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the effects of EXPOSDBE to low CONGEHTRAIIOliS 

OF CARBON WONQTTnE AS REFLECTED 

BÏ TRACE FETAL ALTERATIONS

■-_______ _4SAPIER I

INTRODDCTION AND LITERATDRE REVIEW

This goodly frame, the e a r th , seems to  me a s te r i le  pro
montory; th is  most ex ce llen t canopy, the a i r ,  th is  brave o*er 
hanging firmament; th is  m ajestic  roof . . . , lAy, i t  appears 
no o ther th ing  to  me thaw a fon l and p e s ti le n t congregation 
of vapors (1 ) .

Carbon monoxide (CO), nbiquitous and notorious, has long been 

an enigma w ithin a  ridd le  to  s c ie n t is ts .  Although the acute form of 

carbon monoxide poisoning has long been recognized and u e l l  documented 

in  the l i t e r a tu r e ,  and the metabolism of CO and the signs and symptoms 

w ell studied both in  animals and humans (2 , 3 , 4 , 5 f 6 , 7 , 8 , 9 , 10) ,  

the slower and insid ious form of in to x ica tio n s , with in te rm itten t 

symptoms and vague re la tio n s  to  the sources o f the poisoned atmosphere, 

i s  being brought in to  prominence (3 , 11-21), Indeed, in  most textbooks 

of neurology, no mention i s  made of chronic CO poisoning (13), The 

basic  fa c ts  have mostly been gathered in  Europe; and in  19^9, they  m re  

summarized in  a  Danish monograph by Grut (4 ).

Chronic CO in to x ica tio n  i s  believed by many investig a to rs  to
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2
be a e n ti ty  (5t 6 , 14, 15, 21). Others argue th a t the concept

of chronic CO in to x ica tio n  i s  nonexistent (7 , 16, 17» 19),

Because o f the obscurity  concerning chronic CO in tox ica tion  in  

research (16- 19)» there e x is ts  a need fo r  exploration of the possible 

e ffe c ts  o f chronic CO exposure a t  the c e llu la r  and subcellu lar lev e ls  

(22 , 23). Current trends in  a i r  p o llu tio n  research, a f te r  réévaluation 

of older da ta  and presen tation  of newer d a ta , have sh ifted  toward the 

problem o f chronic d iseases and p o llu tio n  in  the to ta l  or mundane environ

ment (18, 22- 25) .

Evidences of concern or in te r e s t  in  CO as an a i r  p o llu tan t are 

the additions of the automobile exhaust control le g is la tio n  to  the d e a n  

A ir a c t by the 89th Congress (12), the formation of the Laboratory of 

Medical and B iological Sciences in  the D ivision of Air P o llu tion  (26), 

and the inception  of the Fried Laboratory (27), which selected  CO as 

the primary contaminant to  be studied by behavioral methods. Other be

havioral stud ies using small doses of CO have recen tly  been carried  out 

by Schulte (11), Beard and Wertheim (28), and Goldberg and Chappell (27), 

The reason fo r  behavioral analysis i s  th a t  i t  i s  f e l t  th a t the current 

physiological and tox ico log ical methods are inadequately analyzing the 

subtle  e ffe c ts  of d ironic environmental po llu tan ts  (27, 28).

Further evidence of the s ign ificance o f chronic GO as a  health  

hazard may be indicated ly  the ac tion  o f the Committee of Threshold Limits 

of the American Conference of Governmental In d u s tr ia l % gien i8t s ,  fdslch. 

in  1964, recommended th a t the Threshold Lim it Value (TL7) fo r  CO in  

workroœu a i r  be lowered to  $0 p a rts  per m illion  (ppm) by volume, from



■ ■ 3

the figure  of 100 ppm -Hhich i t  had sustained fo r many years (12), The 

C alifo rn ia  S tate  Board o f Public Health in  1959» adopted standards fo r  

ambient a i r  q u a lity , and s tip u la ted  as a "serious le-vel," 30 ppm of CO 

fo r  8 h r  o r 120 ppm fo r  1 h r  (29). I t  i s  reasonable to  assume th a t i f  

chronic CO in tox ica tion  was not a  problem there  would not be such 

emphasis on lowering the TLV,

From accumulated knowledge, a l im it  of 10 per cent carboxy- 

hemoglobin (HbCO) has been s e t  as a le v e l s ig n ific a n t in  a ffec ting

oxygen (Og) tran sp o rt; y e t , )0  ppm tie s -u p  approximately 5 per cent of
\

the HbCO (10), McFarland e t . a l . (30), investiga ting  physiological 

a b i l i t i e s ,  demonstrated decrease in  v isual discrim ination a t  a threshold 

o f 4 per cent HbCO, a  le v e l maintained frequently  by smokers. According 

to  Giever (12), Eysenck reported observing impairment in  contro l pare- 

c ision  and m ultiple Timb coordination ihen HbCO exceeded 5 per cent, 

and Schulte (11) found impairment o f functions detectable a t  HbCO lev e ls  

as low as 5 per cent. Beard and Wertheim (28) found th a t  e a r ly  in  the 

course o f CO exposure a t  50 ppm, the animals showed derangement o f time 

sense and th e ir  response patterns became tem porarily ir re g u la r ,

Giever (12) has indicated  th a t  to x ic ity  o f CO eq o su res  below 

the lev e ls  o f subjective  symptoms has y e t to  be more thoroughly ex

plored, although some o f the research data have ind ica ted  th a t  such 

tox ic  eaqosure does e x is t ,  and th a t continued research in to  the s ign i

ficance o f detectab le  changes a t  low concentrations i s  imperative to  

re ta in  the p>rop»r perspective in  regard to  the re la tio n sh ip  o f concen

tra t io n  to  damage or impairment o f  bod ily  functions. This approach was
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fa r th e r  stibstan tiated  by Grut (4 ) , B artless (18), and Heiman (22).

The deyelopoent and in te n s if ic a tio n  of the a i r  po llu tion  

problem, and i t s  in t r in s ic a l ly  re la te d  CO problem, have received much 

impetus because of the following fac to rs  t the In d u s tr ia l Revolution and 

i t s  concomitant urbanization o f ag rarian  so c ie tie s ; the invention o f the 

in te rn a l combustion engine, the automobile, e lev a to r, the Bessemsr 

Process, and oRss production; the discovery o f o i l ,  coal, and gas; and 

f in a l ly ,  the population explosion.

Motor vehicles are the major source o f CO po llu tion  (12, 31),

In  1900 there were very few automobiles, in  1962 there were 75 m illion  

motor vehicles reg is te red  in  the United S ta tes  (32), and in  I 967 there 

were in  excess o f 70 m illion  p rivate  motor cars (33).

N ationally , 70 m illion  automobiles consume 600,000 tons of 

gasoline per day while d isd iarg ing  more than 270,000 tons o f CO, un- 

bumed hydrocarbons, n itrogen  oxides, and organic lead  in to  the environ

ment (33). In  1962 motor fu e l was consumed a t  the ra te  of approximately 

60 b i l l io n  gallons per year (32). In  1953 an estim ated 60 m illion  tons 

o f CO were discharged in to  the United S ta tes atmosphere (14), The 

sev e rity  of the problem can fu r th e r  be exemplified on a  ci-ty-wide b a s is . 

In  1963 in  Los in g e le s , motor vehicles em itted an estim ated 9,000 tons 

of CO per day o r about 3 .4  m illion  tons per year, bu t d is tr ib u tio n  was 

no t uniform over time or area  o f the coun'fy (14). New York C iiy auto

mobile t r a f f i c  produced approximately 4,150 tons of CO each day.

Because of the seriousness o f the automobile emissions problem, 

and the u ltim ate urban sprawl, w ith i t s  increase in  motor veh ic les , a 

na tio n a l control program was in i t ia te d  w ith the in troduction  o f the I 968
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model cars. The fed era l régulations fo r  a l l  1968 models, with engines 

g rea te r than 140 cubic inches in  displacement r e s t r i c t  CO emission 

concentrations to  1 ,5  per cent. Many p eo ^e  have developed complacency 

and a fa lse  sense o f sec u rity  due to  these regu la tions. They are no t a 

panacea, H eller (33) pointed out th a t  in  December of 1966, the Cali

fo rn ia  Motor Vehicle Board ind icated  th a t  there  was a high d e te rio ra tio n  

ra te  of the automobile p o llu tio n  con tro l devices th a t  had been manda

to ry  in  the S ta te  since 1966, From th is  very f a c t  alone, i t  i s  possible 

to  surmise th a t  th is  problem w ill e x is t  and in te n s ify  on a national 

basis  a f te r  1968, The number of motor veh icles and population are a lso  

rap id ly  increasing in  an already crowded environment, thereby in te n s i

fying an already acute p o llu tio n  problem.

Emphasis has been placed on the production of a feasib le  

e le c tr ic  car, bu t techn ica l problems have kept i t  out o f mass pro

duction, Also, the nation  i s  geared to  the in te rn a l combustion engine 

and the gas and o i l  in d u s tr ie s . Therefore an abrupt change in  economic 

fac to rs  would d is ru p t the s ta b i l i ty  o f the nation .

According to  the view of the p a rtic ip an ts  in  the Carbon 

Monoxide Conference, R iverside, C alifo rn ia , 11 A pril 196?, the e ffec ts  

of (X) on man's h ealth  are a most im portant and nearly  neglected public  

health  problem. The 35 s c ie n tis ts  p resen t agreed th a t CO, in  most 

a reas, was the most important co n stitu en t to  be controlled  in  the exhaust 

of motor veh ic les . I t  was fu r th e r f e l t  th a t  i t  may be the CO content 

of c ig are tte  smoke which i s  the agent responsible fo r  excesses in  mor

t a l i t y  frcM cardiovascular d iseases and possib ly  even from emphysema
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and lung cancer (3^). According to  Giever (12) Drinker pointed ont 

th a t  the e f fe c t  o f CO may be increased by preexisting  physiological 

fa c to rs , by ex istin g  impairment of c ircu la tio n , h ea rt d isease , anemia, 

asthma, lung d iso rders , o r by any condition th a t  speeds metabolism, 

such as increased a c t iv i ty ,  high temperature, o r high a l t i tu d e .

There e x is ts  a co rre la tio n  of high CO lev e ls  in  community 

ambient a i r  to  c ig a re tte  smoking. C igarette smokers commonly have 5 

to  10 per cent HbCO, and values as high as 18 per cent (10), I t  seems 

l ik e ly  th a t the add ition  o f 5 P®2* cent HbCO by community a i r  po llu tion  

to  th a t  caused by other exposures may be su f f ic ie n t to  pose a  su b stan tia l 

r is k  to  the health  o f sen s itiv e  persons. I t  i s  the impaired ind iv idua l, 

not the healthy  person, th a t  must be given f i r s t  consideration in  the 

p ro tec tion  ag ainst the p o te n tia l e ffe c ts  of CO. Such lev e ls  might be 

produced by erçosure to  30 ppa o f CO in  pollu ted  a i r  from 4  to  6 h rs , 

o r exposure to  120 ppm fo r  1 h r  (33)*

Measures are needed idiich "will id e n tify  the person v i th  some 

chronic physiologic d e fec t th a t  makes Hm a susceptib le  candidate fo r  

chronic CO in to x ica tio n . According to  Hof re n te r  (36), the mere de

term ination o f HbCO lev e ls  or the recording of subjective symptoms u i l l  

no t provide a d e f in itiv e  answer to  the chronic CO in to x ica tio n  question. 

A dditional c r i t e r ia ,  i , e , , behavioral changes, serum enzyne chaziges, 

and changes a t  the organ and ceU ular-subceU ular le v e ls  must be devel

oped to  assess e a r ly  tis su e  damage re la ted  to  low concentrations o f CO, 

Another group o f in p o rtan t environmental contaminants has 

gained na tiona l prominence in  recen t years. The Task Force on En-
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viromnental Health, and Related Problems (37) reported th a t  trace  metals 

■which are known or suspected to  be harmfol "to humans are being d is 

charged in to  "the environment a t  an increasing ra"te.

Unlike ether macro- and m icronatrien'ts, "trace metals or 

elements cannot be syn"thesized by b io log ica l processes. They must a l l  

come from s o i l  or sea, or in  recen t h is to ry , by man*s own unrem itting 

e f fo r ts ,  from mines and a i r  (38 , 39). L it'tle  i s  known about the 

ad-verse e ffe c ts  of these subs-tances wi-th regard to  a lle rg ie s , long- 

"term genetic changes, or chronic d iseases.

The Task Force on Environmental & a lth  and Bela'ted Prob

lems (37) has recommended th a t an e f fo r t  be made to  es 'tab lish , by 

1970, human safe-iy lev e ls  fo r  syn-khetic ma"terials, "trace me"tals, and 

chemicals curren"tly in  use; and p ro h ib it a f te r  1970» general use o f any 

new synthetic  ma"terial, trace me"tal, o r chemical u n t i l  appro"ved by the 

Department of Heal"th, £duca"tion, and Welfare.

According to  Leddicotte (38), b io log ica l and medical research 

advances during the l a s t  few years have brought a new apprecia"tion of 

the ro le  of elemen"tal species (trace  m etals) in  li-ving systems. At 

le a s t  s ix ty  elements in  low concentrations (trace : 0.01 to  0.001 per

cen t), have been discovered in  fungi, b a c te ria , higher plan"ts, animals, 

and humans.

The need fo r  unders"tanding trace  metal functions has already 

stim ulated medical researchers "to speculate and hypo"thesize about the 

ro le  o f trace  metals in  "the causes o f, and in  the therapy fo r ,  many 

chronic d iseases (40, 38).
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The developnent and commercialization of gas chromatography, 

polarography, emission spectrometry, atomic absorption spectroscopy, 

mass spectrometry, x-ray  spectrometry, and ac tiv a tio n  analysis  have 

g re a tly  aided and extended the s c ie n t i s t 's  cap ab ility  in  determining 

elements and coiqwnnds in  concentration ranges below 0.1 per cent (41), 

Trace metals have been im plicated as causative fac to rs  in  a 

few chronic d iseases (40), There i s  speculation th a t a metal accumu

la t in g  in  an organ from the modem environment could so m odi^  an 

enzymatic reaction  th a t eventual breakdown of a metabolic pathway would 

r e s u l t  in  a chronic disease (42),

According to  D*Alonzo e t  a l , (43), in  th e i r  study of trace  

metals and h eart d isease , Schroeder re la ted  water hardness to  h eart 

d isease , and S tra in  observed large  geographic v a ria tio n s  in  death ra te s  

from cardiovascular d isease, possib ly  associated with minor element 

d e fic ien c ie s , e sp ec ia lly  vanadium and zinc.

There are v ir tu a l ly  no data  available from exploration  o f the 

possib le e ffec ts  o f chronic CO exposure tp  b io lo g ica l systems and trace  

metal a lte ra tio n s  w ithin these systems. The l i te ra tu re  reveals l i t t l e  

on the p o s s ib il i ty  th a t  a  chronic environmental p o llu tan t, such as CO, 

could cause accumulations and/or s h if ts  of trace  metals a t  the organ, 

c e llu la r , and subce llu la r le v e ls , and d is ru p t major metabolic pathways 

as referred  to  ty  Schroder (40 , 42), causing a chronic d isease .

I t  has been s ta ted  th a t  enzymatic oxidations are h igh ly  sensi

t iv e  to  traces of the In h ib ito rs  id iid i are known to  in h ib i t  rad ica l re

action  chains, e .g . ,  malonic ac id s , organic iod ides, su lp h ite s , qranides, 

and CO (44); furthermore, CO i s  known to  in h ib i t  many re sp ira to ry
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enzymes ■Hiiich contain iro n  or copper atoms as an e s se n tia l p a rt of 

th e i r  c a ta ly tic  mechanism.

According to  Mahler and Cordes (44) carbon monoxide *s postu

la te d  mode of action  on metal complexing agents i s  the  formation of 

complexes u i th  metalloenzymes, e sp ec ia lly  metaHoporphyrins and copper 

enzymes. Carbon monoxide i s  a lso  knotna to  re a c t tJith  microsome 

perhaps the term inal oxidase fo r  microsomal e lec tro n  tran sp o rt with 

e i th e r  cytochrome b^ ( l iv e r  mitochondrial microsomss) o r microsomal 

hydroxylase functioning as an e lec tron  donor (44), Conn and Stumpf (45) 

postulated th a t  i t  was the combination of CO w ith ferrous iro n  of çy- 

tochrome a^ (cytochrome oxidase) which accounted fo r  the extreme to x i-  

c i iy  of th is  conçound to  b io lo g ica l organisms,

Mahler and Cordes (44) ind icated  th a t  CO a lso  ac ts  on cupro- 

p ro te in s , Gallagher*s (46) work on copper defic iency  in  r a ts  and 

chickens showed th a t  cytochrome oxidase a c t iv i ty  was g re a tly  reduced, 

and th a t  tis su e  re sp ira tio n  fa ilu re  was due to  the progressive depletion 

of cytochrome oxidase, idiich in  a l l  p ro b ab ility  was the immediate cause 

of death , Gallagher (46) a lso  ind icated  th a t  copper defic iency  in  the 

lamb, may produce dengelination of the cen tra l nervous system (CHS) by 

depletion  o f cytochrome exidase a c t iv i ty  leading to  in h ib itio n  of 

aerobic metabolism. Such was no t the case fo r  copper d e f ic ie n t ra'bs. 

Butcher and Fox (4?) have recen tly  shown th a t  copper may have a  sign i

f ic a n t  and sp ec if ic  function in  the metabolism of the  caudate nucleus 

of the  c a t,

Datsenko (48) showed th a t chronic CO in 'tox ication  in  ra ts
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resu lted  ir^ a  decrease of a c t iv i ty  in  cho linesterase in  blood serum, 

■Hhich can be used as a  sen sitiv e  index of the degree of in to x ica tio n , 

and 'that changes in  the organism under chronic CO in to x ica tio n  are  per

s is te n t ,  as demonstrated by -the incomplete re s to ra tio n  o f the a c t iv i ty  

o f cholinesterase fo r  three months a f te r  the in sp ira tio n  of CO stopped.

Changes in  several physiological and biochemical ind ices in  

man a f te r  e:qx)sure to  small concentrations o f CO were noted by Kustov 

e t  a l . (49) .  The e ffe c ts  were not e n tire ly  due to  CO hypoxemia, but 

tissu e  e ffe c ts  of CO -were considered a prime factor# Carbon monoxide 

also  caused a  pronounced d iso rder in  the blood c irc u la tio n , dystrophic 

albumin exchanges, and to ta l  increase in  the size  o f nuclei o f  l iv e r  

c e lls  (50) ,

In  summation, there i s  a c r i t i c a l  need to  explore chronic 

health  puroblems and d iseases , as exemplified by recen t emphasis on 

the environment by -the fed e ra l government (12, 26), Chronic contami

nation of the environment by various chemicals, gases, h ea t, rad io

active m ate ria ls , n o ise , so lid  waste, se'wage, and trace  metals through

out the world has opened up many new areas o f research , Bowen (51) 

s ta ted  th a t  CO, a g lobal p o llu ta n t, has a  mean residence time i n  the 

atmosphere o f a  few mon'ths, and th a t  i t  i s  no t known how "the gas i s  

removed from the atmosphere. He fu r th e r s ta ted  th a t  CO i s  known to  

in h ib i t  metalloenzymes a t  high concentrations in  p la n ts , Swinnerton 

e t  a l . (52) recen tly  reported -that in d u s tr ia liz a t io n  has ra ised  the 

CO le v e l in  the atmosphere in  the l a s t  50 y ears , and since CO and 

o^grgen have about the  same s o lu b ili ty  in  w ater, the oceans, la k e s , and
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riv e rs  may accumolate the gas and create a th re a t to  aqoatic  l i f e .

Since aquatic organisms are p a r t of man’s food chain, i t  i s  important 

to  know i f  chronic CO exposure has an adverse e f fe c t  on these organisms, 

and i f  the gas has an e f fe c t  on trace  metals w ith in  the organism’s 

metabolic systems. Carbon monoxide has been considered an important 

fa c to r in  the genesis of lung cancer, and in  increasing the significance 

and sev e rity  of Angina p e c to r is , and vascular d iseases (34). Carbon 

monoxide has been lin k ed , as a causative agent, to  myocardial in fa rc tio n  

and a rte r io sc le ro s is  (53-56). Trace metals have also  been im plicated 

as a causative fa c to r  in  these same d iseases (40, 42, 43, 57, 58).

