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Abstract 

Activation of al-adrenoceptors in rat hypothalamic ventromedial nucleus can excite neurons and facilitate female sexual 
behavior. To identify the al-adrenoceptor subtype(s) involved, the ala-adrenoceptor-specific antagonist chloroethylclonidine 
(100 ~M) and/or the alA-adrenoceptor-selective antagonist 5-methyl urapidil (1 or 2.5 p.M) or WB-4101 (0.1-10 /~M) were 
applied to a recording chamber bathing the hypothalamic slice containing the ventromedial nucleus. In all the neurons tested, 
both types of antagonists blocked, often completely, excitatory responses to nonselective al-adrenoceptor agonists. Since the 
doses used were unlikely to make these antagonists nonselective, the results suggest that activation of both alA- and 
aaa-adrenoceptor subtypes was necessary for al-adrenoceptor agonists to evoke an excitation, or that with the present 
application method - injection into the continuously perfused chamber - chloroethylclonidine did not act specifically. In 
preincubation (at 37°C for 90 min) where it was reported to act by specific alkylation, chloroethylclonidine (100 p.M) but not the 
vehicle abolished the excitation evoked by an al-adrenoceptor agonist, but not that by carbachol or other excitants. Also, either 
in bath application or incubation, chloroethylclonidine worked equally efficiently on slices from ovariectomized rats, that 
reportedly contain few ala-adrenoceptors, and from those treated with estrogen which induces ala-adrenoceptors selectively, 
suggesting that ala-adrenoceptor was necessary even when in low abundance. Thus, it is likely that the activation of both alA- 
and ala-adrenoceptor subtypes and also thereby, their respective couplings to second messengers are necessary to mediate the 
actions of al-adrenoceptor agonists in exciting hypothalamic neurons. 
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1. Introduction 

In an earlier study, we found that norepinephrine 
excited neurons in the hypothalamic ventromedial nu- 
cleus in brain slices through a~-adrenoceptors and 
inhibited them through az-adrenoceptors (Kow and 
Pfaff, 1987). More recently we found that microinfu- 
sions of al-adrenoceptor,  but not a2-adrenoceptor, 
agonists into the ventromedial nucleus facilitated lor- 
dosis behavior in estrogen-primed female rats (Kow et 
al., 1992). These findings indicate that activation of 
al-adrenoceptors in the ventromedial nucleus can 
evoke neuronal excitation and facilitate lordosis. Since 
al-adrenoceptor  consists of at least two subtypes, O/1A 

* Corresponding author. Tel. (212) 327-8669, fax (212) 327-8664, 
e-mail kowl@rockvac.rockefeller.edu. 

0014-2999/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0014-2999(95)00326-6 

and alB , which have different genetic and pharmaco- 
logical characteristics and couple differently to intra- 
cellular messengers (Minneman and Esbenshade, 1994), 
we further investigated the involvement of aa-adreno- 
ceptor subtypes (and, by implication, the corresponding 
intracellular signal pathways) in neuronal excitation 
and lordosis facilitation with chloroethylclonidine, 
which has been reported to be an aln-adrenoceptor- 
specific antagonist (Han et al., 1987; Minneman et al., 
1988). When administered prior to the applications of 
al-adrenoceptor  agonists, chloroethylclonidine blocked 
both the excitatory electrophysiologic action and the 
facilitatory behavioral effect of the agonists (Kow et al., 
1992), suggesting that the mediation of these neuronal 
and behavioral functions involves ala-adrenoceptors 
and the intracellular messenger(s) coupled to them. 
However, in the electrophysiological experiments of 
that study we also found that the excitation evoked by 
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a l -adrenoceptor  agonists from ventromedial  nucleus 
neurons was virtually completely abolished by brief 
bath applications of chloroethylclonidine (Kow et al., 
1992). This observation raised the possibilities that: (1) 
the a l -adrenoceptor  agonist-evoked excitation in the 
ventromedial  nucleus is fully mediated by C~lB-adreno- 
ceptors and, conversely, a~A-adrenoceptors are either 
absent or not sufficient to mediate the excitation, (2) 
contributions by receptors from both a~ subtypes are 
required to mediate a~-adrenoceptor  agonist-evoked 
excitation, or (3) under  our experimental  conditions, 
chloroethylclonidine behaved as a non-specific a~- 
adrenoceptor  antagonist blocking not only a~B- but 
also alA-adrenoceptors.  These possibilities were exam- 
ined in a series of experiments, reported here. 

Portions of the results have been reported in a 
preliminary form (Kow and Pfaff, 1992). 

