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SHEAR INDUCED TISSUE FACTOR 

ACTIVITY IN HUMAN LEUKOCYTES 

by 

Dan A. Pankowsky 

ABSTRACT 

There is a growing amount of evidence a significant 

link exists between the body's immune system and blood 

coagulation pathways. Specifically, the monocyte, a periph 

eral blood leukocyte, has been found to be the source of 

leukocyte tissue factor activity (TFA). This TFA activates 

the extrinsic blood clotting pathway. It is becoming appar 

ent that there are two pathways for monocyte TFA production 

a lymphocyte dependent pathway and a lymphocyte independent 

pathway. 

Problems of blood clotting and thrombus formation in 

clinical situations include the use of extra-corporeal cir¬ 

culation and artificial heart valves. In addition disease 

states such as atherosclerosis and rheumatic heart disease 

are often associated with (or in some instances possibly 

caused by) coagulation abnormalities. These disease states 

also have in common non-physiologic levels of shear stress 

applied to the blood. The possibility exists that there is 

a significant link between the applied shear stress in the 
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blood and the development of pathological coagulation. 

Since monocytes are known to be a source of TFA in response 

to various stimuli, this study was undertaken to measure 

monocyte TFA in response to shear stress. 

It was found that mechanical trauma could induce tissue 

factor production and that shear-induced TFA required the 

presence of lymphocytes. That the functional capability to 

produce TFA was there after shear stress in cells not pro¬ 

ducing TFA was demonstrated by subsequent treatment with 

endotoxin. Therefore, in clinical situations where mechani¬ 

cal trauma to leukocytes is a problem, the possibility of 

leukocyte TFA needs to be considered. 
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I. INTRODUCTION 

A. Background 

The link between cellular immunity and blood coagula¬ 

tion is a fascinating connection that is only beginning to 

be understood. The blood coagulation cascade is a series of 

reactions that leads to the formation of a polymer network 

that occludes damaged blood vessels. Tissue factor is a 

protein that is produced by many tissues that can initiate 

this process. This is more fully explained in Section I E. 

Cellular immunity is part of the body's defense against 

infections. This topic is described in more detail in 

Section I B. 

The link between these two systems of the body was 

first suspected by Thomas and Good (77) when they discovered 

that pretreatment with nitrogen mustard, a powerful cyto- 

toxin, protected experimental animals from the devastating 

effects of the Schwartzmann Phenomenon, a syndrome where 

there is widespread and massive blood clotting in otherwise 

intact blood vessels. Niemetz and Fani (58) later found 

that rabbit peritoneal leukocytes from rabbits previously 

treated with purified endotoxin could induce a Schwartzmann- 

like phenomenon when transfused into rabbits not previously 

exposed to endotoxin. Thiagajan and Niemetz (76) found that 

endotoxin injected intravenously into rabbits caused a rise 

in peripheral blood leukocyte tissue factor activity (TFA) 

and a corresponding leukopenia. Several stimuli are now 
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known to induce TFA in leukocytes. These include activated 

complement (1, 53), isolated lipid A from endotoxin (60), 

immune complexes (71), isolated human lipoproteins (72), and 

phytohemaglutinin (20). Geczy and Meyer (26) found that 

development of cutaneous delayed-type hypersensitivity cor¬ 

responded to the development of concurrent TFA as tested in 

vitro. Explicit studies by van Ginkel, et al. (80) led to 

the discovery that immune reactivity and TFA are linked and 

occur simultaneously. 

Early workers appeared to believe that polymorpho¬ 

nuclear leukocytes (PMNL) were the source of observed TFA. 

However, several studies have confirmed that it is the 

monocyte that is responsible for leukocyte TFA (32, 64, 67, 

74, 79). Other work has shown that lymphocytes can play a 

role in either inducing or stimulating TFA (20, 44, 72) and 

that this role is mediated by soluble lymphokines (25). It 

appears that there are two pathways for TFA production - a 

T-cell independent pathway which can be stimulated by endo¬ 

toxin or Purified Protein Derivative (a protein produced by 

the tuberculus bacillus), and a T-cell dependent pathway 

which can be stimulated by phytohemaglutinin (20, 72). 

There has been a small amount of evidence that mechani¬ 

cal trauma itself may induce TFA in monocytes. It was (38, 

41) speculated that the ’'trigger" that induced TFA in leuko¬ 

cyte cultures containing no known stimulus was the mechani¬ 

cal trauma of preparation. Maynard, et al. (47) reported 
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that endothelial cells, when grown in monolayer and undis¬ 

turbed, do not produce TFA. However, if the culture medium 

was changed or if the monolayer mechanically disrupted there 

was immediate expression of TFA by these cells. Therefore, 

the reason for undertaking this study was to ascertain if 

these speculations were true. 

B. Leukocyte Background Information 

1. General 

There are three major types of leukocytes: (1) neutro¬ 

phils, (2) lymphocytes, and (3) monocytes (9). While there 

are several classifications of leukocytes, the one used here 

separates the above into 2 classifications: polymorphonu¬ 

clear leukocytes (PMNL) and mononuclear leukocytes (MNL). 

This is a morphological classification based on the morph¬ 

ology of the nucleus. The reason that this classification 

is useful is because there are density differences asso¬ 

ciated with the morphology differences and this forms the 

basis of the leukocyte separation techique that is widely 

used. Thus, PMNL include the neutrophils, eosinophils, 

basophils. The MNL includes the monocytes and the 

lymphocytes. 

All leukocytes arise from the bone marrow but may 

mature in other parts of the body. The most common leuko¬ 

cyte in the peripheral blood is the PMNL (40-501 of the 

total), with lymphocytes comprising about 30% and monocytes 

5-10%. Total leukocyte counts range from 3-10x106 cells/ml. 
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The basophils and eosinophils are rare and their function is 

felt to be of a nature unrelated to this study (21). 

2. PMNL 

While the function of PMNL and monocytes seem to over¬ 

lap, the PMNL is felt to be the first line of defense in the 

body against microbial infections. The cells are bacterio¬ 

cidal and they accomplish this function by engulfing and 

digesting bacteria. To achieve this goal, they must have 

the capability of accumulating in sufficient numbers at the 

site of infection, attaching to foreign material, phago- 

cytizing this material, then dissolving and disposing of it 

(75). 

The development of the PMNL begins in the bone marrow 

with the myeloblast, a committed stem cell. There follows a 

14 day maturation period which takes place in the marrow. 

The mature PMNL is then released into the peripheral blood 

where it circulates for about 6-12 hours. The cell then 

marginates and passes through the endothelial lining of the 

blood vessels into the extravascular space. In the extra- 

vascular space, the cell performs its function but only for 

one or two days and then dies (9). 

The morphology of the cell is marked by a large, multi- 

lobed nucleus. There are usually 3 lobes of the nucleus. 

The cytoplasm contains granules which are vital to the 

function of the PMNL. These granules contain many sub¬ 

stances including myeloperoxidase, acid and alkaline 
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phosphatases, 3-glucoronidase, and bacteriocidal cationic 

proteins. 

The process by which PMNL attach themselves to foreign 

antigens is called opsonization. After attachment, the cell 

phagocytizes the material intact. The phagosome thus formed 

fuses quickly with the cytoplasmic granules (thus morpho¬ 

logically degranulating the cytoplasm). Under different 

circumstances, the cytoplasmic granules are released into 

the extracellular environment causing injury to the sur¬ 

rounding tissue. This can lead to corresponding fever, 

thrombosis, and vasodilatation (21). The process of killing 

ingested particles involves the formation of peroxides using 

NADH. The major source of energy is produced via glycoly¬ 

sis. Therefore, the process of phagocytosis stimulates both 

the glycolytic pathway as well as the hexose monophosphate 

shunt (which generates NADH). 

