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SUMMARY

The binding of receptor specific radioligands to autonomic receptors in the rat subman-
dibular gland was characterized after chronic drug administration and surgical sympa-
thetic denervation. Reserpine administration resulted in an up-regulation of both alpha,-
adrenergic receptors labeled by [*H]clonidine and beta,-adrenergic receptors labeled by
[*H]dihydroalprenolol. The increase in alpha,-receptors was half-maximal 24 hr after a
single injection of reserpine, and was about 10-fold greater than control after seven daily
injections. By contrast, the beta-adrenergic receptor density was the same as control after
3 days of reserpine administration, but within 7 days was about 2-fold greater than
control. Guanethidine or yohimbine administration also resulted in an up-regulation of
alphas-adrenergic receptors. Reserpine administration or unilateral superior cervical
ganglionectomy increased the density of alpha,-adrenergic receptor binding sites 24-80%.
Norepinephrine and methoxamine, but not clonidine, caused potassium to be released
from submandibular gland slices. Prazosin, but not yohimbine, blocked this response to
norepinephrine, indicating that the response was mediated by alpha,-adrenergic recep-
tors. Potassium release elicited by alpha,-agonists was augmented in slices from animals
that received reserpine. Neither drug treatment nor sympathetic denervation altered
muscarinic cholinergic receptor binding. The densities of muscarinic and beta-adrenergic
receptors were found to be 23-51% higher in glands from female rats than in glands from

male rats.

INTRODUCTION

The rat salivary gland has become a useful model
system for the study of the regulation of autonomic
receptors. The usefulness of this system is due to several
factors: (a) The amount, rate of secretion, and composi-
tion of the saliva are modified by both sympathetic
(alpha,-, alpha,-, and beta,-adrenergic) and parasym-
pathetic (muscarinic cholinergic) receptor systems (1).
(b) Several biochemical parameters can be measured in
vitro. These include potassium release (alpha,-adrener-
gic and muscarinic cholinergic), stimulation of adenylate
cyclase, and an increase in cyclic AMP levels (beta;-
adrenergic) and the inhibition of norepinephrine release
(alphas-adrenergic) (2-5). (c) All four receptor systems
can be readily studied with the radioligand binding tech-
nique (6-9). (d) These four receptor systems are regu-
lated by various drugs and surgical procedures which
increase or decrease the amount of neurotransmitter
which is available at the receptor site (9-18). Several
studies have indicated that the adrenergic receptors of
the rat submandibular gland are very responsive to
changes in the levels of catecholamines. The most re-
markable of these is the greater than 10-fold increase in
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the levels of alpha.-adrenergic receptors, as determined
by the binding of [*H]clonidine, which is seen after re-
serpine treatment (9). Following reserpine treatment, the
number of beta-adrenergic receptors in the submandib-
ular glands approximately doubles (16).

Most previous work has been limited to those changes
observed in one or two receptor systems following the
administration of one or two drugs at a single dose for a
fixed period of time. In this communication we report
data for four receptor systems at various times during
and after administration of a number of different drugs
and after surgical denervation. In addition, we have also
studied the effect of alpha-adrenergic agents on potas-
sium release and cyclic AMP levels.

MATERIALS AND METHODS

Animal treatment and tissue preparation. Male
Sprague-Dawley rats (175-225 g) once or twice daily
received i.p. injections of reserpine, yohimbine, guaneth-
idine, isoproterenol, atropine, or physostigmine as is in-
dicated in the legends to Tables 1-12. Approximately 24
hr after the final injection the rats were anesthetized
with pentobarbital. The submandibular glands were rap-
idly removed and separated from the adjoining sublingual
glands, weighed, and then cooled in ice-cold 0.9% NaCl
solution. For the radioligand binding assays the glands
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were homogenized in 20 volumes of 50 mMm Tris-HCI (pH
8.0) (Tissumizer setting 80 for 30 sec). This homogenate
was centrifuged for 10 min at 49,000 X g, resuspended in
buffer, and centrifuged again. The pellet, a crude partic-
ulate fraction, was then resuspended in the appropriate
buffer as indicated in Table 1 for the various receptor
assays. Male Sprague-Dawley rats with unilateral supe-
rior cervical ganglionectomy were obtained from Zivic-
Miller Laboratories, Inc. (Allison Park, Pa.). Seven days
after surgery the animals were killed and the glands and
tissues were prepared as indicated above. For the mea-
surement of cyclic AMP levels, four 0.5-mm slices were
prepared from each gland using a Stadie-Riggs micro-
tome. For the measurement of potassium release, the
submandibular glands were immediately placed in a
beaker containing 15-20 ml of incubation medium (see
below) which had been previously gassed with a 95% O.-
5% CO; mixture for at least 30 min and warmed to 37°.
Slices were prepared by cutting the glands with a sharp
scalpel blade into pieces approximately 1 mm?®.
Radioligand binding assays. Autonomic receptors
were assayed using the radioligands indicated in Table 1.
For saturation experiments, total binding was determined
with one set of incubation tubes which contained 970 ul
of the membrane suspension and 20 ul of increasing
concentrations of the radioligand diluted in 5 mn HCL
The final concentrations of the radioligands are given in
Table 1. To a parallel set of incubations, 10 ul of an
appropriate concentration of an unlabeled drug were
added and used to define nonspecific binding. Specific
binding was calculated as the difference between total
and nonspecific binding. After a 30-min incubation at
23°, the suspensions were filtered through GF/B glass-
fiber filter paper (Whatman, Inc., Clifton, N. J.), using a
manifold (Brandel Cell Harvester, Biomedical Research
and Development, Gaithersburg, Md.) which filters 24
samples simultaneously. The tubes and filter paper were
washed twice with 5 ml of ice-cold Tris-HCI, and then
the radioactivity retained on the filter paper was deter-
mined for each sample by scintillation spectroscopy. The
Bmax and Kp were calculated from a linear regression of
the data plotted as bound/free versus bound (19). Since
several of the treatments affect the weight of the glands,
the results are expressed as both the density (picomoles
per gram of tissue and picomoles per gram of protein)
and number (picomoles per gland) of binding sites. For

the inhibition experiments, a fixed concentration of ra-
dioligand was added to the tissue suspension, which
contained increasing concentrations of various unlabeled
drugs. For each inhibition curve, 10 concentrations of the
unlabeled drug were used ranging at least from 100-fold
above the ICs, to 1000-fold below the ICso. The suspen-
sions were then incubated and filtered as described above
for saturation experiments.

