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I. INTRODUCTION 

The rate of sedimentation of red blood cells from whole 

blood has long been thought to be related to disease. This 

relationship may in part account for the ancient humeral 

theory of disease. Although the mechanism is still poorly 

understood, the erythrocyte sedimentation rate is a useful 

laboratory screening aid as well as a harbinger of change in 

chronic disease. This rate has been attributed to various 

factors, most often to the concentration of certain plasma 

proteins; however, to date it has not been determined that 

one specific factor characteristically alters the sedimenta-

tion rate in all cases. 

Iron-deficiency anemia is associated with an increased 

erythrocyte sedimentation rate; among animals, this has been 

observed especially well in the porcine species. The "physio-

logical anemia" of baby pigs has been documented to be at 

least partially due to a deficiency of iron; rapid sedimen-

tation rates have also been observed in these pigs. Even 

when iron is supplied to the animal, lower than normal hema-

tologic values are observed while the rapid sedimentation rate 

is corrected. Since a low serum or plasma iron level is also 

a consistent feature of iron-deficiency anemia, it seems 

possible that the serum iron level is a determining factor in 

the erythrocyte sedimentation rate. No literature discussing 

this possibility has been found. There are other instances in 
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which both an increased rate of sedimentation and hypoferremia 

are simultaneously observed, such as human pregnancy, many in-

fectious diseases, and certain malignancies. 

The objective of this study was to compare the serum iron 

levels and the erythrocyte sedimentation rates, as well as 

other hematologic parameters, of iron-deficient pigs with pigs 

r eceiving exogenous iron. These comparisons were planned to 

achieve the following goals: 

1. To determine by appropriate data analysis the 

correlation , if any, of serum iron levels and 

sedimentation rates in baby pigs from birth 

to six weeks of age. 

2. To determine whether adrenocorticotropic hormone 

injected intramuscularly results in decreased 

serum iron levels in baby pigs, as they do in 

certain other species, and whether a corresponding 

alteration occurs in the sedimentation rate. 

3. To verify the meager data on serum iron levels 

in normal and iron-deficient swine. 

4. To determine any differences in the percentage 

of plasma protein components of the two groups 

and to verify the reported changes in these 

percentages with time. 
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II. REVIEW OF LITERATURE 

A. Erythrocyte Sedimentation Rate 

1. General considerations 

The credit for having first appreciated the true cause-

and-effect relationship between erythrocyte sedimentation 

velocity and disease is generally given to an eighteenth cen-

tury physician William Hewson (1). However, it was not until 

the twentieth century that any application was made of the 

relationship when Robin Fahraeus (2) , in attempting to develop 

a simple test for pregnancy, determined much of the evidence 

presently available on the erythrocyte sedimentation rate 

(ESR). He and others (3) considered this phenomenon as a 

blood suspension system which could be described by a hydro-

dynamic equation, Stoke's law: 

s-s r 2 
2/9 g 1 

n v = 

Here v is the velocity of the particle (RBC) after the opposing 

downward gravitational force reaches equilibrium with the up-

ward force or resistance exerted by the suspending medium, g 

is gravitational acceleration, n is the viscosity of the sus-

pending medium (plasma) I s-s1 is the difference in the 

specific gravities of the cell and the plasma , and r is the 

radius of the red blood cell. The formula actually applies 

for the sedimentation of particles in colloidal dispersion ; 

it is derived by equating the frictional force of the particles 
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to the effective downward force. For the valid application of 

this law, it can be seen that several basic assumptions must 

be made, at least two of which can only be approximated in 

the ESR test; first, particles should be small and spherical 

and erythrocytes do not truly fit this category. Secondly, 

the equation assumes that the suspending fluid is of infinite 

size and this certainly is not true because 0£ the geometry 

of the sedimentation tube and the packed cell volume of the 

blood. 

Studies by Cutler (4) have shown that erythrocyte sedi -

mentation occurs in 3 phases. The first period is the aggrega-

tion and acceleration of the particles which average 5 to 15 

minutes in duration for man. Phase 2 is the phase of constant 

velocity; phase 3 is the period of packing and marked dece l-

eration of particles . 

An extensive study by Nichols (5) reveale d that changes 

in the ESR can be attributed to many variables, the most im-

portant being alte rations in either the suspending medium or 

in the erythrocytes. The changes in the plasma most promi-

nently related to an increased ESR are variances in plasma 

protein concentration, especially increased levels of fibrino-

gen and alpha2-globulin, according to Linko et al. (6). Hard-

wicke and Squires (3) in substitution studies using each of 

the plasma proteins found that identical increases in concen-

trations of fibrinogen, alpha2-globulin, and gamma-globulin 
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resulted in elevations of the ESR in the ratio of 10:5:2. 

They related these findings to the Stoke's law equation and 

found that the alterations noted in the sedimentation rates 

correlated with the variations in the viscosity of the plasma. 

Shape of the red cell is an important factor also; Abel and 

Beier (7) concluded that the reduced sedimentation rate in 

sickle cell anemia related to the altered ability of the 

abnormally shaped cells to aggregate. In addition, Ruhen-

strath-Bauer (8) has reported the formation of a thick coating, 

presumably of protein, on the erythrocyte surface preceding 

agglutination. Such an alteration of the red cell surface 

has been offered as a possible explanation for changes in the 

ability of some cells to form aggregates. 

A number of technical factors are also of importance in 

the ESR test; among these are the method used and the inter-

pretation of the results. For example, in the Wintrobe-

Landsberg method (9) , a single observation is made at the end 

of one hour and normal values are considered to be 0-9 mm. 

per hour for human males; but for the Cutler method, 5 minute 

observations are made during the period of constant fall; and 

the normal value is considered to be less than one mm. settling 

in 5 minutes. Ham and Curtis (10) noted an 85 per cent in-

crease in the ESR as the temperature rose from 20° to 38° C. 

Ponder (11) found that minor inclination of the tube from the 

vertical position caused a r e markable increase in rate; an 
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angle of as little as 3 degrees increased the rate by 30 per 

cent. Other sources of error in determination of the ESR in-

clude dirty or moist glassware . 

Shanbron and Berger (12) found that a low molecular weight 

dextran , Rheomacrodex, produced significant lowering of t he 

ESR both in vitro and in vivo. Their control ob servations 

indicated that this inhib iting e ffect was not a result of 

dilution of plasma proteins; t he lowering of t he ESR was 

apparently exp lained by the ability of the dextran to inhib it 

rouleaux formation. 

2. Relationship to iron-deficiency anemia and other diseases 

Iron-deficiency is t he mo s t common cause of anemi a in 

human infancy and childhood (13); it usua lly develops from an 

inadequate diet, espe cially an excessive amount of milk , an 

iron-poor food . Iron-defici e ncy anemia and an incre ased ESR 

are ofte n associated ; and because it is known t hat s edimenta -

tion rate s of c e lls diluted with p lasma from t he same indivi-

dual is greate r than tha t of undiluted cells (14), c o rrections 

for the anemia using the packed c e ll volume (PCV) are often 

made . The fact that an increase in the sedimentation rate 

accompanies a decrease in the packed cell volume has been at-

tributed to a more rap id aggregation phase and a r e duction i n 

frictional forces due to f ewer number s of cells . Ar b i trar y 

corre ction factors for the packed cell volume have gene rally 

proved of little value , often with overcorr ection i n obvious 
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disease states . In addition, Swenson (15) observed that in-

jections of iron dextran alleviated only a portion of the 

post-natal anemia of pigs , but corrected the rapid ESR. These 

observations lead to the possibility that a factor in addi-

tion to the PCV, possibly the plasma iron level , apparently 

affects the ESR. Poole and Summers (16) interchanged the 

r ed blood cells and plasma of normal and anemic human sub-

jects and showed that "anemic cells" sedimented more slowly 

than normal cells, both in plasma of normal and anemic indi-

viduals . Both types of cells sedimented more rapidly in the 

plasma of anemic patients. They described the plasma of the 

patients with iron-deficiency anemia as having a "plasma 

accelerating factor" but made no attempt to demonstrate what 

the factor might be. They also de scribed the cells of iron-

de ficiency anemia as possessing a r etarding factor and tenta-

tively infe rred that this was associated with anisocytosis . 

However , it should be pointed out that their graphs indicated 

no differe nce in rates existed among the groups at normal 

PCV's; the differences appeared at great dilutions,~.~., at 

PCV ' s of 20 % and less. The authors failed to comment on this 

point . 

The ESR is increased in diseases in which there is in-

flammatory reaction, tissue degeneration , or necrosis (14) . 

Its clinical application lies in the fact that it is often 

more sensitive t h an body t emperature , white cell count, or 
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subjective symptoms and thus is of value in guiding t herapy 

or accessing convalescence. The increased ESR is associated 

with the aggregation of cells into abnormally large rouleaux, 

Although variations in the size, shape, and perhaps , number 

of the red cells may influence their capacit y to form rou-

leaux , the essenti al cause of the excessive aggregation of 

cells in disease apparently lies in the plasma (3). Ruhen-

strath-Bauer {8) states that an increase in fibrinogen or 

gamma globulin is only coincidental to a high sedimentation 

rate and not its cause. Although the oppos ing view is general-

ly held, other evidence also indicates that these p rote ins do 

not necessarily affect the ESR ; Abel and Beier {7) in thei r 

studies on hemoglobinopathies such as homozygous C disease 

found that even though decreased ESR 's were t ypic a l, t here 

was not always a decrease in fibrogen and g lobulin l evels . 

B. Se rum Iron and Iron-binding Capacity 

Barkan and Walker {17) demonstr ated that iron in the 

serum was nondialyzahle at the pH of blood, but after acidifi-

cation it appeared in the ultrafiltrate. The existence of a 

s pecific iron-binding protein was proved by Schade and Caro-

l ine {1 8 ) when they investigated various prot ein fractions 

obtained by ethanol fractionation of the p l asma and found that 

a color change indicating t he presence of iron occurred only 

with a particular fraction, then called fraction IV: 3 ,4, and 
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late r named transferrin. Its molecular weight is about 90,000 

and at pH 7 . 5-8 .8 transferrin moves with the group of beta-

globulins. Determinations of the isoelectric point of trans -

f e rrin have given varying r esults because the mobility of the 

protein is markedly influenced by the kind and concentration 

of the inorganic ions in the buffe r used. However, the iso-

electric point of human transfe rrin is thought to be 5.9 (19 ) . 

Some authors have had the opinion that transferrin is 

not the onl y plasma protein of importance for the t r ansport 

of iron . However, Wallenius (20) investigated the distribu-

tion of iron between the different serum proteins by means of 

combined paper electrophoresis and autoradiography ; the acti-

vity was conce ntrated in the beta-globulin. He found no 

suppo r t for the assumption that more than one component is 

r esponsible for iron transport. Ferritin, the iron-storage 

protein, is not normally found in plasma; it has been found 

in plasma in case s of irreversible shock (21) . 

The same amount of iron is bound by transfe rrin when 

either ferrou s or ferric iron i s added to p l asma , and the 

changes in absorption spectra are ide ntical (22). Each mole-

cule of transfe rrin combines with two iron atoms; added 

f e rrous iron is rapidl y oxidized to f erric iron and the iron 

is bound in the ferric state. Transferrin constitutes about 

3 per c ent of the total p r otein of normal human se rum or about 

20 per cent of its beta-globulin fraction (22). 
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Erythrocytes contain no iron-free transferrin, but the 

possibility that they contain small amounts of iron-transferrin 

cannot presently be excluded. No one has investigated whether 

the leukocytes have any function in iron transport in spite 

of the fact that they have a relatively high iron content (23). 

The exchange of iron between plasma and r ed blood cells 

seems to be negligible when compared with the rapid plasma 

iron turnover. Walsh et al. (24) demonstrated with radio-

active iron t hat reticulocytes but not mature erythrocytes 

can assimilate iron from plasma. Transferrin-bound iron also 

occurs in the lymph but its concentration is about one-third 

the concentration found in plasma. 

In normal human adults plasma iron shows pronounced 

diurnal variation with higher morning than evening values . 

The diurnal rhythm is found reve rsed in normal subjects 

working nights and sleeping during the day. There is no 

diurnal variation in iron-binding capacity (25). The re is 

also a statistically significant sex difference in the serum 

iron level but not in the total iron-binding capacity . In 

children the re is a hypof erremia from about 8 months of age 

to 2 years. The values increase slowly up to puberty; t he 

sex difference first appears afte r puberty (26). 

The reaction between iron and transferrin is dependent 

upon pH (22) . If iron is added to a solution of transferrin 

at neutral or slightly alkaline pH, the added iron is bound 
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to transferrin, as measured by a typical color change. Upon 

acidification of the solution, the color disappears at pH 4 

and the iron can be dialyzed away. This pH dependency is 

the basis for most of the iron determination methods currently 

in use; this includes the bathophenanthroline method, which 

has been successfully used with various modifications by 

Kingsley and Getchell, (27), Peters et al. (28), and Beale 

et al. (29). 

Normally, 50 to 80 per cent of the transferrin is free 

from iron. Teleologically speaking, this excess of unbound 

transferrin may be considered a safety device capable of 

binding extra iron that might be put into the b lood stream 

suddenly (30). 

Although anemia is the finding that most frequently alerts 

the diagnostician of the presence of iron-deficiency, the 

plasma iron level and the iron-binding capacity provide a very 

good index of the adequacy with which iron is being supplied 

to the marrow. A hypoferremia plus an increased binding capa-

city has proved valuable in the demonstration of iron-

deficiency with minimal or insignificant changes in the peri-

pheral blood (31). The importance of a low plasma iron l evel 

in the absence of anemia is not presently understood. Smith 

(31) states that in experimental animals a number of enzymes, 

such as cytochrome c, become very depleted in the earliest 

phases of iron deficiency. Thus, anemia may not be the first 
I 
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symptom of iron deficiency; and the extent of morbidity from 

tissue deprivation of iron is not known. Smith suggests that 

perhaps supplementation of infant foods with sufficient iron 

to raise the serum iron l evels might possibly be accompanied 

by an increase in growth rate or a reduction in morbidity 

from infections. 

The ratio of serum iron to latent iron-binding capacity 

varies greatly with various disease states (22). In human 

iron-deficiency anemia and late human pregnancy, the ratio 

between serum iron and latent binding capacity is considerably 

below normal, i.e., the serum iron level is low and the binding 

capacity is increased. In chronic infections, uremia, leu-

kemias, and hepatic cirrhosis, a hypoferremia is present, but 

the binding capacity is also below normal. In addition, cer-

tain malignancies, especially those associated with widespread 

metastases, present this picture of low serum iron and reduced 

binding capacity (32). Some diseases are characterized by 

higher than normal ratios due to a hyperferremia; these in-

clude the hemolytic, pernicious, and aplastic anemias and 

thalassemia major. Laurell (2 3) has stated that the ratio is 

higher than normal when depot iron increases and lower than 

normal when the depot iron decreases. As far as it is known, 

no one has explained the differences in total binding capacity. 