This in v es tig a to r fe e ls  th a t  aigr s ig n if ic a n t trace  metal 

a lte ra tio n s  in  ra ts  exposed to  CO during the chronic CO-trace metal 

study would be im portant because s im ila r trace  metal a lte ra tio n s  might 

be more extreme in  humans. Goldberg and Chappell (2?) s ta ted  th a t CO 

i s  excreted from the blood of ra ts  more rap id ly  than the blood of humans; 

therefo re , any given exposure should have le s s  e f fe c t  on ra ts  than on 

humans. L i t t le  i s  known about chronic CO in to x ica tio n , and i t s  re 

la tio n sh ip  to  trace  m etals w ithin  the body a t  the c e llu la r  and sub

c e llu la r  le v e ls . This f a c t ,  along with recen t developments in  c o u n te r  

systems, s t a t i s t i c a l  model an a ly s is , and trace  metal instrum entation 

fo r  rap id  qu an tita tiv e  and qpialitative analyses, has opened the door 

fo r  comprehensive research in  th is  area (16-20, 22 , 23, 37 , 38, 40, 41, 

49, 59).

Acute E ffects

Carbon monoxide (CO), formula weight 28.01, i s  a  co lo rless .
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odorless, eajxLosive, tox ic  gas, produced by incomplete oxidation of 

carbonaceous m aterial (2 , 3» 7, 10, 13, 60, 61), I t  i s  a p rinc ipa l 

constituen t of manufactured fu e l gas, such as producer gas and blue 

w ater gas, and i t  i s  also used fo r  the synthesis o f organic compounds, 

including ac id s, a lcohols, and hydrocarbons.

H is to rica lly , CO was disco-vered by P r ie s tly  (13) in  1799, 

and the composition of CO was f i r s t  estab lished  by Clement and Desoimes 

in  1801, The Greeks knew o f th e ,e ffe c ts  of CO, and the Romans used 

i t  fo r  punishment of criminals and fo r  su icides (3 ). Today, CO i s  one 

o f the major chronic po llu tan ts o f urban ambient a i r  and" closed environ

mental systems (10, 14, 25, 32, 35» 36, 62-64). Carbon monoxide i s  

cu rren tly  the most important gaseous poison which confronts physicians, 

and i t  causes more deaths than a l l  otlier tox ic  gases combined (11, 64), 

According to  Du Bois and G eiling (61), CO i s  responsible fo r  95 I» r 

cent of the deaths due to  to x ic  gases in  the United S ta te s , and 2,000 

acciden tal deaths annually.

The tox ic  action  of CO i s  Related prim arily  to  i t s  a f f in i ty  

fo r  hemoglobin (Hb), the oxygen-carrying component of blood, combining 

to  form carboxyhemoglobin (HbCO), and a lso  combining with some of the 

constituents of the cytochrome system and myo^obin (19, 44, 45, 65,

66), A ffin ity  o f CO fo r Hb i s  approximately 200 to  300 times th a t of 

oxygen (66), A re la tiv e ly  small concentration of CO in  the inhaled 

a i r  can t i e  up s ig n ific a n t q u an titie s  of Hb as HbCO,

A CO concentration a t  equilibrium  of 0,01 per cent (100 ppm) 

leads to  17 per cent HbCO, and 30 ppm t ie s  up 5 per cent HbCO (8, 10), 

Hemoglobin bound with CO i s  then unavailable fo r  the tran sp o rt of
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oxygen to  the various tis su e s  of the body. Secondarily, and le ss  im

portan t, CO e f fe c ts  in d ire c tly  re s u l t  ftom HbCO in h ib itin g  the disso

c ia tio n  o f oxyhemoglobin (HbOg), This fu r th e r  reduces the oxygen supply 

to  the body. Carbon monoxide in  the blood a lso  reduces the p a r tia l  

pressure of oxygen, and lessens oxsngen d iffu sio n  in to  the tis su e s .

The amount of CO w ithin  the body i s  re la ted  to  both i t s  con

cen tra tion  i n  the a i r  and length  of exposure to  the in d iv id u a l. Unless 

the concentration in  the a i r  i s  su f f ic ie n t to  bring about death , an 

equilibrium  i s  estab lished  between in sp ired  a i r  and HbCO in  the blood. 

The lower the CO a i r  le v e l (10), the longer the time to  reach e q u ili

brium, and a t  normal breathing ra te s ,  7 to  8 hrs are required to  reach 

blood sa tu ra tio n  a t  CO le v e ls  o f from 50 to  100 ppm.

Previously , i t  was thought th a t  death d id  no t supervene u n t i l  

60 to  80 per cent o f  the Hb was combined w ith CO (66), bu t contrary to  

the accepted b e lie f  th a t  only a  very  high HbCO content causes death, 

subsequent findings have d e f in ite ly  estab lished  th a t in  some f a ta l  CO 

asphyxiations, the blood CO sa tu ra tio n  may be lower than 60 per cent, 

and in  exceptional cases, as low as 30 to  40 per cent.

The CO exposure time fa c to r  i s  im portant. The time fac to r, 

according to  Hour and Ledingham (13) does not increase the poisoning 

co e ffic ien t, bu t prolongs the anoxemia induced by n eu tra liz a tio n  of 

the Hb, Furthermore, the re su ltin g  asphyxia produces anatomical and 

functional d iso rders of the tis su es  and c e l ls ,  which disorders are 

secondary to  the oxygen d e f i c i e n t  and the functioning of the organism 

under conditions o f  anaerobiosis. These conditions give r i s e  to  cardiac
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and re sp ira to ry  reac tio n s , p a r t ic u la r ly  to  hyperven tila tion  accompanied 

by re sp ira to ry  a lk a lo s is , to  ir re v e rs ib le  acidosis as a r e s u l t  of in 

complete combustion and to  the lib e ra tio n  o f acid  m etabolites.

Two tis su e s  in  the organism are p a r tic u la r ly  sen sitiv e  to  

hypoxia o r anoxia, and th e i r  s e n s i t iv i ty  increases w ith the period fo r  

Tdiich the hypoxia or anoxia continues to  be p resen t. The changes vdiich 

cause a la rg e  proportion of the symptoms to  be observed are found in  

the cen tra l nervous system (CHS). D iffuse degenerative lesions of the 

CHS during CO poisoning are extremely common and severe. In  add ition , 

asphyxia gives r is e  to  symptoms of edema and vascular s ta s is  in  the 

b ra in , and an oxygen de fic ien q r continuing beyond 6 min i s  known to  be 

f a ta l  to  b ra in  c e lls  (13). The nyocardium, a lso  frequen tly  shows 

symptoms of being affected  during carbon monoxide in to x ica tio n .

The to x ic  action  of CO i s  e s s e n tia l ly  an asphyxia caused by 

blocking of the  oxygen tran sp o rt mechanism of the e ry th rocy tes, and i t  

a lso  ac ts  on tis su e  c e lls  by in h ib itin g  the oxydo-reductlon enzyme 

system (13, 44, 65, 66). Serious re sp ira to ry  m anifestations o f the 

obstructive type and frequen tly  cardiovascular m anifestations, e sp ec ia lly  

co llapse, occurring during the course o f CO in to x ica tio n , increase and 

prolong the asphyxia, thus in s t i tu t in g  fu r th e r  d isorders of the CHS (13).

According to  Bour and Ledingham (13) neuropathological prob

lems jjresented by in to x ica tio n  w ith CO are f a r  from being resolved.

The general mechanism o f causation of the le s io n s  i s  e lusive  and d i f f i 

c u lt  to  explain on the basis  of the physiopathology o f anoxia alone.

The a l te ra t io n  in  the 3&ite m atter and determinism of fundamental puro-
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cesses have not been explained completely.

In  1920 B arcroft (6?) c la ss if ie d  four main types of anoxia»

1, Anoxic or asphyxiai anoxia, caused by lack  of 
oxygen in  the a i r  inhaled or re sp ira to ry  in 
suffic iency ,

2, Anemic anoxia, due to  the decreased number of 
red corpuscles or to  the diminished production 
ra te  of Hb,

3 , Stagnant anoxia, idiich occurs during an a r r e s t  
or lowering of the blood flow (oligaemia, 
ischaem ia),

4, Metabolic or to x ic  anoxia, lAich i s  caused not 
by the lack  of oxygen, bu t ra th e r by fac to rs  
in te rfe rin g  w ith the consumption of oxygen 
(cyanide poisoning, hypoglycemia), or tdiich 
^ v e  a d ire c t  e f fe c t on the c e lls .

Acute CO poisoning, according to  Bour and Ledingham (13) 

should be c la ss if ie d  among those anoxic conditions which are becoming 

increasing ly  frequen t, presenting progressively  more complex problems, 

and stim ulating numerous s tu d ies , i , e , , problems of sea -d iv ers , open- 

h ea rt surgery, prolonged anesthesia , a ltitu d e  exposure, e tc .

The bra in  i s  the most sen sitiv e  organ to  anoxia, and i t  con

sumes the la rg e s t  proportion of oxj^en of the idiole organism. The 

adu lt b ra in  consumes about a quarter of the insp ired  oxygen. In  

nursing in fan ts  and children up to  age four, consumption of oxygen by 

the b ra in  r is e s  to  a th ird .

According to  Bour and Ledingham (13), Bernard discovered the 

a f f in i ty  of CO fo r  Hb, and indicated  the disturbance in  oxygen trans

p o rt lAich occurs when HbCO i s  formed, Haldane (68) in  1895» showed 

th a t  HbCO formation was an equilibrium  reaction  idiich depended upon 

the re la tiv e  p a r t ia l  pressures of CO and oxygen in  inhaled a i r .
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The d isso c ia tio n  of HbCO follows the same laws as the d is 

socia tion  of HbOg, and the HbCO d isso c ia tio n  curve i s  governed by the 

same fac to rs  of pH, s a l t  content, and temperature as the HbO  ̂ curve (13). 

Many l i te ra tu re  reviews cover th is  sub jec t, P a tty  (2) gave a  luc id  

presentation of the d isso c ia tio n  curves fo r  EbOg and HbCO,

Carbon monoxide i s  elim inated from the body v ia  the lungs.

The reaction  i s  a reversib le  one, and the ra te  of e lim ination  i s  

governed by the same fac to rs  th a t  a f fe c t  i t s  absorption (66), B a r tle tt  

(18) showed th a t  CO rev ersih ly  combined with Hb and myoglobin (Mb) in  

the following reactions :

(1) CO + Hb HbCO

(2) CO + Mb ^— 7 HbCO

The reaction  of CO with Mb i s  b io lo g ica lly  s ig n if ic a n t, but 

le ss  important than CO combining with Hb,

According to  Bour and Ledingham (13), Smith and Sharp des

cribed in  i 960, the f i r s t  c l in ic a l  app lication  of the treatm ent o f CO 

poisoning by adm inistration of oxygen a t  high atmospheric pressure.

The re su lts  showed th a t the period of hypoxia was terminated as soon 

as the amount o f oxygen dissolved in  the plasma was su f f ic ie n t to  ade

quately oxygenate the t is su e s . The elim ination  o f CO took place more 

rap id ly , resu ltin g  in  increased a lveo lar oxygen tension .

Many CO experiments have been carried  out on animals,

Chomyak and Sayers (69) f a ta l ly  exposed dogs to  600 ppm CO in  a i r  by 

volume from 20 to  30 min, A d iffu se  degenerative change throughout 

the b ra in  was noted. The e ffe c ts  produced were edema of the dorsa l
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motor nucletis of the vagus and medulla oblongata.

De Boer and C arroll (70) showed th a t  spleen volume decreased 

•rfien ca ts  were poisoned with 00; furthenaore, no vaso-construction in  

the spleen was noted. The function of the sp lenic contraction was to  

expel unpoisoned red c e lls  in to  the Hood, and thereby reduce the 

ra tio  of HbCO to  EbOg in  the general c ircu la tio n  (70), Ehrich e t  a l . 

(71) produced acute CO poisoning in  some dogs by in h a la tio n  of CO, and 

in  others by intravenous in troduction  of erythrocytes saturated  with 

CO, Morphological changes were hemorrhages and myocardium necroses 

and degenerative changes o f ind iv idual muscle f ib e r s .  It.w as noted 

th a t e lectrocard iographic and morphologic changes o f the h eart in  CO 

poisoning resembled c lo se ly  those seen in  anoxia due to  other causes, 

Gorbatow and Noro (72) eqwsed mice and r a ts  d a ily  to  CO in  

amounts o f 250, 400, 300, and 1,000 ppm. The exposed animals be

came acclim atized to  CO in  doses o f 250 to  500 ppm, and the tolerance 

against CO increased 2 to  4  times i t s  o rig in a l value in  8 to  15 days. 

Only s l ig h t acc lim atization  was observed a t  the 1,000 ppm le v e l. 

Polycythemia was observed during acclim atiza tion , bu t disappeared 

l a t e r .  No HbCO decrease was observed. Rabbits were used by Jerzykowski 

and Nowak (73) to  show the e f fe c t  o f  acute CO poisoning on ribo flav in  

le v e l in  blood and t is su e s , &  observed th a t  rib o flav in  was released 

to  the blood v ia  the muscles probably from pro te in  decomposition, and 

th a t  the d ifferences between exposed and controlled  groups were s ta t i s 

t i c a l ly  s ig n if ic a n t,

Spencer (74), in  h is  experiment showing the e ffe c ts  o f CO on
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man and canaries, found th a t  even though a canary i s  usefu l as an in d i

cato r of CO in  mines, a t  lower le v e ls  of CO the canary does not become 

affected  as soon as man; th e re fo re , the canary w il l  not only be useless 

as an iz id icator, but a lso  dangerous because o f the fa lse  confidence i t  

creates.

In  re la tio n sh ip  to  the e ffe c ts  of acute CO exposure on humans, 

Abt and W itt (75) showed th a t  a five  year old male became to ta l ly  b lind 

a f te r  acute CO poisoning. Adler (76) presented a case in  i6 ic h  CO 

fumes were re la te d  to  the d is in teg ra tio n  of o p tic  recognition  in  v isu al 

agnosia.

According to  Burck and Portwich (77) ren a l fa i lu re  as a con

sequence of acute CO in to x ica tio n  produced vacuolation o f the large  

e p ith e lia , and f la tte n in g  of the epithelium  in  the kidney tabu les. 

Chalupa (78) ind ica ted  th a t  memory i s  a ffec ted  following acute CO 

in to x ica tio n . Carbon monoxide poisoning a ffec ted  hearing by the lo ss  

of s e n s i t iv i ly  in  middle range frequencies according to  Taniewski and 

KuKLer (79). The occurrence of Parkinsonism following acute CO poison

ing i s  w ell au then ticated  (80), and hypoglycemia i s  now a c lass ic  symp

tom of in to x ica tio n  due to  CO (13). Carbon monoxide in to x ica tio n  has 

been shown to  reduce the a c t iv i ty  of cho linesterase  in  blood serum (48), 

and a c t  d ire c t ly  on metabolism of porphyrinic pigments (81),

S jostrand (82) has recen tly  shown th a t  CO i s  produced both 

patho log ically  and physio log ically  by the breakdown of Hb and th a t  the 

expired a i r  CO concentration re fle c ted  the  ra te  o f Hb d estru c tio n . I t  

was shown a lso  th a t  endogenous CO fonnation increased  considerably in
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certa in  pathological conditions w ith abnormal decomposition of erythro

cytes (82). S jostrand (83) has postu lated  th a t  a molecule of CO i s  

lib e ra te d  tdien each porphyrin ring  s p l i t s  in  the Hb molecule,

Hayes and Hall (53) and Shafer e t  a l . (5^ ),  have indicated  

th a t CO i s  tox ic  to  the myocardium. L itz e r  (55) discussed the e ffe c t 

of CO poisoning on c a p il la r ie s  and "secondary sickness ihenomena- 

danage" to  c ircu la tio n  and the h e a rt.

Much research i s  cu rren tly  being carried  out on the re la tio n 

ship between smoking and cardiovascular d iseases . According to  M ills 

and P orter (84), there  e x is ts  a re la tio n sh ip  between tobacco smoking and 

automobile driv ing s t r e s s ,  and cardiac and vascular anomalies. In 

regard to  heavy c ig a re tte  smoking, the r is k  r a t io  p revailed  fo r  both 

myocardial in fa rc tio n  and angina p e c to r is , and coronary h e a rt disease 

was found to  occur twice as o ften  among male c ig a re tte  smokers as among 

nonsmokers (85). Bokhoven and Niessen (86) in  evaluating h ealth  

e ffe c ts  and smoking ind ica ted  there i s  a  p o s s ib il i ty  of synergism, 

caused by the simultaneous presence of CO and oxides o f n itrogen  in  

c ig are tte  smoke. Evidence also  e x is ts  th a t  smokers are more l ik e ly  to  

die  of coronary h e a r t d isease and other cardiovascular conditions, 

chronic b ro n ch itis , emphysema, and cancer of the u rinary  bladder, 

according to  a recen t a r t ic le  in  the American Journal of Public Health 

(87).

C igarette smoking i s  associated  w ith a 70 per cent increase in  

the age-specific  death ra te s  of males, and to  a  le s s e r  ex ten t with in 

creased death ra te s  in  fem ales, according to  the 1964 Surgeon General’s
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' Report (88). Carbon monoxide i s  a major constituen t o f c ig are tte  

smoke, One c ig are tte  smoked involves a sh o rt time exposure of about 

^75 ppm CO, and deBruin (89) has s ta ted  th a t  3 to  5 per cent HbCO may 

already give r is e  to  psychoneurological s]miptoms, manifested in  psycho

m etric te s t s .

I t  has been showi th a t  the CO dose from c ig are tte  smoke i s  

high and sh o rt, re la tiv e  to  th a t  from community a i r  p o llu tion  (10), 

C igarette smoking t i e s  up about 3 to  5 per cent Hb as HbCO (89), 

Combined smoking and ambient a i r  le v e ls  of 30 Ppm CO may t i e  up over 10 

per cent Hb (10),

According to  Dunlap (90) and data  previously s ta ted  (14, 32), 

every year motor vehidLes pour out about 169 b i l l io n  pounds of CO in to  

the a i r  o f urban America, Each urban d w eller 's  share amounts to  about 

30 pounds of CO per 2^ h rs . There i s  concern about the re la tio n sh ip  

of auto accidents, c ig a re tte  smoking, and high CO ambient urban a i r  

le v e ls , and o v e r-a ll CO exposure to  people with chronic diseases

(10, 14, 90) .

Ringold e t  a l , (91) have developed a v a lid  method fo r  de ter

mining HbCO lev e ls  in  the body using an in fra red  an a ly s is , and Furlong 

(92) has developed a r e la t iv e ly  accurate disposable blood-CO analyzer. 

Various methods are availab le  and are recorded in  the l i te r a tu r e ,

AUen and Root (93) have improved the palladium chloride method fo r  

cb lorim stric  determ ination o f CO in  a i r .  Recent developments in  gas 

chromatography o ffe r an ex ce llen t method o f both q u a lita tiv e  and quanti

ta tiv e  analysis of CO (94), The nondispersing in fra red  CO analyzer i s
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cu rren tly  used fo r  continuous analysis  o f urban a i r  (95)* Haldane (96) 

was one of the f i r s t  in v estig a to rs  to  develop a usable method fo r  CO 

d e tec tion . Silverman and Gardner (97) described an improved method fo r  

d ire c tly  measuring low concentrations of CO in  a i r .  They s ta ted  th a t 

CO reacted w ith potassium paUado s u lf i te  impregnated on a chemically 

in e r t  gel contained in  sealed g lass tubes. The length of d isco lo ration  

caused by conversion of yellow s u lf i te  to  dark brown palladium or i t s  

oxides i s  an expoten tial function of CO concentration. Breysse e t  a l , 

(98) used an expired a i r  technique fo r  estim ating the percentage of 

HbCO and p e rio d ica lly  checked the r e l i a b i l i ty  o f these techniques by 

drawing and examining blood specimens fo r  percentage of HbCO, They 

compared the r e s u l ts ,  from a Mine Safety  Appliance (MSA) Carbon Mon

oxide Poison K it and a  gas chromatograph (GC) of expired a i r  from men 

exposed to  CO, ag a in st a m odification of the m icrodiffusion procedure 

described by F eldste in  and KLendshoj fo r  blood samples. The J5SA and 

GC methods corre la ted  s ig n if ic a n tly  w ith the re su lts  obtained from the 

blood specimens, and the co rre la tio n  of the MSA method was g rea te r than 

the GC method.

