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f-Adrenergic induction of a cysteine-proteinase-inhibitor mRNA
in rat salivary glands
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Transcripts encoding the cysteine-proteinase inhibitor rat cystatin S are induced in submandibular and
parotid glands by the /8-adrenergic agonist isoproterenol (isoprenaline). High levels of cystatin S mRNA
persist in glands of chronically treated animals for 6 days after discontinuation of the catecholamine,
indicating a long half-life of the mRNA. Post-transcriptionally the size of the mRNA decreases, owing to
a shortening of the poly(A) tail.

INTRODUCTION

,I-Adrenergic agonists, particularly isoproterenol (iso-
prenaline, IPR), have long been known to influence the
function, differentiation and growth of salivary glands.
IPR stimulates DNA synthesis in the submandibular and
parotid glands of rats and mice and, when given repeat-
edly, produces conspicuous enlargements of these organs
[1-9]. This rapid induced growth is accompanied by
changes in the structure and composition of the glands,
as well as the saliva which they secrete. IPR apparently
induces the expression of a number of genes in salivary
glands, but only a few of these -genes have been character-
ized. These include the family of proline-rich proteins
which have been described in the salivary glands of mice,
rats and the subhuman primate Macaca fascicularis
[10-13]. A protein that is IPR-inducible to high concen-

trations in rat submandibular glands and is subsequently
secreted into the saliva has been described by Menaker et
al. [14,15] and characterized by Naito and his co-workers
[16-18]. Recently, we have cloned and sequenced cDNA
that encodes this protein (termed 'LM protein' by
Menaker et al. [14,15]) and established that it is a cysteine-
proteinase inhibitor belonging to family 2 of the cystatin
superfamily [19]. In the present paper we describe the fi-

adrenergic-receptor-mediated induction of this inhibitor,
rat cystatin S. This demonstration of the induction of the
expression of a cystatin gene by catecholamines will
permit an analysis of the regulation of cystatin genes by
catecholamines and their role in the growth and develop-
ment of salivary glands.

EXPERIMENTAL

Materials
The chemicals and their sources were as follows:

guanidinium thiocyanate, Fluka AG; nitrocellulose
sheets, Schleicher und Schuell; DNA polymerase I (endo-
nuclease-free) and Random Primed DNA Labeling Kit,
Boehringer-Mannheim; RNAase H, Bethesda Research
Laboratories; a-32P-labelled deoxynucleoside triphos-
phates, New England Nuclear; agarose (ultra pure),
International Biotechnologies; DL-isoproterenol (iso-
prenaline) hydrochloride, Sigma.

Methods
Treatment of animals. Female Sprague-Dawley rats

with an average weight of 150 g were kept in a temper-
ature- and humidity-controlled environment (12 h light/
12 h dark cycle) with free access to water and standard
laboratory chow. Before they were killed by exsanguina-
tion under diethyl ether anaesthesia, the food was

removed for 4 h. DL-IPR, dissolved in 0.1% sodium
metabisulphite/0.85 % NaCl, was given intraperitoneally.
Four groups of rats were treated as follows. Group I:

control, no treatment; Group II: 0.1,mol of IPR/g
body wt. twice daily (with the exception of day 6, when
only one injection was given at 09:00 h) for 6 days; the
rats were killed 24 h after the last injection of IPR;
Group III: 0.1 ,umol of IPR/g body wt. twice daily for
6 days, followed by a 6-day recovery period; Group IV:
one injection of 0.1 utmol of IPR/g body wt. The sub-
mandibular and parotid glands were removed at 0.5, 1, 4,
18, 24, 48 and 72 h later. There were at least four rats in
Groups I, II and III, and at least four rats at each of the
time points in Group IV. The submandibular and parotid
glands were removed and immediately frozen in liquid
nitrogen.

RNA isolation. Total cellular RNA was purified by the
method of Chirgwin et al. [20]. Poly(A)+ RNA was

isolated by oligo(dT)-cellulose chromatography [21].

