INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be
from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper aligiunent can adversely afifect reproduction.
In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.
Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to
order.

UMI
A Bell & Howell Information Company
300 Noith Zed) Road, Ann Aibor MI 48106-1346 USA
313/761-4700 800/521-0600

RESPIRATORY-RELATED CONTROL AND FUNCTIONAL SIGNHTCANCE
OF TONGUE PROTRUDOR AND RETRACTOR MUSCLES

by
David Dwight Fuller

A Dissertation Submitted to the Faculty of the
GRADUATE INTERDISCIPLINARY PROGRAM IN PHYSIOLOGICAL SCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY

In the Graduate College
THE UNIVERSITY OF ARIZONA

1998

UMI Number: 9912105

UMI Microform 9912105
Copyright 1999, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

2
THE UNIVERSITY OF ARIZONA ®
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have
read the dissertation prepared by David Dwif^ht Fuller
entitled

Respiratory—related control and functional sipmificance of
ton£;ue protrudor and retractor muscles.

and recommend that it be accepted as fulfilling the dissertation
requirement for the Degree of

Doctor of Philosophy

Date' "

Q.uL

('I

Erik .J.yHenriksen, Ph.D.

6/c^[

Dat®

f.

Gaijl F. Koshland, Ph.D.

Date

Tj <r\j •
Kobe^yw.' L^sina^ "^Ph .J^y

^

Douglas {6. Stuart, PnTD"!

^

Date

/

///

Date

.

,

^^

Final approval and acceptance of this dissertation is contingent upon
the candidate's submission of the final copy of the dissertation to the
Graduate College.
I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted as fulfilling the dissertation
requirement.

Si
ion

Freposi,

/^/
Dac'e

3

STATEMENT BY AUTHOR
This thesis has been submitted in partial fulfillment of requirements for an
advanced degree at The University of Arizona and is deposited in the University Library
to be made available to borrowers under rules of the library.
Brief quotations from this thesis are allowable without special permission,
provided that accurate acknowledgment of source is made. Requests for permission for
extended quotation from or reproduction of this manuscript in whole or in part may be
granted by the head of the major department or the Dean of the Graduate College when in
his or her judgment the proposed use of the material is in the interests of scholarship. In
all other instances, however, permission must be obtained from the author.

SIGNED;

4

ACKNOWLEDGMENTS
This dissertation is a summary of work conducted in the respiratory physiology
laboratory of Dr. Ralph F. Fregosi, in the Department of Physiology at The University of
Arizona. I would like to acknowledge the help and support provided by the following
individuals:
Dr. Ralph Fregosi provided me with a challenging and supportive environment. I thank
Dr. Fregosi for his patience, support, and friendship.
The members of my dissertation committee: Dr. Roger Enoka, Dr. Erik Henriksen, Dr.
Gail Koshland, Dr. Robert Lansing, and Dr. Douglas Stuart. I would like to express my
gratitude to these individuals for taking the time to discuss this project with me, for
offering many helpful suggestions, and for critically evaluating both my original proposal
and this dissertation.
Elik Essif, M.S. taught me about data acquisition and analyses, and also made the lab. a
fun place to be.
Jenna Sullivan, M.S. assisted with the development of the experimental model and made
significant contributions to the initial experiments.
Dr. Jason Mateika assisted with the experiments described in Ch. 2, and also taught me a
great deal about experimental and surgical techniques.
Dr. Fat Janssen assisted with the experiments described in Ch. 4, and provided helpful
comments and suggestions.
Dr. Jim Williams assisted with the experiments described in Ch. 4, and contributed
helpful comments on earlier drafts of this manuscript.
Jenny Reeder assisted with experiments described in Ch. 5, and has been a good friend.
I thank Doug Keen, M.S. for his friendship and for consistently reminding me to enjoy
life to its fullest.
Paige Holm, R.D. helped me through both her friendship and support.
The assistance of Holly Lopez has been invaluable as I have struggled to meet the
seemingly endless series of deadlines without panicking.
My brother, Paul Fuller provided support, encouragement, and friendship throughout my
dissertation studies.
Finally, I wish to thank my parents, Steve and Karen Fuller. I have been, and continue to
be, inspired by both their work ethic and positive attitude.

TABLE OF CONTENTS
Page

LIST OF FIGURES
LIST OF TABLES
ABSTRACT
CHAPTER 1*
THE UPPER AIRWAY AND EXTRINSIC TONGUE MUSCLES:
ANATOMY, CLINICAL SIGNIFICANCE, AND RESPIRATORYRELATED CONTROL
Introduction
Upper airway anatomy
Nose
Pharynx
Nasopharynx
Oropharynx
Hypopharynx
Larynx
The upper airway and obstructive sleep apnea
Obstructive sleep apnea/hypopnea
Consequences of obstructive sleep apnea
Pathogenesis of obstructive sleep apnea/hypopnea
Relevance of the current work to obstructive sleep apnea
Respiratory-related control of the extrinsic tongue musculature
Eupneic breathing
Chemoreceptor stimulation
Phasic lung volume feedback
Upper airway receptors
Specific aims and hypotheses
Publication status of data.
CHAPTER 2*
CO-ACTIVATION OF TONGUE PROTRUDOR AND RETRACTOR
MUSCLES DURING CHEMORECEPTOR STIMULATION
Abstract
Introduction
Methods
General

6

TABLE OF CONTENTS - Continued
Page

Delivery of inspired gases and monitoring of expired and blood
gases
Electromyogram (EMG) and electroneurogram (ENG)
recordings
Tongue force measurements
Nerve stimulation
Experimental protocol
Data analysis
General
Estimation of SG, HG, and GG muscle force
Statistics
Results
Series 1: tracheal occlusion
Series 2: hypercapnia and hypoxia
Series 3: tongue muscle contractile properties
Discussion
Critique of methods
Response to tracheal occlusion
Hypoxia and hypercapnia
Relationship between GG EMG activity and tongue force
Xnth nerve stimulation
Physiological significance
CHAPTERS:
PHASIC LUNG VOLUME FEEDBACK INHIBITS RESPIRATORY
DRIVE TO TONGUE PROTRUDOR AND RETRACTOR MUSCLES
Abstract
Introduction
Methods
EMG recordings
Tongue movements
Protocol
Data analysis
Results
Discussion
Critique of methods
Phasic volume feedback inhibits inspiratory drive to tongue
protrudor and retractor muscles
Tongue movements
Physiological significance
CHAPTER 4:
EFFECT OF CO-ACTTVATION OF TONGUE PROTRUDOR AND
RETRACTOR MUSCLES ON PHARYNGEAL FLOW MECHANICS

61
61
62
68
68
71
71
71
72
73
73
75
75
89
89
90
90
91
92
92

95
96
97
98
99
100
100
101
101
114
114
114
117
118

119

7

TABLE OF CONTENTS - Continued
Page

Abstract
Introduction
Methods
Xnth nerve stimulation
Measurement of tongue force
Isolated upper airway
Identification of the flow limiting segment (FLS) of the pharyngeal
airway and measurement of pharyngeal flow mechanics
Experimental protocol
Analyses
Results
Discussion
Critique of methods
Mechanical influence of selective Xllth nerve stimulation
Co-activation of tongue protrudor and retractor muscles and pharyngeal
airflow mechanics
Protrudor muscle stimulation and flow mechanics
Nasal vs. oral airflow
Conclusion

120
122
123
123
124
125
128
131
131
132
148
148
149
150
152
153
154

CHAPTERS:
EFFECT OF SYSTEMIC HYPOXIA ON FATIGABILITY OF
TONGUE PROTRUDOR AND RETRACTOR MUSCLES

155

Abstract
Introduction
Methods
EMG recordings
Hypoglossal nerve stimulation
Measurement of tongue force
Protocol
Burke fatigue test
Fatigue site issue
Generality issue
Data analysis
Results
Discussion
Surrmiary
Critique of methods
Fatigue in hyperoxia and normoxia/mild hyperoxia
Influence of hypoxia on skeletal muscle fati^e
Mechanisms of fatigue: influence of hypoxia
Physiological significance

156
157
158
159
160
160
161
162
162
164
164
170
182
182
182
183
185
187
190

CHAPTER 6:
SUMMARY AND CONCLUSIONS

191

8

TABLE OF CONTENTS - Continued
Page
APPENDIX
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE
PROPOSAL APPROVAL

198

REFERENCES

200

9

LIST OF FIGURES
Figure

Page

I.

Mid-sagittal view of the human upper airway

18

2A.

Sagittal view of the human tongue and extrinsic tongue musculature

28

2B.

Mid-sagittal view of the posterior human pharynx

28

3.

Superior view of the human larynx

32

4.

Schematic diagram of model used to study the behavior and mechanical
actions of the extrinsic tongue muscles in the rat

64

Representative twitch forces with Xllth nerves intact and following Xllth
nerve branch section {Le., retractive muscle denervation)

66

Relationship of tongue position and twitch force for the retractor and
protrudor muscles

66

Sample record showing the typical response of tongue force, medial and
lateral Xllth ENG, and diaphragm EMG activities to end-expiratory tracheal
occlusion

78

Sample record showing the alternate response of tongue force to
end-expiratory tracheal occlusion

80

Tongue force tracing showing the effects of medial Xllth nerve branch
stimulation

80

Average tongue force and medial and lateral Xllth nerve branch activity over
30 occluded breaths with XHth nerves intact

81

Sample record showing the effects of end-expiratory tracheal occlusion on
tongue force and GG EMG

83

Relationship between respiratory-related GG EMG activity and extrinsic
tongue muscle force over 30 occluded breaths

85

Sample record showing the effects of hypercapnia on tongue force, GG, HG,
and DIA EMG, and PETCO2

86

Mean GG, HG, and DIA EMG activities and tongue force during progressive
hyperoxic hypercapnia

87

Mean GG, HG, and DIA EMG activities and tongue force during progressive
poikilocapnic hypoxia

88

5A.
5B.
6.

7A.
7B.
8.
9.
10.
II.
12.
13.

10

LIST OF FIGURES - Continued
Figure
14.

15.

Page
Representative tracings of inspiratory moving time average EMG activities
of the GG and HG muscles, and tongue force for breaths with and without
lung inflation

105

Representative tracings of moving time average HG and GG muscle
inspiratory EMG activity and tongue force from 1 vagotomized rat

106

16.

Peak activity of moving time average GG, HG, and DIA EMG activities and
tongue force with and without lung inflation at 0,4, 7, and 10% inspired
CO2 in all rats
107

17.

Peak activity of moving time average GG, HG, and DIA EMG activities and
tongue force with and without lung inflation 0, 21, 15, and 10% inspired
O2 in all rats
108

18.

Percent suppression by phasic volume feedback of peak moving time
average EMG activities of the GG and HG muscles, and tongue force during
progressive hypercapnia and hypoxia

109

Schematic diagram of the experimental model used to study isolated upper
airway flow mechanics

127

Sample record demonstrating the technique used to determine placement
of the nasopharyngeal catheter, and to establish Pcrit

130

Representative record of Pn, PhP> and VI during whole, medial, and lateral
Xnth nerve stimulation

136

Representative record of Pn. PHP. VI, and tongue force during whole and
medial Xllth nerve branch stimulation

138

Representative record of changes in Pcrit and VImax during whole Xn
nerve stimulation

140

24.

Influence of Xllth nerve stimulation frequency on VImax and Pcrit

142

25.

The relationship between Pcrit and VImax with and without stimulation of
the whole and medial Xllth nerve branches

143

19.
20.
21.
22.
23.

26.

Representative record demonstrating the influence of sealing the mouth on
pharyngeal airflow mechanics during medial Xllth nerve branch stimulation.... 145

27.

Representative record demonstrating the influence of sealing the mouth on
pharyngeal airflow mechanics during whole XHth nerve stimulation

147

11

LIST OF FIGURES - Continued
Figure

Page

28.

Representative tracings of GG and HG EMG activity and tongue force during
a single Xllth nerve stimulation train
167

29.

Representative tracings of GG EMG and tongue protrusion force during
medial XII± nerve branch stimulation fatigue tests

173

Sample recordings of HG EMG and tongue retraction force during lateral
Xnth nerve branch stimulation fatigue tests

175

30.
31.

Mean tongue force during the 5 minute fatigue test with medial and lateral

xnth nerve branch stimulation

177

32.

Mean tongue force during the intermittent hypoxia fatigue test

179

33.

Model of the respiratory-related control and function of the tongue protrudor
and retractor muscles
197

12

LIST OF TABLES
Table
1.

Page
The mechanical action(s) and innervation of the upper airway
musculature

20

2.

A simplified chart listing pulmonary afferent pathways

51

3.

Time to peak of moving time averaged GG and HG EMG activity and
tongue force during hypoxia

110

Time to peak of moving time averaged GG and HG EMG activity and
tongue force during hypercapnia

111

Estimated mean rate of rise of moving time averaged GG and HG EMG
activity and tongue force during hypoxia

112

Estimated mean rate of rise of moving time averaged GG and HG EMG
activity and tongue force during hypercapnia

113

The mean peak response of tongue force, VImax, and Pcrit during whole,
medial, and lateral Xllth nerve stimulation both with and without the tongue
attached to the force transducer

141

Blood gases before and after mild hyperoxic and hypoxic fatigue test of
tongue protrudor muscles

168

Blood gases before and after mild hyperoxic and hypoxic fatigue test of
tongue retractor muscles

168

Arterial blood gases immediately before (Pre-), at 2.5 minutes, and
inunediately after (Post-) the intermittent hypoxia fatigue trials on
tongue protrudor muscles

169

Arterial blood gases immediately before (Pre-), at 2.5 minutes, and
immediately after (Post-) the intermittent hypoxia fatigue trials on
tongue retractor muscles

169

EMG parameters during Burke fatigue protocol performed on
tongue protrudor muscles

180

EMG parameters during Burke fatigue protocol performed on tongue
retractor muscles

180

EMG parameters during Burke fatigue protocol with intermittent hypoxia
performed on tongue protrudor muscles

181

EMG parameters during Burke fatigue protocol with intermittent hypoxia
performed on tongue retractor muscles

181

4.
5.
6.
7.

8A.
8B.
9A.

9B.

lOA.
lOB.
11A.
1 IB.

13

ABSTRACT

The mammalian upper airway includes the larynx, pharynx, and nose.
Respiratory-related contraction of the skeletal muscles situated in and around these
regions influences upper airway diameter and compliance. The pharynx is the most
collapsible upper airway segment, and its diameter and compliance depend in part on
tongue position and stiffness. These parameters are controlled by the genioglossus (GG)
muscle, which protrudes the tongue, and the hyoglossus (HG) and styloglossus (SO)
muscles, which retract the tongue. Prior work has focused almost exclusively on the GG,
leaving a gap in the literature regarding the respiratory control and function of the tongue
retractors. Accordingly, our overall purpose was to test the hypothesis that the tongue
protrudor and retractor muscles are co-activated during inspiration and that co-activation
promotes airway patency. Experiments were conducted using supine, anesthetized,
tracheotomized rats. Tongue movements were quantified as either protrusive or retractive
by connecting the tip of the tongue to a force transducer. The protrudor and retractor
muscles were co-activated during quiet breathing and their activities increased in parallel
when breathing was stimulated with high CO2 or low O2. Co-activation of protrudor and
retractor muscles was always accompanied by tongue retraction. Neural drive to both GG
and HG muscles was increased in parallel when lung volume feedback was removed by
single breath tracheal occlusion. The functional significance of tongue muscle coactivation was examined using an isolated upper airway preparation. Co-activation
increased airflow rates and stiffened the airway, whereas selective protrudor muscle
activation increased airflow but did not alter airway stiffness. A standard fatigue protocol
was used to examine the influence of hypoxia on the endurance performance of tongue
protrudor and retractor muscles; the results indicate that hypoxia attenuates tongue
muscle endurance, possibly via impaired neuromuscular transmission. It is concluded
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that, in the rat, 1) the tongue protrudor and retractor muscles are co-activated during
inspiration, and respond in parallel to increases in respiratory drive; 2) tongue muscle coactivation results in tongue retraction and stiffening of the pharyngeal airway, and 3) the
endurance of the tongue muscles is impaired during hypoxia.
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CHAPTER 1

The upper airway and extrinsic tongue muscles:
anatomy, clinical significance, and respiratory-related control

16

INTRODUCTION

The mammalian upper airway consists of the airflow passages extending from the
extrathoracic trachea to the external nares (Proctor, 1984). The upper airway is usually
considered in segments, including the nasal cavity, the pharynx, and the larynx (Fig. I;
Bartlett, 1986). The upper airways participate in a wide range of both respiratory and
non-respiratory functions. For example, the pharyngeal lumen is a common pathway for
respiratory, digestive and phonatory functions. As might be expected from the functional
diversity of this region, the upper airway is anatomically complex. Indeed, more than 20
pairs of skeletal muscles can alter upper airway geometry and compliance.

Clinically, the respiratory-related function of the human upper airway has
received a great amount of attention due to the syndrome of obstructive sleep apnea
(OSA). This syndrome is characterized by frequent pharyngeal airway obstruction or
occlusion during sleep, and is associated with, among other things, hypertension and
elevated mortality rates. While it is unclear if OSA results from anatomical or
neuromuscular factors, one well accepted hypothesis attributes the airway obstruction to
inadequate neural drive to muscles which dilate the oropharyx. Therefore, the respiratory
related behavior of the pharyngeal dilator muscles has been well characterized. In
particular the genioglossus muscle (GG), which protrudes the tongue, has received much
attention. However, the anatomy of the muscles which control tongue position strongly
indicates that the position of the tongue in the oropharyngeal airway is determined by the
mechanical interaction of the GG with the muscles that retract the tongue (hyoglossus,
HG; styloglossus, SG). Despite the importance of the tongue retractors in determining
tongue position, the respiratory-related behavior of these muscles has not been
systematically investigated. Moreover, the mechanical effects of respiratory related
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tongue muscle activity {e.g., changes in pharyngeal compliance during breathing) are not
clear. The experiments described in Chapters 2-5 of this manuscript have been designed
to address these gaps in our knowledge.

This thesis is composed of a series of experiments pertaining to the respiratoryrelated control and function of the tongue protrudor and retractor muscles. Therefore,
this introductory chapter provides an overview of the anatomy of the upper airway with
particular focus on the tongue protrudor and retractor muscles, the clinical significance of
the upper airway, and the respiratory-related neuromuscular control of the tongue
protrudor and retractor muscles. An overview of the upper airway musculature,
describing the innervation, mechanical action(s), and respiratory-related behavior of each
muscle, is presented in Table 1. The anatomical description that follows focuses on those
muscles which have the greatest impact on upper airway dimension.

FIGURE 1. A mid-sagittal view of the human upper airway. The nasopharynx
extends from the posterior border of the nasal septum (not shown) to the posterior tip of
the soft palate. The oropharynx consists of the airway between the posterior soft palate
and the hyoid bone. The hypo-pharynx extends from the hyoid bone to larynx. NC, nasal
constrictor muscles; DN, dilator naris muscle; HP, hard palate; GG, genioglossus
muscle; GH, geniohyoid muscle; H, hyoid bone; SH, sternohyoid muscle; SP, soft
palate; EG, epiglottis. (Figure from Dempsey et aL, 1996, their Figure 11.1a)
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TABLE 1. The mechanical action(s) and innervation of some of the upper airway
muscles. The progression of this table is rostral to caudal, starting at the nasal muscles
and extending to the laryngeal muscles. Many skeletal muscles, including those outside
of the upper airway, can alter the position and/or dimensions of the airway (e.g., the
thoracic muscles. Van deGraaf, 1988). However, the muscles presented in this table are
those which directly alter the dimensions of the upper airway. V, trigeminal nerve; Vn,
facial nerve; X, vagus nerve; Xn, hypoglossal nerve; RLN, recurrent laryngeal nerve;
SLN, superior laryngeal nerve; f. indicates muscles considered to be pharyngezd
constrictors; *, indicates muscles considered to be pharyngeal dilators
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TABLE 1. Legend on preceding page.

MUSCXE
Alae nasi *

INNERVATION

vn

ACTION
Dilate external nares

Tensor veli palatini

DCX

Stiffen soft palate

Levator veli palatini

X

Elevate soft palate

Palatopharyngeus

X

Palatoglossus

X

Salpingopharyngeus

X

Superior pharyngeal constrictort

X

Pxiil wall of pharynx
anteriorly & medially
Elevate tongue, depress
soft palate
Elevate lateral
pharyngeal wall
Narrow pharynx,
sphincteric action
Retract & elevate tongue

Styloglossus t

lateral XII

Masseter

V

Elevate mandible

Middle pharyngeal constrictor t

X

Narrow pharynx,
sphincteric action
Protrude &. depress
tongue
Retract & depress tongue

Genioglossus *

medial XII

Hyoglossus t

lateral Xn

Geniohyoid *

xn

Pull hyoid anteriorly

Intrinsic tongue muscles

xn

Alter size/shape of the
tongue
Narrow pharynx,
sphincteric action

Inferior pharyngeal constrictor t

X
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TABLE 1, continued

MUSCXE
Mylohyoid *

INNERVATION
V

ACTION
Elevate hyoid, depress
mandible
Elevate larynx

Stylohoid

vn

Omohyoid

Cervical spinal
nerves

Thyrohyoid

xn

Sternohyoid

Cervical spinal
nerves
Cervical spinal
nerves
RLN

Laryngeal adduction

Interarytenoid

RLN

Laryngeal adduction

Lateral cricoarytenoid

RLN

Laryngeal adduction

Posterior cricoarytenoid

RLN

Laryngeal abduction

Thyroarytenoid

RLN

Laryngeal adduction

Cricothyroid

SLN

Tense vocal cords

Sternothyroid
Aryepiglottic

Depress hyoid, larynx
Elevate thyroid, depress
hyoid
Depress hyoid, larynx
Depress hyoid, larynx
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I. Upper airway anatomy

Nose. The nasal cavity extends from the nasal vestibule to the posterior border of the
nasal septum, which divides the nasal cavity into right and left halves. The nasal cavity is
a rigid structure, with its lateral and superior walls formed by the maxillary, nasal, frontal,
ethmoid, and sphenoid bones. The floor of the nasal cavity is formed by the hard palate.
The superior, middle, and inferior nasal conchae are "scroll-like" turbinate bones that
extend medially from each lateral wall of the nasal cavity. The mucosal lining of the
nasal passages serves to condition ambient air before it reaches the lower airways and
lungs. Modification of ambient air in the nasal passages includes warming,
humidification, and filtering (Proctor, 1986).

The nasal airways account for approximately one half of the total pulmonary
airflow resistance during quiet breathing in humans (Ferris, 1964). A group of small
skeletal muscles are situated around the external nares, and these muscles are collectively
referred to as the alae nasi. Contraction of these muscles will dilate the airway, and
decrease nasal airway resistance by up to 30% (Strohl, 1982). With the exception of the
external nares the nasal cavity is composed of rigid structures, the dimensions of which
are not markedly influenced by upper airway muscle contraction. The degree of nasal
vascular engorgement, however, influences the dimensions (and therefore airflow
resistance) of the nasal cavity (Proctor, 1996).

Pharynx. The pharyngeal airway is an irregular tube connecting the nasal cavity and the
larynx (Proctor, 1986). In contrast to the relatively rigid nasal airway, the pharyngeal
airway is highly compliant. The collapsibility of this upper airway segment reflects its
functional complexity. That is, the compliance of the pharynx is essential for digestive

23

and phonatory functions. However, a collapsible pharyngeal airway is not ideal for
ventilatory functions. Maintaining the patency of the pharyngeal lumen is essential for
adequate ventilation to occur (see The upper airwav and obstructive sleep apnea V The
pharynx can be subdivided into nasopharyngeal, oropharyngeal, and hypopharyngeal
segments. The nasopharynx extends from the posterior nasal septum to the lower border
of the soft palate; the oropharynx is the section posterior to the oral cavity, and extends
from the soft palate to the hyoid bone; the hypopharynx extends from the lower border of
the soft palate to the larynx (Proctor, 1986; Dempsey etal., 1996). The resistance of the
pharyngeal airways can be actively controlled (i.e., by skeletal muscle contraction) at two
different points: the posterior border of the tongue, and the pharyngeal isthmus (see
below).

Nasopharynx. The nasopharyngeal airway extends from the posterior border of the nasal
septum to the posterior rim of the soft palate. Anteriorly, the nasopharynx communicates
with the nasal cavity. Posteriorly, the nasopharyngeal surface is rigid, and slopes
downward and dorsally towards the larynx. The lateral nasopharyngeal walls are formed
by the ethmoid and sphenoid bones, and are lined by mucous membrane. Due to the
bony structure of its walls, the nasopharynx is relatively rigid, and with the exception of
the soft palate, which comprises the floor of the nasopharynx, its walls are immovable.

The soft palate is formed by a fold of mucous membrane which encloses muscle
fibers, blood vessels, nerves, lymphoid tissue and mucous glands. The anterior portion of
the soft palate attaches to the bony hard palate, while the posterior portion is free (i.e.,
does not insert on any bony structure). A small process called the uvula hangs from the
lower border of the soft palate. Some of the muscles which act on the soft palate are
depicted in Figure 2B. These muscles include the levator veli palatini (which elevates
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the soft palate) and tensor veli palatini (which either tenses the palate or pulls it to one
side, depending on unilateral or bilateral activation). The levator veli palatini is
innervated by the pharyngeal plexus of the vagus nerve, and the tensor veli palatini is
innervated by the mandibular nerve.

The nasal and oral portions of the pharynx are separated by the pharyngeal
isthmus, which lies posterior to the soft palate. The posterior rim of the soft palate and
the posterior pharyngeal wall are brought into contact by co-ordinated contraction of the
superior pharyngeal constrictor and levator veli palatini muscles. This arrangement
allows pharyngeal airway resistance to be actively controlled at the pharyngeal isthmus.
Thus, the position of the soft palate plays an important part in regulating oronasal airflow
partitioning. Imaging experiments indicate that the position of the soft palate determines
whether airflow is nasal, oral, or oronasal (Rodenstein & Stanescu, 1984). The area
posterior to the soft palate {i.e., at the pharyngeal isthmus), is often referred to as the
velopharynx.

Oropharynx. The oropharyngeal portion of the upper airway extends from the posterior
border of the soft palate to the hyoid bone. When the mouth is open, the oral cavity
communicates with the ambient atmosphere, and is considered as part of the oropharynx
(Dempsey et al., 1996). The superior surface of the oral cavity consists of the hard and
soft palates. The lateral walls are composed of a muscular stratum covered with a
mucous membrane {i.e., the "cheeks"). The posterior portion of the lateral oropharyngeal
walls are formed by the palatoglossus muscles. These muscles, which originate on the
soft palate and insert into the base of the tongue, act to elevate the tongue and/or depress
the soft palate. Together, the bilateral palatoglossus muscles form the palatoglossal arch.
The tongue forms the inferior surface {i.e., the "floor") of the oral cavity and consists of a
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group of muscles covered by a thick mucous membrane. A medizm septum, which
extends the length of the tongue and attaches to the hyoid bone, divides the tongue into
two anatomically symmetrical halves. At the base of the tongue, a fold of mucous
membrane called the lingual frenulum extends along the midline and prevents excessive
posterior movement of the tongue. In addition to the velopharynx, another site at which
pharyngeal resistance can be actively controlled is at the posterior base of the tongue.
Contraction of the extrinsic tongue muscles can cause apposition of the tongue base with
the posterior pharyngeal wall (Bartlett, 1986; see below).

