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Abstract
Phrenic long-term facilitation (LTF) has been extensively studied in anesthetized animals under well-
defined physiological conditions but the factors underlying its possible manifestation under clinically
relevant conditions are not well understood. Here, we examined the stability of LTF in the face of
hypercapnic or hypocapnic challenges in anesthetized, paralyzed and mechanically ventilated rats.
Sixty minutes after induction of phrenic LTF by intermittent hypoxia the animal was exposed to one
of four conditions for 5 min with or without positive end-expiratory pressure (PEEP, 3-4 cmH2O):
hypocapnic apnea, hypocapnia (5 torr below resting level), 5% CO2 and 10% CO2. LTF at 60 min
post-intermittent hypoxia was ∼39% above baseline. Following the above CO2 tests, LTF almost
invariably returned to the corresponding pre-test level after recovery for 20 min. The only exception
was the combination of hypocapnic apnea and PEEP, which resulted in a marked decrease in mean
arterial pressure (to 38-55 mmHg) during test and a subsequent paradoxical sustained attenuation of
LTF (to ∼8% above baseline) even after mean arterial pressure had fully recovered. The results
suggest that LTF, once developed, is highly robust to changes in CO2 levels and is attenuated only
after severe hypotension secondary to excessive hyperventilation under PEEP.
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1. Introduction
Phrenic long-term facilitation (LTF) is a serotonin- and NMDA receptor- dependent
augmentation of phrenic nerve activity following intermittent hypoxia in anesthetized animals
(Bach & Mitchell, 1996; McGuire et al., 2004, 2005). Recently, the potential clinical relevance
of LTF has received increasing attention. LTF can be elicited during NREM sleep in patients
with airway flow limitation or obstructive sleep apnea (OSA) (Aboubakr et al., 2001; Babcock
et al., 2003). It has been suggested that loss of LTF might be related to the onset of OSA
(Behan et al., 2002).

OSA patients experience profound hypercapnia and hypoxia during airway obstruction, and to
obviate such adverse effects these patients are often treated with all-night continuous positive
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airway pressure (CPAP) with consequent elevation of end-expiratory lung volume. Positive
end-expiratory pressure (PEEP) is also routinely administered in mechanical ventilation, where
a mild degree of hyperventilation is sometimes allowed in order to suppress spontaneous
respiratory effort as an alternative to the use of sedatives and muscle relaxants. The combination
of changing CO2 levels, apnea and elevated lung volume could potentially affect the
manifestation of LTF in these patients.

To test this hypothesis, we investigated whether the maintenance of LTF was influenced by
changes in CO2 levels, hyperventilation and PEEP in an anesthetized animal model. Our results
showed that LTF, once developed, evidenced remarkable robustness except after excessive
hyperventilation under PEEP.

2. Methods
Experiments were conducted on adult male Sprague-Dawley rats (Charles River, Wilmington,
MA). All protocols had been approved by Massachusetts Institute of Technology Committee
on Animal Care.

2.1 General procedures
The rats were anesthetized (urethane 1.5 g/kg, i.p. supplemented as needed), vagotomized,
paralyzed (pancuronium bromide, 2.5 mg/kg, i.v. supplemented as needed) and mechanically
ventilated (CWE Inc., Ardmore, PA, USA). The left femoral artery and vein were cannulated
for blood pressure measurement and drug/fluid administration, respectively. Rectal
temperature was maintained near 37 °C with a servo-controlled heated blanket. End-tidal
CO2 partial pressure (PETCO2) was monitored using a CO2 analyzer (CapStar-100, CWE Inc.
Ardmore, PA, USA). Inspired gases were 40% O2 (balance N2) during baseline and other non-
hypoxia periods. At the end of experiments, rats were euthanized via urethane overdose.

The left phrenic nerve was isolated via a ventral approach and placed on a bipolar platinum
wire electrode. The phrenic nerve activity was filtered, amplified and integrated with a Paynter
filter (time constant 15 msec). The integrated phrenic signals were digitized at 10 kHz and
acquired with computer software (LabView 7.0, National Instruments Corporation, USA) and
analyzed.

