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INTRODUCTION

Skeletal muscle is a complex and specialized tissue. A better

understanding of its morphology, related functional aspects, and histo-

chemistry can be helpful to all areas of biology.

The purpose of this research was to measure the cross—sectional

fiber area of sedentary adult rats and to study the effects of different

injection pressures on the open capillary/fiber ratio of the rat gas-

trocnemius muscle.

From this study of the sedentary adult, comparisons can be made

with experimental conditions which involve variations or changes in

environment, nutrition or activity.

A wealth of information is present in the literature concerning

skeletal muscle and its microcirculation. A careful review of the lit-

erature reveals little data concerning the average cross-sectional area

of a rat gastrocnemius muscle fiber under sedentary conditions. Stein

and Padykula (1962) measured the muscle fiber cross-sectional area of

the rat gastrocnemius with polar planimetry but gave no data as to

their size except that soleus fibers (red) are larger in cross-

sectional area than the red fibers of the mixed gastrocnemius muscle.

They also stated that the A fibers (white) are larger than the inter-

mediate sized B fibers (red) or the smallest C fibers (red) in cr088«

sectional area.

The average fiber diameters of various species and muscles are

recorded in the literature. However, this is not an accurate means of

measurement because of the irregularity of the fiber periphery. Also,



there was considerable variation in the pressure of injection and per-

fusion used by various investigators.

It is the hope of the author that this paper will serve as a

useful reference for those who will be investigating the microcircula-

tion of skeletal muscle and muscle fiber cross-sectional area.



REVIEW OF LITERATURE

Muscle Fibers
 

Skeletal muscle is composed of red and white fibers. From their

histochemical analysis Stein and Padykula (1962) found the rat gastroe-

nemius muscle to contain red and white muscle fibers. They also found

that white fibers have a more extensive sarcoplasmic reticulium, higher

glycogen content, larger.cross-sectional area per fiber, and are faster

contracting than red muscle fibers. Valdivia (1958) found that the gas-

trocnemius muscle of the guinea pig is composed of both red and white

areas. It was also reported that the white area fibers are more

variable in size and shape than fibers of red areas. The red area

fibers average eighteen-hundred (1800) square microns per fiber. The

largest white area fibers are larger than the red area fibers.

Huber (1916) found that skeletal muscle fibers of the rabbit

and rooster have blunt ends at the tendenous attachments, but otherwise

have filamentous intrafascicular terminations. Van Linge (1962) stated

in his study of the plantaris muscle of the albino rat that skeletal

muscle fibers taper and do not extend the entire muscle length. Paff

(1930) reported it necessary to average the cross-sectional area of

muscle fibers because they taper at the ends.

The diameters of myosin and actin filaments are unchanged dur-

ing stretch or isometric exercise. However, with a 50% shortening

there is a 13% increase in myosin diameter and a 20% greater distance

between myosin filaments with a corresponding any increase in cross-

sectional fiber area. The interfibillar space is increased 2501 with



a 90% contraction (Carlsen E£.§l;v 1961). Huxley (1958) reported that

during muscle contraction actin filaments meet and thicken.

Capillaries
 

Valdivia (1958) observed a higher capillary concentration and a

more even distribution in red areas than white areas of the vastus

lateralis muscle of the guinea pig. Younger guinea pigs have more

capillaries per unit area than older animals. Ballantyne (1961) re-

ported that the number of capillaries per muscle fiber varied between

muscle groups, muscle within a group, and between thirds of the same

muscle in the pig. The lateral head of the gastrocnemius muscle of the

pig has less capillaries per muscle fiber than the medial head at

proximal, middle, and distal levels. The capillary to fiber ratio in-

creases from proximal to distal end in both lateral and medial heads of

the pig gastrocnemius muscle.

The capillary network is denser in warm than cold blooded ani-

mals and more concentrated in smaller than larger animals (Krogh 1918 -

1919). Lusk (1928) and Paff (1930) reported that the rat has a higher

rate of metabolism than the guinea pig. The rat has more capillaries

per unit of area than the guinea pig and this is related to the meta-

bolic rate (Paff 1930).

Pearson (1959), Valdivia (1958), and Zweifach and Metz (1955)

reported that the capillary architecture is parallel to the muscle

fibers.

Capillaries viewed hist010gica11y in a transverse section are

regularly distributed. The number of unfilled or inactive capillaries

varies greatly depending Upon the animal species, the muscle examined,
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and the state of rest or activity immediately prior to examination

(Pearson 1959).

Capillary Behavior
 

Krogh (1918-1919) reported that every capillary field contains

numbers of capillaries whose cross-section, even in a relaxed state, is

so small that they will not take India ink. In exercise created by one

electrical stimulus per second, the blood flow increases five to twenty

times in the rat gastrocnemius (Abramson 1962). Martin at 31, (1932)

found that exercise releases capillary constrictor influences and ap-

proximately doubles the number of open capillaries.

Cohnstein and Zuntz (1888) observed capillaries in a relaxed

state that were too small to receive corpuscles but opened with a high

pressure. ‘Hartman at 31. (1929) reported that open capillaries respond

to increased pressure passively.

According to Zweifach (1961) and Burton (195“) some of the pre-

capillary sphincters open When the feeding arterial pressure and mean

capillary pressure begins to rise. Zweifach and Metz (1955) and

Zweifach (1961) observed that closure at the precapillary sphincters

appears to develop spontaneously as a consequence of changes in blood

pressure and possibly in local vessel tone. If the pressure falls be—

low a critical value, determined by the "unstretched" radius of the

vessel and the vasomotor tone, complete closure and cessation of flow

results (Burton 1951). Abramson (1962) stated that intermittency of

capillary blood flow may be due to the activity of vascular sphincters,

changes in blood pressure differential in various areas of the micro—

circulatory bed, temporary lodging of intravascular aggregations of



formed elements at Junctions, slow rhythmic changes in caliber of the

walls of small arterioles (vasomotion), or perhaps local changes in

permeability which may incude stasis.

The morphological pattern of the capillaries in a cadaver or

eXperimental animal cannot be demonstrated by the usual methods of in-

Jection of colored substances, because it is impossible to avoid or

make allowances for artefact consequent upon the necessary pressure

employed (Pickworth 1939).

Martin at 31. (1952) reported that extreme arterial pressures

do not increase or decrease the capillary count per square millimeter

significantly. Six dogs under drastic experimental treatment and under

the influence of amytal for at least an hour and a half were used. Two

animals were curarized: one animal had the phrenic nerve cut, and the

other three animals had vigorous artificially induced exercise of all

main muscles for fifteen minutes followed by a recovery period of at

least an hour. The gracilis muscle was used for the capillary count.

Smith and Giovacchini (1956) found that capillaries in some

areas were not filled with India ink at 900 mm Hg injection pressure

in the aorta of the rabbit. When arterioles had little ink, capil—

laries were not filled at all, but if the smaller vessels were filled

so were the capillaries.

Folkow (1952) observed that an increase of blood pressure on

denervated vascular smooth muscle cells results in contraction, and

lowering the pressure causes relaxation. The transverse sectional

area of the muscular bed adapts so that variations of perfusion pres-

sure will not influence the blood supply of the tissue to any appre-

ciable degree. The cat was used as an experimental animal.