The muscles which comprise the tongue are referred to as the "intrinsic" tongue
muscles and include the longitudinalis superior, longitudinalis inferior, transversus
linguae, and the verticalis linguae. The intrinsic muscles originate and insert within the
body of the tongue, can alter the size and shape of the tongue, and may contribute to
protrusive tongue movements (Smith & Kier, 1989; Gilliam & Goldberg, 1995). The
precise mechanical actions of the intrinsic tongue muscles are not known; however, these
muscles are involved primarily in mastication and deglutition. The "extrinsic" tongue
muscles, which originate outside of, and insert into, the body of the tongue, act primarily
to protrude or retract the tongue (Hellstrand, 1980; Gilliam & Goldberg, 1995). The
extrinsic tongue muscles include the genioglossus (GG), styloglossus (SG), and
hyoglossus (HG). The GG is a fan shaped muscle, which originates on the mandible and
inserts into the base of the tongue. Contraction of the GG will protrude and depress the
body of the tongue (Doran & Bagget, 1972). The SG originates on the styloid process of
the temporal bone, and inserts into the posterior base of the tongue. When the SG muscle
fibers shorten, the tongue will retract and elevate (Warwick & Williams, 1973;
Hellstrand, 1980). The HG has its origin on the hyoid bone, and like the SG, inserts into
the posterior tongue base. Contraction of the HG muscle retracts and depresses the
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tongue (Warwick & Williams, 1973; Hellstrand, 1980). The anatomy and mechanical
actions of the tongue protnidor and retractor muscles are summarized in Fig. 2.
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FIGURE 2. A. Sagittal view of the human tongue and the genioglossus, hyoglossus,
and styloglossus muscles. The arrows represent forces produced by contraction of each
muscle and the length of each arrow is proportional to the estimated force produced by
muscle contraction. The solid arrows indicate tongue protrusion and retraction force
based on previously published data (Gilliam & Goldberg, 1995; Fuller et ai, 1998a). The
dashed lines represent depression and elevation forces, which have not been measured,
and are estimated here. (Figure taken from Fregosi & Fuller, 1997a, their Figure 1). B.
Mid-sagittal view of the human posterior pharynx. TVP, tensor veli palatini muscle;
LVP, levator veli palatini muscle; SC, superior pharyngeal constrictor muscle; SP, soft
palate. (Figure from Dempsey et al., 1996, their Figure 11.1b)

FIGURE 2. Legend on preceding page.
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An extensive histochemical study of the protrudor and retractor muscles of the cat
tongue was published by Hellstrand (1980). These data indicate that the extrinsic tongue
musculature is highly glycolytic, with fast twitch fibers accounting for 75, 81, and 77 %
of all fibers in the GG, HG, and SG muscles, respectively. In addition, Hellstrand (1980)
further classified the fast twitch fibers as type IIi, ni2, and 1X123, (corresponding to fatigue
resistant (FR), fast-oxidative glycolytic (FOG), and fast fatiguable (FF)) and these
subgroups were present in equal proportions in the feline protrudor and retractor tongue
muscles. In the rat, the GG muscle is composed primarily of type II muscle fibers, as
shown by examining myosin isoform content (Brozanski etal., 1991; Petroff et al.,
1991), and by histochemical analysis (Sato etal., 1990), and this is consistent with
published data from the goat (Ibebunjo, 1993). Limited information is available
regarding human tongue muscle fiber type, but available data show that the intrinsic
tongue muscles and GG zire composed of between 60-70% type EI fibers in normal
subjects (Yarom etal., 1986). In addition, the percentage of type I muscle fibers may be
greater in the tongue retractor muscles than the protrudor muscles in human subjects
(Ohgaki & Sato, 1989). To summarize, the mammalian tongue protrudor and retractor
muscles are composed primarily of glycolytic, type n muscle fibers, and this suggests
that these muscle may be particularly susceptible to fatigue during periods of intense
activation (see Chapter 5).

The extrinsic tongue muscles are innervated by the hypoglossal (XUth) nerve,
which bifurcates close to the tongue muscles, sending a medial branch to the GG and a
lateral branch to the SG and HG (Hellstrand, 1980; Gilliam & Goldberg, 1995). Thus the
protrusive and retractive tongue muscles are innervated by separate, distinct branches of
the Xnth nerve. The innervation of the intrinsic and extrinsic tongue muscles is similar
in rat, cat, dog, and human. In addition, the mechanical actions of the extrinsic tongue
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muscles are similar in all of these species (Doran & Bagget, 1972). Moreover, recent
reports indicate that the mechanical effects of Xllth nerve stimulation are qualitatively the
same in rats, cats, and humans (Fuller et al., 1998a; Eisele etal., 1997; DeBacker et al.,
1998).

The posterior and lateral walls of the oropharynx are comprised of the superior
and middle, pharyngeal constrictor muscles. The pharyngeal constrictors are thin "saillike" muscles which arise from the dorsal midline pharyngeal aponeurosis and attach to
the ventral pharyngeal airway wall. These muscles are innervated by branches of the
glossopharyngeal and vagus nerves, and it is generally accepted that contraction of the
pharyngeal constrictors narrows the airway (Bartlett, 1986). Data collected recently by
Kuna (1998), however, indicates that the mechanical effect of pharyngeal constrictor
muscle contraction depends on the volume of the airway. Using a feline isolated upper
airway preparation, Kuna (1998) demonstrated that at relatively low airway volumes,
stimulation of pharyngeal constrictor muscles increased airway compliance, indicating
that airway dilation had occured. In contrast, at higher airway volumes, pharyngeal
constrictor muscle contraction decreased airway compliance, suggesting that airway
narrowing had occured.

In addition to the extrinsic tongue, palatal, and pharyngeal constrictor muscles,
several other oropharyngeal muscles may have a significant impact on airway dimension.
The geniohyoid muscle, which is innervated by a small branch of the Xllth nerve, has its
origin on the mandible, and inserts onto the hyoid bone. The geniohyoid is considered to
be a pharyngeal dilator, as contraction of this muscle pulls the hyoid bone anteriorly,
dilating the pharyngeal airway. The mylohyoid muscle, which is innervated by the
trigeminal nerve, originates on the mandible and inserts onto a band of connective tissue
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that attaches to the hyoid bone. Contraction of the mylohyoid elevates the hyoid bone
and depresses the jaw. The stylohyoid muscle originates on the styloid process of the
temporal bone, and inserts onto the hyoid bone. This muscle is innervated by the facial
nerve, and contraction will move the hyoid bone rostrally and posteriorly.

Hypopharynx. The hyoid bone serves as an arbitrary boundary between the oropharynx
and the hypopharynx (also referred to as the "laryngo-pharynx"). Caudally, the
hypopharynx extends to the superior border of the cricoid cartilage. The anterior wall of
this upper airway segment consists of the laryngeal inlet, and the posterior surfaces of the
arytenoid and cricoid cartilages. The posterior and lateral walls of this segment are
formed by the middle and inferior pharyngeal constrictor muscles.

Larynx. The larynx is a cartilagenous cylinder, surrounding the glottic opening, which
separates the upper and lower respiratory tracts. The body of the larynx is formed by four
cartilages (Fig. 3). The thyroid cartilage forms the majority of the anterior and lateral
laryngeal walls. The inferior portion of the thyroid cartilage joins with the cricoid
cartilage. The cricoid cartilage is a complete cartilagenous ring that attaches to the first
ring of tracheal cartilage, and forms the inferior portion of the larynx. Attaching to the
anterior and superior portion of the thyroid cartilage is the epiglottis. The epiglottis is
comprised of elastic cartilage, and can fold back over the glottic opening, thereby
preventing the entry of liquid and/or solid food into the lower respiratory tract during
swallowing. The arytenoid cartilages are paired cartilages that attach to the superior
border of the cricoid cartilage.

FIGURE 3. A superior view of the human larynx. TA, thyroarytenoid muscle; TC,
thyroid cartilage; AC, arytenoid cartilage; CC, cricoid cartilage; PCA, posterior
cricoarytenoid muscle. (Figure taken from Dempsey et al., 1996; their Figure 11. Ic).
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The laryngeal mucous membrane lining forms two "folds", the ventricular folds,
and the vocal folds. The position of the vocal folds dictates the degree of glottic opening,
and thus has a significant impact on pulmonary resistance (Bartlett, 1986). Respiratory
movement of the vocal folds occurs by rotation of the arytenoid cartilage about the
cricoid cartilage. Adduction of the vocal folds {i.e., narrowing of the glottis), is caused
by ventromedial rotation of the arytenoid cartilage. This action is accomplished through
the co-ordinated contraction of three intrinsic laryngeal muscles, the thyroarytenoid,
interarytenoid, and lateral cricoarytenoid. All three of these muscles are innervated by
the recurrent laryngeal nerve, which is a branch of the vagus. Ventrolateral rotation of
the arytenoid cartilages produces abduction of the vocal folds (z.e., dilation of the glottis),
and is accomplished by contraction of the posterior cricoarytenoid muscle, which is
innervated by the recurrent laryngeal nerve. Additionally, the sternohyoid, an external
laryngeal muscle, can dilate the pharynx by depressing the hyoid bone and larynx. The
sternohyoid is innervated by branches of the first three cervical spinal nerves.

In summary, the mammalian upper airway is anatomically complex, reflecting its
functional diversity. The dimensions of the upper airway are controlled via the
contraction of various nasal, pharyngeal, and laryngeal muscles. The mechanical actions
of individual upper airway muscles can be ascertained by their anatomical attachments;
however, the co-ordinated mechanical interactions of the various upper airway muscles,
and their impact on upper airway dimensions, are not completely understood (Matthew &
Ghosh, 1995). Accordingly, a major focus of the current work was to examine the
respiratory-related mechanical interactions of tongue protrudor and retractor muscles.
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n. The upper airway and obstructive sleep apnea

Obstructive sleep apnea/hypopnea. The term "sleep disordered breathing" is used to
describe a range of disorders, all of which are associated with reduced ventilation and/or
impaired gas exchange during sleep. One relatively common form of sleep disordered
breathing is OSA. Epidemiological data show that, in the United States, approximately
2% of adult women and 4% of adult men suffer from OSA (Young et al., 1993). Current
population estimates for the United States are approximately 270 million , and therefore
the number of individuals with OSA in the United States may exceed several million.
Other estimates are even higher; Silverberg etal. (1995) suggest that up to 10% of the
middle aged population have OSA.

The OSA syndrome is characterized by narrowing or closure of the pharyngeal
airway during sleep. Complete closure of the airway results in apnea, defined as a
cessation in oral and nasal airflow lasting ten seconds or longer (Silverberg etal, 1995).
In addition to apneic events, many patients hypoventilate, secondary to pharyngeal
airway narrowing. A reduction in inspiratory airflow by 50% (from control values) that
is associated with a 4% or greater reduction in oxyhemoglobin saturation, and that lasts
10 seconds or more, is termed a "hypopnea" (Silverberg etal., 1995). Because apnea
{i.e., airway occlusion and cessation of airflow) is thought to represent an extension of
hypopnea (airway narrowing and reduced airflow), obstructive sleep disordered breathing
is commonly referred to as obstructive sleep apnea/hypopnea syndrome (OSA/H;
Remmers, 1989). Accordingly, the apnea-hypopnea index (AHI) is commonly used to
diagnose the condition. The AHI is the average number of apneic and hypopneic events
that occur per hour of sleep, and a frequently used criterion for diagnosis of OSA/H is an
AHI greater than 10 (Young etal., 1993).
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Consequences ofOSA/H. Although the consequences of the OSA/H syndrome exhibit
much variability between and within patients, several general conclusions can be drawn.
First, recurrent pharyngeal airway obstruction during sleep results in reduced ventilation
or complete apnea in all patients. The duration of apneic episodes is typically between 20
- 30 s, although apneas exceeding 120 s have been reported (Shepard, 1989). A short
arousal (typically less than 15 s) will usually occur after progressively more vigorous
respiratory efforts against the occluded airway. Over the course of the night, patients
with severe OSA/H can experience up to 600 apneic episodes (Silverberg et al., 1995).
Significant arterial hypoxia and hypercapnia occurs during each apneic episode (Shepard,
1989), with the mean rate of decline in arterial oxyhemoglobin saturation ranging from
0,1 to 1.6% per second (Strohl, 1984; Shepard, 1985). Arterial O2 and CO2 are usually
restored to normal following arousal, and the cycle repeats throughout the night.
Repeated arousal leads to sleep fragmentation, one consequence of which is excessive
daytime sleepiness (Silverberg etal., 1995). Drowsiness is most likely the reason that
many OSA/H patients have problems with routine daytime activities. For instance,
OSA/H patients have an increased frequency of automobile accidents and impaired
performance on driving simulation tests (Findley et al., 1992).

Many acute cardiovascular effects of OSA/H have been described, including
increases in pulmonary and systemic blood pressure (Stradling, 1989; Levinson &
Millman, 1991). Shepard and colleagues (1985) examined systemic blood pressure
during sleep in 10 OSA/H patients. During apneic events, systolic blood pressure
increased from 126 to 159 mmHg, and diastolic blood pressure increased from 65 to 83
mmHg. The nadir of the increase in blood pressure coincided with a peak decrease of
18% in oxyhemoglobin saturation. Pulmonary arterial pressure increases during the
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obstructive phase, and generally the highest values occur during the most severe
hypoxemia and hypercapnia (Shepard, 1989). Apneic events are also associated with
bradycardia (Zwillich et al., 1982), and reductions in cardiac output (Guilleminault etal.,
1986). It has been speculated that the repeated asphyxic stimuli associated with OSA/H
contributes to the elevation in human mortality rates between 0400 and 0700 h
(Smolensky etal., 1972).

Chronic OSA/H is associated with detrimental ventilatory and cardiovascular
conditions. Most prominently, a strong relationship exists between OSA/H and systemic
hypertension (Hoffstein, 1991). Silverberg et al. (1995) speculate that OSA/H may be
the cause of up to 30% of all cases of essential hypertension. One hypothesis is that
chronic hypoxemia leads to elevated sympathetic nervous system activity and diurnal
hypertension in sleep apneics (Shepard, 1989). Consistent with this hypothesis, OSA/H
patients have elevated plasma and urine catacholamines, indicative of increased
sympathetic nervous system activity (Coy et al., 1996). Pulmonary hypertension and
right heart failure develops in a significant portion of OSA/H patients (Shepard, 1989).
Several reports indicate that OSA/H patients have blunted ventilatory responses to central
and peripheral chemoreceptor stimulation (reviewed in Shepard, 1989). In addition, there
is evidence that OSA/H is associated with elevated erythropoietin levels (Cahan et al.,
1995), presumably due to repeated bouts of hypoxia during sleep. Finally, data from
retrospective studies indicate that moderate to severe OSA/H results in an increased
mortality rate associated with cardiovascular causes (He et al., 1988; Partinene et al.,
1988).

Pathogenesis of OSA/H. The precise physiological mechanisms that produce airflow
limitation and obstruction in OSA/H patients are not completely understood. However, it
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is well established that airway obstruction and/or occlusion occurs during inspiration, and
the site of occlusion has been localized to the pharyngeal airway (Remmers et al., 1978).
Within the pharynx, the site of occlusion is variable, but the majority of investigations
using imaging techniques have shown that the primary site of occlusion is in the
velopharynx (Hudgel & Hendricks, 1988; Hudgel, 1986; Isono etai, 1997). There are
two primary hypotheses concerning the pathogenesis of OSA/H, which are referred to as
1) the "neural hypothesis", and 2) the "anatomic hypothesis" (Isono etai, 1997).
Although these hypothesis are not mutually exclusive, they will be considered separately.

The neural hypothesis suggests that inadequate neural drive to the upper airway
musculamre results in airway obstmction. In all individuals {i.e., "healthy" and OSA/H
patients), inspiratory muscle contraction results in negative (i.e., below atmospheric)
pharyngeal luminal pressures, which in turn creates a negative pharyngeal transmural
pressure. According to the neural hypothesis, if the activity of the muscles which control
pharyngeal airway diameter and stiffness falls below an adequate level, the negative
transmural pressure generated during inspiration will narrow or collapse the compliant
pharynx, resulting in apnea or hypopnea (Remmers, 1989).

Support for the neural hypothesis comes primarily from the observation that sleep
is associated with a state-dependent reduction in upper airway motor activity (Sauerland
& Harper, 1976). Several experiments using a cat model have shown that decrements in
tonic and phasic inspiratory Xllth motoneuron activity are greatest during REM sleep
(reviewed in Kubin et al., 1998). Interestingly, the frequency of apneic events is also
greatest during REM sleep (Shepard, 1989). Taken together, these results suggest diat
decrements in tongue motor activity may be the cause of airway narrowing or occlusion
during sleep. That is, the neuromuscular drive to upper airway muscles that act to dilate
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or stiffen the upper airway may fall below a "critical level" in OSA/H patients, at which
point these patients are unable to compensate for the negative upper airway transmural
pressures generated by the inspiratory pump muscles {e.g., diaphragm and intercostal
muscles).

Upper airway muscle EMG recordings in OSA/H patients also lend support to the
neural hypothesis. Remmers and colleagues (1978) recorded the EMG activity of the GO
muscle during sleep in ten OS A patients. In this landmark paper, Renuners etal. (1978)
showed that the GG muscle displayed little to no phasic or tonic EMG activity during
periods of pharyngeal airway closure. Moreover, termination of apneic events {i.e.,
resumption of airflow) occurred coincident with bursts of GG EMG activity in all patients
examined. These observations lead the authors to speculate that airway occlusion in
OSA/H patients occurs whenever the dilating force of the GG muscle is exceeded by the
negative collapsing pressure in the pharyngeal lumen. Other investigators subsequently
reported similar findings (reviewed in Remmers, 1989 and Stradling, 1993), leading to a
wide acceptance of the neural hypothesis of OSA/H pathogenesis.

Although the evidence supporting the neural hypothesis is compelling, it is far
from conclusive. Indeed, there is evidence that OSA/H patients actually have greater
upper airway muscle activity than normal subjects (Surrat et al., 1988; Mezzanote et al.,
1992). Elevated neural drive to the upper airway muscles may represent a compensatory
response to an anatomically compromised upper airway (Mezzanote et al., 1992). These
observations have lead to the anatomical hypothesis of OSA/H pathogenesis. Implicit in
this hypothesis is the concept that OS A patients have a normal sleep-related reduction in
upper airway muscle tone, however the pharyngeal airway is inherently unstable due to
anatomical differences. Perhaps the best evidence in support of the anatomic hypothesis
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has been provided by Isono etal. (1997), who examined pharyngeal airway mechanics in
OSA patients and normal subjects. To eliminate the confounding effects of upper airway
neuromuscular activity, complete paralysis of their subjects was induced via intravenous
injection of vecuronium. Following paralysis, the static pressure-area relationship of the
passive pharyngeal airway was examined. The results showed that OSA patients have a
more narrow and collapsible pharyngeal airway than normal age and body mass matched
control subjects. The data of Isono and colleagues strongly indicates that the pharyngeal
airway of OSA/H patients is structurally unstable.

Relevance of the current work to OSA. As indicated earlier, the precise physiological
mechanisms underlying the pathogenesis of OSA/H are unclear at this time.

Despite a

large quantity of published data on the respiratory related activity and neuromuscular
control of tongue protrudor (GG) muscles, very little is known regarding the behavior of
the tongue retractor muscles (SG & HG). However, recent evidence indicates that the
tongue retractor muscles may play an important role in maintaining airway patency in
both animal models and humans (Eisele et al., 1997; Fuller et al., 1998a). Studying the
respiratory-related control and mechanical actions of the tongue retractor muscles, and
their interactions with the tongue protrudors, will provide insight into the mechanisms by
which tongue retractor muscles contribute to the maintenance of pharyngeal airway
patency.

Treatment for OSA/H focuses on the alleviation or prevention of pharyngeal
airway obstruction. Accordingly, several groups are investigating the use of direct
pharyngeal muscle stimulation and/or stimulation of the Xllth nerves as a means of
alleviating airway obstruction (Eisele era/., 1997; DeBacker ef a/., 1998). Currently
available data indicate that Xllth nerve stimulation may be an effective means to treat
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OSA/H patients. However, questions remain regarding the optimal site of Xllth nerve
stimulation (Le., whole nerve vs. medial branch) as well as the underlying mechanisms by
which Xnth nerve stimulation improves airflow mechanics. That is, does Xllth nerve
stimulation alter pharyngeal airway resistance, compliance, or both? Additionally, the
mechanical effects of Xllth nerve stimulation (i.e., tongue movements) are disputed.
Some authors have reported that whole Xllth nerve stimulation (activating tongue
protrudors and retractors) results in tongue protrusion (Abd-el-Malek, 1938; Schwartz et
al., 1993). Conversely, others have reported that whole Xllth nerve stimulation causes
retraction of the tongue (Gilliam & Goldberg, 1995; Eisele et al., 1997; Fuller et al.,
1998a). Therefore, we have used an animal model to examine in detail the patterns of
tongue protrudor and retractor muscle activation, the effects of Xllth nerve stimulation on
tongue movements and pharyngeal airflow mechanics, and the fatigability of the extrinsic
tongue muscles. The findings detailed in Chapters 2-6 may help advance the efforts of
those groups studying the use of Xllth nerve stimulation as a therapeutic modality for
treatment of OSA.
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m. Respiratory-related control of the extrinsic tongue musculature

Studies of the neuromuscular control of the extrinsic tongue musculature are
complicated by the fact that, in addition to breathing, the extrinsic tongue muscles
participate in chewing, swallowing, coughing, and vocalizing. However, the respiratoryrelated control of the extrinsic tongue muscles has been of particular interest to
respiratory physiologists, primarily due to the impact of tongue position and stiffness on
pharyngeal airway patency. Accordingly, the respiratory-related behavior of the GG
muscle has been extensively studied (Bartlett, 1986). In contrast, the tongue retractor
muscles have been essentially ignored in the upper airway control literature, and have
been assumed to have an insignificant role in breathing (Sauerland & Harper, 1976). The
following discussion focuses briefly on the innervation of the tongue muscles and
premotor inputs to Xllth motoneurons, and then reviews the respiratory-related activity
and control of the tongue protrudor and retractor muscles.

Hypoglossal motoneuron cell bodies are located in the rostral medulla.
Specifically, these motoneuron soma are found within the Xllth nucleus, which is located
in the midline portion of the medulla, near the floor of the fourth ventricle (Barnard,
1940). In the rat, protrudor and retractor motoneuron cell bodies are segregated within
the Xnth nucleus. GG motoneuron cell bodies are located in the ventromedial and
ventrolateral portion of the Xllth nucleus, and SG and HG motoneuron cell bodies are
found rostrally within the Xllth nucleus (Lev/is et al., 1971, Kranuner et al., 1979;
Uemura-Sumi etal, 1988; Altschuler e/a/., 1994; Gilliam & Goldberg, 1995). In
addition, intemeurons within the Xllth nucleus were localized by Aides and colleagues
(Boone & Aides, 1984; Aides, 1990).
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The dendritic architecture of Xllth motoneurons in the rat has been examined by
several groups of investigators. Odultola (1976) reported that Xllth motoneuron
dendrites terminate primarily within the XII nucleus, and some extranuclear dendrites
terminated in the reticular formation and the nucleus tractus solitarius (NTS). Wan et al.
(1982), extended these observations by demonstrating that XQth motoneuron dendrites
extend to the contralateral XQth nucleus, as well as the NTS and reticular formation. In
1994, Altschuler et al. published a report demonstrating that the dendritic arborizations
of tongue protrudor and retractor muscles were extensively intermingled within the
ipsilateral dorsal and ventromedial XQth nucleus. These authors suggested that the
pattern of Xllth dendritic arborization provided a neuro-anatomical substrate for co
ordinated activity of tongue protrador and retractor muscles.

The innervation of Xllth motoneurons comes from premotoneurons which are
located predominately lateral to the XQth nucleus, within the lateral tegmental field
(Holstege etai, 1977a, 1977b). Dobbins and Feldman (1995) have published a detailed
examination of the premotoneuron innervation of the tongue protrudor and retractor
motoneurons. Consistent with the functional complexity of tongue movements, these
investigators demonstrated that the protrudor and retractor motoneurons receive both
differential and common premotor inputs. In general, however, protrudor motoneurons
are innervated by premotomeurons located more ventrally and ventromedially within the
lateral tegmental field than those innervating retractor motoneurons. Segregation of some
portion of the neural networks controlling tongue motoneurons is expected because many
tongue movements require selective activation of tongue protrudor or retractor muscles.
However, co-activation of tongue protrudor and retractor muscles is important in a
variety of tasks (Dobbins & Feldman, 1995), including breathing (Fuller etal., 1998a). It
is not surprising, therefore, that significant common innervation of the protrudor and
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retractor motoneuron pools is provided from the raphe and gigantocellular reticular
formation in the medial medulla (Dobbins & Feldman, 1995). Consistent with the results
of Dobbins and Feldman, Aides has demonstrated the tongue protrudor and retractor
motoneurons receive a significant common innervation in the rat (Aides, 1998). While it
is clear that tongue protrudor and retractor muscles receive common inputs from specific
regions within the brain, it is not known if individual premotomeurons innervate both
tongue protrudor and retractor motoneurons. Nevertheless, differential and common
innervation of tongue protrudor and retractor motoneurons provides a neural pathway for
both selective and co-activation of the tongue protrudor and retractor muscles.

Eupneic breathing. The respiratory-related control of the tongue protrudor and retractor
muscles has been examined using electromyographic (EMG) and electroneurographic
(ENG) recording techniques. Recordings from the whole Xllth nerve (prior to
bifurcation into medial and lateral branches) during eupneic {i.e., quiet, resting) breathing
show phasic inspiratory activity in the cat (Hwang etal., 1983). However, in these
experiments ENG recordings were taken from the whole Xllth nerve, therefore the
recordings could reflect the activity of the tongue protrudor or retractor muscles, or the
intrinsic tongue muscles. GG EMG recordings demonstrate phasic, inspiratory activity in
the rat (Andrew, 1955; Fregosi & Fuller, 1997a), rabbit (Broulliette & Thach, 1979), dog
(Van Lunteren et al., 1984), and human (Sauerland & Mitchell, 1970; Sauerland &
Harper, 1976). Consistent with these reports, medial Xllth nerve recordings exhibit
inspiratory modulation in both the cat (Mitra & Chemiak, 1983) and rat (Fuller etal.,
1998a). Efferent Xllth nerve recordings have not been made in human subjects.

Few studies have examined the behavior of tongue retractor muscles during quiet
breathing. Sauerland and Mitchell (1975) reported that the tongue retractors were not
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activated during eupneic breathing in a small sample of human subjects. Similarly, Yasui
et al., reported that the SG EMG was silent during unstimulated breathing in the dog,
although this muscle became phasically active during chemoreceptor stimulation (see
below). Recent data from the rat indicate that the retractor muscles display phasic
inspiratory activity in eupneic breathing (Fuller etal, 1998a; discussed in detail in
Chapter 2)

Chemoreceptor stimulation. The response of the extrinsic tongue muscles to stimulation
of the peripheral and central chemoreceptors has been studied extensively (Fregosi &
Fuller, 1997a). Feline whole Xllth nerve activity during isocapnic hypoxia and
hypercapnia was examined by Hwang ef a/. (1983a, 1983b). These experiments showed
that both hypoxia and hypercapnia were potent stimulators of Xllth inspiratory ENG
activity. Therefore, increasing respiratory drive via chemostimulation results in
increased inspiratory neural drive to Xllth motoneurons. Haddad and Donnelly (1989),
using an in vitro preparation, demonstrated that brainstem hypoglossal neurons depolarize
when subjected to O2 deprivation. These data indicate that hypoxia may have a direct
excitatory influence on Xllth neuronal activity.

