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Abstract

The present study examined the cellular regulation of one of
the pharyngeal dilator muscles, the geniohyoid, by assessing
its motor unit (MU) behavior in anesthetized cats. During
spontaneous breathing, MUthat (a) were active during inspi-
ration only (I-MU) and (b) were active during both inspiration
and expiration (I/E-MU) were identified. I-MU had a later
inspiratory onset time and a shorter duration of inspiratory
firing than did I/E-MU (P < 0.002 and P < 0.0001, respec-
tively). I-MU were usually quiescent whereas I/E-MU were
usually active during the last 20%of inspiration. I/E-MU fired
more rapidly (P < 0.00001) and for relatively longer periods of
time (P < 0.00001) during inspiration than during expiration.
End-expiratory airway occlusion (preventing lung expansion
during inspiration) augmented the inspiratory activity of both
I-MU and I/E-MU. Conversely, end-expiratory airway occlu-
sion reduced the absolute and relative firing durations (P
< 0.002 and P < 0.00002, respectively) and the firing fre-
quency (P < 0.001) of I/E-MU activity during expiration.
These results indicate that (a) the complex pattern of pharyn-
geal dilator muscle activity is due to the integrated activity of a
heterogeneous group of MU, (b) changes in the degree to
which pharyngeal dilator muscles are active result from combi-
nations of MUrecruitment/decruitment and modulations of
the frequency and duration of MUfiring, and (c) gating of
lung-volume afferent information occurs during the respira-
tory cycle.

Introduction

Upper airway patency may be impaired under a variety of
circumstances, including after administration of anesthetics
and sedatives, as a result of a variety of neurological conditions
leading to alterations in the level of consciousness, and during
sleep ( 1-7). The resulting interference with ventilatory homeo-
stasis leads to hypoxia and hypercapnia, with their attendant
cardiovascular, neurologic, and other systemic consequences.
The important roles that pharyngeal dilators, such as the ge-
nioglossus, geniohyoid and sternothyroid muscles, play in re-
storing and maintaining upper airway stability are well estab-
lished. In both humans and in other mammals, activation of
pharyngeal dilator muscles increases the ability of the pharynx
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to remain patent in the face of subatmospheric intraluminal
pressures produced during inspiration (6-1 1). The electrical
and mechanical activity of the pharyngeal dilator muscles is
influenced by many of the same stimuli which affect breathing
(9, 12-20), allowing the upper airway musculature to act syn-
ergistically with the thoracic respiratory muscles in responding
to ventilatory perturbations.

A motor unit (MU)' consists of a single motoneuron and
the muscle fibers it supplies, and is the fundamental entity by
which activation of a striated muscle is controlled (21). During
graded contractions, the force output of limb skeletal muscles
is augmented both by increasing the frequency of MUfiring
and by the recruitment of additional MU. For the diaphragm
and phrenic nerve, subpopulations of MUexist, and the re-
sponses of these subpopulations to chemical and mechanical
stimuli are well characterized (22-25). Although MUrecord-
ings from the hypoglossal nerve have been reported previously
(12, 26, 27), this nerve innervates multiple upper airway mus-
cles with diverse mechanical actions: muscles that dilate the
pharynx (the genioglossus muscle, which protrudes the tongue,
and the geniohyoid muscle, which moves the hyoid arch ante-
riorly), muscles that narrow the pharynx (the styloglossus and
hypoglossal muscles, which both retract the tongue), and mus-
cles with as yet uncharacterized effects on upper airway pa-
tency (the intrinsic tongue muscles, which alter the shape of
the tongue). This functionally mixed motor innervation pre-
cludes application of data on hypoglossal nerve activity to-
wards a clear understanding of the cellular control of pharyn-
geal patency, and in addition, may contribute to discrepant
views regarding the influences of pulmonary stretch receptor
afferents on upper airway muscle activity during expiration
(12, 28-32). In the present study we therefore recorded electri-
cal activity from MUof a well-defined pharyngeal dilator, the
geniohyoid muscle (8, 9, 11, 19, 33-35), to (a) define MU
firing patterns accounting for the complex pattern of electrical
activity recorded from pharyngeal dilator muscles, (b) delin-
eate MUstrategies by which alterations in muscle activation
are produced, (c) ascertain whether distinct subpopulations of
MUcan be identified, and (d) test the effects of lung volume-
related afferents on MUactivity during inspiration and espe-
cially during expiration.

