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A fast and sensitive alternative for -galactosidase detection

in mouse embryos

Sakthi Sundararajan’, Maki Wakamiya?, Richard R. Behringer® and Jaime A. Rivera-Pérez*

SUMMARY

The bacterial lacZ gene is widely used as a reporter in a myriad of mouse transgenic experiments. B-Galactosidase, encoded by /acZ,
is usually detected using X-gal in combination with ferric and ferrous ions. This assay produces a blue indole precipitate that is easy
to detect visually. Here, we show that Salmon-gal in combination with tetrazolium salts provides a more sensitive and faster staining
reaction than the traditional f-galactosidase assay in mouse embryos. Using a combination of Salmon-gal and tetranitroblue
tetrazolium, we were able to visualize the activity of B-galactosidase in embryos at stages when the customary X-gal reaction failed
to detect staining. Our studies provide an enhanced alternative for f-galactosidase detection in expression and cell fate studies that

use lacZ-based transgenic mouse lines.
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INTRODUCTION

The lacZ gene is frequently fused to heterologous promoters to
reveal the expression of endogenous genes in transgenic mice
(Bonnerot and Nicolas, 1993; Goring et al., 1987) and in the
detection of genetic recombination events in cell fate mapping
experiments (Joyner and Zervas, 2006; Petit et al., 2005; Watson et
al., 2008). The most popular substrate for the detection of [-
galactosidase is X-gal  (5-bromo-4-chloro-3-indolyl-3-D-
galactopyranoside), a glycoside that is used in combination with
potassium ferri- and ferro-cyanide (FeCN). The B-galactosidase
assay occurs in two steps. In the initial step, B-galactosidase
induces the release of a soluble, colorless indolyl group from X-
gal. Subsequently, two indolyl moieties form a dimer that is
oxidized to form an insoluble blue indigo precipitate (Cotson and
Holt, 1958; Pearson et al., 1963). The dimerization and oxidation
steps are facilitated by ferric and ferrous ions, which serve as
electron acceptors (Lojda, 1970).

There are multiple chromogenic substrates for -galactosidase
that can substitute for X-gal, these include Salmon-gal (S-gal) (6-
chloro-3-indolyl-B-D-galactopyranoside), Magenta-gal (5-bromo-
6-chloro-3-indolyl-B-D-galactopyranoside) and Bluo-gal (5-bromo-
3-indolyl-B-D-galactopyranoside) (Aguzzi and Theuring, 1994;
Brunet et al., 1998; Kishigami et al., 2006; Pearson et al., 1963), as
well as fluorescent substrates (Zhang et al., 1991). S-gal has been
shown to be more sensitive than X-gal in early mouse embryos
when used in combination with ferric and ferrous ions (Kishigami
et al., 20006).

The tetrazolium salts NBT (nitroblue tetrazolium), TNBT
(tetranitroblue tetrazolium) and INT (iodonitrotetrazolium) are
substitutes for potassium ferri- and ferro-cyanide and precipitate,
when reduced, to form colored formazan compounds (Altman,
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1976). X-gal, in combination with NBT, produces a purple
precipitate, combined with INT yields a dark red brick color and
mixed with TNBT, an intense dark-brown product (Altman, 1976).
This later combination was found to be more sensitive than the
classic X-gal/FeCN indigogenic reaction in tissue sections
(Gugliotta et al., 1992).

In experiments using the traditional X-gal/FeCN assay, we
noticed that the expression pattern of some /acZ-based transgenes
did not mimic the pattern of expression of endogenous genes. One
explanation for these results is that the B-galactosidase assay is not
sensitive enough to reveal the full range of expression of the
transgene. Because of the potential implications of this possibility
in the interpretation of lacZ-based transgenic experiments, we
embarked on a search for a more-sensitive B-galactosidase assay.
To achieve this goal, we assayed S-gal in combination with the
tetrazolium salts NBT, TNBT and INT as alternative substrates for
[-galactosidase detection and compared them with the classic X-
gal/FeCN assay. Here, we report that S-gal in combination with
TNBT is the most-sensitive combination and produces faster results
than all the different substrate combinations tested for [3-
galactosidase detection. These results provide a novel alternative
for B-galactosidase detection that will facilitate the analysis of
reporter lines or cell fate studies and avoid false-negative results.

