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ABSTRACT

Desensitization of smooth muscle contraction was studied in
aortic ring segments obtained from New England Deaconness
Hospital rats harboring pheochromocytomas, a norepinephrine-
secreting tumor. Rats were studied 5 to 6 weeks after implan-
tation of the pheochromocytoma, by which time severe hyper-
tension had developed. Aortic ring segments from the pheochro-
mocytoma rats were significantly less sensitive to the alpha-1
adrenergic agonist phenylephrine [logio (EDso) = —7.21 + 0.09
vs. —7.63 = 0.11 in controls). In addition, the maximal force of
contraction induced by phenylephrine was decreased in the
aortas from pheochromocytoma rats (1.31 + 0.15 g) compared
to controls (2.17 + 0.23 g). The potency of the thromboxane A.
receptor agonist U-46,619 was decreased in the aortic ring
segments from pheochromocytoma rats compared to controls,
although it elicited a similar maximal force of contraction. Desen-

sitization of alpha receptor-mediated contraction was prevented
by treating the pheochromocytoma-bearing rats with the revers-
ible alpha adrenergic antagonist phentolamine (200 ug/kg/hr) via
osmotic minipumps for 2 weeks. However, phentolamine did not
decrease the hypertension in these rats. Also, large doses of the
irreversible alpha adrenergic antagonist phenoxybenzamine (4
mg/kg/day i.p.) did not decrease blood pressure in rats harboring
pheochromocytoma or did the drug completely block aortic alpha
receptors in these rats as it did in controls. The results indicate
that pheochromocytoma induces heterologous desensitization
of smooth muscle contraction in rat aorta. The desensitization is
due to direct effects of catecholamines unrelated to hyperten-
sion. The New England Deaconess Hospital rat harboring phe-
ochromocytoma is an interesting model to study the effects of
high concentrations of plasma catecholamines on smooth muscle
contraction.

Pheochromocytomas are tumors that synthesize and secrete
large amounts of catecholamines. The NEDH rats will accept
and carry a transplantable pheochromocytoma (Warren and
Chute, 1972). This tumor stores and secretes norepinephrine
and dopamine (Chalfie and Perlman, 1976). We have found
previously that rats harboring this pheochromocytoma typically
have plasma norepinrphrine concentrations approximately 40-
fold higher than those observed in age-matched control NEDH
rats (Tsujimoto et al., 1984). Clinically, pheochromocytomas
often cause severe hypertension and cardiac abnormalities
(Manger et al., 1985), which are presumably the result of the
high concentrations of circulating catecholamines.

Exposure of a cell or tissue to an agonist hormone such as a
catecholamine for an extended period of time may result in a
decreased ability of that tissue to respond to the agonist. Such
an alteration is referred to as desensitization, tolerance or
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tachyphylaxsis (Goldstein et al., 1974). Desensitization can
result in a loss in agonist potency and/or ability to induce a
maximal response in the tissue. The mechanisms of beta adre-
nergic receptor desensitization have been studied extensively
and may involve a loss in beta adrenergic receptors from the
cell surface and an uncoupling of the receptor from its effector
protein (Lefkowitz et al., 1983; Harden, 1983). Although the
mechanism of alpha adrenergic receptor desensitization is less
well understood, the phenomenon has been demonstrated in
vascular smooth muscle after in vitro exposure to epinephrine
(Carrier et al., 1978, Furchgott and Bhadrakom, 1953; Lurie et
al., 1985) as well as after an in vivo epinephrine infusion (Maze
et al., 1985).

The rat model of pheochromocytoma provides an excellent
in vivo system of prolonged catecholamine exposure in which
to investigate the possibility of alpha adrenergic receptor de-
sensitization. Indeed, down regulation of renal alpha-1 adre-
nergic receptors has been demonstrated in rats harboring this
tumor (Snavely et al., 1982), although functional alpha adre-
nergic responsiveness in this setting has not been examined.
The present studies were conducted to examine the possibility
of functional alpha adrenergic receptor desensitization in phe-
ochromocytoma.

ABBREVIATION: NEDH, New England Deaconness Hospital.
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Methods

Implantation and monitoring of the pheochromocytoma.
Small pieces of pheochromocytoma were implanted s.c. into the skin
at the base of the neck of male and female NEDH rats. Palpable tumors
were usually evident 19 to 28 days after implantation at which time
the animals typically had a plateau in their weight (Tsujimoto et al.,
1984). Animals were sacrificed by decapitation approximately 35 to 45
days after implantation. Inasmuch as decapitation alters plasma cate-
cholamine concentrations markedly, norepinephrine was not measured
in these rats. In similar, barbiturate anesthetized rats harboring pheo-
chromocytoma plasma norepinephrine concentrations are typically
10,000 to 40,000 pg/ml compared to 200 to 400 pg/ml in controls (data
not shown).

