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Abstract

Studies were conducted to assess the mitogenic effect of lyso-
somal hydrolases, enzymes known to have an association with
allergen- or ozone-induced airway hyperreactivity, on bovine
tracheal myocytes in culture. Addition of purified human pla-
cental jl-hexosaminidase and partially purified bovine liver
,j-glucuronidase resulted in the doubling of cell count after 4 d
of incubation in medium M199 with 0.4% FBS. Unstimulated
cells remained quiescent without a significant increase of cell
count. Lysosomal hydrolases also selectively enhanced 3H-thy-
midine incorporation four to seven times more than that in vehi-
cle-treated cells or cells treated with endotoxin, a commoncon-
taminant of purified enzymes. Ovalbumin (glycoprotein con-
trol), pronase, and lysozyme caused a modest but statistically
insignificant increase (up to twofold) in 3H-thymidine incorpora-
tion. Elastase, collagenase and dialyzed E. colifl-glucuronidase
had no effect. The mitogenic effect of hydrolases was equally
seen in quiescent, serum-depleted cells as well as in those main-
tained in medium with 10%FBS, suggesting that it was indepen-
dent of serum factors. The effect of lysosomal hydrolases was
inhibited by exposure to yeast mannan, and mannosylated hu-
man serum albumin had a mitogenic effect, suggesting the in-
volvement of a mannose receptor. Weconclude that lysosomal
hydrolases may play a role in the development of the hyperpla-
sia/hypertrophy of respiratory smooth muscle. (J. Clin. Invest.
1991. 88:1969-1975.) Key words: proliferation * airway myo-
cytes - lysosomal hydrolases - hexosaminidase

Introduction

Bronchial smooth muscle hyperplasia/hypertrophy is a well-
recognized pathological change in asthma (1-3). The volume
of smooth muscle positively correlates with the magnitude of
contraction, measured isometrically, induced by histamine,
and carbachol (4). Therefore, the changes in hyperplasia/hy-
pertrophy of bronchial smooth muscle may play an important
role in the development of airway hyperreactivity, the hall-
mark of asthma. Unfortunately, the pathogenesis of bronchial
smooth muscle hyperplasia/hypertrophy is poorly understood.
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Another important feature of asthma is airway inflamma-
tion (5). Recently, Panettieri and co-workers have shown that
histamine, an inflammatory mediator associated with airway
hyperreactivity, stimulated proliferation of canine airway
smooth muscle cells (6). Lysosomal hydrolases, secretory prod-
ucts of inflammatory cells such as macrophages, eosinophils,
neutrophils, and mast cells, are thought to be involved in the
inflammatory process, particularly in allergen-induced asthma
(7, 8). The activity of ,B-glucuronidase, a lysosomal hydrolase,
was reported to be significantly increased in bronchoalveolar
lavage fluid 2 h after allergen (Dermatophagoides pteronys-
sinus) inhalation challenge in sensitized human subjects com-
pared to basal level. The elevated level of the enzyme in lavage
fluid was accompanied by a decrease in the intracellular level of
the enzyme in alveolar macrophages, thus suggesting that al-
veolar macrophages are a source of the secretion of the enzyme
into airspace (7). Increased N-acetyl-fl-D-glucosaminidase (EC
3.1.2.30; ,B-hexosaminidase) activity in bronchoalveolar lavage
fluid also has been implicated in ozone-induced muscarinic
hyperreactivity in the guinea pig model (9). However, the signif-
icance of elevated lysosomal hydrolase activity in airways in
this animal model and in human subjects is unclear. In in-
flamed airways like in asthma, denudation of epithelium and
an exposure of edematous basal membrane to airspace are seen
(10). Moreover, basal membrane is infiltrated with inflamma-
tory cells such as eosinophils, activated macrophages, and de-
granulated mast cells (1 1). Therefore, it is likely that bronchial
smooth muscle may come in direct contact with mediators of
inflammation such as lysosomal hydrolases on a chronic basis
in such case.

