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Nitric Oxide Synthase Inbibitors Alter Ventilation in

Isoflurane Anesthetized Rats
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Background: Nitric oxide (NO) is present in medullary struc-
tures and can modulate respiratory rhythm. The authors deter-
mined if spontaneous ventilation at rest and in response to
increased carbon dioxide is altered by selective neuronal NO
synthase (NOS; 7-nitro-indazole, 7-NI) or nonselective (neu-
ronal plus endothelial) NOS (N®-L-arginine methyl ester [L-
NAME] and N®-monomethyl L-arginine [L-NMMA]) inhibitors
in rats anesthetized with isoflurane.

Methods: Fifty-four rats received either L-NAME or L-NMMA
(1, 10, and 30 mg/kg) or 7-NI (20, 80, and 400 mg/kg) and
were compared with time controls (isoflurane = 1.4%), with
isoflurane concentrations (1.6%, 1.8%, and 2%) increased con-
sistent with the increased anesthetic depth caused by NOS
inhibitors, or with L-arginine (300 mg/kg). Tidal volume (V,),
respiratory frequency (f), minute ventilation (V;), and ventila-
tory responses to increasing carbon dioxide were determined.

Results: L-NAME and L-NMMA decreased resting V; and Vi,
whereas 7-NI had no effect. Increasing concentrations of
isoflurane decreased resting f, V;, and V.. L-NAME and L-NMMA
decreased V; and Vi, whereas 7-NI had no effect at 8%, 9%,
and 10% end-tidal carbon dioxide (ETCO,). Increasing concen-
trations of isoflurane decreased f, V,, and V; at 8%, 9%, and
10% ETCO,. The slope of Vi versus ETCO, was decreased by
isoflurane but was unaffected by L-NAME, L-NMMA, or 7-NI. L-
arginine alone had no effect on ventilation.

Conclusions: Nonselective NOS inhibitors decreased V; and
V; at rest and at increased carbon dioxide levels but did not
alter the slope of the carbon dioxide response. Selective neu-
ronal NOS inhibition had no effect, suggesting that endothelial
NOS may be the isoform responsible for altering ventilation.
Finally, the cause of the decreased ventilation is not a result
of the enhanced anesthetic depth caused by NOS inhibitors.
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NITRIC oxide (NO) is involved in physiologic roles in-§
cluding neurotransmission and control of msculdr%
smooth muscle tone.'* Various cells constitutivelyg
produce NO from L-arginine by the enzyme nitric ()\idc%
synthase (NOS)." The endothelial or eNOS isoform is3
primarily localized to the vascular endothelium,
whereas the neuronal or nNOS isoform is localized pri-
marily in the central nervous system. Nitric oxide is
present in medullary structures and has been shown toz
modulate respiratory rhythm.>°

Nitric oxide synthase inhibitors have been used to evalu-
ate the role of NO in modulating ventilation. N°-L-arginine 3
methyl ester (I-NAME), a nonselective NOS inhibitor, in-
jected into the pontinc respiratory group prolongs inspira-
tory time in cats.” Systemic administration of L-NAME hasg
been shown to mlnhlt the ventilatory response to hy p())\m8
in rats and cats.” Although these studies suggest that non-3
selective NOS inhibitors depress ventilation, intraventricu-
lar cerebral spinal fluid administration of L-NAME or a
selective neuronal NOS inhibit()r given to awake dogs has 8 S
slightly increased ventilation.”® Although it appears fromv
these studies that NOS inhibitors alter ventilation, the ven-2
tilatory effects of NOS inhibitors remain controversial. Fur-
ther, it is not known if NOS inhibitors alter the ventilatory
response to carbon dioxide.