Factors other than disease are known to affect the serum 

iron level. Laurell (23) states that hyperferremia was 
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regularly produced in normal subjects ninety minutes after 

peroral or intravenous administration of 20-50 mg. nicotinic _ 

acid. The transferrin level remained unchanged. Slight 

serum iron decreases often occur some hours after lumbar 

puncture, encephalography or electroshock in human patients 

(33). It is theorized by the investigators that such treat-

ment of a patient may constitute a stress which in some manner 

effects a lowered serum iron or that the variation may be 

secondary to functional changes in the marrow or reticulo-

endothelial system. 

Besides this influence of the central nervous system on 

the serum iron level, hormones are also known to affect it. 

In rabbits, injections of testosterone and progesterone are 

without effect, yet estrone administration results in a rapid 

decrease of the iron level (34). Cartwright et al. (35) 

demonstrated that a number of agents produced acute transient 

hypoferremia in dogs. These included sterile turpentine 

abscesses, histamine, epinephrine, fracture, anaphylactic 

shock, adrenocortical extract, and adrenocorticotropic hormone. 

They found that a 25 mg. injection of ACTH , given either intra-

muscularly or intravenously, resulted in a maximal drop in 

the plasma iron level of all dogs between 6 and 8 hours. The 

mean per cent decrease was 47 ± 7. The iron returned to its 

preinjection level or a slightly higher level after 24 hours. 

No hypoferremia occurred in the adrenalectomized control dogs. 
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They speculated that the acute hypoferremia following stress 

may have been due to stimulation of the reticuloendothelial 

cells by the cortical hormones which causes them to take up 

iron. This mechanism may possibly explain the hypoferremia 

accompanying infection, although there is no direct evidence 

of this. 

In view of the hypotheses of this thesis, and since both 

hypoferremia and an accelerated ESR are typical of infections 

as well as iron-deficie ncy anemia, it seems beneficial to 

briefly discuss the anemia of infection. Wintrobe et al. 

(36), by the use of intravenously injected radioactive iron, 

found that the utilization of iron for hemoglobin synthesis 

is impaired during infection. The resulting anemia does not 

appear immediately, for only when the "old" red blood cells 

must be replaced does the defect become noticeable. On the 

other hand, hypoferremia appears early during infe ction; fur-

thermore , Kuhns et al. (37) found that the intravenous a d -

ministration of large amounts of iron in man failed to relieve 

the anemia of infe ction and the hypoferremia persisted. In 

studying the fate of inj e cted Fe59 , Greenburg et al. (38) 

concluded that the major diversion of plasma iron during in-

f e ction is to the live r and that this diversion results in t he 

hypofe rremia. The mechanism producing this effect was not 

elucidated but may possibly be inte rpreted as being due to 

the stress reaction discussed above. The poss ibility that 
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disturbances in protein metabolism, which often accompanies 

infection, may in some manner affect the plasma iron level 

ought also to be considered. Chakrabarty and Banerj ee (39) 

observed that hypoferremia and a decreased total iron-

binding capacity were present in patients suffering from 

cholera, tetanus, or pyogenic meningitis; the percentage of 

serum albumin was diminished and the globulins elevated in 

these infections, indicating deranged protein metabolism. 

However, they state that no relationship between these factors 

was evident. 

Other workers think there is a definite relationship be-

tween protein metabolism and serum iron levels. Cartwright 

and Wintrobe (40) found a significant lowering of the serum 

iron in swine on a protein-deficient diet. This was apparently 

due to a greatly reduced amount of iron-binding protein in the 

deficient pigs; they discovered that there was a proportional 

reduction in the iron-binding capacity with a reduction in 

the total serum proteins. Severe iron-deficiency was also 

produced in some of the pigs in this study, and it resulted 

in an even more pronounced hypoferremia; the investigators 

did not conduct total plasma protein studies on these animals, 

however. No literature has b e en found on whether the total 

amounts or percentage of protein components of plasma are 

altered in iron-deficiency. In the Cartwright and Wintrobe 

study on swine, the hypoferremia of iron-deficiency averaged 
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31 micrograms per cent of iron as compared to 115 for the 

protein-deficient group and 169 per cent for the normal group. 

C. Plasma Proteins 

Sera from a large number of animal species have been 

found to possess characteristic and reproducible electropho-

retie patterns. There are major changes in the serum patterns 

of most species with age and development. Cochrane et al. 

(41) found an extra distinct band in the sera of day old and 

suckling pigs up to 3 weeks of age. This component was con-

sidered to be an alpha1 -globulin, or fetuin, and was present 

between the albumin and main alpha-globulin bands. Using 

paper electrophoresis, Rutqvist (42) and Leece and Matrone 

(43) demonstrated that alpha-globulin is the maj or protein 

component in the sera of newborn piglets before nursing, 

whereas albumin is relatively low in comparison with adult 

serum. They found that during the first five weeks the per-

centage of albumin increased but that of alpha-globulin 

decreased. They suggest that the a 1 -globulin component is 

probably present after the first three weeks but that its 

presence is obscured by increased amounts of albumin with a 

similar migration velocity. 

Normal electrophoretically -determined values for mature 

swine have been reported by several workers and these are in 

good agreement with each other (44,45). Koenig and Hogness 
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(46) noticed a significant difference in the per centage of 

certain components of identical swine plasma analyzed in 

various buffers. 

The r e lationship of plasma protein components , especia l ly 

fibr inogen and a l pha globulin, and the ESR has been discussed 

in a previous section . The relationship between plasma 

proteins and hypoferremia has also been considered. Un-

fortunate ly, no literature r e lating all three variables has 

been found. 



18 

III. MATERIALS AND METHODS 

A. Experimental Animals and Design 

A total of 4 litters of pigs were used in this study. 

Sows and litters were housed on concrete floors for the first 

6 weeks of the pigs' lives. A ration meeting the requirements 

of the Committee of Animal Nutrition of the National Research 

Council (47) was fed to the dams. It was minimal in iron and 

contained the following: 

ground corn 
ground oats 
wheat bran 
44% soybean oil meal 
dried whey 
dicalcium phosphate 
ground lime 
NaCl 
vitamin premix 

46.0% 
20.0% 

5.0% 
16.4% 
10.0% 

1.0% 
0.6% 
0.5% 
0.5% 

The vitamin premix1 contained the following: 
per pound 

vitamin A USP units 200,000 
vitamin D USP units 
riboflavin 
calcium dipantothenate 
niacin 
vitamin B12 

1v ·t . i -A-Mix, Inc. Shenandoah, Iowa. 

50,000 
500 mg. 

2,400 mg. 
2,000 mg. 

2 mg. 
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Between 48 and 72 hours after birth, the pigs were 

weighed and animals within a litter were randomly assigned for 

injection with iron dextran. Half of the pigs of each litter 

were used as controls, receiving no iron supplementation. 

Treated pigs were given two ml . of iron dextran intramuscularly; 

this supplied 150 mg. of elemental iron. 2 The piglets had ac-

cess to the saw's ration. 

Between 12 and 24 hours after birth and then at 1,2,3,4,5, 

and 6 weeks of age, blood samples were taken from the anterior 

vena cava of each pig. Approximately 6 ml. of blood were 

withdrawn ; 3.5 ml. were used for each serum iron determination, 

and 2.5 ml. of blood were placed in a test tube containing 3 

mg. EDTA for the other determinations. The following deter-

minations were made on each pig at each sampling period: body 

weight, erythrocyte number, leukocyte number, packed cell 

volume (PCV), hemoglobin concentration, erythrocyte sedimen-

tation rate (ESR), serum iron content, serum iron-binding 

capacity, electrophoretic analysis of serum and plasma proteins, 

and differential leukocyte count. In addition, reticulocyte 

counts were made on the last three litters of pigs. 

An additional litter of eleven pigs was treated and sam-

pled in exactly the same manner as above; however, at 2 weeks 

of age and weekly thereafte r 10 USP units of adrenocortico-

trop ic hormone 3 were administered intramuscularly following 
2 Ferrextran. 
3oepo-ACTH . 

Fort Dodge Laboratories. Fort Dodge, Iowa . 
The Upjohn Company. Kala~azoo, Mich igan. 
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the drawing of t he blood sample. Blood samples were again 

taken six hours later. All above mentioned determinations 

were also made on blood samples from this litter. 

B. Expe rimental Techniques 

1. Serum iron and iron-binding capacity 

Glassware used in the serum iron and latent iron-binding 

capacity determinations was washed in the normal manner , 

rinsed with sulfuric acid-permanganate solution, rinsed t hree 

times in distilled water and finally rinsed with ion- free 

water . The deionized water was obtained by running distjlled 

water through an exchange column containing Amberlite MB-1 
. 4 r esin. 

Blood for these determinations was allowed to clot and 

the n centrifuged for 20 minutes. 5 Serum was harvested with a 

transfer pipette and was again centrifuged for 20 minutes. 

The method of Beale , Bostrum , and Taylor was used for the 

serum iron determination (2 9 ,48). The necessar y reagents were 

prepared in the following ways: 

1. Glycine Buffer - 12.5 ml. of 0 . 2 M glycine and 2.6 

ml . M HCl. were diluted to 50 ml. with ion-free 

water; the solution was adjusted to pH 1.9 and 10 

mg. of ascorbic acid were added as a preservative . 

4Fisher-Scientific Co. Fair Lawn, New Jerse y . 
5rnternational Equipment Co. Boston , Massachusetts . 
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2. Bathophenanthroline Reagent - 323.7 mg. of the sodium 

salt of bathophenanthroline sulfonate were dissolved 

in water, adjusted to pH 6.7 and diluted to 50 ml. 

After filtering, a few drops of CHC1 3 were added and 

the reagent was then kept refrigerated until used. 

3. A standard iron solution containing 25 µg. Fe per 

ml. was made using ferrous ammonium hexahydrate. 

The procedure was as follows: To 2 ml. of the glycine 

buffer, 0.5 ml. serum was added; for the blank, 0.5 ml. 

ion-free water was used rather than serum. After 2 minutes, 

the serum sample was read against the blank at 534 mµ on a 
6 Beckman B spectrophotometer. To both the sample and the 

blank tubes, 0.08 ml. bathophe nathroline reage nt was added and 

the reading was taken after 5 minutes. Finally, 0.04 ml. 

standard Fe reagent (1 µg Fe) was added to the serum sample 

only and read against the blank after 1 minute. Readings were 

made in per cent transmittance and later converted by means of 

a standard table to optical density. 

Calculations: 

Increme nt in line ar ab sorbance due to liberated s e rum 

iron= Re ading A2 - Reading A1 • 

Increme nt due to addition of standard iron = Reading 

A3 - Reading A2 • 

Amount of iron in µg. in 1 ml. serum = 

6Beckman Instrume nts, Inc. Fullerton, California. 
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Therefore, 
A2 - Al 

serum iron content in µg % 

A3 - A2 = x 200. 

The bathophenanthroline and s tandard iron reagents for 

the latent binding capacity technique were the same as above. 

A buffer was made by mixing 1.21 g. trisaminomethane, 0.98 g . 

maleic anhydride and 9.3 ml. M sodium hydroxide and diluting 

to 2 00 ml. with ion-free water. The solution was adjusted to 

pH 6 . 85 and preserved with a few droos of chloroform. Two 

ml. tris-maleate buffer were added to 0.58 ml. water for the 

blank and to 0.5 ml. serum for the unknown . To the serum 

sample only, 0.08 ml. standard iron solution was added and 

after 2 minutes it was r ead against the blank at 534 mµ 

(Reading A1 ). To the blank and the sample , 0.08 ml. bath-

ophenanthroline r eagent was added; and after 10 minutes , a 

second r eading was made (Readi ng A2). Finally, 0.04 ml. 

standard iron r e agent was added to the serum sample and read 

1 minute later (Reading A3 ) • 

Calculation: 

Calculated absorbance from added iron if none were 

bound to transferrin = 2 (Reading A3 - Reading A2). 

Measured absorbance of r esidual iron complex 

=Reading A2 - Reading A1 . 

