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SUMMARY
Activation of ay-adrenergic receptors in slices of rat brain in-
creases inositol phosphate accumulation, increases basal cyclic
AMP accumulation, and potentiates the increase in cyclic AMP
caused by adenosine. We compared these three responses to
determine whether they are mediated by the same receptors.
The increase in inositol phosphates and the potentiation of cyclic
AMP accumulation in cerebral cortex were largely biocked by
chelation of extracellular calcium, whereas the increase in basal
cyclic AMP was not affected. The magnitude of the increase in
inositol phosphates in different brain regions correlated with the
i of the potentiation of cyclic AMP accumulation (r =
0.80), but neither of these correlated with the magnitude of the
increase in basal cyclic AMP. Although other alkylating agents
inactivated all of the a-adrenergic receptor-binding sites labeled
with '2|BE 2254 in membrane preparations of cerebral cortex,
chiorethyiclonidine (CEC) potently and selectively inactivated
only half of these sites. Pretreatment with CEC partially blocked
the increase in basal cyclic AMP, but not the increase in inositol
phosphates or potentiation of cyclic AMP accumulation in slices

of cerebral cortex. Comparing different brain regions, there was
a better correlation between the density of '**IBE 2254-binding
sites not inactivated by CEC with the magnitude of the increase
in inositol phosphates or potentiation of cyclic AMP accumulation
than with the increase in basal cyclic AMP. Although the largest
increase in inositol phosphates was observed in slices of hippo-
campus, there was only a small increase in basal cyclic AMP in
this region, and CEC did not inactivate any '**IBE-binding sites
in hippocampus. Phentolamine and WB 4101 were significantly
more potent in inhibiting specific '>IBE 2254 binding in hippo-
campus than in cerebral cortex. After treatment of cerebral
cortical membranes with CEC, however, these drugs had poten-
cies similar to those observed in hippocampus. The resuits
suggest that the «,-adrenergic receptors mediating increases in
basal cyclic AMP accumulation can be differentiated from those
mediating increases in inositol phosphate accumulation and po-
tentiathgadenosinesmiatedcychMPacamulaﬁonbytheir
binding properties, calcium dependency, regional distribution,
and sensitivity to the alkylating agent CEC.

Several lines of evidence suggest that a,-adrenergic receptors
may comprise a heterogeneous group (1). Differences in the
potencies and intrinsic activities of drugs have been reported
for a;-adrenergic receptors in smooth muscle (2-6), liver (7),
and brain (8, 9). In addition, several studies have reported
differences in the importance of external calcium concentration
on a,-adrenergic receptor-mediated responses in both smooth
muscle (6, 10) and liver (7, 11-13).

a;-Adrenergic receptors are thought to belong to the class of
receptors which initiate their physiological effects by hydrolyz-
ing phosphatidylinositol 4,5-bisphosphate in the cell membrane
(14). This results in production of inositol 1,4,5-trisphosphate
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which mobilizes intracellular calcium (15) and diacylglycerol
which activates protein kinase C (16). In mammalian brain,
however, activation of a,-adrenergic receptors also increases
cyclic AMP accumulation and potentiates increases in cyclic
AMP accumulation caused by other agonists such as adenosine
(17-21). A similar a,-adrenergic receptor-mediated increase in
cyclic AMP levels can be observed in rat liver under certain
conditions (7, 22, 23).

ay-Adrenergic receptor-mediated increases in cyclic AMP
accumulation may be secondary to phosphoinositide hydrolysis
and increases in intracellular calcium (21). Conversely, a;-
adrenergic receptors might be linked to more than one signal
transduction mechanism, or there might be distinct subtypes
of a,-adrenergic receptors linked to different signal transduc-
tion mechanisms (1, 7, 13).

ABBREVIATIONS: BAAM, bromoacetylalprenoloimenthane;
Ringer bicarbonate buffer; '#IBE, 'ZIBE 2254, {2-{8{4-hydro

; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’ N'-tetraacetic acid; KRB, Krebs-

J; CEC, chiorethyicionidine; IBMX, isobutyime-

xyphenyl)-ethylaminoethyijtetralone|
thyixanthine; PMA, 43-phorbol-12-myristate-13-acetate; DIB, dibenamine; EEDQ, n-ethoxy-carbonyil-2-ethoxy-1,2-dihydroquinone; BXT, benextra-

mine.
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We recently compared the pharmacological properties of the
a;-adrenergic receptors in rat cerebral cortex linked to phos-
phatidylinositol hydrolysis to those increasing basal cyclic
AMP accumulation and potentiating the increase in cyclic
AMP accumulation caused by adenosine (24). In order to
examine the a,-adrenergic receptors linked to cyclic AMP
accumulation we first inactivated the 8-adrenergic receptors by
treatment with the alkylating agent, BAAM (25). We found
small but significant differences in the potencies of agonists
and certain antagonists in activating or inhibiting these differ-
ent responses (24). Also, in studying the adaptive regulation of
these responses following changes in synaptic input, the differ-
ent respanses did not always covary (26) Therefore, we have
examined the relationship between these responses tg deter:
?me whether they are mediated by the same receptor pepula-

