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ABSTRACT

The effect of platelet anti-aggregate agent
RA-233 and prostaglandin

upon PMN response to mechanical

trauma was studied using the Rice University ROM-8 vis¬
cometer.

Suspensions of PMN leukocytes in phosphate-

buffered saline (PBS) were sheared at 100 and 300 dynes
per square centimeter for ten minutes in a 37° C. environ¬
ment.

The leukocyte suspensions were tested for alterations

in total leukocyte count, changes in morphology, and
variances in the PMN differential count.

PMN leukocyte

function was tested using several adapted assays including
adhesion to glass slides, phagocytosis, and release or loss
of enzymes marking the various granule populations present
in PMN cell cytoplasm.
Leukocytes which received 1 x 10"^M RA-233 and
3 x lO'^M PGE^ ten minutes prior to shearing, showed
significant preservation of enzyme activity marking
specific granules and reduced release of enzyme activities
marking both specific and azurophilic granules, while
control suspensions showed losses of enzyme activity
agreeing with the results of earlier work by Dewitz (40).
PMN phagocytosis, as measured by a chemiluminescence
assay was significantly decreased by shear stresses of
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100 and 300 dynes/cm , and was not preserved by incubation
with the anti-platelet agents.

PMN leukocyte adhesion to

serum-coated glass slides after shear stress exposure was
increased while PMN leukocytes incubated with RA-233 and
PGE^ showed reduced overall adhesion in the controls, but
similar increases with shear stress exposure.

PMN leuko¬

cyte suspensions showed a sharp drop in electronic particle
count,

(EPC), following shear stress exposure, due to the

combined effects of aggregation and lysis.

The latter

effect was apparently reduced at the higher shear stress
levels by incubation with the anti-platelet agents.

These

results and the observations of several other groups, re¬
viewed in the first section, lead us to propose a possible
leukocyte preservational effect for the two platelet anti¬
aggregating agents tested.

The significance of shear

stress trauma is reconfirmed once again by observations
made in this series of experiments.

The possibility that

mechanical trauma may be a mediator of leukocyte dysfunction
during extracorporeal circulation is discussed in the light
of this new experimentation.
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SECTION I : FRAMEWORK

A.

Introduction
With the advent and increasing use of extra¬

corporeal circulation, (E.C.C.), either during surgery
involving the cardiovascular system or as part of thera¬
peutic procedures such as renal dialysis or leukapheresis, the effect of blood flow outside the body has
become the subject of intense investigation.

Hemoper-

fusion and aritifical blood oxygenation during cardio¬
pulmonary bypass have been implicated in acute pulmonary
distress and organ dysfunctions, mediated by micro¬
aggregate formation in returning blood and pericapillary
edema often leading to circulatory collapse.

Compli¬

cations which are directly attributable to blood trauma
during E.C.C. are a major cause of post-surgical morbid¬
ity following cardiovascular procedures, and thus have
spawned an intense effort to precisely specify the
sources, locations and mediators of blood trauma in
these and other similar clinical circumstances.

The

possible mediators of blood trauma include red blood
cell lysis (hemolysis), disseminated intravascular
coagulation, pathological platelet aggregation and ad¬
hesion to the vascular endothelium, complement activation,
and leukocyte chemical and mechanical trauma leading to
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increased adhesion and release of inflammatory and
cytotoxic agents.
An increasing amount of evidence points to leu¬
kocytes as the primary mediators of lung damage and
microaggregate formation following extracorporeal circu¬
lation and related pathologies such as "shock lung",
occuring after massive injury to the vascular system in
burns or crushing accidents.

Several mechanisms of

leukocyte dysfunction have been proposed including plasma
mediation in the form of complement activation, cell
mediation through chemotactic and inflammatory factors
released by traumatized endothelium, blood cells or
platelets, and direct mediation by leukocytes damaged
through purely fluid mechanical stresses, which is the
subject of this report.

Leukocyte dysfunctions created

by application of controlled amounts of fluid shear
stress, in earlier work at this laboratory, have establish¬
ed mechanical trauma as a possible source of leukocyte
pathologies observed after E.C.C.

This report describes

an investigation of the effects of two anti-aggregating
agents,

(receiving moderately wide-spread use in the

prevention of platelet microaggregates following surgery),
upon PMN leukocytes which received controlled amounts of
fluid shear stress trauma.

The first section of this

report will review research being conducted in this field
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and establish a framework in which to view the experimental
work discussed later.

The next few sections will relate

the evidence leading to this investigation of blood leu¬
kocyte trauma, review leukocyte and platelet function and
morphology, discuss previous work from this laboratory,
and finally introduce the various platelet anti-aggregat¬
ing agents in clinical use and their mechanisms of action.

B.

Background: Extracorporeal Circulation and Lung
Trauma.
A large amount of clinical evidence has been

accumulated implicating damage to blood components during
E.C.C. in the development of acute respiratory distress
and pulmonary hypertension following cardiovascular surgery
(40,158,56,146,157,122,135,137,35,113,26,27).

Similari¬

ties which have been observed between lung pathologies
following E.C.C., perfusion, hemodialysis, artificial
vascular prostheses, and transfusion, and that of "shock"
or "white" lung after a hemorrhagic, burn, or crushing
injury, (known to involve platelet and white cell sequester¬
ing in the lung), have prompted extensive chronicling of
of respiratory distress after surgery involving these
techniques (26,27,91,10,25,95,94,35,146,20,101,81,80,79,
74,71).

In this section we will discuss some of the com¬

plications of E.C.C. with reference to the role which
damage to blood cells, particularly white blood cells,may
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play.

We will then review experiments in which alteration

of platelet and white cell function was observed after
actual or simulated E.C.C.
Pulmonary edema, high right atrial pressure, and
respiratory failure are major complications following
extracorporeal circulation (64,10,156).

Clinical evidence

of sharp alterations in platelet counts, (36,88,44,122,137,
135), leukocyte count,

(78,20,159,81,74,71), and patient

immune competence to bacterial suprainfection suggested
blood cell dysfunction as a primary mediator of the
pulmonary problems (56,158,44).

Histological examination

of lungs following either "shock lung" or the pulmonary
complications of E.C.C. showed strikingly similar results:
extensive platelet microemboli,

(44,122,137,135,25), plate¬

let release reaction (45), leukocyte sequestering in the
capillaries and pericapillary spaces with associated signs
of inflammation and tissue degeneration, (158,146,27,141),
and extensive perivascular edema,

(15,95,158).

While

these observations hold for almost all forms of E.C.C.,
several distinctions can be made between the complications
and cellular alterations of long-term large surface ex¬
posure E.C.C. such as hemodialysis (20), medium term-mod¬
erate exposure E.C.C. such as cardio-pulmonary bypass
(78), and extremely long-term, very short exposure contact
with artificial surfaces such as in heart valve prostheses
(82).

Principally, the first of these cases produced an
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alteration in the levels of blood protein, notably com¬
plement .

The complement system is a sophisticated, and

evolutionarily.

recent mechanism of host defence against

foreign or damaged cellular bodies, acting to lyse and
inactivate these 'marked' cells (14,51).

While the

mechanism is complex, involving at least two paths by
which the complement cascade can occur to produce cyto¬
toxic effects, observations in 1972 suggested that in¬
activation of complement reduced pulmonary edema after
C.P.B. and significantly inhibited white cell dysfunc¬
tions following hemodialysis, N1,113,26,27,28,30) .

The

implication of blood proteins in pulmonary distress
following hemodialysis is supported by other evidence,
(15,95,130,86,62,110,27), and it is quite likely that
complement activation plays a role in long term E.C.C.related pathologies by acting both directly and by modi¬
fying leukocyte function.

In the case of repeated but

short exposure to primarily fluid shear stress trauma
such as in heart valve prostheses, complement may play
a secondary role,'

as has been suggested by the observa¬

tion of many leukocyte-mediated blood protein cascade
events leading to coagulation and complement activation,
(160,70,107,95).
While complement mediation of leukocyte cyto¬
toxic mechanisms most certainly occurs in inflammation,
endotoxin-induced vascular trauma,

(17,18,86,111), and
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hemodialysis,

(.26,27,110), actual damage to leukocyte

membranes and platelets may predominate in E.C,C.-related
trauma, based on the following experiments.

By assaying

leukocyte function following exposure to blood pumping,
several groups have reported reductions in chemotaxis,
(.60,140), phagocytosis, (.78,131), and circulating WBC
counts,
gation.

(78) , indicating increased adhesion and aggre¬
Corticosteroid therapy which is thought to

stabilize PMN lysosomes and inhibit release of granule
contents, showed significant effects in preventing whitecell-mediated disorders following the various traumas
discussed above, (156,120).

Experimentation in which

the various traumatic stimuli were isolated and presented
to leukocytes separately, leading to similar results, (40),
show that leukocyte damage due to flow through and contact
with aritifcial circulatory devices, plays a large
part in white cell dysfunction following E.C.C.

C,

The Leukocytes: Structure and Function,
A number of characteristics of the blood leuko¬

cytes make them likely candidates both as recipients
of shear stress and surface-related trauma in E.C.C.
and as mediators of that trauma to the tissue in the
microvasculature of the lungs and elsewhere.

Although

the leukocytes are the least numerous of the formed
blood elements, (only 5000 to 10,000/mm^), their total
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aggregate volume is comparable to the cumulative platelet
volume, and they possess a large and diverse storehouse
of enzymes and peptide factors, which are used to digest
phagocytized bacteria, induce inflammation and control
the movement of other leukocytes through chemotaxis,
(.40,24,7,160) .

Being the largest formed elements in the

blood, and the only true blood cells,

(possessing nuclei

and DNA), the leukocytes have the theoretical potential
of greater shear stress damage, due to both their size
and their locomotive apparatus and membrane-associated
structures not found in RBC's or platelets,
52,9),

(24,40,98,42,

Among the five major forms of leukocytes, one

appears as the most likely mediator of lung vascular
trauma;
kocyte,

the polymorphonuclear neutrophilic (PMN), leu¬
(40,98).
Approximately 50 to 60% of the white blood cells

in normal human beings are PMN leukocytes,

(with about

25 to 30% lymphocytes, 1 to 8% monocytes, 0.5% baso¬
philic and 1 to 5% eosinophilic leukocytes) , (24) .

Like

all white cells, PMN leukocytes originate in the marrow
where they differentiate from pleuri-potent stems cells,
develop along prescribed paths into PMN precursor forms,
proceed into the blood stream, and eventually circulate
as mature PMN 'segmented' leukocytes for a period of
about six hours before passing through the capillary
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endothelium, (diapedesis), and lodging in connective
tissue,

(24).

There they perform the many functions

for which these cells are designed, including phago¬
cytosis of bacteria-sized particles, release of
factors causing histamine secretion from mast cells
increasing vascular permeability, (76,75,15), and
release of inflammatory and cytotoxic agents to
destroy tissue as part of local antimicrobial defense,
(70,125,126,133).

The routine scenario of PMN leuko¬

cyte function is dramatically altered in the event of
more extensive infection or, in the case under investi¬
gation, hematologic complications following E.C.C.

In

these events, leukocytes, assembled en masse by the
action of chemotactic agents and increased adhesion to
the nearby vascular walls through an unknown mechanism,
produce more severe inflammation, intense perivascular
edema, tissue degeneration, and systemic complications
leading to the general disease state commonly observed
following these traumas,

(126,70,102,103,146).

As

earlier sections of this report make evident, the
mechanisms mediating leukocyte function are not clear,
however, leukocytes contain agents which are capable of
inducing similar actions in vitro.

The nature and con¬

trol of some of these agents has been brought to light
through extensive bio-chemical analysis, (132,84,123,133
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37,48,102,112,11,54,147,145,84).
PMN leukocytes are known to possess two distinct
populations of enzyme-rich granules, produced during
the 'maturation' phase of the leukocyte development,
(24).

There is no evidence that mature PMN leukocytes

undertake any extensive enzyme synthesis after entering
the blood stream, and several groups have suggested en¬
zyme markers as a reliable measure of PMN leukocyte age
since the cells begin loss of enzyme contents shortly
after release into the bloodstream from the marrow,
112,153).

(48,

The two populations of granules have been

distinguished on the basis of several diffrences,includ¬
ing staining characteristics, time of appearance in early
precursor forms, and enzyme contents, and thus are
variously known as primary and secondary granules, azuro¬
philic and specific granules, of just acid hydrolasecontaining and alkaline phosphatase-containing granules,
(24,112).

Primary granules are lysosomes containing

enzymes capable of hydrolyzing biological materials
which a white cell is likely to ingest,

(24,7).

The

secondary granules contain enzymes, most active at alka¬
line pH, which perform a large number of functions in¬
cluding generation of chemotactic factors, (160), control
of some specific cell functions, and mediation of some
of the inflammatory reactions, (75,76,125).

The
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controlled release of granule contents, either into
phagocytic vacuoles as part of secondary lysosome form¬
ation and bacterial or cellular debris digestion, or
into the surrounding medium as part of 'degranulation'
during inflammation, may involve microtubules and
possibly cAMP,

(48,37,120,11,69,54).

The morphology of PMN leukocytes is relatively
complete and variant, yet can be characterized by several
unmistakable features, some of which are used as markers
of cell damage following shear stress in this thesis.
Under the electron microscope, PMN leukocytes exhibit
numerous cytoplasmic extensions for the purposes of
locomotion and phagocytosis.

(See figures 1 § 2).

In

addition, the granules mentioned above appear prominântly
and extensively as dark spheroidal structures through¬
out the cytoplasm.
multilobed,

The nuclei of PMN leukocytes are

(between 3 and 7 lobes) yet the lobes remain

connected by a 'string’ of nuclear material, possibly
containing DNA, (24).

PMN leukocytes contain a small

Golgi apparatus during development, and few mitochondria
since oxidative metabolism in these cells is microsomal
in nature and appears only in conjunction with bursts of
activity such as during phagocytosis and bacterial kill¬
ing, (.24,123,126) .
PMN leukocytes tend to spread out on glass slides
and thus appear large and spheroidal when stained with
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Wright-Giemsa

stain.

The characteristic markers and

morphological features capable of being distinguished
under light microscopy with Wright-Giemsa stained
slides are discussed in several good texts on hematology,
and need not be reviewed here.

For the most part, how¬

ever, cell lysis and alterations in the metachromatic
staining of normal PMNs were the only cytological ob¬
servations made in this work.

In addition, chemotactical

ly stimulated and adherent PMN leukocytes take on a
characteristic triangular shape which was observed in
slides prepared during the adhesion assay.
As was stated before, PMN leukocytes have the
capacity for directed motion both through selective
adhesion to the vascular walls as they travel through
the blood stream and through the process of chemotaxis,
whereby chemical gradients induce leukocyte locomotion
along the capillary wall or through the connective
tissue after diapedesis.

Using several iji vitro assays,

(121,40), a number of groups have made significant
progress in the investigation of this function, (60,121,
140,145,147,154,155), strongly implicating cyclic nucleo¬
tides and the microtubule system of the cells in both
the action and the direction of chemotaxis.

Since

leukocytes possess agents which lead to chemotaxis in
other white cells, (154,155), PMN lysis itself is a
sufficient initiator of PMN sequestering and inflammation
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FIGURE 1.

ELECTRON MICROGRAPH OF A POLYMORPHONUCLEAR
NEUTROPHILIC LEUKOCYTE.
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FIGURE 2.

SCHEMATIC REPRESENTATION OF A

MATURE PMM LEUKOCYTE DEPICTING SEVERAL
CHARACTERISTIC CYTOPLASMIC ORGANELLES

O Ç>
A. --

B. --

Nuclear Lobe showing lighter, (less dense),
euchromatin and heavier, (more dense),
heterochromatin.

Cytoplasm in the perinuclear area: note grainy
texture and numerous granules.
C. Phagocytic vacuole.
D. -- Enzyme-rich granule (either azurophilic or
specific).
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PMN phagocytosis and chemotaxis require extensive
energy consumption in the cell and phagocytosis has been
associated with a burst of respiratory activity, ATP and
superoxide anion production and hexose-monophosphate
shunt activity, (24,133).

Because of the necessity for

the cells to be metabolically intact for effective phago¬
cytosis and associated chemiluminescence activity,

(see

’Experimental’ section), (59), the ability of cells to
ingest and 'kill' phagocytizable particles is a reliable
assay of cell functional integrity.
Finally, several comments are in order concerning
platelet and leukocyte interaction in normal and trauma¬
tized blood.

While the platelets function exclusively

within the blood vessels and leukocytes perform almost all
of their effects outside of the capillaries in the nearby
connective tissue, the interaction between these two types
of ’cells' is nevertheless extensive and fundamental to
the understanding of vascular trauma.

