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Dopamine Activates Noradrenergic Receptors in the Preoptic Area
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Dopamine (DA) facilitates male sexual behavior and modulates
aromatase activity in the quail preoptic area (POA). Aromatase
neurons in the POA receive dopaminergic inputs, but the ana-
tomical substrate that mediates the behavioral and endocrine
effects of DA is poorly understood. Intracellular recordings
showed that 100 um DA hyperpolarizes most neurons in the
medial preoptic nucleus (80%) by a direct effect, but depolar-
izes a few others (10%). DA-induced hyperpolarizations were
not blocked by D1 or D2 antagonists (SCH-23390 and
sulpiride). Extracellular recordings confirmed that DA inhibits
the firing of most cells (52%) but excites a few others (24%).
These effects also were not affected by DA antagonists (SCH-
23390 and sulpiride) but were blocked by a,-(yohimbine) and
a4-(prazosin) noradrenergic receptor antagonists, respectively.
Two dopamine-B-hydroxylase (DBH) inhibitors (cysteine and
fusaric acid) did not block the DA-induced effects, indicating

that DA is not converted into norepinephrine (NE) to produce its
effects. The pKg of yohimbine for the receptor involved in the
DA- and NE-induced inhibitions was similar, indicating that the
two monoamines interact with the same receptor. Together,
these results demonstrate that the effects of DA in the POA are
mediated mostly by the activation of «, (inhibition) and «,
(excitation) adrenoreceptors. This may explain why DA affects
the expression of male sexual behavior through its action in the
POA, which contains high densities of a,-noradrenergic but
limited amounts of DA receptors. This study thus clearly dem-
onstrates the existence of a cross talk within CNS cat-
echolaminergic systems between a neurotransmitter and het-
erologous receptors.
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Dopaminergic (DA) systems have been the focus of much re-
search, primarily because alterations in DA neurotransmission
result in major diseases such as Parkinson’s disease and schizo-
phrenia. DA is also implicated in the control of various brain
functions, e.g., locomotion, cognition, and reproduction (Jackson
and Westlind-Danielsson, 1994; Jaber et al., 1996). In mammals,
DA, acting in part at the level of the preoptic area (POA) through
both D1- and D2-like receptor subtypes, facilitates male sexual
behavior (Bitran and Hull, 1987; Blackburn et al., 1992; Meisel
and Sachs, 1994; Hull et al., 1995, 1997). Similar effects of DA on
male sexual behavior have been observed in quail (Absil et al.,
1994; Balthazart et al., 1997; Castagna et al., 1997), a widely used
model in behavioral neuroendocrinology (Balthazart and Ball,
1998a) that displays high levels of DA and tyrosine hydroxylase
(TH), the rate-limiting enzyme in DA synthesis, in the POA
(Ottinger and Balthazart, 1987; Balthazart et al., 1992; Bailhache
and Balthazart, 1993).

In quail, the sexually dimorphic medial preoptic nucleus
(POM) represents a necessary and sufficient site of steroid action
for the activation of male copulatory behavior (Panzica et al.,
1996). The POM is outlined by a group of cells expressing the
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enzyme aromatase (Foidart et al., 1995), which catalyzes the trans-
formation of testosterone into estradiol, a critical step in the acti-
vation of male behavior (Balthazart and Ball, 1998b). The POM
receives inputs from various dopaminergic and noradrenergic areas
(Balthazart and Absil, 1997), and TH-immunoreactive fibers are
found in close association with aromatase-immunoreactive cells
(Balthazart et al., 1998), suggesting functional interactions. Ac-
cordingly, in vitro studies indicate that DA can rapidly affect the
preoptic aromatase activity (Baillien and Balthazart, 1997; Baltha-
zart et al., 2002). Thus it has been hypothesized that DA affects
male sexual behavior in part through the control of aromatase
activity (Absil et al., 2001b; Balthazart et al., 2002). However, the
anatomical substrate and cellular mechanisms that mediate behav-
ioral and endocrine effects of DA are poorly understood.

We demonstrate here that DA affects the electrical activity of
most preoptic neurons. DA hyperpolarizes the majority of these
neurons, which markedly decreases their firing rate, but an op-
posite effect is seen in a few cells. Pharmacological experiments
provide converging evidence demonstrating that these effects are
not mediated by interactions of DA with dopaminergic receptors
but rather by the activation of a,- (inhibition) or «,- (excitation)
noradrenergic receptors. These data extend a previous report
indicating that the central effects of DA are mediated in part by
noradrenergic receptors (Malenka and Nicoll, 1986). They fit in
well with the presence of very high densities of a,-noradrenergic
receptors in the quail POM and may help to explain why DA
affects male sexual behavior even though DA receptors are scarce
in the POA. More generally, they suggest that in disorders such as
schizophrenia, in which hyperactivity of some DA pathways has
been demonstrated (Laruelle and Abi-Dargham, 1999; Meyer-
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Lindenberg et al., 2002), excessive stimulation of noradrenergic
receptors by DA might be observed in some brain areas.

MATERIALS AND METHODS
Animals

All experiments were performed on sexually mature male Japanese quail
(Coturnix japonica) obtained from a local breeder at the age of 3-6
weeks (G. Franckart, Falmignoul, Belgium). Throughout their life at the
breeding colony and in the laboratory, birds were exposed to a photo-
period simulating long days (16 hr light and 8 hr dark per day) and had
food and water available ad libitum. All experimental procedures were in
agreement with Belgian laws on the “Protection and Welfare of Animals”
and the “Protection of Experimental Animals” and the International
Guiding Principles for Biomedical Research Involving Animals published by
the Council for International Organizations of Medical Sciences. The
protocols were approved by the Ethics Committee for the Use of Animals
at the University of Licge.

Electrophysiological recordings

Animals were killed by decapitation, and brains were rapidly dissected
out of the skulls and put in chilled (2-4°C) artificial CSF (ACSF) of the
following composition (in mm): 130 NaCl, 2.5 KCI (intracellular exper-
iments) or 5 KC1 (extracellular experiments), 1.2 NaH,PO,, 1.2 MgCl,,
2 CaCl,, 10 glucose, and 20 NaHCOj, saturated with 95% O,-5% CO,,
pH 7.4.

Coronal 300-um-thick slices containing the medial part of the POA at
the level of the POM were prepared in cold (2-4°C) ACSF using a
vibratome and transferred to a small beaker containing ACSF at 32°C. A
few minutes later, slices were transferred into a recording chamber
(volume = 0.5 ml) where they were completely submerged in ACSF at
34.5 = 0.5°C flowing at a rate of 2.5 * 0.5 ml/min. The tissue was
stabilized by an electronic microscope grid and small platinum weights.

