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ABSTRACT

The masseter muscles of juvenile and adult rabbits masseter were

evaluated using phosphate nuclear magnetic resonance (31P NMR). 10 New

Zealand male rabbits were studied at two different time points at 8 weeks and 24

weeks in which the animals were divided into a normal group and a group

raised on a soft diet. The experimental group were placed on a soft diet for 4

months to chronically decrease masticatory loads during maturation. The

animals were studied using a GE 4.7 Tesla unit in which a surface, double-tuned

coil for 1 H and 31P was applied over the right masseter to obtain both images

and phosphate spectra. While the animals were anesthetized, fines wires were

placed deep in the masseter muscle to deliver square pulses to contract the

muscle. A non-ferrous spring made of orthodontic wire was placed between

the central incisors to lengthen the muscle.

Initial recordings with the 1H channel of the coil provided both coronal

and horizontal 1.5mm images through the masseter to determine the position

of the coil to the muscle, the size of the masseter, and to approximately

determine the recording field of the surface coil. Electrical stimulation was

used to induce three different types of contractions: twitches (5Hz), sustained

clench (50Hz), and periodic clenching (50Hz, 500 msec on and 500 msec off).

Each stimulation occurred for 3 minutes, was repeated twice, and interrupted

by 3 minute rest periods. The 31P NMR signals were averaged for 16 individual

spectra to obtain a clearly defined signal to noise ratio while following the

dynamic changes in the spectra. The 31 P NMR spectra from the masseter

consisted of 5 signals: inorganic phosphate (Pi), phosphocreatine (PCr), and

three peaks related to the three phosphate nuclei of adenosine triphosphate

(ATP-alpha, ATP-beta, and ATP-gamma). The spectra were acquired by simple

* - ".



pulse and acquire modes. Data were analyzed using GE SUN software in which

the height of the peak, the area under the peak, and the chemical shift of the

peak were determined. Each peak was determined by a Lorzentian curve

fitting program which had some difficulty with low signals so that the

amplitude of the peaks, and not the areas under the signals were determined to

dynamically follow the changes in Pi and PCr. The Pi and PCr changes were

described as a ratio of Pi/PCr. pH changes of the muscle were determined by

the shift between the Pi and PCr signals. Data were displayed over time and

null hypotheses were tested at a level of significance of .05 using analysis of

variance.

The Pi/PCr ratio increased significantly from the resting baseline

during all three types of contractions, twitches, tetany and periodic tetany.

In comparing the normal animals to themselves from 8 to 24 weeks, the adult

group demonstrated a significantly higher Pi/PCr than evident in the juvenile

group, especially during the first contraction in all three different

stimulations (twitch, sustained clench, and periodic clench). The 50Hz

stimulation evoking tetany increased the Pi/PCr ratio significantly higher

than that of 5Hz stimulation eliciting twitches. During sustained contraction

of tetany, the juvenile animals did not differ in the Pi/PCr ratio between the

first and second contraction, while the adult animals showed a significant

lowering of the ratio in the second contraction. pH measurements

demonstrated that the pH decreased significantly only during continuous

tetanic contractions and not during twitching or periodic tetany.

Furthermore, the juvenile animals did not demonstrate a significant pH shift

during any contractions, while the adult animals did, whether raised on soft or



hard diet. The adult animals raised on the hard diet demonstrated the most

acidic pH changes of all three groups.

These result suggests that the older rabbits have developed more

glycolytic muscle fibers in the masseter muscle during maturation while the

juvenile masseter muscle has a greater proportion of aerobic muscle fibers

which do not fatigue during tetanic contraction. These glycolytic fibers were

recruited during the stronger types of stimulations such as sustained clench

or periodic clench and increased the Pi/PCr significantly higher during the

first stimulation. Since glycolytic fibers fatigue sooner, they were not

recruited during the second 50Hz and periodic clench stimulations.

This work provides the first published data on the changes in phosphate

metabolism in a skeletal muscle during maturation. The data suggest that

normal maturation of the masseter is accompanied by significant changes in

the phosphate metabolism of the rabbit muscle, a new finding in the field of

NMR spectroscopy. The muscle is relatively fatigue resistant but appears to

develop more glycolytic fibers with maturation. Additionally, this work

provides the first evidence that periodic tetanic contractions of this

craniomandibular muscle with the same timing as evident in mastication

provides a metabolic change between tetany and twitches but with

characteristics more similar to that of sustained tetanic contraction.



I. INTRODUCTION

This project is designed to study the functional adaptation of a

craniomandibular muscle, the masseter, during maturation and alteration of

loads using in vivo nuclear magnetic resonance which assesses dynamic

function. In vivo NMR of phosphate (31P NMR) provides a detailed assessment

of how muscle functions and has been used previously with isolated muscle

tissue and, within the last 5 years, with intact muscle. No data exists on how

the muscle will metabolically alter phosphate metabolism during different

types of contraction from twitches to tetany, nor how the muscle will adapt in

a periodic tetany evident in a function such as chewing. Nor have studies by

other investigators determined how the muscle will change its phosphate

metabolism during maturation when decreased loads are normally experienced

by the developing muscle. The most pronounced and largest of the

craniomandibular muscles, the masseter, has been selected for study in the

rabbit which provides an inexpensive animal model that can be used in an in

vivo analysis of muscle function.

Two different groups of rabbits will be studied: 1) the normal animal as

it rapidly grows from the juvenile to adult stage in which suckling is replaced

by mastication and incisal biting, and 2) the experimental animal on a soft diet

for 4 months to develop a chronic loss of high forces during maturation as a

potential method to alter metabolic development of the muscle. Magnetic

resonance spectroscopy has progressed with newer and more powerful tools

which can provide a detailed assessment of metabolism at the cellular level for

a population of muscle fibers without damaging or directly modifying the

muscle. The muscle metabolism is studied by determining changes in non

--:
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bound phosphate during function and in the three primary mechanisms to

replenish adenosine triphosphate (ATP). ATP is normally replenished by the

chemical breakdown of phosphocreatine (PCr), then by further activity of the

glycolytic pathways, and finally by the oxidative pathways. These metabolic

pathways are assessed by following changes in PCr levels directly, indirectly

for the glycolytic pathway by changes in pH, and indirectly for the oxidative

pathway by minimal changes in PCr and pH. The 31P NMR technique provides

a physiological assessment of intracellular muscle function in real time

without impairing or damaging the tissue to assess changes.

II. LITERATURE RIVIEW

Skeletal muscles of mammals consist of a mixture of at least two types of

fibers. The composition of these different fiber types varies depending on the

structure and function of the muscle (Dubowitz and Pearse, 1960; Hennemann

and Olson, 1965). Two types of fibers are distinguishable in skeletal muscle on

the basis of their enzymatic and contractile properties. These are designated

as type I and II (Brook and Kaiser, 1970, 1974; Eriksson, 1982; Eriksson and

Thornell, 1983) with various subtypes.

Type I fibers are oxidative fibers which use primarily the oxidative

pathways to replenish ATP (Brooke and Kaiser, 1970, 1974; Essen et al., 1975).

The fibers are small and fatigue resistant with numerous mitochondria inside

the muscle fibers and many capillaries around the fibers. Type II fibers

contract much faster and can use glycolytic and oxidative metabolism

depending upon the subtype. Type II fibers are subdivided into types IIA, IIB,

IIC, and IM (Brooke and Kaiser,, 1970). Type IIA fibers are fast contracting,



intermediate in size and fatigue resistant. Type IIB fibers are the third

dominant type and are fast contracting, large in diameter and fatigue easily.

Type IIC fibers have both an oxidative and glycolytic capacity (Jansson, 1975).

85% of the rabbit masseter is composed of type I and IIA fibers indicating that

in the adult tissue, this is primarily an oxidative muscle with relatively high

fatigue resistance capabilities (Bredman et al., 1990).

Skeletal muscle has the ability to adapt its properties including its

metabolic capability to changes in function. A number of studies, in both

animals and man, have shown that the activities of enzymes in the

mitochondria increase following the extensive physical training (Gollnick

and Armstrong, 1973). Type IIB fibers convert into type IIA fibers when

function demands more muscle activity (Jansson and Kaijser, 1977). The fiber

type conversion occurs even with direct chronic muscle stimulation (Holloszy,

1975).

Studies of craniomandibular muscles have focused on their long-term

changes through histochemical assessment and have provided insight into

muscle adaptation (Eriksson, 1982; Eriksson and Thornell, 1983; Maxwell et al.,

1979). However, the adaptability of craniomandibular muscles to altered

function during the actual contraction of the muscle has not been studied

despite chronic studies of the effect of altered use and extensive research of

limb skeletal muscles and their ability to adapt their metabolic capabilities to

adaptive function (Maxwell et al., 1980; Jansson et al., 1977). Magnetic

resonance spectroscopy of phosphate (31P-NMR) provides a powerful tool to

assess the actual function of the muscle during use and has been applied

particularly in exercise and ischemic conditions with limb muscles and

s
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internal organs (Cavanaugh et al., 1987; Chance et al., 1986; Chang et al., 1987;

Gadian et al., 1977; 1982; Mole et al., 1985; Park et al., 1988). Work with

craniomandibular muscles using 31P NMR has only begun with published

reports in the human masseter of normal subjects (Lam and Hannam, 1991)

and in subjects with craniomandibular disorders (Cohen, 1989). These reports

have studied the metabolic changes in the masseter during clenching and

mastication. Studies of the craniomandibular muscles provide not only insight

into their function as muscles of the mandible, but provide a unusual tool to

study broad physiological questions. The cranioskeletal muscles are ideally

suited to alter function chronically within physiological parameters and

provide one of the most unique periodic contraction patterns (i.e., mastication)

that is available to skeletal muscle. Underlying altered function in

craniomandibular muscles is the fundamental question of how pliable is the

tissue to changes in physiological function (such as altering the diet to

decrease muscle loading), and when and under what circumstances, could

altering muscle function lead to potential changes which would exceed the

physiological capability of the muscle tissue and result in muscle damage.

Magnetic resonance spectroscopy has been used extensively (Gadian et

al., 1977; Hoult et al., 1974) but primarily with isolated muscle preparations

from the frog and rat. Since 31 P NMR distinguishes between the glycolytic

and oxidative modes of replenishing ATP of a whole muscle, it appears to

correlate to the proportion of muscle fiber types as defined histochemically.

