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CORONARY FLOW ANt) MYOCARDIAL SIOCH1I4ICAL RF.SPONSFS TO HIGN SUSTAINED 
~~~ 

ACCELERATIO N

H.  L. Stone , Ph.D. , I.. A. Sordahl , Ph.D. , It .  T. Dowell , Ph .D.
J. N. Ltnd.ey , Ph.D. 4 H. H. Eric kson, PII.D. *

Marine Etoisedical Institute . University of Texas Medical granch , Galveston, Texas (77550) , U.S.A.
and *USAF School of Aerospace Medicine , San Antonio , Tex as (78235) ,  U.S.A .

In order to determine directly the myocardial response to +G, acceleration , miniature swine were
used as the experimental subjects. Some of the aniisals un derwent  surgical implantation of flow probes
around the  left circumflex coronary artery and a solid—state pressure transducer in the  left ventri- ular
cavity. All of the unanesthetized instrumented subjects were exposed to multiple 4-Cz acceleration levels
for 60—120 seconds (3, 5, 7, 9, 11 +C~ ) on the USA? School of Aerospace Medicine human centrifuge . Other
subjects were exposed to a single acceleration level (9 +~~) for 120 seconds and tie hearts removed for
biochemical analysis 1—2 hours later. Mitochondria and a lysosoma l fiaction e~ere Isolated from the left
ventricle of all animals. Mitcchondri al analysts of ADP:O ratio . i-espirat orv control index (RCI), oxy-
gen uptake  (Q° 2 ) and ca lc ium up take  were made . Free and boun~ ac i d pho sphatase  measu rements were made
in the lyscesoma l fraction. Left circumflex coronary artery flow (1~CCF), hea r t  rate (HIt), left ventricu-
lar pressure (LV?) , anti the rate of rise of LV? (I’) were measuted in th~ instrumental animals. LV? and
HR increased at all levels of acceleration studied wh i l e  P increased Initially but would decline later.
LCCF decreased at all levels of acceleration stress. The mitochond rfal ADP:0 ratio and the Rd were un-
changed but the Q02 and calcium uptake were increased at 9 44~~. Free acid phosphatase increased at the
same level of acceleration.

INTRODI’CTI(P4

The increased capabilit y of hi gh perforinan .- .’ aircraft has t,.- c , - q - i l t - i t p d .1 flOW investi gation into the
card iovascular response to high sii- .tained 

~
1
~ z ac c e l e r a t i ,n  l ev e l s .  In  tm/n duricg 4(~~ accelera~ ton expo—

s-are , .ihiiurmalities in the e ie - t rocardiograni and a ic ar r 1 iv t h m i a s  h i v e  b e-ci t  noted ( 1, 2 , 3, 4 ) .  The
changes sa the electro~ardiograia t i ~~e been associated with the S—I seg” - n t  and arc felt to Suggest Invo—
cardial is. iiila . For many reasons th e r  m e asu remen t s  in man have n it been made at high +‘~~ l eve ls , t h u s
th e use of ,in a n i t r a l  model Is i~ip r o p r i a t e .  ) t i n i a t u r e  swine have  been used in t h is rega l  d (5 , () ~nd found
to snow r imi b r  .I,altg~ s to  t h a t  - - I - ..- rv , -d in a.- i i i  - I Ii.’ e- o , ( a n arv  v i n e  u Ia 1 u i ,  Iii t h e  sw ine  Is  much r ire sos—

-us to man th ou mo st  ‘th or • i i i f i n . i i s .  111 gb l ev e l s  1 +I t a. - . I c r . it  Ion i i .  .-.- h n c  h ave  been found to he
, , s s , c 1. I t  e w i L l ,  subendoe - . lr d i , ’I he .: . r r h a g . ’ and ~‘: itho 1og ic . c l  I . c a g . - n  In  t h e ’  m v o c o r c h i a l  eel 1 ( ‘) .  E v i d e n c e
1 nd i ca t e ~ t h a t , In both  man and -iwi. - , mvi cardi  i i  i schemi a .iust he  c o n - ; l d e r c -d - es  a cons uence of h ig h
s u . t ai n e d  +C z a c c e ler a t i o n ,

M ycc .-ar I l a l  tschem ia is t h e  r e - i l l  of a d r a m a t i c  r ed o .  t l i n  or 0.5 5 1 1  ion  f • ‘ron ary f low c. - a l l  or
d isc r c-t e p o r t  i n s  if  the rv ,car di  inn ( 8) .  When -orooarv t low l i e  no,-. , the I Int l r i n g  ía. ’, o r i n  the  i - i  ivery
of oxygen c the  m y o c a r d i a l  c e l l s , t h e  c o nt r . , : t i l e  m e c h a n i s m  b e g i n s  1.’ f a I l  f o l l o w i n g  a p p a r e n t  changes
in  t h e  ce l l  membr ane  t h a t  a l  low t ie inward  l eakage  of -o hium ions .in i ‘t h , r cot  t i n s  and I I . .  outs  rd l e a k —

b e of p r o t e i n  m o l e c u l e s .  At c e r t a i n  s tep  in the p u- ’ - . se i f  c i i  I i e . aka1e - . tb ,  en zYmes t h a t  are c o n t a i n e d
in ly~ c’some s a re  rci,,,sed and b e g i n  L i t  des t roy  ot h e r  p r ot e i n s  t h r ’u g h  t h , ’ t r  htvdtol vt hr a. t ions . The en-
e rgy prod acing organel les  a r c  a l a ’  a f f e c t e d  by t h i s  - r i / c c - a s .  ~I t t o c h t - I r I , i  t h c r e i sr -  t h e i r  r e sp i r a t o r y
ad i v i t v  In  re - .p009e to  the’ r . -dl ic t ion in - ‘xv g , ’n in  an i t  t e m p t  -~ i i i - re’ .i-i e~ t h e  amount  -f  ‘- ergy  a v a i l  ab l e
f o r  c e l l u l a r  pro. - e sses . f’~~t- , t h e  key m echan i sm s  I n  c e l l u l a r  d v g f u n c t i n n  a-i d a r r h y t h m i a  production (

