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ABSTRACT: Administration of Escherichia coli endotoxin attenu-
ates the ventilatory response to hypoxia (VRH) in newborn piglets,
but the mechanisms responsible for this depression are not clearly
understood. Nitric oxide (NO) production increases during sepsis and
elevated NO levels can inhibit carotid body function. The role of
endothelial NO on the VRH during endotoxemia was evaluated in 26
young rats. Minute ventilation (Vi) and oxygen consumption (Vo,)
were measured in room air (RA) and during 30 min of hypoxia (10%
0O,) before and after E. coli endotoxin administration. During endo-
toxemia, animals received placebo (PL, n = 8); a nonselective nitric
oxide synthase (NOS) inhibitor (N°-nitro-L-arginine methyl ester,
L-NAME, n 9), or a neuronal NOS (nNOS) inhibitor (7-
nitroindazole, 7-NI, n = 9). During endotoxemia, a larger increase in
V;; was observed only during the first min of hypoxia in the L-NAME
group when compared with PL or 7-NI (p < 0.001). VRH was
similar in the PL and 7-NI groups. A larger decrease in Vo, at 30 min
of hypoxia was observed in L-NAME and 7-NI groups when com-
pared with PL (p < 0.03). These data demonstrate that the attenua-
tion of the early VRH during endotoxemia is in part mediated by an
inhibitory effect of endothelial NO on the respiratory control mech-
anisms. (Pediatr Res 62: 134-138, 2007)

hanges in breathing pattern and apnea episodes are fre-
quently observed in newborns and infants with sepsis
(1). In adult humans, endotoxin administration results in
changes in the basal respiratory pattern and dyspnea (2). We
previously demonstrated that endotoxin infusion in newborn
piglets produced attenuation of the VRH (3). In a pilot study,
we also observed similar respiratory behavior in 4- to 6-wk-
old rats. The interaction of hypoxia, infection, and cytokine
abnormalities has been suggested as a possible mechanism of
sudden infant death syndrome (SIDS) (4).

The mechanisms that explain the changes in breathing
pattern during sepsis are not clearly understood. Respiratory
muscle fatigue or alterations in lung mechanics and metabolic
rate have been associated with the respiratory changes ob-
served during Gram-positive and negative septicemia in pig-
lets (3,5,6). Particularly, the attenuation in the VRH observed
after endotoxin administration to unanesthetized newborn pig-
lets was associated with a significant decrease in Vo, (3).
Sepsis can induce the release of inflammatory mediators such
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as cytokines; prostaglandins, and NO (7,8), which may be
responsible for the alterations of the breathing pattern ob-
served during endotoxemia and also may be an important
component of many deaths attributed to SIDS (4).

It is known that NO is an active participant in the patho-
physiology of endotoxemia (9). NO is synthesized from L-
arginine by three different isoenzymes of NOS: neuronal NOS
(nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS)
(10). Increased eNOS activation and endothelial NO release
have been observed shortly after endotoxin administration
(11,12). Elevated NO expression has been found to be asso-
ciated with organ damage described in autopsy reports of
infants who died of SIDS. NOS mRNA up-regulation has been
observed after endotoxin administration in animal models for
the study of SIDS (13,14).

In vitro and in vivo studies indicated that NO has inhibitory
properties at the carotid body and that eNOS is primarily
responsible for this effect (15,16). Administration of NO
donors to the carotid body reduces its chemosensory response
to a decrease in oxygen concentration (16). Studies in rats
have also shown that NO could depress the early VRH (15). It
has been proposed that during hypoxia, a decreased synthesis
of an inhibitory chemical messenger such as NO may contrib-
ute to the augmentation of sensory discharge observed in
animals exposed to low oxygen concentrations (17).

Based on these observations, we hypothesized that the
attenuation of the VRH observed after Escherichia coli endo-
toxin administration to unanesthetized young rats may be
modulated by an increase in NOS, specifically eNOS. Further-
more, this attenuated VRH may be associated with changes in
Vo,. The objective of this study was to evaluate the effect of
eNOS inhibition on the ventilatory and metabolic responses to
hypoxia during endotoxemia.

MATERIALS AND METHODS

Animals. Twenty-five female Wistar rats, ages 4-5 wk, were obtained
from Charles-River Laboratories (Wilmington, MA). The rats were fed rat
chow and water ad libitum, kept on a light-dark cycle of 12:12 h, and studied
at 5—-6 wk of age. The procedures used in the care and handling of the animals
were in accordance with the guidelines of the National Institutes of Health.