Nicoll and Webb (1955) found that a sudden increase in pressure

resulted in a stretching of the vessel walls in the bat wing. The ves-

sels responded immediately with a powerful contraction and many vessels

closed.

Capillary Count
 

Many methods for measuring capillary numbers are used. Drummond

(19uu) compared India ink injection and erythrocyte staining and found

both to be of equal value in capillary studies of the brain. He men-

tions three possible defects in the injection method. (1) The injection

agent may produce a reflex effect upon the vasomotor mechanism and walls

of the capillaries which may cause them to contract or dilate abnor-

mally. (2) Shrinkage that occurs in the injection mass may yield re-

sults that are not representative. (3) The pressure of injection may

affect the capillary count.

Hakkila (1955) presented an excellent critique on the methods

of counting capillaries. According to him, Campbell and de Langen as

well as Roberts and Wearn believed that the weakness of the erythrocyte

stain lies in the fact that some capillaries are only partially filled

with corpuscles or only plasma is permitted to flow through. However,

Krogh (1929) demonstrated that most anesthetics cause dilation of the

frOg capillaries. Hakkila quoted Hartman gt_al,, Gianotti and Vannotti,

Lindgren, SJostrand, and Engstrand, as reporting the same effect in the

mouse, guinea pig and rabbit. Hakkila stated that Sjostrand found the

influences of Operative procedure to increase the peripheral blood flow

in muscles of the guinea pig and mouse during laparotomy. Theseerfects

aid in the erythrocyte staining method by increasing the capillary

blood volume. Hakkila quoted Linzbach as saying that the nuclei of



capillary endothelia are incontestably demonstrable for counting capil—

laries. Yet according to Hakkila, von Boros reported that connective

tissue nuclei detract from the serviceability of this method of deter-

mination.

Fixation

Pickworth (193”) reported that fixation may cause emptying of

capillaries of the brain during the first stage of the procedure.

According to Shipley g§_gl. (1937) heart muscle shrinks two and

one-half percent after three to ten days in formalin. Pormalin fixa-

tion also results in considerable weight loss. Paraffin and celloidin

methods cause as much as sixty percent shrinkage. Bouin's fixative

does not induce shrinkage of muscle tissue (Martin gt_g1., 1932).

Anesthesia
 

Lutz and Fulton (195k) reported that hamsters, eight to ten

weeks old, had a mean blood pressure drop from 116 mm.Hg to 90 mm Hg

after light anesthesia with sodium pentabarbital. The blood pressure

was recorded directly from the carotid artery.

Zweifach (195“) found gaseous anesthesia a more satisfactory

means of controlling depth of narcrosis. Ether and oxygen, nitrous

oxide or oxygen and trichlorethylene create a minimum of interference

in functional responsiveness of the terminal vascular bed.

Nash §t_gl, (1956) reported that after sodium pentabarbital

anesthesia,cardiac output nfll.pr0gressively for the first two to three

hours. Except for the first ten minutes the mean blood pressure does

not deviate markedly from the unanesthetized animal.



Dagwell and Woods (1962), North g£_§1. (1961) and Jones g£_gl.

(1962) reported that blood pressure and respiration rate of the dog

decrease with an increase in the depth of methoxyflurane. North 33 31,

(1961) stated that three percent is the maximum obtainable concentra-

tion of methoxyflurane in air.

Temperature
 

Krog (1959) reported the need for a constant check on body

termpersture in most physiological experiments with anesthetized animals

because hypothermia or hyperthermia may ensue following anesthesia with

sodium pentabarbital.

The critical closing pressure of vessels supplying the capil-

lary loops of the nailfold is lower after body heating than after body

cooling (Gaskell and Krisman 1958).

Barcroft 33 31. (1955), Roddie gt_§l. (1956), and Edholm gt a1.

(1956) found an increase in blood flow in the human forearm with an

increase in body temperature. The increase in flow is due to increased

skin circulation with increased body temperature.

The rat's normal body temperature is 38.1°C (Adolph 1951).

Isolation

Hatch gt_gl, (1963) observed the effects of isolation stress in

rats. Ten days of isolation yielded a lower resistance to stress, lower

food consumption and weight gain, and smaller adrenals. Handling of

isolated rats five to ten seconds daily for four months, partially suc-

ceeded in overcoming isolation stress.
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Blood Pressure
 

Byron and Wilson (1938) measured the blood pressure in the tail

of young adult etherized rats with a plethysmograph and found it to be

an average of 106 mm Hg. Chanutin and Ferris (1932) found the average

carotid artery blood pressure in etherized rats to be 120 mm Hg.

Durant (1927) reported that the blood pressure of male rats was slightly

higher than the blood pressure of female rats and was correlated with

the average differences in weight of the two sexes. The average blood

pressure was 119 mm Hg.



METHODS AND MATERIALS

Experimental Animals
 

Thirty-one Sprague-Dawley* white albino rats were used for

India ink injection in this experiment. The animals were 173 days old

when killed. Four animals of the same sex and strain were used for

measuring the blood pressure but were four days younger.

The animals were housed in metal cages 7.0" by 9.5" by 7.25"

high. The cage floor was made of 1/u" mesh screening.

Their diets consisted of Wayne Lab—310x” which has a minimum

of 2h.0% crude protein, n.0fl minimum of crude fat and a ”.51 maximum of

crude fibers. The rats had free access to water.

The animals were handled about three times a week at feeding

time to prevent isolation stress.

Blood Pressure Materials
 

A twenty gauge needle was inserted into one end of a piece of

polyethylene tubing which in turn was connected at the other end to a

model 268 A Sanborn pressure transducer.“* The transducer impulses

were fed into a model 6u-5oo a strain Gage*"’ amplifier and then re-

corded from a 150 A model oscilloscope screen. This equipment was

calibrated in the following manner (Plate 1). A piece of polyethylene

 

”Sprague-Dawley Co., Chicago, Illinois

*9Allied Mills, Inc., Chicago, Illinois

*‘*Banborn 00.. Waltham, Massachusetts

'*'*3anborn 00., Cambridge, Massachusetts

11
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tubing was slipped over the 20 gauge needle shaft and the other end was

connected to a glass tube leading to a Jar of water at room temperature.

The water Jar had two pieces of glass tubing leading from it. One

piece of glass tubing was below the waterline and connected to the

tubing containing the needle within its lumen. The second piece of

glass tubing entered the bottle above the waterline and was connected

to a sphygmomanometer. Thus a recorded pressure of water against the

needle orifice could be calibrated on the oscilloscope screen. The

degree of water pressure was controlled by the sphygmomanometer in-

duced pressure.

Blood Pressure Methods
 

The experimental animals were anesthetized with ether and placed

on a board for surgery. A laparotomy was performed by making a three

or four inch mid-saggital incision. The abdominal aorta was exposed

caudal to the renal arteries so that a ligature could be positioned

before the abdominal aorta was closed off with a bulldog clamp. The

fluid backed 20 gauge needle which was connected to the pressure trans-

ducer was inserted cephalad into the aorta so that the needle orifice

was about one inch caudal to the left renal artery (Plate 5). The

needle was tied in place with the ligature followed by releasing the

anteriorly positioned bulldog clamp. Tying the needle was necessary

because bleeding was extensive otherwise. The pressures of four animals

were recorded when they became stabilized.