2. Materials and methods 

2.1. Animals 

Adult, female Sprague-Dawley rats were housed in 
an air-conditioned room under  a reversed l igh t /da rk  
cycle with light off from 10:00 through 22:00 h, and 
were fed with ad libitum food and water  supplies. They 
were ovariectomized or ovariectomized and t reated 
with estrogen at least one week before they were killed 
for preparing hypothalamic slices. The estrogen treat- 
ment  consists of a subcutaneous implantation of a 
silastic tubing containing 100% estradiol. The effect of 
the estrogen t reatment  was verified by examining the 
width of the uterus. 

2.2. Pharmacological agents 

The agents include norepinephrine; a l -adrenocep-  
tor agonists methoxamine and phenylephrine; alA- 
adrenoceptor-selective antagonists WB-4101 and 5- 
methyl urapidil; alB-adrenoceptor-speeific antagonist 
chloroethylclonidine; cholinergic agonist carbaehol and 
muscarinic agonist McN-A-343; and occasionally, sero- 
tonin and oxytocin. The agonists were obtained from 
Sigma Chemical Co., and the antagonists from Re- 
search Biochemicals International.  All agents were dis- 
solved in saline initially and then diluted with artificial 
cerebrospinal fluid (ACSF, see below) to the desired 
concentration just before use. 

2.3. Preparation of hypothalamic slices 

Individual rats were decapitated while deeply anes- 
thetized with Metofane,  and the brain was quickly 
removed and immersed in ice-cold suerose-ACSF (S- 
ACSF), a modified ACSF. The hypothalamus was then 

blocked out, mounted rostral side down, and sliced 
coronally in the ventrodorsal direction with a Vi- 
bratome. Thin (300-400/zm)  slices containing the ven- 
tromedial nucleus were collected relying on anatomical 
landmarks, especially the morphology of the third ven- 
tricle. In most experiments the slices were split at 
midline. All the slicing and splitting were also carried 
out in ice-cold S-ACSF. Afterward, the slices were 
incubated in S-ACSF at room tempera ture  for 1 h and 
then rinsed and transferred to ACSF. They were incu- 
bated in ACSF at room tempera ture  for at least 30 min 
to get equilibrated before being used for recording. 
The ACSF consisted of the following in mM: NaC1, 
124; NaHCO3,  26; KC1, 5; KHzPO4,  1.2; MgSO4, 1.3; 
CaCI2, 2.4; and dextrose, 10. The S-ACSF was the 
ACSF with all of its NaCI replaced by equi-osmolar 
sucrose to prevent neurons from over-excitation by 
mechanical stimulation during slicing. All solutions 
were saturated with 95% 0 2 and 5% CO 2 during use. 

2.4. Single-unit recording and testing 

One slice at a t ime was placed securely on a net in a 
chamber,  which was perfused continuously with ACSF 
at 2 m l /min .  The ACSF was pre-warmed to maintain 
the tempera ture  in the chamber at 33-34°C. To facili- 
tate the access of pharmacological agents, the slice was 
completely submerged in ACSF. Electric activity of 
single neurons was recorded extracellularly with glass 
micropipettes filled with ACSF (5-15 MS2). All record- 
ings were made from the ventrolateral half of the 
ventromedial  nucleus, using the anatomical landmarks 
in the slice as the guide. The action potential waveform 
was monitored on an oscilloscope. The firing pat tern 
and firing rate histogram were displayed on a chart 
recorder and also recorded on video cassettes for later 
analyses. Only the neurons that showed a stable firing 
rate for at least 5 min were tested with a l -adrenocep-  
tor agonists a n d / o r  antagonists. All test agents, except 
for the chloroethylclonidine used in incubation, were 
applied by a bolus injection into the perfusing tubing 
near  the entrance to the chamber. In experiments 
where an agonist was applied repeatedly it was admin- 
istered at intervals known (from previous studies) to be 
long enough to avoid desensitization. A response to an 
agonist was defined as a change of the firing rate 
following the agonist application of greater  than two 
standard deviations of the resting rate, or when a silent 
unit became active or vice versa. The concentration of 
the agents was presented as the peak concentration in 
the bath. This transient peak was calculated using a 
dilution factor determined from calibration experi- 
ments. In experiments involving bath application of 
antagonists, each slice was used for studying only one 
unit to avoid possible cumulation of antagonist effects. 
Also, to assess the specificity of an antagonist in a 
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blockade, a neuron was often also tested with carba- 
chol a n d / o r  other  excitants following the abolition of 
the a l -adrenoceptor  agonist-evoked excitation by the 
antagonist. A reduction of a response amplitude by 
> 50% following an antagonist administration was con- 
sidered as an blockade. 