Abbreviations: eNOS, endothelial NOS; L-NAME, N¢ -nitro-L-arginine
methyl ester; nNOS, neuronal NOS; NO, nitric oxide; NOS, nitric oxide
synthase; PL, placebo; RA, room air; RR, respiratory rate; 7-NI, 7-nitroi-
ndazole; Th, body temperature; Vg, minute ventilation; VO,, oxygen con-
sumption; VRH, ventilatory response to hypoxia; V, tidal volume
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The study protocol was reviewed and approved by the Animal Care and Use
Committee of the Miller School of Medicine, University of Miami.

Ventilatory measurements. Ventilation was measured by using whole
body flow plethysmography for unrestrained, unanesthetized small rodents as
previously described (model PLY3213, Buxco Electronics, Sharon, CT)
(18,19). Briefly, pressure differences across two screen mesh pneumotacho-
graphs located on top of the plethysmograph were measured using a flow
transducer. With appropriate software, the recorded flow signal was then
integrated on a breath-by-breath basis to obtain a relative V1, RR, and Vg
(Biosystem XA Pulmonary Analyzer, Buxco Electronics) (18,19).

Behavioral states were continuously scored using standard behavioral
criteria (20). During circadian cycle, the nonrestrained and undisturbed rats
spend most of the daytime in a sleep state, while at night they are awake and
active. The rats were deemed to be either awake (eyes open with gross body
movements, such as crawling or grooming), in quiet sleep (eyes closed,
recumbent with limbs adducted, regular and stable respiratory rhythm with
minimal or no sighs or periodic breathing and absence of movements except
for intermittent brief startles) or in active sleep (recumbent, eyes closed,
irregular respiratory pattern, frequent twitches of the whiskers, ears, and
extremities). Eye movements were not used since it was difficult to see these
through the plethysmograph (20). These observations were made to ensure
that the measurements were not obtained during active sleep, which can
modify the ventilatory response to hypoxia (19). Nevertheless, active sleep in
rats accounts for only about 15% of total daytime sleep and this component
of sleep decreases during hypoxia (21).

Metabolic measurements. Vo, was measured by the open-flow method
using the plethysmograph as a metabolic box (22). The gas atmosphere within
the plethysmograph was maintained with a bias flow of RA or at a fractional
concentration of inspired O, (Fio,) of 0.1. A constant flow rate (V) was
maintained during the experiment and it was measured before and after each
run by a Matheson linear mass flowmeter (0—20 L/min, model 8100, Mathe-
son Gas Products, Secaucus, NJ). The excurrent flow was passed through a
drying column (Drierite, W.A. Hammond Drierite Co. Ltd., Xenia, OH)
before entering a previously calibrated O, analyzer (Ametek S-3A/L, Pitts-
burgh, PA) to measure the fractional concentration of expired O, (Feo,). Vo,
was calculated by the following formula: VO, = V, X (Fio, — Feo,) at
standard temperature and ambient pressure. The metabolic measurements
were digitized by AT-CODAS (Dataq Instruments, Akron, OH) at a frequency
of 100 Hz and recorded into a microprocessor for later analysis. Vo, values
are reported at 30 min of hypoxia, to allow enough time for complete
equilibrium of the gases inside the box.

Experimental protocol. To ensure reproducibility of the findings, one day
before the experiment the animals were placed in the plethysmograph for
intermittent periods of 1 h. Testing was performed between 0800 and 1500 h
to limit circadian effects. On the day of the experiment, the animals were
placed in the plethysmograph and allowed to acclimatize for 60 min. Ambient
temperature inside the box was maintained between 23 and 25°C, values in
the range of thermoneutrality for Wistar rats. Tb was measured by inserting a
rectal thermistor probe (YSI Inc., Yellow Springs, OH) and values were also
recorded throughout the study protocol. After randomization to the experi-
mental groups, animals received a dose of placebo (PL) (1 mL normal saline
intraperitoneal) and baseline measurements of Vi, RR, V., and Vo, were
recorded in RA for 30 min (Fig. 1). Measurements were repeated again during
30 min of hypoxia (Fio, = 0.10) that was induced by rapidly flushing the box
with a precalibrated O,—N, gas mixture (15 L/min in 15 s). The animals were
allowed to rest for 120 min by being returned to their cages and being
permitted to move, drink and feed ad libitum. Afterward, they received an
intraperitoneal injection of E. coli O55:B5 endotoxin (Sigma Chemical Co.,
St. Louis, MO) at a dose of 25 ug/kg in 1 mL saline. The selected dose of
endotoxin and the time frame for the study were based on pilot studies, which
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Figure 1. Experimental protocol. M1-M4: Vi, V., RR, Vo, measurements.
M1 and M3: baseline.