Methods

The present studies were performed in 12 adult cats. All protocols were
approved by the animal experimentation panel at Case Western Re-
serve University before the start of the studies, and all procedures
followed the animal care guidelines issued by the National Institutes of

1. Abbreviations used in this paper: EMG, electromyogram; I-MU,
motor unit that was active only during inspiration (of unoccluded
breaths); I/E-MU, motor unit that was active during both inspiration
and expiration (of unoccluded breaths); MU, motor unit(s); Te, expi-
ratory time; Ti, inspiratory time.
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Health and by the American Physiological Society. The animals were
anesthetized with intraperitoneal pentobarbital sodium (initial dose of
35-40 mg/kg) and placed supine on a heating blanket. The femoral
artery and vein were catheterized to monitor blood pressure and to
administer supplemental doses of anesthesia, respectively. Assessment
of the level of anesthesia included monitoring respiratory rate, heart
rate, pupillary diameter, and the corneal reflex, and verifying the ab-
sence of spontaneous nonrespiratory movements and of movement
responses to tactile stimuli. The trachea was cannulated via a midline
cervical incision and connected via a heated pneumotachograph
(Fleisch No. 00, OEMMedical, Richmond, VA) to a low dead space
(1.6 ml) non-rebreathing respiratory valve (model 2384, Hans Ru-
dolph, Kansas City, MO). The pressure drop across the pneumotacho-
graph was measured using a differential pressure transducer (±2 cm
H2O, Validyne Engineering Corp., Northridge, CA) to record respira-
tory airflow, and this value was electronically integrated (FV 156 Inte-
grator, Validyne Engineering Corp.) to obtain traces of tidal volume.

Electromyographic (EMG) recordings from the diaphragm and
geniohyoid muscles were obtained using bipolar electrodes fabricated
from 0.005-in diam Teflon-coated steel wire (A-M Systems, Inc.,
Everett, WA), with bare tips of I mmand tip separation of 4 mm(9,
16-19, 31). Electrodes were inserted into the costal diaphragm through
a small midline abdominal incision which was subsequently closed.
The geniohyoid muscle was exposed via a midline ventral cervical
incision by removing overlying tissue including part of the mylohyoid
muscle, allowing visual verification of electrode placement. EMGre-
cordings were amplified at band-pass filter settings of 30 Hz to 3 kHz
(P511 amplifier, Grass Instrument Co., Quincy, MA), rectified and
passed through Paynter filters with a 200-ms time constant (MA-82 IS
moving averager, Charles Ward Enterprises, Ardmore, PA) to obtain
moving average EMGs(9, 16-19, 31). Amplified and moving average
EMGswere recorded simultaneously with tidal airflow and/or tidal
volume on an oscillographic recorder (VR-12, Electronics for Medi-
cine, Pleasantville, NY).

Electrical activity was recorded from single MUof the geniohyoid
muscle using either the above conventional electrodes or bipolar tung-
sten electrodes. The latter electrodes were fabricated from two insu-
lated 0.005-in diam tungsten microelectrodes (A-M Systems, Inc.),
whose tips were glued together so that their tapered ends were < 0.5
mmapart (25, 36). Coiled fine wire connected each electrode to a set of
amplifier leads, and electrical recordings were amplified (P51 1, Grass
Instrument Co.), displayed on an oscilloscope (model 5513, Tektronix,
Inc., Beaverton, OR) to monitor size and shape of MUimpulses,
recorded on the oscillographic recorder, and fed to an audio monitor.
Single- and pauci-MU recordings were passed through a time-ampli-
tude window discriminator (DIS-1, Bak Electronics, Rockville, MD),
and the discriminated pulses were displayed on the oscilloscope and/or
recorded on the oscillographic recorder.

Diaphragm, geniohyoid muscle, and geniohyoid MUelectrical ac-
tivities were recorded while the animals spontaneously breathed 7%
CO2in 02 or 100% 02. In previous work we found that in anesthetized
cats the geniohyoid muscle was rarely electrically active during resting
oxygen breathing ( 19), and this was also the case in the present study.
Wetherefore obtained most of the electrical recordings from genio-
hyoid MUwhile the animals inspired the hypercapnic gas mixture to
ensure that MUwith a broad range of CO2 thresholds were assessed.
MUwere distinguished in the same animal by contralateral location,
different firing patterns of any type during simultaneous recording,
and inspiratory versus inspiratory/expiratory firing patterns during
nonsimultaneous recording while the animal inspired the same gas
mixture. The recordings of MUactivity were obtained both ipsilateral
and contralateral to recordings of EMGfrom the whole muscle. After
baseline MUfiring patterns were recorded, the effects of lung volume-
related afferents were assessed by occluding the inspiratory port of the
respiratory valve during expiration, thereby preventing lung expansion
during the subsequent inspiration (end-expiratory occlusion), or by
occluding the expiratory port of the respiratory valve during inspira-
tion thereby maintaining lung expansion during the subsequent expi-