Microelectrodes were positioned in the caudal part of the POM under
visual guidance using an MHW-3 Narishige micromanipulator (Narish-
ige) and a dissection microscope (Olympus Optical). The POM was
identified as the periventricular area located ventrally to the anterior
commissure, which can be easily distinguished in fresh brain sections.

Intracellular recordings in the bridge balance mode were made using
borosilicate microelectrodes (resistance, 100-150 M{)) prepared on a
Sutter P97 puller (Sutter Instruments, Novato, CA) and filled with 2 M
KCI or 2 m K-acetate. Some microelectrodes were filled with 2 M
K-acetate + 0.5% biocytin (Sigma, St. Louis, MO) to visualize the
recorded neurons. Membrane potentials were recorded with a SECO-1L
amplifier (npi, Tamm, Germany). Electrical signals were filtered at 1 kHz
and recorded on-line using a paper chart recorder (model TA240, Gould
Instruments, OH). Some traces were also stored on a Fluke oscilloscope
and subsequently transferred on a computer. Off-line analysis was per-
formed using the Flukeview 2.0 software (Fluke Corporation, Everett,
WA). During intracellular experiments, the spontaneous firing and syn-
aptic communication were inhibited by exposure to 0.5-1 uM tetrodo-
toxin (TTX), which blocks fast sodium channels.

Extracellular recordings were performed using conventional methods
(Seutin et al., 1990). Briefly, borosilicate microelectrodes were prepared
on a Narishige puller and filled with ACSF (tip resistance 5-8 M()).
Signals were amplified 1000 times with a homemade amplifier. Action
potentials were selected with a window discriminator, and the number of
spikes during successive 10 sec periods was recorded with a homemade
cumulative digital counter. These counts were averaged over successive 1
min blocks. Action potentials were also digitized and stored on a hard
disk using Spike 2 software (Cambridge Electronic Design, Cambridge,
UK). This software was also used for off-line analysis.

All drugs were applied by superfusion at known concentrations using
three-way taps. Each concentration was applied for at least 5 min to
ensure that the drug concentration reached equilibrium in the tissue.
When antagonists or inhibitors of DBH were used, they were first
superfused alone for at least 10 min. All extracellular experiments were
made in the presence of (3-aminopropyl) (diethoxymethyl) phosphinic
acid (CGP-35348) (30 um), SR-95531 (10 uMm), 6-cyano-7-nitroquino-
xaline-2,3-dione (CNQX) (10 uM), and MK-801 (10 M), to block
GABAg, GABA,, AMPA-kainate, and NMDA receptors, respectively.
We have shown previously that such an ACSF blocks all synaptic poten-
tials in these cells (Cornil et al., 2001). This solution will subsequently be
referred to as “synaptic blockers.” In these conditions, synaptic transmis-
sion should be blocked, therefore ensuring that the observed effects of
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the dopaminergic and noradrenergic compounds result from a direct
action on the neuron that is studied.

Experimental protocols

Selection of dopamine/norepinephrine concentrations tested. For intracel-
lular recordings, a concentration of 100 um DA was used. For extracel-
lular recordings, DA was originally applied first at a concentration of 10
uM that was secondarily increased if cells did not respond. Because most
neurons responded to 30 um DA, this concentration was then preferen-
tially used for the first bath application of DA. However, when 30 uM DA
had no detectable effect or effects that were too small in magnitude to be
considered reliable (see below), the concentration was increased to
ensure that the cell was indeed nonresponsive. The same procedure was
used for norepinephrine (NE).

ECs, determination. The concentrations of DA or NE producing 50%
of the maximal inhibitory effect (ECs,) on the firing rate were deter-
mined by testing the effects of three to five increasing concentrations of
the amines in the range of 1-500 um for DA and 40 nM-100 uMm for NE.
The ECs, was then determined with the equation E = Ey; 5 x/(1+[ECsy/
x]"M), where x is the concentration of amine and 4 is the Hill coefficient.
In our experiments, most Hill coefficients were found to lie between 1
and 2; they were not considered further. £y ,x could usually be observed
only for inhibitory effects and consisted of a 100% inhibition of firing.
ECs, could usually not be determined for excitatory effects either be-
cause of the progressive desensitization of receptors after exposure to
increasing concentrations of the amines or because the effect never
saturated.

pKjy determination. To positively identify the type of receptor mediat-
ing the inhibition of the firing rate in neurons exposed to DA or NE, we
also measured the ability of yohimbine (an «, antagonist) to displace the
concentration-response curve of DA and NE. For this purpose, neurons
were exposed to four to six increasing concentrations of DA (range, 3
mwM-3 mMm) or NE (range, 40 nm-100 uMm) in the absence and then
subsequently in the presence of 30 nm yohimbine. This concentration of
antagonist was found in preliminary experiments to provide an effect that
was significant but also compatible with the use of reasonable concen-
trations of agonists. The pKy of yohimbine was then calculated using the
Schild equation: r — 1 = [B]/Kg, where r is the concentration ratio
between the ECs, of the agonist in the presence and absence of the
antagonist and B is the concentration of the competitive antagonist
(Kenakin, 1984; Jenkinson et al., 1995). The pKg reflects the affinity of
a competitive antagonist for its receptor in a bioassay. A pKg value of an
antagonist is usually within the same range as its pK; values in a binding
experiment.

A limited desensitization to the effect of agonists was observed in a few
neurons. The pKy experiments therefore were performed exclusively
with cells that exhibited no significant desensitization (<10% decrease of
the maximal effect at any drug concentration over the 10—15 min period
of superfusion). Although high levels of inhibition (80% or higher) were
induced in these experiments, the complete blockade of firing was not
always induced to avoid the risk of receptor desensitization. The ex-
pected data at both ends of the curve (0 and 100% effect) were added,
however, to the experimental data to force the curve fitting software
(GraphPad Prism 3.00, GraphPad Software, San Diego, CA) to calculate
a regression curve using these theoretical values.

Drugs

Dopamine hydrochloride, fusaric acid (5-butylpicolinic acid), L-cysteine,
norepinephrine (bitartrate salt), prazosin, SCH-23390, SKF-38393,
TTX, and yohimbine were all obtained from Sigma (St. Louis). CNQX,
MK-801 (dizocilpine), and quinpirole were obtained from Tocris
(Bristol, UK). CGP35348, SR-95531 (2-[carboxy-3’-propyl]-3-amino-6-
paramethoxy-phenyl-pyridaziniumbromide), and (=*)-sulpiride were gifts
respectively from Novartis (Basel, Switzerland), Sanofi (Paris, France),
and Synthelabo (Paris, France). All drugs were dissolved in water except
CNQX, prazosin, and sulpiride, which were dissolved in DMSO. Final
concentrations of DMSO in the superfusion medium were always lower
than 0.1%. This concentration had no effect by itself. All final solutions
were prepared just before their use.

