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Transcripts Encoding HAND Genes
Are Differentially Expressed and Regulated

by BMP4 and GDNF in Developing Avian Gut

XIAODONG WU AND MARTHE J. HOWARD1

Department of Anatomy and Neurobiology, Medical College of Ohio, Toledo, OH 43614

Growth and transcription factors provide important developmental cues to neural crest-derived precursors of
enteric neurons. The basic helix–loop–helix transcription factors, HAND2 and HAND1, are expressed in the
gastrointestinal tract, but neither the growth factors that induce their expression nor the cell types that express
them in the gut are known. We show that transcripts encoding HAND2 are expressed in all segments of the
developing gut while those encoding HAND1 are confined to the small intestine and colon. Using in situ hybrid-
ization combined with immunostaining using cell type-specific antigens, we demonstrate that transcripts encod-
ing HAND2 are expressed in neurons of both the myenteric and submucoasl ganglia. Transcripts encoding
HAND1 are expressed by cells in the epithelial lining of the small intestine and colon. The differential localiza-
tion of HAND2 and HAND1 is reflected in nonoverlapping patterns of regulation by gut-derived factors. The
expression of transcripts encoding HAND2 is increased in neural crest-derived cells when cocultured with E4
gut, suggesting a gut-derived factor regulates expression of HAND genes. Exposure of gut-derived neural crest-
derived cells to BMP4 significantly increased the expression of HAND2 in all gut segments. In the esophagus
and gizzard, where HAND1 is not normally expressed, treatment with BMP4 induced the expression of tran-
scripts encoding HAND1 in nonneural crest-derived cells. GDNF failed to induce consistent expression of tran-
scripts encoding HAND2 in neural crest cells but did support a modest increase in HAND2 expression in gut-
derived crest cells obtained from the esophagus and colon. GDNF had no detectable effect on the expression of
transcripts encoding HAND1. These results suggest; 1) that HAND2 has a function in the development of enteric
neurons, and 2) that BMP and GDNF differentially regulate HAND2 and HAND1 gene expression in the devel-
oping gastrointestinal tract.

HAND2 HAND1 Enteric nervous system Neural crest bHLH Gut development

THE gut is a complex structure composed of epithe- segregated into five distinct layers (from inner to
outer): 1) epithelium, 2) lamina propria, 3) muscu-lium (endoderm), mesenchyme (mesoderm), neurons

and support cells (neural crest). During development, laris mucosae, 4) submucosa, and 5) circular and lon-
gitudinal smooth muscle (Fig. 1). The enteric nervousthe gut changes from a simple tube to one divided

into functionally and histologically distinct regions. system, which is comprised of the myenteric and sub-
mucosal ganglionic plexuses, is derived from the neu-Development along this axis is directed by epitheliel–

mesenchymal interactions that involve sonic hedgehog ral crest (11,13,14,24,25). Neural crest-derived cells
arising from the vagal (somites 1–4), trunk (somites(SHH), bone morphogenetic protein (BMP), glial-

derived neurontrophic factor (GDNF), and other, as 5–7), and sacral (caudal to somite 28) levels of the
neural axis contribute to different regions of the de-yet unknown, growth and transcription factors. As

development proceeds, the mesenchyme becomes veloping gut [for review see (16,53)]. The mecha-
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nisms directing how neural crest-derived cells reach mal and mesodermal derivatives of the developing
gut wall, GDNF appears to be primarily involved intheir final sites of gangliogenesis to form the myen-

teric or submucosa plexuses remain unclear. the development of the enteric nervous system (28,37,
39,45,50). In mice expressing a targeted null muta-We have begun to investigate the mechanisms re-

sponsible for the patterning and differentiation of tion of the GDNF gene, enteric neurons are lacking
(26,30,36). The function of GDNF has been eluci-neurons in the enteric nervous system. To this end,

we have concentrated on the basic helix–loop–helix dated in tissue culture (4,18,19). GDNF supports the
proliferation and survival of enteric neuron precur-(bHLH) DNA binding proteins HAND2 (dHAND)

and HAND1 (eHAND). These genes are expressed in sors as well as their differentiation into neurons (18,
19). These results suggest a potential role for GDNFa restricted pattern in the periphery and have impor-

tant roles in development of neural crest-derived as a gut-derived factor that might regulate the expres-
sion of HAND genes.sympathetic ganglia (22,23), limb bud (3,7), and

heart (8,9,41,42,46). Additionally, HAND genes ei- Our goal in these initial studies was to describe the
spatial and temporal expression patters of transcriptsther regulate or are regulated by factors known to be

important during early development of the gut, in- encoding HAND2 and HAND1 and identify growth
factors that might regulate their expression. We showcluding SHH and BMP4.

In the chick, expression of SHH in the developing differential patterns of expression for transcripts en-
coding HAND2 and HAND1 as well as differentialgut begins at Hamburger and Hamilton (HH) (17)

stage 7 and by HH stage 10 is expressed in the ante- responsiveness of cells expressing these genes to
GDNF and BMP4.rior intestinal portal followed by expression in the

posterior intestinal portal at HH stage 13 [(34), re-
viewed in (10)]. Expression of SHH is restricted to
the endodermal epithelium and persists into adult- MATERIALS AND METHODS
hood (34). Intercellular signaling mediated by SHH

In Situ Hybridization
functions, in part, by regulating expression of down-
stream target genes in the mesenchyme, BMP being In situ hybridization was performed according to

published procedures (22,49). Embryos were stagedthe most notable for the current studies. The overall
patterning of the gut is regulated by SHH by inhibit- according to Hamburger and Hamilton (17), removed

from the egg, washed in PBS, and the gut was re-ing formation of muscle and enteric ganglia while
supporting differentiation of lamina propria and sub- moved on ice. The whole gut was divided into the

anatomical regions as shown in Figure 1 and fixed inmucosa [(43), reviewed in (10)]. Interaction of endo-
derm-derived SHH and adjacent mesoderm results in 4% paraformaldehyde prepared fresh in PBS, pH.