MATERIALS AND METHODS

Mouse strains and dissection

All mouse strains were maintained as mixed stocks. BAT-Gal and ROSA26
reporter mice were obtained from the Jackson Laboratory (stock numbers
005317 and 003474, respectively). Tt mice were provided by Dr Anna-
Katerina Hadjantonakis (Memorial Sloan-Kettering Cancer Center, New
York, USA). Heterozygous BAT-Gal embryos were obtained from crosses
between homozygous BAT-Gal males and CD-1 females (Charles River
Laboratories). Heterozygous Wnt3'““" embryos were obtained by crossing
Wnt3-%?"* males with CD-1 females. Wnt3'“““"* mice carry an IRES-lacZ
gene cassette inserted in exon 4 of Wnt3. Dissections were carried out in
low glucose DMEM (Dulbecco’s Modified Eagle Medium) (Invitrogen,
catalog number 31600-034) containing 10% heat inactivated fetal bovine
serum (Atlanta Biologicals, catalog number S11150), penicillin (100 U/ml),
streptomycin (100 pwg/ml) (Invitrogen, catalog number 15140-122) and 20
mM HEPES (Fisher, catalog number BP310). The embryos were staged
according to the staging method outlined in previous studies (Rivera-Pérez
et al., 2010) or described in terms of embryo dissection time (E). The
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middle of the dark cycle that occurred prior to observing a vaginal plug
was considered the beginning of gestation.

B-Galactosidase staining protocol

Embryos dissected between ES5.5 and E6.5 were fixed in 0.2%
glutaraldehyde, 2% formalin, 5 mM EGTA and 2 mM MgCl, in 0.1 M
phosphate buffer (pH 7.3) for 5 minutes. They were then washed three
times in rinse solution: 0.1% sodium deoxycholate, 0.2% IGEPAL, 2 mM
MgCl, and 0.1 M phosphate buffer (pH 7.3) for 20 minutes each. Embryos
were then incubated in the dark in staining solution at 37°C. The staining
solution consisted of 1 mg/ml X-gal (Lab Scientific, catalog number X-
266) and 5 mM potassium ferri- and ferro-cyanide (Sigma, catalog number
P9387 and P8131, respectively) or 1 mg/ml Salmon gal (6-chloro-3-
indolyl-B-D-galactopyranoside) (Lab Scientific, catalog number X668) and
0.4 mM of either NBT (4-nitro blue tetrazolium chloride) (Roche, catalog
number 11383213001), TNBT (5-bromo-4-chloro-3-indoxyl phosphate)
(VWR, catalog number 101108-494) or INT (2-[4-iodophenyl]-3-5-phenyl-
2H-tetrazolium chloride) (Sigma, catalog number 18377), in rinse solution.
Tetrazolium salts were dissolved in absolute ethanol at a concentration of
100 mg/ml (3.3 pl were used per ml of staining solution). The staining
reaction was monitored every 10 minutes for the first 30 minutes and then
every 30 minutes in order to determine the onset of staining. Embryos were
left in the staining solution for a minimum of 20 minutes and a maximum
of 3 hours when using S-gal and tetrazolium salts or overnight up to a
maximum of 3 days when using X-gal and potassium ferro- and ferri-
cyanide. The reactions were carried out in four-well plates containing 800
ul of fix or rinse solution and 500 pl of staining solution. During incubation
in the staining solution, the plates were sealed with a plastic film (USA
Scientific, catalog number 2921-0000) and wrapped in aluminum foil to
avoid evaporation and protect them from light.

RESULTS

Detection of -galactosidase using the traditional
X-gal/FeCN assay, and novel S-gal and tetrazolium
salts combinations

A previous report showed that S-gal is a superior substitute for X-
gal in B-galactosidase assays in mouse embryos (Kishigami et al.,
2006). Tetrazolium salts, however, provide a powerful alternative
as electron acceptors in the 3-galactosidase reaction. Based on this
data, we hypothesized that the use of S-gal in combination with
tetrazolium salts could provide a better alternative for [B-
galactosidase detection in mouse embryos. To address this
hypothesis, we subjected heterozygous BAT-Gal transgenic
embryos to [-galactosidase assays. The BAT-Gal transgene
provides a readout of the canonical Wnt signaling pathway in mice.
BAT-Gal is readily detected in the primitive streak and its
derivatives in gastrulating mouse embryos (Maretto et al., 2003).
We obtained heterozygous BAT-Gal embryos by crossing
homozygous BAT-Gal males and wild-type CD-1 females. This
ensured that all the offspring from these crosses carried one copy
of the BAT-Gal transgene and, at the same time, obviated the need
to genotype the embryos.