While the details

of such interaction are not as yet elucidated, leukocytes
possess platelet activation factors (PAF) which, along
with procoagulant activity of damaged leukocytes,

(24, 102,

107), combine to implicate PMN leukocytes in both dissem¬
inated intravascular coagulation and thrombosis, along
with partial mediation of a number of other platelet
functions,

(8,55).

In addition, PMN leukocytes and

platelets share common enzymes, a fact which complicates
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the assays of PMN enzyme release, (see section II);
however, these common characteristics of white cells
and platelets

suggest that agents now thought to pri¬

marily function upon the blood platelet (see next
section) may indeed have similar, or greater, effect upon
the white cell.

It is this conjecture, and the signifi¬

cance of white cell trauma discussed below, that moti¬
vates continued study of the antiplatelet agents and
their full pharmacological effect.
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D.

Previous Shear Stress Studies on Leukocytes
The hypothesis of fluid-mechanical trauma induc¬

tion of leukocyte dysfunction is an extension of obser¬
vations of similar trauma obtained with platelets and red
blood cells, yet it has only recently received direct
experimental support, (6,40).

The unique handling and

separation problems of leukocyte studies greatly compli¬
cated quantification of the stress thresholds of these
cells until the work of Dewitz, (40,42,41,43), using ap¬
paratus similar or identical to that used in this work.
Earlier observations jin vitro (6) , as well as iji vivo
(128) , pioneered the complex task of modelling the unique
rheology of white cells, which are capable both of
rigidly resisting rapid deformation by maintaining a
spheroidal shape, and of deforming extensively for pas¬
sage through extremely small openings (less than 2-3
microns), in the familiar process of diapedesis.

Visco¬

elasticity theory is capable with limited success of
modelling white cell membrane properties when it is
drawn through or into microcapillary tubes, but unfor¬
tunately rheology cannot model biological dysfunction
occurring after shear stress trauma, (6,40).

It is

this biological trauma following controlled application
of shear stress to formed blood elements, that is of
primary interest to the clinician.

17

The damage to red blood cells following shear
stress has been well documented,

(see 40, for partial

listing), and includes reduced deformability in membranes,
87), and extensive hemolysis at higher shear stresses,
(105,87,106,143).

Shear stress effects on platelets

include extensive aggregation, (72,9,68,85), increased
adhesion,

(57), serotonin release,

(72,52), and release

of platelet factor 3, (9), and lysis at higher stress
levels,

(68,57).

Dewitz et al.,

(41), propose that leu¬

kocyte participation in shear induced microaggregate
formation may significantly affect platelet aggregation
during exposure.

In contrast, aggregability to ADP and

collagen, following extensive shear stress exposure, drops
in platelets as might be expected after a metabolically
taxing process,

(72,5).

Leukocytes experienced a 60% release of enzyme
activity marking the contents of the secondary granules
following a ten-minute exposure to 300 dynes/cm

shear

stress levels in a viscometer like the one used for this
study, described elsewhere,

(40).

Similar exposure pro¬

duced a slightly larger loss of primary granule enzyme
activity,

(40) .

Phagocytosis by PMN leukocytes of op¬

sonized zymosan particles was only partially affected
by shear stress up to 300 dynes/cm

for ten minutes while

adhesion of a mixed population of leukocytes to nylon
fibers was increased by exposures up to 2000 dynes/cm
for two minutes.

2
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More important than the thresholds established by
Dewitz, (40), is the establishment that leukocyte dysfunc¬
tions, similar to those observed following hemoperfusion,
could be reproduced in vitro, with uniform shear stress
exposure alone.

Surface activation considerations were

discounted by varying surface to volume ratios in the
apparatus and observing a lack of correlation between arti¬
ficial surface exposure and dysfunction, (98).

The thresh¬

olds of shear stress which Dewitz observed to produce sig¬
nificant leukocyte dysfunction were used to set levels of
exposure at which we investigated the action of agents
used clinically to reduce platelet adhesion and release
reaction prophylactically.

E.

The Anti-Platelet Agents
Pharmaco-therapy in the prevention of platelet and

leukocyte-mediated pulmonary and cardiovascular complica¬
tions following disease or surgery has expanded greatly in
the past decade both with the development of new anti-platelet agents, and with the investigations of lesser-known
effects of several established drugs.

To complement this,

several antagonistic agents, notably ammonium heparin,

(88,

144,45,119,99), have been shown to aggrevate platelet dis¬
orders, by inducing formation of microaggregates and in¬
activation of therapeutic agents.

As heparin is a common

anti-coagulant used during cardiopulmonary bypass, several
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groups have suggested that it precipitates the observed
microvascular complications and, therefore, should be
avoided, (88,144).
The agents which were investigated for possible
use in this study are listed in figure 3, along with their
principle means of action.

Of these, the drugs having

their primary effect upon the levels of cyclic nucleotides
within the cell were of greatest interest, since this
mechanism has repeatedly been implicated in both exogenous
and endogenous control of numerous cell functions.

Of the

cyclic nucleotide altering agents, both synthetic and
’natural' agents have been developed, the most common of
the former group being dipyridamole,

(RA-8), which is be¬

lieved to have its principle action in the inhibition of
the enzyme phosphodiesterase, which breaks down cyclic AMP
to 5^-AMP,

(108).

Many derivitives of this compound ex¬

hibit similar, though lesser or greater, activity but
dipyridamole's action as a coronary vasodilator, under the
name Persantin has focused study upon this agent.

The re¬

lated compounds, RA-233 and RA-433, both exhibit greater
antiplatelet activity than RA-8 under certain circumstances,
(108) , and the former was chosen for this study.

Other

agents investigated included sulphinpyrazone, SH-869 (a
third compound related to dipyridamole), and acetylsalicylic acid (aspirin).

There is extensive clinical evidence

of the effectiveness of RA-8, (31,46,47,32), sulphinpyra¬
zone,

(152,33,151), and aspirin,

(35,150), in the
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prevention of platelet microaggregate formation.

In con¬

trast to the elevation of cyclic nucleotide levels by
dipyridamole, aspirin appears to function through the
acetylation of cellular cyclo-oxygenase and the preven¬
tion of the arachidonic acid cascade inhibiting the
formation of the platelet aggregating agent, thromboxane
A2, (150).
well,

Since PMN leukocytes produce thromboxanes as

(55), aspirin may be thought to have a similar effect

upon them and, therefore, previous ingestion of aspirin
by potential blood donors was considered deselective for
the experiments.
The second major catagory of anti-platelet agents
is the ’naturally occurring’ ones, specifically the prosta¬
glandins, (104,115,116).

These agents are synthesized by

many cell types in the body and have both agonistic and
antagonistic action upon platelet aggregation, and seem
to be involved in a sensitive natural control mechanism
of intravascular platelet thrombus formation, (21,22,3,89).
The isolation of PGE^, a strong stimulator of adenyl
cyclase which raises cAMP levels in platelets reducing
adhesion and aggregabilty has made available a new thera¬
peutic agent to combat platelet and possibly leukocyte
microaggregate-related disorders,

(1,2,3,100,96,104).

It

was decided, therefore, early in this study, that a com¬
bination of PGE^ which accelerates the production of cAMP,
and RA-233, which inhibits its breakdown, would be a bene¬
ficial combination with which to investigate the action

21

of cyclic nucleotide levels upon leukocyte action after shear stress.
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SECTION II: EXPERIMENTS

A.

Considerations in Leukocyte Study
In designing a protocol for iri vitro study of human blood

leukocytes, consideration has to be made of the several factors
which influence the reliability and usefulness of the data to be
collected.

This largely consisted of weighing the advantages of

approximating the in vivo environment of the cells with the need to
eliminate contaminating platelet and plasma-protein effects, and then
evaluating and minimizing any trama to the cells caused by the
separation procedures necessitated by the latter requirement.

After

an early literature search of separation techniques and preliminary
experimentation with whole blood shearing, it was decided that sep¬
aration of the PMN leukocytes from the plasma and other formed elements
of the blood would be necessary, particularly for the phagocytosis
and leukocyte enzyme-release assays.

In addition to the stresses

of separation, the temperature and duration of leukocyte storage,
while awaiting steps in the protocol had to be considered, as a
significant loss of metabolic activity was observed after five hours
in undisturbed PMN suspensions, even with optimal handling.

(See

below).
Mach of the literature concerning the preservation of leu¬
kocyte function during and after separation from whole blood deals
primarily with either continuous-flow centrifugation or nylon fiber
filtration leukopheresis (CFCL or NFL).

For cells separated by these

techniques and resuspended in anti-coagulated plasma, the temperatuare
of storage, activation of plasma proteins by artificial surfaces, and
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the stresses of centrifugation have the most significant effect upon
leukocyte survival, (97,83,118,11,140).

Leukocytes collected by

continuous-flow or intermittent centrifugation techniques show phago¬
cytic, chemotactic and bacteriocidal capabilities closer to those in
whole blood than leukocytes obtained by nylon fiber leukapheresis,
(97,118,11).

This is in part explained by a complement-mediated

activation of leukocytes, by nylon fibers, causing increased adhesion
and metabolic dysfunction (49).

In addition, cells maintained at

room temperature show significantly better functional survival than
either refrigerated (4° C.), or warmed (37° C.) suspensions,

(97,83).

(Trauma at the lower temperature was observed in early experiments
with plasma PMN suspensions to be roughly proportional with the rate
and frequency of warming and cooling during handling while the higher
temperature more directly facilitated depletion of the leukocyte
metabolic reserves).
In addition, pH, osmotic changes, divalent cation concentration,
presence of bacterial endotoxin, and, significantly, strength and
duration of centrifugation all have been reported to influence separat¬
ed PMN aggregation, migration and adhesion, (18,17,24,40).

In partic¬

ular, exposure of cells to a hypotonic medium to lyse contaminating
erythrocytes may involve a significant risk of leukocyte membrane
impairment as well (40).

The extent of trauma of the above types

inherent in the several available separation techniques has to be
weighed against the degree of purification of PMN leukocytes needed
and the time requirements of each procedure.
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Techniques relying solely upon the natural sedimentation
of RBCs are both time-consuming and inefficient -- yielding less
than forty percent recovery of the available white cells with a great
deal of potential red blood cell contamination.

Sedimentation with

Dextran (see below, 40), provides better recovery while minimizing
or eliminating osmotic trauma.

This technique provided little en¬

hancement of the PMN differential count in the suspension, however,
and permitted a high degree of platelet contamination, even after
several washings.

Since it appears that saline washes are not

sufficient to reduce platelets to levels allowing colorimetric
assay for leukocyte enzyme release, an additional technique is needed.
Use of a previously described technqiue (40), losing Ficoll-Hypaque
(see appendix) provides good white cell recovery, excellent separa¬
tion and significant enhancement of the BIN differential white cell
fraction but involves multiple hypotonic or chemical RBC lysis, severe¬
ly stressing the PMN leukocyte membranes.

Dextran sedimentation,

combined with an efficient 30-second hypotonic exposure to lyse RBCs,
and Ficoll-Hypaque sedimentation was found to cause minimal trauma and
excellent separation, and was adopted as the primary separation pro¬
tocol.

In the next section, the protocol is recapitulated in detail.

Finally, in the selection of media in which to resuspend the BIN
leukocytes for the administration of shear stress, consideration was
made of the observation that leukocytes were more susceptible to
stress in artificial media than when suspended in plasma or whole
blood,

(42,43,98).

It is proposed that this susceptibility may help

to resolve any effects of the drugs tested and may insure that any
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observed differential effects are due to direct drug-leukocyte
interaction affecting the cells' shear stress response, since poten¬
tial plasma protein mediators have been removed.

B.

Separation Protocol:

Materials and Methods

Although several leukocyte preparation techniques were
utilized in early investigations of the effects of separation upon
leukocyte function and morphology, the main body of data, reported
in this thesis, was obtained using PMN leukocyte suspensions ob¬
tained by following the protocol specified below.
Fifty ml of whole blood was obtained through venous phle¬
botomy from fasting, non-medicated volunteer donors.

Each donor

filled out a health evaluation form indicating that he or she had
not ingested aspirin or any similar
seven days.

anti-platelet drug in the past

The blood was collected in a 50 ml plastic disposable

syringe and was apportioned as follows: 10 ml in each of three
(15 ml plastic screw-cap) tubes, already containing 5 ml of Dextran
sedimentation fluid (see appendix for formula); one (1) ml of blood
was put into a pre-heparinized 5 ml plastic "white capped" tube;
the remaining blood was put into a glass "clot tube" (approx. 20 ml
volume) to obtain serum for assays to be performed later.

The blood-

dextran mixture was inverted several times and placed into a rack
at approximately forty-five degrees off vertical to facilitate sedi¬
mentation of the RBC pack.

Leukocyte-rich plasma supernatant was

collected periodically with siliconized Pasteur pipettes and placed
into two 12 ml white capped plastic tubes for storage at room tempera¬
ture.

Collection of Dextran-blood supernatant was terminated always
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before ninety minutes had elapsed from time-of-draw.

Shortly after

the blood draw, the anti-coagulated whole blood in the small plastic
tube was used to perform a total WBC count on the Coulter Model ZBI
particle counter, and was then used to determine hematocrit and to
make whole blood slides.
The collected, pooled supernatant from the dextran sedimen¬
tation was centrifuged at 150 x g for ten minutes, and the cell
button resuspended in sterile .85% saline (approx. 10 ml per tube).
This suspension was again centrifuged at 150 x g for ten minutes
and the supernatant was pured off in preparation for hypotonic RBC
lysis.
During the RBC lysis step five ml of distilled water were
added rapidly to the washed cell button; the tube was capped tight,
shaken vigorously for ten seconds.

(This entire step must not take

longer than thirty seconds or severe irreversible damage to the WBC
membranes will occur).

Then five ml of 1.8% saline were added to

restore an isotonic medium for the cells.

Each ten milliliters of

this white cell and lysed red cell suspension was then carefully
layered onto five ml of Ficoll-Hypaque solution (see appendix) in a
15 ml conical-tipped Falcon ^ plastic centrifuge tube, using a
plastic pipette.

These tubes were balanced and centrifuged at

400 x g for twenty minutes.

(Note: Although this is the highest

centrifugal force experienced by the cells, the density of the
Ficoll-Hypaque solution reduces the cell medium differential density
and reduces the stress of this high acceleration).

White cells remov

ed from the centrifuge had been neatly fractionated, with most of the
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lymphocytes at the saline-Ficoll interface and greater than 951
PMN leukocytes at the bottom of the tube.

All fluid was then drawn

off with plastic or siliconized glass pipettes, carefully as not to
disturb the PMN pellet.

This pellet was then resuspended in 10 ml

of .851 saline, transferred to a clean 12 ml white-capped plastic
tube and washed twice, using the method of centrifugation and re¬
suspension in saline of the previous washes.

The final pellet was

resuspended in 10 milliliters of Dulbecco's phosphate-bufferedsaline (PBS) with 150 mg/100 ml of dextrose added to supplement
the media (PBSG).

(Early experiments showed the addition of glucose

significantly reduced attrition of leukocyte phagocytosis with time.
This suspension was counted to determine the recovery ratio and cal¬
culate necessary dilutions.

Cells were finally diluted from 1.0 to

3.0 x 10^ cells/ml for incubation and shearing.

Approximately 30 ml

of final suspension were needed for the shearing.

C.

Application of Shear Stress
In an effort to precisely quantify the extent and duration of

shear stress experienced by the cells in suspension, all samples were
sheared in the Rice University RCM-8 fluid viscometer.
of the viscometer is detailed in Figure 5.

The geometry

The many advantages of

the RCM-8 device in the application of fluid shear stress to biological
systems are pointed out in the work of T. Dewitz (40) and are only
briefly outlined here.

These advantages are primarily related to

the unique geometry of the viscometer interstitial volume, consisting
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FIGURE

5

•

CROSS SECTION OF

ROM-8

VISCOMETER

CUP AND BOB FLUID CONTAINMENT SECTIONS.

Figure Legend: Cross Section of the ROM-8
cup and bob reveals the unique geometry of
the interstitial volume, permitting high
shear rates without turbulent flow and air
liquid interfaces. From Dewitz, 1978, ( 40 ).

31

FIGURE

6.

CALIBRATION CURVE OF THE

TRANSDUCER FOR THE

ROM-8

R.P. M.

R.P.M.

VISCOMETER,

millivolts

Figure Legend: R.P.M. millivolt readout of the
meter on the viscometer controller was checked
against a Sorvall precision R.P.M. meter.
RPM = 9.987 x mv. RPM is proportional to the bulk
shear rate according to figures in Dewitz, 1978,
(40).
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7,
ROM-8

FIGURE
THE

APPARENT VISCOSITY OF
VISCOMETER:

PBS

IN

ONSET OF SECONDARY AND

(x I 00)

TORQUE mv.(* Const, x stress)

TURBULENT FLOW.