3. Monocytes 

This is a generalized group of cells that together are 

called the reticulo - endothelial system and is distributed 

throughout the body. The monocyte is the part of this 

system that circulates in the peripheral blood. Their func¬ 

tions are much like those of the PMNL but include several 

other activities in additon. Monocytes are thought to per¬ 

form the final clearance of bacteria, as well as dispose of 

damaged, obsolete, and possibly neoplastic cells. They also 

phagocytize colloidal material and macromolecules. When 
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chemotaxis occurs, the monocytes differentiate into macro¬ 

phages and become activated. Several messengers cause this 

chemotaxis and activation and these include antibodies, 

complement, or lymphokines from T-lymphocytes. An activated 

cell displays increased metabolic activity and performs its 

bacteriocidal and cytotoxic activities more efficiently. 

Macrophages may also be responsible for the induction of 

some of the immunological responses displayed by lymphocytes 

(2, 21). 

4. Lymphocytes 

This is a morphological classification of leukocytes 

which includes identical appearing cells with different 

functions and different biochemical markers. They are 

usually identified by the presence of specific membrane 

receptors. Generally, lymphocytes confer specificity to the 

action of monocytes as well as serving as memory cells so 

that reinfection with the same organism can more easily be 

attacked. Some lymphocytes have the ability of directly 

participating in the immune response as well. 

All lymphocytes are initially formed in the bone mar¬ 

row. However, one sub-group of cells, the T-cells, collect 

in the thymus gland where they develop into mature forms. 

The other major sub-group, the B-cells, are thought to 

remain in the marrow until maturity (21). B-cell are re¬ 

sponsible for humoral immunity while T-cells elaborate the 
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cell-mediated responses. Other cells, called K and null 

cells, are cytotoxic. 

When B-cells are stimulated by an antigen, they undergo 

mitosis and further mature into plasma cells. It is plasma 

cells that produce the specific antibody to a particular 

antigen. Once a B-cell has thus reacted, it is thought to 

be committed for the life of the organism (21). Some com¬ 

mitted cells do not become plasma cells but go on to become 

memory cells. This reaction to an antigen requires the 

cooperation of T-cells in some poorly understood manner. B- 

cells are generally an immobile group of cells and are the 

minor lymphocyte population of the lymphocytes in the peri¬ 

pheral blood. 

T-cells mediate immune reactions such as delayed-type 

hypersensitivity reactions, transplant rejections, and the 

response to viral, fungal, and (rarely) bacterial infections 

(especially tuberculosis or leprosy). They may also have a 

major role in the defense of the organism from cancer. T- 

cells serve a regulatory function for humoral immunity but 

do not secrete antibodies themselves. 

5. The cell mediated immune response 

Monocytes are the cells that usually initially recog¬ 

nize and process a foreign antigen. T-lymphocytes are then 

"programmed" in some unknown manner and then respond ini¬ 

tially by proliferating. Soluble lymphokines, chemical 

messengers distinct from antibodies, are released. 
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Lymphokines perform a variety of function which include 

recruitment of non-committed T-cells (11). Migration inhi¬ 

bition factor, a lymphokine, prevents the migration of 

macrophages and therefore serves to keep macrophages at the 

site of infection (21). Some activated T-cells exert a 

cytotoxic effect by activating complement and activating 

macrophages. Other lymphocytes, the K and null cells are 

directly cytotoxic either by directly attacking antigens 

recognized as foreign or by attacking cells that have anti¬ 

bodies attached to their membranes. A small subgroup of T- 

cells, like the B-cells, go on to become nondividing memory 

cells. Two other subpopulations of T-cells are helper and 

supressor cells. These serve to regulate antibody produc¬ 

tion in a manner that their name implies. 

C. Fluid Flow Around a Suspended Cell 

This is a complex problem that has been described in 

detail by Dewitz (14). An overview is presented here. 

Fluid mechanical trauma on a leukocyte is caused by a combi¬ 

nation of three general effects: (1) interactions at the 

wall, (2) interactions with other formed elements, and (3) 

the transmission of bulk fluid deformation and stress forces 

to the leukocytes (14). If a suspension of leukocytes is 

sufficiently dilute, then cell-cell interactions will not be 

important. Furthermore, PMNL have the property that they 

become more spherical when subjected to shear stress (this 

may be an active process). Thus, PMNL may be modelled as 
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Figure: 1 

Flow Around Suspended 

Cell in Couette Flow 
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spheroids. For such a spheriod in a laminar flow field, the 

flow will resemble that shown in Figure 1 (14). The part¬ 

icle Reynolds number is given by: 

Re(part) ‘ ea0Wn
 U) 

where P = fluid density 

w = rotation rate of the sphere 

ag = equivalent spherical radius 

For small, rigid sphere in a laminar flow field, the defor¬ 

mation of the flow around the sphere will be almost symmet¬ 

rical. Therefore, the rotation rate will be equal to the 

vorticity of the underformed flow: 

<■> - \ - è (2) 

where Y = shear rate 

6 = time rate of change in the angular position 

of an equatorial surface element. 

Since the stress in the bulk fluid is unidirectional (for 

laminar flow), the membrane stress at a material point on 

the membrane must oscillate with the oscillations of the 

sphere. Since the flow is antisymmetric, the surface stress 

will oscillate at twice the rotation rate, w(i4). There¬ 

fore, the tangential shear stress, Tm0 is found to be: 

TmS - 5/2 <TB 5in ^ * V5 (3) 



11 

The normal stress, , is given by 

Tmr = 5/2 (tB sin (Ÿt + 60)) (4) 

where = bulk fluid shear stress 

t = time 

®0 = constant 

Thus the normal and shear stresses will vary over the same 

range. A leukocyte experiencing a bulk fluid shear stress 

of 150 dynes/cm for example, will have a maximum tangential 

stress at the membrane of 375 dynes/cm2. At 50 dynes/cm2, 

this stress will be 125 dynes/cm2. The corresponding parti- 

cal Reynolds numbers will be 0.12 and 0.04 at 150 dynes/cm2 

and 50 dynes/cm2, respectively. These are values indicate 

that creeping flow can be assumed (3). 

Cells in the couette flow of the viscometer used here 

(see Appendix A) face 2 sets of opposing forces. 

By diffusion, cells will tend to all parts of the flow field 

uniformly. Since a PMNL is more dense than the fluid in 

which it is suspended, centrifugal forces will act to move 

cells outward. This movement caused by diffusion and rota¬ 

tional accleration is opposed by hydrodynamic forces which 

push a neutrally buoyant particle toward the geometric mean 

radius (30). Therefore, the number of cells actually 

concentrating at the wall is probably small (16). 

For a cell that is in a more physiological condition of 

adhering to the endothelial surface of a blood vessel, the 
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situation has been analyzed by Schmid-Schoeinbein, et al. 

(73). As all forms of leukocytes may adhere to the vascular 

wall, this is a significant occurance. The maximum shear 

stress on a leukocyte adhering to the vessel wall is esti¬ 

mated to be between 265-1060 dynes/cm2 at 40% hematocrit. 

D. Summary of the Working Equations for the ROM-8 Visometer 

A more complete description of the design equations of 

the ROM-8 is provided in Appendix A. The shear stress 

applied to the fluid in the viscometer is found to be 

Tr0 - n(ÎT)(RPM)(r^TT) 
(5) 

where n = apparent viscosity 

RPM = revolutions per minute of the outer cup 

K = R^/RQ = radius of inner cylinder/radius 

of outer cylinder 

The total torque, MT, is found to be 

Ri2L Ri3 -i 
MT = 2TTT [ K + *3“ + 3 sin e 1 

R^3 - r2 3 

cc 
(6) 

where R^ - radius of inner cylinder 

L = length of cylindrical portion of bob 

r2 = radius of the connecting shaft 

0CC = difference between angle of cone of cup 

and angle of cone of bob 
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Equations 5 and 6 give two independent means of estimating 

applied shear stress. Equation 5 uses RPM while equation 6 

requires that the torque is known. 

