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Abstract

We have recently observed that increasing central noradrenergic transmission and sympathomimetic activity is involved with the complex
hemodynamic effects during tolerance to nitroglycerin. The present study was to examine the release of nitric oxide (NO) in the posterior
hypothalamus during tolerance to depressor responses to nitroglycerin and determine if, during the tolerance, endogenous NO synthesis is
induced in the posterior hypothalamus. A microdialysis probe was implanted in the posterior hypothalamus and perfusion fluid was pumped
through the probe at 2 pl/min in conscious rats. Tolerance to nitroglycerin was produced by three intravenous (i.v.) injections of 1.3 mg
nitroglycerin each within 40 min compared to the same administrations of low dose of the drug, sodium nitroprusside and papaverine.
Dialysate samples were collected 1 h before and 1 h each after injections for 8 h. Concentrations of nitrite (NO5), nitrate (NO3'), and total
nitrite plus nitrate (NO,) were quantified in the samples by using chemiluminescence. The dose—response curve for arterial depressor
induced by intravenous injection of the challenge doses of nitroglycerin was markedly shifted to the right at the first hour after nitroglycerin
tolerance, lasted 3 to 5 h and reversed at 7 h. The dialysate NO3 and NO. concentrations in the posterior hypothalamus were significantly
increased at the first hour following nitroglycerin tolerance but were not altered by low dose of the drug, sodium nitroprusside, and
papaverine. Nitroglycerin tolerance predominantly caused an increase in NOj3 release in the posterior hypothalamus with no or small amount
of changes in dialysate NO; and the response was partially inhibited by pretreatment with N°-Propyl-L-arginine (NPLA) (1.0 mg/kg, i.p.), an
inhibitor of neuronal NO synthesis. The increase of NO release in the posterior hypothalamus occurred at the first hour, lasted 2 to 3 h and
reversed at 5 to 6 h during nitroglycerin tolerance. The results show that systemically administered high dose of nitroglycerin increases NO
release in the posterior hypothalamus which matches the time interval of tolerance to arterial depressor response to the drug. Data suggest that
there is an enhanced endogenous NO synthesis in the posterior hypothalamus which may affect central sympathetic functions during
nitroglycerin tolerance.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Nitroglycerin has been one of the most widely used
vasodilating drugs for more than a century (Needleman et
al., 1985). The drug undergoes biotransformation to nitric
oxide (NO), which then binds to and activates guanylate
cyclase catalyzing production of cyclic GMP and initiating
relaxation of vascular smooth muscle (Brien et al., 1987;
Napoli and Ignarro, 2003). The efficacy of nitroglycerin is
limited by the nitrate tolerance, which causes partial or
complete attenuation of vasodilator effects (Needleman et
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al., 1985; Erhardt, 1986). Nitrate tolerance develops rapidly
and may be reversed within 12 h (Parker, 1990; Silber,
1990; Rinde-Hoffman et al., 1991). The mechanism of
tolerance to organic nitrates remains poorly defined and is
still controversial. Previous studies by Ma and Long have
demonstrated that nitroglycerin increases release and syn-
thesis of norepinepherine in the brain, and it has been
suggested that central noradrenergic transmissions contrib-
ute to tolerance and cardiovascular effects of the drug (Ma
and Long, 1991, 1992; Ma et al., 1992, 1994).

It has been also demonstrated that intravenous nitroglyc-
erin acts centrally to relieve cerebral vasospasm in both
patients and animals (Kistler et al., 1979; Frazee et al.,
1981). Systemically administered nitroglycerin inhibits re-
flex vasoconstriction of coronary vessels and the effect is
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reported to be mediated by increases in the release of
norepinepherine in the central nervous system (Kaverina,
1960; Kaverina et al., 1967). We have recently demonstrated
that acute tolerance induced by systemically administered
nitroglycerin predominantly increases nitrite (NO,) and
nitrate (NO3') concentrations in the posterior hypothalamus
tissues but not in other brain regions (Ma et al., 1999). The
hypothalamus region is one of the most important central
areas for regulation of cardiovascular system and the pos-
terior hypothalamus has been considered as a pressor area
(Bousquet and Schwartz, 1983; Nakata et al., 1990; Shonis
and Waldrop, 1993). Norepinephrine in the posterior hypo-
thalamus contributes to increases in sympathetic nerve
activity, arterial blood pressure, and heart rate while bilateral
lesions of the posterior hypothalamus produce depressor
effects (Nakata et al., 1990; Shonis and Waldrop, 1993).

