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Donath and Landsteiner demonstrated that the
abnormal factor responsible for hemolysis in
paroxysmal cold hemoglobinuria (PCH) is in the
patient's serum (1). Inactivation of the serum
by heat prevented hemolysis, but the addition of
fresh serum restored the activity. The hemolytic
reaction in vitro was shown to occur in two phases:
1) a cold phase during which antibody (hemoly-
sin) is adsorbed on the erythrocytes; 2) a warm
phase during which the sensitized cells are lysed
in the presence of complement (fresh serum)."

Subsequent investigators (2a-4) found that the
addition of fresh complement, as contained in a
1-5 or a 1-10 dilution of guinea pig serum, some-
times failed to restore the hemolytic activity of
PCH sera inactivated at temperatures ranging
from 45°C to 56°C. It was concluded, therefore,
that the hemolysins from various patients differed
in heat-stability. Furthermore, the question was
raised as to the need for complement during the
cold phase of the reaction (2a-9). Some (4-8)
indicated that union of hemolysin and erythrocytes
took place in the cold only in the presence of com-
plement. Others (2a, 3, 9) observed hemolysis
when complement was added only after the mix-
ture of inactivated serum and erythrocytes had
been chilled and warmed. On the basis of his
studies (2a) and after reviewing the findings of
others, Mackenzie (3) concluded 1) that comple-
ment was essential for the completion of the hemo-
lytic process, 2) that it need not be present dur-

1 Presented at the Forty-second Annual Meeting of the
American Society for Clinical Investigation, Atlantic City,
May 1, 1950.

2 This investigation was supported in part by grants
from the Brush Foundation, the Cleveland Foundation,
the S. P. Fenn Trust, and Mr. Philip R. Mather.

8-Complement and fresh serum are used interchangeably
throughout this paper.

ing the cold phase but caused greater hemolysis if
present throughout the reaction, and 3) that,
when present, the "midpiece" of complement was
adsorbed in the cold by the erythrocyte-lysin com-
plex. Recently Siebens, Zinkham, and Wagley
(10) reported that complement is required in
both the cold and warm phases of the Donath-
Landsteiner reaction. Evidence of erythrocyte-
antibody inter-action was obtained not only by
hemolysis but also by agglutination by antiglobu-
lin serum.

Studies of sera from two patients have provided
further data on the nature and behavior of he-
molysin and on the role of complement in paroxys-
mal cold hemoglobinuria. These data show that
this hemolytic system is unique in two respects: a)
complement is required for antibody fixation as
well as for subsequent .hemolysis, and b) only
two of the four components of complement are
necessary.

MATERIALS ANDMETHODS

Hemolysin titration
Reagents were added for the Donath-Landsteiner reac-

tion to give a final volume of 1 ml. as follows: 0.25 ml.
of serum, 0.25 ml. of guinea pig complement and 0.5 ml.
of 5 per cent suspension of erythrocytes. This method
utilized equal volumes of serum and complement and a
larger volume of cells than recommended by Mackenzie
(2a). It was found to be more sensitive because the in-
tensity of color in the supernatant was easier to estimate
than the volume of remaining erythrocytes. In titration,
serial two-fold dilutions of the patient's serum in buf-
fered, physiologic saline solution (2b), pH 7.4, ,and
freshly reconstituted "lyovac" guinea pig serum, diluted
1-2, were added to each tube. After addition of
erythrocytes (of same group, or group 0), the mixture
was chilled for 30 minutes in an ice bath, warmed for 30
minutes in a 370C water bath, centrifuged, and the su-
pernatant read for hemolysis. Certain modifications of
this procedure, such as varying the complenent dilutions
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and washing the erythrocytes between the cold and warm
phases, are indicated in the individual protocols. Cells so
washed were incubated in 0.25 ml. of the appropriate com-
plement dilution.

Agglutination by anti-hunan serum rabbit serum
(antiglobulin serum)

Immune rabbit serum (11) was produced by the daily
intravenous injection of 0.1 ml. of group 0 human serum.
Three seven-day courses of injections were given with an
interval of one week between each course. The serum
was heated at 56°C for 30 minutes, and erythrocyte ag-
glutinins were adsorbed by incubation with pooled group
A, B and 0 red blood cells. After three adsorptions, a 1-2
dilution of the serum did not agglutinate normal cells.
When tested against Rh cells sensitized with hyperim-
mune Rh antibodies, the agglutinating titer of the serum
was 128 to 256. The serum produced a visible precipitin
reaction with a 1-15,000 dilution of human serum. An
initial dilution of 1-4 anti-human serum rabbit serum was
used in the following tests:

Coombs tests
Antiglobulin serum was used to detect the presence of

antibody on the surface of erythrocytes. Erythrocytes
sensitized in vivo were agglutinated in the Direct Coombs
test; erythrocytes sensitized in vitro, by chilling in PCH
serum, were agglutinated in the Indirect Coombs tests.