7.4, at 4°C for 4 h [embryonic day (ED) 4/5] to over-the differentiation of region-specific cell types, sug-
gesting that SHH can affect the fate of cells resident night (ED8–18). Following fixation, the tissue was

extensively washed (16 × 15 min) in PBS and storedin adjacent mesoderm (1,32,34). SHH is required for
the proper formation of the limb and is expressed in 30% sucrose in PBS at 4°C. Frozen sections were

cut at 10 µm from tissues embedded in O.C.T. (Miles,downstream of HAND2 (3,44). In the limb, SHH in-
duces BMP, as it does in the gut, suggesting a possi- Inc., Elkhart, IN) mounting medium and thaw moun-

ted onto SuperFrost Plus (Fisher, Pittsburgh, PA)ble interaction of these same regulatory molecules
during gut morphogenesis. slides; sections were stored at −20°C until used. In

situ hybridization was performed using digoxigenin-BMP4 is expressed in a region-specific manner in
the mesoderm of the developing gut, and appears to labeled antisense cRNA probes corresponding to the

full-length chicken cDNAs encoding HAND1 orplay multiple rules in gut morphogenesis (34,35,40,
43). BMP4 represses differentiation of enteric neu- HAND2 (22,23). There was no visible signal in sec-

tions hybridized with sense strand control probe (datarons (43) and smooth muscle (40) as well as estab-
lishing the proper thickness of the mesoderm. This not shown). For in situ hybridization, sections were

dried at 50°C for 15 min, postfixed with 4% para-occurs in a region-specific manner through regulating
apoptosis and cell proliferation (35,40). HAND2 is a formaldehyde for 20 min, washed in PBS, and then

treated with 50 µg/ml of proteinase K (Sigma, St.downstream effector of BMP4 required for the differ-
entiation of neural crest-derived noradrenergic neu- Louis, MO) for 8 min. Tissue sections were fixed

again in 4% paraformaldehyde for 15 min androns (22,23,51). This finding suggested a potential
role of HAND2 and BMP in the differentiation of washed in PBS. Sections were prehybridized in

buffer containing 50% formamide, 5× SSC, 0.3 mg/neural crest-derived enteric neurons.
Unlike SHH and BMP4, which appear to function ml yeast tRNA, 50 µg/ml heparin, 1× Denhardt’s so-

lution, 0.1% Tween 20, 0.1% CHAPS, and 5 mMprimarily in patterning and differentiation of endoder-
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Figure 1. Schematic diagrams of gut morphology and functional domains. (A) The lumen of the gut is lined by an epithelium. The myenteric
plexus is located between circular and longitudinal muscle. The submucosal plexus is located deep to the inner circular muscle in the
submucosa. This schematic is presented in the same plane as tissue sections shown in Figures 3–5. (B) The gut tube differentiates into
functionally and histologically distinct regions, as shown. Each region used in the current studies has been filled with patterns matching
those in Figures 2, 7–10.

EDTA, for 3 h at 65°C in a humid chamber contain- used for combined in situ hybridization/immunocyto-
chemistry, using our established procedures (21).ing 50% formamide and 5× SSC. The sections were

then hybridized with cRNA probes (1 µg/ml in pre- Briefly, 10-µm frozen sections of the embryonic
chick gut were rinsed with PBS and permeabilized inhybridization buffer) overnight at 65°C in a humidi-

fied chamber. Following hybridization, excess probe blocking buffer containing 0.3% Triton X-100 and
10% horse serum in PBS, for 30 min at room temper-was removed by washing at 65°C, in 5× SSC, 1 × 15

min, and in 0.2× SSC, 2 × 30 min. To detect sites of ature. The sections were then incubated with primary
antibody diluted in a buffer containing PBS, 0.3%hybridization, sections were washed with PBT (1×

PBS, 2 mg/ml BSA, 0.1% Triton X-100) and incu- Triton X-100, and 4% horse serum, overnight at 4°C.
HNK1 (1:1000, Sigma) was used to identify neuralbated in blocking solution containing PBT and 20%

heat-inactivated horse serum for 30 min at room tem- crest-derived cells, and TuJ1 (1:2000, Covance, Rich-
mond, CA) was used to identify neurons (neuron-perature. The sections were then incubated with anti-

digoxygenin antibody conjugated to alkaline phos- specific β-tubulin). Unbound antibody was removed
by washing 3 × 10 min in PBS containing 0.3% Tri-phatase (1:2000; Roche, Indianapolis, IN) in the

blocking solution at 4°C overnight. Sites of antibody ton X-100. Incubation in directly coupled species-
specific secondary antibody (Kirkegaard and Perry,binding were detected using BCIP/NBT according to

manufacturer’s directions (Roche). Color develop- Gaithersburg, MD) was carried out at room tempera-
ture in the dark using fluorescein isothiocyanatement was carried out in the dark from 20 min to 2 h

and stopped by washing in PBS. For combined in situ (HNK-1) or tetramethylrhodamine (TuJ1).
hybridization and immunostaining with HNK-1 to de-
tect neural crest-derived cells, in situ hybridization Gut Explant Culture
was followed by immunocytochemistry, as described

The entire gut was removed from ED4 chick em-
below.

bryos and dissected in cold PBS. Segments of esoph-
agus, gizzard, small intestine, and colon were dis-