Recent studies have shown that nitric oxide (NO) is
perhaps one of the most important messenger molecules
produced in many types of cells including neurons in the
brain (Moncada and Higgs, 1991; Bredt and Snyder, 1992;
Ma et al., 1995). NO may serve as a messenger for neurons,
much like a neurotransmitter or a neuromodulator represent-
ing a widespread signaling mechanism and function
(Garthwaite et al., 1988; Bredt and Snyder, 1992). Inves-
tigators have shown that nitroglycerin undergoes biotrans-
formation to glyceryl-1,2- and 1,3-dinitrate and NO, , which
may be an initial step in the production of NO (Brien et al.,
1986, 1987). Organic nitrates are lipophilic and readily
cross biological membranes to generate exogenous NO in
the brain (Needleman et al., 1985; Torfgard et al., 1989;
Torfgard and Ahnler, 1991). Endogenous NO is synthesized
from L-arginine by an enzymatic pathway. Analogues of L-
arginine such as N%-nitro-L-arginine methyl ester and N°-
nitro-L-arginine have been used widely as inhibitors of the
synthesis of NO from L-arginine both in vivo and in vitro
(Moncada and Higgs, 1991). N°-Propyl-L-arginine (NPLA)
has been shown to be a selective inhibitor of neuronal NO
synthesis (Zhang et al., 1997). The chemical lability of NO
in cells and tissues has been attributed to a rapid oxidation to
both NO, and NOj3 (Ignarro, 1990; Ignarro et al., 1993;
Kurz et al., 1993). In the living system, oxyhemoglobin and
oxymyoglobin catalyze the complete conversion of NO or
NO; to NOj, the stable metabolites (Ignarro et al., 1993).
Thus, measurement of these two metabolites (NO, and
NOj3) has been considered a very adequate indicator of
the presence of NO in the experiments with intact cells,
tissues, and whole animals (Ignarro, 1990; Ignarro et al.,
1993; Kurz et al., 1993).

The purpose of the present study was to quantify dialy-
sate NO metabolites, NO, , NO3, and total nitrite and nitrate
(NO,) concentrations in the posterior hypothalamus follow-
ing systemical administration of high dose of nitroglycerin
compared to those induced by low dose of the drug, sodium
nitroprusside, and papaverine, a pharmacological vasodila-
tor. Influence of endogenous NO generation by systemically
administered nitroglycerin will be tested by applying a

selective inhibitor of NO synthesis. The correlation of NO
release in the posterior hypothalamus and nitroglycerin
tolerance will be examined by quantification of dialysate
NO metabolites in the area combined with observation of
arterial blood depressor responses to systemic administra-
tion of the drug.

2. Materials and methods
2.1. General

All experiments were performed using adult male (5—
8 months) Sprague—Dawley rats. The protocol was approved
by the Harbor-UCLA Animal Use Review Committee, and
was in accordance with AAALAC and NIH guidelines. The
animals were maintained on a 12-h light—dark cycle in
temperature and humidity-controlled rooms. Food (Regular
Rat Chow, Dyets) and water were available ad libitum.

2.2. Cardiovascular responses to nitrate tolerance

Rats were anesthetized with sodium pentobarbital (50
mg/kg, i.p.). Femoral venous cannulae were implanted for
systemic delivery of anesthesia and compounds. A femoral
arterial catheter was connected to the pressure transducer
(Model p231D, Gould Electronics, Valley View, OH) for
measurement of arterial blood pressure and heart rate on a
Gould thermal array recorder (TA-4000, Gould Electronics).
After recovery from surgery, simultaneous measurements of
arterial blood pressure and heart rate were obtained and
were allowed to stabilize for at least 20 min. Tolerance to
nitroglycerin was produced by intravenous (i.v.) adminis-
tration of 4 mg delivered as three pulse injections of 1.3 mg
nitroglycerin within 40 min (Rush et al., 1971; Ma et al.,
1999). Rats received i.v. injections of the challenge doses of
nitroglycerin (3, 10, and 30 pg/kg) at 10 min, 1, 2, 3, 4, 5, 6,
7, and 8 h after the last time of injection of the high dose
nitroglycerin (4 mg). Commercial nitroglycerin (solution
contains alcohol 30%, propylene glycol 30%, and water)
was diluted in physiological saline and intravenously ad-
ministrated as each pulse injection. Drugs were given in a
volume of 40 pl over a period of 30 s for low (challenge)
doses and a volume of 250 pl over a period of 5 min for
high (tolerance) doses. The dose—response curves for hy-
potensive responses to i.v. injection of nitroglycerin were
obtained following treatment with high dose of the drug and
at each time interval after nitrate tolerance.

