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Soluble membrane-type 3 matrix metalloproteinase causes

changes in gene expression and increased gelatinase activity

during Xenopus laevis development
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ABSTRACT  Matrix metalloproteinases (MMPs) are a family of endopeptidases that cleave and

remodel the extracellular matrix (ECM). Membrane-type 3 MMP (MT3-MMP) is a membrane-

anchored MMP, which has recently been shown to ‘shed’ from the cell surface in a soluble form

upon proteolytic cleavage. Shed MT-MMPs can activate gelatinase-A in vitro and have been

directly linked to the metastatic potential of many cancers. Here we examined the effect of ectopic

expression of full-length tethered and shed (soluble) forms of MT3-MMP during Xenopus laevis

development. Injection of mRNA coding for full-length tethered MT3-MMP resulted in the delayed

onset of gastrulation and subsequent defects. Phenotype severity and the frequency of embryo

death were dose-dependent. Dose-dependent defects were also observed with the injection of

mRNA of the soluble form, but the phenotypes and frequencies of death were greater. Histological

analysis of injected embryos demonstrated defects in the organization of axial structures, such as

the neural tube and somites. Embryos injected with full-length MT3-MMP mRNA showed no

significant changes in expression levels of the tissue specific genes endodermin, chordin and

muscle actin when examined by semi-quantitative RT-PCR. In contrast, embryos injected with the

soluble form of MT3-MMP exhibited decreased expression of these same marker genes. In

addition, while full-length tethered MT3-MMP failed to alter gelatinase activity, a 50% increase

was measured in response to injection of the soluble form, suggesting that the two forms of this

protein could play distinct roles during embryogenesis.
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Introduction

Extracellular matrix proteins facilitate the cellular movements
and novel cell-cell interactions that occur during development.
Due to their ability to cleave extracellular matrix (ECM) and other
membrane linked proteins, matrix metalloproteinases (MMPs)
play critical roles in many developmental processes (VanSaun
and Matrisian, 2006), (Stamenkovic, 2003; Damjanovski et al.,
2001). MMPs are a diverse family of 24 Zn2+ dependent endopep-
tidases that are secreted predominantly as inactive zymogens
(pro-MMPs) (Freije et al., 2003) Although most secreted MMPs
are activated in the extracellular milieu by other proteases,
membrane-type MMPs (MT-MMPs) contain a furin recognition
amino acid sequence that allows intracellular activation prior to
secretion (Kang et al., 2002). Once active, an MMP can degrade
a variety of substrates, some of which are targets of multiple
MMPs (Hernandez-Barrantes et al., 2002). Consequently, sev-
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eral MMPs may act in concert to dramatically alter the composi-
tion of the ECM and thus alter cell signaling interactions and
movements that are needed for proper early development (Montero
and Heisenberg, 2004), (Somiari et al., 2006) and (Pickard and
Damjanovski, 2004). In the current study, we focus on the role of
Xenopus laevis MT3-MMP, a newly described member of the MT-
MMP family of proteins.

Despite the potent effects of MMPs on ECM remodeling,
targeted-inactivation of most MMPs in mice surprisingly produces
viable offspring, with the exception of the MT1-MMP null mouse,
which is non-viable (Somerville et al., 2003) and (Holmbeck et al.,
1999). The severity of the MT1-MMP-/- phenotype may be in part
ascribed to the loss of MT1-MMP’s unique and dynamic functions,

Abbreviations used in this paper: ECM, extracellular matrix; GFP, green
fluorescent protein; MMP, matrix metalloproteinase; MT3, membrane-
type 3.
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particularly its capacity to undergo ectodomain shedding and
activate pro-MMP2 (Osenkowski et al., 2004). As MT-MMPs are
secreted as active molecules at the plasma membrane and then
are shed in a soluble form, they gain access to a larger variety of
substrates. MT-MMPs role in pro-MMP activation (Wang et al.,
2004a) is of particular developmental interest as many recent
studies have focused on the activation of gelatinases MMP-2 and
MMP-9, as these powerful enzymes are associated with a number
of pathological conditions and important developmental events
(Coussens et al., 2000) (Wiseman et al., 2003) and (Hoikkala et
al., 2006). Understanding whether an MT-MMPs is shed or not
and whether it activates important pro-MMPs would greatly en-
hance our understanding of their developmental roles.