~~,

10) w i t h  h i g h  s ust a i ned  + ;~ 
i -  - c-let- at ion may i_ct ’ •e red,,,- u i on  in c- - , u i - c r y  f I ~ - In t h e  c , ,n ’.c io i i s  m i i . I . U  ur . ’

swine , it should be po ss ib le  to detect changes In the cor onary  f l o w  w i t h  +C 7 ac , . ’ I e r~ t ion and at the  same
tine it ,’ t e  rml ne if ttvoc ,-ird is 1 is che’m l.a may be .‘c c u r  r i n g  e ither t hu  rcie,g I, ., ri  .hio ’ ( l o t -i i n  t o t  a I coronary flow
or a d ive rgence  of f l o w  away f rom t h e  enduca rd lum (8) . These re - -t i l t s  c o u l d  h~’ correlated with biochemi—
c.i l cl,anges a ss oci a t e d  w i t h  I s ch e m t a  such as l”si ’s.’nt ,-it and m i t i c h , ’n .h r i a t  f i t n c t  I o n .

HATERS AI.S F. HElliOlil

The present stud y was made up of two groups of miniatur e switi ,- - Cr op 1 a n i m a l s  were used to  d e t e r —
r l ne the effects of a c c e l e r a t i on  on l e f t  v e n t t i c . i l  i r  p re s sure ’  and c o r o n a u  v flow , wh i l e  Croup 2 anima l s
w e r e  used to study the relat ionshi p of acceleration t i  t h e  changes in lysosom,a l and Initochondr lal functIon ,

Crot ~aj

This group ‘if animals w.a.5 .t,ieqthet ized with sodium pentotha l ‘nd s , .r g ir a l  anesthesia was maintained
wit h, a mixture -F o x y g e n , nl tr .-.— . ceslil, ’ , and healothan ,’ . ‘Ph,’ i,e.,~~t w. I q  es;io’,,’d t h r o i ,~’Ie the left 5th in-
tercostal s iae- e, The left cl rc’ci m ll ,-a coronary srt.’rv win ~xpo~ed h r  a l e n g t h :  i f  I c-tn .,mnng the at r i . —
ce n t  r l eu l a l ’  groove . An elect rolucagn.-t I • f l o w  pt-nbc - w.,’. p l .cc . ’d  a u’’.,nd I ho’ V , ’ -  c c l  • ~~ waq a hal I i ,, o e c l u • I , ’r
d i s t a l  to t h e  f l iw probe.  A s o l i d — s t a r . ’  pr e ’ssur , ’ t ran .qd, i, -er  was p i - c i t i n n e d  a i h , ’ l e f t  v e n t r i c l e  t h r o u g h
a et ch inciS ion in  the  apex of t h e  h e , i t t .  A s i l a s t i c  c a t h e t e r  w,,s p l o - e d  in i / i c l e f t  . a t r i t u n  v i a  t h e  l e f t
atr ial appendage . The wires from t h e two tr an sdu i- - e rs  and the two - , h l . i s t i c  c a t h e t e r s  were p assed ‘ut c i
t he chest through t h e  hth interc ’.t,a) apace and left in a qu h e i c t a n - nis pouch .  The c-heat i n c i s i o n  was
carefully closed to prevent adhesions bc’twcen t h e  l un g s  and .-h ” s t  w a l l .  The animals w,’re’ allnw -d to re-
cove r f r  30 days before being ‘is - I  for tiny e’xp,-rim.’nta l prc .cedirr .- . Au the end of this period , the ic- ad

• wires were exposed under local . a . i c - - , I h i , -q I i  ‘ii i t .cpt 1 t o  the a,tim .iln ’ hack s .

The conscious a n im a l s  were p la. .- d lit a fib.’rglaes r-.i,-h and p o s i t i o n e d  on the anirn,i l arm of the IISAF
• School .1 A e r - s p i .  e Nc - I l  c ire cent ri fu g e .  The - i n i n t a l s  were m h n i n . a l  lv ri”- trai ned during the c - - -e rius’ntal
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period. The wires from the two tiartsducera were connected to appropriate electronics. The electrocardio-
gram was measured from limb leads or fr,’m thie pressure transducer. The cas e of the  m i n i a t u r e  s o l i d — s t a t e
pressure transducer plus an additional ground lead c-an he used for rhil .. purpose .  l e f t  ci r c u m f l e x  coronary
artery flow (LCCF) • l e f t  v e n t r i c u l a r  pressure (LVI’), he art r.,te (liii ) . t h u  r a t e  i f  r I s e  of l e f t  v e n t r i c u l a r
p ressure (1’), mean le f t  c i r c um f le x  coroitary flow (14l,CCFS , and the leve l of i. - .- e l cr a t j o n ( -h-C e) were reco rded
on both a direct—writing oscilbograph and magnetic tape. The animals w - ,e eteposed randomly to levels of
3, 5, 7, and 9 ‘t-Cz acceleration with a rapid Onset rate of I C/sec. Peak levels of acceleration were main-
tained for either 120 seconds at the  lower levels or 60 seconds at t ue hi ghie’r l evels . The animals were
allowed a minimum of 20 minutes for recovery between runs . Before- cacti acci-ie’ratton profile , the LCCA was
briefly occluded to establish, zero flow . lIce’ r e s u l t i n g  h ypere m i . -  re - pi n-i’ was allowed to disappear before
beginning the profile . At the termination of the experiment , tu e wit-,-; were taped to the sides of the
animals for f u t u r e  use. i -

The left ventricular pressure transducer and the elect r o r n a gn c ’ r l e  flow transducer were calibrated prior
to i m p l a n t a t i o n . The zero reference for both transducers was established at thie beginning and at the ter—
in i tiation of each experiment . The sensitivity of both tranadu.-,’ra ti cs not h i - i n f o u n d  to vary over the course