Immunocytochemistry
sected using the landmarks shown in Figure 1B. For
each segment, three explants were plated on fibronec-To identify neurons, using TuJ1, immunocyto-

chemistry was performed on serial sections of those tin (Life Technologies, Grand Island, NY)-coated
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culture dishes (24 µg/35-mm dish) and maintained in neural tube explants were removed using tungsten
needles. For these cocultures, a circle was scored inmedium containing Eagle’s salts in minimal essential

medium (MEM), supplemented with 10% 11-day the fibronectin to divide the dish into two compart-
ments. Neural crest explants were plated in the innerchick embryo extract (CEE) (20) and 15% horse se-

rum. Explants were maintained in the presence or ab- compartment.
Explants of ED4 chick gut were obtained, as de-sence of either 10 ng/ml BMP4 (R&D Systems, Min-

neapolis, MN) or 10 ng/ml GDNF (R&D Systems) scribed above, and plated in the outer compartment
of the dish at the time that the neural crest explantsfor 2 days. Total cell RNA was subsequently ex-

tracted from the outgrowth of three explants using the were removed. Each dish contained 20 neural crest
explants and three gut explants. The cells were main-Totally RNA Extraction Kit (Ambion, Austin, TX)

according to the manufacturer’s instructions and RT- tained in MEM supplemented with 2% CEE and 15%
horse serum for 7 days. Prior to the preparation ofPCR performed as described below.
neural crest-derived total cellular RNA, gut ex-
plants were removed from the outer ring on the cul-Gut-Derived Neural Crest-Derived Cell Culture
ture dish.

The whole gut was removed from ED4 chick em-
bryos on ice in PBS and divided into segments of

RT-PCResophagus, gizzard, small intestine, and colon, as
shown in Figure 1B. The segment explants were

RT-PCR was performed according to our pub-
plated on fibronectin (24 µg/dish)-coated culture

lished procedure (23,51) with minor modifications.
dishes and maintained in MEM supplemented with

Following DNase treatment, 0.5 µg total cellular
2% CEE and 15% horse serum. Gut-derived neural

RNA was used as template for first-strand synthesis
crest-derived cells were allowed to migrate from each

in a 20-µl reaction containing 1 unit of SuperScript
segment for 14–18 h, at which time the original ex-

II reverse transcriptase (Invitrogen, Carlsbad, CA), 1
plant was removed using electrolytically sharpened

mM each dNTP, 3 mM MgCl2, 10 mM DTT, 2 units
tungsten needles. The neural crest-derived cells were

Rnasin (Promega, Madison, WI), 75 mM KCl, and 5
grown for an additional 2 days in the presence or

mM random hexanucleotides. The synthesis of cDNA
absence of either 10 ng/ml BMP4 (R&D Systems) or

was carried out at 37°C for 60 min. Equivalent ali-
10 ng/ml GDNF (R&D Systems). Total cell RNA

quots of first-strand cDNA were amplified by PCR
was subsequently extracted from the outgrowth of six

with primers specific for either chicken β-actin,
explants, as described for the outgrowth of whole gut

HAND1, or HAND2. The final reaction contained 0.2
segments, and RT-PCR was performed as described

mM dNTPs, 0.4 mM of each primer, 2.2 mM MgCl2,below.
and 1 U Platinum Taq polymerase (Invitrogen). The
cycler protocol used for the amplification of HAND2

Coculture of Neural Crest-derived Cells
and β-actin was 94°C for 4 min, then 25 cycles of

With Gut Explants
94°C for 75 s, 57°C for 75 s, 72°C for 75 s, 72°C for
10 min, and hold at 4°C. Primers for β-actin wereNeural crest cells were obtained from stage 14 (54)

Japanese quail embryos (Coturnix coturnix japonica) added to the reaction tube after 5 cycles. The cycler
protocol for HAND1 and β-actin was 94°C for 4 minas previously described (20,22,23) with minor modi-

fications. Fertilized quail eggs (GQF, Savannah, GA) followed by 25 cycles of 94°C for 75 s, 55°C for 75
s, 72°C for 75 s, then 72°C for 10 min and hold atwere incubated at 38°C for 43–47 h to obtain HH

stage 14 embryos. To obtain neural crest-derived 4°C. The primers for β-actin were added to the reac-
tion 9 cycles after the HAND1 PCR had begun. Incells, the neural tube with associated somites was sur-

gically removed from embryos using electrolytically pilot studies we established that amplification of nei-
ther β-actin, HAND1, nor HAND2 transcript is satu-sharpened tungsten needles and the neural tube frag-

ments were incubated in 0.5% collagenase A (Boerin- rated and that our assays were done in the linear
range of amplification. PCR products were fraction-gher Mannheim, Indianapolis, IN) for 12–15 min at

room temperature. The neural tubes were released us- ated in 1.5% agarose gels and the intensity of ethid-
ium bromide-labeled PCR products quantified usinging gentle trituration with fire-polished Pasteur pi-

pettes and then collected in fresh ice-cold growth a KODAK Gel Documentation System. The relative
level of expression of transcripts encoding HAND1medium and subsequently plated on 35-mm tissue

culture plates coated with 24 µg/ml fibronectin (Life or HAND2 was based on determining the product of
the ratio of band intensity of HAND1 or HAND2 toTechnologies). Neural crest cells were allowed to mi-

grate onto the dish for 14–16 h, at which time the β-actin.
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RESULTS

Transcripts Encoding HAND Genes Are Expressed
Differentially in the Developing Chick Gut

In our initial studies describing the cloning, expres-
sion pattern, and function of avian HAND2 (22), we
reported expression of transcripts encoding HAND
genes in the avian gut. Here we expand these studies
with a thorough examination of the spatial and tem-
poral expression pattern of transcripts encoding
HAND2 and HAND1 in the developing avian gut.
To determine relative levels of transcripts encoding
HAND2 or HAND1, semiquantitative RT-PCR was
used. Transcripts encoding HAND2 were expressed
in all segments of the gut, albeit to varying degrees,
beginning at ED4 and throughout ED18 (Fig. 2A).
Expression of transcripts encoding HAND2 in the
esophagus was significantly (p < 0.001) lower than
in other more rostral regions of the gut. In the giz-
zard, small intestine, and colon, expression of tran-
scripts encoding HAND2 remained relatively consis-
tent both spatially and temporally from ED4 through
ED18 (Fig. 2A).