E6.5 embryos were dissected and were assayed for [-
galactosidase activity in a mixture of S-gal and one of three
tetrazolium salts, NBT, TNBT and INT immediately after
dissection. For comparison, embryos from the same litter were
assayed using the traditional X-gal/FeCN substrate mixture.

All reagent combinations provided an unambiguous readout of
[-galactosidase activity in the primitive streak region; however,
there were clear variations in the color and velocity of staining
(Fig. 1). The traditional X-gal/FeCN combination showed a clear
blue stain devoid of background. This combination, however, took
the longest time to develop, requiring 1 day or longer to reveal its
full color intensity. The S-gal/NBT mix produced a dark purple

X-gal/FeCN S-gal/TNBT S-gal/INT

S-gal/NBT

Fig. 1. Detection of BAT-Gal transgene using four different 8-
galactosidase assays. Heterozygous BAT-Gal embryos dissected at
E6.5 were subjected to B-galactosidase assays using the traditional X-
gal/FeCN assay and three different combinations of Salmon-gal and
tetrazolium salts. All embryos show /acZ activity in the primitive streak,
indicating activation of the canonical Wnt signaling pathway. Embryos
assayed with S-gal and tetrazolium salts combinations produce a
stronger and faster color reaction than the traditional X-gal/FeCN assay.
Embryos subjected to tetrazolium salts combinations were stained for 3
hours whereas the X-gal/FeCN reaction was allowed to proceed for 3
days. Scale bar: 100 um.

precipitate with negligible background. This mixture proved a good
substitute for X-gal/FeCN. The most intense staining pattern was
observed using the S-gal/TNBT mixture. This mix produced a
dark-brown color; however, it also generated the highest levels of
background and led to completely blackened embryos when the
reaction was allowed to proceed longer than 3 hours (data not
shown). The S-gal/INT combination provided a dark-red staining
pattern. This was the weakest combination of substrates as it
provided a diffuse staining pattern that failed to outline clearly the
primitive streak.

Overall, the fastest and strongest staining pattern was obtained
using S-gal in combination with TNBT. When compared with S-
gal/NBT- and X-gal/FeCN-stained embryos, the S-gal/TNBT
embryos showed darker staining in the primitive streak and clearer
definition of individual mesendodermal cells at the tip of the egg
cylinder (Fig. 1). S-gal/TNBT was also faster to reveal the presence
of the BAT-gal transgene, which became evident within 10 minutes
of the start of the color reaction.

From these results, we conclude that S-gal/NBT and S-
gal/TNBT, in particular S-gal/TNBT, provide a faster and stronger
staining pattern than the traditional X-gal/FeCN or S-gal/INT
substrates for -galactosidase assays.

S-gal/TNBT but not X-gal/FeCN can detect the BAT-
Gal transgene in embryos dissected at E6.0

Markers of the primitive streak activated by the canonical Wnt
signaling pathway, such as brachyury are expressed in the posterior
epiblast, the precursor of the primitive streak, as early as E6.0
(Rivera-Pérez and Magnuson, 2005). Moreover, Wnt3, a gene
required for the formation of the primitive streak, is expressed in the
posterior epiblast in embryos dissected at ES.75 (Rivera-Pérez and
Magnuson, 2005). These data suggests that the BAT-Gal transgene
should be activated in the precursors of the primitive streak of
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embryos dissected at E6.0. To determine the onset of detection of the
BAT-Gal transgene, we assayed BAT-Gal heterozygous embryos
dissected between E5.5 and E6.5 with a mixture of S-gal/TNBT. For
comparison, we also assayed embryos from the same litters with the
traditional X-gal/FeCN procedure. In all cases, the S-gal/TNBT
staining reaction was stopped after 3 hours to prevent excessive
background staining and to maximize its effectiveness. The X-
gal/FeCN staining was allowed to proceed for 3 days to allow
enough time to account for the slow pace of the reaction.