demonstrated no significant changes in basal Vg with this dose of endotoxin.
In addition, this dose of endotoxin was below the threshold that causes
changes in blood pressure or endotoxic shock in the rat (23). After 150 min
endotoxin administration, each animal in its respective experimental group
received either an intraperitoneal injection of PL or 100 mg/kg of L-NAME,
a nonspecific NOS inhibitor or 25 mg/kg of 7-NI, a selective nNOS inhibitor.
The selected doses of NOS inhibitors have been previously validated in the rat
(24,25). Immediately after PL, L-NAME, or 7-NI administration, the animals
were returned to the plethysmograph and baseline measurements were re-
corded again in room air for 30 min. Finally, measurements were repeated
during 30 min of hypoxia.

Data analysis. Ventilation and Vo, values obtained at room air immedi-
ately before hypoxia challenge were considered as baseline values. The
changes in ventilation and Vo, during hypoxia were expressed as percent
change from baseline values. Paired ¢ test was used for comparison of
measurements during hypoxia pre- and post-endotoxin administration in the
PL group. Bonferroni correction was used to correct for the effect of multiple
comparisons. Comparison of measurements post-endotoxin administration
between PL versus L-NAME or 7-NI, and L-NAME versus 7-NI groups was
performed by two-sample ¢ test. Data are reported as mean *= SD and a p
value <0.05 was considered statistically significant.

RESULTS

Nine rats (age 5.3 = 0.5 wk; weight 143 = 17 g) received
L-NAME, 9 rats (age 5.1 = 0.4 wk; weight 136 = 16 g)
received 7-NI and 8 rats (age 5.5 = 0.5 wk; weight 143 =
21 g) received PL. There was no significant difference in age
and weight among groups.

Baseline values for Vi did not differ among the studied
groups before (PL: 105 = 19 mL/min/100 g; L-NAME: 117 =
9 mL/min/100 g; 7-NI: 107 = 9 mL/min/100 g) and after (PL:
120 = 19 mL/min/100 g; L-NAME: 119 * 12 mL/min/100 g;
7-NI: 116 = 17 mL/min/100 g) endotoxin administration. The
VRH before endotoxin administration was similar among the
study groups (Fig. 2). As expected, the VRH after endotoxin
administration was significantly attenuated during the first
(p < 0.001) and subsequent 30 min in the PL group (p < 0.03)
(Fig. 3).

After endotoxin administration, a significantly larger in-
crease in Vi was observed during the first min of hypoxia
following NOS inhibition by L-NAME, when compared with
PL (p < 0.03) (Fig. 3). This change was due to increases in
both Vi (40 = 29% versus 29 * 13%, L-NAME versus PL)
and RR (36 * 47 versus 15 £ 22%, L-NAME versus PL)
during the first min of hypoxia. A similar attenuation in the
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Figure 2. Changes in Vg during hypoxia before endotoxin and PL, L-NAME,
or 7-NI administration. The ventilatory response to hypoxia before endotoxin
administration was similar at 1 min (open bars) and 30 min (shaded bars) of
hypoxia in all study groups.
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Figure 3. Changes in Vg during hypoxia after endotoxin and PL, L-NAME,
or 7-NI administration. The VRH was attenuated during the first min of
hypoxia (open bars) after endotoxin administration in the PL and 7-NI groups.
In contrast, the VRH during the first min of hypoxia was increased in the
L-NAME group. The VRH did not differ significantly at 30 min of hypoxia
(shaded bars) among groups. *p < 0.03: L-NAME vs PL or 7-NL

VRH was observed at 1 min of hypoxia in the PL and 7-NI
groups after endotoxin administration (Fig. 3). Changes in Vg
at 30 min of hypoxia after endotoxin administration were not
different among the three study groups (Fig. 3).