Direct
The patient's erythrocytes were washed three times

with saline solution, made up to a 2 per cent suspension,
and added in a volume of 0.2 ml. to an equal volume of
serial two-fold dilutions of antiglobulin serum. After
incubation for one hour at 37°C, the tubes were ex-
amined for agglutination by agitation over a magnifying
mirror. The titer is expressed as the reciprocal of the
highest dilution of antiglobulin serum producing aggluti-
nation.

Indirect
Two different procedures were used to detect the ad-

sorption of antibody by erythrocytes chilled in PCH
serum. In the first, (a), cells were chilled in whole
serum, and then tested as in the direct Coombs test. In
the second, (b), cells were chilled in different dilutions
of PCH serum and tested with a constant amount of
antiglobulin serum.

Indirect (a): PCH serum, guinea pig complement
and cells were added in the same proportion, but in twice
the volumes used for hemolysin titration: 0.5 ml. serum;
0.5 ml. of a 1-2 dilution of complement; and 1.0 ml. of a
5 per cent erythrocyte suspension. The mixture was
chilled in the ice bath for 30 minutes and centrifuged.
The cells were washed three times with cold saline solu-
tion, made up to a 2 per cent suspension, and tested for ag-
glutination after incubation at 37°C for one hour in dilu-
tions of antiglobulin serum. In this test, the patient's
serum was not diluted and the antiglobulin serum was

diluted. As in the direct Coombs test, the titer is the
reciprocal of the highest dilution of antiglobulin serum
producing agglutination. This titer reflects only indirectly
the amount of antibody adsorbed by the cells (12).

Indirect (b): To determine the agglutinating capacity
of the patient's serum, serial two-fold dilutions of the
serum were made in 0.2 ml. of saline. Two-tenths ml.
of a 2 per cent suspension of erythrocytes and 0.2 ml. of
a 1-2 dilution of complement were then added. After
chilling for 30 minutes in ice water, the cells were washed
three times with cold saline solution and resuspended in
0.2 ml. of saline. Then 0.2 ml. of a 1-4 dilution of anti-
globulin serum was added to each tube. After incubation
at 370C for one hour, the test was read for agglutination.
In this test, the patient's serum was diluted and the anti-
globulin serum was not. The titer, comparable to the
hemolysin titer, reflects the amount of antibody in the
patient's serum.

Complement titration
The lyovac guinea pig serum and human sera were tested

for complement activity in a final volume of 1 ml. using
0.4 ml. of 1 per cent sheep cells sensitized with four
units of amboceptor. That amount of serum producing
complete hemolysis after incubation at 37°C for 30
minutes was considered to contain one hemolytic unit
of complement. The amount of guinea pig complement
used in the various tests is expressed as dilutions of
freshly reconstituted guinea pig serum. The two lots
of serum used were titered periodically, and contained
one hemolytic unit of complement in 0.2 ml. of a 1-30
dilution, or about 150 units per ml.

Preparation of fractions of guinea pig serum
The four components of complement have been desig-

nated (13) by the following symbols: C'1, C'2, C'3, and
C'4.

Four fractions of fresh guinea pig serum, each lacking
one component of complement, were prepared by methods
previously described (14, 15). In brief, complement
lacking either C'1 or C'2 was prepared by dialyzing serum
against acetate buffer of pH 5.2 and ionic strength of 0.02
at 1°C. The supernatant was neutralized to pH 7.2 with
NaOHand sufficient NaCl was added to make a final ionic
strength of 0.15; this fraction lacked C'1. The precipitate
was redissolved in phosphate buffer of pH 7.2 and ionic
strength of 0.15; this fraction lacked C'2. Fractions
lacking C'3 and C'4 were prepared by treating serum
with zymosan (16) and ammonia, respectively.

Each of the above fractions was inactive when tested
at a five unit level. Full complement activity was restored
at a one unit level upon the appropriate combination of
the fractions.

RESULTS

Differences in behavior of the sera from two
patients with characteristic clinical pictures (see
appendix for case summaries) focused attention on
the exact role of complement in the Donath-Land-
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TABLE I

Amount of complement needed for antibody
fixation and hemolysis

Constant amount of antibody

Dilution of complement
Case Test-
No.

2 4 8 16 32 64

Indirect
1 Coombs(a) ++++ ++++ ++ ++ 0 0

Hemolysin +++ ++ + 0 0 0

Indirect
2 Coobe a)+++++++++++++ ++++++ 0

Hemolysin +++ ++ + I0 10 10
Indirect Coombs (a) and hemolysin titration-see text

under Materials and Methods.
O - No reaction.
+ to + + + + - Increasing degrees of reaction; in

agglutination test, + + + + indicates disc formation.

steiner reaction. The findings are presented es-
sentially in the order in which the study evolved.
It was found that: 1) the Donath-Landsteiner re-
action requires a large amount of complement; 2)
complement must be present during both the cold
and warm phases of the reaction; 3) a reciprocal
relationship exists between the complement re-
quirements in the two phases and between the
amount of complement and the degree of antibody
fixation; and 4) the, hemolytic reaction requires
only two components of complement.

The need for large amounts of complement

Serum from the first patient was initially ac-
tive without the addition of guinea pig complement.

