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Hypoferremia is one of the most consistent fea-
tures of the anemia associated with chronic infec-
tions in man (1). By what mechanism infection
produces hypoferremia is not known. It has been
reported previously that in dogs an acute, transient,
hypoferremia of pronounced degree develops fol-
lowing the experimental production of an infected
(staphylococcus) or a sterile (turpentine) intra-
muscular abscess (2). Since sterile abscesses pro-
duce hypoferremia, it is evident that bacteria and
their products are not essential for the reaction.
It has, furthermore, been possible to demonstrate
that in dogs the intravenous injection of colloidal
thorium dioxide is associated with a pronounced
hyperferremia and that following the injection of
thorium the hypoferremia-producing effect of tur-
pentine does not develop (3). It would appear,
therefore, that in infection the reticulo-endothelial
system is stimulated to store iron.

By the use of intravenously injected radioactive
iron, it has been shown that the utilization of iron
for hemoglobin synthesis is impaired in the pres-
ence of infection (4, 5). Furthermore, the ad-
ministration of extremely large amounts of iron
intravenously in man fails to relieve the anemia
and the hypoferremia persists (6). There is a
reduced uptake of iron by the heme of the red blood
corpuscles and the iron is diverted mainly to the
liver and spleen (7). This would seem to indicate
that whatever the mechanism whereby the low
level of iron in the plasma is produced, it is ex-
tremely powerful and cannot be easily overcome.

The purpose of the experiments reported here
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Public Health Service 1949-50.

was to study further the mechanism by which in-
flammation produces hypoferremia in dogs.

METHODS

In these studies approximately 200 male and female
mongrel dogs weighing between 10 and 15 kg. were used.
Of these 65 were adrenalectomized. The animals were
fed Purina Dog Chow and allowed water ad libitum ex-
cept during the experimental procedures, at which time
they were fasted.

Adrenalectomies were performed in one stage. The
dogs were anesthetized with 5 per cent nembutal intra-
venously, and the adrenal glands were exposed and re-
moved through the transabdominal approach. Sterile
precautions were used throughout the procedure.

At the beginning of the operation the dogs were given
an intramuscular injection of 5 ml. of aqueous or 0.5 ml.
of lipo-adrenal cortical extract, and a similar dose was
given on its completion. Desoxycorticosterone acetate
was found to be of little supportive value at this stage and
dogs supported with this steroid during the operative
procedure invariably failed to survive adrenalectomy.
During the operation the animals received an intra-
venous infusion of 250-500 ml. of 5 per cent dextrose in
normal saline. Dogs of medium size survived adrenalec-
tomy best. For the first three days following the opera-
tion, the dogs were given 0.5 to 1 ml. of lipo-adrenal or
5 ml. of aqueous adrenal cortical extract intramuscularly
daily. After this they were given 0.5 ml. of lipo-adrenal
cortical extract every two or three days. No extract was
given for at least 48 hours before the start of an experi-
mental procedure. At one period during these experi-
ments, the supply of adrenal cortical extract was limited
and the dogs were maintained postoperatively on 1 mg.
desoxycorticosterone acetate intramuscularly every day.

For the first week postoperatively the dogs were fed
a diet of rolled oats to which sodium chloride, sucrose
and milk were added. Thereafter, they were given a
Purina Dog Chow diet with a 0.9 per cent solution of
sodium chloride to drink.

All glassware used for the collection of blood samples
and for the determination of plasma iron was carefully
cleansed with acid and washed three times with water
double distilled in an all glass distillation apparatus. Ve-
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nous blood samples were drawn into all glass syringes and
placed in 15 ml. centrifuge tubes to which two drops of
20 per cent potassium oxalate had been added previously.
The plasma was then separated by centrifugation and the
iron estimation made by a modification (8) of the method
of Barkan and Walker (9), the Beckman spectrophotom-
eter being used.

To estimate the errors introduced by differences in
venipuncture samples, the handling of the blood and the
iron estimations themselves, four consecutive samples
were drawn in four separate venipunctures from each of
five dogs. The time which elapsed from the taking of
the first sample and the last did not exceed five minutes.
Dogs with a wide range of plasma iron levels were chosen
for this experiment to see if the level affected the degree
of variability within a single dog. Table I gives the re-
sults obtained. The standard error of a single determina-
tion was calculated for these results

(s,D,=\’M’
n-—1

and was found to be = 3.7 ug. per cent.

In the earlier experiments, samples were taken for iron
estimation immediately before an experimental proce-
dure and at intervals throughout the 24 hour period.
Additional samples were then taken at 48, 72 and 96 hours.
In subsequent experiments samples for iron determinations
were restricted to one immediately before an experimental
procedure and one at six, eight and 24 hours following
this. Portions of these samples, collected in a mixture of
ammonium and potassium oxalate, were used for the de-
termination of the volume of packed red blood cells and
for cell counts. Total leukocyte counts, differential blood
cell counts and absolute eosinophil counts were made im-
mediately before an experimental procedure and at two,
four and six hours following it. These were carried out
in the hope that they might serve as indices of adreno-
cortical activity (10-12). Total white and differential
blood cell counts were carried out by routine methods.
The differential cell determinations were made on dupli-
cate cover slip preparations. 200-500 cells were examined
for each count. Absolute eosinophil counts were made
by the phloxine propylene glycol method (13). Dupli-
cate counts were made in 16 squares of a Fuchs’ Rosen-
thal counting chamber of 0.2 mm. depth.