ration (end-inspiratory occlusion). MUfiring patterns were related to
the inspiratory and expiratory phases of the respiratory cycle. The
onset and offset times of geniohyoid MUfiring were related to the
onset of each respiratory phase, and expressed both in seconds and as a
percentage of the duration of the corresponding respiratory phase. The
rate of MUfiring was quantified both as the number of impulses per
phase of the respiratory cycle, and as the mean rate of firing while
active during both inspiration and expiration. The mean rate of firing
while active was calculated from the number of impulses during each
phase of the respiratory cycle and the duration of time over which these
impulses occurred.

MUfiring patterns and firing frequencies were averaged for 5-10
cycles during unoccluded breaths immediately preceding each oc-
cluded breath; the data associated with each occluded breath were
averaged for each MU. Subsequently means±SE were determined for
the group of MU. Further statistical analyses included the paired t-test,
the unpaired t-test, and linear regression using least-squares analysis.
The criterion for statistical significance was P < 0.05.

Results

Characteristics of geniohyoid MU. Recordings were obtained
from 46 discriminated geniohyoid MUduring unobstructed
breathing in the 12 cats; several examples are shown in Fig. 1.
Two subpopulations were identified; 23 MUwere active dur-
ing inspiration only (I-MU) (e.g., Fig. 1, A and B), and the
other 23 were active during both inspiration and expiration
(I/E-MU) (e.g., Fig. 1, Cand D). I-MU typically were active for
only a portion of inspiration and usually became quiescent
well before the end of inspiration. In contrast, I/E-MU gener-
ally fired throughout most of inspiration and continued to
discharge during a substantial portion of expiration.

Frequency histograms of the relative onset and offset times
of the geniohyoid MUare depicted in Fig. 2. Most of the I-MU
started to fire between 5% and 20% of inspiratory time (Ti),
although four I-MU had a later onset. In contrast, over half of
the I/E-MU had an inspiratory onset of < 5% of inspiratory
time, and all were active by 20%of inspiratory time. The mean
relative inspiratory onset time was significantly earlier for the
I/E-MU than for the I-MU (5±1% Ti vs. 18±3% Ti; P
< 0.002). Once inspiratory activity had commenced, 21 of 23
I/E-MU were active for the remainder of inspiration, and in
most cases I/E-MU firing continued without interruption into
expiration. In contrast, 17 of 23 I-MU ceased firing well before
the end of inspiration (the mean offset time for all 23 I-MU
was 69±4% Ti) (Fig. 2). The result of the later onset and earlier
offset times was that the mean duration of I-MU firing (52±5%
Ti) was significantly shorter than the mean duration of I/E-
MUinspiratory firing (92±2% Ti); P < 0.0001).

The expiratory activity of most I/E-MU started at expira-
tory onset and usually was an uninterrupted continuation of
inspiratory activity (Figs. 1 and 2). For all but two I/E-MU,
expiratory activity ceased before the end of expiration. Expi-
ratory offset times were distributed broadly for I/E-MU (Fig.
2). The mean expiratory offset time for all I/E-MU was 73±3%
of expiratory time (Te), and the mean duration of expiratory
firing was 68±5% Te. The relative duration of expiratory firing
was significantly shorter than the relative duration of inspira-
tory firing for the I/E-MU (P < 0.00001).