The heart rate was not recorded but was very rapid. The dif-

ference between systolic and diastolic blood pressures was not large

by this method. Systolic pressures were recorded.
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Injection Materials
 

Higgin's* India ink, which was a pH of 9.0, was used as the

injection material for studying the effects of pressure on the capile

lary count per unit area. The ink's alkalinity is due to the ammonium

hydroxide concentration which helps keep the carbon particles in a

colloidal state (Brown 196M). The India ink was prepared for injection

by adding a 2% concentration of commercial formalin to it. The author

observed that a concentration of more than hi of commercial formalin

caused the particles of suspended carbon to precipitate. The perfusion

fluid used did not cause any precipitation of the carbon particles. The

reason for using a 2% concentration of formalin in the injection fluid

was to aid in a more rapid and even fixation of the skeletal muscle.

Mammalian Ringer's solution was used to perfuse the rear

portion of the animals for four minutes to remove blood prior to in-

jection of India ink. The solution was made by adding 9.0 gm of NaCl,

0.42 gm of K01, 0.5 gm of Na HCOa and 0.24 gm of CaCla to one liter of

water at 38°C. The pH of this solution was 7.6.

To the sphygmomanometer pressure lead, a Y glass tube was con-

nected with two pieces of rubber tubing originating from the two

branches of the Y (Plate 2). These two pieces of rubber tubing were

connected to a flask of India ink and a flask of mammalian Ringer's

solution. Thus any pressure from the manometer would be equal in both

flasks. The filled flasks were immersed in a water bath of 38°C. so

that the injection and perfusion fluids would be at the normal body

temperature of the experimental animals. A polyethylene tube, from

both the perfusion and injection flasks, was connected with a two-way

'Higgin's Ink Co., Inc., Brooklyn 15, N. Y.
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valve forming a single cannulation tube. This way the cannula could be

used for both the perfusion and the injection without double cannulating.

The length of the tubing outside the water bath was kept as short as

possible so there would be a minimum loss of heat.

A pressure of 26k mm Hg on the manometer scale was equal to

200 mm Hg at the tip of the cannula. A manometer pressure of 16“ mm Hg

equaled 120 mm.Hg at the cannula orifice and 6” mm Hg equaled #0 mm Hg

at the cannula. These three different pressures were the desired in-

jection pressures for the three groups of animals.

Injection Methods
 

The animals were anesthetized with methoxyflurane which was

developed by the Dow Chemical Company. Methoxyflurane was used for two

reasons. The anesthetic has a pleasant non-stimulating small which pre-

vents the effects of hyperactivity on the circulatory system. The

anesthetic has a maximum 3% concentration in air. Thus the depth and

effects of anesthesia can be precisely controlled.

A special anesthetic chamber was built for the purpose of

conserving the use of methoxyflurane. However, the animal could not

be returned to the chamber after surgery was started. Therefore,

minimum quantities of ether were used after the initial use of

methoxyflurane to maintain anesthesia because the surgery and injection

time averaged approximately 25 minutes per animal and the methoxyflurane

did not maintain anesthesia for this period.

The abdominal aorta was closed off with a bulldog clamp just

caudal to the left renal artery. With the aid of a magnifying glass a

small opening was made in the wall of the aorta about one inch caudal
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to the bulldog clamp. A polyethylene tube approximately the extended

diameter of the aorta was inserted caudad and secured with a ligature.

Mammalian Ringer's solution at 38°C. was perfused for four

minutes with a pressure of 120 mm Hg at the orifice of the cannula.

The interior vena cava was cut immediately after the start of perfusion

to allow unresisted flow. The perfusion time of four minutes was

determined by the extreme dilution of blood at the end of this time.

After the perfusion, the valve was immediately turned to the

India ink reservoir for the injections at #0 mm Hg, 120 mm Hg, and

200 mm Hg. Injection time was two minutes for the lowest two pressures

and one minute for the animals injected at 200 mm Hg pressure.

The entire body below the cannulation point immediately turned

black when the India ink began to flow. The left leg of each animal

was held in an extended position during the entire injection time.

Preparation of Tissues
 

The left leg was removed by disarticulating the limb at the

cone-femoral joint. There was very little leakage of India ink from

the blood vessels. The skin was carefully removed from the disarticu-

lated limb and the gastrocnemius muscle was exposed. All skeletal

muscle was removed anterior to the knee joint and on either side of the

gastrocnemius muscle.

A paraffin coated lead weight weighing 6.85 gm was tied to the

Achilles tendon. The weights were of equal volume because they each

displaced the same amount of water. After the weights were tied, the

Achilles tendon was cut distal to the thread supporting the weight.

The plantaris, soleus, and gastrocnemius muscles were reflected from
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their insertion at the Achilles tendon. The origin of the soleus muscle

was cut to permit the weight to be supported by the two heads of the

gastrocnemius at their origin. The lead weight gave a constant strethh

for all muscles and prevented distortion of the muscle fibers. Because

the tendon of origin was cut the weight of the soleus muscle also aided

in the amount of tension on the other two muscles.

The three muscles were suspended at right angles to the upper

and lower leg in 10% formalin (Plate 3). The femur and tibia supported

the lead weight and muscles, by resting on two metal bars placed over

the container of fixative. The tissues remained in the fixative for

17 hours before they were removed.

The three muscles were removed from the femur by freeing the

two heads of origin of the gastrocnemius muscle. The plantaris and

soleus muscles were stripped free from the gastrocnemius muscle.

The tissues were washed for 2H hours to remove the fixative

and the whole gastrocnemius muscle was placed in a 10% gelatin solution

at HO'C. for a 2” hour infiltration period followed by an equal time in

20% gelatin. The muscles were removed from the 20% gelatin and placed

in a refrigerator to harden. After the gelatin solidified the muscle

was easily trimmed for making blocks. Each muscle was divided into

four pieces of equal length. Tissue samples were blocked in 20$ gelatin

from the proximal, middle and distal levels of each muscle (Plate u).

The proximal level was one-fourth the gastrocnemius muscle length and

the middle level began at one-half the muscle length to be sectioned

toward the origin of the muscle. The distal level was three-fourths

the muscle length and was sectioned toward the insertion of the muscle.
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After the gelatin mold hardened around the tissues the blocks

were trimmed to a smaller size and placed in 10% formalin to denature

the protein of the gelatin. This made the blocks firmer and easier to

handle.

Seven sections, 16 microns thick, were cut from each block with

a freezing microtome. Two sections were stained lightly with eosin and

five sections were stained for glycogen concentration with the

McManus' Periodic Acid-Schiff method (McManus and Mowry, 1960). To

prevent confusion of injected capillaries with muscle fiber nuclei the

tissues were not counterstained with hematoxylin. The sections were

mounted in glycerin Jelly because it is miscible with water.

