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High Efficiency Coupling of Alpha-i Adrenergic Receptors to
lnositol Phospholipid Metabolism Revealed by Denervation of
Rat Vas Deferens1

ABSTRACT
The effect of surgical denervation on alpha-i adrenergic recep-
tor-stimulated inositol phosphate (IP) formation was examined in
rat vas deferens. Rings of tissue from acutely reserpinized
animals were incubated with [3H]inositol in the presence of lithium
to block IP degradation and desmethylimipramine to block neu-
ronal uptake of norepinephnne. Eighteen days after denervation
the potency of norepinephnne in stimulating [3H]lP accumulation
was increased 10-fold. The potency of epinephnne was in-
creased only 3.5-fold, and the potency of phenylephrine was not
altered significantly. The potency of norepinephrine in control
tissues incubated with 0.1 �M desmethylimipramine was unaf-
fected by addition of cocaine to further block neuronal uptake;

however, addition of pyrogailol and pargyline to block metabolic
degradation increased the potency of norepinephnne in these
tissues by 6-fold. Two days after denervation there was a similar
5-fold increase in the potency of norepinephnne. In denervated
tissues, the potency of norepinephrine in stimulating [3H]lP ac-
cumulation was decreased about 40-fold after receptor macti-
vation with 1 �M phenoxybenzamine. These results suggest that
there is a substantial alpha-i adrenergic receptor reserve for
stimulating [3H]IP accumulation in rat vas deferens which is
normally obscured by rapid inactivation of norepinephrine. The
increase in the potency of norepinephnne after denervation ap-
pears to be due to removal of these inactivation mechanisms.

Removal of the sympathetic input to many smooth muscles
increases their contractile sensitivity to norepinephrine and

other agents. This increased sensitivity is due partly to loss of
prejunctional uptake processes which are important in termi-

nating the actions of norepinephrine. Often, however, there is

also an enhanced postjunctional responsiveness of the smooth

muscle cells to receptor activation (Fleming, 1976; Westfail,

1981). Such postjunctional supersensitivity has been variously

attributed to changes in membrane potential, calcium utiliza-

tion, second messenger production or cell surface receptor

density or affinity (Fleming, 1976; Takenawa et at., 1983).

We have studied previously the importance of changes in

atpha-1 adrenergic receptor density after sympathetic dener-

vation of rat vas deferens. We found that surgical denervation

did not change the potency of phenylephrine in causing con-

tractions of vas deferens, but increased the maximal contractile

response (Abel et at., 1985). Conversely, chronic reserpine treat-

ment caused an increase in potency with no change in maximal

response to phenylephrine (Nasseri et at., 1985). Neither of

these treatments affected a�plw-1 adrenergic receptor density
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or affinity in vas deferens, suggesting that the changes were
occurring at some event distal to the binding of agonist to the

receptor. This is consistent with the observation that the su-
persensitivity caused by these treatments was relatively non-
specific, also being apparent with compounds acting through
nonadrenergic mechanisms (Kasuya et at., 1969; Abel et at.,

1985; Nasseri et at., 1985).

Activation of a�pha-1 adrenergic receptors in smooth muscle,

as in other tissues, increases the breakdown of inositol phos-
pholipids to inositol phosphates and diacylglycerol (Jafferji and

Michell, 1976; Takenawa, 1982; Berridge and Irvine, 1984; Fox
et at., 1985). Because this appears to be the initial step in atpha-

1 adrenergic receptor-mediated signal transduction, it is possi-
ble that the coupling of these receptors to IP formation might
be increased by denervation. Previously, denervation has been

shown to increase norepinephrine-stimulated phosphatidyli-

nositol metabolism in a variety of tissues (Abdel-Latif et at.,

1978; Akhtar and Abdel-Latif, 1986; Janowsky et at., 1984; Zatz,

1985; Kendall et at., 1985). On the other hand, denervation of
rat parotid actually interfered with the coupling of this system

(Downes et at., 1983), and the increased coupling in some of
these tissues has been disputed (Fowler et at., 1986a; Johnson

et at., 1987). In this manuscript we examine whether surgical

denervation affects a�pha-1 adrenergic receptor-stimulated mo-

ABBREVIATIONS: lP, inositol phosphate; KRB, Krebs-Ringer bicarbonate buffer.



[3H]IP accumulation In rat vas deferens
Each vthie is the mean ± S.E.M. of the number of experiments indicated in parentheses.
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Acute reserpine (n = 9)
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sitol phospholipid breakdown in rat vas deferens, to determine

whether this mechanism could contribute to increases in post-

junctional sensitivity to contractile agonists.