Membrane-type 3 MMP (MT3-MMP, Figure 1) is highly ho-
mologous to MT1-MMP in both structure and function; it is present
in the membrane in an active form, it can also undergo ectodomain
shedding and activates MMP-2 (Zhao et al., 2004). We have
previously cloned the X. laevis ortholog of MT3-MMP and de-
scribed its expression during early development (Hammoud et al.,
2006). MT3-MMP is not significantly expressed during early X.
laevis development until late tailbud stages where it is primarily
expressed in anterior and neural structures. Injection of mRNA
encoding the full-length protein into fertilized eggs, resulted in
MT3-MMP ectopic expression, leading to embryonic death within
48 hours (Hammoud et al., 2006).

In this study, we show that injection of mRNA coding for full-
length tethered MT3-MMP into early X. laevis embryos results in
gastrulation defects and improper development of axial struc-
tures. Of note, ectopic expression of full-length protein did not
affect normal expression of tissue-specific genes, nor did it alter
gelatinase activity. In contrast, injection of mRNA coding for the
soluble form of MT3-MMP increased gelatinase activity and
altered the expression of most tissue-specific genes tested.
Therefore, although the effects of mRNA injection of MT3-MMP
(the full-length tethered form) are significant, injection of mRNA
coding for soluble MT3-MMP has even broader and more pro-
found effects on development.

Results

Injection of MT3-MMP mRNA perturbs development
Injection of either MT3-MMP mRNA construct into fertilized

embryos delayed the onset of gastrulation and produced develop-
mental defects that ranged from improper blastopore closure to
endoderm protrusions with resultant axial and neural tube closure
defects (Figure 2). Over 95% of embryos injected with either
construct died within 5 days of fertilization (data not shown).
Injection of GFP mRNA (at the same doses as MT3-MMP mRNA
injections) and the subsequent expression of GFP protein were
not associated with increased embryonic death and did not
perturb embryogenesis even at the highest injection doses (Fig-
ure 2).

At stage 12, when control and GFP-injected embryos were
completing gastrulation (Figure 2Ai and data not shown), em-
bryos injected with 500pg of mRNA of either soluble or tethered
MT3-MMP resulted in embryos with large visible areas of endo-
derm (Figure 2Aii, iii).

Similarly at stage 18, (Figure 2Bi), embryos injected with either
the full-length or soluble MT3-MMP construct displayed improper
neural tube closure phenotypes that were exemplified by two
visible ectodermal protrusions underlying a still open blastopore
(arrows Figure 2Bii, iii).

Injected embryos with gastrulation and neurulation defects
further continued to develop with phenotypes that ranged from
minor axis perturbation and kinks, to the severe lack of axial
structures. At stage 28 (Figure 2Ci), injected embryos displayed
kinked axes and forked tails (Figure 2Cii, iii). Common pheno-
types were observed during theses stages in embryos injected
with either the full-length tethered or soluble construct of MT3-
MMP (compare Figure 2Cii and 2Ciii), though soluble form mRNA
injections had more extreme defects (data not shown). The
frequency of death was dose-dependent, regardless of the isoforms

Fig. 1. Schematic representation of the major protein domains of

MT3-MMP. Signal sequence: targets MT3-MMP for secretion. Propeptide
domain: interacts with the catalytic domain and inhibits the active site
where proteolysis occurs. Catalytic domain, zinc binding domain and
active site for proteolysis. Hemopexin domain, binding site for substrates
and inhibitors.Transmembrane domain, tethers MT3-MMP to the cell
membrane. Cytoplasmic domain, function is largely unknown, but impli-
cated in intracellular trafficking, surface distribution and signal transduc-
tion. (A) Furin cleavage site for proteolytic activation. (B) Site cleaved for
ectodomain shedding.

Fig. 2. Phenotypic consequences of MT3-MMP mRNA injections.

Injection of 500 pg of full-length (ii) or soluble (iii) MT3-MMP mRNA into
stage 1 X. laevis embryos results in failed blastopore closure (‘e’ repre-
sents visible endoderm), endoderm protrusion (arrows), axis perturba-
tion, delayed onset of gastrulation and death as compared to uninjected
controls (i). (A,B,C) Represent stages 12, 18 and 28 respectively. At
stage 28, injected embryos display neural and head structure abnormali-
ties, as well as truncated axes. Observed phenotypes and developmental
delays were dose-dependent. Right panel. X. laevis embryos injected
with 1 ng of GFP mRNA show no phenotypic effects.
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decreases in marker gene expression were found in the noto-
chord and muscle (Figure 5), where chordin and muscle actin
levels were less than 40% of the controls. In addition endodermin
decreased dramatically in embryos injected with mRNA coding for
soluble MT3-MMP. There was no dramatic decrease in the neural
tissue marker gene (sox2) in injected embryos. Injection of GFP
mRNA did not affect marker gene expression (data not shown).
Thus, while both full-length and soluble mRNA construct injec-
tions resulted in gross developmental defects, only the injection
of mRNA coding for the soluble form altered the levels of impor-
tant developmental genes.