Visualization of biocytin

In some slices, cells were recorded with biocytin-containing microelec-
trodes to allow their subsequent identification. At the end of the record-
ing session, these slices were fixed overnight in a 4% paraformaldehyde
solution at 4°C. They were then cryoprotected for 2-4 hr in a 20%
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sucrose solution and stored in antifreeze at —20°C until processed.
Sections were washed three times (15 min each) in PBS and incubated for
30 min in 10% normal goat serum in PBST 0.1% (Dako, Copenhagen,
Denmark) (0.1 M PBS buffer containing 0.1% Triton X-100). The biocy-
tin was revealed by a 3 hr incubation at room temperature in strepta-
vidin—FITC diluted 1:500 in PBST 1% (0.1 M PBS buffer containing 1%
Triton X-100). After three final washes in PBST 0.1%, sections were
mounted on microscope slides and coverslipped with a Slow Fade Anti-
fade Kit (Molecular Probes, Eugene, OR). Digitized confocal images
were acquired at 1024 X 1024 pixel resolution with a 63X water immer-
sion objective (NA 1.2) using a Leica model TCS-SP2 laser scanning
microscope (Leica Microsystems).

Data analysis and statistics

In the extracellular experiments, changes in firing rate were quantified by
the difference between the mean firing frequency over the 5 min preced-
ing the application of a given compound (control period) and over the
minute during which the drug produced its maximal effect expressed as
percentage of the basal frequency. Only neurons with a firing rate per
minute that varied by <5% during the control period were used for
experiments. Drugs were considered to have a significant effect on the
firing rate if (1) a difference of 25% from the mean basal frequency of
discharge was observed and (2) at least 50% recovery took place during
the washout period. A neuron was considered inhibited or excited by DA
or NE if it reacted according to the criteria defined above for at least one
of the concentrations that was tested.

For the study of the relationships between baseline characteristics
(spike duration and firing rate) of neurons and their response to DA/NE,
spike durations were evaluated by the calculation of the mean duration in
a randomly chosen series of 10 successive spikes, whereas firing rate was
evaluated by the calculation of the mean firing rate over the 5 min control
period preceding the first DA/NE application in the presence of synaptic
blockers.

All data were analyzed and plotted using Sigma Plot 3.03 (SPSS,
Chicago, IL), Sigma Stat 2.03 (SPSS), or Statview 5.01 (Abacus Con-
cepts, Berkeley, CA). All results in the text are expressed as means *
SEM. Most data were compared with two-tailed Student’s ¢ test or
one-way ANOVA followed when appropriate by the post hoc Fisher
protected least significant difference (PLSD) test. The Mann—Whitney
nonparametrical test was substituted, however, in a few cases in which the
homoscedasticity condition was not met by the data. The Kolmogorov—
Smirnov one-tailed test for two samples was additionally used to compare
the duration of spikes and mean firing frequencies of cells. Differences
are considered significant for p < 0.05.

RESULTS

Effects of DA on the membrane potential of

POM neurons

Long-lasting (>1 hr) stable intracellular recordings could be
obtained from 17 cells located in the POM. Most of the cells were
located in the caudal part of the POM just ventral to the anterior
commissure. The impaled neurons were spontaneously active.
When prevented from firing (by exposure to 0.5-1 um TTX),
their mean resting potential was —50.2 = 1.6 mV (n = 17). The
mean membrane input resistance and time constant assessed
using 100 msec hyperpolarizing (=100 pA) current pulses were
236 =23 MQ (n = 17) and 18.4 = 1.6 msec (n = 17), respectively.
The mean action potential threshold was —42 = 2 mV (n = 16).
The action potentials displayed a mean amplitude of 33 = 1 mV
(n = 16). This value is probably underestimated because of the
high resistance of the microelectrodes that were used. Action
potentials of similar amplitude have been described recently in
the avian basal ganglia (Ding and Perkel, 2002).

The stability of the recordings and the high input resistance of
the neurons suggested that they were in good condition. This was
further supported by the visualization of the biocytin-filled neu-
rons, which possessed long and thin neurites without any evidence
of morphological alterations (Fig. 1).

The effects of DA on the membrane potential of POM neurons
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Figure 1. Confocal photomicrographs illustrating two POM neurons
filled with biocytin during intracellular recording. These cells were hy-
perpolarized by both DA and NE.
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Figure 2. Intracellular recordings of one DA-induced hyperpolarization

and one depolarization in POM neurons. A, Current-clamp recording of
a typical POM neuron showing a membrane hyperpolarization induced
by DA (100 wMm). The membrane potential was set initially at —70 mV by
the injection of —90 pA. B, Current-clamp recording of another POM
neuron showing a depolarization induced by DA (100 um). The mem-
brane potential was set at —70 mV by the injection of —200 pA. C, Mean
amplitude (+SEM) of the effects of DA at two different concentrations
(100 and 540 pm) on the membrane potential of two groups of POM
neurons. The number of experiments is 10, 3, and 1 from left to right. Note
that three neurons that did not respond to DA are not illustrated in this
figure. Note that scales in A and B are different. All recordings were
performed in the presence of 0.5-1 uM TTX. DA was superfused during
the period indicated by the bars. Hyp, Hyperpolarization; Dep,
depolarization.

were examined in the current-clamp mode. For these experi-
ments, cells were hyperpolarized to —70 mV by injection of a DC
current. As already mentioned, POM neurons exhibited robust
synaptic potentials that were caused by the activation of glutama-
tergic and GABAergic receptors (Cornil et al., 2001). To ensure
that the recorded effects were mediated by a direct action on the
cell that was recorded, all subsequent experiments were per-
formed in the presence of TTX (0.5-1 um). Superfusion of DA
(100 um) induced a membrane hyperpolarization of 6 = 0.5 mV
in the majority of the cells (n = 10 of 14 neurons) (Fig. 24). In
one cell, bath application of DA (100 um) induced a biphasic
response, which consisted of a membrane depolarization of 6 mV
followed by a small hyperpolarization of 3 mV (Fig. 2B). In three
other cells, dopamine had no effect on the membrane potential.
The DA-induced hyperpolarizations and depolarizations were
fully reversible and showed no obvious desensitization after mul-
tiple applications of the same concentration of DA (n = 7 cells).
The membrane hyperpolarization was apparently concentration
dependent (Fig. 2C), as suggested by the fact that a much larger
effect was detected when the concentration of DA was raised from
100 to 540 um.