All BAT-Gal/" embryos dissected at E6.5 were positive for either
of the two staining assays (Table 1; Fig. 2). However, differences
between the two staining procedures became evident at E6.25. The
S-gal/TNBT mixture detected the BAT-Gal transgene in almost all
of the embryos tested (16/17) whereas the X-gal/FeCN mixture
detected staining in about two-thirds of the embryos (13/18).
Detection of BAT-Gal became less effective at E6.0. At this stage,
no staining was detected in embryos assayed with X-gal/FeCN
(0/15), while the S-gal/TNBT mixture detected BAT-Gal activity in
3 out of 16 embryos tested. Embryos dissected at E5.75 or ES.5 did
not show evidence of B-galactosidase activity regardless of the
staining procedure.

In some cases, we noticed blue staining in the extra-embryonic
visceral endoderm of embryos stained with X-gal/FeCN (Fig. 2A,
arrows). We believe that this staining represents background
staining as sometimes it was also observed in wild-type embryos.

These results show a greater capacity of the S-gal/TNBT mixture
to detect BAT-Gal transgene expression than that of X-gal/FeCN.

The S-gal/TNBT assay detects a Wnt3'?? transgene
in E5.75 embryos

The experiments above showed that a mixture of S-gal/TNBT
provides a faster and more-sensitive alternative than the X-gal/FeCN
assay. To confirm these results, we assayed embryos carrying a null
Wnt3'“ allele. Wnt3 is expressed initially in the posterior visceral
endoderm at ES.5, expands to the adjacent epiblast by ES.75 and
continues to be expressed in these tissues at E6.5 (Rivera- Pérez and
Magnuson, 2005). Wnt3'“““ mice carry an IRES-lacZ cassette inserted
in the Wnt3 locus (to be described elsewhere), allowing the
visualization of Wnt3 expression using a B-galactosidase assay.

To compare the ability of the S-gal/TNBT and X-gal/FeCN
assays to detect the Wnt3'*Z allele in embryos dissected before
E6.5, we generated embryos from crosses between heterozygous
Wnt3"” males and wild-type females and subjected them to -
galactosidase assays at E6.5, E6.25, E5.75 and ES5.5 (Table 2).
Wnt3 nulls die at ~E8.5 (Liu et al., 1999). We expected that 50%
of the embryos would show B-galactosidase activity as half of the
embryos would be heterozygous for the Wnt31 allele.

As expected, 50% of the embryos dissected at E6.5 showed [B-
galactosidase activity regardless of the staining assay (Table 2; Fig.
3). The number of stained embryos conformed to the expected
Mendelian ratios, S-gal/TNBT (11/18) (x?=0.89, P<0.1) and X-

X-gal/FeCN

S-gal/TNBT

‘ b

Fig. 2. The S-gal/TNBT assay detects the BAT-Gal transgene at
younger stages than the traditional X-gal/FeCN assay.

(A,B) Embryos heterozygous for the BAT-Gal transgene dissected at E6.5,
E6.25, E6.0, E5.75 and E5.5 were assayed for B-galactosidase activity
using X-gal/FeCN (A) or S-gal/TNBT (B) mixtures. The S-gal/TNBT mix
detected the BAT-Gal transgene in embryos dissected as early as E6.0
(arrow in B), whereas the X-gal/FeCN assay detected the transgene only
in embryos dissected at E6.25 or later stages. Non-specific blue staining is
visible in the extra-embryonic visceral endoderm of embryos stained with
X-gal/FeCN at E6.0 and E5.5 (arrows in A). Scale bars: 100 um.

gal/FeCN (8/18) (x>=0.22, P<0.1). The number of positive embryos
stained with S-gal/TNBT still matched the expected Mendelian ratios
at E6.25 (13/25) (x>=0.04, P<0.1) but not the number of positive
embryos assayed with X-gal/FeCN (x>=3.85, P>0.05) showing more
sensitivity for the S-gal/TNBT assay. At ES.75, the S-gal/TNBT
assay still detected the Wnt3%“* allele at Mendelian ratios (14/33)
(x*=0.757, P<0.1) but none of the embryos stained with X-gal/FeCN
(0/20) showed P-galactosidase activity. The ability of the S-

Table 1. Detection of BAT-Gal transgene using S-gal/TNBT or X-gal/FeCN staining assays

