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I. INTRODUCTION

The injection of certain strains of mice and 
rats with living or killed Bordetella pertussis organisms 
is followed by altered responses of the host to various 
stimuli including histamine, serotonin, endotoxin, 
anaphylaxis and cold stress (65, 69). One of these, 
which has received the attention of a number of inves
tigators, is the marked increase in histamine sensitivity 
that develops in pertussis-vaccinated hosts. Initially, 
attempts were made to define the underlying mechanism 
of this hyperreactive state in terms of either an in
creased histidine decarboxylase activity (142) or a 
reduced histaminase activity (66, 83). However, the 
proposed primary role of these enzyme malfunctions in 
amine sensitivity was placed in doubt by subsequent 
evidence (99, 141, 160).

Beginning in 1962, a group of investigators 
presented a series of three papers (38, 39, 159) that 
outlined a new approach to the problem of amine hyper
sensitivity in pertussis-vaccinated mice. From their 
results and from pharmacological considerations of the 
sympathetic division of the autonomic nervous system, 
with particular reference to the dualistic receptor 
concept of Ahlquist, these authors advanced the hypothesis
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that a functional imbalance existed in pertussis- 
vaccinated mice between the alpha and beta receptors of 
adrenergic effector systems. This imbalance, they main
tained, could account for these animals'hyperresponsive
ness to normally non-toxic concentrations of endogenous 
or exogenously administered histamine and serotonin. 
Further, evidence with specific blocking agents indi
cated that this imbalance might exist due to a malfunc
tion of the beta receptor.

Today, there exists much evidence (133) in 
support of the concept that the beta adrenergic receptor 
can be associated with or is identical to the enzyme, 
adenyl cyclase. This enzyme, which in the presence of 
magnesium ion can convert ATP to cyclic AMP (cAMP) and 
pyrophosphate, has been isolated from the cell membranes 
of such diverse species as mammals, birds, fish, insects, 
and even bacteria. In addition, many different agents 
(e.g., glucagon, epinephrine, ACTH, vasopressin and 
prostaglandin) have been demonstrated to increase the 
intracellular level of cAMP through stimulation of this 
enzyme. These facts, plus much additional supportive 
data, have resulted in the notion that the adenyl 
cyclase-cAMP system represents a possible bridge between 
hormone stimulation and effector cell function; with 
adenyl cyclase serving as the receptor of extracellular
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stimulation, and cAMP serving as the intracellular 
chemical mediator of that stimulation (133). Since 
Fishel et al. (38, 39, 159) proposed that some of the
pathological processes observed in B. pertussis sensi
tized mice could be accounted for by a malfunctioning 
of the adrenergic receptors controlling them, a 
biochemical assessment of the activity of the adenyl 
cyclase-cAMP system in these animals could aid in 
establishing the validity of their hypothesis.

A number of in vivo studies have served to 
support this concept of autonomic malfunction involving 
the beta adrenergic receptor (8, 38, 61, 159), and 
further, evaluation of the adenyl cyclase-cAMP system in 
the spleens of pertussis-vaccinated mice has been 
reported (115). However, due to the complexities of the 
adrenergic response in vivo, further definition of the 
pertussis phenomenon would appear to depend upon the 
ability to demonstrate the lesion in cellular components 
removed from the sensitized host. Only two of these 
in vitro studies have been carried out (114, 115) and 
their conclusion supported the above autonomic malfunction.

In the search for a suitable in vitro model, 
several lines of evidence would suggest examination of 
the blood platelet. Epinephrine and norepinephrine have 
been demonstrated to induce platelet aggregation
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(87, 109) and also to potentiate the aggregating action 
of ADP (85), collagen and thrombin (161). Further, it 
was demonstrated that alpha adrenergic blocking agents 
could reduce significantly these effects of the catechol
amines (28, 85, 161). CAMP involvement in platelet 
response was first noted in 1965 when it was reported 
(79) that this nucleotide was a weak inhibitor of plate
let aggregation. Subsequently, it was shown (138) that 
dibutyryl cAMP was a potent inhibitor of platelet 
clumping induced by ADP, collagen, thrombin, and 
epinephrine. The enzyme adenyl cyclase has been isolated 
from plateletihomogenates and was found to be stimulated 
by PGEg, NaF (26), and glucagon (169); but inhibited by 
thrombin, norephinephrine, epinephrine and serotonin 
(169). Also, platelet cyclic nucleotide phosphodies
terase was reported (1) to be stimulated by imidazole 
and nicotinic acid but inhibited by caffeine (81). From 
these reported effects of the above agents, Salzman 
(136, 138) proposed that cAMP is centrally involved with 
the whole aggregation process, in that, agents that 
produce or augment aggregation (e.g. epinephrine, nor
epinephrine, thrombin and serotonin) lower the level of 
platelet cAMP, while those that inhibit platelet 
clumping (e.g. caffeine and PGEg) increase the intra
cellular level of cyclic nucleotide.



In addition to the above implications, other 
evidence would tend to associate the platelets with 
adrenergic control mechanisms in the body. Studies have 
demonstrated that these blood elements contain high con
centrations of histamine and serotonin (16, 59) and 
further, that they are able to accumulate and release 
substances (e.g. serotonin, norepinephrine, and dopamine) 
which may function as neurohumoral transmitters in nerve 
cells (20). From these characteristics, therefore, 
platelets could be viewed as potential participants in 
hypersensitivity reactions, and further, because of their 
neuron-like character, could be altered in an adrener- 
gically imbalanced system like the one proposed for 
pertussis-sensitized mice.

With these comments in mind, the present inves
tigation represents attempts to determine the influence 
of Bordetella pertussis vaccination of mice on the res
ponse of their blood platelets in terms of aggregation 
and cAMP levels employing agents recognized to influence 
both events in other systems, and further, to assess the 
ability of such platelets to take up and release vaso
active amines. It was believed that such studies would 
shed further light on questions concerning receptor 
functioning on, and amine handling by, cellular components 
of B. pertussis vaccinated mice, and further, aid in

5





II. LITERATURE REVIEW

Review of the pertussis phenomena
The assault by a bacterial agent on a host 

organism, if successful, leads to invasion with sub
sequent multiplication. This intrusion if severe enough, 
culminates in the pathophysiology of infectious disease, 
a collection of abnormal processes which Burrows (24) 
maintains are "a consequence of the toxicity of pro
liferating microorganisms". This toxicity may result 
from either the physical destruction of tissue caused by 
the developing microbial colony and enhanced by the 
injured cells' suicidal release of inflammatory agents, 
or may originate directly or indirectly from the micro
organism itself. This second source is perhaps of most 
interest for it involves certain bacterial products 
and/or structural components which are actively or 
incidentally released and the consequent interplay of 
these often highly active substances with the physiolo
gical, pharmacological and immunological mechanisms of 
the besieged host organism.

