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FOLLOWINGTHE INTRAVENOUSINJECTION OF

GELATIN, SERUM, AND PHYSIOLOGICAL
SALINE SOLUTION'

By J. P. HOLT AND P. K. KNOEFEL
(From the Departments of Physiology and Pharmacology, University of

Louisville School of Medicine, Louisville)

(Received for publication November 8, 1943)

There has recently been a renewed interest in
the use of gelatin as a substitute for blood plasma
(1 to 5). The purpose of the present study is to
determine, in normal dogs, the degree to which a
single large intravenous injection of gelatin solu-
tion, physiological saline solution, or serum re-
mains in the vascular bed and to determine the
effect of these injections on cardiac output.

METHODS

Dogs were anesthetized with an intravenous injection of
sodium barbital, 250 mgm. per kgm. body weight. A
tracheotomy was performed and a tracheal cannula
inserted. A cephalic vein, carotid artery, and a small
branch of the right and left femoral arteries were exposed
and cannulated. Arterial blood pressure was recorded by
means of a Hg manometer that was connected to the
carotid cannula. The cardiac output, right auricular
pressure, and hematocrit were determined and, at the same
time, 10 to 40 mgm. of the dye, T-1824, were injected
intravenously to determine the plasma volume. One hour
later, 50 cc. per kgm. body weight of warmed gelatin
solution, physiological saline solution, or serum were
injected into the cephalic vein at the rate of 5 cc. per kgm.
per minute. Twenty minutes after the completion of the
fluid injection, the cardiac output was determined, an
"indirect" determination of plasma volume was made, and
the hematocrit was determined. At 40 minutes after the
completion of the injection, an "indirect" determination
of plasma volume was made and the hematocrit was
determined. At 60 minutes after the completion of the
injection, the right auricular pressure, hematocrit, -and
cardiac output were determined, and an "indirect" deter-
mination of plasma volume was made. At the same time,
10 to 20 mgm. of dye were injected for a second "direct"
determination of plasma volume. Two hundred and forty
minutes after the completion of the injection, the hemato-
crit, right auricular pressure, and cardiac output were
determined. At the same time, 10 mgm. of dye were
injected intravenously for a third "direct" plasma volume
determination.

1Aided in part by a grant from the Knox Gelatine
Company. The gelatin was furnished by the Knox Gela-
tine Company.

The plasma volume was determined by the method of
Gibson and Evans (6). Arterial blood samples were
drawn from a small branch of the femoral artery for
determination of plasma dye content with a Klett-Sum-
merson photoelectric colorimeter. The first sample was
taken 20 minutes after the dye injection and 4 subsequent
samples were taken at 10-minute intervals.

Cardiac output was determined by means of the Fick
formula. The rate of oxygen consumption was measured
with a modified Benedict Roth type apparatus. This was
connected to the dog by means of a tracheal cannula.
Blood was collected over Hg without contact with air by
the method of Austin et al. (7). Arterial blood was drawn
from a small cannulated branch of a femoral artery.
Mixed venous blood was drawn, in most experiments, from
the right auricle by means of a glass cannula that passed
into the right auricle by way of the right external jugular
vein, and in others, from the right ventricle according to
the method of Marshall (8). The oxygen content of the
blood was determined on 2 cc. samples by the method of
Van Slyke and Neill (9).

In most experiments, right auricular pressure was
measured immediately before each cardiac output determi-
nation by means of a water manometer that was connected
to the cannula which passed into the right auricle. At the
end of each experiment, the position of the tip of the
cannula in the auricle was determined and all right
auricular pressures were referred to this level as zero.

The hematocrit was determined on arterial blood by the
method of Wintrobe (10).

Clotting was prevented in blood samples by drawing the
blood into tubes which contained 1.3 mgm. dry ammonium
oxalate and 0.7 mgm. dry potassim oxalate per cc. of
blood. All blood withdrawn from the animal was replaced
by transfusion of an equal volume of blood from another
dog.