Mitra and Chemiak (1983) examined the activity of single nerve fibers in the
medial branch of the XEIth nerve in anesthetized cats during hypoxia and hypercapnia.
Consistent with other reports (Hwang et al., 1983), both hypoxia and hypercapnia
augmented both peak inspiratory medial Xllth nerve fiber activity and firing frequency.
In addition, a degree of heterogeneity among Xllth nerve fiber activity was observed;
activity was classified as either inspiratory (phasically active with inspiration),
inspiratory-expiratory (phasically active with inspiration, some expiratory activity), or
non-respiratory related (tonic). Heterogeneity in Xllth nerve fiber activity could reflect
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the fact that the medial Xllth branch innervates both the GG and the intrinsic tongue
muscles. All types of nerve fibers, however, increased activity during chemostimulation.
The work of Hwang et al. and Mitra and Chemiak demonstrates that central and
peripheral chemoreceptor stimulation results in increased efferent whole and medial Xllth
nerve inspiratory activity.

The response of the GG EMG activity to central and peripheral chemoreceptor
stimulation has been the subject of numerous investigations. Hypoxia and hypercapnia
increase the peak inspiratory EMG activity of the GG muscle in rats (Fuller etal., 1998a),
rabbits (Brouliette & Thach, 1980), dogs (Schwartz et al., 1993), cats (Haxhiu et al.,
1984), pigs (Martin etai, 1990), and humans (Onal etal., 1981a, 1981b). Prior to the
experiments described in this dissertation, however, the recruitment patterns and activity
of the tongue retractor muscles (SG and HG) during chemoreceptor stimulation had not
been extensively investigated. Despite the lack of information regarding the respiratory
behavior of the tongue retractor muscles, the SG and HG have generally been assumed to
have no respiratory-related modulation (Sauerland & Mitchell, 1975; Dobbins &
Feldman, 1996). However, Yasui and colleagues recently reported that the SG muscle
displayed inspiratory related phasic EMG activity in the dog during hypercapnia, and the
SG actually responded more briskly to chemoreceptor stimulation than did the GG (Yasui
et al., 1993). The experiments discussed in Chapter 2 confirm that the inspiratory EMG
and ENG activity of the tongue retractors is augmented by chemoreceptor stimulation
(see Chapter 2).

Phasic lung volume feedback. Myelinated vagal sensory axons with endings in and
around the smooth muscle in the extra- and intrathoracic airways are sensitive to
mechanical distortion. These receptors have been termed slowly adapting receptors
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(SARs) based on the firing patterns recorded in single vagal afferent axons during lung
inflation (Kowlton & Larrabee, 1946). The activity of these receptors increases with lung
volume, and the primary stimulus for activation is an increase in airway wall tension
(Hlastala & Berger, 1996). Vagally mediated, phasic volume feedback from lung
pulmonary stretch receptors (PSRs), most prominently SARs, has an inhibitory influence
on the inspiratory activity of the inspiratory pump muscles (Richardson etai, 1973). In
addition, volume feedback has been shown to have a substantial influence on the EMG
activity of upper airway muscles. Phasic volume feedback inhibits inspiratory discharge
recorded from the main trank of the Xllth nerve (Sica et al., 1984; Kuna, 1986), and from
the GG (Brouliette & Thach, 1979; Van Lunteren etal., 1984; Kuna & Smickley, 1988).
Furthermore, phasic volume feedback has a substantially greater effect on the activity of
hypoglossal motoneurons than on phrenic motoneurons (Sica etai, 1984), which has lead
some investigators to speculate that inhibition of upper airway dilator activity by phasic
volume feedback acts as a safeguard against narrowing or closure of the upper airway. If
phasic volume feedback is attenuated or absent {e.g., a narrowed or collapsed upper
airway), the resultant augmentation of GG motoneuron activity may help to promote or
restore airway patency (Kuna, 1986). However, the influence of phasic volume feedback
on the muscles which retract the tongue (i.e., SG & HG) has not been investigated prior
to the studies described in this thesis. The influence of vagally mediated, phasic lung
volume-related feedback on the respiratory control of the extrinsic tongue muscles is
addressed in detail in Chapter 3.

Upper airway receptors. Afferent information originating from receptors in and around
the upper airway modulates upper airway muscle activity (Table 2). Many upper airway
reflexes are thought to promote airway patency by simultaneously reducing drive to
thoracic inspiratory muscles {Le., inspiratory "pump" muscles) and augmenting the
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activity of upper airway dilating muscles (Sant'Ambrogio et al., 1995). In some cases,
upper airway afferent reflexes are powerful enough to induce central respiratory apnea
(Harms etal., 1996). Laryngeal afferents appear to have the greatest influence on the
respiratory activity of the upper airway, followed by nasal afferents, and to a lesser
extent, pharyngeal afferents. Despite a large literature on the reflex response of the GG
muscle to stimulation of upper airway afferents, similar information is not available for
the tongue retractor muscles. Afferent information originating from each upper airway
segment will now be considered.

Sensory information from the nasal cavity and nasal surface is carried by the
trigeminal nerve. Nasal reflexes are mediated by non-mylenated nerve endings in and
under the nasal epithelium (Mathew & Ghosh, 1995). Receptors in the nasal airway
which respond to changes in airflow, pressure, temperature, and irritants {e.g., smoke)
have been described (Sant'Ambrogio et al., 1995; Mathew & Ghosh, 1995). Receptors
responding to changes in nascd airway pressure appear to have the strongest influence on
upper airway muscle activity. Nasal airway negative pressure augments the EMG
activities of the GG, nasal dilator muscles, and the posterior cricoarytenoid muscle
(Mathew etal., 1982; Mathew, 1984; Van Lunteren etal., 1984). There are conflicting
reports on the effects of nasal temperature receptors on upper airway muscle activity.
Basner etal. (1990) reported that GG EMG activity increased with nasal cooling,
whereas Wheatiey etal. (1991) reported no effect of nasal cooling on GG EMG activity.

Pharyngeal afferent neurons travel in the glossopharyngeal nerve and appear to
have a minimal influence on upper airway muscle activity (Homer etal., 1991a, 1991b;
Sant'Ambrogio etal., 1995). Nevertheless, receptors responding to changes in pharyngeal
airway pressure have been reported (Hwang et al., 1984). One study has shown that
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glossopharyngeal nerve section actually increases the upper airway muscle response to
negative pressure, suggesting that pharyngeal afferents may inhibit tongue motor activity
in some cases (Mathew & Sant'Ambrogio, 1988).

Laryngeal afferents have considerable influence on upper airway muscle activity.
The majority of laryngeal afferent fibers travel in the superior laryngeal nerve, although
the recurrent laryngeal nerve contains laryngeal afferents as well. Laryngeal receptors
are activated by changes in pressure, airflow, temperature, "irritants", laryngeal motion,
and CO2 (Sant'Ambrogio etal., 1995; Mathew & Ghosh, 1995). In general, activation of
laryngeal afferents has an inhibitory effect on inspiratory "pump muscles", and an
excitatory effect on upper airway muscle activity.

Laryngeal mechanoreceptors responding to pressure changes have been
demonstrated in a variety of experimental preparations, and are believed to be particularly
important in maintaining upper airway patency. As pointed out by Sant'Ambrogio and
colleagues (1995), airway obstruction rostral to the larynx will result in greater
inspiratory pressure changes in the larynx as the inspiratory muscles contract more
vigorously. Therefore, laryngeal pressure-sensing afferents are in an optimal position to
defend the airway by augmenting upper airway muscle activity during airway occlusion.
Consistent with this idea, the majority of investigations have shown that laryngeal
pressure receptor activation augments GG, alae nasi, and posterior cricoarytenoid muscle
EMGactivities (Mathew, 1984; Van Lunteren etal, 1984; Sant'Ambrogio etal., 1985;
Mathew et al., 1988). Moreover, laryngeal afferents responding to pressure changes act
to inhibit inspiratory drive to the thoracic pump muscles (Sant'Ambrogio etal., 1995;
Mathew & Ghosh, 1995).
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In summary, the overwhelming majority of investigations of the respiratoryrelated control of the upper airway musculature to date have focused on the pharyngeal
dilator muscles. These experiments have established that Xllth motoneurons receive
input from the medullary respiratory pattern generator, and that their respiratory-related
behavior is strongly influenced by central and peripheral chemoreceptor inputs. In
addition, the respiratory-related activity of many upper airway muscles is modulated by
both upper and lower airway afferent input (summarized in Table 2). The respiratoryrelated control of the tongue retractor muscles is a major focus of this thesis, and is
discussed in detail in subsequent chapters.
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TABLE 2. A simplified chart listing pulmonary ainvay afferent pathways, the
primary stimuli which activate pulmonary airway receptors, and the influence of
receptor activation on upper airway muscle activity. This table is intended to
sununarize and to provide a general overview of the information discussed in the text.
Column 4, which is labeled "Influence on insp.-related upper airway muscle activity", is
based on available data in the literature. The majority of studies to date, however, have
focused on the reflex control of upper airway dilator muscles, and little is known
regarding upper airway constrictor muscles (e.g., the tongue retractors; see text).
Furthermore, the upper airway muscle response has been generalized as either
"excitatory" or "inhibitory", although this is an oversimplification.

TABLE 2. Legend on preceding page.

AFFERENT
INNERVATION

STIMULUS

INFLUENCE ON
INSP.-RELATED
UPPER
AIRWAY
MUSCLE
ACTIVITY

Nerve

Airflow rate,
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temperature,
"irritants"

Excitatory

PHARYNX

Glossopharyngeal
Nerve

Airflow rate,
pressure,
temperature,
"irritants"

Minimal

LARYNX

Superior Laryngeal
Nerve, Recurrent
Laryngeal Nerve

Airflow rate,
pressure,
laryngeal
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temperature,
"irritants", CO2

Excitatory

SUBLARYNGEAL

Vagus Nerve

Lung volume
(i.e., distention
of lung walls).

Inhibitory

AIRWAY
SEGMENT

NASAL CAVITY

Trigeminal
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IV. Specific aims and hypotheses

The preceding review was intended to provide the reader with an overview of
upper airway anatomy and physiology, and to enable a general understanding of the
rationale behind the following specific aims and hypotheses.

SPECIFIC AIMl:
To test the hypothesis that simultaneous activation of both tongue protrudor and
retractor muscles via Xnth nerve stimulation will have a net mechanical effect of
tongue retraction.

Gap(s) in the literature. Gilliam and Goldberg (1995) have reported that co-activation of
tongue protrudor and retractor muscles results in tongue retraction in the rat. Several
other investigators, however, have suggested that stimulation of the main trunk of the

xnth nerve (i.e., co-activation) results in tongue protrusion in other species (Schwartz et
al., 1993; Eisele etal., 1995). The experiments described in Chapter 2 shed light upon
this issue by substantiating and extending upon the work of Gilliam and Goldberg (1995),
and for the first time quantifying changes in tongue movements in cats during tongue
muscle co-activation.

SPECIFIC AIM 2:
To test the hypothesis that central or peripheral chemoreceptor stimulation results
in parallel increases in neural drive to tongue protrudor and retractor muscles, and
that respiratory-related tongue muscle co-activation results in tongue retraction.
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Gap(s) in the literature. A large body of literature exists describing the respiratoryrelated control of the GG muscle; however, this is not the case for the tongue retractor
muscles. The experiments described in Chapter 2 represent the first detailed examination
of the respiratory-related control and mechanical actions of the tongue protrudor and
retractor muscles.

SPECIFIC AIM 3:
To test the hypothesis that vagally-mediated lung volume feedback has a strong
inhibitory influence on both tongue protrudor and retractor muscles.

Gap(s) in the literature. Prior investigators have demonstrated that vagally-mediated
lung volume feedback has a strong inhibitory influence on inspiratory Xllth ENG and GG
EMG activities (Van Lunteren et al., 1984; Kuna, 1986). However, the influence of lung
volume feedback on tongue retractor muscle EMG activity has not been explored prior to
the experiments described in Chapter 3.

SPECIFIC AIM 4:
To test the hypothesis that co-activation of tongue protrudor and retractor muscles
retracts the tongue and stiffens the pharyngeal airway, resulting in increased flow
rates at any given collapsing transmural pressure.

Gap(s) in the literature. Despite several prior investigations (Schwartz et al., 1994;
Eisele et al., 1995; Hida et al., 1995), the mechanisms by which Xllth nerve stimulation
improves pharyngeal airflow mechanics are uncertain. The experiments described in
Chapter 4 examined airflow mechanics and tongue movements during selective Xllth
nerve stimulation. Tongue movements have not been quantified in prior investigations.
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Moreover, in our experimental preparation both the oral and nasal flow pathways were
unobstructed, which was not the case in prior studies. The results discussed in Chapter 4
provide new insights into the mechanisms by which independent or simultaneous
activation of tongue protrudor and retractor muscles will influence pharyngeal flow
mechanics.

SPECIFIC AIMS:
To test the hypothesis that systemic hypoxia will markedly reduce the endurance
performance of tongue protrudor and retractor muscles.

Gap(s) in the literature. Previous investigators have shown that the tongue muscles and
other pharyngeal muscles are relatively fatigue resistant (Van Lunteren & Dick, 1992;
Gilliam & Goldberg, 1995). However, the influence of hypoxia on the endurance
performance of the tongue protrudor and retractor muscles has not been investigated. The
results described in Chapter 5 may have clinical significance, because OSA patients
experience repeated episodes of hypoxia during sleep, which may increase the
susceptibility of the tongue protrudor and retractor muscles to fatigue. Tongue muscle
fatigue could exacerbate the OSA condition by impairing the ability of the tongue
muscles to maintain upper airway patency during sleep.
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V. Publication status of data
The majority of the data presented in this thesis has, or is intended to be,
published in peer reviewed scientific journals. The results discussed in Chapter 2 have
been published in the Journal of Physiology (Fuller etal., 1998a). Some of the data
presented in Chapter 3 were included in a brief review article published in Respiration
Physiology (Fregosi & Fuller, 1997a). The results of the experiments outlined in Chapter
4 have been submitted to the Journal of Physiology, and are currently in review. Finally,
the experiments discussed in Chapter 5 are currently being prepared for submission to the
Journal of Applied Physiology. In addition, most of the data presented in this thesis have
been published previously in abstract form (Fuller & Fregosi, 1996, 1997, in press;
Fregosi & Fuller, 1997b; Fuller e/a/., 1998b).
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CHAPTER 2

Co-activation of tongue protrudor and retractor
muscles during chemoreceptor stimulation
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ABSTRACT

The primary purpose of these experiments was to test the hypothesis that the
tongue protrudor (genioglossus, GG) and retractor (styloglossus, SG; hyoglossus, HG)
muscles are co-activated when respiratory drive increases, and that co-activation will
cause retraction of the tongue. This was addressed by performing two series of
experiments using a supine, anesthetized, tracheotomized rat in which tongue muscle
force and the neural drive to the protrudor and retractor muscles could be measured
during spontaneous breathing. In the first series of experiments, respiratory drive was
increased progressively by occluding the tracheal cannula for 30 respiratory cycles; in
the second series of experiments, the animals were subjected to hyperoxic hypercapnia
and poikilocapnic hypoxia. Airway occlusion for 30 breaths caused progressive,
quantitatively similar increases in efferent motor nerve activity to protrudor and retractor
tongue muscles. Net tongue muscle force was always consistent with tongue retraction
during occlusion, and peak force rose in parallel with the neural activities. When airway
occlusion was repeated following section of the lateral Xllth nerve branch (denervation of
retractor muscles) the tongue either protruded (15/21 animals; 10 ± 2 mN at the 30th
occluded breath) or retracted weakly (6/21 animals; 6 ± 2 mN at 30th occluded breath).
To insure that our findings were not the result of damage to the muscle nerves, occlusion
experiments were also done in 8 animals in which GG electromyogram (EMG) activity
was recorded instead of nerve activities. Changes in peak moving time averaged GG
EMG activity and peak retraction force during occlusion were highly correlated (r2=0.86,
slope=1.05). In separate experiments in 14 rats, we found that hyperoxic hypercapnia
and poikilocapnic hypoxia also result in parallel increases in the respiratory-related EMG
activity of the GG and HG muscles. And, as in the occlusion experiments, augmentations
of protrudor and retractor muscle EMG activities were associated with parallel changes in
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tongue retraction force. These studies in anesthetized rats demonstrate that tracheal
occlusion and independent stimulation of central or peripheral chemoreceptors results in
inspiratory-related co-activation of the protrudor and retractor muscles, and proportional
changes in tongue retraction force. These observations also demonstrate that recording
GG EMG activity in isolation could lead to erroneous conclusions about respiratoryrelated movements of the tongue.
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INTRODUCTION

Tongue position is controlled primarily by the mechanical actions of the extrinsic
tongue muscles, which are innervated by separate branches of the hypoglossal (Xllth)
nerve. The genioglossus (GG) muscle, which causes tongue protrusion, is innervated by
the medial Xllth branch, while the hyoglossus (HG) and styloglossus (SG) muscles,
which cause retraction of the tongue, are innervated by the lateral Xllth branch. A recent
study showed that stimulating the Xllth nerve prior to its bifurcation into medial and
lateral branches

co-activating the protrusive and retractive tongue muscles) caused

tongue retraction in human subjects (Eisele etai, 1997). Consistent with these data,
Gilliam and Goldberg (1995), using a rat model, reported that the retractor muscles
produce 10-20 times more force than the GG muscle, which explains why co-activation
of both muscles results in strong tongue retraction. Thus, in both humans and rats, when
protrudor and retractor muscle groups are activated maximally and simultaneously by
electrical stimulation of the whole hypoglossal nerve, the tongue will retract. It is not
clear, however, if the retractor and protrudor muscles are co-activated during spontaneous
breathing, or how the activity of these antagonist muscles influences respiratory-related
tongue movements.

A recent study in anesthetized dogs (Yasui et al., 1993) showed phasic,
inspiratory-related SG muscle EMG activity during hypoxia and hypercapnia, and found
that the apneic threshold for SG activity was below that for the GG. Accordingly, the
present experiments were designed to test the hypothesis that progressive increases in
respiratory drive are associated with co-activation of the extrinsic tongue muscles, and
retraction of the tongue. This was done by adapting the model of Gilliam and Goldberg
(1995), to allow simultaneous measurements of tongue muscle force and the neural drive
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to both tongue protrudor and retractor muscles during breathing in anaesthetized,
tracheotomized rats. The hypothesis was confirmed, and the significance of these
observations for the maintenance of pharyngeal airway patency during spontaneous
breathing is discussed.

METHODS

Animals and surgical procedure. Male Sprague-Dawley rats weighing 194 - 494 g were
used for all but 3 experiments, which were performed on cats (3.3 - 3.6 kg). All
procedures adhered to the guidelines established by the Institutional Animal Care and
Use Committee at the University of Arizona. Animals were initially anaesthetized with
2-4% halothane (balance 02)- Following halothane anaesthesia, rats were intraperitoneally injected with urethane (1.3 g/kg) and atropine-sulfate (0.5 mg/kg).
Subsequent doses of urethane (0.3 g/kg) were administered as needed. For the cats,
halothane was slowly withdrawn while a bolus of a - chloralose (35 mg/kg) and urethane
(200 mg/kg) was slowly injected into a femoral vein, as described previously (Fregosi &
Mitchell, 1994). Supplemental doses of a - chloralose (5 mg/kg) and urethane (20
mg/kg) were given as needed. No surgical procedures were performed until animals
were unresponsive to intense pressure applied with hemostats to the paws and tail.
During all surgical and experimental procedures animals were supine with limbs secured
to the operating table. At the conclusion of all experiments, animals were euthanized
with sodium pentobarbitone (200mg/kg).

Rectal temperature was monitored with a thermistor (Yellow-Springs
Instruments) and maintained at 37° C with the use of a servo-controlled heating lamp.
The trachea was cannulated caudal to the larynx to ensure airway patency during the
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surgery and to permit subsequent tracheal occlusions. The GG and SO muscles, and

Xnth nerves were exposed bilaterally using a ventral approach (Gilliam & Goldberg,
1995). Following isolation, the Xllth nerves were bathed in mineral oil. A suture was
passed through the tip of the tongue at the midline frenulum for subsequent
measurements of the direction and force of tongue movements (see Tongue Force
Measurements). The upper jaw was secured to the surgery table using a wire frame; this
prevented the head from moving without interfering with the measurement of tongue
muscle force (see Fig. 4).

Delivery of inspired gases and monitoring of expired and blood gases. Mixtures of O2,
CO 2, and N2 were delivered to the animal by connecting the outflow port of a rotometer
to the tracheostomy cannula with a "t-tube". The rate of airflow was set about 3 times
greater than the ventilatory rate of the animal. This system allows rapid and precise
adjustments of the CO2 and O2 concentrations of the inspired air in the spontaneously
breathing animal (Fregosi, 1994). End-tidal CO2 (ETCO2) concentrations were
monitored with a rapidly responding CO2 analyzer (Novametrix, Model 1265) placed on
the expired side of the t-tube. Femoral artery blood samples were taken immediately
prior to and after a 30 breath tracheal occlusion in 1 rat and the partial pressures of O2
(PC)2) and CO2 (PCO2) were determined with a blood gas analyzer (Cameron
Instruments, model BGM).

Electromyogram (EMG) and electroneurogram (ENG) recordings. EMG activities of the
GG, SG, and diaphragm (DIA) were recorded by inserting two fine wire (diameter =
0.125 mm, Formvare, California Fine Wire) electrodes into each muscle (Fregosi, 1994).
The wires were insulated except for the terminal 2 mm. If GG and HG EMG activities
were not abolished after section of the medial and lateral Xllth nerve branches.
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respectively, we assumed poor electrode placement and discarded the data. ENG's were
recorded by placing the medial and lateral Xllth nerve branches across bipolar, stainless
steel hook electrodes (tip diameter 0.5 mm). The EMG and ENG signals were amplified
and filtered (30 - 3000 Hz) with AC coupled differential amplifiers (Grass model
7P51 IK), rectified, and moving time averaged with a time constant of 100 ms
(Coulboum S76-01).

Tongue force measurements. Tongue force was measured by attaching the tongue to an
isometric force transducer (Kent Scientific, model TRNOOI or Grass, model FT03) via
the tongue suture (Gilliam & Goldberg, 1995; Fig. 4). With this system tongue
retraction pulls, or loads the transducer, and protrusion releases, or unloads the
transducer. The force transducer was mounted on a micromanipulator that allowed
precise control of the position of the force transducer in three dimensions (Fig. 4). To
record both protrusion and retraction of the tongue, tension must be placed on the line
connecting the tongue to the force transducer. In an effort to standardize the line tension,
the relationship between muscle twitch force and line tension for both protrudor and
retractor muscles was initially established in all experiments, although these data were
only recorded in 11 animals. The line tension was first set at zero {Le., a "slack " line),
and the transducer was then moved away from the animal in 1 mm increments. The peak
muscle twitch force and the passive line tension were recorded at each length. In this
manner the optimal muscle fiber length and corresponding line tension are determined for
both protrudor and retractor muscles, and used throughout each experiment. If the
optimal line tension for the protrudor and retractor muscle twitch forces differed, the
tension was set at the average of the two values. As shown in Fig. 5, this method
produced muscle length-tension curves that are entirely consistent with curves obtained
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for various limb muscles, which increases our confidence in the measurements of tongue
force.

Tracheostomy

XI

Nerve
Manipulator

Force

Frame

FIGURE 4. Schematic diagram of model used to study the behaviour and mechanical actions of the extrinsic tongue
muscles in the rat. The model allows the experimenter to stimulate or record the activity of the Xllth nerves or their branches,
to perform tracheal airway occlusion, to control inspired gases, to measure protrusive or retractive tongue forces, and to record
EMG activity of the extrinsic tongue muscles (see text for explanation).
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FIGURE 5. A. Representative twitch forces with Xnth nerves intact and following
lateral Xnth branch section (Le., retractive muscle denervation). The retractive force
produced by intact Xllth nerve stimulation was much greater than the proUoisive force
that resulted from Xllth nerve stimulation following lateral branch section (note the
difference in force calibration between the two twitches). B. Relationship of tongue
position and twitch force for the retractor and protrudor muscles. The tongue was
pulled out of the mouth in 1 mm increments and the twitch force of the protrudor and
retractor muscles was recorded at each increment, beginning with the tongue completely
unloaded (i.e., a "slack line"). Twitches were evoked by either direct stimulation of the
GG and HG or the medial and lateral Xllth nerve branches. The top panel shows the
response for retractor muscle stimulation while the bottom panel demonstrates the results
of protrudor stimulation. The position or length of the tongue is expressed as a
percentage of that length that yielded the peak twitch force (Lq)- The twitch forces are
expressed as a percentage of the peak force obtained at any point in the experiment.
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FIGURE 5. Legend on preceding page.
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A major concern was that the mechanical actions of the tongue muscles were
influenced by the method used to record tongue force, primarily for 3 reasons. First,
during all experiments, the mouth was held open with the use of a small retractor because
the lower jaw of the animal often prevented the tongue from protruding fully during
medial Xllth nerve branch stimulation. Second, retraction of the tongue, which loads the
transducer, results in an isometric contraction of the retractor muscles in this system. In
contrast, protrusion of the tongue unloads the transducer and results in concentric
contractions of the GG. Therefore, based on the skeletal muscle force-velocity
relationship, our force data are probably biased towards the retractor muscles {i.e. these
muscles are on a more advantageous portion of their force-velocity curve). Third, we
have noted tongue depression at times during both Xllth nerve stimulation and tracheal
occlusion. Because depression of the tongue will load the force transducer, it will be read
as a retraction force; this action may overestimate the real tongue retraction force.
Because of these concerns we conducted separate experiments in which we watched
movements of the tongue during Xllth nerve stimulation and airway occlusion under
conditions where no manipulation of the tongue or mouth was performed. In these
experiments we observed the same retractive and protrusive movements described in
Results. In support of these observations, Hellstrand (1981) has shown that hypoglossal
nerve stimulation-induced tongue muscle contractile properties are similar whether they
£ire measured with the tongue attached to a transducer, or with the tongue unattached and
measured by light reflection.

We were also concerned that the intrinsic tongue muscles may have influenced
our force recordings. Axons of the intrinsic tongue muscle motoneurones run in both the
medial and lateral branches of the XUth nerve (Gilliam & Goldberg, 1995), so it was
impossible to avoid stimulating these muscles. The intrinsic tongue muscles can alter the
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size and shape of the tongue, and may contribute to protrusive tongue movements (Smith
& Kier, 1989). Although the contribution of the intrinsic tongue muscles cannot be
discounted, we feel that the tongue forces measured reflect primarily activation of the
extrinsic tongue muscles. We say this because the twitch force evoked by direct GG
stimulation and medial Xllth nerve branch stimulation are not significantly different (D.
Fuller, J. Sullivan, & R.F. Fregosi, unpublished observations). Thus, although our
methods may influence the quantitative assessment of tongue muscle force, our ability to
determine whether the tongue is protruding or retracting is not hindered by the
measurement apparatus.

Nerve stimulation. Both Xllth nerves were placed across bipolar, stainless steel hook
electrodes (separated by approximately 2 mm) with a tip diameter of 0.5 mm (Fregosi &
Mitchell, 1994). The electrodes were mounted on a micromanipulator and connected to a
constant current stimulus isolation unit (SIU, Grass model PSIU6) and stimulator (Grass
model S48). The nerves were placed on the electrodes proximal to their bifurcation into
medial and lateral branches. In all experimental protocols the duration of the stimulus
pulse was 0.1 ms, and the applied current was supramaximal (i.e. 10-25% above the level
needed to evoke a maximal twitch). This resulted in currents that ranged from 40-80 ^lA.

