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During the course of work on the do-
mestic cat hemoglobins in this laboratory,
some feline erythrocytes were occasionally
seen to assume a non-discoidal “holly
wreath” or acanthocytic shape under con-
ditions in which normal human cells retain
a normal morphology. From analogy with
well-studied instances of deformed erythro-
cytes in human diseases, it appears that at
least three mechanisms can cause the ab-
normal red cell morphology: (i) low hemo-
globin solubility; (ii) abnormal erythrocyte
membrane; and (iii) abnormal glycolytic
enzymes resulting in low levels of high
energy phosphate compounds. These mech-
anisms often do not operate independently,
so at least initially all three must be con-
sidered. Based on present knowledge, it is
impossible to identify the mechanism re-
sponsible for cat red cell deformation. In-
deed, a rational argument can be advanced
in favor of each of the three: (i) Low
hemoglobin solubility: Previous work in this
laboratory (1) has shown that cat hemo-
globin crystallizes in the deoxy-form from
erythrocyte hemolysates that are stored in
tightly stoppered containers at 4°. Deoxy-
hemoglobin is formed readily by spon-
taneous deoxygenation of the hemolysate
(2) because of the low oxygen affinity of
cat hemoglobin (3), and its crystallization
is facilitated presumably because of the
lower solubility of the deoxy- compared to
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the oxy-form of the protein. Inclusion bod-
ies are frequently associated with the oc-
currence of malformations. Such inclusions
have long been recognized in cat erythro-
cytes (4, 5) although no explanation for
their occurrence was offered. Recently, how-
ever, Altman, Melby and Squire (6) have
described the occurrence of crystalloid
bodies in circulating erythrocytes of cats
and have suggested that this is due to an
intrinsic property of cat hemoglobin. (ii)
Abnormal erythrocyte membrane: The un-
usual transport and permeability properties
of the feline erythrocyte membrane may
render them particularly susceptible to
deformation (7). (iii) Abnormal glycolytic
enzymes resulting in low levels of high
energy phosphate compounds: Although the
glycolytic enzymes of the feline erythrocyte
are largely uncharacterized, it has long been
known that organic phosphates are present
in low concentrations in these cells (8-10).
It is possible, therefore, that lacking an ade-
quate reservoir of ATP, cat red cells are
unable to maintain a normal discoidal
shape in vitro.

Evidence is presented here which empha-
sizes the role of hemoglobin solubility in
deformation of cat red cells. Furthermore,
the prevention of this deformation by treat-
ment of cat cells in vitro with cyanate and
4,4’-dipyridyldisulfide is described and cor-
related with the effects of modification of
hemoglobin with these agents on the prop-
erties of the protein.

Materials and Methods. Blood was ob-
tained in heparin from anesthetized do-
mestic cats by cardiac puncture. The blood

578

Printed in U.S.A.



CYANATE, PDS, AND FELINE RED CELL MORPHOLOGY

was diluted (1:5) with isotonic phosphate
buffer (11) immediately after collection for
the preparation of slides. Silicone grease
was used to seal a drop of diluted blood
under a cover slip on a glass slide for
microscopic observation of changes in red
cell shape with time. In some cases, cells
were fixed by adding 2 drops of the blood
suspension into 5-10 ml of cold 3.7%
formaldehyde in isotonic phosphate buffer
(12). Dry smears were prepared after treat-
ment of the blood with buffered sodium
dithionite as described by Pauling and
Itano (11).

Reaction of 2 ml of blood or washed red
cell suspensions with 0.2 ml of 02M
KCNO in 0.9% NaCl was conducted for
2 br at 37° in a Dubnoff shaker incubator.
Control cells were treated with isotonic
saline instead of the KCNO solution. To
evaluate hemoglobin modification, 4 ml of
cell suspension were reacted with 0.01 M
cyanate containing 25 uCi *C-KCNO for
2 hr, washed with isotonic saline, hemo-
lyzed with 2 vol of water, and centrifuged.