Northern and slot-blot hybridization. Hybridization
probes were prepared by nick-translation [22] or random
prime labelling [23,24] of the plasmids containing cDNA
encoding rat cystatin S [19]. All RNA samples were

analysed by at least three separate Northern-blot hybrid-
izations; the RNA samples were judged to be intact by
examination of the ethidium bromide staining of RNA
before blotting to nitrocellulose. Total RNA (20,g) and
poly(A)+ RNA (1 ,tg) from submandibular glands of
untreated and IPR-treated rats were electrophoresed
through 1.5 or 2.00% agarose/60% formaldehyde gels
[25,26]. Nitrocellulose blots of the RNA were prepared
and hybridized (106 c.p.m./lane) in 50 % (v/v) form-
amide at 42 °C for 16 h to 32P-labelled nick-translated or

random-primed rat cystatin S cDNA probes (1.6 x

Abbreviations used: IPR, isoproterenol (isoprenaline; 4-{1-hydroxy-2-[(1-methylethyl)aminoIethyl}benzene-1,2-diol) hydrochloride; poly(A)+,
polyadenylated.
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108 c.p.m./,Itg and 1.3 x 109 c.p.m./,ug respectively). The
blots were washed as previously described [19] and
exposed to X-ray film at -70 °C for approx. 18 h.

Slot-blot analyses were performed at least three times
with two different probes: one cDNA encoding the N-
terminal of rat cystatin S from position 1 to position 53
of the mature protein, and the other encoding the C-
terminus of rat cystatin S from position 48 to position
101; the size of the mature protein is 118 amino acids.
For slot-blots, equivalent amounts of each RNA sample
were dissolved in sterile distilled water and a dilution
series was prepared. Adult brain RNA, a negative control
since it does not hybridize to rat cystatin S mRNA, was
added to the samples to equalize the amount of RNA.
The RNA samples were made 50 % with respect to
formamide, and 2 x in respect of SSC (1 x SSC = 0. 15 M-
NaCl/0.01 5M-sodium citrate). The samples were then
heated for 10 min at 65 °C, cooled on ice, applied to
nitrocellulose sheets using a Schleicher und Schuell
(Keene, NH, U.S.A.) slot-blotting apparatus, and
hybridized at 42 °C to 32P-labelled nick-translated rat
cystatin S cDNA. After a 12-18 h exposure to X-ray
film, the film was scanned with a densitometer (EC
Corp., St. Petersburg, FL, U.S.A.). Three different areas
of each slot were scanned, and the relative peak heights
were compared for each area; the means and S.D. values
were calculated for each concentration of RNA.

RNAase H assays. A 20 ,tg portion of total cellular
RNA extracted from submandibular glands at 18 and
72 h after a single injection of IPR was hybridized to
1 jug of oligo(dT) in 1 x /RNAase H buffer [20 mM-
Tris/HCl (pH 7.5) / 10 mM-MgCl2 / 0.1 mM-DTT / 5%
sucrose] for 15 min at room temperature. One unit of
RNAase H (from Escherichia coli; BRL) was added and
the samples were incubated at 37 °C for 15 min [27-29].
The samples were extracted with phenol/chloroform
(1:1, v/v) twice, precipitated with ethanol in the presence
of 2 M-ammonium acetate on solid CO2 for 30 min, and
the RNA was pelleted at 4 °C in an Eppendorf centrifuge.
The precipitates were washed with 700 (v/v) ethanol,
freeze-dried, dissolved in Northern gel-loading buffer,
and electrophoresed in 20% (w/v) agarose/6 00 (v/v)
formaldehyde gels as described above. Controls consisted
of RNA samples that were hybridized to oligo(dT) but
not RNAase H-treated, since it is known that RNAase H
'nibbles' at the poly(A) tail in the absence of oligo(dT)
[281. Nitrocellulose blots of electrophoretically separated
RNAs were hybridized to random-primed 32P-labelled
cDNA probes overnight at 42 'C. The blots were washed
and exposed to X-ray films for 12-18 h.