Experimental Protocol.
Series 1: tracheal occlusion.
After approximately 1 minute of control data were obtained, the tracheal cannula
was occluded at end-expiration for 30 - 35 respiratory efforts. Once the Xllth ENG
activities returned to baseline levels the lateral branches of the Xllth nerves were cut {i.e.
retractor muscle denervation), and tracheal occlusion was repeated. The remaining
branches of both Xllth nerves were then sectioned, and the occlusion test was done a
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third time. This last experiment served as an important control for force artifacts induced
by muscles not innervated by the Xllth nerve (see below).

Following all nerve sections,

the central cut end of each nerve branch was left on the recording electrodes, to allow
efferent ENG activity to be monitored. Tracheal occlusion experiments were performed
on a total of 21 animals; tongue force was recorded in all 21, and Xllth nerve recordings
were made in 9 rats. In 8 rats, GG EMG activity was recorded in place of Xllth ENG
activity to insure that the force measurements were not influenced by the nerve
manipulations.

Series 2: hypoxia and hvoercapnia.
In these experiments tongue force and EMG activity of the GG, HG, and DIA
muscles were recorded. Two minutes of control data were obtained with the animals
breathing oxygen. The animals were then subjected to 4 different levels of hypoxia (F1O2
= 1.0, 0.21, 0.15, and 0.10) or hyperoxic hypercapnia (F1CO2 = 0,0.04, 0.07, 0.10;
balance O2). Each inspired gas level was held until EMG activities were stable
(approximately 3 minutes), and the inspirate was then changed. In all cases the inspired
gas levels were applied successively, without intervening periods of hyperoxia. The
order of presentation of the hypoxic and hypercapnic trials was randomized. The second
experimental trial did not begin until all EMG activities had returned to control levels. At
the conclusion of the hypoxic and hypercapnic trials, a 2-3 breath airway occlusion was
performed and the response was used to define the maximum EMG activity of the GG,
HG, and DIA. These experiments were completed in 14 rats.
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Series 3: measurement of tongue muscle contractile properties.
In 15 rats, five supramaximal shocks were delivered to the whole Xllth nerves
while tongue force was monitored; the lateral Xllth nerve branches were then sectioned
and nerve stimulation was repeated.
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Data Analysis.
General. Tongue force, EMG, and ENG signals were recorded on VCR tapes following
pulse code modulation (Vetter, model 4000). The tongue force, ETCO2, and integrated
EMG and ENG activities were recorded directly onto a Grass model 79 polygraph.
Muscle contractile properties (twitch force, time to peak force [TTP], one-half relaxation
time [T1/2]) were analyzed using CODAS computer software (Dataq Instruments). Peak
tongue force, peak integrated GG, HG, and DIA EMG activities, peak integrated Xllth
nerve ENG activities, breathing frequency, and ETCO2 were analyzed from the
polygraph tracings. The neural minute ventilation was calculated by multiplying the
breathing frequency (br/min) by tiie peak diaphragm EMG activity (%max). For all
airway occlusion experiments, data from each of the first 30 occluded respiratory efforts
were analyzed. For the hypoxic and hypercapnic experiments, all breaths in the final 30
seconds of each inspired gas level were analyzed.

Estimation ofSG, HG, and GG muscle force. The innervation of the extrinsic tongue
muscles allows for relatively simple measurement of extrinsic tongue muscle force
production during Xllth nerve stimulation. Stimulation of the whole Xllth nerve
proximal to its bifurcation activates the GG, SG, HG, and intrinsic tongue muscles
(Hellstrand, 1981). We therefore were able to assess the effects of co-activating these
muscles on the direction and magnitude of tongue force. When these experiments were
repeated following lateral Xllth branch section (/.e., denervation of the retractive
musculature), only the GG and intrinsic tongue muscles were activated (Hellstrand, 1981)
and this enabled the estimation of the protrusion force produced by the GG muscle (see
above). The same method was used to estimate tongue muscle force during spontaneous
breathing, although we had to account for movement artifacts that occurred during
tracheal occlusion. Despite our efforts to stabilize the animal, we noted that postural
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movements introduced a varying degree of artifact during airway occlusion. In an effort
to quantify this artifact, we repeated the protocol following complete bilateral Xllth nerve
section at the conclusion of all experiments. Any tongue force subsequently measured
was classified as artifact induced by actions of muscles other than the extrinsic tongue
muscles. Therefore, we estimated the GG protrusion force to be the difference between
the force recorded with lateral and whole Xllth nerve section. Similarly, the retractive
force of the SG and HG was calculated as the difference between the force recorded with
Xnth nerves intact and following lateral branch section.

Statistics. Contractile properties of the protrudor and retractor muscles were compared
with a paired t-test. The influence of sustained tracheal occlusion on force, EMG, and
ENG activities was analyzed by subjecting each of the 30 occluded breaths to 1-way
analysis of variance. The effect of nerve section on the response to tracheal occlusion
was analyzed using a paired t-test with the Bonferroni correction factor for multiple
comparisons. The relationship between changes in GG EMG activity and changes in the
direction and magnitude of tongue force was assessed with linear regression analysis.
The influence of hypoxia and hypercapnia on all parameters was tested using a 2-way
analysis of variance. All data are presented as the mean ± SEM. The level of
significance was set at pcO.OS.
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RESULTS

Series I: tracheal occlusion
In all rats, parallel increases in the respiratory related activity of the medial and
lateral Xllth nerve branches were observed during end expiratory airway occlusion as
shown in Figs. 6 and 7 (left panel). Also note that co-activation of motoneurones to
protrudor and retractor muscles resulted in progressively greater retractions of the tongue
as the occlusion persisted. The mean Xllth ENG and tongue force responses to airway
occlusion (Fig. 8) are consistent with the records shown in Figs. 6 and 7, in that
progressive increases in medial and lateral nerve branch activities were associated with
parallel increases in tongue retraction force.

Two tongue force responses were seen following section of the lateral Xllth nerve
branch (retractor muscle denervation). In the majority of experiments (5/9), occlusion
following lateral Xllth section resulted in tongue protmsion after roughly 10 occluded
efforts (Fig. 6, middle panel), whereas in the remaining experiments, (4/9) weak tongue
retraction forces were observed (Fig. 7, right panel). Medial Xllth nerve branch
stimulation produced clear tongue protrusion in the latter experiments (Fig. 7B),
indicating that the medial branches were not damaged and that the tongue was capable of
protruding during the occlusion. Nevertheless, it is clear that denervation of the retractor
muscles greatly decreased the respiratory related tongue forces recorded during airway
occlusion, whether or not occlusion produced protrusion or weak retraction following
lateral XHth nerve section.

To insure that manipulation of the hypoglossal nerve branches did not influence
the recording of tongue force, in separate experiments we recorded both tongue force and
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GG EMG activity in response to traclieal occlusion in 10 animals, although EMG data
were discarded in 2 of these animals. With Xllth nerves intact, end expiratory tracheal
occlusion resulted in retractive tongue movements and progressive increases in GG EMG
activity over the course of the occluded inspiratory efforts (Fig. 9, left panel). When we
repeated the occlusion following lateral Xllth branch section we observed similar
increases in the GG EMG, but the force produced by the tongue was greatly reduced and
in most animals (8/10) the tongue protruded (Fig. 9, middle panel). As with the nerve
recording experiments, a few (2/10) of the animals demonstrated tongue retraction forces
after lateral branch section. In all occlusion experiments, section of all Xllth nerve
branches resulted in small artifactual tongue forces during occluded respiratory efforts
(Figs. 6 and 9; right panel).

The relationship between GG EMG activity and tongue force during tracheal
occlusion is shown in Fig. 10. During tracheal occlusion with Xllth nerves intact the GG
EMG activity and the estimated retraction force of the SG and HG muscles were linearly
related (top panel of Fig. 10). However, after lateral branch section, a similar relationship
was observed (bottom panel of Fig. 10). In other words, GG EMG activity was
correlated with tongue force during airway occlusion whether or not the tongue was
retracting (top panel) or protruding (bottom panel).

In an effort to determine the likely arterial blood gas levels that were present at
the end of 30 occluded breaths, we repeated the tracheal occlusion study in 1 rat in which
arterial blood gases were measured immediately before and after the occlusion trial. The
PaOi decreased from 70 to 17 mmHg, and PaCOi increased from 30 to 47 mmHg in this
animal.
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Series 2: hvpercapnia and hypoxia.
Both poikilocapnic hypoxia and hyperoxic hypercapnia evoked parallel
recruitment of the GG and HG, yet the net tongue force was always retractive. An
example of the changes in tongue force and GG and HG EMG activities in response to
hypercapnia is shown in Fig. 11; mean responses are given in Fig. 12. Note that
hypercapnia caused increases in drive to the GG and HG muscles, and that tongue muscle
retraction force increased in parallel. Breathing frequency increased non-significantly
from 84±3 to 87db5 breaths/min as F1CO2 was increased from 0 to 0.10, but the "neural
minute ventilation" (frequency*DIA EMG activity %max) increased from 5010±305 to
6204±652 (p<0.05), and ETCO2 increased from 44±1 to 55±1 torr (p<0.05).

Poikilocapnic hypoxia had little effect on GG and HG EMG activities until Fi02
fell to 0.10. This severe hypoxic level evoked parallel increases in GG and HG EMG
activities, and strong tongue retractions (Fig. 13). Breathing frequency increased nonsignificantly from 85±4 to 95±5 breaths/minute as F1O2 fell from 1.0 to 0.10, while
neural minute ventilation increased from 4794±497 to 6636±841 (p<0.05). The ETCO2
fell from 44±1 - 42±2 torr, but the change was not-significant.

Series 3: toneue muscle contractile properties.
An example of the tongue muscle twitch force evoked by bilateral Xllth nerve
stimulation is shown in Fig. 5A. Note that the force produced by intact whole Xllth
nerve stimulation (co-activation of protrudor and retractor muscles) caused tongue
retraction, producing a twitch force of 93±7 mN, a time to peak force (TTP) of 19.6±0.7
ms, and a one-half relaxation time (T1/2) of 12.5±0.4 ms. Following lateral Xllth branch
section, twitch force was protrusive (5.6±0.9 mN; pcO.OS), and TTP and T1/2 averaged
15.5±1.0 and 12.5±0.4 ms, respectively.
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Given that the majority of the published data on tongue muscle activities and
pharyngeal airway mechanics have been done in the cat, we wished to insure that our
observations and those of Gilliam and Goldberg (1995) were not unique to the rat.
Accordingly, we examined the influence of selective hypoglossal nerve branch
stimulation on tongue muscle contractile properties in 3 cats using the same system
developed for the rat (Fig. 4). Although the absolute tongue forces were higher and the
twitch kinetics slower in the cat, the data are qualitatively similar in that bilateral
stimulation of the Xllth nerves evoked powerful tongue retraction (twitch force =
594.7±I97.6 mN, TTP = 49.9±0.9 ms; Tl/2 = 30.7±2.4 ms), and stimulation after lateral

Xnth nerve section resulted in weak tongue protrusion (twitch force = 110±37.8 mN,
p<0.05; TTP = 43.4±7.8 ms; Tl/2 = 28.4±1.9 ms).
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FIGURE 6. Sample record showing the typical response of tongue force, medial and
lateral Xnth ENG, and diaphragm EMG activities to end-expiratory tracheal
occlusion. Three airway occlusion tests were performed: 1) with XUth nerves intact
(left panel); 2) following lateral Xllth nerve section (middle panel), and 3) following
whole XUth nerve section (right panel). Following lateral or medial XUth nerve branch
section (middle and right panels), the central end of the cut nerve was placed on the
electrodes to enable recording of efferent motor nerve activity. In each panel, the dashed
lines demarcate the period of tracheal occlusion. Occlusion produced forceful tongue
retraction with XUth nerves intact, and weak tongue protrusion following lateral XUth
nerve branch section. Note the parallel increases in activity of the medial and lateral
XUth nerve branches under all three conditions, indicating co-activation of the tongue
retractor and protrudor muscles during airway occlusion.
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FIGURE 7. A. Sample record showing the alternate response of tongue force to
end-expiratory tracheal occlusion. In a few animals, airway occlusion following lateral

Xnth branch section did not result in protrusion of the tongue. Nevertheless, nerve
section essentially abolished the tongue force response to occlusion. B. Tongue force
tracing showing the effects of medial Xnth nerve branch stimulation in the same
animal. The medial Xllth nerve branches were stimulated at 40 and 20 Hz to show that
the tongue was capable of protruding during the occlusion experiment shown in panel A.
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FIGURE 7. Legend on preceding page.
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branches over the course of the airway occlusion. (N=9)
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FIGURE 9. Sample record showing the effects of end-expiratory tracheal occlusion
on tongue force and GG EMG. The occlusion experiment was performed with Xllth
nerves intact (left panel), following lateral Xllth nerve branch section (middle panel), and
following whole Xllth nerve section (right panel). The unprocessed as well as the
moving time averaged (i.e., "integrated", iEMG) EMG signals are presented. In each
panel, the trachea was occluded between the dashed lines. With Xllth nerves intact,
airway occlusion produced retractive tongue movements despite increases in GG EMG
activity. Following lateral Xllth branch section (/.e. retractive muscle denervation)
tongue force was primarily protrusive. Complete Xllth nerve section abolished the GG
EMG response, but small force fluctuations remained (see text).
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FIGURE 10. Relationship between respiratory related GG EMG activity and
extrinsic tongue muscle force over 30 occluded breaths. The top panel demonstrates
the association between tongue retraction force and peak GG EMG activity. The bottom
panel shows the relationship between tongue protrusion force and peak GG EMG
activity. Peak GG EMG activity and tongue muscle force are expressed as a percentage
of the maximum activity observed during airway occlusion. Respiratory related GG
EMG activity correlated well with both retraction force (r2=0.86, slope of regression line
= 1.05) and protrusion force (r2=0.70, slope of regression line = 0.98). The data are
pooled from 8 rats. All force values were corrected for artifact, as described in the
Methods.
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DISCUSSION

Our major finding is that the muscles that protrude and retract the tongue are coactivated when respiratory drive is increased, and that co-activation is always associated
with tongue retraction force during inspiration. Our twitch force data show that the
retractor muscles produce more force than the GG in both rat and cat, which confirms
recent reports in the rat (Gilliam & Goldberg, 1995) and human (Eisele etal., 1997).

Critique of methods.

Prior to discussion of the major findings, there are two

methodological issues that should be addressed. First, tracheal occlusion in this
preparation removes lung volume feedback, which has been shown to have an inhibitory
influence on upper airway motor activity (Kuna, 1986; Gauda et al., 1994). We have
recently examined the effects of lung volume feedback on the respiratory related EMG
activities of the GG and HG in the rat and found that lung inflation causes proportional
inhibition of the drive to both muscles (Fregosi & Fuller, 1997a). Thus, it is likely that
the increase in neural drive to the tongue muscles observed within the first few occluded
respiratory cycles was due, in part, to removal of phasic volume feedback in these vagally
intact animals. However, this influence likely had little impact on the activity recorded
on the 3rd -30th occluded cycles; rather, the progressive increase in drive to the tongue
muscles as the occlusion persisted was likely the result of increases in central and
peripheral chemoreceptor stimulation as the animals became increasingly more
hypercapnic and hypoxic.

Second, during intact Xllth nerve recordings, the ENG signal could represent both
efferent and afferent activity. O'Reilly & Fitzgerald (1990) examined the fiber
composition of the hypoglossal nerve in the rat and found that a small number of afferent
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fibers travel in the medial and lateral Xllth nerve branches; therefore, afferent activity
likely contributed at least some power to the recorded ENG signal. For example, in some
animals the ENG activity was lower following nerve section, which is consistent with
loss of the afferent signal following nerve section. However, the mean medial and lateral

Xnth ENG responses to tracheal occlusion after lateral and whole Xllth nerve section
were not significantly different than those recorded with the Xllth nerves intact.
Therefore, we are confident that the majority of the Xllth ENG activity that we recorded
was the result of Xllth motoneuronal activities.

Response to tracheal occlusion. To our knowledge, the present study is the first to
examine changes in tongue muscle force during spontaneous breathing or airway
occlusion. In most animals, we observed tongue retraction force during eupneic
inspirations (Fig. 11). Tracheal occlusion caused progressive increases in inspiratoryrelated tongue retraction force, and parallel augmentation of the activity of both the
medial and lateral Xllth nerve branches. These data are consistent with the observation
that electrical stimulation of the whole Xllth nerve produces a retraction force in rats,
cats, and humans (see below), and indicate that the retractor muscles overwhelm the
protrusive actions of the GG when both muscle groups are activated simultaneously.

Hypoxia and hypercapnia. Tracheal occlusion is a very severe respiratory stimulus, and
increases in upper airway muscle activity during occlusion are likely due to changes in
blood gases as well as removal of inhibitory volume related afferent feedback from the
lungs (see above). Therefore, the independent effects of peripheral and central
chemoreceptor stimulation were examined by subjecting the animals to hyperoxic
hypercapnia and poikilocapnic hypoxia. Both stimuli evoked parallel increases in the
EMG activity of the GG and HG, and progressive increases in tongue retraction force as
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the level of respiratory drive increased. These observations are consistent with the
tracheal occlusion experiments, and further emphasize the phenomenon of co-activation
of the protrudor and retractor muscles during hyperpnea.

Relationship between GG EMG activity and tongue force. Measurements of GG EMG
activity are widely used as an index of upper airway motor activity in animal and human
subjects. Genioglossus EMG activity increases with hypoxia, hypercapnia, (Onal et ai,
1981a, 1981b) and tracheal occlusion (Brouliette & Thach, 1979). Moreover, decreases
in GG EMG activity during sleep have been implicated in the pathogenesis of obstructive
sleep apnea (Remmers et al., 1978). The usual interpretation of the correlation between
decreased GG EMG activity and increased airflow resistance is that when GG EMG
activity decreases, the tongue moves posteriorly and occludes the pharyngeal airway.
Similarly, increases in the respiratory-related activity of the GG are thought to reflect
tongue protrusion, and dilation of the pharyngeal airway. We measured GG EMG
activity during airway occlusion and found that it correlated with tongue force, whether
or not the force was retractive (as in the intact animal) or protrusive (following lateral
Xnth branch section). Recent experiments in goats (Brennick et al., 1997) have
examined the relationship between GG muscle length and GG EMG activity during
breathing. Interestingly, these experiments have shown that increases in GG muscle
length can be accompanied by increases in the GG EMG, demonstrating that increased
drive to the GG does not necessarily result in shortening of the muscle. These data fit
well with our observation that increases in GG EMG activity can be associated with
either retraction or protrusion of the tongue. It is suggested, therefore, that changes in
GG EMG activity should not be used as an independent predictor of changes in tongue
muscle force or the direction of tongue movements during spontaneous breathing.

92

Xllth nerve stimulation. Electrical stimulation of the whole Xllth nerve caused strong
retraction of the tongue in both rats and cats. Therefore, the net mechanical result of
simultaneously stimulating the protrudor and retractor muscles is retraction of the tongue.
In an effort to determine the contribution of the GG muscle to the measured tongue force,
we repeated the Xllth nerve stimulation following lateral Xllth branch section {i.e.
retractive muscle denervation) in the same animals. Following lateral branch section,

Xnth nerve stimulation resulted in weak tongue protrusion. These results suggest that
during whole XQth nerve stimulation, the mechanical actions of the retractor muscles are
dominant. Our results are consistent with recent reports in both humans (Eisele et al.,
1997) and rats (Gilliam & Goldberg, 1995) showing that whole Xllth nerve stimulation
results in tongue retraction. Therefore, co-activation of the GG and HG/SG muscles
during spontaneous breathing will favor tongue retraction, presumably because the
retractor muscles are stronger than the GG.

Physiological significance. The functional significance of co-activating tongue retractor
and protrudor muscles has not been established. However, recent evidence from both
animal models and human subjects shows that tongue muscle co-activation improves
pharyngeal airway mechanics. Schwartz etal. (1993) found that XQth nerve stimulation
increased the maximal rate of inspiratory flow and decreased collapsibility of the isolated
feline upper airway. In a similar experiment, (Hida et al., 1995) it was shown that whole
XQth nerve stimulation decreased the compliance of the isolated canine upper airway
from 4 to 3 ml/cmHiO. In both of these experiments the Xllth nerve was stimulated
proximal to its bifurcation into medial and lateral branches, thereby co-activating the
protrudor and retractor tongue muscles. Based on the present experiments, whole Xllth
nerve stimulation was most certainly associated with tongue retraction in the experiments
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of Schwartz er a/. (1993) and Hida era/. (1995), indicating that improved pharyngeal
mechanics and tongue retraction are somehow linked.

The results of these studies in anesthetized animals are supported by a recent
smdy in patients with obstructive sleep apnea (OSA). Eisele et al (1997) showed that coactivating the tongue muscles by whole Xllth nerve stimulation caused visible tongue
retraction and an increase in maximal inspiratory flow in their patients. Moreover, the
increases in flow observed during co-activation were not different than the increase
observed with selective stimulation of the medial Xllth branch, during which clear tongue
protrusion was observed. These data are particularly interesting in light of the data of
Schwartz etal. (1996), demonstrating that selectively stimulating the retractor muscles
causes tongue retraction and a reduction in airflow in human subjects. Taken together,
these two studies suggest that co-activating the protrudor and retractor muscles can
improve pharyngeal mechanics despite net tongue retraction, whereas selective retractor
muscle activation will narrow the airway and reduce flow. Although further experiments
are needed to determine how tongue muscle co-activation and retraction of the tongue can
lead to improved pharyngeal airway mechanics, our working hypothesis is that cocontraction serves to stiffen the tongue as the protrudor and retractor muscle fibers work
against one another (Fregosi & Fuller, 1997a). This would make the tongue more
resistant to posterior displacement in the face of the negative hypo-pharyngeal pressures
that are generated during inspiration. However, because co-contraction is accompanied
by tongue retraction, pharyngeal narrowing may co-exist with the increase in tongue
stiffness and inertia. Nevertheless, the recent studies in human subjects, cited above,
strongly support our hypothesis, and suggest that enhanced tongue stifftiess is more
important than tongue position in improving pharyngeal airflow mechanics.
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The results described in this chapter have been presented previously in abstract
form (Fuller & Fregosi, 1996, 1997) and as a published manuscript (Fuller et al., 1998a).
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CHAPTERS

Phasic lung volume feedback inhibits respiratory drive
to tongue protrudor and retractor muscles
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ABSTRACT

The effects of vagally mediated, phasic lung volume feedback on the
electromyographic (EMG) activities of tongue protnidor (genioglossus; GG) and retractor
(hyoglossus, HQ) muscles and tongue movements were examined in 14 urethane
anesthetized, tracheotomized, spontaneously breathing rats. The direction and magnitude
of tongue movements was examined by connecting the tip of the tongue to an isometric
force transducer. Rats were exposed to successive levels of poikilocapnic hypoxia (F1O2
= 1.0,0.21,0.15, and 0.10; balance N2) and hyperoxic hypercapnia (F1CO2 = 0, 0.04,
0.07,0.10; balance O2). Once EMG activities had reached a steady state at each F1O2
and F1CO2, phasic volume feedback was eliminated with a single breath end-expiratory
occlusion of the tracheal cannulae. During hyperoxic breathing, the GG and HG muscles
were co-activated during inspiration, resulting in a retractive tongue force (12.8±2.2 mN).
Removal of phasic volume feedback caused a greater tongue retraction force (16.5±2.5
mN), and an increase in peak inspiratory GG and HG EMG activities (34 and 28%,
respectively). Peak GG and HG EMG activities and retractive tongue force progressively
increased with elevations in F1CO2, but did not change until F1O2 was reduced to 0.10
(p<0.05). Removal of phasic volume feedback augmented peak GG and HG EMG
activities and tongue force at all levels of F1CO2 and F1O2 (p<0.05), although there were
no differences across levels of F1CD2 and F1O2. These results indicate that, in the rat,
phasic volume feedback inhibits respiratory drive to tongue protnidor and retractor
muscles, leading to an attenuation of tongue retraction force. Previous studies have
shown that co-activation of protnidor and retractor muscles stiffens the pharyngeal
airway. Thus increased activity of the tongue protnidor and retractor muscles when
phasic volume feedback is reduced {e.g., during airway obstruction) may promote upper
airway patency by decreasing airway compliance.
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INTRODUCTION

Recent experiments have shown that, in animal models, the tongue retractor
muscles (styloglossus, SG; hyoglossus, HG) are co-activated with the protrusive
genioglossus muscle (GG) during inspiration (Fuller etai, 1998a; Yasui etai, 1993).
Studies using isolated upper airway preparations have consistently shown that coactivating the tongue protrudors and retractors with hypoglossal (Xllth) nerve stimulation
results in an increase in the maximal rate of airflow (VImax) through the upper airway
(Schwartz et al., 1993; Chapter 4). Moreover, co-activating the tongue protrudor and
retractor muscles by stimulating the Xllth nerves of obstructive sleep apnea patients
results in increased inspiratory airflow, and fewer apneic events per night (Eisele et al.,
1997; DeBacker et al., 1998). Therefore, accumulating evidence suggests that the tongue
protrudors and retractors may be co-activated during inspiration, and that co-contraction
improves upper airway flow mechanics.

Lung inflation inhibits inspiratory discharge recorded from the main trunk of the
XUth nerve (Sica et al., 1984; Kuna, 1986), and from the GG electromyogram (EMG) on
a breath by breath basis (Brouliette & Thach, 1979; Van Lunteren et al., 1984; Kuna &
Smickley, 1988). The inhibition is mediated by airway receptors that are innervated by
vagal nerve afferent axons (Sant'Ambrogio etal., 1995). Lung inflation has a greater
inhibitory influence on the activity of Xllth motoneurons than on phrenic motoneurons
(Sica etai, 1984), which has lead some investigators to speculate that inhibition of upper
airway dilator activity by phasic lung volume feedback acts as a safeguard against
narrowing or closure of the upper airway (Van Lunteren etai, 1984; Kuna, 1986). If the
upper airway narrows or occludes, the reduction in lung volume will augment GG
motoneuron activity, which may help to promote or restore airway patency (Kuna, 1986).
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However, the influence of phasic lung volume feedback on the muscles which retract the
tongue (SG, HG) has not been investigated. Considering the recent evidence indicating
that the tongue protrudor and retractor muscles must be recruited together to optimally
stiffen the pharyngeal airway (Fuller etai, 1998a; Chapter 4), this is an important
question. Accordingly, the purpose of this investigation was to examine the influence of
phasic lung inflation on the inspiratory EMG activities of the GG and the HG muscles,
and on tongue movements, in anesthetized rats. Our hypothesis was that the peak
inspiratory EMG activities of tongue protrudor and retractor muscles would be similarly
inhibited by phasic lung volume feedback.

