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cytochrome oxidase activity in cotton rats was not demonstrated to 

be significantly influenced by different levels of copper in the diet. 
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STUDIES ON COPPER METABOLISM IN THE COTTON RAT 
SIGMONDON HISPIDUS TEXTANUS 

INTRODUCTION 

The cotton rat, Sigmondon hispidus texianus, is a small, brown, 

furry hyperexcitable rodent, which has been is a laboratory ani- 

mal and raised in captivity since 1939 (47). These animals have been 

used extensively for virus studies, and for studies on the influence of 

diet on dental caries (61, p. 55). In our laboratories, the cotton rat 

has been used for studies on the calcinosis syndrome (3) and muscu- 

lar dystrophy. 

Schweigert (61, p. 55 -61) and McIntire (46) have made some 

studies on the dietary requirements of the cotton rat. The emphasis 

of this work was on the requirements for B vitamins and on the ef- 

fects of different amounts of protein on growth rates and reproduc- 

tion. However, there is little information on the dietary require- 

ments for minerals of this animal. Since we were interested in com- 

parative aspects of :upper metabolism, it was decided to determine 

the effects of different levels of copper in the diet upon certain proc- 

esses in the cotton rat. 

Growth rates, blood and liver copper concentrations, hemo- 

globin levels, and cytochrome c oxidase activities were chosen as 

criteria for measuring the copper status of the cotton rat. Hemo- 

globin levels were picked because it has been found that copper is 

:;z3c-.1 . 
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necessary for normal hemoglobin production. 

It has been shown that copper and iron fed together can help 

cure nutritional anemia in rats (30, p. 804 -811), children (40, 54), 

dogs (14), chickens (17), and swine (16; 58, p. 100- 105). Hart (30, 

p. 804 -811), in his studies on iron metaboli -;rs, was the first to note 

that copper had a stimulatory effect on hemoglobin production in the 

rat. About the same time, Elden (14) showed that feeding copper and 

iron to severely anemic dogs had an unusually favorable effect on in- 

creasing hemoglobin production. Feeding iron alone (15), or copper 

alone (14) had only a moderate effect on increasing the hemoglobin 

production, but in all cases the combination of the two seemed to 

have favorable results. 

Salts of several different elements were tried in the place of 

copper for the prevention of nutritional anemia (35; 71, p. 13 -25; 

77, p. 116 -127). In most cases, copper was the only element studied 

that definitely had the ability to supplement iron in the prevention of 

nutritional anemia in the rat (53). Titus (69) claimed that manganese 

alone had almost the same effect as copper in hemoglobin building, 

and that a manganese copper complex gave a quicker response from 

the standpoint of hemoglobin synthesis than either copper or mangan- 

ese alone. This claim was, however, disproved by later workers 

(35; 71, p. 13 -25). 

The question was immediately raised as to whether or not 
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copper was a constituent of the hemoglobin molecule, since it ap- 

peared to be necessary for the normal synthesis of the hemoglobin 

molecule. Elvehjem (19) showed that the only way copper could be 

a part of the hemoglobin molecule, was for the molecular weight of 

hemoglobin to be more than four times the accepted value of the 

particle weight of 66, 800. 

The function of copper in hemoglobin formation appeared to be 

connected with the incorporation of inorganic iron into the hemo- 

globin molecule (18). When hematin (as a source of "organic iron ") 

was added to the diets of anemic rats, in the presence of copper, 

there was a partial cure of the anemia (15), but the regeneration of 

hemoglobin was not so complete, or as fast as the regeneration ob- 

tained when ferric chloride was added to the diet. Josephs (34, p. 

559 -568) showed that in rats, copper increases the proportion of hemo- 

globin iron in the blood, but not the proportion of iron in other tissues. 

The portion of iron that is influenced by copper is the mobile 

portion of the non- hemoglobin iron (34, p. 568 -571). Gubler et al. 

(28, p. 1078 -1082) demonstrated in swine fed a low copper diet that 

besides the inability to utilize iron for hemoglobin synthesis, there 

was an impaired ability to absorb iron from the gastrointestinal 

tract, and incomplete mobilization of the iron from tissues. Chase 

et al. (5, 6) presented evidence which indicated that the influence of 

copper on iron absorption was not due to the simultaneous 
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administration of copper but was correlated with the copper already 

present in the tissues. Elvehjem (18) on the other hand, showed that 

iron fed in the absence of copper would not change the hemoglobin 

content of the blood, but would increase the stored iron in the liver. 

When iron was replaced by copper in the diet (18, 52), the iron al- 

ready stored in the liver was used for hemoglobin synthesis. 

Lahey (38, p. 1066), Matrone (45), and Hill (31) showed that 

there was a significant decrease in the number of erythrocytes in 

the blood of various copper deficient animals. Van Wyk (75) indi- 

cated that the reduction of the number of erythrocytes is a charac- 

teristic of copper deficiency but not of the anemia caused by iron 

deficiency. In iron deficiency in the chick there was a decrease in 

the amount of hemoglobin in the erythrocytes, but not in the number 

of erythrocytes. Both the hemoglobin levels and the number of ery- 

throcytes were restored to normal when copper was restored to the 

diet (38, p. 1066). In studies with radioactive copper, Schultze and 

Simmonds (60) showed that only a small amount of copper absorbed 

into the bone marrow (less than 0. 1 microgram per rat) was suffi- 

cient to initiate hemopoietic activity and increase the cytochrome 

oxidase activity. 