BAT-Gal/BAT-Gal X CD-1 S-gal/TNBT X-gal/FeCN
Dissection time Number of litters Number of embryos Positive Negative Positive Negative
E6.5 2 19 16 0 3 0
E6.25 4 35 16 1 13 5
E6.0 3 31 3 13 0 15
E5.75 3 35 0 16 0 19
E5.5 3 23 0 12 0 11
Total 15 143 35 42 16 50
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Table 2. Detection of Wnt3'* transgene using S-gal/TNBT or X-gal/FeCN assays

Wnt3/2Z+ x CD-1 S-gal/TNBT X-gal/FeCN

Dissection time Number of litters Number of embryos Positive Negative Positive Negative
E6.5 3 36 1 7 8 10
E6.25 4 46 13 12 6 15
E5.75 5 53 14 19 0 20

E5.5 3 29 0 29 - -

Total 15 164 38 67 14 45
2al/TNBT assay to detect the Wnt3% allele tapered at E5.5, when  layer of early post-implantation embryos (Kwon and

none of the 29 embryos assayed were shown to express Wnt3"Z,

These results provide additional evidence that a S-gal/TNBT
combination is a more sensitive alternative to X-gal/FeCN for the
detection of B-galactosidase in mouse embryos.

Detection of Cre/lox recombination using
S-gal/TNBT assay

ROSAZ26 reporter (R26") mice (Soriano, 1999) are frequently used
to map the activity of Cre transgenes driven by tissue-specific
promoters. To test the ability of the S-gal/TNBT to detect Cre-
recombination events, we assayed embryos obtained from crosses
between R26"" males and Tt heterozygous females for B-
galastosidase activity. 7¢+"® mice express Cre under the control of
the Transthyretin promoter exclusively in the visceral endoderm

B

X-gal/FeCN

E5.75

,‘Eé.'aa'?

‘

— ‘ i S-galfTN BT

Fig. 3. Detection of B-galactosidase activity in Wnt3'?< embryos.
Embryos derived from Wnt32< heterozygous males and wild-type
females crosses dissected at E6.5, E6.25 and E5.75 were assayed for 3-
galactosidase activity using X-gal/FeCN or S-gal/TNBT as substrates. S-
gal/TBNT detected B-galactosidase activity at the expected Mendelian
ratios as early as E5.75. This compared favorably with X-gal/FeCN
staining, which detected the Wnt3"< transgene only in embryos
dissected at E6.25 or later. Scale bar: 100 um.

Hadjantonakis, 2009; Kwon et al., 2008). We expected half of the
progeny to be double heterozygous for R26" and T#<"*, and half to
be heterozygous only for R26". These later embryos serve as
control littermates in the experiment.

We assayed 41 embryos dissected at E6.5 for B-galactosidase
activity using S-gal/TNBT or X-gal/FeCN mixtures (Fig. 4). We
detected B-galactosidase activity in half of the embryos assayed
(24/41), irrespective of the detection method used. In the case of S-
gal/TNBT, 11 out of 22 embryos and in X-gal/FeCN assays 13 out
of 19 embryos. These results indicate that S-gal/TNBT method can
be used in place of the traditional X-gal/FeCN technique.

S-gal/TNBT embryos can be subjected to whole-
mount in situ hybridization procedures

To test the possibility of using S-gal/TNBT stained embryos in
whole-mount in situ hybridization experiments, we subjected BAT-
Gal embryos stained using the S-gal/TNBT protocol to in situ
hybridization using probes for Oct4, a gene expressed in the
epiblast of early post-implantation embryos (Rosner et al., 1990),
and Wnt7b, a gene expressed in the extra-embryonic ectoderm
(Kemp et al., 2007). For comparison, we included X-gal/FeCN-
stained embryos in the same experiments.