Chronic E ffec ts  

There are more than 3,000 bib liographic references on 00 

according to  Finck (8 ) , bu t very few are concerned with the problem 

of chronic CO in to x ica tio n  (4, 11, 12, 15, 17-21, 48, 63, 64, 66, 

99-101). As previously s ta te d , there  i s  strong evidence, e sp ec ia lly  

from European in v estig a to rs  (4 , 48, 62) th a t  chronic CO in tox ica tion  i s  

a serious public  h ea lth  problem in  major urban areas and closed environ
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mental systems,

Pecora e t  a l . (102) haire ind ica ted  in  th e i r  study on the binding 

of CO in  the blood in  acute and chronic CO poisoning, th a t the more 

prolonged the chronic poisoning, the le s s  was the quantity  of CO freed  

from the erythrocytes or plasma a f te r  exposure to  a i r ,  w ith an ultim ate 

increase in  g lobulin  and plasma carboxyemia. Datsenko (48) showed th a t  

chronic in to x ica tio n  of animals with CO resu lted  in  reduced cholin- 

este rase  a c t iv i ty  in  blood serum, w ith  th ree  months needed fo r  a c t iv i ty  

re s to ra tio n  a f te r  CO had been stopped,

A subacute CO poisoning case with cereb ra l myelinopathy and 

m ultiple ayocardial necroses was reported  in  1945 by Neubuerger and 

Clarke (103). Gmdzinska (104) concluded th a t  chronic e:qx>sure to  low 

concentrations of CO may no t cause d is t in c t  changes in  the nervous 

system, bu t may have a  c e r ta in  in h ib ito ry  e f f e c t  on the b io e le c tr ic  

a c t iv i ty  o f the b ra in . Malomey e t  a l . (105) noted complete lo s s  of 

re flexes a f te r  10 weeks of exposure to  140 to  160 ppm of CO in  r a t s .

In  a chronic in d u s tr ia l  CO poisoning study, asthen ia , in te l le c 

tu a l apathy, depression, muscular fa tig u e , speech slowness, impaired 

memory, and sexual impotency were frequen tly  observed according to 

Duvoir and G au ltie r (106), Datsenko (107) in  1965» reported th a t  chronic 

poisoning concentrations o f CO in  inhaled a i r  produced changes in  the 

glycémie curves.

3h a  s e r ie s  of c a re fu lly  observed slow CO asphyxiation cases. 

Beck (100) noted a  d e f in ite  clin icopathologic  e n t i ty  despite views 

held to  the con trary , e sp e c ia lly  in  the h ea rt and CSS. CanÿbeU (108)
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in  a s t td y  of hypertrophy of the h eart in  acclim atization  to  chronic 

CO in to x ica tio n  showed th a t  the average weight of mice hearts  eaposed 

to  CO was considerably g rea te r than the mice hearts  o f the control and 

oxygen exposed groups,

lewey and Drabkin (109) exposed dogs to  100 ppm CO fo r  11 

weeks, 6 days per week, 5-1/2 hours per day, and found consisten t 

disturbances of g a i t  and of postu ra l and p o sitio n  re f le x e s .. They 

concluded th a t  chronic CO in to x ica tio n  may occur in  dogs a t  CO concen

tra tio n s  Tdiich have been considered w ith in  the safe lim its  fo r  man.

On the other hand, Musselman e t  a l . (110) ran  a s im ila r experiment using 

r a t s ,  dogs, and ra b b its , and found the absence of to x ic  signs and only 

s l ig h t blood (hanges in  these animals a t  the jO ppm CO le v e l o f exposure, 

]h  a  recen t study of enzyme changes from exposure to  chronic 

CO in to x ica tio n , Rozera and F a ti  (111) observed e a r ly  a marked decrease 

in  e ry th rocy tic  phosphatase a c t iv i ty , and w ith continued exposure, a 

le s s  marked decrease in  erythrocyte a lkaline  phosphatase and serum 

phosphatase.

Because of p sy ch ia tric  and neurological symptomology, chronic 

CO in to x ica tio n  i s  frequen tly  diagnosed as ep ilepsy  (3 ). Recent in 

v estig a tio n s  have revealed th a t  the development of a therosc le rosis  may 

be accelerated  t y  CO hypoxemia, aad th a t  high community CO lev e ls  

could conceivable increase the incidence o f a therosc le rosis  (10). ~

During experimental animal stud ies  a t  the U niversity  o f 

Copenhagen recen tly , veiy  small amounts of CO inhaled over a  period o f 

time were believed to  cause a r te r io sc le ro s is  and re la ted  coronary
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a r te ry  diseases (56) .

Halperin e t  a l . (21) xised T isaal s e n s i t iv i ty  to  d ifferences in  

H  ght in te n s ity  as an index of the e ffe c ts  of CO, They showed the 

persistence of these e ffe c ts  during elim ination of CO following in 

sp ira tio n  o f a i r ,  oxygen, and carbogen m ixtures. I t  was shown th a t  re 

covery from the e ffe c ts  of CO on v isu a l function  lags w ell behind the 

e lim ination of CO from the blood. This suggested the existence of some 

enzyme th a t com petitively combines with oxygen and CO in  the CNS and 

the peripheral v isu a l system (19) •

Houghton and Root (112) have estim ated th a t  30 to  40 per cent 

of the CO entering the blood stream combines rev e rs ib ly  with the Hb- 

l ik e  pigments outside the main blood stream. Five per cent o f th is  CO 

was estim ated to  combine w ith myoglobin. This l e f t  25 to  35 per cent 

of the CO outside the blood stream unaccounted fo r .

According to  Pfrender (19) ce rta in  experiments on the d is 

tr ib u tio n  of CO in  normal men have suggested the existence of an e x tra - 

c ircu la to ry  substance in  the l iv e r  w ith a  g rea te r a f f in i ty  fo r  CO than 

has blood Hb, Tobias e t  a l . (113) have postu la ted  th a t  th is  substance 

was re la ted  to  o r id e n tic a l w ith the pseudohemoglobin of Barkan,

Breysse (16), s ta ted  th a t Eamei has shown th a t  u rin a ry  thiamine ex

cretions in  ra ts  increased w ith prolonged exposure to  CO. The impair

ment o f phosphorylation of thiamine in  chronic CO in to x ica tio n  was 

suggested. &  ind icated  th a t  prolonged and repeated inh a la tio n  of 

CO reduced the rib o flav in , n ic o tin ic  a d d ,  f la v in  adenine-dinucLeotide 

and f la v in  mononucleotide content o f various organs in  the r a t ,  and
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th a t the long-term inh a la tio n  o f CO may destroy  the re sp ira to ry  en

zymes (16), Furthermore, the vitamins necessary fo r  the composition of 

the re sp ira to ry  enzymes may a lso  be reduced by chronic CO in tox ica tion , 

Komatsu e t  a l , , as reported by Breysse (16), studied the influence of 

prolonged and repeated exposure o f rab b its  to  CO on tis su e  metabolism, 

and found th a t  Hb content and oxygen capacity of the blood were con

tin u a lly  changing. The oxygen conveying e ffic ien cy  of Hb was a lso  

v a riab le . The oxygen consumption was decreased in  the h eart and kidney 

homogenates, but was unchanged in  the l iv e r  and b ra in . They suggested 

th a t the re sp ira to ry  enzymes of the kidney and h e a rt were extremely 

sen sitiv e  to  anoxia,

Warburg was one of the f i r s t  to  observe re sp ira to ry  in h ib itio n  

by CO dn v itro  according to  K eilin  (114), I t  was found th a t  the iron  

moiety of cytochrome oxidase reacted with CO to  in h ib i t  e lec tron  tran s

po rt and tis su e  re sp ira tio n  (44, 45, 65). According to  Pfrender (19) 

Bandu and Kiese have blocked the re sp ira to ry  system in  iso la ted  mito

chondria a t  re la tiv e ly  low CO tensions such as have been seen in  vivo.

I t  i s  well documented (44, 45, 65) th a t  CO ac ts  upon the iro n  

moieiy in  Hb and in  the cytochrome system of mitochondria, Wainio and 

Greenless (115) have suggested th a t  the copper of cytochrome oxidase 

i s  the co-binding s i te  and not the heme moieiy as was previously 

supposed.

According to  Pfrender (19) CO combines with substances other 

than Hb, notably qrtochrome oxidase and nyoglobin, and recen tly  the copper 

o f qrtochrome oxidase has been in ^ lica ted  as a binding s i t e .
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Trace Metals

Trace metals occupy an im portant niche in  man’s b io logical 

exogenous-endogenous ecosystem. This dynamic ecosystem comprises the 

in te ra c tin g , liv in g  and nonliving elements in  a p a r tic u la r  h ab ita t (25) . 

There e x is ts  a re la tio n sh ip  between p lan t cover, the animal kingdom, 

and various s o i ls  with resp ec t to  trace  metal metabolism (116),

The e sse n tia l tra c e  metals are more im portant in  the nu

t r i t i o n  of liv in g  th ings than are th e ir  organic m icronutrient counter

p a r ts , the vitam ins (39) « Trace metals cannot be synthesized by bio

lo g ic a l processes (38), as can vitam ins, but they  can, and often  do, 

change th e ir  valences (39). Trace metals are presen t in  the environ

ment w ith in  a narrow range of concentration, and th e i r  only sources 

are the s o i l ,  sea , and a i r ;  w ithout tra ce  m etals, l i f e  would cease to 

e x is t  (38, 39, 57, 58, 116).

?y d e f in itio n , e s s e n tia l  trace  metals are those w ithout which 

the organism cannot m aintain optimum growth, h ea lth , and longevity , 

and tdiich perform physiological functions d esirab le  fo r  normal metab

olism, and w ithout tdiich d isease occurs (39)» According to  Schroeder 

(42) the ro le  of e s se n tia l trace  metals in  the n u tr i tio n  of p lan ts has 

long been s tud ied , bu t the knowledge of th e i r  precise functions in  

mammalian metabolism shows v a s t gaps.

Both d efic ien c ies  and excesses o f trace  metals produce ad

verse e f fe c ts ,  and can k i l l  (2 , 39, 57, 101), and the p o s s ib il i ty  of 

one or more chronic d iseases being produced a lso  in  p a r t  by gradual 

accumulation o f ce rta in  abnormal m etals i s  re a l  (42).



27

Trace metals are in tim ately  re la ted  w ith enzyme action and 

a c t as m eta llic  cofactors and c a ta ly s ts . B iological a c t iv i ty  can be 

l o s t  in  liv in g  c e lls  idien the metalloenzyme ' s p ro tein  residue con

tained in  the c e lls  i s  d isrupted and s p l i t .  Iron , molybdenum, and 

copper, have estab lished  ro les in  oxidation-reduction physiology of 

c e llu la r  metabolism, as in t r in s ic  p a rts  of enzymes containing flavo- 

p ro te in s . Copper has been shown to  be re la ted  to  ceruloplasmin a c t i 

v i ty  (117) ,  Manganese or cobalt a c t only as c a ta ly tic  co-factors, 

and appear to  be an e s se n tia l p>art of the enzyme molecule as ascorbic 

acid  i s  synthesized in  the  l iv e r .  Elevated tra c e  manganese appears 

to  be e sse n tia l fo r  < ^op lasn ic  metabolism in  mitochondrial ce lls  (38). 

Zinc has been shown to  a f fe c t  the ra te  of wound healing (118), and low 

concentrations o f zinc have been re la ted  to  cardiovascular disease (43). 

Magnesium i s  known to  ac tiv a te  a l l  enzymes tran sfe rrin g  phosphate from 

ATP or ADP (119).

Recent research  in  trace metals concerns the following 

areas (32):

1 . The ro le  o f trace metals in  a r te r ie s  cLerosis.

2 . The ro le  o f copper and manganese in  Vilson^s 
d isease .

3 . Magnesium deficiency  in  chronic alcoholism.

4 . The assay and co rre la tion  of enzymes patte rns of 
aerospace candidates.

The p resen t in v estig a tio n  i s  d irec ted  toward the study of 

copper, cobalt, magnesium, iro n , and zinc in  r a ts  exposed to  chronic 

CO* These p a rtic u la r  metals were chosen because of th e i r  re la tio n sh ip  

to  gross and c e llu la r  re sp ira tio n .
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Copper i s  widely d is tr ib u te d  in  n a tn re , and has diverse func

tions in  animals and p lan ts . I t  i s  an e sse n tia l trace  metal fo r  man 

and animals because i t  i s  required fo r  the formation of erythrocytes 

and hemoglobin, as w ell as oxidative enzymes sucdi as c» talase , per

oxidase, cytocdirome oxidase, and many o thers . In  chronic copper ex

posure the l iv e r ,  kidneys, and spleen may be in ju red  and anemia may 

develop (2 ),

Copper i s  an e sse n tia l metal in  try o sin ase , ceruloplasmin, 

hematocuperin, hemocuprein, hemocyanins, and acyl CoA dehydrogenase, 

u ricase , ascorbic acid  oxidase and f-am inoevulinic acid  (57, 120).

In  the re la tio n sh ip  between serum metal concentration and 

d isease , reduced copper lev e ls  are involved in  nephrosis and Wilson’s 

d isease , th i l e  elevated copper le v e ls  are apparent in  Hodgkin’s d is 

ease and in  acute leukemia (57» 58)» Deficiency in  copper has been 

shown by Gallagher (46) to  progressively  reduce qrtochrome oxidase, 

increase suscep>tibility of mitochondria to  aging, and decrease the ra te  

of phospholipid production. I t  was previously s ta ted  (44, 65) th a t 

CO bloc^ks cytochrome oxidase in  the mitochondrial re sp ira tio n  system.

A possible re la tio n sh ip  between copper and CO might e x is t ,  bu t has not 

y e t been shown to  do so.

Copper has been postulated to  have an e f fe c t  on the caudate 

nucieus o f the ca t according to  Butcher and Fox (47).

Cobalt was discovered by Georg Brandt, a Swedish s c ie n tis t  

in  1735» Cobalt c lo se ly  followed the d is tr ib u tio n  o f n ickel in  the 

organs of man and animals. L iver, p>ancreas, spleen and kidneys have
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high concentrations of cobalt (57» 58). In  in tr a c e l lu la r  d is tr ib u tio n  

stud ies of rad ioactive co b a lt, some radiocobalt was always found in  the 

nuclear f ra c tio n , e sp ec ia lly  in  l iv e r  and tumor t is s u e , but the cyto

plasmic concentration of the metal was usually  higher than the nu

c lea r (121), Normal human plasma contained 0.85 plus o r minus OA? 

ug cobalt per 100 ml, and red c e lls  1,20 plus or minus 0,32 ug cobalt 

per 100 ml. Urinary output per 24 hrs was 1,6 plus o r minus 1,05 

ug (57, 58, 121), An increase in  cobalt was noted in  leukeadas, A 

decrease in  the red c e ll  content of cobalt was found in  polycythemia 

vera and in  some hypochromic anemias (42, 121),

According to  Carlberger (121), Faulkner and Blood in  1957 

studied the myoglobin concentration in  ra ts  lAich had become poly

cythemic owing to  cobalt adm in istra tion , They assumed th a t ,  i f  the 

theory of cobalt in te rfe ren ce  w ith the re sp ira to ry  enzymes was tru e , 

the myoglobin, ly ing  between the re sp ira to ry  enzymes and the erythro

cytes, might increase in  cobalt-induced polypythemia. I t  was a lso  

s trongly  ind icated  th a t  cobalt produced polypythemia by increasing 

ery thropoetic  stim ulating fa c to r . Chronic CO in to x ica tio n  i s  known to  

produce polycythemia (2 ) , In jec ted  cobalt a lso  produces a polycy

themia "(57, 58, 121), The p o s s ib il i ty  e x is ts  th a t  CO reac ts  with cobalt 

causing a polycythemia, bu t th is  speculation has never been proven. 

Cobalt absorbed from the in te s tin e  i s  excreted rap id ly  v ia  

the u rine . The l iv e r ,  pancreas, and kidneys contain the h ighest con

centrations (57, 121), In  sheep and c a tt le  cobalt deficienpy causes 

wasting d isease . In  high doses, cobalt causes iiopaired growth, ne-
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croses o f the pancreatic  alpha c e lls , reduced blood pressure , hyper

glycemia, and polycythemia, probably caused by c e llu la r  hypoxia. The 

e ffe c ts  o f cobalt •were reduced by adm inistra'tion of amino acids con

ta in in g  sulfhydryl groups (121 ) ,  Carbon monoxide i s  a lso  known to  

produce hyper^ycem ia (13). Cobalt i s  known to  produce enzootic 

marasmus ( l l6 ) .

Cobalt i s  an e s s e n tia l  trace  me'tal fo r  man and animal (2,

57, 121). I t  i s  an im portant constituen t of vitamin and certa in  

enzymes, and i s  associated  wi-th "the production of erythropoie-tin, the 

red c e l l  s 'tim alant. Chronic CO intoxica 'tion i s  "thought "to stim ulate 

th is  system (122).

Magnesium, next to  potassium, i s  the most abundant in tr a 

c e llu la r  cation in  the normal ad u lt body, comprising 6 -to 20 nEq per 

li- te r  compared to  about 120 mBq per l i t e r  fo r  potassium (2 ). At or

dinary  le v e ls  o f in take and absorption, ren a l conservation of magnesi

um i s  high; -therefore, plasma magnesium lev e ls  usually  bear li t" tle  

resemblance "to in tr a c e l lu la r  le v e ls  (2 ) .

The average ad u lt human body con-tains about 21 g o f magnesium, 

representing  a  concentration of approximately 0.36 g (30 nEq) per 

kilogram (119). The skeleton contains 11 g , the c e l ls ,  9.5 g, and 0.5 g 

are found in  e x tra c e llu la r  w ater tdiich corresponds to  about 2 sËq per 

l i t e r  o f plasma (2 ). The normal muscle content i s  approximately 0.24 g 

(20 5Ëq) per kilogram. Magnesium concentration in  serum or plasma 

has a  mean value o f approximately 1.6? afiq per l i t e r  in  healthy 

adu lts  (119). Approximately 36 per cent o f "the magnesium in  plasma is



31
bound to  p ro te in . Red blood c e lls  contain about 4 .2  nEq per l i t e r  of 

magnesium (2 , 119).

A re la tio n sh ip  between cardiovascular disease and low mag

nesium values in  drinking water has been postulated  (123)• According 

to  Comar and Bronner (58) » Vallee s ta ted  th a t  manganese w ill substitu te  

fo r  magnesium in  many reac tio n s . D*Alonzo and P e ll (124) reported 

th a t  Schroeder found magnesium and calcium to  be the cations most 

c losely  re la ted  to  death ra te s  from coronary h eart d isease . Magnesium 

deficiency  in  chronic alcoholism i s  cu rren tly  under study (38). Re

cent stud ies are a lso  being carried  out on the re la tio n sh ip  of magnesium 

and the d isease , Kwashiorkor.

I t  i s  known th a t  low concentrations of magnesium lower the 

excita to ry  thresholds o f the presynaptic nerve and of the muscle mem

brane, bu t increase the l ib e ra tio n  of acety lcho line . The e f fe c t  of 

magnesium defic iency  on neuromuscular function i s  m anifest in  c lin ic a l 

circumstances by i r r i t a b i l i t y ,  nervousness and convulsions (119).

In  re la tio n sh ip  between serum magnesium concentrations and 

d isease , reduced magnesium was re fle c ted  by acute o r chronic renal 

d isease , -rfiile elevated magnesium was re fle c ted  by rena l in su ffic iency  

with o lig u ria .

