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Summary

The Escherichia coli LacZ gene is a widely used reporter for gene regulation studies in transgenic mice. It encodes bacterial
[-galactosidase (Bact [3-Gal), which causes insoluble precipitates when exposed to chromogenic homologues of galactose.
We and others have recently reported that Bact 3-Gal detection with Salmon-Gal (S-Gal) in combination with nitro
blue tetrazolium chloride (NBT) is very sensitive and not prone to interference by acidic endogenous [3-galactosidases.
Unfortunately, as we show here, the method appears to be inadequate for evaluation of Bact 3-Gal expression in keratinized
epithelial appendages but not in other keratinized epithelia. NBT in the reaction mixture, just as other tetrazolium salts,
inevitably causes unwanted staining artifacts in lingual filiform papillae, penile spines, and hair fibers by interacting with
keratin sulfhydryl-rich regions. The methodological limitation can be overcome in part by pretreating the tissues before
the S-Gal/NBT staining with an iodine—potassium iodide solution. Alternatively, the use of iodonitrotetrazolium chloride
instead of NBT in the S-Gal reaction mixture provides enough color resolution to distinguish the specific Bact 3-Gal
staining in orange from the artifact staining in dark red. In summary, we provide evidence that S-Gal/NBT histochemistry
has limitations, when staining keratinized epithelial appendages. (] Histochem Cytochem 65:197-206, 2017)
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Salmon-Gal [S-Gal; 3,4-cyclohexenoesculetin 3-p-
galactopyranoside]), insoluble precipitates are formed.
We and others have shown that S-Gal in combination
with tetrazolium salts results in more sensitive and

Introduction

Reporter genes are widely used to reveal target gene
expression in whole mounts and tissue sections. The
bacterial LacZ gene is among the most popular
reporter genes used in this context. It encodes bacte-
rial B-galactosidase (Bact p-Gal), an exoglycosidase
that cleaves B-linked terminal galactosyl residues from
a variety of natural and artificial substrates." In the
presence of chromogenic homologues of galactose
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(e.g., 2-nitrophenyl B-p-galactopyranoside, 5-bromo-4-
chloro-3-indolyl B-p-galactopyranoside [X-Gal], and
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faster staining than X-Gal in combination with ferric
and ferrous ions.?™* Potential additional advantages of
the S-Gal/tetrazolium staining are (1) reduced interfer-
ence from lysosomal endogenous p-galactosidase
species (Endo B-Gal) particularly in high Endo B-Gal—
containing organs (e.g., epididymis, kidney, and intes-
tine)® and (2) better preservation of the histochemically
treated tissues due to much shorter incubation times.?
In this study, we report a methodological drawback
which we have noted while using this enhanced alter-
native Bact B-Gal detection system in our analyses of
targeted gene expression patterns in LacZ* transgenic
mice. We report evidence indicating that the tetrazo-
lium salts used in combination with S-Gal in the reac-
tion mixture cause a Bact B-Gal-independent staining
artifact in stratified epithelial modifications (e.g., fili-
form papillae, penile spines, and growing specialized
hair fibers). The false-positive staining is likely caused
by sulfhydryl-rich keratins and keratin-associated pro-
teins.®” Our observations concerning keratinized epi-
thelial appendages will be discussed in the context of
known histochemical properties of tetrazolium salts.
Approaches for overcoming the methodological limita-
tions of S-Gal tetrazolium staining in stratified epithe-
lium are provided.

Materials and Methods
Organ Sampling

We made use of C57BL/6 organ samples of wild-type
(wt) littermate mice and LacZ*-tagged mice deficient
for adhesion G protein—coupled receptor 111
(Gpr111-2¢4ta°2)  originally collected in a follow-up
study to the initial description of GPR111 mutant mice.®
No animals were sacrificed solely for the purpose of
this report. Animal maintenance and carbon dioxide
euthanasia in the follow-up study were in accordance
with the ethical guidelines for animal experimentation
set by the EU Laboratory Animal Directive, German
Animal Welfare Act and approved by the local ethics
committee for animal experimentation appointed by
the government of the Free State of Saxony, Germany
(Authorization No. T07/13).

