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ABSTRACT
Insufficient knowledge of flujd shifts at' the capillary and
cellular areas during shotk has resulted in considerable controversy
regarding the type and volume of solutions to be used in the treatment
of shock.- The prime contributor to th1s'lack.of knowledge has been an

inabilitly to measure with accuracy the distribution of extracellular

fluid, particularly a 'non-functional' compartment, during shock .

-

Skeletal nuscle reflects body water distribution and is partly
responsible for many of the cardiovascular changes in normal and

abnormak dtates (Berne and Levy, 1972; Graham et al, 1967; Muldowney

and Williams, 1963). The volume of sarcoplasmic reticulum, a sub-
cellular organelle of skeletal muscle recently described as bein
'extracellular' (Birks and Davey, 1969) abproximates the vol

undefined ‘non-functional’ phase of extracellular fluid.

The aim of the prdject was to §sseSS quanti

qualitatively the response of the,cell anq.Sche ular Qrganéﬁles

(particularly sarcoplasmic reticulum) to acute€ hemorrhagic shock..

Quantitative assessment was obtained by phometric analysis of

electron micrographs of skelétal muscly biopsied from rats submitted

to acute hemorrhagic shock. ‘

/

. The qualitative effects’of fixatives and methods of fixation
< ¢ 7 .

- /
have ‘been well described (Hayat, 1970). Our results, however,

2

s
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dempnstrate specific duantitative effects on muscle. Extracellular B

space volume measqrgd Bﬁ electron micrographs is’ 1nverse1y.re)ated to’ \

buffér tonicity. /n vivo and in vitro methods of fixation result in \\

the same cell, sarcoplasmic reticulam and &xtracellular space volumes

but different mitochondrial volumes. Fixation by carpal tunnel

,gerfusidn of fixative is unreliable- for anntitative analysis.

f * Morphologic continuity between sarcopfasmic reticulum and

';" mi tochondria is demonstrated amd confirms previous .repOrts. In |

'\add1t1on. indications of direct continuity between mitochondria and(
the extracellular space have been found.. Since continuity between the

outer nuclear memhrane and sarcoplasmic reticulum is well recognizeq,

the endomembrane system of skeletal muscle cells (and probably most

cells) 1s structurally and possibly functionally extracellylar. Thi

1mpr;ssion is confirmed when the musgle response to shock is examined,.
’ -

t

c* .. Cell volume does not cﬁange during the pre-transfusion phase
of shbck. In contrast, mitochondria, aéé partieularly sarcoplasmic
ret1cu1um vo]umes change significantly 1n respchse,gg\it?ck A fhift
of mitochondria from the centra1 to periphera] regions of ‘the céll

-and from A-band to I-band may occur during shock, perhaps reflecting
as yet undef1ned funct1ons of this organelle. Soﬁe evidence also

exists for direct correlation between extrace11u1ar space volyme and

mitochondrial volume changes during shock.

Extracellular space volume decreases as expected during shock.
However, extrace11u1ar\space volume can be equated with réportéd
chemical estimations only if the volume of the endo-membrane system

the cell is included in the histological assessment of 'total'

tvi
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extraceﬂul'ar‘olume iin both normal muscle and muscle from rats

submitted to acute ht%morrhagic shock. The ‘nan-functional’ componeng

of extracellular fluild, is\equivalent to the endomefbrané system of
) | : . i .

the cell. h 1 \' ' | | | .’ &‘V/\
) e

_Co‘nsequently.!swel ing bf subcellular organelles, specifically
} - d‘

1y

s mitochondria and sar&#p’las ic reticulum, during shock must not be
N e ’ " - . e o .

eiuated with intraceljular éwellﬁ

\\
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SHAPTER 1

Ny o INTRODUCT 1O *
v'.': . .
[ 3

* Shock is perhaps one of the most difficult words to define

~since we still have nd'precise knowledge of what shock is. Well over

~one_hundred different types of shock have been described in the

literature (Table I)\(Hardaway. 1968), having nothing more in common
than they all can terminate in death from unknown or little known °

causes.

. The older definitions of shock; "a rude unhinging of the
machinery of 1ife" (Gross, 1850); "....a species of functioQ?1 
concussion by which the influence ofkfhe brain over the organ of
circulation is deranged." (Travers, 1836), have not been improved upon
by more modern attembts; “....prograssive vasoconstrictive oligemjc
anoxia" (Harkins, 1940); "....ﬁeriphgra1_circulatory failwre resulting
from a discrepancy 1n.the size of the vascular bed and the volume of
the intravascular fluid" (Minot and Blalock, 1940); "....a default in
the transport mechanisms of the body, generally affecting vital cells"”

(Rhoads, 1961).
’ .‘.rﬂ ’
Shock defined as "....an inadequate capillary perfusion”

. . B S
(Hardaway , -1968) is insufficient since there are certain conditions
(septic shock) where capillary perfusion is more than adequate but
failure of the orgénism still occurs. Shock defined as a "....stage in

the patﬂuays of circulatory deterioration which may lead to death"

o : 1 °
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(Tha\{]) is similar to Warren's (1895] "....a momentary payse in
the act oF death”. This latter concept embraces much that is

currently acc;bigble. particularly the notion that shock is not an
entity in itself but rather an adaptive response to life-threatening
injury of varying oribin and marked by temporary or permanent damage

to vital organ function. o v

Our pre-occupation with the responses of the circulation to
-injury are reflected by the above définl}ions even though it has been
repeatedly stated that the arterial blood pressure, although being one
of the constént signs of shock, is "....not the essential thing let
alone the cause of it" (Archibald and Macliean, 1917). Viability of the’
cell is the fina) determinant of surviVal or death in any resp@nse to
injury.
"Inadeguate blood fioJ fbdvital organs or failure of the cé11s

of vital organs to utilize oxygen" (MacLean, 1971) covers all areas and

will be accepted for the present as 'the' definition of shock.

ClasailfTeat ion

A classification basedzén this definition is g{ven in Table 2.
[t is simple, allowing recpgnition of the basic problem and suggesting
appropriate therapy. It represénts a modification of the c]as;}fications

of MacLean (1971) and Thal (1971).

The literature on shock is overwhelming. In the following

dissertation ihexserm shock will refer only to the response of the

~

organism to blood loss, ie, hemorrﬁagic shock.



by the rate, duration and severity of blood loss.

'less than 20% of total blood volume the venous

v
1

Cirled rory heaponoe to hv':?gr{'hag.'
The circulatory rohanf;ms with,which the body responds to

hemorrhage are constant. \Tht'degree to which they respond are governed

b

t

°

Following a slow continuous blood loss Br an acute loss of
@turn to the heart,

ceﬁlral venous pressure, cardiac filling and qa#liac output temporarily

——
——

decrease. The resulting drop in ﬁulse pressuy e to a }éduced
systolic pressure stimulates aortic arch and calf
which inhibit the baroreceptor cent This
inhibition of a cénter which norma]1' tively inggs the autonomic
outflow tracts produces an incréase in sympathetic activity and a
reduction, in parasympathetic vagal tone. The latter results in a
tachycardia which tends to maintain or even increase cardiac‘éﬁtput

and systolic pressure.

o -
The autonomic nervous system's response to hemorrhage has been

extensively reviewed (Chien,‘1967). . The increased sympathetic activity
fo]leqing acute blood loss produces both vegous and aFtefia1 constric-
tion. The former actively increases flow to the central veins; the

latter incmeases peripheral.resistance. With the incrgase in'peripheral"

-

resistance, the diastolic pressure will increase,,decrease or remain
constant depending‘on the degree to which the cardiac output falls and
the heart rate increases. Regardless, the end result is a drop in
capillary pressure because of precapillary constriction.reduéing inflow

pressure. Since exchange of water across the capillary wall is

dfrectly related to capillary pressure (as well as tissue pressure and



i“ .

. 4

net colloid 0ncotic pressurc) the resu!t is & net shift of f]uld from

the 1nterst1tial space into the capillaries This capi]]ary

i
phenomenon may be as great-as 90 120 ml per hour for the f\ ‘
hours after hemorrhage (Moore, 1965). This may be sufficient.io
maintain an effective circulating blood volume following a IO~20 losy
of blood volume. . With any greater degree of blood )oss yhere ﬁht; J
sympathetic response and capillary refill are unable to.tbmpénsage
both systolic and diastolic pressure drop. A‘further stimulation of -
the sympdthefic and parasympathetic nervous systems results and'$
vicious circle ensues resulting in an 1nab1l1ty to natntavn perfus1on
Am this stage deconpensatlon is said to occur. Continuation’ of this

.

;ycle eventually results in death. ' \

It is generally accepted that most of the capillary refill
occurs from the interstitial space. A decrease of 54 of cel) volume’

has been reported by Shlzgal et al (1968) 1mp1y1ng a contrwbut on of

cell water to capillary refill. Newton ¢t b (3969 has demonstrated

no change in the intracellular water content of muscle, lung or ldver -
during shock. Although the majority of evidence favors no.involvemént.
of cell water in'capillary refill, such involvement remains to be -

defined. = ~ | .

Shoemaker (1967) has d{vided'the response to hemorrhage into

early, middle and late phases. The early and middle phases ére

-arbitrarily divided by the lowest mean arterial pressure attained

following hemorrhage, the middle and late phases are separated by thé
point at which the arterial pressure‘returns to normal following treat-

ment (Figure 1). VThis separation into phases has the advantage of

-
[ k)



(7] : .
* defininy areas of pathogenic mechanisms, modifiers of pathogenic
mechanisms and terminal mechanisms with nb'pathogenic significance

in the early, middle and late phases respectively.

This segparation into phases on the basis of arterial pressﬁres
is also squect to error if one accepts the definition of shock out-
lined previously, ie, a. defect in cap?llary perfusion. Arterial pressune
1S not necessarily an accurate indicator of peripheral perfdsion'
(Ués;1 -t al, 1969). Frequently the arterial pressure may be normal
in the very early stages of hypovolemia but be associated with exten-
sive areas of hypoxic tissue due to severe arterial constriction.

Low arterial pressures witH a decreaseqcperipheral resist:;ce as a
resu]p of high spinal cord injury or anesthesia may be attended by
normal capillary perfusion with reduced resistance; During septic
shock Tow arferia} pressures may be associated with increésgﬁ capillary
perfusion (Wright .+ 4/, 1971). Here the primary defect appears to be

cellular rather than circulatory. .

The use of arterial pressure to define stages of shock is
traditional however, and until more accurate methods of assessing
perfusion are more generally accepted and used (membrane potentials,
peripheral tissue pil), the above separation into phases will be

followed.

The majority of shock research deals with the late or post-
transfusion phase, ignoring the fact that kéowledge of mechanisms of
injury in the early phase would result in prevention of complications
and perhaps increased survival. This thesis will thérefore deal only

with the early and middle stages of shock in an attempt to define



)

capillary and cell reaction to hemorrhage. Reference will be made to
the late phase only if it has direct application to the development

of the hypothesis which forms the basis of this thesis.

PRl Caopap, Tt ek

The treatment of hypovolehia with intravenous fluids was first
reported by Latta (1831) who infused 330 ounces of saline into a
person suffering from cholera and then noted a dramatic vn%rOVPmenL n
the patient's condition. 0'Shaugnessey (1832) demonstrated that the
collapse assocfated wjth.cholefa'could be treated successfully with
intravenous administrﬁtion of fluids tontaining sodium and potassium
in the same concentration as existed in the diarrhea stools. However,
in'spite of these reports of successful treatnent.of shock with Saling
so1utionsl hypodermocyclysis and the "occasion enema" (Treves, 1899)

continued to be the standard treatment for hypovolemia until the use

of blood transfusions was accepted in the 1920's as a form of tkerapy
LY

for hypovolemic shock. The'salutary effects of saline infusions as
therapy for hypovolemia was re-emphasized by wangens;een (1916) and
fortunately ended the 'adrenal exhaustion’ concept of hypovo]emig ’
suggested by Corbett (1915). .This latter propasal suggested“re;eéted

doses of epinephrine for therapy of shock but resulted in a high -

- mortality rate.

The works of Latta, 0'Shaugnessey and Wangensteen were

~confirmed by Narren‘(1895), Crile (1899), Carinon and Bayless (1919),

b
Johnson and Blalock (1931) and Beecher (1952) who proved that a

reduction in circulating blood volume was the most important cause of
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“hock due to flurd loss or trauma. Restoration of “the loss of civeu-
lating blood volume with saline or blood increased survival dnd-rﬂd‘uvd\
the morbidity associated with shock. The experiences of twn world

wars dand the Korean conflict only reinforced this therapeutic approach

In 1960 Shires - ./ suggested that sa&ung be used in addition .
to blood transfusions and in volumes ‘greater than the calculated blood
loss. e demonstrated increased survig;I in dog§ subjected to a
wWigger's shock protocol as cdmpdred to those dogs trcaEed wi'th e1ther

.saline or blood alone. Others have sincc confirmed the superior1ty1J’

combinkd saline and blood.

The concept of increased saline requirements following shock
was based on measurements’of fluid ldss from different compartments of
the extrécel]ular spate. ehires . . (1960, 1961, 1964), Shires
\1965), Crenshaw .+ ./ (1962), Carrico .- .’ (1963) and Matheys and
Doyglas (1969) demonstrated in both animal and" hum&n éxperiment: that
fo]ﬁowing hemorrhage a deficitein function&l extracellular fluid
existed which could not be accounted for by blood loss alone. 'The
measured detrease in extracellular fluid volume was 18 to 41 nreater
than the measured bleod loss (Carrico . - c, 1966; Pluth .- ., 1967,
Mathews and Dougqlas, 1969). The dispar;:; reduction in functional
extracellular fluid volume was confined ainly to the extravascular

component of the extracellular space ang was only restored by infusion

of saline solutions.

codatar | EEEP L SN R § LR IXSa/CI

The authors reporting unaccounted reductions in extracellular

fluid volumes (ECFV) calculated ECFV by injecting a known quantity of
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5 =-sulphate intravenously and then neasurjng the'concentratiogkof the
isotope 20 minutes later. They assumed that the 20 mtnute concentraflon
of the isotope reflected the ECFY ac;gssible to sulphate since radio-
sulphate had been reported to reach full equi]ib}ium with the extra- |

cellular space within 20 minuteg‘(Walser VN 15%4). The yolume of

the exprace11u1ar space could then be calculated by:
*

Y Q-E

v- 2L ()
4 -
where: .
V= volume of the extrace]]u]arkgpace,
_ T = guantity of the isotope injected,

.L“‘:
_L = amount of the isotope excreted, and <

€ = plasma concentration of the isotope at 20 minutes.

By measuring plasma volume (PV) with radio-iodinated serum

. /
albumen (I- ") and red cell volume (RCV) with Cr ‘ tagged red blood
cells, the extravascular component (Ve) of the extracellula@® space

could be calculated by:

Ve = VS’ - (PV+RCV) . (2)

/i
4 &

The reduction in extracellular space which could not be

explained on blood loss alone was reported by these a&therﬁ to occur

\ .
in Ve, the extravascular éfnmonent of the extracellular space. s

P

As a consequence of these studies indicating such a 'dispardte

o . . . . L
requction' in extracellular fluid volume, infusions of saline in excess

. éﬁjngICUlated losses were recommended to restore the deficits. Saline

\\ . '
infusions eguivalent ™o Y times the measured blood volume loss were

N
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reported (Dillon . ¢ :i, 1966). Withsthe adverit of the Vien Nam

conf]iét improved facilities and longer survivals from major frauma

resulted in<implications that these large volumes of saline were

partly resbonsib]e\fogfgag ‘shock lung' syndrome. Consequently

Moore and Shires (1967) c31led for moderation in the use of saline

solutions in the treafment of shock until the effects of saline on body
. .

tissues had been more extensively investigated.

»

%

tvidence cenflicting w%}h the above concepts rapidly appeared
in the literature. Criticisms of Shires' results were based mainly on
the methods which he had used to measure the extracellular fluid com-

partments.

St. Ville and Shoemaker (1961) showed *“& . silibration of
Cr' 4 tagged red cells was‘delayqd dur{ng shock : &Wesult of the
reduction in flow rd@e in pécipheral tissues. Other sgudies indicated
that the equilibration time for S°:-sulphate inv;he normal animal
exceeded 120 minuteé (Cleland .- .., 1966; Schloerb .- ./, 1967;
Roth .+ ., 1967; Rothé, 19703 Vineyard and Osborne, 1967; Shizggl.and
Sutelius, 1967), not 20 minutes. Furthermore the eqdilibration time
for radio-sulphate was prolonged during shock consequent to reduced
flow in the periphery: (Anderson .: «., 1967; St. Ville and Shoemaker,

1961,, preferential distribution of the marker in the plasma

(Vineyard and Ogborne, 1967) and reduced diffusion of water -ol-ibi:

“materials in the interstitial fluid during shock (Koven .- - . 1970:

Cotton - .., 1970; Gallie .- .., 1971).

®
sulphate is also incorporated into metabolic pathways in the

[

K
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liver and gut (Dzietwiatkowski, 1949; Lowe and Rebérts, 1955; Williams
and Woodbury, 1971), is bound to mudopol&saccharide (Krage1qnd and
Dyrbye, 1967) and has a slower rate of equilibration than sodium or
thiocyanate (Pluth ¢t 21, 1967; Koven et al, 1970). The loss of S35
sulphate into ce]lg'as“a result 6f altered ce1iu1ar permeability as
suggestéd by Moore (1965) could not be confirmed by Furneaux and Tracy
(1970). “
Due to these many factors the shorter equ111b?ation‘times used

by Shires and others reporting 'disparate' reductions in extracellular

fluid volumes would result in extracellular fluid volumes which were

less than the volume which actualy existed. This perhaps accounts for

some of the dY¥screpancies noted by these authors.

Using Jonger equilibration times of over 180 minutes, multiple

¥

stage sampling and extrapolation of the resulting curve bagk to zero

time, many of the above authors demonstrated no change in extracellular

fluid which could-not be explained by either dehydration prior. to

measurement or blood loss. Use of markers such as inulin, thiocyanate,

- sodium and bromide by the same authbrs also demonstrated no change in
extracellular fluid volume during shock. Some even demSnstrated an
increase in extracellular fluid volume during extensive surgery
(Pluth . : ;1, 1967; Rothe, 1970).

A summary of extracellular fluid volume measurements during
shock 1s shown in Table 3 and reflects the controversy over fluid

shifts during shock.

In view of the initial criticisms of Shires' work, Middleton

N
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¢ al (1969) studied the dilution curve of sulphate in normal and '

shock situations and demonstrated three phases for the sulphate dilution
]

curve. The first and most rapid phése requires 20 minutes for equili-

bration and represents dilution of the isotope in the vascular system. .

The second slower phase of up to 120 minutes duration represents
>

- equilibration of the isotope with the"intérstitial fluid space. These

~»

two phases represqﬁsﬂthe 'functiona] extracellular fluid' described by
Shires and Carrico (1966)." " Both phases of equilibration are prolongeﬁ

during shock for the reasons noted above.

The final phase of isotope distribution represents 15 of the

s .,
total sulphate spa s thought to represent either organic binding

sites (Walser ot 54; Kragelund and Dyrbye, 1967; Barratt and
walser,;1968) orfas y”i unidentified spaces in organs such as liver and

muscle (Middleton ot ., 1969).

Jele Responce to Shork

f‘ - Shires and Carrico (1966) suggested that the final 'non-functional'
;paze for su]phate/gguilibfation represents a shift of fluid into the
cell during shock-as a result of cell hypoxia and interference with

cell membrane transport.

Campion .t 4! (1969) used microelectrodes td measure the
membrane potential (MP) of skeletal muscle cells during hemorrhagic
shock. Rapid decreases %n ‘iﬁfrom -89 mv in the normal animal to
-60 mv in the animal submitted to a 40w hemorrhage occurred within 15
minutes after the onset of hemorrhage. The MP paralleled the arterial

pressure. They assumed that the drop in MP was on the basis of cell
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hypoxia and inte&rference with energy forming proﬁesses consequent to
redueed capillary flow but no metabolic studies or méasurements of
capitlary flow were berformed to confi these assumptions. With this
drop in MP they predicted on the basis\of the Nernst equation au

loss of potassium from the cell Qnd an ipflux of sodium (and water)

into the cell, thus producing cell edemaj

Haljamae (1970)./§::ng interstitiial fluid aspiration with micro-

pipetteé, confirmed an increased interstfiitial potassium cbncéntrafion
very early inrshqck corresponding.in ti to the drop in nenbranelcz
potentiad. Lemieux -t aZ (1969) neted the same effect using potassium
specific microelectrodeé. This increased interstitial potassium .
conrentration occurred much earlier iha any change in arterial pressure
or pulse suggesting an alteratioh of capillary flgw or a direct effect

) V;
on the cell of some toxin released during shock.

Structural alterations in liver and muscle cells appear to
confirq this concept of an intracellular shift of flui ring late
(ﬁhock: Hift and Strawitz (1961), Holden et al (1965) WWE DePalma et al
(1970) demonstrated extensive swelling of the mitochondria and sarco-
p1ésmié reticulum fo]lowing prolonged hehorrhagic shock induced us}ng‘
a Wigger'sAsHotk techniqué. These changes'wgre presumed to occur on )
the basis‘of hypoxia due to reducéd capillary flow. _However, Crowéll and Smith
{1964) showed in rats that such ultrastructural changes were primarily
due to changes in capillary flow and not bypoxia. This was also
reported by Schildt (1972) who prqdﬂcéaiﬁevere hypoxia 4n a hind 1imb
by applying a tourniquet around the 1imb and completely oécluding it

for up to 4 hours. He noted swelling of the mitochondria and sarco- .-
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plasmic reticulum only after the tourmquet had beu released and a
reactive hypengmLa*wlth increased capi]lary flow and pressure had
occurred. Cellqlar swelling during the early stages of shock which
would correspond to the changes in membrane potential noted by Campion

~t al (1969) have not been reported.

Stewart and Rourke (19%6) and. more recently Albert - .
(1967) and Shizgal <t al (1968) have demonstratéd a loss of cell
‘.water rathér.than the gain as suggested above using similar shock
protoéols. Rocchio «: ul (1973) noted no change in cell water in
skeleFPl muscle following shock. He, as well as others (Dillon .: ./, .
1966; Moyer ~: al, 1965; Monafo .t 2., 1971) noted deficits of up to
iS% in muscle sodium during untreated prolonged shock: Slonim and
Stahl (1968) and Newton ¢t 2z (1969) noted an increase in skeletal
muscle sodium in those animals which died following shock, possibly '
supporting Campion's suggestion of a shift of sodium into the cell ahd
a decrease in MP. However, no increase in cell sodium gccurred until
the post-transfusion phase of shock,'long after the decrease in Mp
had occurred. No increase in cell sodium was noted in those animélg

which survived.

The sodium content of- connective tissue increases during shock
(Fulton, 1970; Marty and Zweifach, 1971) as a result of adsorptibn of . .
sodium onto collagen or an alteration of the extracellular protein-
polysaccharide-water gel (Slonim and Stahl, 1968). This ﬁay account
for at least some of the 'intracellular' sodium noted above. Whether
suffiéient sodium is adsorbed onto collagen to prodﬁce~significant
effects on the cardiovascular §ystem or on interstitial diffusion as

-

Y
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m . . . -
',cfaimed by Koven .+ ./ (1970) remains to be verified in man.
”., | 8
‘ A sunnury of reported changps in cell wateér and electrolytes . .

dUiﬁng hemorrhage are noted in Tab]e 4 and reflect the uncertainty

surrounding this field. . - g

\

It appears theﬁefore-that during lgtg.shocng'he cell responds
with a drop fn ‘MP and swel1ing of he Hitochondria and sarcoplasmic
reticulum; Conf1rmatwon of. these r sponses suggesting cell edeuu with
analysis of musc]e water ‘and sodlum content has not' been convvncing,

partlcularly in the early and middl phases of shack.

Bt race Z lular c‘pace .
. Thé confus1on which ex1sts ?egarding changes in tissue water
after hemorrhage stems bas!ca]]y from an inability to accurately
measure the extrace]lular space. "Unfortunately there is currently
no known substance whose volume of distribution includes onJy and all
the extracellutar fluid." (Cizek, 1968)s_ Measurement of total body
water can be perforqugwithAconsiderable accuracy using ‘tritiated
water. *However méasyrement.of cell watergis fnconsistentnsince it
depends '‘on accurate meésurennnt of extraceflufqn fiuid ;blame.

The extface]]uTar fluid phase is a heterogeneous collection of
fluid which may be divided into four categories: (1) the vascular
system, (2) the interstitial space (including lymph) nhich bathes the
cel%s and is perheps less than 0.5 microns in th{ckness (Cizek, 1968),
(3) fluid from bone, cartilage and denseﬂconneqtive tissue, and (4)
transcellular fluids including cerebnosp{na1'f]uid, peritoneal and

[y

pleural fluids. The distribution of the body fluid compartments . is
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shown in Figure 2. It is the vascular space and interstitial space
components of the extracellular space with which we are primarily

concerned during.shock. - . .

Mater1a1s that have been used most often to measure extra-
ellular space in vtvo and in vitro 1nc1ude sodlynn chloride, brom1de¥
sulphate, thiosu]phate, thiocyanate, sucrose, 1nu11n, mannitol, urea
and,albumiq;' Histological methods have been used also-but these are
subject to many factorS‘dur1ng'samp11ng, enbeddfhg. settioning, etc.,
as descr1bed in Methods. The exﬁracellular space varies from 8% of
body water wif;uthe higher molecular weight substances,such as
albumin (Hi11, 1964) to over 40% with mater1als such as chloride
(Tasker .et al, 1959; Johnson and Simonds, 1962). These djscrepancies
are evident for muscle both Zn vivo and in uioro. The o:1¥ consistent
findind has been an inverse relationship between the molecular weight
of the marker used to measure the extracellular spﬂ%e volume and the

volume measured.

