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Abstract The intercellular lipids of the stratum corneum, 
which are highly enriched in ceramides, are critical for the 
mammalian epidermal permeability barrier. During the termi- 
nal stages of epidermal differentiation, the glucosylceramide 
content is dramatically reduced, while the content of free cera- 
mides increases. To investigate whether @-glucocerebrosidase (@- 
GlcCer’ase) could be responsible for this change in lipid content, 
we characterized its activity in murine epidermis, compared en- 
zyme activity to other murine tissues, and localized @- 
GlcCer’ase activity within the epidermis. Epidermal extracts 
demonstrated linear 4-methylumbelliferyl-@-D-glucose hydrolysis 
(to 3 h) with protein concentrations between 1 and 250 pglml. 
Whole epidermis contained comparable @-glucosidase activity 
(9.1 * 0.4 nmol/min per mg DNA) to murine brain and liver, 
and 5-fold higher activity than spleen. Epidermal @-glucosidase 
activity was stimulated >15-fold by sodium taurocholate at pH 
5.6, and inhibited at acidic pH (3.5-4.0). Bromoconduritol B 
epoxide (2 1.0 PM), inhibited epidermal enzyme activity by 
>75%, while activity in brain, liver, and spleen was only in- 
hibited by 6, 17, and 14%, respectively. Moreover, P-GlcCer’ase 
mRNA expression in murine epidermis exceeded levels in liver, 
brain, and spleen. Finally, @-GlcCer’ase activity was highest in 
the outer, more differentiated epidermal cell layers including the 
stratum corneum. M I  In summary, mammalian epidermis con- 
tains an usually high percentage (- 75%) of @-glucocere- 
brosidase activity, and the concentration of activity in the 
more differentiated cell layers may account for the replacement 
of glucosylceramide by ceramides in the outer epidermis. 
-Holleran, W. M., Y. Takagi, G. Imokawa, S. Jackson, J. M. 
Lee, and P. Elias. @-Glucocerebrosidase activity in murine 
epidermis: characterization and localization in relation to 
differentiation. J Lipid Res. 1992. 33: 1201-1209. 
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Lipids are concentrated in the interstitial domains of 
the stratum corneum of terrestrial mammals, where they 
mediate the barrier to water loss (1). During the transition 
from the basal proliferating epidermal layers to the outer, 

anucleate stratum corneum, the usual phospholipid-neu- 
tral lipid mixture is replaced by a relatively nonpolar mix- 
ture of ceramides, cholesterol, and free fatty acids (2-5). 
Glucosylceramide levels, which peak in the stratum 
granulosum, decline rapidly in the lower stratum corneum 
coincident with an increase in ceramide levels, which ulti- 
mately account for 30-40% of stratum corneum lipid 
content by weight. Since stratum corneum ceramides dis- 
play sphingoid base and N-acyl compositional proges 
similar to those of glucosylceramides present in lower 
layers (6, 7), hydrolysis of the glucose moiety could ac- 
count for these changes in lipid content. 

Although at least two enzymes can catalyze the hydroly- 
sis of glucose from 4-methylumbelliferyl-@-D- 
glucopyranoside (4MUG), only one, 0-glucocerebrosidase 
(/3-GlcCer‘ase; EC 3.2.1.45), is capable of specifically hydro- 
lyzing glucosylceramides. Much is known about human j3- 
GlcCer’ase due to its deficiency in Gaucher’s disease (8, 
9), a condition associated with tissue accumulations of 
glucocerebrosides (reviewed in references 10 and 11). A 
second, relatively nonspecific P-glucosidase has been dis- 
tinguished from P-GlcCer‘ase by a number of criteria. 
First, sodium taurocholate stimulates the in vitro activity 
of fl-glucocerebrosidase, while simultaneously inhibiting 
nonspecific &glucosidase activity (12). Second, conduritol 
B epoxide (CBE), a 1,2-anhydro-myo-inositol derivative, 