METHODS

Male Sprague-Dawley rats (N=I3) weighing 301- 537 g (mean = 382 ± 24 g,)
were used for all experimental procedures, which were approved by the Institutional
Animal Care and Use Committee at the University of Arizona. Rats were anesthetized
via an intra-peritoneal (IP) injection of urethane (1.3 g/kg); subsequent doses (0.3 g/kg)
were administered if necessary. A sub-cutaneous injection of atropine-sulfate (0.5
mg/kg) was given to minimize upper airway secretions. A thermistor and servocontrolled heating lamp (Yellow-Springs Instruments, model 73ATD) were used to
maintain rectal temperature at 37° C. Animals were supine with limbs secured to the
operating table throughout all surgical and experimental procedures. The upper jaw was
secured to the operating table with a custom-made wire head frame. Use of the head
frame helped to minimize artifacts in the tongue force measurements (see Tongue
movements.).
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Once adequate surgical anesthesia had been established, the trachea was
cannulated caudal to the larynx with polyethelyne 100 tubing to facilitate delivery of
inspired gases. A rotometer was used to mix O2, CO2, and N2 at the appropriate levels
(see protocol). Gas concentrations were then analyzed for [CO2] (model CD-3A,
Amatek) and [O2] (model OM-l I, Beckman) and delivered to the rat by connecting the
rotometer's outflow port to the tracheostomy cannula with a "t-tube". With this system,
we were able to rapidly and precisely adjust the concentration of O2 and CO 2 of the
inspired air, while the rat was spontaneously breathing (Fregosi, 1994).

EMG recordings. The GG and HG muscles were exposed bilaterally with a ventral
approach (Gilliam & Goldberg, 1995), and the diaphragm (DIA) was exposed via a
midline laparotomy. A pair of stainless steel, fine wire recording electrodes (0.125 mm
diameter, California Fine Wire) were inserted into the belly of each muscle. The fine
wire electrodes were insulated except for the terminal 1-2 mm at each end. Alternating
current coupled differential amplifiers (Grass, model 7P51 IK) were used to amplify and
filter (30 - 3000 Hz) the EMG signals, which were subsequently rectified and moving
time averaged with a time constant of 100 ms (Coulboum, model S76-0I).

We carefully verified the placement of the GG and HG EMG electrodes as
follows. Once die electrodes were inserted, they were connected to a Grass model S48
stimulator through a stimulus isolation unit (Grass, model PSIU6). Current ranging from
1-5 Amp was passed through the wires (1 Hz, 0.1 ms pulse duration) and the direction of
tongue movements was observed. If stimulation through the GG wires did not result in
clear tongue protrusion, or if stimulation through the HG wires did not cause distinct
tongue retraction, the wires were replaced. Furthermore, at the conclusion of each
experiment, the medial and lateral Xllth nerve branches were sectioned, and if the EMG
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activity from the GG and HG recording electrodes was not eliminated, poor electrode
placement was assumed, and the data were discarded.

Tongue movements. The direction of tongue movement was quantified as either
protrusive or retractive, and the forces associated with these tongue movements were
measured as described previously (Fuller et al., 1998a). Briefly, a sumre was passed
through the midline frenulum of the tongue, and a silk thread was used to connect the
tongue to an isometric force transducer (Kent Scientific, model TRNOOl). Because the
force transducer was isometric, retraction of the tongue loaded the transducer, whereas
tongue protrusion unloaded the transducer. With this system, tension is required in the
line connecting the tip of the tongue to the force transducer. The amount of tension in the
line was standardized by examining the relationship between muscle twitch force and line
tension for both protrudor and retractor muscles at the beginning of each experiment.
The GG and HG muscles were stimulated through the fine wire EMG electrodes (see
EMG recordings), and the resultant protrusive and retractive twitch forces were recorded.
The line tension associated with the peak twitch force was recorded for each muscle. If
the optimal line tension for the protrudor and retractor muscle twitch forces differed, the
tension was set at the average of the two values. A detailed description and critique of
our tongue force measurement technique has been published previously (Fuller et al.,
1998a).

Protocol. The effects of phasic volume feedback on GG, HG, and DIA EMG activities,
as well as tongue movements, were assessed by occluding the tracheostomy tube at end
expiration for 1-2 respiratory cycles. Each animal was exposed successively to 4
different levels of poikilocapnic hypoxia (F1O2 = 10, 0.21, 0.15, and O.IO, balance N2)
and hyperoxic hypercapnia (F1CO2 = 0,0.04,0.07,0.10; balance O2). Each inspired gas
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level was maintained until all EMG activities were stable for approximately 1 minute, at
which point the end-expiratory tracheal occlusion was performed. Once EMG activities
returned to pre-occlusion levels, the inspired gas concentration was changed as dictated
by the protocol. The order of hypoxic and hypercapnic trials was randomized. At the
conclusion of the hypoxic and hypercapnic trials, the animals were bilaterally
vagotomized at the midcervical level, and the airway occlusion experiments were
repeated.

Data Analysis. All data were recorded on VCR tapes following pulse code modulation
(Vetter, model 4000). In addition, the tongue force and moving time averaged (MTA)
EMG activities were recorded directly onto a polygraph chart recorder (Grass model 79).
Peak inspiratory tongue force and peak inspiratory MTA GG, HG, and DIA EMG
activities were analyzed from the polygraph tracings. Peak EMG activity was defined as
the highest amplitude observed at any time during an inspiratory EMG burst (indicated by
arrows in Fig. 14). The peak height was expressed as a percentage of the maximal
response, which was defined as the highest level of activity observed at any time during
the protocol. In all cases, the maximal response occurred during the occluded breath at
either 7 or 10% inspired CO2, or 10% inspired O2. The degree of suppression of EMG
activity and tongue force by phasic volume feedback was calculated in the following
manner (Kuna, 1987):

% suppression = [(peak activity during occluded breath - peak activity during unocciuded
breath) / (peak activity during occluded breath) ] x 100.

Time to peak (TTP) EMG activity was assessed from the moving time averaged traces
using computer software (SPIKE n , Cambridge Electronics, London). The estimated
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mean rate of rise (MRR) of EMG activities and tongue force were calculated by dividing
the peak moving time averaged activity (% max) by the TTP (s). The percent suppression
of TTP and MRR by phasic volume feedback was calculated as described above. The
influence of hypoxia, hypercapnia, and tracheal occlusion on all parameters was tested
using a 2-way analysis of variance and the Student-Kneuman-Keuls post-hoc procedure.
All data are presented as the mean ± SEM. Statistical significance was set at p<0.05.

RESULTS

Representative recordings of inspiratory GG and HG EMG activities and tongue
force in one animal during hyperoxia, hypoxia, and hypercapnia are shown in Fig. 14.
During hyperoxic breaths with lung inflation (left panel, thin lines), the GG and HG
muscles were co-activated, and the tongue retracted. End-expiratory occlusion of the
tracheal cannulae augmented the peak activities of all three variables, and increased the
duration of the inspiratory burst. Hypoxia (middle panel) and hypercapnia (right panel)
increased the peak EMG activity of the GG and HG and caused more forceful tongue
retractions during both occluded and unoccluded breaths. Note that the influence of
phasic volume feedback was qualitatively and quantitatively similar for the protrudor and
retractor muscles, and that the mechanical result of tongue muscle co-activation was
tongue retraction. The effects of end-expiratory airway occlusion were abolished by
bilateral mid-cervical vagotomy, as shown in Fig. 15.

The mean peak inspiratory moving time averaged EMG activities and tongue
force for breaths with and without phasic volume feedback at each level of poikilocapnic
hypoxia and hyperoxic hypercapnia are shown in Figs. 16 and 17, respectively. As the
inspired [CO2] was elevated, the peak activity of the GG, HG, and tongue force increased
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for breaths with and without lung inflation (Fig. 16). In all cases, the EMG activity for
occluded and unoccluded breaths was significantly different (p<0.05). The hypoxic trials
were not isocapnic, and as a result peak EMG activities during unoccluded breaths did
not increase significantly until inspired O2 was reduced to 10% (Fig. 17). Airway
occlusion resulted in a significant increase in peak activity of all variables at each level of
inspired O2 (Fig. 17; p<0.05). The average reduction in tongue force and in peak
inspiratory EMG activities of the GG and HG muscles caused by phasic volume feedback
are shown in Fig. 18. The magnitude of the reduction of tongue force and GG and HG
EMG activities evoked by phasic volume feedback was similar at any given inspired [O2]
and [CO 2].

Tables 3 and 4 present the average TTP for the GG and HG EMG activities and
tongue force for breaths with and without lung inflation. In all cases, removal of phasic
volume feedback increased the TTP for each of these variables (p<0.05), but changing
chemical drive had no influence on this effect (Tables 3 & 4). The estimated MRR for
inspiratory EMG activity of the HG and GG muscles and tongue force are given in Tables
5 and 6. With a single exception, withdrawal of lung inflation did not significantly alter
MRR of any variable at any level of inspired [O2] (Table 5).
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FIGURE 14. Representative tracings of inspiratory moving time average EMG
activities of the GG and HG muscles, and tongue force for breaths with (thick lines)
and without (thin lines) lung inflation. Tracings are from a single animal during
hyperoxia (F1O2 = 1.0; left panel), poikilocapnic hypoxia (F1O2 = 0.10, balance N2;
middle panel), and hyperoxic hypercapnia (F1CXD2 = 0.07, balance 02; right panel). The
downward deflection of the tongue force trace reflects tongue retraction. In the left panel,
the arrows indicate the points at which peak moving time averaged EMG activities were
measured. In all cases, removal of phasic volume feedback resulted in augmentation of
inspiratory GG and HG EMG activity, and a greater tongue retraction force. Note the
very close correspondence of HG EMG activity and tongue force.
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FIGURE 14. Legend on preceding page.
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FIGURE 15. Representative tracings of moving time average HG and GG
inspiratory EMG activi^ and tongue force firom 1 vagotomized rat Breath with lung
inflation is represented by the thick lines; breath without lung inflation is represented by
the thin lines. No evidence of an inhibitory reflex is present in this vagotomized animal.
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FIGURE 16. Peak activity of moving time average GG, HG, and DIA EMG activities and tongue force with (squares)
and without (circles) lung inflation at 0,4,7, and 10% inspired CO2 in all rats. *, different than 0% inspired CO2
condition; #, peak without lung inflation greater than peak with lung inflation; f. response without lung inflation greater than
response with lung inflation
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FIGURE 17. Peak activity of moving time average GG, HG, and DIA EMG activities and tongue force with (squares)
and without (circles) lung inflation at 0,21,15, and 10% inspired O2 in all rats. *, different than 100% inspired O2
condition; #, peak without lung inflation greater than peak with lung inflation; f. response without lung inflation greater than
response with lung inflation
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FIGURE 18. Percent suppression by phasic volume feedback of peak moving time average EMG activities of the GG
and HG muscles, and tongue force during progressive hypercapnia (top panel) and hypoxia (bottom panel). Top panel;
C, control (F1CO2 = 0); 4, F1CO2 = 0.04; 7, F1CO2 =0.07; 10, FiC02 = 0.10; Bottom panel: C, control (Fi02= 1.0); 21,
FI02 = 0.21; 15,FI02 = 0.15; 10.FI02 = 0.10
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TABLE 3. Time to peak activity (ms) of moving time averaged GG and HG EMG
activities and tongue force, with and without lung inflation during progressive
poikilocapnic hypoxia. In all cases, the TTP was greater during breaths without lung
inflation. The percent suppression of TTP by phasic volume feedback was not different
across levels of inspired 02-

Hyperoxia

21% Oj

GG

Inflation
172±11

No Inflation
271±12*

% Supp.
35±5

Inflation
161±11

No Inflation
242±17*

% Supp.
32±5

HG

161±18

257±19*

36±6

142±12

211±19*

27±7

Force

153+11

236±11*

34+6

143±12

196±12*

24±7

GG

Inflation
136±8

15% O2
No Inflation
201±14*

% Supp.
31±3

Inflation
163±8

10%02
No Inflation
219±15*

% Supp.
23±5

HG

123±8

193±11*

36±4

145±8

215±18*

29±5

Force

120±9

194±10*''

36±4

131±10

nstis*'

19±7

Ill

TABLE 4. Time to peak activity (ms) of moving time averaged GG and HG EMG
activities and tongue force, with and without lung inflation during progressive
hyperoxic hypercapnia. In all cases, the TTP was greater during breaths without lung
inflation. The percent suppression of TTP by phasic volume feedback was not different
across levels of inspired CO2. *, value without lung inflation different than value with
lung inflation; #, different than corresponding breath in hyperoxic condition

H3rperoxia
No Inflation % Supp.
260±12*
36±3

Inflation
153±10

4% CO2
No Inflation
242±13*

% Supp.
37±4

GG

Inflation
164+7

HG

152±7

226±12*

30±5

143±9

207±16*

27±7

Force

154±8

238±16*

31±6

132±8

209±13*

36+6

GG

Inflation
150±8

7% CO2
No Inflation
225±14*''

% Supp.
33±4

HG

129±13

216±21*

40±5

129±15

210+19*

38±6

Force

124±7

196±I4**

34±6

117+9

205±13*

43±4

10% CO2
Inflation No Inflation
234+16*
149±9

% Supp.
36±4
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TABLE 5 Elstimated mean rate of rise of moving time averaged GG and HG EMG
activities and tongue force, with and without lung inflation during progressive
poikilocapnic hypoxia.

H3^eroxia
No Inflation % Supp.
168±17
-22±11

21% 0,
No Inflation % Supp.
180±17
-10±7

GG

Inflation
201±24

HG

231±29

195±22

-23±11

233±39

220±28

-11±10

Force

172±23

172±32

-6±7

142±17

167±26

5±8

GG

Inflation
169±31

15% O2
No Inflation
158±25

HG

178±3r

152±24

-12±10

287±38

306±36"

4±6

Force

209±42

192±44*

-13±10

292±46

353161"

12±10

% Supp.
-2±7

Inflation
195122

10%02
Inflation No Inflation % Supp.
290131"
272±38
9±7
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TABLE 6. Estimated mean rate of rise of moving time averaged GG and HG EMG
activities and tongue force, with and without lung inflation during progressive
hyperoxic hypercapnia. The percent suppression of MRR was not different across
inspired O2 or CO2 levels. *, value without lung inflation different than value with lung
inflation; #, different than corresponding breath in hyperoxic condition

Hyperoxia
No Inflation % Supp.
174±20
-19±7

Inflation
335±59

4% CO2
No Inflation
255±31*

% Supp.
-25±7

GG

Inflation
213±32

HG

303±35

246±29

-26±8

376±45

348±46

-13±10

Force

236±41

197±38

-34±14

363139"

301±42

-39±2l

7% CO,

10% CO,

GG

Inflation
375±3r

No Inflation
343±33"

% Supp.
-W±5

Inflation
420±41''

No Inflation
383±36"

% Supp.
-11±5

HG

452±59

359±40*

-24±10

522±59"

437±41*"

-23±11

Force

461±40"

423±41"

-12±8

562±64"

426±41*"

-32±5
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DISCUSSION

The inhibitory influence of vagally mediated, phasic lung volume feedback on
efferent Xllth nerve activity and GG EMG activity has been characterized by previous
investigators (Brouliette «fe Thach, 1979; Sica.etaL, 1984; Agostoni er a/., 1986; Van
Lunteren, et al., 1984, Kuna, 1986; Kuna & Smickley, 1988). We have extended these
observations by demonstrating that vagally mediated phasic volume feedback inhibits the
inspiratory EMG activity of a tongue retractor muscle (HG), and that the degree of
inhibition is similar to that seen in the GG muscle. Consistent with prior reports (Eisele
etaL, 1997; DeBacker ef a/., 1998, Fuller etal., 1998a), co-activating the tongue
protrudor and retractor muscles resulted in tongue retraction, and the tongue retracted
more forcefully when phasic volume feedback was removed.

Critique of Methods.

In these experiments, inspired [CO2] and [O2] were manipulated

to increase respiratory drive, and presumably tidal volumes, although lung volume was
not measured. Inspiratory esophageal pressure in the rat becomes significantly more
negative during chemoreceptor stimulation, indicating that tidal volume is increasing
(P.L. Janssen & R.F. Fregosi, unpublished observations). Nevertheless, because lung
volume was not measured, no conclusions may be drawn regarding possible interactions
between lung volume and chemoreceptor stimulation. However, Kuna examined the
interactions between hypercapnia and phasic lung volume feedback on Xllth nerve
inspiratory activity, and concluded that any interactive effects were minimal (Kuna,
1987).

Phasic volume feedback inhibits inspiratory drive to tongue protrudor and retractor
muscles. The influence of phasic volume feedback on the inspiratory activity of the Xllth
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nerve in decerebrate cats has been examined by Sica and colleagues (1984).
Withholding lung inflation caused an increase in peak inspiratory Xllth nerve activity,
and a switch from a decrementing to an augmenting discharge pattern. Kuna (1986)
extended these observations by demonstrating that phasic volume feedback causes a
sustained, graded inhibition of Xllth nerve activity throughout inspiration, and that the
volume threshold for Xllth inhibition is time-independent. While these experiments
clearly demonstrate that phasic lung volume feedback inhibits inspiratory Xllth nerve
activity, nerve recordings in both investigations were made from the whole Xllth nerve,
prior to it's bifurcation into medial and lateral branches. The medial Xllth branch
innervates the GG muscle, while the lateral Xllth branch sends axons to the SG and HG
muscles. Therefore, it is not possible to determine if the XEIth nerve activity reported by
previous authors (Sica et al., 1984; Kuna, 1986) represents the activity of motoneurons
innervating tongue protrudor muscles, retractor muscles, or both.

EMG recordings have been used to examine the influence of phasic volume
feedback on the inspiratory activity of the primary tongue protrudor muscle, the GG
(Brouliette & Thach, 1979; Van Lunteren etai, 1984; Agostoni etai, 1987). Brouliette
and Thach (1979) first demonstrated that inspiratory GG EMG activity is inhibited by
lung volume feedback in the rabbit. Subsequently, Van Lunteren and colleagues (1984)
and Agostoni et al. (1987) examined the influence of phasic lung volume feedback on the
EMG activity of the GG muscle in dogs and rabbits, respectively. These studies
confirmed the results of Brouliette and Thach (1979), and also demonstrated that the
depressive effects of pulmonary afferents were greater for the GG muscle, as compared to
the posterior cricoarytenoid and alae nasi muscles (Van Lunteren etai., 1984).
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The inhibitory influence of phasic volume feedback on inspiratory GG EMG
activity has also been documented in human subjects (Kuna & Smickley, 1988; Carlo et
al., 1985; Roberts etal., 1986). Nasal airway occlusion produced a 5% increase in peak
inspiratory GG EMG activity on the first occluded breath in normal sleeping adult
subjects (Kuna & Smickley, 1988). Studies performed on sleeping neonates also show
that nasal airway occlusion results in increased inspiratory GG EMG activity (Carlo et
al., 1985; Roberts etal., 1986). Therefore, it is well established that phasic lung volume
feedback inhibits inspiratory GG EMG and Xllth ENG activity in both human subjects
and animal preparations. However, the influence of phasic lung volume feedback on
tongue retractor EMG activity has, to our knowledge, not been investigated prior to the
current study.

The current results show that the inhibitory influence of phasic volume feedback
on the respiratory related neural drive to tongue protrudor (GG) and retractor (HG)
muscles is similar (Fig. 14). No differences in the timing, or the peak EMG activities
were observed between these two antagonist muscles (Figs. 16 & 17; Tables 3-6).
Therefore, our results suggest that phasic lung volume feedback has a qualitatively and
quantitatively similar inhibitory influence on the respiratory related neural drive to tongue
protrudor and retractor muscles. As with previous investigations of Xllth ENG and GG
EMG (Van Lunteren etal., 1984; Kuna, 1986), the inhibitory effects of lung volume
feedback on GG and HG EMG activities were abolished following bilateral vagotomy.

Consistent with previous reports, we found that the tongue protrudor and retractor
muscles are co-activated in inspiration during eupneic breathing (Fregosi & Fuller,
1997a; Fuller et al., 1998a) and responded in parallel to chemoreceptor stimulation
(Yasui etal., 1991, Fregosi & Fuller, 1997a; Fuller era/., 1998a). Therefore,
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accumulating evidence suggests that in animal models, the tongue retractor and protrudor
muscles respond in a similar manner to respiratory stimuli. Whether or not respiratory
related tongue muscle co-activation occurs in human subjects has not been firmly
established. Sauerland and Mitchell (1975) reported that the tongue retractors were not
activated during forceful inspiration in a small sample of human subjects. Nevertheless,
recent evidence suggests that co-activation of tongue retractor and protrudor muscles (via

Xnth nerve stimulation) improves pharyngeal airflow mechanics in humans (see below).

Tongue movements. Inspiratory co-activation of tongue protrudor and retractor muscles
was accompanied by tongue retraction, which is consistent with previous publications
from our laboratory (Fregosi & Fuller, 1997a; Fuller era/., 1998a). Moreover, removal
of phasic volume feedback resulted in more forceful tongue retraction, despite augmented
GG EMG activity. Contraction of the GG muscle during inspiration has been presumed
to dilate the oropharynx (Bartlett, 1986), but this conclusion appears to be contrary to our
measurements of retractive tongue force, despite GG EMG activity. However, tongue
retraction does not necessarily impede airflow, and conversely, tongue protrusion is not
necessary to improve upper airway flow mechanics (Chapter 4). While unopposed
tongue retraction does indeed have a negative influence on upper airway flow mechanics,
presumably due to narrowing of the oropharyngeal airway (Schwartz et al., 1996), recent
experiments in the rat have shown that co-activation of tongue protmdor and retractor
muscles improves upper airway flow mechanics, despite causing tongue retraction
(Chapter 4). These experiments showed that tongue protrudor and retractor muscles were
much more effective at stiffening the isolated upper airway when they were co-activated.
As a result, tongue muscle co-activation (and tongue retraction) resulted in increased
maximal inspiratory airflow rates. Moreover, an increase in inspiratory airflow rates
despite tongue retraction has been demonstrated in human subjects with OSA (Eisele et
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al, 1997). Subsequently, DeBacker etal. (1998) reported that whole Xllth nerve
stimulation decreased the frequency of apneic events during sleep in OSA patients,
despite causing tongue retraction.

Physiological Significance. Previous authors have suggested that reductions in lung
volume mediated inhibition of inspiratory Xllth motoneuron activity can serve to defend
the upper airway during obstruction and/or occlusion (Van Lunteren etal., 1984; Kuna,
1986). For example, inspiratory pharyngeal obstruction will result in a reduction of
inspiratory lung volume, and as a result, inhibitory pulmonary afferent feedback onto

Xnth motoneurons will be attenuated. The subsequent increase in Xllth motoneuron
activity, disproportionally greater than phrenic motoneuron activity (Cohen, 1975; Sica et
al., 1984), may help to alleviate airway obstruction by dilating or stiffening the
pharyngeal airway. The current data show that the reflex inhibition by lung volume
feedback of inspiratory drive to the tongue prouiidor and retractor muscles is
quantitatively and qualitatively the same. This finding strongly suggests that, in addition
to the tongue protrudor muscles, tongue retractor muscle activation is also important
under conditions when upper airway patency is compromised. O ur working hypothesis is
that the augmentation in inspiratory co-activation of tongue protrudor and retractor
muscles will decrease the compliance of the pharyngeal airway, thereby rendering the
airway less susceptible to narrowing or collapse.

The results discussed in this chapter have been presented previously in abstract
form (Fregosi & Fuller, 1997b), and some of the data were included in a published review
article (Fregosi & Fuller, 1997a).
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CHAPTER 4

Effect of co-activation of tongue protrudor and retractor muscles
on tongue movements and pharyngeal flow mechanics
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abstract

The purpose of these experiments was to examine the mechanisms by which
either co-activation or independent activation of tongue protrudor and retractor muscles
influence upper airway flow mechanics. The influence of selective hypoglossal (XII)
nerve stimulation on tongue movements and flow mechanics was studied in anesthetized
rats that were prepared with an isolated upper airway. In this preparation, both nasal and
oral flow pathways are available, and tongue movements are not hindered. Inspiratory
flow limitation was achieved by rapidly lowering hypopharyngeal pressure (PrP) with a
vacuum pump, and the maximal rate of flow (VImax) and the nasopharyngeal pressure
associated with flow limitation (Pcrit) were measured. These experimental trials were
repeated while nerve branches innervating tongue protrudor (genioglossus) and retractor
(hyoglossus and styloglossus) muscles were stimulated either simultaneously or
independently at frequencies ranging from 20-100 Hz. Co-activating the protrudor and
retractor muscles produced tongue retraction, whereas selectively activating the
genioglossus resulted in tongue protrusion. VImax increased when the tongue muscles
were co-activated, and also when protrudor muscles were activated independently (peak
increases were 44 and 61%, respectively, p<0.05). Co-activation resulted in a more
negative Pcrit compared to control trials (peak decrease of 44%, p<0.05), but independent
activation of protrudor or retractor muscles did not significantly alter Pcrit. Changes in
Pcrit and VImax at all stimulation frequencies were significantly correlated during coactivation of protrudor and retractor muscles (R2=0.63, p<0.05), but not during
independent protrudor muscle stimulation (R2=0.09). These findings indicate that either
co-activation of protrudor and retractor muscles or independent activation of protmdor
muscles can improve flow mechanics, although the underlying mechanisms are different.
We suggest that co-activation stiffens, but does not dilate the pharyngeal airway. In
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contrast, unopposed tongue protrusion dilates the oro-pharynx, but has little or no effect
on pharyngeal airway stiffness.
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INTRODUCTION

Recent evidence, based on electromyographic recordings in animal models, shows
that tongue protrudor (genioglossus, GG) and retractor muscles (styloglossus, SG;
hyoglossus, HG) are co-activated during inspiration (Yasui etal. 1993, Fregosi & Fuller,
1997a), and that co-activation results in net retraction of the tongue (Fregosi & Fuller,
1997a; Fuller et al., 1998a). The observation that tongue muscle co-activation causes
retraction of the tongue implies that respiratory-related tongue motor activity narrows,
rather than dilates, the oropharynx. However, two groups of investigators have shown
that co-activation of the protrudor and retractor muscles evoked by XUth nerve
stimulation resulted in increased inspiratory flow rates in obstructive sleep apnea (OSA)
patients, in spite of clear tongue retraction (Eisele et al., 1997). Similarly, protrusion of
the tongue, evoked by either medial XUth nerve branch stimulation (Eisele et al., 1997)
or direct GG muscle stimulation (Schwartz et al., 1996) is also associated with increased
inspiratory flow rates in human subjects. These observations suggest that either coactivation of tongue protrudor and retractor muscles, or independent protrudor muscle
activation will improve pharyngeal flow mechanics. This is in spite of the fact that the
tongue retracts during co-activation, and protrudes when the GG is activated selectively.

In an effort to examine the mechanisms by which both co-activation and
independent activation of the protrudor and retractor tongue muscles influence upper
airway flow mechanics, we have developed a modification of the experimental model of
Schwartz and colleagues (Schwartz et al., 1993). Our preparation allows quantification
of both tongue movements and pharyngeal flow mechanics while muscle nerves to
tongue protrudor and retractor muscles are stimulated simultaneously or selectively. In
contrast to previous investigations (Schwartz etai, 1993; Eisele etal., 1995), we elected

123

to leave the mouth of the animal open, enabling us to quantify tongue movements as well
as permitting flow to be oral, nasal, or oronasal. Our hypothesis was that co-activation of
protrudor and retractor muscles stiffens the pharyngeal airway, resulting in increased flow
rates at any given collapsing transmural pressure. Implicit in this hypothesis is the idea
that tongue protrusion (and dilation of the pharyngeal airway) is not required to improve
pharyngeal flow mechanics. The hypothesis was affirmed, and the implications of our
results for maintenance of pharyngeal airway patency in the intact animal are discussed.