Fig. 3 depicts histograms for all geniohyoid MUof the
number of impulses per breath and the mean MUfiring fre-
quency. The I-MU had a smaller number of spikes per inspira-
tion than did the I/E-MU ( 10±2 vs. 16±2; P< 0.02), as would
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Figure 1. Examples of geniohyoid MUfiring patterns during unobstructed breathing. (A and B) MUthat fired during inspiration only (I-MU);
(C and D) MUthat were active during both inspiration and expiration (I/E-MU). Rawand moving average EMGsare depicted from the whole
geniohyoid muscle (GH), geniohyoid MU(GH-MU), and the diaphragm (D). In B and C, acceptance pulses from the window discriminator are
also indicated as unipolar spikes which correspond to GH-MUactivity. Flow and tidal volume (VT) traces are depicted with upward deflections
of the traces indicating inspiratory airflow and lung expansion, respectively. Time calibration, 2 s.

be expected based on their shorter mean duration of inspira-
tory firing. The mean frequency of inspiratory firing was not
significantly different for the two groups of MU, however. For
the I/E-MU the number of impulses per inspiration was signif-
icantly greater than the number of impulses per expiration
(16±2 vs. 10±1; P < 0.0001), and furthermore, the mean fre-
quency of inspiratory firing was significantly greater than the
mean frequency of expiratory firing (23.5±1.6 vs. 15.7±1.3
impulses per second; P < 0.00001).

Effects of preventing lung expansion during inspiration.
Occluding the airway at end-expiration prolonged the duration
of the subsequent respiratory cycle, especially inspiratory time
(from 0.74±0.04 to 1.54±0.17 s) but also expiratory time
(from 0.93±0.04 to 1.07±0.06 s). Several examples of the ef-
fects of preventing lung expansion during inspiration on the
firing patterns of geniohyoid MUare shown in Fig. 4. The
absolute inspiratory onset times of the MUwere not altered
during end-expiratory occlusions. However, the absolute and
relative durations of inspiratory firing were significantly pro-
longed for both the I-MU and the I/E-MU (Figs. 4 and 5). All

MUwhose inspiratory activity continued until the end of in-
spiration during control breaths (n = 27) showed this same
pattern of activity during end-expiratory occlusions. All MU
whose inspiratory activity during control breaths terminated
before the end of inspiration (17 I-MU and 2 I/E-MU) in-
creased their relative time active during inspiration and de-
layed their relative inspiratory offset time (Fig. 6). Further-
more for these latter MUthere were linear correlations be-
tween control and end-expiratory occluded breaths for relative
time active (r = 0.763, P < 0.001) and relative offset time
(r = 0.484, P < 0.05).

Preventing lung expansion during inspiration also aug-
mented the frequency of geniohyoid MUfiring (Fig. 5), on
average increasing from 20.2±1.6 to 25.8±2.0 impulses per
second for the I-MU and from 23.3±1.7 to 27.4±2.2 impulses
per second for the I/E-MU. Increases in inspiratory firing fre-
quency in response to end-expiratory airway occlusion oc-
curred both during the time corresponding to the control por-
tion of inspiration and during the time corresponding to the
lengthened portion of inspiration (Fig. 7). As during control
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Figure 3. Frequency histograms for inspiratory and expiratory firing
rates of geniohyoid MUduring unobstructed breathing. Top panels
depict data for MUthat were active during inspiration only (I-MU).
Middle and bottom panels depict inspiratory and expiratory data, re-

spectively, for MUthat were active during both inspiration and expi-
ration (I/E-MU).

ately reflected in significant augmentations in the total num-

ber of impulses per inspiration (Fig. 5).
The effects of preventing lung expansion during inspiration

on geniohyoid MUfiring during the subsequent expiration are

shown in Figs. 4 and 8. All 23 I-MU remained silent during
expiration. Three of the I/E-MU became quiescent during the
expiratory phase of end-expiratory occluded breaths, andthe
expiratory activity of most other I/E-MU was attenuated (Fig.
8). For the group of I/E-MU prevention of lung expansion
during inspiration reduced the absolute firing period (P
< 0.002), the relative firing period (P < 0.00002), the number
of impulses per breath (P < 0.0001) and the mean frequency of
firing (P < 0.001) during the subsequent expiration.

Effects of maintaining lung expansion during expiration.
Recordings were obtained from 19 I-MU and 17 I/E-MU dur-
ing end-inspiratory airway occlusions. On average expiratory
time increased from 0.90±0.05 to 2.73±0.35 s. All I-MU re-

mained silent during expiration when lung expansion was

maintained (Fig. 9). The expiratory activity of I/E-MU was

substantially stimulated by maintaining lung expansion during
expiration (Figs. 9 and 10). Both the absolute and relative
durations of MUfiring were prolonged for all 17 I/E-MU, and
for the group of MUthese prolongations were statistically sig-
nificant (P < 0.00002 and P < 0.001, respectively). The in-
crease in the relative duration of activity resulted mainly from
a delay in the relative offset time (from 72±4 to 95±3% Te; P
< 0.0001), as the expiratory onset times were altered only
minimally. Maintaining lung expansion during expiration also
significantly increased the number of impulses per expiration
(P < 0.0001) and the mean frequency of expiratory firing (P
< 0.002) of the geniohyoid I/E-MU (Fig. 10).