Gelatinase assay
MMP-2 and MMP-9 (gelatinase A and B respectively) are

potent enzymes that can greatly impact many cellular events. Of
importance is the finding that MT3-MMP is known to activate pro-
MMP2 (Sounni and Noel, 2005). While both full-length and shed
MT3-MMP can degrade gelatin (Somerville et al., 2003) (Shimada
et al., 1999) and (Kang et al., 2000) of greater importance to
cellular function and therefore development, is its ability to acti-
vate pro-MMP2 (Kang et al., 2000). As increased MMP-2 activity
could in part account for the severe phenotype seen with MT3-
MMP mRNA injections, a quantitative gelatinase activity assay

Fig. 3. mRNA injection coding for soluble MT3-MMP causes in-

creased frequency of death.  Five hundred picograms of GFP injected
into stage 1 X. laevis embryos had no effect on death. Full-length MT3-
MMP mRNA injections resulted in a 31% increase in death at the same
dose, while soluble MT3-MMP resulted in a 67% increase. Data is from
one representative experiment repeated 3 times with consistent results.

Fig. 4. Histological analysis of major tissues following MT3-MMP

mRNA injections. Histological sections of stage 35 X. laevis embryos
highlighting defects after injection of MT3-MMP mRNA into stage 1
embryos. (Ai)Uninjected control, (Bi) injected with full-length MT3-MMP
and (Ci) injected with soluble MT3-MMP. Though not all tissues are
visible in all sections, major anatomical structures were present in all
injected and control embryos including; ba-branchial arches, cg-cement
gland, e-eye, nc-notochord, nt-neural tube, s-somites. Though present,
structures were often malformed. Column (ii) represent higher magnifi-
cations of the somites of the embryos seen in column (i) (or a serial
section). Control somites (Aii) are well organized into a distinct chevron
shape, while somites following full-length (Bii) or soluble (Cii) MT3-MMP
mRNA injections were poorly organized. Embryos were paraffin embed-
ded, sectioned at 6 µm and stained with hematoxylin and eosin.

injected (data not shown), however, there was overall more death
with soluble MT3-MMP than with full-length MT3-MMP (Figure 3).

Histological analysis reveals major anatomical structures in
all injected embryos

MT3-MMP mRNA injection was associated with significant
embryonic death and axial defects in surviving embryos. To
investigate the phenotypes seen in surviving embryos at the
tissue level, they were fixed, sectioned and histologically stained.
Readily identifiable major tissues and organs, including the ce-
ment gland, eye, otic vesicle, neural tube, notochord, somites and
branchial arches were examined. Surprisingly, excluding the axial
defects, the major organs and tissues were grossly indistinguish-
able between control and MT3-MMP injected embryos (Figure 4
and data not shown). Despite the gross appearance of the major
structures, further investigation revealed severe anomalies within
these major organs, including misaligned somites and defects in
formation of the neural tube (Figure 4Bi, ii, 4Ci, ii). These defects
may have contributed to the axis defects produced by the MT3-
MMP mRNA injections.

Semi-quantitative RT-PCR analysis of tissue-specific marker
genes revealed changes in expression after injection of
mRNA coding for soluble MT3-MMP

