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The normal regulation of intravascular plasma
protein mass has not been fully investigated. It
has long been known that plasma proteins rapidly
return to normal concentrations after plasmaphere-
sis, but the means by which this takes place has not
been clearly demonstrated. In pathological states,
such as nephrosis and hypercatabolic hypoproteine-
mia, where there may be a steady loss of plasma
protein, some compensatory mechanism (see next
paragraph) must be involved in cases in which
the intravascular plasma proteins are in a steady
state. Frequently the protein concentration alone
is determined, so that it is not known whether
changes are due to variations in plasma volume or
in total intravascular protein mass. A steady state
can only be said to exist when the plasma protein
synthesized is equal to that catabolized, so that the
total mass of protein, but not necessarily the con-
centration, is constant.

Disturbances of intravascular protein mass
could be compensated for by a) change in synthe-
sis rate, b) change in catabolic rate, c) net transfer
of protein between extravascular and intravascu-
lar protein pools or d) a combination of several
of these. There is also the possibility that the
proportion of the different protein fractions is
altered and that loss of one fraction is replaced by
an increase of another fraction.

The purpose of this investigation was to obtain
further evidence on this problem by removing pro-
tein by plasmapheresis and observing the effect
on the catabolic rate, intravascular pool mass, con-
centration and volume, and on the sum of synthe-
sis rate plus net transfer rate from extravascular
to intravascular pool. Rabbits on a normal diet
were used, and a single protein fraction, albumin,
was considered.

I131-rabbit albumin was injected intravenously
into rabbits, and plasma albumin specific activity
(microcuries per gram), total body radioactivity
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and urinary radioactivity were measured. It is
assumed throughout that I131-albumin behaves as
normal rabbit albumin (1, 2), that after catabolism
the I131 is rapidly excreted, and that there is rapid
mixing in each separate protein pool so that within
any one pool the specific activity is uniform.

A control period of ten days from the injection
was allowed before starting plasmapheresis. The
normal catabolic rate and pool masses were thus
determined for each animal. Daily determinations
of intravascular protein mass, concentration and
volume were also made throughout each experi-
ment in a control animal not subject to plasma-
pheresis.

Intravascular protein mass and plasma volume
were determined by isotope dilution. Since the
proportion of albumin to total plasma protein was
found to be constant throughout the experiment,
albumin masses could be calculated from total
protein masses.

METHODS

Theoretical

Extravascular pool. During the control period, the
extravascular protein mass was determined by the equilib-
rium time method (3-5). In this method the ratio of
extravascular to intravascular radioactivity, when extra-
vascular activity is maximal, is taken to be the ratio of
extravascular to intravascular protein. The assumptions
made, in addition to those listed above, are that the pool
masses and rates of exchange and catabolism are constant
and that newly synthesized protein is discharged into, and
catabolism occurs in, the intravascular pool or in a pool
which is in rapid exchange with it. Extravascular activ-
ity is found by subtracting total intravascular activity
(i.e., specific activity X mass) from total body activity.

During the plasmapheresis period the pools are probably
not in a steady state so that this method is not valid.

Catabolic rate. The albumin catabolic rate is measured
in grams per day by the method described by Campbell,
Cuthbertson, Matthews and McFarlane (3). The 24-
hour urinary activity in microcuries is divided by the mean
plasma albumin specific activity in microcuries per gram
during the 24 hour period. This assumes that catabolism
takes place in the intravascular pool or in some pool in
rapid exchange with it (6). This method is valid even
when the catabolic rate and pool mass are varying, since
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the only assumption involved is that the specific activity
of the albumin catabolized is the same as that of the plasma
albumin so that in any given period:

activity in urine activity in plasma
mass of albumin catabolized mass of albumin in plasma

and therefore

activity in urine mass of albumin
plasma albumin specific activity catabolized.

Synthesis rate. Direct measurement of synthesis rate
from incorporation of labeled amino acids into plasma
proteins requires a knowledge of the immediate precursor
specific activity, and this is very difficult to obtain (7).
However, variations in synthesis rate give rise to variations
in specific activity of labeled proteins. Catabolism alone
will not alter the specific activity of the remaining labeled
protein, but the extent to which the label is diluted will
depend upon the rate of entry of new unlabeled molecules
into the system of pools. Tarver (8) tabulates the effects
of various changes in the system. However, in general, it
cannot be assumed that the specific activities in the differ-
ent pools are the same (3, 4), and exchange between the
pools is therefore a complicating factor.