Maintenance of end-inspiratory lung expansion during the
subsequent inspiration was performed while activity was re-

corded from nine I-MU and five I/E-MU (Fig. 9). Most of the
MUwere less active during inspiration at the elevated lung

580 E. van Lunteren and T. E. Dick

15

10-

5 g

100

.. . . M

lOr_
0 L-W



A

GH

1I1 1111 111 1 111 1111ii

B
GH-MU >

GH

GH-MU P-1* PF111WP n P

D _

2
9

4

Figure 4. Examples of the effects of end-expiratory airway occlusion
on firing patterns of geniohyoid MU(GH-MU). (A) MUthat was ac-
tive during inspiration only (I-MU); (B) MUthat was active during
both inspiration and expiration (I/E-MU) of unobstructed breaths.
Abbreviations and conventions are the same as in Fig. 1. The arrows
depict the inspiratory phases of the respiratory cycles during which
lung expansion was prevented.

volume, and six of the MUbecame silent (all of the latter were
I-MU). For the group of 14 MU, the mean number of impulses
per inspiration decreased from 14±2 to 9±3 (P < 0.01) and the
mean frequency of inspiratory firing slowed from 21.8±2.0 to
10.6±3.0 impulses per second (P < 0.0005).

Discussion

The present study examined the MUand hence the cellular
basis for the neuromuscular control of pharyngeal patency.
The findings indicate that the complex pattern of pharyngeal
muscle activation results from the integrated activity of a het-
erogeneous population of MUwith highly variable onset and
offset times and firing frequencies, as opposed to a homoge-
neous population of MUwith a single but complex pattern of
activation. Changes in the activity of pharyngeal dilator mus-
cles are the consequence of heterogeneous mechanisms, in-
cluding MUrecruitment and derecruitment, as well as alter-
ations of the fiequency and duration of firing of MUalready
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Figure 5. Mean effects (±SE) of end-expiratory airway occlusion
(End Exp. Occ.) on inspiratory activity of geniohyoid MU. Top
panels indicate the absolute and relative durations of MUfiring dur-
ing inspiration, and bottom panels indicate MUfiring frequencies
expressed as number of spikes during inspiration and impulses per
second (ImpIS) while active. Each panel depicts data for 23 MUthat
fired only during inspiration of unoccluded breaths (I-MU) and 23
MUthat fired during both inspiration and expiration of unoccluded
breaths (IIE-MU). Significance of changes from control values is in-
dicated by asterisks.

active. The results also confirm the inhibitory influence of
volume-related afferents on upper airway dilating muscle ac-
tivity during inspiration, and indicate a stimulatory influence
on upper airway dilating muscle activity during expiration.

The geniohyoid muscle originates from the anterior aspect
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Figure 6. Effecs of end-expiratory airway occlusion on the inspira-
tory activity of 19 geniohyoid MU(17 I-MU and 2 I/E-MU) which
during unoccluded breaths had inspiratory offset times of < 100% Ti.
Main panels indicate values for each of 19 MU(dashed line repre-
sents the line of identity), and insets indicate mean values (±SE) for
all 19 MU(asterisks indicate significance of changes from control).
C, control; Occ, end-expiratory occlusion.

Motor Unit Regulation of Pharyngeal Dilator Muscle Activation 561



A
601I-MU (P<0.00005) -

0~ ~~~00 ,,

1,'

O *,
0/?

20 40 60
B

I-MU (P<0.0002)

* -,

_~
0^ A

40

20

I/E-MU (P<0.00005) ,
* ,

*00,

Fw'
0/'

v

20 40 60

lI/E (P<0.0i1)
) * ,/~~~

;"#. *~~

GH-MUI

Flow

1 2s

B
/, ,

Fbw - --

VT ~

20 40 5o 20 40 fU L. %
Nnn-l .... t4S rof GH-MU m
iiunl-v;tiluueu creains

Figure 7. Effects of end-expiratory airway occlusion on MUinspira-
tory firing frequency during the time corresponding to the control
portion of inspiration (top panels) and during the time corresponding
to the lengthened portion of inspiration (bottom panels). Data for
each MUduring nonoccluded breaths (x-axis) are compared to data
during specific portions of occluded breaths (y-axis); lines of identity
are indicated. (Left panels) Data from I-MU; (right panels) data from
I/E-MU. P values in each panel indicate levels of significance for fir-
ing frequencies which were significantly higher during occluded com-

pared to nonoccluded breaths.