The gelatin2 (Lot B78-1) used in these experiments was
supplied as calcium gelatinate, produced by hydrolysis of
alkali-treated bovine long bone collagen. A 3.75 per cent
gelatin solution was prepared by dissolving the gelatin in
0.9 per cent sodium chloride solution, and adjusting the
pH to 7.4 by adding sodium hydroxide. The gelatin

2 preliminary report of this work was presented at a
conference on gelatin which was convened by the sub-
committee on blood substitutes of the National Research
Council, in Washington, D. C., Feb. 23, 1943.
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solution was autoclaved for 90 minutes at 10 pounds
pressure before using. The colloidal osmotic pressure of
the gelatin solution was 29 mm. of Hg, as measured by the
method of Hepp (11).

Pooled serum was prepared from 2 to 4 dogs and re-

frigerated for approximately 24 hours before being used.
The blood volume (B.V.), oxygen content of 100 cc. of

arterial red blood cells (02 R.B.C.), and total peripheral
resistance (T.P.R.), were calculated as follows:

B.V. = P-H X 100
P.H.

02 R.B.C. = R H x 100

T.P.R. = -r. x 1332
C.O.

P.V. is plasma volume. P.H. is the percentage of
plasma in the hematocrit. R.H. is the percentage of
erythrocytes in the hematocrit. A.0. is the oxygen
content of 100 cc. of arterial blood. Pr. is mean arterial
pressure in mm. Hg. C.O. is cardiac output in cc. per
second.

In some experiments the following supplementary data
were obtained:

(1) The plasma protein content was determined by the
gravimetric method (12).

(2) The plasma gelatin content was determined as
hydroxyproline by the method of Macfarlane and Guest
(13).

OBSERVATIONS

The results -of all observations are tabulated in
Tables I, II, and III.

TABLE I
The effect of intravenous physiological saline solution, serum, and gelatin solution on various circultory factors

Oxygen .Total
Expt. Solution Wei ht Plasma Hema- Blood | ge | Oxygen Cardiac Arterial Right Arterial ph-

no. injected d°of Time volume tocrit volume con- output pres- auricuiar oygenrno. injected ~dog sumption ouptsure pressure o ryen sist-Arteriall Venous ance

ccI kgmim- per cent cc. per 1(c cc. per L. Per c Percc. | kgm. | utes cc. red cells cc. blod minute minute nm. Hg mm. water 100 cc. A.U.
red cells

0 916* 22.1 1188
20 979 16.6 1204

1 0.9 per 15.0 40 933 18.4 1167
cent NaCI 60 781

750 60 869*
240 915* 21.95 1146

0 887* 47.3 1718
20 1058 40.0 1782

2 0.9 per 15.4 40 1080
cent NaCI 60 965

775 60 939* 42.4 1659
240 843* 46.0 1591

0 794* 58.1 1965 26.72 18.58 144 1.77 146 -2; +18 46 6593
20 1077 50.0 2200 23.36 19.83 155 4.38 124 +18 47 2253

3 0.9 per 18.5 40 986 51.1 2063
cent NaCI 60 981

925 60 900* 51.6 1902 24.15 17.75 150 2.34 130 +27 47 4475
240 820* 57.0 1953

0 964* 47.7 1905 22.24 17.53 138 2.93 158 0 47 4307
20 1269 40.7 2140 19.45 14.65 176 3.67 162 +26 48 3532

4 0.9 per 21.5 40 1143 45.4 2135
cent NaCl 60 1029

1075 60 1088* 44.8 2012 22.06 15.21 181 2.63 139 -14 49 4219
240 847* 49.3 1722

0 1389* 51.5 2914 23.52 17.60 121 2.04 86 0 46 3372
20 1952 39.0 3254 18.41 16.44 112 5.67 127 + 1 47 1790

5 0.9 per 27.0 40 1747 41.4 3005
cent NaCI 60 1623

1350 60 1770* 41.4 3072 19.62 16.02 108 2.97 98 +3 48 2637
240 1517* 46.2 2845

Effect of intravenous injection of gelatin solution, physiological saline, and serum on plasma volume, hematocrit,
blood volume, arterial oxygen content, venous oxygen content, oxygen consumption, cardiac output, arterial preure,
right auricular pressure, total peripheral resistance, and arterial oxygen content of red blood cells. In all experments,
zero time represents the control determination. The other determinations are at 20, 40, 60, and 240 minutes after the
completion of the fluid injection. L., liters. A.U., absolute units having the dimenions, dynes seconds cm.-.

