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INTRODUCTION

A Brisf Diseussion of Blood Formatlon and Anemis

The following recognized dietary essentlals: protelns,
earbohydrates, fats, minerals, and vitamins, are neceasary in
erder Lo keep the animal in a normal, hsalthy state. These
food factors ars required in appropriate amounts to bulld up
tissuag, %o furnish both heat and muscular €energlss, and thus
to carry on propar physlological activity., Heat and muscular
gnergy are both iﬁdispeﬂa&bia, and ara derived from the oxi-
dation of organic compounds within the tissue. The exact
mechanism of the tilssue oxidation of food materials is not
known, but we do know that oxygen 1s the primary agent invol-
ved in such a chemieal resction, and that it 1s Lransported
through thé blood sbream to the bedy cells by means of the
rad blood corpuscles. |

Within the red blood cells there is found a red pigment
ealled hemoglobin, which confers upon the blood both its
eolor and its oxygen-carrying capacity, Hemoglobin has been
shown %o be a complex organic compound consisiing of a prose
thetle group, heémln, and a protein, globin. To the hemin
portion is ascribed the abllity of teking ag.ﬂxygen in the
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lunge and relesasing it to the tissues in a resdily avallable
form. This property of loosé chemical combination with oxy-
gen is supposéd to be primarily due to the lrom atom in the
nueleus of the molesule. It then Ffollows that if noraal oxi-
dative processes are to go on, an sver-ready supply of red
blood eells must eirculate in the blood stream, for they are
the only bodlss capable of earrying hemoglobin. Furthermors,
sinee both the eells and nemoglobin are of an sxpendable na~
ture, thére’mua% be a constant souree of susplye.

Our present knewledge of the blood tells us that erythro-
gytes are formed within the retleulo-endothelisl ﬁﬁ&&ﬁﬁ‘ﬁhﬂﬁﬁ
is found widely sealtered throughout the body, and especlally
in the red marrow of the long bones,. The precursor of the
#?f%hggéyt& ie & naﬁlﬁataﬁ eell or megaloblast which extrudes
1%z nuclsus t0 becoma a red blood corpuscle. After elreula-
$ing through the bloed veasels for aboul four weeks, these
¢orpugales are ffagmaﬂteﬁ within the livor, spleen, bone mar-
row, and lymph aa&a$* The iron-containing hematosgiderin goes
back to the long bones to form new cells, while the irom-fres
hematoporphyrin is exeretsd in the form of bile p&gm&uts;

4 defleleney of blood or gorpuseles ils known as anemla.
Aseording Lo our present knowledge of human anenmlas, this gene
aral term may be subdivided into several iypes, dlffering not
only in stlology and e¢liniesl sympioms, bub also in the trest~
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ment neeessary for their allevistion. Some anemlas may be
entirely cured by wedlcal and distary means, while others
are arrested only as long as beneficlal administration con-
tinues.

Aplastic anemlas, showing typlcal bone marrow lesions,
arg posalbly the mosi prevalent. They ars producsd by inade~
quate blood formatlion, and are characterized by the appesr-
anee of abnormal eells within the blood siream. In advanced

stages magaloblasts, whieh are primitive eryihrocytes, appear
in large numbers in the blood. Pernicious sneémis is of the
aplastic type, usually found %o be assoolated with Addison's
disesse, sprus, removal of the stomach, gasiric cancer,
tumors, diseases of the bone, or radlium poisoning. Retlculo-
eytosis and hemstopolesis may bs prompied by feedling lliver
sxtraets, gastrie digests of beef muscle, or desiccated hog
stonach, However, the patlent must contlinue treatment or a
relapseé ocours. ,

Posthemorrhaglie anemisa, as the name Implles, develops
after external bleading and includes hemorrhage into the Iu-
men of the gastro«intesiinal tract, and the respiratory and
genlto-urinary passages; the blood pleture shows the regular
nanber of red blood cells, slthough hemogloebin is not present
in the normal amount, Therefore, a bullding of hemoglobin
slone 1ls essenilal. This latter may be accomplished by iron
administered in large doses, There 1is apparently no nesd for
the supplementary action of sopper.
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Hemolytic anemias result from a destruetion of blood
within the bedy. Toxlins produced by snake venom, nephritis,
jaundice, and pregnancy break down the eryihrocyies, thus al-
lowing the hemoglobin %o be é&a%yay$ﬁ‘ Other destructive a~
gents arise from Infectiong such gﬁ'ﬁgﬂﬁiﬁg aakaria* gyphilia,
and parasitiec worms. Curing the prisary cause stamps out the
snemia. Familial hemolytie jaundiece exhibits slickle eells in
the blood due to the fragillity of the erythrocytes. A spleen-
gctomy offers permanent relisf In this case,

@hﬁ~ma4ari$y‘e£ human anemias fall within the scope of
the three classes given. A1l others are grouped together and
ealled miseellanecus enemias., OFf these we might form a class
teo insclude those of unknown psthogenesie, such as sre found
in c¢ames of cancer, hypothyroldism, sirrhosis of the liver,
and intestinal eobstruction. Both hemoglobin and red cell ra-
generation are required, and thess siubborn types improve
only upon s general improvement of the condition of the pa-
tisnt.

Since the modern classification doem not admit those
anemias which are of dletary origin, we are obliged to re-
gort to the older and more widely used differentiation. In
it anemianr are defined according %o their etlology, thus:

1. Primary anemias are those in whieh the cause
is uninewn.

2. Secondary anemias include all those dus to
gsome ssoarisined cause.
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Low fat anemia, which is caused by an Inadequake fat intake,
falls under the head of sseondary anemlas. The symploms are
a low hemoglobin level and erythrooyte count. Complete re-
govery ensues if cod-liver oil be ingested.

Hutritional eanemls, charascterized by a low hemoglobin
level, is caused by & lack of copper or n* or both, in the
diet, Therefore, it is a deficlency dlesass, and is classed
by some ﬁ&%ﬁ'ﬁﬁa parniclous anemias, It is sinilar in that
it responds %o liver therapy, bub diseimilar jn the blood plo-
turs and conditlon of the marrow of the long bones., Nutri-
tional anemia does not show sn incspacliiasted retionlo-sndow
thelisl system or an aplastic bons marrow. At present there
ie no plase for it unless one eonsiders the pider classifica-
tion, where It would be listed among the secondary anemlas.

Statement of the Problen

It was previously thought that nutritional anemia in
rats eould be cured by the administration of iron alone, and |
in the minde of some investigators this oplnion still exists.
Othera adnit the oeffeciiveness of copper as s supplement Lo
iron in hemoglobin bullding, but find that many inorganie subw
gtances may be substituted In lieu of eoppsr. amlno aclds
have been valued as hemaltopoletic agents by another factlion.

Sinee much gonfliocting evidencs exishs coneerning the sub~
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stances neeessary for iron ublillzation in nutritional anemls,
and because only very mlnute amounis of copper function in
this provess, 1% becomes necessary to use highly purlified
materials in investigating the problem.
The rat lends 1tself very well fo such research, bs-

eause its physilology approximstes thaet of men., These small
animals arelaaaixg procured snd &ﬁa@$'ﬁhﬁmﬁal$ss readily to
laboratory conditions., Thelr food consumptlon is low, which
makes them desirable whers highly purifled materisls must be
used., Furthermore, the rsgt's 1ife ls only aboul one-thirtieth
that of the human beingj a%naaQﬁﬁnﬁiy$ results may be oblained
In a realatively short length ef'%iméw

~ Unpasteurized, whole cow's milk furnlshes a food contain-
ing nearly sll the necesmary food sssentlals, but falls to

aupply enough iron and copper Lo keep up & normal hemoglobin
level. Rats maintsined under proper sonditions upon a milk
diet develop a severe mubritional anemia within a perlod of
8ix weaks.,

The siy@rimﬁntﬁ.@@aeribﬁé in this thesls were designed
%o throw fﬁrﬁh@r,iigﬁ& upen the factors luvolved in hemoglo-
bin synthesis in rats suffering from nutritional snemia.
During this investigation an endeavor was made to use the
most refined technique both In the eare of the animals and
in the preparation of the various substances administered.,
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All work was ¢arried out upon s highly Inbred strain of rats,
procured from the Iowe Stats Collegs animal eolony, which had
been rendered anemiec by feading s bassl ratlion of unpesteur-
ized cow's milk. Angwers were sought te the followlng ape-
cifie questions:

1« Can nulritlional anemias be induced in rats fed upon
market milk, when housed in galvanlzed lron wire cages with
shavings for bedding? 7

2+ Do :m&rganm salis stipulste hemoglobin formation
when sdministered orally with a market milk and iron dlet?

3« If high dopages of iron be added to a ration of low-
aopper milk, wlll anemlic animales regeneraie thelr hemoglobin
to & normal valus?

4. Will copper feeding at levels higher than the ree-
ognized optimunm effect a more rapid hemoglobin regeneration?

5. Do inorganic salts, aside from copper salia, supple-
ment iron when low-eopper mllk is used, or is copper unlgue
In 1te effect?

6. Does the addition of zing or megnesium hasten the
onset of a severe nutritional anemia?

7+ Could inorganic salte, aslde from copper salis, be
utillized for bleod regsneration 1If glven iIntraperitonsally?

8. Are additlonal smine aside neeemsary for hemato-
polesis? |

9« In snimals receiving the recognized optimum amounk
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of iren, what is the minimum smount of Injected copper sul-
fate maéé:aﬁ %0 restore a norsal izﬂmg};eé%m titer?

10, Have iron compoumds, 1f injected alons, curailve
properties?

11. Will injected hydrochlorie acid aet as a hamatinie?

12, How much gopper =and iron, injested together, is
#esentlal $o provide an adequate amount of hemoglobin?

13. Csn the animal body utilise insocluble iron som-
- pounds to sdvantage with or withoud copper supplements?

‘14, How does the hemstopoletic potency of insoluble
copper ¢ompounds compare with copper sulfate?

15, Do ctolloldal hydroxides of copper and iron play a
role in hﬂﬁag};a’fz&z% building?

16, Oan the affest of ﬁ@“ﬁ?&ﬁimv anenla on metabollam
be shown by means of urine asnalysis?
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in wvon Bunge 's laboratory on dogs, cats, snd rats, and em-
ploying a basal milk-riee diet, supplemented with individual
subsgtances such Eﬁiﬁeat;’ﬁlhﬁﬁiﬁg hemoglobin, bemating and
iron, summarized his results ss follows:
1, That in the normal food there 1s snough iron
to keep up the hemoglobin level 4f it be
assinllated.
2. That an iron-poor food plus an addition of ln-
organie iron supported 1ife but did not bulld
as much hemoglobin as a normal food.
%. That the hematinehsld iron gave a greater row-
aponse than the iren contained 1n,hﬁm&glabin;
%harefars the solution of the problen iay
the faraatieu of hematin.
A% this early date, he postulaked a possible banefil to the
snimal due %o Inorganie salis of arsenie, mereury, zine, and
SODDEr
Rearly twenty-~five years had elapsed sinece Abderhslden's
extensive work when ¥Williamson and Zts (70) pointed out that
rate could be rendered anemie by the prolonged feeding of riee
and milk and could not be eured by the additlion of ferrie
chleoride, Analyses of the carcasses showed an increase in iron
eontent of those fed the iron salt above that of the controls.
Hart, Steenboek, Tlvehlem, and Waddell (30} were sble to
prove that rabbits fed cow's wilk exhibited az low hemoglobin
eontent. They did not respond to ferric oxide therapy bub
ghowed marked regenerstion when glven fresh cabbage or its

iron~free aleoholle exiraetl, along with inorganie iren. They
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obtained aimilar results with chlorophyll end ferric oxide.
From these findings they proposed the nesd la nutrition of
eompounds containing pyrrole rings.

Within the same ysar, Robscheit-Robbins and Whipple (52)
{51), in their work with dogs suffering frﬁﬁ»ﬁﬁmarrﬁagie
anemia, 4id not gel marked improvement by feeding spinsch
and lettuce. Thelr conclusion was, therefore, that dogs
were unable to utilize chlorophyll. 4 large incresee iIn
both the number of erythrocytes and also the hemoglobln per-
gentage followed the adminlstration of liver, Heart and
skelstal muscle were of lower reganerative value. Whipple
and Robschelt~Robbins (67) next compared s vommercial iron
preparation with beef liver. The ii#ar proved to be the
most regenerative. Riecker {50}, in an attempt to check
the results of Thipple and Robschelili~Robbins, obtained bet-
ter hemoglobin synthesis with iron alone, which convineed
him that liver wae benefiecial only for ite iron content.