This study aimed to determine if NOS inhibitors alter
resting ventilation and the ventilatory response to mcrc'asr ®
ing carbon dioxide in rats anesthetized with isoflurane.
A selective nNOS inhibitor (7-nitro-indazole, 7-NI) or a
nonselective NOS inhibitor (I-NAME and N“-monomethyl
L-arginine [L-NMMA]) was evaluated to determine if the
ventilatory effects were a result of endothelial or neuronal
NOS inhibition. Because I-NAME and 7-NI decrease the
minimum alveolar concentration (MAC), we also com-
pared the ventilatory effects of NOS inhibitors with equiva-
lent increases in isoflurane concentrations to preclude the
effect of increased anesthetic depth.” !
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NITRIC OXIDE AND VENTILATION

Materials and Methods

This study was approved by the University of Virginia
animal research committee. Male Sprague-Dawley rats
were anesthetized with isoflurane and placed in the
supine position. A tracheostomy was performed, and a
17-gauge steel cannula was inserted into the trachea for
airway control. A small silastic rodent breathing circuit
was attached to the tracheal tube, which could be used
as an open breathing circuit to allow for fresh gas (oxy-
gen and isoflurane) flow or be changed to a closed
system. The rat was allowed to breathe spontaneously
on 1.4% isoflurane and oxygen. A femoral artery cathe-
ter (PE-50; inner diameter, 0.58 mm) was inserted to
determine mean arterial pressure (MAP), heart rate
(HR), and arterial blood gases (pH, Pa,,, and Pa o). A
femoral venous catheter was inserted for intravenous
injection of drugs.

A Silverman screen pneumotachometer, attached to
the tracheal tube, was used to measure the respiratory
air flow. The pressure decrease was determined using
a Validyne MP45 transducer (Northridge, CA) and tidal
volume (V;) was measured by electronic integration
(model 8815A; Hewlett-Packard, Beaverton, OR). Respi-
ratory frequency (f) was determined from a strip chart
recording of the V;. Minute ventilation (V) was calcu-
lated by f X Vy. The system was calibrated before each
experiment using a small rodent ventilator with adjust-
able f and V;. The end-tidal carbon dioxide (ETCO,)
and isoflurane concentrations were measured from the
tracheal tube using a side-stream gas analyzer (Nellcor,
Hayward, CA). The aspirate from the gas analyzer was
returned to the circle system to prevent loss of carbon
dioxide and isoflurane.

The ventilatory response to increasing carbon dioxide
was determined by closing the circuit and allowing the
rat to rebreathe expired gases. The Vi, f, and ETCO,
were continuously recorded until the ETCO, increased
to 10% (about 3 min). Before determining the ventila-
tory response to carbon dioxide, a balloon was attached
to the circuit and filled with 5% carbon dioxide and
95% oxygen, and the concentration of isoflurane being
evaluated. Pilot studies (n = 6) showed that ETCO,un-
derestimated Paco, by 5 £ 4% at baseline and overesti-
mated Paco, by 4 = 4% and 14 = 5% at 8% and 10%
ETCO,, respectively. Additional pilot studies (n = 6 for
each group) showed that this relation was not altered
by the presence of isoflurane or L-NAME.

Arterial blood gases were measured using a blood gas
analyzer (Ciba-Corning, Medfield, MA) after obtaining
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0.25 ml blood. Arterial pressure was measured on the
strip chart recorder. L-NAME, L-NMMA, and L-arginine
(Sigma Chemical Co., St. Louis, MO) were dissolved in
saline, whereas 7-NI (Bio Mol, Aurora, OH) was dis-
solved in arachis oil. The effects of these drugs were
evaluated 40 min after intravenous L-NAME or L-NMMA.,
or intraperitoneal 7-NI, as was done in previous stud-
ies.”!” The effects of L-arginine were evaluated 10 min
after injection because of its shorter time of onset. The
drug doses were based on similar MAC reductions, as
previously described.” '’

