)
when compared with controls (A~C, K-M. O). At €9.0 (A-G), lateral to
medial sagittal sections revealed increased cell death in the neural tube and
cells adjacent to the neural tube of a Shh mutant (arrows in panels E—G vs.
A-C). Atel0.0-10.5 (H—P), there was increased cell death in cells of the
pharyngeal arches as well as around the cyclopic eye and forebrain (arrows)
and pharyngeal endoderm (arrowheads) of Shh mutants (KM v. H-J).
Higher magnification demonstrated the marked death of cells approaching
the outflow tract (OT) contiguous with cushions and endothelial chamiel, as
well as throughout the endoderm (arrows in panel P vs. Q). A—alrium, V-
‘entricle.

we next examined the expression of Shh and its receptor
Prchl, which reflects the extent of SHH signaling (and
other Hedgehog family members) from the source of
expression (Goodrich ot al,, 1997; Zhang et al, 2001). As
previously reported, Shh mRNA is extensively expressed
within the pharyngeal arch endoderm (Jeong et al., 2004).
However, no expression in mesenchyme of the arches,
around the developing arch arteries or within the OT, was
detected (Figs. 6A,B and data not shown). Prchi mRNA
and Ptchl™ expression were both examined and were
similar. The expression of both Pichl mRNA and
Ptch!™** is much more extensive than Shh expression
itself. Within the developing pharyngeal arches, expression
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Fig. 6. Comparison of Sih raRNA expression to B-Gal activity from Preh /- demonstrated broader expression of Prch ™ reflecting diffusion of Hedgehog
pathway signals (A vs. C). Within the ventral pharyngeat region, Shh (B) was present and restricted to the endodenn, while Prchf % (D) was in both
endoderm and adjacent mesenchyme with high expression in the developing thyroid. The Preht™** (E) and Gli/ mRNA (F) domains in $h ™' embryos were
restricted to the developing gut at e10.5 when compared to controls (C and G), indicating that no other family member was actively signaling in the pharyngeal
region or neural tube at these stages. Prei/ mRNA (H) and 1o a greater extent Prchi ™ (1) were expressed into the OT at ¢10.5 of wild-type embryos
(arrowheads). Pichi™% was expressed in two prongs that spiral into the OT (J) and coninued 1o be expressed in the septating OT (K).

was detected in the pharyngeal endoderm and extended
into the mesenchyme of the arches (Figs. 5C,D and Jeong
et al., 2004). To determine to what extent Prehl™**
pharyngeal expression reflects SHH signaling and not that
of other Hedgehog family members, we examined the
expression of Prchl™% in Shh™" embryos. Between
£9.5-11.5, significant (-Gal activity was detected only in
the developing gut and not within the arches or the OT
(Fig. 6E vs. ). To confirm that signaling through other
members, perhaps through Pch2 receptor, was not
occurring within the pharyngeal endoderm, we also
examined expression of Gfi/, another direct downstream
target of Hedgehog signaling. Similar to Ptchl™%,
expression of GIlil was seen only in the developing gut
of Shh™"" embryos at this stage (Fig. 6F vs. G), indicating
that pharyngeal arch expression of Prchl is mediated by
SHH at these stages.

One surprising area of Pichl expression was within the
developing OT itself (Fig. 6H), which was more apparent
with the LacZ allele than mRNA (Fig. 61). This expression
started as early as €9.5 and persisted through septation of the
OT (el2.5). Initially, two lines of expression extended into
the distal OT (Fig. 6J) and later surrounded the developing
distal aorta and pulmonary trunk (Fig. 6K). Prehl™**
expression was noted in the outflow of Shh™™ embryos
after el 1.5, suggesting that other Hedgehog signaling family
members may be active in heart development at later stages
(data not shown).

Given the observed NCC deficits and the pattern of
Ptch1™** expression, we next asked whether SHH acts
directly on NCCs by determining if NCCs express the
Ptchl receptor. To address this issue, we compared somile
stage-matched Prch 1% and PO-Cre;R26R embryos stained
for B-Gal activity. We found that, between ¢9.5-11.5,
Pich1“** expression was essentially absent from NCC's and
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instead complimentary to lineage traced NCCs with little
apparent overlap.

At ¢10.5, Prehl expression was seen in mesenchyme
medially, whereas NCCs migrating into the pharyngeal
arches populate more lateral regions (Figs. 7TA-D vs. E-H).
As cells enter the OT, Prchl expression encompasses the
ventral pharynx, including the septum forming from the
dorsal aortic sac, while NCCs are adjacent (Figs. 7A,B vs.
E,F). Around the arch arteries, Prch] expression is restricted
to the medial region, while PO-Cre-marked NCCs are
localized laterally (Fig. 7C vs. (). Through ell.5, this
complimentary pattern of Prchl expression relative to NCCs
remained consistent. Whereas pharyngeal tissue more
dorsal—medial remains Ptrchl positive, NCCs remain more
lateral in discrete domains (Figs. 71-L vs. M—P). These
relatively mutually exclusive domains persist into the OT as
well (Fig. 7K vs. O). Sectioning of e10.5 outflow tracts
revealed that Prchl expression was present in the myocar-
dial wall of the OT adjacent to arcas where endothelial cells
abut the myocardial wall to the exclusion of NCCs (Figs.
7Q~-8 vs. T-V). This pattern suggests that one possible role
for Shh signaling at this stage may be to restrict the domains
that NCCs populate. This pattern was also present in other
areas of NCC development such as the developing stomach,
where NCC-derived enteric neurons form (Figs. 7W,X). To
confirm that our PO-Cre transgene was faithfully marking
NCC, we also examined Wnt/-Cre lineage traced NCC at
el1.5. While there are differences in the pattern generated
by P0-Cre versus Wntl-Cre, a similar complimentary
pattern to Ptchl™<* was obtained (Fig. 7M vs. M’). These
data indicate that Pichl is not expressed by the majority of
NCCs, and, therefore, SHH does not signal directly to a
significant number of NCCs at these stages.