Magnesium i s  fundamental in  enzyme systems, e sp ec ia lly  in  the 

ac tiv a tio n  o f most transphosphorylation reactions involving ATP and 

ADP and those tâiich are associated with tran sp o rt mechanisms. Mag

nesium i s  capable of crossing the œ i l  membrane (44) and i s  maintained 

a t  i t s  high in tra c e l lu la r  concentration by an active  metabolic process.
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M itochordria may be responsible fo r  active  tran sp o rt in  the c e l l  (119) •

Krehl (119) ind icated  th a t the associated potassinm defic iency  

seen in  experimental magnesinm defic iency  in  r a ts  may be due to  a de

fe c t  in  ion  tran sp o rt secondary to  the e f fe c t  of magnesium deficiency  

on mitochondrial function . Bourne (125) s ta ted  th a t  in  the c e ll  

"template hypothesis," sucih s tru c tu res  as N issl bodies, tibloh. are 

composed cdiiefly o f ribonucLeoprotein, are a lso  r ic h  in  calcium and 

magnesium. Some phosjiiate tran sfe rrin g  enzymes activated  by mag

nesium are : hexokinase, fructok inase , c reatin ine  transphosphorylase,

phosphopyruvic transphosphorylase, phosphoglyceric transphosphorylase, 

acelyltransphosphoryiase, diphosphopyridine nucleotide phosphorylase, 

and phospho^ucomutase (119),

Any blockage of cytochrome oxidase by CO should be u ltim ate ly  

re fle c ted  by an overa ll reduction o f ATP production in  c e llu la r  res

p ira tio n .

According to  Underwood (57)» K eilin  and others reported th a t 

the b io lo g ica l sign ificance of iro n  was a ttr ib u te d  to  i t s  ro le  in  oxy

gen tra n sp o rt, as p a r t o f the Hb molecule, and i t s  re la tio n sh ip  to  the 

oxidative mechanism of a l l  c e l ls .  Host of the body-iron i s  present in  

c ircu la tin g  Hb, a small fra c tio n  i s  incorpx>rated in  bone marrow Hb, 

myo^obin, and respdratory  enzymes, and the remainder i s  stored in  

tis su e s  as f e r r i t i n  or hemosiderin (126), Putnam (127) reported th a t 

iro n  has been known to  occur in  plasma as protein-bound iro n  (acid  

soluble iro n ) and plasma Hb iro n . The major pxart of plasma iro n  con

s i s t s  of iro n  bound to  the sp ec if ic  iron-binding p ro te in , t ra n s fe r r in .
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and a «rtmll amount of iro n  in  Hb fim L y botmd to  haptoglobin, the normal 

Hb-binding plasma p ro tein  (12?). Iron  functions in  the transpo rt of 

oxygen by Hb in  IxLood, in  mosale nyoglobin, ihere  i t  de livers i t s  oxy

gen to  the qrtochrome system of the c e l ls ,  which contain a 4-Fe- 

porphyrin-containing complex of cytochrome oxidase, and cytochromes 

a , b , and c. Catalase and peroxidase are two other Fe-porphyrin 

enzymes present in  nearly  a l l  tis su e s  fo r  the metabolism of peroxide 

oxygen (2 ), Carbon monoxide has been shown to  H ock cytochrome oxi

dase and various microsomal systems (10, 44, 45, 65, 101),

Hemo^obin and myoglobin are heme p ro te in s . The heme enzymes 

in&Lude cytochromes, ca ta la ses , and peroxidases. The ch arac te ris tic  

reactio n  o f any heme p ro te in  i s  mediated hy one or several iron  atoms 

in  each molecule, w ith the iro n  moiety located  a t  the center of the 

porphyrin rin g , and bound to  four pyrrole nitrogens by io n ic  bonds (128), 

Hemoglobin i s  a complex of the basic  p ro te in , ^ o b u lin , and 

four ferroprotoporphyrin or "heme" m oieties, and was f i r s t  synthesized 

by F ischer and Beile in  1929 according to  Underwood (57). Hemoglobin 

contains th ree-fourths of the body iro n . I t  contains about 0,34 per 

cent by weight of iro n , has a  molecular w e i^ t  of 67,000, and contains 

four iro n  atoms (128), Hemoglobin iro n  atoms oxidized to  the f e r r ic  

s ta te  lo se  th e ir  capacity  o f tran sp o rt oxygen (128), The mechanism of 

globin synthesis i s  no t known, bu t heme synthesis and i t s  attachment 

to  globin takes place in  the l a t e r  stages o f red c e l l  development in  the 

bone marrow. There i s  evidence th a t  production of the  two parts  of the 

molecule occur together. The se r ie s  o f stepa estab lished  in  heme bio
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synthesis in d n d e  the condensation of two mole coles of (f-andnolevolinic 

acid  to  foim the sn b stita ted  pyrro lic  substance, porphobilinogen (57). 

lodice e t  a l . (129) reported th a t ALA-dehydrase, a copper containing 

enzyme, was involved in  heme b iosynthesis,

l^oglobin  i s  the oxygen-carrying p ro te in  of mammalian muscle. 

I t  consists  o f a single Rhain of 153 amino acid residues and one iro n - 

containing heme group, and i t  has a  molecular w e i^ t  of 17,500 (44), 

Because of i t s  g rea te r a f f in i ty  fo r  oxygen, nyoglobin can accept oxy

gen re leased  by Hb in  the tis su e , and can serve as an oxygen reservo ir 

(128), Mahler and Cordes (44) reported th a t  nyoglobin was an a typ ical 

p ro te in  in  two resp ec ts ; possession of a re la tiv e ly  high content oîe^- 

h e lix , and a complete lack  of d isu lfid e  bridges or free  sulfhydryl 

groups. White e t  a l , (130) indicated  th a t the glomerular c ap illa r ie s  

are permeable to  molecules the s ize  of myoglobin, and i f  myoÿLobin i s  

re leased  from muscles i t  i s  f i l te r e d  the glomeruli. They fu rth e r 

pointed out th a t  myoglobin re lease occurred •jdien muscles were injured 

ex tensively , and in  the "crush syndrome," the renal tubules may be

come plugged by p rec ip ita ted  myoglobin.

The peroxidases and cata lases are heme enzymes td iid i lib e ra te  

oxygen from peroxides, w ith iron  being in  the f e r r ic  s ta te  in  both these 

groups. Peroxidases of animal o rig in  are verdoperoxidase from idiite 

c e l l s ,  and lactoperoxidase from milk. Hemoglobin has a  peroxidase 

ac tio n , lA lch i s  in te n s if ie d  by h ap to ^o b in , the Hb-binding pro tein  of 

plasma (128). According to  Moore and Dubaeh (128) cata lase  was cry

s ta l l iz e d  from beef l iv e r  by Sumner and Bounce, and has a  molecular
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weight o f 25f 000, They reported th a t i t  contains 0,09 P®r cent iro n  

and has 4  iro n  atoms per mole co le, in  co n trast to  peroxidases, lAich 

have only one, L o ftf ie ld  and Bonnichsen (131) measured the uptake of 

Fe^^ by l iv e r  catalase and <qrtochromes in  the guinea pig , and concluded 

from the ra te  of turnover, th a t  cytochrome b might be a  precursor o f 

ca ta la se ,

Mahler and Cordes (44) and Moore and Dubaeh (128) reported 

cytochromes as being heme enzymes th a t  occurred in  the mitochondria 

o f  c e l ls , and th a t they provided a system of e lec tron  tran sp o rt through 

the capacity of the iron  atom to  undergo oxidation and reduction, 

TheoreU and Akeson (132) iso la ted  cytochrome c from h eart muscle and 

p u rified  i t  to  an iro n  content o f 0,43 per cent. I t  has a molecular 

weight of about 12,000 and contains one heme per molecule according 

to  Moore and Dubaeh (128), w ith two imidazole rings of h is tid in e  r e s i 

dues p a rtic ip a tin g  in  the porphyrin iro n  linkage to  the p ro te in , 

TheoreU e t  a l . (133) noted, when they in jec ted  radioiron in to  guinea 

pigs in trap e rito n e a lly , <ytochrome c o f sk e le ta l muscle and heart took 

up tra c e r  iro n  d is t in c t ly  fa s te r  than d id  nyoglobin. Hemorrhage i s  

known to  stim ulate the turnover of iro n  in  <yto chrome c (128),

Moore and Dubaeh (154) s ta ted  th a t  xanthine oxidase, succinic 

dehydrogenase, and DPNE-cytochrome reductase are known to  contain iro n  

as an in te g ra l p a rt o f th e ir  enzyme molecule. They reported th a t  the 

exact locus o f attachment o f the metal and i t s  mode of action  have not 

y e t been estab lished . Ifyosin and actonysin, muscle p ro te ins, have 

been shown to  contain small amounts o f iro n , the function o f lAich i s
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not known (128), Dreyfus (13^) reported th a t the iro n  content of acto- 

iHTsin and myosin diminished in  muscular dystroiAy.

The constant presence o f nonhemoglobin iro n  in  plasma has 

been known fo r  many years, bu t i t  was not n n tü  1937 th a t  i t  became 

evident th a t  plasma iro n  i s  tran sp o rt iro n  (57)» T ransferrin  (T r), 

o r s id ero p h ilin , a plasma p ro te in , se le c tiv e ly  binds and transpo rts  

iro n  (128), I t  i s  a -g lobulin  w ith a molecular weight o f 90,000, 

T ransferrin  binds two atoms of f e r r ic  iro n  per molecule and appears 

to  serve as a  true  c a r r ie r  fo r  iro n  in  the same manner th a t Eb ac ts  

as a  c a r r ie r  fo r  oxygen (57). According to  î i a l a  and Burk (135) the 

iro n -p ro te in  linkage of Tr i s  probably through a hydroxaitdc acid 

group, nh normal ind iv iduals o f most species, only 30 to  40 per cent 

o f the Tr c a rrie s  iro n , the remainder being known as the la te n t  iro n - 

binding capaciiy  (57). Normal plasma contains about 0,24 to  0,28 g 

o f Tr per 100 ml, with the concentration o rd in a rily  expressed in  teims 

o f the "iron-binding capaciiy ," id iid i amounts to  about 270 to  400 ug 

o f iron  per 100 ml (128),
I  I f

T ransferrin  in  plasma prevents Fe from r is in g  to  a  tox ic  

concentration on rap id  re lease  of iro n  in  the organism. T ransferrin  

ac ts  as a  b u ffer substance and e ffe c tiv e ly  minimizes changes in  Fe++f 

a c t iv i ty  in  plasma (127), According to  Putnam (127) Tr ac ts  as the 

primaiy bu ffe r against threatening acute iro n  in to x ica tio n , w ith the 

a p o fe r r i t in - fe r r i t in  and hemosiderin systems functioning as the pre

dominant b u ffe r system in  interm ediary iro n  metabolism (127), He a lso  

ind icated  th a t the FeTr complex may be regarded as a  sm all, re a d ily  

a v a ilab le , a to x ic , c ircu la tin g  iro n  depot, C a r tw ri^ t and VGntrobe
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(137) reported  th a t  Tr and iro n  disappear from plasma a t  d iffe ren t 

ra te s .

Underwood (57) reported th a t there were ac tu a lly  th ree  d if 

fe ren t t r a n s fe r r in s , g en e tica lly  controlled a t  a single lo cu s, 'vdiile 

Tnmhull and G ilb e rt (136) in  1961, id e n tif ie d  e ig h t gen e tica lly  

d iffe re n t t r a n s fe r r in s , a l l  of lAich bind iro n  equally  in  v i tro  

and tran sp o rt i t  in  v ivo .

Storage iro n  i s  divided in to  four sections (2 ), The normal 

human body contains about 4 .5  g of iro n  o r between 0.006 and 0.007 

per cent o f the e n tire  body w e i^ t ,  and in  the ad u lt r a t ,  0.005 per 

cent (117). Hemoglobin iro n  comprises 72.9 per cent of the to ta l  

iron ; myoglobin iro n , 3*3 per cent; parenchymal iro n , 0.2 per cent; 

and storage iro n  as f e r r i t i n ,  hemosiderin, and unaccounted iro n , 23.5 

per cent (2 ) , F e r r i t ia ,  an iro n -p ro te in  complex, occurs in  s ig n if i

cant amounts in  the sp leen , bone marrow, and l iv e r ,  with sm aller 

amounts found in  o ther tis su e s . I t  contains over 20 per cent by 

w e i^ t  of iro n  consisting  o f f e r r ic  hydroxide m icelles attached to  an 

a p o fe rritin  through an unknown chemical linkage (128). Hahn e t  a l . 

(138) confirmed the storage function o f f e r r i t i n  by tra c e r  experiments 

on dogs. Green e t  a l . (139) investigated  the mechanism of re lease  o f 

Fe++ frcm f e r r i t i n ,  and a ttr ib u te d  the s p l i t t in g  o ff  of iro n  from 

f e r r i t i n  in  the l iv e r ,  to  reduced xanthine oxidase. Mazur e t  a l .

(140) stud ied  the re lease  of ferrous iro n  from f e r r i t i n  in  the  presence 

of g lu ta th ione , q rs te in e , ascorbic acid  and l iv e r  hypoxia. According 

to  Moore and Dubaeh (128), tdien l iv e r  c e lls  were damaged, as by acute
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l iv e r  hypoxia or by a  to x ic  agent, there was a tremendous outpouring 

o f storage iro n  in to  the plasma. According to  Mazur e t  a l . (140) 

f e r r i t i n ,  besides having the function of iro n  sto rage, has an a n tid i

u re t ic  e f fe c t  and a vasodepressor action . Moore and Dubaeh (128) 

reported th a t  in  normal aerobic l iv e r ,  f e r r i t i n  was in ac tiv e , but lAen 

the l iv e r  tis su e  became anaerobic, f e r r i t i n  transformed in to  a form 

which ex erts  the a n tid iu re tic  e ffe c t and vasodepressor ac tio n .

Hemosiderin i s  a re la tiv e ly  amorphous con^und, lAich may 

contain up to  35 P®r cent iro n , consisting mainly o f f e r r ic  hydroxide 

condensed in to  an e s se n tia lly  p ro te in -free  aggregate (57). Greenburg

(141) reported th a t  a s ig n ific a n t amount o f hemosiderin consisted of 

iro n -r ic h  f e r r i t i n  molecules. According to  Moore and Dubaeh (128) 

R ich ter produced a  severe hemosiderosis o f the l iv e r  in  r a ts  fed  a d ie t  

containing D L^thionine. Hemosiderin p a r tic le s  have a mean diameter of 

55 & and were o ften  located  inside d isc re te  cytoplasmic organelles 

th a t  were boarded by membranes and sometimes contained c r is ta e . These 

specia lized  qrtoplasmic s tru c tu res  (siderosomes) may be derivatives 

o f mitochondria and apparently play a p a rt in  the formation of hemo

s id e r in  (128). Shoden e t  a l . (142) reported th a t  in  the spleen and 

l iv e r  of normal anim als, a s l i ^ t  preponderance of f e r r i t i n  over 

hemosiderin iro n  was noted.

The d a ily  amount o f iro n  used by an ad u lt fo r  Eb synthesis 

i s  26 to  27 mg. Ferrous iro n  i s  generally  absorbed more e a s ily  ftom 

the g a s tro in te s tin a l t r a c t  than i s  f e r r ic  iro n , probably due to  the 

g rea te r s b lu b il i ly  of ferrous iro n . Regulation of the absorption of
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in te s t in a l  iron  i s  no t completely understood, bu t i t  appears to  depend 

on the body sto res and requirements (2 , 57» 58), Ferrous iron  passes 

in to  the in te s t in a l  mucosal c e l l ,  vheiQ i t  i s  converted to  fe r r ic  iron  

in  f e r r i t i n .  No iro n  absorption as f e r r i t i n  occurs u n ti l  the c e ll  i s  

physio logically  depleted. However, iro n  i s  withdrawn from f e r r i t in  as 

ferrous iro n , idien needed. Iron  d ire c tly  re leased  in to  the blood 

stream i s  oxidized rap id ly  by dissolved oxygen, to  fe r r ic  iro n , idiich 

then complexes with Tr, the iro n  tran sp o rt moiety (2, 44, 57» 58), 

According to  Moore and Dubaeh (128) iro n  absorption can occur from the 

stomach or from any other section  of the in te s t in a l  t r a c t ,  but the 

g re a te s t absorption appears to  be the g rea te s t in  the duodenum, and 

progressively  decreases in  the more d is ta l  segments (128), Moore 

and Dubaeh (143) indicated  th a t when ascorbic acid  was administered with 

fe r r ic  iro n , absorption was enhanced s ig n if ic a n tly . In  low phosphate 

d ie ts  assim ila tion  o f iro n  was shown to  increase (128), Sharpe e t  a l , 

(144) indicated  th a t  the formation of insoluble iron  s a l t s ,  such as 

phosphates or phy ta tes, can in te rfe re  with the absorption of iro n , 

Underwood (57) suggested th a t the luAln fac to rs  contro lling  iron  absorp

t io n , ap art from d ie ta ry  and lo c a l fac to rs  w ithin the in te s tin e , are 

the ra te  of ery thropoiesis and the s ta te  o f iro n  s to re s . Absorption 

was g rea te r than normal no t only in  iron  deficiency , but in  many other 

conditions in  idiich ery thropoiesis was accelerated , e .g . ,  a f te r  jh le -  

botony or acute hemorrhage, in  hemolytic anemias and secondary poly

cythemia, a f te r  ascent to  high a l t i tu d e s , and as a  re s u lt  of erythro

p o ie tic  stim ulation by cobalt (128),
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Animuls have l i t t l e  capacity  to  excrete iro n , and e^qjeriments 

have demonstrated th a t iro n  was av id ly  conserved and u t i l iz e d  by the 

body (128). Cruz e t  a l . (145) demonstrated w ith radioactive techniques 

the re la tiv e  completeness o f conservation of Hb iro n , bu t according  to  

Moore and Dubadi (128) no one has devised techniques capable o f de

monstrating the r e u t i l iz a t io n  of myoglobin or tis su e  iro n .

In  a l l  species iro n  d e f i c i e n t  resu lted  in  an anemia of the 

hypochromic, m icrocytic type, accoaçsanied by a  normoblastic, hyper

p la s t ic  bone marrow th a t  contains l i t t l e  o r no hemosiderin (57)* Mild 

iro n  deficiency  e x is ts  then the to ta l  iro n  i s  reduced but there  i s  

su f f ic ie n t iro n  to  provide a  normal mass o f hemoglobin. In  various 

stud ies of in fe c tio n , acute processes cause decreased iro n  absorption. 

Equivocal iro n  changes were observed during chronic diseases (146).

According to  Putnam (127) higher Tr values are found during 

p re g n a n t, in  d iron ic  iro n  defic iency , and in  the i n i t i a l  phase o f 

acute h e p a ti tis  ; furtherm ore, in  active  d isea ses , more plasma iro n  

was re ta ined  by the re ticu lo -en d o th e lia l c e lls  and le s s  absorbed by 

the bone marrow, tdiich i t s e l f  normally u t i l iz e s  70 to  80 per cent of 

the d a ily  plasma iro n  turnover. 3h severe hemolysis unbound Hb, Hb 

loosely  bound to  plasma p ro te in s , methemalbumin, and a complex between 

hemin and an oc^-globulin have been demonstrated (128), In  severe 

hep atoce llu la r damage, the plasma sometimes contains f e r r i t i n ,  the 

normal in tr a c e l lu la r  iro n -a p o fe rr itin  complex (127) ,

While reduced iro n  le v e ls  in  serum re flec ted  a  d e f i c i e n t  

anemia in  man, elevated iro n  lev e ls  in  serum manifested a p la s tic  anemia, 

acute h e p a t i t is ,  hemochromatosis, and some malignant tumor types.
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P atien ts  ■with iron-o'verload and hemolytic anemias may have hemosiderin 

grannies in  th e ir  u rinary  sediment, Moore and Dubaeh (128) reported 

th a t  excessive accumulation of iro n  in  man has been observed in  id io -  

pa"thic hemochromatosis, transfusion  hemosiderosis, a f te r  prolonged 

iro n  therapy, and among Bantu natives tdio consume die-ts containing as 

much as 200 mg of iro n  per day. Findi and Finch (14?) suggested th a t 

la rg e  amounts of tissu e  iro n  were not to x ic  as long as the iro n  remained 

mainly in  the re ticu lo -en d o th e lia l c e l ls ,  Rich'ter (148) reported 

in  i 960 -that fe rri.'tin  was enclosed in  hemosiderin granules in  l iv e r  o f 

p a tien ts  with transfusional hemosiderosis and hemochromatosis, and 

a ttr ib u te  the pathogenesis o f these d iseases to  an abnormal c e llu la r  

metabolic pathway of f e r r i t in .