Classically, since the early part of this century, 
bacterial products with such biological activity were 
categorized into two groups : the heat-labile exotoxins 
and the heat-stable endotoxins (11). Many distinctions 
were developed in support of this dualistic concept
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(130), the most notable being: (a) exotoxins were found
to be protein in nature while endotoxins were demon
strated to be phospholipid-polysaccharide-protein 
complexes; (b) exotoxins were considered mainly the 
products of gram-positive bacteria while endotoxins 
were exclusive to gram-negative species; (c) exotoxins 
could be actively released during the growth of the 
bacterium while the endotoxins, because they were 
considered a constituent of the cell wall, could only 
be released upon cell disruption; and (d) in terms of 
host-toxin interaction, the exotoxins were considered 
the more lethal, possessing a highly specific mode of 
toxicity, while the endotoxins appeared less toxic and 
less specific. However, as research progressed and new 
bacterial products were discovered, it was evident that 
this original dualistic classification would need 
revision. Newly isolated products were becoming more 
varied in terms of their biological properties, chemical 
structure and anatomical location on the bacterial 
cell and, therefore, "gray areas" began appearing among 
the "black and white" distinctions listed above.

Of the various bacteria under scrutiny in this 
regard, perhaps none is more representative than the 
small, encapsulated gram-negative coccobacillus, 
Bordetella pertussis. This organism, a member of the
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family Brucellaceae and the causative agent of whooping 
cough, has been shown to date to possess no fewer than 
9 biologically active fractions. These include heat- 
labile toxin (HLT) (95), agglutinogens (3), hemag
glutinin (82), endotoxin (71), late-appearing toxicity 
(LAT) (68), protective antigen (MPA) (134), histamine- 
sensitizing factor (HSF) (99), and lymphocytosis-
promoting factor (LPF) (91). Although these factors
have been provisionally isolated by various means from 
either the cells or culture supernatants of the bacteria, 
none has been purified to any great degree. This short
coming, whileinot negating the biological activities of 
these fractions, leads to confusion regarding their 
precise biochemical and biological relationships —  
which fraction results in which effect —  and, in fact, 
some workers (29, 60, 140) using a variety of physical 
and chemical procedures have been unable to even 
separate some fractions from others. It appears inevit
able, therefore, that assignment of discrete biological 
activity to a specific chemical entity must await, as in 
the past, the development and sophistication of more 
refined techniques for biochemical separation and 
purification of these bacterial products.

The mosaic of biological responses to B. 
pertussis cells, however, began to unfold with an early
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observation of Frohlich in 1897 (41). He reported an 
abnormal leukocytosis in the blood of children suffering 
from whooping cough. Ten years later Bordet and Gengou 
(13, 14) presented evidence for a bacterial role in the 
etiology of this dreaded childhood disease, when they 
isolated and partially characterized a bacillary-shaped 
organism from clinical specimens. This realization that 
whooping cough, which was reaching epidemic proportions 
during the first part of the 20th century (22), was 
caused by a bacterial agent prompted investigators to 
search for a whole-cell vaccine or purified fraction 
suitable for immunization (144).

Utilizing the techniques being popularized by 
the new science of immunology, the quest followed the 
course of animal injection of B . pertussis and its 
products, followed by the mixing of the resulting immune 
sera with all kinds of preparations (163). This scheme, 
although often erratic in results, led to an acceptable 
vaccine by the early 1940's. However, more germaine to 
the principle topic of this dissertation were the "spin
off" results and observations of this movement.

About the time an acceptable vaccine was being 
developed, several investigators noticed that during 
immunization with B. pertussis antigens, laboratory
animals acquired a sensitivity to these products. In
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1942, Eldering (35), while looking for a polysaccharide 
component comparable to the one isolated from pneumococci 
by Felton and Ottinger (37) which could paralyze the 
animals' immune response to subsequent immunizing doses 
of antigen, noted that her carbohydrate fraction isolated 
from B. pertussis made mice more susceptible to injec
tions of living B. pertussis. A few years later, Ospeck 
and Roberts (116) reported that attempts to immunize 
mice actively with a toxoid prepared from culture fil
trates were frustrated by consistent shock and death in 
these animals upon administration of a challenge dose 
of toxin; and ,in 1947 Parfentjev et al. (119, 120, 121) 
demonstrated that similar culture supernatants contained 
a heat stable "allergenic fraction" as well as a heat- 
labile toxic fraction and that mice and guinea pigs 
became sensitive to the allergenic fractions seven to 
ten days after their first exposure. Further, these 
investigators showed that animals injected with the 
allergenic factor became sensitive to a specific bio
chemical fraction of the B. pertussis cell, the so- 
called "denatured nucleoprotein" (NPD), and that anti
sera prepared in rabbits to this NPD could passively 
transfer sensitivity to guinea pigs and mice. These 
data taken together seemed to indicate, in the view of 
some authors (93), that B. pertussis injected animals
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either became highly sensitive to bacterial products or 
susceptible to anaphylaxis induced by B. pertussis 
antigens or both.

Subsequent to their work with NPD, in 1948 
Parfentjev and Goodline (118) made the interesting 
observation that mice inoculated with B. pertussis 
vaccine became senitive to histamine. They showed that 
mice sensitized with B . pertussis organisms and challenged 
five days later with histamine diphosphate were 25 times 
as sensitive to the amine as were controls. These 
results were soon confirmed (50) and extended to include 
among other effects the lethal action of serotonin, 
anaphylaxis and gram-negative bacterial vaccines (65,
94, 125).

The above observations concerning the pertussis- 
inoculated mouse led several investigators to pursue 
these animals' susceptibility to anaphylactic shock.
Kind (62) observed that passive anaphylaxis by intra
venous injection of rabbit anti-egg albumin and egg 
albumin in rapid succession was greatly facilitated in 
mice vaccinated six days earlier with B. pertussis as 
compared to normal controls. This enhancing effect was 
confirmed by others (97, 126) and extended to active 
anaphylaxis induction by Malkiel and Hargis (77).
Although it was thought for a time that these results
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could be explained on the basis of the concurrent 
sensitivity to histamine and serotonin (65, 93), evidence 
accumulated which tended to deny this. Initially,it was 
found that antihistamines (75) and antiserotonin drugs 
(162) did not protect against anaphylaxis in B. pertussis 
treated mice. Subsequently,it was demonstrated (100) 
that the temporal aspects of development and decay of 
histamine and serotonin sensitivity were different from 
those of either active or passive anaphylaxis. For 
example, histamine sensitivity began one to two days 
after pertussis injection and persisted up to a month or 
more, while passive anaphylaxis began a few days later 
(four to five days) but lasted only until the end of the 
first week post-vaccination. Active anaphylaxis, in 
contrast, did not begin until ten days post-sensitization 
but lasted up to several months. Therefore, it appeared 
quite clear that in the pertussis-sensitized mouse, the 
increased susceptibility to anaphylaxis was not the result 
of an increased sensitivity to these amines (93).

A logical alternative soon arose to explain at 
least the hyper-responsiveness to active anaphylaxis 
(64, 92). From a multitude of earlier observations (76, 
90, 164),it was generally recognized that sensitivity to 
this type of shock could readily be enhanced by admin
istering with the first injection of antigen a variety
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of agents, among them Freund's adjuvant. Since B. 
pertussis was recognized as a good adjuvant for stimu
lating antibody production to other antigens (64, 76), 
the correlation was apparentand, in fact, it was shown 
(92) that the results obtained on the sensitivity to 
active anaphylaxis in mice treated with complete Freund's 
adjuvant were as good as,or better than,those obtained 
with B. pertussis. Thus, at least in this case, the 
heightened response could be attributed to an increase 
in anaphylactic antibodies in general, a natural conse
quence of the adjuvant effect of the B. pertussis cells.