Baseline values for Vo, were not different among groups
before (PL: 38 = 6 mL/min/kg; L-NAME: 46 * 13 mL/min/kg;
7-NI: 42 = 5 mL/min/kg) and after (PL: 36 = 5 mL/min/kg;
L-NAME: 37 = 9 mL/min/kg; 7-NI: 33 = 7 mL/min/kg)
endotoxin administration. The decrease in Vo, at 30 min of
hypoxia before endotoxin administration was not significantly
different among groups (PL: =39 *= 20%, L-NAME: —49 *+
11%, 7-NI. —44 = 16%). After endotoxin administration
during normoxia, Vo, was not significantly different among
groups. There was a decrease in Vo, at 30 min of hypoxia in
the PL group (n = 7; =32 = 11%). However, a more pro-
nounced and similar decrease in Vo, was observed in the
L-NAME (n = 8; -46 £ 25%) and 7-NI (n = 6; —45 = 16%)
groups when compared with PL (p < 0.03) (Fig. 4).

Changes in Tb during hypoxia were similar among groups
before endotoxin administration. After endotoxin was given,
administration of the NOS inhibitors produced a significant
decrease in Tb in RA (L-NAME: 37.5 = 0.3° C, 7-NI: 37.2 =
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Figure 4. Changes in Vo, at 30 min of hypoxia after endotoxin and PL,
L-NAME, or 7-NI administration. A greater decrease in Vo, during hypoxia
after endotoxin administration was observed in L-NAME and 7-NI groups
compared with PL. *p < 0.03: PL vs L-NAME or 7-NI.

0.6°C) when compared with PL (38 *= 0.5°C, p < 0.05).
However, after endotoxin administration, changes in Tb dur-
ing hypoxia when compared with baseline after PL, L-NAME,
or 7-NI administration were not different among groups.

DISCUSSION

The present study demonstrates a marked attenuation in the
ventilatory response to hypoxia after E. coli endotoxin admin-
istration in unanesthetized, unrestrained young rats. This was
observed throughout the hypoxic exposure, suggesting that E.
coli endotoxin has both peripheral and central depressant
effects on the respiratory control mechanisms. These data also
suggest that the attenuation of the early VRH induced by
endotoxin administration is in part mediated by an inhibitory
effect of NO on the respiratory control mechanisms.

The attenuation in ventilation was more marked during the
first min of hypoxia suggesting an inhibitory effect of endo-
toxemia on the peripheral chemoreceptors. This effect was
reversed after administration of L-NAME, a nonspecific NOS
inhibitor. This suggests that the early depression of the VRH
after endotoxin administration is mediated by activation of the
eNOS, because L-NAME attenuated the ventilatory depres-
sion whereas nNOS inhibition did not affect the response.

It is well known that NO plays a pathogenic role during
sepsis and our results indicate that eNOS is involved in the
early manifestations of endotoxemia. This is in agreement
with different experimental models that have shown that en-
dotoxin administration induces an early increase in eNOS and
NO production (8,11). At later stages, however, it has been
demonstrated that eNOS is down-regulated whereas iNOS is
up-regulated and is probably responsible for some of the
cardiovascular effects attributable to the increased NO pro-
duction during endotoxemia (8,10). Because NO production is
increased during endotoxemia, it can inhibit the peripheral
chemoreceptor discharge and may mediate the attenuation in
ventilation observed after endotoxin administration during the
first min of hypoxia. These results are in agreement with
previous observations showing that administration of NO
donors to an in vitro carotid body preparation reduced its
chemosensory response to a decrease in oxygen concentration
but not to normoxia (16). If a decrease of the inhibitory
properties of NO accounts for the initial increase in ventilation
during hypoxia, the increase in NO production during Gram-
negative infection may produce inhibition of carotid body
activity during hypoxia with the consequent depression of the
VRH. Nitric oxide, once released, can affect carotid body
sensory activity by acting directly on the glomus cells or by
changing blood flow at the level of the carotid body (17).
Another possible pathway by which NO can exert its action on
the carotid body is by an increase in the intracellular levels of
cGMP with changes in the function of the calcium channels.
This may lead to a further inhibition of the sensory discharge
and a decreased excitatory neurotransmitter release (i.e. ace-
tylcholine, adenosine nucleotides, and dopamine) (17,26). Ni-
tric oxide can also influence ventilation during hypoxia
through a central mechanism. NO derived from central nNOS
enhanced phrenic nerve output during hypoxia (27) and sys-



VENTILATION, NITRIC OXIDE, AND ENDOTOXEMIA 137

temic administration of NOS inhibitors to rats decreased the
late hypoxic ventilatory response (28). In the present study,
neither L-NAME nor 7-NI administration produced significant
changes in the late (30 min) ventilatory depression observed
during hypoxia after endotoxin administration. This suggests
that NO does not influence the late VRH after endotoxin
administration.