E. Effects of Mechanical Trauma on Leukcytes 

In clinical situations of extracorporeal circulation 

(ECC) such as in heart-lung bypass or hemodialysis, as well 

as in the use of artificial heart valves, abnormal flow 

patterns arise which may result in damaging levels of shear 

stress. The pathological condition of athlerosclerosis also 

creates areas of increased mechanical trauma. All of these 

can result in changes in all of the formed elements of the 

blood. Brinsfield, et al. (6) found that dogs experiencing 

ECC initially had a period of thrombocytopenia and leuko¬ 

penia. This initial period was followed by stabilization of 

thrombocyte counts and a leukocytosis (with a predominance 

of immature forms). There were also elevated numbers of 

nucleated erythrocytes. Bone marrow studies of these dogs 

showed stimulation of the myeloid tissues. The character 

and extent of damage to lymphocytes and monocytes after 

shear stress has not been well characterized but damage to 

PMNL has been described. 

Dewitz found various morphological and functional 

changes in PMNL after shear stress exposure (15, 16, 18, 

48). The threshold for damage depended on the suspending 

medium but the qualitative effects were the same. In whole 

blood, for example, there was not a significant reduction in 
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electronic cell particle counts until levels of 500 dynes 

/cm2 were reached. In a suspension of isolated PMNL this 

threshold was 150 dynes/cm 2. This effect was strictly a 

function of mechanical trauma and was not from surface 

trauma as varying the surface to volume ration over a 3-fold 

range did not change the results (18). Furthermore, there 

was no difference between cells placed in the viscometer and 

not sheared and cells not placed in the viscometer (16). 

Morphological change included an increased amount of 

membrane ruffling which became progressively more severe at 

higher shear stress levels (14). Also at the higher 

levels, there was significant cytoplasmic and perinuclear 

vacuolizations (18). The percent of trypan blue exclusion 

(an assay of cell viability) was only slightly reduced in 

unruptüred cells sheared as high as 600 dynes/cm2 (16). 

Cell disruption was noted to occur more frequently at higher 

shear stress levels (15). There was also noted to be a 

significant reduction in the number of alkaline phosphatase 

(eosinophilic) granules after shear stress (15, 18). Acid 

phosphatase (basophilic) granules appeared to be unaffected 

by shearing (15). 

Biochemical and functional changes after mechanical 

trauma include increased cell adhesiveness, reduction of 

phagocytic ability, and a decrease in hexose monophosphate 

shunt activity (15, 17). Both B-glucoronidase and lactate- 

dehyrogenase (a cytoplasmic marker) were found to be 
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released after shear stress indicating both degranulation 

and cell lysis, repectively (68). Dewitz, et al. (16) 

concluded that 8-glucoronidase release was probably an 

active response since it did not correspond to increases in 

cell lysis (16). 

Certain anti-platlet drugs have been found to amelio¬ 

rate the effects of shear stress. Dipyridamole (RA-8) 

protects PMNL from 8-glucoronidase release but did not 

improve their impaired ability to phagocytize (48). The 

combination of PGE^ and RA-233 (a dipyridamole analog) had 

a synergistic effect in reducing the amount of 8-glucoroni¬ 

dase and alkaline phosphatase release (49). Rothberg (68) 

studied various drugs and found that the combination of PGEX 

and RA-233 also decreased the incidence of cell lysis at 

high shear stresses. Treatment with PGE1 and theophylline 

(which has the same mechanism of action as RA-233) had 

similar effects. The effects of these drugs and drug combi¬ 

nations is to increase intracellular c-AMP levels, and this 

is felt, in turn, to cause stabilization of either the cell 

membrane and/or intracellular elements. 

F. Review of Blood Clotting 

The mechanism by which the body prevents fluid loss 

through hemorrage is a complex process generally referred to 

as hemostasis. A full review is beyond the scope of this 

work. However, a brief review of blood clotting is relevant. 
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In the normal state blood is a free flowing fluid very 

nearly Newtonian in character (the exception is at very low 

shear rates). Of the many soluble substances in the plasma, 

an important set is the 20 factors that are involved in 

blood clotting. The final product is a highly cross-linked 

set of long fibrin polymers which serve to greatly increase 

the viscosity of the plasma, precluding the free flowing 

state. This final product is achieved through a cascade of 

proteins of which a simplified diagram is shown in Figure 2. 

Each factor serves to amplify the stimulus from the proceed¬ 

ing factor so that the original stimulus becomes greatly 

amplified. There are two parallel pathways of activation of 

the clotting mechanism: the intrinsic and extrinsic path¬ 

ways. The intrinsic pathway is so named because all of its 

necessary components are contained within the vascular com¬ 

partment. The extrinsic pathway requires tissue factor, a 

factor outside the vascular compartment, for activation. In 

reality, there is significant cross activation between the 

two pathways (40, 70). The activation of the intrinsic 

pathway requires contact with foreign surfaces, collagen, 

or a damaged endothelial surface. Factor Xll is converted 

to factor Xlla which in turn activates factor XI to XIa 

and so on (50). Activation of the extrinsic pathway occurs 

when factor VII complexes with tissue factor (54, 55). 

Tissue factor is found in many body tissues but it is in 

especially high concentration in brain, lung, and placenta 
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(21). Significant levels are also found in endothelial 

cells, smooth muscle cells, fibroblasts (47), as well as (of 

course) monocytes. Both pathways have an absolute require¬ 

ment that phospholipid and calcium ions be available (50). 

Both pathways converge to activate factor X and this part 

of the cascade is identical in both pathways. Factor XIII 

serves as a cross-linking agent to form covalent cross-links 

between fibrin strands. 

Nemerson (54) developed a simple technique for prepar¬ 

ing a relatively purified solution of factors VII and X 

from plasma. The plasma thus treated became deficient in 

these factors. This is the basis for the 2-stage clotting 

assay for tissue factor activity. This assay allows the 

study of the extrinsic pathway with minimized interference 

from the intrinsic pathway. The factor VII and X solu¬ 

tion (also called Ba S04 eluate after its method of pre¬ 

paration) can be activated away from the other plasma 

factors. If an aliquot of this activated solution is then 

added to the factor VII and X deficient plasma, the 

plasma becomes reconstituted and proceeds to clot. The 

difference however, is that activated factor X is being 

added to the plasma and this bypasses the slower intrinsic 

pathway. This makes the contribution of the intrinsic path¬ 

way to clot formation relatively insignificant. 



II. MATERIALS AND METHODS 

A. Viscometer 

1. Description and preparation 

All shearing was performed in the ROM-8 viscometer 

described in Appendix A below and its diagram is shown in 

Figure Al. The design of this instrument was described in 

detail by MacCallum (45). The major components are a ro¬ 

tating outer cup and a stationary inner bob. These were 

constructed from aluminum and then given a hard anodized 

coating to prevent mechanical seizure if accidental contact 

of the surfaces occurred. The major dimensions of the cup 

and bob are shown in Table 1. Before each experiment the 

viscometer was loosely assembled and an excess solution of 

1% siliconizing (Siliclad, Clay Adams, Parsippany, N. Y.) 

was injected. This coated all surfaces of the viscometer, 

including the non-detachable upper cone region, with a sili¬ 

conized coating. All removable parts that could withstand 

the temperature were then dried overnight at 56°C. The 

remaining parts were allowed to air dry overnight. The 

heating procedure served to bake the silicone coating and to 

inhibit bacterial growth. The parts were reassembled loose¬ 

ly on the morning before use and allowed to cool to room 

temperature for at least 2 hours. This prevented free 

access to open air but care was taken not to assemble the 

parts too tightly to avoid having the moving parts freeze as 

the metal cooled and contracted. When the metal was at room 
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Table 1 

Viscometer dimensions 

Cup inner diameter (R^), cm 

Bob outer diameter (Rq), cm 
D 

Bob outer diameter i 
K =   = — 

Cup inner diameter R^ 

Length of Bob (L), cm 

Volume of cone-cone region, ml 

Volume of cone-plate region, ml 

Volume of concentric cylinder, ml 

Total volume, ml 

Bottom gap, mm 

Top gap, mm 

Surface/Volume, cm 

6.993 

6.964 

0.996 

6.807 

0.43 (14.61) 

0.37 (12.6%) 

2.14 (72.8%) 

2.94 

0.033 

0.0635 

99 
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temperature, the cup was properly tightened and the bottom 

gap adjusted to 1.3 * 10”3 inches (0.033 mm). 