2.3. Microdialysis in the posterior hypothalamus

Rats were anesthetized with sodium pentobarbital and
were placed in a stereotaxic apparatus in a flat skull position.
A CMA 12 Microdialysis Siliconized Guide (CMA/Micro-
dialysis, North Chelmsford, MA) was implanted into the
posterior hypothalamus using following coordinates: — 4.0
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posterior, +0.5 lateral and —8.3 ventral from bregma
(Nakata et al.,, 1990). The guide cannula was secured in
place with dental cement. At least 3 days after the surgery,
the unanesthetized rat was gently wrapped in a towel and a
CMA 12 dialysis probe, which has a 1-mm-long dialysis
membrane (20 kDa cutoff), was implanted into the posterior
hypothalamus through the guide cannula. After implanting
the microdialysis probe, the rat was placed in a clear plastic
hemisphere containing wood chips and allowed to stabilize
for at least 2 h. The inlet/outlet dialysis capillaries were
connected to polyethylene tubing. The inlet tube was
connected to a 1-ml microsyringe driven by a CAM 102
Microdialysis Pump. The pump held 2, 1-ml syringes each
with a different solution that could be switched to the inlet of
the probe without stopping the pump. The outlet was
positioned in a collecting tube set in a small box of ice.
Artificial cerebral spinal fluid (pH adjusted to 7.4) was
perfused at the rate of 2 pl/min (L’Heureux et al., 1986;
Nakata et al., 1990). After a 90-min period of dialysis
equilibration, two 30-min dialysate samples were collected
for measurements of NO,, NO3 and NO, concentrations
before and after various treatments. Following completion of
the experiments, rats were sacrificed by sodium pentobarbi-
tal (150 mg/kg, i.v.) and the site of the dialysis tube was
verified histologically on coronal and sagittal brain sections
after cresyl violet staining.

2.4. Biochemical analysis of NO5, NOj3, and NO;
concentrations

Concentrations of NO,, NO3, and NO, in the dialysate
samples were quantified by using a nitrogen oxide analyzer
as described (Ignarro et al., 1993; Ma et al., 1999). Measure-
ments of NO,, NO3 and NO, concentrations were con-
ducted in a blind manner. Briefly, each sample was
homogenized manually in a 1:10 ratio (tissue weight/volume
of methanol). The mixture was centrifuged at 40,000 X g for
10 min in an Eppendorf 5415C microcentrifuge at 4 °C. A
60-pl aliquot of the supernatant was injected into a nitrogen
oxide analyzer (Dasibi, Glendale, CA). Samples containing
NO, and NO3; were reduced to NO gas, which can be
quantified by the chemiluminescence detection device after
reaction with ozone. Refluxing 1% potassium iodide in
glacial acetic acid causes a rapid one-electron reduction of
NO; to NO gas and this acidification/reduction solution was
used to determine NO, concentrations. NO, concentrations
were measured by using refluxing 1.5 mM vanadium (III)
chloride in 2 M HCI. Values for NO, and NO, were
quantified and values for NO3 were calculated by subtract-
ing NO, from NO; values. The NO analyzer was calibrated
with known concentrations of NO, (NaNO,). The standard
curve was made each day, which encompassed the range of
nitrogen oxides produced by the experimental samples. The
quantitative analyses were based on measurements of peak
areas of the standard compound (NaNO,). The lower limit of
the detection of this assay was 10 pmol of NO.

2.5. NO concentrations in the posterior hypothalamus
responses to nitroglycerin and other vasodilators

Nitroglycerin (0.1, and 1.3 mg) or sodium nitroprusside
(0.03 mg) was injected in rats as a single i.v. injection 15 min
each for three times. The papaverine-treated group received
three injections of the drug (negative control, 0.1 mg each),
which decreased arterial blood pressure comparable to the
levels achieved by injection of nitroglycerin (Imhof et al.,
1989). A high (1.3 mg) dose of nitroglycerin was given in a
volume of 250 pul over a period of 5 min and low doses of the
drugs were injected in a volume of 40 pl over a period of
30 s. Two 30-min dialysate samples were collected before
and after each injection with either nitroglycerin, sodium
nitroprusside, papaverine or saline, as well as at 1, 2, and 3
h after the last injection during each subsequent perfusion
condition. High dose of nitroglycerin-induced changes in
dialysate NO, concentrations in the posterior hypothalamus
were also compared with the treatments using low dose of
the drug, sodium nitroprusside, and papaverine at each
subsequent perfusion condition. The responses to high dose
(4 mg) of nitroglycerin-induced changes in dialysate NO;,
NOj3 and NO, concentrations in the posterior hypothalamus
were also measured and compared at two 30-min intervals
before (averaged to obtain a baseline value), and four 60-min
intervals after the treatments.