of the mandible and inserts onto the freely movable hyoid arch
(9, 34, 35). Contraction of the geniohyoid dilates the pharyn-
geal airway and stabilizes the pharynx against collapsing forces
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Figure 9. Examples of the effects of end-inspiratory airway occlusion
on firing patterns of geniohyoid MU(GH-MU). (A) Two MU, one of
which was active during inspiration only (I-MU) and the other of
which was active during both inspiration and expiration (I/E-MU).
(B) MUthat was active during inspiration (I-MU) of unobstructed
breaths, and whose activity was substantially attenuated at an ele-
vated lung volume. Abbreviations and conventions are identical to
those of Fig. 1. The arrows depict the expiratory phase of the first re-
spiratory cycle during which lung expansion was maintained.
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Figure 8. Mean effects (±SE) of end-expiratory airway occlusion on

the expiratory activity of the 23 geniohyoid MUwhich during unoc-

cluded breaths were active during both inspiration and expiration
(I/E-MU). (Left two panels) Absolute and relative durations of MU
firing during expiration; (right two panels) MUfiring frequencies ex-

pressed as number of spikes during expiration and impulses per sec-

ond (ImpIS) while active. Significance of changes from control is in-
dicated by asterisks.

Figure 10. Mean effects (±SE) of end-inspiratory airway occlusion
(End Insp. Occ.) on the expiratory activity of 17 geniohyoid MU
which during unoccluded breaths had been active during both inspi-
ration and expiration (lIE-MU). (Left two panels) Absolute and rela-

tive durations of MUfiring during expiration; (right two panels) MU
firing frequencies expressed as number of spikes during expiration
and impulses per second (ImpIS) while active. Significance of

changes from control values are indicated by asterisks.
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resulting from subatmospheric pressures in the upper airways
(8, 9, 11, 19, 33). Located inferiorly to the genioglossus muscle,
the geniohyoid muscle is a major contributor to the "submen-
tal" EMGrecorded using surface electrodes in human subjects
(37-39). The electrical activity of the geniohyoid muscle is
phasically modulated during the respiratory cycle, and is in-
fluenced by many of the same chemical and mechanical stim-
uli which affect activity of the thoracic respiratory muscles (8,
9, 19). Furthermore, mechanical evidence suggests that the
geniohyoid muscle may have a greater functional impact on
respiratory movement of the hyoid arch than do certain infra-
hyoid muscles such as the sternohyoid muscle (19, 33).

Several differences were noted in the present study between
geniohyoid I-MU and I/E-MU in the pattern of discharge dur-
ing inspiration. The tendency for activity of I/E-MU to start
firing earlier than the I-MU is reminiscent of feline phrenic
nerve and diaphragm MUsubpopulations, in which only the
early onset MUcontinue to fire during the early part of expira-
tion (24). However, in contrast to the diaphragm MUsubpop-
ulations, the geniohyoid I-MU and I/E-MU did not have
clearly separable onset times. The generally earlier inspiratory
offset times of I-MU compared to I/E-MU suggests that the
former MUaccount for much of the mid- to late-inspiratory
decline in the intensity of inspiratory activity typically noted in
EMGsof upper airway dilating muscles, and the correspond-
ing increase in upper airway resistance during late inspiration
from its early- to mid-inspiratory nadir (12-20, 28, 40-42).

Neurophysiologically expiration has been divided into
early and late phases (24, 36, 43-46). The firing of geniohyoid
I/E-MU during expiration did not appear to be strongly modu-
lated by the two phases of expiration. Upper airway resistance
increases during the course of expiration, reaching a peak
value near end-expiration (28, 40-42). The smaller degree of
pharyngeal dilator muscle activity during expiration compared
to inspiration (6-9, 13-19, 29) appears to result from many
MUbeing silent (the I-MU) as well as reduced firing rates of
MUwhich remain active (the I/E-MU). The wide distribution
of expiratory offset times of geniohyoid I/E-MU suggests that
an orderly quiescence of upper airway dilator MUaccounts for
the gradually incrementing airway resistance during the course
of expiration. In two previous studies we noted that at times
the geniohyoid muscle and the alae nasi muscle (a nasal dila-
tor) underwent a period of shortening at or near mid-expira-
tion (19, 35). MUwere identified in the present study which
can account for this behavior.