Methods

Drugs. The d.rugs used were obtained from the following sources:

(-)-phenylephrine HC1, (-)-norepinephrine bitartrate, (-)-epineph-
rifle bitartrate, pargyline HC1, crystalline reserpine and carbachol

(Sigma Chemical Co., St. Louis, MO); desmethylimipra.mine HC1 (USV
Pharmaceutical Corp., Tuckahoe, NY); phenoxybenzamine HC1 (Smith

Kline and French Laboratories, Philadelphia, PA); pyrogallol (Fisher

Scientific, Springfield, NJ); cocaine HC1 (Dr. N. C. Moran, Emory
University); and [3H]myoinositol (16 Ci/mmol) (New England Nuclear,

Boston, MA).

Surgical denervation. Male Sprague-Dawley rats (200-400 g) were

anesthetized with sodium pentobarbital (35 mg/kg i.p.). One van def-
erens from each animal was denervated using the method of Kasuya et
at. (1969) as described previously (Abel et at., 1985). Animals were
allowed to recover and sacrificed at various time points after surgery.

Measurement of [3HJIP accumulation. Animals were usually
injected with reserpine (3 mg/kg i.p.) 18 to 24 hr before sacrifice on
the appropriate days after surgery. Control and denervated van deferens
were removed and placed in KRB buffer containing (in millimolar)
NaCl, 120; KC1, 5.5; CaC12, 2.5, NaH2PO4, 1.2; MgCl2, 1.2; NaHCO3,

20; dextrose, 11; and Ca-disodiuin EDTA, 0.029 preequilibrated with
95% 02-5% CO,. The vase deferentia were cleaned of their serous

sheath and marked off in 2 mm lengths from the prostatic end by
pinching the organ transversely with a fine pair of forceps (Fox et at.,

1985). Approximately six to eight rings weighing 3 to 4 mg each were
obtained from each van deferens. Rings were preincubated in KRB for
30 mm at 37”C. One ring was then placed in each assay tube containing
0.3 ml of KRB, 10 mM LiCl, 1 �tCi of [3H]inositol, 0.1 �iM desmethyli-
mipramine and drugs under study. This concentration of desmethyli-

mipramine is sufficient to shift the dose-response curve for norepi-

nephrine-induced contractions of van deferens maximally to the left

(Abel et at., 1985). We could not use higher concentrations of desme-
thylimipramine, as higher concentrations antagonize competitively at-

ph�’z-1 adrenergic receptors. [3HJIP formation was determined essen-

tially as described by Berridge et at. (1982). Incubations were continued

for 2 hr at 37”C under 95% 02-5% CO,, stopped with chloroform-

methanol and water soluble [3HJIP’s separated by anion exchange
chromatography as described previously (Fox et at., 1985). An aliquot
(0.2 ml) of the organic phase was evaporated overnight, reconstituted
with 0.3 ml ofwater and counted for determination oftotal radioactivity

incorporation. Results are expressed as percentage oftotal incorporated

radioactivity in each sample which was converted to [3H]IP (% hy-
drolysis). Total disintegrations per minute incorporated into lipid av-
eraged 12,588 ± 956 dpm (n = 24).

Data analysis. Dose-response curves were analyzed by linear
regression of all points between 20 and 80% of the maximal response
to each agonist. Unpaired Student’s t tests were used to test signifi-
cance, and a P values less than .05 was considered significant. Mean ±

S.E.M.s are plotted in all figures. When the S.E.M. is smaller than the

area of the symbol, it is not shown in the figures.

TABLE 1
Effect of acute reserpine treatment and long-term denervation on nou

Results

Effect of denervation, Basal [3H]IP accumulation in the
absence of drug was reduced by about 50% in vasa deferentia
denervated 18 days earlier compared to sham-operated controls
(table 1). To determine whether this decrease was due to

removal of endogenous agonist, animals were treated 24 hr

before sacrifice with reserpine (3 mg/kg i.p.) to deplete endog-

enous catecholamine stores. This treatment also caused about
a 50% reduction in basal [3HJIP accumulation (table 1). To

ensure low basal levels, all subsequent animals were pretreated
with reserpine.