R. R M.

( =

Cx shear rate )

Figure Legend: Onset of secondary flow, marked
by changes in the apparent viscosity of the PBS
solution correspond to similar thresholds
measured in Dewitz, 1978, (40).
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of cone-cone, concentric cylinder, and cone-plate regions.

This

minimizes the fluid-air interface, and allows far greater shear rates
than those obtainable in the other available apparatus.

In the

experiments by Dewitz (40), the surface-to-volume ratio appeared to
have little or no effect upon the correlations made in that work
between levels of shear stress exposure and metabolic dysfunction
in leukocytes, indicating that surfact effects were

indeed minimized

by the use of the ROM-8 geometry and by pre-coating the cup and bob
surfaces with a commercial siliconizing agent (Siliclad), a tech¬
nique which was also adopted for this work.
Clear detrimental effects on leukocytes have been observed

2
after ten minute exposure at 150 dynes/cm

when PMN cells were shear¬

ed in suspensions of TRIS-ACM, a media with many characteristics
similar to PBSG (40).

However, the leukocyte count at this shear

stress was not greatly reduced, indicating that the damage to white
cell function did not reflect simple destruction of cells.

It was

decided that by bracketing this stress level and by remaining within
the low shear stress range, that any possible effects of the anti¬
platelet agents could be readily resolved.

Therefore, the shear

stresses used for this work were 100 and 300 dynes/cm .

Exposure time

was set at ten minutes to facilitate any action which the drugs
might have during the shear itself, and was controlled to plus or
minus four seconds.
Prior to shearing, each of the suspensions was pre-waimed to
the shearing temperature of 37° C. in a water bath for exactly ten
minutes.

(This period is hereafter referred to as the incubation
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FIGURE

8

.

ARRANGEMENT OF VISCOMETER AND

TEMPERATURE MONITORING LOCATIONS WITHIN THE
LUCITE CONTAINMENT BOX DURING 37° C.

SHEARING.

WARM AIR
FROM
Thermometer

HEATER

# 2.

Figure Legend: Warm air was blow into the lucite contain¬
ment area through the port on the left.

Temperature was

monitored on the three thermometers to plus or minus 0.5° C.
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FIGURE 9,

CALIBRATION CURVE OF THE TORQUE

TRANSDUCER MILLIVOLT READ-OUT WITH STATIC LOAD:
SPRING - SCALE MEASUREMENT OF FORCE,

Figure Legend: Calibration of the torque meter with
a spring scale produced a constant of 5.65 mv/gram
radial load. This produced a calculated shear
stress constant of 1.231 mv/(dyne/cm^). This
agrees with the figure in Dewitz.
1978, (40).
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period as it corresponded to the drug incubation period prior to
shear in the drug runs).

The temperature of shearing and incubation

was maintained at physiological temperature to insure that white
cell metabolism of the drugs could function normally.

Cooling to

room temperature appeared to inhibit cyclic nucleotide synthesis,
(see results), thereby necessitating the above temperature

control.

The viscometer was prewarmed for two to four hours using hot air
blown into its lucite containment cabinet, as shown in Figure 8.
Temperature was monitored on three mercury thermometers; two measured
air temperature, while one was in contact with the viscometer base
near the cup and bob assembly to register the metal temperature.
The torque, transferred to the bob by the interstitial fluid,
and the rate of rotation of the outer cup were measured by transducers,
whose millivolt readouts translated into actual wall shear stress

2
dynes/cm

and into RPM by Figures 6, 7, and 9.

By plotting RPM mv.

versus torque mv. in a shearing run using only PBSG without cells,
it was observed that the fluid in the viscometer appears to undergo
two distinct flow transitions, marked by changes in apparent viscosity;
the first at approximately 1000 RPM (100 dynes/cm ), and the second
at over 3000 RPM.

The first region, under 1000 RPM, corresponded to

the laminar flow regime and an apparent viscosity of approximately
1 cp.

By maintaining shear stress levels low, the second transition

was avoided, however cells at the higher shear stress level did ex¬
perience some secondary flow, in the middle region.
section).

(See results

In the next section, the full protocol is recapitulated,

with special regard to the critical timing factors which arose with
respect to leukocyte functional deterioration.
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D.

Full protocol

Wherever possible, experimental runs were made in tandem,
with the donor giving a 50 ml sample at 7:30 a.m. and another 30 ml
at approximately 10:30 a.m. the same morning.

Timing, from the

moment of blood drawing, was identical for each sample and investiga¬
tion of differences in whole blood white cell count, recovery of
PMN leukocytes, or base level metabolic functional assays between
first and second samples was used to validate the experiment for
that day.

The complete separation procedure required two and one-

half hours (up to three hours if sedimentation with dextran required
a full ninety minutes), so time was available each morning to pre¬
pare slides and check several hematological markers,
differential count, morphology, and hematocrit).

(Wright's stain

Several experimental

runs were discarded due to considerations of short-term health dis¬
orders discovered during this screening.
Immediately after the separation was completed, the PMN
suspension was assayed for WBC count, phagocytosis, and degree

of

aggregation, to obtain the 'unincubated' values of these tests referred
to in the "Results" section.

Incubation and shearing of the control

sample was begun simultaneously in an adjoing room with electronic
particle counts taken at each ten-minute pause in the procedure.
Approximately thirty minutes after the control run was begun the test
run with the drug began with the addition of 1 x 10"^M RA-233 and
3 x 10

M Prostaglandin

(final concentration) to the pre-counted

tube marked 'Drug', and the commencement of the ten-minute incubation
period in the water bath.

These concentrations were arrived at
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through consideration of the levels of these agents known to cause
50% inhibition of ADP-induced platelet aggregation, and of feasible
levels of concentration in the blood during prophylactic use of
these agents (108,104,1,2).
In an early series of experiments, cells were incubated in
transit to the Rice University viscometer, for approximately twentyfive minutes.

Damage to the control samples due to the extended 37°

temperature period invalidated this data with respect to later runs.
Cells which were sheared in the viscomter were compared
with the remaining half of the original suspension which was pre¬
incubated, but which remained in the 37° water bath instead of being
transferred to the viscometer.

Multiple 'viscometer controls' were

performed wherein cells which were transferred to the warmed vis¬
cometer but not sheared ("0 shear runs") were compared with cells
remaining in the water bath, containing in plastic tubes.

This

established a base line of thermal trauma generated by the water
bath temperature, and a similar base line of contact with the warmed
viscometer cup and bob.

No significant difference could be seen

between these two 'controls', and the 'viscometer control' was
eventually discarded as an operating procedure because it required
too much time and jeopardized results of later assays by delaying
than.
Directly after shearing was completed both the 'control' and
the 'sheared' suspensions were taken into a cool darkroom where
cytocentrifuge slides were prepared, electronic Coulter counts were
made, and the assay for PMN phagocytosis was begun.

(See below).
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These assays had to be begun within twenty minutes of shear or loss
of activity and resolution could be detected.

All other assays

were begun within 90 minutes of the control run, and 6Q minutes, of the
'drug-added1 run.

Later, when colorimetric enzyme release assays

were included in the protocol, two one-milliliter aliquots of each
sample were either sonicated (1 ml), or centrifuged at 1500 x g
for ten minutes to remove all cellular material, immediately after
removal of sheared samples from the viscometer.

This insured that

progressive enzyme release by damaged leukocytes would be accurately
quantified.
Considerations of timing in the procedures outlined above
were critical.

Every effort was made to insure precise timing of

every step in the protocol to reduce any error generated by cell
deterioration in the media either before or after the shear stress
trauma had been applied.

The similarity between fresh whole blood

values of several of the assays and the control values of the PMN
suspension testify to the success of this technique.

E.

The Assays

Each of the assays below were selected according to three
criteria, which, in order of importance, were accuracy, applicability
to PMN suspensions of this sort, and speed and convenience.

The

spectrum of assays of PMN function and morphology, was believed to
provide a sufficient cross-section of the available PMN assay pro¬
cedures to accurately reflect the metabolic state of the cells.
Investigated for feasibility but not performed were assays of hexose
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monophosphate shunt activity, O2 consumption, chemotaxis, leukotaxis, e.m. cytochemistry, and cyclic nucleotide levels.

Electronic Particle Counts:
All cell counts were performed on the Coulter Model ZBI
electronic cell counter* in the Infectious Diseases Laboratory
at the Baylor College of Medicine in Houston, Texas.

Dilutions

of the suspension were made automatically by a Coulter Atuodiluter which draws 40 yl of suspension into a tube and re-dispenses it into a cuvette along with 20 ml of Isoton ^ isotonic
dilution media.

Contaminating RBCs were lysed by six drops of

p
Zaplsoton

stromatolyzing agent, added to the diluted cells which

reduces 'apparent' WBC size to from 5 to 6 microns equivalent
spherical diamter (ESD) indicating leukocyte plasma membrane dis¬
ruption as well.

WBCs are then counted with the 1/Amplification

and 1/Aperature settings at 1 and

h

respectively and the lower and

upper thresholds at 8 and 84 respectively.

The counter principle

is based upon displacement of the electrolyte medium by the cells as
they pass through a 100 micron aperature through which a current is
passing.

The Coulter counter draws a 500 yl sample through the
T

aperature displaying the exact counts/mm

on a digital display.

Counts were made before incubation, after incubation (10 minutes),
and after shearing for both the control (unsheared) and test (sheared)
samples with and without the antiplatelet drugs added.

*Coulter Electronics, Hialeah, Florida

In addition,
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the un-incubated sample which received no warming to 37° C. during
the protocol was counted at the same times that sheared samples were,
to evaluate any enhancement of spontaneous aggregation of PMNs in
the suspension, caused by warming to the incubation temperature.

Wright-Giemsa stained slides:
Slides were prepared from whole blood and suspensions of
PMN leukocytes for Wright-Giemsa staining in the following manner.
Whole blood, anti-coagulated with heparin, was smeared evenly across
clean glass slides with a plastic blood-slide-making tool which
produces a monolayer of cells yet does so with very little trauma or
RBC lysis.

Suspensions of BIN leukocytes were unsuitable for this

technique and therefore slides of these cells were made on a cytocentrifuge.

Two drops from a 1 ml plastic pipette (Kimball) of the

PMN suspension were added to two drops of autologous serum in the
chamber of the cytocentrifuge.

This device then spotted the cells

onto an alcohol-cleaned glass slide, concentrating them for easier
viewing.
Slides were allowed to dry for at least 20 minutes before
staining.

They were then fixed in methanol for thirty seconds.

The

excess was pured off, and the slides were liberally coated with
Wright-Giemsa stain.

Immediately, an approximately equal volume of

hematological buffer (pH 6.5, Fisher Scientific) was spread over the
slide and allowed to mix with the stain.

This mixture was left on

slide for 8 to 10 minutes, then carefully poured off and the slides
were washed from the back with cool tap water and stood up to air dry.
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(An additional technique to obtain accurate differential whole
blood counts used smears from between two cover slips instead of
glass slides, but all other steps were identical).

Phagocytosis-Chemiluminescence Assay:
A wide variety of assays are available which directly or
indirectly measure PMN leukocyte phagocytosis and/or microbial
killing, including microbial counting assays, nitroblue tétrazolium
testing (131), radiolabling (58), and chemiluminescence assays (59).
Of these, the speed, accuracy, and ease of the chemiluminescence
assay is unmatched by any of the others.

Chemiluminescence from

PMNs in suspension which are pahgocytosing has been shown to be
directly proportional to the rate of phagocytosis, and associated
respiration and oxygen radical formation -- related to microbial
killing capacity (59,132,23,133).

The complete assay set-up

follows.
Fifty miligrams of zymosan, an

extract of yeast culture,

was opsonised in 2 milliliters of autologous serum + 1 milliliter of
PBS for 30 minutes at 37° C. in a shaking water bath.

Following a

wash in .85% saline (using very high centrifugal force to sediment
the small zymosan particles), the particles were resuspended in 3 ml
of PBS for the assay.

Previous work established that zymosan

particles are 'phagocytosable" (40).
pared for 'resting'

Scintillation vials were pre¬

(without the zymosan) and 'active'

(with zymosan)

samples of each of the PMN suspensions containing .2 ml of luminol,
(Sigma Co., St. Louis, Mo.) to enhance light emission, 0.0 or 0.2 ml
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of the zymosan suspension, and 0.8 or 0.6 ml of sterile
PBS at room temperature.

To this, at the time of the

assay, was added 1 ml of the cell suspension bringing the
total volume to 2.0 ml in each vial.

Scintillation

was

measured in a Beckman Liquid Scintillation Counter Model
LS-100C every four minutes for 40 to 90 munutes after
addition of the cells.

Peak rates of light emission were

roughly proportional to total calculated chemiluminescence
and were used instead of the latter as a measure of phago¬
cytic capability.

Peak chemiluminescence per 1000 PMN

leukocytes was determined by multiplying the differential
fraction of PMNs by the total post-shear leukocyte count
and dividing that number into the peak counts/minute
value obtained from the Scintillation counter printout.
Aggregated leukocytes did not significantly complicate
this calculation as they reduced the EPC and the peak chem¬
iluminescence rates by an equal factor.

Leukocyte Adhesion to Serum-Coated Glass Slides:
The quantification of leukocyte adhesion, in the
past has involved several widely-used but very tempermental
and artifact-ridden assay systems, many of which were
experimented with during early efforts in this work (8,92,
19).

The assays are complicated by a large number of

problems including population selection, (removal of the
most adhesive cells before they can reach the assay stage) ,
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activation by artifactual stimuli such as polymer surfaces,
and chemotactic factors, excessive time consumption, and
most importantly, imprecision.

While none of these prob¬

lems were completely solved by the choice of a serum-coated
slide adhesion assay, accuracy and precision were at least
as good as the nylon fiber filtration techniques (90*92),
preparation time was significantly reduced, and results
were obtained directly, by observing adhesion through an
inverted microscope allowing for detection of experimental
anomalies which might invalidate results.

The serum-coated

slide adhesion assay was performed as follows.
PMN leukocyte syspensions (Dextran sedimented,
hypotonically lysed, and Ficoll-Hypaque separated) at 1-2 x
10^ cell/ml were assayed along with unincubated control
cells, after 37° C. shear stress exposure with and without
D

addition of the test drugs.

1)

Two 4-chambered Lab-Tek

slides were filled with 200 pi of autologous serum per
chamber and placed in a 37° C. incubator for 15 minutes to
warm the slide and pre-incubate the glass surface, with the
serum.

2) 40 pi of PMN suspension are added to each test

chamber (duplicates), and were distributed evenly by gentle
rocking and swirling for about 30 seconds.

3)

Slides were

then replaced in the 37° C. incubator, lying flat, for
exactly 25 minutes.

4)

The slides were removed and each

chamber was centered upon the stage of an inverted light
microscope where five medium power (400x) fields were

45

counted for PMN leukocytes in contact with the glass.

Care

was taken to avoid any motion which might re-suspend settled
leukocytes.
in duplicate.

All chambers were read rapidly and sequentially
5)

The serum was then poured off extremely

gently from all four chambers at once by a slow rotation
along the longitudinal axis of the slide until the assembly
was inverted.

Each chamber was then filled very carefully

with approximately 1 ml of warmed (37° C) PBS with glucose,
(PBSG), the lid placed upon the chambers, and the slide
again inverted carefully, ten times.

6)

This PBSG was

then poured off, the chamber filled with 200 yl of PBSG,
allowed to sit for one minute, and read as before.
herence = after count/before count x 100.

%

ad¬

The dried slide

was then stained with W-G stain and morphology examined
along with the other slides.

Enzyme Release Assays:
By measuring the loss of cytochemical enzyme activ¬
ity or the release of enzymes into the surrounding medium,
two leukocyte activities were actually being assayed: PMN
lysis, and PMN degranulation.

Quantification of the rela¬

tive degree to which each of these processes contributed
to enzyme activity loss, as well as an ingenious means of
accurate measurement of leukocyte aggregation, could be
obtained from the combination of colorimetric and cyto¬
chemical measurement of enzyme loss with the electronic
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particle counts taken earlier.
PMN leukocytes contain two major granule popula¬
tions as was stated in Section I.

Enzyme markers were

chosen for each population on the basis of available,
reliable, and rapid assays for their activity.

Primary

granules were assayed by colorimetrically measuring the
release of g-Glucuronidase activity into the PBSG suspen¬
sion fluid, with a modification of Sigma assay No. 325
(50,117).

Secondary or specific granules were marked by

the presence of alkaline phosphatase, which was cytochemically assayed with Sigma assay No. 85 and colori¬
metrically measured as it was released into the suspension
fluid with Sigma assay No. 104, specially modified (34)
to measure leukocyte levels of alkaline phosphatase activi¬
ty.
a)

g-Glucuronidase was measured in sonicated

samples of each sheared, unsheared, and unincubated PMN
suspension as well as in the supernatant after centrigugation of these suspensions at 1500 x g for ten minutes
to remove the leukocytes..