2.6. Time responses to changes in NO concentrations in the
posterior hypothalamus during nitrate tolerance and
presence of an inhibitor of NO synthesis

Tolerance was induced by three intravenous injections of
1. 3 mg nitroglycerin each in a volume of 250 ul over a
period of 5 min within a period of 40 min. In a group of rats,
NY-Propyl-L-arginine (NPLA, 1.0 mg/kg, i.p.) was adminis-
trated at 15 min before the first injection of nitroglycerin
followed by three injections of the drug (Zhang et al., 1997;
EL-Haddad et al., 2002). Two 30-min dialysate samples were
collected at two 30-min intervals before injection (averaged
to obtain a baseline value) and compared to two 30-min
intervals after injection with either nitroglycerin or NPLA
plus nitroglycerin, as well as at 1, 2, 3,4, 5, 6, 7, and 8 h after
the last time of injection during each subsequent perfusion
condition. Dialysate samples were collected and NO, con-
centrations in the samples were measured 1 h before and 1
h after each injection for 8 h with nitroglycerin alone
compared to presence of NPLA. The time interval curves
of changes in dialysate NO, concentrations in the posterior
hypothalamus were also compared to the curves of arterial
pressure tolerance to nitroglycerin and the recovery periods.

2.7. Data presentation and statistical analysis
Results are expressed as means = S.E. Mean arterial

pressure is expressed as millimeters of mercury. Analysis
of variance and student’s #-test were used to analyze the
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significant difference. P values less than 0.05 were consid-
ered significant.

2.8. Drugs and chemicals

The drugs and chemicals used in these experiments were
nitroglycerin (Abbott), sodium nitroprusside (Abbott), pa-
paverine (CIBA), and NPLA (Breon Laboratories). Com-
pounds were diluted in physiological saline.

3. Results

3.1. Time responses to changes in arterial blood pressure
responses to nitroglycerin during tolerance

Control mean arterial blood pressure and heart rate were
106 £ 4.5 mm Hg and 366 + 16 beats/min, respectively
(n=6). Fig. 1 shows decreases in mean arterial blood
pressure induced by intravenous injection of the challenge
doses of nitroglycerin before and at 1, 3, 5, and 7 h after
acute tolerance to nitroglycerin. Low doses of nitroglycerin
(3, 10, and 30 pg/kg) produced a dose-dependent decrease
in mean arterial blood pressure. Tolerance to nitroglycerin (4
mg) was manifested by a shift in the dose—response curve
for depression of arterial blood pressure, as shown in Fig. 1.
The dose—response curve for arterial pressure depression
induced by intravenous injection of the challenge doses of
nitroglycerin was markedly shifted to the right at the first
hour after administration of a high dose of the drug. This
evidence of tolerance to nitroglycerin lasted 3 to 5 h and
reversed at 7 h after the injections (Fig. 1). These findings
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Fig. 1. Dose-dependent decreases in mean arterial pressure induced by
intravenous administration of low doses of nitroglycerin before and at 1, 3,
5, and 7 h after three intravenous injections of 1.3 mg nitroglycerin each
within 40 min in conscious rats. Depressor responses to challenge doses of
nitroglycerin (3, 10, and 30 pg/kg) were markedly attenuated by high dose
of nitroglycerin (4 mg) injection. The tolerance responses occurred at the
first hour, lasted 3 and 5 h and reversed at 7 h after injection of high dose of
nitroglycerin (P<0.05, analysis of variance). Decreases in mean arterial
blood pressure are shown as millimeters of mercury. Each point represents
the mean values and S.E.M. (n=6).
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Fig. 2. Concentrations of dialysate nitrite plus nitrate (NO, ) in the posterior
hypothalamus following three intravenous injections of 1.3 mg nitro-
glycerin (NTG, total 4 mg) within 40 min compared to three injections of
low dose of nitroglycerin (0.1 mg each), papaverine (PPV, 0.1 mg each),
and sodium nitroprusside (SNP, 0.03 mg each) in conscious rats. Dialysate
NO, concentrations were assayed 1 h before (control), 1 h during the three
injections, and at 1, 2, and 3 h after injections of each compound. Dialysate
NO, concentrations in the posterior hypothalamus were significantly
increased at the first hour after injections of 4 mg nitroglycerin. High doses
of nitroglycerin revealed marginally significant differences in dialysate NO,
concentrations at the period of three pulse injections of the drug, and at 2
and 3 h after the treatment compared to control (7=0.06—0.1). Each point
represents the mean values of two 30-min dialysate samples and S.E.M.
(n=7-10). *: P<0.05, compared with control.

