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At shear rates ranging from 0.05 to 50 sec” ), the logarithm of vis-
coJity of hoparinized and defibrinated blood obtained from man and dogs
giuows a linear relationship with the volume per cent of cells, Analyges of
such gemilog plots indicate that the dependence of plasma viscosity on
shcar rate can ve attriputed to the presencs of {ibrinogen and that the depen-
dence of hHlood viscosity on volume per cent cells is unaltered by the removal
of fibrinogen.

LCextran preparations obtained from two different sources have similar
effects on blood viscosity which increases in proportion to the molecular
weipght and the concentration of the dextran used.

At a glven shear rate and for a given cell percentage, the viscosity of
heparinized blood obtained frorm five species of animals ( elephant, man, dog,
sheep, goat ) shows a direct relationship to the mean corpuscular volume ( MCV ),
Cuch correlation between viscosity and MCV is less marked in Ringer-
washed cell suspensions prepared from the blood of these species.

Shriniagre of red cells by washing with a hypertonic solution results in
an increage of mean coirpuscular hemoglobin concentration ( MCHC) and a
rise of viscosity. Owelling of red cells by washing with a hypotonic solu-
tion cauges a decrease of IMCHC and a lowering of viscosity.

In endotoxin shock, the ouvtward filtration of plasma fluid across cap-
illary walls is accelerated and the conceniration of macromolecules in
this fluid is also increased.
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1. »:ffecis of shear rate, red cell concentration and removal of plasma proteins.
1. “ffects of high and low molecular dextrans.
M. Zifects of red cell size.
A. Comparative siudies on goat, sheep, dog, man and elephant,
<. Osmotic alterations of red cell size.
IV. Cevelopments in instrumentation.

V. Siudies on endotoxin shock.

INTROCUCTION

Since the viscosity of blood is strongly shear-rate dependent at low rates of
shear approximating near-zero flow (1, 2, 3), it appears to be advantageous to
examine the effects of paysiological and pathological alterations in blood composition
in this low ghear rate range where the viscosity is high and likely to display the
greatest changes. This has been done in the present investigations by utilizing a
G.D. M. air-bearing couette viscometer ( 4 ) which, except in solutions of very low
viscosity, permits readings to be made at shear rates down to 0.05 reciprocal

scconds.
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The concentration of rec cells has loilg been recognized as the major contrib-
utor to Hlood viscesity. "his relstion was exarained through a wide range of hema-
toerit values and at various shear rates for heparinized and defibrinated human and
do blood, as well as for waghed cells sﬁspended in Zinger's solution. Rezression
analysis of the cata indicates that for a given shear rate a linear rclationship exists
between the logaritim of the siscosity and the volume per cent of red cells
( hematocrit value corrected {or plasma trapping ).

Tigures 1 and 2 illustrate typical sets of data for heparinized human and dog
olood respectively. The liies shown in Figure 2 represent the linear regression
lincs based on five such experiments on dogs. It is seen that the intercepts on the
viscosity axis at zero cell concentration vary with the shear rate. The implication
iz that the viscosity of cell-free heparinized plasma is shear-rate dependent ( non-
Nowtnnian ). DMrect measurements on plasma gave supporting indication of this
irference, although exact torque readings at the lowest shear rate ( 0.05 sec™l ) are
too near the limits of sensitivity of the G.D. M. to be reliable. Nevertheless, the
viscosity of heparinized plasma reveals & definite upward trend in the range of more
dependalile readings.

£i3 shown in Figure 4, the lincai relation ::etween log of viscosity and -oiume
per cent cells also holds for defiisrinated blood, but the intercepts for all shear rates
are nearly identical ( within the standard error of estimate ), indicating that serum
is Newtonian., Direct measurements on serum down to the lowest shear rates com-

patible with the G. 3. M. gensitivity also showed no deperdence of viscosity ou shoar
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rate. Included in Jigura 4 are the correspoading plots for heparinized dog blood.

‘1‘lu; Gifteraneo botwoen tho hoparvinized and the defibrinatod smploa ut a given shoar
ratc reflects the effect of fibrinogen on blood vi.scosity. Tince the slopes of the
defibrinatad and heparinized curves are almost identical, it appears that although
fibrinogen is the non-Newtonian element in the plasma, ii does not effectively alter
the dependence of viscosity on red cell concentration, at least for dog blood. The
viscoe *y of defibrinated blood is always lower than that of aeparinized blood at the
same shear rate and red cell concentration. There are indications that the viscosities
of defibrinated and heparinized blood may become equal at sufficiently high shear
rates, but for the range considered in the present studies the viscosity of defibrinated
blood is consistently less than that of the corresponding heparinized blood.