The presence of zinc in  human tis su e s  was f i r s t  reported 

in  I 877 by Baoult and Breton, I t  had previously been reported  by 

Raulin in  I 869 to  be necessary fo r  the growth o f A spergillus niger 

(58) .  Lutz (149) f i r s t  reported th a t the to'kal body composition of 

zinc fo r  an ad u lt 70 kilogram man was 2.2 g.

The normal zinc content of human tis su es  v a rie s  from 10 

to  200 pg  per g o f fresh  t is s u e , and most organs including the pan

creas, contain around 20 to  30 pg per g , wi-th l iv e r ,  bone, and volun

ta ry  muscle ccmtaining from 60 to  180 pg o f zinc per g of tissu e  (2 ), 

Human idiole blood contains about 700 to  800 pg  o f zinc per 100 ml, wi"th 

an average of 120 pg per 100 ml in  the plasma (150). Es-tablished 

d ie ta ry  zinc intake of normal man i s  about 10 to  I 5 mg per day (2,

151. 150),
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Zinc occurs in  the body in  two d if fe re n t p ro te in  combinations» 

as a  metalloenzyme in  lAiich zinc i s  an in te g ra l p a r t of an important 

enzyme system, such as carbonic anhydrase fo r  regu la tion  o f carbon d i

oxide exchange, and as a m etal-protein complex in  idiich zinc i s  loosely  

bound to  a p ro te in  idiich ac ts  as i t s  c a r r ie r  and tran sp o rt mechan ism 

in  the body (2 ),

Approximately 34 per cent of the plasma zinc i s  firm ly  bound 

to  a g lobulin , while the remaining 66 per cent i s  more lo o sely  bound 

to  a  plasma pro tein  and probably represents the tran sp o rt frac tio n  

(150) • Wohl and Goodhart ( I50) have s ta ted  th a t  normal red corpuscles 

contain approximately 1,2 to  1 ,3  pg of zinc per ml of packed c a lls , 

most o f idiich i s  carbonic anhydrase,

H i^  concentrations of zinc have been noted in  the choroid 

o f the eye, p rosta te  gland, sk in , and te s te s ,  while the pancreatic 

content o f zinc i s  double the concentration of most other tis su es  in  

man (43, 152).

Zinc has an important ro le  in  skin metabolism. One of the 

s tr ik in g  featu res of zinc deficien<y i s  abnormal k e ra tin iza tio n  in  

swine and c a t t le ,  Wohl and Goodhart ( I50) reported th a t  r a t s  and mice 

fed a d ie t  containing 1,6 ppm or le s s  o f zinc gained w e i^ t  poorly 

and developed alopecia about the neck and shoulders. They fu rth e r 

showed th a t z inc-d efic ien t animals exhibited  extreme parakeratosis 

w ith a th ick  lap er of p a r t ia l ly  kera tin ized  c e lls  in  the exophagus.

The importance of zinc in  the integument i s  emphasized hy 

the e f fe c t  of zinc deficiency  on wound healing . Studies in  r a ts  in 
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dicated th a t  the te n s ile  strength  of su rg ical in c is io n s  was decreased 

•when there was a deficiency of zinc (152). S tra in  (153) no'ted ■that 

wounds and bums healed fa s te r  in  ra ts  on a  zinc supplement d ie t  than 

in  control r a t s .  According to  L ich ti (118) in  h is  study of -the tran s

p o rt of zinc to  su rg ica lly  in f l ic te d  wound s i te s  in  e^gjerimen'tal ani

mals, "there was an e levation  in  "the zinc le v e l of plasma and wound 

f lu id  •wi'thin a few hours. He sugges'ted -that zinc exerted i t s  most 

important function b io lo g ica lly  by activa'ting the enzymes concerned 

w ith pro tein  synthesis and carbohydrate me-tabolism, and acting  in  such 

a manner, appeared to  be essen 'tia l to  tis su e  growth, and re p a ir .

Reduced zinc lev e ls  in  blood serum are associated wi-th acute 

and chronic in fe c tio n s , Laenneck*s c irrh o s is , malignant -tumors and 

pernicious anemia. Elevated zinc le-vels in  blood serum are ind ica tive  

of hypertension and hyperthyroidism.

The iden-tification  of zinc-con-taining dehydrogenases in  the 

l iv e r  o f cer-tain animals has prompted a s-tudy of -the zinc content of 

the blood and l iv e r  of pa-tients wi-th post-a lcoholic  hepatic  c irrh o s is . 

According to  Wohl and Goodhart (150) Vallee and h is  associates regard 

-the reduced zinc serum concen-trations and elevated zinc u rin a ry  ex

cretions in  pa-tients -wi-th postalcoholic hepa-tic c irrh o s is  as a  con

d itio n a l zinc defic iency , Vallee e t  a l , (154) a lso  reported in  a 

study of alcoholics wi-th Laennec*s c irrh o sis  th a t  the hepa-tic zinc 

le-vels -were low, along -wi-th variab le i r m  le v e ls .  They a lso  reported 

large  guanti-ties of zinc excreted in  the urine o f -these pa-tien-ts,

Prasad e t  a l . (155) demons-trated a  syndrome in  men which



ind tided  hypogonadism, dwarfism, and apparent zinc deficiency. Wohl 

and Goodhart (150) observed elevated RBC zinc concentrations in  p a tien ts  

w ith pem icions anemia and sick le  c e ll anemia. The zinc content in  

lenkoçytes of p a tien ts  with chronic and acute leukemias was consider

ably lower than normal.

Wacker e t  a l . (156) have postulated  th a t  an in te rre la tio n sh ip  

between a th e ro sc le ro s is , myocardial in fa rc tio n , and zinc concentration 

e x is ts .  They found p a tien ts  w ith s ig n if ic a n tly  lower plasma zinc than 

normal. A s t a t i s t i c a l ly  s ig n ific a n t decrease in  serum zinc has a lso  

been observed in  myocardial in fa rc tio n  by D*Alonzo and P e ll  (45), 

w ith accompaning changes in  a v a r ie ty  of enzyme a c t iv i t ie s  and an in 

crease in  copper concentration.

Gunter (157) has reported  th a t intravenous adm inistration of 

Escherichia c o li  endotoxin, 0.4 mg per kg of body weight, re su lted  

in  a LD/80 fo r experimental adu lt mongrel dogs. He reported a lso  in  

these experimental animals, a s ig n ific a n t decrease in  plasma zinc and 

to ta l  plasma pwotein concentrations, and increases in  hem atocrit values 

and to ta l  zinc concentrations.

I t  has been reported  in  the l i te r a tu r e  th a t  zinc ingestion  in  

experimental animals in  amounts s l ig h tly  lower than 1 per cent has 

reduced l iv e r  <^^chrome oxidase and l iv e r  cata lase  a c t iv i ty  (158).

According to  Sandstead (152) tis su e  le v e ls  of zinc were a lte red  

in  ce rta in  types of cancer, and p ro s ta tic  carcinomas were reported to  

have lower concentrations o f zinc than normal p ro s ta tic  tis su e ; in  

co n tra s t, thyro id  cancer and rena l tumors may have elevated zinc le v e ls .
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Zinc excretion  i s  augmented in  a v a rie ty  of i l ln e s s e s ,

Peters (159) suggested th a t  excretion  o f  coproporphyrin, nroporpixy- 

r in ,  porphobilinogen and f-am inolevtilinic acid in  acute porphyrinuria 

resu lted  in  increased u rinary  zinc due to  chelation o f the metal by 

the pwrphyrin molecule; therefo re , zinc excretion  may be increased in  

acute in te rm itten t porphyria, hepatic  porjiiyria , lead  poisoning, and 

acute rheumatic fever. Excess zinc has been reported in  urine o f 

p a tien ts  a f f l ic te d  -with nephrosis and severe l iv e r  d isease .

So f a r ,  over twenty zinc metalloenzymes have been id e n tif ie d , 

Peters and co-workers (159) have reviewed the e s se n tia l ro le  o f zinc 

ions in  following metalloenzymes j carbonic anhydrase, l a c t i c  de

hydrogenase, u ric a se , ca ta lase , carboxypeptidase, peroxidase, and 

alcohol dehydrogenase. They postu lated  th a t  an excess o f zinc in h ib its  

the enzymatic a c t iv i iy  of l a c t ic  dehydrogenase, in su lin  and equine 

gonadotropin a c t iv i ty , K eilin  and Mann ( I 60) iso la ted  and p u rified  

carbonic anhydrase, which contained as p a rt of i t s  molecule, 0,33 per 

cent zinc. Carbonic anhydrase catalyzes the dehydration of carbonic 

acid and aids in  the elim ination o f carbon dioxide from the lungs, and 

in  the incorporation of th is  gas a t  the tis su e  s i te  (58 , I I 7 ) ,

In  addition  to  i t s  function as an a c tiv a to r o f c e r ta in  en

zymes, z inc, along w ith magnesium, manganese, calcium, and iro n  p a r t i 

cipâtes in  ribonueleie  a d d  (BNA) metabolism, iddch i s  s t i l l  not 

c lea rly  understood, but zinc appears to  be an in te g ra l p a r t o f the RBA 

molecule of a number of sp ed e s  and i s  thought to  help  maintain the 

s ta b i l i ty  o f the molecule’s configuration (44, 152), In  fa r th e r  stud ies
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o f the ce lliila r a c t iv i ty  of z inc , i t  vas fotmd th a t  c e ll  growth and 

p ro te in  synthesis o f c e rta in  microorganisms were severely  impaired 

by zinc defic iencies (152).

Prasad ( l6 l)  ind icated  th a t  z in c , iro n , and copper might a c t 

as competitors. L ater evidence indicated  th a t  th is  competition resu lted  

in  anemia, and was caused by a three-way competition between zinc and 

copper, with iro n  u t i l iz a t io n  depressed because o f the in terference 

w ith copper metabolism by z inc,

Tonice e t  a l , (162) in  a  recen t e^gjerinent investigating  the 

e f fe c t  of desferrioxamine on trace  metals in  r a t  organs, postulated 

th a t  zinc replaces iro n , i . e . ,  some substances idiich normally chelate 

iro n  w i l l ,  in  i t s  absence, accept zinc. He fa r th e r  s ta ted  th a t when 

zinc lev e ls  in  the te s te s  o f z in c^ ie f ic ien t r a ts  decreased, iron  

lev e ls  rose; i6en  zinc lev e ls  increased following zinc rep le tio n , iron  

lev e ls  f e l l .

Zinc and copper were shown to  increase s ig n if ic a n tly  a f te r  

ejqposure to  3 ppm of ozone in  r a t  lungs, and metal s h if ts  in  the l iv e r  

were a lso  observed by Dixon e t  a l , (163). Ganong (164) reported th a t 

in su lin  has an a f f in i ty  fo r  z inc , and th is  metal was found in  the 

i s l e t  tis su e  of the pancreas.

]h  recen t stud ies a t  the su b ce llu la r le v e l ,  B rie rly  and 

Knight (165) reported th a t  the addition  o f  low concentrations of 

Zn++ to  suspensions of h ea rt mitochondria oxidizing ascorbate and 

H,N,N*,II*-tetramethylFhenylenedianine (TMPD) re su lted  in  marked a c t i 

vation  o f the energy-linked accumulation o f Mg++.
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Botime (166) recognized three fondamental p roperties of 

mitochondriai

1 , C itric  a d d  oxidation,

2 , CxidatiTO jiiospiiorylation w ith the l ib e ra tio n  of 
energy and i t s  tran sp o rt by adenosine triphos
phate (ATP).

3, E lectron tran sp o rt,

• White e t  a l , (130) showed agreement with Botime by s ta tin g  

th a t the enzymes of the Krebs Cycle and those required fo r  e lec tron  

tran sp o rt from phridine nucleotides and flavoproteins to  the q ito -  

chrome system and attendant phosphorylation are located  in  the mito

chondria.

The l iv e r ,  the la rg e s t  gland in  the body and r ic h  in  mito

chondria, has many complex functions. These functions include carbo

hydrate storage, b ile  formation, ketone body formation, reduction 

and conjugation of adrenal and gonadal s te ro id  hormones, d e to x ifica tio n  

of many drugs and to x ins, manufacture of plasma p ro te in s , in ac tiv a tio n  

of polypeptide hormones, urea form ation, f a t  metabolism, and trace  

metal storage (44, 45, 65, 130» 164, 166), Liver subce llu la r organ

e l le s  (n uc le i, m itochondrial, microsomes) have been iso la ted  in to  

fra c tio n s  by homogenization and d if f e r e n tia l  cen trifugation  (59» 166- 

168), The frac tio n s  obtained may be analyzed fo r trace  metals by 

atomic absorption spectroscopy,

Sanui and Pace (169) used atomic absorption spectroscopy in  

the analysis of b io log ica l membrane m aterials fo r  micromolar le v e ls  of 

physio logically  important ca tio n s. Their re s u lts  were h i^ ü y  s a t i s -
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fac to ry , and dem onstrated-that atomic absorption spectroscopy affords 

b io lo g is ts  a  powerful and sen sitiv e  to o l fo r  the study o f the important 

ro le  played by trace  m etals in  liv in g  systems (169).

Slavin (170) analyzed b io lo g ica l m aterials fo r  the determina

tio n  o f tra ce  metals in  t is s u e , u rin e , and blood by atomic absorption 

spectroscopy. E xcellent re s u lts  were obtained by th is  method fo r 

copper, iro n , cobalt, magnesium, and z inc.

A delstein and Vallee (171) reported  th a t  feeding excessive 

d ie ta ry  zinc to  r a ts  markedly reduced l iv e r  cytochrome oxidase and 

cata lase  a c t iv i ty , and th a t  the adm inistration  o f small amounts of 

copper su lfa te  re s to re s  the enzymatic le v e ls  to  normal. There appar

en tly  e x is ts  an antagonism between copper and z inc. According to  

R ouiller (l?2 ) trace  metals occur m ainly in  p e rip o rta l c e lls  of human 

l iv e r ,  with copper located  in  the parenchymal c e l ls .  Iron  i s  stored 

in tra c e H u la r ly  in  the l iv e r  as hemosiderin and f e r r i t in  as previously 

reported (128). Xanthine oxidase, aldehyde dehydrogenase, choline 

dehydrogenase, and other m etaH oflavoproteins are found in  the l iv e r  (44), 

Loewy and S iekevitz  (173) reported th a t  the l iv e r  i s  r ic h  in  mitodion- 

d r ia . Lehninger (174) s ta ted  th a t the  cytochromes, located  in  the 

m itochondria, catalyze the tra n s fe r  o f  e lec trons and hydrogen to  

oxygen to  produce carbon dioxide and w ater, and y ie ld  energy in  the 

form of ATP to  drive m etabolic re a c tio n s .

At the su b ce llu la r le v e l between 0.1 and 0.6 equivalents of 

magnesium are  bound to  the ribosome per mole of ribonucleic acid 

(RM) phosphorus. Magnesium may a lso  be involved in  binding teaiplate-
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RM ani transfer-R M  to  the ribosome. The ribosomes (microsomes) 

are fottnd in  the supernatant fra c tio n  (44, 51» 59» 130), According 

to  Bowen (51) the elements are d is tr ib u te d  w ith in  the c e lls  as follows i 

calcium, manganese, magnesium, and possib ly  cobalt were concentrated 

in  the nucleus; zinc appeared to  be the low est in  the mitochondria, 

and iro n  was low est in  the n u c le i. The d is tr ib u tio n  o f 1? elements 

in  su b ce llu la r p a r tic le s  from mammalian h e a r t, iso la te d  by cen tr i

fugation in  sucrose so lu tio n , has been reported by Webster according 

to  Bowen (51). Zinc and to  a le s s e r  ex ten t cobalt, were concentrated 

in  the nuclear f ra c tio n , ■sMle copper and iro n  were concentrated in  

th e  mitochondria, Mahler and Cordes (44) reported  magnesium in  the 

mitochondria, Bowen (51) reported  copper in  nuclear deoxyribonucleic 

acid (DM) and m itochondria, iro n  in  nuclear DM and m itochondria, 

magnesium in  mitochondria and n u c le i, and zinc in  mitochondria.



CHAPTER H  

PDRPOSE AND SCOPE

The purpose of the present in v estig a tio n  was to  accuaulate, 

study, e lu c id a te , and amixLify data  concerning the e ffe c ts  of exposure 

of r a ts  to  low concentrations of CO as re fle c ted  by trace metal a l 

te ra tio n s .

This study was intended prim arily  to  in v estiga te  changes, 

m igrations, and pooling o f trace metals (z inc , copper, cobalt, iro n , 

magnesium) in  various organs, l iv e r  fra c tio n s , u r in e , and blood serum 

and red blood c e lls  o f r a ts  exposed over varying periods o f time to  

low lev e ls  (50 ppm) of CO.

Control and experimental r a t  groups were handled a like  as 

f a r  as possib le , except th a t  the experimental group was exposed to  

controlled  amounts of CO. Urine was co llected  from both groups regu

la r ly .  At specified  tim es, sub-groups were sac rif ice d  fo r  analysis 

of blood and organ systems.

The trace  metal content of b io lo g ica l m ateria l obtained 

from experimental and control animals was measured on a J a r r e l l -  

Ash Atomic Absorption-Flame Emission Spectrophotometer. These data 

provided the basis  fo r  an a ly sis .

50
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The research p ro jec t w ill  provide i

1. Baseline data  on the trace  metal s ta tu s  of 
untreated r a ts ,

2, Data to  evaluate the e ffe c t of varying periods 
of exposure to  low lev e ls  of CO on thé trace  
metal s ta tu s  of r a t s .  These data are not 
p resen tly  availab le  in  the l i te r a tu r e  and are 
necessary fo r  the general study of trace  
metal metabolism,

A s t a t i s t i c a l  model was developed to  implement and expedite 

analysis of small changes in  la rge  amounts of d a ta . The re s u lts  from 

th is  investiga tion  w ill  be used to  f a c i l i ta te  fu r th e r stud ies in  trace 

metal metabolism by the In s t i tu te  of Environmental Health, School 

of Health, The U niversity  of Oklahoma Medical Center, Oklahoma C ity,



CHAPTER H I  

EQDIPMBlilT, METHODS AMD PROCEDDEE

The 58 animals used in  th is  chronic CO exposure experiment 

consisted o f young male Holtzman S tra in  albino r a ts ,  ranging in  weight 

from 160 to  180 g each, a t  the inception  of the study. They were 

purchased from the Cheek Jones Company of Houston, Texas, and were 

received in  exce llen t h e a lth . They maintained th is  condition through

out the 12-week study, idiich s ta r te d  in  mid-January and continued to  

May of 1968,

The ra ts  were randomly placed in  ind iv idual metabolic cages 

and acclim atized to  the laborato ry  environment fo r  a 2-week period. 

During th is  period they were examined fo r overt signs of i l ln e s s .

A fter the 2-week acclim atization  period , 23 ra ts  were ran- 

doffliy selected  as the control group, and 35 r a ts  were s im ila rly  se lec t

ed as the exposed group. A ll animals received Rockland Mouse Breeder 

d ie t  and w ater ad lib itum  throughout the experiment. Each r a t  was 

weighed a t  the in i t ia t io n  of the study, every two weeks, and a t  

s a c r if ic e .

The chronically  exposed ra ts  were subjected to  50 Ppn CO 

fo r  5 days a week, 5 h rs  per day. Approximately 9 ejqwsed and 6
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control r a ts  ware sac rif iced  a t  the end of each 3-week period , n n t i l  

the e:q)erim ent had tenninated a t  the end o f 12 weeks.

The exposure chambers consisted  of three  a i r  t ig h t  tanks 

each having the dimensions of 5 x  3-1/2 x 3 f t .  Each tank was 

operated a t  a s l ig h tly  negative pressure and was capable o f holding 12 

metabolic cages w ithout crowiing. O il-free  compressed a i r  and CO 

were premixed in  a labo ra to ry  fab rica ted  mixing chamber containing 

small g lass beads, and th is  CO/Mr mixture was d iffused  throughout 

the chambers through small holes in  p la s t ic  pipe w ithin each chamber.