RESULTS
In accord with our previous findings [19], adminis-

tration of IPR for 6 days caused a marked increase in the
concentration of cystatin S mRNA in both the sub-
mandibular and parotid glands. After daily injections of
IPR to adult rats for 6 days and discontinuation of the
catecholamine for 6 days, at the time when the glands
reverted to their normal size, relatively high levels of
steady-state cystatin S mRNA were still observable in
submandibular-gland RNAs (Fig. 1, lanes 3 and 4). The
Northern gel is overexposed to demonstrate that this
mRNA was also present in the parotid gland after a 6-
day recovery period (Fig. 1, lane 7), albeit at a much
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Fig. 1. Northern-blot analysis (as described in the Experimental
section) of rat cystatin S mRNA

Lane 1, a positive control, i.e. 1,ug of poly(A)+ RNA
extracted from submandibular glands of chronically IPR-
induced (6 days of IPR, twice each day) adult rats; lane 2,
20 ,ug of total RNA from untreated submandibular glands;
lane 3, 20,ug of total RNA from 6-day-IPR-induced
submandibular glands; lane 4, 20 ,ug of total RNA from 6-
day IPR-induced (plus a 6-day recovery) adult-rat sub-
mandibular glands. Steady-state levels of cystatin S
mRNA in parotids are also represented: lane 5, unstimu-
lated; lane 6, 6-day-IPR-induced; lane 7, 6-day-IPR-
induced plus a 6-day recovery. This blot is overexposed to
show the levels of parotid cystatin S mRNA.

lower concentration. Rat cystatin mRNA was not detect-
able in total RNA extracted from the submandibular or
parotid glands of untreated rats (Fig. 1, lanes 2 and 5).
The steady-state levels of cystatin S mRNA in the
chronically IPR-stimulated parotid gland are approx.
20-fold lower than in the similarly stimulated submandib-
ular gland. However, the size of the message is the same,
about 900 bases in length.

Quantitative slot-blots were used to determine the
relative concentraitons of cystatin S mRNA in the
submandibular glands of chronically IPR-stimulated
rats, and in submandibular glands after 6 days of IPR
treatment followed by a 6-day recovery period. The
relative concentration of cystatin S mRNA declined by
about 320 during a 6-day recovery period after a 6-day
regimen of IPR administration (Table 1).

Expression of the rat cystatin S gene was also induced
by a single injection of IPR. Groups of adult female rats
were given a single injection of 0.1 ,umol of IPR/g
body wt., and total RNA was isolated from the sub-
mandibular and parotid glands at different times after
the injection of the agonist and analysed by Northern-
blot hybridization. A single dose of IPR greatly increased
the steady-state levels of cystatin S mRNA as early as
4 h in the submandibular gland (Fig. 2a, lane 4) and at
18 h in the parotid gland (Fig. 2b, lane 6). The level of
cystatin S mRNA remained elevated in both tissues at
48 h after treatment (Fig. 2a, lane 7; Fig. 2b, lane 8).
Since these data suggested that rat cystatin S mRNA is
long-lived, the experiment was repeated to include a
longer time interval. The levels of cystatin S mRNA
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Table 1. Relative concentration of rat cystatin S mRNA

Relative-peak-height values are absorbances in arbitrary units (mean+S.D., n = 3); they are different for the same probe and
same concentration of RNA because of different exposure times. Abbreviations: SUBM, submandibular; PAR, parotid gland.
Rats in the 'Chronic IPR' group were given six daily injections (0.1 umol/g body wt.) of IPR. In the 'Chronic IPR plus recovery'
group the 6-day IPR regime was followed by a 6-day recovery period. The N-terminal probe is from position I to position 53
of the mature protein, whereas the C-terminal probe is from position 48 to position 101.