of thie ’ time involved w i t h  t h e s e  exp~~r l m e ’u i t~~ .

Gr. UL~~

The animals  in t h i s  group were exposed to a s i n g l e ’  ~~~ p r o f i l e ’ . Th. ’ : , t , I o e l q  were p laced in the couch
and loosely strapped In p lace . Limb leads were- c o n n e c t e d  f o r  th ei  mi’ i q , , r ,  - ‘l i i  of the  e l ec t roca rd iogram .
‘lu te l I i i i r u l i l a  wore exposed to 9 +C1 f i r 1.0 seeottcl’i fol I ’win~b a r.cph-I .-ueo -t rat . of I (;/sec . One to two
hours following this acceleration profile , the anuur,-cls were anesthet I zed v/r h sodium pentoth .tl and the

c ar t s  rapidly e cis~ d. Samples we’re taken from the left ventricular fr -c wall for biochem icaL analyses .

Mit,,chontiria were isol i t c-,I fr-rn Lic e’ sii: p lcs ‘f h c ’ f t  s- ,- iu t I • ‘ i i i ,  u ’ , - w i l l  in ch t h i e ’ l r r , ’ ’ ; I i l  ratory ac-
tivity and i ’x i d a t i v e  ;-iio . i pt i , u r v l . i t i . n  .- .i :- . i i ’ t h i t i t ’ s  were ‘ ,- .,n, r , -,l u i . -i r y r . ~~i u l - .i l l y  ( I I ) .  R.’s;.iratorv sub —
at  r a t - — s u p p o r t e d  n t  t o ch o n d r i a l  • . , l , - iu t , n  ul’t i k e ’  was , , - - is icr , - , h l iv , h , i . , l — h u ’ .u - . 1.0, 1 u- ’’i .’i/pv . A rid p ic pI . .t  i i i ’
was utilized as a h e a r t  iy s , . su .m. i  1 m a r ke r  e ’nzvn e’ . L e f t  v en t r i c u l a r  f r , ,- ‘,‘, a I l  t l ’ - ’, i ie hie -snogen it e s  w, -re pre-
pared In 0 .25M sucrose  u si n g  a b l a d e  hom ogen iz e r .  F .nzvm, ’  a c t i v i ty  v i.; p a r t i t i o ne d  l o t, ’ seques t e red  ( ly so—
sornal) and free (soluble) fractions using modific ations of a d i f f c ’ r , - . , e i a l  c. - n t r i f ug .-t t i c u n p r o c e d u r e  and
assay ( l~~ - The rot ice of ac id  - t - s p h , .t t - c; .  spec !  f i c  act  i v it v  p r , ’-~ n t  I i i  t h , , -ce  f r i . - t !  on’, (soluble/lvsoso—
ma l )  p r ov ided  an e st i m . at i i n  of lv . c s ’n, , 1 ci-.’:h ,r ane i n t o g r i  t v .  T h e  r e s u l t s  if l i t ’ ,  p i tt  ion of the  s tud y
were compared to resti t t s  o b t a i n e d  f r o m  u n o p er at e t — c o n t r o l  and oper;tt•’ i— c .- r it m l  an ittals .

RLSU LTS

F h v s i ~~~~’ic 1~~~~ 1’~’nse a

Pie miniature swine see-ne- i to t o l e r a t e  the  expos u re’ to t I ; .  s’.- i r l o u i - i  I . - c ’.- ~~- - of ;uc ce le ’r at io tn  u s i ’d  itt
this study. The pc’ak levels of acceleration i..’ re’ r ,rid’r’lzecl ‘ ir  i- . ; - ’! a n / - fl so as t o  i r in i n i z e  the  e f f ec t
of the f ir ’. t exposure level .~;-u t h e’ ;.,hai- l ie’nt rea•il tic . St 9 -4-C :~ , i l l  ‘f t h e  en lisa is  appo~a red t,u remain
cons~~l ’ ’cs, The c r i t e r i o n  f o r  t h i s  u-i s the y  kicking -,nd ~r’,nt log 

t.,-hu .iv Inr ‘f t ’, . -  a n i m a l .  Closei l  circuit
t e l e • vit- , i e,ei c l  l,’w e’d th e- observcr to  w i t c h  soil h e i r  t I c , -  m i s - c l  m l i i i  t u i ~ t I , ’ v-u i ’. ,- . ; . r i f i  it ’s . Two tyjic - ’. of
r e . . h u , in se s  were observed in t h i s  s t u i l v .  The f i r s t  can h e ’  seen i n  F i g u re- 1. In t h i n  an l m , , 1  - th i e  hea rt  ra te
i n c r e a s e d  and remained e l evated  du r i n g  t he  entire profilc ’ . In the c. - .- si,l response’, seen in Tigure 2,
h e ar t  r a t e  increas~ d w i t h ,  a c ce l e ra t  ton bu t  then  vet ’.’ iih r u p t l v  decr, ’ ascd lr ’t o  a b r a d v c ar d i a .  At most of
the high acceleration levels (÷7 and +9), some degree’ -f hrath’carihia u-i s n o t e d .  The s e v e r i t y  of this
bm.c- l. ’e,ardia varied greatl y betw ,’en animals. All of the  m easu r e d pa r ame ’e ers  w ere  i l l o w e d  to r e t u r n  to con-
trol values prior to any succeeding runs .

A f t e r  the  an in ,-,l h ad hee:~ p laced on th e  c e n t r i f u p e  anti b e f ore  each -i  l e v e l  of accei , ’r a t t o n , con t ro l
v a l u e - s  Mere taken f o r  hear t  r a t e , l e f t  v e n t r i c u la r  sy st o l i c  and d I , u s t o h i c  p ressure , l e f t  c i r c u m f l e x  coro-
nary f l o w , and the maximum rate of rise’ of l e f t  v e n t r i c u l a r  pressure.  The’ maximum r a t e  ic! r i -se o f the
left ventricular pressure was 1.501! i s  an i n d ex  of th u - c o n t r a c t i l e ’ S t a t e  •‘f the  myo c:c rd lcnn . The average
value ’s w i t h c  one s t a n d a r d  er r o r  of t h e  mean were  found  to I,, ’: h IR , 97 + 3 h pm~ I V  s ys to l i c  pressur.’ , 156 +
8 nun H g; LV d i a s t , ’ l l c  pr~ - s st i r c . 4 ~ I mm Hg;  l CCF , 58 + S c c /s in ;  and , P , 2472 ± 164 ann h g / s e c

The r e s u l t s  of exp o su re  to  3 , 5 , 7 , j nd  9 
~~~~~ 