Cyclic AMP response to alpha-adrenergic agents.
Slices of submandibular glands (20 mg) were incubated
in 2 ml of Krebs-Ringer bicarbonate medium (pH 7.4)
(95% 0:-5% CO:) for 15 min at 37° in a Dubnoff shaking
incubator. After preincubation, adrenergic drugs or ve-
hicle were added and the incubation was continued for
10 min. Each slice was transferred to 1 ml of 50 mm
sodium acetate (pH 4) maintained at 100° for a period of
3 min. The slices were then homogenized and centrifuged
at 2000 X g for 20 min. The supernatant was removed for
cyclic AMP determination by radioimmunoassay (20,
21).

Potassium release. Slices from the glands of three or
four animals were thoroughly mixed and then divided
into two to four equal portions and rapidly placed into
nitrocellulose tubes containing 2 ml of the incubation
medium. Each slice system was preincubated in this
system for 15 min then washed in fresh medium and
placed in 2 ml of new medium for the final incubation.
Both the preincubation and the final incubation were
carried out in media which were constantly bubbled with
the 0.-CO, mixture at 37° in a shaking incubator. Various
adrenergic drugs were added to the medium at the time
of the final incubation, and subsequently aliquots of the
medium were removed at timed intervals for the mea-
surement of potassium concentration. At the end of the
incubation period the slices were homogenized and the
potassium present in the slices was calculated by using
the formula previously described (22). The incubation
medium had the following composition (in millimolar
concentrations): NaCl, 118.5; KCl, 4.7; CaCl;, 2.5;
KH,PO,, 1.2; MgSO,, 1.2; NaHCO;, 24.5; 8-hydroxybu-
tyric acid, 5.0; nicotinamide, 10.0; inosine, 10.0; adenine,
0.5; and glucose, 2.8.

Materials. The radioligands were purchased from New
England Nuclear Corporation (Boston, Mass.). The fol-
lowing drugs were kindly donated by the indicated com-
panies: (—)-isoproterenol and (+)-norepinephrine, Ster-

TABLE 1
Standard radioligand assay conditions

Receptor and *H-ligand” Buffer pH Specific Concentra- Drug for determination of nonspe-
activity tion range cific binding
Ci/mmole nM

Alpha,-adrenergic

[*H]WB4101 40 mM Tris-HC1 8.0 25 0.3-5.0 0.1 mM (—)-Norepinephrine

[*H]prazosin 40 mM Tris-HCI 8.0 17 0.3-5.0 0.1 mM (—)-Norepinephrine
Alpha;-adrenergic

[*H]clonidine 40 mM Tris-HCI 74 24 0.2-6.0 1.0 uM (—)-Norepinephrine

[*HJPAC 40 mm Tris-HCl 74 49 0.1-3.0 1.0 uM (—)-Norepinephrine

[*Hlyohimbine 25 mu Glycylglycine 74 85 0.1-2.0 10 uM (—)-Norepinephrine
Beta-adrenergic, ["HIDHA 40 mm Tris-HCI 8.0 50 0.1-3.0 0.3 uM (—)-Prc pranolol
Muscarinic cholinergic, ["THIQNB 40 mm Tris-HCI 8.0 40 0.2-4.0 1.0 uM Atropn e

“ WB4101, (2,6-dimethoxyphenyloxyethyl)aminoethyl-1,4-benzodioxane; PAC, p-aminoclonidine; DHA, (—)-dihydroalpreno'ol; QNB, quinucli-

dinylbenzilate.
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TABLE 2
Time course of the effect of reserpine on alpha.-adrenergic receptors
Reserpine (0.5 mg/kg) was injected daily for 7 days. One day after the last injection, the submandibular glands were removed and the binding

of [*H)clonidine was determined.

Reserpine n Gland Kp Brax
treatment weight
pmoles/g tissue pmoles/g protein pmoles/gland
mg nM
Days of treatment
0 9 218+ 5 - 03+0.2 9+2 0.07 £ 0.03
0.13 4 197 £ 10 — 1.6 £ 0.2 295 0.33 + 0.04
0.5 5 194+ 10 1.8+0.1 25+ 0.5 52+ 11 0.48 + 0.09
1 5 256 + 10 2.0 +0.1 3.1+0.7 70 + 17 0.79 + 0.19
2 5 212+ 4 23+03 34104 72+9 0.68 + 0.06
3 6 230+ 8 24 +£0.2 45+ 09 106 + 16 1.04 £ 0.22
5 2 185+ 7 1.8 +02 58+ 0.8 130 + 32 1.06 £ 0.10
7 8 150 + 6 1.9 +0.3 6209 141 + 18 0.95 + 0.17
Days after 1 week
of treatment
2 5 162+ 5 26+ 03 40+ 03 807 0.64 £ 0.06
3 5 1625 21+0.1 23+05 45+ 8 0.36 + 0.08
5 5 195 + 13 — 1.1+£0.1 21+2 0.23 + 0.04

* At very low levels of specific binding, a reliable Kp could not be determined. The Bnm.« was estimated by assuming a K, of 2.0 nM.

ling-Winthrop Research Institute (Rensselaer, N. Y.);
phentolamine, Ciba-Geigy Corporation, Pharmaceuticals
Division (Summit, N. J.); prazosin, Pfizer Chemical Di-
vision, Pfizer, Inc. (New York, N. Y.); and clonidine,
Boehinger Ingelheim (Elmsford, N. Y.). Yohimbine,
(—)-norepinephrine, (—)-epinephrine, Tris-HCl, and gly-
cylglycine were purchased from Sigma Chemical Com-
pany (St. Louis, Mo.); guanethidine was obtained from
Ciba Pharmaceutical Company (Summit, N. J.).