In contrast to the spatial distribution of transcripts
encoding HAND2 (Fig. 2A), transcripts encoding
HAND1 (Fig. 2B) were not detected in the esophagus
from ED4 through ED18 and were only detected in
the gizzard at ED4. Transcripts encoding HAND1
were expressed in the small intestine and colon
throughout development (Fig. 2B). In contrast to Figure 2. Transcripts encoding HAND2 and HAND1 are differen-

tially expressed in the developing chick gut. RT-PCR was used toHAND2, where the levels of expression of transcripts
quantify the relative expression of transcripts encoding HAND2appeared constant with developmental age, the level (A) or HAND1 (B) in esophagus (filled bar), gizzard (hatched bar),

of transcripts encoding HAND1 declined signifi- small intestine (horizontal bar), and colon (diagonal bar) from
ED4, ED6, ED8, ED10, and ED18 embryos. The segments of gutcantly with increasing developmental age (Fig. 2B).
were dissected as shown in Figure 1B. The data are presented asThe data suggest differential regulation of HAND2 the mean ± SEM of 3 determinations. The expression of transcripts

and HAND1 and raise the possibility that they are encoding HAND2 was compared by one-way ANOVA followed
by Bonferroni’s multiple comparison post hoc test. Student’s un-localized to different structures within the developing
paired t-test was used for comparison of the level of expression ofgut wall. transcripts encoding HAND1 between stage 18 and other stages.
*p < 0.05; **p < 0.01.

Transcripts Encoding HAND2, But Not HAND1, Are
Expressed in Neurons Comprising Enteric Ganglia

At ED4/5, transcripts encoding HAND2 were ex-
pressed in cells localized in the enteric mesenchymeAs a first step toward understanding the function

of HAND genes during development of the enteric in all segments (Fig. 3), as well as in the epithelium
[esophagus (Fig. 3A) and colon (Fig. 3M)]. Based onnervous system, we used in situ hybridization to dem-

onstrate in which structures of the gut wall transcripts the colocalization of transcripts encoding HAND2
and HNK-1, a marker of neural crest-derived cells,encoding HAND genes are localized (Figs. 3–5). In

situ hybridization was performed on esophagus, giz- HAND2 is expressed primarily in neural crest-derived
cells. The cells in the esophageal and colonic epithe-zard, small intestine, and colon from ED4/5, ED8,

and ED18 segments of developing gut. In situ hybrid- lium expressing transcripts encoding HAND2 have
not yet been identified. At ED4/5, neurons had begunization was combined with immunocytochemistry to

allow identification of the cell type(s) expressing to differentiate in the esophagus (Fig. 3D) and giz-
zard (Fig. 3H). Based on co-immunolabeling with antranscripts encoding HAND2 and HAND1 (Figs.

3–5, HAND + HNK-1). antibody that recognizes neuron-specific β-tubulin
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Figure 3. Transcripts encoding HAND2 are expressed in epithelium and neural crest-derived cells at ED4/5. In situ hybridization was used
to localize transcripts encoding HAND2 in esophagus (A–D), gizzard (E–H), small intestine (I–L), and colon (M–P). Gut from ED4/5
embryos was dissected into the segments shown in Figure 1B and cut in cross section, as shown in Figure 1A. In situ hybridization was
combined with immunocytochemistry (HAND2 + HNK-1, C, G, K, O) to simultaneously localize cells expressing transcripts encoding
HAND2 (purple) and HNK-1 (green). HNK-1 is a marker for neural crest-derived cells (47). On serial sections, immunostaining using HNK-1
(green) and TUJ1 (red) (HNK-1 + TUJ) was used to demonstrate coexpression of HAND2, HNK-1, and TuJ1 in neural crest-derived neurons.
At ED4/5, transcripts encoding HAND2 are expressed by cells scattered throughout the mesenchyme in all segments. In the esophagus (A)
and colon (M), transcripts encoding HAND2 are also expressed in the epithelium. At this stage, neurons develop in the gizzard and esopha-
gus, as demonstrated by the neuronal marker TuJ1. Low power (original magnification 20×), scale bar 200 µm (A, E, I, M). Higher
magnification (original magnification 40×), scale bar 100 µm.

(TuJ1) and HNK-1, transcripts encoding HAND2 develop even though at ED4/5, two separable groups
of HAND2+, HNK-1+, TuJ1+ cells were easily iden-were localized to neurons (Fig. 3D, H, L, P). Al-

though in the small intestine at ED4/5, neural crest- tified (compare Figs. 3G, H and 4G, H); the myen-
teric plexus at this stage is a multilayered structurederived cells (HNK-1) had migrated and localized in

sites appropriate for neuronal differentiation (TuJ1), (47). At ED18, the adult pattern established by ED8
persisted (not shown) with neurons in both the sub-the expression of neuron-specific β-tubulin remained

low at this level of the small intestine at this early mucosal and myenteric ganglia of the small intestine
and colon and myenteric ganglia in the gizzard anddevelopmental stage (Fig. 3L). In the colon, cells ex-

pressing transcripts encoding HAND2 were localized esophagus expressing transcripts encoding HAND2.
Although not evident, based on RT-PCR (Fig. 2A),throughout the mesencyme.