Skeletal Musele and Shork

~The roles of various organs in the fluid shifts occurring
during shock have been only recently 1nvestigated. These include the .
kidney, lung, heart, liver and intestine. -The last is promineﬁtly
involved late in shock in dogs and ra£§’but minimally involved in man
(Marty and Zweifach, 1971). However, skeletal muscle has been almost -
totally neglected in the investigation of the pathogenesis @§ =hock
with only brief coverage being given to it in even the mos: ~ @R

works on shock (Ballinger, 1968; Pollock, 1966; Shoemake

Thal, 1971). This, in spite of the fact that muscle is

-
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and electrolyte contehi, and

routinely for anal§¥1s of fluid spaces
. : ;

is an dccurate representative of total water and elegtrolyte

content in noﬁpal (Graham ot a7, ;hological states
(Myldowney and[Wiliams, 1963). Rt idegmich of the pH (Couch .
7, 19715 Van de Water et al, 1972; Lemieux n{.al, 1969; Filler ¢t .7,
1972), electrolyte (Haljamae and Rockert, 1967) and ‘lact® acid

(Schumer, 1968) change during shock.
Skeletal muscle represents almost 40% of total body weight and

50. of total body water (Cizek, 1968; Woodbury, 1965) and contains a
' . . ; oo .. .

capillary'network that would réquire more than double the normal
cardiac output if fully expanded (Cizek, 1968). Its circulation is

very sensitive to most vasoactive materials, being responéib]e for many

" of the changes in blood pressure, peripheral resistance and other

cardiovascular pa;ametérs (Ballinger, 1968; Berne and Levy, 1972).
The surface pH of muscle is also a more accurate indication of tissue

perfusion and cell fun%fion than the plasma parameters usually measured

(Cbuéh ot 12, 1971). ’

‘. -

. Following hemorrhage, sympathetic stimulation results in only

a slight sincrease in vasoconstrictton in muscle since its arterioles

are felt to be almost maximally constricted in the normal state

K -

(Chien, 1967)- ry rapidly however an arteriolar vasodilation occurs

_ N .
due to a systamic reledse of epinephrine, a local release of metabolic

produsets such as hydrogen ion, lactic acid, adenine nucleotides and

[y

to hypoxia. Thus a reduction in muscle resistance with normal or

increased flow occurs initially.with compensated increases in heart

-

rate and cardiac output (Ch{éP }nd Gregersen, 1968). Dufing

-8

e
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deehuponsat1on capilla}y flow will decrease due to reduced arterial

1

pressufe. S . !

Reductions in nenbranéipotential (Campion .: .:',, 1969), -toss
of cell potassium (Haljamﬁe and; Rockert, 1967), jncreased interstitia]
pH (Couch et a7, 1971) and structural evidence of cell edema (swollen .
mitochongria and sarcopﬁaspic rettculum) (Holden ot !, 1965) result

from decreases in capillary flow.

> It becomes obvious that.the role of skeletal muscle during shock
is significant and does not warrant the neglect shown it by most
authors. A more thorough evaluation of {ts response to shock is-

required.

Jtmct‘urc of u'kclet:z:’ Muscle
Each skeletal muscle cell is _enclosed by a cell membrane-

(sarcolemma) and ontains- the cytoplasm (sarcoplasm), contractile

filaments, Auciei which a}e ;ubsarcolemmal, mitochondria, endoplasmic
reticulum (sarcoplasmic reticulum of SR) and glycogen granules. The-
. crossnstriatione from which the térm striated muscle is derived reflects
the darker anisotropicA(A-bqnd) and lighter isotropic (I-band) regions
seen with theligﬁt microscope (Plate 1).- Each I-band is bisected by
a Z-line whereas each A-band is bisected by a 1ighter area, the H-zone.
In the center of the H-zone Lgfthe M-line which represents the area
of junction between the two nwos1n chai'ns forming the th1ck filaments
represented by the A-band. Thin f11aments only are w1th1n the I-band.
The area from the edyge of the H- -Zone_ to the A I junction is an area of

overiap of thick and thin filaments. A sarcomere extends from one Z-line
. d//"\ .
[ . S — :
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to another. Mitochondria, glycogen granules and SR are interposed

bétween and around the. myofibrils (Plate 2).

On cross-sections the striated appearance is absent but the

relation of the thick and thin filaments is defined (Plate la to le).

The sarcoplasmic reticulum is divided into three regions each
connecteqywith the other. The terminal cisternae in the [-band ar-
connected to centgal H-zone sacs by longitudinal tubules. Thisg

distinction is wuch less evident in rat muscle than in frog mdscle.

Extending inward from the sarcolemma are comp1ex tubular
structures known as ﬂiansverse tubules or t-tubules. They may exténd
in as funnel-like 1nvagﬂp’tlons of the sarcolemma (Huxley, 1964; Page,
1968; Peachey, 1965a, 196§z) or connect with subsarcolemmal vesicles
called caveolae. Longiﬁu@j&e} branching of T-tybules may also occur

(Forseman and @irardier, 1970).

The area of contact between the T-tubules and terminal cisternae
has been called tﬁngriad junction (Plate 3a) although giad to septad
juﬁctions (Plate 3b) may exist. It is at the triad junction that
coupl{né between sarcolemmal depo1ar{zétion and SR release of calcium

occurs to initiate contraction. In amphibians the triad junctions

occur along the Z-line but in rats they occur along the A-I jun&tion.

A schematic representation of the ultrastructure of skeletal

muscle is presented in Figure 3. .

The type of connection which SR forms with the T-tubules is

a subject of controversy. The area consists of membranes of SR and
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T-tubule between which are regularly spaced electron dense structures

@

(Plate 4). Franzini-Armstrong (1970, 1971) considers the triad Junction
only as an area of electrical coupling, the interposed electron dense
structures representing protein bridges or foot processes (Fig. 4a).
Otpers (Birks, 1965; Birks and Davey, i969; Walker and Schrodt, 1966:
Walker ..t .z, 1969, 1970) propose that a direct anatomical communication
represented by pores exists between the terminai Lusternae and the

T-tubyle (Fig 4b). Birks (1965) further states that SR is therefore

an extension of the extracellular space and subJect to the same para-

meters that affect interstitial space although probably modified.

There is a'growing body.Pf evidence to support the latter
concept. [f the oémolarity of the extracellular'fluid 1s increased or
decreased the resulting change in SR volume is opposite to that expectrd
for an intracellular organelle (Birks and Davey. 1969; Davey, 1969).

[f cardiac muscle (which has a structure very S1m11ar to skeletal myscle)
is perfused, the SR reacts as the extracellular space reatts to sudden
variation in osmolarity of the perfusate (Ferrons . - 5 1971) or to

perfusion pressure (Brown .- i, 1969).
-«

In view of the possible extracellylar character of SR it has
been proposed that SR is a selective site of penetration by smalie
molecular weight substances from’the extracellular space (Birks and
Davey, 1969; Dydynska and Wilkie, 1963) but not- larger molecules. This
would explain the inverse relationship Lefween molecular size of an
extracellular space marker and the extracellular volume measured.

More recent eeidence of penetration of the SR by larger molecules

such as thorium dioxide (Rubio and Sperelakis, 1971) and horseradish

£



and Sperglakis, 1972) adds credibility to the
concept. Such penetration of SR-is inversely related to molecula
weightlénd directly related to time of contact of the molecule with

the cell.

4

The difference between fUnttiOhdk and total extracell.'ar lyi ‘!

volume is 15 or 4, of total body water (Louqglas -+ ,°, 1969,

Middleton . - .., 1969; Newton - . , 1969). Sarcopldasmic reticulun
accounts for 13. of totad cell volume in @nphibian nysLJe {Peachey,
1965b; vavey, 1969) and / to 1o . of total muscle vO{ume in tNeVBigeps

~Oof the muscle of the mouse (Go]dspinﬁz 1971)2‘ 'f ‘one assumes that
human muscle has a similar volume fragtfbn‘of “R then Sbou: 5 of total
body water is accounted for by this organelle in muscle alone. * This
is a volume equivalent to total blood volume and targe enough to

account for the 'non-functional' component ok extracellular fluid

describeq previously.

Sarcoplasmypc reticulum has been shown to swell during shoct
(1ift and Strawitz, 1961; Holden - . | 1965, Deba]ma ."4 , 1970).
If the diameter of SR was to increase dLring‘GhOCk by as-1ittle aa‘
25~, SR volume would increase by more than 50 ., an increase whioh i
equal to plasma volume. I[f one also assumes that SR is extracellular
with respect to some speuics of smaller molecuiss as nd: been
suggested, then relatively small chang€s in ‘R volume turing shock
could account for many.of the‘discrepancies in“e-tracellular <pace

volume reparted (Table 3.

o

e goal of this investigation was to asvsess both quélitatively
. ' ce T

-
! <

)
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aNd quantitatively the Carly vesponse ot beletyl mun e (lu' dete

hemorrhane.  ‘nowledae of the HOorpholo e and quant vt gt ve re s onse of

the cell and its organelles, particulariy tn. Sarco b e e e
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vegur during shock., i



CHAPTER 11 1
METHODS _ . <

A. ANIMAL MODEL
(@

The best model for learning about the effects of -nemorrhage as
‘they occur in man is man himself. The c}inical picture however is bften
complicated by uncontrollable vaxiables and accurate definition of the
effect of -one variable may be ¢}ouded by the effect of others. These
innumerable variables can be modified or controlled to some extent in
the experiménta] animal such that fhe effect of one vériab]e may be

studied.

The use of experimental animals for studying the problems of
shock-has not however eliminatéd the need for preciseuaefinition of
the experimental model. Variables considered in animals include species

. and strain differerces, age, sex, anesthetic, seasonal variation,

- environmental temperature, diet, adaptaticn to injurs, ind the metnod

of hemorrhage.

Two categories of hemorrhagic shock models have been used:
(a) those in which a fixed volume of blood was withdrawn, regardless cf
changes 1in arteriai pressure; and (b) those in which enough Llood was

withdrawn to reduce the mean arterial pressure to a predetermined level.

The latter technigue was most common’iy used or ,the assumption
that "the reduction of blood pressure at least roughly approximated the

decrease of blood supply to the peripheral tissues” (Selkurt and Rothe, 13901).

)
o
<

]
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”uﬁ’igithis reservoir model blood was al]owed‘to flow f%ém the arterial
system of the animal into a reservoir.' tﬁé mean arterial pressure was
tpékermfned by the Height of the reservoir.above the heart. Af€er a
;‘“Var%ab]e period ef time blood began tac%eturﬁ to the éniyw] spontan-

eously (‘uptake phenomenon'). The remainder of the shed blood in the

reservoir was re-infused into the animal and the physiological! changes

- N

or the effects of therapy were studied.” Arbitrary variables incluued
the rate of hemorrhage, the degree and length of hypotension, the

pertentage uptaké-and the rate of re-infusion of shed blood.
1‘.L by

This technigue, popularized by Wiggers (JQSO) and n;di
Fine and Seligman (1943;, Lamson and de Turk (1%%5), Lillehei (1957)
and others, led essentially to a study of the i:?9versib1e changes
depending on the variables listed above. [ts popularity was enjoyed
even though "in clinical surgery, medicine and pediatrics, the term
irreversible shock should‘not be used because it is inappropriate both
biologically and therapeutically” (Moore, 1961). The portal and
spfanchnic congestion with its attendamt hemorrhagic intestine has
been accepted asitypical pathological change in shocé(jnduced by this
model. Recently it has been shown that these chanqg§ were d result of
the experimental design, having occurred only,aﬁ%éf{éé{infusion of

r

sned blood following prolonged hypoxia (Marty gnd Zweifﬁcb, 1971,

swan and Nelson, 1971 - nek and Zweifach, 1971,). :
The reservoir model "....may be useful for comparison of
tolerance to hypotension...." [(Bloor . :', 1958y but it ¢liminated the

study of the hemodynamic homeostatic mechanisms which are an integral

[}
part of the clinical picture of hemorrhagic shock in man (Lhelich - ..
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1969). Furthermore there is no clinical situation that parallels the

reservoir model.

. The acute hemorrhage hodel (Swan, 1965; %wan and “elson, 1971)
or its modification (Ehrdienr.: ., 1969; Desai 2}/, 1969) had the
advantage of resembling the c]inica1'coﬁ41tion'of shock. Although the
responsg to bleeding a specified volume /;rigs with each animal and is
only partly predictable (Ehrlich . - }/J§69); the model 31lowed the
animai to maintain unimpaired homeostat}c mechanisms wiich could be

studied.

B. ANESTHESIA _ ‘ .

Barbiturates, in spite of their populari ty, are a poor choice
for studies involving the response of the microcirculation in skeletal
muscle to hemorrhage since they inhibit most of the normal homeostatic

responses to hemorrhage.

Barbiturates have been shown to increase the blood volume cof
the splanchnic circulation (Aarseth anapriene, 1972 Rieke and Cvereft,
1967) and reduce the blood volume of the pulmonary and skeletal muscle
Circulations prior to hemorrhage (Aarééth and Piene, 1972). They
depress spontaneous respiratory activity (Soma. 1971), inhibit oxidative
phosphorylation (Harris - i, 19/T) and reduce sympathetic nervous

system activity which is essential fore normal response to acute

nemorrhage. I

Methoxyflurane (Fenthrane, Abbott Laboratories) is more suited

for study of an animal's response to acute hemarrhage. It Joes not
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significantly depréss the sympathe}ic nervous system YSlovsted and

.Prjce, 1969) and has no effect\on total limb hleod flow (Black aﬁd
McArdle, 1965).- dowevcr, the effects of anesthetjcs od'feqional_fiow
have not been defined. The ;9verse effect of mynﬁardial denression
which is common to al anesthei%cs (Ra@wel] and Woonds, 1962; Hudon
ct, 1o, 19635 Walker er .17, 1962) ‘and renal toxicit; (Crandell . ;T:
1966; E]k}nqton et'al, 1968; Mcintvre and Russ<el, 1071) are dose
dependent and may be minimized bv shallow planes of agestheﬁia,

" (Skovsted and Price, 1969). se nf methoxyflurane resulted in an
easily controlfab]e nlafe of anesthesia and a stable nbrna1 érteriq1

rressure’ in ¢ st to rentobarbital (Fin. £). Jcrmal fluctuations in

mean arterjal nressure vhich are due tn fesniratnry activity were
. . . , %
clearly vAsible on the arterial pressure recordina in a methoxyflurane

anesthetized rat but not ﬁnﬁa nentobarhital anesthetized rag"

C. GEMERAL METHODS

. Male Wistar rats (lloodlyn F‘;Guelph, Untah’o_)
weighing 300-490 qrams wg‘g\kent in self ¢ ina caqes in air
conditioned rooms at 22.5°C #¢ at least two weeks before exneriments

L]

were performed. They vere fad a <tanlard pellet diet (Purina) wiéh
water aé?Z’Lfﬁum until 18-24 houfz befora studv when they were qiven
only water. MNo overlan hetween seriec ¢ rats uced was allowed

thus ensuring homogeneity in each serirs with respect to weight, age,

diet, environrent and season.

ot BN S

Inductiori of anesthesia in the rat was nrerforme btv nlacing
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R

the rat’ s hgad 1nto a qlass beaker conta1ninq a 4x4 surgical sponge

snakedigéth pethoxyf\urane. There was usually no struggle by the rat

“Because thev énpear to 1ike the odor of methoxyflurane and will burrow

‘their noses 1nto the <nnnne ‘The rat's nheck, -abdomen and groin were

Y

shaved' after 1t was \-.eiqhed

)

e
Cont1nued anesthpsza was ma1nta1ned accordan to the nose cone

‘method doscr1hed or1q1na11v byHagenand Haqen (1964) Tracheotomy

or other moans of art1f1c1a] pulmonary support was unnecessary 100

oxyqen bubb1ed through methoxyf]urane 1n a bottle flows into a poly-

' ethvlene nose cone fitted owver the rat's head (Fig. 6). The rate of

oxyqen flow controlled the p]ane of anesthesia by directly varying the
concentration of methoxyflurane delivered to the rat. Reducing the
flow of oxygen~resulted in an increased concentrat1on of methoxyflurane.
Increasing oxygen “flow would decrease methoxyflyrane concentrat1on but
increase the rate of inducnion. This latter ef ect ijs achieved by
rapidly equ111brat1nq the 1nsp1red cnncentrat1o of methoxyflurane

' 2

with the concentrat1on of methOxyf1uran9 in *he wapor izer (Soma, 1971).

-

€ - .
Artepital Pressure Recor.in:

The left carotid artery was exposed with the aid of a 5X

maanifying dlass and cannulated with PE 100'Intrambdic nolyethylene
cannuua tubing with care being taken to avoid tqe vagus nerve. The

L) » N
cannula was connectod to a Statham nressure traAsducer (Model P -23N\A)

with a'three;way stopcock which was also used for the withdrawal of
(

blood. requ1r9d to prnduce the nredetermined reduction in mean arterial

blood pressure. - A Gilson Medical Flectronics 4 channel physinlogical
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_recorder, calibrated before and at least once dur{ng each experiment.
recorded the arterial pressure at a chart speed of 6 cm/minute. The
total time required from the onset of anesthesia to initial pressure

recording was usually 10-15 minutes.

A1) tubing used was fil1ed with heparinired saline (100 units
sodium heparin/ml 0.9% saline) prior to cannulation of the carotid
' arterv. care being taken to remove al} air bubbles from the. cannula.
Rack-flow of bloed into the cannula uas flushed out with 0.1 ml of
hepar1n1zed saline ‘every 5 minutes during the control period and after
each bload withdrawal. The.odly visible effecteof the flush on the
arterial pressure was a very brief increase 1n\gulj3‘pne§§ure but no

change in mean arterial pressure (Fiq. 7).

.'.‘e.tho'd of Hemorrhage ' . - 4 -
~ The sequence of hemorrhage and biopsy as shown in Figure 8 was

?o1lowed in all experiments. The technique of hemorrhage followed

the method described by Ehrlich et al (19§9).

Following a control period of 15.mfnutes durjng which the
arteqial pressure was allowed to stab11ize following cannulation. the
mean arter1a1 pressure was reduced by a series of rap1d blood with-
drawals until 40% of the estimated blood volume (50 ml/kg; Sréter,
1964) vas removed. A w1thdrawa] of 1.5-2.0 ml of blood usua]ly

Te final mean arterial pressure was 30-40 mm Hg, attained within 25

decyeased’ the mean arterial pressure 15-20 mm Hg within 3-4 m1nutes
yér
minutes (18-25 minutes). This degree of hemorrhage was associated w1th

a mortal1ty of 507 if Ao treatment was g1ven (Swan, 1 904).
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Muscle biopsies were taken at thp comnletlnn of the control
~eriod and at each sten durino reduction of the nean arter1a1 pressure
recoanizing that each rat will respond differently’ to the same volume
. of hcmorrhaqe {Swan and %e%son. 1071 .Fronek ard Zweifach 1971"
Ehr11ch atoal, 1069) The rat was sacrificed after the final binpsv

\ 4
was taknn ' ‘ : : hd

. | Two different muécles.v@re'examined ‘Lumbrical muscles were
used - berausn of fhp1r per:pheral location and their excellent suit-
abilitv for 7» s7:y leat1on for electron microscory (Landon, 1066)
The adductor brevis in the thiqgh vas used for its prov1ma1 location in

the thigh and its shape which 1is 1dea1 for serial bionsy in the same

anwmal

]

D. ELECTROY MICROSCORY® '

=

-~ v

Flratton Top FY oo e Mlevoceor *

- The crualitv of tissue nreservat{on is 1enendent not onlv on the
charactnr1st1c< nf the fixative used but-alse on the methed of anplving
tbo ‘1yat1ve to the t1ssue In most cases 7n o7ty fixation has been

nreferred te “n vitro fixation if the situation permits.

Tvio mrthods of . sizu.fixdtion are available; intravascular
perfusion and micre-injection. The latter involves the 1nJect1on of
fixative d1roct]v dirto the tissue, Intravascular fixation, although
more e;zenﬁive and difficult to use, has several advantages over

“ronltro or immersion fixation. The' rate and depth of nenetration of
. X

the fixative are increased (Hayat, 1970), the artifactual effects of
. - -
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'hvnerton1c ‘and hvnntonic solutions are reduced (Maunsbach;'lQSQY and
‘ -

nautolvtic channes in the tissues are minimized, narticularly in .

L4

-\tissues "SNCh as myocardium which are vqry sensit.we to hvpox'ia (Trln;ﬁ""\ .
and Erickson, 1965) wher;as immersi01 fixation oraserves the subex- '
ficial' lavers of tissue best, 1ntravasqu1ar fixatinn preserve< most

are;s of the tissue ranldly and un1formly as a result of horter dxffusron
dlstances fnr the fixative. Muscle in particular is rore accurate]v
ﬂrpservé% s1nce it rema1ns attathed and extended durira f1xat1op ’
(Hayat, 1970)., One d1sadvantaqe of 1ntravas€ular fixation is prevon-‘

\

ting of ﬁer1al b1npsies in the same animal since the animal d1es once

fixation has started

Cafnal tqnnel fixation (Merrillees, 1960) is claimed to provide
excp]lent fixation »of thé tissue in situ, 'THis iﬁvolves injection of *
small volumes of fixative into the carpal tunnel-of the hind 1imb of
the rat. The fixative diffuses along the lumbrical muscle sheaths,

"reservina the muscles “n aitu.

A11 three methods of fdixation, intravascular nerfusion,.

carpal tunnel rerfusion and immersion fixation, were used in the study,

Buffers an i zatives

Al sqlutioqé were made from reagent arade chemicals and
double distilled, dé-ionized water. Osmolarities of the solutions were
measured hy ;reezinq_po%nf depression using either an Advanced

Instruments Nsmometer or a Precisinon Instruments Nsmette. The pH of.

all solutions were measured with a Fisher Accumet pl Meter . Model 210.

- “Comnaratively little attention has been qiven to the effect

RS & o
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nf spccifié ionic compnsition of buffers on the preservation of fine
structure.” (Havat, 1970). Although modifying effects of different
buffers_are:less aprarent if the tissue {s initially fixed with
glutaraldehyde in sttw, this has not been true for in vitro fixed
tissue. ‘ L .,

Ricarbonate buffer has several advantaneg over other huffers.

It is more efficient than nhosphate buffer in preservina,cellular
intgnrity (Cone, 1968). Sectioninqg of epon embedded tissue *is usually

rasier thqn&with nhh§nhate buffer and it does not pfoduce distorted

~endopnlasmic reticulum (Havat, 1970). : .

sSaluttone

¥rebs' Ringer Solution

mM/L l qqit—;

Hac) ' 137.0 £.000 ]
' vl 5.0 n.373 _
laMen, 12.0 J.oos -
- caCl - 2.0 0.294 ]
HaH,PO, - 11 0.5 . 10.069
. flucose | 540 '  1.000

| DR
fOsmolarit: - 296 mOsm/L

Althnuéﬂ it has heen generally accepted that the fixative
‘sﬁbuld be slichtiy hypertonic %or muscle (H;yat. 1970; Davey, 1973),
Cone AHd.Dentnﬁ'(1°71) ~tated fhét the buffer osmolaritv should be
0.6 " 1f minimum nsrotic effects of the fixative on the tissue were to

" be avoided,  Since thig has a direct bearing on this study, the effects

*
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. Qf bnth hvrotanic buffered glutaraldchvde and isotonic buffered

glutaraldehvde on muscle during shock were studied.

The total osmolarity of the hypotonic buffered gqliitaraldehyde
! ! !
was slightly hyrerosmnlar with a 1% concentration of qlutaraldehyde
(322 mOsm/L). For the other fixative, 2.5% glutaraldehyde was used

since a concentration of 1.7-3,5% glutaraldehyde has'been recommended ;

for muscle (Fahimi ct Drochmans, 1965).

1% Glutaraldehyde

. 6.5 rarts Krebs' riﬁqer .
: ' 190 mNsm /AL
3.3 narts distilled water

0.2 parts d]utara]dehyde kSO“)

‘Osmolarity = 322 mosm/L

_2.5% Blutaraldehyde '

9.5 parts Frebs' r}nqer

0.5 parts 517 qglutaraldehyde

ﬂsmOIarity°= 585 mhsm/L

The final osmolarity of the Freb's ringer was 286 mOsm/L.

Q

1% Dsmtur Tetrokide

5.0 ml Krebs' rinaer
5.0 m1 distilled vater

0.1 om osmium tetroxide



ht‘me(rular scTon Flaation

*The t aue for intravascular fixation followad that

described bv Nvalle (1971) and Landon (1966). After tho mean arteria]
blond pressure had been reduced by hemorrhage to a nredertermined

nressure the'rat's abdomen was dpened through a mid]jﬁé,fnciSion and the
right common 1li§c artéry cannulated with PE 100 Intramedic polyefhvlene
tubing filled with heparinized saline. Krebs' buffered qlutaraldehyde

at Fa@m,temperature (to minimize the vascular effects «of temnerature)

vas infused at a1 constant rate of 2.29 ml/minute using a Harvard conétant*‘

volume infusion nump. A total of 100 m1 of fixative was infused before - 4

the muscles were biopsied-and placed in the same fixative at 4°C.

Good perfusion was accompanied by rapid blanchinq’of muscle
which s1awlv developed a light yellow color during pé;fusion and by
the annrearance of o]utaraidehyde exuding from the tip of an amputated
_toe. The inferior vena cava was cut to allow unobsﬁructed &rainaqe of -

fixative from the hind 1imb.

Since nerfusion pressure durina fixation may affect the
quality of fixation (Gil, 1971, Weibel, 1963), the nressure was
measured and fo&nd to stabilize within 3 minutes at 145 mm Ha regardless
of the mean arterial nressure at which fixation was started (Fig. 9).
I similar nerfusion nressure was found to qive excellent Qreservation

of luna (Gil, 1971; 6i) and Weibel, 1971).

Mot i T om -
.

> -

In each rat <imilar muscles in the hind 1imb opposite to. the

perfuced 1imh were used for cither carpal tunnel fixation (Merrillees,

-
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1960) nr immersion fixation. If the 1srhemaimn for anv of the

hiopsies exceeded 5 minutes, the rat was excludnd from the °tudv 31nce
a7

even this short time mav nroduce subtle channes in volume af sore.