RESULTS

Alpha;-adrenergic receptors. We have previously
shown that [*H ]clonidine appears to label relevant al-
Dbhas-adrenergic receptor binding sites in the subman-
dubular gland and that the density of these receptors
increases dramatically after 1 week of reserpine treat-
ment (9). The density of receptors in control tissues is
very low. Although there is generally a small amount of
specific binding, which would amount to about 0.3 pmole/
g of tissue, or about 10 pmoles/g of protein, it would be
difficult to show whether or not this binding were actually
to alpha;-receptors since there is not sufficient specific
binding for reliable inhibition experiments. We have at-
tempted a number of experimental manipulations in or-
der to increase the binding of [*H Jclonidine (changes in
buffer and pH; addition of MgCl;), but these have been
unsuccessful. We also have been unable to observe bind-
ing with [*H]p-aminoclonidine or [*H ]yohimbine. The
submandibular gland has a high norepinephrine content
which could prevent the binding of alpha.-radioligands,
particularly if the fraction used for the assays was not
sufficiently washed. However, [*H ]clonidine binding was
not observed after repeated washings at 4° and incuba-
tions at 37°. In addition, since we were able to observe
good binding of [PH]DHA,' [*H]WB4101, and [*H]pra-

' The abbreviations used are: DHA, dihydroalprenolol; WB4101,
(2,6-dimethoxyphenyloxyethyl)aminomethyl-1,4-benzodioxane; QNB,
quinuclidinylbenzilate.

zosin, sufficient norepinephrine has been removed from

the particulate fraction to allow the binding to alpha-
and beta-receptors.

The density of alpha.-adrenergic receptors in the rat
submandibular gland increased rapidly following reser-
pine treatment and also decreased rapidly once treatment
was terminated (Table 2). There was a marked increase
in the number and density of receptors as early as 3 hr
following a single injection of reserpine. The half-maxi-
mal increase was reached after 1 or 2 days of reserpine
treatment and reached an apparent plateau after 7 days
of drug administration. Two to three days after the last
of seven daily doses of reserpine, the density of alpha,-
receptors had decreased to about one-half that seen after
7 days of reserpine administration and by 4 days after
cessation of treatment was approaching control levels. A
similar time course was seen regardless of how the data
were expressed, and there were no significant changes in
Kp at the different time points (Table 2). The effect of
reserpine administration is also dose-dependent. Admin-
istration of 0.1 mg/kg for 7 days resulted in an increase
in the density of alpha-adrenergic receptors to about
50% that seen in rats treated for the same time period
with 0.5 mg/kg (Table 3). As in the case of glands from
control animals, no significant binding of [*H]yohimbine
was detected in glands from animals that received reser-
pine.

The effect of other drugs which might modify the
availability of norepinephrine at the alpha.-receptors
was also studied. The administration of yohimbine, an
alpha,-antagonist, also resulted in a dose-dependent in-
crease in the density of alpha.-adrenergic receptors. Sim-
ilarly, guanethidine, a drug which depletes norepineph-
rine stores as does reserpine, also produced a modest
increase in the density of alpha.-adrenergic receptors.
Isoproterenol, a beta-adrenergic agonist, was without
effect.

The study of receptor regulation by receptor binding
studies is more meaningful if the function of those recep-
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TABLE 3
Effect of drug administration on submandibular alpha.-adrenergic receptors

Drug treatments were as follows: reserpine, 0.1 mg/kg daily for 7 days; yohimbine, 1 mg/kg daily for 6 days and 5 mg/kg daily for 7 days;
guanethidine, 20 mg/kg daily for 14 days; isoproterenol, 8 mg/kg twice daily for 9 days. Values given are means + standard error of the mean,

which were calculated from [*H]clonidine saturation experiments.

Treatment and dose n Kp Bomax
pmoles/g tissue pmoles/g protein pmoles/gland
mg/kg/day nM

Control, 0 3 — 0.30 £ 0.2 2+1 0.06 + 0.04
Reserpine, 0.1 4 23104 34106 64 £ 15 0.71 £ 0.14
Yohimbine

1 2 — 02+0.1 63 0.05 + 0.03

5 2 34103 29+ 04 65+ 15 0.44 £ 0.10
Guanethidine, 20 3 — 24 +0.1 45+ 3 0.42 + 0.04
Isoproterenol, 16 4 - 04 0.1 7+3 0.15 + 0.02

tors can also be studied. Two possible functions for
alphaz-adrenergic receptors could be the inhibition of
adenylate cyclase or an effect on potassium release. Ac-
cordingly, we studied the ability of alpha-agonists and
antagonists to modify the accumulation of cyclic AMP.
As can be seen from Table 4, yohimbine did not have
any effect on the norepinephrine-stimulated accumula-
tion of cyclic AMP in slices from submandibular glands.
Furthermore, there were no differences between the
slices from control and reserpine-treated animals which
would be consonant with the large increase in alpha.-
receptor binding. Similarly, there was no effect of these
agents on potassium release, although alpha, agents were
very effective (Table 5).

Beta-adrenergic receptors. The radioligand [°H]DHA

TABLE 4
Effect of alpha-adrenergic agents on cyclic AMP levels in
submandibular slices

Submandibular slices from control- and reserpine-treated (0.5 mg/
kg daily for 7 days) rats were preincubated for 15 min at 37° and then
incubated in the presence of adrenergic agents for 10 min. The cyclic
AMP content of the slices was determined by radioimmunoassay.
Values are means + standard error of the mean.