At ED8, cells expressing transcripts encoding the level of expression of transcripts encoding
HAND2 appeared to have decreased in the small in-HAND2 had localized in myenteric and submucosal

ganglia throughout the length of the gut (Fig. 4). testine and colon.
Although transcripts encoding HAND2 were pref-Based on co-immunolabeling with TuJ1 and HNK-1,

cells expressing transcripts encoding HAND2 differ- erentially localized to neural crest-derived cells that
will differentiate into neurons, transcripts encodingentiated into neurons (Fig. 4D, H, L, P). It should be

noted that in the gizzard, a submucosal plexus did not HAND1 were expressed in cells scattered throughout
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the gut wall (Fig. 5). Based on the results obtained not derived from the neural crest and thus do not con-
tribute to the enteric nervous system.with RT-PCR, where transcripts encoding HAND1

were found in small intestine and colon, in situ hy- We were unable to demonstrate, either spatially or
temporally, overlapping patterns of transcripts encod-bridization was used to identify cells expressing tran-

scripts encoding HAND1 in small intestine and colon ing HAND1 and HAND2. The expression of tran-
scripts encoding HAND2 by neural crest-derivedfrom ED4/5 (Fig. 5A–H) and ED10 colon (Fig. 5I–

P). These embryonic ages represent times at which cells that differentiate into neurons suggested that
growth factors influencing the development of entericHAND1 transcript levels were high (ED4/5) and low

(ED10). Transcripts encoding HAND1 were found in neurons might affect the transcription or function of
HAND2.cells scattered throughout the gut mesenchyme as

well as in the epithelium of both the small intestine
and colon. The expression of HAND1 in the epithe- The Microenvironment of the Developing Gut
lium was maintained while that in the mesenchyme Induces Expression of HAND2, But Not HAND1,
was reduced with increasing developmental age (Fig. in Neural Crest-Derived Cells
5). We were unable to demonstrate colocalization of
neural crest-derived cells expressing HNK-1 with The localization of transcripts encoding HAND2 to

neurons in enteric ganglia suggested the possibilitycells scattered in the mesenhcyme expressing tran-
scripts encoding HAND1. This pattern of expression that gut-derived soluble factors might regulate ex-

pression of HAND2 within neural crest-derived cellssuggests that cells expressing HAND1 in the gut are

Figure 4. Transcripts encoding HAND2 are expressed by neural crest-derived neurons in both myenteric and submucosal ganglia at ED8.
In situ hybridization was used to localize transcripts encoding HAND2 in esophagus (A–D), gizzard (E–H), small intestine (I–L), and colon
(M–P) in ED8 segments of gut (Fig. 1A, B). In situ hybridization was combined with immunocytochemistry (HAND2 + HNK-1, C, G, K,
O) to simultaneously localize cells expressing transcripts encoding HAND2 (purple) and HNK-1 (green). On serial sections, immunostaining
using HNK-1 (green) and TUJ1 (red) (HNK-1 + TUJ) was used to demonstrate coexpression of HAND2, HNK-1, and TuJ1 in neural crest-
derived neurons (D, H, L, P). By ED8, in all segments of gut, cells expressing transcripts encoding HAND2 and coexpressing HNK-1 and
TuJ1 are found in myenteric and submucosal plexuses. In the epithelium, cells expressing transcripts encoding HAND2 remain only in the
colon (M–P). Low power scale bar 400 µm (A, E, I M). Higher magnification (original magnification 40×) scale bar 100 µm.
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Figure 5. Transcripts encoding HAND1 are expressed by nonneural crest-derived cells. In situ hybridization was used to localize transcripts
encoding HAND1 in small intestine (A–D, I–L) and colon (E–H, M–P) in ED5 (A–H) and ED10 (I–P) embryos. Segments of gut were
dissected as shown (Fig. 1A, B). In situ hybridization was combined with immunocytochemistry (HAND2 + HNK-1, C, G, K, O) to simulta-
neously localize cells expressing transcripts encoding HAND1 (purple) and HNK-1 (green). The pattern of HNK-1 immunostaining is shown
in serial sections (D, H, L, P). At ED4/5, cells expressing HAND1 are localized in the epithelium and scattered through the mesenchyme.
At ED10, transcripts encoding HAND1 are found exclusively in the epithelium. Combined in situ hybridization with immunostaining for
HNK-1 (C, G, K, O) demonstrates that neural crest-derived cells do not express transcripts encoding HAND1. Low power scale bar 200
µm (A, E, I, M). Higher magnification (original magnification 40×) scale bar 100 µm.

of the gut wall. To address this issue, we first tested of transcripts encoding HAND2 in neural crest-
derived cells (n = 8, p < 0.01) (Fig. 6A), but also in-whether cells within the microenvironment of the gut

wall produce soluble factors that induce expression of duced a small increase in the expression of transcripts
encoding HAND1 from these same cells (Fig. 6B).HAND genes in neural crest-derived cells. We used a

coculture paradigm in which neural crest-derived The data support the hypothesis that HAND gene ex-
pression is regulated in neural crest-derived cells bycells were grown with ED4 gut explants in a nonper-

missive growth factor environment for HAND2 ex- gut-derived soluble factors.
pression (23).