2. Calibration 

There are two independent methods for controlling 

shear stress in the ROM-8 viscometer system. The first is 

by controlling the rotation rate of the cup directly. If 

the viscosity of the solution is known, the applied shear 

stress can be calculated from Equation 5. When the appro¬ 

priate constants are substituted, as well as the relation¬ 

ship of RPM and voltage output is assimilated, the result is 

XRPM = 127,32r) VRpM 
(7) 

where TRp^ = shear stress in dynes/cm
2 calculated from 

applied rotational rate 

n * apparent viscosity 

VRpM = voltage output reading on viscometer 

controller 

The disadvantage with this method is that apparent viscosity 

is a function of cell concentration (as well as other vari¬ 

ables, of course). Since cell concentration was difficult 

to control, the exact apparent viscosity was difficult to 

ascertain. An estimate that was within 101 accuracy was 

obtained assuming the viscosity of water. 

The second method for controlling applied shear stress 

was by using a modified torque transducer (Gould Instru¬ 

ments, Cleveland, Ohio). A maximum of 15° of rotation are 
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Figure 3: Comparison 

of tRPM and tTRQ 
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allowed in operation so that operation was always well 

within the linear portion of the operating design. The 

transducer was calibrated (68) by using a dead weight pulley 

system and measuring voltage output on the viscometer con¬ 

troller. Shear stress measured in this manner was found 

empirically: 

"^TRQ ~ 0.7127 VTRQ + 12.8 (8) 

where TTRQ = shear stress in dynes/cm
2 

VTRQ = voltage output reading from transducer 

This second method of measuring applied shear stress was the 

preferred method because it directly measures shear stress 

regardless of the condition of the fluid. 

The two methods were compared using a silicone oil of 

known viscosity (5.1 cP). The results are shown in Figure 

3. If there had been perfect agreement between these two 

methods, the slope of the TRpM VS 
T
TRQ Üne would be 

unity. In actuality, it was 0.865, indicating good but not 

perfect agreement. 

3. Shearing procedure 

The viscometer was prepared as described in Section II 

A 1 above the day before each experiment. Leukocytes were 

prepared as described in Section II B below. Before using 

any sample, cells that may have settled out of suspension 

were gently resuspended using a disposable plastic Pasteur 

pipette. The cup and bob were removed and the exposed 
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surfaces were wiped with clean gauze wetted with 0.9% w/v 

NaCl solution. The viscometer was then reassembled and the 

cup threaded to predetermined marks so that the bottom gap 

was preserved. A volume sample size of 3 ml was then placed 

in the viscometer and shearing proceedud for 10 minutes at 

room temperature. Dewitz, et al. (16) reported no tempera¬ 

ture dependence on shear induced effects. Two sets of 

controls were also prepared. The first was not placed in 

the viscometer at all. In the second, the viscometer con¬ 

trols (VC), were placed in the viscometer for 10 minutes but 

remained unsheared. Two levels of applied shear stress were 

used: 50 dynes/cm2 and 150 dynes/cm2. The lower level was 

used because it induces a mild amount of mechanical trauma 

and it is at the lower limit of the ROM-8 system. The upper 

limit of applied shear stress was chosen so that all mani¬ 

festations of shear induced damage would be manifested but 

there would still be minimal cell lysis (14, 68). A few 

PMNL samples were sheared at 50 dynes/cm2 for 1 hour to 

ascertain if prolonged shear exposure could induce TFA. All 

samples including controls were divided into 2 aliquots 

after shearing. One set of aliquots was treated with 10 p 

g/ml of E. Col. 026:B6 endotoxin (Difco Labs, 

Detroit, Michigan). The other set of aliquots was left 

untreated. All samples were then allowed to incubate at 

37°C overnight. 



25 

B. Preparation of Leukocytes 

1. General procedure 

Whole blood was obtained by venipuncture from appar¬ 

ently normal healthy volunteer donors according to the prin¬ 

ciples of the Helsinki agreement on human expermentation. 

The protocol was approved by the Committee on Human Experi¬ 

mentation and informed consent obtained. Leukocytes were 

isolated from whole bood using the method developed by Boyum 

(5) and modified as follows. Whole blood was drawn directly 

into a 60 ml syringe containing dextran sedimentation fluid 

(see Appendix B). The blood to sedimentation fluid ratio 

was 2:1 and the final concentration of heparin in the mix¬ 

ture was about 8 u/ml. The syringe was fixed vertically and 

the erythrocyte fraction was allowed to sediment by gravity 

for 90 minutes at room temperature. At the end of this time 

period, the top layer containing predominantly plasma, plat- 

lets, and leukocytes was carefully pushed through the syringe 

opening and directed into 17 x 100 mm plastic test tubes 

(Falcon, Oxnard, California) through a bent hypodermic 

needle. This method minimized blood handling and left the 

separation between layers intact. The supernatant thus 

collected was centriguged at 150 * g for 10 minutes at 4°C 

in a Beckman Model J-21B Centrifuge (Beckman, Palo Alto, 

California). From this step until the time that the cells 

were ready for shearing, the cells were kept either on ice 

or at 4°C to inhibit cell clumping and adhesiveness. All 
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solutions used were kept cold before use so as to not dis¬ 

turb the cells with frequent temperature changes. The cell 

pellet was washed twice with 0.91 w/v Na Cl (Travenol, 

Darfield, Illinois) to which had been added 0.85 mM sodium 

citrate (52). Removing free calcium by chelating with 

citrate also helped to inhibit cell clumping and served to 

prevent premature TFA production (since calcium is an abso¬ 

lute requirement) (52). Remaining erythrocytes were then 

lysed hypotonically using sterile, filtered distilled water 

for 20 seconds then adding an equal volume of 1.8% w/v NaCl 

to restore tonicity. Three types of suspensions were then 

prepared, PMNL, MNL, and a mixed type white blood cell (WBC) 

suspension. Before shearing all cells were rewarmed to 37 C 

for at least 30 minutes. 

2. WBC preparation 

A suspension of all peripheral leukocytes was prepared 

from the above by gently centrifuging at 75 x g for 10 

minutes at 4°C to remove platlets. The cell pellet was 

washed twice with cold, citrated normal saline and centri¬ 

fuged at 75 x g for 10 minutes. The final pellet was sus¬ 

pended in culture medium (see Section II B 4 below) to a 

concentration of 1.2-1.8 x io6 cells/ml. Electronic cell 

counts to adjust the concentration were performed on a 

Coulter Model ZBI (Coulter Electronics, Inc. Hileah, 

Florida). Wright-Giemsa stained smears were prepared on a 
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few selected samples and the average differential count was 

about 601 PMNL, 351 lymphocytes, and 5% monocytes. 