Experimental Groups and Protocol

Fifty-four rats were assigned to one of six experimen-
tal groups (n = 9 for each group): time controls (group
D), L-NAME (group 2), LLNMMA (group 3), 7-NI (group
4), increasing isoflurane concentrations (group 5), and
L-arginine (group 6). All groups had a baseline response
to increasing carbon dioxide determined with the
isoflurane concentration of 1.4%. Subsequent carbon
dioxide responses were performed using 1.4% isoflur-
ane unless otherwise stated. Group 1 or the time con-
trols evaluated four successive carbon dioxide re-
sponses separated by 40 min. Groups 2 and 3 consisted
of a baseline carbon dioxide response followed by three
carbon dioxide responses at 40-min intervals after intra-
venous L-NAME or L-NMMA (accumulative doses of 1,
10, and 30 mg/kg). Group 4 consisted of a baseline
carbon dioxide response followed by three carbon diox-
ide responses at 40-min intervals after intraperitoneal
7-NI (accumulative doses of 20, 80, and 400 mg/kg).
Group 5 evaluated end-tidal isoflurane concentrations
that would be the equivalent to the dose-dependent
MAC reductions secondary to the NOS inhibitors. A
baseline carbon dioxide response was followed by three
carbon dioxide responses at 40-min intervals using
isoflurane concentrations of 1.6%, 1.8%, and 2%. These
concentrations are equivalent to the percentage de-
crease in MAC as determined by previous studies (Z.e.,
the largest doses of 7-NI and L-NAME decrease MAC by
approximately 40%), thus changing the effective
isoflurane concentration from 1.4 to 2%. Group 6 evalu-
ated the effects of intravenous L-arginine alone. This
consisted of a baseline carbon dioxide response and a
second carbon dioxide response 10 min after L-arginine
(300 mg/kg). L-arginine was also administered in two
doses of 300 mg/kg separated by 5 min at the end of
additional L-NAME experiments (n = 6) to evaluate for
reversal of hemodynamic and ventilatory effects.

Arterial blood gas was measured before the first car-
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bon dioxide response. The resting MAP, HR, f, and V;
were determined at the initiation of each carbon diox-
ide response. The f and V; were determined at 8%, 9%,
and 10% ETCO, from the mean of three values around
each point. The carbon dioxide response curve was
determined from the difference of f, V, and Vi between
8% and 10% ETCO,. Experimental group comparisons
for hemodynamics, resting ventilation, and carbon diox-

ide responses were made with time controls because f

decreased with time. Differences were determined by
repeated-measures two-way analysis of variance with
Bonferroni’s test. All data are presented as x = SD.

Results

Two rats died of pulmonary edema after injection of
the largest dose of L-NAME. The data from these rats
were discarded and replaced by that of two additional
rats in this group. All other rats survived the experimen
tal protocol in good condition. Weight (481 + 36 g)
and temperature (37 = 1°C) were not different among
the six groups. The anesthetized baseline values for pH,
Pa,,, and Paco, (7.32 = 0.02, 392 = 71 mmHg, and 48
= 5 mmHg, respectively) were not different among the
groups.

Hemodynamics

Baseline MAP and HR were the same in all groups.
The MAP was significantly increased by L-NAME (10
and 30 mg/kg) but was not altered by L-NMMA or 7-NI
when compared with time controls (fig. 1). The MAP
was significantly decreased by isoflurane (1.8% and 2%).
The HR was significantly decreased by 7-NI (400 mg/
kg), isoflurane (2%), and L-NAME (10 and 30 mg/kg)
but not altered by L-NMMA. L-arginine alone did not
alter MAP or HR (table 1). L-arginine immediately re-
versed the effects of L-NAME on MAP (101 + 17 mmHg)
to a level not different than that of the controls.

Resting Ventilation

The baseline f, V., and V; values were not different
among the groups (table 2). [-NAME, L-NMMA, and 7-
NI had no effect on resting f, whereas isoflurane (1.8%
and 2%) significantly decreased f compared with time
controls. The V; was decreased by L-NAME and L-NMMA
(10 and 30 mg/kg) and isoflurane (1.8% and 2%),
whereas 7-NI had no effect. The V; was significantly
decreased by L-NAME and L-NMMA (30 mg/kg) and
isoflurane (1.8% and 2%) but not altered by 7-NI. L-
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Fig. 1. The effect of 1, 10, and 30 mg/kg N°-L-arginine methyl S
ester (L-NAME) and N®-monomethyl L-arginine (L-NMMA); 20,§
80, and 400 mg/kg 7-nitro-indazole (7-NI); or 1.6%, 1.8%, and
2% increasing isoflurane concentrations on resting heart rate ®
(HR) and mean arterial pressure (MAP). For MAP, * denotes
that L-NAME (10 and 30 mg/kg) significantly (P < 0.05) in-
creased MAP, whereas isoflurane (1.8% and 2%) decreased
MAP compared with time controls. For HR, * denotes that L-
NAME decreased HR, whereas + denotes that L-NAME (30 mg/
kg), 7-NI (400 mg/kg), and isoflurane (2%) decreased HR com-
pared with time controls. Data are means + SD.