As ECM remodeling is known to influence cell signaling and
therefore lead to changes in gene expression, specific genes
were used to assay endoderm, notochord, muscle and neural
development (endodermin, chordin, muscle actin and sox2, re-
spectively). Semi-quantitative RT-PCR was used to assess the
effects of MT3-MMP mRNA injections on changes in expression
levels of these marker genes. There was no significant change in
marker gene expression in embryos injected with full-length MT3-
MMP mRNA (Figure 5). Accordingly, despite the gross anatomi-
cal defects seen with the full-length MT3-MMP mRNA injections,
gene expression in these embryos is largely unaltered. However,
embryos injected with mRNA for the soluble form of MT3-MMP
showed decreased marker gene expression. The most striking
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was performed to confirm and quantify any changes in gelatinase
activity in MT3-MMP injected embryos. Embryos injected with
500pg of full-length MT3-MMP mRNA showed no significant
increase in gelatinase activity at stage 12 (Figure 6). In con-
trast, injection of 500pg mRNA coding for soluble MT3-MMP,
resulted in a 50% increase in gelatinase activity as compared
to uninjected controls (Figure 6). While the assay does not
resolve whether MMP-2 or MMP-9 activity is increased, the fact
that only MMP-2 is activated by MT3-MMP is of note. Semi-
quantitative RT-PCR using MMP-2 specific primers showed no
change in MMP-2 mRNA expression for any of the injections
(data not shown). Therefore, the effects are limited to potential
increased activation of existing MMP-2 protein and not to the
increased expression of its message. The activation of MMP-2
following soluble MT3-MMP mRNA injections also correlate
with the changes in maker gene expression seen following
injection of the same mRNA.

Discussion

Ectopic expression of full-length and soluble MT3-MMP
results in gastrulation defects and death

MT3-MMP is a member of the MT-MMP family that is ho-
mologous to MT1-MMP, the loss of which in mice is embryonic
lethal (Holmbeck et al., 1999). We have previously cloned the
X. laevis ortholog of MT3-MMP and shown that it is expressed
late in development and restricted to anterior and neural struc-
tures (Hammoud et al., 2006). In this current study, we have
demonstrated that ectopic expression of a full-length tethered,
or an equal amount of a soluble form of MT3-MMP results in a
range of phenotypes from minor axis perturbation to death. An
important consideration to note here is MT3-MMP’s expression

Fig. 5 (Left). mRNA coding for soluble, but not full-length MT3-MMP affects tissue specific marker gene expression. Injection of 500 pg of full-
length MT3-MMP mRNA into one cell embryos did not alter levels of marker genes when assayed at 24 h after injection. Injection of 500 pg of soluble
MT3-MMP mRNA into one cell embryos decreased levels of chordin, endo and MA mRNA as compared to uninjected embryos. Sox2 levels did not
change following injection of either mRNA construct. Levels in control (uninjected) embryos were set as 100%. Expression levels were measured
as compared to levels of EF1α mRNA. The figure represents an average of 3 repeats. Standard error bars are shown.

Fig. 6 (Right). Injection of soluble MT3-MMP mRNA causes increased gelatinase activity. Injection of 500 pg of full-length MT3-MMP mRNA into
one-cell embryos did not alter gelatinase activity when tested 18 hours after injection. Injection of 500 pg of soluble MT3-MMP mRNA into one-cell
embryos increased gelatinase activity by 50% as compared to uninjected embryos. The figure represents an average of 3 repeats. Standard error bars
are shown.

pattern during normal development. As MT3-MMP mRNA is not
present at significant levels until well after gastrulation, it is
presumably not required prior to gastrulation (Hammoud et al.,
2006). Data presented here however, describes that when
MT3-MMP is ectopically expressed, gastrulation and develop-
ment are perturbed, suggesting that MT3-MMP substrates are
present in the developing embryo prior to MT3-MMP expres-
sion. Since MT3-MMP and most other MMPs have potent
effects when they are activated, their expression during devel-
opment must be well regulated temporally and spatially. Inter-
estingly, in the embryos that survived gastrulation, most of the
defects at later stages of development (stage 30) are found in
axial and neural structures where endogenous MT3-MMP is
found. As late developmental defects are restricted to locations
where native MT3-MMP signaling pathways are present, there
may be other proteins interacting with MT3-MMP to regulate not
only its temporal, but also its spatial expression and activity.