Addition n Cyclic AMP content
Control Reserpine-
treated
pmoles/mg protein/10 min
None 16 0.67 £ 0.05 0.76 + 0.09
Yohimbine, 100 um 4 1.09+£0.07 2.08 + 0.45
Yohimbine, 10 uM + prazo- 4 153+0.04 1.25 £ 0.08
sin, 1.0 uM
Norepinephrine
1.0 uM 4 175%0.1 188 + 0.8
10 um 8 189x19 106 + 6
100 pM 16 425 106 + 8
Isoproterenol, 10 uM 16 405 132 + 10
Epinephrine, 100 um 12 375 78+4
Epinephrine, 100 uMm + yo- 4 30+7 103 £ 15
himbine, 10 um
Norepinephrine, 100 uM
+ Yohimbine, 1 um 12 41+ 4 85+ 8
+ Yohimbine, 10 um 8 45+ 6 125 + 13
+ Prazosin, 1 um 8 29+ 5 102+ 9
+ Yohimbine, 100 um + 4 643 90+ 7

prazosin, 1 uM

labels beta-adrenergic receptor sites in the rat subman-
dibular gland, which are solely of the beta, subtype (16).
We and others have previously shown that the adminis-
tration of reserpine for 7 days increases the density of
beta-adrenergic receptors in the rat submandibular gland
(15-17). The development of the up-regulation of these
receptors with time is given in Table 6. In contrast to the
alpha;-receptors, where the half-maximal increase was
seen 1-2 days after drug administration was started, for
the beta-adrenergic receptors the half-maximal increase
was not observed until 4-5 days. After the termination of
reserpine treatment the density of receptors decreased
back toward control levels. The affinity of [*H]DHA for
the receptor did not change (Table 6). Also in contrast to
the alpha.-adrenergic receptors, a dose of 0.1 mg/kg was
as effective as the higher dose of reserpine in increasing
the number and density of adrenergic receptors (Table
7).

Guanethidine was also effective in increasing the den-
sity of beta adrenergic receptors and was as effective as
reserpine (Table 7). Isoproterenol is known to increase
dramatically the weight of the rat submandibular gland.
Thus, following isoproterenol treatment, the density of
receptors expressed either as picomoles per gram of tissue
or as picomoles per gram of protein decreased, although

TABLE 5
Potassium release from submandibular gland slices
Slices were preincubated, washed, and finally incubated in an en-
riched, oxygenated Krebs-Ringer bicarbonate medium. Drugs were
added to the final incubation medium to provide the final concentra-
tions shown, and potassium release was measured after 10 min of
incubation. In experiments involving antagonists (prazosin and yohim-
bine), these were added to the incubation medium 10 min before
norepinephrine. Values represent means + standard error of the mean.

Stimulant n % K* release (10 min)
Control Reserpine-Treated
None (basal release) 6 6.0 + 0.9 62+ 1.1
Norepinephrine, 20 um 6 159+ 14 226+ 1.9
Clonidine, 10 pm 3 8110 8912
Methoxamine, 3 pM 3 150x09 18.5 + 0.8
Norepinephrine, 20 um 4 6.8 +0.7 6.4 %09
+ prazosin, 10 uM
Norepinephrine, 20 um 4 185%12 217+ 1.1

+ yohimbine 10 pm
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TABLE 6
Time course of the effect of reserpine on beta,-adrenergic receptors

Reserpine (0.5 mg/kg) was injected daily for 7 days. One day after the last injection, the submandibular glands were removed and the binding

of [*H]JDHA was determined.
Reserpine n Gland Kp Brmax
treatment weight -
pmoles/g tissue pmoles/g protein pmoles/gland
mg nM
Days of treatment
0 6 195 £+ 2 0.80 £ 0.05 11.7£ 1.0 226 + 49 2.24 + 0.32
0.5 4 1879 0.76 £ 0.07 11.5 £ 0.9 254 + 14 2.18 + 0.27
2 1 196 0.50 12.6 295 2.45
3 4 227+ 8 0.90 £ 0.04 13.0 £ 0.9 317+ 14 2.98 + 0.28
4 5 176 + 4 0.77 £ 0.05 16.7 £ 0.6 352 + 17 2.94 £ 0.08
7 9 174 £ 10 0.71 £ 0.03 209 + 1.1 475 £ 37 3.58 + 0.23
Days after 1 week of
treatment
2 3 170+ 9 0.74 + 0.04 185+ 2.1 373 £ 68 3.11 £ 0.18
3 3 157 £ 11 0.70 + 0.09 171 £ 14 339 + 82 2,72 + 0.41
5 5 181+ 7 0.67 £ 0.05 149+ 1.0 272 + 20 2.70 £ 0.16

the number of receptors per gland remained essentially
constant (Table 7). The effect of reserpine and denerv-
tion on beta-adrenergic-stimulated adenylate cyclase ac-
tivity has been reported elsewhere (16).
Alpha,-adrenergic receptors. The alpha,-antagonist
[*H]WB4101 bound in a saturable and reversible manner
with the particulate fraction of rat submandibular glands.
The potency of various unlabeled adrenergic drugs in
inhibiting the binding of [°H]WB4101 is given in Table
8. The (—)-isomers of both epinephrine and norepineph-
rine were potent inhibitors of [*H]WB4101 binding,
whereas the (+)-isomer of norepinephrine was about 40-
fold weaker. Similarly, the nonselective alpha-adrenergic
antagonist phentolamine was also very potent in inhibit-
ing the binding. The alpha,-selective antagonist prazosin,
with a K; of 0.37 nM, was 3000-fold more potent than the
alphas-selective antagonist yohimbine. On the other
hand, yohimbine was 82 times more potent than prazosin
in inhibiting the binding of [*H]clonidine in the same
membrane preparation. [*H]Prazosin also appeared to
label alpha,-receptors in this tissue, and the K; values
for adrenergic drugs in inhibiting its binding were very
similar to the K; values against [*H]WB4101. These data
are consistent with the conclusion that both
[PH]WBA4101 and [*H ]prazosin label alpha;-adrenergic
receptor binding sites. Whether or not [°H]WB4101 or
[*H Jprazosin labels the identical population of alpha;-
adrenergic receptors is unclear at the present time. In a

series of six saturation experiments in which the tissue
suspension (control submandibular gland) was the same
for [’ H]WB4101 and g“H Jprazosin, we found the density
of binding sites for [°H]prazosin to be 42 + 11% (p <
0.001) higher than that of [°’H]WB4101 (8.69 + 0.63
versus 6.18 + 0.35 pmoles/g of tissue). The Kp values in
these experiments were 0.43 + 0.06 nM for [*H Jprazosin
and 0.33 + 0.11 nM [*’H]WB4101. The significance of this
finding is not known, but in rat lung we have also found
30% higher binding of [®H ]prazosin as compared with
[*H]WB4101.?