Rokosova and Bentley in 1980, reported that crude lyso-
somal enzymes derived from mouse liver and dog alveolar
macrophage augmented proliferation of cultured bovine aortic
vascular smooth muscle cells and human fibroblasts (WI-38),
respectively (12). However, the composition of these prepara-
tions was not characterized (12). As proliferation of respiratory
smooth muscle cells may be directly related to the muscle con-
traction and airway hyperreactivity, we hypothesized lyso-
somal hydrolases released by airway inflammatory cells exert a
mitogenic effect on respiratory smooth muscle cells. To test
this hypothesis, we investigated the action of purified lyso-
somal hydrolases on bovine tracheal myocytes in culture. Be-
cause f,-hexosaminidase is one of the most abundant lysosomal
enzymes (13) and its biochemical, kinetic, and structural char-
acteristics are well known (13), we utilized homogenous hu-
man placental fl-hexosaminidase (Hex) A and Hex B for our
experiments. The objectives of this study were to determine
and characterize the mitogenic actions of lysosomal hydrolases
on bovine tracheal respiratory myocytes in culture. The results
of this study suggest that lysosomal hydrolases exert mitogenic
action on bovine tracheal myocytes in culture. This effect was
independent of the presence of serum and apparently selective
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for lysosomal hydrolases. The effect was not abolished by heat
inactivation of the enzymes, but strongly inhibited by yeast
mannan. Although we cannot exclude an enzymatic mecha-
nism, the data favor the hypothesis that ligand interactions
with mannose receptors are involved.

Methods

Tracheal smooth muscle culture. Bovine trachea was obtained from a
local slaughter house (Hernando Packing Co., Memphis, TN). The
trachealis muscle was dissected, and primary cultures of tracheal myo-
cytes were prepared by a modified method of Kotlikoff et al. (14).
Approximately 1 g of dissected trachealis muscle was minced and di-
gested by two successive 45-min incubations at 370C in MEMwith
Earl's salt solution containing 0.2 mMCaCl2, collagenase (Sigma Type
IV, Clostridium histolyticum, 350 U/ml), protease (bovine pancrease,
0.3 mg/ml), trypsin inhibitor (soybean, 4.0 mg/ml), and globulin free
crystalline BSA (2 mg/ml). Fluid containing the dissociated cells was
filtered through 125-,gm nylon gauze and washed once by centrifuga-
tion for 15 min at 500 g. Cells were plated in tissue culture flasks (T-75;
Costar Corp., Cambridge, MA) at a density of 10,000 cells/cm2 in me-
dium M199 with Earl's salt solution containing 0.1 MAg glutamine/ml,
100 U penicillin/ml, 0.1 g streptomycin/ml, and 0.25 Mg amphoteri-
cin B/ml (Sigma Chemical Co., St. Louis, MO)and 10% (vol/vol) FBS.
Cells prepared by this method maintain the same doubling time (48 h)
and morphology for several passages (tested up to passage 14).

Recognition of smooth muscle isoactin. Dry FITC was added to a
solution containing - 10 mg protein/ml in 0.15 mol NaCl/liter
and 10% by volume of carbonate buffer, pH 9.5. The dye (micro-
grams):protein (milligrams)- ratio was 2-4:1. The mixture was gently
rotated for 2 h at room temperature and dialyzed overnight in the same
buffer.

Monolayers of cells on a four-well chamber slide (Nunc Inc., Na-
perville, IL) were fixed with cold 100% methanol for 12 min and
washed three times with 3% BSA in PBS. Direct immunofluorescent
staining was performed by 45-min incubation with either FITC-conju-
gated preimmune mouse IgG2 (Sigma Chemical Co.) or mouse FITC-
conjugated MAbagainst smooth muscle isoactin (diluted in 3%BSAin
PBS, final dilution 1:200; Sigma Chemical Co.) at room temperature in
the dark. Stained cells were washed three times with PBSand examined
by epifluorescence microscopy.