Abbreviations: PBS, phosphate-buffered saline; SB, stratum basale; 
SS, stratum spinosum; SG, stratum granulosum; SC, stratum corneum; 
DTT, dithiothreitol; ME, mercaptoethanol; EDTA, ethylenediamine- 
tetraacetic acid; BrCBE, bromoconduritol B epoxide (1,2-anhydro-6- 
bromo-6-deoxy-myo-inositol); Cer, ceramide; GlcCer, glucosylceramide; 
4MU, 4-methylumbelliferone; 4MUG, 4-methylumbelliferyl-@-~-glu- 
coside; j3-GlcCer’ase, @-D-glucocerebrosidase; PMSF, phenylmethyl- 
sulfonylfluoride; RNA-H20, RNase-free water. 
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specifically inhibits @-GlcCer7ase, without affecting 
nonspecific @-glucosidase activity (13, 14). Third, the pH 
optimum for @-GlcCer’ase ranges from 5.0 to 6.0 (12, 13), 
while nonspecific @-glucosidase reportedly displays a 
lower (12, 15), similar (13, 14), or neutral (16, 17) pH opti- 
mum. Taken together, these three criteria allow delinea- 
tion of the relative amounts of 6-GlcCer’ase and non- 
specific @-glucosidase activity in specific tissues. 

Although a number of reports have described 0- 
glucosidase activity in whole skin as well as in isolated 
epidermis (18-25), these studies did not distinguish be- 
tween nonspecific @-glucosidase and @-GlcCer’ase activ- 
ity. Hence, neither the absolute quantities of @-GlcCer’ase 
nor the proportion of @-glucosidase activity present as 0- 
GlcCer‘ase in the epidermis, the major site of glycosphin- 
golipid metabolism in the skin (vide supra), are known. 
In addition, neither the localization of @-GlcCer’ase ac- 
tivity within the epidermis nor its relationship to ker- 
atinocyte differentiation have been addressed previously. 
We report high @-glucosidase activity, with an unusually 
large proportion of @-GlcCer’ase, and correspondingly 
high levels of @-GlcCer’ase mRNA expression in murine 
epidermis. Moreover, a significant gradient of increasing 
0-GlcCeJase activity appears in relation to differentiation 
and formation of the cornified cell layers of the epidermis. 
These results support a link between epidermal p- 
GlcCer’ase activity and the changes in sphingolipid distri- 
bution that occur during epidermal differentiation and 
development of the mammalian permeability barrier. 

MATERIALS AND METHODS 

Materials 

4-Methylumbelliferone (4MU), 4MU-@-D-glucoside 
(4MUG), and sodium taurocholate were from Sigma 
Chemical Co. (St. Louis, MO). Bromoconduritol B epox- 
ide (BrCBE) was kindly provided by Dr. Gunter Legler 
(Koln, Germany), and synthesized as described previous- 
ly (26). Staphylococcal exfoliative toxin was from Toxin 
Technology (Sarasota, FL), and Bio-Rad Protein Assay 
Kit and bovine serum albumin (BSA) were from Bio-Rad 
(Richmond, CA). The multiprime DNA Labeling System 
was from Amersham International (Amersham, UK), 
while (a-32P)dCTP (3000 Ci/mmol, 10 mCi/ml) was from 
NEN Research Products (Boston, MA). Minispin col- 
umns (G-50) were from Worthington Biochemical Corpo- 
ration (Freehold, NJ). Molecular grade chemicals were 
from Sigma Chemical Co. (St. Louis, MO) and Fisher 
Scientific (Fairlawn, NJ). Oligo(dT)-cellulose, type 77F, 
was from Pharmacia LKB Biotechnology (Uppsala, 
Sweden), while nitrocellulose for transfers was from 
Schleicher and Schuell (Keene, NH). Murine @-GlcCer‘ase 
cDNA was kindly provided by Dr. Raymond O’Neill at 
the NIH (27). 

Preparation of epidermal samples 

Hairless male mice (Hr/Hr) were purchased from 
Simonsen Laboratories (Gilroy, CA) and fed Purina 
mouse diet and water ad libitum; all animals were 8 to 12 
weeks of age at the time of study. To prepare epidermal 
samples, animals were anesthetized and killed, skin sam- 
ples were excised, and subcutaneous tissue was removed 
by scraping with a scalpel blade, as described previously 
(28). Epidermis was then separated from dermis by ex- 
posure of full thickness skin samples to dry heat (60°C for 
60 sec) followed by mild scraping with a scalpel blade. No 
loss of @-glucosidase activity was evident due to heat ex- 
posure, as similar activities were observed after EDTA 
separation (10 mM, 60 min, 37°C). Moreover, human p- 
GlcCer’ase has been shown to be relatively heat-stabile 
(29). During all subsequent steps, tissue samples were 
maintained at 4OC, unless otherwise noted. Epidermal 
sheets were minced into small pieces (<1  mm3), 10 vol- 
umes of phosphate-buffered saline (PBS) with 0.1 mM 
PMSF were added, and samples were homogenized using 
a Polytron PCU2 tissue homogenizer (15 sec x 3), fol- 
lowed by sonication (35%, 10 sec x 2) using a Fisher 
Sonic Probe Disembranator, Model 300 (Artec Corp, 
Farmingdale, NY). 