To make c e r ta in  th a t  the tanks had proper a i r  movement to  

m aintain a s tab le  flow o f gas, each tank was equipped w ith a  small 

e le c tr ic a l  motor i6 ic h  functioned as an exhaust fan  fo r the incoming 

gas. The tanks were balanced to  waint-ai-n the 50 ppm CO le v e l fo r  5 

h rs . Approximately 0.125 cu f t  per day of CO was required to  maintain 

the 50 ppm le v e l in  each tank. Commercial grade CO having 98 per cent 

p u rity  was purchased from the Matheson S c ie n tif ic  Co. and used as the 

exposure gas. Positive  CO pressure was maintained by a sing le  stage 

reg u la to r. A Mine S afety  Appliance (MSA) Carbon Monoxide te s t e r  

(p o rtab le , co lorim etric) in  the 10 to  1,000 ppm range was used each 

h r  to  check the tank CO concentration. For a  back-up method, a  

Eomoyo 100 ml syringe w ith Kitagawa d e tec to r tubes was used. The 

Kitagawa Carbon Monoxide D etector tubes provided rapid  accurate mea

surements of CO concentrations in  the range o f 25 to  6,000 ppm. The 

MSA and Kitagawa te s t e r ’s CO gas concentrated re s u lts  were w ith in  

p lus or minus 10 per cent of each o th e r. Both methods operate on a



positive  co lorim etric  detection  p r in c ip le . The drawn a i r  sample con

ta c ts  a chemical (palladium chloride) impregnated on s i l ic a  gel in  

the de tec to r tube. I f  CO i s  present in  the a i r  sample, an oxidation 

reaction  takes place with the chemical changing color immediately.

The color in te n s ity  ind ica tes  the CO concentration in  the a i r  sample, 

A revolving color scale beside the d e tec to r tube allows various shades 

o f color to  be brought in to  position  fo r  d ire c t  comparison with de

te c to r  tube d isco lo ra tio n , A tab le  supplied w ith the CO te s te r  re 

la te s  color in te n s i ty  to  gas concentration.

At the end of the 3rd week and each consecutive 3 weeks 

th e re a f te r , approximately 9 exposed and 6 contro l ra ts  were sac rificed  

by anesthetiz ing  w ith d ie th y l e th e r . The abdominal cavily  was opened, 

and the r a t  was exsanguinated by the in se r tio n  o f a needle attached to  

a syringe in to  the abdominal aorta  do rsa l to  the i l i a c  arch , Slood 

volume, ranging from 5 to  11 ml per r a t  was then tran sfe rred  to  a  t e s t  

tube, AH blood co llec tin g  equipment and centrifuge tubes were pre

trea ted  with heparin .

A fter the animals had been b led , the l iv e r ,  b ra in , h e a r t, 

kidneys, lungs, and spleen were removed and immediately perfused f i r s t  

w ith ice-co ld  0,145 M N ad , followed by perfusion with ice-co ld  0,25 M 

sucrose. This technique removed most o f the res id u a l organ blood.

The l iv e r  was w e ire d  and then homogenized in  cold 0.25 M sucrose in  

a  Potter-Elvehjem type homogenizer w ith a  Teflon p estle  a t  4°C, 

C ellu lar debris  and nuclei were spun down in  a ServaH  RC-2 type 

re frig e ra ted  d if f e r e n t ia l  centrifuge a t  600 x  g fo r  20 ndn a t  4®C,
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The supernatant was centrifuged a t  10,000 x  g fo r  20 ndn to  sediment 

the mitochondria. The mitochondria so centrifuged were washed twice 

in  cold 0,25 M sucrose, sedimenting a t  10,000 x  g a f te r  each wash.

The f in a l  mitochondrial p e l le t  was suspended in  cold 0,25 M sucrose 

and re fr ig e ra te d . The l iv e r  homogenate was obtained by adding 3 nû. 

o f cold 0,25 M sucrose per each gram of l iv e r  tis su e  and homogenizing 

fo r  1 ndn. This homogenizing procedure was a  m odification of the 

frac tio n a tio n  of «nimat tis su e  c e lls  procedure found in  the I 963 

Biochemist’s Handbook (59) and by O’Brien ( I 68) ,

A fter removal and perfusion by cold 0,145 M NaCl and cold 

0,25 H sucrose, the b ra in , h e a r t, lungs, kidneys, and spleen were 

b lo tted  d iy , placed in  tared  beakers, and the wet weight was d e te r

mined, The tis su e s  were then d ried  in  an oven fo r  I 6 h rs a t  103.5°C, 

placed in  a  d e ss ica to r over n ig h t, and the d ry  and ash weights d e te r

mined, The nuc lear, m itochondrial, and supernatant l iv e r  frac tio n s  

obtained from homogenization and cen trifuga tion  were a lso  d ried  fo r  I 6 

h rs a t  103, 5°C, and dry  weight determined. The tis su e  and l iv e r  

frac tio n s  were then ashed fo r 8 h rs a t  500°C in  an e le c t r ic  furnace. 

Care was taken to  ash separa te ly  the contro l ^  exposed m ateria ls , 

in  order to  elim inate cross contamination ty  trace  m etals. The ash 

w e i^ t  was determined following overnight d ess ica tio n . A fter de ter

mining the ash weight 0.3 N E d  was added to  each container in  the 

following ra t io s  o f mg/ash to  m l/ad d : b ra in , 3*1; Itm gs, 3>1{ 

kidneys, 3*11 h e a r t,  1*1; spleen, 1 :1 , L iver f ra c tio n  ra tio s  were* 

nuclear, 5*1; m itodiondrial, 1*1; supernatant, 6*1, The ac id ified
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containers containing ash were allowed to  stand a t  l e a s t  24 hrs be

fore trace  metal an a ly sis .

Urine was co llected  separa te ly  from each r a t  during the f i r s t  

15 days o f CO exposure fo r  an indiv idnal r a t  urine study. A fter the 

3rd week, each r a t 's  urine was pooled fo r  every 5 days o f exposure 

and a pooled urine study was made on urine so co llec ted , from the 3rd 

to  12th week. The urine was analyzed d ire c tly  without any d ilu tio n .

The hem atocrit ra t io  fo r  each animal in  each group was de- 

termined in  c ap illa ry  tubes centrifuged a t  15,000 x  g fo r  5 min. The 

remaining blood sample was separated in to  serum and red blood c e lls  

(KBC) by cen trifuga tion  a t  5,000 x  g fo r  15 min. One ml of serum was 

withdrawn and d ilu ted  with 5 p a rts  o f 0,3 N E d ,  and 1 ml of the 

packed RBC was d ilu ted  with 35 parts  o f 0,3 N E d ,  The ac id ified  

so lu tions were re fr ig e ra te d , and the concentrated so lu tions were 

frozen.

By preparing blood frac tio n s  and tissu es  in  th is  manner, 

d ire c t  a sp ira tio n  of the samples in to  the burner o f the atomic ab

sorption u n i t ,  was e a s ily  f a c i l i ta te d ,  and re su lted  in  more reprodu

cib le re s u lts  with fewer mechanical d i f f ic u l t ie s  than would have been 

encountered in  analysis ty  o ther methods,

A s e t  of standard so lu tions containing 10,000 pg/ml of zinc, 

copper, co b a lt, iro n , and magnesium resp ec tiv e ly  (F isher S c ie n tif ic  

Ccaapany, Fairlaw n, New Jersey ), were s e r ia l ly  d ilu ted  with 0,3 1 E d  

in  order to  obtain standards in  the concentration ranges an tic ipated . 

These d ilu tio n s  were used to  prepare standard curves covering the
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ind ica ted  ranges» z inc, 0,312 to  2 ,5  jag/mL; copper, 0,156 to  1,25 

pg/n£L; cobalt, 0,312 to  2 ,5  pg/m l; iro n , 0,625 to  25,0 jig/aht and 

magnesinm, 0,312 to  20 pg/mL, No strontium  chloride was needed to  

overcome phosjjiate bonding.

A ll samples from the experim ental animals (nidne, b ra in , 

h e a r t ,  kidneys, Inngs, spleen, blood serum and RBC, and l iv e r  

frac tio n s ) were analyzed fo r  z inc , copper, co balt, iro n , and magnesium 

in  th a t sequence.

These analyses were accomplished by u t i l iz in g  a Model 82-362 

Jarrell-A sh  Atomic Absorption Flame Emission Spectrophotometer using 

a  0,5 meter Ebert monochrometer having a  g ra ting  of 30,000 lin e s  per 

inch in  the u l t r a v io le t  range.

Hollow cathode tubes supplied the c h a ra c te r is tic  photons fo r  

each metal a t  the following amperages» z in c , 9 ,0 ; copper, 3 ,0 ;  

co balt, 9 ,0 ; iro n , 13,0; and magnesium, 5 ,0 , An RCA photom ultiplier 

tube Model IR 106 was operated a t  the following wavelengths and 

voltages » z inc, 2139 ^  and 580; copper, 3246 Î. and 500; cobalt, 2408 2 

and 680; iro n , 2483 & and 580; and magnesium, 2851 2  and 500, Energy 

necessary fo r  placing the atoms in  a  n eu tra l s ta te  was fPm ished by 

a  d ire c t  a sp ira tio n  Hecto burner using hydrogen and a i r  a t  the follow

ing  pressures» z inc , hydrogen 15 p s i and a i r  24 p s i; copper, hydrogen 15 

p s i and a i r  24 p s i;  cobalt, hydrogen 17 p s i and a i r  27 p s i; iro n , 

hydrogen 21 p>si and a i r  21 p s i;  and magnesium, hydrogen 5 P si and 

a i r  20 p s i ,

A Beckman Model 1005 10 inch Recorder and Scale Expander
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•were used to  record a l l  trace matal p e r cent absorption s i gna ls  from 

the Jarrell-Ash, Atomic Absorption Flame Emission Spectrophotometer 

daring analyses of trace  m etals in  th is  in v estig a tio n . Recorder and 

scale e:q*ansion parameters were as follow s: power range, 1 mv;

chart speed, 0,5 inches per ndn; lin e a r/lo g  function sw itch, l in e a r  

p osition ; and scale  expansion, 1 x  and 10 x .

The data  were subjected to  analysis  of variance, and the 

various treatm ent groups and parameters were conpared by using Duncan* s 

New M ultiple Range Test (175). A 0,05 s t a t i s t i c a l  le v e l o f s ig n if i

cance was chosen fo r  th is  study. A ll s t a t i s t i c a l  analyses were carried  

out under the d ire c tio n  of Dr, R, C, Duncan a t  the Computer F a c il i ly , 

the U niversity  of Oklahoma Medical Center, Oldahoma City,



CHAPTER 17 

OBSERVATIONS AND DISCÜSSION

Observations on control and exposed experimental r a t  groups 

were made over an extended period o f 12 weeks. Both groups o f ra ts  

were trea ted  id e n tic a lly  except the chronic group received a CO gas 

exposure o f approximately 50 ppm, 5 days per week, 5 h rs  per day.

During the f i r s t  week of e^gxjsure the exposed group appeared ex c it

able and nervous, bu t returned to  norm al w ithin  a few days. There was 

no o ther noticeable behavioral m anifestation. Both experimental groups 

appeared to  be in  good hea lth  throughout the experiment.

Approximately 9 chronic and 6 contro l ra ts  were sac rificed  

every 3 neeks u n t i l  the 12 week e]q)osure period was term inated. The 

analyses were carried  out on blood serum and RBC, pooled u rin e , organs, 

and l iv e r  nuclear, m itochondrial, and supernatant frac tio n s .

This experiment was designed to  e s ta b lish  baseline  data  and 

to  examine the tra ce  metal technique as a  unique experimental t e s t  

parameter of a p o te n tia lly  f im itfn l area fo r  more d e ta iled  and speci

f i c  fu ture investiga tions a t  the mdlecular le v e l .  The following ob

servations and discussion include in te rp re ta tio n s  o f possible or 

probable metal tran s lo ca tio n  p a tte rn s , bu t v e r if ic a tio n  o f these
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in te rp re ta tio n s  require a  more d e ta iled  in v estig a tio n .

This s t a t i s t i c a l  study used analysis of variance fo r  completely 

randomized design followed by Duncan*s New M ultiple Range Test (DNMRT). 

The analyses were done both w ithin the treatm ent groups across the 

weeks of study and between the treatm ent groups fo r  sp ec ific  weeks.

Time e ffe c ts  w ill  no t be reported in  th is  d is se r ta tio n  although the 

data representing time changes are presented in  the ta b le s . Con

sidera tion  of time changes were used in  in te rp re ta tio n  of the compari

sons between control and exposed groups.

The sp ec ific  data i s  located  in  the appendix. Tables 1-5 

are whole organ trace  metal concentration d a ta , Tables 6-8 are l iv e r  

frac tio n  trace  metal concentration d a ta . Tables 9 and 10 are blood 

frac tio n  trace  metal concentration d a ta , Table 11 i s  hem atocrit d a ta , 

Table 12 i s  pooled urine trace  metal concentration d a ta . Table 13 

i s  the pooled urine volume d a ta . Tables 14-16 are the whole organ 

weight d a ta . Tables 17-19 are l iv e r  frac tio n  weight d a ta , and Table 20 

i s  the r a t  body weight d a ta .

Brain

Exjwsure to  50 Ppm o f CO had no appreciable e ffec ts  on r a t  

brain  w e i^ t  parameters during the f i r s t  9 weeks. S acrifice  a f te r  12 

weeks demonstrated a nonsignificant decrease in  b ra in  wet weight and 

s ig n ific a n t decreases in  dry  and ash weights. Only two iso la ted  

s ig n if ic a n t a lte ra tio n s  in  metal concentration occurred; copper was 

decreased a t  the end of 6 weeks and zinc was elevated  a t  the end of 

12 weeks. By the parameters examined, the b ra in  was the le a s t



61

sen s itiv e  to  change o f the organs studied .

Heart

The h e a rt s ize  was fottnd to  be decreased only a t  the 6- 

week period . Zinc and copper appeared to  be mobilized out of the h e a rt 

throughout the f i r s t  6 weeks bu t the e f fe c t  was not maintained during 

the l a s t  6 weeks. Copper demonstrated no fu r th e r  changes and a t  the 

end of 12 weeks zinc showed an elevated  concentration. Cobalt and iro n  

were depressed only a t  the term ination of 12 weeks. Magnesium demon

s tra te d  tendency toward a more co n sisten t p a tte rn  o f m obilization 

in to  the h e a r t during the e n tire  examination period.

Kidneys

The kidney weight parameters were no t appreciably changed 

as a  response to  12 weeks of low -level CO exposure. Several trace  

metal concentration a lte ra tio n s  were evidenced a t  each 3-week in te rv a l. 

Zinc concentration progressed from one change by week 3» to  a depressed 

concentration by week 6. By the end o f week 9 a  re s ilie n ce  of zinc 

concentration had occurred to  a h igher than normal le v e l .  By the 

end of week 12, the kidney zinc concentration was corgmtible with 

. contro l va lues. A nonsign ifican t rebound phenomenon in  copper con

cen tra tion  appeared to  be e^diibited in  th a t  copper le v e ls  were e le 

vated by week 3» no change a t  week 6, and depressed by the end of 

week 9 and week 12. The kidney was the only organ whidi showed any 

in d ica tio n  o f a  possib le accumulation in  copper and even th is  in d i

cation  was tra n s ie n t a t  the  week 3 period and was a  nonsign ifican t
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valTis a t  the 0,05 le v e l .  Cobalt aceumilation by the kidney was 

apparent only during the  i n i t i a l  6 weeks w ith no fu r th e r  s ig n if ic a n t 

trace  metal a l te ra t io n s . This increased m igration of trace  metals to  

the kidney was re f le c te d  in  an increased u rin a ry  output during the 6 

to  7 week period . Iron  values showed no changes p rio r  to  week 12, a t  

which time a diminished concentration was observed. At weeks 3» 6, 

and 9 kidney magnesium concentration values ind ica ted  a  progressive 

accumulation becoming a  h i ^ y  s ig n if ic a n t value by the  end of week 12,

lungs

The various weight measurements o f  the lungs during the course 

o f the in v estig a tio n  ind ica ted  an i n i t i a l  small increase in  size 6y 

week 3» and th e re a f te r  i t  appeared to  be depressed in  s iz e . Zinc 

concentration was s ig n if ic a n tly  decreased a t  3 weeks but no t a lte red  

from control values th e re a f te r . During the f i r s t  9 weeks copper 

appeared to  migrate out o f the lungs, and by the end o f 12 weeks, the 

copper concentration had returned to  a  normal le v e l . Prolonged low- 

le v e l CO in h a la tio n  appeared to  have l i t t l e  i f  any e f f e c t  on lung iron  

concentration. Magnesium transloca tion  in to  the lungs appeared to  be 

sim ila r in  magnitude b u t opposite in  d ire c tio n  to  th a t  observed in  

the h ea rt during weeks 3 and 6,

Spleen

During the course o f the 12-week low -level CO exposure, the 

spleen demonstrated no evidence of s ig n if ic a n t a lte ra tio n s  in  wet, d ry , 

and ash weights. Although the re su lts  were n o t s ig n if ic a n t a t  the 0,05 

le v e l , zinc concentration values were increased a t  each o f the k
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e:Q)osnre periods (wseks 3» 6, 9t 12), and one could speculate th a t  

higher CO exposure concentrations or longer exposure periods a t  50 

ppm CO might re s u l t  in  a s ig n if ic a n t increase in  the spleen zinc con

cen tra tio n . Copper, cobalt, and iro n  remained re la tiv e ly  unaltered 

in  the spleen under the experinental conditions. As in  the h e a rt, 

kidney, and lungs, the spleen magnesium concentration values demonstra

ted  evidence of a m igration in to  the  spleen.

L iver Fractions 

The ■weight parame'ters recorded in  "the appendix fo r  the l iv e r  

nuclear, m itochondrial, and supernatant f rac tio n s  l i t t l e  apparent 

value ou'tside ash "weight considerations deriv ing me-tal concentrations 

other than demons'trating th a t  a consistency in  e:q»rim 8ntal technique 

re su lted . Nuclear zinc was a lte red  appreciably only during week 6 

and th is  a lte ra t io n  was an inc rease . M itochondrial zinc was nonsigni- 

f ic a n tly  decreased by week 3 and remained a t  th is  lowered le v e l fo r  

each o f the other 3-week in te rv a ls . Supernatant zinc was depressed 

a t  3 and 6 weeks bu t was s ig n if ic a n tly  eleva"ted by week 9 w ith no 

appreciable diange from contro l values hy -week 12.

Nuclear copper appeared to  migrate out o f  "this f ra c tio n , 

b u t was n o t appreciably al-bered in  "the m itodiondrial f ra c tio n , and was 

l o s t  from the supernatant only during the f i r s t  6 weeks. In  general, 

copper appeared to  be removed from the l iv e r  nuclear and supernatant 

f ra c tio n s , t h i l e  the mi"tochondrial content remained unchanged.

Cobalt was significan"tly  lowered in  conoentra-kion in  a U  th ree 

l iv e r  f ra c tio n s , ind ica tin g  a  ra th e r  sharp depression in  to ta l  l iv e r
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cobalt s to re s . S ig n ifican tly  increased cobalt concentration was ob

served in  urine a t  week 5 and week ?•

Iron followed i t s  own unique p a tte rn . During weeks 3 through 6 

there was no appreciable a lte ra t io n  in  nuclear iro n  concentration, 

while the mitochondrial and supernatant concentrations were concomit

a n tly  decreased. This e a r ly  decrease was completely reversed by the 

en i o f week 9 and week 12, since iro n  concentrations were increased 

above control values in  a l l  three l iv e r  f ïa c ü o n s .

Magnesium was elevated in  the nuclear f ra c tio n , apparently 

unchanged in  the mitochondrial f ra c tio n . The supernatant frac tio n  

lo s t  magnesium during the f i r s t  6 weeks.

Generally, the nuclear fra c tio n  demonstrated lo sses o f 

copper and cobalt and a postponed accumulation of iro n . The mito

chondrial frac tio n  yielded no in d ica tio n  of metal accumulation, no 

apparent change in  copper and magnesium, bu t lo sses  of z inc, cobalt 

and iro n  were observed. An examination of supernatant fra c tio n  data 

s trongly  suggests an i n i t i a l  lo s s  of a l l  5 metals p e rs is tin g  through

out the f i r s t  6 weeks). By week 9, w ith the exception of cobalt, 

compensation fo r  the i n i t i a l  lo ss  had occurred so much so th a t  a l l  4 

metals (Zinc, copper, iron,and magnesium) are s ig n if ic a n tly  elevated 

above control concentrations. By week 12 a l l  supernatant frac tio n  

metal concentrations had returned to  con tro l values.