The mechanism by which B. pertussis increased 
sensitivity to histamine, serotonin, endotoxin and 
passively induced anaphylaxis, of course, could not be 
explained by these results, and therefore other models 
were vigorously sought. One of the earliest of these 
was that B. pertussis injection might somehow damage 
the animals' adrenal gland (39, 62, 65, 99). Several 
lines of evidence favored such an hypothesis. In terms 
of sensitivity to histamine, serotonin, cold stress, 
anaphylaxis and endotoxin shock, the adrenalectomized 
mouse behaves not unlike one injected with B . pertussis. 
Further, the decreased resistance to histamine of such 
animals either biologically or surgically altered, is 
partially alleviated by the administration of cortisone
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(63), and at least in the adrenalectomized animal, a 
combination of epinephrine and cortisone restores 
completely the resistance to histamine (49).

Indeed, although the similarities between 
B. pertussis-treated mice and adrenalectomized mice are 
striking, Gauthier et al. reported a strain of mice which 
became sensitive to histamine following pertussis 
injection but not after adrenalectomy (45). This report 
indicated that adrenal damage could not always account 
for the observed increase in sensitivity and indeed 
evidence mounted which favored no direct effects by 
B. pertussis on either the histological appearance of the 
gland (74) or on its functional capabilities (45, 98,
143). Although the results of a few investigators have 
appeared which are at variance with this concept (105, 
124), Munoz et al. (98) suggested that instead of
causing some type of gland disfunction, the pertussis 
action may occur at some site beyond the adrenals a 
speculation that will be elaborated upon shortly.

Several other hypotheses formulated to explain 
the mechanism of action of B. pertussis were advanced 
based on experimental observations. Among the most 
popular were those concerning increased histidine 
decarboxylase activity and reduced histaminase activity 
in pertussis-treated animals. Histidine decarboxylase
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is an enzyme responsible for the conversion of histidine 
to histamine. An increase in the amount of action of 
this enzyme, therefore, would increase the level of free 
histamine in tissues. This intrinsic increase would 
naturally make the animal more susceptible to exogenously 
administered histamine because of additive effects and 
would appear as an increased sensitivity to the amine. 
However, doubt was cast upon this mechanism when it was 
realized that besides histidine decarboxylase activity 
being increased in pertussis-treated animals it was also 
increased in endotoxin treated animals and also in 
animals with no apparent increase in histamine sensitivity 
(142, 143). Further, recently it has been demonstrated 
in this regard (160) , that histamine —sensitizing factor, 
free of endotoxin, does not increase this enzyme produc
tion in CFW mice while the purified endotoxin component
does.

The second mode of action by which B. pertussis 
could induce an apparent hypersensitivity to various 
agents and conditions involved its ability to reduce the 
activity of histaminase in the tissues of exposed 
mice (66, 83). This hypothesis, however, possessed 
several inconsistencies which led to its disfavor, 
namely: (a) it only accounted for increased sen
sitivity to histamine and not to other agents and
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conditions (serotonin, cold stress, anaphylaxis, etc.)
(99); and (b) it did not take into account the fact that 
the main mechanism for histamine detoxification in the 
mouse is methylation and not oxidation (141).

Pertussis induced hypersensitivity 
as an adrenergic imbalance

In 1962, Fishel et al (39) presented further 
evidence against this hypothesis of an altered detoxi
fying process in B. pertussis injected mice; more signi
ficant, however, was the fact that this paper also out
lined a new approach to the mechanism of pertussis- 
induced hypersensitivity to histamine and serotonin.
This model viewed the hypersensitivity as a "localized 
hyperreactivity of some cells to normally nontoxic con
centrations of these substances" —  the aforementioned 
"point beyond the adrenal gland" —  and since that time 
has developed into a theory concerning the constitutional 
abnormality in atopic disease (158) .

Initially, Fishel et al.(39) demonstrated, by 
analysis of the degradation pattern of labeled histamine 
and serotonin, essentially no difference in the elimina
tion of the amines between normal and pertussis-treated 
animals. Subsequently, therefore, they turned their 
attention to the effects of various neurohumora1 agents 
on the sensitivity to histamine and serotonin and noted
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several important results. Histamine and serotonin 
administered in increasing amounts to pertussis- 
treated mice desensitized these animals to the amines 
and, further, cross-desensitization to serotonin was 
complete in the case of histamine pretreatment while the 
reverse cross-protection (to histamine by serotonin) was 
incomplete. Also, it was noted that pretreatment with 
autonomic drugs such as acetylcholine, epinephrine, 
norepinephrine and isoproterenol restored increased 
resistance to serotonin in the pertussis-treated mouse 
and that another such substance, dibenzyline, an alpha- 
adrenergic blpcking agent, not only provided this pro
tection but also restored histamine resistance in a dose- 
dependent manner. Finally, in contrast to the above, 
dichloroisoproterenol, a beta-adrenergic blocking agent, 
not only increased significantly the sensitivity to both 
amines in the pertussis-treated animal but also had the 
same effect in normal mice. This drug, administered in 
low concentration to normals, increased their sensitivity 
to approximately the same extent as that following B. 
pertussis injection and further, this increased sensi
tivity displayed a similar bimodal dose response pattern 
to the one described (96) for pertussis-treated animals.

The above documented observations plus still 
further evidence presented by the authors (39) indicated
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to them that the hypersensitivity in the pertussis- 
injected animal to various agents was due to a localized 
hyperreactivity of certain cells in these animals. 
Further, the adrenergic, neurohumoral character of the 
agents involved suggested that the cells involved might 
be those homeostatically controlled by virtue of their 
autonomic receptors; and subject, therefore, to altered 
reactivity in the event a functional imbalance occurred 
among receptor types. From pharmacological considera
tions of the sympathetic division of the autonomic 
nervous system (67), with particular reference to the 
dualistic adrenergic receptor concept of Ahlquist (2) 
and the blocking effect of dibenzyline (106) and 
dichloroisoproterenol (89) on these two receptors, the 
authors advanced the hypothesis that the functional 
imbalance encountered in the pertussis-injected mouse 
was between the alpha and beta receptors of the adrener
gic effector system, specifically a malfunction of the 
beta receptor. Further, it was theorized that the B. 
pertussis organism itself released or, alternatively, 
stimulated the host to release a substance which could 
combine with the beta type receptor resulting in auto
nomic imbalance.

The credibility of this hypothesis was enhanced 
by these authors in two subsequent papers (38, 159).
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This work pursued the analysis of the mechanisms 
involved in the apparent failure of pertussis-sensitized 
mice to respond to histamine with hyperglycemia as 
observed in normal animals (122, 151). This mechanism 
was selected because it had been demonstrated (46, 48) 
that hyperglycemia (as well as other responses) was 
mediated through the action of catecholamines released 
endogenously by injected histamine and possibly sero
tonin. It was conceivable to these authors, therefore, 
that the absence of hyperglycemia in pertussis-sensitized 
mice following histamine challenge was due to the postu
lated adrenergic malfunction making such endogenously 
released catecholamines ineffective not only in terms of 
carbohydrate metabolism but also in terms of other 
catecholamine-mediated responses.