For individual epidermal cell layer preparations, staph- 
ylococcal exfoliative toxin separation was used as de- 
scribed previously (3, 4). Groups of adult hairless mice, 
three to eleven each, were injected intradermally with 
50 pg staphylococcal exfoliative toxin, dissolved in 100 p1 
PBS. After 2 h the mice were killed by cervical disloca- 
tion. The upper epidermis, comprising stratum corneum 
(SC) and stratum granulosum (SG) with some residual 
stratum spinosum (SS), was removed in one piece by 
gentle scraping with a surgical blade. The subjacent piece 
of skin, comprising lower epidermis, i.e., SB with some SS 
plus the dermis, was excised and immediately placed 
epidermal-side downward onto a covered Petri dish con- 
taining crushed ice. The undersurface of the skin pieces 
was scraped with a sharp scalpel b!ade to remove excess 
subcutaneous fat, and the pieces were immersed in 
10 mM EDTA in Dulbecco’s PBS, calcium (ea2+)- and 
magnesium (Mg*+)-free (pH 7.4) at 37OC. After incuba- 
tion for 30 min, the lower epidermis was peeled off the 
dermis by gentle scraping with a scalpel blade and dried 
on a paper towel. Upper and lower epidermal sheets then 
were weighed, minced into small pieces (< 1 mm3) with 
a blade, and stored in small plastic tubes overnight at 
- 7OOC. A small portion of each sheet from representative 
samples was processed for light microscopy to verify the 
site of the cleavage plane. Enzyme activity in whole epi- 
dermal samples was roughly equivalent to the sum of ac- 
tivities in the individual subfractions obtained with toxin 
treatment, indicating minimal-to-absent toxicity due to 
this separation technique. 
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@-Glucocerebrosidase has been shown to be firmly 
bound to lysosomal membranes, requiring nonionic de- 
tergents and bile salts for extraction of soluble enzyme 
(30). Therefore, in order to enhance the extraction of 
soluble enzyme, homogenates were incubated for 30 min 
(4OC) with or without detergent (Triton X-100 or Tween 
20). Samples then were spun at 10,000 g (4OC) for 10 min, 
and, unless noted otherwise, the 10,000 g supernatant 
(epidermal extract) was used as the enzyme source in 
these studies. As the addition of PMSF (0.1 mM) and 
Tween 20 (0.05%) to the homogenization buffer improved 
the recovery of enzyme activity by 21% and 73%, respec- 
tively (P < O.OOl), both were used in all subsequent en- 
zyme preparations. In contrast, Triton X-100, DTT, 
2-mercaptoethanol, and taurocholate did not enhance the 
recovery of enzyme activity (data not shown). 

Extracutaneous tissue samples 

Brain, liver, and spleen tissue samples were obtained 
from at least three separate animals immediately after 
skin excision. For enzymatic assays, samples were snap- 
frozen in liquid nitrogen and stored at - 7OoC overnight. 
Samples were resuspended in three volumes (by weight) of 
homogenization buffer and sonicated, and triplicate as- 
says were performed, as described below. 

/3-Glucosidase assay 
The assay method for /3-glucosidase was modified from 

Mier and van den Hurk (31). Unless specified otherwise, 
all assays were carried out at 37OC in citrate-phosphate 
buffer (pH 5.6) with 5 mM (0.54%) sodium taurocholate, 
0.5 mM 4MU-/3-D-glucoside (4MUG) as substrate and a 
60-min reaction time. Enzyme solutions in assay buffer 
(50 pl) were preheated in borosilicate glass culture tubes, 
and reactions were initiated by the addition of 50 p1 sub- 
strate solution in assay buffer. The reaction was termi- 
nated by adding 1.25 ml of 200 mM carbonate-bi- 
carbonate buffer (pH 10.5). The fluorescence (ex = 360 
nm, em = 450 nm) was measured using a Perkin-Elmer 
spectrofluorimeter. A standard solution of 4-methyl- 
umbelliferone (4MU) (0-300 nM) in buffer was used for 
calibration of each assay. Protein concentration was mea- 
sured using the Bradford procedure with bovine serum al- 
bumin as standard (32). 

