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NITRIC oxide (NO) is becoming recognized as an import
ant intercellular messenger in the brain. The present
experiment used microdialysis to examine the potential
role of NO in the regulation of dopamine (DA) and sero
tonin (5-HT) release in the medial preoptic area (MPOA)
of freely moving male rats. The NO precursor L-arginine
(L-Arg, 100 fLM), administered into the MPOA via the
dialysis probe, increased extracellular levels of DA, 5-HT,
and the major metabolites of DA. These increases were
blocked by the coadministration of the NO synthase
inhibitor N-monomethyl L-arginine (NMMA, 400 fLM).
The inactive isomer D-arginine (100 fLM) was ineffective,
and NMMA by itself decreased DA below baseline levels.
Thus, NO may modulate the release of DA and 5-HT in
the MPOA.
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Introduction
Nitric oxide (NO), originally recognized as a vaso
dilator released from vascular endothelial cells,l,2 was
subsequently discovered to be a neuronal messenger. 3
NO is a highly reactive gas, produced by the action of
NO synthase on L-arginine (L-Arg) in a Ca2+ depen
dent fashion. In the brain NO has been implicated in
long term potentiation,410ng term depression,s and the
development of functional cortical maps.6 NO has also
been reported to increase the release of several neuro
transmitters, including dopamine (DA) from striatal
slices,l-9 norepinephrine (NE) and acetylcholine (ACh)
from hippocampal slices,'o glutamate and aspartate
from the medulla,'1 and ACh from basal forebrainY
The medial preoptic area (MPOA) is important for
the regulation of temperature, male sexual behavior,
and maternal behavior. 13-15 Large fibers containing NO
synthase are scattered through the MPOA.16 Further
more, endogenously formed NO may mediate the
hyperthermic effects of prostaglandin in the MPOA.17
The present study evaluated the potential role of
NO in the regulation of DA and serotonin (S-HT) rel
ease in the MPOA of conscious, freely moving rats.
The precursor of NO, L-arginine (L-Arg), its inactive
isomer, D-arginine (D-Arg), and/or an inhibitor of its
synthesis, N-monomethyl L-arginine (NMMA), were
perfused into the brain through a micro dialysis mem
brane, while DA, S-HT, and their metabolites diffused
into the dialysate and were assayed using high per
formance liquid chromatography with electrochemical
detection (HPLC- EC).

