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1. Introduction

The anemia of the Belgrade laboratory rat is an
autosomal recessive trait (gene symbol bYdetermined
by a radiation-induced mutation [1--3]. It is charac-
terized by red-cell hypochromia and microcytosis,
reticulocytosis, hyperferrinemia, absent tissue iron
stores and high levels of free erythrocyte proto-
porphyrin {2—4] . Uptake of iron by b/b reticulocytes
in vitro is about 25% normal, and synthesis of globin
is about 50% normal [5]. The primary defect there-
fore appears to be a dzmmzshed delivery of iron to
the erythroid cell [5]. A primary defect in globin
synthesis, however, with a secondary effect on iron
uptake has not been entirely excluded.

The present study demonstrates that exogenous
hemin partially corrects the globin synthesis defect of

b/b reticulocvtes. Since the iron delivery sten is
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bypassed with exogenous hemin, this observation
provides indirect evidence that the primary abnor-
mality is one of diminished delivery of iron to the
erythroid cell.

2.1. Animals

Anemic Belgrade laboratory rate (b/b) and non-
anemic control animals (+/+ and +/b) were obtained
as in {5] . Since it is not possibie phenotypicaliy to
distinguish #/+ and +/b animals, the symbol +/? is

used subsequently to denote nonanemic control
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animals.
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2.2, Reticulocyte preparation and incubation

1 (] uluuu: lcul..uxu»y lU&lB w¢eE UJUU Y[ i‘ats \"Dtdl
and Long Evans background) from the orbital venous
sinus and replaced the calculated iron loss by intra-
peritoneal injection of iron dextran. Similar results
to those reported below were obtained in less extensive
studies with animals that were not given iron replace-

ment. Control animals were bled ~ 2 ml blood/100 g

body wt on days 1, 2 and 5 and experiments were carried

out on day 8. Reticulocyte counts were around 20%.
Belgradp laboratory rats were not bled because they

have a spontaneous reticulocytosis (50—80%). The
animals were killed by ether anesthesia and blood was
removed from the pleural cavity with a heparinized
Pasteur pipette after transection of the heart. The red
cells were washed twice with 150 mM NaCi, 5 mM
KCl and 5 mM MgCl; and resuspended in plasma

ohtained from +1 ?unbled rats in mplri a concentration

of 20% cells. Hemm was added and the cells were pre-
incubated at 37°C for 10—30 min as indicated in the
tables. Tritiated [3,4,5-*H(N)]leucine, (79.5 mCi/
mmol, New England Nuclear Corp Boston MA,

33 uCi/mi incubation mixture), dried and suspended

in plasma, was then added to the incubation mixtures.
59]:;‘,_‘{ ahaled nlaema wae aleo added to the incuba-

1abeled plasma was also added to the incuba
tions after preparation by adding [*Fe]ferrous citrate
(25 uCi/mi on day 0, 1.46 ug Fe/m], Mallinckrodt
Inc., St Louis MO) to +/? plasma in a ratio of 1:3, by
vol. Cells were incubated at 37°C for 0.25-24 h as
indicated in the tables. Sampies were removed at
selected times and placed in ice-cold normal saline
containine 15 mM Tris and 0.1 mM cvcloheximide
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Cells were washed twice and lysed with 3-S5 vol.
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5 mM Tris, pH 9.1. The *Fe radioactivity was
measured in a well-type gamma scintillation counter
and the red-cell lysates were then frozen.,

2.3. Hemin preparation

Hemin, 2 mM, was prepared by dissolving 12 mg
in 0.8 ml 1 M KOH. Tris—HC1,4 ml, 1.2M,pH 7.8,
were then added. The volume was adjusted to 10.4 ml
with water and the pH to 7.8 with 1 M HCl. Hemin
concentration was verified as in [6].

2.4. Samples analysis

Hemolysates were thawed and precipitated hemo-
globin was redissolved by the addition of 50 mM
NaOH 25—50 u1/2 ml hemolysate. Tritiated leucine
incorporation was measured as in [5] except that paper
strips were also incubated at 100°C in 5% trichloro-
acetic acid for 10 min after the first drying. Hemo-
globin and RNA concentrations were measured as in

{5].