Figure 5 shows the regression lines for dog cells suspended in Ringer's
solution. This pattern of curves is similar to those for defibrinated blood in that the
intercept is again independent of shear rat> within the standard error of estimate.
The viscosity of the suspending medium is less than 1.0 centipoise as ig indicated in
the figure, and for any given set of conditions the viscosity of the Ringer suspension
is less than either heparinized or defibrinated blood. Here again it may be noted
that the siopes of the curves for any of the experimental shear rates are not signifi-
cantly different for heparinized, defibrinated or Zinger suspensions, lending cre-
dence to the hypothesis that the mechanism of the viscosily dependence upon red cell

concentration is determined primarily by the red cells themselves.
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Zince the preceding progress report the teais on the effects of high and low
mrolecular weight dexirans oa blood viscosity have been confirmed with the G.E. M.
viscometer, and two seriea of ¢extran, one from Fharmachem { m.w. 13,200
45, 500; 04, CCC; 184, €00 ) and the other from Pharmacia ( m.w. Z,400; 35, 7C0;
73,0005 153, 000; 375, 060 ), ware astudied.

The dexiran was acded to freshly-drawn heparinized dog blood by replacing a
suitable portion of plasma containing sufficient dissolved cextran to give the desired
concentration ( usually 2% ). This method of preparation avoids any changes in
concontration of other constituents and permits strictly controlied tests. The actual
conceniration of dextran was determined by the znthrone method (5 ). The effect
of clapsed time betwecn preparation of samples and determination of viacosity was

shown to be negligible by reversing the order of the determination in parallel

experiments,

The results from both series of dextran were in essential agreement when
corrections were made for slight changes in hematocrit which were pregent in
experiments with the Pharmachem series. The red cells underwent slight shrinkage
when the FPharmachein preparations, especially those with low molecular weights,
were added vecause of the presence of sodum chleride in the dexiran preparation.
charinacia aexiran, though less soluble, was free of these osmotically active
impurities,

As shown in Figure G, the 15,200 m.w, dextran in concentrations up to 3%
has no detectable effect on blood viscosity at any of the shear rates down to 0. 05 ser:"l

whercas he 04, 000 m.w. dexiran increascs the viscosity markedly. The increase
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of blood viccooity upon tie aadition of high molecular weigit dexiran connot be
aserived to chanses i plasma viscosity since these changes ave negligible, The
action is directly on o red cells, probably 'causing acereration which would account
fur the associated increase in sediraentation rate as well as the reported deleterious
eflocts of hish molecular weizht deiirans on flow throush tne microcirculation (S ).

2. vepoiti of the rosults of thesc investigations has Seen submitted for pusli-
cation in tae Journal of Ziorheology. As a result of theo. ciudies, we now have an
An vitro inecthod of deicrmining the specilic effects of plasmaa expanders on fluicily
or izaosiiy of blood. £d<itional experiments have been started to compare the
effects of hizh and low molecular weight dextrans in vivo.

M. SEFECTC CF &5 XL, SILE ON VICSOTITY,

This problem has been approached in two ways:
£, Compa ative studies on goat*, sheep*, dog, human and elephant7
{ blood in which the mean corpuscular volumes ({ MC7V ) of the red cells
are approximately 18, 40, 56, 50 and 120 1,13 respectively.
O. Examination of the effects of osmotic alterations in the size of red
cells suspended in hypo- and hypertonic “inger's solution.

The actual MCV in each experiment was derived frora taz centrifuge hematocrit

value corrected for plasma trapping. The latter was determined for the blood of

each species by dilution with Ilsl-ulbumln to give the true cell percentage for

comparison with the centrifuge hematocrit.

* Made available to us by Dr. Gandal of the Bronx Zoo.

1t Obtained through the generous help of Dr. Henderson and Mr. Schmidt of the
2ingling Sros., Darnum and Bailey Circus while in New York.
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“xperiments wore done on freshl . avia heparinized blood (50 mg/100 ral).
faditional small camrzlas were allowed to ciot to obtain s2:wa for electrophoretic
giiios.  Aliquots oi ine heparinizel lood were placed in 5 or T test tubes and
cenirifuged. The dezsired ranges of cell concentration (£r..: 10-15 up io S2-2C
voluiug per cend ) were nrepared by transferring plasma froi one tube to another
und wius lowering or raiging the cell percentage. An ar .‘ional posrtion of the
{reshiy-deawn heparinized Llood wags washed threc times with isotonie Dinger!'s
solution. Thac Tinger-washed cell suspension was also prepared into 5 or 6 samples
with dif{crent volume per cent cells. After thorough mixing, a small amount of
each heparinized blood sarmple and each Dlinger-washed cell sugpension was taken
for measuring hematocrit and for determining the count and size distribution of
erythrocytes with the Coulter Counter and Distribution Plotter. Viscositics were
measured as quickly as possible after mixing at a temperatusre of 37° C and shear
rates from 50 to 0.05 sec-l.