After heating at 56°C for 30 minutes, the hemo-
lytic activity of the serum was not restored by the
addition of a 1-10 dilution of guinea pig serum.
Following prolonged storage at - 20°C, the pa-
tient's serum showed barely detectable comple-
ment activity. After the addition of a 1-10 dilu-
tion of guinea pig serum to restore complement,
only slight hemolytic activity was demonstrable.
It was assumed, therefore, that the hemolysin had
been destroyed by heat and denatured by storage
in the frozen state.

With the second patient's serum, however, a
positive Donath-Landsteiner reaction could not
be demonstrated even after the addition of a 1-5
dilution of guinea pig serum equivalent to eight
hemolytic units of complement. The patient's
serum was not anticomplementary; instead it con-
tained one unit of complement in 0.15 ml. of a
1-10 dilution. Finally, the addition of a 1-2 dilu-
tion of guinea pig serum, equivalent to 20 units of
hemolytic complement, did result in hemolysis.
It was then noted that serum from the first patient
could be restored to its original hemolytic activity
by the addition of a 1-2 dilution of complement.
In the presence of this amount of complement, the
hemolysins from both patients showed maximal
activity even after heating at 620C for 30 minutes.

Such stability of the antibody permitted heat-
inactivation of complement in the patients' sera,
and thus the amount of guinea pig complement re-
quired for sensitization and hemolysis could be

TABLE II

Antibody lvels in two patients with paroxysmal cold hemoglobinuria
Constant amount of complement

Dilution of PCHserum
CaseTest---- - -No. Undiluted 2 4 8 16 32 64 128

1 Indirect Coombs (b) ++++ +++ ++ ++ ++ ++ + 0Hemolysin +++ +++ +++ +++ +++ ++ + 0

2 Indirect Coombs (b) ++++ +++ ++ + 0 0 0 0Hemolysin +++ ++ + 0 0 0 0 0

Case
No. Test

Dilution of antiglobulin serum

4 1 a8 16 32

1 ++++ ++++ ++++ +++
Indirect Coombs (a)

2
1

++++ I++++ ++++ +++

Indirect Coombs test (b)-see text under Materials and Methods.
See footnotes, Table I.
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determined. It is apparent (Table I) that a large
amount of guinea pig complement was required.
Two to four times as much complement was neces-
sary for hemolysis as was needed for antibody
fixation.

There was no significant difference in the
amounts of complement required to activate the
two sera (Table I), although serum from case 1
had a much higher antibody titer (Table II).
Thus, the amount of complement, rather than the
hemolysin titer, was the limiting factor in the
hemolytic reaction. Adsorption of the sera showed
that agglutination of the sensitized cells by dilu-
tions of antiglobulin serum (indirect Coombs [a])
did not distinguish between antibody levels (Table
II). The erythrocytes were sufficiently sensi-
tized in the whole sera so that the titers merely re-
flected the potency of the antiglobulin serum. Ad-
sorption of antibody from dilutions of PCHserum
and the use of a constant amount of antiglobulin
serum for agglutination (indirect Coombs [b]),
however, did reflect the hemolysin titer (Table II).

The need for complement during the two phases
of the Donath-Landsteiner reaction

Studies on sera from both patients confirmed the
need for complement during both the cold and
warm phases of the reaction. A sample protocol

TABLE III

The need for complement during the two phases of the
Donath-Landsteiner reaction

Tube No.
Phase Materials

1 2 3 4

Erythrocytes,
5%suspension 0.5 0.5 0.5 0.5

Inactivated
X PCHserum 0.25 0.25 0.25 0.25

5 Complement,
1-2 guinea pig
serum 0.25 0.25 0.0 0.0

Saline solution 0.0 0.0 0.25 0.25

Agglutination in
lt antiglobulin serum ++++ ++++ 0 0

Washed Rbc,
5%suspension 0.5 0.5 0.5 0.5

E Complement,
c 1-2 guinea pig

serum 0.25 0.0 0.25 0.0
Saline solution 0.0 0.25 0.0 0.25

Hemolysis + + + 0 0 0

See footnotes, Table I.

TABLE IV

Relationship between complement requirements in two phases
of the Donath-Landsteiner reaction

Constant amount of antibody; read for hemolysis

Dilutionof 2 4 8 16 32 64128 256
complement

2 +++ +++ +++ ++ + + 0 0
4 +++ +++ +++ ++ + 0 0 0
8 +++ ++ ++ + 000 0

X 16 +++ ++ ++ 0 000 0
32 ++ + + 0 0 0 0 0

'3 64 ++ + 0 0 0 0 0 0
0) 128 + 0 0 0 0 0 0 0

256 0 0 0 0 0 0 0 0

See footnotes, Table I.

is outlined in Table III. When erythrocytes were

chilled in heat-inactivated PCH serum in the
presence of complement, as in tubes 1 and 2,
fixation of hemolysin occurred as indicated by
their agglutination in a 1-128 dilution of anti-
globulin serum. Cells chilled in serum alone (tube
3), or in saline (tube 4), were not agglutinated
by a 1-4 dilution of antiglobulin serum.