The precise function of copper in cytochrome c oxidase is not 

known, but it has been found that copper is necessary for its activi- 

ty. In early studies with anemic rats, Cohn and Elvehjem (8) noted 
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that in rats fed only milk, there was a marked decrease in the A 

component of the cytochrome system. Also, the amount of oxidase 

in the liver was greatly reduced. When the rats were given copper, 

and copper plus iron, both the A component and the oxidase activity 

were increased (8). Later Schultze (56, 57) showed that copper was 

necessary for cytochrome oxidase activity in the heart, liver, and 

bone marrow of rats. Iron deficiency, on the other hand, where 

copper was fed, did not affect the cytochrome oxidase activity. The 

reduction of cytochrome c oxidase activity has also been connected 

with copper deficiency in swine (27, p. 535), cattle (50), chickens 

(31), and lambs (32, 49). Both Howell (32) and Mills (49) noted that 

both the copper content and the cytochrome oxidase activity of the 

brains and livers of swayback lambs were greatly reduced. 

Ever since the early work of Keilin and Hartree (36), copper 

has been associated with cytochrome oxidase. They rationalized 

that cytochrome oxidase could be a copper protein because: (a) cop- 

per salts were the only single metal salts known that could oxidize 

all of the components of cytochrome; (b) the addition of copper to 

nutrient media for yeast and to copper deficient rats increased the 

concentration of cytochrome a and the intensity of the indophenol 

reaction (a test for cytochrome oxidase activity); and (c) there was 

a rough parallel between the intensity of the indophenol reaction of 

various tissue preparations and their copper contents. Waino et al. 
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(79) established that there was a good correlation between the copper 

content, the heme content, and the activity of cytochrome oxidase in 

a purified preparation. It was therefore concluded that the cyto- 

chrome c oxidase is a copper enzyme which contains a heme and a 

lipid (78) 

Vander Wende (73, 74) showed that the copper was tightly 

bound to the protein and could be removed only by dialysis against 

strong copper chelating agents. Morrison (51) indicated that the 

copper in cytochrome oxidase was present in two forms: a more 

tightly bound copper that could not be chelated unless the enzyme 

was denatured, and a more loosely bound copper (probably a con- 

taminant in the prep. ). When the loosely bound copper was removed 

the activity of the enzyme was not affected, and the copper to heme 

a ratio became one. 

It was suggested by Lemburg (39) that copper could play a role 

in the biosynthesis of the heme a moiety of the cytochrome oxidase, 

since the heme a content of heart muscle from copper deficient 

swine was depressed severely. Matrone (45) noticed that there was 

also a decrease in the heme a content of the livers from copper de- 

ficient rats. In the bone marrow of copper deficient rats, where the 

hemoglobin is synthesized, the cytochrome oxidase activity was de- 

pressed. It is possible that if copper plays a role in synthesizing 

hemes, both the cytochrome oxidase and the hemoglobin would be 
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influenced by the copper status of the animal. To substantiate this, 

Gallagher (23) pointed out that in rats where the copper intake was 

limited, there was a reduction of the rate of protoheme synthesis 

along with the other symptoms of copper deficiency. 
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MATERIALS AND METHODS 

General Procedure 

Fifty, 21 day old cotton rats were divided randomly into five 

groups of ten without regard to sex. These rats were fed a basal 

ration for eight weeks, supplemented with varying amounts of copper 

sulfate. Growth rates were recorded at weekly intervals. At the 

end of eight weeks the animals were sacrificed and hemoglobin val- 

ues, liver cytochrome c oxidase activity, and blood and liver copper 

levels were determined. 

The composition of the basal ration (table I), which was a mod- 

ification of diets used by Mills and Murry (48) and Schweigert (61, p. 

57), is as follows: 24 percent casein, 66 percent cerrulose, 5 per- 

cent Wesson oil, 4 percent salt mix (Table 11(33)), and 4 percent 

vitamin mix (table III). Also included in the basal ration were: inos- 

itol, 1 gram /kilo; vitamin A acetate, 10 mg. /kilo; Vitamin D, 100 

µg. /kilo; and a -tocopherol, 0. 1 g. /kilo. This basal diet was ana- 

lyzed for copper by the method of Eden and Green (13). It was found 

that this ration contained 1.46 µg. of copper per gram of diet. Cop- 

per was added to the diets as CuSO4 . 5H2O in the following amounts: 

group I, none; group II, 0. 0196 g. /kg. ; group III, 0. 196 g. /kg. ; 



TABLE I 

Basal Diet #303 

Purified casein 24% 

TABLE II 

Salt mix for #306(a) M -3 
Modification of Jones and Foster, 
J. Nut 24, 245 (1942) 

TABLE III 

Vitamin Mix V -2 
K. Swartz J. B. C 233, 245 (1958) 

Thiamine HC1 40 mg 
Cerrulose 66% Salt grams 

Riboflavin 25 mg 
Salt mix M -3 4% NaC1 292. 5 

pyridoxine HC1 20 mg 
Wesson oil 5% KH2PO4 816. 6 

Ca- D- pantothenate 200 mg 
Vitamin mix V -2 1% MgSO4 120. 3 

Choline chloride 10 g 

I nositol lg/kg diet CaCO3 800. 8 

Niacin 1 g 
*Vit A 10 mg /kg diet FeSO4 7H2O 56. 6 

Menadione 10 mg 
Vit D 100 ' /kg diet KI 81.66 

Folic acid 20 mg 
** a- tocopherol . 1 g /kg MnSO4 H2O 8. 45 

Biotin 10 mg 
*dissolved in 5 ml Ethyl alcohol ZnC12 0. 0476 

Vit B12( 1%) 

* *dissolved in a portion of the Wesson oil use as 40 g /kilo diet 
ref. (48;61, p. 57) 1 2. 325 g 

Lactose 87. 675 

100. 00 

1 Q 

.D 
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group IV, 1. 96 g. /kg. ; and group V, 3. 92 g. /kg. These additions 

were intended to bring the copper levels of the rations to approxi- 

mately 1. 5 parts per million, 6. 5 ppm, 50 ppm, 500 ppm, and 1000 

ppm respectively. 