acceleration for variou s periods of t ime can be seen
in Table 1. The .i’~-era ge t i c - a r t  r a t e  in creased  w i t h  a c c e l e r a t i o n , but  the magnitude ’ of increase became
less w i t h  succe ss ive  ln - :r e a s e s  in  the leve l of 4~Cz accelerati on. At the point of measureucetut , the lef t
ventricular s,-ntol ic ‘re- -t a uT,’ increased , but it mus t be noticed that this was not a transm ittal pressure.
Cor ’u;.iry flow de’crea’-:c’,i at all lev i -Is u I  l i e ,  e ’ler , i (  ion s t u d i e d .  Thuc_’re d i d  seem t o  be a t e n d e n c y  fo r  cor e—
na ry f l ow to incrc’a’,e dur ing in d iv id tc.il .c,-celeratio n profiles but in most of the studle : remnaineci bel,~~
cont r i  1 va lues . The .‘,‘nt r oot  i i , ’  I n h i ’x i ’f t h e  l e ’f t  vent r I d c  In. ro tt ed vi lii ci - ,’,’ I erat ion , The increase
es’emeit ti be tess w ith high er ic’ve lq of acceleration. At times , there appeared to be waves in the ~-oro—nary f lc ,w t h a t  c o i n c i d e d  w i t 1 , h inges in h e a r t  r a t e ’ .