In the absence of gut-derived soluble factors, tran- BMP4 Induces Expression of Transcripts Encoding
scripts encoding HAND2 were expressed in 50% of HAND2 in Gut-Derived Neural Crest-Derived Cells
explants (Fig. 6A) but HAND1 was not expressed
(Fig. 6B). This result suggested that some factor in The finding that there were soluble gut-derived

factors that can influence transcription of HAND2 inthe gut microenvironment could differentially influ-
ence the expression of HAND genes. We tested this neural crest-derived cells suggested BMP4 as one

likely candidate. BMP4 has been shown to inducepossibility by determining if explants of gut secrete
soluble factors that could influence expression of expression of HAND2 in neural crest-derived cells,

which differentiate into noradrenergic neurons (23,33,transcripts encoding HAND genes in neural crest-
derived cells. Coculture of neural crest-derived cells 38,51) and BMP4 is present in the gut beginning

from ED2 (34). To determine if BMP4 induces ex-with chick gut significantly increased the expression
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pression of transcripts encoding HAND2 and/or
HAND1 in neural crest-derived cells that have mi-
grated and localized within the developing gut, gut-
derived neural crest-derived cells (Fig. 7A) or whole
gut explants obtained from E4 chick (Fig.7B) were
treated with BMP4 for 2 days in nonpermissive
growth factor conditions. Exposure of neural crest-
derived cells obtained from esophagus, gizzard, small
intestine, or colon to BMP4 was sufficient to increase
the expression of transcripts encoding HAND2 (Fig.
7A) in all segments of the gut (n = 5, p < 0.05). In
explants of gut from the same anatomical domains,
however, exposure to BMP4 caused an increase in
expression of transcripts encoding HAND2 only in
explants of the gizzard (n = 3, p < 0.05) but not other
segments of the gut (Fig. 7B).

Figure 7. BMP4 induces expression of transcripts encoding HAND2
in gut-derived neural crest-derived cells. Gut-derived neural crest-
derived cells (A) or whole gut explants (B) obtained from ED4
chick were treated with BMP4 and the expression of transcripts
encoding HAND2 was determined using semiquantitative RT-
PCR. The data are presented as mean ± SEM of the ratio of band
intensity for HAND2 and β-actin from 3–5 determinations. For all
comparisons between control and BMP4-treated samples, statisti-
cal significance was determined using Student’s unpaired t-test,
except for the colon-derived neural crest-derived cells (Col NCC)
where paired t-test was used. *p < 0.05.

In contradistinction to the results obtained for ex-
pression of transcripts encoding HAND2, transcripts
encoding HAND1 were not expressed in gut-derived
neural crest-derived cells, in culture, from any seg-
ment of the developing gut, with the exception of the
small intestine (Fig. 8A). Further, in contrast to the

Figure 6. The microenvironment of the developing gut induces ex- results obtained with transcripts encoding HAND2,
pression of HAND2, but not HAND1, in neural crest-derived cells.

the addition of BMP4 did not induce significant ex-Quail neural crest-derived cells were grown in coculture with ED4
chick gut explants. Semiquantitative RT-PCR was used to detect pression of transcripts encoding HAND1 in gut-
the expression of transcripts encoding HAND2 or HAND1 in neu- derived neural crest-derived cells. This result sup-
ral crest-derived cells after 2 days of exposure to gut-derived solu-

ports our previous findings that cells in the gutble factors. The level of expression of transcripts encoding HAND
genes is normalized with that of β-actin and presented as the ratio mesenchyme and not neural crest-derived cells ex-
of band intensity of HAND2 (A) or HAND1 (B) to β-actin. The press transcripts encoding HAND1 (Fig. 5). In gut
data are presented as mean ± SEM, Statistical significance was de-

explants, BMP4 robustly induced expression of tran-termined using Student’s unpaired t-test (HAND2) or one-sample
t-test (HAND1). **p < 0.01. scripts encoding HAND1 in the esophagus (n = 3)
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system. GDNF regulates the migration, proliferation,
and differentiation of neural crest-derived cells in the
gut and the differentiation of enteric neurons (4,18,
52). To determine if GDNF regulates the expression
of transcripts encoding HAND genes in the gut, gut-
derived neural crest cells or whole gut explants ob-
tained from E4 chick were treated with GDNF for 2
days in culture and the expression of transcripts en-
coding HAND1 and HAND2 was assessed by semi-
quantitative RT-PCR. Exposure to GDNF resulted in
increased expression of transcripts encoding HAND2
from neural crest-derived cells obtained from the
esophagus (n = 3, p < 0.01) and the colon (n = 3, p <
0.05), but not from that of the gizzard or the small
intestine (Fig. 9A). With the exception of the esopha-
gus (n = 3, p < 0.05), treatment of gut explants with

Figure 8. BMP4 induces expression of transcripts encoding
HAND1 in the foregut. Gut-derived neural crest-derived cells (A)
or whole gut explants (B) from ED4 chick were treated with BMP4
and the expression of transcripts encoding HAND1 was deter-
mined using semiquantitative RT-PCR. The expression of tran-
scripts encoding HAND1 was normalized to β-actin. The data are
presented as mean ± SEM of the product of the ratio of HAND1/
β-actin (minimum of 3 determinations). To determine statistical
significance, Student’s unpaired t-test was used for comparison be-
tween control and BMP treatment for all groups except the esopha-
gus (ESO) and gizzard (Giz) explants and the colon-derived neural
crest-derived cells (Col NCC) where one-sample t-test was used.
*p < 0.05.

and the gizzard (n = 4) (Fig. 8B), suggesting that
some cells other than neural crest-derived cells ex-
press HAND1 in response to BMP4. In the small in-
testine and the colon, growth in the presence of added
BMP4 did not affect the endogenous expression of
transcripts encoding HAND1 (Fig. 8). Our data sug-

Figure 9. GDNF induces expression of transcripts encodinggest there is differential regulation of transcripts en-
HAND2 in esophagus and colon. ED4 chick gut-derived neural

coding HAND1 between rostral and caudal gut. crest-derived cells (A) or whole gut explants (B) were treated with
GDNF and the expression of transcripts encoding HAND2 was
assessed by semiquantitative RT-PCR. The expression of tran-GDNF Differentially Induces Expression
scripts encoding HAND2 was normalized to the expression of tran-of Transcripts Encoding HAND Genes
scripts encoding β-actin. The data are presented as mean ± SEM of

in Functionally Distinct Domains of the Gut the product of the ratio of HAND2/β-actin (3–4 determinations).
Statistical significance was determined using Student’s unpaired t-

GDNF is a gut-derived neurotrophic factor re- test for results reported in (A) and paired t-test was used for results
reported in (B). *p < 0.05; **p < 0.01.quired for the development of the enteric nervous
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they differentiate into enteric neurons in the microen-
vironment of the gut. The bHLH transcription factors
HAND2 and HAND1 are expressed in developing
gut but neither the growth factors that induce their
expression nor their role in the gut are known. As
a first step toward understanding the function of
HAND gene products in morphogenesis of the gas-
trointestinal tract, we sought to determine the spatial
and temporal expression patterns of transcripts en-
coding HAND genes in the developing enteric ner-
vous system (ENS) and to identify gut-derived growth
factors that influence their expression.