{ntracellular orqanelles oartlcular]v mitochonnrla-
° .
The muscles were placed in glutaraldehyde at 4°C for 24~72)hour;

before embeddinq

! Cdingy
After initial fixation with Jlutaraldehvdn the muscle vag
washed with three changes of Krebs' buffer; nost-fixed'§ﬁth 1* osmium
tetroxide for 1-2 hours, the time varving with the size of the muscle
sample (usually ) mm x 1 mmx § mm); dehydrated with serial concen-
tractions of ethann] folloved by two washings with nropylene oxlde,

and. then placed in 50 proovlene oxide~50% Ennn 812 resin rixture for

2-3 hours, *

tach myscle wac then cut into tw0‘p1ece$ and placed in molds
containina Epon 812 resin, oriented 1n such’a wav that beth transverse
and lonq1tud1na1 sections could bhe cyt from the same myscle (Fia. 10).
The following dav thev vere nlaced " in an oven at 60" C for a further
48 hours and then allowed to Cure at ronm temperature fer one week
Lefore sectioning. .
Serd tom Dmed Jtaln r

The tissue was sectioned with a D?nont diamond knife in a
Sorval} Por;er—B]um MT-2 ultra~microtome: Grey or silver-qrey
sections were cut from the midd]e third of a muscle fasciculus and

picked un an 200 thin mesh opr 150 renylar mesh conner arids,  Use of
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smaller mesh qrids resulted in too few cells present on.ond arid square

tn allow accurate calculation of extracellular snace.

9]

Before sectioning the initial 0.5 mm of muscle wa. trimmed with
a razor blade to remove any areas damaqed prior to fixation. Fefoare
a qrid of sections was picked up 20-30 sections were trimmed from the
block with the diamond knife, 50-30 thict sections (anld or - uroie)
wer; removed again befare a further one or two arids.were niched .
Tﬁis seouenct permitted examination of different 1raas of muccle,  Aroas
with large aaps between fasc1cu11 or with large vessels or nerves
visible on the block face were avoided. Sections from the certer of
the fasciculus allowed a more consistent compari.nn between samnles
with respect to interstitial space and capillary chanqges since it'is the

Vg

effects of capillary perfusion with which we are nrimarily concerned.

.'-;
The sections were sta1ned with lead citrate and urany ]

acetate (Reynolds, 1963) before examination.

Hleatron Meroasro: .
A1l tissues vere examined with a JEOL JE% 7A electran micro-
senne at an accelerating voltage of 80 kv with nhijective aneratures

of 30 to 50 microns and an attached liquid nitronen cooling tran,

A carbon nrating with a mesh of 28,000 lines per inch for low
magnifications and 54,840 lines/inch ‘for hinh mannificatinnsg wac ysed

to calibrate the maanifications with each seripg of exnerimentg,
}
/

Although calibration is not strictly mecessary 1f noint couynting
techniques are apnlied {Weibel, 196@)‘h calitration is essential

for the measurement nf the averaqe interfilament distance at high
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magnifications. The error associated with the calibration of magnif-

ication was less than 2.,

( Photogranhs of representative seétions,were taken using either
Kodak Projector Slide Plates (3x2 inches) or estar thick base Kodal
"electron microscope fil%, No. 4489, of the same size. ‘Measurements .ot
a carbon grating and of the width of. the emulsion after developing
demonstrated that film and plates cqu1d be used interchanqeably. [oth
weré developed with Kodak D-19 develover full strength for plates an
50° for film; fixed with Gaf Acid fixer and Hardener in two baths of
5 and 10 minutes and thén dried in room air after washing in tap water ¢

fer at least ong hour.

Final enla

ents of the micrographs for stereological

measurements wer ed using 3 D&rg; Laborator 138-S enlarqer.

¢

Rather than prin rographs before measurement the'micrﬂqréohs

were projected with e enlarger directly onto a counting wrid. for

closer viewina or for nub]icqtion,‘the microaraphs were printed on
Kodak Kodabrnpide F-4 or.P:é contrast paper on fctamatic SC photoéraphic

papers with Kadak contrast filters. V¥odak Nektol developer was used

rd

for the nrints: : ; h » .

-

E. HISTOLNGECAL MFASUREMENTS ¢

L )
Various prob:lems are associated with measuring volume fractions

.

of tissue components from histological sections, particularly electron
microscope sections. An ultrathin section randomly cuts through,
various comnonenrts of the tissue resulting Qn profiles of the ‘compan-

pn+%. ‘Subjective interpretation of these profiles is usually possible
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but'may he erronenuys. F2r example, a circular nrofile may be derived
from spherical, elliptical, conical or cvlindrical structures. Also
the sizeqnf a nrofile is not nece;sarilv representative of the size of
the structurn from which it aronse sipce various factors such as fhn >“ﬁ£
anqgle nf sect1on1nn and the th1cknes< of the sect1nn may - 1nf1uenre

the 1nterpretatlon of the profile.

A frequentlv u(pd method of measuring the vollime fraction ~f A
tissue cnmpnnent 1nv01VP< cuttfna out and then weighing From whoto -
m1crnqraphs the prof1lee of each component This technique and polar

planimetry (both methods nf areal analvsis) are "ratner cumbsrsame ana
;av be affected by cnnsiderablé errnr dénendinq nn e shapé and size
0f the profiles” (Weibel, 1é69). Nbserver biac ﬁay'also increase the
variance assngiated with areal analysis. !filliard and "ahn (1961 al<c
deﬂonstratéd that areal analysis (involving fhe use of a planmator Hp
nther means bf'asse<sjnq arei)’is associated with a gréater vdrTance
than systematic print counting procedures, which will be described
later: Methods of measuring diameter- of nrofi1es‘§uCh as for sarco-
nlasmic reticulum (Peacheyv, 19€5h; Pirds and Davev, 196G) are open to

subiective interpretation as te the directicn in which the diameter

will be measured and furthermore such neasurements rely on some

-

assumption as to the shape of the oraanelle renfosented by the‘nrof\le.

The method ve chnse to use is rell@blo free from bias
(rrovidina certain nrecautions arc taken), ro]afive]y easy tg use and,
as noted alnova, associated with Jesgs variance than other methods of

* -
1csess11a volume .,  tn assumprtinng as to sshane of a structure need to

<&

te r_nadﬁ. . ‘ "‘-

X
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Stereoloay has been defined ag the “internretation. of three-

dimensianal structure from two-dimensional imaqes (Underwood, 1970).

The fundamental relatienship of stereoloqy (DelLesse, 1847)
states that "the nlanimotric fraction of a section occupied by sections
of a given compogent cnrneéponds to the fraction of the tissue volume
occucied by this component”. Thi< means that the volume fraction
(density) VV; of a component i in the tissue can be estimated by
mea5qrinc the area fraction AAi of a random section occup}ed bv

o

transection nf i: ~ ’

, Wi o= M ¢3)
A siﬁi]ar relationshin has been derived for Tineal analysis of the
volume fraction (Rosiwal, 1898). However the <imclest and most
efficient method (Hennin, 1959; Weibel, 1969) of measuring the vo]ume- )
frqgi{od‘nf a'cnmponentlinvolves suoerimpoginq»a reqular point Jlattice
nd the section (Fin. 11) and ﬁountinn the noints which lie on_tran-

sections of the component (G]aqo]eff, 1433):

VWi = PPi (4)

where’ PP{ ig the fraction of points included in the profile of the

comnonent 1,

" Therefore; .

g Wi o= AAT = PP (5)
The mathematical validity of these relationships has been

reneatedly demonntrated.  In addition, as discussed breviouslyv, volume

~ fractions (densities) ohtained bv systematic point counting are

affected bv smaller averall error than those obtained by areal or

~
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lineal analysis (Hilliard and Cahn), 1961).

[ 4
With point countiny the volume fraction of each component i is

given generally by
wi - Bl ppy | (6)
J p[ .

where PT is the number of points on the c0untfﬁq grid and PP is the

number of points overlying the component i. : ~

A simple regular square lattice grid (Fig. 12) is used for

estimating volumes of relatively large organelles within the tissue.

In the case of components.whose volume fractions or prdfiles may -be |
A 4 .

smalf, a double lattice grid system is used (Fig. 13) (Weibel, 1969;

Elias .+ @/, 1971). In this case the volume fraction VVi of a
component i is given by: o
o Pi

where g is ‘the ratio of small tg coarse lines in the double lattice
griéosystem. '

to 3, d equal to 1.2 cm and a equal to 0.4 CT‘(Fig. 13). Coarse
points were used to calculate extf”teﬁHular space Qo]ume at low
magn1f1catlon aqg m1tochondr1a1 volume at high magnification. Fine
points were used for, rnasur1nq capillary yolumes and sarcoplasmic

’
reticulum volumeg at low and-h1gh magnifications respect1ve1y

To minimi ze ;ybgellﬁve 1nterpretat1on of the data, the follow-
i I 3
ihgﬂ’tocol was fol lowed

[ T2

~ .

for our gxperiment we used a double lattice grid with g equa)

I. . In the séries wherc vascular perfusion of fixative was used,
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only one rat could be studied at each level of hypotension."The rats
were randominized before study as to the mean arterial pressure wh1ch
would be attamed before fixation was started. “Where two methods of

fixation were compared in the same rat the .technique of fixation was

maintained for each limb (right or left) in each successive rat.

2. During post-fixation with osmium tetroxide the muscle samples
were coded by a second person not involved with this study. This code
'Was not Qvailable untjl all calculations had been completed for each

R & - o ’ . -
series. * , : L
I? . ! -

PR N P ' :

3. Four b]t)cks of lmscle were obtamed from each samp]e Two of

these blocks containing muscle oriented optimally for sectioning were
then chosen. Sections from different parts of the muscle were obtained .

as described previously.
3

4. For calculation of interstitial space volume fraction a‘
capillary vwolume fraction, micrographs were taken from two different

—

quadrants on each Qf two to thiee grids.~ The micrographs were
positiohéd such tha}/fﬁé lower edges of.the micrograph were adjacent

to the lower edges:of the grid square. Consequgntly a mfnfmum'oﬁ‘

four sections per muscle wére examinéd from the total numbgf qf'sections
obtained from the blocks. * é o . : : -

5. For ca]cu]at1on of.the volume fractions of different organe]]es
and 1nterf11ament d1stances, mLcrographs were taken from the edge of

a ce]l adjacent to a capillary and in tﬁé center of the cpll -in both
A-band and [-band regions on cross-sections of the cells. Thrs enabled' A

assessment of the total ceil response to shock.
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6. - Point countlng was.,sﬁ'wd out by a techmc1an who was an

unbiaSed observer \ o o , -

.“ . . f
* 0.

-The raﬁs, were divided into the following groups- .
Groug }: Six rats were subjected to 1% g}utaraldehyde in h&po—

. tonie buffer flxat.non at various degrees of hypojensmn following acute
'hemorrhagé Two methods of fixation were used, Gmscular perfuswn °
«usm’g a darvard constant vo1unb infusion punp and carpal tunnel ptrfusmn
The Iatter techn‘lque was later discarded smce variables suck as

elevated tissue pressure wh'lch have sigﬂficant effects on measurement
of capillary and mtcrstltlal space volumes could not be controlied.

°

®his will'be discussed later. - >

.
g .

Sincé Sterling"\s hypothesis applies dur'ing vascular perfusion
f1xatton this swdy might allow examinaion noYoMy of the effect of
f1xat1on on the m:scb but also the effect of a hypotomc perfusate on

=3

’ rmscle dur1ng shogk, perhaps analogous-to-infusiom of" hyptomc

Tty .

solut\ons dur1ng ‘i‘escusnat]on of shock pat1ents

Group 2: $Six rats were used tn> compare the effects of-
vascu]ar perfusxon and 1nmers1on ‘of 1sotomc buffered g]uta]dehyge

f1xat1ves on muscle during shock. ) LT

Group 3 3: The pressure during infusion of the fi xatwe has a

L4

specific effect)on the tissue (Gil, 1971). Three rats were studled
‘to determme the effect of normal pump pressure and perfusion pressure

eqyal to the mean‘artemal pressure at u_hlch perfusion is started.

Group 4: Since results obtajned from the above experiments

could be explained on the basis of indi al animal variation, .two
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‘rats‘were used' to allow serial biopsy of adductor muscles during
simt\ar degrees of hypotension resultlng from acute hemorrhage. Tlssues
were fixed in vitpo using 2.5% glutaraldehyde in isotonic buffer and

€ .
compared with similar tissues rn the other series. The results from

the two _rats were added together after ensurlng that no statistica]

difference existed for any of the components measured~1n the two rats.
The” following measurements were made in all muscles.

VI = volume fraction of 1nterst1tlal space

Ve ;.v01uil fraction of total capillary

A
\{

YL = volume fract1on of lumen of the capllrarv

vo]dme,ﬂractlon.of mitochondria

‘WM

¥SR = volume fraction of sarcoplaimic reticulum

. . R . ..;
IFD verage distance betwben the-thick filaments.

addition, VM VSR and IFD w1th1n .each sarcomere were
assessed at the edge of. the. ce]l and in the center of the cell to -
obtain a complete ahalysi . .
Therefore; within ‘the A-band: ' -

. AN = volume fraction a&jacent,toithe sarcolemma

AA = volume fraction in the cell center

AT

1

average volume fraction in .the A-band

Within the ] -band: A
) "IN volume fract1on adJacent to the sarcolennw

IA

Y

volume fract1on in the ce]T center

IT = volume fractjon n the I-band
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"For each sarcomere: . : ‘
. SN = volun. fraction.adjaccnt to the sarcolemma
SA = ywolume frdttion in the cell, center
ST = volume fraction in the cell = g
N - A1l values are expressed as frqctions of tissue volume. Where .

applicable, organelle volumes can be.calcolated as fraction of celt °
~ . volume by dividing organe11e Joaume.by I-(VI+VC).

TN _
F. sTarighics = —

'

All resnlts are expressed as the megn.(i) for a specific numbér
"of observations n for each animal. The method of detAermi'm"ng'rn for
morphometric sampling will be described Iaten. Tests for the signif-
icance of the dtfference between two means were performed using 2
| standard routine for af unpaired t-test avaﬂable on an Olivetti 101

cal cul ator

Dedef (1967) has shown that the number of measurements n

required to obtain an accuracy of y pencent (where twice the standard

~dev1atlon equals y) can be obtained by:

| ) o
n_.(éggx%) _ (8)

. whére ox is the .standard ~deviat’idn of: single observations and x is the _
sample mean value.” If n js too -large for time of monetary reasons,
the level of accuracjr reqmgd can be re_duced and fewer measurements

" would be required.

Thé number of animals used for each experiment does not

influence this calculation,!""lnver the number of animals used in

" “
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each experimeht could mfluence cowamson between experiments in
_direct re'latiohship to the number of animals in each group. Howevnr.
as wiH be shoun, the time and cost of using incnasing numbers of .

animals combined with morphomtric techniques becoms almost prohibltive
L
Table 5 1llustrates the t'lme require¢ to assess each uusc1e .
for each experiment For examle for'6 adductor muscle samples in

L]

.one- experimnt 36 nncrographs per sahple or 216 micrographs per

experimnt were. exam ned. The mmirmm number of coarse and fine- pomts .

: countod for each Mcrognph mtion. specinen and experimentat group
1s also hsted The tlme required for conplete analysis of each® step
after photography 1s conplete is. shown 1n the liwer section of the

"table. These figures do not include the timb f f1xat1bn -and embeda1nq,

’ sect1on1ng and statlsucaT analysis ‘for each experimental @roup. 8; .
fixing and enbeddmg sanples from sqveral amma]s the ime relsted. to

@

th1s process could be cut by one- ha< However,. for a serigs of s1x

pressure level) were” mcreased by a factor of 3 the t'ime for each .

, experinent would 1ncre'ase by as nuch as 2-40 hours For the four
series of ammals p]anned for th1s progect this wgu]d amount to an
admtlonal tota] t1me of 960 hours Th1s v)orkmg tme combmed with -

‘ H{mted avaﬂatnhty of‘ vamous mstruments, part1cu1ar1y the eléctron .

d microscope, cou]d extend the time of the project by- at least 1 to, 1472

years and mcrease the cost conmderab'lx

N\

»

X :
rats this stﬂl would require 90 hours. The total tme required for
" each experiment wgqu ;her*vfore be 120 hours. e . a
If the’nunber of amma]s per experlment (1e per arferial -

<

3

‘e
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. The variance V., of an experimental mean can be estimated by:

Y

Lot So? S, .52 Sy | .
TV + — L SR © (9)
. np ol ) no'nln/ Non NN,
. t .
. . . ): : N " .
where S, is the variance of a group of .n, animal variance

of the pumber of sect’mns Nis So 15 the variance of the nunber of

mi croi;raphs inn, per section and S% lS the vamance .of the number of

points n; ,Lanned per comting Faeld )

" As .shown above. increasmq the number of ammals per experi- .

e
. * T

ment Was prohib)te& by cost and t\h Therefore the varianf:e was

’ 4
1mproved by increasmg the nunber of sect]ons (n;), and m1croqraphs
U ! v A e e C e i
(nz) examined v : et
2 ! i T
. bsing formula & the nimber of m1crograph$ to be exammed was

Ve

. es'tuna;ed from analysis of a small sarrple of muscle The number of
. mu_rographs reqtnred to dchleve & specvﬁc .accuracy (t2 S.0.) 'for each

,pararreter measured S shown in. Tab]q 5. Due to the reduced 1evel of
dccuracy accept,ed P.U. IO were accepted as -s‘*qmﬁcant P<0.05 very
Q

slgmhcant and P d Jl h1gh]y 519mf1cant .)ue‘to the greater

d(_Lur‘d(.y assouated w1£h measurement o'f IFD smmflcamce lnm ts for-

thls paranvter were aucpted as P- J \)J

. -



CHAPTE? IT1

METHOD OF- F IXATION

Wyl funnel Fieation o
. N L s -
Lumbrical muscles fixed with 1% Qlutaraldehyde injected into
the carpal tunnel (Merri]lees. 1960) yielded an excel1ent quality of
fixation in the superficial fibers of the nuscle with minimal ev1denceh’
of 3xtraction of cell components (Pla;e 5) .nd excellent prcservatfon

of cell organelles (P]ate 6). However the center of the: nuscle

showed significant’ evidence of ce1? edema with extractlon and

dwel1ing of mitochondrla (Plate 7).

The differences in appearance between the peripheral and
central areas of the cel] may reflect ‘a combined effect of external

»compression of vengus : and arteria] supply to musc]e, alterat10n of

e nornn] transcap1llary exchange and re]at1ve1y slow diffus1on of

f1xat1ve thrOugh the tissue.

»
L 4

When the ftxatlve was 1n3ected into the carpal tgnneT an
uncontro]led increase’ fn pressure occurred within the fascpaT compart-

ment surroundlng the 1umbr1cals “The in1t1a1 effect‘may have been

an obstructlon of the venous flow from the muscle and subsequently
1ncreaSed CApillary pressure. An 1ncreased 1nterst1t1a1 f1u1d

volume would be expected based on Starlwng s hypothesfs .governing
transcapillary flu1d exchange With higher compartment pressures ,

: arterié] obstruction may occur causing cell hypoxia, acillosis and

45
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“then cell edema. This, coula occur wj thin 14~Mminutcs of hypoxia
_(Firkot-and Beaumariage, 1971) Since glutaraldehydg requires up to
30 minutes to penetrate ! mm of tissue (Hayat, 1970) acidosis and »
subsequent cell edema could occur fn the center of 1umbr1cals prior to

fixation.

If 'the above hypothetical sequence of events actually occdrred
durlng fixation by carpal tumnel thection we could expect (1) elevated
capil]ary pressure, (2) increased interst1t1al fluid volume and (3)

cell edema. . =~ ‘

Table 7 compares the capi]lary, interstitial space, cell, . “
mitochond;ial and sarcoplasmic reticulum'vhJumes for lumbricals fixed
by-csrpaﬁ tdnne{ injection of 1% glutaraldehyde to:}umbricaTS fixed

by arterial perfusion of the same fixative but in the opposite hied .

Timb of the rat.

Lumbricals fixed by carbal tunﬁe] injectidﬂ have a greater
total capillary volume (P 0.10) consistent with thé postula;ed effects
pf venous obstruction. A greater VI.exiéts for Iumbricals fixed by
carpal tunnel perfusion but it is not siqgnificantly gréater (P~0.01).
+ A significantly greater mitochondria] volume ( P 0.05) occurs which
would be the expected result of cell acidosis and hypox1a However
cell water content (P. 0 01) and sarcoplasmic retlculum volume
(P<0.01) are decreased opposite to what“might be e%pected'from the

- differences in mitochondrial volume.
! -

The differences between the two methods of fnaation are

similar for VM and capillary volume. There is an}inverse relationship

!
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. - L
between cell volume and mitochondrial ‘p\umvT SHno;‘both lumbricals
are from the same animal 'and have been preservid with the same fixative

Y

it is unlikely to be a specific effect o# the fixative. One may

postulate that one limb of the animal is d\fferent.lrom the other but

this is highly unlikely. The relationships of mttocho&rla x)‘th xhe "'

cell and extracellular environments will beAconsidered in much more

detail later. @

¢ Although carpal tunnel fixation of lumbricals yields excelle

preservation of superficial fibers it was decided not to use this
nethod’for further experiments for three reasons; (1Q the uneven
fixation between the peripheral and central areas'of the_nnsclé;

(2) interference with venousmand perhaps arterial supply to the muscle
during ftxation as the pressure in the fascial compartment incraases
with injection of fixative and (3) the profound‘;ffect which this
presSure increase could ha%f on the response of/ the ves;els to
hemorrhage. An initial series utilizing carpal tunnel fixation
shock was performed. lot only were the results erratic but no

correlation could be obtained for the response of the tissue fixed by

carpal tunriel injection with other methods of fixation.

art.rial Dorfucion oorcnt Deee velon Flaoat o

The interstitial space volume of muscle fixed by arterial
perfusion of 2.5/ glutaraldehyde is 31" qreater_ﬁdr.lunbrica1s (P<J.10)
but 1.8% less for adductor brevis {(P..0.10) in comparison to the same

muscles fixed by immersion in the same fixative (Ta61e 8). The

slight difference for lumbricals in the two methods of fixation
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partly confirm the finding in bc;in tissue of a smaller interstitial

I
s

space volume in tissue tixed by 1nnnr510n (Sumi, 1969)..

Sumi (1969) felt that differences in intercellular spaces -
between /. /o perfused ana Dot fhxed tissue werc a result of ‘D
alterations in capillary pressure durlng flxaiion Gil (,)971) showed
that Starling's hypothesis governing transtapi]lary fluid exchange is
unaltered during fixation of the lung with glutara]dehydc There fore

a greater capillary pressurddduring puﬁp perfu)lon could dccount for

greater interstitial space volume in muscle fixed by this method. .

As sﬁown in Table 8 however no signi‘icant difference in total
cap—illary volumes (VC) or net capillary pressures (Vi) nxists between
the two methods of fixation. Therefore on this preliminary assessment
différenéés in interstitial fluid volume between the two method< of

fixation are not related to differences in capi Ilary pressure.

The diffusion of some materials such as oxygen on the

arter}'ole side of the circulation may be sigmfigari’t- .Berne and Levy,

-

1372).  Increased arteriglar pressure Jduring arterial 'ﬁ-t"xatmn and *
,‘(‘ . f‘. . '*
2y

shift of fluid into the interstitial. space across the wPrm @: .,{,
during perfusion of the fixative mi ght ac,cOunt"for (}e‘shght%%gz ;&_

L : . :
ence in Vi between the two me thods of fixation. . }_ } ;; ", \ %

ne pump pressurc during drtemﬁpn r"sk:smn ‘(M’ 9-} va;‘ﬁ
rapidly reaches o maximum of 145 mm Hg. Thisg uggestﬁ ramd f1xab1un “‘ ’?ﬁ

hyperosmo.]ar IS

S .

of the vessels or d sudden vasoconstriction af t

fixative enters the larger vessels. Since Vi & | are the ’S‘&rge itis
« : <

unlikely that these factors have a 5lgm'figa.n§:”f t or‘i; the velume

f o

." .
B
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fractions of the tissuc components measured at he captllary level.
However some trans-arterial shift of t1yid during or before fixation

remained a4 possibility.
°
In order to assess. this possibility a comparison betwedhs con-

stant pump pressure (145 mm Hg) and perfusion of fixative by tower
gravity pressure was made. In a normal rat with a nean aru,');v;l
pressure ot 100 mm hq, qravity perfusion of one hindg |imb w;s pcrf'prn‘ud
at a pressure of 100 mm Hg. At the same time th: r,ppo‘,.nte.- hind Timb
was perfused with the pump as described in Methods. Inp ¢ Fat whlm‘hnd
been hemrﬂaged. both met‘hods of perfustion were ugain.'u‘;'efl Except
the gravity presmﬂe was now 70 mm Hg, equal to the mean arterial
pressure. The re;ults are shown in Tables 9 aad 10 for Tumbraal
muscle and Tables 11.and 12 for adductor muscle. A comparison of
perfusi‘c;: methods was attempted for 50 mm Mg arterial pres<sure in
three additional rats. .owever in all three rats gravity perfusion
at this préssure resulted in i'nadeq-l..late flow of fixative and poor “
>~ ".
fixation. ‘ '

)
—— .

The results do mot gwfirmvthe c'c‘)ncept of tv*dns-'art‘:Urial s."ift:
of fluids during fixation! VI VC and VL are not significantly
drfferent for the two methods of perfusion fixatlon.. Therefore neither
capillary pressure nor arterial pressur'e differen(;(:s can account for
the different interstitial space volumes between muscle fixed by

pertusion and 1mmersion.