To investigate the type of receptor mediating the DA-induced
hyperpolarization in POM neurons, the effects of selective dopa-
minergic antagonists were examined. As illustrated in Figure 3,
neither sulpiride (1 um; n = 5), a D2-like receptor antagonist, nor
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Figure 3. The DA-induced hyperpolarization in POM neurons is not
blocked by antagonists of dopaminergic receptors. A, DA-induced hyper-
polarization under control conditions in a POM neuron. In the same
neuron, the DA-induced hyperpolarization was antagonized neither by 1
uM sulpiride, a D2-like receptor antagonist (B), nor by 1 um SCH-23390,
a D1-like receptor antagonist (C). Each antagonist was superfused for 10
min before the application of DA. The membrane potential was set at —70
mV by the injection of ~100 pA. All recordings were performed in the
presence of 0.5-1 uM TTX. DA was superfused during the period indi-
cated by the bars.

SCH-23390 (1 um; n = 4), a D1-like receptor antagonist, was able
to block the hyperpolarization induced by DA (100 um), despite
the fact that these antagonists were used at concentrations at least
100-1000 times higher than their K; for their respective receptor
(Sugamori et al., 1994; Demchyshyn et al., 1995; Missale et al.,
1998). Taken together, these results suggest that the DA-induced
hyperpolarization was not mediated by dopaminergic receptors.
We therefore decided to analyze the pharmacology of this re-
sponse in more detail using extracellular recordings.

Dopaminergic control of the firing rate of

POM neurons

Extracellular recordings were obtained from 110 neurons located
within the POM. These neurons had a spontaneous firing rate
ranging between 0.2 and 15.1 Hz (5.13 = 0.31 Hz; n = 102). Their
action potential duration was in the range of 1.1-3.0 msec (1.94 =
0.04 msec; n = 110). Most of the cells (95%) showed a pacemaker
or slightly irregular (single spikes) pattern of discharge, whereas
the others (5%) exhibited a more bursting pattern. There was no
correlation between this firing pattern and the effects of DA
observed in the experiments. Superfusion of the synaptic block-
ers regularized the firing pattern and slightly increased the aver-
age firing rate (from 5.13 = 0.31 to 5.54 = 0.34; ¢t = 3.329; df =
86; 2 p < 0.001).

As expected on the basis of intracellular recordings, superfu-
sion of DA had profound effects on the firing rate of POM
neurons (Fig. 4). The firing rate of most neurons (52%; n = 55 of
105) was decreased by DA applied at 10 (n = 6), 30 (n = 35), 50
(n = 11), or 100 u™m (n = 3). In contrast, the firing of 24% of these
neurons (25 of 105) was increased by DA at 10 (n = 2), 30 (n =
16), 50 (n = 4), 100 (n = 2), and 150 um (n = 1).

In the remaining 24% of cells (n = 25 of 105), DA had no
detectable effect or effects of too small a magnitude to be consid-
ered reliable (see Materials and Methods), even at the highest
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Figure 4. Extracellular recordings illustrating the effects of dopaminer-
gic antagonists on DA-induced inhibitions and excitations in POM neu-
rons. A, Example of a complete inhibition of firing induced by DA (30
uM) under control conditions. This effect was not blocked by the super-
fusion of 1 um SCH-23390 (SCH) and 1 pm sulpiride (SULP). B, Exam-
ple of an excitation induced by DA under control conditions. This effect
was blocked by 1 um SCH-23390 (SCH). C, Example of an excitation
induced by DA. This effect was not blocked by 1 um SCH-23390. D,
Example of a concentration—response curve for a DA- and NE-induced
inhibition in a POM neuron (to calculate ECs,, one additional point was
added to the raw data for the maximal effect; see Materials and Methods).
All experiments were performed in the presence of CGP-35348 (30 uMm),
SR-95531 (10 uMm), CNQX (10 uM), and MK-801 (10 um). Drugs were
superfused during the period indicated by the bars.

concentration of DA. When present, changes in firing rate gen-
erally appeared at the end of the first minute of superfusion of
the solution containing DA, which corresponds approximately to
the time needed for the modified ACSF to reach the slice. The
DA-induced inhibitions were fully reversible and concentration
dependent. The ECs, value for the inhibitory effect of DA was
78 = 40 uMm (n = 11) (Fig. 4D). As already mentioned (see
Materials and Methods), no concentration—response curve for
the DA-induced excitation could be calculated.

Relationship between basal firing rates and the nature

of dopamine effects

We wondered whether a correlation exists between the nature of
the response to DA (inhibition vs excitation vs no response, as
defined above) and the baseline firing rate or spike duration of
neurons. A one-way ANOVA indicated the existence of highly
significant differences in the firing rate of these three classes of
neurons (F, g7y = 5.114; p = 0.0079), with the neurons inhibited
by DA firing less rapidly (4.49 = 0.39 Hz; n = 44) than those
excited by DA (5.97 = 0.70 Hz; n = 23), which themselves had a
slower rate than nonresponding neurons (6.87 = 0.72 Hz; n = 23).
Post hoc Fisher PLSD tests indicated that inhibited neurons had
a significantly slower firing rate than the two other types (p <
0.05). A similar analysis of the basal spike duration, however,
failed to identify significant differences between these three
groups of neurons (F, 199y = 1.789; p = 0.1724).

The proportions of neurons exhibiting different firing rates
(intervals of 0.5 Hz) or spike durations (intervals of 0.1 msec)
were also computed separately for inhibited, excited, or nonreac-
tive neurons.

The comparison of the cumulative frequencies of the firing
rates in the three types of neurons by the Kolmogorov—Smirnov
two-samples test confirmed that a large proportion of DA-
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Figure 5. Relationship between the spike duration and frequency of
POM neurons and the nature of the effect produced by DA. A, Cumula-
tive percentage of the spike durations in relation to the nature of response
to DA. B, Cumulative percentage of firing rates in relation to the nature
of response to DA. In both panels the insets show the average values of
each measure for the three classes of neurons according to their response
to DA. *p = 0.05, inhibition (Inh) versus excitation (Exc); #p = 0.0,
excitation (Exc) versus no response (No).

inhibited cells display a lower firing rate than nonresponding cells
(Fig. 54) (x> = 6, 50; df = 2; p < 0.05). By contrast, no
statistically significant difference could be detected in the distri-
bution of spike durations among the three types of cells classified
according to their response to DA (Fig. 5B).