The former values were taken to

represent the total g-Glucuronidase activity originally
contained in the PMN leukocytes, released from them as a
result of sonication.

These values were almost constant

from sample to sample indicating that little or no activity
was lost through inactivation of the enzyme.

Values of

activity in the supernatant samples were taken to represent
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enzyme activity which was released into the PBSG by lysed
and degranulated cells.
the following assay.

The activity was measured with

Using two clear plastic tubes for

each sample, one labelled 'test' and the other labelled
'blank', with an additional tube labelled 'reagents', the
tubes were filled with reagents as follows: 0.3 ml
Acetate Buffer Solution, Sigma stock No. 105-12 in all
tubes; 0.1 ml of Phenolpthalein Glucuronic Acid Solution,
Sigma stock No. 325-2, in 'reagents' and 'test' tubes;
distilled water in 'reagent' and 'blank' tubes, (0.1 ml)
and leukocyte supernatant or sonicated sample (0.1 ml) in
the 'test' and 'blank' tubes as appropriate.

All tubes

were then incubated in a 56° C. water bath for one hour.
Following the incubation the tubes were filled with 2.5 ml
of Amino-methyl-propanol (AMP)-buffer, Sigma stock No.
325-3 and read for absorbance, A, at 550 nm on a Beckman
Altec Spectrophotometer versus distilled water blank.
A
= A
-A -A
act.
test reagent blank.

The percent released

equaled A&ct.SUpernatant^act: sonicated cells
b)

x

Cytochemical determination of leukocyte alka¬

line phosphatase activity was performed on cytocentrifuge
slides prepared as were the slides for Wright- Giemsa
staining.

The staining technique relies upon the hydrolysis

of naphthol phosphate to naphthol and its subsequent
coupling to a diazonium salt, Fast Violet RR (112).
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Slides, or whole blood smears, were fixed in citratebuff ered-acetone (see appendix for formula) for 30 seconds,
rinsed thoroughly in tap water and immediately placed in
staining solution (the Coplin jar containing the slides
was filled with freshly-prepared staining solution), and
incubated at room temperature in darkness for 30 minutes.
The slides were then removed from the stain and rinsed
twice with cool tap water.

They were counter-stained for

eight to ten minutes with methylene blue (Sigma stock No.
MB-1) then removed and washed once in tap water and stood
against a rack to dry.

All slides were read under a high-

powered oil-immersion lens in a light microscope (x 1000)
within one day of staining.

(No deterioration was evident

during this time interval).

Reddish granules and pink

cytoplasmic markers of alkaline phosphatase activity were
used to rate 100 PMN leukocytes from 'O' to *4+’ giving a
possible range of scores of 0 to 400.

Contents were ex¬

pressed as percent of whole blood PMN leukocyte score.
c)

Alkaline phosphatase activity, released into

the surrounding medium by damaged or degranulating PMN
leukocytes was assayed colorimetrically using a modifi¬
cation of the Sigma assay No. 104 for serum alkaline phos¬
phatase activity (34).

Clear plastic tubes were prepared

for each of the supernatant and sonicate samples as in the
assay for B-Glucuronidase above.
pared and marked 'blank'.

A single tube was pre¬

Each tube was filled with 0.200
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ml of p-nitrophenyl phosphate (sodium salt), Sigma stock
substrate No. 104 prepared as specified in the Appendix,
0.200 ml of Alkaline (AMP) buffer solution (Sigma stock
No. 221), pH .10.3, and 0.1 ml of either supernatant or
sonicate,

(or for the 'blank', PBSG).

The first two

ingredients were warmed to 37° C. incubation temperature
prior to addition of cell supernatant or sonicate which
initiated the incubation period of 15 to 30 minutes,
depending upon the original concentration of cells in the
suspension.

The precision of the timing during the incu¬

bation was to within three seconds.

Incubation reactions

were quenched at the end by addition of 4.5 ml of .05 N
NaOH solution and mixture by inversion.

This also develop¬

ed the nitrophenol reaction-product which could then be
read at 410 nm on a Beckman Altec Spectrophotometer against
'PGSG' blank.

After reading, two drops of concentrated

HC1 were added to each sample to destroy the developed
product and obtain a 'background' absorbancy.
Activity - Atest - AHC1
A

son

x

blanked

with S release - Asup/

100'

Incidental Assays - Not used in Main Study:
In addition to the assays outlined above, two
investigations were carried out in earlier experimentation
which, although they do not bear directly upon the main
theme of this report, are mentioned here as potential
avenues of investigation, as the techniques have been
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'de-bugged' by this preliminary work.

These are: 1)

electronic particle sizing with either a Coulter Model
T particle analyzer or a Coulter Model ZBI equipped with
D

a Coulter Channelyzer

particle analyzer, both of which

were available during the course of this research, and
2)

investigation of morphology with a transmission elec¬

tron microscope.

This latter device was generously pro¬

vided for use by Dr. H. Sybers of the Baylor College of
Medicine, Department of Pathology.
Electronic particle analyzers have a distinct
usefulness in this study as they are capable of directly
displaying aggregation phenomena as a shift in the mean
particle size as calculated by the accumulation of electro¬
lyte displacement pulses, of varying sizes in appropriate
’channels' in the device (41,137,135).

The Coulter Model

T has 14 such 'channels’ while the Channelyzer has 100 in¬
dividual channels, but a narrower range.

In other respects

they function as does the regular Coulter Model ZBI.
Electron microscopy of cells fixed during or after
shear stress application by the addition of glutaralddehyde provided a highly detailed view of intracellular
fine structural damage and morphological alteration as a
result of shear stress (40) .

In addition to observations

of morphology, e.m. cytochemical techniques can elucidate
intracellular biochemical phenomena such as those asso¬
ciated with cyclic nucleotide action in leukocytes.

SECTION III: RESULTS

A.

Early Observations
A portion of the early data collection was used

only to establish optimal procedures for the main
data gathering operation discussed below, and is, there¬
fore, only of an historical interest.

Another section

was used primarily to verify the reliability of certain
established procedures and apparatus, and involved cells
separated by procedures which were later discarded, or
cells suspended in plasma or artificial media which were
avoided for one reason or another in the final operation.
With this accomplished, the remainder of the 'early ob¬
servations' period was spent establishing base-line levels
of leukocyte metabolic function with and without agents
which were known to elevate cyclic AMP levels in various
cell types including white blood cells.

These agents in¬

cluded PGE^, RA-233, dipyridamole (RA-8), and Theophyl¬
line.

Only the first two were later investigated in

detail for easons which outlined in Section I.

Finally,

in a series of experiments with whole blood and a hetero¬
geneous suspension of white blood cells separated by
Dextran sedimentation, sheared at room temperature, the
effect of 30 minute incubation with 10 ^ M RA-233 was
investigated.

The results of these experiments were
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somewhat imprecise, probably due to varying efficacy of
the drug so it was decided to combine agents to ensure
elevated cAMP levels in the leukocytes for the main ex¬
periments.

The results and general observations of these

early experiments are reviewed below.
Investigations of PMN functional response to the
37° C. incubation centered upon PMN phagocytosis.

The

cells, suspended in phosphate-buffered-saline showed a
transient enhancement of phagocytosis, followed by a
steady decline,

(see Figure 10).

The addition of 150 mg/

100 ml of dextrose to the PBS in which the cells were in¬
cubated significantly decreased the decline in leukocyte
phagocytosis after incubation and boosted base-line levels
of PMN phagocytosis up to 1001 above normal.

This in¬

crease was not enhanced by the addition of insulin to the
PBSG incubation medium, possibly indicating that PMN uptake
of glucose was already maximal.

No experiments were made

to measure glucose uptake, however.
Experiments were then performed in which varying
concentrations of Prostaglandin E^ (provided by Dr. Joel
Moake, of the University of Texas Medical School at Houston)
RA-8 and RA-233 (provided by Dr. Wilbur Benson, Boehringer
Ingelheim, Ltd., Ridgefield, Conn.), and Theophylline
(Dr. Joel Moake, University of Texas Medical School at
Houston) were added individually to the incubation medium
prior to the phagocytosis assay.

Variation between
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FIGURE 10,

THE EFFECT OF

37 DEGREE INCUBATION

UPON PMN PEAK PHAGOCYTIC CHEMILUMINESCENCE RATES.

Figure Legend: Composite graph of peak chemilumi¬
nescence rates of PMN leukocytes in the presence
of opsonized zymosan particles. Transient
enhancement of phagocytic chemiluminescence is
followed by slow decline due to aggregation and
metabolite depletion. No significant difference
was found with RA-233.
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experiments was wide, including both enhancement and
inhibitiion of phagocytosis in duplicate runs with differ¬
ent donors.

This may select individual variance in ability

to respond to the drug in vitro, or variation in the
effects of the incubation and drug treatment itself, such
as altered drug uptake.

Theophylline showed the least

effect on PMN phagocytosis in these early experiments,
and only when used in combination with PGE^ did PMN phago¬
cytosis differ significantly from control values.
Control of the pH of suspensions of leukocytes was
complicated by the necessity to maintain stock solutions
of RA-8 at pH 4.3, and RA-233 at pH 6.5 (108).

It was

decided that only RA-233 would be used in further experi¬
ments, since acidic solutions, such as that in which the
RA-8 was stored, caused alteration of the pH of the cell
suspensions and possible precipitation of the drug'therapy,
invalidating the results.

As combined incubation with

both PGE^ and RA-233 insured elevated cyclic AMP levels,
as well as showed the largest effect in these early ex¬
periments, it was concluded that highly elevated cyclic
AMP levels possibly caused a small increase in phagocy¬
tosis or rather a preservation of phagocytosis levels
which normally declined slightly in the control samples
due to the mild thermal trauma discussed earlier.
The shear stress experiments in which RA-233 was
tested alone are reported here, in spite of evidence that
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delays in the protocol allowed additional 'storage trauma'
to affect the cells after the shear stress exposure and
before the various assays could be performed.
experiments, PMN leukocytes

In these

incubated for thirty minutes

at 37° C. with 10'^M RA-233, and then sheared at room
temperature at 100 and 300 dynes/cm

2

for ten minutes show¬

ed less release of both beta-glucuronidase and alkaline
phosphatase activity than cells not receiving the drug.
No distinct trend was observable concerning phagocytosis
as was stated before.
A series of base-line 'viscometer control' experi¬
ments were performed using the separation and incubation
protocol described in Section II.

These determined the

effect of surface contact and sample manipulation on the
PMN suspensions with and without pre-incubation with 1 x
10‘6M RA-233 and 3 x 10"6M PGEj.

No significant change

in PMN phagocytosis was observed between cells which were
incubated in the 37° C. water bath and those which were
placed in the viscometer, at 37° C. for a similar amount
of time.

Cells from the viscometer showed release of

alkaline phosphatase activity up to 20% after incubation
in the viscometer, as did cells maintained in the water
bath at the same time, however this loss averaged only
about 10% (*5% S.E.M.).

PMN aggregates formed more readi¬

ly in the viscometer than in the plastic incubation tube,
due in part to the increased surface contact in the
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yiscometer, and the minor stresses of transfer in the 10 ml
syringe, used to fill the viscometer through its access
port at the bottom of the cup.

Although the adhesion assay

showed generally similar trends, the results could not be
quantified.

The PMN leukocyte differential count lowered

slightly after contact with the surfaces of the viscometer
cup and bob, indicating that a few PMN leukocytes were
adhering to the surface of the viscometer at zero shear
stress levels.

In part C of this section more will be said

concerning differential effects upon the various white
cell types present in the suspension as a result of expos¬
ure to the viscometer surface and shear stress.

B. Procedural Observations: Effects of the Protocol
Several effects associated with procedures and
handling, not related to the highly-quantified shear-stress
exposure, need to be mentioned at this point.

The first

is the spontaneous aggregation of the leukocytes in sus¬
pension as a result of separation and handling trauma.
The second is the effect of temperature upon the PMN sus¬
pension, especially that of temperatures higher than 37°
C, which were occasionally reached due to fluctuations
in the control of viscometer heating.
Spontaneous PMN aggregates could not be avoided
even after extensive efforts to minimize trauma and
adjust separation protocol.

The extent of aggregation

57

varied widely from individual to individual, with little
or none in several donors.

It was observed early that

minimizing PMN aggregates significantly improved intraexperimental reliability and reflected a qualitative
’normalcy' of the donor's blood.

Aggregation appeared

to require divalent cations as PMN leukocyte 'clumps'
would appear generally after resuspension in PBSG, even
though the trauma generally believed to induce the aggre¬
gation occurred earlier in the hypotonic lysis step (see
Section II).

Figure 12 indicates the effect of 37° C.

incubation upon PMN aggregation as measured by electronic
Coulter count.

Control (without the drugs present) EPC

counts had dropped 7% after ten minutes incubation, and
9% after an additional ten minutes at 37° C.

In contrast,

unincubated PMN suspensions showed only a gradual drop¬
off of particle count, at room temperature, reaching 7%
after 40 minutes and continuing to up to a 19% drop after
90-120 minutes.

Lack of any significant enzyme release

into the surrounding fluid and the presence of visible
aggregates, indicated that the drop in electronic particle
counts represented aggregation and not lysis of WBCs.
White cell adhesion to the walls of the viscometer and
plastic tubes was minimized but certainly is responsible
for a part of the drop in count.
Most significant, however, is the behavior of the
suspension which contained the RA-233 and PGE^.

This test
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suspension showed a transient enhanced aggregation after
ten minutes at 37° C., (dropping to only 81.5% of initial
counts) followed by a marked disaggregation after an
additional ten minutes at 37° C.,
92.4% of initial counts).

(with counts raising to

It should be noted that cells

receiving the drugs had been maintained at room tempera¬
ture for approximately 30 minutes, while ’control' sample
shearing took place, and had dropped in E.P.C. by approxi¬
mately 4.5%.

(See Figure 12).

When the temperature of incubation or shearing
went more than a few degrees above 37° C., the leukocyte
suspension was characterized by extremely enhanced aggre¬
gation,

(up to 79% drop in E.P.C.), large enzyme release

into the surrounding fluid, and variable phagocytosis.
Experimental runs in which this -occurred were discarded
in the consideration of the effects of shear stress alone,
as the phenomena which generated these changes was clear¬
ly temperature-related.

Ci

Leukocyte Function and'Morphologÿ: Results

Wright-Giemsa Stained Slides:
When the shearing was completed, slides prepared
on the cytocentrifuge were stained with Wright-Giemsa
stain and examined under medium and high powered light
microscopes to determine the leukocyte differential count
and PMN. morphological changes if any.

At 100 dynes/cm

2
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FIGURE 11,

ALTERATIONS

TOTAL PMN(%change) PMN Diff. (%change)

COUNTS

IN PMN DIFFERENTIAL
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level of shear stress, no significant changes in the PMN
differential count were observed although individual
alterations in the fraction of PMN leukocytes were fre¬
quently noted.

Incubation with the two anti-platelet

agents prior to and during shear stress application did
not seem to systematically alter the PMN differential count
but did have a conservational effect of PMN count variance.
In contrast, at 300 dynes/cm

the observed decrease in PMN

differential count in the control-sheared sample,

(with no

agents added), was reversed by addition of the agents, with
'test* samples showing an average 2.91 increase in the PMN
differential count.

This preservational effect is also

reflected in higher E.P.C. counts after shearing at the
300 cynes/cm

2

level, following incubation with the drugs.

(Figure 11).
The morphology of PMN leukocytes following shear
stress exposure was investigated by observation under lOOOx
oil immersion light microscopy.

While no practical means

of quantifying morphological changes was available, cells
which had received the drugs showed more normal morphology
and a reduced number of totally degenerate and lysed forms.

Electronic Particle Counts, (E.P.C.):
Figure 12 shows the results of the Coulter elec¬
tronic particle count assay performed at various stages
throughout the incubation and shearing protocol.
pattern evident in the 'control* samples is one of

The
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successively increasing trauma-induced aggregation, ad¬
hesion, and cell lysis combining to produce a steady
decrease in E.P.C.

Shearing at a level of 100 dynes/cm

2

for ten minutes at 37° C. produced a 25.5% drop in E.P.C.,
in control samples, from the initial count value or 16%
below the value for cells which had not received the shear
stress.
cm

2

When the shear stress was increased to 300 dynes/

E.P.C. values dropped to 46.8% of the initial count.
E.P.C. assays were complicated by a transient

aggregation phenomenon in PMN samples when they were incu¬
bated with the two anti-platelet agents, as was detailed
in part B.