Workers on pernieious anemla were beginning to obsarve
inereased reticuloeyte counts followed by =z riée in the
hemoglebin level of anemic patienis who ate liver, H¥inot,
¥urphy, and Stetson (40) first reported liver &hﬁragﬁ a8
beneficlsal in humans suffaring from permnicious anemla, How
that pernlelous anemia had failaafimﬁa the ¢lass of distary
deficliency dlseases, 1% remsined for Castle, Heath, and

Strausas {11) to peint out the etiolezy. They postulasted the
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absencs of an snti-anemle prineiple in the gastrie julee of
& person suffering from pernicious anemia. For, when besf
was. allowed to undergo partial gasirie digestion within {the
stomach of a normal person and then transferred to the sio-
maech of the anemic individual, s marked retloulosis geeurred.
Elvenjem, Herrin, end Hark (20} tested the transfer of
iron from mother to young by feading the oxide and sulfate
$0 goats In amounts large snough %o incresse the intake eof
this element five-f0ld above ithe smount embodied in the ration.
innlysss revealed no inereasss In the iron content of the mllk,
Even the addition of frest green cabbgge to the above ration
failed to affect the milk., Seeking further light on the sub-
Ject, dalry cattle were maintsined on alfalfa hay twiee as
high in iron as the timothy fed to the controls. ALl at-
tempts Lo cause the Iron 4o pass inde the mllk falled.
¥itechell and Sohmidt (43) tried various foods compara~
tively riech in iron, sugh ag spinach, egg yolk, molasses,
dates, raising, and mesi, as well as the oxide, chloride, and
garbongte of iron, on rats made snemic by milk feeding. 2411
additions caused a regeneration of hemoglobin, buk the oxide
and carbonate acted al a muech slower rate., These resulis
promptad %iaéam to say, "The question should be soluble versus
insoluble rather than orgsnie versus inorganis iron.  Several
i.rm; selte were listed by Mitchell and Vaughn (44) in the
order of their anti-anemie poteney.
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tritional anemia In rats.

Tyvard, Velson, and Sewell (24), in studying the role
of eopper in the nutrition of rats and swine, riéﬁ;a& that the
greater part of the snimsl's copper stores were Asaz;;fiasé Lo
the 1liver. They made the following statement: It is possi-
ble that the wmediecinal and nutritive value of liver and its
proper funétioning may be somehow related te thils element.

Investigatlions on dogs made anemic by bleeding proved
to Waipple, Robschelt-~Robbina, Zlden, am‘i Sperry {63}{1?»},
that a different typs of anemia prevailed in thls case.
Their animais falled to reguneraie sz well on copper and
iron fed tegether as on iron alona. ‘Likewi ge the ash of
liver, kidney, and apriecots d1d not produee the same bene
fielsl response as dld the fresh material.

Oplnions began to differ at this time, and nanyg coniro-
vergieg arose ag to whether or not coppef was unigue in 1its
physlologlenl setlon, or if inorganie iron was adequate in
itzelf %o build henoglobin. Some investigators held to the
opinion that esrtain food substances wers sufficient if iron
were administered simultsnecusly. Cartland and Koech (103
found that rats made snenle by blesding were cured m wheat
gluten and casein, and that the lzek of vitaming 4y By mﬁ B
have no effect on anemia. Whitehead and Barlow (69) obtained
an anewia in rats by feeding boiled polished rice together
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found the latter milk to be the besk, This led them Lo atate
that the changes wrought by desicoation, as in roller drying,
zave anti-anemie properiies to the milk and nﬁat COopper was
not always a vital factor in preveniing autritional angmla.

HeHargus (36) had shown a high copper content ia the
meat of the codfish, but st that time the nutritive value of
sopper was unknown. Seven years later, Coulson, Levinse, and
Remington (12) testsd sea foods Dblologieally anﬁ suggested
that tﬁﬁy be used as a substitute for liver in pernicious
an8nis.e

The effect of avitaminosis on hemstopolietic funcilon
®ag determined by Sure, Kik, and Walker (5T7)}{58)(59), by
feeding & purified vitamin A~defielent ration. The work weas
incomplete as given, but indlested no change in the amount
of resplratory plgment. Polyneuritle rats prodused by a
vitaln B-free ratlon exhlibitsd an anhydremia toward the
peak of the digeasse, Continued resgarch on a vitamin E-free
ration led them to conolude that the hemoglobin and red blood
o8lles do not change in the femals rat durlng the reabsgorpilon
of the fetus, Shordly after the above work, Sure, Kik, and
Smith (56) discoverad an anenisa associsbed with vitamin ¢
defleclency. This was not attributed to s mineral dsfliciency,
sinece no response waes obtalned by feeding the ash of yeast.
Yeast obtained from different sources wariss in its regenera~

tive properties, as reported by Krauss {34).
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ran a geries of tests upon rats, feeding the salts of zine,
chromium, germanium, nickel, cobalt, lead, antimony, tin,
cadmiug, mercury, arsenic, and manganess separately in the
milk and iron ration. The twelve elements were then fed all
togather. Every a&ﬁa&p& %o stay the oneoming anemla ®as
fruitless untll copper was added. They reported the opbimum
dozaga of iron se 0.5 mg., and that of copper as 0.05 ng.
Azain Beard and Myers {6)(7) contended that the Wisconsin

workers were in error since they obitained complete regenerae

tlon with arsenio, titanlum, zine, rubidium, chromium, 86«
lenium, mercury, vag&é&aa& and ¢obalt. The two latter ele-
ments had produced a marked polyeythemla when fed in a mix-
ture witn the stock ratlon, Other papers by Myers and Beard
{45), Beard, Baker, end Myers (4} and Beard {3), show regen-
argtion on ir%n glone iIf it were fed at a level agbove 0.2% umg.
datly. |

ﬁﬁﬁerhilig\erﬁan@ and Lewis {55}{@?}rdaa¢riheﬁ Bxperi~
menta carried out In glass cagee on the elements cobalt,
niekel, zine, and wanganese. They contendsd that the effect
of eopper was unique. Eleotrolytic iron, fed by Lewis,
Weishselbaum, and Ncthee (¥5), 414 not regenerate hemoglobin.
Elther eobalt or mangancse added to the milk and iron proe
duged gimilar results,

Different levels of iren, copper, and mangenese adminis-

tered by Mitehell and Miller (42) strengthened their belief
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that iron alone was adequate for hemoglobin building, and
. that the amount formed was in proportlon %o the metallie
dosage. Waddell, Steenboek, and Hart (65) fed pure iron
alone at twenty tlzes the optimum dosage, but the animals
succumbed to anemia.

Since workers sltuated in different paris of the country
produced such a variety of conflieling resulis, Elvehjem,
Steenboek, and Hart (21} taocught that cow’'s mllk might be
shown %o vary in 1ts copper content. Holsteln cous were
glven coppaer sulfate in thelir rations at an inerease of five
fold sbove that normally present. Copper analyses made on
the milk 4ld not support the theory a?*a variation in copper
gontent, The chemical analyses of horse blood by Elvehjem,
Steenbock, and Hert (23) diselosed that copper was not r com-
ponant of the hemoglobin molecule, but that the corpusecle
fractiion of bleod contains the major portion of this elsment.

Cunningham {13}, after both feeding and injeoting purl-
fled iréa, gtated that regeneration ocecurred Iin both cases.
He expressed doubt as to whether or not a true nutritional
anemlia could be produced on milk slone, since the animsals
showad a hyperplastic bonse narrow instead of the aplastic
marrow typical of an iron defieiency. ¥hen rabbits were made
snemic by blesding, Grules and Sanford (28) showed that they
41id not bulld hemoglobin when injeeted intraperitoneslly with
ferrie hydroxide. These subthors noted thaﬁ there was a marked
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iron gtorage, chiefly in the liver. A simllar eXperiment was
parformed by Detre (14) with mineral aclds instead of an lron
salt. He was able to produce s rise both in the erythroeyie
gount and the hemoglobin percentage by administering these
acids Lo rabbite made anemic by bleeding.

¥illiameon and Ewing (71) compared sopper-iron Lherapy
-on raﬁa\s&f?aring with nutritional and hemorrhagle anemiasg.
Thay observed s remission in the nutritional type, but ithe
rate made anemle by bleedling did naﬁ regpond favorsil y. A
low salt anemlia exhiblted by rats on rations low in inorganie
gonstituents ie degeribed by Swanson and Smith (60)}{61).
This anemlia is characterized by a true polycythemia aocom-
panisd by a drop in the hemoglobin titer. It can be re-
lievéad by supolying a slandarc galt mixture, Orten, Under-
ﬁili, Mugrage, and Lewis (48) reported a polycythemia in rats
maintalned upon a copper, iron, and milk dlet, if traces of
aahal%’aare sdded, HReither copper nor iron sdded singly with
cobalt produced the same effect. 4 difference in the utili-
zabion of erystalloide and collolds by the animal body 18 ap~
parent in the researches of Goerner (27). He found that all
combinations of erystalline manganous chlorids and copper
sulfate with ferriec chleride caused hematopolesis., Vhen the
above elements were used in the f&rm ér thelir colloidal hydrox-
ides, the rats dled of anemis. |



Preparation of Materials

Market milk

A good grade of pasteurized amllk obtainaed from the Iowma
State College dairy was ueed without subsequent traatment.
Pericdlc eopper analyssas parfarmﬁé‘aa this niik revealed an

average copper conbent of O mg,. per liter.

Low-gopper milk

This milk was colleeted in one-gallen glass jugs, from
pure-bred Holstein cows fed a sgtandard deliry ration, 4 glass
funnel was Inserted In the neck of the jJjug through which the
hand~drasm milk passed directly inte the container, without
touching any metallle surfaces. The fal econtent of this milk
ranged from 3.3 to 3.5%. A fresh supply from the morming
milking was procured dally, Tals milk showed, upen analysis,

an average gopper ¢omeonbtration of 0.2 mg. per liter.

Copper and iron-frae waler

At the beglnning of the investigetion, distilled water
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from the Iowa State College laboratory supply was redistilled
over a gae Tlame from a five liter pyrex balloon flask, and
the vapor passed through a Liebig condenser. The reesiving
flask was & Swo liter Erlenmeyer of pyrex glass. Since the
above procedure proved to be too slow to kReep up with the de-
mand for the water, 1t was dscided to use sbeam Trom the lab=-
oratory high pressure steam line, A sultasble trap for re-
moving line condensate was w&&& from a Claisen distilling
flask attached by one neck Lo the steam ocutlet, the other
leading to & Lisbig eondenser. A bend glass tube inserted
into the flssk served as a siphon to carry away the water
formed on cooling, so that only live steam was allowed $o
paas through the condenser. An illusiration of the apparatus
is shown in chart 1.

Copper and iron-fres hydroechloriec acid

Hagnesium chloride, C. P., was decomposed by sulfurie
acid at boom temperature, and the resulting hydrogen chloride
passed through glass wool to remové any mechanically held im-
puritles. Thence 1% was bubbled through concentrated sul-
furic acid for drying purposes, bafore it was absorbed by the

gopper and iron-free water,

Copper-free nitric acid

Concentrated C¢ P. nitric acid was heated in s pyrex re-



tort and the vapor condensed in a pyrex, sealéd-in, Lieblg

gondenger,.

Copper-free ferrie chloride

Baker's Analyzed iron wire, designed for standardization,
was dlssolved in a 1311 solutlion of hydrochlorie gseid and
water. The iron solution was then evgporated to dryness in
order to lower the acidity, after whieh the ferrous chlorlde
eryatals were put into a 2% copper-fres hydrochloric acid so-
lution in an Erlenmeyer flask, A rapid stream of hydrogen
sulfide was bubbled through the iron solution for thirty min-
utes, and the flask was then stoppered and allowed %o stand
for twenty-four hours. After filtering off the precipitate,
gopper-free hydroehlorie and nitric aclds were added, and the
mixture bolled to convert the ferrous to ferric ochloride,

The solutlon, upon eocoling, was made ammoniacal with ammonium
hydroxide. A Buchner suctlion-filter apparatus served to re-
move the water and soluble ammonium chloride from the floccu-
lent ferrie hydroxide, The precipitate was washed with re~
peated additions of copper-free wabter until approximately
three liters of water had been ugsed. The ferrie hydroxide
was suspended In copper-free water and a stream of hydrogen
¢hloride, prepared as previousgly deseribed, passed through 1%
until all cloudinass had disappeared. The resulting ferrie
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ehloride solution was made up to a known volume and kept in
& glaes-~-gtoppered bottle, whioh had previously besn palnted
Plack $o prevent light from entering and causing precipliation.

The eolorimetrie potassium thiocyanate method of iren
analysis was used Lo determine the concentration of iron pre-
sent in this and all other iron golutions employed. Spec-
trographie analyses were made upon the varlious substances

mantioned unless aﬁharwiss statad,

Coppar-free ferrie hydroxide

The preparation of this compound hae been dsseribed pre-
viously as one atep in the formation of copper-free ferrie
ehloride, /

Copper-free ferric eitrate

4 ferric hydroxide suspension, free from copper, formed
a soluilon of par% ferrie citrate after digestion at about
80® C. on a steam hot plate with copper-free cliric aeid.
Three reerystalllizations from hot water removed any copper
present in the eitric acid. The excess ferric hydroxide was
filfered off, and the filirate was @vaporated just to dry-
ness and shaken wlth absolute ethyl alecohol %o remove any un-
eombined eitriec acid, Copper-free water was used Lo dissolve
the ferris eltrate, and afier making up to volume, the iron

eontent of the c¢itrate golution was determined.
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Copper-free colloidal ferrie hyédroxilde

If a econcentrated solutlon of ferric chloride be =dded
slowly to bolling water, a deep ruby red volor resulis, due
to the formation of & colloidal ferric hydroxide, Hydro-
ghlorie aeld will be present from the hydrolysis of the fere
riec chloride, but it can be removed by dialysis. Thls pro-
cedure was followed in the preparation of e¢olloeidsl ferric
hydroxide from copper-free materials, Complete removal of
ths chloride ion reguired about three weeks, if the dialyzate
were removed dally. Anglyses for iron were made after the

eollold sample had been peectlized by bolling with nitrie acid.