Assessment ofproliferation. Cell counts were done by counting cell
nuclei with a Coulter counter (Model ZH; Coulter Electronics, Hia-
leah, FL) in Zapoglobin (Coulter Diagnostics)-treated specimens.

DNAsynthesis rates were measured by 3H-thymidine incorpora-
tion. Confluent monolayers of cells in T-75 flasks were detached by
trypsinization (0.12% for 5-7 min) and were treated with appropriate
amounts of trypsin inhibitor (soybean; Sigma Chemical Co.). Cells
were then plated in a 96-well flat-bottom microtiter plates (25,000
cells/well; Linbro; Flow Laboratories Inc., McLean, VA) in M199 con-
taining 10% (vol/vol) FBS and medium was changed 24 h later with
serum-free medium 24-72 h before exposure to test substances and a
3H-thymidine pulse (1 MCi/well, sp act 5 Ci/mmol; Research Products
Int. Corp., Mount Prospect, IL). Cells remained quiescent in the
serum-free medium. Cells were then washed in Ca++- and Mg++-free
M199 twice and were trypsinized (0.12% for 5-7 min) at the end of the
pulse. The detached myocytes were aspirated onto a glass-fiber filter
and washed with an automated harvesting system (Cambridge Technol-
ogy, Inc., Cambridge, MA). Radioactivity was quantified in a liquid
scintillation counter (2000 CA; Packard Instrument Co., Downers
Grove, IL) as described by Dohlman et al. (15).

Enzyme preparations. The following enzyme preparations were
evaluated as potential stimulants. Purified human placental lysosomal
hydrolases Hex Aand B were prepared by a modification of the method
of Geiger and Arnon (16, 17), consisting essentially of Con A-Sepha-
rose glycoaffinity chromatography, substrate analogue affinity chroma-
tography on N-acetyl (N-caproyl) glucosaminide immobilized on Seph-

arose 4B and separation of the two isozymes by DEAEsephadex A50
ion exchange chromatography. Washing the diced placenta free of
blood and plasma proteins before homogenization eliminated contami-
nants that required additional ion exchange chromatography and gel
filtration steps in the original method (16). Both Hex A and Hex B are
homogenous by electrophoresis on cellulose acetate gel (18) and on
polyacrylamide gel electrophoresis in denaturing (19) and nondenatur-
ing conditions. The purified enzymes have a specific activity of 150-
170 U/mg protein (1 U = 1 urmol substrate cleaved/min at pH 4.5,
370C) using 4-methylumbelliferyl-N-acetylglucosaminide as a sub-
strate (20). Purified Hex A retains activity against the natural substrate,
GM2ganglioside (21, 22). For our experiments, fl-hexosaminidase ac-
tivity was routinely determined by colorimetric assay as previously
described (23). p-Nitrophenyl-2-deoxy-B-D-glucosaminide (5 mM)in
0.1 Mcitrate/phosphate buffer, pH 4.5, was used as a substrate with an
incubation time of 1 h. The p-nitrophenol released by the enzyme-de-
pendent hydrolysis of the substrate was quantified spectrophotometri-
cally using a enzyme immunoassay plate reader (Bio-Tek Instruments,
Inc., Burlington, VT) fitted with a 405-nm wavelength filter. Units of
activity were defined as micromoles of substrate cleaved per minute.
Partially purified fl-glucuronidase (E. coli and bovine liver), pronase
(bovine pancreas), lysozyme (human milk), collagenase (Sigma type
IV, calf skin), and elastase (human leukocyte lysosomal) were obtained
from Sigma Chemical Co.

Miscellaneous testing compounds. Ovalbumin, endotoxin (LPS),
yeast mannans, mannose-6-phosphate and phorbol ester (12-0-tetra-
decanoylphorbol- 1 3-acetate, TPA) were obtained from Sigma Chemi-
cal Co. Mannose-BSA (ManBSA)-gold colloid conjugate (particle size,
10 nm) was purchased from E. Y. Laboratories, Inc., San Mateo, CA,
and Man3 Glc NAc-derivatized human serum albumin (Man3 Glc NAc
HSA; 10 haptens per 65 kD, Biocarb) was purchased from Accurate
Chemical and Scientific Corp., Westbury, NY.