When the sensitized cells were washed and incu-
bated at 37°C in the presence of complement, he-
molysis occurred. There was no hemolysis of
sensitized cells when complement was absent during
the warm phase. As shown in tube 3, the addition
of complement in the warm phase did not lead to
hemolysis when complement was absent during
the cold phase, nor did hemolysis occur in the
complete absence of complement (tube 4).

Relationship between complement requirements
in two phases of Donath-Landsteiner reaction

It was noted that much less complement was

needed in the warm phase when a 1-2 dilution of
complement had been used in the cold phase.
Erythrocytes were chilled in a constant amount of
PCHserum with various dilutions of complement,
washed three times with saline, and then warmed
in various dilutions of complement. A recipro-
cal relationship existed between the amounts of
complement required in the cold and warm phases
(Table IV). The more complement present in
the cold phase, the less was needed during the
warm phase. The less complement present dur-
ing the cold phase, the more was needed during
the warm phase. For example, when a 1-2 dilu-
tion of complement was used in the cold phase,

Warmphase
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hemolysis still occurred when a 1-64 dilution was
used in the warm phase. When a 1-64 dilution
was used in the cold phase, a 1-4 dilution was re-
quired in the warm phase.

Relationship between amount of complement and
degree of antibody fixation

Complement was not only necessary in the cold
phase for the fixation of antibody, but it was found
that a reciprocal relationship existed between the
amount of complement present and the amount of
antibody fixed. This was demonstrated in two
ways: 1) by using antiglobulin serum to measure
the amount of antibody adsorbed (indirect
Coombs [a]), and 2) by determining the hemoly-
sin titer of heat-inactivated serum while varying
the dilution of added complement.

TABLE V

Relationship between amount of compkment and
antibody fixtion

Constant amount of antibody; read for agglutination

Antiglobulin serum
Dilu-
tion

4 8 16 32 64 128 256

2 ++++ ++++ ++++ +++ ++ + 0
44 ++++ ++++ ++++ +++ +++ + 0
8 ++++ ++++ ++++ +++ +++ ++ 0

. 16 +++ +++ ++ ++ ++ 0 0
a 32 +++ +++ ++ + 0 0 0
9 64 ++ ++ + 0 0 0 00 128 + + 0 0 0 0 0
U 256 0 0 0 0 0 0 0

See footnotes, Table I.

The resttlts show that the more complement
present in the cold phase, the higher the titer
demonstrable on agglutination of sensitized cells
by antiglobulin serum (Table V). When a 1-2
dilution of complement was used in the cold phase,
the erythrocytes were agglutinated by a 1-128 di-
lution of antiglobulin serum. However, a 1-8
dilution of antiglobulin serum was required to
agglutinate cells chilled in the presence of a 1-128
dilution of complement. When less than this
amount of complement was used, no fixation of
antibody was detected.

As is also true of the well-known sheep cell-
amboceptor hemolytic system, the more comple-
ment present the higher the antibody titer demon-
strable by hemolysis of sensitized cells (Table VI).
When undiluted complement was used, the PCH
serum had a hemolysin titer of 32. When 1-8
complement was employed, the hemolysin titer

TABLE VI

Relationship betwecn amount of complement and
antibody fixation

Decreasing amounts of antibody; read for hemolysis

PCHserum (antibody)
Dilu- -__

tioni Undi- 4 8 16 32 64
luted 2 4 8 1 2 6

Undi-
luted +++ +++ +++ +++ +++ + 0

g 2 +++ +++ +++ +++ + 0 0
n 4 +++ +++ +++ + 0 0 0

8 + + + 0 0 0 0
0 16 0 0 0 0 0 0 0

See footnotes, Table I.

was only 4 and the
reduced.

degree of hemolysis was

The role of the components of complement

The fact that complement was required for
union of antigen and antibody as well as for he-
molysis, and that antibody fixation occurred only
in the cold, marked this as an unusual antigen-
antibody system. Accordingly, the behavior of
the various components of complement was in-
vestigated to determine if their mode of action
differed from that found in the conventional sheep
cell-amboceptor hemolytic system (17).

Heat-inactivated PCHserum and erythrocytes,
in the same amounts used for hemolysin titration,
were chilled with the four fractions of guinea pig
serum, each fraction lacking one of the components
of complement (Table VII). The cells were then
washed and warmed in the presence of intact com-
plement. Cells chilled in the fractions lacking C'1,
C'2, and C'3 were hemolyzed. Only cells chilled

TABLE VII

Action of guinea pig serum fractions each lacking one
component of complement

Cold phase Warmphase Hemolysis

Missing component
C'1 Intact complement + + +
C'2 Intact complement + + +
C'3 Intact complement + + +
C'4 Intact complement 0

Missing component
Intact complement C'1 + + +
Intact complement C'2 0
Intact complement C'3 + + +
Intact complement C14 ++

Intact complement Intact complement I
+++

See footnotes, Table I.
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in that fraction lacking C'4 did not hemolyze.
The procedure was then reversed. Inactivated
PCHserum and cells were chilled in the presence
of intact complement (Table VII). The cells
were then washed and warmed in the four frac-
tions of guinea pig serum. Cells warmed in the
fractions lacking C'1, C'3 and C'4 were hemolyzed.
Only cells warmed in that fraction lacking C'2 did
not hemolyze.