Iron-free copper sulfate

Repeated resrystallization of C. P. copper sulfate does
not remove all of the iron contained in it. Therefore, it
becones nscessary %e select the purest form of metallic cop-
per avallable and make from 1t the copper salt. A4 copper
@lectrods, spectrographieally pure, was digsolved in puri-
fied nitrie acid, avaporsted to drynegs, and the resulting
eopper nltrate taken up in dllute gulfuric acid; this gave
en iron-free golutlon of copper sulfate., The iron-free salt
was lsolated by concentrating the sclutlion and permitting it
to stand until rhomble, blue erystals formed on the bottom

of the container. Copper sulfate loses water of erystalll-
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zation if heated, so that 1t is desirable to wash the crystals
first Iln water and dry between fllter papers. The above pro-
geases were used ta4ﬁbﬁain an iron-fres coppsr salt. Dllute
copper solutions were analyzed by the colorimetric sodium di-
athgl&i%hiaaar@amaﬁa methods A1l subsegquent eagyar<§nalyaﬁ$
wéra made by the same method.

4 107 solution of iron«~fres copper sulfate was poured ine
0o a beaker contalning a diluie solutlion of potassium hydroz-
ide, Immedtately following the addition, a flocculent pre-
elpitate of cupric hydroxide appeared. The progsss of dial-
yeis served to free this suspsnsion of lonizable copper and
other sglts. Teats for copper in %hﬁ‘ﬁi&l?ﬁ&%ﬁ showsd 1t &8
be free of that ifon aftar~§ period of three weeks, when the
suspension was diluted to one liter and analyzed for its

copper content.

Hydrogen sulfide bubbled through a éala&iaﬁ of iron-
fras copper sulfate threw down a fine preciplitate of cupric
sulflide. The preeipltate was removed and suspendsd in copper-
free water in a dialyzer for a perlod of three weeks., When
tests for copper showed the dlalyzate to be free, the cuprie

sulfide wazs made up Lo one liter and its cupriec lon content



determined,

Cuprous oxide and lodide

Cuprous oxide and euprous lodide were purchased from the
Baker Chemical Conpany. Since their solublilliiy is very low,
they were dlalyzed for three wesks in order to remove the more
goluble copper salts should they be present. Suspensions
wers mads of the compounds, and a quantitatlive copper analysis

rgn on them.

Titanium

A waighed agmount of Baker's C. P. titanlum dioxide wasz
bolled with copper~iree adus regla, cooled, and made up Lo a
known volume. This procedure gave a nmilky suspension which

demanded shaking before administratlon.

Manganese, Hickel, and eobalt

Theme three elements, as their chlorides, were each dlig-
asolved in 2% hydrochlorie acld, and were purified by passing
hydrogen pulfide through these soluiions. The Tiltrates were
bolled to expel all of the hydrogen sulfide, concentrated by
digestion, and the erystals allowed to settle out upon stand-
ing. Dssirable quentities of the dry salts were nmade up %o
the requlred volumes. Baker and Adamson's C. P. salte were

usad,



Yanadium

A known amount of vanadium ae the pentoxide, dlssolved
in s small amount of pure hydrochloric aecid, and diluted %o
ong liter with copper-free water, served as z source of this
glement. The vanadlum compound was obiained from the

¥allineckrodt Chemical Coumpany.
Arsenio

Arsenic trioxide, bearing the label of Baker and Adsmeon,
was resublimed by heating the dry salt in 2 porcelain dish
covered with a Fiask dontaining eold water. The sublimate
formed upon the bottom of the flask and was removed by sorap-
ing. Copper-free water was employed in making up the solu-

tlond.
Germanium

Spectrographically pure germenlum dioxide purchased from
A« D, Hackay, New York, was weighed and digested overnight
in ecoppsr-free water over a sieam hot plate., Complete golu-

tion resulibed.

Zine, mereury, chromiv

Zinc chloride, mercurous nitrate, chromium chloride, and

stannous sulfate were first examined spectrographically for
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traces of copper. Thelr initial purilty ensbled them to be
used without subsegquent purificatlion. Weighed smounts of
¢ach were made up Lo definite volumes in copper-free water.
All of the elements gave perfect solutions with the exeap-
tion of tin., The suspenslon of stannous sulfate required
shaking befors feeding. Baker and Adamson's Chemieal Com-
pany supplied the gbove salis.

Selenium

Baker and Adamson's C, P, selenle scid was measured out
in a volumetric pipette in the amouni desired, sas ¢aloulated
from the data glven on the bottle, It was made up to volume

with copper-free water,

Rubldium

Rublidium ehloride was welghed and dissolved in the re-
quired volume of copper~free water. The materlial was obialn-
&d from A. D. Haokay, of New York.

Gold, silver, and magnesium

Gold chioride, magnesium chloride, and silver nitrate
furnished the sources of these elements. They were prooured
from the Baker Chemieal Compsny, weighed, and diluted to en
appropriate volume with copper~fres waler, The puriiy of

these palts was not confirmed.



‘These two amino acids were obtalned from the Eastman
Kodak Company. GSolutions of a known concentration were
made by disselving them in dilute hyarochlorie acid and
making up to known volumes wlih copper-ires water.

Glutamic scid

Glutamic acid was isolated from wheat giu%eﬁ by digests
ing it with hydrochloric acid on a water-bath, and subse—
quently elarifying the mixture by adding charcosl end re=
fluxing. The ligquid portion was filtered off and evaporaled
in vaocuo, and saturated with hydrogen chloride which caused
the erysials to precipiiate. Purifieation of the crude cry-
stals wae asccomplished by a second preciplitation from iee~
eold aleohol.

Tyrosine

This amino acid was prepared from & tryptle digest of
ceselin, Fresh panoress furnished the enzyne, and scdium care
bonats was used to sdjust the alkalinity to a pH of about
aight. The addition of toluene prevenied putrefsction. Afe
ter standing for ten days at s temperaturs of 40% C., the
preciplitate was removed and 1ts tyrosine extracted with sul-

furle acid. Upon neutralization with ammonium hydroxide, and
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boiling, the tyreosine crystals sedtled out and were reerys-

tallized from hot copper-free water.
Tryptophane

Tryptophane was lsolated from a tryptlc digest of easeln,
earried out in an 8% solution of sodlum carbonate with fresh,
minced pancress. Chloroform and s little sodium fluoride
prevented putrafaction in the mixture. After standing for
gaven days at 35% C., the preparation was heated to 80° C.,
eooled, and filtered. Sufficient sulfurlic meid was asdded to
the filtrate %a give a 5% acid solution, and the caleium sul~
fate formed was removed by filtration. 4 1074 solution of
mereuric sulfate in 5% sulfuric acld was next atirraﬁ into
the filtrate, and after standing for twelve hours the mercury
salts of tyrosine and tryptophane separated. The precipitats
was washed with 5% sulfuric acid to remove the tyrosine, Hy-
drogen sulfide was employed %o decomposs the mercury salt of
tryptophane, and the exeess sulfuric acld was removed with
barium hydroxide., Crystals of ecrude tryptophane were puri-
fied by bolling with enimal chareoal in a 90% solution of
ethyl alechol and recrystellized from hot 90% aleohol.

stﬁsnﬁﬂekﬁg ration

The above ration was prepared by mixing 76% ground yel-



low corn, 16% linseed oil meal, 5% erude casein, 2% alfalfa
meal, 0.5% sodium chloride, and 0.5% cslcium carbonats.

Analytical Methods

4 aéiarimetrie method for quantitative copper analysla
in bilologlieal materials wae evolved from a published procsd-
ure by Callan snd Henderson {9) which described the use of
godium diethyldithliocarbamate as a delleate reagent for cop-
per. This resgent had been used to determine guantitatively
the copper content of dyestuffs, aclds, and alkalies by first
filtering off the iron as ferric hydroxide from an ammoniacal
solution, and then adding ths sodium disthyldithiocarbamate
reagent. A delicate golden brown color which could be detec-
tad with one part of copper in fifty milllien parts of solu-
tion resulted., The color deepensd in proportion te the cop-
per presgent, so that guantitatlve determinstlons were made
by comparing the oolor given by the unknown solution against
one of known copper content. Nessler tubes were smployed
for matehing the eolors dseveloped.

Fifty cuble centimeters of milk in & Sillimanite porce-
lain casserole wers evaporated to dryness on a steam plate.
The residue was then burned to a char over a Bunsen burner

and subsequently redusced to a white ash in an electric muffle
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at about 565° ¢, It required approximately six hours to com-
pletely ash the sample at this lew temperature. The ash was
dissolved in 5 ¢c, of concentrated hydrochloric acid and éi-
luted to twiece the volume with coppsr-free water., It was
next bolled for two minutes, diluted to about 50 ce., and alw
lowed Lo e¢ool. Coneentrated ammonium hydroxide was added un~
ti1l complets precipitation of iron resulted. Filtration
through Schleichsr and Schiill no. 589 white ribbon filter pa-
per removed a heavy white precipliaste which included any irom
presant.  The precipiitate was redissolved in a hot 5%‘hyéfv-
chlorie scid solution and allowed to ecool, after whlgh con-
centrated amnonlum hydroxide was added to repreciplitete. The
presipitates were washed well in both cases. The filtrates
from the first and second precinitatione were combined, evap-
orated to SO eec., and poured into a 100 ce. NeBaler tube, To
the unimown solutione in the Nesgeler tubs, were added 1 ec.
of congentrated ammonium hydroxide, 10 ecc. of a 0.1% agueous
solutlion of sodium diethyldithioecarbsmate, snd the volume
made up to 100 ce, with copper-free mgter. The golden esolor
of the unknown solutlon was matched sgalinst a standard pre-
parcd by placing In & 100 ¢e. Nesmsler tube s sultable smount
of a standard copper sulfate solutlon, 1 ce. of ammonium hy-
droxide, and 10 c¢e. of the same carbamate solution used for
the gample. A stock copper sulfate solution was made by dige

aolving enough of the iron-~fres gall in copper-free water @o
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that each cec., contalined 1.0 mg. of copper. Portlons of the
stock solution were removed as needed and diluted with cop=-
per-frae water until 1 ce, of the standard solution contaln-
6d 0.01 mg. of copper. ZEmpty casseroclss served as conirol
determinations to take care of unavoldable copper conbamina-

tion.

Gopper in rate

The rats were killed, thelr digestive tracts removed,
and the careassses drlied in Sillinmanite casserocles of porce-
lain. They were then subjected to the same procedure as were
the milk samples. The acidified solution of animsl ash was
made wp o0 a 100 eo, volume and a 50 ¢eo, aligquot taken far
subsequent coppsr analysis.

The eolorimetric method of Stugard (5%) for the deter-
mination of iron in dried milk, with appropriate modificatlions,
was used in the analyeis of rat ash for iron. By the ashing
procsdure previously given in the copper anaslyses of both
milk and rats, a white ash was obialined. The ash of esch in-
dividual was dlssolved in enough hydrochlorlie acid to effect
complete solution afﬁsr boiling, The acld solution was cooled

and made up to 100 oe. in s volumetric flask. One cubic cen-



- 37T =

timeter of this volume was accurately pipstted inte a 250 ecc.
pyrex besker, along with 5 cc. of concentrated hydrochlorie
acid, and boiled slowly for twenty minutes. Distilled water
was added from time to time in order to avoid evaporation o
drynesa. After cooling, one or two drops of goncentrated ni-
tric acid were added to each besker. Next, the ocontents wers
rinsed Into eight-inch pyrex glass tubes. One cublie centi-
meter of hydrochlorie acid and a drop or two éﬁ & 0.1 normal
potassium permanganste solutlon were added to each tube until
a faini pink color persigted for twenty seconds. Ten eubia
eentimeters of isoamyl alcohol and 5 ce. of a 20% solution
of potassium thiocyanate were added, The tubss were then
stoppered and sheken for thirty seconds,; and %he rose-color-
ed iaﬁé&yx aleohol layer was siphoned off into a Bausoch and
Lomb colorimeter cup for reading. Standard iron molutlons
for aamgari§nn wara‘maaﬁ by treating a desired amount of &
standard ferric ehloride solution in exactly the same manner

as was employed in the $treatment of the sample,

Anglyeis of rat urine

The methods used for these analyses were tsken almost
entirely from the tenth edition of Practical Physliologleal
Chamisetry by Hawk and Bergeim (32). Unless otherwisae stated,
the page number given refers to this book. BSince the grﬁﬁﬁéw

ureg were lntendsd for human samplés, it was neceasary to make
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glight modifications in some cases %o better adept them to
rat urine analysise.

Sugar, The qualitetive tests by Benediet (32, p. TAT)
and NHylander (32, p. T48B) were used for the detection of glu-
coge in the urine.

Albumin, The method af Easbach (32, p. 856) was used
for the determinatlon of albuamin.

Acetone bodies, These were analyzed for by the gquanti-

tative procedure of Van Slyke (32, p. 858).

Indican, Parker's modification of Askenstedt's method
{32, p. 864) served in this analysis.

Chlorides. A quantitative method as outlined by Volbard
and Arnold (32, p. 879) was employed.

Phosphorus. The uranlum acetate method, (32, p. 876)
afforded a repid means of snalysis.

Total sulfates., Folin's method (32, p. 869) was used

for the quantitative determination of sulfates.
Etherisl sulfates, The proeedure of Folin, (32, p. 871)

was followed in the determination of conjugated sulfatea.

Total nitrogen., Ths urine was heated to bolllng and

acldified with acetic acid to coagulste the albumln present.,

After filtering, the total nltrogen was determined on the fil-
trate by the direct Hesslerization method of Koch and MeMeekin
{32, p. 820).. The eolor standard contained L.0 mng. af nitrogen.