* Plasma volume determination by the "direct" method. All other plasma volume determinations were by the
"indirect" method.
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TABLE I-Continued

Oxygen Total
Ext olto Weight PlsaHm-BodOxygen Cardiac Arterial Right Arterial periph-

no. injected J Time Plama Hemai Blome con- output pres- auricular oyer adog vouetci ouesumption sure pressure oxgnresist.Arteriallj Venous ance

Percextcc.per 100 cc. per L. per ~~~~~~~cc. %'er
cc. kgm. mx- e cc.| 100cc. c eiooe mm. Hg mm. water 100 cc. A.U.uSes red cells blood minute minute red cells

0 798* 49.2 1578 23.47 14.55 90 1.01 110 -10; +25 48 8655
20 1485 35.3 2315 15.49 9.07 90 1.41 52 - 25; - 15 44 2957

6 Serum 14.8 40 1430 38.0 2321
740 60 1272

60 1092* 39.1 1807 17.47 13.31 87 2.10 89 -45; -40 45 3388
240 1088* 40.8 1857 18.46 13.60 81 1.67 102 -25; +2 45 4891

0 816* 58.1 2023 26.32 20.20 144 2.36 150 -7 45 5079
20 1572 41.2 2720 19.42 15.61 150 3.94 131 -2 47 2653

7 Serum 20.8 40 1489 45.2 2742
1040 60 1558

60 1274* 46.3 2411 20.70 17.38 140 4.20 142 -5 45 2677
240 52.3 23.02 19.02 153 3.88 166 +8 44 3420

0 679* 49.2 1372 21.74 18.45 64 1.93 144 -6; +4 44 5946
20 1236 36.1 1971 16.63 13.55 110 3.57 114 -4; +1 46 2549

8 Serum 15.7 40 1198 37.9 1961
785 60 1158

60 806* 38.6 1334 17.02 1.3.86 97 3.08 124 -4; +1 44 3212
240 953* 38.6 1570 18.29 10.33 77 0.96 70 -11; +3 47 5810

0 589* 53.1 1267 24.61 20.42 77 2.11 148 - 10; +25 46 5610
20 1062 50.8 2194 17.20 12.97 96 2.27 82 0; +20 34 2893

9 Serum 13.7 40 1032 52.4 2143
685 60 1028

60 746* 55.8 1700 21.43 15.82 91 1.62 115 -26; -21 5682
240 603* 56.1 1396 23.82 17.10 77 1.14 129 -24; -18 42 9046

0 654* 40.2 1104 17.99 14.30 115 3.12 176 +6; +24 45 4515
20 1277 28.6 1802 10.82 6.45 96 2.86 96 -56 38 2685

10 Serum 16.1 40 1227 34.7 1890
805 60 1129

60 934* 40.1 1560 31.96 8.97 103 2.06 108 - 37; - 22 35 4188
240 676* 45.5 1257 17.55 10.57 109 1.57 130 -7; 0 39 6633

0 651* 39.6 1083 18.81 12.59 64 1.03 101 -17; -10 48 7864
20 1119 21.6 1431 10.72 7.93 68 2.44 124 -18; +12 50 4060

11 Gelatin 11.4 40 1086 22.9 1412
570 60 947

60 1020* 26.5 1388 12.78 8.81 67 1.69 114 -10; -4 48 5394
240 807* 34.1 1233 15.63 10.67 113 2.28 126 -4; +10 46 4419

0 846* 48.8 1687 21.11 16.88 142 3.35 144 -4; +1 43 3429
20 1621 26.8 2219 12.93 10.54 151 6.31 136 +24; +28 48 1726

12 Gelatin 19.4 40 1513 27.9 2095
968 60 1482

60 1639* 26.4 2246 13.05 9.92 124 3.96 134 +28 49 2701
240 1267* 34.0 1948 15.52 12.04 150 4.23 132 0 46 2493