Enzymatic characterization was performed using epi- 
dermal tissue extracts (10,000 g supernatant) as follows. 
The protein concentration dependence was determined 
by diluting the extracts from 0 to 100 pg of protein per 
assay. The effect of pH on activity was tested with pH 
values from 2.8 to 6.4 using the McIlvaine citrate-phos- 
phate buffer system (0.1 M citric acid, 0.2 M dibasic so- 
dium phosphate) (33). Extracts were then diluted in , 

mined by plotting the reciprocal of substrate concentra- 
tion versus the reciprocal of enzyme activity (Lineweaver 
and Burk plots). 

Comparisons of enzyme activity in epidermis, brain, 
liver, and spleen were performed using 'crude tissue 
homogenates. The total activities were also normalized 
with the DNA content for each tissue source, to estimate 
the relative activity per cell. DNA content was deter- 
mined using the method of LaBarca and Paigen (34). 

Tests for @-glucocerebrosidase versus nonspecific 
glucosidase activity 

Efect ofsodium taurocholate. In order to delineate between 
@-glucocerebrosidase (0-GlcCer'ase) and nonspecific @- 
glucosidase, the effect of sodium taurocholate on the 
hydrolysis of 4MU-fl-D-glucoside was determined (12). 
First, the concentration-dependence of the taurocholate 
effect on activity was determined over the range of 0 to 
500 mM included with the assay buffer. Second, the pH- 
dependence of the sodium taurocholate effect on enzyme 
activity was determined (12, 15-17) using citrate-phos- 
phate buffer (pH 3.2 to 7.0), with added 5 mM (0.54%) 
sodium taurocholate. 

In vitro inhibition. As a further test for the presence of @- 
glucocerebrosidase, assays were performed as described 
above with the inclusion of the specific inhibitor bromo- 
conduritol B epoxide (BrCBE), ranging in concentration 
from 3 x to 1 x M. Assays were performed at 
pH 5.6 unless otherwise indicated. Inhibitors were added 
from stock solutions prepared fresh immediately prior to 
use. Estimates for Ki were obtained using Sigmaplot 
(Jandel Scientific, San Rafael, CA). 

Isolation and analysis of epidermal mRNA 
Total RNA was isolated by a variation of the guani- 

dinium thiocyanate method (35). Briefly, epidermis (0.2- 
0.4 g from whole area of two mice) was homogenized in 
4 ml solution A (4 M guanidinium thiocyanate, 24 mM 
sodium citrate, pH 7.0, 0.5% sarcosyl, 0.1 M 2-mercapto- 
ethanol) using a ground-glass, hand-held homogenizer 
and then sonicated twice for 15 sec with a 30-sec interven- 
ing pause on ice. After the addition of acid phenol and 
chloroform-isoamyl alcohol 24:1, RNA was precipitated 
from the aqueous phase with isopropanol and subse- 
quently washed and reprecipitated three times. The final 
pellet was dissolved in RNase-free water (RNA-H20) and 
heated at 65OC for 5 min; oligo(dT)-cellulose (10 mg) was 
then added and incubation was continued at room tem- 
perature for 30 min. The oligo(dT)-cellulose was washed 
four times in 5 ml high-salt buffer (0.5 M NaC1, 20 mM 
Tris, 1 mM EDTA, 0.2% SDS, pH 7.6) and transferred to 
microfuge tubes with 1 ml of low-salt buffer (0.1 M NaCI, 

water, and the substrate was dissolved in a twofold con- 
centration of buffer, followed by initiation of reactions, as 
described above. The apparent K,,, and V ,  were deter- 

20 mM Tris, 1 mM EDTA, 0.1% SDS, pH 7.6). Poly A(+) 
RNA was eluted from the oligo(dT)-cellulose with three 
successive washes in RNA-H20 warmed to 65OC. The 
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mRNA (in 0.6 ml RNA-H20) was precipitated from solu- 
tion by adding 3 M sodium acetate (60 pl) and 1.2 ml 
100% ethanol and incubating at -8OOC for 1 h. mRNA 
was resuspended in 50 p1 of RNA-H20 and the absor- 
bance was determined at 260 and 280 nm. Yields of 10-30 
pg of epidermal poly A( +) RNA were obtained from the 
entire epidermis of two mice. 

Brain, liver, and spleen tissue samples for polyA(+) 
mRNA preparations were obtained simultaneously with 
epidermal samples. Tissue samples were snap-frozen and 
stored at -70°C, and polyA(+) mRNA was isolated as 
described above. Similar to the epidermis, tissue samples 
from two separate animals were combined prior to 
homogenization, and mRNA was isolated in triplicate 
(n = 6 animals). 