Effects of dopamine antagonists

To investigate further the pharmacology of these responses, brain
slices were preincubated for at least 10 min with selective dopa-
minergic antagonists before DA was added to the medium. As in
intracellular experiments, the D2 antagonist sulpiride (1 um)
failed to suppress in 13 cells the DA-induced inhibitory effects,
regardless of the concentration of DA that had been used (30 uMm,
n=4;50 um, n = 5; 100 uM, n = 2; 150 uM, n = 1; 300 um, n =
1) (see Fig. 44 for an example at 30 um DA). A partial suppres-
sion of the DA effect was observed in three other cells (DA used
at 10 um, n = 1; 30 uMm, n = 2; data not shown).

The D1 antagonist SCH-23390 (1 um) similarly did not block
firing inhibitions induced by DA in the four cells in which it was
tested (30 um, n = 2; 50 pum, n = 1; 100 um, n = 1) (Fig. 44).
These results were consistent with those obtained by intracellular
recording and further suggested that DA-induced inhibitions of
firing were not mediated by dopaminergic receptors.

Contrasting results were obtained in the analysis of the excita-
tory effects of DA (10 uMm, n = 3; 30 um, n = 16; 50 um, n = 5; 100
M, n = 1; 150 um, n = 1). These excitations were blocked by
SCH-23390 (1 um) in six of eight cells (30 uM, n = 4; 50 um, n =
1; 100 uMm, n = 1) (Fig. 4B) but were unaffected in two other cells
(10 um, n = 1; 30 um, n = 1) (Fig. 4C). These results thus
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suggested that the excitatory effects of DA could be attributed to
its interaction with dopaminergic receptors in a higher proportion
of cells than its inhibitory effect. They also indicated that the
concentration of SCH-23390 used in these experiments was suf-
ficient to block an effect of DA in our test conditions.

Effects of dopamine agonists

Data presented so far have indicated that few neurons in the quail
POA are affected by specific dopaminergic antagonists, despite
the fact that they respond to DA. To further investigate the
origins of this paradoxical finding, the effects of selective dopa-
minergic agonists were also investigated. Consistent with the
results obtained with antagonists, bath application of the D2-like
receptor agonist quinpirole at a concentration of 1 um, which is
supramaximal for extracellular recordings (Bowery et al., 1994)
and effective in intracellular recordings (Lacey et al., 1987),
produced no effect in a majority of cells (n = 19 of 25). In the
remaining neurons (6 of 25), a variable degree of inhibition of the
firing rate was detected ranging from a few percent decrease to a
complete suppression of electrical activity. These results confirm
that only a small proportion of POM neurons possess functional
dopaminergic D2-like receptors in the quail POA.

Despite the fact that the D1 antagonist SCH-23390 blocked the
excitatory effect of DA in a substantial proportion of neurons (see
above), the D1 agonist SKF-38393 at a 1 uM concentration
[shown to be maximally effective in increasing efflux of cAMP
from blocks of rat striatum (Stoof and Kebabian, 1981)] had no
effect in the majority of the cells that were tested (n = 13 of 14)
and increased the electrical activity in only one neuron. It is
known, however, that SKF-38393 is only a partial DA agonist in
terms of in vitro adenylate cyclase stimulation, with an intrinsic
activity of only 45-70% compared with DA. Other effects of D1
receptor activation mediated by an alternative second messenger
system may also not be (fully) stimulated by SKF-38393 [see
Ruskin et al. (1998) for additional discussion and references].

Effects of norepinephrine

NE also affected the firing rate of POM neurons (Fig. 6). The
firing rate of most neurons (62%; n = 35 of 56) was decreased by
NE applied at 1 (n = 1), 10 (n = 16), 30 (n = 17), or 100 uM (n =
1). In a smaller population of neurons (6 of 56; i.e., 11%), NE (30
M, n = 4; 100 um, n = 2) increased the firing rate. In the
remaining 27% of cells (15 of 56), NE had no detectable effect or
effects of too small a magnitude to be considered reliable (see
Materials and Methods). When both amines were applied succes-
sively, NE mimicked the effect of DA in 83% (24 of 29) (Fig.
6A,B) of the cells, whereas NE and DA produced different effects
in a few neurons (17%; n = 5 of 29) (Fig. 6C). Most of the cells
exhibiting opposite responses for DA and NE were excited by DA
and inhibited by NE (four of five).

Concentration-dependent effects were observed when the same
cells were tested with increasing NE concentrations. The ECs,
value for the NE-induced inhibition was 9.3 = 5.2 um (n = 7)
(Fig. 4D). This value was significantly smaller than the ECs, of
DA (Mann-Whitney test; U = 12; nl = 1l andn2 = 7;2p =
0.0164). The effects of NE were also fully reversible.

Contrary to what had been observed for DA, no statistically
significant difference could be detected in either the firing rate or
the spike duration among the three types of cells classified ac-
cording to their response (inhibition, excitation, no response) to
NE (Fo51) = 0.023, p = 0.9775 and F, 5,y = 0.336, p = 0.7161,
respectively). In addition, the proportions of cells in these three
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Figure 6. NE mimics the inhibitory and excitatory effects of DA in most
extracellularly recorded cells. A, Bath application of 30 uM DA and 10 uMm
NE completely inhibits the firing in a POM neuron. B, Bath application of
30 uM DA and 30 uM NE increases the firing rate of a POM neuron. C,
DA and NE bath applications produce opposite effects in a POM neuron.
All experiments were performed in the presence of CGP-35348 (30 um),
SR-95531 (10 um), CNQX (10 pm), and MK-801 (10 pm). Drugs were
superfused during the period indicated by the bars.

subgroups exhibiting different firing rates (intervals of 0.5 Hz) or
spike durations (intervals of 0.1 msec) were not different when
compared by the Kolmogorov—Smirnov two-sample test (data not
shown). These results should be interpreted with caution, how-
ever, because a smaller number of cells was available for this
analysis than in the case of DA.

Effects of noradrenergic antagonists

To test the hypothesis that DA produces its inhibitory effects
mainly by interaction with a, receptors, we examined the effect of
the a,-adrenergic antagonist yohimbine on the response to DA.
As shown in Figure 74, 1 uM yohimbine [>100 times its K for the
a,-noradrenergic receptor (Hieble and Ruffolo, 1996)] sup-
pressed the inhibitory effect of DA in 12 of 15 cells. In the three
remaining DA-inhibited cells that were not affected by yohim-
bine, sulpiride (1 um) also had no effect, suggesting that DA
might interact with yet another receptor.