TABLE I

Variations in the plasma iron in four comsecutive samples
from five dogs
Values are in ug. per cent
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TABLE 11

Variations in the total white blood cell counts per c.mm. in
Jour consecutive samples from six dogs

Dog number
1 2 3 4 5 6
1 13,400 | 9,600 | 8,350 | 6,800 | 7,900 | 23,100
2 14,000 | 9,600 | 9,000 { 6,700 | 6,250 | 23,750
3 13,900 | 8,800 | 9,250 | 8,300 | 8,200 | 23,300
4 14,250 | — 7,450 | 8,400 | 8,750 | 25,300

To determine the variations which might be attributed
to technical factors in making the absolute white cell and
eosinophil counts, four consecutive samples were drawn
into double oxalate with four separate venipunctures from
each of six dogs. The time which elapsed from the tak-
ing of the first sample and the final one did not exceed
five minutes. The results obtained are given in Tables
II and IIL

It is obviously not possible to compare absolute values
for white blood cell counts of one animal with those of
another. However, if the changes are expressed in pro-
portion to the original count, it is possible to compare
these percentage changes from animal to animal. The
standard error of a single determination of the total
white blood cell count has been calculated from the data
in Table II and found to be =9.1 per cent.

The standard error of a single determination of the
absolute eosinophil count, calculated from the results in
Table III gives a value =% 10.3 per cent.

In the differential cell count the white blood cells were
divided into four types: polymorphonuclear cells, eosino-
phils, lymphocytes and monocytes. The absolute number
of each type of cell was determined by multiplying the per
cent of each cell in the differential count by the total
number of white blood cells. The absolute numbers of
each type of cell subsequent to an experimental procedure
were then expressed as a percentage of the initial level.
The observed changes in the monocyte counts appeared
to have no definite trend and these have been excluded
from the results.

All data have been treated statistically where possible.
The standard error of the mean has been calculated and
is given with mean values. The t test has been used to
estimate the significance of differences between groups.

TABLE III

Variations in the absolute eosinophil counts per c.mm. in
Jour consecutive samples from six dogs

Dog number — Dog number
Sample Sample
1 2 3 4 5 1 2 3 4 H 6
1 74 56 59 292 112 1 294 169 56 406 506 500
2 7 59 56 290 107 2 284 120 44 447 |. 494 547
3 78 .55 64 290 112 3 288 138 50 383 444 512
4 73 50 68 290 102 4 278 —_ 38 413 525 531
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RESULTS
Studies in Intact Dogs

The effect of taking blood samples and of a single
injection of normal saline on the plasma ron. To
evaluate the part played by the taking of blood
samples on variations of the plasma iron, and also
to measure the variations with the time of day,
five dogs were bled at regular intervals during the
day and three dogs were given 5.0 ml. saline intra-
muscularly and also bled after the initial sample
had been drawn (Figures 1 and 2). There was
no difference in the variations observed in those
dogs which received no treatment and in those
which received the injection of saline. Both groups
may therefore be considered as belonging to the
same population. In seven dogs there was some
lowering of the plasma iron level between six and
eight hours after the initial sample, the mean per
cent decrease for the group being 24 =6. The
iron level of one dog rose during the day. The
levels of all eight dogs returned to their initial
value at the end of 24 hours. It is interesting to
note (Figure 1) that the per cent decrease in the
plasma iron of four dogs was approximately 50
and that in the other four the range was from 0
to — 17, the latter values being for the most part
within the variations to be expected with the ex-
perimental methods used. This point and the cor-
relation between these changes and those observed
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Each point represents the maximal decrease in the
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in the cellular elements of the blood will be dealt
with in greater detail in the discussion.

The effect of turpentine on the plasma iron. In
earlier studies it was shown that the intramuscular
injection of 5 or 10 ml. of turpentine (rectified oil
of turpentine, Rexall, USP) was followed by
characteristic changes in the plasma iron (2, 3).
The level of iron was significantly lowered in 24
hours and reached its lowest values within 24 to
48 hours, the mean per cent decrease being 78 = 3.
This hypoferremic phase was followed by a hyper-
ferremic phase of brief duration, after which the
plasma iron returned to normal. Similar results
have been obtained in this investigation following
the injection of 1.0 ml. (in seven dogs) and 0.5 ml.
(in 11 dogs) of turpentine. After 24 hours these
amounts produced mean decreases in the plasma
iron level of 82 = 5 and 65 =% 4 per cent, respec-
tively (Table IV). The percentage decrease fol-
lowing the injection of 1.0 ml. and of 0.5 ml. of
turpentine for each individual dog is plotted in
Figure 1.

The effect of histamine on the plasma iron. A
single intramuscular injection of 25 mg. of hista-
mine in aqueous solution was associated with