Consider a system of an intravascular and one extra-
vascular protein pool with catabolism in the intravascular
pool and newly synthesized protein entering this pool.

Following the notation of Rescigno (9) and Matthews
(4), let subscript 1 denote intravascular pool, and subscript
3 the extravascular pool.

X1, X3 = fraction of injected dose in pools 1, 3 at time t.
M1, M3 = mass of protein in pools 1, 3.
Kol = protein synthesis rate as a fraction of M1 per

day.
KI2 = protein catabolic rate as a fraction of M1 per

day.
KT = net rate of transfer of protein from pool 3 to

pool 1 as a fraction of M1 per day.
K13 = fraction of protein in pool 1 entering pool 3 per

day.
K31 = fraction of protein in pool 3 entering pool 1 per

day.

Then: slope of intravascular specific activity curve (i.e.,
0.693/half-life in days)

- d(X1/M1)/dt = Kol + K31 - - K31 X = b

Slope of extravascular total activity curve

-dX3/dt K K X1
x3 X3

Ko1 = b +XMC+ K13-K31 M-

KT = - dM3/dt K M3 - K

Kol + KT= b + Xc. [1]x1
This equation is always valid even if all rates and masses

are varying. For a steady state, M3 is constant and KT

= 0, so that Ko0 = b + (X3/X1) c. Equation 1 was used
to find the synthesis rate + transfer rate. Unfortunately
it is not possible to distinguish between changes in synthe-
sis rate and changes in transfer rate. It can be seen from
Equation 1 that if b, c, and X3/X1 are constant, then Ko0
+ KT must be constant.

Also: slope of total body activity curve

- d(X1 + X3)/dtK X1
= K12 =d.XI + X3 Xi + X3

If b = c = d (i.e., intravascular specific activity, extra-
vascular total activity and total body activity curves are
all parallel) then:

Koi + K31' M _-K31 X3 = K31 - K3 Xi

ml ~ ~ ~ ~ ~ XXI X3 [
Faaroc[2oXI1+ x3.

Fractional rate of change of intravascular pool mass

dMu/dt KKKKM3- M = Ko- K12- 13 +K31M [3]

Combining Equations 2 and 3, it can easily be shown that;
dM1/dt- 0

M1
Therefore, if intravascular specific activity, extravascular
total activity and total body activity curves are parallel,
the mean intravascular protein mass must be constant.

Experimental
Animals. Male Sandylop rabbits bred at the National

Institute for Medical Research were used; they received
pelleted diet SG1 (10). The drinking water contained
0.005 per cent sodium iodide and 0.47 per cent sodium
chloride from 3 days before the first injection until the end
of the experiment, in order to increase the rate of iodide
excretion.

Preparation of rabbit albumin. Rabbit albumin was
kindly prepared by Dr. S. Cohen from 4 ml rabbit serum
by electrophoresis, according to Porath (11), on a column
of treated cellulose 3 cm in diameter and 45 cm long, using
a current of 22 ma for 46 hours, and a borate phosphate
buffer (pH 8.60, , = 0.05).

Iodination. Iodination was carried out by the iodine
monochloride method as described by McFarlane (12),
after which free iodine was removed by passage through
anion exchange columns of Deacidite (Permutit & Co.,
London).

Injection and samples. The iodinated albumin or
plasma, in a volume of less than 2 ml, was injected into
the marginal ear vein, and a sample of blood was with-
drawn about 5 minutes later from the opposite marginal
ear vein. The activity to be injected and the syringe
washings were counted and the injected dose obtained by
difference.

Urine was collected every 24 hours, before I-12 injection,
the cages being washed down with 0.05 Nsodium hydroxide.
The volume of urine and washings was measured and a 3
ml aliquot taken for counting.
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TABLE I

Fall in intravascular specific activity after injection
of labeled protein, before and after plasmapheresis

Relative specific activity

Time 2 hrs 4.3 hrs
from Before after after

injection plasmaph. plasmaph. plasmaph.