Bioch erit l cal RcsJ~-ut-i-s

Sioc- i t ’utu i cal m easct rem elts from mi n ia t u n ’  swine huenrt t. were i’s t;ch Iishc -d in unopc’rated and oper.’ite’t-’
cont  r c u l a n i mj l q .  In control h e a r t  ml toc ’ I i on ,h r i u i , th i re’e’ p a r Im ( ’t e r s  y e n ’  n,, ’ csu , re ’ ih :  Anr~o rail,’, respiratoryru nt  r i , l  In d i a ( R C I)  , c i ii t h u  r , t c ’  c’f m l  t c ’ c - i i ’u c c t r I , i  I c c s ’ i e ’ c - , i  opt , ,kc ’  c i c i r h , , i  St u t . ’  1 r c - ’p i r a r i o n  (Q°2). The’

API’ : 1 /  m i t  l it  i s  a Incas,, r.’ - f  t ic’ c ’ f l i . ’ ( , ‘ui . ’y “1 Al)l’ ph i . u s p bc . i rv  h a t  ion an d was fo u n d  to  he 3 . 2  w i t h  g lu tamate—
mol,cte 1~; u / i , ’  ‘, i,h ’c t r a r e  and t h e  . c v , ’ r . c C c  RCI was 6 . 1 .  The ’ S ta t e  I rc ’sp ir .-it ion (1)02) is th c -  ac t ive r at e
of rc -i iu ir at lu -in for rh u o s p h o r y l a t  I -u t  and is  m i l l  - - i t  lye of t i , ,  amount of n i t  ly e  enzynua t  ic  p r o t e i n  present
in the inner mit ochondr ial membrane. In the contr ol hc ’ert preparations , .a va lu e  of 185 nat~ms/utmin /mg
n i  t o e  ‘nd r ho p r t  i’m was f o u n d ,  Th ese vo l t,’- ; fall wi thu in  a c - c - p t  ~uha he uu , ’r u t u , c l  limits , It is important to
n i l e  thu, fl th ,c ’r e  we’re no .11 F! i - t i - - c ’ ’ ;  het wc ’ i i i  t hu, ’ unc ’pu’ r;cuu ’uh m u  opc r : i t e , l— ,  ‘ c t  ro l  a n i m a l s .
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tn the animals exposed to 9 +G , a marked incr ease in act ive  resp i r a to ry  ra te  in the presence of ADP
(State 3) was foun d in the mitochon~ ria. The average salue was 285 natoma /mlnfmg mitochondr ia protein.
The oxidative phospery latton (ADP:0) and Rd were unchanged in these animals.

Calcium transport by the  mit o c h o n d r i a l  itu cer membrane is an energy linked process. This measure of
mitochondrial function may be another way of assessing the functional integrity of mi tochondr ia .  The con-
centration of calcium necessary to produce the maximum velocity of calcium uptake was 150 v mol while the
actual rate of calcium uptake was approximately 200—250 tanoIes/min/m~ nmit .achondrial protein. Instreanenta—
tion of the animals was feund to have no effect on these pararsetets. Significant increases in active rates
of calcium transport were observed in the mitochondria from animals exposed to 9 +C~ aceleration. The
average calcium uptake In tnltoc ’-o tdr ia isolated from thut ’se, hit -arts was 280 nmoles/mln/ntg mitochondria l
protein.

The lysosomal fraction of the heart was analyzed for the specific activity of alkaline phosphatase
and compared to the alkaline pluonp ui at .-’e activity of the soluble’ fractt,,n. Lysosoinal fraction activity
averaged 11.2 + 0.9 (standard error of the mean) while the soluble frau -Lion averaged 12.1 + 1. 0 (SCM )
nmule ’s/min/mg prute’in. Instrumt’uuted at-id untnstrume’nte’d animals w. no c o t  sigt iifi .’cuntl y d ifferent with respect
to lysosoinal enzyme activity. The soluble frau ’tion/lysosoma l fraction ratio in control animals was 1.08.
9 ‘+G acceleration drastically reduced the specific activity of the lysosomal fraction .mnd elevated the