E6.5 embryos were subjected to the S-gal/TNBT assay
immediately after dissection and allowed to stain for 20-30
minutes. After staining, the embryos were rinsed in PBS, fixed in
4% paraformaldehyde for 2 hours at room temperature and

E6.5

E6.5

Fig. 4. Detection of Cre/lox recombination using S-gal/TNBT
assay. (A,B) Double heterozygous R26 reporter/Ttr¢ embryos (A) and
R26 reporter heterozygous controls (B) were subjected to B-
galactosidase staining using the S-gal/TNBT assay. Ttr® directs Cre
expression in the visceral endoderm layer of the conceptus. Cre
recombination is evident in the whole visceral endoderm in the double
heterozygous but not in the control embryo. Embryos are shown at the
same scale. Scale bar: 100 um.
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| Oct4

| Wnt7b

Fig. 5. Whole-mount in situ hybridization of S-gal/TNBT-stained
embryos. Heterozygous BAT-Gal embryos dissected at E6.5 were
stained with S-Gal/TNBT (dark purple staining) or X-gal/FeCN (blue
staining) and then subjected to whole-mount in situ hybridization using
Oct4 and Wnt7b probes. Oct4 expression marks the epiblast (black
arrow) and Wnt7b the extra-embryonic ectoderm (white arrow). The -
galactosidase activity provided by the BAT-Gal transgene (asterisks)
marks the primitive streak region. Scale bar: 100 um.

subjected to the whole-mount in situ hybridization procedure as
previously described (Rivera-Pérez and Magnuson, 2005). X-
gal/FeCN embryos were stained for 18 hours and fixed overnight
at 4°C. They were then mixed with S-gal/NBT stained embryos
and subjected to the whole-mount in situ hybridization procedure.

All S-gal/TNBT embryos tested showed expression of Oct4
(n=13) and Wnt7b (n=5) (Fig. 5) with minimal or no background.
The X-gal/FeCN embryos (n=3) also were positive for both probes;
however, the staining was weaker, took longer to develop and the
background staining was higher.

These results show that it is possible to combine S-gal/TNBT
staining with whole-mount in situ hybridization procedures. S-
gal/TNBT stained embryos also appear better suited for whole-
mount in situ experiments than X-gal/FeCN embryos.

The S-gal/TNBT staining assay can detect lacZ
activity in midgestation embryos

To determine whether the S-gal/TNBT staining assay was suitable
for detecting B-galactosidase activity in post-gastrulation embryos,
we assayed Wnt3““? heterozygous embryos dissected at E10.5 with
the same conditions used in embryos dissected at ES.5-E6.5. In
embryos stained for 3 hours, the expression pattern of the Wnt3"*
allele was clearly above background (Fig. 6). E10.5 embryos
showed expression in the dorsal thalamus, midbrain, hindbrain,
neural tube, mandibular process of the first branchial arch, second
branchial arch, forelimbs and hindlimbs (Fig. 6A). These
expression areas have been previously reported (Barrow et al.,
2003; Roelink and Nusse, 1991; Salinas et al., 1994). In addition,
Wnt3'“” expression marked the dorsal root ganglia (Fig. 6A). No
lacZ activity was detected in control wild-type littermates (Fig.
6B).

To determine the utility of the S-gal/TNBT staining in whole-
mount preparations of adult tissues, we assayed multiple organs of
adult BAT-Gal or Wnt3"“? mice and compared them with X-
gal/FeCN staining. Our results revealed little contrast between the
rust coloring provided by the S-gal/TNBT mixture and dark-
colored tissues (not shown) showing no major advantages over the
traditional X-gal/FeCN staining method.

These results demonstrate that it is feasible to use the S-
2al/TNBT staining protocol in embryos dissected at midgestation
stages but that its utility is dampened by color contrast problems in
whole-mount preparations of dark-colored adult organs.

DISCUSSION

The detection of the activity of the lacZ gene in mouse embryos is
overwhelmingly performed using X-gal in combination with
potassium ferro- and ferri-cyanide to detect [P-galactosidase.
Although this staining assay provides a clear blue precipitate that
is easy to detect, it is not the most sensitive or fastest assay
available to detect P-galactosidase (Gugliotta et al., 1992;
Kishigami et al., 2006). In this study, we tested three tetrazolium
salts, NBT, TNBT and INT, in combination with the glycoside
Salmon-gal to test their effectiveness in detecting the activity of the

Fig. 6. Detection of Wnt3"?< allele expression in E10.5
embryo using S-gal/TNBT assay. (A,B) Heterozygous
Wnt3”<Z embryo (A) stained with S-gal/TNBT mixture and
wild-type control (B). Wnt3"< expression marks the dorsal
thalamus (dt), midbrain (mb), hindbrain (hb), mandibular
process of the first branchial arch (mb1), second branchial
arch (b2) forelimb (fl), hindlimb (hl), the neural tube (nt,
arrows) and the dorsal root ganglia (drg). Scale bar: 500 um.
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lacZ gene in mouse embryos. At the same time, we compared this
assay with the traditional X-gal/FeCN assay.