18R:

Methesds

_Figeue preparation: Male Sprague-Dawley rate (130-300 g) were
killed By cervical dislacation and decapitated: then. the braip and
cervical epine cord were remaved: The cerebral cartex ar ather indicated
ﬁﬂﬂn.& ‘were dissected and chopped inte 380 X 330 pm slices op 3
Mellwain tissue chopper: Slices were dispersed in KRB (120 my NaCl,
8.8 m¥ KCl 3.8 mM CaClz, 30 my NaHCO:, 11 mM slucase. 0.029 my
CaNa; EGTA, 1.3 my MeClz, and 1.2 mu NaH:PO,) previausly equil-
ibrated at 37" with 88% 02/5% C0: The KRB was decanted. and the
%}9@{2 wgas reeuspended in fresh KRB and incubated under 0:/00: at
37 fr 30 min.

Evelic AMB accumulation.: Increases in cvelic AMP aceumulation
were determined by the prelabeling methed of Shimizn et gl. (27) g8
ecribed by Johneen and Minneman (34)- Aliquate of slices were
prelabeled with "H-adenine and then pretreated with 30 M BAAM ta
inactivate the §-adrenersic receptare (24, 28). The slices were again
washed and resuspended 1n KRB and cxclic AMP accumulation was
determined (34 28). Cyelic AMP accumulation was expressed as per:
centage of total tritium incorparated inte the slices which was converted
t8 ‘H-cvelic AMB (percentage enpversion). e
H-Ingeitel phosphate accumulatisn. Increases in “H-ipssitel
ggsgphm.s were determined in parallel preparatione hy the methed of
Fridge ef af (39) as previously deseribed (30)- An aliquot of the
BFEARIE ghegs wag evapsrated ta drvngss and eannted for determination
of tatal H-ingsitsl incorparated inte lu}a;ﬁ: Resulte were expressed ag
E8URtE BEF MIRUtE OF 4 pereentage of the total radicactivity inearps:
m%i which wae converted te inseitel phesphates (percentage hydsl-
Y18
A prelabeling proterq) was alss need for the measurement of *H-
inesitel phosphates in some experiments an caleium dependence. Slices
(1:3 & wet weight) were 1pcubated for B0 min under O2/C0: at 37° in
30 ml of KRB rontaining 300 4Ci of "H-inosital The KRB was
decanted. and the slices were washed and resuspended in KRB and
divided inta three ?ﬁ&}ﬁl aliguate: Ong aliquot was suspended in regular
Li-KRR: one in Li-KRB without added caleinm. and the other in k-
KRB withaut added caleium and eontaining 1 mM EGTA- Aliguats of
78 ‘{4 of packed slices were then added t8 tubes containing 382 gl Li-
KRB with or witheut added caleium and/or EGTA, 300 g ascorbate,
1 gm desmethylimipramine. and druge as indicated. Tubes were
ineubated at 37° under O2/00: for 18 min. and the reaction wag §PRBg§g

g8 described above. "H-Inositol phasphates were isalated as deseri

ahove.

"’?IEE Binding: Tissues were homegenized in 10-30 volumes of 20
M eadium phosphate huffer (pH 7.6) Fﬂﬂmmﬂé}ﬂ Y NaCl (“phee:
phate-salt buffer”). centrifuged at 30,000 X g far 10 min. and resus-

eed in 300-400 velumes of phosphate-salt buffer- Aliguats of mem-

Fane preparatiens (100 gk 20-40 g of protein) were incubated in 8
final valume of 0-38 mi of phasphate-salt Buffer containing 2a-800 py

3[BE (31) and drugs as indicated. After 20 min at 37°, reactions were
stopped by addition of 10 ml of 10 mM Tris-Cl (pH 7.4) and filtration
over glass fiber filters (Schleicher and Schuell no. 30). The filters were
washed with 10 ml buffer and dried, and radioactivity was determined.
Specific '*?IBE binding was defined as binding displaced by 10 uM
phentolamine (32) and usually represented 80-90% of total binding.
Protein content was determined by the method of Bradford (33) using
bovine serum albumin as the standard.

Materials. CEC was obtained from Research Biochemicals Inc.,
and BAAM was generously provided by Dr. Josef Pitha (National
Institute on Aging). Carrier-free Na'*I was obtained from Amersham,
and *H-inositol and [2,8-*H]adenine were obtained from New England
Nuclear. Phentolamine mesylate was provided by Ciba-Geigy. Al other
rhemieale were from standard commereial spureee.