In Figures 7,8, C and 10, the logarithm of viscosity is plotted against volume
per cent cells for the heparinized blood and the Ringer-washed cell suspension
obtained from the five specics studied. Because of the closeness of the viscosity
values between dog and human blood and also between goat ana sheep blood, the
data on sheep and human blood are presented in Figures ¢ and 10 respectively in
orcer to avoid superimposition of too many curves. For the other three species
( clephant, dog and goat ), the semilog plots of viscosity against olurae per cent
cells are combined and shown in Figurcs 7 ( Heparinized blood ) and 8 ( Jinger-

wagshed cell suspensions ). Thus Figures 7 and 8 serve to illustrate the species
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diffcrcnces in viscosity al various cell concentrations. In both types of saraples,
over a wide range of volume per cent cells, thg".'iscosity for the clephant
( MCV 120 }x?’ ) is higher than that for the dog ( MCV 53 }13 ) which in turn is higher
than that for the goat (14277 18 }x"; ). The data obtained from man ( MCV €0 )13 )
acree ratner closely with those from the dog, and the viscosity for the sheep
{ MCV 20 PS ) is between those for the dog and the goat. These results indicate
that the viscosities at corresponding shear rates ard the -ame volume per cent cells

1 and 50 volume per

fall in the order of red cell size, For example, at 0.05 sec™
cent the approximate viscosities for the heparinized blood obtained from elephant,
man, dog, sheep and goat are 170, 100, 20,30 and 20 centipoises respectively.
These values are not altercd significantly by subtracting the plasma viscosities of
the individual species which are estimated to be froin 2 to G centipoiges at the
shear rate of 0.05 sec™ .

The data on Ringer-washed cell suspensions also indicate a correlation
between cell size and viscosity, although the differences among ihe various species
were less marked than in the case of the heparinized tlood. For example, at a

1, the

cell concentration of 50 volume per cent and a shear rate of 0,05 sec”
viscosity values are: elephant 40, man 2G, dog 25, sheep 15 and proat 10 centipoises.
he correlation between cell size and viscosity of Jinger-washed cell sus-
pension provides aore definitive evidence for the dependence of viscosity on cell
size than such correlation found in heparinized blood. This is because in hepari-
nized blood the suspending raedium, i.e.the plasma, is not the same in the various

specics. Figure 11 shows the Analytrol scanning of serwmn proteins in the ele-

phoretic paper strips obtained from man, clephant, goat and dog. The protein

HI P g, +ms, m«.x

e g g e i
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patterns are quite different. The samna globulin firaction is lower in the elephant
C(5.5% ) as comapared with those in poat (14,74 ), raan ( 16.3% ) and dog ( 15.7% ).
“he alrha-1 [iaction is higher in the goat (.8. 4% ) as rorapared to clephant ( 5.2% ),
man (4.3% ) anc doz ( 2.1% ). It is possible that the serum protein patterns in

the various species are such that they exaggerate. the specico difference in visvosity
in the same dircction as the influence of MCV, and hence tbe correlation betwcen
viscosity and cell size is more striling in the heparinized .100d than in the
“inger-washed cell suspension. It is interestiny to note that the plasma viscosities
of the {ive species studied do vaiy in the same direction as the MC/, e.g, at

0,03 ::ec-1 the values of plasma viscosity can be cstimated as 5.1 centipoises for
elephant, 2,8 for man, 2.2 for dog, 2.1 for sheep and 1. 8 for goat.

For a given aniraal species, a comparison of the log viscosity-cell per-

centage relationghip obtained from the heparinized blood with that obtained from

the Unger-washed cell suspension shows that the viscosity is higher in the

heparinized blood which containg the plasma proteins. Juoh a comparinon i3
shovn for hurman hlond In Flgure 10, and similar difforencoa aro found for olophant,
dog and goat blood. TFor the sheep blood ( Figure 2 ), the viscosity of heparinized
blood is higher than that of the Ringer-washed cell suspension only when the volume
per ceat cells i5 less than 50%.

£.3 shown in Figures 7 ( heparinized blood ) and 8 ( Iinger-washed cell
suspension ), the semilop plots of viscosity against volume per cent cells for the
clephant yleld straight lines as in dog and huinan blood. The corresponding data
on the goat samplea, however, do not fall on a straight line, curving upward as the
cell pereentage rises above 40-50%. Daia on sheep blood ( Figure I ) also indicate

such curvature when the cell concentration is above 40-507,.
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Por e aaparinized blood sataples, siuear ~tress wag calculated ( = product

of shear rate ana viscosity ). '-he square root of shear stress is ploited against

the square root of shenr rate ( Casson plot, 7 ) and the curve is extrapolated down

to give e 'yield gireas" corregponding to zero shear rate. It is found that the

vield siress (1":/. Pizurs 12 ) shows significant species differzaces and appears

to be related to the variations in MZ7/.