Preparation of Cryostat Sections

Only tissues of freshly sacrificed adult mice were used.
The tissues were snap frozen in liquid nitrogen and
sectioned with a cryostat at —20C. The sections (10 pm
thick) were mounted on glass slides, postfixed with ice
cold ethanol-methanol (1:1) for 1 min, air-dried for 15
min at room temperature, and stored at —20C until fur-
ther use. Before the cryostat sections were subjected

to B-Gal detection (see below), the sections were
thawed, air-dried for 15 min at room temperature, and
immersed in 0.1-M PBS, pH 75.

B-Gal Detection

B-Gal activity was assessed in different buffer systems
depending on the designated chromogenic homologue
of galactose and the designated reaction pH, as previ-
ously described.® These studies revealed that 0.5-M
HEPES at pH 7.5 was an ideal buffer for use in the X-Gal
staining protocol. The staining solution contained
50-mg (2.5 mM) X-Gal dissolved in 2.5-ml N,N-
dimethylformamide, 15-mM NaCl, 1.3-mM MgCIQ, 3-mM
KS(Fe(CN)G), and 3-mM K4(Fe(CN)6) in a final volume of
50-ml HEPES, pH 7.5. The staining solution containing
S-Gal consisted of 0.1% sodium deoxycholate, 0.2%
IGEPAL CA-630 (octylphenoxy poly(ethyleneoxy)etha-
nol, branched; Sigma, Taufkirchen, Germany), 2-mM
MgCl,, 50-mg (3 mM) S-Gal (Sigma), and either 0.4-
mM nitro blue tetrazolium chloride (NBT; Sigma), tetra-
nitroblue tetrazolium chloride (TNBT; Sigma), or
iodonitrotetrazolium chloride (INT; Sigma) in a final vol-
ume of 50-ml PBS, pH 7.5. X-Gal staining of cryostat
sections was routinely conducted in a humidified cham-
ber overnight at 30C. Staining with S-Gal was per-
formed in the chamber for 2 hr at 30C. In some reactions,
either chromogenic homologues of galactose, corre-
sponding salts (potassium ferro-/ferricyanide and tetra-
zolium salts), or both were omitted in the reaction
mixtures. After incubation with the various reaction mix-
tures, sections were thoroughly washed and counter-
stained with nuclear fast red-aluminum sulfate solution
in the case of B-Gal detection with X-Gal/FeCN or with
Mayer’s hematoxlin solution when S-Gal tetrazolium
salt was used.

Oxidation of Tissue Sections Before Detection of
B-Gal

In selected cases, free sulfhydryl groups expected to
be present in the tissue sections were oxidized before
B-Gal detection following essentially the procedure of
Barnett and Seligmann.® The sections were immersed
for a maximum of 4 hr in PBS, pH 7.5, containing 1.5-
mM iodine and 2-mM potassium iodide, and rinsed.

Results

Expression of the LacZ reporter gene is frequently
detected using the standard histochemical method
involving X-Gal as the artificial substrate for Bact p-
Gal. S-Gal/NBT staining is becoming popular as a
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superior alternative to the overnight X-Gal/FeCN stain-
ing procedure.?™ Increasing interest in the faster and
more sensitive S-Gal/NBT staining method warrants
investigation into potential pitfalls associated with this
method. We used herein selected epithelia from adhe-
sion G protein—coupled receptor 111 knockout/LacZ
reporter knockin mice (Gpr111-3°#t3Z mjice) and from
their corresponding wt littermates to investigate poten-
tial pitfalls of using the S-Gal/NBT staining method.
Gpr111-3°?aZ mice have previously been reported to
display strong LacZ reporter gene expression in kera-
tinized stratified squamous epithelia, such as the epi-
dermis of the skin and the epithelia of the tongue,
esophagus, and forestomach.? In contrast, no reporter
gene expression is observed in non-keratinized strati-
fied squamous epithelia (e.g., corneal epithelium). In
the present study, we used keratinized stratified squa-
mous epithelia of the tongue, penis, esophagus, and
skin from different sites including the back, abdomen,
ear, snout, tail, and genital area.