The alpha,-adrenergic receptors of the rat submandib-
ular gland were less reponsive to reserpine and denerva-
tion than either the alpha;- or the beta-adrenergic recep-
tors. After 7 days of reserpine treatment at a dose of 0.5
mg/kg, the density of receptors as determined by
[*H]WB4101 binding increased only about 55-75%, while
the increase following denervation was 24-80% (Table 9).
The number of receptors per gland was not significantly
different from the number in the control after either type
of treatment.

The release of potassium ion from slices of rat sub-
mandibular glands incubated in vitro has been used as
an experimental approach to investigate specific aspects
of the stimulus-secretion coupling mechanism in these
glands (3, 22, 23). The response is elicited by both cholin-
ergic and alpha-adrenergic agents and is critically depen-
dent on extracellular Ca®*. The release of potassium in

2 J. Latifpour and D. B. Bylund, unpublished observations.

TABLE 7
Effect of drug administration on submandibular beta-adrenergic receptors

Drug treatments were as follows: isoproterenol, 8 mg/kg twice daily for 9 days; reserpine, 0.1 mg/kg daily for 7 days; guanethidine, 20 mg/kg

daily for 14 days. ["H]DHA was the radioligand.

Biax
Treatment and dose n K»p -
pmoles/g tissue pmoles/g protein pmoles/gland
mg/kg/day nM
Control, 0 3 0.64 + 0.06 121 £ 1.7 220 £ 15 21+04
Isoproterenol, 16 4 0.82 + 0.03 46103 80+ 7 1.8 +£0.2
Reserpine, 0.1 3 0.58 + 0.03 219 £ 2.7 405 + 68 46 £ 0.7
Guanethidine, 20 2 0.82 + 0.05 240+ 25 475 £ 27 41+04
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TABLE 8
Inhibition by adrenergic drugs of ["H]WB4101, [*H]prazosin, and [*H]clonidine binding in submandibular gland membranes

IC values were determined from log-probit analyses of inhibition curves using 10 concentrations of the unlabeled drug in duplicate. The
concentrations of *H-ligands were as follows: ["TH]JWB4101, 0.61 nM; [*H]prazosin, 0.91 nm; [°H] clonidine, 0.70 nM. K; values were calculated from

the equation K; = ICso/[1 + (*H-ligand)/Kp].

3 — -
[PHIWB4101 [*H]Prazosin control [ 11Clonidine reserpine-
Drug Control Reserpine-treated
n K; na n K nH
n K,' nu“ n K.‘ nu

(—=)-Epinephrine 5 64 £ 17 071 5 74 £ 12 079 3 40+ 4 1.11 3 29+ 0.7 0.66
(—)-Norepinephrine 5 136 + 46 08 5 207 £ 31 064 3 775 092 7 26103 0.93
(+)-Norepinephrine 3 13,500 + 4000 0.76 3 11,500 £+ 1700 065 2 2,200 + 60 1.2 1 184 0.83
Clonidine 3 150 £ 70 0.77 3 150 £ 30 0.77 4 94+8 117 4 1.3+04 0.46
Phentolamine 3 0.71+£030 062 3 1.38 + 0.20 0.72 3 0.98 + 0.02 089 3 45+ 08 0.81
Prazosin 6 022+ 0.04 099 6 0.28 + 0.06 108 3 0.32 + 0.03 094 3 2700 + 1400 0.75
WB4101 3 023 +0.06 0.78 3 0.34 + 0.07 073 3 0.17 £ 0.01 081 5 600 + 220 0.56
Yohimbine 4 800 + 84 068 4 660 + 170 073 3 450 + 60 094 5 104 £ 15 0.79

® nu, Hill coefficient.

the submandibular gland slices is induced by the alpka;-
agonist methoxamine but not by the alpha.-agonist clon-
idine (Table 5). Furthermore, the release of potassium
elicited by norepinephrine is blocked by the alpha,-an-
tagonist prazosin but not by the alpha.-antagonist yo-
himbine. Slices of glands from animals which had re-
ceived seven daily injections of reserpine (0.5 mg/kg)
were more responsive to alpha,-agonists than were
glands from control animals (Table 5).

Muscarinic cholinergic receptors. The radioligand
[*’H]QNB binds saturably and reversibly to the particu-
late fraction of rat submandibular gland and appears to
label muscarinic receptors. There were no changes in the
Kp or B values for [°H]JQNB binding following admin-
istration of reserpine or guanethidine in the same doses
which produced marked changes in adrenergic receptors.
Atropine, a muscarinic antagonist, and physostigmine, a
cholinesterase inhibitor, also failed to modify the binding
of [’ H]QNB (Table 10). The binding of [°’H]QNB was
also unchanged after superior cervical ganglionectomy
(Table 11).

Autonomic receptors in glands from female and male
rats. There is a species-dependent difference in convo-
luted granular tubules in salivary glands which is marked
in mice, but less so in rats (24, 25). The glands of male
rats are also heavier, although there is no difference in
the ratio of gland weight to body weight. In order to

determine whether autonomic receptor binding might be
different in female and male rats, we assayed beta-ad-
renergic and muscarinic cholinergic receptors in glands
from 11-week-old animals. The density of binding sites
in female rats was 41-51% higher for [°H]DHA binding
and 23-30% for [’H]QNB binding (Table 12). However,
the number of receptors per gland was not significantly
different in glands from male and female rats.

DISCUSSION

A major finding of the present study is that the three
adrenergic receptors (alpha., alpha., and beta,) of the
rat submandibular gland respond differently to the same
modulation of sympathetic neurohormonal input. The
alphas-adrenergic receptors increased dramatically fol-
lowing a decrease in the functional levels of norepineph-
rine due to either drug treatment (reserpine, guanethi-
dine, yohimbine) or to surgical denervation. Although
the density of beta-adrenergic receptors increased less
dramaticaly than the density of alpha,-adrenergic recep-
tors, reserpine or denervation still caused a 2-fold in-
crease. By contrast, the density of alpha,-adrenergic
receptors increased only approximately 50%. An addi-
tional difference between the alpha.- and the beta-ad-
renergic responses to reserpine treatment is the time
course with which the up-regulation develops. The al-
phas-receptors responded very quickly and reached 75%

TABLE 9
Effect of reserpine administration and unilateral superior cervical ganglionectomy on submandibular alpha,-adrenergic receptors
Reserpine (0.5 mg/kg) was administered daily for 7 days. [PH]WB4101 was the radioligand.