Shifts in the spectra of phosphate relating to pH changes have provided

insight into how the oxidative and glycolytic fibers interact. The advent of

more high powered magnetic resonance units as now available at the UCSF

Magnetic Resonance Center means that this technique offers an advantage

: º



over biopsies yielding histochemical data; the ability to analyze the muscle

during and immediately after function with a non-invasive, in vivo

technique. Magnetic resonance spectroscopy of phosphate is of particular

value, because it provides a quantitative assessment of unbound phosphate in

its various intracellular forms: adenosine triphosphate (ATP), phosphate

creatine (PCr) and inorganic phosphate (Pi), the principle energy-storing

molecules of cells including muscle (Cooke and Pate, 1985). NMR of phosphate

(31P) has been applied successfully to the in-vivo study of oxygen deficiency

states in human muscle. Studies with perfused animal organs (i.e., liver,

kidney, heart) under normal and ischemic conditions clearly show that 31 P

NMR permits a quantitative tissue assessment of organ transplantations and

the evaluation of irreversible tissue damage caused by local or global

deficiencies of oxygen supply (Gadian et al., 1982). Magnetic resonance

spectroscopy provides a non-invasive means of measuring intracellular pH.

Studies of animal organs and human skeletal muscles show that continuous

intracellular pH measurements by 31 P NMR provide an elegant means of

diagnosing and localizing enzyme deficiencies, myopathies, and ischemic

tissue damage.

Muscle like most cells uses a high energy molecule, adenosine

triphosphate (ATP) to transfer energy chemically between molecules within

the cell in which electrons and protons are used as the mechanism.

Phosphorlyation of cellular proteins is critical to cellular function including

the contractile proteins of muscle cells. Various regions of the cytoplasm

have molecules to regenerate ATP both as substrate and enzymes to catalyze

the reactions. Phosphocreatine resides free within the cytoplasm, the

mitochondria use amino acids and sugars which replenish considerable ATP

:
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for each mole of glucose used, and glycogen exists within the cytoplasm to be

broken down to glucose and lactic acid. ATP is used extensively within the cell

and membrane but this is a small fraction compared to that used in high

concentrations during: 1) development of crossbridges by the thick and thin

contractile filaments in contraction; and 2) in highest concentrations during

high velocity development of actin-myosin crossbridges in rapid shortening

of a muscle. Myosin as one of the key contractile proteins also functions as an

enzyme which hydrolyzes ATP to activate it for developing crossbridges with

the actin molecule. The cell maintains a feedback loop of control to maintain a

steady concentration of ATP within the cell but contraction of the muscle cell

can severely and temporarily decrease the available store but never totally

deplete it.

The ATP stores are replenished by three pathways: 1) the immediate

restoration of ATP by transfer of high energy phosphate from the "fast

energy" buffer creatine phosphate (PCr) to ADP catalyzed by creatine kinase;

2) a slow chemical pathway using fatty acids and a continued supply of oxygen

from capillaries leading to a high yield of ATP for every mole of glucose used;

and 3) a more rapid chemical pathway which decomposes glycogen and yields

ATP quickly but can deplete the glycogen stores and decrease the intracellular

pH level. It has been suggested that the rate of phosphocreatine resynthesis

after exercise is an index of mitochondrial oxidative metabolism in the intact

muscle in which the two reactions occur in parallel internally modify

eachother. Muscle fibers differ in their concentrations of mitochondria so

that muscle cells with high concentrations of mitochondria and surrounding

capillaries readily use the oxidative pathways to replenish ATP, and other

fibers with less mitochondria use the glycolytic pathway. Both muscle fiber

!-
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types appear to use PCr as the first immediate replenishment molecule for ATP.

Skeletal muscles have both types of fibers in different proportions or

percentages (Lutz , Ermini, and Jenny, 1978). Highly active muscles as those

used in posture, and the craniomandibular muscles, have many more oxidative

fibers (type I) than glycolytic fibers. Infrequently used muscles, except

during high force development around their joint, have a higher proportion

of the glycolytic fibers (type IIB). Both types of muscles have different

proportions of type I, IIA and IIB fibers, and in some muscles such as the

craniomandibular muscles, other types of intermediate fibers may exist

designated under such terms as type IIC and IIM.

At low levels of muscle contraction, the oxidative muscle fibers such as

type I and type IIA fibers are recruited first and are capable of continually

contracting due to their oxidative capability of replenishing ATP. This has

been analyzed in previous 31 P magnetic resonance spectroscopy studies

during maximum velocity of contraction (Vm) in graded exercise (Chance and

Leigh 1985,1986). At higher levels of muscle activity, both the oxidative and

glycolytic fibers are recruited. Magnetic resonance spectroscopy provides a

view of how the fibers in a muscle respond at different levels of contraction.

Magnetic resonance spectroscopy was originally applied with isolated muscle

and at first only in identifying the resting spectrum of phosphate peaks as to

the specific phosphate molecules (Hoult et al., 1974; Dawson et al., 1977). With

the advent of more powerful magnets and faster computers, the changes in

phosphate molecules could be assessed continuously over time during

contraction with the most widespread application within human muscles. Pilot

work in the intact human forearm muscles using 31P NMR indicates a marked

decrease in the spectrum peak of PCr as it is rapidly used during the initial

10



contraction, then a simultaneous increase in Pi due to increased ATP

hydrolysis, and a decrease in pH as the glycolytic pathway leads to end

products which include lactic acid (Needham and Carnis, 1971; Mole and

Coulson, 1985). It is believed that the change in these peaks relates to the

proportion of fiber types in which type I fibers are predominantly oxidative,

and type IIA and IIB are more glycolytic. The type II fibers also possess the

faster myosin which hydrolyzes ATP sooner than slower myosins that compose

the thick filaments of type I fibers. The proportion of these fiber types is

expected to determine how these phosphate spectra change but the definitive

studies have not been done and this work has been beyond the scope of this

thesis.

III. METHODS AND MATERIALS

A. Subjects: Ten juvenile male New Zealand white rabbits, eight

weeks of age, were acquired from a licensed vendor through the Animal Care

facilities. The animals were followed over a 16 week (4 months) period with

two groups: 5 control animals in group I; and 5 experimental animals on a soft

diet in group II. Animals in each group were studied at each of the two time

points over four months of 8 and 24 weeks using magnetic resonance

spectroscopy. Eight additional rabbits were used in pilot projects and in

conducting selected projects.

1. Normal Diet (Group I): The rabbits of group I had a

normal hard diet during a four month maturation from juvenile to young

adult.

ººº*-
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2. Soft Diet (Group II): The rabbits of group II were

weaned to a soft diet at the 8th week in which the hard pellets were replaced

by the combination of moistened soft pellets mashed to a soft consistency and

combined with a specially formulated soft diet (Bioserve, Trenton, New Jersey).

The soft diet formulated provided the fiber, minerals, vitamins and specific

amino acids needed for the animal. The food was provided freely and the

animals were monitored and weighed weekly. The potential problem of initial

weight loss was countered by food supplements of lettuce and grapes. The soft

diet model has been used extensively and successfully in animal models

employing the rat and primate (Bouvier and Hylander, 1982, 1984; Kiliaridis et

al., 1985).

Comparison of weights between the soft diet and hard diet

animals over a four month period indicated that the soft diet animals were

significantly smaller in size during the entire period following the initial

period of 8 weeks (Table I; Fig. 1).

12



WEIGHTS OF ANIMALS IN SOFT DIET AND HARD DIET GROUPS

DATE: 10 - 15 - 9 1 1 1 - 14 - 9 1 1 2 - 19 - 9 1 1 - 16 - 9 2 2 - 20 - 9 2

SOFT DIET ANIMALS

133 31b 6oz 31b 12Oz 51b 202 61b 6oz 71b 9oz

135 31b 12Oz 41b 51b 7Oz 61b 202 6lb 14oz

137 31b 13oz 4lb 4oz 51b 4oz 61b 71b 130Z

139 31b 11oz 41b 6oz 51b 9oz 51b 14oz 7lb 5oz

199 41b 1 oz 31b 12Oz 41b 12Oz 51b 9oz 71b 5oz

MEAN OF GROUP 31b 12oz 41b 0oz 51b 4oz 61b Ooz 7lb 6oz

º

HARD DIET ANIMALS º
134 41b 202 6lb 10oz 71b 70Z 81b 13oz 91b 130Z º
136 31b 9oz 6lb 10Z 71b 6oz 81b 7oz 81b 1.5oz : .

138 31b 14oz 6lb 4oz 81b 10oz 8lb 4oz 8lb 10oz

140 31b 9oz 51b 9oz 61b 13 Oz 71b 12Oz 71b 8oz
-

198 31b 6oz 41b 3oz 6lb 202 71b 70Z 81b 202

MEAN OF GROUP 31b 11oz 51b 12Oz 7lb 4oz 81b 20Z 81b 12Oz

TABLE I

13
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- 8 - HARD DIET CONTROLS
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FIGURE 1

Table 1 and Figure 1 Comparison of Weights Between the Soft and

Hard Diet Animals

Comparison of weights between the soft and hard diet animals over a four

months period. Soft diet animals were significantly lower in weight.
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B. In strumentation: Magnetic resonance imaging and

spectroscopy were completed using a dual, surface coil for 1H and 31P in a GE

4.7 Tesla supercooling unit (General Electric Medical Research Division,

Fremont, CA) located at the Magnetic Resonance Center, University of

California, San Francisco. Rabbits were weighed and anesthetized using

Xylazine (Rompon, 10 mg/kg, IM, Parke-Davis Co.) and Ketamine (Ketalar, 40

mg/kg, IM, Parke-Davis Co.). Two fine copper insulated wires (Belden Copper

Wire, 38 gauge, NJ) were placed in the right masseter muscle using

hypodermic 24 gauge needles. Placement of the electrodes within the

masseter were insured by inserting the lower and upper electrodes along the

same diagonal line from the gonial angle of the mandible to a line drawn

perpendicular to the center of the infraorbital ridge of the eye. The needles

were inserted to the deepest point touching bone. The placement of the

electrodes was assessed in a surgical exposure of the muscle in a pilot animal.