3. Preparation of PMNL and MNL. 

The remaining cell suspension from the hypotonic lysis 

step was layered on top of a layer of Ficoll-Hypaque density 

gradient (see Appendix B). The cell suspension to density 

gradient ratio was 2:1. This preparation was centrifuged at 

4°C and at 400 x g for 25 minutes. It was important to use 

a swing bucket rotor in this step to prevent mixing of 

layers when the test tubes were removed. The result was a 

solution of 4 distinct layers: (1) a layer containing free 

hemoglobin, platlets, and cellular debris, (2) a MNL layer, 

(3) a relatively cell free Ficoll-Hypaque layer, and (4) a 

PMNL pellet. Layers 1 and 3 were discarded and the MNL and 

PMNL layers were carefully removed and placed in separate 

test tubes. Both of these cell suspensions were washed 

twice in cold citrated normal saline and centrifuged at 

75 x g to remove platlets. The pellets were then resuspended 

in culture medium (see below) so that the final PMNL concen¬ 

tration was 8-10 x 106 cells/ml and the final MNL concentra¬ 

tions were measured using electronic cell particle counts as 

mentioned in the previous section. Differential cell counts 

were performed on selected samples using Wright-Giensa 

stained smears. The PMNL suspension was about 98% PMNL with 

roughly 1% each of monocytes and lymphocytes. The MNL 

suspension was about 80% lymphocytes and 20% monocytes. 



28 

C. Preparation of Culture Medium 

Autologous serum was prepared on the same day of each 

experiment by placing 20-30 ml of non-anticoagulated whole 

blood in glass test tubes. The blood was allowed to clot 

for 2 hours at 37°C. The serum was drawn off and treated 

with excess tricalcium phosphate (J. T. Baker Co., 

Phillipsburg, New Jersey) and centrifuged at 1000 x g to 

remove the insoluable salt. This step was performed three 

times. The result was serum that was deficient in any 

remaining clotting factors (especially Factors VII and X). 

Medium 199 (Gibco, Grand Island, New York) was prepared 

according to the manufacturer’s instructions. To this solu¬ 

tion 100 u/ml each of Penicillin and Streptomycin was added 

to inhibit bacterial growth. The solution was stored cold 

until use. 

The final culture medium was prepared just before use 

by mixing 801 Medium 199 solution and 20% autologous serum. 

This solution was then sterilized by filtration. It was 

assayed for clot forming potential and was found to contain 

no appreciable amount of activated clotting factors. 

D. Assay of Tissue Factor Activity 

Tissue factor activity was assayed using the 2-stage 

clotting assay described by Nemerson and Esnouf (55). It 

was important that all reactions be carried out at 37°C as 

the reaction times are highly temperature dependent. The 

first stage of this assay allowed for the production of 
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activated factor X given a constant amount of factor VII and 

a variable amount of tissue factor as produced by leuko¬ 

cytes. To this end, bovine barium sulfate eluate (Sigma 

Chemical Co., St. Louis, Missouri) was dialyzed against 

normal saline for 24 hours to remove citrate and stored at 

-80°C until use. The first stage was a mixture of 0.05 ml 

0.025 M CaCl, 0.05 ml rabbit brain cephalin (Sigma Chemical 

Co., St. Louis, Missouri) to provide phospholipid, 0.1 ml 

barium sulfate eluate, and 0.1 ml cell suspension. This 

solution was mixed thoroughly and allowed to react for 60 

seconds. Then 0.2 ml of this mixture was added to 0.1 ml of 

Factor VII and X deficient bovine plasma (Sigma Chemical 

Co., St. Louis, Missouri). This formed the second stage and 

the solution was allowed to clot and the clotting time was 

measured using a Fibrosystems Fibrometer (Becton-Dickson 

Co., Cockeysville Maryland). 

While there exists no standardized method to calibrate 

observed TFA, a commonly used method is th compare results 

with rabbit brain thromboplastin (RBT), a rich source of 

TFA. A calibration study was performed using RBT (Dade 

Diagnostic, Inc., Miami, Florida). A suspension of RBT was 

serially diluted to 0.2% by volume of the undiluted sample. 

Dilutions were performed using Medium 199. Clotting times 

were assayed using the 2-stage clotting assay. First stage 

incubation times were 30 seconds, 60 seconds, and 300 

seconds. 
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E. Data Analysis 

Analysis of results was performed using a Student's 

t-test to compare average clotting times (61). The hypo¬ 

thesis was that the two means being compared were not 

significantly different and that the true standard devia¬ 

tions were equal but unknown. The probability, P, that 

the hypothesis was true was calculated by using the esti¬ 

mated standard deviations and the known means and calculat¬ 

ing t by: 

*2 - 
t =   - - (9) 

<s>/l/n1 + l/n2 

(n, - l)Sl
2 + (n2 - 1)s2

2 

where <s> =    *  
ni + n

2- 2 

and x^ = mean for data set i 

s. = estimated standard deviation for data 
l 

set i 

n^ = number of experiments in data set i 

P was then found using a normal distribution curve (61). 

If P < 0.05, the hypothesis was rejected and the means were 

assumed to be significantly different. 



III. RESULTS 

All results are expressed in terms of clotting times in 

seconds. A result recorded as 300 seconds indicates that no 

clot formed after 300 seconds. This clotting time was the 

amount of time that the second stage of the clotting assay 

required to form a standard amount of fibrin as predeter¬ 

mined by the fibrometer. Unfortunately, there is no 

standardized method for measuring activity of any of the 

clotting factors. One commonly used comparison is done 

using rabbit brain thromboplastin (RBT), a preparation high 

in TFA. Often results are reported in terms of units of 

RBT. However, this implies a linearity in measurements 

which does not exist. Reporting results in terms of clott¬ 

ing times is also a linear scale but was felt to be less 

ambiguous. Table 2 and Figure 4 show clotting times at 

serial dilutions of RBT and at 3 first stage incubation 

times. As can be seen in these results, TFA as measured in 

a clotting assay is closer to a logarithmic scale. It is 

important to keep this fact in mind when comparing clotting 

times. 

The results for the WBC studies are shown in Table 3. 

For the WBC control suspension, endotoxin treated cells 

showed significant TFA over untreated controls (P < 0.005). 

The viscometer controls (VC) showed some (P < 0.1) activity 

over the control cells, but not statistically significant. 
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Endotoxin treated VC cells had a similar response in TFA 

generation as the control cells (P < 0.005). The suspen¬ 

sions sheared at 50 dynes/cm2 and 150 dynes/cm2 showed 

significantly increased TFA production compared to the VC 

suspensions CP < 0.005 for each). There was not, however, 

any difference in the amount of TFA produced at the dif¬ 

ferent shear rates. Nor was there any difference between 

any of the samples - sheared or not - when endotoxin was 

added to the solution. These results show that shear stress 

does induce TFA production in a mixed leukocyte population 

with physiologic ratios of cells. Endotoxin induces a maxi¬ 

mal amount of TFA and demonstrates that all WBC suspensions 

retained their ability to produce TFA. 

Further information about the source of TFA was ob¬ 

tained by using more purified leukocyte suspensions. The 

PMNL results are shown in Table 4. As with the work already 

cited, there was significant TFA in response to endotoxin 

(P < 0.005). Cells placed in the viscometer but not sheared 

(VC) showed some TFA when compared to control cells (P < 

0.05), but not as much as endotoxin treated cells. Inter¬ 

estingly, sheared samples did not produce significant 

amounts of TFA at either of the applied shear stress levels 

over that already produced by the VC samples. Some samples 

were sheared at 50 dynes/cm2 for as long as 60 minutes and 

still failed to produce significant TFA. That these cells 

remained capable of producing TFA was demonstrated by the 
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fact that the endotoxin treated samples of this group pro¬ 

duced levels of TFA comparable to the other endotoxin 

treated samples. As with the data for WBC, any PMNL sample, 

sheared or not, produced similar amounts of TFA when treated 

with endotoxin. 

The other purified cell suspension, the MNL, produced 

results that were quite different. Control cells displayed 

some TFA without external stimulation. Endotoxin treated 

controls displayed some further TFA but not a statistically 

significant difference (P<0.1). There was also not a sta¬ 

tistically significant difference between the TFA produced 

by VC cells as compared to control cells. However, the 

situation was markedly different for cells exposed to shear 

stress. At 50 dynes/cm2 and 150 dynes/cm2, significant TFA 

production occurrred over that already produced by the VC 

cells (P < 0.005) and P < 0.01, respectively). Like the 

other types of cell suspensions, no variation was caused by 

the two different levels of applied shear stress. Once 

again, all samples treated with endotoxin produced similar 

results. 