1 [
v

There are however significant differvq-_gw. in the p€fect of the

two 'ypes of perfusion on w11 and cell organrelle volures.
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VM is the same in all areas of the cell for adducto?paﬁd lumbrical
muscle fixed by both pump aﬁd gravity perfusion. Cell vo1une (IFD)

1s sign1f1cantly gregter in both muscles fixed by pump perfu51on at
nqrma] pressures (P<0.01) and 1umbrica1 muscle fixed at 70 mm Hg N
arterial pressure,; iFD'is significantly greater (P<0.01) in

adductors fixed byy gravity perfusion at 70 mm Hg (Table 11). VSR in
ddductor muscle iTable 12) is significantly greater in muscle fixed

by Duma‘perfusidh (P<0.05), similar to the different IFD. However, in
adductor muscla fixed at 70 mm Hg, VSR in the A- band, 15 less in
grdv1ty perfusfd muscle (P<0.10) which is opposite to the IFD dlffer- -

ence.

The dﬁfférent effsét} of the two methods oﬁ”fjxaiive perfusion
on cell voluqé and cell srgéﬁélle volume do not fbflgkrény predictable
pattern. whkther the diﬁferences observed relate to the .method of
fixation or the effect of hemorrhage remain to be determined by

future s t,udA«

o e ;'P'}Q'fvn - ?unjvf:J
The Histo]og}ca] studies of Schyltz and Karlsson {1965),
Karlsson fnd Schultz (1965), Johnson and Roots ( 967) and Patel N
.1971) only confirm the general impression that the exact nature and

dlmenSIOn of the 1nterce11u1ar space remains in doubt" (Hay@t, 1970).

\Lhultz and karlsson (1965), and Sumi (1969) noted that the .
UXtrdLellular spdce 1ncreased in brain tissue as the tonicity of the
fixative increased. This effect has also been noted in skeletal

muscle Fahtmi gt Orocnmar~, 1965). The reduction in extracellular
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space with progressively hypotonic fixatives apparently results from a
compression of the interstitial space as the cells swell (Fahimi et

Urochmans, 1965; Hayat, 1970). Bone and Denton (1971) analysed the

effect of fixative tonicity on tel

icales and noted that cM®ser
dDDroximation of the normal cel ellular spacebre1ationships are
igpieved if the ton§E?tylof the f xative is'gnly 60% of the tonicity
of the solutions with which thé'tiséue is normally in contact. However,
in a later publication (Bone and R}an. 1972) they stated that “the
tonictiy of the vehicle must be clpse to the osmolarity o7 the normal
external solutions”. Although hyperton{c fixatives may alter the
s12e of the'extracel1u]ar qompartmé;t}'they also result fn better .
quality of fixation than hypofonic fixatives (Hayat, 1970).
The contribution of glutaraldehyde to the total osmolarity of
the'fixativU_uan bé safely ignored in most tissues providing low
voncentrations of the fixatjve are used (iayat, 1970). Confirming
thjs, Goldspink .- l {1473y showed in mouse skeleial muscle that
“the osmalarity of .the fixative apparently had no effect én‘fiber
size". A concentratjon of 1.7. to 3.5. glutaraldehyde yie]d;"thé~
best’qualiiy of fixatioﬁ for skeletal muscle (Fahimi et Drochmans,

o+ _a——
1365) although concentrations as low ﬁi’0.5 have been used with good

{

results (hayat, 1970).

Lecause of the discrepancies between the above Juthors on the
effect of tonicity on tissues, the effects of hypotanic and isotonic
buftered glutaraldenyde on the quality of fixation and on the volumes

of tissue components wa, examimed.



Both muscles fixed with hypotonic buffered 1. glutaraldehyde
show some sepafatiog of myof r#¥% and-s nsiderable extraction of* -
‘mitochondria (Plates 8, 9), ;f;:;gz;:z\::::}\ of low -concentrations. of
glutara]dehyde.(Hayat, 1970). Mu3c13§ fixed by immersion (Flates
10, 11) or arterial perfusion with 2.5. glutaraldehyde (Plates 12, Ij)
are well preserved with minimal evidence of cell edema or extraction of

(

cell components. .

-

The relationship between- fixative tonicity and catracellylar

space volume is shown in Table )3 for lumbrical and adductor brevis
\

muscles. It is assumed again fhat the concentration of the fixative
with re;pect to total osnD1ari}y is minimal (Hayat, 1970}, The inter-
stitial space volume is 30. less in lumbricals (P -0.10) and 3); less
in adductors (P>0.10) fixed with hypotonic buffered qlutaraldehyde

as compared qitﬁ isotonic buffergd glutaraldehyde.  This relationship
holds whether individual animals or groups of animals are compared.
This nos-significant relationshi; between VI and fixative tonicity
‘contrgdict; the previous reports (Shultz and Karlsson, 1965; Sumi,

€

1969; Fahimi et DrOChmans._5365).

-In a short expekimeﬁt to further test the effact of bu%fer
tonjcitxfgnfé;kracellu1ar space, .a single mu;clg brop.v was fivided
INto three portions. These were fixed in 2.5. glutaraldchvde buffered
with 0.5, & ana 2N phosphate bicarbonate buffer, The result:  Table
14) confirm the positive relatignship between interstitial space
volume and tonicity, canfirming the f.ndings in brain (Shylt.: - and
narlsson, 1965; Sumi, 1969) and muscle¢ (Fahimi et LFochmans 1965) .

Muscle fixed using a hypertonic buffer (2.0N) has a V: which is
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sigmflcantly _greater than muscle fixed using a hypotomc buffer
(P<0.01). Muscle flxed using lsoton'lc buffered glutaraldehyde has a
VI which 1s sl1ghtly greater than the VI for muscle fixed by hypotonic
buffered glutaraldehyde (P 0. 10). Consequently a srgn1flcant positive
relationship between bu%fer&omuty and extracellular space volume

©

does exist.
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CHAPTER VI
NORMAL MUSCLE 4

Numerous factors can influence the estimation of the volumes

of each tissue and cell component ' These factors include animal

¢

weight and age, the' number and type of muscle fiber w1th1n each
miscle, the concentrat1on of ,the fixative, the ton1c1ty of the byffer

and the method of fixation.

srlrine Varland o
.

T, when rad1o1sotope dilutions are used to measure body spaces an’

Fa

lfvérse relationship between body weight and extracellular space

®rolume can be demonstrated for adult rats (Fernandez .- ., 1966)

and infant rags (Jelinek, 1961). However, age, diet and exercise
can significantly alter these relationships (Simpson and Spears, 1970).

Thus, for any experiment weight, age, diet. exercise and factors «~ ‘

.

Influencing eath must be "selected in a range as narrow as pos§¢ﬁ1e

to avo1d~art1f1c1al difterences or an extreme dispersion of r!sults

(Fgrnandez .+ ¢, 1966). Accordingly, for all the experiments in

this project, the above factors were maintained as uniform as possible
[

with the exception of exercise which could not be controlled.

No s1gn1f1tant relationship between anlnal we1ght and extra-
cellular Sdef v@lume could be shown for- e1ther Theoodoooor Ln o oftro

fixed HMSL]:. furthermore correlation between animal weight and cell

volume could not be found. Since cell volume contributes 80-90% of

. 54
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tiSbue.volune suéﬁ a Telationship might be expected. Failure to show
correlatlon between the above parameters probably relates to fallure
xo measure 'lean body wewght' in the rats since fat content in labor-

atpry rats is often large. variable ahd d1ff1cult to tontrol.

Tasker ot ! (l959) showed that not only do small muscles such
as lumbrtcals ‘have a greater extracellular space volume than larger
muscles such as the adductor brevis, but they also shou a greater

variation in ECS volume when measured by ei;her chemical or histological

‘methods. This is’ illustrated in Table 15. The results reuresent the

medn values obtained from three rats fixed by arteri;“ perfusion and
two rats fixed'by immeréion. The values were only grouped after t-test

evaluatiop demonstrated no significant differences between animals.

The interstitial space volume VI for adductor muscle -is
signi?icantly less than the VI for lumbricals whether flxed ety
(P<0.10) or :» vitro (P- 0 01). Stnce no significant difference exists
between muscle fixed by arterial perfuslon and immersion, the

e

1nd1v1dual values were grouped. The interstitial fluid volume is

18.21543.83% (%sSEM) for lumbricals ‘and 7.8211.42 " (X+SEM) for

adductors. The difference between these means is agaijn sighlficant

(P<0.05). These findings confirm the findings by Tdsker et w2 (1959).

In contrast, cell volume (Table 16} Joes not vary with the-

method of fixation and is the same for both nusclesl ‘The valuyes

expressed in Table 16& were evaluated in the same manner as the values

in Table 15, , ] L

We can'conc]ude therefore that cell volumes are constant



regardless of muscle type. Extracellulaa space volumes are less for ;

large nuscles §uch'§5'adductors.,
. \ ‘ *
Fliv Sl . :\‘-
: 7 Manna]ian muscles are composed of at- least three different
’ .J,®r types: red, white and intermediate. txcellent reviews of the
e Inq;owu and physfology of each type are av¢1lable (Poachoy, 1965a;

Padykula and Gauth1er, 1967; Hess, 1970; Sandow, 1970; C1ose, 1972).

Many morphological and histochemical criteria have been used
to distinduish fiber type: (lf*fiber diaﬁeter,'(Z) mitochondria content,
(3) size and shape of hyofibrils,u(45 ultrastructure of the sarcomere,

and (5) form of the sarcoplasmic reticulum.
. . .

Red fibers generally have a smaTl diameter and are rich in
_m1tochondr1a relative to the myof1br111ar mass The mitochondria have
tightly packed cristae, may form chatins runntng\lonq1tud1na11y among ‘
the myof1br115 and of ten have branches enconpassing the myofibrils

"at the [-band.

<

dhlte fibers have a large diameter and contaln few mitochondria

which hav° few cristae and are assoc1ated with the I-band.

The intermediate fibers are WMtermediate in diameter and * .
. e .
mitochondrial content. The subsarcolemmal collections of mitochondria

typical of rud fibers are less conspicuous. i

"It is generally true however that all regions of a muscle,
whethur white or red to the.eye, are actyally.heterogeneous with

respé@iﬂto fiber type: (Padykula and Gauthier, 1967). - For many larqe

P . .
N .5 L2
Al !
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‘muscles the ratlo of red to wh1te fibers in each muscle is close to

G}one (Edstrom and Nyst‘_. 1970, Ariano . !, 1973‘),

Becquse all muscles arpheterogeneous (Edstrom and Nystrom
1969 Ngata and Murata, 1969 Padykula and Gauthier. 1967 ) no att.empt
was made m ‘this study to obtain representative sauples of .each fiber
type for each muscle in'the prbportions that have hooa outlimd 7‘
(Streter. 1964; Close, 1972) A'lthough the relatlve prdportions of;
Q\% fiber types shouul be determmed by actual count for any expemment,%
the time requlrcd‘}m* this would be prohibnwe and is outs!de the‘
scope of this; ﬂfl_e;ls. Certainly when muscles frdm separate animals
are conbared-, .-fa-lr‘lur’e tb perform this analysis may result in some
error betquse"g% different proportions of fibers which may be
inadvertentl;,¢ounted for: each muscle. However, as noi:eq previously,
the ratio of red to whiteefibers.is constant in the Ttarger muscles
.such as the adductor brevis and approaches one (Padykula and Gauthier,
1967). Also the systemat1c random samp]1ng.procudure used in this
. study, as .explained in MAthods, should m1n1m1ze but not exclude, the -

error related to samphng of cell types.

Table 17 out]ines cell volume and cell organelle volumes far
“tive muscles from the hind limb of a rat in which the hind limb had

been perfused with | 'glu'tafaldehyde.

The lack of relationship between cell volume and fiber: type
1s well jllu&trated. xxtenspr d1g)torum’longus (EDL) which has
predominantly white fibers (Shafiq ,;13”, 1966)- has a significantly

“maller celld ;olumcgthan adductor brevis (P«O}Ol) or gastrocnem’us
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(P-0. 051 which have srgn1f1cant populations of red fibers. The cell

volumes for lumbr1cal and adductor musc]e are the same,. agreeing

- With the findlng ‘for muscle flxed with 2 5% glutara1dehyde

Muscles qith a mixed popu]atioﬂ of Fibers (adductor brevis
gastrocnemius) p‘ve a mitochondrial volume which is 1ntermed1ate
between predominantly red fibqrs {Soleus) and prodoninlptly uhitc
tibers (E DL;and‘]umbricals). an expected difference. Sarcoplasmic
reticulum volgme is not dlfferent for four muscle “types whether related

to tissue volume, total volume'within the cell, or volumes in the A

" and | bands. The exception iéljuhbricél muscle which has a significantly

greater SR volume (R 0.01) than any of the other four muscles examined.
. . - B |

. We may conclude therefore’ that in contrast to published -
reports; (1) cell volume cannot be rglied upon to accurately reflect
cell type. (2) sarcoplaSmtc reticulum volume is constant in its ce1l

dtstrlbut:on for most skeletal muscle cells with the exception of

* lumbrigal muscle and does not demqnstréte the variation previously

described for the different .cell types (Close, 1972), (3) mitochondrial

. volume more atcurately .reflects cell type but the distribution of

mitochondria within the cell does nbt differ for the various cell

LY

o

c ¥

types.



‘ CHAPTER v L
’ THE ENDOMEMBRANE SYSTEM - NORMAL MUSCLE

Redultd ' o

.§"°*“'A'deta11ed deseription of the ultrastructure of skeletel_
muscle cells has been presented fn the Introduct1on Ne attempt has
been made to descrnbeA1n detail or quantitate di fferences between red,
white and intermediate muscle fibers. 'Excellent reviews on the

structure of muscle and the different cell types are available’

L4

(Hess, 1970; Close, 1972; Sandow, 1970).

In aii-the nusc]e cel}s, examined, iineSpecti;e of tell t}pe,
cloee rclationships between saFcoplasmit reticulbm‘and mitochondrie .
were noted These re1at1onsh1ps were part1cu1ar1y noted on transverse
sectmons of the I- band less frequent]y evident in the A-band.

Longitudinal sections do not exhibit such relationships.

D\rect membrane tont1nu1ty between sarcoplasm1c reticulum and
the outer mitochondr1a1 ‘membrane are not infrequent (Plate 14). Direct
cont1nu1ty between two m1tochondr1a by long (Plate 15) or short (Plete‘.

16) tubular cpnnecttone'were occ451ona11y evident. Thellength and
multiplicity of these connections make it unlikely ‘that they are
"boet-division tubules", residuais.from ‘mi tochondrial fission brocesées
(Swift, 1965) or artﬁfacts of, sectioning. The eesplute'freguency of

such. connections. per sarcomere was not determined.

Very ciése-aésociations between the terminal cisternae of the
. M / Il

. « : 59
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sarcoplasmic feticu1um; mitochondria and.the t tupules were also
frequently segp (Plate 17). However. no direct membrane continuity
was observed between mitochondria and t-tubulds or between SR and
t-tubules, the tatter bevng suggested by Birks and Davey,(1969). on
‘rare occasions very close associations betweeh SR and the cell ’%v;ib
membrane were seen in the A-hand but not in the ! -band. P]ate 18
111ustrates possible luminal continuity between a conponent of SR in
_the M-l]ne area of the A-band and the cell mbrane The lumen of the
SR component appears tocommunicate dlrect)y,wlth the extracellular
spacc. However, other 1nterpretat1ons are boss1b1e This may be

a sub-sarcolemmal vesicle or a part of a 1ohgltudnnul extengion of

the t- -system (Forssman and Girardier, 1970)‘anu not a segment of SR.
Furthermore, the 1mpressxoh of direct cont!hunty of the extracellu1ar
space and the SR component may also be exp1a1ned by membrane overlap

*

due to the angle of sectlonlng

On rare occa51qu dlrect cont1nu1ty between the ouxer mlto-
chondr1a1 membrane ‘and the sarcolemma with a pore-like communlcat1on
of .the intermembranous space of the mitochendrion with the extra- .
ce11u1ar';pace¢we§ observed (Plate 19). T%C pore measures 40 nm in
diameter. In addition to normal mitochondria communicating with
the extracellular space, degeneraiinq m]toihondrua were occasiona]lr
visible 1mmedlatoly adjacent to or even pepetrdtxng the sarcolemma

(Plate 20). {'

+

The frequency with which mitochondria and SR are connected
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suggests that this is a normal occurrence in skeletal muscle and -
not art-ifact. The concept of "collision complexes” (Swift, 1965) to”
explain these connections in other tissues has been presented. The :
rare finding of direct contmuity between mitochondria and the cell
membrane Svggests that it is either extrusion- of structurally or-
b10chem1cal]y abnormal mitochondria from the cell or that such .
connections are normal, the frequency perhaps‘nllting to the mefabo]ic
activity of the cell. The latter inp]ies that mitochondria have direct
continuity with the extracellular space. Extrusion of mitochondria

which are abnormal (Plate 20) contradlcts the accepted mechanism of

lysosomal destruction of such mitochondria.

Connectlons between mitochondria and endoplasmic reticulym
hdve becn reported for both mammalian and non-mammalian tissues
(Bracker and Grove, 1971, Morre . - ¢, 1971; Franke and Kartenbech,
1971, Raing . - «, 1971, Szollosi and Hunter, 1973, Walker and Schrodt,
19665 Lowman. 1967; orberg, 1972; Ruby . - 2., 1969; Rubio and

sperelakis, 1971, 1972).

Five types uf intermembrane associations between mitochondria
and cndoplasmic reticulum hawe been reported (Bracker and firove, 19/1)
(1) (doue physical ass0ctdtions without contact or- continuity between
adjacent membranes; () contact or apposition ¢ adjacent membranes
without clear membranc nont;nuity; (3) thread like continuity linking
adjaccnt'membrdnes; (4) dlrgct membrane continuity but without

luminal continuity between the connected compartments; (5) clear Jipe

memb rane continuity accompanied by luminal coQiinuity S0 that adjacent
L ]
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C rtments are cont1nuour Tn every respect. ~ v il
ompa 5 y p e ey . e

In our observatiuns we have been able to‘com';;n qll lﬁ‘v\‘ ~4 -
associations. Plates 1/ and 14 show exanples bf types 2 and -4 ‘
respectively. Plate 16 ~hows type 5 luminal continuity. Certaun!j“"x‘i'qk'
types 1 and 3 could be explained purely on the bas12 of the'ng1e of-
agctioning and the superimposition of one menbrane onto_or clos‘e“go ' .

the other during photography Bracker makes no mention of this.

Tilt-stage attachments for electron- -microscopes will be very usefﬂa in

. T3

early defining these associations. : Te
In additfon to the structural evidence for «ontinuiL{ between .
a . -
the endomembranc systom-and mitochondria, Bracker and Grove th?]) .

Presented convincing evidence for structural and biochemical e
f

.

o

similarities of the outer mi tochondrial membrane and the endoplasmic
reticulum (ER) membranes, metabolic interactions between mitochondria
and the ER as well as funﬂtiona1 implications of this relationship.

The inner mitéchondrial membrane has different sta1n1ng properties,
different biochemical composition and, consequently, different functnunu
vne may therefore look upon the mitochondrlal matrix and inner membrunc

45> representing a separate organelle within the endomembrane .ystem.

The infrequent Lservation of direct continuity between the
outer mitochondrial membrane and the sarcolemma sugqgests direct
comunication of the ¥ntcrmembranous compartment of the mitdchéndrlg
with the extracellular wpace.  ‘ince the sarcoplasmic retreulum e
Lontinuou. with the mitochondria and other components of the endo-

membrgne system, then the endomembrane system including mitochondriqg -
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S continuous with thc cxtralellular spa. Therefore the response
of-these systems to nemorrhage should be distinct from any intra-
cellular re&‘)nse, but ,nmla‘ to charmties 1n tie e-tracellular
environment. ‘rhe small <ize (40 nm) of the pore-like conw.umcatiou
of the extracellular space with the endomembrane space (if represent.-

ativisquests that only <mall molecular wm‘qht substances would be
\ d "

readily accessible to the endomembrane ,ystem. perhaps auountmg for

the paurity of repovts ot dccessibility of larger mohm’]os such as

horseradish peroxidase and thorium dioxide. [t ig possible that the
(52

communication between 'F and the extracellylar spacg 1S via this

¢ndomembrane system and not via the t-tubule, terminal cisternas

Junction gy has been suqqested (oirke and Javey, 1969).
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-
fach skeletol.muccle coell de ayrrcunded b two to five
['S .

4 .
- capillaries wiich varv in s1’v and shape. Thev may be rounded (I'late

21), callanpsed (Nat«\ﬁ nr nartiallv collapsed (Flate 23).. The
neneral featares of the canillaries aro'simi1§r renardleass af the
methot of fixation .or asmolarity of the fixative. The ngmb¢r,cr

vesicles in the cvtonlac of the endothelial cells and the 3120 n¢ the

-

1ntererdothe11a] clefts ah"oar the same but measurements tn contyiry

this imhression were not nadp,

ot infrecuentlv folds of endothelial Jrtonlase nroject into
the lumen of the canillary, often extendina acress most of the width

0f,the “umen (Mlate 24). Larce ve<icler, «ome ir ditferont staqes of
1
AN

formation (Plate 25), mav te nresent, freauently at the‘base of these

cvtonlaaric rrajections.  The Tumen of the VO‘](]C§ do not contain an.
structural r(d'uvvﬁ d1<?1nQU1<hah]e trom nlas In none of the

canillaries 19 there dn~.indication nf direct-continuity hetween the
. . ‘.

lumen ~f the canillanv and the interctitial snace, This was also true

for cariliarfes At the lnwest arterial pressurex,
, A .

Tith the exception of lTumbrical ruscles fixed with carpal

tunnel nerfusion, the total volume and'the/)ﬁ&on vglume of capillaries
JoT .

;
64 .

.
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authors (Maunsbach, 1966; Havat. 1970; Navev, 1973) byt disaqr

"minimum osmotic effact nf the foxative.

A

65

»

in lumbrical and adducfor muscle« lo nnt differ <ian¥ficantTv (Table

18).  The higher total carillary volume (PN.10) in Jumbricale fixed

. v

- oy

“by carpal tunnel nerfusinn of the fixative mav be related to a.qeneral.

incéqaﬁ» i@Jmusc1T tvater \p1gh necurs vhen the hvpotonic buffer

preceerds the alutaraldehvde into the muccle (Havat, 1970) ar due tr
venbu% ohstructinn 1s diccusse ! wrevioucl,.  The latter is most Vikely
since cobl valume in lumbrica ) f‘xod‘hy carnal tunne]l perfusion of l'.
alutaraldehvde is less (P 0.01) than for 1umhrﬁtﬁl tixed by arterial

rerfusion of 1° n1uta;aldehwdo (Table=1€),

hj_
LS ‘-
ved by -

. ~ A
The ciwilarity boteeen the volumds et ¢ Api)lirges nth,e
. . - ‘a.. -
. . . . * . W
with intravascular perfusion nf fixatives and carilla W@ rreior
(] . ‘ .A . -~
immersion usina fixative containirg isoamatic hyffor suqirest that toth

method of fixation are reliatle.  These result< aaren vith nes

»

.with Bone and Nentor (1971) whn cuaqested the uwe of N.€ N hyfter for

Y

>

LI N T ) T A ’ . -

TN ‘:!*\Q,“ : - ¢ ] »
gy dyen th%mw.“ermi ureswu‘e'ﬂd(_r‘f?aﬁox to.en m’Hq‘most
capillariey rnﬂvPWJ}‘thﬁ collapsed capillaries of normal muscle

. .
(Plate 26) vith ¢ toplaimic nroiections from endothelial cells again

- .

LY

nresent. ‘The size of the intercndéthelial clefts and the number of

vesicles do not aonnear different from normal capillaries.

[l
~ -

_ ~ . . :
In all muscles fixed with 2,5 aqlutaraldehyde, there is a .

. . oo .
sianificant decrease in both VG and VL followina the initial hemorrhage

The total canillary volumes (V() decrea<e'i¢>1dmhricaT‘Mu§E1es by

. M 'y .
: ) LI T
' Tk f;m‘ » L
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.since thg trtal number of vesicles does not appea

19 - ) . N ‘wﬁ" v A . 66

67% (Fia. 14) and 64% (Finq. 15) and decrease in adductor muscles b ¢
48 (Fig. 16) and 60% (Fig. 17). The lumen volumes decreased by
43% (Fiq. 16) and 88% (Fig. 17) in adductors. Tne decreases in- lumen
volume vere 807 (Fia. 74) and 53% (Fig. 15) for lumbaicals AN

decreaso& are significant as shown in the respectig\_figures
NN "2
The decrease in -tota)l capﬂ]ary vo lume i??freater than the

decrease which can be attributed to lumen vo]ume a\one For example,

.infﬂqure 16, VL decreases from 1. 83%:0.10% (X+SE) ta Q. 74100 10%

(Pee 01) at 80 mm-Hg arterial pressure. Simultaneously, VC decreases °
from 0.69%+0.07% to 9.39110.10% (P<O.TGQ. Therefore VC decreases by

0.69% but VL-only decreases €.30%. Watex loss from endothelial

cytonlasm is possible. The.difference between total and lumer capillary
volume change may also come from a reduction ik vesicle water content

d1fferent from
\

normal. ¥ \\\\
Y . \

In both lumbrical and adductor muscles fixed with 2.5%
Ui
q]utara]dehvde tota1 cap111ary vo]lume increases to normal as the mean
arterial oressure is reduced to 60 mm Hg. With further reductions in

mean-arterial pressure to 45 mm Hq caoi]]ary volume remaxns normal .

~exceot for adductor muscle in series 4 (Fiq. 17) wnere vC and\\t

both decrease (P<0.10). ,
(4 \\

At 45 mm Ha mean arteria] pressure t eneral structure f

the cap111ar1es does not dtffer from normal. Aqain !%ere are no diff-

erences in the 1nterendothe11a1 clefts but there is an apparent ; . fk\

- .

reduct1on in the number and size of tne vesicles in the endo::}lial'

L-

&



© volume at 6
? : - .
ny vd S12

CP]Tﬂﬂav edem could resu]t frnm t he nerfb91on of a hvpo osnnlar bufter

cells (Plate 27).. . - ' .. : -

. -

The natterns of - rpqnonsp nf tqja? and lumnn volumes in tissues

° o

fixed by carnal tunneT nerfusien or artGFthl erfision of 1 glutaral-
dehyde is different from the pattern in myscles ?lxed with 2.5

q]utara]dehydg. At 80 mm Hq mean artenial nressure toé!? vC)and
“ L ‘ -
Tumen (VL) caprillarv volumes have not ‘changed.siqnificantly after
- . . v’ -

an initial tncrease in VL,(P-O.]ﬁ) (Fia.. 18} The reraining va]uo<'

v

are normal, The binhaelc rosponsp nnted in the nther ser1e< f\xed with

.