The disaggregation of unsheared samples which

received the drugs was not matched by cells sheared at

2

100 dynes/cm .
Drugged PMN suspensions sheared at 100
2
dynes/cm dropped to E.P.C. counts of 69.2% of initial
values or only 90% of similarly-sheared control samples.
In contrast, however, to the steady shear-stress-induced
decline in E.P.C. of the control samples, PMNs which re¬
ceived the two drugs showed a leveling off of the decline
at approximately 60% of the initial counts.
drop after shearing at 300 dynes/cm
to 63.25% of initial values.

The E.P.C.

was only 36.75%, down

This was 35% better than

undrugged suspensions sheared at this shear stress level.

Phagocytosis-Chemiluminescence :
The ability of PMN leukocytes to ingest opsonized

Before
-Incubated
Incubation
10 min.

Only"
20min.

- Incubated
8 Sheared- Unincubated
100dynes 200dvnes 300dynes 40 90
cm^ cm2 cm^ (minutes)
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FIGURE 12
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zymosan particles and give off light was inhibited by mild
shear stress exposure in our experiments.

This reduction

was not, however, significantly greater than that seen
after leaving the cells at room temperature for several
hours and clearly represented a combined metabolic decline
and mechanical trauma.

The peak level of chemilumi¬

nescence/1000 PMNs in suspension was reduced to 74.41 of
control (unsheared) values by 100 dynes/cm

shear stresses

for ten minutes, and to 67% of control values by 300 dynes/
2
cm for ten minutes (Figure 13).
Pre-incubation with PGE^ and RA-233 produced only
small preservational effect at the level of 100 dynes/cm
which was not seen at all at 300 dynes/cm .

2

PMN leuko¬

cytes which had received the drugs demonstrated peak chemi¬
luminescence levels of 85% and 66% of control at 100 and
300 dynes/cm

shear stress levels respectively.

No signif¬

icant alteration of resting (non-phagocytic) chemilumines¬
cence was seen with the drug incubations, and the drugs
did not significantly affect the unsheared levels of peak
PMN chemiluminescence relative to non-drugged samples.
(See Figure 13).

Adhesion to Serum-Coated Glass:
PMN leukocyte adhesion to serum-coated glass slides
was increased by incubation at 37° C. for 20 minutes prior
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% UNINCUBATED PEAK CHEMILUMINESCENCE

PHAGOCYTOSIS - CHEMILUMINESCENCE

Figure 13. Leukocyte peak chemiluminescence.
1 x 10‘6M RA-233 and 3 x 10"6M PGEi showed only small
preservational effects at 100 dynes/cm2 diminishing at
higher shear stresses. Sheared in PBSG at 37° for
10 minutes.
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to the assay.

(Figure 14).

Further increases were ob¬

served in the adhesion of PMNs which had been sheared
during the course of incubation for ten minutes at 100
dynes/cm .

In PMN suspensions where PGE^ and RA-233 had

been added, adhesion was markedly reduced at both control
(unsheared) and low levels (100 dynes/cm ) of shear
stress exposure.

Adhesion of PMN leukocytes receiving

the anti-aggregating agents was approximately 13% for
unsheared samples and 21% for samples which had received
100 dynes/cm

2

for ten minutes, versus 30% and 42% adhesion

for un-drugged samples respectively.
At higher levels of shear stress exposure, the
PMN leukocyte suspensions experienced large drops in E.P.C.
as was previously reported and many cells on the adhesion
slides were aggregated into clumps of varying size.

Ad¬

hesion of the cells which were not ’lost* by clumping,
which made counting them impossible, appeared to be reduced from that seen at the 100 dynes/cm
stress exposure.

level of shear

It is believed that cells which may

have been made more adherent by the mechanical trauma
effect responsible for the increase in PMN adhesion at
low shear stress, have been removed from the assay popu¬
lation by this clumping and adhesion to the walls of both
the viscometer and the transfer tubes.

At the time of

the writing of this report, investigations are being made
to avoid this population selection, which is present
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LEUCOCYTE ADHESION

Figure 14. Adhesion to serum-coated glass slides of
sheared and unsheared leukocytes was significantly
reduced by 1 x 10'6M RA-233 and 3 x 10'6M PGEj.
Only a less adherent population of cells remained to
be tested at shear stresses greater than 300 dynes/

cm^.
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primarily because of the enhanced PMN interaction in the
suspension.
No convenient alteration in the adhesion assay, or
proposed alternate assay system guarantees the elimination
of this problem, whether it generates real or only theo¬
retical uncertainty.

Several of the more exotic assays

for leukocyte adhesion, including that of MacGregor, et
al (92,93) using cultured vascular endothelium, or Banks,
et al (8) whose assay monitored both adhesion and aggrega¬
tion of PMNs in suspension, do not avoid this problem.
Correlations between the results of this serum-coated glass
assay and that of various other groups which investigated
the effect of elevated cyclic nucleotide levels on granu¬
locyte adhesion without shear stress exposure will be
made in the next main section.

(See Section IV).

Enzyme Release Assays:
Shear stress exposure

and incubation with the anti¬

aggregating agents showed clear effects on the release
of PMN granule contents into the surrounding medium, and
loss of cytochemically active enzyme markers in the leuko¬
cytes.

As is specified below, both the azurophilic and

the specific granules appeared to be sensitive to mechanical
trauma, although to differing degrees.
a)

Beta-Glucuronidase: PMN leukocytes showed

extreme sensitivity to moderate levels of shear stress
trauma-with respect to release of Beta-Glucuronidase
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^-GLUCURONIDASE, % release

LEUKOCYTE BETA-GLUCURONIDASE

Figure 15. Leukocyte Beta-Glucuronidase activity
released into surrounding media after shearing in
PBSG at 37° C. for 10 minutes. Partial preservation
of activity with 1 x 10‘6M RA-233 and 3 x 10’6M PGEi.
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activity into the surrounding fluid.

At ten minute ex-

posure stress levels of approximately 100 dynes/cm

2

23%

of the total PMN g-Glucuronidase activity was released,
2

with this figure increasing to 76% at 300 dynes/cm .

This

was contrasted markedly by the lower levels of enzyme re¬
lease when the cells were incubated and sheared in the
presence of the PGE^ and RA-233.

Drugged cells showed

only an 8% release at 100 dynes/cm

2

2

300 dynes/cm .

and a 22% release at

PMN suspensions which were incubated for

20 minutes at 37° C. but not sheared showed some accumu¬
lated 6-Glucuronidase release averaging about 9% for both
control and ’test' samples.
b)

(See Figure 15).

Alkaline Phosphatase -- Cytochemical Assay:
Alkaline phosphatase-containing granules as

revealed by the cytochemical staining technique discussed
earlier were affected by shear stress exposure to a slight¬
ly lesser degree than were the primary granules assayed by
the 8-Glucuronidase technique.

Figure 16 shows the loss of

leukocyte alkaline phosphatase activity (L.A.P.A.) after
shear stress exposure with and without the anti-platelet
agents PGE^ and RA-233.

PGE^ and RA-233 showed a clear,

parital preservation of L.A.P.A.
the 100 dynes/cm

2

Shear stress exposure at

level produced a 40% drop in control PMN

L.A.P.A. with increased loss averaging 49.5% at 300 dynes/
2
cm .
Samples receiving the drugs showed only a 17% drop at
2
100 dynes/cm shear stress exposures and only a 33% drop in
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LEUKOCYTE ALKALINE PHOSPHATASE

Figure 16. Loss of cytochemically assayed leukocyte
alkaline phosphatase activity after shearing in PBSG
at 37° C. for 10 minutes. Partial preservation of
activity with 1 x 10'^M RA-233 and 3 x lO'^M PGEi>
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L.A.P.A, at the higher shear stress.

Unsheared samples

again showed a minimum amount of trauma induced by the
separation protocol resulting in about 5% loss of activity.
c)

Alkaline Phosphatase -- Colorimetric Assay:
The colorimetric assay of alkaline phospha¬

tase activity release into the surrounding media was per¬
formed to quantify and confirm the cytochemical assay as
the latter relied upon a somewhat subjective rating system
explained earlier.

While the results are in general agree¬

ment, they differed in several areas which can possibly
help to reveal a process which was heretofore difficult to
quantify except with indirect or relative methods.

While

in theory the two assays should measure the same quantity,
the necessity of the cytochemical one to measure only those
cells which are morphologically identifiable allows one to
semi-quantitatively measure the distinction between enzyme
release through degranulation and that through complete
cell lysis.
Leukocyte alkaline phosphatase release, as measured
by the colorimetric assay was approximately 17% in both
samples after twenty minutes incubation without shear stress
exposure.

This contrasted with the only 5% drop in intact

cell L.A.P.A. score for these identical samples.

The re¬

sults of a single experimental run at the lower (100 dynes/
cm ) stress level were inconclusive with undrugged (control)
release of 38% of L.A.P. activity and drugged ('test’)

ALKALINE PHOSPHATASE, % non-released
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LEUKOCYTE ALKALINE PHOSPHATASE

Figure 17. Leukocyte Alkaline Phosphatase activity
released into surrounding media after shearing in
PBSG at 370 C. for 10 minutes. Partial preservation
of non-released activity with lO'^M RA-233 and
3 x 10"6M PGEI.
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release of 31% of total L.A.P. activity.

Significantly,

however, at the higher shear stress exposure level of 300
dynes/cm

drugged sample L.A.P. release matched the loss

of cytochemical L.A.P.A. score at approximately 35% re¬
lease.

In contrast, the undrugged sample showed a release

of approximately 66% of total L.A.P. activity versus an
apparent loss of only about 50% of the L.A.P.A. score as
was stated earlier.

This discrepancy suggests that a

portion of the enzyme release into the surrounding fluid
represents PMN lysis and may not be reflected in associated
degranulation of intact PMNs but may in fact be associated
with all lysis.

What is more, this

'lysis' was not ob¬

served in the drugged sample (See Figure 17).

Clearly,

more extensive investigation will have to be made to develop
an assay system which more directly measures these two
forms of enzyme release into the surrounding medium.
General Correlations and Experimental Error:
During the course of the main body of experiments
of this thesis, reported above, correlation between indi¬
vidual donors and experimental reproducibility were affect¬
ed by individual and population variation and a number of
what may be called undetermined environmental factors.
While these may be only of anectdotal interest, their
surprising consistency makes their mention here nearly
obligatory.

Two such observations were as follows: 1)

donors who participated in strenuous physical activity
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within twenty-four hours prior to donation produced a
population of PMN leukocytes far less susceptible to
shear stress exposure and to the incubation trauma.
Therefore, many of the effects of drug incubation were
only poorly resolved due to low 'control' effects.

In

addition, these donors tended to have a lowered general
mean whole blood leukocyte count and lowered PMN differ¬
ential counts.

2)

In single-day duplicate runs with any

particular donor, the second blood draw seemed to produce
fewer PMNs and a lower whole blood WBC count on the
Coulter counter.

Baseline phagocytosis frequently varied

significantly between early and mid-morning (10:30 a.m.)
drawn PMN leukocytes.

In general, however, most of the

functional assays showed quite expectable variation be¬
tween donors as the S.E.M. error-bars indicate on Figures
12 through 17.

The adhesion assay showed somewhat wider

inter-experimental variation than most of the others with,
as was pointed out, a very likely systematic error at the
higher shear stress level.

SECTION IV: DISCUSSION

A.

Expectations and Previous Studies: Correlations
Cyclic AMP has long been known to modify platelet

behavior both iji vivo and iji vitro (96,100,31).

Agents

which are thought to alter intracellular levels of cAMP
have been tested and utilized as platelet anti-aggregating (31,3,104,46,47,114,61), and anti-adhesion (31,21,22,
127) agents and have been investigated for their effects
upon platelet clot retraction (100), release reaction
(21,96), and membrane-surface activation (2,1).

Among

these agents, dipyridamole and its derivatives, which
appear to inhibit cAMP phosphodiesterase activity, and the
prostaglandins (E^ and ^) which stimulate adenylate cy¬
clase (63,108,32,21,22,127,96) have been investigated for
their anti-thrombotic effect during extracorporeal circu¬
lation (3,150,89,1,2,152).
Similar studies on PMN leukocytes (162,19,39,92,
40) utilize blood of cardiac patients or animals undergoing
E.C.C. or artificial inflammation, thereby complicating
comparison with our iji vitro experiments on isolated PMN
leukocytes.

It is useful, nevertheless, to make several

correlations concerning the Tn vivo and whole blood effects
of platelet anti-aggregating agents upon white cells under¬
going chemical and mechanical stress.
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The relationship between cAMP and leukocyte phago¬
cytosis is a complex one with no clear evidence that agents
which elevate cAMP intracellular concentrations affect
leukocyte phagocytosis either in mechanically stressed
(40), or artificially inflamed cells (39).

A possible

explanation of the reduced resistance to bacterial sepsis
associated with neonatal prostaglandin treatment is
alteration of PMN leukocyte phagocytosis.

Macrophages

have been shown to exhibit reduced cytotoxicity in the
presence of cAMP elevating agents (129) , and it remains
to be shown if either phagocytic or bacterocidal capacity
is similarly reduced.

Our observations of the effects of

elevated cyclic AMP levels after PGE^ and RA-233 incuba¬
tion on stressed PMN leukocytes showed only a small effect
upon phagocytosis.

Chemiluminescence by PMN leukocytes

during active phagocytosis may function independently of
the intracellular cyclic nucleotide system.

Bacterial

killing could be mediated independently by agents which
also affect cAMP levels (39,92).
The effects of elevated cAMP levels upon PMN
enzyme release have been investigated both in vivo and
in vitro following inflammation (39,162,69).

Deporter

et al have reported that most cAMP-elevating drugs were
generally ineffective in altering enzyme release during
inflammation (39,37) and propose that these agents may
have indirect systemic effects only.

In particular a

mild inhibition of leukocyte-induced histamine release
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was observed, with elevated levels of cAMP (38).

Earlier work by

Zurier et al (162) and Ignarro (69) reported that elevated cAMP
concentrations inhibit lysosomal enzyme release and protease release.
In addition, Estensenetal (48), noting the antagonistic nature of
cAMP and cGMP, reported that cAMP stimulated release of lysozyme and
L.A.P. activity from PMN granules and proposed a specific cyclic nucleo¬
tide-mediated control mechanism for the release of enzymes through de¬
granulation, and lysis.

While it is clear that PMN lysates exert a

strong influence upon the behavior of other PMN leukocytes in a sus¬
pens ion (75) and that PMN leukocytes synthesize prostaglandin E^ which
appears to be released under various traumatic stimuli (161), it is
premature to attempt to correlate the results of this work to the
theories of PMN enzyme release during inflammation.

It is clear, how¬

ever, that cAMP amelioration of trauma-induced leukocyte enzyme release
does not require plasma protein mediation, since our system utilized
suspensions of PMN leukocytes in phosphate-buffered-saline.
The effects of intracellular cAMP upon PMN adhesion and aggre¬
gate formation are complicated by reports of experiments which do not
isolate the action of cAMP mediated drugs from the complement-mediated
adhesion of granulocytes.

In particular, many groups have reported

that dipyridamole is effective as an anti-adhesion agent only in the
presence of either plasma factors which may mediate its incorporation
or action (90), or aspirin, which may potentiate its anti-adhesion
effects (138.,. 110,108,127).

Others, however, have reported that ele¬

vated cAMP levels cause a rapid and significant drop in graulocyte
adhesion to glass tubes and nylon fibers (19,92); results which agree
with the experiments performed here.

The inter-relationship of cyclic
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nucleotides, calcium, and PMN adhesion and aggregation is
clearly a complex one with much remaining to be elucidated
(13,66,37).

Although the reduction of PMN leukocyte ad¬

hesion to serum-coated glass slides agrees with the ob¬
servations of MacGregor (92) and Bryant and Sutcliffe (19),
it may be unrelated to the lack of effect reported by other
groups using differing experimental systems (13).
The effects of shear stress application, quantified
in the 'control' portion of these experiments correlates
well to previous work using the Rice University viscometer
reported by Dewitz (40,42,98,41,43).

Early experiments

with whole blood, sheared in the viscometer, confirmed
Dewitz's observation of greater fragility and sensitivity
to shear stress of PMN leukocytes which were suspended in
buffered saline versus plasma or whole blood.

The percent¬

age release of both enzyme markers after shearing in PBSG
(these experiments) compared favorably with the values
reported by Dewitz (40) for PMN and lymphocyte suspensions
in Tris-ACM, (see appendix for formulae).

The close

approach of these experimental techniques for the appli¬
cation of shear stress to those used by Dewitz was inten¬
tional, to take advantage of the latter's extensive
investigation and elimination of surface-effects and iso¬
lation of fluid bulk stress effects.

It is assumed

without argument, therefore, that the effects seen after
shear stress are a direct result of bulk shear stress.
However, the complex trauma seen during cardiopulmonary
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bypass or other forms of extracorporeal circulation and
the alterations in PMN leukocyte function after shear
stress-induced fluid mechanical trauma in suspension may
be only incompletely related.