Analysis of the data. Data were subjected to analysis of variance
followed by Dunnett's and Student-Neuman-Keuls tests to determine
the significance of the differences between the control and test samples.
A P value < 0.05 was considered to represent a significant difference
between the two samples.

Results

Identificationfor smooth muscle isoactin with monoclonal anti-
body. To demonstrate the homogeneity of the cell population,
direct immunofluorescent staining of bovine tracheal myocyte
monolayers for smooth muscle specific isoactin was per-
formed. A uniform bright fluorescent staining of the cytoskele-
ton of all cells stained with monoclonal IgG2-FITC antibody
specific for smooth muscle isoactin is shown in Fig. 1 B. In
marked contrast, there was only a faint fluorescent staining
outlining control cells stained with preimmune IgG2-FITC
(Fig. 1 A).

Mitogenic effect of lysosomal hydrolases. To determine
whether lysosomal hydrolases stimulate the proliferation of bo-
vine tracheal myocytes, monolayers (250,000 cells/16 mm-
well) in M199 with 0.4% FBS were incubated with either puri-
fied human Hex A (0.25 U/ml, 0.5 U/ml) or partially purified
bovine liver f3-glucuronidase (0.25 U/ml, 0.5 U/ml) for 4 d. As
shown in Table I, both hydrolases effectively stimulated cell
proliferation, resulting in an approximately doubled cell count
at a 0.5 U/ml concentration compared to that in vehicle-
treated cells. In vehicle-treated cultures at this minimum
amount of FBS, cells remained quiescent and there was vir-
tually no increase in cell numbers. The rate of DNAsynthesis
was measured by 3H-thymidine incorporation in microtiter
wells (25,000 cells/well, serum-starved for 24 h) up to 24 h as
shown in Fig. 2A. The onset of 3H-thymidine incorporation in
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Figure 1. Direct fluorescent immunostaining of bovine tracheal myo-
cyte monolayer in culture. Monolayers were fixed with 100% MeOH
and stained with FITC-conjugated mouse IgG2 (magnification, 500).
(A) Preimmune mouse IgG2-FITC conjugation. (B) Anti-smooth
muscle isoactin-mouse monoclonal IgG2-FITC conjugation.

response to Hex A occurred in between 2-4 h after the expo-
sure, and the maximal effect occurred at 6 h. Unstimulated
cultures remained quiescent up to 4 h and showed a mild in-
crease of 3H-thymidine incorporation at 6 h. In contrast, the
time course of 3H-thymidine incorporation in cells depleted of
serum for 72 h is shown in Fig. 2 B. The onset of 3H-thymidine
incorporation in response to Hex A (0.5 U/ml) and TPA (10
ng/ml) occurred at 18 h after the exposure. At 48 h, greater
responses to both TPA and Hex A were seen (848±81 and
1,282+211% of vehicle control, respectively). In most trials,
using the protocol of 24 h stimulation and 3H-thymidine pulse

Table I. Effect of Lysosomal Hydrolase
on Bovine Tracheal Myocyte Proliferation

Stimuli Cell count X 1o-3

Vehicle 264.9±4.7

Hex A 0.25 U/ml 400.4±7.0*
0.5 U/ml 505.3±8.3*

f-Glucuronidase 0.25 U/ml 374.2±6.6*
0.5 U/ml 472.3±0.5*

*P < 0.05 (compared to vehicle treated group). I U = 1 Amol sub-
strate cleaved/min. 250,000 cells were seeded in 16-mm wells in
M199 with 0.4% FBS. 4 d later, nuclei count was done by Coulter
Counter. Results are mean±SEMof triplicate cultures. Experiments
were repeated three times and similar results were obtained.
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Figure 2. Time course of 3H-thymidine incorporation in response to
the exposure to Hex A. Tracheal myocytes were plated in microtiter
wells (25,000 cells/well) in medium M199 without serum and incu-
bated for 24 h (A) and 72 h (B). Cells were then treated with Hex A
0.5 U/ml; (e), vehicle; (o) or TPA; (i) and simultaneously pulsed with
3H-thymidine (1 gCi/well). Cells were harvested at intervals following
the 3H-thymidine pulse at given times. Results are means±SEMof
quadruplicate cultures. Experiments were repeated three times.