2.5. Chain separation

To examine the effect of hemin on « and g8 chain
synthesis, we separated selected samples from tabie 2
into a and § chains, evaluating the effect with a
double-label procedure. To permit this evaluation,
reticulocytes from a +/? rat were incubated for 2 h
with [*CJleucine, (270 mCi/mmol, New England
Nuclear Corp., 15 uCi/ml incubation mixture). Incor-
poration into acid-precipitable material from the 3H
and *C hemolysates was determined as cpm/mg Hb.
The ?H samples were mixed with a portion of the
14C sample in a known ratio of H counts to *C
counts, a and § chains were separated according to
the method in [7] as modified [8] . Each fraction was
mixed 1 mi with 9 ml Multisol (Isolab Inc., Akron
OH) and counted in a Beckman L8230 liquid
scintillation counter. The specific radioactivity of
the samples being known, we could calculate the
effect of hemin on the separated o and § chains.

3. Results

Exogenous hemin stimulated the incorporation of
[®H]leucine into trichloroacetic acid-precipitable
protein by intact b/b reticulocytes and inhibited

incorporation by intact +/? reticulocytes (table 1).
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This pattern was observed for 0.01-0.8 mM hemin
and 0.25—24 h incubation. Since over 90% trichloro-
acetic acid-precipitable protein in the red cell is
globin, [*H]Jieucine incorporation predominantly
reflects globin synthesis. Maximal stimulation of
amino acid incorporation by intact /b reticulocytes
occurred at ahemin concentration of 0.4 mM whereas
inhibition of incorporation by intact +/? reticulocytes
increased with increasing hemin concentration.

The stimulatory and inhibitory effect of exogenous
hemin on globin synthesis by intact b/b and +/?
reticulocytes, respectively, was a consistent finding
when several individual rats were examined (table 2).
The stimulation of globin synthesis by intact b/b retic-
ulocytes under selected conditions (0.4 mM hemin,

8 h incubation) varied from 52—101% while the inhi-
bition of globin synthesis by intact +/7 reticulocytes
under the same conditions varied from 49-33%.

As shown in table 3, exogenous hemin markedly
decreased the iron uptake of +/? reticulocytes
(p <.001 by Student’s ¢ test) but had a less striking
inhibitory effect on the iron uptake of b/b reticulo-
cytes (7 = .05 by Student’s ¢ test). The much lower
uptake of iron in the absence of hemin by b/b than
by +/7 reticulocytes was as observed in [5].

Table 4 gives the effect of hemin on a- and §-chain
synthesis. In b/b reticulocytes hemin stimulated
both a- and g-chain synthesis. The effect on a-chain
synthesis was greater, however, than that on p-chain as
demonstrated by the increase in a/p ratio. In +/7 retic-
ulocytes hemin inhibited « incorporation but had
little effect on -chain as shown by a decrease in o/
ratio. Therefore, the major effect of hemin is on the
synthesis of a-chains.

4. Discussion

Because the synthesis of heme and globin are
closely interrelated, it is difficult to pinpoint the
primary defect in the Belgrade anemia. The most
striking defect is the impairment of iron entry into
the cell [5] . Free protoporphyrin levels are high [4] ;
thus, heme deficiency should exist which could cause
a decrease in globin synthesis through the heme-
controlled repressor (cf. [9—-14]).

The present studies indicate that exogenous hemin
improves the synthesis of globin by intact b/b retic-
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ulocytes and only minimally depresses iron uptake.
These observations strongly support the hypothesis

that the lowered globin synthesis in 5/b animals

resuits fron heme deficiency due to a primary defect
in the delivery of iron to the hemoglobin synthesizing
apparatus of the erythroid cell [4,5]. The mechanisms
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whereby heme deficiency leads to diminished globin
synthesis are not completely understood. During

heme deficiency a repressor of globin chain initiation

Table 1
Effect of hemin concentration and incubation time on globin synthesis in reticulocytes
Exp. Genotype Time [Hemin] Hemoglobin % Control
) (mM) {cpm/mg)
1 b/b 0.25 0 13080 100
0.09 15560 119
+/? 0 3530 100
0.09 2460 70
b/b 1 0 31620 100
0.09 36120 114
+/? 0 10770 100
0.09 8060 75
2 b/b 2 0 36 360 100
0.01 36 450 100
0.1 39420 108
0.2 46 090 127
+? 0 13 980 100
0.01 13230 95
0.1 12 050 86
0.2 10490 75
3 b/b 8 0 74 030 100
0.2 101 430 137
0.4 114 720 155
0.8 93610 126
+? 0 32710 100
0.2 30420 93
0.4 25950 79
0.8 20610 63
b/b 24 1] 96 070 100
0.2 140 890 147
0.4 169 950 177
0.8 150 530 152
+/? 0 48450 100
0.2 45 860 95
0.4 41 080 86
0.8 29 9%0 62