Measurement
 

The number of fibers per unit area of nine animals was counted

at 100 magnifications. The 101 objective and 10x oculars of the same

binocular microscope were used throughout the measurement. Fibers

half-way or more within the unit area (129,600 sq. microns) were

counted as one. Each of the levels (proximal, middle and distal) was

divided into mixed and glycogen negative areas and counted. The mixed

areas of each section were those areas which contained glycogen positive

fibers with some glycogen negative fibers intermingled. The glycogen

negative fibers were the second classification for measurement of fiber

numbers per unit area.

Thirty values were recorded for the proximal, middle, and distal

levels at both lateral and medial heads of the same muscle. Thus a

total of 180 counts was taken from each gastrocnemius muscle.
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The number of capillaries per unit area was counted in 29

experimental animals. As in the muscle fiber count each muscle was

divided into the three levels, lateral and medial heads, and glycogen

positive and glycogen negative areas. Twenty counts at each level,

head and area were taken which totaled 120 counts for each animal.

The areas where counts were taken are shown in Plate 4. The capil~

laries of all injected animals were counted in an area of 15,625 sq.

microns at 396 magnification with the same binocular microscope. This

was deemed necessary because the filled capillaries at 40 mm Hg in-

jection pressure were difficult to see at lower magnifications.

Vessels nine microns or less were counted as capillaries.

The fibers were classified into four types and their cross-

sectional areas were measured with the 95x oil immersion objective.

The number of unit areas (25 sq. microns) that was within the fiber

boundaries was counted. Fractional areas of squares which were not

entirely within the fiber area were estimated as close as possible

into the total area of each fiber. The fibers were classified into

dark, light, white, and peripheral white fibers. The dark fibers were

stained very red indicating high glycogen positive concentration.

The light fibers were glycogen positive but intermediate in color with

the white appearing fibers showing no glycogen content.

The microscopes used were recalibrated periodically to assure

accura to measurement .



RESULTS AND DISCUSSION

General Statement
 

Before continuing, a brief discussion of terms would be help-

ful. Red fiber areas are found in the deeper parts of the gastrocnemius

muscle and most of these fibers show a high glycogen concentration or

dark red color after staining (Plate 6). The white fiber areas are

found on the periphery of the muscle and are predominantly glycogen

negative or colorless after staining (Plate 6). The difference arises

when using Stein and Padykula’s (1962) classification of red and white

muscle {12353 and not areas. From their classification, the slow con-

tracting red fibers are predominantly found in glycogen negative areas

and the rapid contracting white fibers are found primarily in glycogen

positive areas.

The author uses the terms mixed fibers in reference to the pre-

dominantly glycogen positive fibers or red fiber area. The terms mixed

fibers are used because both red and white fibers are present in the

same area, as reported by Stein and Pldxkula (1962), and because some

of the glycogen negative fibers are found between the greater numbers

of glycogen positive fibers after staining. The terms white fibers are

used in reference to the white fiber arggg_of the muscle periphery which

predominantly stains negative for glycogen.

Blood Pressure
 

The blood pressure of four etherized nperimental animals was

measured to compare with that reported in the literature and to establish

19
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one of the three injection pressures used in these experiments. The

pressures were recorded as 133, 140, 1&0, and 210 millimeters of mercury.

All scores were above the average blood pressure reported in the litera-

ture and indicate the need for further investigation to establish a

revised average blood pressure for this particular strain of rat.

Because the time for further investigation of blood pressure

was limited, the value of 120 mm Hg from the literature was accepted as

an average. This value was used for all perfusion pressures and for

one of the injection pressures in addition to the extreme injection

pressures of #0 mm Hg and 200 mm Hg. In this way the effects of pres-

sure variations on the number of open or functional capillaries were

studied.

Fiber Area
 

It was found that the mixed fibers of the deeper portions of

the muscle are smaller in cross-sectional area than the peripheral

white fibers. Both the mixed and white fibers are progressively larger

in cross-sectional area at lower levels of the muscle (Table 6).

Graph u indicates that as the body weight increases the mixed fibers

increase proportionally in cross-sectional area. The average fiber

area was found by dividing the value of the unit area by the number of

fibers within the area.

Valdivia (1958) used the same histological technique on the

gastrocnemius muscle of the guinea pig and found the middle third red

area fibers average about 1800 sq. microns. It was found in this study

that the fibers at the same level and area in the rat gastrocnemius

muscle average 2379.7 sq. microns per fiber. Paff (1930) reported
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data on the cross-sectional area of the guinea pig gastrocnemius muscle

but the values were very low due to the shrinkage factor caused by the

paraffin method used.

Values for fiber cross-sectional area measured on an individual

basis are less than those obtained using the previously described method.

This procedure eliminates the error caused by measuring the area of con-

nective tissue between fibers and fractions of fibers within the unit

area. This was found to be true in those areas where mixed fibers are

inversely proportional to the glycogen concentration. Again the white

fibers of the periphery are much larger than the other fibers (Table 7).

Fibers measured individually show no relationship to body weight

(Graph 5).

The larger peripheral fibers are circular in shape while the

smaller mixed fibers are polygonal and deep within the muscle (Plate 6).

George and Naik (1957) reported similar fiber morphology and location in

the pigeon pectoralis major muscle.

The slow contracting red fibers are found in the immediate area

of collagenous tissue which is an extension of the Achilles tendon in

and around the muscle tissue (Plate a). This arrangement gives a more

direct and greater mechanical efficiency for contraction of these slow

muscle fibers. These fibers are smaller than the faster contracting

peripheral fibers. The smaller and more numerous fibers result in a

greater surface area than the larger peripheral fibers. This facilitates

the rapid transport of nutrition and oxygen during periods of exercise

because of the increased surface area. A more adequate blood supply

would be expected in association with the increased area of the slower
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contracting fibers. This relationship will be discussed at a later

time.

Some fibers appear to be in an interphase of glycogen storage

or release (Plate 6). Some individual fibers are only partially filled

with glycogen and demonstrate portions that have no glycogen (Plate 7).

These glycogen positive fibers may act as storage areas for immediate

use when needed.

Capillary Supply

The Injection pressures of 120 mm Hg for two minutes and 200 mm

Hg for one minute show little or no difference in the number of open

capillaries of the rat gastrocnemius muscle (Tables 2 and 3). Using a

T test as described by Guenther (196u) it was found that the number of

open capillaries is significantly less at #0 mm Hg injection pressure

at the .20 alpha level.

Variations in the number of open capillaries per unit area are

evident at different levels and areas of the same muscle for all three

injection pressures (Tables 1, 2, 3, and 5). The number of capil-

laries per unit area gradually decreases in the areas toward the tendon

of insertion or lower levels. The lateral head of the muscle has

fewer capillaries per unit area than the red fiber areas. Valdivia

(1958) also found more capillaries per unit area in the mixed fiber

areas than in the peripheral red fibers of the guinea pig.

The combined capillary/fiber ratio of animals injected at 120

mm Hg and 200 mm Hg is the largest at the middle level followed by a

lower value for the distal and proximal levels respectively (Table u).

This trend was found to be true for both mixed and white fiber areas.



23

Ballantyne (1961) found that the capillary/fiber ratio increased from the

proximal to distal level in the pig gastrocnemius muscle.

The slightly lower counts for those animals injected at 200 mm

Hg may be due to the constrictor reflex mentioned by Folkow (1952),

and Nicoll and Webb (1955) which is the result of increased pressure

on the vessel walls.