0 953* 48.4 1922
20 1759 32.8 2646

13 Gelatin 18.3 40 1672 36.4 2640
915 60 1558

60 1143* 39.5 1931
240 878* 48.7 1770

0 599* 52.8 1289 23.68 21.27 89 3.69 128 -3; 0 45 2773
20 1282 35.2 1988 16.82 14.92 142 7.50 145 -12; +15 48 1542

-14 Gelatin 13.4 40 1216 36.0 1904
670 60 1205

60 1052* 36.9 1676 18.04 14.98 101 3.32 142 -17 49 3420
240 1075* 46.9 2024 22.17 17.51 100 2.14 135 -20; -8 47 5059

659



J. P. HOLT AND P. K. KNOEFEL

TABLE I-Continued

Total
Weight ~~~~~~~Oxygen Oxygen Cardiac Arterial Right Atrapeih-Expt. Solution Wegt Plasma Hema- Blood __-_auriculr_Arterial eral

no. inj ee dog vlm ortvlm upinsr rsue oye eitArteriall Venous ance

.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~c percc. kgm. min cc. per cent CC. CC. per 100 cc. cc. per L per |mm Hgermmwatr 100 Cc. A.UuSes red cells Nlod minute minute mm"gm.dae0 cc.AU.
0 819* 48.1 1586 24.05 20.83 74 2.29 124 50 4313

20 1681 28.8 2361 13.84 11.50 99 4.24 133 48 2509
15** Gelatin 18.0 40 1619 27.8 2243

900 60 1551
60 1361* 29.0 1929 13.92 11.16 96 3.47 126 48 2893

240 1000* 36.8 1598 16.72 12.28 99 2.23 134 45 4803

o 922* 48.5 1812 20.80 16.14 111 2.37 132 43 4443
20 1857 23.2 2433 10.73 7.89 120 4.22 133 46 2509

16** Gelatin 20.7 40 1716 25.7 2315
1010 60 1636

60 1504* 26.6 2052
240 1351* 30.0 1959 13.35 8.87 139 3.10 117 45 3021

0 864* 42.2 1507 16.39 13.25 67 2.13 128 39 4803
20 1760 16.2 2105 7.66 5.73 76 - 3.93 141 47 2869

17** Gelatin 21.5 40 1683 17.5 2064
1000 60 1595

60 1333* 19.0 1654
240 961* 27.4 1341 12.91 8.90 71 1.76 122 47 5554

0 909* 48.6 1778 21.63 18.64 89 2.97 190 - 12; 0 45 5107
20 925 50.8 1903 22.64 16.03 92 1.39 162 -22; -4 45 9334

18 Control 22.8 40 921 50.6 1884
60 931
60 909* 51.8 1893 22.47 15.78 90 1.34 168 -25; +2 43 10005

240 1000* 53.9 2176 23.17 15.73 111 1.49 152 -20; +3 43 8168

** Mixed venous blood drawn from the right ventricle. In all other experiments, mixed venous blood was drawn from
the right auricle. Blood that was withdrawn was not replaced by transfusion from another dog.

The observed values for plasma volume indi-
cated a discrepancy in the values at 60 minutes
as determined by the "direct" and "indirect"
methods. The average percentage by which the
plasma volumes by "indirect" determination ex-
ceeded those by "direct" determination was 28
with serum, 11 with gelatin. With saline solu-
tion, the 2 values differed by only 2 per cent,
which is not a real difference. For determina-
tion of the plasma volume by the "direct"
method, the only requirement is that a dye con-
centration-time curve be obtained which, when
extrapolated back to the time of injection, will
give the dye concentration which would have
been present if instantaneous mixing had oc-
curred. Shifts of dye or fluid do not interfere
with the satisfaction of this requirement, pro-
vided that the rates at which these occur remain
constant during the period of determination.
The "indirect" method of determination of
plasma volume requires that the actual rate of
removal of dye from the plasma be determined

during the control period, and that this rate con-
tinues until the time that this "indirect" de-
termination is made.