We used the skin of the ear to determine the opti-
mal pH in which Bact B-Gal activity in Gpr117-ac#tacz
mice produced high and reliable staining using X-Gal/
FeCN and S-Gal/NBT (Fig. 1A). Bact B-Gal activity
was found to be strong and specific in the epithelium
of the ears of Gpr111-3°#*%°Z mjce in the pH range of 7
to 9 independently of the staining method used (Fig.
1A, X-Gal/FeCN and S-Gal/NBT; first and second
rows, respectively). An additional non—-Bact B-Gal-
specific staining reaction (marked by asterisks in Fig.
1A) was recognized in sebaceous glands in the vicin-
ity of the opening shaft of hairs. This staining was only
observed in X-Gal/FeCN-stained sections of Gpr111-
deficient mice and wt littermates and was restricted to
an acidic pH and not seen at pH 8, 9, or 11 (Fig. 1A,
first and third rows from the top). The staining was
most likely due to endogenous acidic forms of B-Gal
reported to be present at high levels in sebaceous
glands.”™ Apart from the nonspecific X-Gal staining
in sebaceous glands, the ear skin specimens of wt lit-
termates displayed no further p-Gal expression inde-
pendently of the method used and the pH in the
reaction mixture.

We selected pH 7.5 as the pH for all of our subse-
quent experiments as Endo B-Gal activity was rarely a
problem in X-Gal/FeCN-incubated sections at pH 7
and higher, and the intensity of staining was relatively
comparable in the pH range 7 to 9.

Bact -Gal-Independent Staining

In tongue sections from Gpr111-3°#*Z mice, both

X-Gal/FeCN and S-Gal/NBT staining revealed LacZ
expression in the epithelium covering the tongue

dorsal and ventral surfaces (Fig. 1B, first row from the
top). In contrast, and as expected, tongue sections
from wt littermates did not reveal specific Bact p-Gal
activity (Fig. 1B, second row from the top). However,
and surprisingly, S-Gal/NBT staining (photomicro-
graphs on the right), but not X-Gal/FeCN staining
(photomicrographs on the left), resulted in a Bact
B-Gal-independent hitherto not defined nonspecific
partial staining at the tip and the dorsal rough surface
of the tongue. It was apparent that the staining origi-
nated from the lower filiform papillae in the anterior
part of the dorsal tongue surface when examined at
higher magnification (arrows). The interpapillay epithe-
lium, the higher and more bulky filiform papillae in the
posterior part of the dorsal tongue surface, and the
entire epithelium at the ventral surface of the tongue
showed no staining. Interestingly, the lower filiform
papillae were only partly stained. The staining varied
from more anteriorly to more posteriorly between the
papillae. To elucidate which component in the staining
mixture was responsible for the observed B-Gal-
independent staining, we performed S-Gal/NBT stain-
ing by omitting one or both of the two components
S-Gal and NBT in the reaction mixture. The presence
of only NBT or TNBT and INT as alternative tetrazo-
lium salts in the reaction mixture resulted in the same
type of B-Gal-independent staining (Fig. 1C, photomi-
crographs of wt sections on the left). Again the non-
specific staining was restricted to the lower filiform
papillae in the anterior part of the dorsum linguae. The
higher and more bulky filiform papillae of the posterior
part of the dorsum linguae showed no reaction. Of
note, in S-Gal/INT-stained tongue sections from
Gpr111-3¢4ta°Z mice (Fig. 1C, photomicrographs on the
right), the B-Gal-independent staining in filiform papil-
lae was dark red against the dull orange staining
caused by Bact 3-Gal in the epithelium. In contrast, the
use of either X-Gal or S-Gal in the reaction mixture
alone (i.e., without any FeCN or tetrazolium salt)
showed no (Fig. 1D, wt tissue, photomicrographs on
the left) or only faint (X-Gal, photomicrographs in the
middle) or extremely faint (S-Gal, photomicrographs
on the right) Bact p-Gal—-specific staining (GPR111-
deficient tissue). The faint Bact B-Gal—-specific X-Gal
staining was evident in both forms of filiform papillae
(i.e., filiform papillae of both the anterior and posterior
parts of the dorsum linguae). No staining was observed
when the two reaction components, S-Gal and NBT,
were omitted in the reaction mixture (not shown).
Filiform projections similar to those observed in the
dorsum linguae cover (as so-called penile spines) the
surface of the glans penis of rodents and all other
mammals, with the exception of human males.®'? As
for the lower filiform papillae of the dorsum linguae, the
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Figure 1. Comparative analysis of S-Gal tetrazolium salt and X-Gal potassium ferri-/ferrocyanide histochemistry in appendages of kera-
tinized stratified squamous epithelia from GPRI | |-deficient LacZ-expressing mice (Gprl | 1"“"*?) and wt littermates. (A) S-Gal/NBT and
X-Gal/FeCN staining at different pH. In a pH range 7 to 9, both histochemical methods result in detection of Bact 3-Gal activity in the epi-
thelial lining of the ear; at acidic pH, the presence of mammalian $-Gal in sebaceous gland affects only X-Gal/FeCN staining. (B) Comparative
S-Gal/NBT and X-Gal/FeCN histochemistry of tongues from Gprl | 1'*“*“ mice and wt littermates. Bact B-Gal-independent staining is
observed in parts of filiform papillae in wt tissue. (C) Bact 3-Gal-independent staining is limited to lower filiform papillae of the anterior part
of the dorsum linguae. It can also be caused by tetrazolium salts other than NBT in these epithelial appendages. See specific S-Gal/INT stain-
ing in GPRI | |-deficient tissue for comparison of Bact 3-Gal specific and nonspecific staining. (D) When the chromogenic substrates X-Gal
and S-Gal are applied alone, faint specific staining is observed. Asterisks mark sebaceous glands. Arrowheads denote epithelial lining. Arrows
point to filiform papillae. Abbreviations: Bact p-Gal, bacterial B-galactosidase; Gprl | 1"%**Z, adhesion G protein—coupled receptor |11
knockout/LacZ reporter knockin mice; INT, iodonitrotetrazolium chloride; NBT, nitro blue tetrazolium chloride; S-Gal, Salmon-Gal; TNBT,
tetranitroblue tetrazolium chloride; wt, wild type; X-Gal, 5-bromo-4-chloro-3-indolyl 3-d-galactopyranoside. Scale bars: A-D = 80 pm.