for the last 6 h of stimulation period, Hex A caused four and
sevenfold increase in 3H-thymidine incorporation compared to
vehicle controls. Hex A effect was further increased consis-
tently 10-30-fold increase from control values when cells were
incubated for 48 h (six trials). These variabilities were much
diminished when cells were incubated in media containing
0.4% FBSfor 48 h to reach a quiescent state before the exposure
to Hex A. To compare the mitogenic effect of hydrolases to that
of other enzymes, we measured 3H-thymidine incorporation
under the former experimental condition (serum depletion for
24 h, stimulation for 6 h) in response to various enzymes such
as Hex A, Hex B, partially purified bovine liver f3-glucuroni-
dase, elastase, collagenase, bovine pancrease pronase, and hu-
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Figure 3. Comparative effects of lysosomal enzymes on 3H-thymidine
incorporation in bovine tracheal myocytes. Cells (25,000 cells/well)
were seeded in microtiter wells in 0% serum for 24 h before stimula-
tion. Cells were exposed to enzymes and pulsed with 3H-thymidine
for the following 6 h. Protein contents of enzymes tested are as fol-
lows; Hex A (5.7 ,ug/ml), Hex B (3.8 ,ug/ml), fl-glucuronidase (3.0
,ug/ml), pronase (55.6 Ag/ml), lysozyme (5 ng-5 ,g/ml), elastase
(185.2 ,g/ml), collagenase (416.7 gg/ml), RNase (100 /g/ml) and
DNase (0.2-2 jg/ml). Results are mean±SEMof quadruplicate cul-
tures. Experiments were repeated three times. *P < 0.05; significantly
different from vehicle control.

manmilk lysozyme. As shown in Fig. 3, 3H-thymidine incorpo-
ration was significantly enhanced not only upon treatment
with Hex A, but also upon exposure of the cells to Hex B and
bovine f3-glucuronidase. The magnitude of the response to any
one of three hydrolases was comparable, and similar to that
obtained with TPA (10 ng/ml, used as a positive control). E.
coli ,B-glucuronidase (0.5 U/ml) caused sixfold increase in 3H-
thymidine incorporation. However, enzyme preparation dia-
lyzed overnight against PBS at 0°C had no stimulatory effect
while maintaining 50% of enzymatic activity suggesting that
the effect was due to small molecular weight contaminant(s). E.
coli endotoxin (1 ug/ml), a commoncontaminant of purified
enzymes, had no effect on 3H-thymidine incorporation. Nota-
bly, elastase and collagenase were effective in digesting the in-
tercellular matrix observed by microscopic examination (data
not shown). The glycoprotein control, ovalbumin (5.7 ,ug/ml:
equivalent to protein content of Hex A, 0.5 U/ml), as well as
bovine pancreas pronase and human milk lysozyme (0.5-500
U/ml: 1 ,mol/min) induced a modest, statistically insignifi-
cant increase of 3H-thymidine incorporation.