Increased phenotype severity and frequency of death upon
injection of soluble MT3-MMP mRNA

We hypothesize that both native MT3-MMP and the injected
tethered and soluble isoforms, are all capable of performing
similar functions during remodeling events. The unique actions
produced by ectopic expression of equal amounts of soluble,
but not full-length MT3-MMP may be attributed to: 1) a mecha-
nism that regulates surface distribution and function that is
dependent on the cytoplasmic tail, or 2) the lack of a mechanism
to shed the full-length protein early in development. Both
injected forms likely cleave a variety of substrates and alter cell-
ECM interactions, cytokine release from the ECM and cell
survival. Being shed into the extracellular environment how-
ever, should or may permit the soluble form to interact with
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more substrates increasing its impact on ECM remodeling. As
such, we contend that the severity of the phenotype and
frequency of death associated with injection of mRNA coding
for a soluble form of MT3-MMP is due to the difference in spatial
distribution of these two forms (Shimada et al., 1999). In
addition, the cytoplasmic domain found on the C-terminus of
the full-length MT3-MMP is implicated in cell surface distribu-
tion and turnover (Cao et al., 2004). This adds another level of
regulation and surface distribution to the full-length form that
would not be found upon mRNA injection coding for the soluble
form. We suggest that unlike the full-length form, soluble MT3-
MMP has free, unregulated access to the pericellular environ-
ment, which results in a wider impact on ECM remodeling and
by inference, the severity of the phenotype.

 Ectopic expression of soluble MT3-MMP alters gene ex-
pression

Ectopic full-length MT3-MMP had little impact on the expres-
sion of a number of tissue-specific marker genes. Consistent
with the hypothesis that the soluble form has broader spatial
distribution and access to substrates and is therefore more
toxic, injection of soluble MT3-MMP mRNA also altered marker
gene expression. Ectopic soluble MT3-MMP resulted in lower
expression of chordin, endodermin and muscle actin, but did
not change sox2 expression. The miss-regulation of these
genes is potentially a downstream result of the inappropriate
activation of MMP-2 during development by the injected soluble
form of MT3-MMP. Their miss-regulation also may result in the
increased phenotypic severity and frequency of death that is
seen with the soluble isoform mRNA injections.

Effect of MT3-MMP expression on gelatinase activity
Injection of full-length or soluble MT3-MMP form mRNA at

equal doses resulted in significant embryonic death within 2
days with the frequency being significantly higher with the
latter. In surviving embryos, similar phenotypes (short, kinked
axis and neural defects) were induced by both protein isoforms.
Of note, only embryos injected with the soluble form displayed
changes in gelatinase activation. This again supports the idea
that the activity of the tethered form is restricted, perhaps
spatially, while the soluble or shed form has greater access to
substrates.

Although MT1-MMP and MT3-MMP activate MMP-2, co-
localize and share delivery mechanisms, they act indepen-
dently and almost never in concert (Wang et al., 2004b). Recent
evidence suggests that a mechanism at the cell surface where
MT1-MMP and MT3-MMP serve to negatively regulate each
other (Jiang and Pei, 2003). We propose that the activation of
pro-MMP-2 during early development, which is normally ac-
complished by the activity of MT1-MMP, is being inhibited upon
the injection of full-length MT3-MMP mRNA. Conversely, the
soluble form of MT3-MMP, which does not co-localize with
MT1-MMP, likely does not interact in a regulatory feedback loop
and as a result, there is increased pro-MMP-2 activation after
mRNA injection of the soluble, but not the full-length, MT3-MMP
construct. Further, the cell surface activation of MMP-2 by MT-
MMPs makes use of tissue inhibitors of metalloproteinases
(TIMPs) (Zhao et al., 2004). Accordingly a shed or soluble MT-
MMP would be unrestricted to cell surface interactions with

TIMPs and could activate pro-MMP-2 away from the cell sur-
face independently of TIMP.

Conclusions

Ectodomain shedding by MT-MMPs may ascribe additional
functions to MT-MMPs that other secreted MMPs lack. Here we
demonstrate that the delicate balance between tethered and shed
forms of MT-MMPs can have diverse and profound effects on
ECM remodeling and the cellular events associated with it.
Furthermore, for the first time we show that the shed form of any
MT-MMP can activate MMP-2 in vivo. Due to the spatial and
temporal differences in the tethered and shed forms, they likely
manifest their activity in very different ways, particularly with
regards to subsequent changes in gene regulation. Taken to-
gether, these results emphasize the importance of elucidating the
regulatory mechanisms that control the activity and shedding of
MT-MMPs.