2.5. Statistical analyses 

The Fisher exact probability test was used. All P 
values presented are two-tailed with P < 0.05 consid- 
ered as significant. 

3. Experiments 

3.1. Experiment 1: effects of chloroethylclonidine and 
a lA-selective antagonists, 5-methyl urapidil and WB-4101 

With a preponderance of evidence about atB-adren- 
oceptors in ventromedial nucleus, this experiment was 
conducted to test whether a l -adrenoceptor  agonist- 
evoked excitation could also be mediated by alA- 
adrenoceptors,  as well as to compare the effectiveness 
of chloroethylclonidine and alA-adrenoceptor-selective 
antagonists. The testing procedure was essentially the 
same as in a previous study (Kow et al., 1992). Briefly, 
a nonselective agonist was first applied to evoke an 
excitation (or an inhibition in some occasions for con- 
trol). After an interval (_> 15 min) long enough to avoid 
sensitization or desensitization, the excitable neurons 
were then, in attempts to block the response, treated 
with an antagonist followed 2-3  min later by a second 
agonist application. 

In experiments with atA-adrenoceptor-selective an- 
tagonists, all slices were prepared from ovariectomized 
rats treated with estrogen and the agonists employed 
were mainly phenylephrine (10 ~M)  and, occasionally, 
norepinephrine (5 ~M)  or methoxamine (10-20 ;LM). 
Fourteen units excited by a l -adrenoceptor  agonists 
were tested with 5-methyl urapidil (1 or 2.5 t~M) and, 
as with chloroethylclonidine, the excitations from all 
units were either abolished or at tenuated (Fig. 1 and 
Table 1). The 5-methyl urapidil effect, which often was 
long-lasting (Fig. 1A), was dose-related (Fig. 1B) and 
specific for an aFadrenocep tor  agonist over a mus- 
carinic agonist (Fig. 1C). Similarly, in 11 units tested 
with WB-4101 (0.1-10 /.LM), the a t -adrenoceptor  ago- 
nist-evoked excitation was abolished in all of the 11 
units by this antagonist (Fig. 1 and Table 1). The effect 
of WB-4101 was also often long-lasting (Fig. 2A). It 
was also specific; it did not block the excitation evoked 
by carbachol (Fig. 2B) or the inhibitory response evoked 
by norepinephrine (Fig. 2C) known to be mediated by 
a2-adrenoceptors (Kow and Pfaff, 1987). Therefore,  
even in preparations where atB-adrenoceptors were 
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Fig. 1. Effects of the alA-adrenoceptor-selective antagonist  5-methyl 
urapidil on a l -adrenoceptor  agonist-evoked excitation. In this and 
the following figures, each trace (unless otherwise indicated) is the 
firing rate histogram recorded from an individual neuron.  The ar- 
rows indicate the time points at which test agents shown by their 
abbreviations above the arrows were applied. The dose for all the 
MA (methoxamine)  and the PhE (phenylephrine) applications shown 
in this and all the following figures was 10 p,M. A: The excitation 
evoked by methoxamine from a ventromedial  nucleus neuron was 
abolished by 5MU (5-methyl urapidil, 2.5 p~M) for more than an 
hour. B: The excitation by phenylephrine was a t tenuated  by 5-methyl 
urapidil at a lower dose (1.0 p~M) and then abolished by a larger 
dose (2.5 p~M). C: 5-Methyl urapidil abolished the excitation by 
phenylephrine but  not that  by a weak muscarinic agonist, McN-A-343 
(McN, 50 p~M). 

induced by estrogen treatment (see below), alA-adren- 
oceptors still seemed to be required fox the at-adren- 
oceptor agonist-evoked excitation. 

In chloroethylclonidine experiments, only phenyl- 
ephrine (10 ~M), which can stimulate both O/1A- and 
atn-adrenoceptors (Piascik et al., 1990a,b; Takayanagi 
et al., 1991,1992), was used to evoke neuronal excita- 
tion. Some neurons were treated with chloroethylcloni- 
dine twice. As in the previous study (Kow et al., 1992), 
all the excitations evoked by phenylephrine were 
blocked by chloroethylclonidine, and there was no dif- 
ference between preparations from ovariectomized rats 
and ovariectomized rats treated with estrogen (Table 
1). Overall, these results show that both alA-adreno- 
ceptor antagonists and chloroethylclonidine can block 
the excitation in all ventromedial nucleus neurons ex- 
citable by al -adrenoceptor  agonists, and, thus, suggest 