Treatment of rats with alpha adrenergic antagonists and
measurement of blood pressure. At the time of the body weight
plateau, tumor-bearing animals were divided into one of three groups:
untreated, phenoxybenzamine-treated or phentolamine-treated. Drug
treatments were as follows: phenoxybenzamine HCI, 4 mg/kg in once
daily i.p. injections and phentolamine HCI, 200 ug/kg/hr via osmotic
minipump (ALZA Corporation, Palo Alto, CA). Phenoxybenzamine is
an irreversible alpha adrenergic receptor antagonist whereas phentol-
amine is a competitive reversible antagonist. Each drug was adminis-
tered in distilled water. All doses are expressed as milligrams of salt
per kilogram. The treatment period lasted from the time of the body
weight plateau until the time of sacrifice, approximately 1 to 2 weeks.
Sacrifice of the phenoxybenzamine-treated animals occurred within 24
hr of the last injection of the drug. Unimplanted NEDH rats were also
administered phenoxybenzamine in an identical fashion and sacrificed
as above.

Systolic blood pressure was measured using the tail-cuff technique
(Bunag and Butterfield, 1982). Blood pressure was measured after 1
week of drug treatment, approximately 30 to 35 days after tumor
implantation. Blood pressure measurements were obtained in tumor-
implanted, tumor-implanted-treated and age- and sex-matched un-
treated, unimplanted (i.e., control) rats at the same time.

Measurement of alpha receptor-mediated contraction in aor-
tic ring segments. Rats were sacrificed by decapitation; the aorta was
removed quickly and dissected free from loose adventitia and fat. The
aorta was then cut into approximately 3- to 4-mm ring segments and
mounted in a multichamber tissue bath. Although somewhat contro-
versial, the adrenergic receptors mediating contraction in rat aorta
have many characteristics of alpha-1 receptors (Ruffolo et al., 1982;
Digges and Summers, 1983). The techniques used in this study have
been described previously in detail (Ginsburg et al., 1984). Briefly, the
3- to 4-mm aorta ring segments were mounted between two metal pins
(0.018”) that were attached to force-displacement transducers and
placed in 100-ml wells. A resting force of approximately 1.5 g was
applied and the ring segments were allowed to equilibrate for 60 min
in a modified Tyrode’s solution of the following composition in milli-
molar: NaCl, 118; KCl, 4; MgSO,, 1.2; CaCl,, 2.0; dextrose, 5; NaHCO,,
24; and NaH,PO,, 1.2. The tissues were rinsed after 15 and 30 min of
equilibration. The ring segments were aerated with 95% 0,-5% CO, at
a temperature of 37°C and a pH of 7.4 to 7.45. All recordings were
made by a real time analog to digital microprocessor system (Can-
Tron, Pacific Grove, CA). Cumulative dose-response curves were gen-
erated to phenylephrine (10~° to 107* M) or U-46,619 (10~ to 2 x 10~7
M) in the presence of the beta receptor antagonist propranolol (10~
M) and 10~® M cocaine. Measurements at any given dose were obtained
in each of 3- to 4-segments and the results were averaged to form a
single dose-response curve for each aorta. All results are expressed as
grams of developed tension above the resting tension.

Data analysis. The individual dose-response curves were analyzed
using a least-squares fit of the four parameter logistic function by the
ALLFIT program (DeLean et al., 1978) which determined the dose of
agonist that gave half-maximal contraction (ECs) and maximal re-
sponse ( Ens:). The analysis was performed on an APPLE II computer
using the program modified by Martin Teicher (Harvard University)
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and obtained form the Biomedical Computing and Technology Infor-
mation Center (Nashville, TN). Statistical significance was determined
with Student’s ¢ tests. Results are expressed mean + S.E.M.
Materials. The following drugs were generously donated: phenoxy-
benzamine HCl (Smith Kline & French Laboratories, Philadelphia,
PA); phentolamine HCI (Ciba-Geigy Corp., Summit, NJ); and U-46619
(The Upjohn Company, Kalamazoo, MI). Cocaine, propranolol and
phenylephrine were purchased from Sigma Chemical Co. (St. Louis,
MO). All other chemicals were from standard commercial sources.