Blood Fractions

The hem atocrit was s ig n if ic a n tly  a lte red  only a t  the week 9 

observation. This a lte ra t io n  was shown as an increase . In  con trast
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to  the obvious m e ta llic  tran slo ca tio n s  occurring in  the various organs, 

none of these tran slo ca tio n s  were evidenced in  the plasma. The packed 

RBC yielded a s ig n if ic a n tly  depressed zinc le v e l only a t  the 6-week 

period , and no s ig n if ic a n t change in  copper was noted. Cobalt lev e ls  

were not s u f f ic ie n tly  sampled in  the blood serum and RBC due to  in 

strument lim ita tio n s . Red Hood c e ll  iron le v e ls  remained appreciably 

unchanged fo r  the f i r s t  6 weeks a f te r  idiich they were s ig n if ic a n tly  

depressed. The observed depression in  RBC magnesium concentrations 

ind ica ted  a possib le source required  to  meet the demands of elevated 

magnesium le v e ls  in  the h e a r t ,  kidneys, lungs, spl®®^, and l iv e r  

nuclear f ra c tio n .

Urine

An e f fe c t  of CO exposure was manifested as a decreased u rinary  

volume. Since the concentrations o f copper, iro n  and magnesium remained 

u na lte red , the to t a l  d a ily  excretion  of these three metals decreased. 

However, the concentrations of zinc and cobalt were increased fo r as 

long as 8 weeks, and in  s p ite  o f the  decreased u rinary  volume, the to ta l  

d a ily  excretion  o f zinc and cobalt was generally  increased during the 

f i r s t  h jilf of the ecqwsure period . This would suggest the p ro b ab ility  

o f  a  n e t lo ss  o f these two metals to  the r a t  as the r e s u l t  of tran s

lo cations occurring from a source(s) other than the blood (which did 

n o t change). Since zinc i s  p rim arily  excreted in  the feces , any 

increase in  u rin a ry  zinc i s  u su a lly  considered to  be a d ire c t  re s u lt  

o f  kidney zinc lo s s .  The time period of the increased u rin a ry  zinc i s  

con sis ten t w ith the observed lo s s  o f kidney zinc.
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Zinc

In  general zinc appeared to  migrate out o f the l iv e r  (mito

chondrial and supernatant f ra c tio n s ) , and to  a  le s s e r  degree, out of 

the kidney. These decreases in  zinc le v e ls  appeared to  re s u lt  from 

a tran s lo ca tio n  of zinc in to  the spleen and u rine . Probably a l l  the 

u rin a ry  zinc had the kidney as i t s  source, and under the parameters 

examined th is  would ind ica te  the l iv e r  as being the major source of 

the sp len ic  zinc increases re su ltin g  from the e ffe c ts  o f chronic CO 

exposure.

Copper

Copper appeared to  migrate out of the l iv e r  (nuclear and 

supernatant f ra c tio n s ) , h e a r t, and lungs, idiile the kidneys and spleen 

concentrations were not appreciably a ffec ted . The p o ten tia l receptor 

of th is  mobilized copper was not suggested since the serum, EEC, and 

urine concentrations remained re la t iv e ly  unchanged.

Cobalt

The spleen, b ra in , and h e a r t demonstrated no appreciable 

accumulation o r lo s s  of co balt. Although the spleen showed a s t a t i s 

t i c a l ly  s ig n if ic a n t diange during week 12 the b io lo g ica l meaningfulness 

i s  no t c lea r. I t  would appear th a t  r e la tiv e ly  massive q u an titie s  of 

cobalt were l o s t  from the l iv e r ,  some of -jdiich may have been u t i l iz e d  

in  the small accumulation o f th is  metal by the lungs. A reasonable 

speculation would be th a t  th is  m obilization of l iv e r  cobalt i s  appar

e n tly  co llected  and concentrated ( a t  l e a s t  in  pazM; and lim ited  to  the
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f i r s t  7 weeks) by the kidneys and subseqnently excreted in  the n rin e .

Analysis of cobalt in  bone marrow was no t carried  out, there

fo re  i t  i s  no t known i f  the  cobalt m igration from the l iv e r  had an 

e f fe c t  upon the e ry th ropo ie tic  RBC stim alating  system in  the bone 

marrow, but since there  was a  s t a t i s t i c a l ly  s ig n if ic a n t increase in  

the cobalt le v e l in  the spleen by week 12, there  e x is ts  the p o ssib il

i t y  th a t cobalt i s  required in  the spleen a f te r  a prolonged chronic 

CO exposure. The lungs a lso  showed a s t a t i s t i c a l l y  s ig n ific a n t cobalt 

increase by 12 weeks of exposure.

Iron

Other than in  the l iv e r  and KBC, no iro n  tran slo ca tio n  p a tte rn  

seems to  be suggested. I t  would appear th a t  during the f i r s t  6 weeks 

iro n  i s  l o s t  from the l iv e r  (mitochondrial and supernatant fra c tio n s ) . 

During the l a t t e r  6 weeks iro n  migrated in to  a l l  l iv e r  frac tio n s  in  

concentrations g rea te r than control q u an titie s  w ith s ig n if ic a n t in 

creases in  nuclear and supernatant f ra c tio n  iro n  during week 9. The 

d ata  suggests the KBC as a  major source of iro n  during the l a t t e r  6 

weeks in  id iid i a high demand fo r  iro n  occurred.

Magnesium

Prolonged and extensive tran slo ca tio n s  appeared in  the mag

nesium d a ta . Depletion o f BBC and of the l i v e r  supernatant frac tio n  

could be conceived as sources o f the increased magnesium concentrations 

observed in  the l i v e r  nuclear fra c tio n  and the h e a r t, kidneys, lungs, 

and spleen. Since an elevated quan tity  o f magnesium i s  apparently
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requ ired , and since u rin a ry  magnesium concentration was no t appreciably 

changed "while u rin a ry  volume decreased, i t  would seem as a reasonable 

speculation th a t  "the to ta l  u rinary  magnesium excretion was decreased 

in  order to  par"tly supply "this apparen"tly ele"7a"ted requirement.



CHAPTER V 

SOMMARY

This in v estig a tio n  was concerned with the e ffe c ts  o f chronic 

carbon monoxide (00) exposnre to  ra ts  as re flec ted  by trace  metal a l te ra 

t io n s , The concentrations o f z inc, copper, cobalt, iro n , and magnesiam 

were determined in  the b ra in , h e a r t, kidneys, Inngs, spleen, l iv e r  

nuclear f ra c tio n , l iv e r  m itochondrial frac tio n , l iv e r  supernatant 

f ra c tio n , blood serum, packed RBC, and urine. Approximately 9 chronic 

and 6 control r a ts  were sac rif iced  every 3 weeks u n t i l  the 12-week 

exposure period was term inated. A ll groups of ra ts  were trea ted  

id e n tic a l except the chronic group received a 00 gas exposure o f apjuroxi- 

mately 50 ppm, 5 hrs per day, 5 days per week.

Based on s t a t i s t i c a l  analyses of over 5,200 determinations 

made throughout th is  in v es tig a tio n , the following generalized con

clusions have been drawn fo r  the e ffe c ts  of chronic CO e :^ s u re  as 

compared to  th e i r  respective controlsi

1 . In  general, CO e:qx)sure had small e ffe c ts  on organ weight 

parameters which were re flec ted  as a diminution of s ize , 

being p rim arily  noted in  the lungs,

2 , Zinc appeared to  migrate out o f the l iv e r  (mitochondrial 

and supernatant f r a c tio n s ) , and to  a le s s e r  degree out

69
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o f the kidney, h ea rt and lim gs. These decreases in  

zinc le v e ls  appeared to  re  s tilt  from a  tran slo ca tio n  of 

zinc in to  the spleen and n rin e .

3 , Copper appeared to  he mobilized out o f the l iv e r  (nuclear 

and supernatant fra c tio n s ) , h e a r t and lungs id iile  the 

kidneys, spleen and brain  concentrations were not appre

ciab ly  a ffec ted . The p o ten tia l receptor of the mobilized 

copper was no t suggested sinch the plasma, RBC, and 

urine concentrations remained re la tiv e ly  unchanged,

4 , The spleen, b ra in , and h eart demonstrated no appreciable 

accumulation o r lo s s  of cobalt. I t  would appear th a t 

re la t iv e ly  massive q u an titie s  of cobalt were lo s t  ftom the 

l iv e r ,  some of ih id i  may have been u ti l iz e d  in  the small 

accumulation o f  th is  metal by the lungs. During the f i r s t  6 

weeks, the kidney increased i t s  cobalt concentration and 

u rin a ry  cobalt concentration a lso  increased,

5, No p a tte rn  of iro n  transloca tion  seemed to  be apparent

other than in  the l iv e r  and RBC, I t  would appear th a t

during the f i r s t  6 weeks iron  i s  l o s t  from the l iv e r

(mitochondrial and supernatant fra c tio n s ) , and during the 

l a s t  6 weeks iro n  migrates in to  a l l  l iv e r  frac tio n s  in  

concentrations g rea te r than control q u a n titie s . During 

th is  l a t t e r  time period, the RBC iron  concentration 

decreases,

6, Prolonged and extensive translocations appear in  the
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magnesium d a ta . Depletion o f RBC and of the l iv e r  

supernatant f rac tio n  could be conceived as sources of 

the increased magnesium concentration observed in  the 

l iv e r  nuclear fra c tio n , h e a r t, kidneys, lungs, and spleen,

7. As might be expected, each organ presented an individual 

pa tte rn  of trace  metal content and changes due to  chronic 

CO exposure. The various l iv e r  frac tio n s  had appeared

to  be the most responsive to  metal translocations while 

the b rain  and blood serum were the le a s t  responsive,

8 , The le v e l of CO exposure (50 ppm) used in  th is  experi

ment i s  the cu rren tly  accepted "no e ffe c t"  Threshold 

Limit Value; however i t  would appear th a t  certa in  e ffec ts  

do, in  fa c t  occur, and th a t these e ffe c ts  may be pre

cursors to  more c lin ic a lly  manifested e ffe c ts . Further 

in v estiga tion  i s  strong ly  ind ica ted .
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TABLE 1
COMPARISON OF TRACE METAL CONCENTRATION (%/ml) IN BRAIN

BY WEEK AND TREATMENT GROUP

Significance
Control Exposed Level of

Metal Week Mean Variance N Mean Variance N Difference

3 1.173 0.0706 5 1.408 0.0629 9 n .s .
6 1.566 o .o im 6 1.468 0.0129 9 n .s .ÙJmC
9 1.544 0.0120 6 1.519 0.0043 9 n .s .

12 1.559 0.0316 6 1.710 0.0203 8 p<.005

3 0.175 0.0053 5 0.180 0.0018 9 n .s .
_ 6 0.158 0.0005 6 0.134 0.0003 9 p<.050U0pp6T 9 0.122 0.0004 6 0.128 0.0002 9 n .s .

12 0.179 0.0009 6 0.199 0.0006 8 n .s .

3 _ 0.055 0.0047 9
Pi»%V»aT + 6 0.182 0.0040 6 0.180 0.0028 9 n .s .vOOoLLU

9 0.106 0.0013 6 0.103 0.0020 9 n .s .
12 0.133 0.0045 6 0.142 0.0026 8 n .s .

3 0.585 0.0054 5 0.649 0.0267 9 n .s .
I p

6 0.751 0.0674 6 0.953 0.0720 9 n .s .
9 0.983 0.0192 6 1.015 0.0267 9 n .s .

12 0.785 0.0111 6 0.751 0.0065 8 n .s .

3 0.371 0.0139 5 0.292 0.0010 9 n .s .
6 0.223 0.0065 6 0.283 0.0073 9 n .s .Xl&gII9&±Uul
9 0.291 0.0036 6 0.248 0.0025 9 n .s .

12 0.239 0,0091 6 0.240 0.0013 8 n .s .
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table  2

COMPARISON OF TRACE METAL CONCENTRATION (ug/nil) IN HEART
BY WEEK AND TBEATÎ'ÎRNT GROUP

Significance
Control Exposed Level of

Metal Week Mean Variance N Ifean Variance N Difference

3 1.167 0.0051 5 1.019 0.0072 9 p<.010
6 1.368 0.0027 6 1.363 0.0096 9 n .s .6%nc
9 1.254 0.0012 6 1.266 0.0016 9 n .s .

12 1.304 0.0021 6 1.356 0.0016 8 p<.050

3 0.343 0.0005 5 0.255 0.0007 9 P<.005
r  ^ 6 0.316 0.0004 6 0.256 0.0095 9 n .s .

9 0.303 0.0003 6 0.303 0.0008 9 n .s .
12 0.288 0.0006 6 0.309 0.0010 8 n .s .

3 _ 0.026 0.0029 9
6 0.193 0.0061 6 0.172 0.0024 9 n .s .VOlMLLu 9 0.068 0.0083 6 0.098 0.0010 9 n .s .

12 0.102 0.0014 6 0.012 0.0006 8 p <,005

3 1.787 0.0744 5 1.706 0. 02)23 9 n .s .
_ 6 2.111 0.0635 6 2.832 2.6022 9 n .s .Iron

9 2.556 0.0063 6 2.411 0.0416 9 n .s .
12 1.809 0.0120 6 1.583 0.0173 8 p<.010

3 0.514 0.0015 5 0.371 0.0064 9 P^.OIO
6 0.307 0.0003 6 0.456 0.0145 9 P<.025
9 0.359 0.0005 6 0.391 0.0019 9 n .s .

12 0.310 0.0027 6 .0.431 0.0061 8 p<.010
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TABLE 3
COMPARISON OF TRACE METAL CONCENTRATION (>ig/inl) IN KIDNEY

BY WEEK AND TREATMENT GROUP

Significance
Control Exposed Level of

Metal Week Mean Variance N Mean Variance N Difference

3 2.987 0.0033 5 3.019 0.0160 9 n .s .
6 3.519 0.0078 6 3.326 0.0038 9 PC, 005ùJJiO
9 3.054 0.0049 6 3.191 0.0127 9 PC. 025

12 3.429 0.0079 6 3.209 0.0894 8 n .s .

3 0.767 0.0371 5 0.965 0.0244 9 n .s .
Copper 6 0.996 0.0298 6 0.974 0.0469 9 n .s .

9 1.199 0.6255 6 0.943 0.0673 9 n .s .
12 3.974 0.0638 6 1.171 0.0433 8 n .s .

3 0.013 0.0009 5 0.105 0.0029 9 p<.010
6 0.112 0.0036 6 0.207 0.0075 9 PC. 050vODoLL w 9 0.177 0.0031 6 0.139 0.0007 9 n .s .

12 0.110 0.0037 6 0.106 0.0041 8 n .s .

3 3.287 0.0717 5 3.648 0.4658 9 n .s .
6 4.179 0.5776 6 4.481 0.6359 9 n .s .Iron
9 5.333 1.6066 6 5.341 0.5490 9 n .s .

12 4,6o6 0.4330 6 3.493 0.2631 8 PC. 005

3 0.571 0.0005 5 0.606 0.0031 9 n .s .
6 0.400 0.0070 6 0.474 0.0035 9 n#s#nagfiooxiuii
9 0.445 0.0031 6 0.468 0.0034 9 n .s .

12 0.406 0.0017 6 0.519 0.0080 8 PC. 025
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table 4

COMPARISON OF TRACE METAL CONCENTRATION (jigM) IN LUNGS
BY WEEK AND TREATMENT GROUP

Significance
Control Exposed Level of

Mstal Week Mean Variance N Mean Variance N Difference

3 2.601 0.0612 5 2.235 0.0106 9 p<.005
6 2.734 0.0030 6 2.804 0.0784 9 n .s .Zinc 9 2.583 0.0307 6 2.563 0.0944 9 n .s .

12 2.780 0.0145 6 2.823 1.2263 8 n .s .

3 0.159 0.0030 5 0.120 0.0026 9 n .s .
6 0.180 0.0045 6 0.124 0.0022 9 n .s .Copper 9 0.174 0.0012 6 0.125 0.0006 9 P<.010

12 0.167 0.0021 6 0.191 0.0011 8 n .s .

3 0.067 0.0056 5 0.102 0.0029 9 n .s .
6 0.150 0.0004 6 0.139 0.0060 9 n .s .
9 0.107 0.0007 6 0.141 0.0011 9 n .s .

12 0.038 0.0003 6 0.111 0.0007 8 P<i005

3 3.377 0.1733 5 2.801 0.0789 9 p<.010
_ 6 4.694 0.1955 6 4.591 0.6933 9 n .s .

9 4.389 0.2808 6 4.697 0.3374 9 n .s .
12 4.936 0.4680 6 4.743 0.1367 8 n .s .

3 0.510 0.0011 5 0.574 0.0019 9 P<.025
6 0.503 0.0033 6 0.368 0.0082 9 p<.010
9 0.380 0.0021 6 0.427 0.0042 9 n .s .

12 0.379 0.0035 6 0.531 0.0032 8 P<.005
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TABLE 5
COMPARISON OF TRACE METAL CONCENTRATION (jig/ml) IN SPLEEN

BY WEEK AND TREATMENT GROUP

Significance
Control Exposed Level o f

Métal Week Ifean Variance N Mean Variance N Difference

3 1.007 0.0085 5 1.083 0.0742 9 n .s .
6 1.189 0.0056 6 1.569 0.1896 9 n .s .Zinc 9 1.101 0.0006 6 1.126 0.0020 9 n .s .

12 1.088 0.0034 6 1.144 0.0033 8 n .s .

3 0.034 0.0001 5 0.043 0.0003 9 n .s .
6 0.050 0.0005 6 0.086 0.0138 9 n .s .Coppar 9 0.047 0.0004 6 0.060 0.0003 9 n .s .

12 0.055 0.0002 6 0.052 0.0003 8 n .s .

3 0.225 0.2133 5 0.083 0.0016 9 n .s .
6 0.107 0.0031 6 0.081 0.0066 9 n .s .
9 0.086 0.0007 6 0.073 0.0041 9 n .s .

12 0.038 0.0028 6 0.109 0.0031 8 P<.050

3 4.839 0.1280 5 4.716 1.3719 9 n .s .
- 6 6.296 0.8072 6 4.909 4.5271 9 n .s .on 9 4.926 1.1135 6 7.172 5.8694 9 n .s .

12 7.033 2,8066 6 7.737 27.75^ 8 n .s .

3 0.755 0.0023 5 0.893 0.0249 9 n .s .
6 0.846 0.0535 6 0.652 0.0110 9 p<.050
9 0.546 0.0044 6 0.704 0.0286 9 P<.050

12 0.816 0.1047 6 0.964 O.I87O 8 n .s .
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TABLE 6

COMPARISON OF TRACE METAL CONCENTRATION (%/ml) IN LIVER NUCLEAR FRACTION
BY WEEK AND TREATMENT GROUP

Significance
Control Exposed Level of

Ifetal Week Mean Variance N Mean Variance N Difference

3 3.021 0.0059 5 2.847 0.3612 9 n .s .
6 3.414 0.0367 6 4.108 0.0794 9 P<.005

ùImO 9 2.768 0.0680 6 2.466 0.1483 9 n .s .
12 1.996 0.0720 6 2.287 0.0984 8 n .s .

3 0.380 0.0295 5 0.267 0.0196 9 n .s .
6 0.420 0.0187 6 0.454 0.0413 9 n .s .
9 0.146 0.0039 6 0.101 0.0027 9 n .s .

12 0.321 0.0140 6 0.169 0.0040 8 p<.010

3 0.115 0.0012 5 0.034 0.0020 9 PC. 005
6 0.128 0.0040 6 0.052 0.0012 9 PC. 010VODeLLL
9 0.120 0.0013 6 0.062 0.0020 9 PC.O25

12 0.116 0.0024 6 0.058 0.0009 8 PC. 025

- 3 2.865 0.0351 5 2.842 0.3397 9 n .s .
- 6 4.989 2.1776 6 4.524 0.3204 9 n .s .«LPO& 9 3.283 0.3801 6 4.328 0.4400 9 PC. 010

12 3.798 0.5459 6 4.103 0.5465 8 n .s .

3 0.466 0.0218 5 0.707 0.0116 9 PC. 005
6 0.570 0.0217 6 0.638 0.0099 9 n .s .
9 0.423 0.0079 6 0.495 0.0047 9 n .s .