Table 2: Second Stage Clotting 

Times for Serial Dilutions 

of Rabbit Brain Thromboplastin (RBT) 

All data are clotting times in seconds 

Dilution of 
RBT (percent) 

First Stage Incubation Times 

300 60 30 

100.00 5.0 6.2 8.5 

50.00 6.4 7.5 9.5 

25.00 8.0 9.0 13.8 

12.50 10.5 11.8 17.3 

6.25 12.8 15.0 23.8 

3.13 16.8 19.5 * 

1.56 20.3 26.0 57.0 

0.78 27.5 35.5 75.0 

0.39 39.0 49.0 108.0 

0.20 53.8 68.0 146.0 

* not available 
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Figure 4: 2nd Stage Clotting Times 

at Serial Dilutions of 

Rabbit Brain Thromboplastin (RBT) 

at Different 1st Stage Incubation 

Times 
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Table 3: WBC Results 

All data are presented as clotting time in seconds 

Control 

Control 
+ 

Endo VC 

VC 
+ 

Endo 50 

50 
+ 

Endo 150 

150 
+ 

Endo 

140.5 43.5 -- 69.0 37.0 65.5 40.5 

99.5 38.5 88.0 35.5 83.0 47.5 67.5 33.0 

133.5 40.0 76.0 35.1 54.0 -- 52.0 -- 

64.5 90.0 63.5 67.5 58.5 

122.0 76.5 99.5 74.0 74.3 79.5 

186.5 65.5 101.0 30.5 87.5 41.0 59.0 41.5 

121.0 104.5 41.5 74.0 35.0 66.7 140.4 

138.0 55.5 132.0 43.0 81.0 40.5 97.5 37.5 

Averages 

125.8 53.2 98.7 46.2 73.8 40.2 68.3 58.6 

Standard Deviation 

35.0 15.3 17.6 16.3 10.6 4.8 14.3 45.9 

n 

8 6 7 7 8 5 8 5 

VC - viscometer controls, cells placed in the viscometer 

but not sheared 

Endo - endotoxin 

50 - cells sheared at 50 dynes/cm 

150 - cells sheared at 150 dynes/cm2 
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Table 4: PMNL Results 

All data are presented as clotting time in seconds 

Control 
+ 

Control Endo VC 

VC 
+ 

Endo 50 

50 
+ 

Endo 150 

150 50-lh 
+ + 

Endo 50-lh Endo 

300 

212.0 

200.7 

204.5 

205.0 

142.0 

162.0 

258.9 

230.5 

300 

190.5 

205.5 

150.3 

29.2 

31.0 

300 107.1 

88.0 35.0 

68.5 28.5   

88.0 217.0 105.5 212.0 99.5   

34.5 222.5 100.5 216.0 81.5   

68.0 172.0 62.5 208.0 52.0 169.5 65.0 159.0 

105.5 148.0 113.5 140.5 99.5 164.5 116.0 

125.0 186.0 117.5 228.5 

206.5 107.0 300 

113.0 85.0 97.5 

119.5 

163.3 

- 156.5 89.0 

176.5 143.5 119.5 

115.5 164.0 94.9 

140.0 191.5 132.5 

179.5 

189.5 

126.0 

156.0 136.5 

183.0 117.5 

192.0 112.5 

66.0 

145.0 

120.0 

88.5 

134.5 

146.0 

127.5 

193.6 
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Table 4: Continued 

Control VC 50 150 50-lh 
+ + + + + 

Control Endo VC Endo 50 Endo 150 Endo 50-lh Endo 

Average 

215.8 103.6 176.9 102.2 176.1 71.9 169.6 107.1 170.4 104.9 

Standard Deviation 

46.8 50.3 30.4 21.3 81.5 32.9 28.5 22.2 69.9 34.7 

n 

13 13 8 8 7 7 11 8 7 4 

VC - viscometer control, cells placed in the viscometer but not 

sheared 

Endo - endotoxin 

50 - cells sheared at 50 dynes/cm2 

150 - cells sheared at 150 dynes/cm2 

50-lh - cells sheared at 50 dynes/cm2 for 1 hour 

note: A clotting time recorded as 300 seconds indicates that no clot 

formed as of 300 seconds. 
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Table 5: MNL Results 

All data are presented as clotting time in seconds 

Control VC 50 
+ + + 

Control Endo VC Endo 50 Endo 150 

105.5 33.0 55.0 35.5 35.5 -- 

262.0 169.5 161.5 134.1 43.5 53.5 

209.0 51.0 92.5 69.5 59.5 68.5 

108.5 165.1 131.8 63.5 32.0 41.5 41.0 

198.5 139.5 188.0 31.5 47.0 118.5 67.0 

88.5 88.5 115.5 37.5 74.0 60.0 66.5 

Average 

162.0 107.8 124.1 61.9 48.6 73.3 

Standard Deviation 

70.7 58.8 47.7 38.7 15.7 40.2 

59.3 

11.9 

n 

6 6 3 5 

150 
+ 

Endo 

33.0 

118.5 

126.0 

80.0 

89.4 

42.6 

6 6 6 4 



IV. DISCUSSION 

The results of this series of experiments show that 

mechanical trauma does induce TFA in leukocytes. It appears 

that between 50 dynes/cm2 and 150 dynes/cm2 there is no 

graded response. Perhaps at 50 dynes/cm2 the cells have 

achieved their maximal response since higher levels of 

mechanical trauma are known to lead to some functional 

damage in PMNL (15-18). Indeed, it has been established 

that the production of TFA is not parallel to LDH release 

(52) and that the mechanisim of TFA is not by cell death 

(57). 

This leukocyte response to shear response is indepen¬ 

dent of other TFA producing stimulants in the system. Con¬ 

trol cells not treated with a specific stimulus produced a 

small amount of TFA (the greatest in this regard were the 

WBC). This may have been in response to the preparation 

procedure or some unknown contaminant. Rickies et al. (66) 

demonstrated that as little as 10*4 Pg/ml of endotoxin would 

produce a significant amount of TFA in MNL. It is also 

possible that the anodized aluminum surface of the visco¬ 

meter could stimulate some TFA. This has not been shown for 

this type of surface. It has been shown, however, that 

adherence of monocytes to foreign surfaces positively corre¬ 

lated with TFA production (78). Some small but not signifi¬ 

cant elevation in TFA was consistently seen in the VC versus 

control leukocytes. 
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There is strong evidence that the monocyte is the only 

leukocyte that produces significant amounts of TFA. Shelly 

(74) demonstrated that monocytes specifically serve as foci 

in the initiation of micro-clots iji vitro. Studies using 

highly purified cell suspensions show that lymphocytes and 

PMNL do not produce TFA whereas monocytes have this activity 

(29, 38, 64, 67). The activity seen previously in PMNL and 

lymphocyte preparations can be accounted for by contamina¬ 

tion by monocytes. 

The question of what stimulates monocytes to produce 

TFA is currently under study. It was shown, for example, 

that development of delayed skin hypersensitivity correlated 

with development of TFA by peripheral blood MNL (26). The 

delayed hypersensitivity reaction is an immune reaction 

mediated primarily by monocytes and T-lymphocytes (2). 

Animal studies showed that peritoneal leukocytes from 

animals previously immunized to a particular antigen would 

produce TFA when incubated in vitro with that antigen (25). 

These macrophages would also have decreased migration ten¬ 

dencies (35). Van Ginkel, et al., (80), demonstrated a link 

between immune reactivity and the production of TFA: the 

more reactive the MNL were found to be the greater amount of 

TFA produced. 