Results

Measurement of alpha adrenergic responses in aortic
ring segments. The ability of the alpha-1 receptor agonist
phenylephrine to induce contraction in aortic rings from con-
trol and pheochromocytoma-bearing rats is illustrated in figure
1. Desensitization of the alpha adrenergic receptor-mediated
contraction in ring segments from pheochromocytoma-bearing
rats was found; there was both a rightward shift in the dose-
response curve and a decrease in maximal response. Phenyl-
ephrine’s ECy, value was increased 3-fold and E.., was de-
creased by approximately one-half (table 1). Contractile re-
sponse was also measured in aortas taken from rats who had
received the irreversible alpha receptor antagonist phenoxy-
benzamine for 1 to 2 weeks before sacrifice as described under
“Methods.” As can be seen in figure 1, phenoxybenzamine
treatment of control rats eliminated completely the alpha re-
ceptor-mediated contraction in aortas taken from these unim-
planted NEDH rats, indicating that essentially complete alpha
receptor blockade had been achieved in vivo. However, when
the same dose was administered to pheochromocytoma-bearing
animals, alpha receptor-mediated contraction was obtained in
these desensitized vessels, indicating that complete receptor
blockade could not be achieved with this large daily dose of
phenoxybenzamine in rats harboring pheochromocytoma (fig.
1; table 1).

The ability of the reversible alpha adrenergic antagonist
phentolamine to prevent the alpha adrenergic receptor desen-
sitization observed in pheochromocytoma is illustrated in figure
2. Infusion of tumor-bearing rats with phentolamine for 1 to 2
weeks before sacrifice restores the ECy and E,,,, of the phen-
ylephrine dose-response curve to values indistinguishable from
those observed in aortas from control animals (table 1). This
result suggests that the desensitization is mediated via alpha
receptors and that this dose of phentolamine (200 ug/kg/hr)
adequately blocks alpha adrenergic receptors in the presence of
the markedly elevated plasma catecholamines.

U-46,619-induced contraction in aortic ring seg-
ments. The ability of aortic ring segments from pheochromo-
cytoma animals to respond to the prostaglandin H, analog U-
46,619 (Coleman et al., 1981) was determined to assess whether
the observed desensitization in alpha adrenergic responsiveness
was homologous or heterologous. Homologous desensitization
involves a loss in responsiveness to an agonist at a single
receptor whereas heterologous desensitization involves a loss
in responsiveness to a multiplicity of agonists acting on a
variety of receptors (Su et al., 1976). U-46,619 is thought to
interact with thromboxane A, receptors to cause contraction
via mobilization of predominantly extracellular calcium stores
(Angerio et al., 1982). Figure 3 illustrates that there is a small
but significant loss in responsiveness to this agent in aortas
from pheochromocytoma rats, although the desensitization is
expressed solely as a rightward shift in the dose-response curve
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Fig. 1. Desensitization of alpha adrenergic re-
ceptor-mediated contraction of aortic ring seg-
ments in pheochromocytoma. lllustrated are rep-
resentative dose-response curves of phenyleph-
rine-induced contraction in aortic ring segments
from a control NEDH rat (O), a pheochromocy-
toma-bearing rat (®) and phenoxybenzamine-
treated control (A) and pheochromocytoma (A)
rats. There was a decrease in sensitivity and
maximal response to phenylephrine in the aorta
from the pheochromocytoma rat compared to
the control. Note that the phenoxybenzamine
dose which is adequate to block completely the
alpha adrenergic response in the control rat only

attenuated partially the response in aorta from
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TABLE 1

Phenylephrine-induced contraction in rat aorta
Groups were treated as described under “Methods™ and N refers to the number of
animals in each group.

Group Log (ECso) Ermex N
9
Control -7.63+0.11 217 £ 0.12 1
Pheochromocytoma -7.21 £0.09** 1.31+0.15" 10
Control + phenoxybenz- 0 4
amine
Pheochromocytoma + —6.64 + 0.08"* 0.66+0.17**" 7
phenoxybenzamine
Pheochromocytoma + —7.56 + 0.16 2.03+0.17 9
phentolamine

** Significantly different from control, P < .01; *** significantly different from
control, P < .001.

without a reduction in maximal responsiveness. The magnitude
of this shift is similar to that seen with the alpha receptor
agonist phenylephrine (table 2).