Table 1 
Effects of  5-methyl urapidil, WB-4101 (0.1-10 IzM), or chloroethyl- 
clonidine (100 p.M) on the excitatory action of aFadrenocep to r  
agonists 

Effects 5-Methyl urapidil WB-4101 Chloroethylclonidine 

1 izM 2.5/zM O V X +  E a OWX b 

Abolition of 2 4 11 6 4 
response 

At tenuat ion  5 3 0 2 0 
No effect 0 0 0 0 0 

Numbers  are the number  of  trials with the stated result (total 
n = 37). a On  preparat ions from ovariectomized rats treated with 
estrogen, b On preparat ions from ovariectomized rats. Results  are 
not statistically different from OVX + E. 
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Fig. 2. Effects of the aiA-adrenoceptor-selective antagonist  WB-4101 
on a l -adrenoceptor  agonist-evoked excitation. A: WB (WB-4101, 2.5 
/zM) abolished the excitation evoked by PhE (phenylephrine,  all 
applications 10 /zM,  here and in B) for more than 2 h. B: WB-4101 
(0.1 /~M) abolished phenylephrine-evoked excitation but neither the 
inhibitory nor the excitatory component  of the biphasic response 
evoked by CCh (carbachol, 10 p.M). C: The inhibitory response by 
NE (norepinephrine,  5 p.M) was not affected by the largest dose (10 
/zM) of WB-4101 ever used. 

that each responsive ventromedial  nucleus neuron con- 
tains both a~A- and a~B-adrenoceptors or that 
chloroethylclonidine under the conditions of these ex- 
periments may occlude a~A-adrenoceptors. This sug- 
gestion prompted  us to conduct the experiment 2 be- 
low. 

In an at tempt  to test the specificity of chloroethyl- 
clonidine action, slices from both ovariectomized rats 
and ovariectomized rats treated with estrogen were 
used in chloroethylclonidine experiments. It has been 
reported that the a l -adrenoceptor  population in the 
medial hypothalamus, which includes the ventromedial  
nucleus, of ovariectomized rats consists almost entirely 
of the O~IA subtype unless the rats were primed with 
estrogen, which increases am-adrenoceptors  selectively 
(Petitti et al., 1992). Accordingly, an am-adreno-  
ceptor-selective antagonist should have little or no 
effect on slice preparat ions from ovariectomized rats 
but should be effective on those from ovariectomized 
rats t reated with estrogen. Based on this inference and 
the assumption that chloroethylclonidine was atB- 
adrenoceptor-specific, we expected that chloroethyl- 
clonidine would be much more effective on prepara-  

tions from ovariectomized rats treated with estrogen 
than on those from ovariectomized rats. Contrary to 
this, the results show chloroethylclonidine worked 
about equally well on both kinds of preparations,  sug- 
gesting either one or both of the above assumptions 
were not correct. This suggestion was further evaluated 
in experiments 2 and 3 more extensively under more 
stringent conditions. 

3.2. Experiment 2: comparison of the effects of 
chloroethylclonidine and alA-adrenoceptor-selective an- 
tagonists exerted on individual neurons 

In this experiment, the excitation evoked by phenyl- 
ephrine (10 /zM) from individual neurons was tested 
with both al~-and alA-adrenoceptor  antagonists to see 
if both subtypes of receptors coexisted in the same 
neuron. Since neurons recover faster from chloroethyl- 
clonidine than from OqA-adrenoceptor antagonists, the 
units were usually tested with chloroethylclonidine first. 
The second antagonist was applied only after a clear, 
though not always complete,  recovery from the first 
had been observed. 

A total of 27 phenylephrine-excitable units from 
estrogen-primed preparat ions and those not primed 
with estrogen were tested either with chloroethylcloni- 
dine and 5-methyl urapidil or with chloroethylclonidine 
and WB-4101. As summarized in Table 2, all the units 
tested were affected by both types of antagonists. In 
the majority (17 /27)  of  cases, a l - ad renocep to r  
agonist-evoked excitations were abolished by both an- 
tagonists (Fig. 3). The remaining responses were abol- 
ished by one and at tenuated by the other antagonist 
(Table 2). There  was no difference between prepara-  
tions primed or not pr imed with estrogen. The effects 
of the antagonists were, again, specific for phenyl- 
ephrine-evoked excitation, because application of other 
excitatory agents, such as carbachol, after the phenyl- 
ephrine excitation was abolished, excited all of the 15 
units examined (Fig. 3A', B' and C').  Thus, alA-adreno- 
ceptor antagonists are as effective as chloroethylcloni- 
dine not only between two populations of ventromedial  
nucleus neurons sampled in experiment 1, but also on 
individual neurons. 