In our hands, a combination of S-gal and TNBT proved the most
sensitive of the three S-gal/tetrazolium salt combinations that we
tested. This assay also proved more sensitive than the traditional
X-gal/FeCN assay in detecting /acZ activity in two independent
transgenic mouse lines. The X-gal/FeCN assay required days to
reveal the full extent of B-galactosidase activity or did not detect
staining at all. The S-gal/TNBT assay, however, can lead to high
background levels if allowed to proceed for too long. In our
experiments, a 3-hour staining reaction was the longest we could
conduct this assay in embryos at E5.5-E6.5 without obscuring the
[-galactosidase staining pattern. This, however, was compensated
for by the short time required to visualize the activity of -
galactosidase: optimally, a 20-minute staining reaction sufficed to
detect B-galactosidase without sacrificing sensitivity and with
negligible background staining. An alternative assay is S-gal
combined with NBT; this combination produced less background
staining than S-gal/TNBT, yet proved slightly less sensitive.

The addition of ferri- and ferro-cyanide to the traditional -
galactosidase reaction is known to lead to reduction in the activity
of acidic traditional B-galactosidase (Lojda, 1970). Thus, it is
possible that the background staining observed in the S-gal/ TNBT
assay is due to endogenous acidic B-galactosidase activity. This
may be complicated by the fact that the reduction of tetrazolium
salts to produce formazan compounds can proceed beyond the
formazan stage, leading to break up of the molecule to produce
other chromogenic compounds, such as anilin (Altman, 1976).
Because of these possibilities, caution should be exerted when
using tetrazolium salts in B-galactosidase detection assays and
proper controls should be used. In our experiments, the utility of
the S-gal/TNBT assay was dampened by darkly stained tissues
such as the liver in whole-mount preparations. In these cases, the
use of histological sections, as reported by Gugliotta and co-
workers (Gugliotta et al., 1992), may provide a more convenient
approach.

Using X-gal/FeCN assays, canonical Wnt activity has been
reported in the extra-embryonic visceral endoderm of transgenic
E5.5 embryos carrying the TCF/Lef-lacZ transgene (Mohamed
et al., 2004). This transgene, like the BAT-Gal transgene, is also
a reporter for the canonical Wnt signaling pathway. In our
experiments, we noticed that when the X-gal/FeCN reaction was
allowed to proceed for too long, the extra-embryonic visceral
endoderm stained blue in some embryos. This extra-embryonic
B-galactosidase activity, however, was not consistently observed
in embryos of the same developmental stages and was
sometimes observed in wild-type embryos. One explanation for
these results is that long staining times can lead to acidification
of the staining solution, which favors the detection of
endogenous acidic [B-galactosidase activity in the extra-
embryonic visceral endoderm. Acidic B-galactosidase activity is
present in several adult tissues (Lojda, 1970) and could also be
present in this tissue. However, we cannot discard the possibility
that this discrepancy is due to differences in the transgenic line
used.

In recent years, there has been a resurgence of in vivo genetic
lineage-tracing experiments aimed at determining the cellular
origin of tissues and organs (Joyner and Zervas, 2006; Petit et al.,
2005). These experiments typically use a tissue-specific promoter
to drive expression of Cre recombinase in a particular group of
cells and a lacZ-based reporter line, such as the ROSA-26 reporter
(Soriano, 1999) to detect the descendants of the recombined

precursors. This is a powerful tool that can provide invaluable data.
Our data, however, suggest that caution should be exerted when
using this strategy. As shown here, the traditional X-gal/FeCN
assay can lead to false-positive or false-negative results that can
lead to erroneous conclusions. The superior sensitivity of our S-
gal/TNBT procedure, if used properly, can help avoid these
problems and combined with its fast detection and combination
with whole-mount in situ hybridization offers an attractive method
for B-galactosidase staining in mouse embryological experiments.
Our methodology also offers an alternative to detect low levels of
[-galactosidase activity in lacZ-based knockout mice (Austin et al.,
2004; Hansen et al., 2008; Skarnes et al., 2011; Testa et al., 2004;
Valenzuela et al., 2003) available through the international
knockout mouse consortium (http://www.knockoutmouse.org/).
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