The animals injected at #0 mm Hg definitely have a lower capil-

lary count than those injected at the two higher pressures. Many of

the areas were not injected and those capillaries which did contain ink

appear smaller because they were filled with less carbon particles than

the capillaries injected at higher pressures. This phenomenon can be

partially explained by the passive closure of small vessels and capil-

laries due to interracial tension between the injection fluid and vessel

wall. Madow as quoted by Fulton and Zweifach (1958) stated that inter-

racial tension between blood and the blood vessel wall causes passive

closure below a pressure of 5 - 10 mm Hg.

Non-functional capillaries, which Open with increased pressure,

as described by Zweifach (1961), are shown by the difference in counts

resulting from the injection pressures of MO and 120 mm Hg. From

these comparative counts, the opening of capillaries due to the in-

crease in pressure is not apparent.

The mixed fiber areas have many functional patterns. First the

fibers have a greater surface area for absorption as was described

previously. Secondly they have a better blood supply than the white

peripheral fibers and lastly they have a higher myoglobin concentration

which acts as an oxygen reservoir (Lawrie 1952). These factors enhance

the rapid metabolism of the muscle fiber when greater demands are
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called for as in exercise. With exercise, it is known that the muscle

myoglobin concentration increases as a compensatory factor. Lawrie

(1953). Reynafarje (1962), and Van Linge (1962). The capillarity also

increases with exercise but the cause of this phenomenon is not clearly

understood.

The main blood supply to the gastrocnemius muscle is from two

branches of the popliteal artery. The external aural artery supplies

part of the soleus and plantaris muscles, plus the lateral head of the

gastrocnemius muscle, while the internal sural artery supplies the medial

head. Both the internal and external sural arteries enter the muscle

just below the medial and lateral head bifurcation (Greene 1959). This

may be the explanation for the lower capillary concentration of the more

distal levels of the muscle. Because of the greater distance to the

distal levels of the muscle, the blood pressure within these vessels

is reduced due to the increased resistance encountered. Thus, less

capillaries are open per unit area.

The greater capillary/fiber ratio of the middle level can

supply these cells with more nutrition and oxygen per unit of time.

The bulk of the gastrocnemius muscle fibers is found at the middle

level (Plate u) and presumably for this reason more work is done in

this region than at other levels. This greater capillary supply per

fiber insures a greater capacity for work. The capillaries paralleled

the muscle fibers as described by Woodlard and Weddell (193u) and

Zweifach and Mats (1955) (Plate 9).



SUMMARY AND CONCLUSIONS

The effects of three different injection pressures on the

number of open capillaries of the rat gastrocnemius muscle were

studied. The injection pressures of 120 mm Hg and 200 mm Hg for two

minutes and one minute reSpectively showed no significant difference

in the number of open capillaries. The injection pressure of #0 mm Hg

for two minutes was proven to be statistically different because the

capillary counts at this pressure were much lower than the two higher

injection pressures.

Each muscle was divided into three levels (proximal, middle,

and distal) with mixed and white fiber areas and two heads (lateral

and medial). The number of capillaries per unit area was counted at

each level in both heads and in two different fiber areas.

Four types of fibers were classified as to location and

glycogen concentration. The cross-sectional area of these fibers

was measured individually at the prlximal level of the medial head only.

The number of fibers per unit area was measured at the three levels

and two different areas of nine animals. The average of the cross-

sectional area of the fibers from the two regions was determined.

Comparisons were made between the capillarity and muscle fibers at the

three levels and two fiber areas. The following conclusions were made

from this study. (1) There is no significant difference in the number

of open capillaries resulting from the injection pressures of 120 mm Hg

and 200 mm Hg for two and one minute respectively. (2) A reduction in

injection pressure from 120 mm Hg to #0 mm Hg results in the closure of

25
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some capillaries as shown by a lower capillary count per unit area.

(3) The medial head has a greater amount of capillarity than the lateral

head. (4) The capillary concentration per unit area decreases from

proximal to middle and from middle to distal levels respectively. (5)

Mixed fibers are smaller in cross-sectional area and have a greater

blood supply than the peripheral white fibers. (6) The middle level

has a greater capillary/fiber ratio than the distal or proximal level.

(7) Muscle fibers of both the white and mixed areas become progres-

sively larger in croes~sectional area from proximal to distal levels.



TABLE 1

Capillaries Per Unit Area“ At No MM. Hg Injection Pressure

 

 

 

Animal Body wt. “leveles Meanl Meana Mean? Nean‘

P 12.80 13.56 7.90 6.66

2 u21 Gm. M 7.56 11.20 5.9M u.19

D 10.26 6.6M 2.20 2.50

P 10.13 13.73 3.93 3.73

1h #96 Gm. M 8.93 10.06 3.93 3.66

D 6.86 9.50 3.93 6.63

P lu.76 16.58 7.80 6.96

15 uzo Gm. n 12.u0 lu.61 6.56 5.76

D 10.38 10.96 5.26 u.61

P 19.30 21.86 9.19 9.83

16 u3o Gm. M 18.50 19.16 10.03 9.06

D 19.00 11.66 8.60 7.38

P 29.83 26.23 10.59 10.76

17 two Gm. M 21.93 22.70 9.33 6.u3

D lu.83 18.33 7.50 6.93

P 6.86 8.16s 9.33 a 76

18 M91 Gm. M -—— —-- --- ---

D 6.00 5.33 2.36 1.86

P 8.90 10.10 3.03 9.10

20 u62 Gm. M 7.96 10.36 1.96 3.90

D 9.50 10.21 3.53 3.93

P l3.u6 15.96 u.30 n.00

22 u66 an. M lu.63 18.03 9.06 u.63

D 12.60 11.63 4.86 3.30

P 19.22 17.89 u.26 u.00

23 336 Gm. M 15.00 18.23 u.36 n.06

D 11.06 16.56 u.u0 n.25

P 9.08 13.03 5.33 n.9u

an 960 Gm. M 8.68 11.00 3.03 2.58

D 10.62 8.93 1.23 1.13

’P ‘“ 13. 93 1571 35:. 96 5. 97

Mean M 12.88 15.03 5.u6 5.17

D 10.61 10.93 n.3u 9.20

P 5.68 5.35 2.96 2.5u

D:::::::: M 5.09 n.6u 2.76 2.27

n 2.79 9.00 2.33 2.10

 

-'15325.0§q. Microns

"P - Proximal Level

M - Middle Level

D - Distal Level u - Medial Head

_ *‘LJ " "’ '4-L

l - Lateral Head (Mixed Fiber Free

2 - Medial Head

7.