are consistent with the results of previous studies of acute
nitroglycerin tolerance in animals (Rush et al., 1971; Ma et
al., 1999) and humans (Parker, 1990; Rinde-Hoffman et al.,
1991).

3.2. Quantification of dialysate NO metabolites in the
posterior hypothalamus following i.v. nitroglycerin and
vasodilators

Fig. 2 shows dialysate NO, concentrations in the poste-
rior hypothalamus following systemic administration of
high and low doses of nitroglycerin compared to sodium
nitroprusside and papaverine. Dialysate NO, concentrations
in the posterior hypothalamus were significantly increased
(64 £ 12%) at the first hour after 4 mg nitroglycerin
injections compared to control but were not altered by low
dose of the drug. Dialysate NO, concentrations at the period
of three pulse injections of high dose of nitroglycerin, and at
2 and 3 h after the treatment revealed marginally significant
differences (P=0.06—0.1) compared to control. Intravenous
injections of sodium nitroprusside and papaverine did not
change the dialysate NO, concentrations in the posterior
hypothalamus. Dialysate NO, concentrations in the poste-
rior hypothalamus were predominantly increased by sys-
temically administered tolerance dose of nitroglycerin, but
was not altered by low dose of the drug, sodium nitroprus-
side and papaverine (Fig. 2).

NO metabolites, NO,, NO, , and NO; were measured in
the posterior hypothalamus dialysate samples before and at
1, 2, and 3 h after acute tolerance to nitroglycerin. Fig. 3
shows the concentrations of dialysate NO,, NO,, and NO3
in the posterior hypothalamus following three intravenous
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Fig. 3. Concentrations of dialysate nitrite (NO5), nitrate (NO3), and total
NO; plus NO3 (NO,) in the posterior hypothalamus following three
intravenous administrations of 1.3 mg nitroglycerin (nitroglycerin, total 4
mg). Dialysate NO, (top), NO3 (middle), and NO, (bottom) concentrations
were collected and measured 1 h before (control), 1 h during the injections,
and at 1, 2, and 3 h after injections of nitroglycerin. Each bar represents the
mean values and vertical bars represent SEM. (n=6-7). *: P<0.05,
compared with control.

injections of 1. 3 mg nitroglycerin each within 40 min.
Intravenous high dose of nitroglycerin (4 mg) significantly
increased dialysate NO3 and NO, concentrations in the
posterior hypothalamus at the first hour after injection (Fig.
3, middle and bottom panels). The levels of NO3 and NO,
concentrations in the posterior hypothalamus at 2 and 3
h after the treatment with nitroglycerin suggested an eleva-
tion, but did not produce statistically significant increase.
NO, concentrations in the posterior hypothalamus dialysate
samples are relative low, about one third/fourth of NOj3
concentrations both in control and treatment. Dialysate NO5
concentrations in the posterior hypothalamus were variable
and were not altered following high dose of nitroglycerin, as
shown in Fig. 3, top panels.

3.3. Time responses of dialysate NO metabolites in the
posterior hypothalamus following nitrate tolerance and NO
synthesis inhibition

The time intervals of NO release in the posterior hypo-
thalamus were examined following nitroglycerin tolerance
with or without presence of NPLA, an inhibitor of NO
synthesis in rats. Fig. 4 displays the time—response curves
of dialysate NO, concentrations in the posterior hypothal-
amus following acute tolerance to nitroglycerin alone and in
the presence of NPLA. Dialysate NO, concentrations

showed a significant increase over the time points following
tolerance to nitroglycerin (Fs70=10.91, P<0.01). The
significant increase of dialysate NO, concentration in the
posterior hypothalamus occurred at the first hour, and
reversed at 4 to 6 h after three intravenous injections of
1.3 mg nitroglycerin each within 40 min (Fig. 4). The levels
of dialysate NO, concentrations in the posterior hypothal-
amus at 2, and 3 h after 4 mg nitroglycerin treatment
appeared to be increased, although the increases revealed
marginally significant differences (P£=0.056 and 0.06). The
time intervals of enhanced NO release in the posterior
hypothalamus are similar with arterial blood pressure toler-
ance to nitroglycerin, which reached a maximum at the first
hour, lasted 3 to 5 h and reversed at 7 h after the injections
(Figs. 1 and 4).