Serum effect. To test for the possibility that hydrolases
might exclusively act indirectly by activating theoretical
growth factors or inactivating a variety of theoretical growth

inhibitory factors present in serum, we compared concentra-
tion-dependent 3H-thymidine incorporation in response to
Hex A in the presence and the absence of 10% FBS. As shown
in Fig. 4, a similar pattern was seen in both conditions. The
maximum effective enzyme concentration (0.5 U/ml) and the
relative magnitude of response were comparable in these experi-
mental conditions; sixfold vs. fourfold increase from the base-
line at maximum concentration in 10 and 0% FBS, respec-
tively. Wealso tested various concentrations of serum (2, 5, 10,
and 50% vol/vol) on vehicle-treated as well as Hex A (0.5 U/
ml)-treated cultures. Maximum 3H-thymidine incorporation
occurred in both Hex A and 10% FBS-treated cultures, and
there was a gradual increase in 3H-thymidine incorporation in
response to Hex A as the concentration of FBS was increased
up to the concentration of 10% FBS (data not shown). How-
ever, at a FBS concentration of 50% (vol/vol), the Hex A effect
was abolished (data not shown).

Inhibition of the mitogenic effect of Hex A/Hex B. To test
whether the mitogenic effect of hydrolases was due to their
hydrolytic action, we inactivated Hex A activity by incubating
the enzyme at 500C for 3 h, which resulted in a 94.4% loss of
enzyme activity. When tested on serum-free cultures at con-
centrations of 5.7 gg/ml, heat-inactivated Hex A produced
41% of the Hex A effect on 3H-thymidine incorporation (Fig.
5). The lack of near complete abolition of the mitogenic effect
by heat inactivation of enzyme activity raised the possibility
that these hydrolases might act through receptor-ligand inter-
actions, specifically through the mannose/N-acetyl glucos-
amine (Man/Glc NAc) receptor or the cation independent
mannose-6-phosphate/insulinlike growth factor II (MPRcI/
IGF II) receptor, that recognize lysosomal hydrolases (24, 25).
To test these possibilities, we then exposed cultures to Hex A in
the presence of yeast mannan (0.1 and 1.0 mg/ml) and man-
nose-6-phosphate (M6P: 10 mM)which we added 30 min be-
fore the exposure to Hex A. Mannan inhibited Hex A-induced
3H-thymidine incorporation effectively (92 and 100% inhibi-
tion at 0.1 and 1.0 mg/ml concentrations, respectively),
whereas M6Pdid not significantly inhibit the cellular response
to Hex A (Fig. 5). Mannan and M6Pat these concentrations
did not cause a significant change of 3H-thymidine incorpora-
tion from their vehicle control. Similar results were obtained
with Hex B and bovine fl-glucuronidase.
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Figure 4. Concentration-dependent 3H-thymidine incorporation in
BTMstimulated by hexosaminidase-A in 10% vs. 0%FBS. Cells were
plated in microtiter wells in either 10% (A) or 0%(B) FBS. Cells were
stimulated 72 h later with given concentrations of Hex A for 24 h.
3H-Thymidine incorporation from 6 to 24 h is shown. The scales of
y axis were drawn differently due to the marked difference in baseline
control values in two conditions. Results are means±SEMof qua-
druplicate cultures. Experiments were repeated three times.
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Figure 5. Inhibition of Hex A-induced mitogenic effect. 3H-Thymi-
dine incorporation was measured in cells depleted of serum for 48
h in the presence of heat-inactivated Hex A, mannan, and mannose-
6-phosphate. 3H-Thymidine was added at 18 h and cells were har-
vested at 24 h. Results are means±SEMof quadruplicate cultures
(control; 327±69 cpm/25,000 cells). Experiments were repeated three
times. HI, heat inactivated. *P < 0.05: significantly different from
Hex A effect.

Effect of D-mannose, Man3 Glc NAcHSA, and BSA on 3H-
thymidine incorporation. Experiments were done under the
same conditions as previously described. Cells were exposed to
either D-mannose, Man3 Glc NAc HSA, BSA, or vehicle at
given concentrations. D-Mannose up to 1,000 gg/ml (Fig. 6
shows only up to 100 sg/ml) had no effect on 3H-thymidine
incorporation, whereas Man3 Glc NAcHSAenhanced 3H-thy-
midine incorporation (168±22% above vehicle control at 10
,gg/ml concentration). BSA had a mild effect, but only at a
much higher concentration (77±19% above control at a 125
,ug/ml concentration). The effect of Man3 Glc NAc HSA, but
not the effect of BSA(125 ,ug/ml), was blocked by mannan (0.1
mg/ml, data not shown).