Detailed assessment of the rabbit masseter by Bredman et al., (1990) have

indicated that the masseter is an architecturally complex muscle with 8

different compartments. The electrical stimuli were applied through the

stimulating electrodes connected by a 20 foot shielded wire to a stimulation

unit (World Precision Instruments Anapulse Square Pulse Stimulator 502,

Boston, MA) outside the room programmed to stimulate at 5 Hz, 50 Hz or 50 Hz

in trains using 2 msec pulse durations.

The masseter muscle was lengthened prior to stimulation by lowering

the mandible. A spring was placed between the upper and lower jaws using

non-ferrous nickel molibdenium orthodontic wire (Ormco, Los Angeles, CA).

We used two springs with different strengths at the two time points in order to

-

.
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open the mandible approximately the same relative proportion to the total

maximum lowering of the mandible ( i.e., 50%). To standardize the intensity of

the stimulation, we increased the stimulating voltage so that the mandible

raised against the spring to the point of tooth contact between the upper and

lower incisors. We increased the voltage to 75 % above the threshold voltage

to bring the teeth together to apply a superthreshold stimulus that provided

the masseter muscle with sufficient force to raise the mandible.

The magnetic resonance recording involved obtaining sequential 31 P

NMR spectra for three minute periods of specific trials in a specific order.

Spectra were acquired continuously during the protocol, with each spectrum

being the average of 16 scans resulting in a 30 second time resolution of the

NMR data. Two protocols were used. The first protocol involved obtaining

spectra for: 1) resting baseline; 2) stimulation of the muscle at 5Hz to evoke

twitching; 3) a rest period; 4) a second 5Hz twitch sequence; 5) a rest period; 6)

the first 50Hz stimulation to evoke a tetany; 7) a rest period 8) a second 50Hz

stimulation to evoke tetany; and a final rest. A 10 minute rest occurred, and

then a second protocol consisted of a: 1) resting baseline; 2) stimulation with a

50Hz train; 3) a rest period; 4) a second stimulation with a 50Hz train; 5) a final

rest period; and then 6) an experimental series using different parameters.

C. Magnetic Resonance Imaging and Magnetic Resonance

Spectroscopy:

1. Magnetic Resonance Imaging: During the

recording session for 3'P NMR, proton magnetic resonance images of the

masseter muscles were often acquired on the same animal using the 1 H

channel of the coil. A "gradient echo" imaging sequence was used with the

16



surface coil used for the spectroscopy, which was double-tuned to both the 1 H

and 31 P NMR frequencies. Each muscle was imaged to determine the distance

of the coil to the muscle to provide a uniform position of the coil, to determine

the cross-sectional area of the right masseter muscles with maturation, to

calculate the volume of the masseter muscle, and to assess approximately the

recording field of the surface coil. The area of each muscle was determined

by outlining the muscle in consecutive coronal sections through its entire

rostro-caudal length to obtain a serial view of the number of pixel regions and

then the volume of the muscle was determined.

Figure 2 shows a coronal view through the adult masseter muscle

indicating the position of the 2 x 3 double-tuned surface coil.

The muscle area for the juvenile masseter reached a maximum of

172 mm2 and ranged from 1.5 to 172mm” in the successive 1.5 and 3.0 mm

coronal section. (Fig 3) The volume of the masseter was determined by

adding the successive coronal sections times the width of each section

resulting in a total volume of 2363 to 2444mm3. (Table II)
The adult masseter coronal sections varied from 82 to 288mm”. The

volume of the muscle was approximately 4634mm3 which was about a 1.9x

increase as compared to the juvenile masseter.

The average juvenile masseter was approximately 9mm from surface

just below the fat tissue to the mandibular ramus. The adult masseter was

slightly larger and approximately 10-12mm deep. The area of the muscle

receiving the excitation signal and transmitting the atomic nuclei signal was

approximately determined by comparing the linear to the logarithmic extend

of the visible signal. The linear generated image represented the extent of the

signal and the logarithmic represented an enhanced image extending beyond

the actual signal strength to visualize the muscle and bone (Fig. 4).

:
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FIGURE 2

Figure 2 Coronal View of the Adult Masseter Muscle

A coronal view through the adult masseter muscle indicates the position of the
2 x 3 double-tuned surface coil.
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5 week rabbit an ITICE

FIGURE 3

Figure 3 The Muscle Area for the Juvenile Masseter

The muscle area for the juvenile masseter reached a maximum of 172mm2 and

ranged from 1.5 to 172mm2 in the successive 1.5 and 3.0 mm thick coronal

section.
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FIGURE 4

Figure 4 Determination of the Area of the Muscle Receiving the

Excitation Signal and Transmitting the Atomic Nuclei Signal

The area of the muscle receiving the excitation signal and transmitting the

atomic nuclei signal was approximately determined by comparing the linear to

the logarithmic extend of the visible signal. The linear generated image

represented the extent of the signal and the logarithmic represented an

enhanced image extending beyond the actual signal strength to visualize the

muscle and bone.
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MUSCLE AREA IN TWO JUVENILE AND ADULT RABBITS

CORONAL SECTIONS

JUVENILE RABBIT

MUSCLE AREA MUSCLE VOLUME

ADULTRABBIT

MUSCLE AREA MUSCLE VOLUME

(mm?) (mm3) (mm?) (mm3)

Plane

1 1.0mm2 1.5mm x 1.0mm2 = 1.5mm3 82.3 mm2 123.5mm3

2 78.2 3.0 x 78.2 = 234.6 181.8 545.4

3 125.9 3.0 x 125.9 = 377.7 231.9 695.7

4 155.1 3.0 x 155.1 = 465.3 262.5 787.5

5 158.6 3.0 x 158.6 = 475.8 287.9 863.7

6 142.6 3.0 x 142.6 = 427.8 259.6 788.8

7 119.3 3.0 x 119.3 = 357.9 210.5 631.5

8 69.5 1.5 x 69.5 = 104.3 132.1 198.2

TOTAL TOTAL TOTAL TOTAL

AREA: 851.4mm2 VOLUME: 2444.9mm3 AREA: 2389.3mm2 VOLUME: 4634.3mm3

Table II Determination of the Volume of the Masseter

TABLE II

Muscle

The volume of the masseter was determined by adding the successive coronal

sections times the width of each section resulting in a total volume of 2363 to

2444mm3.

.
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COMPARISON OF RECORDING AREA TO MUSCLE AREA

IN JUVENILE AND ADULT RABBITS

JUVENILE RABBIT ADULTRABBIT

MUSCLE RECORDING AREA REC AREA/ MUSCLE RECORDING AREA REC AREA/

AREA OF SURFACE COIL MUSCLE AREA AREA OF SURFACE COIL MUS. AREA

(mm?) (mm?) (%) (mm?) (mm2) (%)

Plane

1 1.5 O 0 26.2 1.0 3.8

2 78.2 2.0 2.6 127.9 58.1 45.4

3 125.9 53.8 42.7 218.2 145.6 66.7

4 155.1 99.4 64. 1 302.6 194.1 64.1

5 158.6 125.0 78.8 307.9 210.6 68.4

6 142.6 127.5 89.4 293.5 211.2 71.9

7 119.3 82.8 69.4 244.2 160.8 65.8

8 69.5 2.2 3.2 184.6 93.3 50.5

TABLE III

Table III Estimates

of Recording Area to the Total

Sections

of the Coil Transmit/Receive Area as a Ratio

Muscle Area of Each of 8 Coronal

Estimates of the coil transmit/receive area as a ratio of recording area to the

total muscle area of each of 8 coronal sections indicated that in the juvenile

animal, the recording area of the coil composed a larger percentage of the

muscle mass, while in the adult the ratio of coil recording field to muscle area

was smaller.

>

º

º *

º
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MUSCLE AREA AND VOLUME FOR JUVENILE AND ADULT

ANIMALS

JUVENILE RABBITS ADULTSOFT DIET || ADULT CONTROLS

LARGEST CX AREA156-157mm2

MEAN AREA 101-106mm2

TOTAL AREA 812-850mm2

TOTAL VOLUME 2363-2444mm3

270-271mm2 287-307mm2

197-202mm? 206-213mm2

1578-1616mm2 1648-1705mm2

4460-4516mm3 4624-4799m3

TABLE IV

Table IV Comparison of Mean

Juvenile and Adult Controls

Areas and Volumes Among the

Comparison of mean areas and volumes among the juvenile, adult controls, and

adult soft diet animals indicated significant differences.
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Estimates of the coil transmit/receive area as a ratio of recording area to

the total muscle area of each of 8 coronal sections indicated that in the

juvenile animal, the recording area of the coil composed a larger percentage

of the muscle mass, while in the adult the ratio of coil recording field to muscle

area was smaller (Table III).

Comparison of mean areas and volumes among the juvenile, adult

controls, and adult soft diet animals indicated significant differences (TABLE

IV).

2. Magnetic Resonance Spectroscopy: The 3 1 P

NMR was obtained on a GE Omega 4.7T superconducting system (General

Electric Medical Systems, Fremont, CA) with a 20cm useable bore size for small

animal studies and using 200MHz for 1H and 82MHz for 31P. A 1-2 cm oval

shaped balanced and matched double-tuned 3|P, 1 H surface coil was directly

applied over the center of the masseter muscle. Field homogeneity was

optimized by shimming on the proton water signal using the 1H channel of

the double-tuned coil. Following the shimming process, 31 P spectra were

collected using the 31P channel of the coil with a simple pulse and acquire

sequence. Spectra were collected at 32 second intervals utilizing a repetition

time of 2 seconds so that 16 excitations were collected to define a time point.

Data were collected with an 8KHz spectral widthband and 4K data points. The

receive and transmit attenuation were held constant to facilitate comparison

of the spectra at various time points and between animals. To obtain dynamic

changes of the spectra during function, the TR was shortened to yield a

partially saturated signal (Fig. 5).
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Figure 5 A Spectrum of 31P NMR

To obtain dynamic changes of the

shortened to yield a partially saturated signal.

I–––

spectra during function, the TR was

.
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The acquired spectra were transformed using Fourier techniques with

phase and baseline corrections before analysis on the SUN workstation

controlling the spectrometer. The size of the coil was maintained throughout

the experiment despite the change in size of animal and muscle to obtain a

similar field of study. The recording field of the coil was approximately

15mm which meant that it recorded from the superficial and deep muscle

regions of both the 2 month old rabbit masseter and the 6 month adult

maSSCte■ . This meant that the bone of the younger 2 month juvenile rabbit

provided part of the signal but this signal is a stable baseline shift and does not

contribute to the individual spectra.

