
Supporting Information
Resende et al. 10.1073/pnas.1000979107
SI Materials and Methods
Eggs and Embryos. Fertilized Gallus gallus eggs were incubated at
37 °C in a 49% humidified atmosphere and staged according to
Hamburger and Hamilton (HH) (1). A somite was considered to
be completely formed when a definite cleft separating it from the
PSM was observed (2).

RNA Probes. Antisense digoxigenin-labeled RNA probes were
produced as previously described: shh (3), hairy2 (4), lunatic fringe
(5), fgf8 (6), raldh2 (7), patched-1 (8), patched-2 (9), gli1 and gli2
(10), gli3 (11), axin2 (12), pax3 (13), sprouty1 (14), and meis2 (15).
Smoothened probe was generated by amplifying a 1,200-bp frag-
ment of chick smoothened (XM_414970) using the sense 5′-
TACTCACCGTGGCCATCCTG-3′ and antisense 5′-TCCTTC-
TTCTTCTTCCTCCGCT-3′ oligos. The construct was confirmed
by sequencing.

Explant Cultures. Chick embryos in stages HH10–14 were used.
Ventrally positioned embryos were divided into two halves by
cutting across the three germ layers at the midline level, either
parallel to the embryonic axis or bisecting the axial structures (see
below). For all explants, a second cut was made above the second
formed somite and a third one immediately above the Hensen’s
node (HN) to prevent the addition of new cells to the PSM over
time. Tissues thus delimited and excised created control and ex-
perimental explants, which were cultured individually, in a dorsal
position, as previously described (16). Similar results were obtained
in all experimental conditions tested whether the control/experi-
mental explants were the left or right one. Number of somites
formed was assessed after clearing the explants in formamide.
Notochord ablation.Acutwasmadeparallel totheembryonicaxisand
along the neural tube so that only one explant possessed the no-
tochord and the floor plate of the neural tube. For graft experi-
ments, clumps of either QT6 quail fibroblasts stably transfected
with an empty vector (QT6-ctrl) or with a construct carrying the
SHH-coding region (QT6-Shh) (17) were juxtaposed to the No−

experimental explants.
In the retinoic acid (RA) treatment experiments, explants with-

out notochord were cultured for 9 h in medium containing 15 μM
of RA (Sigma), whereas the controls were incubated with DMSO
(18). For FGF pathway induction studies, experimental explants
(No−) were incubated in medium containing mouse FGF8 (R&D
Systems) at 250 ng/mL (19), whereas controls were incubated in
PBS−-containing medium. To inhibit the FGF pathway, explants
with notochord (No+) were incubated in medium with 50 μM of
SU5402 (Calbiochem), whereas controls were incubated in the pre-
sence of DMSO.
Notochord splitting.A longitudinal cut was performed bisecting both
neural tube and notochord, producing two equivalent No+ ex-
plants. For Shh chemical inhibition, experimental explants were
cultured for 9 h in medium with 10 μg/mL cyclopamine (Calbio-
chem) or 25 μg/mL forskolin (Sigma), whereas the controls were
incubated in DMSO-supplemented medium.
In the RA overexpression experiments, explants without noto-

chord were cultured for 9 h in medium containing increasing RA
(Sigma) concentrations (15, 30, and 100 μM), whereas the controls
were incubated in DMSO-supplemented medium.
For the Shh overexpression studies, clumps of either QT6-ctrl

or QT6-Shh cells (17) were juxtaposed to the No+ experimental
explants. In the combined SHH/RA treatments, clumps of QT6-
Shh cells were juxtaposed to No+ explants and were incubated in
medium supplemented with 15 μM of RA.

In Ovo Microsurgery.Microsurgerywasperformed inovo inembryos
staged HH8–9. Indian ink was injected under the embryo to im-
prove contrast, and a longitudinal surgical slit lateral to the noto-
chord was performed, from the last formed somite to HN. Oper-
ated embryoswere reincubated, afterwhich theywere treated for in
situ hybridization.

In Situ Hybridization. In situ hybridization was performed as pre-
viously described (20). Background staining was reduced by using
1× SSC hybridization solution. Explant pairs were processed si-
multaneously, stained for the same amount of time and photo-
graphed using an Olympus SZX16 stereomicroscope.

In Situ Hybridization on Paraffin Sections. Stage HH13 or HH9
embryos were collected and fixed overnight in a solution con-
taining 60% ethanol, 30% formaldehyde, and 10% acetic acid.
Embryos were dehydrated in a series of ethanol dilutions of eth-
anol andwashed in xylene. Finally, theywere embedded in paraffin
in the desired orientation. Transversal sections of 10 μm were
made using Microm HM325 on SuperFrost Plus (Menzel-Glaser)
slides and allowed to dry at 37 °C overnight. In situ hybrid-
ization on paraffin sections was performed as described pre-
viously (21).