12 0,364 0.0039 6 0.483 0.0026 8 PC. 005



92

TABLE 7
COMPARISON OF TRACE METAL CONCENTRATION (ug/ml) LIVER MITOCHONDRIAL

FRACTION BY WEEK AND TREATMENT GROUP

Significance
Control Exposed Level of

Metal Week Mean Variance N Mean Variance N Difference

3 0.713 0.0566 5 0.526 0.1422 9 n .s .
6 0.988 0.0695 6 0.729 O.O836 9 n .s .MJLC 9 1.211 1.4773 6 0.868 0.0776 9 n .s .

12 0.707 0.0127 6 0.737 O.O672 8 n .s .

3 0.007 0.0002 5 0.011 0.0002 9 n .s .
- 6 0.031 0.0001 6 0.021 0.0001 9 n .s .C0pp6P

9 0.031 0.0001 6 0.025 0.0007 9 n .s .
12 0.094 0.0023 6 0.025 0.0001 8 p<.005

3 0.058 0.0028 5 0.057 0.0054 9 n .s .
6 0.134 0.0005 6 0.019 0.0007 9 p<.005
9 0.081 0,0010 6 0.024 0.0006 9 P<.005

12 0.086 0.0009 6 0.054 0.0019 8 n .s .

3 3.079 2.1207 5 1.050 0.5718 9 p<,005
I t 6 3.561 0.3701 6 2.142 2.1899 9 P<.050

9 1.703 0.5139 6 2.199 0.5632 9 n .s .
12 3.273 0.2218 6 2.661 1.0405 8 n .s .

3 0.708 0.0218 5 0.395 0.0410 9 p<.010
6 0.467 0.0140 6 0.416 .0.0089 9 n .s .fû iJWojLmii 9 0.347 0.0029 6 0.361 0.0033 9 n .s .

12 0.393 0.0067 6 0.421 0.0062 8 n .s .
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TAEI£ 8

CONEARISON OF TRACK METAL CGNCENTBATIGH OugM) LIVER SUEERNATAKT
FRACTION BÎ WEK AMD TREATMENT GROUP

Significance
Control Exposed Level o f

Metal Week Mean Variance N Mean Variance N Difference

3 5.499 0.0084 5 4.804 0.5686 9 n .s .
6 5.670 0.0043 6 4.465 1.7286 9 p<.050wUlG 9 5.794 0.0084 6 6.118 0.0102 9 P<.0C5

12 5.674 0.0117 6 5.678 0.0111 8 n .s .

3 1.075 0.0366 5 0.481 0.1341 9 R.OlO
6 1.139 0.2678 6 0,644 0.3821 9 n .s .Copp9r 9 0.444 0.0161 6 1.033 0.0890 9 P<.005

12 1.111 0.0748 6 1.026 0.0344 8 n .s .

3 0.071 0.0019 5 0.031 0.0033 9 n .s .
6 0.103 0.0008 6 0.038 0.0006 9 K.OO5
9 0.109 0.0046 6 0.050 0.0005 9 PC.050

12 0.091 0.0005 6 0.094 0.0032 8 n .s .

3 7.080 13.6970 5 5.711 2.2911 9 n .s .
6 13.116 3.5830 6 7.811 15.5911 9 K.OlO
9 8.487 3.3115 6 15.135 3.2790 9 p<.005

12 11.813 2.4183 6 12.306 2.8519 8 n .s .

3 1.423 0.0255 5 0.929 0.0212 9 p<.005
6 1.411 0.0284 6 0.423 0.0905 9 P<.005fiagnesiuni 9 0.847 0.0223 6 1.188 0.0226 9 p<.005

12 1.139 0.0256 6 1.259 0.0237 8 n .s .



94

TABI£ 9

COMPARISON OF TRACE METAL CONCENTRATION (pg/mL) IN BLOOD SERDM
BY WEEK AND TREATMENT GROUP

Metal Week
Control Exposed

sügnificance 
Level o f 

DifferenceMean Variance N Mean Variance N

3 0.219 0.0015 5 0.224 0.0043 9 n .s .
6 0.216 0.0009 6 0.206 0.0010 9 n .s .
9 0.191 0.0007 6 0.219 0.0005 9 n .s .

12 0.174 0.0006 6 0.177 0.0002 8 n .s .

3 0.151 0.0018 5 0.199 0.0017 9 n .s .
6 0.119 0.0006 6 0.126 0.0006 9 n .s .Copp©p
9 0.133 0.0004 6 0.155 0.0005 9 n .s .

12 0.184 0.0016 6 0.161 0.0008 8 n .s .

Cobalt
3
6
9

- - -
-

- -
-

12 — - - - - - -

3 0.576 0.0233 5 0.657 0.0195 9 n .s .
_ 6 0.422 0.0224 6 0.521 O.O6O7 9 n .s .jjTon

9 0.574 0.0122 6 0.484 0.0291 9 n .s .
12 0.377 0.0301 6 0.259 0.0074 8 n .s .

3 1.192 0.0076 5 1.044 0.0855 9 n .s .
6 2.236 0.0954 6 2.149 0.0188 9 n .s .A&güoSZLUDL 9 1.826 0.0515 6 1.614 0.0462 9 ]1#5#

12 1.944 0.0205 6 2.122 0.0443 8 U .S.
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TABLE 10

COMPARISON OF TRACE METAL CONCENTRATION (jig/rnL) IN BLOOD RBC
BY NEEK AND TREATMENT GROUP

Control Exposed
Significance 

Level of
Metal Week Mean Variance N Mean Variance N Difference

Zinc
3
6
9

12

0.296
0.250
0.267
0.275

0.0005
0.0001
0.0009
0.0001

5
6 
6 
6

0.444
0.219
0.283
0.290

0.1078
0.0004
0.0011
0.0003

9
9
9
8

n .s .
p<.025
n .s .
n .s .

3 0.047 0.0003 5 0.046 0.0001 9 n .s .
Copper 6 0.046 0.0002 6 0.023 0.0005 9 n .s .

9 0.024 0.0002 6 0.040 0.0004 9 n .s .
12 0.012 0.0002 6 0.149 0.0553 8 n .s .

3
Cobalt 6 - - - - - - -

9
12

3 10.120 2.7520 5 8.238 9 .1 ^ 3 9 n .s .

Iron 6 1.553 0.0922 6 2.205 0.8876 9 n .s .
9 5.183 4.7816 6 3.005 0.5477 9 P<.025

12 7.849 5.5340 6 5.168 0.4925 8 p<.010

3 0.316 0,0002 5 0.241 0.0019 9 p<.005

Hagnesimn 6 1.231 0.0829 6 1.047 0.0789 9 n .s .
9 0.708 0.0215 6 0.673 0.0414 9 n .s .

12 0.804 0.0067 6 0.581 0.0118 8 PC.005
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TilBLE 11

COMPARISON OF HEMAIOGRIT BY WEEK 
AND TREATMENT GROUP

Control Exposed
Significance 

Level o f
Week Mean Variance N Mean Variance N D ifferen

3 44.300 5.7000 5 44.555 11.9027 9 n .s .

6 42.083 1.1416 6 43.388 2.1111 9 n .s .

9 42.166 6.266 6 44.611 0.9236 9 p<.025

12 44.000 0.700 6 44.312 1,0669 8 n .s .
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table 12
COMPARISON OF TRACE METAL CONCENTRATION Cng/nü.) IN POOLED URINE

BY WEEK AND TREATMENT GROUP

Metal Week
Control Exposed

£Significance 
Level of 

DifferenceMean Variance1 N Mean Variance N

4 0.884 0.0361 19 0,820 0.0422 26 n .s .
5 0.781 0.0223 18 0.955 0.0215 26 p<.005
6 0.653 0.0109 19 0,824 0.0275 26 IK.OO5

Zinc 7 0.756 0.0114 12 0.873 0.0233 17 P<.050
8 0.627 0.0118 12 0.837 0.0230 17 p<.005
9 0.626 0.0114 12 0.743 0.0234 8 n .s .

10 0.721 0.0150 6 0.771 0.0233 8 n .s .
11 0.758 0.0162 6 0.784 0.0286 8 n .s .
12 0.660 0.0208 6 — — — —

4 0.406 0.0075 19 0.413 0.0076 26 n .s .
5 0.357 0.0043 18 0.370 0.0030 26 n .s .
6 0.340 0.0040 19 0.336 0.0035 26 n .s .

- 7 0.353 0.0019 12 0.390 0.0036 17 n .s .wOppOP 8 0.315 0.0013 12 0.330 0.0023 17 n .s .
9 0.320 0.0026 12 0.315 0.0011 8 n .s .

10 0.394 0.0040 6 0.373 0.0012 8 n .s .
11 0.343 0.0011 6 0.327 0.0011 8 n .s .
12 0.350 0.0012 6 — — —

4 1.117 0.1038 19 1.215 0.1243 26 n .s .
5 1.200 0.0791 18 1.435 0.1113 26 P<.025
6 0.848 0.0484 19 0.931 0.0525 26 n .s .

Cobalt 7 0.671 0.0351 12 O.8I 3 0.0281 17 p<.050
8 0.943 0.0334 12 1.062 0.0691 17 n .s .
9 0.749 0.0230 12 0.881 0.0333 8 n .s .

10 0.830 0.0361 6 0.853 0.0393 8 n .s .
11 0.891 0.0334 6 0.793 0.0323 8 n .s .
12 0.640 0.0414 6 — ** — —
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table 12 (continued)

CXaffiARISON OF TRACE METAL CONCENTRATION iyig/mL) IN  POOLED URINE 
BY %EEK AND TREATMENT GROUP

Metal Week
Control Exposed

Significance 
Level of 

DifferenceMean Variance N Mean Variance N

4 1.479 0.2728 19 1.519 0.2953 26 n .s .
5 1.268 0.1864 18 1.448 0.3019 26 n .s .
6 0.985 0.0960 19 1.097 0.5591 26 n .s .
7 1.006 O.O38I 12 1.069 0.0184 17 n .s .Xro& 8 1.133 0,1328 12 1.138 0.0253 17 n .s .
9 1.200 0.8320 12 1.031 0.0110 8 n .s .

10 1.004 O.O56I 6 0.941 0.0203 8 n .s .
11 0.985 0.0166 6 0.954 0.0284 8 n .s .
12 0.86? 0.0289 6 — — — —

4 9.722 49.4874 19 6.856 11.5779 26 n .s .
5 2.701 1.2690 18 2.776 1.4133 26 n .s .
6 4.141 3.2808 19 4.528 2.8010 26 n .s .
7 4.239 1.1272 12 4.118 1.9118 17 n .s .xi&giiasXuiiL 8 3.082 0.7775 12 2.782 0.6816 17 n .s .
9 2.571 1.3367 12 2.961 0.2578 8 n .s .

10 3.733 1.1146 6 3.359 0.6613 8 n .s .
11 3.404 1.4335 6 2.881 0,4988 8 n .s .
12 2.633 2.8276 6 — —
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TABLE 13

COMPARISON OF POOLED DRUSE VOLUME (MZLLHERS) BY 
WEEK AND TREATMENT GROUP

Control Exposed
Significance 

Level of
Week Mean Variance N Mean Variance N Difference

4 46.94 468.60 19 41.30 275.60 26 n .s .
5 57.2? 358.33 18 42.38 331.85 26 P<.025
6 54.31 316.45 19 33.96 233.23 26 IK.OO5
7 62.41 223.35 12 50.11 283.46 17 n .s .
8 60.41 304.81 12 44.41 285.13 17 P<.025
9 68.58 389.71 12 55.49 143.14 8 n .s .

10 65.33 515.06 6 61.24 579.35 8 n .s .
11 61.66 271.06 6 61.37 940.26 8 n .s .
12 64.16 470.56 6 — —
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T A B T R  14
CœŒARISON OF WET WEIOHI (GRAMS) BY WEEK AMD

TEEAIMEMT GROUP FOR VARIOUS ORGANS

Significance
Control Exposed Level of

Orpan Week Mean Variance N Msan Variance N Difference

3 1.703 0.0253 5 1.808 0.0140 9 n .s .
_  . 6 1.817 0.0069 6 1.782 0.0068 9 n .s .
O TB2J1 9 1.801 0.0104 6 1.889 0.0102 9 n .s .

12 2.054 0.0088 6 1.957 0.0065 8 n .s .

3 1.103 0.0021 5 0.973 0.0282 9 n .s .
6 1.227 0.0142 6 1.019 0.0211 9 PC. 025H9&ru 9 1.223 0.0101 6 1.234 0.0135 9 n .s .

12 1.322 0.0077 6 1.301 0.0214 8 n .s .

3 2.438 0.0387 5 2.389 0.0942 9 n .s .
6 2.711 0.0200 6 2.508 0.0278 9 PC.050MQnoyg
9 2.650 0.0530 6 2.688 0.1448 9 n .s .

12 2.782 0.0140 6 2.900 0.0663 8 n .s .

3 2.517 0.0337 5 2.458 0.0638 9 n .s .
- 6 2.602 0.0855 6 2.208 0.0946 9 PC. 050LtUlgS 9 3.087 0.3256 6 2.786 0,1875 9 n .s .

12 3.600 0.0401 6 3.060 0,2440 8 PC.050

3 0.796 0.0045 5 1.273 2,5379 9 n .s .
e T 6 0.746 0.0091 6 0.669 0,0148 9 n .s .wplLOdn 9 ■ 0.694 0.0132 6 0.688 0.0059 9 n .s .

12 0.868 0.0226 6 0.766 0,0169 8 n .s .
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T m E  15

COMPARISON OP DRY WEIGHT (GRAMS) BY WEEK AND
TREATMENT GROUP FOR VARIOUS ORGANS

Significance
Control Exposed Level of

Organ Week Mean Variance N Mean Variance H Difference

3 0.369 0.0010 5 0.397 0.0002 9 p<.050
6 0.406 0.0001 6 0.407 0.0003 9 n .s .

DTtLMll
9 0.414 0.0003 6 0.404 0.0012 9 n .s .

12 0.462 0.0014 6 0.416 0.0003 8 PC. 025

3 0.254 0.0001 5 0.239 0.0003 9 n .s .
6 0.288 0.0005 6 0.245 0.0013 9 PC.025
9 0.288 0.0004 6 0.272 0.0002 9 n .s .

12 0.283 0.0003 6 0.274 0.0008 8 n .s .

3 0.595 0.0021 5 0,601 0.0022 9 n .s .
6 0.648 0.0007 6 0,615 0.0019 9 n .s .fllUf Wjo
9 0.656 0.0021 6 0,659 0.0013 9 n .s .

12 0.633 0.0007 6 0,638 0.0024 8 n .s .

3 0.441 0.0005 5 0.411 0.0010 9 n .s .
_ 6 0.415 0.0016 6 0.370 0.0008 9 PC.025Lungs

9 0.464 0.0032 6 0.431 0.0016 9 n .s .
12 0.476 0.0041 6 0.404 0.0046 8 n .s .

3 0.172 0.0002 5 0.157 0.0016 9 n .s .
Q _ 6 0,168 0.0004 6 0.171 0.0011 9 n .s .

9 0.164 0.0003 6 0.151 0.0001 9 n .s .
12 0,182 0.0008 6 0.160 0.0006 8 n .s .
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TABLE 16

COMPARISON OF ASH WEKHT (MIIilGRAMS) BY NEEK AND
TREATMENT GROUP FOR VARIOUS ORGANS

Significance
Control Exposed Level of

Organ Week Mean Variance N Mean Variance N Difference

3 25.719 161.4520 5 29.333 26.6050 9 n .s .
_ 6 36,866 2.4986 6 38.255 57.9727 9 n .s .Br&jji 9 32.999 12.7240 6 34.099 8.9450 9 n .s .

12 34.183 4.5016 6 30.312 3.5069 8 P<.005

3 12.139 0.4530 5 11.977 0.9369 9 n .s .
_ 6 14.866 1.686 6 13.199 0.8625 9 P<.025AQ&fo 9 13.866 1.1066 6 13.455 0.9502 9 n .s .

12 13.749 1.1710 6 13.262 2.2883 8 n .s .

3 33.040 5.8180 5 32.766 9.7600 9 n .s .
6 36.450 3.7150 6 34.566 5.2800 9 n .s .ILiCulGyS 9 36,000 4.2520 6 36.077 3.2694 9 n .s .

12 33.533 1.8946 6 33.874 7.5678 8 n .s .

3 24.139 3.8780 5 27,033 4.5025 9 p<.050
6 26.983 9.1016 6 23.666 16.1175 9 n .s .Lungs 9 24.350 7.5670 6 25.099 6.1175 9 n .s .

12 26.049 2.0030 6 21.874 18.3478 8 p<.050

3 12.399 2.2450 5 12.788 1.0186 9 n .s .
_  . 6 13.166 1.8986 6 12.477 2.4494 9 n .s .opiLôGn 9 11.633 2.3826 6 11.344 0.7677 9 n .s .

12 13.300 5.2040 6 11.974 4.5707 8 n .s .
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TABLE 17

COMPARISON OF LIVER TRIM WEIGHT (GRAMS) BY 
WEEK AND TREATMENT GROUP

Control Exposed
Significance 

Level of
Week Mean Variance N Mean Variance N Difference

3 11.701 0.4747 5 12.628 1.4085 9 n .s .

6 13.316 3.3609 6 13.474 2.2631 9 n .s .

9 14.821 0.5288 6 14,232 2.2046 9 n .s .

12 13.660 1.1154 6 14.303 0.9796 8 n .s .
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TABLE 18

COMPARISON OF DRY WEIGHT (GRAMS) BY WEEK AND 
TREATMENT GROUP FOR LIVER FRACTIONS

Liver
Fraction Week

Control Exposed
ÎÜgnificance 

Level of 
DifferenceMean Variance N Mean Variance N

3 2.426 0.0114 5 2.290 0.5530 9 n .s .
6 3.382 0.1097 6 2.517 0.0740 9 p <.005
9 3.003 0.0351 6 2.748 0.0693 9 n .s .

12 2.941 0.0942 6 2.311 0.0359 8 p<.005

3 1.120 0.0630 5 I.O67 0.0350 9 n .s .
6 1.353 0.0545 6 1.220 0.1034 9 n .s .

chondrial 9 1.500 0.0192 6 1.223 0.0586 9 P<.050
12 1.721 0.0274 6 1.739 0.1045 8 n .s .

3 5.029 0.2175 5 5.664 1.4978 9 n .s .
_ 6 5.775 0.1502 6 5.816 0.4848 9 n .s .oUp03^
natant 9 6.763 7.5188 6 6.576 1.0457 9 n .s .

12 7.423 0.3877 6 7.020 0.3303 8 n .s .
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TABI£ 19
COMPARISON OF ASH WEIGHT (MILLIGRAMS) BY WEEK AND 

TREATMENT GROUP FOR LIVER FRACTIONS

Liver
Fraction Week

Control Exposed
<Significance 

Level of 
DifferenceMean Variance N Mean Variance N

3 61.22 14.78 5 54.96 155.12 9 n .s .
Nuclear 6 85.95 77.19 6 87.78 294.58 9 n .s .

9 89.02 258.28 6 88.92 167.22 9 n .s .
12 76.80 115.70 6 77.05 150.97 8 n .s .

3 5.60 1.32 5 13.38 55.96 9 P<.050
Mito 6 7.18 4.44 6 13.28 84.93 9 n .s .

chondrial 9 13.58 21.89 6 8.91 13.85 9 p<.050
12 7.33 2.81 6 8.96 11.66 8 n .s .

3 # .6 4 57.59 5 119.63 4937.64 9 n .s .
Super 6 82.50 181.34 6 203.87 20794.02 9 n .s .
natant 9 100.50 150.05 6 79.40 150.80 9 p<.010

12 78.52 74.77 6 67.34 608.41 8 n .s .
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COMPARISON OF RAT WBBjHT (GRAMS) BY WEEK 
AND TREATMENT GROUP

Control Exposed
Significance 

Level of
Week Mean Variance N Mean Variance N Difference

2 358.77 160.75 22 348.23 718.30 35 n .s .
4 395.89 293.40 18 369.88 823.55 26 p<.005
6 437.11 209.63 18 409.04 822.36 26 P<.oo5
8 449.33 171.33 12 425.41 746.63 17 p<.025

10 468.50 474.70 6 438.62 1093.41 8 n .s .
12 489.16 877.37 6 454.75 1107.07 8 n .s .