Preventing lung expansion during inspiration stimulates
the peak and duration of upper airway dilating muscle EMG
during inspiration, and in addition changes the early peaking
pattern of electrical activity to one that is late-peaking (12, 17,
29, 30, 32). Consistent with the results of Sica et al. (12), we
found that MUfiring frequency increased, and, although not
quantified in the present study, MUnot active during unob-
structed breathing were recruited in the absence of lung ex-
pansion. The effects of lung volume related afferents on upper
airway muscle and cranial nerve activity during expiration are
more controversial, with some studies indicating an augmen-
tation and others a reduction in activity in the absence of lung
inflation (12, 28, 31, 32). It was unclear from previous work
whether regional differences might exist among airway dilating
muscles in their expiratory responses to pulmonary stretch
receptor afferents, or whether recordings from the hypoglossal
nerve might be non-specific regarding pharyngeal dilator

versus constrictor muscle activity. In the present study, in
which MUactivity was recorded from a well defined pharyn-
geal dilator (8, 9, 11, 15, 33-35), lung volume-related afferents
stimulated expiratory activity. Barillot and Dussardier (47)
described laryngeal MUwhich were tonically active but fired
more rapidly during inspiration than during expiration. Lung
volume afferents inhibited these MUduring inspiration but
excited them during expiration. This gating of afferent input
during the respiratory cycle is consistent with the responses of
the geniohyoid I/E-MU in the present study.

The influences of lung volume-related afferents on phrenic
and diaphragm MUactivity are inhibitory during both inspira-
tion and expiration (28, 48). During inspiration, upper airway
dilating muscles act synergistically with the diaphragm to
maximize the rate and extent of lung expansion. During expi-
ration, postinspiratory (early expiratory) activity of the dia-
phragm reduces the rate of expiratory airflow; in contrast, ex-
piratory contraction of upper airway dilating muscles aug-
ments expiratory airflow by reducing upper airway resistance.
Therefore, although lung volume-related afferents have oppo-
site neurophysiological effects on the expiratory firing of the
diaphragm and geniohyoid muscles, the reduction of dia-
phragm early expiratory activity and the augmentation of ge-
niohyoid expiratory activity result in uniform mechanical
consequences.

The present study was performed in acutely anesthetized as
opposed to chronically instrumented nonanesthetized animals
for several reasons: (a) Studies in anesthetized animals allow
recordings to be made from a large number of MU, reducing
the chance for random sampling error. (b) The quality of MU
recordings is better in the anesthetized than in the chronically
instrumented animal preparation. Lesser quality MUrecord-
ings have an inherent bias towards picking up well-discrimi-
nated activity from larger MU. MUof the phrenic and recur-
rent laryngeal nerves and of nerves supplying non-respiratory
muscles are recruited sequentially on the basis of size (25, 47,
49, 50) and this is likely to be true for the hypoglossal nerve
and geniohyoid muscle as well. Thus a bias towards recording
from large MUwould substantially affect the analysis of MU
behavior. (c) Activity of the upper airway muscles is strongly
influenced by relatively minor alterations in position of the
head and neck (51), a problem which is avoided in an anesthe-
tized animal model.

Respiratory-related activity of upper airway muscles and
cranial nerves is influenced to a greater extent by anesthetics
and sedatives than is the activity of the diaphragm and phrenic
nerve (52-54). Similarly, slow wave and especially rapid eye
movement sleep result in diminutions of upper airway muscle
activity which may exceed reductions in diaphragm activity
(55-57). It is likely that the sleep state and pharmacologic
agents have different effects on MUactivity. In the present
study data were recorded under hypercapnic conditions to as-
sess the behavior of MUwith a wide variety of thresholds, and
hence partially compensate for the depressive effects of anes-
thesia on MUactivation. Nonetheless, the data of the present
study may be more applicable to the patient with upper airway
obstruction resulting from anesthetics and sedatives than to
the patient with obstructive sleep apnea. Of interest, however,
are reports indicating that agents such as alcohol and benzodi-
azepines which diminish upper airway muscle activity more
than diaphragm activity (52, 58) may precipitate or worsen
obstructive apneas during sleep (59-61).
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