arginine alone did not alter f, Vi, or V, (table 1). L-
arginine reversed the effects of L-NAME (10 and 30 mg/
kg) on resting V; (3.7 + 0.6 ml) and V, (161 + 36 ml/
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Table 1. Effects of 1-Arginine on Hemodynamic and
Ventilation

Baseline L-Arginine
MAP (mmHg) 114 + 18 N2 12
HR (beats/min) 360 = 20 857 = 21
f (breaths/min) (510} 2=z 2 SEEERI2
Vy (ml) 3.2 + 0.6 3.2 0.6
Ve (ml/min) 192 + 44 186 = 42
Ve 8% 228 + 27 234 + 32
Ve 9% 260 + 28 270 + 38
Ve 10% 308 + 41 308 + 37
Ve/ETco, (MI/min/%) 40 + 19 37 =19

The effects of L-arginine (300 mg/kg) on mean and arterial pressure (MAP),
heart rate (HR), respiratory frequency (f), tidal volume (V+), and minute ventila-
tion (Vg) at rest and 8, 9, and 10% end-tidal carbon dioxide (ETco ). L-Arginine
did not significantly alter any variable. Data are mean + SD.

Table 2. Effects of .-NAME, 1-NMMA, 7 NI, and Isoflurane on
Resting Ventilation

f (breaths/min) Vr (ml) Ve (ml/min)
Controls
Time 1 60 = 6 32 =103 190 + 23
Time 2 5319 234505 182 + 44
Time 3 50 £ 9 ELyl == 015 186 = 39
Time 4 44 + 8 318 =015 170 + 39
L-NAME
0 mg/kg (30) <= 7/ il 06 i1.888==135
1 mg/kg 5185 ae /) 8251016 166 + 44
10 mg/kg 46 + 14 SHI= 0167 37 =41
30 mg/kg 40 = 13 351 +=—0!6% 1258==182"
L-NMMA
0 ma/kg 59 £ 6 3.l =016 180 + 30
1 mg/kg 52149 32"+ 0!6 1638 =+ 41
10 mg/kg 45 + 14 2(0) == ()4l 134 + 38*
30 mg/kg 40 + 13 S0 =05 8 ==l
7-NI
0 mg/kg 57 =46 3.2+ 03 18ilN=="32
20 mg/kg 48 + 8 3103 1631 32
80 mg/kg 43 + 9 3.4 0.3 148 + 29
400 mg/kg 39 + 6 8.6 +=10.8 148 + 32
Isoflurane
1.4% 6il=16 8107 == 06 i:828:=25
1.6% SiF-19 3.3 = 0.6 167 = 21
1.8% ST 6" S 268 11240) 25 il
2.0% 32 + 8* 3:3°-E0.6% HO5F==230*

The effect of L-NAME and L.-NMMA (1, 10, and 30 mg/kg), 7-NI (20, 80, and
400 mg/kg), or increasing isoflurane concentrations (1.6, 1.8, and 2.0%) on

the resting respiratory frequency (f), tidal volume (V4), and minute ventilation
(Ve). Data are mean + SD.

*P < 0.05 versus time controls (1.4% isoflurane).
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min) such that they were no different than time con-
trols. The baseline resting ETCO, (46 + 4 mmHg or
6.1%) was not different among the six groups. Isoflur-
ane (1.8% and 2%) significantly increased the ETCO,
(53 * 4 and 54 + 4 mmHg), whereas the resting ETCO,
was not significantly affected in the other groups.