Treatment n Kp Bax
pmoles/g tissue pmoles/g protein pmoles/gland
nM
Control 5 0.37 £ 0.04 53+ 0.7 96 = 10 1.08 + 0.09
Resperine 5 0.33 £ 0.02 82+ 0.6 170 + 15 1.33 £ 0.08
p (t-test) >0.1 <0.05 <0.005 >0.05
Control 3 0.36 + 0.03 54+ 04 75+8 1.10 £ 0.16
Denervated 3 0.47 £ 0.06 6.7+ 0.6 135+ 6 1.30 + 0.26
P (paired ¢-test) >0.05 <0.05 <0.05 >0.10
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TABLE 10
Effect of drug administration on submandibular muscarinic cholinergic receptors
Drug treatments were as follows: reserpine, 0.5 mg/kg daily for 7 days; guanethidine, 20 mg/kg daily for 14 days; atropine, 33 ug/kg three times
daily for 4 weeks; physostigmine, 2.5 mg/kg three times daily for 4 weeks. ["THJQNB was the radioligand.

Treatment and dose n K, Bmax
pmoles/g tissue pmoles/g protein pmoles/gland
nM
Control, 0 6 0.45 + 0.08 153 +£ 0.7 257 £ 10 30x+03
Reserpine, 0.5 mg/kg/day 5 0.36 + 0.06 15.6 £ 1.0 256 + 23 2.6 +02
Guanethidine, 20 3 0.67 £ 0.06 1562 £ 1.7 279 £ 24 3.0+£03
mg/kg/day
Control, 0 5 0.36 + 0.03 10.1 £ 04 248+ 8 23103
Atropine, 33 ug/kg 4 0.44 £+ 0.02 10.6 £ 0.6 230 £ 11 26+0.1
3 x/day
Physostigmine 2.5 mg/kg 4 0.40 + 0.01 10.7 £ 1.0 271+ 29 23+02
3 x/day

maximal values at a time (3 days) when the density of
the beta-receptors was still the same as in controls. Since
these procedures modified the sympathetic system it is
not surprising that the density of the muscarinic recep-
tors was unaltered. However, chronic treatment with a
cholinesterase inhibitor or a muscarinic antagonist,
which has been shown to alter muscarinic receptors in
other systems (26-29), failed to change the density of the
muscarinic cholinergic receptors in the rat submandibu-
lar gland. Similarly, we did not observe any changes in
muscarinic binding 1 week after sympathetic denerva-
tion, although an increase in [’H]QNB binding appears
to occur within 6 weeks after denervation (12).

Although the delineation of the regulation of receptor
binding sites using the radioligand binding technique is
an important area of study, the significance of this regu-
lation is enhanced by the concurrent study of the function
of those receptors. We have recently shown that the
human adipocyte contains three different adrenergic re-
ceptors, each of which is coupled to a distinct biochemical
response (30). Similarly, the rat submandibular gland
appears to have three distinct adrenergic receptors. The
alpha,-adrenergic receptor can be labeled by both
[*H]WB4101 and [ *H Jprazosin, and the effect of receptor
stimulation can be studied in vitro by the release of
potassium, whereas the beta,-adrenergic receptor is cou-
pled to adenylate cyclase. The functional significance of
the alpha;-adrenergic receptors labeled by [ °H Jclonidine
is not known at the present time. Stimulation of alpha,-
receptors did not appear to modify either potassium
release or cyclic AMP levels in glands from adult animals.
The finding of a large number of [*H]clonidine binding
sites in the submandibular glands of early postnatal rats
suggests that these receptors may fulfill a developmental
function.? Inhibition of norepinephrine release in the
submandibular gland is apparently mediated by adrener-
gic receptors having the pharmacological properties of
the alpha;-subtype. However, these receptors appear to
be presynaptic (5) and apparently are not the same as
those postsynaptic receptors (31) which are labeled by
the currently available radioligands for alpha:-adrener-
gic receptors.

*D. B. Bylund and J. R. Martinez, unpublished observations.

The identification of potassium release as a function
for alpha,-adrenergic receptors which are labeled by
[*H]WB4101 and [*H ]prazosin is based on two obser-
vations. First is the equivalent pharmacology in the two
systems. In the binding assay, both the alpha.-agonist
clonidine and the alpha:-antagonist yohimbine were rel-
atively weak, whereas the alpha,-antagonist prazosin
was extremely potent. Methoxamine, an alpha,-agonist,
was effective in stimulating potassium release whereas
clonidine was ineffective. Furthermore, prazosin was an
effective inhibitor of the release elicited by norepineph-
rine, but yohimbine was not. Second, both the binding
and potassium release were increased in roughly propor-
tional amounts following reserpine treatment. For ex-
ample, the density of receptor binding sites expressed as
picomoles per gram of tissue increased 55% following
reserpine treatment, while the release of potassium (in
excess of the basal) increased approximately 56% when
norepinephrine was used as the secretagogue and 37%
when methoxamine was used. However, direct compari-
sons of this type may not be entirely valid since reserpine
may have additional effects on the cell which might
modify the release of potassium. For example, the density
of muscarinic cholinergic receptors did not change follow-
ing reserpine treatment, although in a previous study of
the glands of animals given reserpine we have shown a
slight enhancement of potassium release in response to
carbachol, a muscarinic agonist (23). The effect of car-
bachol in that study was 31% greater in animals treated
with reserpine, and the effect of norepinephrine was 75%
greater. These data suggest that reserpine may increase
potassium release both by increasing alpha,-adrenergic
receptors and by another mechanism which is indepen-
dent of the receptor.