In the next part we will

review several of the alternate forms and mediators of
trauma in E.C.C. and discuss the context in which PGE^
and RA-233 action upon leukocyte trauma should be placed.

B.

Significance of Shear Stress Trauma and Anti-Platelet
Agents
The existence of a purely shear stress-related

trauma in PMN leukocytes, as revealed by this and pre¬
vious work (40), suggests a possible effect of these agents
upon leukocytes during E.C.C. in a clinical situation.
Quantifying the degree to which shear stress trauma con¬
tributes to the aberrant behavior of leukocytes and plate¬
lets in cardiopulmonary bypass or hemodialysis is a far
more difficult problem both because of the obligatory
in vivo nature of the study and because of the nature of
the diseases which necessitated extracorporeal circulation
in the first place.

To be complete, this discussion must

include mention of other mechanisms of leukocyte dys¬
function related to the situation in which shear stress
effects are proposed to possibly have influence.

Comment

upon the degree to which these alternate mechanisms may
or may not mediate leukocyte dysfunction, or whether they
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may be brought on by fluid mechanical trauma, will be left
for future work.
A large amount of evidence has been accumulated for
’leukocyte-mediated leukocyte dysfunction’, specifically,
lèukocyte enzymatic control of inflammation and diapedesis
leading to further white cell recruitment and amplified
effects such as was outlined in section one concerning E.C.C.
pathologies.

Increased granulocyte adhesion during in¬

flammation seems to be the result of a membrane alteration
rather than the presence of an endogenous
substance.

’glue-like’

Steroid anti-inflammatants have been shown to

act directly upon the cells, and a reduction in adhesion
could be shown in partially isolated leukocytes (37) .

In

other experiments, increases in leukocyte adhesion with
inflammation and decreases with the administration of
anti-inflammatory agents, seemed to involve microtubules
and could be effectively assayed even with separated cells
in the absence of plasma-mediated factors (13).

Clearly,

as leukocyte adhesion appears to be the essential first
step in leukocyte mediated inflammation and cytotoxicity,
an anti-adhesion agent must counter-act the promoters of
this increased adhesion.

This is an action which has

been indirectly shown for RA-233 and PGE^ in the case of
artificial inflammmation (39,86,93).
known to release

PMN leukocytes are

thromboxane A2, a potent platelet aggre¬

gation and adhesion agent (55).

As more of the effects of
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leukocyte-released thrombo-active and leuko-active agents
are revealed it will be easier to clarify the amplification
effect of leukocyte-mediated and leukocyte-initiated vas¬
cular and tissue damage after E.C.C. and associated inflam¬
mation.
A second class of alternate mediators of leukocyte
dysfunction after E.C.C. must be considered as a context
for study of shear stress-mediated dysfunction.

Complement

mediated granulocyte activation has been reported extensive
ly by Craddock and co-workers (110,30,28,26,27).

Comple¬

ment activation through blood contact with polysaccharide
membranes is capable of generating the granulocyte adhesion
and inflammatory dysfunctions associated with pulmonary and
vascular distress after hemodialysis.

Animals which were

clinically normal and received only an injection of the
'activated' complement (110,28) showed similar granulocyte
defects.

A protein cleavage product, C5a, which is a

potent anaphylatoxin is released during the complement
cascade.

It is now believed that C5a-mediation of granu¬

locyte activation is a major mechanism of dysfunction
following hemodialysis.

Several more materials, common to

extracorporeal circulation appear to cause surface-activ¬
ation of complement, including nylon filter material (49,
109,11), which initially was included in E.C.C. circuits
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to alleviate some of the microaggregate-related problem.*
Only through the elimination of these chemically-related
problems were we able to determine the extent to which
shear stress-induced trauma participates in the clinical
manifestations of E.C.C. complications.

C.

Conclusions: Usefulness of Anti-Platelet Agents on
Leukocytes
In the more complex situation of extracorporeal

circulation itself, the anti-aggregating agents PGE^ and
RA-233, investigated here, have proven themselves.

A

significant reduction in platelet aggregation has been
observed following appropriate administration of PGE^(104,
67), and the various dipyridamole derivatives (108,46,44,
114) .

Platelet survival is significantly increased with

the administration of dipyridamole and aspirin (150,31,32)
and PGE^ (1,2,96).

Release and surface activation are in¬

hibited by PGE^ (2,96).

In addition, platelet adhesion to

subendothelium and collagen is inhibited by PGE^ but not
by aspirin or sulphinpyrizone (33,21,104,22,127) after
in vitro simulations of extracorporeal circulation and
vascular interaction with damaged platelets.

The similar¬

ity between certain platelet membrane-mediated actions and

*It is to be emphasized, however, that the elimination of
these "activating surfaces" in several of the newly
designed cardiopulmonary bypass devices has not eradi¬
cated the problem of leukocytes sequestering in the lungs.

83

those of PMN leukocytes strongly points to similar effects
upon the latter as well, as this investigation has shown.

Leukocyte Preservation -- an evaluation:
Disregarding the question of the major source of
leukocyte dysfunction during E.C.C., the effects of anti¬
platelet agents PGE^ and RA-233 upon PMN leukocytes trauma¬
tized by fluid shear stress, are clear.

Prostaglandin E^

and dipyridamole derivative RA-233 demonstrate a clear preservational effect upon leukocyte functions at low and mod¬
erate shear stress levels, reducing enzyme release from
both primary and secondary granules and reducing PMN lysis,
adhesion, and degeneration.

The effect of the drugs upon

PMN phagocytosis was not clear nor of great magnitude,
possibly reflecting a lack of cAMP involvement in the pro¬
cess which was assayed by the chemiluminescence technique.
The transient aggregation observed during 37° C.

incubation

of the PMN suspensions may have been due to small impuri¬
ties in the PGE^ (certain derivatives of PGE^ have aggre¬
gating effects upon platelets), or may be due to action
upon the cells by the PGE^ in an as-yet-unelucidated way.
A number of groups have proposed that additional effects
of PGE^ complicate its action upon PMN leukocyte adenylate
cyclase (96).
In vivo and extracorporeal circuit studies of
the antiplatelet agents upon PMN leukocytes provide two
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direct, though, somewhat less specific means of investi¬
gating their action on traumatized cells.

This prelimi¬

nary work has established the action of these drugs on
leukocytes and delineated the possible benefits of their
use, directed at the white blood cells as well as plate¬
lets .

D.

The Future: Overview
The major problems which remain unsolved in this

work are legion.

Specification and quantification of the

effects of different types of cell trauma and the recruit¬
ment effect whereby PMN leukocytes magnify vascular trauma
by the release of a host of factors and enzymes, need to
be made.

An effective means of assaying both adhesion of

PMN leukocytes and the distinction between lysis and de¬
granulation in specially controlled circumstances, needs
to be developed.
Most importantly, possibly, the development of
extracorporeal systems which avoid all of these traumas
stands as the ultimate and clear goal of all this work,
whether or not means are found pharmacologically to control
the pathologies resultant from them.

85

REFERENCES

1.

Adam, W. and R. Scheck.
.

"Studies of platelet kinetics in patients

with cardiovascular diseases and the influence of anti¬
platelet agent RA-233.

Abstr. Hamatol.

10(4):177-182.

(1978).
2. Addonizio, V. Paul, Jr., Edward J. Macarak, K. C. Nicolaou, L.
Henry Edmunds, Jr., and Robert W. Colman.

"Effects of prosta¬

cyclin and albumin on platelet loss during in vitro simu¬
lation of extracorporeal circulation."

Blood.

53(6):1033-

1042. (1979a).
3. Addonizio, V. Paul, Jr., Edward J. Macarak, Stefan Niewiarowski,
Robert W. Colman, and L. Henry Edmunds, Jr.

"Preservation

of human platelets with prostaglandin E^ during in vitro
simulation of cardiopulmonary bypass."

Circul. Res. 44(3):

350-357. (1979b).
4. Addonizio, V. Paul, Jr., Jerome F. Strauss, III, Edward J.
Macarak, Robert W. Colman and L. Henry Edmunds, Jr.

"Preser¬

vation of platelet number and function with prostaglandin
E^ during total cardiopulmonary bypass in rhesus monkeys."
Surgery. 83(6) *.619-625. (1978).
5. Anderson, George H.

"The response of normal human blood platelets

to shear stress."
Houston, Texas,
6. Bagge, U.

Ph.D. Dissertation, Rice University,

(1977).

"Granulocyte Rheology."

Blood Cells.

2:481-490. (1976).

86

7. Bainton, D. F., G. A. Nichols, and M. G. Farquhar.
lysosomes of blood leukocytes."
and Pathology.
p. 3.

'Trimary

In Lysosomes in Biology

Vol. 5. (J. T. Dingle and R. T. Dean eds.)

North-Holland Pub. Co. Amsterdam.

8. Banks, D. C. and J. R. A. Mitchell.
I, II, and III."

(1976).

"Leukocytes and thrombosis

Thrombos. Diathes. Haemorrh.

30:36,47,62.

(1973).
9. Berstein, E. F., U. Marzec, M. D. dayman, S. Swanson and G. G.
Johnston.

"Platelet function following surface injury

and shear stress: adhesion, release and factor 3 activity."
Ann. NYAS.

283:138. (1977).

10. Bischel, Margaret D., Brian G. Scales, and John Mohler.

"Evidence

for pulmonary microembolization during hemodialysis."
67(3):355-337.

Chest.

March, 1975).

11. Blumberg, Neil, Petrina Genco, Alfred Katz, and Jospeh Bove.
"Collection of granulocytes for transfusion: the effect of
collection methods on cell enzyme release."

Vox. Sang. 35:

207-214. (1978).
12. Bourne, H. R., L. M. Lichtenstein and K. L. Melmon.

"Pharmaco¬

logic control of allergic histamine release in vitro :
evidence for an inhibitory role of 3',5*-adenosine monophos¬
phate in human leukocytes."

J. Immunology.

108:695-705.

(1972).
13. Boxer, Laurence A., John M. Allen, August M. Watanabe, Henry B.
Besch, and Robert L. Baehner.
granulocyte adherence."

Blood.

"Role of microtubules in
51(6):1045-1050.

(June, 1978).

87

14. Brade, Volker.
Vox Sang.

"The properdin system: composition and function."
35:1-9. (1978).

15. Bringham, Kenneth L. and Patty Jill Owen.

"Increased sheep lung

vascular permeability caused by histamine."

Circ. Res. 37:

657-657. (1975).
16. Brown, C. H., L. B. Leverett, C. W. Lewis, C. P. Alfrey, and
J. D. Heliums.

"Morphological, biochemical and functional

changes in human platelets subjected to shear stress."
Lab. Clin. Med.

J.

86:462-471. (1975).

17. Bryant, R. E., R. M. DesPres, and D. E. Rogers.

"Studies on

human leukocyte motility II: effects of bacterial endotoxin
on leukocyte migration, adhesiveness and aggregation."
J. Biol. Med.

Yale

40:192-204. (1967).

18. Bryant, R. E., R. M. DesPres, M. H. VariWay, and D. E. Rogers.
"Studies on human leukocyte motility I: effects of
alterations in pH, electrolyte concentration and phago¬
cytosis on leukocyte migration, adhesiveness, and aggrega¬
tion."

J. Exp. Med.

124:483-499. (1966).

19. Bryant, R. E., and Marilyn C. Sutcliffe.

"The effect of 3',5'-

adenosine monophosphate on granulocyte adhesion."
Invest.

54:1241-1244.

J. Clin.

(Nov., 1974).

20. Camussi, G., G. Segoloni, M. Rotunno, and A. Vercellone.

"Mecha¬

nism involved in acute granulocytopenia in hemodialysis.
Cell-membrane direct interactions."
123-127. (1978).

Int. J. Art. Org. 1(3):

88

21. Cazenave, J. P., Elisabetta Dejana, Raelene L. Kinlough-Rathbone,
Marv Richardson, Marian A. Packham, and J. F. Mustard.
"Prostaglandins

and E^ reduce rabbit and human platelet

adherence without inhibiting serotonin release from adherent
platelets."

Thrombosis Research.

15:273-279. (1979).

22. Cazenave, J. P., M. A. Packham, M. A. Guccione, and J. F. Mustard.
"Inhibition of platelet adherece to a collagen-coated surface
by agents that inhibit platelet shape change and clot re¬
traction."

J. Lab. Clin. Med.

23. Clawson, C. C., and John E. Repine.

84:483.

(1974).

"Quantitation of maximal

bactericidal capability in human neutrophils."
Clin. Med.
24. Cline, M. J.

88(2):316-327.

J. Lab.

(1976).

The White Cell, Harvard Press, Cambridge, Mass.

1975.
25. Connell, R. S. and R. L. Swank.

"Pulmonary microembolism follow¬

ing blood transfusions: an electron microscopic study."
Ann. Surg. 177:40=50. (1973).
26. Craddock, Philip R., Jorg Fehr, Kenneth Bringham, Richard S.
Kronenberg, and Harry S. Jacob.

"Complement and leukocyte

mediated pulmonary dysfunction in hemodialysis."
J. Med.

296:(14):769-733.

New Engl.

(April, 1977).

27. Craddock, P. R., J. Fehr, A. P. Dalmasso, K. L. Bringham, and
H. S. Jacob.

"Hemodialysis leukopenia: pulmonary vascular

leukostasis resulting from complement activation by dialyser
cellophane membranes."
(May, 1977).

J. Clin. Lab. Inv.

59:879-888.

89

28. Craddock, P. R., D. E. Hanunerschmidt, C. F. Moldow, 0. Yamada,
and H. S. Jacob.

"Granulocyte aggregation as a manifestation

of membrane interactions with complement: possible role in
leukocyte margination, microvascular occlusion and endo¬
thelial damage."

Semin. Hematol.

16(2):140-147.

(1979).

29. Craddock, Philip R., D. Hammerschmidt, J. G. White, A. P. Dalmasso,
and H. S. Jacob.

"Complement (C5a)-induced granulocyte

aggregation in vitro."

J. Clin. Lab. Inv.

60:260. (1977).

30. Craddock, Philip R., James G. White, and Harry S. Jacob.

"Potenti¬

ation of complement (C5a)-induced granulocyte aggregation
by cytochalasin B."

J. Lab. Clin. Med. 91(3):490-499.

(Mar.,

1978).
31. Cucuianu, Mircea P., Edward E. Nishizawa, and J. Fraser Mustard.
"Effect of pyrimido-pyrimidine compounds on platelet function."
J. Lab. Clin. Med.
32. Dale, J. et al.

77(6):958-974.

(1971).

"Effects of dipyridamole and acetylsalicylic

acid on platelet function in patients with aortic ball-valve
prostheses.

Am. Heart J.

89:613-618. (1975).

33. Davies, J. A., E. Essien, J. P. Cazenave, R. L. Kinlough-Rathbone,
M. Gent and J. F. Mustard.

"Influence of red blood cells

on the effects of aspirin or sulphinpyrazone on platelet
adherence to damaged rabbit aorta."

Brit. J. Hematology.

42:283-291. (1979).
34. DeChatelet, Lawrence R. and M. Robert Cooper.

"A modified

procedure for the determination of leukocyte alkaline
phosphatase."

Biochem. Med. 4:61-68. (1970).

90

35. Dejana, Elisabetta, Giovanni de Gaetano, and Aurora Bonaccosi.
"Role of the lung in the development of cardiovascular
modifications during ADP infusion in the rat."
Research.

Thrombosis

12:47-57. (1977).

36. DeJong, J. C. F., C. Th. Smitsibinga, and Ch. R. H. Wildevuur.
"Platelet behavior in extracorporeal circulation (ECC)."
Transfusion.
37. Deporter, D. A.

19 Cl):72-80.

(1979).

"Microtubules, cyclic AMP and lysosomal enzyme

release: A review."

Biomedicine.

23:5-8. (1978).

38. Deporter, D. A., F. Capasso, and D. A. Willoughby.

"Effects

of modification of intracellular cyclic AMP levels on the
immediate hypersensitivity reaction in vivo."

J. Path.

119:147. (1976).
39. Deporter, D. A., P. A. Dieppe, M. Glatt, and D. A. Willoughby.
"The relation of cyclic AMP levels to phagocytosis and
enzyme release in acute inflammation in vivo."

J. Path.

21:129. (1977).
40. Dewitz, T. S.

"Fluid mechanical trauma in leukocytes."

Thesis, Rice University, Houston, Texas

PhD.

(1978).

41. Dewitz, T. S., R. R. Martin, R. T. Solis, J. D. Heliums, and
L. V. Mclntire.

"Microaggregate formation in whole blood

exposed to shear stress.”

Microvasc. Res.