Initially, it was demonstrated (159) that sero
tonin in a concentration of 10 mg/kg produced hyper
glycemic effects in normal mice comparable to that pro
duced by histamine (5 mg/kg), epinephrine (0.62 mg/kg), 
and glucagon (20 mg/kg); and that, except in the case 
of epinephrine, this increase in blood glucose could be 
abolished by previous administration of ganglionic- 
blocking agents to the animals. Further, it was shown 
that while thyroidectomy and hypophysectomy had no effect 
on the blood glucose/liver glycogen response to
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epinephrine, histamine or serotonin, removal of the 
adrenal glands (the principal catecholamine store) 
abolished the increase in blood glucose due to these 
amines but allowed normal liver glycogenolysis. Also, 
additional treatment of the adrenalectomized animals 
with hydrocortisone completely restored the hyper
glycemic action of epinephrine but not that of histamine 
or serotonin. These results tended to confirm the view 
(46) that in the normal animal histamine and serotonin, 
do indeed, produce their glycemic effects through 
epinephrine release.

If this were the case in the normal mouse, then 
the absence of hyperglycemia in the pertussis-sensitized 
animal could result from either a failure of epinephrine 
release or epinephrine action. The second alternative 
seemed the most plausible based on evidence subsequently 
presented by the authors (159). They showed that the 
adrenal weights and catecholamine content were similar 
between normal and pertussis-sensitized mice and that 
this content increased upon epinephrine injection but 
decreased following histamine and serotonin injection. 
Also, it was noted that although these amines produced 
a significantly much greater depletion of the medullary 
catechol content in the pertussis-sensitized mice, the 
blood sugar rose less in these animals than in the
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normals; and, in fact, even direct injection of epine
phrine into the sensitized mice failed to increase the 
glucose content of the blood. Further, these investi
gators demonstrated (159) that this failure in epine
phrine responsiveness must be confined to a certain area 
of epinephrine action for although the hyperglycemic 
effect was lost in pertussis-sensitized and dichloroiso- 
proterenol treated animals, their hepatic glycogenolytic 
response to epinephrine was not only retained but was 
actually exaggerated.

From these experiments certain differences 
emerged between normal and pertussis—sensitized mice 
regarding their respective glycemic responses to various 
agents. In contrast to the normal, the pertussis- 
sensitized animal in response to histamine and sero
tonin injection released a significantly greater amount 
of catecholamine from the adrenals and also glucose from 
the liver which should have had a hyperglycemic effect 
but which, in fact, led to hypoglycemia (159). The 
failure of responsiveness to epinephrine could have been 
attributed to an inverse glycemic action by appropriate 
receptors to these excessive amounts of the catecholamine 
released endogenously (38, 40, 159); but Fishel and 
Szentivanyi (38) showed this to be unlikely by demon
strating that in the B . pertussis-sensitized mouse
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small as well as larger doses of epinephrine were 
equally ineffective in producing hyperglycemia.

Thus, the mounting evidence indicated that in 
the B. pertussis-sensitized mouse the normal hypergly
cemic response to epinephrine (released endogenously) 
did not occur and, in fact, even in the presence of 
continued and adequate release of glucose from hepatic 
stores this expected increase in blood glucose failed to 
take place. The authors concluded from this and sub
sequent work (38) that this fact could only be explained 
by an increase in the peripheral utilization of glucose. 
This mechanism is maintained by the momentary balance of 
the antagonistic actions of catecholamines and insulin 
and therefore an increase in uptake could be explained 
by a failure of the inhibiting action of epinephrine, 
or a hyperinsulinism. Their findings in the alloxan- 
treated pertussis-sensitized mice and corroborating 
results on the glucose tolerance pattern of normal 
mice treated with alpha and beta adrenergic blocking 
drugs favored a failure of the inhibiting activity of 
epinephrine; more specifically, a malfunction of the 
beta-adrenergic receptor.
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Relationship between adrenergic effector 
systems, adenyl cyclase and cAMP

It appears evident from the above discussion 
that B. pertussis injection into certain strains of mice 
results in: (a) a variety of biological responses unlike
those seen in non-sensitized animalsand (b) a corres
ponding imbalance between alpha and beta adrenergic 
receptors. As discussed briefly before, the divergent 
biological effects could be accounted for by a disruption 
in a basic homeostatic control mechanism and in fact the 
nature of the receptor imbalance (alpha and beta) impli
cates a defect in one such mechanism. This is the auto
nomic effector system of which the following general 
description will serve as an aid to subsequent discus
sion .

The peripheral nervous system of the mammalian 
organism is composed of (a) the autonomic or involuntary 
branch and (b) the somatic or voluntary branch. Motor 
nerves of the autonomic system supply the heart, blood 
vessels, glands, viscera and smooth muscles, while those 
of the somatic system innervate only skeletal muscle. 
Because of the large variety of structures innervated 
by the autonomic system it is involved in the regulation 
of respiration, metabolism, circulation, etc., and 
therefore emerges as a primary integrating principle
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vital to the well-being of the whole organism (67). The 
autonomic system is divided into two divisions: (a) the
sympathetic; and (b) the parasympathetic, which are 
quite distinct in many of their anatomical and physio
logical characteristics. Motor nerves of both divisions 
emerge from the CNS and traverse often relatively great 
distances before terminating in ganglia outside the 
cerebrospinal axis. Impulses originating along these 
preganglionic fibers are transmitted across a short gap 
or synapse and continue on to the effector organ via 
the postganglionic fibers and neuroeffector junctions.

It is now generally recognized that nerve 
impulses are transmitted across most synapses and neuro
effector junctions by specific chemical substances 
termed neurohumoral transmitters (36). Those nerve 
fibers termed cholinergic rely on acetylcholine as their 
neurohumoral transmitter and include all preganglionic 
autonomic fibers, all postganglionic parasympathetic 
fibers, and a few postganglionic sympathetic fibers. 
Similarly, fibers termed adrenergic require an adrenaline
like substance (noradrenaline) as transmitter and include 
the majority of postganglionic sympathetic fibers. These 
substances are released from the axonal terminals by the 
incoming nerve impulse and diffuse across the synaptic 
or junctional cleft and combine with receptors on the
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postjunctional membrane. In the case of synaptic clefts, 
these receptors would be located on the proximal end of 
the postganglionic fibers, while in the case of the 
neuroeffector junction they would reside on the mem
branes of the effector cells.

This latter group of receptors, specifically 
those of the adrenergic effector system, are recognized 
in a variety of organs and species. Originally they 
were believed to be of only one type or structure 
responsive only to adrenaline (a catecholamine). How
ever, this concept fell short of adequately explaining 
the diverse aptions (excitation versus inhibition) of 
adrenaline, and controversy continued until another 
catecholamine, noradrenaline, was isolated and identified 
as the sympathetic neuroeffector transmitter (133).