Effect of alpha adrenergic receptor blockade on sys-
tolic blood pressure. Table 3 illustrates the degree of hyper-
tension found in rats harboring a pheochromocytoma. In ad-
dition to an elevation in systolic pressure, the heart rate is also
increased significantly in these animals (table 3). In view of the
fact that the dosing regimen of phenoxybenzamine does not
produce complete alpha receptor blockade in pheochromocy-

4 the rat harboring a pheochromocytoma. Each
curve was replicated as indicated in table 1.

toma animals (fig. 1), it is not surprising that this agent did
not significantly lower blood pressure. However, phentolamine,
at a dose that reverses the alpha adrenergic receptor desensiti-
zation completely, also did not cause a reduction in blood
pressure (table 3).

Discussion

We have found that there is a functional loss in alpha
adrenergic responsiveness in aortas taken from rats harboring
pheochromocytoma. The desensitization is characterized by a
loss in the potency of the alpha receptor agonist phenylephrine
as well as a decrease in its ability to induce a maximal response.
Additionally, there is a loss in potency in the action of the
thromboxane A,-mimetic agonist U-46,619 in aortas from rats
harboring pheochromocytoma without any change in maximal
response.

Pheochromocytoma leads to the prolonged exposure of tis-
sues to markedly elevated concentrations of catecholamines in
vivo. Previous work has demonstrated that relatively brief
exposure of vascular smooth muscle in vitro to catecholamines
leads to desensitization of alpha adrenergic receptor-mediated
contraction (Carrier et al., 1978; Furchgott and Bhadrakom,
1953; Lurie et al., 1985). We have found that exposure of rabbit
aorta to epinephrine in vitro for 7 hr leads to desensitization of
alpha-1 receptor-mediated contraction, manifested as a right-

2.5
o Control _n /’8:: 2— 6
2.0} ©®Pheochromocytoma == o
O Pheochromocytoma +Phentolamine O/ ° Fig. 2. Phentolamine treatment in rats harboring phe-
“ ochromocytoma reverses the alpha adrenergic recep-
0

Tension (G)

tor desensitization. lllustrated are representative
dose-response curves of phenylephrine-induced con-
traction of aortic ring segments from a control NEDH
rat (O), a pheochromocytoma-bearing rat (@) and a
pheochromocytoma rat treated with phentolamine
@), as described under “Methods.” Phentolamine
treatment restores the potency and maximal response
of the alpha agonist in pheochromocytoma-bearing
animals. Each curve was replicated as indicated in
table 1.

-log,, [Phenylephrinel, (M)
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Fig. 3. Contractile response to U-46,619 in aortic ring segments from
rats harboring pheochromocytoma. lllustrated are representative dose-
response curves of aortic ring segments from a control NEDH rat (O)
and a pheochromocytoma-bearing rat (®). There was a small increase in
the ECs, in the pheochromocytoma rat without loss in maximal response.
Each curve was replicated as indicated in table 2.

TABLE 2

Thromboxane A, receptor agonist U-46, 619-induced contraction in
rat aorta

N refers to the number of animals.

)
Control -8.10+ 0.1 247 +023 6
Pheochromocytoma ~7.75 £ 0.05** 2.30 £ 0.35 7

** Significantly different from controi, P < .01.

TABLE 3
Systolic blood pressure and heart rate
N refers to the number of animals.
Group Bbosdysptobc Heart Rate N
mm Hg beats/min
Control 133+ 4 402 + 8 11
- Pheochromocytoma 170 = 9** 463 + 12** 9
Pheochromocytoma + 169 = 11** 454 + 16** 7
phenoxybenzamine
Pheochromocytoma + 165 + 12** 469 + 10** 9
phentolamine

** Significantly different from control, P < .01.

ward shift in agonist dose-response curves (Lurie et al., 1985).
In those studies, maximal contractile responses were intact in
the desensitized vessels. In that experimental model, desensi-
tization is homologous; i.e., contractions induced by histamine
and serotonin are intact in the vessels desensitized to alpha
adrenergic stimulation. Interestingly, when desensitization was
induced in vivo by infusing epinephrine into rabbits, the results
were quite different (Maze et al., 1985). Namely, aortas removed
from rabbits infused for 2 hr with epinephrine demonstrate
both heterologous desensitization and blunted maximal re-
sponses to alpha-1 receptor stimulation. Consequently, the
form of desensitization induced in vivo in rabbits resembles the
desensitization seen in rats harboring pheochromocytoma. This
suggests the possibility that catecholamines have actions in
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vivo that modify the form of desensitization in ways that do
not occur in vitro.