42. Dewitz, Thomas S., T. C. Hung, R. Russell Martin, and Larry V.
Mclntire.
Clin. Med.

"Mechanical trauma in leukocytes."
90(4): 728-736. (1977a).

J. Lab.

91

43. Dewitz, T. S., L. V. Mclntire, and R. R. Martin.

"Enzyme

release by leukocytes exposed to mechanical trauma."
Proc. 30th Ann. Conf. Engineering in Med. and Bio.

19:151.

(1977b).
44. Dutton, R. C., L. H. Edmunds, J. C. Hutchinson, and B. B. Roe.
"Plat elet aggregate emboli produced in patients during
cardiopulmonary bypass with membrane and bubble oxygenators
and blood filters."

J. Thorac. Cardiovasc. Surg.

67:259-

264. (1974).
45. Eika, C.

"Platelet refractory state induced by heparin."

J. Haematol.

Scand.

9:665. (1972).

46. Emmons, P. R., M. J. G. Harrison, A. J. Honour, et. al.

"Effects

of a pyrimido-pyrimidine derivitive on thrombus formation
in the rabbit."

Nature.

108:255-257. (1965a).

47. Emmons, P. R., M. J. G. Harrison, A. J. Honour, et al.
of dipyridamole on human platelet behavior."

"Effects

Lancet.

2:

603-606. (1965b).
48. Estensen, R. D., H. R. Hill, P. G. Quie, N. Hogan, and N. D.
Goldberg.

"Specific degranulation of human polymorpho¬

nuclear leukocytes."

Nature.

248:347. (1974).

49. Fehr, J., P. R. Craddock, and H. S. Jacob.

"Complement (C^)

mediated granulocyte (PMN) and pulmonary dysfunction dur¬
ing fiber leukophoresis."

Blood.

46:1054. (1975).

50. Fishman, W. H., K. Kato, C. L. Antiss, and S. Green.

"Human

serum beta-glucoronidase ; its measurement and some of its
properties."

Clinica Chimica Acta.

15:435-447. (1967).

92

51. Frank, M.M.

Complement.

Upjohn Co., Bethesda, Md.

(1975).
52. Goldsmith, H.L.

The effects of flow and fluid

mechanical stress on red cells and platelets.
Trans. Amer. Soc. Artif. Int. Organs.

20A:21.

(1974) .
53. Goldsmith, H.L., J. C. Marlow, S.K. Yu.

The effect

of oscillatory flow on the release reaction and
aggregation of human platelets.
11:335.

Microvasc. Res.

(1976).

54. Goldstein, I.M., M. Bral, A.G. Osier, and G. Weissmann.
Lysosomal enzyme release from human leukocytes.
J. Immunol.

111:33.

(1973).

55. Goldstein, Ira M., Curt L. Malmstein, Hans Kindahl,
Howard B. Kaplan, Olof Radmark, Bengt Samuelson
and Gerald Weissmann.

Thromboxane generation by

human peripheral blood polymorphonuclear leuko¬
cytes.

J. Exp. Med. 148(3): 707-792.

(1978).

56. Goodman, Jay S., William Schaffner, Harold A. Collins,
Edward J. Battersby, and M. Glenn Koenig.

Infec¬

tion after cardiovascular surgery: (Clinical
study including examination of antimicrobial
prophylasis).

N.E.J.M.

278(3):117.

(1968).

57. Grabowski, E.F., L.I. Friedman, and E.F. Leonard.
Effects of shear rate on diffusion and adhesion
of platelets to a foreign surface.

Ind. Eng.

93

Chem. Fund.

11:224.

(1972).

58. Grange, M.J., F. Eche, C. Dresch, and Y. Najean.
A new method for measuring simultaneously the
the phagocytic and bactericidal capacity of
human leukocytes.

Biomedicine.

23:414-418.

(1975).
59. Grebner, James V., Elaine L. Mills, Beulah H. Gray,
and Paul G. Quie.

Comparison of phagocytic and

chemiluminescence response of human polymorpho¬
nuclear neutrophils.
153-159.

J. Lab. Clin. Med.

89(1):

(1977).

60. Green, William H., Casann Ray, S. Michael Mauer, and
Paul G. Quie.

The effect of hemodialysis on

neutrophil chemotactic responsiveness.
Clin. Med.

88(6):971-974.

J. Lab.

(1976).

61. Hamet, Pavel, Jacques Fraysse, and Douglas J. Franks.
Cyclic nucleotide and aggregation of platelets
by spontaneously hypertensive rats.
Res.

43(4):583-591.

Circulation

(1978).

62. Hammerschmidt, D.E., P.R. Craddock, J. McCullough,
R.S. Kronenberg, A.P.

Dalmasso, and H.S. Jacob.

Complement activation and pulmonary leukostasis
during nylon fiber filtration leukaphoresis.
Blood.

51(4):721-730.

(1978).

63. Harris, D.H., M.M. Asaad, M.B. Phillips, H.J. Goldenberg, and M.J. Antonaccio.

Inhibition of

94

adenylate cyclase in human blood platelets by
9-substituted adenine derivitives.
Res.

5(2): 125-134.

J. Cyc. Nuc.

(1979).

64. Hill, D.G., P. deLanerolle, J.C. Kosek, M.J. Aguilar,
and J.D. Hill.

The pulmonary pathophysiology of

membrane and bubble oxygenators.
Soc. Artif. Int. Organs.

Trans. Amer.

21:165. (1975).

65. Hochmuth, R.M., N. Mohandas, E.E. Spaeth, J.R. William¬
son, P.L. Blackshear, Jr., and D.W. Johnson.
Surface adhesion, deformation and detachment at
low shear of red cells and white cells.
Amer. Soc. Aft.

Int. Org.

Trans.

18:325-332. (1972).

66. Hoover, R.L., R.T. Briggs, and M.J. Karnovsky.

The

adhesive interaction between polymorphonuclear
leukocytes and endothelial cells in vivo.
14(2):423-428.

Cell.

(1978).

67. Hornstra, G., E. Haddeman, and J.A. Don.

Some inves¬

tigations into the role of prostacyclin in thromboregulation.

Thrombosis Research.

12:367-374.

(1978).
68. Hung, T.C., A.M. Hochmuth, J.H. Joist, and S.P. Sutera.
Shear induced aggregation and lysis of platelets.
Trans. Amer. Soc. Artif. Int. Org.

69. Ignarro, L.J.

22:285.

(1976).

Neutral protease release from human

leukocytes regulated by neurohomones and cyclic

95

neucleotides.

Nat. New. Biol. 245:151-153.

(1973) .
70. Janoff, A.

Mediators of tissue damage in human poly¬

morphonuclear neutrophile.
130.

Ser. Haemator. 3:96-

(197).

71. Jenson, D.P., L.H. Brabelar, K.D. Nalph, C.A. Johnson,
and R. J, Nothum.

Hemodialysis coil induced

transient neutropenia and overshoot neutrophilia
in normal man.

Blood. 41:399.

(1973).

72. Johnson, G.G., V. Marzec, and E.F. Bernstein.

Effects

of surface injury and shear stress on platelet
aggregation and serotonin release.
Soc. Artif.

Int. Org.

21:413.

Trans. Am.

(1975).

73. Kaplan, E., Castaneda, A., and Quie, P.

Effects of

cardiopulmonary bypass on the phagocytic and
bactericidal capacities of polymorphonuclear
leukocytes.

Circulation (suppl.). 57:158.

74. Kaplow, L.S. and J.A. Goffinct.

Profound neutropenia

during the early phase of hemodialysis.
Med. Soc.

203:1135.

(1968).

J. Am.

(1968) .

75. Kelly, Michael T., R. Russell Martin, and Arthur
White.

Mediators of histamine release from

human platelets, lymphocytes and granulocytes.
J. Clin. Inves.

50:1044-1049.

(1971).

96

76. Kelly, Michael T., and Arthur White.

Histamine re¬

lease induced by human leukocyte lystes: Effect
of metabolic inhibitor and carbohydrates.
Soc. Microbiol.

8(l):15-20.

Am.

(1973).

77. Klempner, Mark S. and John I. Gallin.

Separation and

functional characterization of human neutrophil
subpopulations.

Blood.

51(4): 659-669.

78. Kusserow, Bert and Rodney Larrow.

(1978).

Studies of leuko¬

cyte response to prolonged blood pumping - effects
upon phagocycitic capacity and total white cell
count.

Trans. Amer. Soc. Artif. Int. Org. V.

XIV:261-263.

(1968).

79. Kusserow, B., R. Larrow and J. Nichols.

Metabolic and

morphological alterations in leukocytes following
prolonged blood pumping.
Int. Org.

15:40.

Trans. Am. Soc. Artif.

(1969).

80. Kusserow, B., R. Larrow and J. Nichols.

Perfusion and

surface induced injury in leukocytes.

Fed. Proc.

30(5) :1516-1520. (1971).
81. Kvarstein, Bernt, Chr. Cappelen, Jr., and Arne Osterud.
Blood platelets and leukocytes during cardio¬
pulmonary bypass.
vasc. Surgery.

Scand. Journ.

8:142-145.

Thorasic Cardio-

(1974).

82. Kvarstein, Bernt, M.D., and Jon Dale, M.D.

Leukocyte

function after aortic valve replacement.
Heart Journal.

96(5):624-626.

(1978).

American

97

83. Lane, Thomas A. and Bradford Windle.

Granulocyte con¬

centrate function during preservation: Effect of
temperature.

Blood.

54(1): 216-225.

(1979).

84. Lehmeyer, Joce E., Ralph Snyderman, and Richard B.
Johnston, Jr.

Stimulation of neutrophil oxidative

metabolism by chemotactic peptides: Influence of
calcium ions concentration and cvtochalasin B and
comparison with stimulation by phorbolmyristate
acetate.

Blood. 54(1):35-45.

(1979).

85. Lemuth, R.F., C.H. Brown, J.D. Heliums, L.B. Leverett,
and C.P. Alfrey.
shear stress.
21:35.

Response of human platelets to

Trans. Amer. Soc. Artif.

Int. Org.

(1975).

86. Lentnek, Arnold L., Alan D. Schreiber, and Rob Roy
MacGregor.

Induction of augmented granulocyte

adherence by inflammation.
1103.

J. Clin.

Inv. 57:1098-

(1976).

87. Leverett, L.B., J.D. Heliums, C.P. Alfrey, Jr., and
E.C.Lynch.

Red blood cell damage by shear stress.

Biophys. J. 12:257-273. (1972).
88. Levin, Robert, Hau C. Kwaan, and Peter Ianovich.
Changes in platelet function during hemodialysis.
J. Lab. Clin. Med.

92(5) : 779-786.

(1978).

89. Longmore, D.B., D. Gueirrara, G. Bennett, M. Smith,
S. Buntins, P. Reed, S. Noncada, N.G. Read, and
J.R. Vane.

Prostacyclin: A solution to some

98

problems of extracorporeal circulation.
Lancet.

The

(May 12, 1979).

90. MacGregor, R.R.

Cyclic nucleotide induction as a

mechanism for modification of granulocyte ad¬
herence by plasma factors.

Clin. Res. 24:348.

(1976) .
91. MacGregor, Rob Roy, M.D.

Granulocyte adherence

changes induced by hemodialysis, endotoxin,
epinephrine and glucocorticoids.

Ann. Int. Med.

86:35-39. (1977).
92. MacGregor, Rob Roy, Edward J. Macarak and Nicholas A.
Kefalides.

Comparative adherence of granulo¬

cytes to endothelial monolayers and nylon fiber.
J. Clin. Invest.

61:697-702.

(1978).

93. Macgregor, Rob Roy, Phillip J. Spagnuolo and Arnold
L. Lentnek.

Inhibition of granulocyte adherence

by ethanol, prednisone and aspirin measured with
an assay system.

N.E.J.M.

29(13): 642-646.

(1974) .
94. Malik, Asrab B. and Hoyte vander Zee.

Mechanism of

pulmonary edema induced by microembolism in dogs.
Circ. Res.

42:72-79.

(1978).

95. Malik, Asrab B., Bing C. Lee, Hoyte van der Zee, and
Arnold Johnson.

The role of fibrin in the genesis

of pulmonary edema after embolization in dogs.
Cir. Res.

45(1): 120-125.

(1979).

99

96. Malmstem, Curt.

Annotation: Prostagladins, throm¬

boxanes and platelets.
453-458.

Brit. J. Haematol. 41:

(1979).

97. McCullough, Jeffery, Barbara J. Weiblen, Philip K.
Peterson and Paul G. Quie.

The effects of temp¬

erature on granulocyte preservation.

Blood. 52

(2): 201-310. (1978).
98. Mclntire, L.V., T.S. Dewitz, and R.R. Martin.
Mechanical trauma effects on leukocytes.
ASAIO.

Trans.

22:444. (1976).

99. Mims, J.A. K.E. Sarji, J.S. Kleinfelder, and K.
Evrenius.

Heparin induced platelet aggregation

in burn patients.

Thromb. Res.

1:291.

(1977).

100. Moake, J.L., P.L. Cimo, K. Widmer, D.M. Peterson, and
J.R. Gum.

Effect of prostaglandins, derivatives

of cyclic 3',5’

- AMP theophylline, cholinergic

agents and colchicine in clot reaction in dilute
platelet - rich platelet plasma and gel-separated
platelet test systems.

Thrombos. and Haemostasis.

38(2) *.420-428. (1977).
101. Moratz, H.Z. et al.

The role of PMN - leukocyte

lysosomes in tissue injury, inflammation and
hypersensitivity VI: The participation of the
PMN leukocyte and the blood platelet in systemic
aggregate anaphylaxis.
(1967).

Immunology.

14:637-648.

100

102. Muhlfelder, Thomas W., Igbal Khan, and Julian Niemetz.
Factors influencing the release of procoagulant
tissue factor activity from leukocytes.
Clin. Med.

J. Lab.

92(1): 65-72. (1978).

103. Muller-Berghaus, Gert, Elisabeth Bohn, and Wilfried
Hobel.

Activation of intravascular coagulation

by endotoxin: The significance of granulocytes
and platelets.

Brit. J. Haematol.

33:213-220.

(1976).
104. Mustard, J.F. and M.A. Packham.
and drugs.

Platelets, thrombosis

Cardiovascular Drugs, Antithrombotic

drugs. G.S. Avery (ed), Univ. Park Press, Balti¬
more, Md.

1978. p.l.

105. Nanjappa, B.N., H.K. Chang, and C.A. Glomski.

Trauma

to the erythrocyte membrane at low shear stress.
Biophys. J.

13:1212-1222.

(1973).

106. Nevaril, C.G., J.D. Heliums, C.P. Alfrey, Jr., and
E.C. Lynch.
trauma.

Physical effects in red blood cell

Am. Inst. Chem. Eng. J.

15:707-711.

(1969).
107. Niemetz, J.
Clin.

Coagulant activity of leukocytes.
Invest.

J.

51:307. (1972).

108. Nieiarowski, Stefan, Hanna LeKasiewicz, Nrapendra
Nath and Amanda Tai Sha.

Inhibition of human

platelet aggregation by dipyridamole and two
related compounds and its modification by acid

101

glycoproteins of human plasma.
Med.

86(1): 64-75.

J. Lab. Clin.

(1975).

109. Nusbacher, J., S.I. Rosendeld, J.L. MacPherson, P.A.
Thiem, and J.P. Leddy.

Nylon fiber leukapheresis:

Associated component changes and granulocytopenia.
Blood.

51(2):359-365.

(1978).

110. O'Flaherty, Joseph T., Philip R. Craddock and Harry
S. Jacob.

Effect of Intravascular complement

activation on granulocyte adhesiveness and
distribution.

Blood.

111. O'Flaherty, J.T. et al.

51(4): 731-739.

(1978).

Leukocyte aggregation in¬

duced by chemotactic factors - a review.
flammation.

3(2):177-194.

(1978).

112. O'Kun, David B. and Kouichi R. Renaka.
kaline phosphatase.

In¬

Leukocyte al¬

Am. J. Hemotol. 4:293-299.

(1978) .
113. Parker, D.J., J.W. Cantrell, R.B. Karp, R.M. Stroud,
and S.B. Digerness.

Changes in serum complement

and immunoglobulins following cardiopulmonary
bypass.

Surgery.

71(6): 824-827.

(1972).

114. Philip, R.B., I. Francey, and F. McElroy.

Effect of

dipyridamole and five related agents on human
platelet aggregation and adenosine uptake.

Thromb.

Res. 3:35-50. (1973).
115. Pike, John E.
brochure.

Prostaglandins.

Upjohn - a published

102

116.

Pike, J.E., G.L. Bundy, F.A. Fitzpatrick and R.R.
Gorman. An Upjohn Company communication.

Syn¬

thesis of compounds formed in the arachidonic
acid cascade and agents which modulate their
production.
117.

Plaice, C.H.J.

A note on the determination of serum

beta-glucoronidase activity.
14:661-665.
118.