container at 4°.
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The hemoglobin solution was then passed
through a 0.9 X 10 cm Sephadex G-25
(fine) column to remove unreacted reagent.
Peptide mapping of the hemoglobins was
carried out as described by Baglioni (13).
The labeled peptide maps were allowed to
stand in contact with X-ray film for 2—4
wk for radioautography. For reaction with
PDS, 1 ml of cell suspension (30% hemato-
crit) was reacted with 1 ml of 102 M PDS
in isotonic buffer for 1 hr at 37°. The
suspension was then centrifuged, the super-
natant was removed, and the packed eryth-
rocytes were resuspended in isotonic buffer.
This procedure was repeated 3X to re-
move excess reagent. The cells were finally
diluted with isotonic phosphate buffer (1:5)
for microscopic observation. Photomicro-
graphs were taken with a camera attached
to a Leitz phase-contrast microscope.
Oxygen saturation measurements were
carried out as described before (3).
Results. Figure 1 shows a photograph of
crystals of cat deoxyhemoglobin that formed
spontaneously when the cat hemolysate was
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Fic. 1. Cat hemoglobin crystals formed spontaneously from an hemolysate in a stoppered
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stored in a stoppered container at 4°. Such
crystals are usually seen to form from a
6-15% hemoglobin solution after about
1 wk. Fresh cat blood observed immedi-
ately after preparation of the wet smear
contains erythrocytes of normal morphol-
ogy. However, all feline blood suspensions
exhibit a relatively rapid spontaneous de-
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velopment of “holly wreath” forms; as soon
as 15 min after preparation of the sealed
slides, a significant number of morphologi-
cally aberrant cells is observed, and the
severity of these malformations increases
with time. Figure 2a depicts cells that have
been sealed in this manner for 26 hr. Al-
though it is not clear from this photograph,
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Fi1G. 2a. Cat erythrocytes photographed 23 hr after preparation of wet smear. (b) Dry
smear of cat erythrocytes treated with dithionite as described by Pauling and Itano (11).
(c) Cyanate treated cat erythrocytes photographed 26 hr after preparation of a wet mount.
The cells were treated with cyanate by mixing equal volumes of cells and 0.2 M KCNO
(dissolved in isotonic saline) and incubating at 37° for 2 hr. Cells treated with PDS appear
similar to those treated with cyanate. Wet mounts of cyanate and PDS treated and control
cells were prepared after dilution of cells in the Pauling and Itano buffer.
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the formation of inclusion bodies after sev-
eral hours is invariably observed in all of
the cells so treated. To evaluate the role
of deoxygenation in this phenomenon, the
effect of sodium dithionite, a reducing agent
commonly used to remove dissolved oxy-
gen from solutions of hemoglobin, was ex-
amined. Deoxygenation with isotonically
buffered sodium dithionite results in im-
mediate and complete transformation of the
cells from discoidal to the acanthocytic
form (Fig. 2b). Normal human or rabbit
erythrocytes do not exhibit such a phe-
nomenon, but similar changes are reported
to occur when the red cells from sickle cell
anemia patients are treated with dithionite
(14). The forms of most of these latter cells
are “holly wreath” rather than crescentic
presumably because the rapidity of deoxy-
genation does not allow time for the re-
duced HbS molecules to become oriented
in the paracrystalline state (15).
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When feline erythrocytes are treated with
KCNO, transformation into acanthocytes as
well as formation of inclusion bodies are
dramatically prevented (Fig. 2c). The nor-
mal discoidal shapes are retained even after
reaction with sodium dithionite. Modifica-
tion of the «-NH, groups at the amino
termini of the «- and B-chains of HbA and
of the a-chain of HbB is demonstrated by
radioautography of tryptic peptide finger-
prints of labeled hemoglobins prepared by
reaction with *C-KCNO (Fig. 3a and b).
Three peptides are labeled in HbA and two
in HbB. Two of these are found in com-
mon in both digests and are identified as
carbamylated «T-1 and the undigested
«T-1,2 peptides. The locations of these
amino terminal peptides on the fingerprints
were described earlier (1). The third radio-
active peptide in the HbA digest is identi-
fied as carbamylated ST-1 from its location
on the map. The absence of a correspond-
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F1G. 3. Autoradiographs of tryptic fingerprints of cat hemoglobins reacted with “C-KCNO.

(a) HbA and (b) HbB.
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ing spot in the HbB digest confirms earlier
conclusions (16) that HbB is blocked at
these amino termini with acetyl groups.
Under the conditions employed here, it is
unlikely that any other residues in the pro-
tein were carbamylated. Additional experi-
ments incidental to these studies have
shown that the reactivity of the amino ter-
minal groups is significantly greater in the
deoxy- than in the oxy-forms.

The oxygen affinity of cat hemolysates
containing carbamylated hemoglobins is
‘markedly increased (Fig. 4). The P, de-
creases from a value of 25 mm to about
10 mm at pH 7.0 and 20°, and the ability
of an organic phosphate (inositol hexaphos-
phate) to lower the oxygen affinity (17)
of the protein is diminished. The latter
effect is presumably due to carbamylation
of the B-chain amino termini which elimi-
nates the required charged binding sites for
organic phosphates (18, 19).

Since the effect of KCNO in preventing
cell deformation could be ascribed to a
modification of hemoglobin that leads to
increased oxygen affinity, it was of interest
to examine the effects of another type of
modification that is known to cause an
increase in hemoglobin oxygen affinity on
this process. Sulfhydryl blocking reagents
are known to react with intracellular hemo-
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globin under appropriate conditions without
causing significant hemolysis and to thereby
cause an increase in oxygen affinity of the
protein. Reaction of erythrocytes with the
reagent 4,4'-dipyridyldisulfide results in
rapid modification of most of the -SH
groups of intracellular hemoglobin and like
KCNO has a dramatic influence in prevent-
ing the deformation of the erythrocyte.
Normal discoidal shapes are also retained
even after treatment with sodium dithionite.