Although the desensitization seen in the aortas taken from
rats with pheochromocytoma was heterologous, the changes
seen with phenylphrine differed from those found for U-46,619.
Both phenylephrine’s ECs, and E,., values were altered
whereas only the ECy, value of U-46,619 changed in the aortas
from rats harboring pheochromocytoma. This result suggests
that the desensitization in rat aorta may involve two compo-
nents, one specific to the alpha receptor and the other a
potentially more nonspecific change. However, the nature of
these alterations is not known. Also, it is possible that the
pheochromocytoma might secrete a product which interacts
with the thrombaxane A, receptor and desensitizes it. If that
were the case, then there might not be a nonspecific component
to the desensitization. Snavely et al. (1980) have demonstrated
that there is down-regulation of alpha-1 receptors in the kid-
neys of rats with pheochromocytoma. Whether or not this
change occurs in the aorta is not known; we have found previ-
ously that there is no down-regulation of alpha receptors in
rabbit aorta desensitized in vitro (Lurie et al., 1985). In a
different model, Colucci et al. (1981) observed down-regulation
of alpha-1 recetors in mesenteric arteries of rats 48 hr after
epinephrine injections.

We have also demonstrated a surprising lack of antihyper-
tensive effect of the alpha adrenergic receptor antagonists in
this rat model of pheochromocytoma. The irreversible antago-
nist phenoxybenzamine is able to block completely alpha recep-
tor-mediated contraction at a 4-mg/kg i.p. dose when admin-
istered once/day to control NEDH rats. Indeed, others have
shown that doses of phenoxybenzamine in this range markedly
inactivate measurable alpha receptors for several days (Ham-
ilton et al., 1982; McKernan and Campbell, 1982). However,
this dose does not block completely alpha receptors in the
setting of pheochromocytoma (fig. 1), presumably because high
circulating catecholamines may protect the alpha receptor from
the covalent interaction with phenoxybenzamine. The
phenoxybenzamine caused partial alpha receptor blockade in
rats harboring pheochromocytoma as aortic segments from
those rats demonstrated a further loss in sensitivity and max-
imal responsiveness compared to untreated pheochromocytoma
rats. Such a “protection” phenomenon has been described
previously by Nickerson (1949). Although the pharmacoki-
netics of phenoxybenzamine are unclear, one could speculate
that more frequent dosing with phenoxybenzamine could lead
to more effective alpha receptor blockade in pheochromocy-
toma. Interestingly, multiple dosing is usually done clinically
in patients with pheochromocytoma. Also, the lack of complete
alpha blockade with phenoxybenzamine in the rats could ex-
plain the lack of antihypertensive effect of the drug in the rats
with pheochromocytoma. However, phentolamine was effective
in blocking alpha receptors in the rats as it reversed the
desensitization; nonetheless phentolamine did not chronically
lower the elevated systolic blood pressure in the rats with
pheochromocytoma. Although the dose-response curves of aor-
tic rings from controls and phentolamine-treated pheochro-
mocytoma bearing rats were very similar, experiments were not
done in controls treated with phentolamine. If phentolamine
were to accentuate the response in controls, then we could not
conclude that this antagonist had a complete blocking effect in
the pheochromocytoma-bearing rats. Acute i.v. injections of
alpha antagonists promptly normalize blood pressure in these
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rats (unpublished observations). Consequently, hypertension
in NEDH rats with pheochromocytoma is likely caused by
catecholamines rather than some other potential product of the
tumor such as a peptide (Adrian et al., 1983). Phentolamine’s
lack of chronic efficacy suggests that adaptations occur which
mitigate against its antihypertensive effect whereas alpha re-
ceptor blockade is persistent. These results also indicate that
the desensitization is due to excessive alpha receptor activation
rather than the hypertension itself. Indeed, there is evidence
that in other forms of hypertension there is actually hyper-
responsiveness of vascular smooth muscle to catecholamines
(Finch and Haeusler, 1974).

These studies indicate that the rat pheochromocytoma model
is an interesting one to use to study in vivo desensitization of
vascular smooth muscle which may differ from desensitization
produced in vitro. Also, the surprising lack of efficacy of large
doses of phenoxybenzamine and phentolamine in treating hy-
pertension in these rats deserves further study.
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