(Mixed Fiber Area)

3 ~ Lateral Head (White Fiber Area)

(White Fiber Area)



Capillaries Per Unit Area' At 120 MM. Hg Injection Pressure
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TABLE 2

 

 

 

Animal Body Wt. Level** Mean1 Mean3 Mean? Mean‘

P 15.90 17.90 9.80 5.60

1 988 Gm. M 16.90 19.35 5.35 6.15

D 19.35 8.95 9.30 9.90

P 18.00 23.25 7.90 6.35

3 920 Gm. M 19.25 22.95 5.75 5.10

D 19.25 20.60 9.95 9.95

P 11.70 17.65 9.30 6.10

9 990 Gm. M 11.95 16.55 5.00 5.80

D --- 6.90 2.90 9.80

P 19.95 17.15 5.25 5.20

5 985 Gm. M 15.70 20.10 5.80 5.80

D 13.75 12.30 3.90 5.85

P 17.85 20.15 5.10 6.60

6 961 Gm. M 17.85 17.70 6.00 5.70

D 12.25 9.65 9.30 9.05

P 19.25 21.30 5.70 6.50

7 992 Gm. M 15.55 19.50 5.35 8.05

D 19.95 16.55 9.55 5.90

P 20.25 22.90 5.90 6.15

9 938 Gm. M 23.90 22.60 6.10 6.15

D 17.50 16.05 9.60 9.36

P 17.70 20.25 5.20 7.95

10 998 Gm. M 15.05 18.70 5.60 6.35

D 18.10 19.15 6.80 5.50

P 16.70 19.55 5.55 6.00

12 999 On. M 17.25 20.30 5.35 6.05

D --- --- 2.53 3.30

P 29.65 29.85 6.20 7.95

13 192 Gm. M 22.30 29.75 5.20 6.60

D 21.75 23.80 6.25 6.00

’P 17.60 20.90 '5159 “6.39

Mean M 17.97 20.20 5.50 6.18

D 17.11 19.82 9.51 9.91

P 3.99 3.75 0.89 1.36

Standard M 3.50 2.96 0.91 0.77

Deviation :D 3.19 5.86 1.30 0.90
 

I15525 Sq. Microns

"P - Proximal Level

M - Middle Level

D - Distal Level C
U
N
H

Lateral Head (Mixed Fiber Area)

- Medial Head

Medial Head

Mixed Fiber Area

- Lateral Head White Fiber Area

(White Fiber Area)

3



Capillaries Per Unit Area* At 200 MM. Hg Injection Pressure
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TABLE 3

 

 

 

Animal Body Wt. Level!’* Mean1 Mean? Meana Mean?

P 32.70 23.90 8:70 7.95

21 ”“5 Gm. M 18.60 29.75 8.10 7.25

D 16.75 20.90 8.05 7.25

P 12.70 17.60 9.70 6.85

25 992 Gm. M 20.55 18.85 5.95 6.65

D 13.05 16.70 2.70 9.90

P 15.30 16.60 9.30 5.95

27 963 Gm. M 13.85 12.70 5.70 3.70

D 10.70 15.25 6.50 9.25

P 19.90 17.60 33.10 9.60

28 932 Gm. M 16.00 23.90 5.50 9.95

D 16.70 18.95 9.80 9.50

P 17.00 18.95 6.90 9.15

29 950 Gm. M 18.90 21.35 5.15 6.15

D 16.90 19.25 9.20 9.60

P 15.05 15.15 9.80 9.10

30 966 Gm. M 15.65 17.90 9.95 9.75

D 12.70 19.15 9.55 9.90

P 20.55 26.70 5.55 7.05

31 936 Gm. M 19.55 23.75 5.35 9.90

D 12.10 17.75 5.75 5.70

P 20.75 22280 6.00 9.95

32 999 Gm. M 19.95 21.10 5.10 6.10

D 21.30 19.80 5.95 5.00

P 12.15 16.30 3.75 9.80

33 956 Gm. M 9.15 13.95 5.10 9.95

D 8.90 10.75 3.35 3.95

P 17.99 19.96’ 5.26’ 5.55

Mean M 16.91 19.80 5.60 5.93

D 19.29 17.05 5.10 9.95

P 9.02 3.99 1.66 1.30

Standard M 3.63 9.30 1.05 1.15

Deviation D 3.79 3.21 1.36 0.99
 

1i15625 Sq. Microns

*“P - Proximal Lev

M - Medial Level

D - Distal Level

e1

1 -*Lateral Head (Mixed Fiber Area)

2 - Medial Head (Mixed Fiber Area)

3 - Lateral Head (White Fiber Area)

9 - Medial Head (White Fiber Area)
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TABLE 4

Capillary/Fiber Ratio of the Three Muscle Levels

 

Capt/Sq. Micron
 

Cap./Fiber Ratio
 

 

 

 

Mean1 Mean2 Mean? Mean‘

Proximal .00120 .0036 2.33 1.18

Middle .00118 .0037 2.80 1.36

Distal .00101 .00032 2.68 1.23

l - Mixed Fiber Area

2 - White Fiber Area

3 - Mixed Fiber Area

9 - White Fiber Area

TABLE 5

Capillaries Per Square Millimeter at the Three

Injection Pressures

Pressure

mm Hg Level* Mean1 Mean? Mean3 Mean4

P 891.5 1005.9 381.9 383.1

90 Mean M 829.3 961.9 399.9 330.9

D 679.0 699.5 277.8 268.8

P 1126.9 1337.6 359.6 909.0

120 Mean M 1158.1 999.9 352.0 395.5

D 1095.0 998.5 288.6 319.2

P 1116.2 1295.9 336.6 355.2

200 Mean M 1082.2 1267.2 358.9 397.5

D 919.6 1091.2 326.9 316.8
 

‘P - Proximal Level

M - Middle Level

D - Distal Level

F
W
N
I
—
J Lateral Head (Mixed

Medial Head

Medial Head

(Mixed

(White

Fiber Area)

Fiber Area)

Lateral Head (White Fiber Area)

Fiber Area)
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TABLE 6

Fibers Per Unit Area‘ With The Mean Cross—Sectional

Area in Sq. Microns

 

 

 

Animal Body Wt. Leveln Mean1 Mean3 Mean3 Mean4

P 39.9 3298.1 26.0 9989.6

25 992 Gm. M 38.3 3383.8 29.9 5209.8

D 39.5 3756.5 26.7 9853.9

P 93.9 2952.1 30.9 9199.1

28 932 Gm. M 90.6 3192.1 28.6 9531.9

D 90.6 3192.1 27.6 9699.2

P 67.5 1920.0 37.9 3919.5

22 966 Gm. M 57.9 2257.8 91.1 3153.2

D 37.9 3919.5 90.5 3203.1

P 72.5 1787.5 92.3 3063.9

19 996 Gm. M 58.3 2222.9 35.1 3692.3

D 52.2 2982.7 33.1 3915.9

P 69.8 1856.7 90.0 3290.0

26 990 Gm. M 55.6 2330.9 35.6 3690.9

D 50.1 2586.8 31.8 9075.9

P 86.3 1501.7 50.1 2586.8

23 336 Gm. M 65.9 1981.6 90.9 3207.9

D 55.5 1974.7 37.9 3965.2

P 91.3 1919.9 99.8 2892.8

31 936 Gm. M 62.0 2090.3 39.9 3251.3

D 59.1 2199.3 39.2 3306.1

P 57.1 2271.2 39.7 3739.1

32 999 Gm. M 52.0 2999.2 32.0 9050.0

D 59.1 219137 36.1 3587.0

P 70.7 1839.1 99.7 2609.7

21 995 Gm. M 60.6 2132.6 90.9 3205.5

D 50.0 2592.0 31.7 9093.9

P 66.5 199757 39.6 3273.5

Mean M 59.5 2379.7 35.3 3668.6

D 98.8 2657.9 33.8 3836.6

P 17.2 8.2

Standard M 9.3 5.9

Deviation D 9.1 9.9
 

‘3129,600 Sq. Microns

'“P - Proximal Level

D - Distal Level

M - Middle Level -
C
\
n
r
o
v
a Mixed Fibers Per Unit Area

Fiber Area (Sq. Microns)