Sulpiride (1 um) had no effect in six of seven neurons exhibiting
DA-induced inhibitions blocked by yohimbine. In the last cell
displaying this phenotype, sulpiride partially blocked the DA-
induced inhibitions, suggesting the presence of multiple receptors
on these cells (see also below).

The application of 1 um prazosin (a;-noradrenergic antago-
nist) blocked the excitation produced by DA in all cells that were
tested (n = 6 of 6). This result was surprising in view of the fact
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Figure 7. The inhibitory effects of DA are not blocked by a D2 receptor
antagonist but are suppressed by specific a-noradrenergic antagonists. A,
The complete inhibition of the firing of a POM neuron induced by DA (30
uM) is not blocked by 1 um sulpiride (SULP) but is blocked by 1 um
yohimbine (YO), an a,-noradrenergic antagonist. B, Example of a DA-
induced excitation of the firing rate in a POM neuron that is not blocked
by 1 um SCH-23390 (SCH ) but is suppressed by 1 um prazosin (PRAZ),
an «;-adrenoreceptor antagonist. All experiments were performed in the
presence of CGP-35348 (30 um), SR-95531 (10 um), CNQX (10 um), and
MK-801 (10 um). Drugs were superfused during the period indicated by
the bars.

that the excitation of DA was blocked in a majority (n = 6 of 8)
of cells by the D1 antagonist SCH-23390 (see above). This ap-
parent contradiction presumably results from random variations
in the types of receptors (dopaminergic or noradrenergic) ex-
pressed in the cells that were investigated. One can assume that
cells expressing D1 or «, receptors coexist in the quail POA and
that the former were serendipitously investigated in the majority
of experiments with SCH-23390, whereas the latter were studied
with prazosin. This interpretation is supported by the example
shown in Figure 7B. In one of the two cells excited by DA in an
SCH-23390 resistant manner (and thus presumably not express-
ing D1 receptors), we observed a complete suppression of DA
effects after a preincubation with prazosin. It is therefore likely
that, in general, separate populations of neurons express the D1
and «, receptors.

pKg of yohimbine

If DA binds to the same receptor as NE to produce its inhibitory
effect, the potency of yohimbine for displacing the DA and NE
concentration-response curves should be the same. This potency
can be assessed by determining the corresponding values of pKg.
The pKy is a measure of the displacement by an antagonist of the
binding of an agonist to its receptor, independent of the affinity
(or ECsy) of the agonist for this receptor. Therefore if two
different agonists (in the present case DA and NE) are similarly
displaced from their receptor by a same antagonist (in the present
case the a,-noradrenergic antagonist yohimbine), it can be con-
cluded that they bind to the same receptor (Kenakin, 1984;
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Figure 8. Displacement of the concentration—response curve of the
inhibitory effect of DA by yohimbine. A, Experiment illustrating the effect
of a low concentration of yohimbine (YO) on the DA concentration—
response curve. All concentrations refer to DA except where indicated. B,
Graphical representation of the concentration—response curve of DA in
control conditions (@) and in the presence of the a,-antagonist (O). All
experiments were performed in the presence of CGP-35348 (30 um),
SR-95531 (10 uMm), CNQX (10 uM), and MK-801 (10 um). Drugs were
superfused during the period indicated by the bars.

Jenkinson et al., 1995). A typical experiment is illustrated in
Figure 84. As shown in Figure 8B, this concentration of yohim-
bine markedly increased the ECy, of DA. The calculated pKy
value for yohimbine was 836 = 0.05 (n = 5 cells). Similar
experiments performed with NE yielded very similar values
(8.01 £ 0.19; n = 4 cells). There was no significant difference
between the pKy values of yohimbine for the two agonists (f =
1.961; df = 7; 2 p = 0.091); the slightly higher pKy obtained for
DA indicated, if anything, a more potent antagonism of the effect
of DA. These values are also very close to the pKy of yohimbine
for a, receptors in rat (Hieble and Ruffolo, 1996). Furthermore,
nearly identical values were obtained for the two pKgs in the
single neuron for which both measurements could be made (pKy
for DA = 832; pKg for NE = 8.57). Taken together, these
experiments demonstrate that the inhibitory effect of DA on the
firing rate of most POM neurons results from the activation of
a,-noradrenergic receptors.

Effects of DA do not result from its transformation

by dopamine-p-hydroxylase

Activation of «, receptors during the superfusion of DA could be
attributable to either an activation of these receptors by DA itself
or a transformation of DA into NE within the slice and subse-
quent binding of NE to its receptors. This originally appeared
quite unlikely because, when present, changes in firing rate gen-
erally appeared at the end of the first minute of superfusion with
the DA-containing solution, which corresponds approximately to
the time needed for the modified ACSF to reach the slice.
Therefore, it was hardly conceivable that sufficient amounts of
NE could be produced by metabolism of DA in such a short time.
This idea was experimentally evaluated, however, by testing the
effects of DBH inhibitors.

Superfusion for at least 10 min of either cysteine (1 mm; n = 4
of 4) (Fig. 94) or fusaric acid (100 um; n = 4 of 4) (Fig. 9B), two
known inhibitors of DBH, failed to significantly modify the in-
hibitory effect of DA. Taken together, these data suggest that the
effects of DA on the a,-noradrenergic receptors are not mediated
by a metabolic conversion of DA into NE.

The same conclusion was reached concerning the excitatory
effect of DA, which could not be blocked by preincubations with
100 um fusaric acid (n = 4) (Fig. 9C) or 1 mwm cysteine (n = 3;
data not shown).
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Figure 9. Inhibitors of dopamine-B-hydroxylase, the enzyme catalyzing
the conversion of DA into NE, do not block the effects of DA. The
complete inhibition of the firing of a POM neuron induced by DA (30 um)
is not blocked by the bath application of 1 mm cysteine (A) or by 100 um
fusaric acid (B). C, The excitation of a POM neuron produced by DA (30
uM) is not blocked by the bath application of 100 um fusaric acid. All
experiments were performed in the presence of CGP-35348 (30 um),
SR-95531 (10 uMm), CNQX (10 uMm), and MK-801 (10 um). Drugs were
superfused during the period indicated by the bars.