Ammonig nitrozen. Ons cuble centimeter of urine was




taken for analysis by the Permutit method (32, p. 829). The
golor standard contained 0.8 mg. of nitrogsn.

Oreatinine, Folin's ecolorimebdrie methed (32, p. 833)

wasg employed for the quantitative determination of oreatinine.
Creatine, Creatine was analyzed by the procedure given

by Folin and Benedict {32, p. 835).

Urea nitrogen., The dlrect Hesgslerizatlon method of
Folin end Youngburg (32, p. B25) allowed a rapid and asccurate
determination of ureas. The color standard contained 0.6 mg.
of nitrogen.

Urie peld. The &1&3&% colorimetric method of Benediet

and Franke (32, p. 837) was employed in uric acid deterumina-

tlong, A uric acid standard was made by dissolving 0.04 gnm.

of uriec geld and 0.5 gm. of urolropin in g 1little water., To

thie a few drope of sodium hydroxide were added, and the vol-
ume made up to 100 ce.

Amino aeids. The method of Ronchese~Strensen (39) was

uged in the quantitabtive dstermination of amino seilds.

Spectrographie Technique

The purity of the inorganic substances used was controlled
by qualitstive sgpeetrographie analysis. For thleg purposs a
Hilger model E 1 quartz prism spectrograph was employed, and

condansed spark spsctrograms were made by the use of an alter-
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nating currants OCarbon electrodes of the lowest obtalnable
eoppsr content wers used iIn this work. The lowsr elecirode
was hollowed out suffielently to contaln about three or four
‘dropg of the solution %o be examined, or a porilon of the
dampened saltj the ghape of the agger‘eieﬁ%radﬁkgr@vaé-saﬁw
lsfactory without alteration, Careful control of both line
yoltage and amperage was obssryved ﬁuring all eXposures, in
order that comparable resulis might be procureds The luposed
E. Mo F; meagured 110 volte, whille the exeiting current was
two amperes, Thls line vollage was stepped up, by means of
& fraznsformer, to é value of fifteen thousand volts between
glectrodas. Instrument adjustments were made from time to
time in secordance with the recommendatlions of thse daparie
merit of physiesl chemistry. Vratien and "ainwright panchroe
matie plates, four by ten Inches in ﬁiﬁemaianﬁ ware gxposed
%o the amlission spectrum for a psriod of three nlmytes,
which proved to be the ootimm time for ths developmsnt of
the ultluate copper linss. At &néuﬁinute intervals during
gazposureg, the solution in the eiéﬁzr@&a cup wag replen-
ished.

Copper gives several lines in its spectrum, but the ule
timate rays produce lines on the plate at wave lengths of
3273.967 and 3247.55 ingstrom unilts. 7When these lines were
net In evidence, ths sample was considered copper-free enough

for blologieal work. A Hartman diaphragm inserted over the
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alit allowed three pictures to be taken one above the other
in juxtaposition. A praciice was made of first exposing the
earbon eleetrodes only, then these same eélectrodes with the
solution in gquastion added to the lower one ward exposed, and
finally the spectrum of pure coppsr was obtained. This is
the standard method of spectrographie aﬁalyaia*"gné iﬁfgwa@e&
most convenlent for comparing the seolutlon in question with
both the blank carbon ¢leeirode, and the ratareﬁﬁe'aieatrnéaa
of copper. As stated befors, the e&rﬁeﬁvalsegraéas were of
the purest materlal obtainable, for this kypa‘af work., Howe
aver, slight traces of copper in the carbom could be demon-
atrated by the spark spectrum. All spectrograms, therefore,
were viewed under g microscope so thet minute incresses in
line density between the electrode lines and those of the g¢-

levtrode plus solublon would not be missed.

Care of &nimal&

The experimental animale were wesned at thirty days of
age from mothers recelving the Steenbock ration. Groups of
ten ﬁere tnsn placed in cages composed entirely of galvanliezsed
iron wire. The anemis-producing diet consisted of market
milk eéxcluslvely. This was fed unitil the hemoglobin level
ha&zfailen gufficlently low to denote a condition of mevere

nutritional anemia. From four to slx weeks of milk feeding
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caused the eyes of albino rats to become a pale plnk, and the
feat and sars to lose thelr normal red eoloring. These ex-
ternsl sizne were observed in selecting animals for hemoglo-
bin tests preparatory ito placing them on axyarimeﬁﬁg‘

When the hemoglobin level had fallen below 7.5%, and
preferably to 4 or 5%, the animals were welghed, ear marked,
housed in individual cages constructed solsly of galvanized
iron wire, and kept in a reom removed from the large rat col-
ony., FKaoh battery of cages consisted of from five to six
individual cells formed by wire partitions dividing the bat-
tery into sections. Outside dimensione of the batterles
were twelve inches in widih, twenty-four inches in length,
‘and ten inches in helght. Glass rods plaved scross pans
eontalining shavings served to éaygar% the batieries and held
them at a suffliclent height to prevent coprophagy. The bat-
téfy opened from the top with a door of galvanized iron wire
ea?erihg the entire cage. Once every wesk the gaﬁs under
the cages were thoroughly cleaned and fresh shavings supplied.

Small porcelain mortars two and a guarter inehes in di-
ameter were used for food containers. These vessels proved
very afficlent, since it was possible for an animal to reach
every surface and st1ll be unable to $ip autrshs,eﬁntanhs@
Another advantaze was the sase of keeping the dishes elean
and free from eopper contamination. At the beginning of the

investization, copper-free water was placed in the cagesj
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but this wae soon diseontinued beécause rats on & milk die}
rafuse to drink waler. Fach morning the [ood éishﬁs Were re-
moved, sorubbed with a brush undsr g stream of tap water, and
then inverted upon a wire drying rack to drzin., Immedlately
after drying they wers ringed bolh inslds and out in a elream
of copper-free water from a wash bottle.

All animals were fed milk twlce dally. The morning feed-
ing ineluded the various substances to be administered orally.
These additions were aceurately measured out in graduasted
plpettes, and thoroughly mixed with the mllk contained in the
mortard. At this time the amount of wmilk offersd was limit-
&d In ordsr to Insure total consumpbtion., Hilk slone was
liberally supnlied at the evenlng feeding.

Gradusted pipettes used to meagure minersgl supplements
ware labsled with the name of the element above the gradua=~
tions and nevaer was a plipelte used in more than ong solutlon
during an experiment. ALl plpettes were placed in a covered
reeeptacle directly after use., A pasteboard box, so cone
- structed that the plpettes could not touch one mmother,
gerved to hold them in an inclined position which Insured
parfect dralnage. Itrips of absorbent eotiton placed just
_ under the tips removed the solution and thus prevented cone
tamination of one from another.

One-llter ground glass-stophered bottles appropriately
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labeled held the mineral supplements. It was found that a
ferric chloride golution does not hydrolyze as readily if
light be excliuded. Hence, the iron sclutions were kept in
black painted bolitles with only the bottoms lef% gxpoged in
order that one might dete¢t precipitation.

Weekly hemoglobin determinations ware recorded on the
experimental rats. Blood was secured from a point sbout one-
half ineh from the tip of the tail, through a small incision
in the caudsl vein. The animals were allowed to stand on a
table with thelr talls pointing toward the right hand, They
wars held by the left hand In thie manner: tﬁ#«@alm~ﬁf the
hand rested upom the rat's back while the fingers partiaslly
encircled the body, which brought ths tip of the little fin-
ger under the throat, This hold is not harmful to the rat,
but does prevent biting. The tall was strokeld $oward the tip
until a pink appearance denoted a gé@ély éﬁ§§$§ of blood
therea. ﬁfﬁsr puncturing the v&iﬁ* the first drop of blocd
was disearded, and a me&sara&.amﬁaﬁt drawn up into a diluting
pipette which wag then filled to the mark with a 1% solutlon
of hydrochloric acld., The a6ld hematin solufion formed was
transferred to s labeled test tube and peraitied to stand for
at least twenty minutes before reading. All hemoglobin de-
terminations were made with & Bausech snd Lozb colorimester, -

quipped with a ealibrated ecolor dise, so that no standard acid
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hamatin golutlion way necessary. This instrument wss designed
exclusively for the Newoomer geid hematin method of hemoglo-
bin determination, and reads dirsetly in per cent of hemoglo-
bin.

At the conclusion of en experiment, the animsls employ«
8d were in most cases killed with ehloreform. However, 1%
was fTound that some afwtha larger oneg could be utillized a-
gain for 1ﬁtva§er§taﬁ@él injections, since thie treatment is
not tolerated as well by smaller rats. Injections were made
with a 25 gauge chromium plated hypodermic neadle attached to
& glass syringe having a e¢apacity of two suble centimeters.
The animals were held in the palm of ths left hénﬁ with the
vantral gide uppermost, and ths naédla was passged just through
the abdominal wall when the meagured dosaze was discharsed -
inte the peritoneal cavity. It was observed that rats were
more sengitive to injections slong the medlan line of the ab-
domeny therefore, care wee taken not to puncture this reglon.

For the metabolism experiments to be deseribed, ¢yline
drical cages made entlrely from galvanlzed iron wire were
used, These eazpges rested aboub an ineh below the surface of
large glass Tunnels supported by a wooden stand. Secreens of
iron wire served to collect all feees, allowing only urine
Lo pasg into glase recelving vessels. The tops of the cages
were removable to faellitate the transference of animals.

Five hundred cublie centimeter wide-mouthed gas bottles,
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equipped with glass watering tubes and wired to the sides of
the cages, allowed a ready accdss ﬁ@ftha m§lk at all times.
A drawing 1llusirating the metabolism cege will be found in
ehart 1. |

- Pregentation of Data

The experiments on hemoglobin regeneration desoribed in
this thesis, unless otherwise stated, wers performed on groups
of 8ix rats each. Zqual numbers of females and males were
amploysd in ordser to rule out differences éue{ﬁﬁks&x-in the
eomposite data. To save gpace in the graseﬁtatinn of these
data, it was deeided Hhal the smount af‘aay material mention-
¢d eould be considered se that dosage wilech was recelived
daily by each Individual rat in s lot. The normal henoglo-
bin level for a rat was placed at 157, sinece animals from
the Iowa State College stock colony showed thils average value.

In work of thls kind, 1t zeemed most ﬁxée&iﬁnt to ghow
the @arfanmﬁneaa of rats, with reference {o growith and hemo-
globlin content of the blood, by graphic ﬁsaa3;  Curves repré-
senting changes in body welght are portrayed by solid lines,
and the hemoglobin values are represented by br&%ﬁn lineg.
Growth and hemoglobin values are plotted as afdiﬁa%aﬁ, while
time intervals are measured on the gbselssa. Data from rep~

regentative males and females respectively meke up the single
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gurves. The averazed results include zll snimels on indivi-
dual experiments, and ars shown by means of composite curves.

Ten rats, 30 days of ags, were housed in s galvanized
iron wire cage in which a pan of shavings served as o £loor,
Market milk was fed ad. 1ib, in an effort to produce nutri-
tlonal anemia. Chart 2 shows that the hemoglobin level re-~
mained nearly conatant for twelve weske, after which a gradual
rise wﬁam%ww the hgmoglobin to o slightly mmwsmwwmw value atb
gighteen weeks. The eage was cleaned weekly ma_wﬁww regenera-
tive agents could enter only through the food wmm ghavings,
Growth was slow during the entire peried of obssryation.
| The animals represented in c¢harts w mw& 4 were first
rendered anemic, and market waw plus w;m M ﬂw,wwum an fers
ric chloride was then fed dally as a basal ration. The ex-
parimentgl groups received 0.05 mg. @am@maawﬁmww of mangan-
ese and nickel as chlorides, arsenic as arseénious oxide, and
coppaYr as coppar mgwmeWa The controel group ﬁw&”mmmﬁmmwwmm
upon the basal ration without further mwmmwww‘mmmw«waww Re~-
generation of hemoglobin occurred in all awmmmw but it was
noted that the maximum vslue was reached later by the lots
receiving manganese, nickel, rarsenic, and by the controls.
Furthermore, the hemoglobin content did not reach the recog-
nized normal value of 154, Those animals which were fed
eopper gxhiblited s much more rapld hemoglobln rise and reach-

ad a normzl value after four weeks. The growth curves showsd
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& #teadlisr rise also in the copper-fed rals.
For the purpose of ascertalining whether or not a higher

level of copper would glve a graater stim&lﬁti@ﬁ.ts hemato-
-polesis, the experimgntg ghown on chart 5 were performed on
rats suffering with nutritional anemis. Copper as copper
sulfate was adminishered orally in amounts of 0405, 0.5, and
1.0 mg. daily zlong with lowecopper mllk onlus 0.5 mg. of irom
pe ferric chloride, The 0,0% mz. level of copper reqguired
five weeks for total recovery, while the hemaglébin curves
of those on 0.5 and 1.0 mg. resched the same point in slighte
1y under two weeks. It was observed that the low-copper
milk gave z glower response when 0.05 mg. of copper was fed
than did the market mllk in the previous e®periment {chart
4}, Alwo the 1.0 mg. level of copper did not regenerate any
fagter than the 0.5 mg. dosage.