activrty in the soluhlc’ fraction. Lysosomal fraction activity was 9.7 + 0.6 (SI~1) w h i l e  the  soluble
tract ic’ ti wjs 32.6 + 1. 3. These ’ e n zyme re-sp ud -ices r ,’nu i t  c’d i t t  lipprox l u n a t e ’  I y a 2—fold increase in t ice so luble
fruction/lysosom~ul fraction speci fd c activity ratio . The loss of enzym e activity from the membrane—bound
ly ,;cs. ,m,c l t r a c t i o n  and the  incre’,ssed soluble Ira -I t u u f l  u ,  t Ivity s u g g e s t s  t h a t  t u e Integrit y of L ice ly soaomal
me mbrane had been d i s r u p t e d  by a c c e l e r a t i o n .  The loss of lvsosomal membrane integrity was apparently a
generalized phenomenon throug hou t the left ventric le since nearly identic al results were observed in epi—
cardial and endocardial samples.

uIISCt’SS I dN

The major area of concern in the  c u r r e n t  s tudy  was the rel,’ ut i o n s i i i p between coronary blood flow , my o—
card ia l  i n t r a c e l l u l a r  f u n c t i o n , and acceleration stress. Previ;-ur~ reports (7) indicate the presence of
subendocardial hemorrhage in miniature cult;,- subjected to  var ious  l e ve l s  of +C~ acceleration. It also
h u ad been po in ted  out tha t  some cv p.’ f myocardia l necrosis was found in o t h e r  are a s  of t ime  myocanul i tur .
Tue quest ion thus arose does thce n y u c ; m r h i a l  c e l l  become ’ t i yp c x i c  cod/or  is;’iicnci c d u r i ng  exposure to high
sustained fC~ .,cc~’Ie r at i o n  or if the ’ mecl ,,nical tori-es were- sc’vc’ri’ e noug h t o  ,- . u , c se t h e  microscop ic  damage.

Coronary- flow studies in unan,’sthe ’.ized and a n e s t h e t i z e d  dogs ( 1 3 , 1 4 )  have found a decrease in the
coronary h loud flow w i t h  exposure  Icc I ‘w l e v e l s  of -fCc ,-iccele rat lict . In the  unanes t l ;e t ize ’d  m i n i a t u r e
swine , co ronary  f low was found L u  ~e reduced at a l l  levc ’ls of a c c e l c r c t  Ion , as measured in the’ l e f t  c ir c ,n : —
f l e x  coronary ar ter’ ; , Coronary f l o w  ~;~,o ,u ld  l.ave t tu creasc d  due t o  t he  i i u c t e ’Jsc In  t u e  ( ‘cent m e t  l i e  s t a t e
o f t h e  myui a rd ium and the  increase in  hear t  ra te ’ . Both  hear t  r a t e  m u  c o t t r a c t  i i  i t v  are n u a j u - r  d e t e rm i n a n t s
o f m y o c ar d l a l  .ixyge .n ceun suutu pt i i ’n  (15 , 16) antI w , cu ld  nur tut a I l y cotu t  r i / i - u t , - t o  in l t c -r i ’ i.;,’ In  ,- u , r i , u u l c r v  f l ow.
The rea l ques t ion  i / u t -n  becomes t lue lack  of inc rease ’  in ,‘oronar ’v f l ow  dun  n .  ~~~~~ acc e l e r a t i o n .  Pe r fu c s  ion
p r e s s u r e  o f the  coronary  ves~ ela w i l l i tu f lu t ’n c e ’  f l i cv ; u, ’c.’cv er , d u r i n g  ., . ce l . - r , t t  ton , so r t i e  r.,ot pressure
is l ik e l y  to be e l eva t ed  due to 1) ~hte hy dr o s t a t i c  c o l u m n  e f f c ’ct  and 2) compensarory mechanisms which