The concentration of fusaric acid used here rapidly decreases
NE concentration in rat spleen strips (Bencsics et al., 1997) and
blocks DBH activity in quail brain homogenates, as reflected by
the feedback effect of the accumulating DA on TH activity
(Baillien et al., 1999). Intraperitoneal injection of fusaric acid also
decreases the brain NE levels (Nagatsu et al., 1970; Bungo et al.,
2001). Similarly, the concentration of cysteine used here inhibits
DBH activity in vitro (Nagatsu et al., 1967; Terry and Craig,
1985), and cysteine uptake in cultured neurons occurs within 5
min (Shanker et al., 2001). Therefore there is every reason to
believe that these compounds efficiently blocked DBH activity in
the slices under study.

Complex actions of dopamine in a subset of
POM neurons

Together, the experiments described above clearly indicate that
neurons in the quail POA express the two types of dopaminergic
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Figure 10. Complex actions of DA in a subset of POM neurons. 4, The
complete inhibition of the firing rate induced in a POM neuron by 1 uM
quinpirole (QUINP) is blocked by 1 um sulpiride (SULP). However,
sulpiride does not block the DA-induced inhibition, suggesting the in-
volvement of a,-noradrenergic receptors. B, Example of POM neuron
showing a DA-induced excitation and a NE-induced inhibition. The
blockade of the DA-induced excitation by 1 um SCH-23390 (SCH ) sug-
gests that the excitation is mediated by D1 receptors, whereas the NE-
induced inhibition is probably mediated by «, noradrenergic receptors.
The lack of effect on DA in the experiment may be attributable to a
subthreshold concentration. All experiments were performed in the pres-
ence of CGP-35348 (30 uM), SR-95531 (10 um), CNOX (10 uMm), and
MK-801 (10 um). Drugs were superfused during the period indicated by
the bars.

(D1 and D2) and a-noradrenergic («; and a,) receptors. In the
vast majority of cases, these receptors appear to be segregated in
different neurons because in most of our experiments, cells were
either excited or inhibited (presumably after activation of D1/a,
or D2/a, receptors, respectively), and they responded to only one
type of agonist or antagonist. However, a few observations also
indicate that multiple receptor types could be present in a mi-
nority of neurons.

Although most neurons that were sequentially tested for their
reaction to DA and NE exhibited consistent reactions (i.e., they
were either inhibited or excited by both amines), in a small
number of cases (5 of 29) opposite reactions were detected (Fig.
6C). The most obvious interpretation of these effects is that these
neurons express both D1 and D2 or «; and «, receptors or even
a mix of the heterologous subtypes. In addition, complex phar-
macological profiles were also observed in a small number of
neurons. Two such cases are illustrated in Figure 10.

The neuron illustrated in Figure 104 obviously expressed D2-
like receptors, given that its activity was completely suppressed by
the D2 agonist, quinpirole, as it was by DA. However, when these
D2 receptors were functionally blocked by 1 um sulpiride, DA,
but not quinpirole, was still capable of inhibiting the firing rate,
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which indicates, on the basis of experiments described above, that
DA was also acting on another receptor, presumably of the a,
subtype.

In another example illustrated in Figure 10B, a DA-induced
increase of the firing rate was observed that obviously resulted
from a stimulation of D1 receptors, given that the effect was
blocked by SCH-23390. However, the same cell was inhibited by
NE, indicating that it presumably also expressed «,-adrenergic
receptors.

These data thus clearly illustrate the fact that multiple recep-
tors can be coexpressed in the same neurons. These events are
relatively rare, however, and thus impossible to analyze system-
atically. It must be noted that in some cases the expression of
multiple receptor (sub)types in the same cells may remain unno-
ticed and explain phenomena such as the lack of response of some
neurons to DA. It is quite possible that some of the cells that we
classified as nonresponding in our study (<25% changes in firing
rate) expressed receptor subtypes that mediate both an inhibition
(D2 or a,) and an excitation (D1 or «;) of activity. A similar
interpretation has been proposed recently for D1 and D2 recep-
tors in the avian basal ganglia (Ding and Perkel, 2002). These
effects could cancel out after application of a nonspecific agonist
such as DA. Future studies should investigate the responses of
these types of cell to specific dopaminergic and noradrenergic
agonists to examine whether this interpretation could hold true in
a limited number of cases.

DISCUSSION

The present study demonstrates that most neurons in the quail
POA are dopaminoceptive. The inhibitory and excitatory effects
of DA on POM neurons persisted in the presence of TTX
(intracellular recordings) or GABAergic and glutamatergic an-
tagonists (extracellular recordings), indicating that the DA-
induced changes of the firing rates presumably result from direct
effects of DA (synaptic transmission should be blocked in the
presence of these compounds). Several lines of converging evi-
dence indicate that a substantial fraction of DA effects (especially
inhibitions) is mediated by activation of a-noradrenergic recep-
tors. (1) DA-induced inhibitions/excitations were not blocked by
selective dopaminergic receptor antagonists (sulpiride/SCH-
23390) but were suppressed by selective a-noradrenergic antago-
nists (yohimbine/prasozin). In support of this analysis, it must be
noted that all compounds were used at pharmacologically relevant
concentrations (usually 100-1000 times the K; for the antago-
nists). The concentrations of sulpiride and SCH-23390 used were
also found to completely block the effect of quinpirole and SKF-
38393, respectively. (2) The similarity of the pKy values of yo-
himbine versus DA and NE demonstrated that yohimbine dis-
places with a similar potency the concentration—effect curves of
the two amines. If anything, the a,-antagonist was slightly more
potent versus DA than NE. This pharmacological technique
unambiguously identifies the receptor involved in a functional
effect (Kenakin, 1984) and demonstrates that DA activates «,-
noradrenergic receptors. (3) Finally, DBH inhibitors did not
block DA effects, indicating that DA directly interacts with NE
receptors. Together, these data strongly suggest that a large
percentage of DA effects are mediated in the quail POM by
interaction with a-noradrenergic receptors.

The mechanism underlying the cross talk between DA and NE
receptors remains unclear at this time. The present experiments
suggest direct effects because the interaction is still observed after
DBH inhibition, and the pKy of yohimbine indicates direct inter-



9328 J. Neurosci., November 1, 2002, 22(21):9320-9330

actions with the same receptor of both DA and NE. The relatively
similar structure of DA and NE could potentially explain the
binding of both amines to the two receptor types. In the periph-
ery, it is known that increasing plasma concentrations of DA will
activate successively D1, B, and «,/a, receptors. Relative con-
centrations to achieve these effects can be estimated at 1, 3, and
10 (Ooi and Colucci, 2001). Accordingly, the mean ECs, of DA
for inhibitory effects was approximately eight times higher than
for NE. Alternatively, recent studies indicate that transmem-
brane G-coupled receptors can form hetero-oligomers, the affin-
ity and specificity of which are modified by the association. To our
knowledge, this oligomerization has not been described for
a-noradrenergic receptors but concerns various receptors such as
the dopaminergic D2 and somatostatin receptors (Rocheville et
al., 2000) or the opioid and B-adrenergic receptors (Jordan et al.,
2001). Future work should test whether this type of phenomenon
explains the lack of specificity described here.