This evidence points to the possibility of lymphocyte 

cooperation in moncyte TFA. Immune complexes, for example, 

were found to stimulate lymphocytes which in turn caused 
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monocytes to produce TFA (71). Some studies demonstrated 

that this cellular interaction was mediated by soluble 

lymphokines (20, 25). These lymphokines did not have TFA of 

their own, but could stimulate monocytes to display TFA. 

Other studies using human lipoproteins as TFA stimulants 

concluded that intact lymphocytes, but not supernatants or 

homogenates, were required to produce TFA (44, 72). What¬ 

ever the mechanism, however, it appears that lymphocytes 

play an important role in stimulating monocytes TFA. There 

seems to be two pathways for TFA stimulation. Substances 

such as endotoxin stimulate monocytes directly independent 

of the presence of lymphocytes. Other substances, such as 

phytohemaglutinin, immune-complexes, and human lipoproteins, 

mediate TFA production via T-lymphocytes (20). In the T- 

cell independent pathway, the presence of lymphocytes ampli¬ 

fied the response (20, 43). 

The results of this study can be interpreted with these 

findings in mind. All three types of cell suspensions used 

in these experiments contained significant numbers of mono¬ 

cytes. All three cell preparations produced TFA in response 

to endotoxin. The PMNL, however, failed to show significant 

TFA in response to shear stresses of up to 150 dynes/cm for 

10 minutes or at 50 dynes/cm2 for as long as 60 minutes. 

That the capability was there was demonstrated by the sub¬ 

sequent production of TFA if these sheared samples were 

treated with endotoxin. The MNL produced a relatively large 
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amount of TFA in response to shear stress. Therefore, the 

conclusion is that lymphocytes are required for shear in¬ 

duced TFA by monocytes. This evidence supports the view 

that there are two pathways for TFA production. In these 

experiments, endotoxin bypassed the need for lymphocytes and 

seemed to directly stimulate monocytes. Shear stress, on 

the other hand, requires lymphocyte cooperation. 

The mechanism through which the monocytes produces TFA 

is not completely understood but several facts are known. 

Mulhfelder, et al. (52), investigated various conditions 

required for TFA production. Calcium was found to be an 

absolute requirement. The optimal pH was found to be be¬ 

tween 7 and 8 and the optimal temperature was 37°C. Inhibi¬ 

tion of DNA synthesis by cytosine arabinoside or non-lethal 

irradiation did not inhibit TFA production (66). Specific 

protein synthesis inhibitors, on the other hand, did inhibit 

TFA production (57, 78). Drugs which inhibit microtubule 

function were also found to inhibit TFA production (52, 60). 

Hydrocortisone, a non-specific supressor of immune function, 

may also inhibit TFA production (79). This evidence sug¬ 

gests that the TFA synthesizing apparatus is present in 

mature cells and that TFA requires de novo protein syn¬ 

thesis. Furthermore, TFA expression probably requires exo- 

cytosis (the process where cytoplasmic granules are released 

into the environment). Exocytosis requires intact micro¬ 

tubules as well as calcium and energy (67). 
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The clinical implications, if this phenomenon is physi¬ 

ologically important, are not trivial. In the normal physi¬ 

ological state, no blood cell experiences the sustained 

level of shear stresses used in these experiments. In 

arterioles, elevated shear rates are found but only momen¬ 

tarily. In athlerosclerotic states, for example, these 

sustained levels of shear stress can occur routinely in 

regions of stenosis. Another relevant pathological state is 

found in rheumatic heart disease. This is a disease where 

one or more of the natural heart valves become stenosed, so 

that the pressure drop across the valve becomes abnormally 

high. This, in turn, leads to turbulent flow across the 

valves (which causes the murmurs associated with this dis¬ 

ease) and high levels of shear stress. Patients with mitral 

valve stenosis seem to be more prone to thrombus formation 

because of acceleration of coagulation (23). These patients 

were also found to have decreased levels of anti-thrombin 

III. Anti-thrombin III is a circulating enzyme which breaks 

down fibrin polymers. In this particular study, these de¬ 

creased levels were felt by the authors to represent a 

consumptive coagulopathy (23). These patients could be 

suffering from shear induced TFA. In another study by 

Homma, et al. (34), resected heart valves from patients with 

rheumatic valvular disease were found to have both TFA and 

fibrinolytic activity. On the surface of the valves, high 

TFA and low fibrinolytic activity were found. Fibrinolytic 
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activity was localized to the small blood vessels supplying 

the valve. 

The various forms of ECC all expose blood to non- 

physiological levels of shear stress. The formation of 

micro-clots both in the intravascular space and in the ECC 

unit remain a problem despite the use of microporous blood 

filters (39). A moderate decrease in anti-thrombin III is 

usually seen the day following ECC and open heart surgery, 

again indicating a consumptive coagulopathy (10). It should 

be noted that this occurs on a similar time scale as was 

seen in the in-vitro experiments done here. Following open 

heart surgery, factors V, VII, and X were found to be re¬ 

duced (51). Heparin is used to prevent blood coagulation 

during surgery. However, heparin does not totally prevent 

coagulation - it delays it (7). Furthermore, since heparin 

is neutralized with protamine sulfate immediately following 

surgery, leukocytes displaying TFA several hours later might 

explain some of the post-surgical complications often seen 

such as thrombus formation and abnormal bleeding. 

Another possible area of importance is in underwater 

physiology. While blood flow changes under pressure are not 

completely understood, there might be important hemodynamic 

changes. Humans exposed to 10 atmospheres of pressure for 

10 minutes then decompressed showed increased prothrombin 

times (a clinically used assay for the extrinsic system). 

Other changes seen were increased fibrin degradation 
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products, and signigicant decreases in anti-thrombin III 

activity (62). Rats that were exposed to increased atmo¬ 

spheric pressures experienced a transient lymphopenia and 

leukopenia (37). They also had an associated decrease in 

clotting times (recalcification) and hyperfibrinogenemia 

(59). Fish were also found to experience hemostatic changes 

following pressurization (56). 

Perhaps if shear-induced TFA is better understood then 

a specific antagonist would provide anti-coagulation in 

these circumstances - in addition to heparin used in ECC. 

This kind of treatment is already being used to reduce 

platlet emboli production during ECC, using prostaglandin I2 

(19, 28). It has been shown that in animals already stimu¬ 

lated to produce TFA, leukocytes are refractory to further 

stimulation until the animal has recovered (76). In the 

case of endotoxin, treatment of the lipid A portion of the 

endotoxin complex so that it is partially degraded inhibits 

its TFA stimulating capability (60). Rabbits treated with 

radiodetoxified endotoxin not only exhibited less leukocyte 

TFA but were protected from a second stimulation with un¬ 

treated endotoxin (29). Perhaps these studies point the way 

to developing a specific antagonist that could preserve 

other homeostatic mechanisms while protecting from lympho¬ 

cyte and/or moncyte induced coagulation. 



V. SUMMARY 

Leukocytes were prepared from whole blood using a 

dextran sedimentation technique. Some of these leukocytes 

were further purified by a Ficoll-Hypaque density gradient 

into a polymorphonuclear leukocyte and a mononuclear leuko¬ 

cyte preparation. All three types of cell suspensions were 

subjected to shear stresses of either 50 dynes/cm2 or 150 

dynes/cm2. Some cells were used as viscometer controls and 

were placed in the viscometer but not sheared. Part of each 

sample was treated with endotoxin. All cells were incubated 

overnight and assayed for tissue factor activity. 