When the four fractions were used in both the
cold and warm phases (Table VIII), the various
combinations again indicated that intact comple-
ment was not necessary for hemolysis. Hemolysis
occurred if C'1 and C'3 were absent in both phases.
When C'4 was missing in the cold phase, no he-
molysis occurred. The weak hemolysis obtained
with the fraction lacking C'3 can be attributed
to the fact that this fraction contains less C'4 than
the two other fractions. When C'2 was missing in
the warm phase, no hemolysis occurred. There
was a single exception: when C'2 was missing in
the cold phase and C'4 was missing in the warm
phase, no hemolysis occurred.

Since C'4 retains its activity after heating at
56°C for 30 minutes (15) it was thought that
heated guinea pig serum might provide the C'4
activity needed in the cold phase of the Donath-
Landsteiner reaction. This was not the case, be-
cause adsorption of antibody could not be demon-
strated either by agglutination of the erythrocytes
or by their subsequent hemolysis on the addition
of complement in the warm phase. There was
no indication that C'4 from heated serum was fixed
along with "inactive" C'2, thus blocking the later
action of C'2 in the warm phase. Erythrocytes,
previously chilled in heat-inactivated guinea pig
serum and PCHserum and washed, still adsorbed

TABLE VIII

Action of guinea pig serum fractions each lacking one
component of complement

Constant amount of antibody; read for hemolysis

Warmphase
Missing

component
C'1 C'2 C'3 C'4

C'l ++ 0 ++ +++
Cold C12 + + 0 + + O
phase C'3 + 0 + +

C'4 0 0 0 0

See footnotes, Table I.

TABLE IX

Action of human and psinea pig sera in
Donath-Landstesner reaction

Constant amount of antibody; read for hemolysis

Dilution of serum
Complement

source Un-luted 2 4 8 16 32

Human I ++ + 0 0 0 0
Human 2 ++ + 0 0 0 0
Human3 + + + 0 0 0 0
Guinea pig +++ +++ ++ + 0 0

See footnotes, Table I.

antibody and were hemolyzed in the presence of
fresh complement and PCHserum.

Comparison of human and guinea pig complements
Since human complement obviously is sufficient

for in vivo hemolysis and may be adequate for
in vitro hemolysis, comparison was made of the
activity of intact human and guinea pig comple-
ments. Three undiluted human sera of the same
blood group as the PCHserum were used as com-
plement in the Donath-Landsteiner reaction. All
undiluted sera produced hemolysis, but when the
sera were diluted 1-2, hemolysis was weak or
absent. All sera, however, possessed a high titer
of complement activity for a sheep erythrocyte-
amboceptor system; each contained one unit in
0.15 ml. of a 1-15 dilution. Guinea pig comple-
ment titrated at the same time showed one unit in
0.15 ml. of a 1-25 dilution, i.e., the guinea pig com-
plement was nearly twice as active as the human
complement.

The three human sera and the guinea pig serum
were then used in varying dilutions as the source
of complement in the Donath-Landsteiner reac-
tion (Table IX). The guinea pig serum was
four times as active as the human sera. Since the
C'2 and C'4 components are essential for the
Donath-Landsteiner reaction, these findings are
in keeping with the fact that the differences in
activity between guinea pig and human sera may
be due to the lower content of C'2 and C'4 in hu-
man serum (18).

DISCUSSION

The need for complement in the hemolytic re-
action of paroxysmal cold hemoglobinuria was
recognized by Donath and Landsteiner (1) when
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they first described their studies on three cases.

This requirement has been repeatedly confirmed
(2-10), and Mackenzie (3) reported that some of
the failures to obtain positive Donath-Landsteiner
reactions in patients having otherwise typical
manifestations of the disease were due to the ab-
sence of complement in the patient's serum.

The experiences with the serum of case 2 were

somewhat similar. This serum contained enough
complement for in vivo hemolysis and showed
complement activity when tested with a sheep-cell
amboceptor system. Nevertheless, the addition
of the conventional 1-10 or 1-5 dilution of guinea
pig serum would not produce a positive Donath-
Landsteiner reaction. It then became apparent
that unusually large amounts of complement may

be necessary for in vitro hemolysis. The use of
an adequate amount- of complement also restored
the activity of serum (case 1) in which the hemoly-
sin had been previously thought to have been in-
activated by heat. Thus, the use of an inadequate
amount of complement not only failed to detect
PCH hemolysin in the serum from one patient,
but also led to the erroneous conclusion that the
hemolysin in the serum from another patient was

heat-labile. When adequate amounts of comple-
ment were used, the hemolysins from both patients
were found to be stable at 620C. It is not pos-

sible to generalize on the basis of a study of only
two cases,' but this experience offers an explana-
tion for the previously noted thermolability of the
hemolysins from some patients. It is suggested,
therefore, that the reported variations in the heat-
stability of the hemolysin in paroxysmal cold he-
moglobinuria may be attributed to inactivation of
human complement and the failure to add adequate
amounts of the components necessary for the ac-

tivity of the hemolysin.
The results indicate further that full restora-

tion of complement activity is necessary for meas-

urement of the hemolysin titer. Quantitation of
the hemolysin requires an excess of complement,
for a reciprocal relationship exists between the

4 Since the preparation of this report, the heat stability
of the antibodies in the sera from four other cases has
been tested. All were found to be active after heating at
56GC for 30 minutes. The hemolysin in the serum of
one patient (case 1 of Siebens, Zinkham, and Wagley
[10]) was initially reported to be more thermolabile than
complement when heated at 56°C.

amount of complement present and the antibody
titer.