2.5% qlutaraldehyde is not seen. - Total canmllarv volume and lumen

volume do not change in 1umhr1qals fixed bv intravascular perfus<ion of
1“.qlutaraldehvde (Fib‘ 19), ‘except fer at 60 rm Ha P<0.10).
Th1s rattern 15 a1so d1fferent from the nattorn for wu,cle f1x9d bv.

2.5 nlutaraldehyde whera Ve and VL decraase swunlfﬁeanle The
. L] .

increase in ~apillary volumn (P 0. 10) with. no chaw«g i Tume't

mav “result fr0m edema .of. pndo'ho]ﬂal cell nin«uitho

of vn<1rlvx do not annear d1ffvrnnt from nonnal This

.

thrch can nx t an osmot1c effect after the musclps haug_been f1x9d .

.

[
w1th qlutara]dehvde (Havat, 1970}, Tho (nnt1nuod elevatxon cf total

t t

'cap11jary volume - in 1uﬁhrical§ fixéd by 1ntrava<cular'perfusioﬁ of 1

q]utaraldehvde contr?kts the chanqes in total Can1]1arv volume 1n al]
/

- other muscles studied as the ‘mean arterlal pressure is rgduced and mdy

be related to this cell edema. T ‘

N1 the above measurements were nndo;in\ijferent anima]s'at :

4

different mean arterial nressures. ﬂne may arque that the pattgrn of

[

response of caplllarv volumo described prev1ous1y is due to an1ma]

= . a

-
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_return to’ normeh 1evels. at 70 @Hq Msenuentxvc and VL both

68

‘%

vanatwn1 ‘A studv w@q therefore conducted in which two rats were
sub1ected to the same nethod of hemorrhaqp Seria) biOpsies wére :

taken in each rat at mean gcterial pressures ﬁimiPar to other serieq,

gnd the muscles fxxed bv immersion in 2.5 qlu:araldehyde usina the

same procedure as in the nrcv1ous series. Valucq obtained for can1ll-.
ary volume changes vere averaqged at the same mean*arterial oressures
after a t-test comparison 6f vC and'vr from the twé animals demonqtrateu
no sianificant diffg;;nre between* thv two animals, Adductor muvcles

nn]v wire studied since . they, and not Tumbrical muscles%?are nart]culavly

?

suited for serial biopsies . ‘ . o

N Fiqure 20 ﬂ]ustrat.es the .a] (ve) and iumén (viL) volumes
for the tvo rats. The nattem of camllarv resnonse to hmnm*r;ane is- &
;he ’s'9ne fn this serles as the pattern for adductor muscle: flxod by

5% g.lﬁt..ra#w{e in the prevrous series (fin. 16, 17).° ,0110ying
a reduction of. 67mn total and lumpn caplllarv' volume at 80 @ Hq mean

arter1a1 nressure (P< KOS) the voluv nf both canillary components

»,

remain normal as ‘the Brterial nressure decreasei 30 rm‘ﬁa , -
The discrepancv b@tween total c!mllarv vnlume channe and
lumen volume chande is aqaln present. At 80 mm Hq V€ decreases by 3.

. 465 or 0.84% of myscle. volume (P-p. 05) ‘but VL decrrases.by 67% or i," -

™ [

0.59. of muscle vo]ume (P<0. 05) whpn ‘the total volume mcreases to

nnrmal at 75 mm Hg lumen volume - renﬁms deCreaqed (P<0 05) Therefore

I 3.

mhce( the capﬂ]ames do not Fhffer dtructurallyv from norma] capillaries,
one must aqain assume that the d1sc\onanc1es @ related to ei ther

Lhanves in- veﬂclp volume or endothehan vo'lume
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3. DISCUSSION ' y - Lo e

The nattern of rosponqe ‘of tmal and lumen volumes of capln-

aries is the samc- whorher stud~1pd 1‘ thc fame or d1‘Fferent amma!s,
The responses are not influenced by seasonal variations since they werp
-Uﬂ\ 50. nf normal, total and lumen volumes return tomomal as the
arterial rressure docrnaseﬁ At tho lnwns' ar{m’lal pressures swdieda
both taotal and h*en vo'lumes of the ca'n]larm«, were normaT or .ﬁ]inhtlv

- {
decreased, - " °

. : : ) . . - 0'
’ ; . i v .

to struoﬁura] chanaes develoned
arterial ‘rcssurr decr(axed which® cou e R, e “tcreased capillary
vmmo‘bﬂr?v umch has. bheen renortpd

\oct vpnelnren,

. | .
7 4

v

»

'nns of endothnl1al cells” gp1aces 21, "pa, L5)

Cvtotrlas

. * . .
. /',projpct into t of snrm.ﬂ camHar\M and - capi]lamas subJected
’ ' 4 ..
C - to decrpasod arterial messurpq foHowmq acute hemorrhage - There .
:.. . .
A / sfruc’oro and freaquency of occurrence do not annear dyfferont from
".‘//

._,hormal camﬂarm-; Althouqh -thexr presem‘e has heen renorted
[

.chu1tz and Karls'son, 107'7). their

functioh is unknown. - S * T a DU .

- . v
.

va1ou<Iv ‘far bradn cam'llari

- : - - .. .. ’ * h '.‘
The rate of movgent of'flufd"-a‘c'ross the 'cap‘inary r’nembreme .

>

is mrecﬂv nmnortional to the area of camHary membrane\a::lable
m ‘fﬁr ,fﬂtration (Berne and Levy, 49?2-) Therefore the nrojettions mav
. . =~ w "

renresent a means of mcreasinq the fntratmn rate bv mcreasmg

capillary surface area. Thls would have narncu‘ar vdlue in tszUes

the same at all times of the vear, Af ter an .initiai decreu'sego léq‘s

.' -

~
*

.
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such as myscle where a subsBntial m’l&ion of tissue has a reduced

“e

flow at any giveh moment. Hence. opening or closina nf cani}larios

need not. be invoked to exp]am changes in fﬂtratfon ratps duriva; -

.
A

v:  shock (Chien. 1Q67) JAn increase orp decre@se 4& .the cytoplasmic v

extensmns could smmﬁicantlv alter the surface thea and transcamll-

, .;., . s ~4‘
S ary fnultratwon Al.termtwelv. the extensinns could renresent

e N
‘ nhhquo sections throuah: branr.hmq areas of the capﬂlarv (F;g V). .

' Mowever this ds- unhkplv. These projects are nbserv-eﬂ frrquently ° '

i

oy the pmbability of sectiomnq throuqf\ .
.‘\ i

' such a brianen s a® .in: 3000 sections w‘lth 4 camllames ner ch .each
e e ,

d

branchmn once in 600 pm, . . o .

~ :
Cam’lla&v diffusion. capa&\’ and net camnary pressure are
[ 9

anrwrnxrmated bv the "total agd lu‘ voTume fractmns of camHarles

resnectwelv (Hamersen. 1970) When the medn arterial pressure
decreases to 80 mm Hq, the dec)lease in net capu]ary pressure (VL)
will &,ult in a shift of fluid from the inté jal snace mto the

: vascular system on the basis of Starling® s hypothes1s Th1s reduction

‘e .. in net camnary pressure may wesult from; (1) a decrease in vefous

rressure following constrictton of major veins induced by increased
svmnathot.\c nervous Svstem activity in assocxatwn th a decreased
cv rculating blood vo]ume, (2) arteriole constriction resulting in a
greater nressure drnn arrr;.’s the arterioles, ;\r (3) a‘combinat)o‘n of
\the two m(:chamsms The réduction in camllary pressure is more

hke v due to decreased venous nressure_since.arterioles in rat

\ - . ] ™Y R . R
muscle(and human muscle) are near maximal cnnstrictiqn-at‘normal‘.‘ !

- . . -
. \ 5 -

L. N T ‘o
o o .
. . .

R whereas camllarv brazhmqs ‘ncgur every. 600 um, c.ectioﬂ ﬂnckness !z

A :
é“‘* averaqes 50 nm Cén
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&
. e arterial nressureﬂ ((‘Mon. 1067), and venous nressure has a nreator -

unf!uonte, on capillar'ﬂwre (Berne and Levy, 1972)1
a . . [} .
- .«a . A
vpnous cnnstrrction continuos untul late in the hvpotenswe

neriod (Cthn 1967) The return to nprmal of capﬂlary .dtffusmn .

'
capacity and net, ca»mllarv prﬂssure af 69 <70, mom Hg v’:an arterial’
3 S .
oressure is rélateql'to a reactive a as precaninary romstance

R Uf‘_ . $0
dwems. ‘.Urg basis or tms react’ive hyhev-ema is a subject of
: crmtmw:r':v ((‘mem. 19§7 Haddy .nd‘i”tt. 1968) but wnC’l’Udes ‘the

' : effects of. fwnoxxf Jhydroden inn.ﬁdonirm nucleot‘ldes.. otassmn jons
L ]

ther Tocal mota!g'lic products Tﬁe retuctfon in net

;;‘-’.*é}‘cunnary nre 'sure at 45 mm Hg mean lrter;gl prem»'e (Fiq 17) §s pot

Irresﬁectwo of tr\e mchunsm of the redactmn,.tﬂe ne‘#‘f@tt;m"h\

srnft nf fluid. Mm the mtershtwl spg‘ce 1nto t"a vascular system on .
Lo . sy . '

the bas‘va of Starhnq.s hynothests\

Accordinn to Pmseull.e s law, the:'f-low, 0'. thgough a cylinder

. A A . .
} . . P -y g
varies inversely as the rédsistance -irr the cvlinder, R, and directly as
--the net pressure drop, Py - Po. alono the 1en‘qth of't'he cylinder, where '

.Pi equals inflow pres.ure and Po equals the outflow nressure. The net - *°

i

prosc.ure dfop along' the ‘mlhries may be approximated by the net

.

camHarv nréssures, Pc, which as noted above is reflected in tln
Iumen volume. fraction of the chnlllary The resistance yross the(

4" capﬂlary bed (Rc) is mverselv proportfonal to the fourth power of

/. N

the radws of the capﬂlaries when they are consfdered to he in
2. nara‘l ‘rel Nowever, the res1stance can a”lso be approximated by the
sfze of tha lumen of th(‘ camllanes Capﬂl_u-y f‘]ow, 'Qc,‘,c\._n.tmrefore

~ Y
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o : s . :
. he roughly approximated by: .
. ‘ e - P, N . (1oy

'."RC B S S ey

nn th\\ basis, thorn is a-drastic r‘eduction 1n musale hiood

f1ow when the mean arterval nrefsure decreags to RO m Hq This -1*‘. _'

foHowed by an mcrease in brood. flow to rlormal with arteriole

3
L )

D.as the artemal

dilatation at 60—7-0‘1'111 Mg. and a sut\senuent--reduct

nréssure is reduced helnw S0 mm Hq. " At “30 g Ha the camH.ary bTood

!’v is only quhtlv decreased due to decregeed Pc.. ' "

. ” . . ".
- R 4 v . -
O . ‘;. : o

- ‘l’“ nuturn of now 1n sveletal musﬂe-durirm h&norrhaqic-

ensionuts' mmhr to that ﬁeported by n.ther authors (ﬁ” 1964 ;¢
dwruerscn. 1968; Chien, 1969; Shoemaker; 1970 1972). .-
guqh this h\stolomca\l method accurately rcflec&s .,Qanqes in :

ary pressure, resntanoe and f‘low as reported m thb hteraturﬂ
uch mare fime conwminq than othér methods such as thebXenon! *?

t
tdramo methnd and therefore could not be used consvc.tently extcpt
)

-~
!

.

—_‘_ﬁ_.-a..z..a‘ an: .aux:harv tonl for the: study of cqmarv dynamcs e

PRRY C Q
. .



. , ‘ ' CCHAPTER VI
: A .

‘€ CLLL WAILR

Huxley (1953) showed from x-ray diffractior studies, that the

nonivc latttce spacing of relaxed vertebrate muscle was invereply

probortioha’ to the snuare root of the sarcomere.lenqgth, With .

Y IS

. cOntrahﬂigg the spacing hetween thick fi\amoqts also cﬁanqes mnoinverse

. re]atihnxto sarPgomere lenqth'(Aoril R T2 TR T possible that

ry
the deqrea of contraction quht vary between animals and within the
‘(,\C.-. o N
$ame dnlmal regard]vqs ot the mothod of tivaricn v Dacpy technigue A
- - Y : 4

,causc of changing ion and Osmotig'propvrtv;5 Yocthes ctrar o Tulgr
fluid during 'shock. It was felt that frvme »-. - LR A

restraints would result in a more accura:. ST AT N

cgllular regponse to shock. Since sav oome.. e -0 IR R AL TR
. M .
at a constant valu". we elected to also ~wy o - , : et
(Ks) which refleats the osmotic actiyrty v . AR ey
H v

1rrespect1ve of the.state of COntVd\Z!O"

.

A1 T -muscle blocks initially seLtv“-cxv"q" .

mnésufénent of ]atticg'Spaéing'wero,re-q-\nn'y: 4 . - o
fuﬂdnSllg. Sancbmero Tength (Ls) was measured a* - @ "y =3+ L.
of 10@.00 with a.minimum of five measarcitents of SN e team g e

fvve dfffe?ent sectlons of a sample.

latt1ce whlch i'>exclu51ve to one thick frlamvnt ('lqurv 2 hat

v .. ‘.

e s Y. 73 S e e
L ‘\‘ -

// Thé unit’ cell, area is the crossqkegtvonal drea o zf; "\ lamens -
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@

unit crll volume is defined as the volume exclusive to one thick

filament., The unit cell grea (A) ts obfained by:

o
- - . ]
A LFDY . sdn 60 (1,
- o

The unit cell volume (Ks) is ob;_ajngd ‘

Ks - A “*lLs (1
Bv substftutino caunation 11 for A, Ks dan then by calculated @y: . )

. - 4 £y
N - Ks = IFD" . sin 60" . Ls (13)

Ls is, the sartomere length. The lattigce spacing of IFD prevhuslmr
estimat'ed from transverse sections wa used:‘ IFD .« sin 60" is

.

. - o
equiy;lent to the 1, o, lattice plane |measured by x-ray diffraction

(5p¢i1 et JT., 1971). . .

. "\_:

The lattice paranwt.em for cells from various hmd Virth musclvs

“ of a rat are shown in Table 19 for muscl with 1Y alutaraldehyde
and in Tabl° 20 for muscle.fixed w\th 2.5 ratdehyde. aThe IFD

for alhtho ‘miscles is qrnﬂr than the 170 for froq sartorius mu'gclo e

" . _(Huxley at-al., 190\3_; Davey, 1973), but less than tne Hzec_.ing far Ly -

fish muscle, (April ¢t a’., 197T). The dvffprences probahly relate to
species differences and degrce of contraatlon. ln marmxals the ratio

of thin to thick filaments is 3:1, in the crayfish is 6:1 and in the

froq is 2:1. Nne may exnoct therofore a qgreater nverall interfilament

spac'i*ng in ‘the crayfish 'and rat .to. allow for sliding of thin Qvér thick. '

filaments during cbntraction and aldQ for differences in the water:

.o

content of the cél!‘s.- in Table 20 mea}urements were qrou(;ed. after

'
e

.-‘ " . '/-.\\v’
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N
.

ANSUring that no sitaniticant i ferences existed bhetweon musc e,
5 .

the anterfitament dictances, in Lumbrical and adductor mus.le
: L)

fixed with 1 -qlutaraldehyde do not ditfor signitioantly (Taple 19).

The sams 10 true for the same mus 1oy Pixed with 2.4 rnluturu](‘yd'-

(TabTe 20) whether thev are fixod by immer.ing or artorial perfusion of
(] - @

- ’-"l

fixative., With both fixatiyve,, the Apacing 4, Sveyry o constant o ovarving

by Toss tHan 5 o There 15 also no ‘lnnnflmunt‘dlffvronce in intnrthk'—

ment spacing hetween the two methodh of fixation (nerrnal perfusion

and immersion) (Takle 20) for oach muncle. Thie ymolies the <ame

vfttect on cell volume tor cach fixative whother fixation 1s " 'ry or

[T TR

However, tie interfilament distancas tr lumbricals and

o

Jddd:[Orl tixed with l',u4ﬁtaraldﬂhydv (Tabl - J) are sianifi_antly

Jess (P 0.01) than the same muscles fixed with 2.5 alutaraldehyde.
[ ’ .

This 1s oponsite to what’ is expected from tne inver,e relationship

. v -
Hotwesn buftor tonagity and mvofilament < ojacing nreviously reported
Y ' :
- o oo ~

JDaveyy 19730 Aprjl o oL, 1977).
/0
Sarcomere Tengfh [ g sianificantly loce in both muscles
tixed by 1 glutaraldehyde (P-0.01). Alsn, L faor, lumbricals fixerd
by arterial verfusion of 2.5 glutaraldehyde is sianificantly less

(P-0.05) than i for lumbricals fix~d by 1nﬁ‘r ien (Table 20). ., The

opposite rnlattnnshvp exists for adductor mys(lv (r-0.01).

>

A. DISCUSSION . o C-

Ao s e : : o
L] . * ) . L ]
IThe thscrepancies for 1FD between muscle fixerd with 17 and

. .-
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., . ~ .
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S gqlutdaraldehed s vy be oxnlatned, an peteooea b, on the tnnidijvv','
4 .

nf the solutions waed during fixation.  oavev (1973) howed recemtly
\
that 1f guscley are fixed with solutions. having a tonicity wh)cq'i«“ o .
A, v
qreoater than the tonicity of the solution 19 which the muscle wai

. '- . !
it Ty ancubated finothis case extracellular tluid) swelling ¢t ‘%.?

i

would occur.  Thas s true for tissues cut aftor fixatfon with a
dut betore osmium tetroxide fixation. [f ye assume that a il
sftect mioht nccur in glutaraldehyde fixed mu.cle, then pre
with the hvpotonic fixative w6u1d result inmitially in ‘fﬁ‘

Howaver the muscle samples were cut and subijected *o

ijshim
m/}

frxation with osmium tetroxide. This washing would nave the eftact of

sliantly hynertonic buffer (Millonig phb{bhata, 330 he fore

decreasing tﬁﬂ lattice spacing. Whether or not thin 1, Lutticient to

roeduce 1t below tne initial spacina after the hypotonis faixative i4

8&?“ to question.
[ 4

) e‘ Tissues preserved wi£h isotonic buffered fixative and wa.hed
wilth the same Luffer had a constant interfilament spacing reqardlec,
L ] .
o’f m2taod of .fixaticn (Table 20). ‘This dnly confirm. the otatoment
L 4 . . .
that "fixation of tissies exposed to moditications ot.normal €O
oshysiclogical salutions should be, performed u.ina ;hn S .ame modifie;

solutions as fixative vehicle" (Davey, 1973).

Consequentlyv,all experiments with the excoption of the-first
. - . ~» v
employing 1 qlutaraidehyde, each step during fixatind was carried out
. . . X :
usin? the same huffer as both vehicle and wash solutions.



N IR n

Compression dur™a sectioning could, produce taqnaficant
L} .

distortien of the Hl'dlp("nt.ui}rutturv such thad mvasurement ot 1D in

. -

LR Y

each ot the three a'ntti‘,n planes ndght be ingccurate J(Carloen o oy

1961).  fiecause ot thi- ;N)“"”ll,ty, Davey (1973) t:ru'-ntu.ri st
sHLh that Uﬂ;linn ot avytiuninh could afwn/u bee cvrdint.  The Inttlzr
\[J(;(.Il|1l wWas ;w.)'.urced in d"-pl.im- u[vrgﬁllvl to the bnite edge 40 'f."\d[ -
:nuﬁﬁul(H\Ln}tion ln}mmsurmmwﬁ Jouhingéur. Apf\l.* T (197) o

on the nther hand, arqued that measuring the latulzb’spdcinq in all’

- Yo @

three lattice planes would minimize "the étfugta of C‘vpr?sﬁln".
s : - - . h .
. R 0 i . . ) Py t
. We must aqgree witth April. - When the Tattaco « oacing was

measured 1n each 8f the lu.ttli(,«. pldm}:, thare wae 1eos than a b
difference in.nach ot the measurements.  Only in those sections with
viasible comprossion nmrlﬂ‘. wd. there g qrc(nf-'r variation and those
‘.-'(6ti(\1\‘. were ﬁot_uspd fn_r final measurements of lattice <pacing.
burthermre, measurcments of lattice spacaing trom sectinn. Cut (lm
Hifterent days, but from the same block, a .ondition which miqght

nroduce variable compres<ion because of changes in temperature, etco.

(Hayat, 1970), were no ditferent. Therefore, during this study, oll

‘measurements were anade in each of the three Tattice planes and

Jdveraqed to give one value for IFD,

.2 ‘

| 1 . ,
. The significantly different sarcomere lengths for lumbricals

fnd adductor muncle fixed <» .+"r: by arterial perfusion of 2.5 e

qlutargidehvde mo.t dikely reflects the characteristics of each muscle.="
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There o are alen agoa gy gt itforance, in o arcorere ltengtr €ar various
nind-Time myscles fixed " c7- o witn 1 iutaraldehyde,  (onsequertly
- ) i ’ . ”
sarcorera lenath ma, te ~oecific for o3ce oy cle ¢ pe.
L] '

\

The <malleT Larcomera lenatn i adductor fixed Ly 1minerais e °n

2.5 qglutaraldenyde rotas),; reflecte to ovure “eqree of contra. *1 =

.
. 1 .".' : )
, N1 0CCurs when the ruscle L LUt bt e Fy gt Lartrigein trged
I »
To Toepcdnowever have a sagnificantly dragtar ot R AT

Jumbrical muscla.  This may be due *5 al.t've stretenine of tre fiber

—

~

as 1t ., dissected from the carnal tunnel structure.. ince the muscle
s not transected, coKé?actioh would fgt- ,Lour t tne f2aroe 5ean witn

» adductor muscle. These offects nf Lacan naroes oLt o gn Lyrcgmers

lenatn suggest tnat the muscle Snould e o0 it 3nd acmtained 4t

its restina lenat» to enatle valid comnar car ., cotuaoe 43 ffouprppe

/ muscle types.

B. CONCLUSIONS

1. Isntonie fixatives nave no Sigritica = “F e L Gpteprd | ament

distancs oraoviding tne  ame butfor o oo 60 0 steps surinn

fixation, , . I et

. .

N - v . . N -
<. Qag,omere Tengtns for mucclos .00 e thnyt cantr i
nf the dearen of ~tyetch are nrt »rw’\ct:.T ant 4o not Campare to
tne sarcomere lenqgtte for nuscles fixed - - .
L a
3. Adductor muscle nis g svanifican ., groates Larcomere lenqgtr,

than lumbrical muscle when fired o -7 .

4, Sarcomere lenatn may te charalter v f5r cacn puscle type.
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(HADTER VT
Cop ] wWhAT s ARG R T
‘ -
A, RESHLTS )
B . -
T e lamer s rgncen e ettt g sen e f 1ot
fiher vol. pril CooL, Y7y, tne uoit oeil volumes rapreserting

call osmo* activity and sarcomere length, arc  oowr an e O

0 28 ¢or

aerio, of experiments |oto VD orespetively. A

. . . . . ‘
rttempt was ma ne aact exneriment to pertort the picpsiet gt the

“ame ir‘oyrial preocyren and fime 1v}0rvj‘ for acr oaciral, but thoy

wa, ot oalwave nossible Yecaune o F et yamaat o e e animat 'y

response to the hemoryniae N However, all oxericonto agore _grpleterd

.

Witnan 30 panutes from tre DrLet b onminrraani et et Sinute

4 .

makinag the time and proure ditftereccs  far ecacn bicpsy riniral and

corparienng valid,

The interfilamer® d1 . tan_e change - oamficantly a4, the stertal
Lressuyre decreanes in ol the muscles excent for muscle noentes
II{\qnd V.. With the irit1al)l dror an arterial B are, e P
docreases significantly (PoOGT) an Tumbrical frveet oo TFigure
a3, 74). Hnloy 70 mm Ha, the IFD in both seriec | Fiagure 237 and

seriec 11/ Fiqur> 24) returns to normal.

-

Adductor muscle anpears to have a more - tatle respon.e 1o

i
nemorrhaqge.  The interfilament ictance does not chanqge 1 adductor

79 .
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uscle freed T (Figure 26).  However, the liD decreases signifi-.
cantly dneadductor fixed by immersion., This decrease begins at 70 mm

b TR and s progressive. At 45 mm Hq the [fD has décreased to

ose d nm (n=Y) (x+SEM) from 48.3+0.3 nm (n=8) at normal arterial
Sy ‘H-0.01). In series VI whichk also reprgsents adductor muscle

v

ti,ed ttrersicn, the IFD has increased sigp/??eant]y at 30 mm Hg
(P-n.n1y, ’ )

Trerefore the interfilament distance in lumbricals has returned
tc normal at the 1oyest.arteria1 pressure reached during early

nemoerrani. ciocks’ The same may be said £0r adductors if the increase

'

'noseries VI ois balanced against if the decrease in series V. .

A‘.

S LR
"xgminatinn nf Figures 23 to 28 reveals significant changes in
sa¥comere length. In Fiqures 23, 24, 26 and 28, there are significant
’P~O;Wf> ncreases in gs'with the initia]“decreaée in arterial pressure. .
Ters g a]qo"a_:iqnificant increase in Lijhe" the arterial pressure

49 wm Ha (Faqure 270, 1t dis oh]y lumbricals fixad by immgrsiBNL

‘Fiqure 25 which show an-initial decrease (P<0.01). o

With the nrogressive decreasévin arterial p%essure, the
sireomera lenqgth varies. 0Only ih 1umbricqls fixed by arterial perfusion
»'.?.5 qltutaraldehyde (Figure 24) is the final Ls normal. In series

iFrgure 23y, 11T (Fiqure 25),‘and IV (Figure 26) the final Ls is
“arifitantl, decreased® (P<0.01). In series V and VI QFigures 27 and
S hath involvine adductors  fixed n vitrc, there is a signific%nt

increase an | (F-0.01).