The cotton rats were sacrificed by CO., ?..'halation. 1 The blood 

was obtained by cutting a ventrical of the heart and removing the 

blood from the chest cavity with a pipette. The pipette was previ- 

ously rinsed with a dilute heparin solution to prevent clotting. Be- 

tween two and three milliliters of blood were collected in this man- 

ner from cotton rats with an average weight of 90 grams. The liv- 

ers were immediately removed from the sacrificed animals and 

placed on ice for the cytochrome oxidase determination. 

Hemoglobin Determination 

A few drops of blood from each animal were used for the de- 

termination of hemoglobin. The blood was first hemolyzed by add- 

ing a small amount of saponin to the sample and stirring until a uni- 

form, clear solution was obtained. The amount of oxyhemoglobin 

was then determined with a Spencer Hb meter. The Spencer Hb 

meter compares the absorption of the hemoglobin in the hemolyzed 

blood with the absorption of a standardized wedge of glass whose 

1 
The reason for using CO2 will be discussed later. 
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transmission properties are similar to those of oxyhemoglobin. 

Copper Determination 

The blood samples from the animals of each group were pooled 

according to group (two milliliters from each animal). The pooled 

blood samples were analyzed for copper by a modification of the Eden 

and Green method (13) as follows: 

Ten milliliters of whole blood were treated with two milliliters 

of sulfuric acid and five milliliters of 60 percent perchloric acid. 

This mixture was heated in pyrex digestion tubes over a low flame 

until the organic matter was charred to finely divided particles in a 

freely boiling solution. When the mixture had cooled, five milliliters 

of concentrated nitric acid were added. If the nitric acid was added 

earlier, considerable foaming occurred. The mixture was heated 

over a low flame until a colorless solution remained. Digestion was 

continued over a high flame until only the sulfuric acid remained in 

the solution and all of the excess nitric and perchloric acids had 

boiled off, as evidenced by the sulfuric acid refluxing on the sides 

of the tube, and the absence of white perchloric acid fumes. 

When digestion was complete, five milliliters of glass dis- 

tilled water and 2. 5 milliliters of 40 percent ammonium citrate so- 

lution were added. The purpose of the ammonium citrate is to form 

a complex with the ferric ions present to prevent them from reacting 
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with the color reagent. After the solution had cooled, ten milliliters 

of concentrated ammonium hydroxide were added to bring the pH to 

8. 5-9. 0. 

The samples were then transferred to separatory funnels for 

the color development. Ten milliliters of a O. 1 percent solution of 

diethyldithiocarbamate were added to each sample. This formed a 

yellow complex with the copper. This complex was extracted with 

two, ten milliliter portions of redistilled carbon tetrachloride. The 

carbon tetrachloride layers were drawn off, filtered through anhy- 

drous sodium sulfate to remove any water, and pooled. These pooled 

carbon tetrachloride layers were then brought up to a final volume 

of 25 milliliters. 

The optical density at 440 mµ, of the carbon tetrachloride so- 

lution, was determined against a reagent blank with a Coleman model 

14 spectrophotometer. The corrected optical density values were 

used to compute the copper content of the blood, with the following 

equation: 

copper in µg /ml. _ (corrected E) x (10µg. ) 

E of 10 µg. standard 

The copper content of the liver was determined by a similar 

procedure. A small sample of liver, approximately one -half to one 

gram, was placed in a preweighed digestion tube. The sample was 

then dried to constant weight at one hundred degrees centigrade and 

the dry weight of the liver was noted. Two milliliters of sulfuric 
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acid, three milliliters of perchloric acid, and five milliliters of 

nitric acid were added, and the samples digested as above. The 

above procedure was then followed for the digestion and the color de- 

velopment. The copper content of the liver was calculated as follows: 

10 µg x E sample 
copper in µg. /gram of liver (dry weight) = 

E of 10,íg std. x dry wt.of sample 

Cytochrome c Oxidase Assay 

The liver cytochrome oxidase activity was determined by a me- 

thod described by Smith (63). This method utilizes the measurement 

of the rate of oxidation of reduced cytochrome c spectrophotometri- 

cally. The cytochrome oxidase activity is expressed as the first 

order rate constant. 

Preparation of the sample 

One gram of fresh, chilled liver was weighed out on a torsion 

balance. This sample was homogenized in glass distilled water. 

The final volume of the homogenate was brought to ten milliliters 

with glass distilled water. In the final assay, one tenth of a milli- 

liter of the homogenate was diluted to one milliliter, and one tenth 

of this diluted preparation was used for the final assay. 