31P NMR is a method to provide spectra related to the chemical shifts of

various nuclear spins of isotopes such as 31 P. Magnetic resonance

spectroscopy is a method to provide spectra related to the chemical shifts of

various nuclear spins of isotopes such as 31P. All atomic nuclei have a charge

and mass, but some like 'H, *H and 3'P exhibit a spin so that the charge rotates

and acts similar to a tiny magnet (Dawson, Gadian and Wilkie, 1977). When an

external magnetic field is applied to the nuclear magnets, the nuclei precess

around the direction of the field at a specific frequency. If a magnetic field

oscillating at the specific frequency is applied to the nuclei, the atomic nuclei

will absorb the energy and continue to oscillate after the exciting field is

turned off, and the nuclei will radiate at a frequency proportional to the local

magnetic field affecting the nucleus in the tissue. This tissue frequency is

slightly different than the applied magnetic field due to the local factors in

the tissue that affect that nucleus so that the frequency or chemical shift is

used to detect the different phosphorus compounds.

2 6



The magnetic field is used to orient and relax specific molecules of

unbound phosphate, and radio frequency resonance is applied and picked up

from a surface coil that provides the study of a particular anatomical region

(Gadian et al., 1977; Park et al., 1988). The magnetic resonance frequency of

the nucleus of a particular isotope provides

a spectrum of the resonance intensity as a function of the chemical shifts of

the particular isotope. In compounds with a moderate molecular weight, such

as 13C and 31P, the signal intensity is proportional to the concentration at that

site and the chemical shift can be related to electronic structure (Dawson et al.,

1977). The phosphorus-31 nucleus is particularly useful for magnetic

resonance spectroscopy because the relative concentrations of the

phosphorus substrates including adenosine triphosphate (ATP),

phosphocreatine (PCr), and inorganic phosphate (Pi), all which define the

energy status of the cell. The 3'P spectra of normal tissue is dominated by

phosphorus compounds of low molecular weight involved in the storage or in

the metabolism of energy. Each tissue or organ usually exhibits a

characteristic 31P NMR spectrum or "signature", which is a reflection of its

specialized function. The 31 P NMR spectrum in vivo has five characteristic

resonances: 1) inorganic phosphorus (Pi) in which the chemical shift is pH

dependant 2) phosphocreatine (PCr) with a constant chemical shift so it can

be used as a point of reference from which the other shifts can be measured ;

3) the alpha resonance of ATP; 4) the gamma resonance of ATP; and 5) the

beta resonance of ATP, each related to a different phosphate position on the

ATP molecule (Fig. 6). The susceptibility of Pi to pH changes is due to

ionizable H* atoms being associated with Pi so that intracellular pH can be

measured. (Fig. 7) If the pH decreases, the resonance of Pi shifts in the

direction of PCr.
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FIGURE 6

FIGURE 6 Five Characteristic resonances of the 31P NMR

spectrum

The 31 P NMR spectrum in vivo has five characteristic resonances: 1)

inorganic phosphorus (Pi) in which the chemical shift is pH dependant 2)

phosphocreatine (PCr) with a constant chemical shift so it can be used as a

point of reference from which the other shifts can be measured ; 3) the alpha

resonance of ATP; 4) the gamma resonance of ATP; and 5) the beta resonance

of ATP, each related to a different phosphate position on the ATP molecule.

The increase of Pi peak and the decrease of PCr peak are evident during the

muscle stimulation (From #23 to #31).
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FIGURE 7

Figure 7 The Susceptibility of Pi to pH Changes

Pi, PCr, ATP-Alpha, ATP-Gamma, and ATP-Beta peaks are in order from left to

right. The susceptibility of Pi to pH changes is due to ionizable H* atoms being

associated with Pi so that intracellular pH can be measured. If the pH

decreases, the resonance of Pi shifts in the direction of PCr.
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D. Exercise Protocol: The intensity of the signals is

proportional to the concentration of the substance causing it and therefore

quantitative measurements are possible. The signal to noise ratio is enhanced

by the 4.7T unit. Several spectra were taken and averaged: 1) during the

initial three minute rest period; 2) during a three minute period in which the

muscle was stimulated; 3) during a three minute period following the

stimulation (Table V). The protocol was designed so that the masseter

muscle was stimulated two times in one of three stimulus modes with: 1) a fast

twitch repeated at 5 Hz for three minutes; 2) a sustained stimulus at 50 Hz for

three minutes to evoke a tetany; and 3) a cyclic stimulus at 50 Hz for 500msec

followed by an intertrain period of quiet activity for 500msec to assimilate a

masticatory pattern over three minutes (Fig. 8). Figure 8 shows one animal

in which the Pi and PCr changes are followed during the stimulation and rest

periods.

This was the basic protocol which was supplemented by five additional tests.

The first complementary test studied the effect of increasing the electrical

stimulus intensity to change the amount of muscle fibers recruited to assess

what level of muscle recruitment was needed to bring significant changes in

muscle phosphate. The second complimentary protocol changed the

frequency of stimulation to test the switch from isolated twitches to tetany and

whether there were two different metabolic pathways for the muscle to use

and regenerate ATP related to the critical level of summated twitches which

become tetany with this muscle (30Hz). The third protocol assessed how soon

the oxidative system would complement the PCr and glycolytic pathways by

using a frequency to evoke tetany in repeated trials separated by rest periods

as pH was noted. The fourth complementary protocol assessed the critical

point of switching between twitch metabolism and tetany metabolism in

º
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periodic trains of tetany.

length to reach a steady

stimulation.

The fifth complimentary protocol assessed the

state in Pi and PCr changes with long-term

3 1



STIMULATION PROTOCOL
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FIGURE 8

FIGURE 8 The Pi and PCr Changes During the Stimulation and

Rest Periods.

The protocol was designed so that the masseter muscle was stimulated two times

in one of three stimulus modes with: 1) a fast twitch repeated at 5 Hz for three

minutes; 2) a sustained stimulus at 50 Hz for three minutes to evoke a tetany;

and 3) a cyclic stimulus at 50 Hz for 500msec followed by an intertrain period

of quiet activity for 500msec to assimilate a masticatory pattern over three

minutes.
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STIMULATION PROTOCOL

FREQUENCY INTENSITY TIME

1. Rest 4 min

2. First Twitch 5 Hz 10 V 3 min

3. Rest 3 min

4. Second Twitch 5 Hz 10 V 3 min

5. Rest 3 min

6. First Sustained Clench 50 Hz 10 V 3 min

7. Rest 3 min

8. Second Sustained Clench 50 Hz 10 V 3 min

9. Rest 3 min

10. First Periodic Clench 50 Hz 10 V 3 min

500 msec on/500 msec off

11. Rest 3 min

12. Second Periodic Clench 50 Hz 10 V 3 min

500 msec on/500 msec off

13. Rest 3 min

Total: 40 min

TABLE V

Table V Stimulation Protocol

Several spectra were taken and averaged: 1)

rest period; 2) during a three minute period in which

during the initial three minute

the muscle was

stimulated; 3) during a three minute period following the stimulation.

~ºº

t*
=

- -

º

* * *
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E. Magnetic Resonance Spectroscopy Measurements: At the

onset of the protocol, the magnetic field was adjusted for maximum proton

resolution with the magnetic field homogeneity adjusted by shimming on

Water. The surface coil was shimmed using the proton frequency until

baseline resolution occurred for the gamma-ATP resonance, a line width of

less than 1 ppm occured for the resting PCr, and a signal to noise ratio of 30 to

1 was obtained for the PCr resonance. The phosphocreatine (PCr) line width

was 42.5 Hz and the sweep width was 2,000 Hz. The longitudinal spin-lattice

relaxation time (T1) for PCr is of the order of 5 seconds, so that with a TR of 2

seconds, the acquired signal is partly saturated. The pulse length was

experimentally optimized to obtain the maximum signal-to-noise ratios on the

PCr peak. Several "dummy" spectra were acquired initially and discarded to

allow the signal to evolve to a steady state, so that all subsequent spectra would

have the same degree of saturation. Spectra of 31P metabolites were acquired

with a pulse of 45 usec and a repetition time of 2 seconds.

Spectra were processed automatically using a non-linear "least-squares"

fitting program on the spectrometer. A Lorentzian line shape was assumed

for the peaks, and values of peak height, area and chemical shifts were

generated (Fig. 9). The NMR spectra were obtained using a one-pulse

sequence of P1-A-D1 with P1 the radio frequency excitation pulse length of 45

microseconds, A as the acquisition time lasting 0.512 seconds, and D as the

delay time lasting 1.5 seconds. Sixteen averages were acquired for each

spectrum. Data were expressed as absolute values and ratios. The areas of the

various resonances are proportional to the quantities of the various

metabolites within the volume of the surface coil provided saturation does not

OCCur. Saturation was evaluated by changing the TR time and it was found

that 15 seconds was sufficient to obtained an unsaturated signal but that this
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was too long to obtain a dynamic study over a short time period of 3 minutes.

Consequently, we compromised and obtained partially saturated signals but in

consistent recording mode for TR. Previous studies by other investigators

have shown that the area of beta-ATP peak of ATP in control subjects at rest

was 5.5 mmol of ATP per kg of wet weight of muscle.

The chemical shift of Pi with PCr set at zero was used to estimate pH as

based on previous studies (Gadian et al., 1977, 1982; Taylor et al., 1983). The

inorganic phosphate spectra is very sensitive to hydrogen ion concentrations

so that previous work in the frog muscle at 409C, and in the human rat brain

have provided pK values and constants for diphosphate (H2PO4). Since most of

the inorganic phosphate (Pi) remains within the muscle fibers, the shift in

spectra between Pi and PCr provides a fairly accurate measure of intracellular

changes in hydrogen ion concentrations which can be projected into a

logarithmic relationship defined as pH. We used the following formula:

pH = 6.72 + log10 (d - d.1) / d2 - d

where d is the chemical shift of Pi as related to PCr in ppm (i.e. 5.0 - 0.2 ppm),

d 1 is the chemical shift of H2PO4 set at 3.27, and d2 is the chemical shift of HPO4

set at 5.69. Based on these numbers, 5.0 ppm would equal a pH of 7.1 and a 4.3

ppm would equal a pH of 6.59. pH values were calculated for each of the three

minute test periods and mean and standard deviations determined for data in

each of the two groups.
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F. Statistical Approach: The reliability of the data was

evaluated using two approaches. The peak amplitude of the Pi and PCr peaks

in the spectrum were compared to the area under their curves using linear

correlations with each of the 32 animal recordings in which the correlation

coefficient (r) was determined (Fig. 10-11; Table VI).