The crude leukocyte mixture and the mononuclear prepa¬ 

ration showed significant tissue factor activity in response 

to shear stress. Polymorphonuclear leukocytes did not. All 

cell preparations produced tissue factor activity in re¬ 

sponse to endotoxin. Since all three cell preparations 

contained monocytes, the source of tissue factor activity, 

this study supports the view that there are 2 pathways for 

tissue factor generataion. The endotoxin stimulated pathway 

is independent of the presence of other cells. Shear 

stress, however, required the presence of lymphocytes and 

mediates its effect through what is thought to be a T-cell 

dependent pathway. 
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APPENDIX A 

Summary of the Design Equations for the ROM-8 Viscometer 

The ROM-8 viscometer was designed and built at Rice 

University by previous workers (45, 46). It has the capa¬ 

bility of delivering a uniform and constant shear rate to a 

relatively large, volume of fluid. A diagram of the basic 

design is shown in Figure A 1. The viscometer consists of a 

rotating outer cup and a stationary inner bob. There are 

three regions of flow: (1) a cone-cone region at the top, 

(2) a concentric cylinder region, and (3) a cone-plate 

region at the bottom. About 75% of the fluid is contained 

in the concentric cylinder region. Since the gap is small 

flow is approximated to be couette flow. The result is that 

very high shear stresses can be applied without artificially 

increasing fluid viscosity. Centrifugal forces stabilize 

laminar flow during use (3), thus avoiding the formation of 

Taylor vortices 

The shear stress for the three regions was found to be 

concentric cylinder: 

■re = -2u fl (- 
K‘ 

1 - K* 

R 
o 

ITT 

(Al) 

where K 
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i 

Figure : A 1 

ROM-8 Viscometer 
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cone-cone: 

y sin 6cc Avg 
Tr0 6cc 

cone-plate : 

T = - Jiü 
0<f) 0cp 

(A2) 

(A3) 

where y = viscosity 

Œ = angular velocity 

= radius of inner cylinder 

RQ = radius of outer cylinder 

0cc = difference between angle of cone of cup and 

angle of cone of bob 

6cp = angle of bob facing the plate. 

K, 0cp, and 0cc were predetermined so that shear stress 

was equal throughout the viscometer. When this is done, 

equations Al, A2, and A3 may be equated: 

2K2 _ 1 _ sin 0cc Avg 
1 _ £2 0cp 0cc 

From Newton's Law, 

Tr0 = y * 

where y - shear rate 

Combining equations A1 and A2 gives 

(A4) 

(A5) 
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îr = 2 fi(———-) (A6) 
1 - K2 

2TT 
Since Œ= (^j)(RPM), equation A6 becomes 

Y = Cj?)(RPM)C- K2 ) (A7) 

The total torque, MT, is found by taking the surface 

integral of the shear stress times the lever arm over the 

entire area of the bob. Broken down into its 3 component 

regions, this torque becomes: 

concentric cylinder: 

4TTU ft(R. ) 2L 
Mcyl =   — (A8) 

1 - K2 

where L = length of cylinder portion of the bob 

cone-cone: 

Mcc 
ZirpfiCRi3 - r2

3) 

30cc (A9) 

where r2 = radius of connecting shaft 

cone-plate: 

2nyftR^3 

30cp 
Mcp = (A10) 



To find Mt, equations 12,13, and 14 are summed and, 

since all shear stresses are equal, terms are combined to 
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give: 

= 2ITT [—^ 
R. 2L R. V - V 

3 sin 0cc ] 

Therefore, the shear stress can be calculated from this 

equation if the torque is known. 

(All) 



APPENDIX B 

Reagents and Formulas 

Dextran Sedimentation Fluid 

1.251 (w/v) glucose = 0.069 M 

3.00% (w/v) Dextran (Macrodex 70, Pharmacia 

Laboratories, New jersey) 

Average Mol. wt. = 188,000 d. 

0.638% (w/v) sodium chloride 25 u Heparin per ml 

Ficoll-Hypaque Separation Fluid 

91 g Ficoll (Pharmacia Laboratories, New Jersey) 

mol. wt = 400,000. 

120 ml distilled water. 

- Stir well to dissolve, heat gently it necessary. 

- Sterilize by filtration. 

- Store in refrigerator until use. 

When ready for use: 

Add 1 ml sodium Hypaque 50% (w/v), (sodium 

diatrizoate, USP), (Winthrop Laboratories, New 

York) 

to each 4 ml Ficoll solution as prepared above. 

Final concentration is 6.07% (w/v) Ficoll and 10% (w/v) 

Hypaque. 
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Barium sulfate eluate and Factor VII and X deficient plasma 

Note: While this can be bought commercially and this was 

done for the experiments presented here, these solutions can 

be easily prepared as follows. 

1) Add 1 ml 0.1 M sodium oxalate for each 9 ml of whole 

blood. 

2) Prepare platlet poor plasma in the usual manner. 

3) Add 100 mg barium sulfate for each ml of plasma. 

4) Shape well for 15 minutes at 37°C. 

5) Centrifuge at high speed (1000 * g) for 10 minutes. 

6) The remaining supernatant is factor VII and X deficient 

plasma. It may be stored for long periods at - 80°C. 

7) Elute barium sulfate with 5 ml of 0.2 M sodium citrate 

solution. Shake well for 15 minutes. 

8) Centrifuge at high speed (1000 x g) for 10 minutes. 

9) Save supernatant and sediment. 

10) Repeat steps 7 and 8. Combine supernatants and discard 

sediment. 

11) Remove citrate in eluate by using any standard dialysis 

membrane and dialyze the solution against normal 

saline. Saline: eluate ratio should be 10:1. Dialyze 

for 24 hours and keep solutions cold. Change saline 

solution once in 24 hour period. 

12) The remaining eluate is rich in factors VII and X. It 

may be stored for long periods at -80°C. 



APPENDIX C 

The Percoll method of Separating Leukocytes 

This method was not used for these experiments because 

of and its need for very high speed centrifugation. A 

minimum of 20,000 x g is necessary to generate the density 

gradient and this was found to be inadequate. Using a 

higher speed would probably be adequate. It has the ad¬ 

vantage that it is faster than using Ficoll-Hypaque and it 

is more sensitive. Using the proper dilution, it can be 

used to separate B-lymphocytes from T-lymphocytes, for 

example. 

Percoll (Pharmacia Laboratories, New Jersey) is a col¬ 

loidal silica which has another advantage over Ficoll- 

Hypaque in that is does not react with cell membranes. The 

calibration of this isolation technique is presented here in 

the event that, in the future, a need may arise for it. The 

solution was diluted according to the manufacturer's in¬ 

structions for a standard density gradient to separate whole 

blood. The solution was centrifuged at 23,000 x g (the 

maximum obtainable speed without an ultracentrifuge) at 10, 

15, and 30 minutes in polycarbonate tubes. Density beads 

from the manufacturer were used to locate density levels as 

measured from the distance from the meniscus. The results 

are shown in Figure C 1. The starting density of the 
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solution was 1.086 gm/wl and the density gradient generated 

is shown. 

After the density gradient is generated, whole blood 

was layered at 400 * g for 10 minutes. The result was four 

fractions (from top to bottom): 1) a platlet rich plasma 

layer; 2) a lymphocyte layer; 3) a granulocyte layer; and 

4) a red cell layer. Unfortunately, the red cell mass was 

much larger than the other cell layers. The result was that 

the granulocyte layer was too close to the red cell layer to 

make a clean recovery. Figure C 1 bears this out, as the 

average distance between the average red cell density and 

the average PMNL density is 3 mm. Perhaps if the red cell 

mass was reduced by a dextan sedimentation step, for ex¬ 

ample, the results would have been more encouraging. 

Therefore, it was concluded that this method probably 

does not have a place in the usual relatively crude isola¬ 

tions of leukocytes used in this laboratory. However, it 

does have a place for performing more sophistocated isola¬ 

tions as the starting density can be manipulated (see manu¬ 

facturer's instructions). It is also possible that the use 

of ultracentrifugation could be avoided by layering dif¬ 

ferent solutions of different starting density densities. 

This density gradient could be "custom made" to suit special 

needs. 
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Figure C 1 

Density Gradient Calibration for Percoll 

with Polycarbonate Tubes at 23,000 x g 