Results

Effect of removing extracellular ealeivm: Fig. 1 showe
the effect of omitting caleium oF omitting caleium and adding
1 mu BGTA to the incubation medium on a1-adreReFgie Fecep:
tor-mediated responses in slices of rat cerebral eortex. Omitting
calelum caused small decreases in the “H-inositel phosphate
respanse and in the potentiation of adengsine-stimulated evelie
AMB accumulation 1n BAAM:pretreated slices. However, amit-
ting caleium did not reduce the increase in basal evelic AMB
accumulation caused by m-adrenersgic receptor stimulation in
BAAM:-pretreated slices. Addition of BGTA ta chelate extra:
cellular caleium abolished the inositol phosphate respanse and
markedly reduced the potentiation of eyehe AMP accumula-
tion. Again, there was no effect on the stimulation of basal
evelie AMP accumulation, despite 2 small increase in haseline
valyes (Fig. 1. o . _ ,

_Sinee there is 8 substantial difference in final incubation
time for measurement of cvclic AMB and inositel phosphates
(18 min versus 2 hr), it wag neceseary t control foF the time
during which the tissues were exposed to low ealeium: The
eXperiments were therefore fﬁgﬁﬁt@d using a prelabeling pro-
teeal t8 measure innsitol Bhosphate accumulation. Tissues were
prelabelled with *H-inssitel for 60 min in nermal caleium KRB,
and exposed to nerepinephFing in the gmeaes oF ahsence of
caleium and BGTA for only 18 min: Although the response to
norepinephrine was smaller due to the shorter etimulation
periad, the results were qualitatively identical to these obtained
with the standard protocsl (Table 1). Removal of extracellular
ealeium caused a small decrease in the ingsitel phesphate
response, whereas addition of 1 mM BGTA for 15 min eom-
pletely aholished the response. ,

Effecte of cyelesxygenase inhibitore. Previgus work (34)
suggested that agsq;sae} ¢ receptor-stimulated evelic AMB
aceumulation in brain might be blocked by inhibitors of pros:
taglandin svnthesis. We pretreated slices for 30 min with 0.
M indemethacin oF 0:3 mM acetvlsalicylic acid and ales added
these druge during the stimulation period: Althsugh these treat-
ments reduced basal evelic AMB aceumulation by 34-30%. they
did net significantly reduce the increases in basal evelic AMB
oF the patentiation of the response te adenosine in Fesponse to
a1-adrenergic receptor stimulation in BAAM-pretreated slices
(data ot shewn). , o

Effect of IBMX: a:-Adrenergic receptor stimplation has
been shown to alter cyclic AMP degradation in cardismyeeytes
(38). ‘o determine whether the effects of norepinephring on
evelic AMP levels in brain slices were due t9 8 decrease in
evelic AMP degradation, we studied the effect of the evelie
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Fig. 1. Effect of reducing extraceliular calcium on a,-adrenergic receptor responses in rat cerebral cortex. The effects of omitting caicium (No Ca**),
or omitting calcium and chelating extraceliular calcium with 1 mm EGTA (+ EGTA) on norepinephrine-stimulated inositol phosphate accumulation
(feft), norepinephrine-stimulated cyclic AMP accumulation (center), and norepinephrine potentiation of cyclic AMP accumulation in response to 0.3
mm adenosine (right) in BAAM-pretreated slices of rat cerebral cortex are shown. Experimental details are described in the legend to Table 1. O,
values in the absence of norepinephrine; I, values in the presence of 0.3 mm norepinephrine. Each bar represents the mean + standard error of

quadruplicate determinations from each of four experiments.

TABLE 1

Effect of removal of calcium on a,-adrenergic receptor-mediated responses in rat cerebral cortex
Nam(osmu}sﬁnuatedwmhbasdcychMPmMamwmmmﬂmdo3mMadenosne-smudatedcycﬁcAMPmmulaﬁonnBAAM-
pretreated skices

were determined as described in the text. Slices were

in caicium-free KRB with or without EGTA only for the final 15-min incubation with

norepinephrine. in control KRB, percentage conversion was 0.12 + 0.01 in the absence of drug, 0.23 + 0.02 with 0.3 mm norepinephrine, 0.64 + 0.09 with 0.3 mm

adenosine, and 2.30 + 0.22 with both norepinephrine and adenosine. Norepinephrine (0.3 mm)-stimulated inositol

accumulation was determined as described

phosphate
in the text where the final 2-hr incubation with *H-inositol and norepinephrine was performed in calcium-free KRB with or without EGTA (regular protocol). To control for

the time of e:

to low Ca?*, slices were preloaded with *H-inositol in normal KRB for 1 hr, and exposed to norepinephrine (0.3 mwm) in calcium-free KRB with or

without EGTA for only 15 min (prelabeling protocol). Each value is the mean + standard error of the per cent increase over basal observed in three to four experiments

performed in triplicate.
Percentage stimulation
Increase in Potentiation of Increase in Increase in
b P Jonosne st inositol ; A
cyciic AMP (Reguiar protocol) (Prelabeling protocol)

Control KRB 86 + 109 240 £ 15.2 589 + 5.6 56 £ 5.1
No Ca** 91+ 86 122 + 20.5* 296 + 3.4* 43+5.1
No Ca®* + 1 mm EGTA 80 +47 97 £ 5.0* 25 +45° 2+47°