The concept that adrenergic receptors were of 
two types received firm support from studies (2) which 
demonstrated that adrenergic responses in a variety of 
species could be classified into two relatively distinct 
groups on the basis of the order of potency of various 
catecholamines and related compounds capable of producing 
these responses. The naturally occurring catecholamines 
adrenaline (epinephrine) and noradrenaline (norepine
phrine) were found to be more potent than the synthetic 
catecholamine isoproterenol in stimulating receptors of
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one group while the reverse order of potency was noted 
for those receptors comprising the second group. The 
epinephrine-norepinephrine sensitive structures were 
termed alpha receptors and the isoporterenol sensitive 
structures were termed beta receptors. This method of 
classifying adrenergic receptors on the basis of the 
order of potency of various agonists subsequently 
received support from studies with adrenergic antagon
ists. From these studies it was recognized that imida
zole derivatives such as phentolamine, and -haloalkyl- 
amine derivatives such as phenoxybenzamine could prevent 
the responses| to epinephrine and norepinephrine (alpha 
blockade) while structural analogues of isoproterenol 
such as aichloroisoproterenol could prevent the responses 
normally induced by this catecholamine (beta blockade)
(8 8). Although this dualistic classification suffers 
from some inconsistencies and difficulties it persists 
as a general indicator of the responses produced by 
catecholamines in combination with adrenergic receptors.

As for the structure of the receptors themselves, 
it now seems apparent that one of these (the beta 
receptor) can be identified with the enzyme adenyl 
cyclase (154) . The implication that this enzyme, which 
in the presence of magnesium ion can convert ATP to 
cyclic AMP (cAMP) and pyrophosphate, is closely related



to beta adrenergic receptors stemmed from the early 
studies of the epinephrine effect on glycogenolysis in 
liver (52, 133). Hormone-induced breakdown of glucose 
was essentially found to be mediated by the cAMP- 
dependent activation of phosphorylase. Also, it was 
demonstrated that the link between epinephrine and the 
intracellular concentrations of cAMP was found to be 
associated with the cell membranes of the liver cells. 
Subsequently, it became evident (128) that cell-membrane 
associated adenyl cyclase was present in a large variety 
of tissues and species and further that many other 
hormones besidps the catecholamines could induce it to 
form cAMP from ATP. From these and many subsequent 
developments (153) the adenyl cyclase-cAMP system 
emerged as a bridge between hormone stimulation and 
effector cell function, with adenyl cyclase serving as 
the receptor of hormone stimulation and cAMP serving as 
the intracellular chemical mediator of that stimulation.

From considerations similar to those just 
presented concerning the mechanisms of hormonal control 
in general and adrenergic control in particular, 
Szentivanyi reasoned (38, 157, 158) that the apparent 
malfunction of the beta receptor in mice injected with 
B. pertussis vaccine could be caused by a component of

28

the vaccine or by a substance released by the host in
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response to the vaccine. Furthermore, if such an event 
occurred in other adrenergic effector systems, widespread 
failure of neuronal adjustments within these systems 
would develop due to the now unopposed alpha receptor 
actions, leading to many of the pathological processes 
observed in B. pertussis-sensitized animals. The test 
of the validity of such a proposed disturbance would 
seem to require the assessment of the pharmacological 
and biochemical capabilities of the adrenergic effector 
systems in these B. pertussis-treated animals. This 
could be accomplished by measuring the activity of the 
adenyl cyclas^-cAMP system in response to various 
stimulators. If the proposed beta malfunction was 
indeed present, cells from B. pertussis-treated mice 
should respond with a reduced concentration of cAMP when 
compared to those from non-treated animals. An alter
native scheme involving excessive alpha receptor stimu
lation could also account for such an observed reduction 
in cAMP concentration (7, 132, 133).

Platelet aggregation and adrenergic mechanisms
Although the activity of the adenyl cyclase- 

cAMP system has been assessed during the past decade in 
a variety of tissues and species, with but few excep
tions (113, 114, 115) has such an analysis been carried
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out in tissues of B. pertussis-treated animals. On the 
other hand, the role played by nucleotides in general and 
cAMP in particular in the events involved in platelet 
aggregation has been more extensively studied and is 
included in many recent reviews (78, 84, 103, 137). 
Gaarder (43) first implicated the adenine nucleotides 
in platelet aggregation by identifying Hellem's (53) 
dialyzable aggregating factor from red cells as ADP.
This finding, reported in 1961, initiated many studies 
which have today developed a place of central importance 
for this nucleotide in the events involved in the 
platelet contribution to hemostatic plug formation.

In vivo the mechanisms of hemostasis and throm
bosis require for activation initial platelet adhesion 
to a surface. In the traumatized vessel this surface 
is provided by exposed subendothelial collagen or 
coHagen-like material (56). Among the many subsequent 
events initiated by this union, one of primary importance 
is the so-called "release reaction" (47). This selec
tive secretory process involves the active extrusion of 
cytoplasmic granules into the surrounding plasma with
out disrupting the integrity of the platelet membrane.
The intracellular contents, both granular and non- 
granular associated, which are secreted during the 
"release reaction" are adenine nucleotides, serotonin,
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histamine, epinephrine, calcium, potassium, certain 
enzymes, and platelet Factors III and IV (103). Many of 
these substances are capable of producing platelet 
aggregation in vitro by themselves (see below), while 
others such as platelet Factor IV (the "cationic" anti
heparin factor) and platelet Factor III (the initiator 
of thrombin formation) contribute to the building of 
hemostasis by fibrin formation. The significance of 
these events are of obvious importance for they establish 
a self-perpetuating hemostasis subsequent to the 
"release reaction".

In vitro it has been established that many 
stimuli besides surface contact are able to induce 
platelet aggregation and "release reaction". Some of the 
most extensively studied from this list include adenine 
nucleotides, epinephrine, norepinephrine, serotonin, 
collagen, and thrombin (103). It is now generally 
believed (78, 84, 103, 137) that, except for ADP and 
possibly the catecholamines, these agents as well as 
others induce platelet aggregation by an indirect 
mechanism. This mechanism involves initial induction 
of the "release reaction" by these agents, and implicates 
the extruded ADP as the active factor which produces 
platelet transformations necessary for aggregation.
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The possible role played by the adenyl cyclase- 
cAMP system in platelet function began to emerge from 
the observations that many of the agents capable of 
affecting platelets in one way or another also affected 
other tissues by virtue of their ability to alter the 
levels of cAMP (138). Marcus and Zucker first reported 
in 1965 (79) that cAMP inhibits platelet aggregation in 
vitro. Subsequently, it was shown (26, 138, 167, 169) 
that platelet adenyl cyclase activity was responsive 
to glucagon, prostaglandin E ̂ (PGE-j_) , and NaF but 
unresponsive or actually depressed by thrombin, collagen, 
epinephrine, porepinephrine and serotonin. Also, 
phosphodiesterase (the enzyme responsible for the con
version of cAMP to 5' AMP) activity was demonstrated in 
platelet homogenates, and imidazole was found to stim
ulate (1 ) while caffeine (81) inhibited its function.
The dibutyryl derivatives of cAMP, postulated (54, 127) 
to be more active in culture than the parent compound 
by virtue of their reduced destruction by phosphodiester
ase or their greater membrane penetrating ability, were 
shown (138) to inhibit both the release of serotonin 
and platelet aggregation induced by ADP, epinephrine, 
collagen and thrombin. PGE1, as mentioned above, can 
stimulate adenyl cyclase in platelet homogenates.
Robison et al. (131) further demonstrated that this agent
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in intact platelets increased the level of cAMP in a 
dose dependent manner and subsequently Cole (30) 
observed that theophylline (a phosphodiesterase inhibitor) 
acted synergistically in this regard and that either 
agent inhibited platelet aggregation.