Cross-Section Preparation. Hybridized embryos were embedded in
Technovit 7100 (Heraus Kulzer GmbH) and sectioned using the
automatic microtome Leica RM2155. Mounted sections were
photographed using Olympus B BX61 microscope.

TUNEL Assay. Apoptosis was analyzed using the Cell Death De-
tection Kit (Roche) in explants with or without notochord, in-
cubated for 9 or 12 h. Explants were fixed overnight in 4% para-
formaldehyde (PFA) in PBS, permeabilized with PBS/0.5%Triton
X-100/0.1% sodium citrate for 20 min at room temperature, and
washed in PBS. Positive control embryos were incubated with
DNase at 37 °C for 1 h. Embryos and explants were incubated
overnight at 37 °C with the TUNEL solution mix and washed at
least three times in PBS before visualization.

PH3 Immunohistochemistry (IHC). Whole-mount IHC for PH3 was
performed in explants with or without notochord, incubated for
9 or 12 h to analyze cell proliferation. Explants were fixed in 4%
PFA in PBS and permeabilized with 0.5%TritonX-100 in PBS for
3 h. Explants were incubated in blocking solution (PBS 1%
Triton/10% FBS/0.2% sodium azide) twice for 1 h. Endogenous
peroxidases were block by incubating explants in blocking solution
containing 0.1% H2O2. Primary antibody incubation with rabbit
anti-phospho-histone H3 (UBI) (1/100, diluted in blocking so-
lution) was performed overnight at 4 °C, followed by washes in
blocking solution. Explants were washed in PBS 1% Triton to re-
move all azide, followed by secundary antibody incubation over-
night at 4 °C (biotinylated goat anti-polyvalent, Ultravision de-
tection system; Lab Vision). After PBS 1% Triton washes,
explants were incubated in DAB substrate (Ultravision detection
system; Lab Vision) for 2 h. Fresh DAB plus H2O2 was then
added. Explants were incubated until staining reached the de-
sired intensity and were washed with PBS.

Time-Lapse Imaging.For time-lapse experiments, embryos at stages
HH3–5 were removed from the egg, placed in New culture (22),
and reincubated until six to eight somites stage (HH8–9). In each
embryo, a small incision was made lateral to the notochord across
the three germ layers and along the length of four to seven pre-

Resende et al. www.pnas.org/cgi/content/short/1000979107 1 of 10

www.pnas.org/cgi/content/short/1000979107


sumptive somites. Embryo cultures were maintained at 37.5 °C
and 90% humidity and observed using a Leica DMIRE2 inverted
microscope equipped with a Hamamatsu EM-CCD digital cam-
era. Images were acquired with a 2.5× NA 0.07 objective using
Image-Pro Plus software (Media Cybernetics). Photographs were
collected every 5 min during a period of 10 h of incubation. Image
series were recorded as TIFF files and processed using ImageJ

software (http://rsb.info.nih.gov/ij/) to correct embryo drift and to
adjust contrast and brightness.