164

CARTWRIGHT, HAMILTON, GUBLER, FELLOWS, ASHENBRUCKER, AND WINTROBE

TABLE IV
The hypoferremic effect of a variety of agents in intact and adrenalectomized dogs
Initial P.I. Lowest sub D inP.L Per cent decrease | Lime
Su ce No. of ug. per cent P.L ug. per cent ug. per cent in P.I. injection
injected Group | “dogs
Mean| S.E. Range | Mean| S.E. | Range | Mean| S.E. | Range | Mean| S.E. | Range | Hours
Histamine Intact 7 | 149 | £17(102-234| 55 |+ 8)20- 83| 94 | +18(23-178| 61 | +8 |22-81 8
25 mg.
Adrenal Intact 5 | 145 | £17|103-195| 72 | 411 [48-113| 75 | =14 [47-125| 50 | &5 |42-72 8
cortical
extract
Turpentline Intact | 10 | 174 | £11|110-229| 38 | & 2(22- 45| 136 | 12 65-194 | 78 | =43 |59-80| 24
5.0 ml.
Turpentine | Intact 7 | 169 | 21| 64-253| 25 | 1]20- 30| 145 | =22 (36228 | 82 | +5 [56-90| 24
1.0 ml.
Turpentine | Intact | 11 | 130 | &=14| 63-216| 43 |+ 5]23- 91| 86 | 412 |27-174| 65 | +4 [43-85| 24
0.5 ml.
Turpentine | Intact | 11 | 130 | 414 | 63-216| 89 | 14 |36-177| 41 | 10| 0- 93] 32 | =7 | 0-72 8
0.5 ml. Adect. 5 | 114 | 20| 66-154| 91 | 20 (46-147 | 24 | 4 4{12- 35| 22 | +5 | 5-30 8
Epinephrine | Intact | 18 | 136 | & 9| 53-190| 61 |+ 5|33-119| 75| 8(20-126| 53 | +3 |32-74 8
2.0 mg. Adect. 9 | 113 | 15| 38-191| 85| +:14|28-160| 29 |+ 7| 0-58 | 26 | +6 | 047 8
ACTH Intact 7 | 160 | 23| 84-274| 79 | 8|55-117| 82 | 420 (23-157| 47 | +7 |24-71 8
25 mg. Adect. 6 | 107 | £13] 63-145| 99 | =11(51-122| 11 |+ 4] 0-26 | 10 | =3 | 0-19 8
Saline Intact 8 | 127 | 414 79-195| 101 | =13 |60-157| 32 | 11| 0-76 | 24 | +6 | 041 8
5.0 ml. Adect. | 11 68 | = 8| 41-124| 70 | =17 (48-115 4|+ 2] 0-15 5| x£3| 024 8

changes in the plasma iron similar to those which
followed the injection of turpentine. They dif-
fered from those which followed turpentine in that
the maximum hypoferremia occurred within six
to eight hours instead of 24 to 48; at 24 hours af-
ter histamine injection the iron level returned to
its previous level or was in the brief hyperfer-
remic phase. The mean per cent decrease in the
plasma iron of seven dogs at six to eight hours
after histamine injection was 61 = 8 (Table IV).
Figure 2 is a representative example of the change
in the plasma iron level following the injection of
histamine while the decreases for each individual
dog are given in Figure 1.

Repeated intramuscular injections of 20 mg. of
histamine in aqueous solution were given to two
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dogs over three days. Both dogs received an in-
jection of histamine at 9:00 a.m. and at 4:00 p.m.
on each of three days. The first injection of
histamine was followed by a marked decrease in the
plasma iron level of the two dogs. Twenty-four
hours after the initial injection of histamine the
level showed a tendency to revert to its previous
value. The level of iron at 48 hours, with the one
exception, remained lower than the value prior
to the first injection of histamine. At 65 hours
after the last injection the levels of iron in both
dogs were considerably greater than the initial
values and reverted to the initial levels some 24 to
48 hours later. These results are shown in Figure
3. During the period of the repeated injections of
histamine the volume of packed red cells of both
dogs remained constant.

The effect of epinephrine on the plasma iron.
A single intramuscular injection of 2.0 ml of
1: 1,000 epinephrine in aqueous solution to 10 dogs
and of 2.0 ml. of 1: 500 epinephrine in oil to eight
dogs was followed by a hypoferremia similar to
that resulting from histamine (Figure 2). Maxi-
mal hypoferremia occurred between six and eight
hours after the injection. The plasma iron after
24 hours returned to its pre-injection level or
higher. There was no difference in the time, and
no correlation between the extent of the alteration
of the plasma iron produced by the two doses and
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the preparations of epinephrine used. The mean
per cent decrease in the plasma iron level was 53
3 (Table IV). The decrease for each dog is
plotted in Figure 1.

The effect of anaphylactic shock on the plasma
iron. The single intravenous injection of 10 ml.
of horse serum to a dog, which two weeks pre-
viously had received 10 ml. of horse serum intra-
venously, was followed by a 20 per cent decrease
in the plasma iron at seven hours. The plasma
iron level returned to its pre-injection level within
48 hours. Within a few minutes after the injec-
tion of the horse serum the dog showed consider-
able reaction including urination and defecation.
Fourteen days later a second intravenous injec-
tion of 10 ml. of horse serum was given to the
same dog. This was followed by a severe reaction,
and seven hours later the plasma iron decreased
58 per cent below its initial level. At 24 to 48
hours the concentration of plasma iron had re-
turned toward the pre-injection level. Seven
weeks later the same dog was given a third in-
travenous injection of 10 ml. horse serum. This
time the dog showed only a slight reaction but
seven hours following the injection the level of
iron had decreased 80 per cent, to return to its
pre-injection level at 48 hours. The effects of
the three injections of horse serum are shown in
Figure 4.

The effect of fracture of the femur on the plasma
iron. Two dogs were anesthetized with 5.0 per
cent sodium pentobarbital. It had been found in
nine dogs tHat sodium pentobarbital anesthesia
had an effect on the plasma iron identical with that
of mild stress or the intramuscular injection of
saline, the mean per cent decrease at six to eight
hours being 22 = 10. Following fracture of the
femur under anesthesia, the plasma iron level de-
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creased 39 and 33 per cent, respectively, in the two
dogs at seven hours but maximal hypoferremia oc-
curred at 24 hours, at which time the decrease was
75 and 46 per cent, respectively. The level of
plasma iron then rose again at 48 hours and at 72
hours was approaching its pre-fracture level (Fig-
ure 5). Thus in their temporal relationships the
alterations in the plasma iron level produced by
fracture resemble those produced by turpentine,
rather than those produced by histamine, epineph-
rine or mild stress.