| ¥when purified iron as ferric chloride was added to lowe
copper milk at the rate of 0.5 mg. per rat per day, the onset
- of nutritional anemia was not stayed. The question then arose
whether experiments on the same milk with larger iron addi-
tions would produce different effscts. Consequently, dosazes
of 1.0, 5.0, and 10.0 mg. respectively of iron as ferrie
chloride were tried on three lots of rats, as represented in
ehart 6. Normal animale were placed on experiment at weaning

tinmg in order to secure gufficient data before death oeccurred,



- 49 -
in the esvent that anemla developed. 41l of the rate falled
in hemagtopoleglis, but upon a study of the henogleobln curves
it was evident tiat the lots regsiving 5.0 and 10,0 mg. wers
in a measure protected from anemia, since the slope was not
so abrupt. The growth curves tended to fal l @ff}m&rk&ﬁlyg
However, these resulisg sre in sharp contrast with those of
the control g?aug in chart 4, where markel nilk was employed.
Since market milk plusg 0.5 mg. of lron as ferric chloride
had given rageneration eithar with or without nineral supple-
mantatlion, whereasg ferric chlorids in amounts large enough
to provide 10.0 mg. of iron, when fed in low-copper mllk did
not protect agalnst anemia, it was deelded to feed o greater
variety of elemenits along with loww-copper milk plus 0.5 mg.
of iron as ferrie chloride. Three lots of anemic rats were
placed on exXperiment and fed low-copper milk plus 0.5 ng. of
iron zs ferric chloride daily. In additlion teo this ratlon,
ong 1ot received 0.05 mo. nickel as ndekelous chloride,
another 0.85 mg. of manganese as manganous chloride, and the
third 0,05 mg. of titanium as the dioxide. Séa?ﬁ 7 deplets
‘ a falling of the hemoglobin level and a retarded growth rate.
At the end of the fourth wesk the amounts of mineral supple-
mentation, sxelusive of iron, were doubled to insure a suffi-
eleney. The lincressed dosage had no effect, and many of the
animals succumbed to ansnmla before the eishth week of the test

wag raached.
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Vanadium as the pentoxide, arsenic as arsenious oxide,
and germanium as the dioxide were fed in lﬁwﬁﬂﬁp§§?’ﬁilk B~
long with 0,5 mg. éf iron as ferric chloride. The anemic an=-
imals consumed the single elamentis at the rate of 0.05 nzg.
until the fourth week of the experiments %héa‘the amount was
incereased to 0.1 mg. Chart 8 pictures the ineffectiveness
of the elements fed to protect rats sgalnst aatritianal,an~
gmia. There was s slow growth coupled with a decrease in the
hemoglobin content of the blood. Both of these are typlcal
in caseg of anemias. This conditlion wae not improved in three
other lots fed the same basal dlet; namely, low-copper milk
plusg 0.5 mg. of iron as ferric chloride dally, snd supplemen-
ted with the salts of the elements zine, chromium, and tin
respectively, These three sleménts were administered as gine
chlovide, Shromium ﬁﬁl@f&é@,raaﬁféﬁ&nn@ng sulfate in smountis
rapregenting @.aﬁrmg; sf the single element. After four weeks
the level was ralsed to 0.1 mg. Both hemogloblin and growth
curves are gshown In chart 9.

Other slements Lo be tested for hematopoletle potenoy
waore fed to anemiec rals along with low-coopper milk plus 0.5
ng. of iron as ferric ehlorids,. Mercury was administered asm
mercurous nitrate, cobalt as cobalbtous cehloride, and copper
as copper sulfate. The dosage employed was @*QS ng. of the
separale elements., Chart 10 shows g sharp contrast of results

in the growih and hemoglobln regeneration of the rats receiv-
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ing eoppsr asg compared with those anlimgls fed either cobalt
or mereury; even though the originsl dosage of these elemsnts
was doubled at the end of the first Four weeks, while the
copper feeding was not increassed. Individualiiy was observed
in the copper-fed animaleg, zs ths single male hemoglobin
surve demonstrates a return ito a normal hemoglobin lavel one
wask previous to that of the group average.

Silver as silver nitrate and gold as aurie chioride
were sdministersd orally to animals suffering from nutrition-
al anemia., The elements were fed at levels of 0.1 mg. in &
basal ration consisting of low-copper milk plug 0.5 mg. of
iron as ferric chioride. 4 third lot was taken dirsctly
from the mothers at 30 days of age and fed the basal dlet un-
supplemented. This group is referred to as a eonirol in
chart 11, where the hematopoletic .and growth-promoting values
of the elements mentioned are shown, All of the animals be-
came severely anemic and failsd to grbw normally.

Chart 12 shows that nutritional ansmis did not develop
more rapldly if large amounts of zine or magnesium were fad
at levels of 1.0 mg. along with a low-copper milk diet, to
which 0.5 mg. of iron as ferric chloride had bessen added.
Both zinc and magnesium were adminlistered in the form of
their chlorides. The control group on the basal ration, con-
sisting of 0.% mg. of iron as ferric chloride plus low-cop-

per milk, showed the same slope. in their hemoglobin curves
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a8 the snimals receiving either zinc or magnesium chloridas
in the basal ration, A review of charts 7 to 12 inclusive
reveals the faet that of the various slements added to a low-
coppsr milk end iren ratlion, copper alone stimulated hemato-
polesis.

During the onget of severs nutritional anemia, 1t was
noticed that animals lost considerable weight., Thls gondl-
tion was thought %o be primarily due to a loss of appetite
counled with poor intestinal sbsorption. If the latter con-
ditlion existed, then oral dosames of elements would be largely
exXeretad instead of reaching the blood stream. Hence, it was
thought prudent to administer the small amounts of minerals
by intrapsritoneal injection so that they eould be taken up
by the subserous lymphatieg within the peritoneum and thus
subsequently reach the blood stream. Dally injectlions of the
desired mineral dosages were tried at first, but since this
caused disconfort to the animals it was deemed advisable to
Injeet them every other day with twlce the daily allowance.
Low~coppgr milk plus 0.5 mg. of iron as ferric chloride was
fed as a basal ration to all lots.

Niekel and zine as c¢hlorides and germanium as the diox-
ide were injected intraperitonsally into thres differsnt lots
of rats, maintalined on a low-copper milk plus iron diet, and

praeviougly rendered anemie by milk feeding. The daily levels
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ware 0.05 mg., of the 8lements for the firat four weeks, after
which the dose was inereased to 0.1 mg. The results shown in
ehart 13 do not supporit the use of these minerals as hemo-
tinies. Hone of the slemants exhibited toxle properties.
Growth was notloeably impaired in the experiment using ger-
manium. Other animals, which were previously made snemig,
are represented in chart 14, They showed no continued hemo-
globln regsneration when injected intraperitoneslly first
with 0.0% mg., and a monih later with 0.1 mg. of mangansge
a8 manganous chloride, while they weres fed lowe-sopper milk
plus 0.5 mg. of iron as ferric chloride. Vansdium as the
pentoxide and arsenic as arsenious oxide, when used 0 rg-
place manganese, gave comparable resulis. Arsenic gave a
translient relief, but although the injected dosage was
raised to 0.2 mg., many of the rats dled of anemis.

Three groups of rats were selected at weaning time and
were immediately placed on expsriment. It can be notleed in
chart 15 that the initlal hemozlobin was sbout 15% on the
sverage., They were fed low-copper milk and reeceived intra-
peritoneally 0.05 mg. of tiltenium, selenium, and mersury re-
spackivelys The compounds of the elements used wers as fol-
lows: $itanium dloxide, seleniec ascid, snd mercurous nitrate,
Since anemls pregr%aa&& from the besginniang of the experiment,
the levels of the Injscted elements were ralsed to 0.1 ng.

However, this treatment did not curb the ssverity of the on-
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goming snenia. Orowih continued for a time, but finally the

purve reached a plateau and then took s downward trend. Ru~
bidium snd chromium as thelr chlorides, when substituted for
titanium and selenium in different lote of rats, showed the
same gensral results, as eévidenced in chart iéay But when
gopper ag copper sulfate was Injested iIntraperitonezlly into
anenle rats on & low-copper mllk and iron diet, at a level of
s,aﬁﬁ mg, of copper, hemoglobin bullding went on at a rapld
rmtéw It was interesting to note %haﬁ‘ni@k$i;~zina, FEPMEN-
ium, menganese, vanadium, arsenle, titanium, selenlum, meroury,
rabidium, and chromium falled to prevent the aﬁﬁét of nutri-
tional gnemia when dosages of as high as 0.1 mg. were injected
intraperltoneally; whereas coppsr at z level of 0,005 uZe OF
one-twentieth of the above-mentioned dese, cured Severs nu=
tritional anemla within & perioed of three weeksa

¥ilk hes been t&aaghﬁ of in the past as a perfect food,
supplying all of the dietary essentials. 3But it has recant-
1y been demonsirated thai adequate amounts of both nopper aﬁd’
iron are lacking, and nutritionsl anemis can be producaed on
a milk diet, dus to thle deflieieney. Also easein, the major
protein in milﬁg had been listed as a protein which was com-
plete in its amino acid content from the nutritional stand-
point, If however, an animal suffering from nutritionsl an-
emia needed sn exeess of certain amino aclds to assist in

hemoglobin formation, then sn increase of that amino acid in
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the diet should bs marked by an inereased hemoglobin content
in the bloods

In order %o investigate a possible amino seid deficleney
in milk, six lots of rats were fed a low-copper milk dlet une
%11 their hemozlobin values had reached a lavel far below
’ the normal. They were then given low-copper ﬁiik plug 0.5
mge of iron as ferric chloride. One group was allowed to
rsmainvuaem the milk-iron ration and served as a conitrol.
To the other five lots, receliving the same milk-lron dlet,
were added respschtively 100 mga daily of the following amino
gcidss {yrosine, tryptophane, srginine, glutamie acld, and
agpartic acld, Sinee these aminog acids were put into solu~-
tion by the addition of hydroehloric acid, they could be
consldered gg existing in the form of the smine hydrochlor=
iﬁes¢ Results in chart 17 do not raveal a regenerative proe-
psrity in the amino seids tested. 411l of the raots exhibited
& poor nutritionasl state with dlarrhes constantly preasent.
Glutamiec acld produced a gevere form of diarrhea and a mark-
ed Insmition, A comparison of the growth curves of the con-
trol with thoss of the rats which had received amine acilds
showed that the latler were stunisd in growii.

It has besn shown in charts 5 and 10 that 0.05 mg. of
eopper as copper sulfate, when added to a ;aw»eﬁypar milk and
iron ration, gives exeellent hemoglobin fﬁg&nﬂf&%lﬁﬁw Chart
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16 reveals similar results when the copper as copper sulfate
wag injected intraperitoneally at g 0.005 mg. level, if low-
copper milk together with 0.5 mzg. of iron as ferric chloride
wgs fed, The guestlon then arose as to whalt amount of copper
would satisfy a rat’s requirement for this eélement. inenmie
animals offered an excellent opportunity for this quantita~
tive study, for s constant quantity of iron could be fed and
varying amounts of a soluble copper salt could be injected,
The trend of the hemoglobin curves sghould ﬁe&ate any insuf-
ficleney in copper aﬁéiniﬁtr&%iﬂn* The eriterion for the
optimum copper dosage was taken a8 ths smallest amount of
copper as copper sulfate which would build the ES&agiabia
content of an anemic rat's blood up to 15%, regardless of
the length of time required.

In the following experiments, dealing with intraperiton-
eally injected coppsr, all of the rats were made anemle by
milk fedding prior to beginning the injections. Low-coppar
milk was fed pd, 1ib. along with 0.5 mg. of iron as ferrie
chloride y&r'vat per day. Intraperitoneal injections of
COPPET 38 eépper sulfate were dade every other day, employ-
ing twice the dose which will be referred to as the dally
intake., Chart 18 proves that 0.0005 mg. of copper was not
enough to supply the aﬁzmala with the neasaaary:amaan@ of

hemoglobin. “When the former level was doubled to give 0.001
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mg. there was a slow rige in the hemoglobin eurve, but a pla-
teau ghowed thszt complete recovery was éﬁubﬁfﬁlﬁ since the
averazs maximum reached was 8.4%. A slightly higher level
{ehart 19) ceused the peak of the composite henoglobin curve
to reach nearly 9.0%, while the aémiaistvatiﬁn Qf 0.0012% ng.
of copper brought the avsrage hemoglobin level to 11.0%.
Charts 20 and 21 sghow g fairly rapid rise in the firat flve
weeks, due to 0.0015 mg. of copper injectad, and it was
thought that this amount was the optimum. However, hemato-
polasisg glowed down, and after tweniy-slx weeks the hemoglo-
bin value mas just 12.5%. Then the injlected dosage of thig
same lot of rats was raigsed to 0.002 mg. of copper, which re-
sulted in the attalnment of a normal hemoglobin titer within
six weeks. When 0.00175 ms. of copper was administered
{chart 22), an average hemoglobin level of 12;&%,Waa reached
in sbout three weeks, wheress i% reguired almost elsven weeks |
to attaln this same value on the 0.0015 mg. level. Regener-
ation was not complete on 0.00175 mg. of copper, but an in-
eraasse of 0,00025 mg. successfully cured the anemie condition.
The next experiment (chart 23) proved that complete hemoglo-
bin r&gﬁn&f&tiﬁﬁ could be accomplished within six weeks upon
the Intraperitonesl injection of 0.002 mz. of copper as cop-
per sulfate dally. A higher injected dosage of sopper,
namely, 0.005 mg., caused the hemoglobin content of the blood

to r@aﬁh‘lﬁ% in gbout three weeks,
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Pure iron as ferric chloride, when fed alone to anemie
rats regeliving a lowe~coppar milk dist, dld not produce curge
tive effects even at extremely high dosages (chart 6}. It
might be inferred from thesge data that in nutritional snemla
the iron is not assimilated properly if adminlstered orallye
Therefore, a series of experiments was designed to test the
avallability of iron for hemoglobin bullding when it was ine
jeeted alone intraperitoneally. Pure ferrle chloride was in-~
Jacted into the peritoneal caviiisse of snemic rats fed a low-
gapper milk ration. Larger aniqals were employed in thege
axperiments than had besn usad on previous trials for it had
been found in preliminary work that ferrie chlorlde, due to
its aclidity, caused necroszis and a sloughing afr of halr and
gkin at the point of Injectlon. 2ost mortem eXaminatlons
paerformed on the iron-injected rats showed a general inflam-
mation of the intestines so that the blood vessels wers plalne
1y visible. Adhesions of the intestines to thé perltoneun,
dark red splotches on the liver, and enlarged spleens were
other abnormalities noted, The above symptoms were distined-
1y svident when 1.5 mg. of iron gg ferric chloride in aqnﬁaaé
solution was injected intraperitoneslly.