presence of tetrazolium salts and absence of S-Gal in
the reaction mixture was sufficient to exclusively stain
parts of the penile filiform projections (Fig. 2A, com-
pare photomicrographs of the S-Gal/NBT-treated
Gpr111-3°@tacZ gection on the left with the only NBT-
treated Gpr111-3°#L3°Z section in the middle). Of note,
the only NBT staining of the penile projections (Fig.
2A, middle photomicrograph) was of a more symmetri-
cal shape than the corresponding staining of the lin-
gual filiform papillae (Fig. 2A, right photomicrograph).

Both of the keratinized epithelial appendages dis-
cussed above (i.e., filiform projections of the dorsum
linguae and penis) contain a core of hard keratin pro-
teins, a finding that suggests they have a close evolu-
tionary relationship to hair fibers.”'*'® Indeed, by
exposing hair fibers from different parts of the body to
the different compositions of the reaction mixture, a
similar but more complex reaction pattern emerged in
that surprising differences were observed in the reac-
tion pattern between different types of hairs and
between hairs in different hair cycle stages.
Collectively, mainly growing specialized hairs of the
body (e.g., hairs of genital area, tail, and snout) were
intensively stained in the lower region of their fibers
(Fig. 2B and first row from the top in Fig. 2C). The
staining was not dependent on the presence of S-Gal
in the reaction mixture, because it still occurred when
Gpr111tae@tacZ (Fig. 2B, photomicrographs on the
right) and wt littermate sections (Fig. 2C, first row of
photomicrographs from the top) were only exposed to
NBT. In contrast, different types of coat hairs, as well
as hairs in the outer region of the ear, did not stain
when only NBT was added to the reaction mixture
(Fig. 2C, second row of photomicrographs from the
top). In addition, no staining occurred in specialized
hairs when they were being shed (Fig. 2B), or in kera-
tinized stratified squamous epithelia without epithelial
appendages such as the mucosa of the ventral tongue
(Fig. 1B, second row of photomicrographs from the
top), esophagus (Fig. 2D), forestomach, and vagina at
estrus (not shown).