Epinephrine and norephinephrine at low concen
trations have been shown to cause platelet aggregation 
in human citrated platelet-rich plasma (PRP) (87, 109). 
Further, epinephrine appeared to give a two-phased 
response similar to that produced by ADP (72, 109). 
Evidence exists that this catecholamine effect on plate
let function ds mediated by released ADP remaining in 
the platelet atmosphere (51). In addition, catechol
amines have been demonstrated to potentiate the action 
of ADP. Platelets unable to aggregate in the presence 
of a minimal concentration of ADP did so upon addition 
of epinephrine or norepinephrine (4, 85). Isoproterenol 
was reported to have a similar effect (4) but this could 
not be substantiated (85). Subsequently, it was demon
strated that epinephrine was more potent than nor
epinephrine in inducing platelet aggregation (28) and 
that the effects of both catecholamines could be 
inhibited by the alpha adrenergic blocking agents 
phentolamine, phenoxybenzamine and Dibenamine. This 
report also demonstrated that beta blocking agents
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(pronethalol and propranolol) also produced inhibition 
but only at relatively high concentrations.

Thus, as can be seen from the above, evidence 
exists in support of the concept that agents capable of 
affecting platelet cAMP in a positive way inhibit 
aggregation, while those affecting a decrease in cAMP 
enhance the aggregation of these blood elements.



III. MATERIALS AND METHODS

Animals
Female CFW mice, weighing 18-20 grams, obtained 

from a single commercial supplier (Carworth, Inc., New 
City, N.Y.), were used throughout the course of these 
studies. They were housed in groups of 20 animals per 
single metal cage (26cm x 27cm x 16cm) and maintained on 
Purina Laboratory Chow and water ad libitum. The animals 
were sacrificed or injected with vaccine no sooner than 
two days nor later than ten days after arrival at this 
laboratory. Pertussis vaccine (Fluid, Lot 4TW00) was 
kindly supplied by Eli Lilly and Co. Sensitization of 
the mice was obtained on the fifth day following an 
intraperitoneal injection with 0.5 ml of this vaccine 
diluted 1:1 with normal saline. Approximately 2200 
animals were used throughout the course of this study.

Preparation of platelet-rich plasma (PRP)
Individual members of groups of 25 to 70 mice 

were anesthetized with ether, whereupon, an immediate 
incision was made in the pectoral region of the animal 
exposing the subclavian artery. This vessel was severed 
and the escaping blood, which pooled in the pocket formed 
by the internal aspect of the skin and the external 
surface of the intact thorax, was easily withdrawn by
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means of a siliconized Pasteur pipette (Siliclad, Clay- 
Adams, Inc., Parsippany, N.J.) and transferred to 17 x 
100 mm polystyrene culture tubes (Cat. No. 2001, Falcon 
Plastic) containing 0.019 g of trisodium citrate dihy
drate, an amount sufficient to produce a 0.38 percent 
(w/v) solution when combined with 5.0 ml of the freshly 
drawn blood. Platelet-rich plasma (PRP) was prepared by 
centrifugation at 200-250 x g for 14 min at room tempera
ture. Platelet-poor plasma (PPP) was prepared by further 
centrifugation of the remaining sediments at 820 x g for 
15 min at 4°C. Platelet counts were performed with the 
Coulter Thrombocounter (Coulter Electronics, Inc.,
Hialeah, Fla. 33010) and platelet concentration was 
standardized when possible using PPP as diluent so as to 
maintain a count of 4.0 - 6.0 x 105 platelets/mm3 for non
pertussis sensitized animals and 6 . 0 - 8 . 0 x 1 0“* plate
lets/mm3 for the pertussis-sensitized ones. Periodic 
white blood cell counts were performed on the PRP and 
consistently 5 x 1 0 4 of these cell types or less were 
noted.

Drugs and solutions
General.— Deionized water with a rating of 13 - 

15 x 1 0 6 ohms resistance was employed for all solutions. 
Concentrations of all drugs used are expressed in terms
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of pg(1 x 10~ 6 g)/ml of PRP or in final molar (M) con
centration. Aminophylline /J(Theophylline) 2 * ethylene 
diamineJ7 crystalline, Sigma, St. Louis, was made up 
bimonthly by adding 456.4 mg of the drug to 100.0 ml of 
normal saline (10.0 x 10- 3 M) and stored at 4°C. All 
other drug solutions were prepared fresh on the day of 
use and kept refrigerated until needed. The 0.05 ml 
drug additions were made with a 1 . 0 ml polystyrene sero
logical pipet graduated in 0.01 ml (Cat. No. 7 506, Falcon 
Plastics) while the 0.01 ml additions were made with 
Lang Levy pipets of that volume.

Acetylcholine.— The acetylcholine used in these 
studies was the chloride form, of 99 percent purity, 
obtained from Sigma Chemical Co. Solutions, corrected 
for 100 percent purity, containing 0.918, 0.0918, 0.00918, 
0.000918, 0.0000918 mg/ml were prepared in 6.2 x 10""2 M 
Tris buffer (pH 7.22 at 37°C). These concentrations, 
when added to the PRP (1:50 dilution), resulted in the 
respective concentrations of 18.36, 1.836, 0.1836, 0.01836, 
0.001836 jug/ml or 1 x 1 0“ ,̂ 1 x 1 0-8, 1 x 10 8 , 1 x 1 0 ,̂
1 x 10~ 8 M.

ADP.— Adenosine 5'-diphosphate, disodium salt, 
dihydrate was obtained from Sigma Chemical Co. Solu
tions containing 0.2, 0.1, 0.05, 0.02, 0.01 mg/ml were
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prepared in 6.2 x 10“ 2 M Tris buffer (pH 7.22 at 37°C). 
These concentrations when added to the PRP (1:50 dilu 
tion) resulted in the respective concentrations of 4.0, 
2.0, 1.0, 0.4, 0.2 )jg/ml or 7.88 x 10-6, 3.94 x 10 °,
1.97 x 10-6, 7.88 x 10"7, 3.94 x 10“ 7 M.

Catecholamines.--The three catecholamines used 
in these studies were 1-epinephrine bitartrate, 1- 
norepinephrine bitartrate monohydrate and 1-isoproternol- 
d-bitartrate all supplied by Sigma Chemical Co. In 
accordance with the technique described elsewhere (42), 
these agents were prepared in 0.9 percent sodium 
chloride solution containing 1 x 10 2 M hydrochloric 
acid in the following respective amounts: epinephrine 
1.67, 0.167, 0.0167, 0.00167, 0.000167 mg/ml; norepi
nephrine 1.69, 0.169, 0.0169, 0.00169, 0.000169 mg/ml; 
and isoproterenol 1.81, 0.181, 0.0181, 0.00181, 0.000181
mg/ml. These different concentrations when added to 
the PRP (1:50 dilution) resulted in the respective 
concentrations of 1 x 1 0"4, 1 x 10 5, 1 x 10 6, 1 x 10

1 x 10- 8 M for each catecholamine. In terms of absolute 
concentration of the catechol in the PRP, this represen
ted an approximate range of from 34 - 0.0034 pg/ml.