Northern analysis. Aliquots of poly A( +) RNA (4-8 pg) 
were solubilized in 20 pl sample buffer (48% formamide, 
2.1 M formaldehyde, 1.1 x MOPS buffer, 5.3% glycerol, 
and 0.027% bromophenol blue) and run on agarose/for- 
maldehyde (l%/6.1%) gels for 3 h at 75 V. Ribosomal RNA 
bands were stained with acridine orange and photo- 
graphed. RNA was transferred to nitrocellulose (0.45 pm 
pore size), subsequently fixed by baking at 8OoC for 2 h 
and stored at -2OOC until required for hybridization. 
The poly A( +) mRNA extracts from brain, liver, spleen, 
and epidermis were probed with murine cDNA probe for 
P-glucocerebrosidase. [32P]dCTP-radiolabeled cDNA 

probes were prepared by random priming (Amersham 
Multiprime DNA Labelling System) with incubations at 
room temperature for 3-4 h. Blots were prehybridized at 
42OC for 30 min in buffer F (50% formamide, 5 x SSPE, 
1% SDS, 10% dextran sulfate, 100 pg/ml sheared salmon 
sperm DNA). Hybridization with radiolabeled probes 
was performed in buffer F overnight at 42OC, followed by 
a 30-min room temperature wash and a 60-min 65OC 
wash in wash buffer (0.2 x SSC, 0.1% SDS, pH 7.0). Air- 
dried blots were exposed to X-ray film, the film was devel- 
oped, and bands were quantified by scanning densi- 
tometry. 

RESULTS 

Enzyme characteristics 

Murine epidermal P-glucosidase activity was assessed 
using the supernatants of the 10,000 g pellets as the en- 
zyme source (“epidermal extract”). Hydrolysis of 4MU-P- 
D-glucoside (4MUG) was proportional to incubation 
duration (0-3 h; T = 0.999) and protein concentration 
(0-500 pg/ml; r = 0.999) (data not shown). These results 
validate the 1-h assay time and protein concentrations 
used throughout the remainder of this study. Moreover, 
the constant rate of product formation was observed in the 
presence or absence of sodium taurocholate (not shown). 

I I I T 

20 - 

1.5 - 

DH 
Fig. 1. The effect of taurocholate on epidermal @-glucosidase activity at various pH values. Plot of mean specific 
activity as pH of assay system was varied from 2.6 to 7.2 (iSD, n = 4). Epidermal extracts (10,000 g supernatant) 
were used as the protein source. In non-taurocholate controls (open triangles), the pH optimum was approximately 
4.8, while addition of taurocholate (5 mM) shifted the pH optimum to pH 5.6. Stimulation of @-glucosidase activity 
at pH 5.6 was approximately 15-fold. Inset: Effect of sodium taurocholate on @-glucosidase activity. Plot of specific 
activity as taurocholate concentration was varied from 0 to 0.5 M (n = 3; iSD). Peak activity was observed at 
5 mM (0.54%) sodium taurocholate. Assay was performed at pH 5.6. 
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Furthermore, the activity of 0-glucosidase was not 
influenced by added Ca2+, Mn2+, or Mg2+ (not shown). 
Finally, kinetic analysis was performed using epidermal 
extracts. Increasing concentrations of 4MUG substrate 
resulted in an apparent K, of 0.93 f 0.28 mM, with a 
V,, of 3.15 * 0.51 nmol/mg per min (mean * SD from 
four separate experiments). 

6-Glucocerebrosidase (P-GlcCer'ase) versus nonspecific 
@-glucosidase 

Three criteria have been utilized to distinguish non- 
specific &glucosidase from 0-GlcCer'ase activity. The first 
involves the pH optimum for enzyme activity. Epidermal 
extracts displayed maximal activity at an acidic pH 
(4.8-5.8), with an optimum of pH 5.6 in the presence of 
taurocholate (Fig. l), a feature characteristic of 0- 
GlcCer'ase. Second, as reported previously in other tis- 
sues (12), we found a concentration-dependent activation 
of 4MUG hydrolysis in epidermal homogenates by added 
taurocholate at pH 5.6, with optimal in vitro activity at 
5 mM (0.54%) (Fig. 1, inset). This activation by 
taurocholate was also pH-dependent (Fig. l), as 4MUG 
hydrolysis increased approximately 15-fold over non- 
taurocholate controls at pH 5.6 (Table 1). In contrast, at 
the lower pHs characteristically associated with nonspe- 
cific 0-glucosidase activity (12), taurocholate inhibited en- 
zyme activity by 65% (Table 1). 