The probable errors in the "indirect" deter-
mination which might explain the discrepancy
appeared to be (1) reduction in the optical den-
sity of the plasma, apart from its content of
T-1824, and (2) increased rate of removal of dye.
The use of large amounts of dye (6) makes the
first inadequate as an explanation. This was
established by determination of the light trans-
mission of serum, gelatin, and dye solutions.
The second explanation is supported by the
demonstration of Gregerson and Rawson (14, 15)
of the binding of T-1824 by plasma proteins. If
the theoretical dye concentration at 60 minutes
is calculated on the basis that the accelerated
rate of departure of plasma protein as observed
produces an equal acceleration of departure of
T-1824, it agrees with the observed concentration
within 6 per cent. However, the escape of fluid
per se, as 0.9 per cent NaCl, apparently does not
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TABLE II

Effect of intravenous gelatin solution and serum on plasma
proteins and plasma gelatin concentration

Injected serum
Time Circu- Circu-

Sub- Expt. after Plasma Plasma lating lating
stance no. injec- protein gelatin plasma plasma Pr-Colloidaltion protein gdatin tein osmotic

gramgrms er entPer cent grams
Mmn- geram rmper Oef of per m.H6 gles lOOcc. lOOc. control amoxut mm g

injected cc.
6 5.09 20.3

7 5.45 24.3

8 5.81

0 6.71 100
Serum 9 5.33 19.3

240 6.80 103

0 6.90 100
10 5.09 20.6

60 6.38 132

240 6.80 102

60 0.70 36
12

240 0.80 31

60 0.71 27
13 -

240 0.83 24

0 6.04 0.00 100 0

14 60 0.83 39

240 2.92 0.90 87 43

Gelatin 0 6.28 100

20 3.14
16

60 3.33 87

240 3.84 90

0 6.50 100

20 2.76
17-

60 3.23 77

240 3.34 57

At zero time, the control determinations are given.
Other determinations were made at 20, 60, and 240 minutes
after the completion of the fluid injection. The experi-
ments in this table having the numbers corresponding to
numbers in Table I were on the same animal.

accelerate the departure of the dye, since the
"direct" and "indirect" determinations agree.
In the case of gelatin, the increase in loss of dye
is apparently associated with the amount of
plasma protein, rather than gelatin, that leaves
the blood.

The figure for plasma volume at 60 minutes
obtained by the "direct" method seems more
nearly to represent the true plasma volume, so
that it was used in calculation of the blood vol-
ume, the percentage of change in plasma volume,
and the percentage of retention of fluid. Since
only "indirect" determinations of plasma volume
were made at 20 and 40 minutes, these are given
in the tables, although they are probably too high
in the experiments with serum and gelatin.

Saline. Five experiments were performed.
The plasma volume and blood volume were ele-
vated at 20 and 40 minutes after injecting the 0.9
per cent sodium chloride solution but had re-
turned nearly to the control value after 240
minutes. The plasma volume at 20, 40, 60, and
240 minutes after the completion of the fluid
injection was always much less than the expected
plasma volume if all of the injected solution had
remained in the circulation. In each experiment,
the cardiac output was increased above the con-
trol at 20 minutes after the completion of the fluid
injection, the average value being plus 117 per
cent. After one hour, it had returned toward
the control value. The total peripheral resis-
tance was markedly decreased at 20 minutes
following the fluid injection and returned toward
the normal at 60 minutes after the injection.
Following the injection, there was no marked
effect on arterial pressure. Right auricular pres-
sure was slightly elevated in 2 experiments and
there was no change in the third. The oxygen
content of 100 cc. of red cells was increased in
each experiment, the average value being 2.4 per
cent above the control, at 20 minutes after the
completion of the injection.