Preincubation was for 10 min in exp. 1 and for 30 mininexp. 2and 3

is formed (cf. [9—14]). Furthermore, decreased
amounts of globin mRNA in b/b reticulocytes [15]
suggests that lack of heme leads to a deficiency in
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Table 2
Effect of hemin on globin synthesis in reticulocytes of
normal and Belgrade rats

FEBS LETTERS

Genotype Rat no. % Control
b/b 1 201
2 140
3 152
4 180
5 174
6 165
7 158
+/? 8 51
9 64
10 57
11 67
12 64
13 58
14 53

Reticulocytes were incubated with 0.4 mM hemin for 8 h.
Preincubation was for 30 min. % Control was calculated from
cpm/mg hemoglobin. Control values were obtained by
incubation in the absence of hemin

Table 3
Effect of hemin on iron uptake in reticulocytes of normal
and Belgrade rats

Genotype Rat %9Fe (cpm/ug)RNA
no.
No Hemin 0.4 mM Hemin
b/b 1 106 109
2 124 108
3 94 82
4 113 96
S 137 116
6 99 96
7 109 88
Mean £ SD 112+ 15 99 +12
+[? 8 296 160
9 382 180
10 255 138
11 222 123
12 270 171
13 333 176
14 266 140
Mean + SD 289 + 54 155+ 22

Reticulocytes were incubated with 0.4 mM hemin for 8 h.
Preincubation was for 30 min
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globin mRNA. This suggestion has also been made
based on observations in the Friend leukemia cell
system [16]. In contrast to b/b reticulocytes, hemin
inhibits globin synthesis in +/7 cells perhaps because
+/? cells are already heme replete and the addition of
more hemin may exceed the optimum.

Exogenous hemin does not completely correct the
deficient globin synthesis of b/b reticulocytes. There
are several possible explanations for this observation.
A state of heme deficiency due to iron starvation has
probably existed from the earliest stages of erythroid
cell development so that by the reticulocyte stage
partially irreversible damage has probably occurred to
the cell’s capacity for globin synthesis. This damage
could reflect activity of the heme-controlled repressor.
The deficiency of mRNA in b/b reticulocytes [15]
would also set a limit on the degree to which globin
synthesis can be ameliorated.

It has been postulated that @ mRNA initiates
protein synthesis more slowly than § mRNA due to a
lesser affinity of &« mRNA (versus § mRNA) for an
initiation complex [17]. Thus increasing the avail-
ability of initiation complex could increase a-chain
initiation more than g-chain while decreasing the
availability could decrease a-chain initiation more
than -chain. In b/b reticulocytes a-chain synthesis is
stimulated more than S-chain although both are
increased by hemin. Addition of hemin probably
helps o mRNA initiate better than usual. The increase
in a-chain synthesis could also reflect the presence of
more & mRNA than § mRNA [15]. In +/? reticulo-
cytes where hemin inhibits globin synthesis, a-chain
synthesis is slightly more inhibited than 8-chain. This
difference could again reflect the poorer initiation of
o message.

Reticulocyte uptake of iron is influenced by the
amount of heme in the cell. For instance, when heme
synthesis is inhibited in normal reticulocytes by
isoniazid, iron uptake increases and when heme
excess is produced in normal reticulocytes by the
supression of globin synthesis with cycloheximide,
then iron uptake decreases {5]. Therefore, decreased
iron uptake by +/? reticulocytes preincubated with
exogenous hemin is an expected finding given that
these cells are iron replete. Iron uptake by b/b retic-
ulocytes is not so strikingly changed with hemin.
This could mean that the iron uptake mechanism is so
defective that normal control mechanisms do not
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Table 4

Effect of hemin on a- and g-chain synthesis in reticulocytes of normal and
Belgrade rats

Genotype [Hemin] Chain Spec. act. % Control a/B
(mM) CH/™C)

A
L R A

O S S
R S R

Reticulocytes were incubated for 8 h. Preincubation was for 30 min

affect it or that it is defective at the step where the
normal control operates. In either case, this observa-
tion is also an expected finding since it is postulated
that the primary defect in the Belgrade rat involves
mechanisms controlling delivery of iron to the ery-
throid cell.

In short-term incubations b/b marrow cells also
show a stimulation of protein synthesis with hemin
{our unpublished observations). It has not yet been
determined whether these cells, like reticulocytes,
are deficient in globin mRNA; if so they would also
be too advanced in erythroid development for full
recovery of globin synthesis. One approach for using
the anemia of the Belgrade laboratory rat in further
elucidation of mechanisms governing the relationships
of iron delivery and globin synthesis would be to
culture earlier precursors in vitro with hemin to see if
the globin synthesis defect of the Belgrade rat could
be completely corrected.
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