Procedure 

The preparation of the reduced cytochrome c solution was as 
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follows: The cytochrome c was obtained from the Sigma Chemical 

Company (type III). It was made up as a 90µM solution in O. 01 M 

phosphate buffer at pH 7. 0. About two tenths of a gram of palladium 

asbestos was added per ten milliliters of solution, and the mixture 

was gassed with nitrogen for about five minu?::s. After gassing with 

nitrogen, hydrogen was then bubbled through the mixture for one 

hour, followed by nitrogen for another five minutes. When the re- 

duced cytochrome c was produced in this manner, it was essentially 

free of hydrogen peroxide (63), therefore autoxidation of the cyto- 

chrome c and possible interference from cytochrome c peroxidase 

activity was minimized. 

One half of a milliliter of the reduced cytochrome c solution 

was mixed with Z. 4 milliliters of a tenth molar phosphate buffer, 

pH 7. 0, in a three milliliter cuvette. One tenth of a milliliter of the 

diluted homogenate was then added to the solution, and the decrease 

in optical density at 550 mµ was followed with a Cary recording 

spectrophotometer. The peak of the a band of the absorption spec- 

tra for cytochrome c is 550 mµ. After observing the change in op- 

tical density for about two minutes, a drop of saturated potassium 

ferricyanide solution was added to the cuvette to completely oxidize 

the cytochrome c. The optical density of the completely oxidized 

cytochrome c was noted. 

In order to make a comparison between samples, the dry 
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weight per milliliter of homogenate was determined. This was ac- 

complished by pipetting five milliliters of the ten percent homogenate 

into a previously weighed test tube and drying to constant weight in a 

one hundred degree centigrade oven. 

The activity of the cytochrome c oxidase was expressed as the 

first order rate constant, divided by the dry weight of the aliquot of 

diluted liver homogenate used. The optical density of the completely 

oxidized cytochrome c was subtracted from the optical density of the 

cytochrome c plus homogenate at specific time intervals (ten sec- 

onds). This difference was then plotted against time on a semi -log 

graph, with the optical density values plotted on the log scale. This 

gave a straight line plot (fig. I). The first order velocity constant 

was calculated from the slope of this line by means of the following 

equation: 

-log(O. D. -Q D.00) t 1- log (O. D. -O D. )t 2 -1 
k = x2.3 sec. t2 -t1 

where t equals time in seconds, O. D. is the optical density of the 

mixture at time t, and O. D.00 is the optical density of the completely 

oxidized cytochrome c solution. The rate constant was divided by 

the dry weight of the aliquot of homogenate used in order to make 

it possible to compare samples. 
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Figure I. The change in optical density vs. time. 

Effect of method of killing on the activity 

It is difficult to sacrifice a cotton rat by decapitation because 

of the nature of the animal. It was therefore necessary to try other 

methods of sacrificing the rats. It was thought that the cytochrome 

oxidase activity could be affected, so the effect of the method of 

- 
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sacrifice on the activity was determined. Stock colony female white 

rats from the same litter were used for these experiments. Four of 

the rats were sacrificed by decapitation, two by anethesizing with 

ether and removing the blood via a heart puncture, and two were 

sacrificed by carbon dioxide inhalation. 

The white rats sacrificed with ether showed a considerable 

loss of liver cytochrome oxidase activity (table IV), as compared 

with either the rats sacrificed by decapitation or with carbon diox- 

ide. 

TABLE IV. Comparison of the methods of sacrifice and subsequent 
cytochrome oxidase activity. 

Method of sacrifice 
Cytochrome- oxidas el activity 

sec. mg. 

decapitation 0. 1093 + 0. 0126 
carbon dioxide 0. 1130 + 0. 0170 
ether 0. 0655 + 0. 0003 

It was evident that there were essentially no effects on the activity if 

rats were sacrificed using carbon dioxide, as opposed to decapita- 

tion. Carbon dioxide was therefore used throughout the procedure 

because it had little effect on cytochrome c oxidase activity and the 

handling of the cotton rats was simplified considerably. 

-1 -1 
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Effect of aging on the activity 

The effect of aging on the cytochrome c oxidase activity was also 

studied. Two of the livers from the rats sacrificed by decapitation, in 

the previous experiment, were stored in the freezer for a week. At 

the end of the week, the cytochrome oxidase activity was determined. 

About one half of the activity was lost in this period of time; 0. 103 

sec. - 1 mg. -1 
1 

-1 
1 - 1 for the fresh tissue as opposed to 0. 0498 sec. mg. 

for the aged tissue. Therefore, it was deemed necessary to run the 

cytochrome oxidase assay on the same day the animals were sacri- 

ficed. 
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GROSS OBSERVATIONS 

The results are summarized in table V. in the case of cyto- 

chrome oxidase activity, hemoglobin levels, and growth rates, max- 

imal values were obtained in the groups receiving 50 and 500 parts 

per million copper. It appeared as though the growth rates increased 

as the animals received increasing amounts of copper until the 500 

part per million group. The cotton rats receiving 1000 parts per 

million copper in their diets had severely depressed growth rates, 

even lower than those receiving a minimum amount of copper in the 

diet. This was probably due, in part, to the cotton rat's reluctance 

to eat the diet which contained such large amounts of copper. Sev- 

eral of the cotton rats in this group died, apparently for this reason. 

Also, some of the cotton rats in the other groups died because they 

refused to eat the experimental ration. 

There was apparently very little sex difference in the growth 

rates of the cotton rats on the experimental diets (table VI). . This 

agrees with the results obtained by McIntire (46). It would be ex- 

pected that the males would grow slightly faster than the females. 

This was true only in the latter two groups. In the other cases, the 

average growth rates of the females was the same, or slightly 

larger than that of the males. 