Serum. Five experiments were performed
with serum. The plasma volume was increased
after the serum injection and had returned to a
point above the control after 240 minutes. The
amount of the injected serum that remained in
the vascular bed was much greater at 60 and 240
minutes than the amount of saline solution that
remained (Table III). In 4 of these experiments,
the cardiac output was increased between 7 and
84 per cent above the control at 20 minutes after
the injection. After 4 hours, the cardiac output
had returned toward the control value. In 1
dog, the cardiac output decreased throughout the
experiment. The reason for this is not clear,
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TABLE III

Average percentage of change in various circulatory factors after giving saline, serum, and gelatin

Solution 20 minutes 40 minutes 60 minutes 240 minutes
Time injected 0 (percentage (percentage (percentage (percentage

of change) of change) of change) of change)

Saline 990 cc. + 27 +19 +11 - 1
Plasma volume Serum 707 cc. + 89 +80 +36 +21

Gelatin 808 cc. + 96 +86 +61 +32

Percentage of injected solu- Saline 975 cc. + 26 +18 +10 - 1
tion that remained in circu- Serum 811 cc. + 76 +70 +32 +26
lation Gelatin 862 cc. + 90 +81 +57 +30

Saline 1938 cc. + 8 + 5 + 1 - 5
Blood volume Serum 1469 cc. + 52 +53 +21 +14

Gelatin 1555 cc. + 40 +36 +19 +11

Saline 2.25 L. per minute +117 +22
Cardiac output Serum 2.11 L. per minute + 38 +37 - 4

Gelatin 2.48 L. per minute + 96 +36 +19

Saline 4757 A.U. - 44 -19
Total peripheral resistance Serum 5961 A.U. - 52 -32 + 6

Gelatin 4604 A.U. - 45 -16 + 1

02contentof 100cc. of arterial Saline 41.6 cc. + 2.4 + 3.8
R.B.C. Serum 45.7 cc. - 8.5 - 7.5 - 4.6

Gelatin 44.8 cc. + 8.1 + 5.1 + 4.1

The average of the control values for the various factors are given in the zero column. The average percentage of
increase (+) above the control and the average percentage of decrease (-) below the control of the various factors at
20, 40, 60, and 240 minutes after the completion of the fluid injection are given. The total peripheral resistance is

dyn6s sec.expressed in absolute units (A.U.) having the dimensions .R.B.C., red blood cells.CM.'

but the fact that, at autopsy, this animal was
found to have no pericardium may have sig-
nificance. The arterial pressure fell markedly
after the completion of the injection of the serum
in 3 experiinents and fell slightly in the other 2.
It then returned toward the normal level. The
total peripheral resistance was markedly reduced
following the fluid injection and then returned
toward the normal level. The right auricular
pressure was less than the control value after
the injection of serum in 2 experiments, and
slightly greater than the control in 2 experiments.
The oxygen content of 100 cc. of red blood cells
was decreased in most of the experiments, the
average value being a decrease of 8.5 per cent
below the control, at 20 minutes after the com-
pletion of the injection.

Gelatin. Seven experiments were performed
with gelatin. The plasma volume was increased
after the injection and returned to a point above
the control value after 240 minutes. The
amount of the injected gelatin solution that re-
mained in the vascular bed was much greater at
60 and 240 minutes than the amount of saline

solution that remained (Table III). The cardiac
output was increased between 78 and 138 per
cent above the control value at 20 minutes after
the completion of the injection and had returned
toward the control value after 4 hours. There
was no marked effect on arterial pressure, al-
though there was a small rise in 6 of the experi-
ments at 20 minutes after the injection. The
total peripheral resistance was markedly reduced
following the fluid injection and then returned
toward the normal value. In the 3 experiments
in which auricular pressure was measured, it was
elevated at 20 minutes after the completion of
the injection. The oxygen content df 100 cc. of
red blood cells was increased in 5 of the 6 experi-
ments in which it was measured, the average
increase above the control being 8.1 per cent,
at 20 minutes after the injection.