The final criterion used to distinguish between the two 
enzymatic activities was the specific inhibition of 0- 
GlcCer'ase with conduritol derivatives (13, 14). Epidermal 
0-glucosidase activity was uniquely sensitive to the 
bromo-derivative of conduritol B epoxide (BrCBE). In 
the absence of sodium taurocholate, the P-glucosidase ac- 
tivity in whole epidermal homogenate was 75% inhibited 
at BrCBE concentrations greater than M (Fig. 2). In 
the presence of taurocholate, epidermal 0-glucosidase activ- 
ity was completely inhibited (>98%) by M BrCBE 
(data not shown). Moreover, inhibition of activity in both 
supernatant and pellet fractions (following a 10,000 g 
centrifugation) resulted in ICso values of approximately 

TABLE 1 .  pH dependence of sodium taurocholate effect on 
epidermal @-glucosidase 

Activity" 

PH Minus Taurocholate Plus Taurocholate* Change 

nmol/min/mg protein %I 

5.6 0.166 f 0.030 2.519 f 0.225 + 1515' 
4.0 0.074 f 0.007 0.025 f 0.004 - 65d 

"Epidermal extracts (10,000 g supernatant) were used as enzyme 

'5 mM 
'sdp 5 0.001 versus control at same PH. 

source; values are mean f SD (n 2 4). 

I 

m -t- Bnin 

1 
BrCBE Concentratlon (M) 

Fig. 2. BrCBE inhibition of &glucosidase from various murine tis- 
sues. Plot of relative specific activity as BrCBE concentration increased 
from 0 to 1 x lo-' M, with activity in absence of BrCBE (0.0 M) set to 
100%. Each point represents triplicate determinations using tissue 
homogenates in absence of sodium taurocholate (+SD). At 1 x to 
1 x lo-* M, epidermal @-glucosidase activity was 75% inhibited, while 
brain, liver, and spleen showed 6, 17, and 14% inhibition, respectively. 

1 x lo-' M (data not shown). These data demonstrate 
that a majority ( - 75%) of epidermal enzymatic activity 
represents 0-GlcCer'ase. 

Activity in murine epidermis versus other tissues 

We next compared the distribution of 0-glucosidase 
activity in extracutaneous murine tissues to levels 
present in epidermis. Comparison of enzyme activity on 
a per mg DNA basis using cell homogenates showed near- 
ly equivalent activity in epidermal, brain, and liver, with 
significantly lower activity in spleen (Table 2). As was ob- 
served with the epidermal extracts (Table l), taurocholate 
again stimulated 0-glucosidase activity in epidermal 
homogenates (Table 2). In contrast, enzyme activities in 
brain, liver, and spleen homogenates appeared to be vari- 
ably diminished by taurocholate (Table 2). These results 
are consistent with epidermis containing a greater pro- 
portion of 0-GlcCer'ase activity than the levels present in 
brain, liver, or spleen. 

In order to estimate the relative amount of 0- 
GlcCer'ase present in each tissue more precisely, we next 
compared the sensitivity of 0-glucosidase activity in 
epidermal, brain, liver, and spleen homogenates to 
BrCBE. Previous studies have shown that approximately 
18% of liver 0-glucosidase activity is conduritol-sensitive, 
representing 0-GlcCer'ase activity (36). As described 
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TABLE 2. @-Glucosidase activity in various murine tissue homogenates 

Tissue ActivitylDNA' Taurocholateb Specific Activity' I Change' 

Epidermis 9.1 * 0.4 (6) - 
Brain 10.8 f 1.7 (4) - 

Liver 9.2 f 3.2 (8) - 

Spleen 1.8 f 0.4 (4) - 

+ 
+ 

+ 

+ 

0.26 * 0.01 t351' 
1.15 f 0.04 
0.47 f 0.04 1 7 9  
0.11 f 0.01 

0.16 f 0.01 
0.15 * 0.00 141' 
0.09 f 0.00 

0.21 * 0.00 1 2 6  

'nmol/min/mg DNA; number of animals sampled in parentheses; each assayed in duplicate. 
'5 mM sodium taurocholate. 
'nmol/min/mg homogenate protein * SD; n - 3; assayed at pH 4.5. 
dDifferences in activity ( +  vs. -)/no taurocholate x 100. 
'P 5 0.001 ( +  vs. - taurocholate). 
'P 5 0.01 ( +  vs. - taurocholate for each tissue). 

above, epidermal @-glucosidase activity was highly sensi- 
tive to BrCBE, with 75% of homogenate activity elimi- 
nated at M (Fig. 2). In contrast, the other murine tis- 
sues displayed significantly less sensitivity to BrCBE. At 
a similar BrCBE concentration (210-6 M, @-glucosidase 
activity of brain, liver, and spleen were inhibited 6%, 
17%, and 14%, respectively (Fig. 2). These results strong- 
ly suggest that murine epidermis contains a uniquely high 
proportion of @-GlcCer'ase activity when compared to 
brain, liver, or spleen tissues. 