TABLE V 
Summary of Experimental Results 

Group II III IV V 

Stock 
females 

3 wk old 
cotton rats 

# Animals living after 
eight weeks 7 5 9 8 6 6 3 

# Cytochrome oxidase 
activity (Sec- lmg- 1) 0. 0572 0. 0623 0. 0628 0. 0589 0. 0547 

# Hemoglobin 
g, /100 ml 8. 1 9.5 9.7 9. 9 9. 5 11.85 10. 0 

# Liver copper 
µg /g dry wt 17.7 12.2 41.5 219.8 1,538. 15.85 14. 9 

Blood copper* 
µg /m1 1.025 1.075 1.050 2.015 2.030 

Eight week weight gain 
(grams) 49. 6 46. 25 54. 25 58. 14 42.00 102 ** 

# all value averages for group 
composite sample 
Sheila Ann Roffler, Personal Communication 

I 

-- 

-- -- 
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TABLE VI 

Growth Rates of Cotton Rats Receiving Varying Amounts of Copper 
( eight week weight gain in grams) 

Group # I 

Sex Males Females 

II 

Males Females 

III 

Males Females 

IV 

Males Females 

V 

Males Females 

33 75 (14) 58 52 44 71 57 53 29 

70 40 43 65 32 55 57 (35)* 31 

38 (21)* 43 50 70 (27)* 56 43 

42 38 51 70 54 54 

49 

Average 47.0 52.3 43.25 58 54.5 54.0 59.25 56.7 50.0 30.0 

Group Average 49. 6 46. 25 54. 25 58. 14 42. 00 

* Cotton rats from a litter subsequently found to have cancerous livers and not included in the 
averages. 

t 

-- 
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The hair of the cotton rats receiving the higher levels of cop- 

per appeared to be darker than those on the lower copper rations 

(fig. II). Gorter (25) reported the darkening of bleached hair in rats 

after the administration of copper. It was noticed that anemia and 

hair depigmentation were related in both rats and cats. Both of 

these symptoms were corrected by adding copper to the diet. These 

symptoms, that could be corrected by copper administration, have 

been observed in black and hooded rats (35), rabbits (66), cattle (72, 

p. 80), sheep (72, p. 80), and chickens (31). Smith (66) showed that 

in rabbits, the greying of hair was a more sensitive index of copper 

deficiency than the hemoglobin levels. This was not the case with the 

cotton rats, since in some cases, it was difficult to observe a defin- 

ite depigmentation, while the hemoglobin levels were significantly 

reduced. 

It was suggested (20) that copper plays an important role in 

mammalian pigmentation. Flesch (20) showed that in vitro, the 

autoxidation of dopa, a precursor of melanin, was strongly catalyzed 

by cupric ion. This reaction was catalyzed more strongly by the 

cupric ions than by any other heavy metal ions. Flesch (20) also 

noted that the black and grey hair of rats, guinea pigs, and rabbits 

generally, but not always, contained more copper than the white hair 

from the same animals. 

Tyrosinase, or polyphenol oxidase as it is sometimes called, 
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a copper containing enzyme, was found to play a role in the conver- 

sion of tyrosine to the melanin pigments (44, p. 58 -60). Tyrosine 

is oxidized to dopa, which is then oxidized to the corresponding qui- 

none. This quinone is rearranged and oxidized to hallachrome, 

which is then converted to one of the melanin pigments, as shown in 

the following scheme (44, p. 58 -60): 

HO 

CH2 

CH COOH 
NH2 

Tyrosine 

1/20 
2 

CH 

CH COOH 

N H2 

O \Y 

Dopa 

H2 

ÇHCOOH 
N H2 

1/2 O 
2 

O 

Melanin 

Hall chrome 

H + HO 

HO 

1 / 2 02 
HO 

COOH 
HO 

HCOOH 

24 

Melanin 

COOH 

It may be noted that in all of the oxidations this enzyme, tyrosinase, 

behaves as a terminal oxidase, as it utilizes molecular oxygen. 

Therefore, it was suggested (44, p. 58 -60) that this system could 

be compared with the cytochrome oxidase system. 

Another important feature was the blackening of the gastro- 

intestinal tract in the cotton rats receiving high copper diets, and 

the bleached appearance of the gut of the cotton rats on the low cop- 

per diet. There seemed to be a direct correlation between the 

amount of copper fed, and the apparent darkening of the gut wall 
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(fig. II). This could be attributed to one, or both, of two things. 

There could be some pigmentation in the gut wall, similar to that 

discussed above in reference to hair pigmentation. The second and 

more probable answer might be that since the cotton rat received 

more copper in the diet, considerable amounts of copper were de- 

posited in the mucosal layers of the gastrointestinal tract. This 

could be in the form of the insoluble copper sulfide. 

Eden (12) indicated that in the case of the rabbit, most of the 

copper administered to the animal was excreted in the feces. He 

suggested that the copper was present as the insoluble sulfide, 

since there was relatively little absorption of copper from the gas- 

trointestinal tract, even with high doses of copper. Lindow (42) 

noticed that 98 percent of the copper administered to rats was ex- 

creted in the feces. 