Our examination of OT development suggested that the
defects in pulmonary artery development primarily occurred
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Fig. 7. Pteh1™"% expression was complementary to NCC derivatives between ¢10.5 and e¢f 1.5, Somite-matched Prehi ™% (A-D, I-L, Q-S) were compared
with PO-Cre:R26R (E~H, M—P, T-V) embryos. Approximate pharyngeal frontal sections (white bars D) showed NCC to be excluded fiom Pechl-%
domains at both ¢10.5 (A~D vs. E-H) and el1.5 (1-L vs. M--P). Arrows in complementary sections (i.e., A vs. E) demonstrate where Preh/ expression was
present and NCCs were not. Sections through e£0.5 OT localized Prch /™% to the areas where the endothelial channel abuts the myocardium to the exclusion
of NCCs (arrows Q-8 vs. T~ V). The relationship of NCCs to Preh 1™ persisted in other areas of NCC migration such as the gut where NCC-derived enteric
neurons populate (W vs. X). PO-Cre:R26R (M) results were comparable to Watl-Cre:R26R (M').

between el0.5 and el1.5 (Fig. 3). Therefore, we reasoned
that perhaps the pulmonary artery was absent becavse the
pulmonary endothelial channel was being obstructed by
abnormal NCC localization in $hh '~ mutants. We therefore
examined stage-matched el0.5 hearts from ShA™'™ and
control embryos to compare NCC, Prchl LacZ and Tie-LacZ
expression pattemns (Fig. §).

As previously demonstrated in section, the expression of
PrchI** is complimentary to NCC localization and
apparently adjacent to where endothelial cells are closest
to the myocardial wall (Figs. 8A—F). Comparison of the
NCC to the endothelial patterning again demonstrates that

thete is a significant reduction in the NCCs entering as the
OT of SAh™"™ embryos. The OT is narrower, aud there is no
cranial--caudal compression of the endothelial channel by
NCCs as seen in controls (Fig. 81 vs. J). However, some
NCCs do enter the outflow tract but appear as a bolus of
cells in the arca of the forming pulmonary artery (Figs.
8G,K vs. H,L, and Figs. 3J.N). Interestingly, this area
appears to correspond to where Prchl“* is expressed and
where the pulmonary artery connects to the forming sixth
arch arteries (Figs. 8FK,L). We confirmed this finding by
lineage tracing NCCs in Shh™~ embryos. Examination of
the outflow tract reveals a diffuse pattern of reduced NCC

~244-



366 [ Washington Smoak et al. 7 Developmenial Biology 283 (2005) 357372

Wi

NCC Pteh et

Tie-LacZ

Shi*

Fig. 8. Analysis of NCC, Ptchi "%, and endothelial cell markers during OT septation in removed hearts at e11.5. Hearts are viewed as marked. Whole-mount
wild-type NCC patlein compared to Pich]™™Z confirmed the complementary pattern (A,C.E vs. B,D,F). At the same stage, Tie2-LacZ staining demonstrated
abnormal endothelial compression by NCCs in Shh mutants (G,1K vs. H,J,L). A bolus of cells was present in the OT of mutants (arrow H,1) that corresponded
with the location of the developing pulmonary artery (Pa in K) as well as the location of Prchl "% expression (arrows in D,F) and absent NCCs (arows C, E).
NCC tracing in Shh ™'~ embryos confirmed decreased and abnormal distribution of cells in whole-mount e£2.5 OT (M vs. N) and sectioned el1.5 embryos (O

vs. P armow).

localization (Figs. 8M,N). Sectioning of e¢11.5 outflow tracts
revealed a more diffuse representation of NCCs during
septation when compared to controls (Fig. 80 vs. P). These
data indicate that less NCCs populate the OT and that they
are mislocalized in Shh™ embryos.

STl . . . . . ~ /-
NCC derivatives are mislocalized in Shh™" embryos

To further pursue our observation that NCCs are
mislocalized, we examined other non-cardiovascular struc-
tures in Shh™"" embryos. Ap2e mRNA expression in the
developing neural tube of SkA mutants was localized
throughout the neural tube but appeared absent laterally in
whole mount at el1.5. However, upon closer examination,
expression was seen ventral to the neural tube (Figs. 9A-
C). In addition, Shh T PO-Cre,R26R embryos clearly
demonstrated that DRGs are fused at the ventral midline,
with neuronal tracts abnormally crossing the midline (Figs.
9E,F) where Prehl"*” is normally expressed (Fig. 9D). In
addition to crossing the midline, DRGs were also fused in
the rostral-caudal axis (Figs. 9H,]). Examination of
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Ptch1"" showed lateral segmented expression domains
(Fig. 5G), suggesting that Shh signaling is critical for
separating the NCC-derived DRGs in this axis, as well as
left and right sides. Examination of the pharyngeal arches
also demonstrated ectopic localization of NCCs to the dorsal
pharyngeal region and other areas (Figs. 93-L, 8O}
Interestingly, examination of the stomach and gut demon-
strated relatively normal localization of neural crest derived
enteric neurons consistent with the continued expression of
Pteh1™*% (reflecting Hedgehog signaling other than SHH
within the gut). Furthermore, in the area of the developing
abdomen, the DRG development was more segmental,
suggesting perhaps some rescue from other Hedgehog
signals localized within the gut (Fig. 4L and data not
shown}.

How are NCCs indirectly affected by SHH signaling?
We detected loss of NCCs both at the time of dela-

mination as well as during migration. This toss must be
primarily indirect as Prchil does not appear to be expressed



