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In a previous paper (1) with Leake we reported a study of the re-
lation of circulating antibody and antigen to susceptibility to serum
disease in a group of patients to whom antipneumococcus or anti-
meningococcus serum had been administered therapeutically. This
work was suggested by the observations which Longcope and Racke-
mann (2) had reported. The results seemed to justify the conclu-
sion that individuals who have severe serum disease are good precipitin
formers, and that at the time the precipitin in the circulation reaches
the crest of its curve or soon afterwards the precipitinogen (anti-
pneumococcus or antimeningococcus serum from immunized horses)
rapidly disappears from the blood stream. On the other hand, in
those individuals who, after a first administration of foreign serum,
show very mild or no symptoms of serum disease little or no precip-
itin is demonstrable in the patient's serum, and the precipitinogen
persists in the circulation for a long period. Intermediate types
were also encountered. Since the rapid disappearance of the foreign
serum appeared to be dependent upon the presence of circulating
precipitin in high titer, one might assume that the precipitin disposed
of the foreign serum by uniting with it in the circulation. However,
it was suggested that another mechanism might serve equally well
to rid the circulation of the foreign serum without assuming that an
intravascular union played an important part in the mechanism of
disposal. At the period when precipitin is abundant both within the
tissue cells and in the circulation, one might plausibly assume that
with greater amounts of intracellular antibody available the tissue
cells would appropriate the antigen with greater avidity.
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Since, in the presence of circulating antibody, there is no way of
measuring the avidity of tissue cells for antigen brought to them in
the circulation we can arrive at a conclusion regarding the mechanism
of disappearance of antigen only by excluding the other possibility
or proving its effectiveness. The experiments reported in the pres-
ent paper were designed to exclude or establish intravascular union
as the mechanism of disposal, and also to determine whether or not
the relations of antibody and antigen in the circulation of animals
give curves similar to those obtained in man with the same antigen.
Incidentally, during the course of the experiments we have noted
some phenomena bearing on the behavior of antigen and antibody
in the circulation for which satisfactory explanation is lacking.

The literature contains several studies (2-7) bearing on the problem under
consideration, but in the previously reported work the effort has been to deter-
mine how much sensitized animals differ from normal animals in the rate of
disappearance of antigen. A review of this literature is unnecessary. It may
be summarized by stating that the evidence is in favor of a more rapid disap-
pearance of antigen from the circulation of sensitized or immunized animals as
compared with normal controls. None of these investigators, however, con-
sidered the titer of antibody in the circulation at the time of reinjection, the
experiments for the most part having been carried out on animals sensitized by
a single preparatory injection. If it be the precipitin of sensitized animals which
disposes of the specific antigen a more rapid disappearance would be expected
in highly immunized animals with an abundance of precipitin in the circulation
than in animals sensitized by a single injection which appear to dispose of antigen
at a moderately increased rate compared to normal animals.

Except for Hempl (7), those who have worked at this problem have not given,
we believe, sufficient consideration to the great individual variation of experi-
mental animals in their ability to form antibody and to rid the circulation of
antigen.

Method.

The determinations of antigen in the circulation were made by
specific precipitation with the serum of rabbits immunized against
horse serum.

The rabbits furnishing this precipitating serum were prepared by three injec-
tions (0.5, 1, and 1.5 cc.) of horse serum at intervals of 4 days. 5 to 8 days
after the last injection a titration was done and the serum tested for persisting
traces of antigen. If the titer was 1:20,000 or higher and no antigen was demon-

492



GEORGE M. MACKENZIE

strable by setting the serum up in dilutions against another anti-horse rabbit
serum, previously found to be free from antigen, the rabbit was bled to death
from the carotid artery and the serum separated and diluted with an equal volume
of normal salt solution. None of the precipitating serums was inactivated and
no preservatives were used. The circulating precipitin was determined by setting
up the serum being tested, diluted with an equal volume of normal salt solution,
against dilutions of normal horse serum. In all the tests 0.5 cc. of the serum
containing, or being tested for antibody, was added to 0.5 cc. of the serum con-
taining, or being tested for antigen. Controls with salt solution and with dilu-
tions of normal rabbit serum and normal sheep serum were set up each day that
tests were done. The tubes were placed in a water bath at 37.5C. for 1 hour,
then in the ice box over night, when the final reading was made.