Discussion

The results of this study suggest that lysosomal hydrolases exert
a potent mitogenic effect on bovine tracheal myocytes in cul-

ture, as shown both by the cell numbers and by an enhanced
rate of DNAsynthesis determined by 3H-thymidine incorpora-
tion. Although a larger number of lysosomal and nonlysosomal
enzymes should be tested, the mitogenic effect appears to be
specific to lysosomal hydrolases because other enzymes were
ineffective. The variable onset of 3H-thymidine incorporation
in response to Hex A (2 vs. 18 h) seems to be associated with
cell cycle stage because the longer the serum depletion, the
slower the onset of the action. This effect did not require en-
zymes from a particular species and was independent of the
presence of serum at concentrations normally used for cell cul-
ture. However, the effect of Hex A on 3H-thymidine was inhib-
ited by a high concentration of serum (50% vol/vol). In view of
the apparent mannose receptor involvement, one possible ex-
planation is that mannose-binding protein present in human
serum (26) may also be present in FBSand may act as a lectin,
inhibiting the interaction between Hex A and the cell surface.
Another possible explanation is that cells might have reached
the maximum potential for 3H-thymidine incorporation; thus,
the additive effect of Hex A and FBS(50%) could not be appre-
ciated. The lack of Hex A effect at 50% FBS could also be
explained by a toxic effect of high serum concentration.

An earlier report by Rokosova and Bentley in 1980 de-
scribed a proliferative effect of mouse liver and dog alveolar
macrophage-derived, mixed lysosomal enzymes (1.7-6.8 tsg
protein/ml) on bovine vascular smooth muscle cells and dip-
loid human fibroblasts (WI-38), respectively (12). The range of
protein content of the mixed lysosomal enzyme preparations
used in their experiments is comparable to that of purified Hex
A (5.7 ,g/ml) and Hex B (3.8 ,gg/ml) used in our experiments.
These authors, however, did not analyze the specific enzyme
content and activity of their crude lysosomal preparation, and
the specific compound(s) responsible for the mitogenic effect
remained unidentified. The availability of highly purified hu-
manplacental lysosomal hydrolases (Hex A, Hex B) enabled us
to extend their findings to respiratory smooth muscle cells in
culture under more controlled conditions.

In considering the mechanism(s) responsible for the stimu-
lating effects of lysosomal hydrolases, there are several possible
explanations. First, a significant reduction of the mitogenic
effect by heat inactivation of Hex A may suggest that either the
enzyme activity at the level of plasma membrane itself or a
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Figure 6. Effect of D-mannose, Man3 Glc
NAc HSAand BSA on 3H-thymidine incor-
poration. Cells depleted of serum for 48 h
were exposed to either n-mannose (0-1,000
ug/ml) Man3 GIc NAc HSA(0-60 sg/ml),
BSA (0-313 ,g/ml), or vehicle for 24 h.
3H-Thymidine incorporation for the last 6 h
was measured. Results are means±SEMof
quadruplicate cultures (control; 252±53
cpm/25,000 cells). Experiments were re-
peated three times.
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product of hydrolytic activity may be responsible for the mito-
genic action. Although a pH of 4.5-5.0 is generally optimum
for lysosomal acid hydrolase activity, a small (- 30% by our
measurement) but significant activity may be present at the
physiologic pH of the medium (pH 7.3). If this were the case,
one could speculate that the mitogenic effect may be a conse-
quence of the ,3-chain catalytic activity, resulting in water-solu-
ble N-acetylglucosamine and N-acetylgalactosamine residues
cleaved from plasma membrane neutral glycolipids or glyco-
proteins. The activity of a-chain on GM2ganglioside would
not necessarily be involved because Hex B, that does not cleave
this substrate (21, 22), is equally effective in mitogenic action.
These residues may then trigger diverse enzymatic reactions
such as phosphorylation and generation ofintracellular messen-
gers involved in cell growth. Several findings, however, appear
inconsistent with this explanation. First, it is not clear why
bovine f3-glucuronidase should have the same effect as Hex A
and Hex B, as it would act on different substrates and generate
different products. Second, neither N-acetylglucosamine nor
N-acetylgalactosamine (up to 100 ,gM) increased 3H-thymidine
incorporation in our system. Third, dialyzed catalytically ac-
tive E. coli fl-glucuronidase had no effect. Fourth, and most
important, the stimulatory activity of Man3Glc NAcHSAcan-
not result from such a mechanism, as this compound has no
enzymatic activity.