Ventilatory Response to Increasing Carbon

Dioxide

The baseline measurements at 8%. 9%. and 10% ETCO;
for £ (59 = 12,59 + 12, and 58 + 10 breaths/min), V,
(4.1 + 0.6, 4.8 + 0.6, and 5.5 + 0.6 ml), and V; (230
* 29, 260 £ 27, and 305 *= 32 ml/min) in the time
controls were not different than the other groups. L-
NAME, [-NMMA, and 7-NI did not alter f, whereas f
values were decreased by isoflurane (1.8% and 2%) at
8%, 9%, and 10% ETCO, compared with time controls
(fig. 2). The V; was decreased by L-NAME and L-NMMA
(10 and 30 mg/kg) and isoflurane (1.8% and 2%) at 8%.
9%, and 10% ETCO, (fig. 3). 7-NI had no effect on V.
The V; was decreased significantly by L-NAME and L-
NMMA (10 and 30 mg/kg) and isoflurane (1.8% and 2%)
but was not altered by 7-NI at 8%, 9%, and 10% ETCO,
(fig. 4). L-arginine alone had no effect on ventilation at
8%, 9%, and 10% ETCO, (table 1, f and V; not shown).
L-arginine reversed the effects of LNAME (30 mg/kg)
on Vy (3.9 = 0.9 and 4.8 + 0.9 ml) and V; (160 + 29
and 218 £ 38 ml/min) at 8% and 10% ETCO, such that
they were no different than time controls.

The change in V; versus the change in ETCO, was
significantly decreased by 2% isoflurane compared with
values for the time controls (fig. 5). Isoflurane (2%) also
decreased the change in V; versus the change in ETCO,
but did not alter f values versus ETCO,. L-NAME, L-
NMMA, 7-NI, and L-arginine did not significantly alter
the change in f, V;, or V; versus with ETCO,.

Discussion

We administered nonselective NOS inhibitors (L-
NAME and L-NMMA) or a selective nNOS inhibitor (7-
ND to rats to determine the role of NO in modulating
ventilation. The nonselective NOS inhibitors decreased
V; and V; at rest and at increased ETCO; levels (8-
10%). These effects demonstrate a role for NO in the
control of spontaneous ventilation in rats anesthetized
with isoflurane. In contrast to nonselective NOS inhibi-
tors, a selective neuronal NOS inhibitor did not alter
ventilation. Further, the ventilatory changes due to L-
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Fig. 2. The effect of 1, 10, and 30 mg/kg N°-L-arginine methyl
ester (L-NAME) and N°-monomethyl L-arginine (L-NMMA); 20,
80, and 400 mg/kg 7-nitro-indazole (7-NI); or 1.6%, 1.8%, and
2% increasing isoflurane concentrations on respiratory fre-
quency (f) at 8%, 9%, and 10% end-tidal carbon dioxide
(ETCO,). * Isoflurane (1.8% and 2%) significantly (P < 0.05)
decreased f at 8%, 9%, and 10% ETCO, compared with time
controls. Data are means + SD.
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Fig. 3. The effect of 1, 10, and 30 mg/kg N°-L-arginine methyl
ester (L-NAME) and N®-monomethyl L-arginine (L-NMMA); 20,
80, and 400 mg/kg 7-nitro-indazole (7-NI); or 1.6%, 1.8%, and
2% increasing isoflurane concentrations on tidal volume (V;)
at 8%, 9%, and 10% end-tidal carbon dioxide (ETCO,). *L-NAME
and L-NMMA (10 and 30 mg/kg), and isoflurane (1.8% and 2%)
significantly (P < 0.05) decreased V; at 8%, 9%, and 10% ETCO,
compared with time controls. Data are means + SD.
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Fig. 4. The effect of 1, 10, and 30 mg/kg N¢L-arginine methyl
ester (L-NAME) and N"-monomethyl L-arginine (L-NMMA); 20,
80, and 400 mg/kg 7-nitro-indazole (7-NI); or 1.6%, 1.8%, and
2% increasing isoflurane concentrations on minute ventila-
tion (V;.) at 8%, 9%, and 10% end-tidal carbon dioxide (ETCO,).
* L-NAME and L-NMMA (10 and 30 mg/kg) and isoflurane (1.8%
and 2%) significantly (P < 0.05) decreased Ve at 8%, 9%, and
10% ETCO, compared with time controls. Data are means +
SD.
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NAME and L-NMMA were not the same as the ventilatory
changes resulting from increasing isoflurane anesthetic
depth, which is also caused by NOS inhibitors.