METHODS

We studied 16 male rats weighing 239-400 g. Rats were initially anesthetized
with an intra-peritoneal injection of urethane (1.3 g/kg); supplemental doses were given if
necessary (0.3 g/kg). A subcutaneous injection of atropine-sulfate (0.5 mg/kg) was given
to reduce airway secretions. Rectal temperature was monitored with a thermistor and
maintained at 38° C with a servo-controlled heating lamp (Yellow Springs Instruments,
Model 73ATD). Surgery was not performed until the animal was non-responsive to deep
pressure applied to the paws and tail with a hemostat. Rats were supine throughout all
procedures and experiments.

Hypoglossal nerve stimulation. The medial and lateral branches of the XUth nerves were
exposed bilaterally using a ventral approach (Gilliam & Goldberg, 1995), and bathed in
mineral oil. Nerves were stimulated using bipolar hook electrodes (diameter 0.5 mm);
the inter-electrode distance was approximately 2 mm. The hook electrodes were mounted
on a micromanipulator and connected to a constant current stimulus isolation unit (Grass,
model PSIU6) and a Grass model S48 stimulator. If the protocol required co-activation
of protrudor and retractor tongue muscles, the Xllth nerves were stimulated proximal to
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the bifurcation into medial and lateral branches. If it was necessary to selectively activate
protnidor or retractor muscles, the medial or lateral Xllth nerve branches, respectively,
were stimulated (Fuller et al., 1998).

Measurement of tongue force. The forces associated with protrusion and retraction of the
tongue were measured as previously described (Fuller et al., 1998a). Briefly, a thread
was sewn through the anterior tip of the midline frenulum of the tongue and connected to
an isometric force transducer. Retraction of the tongue loaded the transducer, and
protrusion unloaded the transducer. To enable protrusive forces to be measured, tension
must be present in the line connecting the tip of the tongue to the force transducer. The
tension was set according to two criteria: first, protrusion and retraction forces had to be
clearly discernible during medial and lateral Xllth branch stimulation, respectively;
second, we attempted to leave the tongue as close to its "natural" position as possible.
The intent was not to accurately determine the absolute magnitude of the tongue force
during Xllth nerve stimulation, as this has been studied previously in detail (Fuller et al.,
1998a; Gilliam & Goldberg, 1995). Rather, our aim was to clearly demonstrate the
direction of the tongue movements in the horizontal plane, without introducing an artifact
into the pressure and flow recordings. However, attaching the tongue to the force
transducer did influence the pressure and flow recordings, primarily during lateral Xllth
branch stimulation (independent activation of the retractor muscles). When the tongue
was not attached to the force transducer, lateral Xllth stimulation caused a reduction in
VImax and a more positive Pcrit. In contrast, during trials with the tongue attached to the
force transducer, lateral Xllth stimulation resulted in small increases in VImax and a
more negative Pcrit (Table 7). We suspect that when the tongue was attached to the force
transducer, the retractor muscles were required to work against the transducer, and the
resulting isometric contractions enhanced the ability of the retractor muscles to "stiffen"
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the airway. Also, the force transducer prevented the tongue from retracting to a degree
which would obstruct flow. Due to these observations, all experiments were done both
with and without the tongue attached to the force transducer (Table 7).

Isolated upper airway. We created an isolated upper airway preparation similar to that
described by Schwartz etal. (1993) (Fig. 19). The trachea was cannulated caudal to the
larynx with PE-120 tubing and the animals were mechanically ventilated with 100% O2
throughout the experiments. The esophagus was ligated dorsal to the tracheostomy tube,
at the level of the larynx. The tip of a PE-200 catheter was placed approximately 1 cm
rostral to the glottis and carefully tied in place. This "hypopharyngeal" catheter was
connected in series to a Coulboum pressure transducer (model T42-11), a pneumotach
(Hans-Rudolph, model 8411), and a negative pressure source (commercially available
vacuum cleaner). The pneumotach was connected to a differential pressure transducer
(Validyne, model DP45-28) to enable measurement of the rate of flow (VI) across the
isolated upper airway. A saline filled catheter (PE-60) was inserted into one nostril and
connected to a Statham pressure transducer (model P23XL). The tip of the nasal catheter
was placed approximately 1 mm upstream (Le., rostral) to the flow limiting segment
(FLS) of the pharyngeal airway, which was identified as described below. It is important
to emphasize that the mouth of the animal was not sealed in our model, as has been the
case in most previous animal studies of upper airway flow mechanics using isolated
upper airway preparations (Schwartz et al., 1993; Eisele et al., 1995). To examine if this
feature of the model was responsible for discrepancies between our results and those of
previous investigators (Schwartz et al., 1993; Eisele etal., 1995), the experimental
protocol (see below) was repeated in 3 rats. In these 3 experiments, airflow mechanics
were examined both with and without the mouth tightly sealed.
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FIGURE 19. Schematic diagram of the experimental model used to study isolated
upper airway flow mechanics. The maximal rate of airflow (VImax) and the
nasopharyngeal pressure associated with flow limitation (Pcrit) were measured while
inspiratory airflow limitation was achieved by rapidly lowering hypopharyngeal pressure
(PHP) with a vacuum pump. In this preparation, both the nasal and oral airflow pathways
were available (see text for explanation).

Vm, mouth airflow; Vn, nasal airflow

Pn. nasopharyngeal pressure; VI, airflow rate;

Negative
Pressure Source
Pneumotach

Soft Palate
Tongue

Hard Palate

FIGURE 19. Legend on preceding page.
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Identification of the flow limiting segment (FLS) of the pharyngeal airway and
measurement of pharyngeal flow mechanics. VImax was determined by rapidly lowering
the downstream pharyngeal pressure (PHP) with the vacuum pump. VImax was
measured at the onset of flow limitation, which was defined as the nadir in VI that
occurred despite further decreases in PhP (see Fig. 20). The rate of decrease in Php was
set such that VImax occurred in < 0.5 s. The naso-pharyngeal pressure (PN) associated
with the onset of flow limitation was defined as Pcrit (Fig. 20). The location of the flow
limiting segment of the isolated pharyngeal airway (FLS) was determined by advancing
the nasal catheter in 5 mm increments beginning at the external nares. At each increment,
VImax, PhP and Pn were recorded. As shown in the left panel of Fig. 20, when the Pn
catheter was placed downstream to a discrete site of flow limitation, PhP and Pn
continued to decrease in parallel despite the onset of flow limitation. The catheter was
withdrawn in 1 mm increments until Pn reached a nadir at VImax, indicating that the
catheter was upstream to the FLS (Fig. 20, right panel). The catheter was left in this
position throughout the remainder of the experiment. In all animals, the location of the
FLS was between 30 and 40 mm from the external nares. At the end of 2 of these
experiments, dissection was performed to locate the tip of the PN catheter. In both
animals, the tip was located in the velopharyngeal airway, approximately 2 mm upstream
to the rim of the soft palate.
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FIGURE 20. Sample record demonstrating the technique used to determine
placement of the nasopharyngeal catheter, and to establish Pcrit. In the left panel,
the tip of the nasal catheter was placed downstream, or caudal, to the pharyngeal airway
flow limiting segment (FLS). Note that once flow limitation occurs (Le., VImax), Pn
PHP continue to drop in parallel. When the nasal catheter is moved upstream (/.e.,
rostral) to the FLS (right panel), nasal pressure nadirs at VImax. This nadir in Pn
associated with the onset of flow limitation is defined as Pcrit. The nasopharyngeal
catheter was placed upstream to the FLS during all experiments (see text for explanation).

FIGURE 20. Legend on preceding page.
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Experimental protocol. After the

was identified, the Xllth nerves were stimulated at

frequencies of 20,40, 60, 80, and 100 Hz, in random ascending or descending order, and
in all cases 2 trials were performed at each frequency. Nerve stimulation was initiated 1 s
prior to activating the vacuum pump, and maintained for 5 s. Two trials without Xllth
nerve stimulation {i.e., control) were performed prior to and following Xllth nerve
stimulation trials. The above protocol was performed under each of the following
conditions: 1) intact whole XHth nerve stimulation (co-activation of protrudor and
retractor muscles); 2) medial XHth nerve branch stimulation (selective GG activation);
3) lateral XHth nerve branch stimulation (selective retractor stimulation). Each of these
experiments was done both with and without the tongue attached to the force transducer.
Thus, a total of 6 experimental protocols were performed in each animal.

Analyses. In all experiments, 2 trials were done at control and at each stimulation
frequency; the mean of these 2 trials was used for analysis. Differences between
conditions (e.g., whole XHth vs. medial XHth nerve stimulation, etc.) and within a
condition {e.g., control vs. 60 Hz stimulation), as well as trials with the tongue attached
and not attached to the force transducer, were determined using a 2 way analysis of
variance procedure and the Student Newman Keuls post-hoc test. Linear regression was
used to examine the relationship between VImax and Pcrit over the range of stimulation
frequencies. The significance level was set at P<0.05. All data are presented as the mean
±SEM.
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RESULTS

Representative pressure and flow recordings for experiments in which the tongue
was not attached to the force transducer are shown in Fig. 21. Whole Xllth stimulation at
60 Hz, {i.e., co-activation of protrudor and retractor muscles) resulted in a more negative
Pcrit and a higher VImax (Fig. 21, left panels). Note the close correspondence between
the nasal pressure trace and the flow trace during both control and stimulation trials,
which suggests that the great majority (if not all) of the flow was nasal. The middle
panels of Fig. 21 demonstrate that medial Xllth stimulation (i.e., independent activation
of the GG) also increases VImax, but has no significant influence on Pcrit. Note that
flow rate and nasopharyngeal pressure do not change in parallel during medial Xllth
nerve stimulation, indicating that the increase in flow was primarily oral. The right
panels of Fig. 21 show that independent stimulation of the retractor muscles (lateral XQth
stimulation) reduces VImax, but has no significant effect on nasopharyngeal pressure.
Note that when nerve stimulation was stopped (dashed line), the rate of flow returned to
the control level in all experiments.

In Fig. 22, representative tracings of the effect of XHth nerve stimulation on
pressure and flow recordings are presented for trials in which the tongue was attached to
the force transducer (see Methods). Most importantly, note diat the tongue retracted
during whole XHth nerve stimulation, and protruded during medial XHth stimulation.
Despite the observed retraction force during whole XQth nerve stimulation (Fig. 22, left
panel), VImax increased and Pcrit was more negative relative to control values. The
middle panel of Fig. 22 shows that medial XHth stimulation causes tongue protrusion and
an increase in VImax with no significant effect on Pcrit. This response is the same as that
observed in the tongue unattached trials (Fig. 21, middle panel). More representative
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tracings depicting the influence of whole Xllth nerve stimulation on pressure and flow
recordings are presented in Fig. 23. In this Fig., however, the tracings during Xllth nerve
stimulation have been overlayed on the control tracings to emphasize changes in the time
course of the pressure and flow responses. Fig. 23 clearly shows that during whole Xllth
nerve stimulation, a longer amount of time is required (compared to control) to reach
VImax and Pcrit.

The peak responses of tongue force, VImax, and Pcrit during Xllth nerve
stimulation trials both with and without the tongue attached to the force transducer are
presented in Table 7. Co-activation of protrudor and retractor muscles always resulted in
a retraction force, whereas individual protrudor muscle stimulation always caused tongue
protrusion. Both whole and medial Xllth stimulation resulted in increased VImax,
however only whole Xllth stimulation caused a more negative Pcrit. The relationship
between XUth nerve stimulation frequency and VImax and Pcrit for all rats are presented
in Fig. 24. During medial and whole Xllth nerve stimulation, increases in VImax did not
achieve statistical significance until stimulation frequencies reached 60 Hz. Medial
XUth nerve stimulation did not alter Pcrit at any stimulation frequency, whereas whole
XQth nerve stimulation significantly lowered Pcrit at frequencies > 60 Hz.

The relationship between the control values of VImax and Pcrit and the peak
response recorded during stimulation of either the whole nerve or the medial XQth
branches is shown in Fig. 25. Co-activation of the tongue protrudor and retractor muscles
resulted in a more negative nasopharyngeal critical pressure, and an increased VImax,
suggesting a cause and effect relationship between these two variables. That is, the more
negative Pcrit indicates that the pharyngeal airway was able to withstand a greater
transmural pressure before flow became limited. In contrast, protrudor muscle
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stimulation resulted in increased VImax, with no effect on Pcrit. Changes in Pcrit and
VImax across all stimulation frequencies were correlated significantly during whole Xllth
stimulation (R2=0.63, p<0.05), but not during medial Xllth nerve branch stimulation
(R2=0.09).

Examples of the influence of sealing the mouth (and eliminating the oral flow
pathway) on airflow mechanics are presented in Figs. 26 and 27. As indicated in the
Methods, these supplemental experiments were intended to determine if differences in
methodology were responsible for the discrepancies between our results and those of
previous investigators (Schwartz etaL, 1993, Eisele etai, 1995). Fig. 26 demonstrates
that stimulating the medial branch of the Xn nerve resulted in increased VImax and no
change in Pcrit, when the mouth was open (left panel). When the mouth was sealed,
however, medial Xllth nerve branch stimulation resulted in a more negative Pcrit, and a
much smaller change in VImax (Fig. 26, right panel). In contrast, sealing the mouth had
no influence on the pressure and flow responses to whole Xllth nerve stimulation (Fig.
27).
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FIGURE 21. Representative record of Pn? PHPt

VI during whole, medial, and

lateral Xnth nerve stimulation. The dotted lines represent the point where the vacuum
pump was turned on; the dashed lines indicate the point where XUth nerve stimulation
stopped. In these trials the tongue was not attached to the force transducer. Note that
while both whole and medial XUth nerve stimulation resulted in increased VImax, medial

xnth stimulation did not influence Pcrit. Lateral Xllth nerve branch stimulation reduced
VImax, but did not influence Pcrit.
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FIGURE 21. Legend on preceding page.
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FIGURE 22. Representative record of Pn, Php. VI, and tongue force during whole
and medial Xnth nerve stimulation. For these trials, the tongue was attached to the
force transducer as described in the Methods. Whole Xllth nerve stimulation produced
an increase in VImax and a more negative Pcrit, despite tongue retraction. In contrast,
medial Xllth nerve stimulation caused tongue protrusion as well an increased VImax,
with no change in Pcrit.
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FIGURE 23. Representative record of changes in Pcrit and Vlmax during whole
xnth

nerve stimulation. In this record, the traces of VI, PhP> and Pn during Xllth

nerve stimulation (thin lines) have been overlayed on the control traces (thick lines) to
emphasize changes in timing. Note that during XUth nerve stimulation, the time required
to reach both Vlmax and Pcrit is longer due to increased pharyngeal wall stiffness. The
stiffer pharyngeal wall is able to withstand a greater collapsing transmural pressure before
narrowing, and thus the time to the onset of airflow limitation is greater.

FIGURE 23. Legend on preceding page.
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TABLE 7. The mean "peak response" of tongue force, Vlmax, and Pcrit during whole, medial, and lateral Xllth nerve
stimulation both with and without the tongue attached to the force transducer. Each variable was assessed during control
trials and at the Xllth nerve stimulation frequency that resulted in the highest VI. In most cases, the peak VI occurred in the
range of 60 - 100 Hz. For a detailed description, see Methods. *, different than control.
TONGUE NOT ATTACHED
TO TRANSDUCER
Whole Xllth Medial Xllth Lateral Xllth
Stim.
Stim.
Stim.
(Co(Protrudor
(Retractor
activation)
activation)
activation)

Tongue
Movements

Vlmax
(ml/s)

Pcrit
(cmHjO)

DIRECTION
FORCE
(mN)

Retraction

Protrusion

Retraction

-

-

-

CONTROL
Xllth STIM
% CHANGE

26.7 ± 3.9
38.5 ±4.9

30.0 ± 5.4
48.4 ±4.9

T44.2 *

CONTROL
Xllth STIM
% CHANGE

TONGUE ATTACHED
TO TRANSDUCER
Whole Xllth Medial Xllth Lateral Xllth
Stim.
Stim.
Stim.
(Protrudor
(Co(Retractor
activation)
activation)
activation)
Retraction
346 ± 56

Protrusion
15±2

Retraction
563 ± 80

31.9±3.6
29.6 ±4.1

28.4 ±4.1
46.0 ± 7.2

32.3 ± 5.2
58.0 ± 12.4

36.9 ±5.2
43.4 ± 7.4

f6L3 *

i7.8

f62.0 *

f79.6 *

fl7.6

-18.9 ±2.7
-27.3 ±4.4

-17.8 ±2.9
-17.1 ±3.5

-16.5 ±2.5
-12.3 ±2.0

-16.2 ±2.5
-26.0 ±4.5

-16.8 ±2.9
-16.9 ±2.9

-15.9 ±2.3
-18.4 ±3.1

4-44.4 *

f4.0

f34.1

4-60.5 *

-

415.7
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FIGURE 24. Influence of Xnth nerve stimulation frequency on VTmax and Pcrit.
These data were obtained during trials in which the tongue was not attached to the force
transducer. Note the co-activation of the tongue protrudors and retractors at frequencies
>40 Hz caused a significantly more negative Pcrit, whereas stimulation of tongue
protrudors and retractors did not influence Pcrit •, different than control (0 Hz); #,
different than retractor response at that frequency; @, different than protrudor response at
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FIGURE 25. The relationship between Pcrit and Vlmax with and without stimulation of the whole and medial Xllth
nerve. The data for "Xllth nerve stimulation" represent the peak response observed across all stimulation frequencies.
Independent protrudor muscle stimulation caused an increase in Vlmax with no change in Pcrit. In contrast, co-activation
caused Vlmax to increase and Pcrit to become more negative.
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FIGURE 26. Representative record demonstrating the influence of sealing the
mouth on pharyngeal airflow mechanics during medial Xnth nerve stimulation.
Vlmax and Pcrit were initially determined during 60 Hz stimulation of the medial Xllth
nerve with the mouth open (left panel). The mouth was then sealed, and Vlmax and Pcrit
were again determined during 60 Hz medial Xllth nerve stimulation (right panel). Note
that when the mouth was open, medial Xllth stimulation caused a large increase in
Vlmax , with no change in Pcrit (indicating the majority of the increase in airflow is oral).
In contrast, once the mouth had been sealed (eliminating the oral flow pathway), medial

xnth nerve stimulation caused a significantly more negative Pcrit, and a much smaller
increase in Vlmax.
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FIGURE 27. Representative record demonstrating the influence of sealing the
mouth on pharyngeal airflow mechanics during whole Xnth nerve stimulation.
VImax and Pcrit were initially determined during 60 Hz stimulation of the medial Xllth
nerve with the mouth open (left panel). The mouth was then sealed, and VImax and Pcrit
were again determined during 60 Hz medial Xllth nerve stimulation (right panel). In
contrast to the effect of sealing the mouth on the response to medial Xllth nerve
stimulation (Fig. 26), the response of Pcrit and VTmax to whole Xllth nerve stimulation
was the same whether or not the mouth was sealed. These data indicate that all changes
in airflow during whole Xllth nerve stimulation occur via the nasal passages.
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DISCUSSION

Our results demonstrate that both independent tongue protrudor stimulation and
co-activation of tongue protrudor and retractor muscles can improve upper airway flow
mechanics, but by different mechanisms. Despite causing tongue retraction, co-activation
of the protrudor and retractor muscles resulted in increased flow rates that were
associated with more negative nasopharyngeal pressures, indicating that the pharyngeal
airway was stiffer. In contrast, independent protrudor muscle stimulation resulted in
tongue protrusion and increased flow rates, but did not change nasopharyngeal pressure,
suggesting that protrudor muscle stimulation had little influence on pharyngeal airway
stiffness. Independent stimulation of the retractor muscles resulted in strong tongue
retraction, with no significant changes in VImax or Pcrit, indicating that tongue retraction
must be associated with co-activation in order to improve upper airway flow mechanics.

Critique of Methods. Prior to discussing our results, several methodological concerns
should be addressed. First, using the force transducer to study tongue movements
influenced the flow mechanics of the upper airway, independently of Xllth nerve
stimulation (Table 7). Therefore, all trials were performed both with and without the
tongue secured to the force transducer (see Methods). The data from the former
condition were used solely to document the direction of tongue movements during Xllth
nerve stimulation, while the data from the latter condition have been used to examine the
mechanisms underlying changes in upper airway flow mechanics as a result of Xllth
nerve stimulation. Thus, we are confident that the measurement of tongue movements
did not influence our conclusions regarding upper airway flow mechanics.
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A second concern regards the quantification of tongue movements. Securing the
tongue to the force transducer enabled tongue movements to be quantified as either
protrusive or retractive. However, the extrinsic tongue muscles can produce tongue
movements that are not limited to protrusion and retraction (e.g., depression, elevation;
Warwick & Williams, 1973), and our model does not allow the measurement of
depression or elevation forces. Nevertheless, visual observation often revealed
depression of the tongue during both selective protrudor muscle stimulation and protrudor
and retractor muscle co-activation. It is likely that depression of the tongue plays an
important role in modulating pharyngeal airway mechanics, but this hypothesis needs to
be tested experimentally.

The final methodological issue regards the degree of flexion or extension of the
animals' head. Neck flexion from 0 to 90° decreases VImax and elevates Pcrit in the
isolated canine upper airway (Odeh et al., 1995). Also, changing head and neck position
may alter tongue muscle position and length. In our preparation, the rats were studied in
the supine position, with 0° neck flexion. However, the influence of Xllth nerve
stimulation on pharyngeal flow mechanics may depend on head and/or body position, and
further experimentation is needed to address this issue.

Mechanical influence of selective Xllth nerve stimulation. Consistent with previous
reports from our laboratory (Fregosi & Fuller, 1997a; Fuller etai, 1998a), co-activating
the protrudor and retractor muscles resulted in tongue retraction. Importantly, two groups
have recently shown that co-activating the protrudor and retractor muscles via Xllth
nerve stimulation in human subjects also produces tongue retraction (Eisele etai, 1997;
DeBacker et al., 1998), indicating that the mechanical actions of tongue protrudor and
retractor muscle co-activation are similar in rats and humans. As expected, selectively
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activating the tongue protrudor or retractor muscles produced tongue protrusion and
retraction, respectively (Heilstrand, 1980; Gilliam & Goldberg, 1995; Fuller era/.,
1998a).

Co-activation of tongue protrudor and retractor muscles and pharyngeal airflow
mechanics. Schwartz etal. (1993), Eisele etal. (1995) and Oliven etal. (1996) examined
isolated upper airway pressure-flow relationships during whole Xllth nerve stimulation
{i.e., co-activation of protrudor and retractor muscles). Each of these studies showed that
whole Xnth nerve stimulation augmented VImax and resulted in a more negative Pcrit.
These consistent findings demonstrate that co-activation of tongue protrudor and retractor
muscles can improve flow mechanics in the isolated upper airway. These effects have
typically been attributed to decreased airway resistance and/or increased airway stiffness,
secondary to activation of the GG muscle and tongue protrusion (Schwartz et al., 1993;
Hidaera/., 1995; Eisele etai, 1995; Oliven etal., 1996). Such a conclusion is clearly
incompatible with the present data and with previously published reports on the
mechanical effects of tongue muscle co-activation in human subjects (see above). Rather,
the present data suggest that co-activation of the protrudor and retractor muscles stiffens,
retracts and depresses the tongue as the antagonistic muscles contract against one another,
resulting in a stiffer retroglossal airway. In the present experiments, increased airway
stiffness was manifest as a more negative critical pressure during whole Xllth nerve
stimulation. The ability to withstand more negative intraluminal pressures insured that
greater transmural pressures could be achieved before the airway narrowed to the point
where flow became limited. As shown in the present experiments, this leads to greater
pharyngeal airflow (VImax) at a given downstream driving pressure. Thus, the ability of
the extrinsic tongue muscles to decrease pharyngeal airway compliance is enhanced when
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the protrador and retractor muscles contract simultaneously and antagonistically, rather
than separately.

Our finding that tongue muscle co-activation produces increased airflow rates in
the face of tongue retraction is not unique to the rat. Two groups have reported similar
findings in human obstructive sleep apnea patients. Eisele and colleagues (1997) found
that whole Xllth nerve stimulation during inspiration caused tongue retraction and
increased airflow rates in OSA patients. Subsequently, DeBacker etal. (1998) reported
that whole Xllth nerve stimulation decreased the frequency of apneic events during sleep
in OSA patients despite causing tongue retraction. These results suggest that the
mechanical effects of whole Xllth nerve stimulation are qualitatively the same in the rat
and the human. Future experiments are needed to determine if humans co-activate the
protrudor and retractor muscles during eupnea or hyperpnea, and if such respiratoryrelated co-activation improves pharyngeal airflow mechanics.

In addition to the tongue retractors, there are other examples of "pharyngeal
constrictor" muscles contributing to airway patency. For example, at low airway
volumes, stimulation of the superior and middle pharyngeal constrictor muscles is
associated with dilation of the isolated feline upper airway (Kuna, 1998). Furthermore,
Kuna & SmickJey (1998) reported that the termination of apneic events in OSA patients
is accompanied by an increase in superior pharyngeal constrictor EMG activity. The
authors speculated that SPC contraction stiffens the pharynx, thereby enhancing airway
patency. These results, as well as the present data, underscore the complexity of the
mechanical interactions of the pharyngeal airway musculature, and indicate that
activation of pharyngeal constrictor and/or tongue retractor muscles can improve
pharyngeal airway patency under some conditions.
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Protrudor muscle stimulation and flow mechanics. The influence of tongue protrudor
muscle stimulation on flow mechanics in OSA patients has been examined either by
stimulating the medial Xllth nerve branch (Eisele etal., 1997), or by stimulating the
genioglossus muscle directly (Schwartz et al., 1996). These experiments have
demonstrated increases in VImax of approximately 200 ml/s with both interventions.
Moreover, Eisele and colleagues have reported that medial Xllth nerve branch
stimulation produces an 88% increase in VImax in the isolated feline upper airway
(Eisele etal., 1995). Therefore, our data demonstrating increases in VImax during
medial Xllth nerve stimulation are consistent with previous reports in both human
subjects and animal preparations.

It is well accepted that tongue protrudor muscle activation can improve upper
airway flow mechanics by dilating the oropharynx and reducing flow resistance (Bartlett,
1986). It has also been speculated that GG muscle activation decreases the compliance of
the pharyngeal airway (Hida etal., 1995, Schwartz etal, 1993). However, the present
data indicate that selective GG muscle activation does not alter the compliance of the
pharyngeal airway. We say this because the nasal pressure associated with the onset of
flow limitation (Pcrit) was not significantly influenced by selective protrudor muscle
stimulation. Therefore, in our preparation, the increases in flow observed during
selective protrudor muscle stimulation were due to pharyngeal dilation and decreased oral
flow resistance, and not altered pharyngeal compliance.

Our finding that medial Xllth nerve stimulation does not significantly influence
Pcrit is contradictory to prior reports (Eisele e/a/., 1995; Schwartz etal., 1993; Oliven
etal., 1996) which have shown that selective GG muscle activation results in a more
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negative Pcrit. The discrepancy between the current data and these previous reports may
be explained by methodological differences. Previous investigators using similar isolated
upper airway preparations elected to seal the mouth of the animal, thereby mandating that
all flow was nasal. We examined the influence of sealing the mouth (and eliminating oral
airflow) on Pcrit by repeating our experiments in 3 animals; measurements of VImax and
Pcrit were made before and after sealing of the mouth (Figs. 26 & 27). Similar to
previous reports (Eisele etal, 1995; Schwartz etai, 1993; Oliven etai, 1996) medial

Xnth nerve branch stimulation did result in a more negative Pcrit when the mouth was
sealed, but not when the mouth was open. Thus, the discrepancy in results can be
accounted for by differences in methodology. The physiological significance of this
finding is that unopposed tongue protrusion dilates, but does not stiffen, the pharyngeal
airway in preparations with patent nasal and oral flow routes.