The critical injection of antigen was given, both in immunized and unim-
munized animals, in fractional doses over a period of about 90 minutes.

Horse serum was used as antigen because the study of the relation
of antibody to the disappearance of antigen in patients with serum
disease was of necessity a study of the fate of injected horse serum
and the relations within the circulation of the horse serum and its
specific precipitin. Another advantage in using serum is the fact
that it is not excreted by the kidneys. After intravenously injecting
horse serum both in patients and in laboratory animals we have
repeatedly tried to demonstrate it in the urine by specific precip-
itation. Without exception these attempts have been unsuccessful.
With egg albumin and many antigens of bacterial origin this is not
the case. Oppenheimer (8) found that as much as 49 per cent of
intravenously injected egg albumin may be excreted by the kidneys.
Zinsser (9) has also noted the renal excretion of egg albumin, and we
have confirmed this observation. In our experiments the amount
of horse serum injected was approximately the equivalent for a
rabbit, on the basis of body weight, of the amount administered
therapeutically to the subjects in our study of serum disease.

RESULTS.

It would require too much space to protocol all the earlier experi-
ments. They comprise observations on twenty-three rabbits. Twelve
of these were immunized before the test injection of antigen; eleven
were controls to which, without prior immunization, antigen was
administered in the same way and in amounts equal, in each experi-
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ment, to the amounts administered to the previously immunized
animals. A summary of the results of these preliminary observa-
tions is given in Tables I and II. The data of these tables make it
possible to study the relation of circulating antibody to the rate of
disappearance of circulating antigen under three different sets of
conditions.

TABLE I.

Amount of antigen Persistence of
Experiment No. Rabbit No. injected (intravenously). antigen.

cc. days

1 1 3.00 14
2 3.00 17
3 3.00 17
4 3.00 14

2 5 6.00 8
6 6.00 6

3 7 6.00 21
8 6.00 21
9 6.00 21

10 6.00 21

5 11 6.00 14

Rabbits 1 to 11 were controls without preparatory immunization.
One is struck by the approximate uniformity of behavior of the rabbits in each

experiment and the wide limits of variation in the rate of disappearance of antigen
in different experiments. That this was not due to a difference in the precipi-
tating power of the anti-horse rabbit serum used to demonstrate the circulating
antigen is evident from the fact that the antigen determinations were frequently
checked by using more than one anti-horse rabbit serum for the animals in the
same experiment and by using the same anti-horse rabbit serum in more than
one experiment. Whether the uniformity in each experiment and the variation
in persistence of antigen in different experiments can be due to differences in the
horse serum used as antigen is not clear. All the horse serum used was obtained
from the Department of Health of the City of New York. All the animals in
each experiment received serum from the same lot, but a different lot of serum
may have been used in each experiment. It seems more probable that there is
a wide variation in the rate with which individual animals dispose of foreign
serum in the circulation, and that animals of the same litter tend toward uni-
formity. The animals used in each experiment were received from the breeder
at the same time but whether they belonged to the same litter or not is uncertain.
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TABLE II.

Experiment No.

1

2

3

4

Rabbit No.

12
13
14
15

16
17

18
19
20
21

16*
5*

Amount of antigen
injected.

cc.

3.00
3.00
3.00
3.00

6.00
6.00

6.00
6.00
6.00
6.00

6.00
6.00

Persistence of
antigen.

days

6
8

17
14

29
37

0
3
1
3

29
8

Precipitin in
circulation
at time of
reinjection.

None.
Moderate.

Strong.

Weak.

Strong.

None.

None.
..