Dose-response curves for stimulation of [3H]IP accumulation

by norepinephrine were determined in vasa deferentia denerv-
ated 18 days previously and in sham-operated controls. Figure
1 shows that denervation caused a 10-fold increase in potency

of norepinephrine with no change in maximum effect. Acute
reserpine treatment, which had similar effects on basal levels,

did not alter the potency of norepinephrine in either control or
denervated animals (table 1). To determine if [3HJIP accumu-
lation was linear under the conditions studied, the time course

of [3H]IP accumulation in the presence of norepinephrine was
determined in control and 18-day denervated tissues. [3H]IP

accumulation in the presence of 1 �M norepinephrine appeared

to be linear for up to 2 hr in both tissues, and significant effects

of denervation could be observed within 20 mm (fig. 2).
It was important to determine whether the denervation-

induced increase in the potency of norepinephrine also was

observed with other agonists. Eighteen-day denervation caused

a significant, but smaller increase in the potency of epinephrine
(fig. 3). Surprisingly, denervation had no significant effect on
the potency of the synthetic agonist phenylephrine (fig. 3; table

2). We also tested the response to 1 mM carbachol, which was

unchanged after 18 days of denervation (data not shown).

Effect of cocaine, pargyline and pyrogallol. Inasmuch

as denervation increased the potencies of the naturally occur-

ring catecholamines but not the synthetic agonist phenyleph-

rine, we examined the possibility that this was due to changes

in catecholamine availability rather than in receptor coupling

efficiency. Neuronal uptake was blocked in all experiments by
0.1 �M desmethylimipramine. To ensure that this concentra-

tion of desmethylimipramine was effectively blocking uptake
and the increase in potency was not due to more effective

removal of neuronal uptake in denervated tissues, we added 30

�M cocaine to control tissues to further block neuronal uptake.

This treatment had no effect on the potency of norepinephrine

in control preparations (table 3). However, when inhibitors of
monoamine oxidase (pargyline) and catechol-O-methyltrans-

ferase (pryogallol) were also added, there was a 6-fold increase
in the potency of norepinephrine (fig. 4). Therefore, inhibition
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Fig. 1. Effect of 1 8-day denervation on norepinephhne-stimulated [3H]IP
accumulation in vas deferens. Desmethylimipramine (0.1 �M) was pres-
ant in au tubes. Each point is the mean ± S.E.M. of duplicate determi-
nations from three to five experiments.
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Fig. 2. Time course of [3H]IP formation in control and I 8-day denervated
vas deferens. Desmethylimipramine (0.1 �M) and norepinephrine (1 �M)
were present in all tubes for the indicated times. Eath point is the mean
± S.E.M. of du�ate determinations from three experiments.
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Fig. 3. Effect of 1 8-day denervation on epi-
nephrine- and pheny$ephrine-stimulated [3H]
lP accumulation in vas deferens. Desmethy-
limipramine(0.1 �zM) was present in all tubes.
Each value is the mean ± S.E.M. of duplicate
determinations from three experiments.
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of norepinephrine metabolism mimicked the effect of dener-
vation, suggesting that such effects might be due to removal of
metabolic enzymes.

Effects of short-term denervation. If the effects of de-
nervation were caused by an impaired inactivation of catechol-
amines, such effects should occur very quickly. Figure 4 shows
that 2 days after denervation there was a 6-fold increase in the
potency of norepinephrine in this system, only slightly smaller
than that observed 18 days after denervation (table 1).

Effect of receptor inactivation. The potency of norepi-
nephrine in activating inositol phospholipid metabolism in
denervated vas deferens, or in control preparations in the
presence of pargyline and pyrogallol, was substantially greater
than in binding to or activating the functional receptors in this
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tissue (Fox et at., 1985; Minneman and Abel, 1984). Therefore

we examined the possibility that there is an alpha-i adrenergic
receptor reserve for stimulating inositol phospholipid metabo-
lism in this tissue. Pretreatment of denervated vas deferens
with 0.1 �M phenoxybenzamine for 10 mm caused a significant
2.8-fold shift to the right in the dose-response curve for nor-
epinephrine-stimulated [3HJIP formation without changing the

maximal stimulation (fig. 5). Pretreatment with 1 �iM phenoxy-

benzamine for 10 mm caused a 40-fold shift to the right and a
50% reduction in maximum (fig. 5), consistent with the pres-
ence of a receptor reserve.

Discussion

Surgical denervation of rat vas deferens was found to increase

greatly the potency of norepinephrine in stimulating [3H]IP

accumulation without altering the maximal degree of stimula-
tion. Previously, denervation has been found to increase the

potency of and/or maximal response to norepinephrine in
stimulating [3H]IP accumulation in rabbit iris (Akhtar and
Abdel-Latif, 1986), hippocampus (Janowsky et at., 1984) pineal
(Zatz, 1985) and cerebral cortex (Kendall et at., 1985; Johnson

et at., 1987). Such changes might be due to increases in receptor-
effector coupling efficiency, possibly resulting in an increased
receptor reserve (Janowsky et at., 1984; Kendall et at., 1985;
Akhtar and Abdel-Latif, 1986). Such an effect could make an
import�ant contribution to the postsynaptic supersensitivity
which becomes apparent after denervation.