»



"
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a

Therefore, Ln 15 decreased in lumbrical mu.cle fixed .+ . -,

(rqure 23)cor 0 o T(Figure 25) . T contra<t, |« an adductor, i«
Avuﬁg@}Qd tor o 70 tixed tissue (5Jg%§“ JU) and increaced o

fnxed tissue (Figure 27, 28). Consequently muscle fived = .+ .
. B

reduced Ls as shock pronresse, Ls for " "o Fived muacle  shown

4 variable resbonso,-pvrhaps due to the lact of control over muscle

4

contractign durina fixatior. ' '

PRI
-~

The ]attlge structure of skPTeta1 muscle has been §h0wn to

behave in an isovolumic manﬁor (Aprl] S ]Q]]). A inverse
A4
relationship between sarcomerc length and indk;filamen'.cistarce .
recults in a constant unrt cell volume. Therefore a reciprocal charqe
M’\_\

in sarcovmre lenqth -and 1nror¢11 unnz‘strango would be expected g

shock progressed.

-

Analysis’ of Figures 23 to 28 shows that the inverse reljt.or@hlp

R
-
T

between sarcomere length does- no{ ho]J as %hoc& progresses. [n \eftuﬁl,,
a significant decrease in IFD at 80 mm Hg is dSGOCiatéd with a SiQ%iflﬁaHt.
increase in sarcomere lemqth, Conseqqently the unit cef] volume remains
normal. At 60 mm Hq, the IFD is 47.4:0.9 nm (n"6), not significantly’
different from the'ndfmal IFD.of 44 .7+0.8 n& {n=6) (P>0.05). Howe;er,
saréomere length has decreased s\anficantly %P<d.05), from 2.10+0.01 |m
4n73q2 to 2.06*0.01 .m (n-30). On the basis of a “ignificant reduction

in T3 a significant increase in 1fD would have been expected if the

tsovolumiq refationship is té* hold.
“» -

.

“The failure of the 1sovolumic relatienship between |s and [FD



Be M

to hold as shock ‘progresses A« evident in the remaining series. This is .

particularly evident in

yuret 26 and 28. In Series IV (Figure 26)

significant changes i

Ls are accompanied by normal IFD. In Series Vi. -
. - }

there is a s%gni!'cant incfease in.the- final Ls {(P-0.01) and [f{D

(P<0.01) at the end.of early hemorrhagic shock (Figure 28).° .

The esu]ts suggest ‘that as -hock progresses, the normaI inverse

retationship between. sarcomere 1enqtn and dinterfilament dlStanCP do»;

.

- not ho\d. Each appears to react indeperndently to the effects of

.

hemofrhagic shock.
/ . . ) ~

B.{DISCUSSION : : .
i . . . J

1
)

’ No sign1f1cant change in the 1mterf11ament distance at the ond
~
o* the ear]y stage of hemorrhaq1c shock ¢s suggested by the results .

. Vh1s wou]d indicate no change in cell yolume during this phase*of L'LV

ﬁhock These results confirm previous studies showing no ultra-

hd Al

'stru;tura] ev1dence 6f cell edema dur1ng ear]y shock (DePalma . - ., 1970,

Ho]den et 1., 19

in membrane

). Campion .: .~ (T969) did demonstrate a rapid drop
in rat thigh muséle'frqm a normal of -39 mv to

-71 mv withi €s after the onsetiof shock induced by an acute

* hemorrhage. As a result of this drgp in %enmréne poteptiél he postulated \
a /leakage' of sodium and water ip*o the>Ee11 with consequent cell edema.

However, confirmatory increases \n muscle!sadium and water during the

-

early stages of shock have not been forthéoming (Newton . ¢ 17,.19681
Rothe, 19705 Rocchio ¢ ., 1973). There%have been occasiona? reports
indicating increases in cell  water after§shock (Campion ~¢ :J, 1969,

Shires and Carrico, 1966) Lut all these studies were done during the

post-transfusion or stage 1[I of shock and do not apply to our results,

(

LI
*



C . .

In only one series (Series -VI) was any attempt at’ measdiement.

3

of fiber velume made during the later sfaqe§ of shock. [he_\ntenfi}ag
N .

ment _distance (48.0+0.3 nm, n-19) was only 1.3~ qrwéper than ndrm4l

(47.4+0.1 nm, n=8) (P>0.10) .one hour after shock had been e itanirohed "

with, the arteria]dpressnre at 30 mm Hq'implyinq no.channe nocell water,

However, sarcomere lenath remained increased at 2.10:6.03 r'/n=30),
from a normal 1.98&0.02h’um {tn=30). Ho;@haéurnmént% were made in o tiel st
: ' »

post-trankfusion‘stage of shock.” ¢

" greater degree of cred1b111ty may be given’ to thl,'er'fna;ion

.of fiber volume in late shock since Jnore recent membrane ;otent1al

.f-'_' ¢

studies in the batgon have shown no changes in membran patential and

. ...

cell water sgveral hours zfter hemorrnage (Holiiday,_19/b).

oo P lgment Lattd e

April croul (1971) have shown that the isovolumic property
.of the myofilament lattice is intrinsic. to the lattice. Tne results
in our study sugéest that this isovolumic property of the lattice is

*

disrupted during-shock. Consequently, acute shock results in changes
- ~ [ 4
in the extrace]]u]ar or intracellulark environment which 1nterferes

with the forces maintaining the lattice spac1ng or which: 1nterferes

with contreaction.

Interstitial sodium (Koven ¢, 1970) and potassium
(Haljamee, 1970) increase>durinq shock. This increase, coupled with
a’ 1oss of water but not protein from the interstiiia1.f1uid during
shocb might increase the extracellular tonicity and osmolarity

sufficient to affect the transmembrane osmotic gradient. April .-+ .



N ' , . A ﬁd
\ . . - . b \

"(19772) have showr t\df the osmelarity ha. g sijavifitang and invers -

\ . .

. \ A
relationship to intorfilament distance. ,

If the siqniFiCd;L/thanqpa in [fH dyring gdrly shock (Fiqure
/-‘~ ‘4

23, 24,.27 and 28) Tro »xtrapolated to the data irosented by Apr i
. R . , , _ . )
c¢lo (1972) reqhrding the ralationship of osmolarity to 1FD, we find
'that no channge in extracé]lular or intracellular o<nolarity shoube o coe

1 .
. with the changes in IFD noted. No change “in intracellular cowniarit,

N .
wnuld be expected since tﬁé‘ldttice volurde of fiter, Jith antac:

membranes is not due to chande. 1n the osmotirc ctroogtn o nf the intoyngl

-

medium,(Apri] e :f., 14725 Mond, 1955, Bopfle ant ' onway, 1941,

[f this extrapolated intornretaiuon of no Change in extracellular
osmolarity "is correct, tnen it contradicte what might be expected from
thé data presented by koven - . (1970). However, the increased

‘. - L}
interstitial sodium noted by Kavewn . . .’ (1970) might be associated
with adsorpinn onto collagen and hencé would.not eign{ficant1y affect *
tne osmolarity of the o}tracellulér fluid. Thke increase in interstitial

potassium (Haljamae, 1970) amounts to only 5-6 mEa/liter and could not ~

c%ange the tonicity or osmolarity sqfficiont]y'to nroduce change in

the myofilament lattice.

The wnit.cell volume reflects the total osmotic behavior of the

muscle fiter (April «: .., 1971).

The osmotic dead space in skeletal muscfe fibers varies from
35 in.amphibian muscle to 40 in crayfish musdle. The osmotic dead
space for vertebrate muscle has not been defingh\ but might he similar.

This osmotic dead space may be related to the volumed of the various

f

-

P
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O ‘- L]

cell orqanel oo, ?’1"}4‘1&!1()"71 of Pound water apthin g o cell ar the

' . . Py .
qgel nature ot theovtoplasm (Horrmrs, 196l Y. Anv ot theoo tactar, coygld

be al*ered siamiticant!y during shoct ta o runt the oovo lume

‘. B
»

relationship. ’ . A . K
° ‘ ) - N

. '
Aochange v the osotic dedd wpace as 4 result of intracellular ’”
. t

fluid shifts {carlsen - :'.,;!Jﬁl) Tnovery uniikely (April oo .
- ‘ . 1
ﬂ‘§137l).» Tty 15 contirmed later an our <tudv. A variation in the
c!*ﬁniont& af Cstanlaani aroteans ik

nsmotic 1955} or a disruption

9

nf the gel nature of the cvtoplYacr would he ex

.

er tne 'ntra-

s
¥ doey g

)

cellular osmolarity. A+ shown proyinusly howoyer
. . ¥
change in osmolaritv appedar not to o« ur, but changes 1n tracellular
: - .
osmolarity probably do not affect the myotilament Tattige Cinnificantly.
Consequently, if a crhange in the osmotic dead siace within muscle
during shock occurs, it snouﬁd not produce any grificant disruption

of the isovglumic relationship.

Intracellular ard extracollular n' have a marted effect on the

1sovolumic relationahip ‘Anril | - Souch L 00 (1T
.

showed with pH microelectrode, i

orted irto the interstitial space,

that the interstitial fluid oH decroased comnddrrably duringsthe early

. XS -3

stage of shock. He alsn suggested that- the infraceltular nH would alsc

decrease. . ) : I 4 .

Af the siqgnificant chanaes in 142 durinn “hock (Figure 23, 24,
7, 28) ar» extranolated to the data uresented hy April .- L. (1972) regarding
the relationship of IfD and PH, no significant cnange in extracellyular pH

would be’evident during the early stage of shock. However, the intra-



cedlular pH midht decrnq&u rapidly to a0 w b Gt wrtd v it
drop in capillary pressure. With further froo. 1n ar'Pr\al L ure,
the capillary pressure 1, F“—untd?ﬁlﬂmﬂj K B AT A SR R URVETITRT AN S
'pnrfusion. This.wnuld resultt o an ancregs.e o RANREY Wﬁlel At ot

a washout effect: and a normal [ID WhECh s evrdent a0 s e

.
4

The effects of 4 draatic M A A B N N N T A ST BT
multiple, In muscle, including myocardium, the hutld o or lopgroges
itons conld interferé with the nuqativg electrostatic (harg- ti;w»-r
“vofilaments. [t is Ehew postulated that reqatiye electra gt
rvbulaive fdrces maintdih.tho lattice spactrg (Bt
A puild-up of positive hydrogen 1ony woul ! radyce the Bt vl Chaprao
and result in a decreased Iterfilament dr o tan ¢ :Ukh Vo ey
FD 15 seen in Fiqures 33,v/4 any 3/.> Bode v g Ol maw :Jw"lt
gulg1um.release Sv the <arcoplasmic reticglbam, anhglhe m/r'}r—iTthn

‘nvolved with contraction, interfere with aumeroge davrohi o Fnzymes

converting the cell to araerobic metabolismy and ¢ the lecreased v

15 very severe, denatur- ;ytoplaqmlc‘and contractile prptein, AT
would resytt in a disruption ot normal excitation c¢ortractisn coupling.
't 15 obvious that a sianficiant dron in Intracellular pr can éxolaln
the disruption of the Tsavolumic nraperty o4f +ho myafilament lattice,

chanaes in osmolarity or tonicity may occur furing shock but *rere

affect on the mvofflanmnt Iaf?icn would he pinimal .
. CONLNSTONG

i The major conclu,ion from the rogygt suqgestc that tne nopmgl
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property of the myofilament Tat* o vrgiture g srUp e duriag Sshock .
) . . l . ‘e
2. Infracellular water At the ond f rhe. s stage of Lhock
) L Y ' -
returns to normal follovana sianit can® ddcrea, v el water with
» ' i
the inittal droo n arterial presqure. *
2 .
3 .
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(SN) and the volume 1n the centor of
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sArcolemma and near a canillary

the cell (SA). It was anticipate

Ehat ot analvais wauld sieldanformation of any reaional changes in

the coll wnrch might OcCcur., ST was
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then nbtained by averacing SN and
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Values for mitochondrial volume 1re srhive b Sy v T ran.. A
. *otal ruscle volume, °
. L4 . - . .
Mitochondria accourt toy Dyl i b E A Y N A T TRE
‘ Lo - N
sotn o Tambracal and adda tor .. OISR S VT2 EPEEC Y B -

(Tables 21 and ¢2). ¥or musc il trked oo 0 by vmareton Ta S

alutaralde yde, mitacnandrial voloame 1e I R B N IS N 10 A AR STV I
yde, ‘

.~

’
volume.  Tnese volurmes Jdu rot drf ter s1graticarti, from the ~1tocnon.

drval volumes of v roe taye cuncle freed SR SV Tt
ritocnondria in both muselec ar.. tdjacemt Lot odge ot tne el

>

with dumbricals aving v oaraate e tracty on of troar patochondrig
adiacent o the tell Mot ot eoperiphera) te centeal rati Loy

mrtonondrig o Ton b and e e adductor . ard Tumbrae g e

oand 1,140 1 and 1. f oy lunbricals fixed by immersion .

The distributin: of ritochondrig within gach Sarcomere 3 arl
Ttantly different for thr twy muncles (Tarle 23).  In both muscle,
pitocrordrea are predominantl, in the l-tiand. .T-ddugtors an.d Tumbricals
contained 88 -93° and & -KY respectively of their mltochdhdr1d o the

i-hard whan fixed v vascular oerfusion. WJherea, adductors fixed by

immersion demonstrate little difference :n tho\L}hdnd predominance
L]

53 =30 ) from the .ame *1.9u0 fixed by arterial -erfusion, lumbricals

i

fixed by i'mer<ion ar. iantls o Gfforent . with onl, L9 294 of

Mitochondria withyn too 1 jand. This ditferenc. o related nnly to a

stamificant difforernc. v oty l fohand volume, w1t A7 greator
.
*
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CUTOY v muec b pixeed by 1mher.ynn (Table 21) .

. c -
4 - 'w . ) e o [] Vo

. . . [
. N

oo lumg ot sarcoplasmc raticulum withn Hu&;ndl 1% simylar
trresdective of muicle type or method of flxdtion'ggablv “4.and 24),
The mean volumes tor adductors , 7.2.-and 6.7 for dterial perfusion

] - .

and tmmergioen respectively are not sfgnificantygp dess than for lumbrfcals

N2 and 1.4 ) fixed by similar methods .

It

[ rontrast to the preponderance vf mitochondria 'n the
beraneer, of the cell and in the [-band, SR is much more ovenly
- L ]

dstrriiated within the cell. There is no d;ffervnce voper1oheral and

rd

central greas, for adductors or lTumbricals, fixed . e dr e e
The 1-band contains E6 of sarcomere SR in adductors and 60 of

sarcomers SR oan-lumbricals, a difference which 15 not significant,
~

"he sian\f*cantly aradater volume in the [-band (P-0.05%) represents the

oresence nf the terminal cisternae in the [-band.

B. DISCUSSION

. i i fferent methods of fixation have no demynstrable of fect

or SR v Tume or dh the distribution of YR within the celtl. Alse SR

vt ore eyenly distributed within the cell, reflectin; 1ts role ~
Peotua e comtraction, in contrast to mitgchondria which are very
: P

areven oo ey bygted,

. irce adductors fixed by tne twe methods have the same volumes
. ) ) . »

and el attons of mitochondria and the fixatives srye the Lare, then

Some ittt erence during fixation myst account for the differont vo lume

st S g the A-tand of fumhrical muscle $rxndg b, nmersion,

&

a



Theoardy Aiffrrance s during fiLatioW arve lved lonaer “inp, 0 tiies tor
. .

ne latter muscles.  Uheroas oo, than 10 seconrdg o ucyall s required

to hiopsy adductors and immerse 1t fisative, ror Coae faea Tingtes

was fregquently required to dissect o lumbricals fyar tho car;

tunnel and then drrerse dn fixative.  Tris dicsoction was ales cacn

Tore traumgtic than recuipred for addu tara. eemal arpearire rato-

chondriy 10 e genter of the ol tes mame Loy volumes ano oo

“~ .
same voluies 2f SR (Tablos 28, 2L) 1ttt ti- yon arques 4nair !

nvpoxit 2ffect durira touic period of biop}/.

Mhe such a local chanas in citecvonar: - viral wxnlanarior-
Must o bhe considered. First, Attt ronces note f abnys are artifact due o
insufficient sarmaling of arin®. Howeyr, thye 1iffayap .. in A-band
vaolume noted above was fur muscl. from tne same 191 al. Tre Lrecisinne
and _objectivity of the sageologic methnods used for analysis and the
statistical sianificance .ugaest that _a real difference dU(3‘EX1>£.
“econd, an increase in tound'thor mav account for the increase i,
unit AP]] volume and for ;% Increase in the J-2s0d mitochordrial
VOlur L thwever i omould reaalt in g goneral increase in mito-
znondrial volume hn{e%g mitochondria in the ares adiacre-to tne coll [

Y

mentrane are drrectly anvolved wit! rogulation 9f ¢ '] wat or ir dddit\'&

\
to their involvement 1n excitatinn-contraction couplinn and enerqgy .
) oroduction. [n this situation local damaqe dué Trrectly tn trauma
during Missection or indsrectly to Nyporia, both ©f which mas rosult
ir. celd membrane damage and shnift of water 1n}p the cell, migqnt result

Aroan increase t functior and volume of mitochondria adjacent tn the cell.

Aottt of imtochondria from the Contral to berirmural areas of the ¢ell,
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particularly tﬁo A-band may ro*lect g reoruitment to ai ' n this functiqn.
Both.shifts anpear *o have nccuryd mn Turpricale fixed Yy drmersion

and submitted to a <tress durine fixitige nnt o ntere fhy thep
tissues. The incroase in mitochondria velur. in tne f-rand adjace oty

‘

the sarcclerma corr+sonnds to the ared ahere = My Close aaprasi-

L
mation of ritochnndria and sarcolerma hav . oo teoorinod fhomper oot »
sonnson, 149700 cdalker o 0 L0 10 Tirateer g ovir, 197050 L

)
direct communicatior of mitochurdrig sand tracoilyl oy s ga
. . .

suagested (Plate 19).

[f mitochondria have a speci€ic yolurie reculating furction,
tnen shifts in cell water may initially, te captralled o, mitochondrial
recruitmert and increased function and only after saturatior of areas

o

of ca2ll binding and of mitocnordrial furction would an increase in

fider volume be evident.

The role of sarconlasmic roticulum and.mxtochOndria in
excitation-contraction counling i< - 11 defir. "Peacnay, 13A5a, 159651,
Sandow, 1970: Close, 1970, However, the markod difforencr j-
cistribution of the two n%gano]ieg in>%yn sarcorwre ard in the s]]
suggests a sinlar vet separate functinn., e paucit,; of mitorchondria
In tne A-band suggests tnat aé1yium waptake aftoer cortraction is a minor
role for mitachondria with a more major fo?u for SE. Alternativel,,
since mitochondria and ¢ avnear to commurnicate Yirectlv, the role ~f
mitochondria may he facilitation of calcium uptake by the P in tno
A-band rather *han a- a orimary site of calcium untake. The predomin-
ance of mitochondria in the I:hand rcf]e;ﬁa thelr Importance in

providing high enerqgy oho.,phates for caldiun release from the terminal

.
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cisternae of the SR,  [n thisq rosnoct: the direct communication between
the two orqanelles showr oreviously would facilitate transport, no¢ -
only of these hiah enerqy materiils, but also transoort.of hoth sub-

strates and product< of m-taholism from nne rto the other, thereh,

increasing the efficienc, of the system.

The concept of R beina an extension nf the extracellular “nuce

was presented previouslv. The close relationship of SR and mitochoneri

) 1
both in cellular distribution, function and structural continuity note !

previously, would also imply continuity of the intermembranous compart-

ment of thelmitochondria with the extracellular space. Such a direct

communication is occasionally visible (Plate 19).

The accessitility of the éxtracé11u1ar space gb the endomehbrdno‘_
systen has been probed with numerous e]ectronﬂdeqse materiafs,_u§ua]1y |
without success. Use of auto-radioagraphy for 1oca]ization-of small
molecule accessibility awa1ts better methods of 1dent1fy1nq the position
of the silver qranu;es produced. _ Hewever, in view of a poss1b]e,d1r?ct
covmunfcatidn of mitochondria and the extréce]jular space, entrance of
larae nnle&ules such as horsg-rédiSh peroxidase or erhenium red, both

nf which penetrate the SR and occasiona]1y>the mitochendria, may be

- by way of either the triad junction as suggested bv Birks and.Davey

(1969) or by way of direct communications.of -the -organelles .with the

sarcolemma.

C. CONCLUSIONS

1. The volume and distribution of sarcoplasmic reticu]um is the

same for lumbricai and adductor muscles.
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2. The volume of mitodnondria within.lumbriéal and adductor

muscle-is the same. However, lumbricals have a areater percentage of

mitochondpia in the periphery nf the cell, :
ot

[}
.
3

3. ‘moottro fixation may result’in a different distribution of

mitochondria with the sarcomer~ compared to ' - +. fixation. Howevevr,
1o tu and o o7re fixation do not have a specific effect on the

volume fraction of SR in either lumbrical or adductor muscle.

.
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CHAPTER X.

CELL Mo?éHOLOGY DURING SHOCE
. IR ) S )
Mitochondrial and sarcoplasmicfretiCUlum volumes sheuld respvond
to, an acute hemorrhage in a fashion similar to_tﬁe'response of cell
volume if the organelles are "intracellular' and in osmotic eauiiibrium
with the cytoplasm. If, for example, the IFD were to increase by &,

then a,Sx‘increase'fn mitochondria anp SR vqlume might be expeeted'if

‘normal functional re1ati9nships are retained during shock. Thjs is

not the case. , .
- ST ‘ ) T s

S

A

The everell changes gn ce]Tvvolume (IFDY, unit cely‘vo1ume (Kg),

\

sarccmere length (Ls) and matochondr1al and SR vo]umes are,shown in

Table 26 for all -series. fhe d1fference in volunie (LV) for each’

paraMeter between the normal control and the lowest arter1a1 pressure

obta1ned following hemprfnage is nxpressed both as a percantage of ’

original prgane]]e yolume and of or1g1naT;ce11 volume. Changes 1n

each parameter, with changes in the arter;él pressure, will be discussed
3 ¥ )

The response of Ks, Ls and IFD to hemarrhage we!e d1scussed in

a previous section. Peasons for dﬁg lack of correlation between the

responses of each were also p?esented In summary, although. significant -

changes in IFD occurred as arter1a] pressure decreased, no significant
changes in ce11~water would be evident at the end of the early phase
of hemorrhagic shock, partially confirming previous repdrts both

95
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histological and analytical of no change in cell, water at this early :
stage,

Examinat1on of Table 26 yields the impression that no consas-

tent relat1onsh1p'between cell volume (IFD) and SR volume exists durlnqlt
uj‘;

hemorrhage. SR volume‘chanqes are significant at the lowest arté(ial

pressures in each series with the exception of Series I, Cell volume

ot

and SR vodume have changed in opposite directions in Series ! and 11 7
but in the same directions in Series V.and VI. [In Series IV SR yé}umod/
has éecreésea significangly (P<0.001) whereas cell volume has not

changed. Similarly SR volume and.sarEomere length change significantly

bu; in oppos1te directions in Series 111 and V but in the same d1rectlon

in Ser1es I, IV and VI. In Series Il sarcomere 1ength has 1ncreased

1signifdcant1y (Péo.Oél) whereas SR volume has not changed. Consequently,
R . - . »
ghe'signifitant positive relationship expected between SR volume and -
/ ‘

!

the lattice parameters is not evident. ; ‘
. : -
\ . Mitochondrial volume does not change‘significantly follow{ﬁé
hemorrhage with the exception of slidhtly sianificant decreases in
~Series I and [I1 (P<0.10). VM and IFD change in opposite direction in
Series | but.in the same direction in Serié% IfI. Significant changes
in IFD in Series V (P<0.01) and VI (P<0.001) are not associated with any

significant changes in mitochondrial velume. T

Thege are significant decreases in Ls in Series.l (P<0.05) and
Series ]I (P<0;001). Although this would suggest a significant positive.

re]dtionship between mitochondrial volume and'éarcomere length the

signifigant changes in Ls in the remaining series without any change



e

in mitochondrial ;olume. invalidates such an assumption. ‘
The close structural relat1onsh1ps between mitochondria and

SR noted previously are’#‘t re- inforced when the changes in vo)ume of

the twe organelles are pxam1ned (Table 26). In only Series [ is a-

\\
slgn1f1cant and poswtlve relat1onsh1p suggested. Opposite changes in

L4
volume occur in Serves ITI. The remalnlng serles {except Series II)
illustrate siqn1f1cant chanqes in SR volume but not mitochondrial

volume. ' ) .

v

The apparent autonpmy of cell organelle volume changes, fram
cell vélume chanqe dd?:ng shock described above, is stronoly re-tnforced
yhen the changes in VM andAVSR (Flgures 29 to 40) are compared to the1r '
respective lattice parameters (Figures 23 to 28) in, each series as the

°

. 5 © . .
arterial pressure decreases. _ -

No association between VM and thequttice parameters is evjdent

for Series I, IT1 and VI. However, some asiociation of VM and thédlatiicef

"

parameters might be present in Series III,/IV and V. Some similarity
between VSR and the lattice parameters méy be implied for Series 'V and

VI but not Series I to IV. '

. . .y ' : .
Confirmation or denijal of these subjective impressions and

those obtained from Table 26 was attempted by croéss- correlat1on of VM
or VSR with.each lattice pdrameter The cross-correlations were _
performed on an IBM 470 computer.* (Correlations of VM or VSR with IFD
*The author gratefully acknowledges the assistance of Dr. M. Grace and

Mr. J. Hansen of the W.W. Cross Cancer Institute in performing se
statistical correlations.
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or VI, were accomplished using individual paird' values from the same
sections.  However, suncé Ls iy measured from different ',éctions.l
only hwan values of Ls were used to, correlate with the Mean of either
VM‘or VSR. . Table 27 illustrates the correlation coefficients and tne

significance of each. . . : °

In none of the series is there any siagnificant correlation
between. total mitochondrial volume (VM) and IFD However, 1n Series VI,

o

a s1gn1f1cant correlation between VM in the A- band and IfFD is present
{r=0.79, P-0. 05) " Mitochondrial 'volume ana sarcomere lenqth a;e atso
unrelated with the exception of Serle:\lv where VM and Ls show 4

strong p051t1v9 correlatian (r=0. 86 P-0.01}. However, this s1én1ficant
relatfonsh1p 15 due only tova strong correlation of VM 11 ‘the I- band
and sarcomere lenath (r=0.89, P<0.01) since there is no- correlation of
A-band mitochondrial volume and Ls (r=0.07). In Series IT, a significant
negative correlétion is evident for VM in the A-tand and L (r=—U.Rh, .
P-0.10). N T o o

[f total SR volume is compared to either IFD of Ls as shock

progresses in each seriés, no sidnificant positive or nébaéive retation-
ships between SR and fhe.]aftice parameters are evideét. This is a]so:
“true for A-band VSR and IFD or Ls. However, Ijbaﬂg VSR has a
significant negative relationship with I1FD iﬁ'géries IIT (r=-0.84, o
P<0.05) apd IV (r=-0.63, P<0.10) and with Ls in Series I1] (r=-0.82, /

P-0.05) and V (r=-0.73, P<0.10).