Inhibitory effects of DA mediated mainly by interactions with
a-noradrenergic receptors in the POA fit in well with autoradio-
graphic investigations of catecholaminergic receptors in the quail
and rat brain and with studies of the neurochemical controls of
male sexual behavior. The POA receives dopaminergic and nor-
adrenergic inputs (Simerly and Swanson, 1986; De Vries et al.,
1988; Tillet et al., 1993; Balthazart and Absil, 1997), and in vivo
dialysis studies demonstrate a testosterone-dependent release of
DA in the male rat POA after sexual interactions (Hull et al,
1995; Putnam et al., 2001). However, the density of dopaminergic
receptors is low in this area compared with the basal ganglia
(Boyson et al., 1986; Dawson et al., 1986, 1988; Camps et al., 1989;
Cortes et al., 1989; Ball et al., 1995). Major dopaminergic projec-
tions thus reach and affect an area with low dopaminergic recep-
tor expression, but where, in contrast, a,-adrenergic receptors are
very dense (Unnerstall et al., 1984; Ball et al., 1989). Effects of DA
thus could be mediated in part by interactions with noradrenergic
receptors. These data, however, do not exclude actions of DA
mediated by DA receptors; infusions of specific DA agonists and
antagonists in the POA indeed modulate expression of sexual
behavior (Hull et al., 1989, 1992; Markowski et al., 1994), pre-
sumably through the activation of DA receptors that are also
present in this area, as confirmed in the present study.

The POA projects to the mesencephalic central gray, a premo-
tor center in the control of male sexual behavior (Murphy et al.,
1999). Although the organization and control of this circuitry are
obviously more complex (Hull et al., 2002), one action of DA in
the POA is to suppress tonic inhibitory signals, thereby permitting
full expression of copulation (Hull et al., 1997). This view is
consistent with the present electrophysiological data, which reveal
a widespread tonic activity in the POA and its inhibition after
exposure to DA. In quail, TH-immunoreactive (ir) fibers sur-
round aromatase-ir cells in the POA (Balthazart et al., 1998), and
a large proportion of the aromatase-ir cells project to the central
gray (Absil et al., 2001a). It thus could be argued that in the
absence of testosterone and DA in the POA, male sexual behav-
ior is blocked by outputs of these aromatase-expressing projection
neurons. A single aromatase neuron projection to the central gray
expressing a,-noradrenergic receptors could thus constitute a
functional unit, explaining all available behavioral and neuro-
chemical observations.

Several arguments suggest that the action of DA on NE recep-
tors does not represent a specialization of the quail POM. First,
catecholaminergic receptors in avian species, quail in particular,
share many properties with mammalian receptors. The cloning of
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D1- and D2-like receptors revealed high sequence homologies
between avian and mammalian receptors (Demchyshyn et al.,
1995; Cardinaud et al., 1998; Schnell et al., 1999). Autoradio-
graphic studies reported similar distributions and binding speci-
ficity of avian and mammalian dopaminergic (Ball et al., 1995;
Schnell et al., 1999; Levens et al., 2000) as well as a-noradrenergic
receptors (Bylund et al., 1988; Ball et al., 1989; Balthazart et al.,
1989). Second, most of the drugs used here exert similar biological
effects in mammals and birds, indicating that they conserve their
functional specificity in the two vertebrate classes. This is namely
the case of D1/D2 agonists and antagonists that produce similar
effects on male sexual behavior of quail and rats (Bitran and Hull,
1987; Hull, 1995; Balthazart et al., 1997; Castagna et al., 1997).
Third, scattered reports in the literature suggest that a cross talk
between DA and NE receptors could actually take place even if
these effects have not been characterized in great detail. In a
study analyzing the excitatory and inhibitory effects of DA and
NE on arcuate nucleus neurons, Moss and collaborators (1975)
mentioned that the application of the a-adrenergic receptor
blocker, phentolamine, blocked both the DA and NE excitations.
Similarly, activation by DA of noradrenergic receptors has been
reported in different brain areas and periphery in mammals
(Ruffolo et al., 1984; Malenka and Nicoll, 1986; Aguayo and
Grossie, 1994; Lee et al., 1998; Edwards and Brooks, 2001). It has
also been demonstrated that the same transporters can bind both
NE and DA (Moron et al., 2002).

It thus seems likely that the cross talk characterized here is a
widespread phenomenon that is specific to neither the avian brain
nor the preoptic region. A part of the DA effects are mediated by
DA receptors, but effects mediated by NE receptors seem the
most frequent in the quail POA. This type of effect also appears
to take place in the mammalian brain, but to our knowledge this
is the first study demonstrating such an interaction in the CNS
with classical pharmacological methods. An interesting concep-
tual consequence of this interaction is that the physiological
effects of a transmitter may be more widespread than the sum of
the effects of the activation of its specific receptors. This idea
could be relevant to the field of schizophrenia. It has been
suggested that anti-adrenergic properties might be important for
understanding the properties of some antipsychotics, including
clozapine (Baldessarini et al., 1992). Although it has been in-
ferred that, besides DA systems, NE systems may also be dys-
functional in schizophrenia, our study suggests an alternative
explanation: namely that dysfunctional DA systems may stimulate
NE receptors in an inappropriate manner.

More generally, the present results confirm and extend previ-
ous studies suggesting a cross talk between DA and the norad-
renergic receptors and transporter in the brain. For example, the
reduction by DA of the slow afterhyperpolarization in hippocam-
pal pyramidal neurons is blocked by propranolol (B-adrenergic
antagonist) but not mimicked by high concentrations of apomor-
phine (nonselective dopaminergic agonist) in the presence of the
B-antagonist (Malenka and Nicoll, 1986). Studies using transgenic
mice also demonstrated that the transporters for NE and DA lack
specificity, so that in the prefrontal cortex, DA is mainly taken up
by the NE transporter (Moron et al., 2002). Pharmacological
methods clearly demonstrated here that DA and NE interact with
the same receptors in the quail POM as suggested previously for
the rat POA (Moss et al., 1975). Together these data may have
important implications for our understanding of the neurobiology
of brain monoaminergic systems and their pathophysiological role
in CNS disorders.
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