Published studies in magnetic resonance spectroscopy emphasize area

measurements due to the spectra changing shape particularly at the base of

the signal. However, the curve fitting program had difficulty recognizing

the low signals of the Pi and ATP-beta peaks during rest providing some

CTIOI, COUIS IT, CaSu TCS. Comparison of a protocol with both areal and peak

measurements indicate a relatively similar finding but differences in the

relative percentage change. (Fig. 12-13)

The second approach assessed the coefficient of variation (CV) in data

collected in the same animal twice and repeated for 4 animals (Table VII).

The coefficient of variation ranged from 2.4% for the resting PCr levels to the

highest variation of 45.4% in the PCr changes during 50Hz stimulation to

develop tetany. The coefficient of variation was also assessed among five

animals at one time point and the coefficient of variation varied from 6.7 for

the PCr changes during 5Hz stimulation to a high of 33.6 during the rest period

preceding the 5 Hz stimulation (TABLE VIII). The variation in the ATP-beta

peak amplitude was assessed across all 32 animal recordings to determine its

relative stability and its coefficient of variation was 37.3%. Previous studies

by other investigators have indicated that the ATP-beta peak remains stable in

single session recordings.
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PEAK VERSUS AREA LINEAR REGRESSION

CORRELATION COEFFICIENT = r

A nim als Pi PCr

136Y .068 .750

197Y .895 .952

134Y .794 .924

1997 .764 .934

133 Y .600 .720

139SO .053 .965

133SO ..100 .986

1998O . 167 .956

137SO .468 .934

135SO .039 .971

136HO .385 .952

198HO .118 .984

134HO .210 .947

198-2HO .704 .904

134-2HO .823 .973

Mean +/-SD .413 +/-.324 .925 +/-.08

TABLE VI

º
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Figure 10 Comparison of the Height of Peak to Integral of Pi

Figure 11 Comparison of the Height of Peak to Integral of PCr

Table VI Peak versus Area Linear Regression

Figure 10, Figure 11, and Table VI

The peak amplitude of the Pi and PCr peaks in the spectrum were compared to

the area under their curves using linear correlations with each of the 32

animal recordings in which the correlation coefficient (r) was determined.

º

i
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S. Pi PEAK VS INTEGRAL DATA

INTEGRAL

FIGURE 12

PCr PEAK VS INTEGRAL DATA

INTEGRAL

FIGURE 13
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Figure 12 Pi peak versus integral data

Comparison between area and peak measurements of Pi during one series of

stimulation in one animals.

Figure 13 PCr peak versus integral data

Comparison between area and peak measurements of PCr during one series of

stimulation in one animals.
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coBFFICIENT OF WARIATION (CV) IN REPEATED TRIALS

Pi PCr ATP-beta
mean SD OV mean SD CV mean SD CV

Rest (5Hz)
# 133 93.426 28421 30.4% 11 14821 59656 5.3
tº 134 108.379 41.458 38.3 1 OG71 73 26251 2.4
# 137 98.089 26733 28.3 1321 192 105383 12.0
tº 198 94.382 346.18 36.7 1 150522 15853.7 13.8

Rest (50Hz)
# 133 87685 13660 15.6 109.3970 43533 4.0
§ 134 11 1977 24344 21.8 1072937 33495 3.1
# 137 850 15 27290 32.1 1350870 97.777 7.2
# 198 80281 1 3408 16.7 1 168559 174504 14.9

5 Hz
# 133 2721 17 1 18603 43.6 746601 173943 23.3
# 134 343721 84.241 24.5 6371 01 1 06308 16.7
# 137 427242 162303 40.0 843290 99.432 11.8 *

tº 198 365.459 86443 23.6 727 158 1221.82 16.8

50 Hz
# 133 351 985 911 11 25.9 51 1971 137.204 26.8
# 134 392.946 89.1 09 22.7 516264 23437.2 45.4
# 137 44691.9 1 47.357 33.0 521 602 13 1969 25.3
# 198 3.321 63 67.391 20.3 553 108 134312 24.2

--> --

Total Trials 180616 67292 37.3% º-
-

sº

■
CV=(SD/MEAN) X 100 --

1. *--
‘. . .

TABLE VII

Table VII Coefficient of Variation (CV) in Repeated Trials

The coefficient of variation (CV) was compared in data collected from the same

animal in two different recording session. The coefficient of variation ranged

from 2.4% for the resting PCr levels to the highest variation of 45.4% in the

PCr changes during 50Hz stimulation to develop tetany.
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COEFFICIENT OF WARIATION (CV) ACROSS SUBJECTS

Pl PC■ ATP-beta
mean SD CV mean SD CV mean SD

Rest (5Hz) | 73542 24735 33.6 1208007 195058 16.1

Rest (50Hz) | 896.30 2O782 23.2 120 1 062 182798 15.2

5 Hz 447.464 1095.13 24.4 585.729 50896 8.7

50 Hz 450814 105565 23.4 423:346 107644 25.4

Total Trials

CV=(SD/MEAN) X 100

TABLE VIII

Table VIII Coefficient of Variation (CW) Across Subjects

The coefficient of variation was also assessed among five animals at one time

point.

5Hz stimulation to a high of 33.6 during the rest period preceding the 5 Hz

stimulation.

44
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The actual data assessing metabolic changes used a study design with a

stratified 3-arm approach. The arms consisted of 1) the 8 week control

animals (Group I); 2) the 24 week control adult animals (Group II); and 3) the

24 week old soft diet animals (Group III). Endpoints included Pi, PCr, Pi/PCr

ratio, and pH changes in rest periods, first and second 5 Hz stimulation periods,

and first and second 50 Hz stimulation periods. The trials of one resting or

stimulus parameter (i.e., 5 Hz) was combined for all animals of one group (N=5)

and the endpoint variables compared using univariate analysis employing an

analysis of variance (ANOVA) with a level of significance of .05.

G. Hypotheses: Three hypotheses were developed for testing.

Null Hypothesis One: The Pi■ pCr ratios for masseter

contractions during twitches and tetany will not change

between the juvenile and adult animals. We expect that the

rabbit will alter its metabolic phosphate metabolism primarily because

the largest of the jaw-closing muscles changes from a muscle used in

sucking and swallowing at the juvenile stage to a muscle which must

develop high forces to incise food and crush the food during chewing in

the adult. With maturation bringing oral functions involving greater

force development and more loads, the muscle should hypertrophy and

become more aerobically capable and more fatigue resistent.

Null Hypothesis Two: The Pi/PCr ratios for masseter

contractions during twitching and tetany will not change

between animals raised on soft diet and control animals
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raised with the normal high diet. We expect that the rabbit

masseter should alter its phosphate metabolism during maturation if the

loads against which the masseter should respond were chronically

lowered. The soft food should decrease the force developed during

incision and mastication, and based on studies in the rat, should actually

increase the frequency of masticatory and lapping movements. The

decreased loads experienced by the masseter should decrease the cross

sectional area of the masseter and would be expected to actually increase

the aerobic capability of the masseter due to the increased frequency,

low-load contraction of the muscle.

Null Hypothesis Three: The Pi/PC r ratio for

masseter contractions during periodic tetany contractions

assimilating chewing timing will not be different from that

of the continuous 50Hz stimulation evoking tetany. We expect

that the rabbit masseter should exhibit less of a change in Pi/PCr

during periodic contractions of cyclic tetany than in sustained

contractions of tetany.
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IV. RESULTS

A. EFFECT OF MATURATION

1. Comparison between juvenile and adult animals with

5Hz stimulation:

Data points were averaged across 5 animals at 2 months of age and

across 5 animals at 6 months of age during two successive stimulation periods

of 3 minutes duration preceded, interrupted and followed by three rest periods

with no stimulation. In both the young and older animals, the Pi/PCr

significantly increased during the 5Hz stimulation that developed continuous

twitching over a 3 minute period. In the 2 month juvenile animals, the first

and second stimulations developing twitches demonstrated no significant

difference in the Pi/PCr ratio between the two active periods of contraction

(P-.05, Fig. 14, Table IX). The adult animals demonstrated no difference in

the Pi/PCr ratio between the two successive stimulations at 5Hz as well(P-.05,

Fig. 15). The adult animals demonstrated a significantly higher Pi/PCr ratio

(.76 for first 5Hz period; .61 for the second) than the juvenile animals (.36 for

the first 5Hz period; .33 for the second; Fig. 16).

The data indicated that the masseter muscle of the rabbit altered its

phosphate metabolism during the four month maturation from a juvenile

animal to the adult animal. The juvenile had just been weaned from its mother

to mastication while the young adult animal had been using the full

complement of oral responses including mastication and incisor clenching as

its primary high force developing oral functions. The adult masseter muscle

showed a major change from the juvenile masseter during twitching. The Pi

---
**** *
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in the older muscleincreased and the PCr decreased significantly more

suggesting considerable more crossbridges were developed during twitching

with the older muscle.
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Young Rabbit Pi/PCr 5Hz

Mean of the each point PI/PCr
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FIGURE 14

Adult Rabbit HD Pi/PCr 5Hz

Mean of each point PI/PCr
1.2

Time

FIGURE 15

49



Comparison Age Pi■ pCr 5Hz

1.2 O YR Pi/PCr 5Hz DJ OR Pi/PCr 5Hz

.8. |-
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Time

FIGURE 16

Figure 14 Young Rabbit Pi/PCr 5Hz

In the 2 month juvenile animals, the first and second stimulations evoking

twitches demonstrated no significant difference in the Pi/PCr ratio between

the two active periods of contraction (P->.05)

Figure 15 Adult Rabbit Pi/PCr 5Hz

The adult animals demonstrated no difference in the Pi/PCr ratio between the

two successive stimulations at 5Hz (P-.05).