Relative peak height

RNA (b) Chronic IPR (-) x 100
Gland (ag) Probe (a) Chronic IPR plus recovery (a)

SUBM

PAR
SUBM

5.00
2.50
1.25
5.00
2.50
1.25

N-Terminal
N-Terminal
N-Terminal
N-Terminal
C-Terminal
C-Terminal

7.13 +0.32
3.17+0.12
1.12+0.03
0.33 +0.06
4.85 +0.73
1.97+0.40

Not done
2.03 +0.12
0.77 + 0.03

Not measurable
3.39 + 0.65
1.33 + 0.34

64
69

70
68

1 2 3 4 5 6 7 8 2 3 4 5 6 7 8

(b)

Fig. 2. Northern blots depicting the induction of cystatin S mRNA in adult-rat submandibular (a) and parotid (b) glands after a single
injection of IPR

A 20,ug portion of total RNA was electrohoresed, except where noted. (a) Total RNA from rat submandibular gland. Lane 1,
no injection of IPR; lane 2, 30 min after IPR injection; lane 3, 1 h after IPR injection; lane 4, 4 h after IPR injection; lane 5,
18 h after IPR injection; lane 6, 24 h after IPR injection; lane 7, 48 h after IPR injection; lane 8, poly(A)+ RNA from
submandibular glands of rats chronically treated with IPR (6 days of IPR, twice each day, as a positive control). (b) Lane 1,
I ,ug of poly(A)+ RNA from submandibular glands of rats chronically treated with IPR (6 days of IPR, twice daily, as a positive
control); lanes 2-8, the same time course as listed for (a) i.e. 0, 0.5, 1, 4, 18, 24 and 48 h after IPR, except that the RNA is from
the parotid gland.

remained elevated in submandibular (Fig. 3, lane 6) and
parotid glands [Fig. 3, lane 11 (the blot is overexposed to
show the steady-state levels of rat cystatin S in the
parotid)] even 72 h after a single injection of IPR; the
concentration of rat cystatin S mRNA was approx. 20-
fold higher in the submandibular gland than in the
parotid gland. It was undetectable, however, in the
submandibular (Fig. 3, lane 2) and parotid glands (Fig.
3, lane 7) of untreated adult rats.
The kinetic study of IPR induction of rat cystatin S

mRNA revealed a change in the size of the message with
time. Thus, at 18 h after the injection of the drug, the
message was approx. 980 bases in length, whereas at
72 h it was shorter, namely about 900 bases. Furthermore,
the size of rat cystatin S mRNA 72 h after IPR adminis-
tration, as observed by hybridization to total RNA, was

the same size as its mature poly(A)+ RNA (Fig. 3, lane 1).
RNAase H experiments were performed to determine
whether the change in size was due to a decrease in the
poly(A) tail length or due to some other mRNA-
processing event. The total RNA samples from rat
submandibular glands at 18 and 72 h after IPR stimu-
lation were chosen to examine poly(A) processing, since
they represented the longest and shortest cystatin S
mRNAs respectively. The controls consisted of the same
samples of total RNA, but with oligo(dT) alone (Fig. 4,
lane 1, 18 h; lane 4, 72 h). When the experimental samples
were hybridized to oligo(dT), treated with RNAase H,
and electrophoresed in a 2.0% agarose gel, the observed
size was the same at 18 and 72 h (Fig. 4, lanes 2 and 3).
Thus the difference in size was due to a change in the
poly(A) tail length.
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1 2 3 4 5 6 7 8 9 10 11

Fig. 3. Northern blot of 20 ,g of total RNA from submandibular
and parotid glands of uninduced and IPR-induced adult
rats

Lane 1, 1 jug of poly(A)' RNA from submandibular
glands of chronically IPR-treated (6 days of IPR, twice
each day) adult rats (positive control). The animals were
given one injection of IPR, and submandibular glands were
removed and RNA extracted at 18 (lane 3), 24 (lane 4), 48
(lane 5) and 72 (lane 6) h later; lane 2 is total RNA from
submandibular glands of untreated rats. The parotid
glands were also removed, and total RNA extracted at 18
(lane 8), 24 (lane 9), 48 (lane 10) and 72 (lane 11) h after
a single injection of IPR; lane 7 is total RNA from parotid
glands of untreated rats. This blot has been overexposed to
show the difference of steady-state rat cystatin levels in the
submandibular gland and the parotid.