The iﬁjaetia&’sf 3.0 mg. of the iron every other day,
which would glve a dally intake of 1.5 mge, 4id not produce
such an outatanding meerotic condition, aslthough the rats
lost weighi and within five weeks many died. Therefore, a
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practice of injecting twlce the lron dosage, as shown in
charts 24 and 25, every other day was followed. In chart 24
it was elearly shown that 1.5 mg. of lren as ferriec chloride
will regenerate hemoglobin up to about 11.5% on an aversge,
and there have been some aninals which reached levels as
high as 14.5¢. However, all rats were in a poor physical
condition, a8 the growth curves denobted a logs in welght.
When 1.0 mg. of iron as an agueous solution of ferrie chlor-
ide was injected, the composite hemoglobin curves rose to
nearly 12.04. These animals were not in suech géar physical
sondition a8 were those receliving the 1.5 mg. level. At the
end of sbout four weeks the animals started to become anemle,
and many succumbed to the disease, Ferrie chloride dissolved
in glyeerol did not posseass suech aclid properties as did the
aqueous solution. This method of 1nge¢tiag,far§ig chloride
was therefore adopted because it was possible to maintaln the
animals for longer periods of time. 4 0.5 mg. level of iren
aa,férr&e chloride in glyesrol was injected with beneflelal
results for sbout eight weeks, after which nubtritional
anemls developed, as shown by the drooping hemoglobin curves
{chart 24). Howewer, 1t wasg posaible to keep the animsals
allve for longer periods of time than in the cases of higher.
iron sdministration. |

Chart 25 discloses the fact that some hematopolietle pro-
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perties gre pressnt in agusous solutions of ferric clitrats,
when injected intraperitoneally, and that it is possible to
reach average hemoglobin levels as high as 12.0%. This rise
was transitory in all cases and the maximum polint In the
hemoglobin curves wag reached in five ﬁeeke when either 0.5
of 0.2 mg. of iron as ferric eitrate was injected., The 0,1
mg. dogage gave 2 slight response whilch 1&%&63 enlyka‘gharﬁ
lenmih of time. There werd no ocutward indications of lesions
in 2ny of the rate receiving tiae wvarious levels of iron as
ferric citrate intraperitoneally. A ferric hydroxide suspén-
slon was injected intrapsritoneally into an anemic lot of
ratg in order to test the purity of the iron, but no hemoglo-
blin synthesis took place when the level of iron was =dminis-
tered at 6.5 mz.

The result 8 represented in chart 26 demonstrate the
abllity of o weak solution of hydrochloric aecid, Injected
intraperitoned ly, to cause hemoglobln regenerstion in anemie
rats. Three lots of rats were uged after first being render-
ed anemie¢ by milk feeding. In the first experiment, 0.5 ng.
of iron as ferrle chloride was added to a low-coppsr milk
ration, and 1 ¢c. of a 0.033 mormal hydrochloric acid solu~
tion was injected avery othsr day. The progression of nu-
tritional anemia was checked somewhat, bub. the enimale were

not eured, To another lot, fed low-copper milk plus 0.5 mg.
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gether with the copper solution, were injected intraperiton-
eally into ratg fed low-copper milk. All lron and coppér in-
jections were administered every other day in levels of twice
the amounts stated, in order to save the animals the discom-
fort of dsily handling. Chart 27 shows that 0.002 mg. of
copper ag copper sulfate and 0.05 mg. of iron as férric chlor-
ide, when iInjected intraperitoneglly into anemie rats, did
stimulate hematopoiesis for abaut nine wesksg; but the iron
level was too low to psrmit a normal hemoglobin value to be
reachad, In the same chart (27) the férma?»exgﬁéimaﬁt was
rapgsted, with the iron injection increassed Lo 0.1 mg. of
iron as the colloidal hydroxide, while 0.002 mg. of copper
a8 copper sulfate accompanied the iron solution into the
naritoneal cavity. iﬁside of twelve wesks, the normal ave-
rage hemoglobin val&é of 154 was reached by the animals.

Ferrliec chloride, if injected intraperitoneally al
levele ag low as 0.1 mg. of iron, casused lesiong gt the
polnt of injection, and aleo adhesions of the Intesiines
to the psritoneum. Therefore, the animasls did not grow
normally. However, hemabopoiesls had been demonstrated
wlth injeected ferrie chloride, even though the rats exhi-
bited retarded growth (chart 24). In chart 27 it has been
proven that complete regeneration cccurred when 0.002 ug.

of copper as copper sulfats plus 0.1 mg. of iron as the
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eolloidal hydroxide were injected intmaperitoneally. Chart
28 shows that 0,002 mg. of copper as copper sulfate plus 0.1
mg. of iron as ferric chloride injected intraperitoneally
did not eures nutritional anemla in elewsn weeke. But when
the 1ron as ferric chloride was adminlstered Iintraperiton-
8ally at 2 0.15 mz. level hogeﬁher/with'staaﬁ mg. of copper
‘88 copper sulfate to these same animals, they were cured of
anemia. A comparison of charts 28 and 27 shows a better
phygieal condition in the latter than in the former, if
ggawth»earvéa are used as a criterion, :

Neither intraperitoneal nor oral adminisitrations of
iron as farrie hydroxide at the rate of 0.5 mg; of iron
daily served to build hemoglobin in anemic rats on & low=-
copper milk dlet. However, iIf 0.0% mg. of eopper ag copper
gulfate were fed along with 0.5 mg. of iron as a ferrie hy-
droxide suspension (eohart 29), the results were positive in
euring anemis. It was also demonstrated that 0.5 mg. of
iron in a ferrie hydroxide suspension could be injectsed
intraperitonsally deily without harm to the animals, and when
low-copper milk plus 0.05 mg. of copper as copper sulfate were
fed in econjunction a normal hemoglobin level resulted. {Chart
29). Complete recovery, obtained in the lstter case where
iron was injected, required about ten wesks; whiiﬁ'ﬁhe orally
administered iron took approximately five weeks 1o gilve the

game resulis.
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Cherts 30 and 31 expregs resulits obtained when insolu-
ble coppsr compounds, as sulfides or hydroxides, were injec-
ted svery other day into anemic rats malntained on a basal
dlet of low=-copper umilk plus $;5'mgi of iron as ferric ehiera‘
ide. Twilce the dosages mentioned were injaateéjiﬁtraﬁsriﬁaa—
eslly every other day in order to minimize the handling of
the animala., Both the copper sulfide and copper hydroxids
were in a finely divided state, and a thorough mixing was
practiced before f£illing the syringe. Data shown in chart
30 point out the faect that 0.02 mg. of copper as copper sul-
fide was requlired to cause aninmals to reach a hemoglobin
value of 15%4. Copper hydroxide proved to be a batter hsma-‘;
tinie (chart 31), since 0,005 mg. of copper as the hydrox-
ide resulted in complete recovery within fourteen weeks. 4
gsharp contrast was evident bstween the hematopolstie values
of the soluble copper sulfate {chart 23) ané either the
copoer aaifidevar the hydroxide. The former caused completea
regeneration in six wesks with a 0.002 mg. injection of cop-
per, while the latter required 0,02 and 0.005 mg. of copper
respectively, injected over a period of fourtsen weeks.

Honowalent copner in the insoluble form of either cup-
rous oxide or cuprous iodide bullt hemoglobin in snemic rats.
Two lots of anlmals were fed a low-coppsr milk ration with

0.5 mg. of iron as ferrie chloride. One lot was injected
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intraperitoneglly every other day with 0.02 mg. of copper as
euprous oxide, while the other group received the same dosage
of ecuprous lodide similarly injsected., This proesdure proved
harmless %o the animals and allowed an averase dally aduninls-
tration of 0.01 mg., of copper per rat., From the results of
chart 32 it appears that there is no difference in the he-
matopoletlec potency of the copper compounds. The insolubli-
1ity of cuprous oxide and cuprous iodlde made 1t necesssry
to shake the solutlon well before eanh injection.

I% has been demonstrated that iron ¢en be ubilized in
hemoglobin bulldinz when in the form of a suspension {charts
23 and 29), or as & collolidal hydroxide {ehart 27). Like-
wise, copper was avallable for hematopoissis in several ine
soluble compounds (charts 30, 31, and 32). It then remained
to show whether or not colloldal esolutions of both iron esnd
gopper as the hydroxide could be utilized if aﬁmﬁaﬁ&&eraﬁ
simulteaneously. The first step was o feed the hydroxides to
anenic rats on a low-Copper milk dlet. Iron zg eollolidal fer-
rie hydroxide was fed at a level of 0.5 mg. of iron per rat
per day, and copper as colloldal cupric hydroxide was fed in
the amount of 0.05 mg. of copper per animal daily. Chart 33
illustrates the performance of rats on this sxperiment, where
it was found that fourteen weeks were required to completely
cure the anemia. Intraperitoneal injections of the above

eompounds into anemic rats gave slower rezensration, es demon-
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'stratad iﬁ chart 34, bubt after elightesn weeks the animals had
regained a normal hamoglobin content. Injectlions were per-
formed every other day on the rats, using twice the Gally
»éaséges mentionad. Copper as callaiﬁaivﬁugria-hyaraxiﬁe ab
the level of 0,002 mg. of coppsr and 0.1 mg. of iron as the
eolloidal ferric hydroxide were simultaneously injected
through the sbdominal wallg ‘ ’

Animals fed exclusively upon a milk diet é&v&iag&&
snenis after four to gix weeks. The &ﬁmaglﬁbiﬁzfﬁli readily
to a level of 5 or 6%, after which the decline was much slow~
er until ths rats finally became too ﬁaak ta'eaﬁg and death
resulted. Hemoglobin values as low as 2% have been attained
in some instances, but a8 a rule the aniuals died before
reaehing this low level, SJome rats showed an abillity to live
for as long as twelve weaks on milk alone and ware analyzed
for thelr copper and iron eontent in order to determine
whsthar'ar not thelr body atores of these elements had been
depleted in an effort to synthesize sufficient hemoglobin to
prolong 1ife, Thege date also show the lowest copper and
iron valueg obtainable in rats fed milk‘whieh»caﬁﬁains only
the natural copper content., The analytieal data are shown in
table I.

Another lot of rats were first rendered ansmic by feed-
ing low«copper milk and were continued an.tha‘sg&ﬁlaiat for

elght weeks with dsily intraperitoneal injections a%ui#aienz
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to 0.5 ng. of purified iron as ferric chlorlde dissolved In
copper-fre¢ slycerol, At the end of this ticge they were ane
alyzed for copper and iron. The results are tsbulated in
table II,.

A third group of anemis rates were fed a low-coppsr milk
ration plus 0.5 mzg. of purified iron ag fe?riaraﬁleriée. In-
traperitoneal injections of 6.092 normal hydrochloric scid
were adminlstered every other day. After elght weeks on @Xe-
periment, the animald were analyzed for copper and lron. The
findings are shown in table III.