Figure 16 Comparison Age Pi/PCr 5Hz

The adult animals demonstrated a significantly higher Pi/PCr ratio (.76 for

first 5Hz period; .61 for the second) than the juvenile animals (.36 for the first

5Hz period; .33 for the second).
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2. Comparison between juvenile and adult animals with

50Hz stimulation:

The same protocol of three rest periods and two stimulation periods were

used to test the hypothesis as to whether the adult masseter demonstrated a

significant difference from the juvenile animal. In both the younger and

adult animals, the Pi/PCr significantly increased during the 50Hz stimulation

developing a sustained tetany for two three minute trials. In the 2 month

juvenile animals, the first and second stimulations developing tetany elicited

evoked the same Pi/PCr changes (P-.05; Fig. 17, Table X). In contrast, the

masseter in the 6 months adult animals exhibited a significant difference in

the Pi/PCr ratios between the first higher response and the lower second

response when stimulating the muscle at 50Hz to developed a sustained 3

minute tetany (P<.05, Fig. 18) The adult animals demonstrated a

significantly higher Pi/PCr ratio for the first tetanic contraction as compared

to the juvenile animals but not for the second (Fig. 19).

The data suggest that the masseter muscle of the rabbit changed its

phosphate metabolism during the four month maturation from a juvenile to an

adult animal for tetanic contractions. Tetany is the highest level of

contractile force developed by a muscle. Previous studies with the adult rabbit

temporalis indicate that full tetany is not reached until stimulation with

frequencies of 150Hz so that our 50Hz stimulation probably provided a

subtetanic contraction but a definite tetany in which the twitches summated as

evident by the visible sustained contraction of the muscle during the

stimulation.
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FIGURE 17

Adult Rabbit HD Pi/PCr 50Hz

Mean of the each point PI/PCr
1.8

Time

FIGURE 18
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Comparison Age Pi/PCr 50Hz
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FIGURE 19

Figure 17 Young Rabbit Pi/PCr 50Hz

In the 2 month juvenile animals, the first and second stimulations developing

tetany elicited evoked the same Pi/PCr changes (P-.05)

Figure 18 Adult Rabbit Hard Diet Pi■ pCr 50Hz

The masseter in the 6 months adult animals exhibited a significant difference

in the Pi/PCr ratios between the first higher response and the lower second

response when stimulating the muscle at 50Hz to developed a sustained 3

minute tetany (P<.05).

Figure 19 Comparison Age Pi/PCr 50Hz

The adult animals demonstrated a significantly higher Pi/PCr ratio for the

first tetanic contraction as compared to the juvenile animals but not for the

second.

> -
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3. Comparison between juvenile and adult animals with

50Hz periodic (500 msec on and 500 msec off) stimulation:

The same protocol of three rest periods and two stimulation periods were

used to test hypotheses as to whether the adult masseter demonstrated a

significant difference from the juvenile animal when using periodic

contractions similar in timing to chewing. Pi/PCr significantly increased

during the periodic tetanic stimulation in both younger and adult animals for

two three minute trials.

The adult animals demonstrated a significantly higher Pi/PCr ratio for

the first periodic tetanic contraction as compared to the juvenile animals but

not for the second (Fig 20-22, Tables IX-X).
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FIGURE 20

Adult Rabbit HD Pi/PCr Train
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FIGURE 21
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Comparison Age Pi/PCr Train

1.4 O YR Train Pi/PCr DJ OR Train Pi■ pCr
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FIGURE 22

Figure 20 Young Rabbit Pi/PCr Train (Simulated Chewing)

In the 2 months juvenile animals, the first and second stimulations developing

periodic contraction elicited the same Pi/PCr changes. The stimulation was on

for 500msec and off for 500msec.

Figure 21 Adult Rabbit Hard Diet Pi■ PCr Train (Simulated

C he wing)

In the 6 months adult animals, Pi/PCr ratio was significantly higher in the

first response as compared to the second response.

Figure 22 Comparison Age Pi/PCr Train (Simulated Chewing)

The adult animals demonstrated a significantly higher Pi/PCr ratio for the

first periodic tetanic contraction as compared to the juvenile animals but not

for the second response.
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TABLE IX

MEAN VALUE OF THE Pi/PCr RATIOS DURING CONTRACTION

IN JUVENILE RABBITS

First Contraction Second Contraction

5Hz .36 .33

50Hz .58 .47

Train .48 .42

Pi/PCr RATIO DIFFERENCES BETWEEN FIRST AND SECOND

CONTRACTIONS FOR EACH STIMULATION PROTOCOL -

IN JUVENILE RABBITS !--

5Hz NS

50Hz NS

Train NS

Table IX
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MEAN VALUE OF THE Pi/PCr RATIOS DURING CONTRACTION IN

TABLE X

ADULT NORMAL RABBITS

First Contraction Second Contraction

5Hz .76 .61

50Hz 1.10 .56

Train .84 .59

Pi/PCr RATIO DIFFERENCES BETWEEN FIRST AND SECOND

CONTRACTIONS FOR EACH STIMULATION PROTOCOL

IN ADULT RABBITS

5Hz NS

50Hz P&.05

Train NS

TABLE X
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B. EFFECT OF DIET

1. Comparison between adult animals raised on a soft diet

and the normal control animals on a hard diet with 5Hz

stimulation:

The protocol to compare these two animals required the same approach

testing the young and adult masseter in which a rest period was followed by

stimulation at 5Hz to evoke isolated twitches, a second rest period, a second 5Hz

stimulation period, and a third rest period, each 3 minutes in duration. The

Pi/PCr ratio changed significantly during the two stimulation trials eliciting

chronic twitching in both the adult animals raised on a soft diet and the

control animals on a hard diet. In the soft diet experimental animals, the first

and second stimulation tests evoked the same Pi/PCr changes with no

difference between the two trials (Fig. 23). In the control hard diet animals,

the 5Hz stimulation evoked a similar response (Fig. 24). In comparing the

soft diet to hard diet animals, the two groups were not significantly different

(Fig. 25).

The lack of effect of the soft diet on the phosphate metabolism over the

rapidly growing 4 month maturation period raises several questions. The

weight of the animals between the two groups was significantly different and

the size of the masseter muscle was smaller in the experimental group with the

soft diet although comparison of only 6 animals did not provide a significant

difference between the soft diet and hard diet groups. Yet despite these

morphological differences, the phosphate metabolism of the smaller muscles

was similar to that of the larger muscles of two groups of adult animals.

59



;

:

Adult Rabbit SD Pi/PCr 5Hz

Mean of the each point PI/PCr
1.2

1.

.8. |-

.6. º º C ---

.4. º

.2- º |-

O D º-o-º-º-º-º-o cº-º-o-º-C

Time

FIGURE 23

Adult Rabbit HD Pi/PCr 5Hz
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Comparison Diet Pi/PCr 5Hz

Line Chart for columns: X 1 ... X2
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FIGURE 25

Figure 23 Adult Rabbit Soft Diet Pi/PCr 5Hz

In the soft diet experimental animals, the first and second stimulation tests

evoked the same Pi/PCr changes with no difference between the two trials.

Figure 24 Adult Rabbit Hard Diet Pi■ pCr 5Hz

In the control hard diet animals, the first and second stimulation tests evoked

the same Pi/PCr changes with no difference between the two trials.

Figure 25 Comparison Diet Pi/PCr 5Hz

In comparing the soft diet to hard diet animals, the two groups were not

significantly different.
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2. Comparison between adult animals raised on a soft diet

and the normal control animals on a hard diet with 50Hz

stimulation:

The protocol to compare the two groups was the same as used with 5Hz

stimulation. The Pi/PCr ratio significantly changed during the tetanic

stimulation in both the soft diet and hard diet animals for both trials of

stimulation. In the soft diet animals, the first tetanic contraction increased

Pi/PCr ratio significantly higher than the following second tetanic

stimulation (P<.05; Fig. 26, TABLES XI-XII ). In the control hard diet adult

animals, the 50Hz stimulation evoked a similar pattern when comparing the

first and second tetanic stimulations in which the first stimulation evoked a

significantly higher Pi/PCr ratio than the second stimulation (P<.05; Fig. 27).

In comparing the soft diet to hard diet adult animals, the two groups did not

demonstrate a significant difference in the Pi/PCr ratios in the two tetanic

stimulation trials (Fig. 28)

The lack of effect on the Pi/PCr ratio in the experimental animals on

four months of a soft diet as compared to the normal growing animals on a

standard hard diet is interesting when the data indicate the soft diet animals

were significantly smaller, lower in weight and had smaller diameters of the

masseter muscles.
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FIGURE 28

Figure 26 Adult Rabbit Soft Diet Pi■ pCr 50Hz

In the soft diet animals, the first tetanic contraction increased Pi/PCr ratio

significantly higher than the second tetanic stimulation (P<.05).

Figure 27 Adult Rabbit Hard Diet Pi/PCr 50Hz

In the control hard diet adult animals, the 50Hz stimulation evoked a similar

pattern when comparing the first and second tetanic stimulations in which

the first stimulation evoked a significantly higher Pi/PCr ration than the

second stimulation (P<.05).

Figure 28 Comparison Diet Pi■ pCr 50Hz

In comparing the soft diet to hard diet adult animals, the two groups did not

demonstrate a significant difference in the Pi/PCr ratios in the two tetanic

stimulation trials.

64



Pi/PCr RATIO DIFFERENCE BETWEEN FIRST AND SECOND

CONTRACTION FOR EACH STIMULATION PROTOCOL IN

ADULT RABBIT-SOFT DIET GROUP

5Hz NS

50Hz Pº.05 º
Train NS -

- -

r.

Table XI
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MEAN VALUE OF THE Pi/PCr RATIOS DURING CONTRACTION

Second Contraction

IN ADULT RABBIT-SOFT DIET GROUP

First Contraction

5Hz .71 .61

50Hz 1.28 .56

Train .83 .49

COMPARISON OF Pi■ pCr RATIOS DURING CONTRACTION BETWEEN

SOFT DIET AND HARD DIET NORMAL GROUP

Second ContractionFirst Contraction

5Hz NS NS

50Hz NS NS

Train NS NS

Table XII
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C. EFFECT OF PERIODIC CONTRACTION

1. Comparison of the periodic tetanic responses to the 5Hz

and 50Hz stimulation protocols:

The three methods of stimulating the masseter muscle were compared

with 5 young juvenile animals in group I, with the 5 adult animals on a soft

diet in group II, and with the 5 normal control animals on a hard diet in group

III.