An intriguing possibility is that enzymatic activity on cell
membrane components may take place in an endocytic, prely-
sosomal, acidified compartment (27). Whereas this could re-
sult in greater activity of lysosomal hydrolases because of the
lower pH, it would also require that the enzymes be endocy-
tosed effectively, i.e., by glycosyl-specific, receptor-mediated
endocytosis. In this case, the nonglycosylated E. coli f3-gluc-
uronidase would not be active.

Two receptor systems are known to recognize high man-
nose-type lysosomal enzymes, the MPRca/IGF II receptors and
Man/Glc NAc receptors (28-32). The MPRI/IGF II receptor
is an attractive candidate, as it may not only be involved in
endocytosis for catalytic activity in a prelysosomal compart-
ment, but also possibly trigger mechanisms normally activated
by the binding of IGF II, resulting in cell proliferation (31, 32).
Involvement of the MPRc/IGF II receptor, however, seems
unlikely in our case because M6Pat a concentration that effec-
tively prevents lysosomal enzyme binding (20) did not signifi-
cantly inhibit Hex A effect (Fig. 5). Furthermore, "mature"
lysosomal enzymes in organ extracts have little or no M6P
residues (33). Hex A and Hex B in our preparation are not
significantly taken up by MPRC' rich cultured skin fibroblasts
(data not shown). It is, however, theoretically possible that
M6P-rich lysosomal enzymes may exert a mitogenic effect
through MPRCI.

The second system, Man/Glc NAc-specific receptor, is
known to be present on activated macrophages and nonparen-
chymal hepatic phagocytic cells (28-30). Although there is no
formal proof that this system is present on tracheal myocytes,
our initial data of enhanced 3H-thymidine incorporation in-
duced by Man3 Glc NAc HSA(Fig. 6) strongly suggest that this
is the case. The optimum concentration required for Man3 Glc
NAc HSAeffect was comparable to that of Hex A (10.0 vs. 5.7
Ag/ml).

Furthermore, preliminary experiments have shown that
Man BSA-gold colloid conjugate binds to the surface of myo-
cytes, and that this binding is nearly completely inhibited by a

30 min preincubation of cells with mannan (1 mg/ml) as ob-
served by microscopic examination (data not shown). The
Man/Glc NAc receptor is thought to be important for scaveng-
ing potentially harmful lysosomal enzymes released by macro-
phages during phagocytosis (28); while this may indeed be a
function of this receptor system, it may not be the only one.
Analogous to the MPRI/IGF II receptor, the Man/Glc NAc
receptor may have a trophic function unknown at this time.
Inhibition of the mitogenic effect of Hex A and Hex B by man-
nan strongly argues for its direct involvement, rather than as a
carrier/anchor for enzymes that may catalytically activate a
mitogenic signal (34). This is further suggested by the retention
of mitogenic activity by catalytically inactive Hex A, and by the
same cellular response upon exposure to different hydrolases
(#-hexosaminidase, bovine fl-glucuronidase) and to a nonenzy-
matically active ligand (Man3 Glc NAc HSA). This problem is
currently under investigation in our laboratories.

Within the limitations of using a tissue culture system de-
rived from bovine trachealis muscle, the results of this study
suggest that lysosomal hydrolases may play a role in the patho-
genesis of hyperplasia/hypertrophy of respiratory smooth mus-
cle, as seen in asthma.
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