4 fourth lot of animals, whieh nad been previously made
gnemiec by milk feeding, were fed 0«5 mg. of purified lron as
ferric culorlde, and were injected intraperitoneslly with
0.008 mg..af“aﬁpperuaa coppar sulfgte. They wéfe continued
on experiment for eight weeks and were then anzlyzed for cop-
per and iron, Table IV shows the results obtalned from this
experiment. This level of copper snd iron gilves a hemoglobin
responge similar to a ration made up of natural foodstuffs.
This laot was run as a control group to glve normal copper
and iron values for animals of the same age as those ghown
in tables II and II1I,

Twelve unbred female rats were selectsd from a group
which was fed tne Steenbocek stock ration. They were equally

divided into twe lots of six animala. The one lot was fed
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market milk ad. 1lib. together with 0.5 mg. of iron asg ferrie
chloride and 0.05 mg. of coposr as copper sulfate, and the
second lot was fed market milk alone. Hemoglobin determina-
tlons were run periodically unitil the group malntained on
milk alone developed nutritional anemla to such a degree
that it was ddemed advisable to start the mstabolism experi-
ment. Two galvanlized iron wire metabolism cages werée employ-
ed {chart 1). The normal rats were eontinued on the market
milk, copper, and iron diet, while the anemic ones recelved
market milk alone., The uéin& was collected under toluens
during twelve hour periods of $inme, and was aﬁaiyzad.imﬁ%di~
ately by approved metnods mentloned in the section of this
thesis devoted to analytical meihwds, Triplicate samples
weéres run in all cases, and these nere repeabed in order that
a falr gveraze mighﬁﬁbe obtained, Results of the analyses

are ghown In table ?;
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Table I

Analytical Dats for Copper and Iron Content of Rats
Fed a Mllk Ration for Twelve Vieeks
(Ave. Hemoglobin = 3.7%)

2 Wet Timssue: : 3 Mg. iron: Mg, copper
3 minus in- : Tobal 3 Total 1 per 100 3 per 100
Rat ¢ testinal : irom ¢ aupger : gm. wet : gm, wet
t tract 31 (mg.) : {(mg.) ¢+ tlssue i tissue
2 (ema.) s : 3 3
$ 3 3 3 3
’ﬁ$ H 36 -4 laeé? $ 3462 S »?5 kS QQQSﬁS
wf no.l 1 37 1 1.042 3 0.024 1 2,81 3 0.065
wf no.2 3 4% 1 1.305% & 0.020 3 3.@3 1 0.046%
wi mo.% 42 : 1,137 2 0,016 31 2,70 3 0.0381
w® no.h 3 40 : 1.000 3 0.022 3 2.§O r 0,055
we no.l : 35 t 0.970 1 0.018 2.7? 1 0.0514
wd no.2 1 43 3 1,407 3 0.02% : 3,27 s 0.056
wg no.3 35 T 1,400 3 0.012 1t 4,00 1 0.03%42
wd nodt 3§ 36 1 1.125 : 0,016 : 3,12 3 0.04%
3 % H H %
ave . H 37.8 3 1,165 : 0,0204 3 3,10 : 0.0487
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Table IX

Anaglytiecal Data for Copper and Iron ﬁaﬁ%&nﬁ of Rais
Fed Milk and Injected with 0.% mg. of Iron as

\ Perrie¢ Chlorlde in Glycerol for Eight Weeks
{¥ax. Hemozlobin = 11.2%)
t Wet tlseuesy i 3 : '
sminue in- ¢ Totsl : Total ¢ Mg iraaz Hg. copper
Rat t testinal : iron : coppér i per 100 3 per 100
t  btract ¢ (mg.) ¢ {(mze)  mm, wel i gm. wed
, t  (gms.) 3 3o b biseue 3 tlssue
% - : $ 3 %
wed no.l 92 3 9,0 % 0,086 1 9.7% 1 0,0282
w&j 3. 58 ;4 13 ¢8 4 01}%6 £ 2{31 3’.@ 4 tQ§?9
we H 83 ¢ 9.53: 0,028 : 11.47 1 0.
gd 3 102 1 12.0 1 0,025 : 11.80 3
wd no.l : 95 3 11.8 1 0.026 : 12,40 3
wo H 97 $ 174 1 0,028 1 17.95 3 028
wi H 98 :+ 14,8 3 0,026 ¢t 15.20 31 0.0267
w® no.l t 60 t 12.4 : 0.028 1 20.65% 6*953é
3 H 3 3 , % ,
BYe, 3 T9<3T7 3. },E :53{ ﬁnﬁﬂéﬁ i 3-@&95 i 349326




Table III

Analytical Data for Copper and Iron Content of Rats Fed
Hilk + 0.5 mg. Iron as Ferric Chloride and Injected
with 0,092 ¥ Hydrochlorie Ac¢lid for Elght Weeks
(¥ax. Hemoglobin = B.O%)

t Wet tissue: H : 3
: minue in- : Total ¢ Total ¢ Mge. lron: Mg. copper
Rat 1 testinal 3 iron : copper i per 100 3 per 100
t  tract ¢ {(mg.) 3 {mg.) : gm. wet : gm. wet
t  (gms.) 3 oy : tigsue 3 tissue
3 s % Il 3
wd 3 60 t 3.13 : 0.05 3 .22 1 0.083%2
gt no.ls 174 t 4,75 5 0.0 1 2,73 3 0.0575%
we’ & 108 & 3,12 : 0,04 1 2,89 10,0370
w¥ no.l 1 112 t 3420 31 0.08F 1 2,85 ¢ 0Q.0357
w$ no.2 78 1 3,85 Q;QS@ 3 4.9% 1 0.0700
we 5 78 t 3.40 1 0,06 1 4.35 1 0070
wo : 91 t 5488 : 0,036 : 6.45 30,0396
gey9 3 95 t 4.85 : 0,06 5,10 1 0.0630
H : : 3 3 - S
ave, i 104.1 : 4,06 ; 0,0457 3 4,18 i  0,0569
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Table IV

Anglytlieal Date for Copper and Iron Content of Hats
Fed HMilk + 0.5 mg. Irom as Ferrlie Chloride and
Iﬁgeat%d with 0.005 mg,. Copper as Copper
Sulfate for Zight Weeks
{¥ax. Hemoglobin = 15.5%)

t Wet tissua:

$ 3 1
¢+ mlnus In- 1 Total : Total : Mg, iron: lig. copper
Rat ¢ testinal : iron ¢ copper i per 100 ¢ per 100
t+  traet 3 (mg.) 3 {mg.) & gm, wet 5 gm. wed
i fpme.) : : 3 tissue t _ tissue
$ : 1 3 %
wd no.l s 123 H 5.839 1 0,155 & 4,75 1 0.126
we H 131 : G138 1 0.159 4 4,67 3 0.121
wo'no.2 1 126 1 5,590 : 0,1Fh 1 4,43 3 0.11%
wf no.l 3 111 : 5.644 1 0,148 1 5.07 1 0.133
wf no.2 30 1 A.372 3 Q.140 3 4,85 0.155
wf no.3 93 3 B.537 2 0.131 3 5.9% ¢ 0.141
: 1 H : s
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Tables ¥

Analytical Data Showing Comparative Composition
of Urlne ol Normal and Anemic Rats

st S1x Honthe of Age

HNormal

i __Anemie
Ave. body weight 175.7 gme ¢ 153.6 gm.
Ave, hemoclobin 16,1 % 3 6.8 7
Ave. vol. urine per rat per 24 hrsg. 25.05 cces  35.52 co.
Regetions of urine tov phenolphthalein slkaline': gl+ acid
Specific gravily L 1.0124 3 1.018
1) T rat per 24 hrE.: % of total nitrogen
Substance 3 : 3 Anemie 3 HWormal i Anemig
3 3 : , 3
Sugar - 3 none nong i :
Albumin $ 2.57. 3 2.660 3 3
Acetone bodigs ¢ 2.549 1 2.4 2 1
Indiecan H C.32 3 0.382 3 H
Chlorides y 49,344 ¢ 51.84 3 $
?a G& 3 32 ‘59 $ 33. g?? - $
Total 3504 t 1l.7F : 24,05 t
Etherial S0 : 0.0444 ¢ 1.085% 1 3
Total nitrogen ¢ 203.5 1 190.8 $ 100,00 1 100,00
Urea nitrogen 1 158413 : 163.1 t T7«70 1+ 85.80
NHg nitrogen :  31.35 : 12.67 1 15.40 1 6,66
Creatinineg : H H :
nitrogen 2,155 3 1.52 1 1.0%9 :  0.80
Creating $ s , $ H )
' nitrogzen @ 1.005 3 Q.69 3 0,493 1 0.362
Urie geld H tH s H
nitromen 0.45% 13 0426 3 0.222 31 0.224
Amino aeid : . s : , H
nitrogen 0.379 0.372 1t 0.186 1  0.19%
Indican H : H 13
nitrogen 0.0178 2 0.0213 0.0087 3 0.03112
Nitrogen unac~ § , 3 5
gounted for: 10,01 ¢ 11,28 ¢ 4.91 1 5.93



DIBCUSBSION OF RESULTS

Chart 2 shows that 1t is imposeible to produce anemle
snimels when a pan of shavings is used as a_gage floor, This
expaeriment proved that a rat may satiefy ite body reguire-
ments by using certain exereted materlals over and over,
since anemia did nolt develop in a period of elghtesn weeks.

gpecially ecollected milk of low copper content (0.2 mg.
of copper per liter) did not regenerate hemoglobin when fed
together with purified ferric chloride to anemiec rats. The
animals were not lmproved by s further addition of titanium,
manganese, nlekel, vanadlium, arsenic, germanium, zlnc,
ehromlium, tin, mersury, cobalt, silver, and gold to the low-
copper milk and iron ration. Charts 7 to 11 inclusive show
that the hemoglobin valuesdselined steadily. Uopper was
the only slement that could supplement iron in hemoglobln
building, These results do not harmonize with those of
Titus, Cave, and Hughes {62); Beard and Myers (5)(6)(7), Myers
and Beard (4%), Beard, Baker, and Myers (4), and Beard {3).
Sinece these investigators employed certified milk of an une
known copper conbent, it was assumed that a sufficient a-
mount of this element mué& have been present to casuse the

complete recoveries which they reported in snemle animals,.
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In an attempt to prove this aszumption, market milk plus pure
ified iron as ferric chloride was fed %o anemle rgts. Other
lots on the same diet wers glven manganess, nickel, arsenle,
and copper in addition. Charts 3 and 4 showed that markst
milk, whiech analyzed 0.35 to 0.44% mg. of copper per liter,
was éap&bie of building hemoglobin if iron alons were admin-
istered simultaneously. Howsver, s normal hemoglobin level
was not atiazinsd in any lot excepnting those fed copper,
which would show that there must have been otner sources of
copper contamination aglde from milk, in the experiments of
the above-mentionsd investigators. Housing in defective
galvanized iron wire cages, the feeding of impure ferrie
chlorlde, coprophagy, and the use of copper-contaminated
water for washing cages and food dishes, waald all tend to
ineresse the copper intske.

Purlfied iron as Terric chloride, when fed dalily to
either normal or anemie rats at a level of 0.5 mz. in low=-
eopper milk, produced a severe gnenmia. This faet is con-
trary to the findings of Cumningham {13), Mitehell and
Sehmidt (43), Mitchell and Vaughn (44), ﬁitc&éli and Miller
(41)(42), Beard and Myers (5)(6){7), Beard (3), Drabkin and
Waggoner (17)(18), and Drabkin and Miller (15)(16), who got
normel regeneration on the additlion of 0.5 mg. of pure lrom
to a low-copper food. Certain investigators, namely,
Drabkin and Waggoner (17}, Myers and Beard (45), Beard,
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days of age were gelected from the growing colony and put on
the diste without previously having been rendered anemlc, Iin
order to rule out asny abnormality which might enter In during
the time required to produce nutritlonal anemia.

The orel sdministration of varlous eleménts to anenle
rate on & low-copper milk and iron dist haﬁ failed to inerease
the heamozlobin value. Other investigators, previously men-
tioned, had obtalned hematopolesles with the same elements fed -
along with a low-coppér and iron ratlon. In view of thesea
confliceting opinions, it seemed expedient to injeet the me-.
tallle salts intraperitonsally and in this waj overeome any
possibility of poor absorption from the intestinal tract,-
which might prevail in severe gnemia. Rats were found to a-
dapt themselves very well to intraperitoneal injections,
when the solutions of the salts were not highly acid, and no
gbnormal condltions were apparent, The basal ration employ-
ed eonsisted of low-copper milk plus 0.5 mg. of iron as fer-
ric chloride added daily. Compounds éf‘ﬁiekel, zine, ger-
manium, manganese, vanadium, arsenie, Yitanium, selenium,
mercury, rubidium, and chromium, injected intraperitoneslly,
did not reduce the severity of the oncoming nubritional an- -
amia. Charts 13 to 16 inclusive show that copper was the
only element tested that cured anenmie rats. It was of in-

terest $0 note a primary stimulation in the case of arsenic.
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However, it was of short duration snd could not be prolonged
by large ineressgs In the amount injected.

Fontes and Thivolle (25)(26}, Hatsuoka and Nakao (38),
Okagewa and Tatsul (46), Drabkin snd Miller (15){(16), and
Stucky (55)‘rep@rﬁaé hemoglobin regensration when iron in the
reation was s&gglemaﬁté& with certain amino aclds. Trypto-
phane, histidine, afﬁinzae, tyrosine, and glutamlie acld wers
named as %xe‘matiﬁi'es; Drabkin and ¥iller pastulated the for-
mation of pyrrole rings from the suino scids whleh would form
the progthetic group in the hémagl obin molecule ». They termed
it pyrrologenesis, and ﬁtateékt&at glutanmic éciﬁ formed the
rings most readily, and was therefore thﬁ«@ogt ragenerabive
of the amino sclds. M¥ilk was used as a basal ration by
Drabkin and ¥iller, who contended that snimsls restricted to
it alone 4id nobt receive a sufficient amount of arginine,
tyrosine, and glutamlc acid to permit normal hematopolesis,
but that the sddition of T0.0 mg. of any of these amino acids
to a milk and iron ration made a complete diet for hemoglebin
regeneration. The curves in chart 17 show that tyrosine,
tryptophane, arsinine, glutamic soid, and sspartiec aecid,
when fed at 100.0 mg. levels in a low-copper milk and iron
diet, did not regemerate hamoglobln In asnemic rats.