However, we found that denervation caused a much smaller
increase in the potency of epinephrine, and no change in
potency of phenylephrine in increasing [3H]IP accumulation in
vas deferens. An increase in receptor-effector coupling effi-
ciency should result in equivalent increases in potency for all
agonists with a maximal intrinsic activity. Because increases

were observed only for the natural catecholamine agonists
norepinephrine and epinephrine and the increase was smaller

for epinephrine, it was possible that changes in the availability

of these compounds might be involved in the effects of dener-
vation.

Reuptake into adrenergic nerve terminals is a major mecha-
nism for terminating the action of norepinephrine (Iversen,

1967). Removal of this uptake system by denervation would be
expected to result in large increases in the potency and/or

maximal response to norepinephrine (Fleming, 1976; Westfall,
1981). In many of the previous studies examining the effect of

denervation on norepinephrine stimulated [3H]IP accumula-
tion, removal of uptake processes probably played an important
role in the increased responsiveness to norepinephrine which
was observed, as no steps were taken to control for this “pre-



TABLE 2
Effect of 18-day denervatlon on the potencles of othor agonists
All animals were pretreated with reserpine (3 mg/kg). Each value is the mean ±

S.E.M. of three determinations from separate experiments.
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junctional” supersensitivity (Abdel-Latif et at., 1978; Janowsky

et at., 1984; Zatz, 1985; Akhtar and Abdel-Latif, 1986). It would
be difficult, therefore, to separate out increases in postjunc-

tional receptor-effector coupling efficiency from removal of
norepinephrine inactivation by reuptake. We were interested

in the mechanisms of postjunctional supersensitivity, and 0.1
�M desipramine was present in all of our experiments to block
norepinephrine neuronal uptake. We also found that addition
of 30 �tM cocaine to further block neuronal uptake had no effect
on the control dose-response curve for [3HIIP accumulation,
suggesting that loss of the specific neuronal uptake process

caused by denervation did not contribute to the increased
potency of norepinephrine.

Another mechanism for terminating the actions of norepi-

nephrine is degradation by the enzymes monoamine oxidase or
catechol-O-methyltransferase. Monoamine oxidase is largely
localized to the mitochondria whereas catechol-O-methyltrans-

ferase is distributed more widely. Although this inactivation
mechanism is usually less important than reuptake, it gains

importance when uptake is blocked. Branco et at. (1984) showed

that surgical denervation impairs norepinephrine 0-methyla-
tion and causes morphological alterations in dog saphenous
vein and rabbit ear artery. Fowler et at. (1986b) showed that
pretreatment of hippocampal slices with pargyline, an inhibitor
of monoamine oxidase, potentiated the stimulation of [3H]IP

-k�g EC�1,
MtilogRatio

Control 1�Dey denervabcsi

M U
Epinephnne
Phenylephnne

6.48 ± 0.012
5.67 ± 0.089

7.02 ± 0.028**
5.80 ± 0.009

3.5
1.3

.* P < .001 compared to control.

TABLE 3

Effect of Inhibition of uptake or metabolism and short-term
denervatlon on the potency of norepinephrln
All animals were pretreated with reserpine (3 mg/kg). All tubes contained 0.1 MM
desmethylimipramine. Each value is the mean ± S.E.M. from three to nine experi-
ments.

-log EC� AnthogRatio

U
Control 5.62±0.112 1.5

+30 MM cocaine
+30 MM �

+100 �M pyrogallol,
+100 �iM pargyline

2-Day denervation only

5.80 ± 0.093

6.41 ± 0.061�
6.34 ± 0.280**

6.2
5.2

#{149}.P < .01 compared to control.
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accumulation caused by norepinephrine, but not phenyleph-
rime. We found that addition of pargyline as well as pyrogallol,

an inhibitor of catechol-O-methyltransferase, caused a 6-fold
increase in the potency of norepinephrine in stimulating [3H]
IP accumulation in control vas deferens. This increase was

similar to that caused by 18-day denervation, raising the pos-

sibility that the effect of denervation was due to a reduction in

the availability of metabolic enzymes degrading norepineph-
rine. This hypothesis was supported by the fact that a similar
increase in the potency of norepinephrine was observed 2 days
after denervation. At this time there is little or no postjunc-
tional supersensitivity observed (Abel et at., 1985), although

the majority of the nerve terminals have degenerated.