In the presence of an adequate amount of com-
plement, the antibody titer can be measured in
two ways. Hemolysin titration in the Donath-
Landsteiner reaction provides one criterion of
antibody level. Agglutination by antiglobulin
serum of cells sensitized in dilutions of PCH
serum (indirect Coombs [b]) provides a second
criterion. The results obtained with the two
methods are comparable, although the agglutina-
tion titer is occasionally one dilution higher than
the hemolysin titer. Since an excess of comple-
ment is used for both hemolysin and indirect
Coombs titrations, this difference can not be at-
tributed to the fact that less complement is needed
for antibody fixation than for subsequent hemoly-
sis. The slightly higher titers obtained with the
indirect Coombs test (b) probably mean that
less antibody is needed on the surface of the
erythrocyte to react with antiglobulin serum than
is needed to induce hemolysis.

It is clear that adsorbing a whole serum and
then testing the erythrocytes in dilutions of anti-
globulin serum (indirect Coombs [a]) does not
accurately measure the antibody content of that
serum. In certain cases of acquired hemolytic
anemia direct testing for erythrocyte antibody may
be the only method available (12, 19-22). When
serum antibody is present erythrocytes should be
sensitized in serial dilutions of the serum and
then tested with potent antiglobulin serum (23).

In agreement with other reports (4-8, 10) it
was noted that complement is essential during
both the cold and warm phases of the Donath-
Landsteiner reaction. Furthermore, there is a
reciprocal relationship between the amounts of
intact complement required in these two phases.
It is possible that failure to recognize this relation-
ship accounted for some of the discrepancies rela-
tive to the need for complement in the cold phase.

It has long been known that hemolysis is de-
pendent on complement in the usual erythrocyte-
amboceptor system. In the absence of comple-
ment, antigen and antibody will still combine as
evidenced by agglutination. Complement may
accelerate other antigen-antibody systems (24),
but the reactions occur in the absence of comple-
ment. In contrast, the immunological character of
paroxysmal cold hemoglobinuria is unique in that
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it requires complement for antibody fixation as
well as for subsequent hemolysis. Characteriza-
tion of the PCHantibody has not helped to explain
this phenomenon, since the hemolysin is a gamma-
globulin of the pseudoglobulin type (25) and thus
falls in the same class as other antibodies.

The PCHhemolytic system is unique in another
respect because all components of complement are
not necessary for hemolysis. In conventional he-
molytic antigen-antibody reactions, the four com-
ponents are all required for hemolysis and act as
follows (17): C'4 combines with the red cell first
or simultaneously with C'l, and the fixation of C'4
predetermines the hemolytic activity of combining
C'l. The fixation of C'4 is accompanied by the fix-
ation of C'2. The erythrocyte-antibody complex is
thus rendered amenable to the action of C'3 and
hemolysis results. In the erythrocyte-PCH he-
molysin system, however, C'1 and C'3 are not
essential. C'4 apparently combines in the cold
phase, and hemolysis occurs when C'2 is present
in the warm phase. These findings may appear
to be at variance with Mackenzie's statement that
it is chiefly, if not exclusively, "midpiece" of com-
plement which fixes in the cold (3). This con-
clusion was based on the use of the sheep cell-am-
boceptor reaction as an indicator system for meas-
uring residual complementary activity. "Mid-
piece" as formerly prepared, contains C'l, C'3 and
C'4. Since the absence of any one of these com-
ponents in Mackenzie's indicator system would
have prevented hemolysis, Mackenzie may have
been measuring the fixation of C'4, which would
be in accord with the present findings.

Since only two components of complement are
required for hemolysis in paroxysmal cold hemo-
globinuria, titration of complement in a patient's
serum by the sheep cell-amboceptor system may
not measure the capacity of that serum to produce
hemolysis with the PCHantibody. Although such
a titration would detect the presence of all the
components, it would not distinguish one absent
component from another. One could then er-
roneously conclude that spontaneous attacks of
hemoglobinuria do not require complement (26).