The effect of miscellaneous “stresses” on the
plasma iron. The single intramuscular injection
of 5 ml. of formaldehyde in one dog was followed
in seven hours by a 46 per cent decrease in the
plasma iron level. Four dogs were kept for eight
hours at — 20° C. The stress of cold had no con-
sistent effect on the level of plasma iron.

The effect of adrenal cortical extract on the
plasma iron. Five dogs were given single injec-
tions of adrenal cortical extract. Two received 30
ml. of lipo-adrenal and one 60 ml. of aqueous
adrenal cortical extract intramuscularly. The re-
maining two received 40 ml. and 120 ml. of aqueous
adrenal cortical extract intraperitoneally, the al-
cohol having been removed previously. The vari-
ations in the doses and routes of administration
used did not produce discernible differences in
the variations in the plasma iron level. As with
histamine and epinephrine maximum hypoferre-
mia occurred between six and eight hours after
the injection, the mean per cent dgcrease for the
five dogs being 50 = 5 (Table IV). The level of
iron returned to its previous value or higher at 24
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hours. A typical response is shown in Figure 2
and the individual decreases for the five dogs are
plotted in Figure 1.

The effect of adremocorticotrophic hormone
(ACTH) on the plasma iron. A single injection
of ACTH was given to five dogs. Of these, two
received the injection intramuscularly and three
intravenously. The dose for all five was equivalent
to 25 mg. of Armour’s standard (LA-1-A) dis-
solved in 5 ml. normal saline. An additional two
dogs were given a dose equivalent to 60 mg. of
Armour’s standard (LA-1-A) given intravenously
in five divided doses at 30 minute intervals for
two hours. The changes in the plasma iron level
were similar for all seven dogs and they will be
considered as a group. There was a maximal drop
in the plasma iron of all dogs between six and eight
hours after the last injection of ACTH, the mean
per cent decrease being 47 = 7 (Figure 1). This
was followed, as with histamine, epinephrine and
adrenal cortical extract, by a return of the iron to
its pre-injection level or to a slightly higher level
after 24 hours (Figure 2).

The effect of Dibenamine (N, N-Dibenzyl-8-
Chloroethyl-Amine-Hydrochloride) on the plasma
iron. Three dogs were given a single intravenous
injection of 20 mg. per kg. of body weight of Di-
benamine in 30 ml. of 0.9 per cent solution of so-
dium chloride. The animals showed signs of cen-
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tral excitation with tremors and vomiting within
30 minutes. Another three dogs received the same
dose of Dibenamine in a 200 ml. infusion of 0.9 per
cent solution of sodium chloride over 10 minutes
and showed some excitation but this had no un-
toward results. The effects of the injection of Di-
benamine on the level of plasma iron were identical
for both groups. Within one hour following the
injection, the level of the plasma iron began to rise
and a maximum increase was reached at approxi-
mately two hours after the injection of the drug,
the mean per cent increase over the initial iron
level being 59 = 4. At six hours following the in-
jection the level of iron had fallen towards the pre-
injection level and at eight hours it was below this
level, with a mean per cent decrease of 30 =+ 3.
At 24 hours the hypoferremia was maximal, the
mean per cent decrease from the initial iron level
being 60 == 5; this was followed by a return to-
wards the control level at 48 hours. These re-
sults are shown in Figure 6.

Following the intravenous administration of 5
mg. per kg. of body weight of Dibenamine in 200
ml. of 0.9 per cent solution of sodium chloride to
three dogs there were no demonstrable signs of
central excitation. The plasma iron level rose in
all three dogs within the first two hours following
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the injection but the hypoferremic phase which
usually took place between six and eight hours
after stress occurred only in one dog, the other
two showing moderate hypoferremia at the 24
hour period (Figure 7). The differences in the
variations in the plasma iron level produced by the
two doses of Dibenamine will be correlated with
the changes noted in the cells. The significance of
this correlation is considered in the discussion.
The effect of epinephrine following the adminis-
tration of Dibenamine on the plasma iron level.
A single intramuscular injection of 2 mg. of epi-
nephrine in aqueous solution was given to six
dogs. Three of these had previously received 20
mg. per kg. of body weight of Dibenamine, while
the other three received 5 mg. per kg. of body
weight of Dibenamine. The epinephrine was given
to one dog from each dosage group at 24, 48 and
72 hours after the administration of Dibenamine.
In all six dogs the injection of epinephrine was
followed by a decrease in the plasma iron level
which was maximal between six and eight hours
after the injections. At 24 hours the iron level
showed a tendency to revert to its pre-injection
value (Figure 8). The mean per cent decrease
in the plasma iron below the initial levels was
61 = 5. This is very similar to the decrease fol-
lowing the injection of epinephrine in otherwise
untreated intact dogs. Thus Dibenamine failed to
block the hypoferremic effect of epinephrine.
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Studies in Adrenalectomized Dogs

The effect of adrenalectomy on the plasma iron
level. A minimum of one week was allowed to
elapse following adrenalectomy before a dog was
used in an experiment. The mean initial plasma
iron levels were all lower in the adrenalectomized
group than in the corresponding intact group
(Table IV). However, in only one group was
the decrease significant and this was in the mildly
stressed group (P = < .001). The dogs in this
group were maintained largely on desoxycorti-
costerone acetate and not on adrenal cortical
extract.

This tendency to a lowering of the plasma iron
level following adrenalectomy would have been
more marked if several adrenalectomized dogs,
whose pre-injection plasma iron levels were very
low, had not been excluded from the results in
order that the initial iron levels of intact and
adrenalectomized groups might be more compar-
able.