The differences in color in the cotton rats receiving less than 

50 parts per million copper was probably due only to different lev- 

els of pigmentation. The animals with a higher copper intake ap- 

parently owed the blackness of the gastrointestinal tract to both a 

higher level of pigmentation and a large concentration of the black 

copper sulfide in the gut. In one of the cotton rats on a high copper 

diet, that died after three weeks on experiment, both a definite pig- 

mentation of the outer wall of the intestine and small black granules 

within were noticed. What appeared to be pigmentation, however, 
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could have been just a deposition of the copper salt on the wall of 

the gastrointestinal tract. Further investigation, however, would 

be necessary to determine the exact nature of this blackening of the 

gastrointestinal tract. 
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BLOOD AND LIVER COPPER 

The copper levels of both the blood and the liver were in- 

creased considerably in the cotton rats fed the higher levels of cop- 

per. The blood levels for group IV and group V were 2. 02 µg. of 

copper per milliliter and 2. 03 µg. of copper per milliliter, respec- 

tively, while the copper concentration in the blood for the other 

groups ranged from 1. 025 to 1. 075 parts per million. 

The mean copper level of the liver for the adult stock colony 

female cotton rat was 15. 85 parts per million dry weight. These 

values ranged from 12 to 22 parts per million copper. Normal liv- 

er copper levels of three week old cotton rats fell within the same 

range with an average of 15 parts per million copper dry weight. 

The liver copper concentration of the experimental animals 

was raised above the normal levels commensurate to the level of 

copper fed. The liver copper of the cotton rats receiving no addi- 

tional copper and five parts per million copper in their diets ranged 

from 4.7 to 27 and 6. 5 to 23 micrograms per gram of dry liver re- 

spectively. These could be considered as essentially normal copper 

levels with only a few showing signs of depletion. The higher copper 

values appearing in the first group could mean one, or both, of two 
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things. First, there could have been some contamination of the di- 

ets by copper, and secondly, some of the animals could have had 

large copper stores when placed on experiment. The first hypothe- 

sis seemed to be more probable since the normal liver copper lev- 

els of three week old cotton rats, taken from different litters, fell 

within a fairly narrow range of 12.5 to 17 parts per million. 

The liver copper was increased considerably in the groups re- 

ceiving 50 or more parts per million copper. It was elevated in 

this group about three times the normal, and up to over 100 times 

the normal copper levels in the animals receiving a thousand parts 

per million copper in their diets. From this it appeared that 50 and 

more than 50 parts per million copper would cause the absorption 

of more copper than could be excreted efficiently. The excess cop- 

per not excreted immediately was apparently absorbed into the liv- 

er, leading to excessive levels of liver copper. The data for the 

cotton rats fed high levels of copper agreed with the results obtained 

by Boyden (4) with albino rats. However, there were essentially no 

differences in the blood copper between the cotton rats fed 500 parts 

per million copper and those receiving twice as much. Boyden (4) 

on the other hand, reported a significant difference for the albino 

rat. The liver levels in both cases were comparable. 

The liver levels of the normal adult female cotton rat (15. 9 

ppm average), and the three week old cotton rat (14.9 ppm 
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average), fell within the range of normal liver copper values of 

most species 1, p. 11 -17). Beck (1, p. 11-17) showed that the 

white rat, rabbit, pig, horse, and the domestic fowl all had normal 

liver copper levels in the range of 13 to 20. Cunningham (9, p. 

1270) showed that the average adult human l avi a slightly higher liv- 

er copper concentration of 24.9 parts per million on a dry basis. 

There are some species, including cows, sheep and domestic ducks 

(72, p. 53 -54; 1, p. 6 -9), in which the liver copper levels are not 

confined to narrowly defined "normal" ranges. In these species, 

levels of 100 to 400 parts per million may be encountered in normal 

animals. Beck (2, p. 139) suggests that these species apparently 

have a different mechanism regulating liver copper storage than 

those species with more narrowly defined normal copper levels. 

From the data on the blood copper of the cotton rats receiv- 

ing 50 parts per million copper, or less, one would assume that 

the blood copper level of the average cotton rat would be between 

1. 00 and 1. 10 micrograms of copper per milliliter of whole blood. 

The normal for the white rat is 0.99 micrograms per milliliter (1, 

p. 4). Humans, cattle, and sheep (72, p. 59 -62) also have similar 

blood copper concentrations. The pig (1, p. 17) has a somewhat 

higher normal copper concentration of 1.40 micrograms of copper 

per milliliter of whole blood. On the other hand, most other species 

have normal whole blood copper levels somewhat below one part per 
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million (1, p. 17, -18; 72, p. 58 -63). These would include the guinea 

pig, rabbit, horse, and the domestic fowl. The domestic fowl 

seems to have the lowest blood copper levels reported (1, p. 18), 

with. only 0.23 micrograms of copper per milliliter. 

As observed above, and reported elsewhere (4; 9; 62; 72, p. 

53-70), both the blood and liver copper concentrations of animals 

are strongly influenced by the diet. When albino rats were fed ab- 

normally high levels of copper (4), the blood copper increased to a 

maximum of two to five times the normal values, while the liver 

levels were increased up to 300 times the normal copper concentra- 

tion. Similar effects on feeding large amounts of copper to cotton 

rats were observed. The blood copper levels were increased to 

twice the normal values, and the liver copper concentration was 

from ten to a hundred times the normal. This phenomenon has also 

been observed in cattle (62), and sheep (67). 