Nasal vs. oral airflow. The changes in nasopharyngeal pressure and airflow during Xllth
nerve stimulation reported here indicate that the pattern of extrinsic tongue muscle
activation can influence the route of airflow {i.e., oral vj. nasal). During co-activation,
changes in nasopharyngeal pressure and flow rates were highly correlated, suggesting that
the majority of flow under these conditions was through the nasal passages. In addition,
sealing the mouth had no influence on the flow and pressure responses to whole Xllth
nerve stimulation (Fig. 27), providing further evidence that the changes in airflow under
these conditions were nasally mediated. In contrast, changes in nasopharyngeal pressure
and airflow were not significantly correlated during selective protrudor muscle
stimulation. The lack of relationship between these two variables indicates that medial
XUth nerve branch stimulation dilated the oropharyngeal airway in a manner that
enhanced oral airflow, with little effect on nasal flow. Moreover, in the 3 animals tested
in this manner, sealing the mouth (and eliminating the oral flow pathway), greatly
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reduced the airflow response to medial Xllth nerve stimulation (Figs. 26 & 27).
Although speculative, these results suggest that co-activating the protrudor and retractor
muscles may promote nasal airflow, while selectively activating the protrudor muscles
may favor oral airflow. Consistent with this hypothesis, changes in oral airflow and GG
EMG activity are significantly correlated during progressive intensity exercise (Williams
etal, 1998). Moreover, our laboratory has recently demonstrated that the switch from
nasal to oronasal breathing during exercise in human subjects is accompanied by a
significant increase in inspiratory GG EMG activity (J.S. Williams, P.L. Janssen, & R.F.
Fregosi, unpublished observations).

Conclusion. Both independently activating the GG muscle, or co-activation of the GG
with the tongue retractor muscles, results in an increase in VTmax. However, the
mechanisms underlying the increase in flow evoked by these two strategies are different.
Further studies are required to determine if co-activation of tongue muscles occurs during
breathing in healthy human subjects and OSA patients.

The results presented in this chapter have been presented previously in abstract
form (Fuller etal., 1998a) and are included in a manuscript which is currently in review
for publication in the Journal of Physiology.
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CHAPTERS

Effect of systemic hypoxia on fatigability of tongue
protrudor and retractor muscles.
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ABSTRACT

We examined the influence of systemic hypoxia on the endurance performance of
tongue protrudor and retractor muscles in urethane anesthetized, tracheotomized,
ventilated rats. Tongue protrusion and retraction forces were measured by attaching the
tip of the tongue to an isometric force transducer. The medial and lateral branches of the
hypoglossal (Xllth) nerve were exposed bilaterally, and stimulated to activate the tongue
protrudor or retractor muscles, respectively. Tongue muscle endurance was examined by
stimulating the Xllth nerves with 330 ms duration trains of 0.1 ms pulses, delivered at 40
Hz; stimulus trains were delivered once per second for 5 minutes. The force-time integral
of each 330 ms train was expressed as a percentage of the initial value to yield the fatigue
index (FI). Genioglossus (GG) and hyoglossus (HG) electromyographic (EMG) activities
were recorded, and used to monitor compound muscle action potentials. Fatigue tests
were performed in mild hyperoxia (Pa02 = 120±4 mmHg) and hypoxia (Pa02 = 50±1
mmHg) in separate animals. The FI's after 2 minutes of stimulation in mild hyperoxia
were 122±6 and 108±6% for tongue protrudor and retractor muscles, respectively, and
these values declined to 85±6 and 79±7% after 5 minutes. During hypoxia, tongue
protrudor and retractor muscle FI's at 2 minutes were 77±10 and 44±9%, and 52±10 and
18±6% at five minutes; these values were all significantly different than the
corresponding mild hyperoxic values (p<0.05). Decreases in GG and HG compound
muscle action potential peak to peak amplitude, and increases in peak to peak duration,
were greater during hypoxia vs. mild hyperoxia. We conclude that hypoxia attenuates
tongue protrudor and retractor muscle endurance performance. The greater decline of
EMG cunplitude during hypoxia may indicate that neuromuscular transmission failure is
greater during hypoxia than mild hyperoxia.
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INTRODUCTION

Inadequate pharyngeal dilator muscle activity has been suggested to be a primary
cause of obstructive sleep apnea (OSA, Remmers et al., 1978). Accordingly, the
neuromuscular control, contractile properties, and endurance performance of pharyngeal
dilator muscles have been investigated in detail (reviewed in Van Lunteren, 1992).
Recent evidence indicates that the muscles which retract the tongue (styloglossus, SG;
hyoglossus, HG) are co-activated with the primary tongue protrudor muscle
(genioglossus, GG) during inspiration (Yasui etaL, 1995; Fregosi &. Fuller, 1997a;
Fuller etal., 1998a). Moreover, several experiments have demonstrated that coactivation of the tongue protrudor and retractor muscles improves upper airway flow
mechanics in humans and animal models (Schwartz etal., 1993; Eisele et al., 1997;
Fuller etal., 1998a, DeBacker efa/., 1998). Therefore, in addition to the tongue
protrudor muscles, the tongue retractor muscles, which are generally considered to be
pharyngeal constrictor muscles, can also contribute to maintenance of upper airway
patency. There have been comparatively few studies, however, of the endurance
capabilities of the tongue retractor muscles.

Obstructive sleep apnea patients experience repeated bouts of hypoxia and
hypercapnia {i.e., asphyxia) during sleep as a result of repeated pharyngeal airway
obstruction (Shepard, 1989). Therefore, the influence of both hypoxia and hypercapnia
on the endurance performance of the pharyngeal musculature is of interest. Salomone
and Van Lunteren (1991) have demonstrated that the endurance of the geniohyoid muscle
is adversely affected by moderate to severe levels of hypoxia, but not hypercapnia. These
authors speculated that decreases in pharyngeal dilator muscle endurance due to repeated
hypoxic episodes in OSA patients may impair the ability of these muscles to defend the
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airway during sleep. However, the influence of hypoxia on the endurance capabilities of
the tongue protrudor and retractor muscles has not been examined. Accordingly, the
purpose of this investigation was to determine the influence of systemic hypoxia on the
fatigability of tongue protrudor and retractor muscles. Our hypothesis was that both the
tongue protrudor and retractor muscles would be relatively fatigue resistant in normoxic
conditions, but would fatigue rapidly during systemic hypoxia.

METHODS

Experiments were performed on a total of 41 male Sprague-Dawley rats weighing
330-550 g. All procedures adhered to the guidelines established by the Institutional
Animal Care and Use Committee at the University of Arizona. Rats were anesthetized
with an intra-peritoneal (IP) injection of urethane (1.3 g/kg); subsequent doses (0.3 g/kg)
were administered if necessary. An adequate level of surgical anesthesia was ascertained
by lack of a withdrawal reflex in response to intense pressure applied to the paws and tail.
At the conclusion of each experiment, animals were euthanized with an intravenous
injection of sodium pentobarbitol (200 mg/kg). During all surgical and experimental
procedures, the rats were in a supine position with paws secured to the operating table.
The upper jaw of the rat was secured to the surgery table using a wire frame which
maintained the head in a stable position without interfering with the measurements of
tongue force (see below). Rectal temperature was monitored with a thermistor (Yellow
Springs Instruments, Model 73ATD) and maintained at 37° C with the use of a servocontrolled heating lamp. The trachea was cannulated caudal to the larynx with
polyethylene tubing (PE-200), and animals were ventilated with a rodent respirator
(Harvard Apparatus) throughout all experiments. The carotid artery and femoral vein
were cannulated with PE-50 tubing; these catheters were used to withdraw and replace
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blood samples, respectively. The medial and lateral branches of the Xllth nerves were
exposed bilaterally and bathed in mineral oil (Gilliam & Goldberg, 1995).

Inspired gas concentration was controlled by mixing O2 and N2 with a rotometer,
and connecting the rotometer outflow port to the ventilator. Inspired fractional
concentrations of O2 were measured with a Beckman model OM-II O2 analyzer.
Arterial blood samples were withdrawn at appropriate times (see protocol) into I cc
heparinized seringes and immediately placed on ice. Blood samples were analyzed
within 30 minutes for partial pressure of O2 and CO2, and pH (Instrumentation
Laboratories, Model IL-1640). We reasoned that the loss of blood, although small, could
adversely affect tongue muscle endurance performance. Therefore, the volume of blood
removed was replaced with blood from a "donor" animal (see Protocol).

Electromyogram (EMG) recordings. The EMG of the GG and HG muscles was recorded
by inserting two fine wire (diameter = 0.125 nmi, Formvare, California Fine Wire)
electrodes into each muscle as described previously (Fuller etal., 1998a). The fine wire
electrodes were insulated except for a 1-2 mm segment at each end. The EMG signals
were amplified and filtered (30 - 3000 Hz) with alternate-current coupled differential
amplifiers (Grass, model 7P51 IK). Electrode placement was verified by connecting
electrodes in series to a stimulus isolation unit (SIU; Grass, model PSIU6) and a
stimulator (Grass, model S48). The protrudor and retractor muscles were then stimulated
(0.1 ms pulse duration, 40-80 Hz stimulation rate, 1 s trains) and the resultant tongue
movements were observed. If stimulation through the GG or HG EMG electrodes did not
yield clear tongue protrusion or retraction, respectively, poor electrode placement was
assumed and the wires were replaced. In addition, electrode placement was confirmed by
examining the GG and HG EMG recordings during medial and lateral Xllth nerve branch
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stimulation. If supramaximal stimulation of the medial or lateral Xllth nerve branches
(see below) did not produce a substantial compound muscle action potential in the GG
and HG EMG recordings (Fig. 28), respectively, the wires were repositioned.

Hypoglossal nerve stimulation. The Xllth nerves were stimulated using bipolar hook
electrodes (electrode diameter 0.5 mm; inter-electrode distance 2 mm) which were
mounted on a micromanipulator. The stimulating electrodes were connected in series to
the SIU and stimulator. To selectively activate tongue protrudor or retractor muscles, the
medial or lateral Xllth nerve branches, respectively, were placed on the stimulating
electrodes bilaterally. To prevent efferent respiratory neural activity from reaching the
tongue muscles, and to prevent antidromic impulse propagation, the medial and lateral

Xnth nerve branches were crushed with forceps approximately 1 nmi proximal to the
stimulating electrodes. Nerves were stimulated with "supramaximal" current, which
ranged from 40-120 fiA. The supramaximal current was established by progressively
increasing the current until the compound muscle action potential and twitch force failed
to increase despite further increases in current.

Measurement of tongue force. A detailed description and critique of our tongue force
measurement technique has been published previously (Fuller et al., 1998a). To
summarize, a silk thread was sewn through the anterior tip of the midline frenulum of the
tongue, and used to connect the tongue to an isometric force transducer (Grass, model

Fr03). In this system retraction of the tongue loaded the transducer, and tongue
protrusion unloaded it. This system also requires tension in the line that connects the tip
of the tongue to the force transducer. The amount of tension in the line was standardized
by examining the relationship between muscle twitch force and line tension for both
protrudor and retractor muscles at the beginning of each experiment. The medial and
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lateral Xllth nerve branches were stimulated (see above) at a range of line tensions, and
the resultant protrusive and retractive twitch forces were recorded. The line tension was
set at the level at which the greatest twitch force was evoked, and was established
separately for both medial and lateral Xllth nerve branch stimulation (Fig. 5, Chapter 2).

Protocol. The fatigue protocol originally described by Burke etai (1971, 1973) was
used (see below: Burke Fatigue Test). The medial or lateral Xllth nerve branch was
stimulated with 0.1 ms pulses, delivered at 40 Hz, in trains of 330 ms. These trains were
delivered once per second for 5 minutes. An example is shown in Fig. 28. We attempted
to perform the fatigue test on both the tongue protrudor and retractor muscles in all rats.
Both experimental trials, however, were not always successfully completed. Arterial
blood was sampled immediately prior to and following the fatigue test. A volume of
blood equivalent to that withdrawn was remmed to the animal during the recovery period.
The donor blood was obtained from litter-mates 1-5 days prior to the experiment, and
refrigerated in heparinized syringes. At the conclusion of the 5 minute fatigue protocol,
tongue muscle twitch force and compound action potential in response to medial or
lateral Xllth nerve branch stimulation (0.1 ms pulse duration) were monitored at 10
minute intervals for 1 hour or until twitch force returned to pre-fatigue values. If twitch
force and the compound action potential did not show any signs of recovery within 1
hour, we assumed that the Xllth nerves had been damaged and the data were discarded.

The fatigue protocol was performed on 3 separate experimental groups, which
were exposed to either 1) mild hyperoxia; 2) hypoxia, or 3) intermittent hypoxia. During
the mild hyperoxic experiments, the F1O2 was set at 0.21 - 0.25 and maintained at this
level throughout the experiment. For the hypoxic experimental group, F1O2 was
maintained at 0.14-0.15 throughout the entire protocol. During the intermittent hypoxic
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experiments, the F1O2 was 1.0 for the initial 1.5 minutes, 0.12 for the next 2 minutes, and
1.0 for the final 1.5 minutes. Arterial blood gas values during each of the protocols are
presented in Tables 8 and 9. For technical reasons, both EMG and force data were not
always collected from a given animal. For the mild hyperoxic group, tongue protrudor
and retractor muscle force data were obtained from 11 and 13 rats, respectively; protrudor
and retractor EMG data were obtained from 10 rats. In the hypoxic group, protrudor and
retractor muscle force data were collected from 13 rats, and EMG data from 10 rats. For
the intermittent hj^oxia group, tongue protrudor and retractor muscle force and EMG
data were collected from 8 animals.

Burke Fatigue Test. A stimulus protocol adopted by many laboratories as a standard
fatigue test was originally developed by Burke (Burke et al., 1971, 1973). This protocol
was first applied to the cat medial gastrocnemius muscle. It consisted of a 2-min
stimulation epoch, using 1/s, 330 ms trains of 40 Hz, 0.1 ms stimulus pulses. The goals
were to: 1) measure force decline in the relative absence of EMG decline (i.e., to address
fatigue processes peripheral to the neuromuscular junction); and 2) distinguish between
motor unit types (i.e., FF vs. FR + S). For the present purposes, it should be recognized
that two issues were at stake in the decision to use the Burke fatigue test on tongue
muscles in the rat: 1) the site(s) of fatigue within the muscle brought out by the test, and
2) the suitability of the test for other mammalian species, including, in particular, the rat.

The fatigue-site issue: By use of the glycogen depletion procedure, which was originally
suggested by Kmjevic and Miledi (1958) and first implemented by Edstrom and
Kugelberg (1968), Burke etal. (1971, 1973) used histochemical techniques to show that
the muscle fibers of FF units had high glycolytic and low oxidative capacity, whereas
both capacities were relatively high in the fibers of FR units, and only oxidative capacity
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was high in the fibers of S units. These observations have lead some investigators to
assume that the fatigability brought on by the Burke test is of metabolic origin with the
extent of fatigue causally related to the contractile machinery and the inverse of the unit's
oxidative capacity. Kugelberg and Lindegren (1979), however, have provided evidence
that the relative endurance (inverse of fatigue) of those FF units that display no force
potentiation at the beginning of the Burke fatigue test is more related to their fibers
glycolytic capacity than to their extremely limited oxidative capacity. Furthermore, the
relative endurance of other FF units that exhibit force potentiation early in this fatigue
test was shown to have no association with either their glycolytic or oxidative capacity
(Nemeth efa/., 1987; Hamm era/., 1988). These latter authors proposed that it was likely
that the principal site of fatigue in a 2-min Burke test was excitation-contraction coupling
(which also has oxidative requirements; Kugelberg & Lindegren, 1979), as had been
suggested previously (Jami etal., 1982, 1983a, 1983b).

In summary on this issue, the Burke fatigue test is of major utilitarian value for
helping in the physiological classification of different motor unit "types", and for
comparing the fatigability of motor units within and across muscle of the same and
different mammalian species (e.g., McDonagh era/., 1980b; Burke, 1981). The
applicability of applying the Burke test to muscles of different species (as opposed to
individual motor units) is discussed below. Finally, it should not be inferred that the first
2-min of this protocol stresses specifically the metabolic capacity of the contractile
process. Rather, this remains an open issue, and one whose resolution will require the
development of fatiguing stimulation paradigms that are customized to the different unit
types.
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The generality issue : The key feature (parameter) of the Burke test is that 40 Hz is
approximately 40% of the stimulus rate which typically produces peak tension in an FF
motor unit of a cat hindlimb or forelimb muscle {e.g., Reinking et al., 1975; Botterman et
al., 1985). For present purposes, a critical question is as follows: is it valid to use the
parameters of the Burke test on rat muscles, whose fast- and slow-twitch motor units in
the hindlimb have much faster twitch contraction times (Close, 1967; Kugelberg, 1973;
Kugelberg & Lindegren, 1979; Kugelberg & Thomell, 1983), and therefore, require much
higher stimulus frequencies to attain their peak force? The answer to this question
pertains largely to experimental strategy rather than physiological mechanisms. For
example, Totosy de Zepetnek etal. (1992) have used the Burke test in a glycogendepletion study on the rat tibialis anterior muscle to bring out the same end results;
namely the same four unit types found the cat (FF, FI, FR, S). The advantage to Totosy
de Zepemek etal., (1992) was that by using the Burke test they could compare their
results to those far more prevalent ones obtained for cat hindlimb muscle units (for
similar reasoning and strategy, see Rankin era/., 1988; Enoka era/., 1988, 1989). Thus,
the Burke test is considered to be of general utilitarian value for comparing the
fatigability of muscles and their motor units both within and across different mammalian
species, even though it is conceded that stimulus parameters in fatigue tests should
eventually accommodate {i.e., be customized to) the individual stimulus frequency-force
relationships of the muscle and motor units that are being compared. To this point, such
a comparison has not been attempted.

Data Analysis. Tongue force, EMG activity, and output of the stimulator were recorded
on VCR tapes following pulse code modulation (Vetter, model 4000); tongue force was
also recorded directly onto a polygraph chart recorder (Grass model 79). Subsequently,
computer software programs were used to analyze the EMG waveforms and tongue force
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(CODAS, Dataq Instruments, Akron, OH; SPIKE n , Cambridge Electronics, London).
Tongue force was quantified by calculating the area of each 330 ms train (i.e., the forcetime integral) over the course of the 5 minute fatigue test. Baseline shifts in the force
record often occurred during medial Xllth branch stimulation (e.g.. Fig. 29). Therefore,
computer software was used (SPIKE n , Cambridge Electronics, London) to calculate a
new baseline for each individual stimulatus train. The EMG activity was quantified by
measuring the peak to peak amplitude, peak to peak duration, and total area of the
compound muscle action potential, as described by Enoka etal. (1989). For the mild
hyperoxic and hypoxic groups, the mean tongue force and EMG response was calculated
for the first and last 10 seconds of the first minute, and for the last 10 seconds of each
minute thereafter. To assess changes in tongue force and EMG parameters over the
course of the intermittent hypoxia test, mean responses were calculated in the same
manner as the mild hyperoxic and hypoxic tests, but additional calculations were made
over time intervals 1:20 - 1:30, 2:20 - 2:30, and 3:20 - 3:30. Force and both compound
muscle action potential area and P-P amplitude were expressed as a percent of the value
observed during the first 10 second epoch of the fatigue test. Statistical differences in
tongue force and EMG parameters over the course of the fatigue test were determined
with a 2-way analysis of variance and the Student-Kneuman-Keuls post-hoc procedure.
Statistical significance was set at p < 0.05. All data are presented as the mean ± SEM.
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FIGURE 28. Representative tracings of GG and HG EMG activity and tongue force
during a train of Xnth nerve stimulation (330 ms train duration, 0.1 ms pulse
duration, 40 Hz stimulation rate). Stimulus trains were delivered to the medial or
lateral Xllth nerve branches once per second for 5 minutes (see Methods). In panel A,
the tongue force and GG EMG activity during medial Xllth nerve branch stimulation is
shown. The response of the HG EMG and tongue force during lateral Xllth nerve branch
stimulation is shown in panel B. In both panels, a single representative compound
muscle action potential is also shown at an expanded time scale.

FIGURE 27. Legend on preceding page.
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TABLE 8. Arterial blood gases immediately before (Pre-) and after (Post-) mild
hyperoxic and hypoxic fatigue tests of tongue protrudor (A) and retractor (B)
muscles, f. hypoxic value is different than mild hyperoxic

A.

MILD
HYPEROXIA
PrePostPaOj
(mmHg)
PaCOj
(mmH^
pH

HYPOXIA
PrePost-

119±6.7

112.1±8.1

48.3±3.2t

53.l±3.9t

30.7±2.0

31.6+2.7

33.2±2.0

31.6±2.5

7.39±0.01

7.39±0.01

7.39±0.02

7.34±0.03

B.
MILD
HYPEROXIA
PrePostPaOj
(mmHg)
PaCOj
(mmHg)
pH

HYPOXIA
PostPre-

120.2 ±8.7

121.1±7.9

45.4±3.1t

49.2±4.0t

30.8±2.0

30.8±1.9

31.7±2.8

29.2±1.8

7.34±0.04

7.35±0.03

7.36±0.03

7.32±0.10
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TABLE 9. Arterial blood gases immediately before (Pre-), at 2^ minutes, and
immediately after (Post-) the intermittent hypoxia fatigue trials on tongue protrador
(A) and retractor (B) muscles, t. hypoxic value is different than normcxic

A.
PaO^
(mmHg)
PaCOj
(mmHg)
PH

Pre-

2.5 min

Post-

365.6±16.9

41.0±1.5t

289.0±28.0

37.0±3.7

34.5±3.4

35.7±3.2

7.40±0.01

7.40+0.01

7.36±0.01

Pre-

2.5 min

Post-

380.9±15.1

41.3±3.9t

273.0±30.3

40.3±4.5

31.2±3.2

32.2±3.0

7.37±0.01

7.38±0.01

7.35±0.02

B.
PaOz
(mmfig)
PaCOi
(mmHg)
pH

170

RESULTS

Sample recordings demonstrating the changes in tongue protrusion force and GG
EMG during a fatigue protocol are shown in Fig. 29. During mild hyperoxia, (Fig. 29,
left panel), there was little change in GG EMG amplitude or tongue protrusion force. In
contrast, when the experiment was performed during systemic hypoxia (Fig. 29, right
panel), GG EMG amplitude declined, the duration of the compound muscle action
potential increased, and tongue protrusion force declined as the fatigue test progressed.
Examples of changes in the HG EMG and in tongue retraction force during the fatigue
test are shown in Fig. 30. During mild hyperoxia, tongue force was relatively constant,
and HG EMG amplitude declined slightly over the duration of the test (Fig. 30, left
panel). In contrast, lateral Xllth nerve branch stimulation during systemic hypoxia
resulted in a substantial drop in tongue retraction force (Fig. 30, right panel) as the test
progressed. In addition, the decrease in tongue retraction force during hypoxia was
accompanied by a decline in the HG EMG amplitude, and a small increase in the duration
of the compound muscle action potential.

The mean changes in tongue protrusion and retraction force during medial and
lateral XUth nerve branch stimulation, respectively, in both mild hyperoxia and hypoxia
are presented in Fig. 31. Differences in tongue force between mild hyperoxia and
hypoxia are immediately apparent, and reach statistical significance after 2 minutes of
medial Xllth nerve branch stimulation, and after I minute of lateral XUth nerve branch
stimulation. The tongue protrudor muscle fatigue index after 2 minutes of medial Xllth
branch stimulation was 122±6% during mild hyperoxia, and 78±IO% during hypoxia.
The fatigue index of the tongue retractor muscles was 108±6 and 44±9% following 2
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minutes of lateral Xllth nerve branch stimulation in mild hyperoxia and hypoxia,
respectively. Following 5 minutes of stimulation, the tongue protrudor muscle fatigue
index reached 86±6% during mild hyperoxia, and 52±10% during hypoxia. Fatigue was
more prominent for the tongue retractor muscles, with a 5 minute fatigue index of 79±7
and 18+6% for mild hyperoxia and hypoxia, respectively.

The average GG and HG compound muscle action potential parameters over the
course of the mild hyperoxic and hypoxic fatigue trials are given in Table 10. There were
no changes during mild hyperoxia in the GG EMG recordings (Table lOA), but HG EMG
P-P amplimde declined significantly after 3 minutes of stimulation (Table lOB). In
contrast to the mild hyperoxic response, hypoxia resulted in a decline in amplitude and an
increase in the P-P and total duration of the GG compound muscle action potential (Table
lOA). Similar changes in these parameters were seen in the HG muscle during the
hypoxic trials (Table lOB).

The tongue protrudor and retractor muscle force data from the intermittent
hypoxic fatigue protocol are presented in Fig. 32. Switching to hypoxia at 1.5 minutes
resulted in an increased rate of protrudor and retractor muscle fatigue, as indicated by the
slope of the relationship between tongue force and time (Fig. 32; p<0.05). When the
animals were retumed to hyperoxia at 3.5 minutes, the rate of fatigue significantly
decreased (Fig. 32; p<0.05). The GG and HG EMG data during the intermittent hypoxic
fatigue test are given in Table 11. The rate of decline in GG and HG EMG P-P amplitude
and area were significantly greater during hypoxia compared to hyperoxia.
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FIGURE 29. Representative tracings of GG EMG and tongue protrusion force
during medial Xnth nerve branch stimulation fatigue test. For clarity, the force and
EMG records are presented with two different time scales. The lower force and EMG
trace are scaled so that the entire 5 minute fatigue test can be viewed. The upper force
and EMG trace depict an individual force train and compound muscle action potential
from the beginning, middle, and end of the fatigue test. Under normoxic conditions (left
panel), GG EMG amplitude and tongue protrusion force did not change appreciably over
the 5 minute duration of the test. In contrast, during hypoxia (right panel), GG EMG
amplitude and protrusive tongue force decreased substantially.
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FIGURE 30. Sample recordings of HG EMG and tongue retraction force during
lateral Xnth nerve branch stimulation fatigue test. For clarity, the force and EMG
records are presented with two different time scales. The lower force and EMG trace are
scaled so that the entire 5 minute fatigue test can be viewed. The upper force and EMG
trace depict an individual force train and compound muscle action potential from the
beginning, middle, and end of the fatigue test. Under normoxic conditions (left panel),
HG EMG amplitude and tongue force were relatively constant over the course of the
fatigue test. During hypoxia (right panel), HG EMG amplitude decreased, and retractive
tongue force declined dramatically as the fatigue test progressed.
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FIGURE 31. Mean tongue force during the 5 minute fatigue test with medial (top
panel) and lateral (bottom panel) Xnth nerve stimulation. Normoxic (filled circles)
and hypoxia (open circles) trials are presented. Hypoxia attenuated the force response
during both medial and lateral Xllth nerve branch stimulation. *, different than force at
time 0; t> corresponding normoxic force is different

FIGURE 31. Legend on preceding page.
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FIGURE 32. Mean tongue force during the intermittent hypoxia fatigue test. The
circles represent the tongue force during medial Xllth nerve stimulation, and the squares
indicate the force during lateral Xllth nerve branch stimulation. The solid lines represent
the results of separate linear regression analyses of the initial hyperoxia period (i.e.,
minutes 0 - 1.5), the hypoxic period {i.e., minutes 1.5 - 3.5), and the final hyperoxia
period {i.e., minutes 3.5 - 5). The slopes of the linear regression lines were examined to
provide insight into the rate of tongue muscle fatigue. Tongue protrusion and retraction
force declined steadily during hypoxia; when the inspired gas was switched from
hypoxia to hyperoxia, the rate of change of tongue protrusion and retraction force was
attenuated markedly. *, different than force at time 0;
value; #, regression slope different than preceding slope

different than preceding force

Tongue Retraction
Force (% Initial)

^

Tongue Protrusion
Force (% Initial)

TABLE 10. EMG parameters during Burke fatigue protocol performed on tongue protrudor muscles (A), and tongue
retractor muscles (B). Data from the hypoxic trials are presented in italics. *, different than time 0 (i.e., different than
control); t. hypoxic response is different than mild hyperoxic response

A.
TIME (min)
P-P Amp.
(%initial)

0
100

1
89.113.7

2
90.016.0

3
91.117.6

91.918.6

5
89.519.3

P-P Dur. (ms)

0.86±0.07

78.8±5.4*

74.8±}0.9*

67.8±12.1*

63.1±12.4*f

60.5±12.3*i

0.9010.06

1.0410.09

1.0510.07

1.0410.07

1.0410.08

0.93±0.03

1.39M.15*i

1.43±ai9*t

1.48±0.11*f

1.41±0.16*f

1.36±0.16*

6.2410.64

6.6810.70

7.0910.61

7.3110.55

7.3210.55

7.2910.59

7.06M52

8.78±0.53*f

9.27±0.50*f

9.38±0.44*t

9.74±0.41*\

9.63±0.38*^

Area
(%initial)

100

96.014.9

100.715.8

102.516.5

103.716.9

98.817.2

101.7±5.6

98.8±14.3

98.4±18.3

98.4±20.5

96.1 ±21.8

TIME (min)
P-P Amp.
(%initial)

0
100

1
97.315.1

2
88.915.8

3
80.816.1»

4
78.316.1*

5
75.816.2*

77.3±7.8*

70.5±9.7*

62.8±9.2*

60.6±9.7*

58.4±9.8*

P-P Dur. (ms)

i.09±0.n

1.1310.10

1.2610.13

1.2210.13

1.2110.13

1.3010.16

1.11 ±0.13

1.33±0.18*

1.49±016*

1.46±0.20*

1.57±0.18*

1.59M.21*

Tot. Dur.
(ms)
Area
(%iiiitial)

5.9810.58

6.6510.55

7.0010.52

6.9310.54

6.9610.56

6.9010.56

6.7 2 M.60

8.01±0.58*

8.46±0.58*

8.54M63*

8.46±0.70*

8.56±0.55*i

100

109.718.1

109.5111.1

103.8112.0

103.1111.5

106.5113.5

871 ±5.8

87.4±9.7i

80.0i9.M

74.6i9.3*\

73.4±10.1*t

Tot. Dur.
(ms)

4

B.