We have defined a dynamic expression pattern of
transcripts encoding HAND genes during develop-
ment of the chick gastrointestinal tract. The spatial
pattern of expression coincides with two lineages of
neural crest-derived cells that colonize different re-
gions of the gastrointestinal tract and that also give
rise to sympathetic chain ganglia [(3,6), for review
see (12,27)]. The overall pattern suggests that HAND2
is not a lineage marker in the ENS as it is expressed
at all levels of the ENS.

Transcripts encoding HAND2 are expressed through-
out the gut from ED4 through ED18 but the level of
expression is consistently lower in the esophagus
than in more caudal regions. It is established that neu-
ral crest-derived cells that colonize the esophagus are
derived from the neural crest adjacent to somites 6–7
(6). The decreased level of expression in this domain
of the gut may be due to the lack of a submucosal
plexus reflecting a smaller number of neurons, al-

Figure 10. GDNF does not affect the expression of transcripts en-
though this is not apparent in the gizzard, which alsocoding HAND1 in the gut. Gut-derived neural crest-derived cells

(A) or whole gut explants (B) obtained from ED4 chick were lacks a submucosal plexus. However, in the gizzard
treated with GDNF and the expression of transcripts encoding the myenteric plexus consists of a multilayered gan-
HAND1 was assessed by semiquantitative RT-PCR. The data are

glionic plexus most likely containing more neuronspresented as mean ± SEM of the product of HAND1/β-actin, from
at least 3 determinations. Statistical significance was determined than in the esophagus (47). In more caudal regions of
using Student’s unpaired t-test. the gut, HAND2 gene expression is uniformly distrib-

uted both spatially and temporally. In all anatomical
GDNF had no effect on the expression of transcripts domains of the ENS, expression of transcripts encod-
encoding HAND2 (Fig. 9B). ing HAND2 is primarily confined to neurons.

Expression of transcripts encoding HAND1 was Using neuron-specific β-tubulin as a neuronal
not detected in neural crest-derived cells from any marker, our combined in situ hybridization/immuno-
region of the gut and GDNF failed to induce expres- cytochemistry demonstrates that neural crest-derived
sion of transcripts encoding HAND1 in these cells neurons expressing HAND2 contribute to both myen-
(Fig. 10). Although transcripts encoding HAND1 teric and submucosal ganglia. Although we have not
were detected in explants of the gizzard, small intes- found transcripts encoding HAND2 in premigratory
tine, and colon, treatment with GDNF had no appre- or migrating neural crest-derived cells (22), it appears
ciable effect on the levels of transcript encoding that, as HNK-1+ cells enter the gut microenviron-
HAND1 (Fig. 10B). The data suggest that expression ment, a subgroup of these cells also expressed tran-
of HAND1 and HAND2 is differentially regulated by scripts encoding HAND2, prior to expression of the
GDNF in a region-specific manner. cell type-specific marker, TuJ1. For example, at ED8

in the small intestine, there are cells expressing tran-
scripts encoding HAND2 located between the myen-

DISCUSSION teric and submucosal ganglia. It is possible that these
cells are migrating from the myenteric to the submu-Growth and transcription factors provide important

developmental cues to neural crest-derived cells as cosal ganglia at this time in development (15,29).
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This conclusion is further supported by the finding if the microenvironment of the gut induces expres-
sion of HAND genes, we used primary cultures ofthat these cells are no longer visible by ED18; at this

time, based on in situ hybridization, all cells express- avian neural crest-derived cells in coculture with ex-
plants of ED4 gut and assessed the expression ofing transcripts encoding HAND2 are located in my-

entric or submucosal ganglia (Howard, data not transcripts encoding HAND2 and HAND1. We found
that expression of transcripts encoding HAND2, butshown). It is also interesting to note that, in the ED8

colon, the submucosal ganglia appear to develop not HAND1, was significantly increased in neural
crest-derived cells in response to gut-derived factors.prior to the myenteric ganglia and show an increased

density of cells expressing transcripts encoding This supports our conclusion that HAND2 expression
is induced in neural crest-derived cells once they en-HAND2 [(2), M. Epstein, personal communication].

The expression of HAND2 in neural crest-derived en- ter the gut microenvironment and that HAND1 is not
expressed by neural crest-derived cells in the gut.teric neurons coincides with its expression in neural

crest-derived sympathetic ganglion neurons (22,23), Two gut-derived factors, BMP4 and GDNF, were
then tested as potential candidate factors that mightboth of which share a common lineage. Our data are

in agreement with those of White and Anderson (48), regulate expression of HAND genes in the gut.
We chose to test GDNF and BMP because each ofsuggesting that neural crest-derived cells make the

decision to contribute to autonomic or enteric lin- these factors is required for normal development of
the gut. Targeted deletion of the GDNF gene resultseages prior to their lineage segregation into neurons

or glial cells. in loss of enteric neurons in all gut regions caudal to
the stomach (26,30,36). Once neural crest-derivedExpression of HAND1, in the developing gastroin-

testinal tract, is confined to nonneural crest-derived cells enter the gut, GDNF increases the proliferation
and survival of neural precursors as well as their dif-cells. This conclusion is based on our results showing

no apparent overlap between cells expressing HNK- ferentiation into neurons (4,18,53). To determine if
GDNF regulates the expression of transcripts encod-1 and those expressing transcripts encoding HAND1.