In the juvenile animals, the tetanic 50 Hz stimulation increased the

Pi/PCr ratio the highest while the periodic tetanic stimulation at 50Hz evoked

less of a response but slightly larger than the stimulation evoking twitches

(Fig. 29; TABLE XIII).

Statistical comparisons of the Pi/PCr data among the three stimulus

approaches indicates that the only difference occurred between the 5Hz

stimulation in the first contraction and the 50Hz stimulation for this first trial.

The periodic 50Hz stimulation using a train of pulses for 500 msec on and 500

msec off did not evoke a different response from either the twitch stimulation

or the sustained tetanic stimulation. However, the Pi/PCr dynamic shift

during the first contraction reflects more that of the 50Hz sustained simulation

in that the Pi/PCr rapidly increases and then demonstrates a decaying slope.

This is unlike the Pi/PCr response during 5Hz twitches which reach a plateau

and remain.

In the adult animals raised on a soft diet, a similar comparison among

the three stimulus trials were evident as in the younger animals (Fig. 30,

TABLE XIII). While the Pi/PCr ratios markedly increase in the adult soft
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diet animals, the same relative changes occur with the 50Hz sustained

stimulation evoking tetany inducing the most significant changes as

compared to periodic 50Hz stimulation and the 5Hz stimulation.

Statistical comparisons among the the three stimulus trials in the soft

diet animals indicates that the 50Hz tetanic stimulation raised the Pi/PCr ratio

significantly higher (1.28) than either the 5Hz stimulation evoking twitches

(.71) or the periodic 50Hz train stimulation (.83, TABLE XIII) but only in the

first contraction. The second three minute contraction demonstrated no

significant difference among the three stimulation approaches. This data in

the soft diet animal is different from that of the juvenile animals which did

not demonstrate a distinction of the periodic 50Hz stimulation from either the

twitch or tetany.

Statistical comparisons among the three stimulus trials in the normal

adult animals indicated that only the 50Hz continuous stimulation raised the

Pi/PCr significantly higher than either the 5Hz stimulation evoking a twitch

or the 50Hz periodic train. (Fig. 31). These findings were similar to that of

the of the juvenile animal.
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Comparison Patterns Young Rabbit

O YR Pi/PCr 5Hz A YR Pi■ pCr 50Hz YR Pi/PCI Train
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FIGURE 29

Figure 29 Comparison Patterns Young Rabbit

In the juvenile animals, the 50 Hz stimulation evoking tetany increased the

Pi/PCr ratio the highest while the periodic stimulation at 50Hz evoked less of a

response but slightly larger than the stimulation at 5 Hz evoking twitches.
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FIGURE 30

Figure 30 Comparison Patterns Adult Rabbit Soft Diet

In the adult experimental animals on a soft diet, the 50Hz sustained stimulation

evoking tetany inducing the most significant changes as compared to periodic

50Hz stimulation and the 5Hz stimulation.
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FIGURE 31

Figure 31 Comparison Patterns Adult Rabbit Hard Diet

In the control adult animals on a hard diet, the 50Hz continuous stimulation

raised the Pi/PCr significantly higher than either the 5Hz stimulation evoking

a twitch or the 50Hz periodic train.
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Pi/PCr RATIOS AMONG THREE STIMULUS PARAMETERS

IN JUVENILE RABBITS (N=5)

First contraction Second contraction

5Hz VS 50Hz p3.05 NS

5Hz vs Train NS NS

50Hz vs Train NS NS

Pi/PCr RATIOS AMONG THREE STIMULUS PARAMETERS

IN ADULT RABBITS-SOFT DIET GROUP (N=5)

First Contraction Second Contraction

5Hz VS 50Hz P&.05 NS

5Hz vs Train NS NS

50Hz VS Train P&.05 NS

Pi/PCr RATIOS AMONG THREE STIMULUS PARAMETERS

IN ADULT RABBITS-HARD DIET GROUP (N=5)

First Contraction Second Contraction

5Hz VS 50Hz Pº.05 NS

5Hz vs Train NS NS

50Hz vs Train NS NS

Table XIII
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D. OVERVIEW OF CHANGES IN Pi/PCr

Summarizing the effects of the three types of stimulation shows that

phosphate metabolic changes occured significantly with maturation from

juvenile to adult but that the soft diet experimental model demonstrated

minimal changes (Fig. 32). The significant changes in Pi/PCr ratios for the

masseter muscle during both twitches and tetany between the juvenile

masseter and adult masseter allow us to reject null hypothesis one and accept

the alternative hypothesis that there is a difference in phosphate metabolism

between the two different age groups.

E. CHANGES IN pH

The pH changes were assessed in the three groups by analyzing the

shifts in the Pi and PCr spectra. The resting pH was similar in all three

groups (Table XIV). During contractions, the pH decreased in all three

paradigms and in all three groups of animals: juvenile, soft diet adults, and

hard diet adults (Fig. 33). The adult animals demonstrated a significantly

greater change in their pH during tetanic contractions but not during

twitching or periodic tetanic contractions. The soft diet animals did not

differ from the hard diet control animals as both groups demonstrated an

acidic shift in their pH during the three types of contractions.
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Figure 32 Comparison of Pi■ por in All Three Groups

Summarizing the effects of the three types of stimulation, the data shows that

phosphate metabolic changes occured significantly with maturation from

juvenile to adult but that the soft diet experimental model demonstrated

minimal changes.
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pH CHANGES DURING ELECTRICAL STIMULATION
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Figure 33 pH Changes During Electrical Stimulation of The sº
Masseter Muscle

During contractions, the pH lowered, became more acidic, and decreased most

significantly during the 50Hz stimulation. "...
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FIGURE 34 ºn
Figure 34 Comparison of pH Changes to Pi■ pCr Ratio º

An example of changes in pH during two types of stimulation in one adult

animal.
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1. Comparison between juvenile and adult animals:

The average pH values during each simulation protocol ranged between

6.87 and 6.92 in young rabbit group, and there was no significant difference

between different stimulations. In contrast, the adult group showed

significantly lower pH values during the first and the second 50Hz stimulation

as compared to the pH values of the young rabbits during the same stimulation.

The pH values of the adult group ranged between 6.55 and 6.86 and there was a

significant difference between the first 50Hz stimulation and the other

stimulation protocols.

5.
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TABLE XIV

pH MEASURES

JUVENILE VERSUS ADULT

JUVENILE ADULT ANOVA TEST

BASELINE 6.94 6.95 NS

5Hz

lst 6.92 6.85 NS

2nd 6.92 6.84 NS

50Hz

1st 6.87 6.55 Pº.05

2nd 6.92 6.78 P3.05

Train

1st 6.91 6.86 NS

2nd 6.91 6.83 NS

TABLE XIV

5.
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2. Comparison between soft diet and normal hard diet group

Our data showed no significant differences between the soft and hard

diet groups for any kind of stimulation protocols.

TABLE XV .

pH CHANGES

SOFT DIET VERSUS HARD DIET

SOFT DIET ADULT HARD DIET ADULT ANOVA TEST

BASELINE 6.96 6.95 NS

5Hz

lst 6.90 6.85 NS º

- tº
2nd 6.90 6.84 NS –

i

i

50Hz - -

1st 6.62 6.55 NS -

2nd 6.86 6.78 NS |

º
Train

1st 6.88 6.86 NS

2nd 6.86 6.83 NS *.

==

TABLE XV
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VI. DISCUSSION

Three broad questions were addressed by this study which have not

been previously studied with skeletal muscle. The first question focused on

whether a skeletal muscle will alter its metabolism with maturation. The

second question addressed whether chronically lowering the loads to the

skeletal muscle could alter the metabolism of the muscle. The final and third

question has focused on whether periodic tetanic contraction of the muscle as

seen in chewing markedly alters how the phosphate metabolism is used within

the craniomandibular muscle as compared to sustained tetany.

First Hypothesis

Our data indicate that we can reject our first null hypothesis and have

shown that the adult masseter muscle uses a significantly different metabolism

than the juvenile muscle. The masseter muscle exibits a much greater change

in the Pi/PCr ratio in the adult animal than in the juvenile. The rabbit

mandibular system has been modeled in terms of it mechanical forces as the

animal develops postnatally (Langenbach et al., 1991). The three dimensional

mechanical model based on dissections of the rabbit head suggests that young

rabbits develop larger bite forces at a wider gape than the adult rabbit and

that the forces are developed more vertically. As the rabbit matures, the

muscles are reoriented to develop more parallel action and larger bite forces

but with less range of direction. Maturation appears to decrease the

directions of force developed by the jaw-closing muscles but increases the

force that can be developed on the molars. This mechanical evaluation of the

jaw would suggest that the masseter would also adapt its function with

maturation biomechanically, and we assume, this would fit with the

:
5
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acquisition of new oral functions that the juvenile animal acquires after

weaning.

The masseter muscle has been studied in how it develops as the rabbit

grows from one week postnatally to 36 weeks or 9 months (Langenbach and

Weijs, 1990). The masseter increases its contribution to the total weight mass

as the animal develops which is similar to the medial pterygoid muscle which

also increases its size. Comparison between just weaned rabbits and adult

rabbits chewing using electromyography and cineradiography shows that the

older animals demonstrate similar contraction patterns but chew slower, open

slower, and demonstrate more lateral excursion (Weijs et al., 1989). These

data support the concept that the masseter must become a more load-bearing

muscle with maturation and will manipulate the mandible in different

directions as the animal matures, but decreases its frequency of contraction in

heavy loads.

Our results indicate that the masseter muscle of the rabbit alters its

phosphate metabolism during the four month maturation. The animal

matures from a juvenile animal having just been weaned from its mother and

now beginning mastication as a young animal. The animal then begins to

mature developmentally and with different oral responses including

mastication and incisor clenching as its primary high force developing oral

functions. During this major developmental change in function, the adult

masseter muscle showed two major changes from the juvenile masseter during

twitching. First, the Pi increased and the PCr decreased significantly more in

the older muscle. Secondly, the twitching in the older animal had a residual

effect even after 3 minutes of twitching as suggested by the second 3 minute

:
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twitching demonstrating a lower Pi/PCr. Similar results were evident with

tetanic contractions which would be expected to develop many more molecular

crossbridges between the contractile proteins dependent upon ATP. Tetany is

the highest level of contractile force developed by a muscle. Previous studies

with the adult rabbit temporalis indicate that full tetany is not reached until

stimulation with frequencies of 150Hz (Guelinckx et al., 1986). Our 50Hz

stimulation probably provided a subtetanic contraction but a definite tetany in

which the twitches submitted as evident by the visible sustained contraction of

the muscle during the stimulation. The significant changes in Pi/PCr ratios

for the masseter muscle during both twitches and tetany between the juvenile

masseter and adult masseter allow us to reject null hypothesis one and accept

the alternative hypothesis that there is a difference in phosphate metabolism

between the two groups.