1 2 3 4

w , t ;^..... . . . .................... . .. .
Fig. 4. Northern blot of 20 pg of total RNA extracted from

submandibular glands 18 h (lane 1) and 72 h (lane 4) after
a single injection of IPR, and electrophoresis in a 2%
agarose/6% formaldehyde gel

A 20 ,ag portion of total RNA from each of these two time
points was hybridized with oligo(dT) and treated with
RNAase H as described in the Experimental section; lane
2 is the 18 h total RNA sample hybridized with oligo(dT)
and treated with RNAase H; lane 3 is the 72 h total RNA
sample handled in the same fashion.

DISCUSSION
Low-molecular-mass cystatins, belonging to family 2

of the cystatin superfamily [30-33], have been isolated
from several tissues and body fluids of humans and
animals. Human saliva contains several cystatins, which
are presumably synthesized in the salivary glands, since
cystatin is demonstrable immunocytochemically in the
submandibular and parotid glands [34]. Neither the
function of cystatins in the saliva nor the regulation of
salivary-gland cystatin genes is known. It is surmised,
however, that saliva cystatins play a protective role in the
oral cavity against bacterial or cellular proteinases.
However, neither experimental evidence nor data show-
ing changes in saliva cystatin levels in pathological
conditions is available to support this supposition.

The seminal finding presented here is that the expres-
sion of the rat cystatin S gene in the submandibular and
parotid glands is stimulated by the /I-adrenergic agonist
IPR, most likely mediated by cyclic AMP. At 4 h after
the administration of a single injection of IPR, cystatin S
mRNA levels were markedly elevated and remained so
for at least 72 h. Induction was observed also in the
parotid gland, but at any given time the concentration of
parotid cystatin S mRNA was far below that of the
submandibular gland. Since both DNA synthesis and
growth are stimulated by IPR equally well, or even more,
in the parotid gland than in the submandibular gland,
the difference in induction of cystatin S mRNA in the
two glands suggests organ-specific regulatory mechan-
isms.
The most pronounced accumulation of rat cystatin S

mRNA was observed in the submandibular glands of
rats treated with IPR for several days. This increase in
mRNA concentration parallels the increase in the level of
the protein cystatin S, previously described as 'LM
protein' [16].

Rat cystatin S mRNA seems to have an unusually long
half-life. This is suggested by the high level of the mRNA
72 h after one injection of the drug, but even more by its
slow decline during a 6-day recovery period after the
administration of IPR for 6 days. Since IPR is rapidly
metabolized and/or excreted, a persistent stimulus
cannot account for the prolonged increased level of rat
cystatin S mRNA. The steady-state levels of functional
mRNAs are determined in part by their decay in the
cytoplasm. The mRNAs of transiently expressed genes
frequently have short half-lives. The apparent long half-
life of rat cystatin S mRNA and the structural features
which determine it deserve further study. This is of
particular interest, since changes in the rates of synthesis
and decay of mRNAs during hypertrophic/hyperplastic
growth and regression may contribute to the observed
long persistence of the high concentration of the cystatin
S message.
A single injection of IPR stimulates DNA synthesis

and cell replication in both the parotid and sub-
mandibular glands, and with repeated administration of
the drug these organs become greatly enlarged [1-9]. An
increased rate of protein synthesis and a decrease in
degradation may contribute to this enlargement. It is
tempting to speculate that the induction of a proteinase
inhibitor sy IPR may be causally related to its growth-
promoting effect. However, whether or not rat cystatin S,
which is a secretory protein, has an intracellular function
is not known. Our preliminary data suggest that rat
cystatin S may not be the only cysteine-proteinase
inhibitor that is induced by IPR. Characterization of
such inhibitors and determination of their functions
await further studies.
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