This is a somewhat unexpected finding because the ing HAND genes in the gut, gut-derived neural crest
cells or whole gut explants obtained from E4 chickexpression of transcripts encoding HAND1 appears

dependent upon the expression of HAND2 in neural were treated with GDNF and the expression of tran-
scripts encoding HAND genes was assessed by semi-crest-derived cells that differentiate into sympathetic

ganglion neurons (23). At later stages of develop- quantitative RT-PCR. Exposure of gut-derived neural
crest-derived cells to GDNF significantly increasedment, cells expressing transcripts encoding HAND1

are confined to the epithelium in the small intestine expression of transcripts encoding HAND2 in the
esophagus and colon but not in the small intestine orand colon; expression of HAND1 in the mesenchyme

is lost by ED10. Differences in the spatial and tempo- gizzard. The expression of transcripts encoding
HAND1 was not affected by exposure to GDNF. Thisral pattern of transcript expression suggest different

functional roles for HAND2 and HAND1 in the de- result supports our data showing that HAND1 does
not appear to be expressed by neural crest-derivedvelopment of components of the gut wall. HAND2

appears to be required for the specification/differenti- cells in the gut.
Because targeted knock-out of GDNF results in re-ation of neural crest-derived enteric neurons. The

function of HAND1 in the developing gut remains gional loss of neurons, it is not unexpected to find
differential response of cells to GDNF in differentunknown. The expression of HAND2 in neurons and

HAND1 in the epithelium suggests that different fac- regions of the gut [(26,30 36), reviewed in (53)]. Al-
though enteric neurons differentiate in the esophagustors within the gut microenvironment regulate their

expression in the absence of GDNF, we suggest that if GDNF is
an endogenous factor that influences HAND2 expres-Signals from the microenvironment of the develop-

ing gut are required for the differentiation of neural sion in the esophagus, then expression of HAND2 is
not sufficient for the differentiation of enteric neu-crest-derived enteric neurons as well as for the proper

patterning and differentiation of the gut wall [(12,26 rons in the esophagus.
It has been previously reported that neural crest30,35,40,43); for review see (10)]. Our results indi-

cate that as neural crest-derived cells enter the gut cells selected from the gut at ED4.7 respond to GDNF
by increasing proliferation and neurogenesis (18),microenvironment they express transcripts encoding

HAND2; this is temporally separated from the subse- suggesting that GDNF may support expression of
HAND2 as neural crest-derived cells reach and enterquent expression of neuron-specific β-tubulin. We

speculated that a gut-derived factor induces the ex- the gut microenvironemnt caudal to the esophagus. If
this is the case, our results further suggest that therepression of transcripts encoding HAND2 in neural

crest-derived cells as they enter the gut. To determine is also an endogenous inhibitor that prevents induc-
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tion of additional transcripts encoding HAND2. Al- microenvironment, or that there is an additional in-
hibitory factor in the gut that normally preventsternatively, our data can be interpreted to suggest that

GDNF does not regulate HAND gene expression dis- BMP4 from interacting with neural crest-derived
cells at this early stage of their differentiation withintal to the esophagus. It is possible that additional fac-

tors resident within the gut wall regulate expression the gut wall.
The ability of BMP4 to support an increase in tran-of HAND genes. BMP4 was a likely candidate, be-

cause it has multiple functions in gut morphogenesis. scripts encoding HAND1 in the esophagus and giz-
zard suggests that BMP4 may be a mesodermally de-BMP4 is required for specification of the meso-

derm (1,34) but regulates differentiation of smooth rived signal that functions to regulate HAND1 in the
gut wall. However, it also seems likely that other fac-muscle as well (40). In addition, BMP4 induces a

cascade of transcription factors, including HAND2, tors within the gut wall regulate HAND1 expression
because in those regions of the gut where BMP4 iswhich are required for the differentiation of neural

crest-derived noradrenergic sympathetic ganglion neu- expressed, added BMP4 did not affect a change in
endogenous levels of HAND1. Inasmuch as HAND1rons (23).

Neural crest-derived cells isolated from all regions is not expressed in neural crest-derived cell types
within the gut wall, the fact that there is no signifi-of the developing gastrointestinal tract responded to

BMP4 by significantly increasing expression of tran- cant influence on levels of transcript encoding
HAND1 in neural crest-derived cells once they havescripts encoding HAND2. It is not unexpected that

added BMP4 can influence the expression of tran- entered the gut wall is not unexpected.
As a whole, our studies implicate HAND2 as anscripts encoding HAND2 in gut-derived neural crest-

derived cells. BMP4 is an endogenous factor that nor- important regulator of enteric neuron differentiation
and further suggest different roles for BMP andmally influences HAND2 gene expression in neural

crest-derived cells as they localize along the dorsal GDNF in the regulation of HAND gene expression
in the developing ENS. Our studies suggest the pres-aorta during formation of sympathetic chain ganglia

(23,33,38). ence of additional factors that regulate HAND gene
expression in the gut microenvironment.In the context of the gut explants, addition of

BMP4 significantly increased transcripts encoding
HAND2 only in the gizzard. BMP4 is known to be
expressed by ED4 throughout the midgut and hindgut ACKNOWLEDGMENTS
but it is not present in the gizzard at ED4 (35). It is
likely that BMP4 had an effect on the gizzard be- The authors wish to thank Drs. Miles Epstein and

Phyllis Pugh for helpful discussions and commentscause these cells have the capacity to respond to it,
although they are not exposed to it in situ. The data on the manuscript. This work was supported by
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