Absorbance of complex which would have been pro-

duced by the amount of added iron bound by transfer-
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Iron taken up by transferrin in 1 ml. serum 
2(A3 - A2 ) - (A2 - A) 
~~~~~~~~~~~1~ x 2 µg. 

A3 - A2 
= 

Latent iron-binding capacity in µg % 

2(A3 - A2) - (A2 - A ) 
= 1 x 200. 

A3 - A 2 
Total iron-binding capacity = serum iron content 

+ latent iron-binding capacity. 

Per cent saturation = serum iron content x 100 ° 
total iron-binding capacity ~. 

Allowances could have been made for the dilution factors 

to compensate for the volume changes in both this and the 

preceding calculation, but according to Beale et al. (29), 

the error is very small (usually less than 2 µg %) and 

can be ignored. 

2. Plasma and serum proteins 

Electrophoresis of both plasma and serum proteins was con-

ducted according to the. recommendations of the Gelman Instru-

ment Company (49). Cellulose acetate strips, 1 11 x 6-3/4", 

were used for the determinations. Approximately a 3 micro-

liter sample was applied to each strip with a Gelman sample 

applicator. 7 Strips were placed in a Gelman electrophoresis 
7 chamber (Model #51100) containing approximately 500 ml. high 

resolution buffer of pH 8.8; each strip was tensioned and held 

taut by magnetized clips. Six to eight strips were "run" 

simultaneously for 90 minutes at 210 volts, which were provided 

7 Gelman Instrument Co. Ann Arbor, Michigan. 

I 
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by a Heathkit power supply. 8 The strips were removed and 

. s . 9 f t 1 t 5 . t placed in Ponceau stain or a eas minu e s. Protein 

bands stained pinkish-red with this stain. Excess stain was 

removed by several washings in 5% acetic acid; the strips 

were then allowed to air-dry. 

"Clearing" resulte d in translucent strips; the procedure 

consisted of dehydrating a strip in absolute methanol and then 

placing it for 20-30 seconds in 10-15% acetic acid in a bsolute 

methanol. Each strip was placed on a glass slide and allowed 

to dry. It was then covered with another glass slide and 

placed in the Gelman scanner (Model #39301) . 7 Optical density 

units were indicated on the meter and these were plotted on 

standard graph paper. Next, the curves were integrated with 

a planimeter. In instances where the curve of a protein band 

did not return to the base line before the next curve began, 

extrapolations to the base line were made. The percentage 

of each component was then calculated; components me asured were 

albumin, a-globulin, a-globulin, and y-globulin. Since fib -

rinogen cannot be separated as a distinct band with t h is 

technique and b e cause it should be between the a and y-globu-

lins, these 2 percentages were summed for the statistical 

analyses. 

8Heath Company. Benton Harbor, Michigan. 
9 Hartman-Leddon Company. Philadelphia, Pennsylvania . 
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3. Other hematologic determinations 

Hemoglobin conce ntrations were determined by the cyan-

methemoglob in techniq u e . 1° For each blood sample, 5 ml. of 

r e agent and 0.5 ml. blood were mixed; the contents were trans-

ferre d to a cuvette and read against a reagent blank at 540 

mµ in a Beckman B spectrophotometer. 6 Readings were made in 

per cent transmittance and later converted to o p tical density. 

The optical d e nsity readings wer e then multiplied by a factor 

determined from a known cyanme themoglobin standard to obtain 

the hemoglobin conce ntration in grams per c ent. All samples 

were run in duplicate. 

The Wintrobe me thod was applied for the erythrocyte 

s e dime ntation rate . The tub es wer e placed ve rtically in a 

s edimentation a pparatus11 having adjustable screws for leve ling 

the rack. The amount of r ed cell s e ttling was noted at the 

end of one hour. In cases wher e t her e was a clear plasma 

laye r atop a r ed hazy laye r (the diphasic area) and then the 

blood c e ll layer below this, the r eading was t aken at the 

junction of the diphasic layer and the blood c e lls. 

Erythrocyte and l e ukocy t e numbers were determined in 

d uplicate using Nat ional Bureau of Standards c e rtified pi-

pettes, counting chamb e r s , and cover glasses. The diluting 

fluids were 0 . 90 % NaCl s olution for r ed b l ood cells and 0.1 

lOHycel, Inc. Hou ston , Te xas . 

11Al oe Scie ntific Division . St. Louis, Mi ssouri . 
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N HCl for leukocytes. Leukocyte counts were corrected for 

nucleated red blood cells. Differential leukocyte and nu-

cleated red cell counts wer e made on blood films stained with 

Fields' s tain. 

Reticulocyte numbers wer e determined by diluting 2 to 3 

drops of blood with an equal volume of b rilliant cresyl blue 

dye in a small test tube. After five minutes , a small drop 

was placed on a g l ass slide and a smear was made . The number 

of reticulocytes per 1 000 r ed blood cells was r ecorded . 

Packed cell volumes wer e determined in duplicate by the 

microhematocrit method. Filled capillary tubes were centri-

fuged12 for five minutes and read in a microhematocrit reader~ 2 

Mean corpuscular hemoglobin concentration was calculated 

by the formula: M.C.H.C. in per cent 

= hemoglobin in gms . % x 10 0 
PCV per 1 00 ml . blood 

Mean corpuscular hemoglobin in micromicrograms was computed as 

follows : 

M.C . H. = hemoglobin in gms . % x 10 0 
RBC count in millions per cu . mm . 

Mean corpuscular volume in c ubic microns was calculated as 

follows: 

M. C. V. = PCV per 1000 ml. blood 
RBC count in millions per cu. mm . 

For plasma exchange studies , fresh blood containing EDTA 

12clay Adams , Inc. New York , New York . 
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'f d 13 f 15 . was centri uge or minutes. The p lasma from each sample 

was pipetted off the cells; 0 .9 0% NaCl solution was added to 

the cells to "wash " them, and they were recentrifuged. The 

saline solution was withdrawn and plasma from an anemic animal 

was added to cells from an iron-injected animal and vice v e rsa. 

Packed cell volumes (PCV) and sedimentation rates (ESR) were 

then determined. 

The dilution studies were made by placing fresh blood from 

an animal injected with iron into 2 test tubes c o ntaining 

EDTA . One tube was centrifuged as described above. The p lasma 

withdrawn from it was used for diluting the blood in the 

other tube . A curve of ESR v s. PCV for an individual animal 

was then plotted . 

13 . 1 . c Inte rnationa Equi pment o . Boston , Massachusett s . 
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IV. RESULTS AND DISCUSSION 

A. Erythrocyte Sedimentation Rate 

1. Changes with age and during anemia 

The anal ysis of variance (Tab l e 2a) was set u p in such a 

way that the time factor could be tes ted as a linear, q uad-

ratic, cub ic or quintic e ffect. For this reason, four degrees 

of freedom are listed for time rathe r than six , as might be 

expect ed . However, it is evident from Table 1 t hat the mos t 

d r astic c hange in t h e e r y throcyte s edi mentation r ate (ESR) 

occurred from birth to 1 week . Since the birth data r efl e ct 

mate rnal rathe r than tre atme nt e ffects, it s eemed advisabl e 

to also do the analys i s of variance on only the dat a from 

weeks 1 through 6 (Tab l e 2b). In t his analysis of v ariance , 

no restrictions a r e p laced on the time variab l e , so t hat 5 

d egr ees of freedom are pr esent . Similar analyses were made 

on the other t wo major parame t e r s u nder study here , t he packed 

c e ll volume and the s e rum iron content (Tables 4b and l Ob) . 

Comparison of Tab l es 2a and 2h r eveals t hat time i s a 

significant variab l e only in t he ANOV in which the birth 

data are included . Howe v e r, t here a r e rathe r l arge week l y 

changes in the mean ESR ' s of the contr o l group (Tab l e 1) e ven 

though thi s is not r efl ect ed in t he analysis of variance . 

The r e e xists a significant di ffe r e nc e in t he eryt hrocyte 

sedimentation r a t e (ESR) bet ween the iron-injected and c ontrol 

grou ps , as well as a significa nt differ e nce due t o time . It 



Table 1. Effects of iron dextran and age on the e r ythrocyte 
sedime ntation rate of pigs 

Controls Iron Dextran 
Age Mean Sa n b Mean s n 

(mrn. /hr .) (mm . /hr.) 
Birth 23 . 5 25.1 13 30 . 3 2 9 . 6 12 
1 week 13.7 13.1 21 4.0 4 . 6 15 
2 weeks 1 8 . 6 15.4 21 2.6 2.9 21 
3 weeks 1 6 . 9 12.1 21 3 . 3 3.2 20 
4 weeks 1 6 . 8 13.7 20 5 . 8 4 . 5 20 
5 weeks 17. 4 26 . 0 20 7 . 9 1 6 . 9. 20 
6 weeks 9 . 0 15.3 18 6 . 3 6 . 5 20 

astandar d deviation of the mean . 

bNumber of animals upon which mean is based . 

Table 2a . Analysis of variance of the e r ythrocy t e sedimenta-
tion rate of pigs (including birth value s) 

Source of d .f. 
variation 
Tre atment 1 
Error (a) 40 
Time \ 4 
Time x Treatment 4 
Error (b) 212 

***P< . 005 

S . S . 

5,192 .1 
1 9 , 288 . 3 

6 , 61 9 . 0 
2,713 .7 

38,350 . 8 

M. S . F 

5,192 .1 10.77*** 
482.2 

1, 654 .7 9 .14*** 
678 . 4 3.75*** 
18 0 . 9 

Tabl e 2b . Analysis of variance of the e r y throcy t e sedimenta-
tion rate (excluding birth values ) 

Source of d . f . S.S. M. S . F 
v a riation 
Treatment 1 6 , 170 . 21 6 , 170 . 21 12 .7 5*** 
Err o r (a ) 40 1 9 , 648 . 92 491 . 22 
Time 5 345 . 23 69 . 05 0 . 65 
Ti me x Tr eatment 5 7 24 . 1 2 144. 82 1.36 
r::r r o r (b ) 1 85 1 9 , 613 .4 2 1 06 . 02 

***P<.005 
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will be noticed that the mean rates at birth are much higher 

than at any other time. The relatively large difference in the 

two birth means is an illustration of the introduction of 

random error into the experiment; all animals were randomly 

assigned to one group or the other, yet the mean ESR's are 

very dissimilar . 

It will be noticed also that the standard deviations of 

the mean are large, especially in the control group. Great 

variations in the rates were encountered each testing period; 

however, duplicate samples consistently gave the same results, 

so the large differences among individual samples were not 

due to techniq ue. Litter differe nces were not tested, but 

Coulter (50) in his swine studies found significant litter 

differences (1 % level) at ages 1 and 3 weeks. Schalm (51) 

states that the ESR of pigs is highly variable, and his book 

presents a table showing a weekly change of 10 mm./hr. in 

the average ESR of one litter of pigs. 

The peculiar manner in which the erythrocytes of young 

pigs s ediment is illustrated in Figure 1 . Pigs 52 and 510 

were inj e cted with 150 mg . of elemental iron as iron dextran. 

Tube #55 is characteristic of t he appearance of many b lood 

samples from iron-deficie nt p igs, although the iron-injected 

pigs which had high sedimentation rates typ ically displayed 

this same a ppearance . Schalm (51) r eports that a diphasic 

sedimentation phenomenon is observed mainly in suck ling p i gs 
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during the period of intense e r ythrogenesis. Sometimes long 

strands of cells can be seen trailing down the hazy diphasic 

area. Microscopic examination of material from this layer 

r evealed mostly r e ticulocy t es and occasionally nucleated red 

cells. The explanation for this type of sedimentation is 

generally thought to be t hat the slightly immature cells do 

not form rouleaux well (51). 

2. Effect of serum iron leve l 

Tab l e 3 shows that the mean serum iron content of the 

iron deficient group is much l ess than the iron injected 

group. It parallels the decrease in the packed cell volume 

(Tab le 9) and erythrocyte number (Table 13) . The effect of 

serum iron on the ESR was demonstrated in this ' experiment by 

t esting the hypot hesis that the regression coefficient of ESR 

on serum iron content was equal to zero ( 52 ). The value for 

testing the hypothesis, SESR. s r= O, was t=-0.54, which is 

not significant and permits the hypothesis to be accepted. 

In the regression analysis excluding b irth data, the t value 

was -0.71, which leads to the same conclusion. As has been 

stated previously (3,5, 8,9 ,10), the sedimentation rate is 

known to vary with the packed c e ll volume; the r efore the hypo-

thes i s that the r egression coefficient of ESR on PCV in this 

experiment was equal to zero was also tested. For this hypo-

the sis, a = O, the value t = - 9 . 25 (P<.001) is very ESR.PCV 
s i gnificant and leads to the rejection of the hypothesis and 



Figure 1 . Appearance of the sedime ntation of blood 
from t wo iron-injecte d pigs ( #S2 and #S lO} 
and an iron-defici ent pig C*SS ) 
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to the conclusion that the ESR is highly dependent on the 

packed cell volume . The value of t for the analysis excluding 

t he birt h data was - 9.49, which leads to the same conclusion. 

A comparison of the weekly means of the serum iron values 

and the PCV shows that they follow a similar trend, so that 

t he t value s might be expected to be als o similar . Although 

the mean serum iron was significantly lower in the control 