There is no consistent correlation between VSR and VM. In Series

Il there is'a-giqnificant negqfive relationship (r=-0.§4,‘P<0.01)_between
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the two organelles but all other ser}es“exhihit nei.ther a positive nor
a negative relatfonship. Examination of each arca af the cell resylts
in similar %1ndings: A-band VSR and VM show a po;itive éorrelation in
Series V (r56.73. P<0.05) and Series Il (r=0.91, P 0.01). However, the
latter is confined to the center of the ggll nnly. In contrast to
this'positive A-band correlation, [-band VSR snd'VM show a negative ~
relatiohshjp in Series 11 (r--0.97, P<0.001) and Series Il (r=-0.69,
P<0.10). In each however, this negative relakionship i< confined go
the subsarcolemmal area only (r=-0.96, P-0.001 and r=-0.87, F<0.01 in
Sefies 11 and 111 respectively). Most of gie remaining series have
negative, but not signifjcant, correlation coefficients for [-band

VSR and VM,

A. DISCUSSION,

During a normal contraction—fefaxagjqn cycle, calcium is
initially tranngrted from SR cisternae inlo the sarcoplasm following
membrane depolarization. A shift of water with the calcium occurs and
should result in a decrease in I-band SR vo]umé and\a slight increase
in IFDor cell volume. During relaxation thére is an uptake of
calcium and water by the SR and perhaps‘A-Sqnd mitochondria. Conse-
quently, one would expect.an inverse relationship between IFD and VSR

and a direct relationship between VSR and Ls.

The .inverse relationship in Series Il and IV between IFD-and
[-band VSR is therefore expected. [However, in none of the other series
is such a relationship evident. Furthermore, aAsiqnificant inverse

relationship between VSR and Ls is seen in'Series Ili {r=-0.82,
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L)

P<0.08) and V (r= 0.73, P-0.05) woﬂfb as opposite to the expected

positive relationship.

' Severa) Eonclusions rﬁay be obtained from the above. The riormal

relationship between SR volume and contraction may be dis upted duriny

early shock. However, inhibition of muscle contraction hils not been
demonstrated until the preterminal phases of shock. Con 1( ently if a
disruption O normal contraction is- present, it is e1thvers|ble

or-of minimal significance in the early stages of shock

Alternatively, the results support the cgnceft tha
an 'intracellular' organelle. Changes in SR v % ]
may also reflecf impaired diffusion (Koven . al, 1930). Sighif}cant
changes in cation content. within‘the SR, such as variation in calcium
concentrations, could result in loss of expected SR-cel] cont}?etion
relationships. Estimation of the ion content of SR duringlthe different

phases of shock is required to confirm or deny this possibility.

Q)

There is little'ev{dence in tojs study to confirm that mito-
chondria are "intracellular'. It f§ known that mitochoodria are
invoived in calcium uptake during relaxation of skeletal muscle. Conee—
_quently, VM and Ls should show a positive correlat1on and VM and IFD a
negat1ve corre1gt1on ? In only Series IV was the expected positive
correlation for VM. and Ls seen. In“Series |l a negative corre]at1on
between A-band RM “and Ls was found (r—-O 80, P<0.05). In Ser1es VI, a
p051t1ve correlation between A-band vM and IFD was found. Coosequently,
one cannot assume that chapgei in:Vﬁ are a reflection of changes in

cell volume.
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The positive carrelation between VM'and VSR in the~A-band in

-,

Y

Series IIl and V {s expected. Both orqanelles.are involved in cal
uptake during relaxation. The very signiticant inverse relationshibA
between VM and VSR in the I-band (Series 11, I11) may be explained by
assuming that inmediately prior to or durinqg excitation of the SR
cisternae, there is a shfft of calcium and water from mitochnndria.to

SR due either to a high concentration gradient or a sudden mass transfer
of fluid. The latter may be due to either a high électrochemical
gradient between the two organelles or it may involve a mass p}opulsion
of fluid which would require same form of contractile proteim associated
with the endomembrane system.

°

The fatlure for VM'and VSR to correlate in either a.positive

or neaative way in all series may be due either to insufficient sampling, or.
alternatively dyring shock, the'normal structural and/or functional
relationship§ be?yeen the two orgamelles is disrupted. Baue - !
(1972) have sthn a 2.5 fold increase in’'mitochondria? sodium.” Unfor-
tunately fﬁey did not measure SR sodium or cell sodium.' I[f a structural
or functional disruption»Pf the normal mitochondrial-SR relationship
occurréd during shock, one might expect a disparity in ion content
between the two qrganelies. The high mitochondrial sodium would inhibit
oxidative phosphorylation (Baue .t al, 1972). 1f the 'perfusion' of
mitochoﬁdria were depéhdent on normal extracellular fluid pressure and
flow gradients along the cell, then ‘increased mitochondrial sodium could
be a result of decreased ‘perfusion’' of the endomembrane system during
shock. It has been shown that hyQOxia per se wili not result in either

biochemical or structural alterations seen in shock (Schildt, 1972).

)

( _ <y
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Reduced perfusion i a prerequisite for developim4 such chanaes,
. -

rane system i

Therefore, if one assumes that the endome:

, ) . o
extracellutar, reduced 'perfusion' of the endomembrake sysem durinag y
L)

shock miqght result in significant chanqges 1& ion contént wi
endomembrane systeh which would tnhibit retaboljsm befhre <idnificant
hypgxia would‘bo present.,  Althouqh this is nnrv theaordtical,lthe
above assumptions regardina the endomembrane: \v;tom ardg compatiible
with the metabolic chanaes which are known ta occur in <hock,

[f the endomembrane system were extracellular d4s suaqefsted ahove,

then some evidence should be present to confirm this, \Frnss-corrolation

of VSR and VI durino shock shows a positive re]ithﬂthn only {in

Series VI (r=0.68, p<0.1Q). However, WM and VI have a siani
positive relatfonship in Series IIl (r=0.84, p<0.05) and I
p<0.01). This i; due to’the relationship of VI and W alona the
sarcolemma but not in the center of the cel) (r=0.92, p£0.01 and
r=0.94, p-0,001 in Series IIl and dv nespective]y}. Consanuently, *the
enddmembrane system, particu]ariy mitochondrta;’hav cormunicate directly
'with the interstitium as sugqested previduslv. Thereforp, the endo-
membrane system may be influenced by those factors affecting the

'extracellular' space rather than the “intracellular' space.

3. CONCLUSION
The relationships between the sarcoplasm, the endomembrane
system and the interstitium is complex and much more <o in shock., There

is some evidence to suqgest that the endomembrane svstem functions as
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an extension ot the extratellular flutd, The nopmal ornanelle, (yto-
plasmic relationships mav also be disrupted during “hock,  bhichover -

one must not assume that chanqes in organelle volume reflect | hanges o

cell volume,
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Thee anterstaitial pace volames o Ty g ] and addas oo o,

// brved with 206 glutaraldehyde ot norvegl aptere ) ur“%.:r~‘ e
FAc 308 0 29) and 7000 4 (0 02) revec by ol Tan, T e
values anclude ti e tisnd 1y grtert ] i armer 1on methiods, ot

f1xation since there 1o no vgnificant different. in 1 e twenn the

two methods.

The vnalume of extracellular space measured hy chemical mear -

varies inversely with the .1/¢ ot the marker molecule hetn used

(Cizek, 1968). The histological extracellular flui vOlumg dogs not

1

include vascular volume. [n compdrison to . o« - measurements of
-3

o

extracellular fluid volume in muscle, the volumes obtained for
iumbrical and adductor muscle are equivalent to measurements made with
medium tu large rmolecular weight substance.. Lumbrical extracellular
) . . -
bace volume s equal to the inulin space. Adductor extracellular
N A}

xwachVOIume 1s enqual to albumin space. 8oth eNconsiderably less
than the extracellular space measured with small foleculdr weight

markers such as chloride and sulfate even if a firinkage factor ot i

(Davey, 1973; April . ., 1972) is included for tixatior artifact.

[f the contention by Birks and Davey (1969) is correct; 1e

that sarcoplasmic rqti5ulum 15 connetted to the extracellular space,

194 .
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then VSR plus VI should equal the extracellular space volume obtained by
ustng small molecular weight markers. The extracellular fluid volume

obtained by this summation is 24.0. and 16.2 for Tumbrical and adductor

] -

ﬁ*]e fixed v cizu and 27.47 and 12.8 for the same musclesl fixe!

M i+ros,  Allowing for a fixation shrinkage factdr af 10", only the

. vo]umei for lumbricals are sufficient to erpiain the small melecular

weight”extracellular space.

In previous chapters, the continuity of mitochondria with
sarcopaasmic reticulum and the extracellular space was described. [f
mitochondrial volumg is included im the estimation of extracellular
fluid volume, this ‘§ofa1' extracellular space volume (VI+VYSP+yM)

is 25.0% and 26.8% for lumbrical and adductor muscle néébective]y

fixed in s”*u and 37.5% and 24.5. for the same musgle fixed » vizr.

These volumes are within the range reported for extracellular space

volume abtained using small molecules such as sulfate and chloride.

The final phase of radio-sulfate distribution represents the

"non-functional” phase of extracellular fluid and accounts for 15

of extracellular fluid volume (Middleton .= z.., 1969). Sarcoplasmic o

reticulum volume accounts for 7.67.of adductor muscle volume and 8.4

of Tambrical musg]e volume, as seen in Chapter 10. Since muscle accounts
for 42 of total body water (Cizek, 1968), SR then accounts for 9.6~
(adductor) to 10.6  f(lumbrical) of totéilextracellu]ar fluid volume,
assuming that exérace]]ular fluid acc&UFTs for0" of total body water
(Cizek, 1968). This is less than the 15 described for the non-

functional phase of extracel lar fluid.
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If the volume of mitochondria were to be included as bartvdi
the extracellular space, then mitochendria would account for 13%
(adducto}) and 14.4% (lumbrigel} of extracellular fiuid volume. Howgver,'.
a considerable fraction of mitothondrial volume is taken up by membfanes
and matrix. Assuming that the volume 6f the intermembranous space and
cristae are only 30%, they could ‘contribute 4.2% (adductor) to 4.3°
(Tumbricals) of extracellular fiuid volume. Consequently, VSR+VMc,
where VMc i; 30% of total mitochondriawvelume (VM), could account for
13.8% (adductor) to 14.8% (lumbrical) of ext;acéllular fluid volume.
This is almost identical to the 15% estimated for the 'non-functional'
component of extracellular flud.

L
It is possible therefore that the endomembrar S @n of the

cell, particularly the SR and mitochondrial components , i;\ihe site

for the 'non-functional' phase of extracellular fluid.

Zxtracellular Space Volwme Durinz Chosk

Interstitial volume ZVI)‘in each series is shown in Figures
41 to 46 as shock progresses. There is a significant decrease in Vi
for all series with the e;ception of Series VI (Figuré 46) whose VI is
.appérent1y normal. However, since VI decreased in other cell series,
the apparently normal value a£ 30 mm Hg probably reflects a significant
increase from what should be a significant decrease. This increase
probab]y reflects the trauma of fgpeated biopsy and would be
analogous to the VI in a contused muscle. Consequently, it is question-
able whether serial biopsies from the same muscle should be gsed for

measuring extracellular fluid, either histologically or by chemical

means.
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The decrease- in 1nterst1t1a1 volume 1n,<er1es I to V- (F{dures
41 to 45) follows very closely or is coincident with sudden . decreases
'xn capillary pressure. This s expected and confirms the rap1d1ty.w1th -
which Starling's hyﬁotheéis functions. 'The final interstitial space
vo}ame averages 70% in Series I to III.(Figures 41 td 43; 1umbnica1. ‘
muscle) and 56 1n Ser1es IV and V (F1gures 44 45 adductor muscle)
fThe average decrease for in :ie“ f1xed muscle is 65%. Expres;ed in
terms of musc]e volume, this decrease amounts to an average 11° of N
”musc]e vo]ume Assuminq that muSc]e contains 42L of‘total body:water'.
(Cizek,- 1968), then the average decrease in VI for fn et fixed muscle
is 4.6% of total body water. With extrace]lular f]uxd volume equal
to 30% of total body'water; the average-decrease in VI for [n eltu

L J
fixed muscle is 15.4% of total extracellular fluid volume.

_ The decrease inrtotal extracellular: fluid volume of 15.4;
is 30.5% greater than- the. vo1ume decrease expected on the basis of
b1ood 1oss alone wh1ch was 11.8% of extrace11u1ar fluid volume (Cizek,
1968). -This agrees_w1th Shwres et al. (1960) who reported a 43
greacer decrease in extrace]iular fluid vo1uTe than.c0u1d be explained

.

by blood loss alone..

ILf che endomembrane eystemqii functionélly‘extraceTlular as
che resuits in precedinq chapters would seggest, then analysis of the
'total"extracellu1ar fluid volume chande might yield some information
which cou]d'exp]afn the discrepancies between the work'by Shires and

other authors.

'‘Total' extracellular fluid volume (VT) (VI+VSR+VM) decrease
¥ 0y

was estimated by including only the sigdﬁfikant ¢hanges in each
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component. . There was a significant‘decreaée in VT in all of Series

I to V. Series VI was excluded hecause of the possibility of inaccurate’
VI due to the repeated%rau_ma of biopSy.' VT decreased in lumbricals

by 31%, 26% and 25% in Series 1 to Ili.respectively.. For adauctohslin

Series IV and V, the decrea#es-were 6n1y 127 and & respectively. -

A 'eThe decreases in VI for adductor muscle is the same as the .
est

d deérease,due to blood loss. alone. . On the other, hand, the

decrease in VT for Lumbr1cals 1s 2 1 to 3.8 times greater than estlmated

decreaiE*Th*b+eedwxolume.“

The diffusion of water‘soluble substanCes through the 1nter- e

spitium is. reduc ock progresses (Koven .+ =.., 1970' Appelgren,

1972). Consequ ; tracer aﬂu1]1brat1on times will vary during shock.
that measurement of extracellular fluid durlng
shock is governec

-

by the type of muscle used for analys1s, the Severxty of shock and

not on]y by equilibration times for tracers but also

the stage of shock.

-

The results of this project would suggest that the ‘non-
functional' phase of extracellular fluid resides in the endomembrane
'sxstem of thelce]]. However, a correlative study ‘involving tracer and
histological analysis of 'VT' in the same muscle must be canried out

to confirm this impression in both normal and shock states. Since

we have made no méasuréments during& late or post-transfusion stages
of shock, we cannot confirm or deny reported findings for extraéel]u]ar

or cellular fluid changes in late shock.



CHAPTER XII
~ SUMMARY AND DISCUSSION

TneesucceSSful treatment of patients in shock requires an
accurate knowledge of the fluid and electrolyte shifts which occur
at the capillary and cell levels duwing shock. However, these fluid

sh{fts have not been defined ‘with accuracy. C0nsequent1y, there is

considerable controversy regardwng the rate, type and volume of f1u1ds

which should be used in the treatment of shock.

The failure to défine the fluid shifts duﬁ?nb\shock stenms
from an inabildty to accurately measure extrace]]ular fluid volume,
not only during shock but a]so in the normal'state Nymérous materials
and methods have been used in an attempt to measure and define the
conponents of the extrace11u1ar fluid space. Plasma volume has been
accurate'ly measured. However, mterstihal fluid volume an“

'non- funct1onal’ component of extracellular fluid have not been well
def1ned due to ah inability to measure or defineé the'Tocation" of(zﬁrs
'non funct1ona1' component. Sinceé measurement of 1ntrace11u]ar f1u1d
is dependent on accurate measurements of extrace]lu]ar fluid, thev' 7
'flu)d spaces measured dur1ng shock are, at best, on]y approximations.
The only consistent finding from .all studies'has been tne inverse
) }elationship Between the extracellula; fluid volume measured and the -~ - -

size of the substance used to measure the extrace]lular fluid volume.
Several authors have suggested that the difficulties associated:

. 109
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with the measurement of extracellular fluid could be resoi'td if a '

' portion of the intracellular fluid was accessible to small molecules

but not large molecules Birks and Davey (1969) demonstrated that:

sarcoplasmic ret1culum (SR) in muscle cells may be éxtracellular
ﬂ
They suggested that the.SR may be the site for the 'intnacellular

fluid available to small molecules.

SR volune An mamnllian uuscle is’ approximately equal to tbe

E volume of-the non- functional' component of extracellular fluid’ SR

~has been shown to swell durlng shock Consequently. changes 1n SR
" volyme during shock. coupled with the possibility that SR is extra-
cellular. may explain many of the confl1ct1ng reports of ektracellular

.
fluid volume change dur1ng shock.

Examlnatlon of the ultrastructure of skeletal muscle revealed
evidence of direct continu1ty of sarcoplasmic reticulum and the inter-

membrane - space of mitochondr1a There was also a suggestion that mito-

chondria may communfcate d1rectly with the 1nterst1t1al space.

. ~Cohsequently. the endomembrane system of the .celd may be an. extens1on

of the extracellular space.

A stereologic énalysis of cell volume organelle volume and
.extracellular fluid volume confirmed the ultrastructural evidence
that ‘the endomembrane system funct1ons as an extension of the extra-
cellular fluid compartment. Whereas cell volume regained essent1ally
constant‘during the early stages of acute hemorrhagic shock. m)to-
chondrial volume and SR volume changed significently. Furthermore, a

highly positive‘correlation of the mitochondrial volume and interstitial

3
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volume 'y found. Therefoif. changes in mitochondrial and SR volume

';E?ing spock are not synonymous with changes in cell yolume.

e et o= e —

‘%ﬁ? résults also indicate that the volume of the endomemérane.
system is e§u1Valent to the vofume of the 'nbn—functioﬁalz component
~ of ex.tn'cellu’nr_fluid. The Ihisto'logical measurement of *r.aceﬂulai*_’
fluid equates with reported chemical\estimations only if thq.éndohembrane.
systqﬁlis in;iydqd-as part of the QXtra;ellylir fluid. Therfore, the_,—
“#nverse re1at10nshib"6§fween.mote;ular size and measured extracellular’
izinﬁid volume is explained by assuming that'smaII,moleculesrmay penet;ate

the endomembrané°sy;tem..but large molecules do not.

The conflicting repgrts of changes in extracellular fluid during

.shock can also be gxp]gingd if the endoméTbrane syététhgjeX£racelluTar. o
Since diffysion‘1s impaired during shoqk. short equilibratién tiTgs

-~ would not allow penetration of an extracellular marker into the endo-

\ e ,
nembrane system (EMS). Consequently the extracellular fluid volume-

',. mea;ured would be;ﬂess than the 'volume which actually existed. OneA

_ mjgﬁt conclude, therefore, that there was. a greaier}losé'in-exfiilr, o
:;elluiér fluid volUme than could be accounted for by?blood loss ;lpne.""'
Long equilibration times would resu]t.in a measurement of 'total’
extracellular fluid volume (interstitial space and'EMS voiume).i In °
thiéisi;uatiop. no change in extr;cellular fluid volume would be noted
’,'.dther than the decrease due to blood loss a]onéll It is apparent

therefqré that one.does hog need to'%nvolve.an increase.in intra-
ce11u1af fluid (Campion et aZ, 1969) to exp]éin'extracellular fluid

thapges during shock if it is assumédlthafuthe EMS is.extface1lylar.'

. ‘ r
e
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‘ Tﬁe’probabflity that the EMS s 'extracellul r' is fully

compatible with known chAnges +n organe11e stractu during shock. -

Swelling of these organelles duriﬂg the late stages of shock may be due

.to an.increqse tn sodtum and water content similar to what occurs in

the 1ﬁterst1t1um° The importance of ; high sodium contsnt within the ~ °

EMS (Baue et al, 1972) Jies ‘in the possibility that high sodium 1evels .
_1nay 1nh1b1t various m1tochondr1a1 enzymes. part1cular}y those associated
'with aerobic metabolism If t/}s is so, then "are the metabo11c changes |
seen 1n shock due to hypoxia as gurrently be11eved or are they a‘

= result of cation 1nh1b1t10n Seebndqry to reduced per{usion'*of the

\ '

EMS. eringwghuck?- . - ! ' : Y

The preceding d&Scussion i1lustraies-shat the bossible;éxtra—
cellular nature of the EMS is enfirely co%patible with préséﬁs knohledge
about sho;k. This concept not phly-rES01ves the’éontroversies, -
surréunding'fluid'shi}ts\during shock, but it‘a]sq provokes a
re-evaluation of our currens thinking regarding fpe"cetl; changes

during shock. .-
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TABLE 2
CLASSIFICATION OF SHOCK

HYPOVOLEMICK B

A. Pure -

1. Blood loss
2. MPlasma loss

- 3. MWater loss ' ‘ .
B. Cowl'lcl-t.d‘
CARDIOGENIC:
'A. Pure ' W

t

1. Failure of Teft ventricular ejection
éa 1nfarct1o¢..
b) arrhythmia ‘v '

2. Failure of left véntricular filling
éa‘ tamponade- _ y
(b pulnnnary-euh))fsm

B. Tomplicated

1. Electrolyte abnormalities
2. Late hypevbdlemia
3. Sepsis

PERIPHERAL POOLING:

A. Epiduril’and génera] anaesthesil
B. Loss of tone in resistance vessels " ,/;

C. Tnppi'ng in.capacitance vessels (Endotox’in shock) -
CELLULAR'.DEFECT: | |

Decreased oxygen utilization despite high flow and
normal oxygen content af blood (Septic.shock).
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o

]
NUMBER OF CALCULATIONS PER SAMPLE FOR EACH VARIANCE

-

TABLE 6

Parameter "Accuracy Number of
(+) ~ Measurements

o (+2 5.0.) Reauired
VI 20 ‘ 4
Ve <0 ‘
VL 20 3
VN ' 20 6
VM . 10 4
VSR 12 ) 3

IFD R 1
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-TABLE ~ 17

'CELL VOLUME FRACTIONS -AND INTERSTITIAL
_SPACE VOLUME IN HIND LIMB MUSCLES

v. .

Muscle IFD : VM . VSR
- (rm) - - (%)* (z)*
Lumbrical 44,7 + 0.8 . ,8.47 + 132  10.66 +
- Soleus 37.6 + 0.3 17.13 + 3.15 8:35 +
ED L 36.4 + 0.5  10.92 + 1.64  7.26 +

o ( a’ .
Gastrocnemius 41.8 + 0.6 12.36 + 4.17 7.29 +
Adﬁuctor

brevis 42.5 + 0.6 13.12 + 1.96 7.26 +

*% of muscle volume (x + S.E.M.)
+ Extensor digitorum longus

n = 6 for each mean value

0.61

0.59

‘0.77

0.44
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TABLE 19

LATTICE PARAMETERS: 1% GLUTARALDEHYDE*

Muscle IFD
: (nm) (um)
Lumbrical 44.7:0.8 2.10:0.010

Adductor brevis  42.5+0.6 2.12+0.015

Soleus . 37.610.3 °  2.32+0.020
eol’  36.410.5 2.5810.014
Gastrocnemius - 41.8+0.6 2.1510.010

4

*Arterial perfusion of fixa

“Extensor digitorum longus

Values represent x+SEM of N measurements in each muscle

N =6 for IFD, N = 30 for Ls, Area = [FD2 -

-

Ks = IFD2 . gin 60° - Ls.

Area and K$ are calculated ?rom the mean of Ls and IFD.

v

1.

1

Area
(um?x10-3)

73

.56
.22
.15
.51

sin 60°,

132 -

Ks o
(um?<1077) -

3.63
3.32
2.84;
2.5
3.25



Muscle

Lumbr{caf

Addyctor

LATTICE PARAMETERS:

Method of
Fixation

Arterial
Perfusion

1

Arterial
Perfusion

- .