DISCUSSION

The results reported here are in agreement
with those of others who have shown that physio-
logical saline solution quickly leaves the vascular
bed after intravenous injection (16, 17), that
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serum is retained in the vascular bed for several
hours (16, 18, 19), and that gelatin solution is
retained in the vascular bed for several hours (4,
20, 21). The results show that the gelatin solu-
tion is just as effective as serum in maintaining
plasma volume in the normal vascular bed. Al-
though there was, on the average, a greater per-

centage of retention in the vascular bed of the
gelatin solution than there was of the serum, this
does not necessarily mean that gelatin solution
is more effective as a blood plasma substitute
than serum because the colloidal osmotic pressure

of the 2 solutions was different. The gelatin
solution had a colloidal osmotic pressure of 29
mm. of Hg while the serum had a colloidal os-

motic pressure that ranged between 19.3 and
24.3 mm. of Hg. Thus, if the gelatin molecules
stay in the vascular bed as well as the serum

protein molecules do, it would be expected that
a larger volume of the gelatin solution would stay
in the vascular bed under these experimental
conditions. From the data presented here, we

do not know how effective the gelatin solution
would be in maintaining the plasma volume in
an abnormal vascular bed as in shock, but the
use of gelatin in the treatment of shock (5) and
in experimental hemorrhage (1 to 3) suggests
that gelatin is effective in maintaining plasma
volume in abnormal vascular beds.

Since blood volume and cardiac output were

determined simultaneously, the results were ex-.

amined for the presence of any consistent rela-
tionship between these 2 values. In 4 of the 14
experiments, a linear'relationship was found, with
cardiac output increasing as the blood volume
increased. In 10 experiments, no consistent
quantitative relationship was found, although in
most cases the cardiac output was increased when
the blood volume was increased. The possible
errors interfering with the demonstration of a

relationship include (1) erroneous values for
blood volume, particularly at 20 minutes after
the injection of the fluid, due to use of the "in-
direct" method for plasma volume, and the
hematocrit for calculation of blood volume, and
(2) erroneous values for cardiac output arising
from the method, or changes in the cardiac out-
put from influences other than an increase in
blood volume. In 7 out of 10 control experi-
ments, of which experiment 18 (Table I) is an

example, the first output was higher than subse-
quent ones. The average of these determina-
tions showed that the second output was less
than the first by 33 per cent. The cause of this
is not clear but may be due to the fact that the
animals were anesthetized with sodium barbital.
Blalock (22, 23) has pointed out that the cardiac
output in dogs anesthetized with sodium barbital
is variable and that the cardiac output during
the first 90 minutes of anesthesia is generally
higher than subsequent determinations. The
reason for this is not clear but it may be due to
the depth of the anesthesia. Since large volumes
of fluid were given intravenously in each experi-
ment, there was a tendency for the concentration
of the anesthetic in the animal to be reduced as
a result of the fluid injection. In most of our
experiments, an attempt was made to overcome
this objection by adding sodium barbital to the
injected solution in a quantity that was calcu-
lated to maintain the concentration of sodium
barbital constant in the animal. There is also
some question as to whether mixed venous blood
is obtained when blood is withdrawn from the
right auricle. In some unpublished observations
that we have made, it appears that in some ani-
mals, blood from different points in the right
auricle may vary in oxygen content.

In spite of the fact that in control experiments
the cardiac output had a tendency to be variable,
the cardiac output was increased in all experi-
ments except one at 20 minutes after the injec-
tion of fluid. This increase was greatest with
saline solution, and least with serum. The
mechanism responsible for this increase in cardiac
output and the cause of the different degrees of
increase in cardiac output when different solu-
tions were injected are not clear. However, the
increase in cardiac output was associated with a
decrease in total peripheral resistance, and the
decrease in peripheral resistance probably con-
tributed to the increase in cardiac output by in-
creasing the venous return to the heart. The
decrease in peripheral resistance may have been
the result of dilatation of peripheral blood vessels,
the opening up of peripheral blood vessels that
had been closed, a decrease in the viscosity of
the blood, or any combination of these factors.
Since no measurement of blood viscosity was
made, we are unable to determine how much of

663



J. P. HOLT AND P. K. KNOEFEL

the decrease in total peripheral resistance was
due to viscosity change and how much was due
to dilatation of blood vessels. However, the
injection of saline solution would be expected to
cause the viscosity of the blood plasma to de-
crease most, the gelatin next, and the serum least,
and this is the relative order of effectiveness of
these 3 solutions in increasing cardiac output. A
decrease in the red blood cell concentration of
the blood causes a decrease in blood viscosity.
This factor would tend to cause the greatest de-
crease in viscosity in the gelatin experiments and
the least decrease in the saline experiments.