White Fibers Per Unit Area

Fiber Area Sq. Microns
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TABLE 7

Measurement of Individual Fiber Cross- Sectional Area

in Sq. Microns At the Proximal Level of the Medial

Head According to Color or Concentration of

Glycogen and Fiber Location

 

 

 

Peripheral

Animal # Body Wt. Grams Dark Light White White

8 992 1269.0 1925.0 1703.3 2729.0

27 963 1278.0 1559.8 1820.0 2533.0

19 996 1100.8 1191.3 1296.3 2358.5

22 966 1959.3 1301.3 816.3 2827.5

26 990 1196.3 1328.8 1639.3 2593.8

18 991 1931.3 1931.3 1915.0 2730.0

5 985 1396.3 1389.3 1638.0 2788.0

30 966 1696.5 1768.0 2097.5 2831.8

29 960 1962.5 1308.3 1526.0 2789.3

Head Mean 1353.3 1905.8 1599.5 2652.8

Standard 32.9 35.5 71.8 31.6

Deviation



SNOBOIW BER/DOS

 

3
0
0
0
F

K
E
Y
.

A
.
P
A
S

P
O
S
I
T
I
V
E
(
D
A
R
K
)

B
.
P
A
S

P
O
S
I
T
I
V
E

(
L
I
G
H
T
)

C
.
P
A
S

N
E
G
A
T
I
V
E

(
D
E
E
P
)

D
.
P
A
S

N
E
G
A
T
I
V
E
(
P
E
R
I
P
H
E
R
Y
)

Z
]

M
E
A
N

A
N
I
M
A
L

N
O
.
A
N
D

B
O
D
Y

W
T
.
(
G
R
A
M
S
)

I.
4
4
6

2
.
4
6
0

3
.
4
6
3

4
.
4
6
6

5
.
4
6
6

6
.
4
8
5

7
.
4
9
0

8
.
4
9
|

9
.
4
9
2

 

Z
O
O
O

 

 

 
  

 
 

I
0

o

-
-
-
-
-
-
-

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

O
O
O
O
O
O
O

.
.
.
.
.
.
.

.
.
.
.
.
.
.

o
o
o
o
o
o
o

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
 

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

o
o
o
o
o
o
o

O
O
O
O
O
O
O

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

O
O
O
O
O
O
O

.
.
.
.
.
.
.

.
.
.
.
.
.
.

O
O
O
O
O
O
O

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

I
I
I
I
I
I
I

O
O
O
O
O
O
O

O
O
O
O
O
O
O

.
.
.
.
.
.
.

O
O
O
O
O
O
O

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

O
O
O
O
O
O
O

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

0
0
0
0
0
0
0

.
.
.
.
.
.
.

O
O
O
O
O
O
O

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

O
O
O
O
O
O
O

l
l
l
l
l
l
l

0
0
0
0
0
0
0

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

0
0
0
0
0
0
0

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

0
0
0
0
0
0
0

.
.
.
.
.
.
.

0
0
0
0
0
0
0

  

 

  
A

l
A
;

 

   

  
 
 

I
2
3
4
5
7
6
7
8
9

I
2
3
4
5
6
7
8
9

A
N
I
M
A
L
N
U
M
B
E
R

C
R
O
S
S
‘
S
E
C
T
I
O
N
A
L
A
R
E
A

O
F

I
N
D
I
V
I
D
U
A
L
L
Y
M
E
A
S
U
R
E
D

F
I
B
E
R
S
-
C
L
A
S
S
I
F
I
E
D

A
C
C
O
R
D
I
N
G

T
O
G
L
Y
C
O
G
E
N

C
O
N
C
E
N
T
R
A
T
I
O
N

+
L
O
C
A
T
I
O
N

I
N
T
H
E
G
A
S
T
R
O
C
N
E
M
I
U
S
M
U
S
C
L
E

37

 



LITERATURE C ITED

Abramson, D. I. 1962. Blood Vessels and Lymphatics. Academic Press,

New York and London.

Adolph, E. F. 1951. Some dirteeences in response to low temperatures

between warm-blooded and cold-blooded vertebrates. Am. J.

Physiol. 166:62-79.

Ballantyne, J. H. 1961. The gross and microscopical blood supply to

ten muscles of the ham of the pig, Sus Scrofa. M. S. Thesis.

Michigan State University, East Lansing, Michigan.

 

Bagwell, E. E. and E. F. Woods 1962. Cardiovascular effects of

methoxyflurane. Anesthesiology 23:51-57.

Barcroft, H., K. D. Bock, H. Hensel and A. H. Kitchin 1955. Die

Muskeldurchblutung des Menschen bei indirekter Erwarmung und

Abluhlung. Phlug. Arch. ges. Physiol. 261:199-210.

Brown, R. E. 1969. The pattern of the microculatory bed in the

ventricular myocardium of domestic mammals. Ph. D. Thesis.

Purdue University, West Lafayette, Indiana.

Burton, A. C. 1951. On the physical equilibrium of small blood vessels.

Am. J. Physiol. 169:319-329.

Burton, A. C. 1959. Relation to structure to function of the tissue

of the walls of blood vessels. Physiol. Rev. 59:619-692.

Byron, F. B. and C. Wilson 1938. A plethysmographic method for

measuring systolic blood pressure in the intact rat.

J. Physiol. 93:301-304.

Carlsen, F., G.G. Knappers and F. Buchthal 1961. Ultra-structure of

the resting and contracted striated muscle fiber at different

degrees of stretch. J. Biophys. and Biochem. Cytol. 11:95-117.

Chanutin, A. and E. B. Ferris 1932. Experimental renal insufficiency

produced by partial nephrectomy. Arch. Intern. Med. 99:767-787.

Cohnstein, J. and N. Zuntz 1888. Untersuchungen fiber den Flussigkeits-

Austausch zwischen Blut und Gewehen unter verschiedened physio-

logischen und pathologischen Bodingungen. Ptlug. Arch. 42:503-391.

Drummond, S. P. 1999. A comparison of the injection and red cell stain-

ing methods used in quantitative studies of the capillaries of

the central nervous system. Anat. Rec. 89:93-106.

38



39

Durant, R. R. 1927. Blood pressure in the rat. Am. J. Physiol.

81:679-685.

Edholm, O. G., R. H. Fox and R. K. MacPherson 1956. The effect of body

heating on the circulation in skin and muscle. J. Physiol.

Folkow, B. 1952. A study of the factors influencing the tone of

denervated blood vessels perfused at various pressures.

Acta Physiol. Scand. 27:99-117.

Fulton, G. P. and B. Zweifach 1958. Factors R gulating Blood Flow.