Materials and Methods

Embryo rearing and fertilization
Xenopus laevis were reared and fertilizations performed according to

standard procedure (Wu and Gerhart, 1991) and protocols approved by
University of Western Ontario Animal Care and Veterinary Services.
Embryos were staged according to Nieuwkoop and Faber (1956).

mRNA synthesis and injections
The full-length X. laevis MT3-MMP cDNA and a truncated (soluble)

form were subcloned into the T7TS plasmid such that sequence of
interest was flanked by 5’ and 3’ UTR of the X. laevis β-globin gene (a gift
of PA Krieg). The cDNA of the truncated form was generated by PCR
based on know sequences (Hammoud et al., 2006). The truncated form
corresponds to amino acids 1-539. This truncation was selected at amino
acid 539 to obtain a resultant cDNA coding for the signal, propeptide,
catalytic and hemopexin domains inclusively (Fig. 1). Following mRNA
injection, translation and processing of this protein in the endoplasmic
reticulum and Golgi would result in the intracellular cleavage of the signal
sequence and prodomain, producing a soluble form of MT3-MMP con-
taining only catalytic and hemopexin domains (48 kDa from tyr124-
asp539), (Hammoud et al., 2006). Capped polyadenylated RNA of both
the full-length and soluble forms was synthesized (mMachine, Ambion,
Austin, TX) and transcribed message integrity and concentration were
determined using gel electrophoresis and spectrophotometery. De-jellied
fertilized embryos were injected at the 1-cell stage with increasing
amounts of RNA (250, 500 or 1000pg). Unfertilized, lysed and other dead
embryos were removed within the first 3 hours as this time point was prior
to the time when an effect of the injected message would be observed. At
least 75 embryos were injected with each dose and injections were
repeated three times.

RNA extraction and semi-quantitative RT-PCR
Total RNA (RNA-EASY KIT, Qiagen, Mississauga, On) was isolated

from stage 18 uninjected embryos and stage 18 embryos injected at the
1-cell stage with MT3-MMP mRNA constructs. After confirmation of RNA
quality and quantity by gel electrophoresis, complementary DNA was
generated (SuperScript II Reverse Transcriptase, Invitrogen, Burlington,
ON).

Primers were chosen to assay for a number of tissue specific marker
genes. (chordin-notochord, endodermin-endoderm, muscle actin-muscle,
sox2-pan neural, EF1α-internal control)
Chordin 5'-cctccaatccaagactccagcag-3,

5'-ggaggaggaggagctttgggacaag-3’ (Sasai et al., 1994)
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Endodermin 5'-agcagaaaatggcaaacacac-3',
5'-ggtcttttaatggcagcaacaggt-3' (Sasai et al., 1996)

Muscle Actin 5’-gctgacagaatgcagaag-3’,
5’-ttgcttggaggagtgtgt-3’ (Klein et al., 2002)

Sox2 5'-gaggatggacacttatgcccac-3',
5'-ggacatgctgtaggtaggcga-3' (De Robertis et al., 1997)

EF1α 5’-tgttggcagagtggagactg-3’,
5’-ggccaagtggaggatagtca-3’ (Dje et al., 1990)

Thirty cycles and an annealing temperature of 55˚C were used for all
PCRs. Several reactions were run to ensure that 30 cycles were within the
exponential amplification phase. The products were resolved on a 0.8%
agarose gel, ethidium bromide stained and photographed using the Bio-
Rad Gel Doc 1000 system (Bio-Rad Laboratories, Hercules, CA). Bio-
Rad Quantity One 4.4.0 software was used to quantify the intensity of the
PCR product bands. For quantification, relative expression was mea-
sured as compared to expression of EF1α using a Bio-Rad Gel Doc 1000
system and Quantity One imaging software (Bio-Rad laboratories). Ex-
periments were repeated three times.

Histology
X. laevis embryos were paraffin-embedded and sectioned at 5µm.

Sections were subsequently stained with hematoxylin and eosin (Molecu-
lar Pathology, Robarts Research Institute, University of Western Ontario).

Gelatinase activity assay
At stage 12, ten control embryos and those injected with either full-

length or soluble MT3-MMP were assayed for changes in gelatinase
activity in a 96 well plate using fluorescence labeled gelatin (Gelatinase
assay kit, Molecular Probes, Portland, OR). Briefly, one embryo was
placed in each well with 200µl reaction buffer and lysed with vigorous up
and down pippetting. Ten micrograms of DQ gelatin was then added and
samples incubated for 30mins at room temperature. Fluorescence was
measured using a Tecan Safire™ Multi Detection Fluorescence Reader.

Photography
Digital images of embryos were captured with a Leica FluoTM MZ FCIII

dissecting scope and a Photometrics Cool SNAPTM CF camera and
processes with Adobe Photoshop CS and Corel Draw 12.
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