Beck (2, p. 139 -140) indicated that the liver copper stores 

were related to the copper intake and to the animals' ability to con- 

trol copper storage. It was noted in sheep (2, p. 139), with "nor- 

mal" liver copper stores of 100 to 400 parts per million, that the 

liver copper levels were very sensitive to small increases in the 

dietary intake, and that excess copper was eliminated very slowly 

from the liver. Most animals (2, p. 139 -140) like the domestic 

fowl, rabbit, pig, and mouse, having lower normal liver copper 
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concentrations, are able to remove copper from the liver more 

rapidly. Therefore, small increases in the dietary copper intake 

do not significantly raise the liver copper levels. These animals, 

however, have a threshold level of copper intake above which liver 

copper levels increase rapidly. In the case ' the cotton rat this 

threshold appears to be reached below 50 parts per million copper 

in the diet. With the pig (2, p. 140) this threshold appears to be 

between 70 and 130 parts per million. 

The opposite effect was noted in animals receiving a diet de- 

ficient in copper. Dempsey (10) showed that when adult rats were 

restricted in their dietary intake of copper, there was a rapid de- 

crease in the blood serum copper and a slower decrease of the liver 

copper. When these rats were fed copper (10), there was a subse- 

quent increase in both the serum and liver copper levels. Schultze 

(59, p. 108 -119) and Lahey (38, p. 1061 -1062) observed decreases 

in the blood copper levels of pigs placed on a copper deficient diet. 

Again, when copper was fed to these animals the blood levels in- 

creased. Schultze (58, p. 100 -104) also noted that the liver copper 

stores of severely anemic rats were badly depleted. When copper 

and iron were fed to these rats, maximum hemoglobin formation 

was observed, but only about five percent of the copper ingested 

was retained. 

Other factors can influence the copper levels in the blood and 
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liver (72, p. 67 --70). These include other minerals such as moly- 

bdenum, sulfate and zinc (72, p. 67 -70). Also, in humans (72, p. 

64 -65), pregnancy can affect the copper concentration in the blood. 

However, it is not the purpose of this paper to discuss these other 

factors in detail. 
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INFLUENCE OF COPPER ON HEMOGLOBIN 
FORMATION AND IRON METABOLISM 

The copper status of animals influence the production of he- 

moglobin. it was noticed that the cotton rats fed a diet deficient in 

copper had significantly lower hemoglobin levels than did cotton rats 

receiving additional copper. Also there was a slight depression of 

the hemoglobin content in the blood of cotton rats receiving toxic 

amounts of copper, however this latter difference didn't appear to 

be significant. 

Adult female, stock colony cotton rats had a hemoglobin level 

of 11. 85 ± 0.4 grams of hemoglobin per 100 milliliters of blood, 

while the hemoglobin concentration of three week old cotton rats 

was 10.0 ± O. 6. These values were slightly lower than those found 

by other workers (11, 22, 29) for the cotton rat. Hankins (29) sug- 

gested that differences in the values of blood constituents could be 

affected by genetic differences. However, the type of diet could 

have an influence on hemoglobin levels, since the hemoglobin val- 

ues of the animals receiving the synthetic ration were generally 

lower than the stock colony cotton rats. 

It appeared as though the method of taking the blood sample 

also had an effect on the hemoglobin concentration. During the 
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course of the experiment, small blood samples of less than one mil- 

liliter were taken from some of the animals by cutting the vein on 

the ventral side of the tail near the base. These values were, in 

general, higher than those samples obtained at sacrifice where the 

blood was taken from the heart. The value cf 5 grams per 100 

milliliters of blood for an adult female, and values ranging from 

10. 4 to 14.4 grams of hemoglobin per 100 milliliters for seven week 

old experimental cotton rats, compared favorably with values of 

14. 61 .± 0. 88 gram percent and 11. 0 to 17. 0 grams of hemoglobin 

per 100 cubic centimeters, found by Foreman (22) and Hankins (29), 

respectively. They obtained the blood from cotton rats in a similar 

manner. Some evaporation of the sample could be the reason why 

these values were slightly higher than the hemoglobin values of 

larger samples taken at sacrifice. Since the samples were rela- 

tively small, a small amount of evaporation could cause a signifi- 

cant increase in the blood hemoglobin concentration. 

l,0. 
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COPPER AND CYTOCHROME OXIDASE ACTIVITY 

As the copper in the diets of the cotton rat was increased, up 

to 50 parts per million, there was a slight increase in the cyto- 

chrome oxidase activity. If the copper levels in the diet exceeded 

50 parts per million, as in the 500 or 1000 parts per million copper 

groups, the activity was apparently depressed slightly (table V). 

These differences in the cytochrome oxidase activity for each group, 

however, were not significant. There were large deviations from 

the mean, especially in the middle three groups. When Students "t" 

test for significance (41, p. 146 -148) was applied to these data, the 

large deviations made the differences of the experimental means 

insignificant (table VII). 

Several factors could have been responsible for these devia- 

tions. It is possible that some errors in the assay for the cyto- 

chrome oxidase were responsible. Small differences in the cyto- 

chrome c concentration could affect the apparent activity. Smith 

(63) noted that the cytochrome oxidase activity is first order in re- 

lation to the cytochrome c concentration. However, it was improb- 

able that this could have been a major cause for these deviations. 