Another problem relative to the action of com-
plement is evident from the results obtained with
serum from case 2. This patient had spontaneous
attacks of hemoglobinuria, indicating that his se-
rum contained adequate complement for in vivo

hemolysis. A positive Donath-Landsteiner reac-
tion could not be obtained with the patient's serum
alone, however, indicating that his serum did not
contain enough complement for in sitro hemolysis.
Yet his serum showed a high level of complement
activity against sensitized sheep cells. The most
obvious explanations for these findings are first,
that less complement is required for PCHhemoly-
sis in 7tvo than in vitro, and second, that the sheep
cell-amboceptor system does not quantitate the
components of complement needed for in sitro
hemolysis in the Donath-Landsteiner reaction.
Human serum does promote hemolysis in this re-
action, but it is less active than guinea pig serum.
This finding is in keeping with the observation
(18) that guinea pig serum contains more C'2 and
C'4 than does human serum.

C'2 and C'4 are now thought to be closely re-
lated, existing as a carbohydrate-protein complex
in a muco-euglobin isolated from guinea pig serum
(14-17). It is probable that the function of these
two components in paroxysmal cold hemoglobin-
uria is more complex than the present studies in-
dicate. This is suggested by the observations that
when C'2 is missing in the cold phase and C'4 is
missing in the warm phase, no hemolysis occurs,
and that heated guinea pig serum fails to supply
C'4 in the cold phase. It is obviously more desir-
able to measure the activity of a component by its
presence than by its absence. Complete elucida-
tion of the mechanism will be sought by obtaining
purified antibody and single, pure components of
complement. Such studies should clarify the re-
ciprocal relationship between the need for com-
plement in the two phases of the Donath-Land-
steiner reaction. More than one component of
complement may be fixed when intact complement
is used in the cold phase, and there may be no re-
ciprocal relationship betWeen single components
of complement. The availability of single com-
ponents will also permit evaluation of their effect
on the intensity of the hemolytic reaction. Puri-
fied C'4 will be necessary to understand the failure
of heated guinea pig serum to supply C'4 in the
cold phase.

The Donath-Landsteiner reaction is apparently
dependent on a more unusual type of hemolytic
mechanism than was originally thought to be the
case. Not only is the antibody produced to ho-
mologous tissue components in an unexplained
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manner, but the complement requirements are
unique among the known antigen-antibody he-
molytic systems. It is obvious that the present re-
port has only clarified some of the qualitative as-
pects of the kinetics of PCH hemolysis. It is
hoped that the availability of purified PCH anti-
body and single components of complement will
permit elucidation of the PCHhemolytic system.

SUMMARY

Studies of sera from two patients with paroxys-
mal cold hemoglobinuria (PCH) have shown that
large amounts of complement may be necessary
for hemolysis in the Donath-Landsteiner reaction.
By using an adequate amount of complement, the
hemolysins from both patients were found to be
stable at 620C.

An excess of complement is necessary for anti-
body titration, since a reciprocal relationship exists
between the amount of complement present and
the antibody titer. Agglutination by antiglobulin
serum of erythrocytes sensitized in dilutions of
PCH serum provides another measure of anti-
body level, the titers obtained being comparable
to those found by hemolysin titration in the Donath-
Landsteiner reaction.

Complement is essential in both the cold and
warm phases of this reaction, and there is a re-
ciprocal relationship between the amounts of in-
tact complement required in these two phases.
The erythrocyte-PCH antibody system is unique
in that it requires complement for antibody fixa-
tion as well as for subsequent hemolysis.

The PCH hemolytic system is unusual in an-
other respect, because all components of comple-
ment are not necessary for hemolysis. Hemolysis
occurs in the absence of C'1 and C'3. Hemolysis
does not occur when C'4 is missing in the cold
phase, or when C'2 is missing in the warm phase.

Since only two components of complement are
required for hemolysis in PCH, titration of com-
plement in a serum by the sheep cell-amboceptor
system, which requires all four components, may
not measure the capacity of that serum to produce
hemolysis with PCHantibody.
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APPENDIX

Case 1. The patient, a 30 year old white waitress,
entered the hospital in April, 1948. During the four pre-
ceding winter months she had experienced eight to ten
attacks characterized by chills, nausea and vomiting, pain
in the back and the passage of red urine. Each attack
was precipitated by exposure to cold in addition to ex-
ercise, usually after a walk to and a long wait at a bus
stop. She had been married to a sailor for five years.
The husband gave no history of venereal disease but
was found to have a positive serological test for syphilis.

Physical examination revealed that the temperature
was 37.5'C, the pulse 84, respirations 20, and blood pres-
sure 105/65. The right pupil was smaller than the left,
and both reacted sluggishly to light. There were no other
significant abnormalities.

The laboratory findings were as follows:

Urine: no cells or albumin; benzedine and porphyrin
tests negative; urobilinogen, 0.64 Ehrlich units in two-
hour specimen; urea clearance, 75 per cent in two hours.
Blood: erythrocytes, 3,200,000; hemoglobin, 12 gm.;
leucocytes, 8,700; differential count: neutrophiles, 60 per
cent; lymphocytes, 33 per cent; monocytes, 5 per cent;
eosinophiles, 2 per cent. Her erythrocytes were group
0, Rh positive. Erythrocyte osmotic fragility, bleeding
time and clotting time were normal. Ham's acid hemoly-
sis test was negative. Wassermann and Kline tests were
positive. The Donath-Landsteiner reaction was positive,
the hemolysin titer being 64. The cold hemagglutinin
(27) titer was 32. Spinal fluid: cell count, 130, of which

all were mononuclear cells; protein 100 mg./100 ml.; gum
mastic 443210000; Wassermann, positive. A roentgeno-
gram of the chest was normal.