Iron and copper have baen shown to be easantigl to keep

ap the normal hemoglobin level in the animsal body. Wwaddell,
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Steenbock, and Hart (66) reported the optimum oral dosage of
iron to be 0.5 mg. and of copper to be 0.05 mg. for the rat.
Hitchell and Miller (42) find the optimum oral dossge to be
0.25 mg, along with 0,1 mg. of copper. They also stated that
the oupper dosage could be cult down provided the iron was
increased, and algo that the iron could be diminished if the
goppar level were ralsed, in order to obtaln optimum amounts
necessary for normal hemogloblin regeneration. Since the ani-
mal body exeretes a large portlon of the ingesitsd copper and
iron, 1t was thought that intrapsritonesl administratlon
would more nesrly show the gbsoluts requirement of both sle-
ments. To accomplish this, the lron dosage was first held.
congtant and fed as the eh&av&&a in low-copper milk, whille
the ?aryiﬁg(amaunts of copper as copper sulfatﬁ‘wﬁr&‘insaeto
ad intraperitoneally. #hesn the lowest level af;acppar that
would bring the hemoglobin o s normal level was found, tﬁa
resulting copper value was held eonstant and the iron was in-
jected in varying amounts. Charts 18 to 23 inclusive, show
that 0.002 mg. of copper as copper sulfate was necessary to
bring the hemoglobin level of anemic rats to 154, although
Q.001 meg. of copper was sufficient to stlimulalte regensration.
1t waé of interest to note that a copper level of 0,.00175 mg.
sufficed to raise the hemoglobin value to 12.5%, after which
no further main was possible, although the animsls appeared
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in a normal, heslthy ¢ondition.

Ferric chloride, if injasected nt a 0.1 mg. level, caused
necrosis at the point of injection and adheelons of the in-
testines to the peritoneum, so that 1t was necessary Lo use
iron in the form of the colloldal hydroxide for injection
purposss. Charts 27 and 28 show that 0.002 mgq of copper
injected intraperitoneally with 0.1 mg. of iron are the low-
est dosages of these elements which will give complete hemo-
globin reg&neratian; The animals showed a narmal; healthy
condition, and the dark-coated ones, which had faded on be-
coming anemie, regalned thelr natural color, PFemales repro-
duced to give normal litters of living young., Growth ap-
proached the normal for a mllk, copper, and iron dlet. All
of these obasrvations tended to show that the rats were get-
ting sufficient coppar and iron to ecarry on a normal life.

Pure iron Iinjected intraperitoneally, either as the
ehloride or c¢itrate, stimulatsd hematopolesds in anemlc>aai-
mals. However, roegendration was not complete, and after the
fifth week they suffered a decling resuliing in death due to
anemia. Ferric hydroxide suspaﬁéians, either fed or injected,

had no regenerative value, although they did not produce in-

Jurious effects in the ratz. On the other hand, ferrie chlor-

ide in squeous solulions eaused necrosis of ths skin and ad-
hesions of the intestines to the peritonsum. Inanitlion was

prevalent, especlally at the 1,5 mg. level., PFerrle citrate
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or g glycervl solution of ferric chloride provided a source
of iron which did not give apparent éetrtm&nﬁal‘effaﬁ%s due
to acidity, but in none of the lots did the animals grow
normally. Charts 24 and 25 show that 0.5 ug. of purifiled
iron Injected eithsr as the chloride or citrate, gave a
maximum hemoglobin rise to about 129 in a period of six
weeks,‘inﬁiﬁating an identlcal hematopolietlic mchion.

Castle, Heath, and Strauss (1l) found that a large psr-
contage of the eases of perniclous anemia in man showed a
low hydrochlorie acld concentratlion in the stomach contenis.
From the experiments described in chart 6 it wes obvious
that 10.0 mg. of iron as ferric chloride siven orally did
not regenerate hemoglobin, although the solutlion was 3@*#@1&
as to coagulate the milk, Also the fesding of amino aclds
in hydrochloric acld solutions did not stlmulate nsmatopol-
asis. These facts show that the feeding of hydrochlorie acid
does not relieve nutritionsl anemla. However, pure hydro-
ehloric acid solutlons, intraperitoneslly injseted into ané-
mie¢ rats recelving a diet of low-copper milk with either
ferric chloride or ferrle hydroxide added, gave a risge in
the hemoglobin value, The lumprovement was traaﬁient (eﬁért
2&)’ané reached a maximum in four weeks, after which the
animals declined and died of gneasia. The insoluble ferrle

hydroxide gave the same improvemsnt as the highly soluble
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ferric chloride, when fed in the milk simultaneocusly with the
acld 1ﬁja¢ti@ns¢

Farrie hydroxide, administered sither intrapsritoneally
or orslly, gave normal regensration when low-copper milk with
copper added as copper asulfste was fed. This experiment
. proved that inselitble iron could be utilized by the animal
h&éx to bulld hemoglobin. é'@emﬁar&aon,ar the hemoglobin
eurves in chart 29 with those of chart 5 reveals a more
rapid regeneratlion when ferric chloride w%s substituted for
ferric hgéﬁﬁxiéa in the zbove exgariaﬁn&*
| Insoluble ¢opper compounds ineluding cupric sulllide,
ﬁﬁgﬁi€’h3§r$Xiéa; euprous oxide, snd cuprous lodide, ﬁhﬁn in-
3aa%e§.1n§ra§sr1tﬂaaallg into anenmie rats fed on 1@%*&#@9&?
milk with iron ae ferric chlorlide added, cured nutritional
anemia. Results found in charts 30 %o 32 inclusive showed
that copper in the form of a sulfide requirsd four times the
dosage of copper hydroxide. It seemed possible that the staw
bility of copper sulfide might account for the difference, if
the body were requlred to convert 1% to anothsr copper come
pound preparatory to its utilizatlon. Cuprous copper, éelither
as the oxide or lodlde, mgave results comparable with cuprie
hydroxide; this shows that elther the body oan oxldlze cop-
per to a divalent state, or that monovalent copper can funo-

tion in assisting iron to form hemoslobin.
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The work of Gogrner {27) showed that the colloldagl forme
of copper snd iron cannot be utilized for hemoplobin forme-
tion in anenmie rats. He stated that orystalline salts of
either copper or manganesa'sﬂpplameﬁ$a§ ferric ehloride in
building nenoglobin. Resulis shown in charts 33 and 34 do
not coineide with the data submitted by Goerner, for when
the wolloldal hydroxides of copper and iron were elther fed
or injected intraperitonsally, a normal hamag&aﬁin level was
attained, However, optimum Injécted gmounts of copper sul-
fzte and colloidal ferrlc hydroxide, as shown in chart 27,
requlired twelve weeks to bring the hemoglobin tﬁ;lﬁ%, whereas
the substitution of aayg&r~a&if&te by eailg&&gl.éaﬁria hy -
drozide slowed ﬁéwn hematopoissis, sﬂ.zhaﬁ’eighieen wesks
were netessary to produce the pame regulis.

A aamparismn of the snalyblcal data presented in table
I with that of table IV ghows that animels can be maﬁe to
deplete in a measure thelr copper and iron storgs by withe-
holding these elementes from the basal dlet. Table II pointe
out ths faet thalt intraperitoneally injected lron ia‘&tarea
by the animal body, and that the copper content falls to =
low level when hemoglobin is regenersted upon a low-copper
milk dilet. In table III the Iron storsge 1lg not as grest
when sdministered orally and the Intraperitoneal hydrow-

chlorie acld Injectione do not lower the copper conbtent as
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much a8 iron administered in a simlilar manner, HNeliher was
the hemoglobin titer as high as in the pase of Intraperiton-
gal iron injsctions.

Table V ghows a higher oulput of phosphorus, totsl sul-
fates, snd etherlal sulfates in the urine of milk~fed anenmic
rats than in that of aninals of a novmal hemoglobln content
maintained on milk plus coppser and iron. The exereted phos-
phorus comes from the food znd also from tissue catabolism.
In snemia the animals tend to become emaciated with & notice-
able wasting away of the muscles, which would give rise to a
large phosphorus excrebion from the metabollism of nuclele
acids,. Bulfate exeretions likewlse arise from increasgsed de-
composition of body proteins, and would wm m%@mmwmm to rise
during a loss of welght in an enimal. Etherlal sulfates
semetimes indicate intestinal pubrefaction, whiech glives rise

to aromatic bodles and, later, conjugated sulfates.



SUMMARY AND CONCLUSIONS

Hutritional anemis can be induced within s period of
gix weeks in rats housed in galvanized irﬁmvwirﬁ cages with
sereen floorg, and fed a milk dlet, Anemia does not develop
in eighteen weeks if a pan of shavings 1s used instesd of a
sereen floor, since the animals utilize the sxereted irom
and ecopper over and over,

Harket milk cannot be used as a lows~copper raktion in
studies on nutritlonal anemia, since 1is average coppar con=-
tent of 0.4 mg. per liter is high enough to givs partial
heaatopolesis, Specisl milk, collested direcily into glass
eontaliners, with an average copper content of Dl mge pér
liter furnishes a successful diet for a&im&is used in anemia
experiments. 7 |

Pure iron salts will not regenerate hemoglobin in anemie
rats when fed at twenty times the optimum (0,5 mg.) oral
dosage, However, 1f 0.5 mz. of iron as ferrie chloride plue
0,05 mg. of copper as copper sulfate is sdded to a ration of
low-copper milk, complste regensration r@&ﬁlts'&agiﬁa of six
waakg, Furthermors, iLhe épéaﬁ of hematopolesis is inereased
by the amount of copper Ilngesied when 0.5 ng. afyirﬁn as for
rie chloride is fed, for if the c¢opper level is incressed to
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0.5 mg. a normal hemoglobin value results in two weeks. Ome
milligrenm of coppéer as vopper sulfalte will glve the same re-
sults as 0.5 mg. of that element,

Inorganic compounds of {itaniug, manganese, vanadium,
arsenic, germanium, zine, chromium, tin, mercury, coball,
silver, and gold, when fed dailly at levels of either 0.05 or
0.1 mg. of the element tomether with 0.5 mg. of iron ag fer-
rie chloride in low-copper milk, do not aet as hemotinies.

Helther zinec nor magnesium, when added at levels of
gither 0.5 mg. or 1.0 ng. to a basal ration af low-copper
milk and iron, hastens the onset of nuiritlonal anemia.
Therefore, 1% ia concluded that the elemenis zine and mag-
nesium do not retard hemoglobin formabion.

Intreperitoneally injected inorganie compounds of nleckel,
zine, germanium, mangansse, vanadium, arsenie, titanium,
selenium, mercury, rubidium, and chromium will not cause
hemoglobin formation. Of gll the elements tested dither by
orgl or intraperitonesl administration with sufficlent irom
furnished orally, copper was the only element which could
supplemsnt iron Iin hematopolesis. 3Sinee none of the elemenia
which have a periodiec relationship %o copper ¢an replace it
ag a supplement to iron in hemoglobln regeneration, it is
concluded that copper occuplies a unidque position in this re-
spect.

The apddition of tyrosine, itryptophane, arginine, glubamle
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acid, or aspartiec geid to & low~copper milk and iron diet
will not improve the conditlon of anemis rats. From these
results, it 1s evident that milk is not lacking In amino
aclds mmmawwwww«wm% protectlion againsat nutritional anemia.

A dally intake of 0,002 mg. of copper as copper sule
fate given wwwwm@m%wwazm%www is the nminlmum amount of thie
element which will restore a normal condition in anemic rate
maintalned on a dlet of low-copper milk with e dally addi-
tion of 0.5 mg. of iron as ferric aww@wH@wQ

Intraperitoneal injectlions of lron glone, either as
the chloride or cltrate, wlll stimulate hemoglobin regener-
ation for s time in anenic rats fed mﬁam@mwﬁaww on low-copper
milk. The improvement is not permaneni, and the rats dle of
anemia., Ferrlie hydroxide similarly administered doss not re-
ganerais.

Solutlions of hydrochloric acid show regenerative proper-
ties when injected intraperitonsally into rats suffering with
nutritional anemia, and fed on a low-copper mllk and iron
ration., However, ths hemoglobin vslue declines after four
mm@waw and there is s lapse into the former aawmwmwam,.

The rat requirement of coppeér and iron, when both are in-
Jected intraperitoneally and simultandously, 1s 0.002 mg. of
coppar as copper sulfate and 0.1 mg. of iron zs colloidal

ferric hydroxide daily. 4nemie animals on a low-copper milk
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diet are rendersd normal in six weeks after begluning the in-
Jeetions., Further proof that this dosage is adequate is the
fact that dark colored anlmels, which have faded in color due
%a«anamia;'vegain the natural pigmentation, and reproductlion
takes place.,

Ferrie hydroxide, slther ass a suspenaion or in colloldal
solution, is utllized as a source of iron in anemie rats
when injected intraperitoneally, if small smounts of copper
are administered at the same time by injection or feeding.
The iran compounds may be fed, and copper glven intraperi-
toneally or orally to cure nutritional enemis.

Cuprie sulfide, cupric hydroxide, cuprous oxide, and
cuprous iodide are all insoluble forms of copper and, when
injectad inteo anemie rats fed on a low-copper milk and iron
diet, will cure the anemia. They are not as avallable as
eopper in the form of the soluble sulfate, aiﬁ;éef 8 lenger
time is nesesgsary to bring badék a normal condition.

Golloidal eupric hydroxide, fsd along with colloidal
ferric hydroxide in optimum amounts to anemie rais on a low-
gopper milk diet, will bring the hemoglobin value to normal.
‘These same compounds when injected intraperitonsally eomplete-
1y cure nutritional anemia at dailly levels of 0.002 mg. of
gopper snd 0.1 mg. of iron., Howsver, e&llaiﬁaibaa§§ﬁrrané

iron solutions glve a slower rate of regenerastion thsn do
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RESULTS OF COPRPPER AND IRON INJECTIONS
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RESULTS OF COLLOIDAL HYDROXIDE INJECTIONS
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