Table 2 
Comparisons of the effects of two types of oq-adrenoceptor antagonists,  the aiA-adrenoceptor-selective WB-4101 (0.1-2.5 p~M) or 5-methyl 
urapidil (1 or 2.5 /zM) and the alB-adrenoceptor-selective chloroethylclonidine (50 or 100 p.M), on the excitatory response evoked by 
a l -adrenoceptor  agonist phenylephrine (10 p.M) from individual neurons 

Preparations Abolished by Abolished by one and a t tenuated by Not affected by P (Fisher exact 
both types the other  type either type probability) 

OVX + E " 8 5 0 
> 0.05 

o g x  b 9 5 0 

Total n = 27 units, a Ovariectomized and treated with estrogen, b Ovariectomized. 
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Fig. 3. Similarity in effects by ehloroethylclonidine (CEC, 100 /~M) 
and WB-4101 (WB, 2.5 ~M) on neuronal excitations evoked by 
phenylephrine (PhE, 10/zM). Traces A and A~ were taken from the 
continuous recording from a neuron with a gap of 52 rain. The long 
gap was necessary for allowing the neuron to recover from chloroeth- 
ylclonidine. Similarly, B and B' as well as C and C' were recordings 
from unit B with a 28-min gap and unit C a 51-min gap, respectively. 
Note, CCh (carbachol, 2 /zM) was able to excite every neuron after 
the phenylephrine-evoked excitation was abolished (P~, B' and C'). 
Note also the scales of the firing rate are compressed in this figure, 
making the responses to phenylephrine appear to be smaller than 
those in previous figures. 

One  possibility was that  alA- and a m - a d r e n o c e p t o r  
antagonis ts  were equally effective because  the antago- 
nists were not  selective due to overdose. The  doses of 
chloroethylc lonidine  (100 /zM) ,  5-methyl  urapidi l  (1 or 
2.5 /xM) and  WB-4101 (0 .1-10 /xM) employed in the 
presen t  study were comparable  to those used in other  
studies (e.g., M i n n e m a n  and  Atk inson ,  1991; Piascik et 
al., 1991; Oriowo et al., 1992), where  the antagonis ts  
worked in an appropr ia te ly  selective manne r .  Fur ther -  
more,  with the bolus inject ions in our  experiments ,  the 
neu rons  were exposed to antagonis ts  only briefly (2 -3  
min).  Since such an  appl ica t ion was much  br iefer  than  

the incuba t ion  for 10 min  or longer  used by the other  
studies, overdose was unlikely to occur in our  experi- 
ments .  Therefore ,  the obl i te ra t ion  of selectivity due to 
an overdose is unl ikely to be the explanat ion  for the 

similarity in the effects be tween  alA- and  a lB-adreno-  
ceptor  antagonis ts  observed in exper iments  1 and 2. 

Nevertheless,  in the previous (Kow et al., 1992) and  
the p resen t  studies, the blocking effect of ba th-appl ied  
chloroethylc lonidine  faded or d i sappeared  in 10-20  
min,  and  hence,  was not  irreversible as it is supposed 
to be when  chloroethylc lonidine  inactivates a l a -ad re -  
noceptors  specifically by alkylat ion (Vargas et al., 1993). 
This observat ion raised the possibility that  chloroethyl-  
c lonidine  in bath  appl icat ion may block a l - ad r enocep -  
tors with a mechan i sm other  than  alkylation and, 
therefore ,  may not  be  a lB-adrenoceptor-speci f ic .  
Chloroethylc lonid ine  has been  repor ted  to b ind  to both  
atA- and  a lB-adrenoceptors .  However,  it should be 
no ted  that  this b ind ing  does not  inact ivate a tA-adre-  
noceptors  (Han  et al., 1987; Johnson  and M i n n e m a n ,  
1987; Michel  et al., 1993; M i n n e m a n  et al., 1988). To 
evaluate  this a l ternat ive possibility raised by our  obser-  
vation,  exper iment  3 was conduc ted  using a conven-  
t ional  method  of chloroethylc lonidine  t r ea tmen t  - in- 
cubat ion.  