Materials and Methods
Twenty-three adult male Long~Evans rats (Harlan
Spruce), weighing 300~37S g,
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were housed individually in large plastic cages. A 14:10
light:dark cycle was in effect, with lights out at 11.00 h.
Food and water were available ad libitum. The animals
were anesthetized with ketamine hydrochloride
(SO mg kg-1) and xylazine hydrochloride (4 mg kg-I).
Each animal received a 21 ga stainless steel guide can
nula, ending above the left MPOA (AP, +2.4; ML, +0.2;
DV, ~7.0; incisor bar, +S mm). Details of the surgery
and cannula construction are described in reference 18.
A 2S0 J..Ll centrifuge tube with the end cut off (approxi
mate length 8 mm) was imbedded in the dental cement
around the guide cannula to provide a seat for the
microdialysis probe. An obturator fashioned from
26 ga stainless steel tubing was inserted though a cen
trifuge tube cap and was cut to end even with the guide
cannula.
Microdialysis probes using a concentric flow design
were made according to the procedure in reference 19.
A length of silicon capillary tubing (ISO J..Lm o.d.) was
inserted into a 17 mm 26 ga stainless steel tube extend
ing approximately 1 mm beyond the tip of the stainless
steel tube. A hollow fiber dialysis membrane (MW cut
off, 6000; 210 J..Lm o.d.; Spectra-Por) was fitted over the
silicon capillary tube and glued to the tip of the stain
less steel tube. The length of the dialysis membrane was
cut to 1.S mm and plugged with waterproof epoxy. The
active dialyzing surface of the membrane was 1 mm.
Perfusion medium flowed in through the stainless steel
tubing, and out via the silicon capillary tube, sur
rounded by medline tubing, into a 2S0 J..Ll centrifuge
tube. In vitro recovery averaged 30% at the rate of flow
used in these experiments.
The dialysis perfusion medium was a modified Dul
becco's phosphate buffered saline solution (Sigma)
(138 mM NaCI, 2.7 mM KCI, O.S mM MgCI 2, 1.S mM
KH 2P0 4, 8.1 mM Na2HP0 4, and 1.2 mM CaCI 2;
pH 6.S). Perfusion flow was controled by a Harvard
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syringe infusion pump (model 22) at a rate of
0.3 IJ.I min-I. Dialysates were collected every 20 min.
On the day of testing, the animal was briefly anesthe
tized with ketamine hydrochloride (25 mg kg-I) and
xylazine hydrochloride (2 mg kg-I) to allow removal of
the obturator and insertion of the probe. The flow of
perfusion medium was started immediately after probe
insertion, and a 2 h stabilization period occurred prior
to sample collection. Baseline samples were collected
until three consecutive samples showed no more than
10% variation in levels. At this time the injection syr
inge was exchanged for one containing the appropriate
drug dissolved in Dulbecco's solution, and three
samples were collected during drug infusion. Sixteen
animals received the NO precursor L-Arg (100 IJ.M);
half of these also received the inactive isomer D-Arg
(100 IJ.M) for three samples before L-Arg adminis
tration. The remaining seven animals received the NO
synthesis inhibitor NMMA (400 IJ.M); four of these
also received NMMA plus L-Arg (100 IJ.M) following
NMMA alone. At the conclusion of the experiment,
subjects were sacrificed, the brains were frozen, and
the probe placements were histologically verified.
Samples were assayed for the parent amines DA and
5-HT and their metabolites 3,4-dihydroxyphenyla
cetic acid (DOPAC), homovanillic acid (HVA), and
5-hydroxyindoleacetic
acid
(5-HIAA)
using
HPLC-EC. Compounds were separated in a BAS Sep
Stik microbore column, using a mobile phase consist
ing of 32 mM citric acid, 54.3 mM sodium acetate,
0.074 mM Na2 EDTA, 0.215 mM octyl sodium sulfate
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and 3% methanol (pH, 4.1). A Gilson model 307
pump, equipped with a flow splitter and three pulse
dampers, operated at a flow rate of 0.62 ml min-I.
Compounds were detected with a BAS LC-4B ampe
rometric detector (sensitivity, 0.5 nA/V), using a glassy
carbon electrode maintained at a potential of +0.7 V
relative to a AgiAgCl reference electrode. The limit of
detectability (3 x background) was 0.5 ng 5 1J.1- 1•
The data are expressed as a percentage of the final
baseline sample preceding the drug treatment. Separate
analyses of variance (ANOVAs) were run for the two
groups of animals, followed by Duncan's post hoccom
parisons. The first ANOVA compared baseline, the
first D-Arg, and the first L-Arg samples; the second
compared baseline, the first NMMA, and the first
NMMA+L-Arg samples. All animals had probes cor
rectly placed in the MPOA.

Results
L-Arg significantly increased extracellular levels
of DA [F(2,37) = 6.36, P < 0.005], its metabolites
DOPAC [F(2,37) = 6.89, P < 0.005], and HVA
[F(2,37) = 3.85, P < 0.05], and also 5-HT [F(2,37)
= 3.30, P < 0.05] (see Fig. 1). A slight increase in
5-HIAA levels during L-arginine administration was
not statistically significant. All of these increases were
completely blocked by coadministration of the NO
synthase inhibitor, NMMA. The inactive isomer
D-Arg was ineffective. NMMA decreased DA below
baseline levels [F(2, 15) = 7.35,p < 0.01; see Fig. 1], sug
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FIG. 1. The effects of L'arginine, D-arginine, and N-monomethyl L-arginine on extracellular levels of dopamine, its major metabolites,
and serotonin in the medial preoptic area. Values are means (::': standard errors) of the percentage ofthe final baseline level. ** p < 0.01
*p < 0.05.
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gesting that endogenous levels of NO may promote
DA release.

Discussion
L-Arg, the precursor of NO, stereospecifically
increased the release of DA and its major metabolites
and also enhanced the release of 5-HT. In addition, the
NO synthase inhibitor NMMA inhibited the basal rel
ease of DA and abolished the facilitation by L-Arg.
These data suggest that endogenously formed NO may
facilitate the release of these monoamines. A likely rea
son that NMMA+L-Arg produced slightly more inhi
bition than did NMMA alone is that the combination
was always given after NMMA alone. Thus, there was a
progressive inhibition of NO synthesis over time. Fur
thermore, the synthesis inhibitor was four times as
concentrated as the precursor, so that L-Arg would
have little chance to increase NO synthesis.
The means by which NO influences transmitter rel
ease is not clear. Because NO synthase is located in
scattered large fibers in the MPOA,!6 it may elicit the
release of transmitter(s) from those same fibers, or,
since NO readily permeates cell membranes, it may
affect release from nearby terminals. Activation of gua
nylate cyclase appears to mediate NO's enhancement
of excitatory amino acid release in the medulla;!! how
ever, neither activation of guanylate cyclase nor block
ade of electron transport was implicated in its
induction of Ca2+-dependent DA release from striatal
slices. s
DA activity in the MPOA is increased during copu
lation in male rats. 20 ,2! Furthermore, stimulation of DA
receptors in the MPOA facilitates copulation,!8 ex cop
ula genital reflexes,22,23 and sexual motivation. 24 In
addition, 5-HT levels are increased in tissue punches of
male rats following ejaculation, and may contribute to
the postejaculatory period of quiescence. 25 Thus, one
function of NO in the MPOA may be to modulate the
prolonged DA release that accompanies and facilitates
copulation and to elicit the release of 5-HT at
ejaculation.