The effect of mild stress on the plasma. sronm.
Samples were taken from three adrenalectomized
dogs at regular intervals throughout the day and
eight adrenalectomized dogs were given 5 ml. of
0.9 per cent sodium chloride solution intramuscu-
larly. The effect on the plasma iron level of all
dogs was identical and, in contrast to the changes
noted in intact dogs, the plasma iron levels showed
no significant change (Figure 9). The maximum
mean per cent decrease noted was 5 = 3 which is

8 HOURS AFTER

SALINE AC.TH, EPINEPHRINE TURPENTINE
o[ Sal. 25m 2mg., o.sml.

St [ . A .1
-20 | . - - LI .
s . .
230 - . . 2. o
daoffec, M ..‘ . . .
=zso} IR
- . *e *
:N - . ¢ e o .
& .
= 101 0 PR .
Zgol
»

90|

100 INTACT] ADECT INTACT | ADECT INTACT | ADECT INTACT| ADECT

F16. 9. THE MAxiMaL HyporerreMIA-ProbucIiNG EF-
FECT OF MILD STRESS (SALINE), OF THE INTRAMUSCULAR
INJECTION OF 25 MG. oF ACTH, 2 MG. oF EPINEPHRINE
AND 0.5 ML. OF TURPENTINE IN INTACT AND ADRENALEC-
ToMIZED DocGs :

Each point represents the maximal decrease in the
plasma iron of an individual dog.
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within the experimental error of the methods used.
There was a significant difference between the in-
tact and adrenalectomized dogs in the decrease in
plasma iron in pg. per cent (P = < .001) and in
the percentage decrease in the plasma iron follow-
ing mild stress (P = < .01). Thus adrenalectomy
abolished the hypoferremic effect of mild stress.

The effect of turpentine on the plasma iron.
The intramuscular injection of 1 ml. of turpentine
in two adrenalectomized dogs resulted in their
death within six hours. The dose was therefore
reduced to 0.5 ml. Five dogs survived this dose
until eight hours after the injection but only two
survived for 24 hours. Of these two survivors,
the iron level of one showed a 48 per cent decrease
from its pre-injection value, and the level of the
other showed no change. The latter is the only
dog in our series in which the intramuscular in-
jection of turpentine did not produce hypofer-
remia (Figure 10). An additional adrenalecto-
mized dog was given a single injection of 0.5 ml.
of turpentine, this animal being supported through-
out the 24 hour period with three intramuscular in-
jections of 5 ml. of aqueous adrenal cortical ex-
tract. We had previously found, in two intact
dogs, that the single intramuscular injection of 25
ml. of aqueous adrenal cortical extract was not
sufficient to cause a lowering of the plasma iron.
In this dog the injection of turpentine was fol-
lowed by a fall in the plasma iron level at 24 hours,
comparable with the mean per cent decrease ob-
tained in the intact dogs. These results are shown
in Figure 10.

It can be seen from the scatter diagram in Fig-
ure 9 that there was no significant difference be-
tween the level of the plasma iron of intact and
adrenalectomized dogs at eight hours following
the injection of turpentine. It should be noted
that maximum hypoferremia with turpentine does
not occur until 24 hours after its injection.

The effect of adrenocorticotrophic hormone on
the plasma iron. A single intramuscular injection
of 25 mg. ACTH in 5 ml. of 0.9 per cent solution
of sodium chloride to six dogs was not followed
by any significant change in the plasma iron level
(Figure 9). The maximum mean per cent de-
crease was 10 =3 which again was within the
experimental error of the methods used. There
was a significant difference between the intact and
adrenalectomized dogs in the decrease in the plasma
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iron expressed in pg. per cent (P = .01) and in
the percentage decrease in the plasma iron follow-
ing ACTH (P = < .001). Thus ACTH had no
hypoferremic effect in the absence of the adrenal
glands.

The effect of epinephrine on the plasma iron.
A single injection of 2 mg. of epinephrine in
aqueous solution was given intramuscularly to
nine adrenalectomized dogs. Following the in-
jection of epinephrine there was a decrease in the
level of plasma iron which was maximal between
six and eight hours and returned to its pre-injec-
tion level within 24 hours. The mean per cent

+10

0
e- 101
2- 20-
& <—ADECT +A.C.E.
e-30

Iron

ADECT——

2s.0,
INTACT—

25.0,

1 1 ] 1 1 ]
0 4 8 12 16 20 24
Hours after 0.5ml Turpentine LM.

F16. 10. THE MEAN PEr CENT CHANGE IN THE LEVEL
oF THE PLasMA IroN oF 11 INTACT DOGS FOLLOWING THE
INTRAMUSCULAR INJECTION OF 0.5 ML. oF TURPENTINE,
wiTHE A LINE INDICATING THE 95 PEr CENT RANGE OF
MaxiMAL HYPOFERREMIA AFTER 24 Hours

The changes in the plasma iron of an adrenalectomized
dog which survived the intramuscular injection of 0.5 ml.
of turpentine and of another adrenalectomized dog which
was supported with 15 ml. of adrenal cortical extract.
during this period are also shown.

decrease in plasma iron for the group was 26 = 6
(Table IV). This decrease was significantly dif-
ferent from that obtained in the intact dog follow-
ing epinephrine (P = < .001). This decrease
was also significantly different from the effect of
mild stress and saline in the adrenalectomized dogs
(P =< .01). Thus epinephrine produced a sig-
nificant hypoferremia in the absence of the adrenal
cortex, but this was significantly less than that
which was obtained in the intact dog. This is
shown in Figure 9.