*p < 0.01 compared to control KRB.

nucleotide phosphodiesterase inhibitor IBMX. Increasing doses
of IBMX caused a dose-dependent increase in both basal and
norepinephrine-stimulated cyclic AMP accumulation in
BAAM-pretreated slices (Fig. 2). The increase in basal accu-
mulation was almost exactly matched by the increase in nor-

Cyclic AMP
b
£ + M
o] I |
- 8.5+
w oo i
L 0.4 f
v |
>
¢ 0.3
o L
o 8.2+
® 0.1t

0 0.5
Concentration IBMX

1.0 2.0

Fig. 2. Effect of IBMX on cyclic AMP accumulation in rat cerebral cortex.
IBMX was present at the indicated concentrations for the final 15-min
incubation. B, basal cyclic AMP accumulation; [J, cyclic AMP accumula-
tion in the presence of 0.3 mm norepinephrine in BAAM-pretreated slices.
Each bar represents the mean + standard error of quadruplicate deter-
minations from each of three experiments.

epinephrine-stimulated cyclic AMP accumulation. It was not
possible to measure the effect of IBMX on cyclic AMP accu-
mulation in the presence of adenosine, since IBMX blocked
the response to adenosine (data not shown).

Effect of PMA. Treatment with phorbol esters has been
shown to mimic (36-38) or block (39-41) a,-adrenergic recep-
tor-mediated responses. We found no effect of 15 min pretreat-
ment with, and continued presence of, 0.01 or 1 uM PMA on
a;-adrenergic receptor-mediated increases in inositol phos-
phates, in basal cyclic AMP, or in potentiation of adenosine
effects on cyclic AMP in BAAM-pretreated slices of cerebral
cortex (data not shown).

Regional distribution in brain. There was considerable
variation in the magnitude of basal cyclic AMP accumulation
and in the response to norepinephrine and adenosine separately
or in combination in BAAM-pretreated slices from different
brain regions (Table 2). Basal cyclic AMP accumulation was
highest in cerebellum and lowest in hypothalamus. The largest
a;-adrenergic receptor-mediated basal increases were found in
spinal cord (151% increase), striatum (117%), and cerebral
cortex (107%), whereas the smallest increases were observed in
hippocampus (30%) and cerebellum (39%). The largest a;-
adrenergic receptor-mediated potentiation of adenosine-stim-
ulated cyclic AMP accumulation was observed in hypothala-
mus, striatum, and spinal cord (250% increase), with the small-
est effect observed in cerebellum (14%).
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TABLE 2

Regional distribution of receptor-mediated increases in cyclic AMP accumulation in slices of rat brain after BAAM pretreatment
The indicated brain regions were dissected and tissues from two to eight animals were pooled and chopped into 350 x 350 um skces. After prelabeling with *H-adenine
and pretreatment with 30 um BAAM, slices were incubated for 15 min with the indicated drugs, and cyclic AMP accumulation was determined as described. Each value

is the mean + standard efror of triplicate determinations from four experiments.

‘ F rvo—"
Regen Control 0.3 mw Norepineptrine 0.3 mw Adenosne Norepineptvine + Adenosine
Cortex 0.20 + 0.016 0.41 + 0.025 0.66 + 0.052 1.86 + 0.178
(207)" (334) (281)
Cerebellum 0.84 + 0.195 1.17 £ 0.301 151 + 0.253 1.72 4 0.248
(139) (179) (114)
Pons-medulla 0.37 + 0.042 0.64 + 0.035 0.94 + 0.071 1.92 + 0.241
(174) (255) (205)
Spinal cord 0.28 + 0.017 0.70 + 0.114 0.48 + 0.047 1.68 + 0.359
(@51) (173) (348)
Striatum 0.17 £ 0.019 0.37 £ 0.171 0.62 + 0.044 2.16 + 0.021
217) ) (348)
Hypothalamus 0.14 + 0.017 0.24 + 0.086 0.71 + 0.061 250 + 0.198
(167) (506) (350)
Hippocampus 0.16 + 0.027 0.21 + 0.079 0.36 + 0.033 1.70 £ 0.126
(130) (223) (472)
Thalamus 0.17 + 0.015 0.32 + 0.019 0.55 + 0.055 151 +0.126
(188) (329) (274)

* Numbers in parentheses, per cent of control.

We have previously determined the magnitude of norepi-
nephrine-stimulated inositol phosphate accumulation in these
brain regions (42). Therefore, we compared the magnitude of
each of the three responses in the different brain regions. There
was clearly no correlation between the magnitude of the in-
crease in basal cyclic AMP accumulation and either the poten-
tiation of adenosine-stimulated cyclic AMP accumulation (r =
—0.24) or the increase in inositol phosphates (r = —0.19).
However, there was a significant correlation between the mag-
nitude of the inositol phosphate response and the potentiation
of adenosine-stimulated cyclic AMP accumulation (r = 0.80; p
< 0.05).