J. Clin. Pathol.

(1961).

Price, Thomas H. and David C. Dale.

Neutrophil trans¬

fusion: Effect of storage and of collection
method on neutrophil blood kinetics.

Blood.

51(5) : 789-798. (1978).
119.

Reches, Avinoam, Amiram Eldor and Yoram Salomon.
Heparin inhibits PGE - sensitive adenylate cy¬
clase and antagonizes PGE. antiaggregating effect
in human platelets.

J. Lab. Clin. Med.

93(1):

630-644. (1979).

120.

Replogle, R.L., A.B. Gazzangiz and R.E. Gross.

Use of

corticosteroids during cardiopulmonary bypass:
Possible lysosome stabilization.
86(suppl).
121.

Circulation 33:

(1966) .

Repo, H., Anja A.I.' Kostiala, and T.U. Kesunen.

Use

of leukocyte migration under agarose to study
spontaneous and directed locomotion of leuko¬
cytes.

Immuno. 35:539-548.

(1978).

103

122. Rittenhouse, E.A., E.A. Hessel II, C.S. Ito and K.A.
Merendino.

Effect of dipyridamole on micro¬

aggregate formation in the pump oxygenator.
Ann. Surg.

175:1-12. (1972).

123. Rosen, Henry and Seymour J. Klebanoff.

Chemilumi¬

nescence and superoxide production by myeloper¬
oxidase - deficient leukocytes.
58:50-60.

J. Clin. Invest.

(1976).

124. Rosenblum, D. and S.J. Petzold.

Granulocyte alkaline

phosphatase: Studies of purified enzymes from
normal subjects and patients with polycythemia
vera.

J. Clin. Inv. 52:1665.

(1973).

125. Saba, 1.1., R.C. Hartmann and S.R. Saba.

Effects of

polymorphonuclear leukocytes on endothelial cell
growth.

Thromb. Res.

12:397.

(1978).

126. Sacks, Thomas, Charles F. Moldow, Philip R. Craddock,
Timothy K. Bowers and Harry S. Jacob.

Oxygen

radicals mediate endothelial cell damage by com¬
plement-stimulated granulocytes.

J. Clin. Invest.

61:1161-1167. (1978).
127. Salzman, E.W., P.C. Kensler and L. Levine.

Cyclic

3’,5’ adenosine monophosphate in human blood
platelets IV; regulatory role of cyclic AMP in
platelet function.
61-71. (1972).

Ann. N.Y. Acad. Sci.

201:

104

128.

Schmid - Schoenbein, Geert W., Yuam Cheng Fung and
Benjamin W. Zweifach.

Fascular endothelium -

leukocyte interaction.

Circul. Res. 36:173-184.

(1975).
129. Schultz, Richard M., Nicholas A. Pavlidis, William A.
Stylos and Micheal A. Chirigos.

Regulation of

Macrophage tumoricidal function: A role for
prostaglandin of the E series.

Science.

202:

320-321. (1978).
130. Schpback, P., E. Pappova, W. Schilt, J. Kollar, M.
Keller, P. Sipes, and D. Vucic.

Perfusate onco¬

tic pressure during cardiopulmonary bypass.
Sang.

35:332-344.

Vox

(1978).

131. Silva, Joseph Jr., M.D., Herman Koeksema, M.D., and
F. Robert Fekety, Jr., M.D.

Transient defects in

phagocytic functions during cardiopulmonary bypass.
J. Thor. Cardiovasc. Surg.

67(2):175-182.

132. Simchowitz, Louis and Isaias Spilberg.

(1974).

Generation of

superoxide radicals in human peripheral neutro¬
phils activated by chemotactic factor.
for role of calcium.
583-593.

J. Lab. Clin. Med.

Evidence
93(1):

(1979a).

133. Simchowitz, L. and I. Spilberg.

Evidence for the role

of superoxide radicals in neutrophil-medicated
cytotoxicity.

Immunoology.

134. Sinha, A.K. and R.W. Colman.

37:301-309.

(1979b).

Prostaglandin E. inhibits

platelet aggregation by a pathway independent of

105

adenosin 3',5* monophosphate.
200/4338:202-203.

U.S.A. Science.

(1978).

135. Solis, R.T., A.C. Beall, G.P. Noon, and M.E. DeBakey.
Platelet aggregation: Effects of cardiopulmonary
bypass.

Chest.

67:558-563.

(1965).

136. Solis, R.T., D. Goldfinger, M.B. Gibbs and J.A. Zeller.
Physical characteristics of microaggregates in
stored blood.

Transfusion.

14(6): 538-549.

(1974).

137. Solis, R. Thomas, M.D., Peter S. Kennedy, M.D., Arthur
C. Beall, Jr., M.D., George P. Noon, M.D. and
Micheal E. DeBakey, M.D.

Cardiopulmonary bypass

microembolization and platelet aggregation.
Circulation.

52:103-108. (1975).

138. Spagnuolo, Philip J., and Jerrold J. Ellner.

Concise

report: Salicylate of granulocyte adherence and
the inflammatory response to experimental peri¬
tonitis.

Blood.

139. Staub, Norman C.

53(5):1018-1022.

(1979).

Pulmonary edema due to increased

microvascular permeability to fluid and protein.
Circ. Res. 43(2): 143-151.

(1978).

140. Steigbigel, Roy T., John Baum, James L. MacPherson and
Jacob Nusbacher.

Granulocyte bactericidal capaci¬

ty and chemotaxis as affected by continuous flow
centrifugation and filtration leukapheresis,
steroid administration and storage.
197-209.

(1978).

Blood. 52(1):

106

141. Stewart, Gwendolyn J., Peter R. Lynch, Frederick A.
Reichle, William G. M. Ritchie, Allen Smith and
Robert G. Schaub.

The adhesion of leukocytes,

erythrocytes and non-cellular material to the
luminal surface of natural and artifical blood
vessels in vivo.

Ann. N.Y.A.S.

:179-207.

(1976).
142. Subramanian, V., Arnold J. Lande, Henry Gans, James T.
Lowman and C. Walton Lillehei.

Depression of

host defense mechanism following extracorporeal
circulation.

Trans. Amer. Soc. Artif. Int. Org.

15:165-169.
143. Sutera, S.P., P.A. Croce, and M.H. Mehrjardi.

Hemo¬

lysis and subhemolytic alterations of human RBC
induced by turbulent shear flow.
Soc. Artif. Int. Org.

Trans. Amer.

18:335-341. (1972).

144. Thompson, C., C.K. Forbes, and C.R.M. Prentice.

The

potentiation of platelet aggregation and adhesion
by heparin iji vitro and in vivo .
Med.

Clin. Sci. Mol.

45:485. (1973).

145. Trung, Pham Huu.

Chemotaxis of human leukocytes II:

Effects of lectins, colchicine, cytochalasin B,
cyclic nucleotides and immuno-stimulatory products.
Biomedicine.

30:121-124. (1979).

146. Ts’ao, Chung-hsin, Chung-Yuan Lin, Seymour Glagor and
Robert L. Replogle.

Disseminated leukocyte injury

during open-heart surgery.

Arch. Pathol. 95:357-

107

365.

(June, 1973).

147. Tse, R. L., P. Phelps, and D. Urban.

Polymorphonuclear

leukocyte motility in vitro VI: Effect of purine
and pyrimidine analogues possible role of cyclic
AMP. J. Lab. Clin. Med.

80:264-274.

148. Turitto, V.T. and H.R. Baumgartner.

(1972).

Platelet inter¬

action with subendothelium in a perfusion system.
Microvasc. Res.

9:335.

(1975).

149. Turitto, V.T., R. Muggli, and H.R. Baumgartner.
Physical factors influencing platelet deposition
on subendothelium.
150. Turpie. A.G.G., J. Hirsh.

Ann. NYAS: 283 : 284.

(1977).

Platelet suppresive therapy.

British Medical Bulletin.

34(2): 183-190.

(1978).

151. Wiley, J.S., C.N. Chesterman, F.J. Morgan, and P.A.
Castaldi.

The effect of sulphinpyrazone on the

aggregation and relaease reactions of human plate¬
lets.

Thromb. Res.

14:23-33. (1979).

152. Wilkinson, Alan R., Robert J. Hawker, and Linda M.
Hawker.

The influence of anti-platelet drugs on

platelet survival after aortic damage or implan¬
tation of a dacron arterial prosthesis.
sis Research.
153. Williams, D.M.

15:181-189. (1979).

Leukocyte alkaline phosphatase as a

measure of cell maturity.
371.

Thrombo¬

(1975).

Brit. J. Haematol. 31:

108

154. Wilson, Gregory B., and H. Hugh Fudenberg.

Effects

of dialyzable leukocyte extracts with Transfer
factor activity on leukocyte migration iji vitro
II: Separation and partial characterization of
the components in DLE producing antigen-dependent
and antigen-independent effects.
Med.

93(5) :819-837.

J. Lab. Clin.

(1979).

155. Wilson, Gregory B., H. Hugh Fudenberg and Maija
Horsmanheimo.

Effects of dialyzable leukocyte

extracts with transfer factor activity on leuko¬
cyte migration jji vitro I: Antigen-dependent
inhibition and antigen-independent inhibition and
enhancement of migration.
93(5) : 800 818.
156. Wilson, James W.

J. Lab. Clin. Med.

(1979).
Treatment or prevention of pulmonary

cellular damage with pharmacological doses of
corticosteroid.
stetrics.

Surgery Gynecology, and Ob¬

134:675-679. (1972).

157. Wilson, J.W. et al.

Changes in the morphology of

leukocytes trapped in pulmonary circulation dur¬
ing hemorrhagic shock,

in Microcirculatory

Approaches to Current Therapeutic Problems,
J. Ditzel and D.H. Lewis (eds.), Basel Switz
S. Karger. 1971, pp. 41-48.
158. Wilson, J.W., N.B. Ratcliff, E. Mikat, D.B. Hackel,
W.G. Young, and T.C. Graham.

Leukocyte changes

109

in the pulmonary ciruclation: A mechanism of
acute pulmonary injury by various stimuli.
Chest (supplement), 59(5): 36S-38S.

(May, 1971).

159. Wilson, J.W., W.G. Young, Jr., and B.J. Miller.
Polymorphonuclear leukocyte alterations in lungs
of patients on cardiopulmoanry bypass.
ed).

Fed. Proc. 30:720.

160. Wright, DG. and J.I. Gallin.

(abstract¬

(1970).
A functional differen¬

tiation of human neutrophil granules: Generation
of C5a by a specific, (secondary), granule
product and inactivation of C5a by azurophilic,
(primary), granule products.
1068-1076.
161. Zurier, B.

J. Immunol.

119:

(1977).

Prostaglandin release from human polymorpho¬

nuclear leukocytes.
2:815-818.

Adv. Prost. Thrombox. Res.

(1976).

162. Zurier, R.B., G. Weissman, S. Hoffstein, S. Kammerman,
and H. H. Tai.

Mechanism of lysosomal enzyme

release from human leukocytes II: Effects of
cAMP and cGMP, autonomic agonists and agents
which affect microtubule function.
Invest.

53:297-309.

(1972).

J. Clin.

11Q

APPENDIX: REAGENTS AND
MEDIA FORMULAS

Dextran Sedimentation Fluid w/ Heparin
1.25% (w/v) Glucose (180 mol wt.) = 0.0694 M = 0.0694 osm.
3.001 (w/v) Dextran (Macrodex 70, Pharmacia Laboratories, N.J.)
188,000 d.
0.638% (w/v) NaCl
30 units Heparin per ml.

Dextran Sedimentation Fluid w/ EDTA
1.24% (w/v) Glucose (180 mol wt.) = 0.0694 M = 0.0694 osm.
3.00% (w/v) Dextran (Pharmacia Laboratories, N.J.)

(188,00 mol wt.) =

0.00015 osm.
0.60% (w/v) EDTA (372 mol wt.) = 0.01612 M = 0.04836 osm.
0.505% (w/v) NaCl (58.44 mol wt.) = 0.0865 M - 0.17311 osm.

Ficoll-Hypague WBC Separation Fluid
9.1 g Ficoll (Pharmacia Laboratories, N.J.)

(400,000 mol wt.)

120 ml distilled H20
Autoclave.
Add to above:
30 ml. Hypague-sodium 50% (w/v),

(sodium diatrizoate, USP)

(Winthrop

Laboratories, New York, N. Y.)
= 6.07% (w/v) Ficoll and 10% (w/v) Hypague in final solution.

Ill

Phosphate Buffered Saline (Dulbecco's PBS from IPX Stock, GIBCo, Grand
Island, N. Y.)
400 ml dist. H20
44 ml PBS (10X Stock)
0.5 ml 5N NaOH
brings composition of PBS to:
0.10 g/1 CaCl2
0.20 g/l KC1
0.20 g/1 KH2P04
0.10 g/1 MgCl2-6H20
8.00 g/1 NaCl
2.16 g/1 Na2HP04-7H20

Phosphate Buffered Saline w/ Glucose (PBSG)
400 ml PBS (see above)
600 mg Dextrose (MW 180)

(Fisher Scientific, Fairlawn, N. J.)

filter sterilized through a 0.2 micron Nalgene filter.

Tris-ACM (White Blood Cell Suspension Medium)
7.0 g/1

NaCl

0.373 g/1 Kcl
1.21 g/l

Tris (Fisher Scientific, Fairlawn, N. J.)

.664 ml/1 HC1 (concentrated)
.088 g/1

CaCl2 ‘ 2H20

.200 g/1

MgCl2 * 6H20

0.3 g/1

human albumin

Osmolarity adjusted to 280 mosm ± 10 mosm.
reference: Dewitz, 1978.

pH * 7.50
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Isoton WBC Diluting Fluid: (for WBC count, Coulter Diagnostics,
Hialeah, Florida.)
7.93 g/1

NaCl

0.38 g/1

Na1-EDTA

0.40 g/1

KC1

0.19 g/1

NaH2P04

1.95 g/1

Na2HP04

0.50 g/1

NaF

Wright-Giemsa Blood Staining Mixture: (Harleco, Gibbstown, N.J.)
1.53 g/1 Wright Stain
2.50 g/1 Giemsa Stain
100 ml/1 Glycerine in Methyl alcohol
Methanol,

(Fisher Scientific, Fairlawn, N. J.)

Hematological Buffer: (Giordano buffer, pH 6.4-6.5; Fisher Scientific,
Fairlawn, N.J.)

Citrate Buffered Acetone: (for cytochemical alkaline phosphatase
assay)
601 (v/v) acetone, reagent grade (Fisher Scientific, Fairlawn, N.J.)
40% (v/v) Citrate working solution (0.03 mol/1; pH 3) w/ Chloroform,
Sigma stock no. A-8511, Sigma Co., St. Louis, Mo.)

Luminol : (Light amplification reagent for chemiluminescence assay)
5-amino-2,3-dihydro-l,4-phthalazinedione (Sigma stock no. A-8511,
Sigma Co., St. Louis, Mo.)

Zymosan:

(Yeast extract for phagocytosis assay)

(Sigma Co.,

St. Louis, Mo.)
Platelet anti-aggregating agents:
RA-8, RA-233 (courtesy of Dr. Wilbur Benson, Boehringer Ingelheim,Ct.)
PGE^ (courtesy of Dr. Joel Moake, provided by Upjohn Co.)

Zap-Isoton: (Stromatoloyzing agent for WBC counting; Coulter
Diagnostics, Hialeah, Florida)

Enzyme Assay Kits:
Alkaline Phosphatase (cytochemical) Sigma assay No. 85
Fast Violet B Salt Grade III Stock No. 85-1
Napththol AS-MX Phosphate, Alkaline solution Stock No. 85-5
(Naphthol AS-MX phosphate 0.25% (w/v)

(pH 8.6)

Methylene Blue (Counterstain) Stock No. MB-1
(dissolve 1 g in 100 ml distilled ^0)
Citrate Stock Solution (Stock No. 85-4)

(See above for

preparation technique for Citrate-buffered-acetone).
Alkaline Phosphatase (colorimetric, modified) Sigma Assay 104
AMP Buffer, Sigma stock No. 221 (2-amino-2-methyl-l
propanol) pH 10 - 3

1.5 M

Phosphatase Substrate, Sigma stock No. 104-100 (contains
p-nitrophenyl phosphate).
Beta-Glucuronidase (colorimetric, modified) Sigma Assay No. 325
Phenophthalein Glucuronic Acid Solution, stock No. 325-2
0.03 M pH 4.5 6 25° C.
Acetate Buffer Solution, stock No. 105-12
0.2 M pH 4.5 8 25° C.
2-Amino-2-Methyl-l-Propanol Buffer, stock No. 325-3
0.1 M pH 11 § 25° C. w/ 0.2% Sodium Lauryl Sulfate
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