In explaining the differences between the juvenile and adult masseter

muscles, two factors are relevant. The changes in Pi and PCr of a skeletal

muscle using 31P NMR depends upon the field sampled by the surface coil and

the diversity of fiber composition within the muscle (Meyer et al., 1985; Park

et al., 1987; Jeneson et al., 1989). Changes in Pi and PCr primarily reflect

intracellular alterations as these substances are in high concentration within

the muscle cells compared to the extracellular fluid which composes part of

the sampled field (Roos and Boron, 1981; Gadian et al., 1982; Cooke and Pate,

1985; Chance et al., 1985). The ratio of Pi to PCr reflects two ongoing

responses of the skeletal muscle. During rest, the muscle has a stable store of

cytoplasmic PCr reflected in the area under the PCr signal and a minimal level

of free unbound Pi. Direct electrical stimulation of the masseter triggers an

electrochemical reaction in which depolarization of the muscle membrane

;
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leads to release of calcium within the cytoplasm of the muscle cell and the

triggering of a complex series of chemical interactions between the proteins

(i.e., actin) of the thin filaments and the myosin molecules of the thick

filaments (Cooke and Pate, 1985). Before the chemical bond between actin

and myosin can occur, a portion of the myosin must hydrolyze ATP to obtain

sufficient chemical energy to develop the actomyosin bond which leads to the

tension inherent in that chemical reaction. Immunohistochemical studies of

the masseter muscle indicate that the heavy and light chains of polypeptides

of myosin vary among the muscle fibers and that some are much faster myosin

ATPases leading to faster contraction of that fiber than other fibers (Lutz et

al., 1978; Mabuchi et al., 1984; Staron and Pette, 1986; Bredman et al., 1991).

The more classical analysis of the myosin ATPase levels using histochemical

techniques indicate that the rabbit masseter has both type I and II muscle

fibers, and that an overwhelming percentage (75%) are type I and IIA

(Bredman et al., 1990). Type I fibers have slow myosin ATPase while type IIA

and IIB have fast myosin ATPases. 31 P NMR is expected to reflect the

diversity of the composition of these muscle fibers in the speed with which Pi

increases during contraction.

The muscle cell uses internal feedback control mechanisms, probably

based on intracelluar proteins, to replace ATP used during contraction by

myosin. The first store of phosphate to replace ATP comes from the

breakdown of free cytoplasmic PCr. Originally, some investigators

hypothesized that the increase of Pi during contraction was due to the

chemical breakdown of PCr as the two curves are relatively similar. However,

other investigators have suggested that the Pi increase is primarily due to the

hydrolysis of ATP by myosin. Consequently, the Pi/PCr ratio is indicative of a
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internal skeletal muscle control to maintain stores of ATP. While the

chemical breakdown of PCr is critical for the first replenishment of ATP used

by the contractile proteins, two additional mechanisms are used by the muscle

cell. Over a period of seconds or minutes, of contraction, it appears that two

alternate sources of replacing ATP are recruited: 1) the chemical breakdown

of glycogen to yield small amounts of ATP; and 2) the latter initiation of the

mitochondrial oxidative pathways with increased circulation to provide

oxygen, amino acids, lipids and sugars to provide a high yield of ATP (Arnold et

al., 1984). This means that the Pi/PCr changes during contraction should

indicate both the immediate use of PCr, and then stabilize as alternate

pathways replace PCr in remaking ATP.

The magnetic resonance imaging of the rabbit masseter suggests that

the source of the 31P NMR signal is primarily from the superficial region of

the muscle. Bredman et al., (1990) studies of the adult rabbit masseter with

adenosine triphosphatase staining at different pH's and staining for succinate

dehydrogenase to determine level of mitochondrial enzymes indicated that

most fibers were type I and IIA with relatively small numbers of

intermediately staining fibers (types IIC, IC, IIB, IIAB are labeled IM). They

found 8 distinct regions in horizontal sections through the masseter and have

postulated that these regions vary with the diverse function of this muscle as

assessed by EMG (Blanksma et al., 1992). The superficial regions contain a

higher proportion of type IIA fiber and a lower number of type I as compared

to the deeper regions. Type IIA are oxidative fibers like type I, but are fast

contracting due to their fast myosin ATPase. This heterogeneity of the

masseter in muscle fiber types among the compartments appears to relate to

different regions recruited during different functions or at different times in
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the same function such as chewing (Weijs and Dantuma, 1981; Weijs and van

der Wielen-Drent, 1983; Lam and Hannam, 1992). Based on the strength of our

coil which was approximately derived by the strength of the image signal, the

first three to four superficial compartments with predominantly type IIA

fibers should be the main contributing regions to the Pi/PCr signal (Busby et

al., 1978).

The different responses of the juvenile and adult masseter muscles

suggest that the type of muscle fibers or the composition of the muscle fibers

between the two age periods could be different particularly as the muscle

modifies during development (Weijs et al., 1989; Langenbach and Weijs, 1990;

Langenbach et al., 1991). The fact that the juvenile Pi/PCr ratio does not

change between the first and second contraction after a three minute rest

suggests that the juvenile muscle fibers of the superficial region of the

masseter might have more aerobic muscle fibers than the adult (Challis et al.,

1988; Achten et al., 1990). The adult fibers would be expected to be larger in

diameter and have corresponding more contractile proteins, but the higher

change in Pi/PCr ratio in the adult suggests a more rapid breakdown of ATP, a

more immediate use of PCr and then a recovery period which exceeds the three

minute period of rest. The fact that the second contraction during tetany is

lower than that of the first contraction in the adult masseter suggests that the

adult masseter has more anaerobic fibers than the juvenile masseter. In the

adult masseter, the more anaerobic fibers are excited during the first 3 minute

stimulation, but then are too fatigued to contribute to the Pi/PCr signal during

the second tetanic contraction. Additionally, only the adult fibers exhibit a

significant change in pH and not the juvenile masseter fibers. During

sustained tetanic contraction, the adult fibers become markedly acidic
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suggesting that the glycolytic pathway is used in these adult fibers and not

much in the juvenile fibers.

Second Hypothesis

Our data suggest that we cannot reject our second hypothesis as we have

been unable to show that chronic experience with lower loads alters the

muscle in all the parameters of stimulation. Our data suggest that unloading

the masseter chronically for 4 months by removing hard food does not

significantly alter the phosphate metabolism of masseter. Other approaches

appear to alter 31 P magnetic resonance spectroscopy when rabbit limb

skeletal muscle is denervated but most of these changes occur within the first

6 weeks following denervation (Frostick et al., 1991).

Third Hypothesis

Our data indicate that we cannot reject our third hypothesis in the

normal animal in that periodic tetanic contraction at 50Hz with a 500msec

train and a 500msec intertrain interval is similar to sustained 50 Hz tetanic

contraction in phosphate metabolism. Periodic stimulation of the masseter

muscle increases the Pi/PCr ratio approximately halfway between twitching

and full tetany, yet the decay characteristics of the periodic stimulation

response over three minutes are similar to that of tetany, not twitching.

Comparison of Pi■ pCr Values with Electrical Stimulation and

Natural Contraction
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Our baseline values of Pi/PCr (0.07 +/- 0.03) reflect those found in other

muscles with 0.10 in the human flexor digitorum profundus (Taylor et al.,

1983), 0.12 in the wrist flexors (McCully et al., 1988). The baseline Pi/PCr

ratio appears to elevate within one hour in the human arm or leg muscles

doing repeated lengthening contractions with the maximum increase in the

resting Pi/PCr by 1 day following the exercise from pre-exercise levels of 0.12

+/- 0.01 to 0.21 +/- 0.05 (McCully et al., 1988). In the human masseter, the

Pi/PCr resting values were much higher and highest in the masseter region

just anterior to the condyle (0.70 +/- 0.17) and similar in the anterior border

region of the muscle (0.40 +/- . 13) and the posterior border of the muscle (0.42

+/- . 11). These three regions then increased their Pi/PCr values 17% during

clenching on either molar. Our data indicate that the Pi/PCr value increased

98% during twitching of the adult rabbit masseter muscle and significantly

higher during tetany at 127%. The Pi/PCr ratio increased to 0.76 during

twitching and 1.10 during tetany. Comparing these values to that of the

human human masseter during clenching on a molar with values ranging

from 1.09 to 1.70, the rabbit masseter tetanic contraction is relatively similar.

Studies in the human wrist flexor during contraction indicate the Pi/PCr

values can increase to 1.32 +/- 0.13 (McCully et al., 1989). These studies

support the concept that relatively high levels of work are required to induce

significant changes in Pi/PCr ratios. Comparison between our data with

electrical stimulation and studies in anesthetized humans contracting muscles

isometrically suggest similar findings particularly with tetanic stimulation.

Direct studies of force development in the rabbit temporalis suggest that full

tetany is not reached until electrical stimulation frequencies of 150Hz

suggesting that in the masseter, 50 Hz stimulation is the lowest tetanic levels

and may not be the full tetanic output of the muscle.
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The sensitivity of 31P NMR to changes in oxygen use within muscle or

other tissue suggests it as powerful tool to assess fundamental changes in blood

supply within the muscle during function in both normal and abnormal

conditions (Authier et al., 1989). Furthermore, 31P NMR appears to be a highly

sensitive tool in assessing changes in skeletal muscle function during exercise

and after exercise, injury and fatigue (Mole et al., 1985; McCully et al., 1988a,b,

1989; Park et al., 1988; Wong, et al., 1990). Preliminary studies in subjects with

craniomandibular disorders (Cohen et al., 1989) suggest such subjects alter the

31P NMR metabolism during chewing, and work by our group indicates a

significant difference between normal subjects and subjects defined as

bruxers with and without pain (Miller et al., 1992).
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