* Rabbit 16 appears twice in this table because, as already mentioned, it was
first used in an experiment to determine the rate of disappearance of antigen in
an animal with circulating antibody and then later used again in an experiment
to determine the rate of disappearance in an animal previously immunized but
containing no free circulating antibody at the time of reinjection. For a similar
reason Rabbit 5 appears in Tables I and II.

1. Comparison of the Rate of Disappearance of Circulating Antigen
in Immunized Animals with a High Titer of Antibody at the Time of
Reinjection with the Rate of Disappearance in Animals Which, Follow-
ing Immunization, Develop Little or No Precipitin.-Table III records
the results in one animal of each of these types. Rabbit 12 was a
poor antibody former and had no circulating precipitin at the time
that 3 cc. of horse serum were injected intravenously. Rabbit 15,
on the contrary, was a good precipitin former and had a high titer
of precipitin at the time of reinjection. Both animals had been given
the same preparatory immunization. It is seen that the antigen
disappeared somewhat more rapidly from the circulation of Rabbit 15
during the first 3 days but that complete disappearance occurred at
the same time in the two rabbits. In other experiments the rate of
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disappearance in animals with an abundance of circulating antibody
was much more rapid than in animals with little or no antibody, but
there were also observations in which the animal poor in antibody
disposed of circulating antigen more rapidly than the animal rich
in antibody. In short, the association of rapid disappearance of
antigen with a high titer of antibody, although several times observed,
was far from constant.

2. Comparison of the Rate of Disappearance of Antigen in Unim-
munized and Immunized Animals.-The average time that antigen
was demonstrable in the circulation of the four unimmunized animals
which received 3 cc. of horse serum was 15.5 days; in the previously
immunized animals receiving 3 cc. the antigen was demonstrable for
an average of 11.2 days. In the rabbits receiving 6 cc. of horse serum
the average figures were: unimmunized 16.3 days, immunized 13.7
days. Certainly the difference, while in favor of the immunized
animals, falls short of theoretical expectations. Table IV shows
the results on one unimmunized animal and one previously im-
munized. Despite the fact that the latter had a high titer of circu-
lating antibody at the time of reinjection it retained the antigen in
the circulation longer than the unimmunized control. However, other
instances in which the reverse occurred were also observed.

3. Comparison of the Period of Persistence of Injected Antigen in the
Same Animal on Two Occasions: (a) When It Has Free Antibody in
the Circulation, and (b) Later When It Has None.-Rabbit 16 affords
an instance of this. In September, 1920, it was immunized and then
reinjected with 6 cc. of horse serum at a time when there was a high
titer of circulating precipitin. The result of this experiment is shown
in Table IV. It was then kept in a cage without interference of any
kind until July, 1921. At this time the serum gave no reaction for
either precipitin or precipitinogen. On July 11, it was again injected
with 6 cc. of horse serum. The subsequent relations of precipitin
and precipitinogen are shown in Table V. It is of some significance
that on the second occasion, despite the absence of circulating pre-
cipitin, antigen disappeared more rapidly than on the first occasion
when 6 cc. of horse serum were injected.

This group of preliminary experiments may be summarized by the
statement that the results failed to give a clear indication that cir-
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culating antibody plays an important part in disposing of circulating
antigen. The rabbits previously immunized did, to be sure, tend to
rid the circulation of antigen somewhat more rapidly than unimmun-
ized controls, but the difference was not impressive and there were
significant exceptions. Furthermore, among the immunized animals
the rate of disappearance bore no constant relation to the titer of
circulating antibody, and it was found that the same animal may
dispose of circulating antigen as rapidly at a time when there is no
circulating antibody as when there is a high titer.

In addition to the observations on the relation of circulating anti-
body to the rate of disappearance of circulating antigen, these experi-
ments bring out several other phenomena concerning the existence
and behavior of antigen and antibody in the blood stream.

1. Coexistence of Ununited Antibody and Antigen in the Circulation.-
This phenomenon has stimulated a number of experimental efforts
to determine whether the apparent coexistence of an antigen with its
specific antibody is in fact what it seems to be. The results are not
in complete agreement. While our experiments were not designed
to elucidate this problem it is interesting to note the frequency and
duration of the apparent coexistence of precipitinogen and specific
precipitin. The more important studies of this question may be
found in the papers of Uhlenhuth and Weidanz (10), von Dungern (11),
Torikata (12), Zinsser and Young (13), Weil (14), Denzer (15), and
Bayne-Jones (16).