The effects of endogenous NO synthesis on the release of
NO in the posterior hypothalamus were tested by pretreat-
ment with NPLA before administration of the high dose of
nitroglycerin. As shown in Fig. 4, dialysate NO, concen-
trations in the posterior hypothalamus over all time points
following pretreatment with NPLA were significantly lower
than nitroglycerin treatment alone (Fs;0=4.04, P<0.05).
Dialysate NO, concentrations at 1, 2, and 3 h after pretreat-
ment with NPLA revealed marginally significant differences
compared to each level of time with nitroglycerin alone
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Fig. 4. The time responses to changes in dialysate nitrite plus nitrate (NO,)
in the posterior hypothalamus following three intravenous administrations
of 1.3 mg nitroglycerin (NTG, total 4 mg) alone compared to pretreatment
with N9-Propyl-L-arginine (NPLA, 1.0 mg/kg, i.p.), an inhibitor of NO
synthesis in conscious rats. Dialysate NO, concentrations were assayed 1 h
before (control), 1 h during the injections, and at 1, 2, 3,4, 5,6, 7, and 8 h
after injections of nitroglycerin. Each point represents the mean values and
S.E. (n=6-10). A two-way ANOVA revealed significant differences of
dialysate NO, concentrations over time points following nitroglycerin
injections (Fs70=10.91, P<0.01), as well as between the groups of
pretreatment with NPLA and nitroglycerin alone over time points
(Fs570=4.04, P<0.05). Dialysate NO, concentrations showed significant
differences from control value at 1 h after treatment with nitroglycerin and
NPLA plus nitroglycerin (*: P<0.05, Student’s #-test). Pretreatment with
NPLA revealed marginally significant differences in dialysate NO,
concentrations at 1, 2, and 3 h compared to each level of time in rats
treated with nitroglycerin alone (P=0.19 at the first hour, 0.17 at the
second hour, and 0.09 at the third hour by Student’s #-test).
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(P=0.19, 0.17, and 0.09, respectively). However, dialysate
NO, concentration in the posterior hypothalamus was
significantly increased at the first hour by 4 mg nitroglycerin
following pretreatment with NPLA. Systemically adminis-
tered NPLA, an inhibitor of endogenous NO synthesis, did
not fully block acute nitroglycerin tolerance-induced dialy-
sate NO, release in the posterior hypothalamus (Fig. 4).

4. Discussion

In the present study, treatment with tolerance dose of
nitroglycerin resulted in a time-dependent enhancement of
dialysate NO3 and NO, concentrations in the posterior
hypothalamus. The time interval of enhanced NO release in
the posterior hypothalamus is similar with the periods of
tolerance to arterial depressor responses to nitroglycerin.
Nitroglycerin tolerance-induced dialysate NO, increase in
the posterior hypothalamus was partially inhibited by pre-
treatment with NPLA, a selective inhibitor of neuronal NO
synthesis. It has been demonstrated that nitroglycerin under-
goes biotransformation to NO, and is a potential exogenous
source of NO (Brien et al., 1987; Napoli and Ignarro, 2003).
Nitroglycerin and other organic nitrite and nitrate esters are
lipophilic and readily enter brain and cells to be metabolized
to NO. Subcutaneously administered nitroglycerin has been
shown to accumulate in the brain, where it causes a marked
increase in cGMP levels (Torfgard et al., 1989; Torfgard and
Ahnler, 1991). Our previous results have demonstrated that
systemically administered nitroglycerin causes predominant
increases in NO metabolites in the posterior hypothalamus
tissue (Ma et al., 1999). The results of the present study
show that the dialysate NO; and NO, concentrations in the
posterior hypothalamus were increased by high dose of
nitroglycerin but were not altered by low dose of the drug.
These findings, using the technique of posterior hypothal-
amus dialysis coupled to a time—response assay of arterial
blood pressure tolerance to nitroglycerin, show that the time
interval of enhanced NO release in the posterior hypothal-
amus is similar with arterial blood pressure tolerance to
nitroglycerin, which reached the maximum at the first hour,
lasted 3 to 5 h and reversed at 7 h. It has been demonstrated
that nitrate tolerance develops rapidly and is reversed within
12 h (Parker, 1990; Silber, 1990; Rinde-Hoffman et al.,
1991). Our findings are consistent with the time-responses
results of the previous studies of acute nitroglycerin toler-
ance, and demonstrate that there is an enhanced NO release
in the posterior hypothalamus during tolerance to depressor
responses to nitroglycerin.