Histamine.— Histamine diphosphate was obtained 
from Nutritional Biochemicals Corp., Cleveland, Ohio.
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Solutions containing 1.0, 2.0, 4.0 mg/ml were prepared 
in 6.2 x 10- 2 M Tris buffer (pH 7.22 at 37°C). These 
concentrations, when added to the PRP (1:50 dilution), 
resulted in the respective concentrations of 20.0, 40.0, 
and 80.0 pg/ml or 6.52 x 10 ^, 1.30 x 10 4, 2.6 x 10 4 

M.

Serotonin.— Five-hydroxytryptamine creatinine
sulfate monohydrate was purchased also from Nutritional

-2Biochemicals Corp. It was prepared in 6.2 x 10 M 
Tris buffer (pH 7.22 at 37°C) in the amounts of 0.05,
0.10, 0.50, 1.0, 2.0, 4.0 mg/ml. These concentrations, 
when added to the PRP (1:50 dilution), resulted in the 
respective concentrations of 1 .0 , 2 .0 , 1 0 .0 , 2 0.0 ,
40.0, 80.0 jug/ml or 2.46 x 10 ^, 4.94 x 10  ̂, 2.46 x 10 ^, 
4.94 x 10-5, 9.86 x 10“5, 1.97 x 10- 4 M.

Prostaglandins.--Prostaglandin PGE^ was kindly 
provided by Dr. John E . Pike of The Upjohn Company and 
prepared according to the method previously described 
(131). Stock solutions were prepared (0.2 mg/ml) by 
dissolving the prostaglandin in 95 percent ethanol and 
storing up to a week at -20°C. These were then diluted 
1:25 or more with an aqueous solution containing 0 . 1  

mg/ml K2CC>3 and 0.063 mg/ml bovine serum albumin. These 
amounts,when added to the PRP (1:50 dilution), resulted
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in concentrations of 0.160 and 0.0160 pg/xnl.

Uptake of labeled histamine and serotonin by platelets
The following radiochemical compounds were pur-

3chased from the suppliers indicated: histamine - H 
(G) dihydrochloride (7.2 me/mmole), New England Nuclear; 
and 5-hydroxytryptamine creatinine-l-14C (45 mc/mmole), 
Schwarz/Mann. Because the concentration of histamine 
(1.39 x 10- 4 M) and serotonin (2.22 x 10 ® M) was low in 
these commercial preparations, specified amounts of 
specific unlabeled material was added to each to inhibit 
the 100 percent uptake which might occur with the more 
dilute commercial solutions. The resulting molar 
concentrations of the histamine and serotonin solutions 
were 2.89 x 10- 4 M and 1.2 x 10- 4 M, respectively.
These supplemented isotope-containing solutions were 
added in the ratio of 0.01 ml to 0.5 ml PRP (approxi
mately 2.78 x 106 dpm/sample for histamine and 5.55 x 
1 0 5 dpm/sample for serotonin), and incubated for speci
fied times at 37°C with moderate agitation in a Gyrotory 
Shaker (New Brunswick Scientific Company). At the end 
of the incubation period, the aliquots were transferred 
to an ice bath and subsequently centrifuged at 2500 x g 
for 20 min at 4°C. A 0.1 and 0.2 ml (histamine and 
serotonin treated, respectively) amount of the supernatant
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was added to 15 ml Universal L.S.C. Cocktail (Aquasol,
New England Nuclear) and analyzed on a Packard liquid 
scintillation spectrometer, Model 3380, equipped with 
an absolute activity analyzer which automatically con
verted all data to dpm. The cell sediments underwent 
further preparation. They were washed once with 2.0 ml 
of cold normal saline, resuspended in 2.0 ml of distilled 
water, and frozen and thawed twice. From this prepara
tion, 0.5 ml amounts were similarly counted on the 
Packard spectrometer.

Platelet aggregation and disaggregation
The aggregation and disaggregation of mouse 

platelets in plasma was measured turbidometrically in a 
Chrono-Log Aggregometer (Chrono-Log Corp., Broomal, Pa. 
19008) with the aid of a Bausch and Bomb VOM 5 self
balancing potentiometric recorder. The aggregometer 
accepted one sample cell at a time containing 0.5 ml of 
either PRP or PPP, and stirred this volume at approxi
mately 1200 rpm at a constant temperature of 37°C. Light 
from a tungsten source was allowed to pass through the 
sample, and the variations in its transmittance, as 
displayed on the recorder, were dependent on variations 
in the degree of clumping of the platelets and, hence, 
the extent of either aggregation or disaggregation.



42

Calibration of the aggregometer was required at 
the start of each experiment. This was accomplished by 
setting a base line of 1 U on the recorder (full scale 
setting of 10 m V) with an aliquot of PRP in the cuvette, 
and setting a maximum reading line of 8 U with an aliquot 
of PPP. Consequently, when aggregation ensued, more and 
more light was allowed to contact the photo conductive 
cell, causing a positive deflection of the recorder pen 
from the base line toward the maximum reading line (up 
the page).

The temporal aspects of the various test 
additions made to the PRP in incubation were as follows: 
the PRP containing cuvette was placed in the aggrego
meter and allowed to equilibrate for 1 . 0 - 2 . 0 min, at 
which time a 0 . 0 1 ml amount of either the test agent or 
its diluent was added. This was followed 2.0 min later 
by ADP, and aggregation, if it occurred, reached its 
maximum approximately 1.0 min later. Observations of 
the reaction continued for the next 2 .0-4. 0 min by which 
time the disaggregation phase was about half complete 
and the reaction was therefore terminated. In some 
experiments, the ability of the platelets to reaggregate 
at this time was tested, but these trials were few and
will be noted later.
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The degree of aggregation and disaggregation was 
expressed in terms of the rate of reaction (mm/min) in 
accordance with the method described by Baumgartner and 
Born (5). The rate was measured as the tangent to the 
steepest slope in the light transmittance tracings 
(Fig. 1). It has been shown (17) for ADP induced 
aggregation in a system where all other conditions are 
kept constant, that the rate of increase in light 
transmittance during the first half minute is proportional 
to the log of the ADP concentration.

Incubations for cAMP analysis
The PRP was incubated at 37°C, with agitation, 

in contact with various agents so as to study their effect 
on the cAMP levels of the PRP preparation. A 2.5 ml 
amount of PRP was pipetted into a 50.0 ml polycarbonate 
(Nalgene) centrifuge tube secured in a Gyrotory shaker 
holding at a temperature of 37°C. Agitation was started 
at a setting of 7 (full scale of 15) and the sample was 
allowed to incubate for 3 min. At the end of this period, 
agitation was increased to a setting of 13 and at 4 m m  
0.05 ml of the test agent or its diluent was added. 
Incubation was continued and at 6 min 0.05 ml of ADP 
or its diluent was added. At 7 min the tube was trans

bath where immediately 1.5 ml of 0.4 Nferred to an ice
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hydrochloric acid was added — an amount sufficient to 
lower the pH of the PRP to 1.0 or less. The tubes were 
finally transferred to -80°C freezer where they were 
stored until processing.

Reagents and enzymes used in cAMP determination
Reagents —  including substrates and cofactors.