Effect of irreversible alkylating agents on a,-adrener-
gic receptor density. We examined the effects of several
irreversible alkylating agents on the density of specific '*IBE-
binding sites in membrane preparations from rat cerebral cor-
tex, to determine whether all of the binding sites were equally
sensitive to inactivation. Pretreatment of membranes with
DIB, EEDQ, and BXT caused a dose-dependent loss of specific
12IBE-binding sites (Fig. 3). Each of these compounds was able
to inactivate essentially all of the specific '*IBE-binding sites
in this preparation, and there was no evidence for heterogeneity
in the susceptibility of the binding sites to alkylation. However,
pretreatment of membranes with CEC (43) inactivated only a
portion of the specific '*IBE-binding sites in a dose-dependent
manner. At doses as small as 3 uM, approximately half of the
specific '*IBE-binding sites were lost, and little further inac-
tivation was observed even when the dose of CEC was increased
100-fold (Fig. 3).

Effect of CEC pretreatment on a,-adrenergic receptor
responses. To determine whether the subpopulation of bind-
ing sites selectively inactivated by CEC was linked to a partic-
ular response, we studied the effect of CEC pretreatment on
a;-adrenergic receptor-mediated responses in brain slices. CEC
was less potent in inactivating specific *IBE-binding sites
when added to slices of cerebral cortex, probably due to re-
stricted diffusion into the slices. However, pretreatment of
slices with 10 or 100 uM CEC significantly reduced the density

ne

ini

Control

Rema

Bound / Free
a

B8Bmax

168 200 368 400

125186 Bound (faol/ag) lag ALKYLATING AGENT

Fig. 3. Inactivation of as-adrenergic receptor-binding sites by CEC, DIB,
BXT, and EEDQ. Cerebral cortices from four rats were homogenized in

20 mi of 20 mm phosphate buffer (pH 7.6) and centrifuged for 10 min at
20,000 x g; then, the pellet was resuspended in 10 mi of the same
buffer. Aliquots of 1 ml were diluted to 10 mi and warmed to 37°. The
indicated doses of- alkylating agent were added and the tissue was
incubated 10 min at 37°. Reactions were stopped by addition of 10 mi
of cold buffer and centrifugation at 20,000 x g for 10 min. Each pellet
was resuspended in 20 ml of phosphate-salt buffer, and Scatchard
analysis of saturation isotherms of specific '**IBE binding was determined
as described. Left: CEC inactivation. Each point is the mean of duplicate
determinations from three to seven _experiments. Right: Dose depend-
ence of the inactivation of '23|BE-bi sites. Scatchard analysis of
saturation isotherms of specific '*IBE binding was performed on each
tissue preparation after treatment as described above. The percentage
of the control Brex ining after treatment with each dose of drug is
indicated on the ordinate. Each value is the mean + standard error of

three to seven experiments performed in duplicate.

of specific *IBE-binding sites in membrane preparations from
the slices. Both concentrations also reduced norepinephrine-
stimulated increases in basal cyclic AMP accumulation in
BAAM-pretreated slices, but did not significantly affect the
inositol phosphate response or the potentiation of adenosine-
stimulated cyclic AMP accumulation (Fig. 4).

Inactivation of **IBE-binding sites by CEC in differ-
ent brain regions. Since some of the specific '*IBE-binding
sites in cerebral cortex were not inactivated by pretreatment
with CEC, it was of interest to determine the proportion of
sites sensitive to CEC inactivation in each brain region. Follow-
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Fig. 4. Effect of CEC on ay-adrenergic recep-
tor-mediated responses in slices of rat cere-
bral cortex. Slices of cerebral cortex were
incubated with 0, 10~ (6), 107° (5), or 10~
(4) m CEC for 10 min and washed extensively.
A 100-ul aliquot of slices from each tissue

i
100 200 300
12518 Bound

preparation was homogenized in 10 mi of
phosphate-sait buffer, centrifuged at 20,000
X g for 10 min, and resuspended in 3 mi of
buffer. Scatchard analysis of specific '*IBE
binding was determined as described (upper
left). Other slices were taken for measure-

8.3 Cyclic -I-l 2.0F

ANP »

8.2+

X Convers . on
X Conversion
®
T

C‘JC'IC
ANP

ment of norepinephrine (NE, 0.3 mm)-stimu-
lated accumulation of *H-inositol phosphates
(upper right) or *H-cyclic AMP in the absence
(lower left) or presence (lower right) of 0.3
mm adenosine (Aden) in BAAM-pretreated
slices. Each point is the mean or mean +
standard error of five to six experiments per-
formed in duplicate ('*IBE binding)ortripli—
cate (cyclic AMP and inositol phosphate ac-
cumulation). s, p < 0.05 compared to control
(0).