We next explored methods to prevent the Bact
B-Gal-independent nonspecific staining with its poten-
tial to lead to false-positive results. Clearly, one possi-
bility would be to detect LacZ reporter gene expression
in epithelial tissue with keratinized appendages by
using the less sensitive classical X-Gal/FeCN protocol
(Fig. 1B, left photomicrographs in the first row from the
top), or by using an immunofluorescence-based LacZ
expression assay.'® Figure 3 proposes two alternative
approaches, which would allow the continued use of
the fast and very sensitive S-Gal/tetrazolium salt
method. Filiform papillae, penile spines, and hair fibers
are all reported to contain high amounts of sulfhydryl
group—rich hard keratins and keratin-associated pro-
teins in their more immature central or lower
regions.'"” These sulfhydryl group—rich proteins are
cross-linked by disulfide bonds at maturation to harden
and stabilize the keratin proteins.'®'® Sulfhydryl groups
have been reported to strongly reduce tetrazolium
salts. When the corresponding tissue sections from
Gpr111tacZtacZ and wt littermate mice were oxidized for
more than 5 min with iodine—potassium iodide solution
before the incubation with S-Gal-free reaction mixture,
the nonspecific NBT-caused staining in filiform papil-
lae was absent. However, when the sections were
incubated with S-Gal/NBT-containing reaction mixture
after the preoxidation treatment for 5 min Bact B-Gal
activity could still be observed. In addition, the use of
INT instead of NBT in the reaction mixture presents
another alternative approach. A direct comparison of
the staining achieved when S-Gal/INT was present in
the reaction mixture as opposed to only INT revealed
that only tissue sections from Gpr111-4°4L3Z mjce
stained with S-Gal/INT contained orange beside dark
red colored areas. The dark red coloring was probably
due to the reaction of the tetrazolium salts with sulfhy-
dryl-rich proteins (Fig. 3B, first three pairs of photomi-
crographs; Fig. 1C, photomicrographs on the right). Of
note, in coat hairs which did not stain when only NBT
was added to the reaction mixture (see above and Fig.
2C, second row from the top), no dark red stained
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Figure 2. Nitro blue tetrazolium causes nonspecific staining in penile spines and hair fibers as well as other types of epithelial append-
ages made of hard keratins. (A) In penile spines, NBT staining occupies the spine center in the form of a conical dome. In contrast, a
more anterior—posterior position is seen in lingual filiform papillae. (B) In genital hair shafts, NBT preferentially reacts in the lower zones
of growing hair fibers. (C) NBT staining in hair fiber zones (squares) and total absence of NBT staining in hairs at other sites (arrows).
(D) NBT does not stain keratinized stratified squamous epithelia without keratinized epithelial appendages, as exemplified here by
esophageal mucosa. Squares and triangles mark growing and advanced zones of hair fibers, respectively. Arrows point to unstained hair
shafts. Abbreviations: Gpr/ | """, adhesion G protein—coupled receptor | I | knockout/LacZ reporter knockin mice; NBT, nitro blue
tetrazolium chloride; S-Gal, Salmon-Gal; wt, wild type. Scale bars: A-D = 100 pym.

areas were seen (Fig. 3B, second row from the top,
last pair of photomicrographs on the right).

Discussion

S-Gal was initially designed to replace X-Gal in blue-
white selection of recombinant bacterial colonies with
the LacZ® phenotype. We and others provided evi-
dence that this chromogenic substrate for -Gal is also
suitable for analysis of LacZ reporter gene expression
in LacZ" transgenic murine tissue and that in combi-
nation with tetrazolium salts, its use is even superior to
the most widely used combination of X-Gal and ferric
and ferrous ions.**

However, there is a major disadvantage of this
method, as we report herein. In keratinized epithelial
appendages, histochemistry involving S-Gal/tetrazo-
lium salts may lead to false-positive data. In this study,
we focused on keratinized stratified squamous epithe-
lia of Gpr111-8°#L3°Z mice and wt littermates.