The ventilatory depression during hypoxia observed after
endotoxin could be associated with increased production of
other mediators, such as platelet derived growth factor, IL-13
or prostaglandins at the level of the CNS. Their activation can
depress respiration and change the breathing pattern during
hypoxia (28-30). Their expression is also increased during
endotoxemia (7,30) and consequently could explain the ob-
served late depression in the VRH after endotoxin adminis-
tration. This possibility requires further investigation to be
elucidated.

In a previous study in newborn piglets, we found that the
attenuation of the hypoxic ventilatory response following
endotoxin infusion was associated with a greater decrease in
metabolic rate (3). However, in the present study in young
rats, the changes in Vo, were similar before and after endo-
toxin in the PL group. These dissimilar findings may be
related to differences in maturational stages or in animal
species. Interspecies variations of Vi and Vo, during hyp-
oxia have been previously described and can explain the
observed results (31,32). The experimental conditions were
also different. In our previous study, the piglets were lightly
restrained while in the present study, the rats were unre-
strained inside the plethysmograph allowing the use of
behavioral thermoregulation to compensate for changes in
body temperature and metabolism, a physiologic response
well developed in rats (33).

A similar decrease in Vg was observed at 30 min of hypoxia
after endotoxin administration and this was accompanied by a
decrease in Vo, in all study groups. However, the fall in Vo,
at 30 min of hypoxia after endotoxin administration was
significantly greater in the L-NAME and 7-NI groups suggest-
ing that, after NOS blockade, the animals were able to main-
tain some degree of hyperventilation in relation to their me-
tabolism. This response could be related to the larger decrease
in Tb observed in the L-NAME and 7-NI treated animals. A
similar effect was described in rats exposed to hypoxia at low
Tb, showing a greater hypometabolic response when com-
pared with the change in Vg (34). The decreases in Vo, and Tb
observed after NOS blockade in this study are also supported
by previous studies in rats that have shown that NO mediates
thermogenesis in mammals (35,36).

Additional mechanisms possibly contributing to the atten-
vation in the VRH during endotoxemia include lung injury
and alterations on the contractile function of the respiratory
muscles. Endotoxemia-induced lung injury is manifested by
impaired gas exchange and changes in lung mechanics. We
did not measure lung mechanics in this experiment. However,
in a piglet model using low-dose E. coli endotoxin, we noted
similar changes in compliance and resistance with hypoxia
before and after endotoxemia, making this possibility unlikely
as a mechanism for the attenuated VRH (3). Although endo-

toxin can induce diaphragmatic dysfunction, the dose neces-
sary to produce such changes is very high (15 mg/kg) (37),
when compared with the low dose used in our study (25
ng/kg). Consequently, it is unlikely that changes in the con-
tractile function of the respiratory muscles could explain the
depression in the VRH observed in the present study.

There are some limitations with the use of whole body
plethysmography in unrestrained animals. Measurements of
changes in Vi can be difficult, due to the fact that V.
estimation is dependent on factors such as chamber integrity,
choice of bias flow, chamber size, and ambient temperature. In
the present study, the animals were studied under similar daily
environmental circumstances (i.e. chamber size, ambient tem-
perature, source and type of gas, method of administration,
being stable and equal). Since V. measurements are qualita-
tive and not absolute values, the results are presented as
percent change from baseline. This would make a constant
error factor unimportant, as previously suggested by other
investigators (38,39). Despite these technical limitations, we
believe that our results are valid because the VRH before
endotoxin was similar in the three study groups, suggesting
that the observed differences in VRH after endotoxin reflect
the biologic changes induced by L-NAME or 7-NIL.

In conclusion, these data suggest that the attenuation in the
VRH induced by E. coli endotoxin administration in young
rats is in part mediated by an inhibitory effect of NO on the
respiratory control mechanisms. This effect is modulated
through activation of the endothelial NOS, in as much as
L-NAME reversed the ventilatory depression whereas nNOS
inhibition had no effect on the response.
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