9 65 4 @ 654 8 65 4
Basal +0.3aR NE +0.3aM Aden NE+Aden
Cerebral cortex Hippocampus TABLE 3

Bound /Free
—__N g e o
T T T x

P )
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1251g¢ Bound (facl/ag) 12518¢ Bound (faol/ag)

Fig. 5. Comparison of the effect of CEC pretreatment on specific '*IBE-
bindingslteshrateerebralcoﬁexandhippwamws.One—haifcefebral
cortex or three pair hippocampi were ed in 20 ml of phos-

phate-salt buffer, centrifuged at 20,000 x g for 10 min, and resuspended
in 22 mi. Five-ml aliquots were incubated with or without 105 M CEC for
10 min at 37°. Reactions were stopped by addition of 20 ml of cold

buffer and centrifugation. Pellets were resuspended in 3 mi of phosphate-
salt buffer and Scatchard analysis of saturation isotherms of specific
2%BE binding was determined as described. Each point is the mean of
duplicate determinations from four experiments.

ing pretreatment of membrane preparations with 10 uM CEC,
there was no significant reduction in the density of specific
13]BE-binding sites in rat hippocampus (Fig. 5), but a 20-40%
reduction in the other regions examined (Table 3). We corre-
lated the density of '*IBE-binding sites which are sensitive or
insensitive to inactivation by 10 uM CEC to the magnitude of
the different responses in each brain area. There were no
significant relationships (p > 0.05) between the density of
CEC-sensitive or -insensitive '*IBE-binding sites and the mag-
nitude of any functiénal response studied. It was interesting,
however, that the highest correlation coefficients were observed
between the density of CEC-insensitive sites and the magnitude

Effect of pretreatment with CEC on the density of *1BE-binding
sites in rat brain

The indicated brain regions were dissected and homogenized in 10 mi of phosphate-
salt buffer, centrifuged at 20,000 x g for 10 min, and resuspended in 60 (cortex),
100 (cerebelium, pons-medulta, ), 150 (hippocampus, thalamus,
spinal cord) or 200 (striatum) volumes of buffer. Half of each tissue preparation
was incubated with or without 10~* M CEC for 10 min at 37°. Twenty mi of cold
buffer were added and tissues were centrifuged again. Tissues were resuspended
mmwmm)wwmm).eo(mw
WWWGN(M)M buffer. Scatchard analyses of
saturation isotherms of specific **™IBE binding were determined as described. Each
value is the mean + standard emror of data from four to seven experiments
performed in duplicate. No significant changes in K, values were observed.

"1BE 2254 B Per cent
Region A
-~ row M CEC insensitive to CEC

fmoi/myg of protein
Cortex 452 +49 279+35* 173 62
Cerebellum 184 + 16 125 + 12° 59 68
Pons-medulla 210+13 168+ 11° 42 80
Spinal cord 196+27 156+8 40 80
Striatum 303+24 217 +12° 86 72
Hypothalamus 466 +35 306+36° 160 66
Hippocampus 233+26 210t 21 23 90
Thalamus 465+34 282+9° 183 60
*p < 0.01 compared to total.
®p < 0.05 compared to total.

of the inositol phosphate and potentiated cyclic AMP responses
(p < 0.25).

Differences in pharmacological properties of **IBE-
binding sites. Phentolamine and WB 4101 have been reported
to have heterogeneous affinities for a;-adrenergic receptor-
binding sites in rat brain (8, 9). We compared the potencies of
these drugs in competing for specific *IBE-binding sites in rat
cerebral cortex and hippocampus. Rat hippocampus was chosen
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because it had the largest inositol phosphate response, but the
smallest increase in basal cyclic AMP and no binding sites
sensitive to CEC inactivation. Both phentolamine and WB
4101 were slightly but significantly more potent (2.1- and 3.8-
fold, respectively) in competing for specific *IBE-binding sites
in hippocampus than in cortex (Table 4). However, the Hill
coefficients for both drugs in both tissues were not significantly
different than 1.0, and a two-site model did not significantly
improve the goodness of fit for the inhibition curves in either
tissue using a partial F test (44). Treatment of membranes of
cerebral cortex for 10 min with 10 uM CEC significantly in-
creased the potency of both phentolamine (Table 4) and WB
4101 (Fig. 6) by 1.9- and 2.6-fold, respectively, such that the
values were no longer significantly different from those in
untreated hippocampus.

Discussion

Activation of a,-adrenergic receptors in slices of rat cerebral
cortex increases inositol phosphate accumulation, increases
cyclic AMP accumulation, and potentiates the increase in cyclic
AMP accumulation caused by adenosine (17-21, 30, 45, 46). In
this paper we have described several experiments suggesting
that these effects are not necessarily mediated by the same a;-
adrenergic receptor population.