5 min 100 100 100
1.2 hr 90.1
2.0 hr 88.0
2.2 hr 78.9
2.8 hr 82.5

Intravascular protein mass and plasma volume. Intra-
vascular protein mass and volume were obtained by iso-
tope dilution, initially from the injection of 1131-albumin,
and subsequently throughout the experiment by injection
of Il3B-rabbit plasma. When Il3B-plasma was injected, a
blood sample was taken a few minutes before the injection
to determine the 1131 activity in the blood at this time.
Another sample was then taken about 5 minutes after in-
jection; the injected dose divided by the 1112 activity per
milliliter of plasma and per gram of protein gave the plasma
volume and intravascular total protein, respectively.
Since the fall in specific activity after injection is slow, it
was considered sufficient to take a single sample for specific
activity measurement (see Table I).

TABLE II

Nonprotein-bound radioactivity before and
during plasmapheresis

Activity in TCA
Time supernatant

hrs %of total
Plasma 0.083 (5 min) 0.69

17.7 1.25
26 1.07
40 0.87
50 0.79
64 1.11

68 1.97
89 0.92

91 1.29
113 0.79

116 1.40
137 1.03
185 1.06

187 1.44
209 0.92

212 1.28
*

233 0.81
*

235 0.94
257 1.04

Lymph 261 >1.1 and <2.1

* Plasmapheresis.

Measurement of radioactivity. Urine samples and dilu-
tions of plasma samples were counted in a well-type scintil-
lation counter. Since urine samples were collected in the
morning before I132 injection, the I132 injected the day be-
fore had decayed to a negligible amount compared with the
I131 activity.

Plasma samples containing both 1P32 and 1131 activity
were counted as soon as possible and then recounted the
following day to obtain the 1131 activity. By subtracting
the 1131 activity (corrected for decay) from the first count,
the I132 activity at this time was obtained.

The total body activity was measured in a ring counter of
eight Geiger tubes (4). The 1132 and 1132 activities for
injection and the activity in the washings were also meas-
ured in the ring counter.

Iodine-132. Te'32 on an alumina column was obtained
from A.E.R.E.,1 Harwell. 1132 was eluted daily by pouring
0.01 M ammonia through the column. The eluent was
evaporated down to a small volume which was used for
iodination. A sample of each eluent was counted in the
ring counter and recounted the next day to check the pro-
portion of 1131 activity. This was always less than 0.5 per
cent.

Protein determinations. Total protein was determined by
the biuret method of Gornall, Bardawill and David (13).
The proportion of albumin to total protein was determined
by finding the ratio of 1131-albumin to 1131-total protein
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FIG. 1. EXPERIMENT CO, RABBIT A. Total body ac-

tivity, 0; total extravascular activity, *; plasma albu-
min specific activity as per cent of value 5 minutes after
injection, X; albumin catabolic rate, U before, during and
after plasmapheresis.

1 Atomic Energy Research Establishment.
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FIG. 2. EXPERIMENT C1, RABBIT B. Total body ac-
tivity, 0; total extravascular activity, 0; plasma albu-
min specific activity as per cent of value 5 minutes after
injection, X; albumin catabolic rate, f before, during
and after plasmapheresis.

specific activities, since only the albumin was labeled with
1131. Albumin specific activities were determined as fol-
lows. The globulins were precipitated with 1 per cent
trichloroacetic acid in alcohol as described by Debro,
Tarver and Korner (14). The albumin in the supernatant
was then reprecipitated with an equal volume of ether and
the precipitate dissolved in 2 ml saline. This was then
counted and the albumin determined by the biuret method,
as for the plasma samples.

Plasmapheresis. Blood was withdrawn from the mar-
ginal ear vein into a sterile tube containing about 500 IU
of heparin. After centrifugation, the supernatant plasma
was removed, and the red cells and trapped plasma were
diluted with about 5 to 10 ml of saline and reinjected into
the marginal ear vein. The interval between bleeding and
injection of red cells was approximately 40 minutes. In
each experiment plasmapheresis was continued daily for
9 days except on Day 4 in Experiment CO and on Days 4
and 7 in Experiment C1.

Nonprotein-bound activity. This was determined by
adding 1 drop 10 per cent sodium iodide, 0.5 ml 10 per cent
albumin solution and one-third of the volume of 30 per
cent trichloroacetic acid. The percentage of radioactivity
in the supernatant was taken as the percentage of non-

protein-bound activity. The results for one rabbit are
shown in Table II.