3.3. Experiment 3." effect o f  chloroethylclonidine preincu- 
bation on the excitatory action o f  the al-adrenoceptor 
agonist phenylephrine 

In  this exper iment ,  each hypothalamic  slice was 
split. O ne  half of a slice was p re incuba ted  in A C S F  
conta in ing  100 /zM chloroethylc lonidine  at 36-37°C for 
30, 60 or 90 min  in a t tempts  to selectively block atB- 
adrenoceptors .  The  other,  control,  half  was incuba ted  
in A C S F  in paral lel  for 60 or 90 min.  Af ter  these 
p re incuba t ions  the slices were t ransfer red  back to 
A C S F  and were fur ther  washed in the chamber  with 
cont inuous ly  perfusing A C S F  for at least 20 min  before 
a recording.  No fur ther  antagonis t  was used beyond 

Table 3 
Effects of incubation of slices in chloroethylclonidine (CEC, 100 p.M) solution or in artificial cerebrospinal fluid (ACSF) at 36-37°C for various 
durations on the excitatory action of the a]-adrenoceptor agonist phenylephrine (10/zM) 

Treatments Responses to phenylephrine P-values 

OVX + E a OVX b Pooled (for Pooled) 

1" - / ,L  1" - / J ,  1" - / $  vs.D vs.E 

A: CEC 30 min 2 1 1 1 3 2 n.s. 
B: CEC 60 rain 5 12 6 2 11 14 < 0.05 
C: CEC 90 min 0 15 1 14 1 29 < 0.0001 
D: ACSF 60 / 9O min 13 3 8 3 21 6 
E: CEC 90 rain plus recovery 3 1 4 3 7 4 n.s. 

< 0.0005 

The numbers in the table represent the numbers of units responding in the manner indicated (T, excitation; - / $, no response or inhibition). 
a Preparations from ovariectomized rats treated with estrogen, b Preparations from ovariectomized rats. Results are not statistically different 
from OVX + E for treatments B through E. 
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Fig. 4. Abolition of the excitatory action of the oq-adrenoceptor 
agonist phenylephrine by a 90-min preincubation in chloroethylcloni- 
dine (100 /zM). A: Recording of a control neuron from a slice 
preincubated in ACSF. This and many other control units were 
excited by both PhE (phenylephrine, 10/zM) and CCh (carbachol, 10 
/zM). B and C: Recordings from two neurons 1.25 and 6.5 h, 
respectively, after a 90-min chloroethylclonidine preincubation. These 
units no longer responded to phenylephrine but were still excited by 
carbachol. D: Responses of a neuron recorded 22 h after a 90-min 
chloroethylclonidine preincubation. 

the preincubation. The a l -adrenoceptor  agonist 
phenylephrine, which can stimulate both subtypes, was 
then applied to see if excitation could still be evoked. 
Since our previous studies (Kow et al., 1992,1995) 
showed that a large majority of ventromedial nucleus 
neurons excited by al-adrenoceptor  agonist were also 
excited by acetylcholine or carbachol, whenever possi- 
ble carbachol was also administered following a 
phenylephrine application. Each slice was used for 
recording 1-3 neurons. In assessing the irreversibility 
of the blocking effect of chloroethylclonidine, neurons 
were tested from 27 min to 8 h after the preincubation. 
To see if the chloroethylclonidine blockade was perma- 
nent, some slices preincubated in chloroethylclonidine 
for 90 min and subjected to tests were saved overnight 
and tested again 21-25 h after the preincubation. 

As presented in Table 3, the majority of the neurons 
recorded from the control slices were excited by 
phenylephrine, often also by carbachol as well (Fig. 
4A), regardless of the estrogen condition. Preincuba- 
tion in the ACSF containing 100 p.M chloroethylcloni- 
dine for 30 min did not seem to affect neuronal re- 
sponsiveness to phenylephrine. After a 60-min preincu- 
bation in chloroethylclonidine, proportionally less neu- 
rons, as compared to the control, were phenylephrine- 
excitable in ovariectomized rats treated with estrogen 
though not in ovariectomized rat preparations (the 
difference between the two preparations was not signif- 
icant, Table 3). However, when the incubation period 
was prolonged to 90 rain, practically none of the ven- 
tromedial nucleus neurons was excited by phenyl- 
ephrine, regardless of hormonal condition. The pro- 

portion of phenylephrine-excitable neurons after the 
90-min chloroethylclonidine incubation is significantly 
different from that of the control in both ovariec- 
tomized rats treated with estrogen and ovariectomized 
rat groups (Table 3). Also, by applying both phenyl- 
ephrine and carbachol on the same neurons we found 
that after the control preincubation 10 out of the 14 
units that were excited by carbachol were also excited 
by phenylephrine. In contrast, of the 16 neurons ex- 
cited by carbachol after the 90-min chloroethylcloni- 
dine preincubation only one was responsive to phenyl- 
ephrine (Fig. 4B and C). The contrast is again statisti- 
cally significant (P  < 0.0005). Also, neurons unrespon- 
sive to phenylephrine after the chloroethylclonidine 
preincubation could still be excited by 'tickling' the 
neuron with micropipette (n = 5) or by application of 
oxytocin or serotonin (n = 1 each). The absence of 
response to phenylephrine after the chloroethylcloni- 
dine preincubation was due to a specific suppression of 
phenylephrine action. 