group, the ranges of the iron values were very large and the 

lower serum iron values were not consistently associated with 

the higher sedimentation rates, while the packed cell volumes 

were . Since it is the plasma which delivers the iron to the 

erythropoietic tissue, the level of plasma iron reflects the 

degree of erythrogenesis; and the weekly values of the packed 

cell volume and serum iron level would be expected to follow 

a similar trend. 

3. Dilution curves and exchange studies 

It was not known whether a chart such as that made by 

Wintrobe (1 4) , which attempts to correct the sedimentation 

rate for the decreased PCV of anemia, could be applied for 

swine sedimentation rates . Nevertheless, the ESR ' s of all 

samples from the first four litters were corrected by this 

chart. Of 201 observed rates , all except 14 corrected to 

O mm./hr. and only 5 of these 14 corrected to ESR 's greater 

t han 3 mm./h r. Again, it appeared from these data that the 

decreased PCV accounted for the more rapid ESR of the anemic 
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pigs , if the Wintrobe human chart is valid for swine blood. 

To determine whether the ESR's of normal swine blood p aral-

leled those of humans, blood from 3 iron-injected pigs was 

diluted to various packed cell volumes, each with its own 

plasma; and the ESR's were determined. Figure 2 shows these 

curves. Although the curves are not smooth exponential 

curves as those of the Wintrobe chart, t hey do demonstrate 

that the human chart seems to be valid for correcting swine 

rates. The Wintrobe chart may overcorrect the swine values 

since at a PCV of 10, it corrects ESR 's from 10 to 50 rrun . /hr . 

to 0 mm./hr. A larger numbe r of samples would establish 

whether an array of such dilution curves exists for swine 

also. 

Exchanges of p lasma from t he cells of anemic pigs to 

cells from iron-injected p igs and vice vers a wer e also made . 

At first, all packed cell volumes were adjusted to l e ve ls more 

or less "normal" for 4-6 weeks old pigs . For 18 such ex-

changes (36 determinations) in which t he final PCV ' s r anged 

fr~m 33-37.%, no r e al diffe rences were observed between t he 

ESR 's of the anemic c e lls in normal plasma and t hose of t he 

normal cells in anemic p lasma. In no instance was the ESR 

greater than 3 mm . /hr. So, it seemed o bvious that if any 

p lasma factor of the anemic p i gs were affecting t he sedimen-

tation rate , its effect wa s of no consequence at normal packed 

cell volumes. Therefore , dilutions wer e made on four such ex -
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c hanged samp les. Figure 3 illus trates t he r esults. Pig #1 0 

was an iron - i njected p i g whi ch originally had a PCV (at age 5 

weeks ) of 34 . 3 and an ESR o f 1.0; p ig #9 was a control animal 

with an original PCV of 22 . 0 and an ESR of 10 . It can be seen 

that there i s v ery little difference in the sedimentation 

r a t es of the exchanged samples of t hese two pigs . Had a l a rge 

number of dilutions and ESR de t erminations been made , so that 

curves rather t han straight l ines could have been plotted, t he 

differences in these t wo may have appear ed even l ess . The ex-

changed samp les from the other t wo p igs gave large r differ-

ences in the rates , but no statistical c a lculations wer e at-

temp t e d . Pig #2 was an iron-inj e cted pig a nd thus was con-

sidered to have the "normal" c e lls and p lasma , but it actually 

had an original PCV of 26 . 8 and an ESR of 6 . 0, while pig #5 

was uninj ected and had an original PCV of 27.3 and an ESR of 

3 . 0 . No explanation for t he fairly large diffe rence in the 

curves can be offered . A large number of such exchanges and 

dilutions would per haps allow definite conclusions to be made 

on this poi nt . It should be pointed out that while Poole and 

Summe r s (1 6 ) r eporte d that normal cells in anemic p lasma of h u-

mans s e dimented more rapidly than normal cells in nor mal plasma 

and t h at anemic c e lls in normal p lasma sedimented more slowl y 

t han anemic c e lls in anemic p lasma , at packed cell volume s 

of 10 and 1 5 , t he mean rates of normal c e lls in anemic p lasma 

were no t out of t h e range t hey r eported for normal b lood di-

.... ··. 
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luted with its own plasma to 10 and 15 % PCV 's. 

B. Serum Iron, Iron-b inding Capacit y and 

Per Cent Saturation 

Tabl e 3. Effects of iron dextran and age on t he serum iron 
c ontent of pigs 

Cont rols Iron Dextran 
Age Mean Sa nb Mean s n 

{mcgm . /100 ml .) {mcgm./10 0 ml .) 
Birth 1 01.8 8 . 2 7 50.7 9 . 8 8 
1 week 71. 6 27.3 1 6 131.2 41.7 10 
2 weeks 59.9 14. 9 17 145.2 34 . 3 1 6 
3 weeks 70.9 29 .l 17 119.5 35.9 15 
4 weeks 69.3 21 . 6 1 4 111.3 28.3 1 5 
5 weeks 63.0 20.6 1 4 116.2 30. 5 15 
6 weeks 74.9 22.3 12 1 04 . 5 41. 8 15 

aStandard deviation of the mean . 

bNumber of animals upon which mean is based . 

Table 4a . Analysis of variance of the serum iron content of 
pigs {including birth values) 

Source of d.f. S. S . M. S . F 
v ari a tion 

Treatme nt 1 1 09 , 577.48 10 9 ,577.4 8 59 . 3*** 
Err or {a) 32 59 ,119.52 1, 84 7.4 9 
Time 4 9,294.72 2,323. 68 2 . 02 
Time x Tre atment 4 50, 086 .23 12,521.55 1 0 . 88*** 
Error {b ) 16 8 193,373.90 1,151.04 

***P <. 005 
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Table 4b. Analysis of variance of the serum iron content of 
p igs (excluding birth values) 

Source of 
variation 

Treatment 
Error ( a ) 
Time 
Time x Treatment 
Error (b) 

*** P<.005 
*P<.05 

d.f. 

1 
32 

5 
5 

14 9 

S . S. 

142,510.97 
59,888.33 
7,054.24 

14,923.77 
165,620.84 

M.S. 

142,510.97 
1,871.51 
1,410.85 
2,984.75 
1,111.55 

F 

76.5*** 

1.27 
2.68* 

The iron-treated pigs show a statistically significant 

higher serum iron level than the control animals. No serum 

iron values for both iron-deficient and iron-inj e cted young 

pigs were found in published literature for comparison, b ut 

t he means for these iron-deficient pigs are somewhat higher 

than those reported for weanling pigs by Cartwright and Win-

trobe {40). They stated that chronic iron-deficiency anemia 

in swine resulted in a marked hyp9ferremia with an average 

serum iron content of 31 ± 7.2 mcgm. %. On the other hand, 

their reported mean for the normal group, 169 ± 38.8 mcgm. % 

is much higher than the means presented her e. Since the rate 

of e r ythropoiesis is a principal factor determining serum iron 

turnover, the age diffe rence may explain some of the variance; 

some may also be due to the techniq ues used . Dvorak (53) 

reported that in baby pigs with an average age of 46 days and 

a hemoglobin level of 7.5 grams %, there was an average serum 

. . ;-.~ 
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iron leve l of 109 . 0 mcgm. %. 

As can be infe rred from the large standard deviations , 

much variation of the serum iron leve l occurred within t he 

treatment g r oups. A large range of apparently normal serum 

iron values for humans, from 90-142 mcgm. %, has been reported 

by various authors (22). Laurell (22) also states t hat several 

workers have found great variations in repeated determinations 

of serum iron in t he same indivi dual at inte rvals of days, 

weeks, and months. 

Table 5 . Effects of iron dextran and age on the total serum 
iron-binding capacity of pigs 

Controls Iron Dextran 
Age Mean s a n b Mean s n 

{mcgm . /100 ml.> {mcgm . /100 ml .) 
Birth 427.2 10 .7 7 40 6 . 2 12. 8 8 
1 week 383.9 62 . 1 1 6 418 . 2 85 . 8 10 
2 weeks 377. 6 4 6 .6 17 452 . 2 68 . 8 16 
3 weeks 384.2 56 . 9 17 443 . 1 45.4 15 
4 weeks 37 6 . 9 63.7 14 447 . 4 45 . 5 15 
5 weeks 359 . 0 70.4 14 454 . 0 39 . 4 15 
6 weeks 393. 9 47 . 3 12 447 . 7 52.7 15 

astandard deviation of the mean . 

bNumber of animals upon which mean is based . 

There exists a significant difference in the total serum 

iron-binding capacity of the two groups , but contrary to the 

expected r esults , the iron- inj ected group had~ higher total 

iron-b inding capacity {TIBC). In normal h uman adults, t he 

TIBC averages 315 mcgm. %, while the mean TIBC of iron-defi-
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Table 6 . Anal ys i s of variance of the t otal serum iron-b i nding 
capacity of pigs 

Source of d .f. 
variation 

Treatment 1 
Error (a ) 32 
Time 4 
Ti me x Treatment 4 
Error (b ) 1 68 

***P< . 005 
*P<.05 

S . S . 

225 , 223 . 52 
328 , 211 .10 

39,378. 93 
63 , 00 3.56 

952 , 922 . 88 

M. S. F 

225 , 223.52 21.9 6* ** 
1 0 , 256.59 

9 , 844 .7 4 1.74 
1 5 ,7 50 . 80 2 .7 8* 

5 ,672.16 

cient individuals is s lightly ove r 400 mcgm . % (53,54,22) . 

Cartwright and Wi ntrobe (4 0) also found the iron-binding capa-

city r educed r ather t han increased in iron-deficient pigs; 

however , they drew no definite conclusions because of the 

small numbe r of p i gs used . Possibly , a species differe nce 

may account fo r the apparently inconsistent r esults; the above 

authors mention that in humans iron-deficiency anemia is 

accompanied by a marked incre ase in e r ythrocyt e protoporphyrin 

and p l asma copper , but this does not occur in swine . 

The TIBC values r eported here are much lower t han those 

pr esen ted by Cartwright and Wintrobe (40). They gave values 

of 845 mcgm. %, 298 mcgm. %, and 540 mcgm. % r espective l y for 

normal , p r otein-deficient , and iron-deficient swine . Thi s 

discrepancy in the TI BC i s probab l y due to t he two different 

methods employed , although age may also be a contributing 

factor . There i s a lack of r eported data for compari son of the 

TIBC of v e r y young p igs or other young animals . Not e v e n fo r 
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humans has a s ystematic study on t he s e rum iron-binding capa-

city during infancy and childhood been publishe d . Laure ll 

(56 ) found that the transfe rrin l e v e l of umbilical blood was 

significantly lower (TIBC = 226 mcgm. %) than adult serum 

while Smith et al. ( 57) found h igher TIBC value s in children 

from 2~ to 10 years t han in adults . 

Table 7. Effects of iron dextran and age on the pe r cen t 
saturation of transfe rrin with iron in pigs 

Controls Iron Dex tr an 
Age Mean Sa n b Mean s n 

( %) ( %) 
Birth 24 . 2 1.7 7 12.1 2 . 0 8 
1 week 18.7 8 . 2 16 31 . 2 8.8 10 
2 week s 1 6 .3 7.2 17 31.8 7.1 16 
3 we e k s 18.5 6 . 6 17 26.9 8.2 15 
4 wee ks 18. 2 4 . 8 14 24.6 6.4 15 
5 weeks 17.5 5.8 1 4 25 .3 6.6 1 5 
6 we e k s 1 9 .l 5.1 1 2 23.1 10.3 15 

astandard d e viation of the me an. 
b Numbe r of animals upon which me an is based . 

Table 8. Analysis of variance of the per cent s atur ation of 
transfe rrin with iron in p igs 

Source of d .f. 
variation 
Tre atment 1 
Error (a) 32 
Time 4 
Time x Treatme nt 4 
Error (b) 1 68 

***P< . 005 
*P< . 05 

S. S . 

3,084 . 08 
2,53 2 . 00 

607. 69 
2, 270 .38 
9,0 28 .3 2 

M.S. F 

3,08 4 .08 38 . 97*** 
79.13 

151.92 2. 83* 
567. 59 1 0 . 56*** 

53.7 4 
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The per cent saturation of transferrin (Table 8) is 

significantly greater in the iron-injected pigs; the values 

are in fair agreeme nt with reported values of 31.0 per cent 

for non-anemic swine (40) . Transferrin is said to be about 

30-40% saturated with iron in normal human adults and usually 

less than 20 per cent saturated in individuals with iron-

deficiency anemia (57). The time factor is significant at 

only the 5 per cent level; this appears to be due mainly to 

the very low percentage saturation at birth of t he iron 

dextran group and the great increase after the iron dextran 

injection. Also, there is a gradual decrease in t he mean per 

cent saturation after the second week in the iron dextran 

group which agrees with the serum iron data (Table 3) • 

Since no similar studies on serum iron levels, iron-

binding capacity, and per cent saturation in piglets could be 

found for comparison, and especial l y since the data are not 

in good agreement with the study of Cartwright and Wintrobe 

on older swine (40) , more investigation is needed on these 

parameters. 

c. Other Hematologic Paramete rs 

Tables 9 through 22 lis t the mean value s, the standard 

deviations , and analyses of variance of t he packed cell volume 

(PCV), ery t hrocyte count, hemoglobin , mean corp uscular hemo -

globin (MCH) , mean corpuscular volume (MCV) , mean corpuscular 
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hemoglobin concentration (MCHC), and leukocyte count. For all 

these p aramete rs except the leukocyte count , t he means for the 

iron dextran group are significantly higher than t he c ontr o l 

group at the 0.5 per cent level. Time and treatment verus 

time interaction significances are also prese nt for the same 

variables. In some cases the effects of time are more obvious 

in one group than in the other; for instance, t he mean total 

erythrocyte count increased weekly in the iron dextran group 

only, but the PCV did not continuously increase with time in 

this same group. A significant time verus treatment inter-