RESULTS

The complete experiments described were car-
ried out with plasmapheresis in four rabbits and
in two control rabbits. There were also incom-
plete experiments in three other rabbits in which
only one isotope was used. The results were all
similar.

Figures 1 and 2 show the total body activity,
extravascular activity, and plasma specific activity
curves and also the catabolic rates for two of the
rabbits. Plasma specific activity curves are seen
to be approximately parallel to total body activity
curves before and during the period in which
daily plasmapheresis was carried out, which implies
that the mean intravascular protein mass is con-
stant during this period (see Equation 3 et seq.).
After this "plasmapheresis period" the slope of
the plasma specific curve is not constant but is
greater than that of the total body activity curve.
The changes in plasma specific activity slope some-
times lag behind the changes in total body activity
slope.

The catabolic rate falls slightly during the
plasmapheresis period and rises again afterward.
Figure 3 shows the changes in intravascular spe-
cific activity after plasmapheresis in greater detail.

Figure 4 shows the variations in intravascular
protein mass, concentration and volume for one
of these rabbits. There is a gradual fall in mean
concentration during the plasmapheresis period,
with a gradual return to normal afterward. This
mainly reflects an increase in plasma volume as
the total protein mass is approximately constant.
(The mean intravascular protein mass during the
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FIG. 3. EXPERIMENTCO, RABBIT B. Plasma albumin
specific activity as per cent of value 5 minutes after in-
jection, before and during plasmapheresis.
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TABLE IV

Intravascular albumin as per cent total intravascular protein *

Experiment CO, A CO, B C1, A C1, B

hrs %alb. hrs %aib. hrs %alb. hrs %alb.
Before 0 64.6 0 54.4 0 53.4 0 50.9
plasmapheresis 1.3 56.9 1.3 51.1

22.5 57.8 22.5 61.0
48 64.4 48 58.5 47 54.4 47 47.0

95 60.7 95 55.5
167 58.5 167 51.6

240 66.9 240 61.0 239 58.0 239 49.6
Mean 65.3 58.0 57.1 52.4

During 267 57.1 267 52.4
plasmapheresis 288 61.1 288 58.7 291 58.5 291 48.0

364 65.0 364 52.4 339 60.5 339 50.5
435 62.0 435 55.9

457 52.1 457 59.5 456 48.4 456 52.4
Mean 59.4 56.9 57.3 51.8

After 552 62.5 576 54.1 528 52.5 528 53.0
plasmapheresis

* Ratio of total protein specific activity to albumin specific activity.

assumptions made are correct, and confirms that
the intravascular albumin mass is approximately
constant. About 70 to 80 per cent of the with-
drawal is compensated for by an increase in the
synthesis plus transfer rate and the remainder by
a decrease in the catabolic rate. The greatest de-
crease in the catabolic rate is 27 per cent of the
initial value. Table IV shows the ratio of total
protein to albumin specific activity. Since this
ratio does not change significantly throughout the
experiment the albumin pool must be a constant
fraction of the total protein pool.

Since the total intravascular albumin mass is
constant, changes in percentage of catabolic and
synthesis rates are proportional to changes in ab-
solute rates (i.e., in milligrams per day).

DISCUSSION

Removal of intravascular protein by plasma-
pheresis appears to be mainly compensated for
either by a change in the synthesis rate or by
transfer of protein from extravascular to intravas-
cular pool, or both. These possibilities cannot be
distinguished since only the synthesis plus transfer
rate can be determined. The change in catabolic
rate is comparatively small. The plasma volume
increases after each bleed and the concentration
falls. Later, concentration rises, so that the pro-
tein is evidently replaced more slowly than is the
water. An increase in plasma volume after plas-
mapheresis was also observed by Whipple, Miller

and Robscheit-Robbins (15), and by Rodionov
and co-workers ( 16).

If the synthesis rate remains constant, the extra-
vascular pool must be greatly reduced. For ex-
ample, for Rabbit A in Experiment CO:

(albumin withdrawal rate - decrease in cata-
bolic rate) X 9 days = 78 per cent extravas-
cular pool.