One surprising finding from this experiment is that 
it took 60-90 rain of chloroethylclonidine incubation to 
block phenylephrine action, whereas most reports 
showed that an incubation for 10-60 min was sufficient 
to inactivate am-adrenoceptors (Hidenori and Honda, 
1993; Piascik et al., 1991; Takayanagi et al., 1991). This 
discrepancy probably was due to the difference in 
sample preparations: membrane preparation or cell 
culture in most other reports, and brain slices in the 
present study. It may require more time for chloroeth- 
ylclonidine to alkylate am-adrenoceptors on the neu- 
rons in hypothalamic slices. It may also be due to the 
difference in the end-point observed: binding and bio- 
chemical effects in most others and electrical activity of 
neurons in the present study. More extensive receptor 
inactivation may be required to block the electrical 
response. Otherwise, the present findings are consis- 
tent with the notion that the suppression by the 90-rain 
chloroethylclonidine incubation was due to alkylation. 
First of all, as observed by others and different from 
bath application, this suppressive effect of chloroethyl- 
clonidine was not reversed for at least several hours, 
since it was observed at various intervals from 33 rain 
up to more than 6 h after the preincubation (Fig. 4B 
and C). However, the effect was not permanent, be- 
cause after an overnight (20.5-26.5 h) recovery the 
responsiveness to phenylephrine was restored (Fig. 4D, 
Table 3). Whether this was due to the synthesis of new 
receptors or the reversal of the alkylation or both is not 
known, but it is obvious thereby that the suppression 
was not a result of a non-specific, permanent damage 
to neuronal membrane. This was further indicated by 
the fact that chloroethylclonidine preincubations abol- 
ished phenylephrine excitation but not the excitation 
evoked by carbachol, serotonin, oxytocin or electrode 
movement, nor the inhibition evoked by phenylephrine 
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or carbachol. Also, following a chloroethylclonidine 
preincubation the slices were washed for at least 30 
min to several hours before the recording. Since this 
washing duration is longer than that for a neuron to 
recover from chloroethylclonidine blockade in a bath 
application, it is unlikely that any chloroethylclonidine 
from the preincubation was still present in the bath 
during the recording. Therefore,  the blockade of 
phenylephrine action by chloroethylclonidine preincu- 
bation was not due to the competition for receptor 
binding between chloroethylclonidine and phenyl- 
ephrine. 

Although it is theoretically possible that chloroethyl- 
clonidine may inactivate ax-adrenoceptors by a mecha- 
nism other than alkylation, we are not aware of any. 
This absence of a reasonable alternative and the dis- 
cussion above strongly suggest that the chloroethyl- 
clonidine in our preincubation experiments acted by 
alkylation. It has additionally been reported that OglA- 
adrenoceptors lack the substrate amino acid for 
chloroethylclonidine alkylation (Terman et al., 1990). 
Thus, altogether it is most likely that, in our hand, 
chloroethylclonidine acted as an am-adrenoceptor-  
specific antagonist. This taken together with the find- 
ing that a 90-min chloroethylclonidine preincubation 
completely suppressed the excitation evoked by phenyl- 
ephrine indicate, in turn, that am-adrenoceptors  are 
required for mediating phenylephrine excitation and 
that axA-adrenoceptors alone are not sufficient. Con- 
versely, the results from experiments 1 and 2, that 
show alA-adrenoceptor antagonists could abolish exci- 
tation evoked by a~-adrenoceptor agonists, including 
phenylephrine, would imply that alA-adrenoceptors are 
necessary and am-adrenoceptors  alone are insuffi- 
cient. Thus, both alA- and OqB-adrenoceptors appear 
to be necessary and neither alone is sufficient to medi- 
ate neuronal excitation evoked by a~-adrenoceptor ag- 
onists. 