action indicates that the rate of change of one group does 

not parallel that of the other; for example, while t he mean 

PCV was decreasing from birth to three weeks in the control 

group , it was increasing in the iron dextran group . 
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Tab le 9. Effects of iron dextran and age on the packed cell 
volume of p i gs 

Controls Iron Dex tr an 
Age Mean Sa b Mean n s n 

( %) ( %) 
Birth 29.1 6. 3 13 30.7 5.4 12 
1 week 24.1 3.4 21 32 . 1 3.0 15 
2 weeks 19.7 4.3 21 34 .2 3.3 21 
3 weeks 17 .6 3.7 21 34.9 2 .3 20 
4 weeks 1 8.0 4.4 20 31. 3 2.7 20 
5 weeks 20.3 8.1 20 29.3 5.1 20 
6 weeks 24.5 7. 8 18 30.8 4.8 20 

aStandard de viation of t he mean. 

bNurnber of animals upon which mean is based. 

Table lOa. Analysis of variance of the packed cell volume of 
pigs (including birth values ) 

Source of 
variation 

d.f. 

Treatment 1 
Error (a ) 40 
Time 4 
Time x Tr eat ment 4 
Error (b) 21 2 

***P <.00 5 

S.S. 

7, 051. 60 
2 , 389 . 30 

7 47 .73 
1, 443 . 67 
4,002.56 

M.S. 

7,0 51 . 60 
59. 73 

186 . 93 
360 . 91 

18 . 88 

F 

118. 1 2*** 

9.90*** 
19.12*** 

Table l Ob . Anal ysis of variance of the packed cell volume 
of p igs (excluding birth values ) 

Source of 
variation 

d.f. 

Treatment 1 
Error (a) 4 0 
Time 5 
Time x Treatment 5 
Error (b) 185 

***P<.005 

S . S . 

694 . 42 
2,323 . 88 

540 . 68 
872.90 

3,056 . 75 

M. S . 

694 . 42 
58.10 

1 08 .1 4 
1 74 . 58 

1 6 . 52 

F 

11. 95 *** 

6 . 54*** 
10 . 59** * 

f 
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Table 11. Effects of iron dextran and age on the hemoglobin 
values of pigs 

Controls Iron Dextran 
Age Mean Sa b Mean n s n 

(gm./100 ml.) (gm./100 ml.} 
Birth 9.4 2.4 13 9.2 2.1 12 
1 week 8.1 1.4 21 9.9 2 . 6 15 
2 weeks 5.8 1.6 21 10 . 8 1. 2 21 
3 weeks 4.9 1.3 21 11.2 0.7 20 
4 weeks 4.9 1.7 20 10.0 0.9 20 
5 weeks 5.7 2.5 20 9 .1 1.9 20 
6 weeks 7.4 2.8 18 9.9 1.6 20 

astandard deviation of the mean . 

bNumber of animals upon which mean is based. 

Table 12. Analysis of variance of hemoglobin values of pigs 

Source of d.f. 
variation 

Treatment 1 
Error (a) 40 
Time 4 
Time x Treatment 4 
Error (b} 212 

***P<.005 

S . S. 

854.37 
352.47 
114.31 
190.33 
428.24 

M.S. F 

854.37 96.97*** 
8 . 81 

28.58 14.15*** 
47 . 58 23.57*** 

2 . 02 
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Table 13 . Effects of iron dextran and age on the total 
erythrocytes per cubic millimeter of blood of 
pigs 

Controls Iron Dextran 
Age Mean a s n 

(x106) 
b Mean s n 

(xl06) 
Birth 4.12 1.8 13 3.83 0.8 12 
1 week 4 . 06 0.9 21 4 . 45 0.3 15 
2 weeks 3 . 81 0.6 21 4.69 0.8 21 
3 weeks 3.70 0.5 21 4.99 1.0 20 
4 weeks 4.04 0.6 20 5 . 29 0.7 20 
5 weeks 4 . 01 1.1 20 5.36 1.1 20 
6 weeks 4.72 1 . 2 18 5.69 1 . 1 20 

astandar d deviation of the mean 

bNumber of animals upon which mean is based. 

Table 14 . Analysis of variance of total erythrocytes per 
cub ic millime ter of blood of pigs 

Source of d . f. 
variation 

Treatment 1 
Error (a) 40 
Time 4 
Time x Treatme nt 4 
Error (b ) 212 

***P<.005 

S . S . 

64 . 15 
94 . 91 
30.17 
18 . 63 

139.92 

M.S. F 

64.15 27.07*** 
2.37 
7.54 11.35*** 
4 . 66 7.01*** 
0.66 

. I 
I 

l 1 , 
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Table 15. Effects of iron dextran and age on the mean cor-
puscula r hemoglobin values (in micr omicrograms) 
of erythrocytes of pigs 

Controls Iron Dextran 
Age Mean s a n b Mean s n 

Birth 23.0 2 . 8 13 23.6 4.1 1 2 
1 week 19.9 2.8 21 22 .1 3.4 1 5 
2 weeks 15.8 5.3 21 23.6 4.4 21 
3 weeks 13.1 1.9 21 23.1 4.5 20 
4 weeks 12.3 3. 0 20 19.4 3. 9 20 
5 weeks 1 3 . 8 4.0 20 17.5 4.0 20 
6 weeks 15.4 4.2 18 16.8 3. 0 20 

aStandard deviation o f the mean . 

bNumber of animals upon which mean is based . 

Table 16. Analysis of variance of the mean corpuscular hemo-
globin of e rythrocytes of pigs 

Source of d .f. 
variation 

Treatment 1 
Error (a ) 40 
Time 4 
Time x Treatme nt 4 
Error (b ) 212 

***P <. 005 

S.S . 

1,513. 95 
1, 655.21 
1, 636. 78 

647.85 
2,062.76 

M. S . F 

1,513 . 95 36.57*** 
41.38 

409 .19 42.05** * 
16 8 .71 17.34*** 

9.73 



50 

Table 17. Effects of iron dextran and age on the mean corpus-
cular volume of erythrocytes of pigs 

Controls Iron Dextran 
Age Mean s a n b Mean s n 

(cu. microns) (cu. microns) 
Birth 72.4 10.8 13 81.0 12.1 12 
1 week 63.4 12.7 21 76.3 19.9 15 
2 weeks 52.7 17.6 21 74.7 12.2 21 
3 weeks 47.4 6.2 21 72.3 14.2 20 
4 weeks 43.7 10.5 20 60.7 12.7 20 
5 weeks 49.8 12.0 20 56.3 10.8 20 
6 weeks 51.2 10.6 18 52.9 11.7 20 

astandard deviation of the mean. 

bNumber of animalsupon which mean is based. 

Table 18. Analysis of variance of the mean corpuscular 
volume of erythrocytes of pigs 

Source of d.f. 
variation 

Treatment 1 
Error (a) 40 
Time 4 
Time x Treatment 4 
Error (b) 212 

***P<.005 

S.S. 

11,324.81 
17,273.79 
15,756.72 

4,099.91 
26,050.56 

M. S. F 

11.324.81 26.22*** 
431.84 

3,939.18 32.05*** 
1,024.98 8.34*** 

122.88 

·~ 

~ 
I 

l 
J 

f 
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Table 19. Effects of iron dextran and age on the mean cor-
puscular hemoglobin concentration of pigs 

Controls Iron Dex tr an 
Age Mean Sa n b Mean s n 

( %) ( %) 
Birth 30.8 3.8 13 29.5 4 . 2 1 2 
1 week 32.2 2.3 21 30.8 2.5 15 
2 weeks 29.9 5.8 21 31.6 2.5 21 
3 weeks 26.9 3. 6 21 32.0 1.5 20 
4 weeks 27.8 4.3 20 31. 9 1.3 20 
5 weeks 28.4 4.0 20 31.1 2.2 20 
6 weeks 29.8 4.0 18 32.2 3.6 20 

aStandard deviation of the mean. 

bNumber of animals upon which mean is based. 

Table 20. Analysis of variance of the mean corpuscular 
h emoglobin concentration of e r y throcytes of pigs 

Source of d.f . 
variation 

Treatme nt 1 
Error (a) 40 
Time 4 
Time x Treatment 4 
Error (b ) 212 

***P<.0 05 
*P<.05 1 

S.S. 

247.36 
1,031.37 

118.40 
258 . 50 

2,149.68 

M. S . F 

247.36 9 . 59*** 
25.78 
29 .60 2.91* 
64.63 6.37*** 
10.14 
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Tab l e 21. Effects of iron dextran and age on the total 
l e ukocytes per cubic millimeter of blood of pigs 

Controls Iron Dextran 
Age Mean Sa b Mean n s n 

(xl03) ( xl O 3) 
Birth 7 . 5 3.7 13 8 . 5 2. 9 12 
1 week 8 . 9 2.1 21 10.5 3.1 15 
2 weeks 7.5 1.9 21 9 . 1 3.2 21 
3 weeks 7.5 2 . 4 21 8.3 2.3 20 
4 weeks 8.5 2.4 20 9 .1 3. 8 20 
5 weeks 10.5 3.3 20 11.3 2.4 20 
6 weeks 12.4 3. 8 1 8 11. 6 3. 6 2 0 

aStandard deviation of t he mean. 

bNumber of animals upon which mean is based. 

Table 22. Analysis of variance of total l e ukoc y tes pe r cubic 
millime ter of blood of pigs 

Source of d. f. 
va riation 
Treatme nt l • 
Error (a) 40 
Time 4 
Time x Treatment 4 
Error (b) 

*P<. 05 
***P<.00 5 

212 

S.S. M.S. F 

64.07 64.07 4.47* 
573.72 1 4 .34 
47 9 . 94 119. 99 14.15*** 

9.98 2.47 0.29 
1,797.7 6 8.48 
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The mean packed cell volumes {Tab l e 9 ) agree in general 

with t hose cited by Schalm (51) for t he birth t h rough 2 weeks 

values in iron-deficient p i gs and those cited by Mil l e r e t al. 

(5 9 ) for iron-inj e cted p i gs . The value s for both groups are 

somewhat lower t han t hose r epor ted by Talbot (60 ), but t he 

tre nds are the same. These data agree more closely with t hose 

reported earlier by Talbot and Swenson (61) for control and 

iron-dextran groups. In consistencies in various r eports 

are probably due to litte r differences; Coulter {50) r eported 

that litte r d iffe r enc es exist for t he PCV at a significant 

level (1 %) for weeks 1, 2, a nd 3. The analyses of v ariance 

(Tables lOa and lOb) s how statistical sign i ficanc es attached 

to treatment , time , and t he treatment- t i me i nteract i on both 

with and withou t the birth values . 

Hemoglob in values presented her e comp are favorabl y with 

those r eported by other inves tigators ( SO , 58, 60, 61) . The 

typical hematologic picture of iron deficiency of piglets is 

well illus trated by t hese hemoglobin · values; Table 11 shows 

tha t the lowes t values occur at weeks 3 and 4 in t he control 

group and then the hemogl obin values begin to return to a more 

normal l evel . 

The erythrocyte counts (Table 1 3) show the same general 

trend and the same significances as the hemoglobin and PCV . 

In t he iron dextran group , the highest mean e r y throcyte va lue s 

(at 6 weeks) do not correspond in time t o the highest packed 
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cell volume s (at 3 wee ks ) . This p robably relates to the size 

of t he erythrocy t e s (Tab l e 17). 

Values for the MCH (Table 15) for both groups and the MCV 

for the control group agree well with those previously reported 

(51, 58, 60), but the MCV means (Table 17) for the iron dex-

tran group are higher than those reported by the same investi-

gators. The low values for the control group indicates the 

degree of microcytosis. MCHC value s reporte d here (Table 19) 

are slightly less than those reported by Talbot (60) for both 

groups . The value s are in bette r agreement with those reported 

by Schalm (51) and Miller e t al. (5 9 ). 

Although the total l e uk ocy t e count is not consistently 

higher in t he iron dextra n group (Table 21) , the analysis of 

variance shows a significant difference in the two groups at 

the 5% leve l. The mean values agree with those r eporte d for 

similar a ges by Coulter (50), Schalm (51), and Palmer (63). 

No significant diffe rence in anemic and non-ane mic groups was 

r eported by Ullrey et al. ( 6 4) ~ thi s may be due to the ir 

failure to correct t he WB C c ounts for nucleated erythrocytes. 

As shovm in Tab l e 23, the numbe r of nucle ated RBC's is some-

what higher in the control group and thi s p roduces a relative l y 

greater decre a se in t he corrected l e ukocyte count of t hat 

group compared with t he iron dextran group . Wintrobe (65) 

points out t hat the fact should not be overlooked that the 

hematopoie t i c system functions as a physiolog ic unit and t hat 

I 
J. 

' l 
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when red cell formation is stimulated, as a rule increased 

leukopoiesis is also found. He further states t hat when eryth -

ropoi eses · is impaired owing to iron or vitamin B12 deficiency , 

eviden9e of distur~ed leukocyte production is often found; for 

instance, frank l eukopenia i s a common accompaniment of 

pernicious anemia. 

Tab l e 21 shows t h at there is a significance attached to 

time in the l e ukocyte counts. Various worker s (51, 58, 62) 

have p resented ey~dence that t~e l e ukocyt e count increases in 

swine to a maximum at t h ree to four mont hs of age. Dukes 

(66) r eports the mean to be about 17,000 per cub ic mm . b lood 

in the normal adult pig. 

Table 23 p r esents means and range s for the r eticul ocyte 

number, nucleated erythrocyte, l ymphocyt e , and n e utroph il 

counts . No statistical analysis of any differe nce in the 

groups was made, although rather large differences in the 

means of the control and iron-inject ed groups occurred at some 

·time periods. Coulter (50) observed a statistically signifi-

cant difference between anemic and non-anemic pigs in t he 

nucleated RBC counts at 2 and 3 weeks . The values of Table 

23 for the reticulocyte and nucleat ed RBC counts are in general 

agreement with t hose r eported by others ( 51, 58). One out-

standing change with age is the diffe r ential count. Waddill 

et al. ( 68 ) s tate that a r e l ative l ymphopenia and neutrophilia 

exist in newborn p igs in comparison with o l der s wine . The 



Table 23. Effects of iron dextran and age on r e ticulocyte , nucleate d r ed ce ll, 
neutrophil , a nd l ymphocyte counts of p igs 

Age Reticulocytes Nucleated RBC 's Lymphocytes Neutrophils 
in per 1,000 RBC 's #pe r 100 WBC's 

Weeks ca Ib c I c I c I 
NC 10 6 13 12 13 12 13 12 

Range 6··48 18-46 0-8 0-10 7-66 5-70 32-90 28 - 93 
0 Mean 36 . 6 27.7 5 . 0 5.2 25.l 31.7 70.9 66 .4 

N 5 6 21 23 21 23 21 23 
Range 16-72 24-84 1-53 0-120 16-70 1 4-70 27-81 30-91 

1 Mean 44 . 8 50.7 50.6 42.0 46.6 39.8 48.9 52.5 
N 10 13 19 18 1 9 18 19 18 

Range 0-138 12-176 0-82 1-71 32-77 6-75 21 - 65 29-92 
2 U1 

Mean 78.8 80.8 28 . 9 22.4 55.8 48.9 40.1 45.5 0\ 

N 11 10 12 14 12 14 12 14 
Range 40 - 262 20-140 11-89 2-45 26-76 44-70 16-49 22-50 

3 Mean 118.4 74.6 37.6 19.2 60 .7 53.9 33.0 38.9 
N 11 14 16 17 16 17 16 17 

Range 8-266 20-144 2-41 0-15 12-78 20-84 17-85 11-78 
4 Mean 123.5 53.0 13.4 8.0 57.6 60.4 38.2 34.5 

N 11 12 7 9 7 9 7 9 
Range 6-240 12 - 114 0-52 0-8 40-74 50-75 25-65 23-46 

5 Mean 93 .l 56.0 13.0 3.7 58.4 59.7 36.0 34.6 

a Controls . 
b iron Dextran Group. 
cNumber of animals upon which mean is based . 



Table 23 (Continued } 

Age Reticulocytes 
in p e r 1 , 000 RBC 's 

Weeks ca I 

l'J 14 1 4 
Range 16-182 14-164 

6 Mean 60 .3 44 .7 

Nucleated RBC ' s 
#pe r 1 00 WBC.' s 

c I 

13 1 8 
0-13 0-32 
7 . 2 6 . 6 

~ : .. 

Lymphocytes 

c I 

13 1 8 
14-70 12 - 89 
52 .l 54 .7 

Neutrophils 

c I 

13 18 
23-80 9-85 
42 .1 40 .3 

U1 
-...J 
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trend of decreasing per cent of neutrophils and increasing 

per cent of l ymphocytes with age is in accord with data sup -

plied by Schalm (51). 