The thoroughness of homogenizing the liver samples could have had 
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TABLE VII 

STATISTICAL ANALYSIS OF CYTOCHROME OXIDASE ACTIVITIES 

Number of 
Group# samples 

I 6 

7 0- 

0.0572 0.0041 + 

t* 
t 5% 

significance 

II 5 0. 0623 + 0.0110 0.96627 2.262 

III 9 0. 0628 ± 0.0195 1.031 2. 160 

IV 8 0. 0589 + 0. 0100 0.3635 2. 179 

V 5 0. 0547 + 0.0022 1. 180 2. 262 

comparison of each group with group I 

7 = experimental mean 

o- = standard deviation 

y1 - y2 
t = students t where t = where n is the 

NfSp2(1 /n1 +1 /n2) 

2 
SSl +SS2 

number of samples in each group and Sp = 
+ (n2 -1) 

SS = E (y-y) 2 

with 

Li, Jerome C. R. Statistical Inference I. Ann Arbor, Edwards 
Brothers, Inc. , 1964. 658 p. p. 146- 148. 

-- 

(-1) nl 
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an effect on the apparent activity. Since cytochrome c cannot pene- 

trate cell walls (63). Intact cells or tissue sections would show a 

lower activity than a homogenate. Partially homogenized samples 

would show a lower apparent activity than more thoroughly homogen- 

ized samples. 

A significant factor in explaining the J. < <. +_ variations in the cy- 

tochrome oxidase activities could be just a normal biochemical vari- 

ation between individuals. Williams (80, p. 67 -80) cited numerous 

examples of inter - individual variations of enzyme activities between 

normal members of the same species. Most of these normal devia- 

tons are at least three to four fold with some ranging up to ten or 

50 fold (80, p. 69 -80). Taking all the groups of cotton rats into con- 

sideration, the range of the cytochrome c oxidase activities ranged 

from 0.0465 sec. -1 mg. -1 to 0.0954 sec. - lmg. This was only about 

a two fold variation, which is apparently within the normal range of 

variation for the extent of a biochemical reaction between individuals 

of a single species. In all of the examples of biochemical variation 

in enzyme activities that Williams (80, p. 69 -80) mentioned, the 

smallest variation between individuals appeared to be about two 

fold. 

There is an apparent relationship between liver copper stores 
2 

and liver cytochrome oxidase activity. The cytochrome oxidase 

2 
2The liver copper in the lower groups did not appear to be directly 
related to the dietary copper intake. 
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activity increased with the copper concentration until the liver cop- 

per reached about 60 micrograms per gram of liver dry weight, then 

leveled off at higher concentrations (fig. III). When toxic amounts 

of copper were fed to the animal and the liver copper exceeded two 

hundred parts per million, there seemed to Uc a depression of the 

activity. The first part of this curve showed good agreement with 

the results of Keilen (36) and Waino (79), where it was noticed that 

there was a good correlation between the copper contents of various 

tissue and purified preparations and their cytochrome oxidase ac- 

tivities. 

It was interesting to note that even though copper was evidently 

required for cytochrome c oxidase activity, excessive amounts of 

copper would inhibit the activity. Since the hemoglobin values in 

the cotton rats were not significantly influenced by toxic amounts of 

copper, it was improbable that the synthesis of the heme moiety was 

affected. In the case of copper poisoned sheep, it has been reported 

that there was an increase in the hemoglobin and the methemoglobin 

concentrations (67). Therefore, it appeared as though the cyto- 

chrome oxidase activity was inhibited in some manner other than 

the repression of synthesis of the heme moiety. Further studies 

would be necessary to determine the exact nature of this depression 

of the cytochrome c oxidase activity. 
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Figure III. Liver Copper concentration vs. cytochrome c oxidase activity. 
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SUMMARY AND CONCLUSIONS 

It was apparent that the cotton rat rest '. to different levels 

of copper in the diet in an analagous manner to that of the common 

laboratory rat. The blood and liver copper patterns followed a sim- 

ilar course to that of most species fed different levels of copper. 

From the standpoint of the liver copper levels, it appeared as though 

6. 5 parts per million copper in the diet approximated "normal" cop- 

per levels while the 1. 5 part per million level was subnormal, and 

the 50 parts per million copper levels began to approach toxic lev- 

els, even though some copper dependent functions were stimulated 

in this latter group. Copper in concentrations of over 1. 5 parts per 

million in the diet was needed for better growth, hemoglobin forma- 

tion, and normal pigmentation. When the cotton rat was given ex- 

cessive amounts cf copper, these functions, with the exception of 

hair pigmentation, were depressed slightly. The cytochrome oxi- 

dase activity in the cotton rat did not appear to be significantly in- 

fluenced by different levels of copper in the diet, as it has been re- 

ported for other species. The cause for this lack of significance 

appeared to be due to the large variations in the enzyme activities 

between individuals in each group. 
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Gallagher (24, p. 141) reported that in rats, the cytochrome 

oxidase activity was a more sensitive index for the copper status of 

the animal than hemoglobin values. Results obtained using cotton 

rats differed from this, since there was a significant reduction of 

the hemoglobin levels in the low copper group. while there was not 

a significant depression of the cytochrome c oxidase activity. The 

copper content of the livers from the cotton rats on the low copper 

diet were not reduced as the livers from Gallagher's (24, p. 141) 

rats. :art appeared that the cytochrome oxidase activity of the livers 

was dependent on the stored copper in the liver and would not be af- 

fected by the copper intake until the livers became depleted of cop- 

per below the normal values. On the other hand, as shown with the 

cotton rats on the low copper diets, the hemoglobin levels fell be- 

fore there was any significant reduction of the copper content of the 

livers. The hemoglobin levels were apparently influenced more by 

the copper intake, while the liver cytochrome oxidase values were 

influenced more by the copper levels of the livers. In the lower 

groups, the liver copper stores were evidently maintained in spite 

of the reduced copper intake. 
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