m t  a m hu t - l i d level  a r t e r i a l  pr e s su re .  The’ i t c r . ’ ic aed h e ar t  r ,- iue rc ’ -h uu , ,- s t h e  d i a ~~t c u h i c  j u , ’r iod  thus  t end ing
to r e d u c e  coron a ry f lo w . In consci-’us miniature swine , Denn (17) has fou n d  a linear Increas e in coronary
f low w i t h  i n c rea s i n g  hea r t  ra te  up to  240 bpm. Therefuure , hu ’.,rt r i t e ’  d c ’ s  a - u t  Seem to c o n t r i b u t e  to the
decrease in coronary flow during +C -, t ,- ,’elera t lot-i ~~t m t -as , Tm u e t c -t’,i,.tu wl thc in tiut’ m y c u c a r d i a l  w a l l  of cite
left ventricle will cause changes in the coronary flow patter- as, Vi tic mice beginning of taovoltnuic sys—
tol e , tension increases and mice coronary arterial transmura l pr esccc rc- d,’crc’;cses . The decrease in trans—
mural pressure w i l l  cause  a decrease’ ic - i coronary f l o w  c h u m m i n g  e’;u h , ,‘,-i r , h l ; c , ’ sy~ to Ic ’ . Dur hc t g  4<’~ accelera-
tion , the left ventricular wall tension may he increased as the result of 1) Increased sortie root pres—
sure , 2) increased p l eu ra l  pressure , and 3) de fo r mat  ton ‘f the heart by a ,- ,uucdal movement from the acce—
l er . a t Eve f o rces . A l l  of these f ; ic t , , r s  would  t e n d  to  decrease ,‘o ron arv  f l o w . The ca u i i h ml  meiv i .tn ent of the
hea r t  t oward  the  d iap h ragm b.c.; been seen b y Sand ie r  (pi ’r .;; u i , l  co ant t ucn i , ’ui t i-tn) wh i l e  stu i d y itug anesthet ized
dogs v i a  c i n e ’an g i o g m a ph y.  S ince  t h u e  a rc h of t h e  aor t  a is te ’tic e ’ re’d h.v ii ,. ’ h,r;tnchi ,’s arising from it , the
ascending aorta may be stretch;c’d. A puu ’tsib le constni crliun of thc ’ c o r o u u , u c  v artery ostia may increase the
h i  u ’ , . I lt tf hu ~~ resist -m u’ dur i t’g high levels -, f 0, -ce ’ I. - rIl i I ou u .  Thc~’ I tu , - rt ’ .ine ’ d re -s I s  t a t c . e  would reduce corec—
nary f l o w ,  The coronary vascular  bed has an abundance of .alpha—adrent’rg ic receptors (18). Alpha—adren—
ergic receptors will cause’ vssoconatniction whit -n activated by eith er circulating catecholautcines or the
sympathetic nervous system . The ticurogenic component of a constrictor mechanism may be activate-i by
heart disp lacement or by other r e - ;- e ’pt .d r a  located in the carch l~upu tli— t,un ;irv region.

M v u ’ c i r d i a  1 oxygen conscmmpt Ion  w o u l d  ice expected to in ,’r , - .i ’ u ,- vi tim I n . - r u - u - ,  ut heart rate , cent roe—
t i l l t y ,  and my o c a r d i a l  wa l l  t en s i o n .  Since coronary f l o w  was f o cund  to h~’ reduced below cont ro l  va lues
at all levels of .mcceli’ rat ion studied , t h e  increased ,Icmanc! fecr ,,xygeca c-an onl y be’ met by an increase In
e’xtract ion of oxygen from the coronary blood. Myocsrd ial oxygen constuttuptlon mu’-asurements have not been
rin d,’ t i c date iuu t  u ’ i u i a l l y mvoc.- c r d m a l  oxy gen ex t r a c t l i c t t  clod’s not  . i c ; c n ge ’  a ~ u u ’ a t  li i i  under a wid e  s- u n l e t s ’
of cotc d  i t 1.-na (15). Mvocardi - ci i ‘ i l - I ce , : ,  h .  ot i d/ or  h i v p ox  h i  would scent t o  he ’ c’s 1st u m u t  under these conditions .
This concluqiu ,n agrees with thi’ da t - i  ir,,r ‘u c ’t .u i -  h c , i n . t t u  st  ‘t i l l , ’. ;  11 I i n  w lui ,-h c u’hc;,nges i t t  t i c , ’ S — T  ii ’ ,~ne’nt of
t u e e’Ie’ e t r .uei ruh logran have be en fe-it t i c  I i  s v umi c t uv u ’ t ,u ts  vi tic m y - - u t  ,hl; el 1,_ i,’ hic’utci a .

I l , 1- s x t a  . n , , u i / u , r  (schesnia  t s r !  marked e’I fi ’et ‘, on l c t  racel  l , , l , m r  ‘,vst e ’m. ;  u i ..,ir uii -cc mmm ’;,’ le . I vsuasnm .s l
enzyme cd t  i v i t  ion it. eI,’vated in in f c r , - t ‘‘i bui’a rt t i ’u ’uuic ’ fol low l tug c c u r i t u . , r y  Irtery 1 h g , c r  I on  ( 1 9 ) .  A c u t e
.cn ;, ’. l ;c aI , , .c  ine’ne’,,s.’s t h e  pri’p.’rt Icnt u t  iv,;,,’;u’tti,il i i i . ’ me’.. pru ’sc ’nt I n t i me’ tree form vi 11 c m tic ,’ hct’art (20).
in the current stud y ,  a tremetuulo ti~ m ere-us” in frec ’ lvsctsotn a l  i t  l v l t y  v u - ;  Found at 9 4<’.7 which suggests
Mi- mi’ t v ; , ’ of  tuc y oe’mt r e i h . c  i I .c ’ic,’n i , I t i . i c c l  I . . . , i s  w o i u l , l  i 1 - r e-,’ w ith i h tic’ ri’ ’l, u ’ - t h - d c  It -i ,- ‘‘r .’,,urv flc ,y f , i , m d
.ici r ing  t h i , ’  -,t u d i  c-s con dui ct  ‘ i t  i n  t h u . ’ In~