Statistical Analysis. Quantitative data are presented as mean val-
ue ± SD and were analyzed using the SigmaStat3.5 software
(Systat Software, Inc.). Statistical significance was set at P < 0.01
or P < 0.05, as indicated.
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Fig. S1. Alterations in levels of cell death or proliferation cannot account for somite formation delay in notochord-ablated PSMs. (A) PSM cell apoptosis was
assessed by performing TUNEL assay in explants with (No+) or without (No−) notochord incubated separately for 9 h or 12 h. A positive control for the assay is
shown. White arrows point to specific TUNEL staining. (B) Explants with (No+) or without (No−) notochord and incubated for 9 h or 12 h were processed for
immunohistochemistry with PH3 antibody. Number of somites formed during culture (New so) is indicated. Black arrowheads indicate somites formed before
culture; white arrowheads point to somites formed during the incubation period. (C) Graphic representation of PH3 staining in explants with (No+) or without
(No−) notochord (n = 3). Data are mean ± SD. ns, not statistically significant.
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Fig. S2. Notochord ablation in ovo delays, but does not halt, somite segmentation of undetermined PSM. (A) Representative results obtained in in ovo
operated embryos after a reincubation period of 15 h and 24 h, showing incomplete and complete segmentation of notochord-ablated tissue, respectively.
Embryos incubated for 24 h were processed for pax3 in situ hybridization for somite visualization. (B) Representation of how somite number is recovered in
No− PSM tissue. Figure of 15-h incubated embryo has been outlined, and somites formed upon incubation are marked alphabetically. During the incubation
period, timely somite formation proceeded in the No+ PSM, reaching the tissue caudal to the slit, where timely bilateral somite formation was resumed.
Meanwhile, there is a delay in somite segmentation in the notochord-deprived PSM, resulting in a gap of unsegmented tissue of approximately a 2-somite
length at the posterior end of the slit. When somite formation rate is recovered in No− PSM, timely somite formation proceeds in the unsegmented gap, so that
during the next 1.5 h a new pair of somites will be formed in the PSM (somites K-K′, red), concomitantly with an extra somite in the No- tissue facing the
surgical slit (somite G′, red). The same is true for the next 1.5 h: Somite pair L-L′ is formed, as well as somite H′ (green). (C) In ovo operated embryos in situ
hybridized for hairy2 after reincubation periods of 9 h and 15 h, showing concomitant deregulation of molecular clock with somite formation delay. Presence
(No+) or absence (No−) of notochord, and number of somites formed during reincubation (New so), are indicated. Black arrowheads indicate somites formed
before culture; white arrowheads indicate somites formed during the incubation period. (D) Graphic representation of mean size of somites formed in the
presence (No+) or absence (No−) of the notochord, along both anterior–posterior (A-P) and medial–lateral (M-L) axes. Data are mean ± SD. *P < 0.01. ns, not
statistically significant.
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Fig. S3. Notochord ablation alters FGF and RA signaling readouts. (A and B) Expression patterns of sprouty and meis2, downstream targets of FGF and RA,
respectively, evaluated by in situ hybridization in explants cultured for 4.5 or 9 h. Presence (No+) or absence (No−) of notochord is indicated. Black arrowheads
indicate somites formed before culture; white arrowheads indicate somites formed during incubation (New so).
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Fig. S4. Somite formation delay in absence of notochord is primarily due to an impairment of FGF signaling. (A) Explants with (No+) or without (No−) no-
tochord were cultured for 9 h with PBS (control explant) or with 250 ng/mL FGF8 (experimental explant). (B) Explants with (No+) notochord were cultured for
9 h with DMSO (control explant) or with 50 μM SU5401 (experimental explant). Black arrowheads indicate somites formed before culture; white arrowheads
indicate somites formed during incubation period (New so). (C) Graphic representation of mean values of the number of somites formed by explants without
notochord (No−), without notochord incubated with FGF8 (No−/+FGF), with notochord (No+), or with notochord and SU5402 (No+/+SU5402). **P < 0.05 vs. No+