Increased cyclic AMP accumulation might be a consequence
of phosphoinositide hydrolysis through increases in intracellu-
lar calcium or activation of protein kinase C. Chelation of
calcium by EGTA blocks «;-adrenergic receptor-mediated po-
tentiation of isoproterenol or histamine stimulation of cyclic
AMP accumulation (47) and increased inositol phosphate ac-
cumulation in cortical slices (48). However, the effects on a;-
adrenergic receptor-mediated increases in basal cyclic AMP
accumulation are less clear (47). We confirmed that EGTA
abolished the increase in inositol phosphates and greatly re-
duced the potentiation of adenosine-stimulated cyclic AMP
accumulation. However a,-adrenergic receptor-mediated in-
creases in basal cyclic AMP accumulation were not affected by
EGTA, suggesting that they are not secondary to the phos-
phoinositide response. a,-Adrenergic receptor-mediated poten-
tiation of enzyme induction in rat pineal gland and stimulation
of calcium efflux in smooth muscle cells are mimicked by
phorbol esters which activate protein kinase C (36-38). Con-
versely, phorbol esters uncouple «,-adrenergic receptors from
phosphoinositide metabolism in many tissues (38, 39, 41), pos-
sibly by receptor phosphorylation (40). However, we observed
no effects of the phorbol ester PMA, suggesting that short-
term activation of protein kinase C neither uncouples «;-

TABLE 4

adrenergic receptors nor is responsible for any of the responses
examined in this system.

Increases in phosphoinositide metabolism also increase ar-
achidonic acid levels in some tissues (16). Partington et al. (34)
reported that o,-adrenergic receptor-mediated increases in
cyclic AMP accumulation in brain slices were reduced by cy-
clooxygenase inhibitors. We found, however, that indomethacin
and acetylsalicylic acid reduced basal cyclic AMP accumulation
but did not alter the response to «;-adrenergic receptor stimu-
lation, suggesting that the increases in cyclic AMP are not
secondary to increased prostaglandin synthesis.

Changes in cyclic AMP levels may be due to changes in the
rate of degradation. Activation of both muscarinic cholinergic
(49) and «,-adrenergic (35) receptors reduces cyclic AMP levels
in various cell types by increasing degradation. The increase in
cyclic AMP accumulation observed in our experiments was not
due to decreased degradation, since the effects of the phospho-
diesterase inhibitor IBMX, at concentrations which maximally
increased basal cyclic AMP levels, were additive with those of
a;-adrenergic receptor-mediated increases. These experiments
also show that the increase in basal cyclic AMP accumulation
is not dependent on activation of adenosine receptors. Daly et
al. (21, 45) found that a)-adrenergic receptor-mediated in-
creases in cyclic AMP accumulation in slices of rat cerebral
cortex were blocked by 8-phenyltheophylline or adenosine de-
aminase. In other brain regions, however, the response is not
blocked by these manipulations (21, 50, 51). The high concen-
trations of IBMX used here completely blocked the increase in
cyclic AMP accumulation caused by 0.3 mM adenosine (data
not shown) but did not affect the increase in basal cyclic AMP
accumulation. Obviously the potentiation of the effect of aden-
osine could not be examined in the presence of IBMX. We also
tested the effects of 10 uM 8-phenyltheophylline, and found
that this compound reduced basal levels and reduced but did
not abolish the effect of a;-adrenergic receptor stimulation
(data not shown).

The a,-adrenergic receptor-mediated increases in basal cyclic
AMP accumulation in our experiments are not affected by
chelation of extracellular calcium, inhibition of eicosanoid syn-
thesis, activation of protein kinase C, inhibition of cyclic AMP
degradation, or blockade of adenosine receptors. This response
does not, therefore, appear to be secondary to increases in
phosphoinositide metabolism. However, a;-adrenergic recep-
tor-mediated potentiation of adenosine-stimulated cyclic AMP
accumulation is markedly reduced by chelation of extracellular
calcium and may therefore be due to effects on mediator release
or on cellular calcium.

Potency of WB 4101 and phentolamine in competing for specific *IBE-binding sites in cerebral cortex before or after treatment with 10~°
hippocampus

m CEC for 10 min and in untreated

Inhibition of specific 2IBE binding (60-70 pm) by 16 concentrations of each drug was determined as described in the text. ICs, values and Hill coefficients (n,) were
determined from Hill plots and K, values were calculated. Each value is the mean of four (WB 4101) or five (phentolamine) separate determinations.

WB 4101 Phentolamine
—log K, ny —log K, Ny
M M
Control cortex 8.15 + 0.058 0.98 + 0.065 6.94 + 0.029 0.96 + 0.019
Cortex after CEC 8.56 + 0.102* 0.89 + 0.066 7.22 + 0.099* 0.80 + 0.024°
Control hippocampus 8.73 + 0.076° 0.93 + 0.078 7.26 + 0.108° 0.83 + 0.060

* p < 0.05 compared to control cortex.
®p < 0.01 compared to control cortex.
°p < 0.001 compared to control cortex.
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Fig. 6. Inhibition of specific *IBE binding by WB 4101 in hippocampus
and in cerebral cortex before and after CEC pretreatment. One-half
cerebral cortex or three pair hippocampi were ed in 20 mi of
phosphate-salt buffer and centrifuged at 20,000 x g for 10 min. Pellets
were resuspended in 22 (cortex) or'8.5 (hippocampus) mi of phosphate-
salt buffer. Cortex was split into two 10-mi aliquots and incubated with
or without 10~ m CEC for 10 min at 37°. Twenty mi of cold buffer were
added, were centrifuged, and each was resuspended in 8.5 ml.
Inhibition of specific '>IBE binding by WB 4101 was determined as
described. Each value is the mean + standard error of duplicate deter-
minations from four experiments.