We first optimized the pH conditions and incubation
times of our B-Gal detection systems by taking advan-
tage of Gpr111-2°Z1%°Z expression in ear skin tissue.
Incubation of tissue sections in a reaction mixture con-
taining S-Gal/NBT for 2 hr and X-Gal/FeCN staining
overnight resulted in specific epithelial Bact p-Gal
staining, if the pH in the reaction mixture ranged
between 7 and 9 (Fig. 1A, first and second rows of
photomicrographs from the top). X-Gal/FeCN incuba-
tion, but not S-Gal/NBT incubation, produced an addi-
tional staining in sebaceous glands at acidic pH (Fig.
1A, asterisks). This acidic 3-Gal activity was also pres-
ent in sebaceous glands of wt littermates (Fig. 1A, third
row of photomicrographs from the top, asterisks), indi-
cating that this activity was probably of endogenous
origin, which is in line with findings in other species.®"
We selected pH 7.5 as the pH for all of the subsequent
experiments as Endo B-Gal activity was rarely detected
following incubation at pH 7 and higher, and epithelial
staining intensity was relatively comparable between
pH 7 and 9.

In sections of GPR111-deficient tongue, X-Gal/
FeCN and S-Gal/NBT staining resulted in a strong

and homogeneous reaction of the entire dorsal and
ventral epithelium (Fig. 1B). X-Gal/FeCN staining of

corresponding wt sections resulted in no staining.
However, S-Gal/NBT staining of wt sections produced
a focal intermittent Bact p-Gal-independent staining.
The same type of nonspecific staining was found in
GPR111-deficient tissue as well as in wt tissue when
S-Gal was omitted from the reaction mixture. Thus,
conversion of S-Gal by B-Gal into a chromogenic pre-
cipitate was not involved in this nonspecific staining.

The Bact p-Gal-independent reaction was confined
to numerous projections called filiform papilla on the
anterior dorsal surface of the tongue. The interpapil-
lary epithelium, the epithelium on the ventral surface
of the tongue, and, most notably, filiform papillae in the
posterior part of the dorsum linguae remained
unstained. The staining in the anterior filiform papillae
was compartmentalized with either the anterior or pos-
terior part of the filiform papillae being stained. The
different staining patterns obtained for filiform papillae
on the anterior and posterior parts of the murine
tongue substantiated that filiform papillae of the ante-
rior and posterior parts of rodent tongue are indeed
structurally and probably functionally different.?°

In epithelial GPR111-deficient and wt appendages
of the penis and skin, similar types of staining were
observed as in filiform papillae of the anterior part of
the dorsum linguae. The epithelia of GPR111-deficient
penis and skin were strongly and homogeneously
stained when S-Gal/NBT were included in the reaction
mixture, whereas when S-Gal/NBT were used in the
reaction mixture, the staining of wt tissue was distinct
and independent of the presence of Bact p-Gal. The
same type of signal was produced in wt tissue, as well
as in GPR111-deficient tissue when only NBT was
present in the reaction mixture (Fig. 2A-C). The S-Gal-
independent staining was restricted to penile spines
and hair fibers. The keratinized stratified squamous
epithelium adjacent to these structures was unstained,
just as the entire keratinized stratified squamous epi-
thelium sections of the esophagus (Fig. 2D). Of note,
the NBT staining in the penile spine showed no ante-
rior—posterior compartmentalization in contrast to that
which was observed in filiform papillae of the dorsum
linguae (see above, Fig. 2A).

As the Bact B-Gal-independent staining occurred
regardless of the presence or absence of S-Gal in the
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Figure 3. Attempts to differentiate between Bact B-Gal specific and nonspecific staining in keratinized epithelial appendages using the
S-Gal tetrazolium salt method. (A) The Bact 3-Gal-independent S-Gal/NBT staining in filiform papillae of the anterior part of the dor-
sum linguae can largely be prevented by preoxidation of the tissue with iodine—potassium iodide solution. (B) Bact B-Gal specific and
nonspecific staining can be estimated in epithelial appendages from Gpr/ I 1'*“**Z mice by color differences, if INT is used in the S-Gal/
tetrazolium salt reaction. Note, no dark red color component is present in epithelial appendages free of Bact 3-Gal nonspecific signals,
as exemplified by truncal hairs (bottom row, right two photomicrographs). Abbreviations: Bact -Gal, bacterial (-galactosidase;
Gprl | 1'°#"*Z  adhesion G protein—coupled receptor |11 knockout/LacZ reporter knockin mice; INT, iodonitrotetrazolium chloride;
NBT, nitro blue tetrazolium chloride; S-Gal, Salmon-Gal; wt, wilde type. Scale bars: A, B = 100 pym.