or No+/+SU5402. ns, not statistically significant. Data are mean ± SD.
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Fig. S5. Presence of notochord ensures timely somite formation and molecular segmentation. (A) Symmetrical explants, both containing notochord tissue,
were generated by surgically cutting both the neural tube and notochord down the midline. (B) Because of the harshness of the notochord, it was not always
possible to perfectly bisect it, as denoted by hybridization with notochord marker shh. (C) Although sometimes discontinuous, the presence of notochord tissue
ensures normal somite segmentation rate, as 98% of the explants pairs present the same number of somites after a 9-h incubation (n = 34), in contrast to only
5% when the notochord is confined to half (n = 90). Whole-mount in situ hybridization of these explants clearly shows that the molecular clock genes hairy2
and lfng present similar expression patterns in symmetrical explants, and no alterations are observed for fgf8 and raldh2. Presence of notochord (No+) and
number of somites formed (New so) are indicated. Black arrowheads indicate somites formed before culture; white arrowheads point to somites formed during
the incubation period.
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Fig. S6. Expression patterns of Shh signaling components smoothened, patched1, and patched2. Chicken embryos from HH9-15 were processed for in situ
hybridization using a probe for smoothened, patched1, or patched2, and representative results are shown. (A) Smo is expressed in neural tube (NT) and
throughout all mesoderm-derived tissues, including PSM and notochord (no), but is absent in ectoderm (ec) and endoderm (en). In epithelialized tissues, smo is
preferably localized in the cells’ apical region (Aa). (B) Ptch1 is expressed in the ventral part of somites (so) and neural tube floor plate (fp). Upon increased
staining, ptch1was also visible in the most medial PSM (M-PSM), just adjacent to notochord (Be). (C) In situ hybridization in paraffin sections shows that ptch2 is
expressed in the ventral part of somites (so), neural tube floor plate (fp), notochord (no), and also in the most medial portion of the PSM. (D) In situ hy-
bridization in paraffin sections suggests an anterior–posterior gradient of ptch1 expression in M-PSM region. Black lines indicate anterior–posterior levels of
transverse sections.
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Fig. S7. Overexpression of RA, Shhor both does not lead to a faster PSM segmentation rate. (A) Explantswith (No+) orwithout (No−) notochordwere cultured for
9hwithDMSO (control explant) orwith increasing concentrations of retinoic acid (RA) (experimental explant). Graphic representationofmeannumber of somites
formed by explants with notochord (No+), without notochord (No−), or without notochord but with increasing concentrations of RA (μM). **P < 0.05 vs. No+ or
different RAconcentrations. (B) Explantswith (No+) notochordalone (control explant) or juxtaposed toa clumpofQT6-producingShh cells (QT6-Shh, experimental
explant) were cultured for 9 h. Graphic representation of mean number of somites formed by explants with notochord (No+) andwith notochord and juxtaposed
control (+QT6-ctrl) or Shh-producing (+QT6-Shh) cells. (C) Explantswith (No+) notochord (control explant) orwith a clumpofQT6-producing Shh cells and 15 μMof
RA (+QT6-Shh/+RA, experimental explant) were cultured for 9 h. Graphical representation of mean values of number of somites formed by explants with noto-
chord (No+) or with notochord plus QT6-Shh cells and RA (+QT6-Shh/+RA). Data are represented as mean ± SD. Black arrowheads indicate somites formed before
culture; white arrowheads indicate somites formed during incubation period (New so).
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Fig. S8. Somite formation delay in absence of Shh is not due to impairment of Wnt signaling pathway. Representative results of axin2 expression in HH13
whole embryo and in No+/No- explants incubated for 4.5 h and 9 h. Presence (No+) or absence (No−) of notochord and number of somites formed during
reincubation (New so) are indicated. Black arrowheads indicate somites formed before culture; white arrowheads point to somites formed during incubation
period. Expression of axin2 is unaltered in 60% of notochord-ablated explants, and expression in the other 40% is only slightly down-regulated after 4.5 h.
After 9 h, axin2 is clearly down-regulated in all explants tested. Axin2 down-regulation after 9 h of incubation is a predictable result from our proposed model
(Fig. 7), according to which Gli2/3 repressor forms are abundant in PSM up to this time due to the absence of Shh signaling; Gli3R has been shown to inhibit
axin2 expression (1), so axin2 down-regulation seems likely to be a consequence of Shh deprivation. Some reports position Shh pathway upstream of Wnt (2, 3)
and our results suggest that this could be the case in the PSM, although we do not wish to argue such at this time. It is also very unlikely that a reestablishment
of Wnt signaling is the primary event leading to the recovery of timely PSM segmentation after 9 h of Shh deprivation, as axin2 is down-regulated at this time
point. Overall, the results strongly suggest that Wnt signaling is not the primary cause of the segmentation delay observed in the absence of Shh.

1. Ulloa F, Itasaki N, Briscoe J (2007) Inhibitory Gli3 activity negatively regulates Wnt/beta-catenin signaling. Curr Biol 17:545–550.
2. Alvarez-Medina R, Le Dreau G, Ros M, Martí E (2009) Hedgehog activation is required upstream of Wnt signalling to control neural progenitor proliferation. Development 136:

3301–3309.
3. Miyagawa S, et al. (2009) Dosage-dependent hedgehog signals integrated with Wnt/beta-catenin signaling regulate external genitalia formation as an appendicular program. Development

136:3969–3978.
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Fig. S9. Shh inhibition delays somite formation in a dose-dependent manner. Graphic representation of mean number of somites formed by explants with
notochord (No+), in the presence of either DMSO (control) or increasing concentrations of cyclopamine after a 9-h incubation. **P < 0.05 vs. control. Data are
represented as mean ± SD.
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Movie S1. Real-time imaging of somite formation delay in notochord-deprived PSM. A small incision was made lateral to the notochord across the three germ
layers and along the length of four to seven presumptive somites in six- to eight-somite–stage embryos grown in New culture (1). Embryo cultures were placed
in a custom-built air-heated microscope chamber and maintained at 37.5 °C and 90% humidity. Somite formation was imaged over time, and a representative
result is shown. In this case, the slit included anteriorly two previously formed somites. The segmentation of the three first somites formed after the micro-
surgical incision proceeded at the same rate in both PSMs (No+, top; No−, bottom). The formation of the subsequent somites was delayed in the PSM deprived
of the notochord/floor plate, whereas the No+ PSM segmented at the normal rate of one somite/90 min.

Movie S1
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