H~W.f

V'.(....j-'Vl "

Conclusion
Administration of L-Arg, the precursor of NO, into
the MPOA of male rats increased extracellular levels of
DA and its major metabolites, as well as 5-HT. The
inactive isomer was ineffective. The NO synthase
inhibitor NMMA decreased basal levels of extracellu
lar DA and blocked the ability of L-Arg to increase rel
ease. Thus, endogenously formed NO may enhance
the release of neurotransmitters in the MPOA, which
have been implicated in the control of male sexual
behavior and of temperature regulation.
References
1, Ignarro LJ, Buga GM, Wood KS et al. Proc Natl Acad Sci USA 84, 9265-9269
(1987).
2. Palmer RMJ, Ferrige AG, Moncada S. Nature 327, 524-526 (1987).
3. Garthwaite J, Charles SL and Chess-Williams R. Nature 336,385-388 (1988).
4. O'Dell TJ, Hawkins RD, Kandel ER et al. Proc Natl Acad Sci USA 88,11285
11289 (1991).
5. Shibuki K and Okada D. Nature 349, 326-·328 (1991).
6. Gaily JA, Montague PR, Reeke GN etal. Proc NatiAcadSci USA 87, 3547-3551
(1990).
7. Hanbauer I, Wink 0, Osawa Y et al. NeuroReport3, 409-412 (1992).
8. Lonart G, Cassels KL, Johnson KM. J Neurosci Res 35, 192-198 (1993).
9. Zhu X and Luo L. Neurochem 59, 932-935 (1992).
10. Lonart G, Wang J and Johnson KM. Eur J Pharmaco/220, 271-272 (1992).
11. Lawrence AJ and Jarrott B. Neurosci Lett 151, 126-129 (1993).
12. Prast Hand Philippu A. Eur J Pharmaco/216, 139-140 (1992).
13. Cooper KE. Ann Rev Neurosci 10,297-324 (1987).
14. Sachs BD and Meisel RL. The physiology of male rat sexual behavior. In: Knobil
E, Neill J, eds. The Physiology of Reproduction. New York: Raven Press, 1988:
1393-1485.
15. Numan M. Ann NY Acad Sci 474,226-233 (1986).
16. Vincent SR and Kimura H. Neurosci 46,755-784 (1992).
17. Amir S, Del Blasio E and English AM. Brain Res 556, 157-160 (1991).
18. Hull EM, Bitran 0, Pehek EA etal. Brain Res 370, 73-81 (1986).
19. Yamamoto BK and Pehek EA. Brain Res 506, 236-241 (1990).
20. Blackburn JR, Plaus JG and Phillips AG. Prog Neurobio/39, 247-279 (1992).
21. Hull EM, Eaton RC and Lorrain OS. Life Sci 52,935-940 (1993).
22. Hull EM, Eaton RC, Markowski VP et al. Life Sci 51, 1705-1713 (1992).
23. Pehek EA, Thompson JT and Hull EM. Brain Res 500, 325-332 (1989).
24. Warner RK, Thompson JT, Markowski VP etal. Brain Res 540, 177-182 (1991).
25. Mas M, Del Castillo AR, Guerra M et al. Physiol Behav41, 341-345 (1987).

ACKNOWLEDGEMENTS: This project constitutes partial fulfillment of require
ments for the MA degree for D.S.L. We thank J. A. Gaily, E. A. Pehek, and B. K.
Yamamoto for many helpful suggestions. This work was supported by grants from
NIMH (MH-40826) and NSF (lBN-11660) to E.M.H., and was reported in abstract
form at the Society for Neuroscience (1993) and Third Annual Microdialysis
Conference.

Received 27 July 1993;
accepted 3 August 1993