TABLE 20

Values expressed as x+SEM:
Area and Ks calculated from the mean of [FD a”é’$5

N= 30 for Ls

"2.5% GLUTARALDEHYDE

133

x = mean va1ue for each method of fixation,

x>

IFD Ls Area Ks
(nm) (um) (um2x10-3) (Lm*<10"7%)
48.3:0.5 2.38:0.06- 2.02 4.8
{n=11)
46.8:0.4 .12+0.02 1.90 4.¢2
(n=6)
47.7£1.0  2.04:0.Q1 1.92 3.92
(n8) ", R '
47.410.5 2.18:0.10  1.94:0.04 4.24+0,28 :
(n=25) (n=90)
47.7+0.3 .54+0.03 1.97 5.00
(n=6) ' -
47.310.2 .28+0.09 1.94 4.42
n=8
47.5+0.2 .41+0.21 1.96+0.01  4.71+0.29
(n=14) , (n=60)
© 48.4:0.4  2.0810.0? 2.03 6.04
(n=12)
47.5+0.5 .82+0.04 1.95 6.68
(n=9)
43.3:0.7 .59+0.08 1.62 4.21
_(n=8) _ . _
46.4+1.6 .00:0.14  1.86+0.12 5.60+0.74
(n=29) (n=90)
48.310.3 .96+0.07 2.02 3.96
(n=8)
47.410.1 .98+0.02 1.94 3.85
(n=8) . e
47.840.5 1.97:0.01  1.98:0.04 3.89+0%06
(n=16) (n=60)
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\12ure 1 i
Stages of shock (Shoemaker, 1967).
£ IR
A - contro) period
B, - decompensation
B, - stabilization
C - resuscitation

.0 - recovery
£ - pretermminal

Pathogenic mechanism: Stages A, B,, B,.
Modifiers of pathogenic mechanjsms: Stages C, D.
Terminal mechanisms: Stage E.

v
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Friaure 2

———

'
Bngj fluid compartments exressed as a
r

nercentage af total v
et

Functijonal' extracellylar fluid (7.5 )
interstitial space volume (20)
Valoes "are based on 'averaqe’

of analysis (Cizeb, 1968)

includne
and nlasma water (7.4 ).

determination tv variou- et e

a./}



145

%

“/

2
»?
ol , a
v

——

(%S0 INSSIL .

A it
R e »
y LT

(%5S)
431VM 1130

1 (%00
3A1LI3NNOD umzuoﬂ HdWA1 2 33VdS
- IOV1IL4VI INOY

w60
L yivm

1L LSHIIN| YWSVId-
(%62 ¢Im4
YINTIHISNVL




Figure 3
. &

Schehatic representation of the ultrastructure nf steletal
musc]e;(from Peachey, 1965h). In rat, the terminal cisternae
occur at the A-I.junction and the H-zone' sacs are nnt as well
delineated as in e {Tlustration.






taure 4
ng Prosnged relationship hetween
A lon-anatomic, electrical
' Arm.trong, 1071),
[1) “inen pore direct continuitv nrorosed
. innlvina direct continuity he
“hace and the SR,

SR osace and t-tutyles,
counling concent (Iransin: -

by Birbe (1965)
tween the extracellylar
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fiqure 6 .
Response of mean arterial pressure to intraneritoneal
ventobarbital (20 mq/ba) and methoxvflurane (Penthrane) -
inhalation. Npte stability of mean arterial nressuyre with

methoxyqlurane anesthesia. Rhythmic fluctuat1nn< refiece,.
respiration, - :
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Figdre 6. v

Nose cone method of maintaining methoxyflurane anesthesia.

v
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[jgure ] ST, C - )
Mffect of flushing ay;é}ial‘CdnnUWA'lo maintain natency, ”6'

sianificant effect ingarterial pressure ic «pen
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figuré'ﬁ 1 .

. Schematic representation of nrocedure'durinq hém@rrﬁaqé.
“Biopsies (B) are taken at predeterminel arterjal pressures

1-2 minutes after a small hemorrhage -(vertic 9ws ). when
th?¥ pressure is partially stahilized. I9ta? blood loss equals
402 of estimated blood volume. N

-
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r_l;qure n .
Prissure (mm Hq) obtained from the aortic carnula furirg ey-
fusinon of fixative with a Harvard constant volume infusion purm,
Fluctoationd in pressurc are seen almost immediately of tor
rerfusion is started and cles,ely reqemble the effect af reonip-
ation on arterial pressure.
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Fiagure 12 .

Simple reqular sauare
$Rarae components.

lattice &id for estimatina volume . of
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Figure I.SAi{

Capillary volume in lumbricals fixed by immersion in 2.5
‘qlutaraldehydn, The discrepancy between changes in total
capillary volume and lumen yolume is again evident,* However,
- as for lumbricals fixed by arterfal perfusion of 2 57 ;
qlutaraldehyde (Fiq. 14) there is-a sianificant decrease
(P<0.10) in VL and V@ with the fnitial. drop. in arterial
préssurn, . - , . a

(*P-0.10) "¢ . -
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Figure 16

Capillary volume: adductor brevis fixad by immersion in 2.%"
qlutaraldehyde. The variation in total and lumen volumes i<
less aooarent than wifh arterial fixation. A <iqnificant
decrease in v (P<Q,01) and vL (P<0,10) is again evident
following the initial hemorrhaqe. (*P-0.M; tP<0,10)
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Figqure 17 . '

Capillary volume in adductar brevis fixed by nert‘ion of

2.5 qlutaraldehyde. Total volume (VC) changes more than

lumen volume (VL). For examnle at 82 mm Hg, VO decreases

by 7.80Y (P<Q.05) but VL decreases hv onlv 0.61, (P-0.05),

the decreasg tn VC is greater than the normal VL. Consequently
snme change in the endothelial cel1l must occur, either a
decrease in cytonlasmic volume or a decrease in size or number
of ve¢icles. There is a second reduction in VC and V0L at

45 mm Ha (P<0.10). (*P<0.05; tp-0,10)
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“1qure 18

/

"anillarv volume, cal muscles fixed by carnal tunne !
perfusinp of 1° qlutarafdervie. The nattern G response i<
very different from lufbricale fixed by artesial nerfusion

er by 2.5Y alutaraldepfids, (*?-0.10)
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P . Na
‘iﬂur‘f_l_’l t 4
Sanillary volume.® Lumbrical muscles nerfuced with ! alut-
araldehyde. Lumen volume (VL) is constant. towever only MO
At .60 mm Ha is significantly areater than normal VC (P-N_10) .,
Consequently either the endnthelial cvtonlasm has increased
in valume or the volume and number of vesicles have
signiticantly increased. /*P.n_1n)

. *
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Figqure 20

Capillary volume. ." Adductor puscles
2.5 qlutaraldehyde, tote that the
lumen volumes is the same as in the
is 50 mm Hg. Total volume (W) and
30 mm Hq are normal. (*P-0.05)

-

fixed by immersion ip
resnonse of total and
other series until M-A_P.
Tumen volume (VL) at
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Figure 21
| ¢

Schematic reoreseﬁtatjon of branahing captllary. A section
through the junction miqght yield the impress.ion of an

intralumenal exténsion of ehdotheliume - A ) -

4 . oo T
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c3

F'mureﬁ ‘ B ;

Schematic repreéentationvpf the rat skeletal muscle myofilament
array. The circles represent thick (myosin) filaments. The |
dots represent the thin (actin) filaments. The spacing d’
represents the ¥,0 lattice plane (Aprib, . - ', 1871) and is
eaual to IFD - sin 60°. The ‘heavy solid lines define the unit
cell. The.unit cell area A - IFD- - <in 60 . IFD =-déstance
between thick filaments, D. ' ' :

\ .
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Figure 23

Series ! - Cell volume [FD) (-1FD) and unit cell volume (4%) (=¥s)
response to hemorrhage. [F0 decreases (P+0.01) with tne initial
drop in arterial pressure, This is followed by an increase to
iormal at 60 mm Hg. (P.0.05). Sarcomere length (SL) (-Ls) follow.
ir opposite pattern. It initially increases significantly (P 0.0l
but at 60 mm Hg it is sianificantly.decreased (P-0.05). HNote

that when. SL is greatest capillary lumen volume (Fiqure 19) i
ledst. Lumbrical muscles; 1 glutaraldehvde arterial perfusion

(«P-0.001; *P-0.05; 7P.0.01; *P.0.10)



1847

I

ke
. . . . “
. . . : , \
& - i
N\
, -
A 3
C T |
) _ . . .
P
‘ \
\
b \
A ]
. "
— > -
[ v} # | 4
2 13 &
j ~ -
Ay
* _rl1 T Y T T - T T T T
m& wun ~oun wtuN QuN 91 L 9 S 14 € ] Sy (114 (1]

©own 8

v

01X NS

60

70

\S0 80
"MEAN ARTERIAL PRESS MM HG

100



-

- Fiqure 24

<
serias Il - Cell volume (FD) and sarcomere lenqth bocth show vartable
resvorse *n hemarrhace. Final values for IFD, Ls and K45 arc wilthin
normat rarae. Sarcomere length again is greatest when capillary
Tumer volume (pressyre) is least. This implies extreme sensitivity
“f e confract11e components to changos in capillary prnssurn.
Cihricals; 2 5 glutaraidehyde; arter1a1 perfusion.

(«P<0.007; *P<O.10;_+P<0.05)

s
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Fiqure 25

Series Il] - Lumbrical muscles; immersion fixation with 2.5
qlutaraldehyde. Note lack of.variation in IFD in contrast to
Tumbricals fixed by arterial perfusion (Figure 24). Ls is decreased
significantly.{(P<0.0V) from 80 mn Hg to 45 mm Hg. IFD remains
normal .

(*P<0.001; +P-0.10)
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Figure 26 v
.Series IV - Adductor"ﬂ \61 2. 5. g]utar‘aldé‘h)’d& arterial per fuswn

“fixation. No chanae ! cCur Sarcomer

. /! ater o s. e length% .
increases (P<0.01) foW % n9 ghe initidl. grop in capillarpy pressure,

292in deronstrating tj N t sensitive relationship of comtrigt fon

and capillary flow. map hOweyer, sarcome 1 n
decreased (P-0.01) bu \tdg ggrmgl ¢ re éngt ty

(*P<0.01; -P<0.001)
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Figure 27 ~: @@ -
Series V - AdductoY muscles; 2.57 glutaraldehyde immersiop fixation.
Cell volume (FD) does not,until 70 mm Hg, change. Below #Hs
arterial pressure there is & sianificant reduiction in IFD (P<0.01).
However only the final sarcomere length ($L) is significantly increased
(P-n.01) and consequenNy unit cell volume (SK) is also ingreased
at'45 mm Hg arterial pressure. This implies interference with
contraction at lower arterial pressures. Since capillarv pressure
(Fiaure 15) is normal, reduced flow is probably present.

(§P-0.001; +P<0.05;-<P-0.01)
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Fiquro ¢3

e . .
Serieg VI\+ Adductor.brevis; 2.5% glutaraldehyde ¥mmersion fixation.
The plotted values represenf the average of the values obtained
from 2 rats. These values were qrouped after t-test comparisons
showed no difference between the two animals at each pressure.
Cell volume does not change until 30 mm Hn when it is increased
(P.0.01). Sarcomere length is also signifi tdy increased (P<0.01).

-

“(4P<0.001; +P<0.01; *P<0.05)

S~
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figure 29

series I (Lumbricals fixed by arterial perfusion of 1. glutaral-
dehyde). . Volume fraction of mitochondria during shock. As the
arterial pressure diminishes, the volume of mitochondria changes
considerably.. The volume increases slightty in the<center of
the cell (AA) (P<0.10) but mitochondria virtually disappear from
~ the edge of the cell (AN) (P<0.01). I-band mi tochondria also
change significantly. This may represent a shift of mitchondria
from the A-band to the 1-band during shock. Cross-correlation
of figures: 23 -and 29 show that total mitochondrial wdqWme change
bears no relationship to changes in cell volume (i=-0.48; P-0.10).
Similarly A-band VM and I-band vM also show no correlation with
cell volume (r= -0.30; P-0.10; r= -0.36, P-0.10 respectively).
(*P<0.10; tP<0.05; P<0.01)
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tigure 30

series | --Sarcoplasmic reticulum volume. SR .volume is signifi-
cantly decheased ip-all areas of the cell at 60 mm Hq. Total and
I-band SR appears to follow a similar pattern of change as
mitochondrial volume. However, cross-correlation of Fiqg. 30 with
Fig. 29 shows a highly significant negative relationship between
total SR volume and mitochondrial volume (r= -0.94, P.0.01). and
I-band volumes (r= -0.84% P<0.05). A slight positive relationship

"between A-band SR volume and A-band mitochondria volume is also

presentXr = 0.72, P<0.10). This is expected due to the
functional relationship between the two organelles described in
the text. s

z

(8P-0.031; «P-0.01, +P-0.05)
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* Figure 31 .

\ ¥ '
Series Il - (Lumbricals fixed by arterial perfusion oﬁ/{.S% glut-
araldehyde). Mitochondrial volume. Mitochondria in AA almost
disappear with marked decreases in capillary pressure. [-band and
total mitochondrial volume vary slightly. Significant inverse
relationship to SR volume (Fig. 32) is seen in the I-band volume
(IT) fr= -0.97, P<0.01) and total volume (r= -0.94, P<0.01).
gpis probably reflects a (ST) translocation of water from one
rganelle to the other during shock. The slightly positive rela-
tionship seen in Series I for A-band SR and mitochondria volumes
is not evident (r= 0.70, P>0.10). There is no relationship
“between mitochondria and cell volume (Fig. 24) in the A-band
(r= 0.13, P»0.10), I-band (r= 0.12, P>0.10) or total volumes
(r= 0.49, P-0.10). Consequently, changes in mitochondrial volume
are nol representative of changes in either cell volume or"
sarcoplasmic reticulum volume. =

(*P<0.10; “P-0.05; 9P<0.01)
3
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Figure 32

Series Il - Sarcoplasmic reticulum volume during shock.  Changes in
SR volume and mitochondrtal volume (Fig. 31) are also consistent with
the known relationships of mitochondria and SR during contraction.
Changes in SR volume have no correlation with ¢eX1 volume (Fig. 24)
in the A-band (r= -0.14, P>0.10), I-band (r= -0.3T, P>0.10) or total
cell (r= -0.31, P>0.10). This is also true for SR volume and :
sarcomere length (r= -0.27, P<D0.10). Consequently SR, volume changes
during shock- bear no relationship to cell volume or state of
contraction. Consequent cell osmotic activity and SR volumes are
also unrelated. '

(*P10.01; +P<0.05; ¥P<0.01)
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Figure 33

Series IIl - (Lymbricals fixed by‘immersion in 2.5, glutaraldehyde).

Mitochondria volumes. Note the virtual absence of mitochondria
in the A-band at the lowest arterial and capillary pressures.

Changes in I-band and total mitochdhdrial” vdlume- are not as severe .

as in Series II. However, there is agatn an inverse relationship’

between I-band mitochondrial volume and SR volume (Fig. 34), '

(r= -0.87, P<0,05) and independence of VM from cell volume (Fig.
.25) (r= 0.60, P>0.10), and s@rcomere length (r= 0.49, P>0.10).

Consequently mitochondrial volume does not relate to cell vq

as cell osmotic activity is reflected by unit cell volume.

is a very significant positive relationship between mitoc A 1

volume change during shock and extracellular fluid volume change

(r= 0.92, P<0.01). . ’ ‘

(*P<0.10, +P<0405)

=
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. Figure 34

Series III - SR volume. The changes in SR volume are inversely

related to cell volume (Fig. 25) (r= -0.84, P<0.05) and LS

(r= -0.82, P<0,05). SR vo?ume is slightly increased (P<0.Y0) at
the end of the early stage of shock. On the other hand, VM has

slightly decreased {P<0»10) at the end of early shock. This may
reflect a transfer of fluid between the two organelles.

(*P<0.10; +P<0.05; %P<0.01)
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. Figure 35

Series IV - "(Adductor brevis fixed by arterial vpgr“f’usioh of 2.5
glutaraldehyde). Mitochondria volume. There is minimal" decrease
change in A-band volume in the center of the cell (AA) but a
significant increase in I-band and total volume as the arterial
pressure decreases below 80 mm Hg. No correlation with cell
volume exists (r= 0,13, P>0.10) but a highly significant positive
correlation with extracellular seace volume (Fig. 44) during
shock does exist (r= 0.91, P<0.01). N

(*P<0.10; +P<0.05; %P<0.01)
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b
Figure 36

Series IV - Sarcoplasmic—re){cJ‘lﬁ"olume. There is a persistant’
and significant decrease in all comgonents of SR.. Total SR volume

at 45 mm Hg arterial pressure is ignificantly decreased (P<0.001).
There is no relationship betueéh¥§k’volumg‘and cell volume (Fig. 26)
(r= -0.55, P>0.10) or SR volume "and sarcomere length (r= 0.02,
P>0.10). This is opposite to the known relationship between SR

and the state of contraction. .

*p.0.10; +P<0.05; 1P<0.Q]
( <]
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Fiqure 37

Series V - (Adductor brevis fixed by immersion in 2.5 alutarai-
dehyde). Mitochondria volume. A shift of mitochondria from the
A-band is seen as arterial pressure decreases. I-band and total
SR volume follow a similar pattern. There is no correlation
with cell volume (Fig. 27) (r= 0.36, P>0.10) or sarcomere length
(r= 0.48, P>0.10).

(*P<0.103 +P<0.05; P<0.01)
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bigure 38

Series V - Sarcoplasmic reticulum volume. A-band SR does not
change significantly in contrast to series I[V. A similar
finding was present for series Il and II1, perhaps indicating

a different effect on tissue by the two methods of fixation..

Total SR volume (ST) decreases slightly at 45 mm Hg (P-0.10)
i-band SR also decreases (P-0.05).

(*P.0.10; +P-0.05)
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Figure 39 .
Series VI - (Adductors fixed by immersion in 2.5. glutaraldehyde).
Mitochondria volume. VM is not related to cell volume (Fig. 28)

(r= 0.27, P>0.10) confirming similar relationships in all other
series. : -

(*P<0.10; +P<0.05; <P<0.01)
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. - Figure 40

Series VI - Sarcoplasmic reticulum volume. "SR volume in .the A-band .
does not change significantly.. However, total SR volume .increases
slightly (P<0.10). SR volume shows marginal ‘correlation with °
interstitial space volume (Fig. 45) (r= 0.72, P<0.10). Does this
represent the communication suggested by Birks (1965)?

(*P<0.10; +P<0.05) e
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Figure 41

Series I - Interstitial space volume decreases by 623 at 60 mm Hg.
. This decrease in VI is related to a loss of fluid from VI (5.5%)
due to a significant drop in capillary pressure.

- (*P<0.01)
\
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Figure .42 . o

Series II - Intefstitial space volume. VI décreases by 78% or 217
of tissue volume. Since cell volume is norpal at 45 mm Hg the
.decrease i VI is due to a loss of water from the interstitial space
into the vascular system, and not due to / 11 swelling.

(*P<0.05) . /
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,Eiguné 43 . : o
Series LIl - Interstitial space volume decreases

which is similar to the change in a muscle fixed
perfusion (Fig. 42).

(*P-0.01)

_y70 (P-0.01)
y arterial
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Figure 44

Series IV. Interstitial space volume decreases by 63..
(*P<0.10)
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* fFigure 45
. 2 ’ B
Series V - Interstitial space volume decreases by only 12% (P>0.10)
in contrast to 63% in arterial perfusion fixed muscle (P<0.10)
(Fig. 43). The only significant decrease in VI occurs with
the initial decrease in arterial pressure. Is there an element of
direct injury during surgical biopsy prior to fixation which
Aaccounts for this difference.

(*P<0.05; “P<0.10)
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Flaure 36 »

Series VI - Interstitital space volume appears to increase during
shock in contrast to all the other series. However, none of the
apparent increases are.significant. Since VI decreased in all
othawe. ser1es, VI at the lower arterial °pressures has.probably
incr@ased in this series. Serial biopsies may have reculted 1n
injury to the muscle prior to fixation, thus preventing the

usual decrease in VI. Hence the effect of trauma _prior to
fixation may preclude the use of serial biopsies for accurate
extrace]]ulgr f1u1d analysis. .
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Plate 1 .- .‘

Lonqitudtna] section of ske]eta] ‘muscle.

M = mitochondrion .. B

Sr = sarcoplasmic ret1cu1um (x]S 000)

la to le - Transverse sectigns of skeletal muscle demonstrating
the character1st ics within each area of the sarcomere.

, la - Z2- 11ne
1b - I-band ‘ :
1c¢ - A-band . e
1d - M-line °
le - H-zone

(x58,400) o ;
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Plate 2 . o L

" Transverse section in A-band. .-Nyofiﬂrils IUF)/are surrounded b'y"'

@

the longitudinal components of sarcoplasmic retigulum «(Sr) and
by m\t:chondria (M) x 58,000, - .

y AR






Plate 3

(a) Transverse section I-band. Note triads (central t-tubule T
Plus 2 Sr termipal cisternae) and bridges (short arrows)
between components (x78,000).

. (b) Septad. Bridges are again evident between t-tubules and
terminal cisternae (x124,600). :
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Pj:te 4 : '
gitudinal section of triad junction. Note reaularly spaced

bridges (short arrows) between the t-tubule (t) and Sr
(m15,500). - -

o A

. -\ 1
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Plate 5 . &»

Transverse section of superficial cells of lumbrical muscle
fixed by carpal tunnel perfusfon of 1% Qlutaraldehyde. AN
" tissues and orgaﬂl]1es appear to be well preserved.

Z-line
I-hand
A-band
capillary

(x5,000)

ooy

)
[
A
C
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Plate 6

Transverse section, I-band superficial fibers., Lumbricals
fixed by carpal tunnel perfusion. Note excellent preser-
~vation of mitochondria which surround myofibrils (x43,500).






/

Longitudinal section of a cell from the center of a lumbrical
muscle fixed by carpal tunnel perfusion. Mitochondria (M)
are swollen and disrupted. There is marked separation of
myofibrils (MF) and swelling of Sr. All indicate poor
preservation and cell swelling (x12,000). - ..~

Plate 7
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Plate 8

Longitudinal section of lumbrical muscle fixed by arterial
perfusion of 1% glutaraldehyde. There is-sliqght myofibrillar
separation and mitochondrial (M) swellinq but'mot as extensive
as seen in adductor muscle fixed in a similar fashion

(P1ate 9). (x12,000) ’






Plate 9 -

Adductor muscley- f_dfqitudinal section; 1% alutaraldehyde.

" There is considarable ‘swellina with myofibrillar separation,
. ?l;gh(t) e>)<tractioh of mitochondria (M) and swelling of Sr.

X » 00 - .

’
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Plate 10

'

Lumbricals: 2.5% qlutaraldehyde, immirsion . fixatwn Cell
organel les are well preserved. -~ (x12, 000)






Plate 11

. Adductor muscle: 2.5% glutaraldehyde immersion fixation.
Organelles are well preserved. (x12,000)






P]ate 12

Lumbrical muscle fixed by arterial perfusion of 2.5%"
glutaraldehyde. Mitochondria have normal $tructure.
Tri#ds {T) are clearly visible. (x12,000)

[V

" e
!

- »
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Plate 13 )
Adducgor muscle fixed by arterial perfusion of 2.5% glutarladehyde.

There is excellent preservation of the cell and its organelles.
(x12,000) o,

» Lo
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Plate 14 o
Plate 14 ,

Transverse section, lumbru:al muscle. L- ldnd “lote mrm.t

continuity (short.arrow) between’ Sr, and mitorhondrion M,
(x60,000) .
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., *Plate 15 S Lo

Note g Jike structulé {Sr}-connecting. two

. Internf@@branaws gompéirt mitochehd®
‘céntinuous, (x60,000) Dt

.
L3 -
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Mitochondria are connected by a short tubular effnection,

. Such a short connection may ‘also represept.a :section’ W an
angle of a single mftagpondrion. (x114,008)
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Piate ‘

Nnte the close association
terminal cisternae of the §
two organelles may explain
between the two organelTes.

betreen a2 Mmitochondrion (M) and a
R (TC). Superymposition of the
the appearance af direct continutty
-The sine-wave structure (T)

within the terminal cisternas mayv represent the foot nrocesses
adjacent to a T-tubule as yiewed from within the terminal

cisternae. (x159,000)
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Plate 18

Apparent continuity hetween a sub-sarcotemmal comnonent of SR (Sr)
‘and the sarcolemma (S).  Suoerimposition of :sarcolemma and SR v
memhrane during nhotography could als<o explain.the anpearance

of continuity of .the sarcolemma and SR memhrane. The sub- )
ssargolemmal compgnent Sr is not a segment of t-tubule since the
absence of thin ?’i]laments identifies the area as the M-1ine. .
It may indicate a longitudin®® extension of the t-tubule -
described by Forsmann and @#ardier (1970) but this is unlikelv.
(x159,000). oo _

/

/
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Plate 10

Mitochondrion,  A-band, MNote the nore-like con#!nicatinn (p)
hetween the intermelmbranous space of the mitochondrion (M) and
the sarcolemma (S) indicating direct continuity 6f the
mitochondrion and the extracellular space: The diameter of

the nore measures 40 nm, (x176,000)
] .
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tote dabaqged mitochondriof (M) ceotdudine <vroagh fhe
arcoleoma ()0 Nther it aciondria {(m) dare nermal,  Theprfor,
e libe by, but eti L) a1t Te . that thic ie oan artafac:

4o fisation CRtrust uf A Adegeneratine mitodhondrion by
et preditle. feB7 000)
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ifiate 21

ing a red tlood <1l in ate Tumeny
re pragent’ in the oqdntho11n1 cvtoplane,

Pound canillar
Mumerous vogicl
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Plate 22

S follapend '_‘ar“iﬁarv. ‘Interenrdothelial cleft (I} anpearc
flattened, (x16,000) :
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Plate 23

.

Partiallv collapsed g:a'\i11ar'\l.

)

1

(x16,000)







Plate 24 ,

Partially collapsed capillary. HNote several extenuvions (1) of
endothelial cytonlasm projectina intn the canillary lumen. The<e
extensions occur at dr adjacent to the interendothelial «lefts.
(x27,0nN)
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Rlate 25

Note large vesicles (V), one on a cytoplasmic stalk, rrojecting
into the capillary lumen adjacent to the interendothelial clnf?
(I).  (x44,000)
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Plate 2€ ' ’

Collapnsed capillarv in muccle at 80 m Ha mear arterial nreconrr .

/n intraluminal extension of endothelium (E) is aqain eviden*.
(x23,000)

'l
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Plate 27

Canillarv in muscle with mean arterial pressure at 45 mm Hq.
The epdothelial vesicles aprear smaller and less frequent.
(x16,000) b

~
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