reaction mixture, we focused on the possibility that
NBT was responsible for the nonspecific staining.
Several authors have suggested that the presence of
sulfhydryl-rich hair-like keratins in penile spines and
lingual filiform papillae may be responsible for nonspe-
cific staining."™'* Positive staining of the mouse lingual
filiform papillae with antibody AE14 substantiates the
presence of sulfhydryl-rich proteins in the epithelial
projections. %!

Filiform papillae and penile spines thus appear to be
composed of the same trichophytic hard keratins as
hair shafts in addition to epidermal soft keratins.® 4152223

Trichophytic hard keratins can be identified by their high
sulfhydryl and disulfide content.®'" The Bact p-Gal-
independent staining of NBT, as well as the other tetra-
zolium salts tested in this study, could therefore be
based on the high content of reducing groups in these
epithelial appendages resulting in waterinsoluble
formazan dyes. Indeed, tetrazolium salts are responsi-
ble for nonspecific control reactions in the quantitative
histochemical analysis of NAD(P)*-dependent dehydro-
genase activities because of reducing agents in the tis-
sue sections or cells and/or dehydrogenation of
endogenous substrates.?**” When we preoxidized
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GPR111-deficient tissue sections with iodine—potassium
iodide solution for more than 5 min, no staining resulted
if sections were then tested with only NBT in the reac-
tion mixture. In contrast, Bact B-Gal-specific staining
still resulted when the sections were incubated with
S-Gal/NBT after 5 min of preoxidation treatment.

The different and diverse NBT staining patterns that
we observed in the absence of S-Gal in filiform papil-
lae and penile spines (e.qg., stained filiform papillae of
the anterior as opposed to nonstained filiform papillae
of the posterior part of the dorsum linguae) may be
related to different keratinization patterns.?® Indeed,
filiform papillae of the anterior part of the dorsum lin-
guae are composed of a compartment with mainly
skin-type keratins and of a compartment with mainly
hair-type keratins.’*'>?* Penile spines, however,
appear to be composed of only hair-type keratins® and
the epithelium in the interpapillary fields of pure esoph-
ageal keratins.

Similarly, the observation of different and diverse
NBT staining patterns in hair follicles could be due to
differences in the hair cycle stage analyzed, or struc-
tural and functional differences between the different
hair types found in the murine body.?®* It is of note that
the strong NBT staining was observed in growing hairs
and in the hair zone which is known to contain high
amounts of sulfhydryl groups.’ No NBT staining was
observed in the cortex of hairs leaving the site. These
hairs contain only slight amounts of sulfhydryl groups.

Collectively, we demonstrate that NBT and the alter-
native tetrazolium salts TNBT and INT result in unwanted
staining of keratinized epithelial appendages when
used in Bact B-Gal detection assays but not in other
keratinized epithelia. It is of note that the three protrud-
ing epithelial appendages involved (filiform papillae of
tongue, penile spines, and hair fibers) are anatomical
sites known to be developmentally, structurally, and
functionally related. They all express hard keratins that
are rich in sulfhydryl plus disulfide groups.®

In summary, staining for p-Gal activity is widely
used for assessing LacZ gene expression in LacZ*
transgenic mice. Our article points to a disadvantage
when using S-Gal as the chromogenic -Gal substrate.
S-Gal-independent staining associated with hair shafts
and dermal-papilla-like structures results when this
substrate is used in combination with tetrazolium salts
in LacZ expression screens. Our findings indicate that
when S-Gal is used in combination with tetrazolium
salts to assess B-Gal activity in LacZ* transgenic kera-
tinized epithelial appendages, special attention should
be paid to identify false-positive staining from keratin-
ized epithelial appendages.
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