Nitric oxide is involved in various neurotransmitter
pathways, although the role of NO in control of ventila-
tion is poorly understood. Nitric oxide synthase has
been localized within the central nervous system, in-
cluding the pontine respiratory group of the brain
stem.”® Excitatory and inhibitory pathways involving
NO exist within the central nervous system, which may
play a role in modulating ventilation. The N-methyl-D-
aspartate (NMDA) and muscarinic pathways are excit-
atory and increase NO-cyclic guanosine monophos-
phate.”'* Activation of brain stem muscarinic receptors
has been shown to stimulate ventilation'? and depress
the hypercapnic response,”” whereas NMDA receptor
antagonism has been shown to have minimal effects on
inspiratory duration."* The y-aminobutyric acid and «,-
adrenergic pathways, in contrast, are inhibitory and Y-
aminobutyric acid receptor activity decreases neuronal
cyclic guanosine monophosphate.'*"> Cerebral intra-
ventricular injection of y-aminobutyric acid and the a-
agonist clonidine have been shown to decrease ventila-
tion in dogs,'” whereas y-aminobutyric acid antagonism
has minimal effects in cats."* It is possible that a combi-
nation of blockade of excitatory components, stimula-
tion of inhibitory components of the central nervous
system, or both may depress ventilation. This was sug-
gested by Haxhiu et al.,” who showed that NOS inhibi-
tion decreased the ventilatory response to hypoxia
while simultaneously decreasing brain stem cyclic gua-
nosine monophosphate.

In our study, L-NAME and [-NMMA caused a signifi-
cant decrease in V; and V; at rest and at higher ETCO,
levels, whereas f and the slope of the carbon dioxide
response were not altered. Ling ef al’ previously
showed that microinjection of L-NAME into the pontine
respiratory group prolongs the duration of inspiratory
time in cats. Although these authors found that NO is
important in respiratory rhythm generation, the effect
of NOS inhibitors on f, V;, Vi, and the slope of the
carbon dioxide response was not determined. Haxhiu
et al.® showed that long-term systemic administration
of L-NAME to rats decreased the ventilatory response to
hypoxia. This attenuation of ventilation resulting from
systemic NOS inhibition is consistent with our results
that showed a decrease in ventilation with L-NAME and
L-NMMA. In contrast, infusion of L-NAME or a selective
nNOS inhibitor into the cerebral spinal fluid of awake
dogs was recently shown to slightly decrease resting
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ETCO, and inhibit morphine-induced respiratory de-
pression.”® This increase in ventilation contrasts with
our results, but many methodologic differences be-
tween the studies may make comparisons difficult. It is
possible that the site of NOS inhibitor administration
produces different ventilatory effects, although intra-
peritoneal and intracerebral ventricular L-NAME pro-
duces similar antinociceptive effects in mice.'® We also
cannot preclude that systemic L-NAME and L-NMMA
alters neuronal transmission outside the central nervous
system, which would be less likely to occur with intra-
ventricular injection. It is also possible that there are
species differences or that differences are possibly a
result of an anesthetized compared with an awake state.

7-NI had no effect on ventilation, which is surprising
because neuronal transmission is thought to be con-
trolled by nNOS.? Only one study evaluated the effects
of a selective nNOS inhibitor on ventilation. Laurito et
al.” found that cerebral spinal fluid infusion of a nNOS
inhibitor slightly increased ventilation to the same ex-
tent as L-NAME in awake dogs, implying that nNOS is
the responsible isoform. In contrast, our study suggests
that nNOS may not play a significant role in control of
ventilation. It is unclear if the animal model or route of
administration is responsible for the differences in re-
sults between the two studies. It is unlikely that insuffi-
cient 7-NI was administered in our study because the
doses and route of administration of 7-NI that we used
were shown to produce a 10-40% reduction in MAC."’
Intraperitoneal 7-NI also exhibits antinociceptive activ-
ity in mice with a median effective dose of 25 mg/kg,
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which is much less than the dose we administered.'’s
7-NI significantly decreased HR to the the same exten
as L-NAME and increasing concentrations of isoflurane.s
Although L-NAME - induced bradycardia may be a baro3
reflex response caused by vasoconstriction, 7-NI did no
alter MAP. Importantly, the decrease in HR indicates
that the 7-NI is absorbed and, like others have shown, i
may inhibit sympathetic outflow.'’ 7-NI is differentially
absorbed into different brain regions, and therefore it
is possible that centers regulating ventilation did not
absorb as much nNOS inhibitor as other brain areasg
did."®"” However, the variability of brain absorption pre-g
viously demonstrated is modest at doses far less than$
we used. §