2. Reappearance of Antigen after It Had Ceased to Be Demonstrable
in the Circulation.-This phenomenon we first noted during the course
of the study of the relations of antigen and antibody in serum disease
(1). In several of those patients the precipitinogen, after disappear-
ing from the circulation, reappeared again following an interval of
several days, during which none could be demonstrated in the serum.
This same reappearance is recorded five times in the series of twenty-
three rabbits. In connection with this observation it is interesting
to note that Vaughan, Cumming, and McGlumphy (17) found that
egg white which had passed from the circulation into the tissues
could be "washed" back into the circulation by infusions of salt
solution.
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3. Sudden and Marked Diminution of Precipitin Following the
Intravenous Injection of Antigen.-In all the rabbits which had
circulating precipitin at the time of the reinjection there was a sudden
and marked drop in the demonstrable precipitin in the serum during
the 24 hours following the reinjection. The rapid diminution was
followed by a prompt reaccumulation, so that 72 hours after the an-
tigen injection the precipitin had returned almost or quite to the titer
before injection. This seems to be too rapid a reaccumulation to be
accounted for on the basis of newly formed antibody, even consider-
ing the fact that these animals have previously been immunized,
and would therefore form antibody more rapidly than unimmunized
animals.

4. Progressive Increase in Prozone as Antigen or Antibody in the
Circulation Approaches the Time of Disappearance.-This observation
was also made in following the time and manner of disappearance of
antigen and antibody in serum disease. Observations were not made
on all the rabbits for a sufficiently long time to determine just how
frequently the prozone becomes progressively wider as antigen or
antibody approaches the time when it ceases to be demonstrable in
any dilution, but this tendency was noteworthy in Rabbits 3, 8,
10, 13, 14, 15, and 17. The tendency is more obvious in the disap-
pearance of precipitin than precipitinogen. A good example of this
is shown in Table VI. From this observation it is clear that the high-
est dilution at which a positive reaction is obtained does not give an
accurate indication of the amount of antibody present.

In order to test further and in a different way the question of the
relation of circulating antibody to the rate of disappearance of antigen
the conditions of the experiment were altered. Two normal rabbits
were injected intravenously with 6 cc. of horse serum. 15 minutes
later they were bled for determination of precipitinogen. Im-
mediately after the bleeding 12 cc. of undiluted anti-horse rabbit
serum having a titer of 1:200,000 were injected intravenously. 30
minutes later they were bled again for determinations of precipitin
and precipitinogen. Bleedings and titrations were repeated 24, 48,
72, and 96 hours later. It was found that 30 minutes after the in-
jection of the antiserum none was demonstrable in the serum, and
there was, moreover, no noticeable diminution in the amount of pre-
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cipitinogen demonstrable in the circulation. 72 hours after the in-
jection of the antiserum there was just as much precipitinogen in the
circulation as before the antiserum was injected. The experiment
was then repeated but much larger quantities of anti-horse rabbit
serum were injected. In this experiment approximately 100 cc.
of undiluted anti-horse rabbit serum were administered in the 48
hours following the injection of 6 cc. of horse serum. The results
of this experiment are shown in Table VII. Unfortunately, one
of the rabbits died on the 2nd day. It is noteworthy that the
first 20 cc. of antiserum injected disappeared entirely from the

TABLE VI.

Precipitin in circulation.
Final

May 14 15 16 17 18 9 21 23 25 28 31 June

Rabbit 22, weight 2,250 gin.