Finally, Northern analyses of poly A(+) mRNA were 
performed to confirm @-GlcCer'ase expression in the 
epidermis and to again allow comparisons with other 
murine tissues (Fig. 3). Binding was observed in the ap- 
propriate range for murine @-GlcCer'ase mRNA (2.1-2.4 
kb) (27). Comparison of poly A( +) mRNA extracts from 
murine epidermis, liver, and spleen, processed in parallel, 
revealed no apparent differences in oligonucleotide size. 
However, triplicate epidermal preparations consistently 
demonstrated a higher relative expression of poly(A) + 
mRNA for @-GlcCer'ase than liver, brain, and spleen 

- 7.5 
- 4.4 

- 2.4 

- 1.4 
1 

Fig. 3. Expression of 8-glucocerebrosidase mRNA. Northem blots of 
poly(A) + mRNA using a cDNA probe for murine @-glucocerebrosidase 
(see Methods). Triplicate poly(A) + mRNA preparations (separate 
animals) for epidermis (El-E,), brain (B,-B,), liver (Ll-L,), and spleen 
(S,-S,) are shown with 6 p g  poly (A) + loaded on each lane. 

(Fig. 3). Together with the characterization studies above, 
these results confirm the presence of @-GlcCer'ase in 
murine epidermis. Moreover, these findings imply that, 
unique to the epidermis, the majority of @-glucosidase ac- 
tivity can be attributed specifically to @-GlcCer'ase. 

Enzyme localization in  relation to differentiation 

We next determined the localization of enzyme activity 
in murine skin to assess whether IS-GlcCer'ase expression 
is regulated in relation to cellular differentiation. As seen 
in Table 3, mean epidermal @-GlcCer'ase activity was at 
least twofold higher than the activity in dermis. More- 
over, within the epidermis, mean @-GlcCer'ase activity in- 
creased progressively with cellular differentiation. Activ- 
ity in the combined basal and spinosum layers was less 
than half of that present in the combined granulosum and 
corneum layers. The highest activity was found in stratum 
corneum, the most differentiated cell layer. These results 
demonstrate significant @-GlcCer'ase activity within the 
stratum corneum, a feature that correlates with the con- 
version of glucosylceramide to ceramide known to occur 
at this level of the epidermis. 

DISCUSSION 

Significant changes in lipid composition occur during 
the formation of the cutaneous permeability barrier. In 
the epidermis of terrestrial mammals, the content of 
glucosylceramides increases in the stratum granulosum, 
followed by the progressive elimination of glucosylcera- 
mides and appearance of ceramides from the stratum 
corneum (2-5). As the sphingoid base and N-acyl compo- 
sition of both of these sphingolipids are virtually identical 
(6, 7), progressive deglycosylation may explain the emer- 
gence of ceramides. In contrast, in moist keratinizing 
epithelia, such as oral mucosa and marine cetacean epi- 
dermis, glucosylceramide content remains elevated in the 
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TABLE 3. Localization of b-glucocerebrosidase activity in murine skin 

Percent versus 
Specific Activity" nb Whole Epidermis 

nmol/min/mg protein 

Epidermis 2.60 f 0.07 3;9 (100%) 
Stratum basale/spinosum' 1.43 f 0.05 7;21 55 
Stratum granulosumlcorneum' 3.17 f 0.21 6;17 122 
Stratum corneumd 4.09 f 0.66 6;17 157 

Dermis 1.20 f 0.02 3;8 46 

"Activities determined using homogenates. Significances: whole epidermis from dermis, P < 0.01 ; differences 
between stratum basale/spinosum vs. stratum corneum/granulosum, P < 0.001 ; stratum corneum/granulosum VS. 

stratum corneum, P < 0.05. 
*n - Number of animals; number of determinations. 
'Separated with the staphylococcal epidermolytic toxin (see Methods). 
dIsolated by trypsinization (see Methods) 

stratum corneum (37-39). Moreover, 0-glucosidase ac- 
tivities reportedly are lower in oral epithelium (25) than 
epidermis. Whereas prior studies described 0-glucosidase 
in various skin and mucosal preparations (18-25), it now 
appears certain from the present study that most of the 
epidermal activity is 0-GlcCer'ase. 