D. Plasma Proteins 

Means for the percentage of the plasma protein components 

are shown in Table 24. The s- and y- globulin fractions were 

summed together because in most cases it was impossible to 

separate them well electrophorectically . Other workers (67 , 

72) have reported encountering this difficulty and have stated 

t hat they used subjective judgement in separating the B- and 

y- globulin curves . Also, it was impossible to determine t he 

fibrinogen percentage by this electrophoretic method; since the 

fibrinogen migrates at a velocity between that of the s- and y-

globulins, the values for both the serum and plasma globulins 

are presented . Waddill et al . ( 68 ) found that plasma electro-

phoresis was unsatis factory in providing a quantitative measure 

of fibrinogen content . They estimated from the differences 

in serum and p l asma curves that fibrinogen comprised about 8% 

of the total plasma protein of the newborn pig . This corres-

ponds to the fibrinogen value observed by Foster e t al. (69) 

with the Tiselius electrophoresis technique . 

The analyses of variance show no significant difference in 

any component d ue to the iron treatment . This is, of course , 

only for t he percentage of components; since total plasma 
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Table 24 . Effects of iron dextr an and age on t he mean electro-
phore tic values o f blood prote ins o f pigs 

% Al bumin %a - Globulin 
Week Control s a Iron s Control s Iron s 

Dextran Dex tr an 

0 15. 9 4.1 18.4 5.0 17. 9 7.4 1 8 . 6 8 . 8 
(1 9}b ( 1 6} (1 9 } (1 6} 

1 34.5 5.7 25 . 8 7.4 1 9 . 6 4. 5 28 . 2 8 . 8 
(17} (1 0} (17} (1 0) 

2 45.3 8 .7 48.9 4.9 20.7 4 . 4 1 9 .3 5 .1 
(19} ( 13) (1 9) ( 13) 

3 49.9 1 0 .7 50 . 4 1 2 . 8 20 . 6 5 . 5 20 .7 8 . 3 
( 11} (1 2} ( 11) (1 2} 

4 46 . 8 9 . 2 51. 8 11.3 20 .3 3.7 23 . 5 1 2.7 
(1 9 } (1 9 ) (1 9 } (1 9} 

5 50 .3 2.8 55 . 3 4.8 20 . 9 4 . 4 1 5 . 4 3. 9 
( 1 9 ) ( 1 8} (1 9} (18) 

6 55.6 8.3 54. 0 9 . 6 1 8 . 6 4 . 5 17. 6 6 . 2 
( 10) (1 9} (1 0} (1 9} 

%(PlasmCl) 8-and y -Globulins % (S e rum) S-and y- Globulins 
Control s Iron s Control s Iron s 

De x tr an Dextran 
0 66 .3 9.7 62 . 8 1 0 .1 56 . 4 1 2 . 3 59 . 4 6 . 4 

(1 9) (1 6} ( 14} ( 12) 
1 44.7 6.3 45.9 6 . 4 43 .5 6 . 8 39 . 6 8 . 0 

( 1 7} (1 0} (11} (1 2) 
2 34 . 2 5.4 33 . 5 5 . 2 30 . 9 9 . 5 31. 0 7 . 7 

(19 } ( 13) ( 1 5) (10} 
3 29. 4 9 . 4 28.8 7.7 26.5 12.1 24 . 2 8 . 6 

( 11) (1 2) (1 0 ) (10) 
4 28 . 9 9 . 8 27 . 0 4.9 27. 6 7.7 24 . 5 1 0 . 1 

(1 9 } (1 9 ) (1 2 ) (11) 
5 28. 8 6 . 0 29 . 3 3.9 29.l 9 . 5 22. 6 7. 8 

(14} (1 8 ) (1 4 ) (1 3) 
6 25 . 8 5 . 4 25.7 4.5 25.8 9 .1 21 . 6 5 . 3 

( 1 0 } (1 9 ) (1 4} (11} 

astanda r d deviation of the mean . 

bNumber of animal s upon which mean is based . 
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protein content was not determined, whether a treatment dif-

ference exists in the actual quantities is unknown. Except 

for one unreferenced stateme nt by Schalm (70), no reported 

values could be found comparing the total protein concen-

tration in iron-deficient and iron-injected pigs. Schalm 

states that as anemia progresses, blood viscosity is reduced 

because the plasma protein concentration is decreased. 

Figure 4 illustrates t he typical change in the per-

centage of the proteins with time. The electrophoretic 

curves for day 1 and week 6 for one pig are shown. The 

small extra curve following the albumin curve in the day 1 

ele ctrophoretic analysis is the a-globulin component referred 

to as fetuin by Cochrane et al. (41). It disappears or is 

maske d by other components afte r the first or second week. 

t 
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Table 25. Analysis of variance of the per c e nt plasma 
albumin of pigs 

Source of d.f. S.S. M.S. F 
variation 

Tre atment 1 52 .8 52 .8 0.5 
Time 6 44,686.6 7,44 8 .1 74 .4*** 
Error 258 25, 819.8 10 0 .l 

***P <.005 

Table 26. Analysis of variance of the per cent p lasma a-
globulin of pigs 

Source of d.f. S.S. M.S. F 
variation 

Treatment 1 31.2 31.2 1.04 
Time 6 1,118 . 9 18 6 .5 6.19* ** 
Error 2 58 7,77 4 . 9 30 .1 

***P <.005 

Table 27. An a l ysis of variance of the per cent p lasma B-
and y - glob ulins of pigs 

Source of d.f. S.S. M.S . F 
variation 

Treatment 1 65 .3 65.3 1.9 
Time 6 7,311.6 1,218.6 36.l*** 
Error 258 8,686.1 33.7 

***P <.00 5 

Table 28. Analysis of variance of t he per cent serum B-
andy - globulins 

Source of d.f. S.S. M.S. F 
variation 
Treatment 1 1, 268 . 8 1, 268 . 8 2.0 
Time 6 24 , 500 . 5 4, 08 3.4 6 . 5 *** 
Erro r 174 10,883 . 9 625 .5 

***P <. 005 

\ 
I~ 
I 

'1 
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The means p r esented in Table 24 o n p lasma p roteins are 

in good accord with thos e for similar ages reporte d by 

Cochrane et al. (41) and Miller e t al. ( 67). Table 25 shows 

that there i s a statistically significant increase in t he 

percentage of albumin with time. Miller et al. (67) found 

that the serum albumin r eached its peak value at 3 weeks of 

age and r e mained fairly constant thereaft e r as was p r e sent 

in t h is research. 

Tab l e 26 shows t h at t here i s a significance attac:ied 

to time in the analysis of varia nce of the percent age of 

a-globulin. Pirtle and Deyoe (71) demons trated t ha t t he a -

globulin is the major p r otein component in the serum of new-

born pigl ets before nursing; Mil ler et al . ( 67) found that 

t he a-globulin made u9 60.8% of the serum prote i ns before 

nursing , but it accounted for only 26.4 % of t he p roteins at 

1 8 hours of age . The reason for this is not an actual de-

crease in t he amount of a-globulin; it is due to an i ncrease 

in other components , mainly the a- and y -gl obulins . They 

found that the total p r oteins increased from 2.2 grams per 

cent at b irth to 5.2 grams per cent 1 8 hours later and t hat 

the e- and y - g lobul ins fractions increased from 22. 4 % to 

67.7 % during this period. These same investigators f ound that 

while the a-globulin percentage remained fairl y constant, the 

y -globulin decreased u ntil the fourth week . The e - and y -

g l obulins constituted 28.2% of the se r um p roteins at 6 weeks 
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of age. Tables 27 and 28 reveal that time causes a signifi-

cant change in the percent of globulins also. Since the iron 

dextran treatment did not reveal significant differences by 

the analyses of variances of either the plasma or serum 

globulins, it is inferred that the treatment did not affect 

the fibrinogen content. No conclusion can be drawn from 

these data as to whether time affected the fibrinogen level; 

however, Deutsch and Goodloe (45) report that chemical anal-

ysis of adult swine plasma indicated that approximately 8% 

of the plasma protein is f ibrinogen while their electrophor-

etic analysis revealed it to be 13.9%; as previously stated, 

other workers (68,69) estimated the fibrinogen content in 

piglets to be about 8%. 

It can be seen from Table 1 that the erythrocyte sedi-

mentation rates for week 0 are much greater than those of 

other weeks even when the packed cell volumes are comparable. 

Since the blood samples were taken between 12 and 24 hours 

after birth, possibly the total plasma proteins had not 

reached their maximum values and this may account for the 

higher sedimentation rates. Since there is not significant 

difference between treatment groups for any of the plasma 

proteins, these could not account for the significant differ-

ence in the ESR between the two groups. However, it is pos-

sible that the changing ratios among the plasma proteins with 

time may account for some of the significance attributed to 
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time in the ESR anal ys is of variance. Thi s , as wel l as the 

above suggestion, is me r e l y specul ative and has no real 

statistical basis . 

E. Effects of ACTH on Serum Iron, 

Er y throcyte Sedimentation Rate, 

and Other Hematologic Factors 

Tab l es 29-34 r eveal the action of adrenocorticotropic 

hormone on the s e rum iron content, per c ent saturation, total 

iron-binding capacity , PCV, ESR , and total l eukocyte c ount 

of baby pigs . Student's t-distri bution was u sed as t he t est 

of significance in e v aluating the differences in each of the 

above paramet e r s before and 6 hours after t he inj ection of 

10 U.S.P. units of ACTH ; Table 35 shows the r esults . The 

serum iron content was significantly reduced a f ter t he ACTH 

treatments. Table 29 shows that t he mean decrease varied 

consider ably , but incon sistently , from week to week and be-

t ween t he iron dextran and control groups; however, the over-

a ll mean dec r ease for all paired observations was 40.6 mcgm . %. 

For comparison purposes , Cartwright e t al . {35 ) found that 

25 mg . ACTH inj e cted into each of 7 normal dogs p roduced a 

mean decr ease in 6-8 hours in the p l asma iron of 82 mcgm . % 

with a range of 23- 157 mcgm . % decrease . The p l asma iron 

l eve l of the dogs returned t o its normal or a slight l y higher 

l evel afte r 24 hours . These investigators did not determine 
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the iron-binding capacity nor the per cent saturation in this 

experiment . . They found that no significant decrease occurred 

after ACTH injections into adrenalectomized dogs. 

There are also significant decrease s in the per cent 

saturation of transferrin and the total iron-binding capacity. 

Although both are changed significantly, it can be seen from 

Tables 30 and 31 that the relative changes are much greater 

in the per cent saturation than in binding capacity. It is 

unknown for certain whether iron leaves the blood stream 

as an ir~n-transferrin complex or in ionized form; but 

Laurel! (56) states that most data support the latter. In 

either case, it is difficult to explain the results here 

since both the factors decrease significantly. However, since 

the PCV also decreased significantly, possibly the ACTH in-

jection resulted in a greater plasma volume and this could 

account for a relative decre a s e in the total iron-binding 

capacity and the packed cell volume. The sedimentation rate 

increased significantly after the ACTH inj e ction, but this is 

probably due to the decre ase in the packed cell volume. If 

a slightly greater plasma volume resulted from the ACTH in-

jection, it could possib l y account for the slight, but sig-

nificant, decrease in total binding capacity and packed cell 
-· 

volume and thus also for the slight incre ase in the ESR; how-

ever it undoubtedly does not account for the relatively large 

decre ases in the serum iron content and the per cent satura-
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tion. Further experiments along this line are needed before 

more definite conclusions can be reached. 

The most plausib le explanation for these results seems 

to be that the ACTH stimulated the secretion of aldosterone 

which in turn caused sodium retention and, therefore, water 

r e tention. Goodman and Gilman (72) state that the manne r in 

which ACTH is involved in the physiological regulation of 

aldosterone secretion is not clear, but that it is evident 

that ACTH acts directly on the adrenal cortex to influence 

the rates of secre tion of cortisol, corticosterone, and 

aldosterone. They further state that hypophysectomy of ex-

perimental animals results in an immediate and lasting re-

duction of cortical secretion and a significantly reduced 

rate of aldosterone secretion, at least initially. Further-

more, Slater et al. (73) found that definite ly increased 

aldosterone secretion is observed in hypophysectomized-

nephrectomized dogs at high rates of infusion of ACTH. 

The leukocyte count increased significantly after the 

ACTH injection. It has long been recognize d clinically that 

leukocytosis accompanies a wide variety of insults to an 

animal. Selye (74) has colle cted much evidence implicating 

t he adrenal cortex as the agency through which many of the 

nonspecific reactions to stress are mediated. Physiologic 

mechanisms b rought into play by stress appear to include 

adrenocortical stimulation and to r esult in b lood c hanges 



r e sembling those o b t a ined by administration of ACTH. Dough -

erty and Whi t e (7 5 ) reported that adrenal stimulation by 

ACTH in mice or rats causes an increase in circulating neu-

trophils and a decrease in circulating lymphocytes. Hills 

et al. (76) confirmed this in humans as well as finding the 

eosinophil number decreased and the total number of l euko-

c y tes increased. They found that the total leukocyte count 

per cubic mm. of blood increased to a maximum within 4 hours 

after a 25 mg. injection of ACTH in humans; the average in-

crease for 8 normal subjects was 3 . 9 x 10 3 • 

In this e xpe riment, the ove rall average increase was 
3 2.0 x 10 leukocytes per cubic mm. blood. Cartwright et al . 

(3 5) r eported that administration of ACTH to dogs res ulted 

in a rise in t he total l eu kocyte and polymor phonuclear cell 