, t rimti’ t t u-i co l i t , .  h -~ . 
t)u’pres’u’ci s u i t  , , . -h on i r  I I lunch hu’n ~ ‘ u u c l d  he’ cx—

pi’e’t e - i I  i c c  h u r t ’ ,  ‘ ;u uh j e c t c - ut t i c  hu.’p.uxl u ’ ; i t t d / . . t  l - m , - h u , ’ t i u i e - id O l 1  ( ‘h , ‘“i . ui  I!, , - p r e ’ 4 u ’ l - i t  i c h  c c c i v , m it ,cc- hon—
dt  I i i  t u n e ;  ion was elevated wi t h - h, w -tecl -l m i t i g a t e ’  ccc in s t  ,‘.- ; . ,u x I a  - c u u d / . ’ r  I bu, ’utcii  in  the  -c. ’co l er a t  ion
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stressed heart. An increase in intracellular calcium coiccentration ( 23) may contribute to the increased
mitochondrial activity seen in 9 •I”C~ stressed an imals. This may occur through an increased release of
catecholamines in the heart or an increase in the level of circulating catecholamines (24, 25). Other
subcellular syacems may be affected by brief transient tac’hemla aui’h as that seen with ~~~ acceleration .
These systems may contribute to the increased mitochondrial function and cannot be ignored.

In stinznary high sus tained -+-~~~ acceleration in miniature swine results in a decrease in coronary
blood flow and an increase in the average heart rate and contractility while at 9 ‘+‘C~ . An increase in
free lysosomal enzymes and an increase in mitochondrial function were found also. These changes may be
associated with some type of isehemic damage to the myocardium resulting from time reduction in coronary
flow. The reduction In coronary flow may not be the sole f a c t o r  r e spon s ib le  fo r  the  isch umic  damage , and
other factors such as etatecholasitnes and mechanical forces mus t be c,cnr.ldered. ihuwever , a transient is—
chasic condit ion may represent the underlying basis for the myocardia l ce’ll death reported by Burton (7).
Recovery from this insult requires more than 1—2 hours since a portion of the present study was accomp l ish-
ed in this time period. The current study emphasizes the need for more definition of the transient Is—
chemlc period under these conditions , and major efforts are being made to accomplish this goal.

Thi. work was supported in part by U.S.A.F. AFOSR 74 — 2622.

DISCUSSION

SEM-JACOIISEN The bradycardia is similar to what I tout -id in p i lo t s  who b l a c k  ou t ,  It would be interes t -
(Norway) ing to measure the EI’G at this tIu,ii ~ icc -sec ci t h u  , u t u c m t  a l  t e i a l  l y u’cu t un c o n s cI o u s

STONE We have not done this yet , but it should be ,h tt;e’ - - -

DOG ~~~~ ~~~~
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TABLE 1

The average values for heart rate (HR), eft ventricular pressure (i VP) , the  maximum derivative of left
ventricular pressure (P), and the mean left cir cu m f l e x  coronary  f low (1 ( (’i’ ) expressed as the percent of
t he absolute control valcces in response to 4<’~z acceler ation. The values were taken at lice indicated
times after reaching peak acceleration levels. The n umbers in p 5r c .nt l c e s c- s  rc -  + one st a n d a r d  e r ro r  of
the mean.

1VP
C T(sec) H.R. Svccto l i 

- 
l ) I a t c c ! l c  LCCF P

3 60 202 (22) 138 (21) 64 (]‘,‘c 77 (~ 7) 177 (20)
120 219 (25) 146 (33) ~1 ( 7 1 )  53 (14) 126 ( 6)

5 30 217 (21) 15 1 ( 2 7 )  50 (20)  58 (18) 170 (22)
60 169 (25)  15 1 (23)  ~c2 t 2 0 )  60 ( 18) 140 (12)

7 30 148 (22) 173 (22) 127 ( 9) 80 (22) 144 (13)
60 167 (29) 152 (20) 101 (14) 54 ( 9) 112 (1”)

9 - 30 145 (21) 146 (65) 7 7  ( 19) 78 (26) 116 ( 11)
60 93 (2’.) 145 ( 7 0) 136 ( h )  81 (27)  120 (2 6 )

______________________________ - - -
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F1CUR1~ 2. A second t y p i c a l  response p a t t e r n  to +7C c i n an c tnane s thet i z ed  m i n i a t u r e  swine.Compare the heart rate response of this anijt~cl to that seen in FIgure 1.