The effect of adrenocorticotrophic hormone, col-
loidal thorium dioxide and adrenalectomy on the
rate of the removal of colloidal saccharated oxide
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of iron from the plasma. An intravenous injection
of saccharated oxide of iron (SKF brand) equiva-
lent to 10 mg. of elemental iron per kg. of body
weight was given to four groups of dogs. These
consisted of an intact untreated group of four dogs;
an intact group of four dogs given 10 mg. ACTH
before the injection of the iron and at 6, 12, 24, 30
and 36 hours following its administration; an
adrenalectomized group of three dogs; and an in-
tact group of four dogs which had received intra-
venous injections of 2 ml. per kg. of body weight
of colloidal thorium dioxide (Thorotrast, Heyden
Company, New York City) for three consecutive
days, the iron being givén 24 hours after the last
injection of the thorium. Blood samples for the
estimation of plasma iron were drawn immediately
before the injections of the intravenous iron and at
10 minutes, 8, 24, 48, 72 and 96 hours following it.
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TABLE V
White blood cell counts per c.mm. in intact and
adrenalectomized dogs
Intact Adrenalectomized
Cells .
No-of | Mean +-5.0. |No-of | Mean +5.D.
Total "64 1{12,940+3,600 24 |12,8003,900
Neutrophils 59 | 9,300+3,000| 24 | 8,000+2,650
Lymphocytes | §9 | 2,528+1,160| 24 | 3,100+1,460

In the four groups of dogs the iron was re-
moved most rapidly from the plasma of the dogs
given injections of ACTH and most slowly from
the plasma of the adrenalectomized dogs. The
rate of disappearance of iron from the plasma of
the intact untreated dogs fell between these two
groups, and that from the plasma of the dogs pre-
viously given thorium dioxide came between the
rate of disappearance of iron from the intact un-
treated controls and the adrenalectomized dogs.
These results are shown in Figure 11.

Four days after the administration of the sac-
charated oxide of iron, the intact dogs previously
given thorium dioxide, were given a single intra-
muscular injection of 25 mg. of histamine. The
mean per cent decrease in the plasma iron was
16 = 10 which was significantly different from the
61 = 8 per cent decrease obtained following the
injection of histamine in intact untreated dogs
(P=<.01).

Studies on the Leukocytes of Intact and Adrenal-
ectomized Dogs Before and After the In-
jection of Various Substances

The mean cell counts in intact and adrenalecto-
mized dogs before they were subjected to any ex-
perimental procedures are summarized in Table V.

TABLE VI

Maximum per cent changes in the level of the white blood cells following the injection
of a variety of agents in intact and adrenalectomized dogs

s No. of WBC . PMN Eosinophils Lymphocytes
ubstance 0. of
injected Group dogs
Mean+S.E.| Range [Mean+S.E.| Range |Mean+S.E. Range Mean +S.E.
Turpentine Intact. 10 +60 +13 9-127 | + 83 +16/ 38-187 | —81 6 5—37)-2—100) —42 +6 ; g 69;
0.5 ml. Adect. 4 +32 11 3-56 + 58 14| 17-78 ~38 +7 —-21)-(-—51) +15 26 (481 28
Epinephrine Intact. 5 +74 +£17 | 32-118 | +125 +26/ 60-194 | —80 =10 2—47;—(-100) —62 +6 —51; é 1)
2.0 mg. Adect. 6 +15 +4 0-28 + 21 +4 6-34 +19 +10 +97)-(—43) | +33 %29 | (4136 55)
ACTH Intact. 10 +58 +9 0-104 | 4103 +6 | 11-193 | —84 6 (—37)-5—100) —30 +7 ; é 63;
25 mg. Adect. 6 +35 %15 4-90 + 37 +15| 2-100 | 450 23 | (+134)-(—40) +21 426 (+13 48
Saline - Inact. 10 429 +10 | 0-94 + 41 +10{ 5-111 | =30 =10 (0;-2 —77; —21 +5 ; 2 ;
5.0 ml. Adect. 6 +24 +13 0-75 + 23 +12f 0-79 +30 +£32 | (+140)-(—67 +36 =21 -27
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The figures for the intact dog are in close agree-
ment with those given by Gardner (14) in her
most comprehensive review of the literature on
the blood picture in the dog.

There was no difference between the total leu-
kocyte count of intact as compared with adrenalec-
tomized dogs. There was a tendency for the
lymphocytes to be increased (P = < .2) and for
the polymorphonuclear cells to be decreased (P =
< .5) in the adrenalectomized dogs although these
differences were not statistically significant.

The maximum percentage changes noted in the
leukocytes following the intramuscular injection of
turpentine, epinephrine, ACTH and saline in both
intact and adrenalectomized dogs are summarized
in Table VI.

Following the injection of turpentine, epineph-
rine and ACTH into intact dogs there was a rise
in the total white blood cell and polymorphonuclear
cell counts (maximal at six hours following the
injection) and a significant decrease in the eosino-
phils (maximal at six hours) and in the lympho-
cytes (maximal at four hours). Following the
injection of these agents in adrenalectomized dogs
there was a tendency for the increases in the white
blood cell and polymorphonuclear cell counts to be
less than those obtained in the intact animals but
these differences were only significant in the epi-
nephrine group. Turpentine was the only agent
which produced a significant decrease in eosino-
phils in the absence of the adrenal cortex. How-
ever, this decrease was significantly less than that
obtained in intact dogs given turpentine (P = <
01). In contrast to the intact dogs, the lympho-
cytes of the adrenalectomized animals showed a
tendency to increase rather than decrease following
the administration of each of the three agents.