Proceedings of The Third Conference of Microcirculatory

Physiology and Pathology, Milwaukee, Wisconsin. American

Physiological Society, Washington D. C., Waverly Press, Inc.,

Baltimore, Md.

Gaskell, P. and A. M. Krisman 1958. Critical closing pressure of

vessels supplying the capillary loops of the nailfold.

Circulation Research 6:961-967.

George, J. C. and R. M. Naik 1957. The variations in the structure of

the pectoralis major muscle of a representative type and their

significance in the reapective modes of flight. J. Anim. Morph.

and Physiol. 9:23-32.

Greene, E. C. 1959. Anatomy Of The Rat. Hafner Publishing Co.,

New York.

Guenther, W. C. 1969. p. 22. Analysis of Variance. Prentice-Hall,

Inc., Englewood Cliffs, N. J.

Hakkila, J. E. 1955. Studies on the yyocardial capillary concentration

and cardiac hypertrophy due to training. Ann. Med. Exp. Biol.

Fenniae. 33 (suppl. lO):1—79.

Hartman, F. A., J. I. Evans and H. C. Walker 1929. Control of capil-

laries of skeletal muscle. Am. J. Physiol. 90:668-688.

Hatch, A., G. S. Wiberg, T. Balazs and H. C. Grice 1963. Long term

isolation stress in rats. Science 192:507.

Hubner, G. C. 1916. On the form and arrangement in fasciculi of

striated voluntary muscle fibers. Anat. Rec. 11:199-168.

Huxley, H. E. 1958. The contraction of muscle. Scientific American

Vol. 199, pp. 67-82.

Jones, E. W., F. Stockton and C. Tigert 1962. Observations on

methoxyflurane anesthesia in the dog. J. A. V. M. A. 191:1093-

1098.



40

Krog, J. 1959. Notes on rectal temperature variations in dogs during

nembutal anesthesia. Acta Physiol. Scand. 95:308—310.

Krogh, A. 1918-19. The number and distribution of capillaries in

muscle with calculations of oxygen pressure head necessary for

supplying the tissue. J. Physiol. 52:909—915.

Krogh, A. 1929. The Anatomy and Physiology of Capillaries. Yale

University Press, New Haven, Conn.

Lawrie, R. A. 1952. Biochemical differences between red and white

muscle. Nature 170:122-123.

Lawrie, R. A. 1953. Effect of enforced exercise on myOglobin concen-

tration in muscle. Nature 171:1069-1070.

Lusk, G. 1928. The Science of Nutrition. W. B. Saunders Co., Phila-

delphia.

Lutz, B. R. and G. P. Fulton 1959. The use of the hamster cheek pouch

for the study of vascular changes at the microscopic level.

Anat . Rec . 120:293-308.

Martin, E. G., E. G. Woolley and M. Miller 1932. Capillary counts in

resting and active muscle. Am. J. Physiol. 100:907-916.

McManus, J., F. A. and R. W. Mowry 1960. Staining Methods Histological

and Histochemical. Paul B. Hoeber Inc., Medical Division of

Harper and Brothers, N. Y. 16, N. Y.

Nash, C. B., P. Davis and R. A. Woodbury 1956. Cardiovascular effects

of anesthesia doses of pentabarbital sodium. Am. J. Physiol.

185:107'1120

Nicoll, P. A. and R. L. Webb 1955. Vascular patterns and active vaso-

motion as determiners of flow through minute vessels. Angiology

6:291-308.

North, W. C., P. R. Knox, V. Vartanian and C. R. Stephen 1961.

Respiratory, circulatory, and hepatic effects of methoxyflurane

in dogs. Anesthesiology 22:138-139.

Paff, G. H. 1930. A quantitative study of capillary supply in certain

mammalian skeletal muscle. Anat. Rec. 96:901-905.

Pearson, C. M. 1959. Incidence and type of pathologic alterations

observed in muscle in a routine autopsy survey. Neurology

9:757-766.

Pickworth, F. A. 1939. A new method of study of the brain capillaries

and its application to the regional localization of mental

disorder. J. Anat. 69:62-70.



91

Reynafarje, B. 1962. Myoglobin content and enzyme activity of human

skeletal muscle - their relation with the process of adaptation

to high altitude. Technical Documentary Report No. 62-89.

USAF School of Aerospace Medicine, Aerospace Medical Division

(AFBC), Brooks Air Force Base, Texas.

Roddie, I. C.. J. T. Shepherd and R. P. Whelan 1956. The effect of

heating the legs and of posture on the blood flow through the

muscle and skin of the human forearm. J. Physiol. 132:92.

Shipley, R. A., L. J. Shipley and J. T. Wearn 1937. The capillary

supply in normal and hypertrophied heart of rabbits. J. Exp. Med.

65:29-42.

Smith, D. and R. Giovacchini 1956. The vascularity of some red and

white muscle of the rabbit. Acta Anat. 28:392-358.

Stein, J. M. and H. A. Padykula 1952. Histochemical classification

of individual skeletal muscle fibers of the rat. Am. J. Anat.

110:103-129.

Valdivia, E. 1958. Total capillary bed in striated muscle of guinea

pigs native to Peruvian mountains. .Am. J. Physiol. 199:585-589.

Van Linge, B. 1962. The response of muscle to strenuous exercise.

J. Bone and Joint Surg. 99B:711-721.

Woollard, H. H. and G. Weddell 1939. Arterial vascular patterns,

J. Anat. 69:25-37.

Zweifach, B. W. 1954. Direct observation of the mesenteric circula-

tion in experimental animals. Anat. Rec. 120:277-292.

Zweifach, B. W. 1961. Functional Behavior of The Microcirculation.

Charles C. Thomas Publisher, Springfield, Illinois.

Zweifach, B. W. and D. B. Metz 1955. Selective distribution of blood

through the terminal vascular bed of mesenteric structures and

skeletal muscle. Angiology 6:282-289.



 

   

 

 

 

   
  

  

 

S
C
O
P
E

  O
S
C
I
L
L
O

-

 

Plate 1. Apparatus for needle calibration.
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Plate 2. Injection apparatus.
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Apparatus for tissue fixation.Plate 3.
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C CAPILLARY COUNT

‘Plate 9. Left gastrocnemius muscle with mappings of the cross-sections

from three levels.
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Plate 5. Apparatus for recording blood pressure.
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Plate 6. Cross-sectional View of pronounced peripheral white fibers and

deeper glycogen positive fibers with varied concentrations. Injected

at 90 mm Hg. 1, peripheralnred fibers; 2, deep glycogen positive

fibers. PAS stain; x 295.
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Plate 7. Cross-sectional view of muscle fibers showing uneven glycogen

concentrations. 1. "phasic" fiber; 2, peripheral redtfiber;

3, glycogen positive fiber (dark). PAS stain; x 612.
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Plate 8. Cross-sectional view of muscle fibers demonstrating different

patterns of glycogen positive granules. Injected at 200 mm. Hg. 1,

glycogen positive fiber; 2, glycogen negative fiber; 3, capillary.

PAS stain; x 582.
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Plate 9. Longitudinal view of muscle fibers showing parallelism of the

capillaries. l, capillary; 2, metarteriole. PAS stain; x 306.