The studies on the beta-adrenergic receptor reported
here are in good agreement with previous reports (15-
18). Two of these studies have also included information
on alpha-adrenergic receptors. Pointon and Banerjee
(17) reported a 51% increase in the binding of
[*H]dihydroergocryptine to submandibular gland mem-
branes following chronic reserpine treatment. However,
they made no attempt to differentiate between the al-
pha;- and alpha;-subtypes. If it is assumed that
[*H]dihydroergocryptine labels both the alpha;- and
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TABLE 11
Effect of unilateral superior cervical ganglionectomy on submandibular muscarinic cholinergic receptors
[CH]QNB was the radioligand.

Treatment n Kp B

pmoles/g tissue pmoles/g protein pmoles/gland
nM

Control 6 0.45 + 0.05 123 + 0.6 267 + 27 2.18 + 0.06

Denervated 6 0.39 £+ 0.04 10.6 £ 0.9 236 + 17 1.79 £ 0.15

p >0.1 >0.1 > 0.1 > 0.05

alphas-receptor sites labeled by [*H]WB4101 and
[3H ]clonidine in our studies, then their 50% increase can
be compared with approximately the 160% increase
which we have observed in total alpha-adrenergic recep-
tor binding. The quantitative difference in the increase
between these two studies may be partially accounted
for by the use of female Wistar rats in the study by
Pointon and Banerjee (17) and male Sprague-Dawley
rats in our study. Arnett and Davis (18) also studied the
binding of [*H ]Jdihydroergocryptine to various particu-
late fractions of rat submandibular glands in both control
and denervated rats. On the basis of the Ky values for
various adrenergic drugs in inhibiting the binding of the
radioligands it was concluded that the alpha-receptors
labeled by [*H ]dihydroergocryptine were of the alpha.-
subtype. This conclusion is difficult to reconcile with the
fact that Arnett and Davis (18) found WB4101 to be
equipotent with yohimbine in inhibiting the binding of
the radioligand and that prazosin was only 8-fold less
potent than these antagonists. By contrast, our results
show a greater than 3000-fold specificity of prazosin as
compared with yohimbine for the alpha,-adrenergic site
and an 80-fold specificity of yohimbine over prazosin for
the alpha,-adrenergic site. In addition, our studies of
potassium release clearly indicate the presence of an
alpha,-adrenergic receptor mediating that function.
The increase in beta-adrenergic receptors induced by
reserpine administration or by sympathetic denervation
does not appear to be related to an increase in the activity
of adenylate cyclase (16). However, the formation of

TABLE 12
Comparison of [*H]DHA and [*H]QNB binding in glands from
female and male rats

[H]DHA and [*H]QNB saturation experiments were performed
using the same glands from 11-week-old animals that were littermates.
The mean (+ standard error of the mean) body weights (in grams),
gland weights (for the pair), and ratio of gland weight to body weight
were 229 + 2, 0.36 + 0.01, and 0.0016 + 0.0001 for females and 336 + 11,
0.49 + 0.02, and 0.0015 + 0.0001 for males, respectively.

cyclic AMP was found to be enhanced after these two
types of treatment, as a result of reduced activity in the
cyclic nucleotide phosphodiesterase (16). It appears,
therefore, that changes in the sympathetic input can
result not only in alterations in the number of adrenergic
receptors, but also in disturbances in the activity of
enzymes involved in the regulation of intracellular me-
diators of the stimulus secretion coupling mechanism.

The physiological significance of drug-induced altera-
tions in adrenergic receptors of the rat submandibular
gland can be partially ascertained by the multiple alter-
ations in secretory activity, both in vivo, and in vitro,
observed after chronic reserpine administration (10, 23).
Disturbances in fluid, electrolyte, and macromolecule
secretion are accompanied by marked morphological
changes and by changes in tissue composition. Some of
these abnormalities are likely related to changes in Ca®*
homeostasis and in cyclic nucleotide metabolism. A nor-
mal sympathetic input is clearly important, therefore, in
maintaining the physiological integrity and the secretory
function of salivary glands.

ACKNOWLEDGMENTS

The authors thank G. Ray and S. B. Jones for expert technical
assistance, and Dr. L. R. Forte in whose laboratory the cyclic AMP
studies were conducted.

REFERENCES

1. Emmelin, N. Nervous control of salivary glands, in Handbook of Physiology
(C. F.Code, ed.), Sect. 6, Vol. 2. American Physiological Society, Washington,
D.C., 595-632 (1967).

2. Batzri, S., Z. Selinger, M. Schramm, and M. R. Robinovitch. Potassium
release mediated by the epinephrine a-receptor in rat parotid slices. /. Biol.
Chem. 248:361-368 (1973).

3. Martinez, J. R., and D. O. Quissell. Potassium release from the rat submax-
illary gland in vitro. II. Induction by parasympathomimetic secretagogues. oJ.
Pharmacol. Exp. Ther. 199:518-525 (1976).

4. Batzri, S, and Z. Selinger. Enzyme secretion mediated by the epinephrine
B-receptor in rat parotid slices. J. Biol. Chem. 248:356-360 (1973).

5. Filinger, E. J., S. Z. Langer, C. J. Perec, and F. J. E. Stefano. Evidence for the
presynaptic location of the alpha-adrenoceptors which regulate noradrenaline

rel in the rat submaxillary gland. Arch. Pharmacol. 304:21-26 (1978).
6. Pointon, S. E., and S. P. Banerjee. 8-adrenergic and muscarinic cholinergic

p in rat submaxillary glands: effects of thyroidectomy. Biochim.
Biophys. Acta 583:129-132 (1979).

7. Burke, G. T., and T. Barka. Beta-adrenergic receptors and adenylate cyclase
in the hypertrophic and hyperplastic rat salivary glands. Biochim. Biophys.
Acta 539:54-61 (1978).

8. Strittmatter, W. J., J. N. Davis, and R. J. Lefkowitz. o-Adrenergic receptors
in rat parotid cells. I. Correlation of [*H }Jdihydroergocryptine binding and
catecholamine-stimulated potassium efflux. J. Biol. Chem. 252:5472-6477

9. Bylund, D. B, and J. R. Martinez, a,-Adrenergic receptors appear in rat
salivary gands after reserpine treatment. Nature (Lond.) 2858:229-230 (1980).