We reported previously that there was not a good correlation
between the density of specific *’IBE-binding sites and the
magnitude of the inositol phosphate response to a,-adrenergic
receptor stimulation in different rat brain regions (42). In this
study we found that the increase in inositol phosphates was
significantly correlated with the potentiation of adenosine-
stimulated cyclic AMP, but that the increase in basal cyclic
AMP did not correlate with either of the other responses. This
discrepancy was most apparent in rat hippocampus, which had
the largest increase in inositol phosphates, but the smallest
increase in basal cyclic AMP.

The most direct differentiation of «,-adrenergic receptors
would be provided by drugs which selectively activate or inhibit
specific responses. Sgd 101/75 (N-2-methyl-indazol-4-imino)-
imidazolidine hydrochloride) has been suggested to discrimi-
nate between putative a,-adrenergic receptor subtypes mediat-
ing smooth muscle contraction (1-3, 10). However, we found
this compound to have little activity in stimulating or blocking
any of the responses in rat cerebral cortex (data not shown).
We also screened a variety of irreversible alkylating agents for
their ability to inactivate a,-adrenergic receptor-binding sites
in cortical membranes. Alkylating agents such as DIB, BXT,
and EEDQ caused a complete inactivation of specific *IBE-
binding sites, as previously reported for phenoxybenzamine
(52). However, when membranes of cerebral cortex were pre-
treated with low concentrations of CEC, only about half of the
total binding sites could be inactivated. Increasing the concen-
tration of CEC by more than 100-fold caused little further loss
of binding sites. Although, as might be expected, CEC was less
potent in slice preparations, pretreatment with this compound
decreased (but did not abolish) a;-adrenergic receptor-mediated
increases in basal cyclic AMP.

If CEC is selective for a;-adrenergic receptors mediating
increases in basal cyclic AMP accumulation, it would he ex-
pected to have little effect on the receptors in hippocampus
where there is little or no basal cyclic AMP response. This
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prediction was clearly fulfilled (Fig. 5). However, the density of
1%]BE-binding sites in each brain region, which were sensitive
to alkylation by CEC, did not correlate well with the magnitude
of the basal cyclic AMP response. There were better correla-
tions between the density of '*IBE-binding sites insensitive to
CEC inactivation and the magnitude of the other two responses,
although these did not reach statistical significance. Regardless
of the correlations, these data suggest that the «;-adrenergic
receptors in rat hippocampus are not identical to those in
cerebral cortex.

Morrow and Creese (9) recently reported that phentolamine
and WB 4101 appeared to distinguish two different «,-adrener-
gic receptor-binding sites labeled with *H-prazosin in rat brain.
Hippocampus had a different proportion of these sites than did
cortex, although both sites were found in both regions. We
found that both phentolamine and WB 4101 were significantly
more potent in competing for *IBE-binding sites in hippocam-
pus than in cerebral cortex. A two-site model did not, however,
provide a significantly better fit of the inhibition curves for
either drug in either tissue. Interestingly, pretreatment of cor-
tical membranes with CEC significantly increased the potencies
of both drugs and made them similar to those observed in
hippocampus. This evidence also suggests a difference in the
receptors in these two brain regions. It is not clear why, if there
are two distinct receptor types, there are not two distinct
binding affinities for these competing antagonists in cerebral
cortex. One possibility is that '*IBE is slightly selective be-
tween such binding sites and cancels out the small selectivity
of the competing drug.

Our results show many similarities to those obtained in liver.
a,-Adrenergic receptor stimulation in liver causes a calcium-
dependent increase in phosphoinositide metabolism (52) and a
calcium-independent increase in cyclic AMP levels (11). In
addition, there appear to be both calcium-dependent and cal-
cium-independent metabolic effects of «;-adrenergic receptor
stimulation in rat liver (12, 13). There also appear to be small
differences in the potencies of agonists and antagonists at the
different responses in liver (7).

In summary, we have found significant differences between
the a,-adrenergic receptors mediating increases in cyclic AMP
accumulation and those mediating increases in inositol phos-
phate accumulation and potentiating adenosine-stimulated
cyclic AMP accumulation in cerebral cortex. These include
differences in their sensitivity to removal of external calcium,
their regional distribution, their sensitivity to the alkylating
agent CEC, and their binding properties. It is therefore likely
that there are significant differences between the receptors
mediating these different responses.
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