counts, which was maximal at 6 hours following t he injection. 

They also note d significant decre ases in the e o s inophils and 

l ymphocytes and observed that the r e was a correlation between 

t he degree of l ymp hopenia p roduced and the degree of hypo-

f e rremia which deve loped following the ACTH injection. 

~I 
,. 
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') 

1 

·~ 
' 



69 

Table 29. Effects of ACTH, iron dextran, and age on t he 
serum iron conte nt of p igs 

Age 
in 

Weeks 

2 

3 

4 

5 

6 

Group 
Mean Serum 

Iron (mcgm. % ) 
Before After 

ACTH ACTH a 
Controls 42. 6 
Iron Dextran 15 0 .7 
Controls 79 .l 
Iron Dextran 80.l 
Controls 83.9 
Iron Dextran 1 01 .3 
Controls 44.9 
Iron De xtran 1 05 .5 
Controls 89.5 
Iron . Dextra n 64 .3 

18.4 
77.5 
34 . 8 
54.0 
57.0 
40.9 
39.5 
45. 6 
41.0 
41. 4 

Mean Decrease 
in serum iron 

l e v el 
(mcgm. %) 

24.2 
73.3 
44.4 
26 .1 
26.9 
60 . 6 
5.4 

60 . 0 
48 . 5 
22. 9 

13.4 
52.6 
26.6 
1 5 .3 
1 4 . 4 
36 . 6 
7.2 

53.9 
1 0 . 8 
41.4 

c n 

5 

6 

5 

4 
4 
5 
4 

5 

4 
6 

a6 hours after 1 0 U.S.P . units of adrenocorticotro9ic 
hormone inj ection. 

bStandard deviation of t he mean decrease with ACTH . 

cNumber of animals upon which mean is based . 

Table 30. Effects of ACTH , iron dextran, and age on the per 
c ent saturat ion of transferrin with iron in pigs 

Age 
in 

Weeks 

2 

3 

4 

Mean % Saturation Mean Change 
Group Before Afte r i n % 

ACTH ACTHa Satura tion 
Controls 1 2.8 
Iron Dextran 36 . 2 
Controls 17. 4 
Iron Dextran 20.6 
Controls 1 9 . 9 
I r on Dextran 21 . 5 

5 . 5 
21.4 

8 . 2 
12. 6 
13.9 
1 0 . 2 

-7.3 
-14 . 8 

- 9 . 2 
-8.0 
- 5 . 8 

-11. 3 

b s 

4.3 
9.4 
4 . 8 
4 . 5 
4 . 6 
6 . 9 

a6 hours after 10 U.S.P. units of ACTH i nj e ction. 
bStandard deviation of the mean decrease with ACTH . 
c Number of animals upon which mean is based . 

5 
6 

5 
5 

4 

5 
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Table 30 (Continued) 
Age 
in 

Weeks 

5 

6 

Mean % Saturation 
Group Before After 

ACTH ACTH a 
Controls 12.8 
Iron Dextrans 23 . 4 
Controls 23. 0 
Iron Dextrans 15.l 

11.0 
10.3 
12. 6 

9.8 

Mean Change 
in % 

Saturation 
-1. 6 

-13.2 
-10 .4 
-5.3 

3. 0 
8. 9 
2.9 
9.6 

Table 31. Effects of ACTH, iron dextran , and age on the 
tota l iron-binding capacity of s e rum of pigs 

Age 
in 

Weeks 

2 

3 

4 

5 

6 

Mean Binding Mean Change 
Group Capacity (mcgm. %) in binding 

Before After capacity 
ACTH ACTH a 

Controls 337 . 5 
Iron Dextran 40 9 . 6 
Control s 440.7 
Iron Dextran 419 . 5 
Controls 426.8 
Iron Dextran 462 . 2 
Controls 36 9 .0 
Iron Dextran 441 . 9 
Controls 397. 6 
Iron Dextran 418.9 

324 . 0 
352 . 6 
406 . 8 
41 6 . 9 
407.7 
397.4 
434 . 2 
432.8 
369 .7 
403 . 1 

-13. 5 
-56.9 
-33.8 
-2.6 

-19.l 
-64.7 
+6 5 . 2 

-8. 9 
-27. 9 
-15.9 

46.0 
53.7 
1 9 . 9 
27.5 
49.0 
38.4 
95.0 
53.8 
44.7 
20.6 

a6 hours afte r 10 U.S. P . units of ACTH injection . 

bStandard de viation of the mean change with ACTH . 

c Number of animal s upon which mean is bas ed . 

c n 

3 

5 

4 

6 

5 

6 

5 
5 
4 
5 

3 

5 
4 
6 
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Table 32 . Effects of ACTH , iron dextran, and age on the 
sedime ntation rate of e r y t hrocy tes of p i gs 

Age Mean ESR (mm/hr.} 
in Group Befo r e After 

ACTH ACTH a 

Mean 
Change 
in ESR 

(mm/hr.} Weeks 

2 

3 

4 

5 

6 

Controls 8 . 2 8 . 9 
Iron Dextran 5 . 2 
Controls 1 3 .l 
Iron Dextrans 6 .1 
Controls 7.5 
Iron Dextrans 8.3 
Controls 3.9 
Iron Dextrans 5 .1 
Controls 2 . 8 
Iron Dextrans 6 . 6 

5 . 9 
1 3 . 8 

6 .3 
7. 6 

12.6 
5 .1 
9 .5 
2 . 9 
6.3 

+ 0 .7 
+ 0 . 7 
+0.7 
+0 . 2 
+ O.l 
+4 . 3 
+1.2 
+4. 4 
+ 0 .1 
- 0 . 3 

3.1 
2 . 0 
2 . 4 

3 . 5 
0.9 
3 . 0 
1.1 
3.4 
0.7 
0.6 

a 6 hours after 10 U.S . P . units of ACTH inj e ction . 

bstandard d e viation of the mean change with ACTH . 

cNumber of animals u pon which me an is based . 

c n 

5 

6 
5 

6 

5 

6 

5 
6 

5 
6 

Tab l e 33. Effects of ACTH, iron dextran, and age on t he 
packed c e ll volume s of pigs 

Age 
in 

Wee ks 

2 

3 

4 

Packed Cell 
Group Be fore 

ACTH 
Controls 24 . 6 
Iron Dextra n 31.7 
Controls 21.1 
Iron Dextran 34. 8 
Controls 23 .7 
Iron Dextran 32.S 

Vol. ( %} Mean 
Afte r Change-in 

ACTHa PCV ( %) 

25 . 0 +0 . 4 
29.9 -1. 8 
19.0 

33.5 
22 . 2 
31.1 

-2 .1 
-1 . 3 
-1.4 
- 1. 4 

3 . 8 
4.7 
3 . 1 
1 . 3 
1 . 2 
0 . 4 

a 6 hours afte r 1 0 U. S . P . units of ACTH injection . 

bStandar d devia tion of the me an c hange with ACTH . 

c Number of a nimal s u pon which mean is based . 

c n 

5 

6 

5 
6 

5 
6 
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Table 33 (Continued) 
Age 
in 

Weeks 

5 

6 

Packed Cell Vol.( %) 
Group Before After 

ACTH ACTH a 

Controls 28 . 0 26.0 
Iron Dextran 3 2 .2 30.2 
Controls 30.2 28.9 
Iron Dextran 32.6 30. 9 

Mean 
Change in 

PCV ( %) 

-1. 9 
-2.0 
-1.4 
-1.7 

b s 

1.6 
1.3 
0.9 
0.6 

c n 

5 
6 

5 
6 

Table 34. Effects of ACTH, iron dextran, and age on the total 
leukocy te count per cubic mm. of blood of pigs 

Age 
in 

Weeks 

2 

3 

4 

5 

6 

_L_e_u_k_o_c_..y._t_e..--C_o_u_n_t Mean Change 
(xl0 3) in leukocy te Group Before After count 

ACTH ACTHa (x103) 
Controls 
Iron Dextran 
Controls 
Iron Dextran 
Controls 
Iron Dextran 

7.3 
9 .4 
5.9 
6.2 
8 . 5 
6.3 

Controls 10.5 
Iron Dextran 9.3 
Controls 14.4 
Iron De xtran 12.3 

9.2 
10.7 

7. 8 
6.3 
9.9 
6.2 

1 4 .3 
8. 5 

21.2 
17.5 

+1.9 
+1.3 
+2.1 
+0.1 
+1.5 
-0.l 
+3.8 
-0.8 
+6 . 8 
+5.2 

b s 

0.8 
2.7 
2.4 
0.8 
3.1 
2.0 
1.2 
2 .2 
1.7 
2.3 

a6 hours after 10 U.S.P. units of ACTH injection. 

bstandard deviation of the mean change with ACTH . 

c Number of animals upon which mean i s based . 

5 
6 

5 

6 

5 
6 

5 
6 

4 
6 
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Table 3S. T values for testing the hypotheses that means of 
specified factors were equal before and after ACTH 
injections 

Factor 

Serum Iron (mcgm. %) 
% Saturation of Transferrin 
Total Iron- Binding Capacity 

(mcgm. %) 

ESR (mm.) 
hr. 

PCV ( %) 3 
Total Leukocyte Count ( xlO } cu.mm. 
Albumin ( %) 
a-globulins (%} 
e- and y -globulins ( %} 

-40.6 
-9.0 

-21.8 

+1.3 

-1.S 
+2.0 
+1.7 
+1.6 
-3.9 

b 
S -d 

S.6 
1.1 

7.4 

0.4 

0.3 
0.4 
2.2 
1.7 
1.7 

t value 

7.31 48 
8 . S4*** 48 

2.93** 48 

3. 23*** SS 

4.84*** SS 
S.00*** SS 
0.80 32 
1.37 32 
2.29* 32 

a Average difference between all before and after obser-
vations. 

bStandard error of the mean diffe rence. 
c Total number of paired obse rvation. 

***P<.005 
**P<.01 
*P<.05 

As can be seen from Table 35 the r e was no significant 

change in the perce ntages of albumin and a-globulin . The 

change in the e- and y -globulin was significant only at t he 

S% level; because of the non-significance of the other two 

plasma components, no conclusion wa s drawn as to a poss ible 

exp lanation for the change in the e- and y -globulins . 
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V. SUMMARY 

Comparisons of the serum iron levels, total iron-binding 

capacity, per cent saturation of transferrin, erythrocyte 

sedimentation rate, plasma protein percentage , and packed 

cell volume, as well as the usual hematologic parameters of 

e rythrocyte count, hemoglobin, mean corpuscular volume, mean 

corpuscular hemoglobin, mean corpuscular hemoglobin concen-

tration, r e ticulocyte numbe r, leukocyte differential count, 

and leukocyte count were made between iron-deficient pigs and 

pigs which r e c e ive d an intramuscular inj e ction of iron dex-

tran supply ing 150 mg. elemental iron. Data were also calcu-

lated to determine the relationship of the serum iron content 

to the erythrocyte sedime ntation rate. An ancillary study 

involve d the us e of intramus cularly injected adrenocortico-

tropic hormone on one litter of p igs and noting its effect 

on the serum iron level, total iron-bind ing capacity, per 

cent saturation of transferrin with iron, and leukocyte count. 

The e r y t h r ocyte s edimenta tion rate was significantly 

highe r in the iron-deficient pigs , and this was calculated by 

t es ting the regression coefficients t o be d ue to the lower 

values of the packed cell volumes of these pigs rathe r than 

to t he lowe r serum iron values . However, t he weekl y cha nges 

in the mean p lasma iron values paralleled in gene ral the 

week l y trend of t he packed cell volume . Apparently , t he 

degree of anemia is a refle ction of the p lasma iron content 
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and this anemia is associated with the e r ythrocyte sedimenta-

tion rate. Evidently the plasma iron neither physically nor 

chemically influences the sedimentation of e r ythroc y t es , but 

because it supplies t he iron for erythrogenesis, it affects 

t h e pac ked cel l volume . This packed cell volume in turn has 

an effect on t he sedimentation rate . Furthermore, in some 

instances the packed c e ll volume was low (27 %) and a normal 

erythrocyte sedimentation rate was present; this ind icates 

that factors other t han t he packed c e ll volume are i mporta nt 

in d e t e rmining the sedimentation rate and that the Wintrobe-

Landsber g chart may not accurately p r edict the packed c ell 

volume for a given rate and vice versa . Plasma-r ed c ell ex-

c h ange studies reveal ed that at normal packed cell vollli~es 

there was no d iffer enc e in the sedimentation rates of "normal 

erythrocytes" in "anemic p lasma" and erythrocytes from anemic 

pigs in "normal p lasma . " Results from dilution of exchanged 

cells and plasma were inconclusive • 

The iron-deficient pigs showed a significantly lower 

serum iron leve l, per cent saturation of transferrin, and 

total iron-b inding capacity . The latte r finding i s t he r e -

verse of that u s ually observed in iron-def icienc y anemia in 

humans; thi s may be a spe cies differenc e. 

Data obtained for the e r ythrocyte count, h emoglobin, 

mean corp u scul ar volume , mean corpuscular hemoglobin , mean 

corpuscular hemoglobin conce ntration, and l e ukocyte count r e -
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vealed significantly higher values for the iron dextran 

treated pigs than for the control pigs. As has been reported 

previously by other wqrkers, the differential leukocyte 

count revealed that with increasing age, there was a relative 

decrease in neutrophils and a relative increase in lympho-

cytes. 

There was no statistically significant difference in the 

percentages of plasma protein compone nts between the two 

groups. The main findings were a decrease in the percentage 

of e- and y-globulins with time and an increase in the per-

centage of albumin. 

The intramuscular injections of adrenocorticotropic hor-

mone resulted in significant decreases in the serum iron level, 

per cent saturation of transferrin, total iron-binding capa-

city, and the 8- and y-globulin percentage. Statistically 

significant incre ases occurre d in the erythrocyte sedimenta-

tion rate and total leukocyte number. Due to the relative 

magnitude of the changes, it is felt that the change s in serum 

iron content, per cent saturation of transferrin, and total 

leukocyte count were prob ably primary changes due to specific 

effects of the adrenocortical hormone s which were released by 

ACTH stimulation. The me c hani s ms of s uch actions are unknown. 

The decre ases in the packed c e ll volume and total iron-binding 

c apacity are r e lative l y small, and it is propose d that these 

may b e second ary to the p l asma dilution that migh t have r e -

I r 

l 

j 

: I 

I 
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sulted from the secre tion of aldos terone from t he adrenal 

cortex. Also, the increase in the sed imentation rate is rela-

tively small and this is thought to r e flect t he de creased 

packed cell volume , rather than the decreased serum iron c on-

t e nt . No explanation is proposed for the decre ase in the S-

and y - globulin percentage . 



79 

LITERATURE CITED 

1. Gullive r, G. The works of William Hewson . London, Eng-
land, The Sydenham Society . 1 846. Original not 
available for examination; cited in Schrader, Wayne 
H. Laboratory Medicine 34, No. 5 : 42 . 1963. 

2. Fahraeus, R. The suspension stability of the blood. 
Acta Medica Scandinavia 55: 1, 1921. Original not 
available; cited in Wintrobe, M. M. Clinical 
hematology. 4th ed . p. 314. Philadelphia, 
Pennsylvania, Lea and Febiger . 1956. 

3. Hardwicke, . J. and J. R. Squires. The basis of the 
erythrocyte sedime ntation rate . Clinical Science 
11: 333-353. 1952. 

4. Cutler, J. W. A standardized technique for sedimenta-
tion rate . Journal of Laboratory and Clinical 
Medicine 26: 542-547. 1940 . 

S . Nichols , R. E . A study of the phenomenon of erythrocyte 
sedimentation . Journal of Laboratory and Clinical 
Medicine 27: 1317- 1321. 1942. 

6. Linko, E ., E. Waris, and H. A. Alikoski . Plasma protein 
changes and t heir influence on the erythrocyte 
sedimentation rate . Acta Medica Scandinavia 
153: 389-391 . 1 956 . 

7. Abel , c. c., and Leonard Beier. Erythrocyte s edimenta-
tion rate in various hemoglobinopathies . American 