It is interesting to note in greater detail the ef-
fects of mild stress on the leukocytes of intact dogs.
Of the eight intact dogs on which plasma iron esti-
mations were also made, there were four in which
the per cent decrease in iron was significant and
four in which it was not. Of the four in which the
iron showed a significant decrease, blood cell counts
were made on three and the mean increase of the
white blood cell and polymorphonuclear cell counts
‘were 51 and 62 per cent. Of the four dogs in
which the iron showed no significant change, cell
counts were simultaneously taken on three and the
mean per cent increase of the white blood cell and
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polymorphonuclear cell counts were 9 and 24,
showing a direct correlation between the change
in the level of plasma iron and changes in the level
of the cell counts. Similarly, in the three dogs with
a decrease in the level of plasma iron, the per cent
fall in the eosinophils and lymphocytes averaged
71 and 20, respectively, and in the three dogs which
did not show a change the per cent fall was 54 and
9, respectively.

Two hours following the intravenous injection
in three dogs of 20 mg. per kg. of body weight of
Dibenamine in 200 ml. of 0.9 per cent solution of
sodium chloride, there was a marked hyperferremia
and a mean per cent increase in the total white
blood count and polymorphonuclear count of 15 +
8 and 25 = 11, respectively. Both the eosinophils
and lymphocytes showed a decrease at this period
of 24 = 5 and 15 = 13 per cent. The total leuko-
cytes and polymorphonuclear cells increased to a
maximum eight hours following Dibenamine at
which time they showed a mean per cent increase
of 65 = 20 and 90 = 25, over their initial counts.
The greatest fall in the eosoinophil count was at
six hours, when they showed a decrease of 71 =7
per cent, and in the lymphocytes at four hours,
when they had decreased by 42 =8 per cent.
These changes in the cells coincided with the
change in the plasma iron level from a hyperfer-
remic to a hypoferremic phase. At 24 hours when
the level of iron was still depressed, the total leuko-
cyte and polymorphonuclear counts were still ele-
vated to 53 = 19 and 55 = 24 per cent above their
initial levels. The drop in the level of eosinophils
had decreased to 35 = 13 per cent and the lympho-
cytes had returned to their pre-injection level or
higher in all three dogs.

Following the intravenous injection in three
dogs of 5 mg. per kg. of body weight of Dibenamine
in 200 ml. of 0.9 per cent solution of sodium chlo-
ride, the changes noted in the cells were different
from those obtained with the large doses. Two
hours following the Dibenamine the mean per cent
increase of the white blood cell and polymorphonu-
clear cell counts was 13 = 13 and 32 = 32. These
increases were due entirely to increases in the
total leukocyte and polymorphonuclear cell count
of the one dog which developed a hypoferremia
following this dose of Dibenamine. The eosino-
phils and lymphocytes had decreased at this pe-
riod by 23 =11 and 37 =9 per cent. The in-
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creases in the white blood cell and polymorphonu-
clear cell counts were maximal at six hours, being
34 = 16 and 30 = 11 per cent. At this period the
eosinophils showed a maximal decrease of 41 = 11
per cent. The maximal decrease of the lympho-
cytes occurred after four hours, at which time
they had fallen to 29 = 5 per cent below their ini-
tial level. All the changes noted in the cells were
less than those obtained with the larger dose of
Dibenamine although these differences were not
statistically significant, due probably to the small
number of dogs used.

The six dogs previously injected with Diben-
amine were given a single intramuscular injection
of 2 mg. of epinephrine. The changes in the white
blood cell counts observed were very similar to
those obtained in untreated dogs with epinephrine.
Thus at six hours after the injection of the epi-
nephrine there was a maximal increase in the total
leukocyte count and polymorphonuclear cells of
53+ 6 and 74 = 11 per cent, respectively, and a
maximal decrease of the eosinophils of 66 = 5 per
cent. The lymphocytes had fallen to their lowest
value at four hours, the mean per cent decrease
noted being 41 £6. Thus Dibenamine neither
blocked the cellular changes nor the hypoferremia
which followed the injection of epinephrine.

DISCUSSION

From these results it would appear that there
is a relation between adrenocortical function and
the level of plasma iron. Thus, it has been found
that a variety of agents other than turpentine are
capable of inducing hypoferremia in the dog.
These include histamine, epinephrine, formalde-
hyde, fracture, anaphylactic shock and the mild
stress of taking blood samples. The hypoferremia
which followed epinephrine and histamine differed
from that which followed turpentine in that maxi-
mal hypoferremia occurred in six to eight hours
rather than in 24 to 48 hours.

Following the injection of adrenocortical extract
and ACTH, hypoferremia developed at the same
time as after histamine, epinephrine and anaphy-
lactic shock, and to a similar degree. That the ef-
fect of ACTH was mediated through the adrenal
cortex was demonstrated by the fact that in
adrenalectomized dogs no hypoferremia was pro-
duced by the injection of ACTH. Hypoferremia
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caused by mild stress was also absent in the adre-
nalectomized dog. The hypoferremic effect of epi-
nephrine was significantly less in adrenalectomized
dogs than in intact animals (P = < .001) but epi-
nephrine still produced a significant fall in plasma
iron in the absence of the adrenal cortex (P =
< .01).

Additional evidence of an association between
the adrenal cortex and the level of plasma iron
was afforded by the experiments on the rate of
disappearance from the plasma of intravenously
administered saccharated oxide of iron. This
substance was removed most rapidly from the
plasma of intact dogs given ACTH, and most
slowly from the plasma of adrenalectomized dogs,
the rate of disappearance in intact untreated ani-
mals falling between these two. The rate of disap-
pearance from dogs previously given thorium di-
oxide was approximately equal to that of the
adrenalectomized dogs. The urinary excretion of
iron was not studied in these animals. Such stud-
ies are indicated and are now under way in this
laboratory.