4. Discussion 

In the present study three findings with regard to 
the blockade of the excitation evoked by al-adrenocep- 
tor agonists from ventromedial nucleus neurons were 
that two different types of antagonists, the alA-adreno- 
ceptor-selective 5-methyl urapidil and WB-4101 and 
the alB-adrenoceptor-specific chloroethylclonidine ap- 
peared to be equally effective. Second, either type of 
antagonist could suppress the excitatory neuronal re- 
sponse to phenylephrine (which activates both alA- 
and alB-adrenoceptors). Third, whether by bath appli- 
cation or in preincubation, chloroethylclonidine was 
equally effective in blocking the phenylephrine-evoked 
excitation from estrogen-primed preparations, which 
contain a~a-adrenoceptors, as well as from prepara- 

tions not primed with estrogen, that reportedly have 
very few receptor of this subtype (Petitti et al., 1992). 
These observations raised two major possibilities: (1) 
the antagonists used were not specific for the respec- 
tive subtypes, or (2) there are no distinct and com- 
pletely independent alA- and a~B-adrenoceptors in the 
ventromedial nucleus. Interestingly, similar observa- 
tions and suggestions have also been reported for other 
kinds of  prepara t ions  using different  methods  
(Esbenshade et al., 1993; Minneman and Atkinson, 
1991; Oriowo et al., 1992; Piascik et al., 1991). 

A specific antagonist may become non-specific as a 
result of an overdose or the manner  of application. 
However, as discussed in experiments 2 and 3, neither 
was the case in the present study. Therefore,  possibility 
2, a lack of a lA/am-adrenocep tor  independence, is 
more likely. This, in turn, may be due to several 
mechanisms. Firstly, it could be that, in the ventrome- 
dial nucleus, the numbers or the densities alone of 
either alA- or a la-adrenoceptor  subtype was insuffi- 
cient to mediate the excitation. Here,  for a~-adreno- 
ceptor agonist-evoked excitation to occur, a summation 
of the effects mediated by receptors from both sub- 
types would be needed. Secondly, in the ventromedial 
nucleus, there may be a new al-adrenoceptor  subtype 
that is neither pure C~IA nor pure alB but possesses 
some characteristic of both subtypes, as initially pro- 
posed by others (Minneman and Atkinson, 1991; Pias- 
cik et al., 1991). Such could result from the proven 
existence of an alternate transcript from an am-adre-  
noceptor gene (McGehee and Cornett, 1991). Indeed, 
a receptor expressed from a clone from bovine brain 
cDNA library is similar to, but distinct from either alA- 
or am-adrenoceptor  (Schwinn et al., 1990). Thirdly, 
the responsive ventromedial nucleus neurons may have 
both t~lA- and a~B-adrenoceptor binding sites, and 
both types of sites have to be occupied to excite the 
neuron. This type of possibility has been raised by the 
finding that activation of both 6- and /z-opioid recep- 
tors in an opioid-sensitive system is required for fl-en- 
dorphin to exert a behavioral effect (Smith et al., 
1983). Similarly, there is evidence that a receptor for 
nerve growth factor is composed of two binding sites 
and that binding to both sites is required for a re- 
sponse (Hempstead et al., 1991). Fourthly, in addition, 
some kinds of interaction between t~lA- and ala-adren- 
oceptor subtypes might be required to mediate the 
a l -adrenoceptor  agonist-evoked excitation. A prece- 
dent for this is the interaction between dopamine D 1 
and D 2 receptors (Bertorello et al., 1990; Calabreski et 
al., 1992; Piomelli et al., 1991). 

None of these four mechanisms discussed above can 
yet be definitely ruled out or proven. Therefore,  the 
exact subtype(s) or form(s) of the receptor responsible 
for mediating the a~-adrenoceptor agonist-evoked exci- 
tation of ventromedial nucleus neurons remain to be 
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d e t e r m i n e d .  N e v e r t h e l e s s ,  fo r  v e n t r o m e d i a l  n u c l e u s  

n e u r o n s  a t  l eas t ,  a c t i v a t i o n  o f  b o t h  a~A- a n d  a a B - a d r e -  

n o c e p t o r s  is n e c e s s a r y  fo r  e v o k i n g  a t - a d r e n o c e p t o r  

a g o n i s t - e v o k e d  e x c i t a t i o n .  T h i s  a l so  a p p e a r s  to  b e  t r u e  

fo r  t h e  s t i m u l a t i o n  o f  t h e  p h o s p h o i n o s i t i d e  p a t h w a y  

b e c a u s e  in  h y p o t h a l a m u s  t h e  s t i m u l a t i o n  o f  p h o s p h o -  

i n o s i t o l  h y d r o l y s i s  by  t h e  a c t i v a t i o n  o f  a l - a d r e n o c e p -  

t o r s  c o u l d  b e  b l o c k e d  by  e i t h e r  O~IA- o r  a l B - a d r e n o c e p -  

t o t - s p e c i f i c  a n t a g o n i s t s  ( K a r k a n i a s  e t  al., 1995).  
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