The patient was afebrile and asymptomatic during the
first week in the hospital. Daily urinalyses were normal.
Her hand was placed in ice water for 20 minutes. The
hand became swollen, but no other change was detected.
The application of cold, wet sheets to her body likewise
failed to induce an attack. She was then placed in a
cold room at 5-6'C for 25 minutes. During this time she
exercised for two five-minute periods by stepping up and
down on a stool. At the end of the chilling period, the
patient stated that she did not feel cold. The vessels
of her sclerae, as observed with a slit lamp, initially
showed constriction; as the vessels became dilated, the
blood flow was sluggish and aggregation of erythrocytes
was apparent. She was put to bed and covered with
blankets. Fifty minutes after leaving the cold room, she
had a shaking chill and her temperature rose to 38.5°C.
The period of rigor lasted for five minutes; a feeling of
chilliness persisted for another 30 minutes; she had no
nausea, vomiting, or backache. There was no change in
the color of the urine; a specimen voided 15 minutes after
the beginning of the reaction gave a negative benzedine
test; a specimen voided 40 minutes later was faintly posi-
tive. Serum hemoglobin levels rose as follows: before
chilling, 6 mg./100 ml.; ten minutes after chilling, 62
mg./100 ml.; two hours after chilling, 56 mg./100 ml.
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Blood hemoglobin fell from 12.1 gm. to 11.1 gm.; the
hematocrit fell from 39 per cent to 36 per cent. No sig-
nificant change in urine urobilinogen was detected. She
stated that the attack was not as severe as those that oc-
curred prior to hospitalization. As soon as the feeling of
chilliness disappeared, she felt well, although she re-
mained febrile for three hours.

She was treated with 2 ml. of bismuth subsalicylate, in-
tramuscularly, twice weekly for two weeks and then given
a total of 9.0 million units of penicillin. Lumbar puncture
showed a drop of the mononuclear cell count from 130
to 28. Exposure to cold with exercise was repeated in
the cold room, but the patient had no detectable reac-
tion. The hemolysin titer was unchanged. She was
symptom free during the month (May) following dis-
charge at which time she left the city and further ob-
servation was not possible.

Case 2. The patient, a 27 year old colored male, en-
tered the hospital in November, 1949, because he had
voided red urine on two occasions. These attacks oc-
curred a week apart and were both associated with ex-
posure to cold while working outdoors. His job as a
salvage inspector kept him indoors, and he believed that
his exposures to cold on two successive Saturday after-
noons were the first of the winter. After working in the
cold for about an hour, he noted frequency and urgency
and observed that his urine was pink. After working
longer, he remained indoors. Shortly after he began
to feel warm, he had a shaking chill, his skin "prickled,"
"tingled" and was sensitive to touch, and he voided dark
red urine. He had no rash, backache, nausea or vomiting.
Successive urine specimens showed less and less color,
and he soon felt well. He had a penile lesion one year
before and was told that microscopic and serological
tests were negative.

Physical examination revealed no significant abnor-
malities. The temperature was 37°C, the pulse 72, respira-
tions 18 and blood pressure 120/70.

The laboratory findings were as follows:

Urine: normal. Blood: erythrocytes, 5,287, 000; hemo-
globin, 15.3 gm.; leucocytes, 5,500; differential count:
neutrophiles, 72 per cent; lymphocytes, 21 per cent; mono-
cytes, 7 per cent. His erythrocytes were group B, Rh
positive. Erythrocyte osmotic fragility was normal.
Ham's acid hemolysis test was negative. Wassermann and
Kline tests were positive. The Donath-Landsteiner reac-
tion was positive, the hemolysin titer being 4. The pa-
tient's washed erythrocytes were agglutinated by anti-
globin serum (positive, direct Coombs test). Cold he-
magglutinins (27) were not detected in a dilution of 1-4.
The spinal fluid was normal. A roentgenogram of the
chest and intravenous pyelograms were normal.

Unless chilled, the patient remained afebrile and asymp-
tomatic. Hemoglobinemia and hemoglobinuria were
easily produced by placing his hand in ice water (posi-
tive Rosenthal test). This was done on three occasions,
and each time there was also a leucopenia and fall in
hematocrit. Twice the patient had a shaking chill and
noted the skin sensation previously described. His blood

pressure rose from 120/64 to 130/84. There was no in-
crease in temperature. Except for discomfort in the
chilled hand, the patient felt well within an hour. Hemo-
globinuria persisted for about three hours.

The patient was treated with 7.2 million units of penicil-
lin. A total of 1,500 ml. of blood have subsequently been
removed, 1,000 ml. being replaced by an equal amount
of whole blood of the same type. There has been a slight
fall in the quantitative Kline titer, but no detectable
change in the hemolysin titer. He has continued to have
attacks of hemoglobinuria on exposure to cold.
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