It has been generally accepted that nitroglycerin under-
goes biotransformation to NO which stimulates guanylate
cyclase to produce cyclic GMP that initiates relaxation of
vascular smooth muscle (Brien et al., 1987; Napoli and
Ignarro, 2003). However, investigators have demonstrated
that nitroglycerin inhibits reflex vasoconstriction of coronary
vessels and the effect is reported to be mediated by increases

in release of norepinepherine in the central nervous system
(Kaverina, 1960; Kaverina et al., 1967). Previous work by
Ma and Long indicates that nitroglycerin increases release
and enhances synthesis of norepinepherine at noradrenergic
terminals in heart and brain (Ma and Long, 1991, 1992; Ma
et al., 1992, 1994). Increasing central noradrenergic trans-
mission and sympathomimetic activity correlates with the
complex pharmacological effects of the drug (Ma et al.,
1992, 1994). Intravenous repeated injections of low dose of
nitroglycerin, sodium nitroprusside, an exogenous source of
NO donor (Napoli and Ignarro, 2003), and papaverine, a
pharmacological vasodilator (Imhof et al., 1989), did not
change the concentrations of NO release in the posterior
hypothalamus. These results suggest that neither biotrans-
formation of NO from exogenous donors nor vasodilation-
induced reflex activities contribute to NO release in the
posterior hypothalamus. Nitroglycerin tolerance-induced
NO release in the posterior hypothalamus was not fully
inhibited by a selective inhibitor of neuronal NO synthesis.
Thus, it appears that enhanced NO release in the posterior
hypothalamus following nitroglycerin tolerance is partially
involved with an increase in endogenous NO synthesis,
which responds to repeated exposure of high dose of the
drug.

It has been proposed that nitroglycerin is predominantly
transformed intracellularly to produce NO by enzymatic
mechanisms requiring three electron reduction and utilizing
thiol-containing compounds such as cysteine and N-acetyl-
cysteine (Ignarro et al., 1981; Kurz et al., 1993). Brien et al.
(1986) have demonstrated that biotransformation of nitro-
glycerin occurs in vascular smooth muscle to glyceryl-1,2-
and 1,3-dinitrate (GDN) and NO, . It has been proposed that
release of NO; may be an initial step in the production of
NO from nitroglycerin since NO, is converted via nitrons
acid (HONO) to NO. However, other experimental evidence
demonstrates that the release of NO from nitroglycerin is not
related to the formation of NO,, but instead NO, is
associated with a degradative pathway for nitroglycerin
(Kurz et al., 1993). The results of the present study show
that dialysate NO3  in the posterior hypothalamus was three-
to four-fold of those NO, concentrations in control rats
while systemically administered nitroglycerin predominant-
ly caused an increase in NOj release in the posterior
hypothalamus with no or small amount of changes in
dialysate NO,. The chemical lability of NO has been
attributed to a rapid oxidation to both NO,/NO3; and
NO, is completely converted to NO5 catalyzed by oxyhe-
moglobin and oxymyoglobin in the living system (Ignarro,
1990; Ignarro et al., 1993). Thus, it is possible that enhanced
NOj3 release in the posterior hypothalamus might be gen-
erated from endogenous NO synthesis induced by system-
ically administered nitroglycerin. Recent studies have
demonstrated that peripheral nitroglycerin administration
induces co-localization of Fos expression with NADPH-
diaphorase activity in hypothalamic neurons, which suggest
a possible involvement of endogenous NO synthesis in
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mediating the central responses to nitroglycerin (Tassorelli
and Joseph, 1995a,b). Our findings would be consistent
with this possibility, but we cannot exclude increases of NO
release in the posterior hypothalamus via the cerebral
circulation or crossing the blood—brain barrier following
systemically administered nitroglycerin. More experiments
would be required to address this issue. Despite this limi-
tation, our chemical assay results agree with the pharmaco-
logical study by using an inhibitor of NO synthesis, and
consistently suggest that there is an enhanced endogenous
NO synthesis, which contributes to, at least in part, in-
creased NO release in the posterior hypothalamus during
nitroglycerin tolerance.