1:200,000 0 0 0 0 + 0 0 + 0 0 0 0
1:20,000 + 0 0 + + + + + + 0
1:2,000 + + + + + + + + + + o
1:200 +(+) + + + + + + + o 0 0
1:20 ++ + + + + 4 _ 0 0 0 0 0
1:10 ++ +(+) + + + O 0 0 0 0 0 0
1:2 __ 0 0 0 0 0 0 0 0 0 0 0

On May 12, 1921, Rabbit 22 was injected intravenously with 6 cc. of horse
serum and then, during the following 48 hours, was given intravenously 97 cc.
of anti-horse rabbit serum. The above table illustrates the disappearance of
precipitin from the circulation by progressive increase of the prozone.

circulation in 20 minutes, with practically no alteration in the
amount of circulating precipitinogen; 15 minutes after the third
injection of antiserum, with a total of 59 cc. injected up to this
time, there was still no free precipitin, and the precipitinogen had
diminished with no greater rapidity than may often be observed
in normal rabbits injected with the same amount of horse serum and
no antiserum. 17 hours after the fourth injection of antiserum
(18 cc.) there were only slight traces of precipitin in the circulation.
Despite the large amount of precipitin injected the precipitinogen
was demonstrable till the 7th day after it was administered.
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GEORGE M. MACKENZIE

A repetition of this experiment with a still larger amount of anti-
serum injected into the circulation is shown in Table VIII. There
is here an essentially similar result.' In this instance the rabbit
received 126 cc. of potent antiserum in the first 55 hours after the
intravenous injection of 6 cc. of horse serum. Despite such a flood-
ing of the circulation with the precipitin specific for the circulating
antigen the latter was in the circulation in demonstrable amounts
for 9 days and did not show a more rapid diminution during the period
when the antiserum was being administered than is often seen during
this period in normal rabbits injected only with horse serum. In
this rabbit the first antiserum injected did not disappear entirely
from the circulation as was the case with Rabbit 22 (Table VII).

By reference to Table I it is evident that the rate of disappearance
of antigen in Rabbits 22 and 27, despite the addition of large amounts
of precipitin to the circulation, is within the limits of variation of
normal rabbits injected with the same amount of horse serum and
receiving no antiserum. With such evidence it is justifiable to con-
clude that the intravascular union of precipitin and precipitinogen
must play an insignificant part in removing precipitinogen from the
circulation.

SUMMARY AND CONCLUSIONS.

1. In rabbits previously immunized to horse serum the rate of
disappearance of horse serum after reinjection is somewhat more
rapid than in control animals not previously immunized. But when
the average duration of the persistence of antigen in ten previously
immunized rabbits is compared with the average duration of persis-
tence in ten normal controls, the difference is not impressive. This
holds true for animals previously immunized by repeated injections
but having no free circulating antibody, as well as for animals having
a high titer of antibody at the time of reinjection. The same animal
may dispose of circulating antigen as rapidly at a time when the
blood contains no precipitin as when there is a high titer of circu-
lating precipitin.

2. The intravenous injection of large amounts of potent anti-
horse rabbit serum immediately after an injection of horse serum
does not materially accelerate the rate of disappearance of the horse
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serum from the circulation. While the number of days that circulat-
ing antigen was demonstrable in two experiments of this type was
less than the average of controls the duration of persistence was
within the limits of variation of normal controls.

3. Under the condition of the experiments intravascular union of
antigen and antibody is an unimportant factor in the mechanism for
disposal of antigen. By exclusion it therefore seems probable that
the rate of disappearance of antigen is largely dependent upon cell
avidity for the antigen.

4. Rabbits show a wide range of individual variation in the rapidity
with which foreign serum is appropriated by the tissue cells, and in
their ability to form precipitins. There does not appear to be any
close relation between the amount of precipitin set free in the cir-
culation and the rate of disappearance of precipitinogen.

5. The type of interrelation between precipitin and precipitinogen
-demonstrable not infrequently in patients with serum disease-in
which the precipitinogen diminishes rapidly when the precipitin
rises to the crest of its curve is sometimes reproduced in rabbits.
The type of curve which has been observed in patients with little
or no serum disease in which the precipitinogen persists steadily in
the circulation for many weeks and little or no antibody is formed,
has not been observed in the present series of rabbits.
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