The observation that the nonselective NOS inhibitorsg
L-NAME and L-NMMA, but not the selective nNOS inhib-2
itor 7-NI, decreases ventilation suggests that the eNOS§
isoform rather than the nNOS isoform is responsibles
for the effects on ventilation or that eNOS and nNOS3

©

E

inhibition are required. It remains unclear why eNOSg
but not nNOS inhibition would alter ventilation, espe-=
cially because both produce other neuronally mediated
changes, such as a decrease in HR and a decrease in
MAC.”" " The primary role of eNOS is the regulation of
vascular tone via its effects on the underlying vascular
smooth muscle. L-NAME causes vasoconstriction,
which has been shown to decrease total or regional
cerebral blood flow (CBF).”’ It has also been shown
that the vasodilating responsiveness of CBF to carbon
dioxide is decreased in the presence of L-NAME.>?!
Thus it is likely that baseline CBF is decreased and that
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the normal increase in CBF secondary to hypercarbia
is blunted with L-NAME. Nevertheless, it is unlikely that
these alterations in CBF account for the effects of L-
NAME on ventilation. This is because decreases in CBF
by as much as 50% have been shown to increase rather
than decrease resting V; and Vi, which is converse to
our observations here.”*** Further, 7-NI and L-NMMA
decrease CBF, yet in our study 7-NI had no effect on
ventilation, whereas L-NMMA decreased ventilation to
the same extent as L-NAME.*?*?°

L-arginine alone had no effect on ventilation. This is
not surprising because L-arginine is not normally a lim-
iting factor in the production of NO and is consistent
with other studies that found that NO donors do not
alter ventilation.” Our results and those of other studies
have also shown that L-arginine alone has no hemody-
namic effects, whereas L-arginine does reverse the he-
modynamic effects of L-NAME.”" L-arginine also re-
versed the ventilatory effects of LNAME, indicating that
NOS inhibition is the mechanism by which L-NAME
decreases ventilation. Other studies in cats have also
shown that L-arginine partially reverses the effects of L-
NAME on the duration of inspiration.® It is unlikely that
the muscarinic effects of L-NAME contributed to the
ventilatory depression because L-NMMA, which has no
muscarinic effects, caused an identical decrease in ven-
tilation.”® ,

NOS inhibitors decrease the MAC of isoflurane, and
thus we also evaluated the ventilatory effects of similar
increases in anesthetic depth.””'" Although different
mechanisms likely control ventilation and anesthetic
depth, it is possible that NOS inhibitors may cause respi-
ratory depression similar to isoflurane because isoflur-
ane has been shown to inhibit NOS activity in the cen-
tral nervous system.”” In this study, L-NAME, LNMMA
and increasing concentrations of isoflurane decreased
ventilation, but there were important differences. The
V; and V; were decreased with L-NAME, whereas f, V,
Vi, and the slope of the carbon dioxide response were
decreased with isoflurane. L-NAME and L-NMMA do not
alter the slope of the carbon dioxide response, which
has been well demonstrated with isoflurane.”® There-
fore, the mechanisms by which NOS inhibitors decrease
ventilation are probably not entirely the result of in-
creased anesthetic depth.

In conclusion, nonselective NOS inhibitors decreased
Vyand Vg at rest and at increased carbon dioxide levels,
implicating a role for NO in modulating spontaneous
ventilation during isoflurane anesthesia. A selective
nNOS inhibitor had no effect, which suggests that eNOS
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may be the isoform responsible for altering ventilation.
This study shows that L-NAME and L-NMMA decrease
ventilation in rats anesthetized with isoflurane, and that
the cause of the decreased ventilation is most likely not
secondary to the enhanced anesthetic depth caused by
NOS inhibitors.
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