TABLE 11. EMG parameters during Burke fatigue protocol performed on tongue protrudor (A) and retractor (B)
muscles with intermittent hypoxia. •, different than time 0

100% O,

100% O.

12% O.

A.
Time (tnin)

0

1

1.5

2.5

3.5

4

5

P-P Amp. (%initial)

100

92.6±6.6

76.718.8*

62.616.8*

54.318.3*

48.016.6*

54.5110.3*

P-P Dur.
(ms)
Tot. Dur.
(ms)
Area
(%initial)

0.89±0.07

1.21±0.16

1.3110.24

1.4010.16

1.7410.20*

1.7910.22*

1.7610.22*

6.6410.69

8.0810.48*

8.0710.20*

8.5210.14*

8.6210.21*

9.0110.20*

9.2610.24*

100

109.819.3

97.519.5

92.719.6

83.8118.8

86.5111.6

93.4115.2

Time (mla)

0

1

1.5

2.5

3.5

4

5

P-P Amp. (Voinitial)

100

99.518.1

97.5111.6

90.8116.7

71.2110.8

72.5114.9

83.5119.5

P-P Dur.
(ms)
Tot. Dur.
(ms)
Area
(%initial)

1.3910.20

1.7410.27

1.7410.22

1.7010.16

1.8610.13

1.9010.14

1.9610.18

6.9810.75

8.8310.34*

8.9110.56*

9.3810.68*

9.9910.84*

10.0010.80*

10.1610.75*

100

102.3110.4

105.1111.6

99.6112.9

85.715.6

90.4111.5

98.9112.3

B.
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DISCUSSION

Summary. Our primary finding is that fatigue of tongue protrudor and retractor muscles,
measured in vivo, and with a standard fatigue protocol, is significantly greater during
systemic hypoxia than in mild hyperoxia. In addition, intermittent application of hypoxia
between periods of hyperoxia resulted in a decline in tongue protrudor and retractor
muscle force during fatiguing contractions. Electromyographic recordings from the GG
and HG muscles revealed that the amplitude of the compound muscle action potential
was reduced, and duration increased, during hypoxia vs. mild hyperoxia in both muscles.

Critique of Methods. A detailed critique of the technique used to quantify tongue muscle
force has been published previously (Fuller ef a/., 1998a). Nevertheless, concem arises
regarding the type of muscle contraction {i.e., isometric vs. shortening) performed by the
tongue muscles. The presently used protocol does not provide the means to compare the
relative endurance of the two test muscle groups because one (tongue retractors) was
fatigued with isometric (minor intrafiber shortening) contractions and the other (tongue
protrudors) with shortening (more substantial intrafiber shortening) contractions. The
relative endurance of these forms of contraction have rarely been addressed directly and,
surprisingly, rarely been discussed in the literature, even though an early paper on the
oxidative demands of shortening vs. lengthening contractions has been widely quoted and
discussed (Abbott et al., 1952; see also Bigland-Ritchie, 1995). For the present purpose
it is sufficient to point out that in an area in which there are still many open issues, it is
reasonable to presume that in the absence of injury, the relative endurance of a particular
muscle increases in the order of its shortening V5. isometric vs. lengthening contractions.
For a selective ad seriatim review of this topic, see: Hill, 1938; Abbott et ai, 1952;
Curtin & Daview, 1973; Edman & Mattiazzi, 1981; Lxiiselle & Walmsley, 1982;
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Cummins et al., 1989; Tesch etai, 1990; Curtin & Edman, 1994; Balnave & Allen, 1995;
Bigland-Ritchie, 1995; Bruton et al., 1995; and, Edman, 1995. Nevertheless, the fatigue
task was the same for each muscle group across mild hyperoxic and hypoxic trials.
Therefore, the current data do allow quantitative examination of the influence of hypoxia
on fatigue of each tongue muscle independently.

A second methodological concern regards the number of fatigue trials performed
in each experimental animal. We chose to examine both tongue protrudor and retractor
muscle fatigue in the same animal. Stimulating the medial or lateral XHth nerve branches
selectively activates the tongue protrudors or retractors, respectively, and therefore
fatigue in one muscle group should have at most a negligible influence on the other. In
addition, normoxic and hypoxic tests were performed on separate animals, and therefore a
given muscle group was not tested twice in the same animal. In this manner the
confounding effects of performing more than I fatigue test on the same muscle group, in
the same animal, were eliminated.

Fatigue in hyperoxia and normoxia/mild hyperoxia. The endurance properties of several
pharyngeal muscles under both hyperoxic and normoxic conditions have been studied
using a variety of experimental preparations and techniques (see Van Lunteren & Dick,
1992). The endurance of the geniohyoid (GH) muscle has been examined using a feline
in situ preparation under hyperoxic conditions (Van Lunteren et al., 1990). In these
experiments, the GH muscle was activated repetitively via XHth nerve stimulation using
330 ms trains of 40 Hz stimulation delivered once per second. The results showed that
the GH muscle was relatively fatigue resistant (fatigue index = 0.67 at 2 minutes).
Experiments using surgically excised strips of feline GG, sternohyoid, sternothyroid, and
diaphragm muscle bathed in a hyperoxic solution have demonstrated that pharyngeal

184

muscle endurance is as good or ijetter than that of the diaphragm (Van Lunteren &
Manubay, 1992). Gilliam and Goldberg examined the fatigability of rat tongue protrudor
and retractor muscles during normoxia with a protocol very similar to that used in the
current study (Gilliam & Goldberg, 1995). These authors report that the tongue protrudor
and retractor muscles have good endurance properties, with a 2 minute fatigue index of
0.67 for the tongue retractor muscles, and 0.76 for the tongue protrudor muscles. In
addition, Hellstrand has also reported that the extrinsic tongue muscles have good
endurance characteristics, with minimal drop in force during prolonged, repetitive Xllth
nerve stimulation (Hellstrand, 1979).

The current data are consistent with prior reports indicating the pharyngeal
muscles have good endurance capabilities. Indeed, our data indicate that the tongue
protrudor and retractor muscles are more fatigue resistant than has been reported
previously (Gilliam & Goldberg, 1995). The 5-min. fatigue index reported here (Fig. 4)
for both tongue protrudor and retractor muscles is greater than previously reported values
following only 2 minutes of repetitive stimulation (Gilliam & Goldberg, 1995).
However, although the experiments of Gilliam and Goldberg were performed in
normoxia, rats were not mechanically ventilated and blood gases were not measured. Our
experience is that rats under these conditions are mildly hypoxic (D.D. Fuller & R.F.
Fregosi, unpublished observations), and this may account for the observed differences in
fatigue index. In addition, the Xllth nerve branches were stimulated at a higher rate in
these experiments (60 Hz) than in the current study (40 Hz), which also may have
contributed to the lower fatigue index observed in their study. Nevertheless, a general
conclusion that may be drawn from the current data, as well as previously published data,
is that the pharyngeal musculature, in particular the tongue protrudor and retractor
muscles, have good endurance capabilities under normoxic and hyperoxic conditions.
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Voluntary tongue protrusion tasks liave been used to examine tJie endurance
capabilities of the GG muscle in human subjects (Robin etal., 1992; Scardella etal.,
1993). For example, Scardella et al. (1993) examined GG muscle endurance by having
subjects protrade the tongue against a force transducer. Protrusions were maintained
until a pre-determined percentage of maximum force could no longer be sustained.
Thoracic inspiratory muscle endurance was also examined to enable comparisons with
tongue muscle endurance. In addition, inspiratory loading and hypercapnia were
administered to augment respiratory-related tongue and inspiratory muscle activity and to
determine how this influenced endurance performance of these muscles. In these
experiments tongue force declined more readily than inspiratory pressure following
inspiratory loading and hypercapnia. Scardella and colleagues (1993) concluded that the
human GG muscle fatigues more readily than the thoracic inspiratory muscles. However,
the interpretation of these studies is confounded by the technique used to measure GG
muscle force. Protrusion of the tongue against an immovable force transducer requires
stiffening of the body of the tongue and thus contraction of the intrinsic tongue muscles
(Van Lunteren & Dick, 1992). Thus, the experiments of Scardella etal. (1993) probably
examined intrinsic tongue muscle endurance as well as GG muscle endurance. More
studies are required to accurately describe the endurance capabilities of human tongue
protrudor and retractor muscles.

Influence of hypoxia on skeletal muscle fatigue. As pointed out by both Jammes et al.
(1997) and Van Lunteren etal. (1997), there are conflicting reports in the literature
regarding the effects of hypoxia on skeletal muscle fatigue. The majority of
investigations have examined human subjects performing a variety of tasks {.e.g., knee
extension, elbow flexion, etc.) under both normoxic and hypoxic conditions (reviewed by
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Jammes etaL, 1997). Discrepancies regarding the influence of hypoxia on muscle
fatigue are likely due to variances in both the fatigue task and the degree of hypoxia
between studies. Nevertheless, several studies have shown that limb muscle endurance
performance is impaired during acute hypoxic exposure (F1O2 = 0.10) in human subjects
(Badier era/., 1993; Eiken Sc. Tesch, 1984; Kayser etaL, 1994; Janunes etaL, 1997).

The influence of hypoxia on respiratory muscle fatigue in human subjects has
been the subject of several investigations. In 1977 Roussos and Macklem reported that
hypoxia (F1O2 = 0.15) reduced the time required to fatigue the diaphragm (Tlim) when
subjects repeatedly generated transdiaphragmatic pressures greater than ~40% of
maximum. Subsequently, Jardim and colleagues (1981) reported that more severe
hypoxia (Fi02= 0.13) reduced the endurance capacity of the of the inspiratory muscles
during inspiratory loaded breathing. In contrast, Ameredes and Clanton (1992) reported
that the same degree of hypoxia used by Jardim et aL did not adversely affect inspiratory
muscle endurance performance. These authors speculated that differences in breathing
pattern were responsible for the discrepancy in inspiratory muscle endurance performance
between these two studies. Recently, Babcock etaL (1992) used phrenic nerve
stimulation to demonstrate that exercise induced diaphragm fatigue in human subjects is
exacerbated by inspiration of a hypoxic gas mixture. Thus, there is ample evidence that
in human subjects, hypoxia adversely affects both limb and inspiratory muscle fatigue
under some conditions.

The influence of hypoxia on the force generating capacity of inspiratory muscles
has also been examined using in vitro and in situ animal preparations. The experiments
of Esau (1989) showed that hamster diaphragm muscle strips studied in vitro were more
prone to fatigue during moderate hypoxia (15% O2) as compared to hyperoxia (95% O2).
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Ameredes etai (1991), and Bark etal. (1988) both report that severe hypoxia (F1O2 =
0.09; Pa02 = 30 mmHg) increases fatigability of an in situ canine diaphragm muscle
preparation. Finally, Watchko etai (1986) studied the influence of moderate hypoxia
(F1O2 = 0.12-0.14) on DIA force in piglets. Diaphragm force was assessed by recording
transdiaphragmatic pressure (Pdi) during phrenic nerve stimulation before and after 10
minutes of hypoxia. Hypoxic exposure attenuated Pdi, indicating that the diaphragm had
fatigued as a result of the hypoxic exposure.

Hypoxia has also been shown to adversely affect upper airway muscle endurance
performance. Using an in vitro canine preparation Salomone and Van Lunteren (1991)
examined the influence of hypoxia on geniohyoid (GH) muscle fatigue. The fatigue
index of the GH muscle following 2 minutes of repetitive stimulation was attenuated by
severe (Pa02 < 40 mmHg), but not mild (Pa02 45-65 mmHg) hypoxia. Consistent with
these data, the current results clearly demonstrate that the endurance performance of both
the tongue protrudor and retractor muscles is impaired by hypoxia (Fig. 30). The degree
of hypoxia used in the current experiments (i.e., Pa02 ~ 50 mmHg) did not, however,
influence GH muscle endurance in the experiments of Salomone and Van Lunteren
(1991). Therefore our data indicate that, in the rat, the tongue protrudor and retractor
muscles are more susceptible to hypoxia induced fatigue than other upper airway
muscles.

Mechanisms of fatigue: influence of hypoxia. The mechanisms underlying skeletal
muscle fatigue have been the subject of several recent reviews (Enoka & Stuart, 1992;
Fitts, 1995). The current data do not directly address the mechanisms by which hypoxia
adversely affects skeletal muscle fatigue, however these data may provide insight into
this important question. Declines in tongue protrudor and retractor muscle EMG
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amplitude were greater during hypoxia than mild hyperoxia, which may indicate that
hypoxia caused some degree of neuromuscular transmission failure (Sieck & Prakash,
1995). As discussed above, the tongue muscles are composed primarily of type n muscle
fibers, and prior reports indicate that type n muscle fibers are particularly susceptible to
neuromuscular transmission failure during repetitive stimulation (reviewed in Fuglevand,
1995). One explanation for the observed decline in tongue protrudor and retractor muscle
EMG amplitude during hypoxia is that the mechanisms underlying neuromuscular
transmission failure are potentiated by hypoxia. However, the interpretation of changes
in EMG parameters is complex; decreased amplitude does not necessarily indicate
neuromuscular transmission failure, and may reflect alterations in sarcolemmal action
potential conduction velocity (Sieck & Prakash, 1995). Moreover, decreases in EMG
amplitude may or may not contribute to decreases in skeletal muscle force production
(Fuglevand, 1995).

In the current experimental preparation, the decrement in tongue muscle force
and/or EMG amplitude observed during hypoxia vj. mild hyperoxia could be due to
alterations in any or all of the following processes: 1) action potential propagation along
Xnth motor axons; 2) transmission at the neuromuscular junction; 3) initiation and

propagation of the action potential along the sarcolemmal membrane and t-tubule; 4)
signal transmission between the t-tubule and sarcoplasmic reticulum (SR), and 5) Ca2+
release from SR and binding to contractile proteins. It is unlikely that a failure of any one
link in this chain of events directly caused the observed changes in tongue muscle force
and EMG activity. Nevertheless, data from a variety of experimental preparations
indicates that several of these processes may be specifically influenced by hypoxia. For
example, hypoxia has been shown to reduce active transport of Na+ and K+ ions in nerve
(Connelly, 1959), which may impair action potential propagation along motor axons.
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Evidence from an in vitro phrenic nerve-DIA muscle preparation indicate that hypoxia
may also impair synaptic transmission (Hubbard & Loyning, 1966). It has also been
suggested that hypoxia results in decreased neurotransmitter release at the neuromuscular
junction (Nishimura, 1986).

Metabolic changes within the tongue muscles probably contributed to the
decreased protrudor and retractor muscle endurance performance in hypoxia vs. mild
hyperoxia. We have used the term "hypoxia" to indicate that the F1O2 was less then 0.21,
however, hypoxia does not necessarily indicate that intramuscular [O2] was limiting
(Connett etal., 1990). For hypoxia to impair muscle metabolism, intramuscular PO2
must drop to levels at which cytochrome turnover becomes 02-liniited (Connett etal.,
1990). Experiments using in situ skeletal muscle preparations indicate that intramuscular
PO2 must fall below 0.5 torr before O2 is limiting to mitochondrial ATP production
(Gayeski et al., 1987). Such a condition, referred to as dysoxia rather than hypoxia
(Connett etal., 1990), may or may not have been present in the current experiments.
Nevertheless, alterations in intramuscular concentrations of ATP, ADP, Pi, and H+ can all
contribute to muscle fatigue (Edman, 1995), and changes in these parameters may be
more prominent during hypoxia if O2 is limiting. Richardson etal. (1998) have recently
used proton magnetic resonance spectroscopy to demonstrate that intracellular muscle pH
is lower during hypoxic than normoxic exercise. Decreases in muscle pH contribute to
muscle fatigue (Allen etal, 1995), suggesting that this may be a significant mechanism
by which hypoxia impairs muscle endurance performance.

Another possibility is that hypoxia lead to the formation of reactive O2 species
(ROS), resulting in muscle dysfunction. Mohonraj and colleagues (1998) suggest that
during hypoxia, decreased mitochondrial respiration leads to a buildup of reducing
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equivalents which are not able to transfer electrons to O2 at cytochrome oxidase.
Subsequently, this "reductive stress" may promote formation of ROS which can impair
cell function. Using an in vitro rat DIA preparation, Mohanraj etal. (1998) demonstrated
that DIA fatigue was greater in hypoxia than hyperoxia, and that application of anti
oxidants to the bathing medium significantly attenuated the hypoxic induced muscle
fatigue. These authors concluded that anti-oxidants improve skeletal muscle function
during hypoxia, possibly by protecting muscle cell function during reductive stress.

Physiological significance. Salomone and Van Lunteren (1991) speculate that the
repeated hypoxic episodes experienced by OSA patients during sleep may promote
fatigue of the pharyngeal dilator muscles. In these patients, fatigue of the pharyngeal
dilating musculature could impair the ability of these muscles to maintain upper airway
patency during sleep, thus increasing the severity and frequency of apneic events. The
current experiments examined, for the first time, the influence of hypoxia on the
endurance capabilities of both tongue protrudor as well as retractor muscles. Recent
work indicates that co-activation of the tongue protrudor and retractor muscles is more
effective then selective protrudor activation at stiffening the pharyngeal airway (Chapter
4). Therefore, inspiratory-related tongue muscle co-activation may be an important
strategy to maintain upper airway patency (Fregosi & Fuller, 1997a). The current data
indicate that the endurance capabilities of both the tongue protrudor and retractor muscles
are impaired during systemic hypoxia, which may impair their ability to defend the upper
airway.

The results presented in this chapter will appear shortly as an abstract (Fuller &
Fregosi, in press), and are currently being prepared for submission to the Journal of
Applied Physiology.
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CHAPTER 6

Summary and Conclusions
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It has been widely accepted by respiratory physiologists and clinicians that the
position of the tongue in the pharyngeal airway has a major impact on pharyngeal
resistance and airflow mechanics (Bartlett, 1986; Lowe, 1990). Earlier work indicated
that the GG muscle is critically involved in determining tongue position and stiffness
(Remmers et ai, 1978). Accordingly, numerous studies examining the respiratoryrelated control of the GG muscle have been published (Bartlett, 1986). However, due to
widespread acceptance of the hypothesis that pharyngeal dilator muscles alone {e.g., the
GG) are responsible for controlling respiratory-related tongue position and stiffness
(Sauerland & Harper, 1976; Remmers etai, 1978), the tongue retractor muscles have
been largely ignored in the respiratory physiology literature. Although a few reports have
been published prior to the current work (Sauerland & Mitchell, 1975; Yasui et al.,
1993), a detailed examination of the respiratorv-related control and the functional
significance of the tongue retractor muscles was not available.

The results presented in Chapters 2 and 3 indicate that tongue protrudor and
retractor motoneurons receive parallel respiratory-related descending inputs. During
eupneic breathing the tongue protrudor and retractor muscles were co-activated. Indeed,
the EMG activities of the GG and HG muscles were qualitatively and quantitatively
indistinguishable from one another (Chapter 2, Fig. 11). The same was true during
stimulation of the central and peripheral chemoreceptors with hypoxia and hypercapnia,
as parallel increases in respiratory drive to tongue protrudor and retractor muscles was
observed (Chapter 2, Figs. 12 & 13). In addition, phasic lung volume feedback inhibits
the respiratory drive to both tongue protrudor and retractor muscles (Chapter 3, Fig. 14).
Therefore, it is concluded that tongue protrudor and retractor motoneurons receive
parallel inputs from medullary respiratory-related premotor neurons during eupnea and
hyperpnea in the rat.
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An unexpected finding of the current experiments was retraction of the tongue
during inspiration (Chapter 2, Figs. 6 & 11). Moreover, when breathing was stimulated
with hypoxia and hypercapnia, the magnitude of inspiratory tongue retractions increased
in proportion to the neural drive to tongue protrudor and retractor muscles (Chapter 2,
Figs. 12 & 13). Electrical stimulation of the hypoglossal nerve confirmed that the
mechanical effect of simultaneously activating the tongue protrudor and retractor muscles
is retraction of the tongue (Chapter 2, Fig. 5). This finding was particularly provocative
in light of previous reports that co-activation of protrudor and retractor muscles via Xllth
nerve stimulation caused tongue protrusion.

The functional significance of inspiratory-related tongue retraction was
investigated using an isolated upper airway preparation (Chapter 4, Fig. 19). Coactivating the tongue protrudor and retractor muscles significantly lowered the critical
pressure associated with airflow limitation, indicating that the airway was more resistant
to collapse (Chapter 4, Fig. 21). In addition, the decrease in critical pressure during coactivation was accompanied by an increase in the maximal rate of airflow through the
isolated upper airway, in spite of tongue retraction (Chapter 4, Fig. 22). It was concluded
that the ability of the tongue protrudor and retractor muscles to stiffen the pharyngeal
airway (thereby preventing airway narrowing and/or collapse) is optimized when these
muscles contract simultaneously. The net tongue retraction that occurs during coactivation suggests that pharyngeal airway resistance may increase during co-activation
of tongue protrudors and retractors. However, a small increase in airway resistance may
be tolerated to ensure optimal airway stiffness. Another possibility is that the tongue
retraction force that we measured may also represent an unknown degree of tongue
depression. Indeed, a limitation of the methodology used in the current experiments is
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that tongue depression could not be quantified. A common action of the GG and HG
muscles is tongue depression, which suggests that depressive tongue movements may
play an important part in defending airway patency. Further experiments are necessary to
determine the influence of tongue retraction w. depression on pharyngeal airflow
mechanics.

The endurance performance of the tongue protrudor and retractor muscles was
examined using a standard fatigue protocol (Chapter 5). The results indicate that these
muscles have good endurance capabilities (Chapter 5, Figs. 29 & 30), which is consistent
with previous reports (Gilliam & Goldberg, 1995). A new finding was that systemic
hypoxia significantly attenuated the endurance performance of both the tongue protrudor
and retractor muscles, which may have implications for OSA patients (see discussion.
Chapter 5).

An overall model depicting the respiratory-related control and functional
significance of the tongue protrudor and retractor muscles in the rat is presented in Fig.
33. This model incorporates the current results, as summarized in the preceding
paragraphs, and as discussed in detail in Chapters 2-5. In the model, the "respiratory
drive" represents the activity of medullary respiratory neurons which regulate the rate and
depth of ventilation. Respiratory drive is augmented by stimulation of central and
peripheral chemoreceptors, which respond primarily to alterations in arterial CO 2 / pH
and O2, respectively. A new concept presented in this model is that descending
respiratory drive does not discriminate between tongue protrudor and retractor
motoneurons, and as a result these motoneurons are co-activated during chemoreceptor
stimulation. Activation of pulmonary stretch receptors during lung inflation inhibits the
respiratory-related activity of both tongue protrudor and retractor motoneurons.
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Conversely, activation of mechanosensitive afferents responding to negative upper airway
pressure or increased airflow results in augmented activity of tongue prctrudor and
retractor motoneurons. Co-activation of tongue protrudor and retractor muscles results in
depression of the tongue, which in turn results in a stiffer pharyngeal airway. The stiffer
pharyngeal airway is more resistant to narrowing and/or collapse in the face of negative
pharyngeal pressure, as indicated by the more negative Pcrit and increased VImax shown
in the studies described in Chapter 4.

The current experiments were performed on anesthetized rats, and therefore it is
difficult to draw any firm conclusions regarding human physiology or pathophysiology
(e.g., OSA) from these data. However, two groups have recently demonstrated that the
effect of tongue protrudor and retractor muscle co-activation on airflow mechanics and
tongue movements in humans are qualitatively similar to those observed in the rat (Eisele
etaL, 1997; DeBacker ef a/., 1998). These observations suggest that the mechanisms by
which the tongue protrudor and retractor muscles promote pharyngeal airway patency in
the rat may also apply to the human. A detailed examination of the respiratory-related
control and function of the tongue retractor muscles in human subjects is clearly needed.
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FIGURE 33. A model of the respiratory-related control, mechanical actions, and
fimctional significance of the tongue protrudor and retractor muscles. The
"respiratory drive" represents the activity of medullary respiratory neurons which regulate
the rate and depth of ventilation. Respiratory drive is augmented by stimulation of
central and peripheral chemoreceptors, which respond primarily to alterations in arterial
CD2 / pH and O2, respectively. A new concept presented in this model is that descending
respiratory drive does not discriminate between tongue protrudor and retractor
motoneurons, and as a result these motoneurons are co-activated during chemoreceptor
stimulation (Chapter 2). Activation of pulmonary stretch receptors during lung inflation
inhibits the respiratory-related activity of both tongue protrudor and retractor
motoneurons (Chapter 3). Conversely, activation of mechanosensitive afferents
responding to negative upper airway pressure or increased airflow results in augmented
activity of tongue protrudor and redactor motoneurons. Co-activation of tongue
protrudor and retractor muscles results in depression of the tongue, which in turn results
in a stiffer pharyngeal airway. The stiffer pharyngeal airway is more resistant to
narrowing and/or collapse in the face of negative pharyngeal pressure (Chapter 4).
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FIGURE 33. Legend on preceding page.
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