Journal of the Medical Sciences 242 : 463-467. 1961. 

8. Ruhenstrath-Bauer, G. Mechanism and significance of 
the e r y throcyt e sedimentation rate . British 
Medical Journal 5230 : 1804-1806 . 1961 . 

9 . Schrade r, Wayne H. Erythrocyte sedimentation rate. 
Laboratory Medicine 34, No . 5: 42-53. 1 963 . 

10 . Harn , T . H. and F . C. Curtis. Sedimentation rate of 
erythrocy t es . Medicine 17: 447-450. 19 38 . 

11 . Ponde r, E . On sedimentation and rouleaux formation. 
Quarte rly Journa l of Experimental Physiology 
15: 235-23 7. 19 25 . 



80 

12 . Shan b ron, Edward and R. H. Berge r . Observa tions on t he 
inhib ition of e r y t h rocy t e sedimentation by low 
molecular weight dextran. American Journal of t he 
Medical Sciences 24 6 : 289-293. 19 63 . 

13. Diamond, L. K. 
c h ildren . 
196 3 . 

Nutritional anemia in infants and 
Postgraduate Medicine 34: 23 8- 244. 

14. Miller , W. E. A t e xt of clinica l pathology . Baltimore, 
Mar y land, Williams and Wilk ins Co . 1960 . 

15 . Swenson, Melvin J . Ce llular elements and chemic a l 
constitue nts of b lood . In Swenson , Me l vin J ., 
ed . Dukes' Physiology or-domestic animals . 8th 
ed. Ithaca, New York, Cornel University Press . 
[To be p ub li shed ca. 1 96 7]. 

1 6 . Poole , J . c . F. and G. A. C. Summers . Correction of 
erythrocyte sedimentation rate in anemia . Briti sh 
Medical Journal 1: 35 2-35 6 . 1 952 . 

17 . Barkan , G. and B. Wal ker . 
and p s e udo-hemoglobin 
Journa l of Bio l ogical 
1940 . 

De t e rmina tion of serum iron 
iron with o-ohenathrol i ne . 
Chemistr y l3S: 37-42. 

1 8 . Schade A. and L . Caroline. Iron-binding compone nt in 
human blood p l asma . Science 1 04 : 340-341 . 1 94 6 . 

19 . Sturgenor , D., B . Koechlin, and L. Str ong . Chemica l, 
clinical , and i mmunological studie s on the products 
of human p lasma fractionation . J ourna l of Clinic a l 
Inves tigati on Z8 : 73-7 8 . 1 949 . 

20. Wallenius, G. A note on s e rum iron transport . Sc andi -
navian Journa l of Clinical and Laboratory Inves ti-
gation 4: 24 - 26 . 195 2. 

21. Gran ick , S . Structure and p hy siologi cal functions of 
ferritin. Physiological Review 31: 48 9- 511 . 1951 . 

22 . Laurell, C. B. Pl asma iron and the tra nsport of iron 
in the orga n ism. Pharmacological Reviews 4 : 
374 - 382 . 195 2 . 

23. La ure ll, C. B. Stud i e s on t h e transport and me tabolism 
of iron in t he bo dy . Acta Phys i ologica Sc a ndinavia 
Su pp l ement 46 : 1-12 . 19 47 . 



24. 

81 

Walsh, J . , E . Thomas, S . Chow, 
Finch. Iron met abolism : 
by immature erythrocytes. 
1949 . 

R. Fluharty, and C. 
heme synthesis in vitro 
Science 110: 396- 398 . 

25. Lau r e ll , C. B. Scandinavian J ournal of Cl ini cal and 
Laboratory I nvestigation 5: 11 8 . 1 953 . Original 
not avai l ab l e ; . cited in Mande l , E . E. Clinical 
Chemistry 5: 6 . 1959 . 

26. Vahlquist, B. The causes of sexua l differ ences in 
erythrocytes , hemoglobin, and serum iron leve ls 
in human adults. Blood 5: 87 4-875 . 1 950 . 

27 . Kings l ey , G. R. and G. Getchell . Determination of iron 
in serum . Clinical Chemistry 2: 175-183 . 1956 . 

28 . Pe ters, R., L. Apt, and J. F. Ross . A simple improved 
method for the determination of serum iron . 
Journal of Laboratory and Clinical Medicine 48 : 
280-288 . 1956 . 

29. Beal e , R. N., J . O. Bostrom , and R. F . Tay lor. Rapid 
incremental methods for the determinati on of serum 
iron and i r on-b inding capacity . Journal o f Clinical 
Pathology 14: 488-491 . 1 961 . 

30 . Mandel, Emanuel . Serum iron and iron-binding cap acity 
in clinical diagnosis. Clinical Chemistry 5 : 1-11 . 
1 959. 

31 . Smith, R. Sephton. Iron deficiency and i r on overload. 
Archives of Diseases of Childhood 40: 343-363 . 
1965 . 

32. Griffin , A. c ., s. c. Dale , D. Welling ton , and V. Ward . 
Serum iron l eve l s in patients with malignant 
disease . Socie t y for Experimenta l Biology and 
Medicine Proceedings 118 : 741-745 . 1965 . 

33 . Schaefer, K., and I. Boenecke . Arch. f . exper . Pat h . u . 
Pharmakol . 207: 666-68 7 , 1949. Original not avail-
able ; cited in Laurell, C. B. Pharmaco l ogical 
Revi ews 4: 386 . 1952. 

34 . Palme r , H. The influence of sex hormones on p l asma iron . 
Scandinavian Journal of Clinical and Laboratory 
Investigation 4 : 81-82 . 1952 . 

l 

I 



82 

35 . Cartwright, G. E ., L. D. Hamilton , C. J. Gubler , N. M. 
Fellows, H. Ashenbrucker, and M. M. Wintrobe . 
The anemia of infection. XIII . Studies on ex-
perimentally produc ed acute hypoferremia in dogs 
and the relationship of the adre nal cortex to hypo-
f erremia . Journal of Clinical Investigation 30: 
161-174. 19 51. 

36. Wintrobe, M. M., G. R. Greenberg , s. R. Humphreys , H. 
Ashenbrucker , W. Worth, and R. Kraner . The anemia 
of infection. III . The uptake of r adioactive 
iron in iron-deficient and in pyridoxine -def icient 
pigs before and after acute inflammation. Journal 
of Clinical Investigation 26: 103-120 . 1947. 

37 . Kuhns , W. J., C. J . Gubler , G. E . Cartwright, and M. M. 
Wintrobe . The anemia of infection . XIV . Response 
to massive doses of intravenously administered 
saccharated oxide of iron. Journal of Clinical 
Investigation 29 : 1505-1513. 1950. 

38. Greenberg, G. R., H. Ashenbrucker , M. Lauritsen , W. 
Worth , S. R. Humphreys , and M. M. Wintrobe. The 
anemia of infection . V. Fate of inj ected radio-
active iron in the p r esence of inflammation. 
Journal of Clinical Investigation 26 : 121-125. 
1947. 

39. Chakrabarty, A. S . and S . Banerjee. Serum iron and 
serum proteins in some infectious diseases . 
American Journal of the Medical Sciences 250 : 
68-71. 1965 . 

40 . Cartwright , G. E . and M. M. Wintrobe . Studies on free 
erythrocyte protoporphyrin, plasma copper , and 
plasma iron in protein-deficient and iron-
def icient swine . Journal of Biological Chemistry 
176: 571-583. 1948. 

41. Cochrane , Delma, C. L. Ecuyer, and C. E . Rice. Comp l e-
ment titers of naturally and artificially raised 
piglets . Canadian Journal of Comparative Medi-
cine and Veterinary Science 28: 38-42. 1964 . 

42. Rutqvist, L . Electrophoretic patterns of blood serum 
from pig fetuses and growing pigs . American Jour-
nal of Veterinary Research 1 9 : 25-31. 1 958 . 



83 

43. Leece , J. G. and G. Matrone. Porcine neonatal nutrition: 
the effect of diet on blood serum proteins and 
performance of the baby pig. Journal of Nutrition 
70: 13-20. 1960. 

44 . Cartwright, C. E., E. L. Smith, D. M. Brown, and M. M. 
Wintrobe . Electrophoretic analysis of sera of 
normal and hypoproteinemic swine. Journal of 
Biological Chemistry 176: 585-589 . 1948. 

45. Deutsch, H. F. and M. B. Goodloe. An electrophoretic 
survey of various animal plasmas. Journal of 
Biological Chemistry 161: 1-19. 1945. 

46. Koenig, Virgil and K. R. Rogness. Electrophoretic 
analysis of swine plasma and serum. Archives of 
Biochemistry 9: 119-127. 1946. 

47. National Academy of Sciences, National Research Council. 
Nutrient requirements of swine. National Research 
Council Publication 643. 1959. 

48. Beale, R. N., J. o. Bostrom, and R. F. Taylor. Improve d 
rapid methods for the dete rmination of iron con-
tent and binding capacity of serum. Journal of 
Clinical Pathology 15: 156-160. 1962. 

49. Gelman Instrument Company. Rapid electrophoresis with 
Sepraphore III: Gelman Instrument Manual 51199-c. 
1965. Ann Arbor, Michigan , Author. 

50. Coulter, Dwight B. Interrelationships of iron and endo-
toxic shock in swine and the ir effects on hemograms 
and blood s e rum electrolJltes. Unpublished M.S. 
thesis. Ames, Iowa, Library, Iowa State University 
of Science and Technology. 1965. 

51. Schalm, 0. W. Vete rinary hematology. 2nd ed . Philadel-
phia, Pennsylvania, Lea and Febige r. 1965. 

52 . Snedecor, George w. Statistical methods. 5th ed. 
Ames, Iowa, Iowa State University Press. 1956. 

53 . Dvorak , M. Diagnosis of iron de ficiency in baby pigs. 
III. The oral iron tole rance test (translated title). 
Wie ner Tier~rztliche Monatsschrift 51: 804-813. 
1964. Original available but not translate d; 
Abs tracte d in Chemical Abstracts 62: 15145. 1965. 

I ' 



84 

54 . Cartwright , G. , P . Black, and M. M. Wintrobe . Studies 
on the iron-b inding capacity of serum . Journal 
of Clinical I nvesti gation 28: 86 - 98 . 1 949. 

55. Holly , R. I ntravenous iron: evaluati on of the use of 
saccharated iron oxide in iron- deficiency states . 
Blood 6: 1159-1172 . 1951 . 

56 . Laurell , C. B . 
i n plasma? 

What is t he function of t r ansferrin 
Blood 6 : 183-187 . 1951 . 

57. Smit h , C. , T. Sisson , W. Floyd , J r., and S . Siegal . 
Ser um i r on and i r on- binding c apaci ty of serum in 
chi l dren wi th sever e Mediterranean anemia . 
Pedi atri cs 5 : 799-807. 1 950 . 

58 . Beu t l er , E ., M. J . Robson , and E . Buttenwieser . A 
compar ison of t he plasma iron, iron- b i nding capa-
city , sternal marr ow iron , and other methods in 
the c l inical eval uation of i r on stores . Annals 
of Inter nal Medicine 52: 378 -37 9. 1958 . 

59. Miller, E . R., D. E . Ullrey, Inge Ackerman , D. A. 
Schmidt, J. A. Hoffer, and R. W. Lue cke . Swine 
h ematology from birth to maturity . II . Erythro-
cyte population , size, and hemoglobin concentra-
tion . Journal of Animal Science 20 : 890- 897 . 
1 961 . 

60 . Talbot , Richard B. Erythrocyte , plasma and total blood 
volumes of pigs from birth through six weeks of 
age. Unp ublished Ph . D. thesis . Ames , Iowa , 
Library, Iowa State University of Science and 
Technology. 19 63. 

61 . Talbot , Richard B. and M. J . Swenson . Normochromic 
microcytic anemia of baby pigs . American Journal 
of Ve t e rinary Research 24 : 39-41. 1963 . 

62. Calhoun, M. L. and E . M. Smith . Hematology and hema-
topoi e tic organs . In Dunne , Howard , ed . Diseases 
of swine . 2nd ed . pp. 37-61. Ames , Iowa , Iowa 
State University Press . 1964. 

63 . Palmer, C. C. Mor phology of normal pig ' s blood. Jour -
na l of Agricultural Research 9: 131 - 140. 1 917 . 



85 --

64 . Ullrey , D. E ., E . R. Miller, D. R. West, D. A. Schmidt, 
R. W. Seerley , J. A. Hoe f e r, and R. W. Luecke . 
Oral and par enteral administration of iron in t he 
pr evention and treat ment of baby p i g anemia . Jour-
nal of Animal Science 18: 256 - 263 . 1959. 

65 . Wintrobe, M. M. Anemia , bleeding, and l ymphadenopathy . 
I n Harrison, T . R., R. D. Adams, I . L. Bennett, 
W:- H. Resnik , G . W. Thorn , and M. M. Wintrobe , eds . 
Princip l e s of internal medicine. 4th ed. pp. 
201-234 . New York , New York , McGraw- Hill Book 
Co., Inc. 1 962 . 

66. Dukes, H. H. The physiology of domesti c animals . 7 th 
ed . Ithaca, New Yo r k , Comstock Publishing Co. 
1 955 . 

67. Miller , E . R., D. E . Ullrey , Inge Acker man, D. A. Schmidt, 
J. A. Hoefer, and R. w. Luecke . Swine hematology 
from birth to maturity . I. Serum proteins . 
Journal of Animal Science 20 : 31-35. 1961. 

68 . Waddill, 0. G., D. E. Ul l rey, E. R. Miller , J. I. 
Sprague , E . A. Al exander , and J. A. Hoefer. Bl ood 
c e ll populations and serum p rote in concentrations 
i n the fe t a l p ig. J ournal o f Animal Science 21: 
583-587. 1962. 

69. Foste r, J. F., R. w. Friedell , D. Ca tron, a nd M. R. 
Dieckmann . Electrophoretic studies on swine . III. 
Composition of baby pig plasma and sow ' s whey during 
l actation. Archives of Biochemi s try and Biophysics 
31: 1 04 -11 2 . 1 951 . 

70 . Schalm, O. W. Veter inary hematology . Philade l phia, 
Pennsylvania, Lea and Febi ger . 1 961. 

71 . Pirtle , E . c. and B. L . Deyoe. Electrophoresis of 
serum from speci fic pathogen-free swine . Amer ican 
Journa l of Veterinary Research 24: 762 -7 65 . 1 96 3. 

72 . Goodman , L. S. and Alfre d Gilman, eds . 
co l ogic a l basis of therapeutics, 
New York, Macmillan Co . 1 964 . 

The pharma-
3rd ed . New York, 

I 
J. I 

l 



86 

73 . Slater , J. D. H., B. H. Bar bour, H. H. Henderson , A. G. T. 
Casper, and F . C. Bartte r. Influences of t he 
pituita ry and the r e nin-a ngiotens in system on t he 
secretion of aldosterone , cortisol, and corti-
coste rone . Journal of Cl inical Investigation 42: 
1504-1520 . 196 3. 

74 . Selye , Hans . The general adaptation syndrome and t he 
diseases of adaptation . Journal of Clinical Endo -
crinology 6 : 117-230 . 1 946 . 

75 . Dougherty , T . F. , and A. White . Influenc es of adrenal 
cortical secretion on blood elements . Science 98 : 
367-369 . 194 3 . 

7 6 . Hills, Gorman , Peter H. Forsham , and c . A. Finch . 
Changes in circulating leukocytes i nduced by 
a dministration of p ituitary adre nocorticotrophic 
hormone in man . Blood 3: 755- 7 68 . 1 948 . 



87 

VII. ACKNOWLEDGMENTS 

The writer wishes to express her appreciation to Dr. 

Melvin J. Swenson for his counsel and guidance during this 

study; to Miss Mary Arthur, Dr. J. P. Kunesh, Mr. Reuben 

Severson, and Mr. Randy Mertens for technical assistance; to 

Dr. Donald Hotchkiss for statistical consultation; to Miss 

Judy Nystrom for typing the rough draft of this thesis; to 

Mrs. Pat Gunnells for typing the manuscript; and to the Iowa 

Heart Association for a research grant and the Iowa State 

University Research Foundation for financial support to the 

author. 

. -~ ... 

I .. 

I 'f 
, I 