The correlation found in these studies between
the production of lymphopenia with eosinopenia
and hypoferremia may be adduced as further evi-
dence of the association of the adrenal cortex with
the mechanism of hypoferremia. Thus turpen-
tine, epinephrine, and ACTH produced hypofer-
remia in intact dogs and they also produced a sig-
nificant eosinopenia and lymphopenia. Following
bleeding or the injection of saline, a significant fall
in the eosinophils and lymphocytes only took place
in those dogs which developed a hypoferremia.
It has been shown by others that Dibenamine, in
doses of 25 mg. per kg. of body weight, produces
a fall in adrenal ascorbic acid concentration (15),
and in this study the above dose of Dibenamine
produced a hypoferremia which was accompanied
by a significant eosinopenia and lymphopenia.
Following the administration of 5 mg. per kg. of
body weight of Dibenamine the one dog which de-
veloped hypoferremia at eight hours also showed
significant cell changes. In the two dogs in which
hypoferremia did not develop at eight hours the
cell changes were much less pronounced. Fur-
thermore in dogs pretreated with Dibenamine, epi-
nephrine produced both hypoferremia and eosino-
penia and lymphopenia.

In adrenalectomized animals turpentine was the

-~
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only substance which produced a significant mean
per cent decrease in the circulating eosinophils,
but even when turpentine was injected the de-
crease in the eosinophils in the adrenalectomized
dogs was significantly less than the drop obtained
in the intact animals (P = < .01). In the adre-
nalectomized dogs following the administration
of ACTH the eosinophils showed a tendency to
increase. This increase was significantly different
from the decrease associated with hypoferremia
produced in intact dogs (P = < .001). The hypo-
ferremia produced by epinephrine in the intact
dog was associated with a significant decrease in
the circulating eosinophils. In the absence of the
adrenal cortex, epinephrine produced a hypofer-
remia which was significantly less than that ob-
tained in the intact dog and which was not as-
sociated with a significant decrease in the eosino-
phils. This is further evidence that the full hy-
poferremic effect of epinephrine can only be pro-
duced in the presence of the adrenal cortex, but
it is also clear that it acts in part through another
system.

If from the above evidence we assume that the
adrenal cortex is one of the factors concerned in
the regulation of the plasma iron level and specifi-
cally is concerned in the production of the hypo-
ferremia of stress, the problem arises as to how
this influence is mediated. In the previous paper
in this series (3), it was demonstrated that the
intravenous administration of colloidal thorium
dioxide to dogs in amounts of 2 ml. per kg. of body
weight per day for three consecutive days resulted
in a marked hyperferremia and that under these
circumstances the hypoferremia produced by the
intramuscular injection of turpentine, even in doses
as great as 5 ml., was almost entirely prevented.
In the present investigation it has been shown that

" the hypoferremia producing effect of histamine is
blocked in a similar manner. These findings to-
gether with the observation that iron accumulates
in organs containing the cells of the reticulo-endo-
thelial system under conditions of chronic stress (7,
16, 17) suggest that it is the reticulo-endothelial
system which removes the iron from the plasma.

One possible explanation of the means whereby
acute hypoferremia is produced following stress
is that the cortical hormones stimulate the reticulo-
endothelial system to take up the iron from the
plasma. In support of this explanation is the
observation of Gordon and Katsh (18) that in
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rats adrenalectomy results in a significant decrease
in the uptake of thorium by the spleen while the
administration of whole adrenal cortical extract
significantly increases the accumulation of thorium
in the spleens of adrenalectomized animals.

This explanation is admittedly entirely- specu-
lative at the present time. It is possible that
ACTH and cortisone produce hypoferremia
through an entirely different mechanism than does
turpentine. Indeed, it has been shown in the
present study that epinephrine and turpentine can
produce some degree of hypoferremia even in
adrenalectomized dogs. Whether or not this is
by direct stimulation of the reticulo-endothelial
system or through some intermediary channel
other than the pituitary-adrenal axis, are pos-
sibilities which deserve consideration and are now
under study in this laboratory.

The studies reported here in dogs have been re-
peated and extended in rats (19). In general,
the results in rats have confirmed the dog studies.

It must be emphasized that the data presented
in this paper concern the mechanism by which
acute hypoferremia occurs in the dog. It is pos-

. sible that the same mechanism is operative in the

production of the chronic hypoferremia which ac-
companies chronic infections in man although no
direct evidence in support of this has been pre-
sented in this paper. Indeed, to date we have
not observed hypoferremia in man following the
administration of ACTH. These studies are now
being extended.

SUMMARY

1. It has been shown that a variety of agents
other than bacterial and sterile turpentine abscesses
produce acute hypoferremia in dogs. These in-
clude histamine, epinephrine, fracture, anaphylactic
shock and mild stress.

2. The injection of adrenocortical extract and
adrenocorticotrophic hormone produced a similar
hypoferremia. .

3. Adrenalectomy abolished the hypoferremia
produced by mild stress and by ACTH ; the hypo-
ferremia-producing effect of epinephrine was sig-
nificantly reduced in the adrenalectomized dog but
was not abolished.

4. Intravenously administered saccharated ox-
ide of iron disappeared rapidly from the plasma
of intact dogs given ACTH and more slowly from
the plasma of adrenalectomized dogs. The ad-
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ministration of colloidal thorium dioxide also re-
sulted in a decreased rate of disappearance of in-
jected iron.

5. The intravenous injection of Dibenamine
failed to block the hypoferremia-producing effect
of epinephrine and itself produced a hyperferremia
maximal in two hours and a hypoferremia which
began in eight hours and was maximal at 24 hours.

6. When the various agents were employed, a
correlation was observed between the degree of
lymphopenia and eosinopenia produced and the
degree of hypoferremia which developed.
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