In all of these experiments, fluid was leaving
the vascular bed for 4 hours following the fluid
injection. It is generally thought that the fac-
tors regulating this removal of fluid from the
circulation are (1) the difference between the
hydrostatic pressure on the inside of the capil-
laries and that in the tissue spaces, and (2) the
difference between the colloidal osmotic pressure
on the inside of the capillaries and that in the
tissue spaces. The 0.9 per cent sodium chloride
solution had no colloidal osmotic pressure; there-
fore, when injected, it would tend to decrease
the colloidal osmotic pressure of the blood and
this would tend to cause fluid to pass from the
vascular bed through the capillary wall into the
tissue spaces. Although the colloidal osmotic
pressures of the serum and gelatin were not
identical with that of plasma, these differences
alone could not account for the fluid shifts ob-
served. The alternative is that in the gelatin
and serum experiments, the hydrostatic pressure
in the capillaries was elevated and caused fluid
to pass from the blood through the capillary wall
into the tissue spaces.

The data for plasma volume and plasma pro-
tein indicate that, following the injection of blood
serum, fluid and protein leave the circulation at
such a rate that the protein concentration of the
blood plasma remains constant. It is also shown
that, following the injection of gelatin, the reduc-
tion in plasma protein content is not only from
dilution, but also from disappearance of plasma
protein from the circulation (average of 22 per
cent lost at the 240 minute observation). The
data for plasma gelatin indicate that much of it
has left the circulation at 60 minutes (66 per
cent of the amount injected), but suggest that

the fraction remaining leaves slowly. It is of
interest to note that in experiment 14, the col-
loidal osmotic pressure of the plasma at the 240-
minute observation was maintained at 22.5 mm.
Hg, a pressure actually higher than the value of
20.4 found before injection of the gelatin. A
much lower pressure would be expected from the
content of plasma protein (2.92 per cent) and
gelatin (0.9 per cent) observed.

It was surprising to find that the auricular
pressure changed so little when the changes in
blood volume and cardiac output were so large
after injecting the various solutions. In a few
cases, the auricular pressure was decreased after
the fluid injection, at which time the blood vol-
ume and cardiac output were increased. This
may have been the result of a decrease in intra-
thoracic pressure or an unusually large dilatation
of the vascular bed, thereby pooling blood and
lowering the right auricular pressure.

It has been suggested (3) that "pseudo-
agglutination" of erythrocytes after the injection
of gelatin might interfere with their oxygenation.
We obtained no figures on arterial percentage
saturation, but have calculated the oxygen con-
tent of unit volume of erythrQcytes in arterial
blood as possibly bearing on this point. This
value was not reduced by gelatin.

SUMMARY

Plasma volume, arterial and venous oxygen
content, oxygen consumption, arterial blood
pressure, right auricular pressure, and the he-
matocrit were determined in normal barbitalized
dogs, before and after the intravenous injection
of 50 cc. per kgm. body weight of 0.9 per cent
sodium chloride solution, gelatin solution, and
serum. Blood volume, cardiac output, total
peripheral resistance, and the oxygen content of
100 cc. of arterial red cells were calculated.

Sodium chloride solution gave a small and
brief increase in plasma volume. Gelatin solu-
tion and serum gave a greater and more sustained
increase in plasma volume.

The injection of these solutions caused the
cardiac output to increase and the total pe-
ripheral resistance to decrease.

No consistent quantitative relationship was
found between blood volume and cardiac output,
between blood volume and right auricular pres-
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sure, or between cardiac output and right auricu-
lar pressure.

Blood serum and a 3.75 per cent gelatin solu-
tion are about equally retained in the vascular
bed, both to a greater extent than is 0.9 per cent
sodium chloride.

We should like to express our thanks to Dr. W. S.
Rehm for the osmotic pressure determinations, and to
Dr. G. Lehmann for the determination of the plasma
gelatin concentration.
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