Discussion. Erythrocytes from goafts
(20), some deer (21), and sheep (22) also
exhibit changes in shape that are linked
to the oxygenation—deoxygenation process.
However, in contrast to the deformations
that are associated with deoxygenation of
cells that contain HbS and cat hemoglobin,
the development of morphologically abnor-
mal cells in the blood of deer and sheep
occurs only when the red cells are fully
oxygenated. In the case of the goat, the
relationship between oxygenation—deoxy-
genation and malformation of erythrocytes
is as yet unclear.

Cat blood has previously been shown to
contain two hemoglobins (A and B) that
occur in ratios that range from 9/1 to 1/1
in different individuals (23). The possible
involvement of one or both of the cat
hemoglobins in this phenomenon is sug-
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Fic. 4. Oxygen saturation curves of a control and cyanate-treated cat hemolysate with an

HbA/HDB ratio of 9/1 in the presence and absence of excess inositol hexaphosphate. (A)
KCNO-treated with no added IHP; (@) KCNO-treated plus THP; (A) control with no

added IHP; () control with added IHP.
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gested by the series of observations re-
ported here. Preliminary work indicates
that the tendency towards “holly wreath”
formation is independent of the ratio of
HbA/HbB in the blood examined. In retro-
spect, the behavior of cat erythrocytes is
not surprising since both cat hemoglobin
A and B exhibit relatively low oxygen affin-
ities (3) and readily co-crystallize as deoxy-
hemoglobin (1) on spontaneous deoxy-
genation of the hemolysate. The occurrence
of crystalloid bodies associated with the cell
malformations, the facilitation of the proc-
ess with dithionite, and its prevention with
KCNO or PDS indicate that the phenome-
non is related to deoxygenation of the
hemoglobins. Other studies in this labora-
tory have shown that reaction of cat
hemolysates with cyanate or PDS will
markedly inhibit the tendency of the hemo-
globins to crystallize spontaneously. This is
presumably due to increased hemoglobin
oxygen affinity that results from modifica-
tions with these reagents although it is pos-
sible that other changes in the physical
properties of the protein may be of greater
significance.

“Sickling” of erythrocytes in sickle cell
anemia occurs with deoxygenation and
can be prevented by reaction of the in-
tact erythrocyte with potassium cyanate
(KCNO) or carbamyl phosphate (24, 25).
Carbamylation of amino terminal groups of
sickle cell hemoglobin (HbS) profoundly
increases its oxygen affinity and also in-
hibits its tendency to gel. “Sickling” of the
erythrocyte is presumably inhibited as a
result of this modification. These observa-
tions suggest some similarities in the prop-
erties of the cat hemoglobins and human
HbS and that perhaps the mechanism of
erythrocyte deformation in the cat resem-
bles that proposed for human erythrocytes
with HbS. However, attempts to reverse this
process in cat erythrocytes with carbon
monoxide or oxygen have given equivocal
results. Nevertheless, irreversible sickling in
the human is also known to occur and is
said to involve alterations in both hemo-
globins S and the cell membrane (22).
Since it is known that both KCNO and PDS
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can react with membrane proteins (25, 27),
the possibility remains that the observed
distortion in deoxygenated cat cells pri-
marily involves the erythrocyte membrane
and that the effects of cyanate and PDS
stem from modification of membrane com-
ponents. It is also possible that the feline
erythrocyte is prone to deform because of
limitations in the amounts of available ATP
and 2,3-diphosphoglycerate. Cat erythro-
cytes are known to contain relatively low
amounts of these phosphate compounds and
are low in total phosphate concentration as
well (8-10). Development of acantho-
cytes associated with lowered ATP con-
centrations has been described in human
pyruvate kinase deficiency (28). Thus, a
combination of factors that is peculiar to
the feline erythrocyte system may be re-
sponsible for the observed cell deforma-
tion. Tt is of interest that during the prepa-
ration of this manuscript Jain and Kono
(29) published observations of unusual
shapes in feline erythrocytes seen by scan-
ning electron microscopy. Clarification of
the mechanism of action by which cyanate
and PDS can prevent this deformation
clearly requires further investigation.

Summary. Feline erythrocytes develop
into “holly wreath” or acanthocytic forms
upon deoxygenation. Prior reaction with
KCNO or with the sulfhydryl modifying
reagent, PDS, prevents the development of
abnormal morphology. Cyanate causes ir-
reversible modification of the terminal NH,-
groups and PDS modifies the reactive —SH
groups in the hemoglobins to profoundly
alter the properties of the feline hemo-
globins. A possible analogy with the human
“sickle cell” system is indicated.
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