2.2 Experimental protocols
Induction of LTF—Following 1-hour stabilization the CO2-recruitment threshold (Boden et
al., 1998) was determined and baseline PETCO2 was set to be 3 torr above this recruitment
threshold. The latter is defined as the PETCO2 at which respiratory rhythmic activity resumes
from previous, hypocapnic silence in phrenic nerve recording when PETCO2 fell below the
apneic threshold (which was typically lower than the recruitment threshold in our vagotomized
animals). Following baseline phrenic nerve activity measurement, one of 3 protocols was
applied: 1) intermittent hypoxia (IH): three 5-min episodes of 12% O2 (isocapnic) separated
by 5-min intervals of 40% O2; 2) sustained hypoxia (SH): one 25-min episode of 12% O2; and
3) time control (TC): no hypoxia given.

CO2 tests—At 60 min post-hypoxia (P60) (or equivalent in time controls) the phrenic nerve
responses to one of the following tests were measured: 5 min of hypercapnia (by adding 5%
or 10% CO2 to inhalate), hypocapnia (PETCO2 at ∼5 torr below baseline) or hypocapnic apnea
(no phrenic activity) attained by increasing the ventilator frequency until PETCO2 fell below
the apneic threshold, to ∼7 torr below baseline. Recovery of phrenic activity was monitored at
20 min after termination of the tests. Each rat was given either the hypercapnic (5%/10%
CO2) or the hypocapnic (low PETCO2 /apnea) tests.
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Positive end-expiratory pressure—The above CO2 tests were carried out first without
PEEP, then with PEEP introduced by submerging the expiratory tube of the ventilator circuitry
into water (3-4 cmH2O).

2.3 Data Analysis
Amplitude of integrated phrenic activity was normalized relative to baseline. In the IH group,
hypoxic response data were recorded during the last 2 min of hypoxia when phrenic amplitude
reached a plateau, and were averaged over 3 hypoxia episodes. In the SH group, data were
recorded during the last 2 min of the 25-min episode and averaged. The TC data were measured
during the period equivalent to hypoxia exposures in the IH and SH groups. Data were analyzed
in rats whose mean arterial pressure was kept >80 mmHg in the post-hypoxia hyperoxia period
(up to P60).

Differences in phrenic activity and blood pressure values between varying experimental
conditions were analyzed using one-way ANOVA at 5% significance level. All values are
expressed as means ± SE.

3. Results
Baseline recruitment threshold values were similar in TC (n=7), SH (n=8) and IH (n=12) groups
(PETCO2: 30.7 ± 0.9, 32.0 ± 0.8 and 31.9 ± 0.6 torr, respectively; P=0.452). Baseline mean
arterial pressures were also similar (118.8 ± 3.7, 116.7 ± 6.8 and 111.5 ± 2.6 torr; P= 0.460)
in TC (n=7), SH (n=8) and IH (n=12) groups. The phrenic responses to 12% O2 were not
significantly different (P=0.552) between SH (123.3 ± 7.3 % above baseline) and IH (134.3 ±
13.9) groups.

As expected, phrenic activity at P60 was significantly increased (average 38.8 ± 4.6% above
baseline, see Figs. 1 and 2 LTF columns) in the IH group but not in the TC and SH groups. In
3 separate rats not subjected to other test protocols, LTF persisted up to 90 min post-IH with
similar magnitude compared to P60 (data not shown).

In all (IH, SH, TC) groups, phrenic activity significantly increased or decreased in a dose-
dependent manner during hypercapnic (5% or 10% CO2) or hypocapnic challenge (5 torr below
baseline PETCO2) under PEEP or non-PEEP conditions. In all cases phrenic activity returned
to the corresponding pre-test levels after 20-min recovery (Figs. 1, 2).

By contrast, during hypocapnic apneic challenge following IH, SH or TC, phrenic activity
vanished under both PEEP and non-PEEP conditions. In almost all cases, however, phrenic
activity also returned to the corresponding pre-test levels after 20-min recovery (Figs. 2). The
only exception was the IH group subjected to hypocapnic apnea under PEEP, where phrenic
activity failed to return to pre-apneic LTF level after 20-min recovery (Fig. 2, Panel B, IH
graph).