The development of tolerance to nitrates during repeated
exposure of humans to these drugs was noted as early as the
19th century and continues to be reported (Needleman et al.,
1985; Axelsson et al., 1986; Parker, 1990; Silber, 1990;
Rinde-Hoffman et al., 1991). The mechanism of tolerance to
organic nitrates and nitrites is unknown and may involve
both neurohormonal adjustments and impairment of nitro-
glycerin metabolism at intracellular/subcellular processes
(Needleman and Johnson, 1973; Axelsson et al., 1986;
Parker and Parker, 1992; Boesgard et al., 1994; Chen et
al., 1999). Results from in vitro studies suggest that the
primary mechanism underlying vascular tolerance has been
a depletion of vascular thiol compounds necessary for the
bioconversion of organic nitrates (Needleman and Johnson,
1973). However, other studies indicate that hemodynamic
tolerance to nitroglycerin occurs without changes in arterial
and venous thiol levels; thus thiol depletion is apparently
not the “cause” of nitrate tolerance in vivo (Boesgard et al.,
1994). Our recent results demonstrate that the arterial
pressure tolerance to nitroglycerin can be reversed by
blockade of sympathetic function, and central NO produc-
tion in the posterior hypothalamus tissues is enhanced by
systemically administered nitroglycerin (Ma et al., 1999).
The present studies show that systemically administered
high dose of nitroglycerin causes increases in NO release/
synthesis in the posterior hypothalamus, an important auto-
nomic regulation site in the brain. It has been well-docu-
mented that posterior hypothalamus is a pressor area for
central regulation of cardiovascular system, and norepine-
pherine in the posterior hypothalamus causes increases in
sympathetic nerve activity, arterial blood pressure, and heart
rate (Bousquet and Schwartz, 1983; Nakata et al., 1990;
Shonis and Waldrop, 1993). Coexistence of NADPHd/
nNOS and tyrosine hydroxylase in the brain nuclei has
been demonstrated (Panzica et al., 1996; Simonian and
Herbison, 1996) and suggests that noradrenergic neurons
are capable of generating NO for regulation of noradrener-
gic activity within the brain in rats (Ye et al., 1997). It has
been demonstrated that the use of converting enzyme
inhibitors with nitroglycerin in patients prevented the de-
velopment of tolerance (Imhof et al., 1989; Katz et al., 1991;
Muiesan et al., 1991). Nitrate therapy is associated with an
increase in circulating catecholamines and plasma renin

activity is increased during continuous nitroglycerin therapy
but not during intermittent treatment (Imhof et al., 1989;
Dupuis et al., 1990; Muiesan et al., 1991; Parker and Parker,
1992). Moreover, it has been suggested that altered
sympathetic compensatory reflexes may respond to nitrate
tolerance since acute tolerance produced by nitroglycerin
is prevented by pretreatment with guanethidine (Rush et
al.,, 1971; Ma et al., 1999). The results of the present
study support the previous findings of the sympathetic
function responses to the complex hemodynamic effects
of nitrate tolerance and further suggest that enhanced NO
release/synthesis in the posterior hypothalamus may affect
central sympathetic functions during nitroglycerin toler-
ance.

In summary, dialysate NO; and NO, in the posterior
hypothalamus were increased by a systemically adminis-
tered tolerance dose of nitroglycerin but not altered by a low
dose of the drug, sodium nitroprusside, and papaverine. The
time interval of nitroglycerin tolerance-induced NO release
in the posterior hypothalamus is similar with the periods of
tolerance to depressor responses to nitroglycerin. Nitroglyc-
erin tolerance predominantly caused an increase in NOj
release in the posterior hypothalamus with no or small
amount of changes in dialysate NO, while nitroglycerin
tolerance-induced dialysate NO, in the posterior hypothal-
amus was partially inhibited by pretreatment with an inhib-
itor of neuronal NO synthesis. Thus, nitroglycerin tolerance
is associated with an increase of NO release in the
posterior hypothalamus which is involved with an en-
hanced endogenous NO synthesis. The results suggest that,
during nitrate tolerance, there is an enhanced NO release/
synthesis in the posterior hypothalamus which plays a
potentially important role in the regulation of central
sympathetic functions.
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