I.e., this pool would have decreased to 22 per cent
of the initial value. This seems very unlikely.
The concentration of total protein for this rabbit
fell to about 78 per cent of the original value, so
that unless the extravascular volume was reduced,
the concentration gradient between intra- and
extravascular pools would have to be 3.5 times.
greater than normal. It therefore seems very
probable that the synthesis rate is increased during
plasmapheresis.

The constant ratio of extravascular to intra-
vascular activity does not necessarily indicate-
a constant ratio of protein masses, since the ex--
travascular specific activity is not known. Simi-
larly after plasmapheresis, the increasing extra--
vascular to intravascular activity ratio is not neces--
sarily due to an increase in the protein ratio, al-
though this remains the simplest explanation. If
there is a net transfer of protein from intravascular
to extravascular pool after the plasmapheresis pe-
riod, the transfer rate KT will be negative, and the
synthesis rate will be greater than the values cal-
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culated for synthesis plus transfer rate (see Table
III). Thus, by this explanation the synthesis rate
would remain higher than normal after the plas-
mapheresis period is over and the extra protein
produced would increase the extravascular pool
mass.

If extravascular mass remains constant through-
out, i.e., if the transfer rate is zero, then the syn-
thesis rate must have returned to normal after
the plasmapheresis period (see Table III). The
system would then be in equilibrium, except that
the catabolic rate has not quite returned to normal
in most cases. However, the small difference be-
tween synthesis and catabolic rate seems hardly
great enough to account for the difference in ex-
travascular activity and intravascular specific ac-
tivity slopes so that there was probably some
change in extravascular protein mass. In the
steady state the slopes should, of course, be equal
(8).

The most likely hypothesis, therefore, seems to
be that during the plasmapheresis period the in-
travascular pool mass is kept constant mainly by
both net transfer of protein from the extravascular
pool and increased synthesis, and that after the
plasmapheresis period the synthesis rate remains
high for a time so that the extravascular pool
gradually returns to normal. This would be in
agreement with the results of some other workers.
Wasserman, Joseph and Mayerson (17) conclude
from plasmapheresis and infusion experiments in
dogs that albumin is first replaced from the extra-
vascular pool and later by increased synthesis.
Rodionov and associates (16) reach the same
conclusions from plasmapheresis experiments in
dogs with and without liver denervation, but they
also find a large increase in globulins after bleed-
ing. Reeve and Roberts (18) find a constant
catabolic rate of albumin in grams per day per
unit body weight for normal rabbits, independent
of plasma albumin concentration. They con-
clude from this that it is likely that albumin mass
is maintained by regulation of the synthesis rate.

Experiments in which plasma proteins are de-
pleted by means of a low protein diet (19-21) may
not be directly comparable with plasmapheresis
experiments, since the depletion is produced in a
different way.

It is remarkable how little the mean intravas-
cular pool mass deviates from the normal value

considering the large amount of protein with-
drawn. A sensitive mechanism must exist for al-
tering the transfer rate plus synthesis rate to com-
pensate for the protein removed. Furthermore,
the sum of the transfer rate plus synthesis rate
must be constant during the plasmapheresis pe-
riod (see Equation 3 et seq.). It seems likely
that the transfer rate will be reduced as the extra-
vascular pool becomes smaller, so that the syn-
thesis rate must be increasing by just the required
amount to balance this effect. This suggests that
synthesis rate depends upon the extravascular
protein mass or concentration. Thus the intra-
vascular pool would be maintained at the expense
of the extravascular pool, and the reduction of
this pool would stimulate increased synthesis.

SUMMARY

The effects on the albumin pools of a period of
daily plasmapheresis in rabbits are as follows.

1. Intravascular albumin mass fluctuates about
a mean value which is approximately constant
throughout the experiment.

2. Plasma volume increases during the plasma-
pheresis period and albumin concentration falls.
After the plasmapheresis period, volume and con-
centration slowly return to normal.

3. Intravascular albumin is a constant fraction
of intravascular total protein throughout the ex-
periment.

4. During the plasmapheresis period, intravascu-
lar specific activity and total body activity curves
are parallel.

5. Approximately 70 to 80 per cent of the al-
bumin removed is replaced by either net transfer
of protein from extravascular to intravascular pool
or by increased synthesis, or both. The data do
not distinguish between these possibilities.

6. Twenty to thirty per cent of the albumin re-
moved is compensated for by a reduction in the
catabolic rate.
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