T. OCMOTIC ALTSIZATICH OF V/ASHED RED CLULLS,

Freshly-drawn heparinized human and dogz blood was used. Aliquots of
blood were waghad in three kinds of salt colutions with different osmotic concen-
iradons. All three soluiions contained 0.042 pm% £Cl, 0.024 gm% Call, and
0.02 gm% NaHCO4, but different amounts of NaCl: 0.7 gm% ( hypotonic ), 0.2 gm%
(isotonic ) and 1.3 mn% ( hypertonic ). Tor cach type of washed cell suspension,
samples of different cell percentages were prepared. Freliminary tests have
shown that for a given volume% red cells, the viscosity is increased by cell
shrinkage inhypertonic solution and reduced by cell swelling in hypotonic solu-

tion. It shraid be pointed out that the variations in MCV in these instances are

accomp:inied by opposite changes in the mean corpuscular hemoglobin concen-
tration ( MCHC ). Thus the rige in viscosity found in hypesrionic mecdium is
associated with an increase in ILCHC and the reduction of viscosiwy in hypotonic
solution is asgociated with a decrease in MCHC. OJuch correlation between vigcosity
anc MCHC is in accord with the rolative viscosities recenily reported by =Zrslev

and Alwater ( 8), using a capillary viscometer in which the shear rate is not

specifically known.
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Ve S7SLOPMANTS I NIZUTUMOHTATION

In tho Zell Tolephone Company Laboratorias at Ifurray Hill, a new rotor and
arive mechanisma has been decionad and built for the 2.2, M. viccoraeter, 7ith
this acvancerent in insirwunentation, we are able to conirs! temperature within
narrow liinits and malke precice shear rate settings through a continuous scale {rom
0 to 0, 2002 sac™l, Thic will eliminate two sources of er+~r it maldny precise
viscosity meaguraments. The Tell Telephone Laboratories are also exploring
further new possibilities for increasing the sensitivity and precision of torque
moagurements in the extremely lovw range.

A Simm viscometer ( £ ) is being assembled anc will be used for deter-
mining vigcosities of plasma, serum ana plasma protein solutions at low shear r.;g&est

«

This will enable us to obtain furthor information concerning the role of fibrinogen o
.

in the shear-rate dependence of plasma and blood viscosities.

V. STULIZS ON SNDOTOXIN SHCCK

This form of circulatory shock has been inveatigated partly with the view
that it would be a suitable experimental model for exploration of visco.ity factors
in stagnant hypoxia and in the irreversible staze of chocit.

In dogs under nentovarbital anesthesia, the thoracic duct was cannulated.
sexiran with mean molecular weight of 250, 000 ( °x ) and 1131 albumin (3W3A)
were injected intravenously and their concentrations determined in the plasma (2 )
and the thoracic duct lymph ( L ) at 20-rain. intervals for 100 min. =. coli sudo-
toxin ( 3 mg/lg i.v. ) was then administered. As the arterial pressure decreased,
the lymph flow from the thoracic duct increased within 5 min. after endotoxin and

reaciced a peak ( approximately couble the control ) in 10 min. A. the same time
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(=x )L and (CJOA ), increased rmaarkedly. Cince { Tx )17 and { .JISA )P usually
Geereased slightly, the /2 ratie for thege macronnlecules increased. ZEighty
iain. after endotoxin injection, the L/P ratios remained hizh ( 0,35 for °x and
.35 for ICA ) although the lymaph flow already declined to within 10% of the control.
In control dogs not given endotoxin, the L/P ratio was oniy 0.35 for Dx and 0.55
for _1Z/4 at 130 min, after the injection of these macromolecules.

The results of a typical endotoxin experiment are shown in figure 13. The
mean values and the stancard errors of mean from 8 such experiments are com-
piled and plotted in Figure 14, The shaded areas in Figure 14 indicate the results
o:tainad from control dogs which did not receive endotoxin, The data indicate that
endotoxin caused a marked increase of the outward passage of fluids rich in macro-
molecules across the capillary membrane of the splanchnic area. USince the increase
in lymph flow after endotoxin was associated with rises in portal and wedged
nepatic venous pregsures and decreasec in central venous pressure and hepatic
vlood flow, the outward movement of fluid can be e:plained by an increase of
hydrostatié preasure in splanchnic capillaries due to hepatic venular constriction.
ACKICT/ILECGEMENTS: The investigations covered in this report were carried

out with the collaboration of Crs,Chu Chier, Chen Chang,
Robert Dellenback, Duncan Sinclair and Mr. Harry Taylor.
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