In all groups, mean arterial blood pressure showed little or no changes during hypercapnic or
hypocapnic challenges under PEEP or non-PEEP conditions compared to corresponding LTF
and recovery periods (Table 1). However, in all groups mean arterial blood pressure was
slightly decreased (to 92-98 mmHg) during hypocapnic apnea under non-PEEP condition and
was markedly decreased (to 38-55 mmHg) during hypocapnic apnea under PEEP. In all cases
mean arterial pressure was not significantly different between the LTF and recovery (pre- and
post-test) periods.
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4. Discussion
The present results confirmed that phrenic LTF is induced by intermittent hypoxia but not
sustained hypoxia, as reported previously (Dwinell et al., 1997; Baker & Mitchell, 2000).
Remarkably, our results showed that LTF, once established, remained largely stable and was
robust to pronounced hypercapnic or hypocapnic challenges with or without PEEP. The only
exception was hypocapnic apneic challenge with PEEP where recovery of LTF was greatly
attenuated.

The sustained maintenance of LTF and its striking robustness to changes in CO2 level and
PEEP is in contrast to the reported variability of LTF induction (Jansen & Fregosi, 2000; Baker
& Mitchell, 2001). This is in agreement with the notion that different factors underlie the
induction and maintenance of LTF (Fuller et al., 2001).

The mechanism underlying the attenuation of LTF (from ∼39% to ∼8% above baseline) after
hypocapnic apnea with PEEP is unclear. Since the animals were vagotomized, effects of
changes in lung-volume feedback secondary to the increased mechanical ventilation and PEEP
may be ruled out. It is also unlikely that the hypocapnic condition per se was the culprit, since
neither moderate hypocapnia (5 torr below baseline) nor hypocapnic apnea without PEEP
attenuated the LTF. Although apnea may disrupt LTF-related changes in connectivity of
brainstem respiratory neurons (Morris et al., 2000), it was found to have little or no effect on
LTF maintenance except when paired with PEEP.

Everything considered, a likely factor contributing to the observed attenuation of LTF appears
to be the marked decrease in mean arterial pressure secondary to hypocapnic apnea with PEEP.
The sustained attenuation of LTF even after mean arterial pressure had fully recovered (Table
1) is surprising because a decrease in arterial baroreceptor activation alone, if anything, should
disinhibit respiration hence augmenting phrenic activity (Grunstein et al., 1975). Apparently,
the mechanism underlying the maintenance of LTF is susceptible to severe hypotension
secondary to hyperventilation under PEEP. Increased mechanical ventilation and PEEP are
known to have adverse hemodynamic effects (Lin, 1981) whereas hypocapnia may elicit
vasodilation (in most vascular beds except the heart and brain) via reversal of the sympathetic
chemoreflex (Guyenet and Koshiya, 1995), further aggravating the hypotension. The present
results suggest that these cardiopulmonary risk factors when acting in combination may also
attenuate LTF.
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Fig. 1.
Phrenic LTF at 60 min post-hypoxia in TC, SH and IH groups before, during and after
hypercapnic test without PEEP (white column) or with PEEP (black column). Left panel: Effect
of 5% CO2 on LTF, n=3 for TC, n=4 for SH and IH control and n=5 for IH PEEP. Right panel:
Effect of 10% CO2 on LTF, n=3 for TC, n=4 for SH and n-5 for IH. Data (means ± SE)
expressed as percentage above baseline. n=4 in all groups except IH with PEEP (n=5). *
indicates significant difference from baseline; † indicates significant difference from non-
PEEP.
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Fig. 2.
Phrenic LTF at 60 min post-hypoxia in TC, SH and IH groups before, during and after
hypocapnic test without PEEP (white column) or with PEEP (black column). Left panel: Effect
of low CO2 (5 torr below control) on LTF, n=4 for all groups except IH with PEEP (n=5).
Right panel: Effect of apnea on LTF. n=4 for all groups except IH (n=7). Data (means ± SE)
expressed as percentage above baseline. The apnea data (-100% below baseline) are not plotted.
* indicates significant difference from baseline; ‡ indicates significant difference from non-
PEEP and LTF.
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