Three main criteria have been used in this study to dis- 
tinguish between 0-GlcCer'ase and nonspecific 0-glucosi- 
dase activity (reviewed in references 10 and 15). First, we 
found epidermal @-glucosidase activity to be significantly 
stimulated by the addition of sodium taurocholate to stan- 
dard assay mixtures (12). Second, our observation of a pH 
optimum for 0-glucosidase of 5.6 agrees with reports of a 
pH optimum of 5.5-6.0 for purified 0-GlcCer'ase in both 
human liver and spleen (12), and with previous reports of 
@-glucosidase activity in human skin (18-20) and 
epidermis (21, 31). However, our finding of only one pH 
optimum in murine epidermal extracts contrasts with hu- 
man leukocyte 0-glucosidase activity which exhibits dual 
pH optima at 4.0 and 5.6 (12, 40). Recent reports of more 
acidic pH optima (pH 3.8-4.7) in intact epidermal sheets 
(24, 25) may reflect differences in the starting tissues used 
(Le., intact epidermis vs. epidermal extracts), buffer sys- 
tem, andlor the presence of sodium taurocholate. 

Third, a significant percentage of epidermal 0-glucosi- 
dase activity was BrCBE-inhibitable, both in the presence 
and absence of taurocholate (99 and 75%, respectively), 
suggesting that this activity primarily represents 0- 
glucocerebrosidase. This exceptionally high level of 
BrCBE-inhibitable activity in epidermis is unique when 
contrasted with murine brain, liver, and spleen, which ex- 
hibited much lower levels of BrCBE-inhibitable activity. 
The high percentage of BrCBE-resistant activity in liver 
agrees with a previous study with CBE, but the values for 
brain and spleen tissues differ (36). This discrepancy is 
not likely due to the inhibitor used, as both BrCBE and 
CBE are active site-directed substrate analogues (41). 
Moreover, both compounds inhibited epidermal activity 
to a similar extent (data not shown), although the bromo- 

derivative was significantly more potent (ICso values of 
0.1 mM and 5 m M ,  respectively). The differences may 
reflect the use of cellular homogenates in these studies 
where other constituents, e.g., acidic lipids or saposins 
(42, 43), also could influence results. 

We also have provided direct evidence that the 
epidermis has the capacity for abundant 0-GlcCer'ase 
production. Northern analysis demonstrated not only ex- 
pression of poly(A)+ mRNA for 0-GlcCer'ase in murine 
epidermis, but also a higher recovery of 0-GlcCer'ase 
mRNA (per pg poly (A)+ mRNA) from epidermis than 
from either murine brain, liver, or spleen. Together, these 
results show that 0-GlcCer'ase accounts for the bulk of 
epidermal 0-glucosidase activity, and that the epidermis 
may be uniquely enriched in this enzyme. Whether the 
epidermis contains a number of 0-GlcCer'ase enzymes as 
observed in other tissues (44) is not yet known. 

Prior biochemical and/or cytochemical studies have 
shown that several lipid catabolic enzymes including 
glycosidases (23, 45), sphingomyelinase (46), phospho- 
lipase A (31, 45, 47), triacylglycerol hydrolase (46), and 
steroid sulfatase (48) accumulate in the outer epidermis. 
We have now shown that GlcCer'ase activity also is con- 
centrated in the outer epidermis. Moreover, several of 
these enzymes have been co-localized with their lipid sub- 
strates in epidermal lamellar bodies, and evidence has 
been presented that most appear to be delivered to mem- 
brane domains of the stratum corneum (45, 46). Whether 
0-GlcCer'ase likewise is localized to lamellar bodies 
and/or stratum corneum membrane domains is not yet 
known. Despite the localization data on these catabolic 
enzymes, a functional relationship to the epidermal 
permeability barrier has not been established. Our 
demonstration here of an apparent gradient for 0- 
GlcCer'ase in the epidermis is consistent with the progres- 
sive replacement of glucosylceramides by ceramides dur- 
ing the transition from the nucleated to the cornified epi- 
dermal cell layers (2-5). Moreover, recent preliminary 
studies have shown that topical applications of BrCBE to 
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murine skin cause a progressive accumulation of glucosyl- 
ceramides in the murine stratum corneum in association 
with immature intercellular membrane structures and an 
ineffective barrier (49). If substantiated, these studies lend 
further support to the concept that intercellular p- 
GlcCer'ase participates in the formation and maintenance 
of the epidermal permeability barrier. I 
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