These results suggest that surgical denervation does not
increase the efficiency of coupling between alpha-i adrenergic
receptors and [3HJIP accumulation in rat vas deferens. Similar
results have been obtained previously in rat hippocampus (Fow-

ler et at., 1986a) and in rat cerebral cortex (Johnson et at.,

1987). Although our results are in apparent contradiction to

studies in other tissues in which increases in receptor-effector

coupling efficiency have been postulated after denervation
(Janowsky et at., 1984; Zatz, 1985; Akhtar and Abdel-Latif,

1986), these previous studies could not distinguish between

changes in coupling efficiency and changes in norepinephrine
availability caused by decreased uptake and/or metabolism (see
above). On the other hand, a report by Kendall et at. (1985)

found an increase in the intrinsic activity of phenylephrine in
stimulating [3H]IP accumulation in rat cerebral cortex after

chemical denervation with 6-hydroxydopamine, suggesting a

true increase in receptor-effector coupling efficiency. The rea-
son for this difference is not obvious; however, our results show
clearly that alpha-i adrenergic receptor-stimulated inositol
phospholipid metabolism in rat vas deferens is not changed by
denervation. The exact relationship between contractile re-
sponses and inositol phospholipid metabolism remains to be
established, but the increase in maximal contractile response
caused by surgical denervation (Abel et at., 1985) does not
appear to be associated with receptor-stimulated inositol phos-
pholipid metabolism.

In previous studies we found discrepancies between the ap-

parent intrinsic efficacies of various agonists in stimulating

[3HJIP accumulation in rat vas deferens. Although phenyleph-

nine and methoxamine are only partial agonists for stimulating
this response in rat cerebral cortex (Minneman and Johnson,
1984; Brown et at., 1984; Schoepp et at., 1984), these compounds
appeared to be full agonists with similar intrinsic activities to

norepinephrine and epinephrine in vas deferens (Fox et at.,

1985). In addition, low efficacy partial agonists such as cloni-
dine and phenylpropanolamine which do not stimulate [3H]IP

accumulation in brain had significant activities (40-80% of

Fig. 4. Effect of cocaine, pargyline and pyro-
gallol and short-term denervation on norepi-
nephrlne-stimulated [�HJIP accumulation in
vas deferens. Desmethylimipramine (0.1 zM)
was present all tubes. Left panel, 30
cocaine (COC) or COC plus 0.1 mM pargyline
(PARG) and 0.1 mM pyrogailol (PYR) were
added. Right panel, [3H]lP accumulation was
measured in control and 2-day denervated
tissues. Each value is the mean ± S.E.M. of
duplicate determinations from three to nine

-7 -6 -5 -4 experiments.
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Fig. 5. Effect of phenoxybenzamine (PBZ) on norepinephnne-stimulated
[3HIIP accumulation in 18-day denervated vas deferens. Denervated
tissues were treated with 0, 0.1 or 1 .0 � PBZ for 10 mm before dose-
response curves were determined. Desmethylimipramine (0.1 MM) was
present in all tubes. Each value is the mean ± S.E.M. of duplicate
determinations from three to eight experiments.

norepinephrine) in vas deferens. However, there appeared to
be little or no receptor reserve for norepinephrine or epineph-
rime, as the potencies of these compounds in stimulating [3H]

IP accumulation in vas deferens were similar to their affinities
for binding to and activating the a�pha-1 adrenergic receptors

in this tissue (Fox et at., 1985; Minneman and Abel, 1984). Fox

and Friedman (1987) have recently used phenoxybenzamine to
obtain evidence for an atpha-1 adrenergic receptor reserve for
stimulation of inositol phosphate production in rat vas deferens
and caudal artery. Our results suggest that the potencies of

norepinephrine and epinephrine in activating [3H]IP accumu-

lation in vas deferens were underestimated in our previous

study, and that in the absence of catecholamine inactivation
there is a significant receptor reserve for this effect. This
explains why our previous results suggested that there was a
receptor reserve for noncatecholamine agonists but no receptor
reserve for catecholamine agonists (Fox et at., 1985).

The results presented here show that the postjunctional

supersensitivity caused by surgical denervation of rat vas def-
erens is not caused by an increase in the efficiency of coupling

between a�pha-1 adrenergic receptor stimulation and the break-

down of inositol phospholipids. These studies once again un-
derscore the importance of controlling for inactivation path-
ways when the potencies of naturally occurring catecholamines

are being examined. Finally, although receptor occupancy has
been suggested to be linearly coupled to activation of inositol
phospholipid metabolism in many tissues (Michell et at., 1976;
Berridge et at., 1982; Fisher et at., 1983; Minneman and John-
son, 1984; Brown and Brown, 1984), in rat vas deferens there
is a significant alpha-i adrenergic receptor reserve for stimu-
lation of [3H]IP accumulation.
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