10. Martinez, J. R., D. O. Quissell, D. L. Wood, and M. Giles. Abnormal secretory
response to parasympathomimetic and sypathomimetic stimulation from the
submaxillary gland of rats treated with reserpine. J. Pharmacol. Exp. Ther.

n KD Bmu
pmoles/g  pmoles/g  pmoles/
tissue protein d
nM
[*HJDHA
Female 4 072+010 180+26 339+22 33103
Male 4 089010 119+ 14 240+22 29103
p >0.1 <0.05 <0.025 >0.1 (1977).
["HIQNB
Female 4 0331005 143+05 272+13 26+0.1
Male 4 041 £0.06 110+07 222+11 27%0.1
p >0.1 <0.005 <0.05 >0.1

194:384-395 (1975).

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio sjeuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

11.

12

13.

4.

15.

16.

17.

18.

19.

21.

Talamo, B. R., S. C. Adler, and D. R. Burt. Parasympathetic denervation
decreases muscarinic receptor binding in rat parotid. Life Sci. 24:1573-1580
(1979).

Pimoule, C., M. Briley, S. Arbilla, and S. Z. Langer. Chronic sympathetic
denervation increases muscarinic cholinoceptor binding the the rat submax-
illary gland. Arch. Pharmacol. 312:15-18 (1980).

Bylund, D. B, and J. R. Martinez. Differential regulation of adrenergic
receptors in submaxillary glands from chronically reserpinized rats. Physiol-
ogist 22:16 (1979).

Strittmatter, W. J., J. N. Davis, and R. J. Lefkowitz. a-Adrenergic receptors
in rat parotid cells. II. Desensitization of receptor binding sites and potassium
release. J. Biol. Chem. 252:5478-5482 (1977).

Roscher, A. A, U. N. Wiesmann, and U. E. Honegger. Changes in beta-
adrenergic receptors in submaxillary glands of chronically reserpine- or
isoproterenol-treated rats. J. Pharmacol. Exp. Ther. 216:419-424 (1981).
Bylund, D. B, L. R. Forte, D. W. Morgan and J. R. Martinez. Effects of
chronic reserpine administration on beta adrenergic receptors, adenylate
cyclase and phosphodiesterase of the rat submandibular gland. J. Pharmacol.
Exp. Ther. 218: 134-141 (1981).

Pointon, S. E,, and S. P. Banerjee. Alpha- and beta-adrenergic receptors of
the rat salivary gland: elevation after chemical sympathectomy. Biochim.
Biophys. Acta 584:231-241 (1979).

Arnett, C. D., and J. N. Davis. Denervation-induced changes in alpha and
beta adrenergic receptors of the rat submandibular gland. J. Pharmacol.
Exp. Ther. 211:394-400 (1979).

Rosenthal, H. E. Graphic method for the determination and presentation of
binding parameters in a complex system. Anal. Biochem. 20:525-532 (1967).

. Steiner, A. L., D. M. Kipnis, R. Utiger, and C. Parker. Radioimmunoassay for

the measurement of adenosine 3',5'-cyclic phosphate. Proc. Natl. Acad. Sci.
U.S.A. 64:367-373 (1969).

Harper, J. F., and G. Brooker. Femtomole sensitive radicimmunoassay for
cyclic AMP and cyclic GMP after 2’0 acetylation by acetic anhydride in
aqueous solution. J. Cyclic Nucleotide Res. 1:207-218 (1975).

. Martinez, J. R., D. O. Quissell, and M. Giles. Potassium release from the rat

submaxillary gland in vitro. 1. Induction by catecholamines. J. Pharmacol.
Exp. Ther. 198:385-394 (1976).

24.

27.

31.

AUTONOMIC RECEPTOR REGULATION 35

. Martinez, J. R., and D. O. Quissell. Potassium release from the rat submax-

illary gland in vitro. I11. Effects of pretreatment with reserpine. JJ. Pharmacol.
Exp. Ther. 200:206-217 (1977).

Tamarin, A., and L. M. Sreebny. The rat submaxillary salivary gland: a
correlative study by light and electron microscopy. J. Morphol. 117:295
(1965).

. Gresik, E. W,, and E. K. MacRae. The postnatal development of the sexually

dimorphic duct system and of amylase activity in the submandibular glands
of mice. Cell Tissue Res. 157:411 (1975).

. Uchida, S., K. Takeyasu, T. Matsuda, and H. Yoshida. Changes in muscarinic

acetylcholine receptors of mice by chronic administrations of diisopropylfluo-
rophosphate and papaverine. Life Sci. 24:1805-1812 (1979).

Ehlert, F. J,, N. Kokka, and A. S. Fairhurst. Altered [*H Jquinuclidinyl
benzilate binding in the striatum of rats following chronic cholinesterase
inhibition with diisopropylfluorophoephate. Mol. Pharmacol. 17:24-30
(1980).

. Takeyasu, K., S. Uchida, Y. Noguchi, N. Fujita, K. Saito, F. Hata, and H.

Yoshida. Changes in brain muscarinic acetylcholine receptors and behavioral
responses to atropine and apomorphine in chronic atropine-treated rats. Life
Sci. 25:585-592 (1979).

. Schallert, T., D. H. Overstreet, and H. I. Yamamura. Muscarinic receptor

binding and behavioral effects of atropine following chronic catecholamine
depletion or acetylcholinesterase inhibition in rats. Pharmacol. Biochem.
Behav. 13:187-192 (1980).

. Burns, T. W,, P. E. Langley, B. E. Terry, D. B. Bylund, B. B. Hoffman, M. D.

Tharp, R. J. Lefkowitz, J. A. Garcia-Sainz, and J. N. Fain. Pharmacological
characterizations of adrenergic receptors in human adipocytes. J. Clin. Invest.
67:467-475 (1981).

Bylund, D. B, and J. R. Martinez. Postsynaptic localization of alpha-2
adrenergic recep in rat sub dibular gland. J. Neurosci..1:1003-1007
(1981).

Send reprint requests to: Dr. David B. Bylund, Department of
Pharmacology, University of Missouri Medical Sciences Center, Colum-
bia, Mo. 65212.

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio sjeuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/