As before, deionized water of extremely high resistance 
was used in the preparation of all solutions. Dowex, 
analytical grade cation exchange resin, AG50W-X8, 100- 
200 mesh, hydrogen form was purchased from Bio-Rad 
Laboratories. Prior to use, one pound of tnis resin was 
washed in a column approximately 4 x 450cm in dimension.
This was accomplished by passing successively through 
the resin packed column 2.5 liters of 0.5 M sodium 
hydroxide, 2.5 liters deionized water, 4.0 liters of 2.0 
M hydrochloric acid, 3.5 liters of deionized water, 1.0 
liter of 0.1 M hydrochloric acid, and 2.0 liters of 
0.05 M hydrochloric acid. A slurry of the resin was 
stored at 4°C in 0.05 M hydrochloric acid until use.
In addition, the following were purchased from Sigma 
Chemical Co., St. Louis: adenosine-5'-monophosphoric 
acid, sodium salt, type III (AMP); adenosine-3',5'- 
cyclic-monophosphoric acid, crystalline (cyclic AMP); 
adenosine-5 '-triphosphoric acid, disodium salt, crystalline
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(ATP); Dowex, analytical grade anion exchange resin,
2X8, 200-400 mesh, chloride form; glucose-1-phosphoric 
acid, dipotassium salt, crystalline; glycogen, type III, 
shell fish; and Hepes buffer. Finally, adenosine-3':
5 '-cyclic-monophosphoric acid /”8-^H Z7 > 14.2 c/mmole, 
was obtained from Schwarz Bio Research.

Enzymes.— Two different enzyme preparations were 
required for the cAMP quantitation procedure (see below). 
These were an inactivated dog liver phosphorylase (iLP) 
and a crude dog liver kinase preparation. These were 
prepared by Dr. Richard A. Ortez, with some modification, 
according to the methods previously described (129, 168) 
and supplied frozen in 1 - 2 ml amounts which were ali- 
quoted for use and refrozen at -80°C until needed.

Sample preparation for cAMP quantitation
Subsequent to incubation and then storage at 

-80°C, the samples were frozen and thawed three times. 
This method of cell disruption initiated the processing 
required for cAMP quantitation and was always performed 
within the week following incubation. The procedures 
outlined below are like those previously described (27, 
155) with some modification.

The acidified and fragmented PRP samples (4.0 
ml volume), still in the 50.0 ml polycarbonate centrifuge
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tubes, were diluted up to 20.0 ml with 16.0 ml of 0.1 M 
hydrochloric acid containing 17.5 picomoles (pmoles) 
of adenosine-3 1 : 5 ' -cyclic-monophosphor ic acid ¿Z 8-3Hj7
(approximately 5.55 x 10^ dpm). Each diluted sample 
was thoroughly mixed and a 1 . 0 ml amount was withdrawn 
and stored frozen for Lowry protein analysis (see below). 
The remaining 19.0 ml was placed in boiling water for 
7 . 0 min and cooled rapidly for subseguent centrifuga 
tion and fractionation by ion exchange chromatography.

Dowex 50, cation exchange resin (previously 
described) was loaded into the columns (7 x 150 mm) from 
the stock slupry and allowed to equilibrate with 0.05 M 
hydrochloric acid. During this time, the sample was 
centrifuged at 31,000 x g for 30 min and the resulting 
supernatant (approximately 19 ml) was applied to the 
column. Elution was accomplished with 0.1 M hydrochloric 
acid and was greatest for cAMP in the 25-45 ml fraction. 
This fraction of the eluate was collected, lyophylized 
and redissolved in 1.0 ml of 0.01 M Hepes buffer (pH 
7 .4) a 0 . 1 ml amount of this was taken for counting 
on a Nuclear-Chicago Mark II liquid scintillation 
spectrometer and the resultant analysis was used to 
calculate percent recoveries. The remainder of the 
processed sample was stored at -80°C until cAMP quanti
tation could be performed.
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cAMP quantitation

The cAMP content of the sample preparations was 
measured by means of the liver phosphorylase activation 
technique of Sutherland and co-workers (27, 152, 156). 
This method essentially takes advantage of the fact that 
cAMP is a positive modulator of the reaction— inactive 
phosphorylase kinase active phosphorylase kinase;
and further, that the active kinase is a regulatory 
enzyme controlling the formation of phosphorylase a 
(active) from phosphorylase b (inactive). Consequently, 
the presence of cAMP in the reaction mixture leads to 
the formation pf phosphorylase a (active) which in turn, 
in the presence of a high (relative to intracellular 
concentrations) glucose-1-phosphoric acid concentration, 
favors the formation of glycogen from this hexose 
phosphate rather than the reverse. The amount of 
glycogen produced, therefore, is an indication of the 
extent of enzyme activation by cAMP.

The concentration of cAMP in the unknown samples 
was determined by means of a standard curve which had 
to be run with each group of samples. This curve 
consisted of the percent transmittance of the final 
reaction mixture (see below) plotted against standard 
cAMP concentrations (1 - 9 x 10~8 m ). The unknown 
samples invariably had to be diluted to fall within
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the range of the concentration limits of the standard 
curve.

The actual procedure begins with the addition 
of 0.01 ml of a reagent (pH 7.4) containing Hepes 
buffer (17.87 mg/ml), MgS04 (anhydrous, 1.81 mg/ml),
EDTA (disodium, dihydrate, 0.223 mg/ml), caffeine (mono
hydrate, 1.06 mg/ml), and ATP (disodium, trihydrate,
7.26 mg/ml) to 6 x 50 mm culture tubes in a crushed-ice 
bath. Next, 0.01 ml amounts of either standard or 
unknown quantities of cAMP dissolved in 0.01 M Hepes 
buffer (pH 7.4) are added to these tubes. Subsequently, 
0.01 ml of an enzyme solution consisting of 0.05 ml of 
shellfish glycogen (100.0 mg/ml), 0.05 ml of inactive 
phosphorylase and 0.1 ml of kinase, and 0.45 ml of 0.01 
M Hepes buffer (pH 7.4) was added successively at 20 
sec intervals to each tube and returned to the crushed- 
ice bath. After remaining in the crushed-ice bath for 
exactly 20 min, each tube was transferred successively 
at 20 sec intervals to a 25°C water bath where each 
remained again for a period of exactly 20 min. At the 
end of this incubation time, each tube successively 
received at 20 sec intervals 0.1 ml of a solution (pH 
6.1) containing shellfish glycogen (4.5 mg/ml), NaF 
(4.8 mg/ml), glucose-1-phosphoric acid (Sigma Chemical 
No. G-6875, 17.12 mg/ml), and adenosine-5'-monophosphoric
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acid (Sigma Chemical No. A-1877, 0.837 mg/ml) and was

exactly 30 min, the reaction was terminated successively 
in each tube by dilution of a 0.05 ml fraction of each 
reaction mixture at 20 sec intervals with 3.5 ml of a 
solution (approximate pH 2.6) containing I2 (0.114 mg/ 
ml), HI (0.228 mg/ml) and HC1 to a concentration of 
2.85 x 10~ 3 M. The percent transmittance of these 
mixtures was read in approximately one-half hour at 
520 nm with deionized water as the reference.

Protein determination
The quantity of protein in PRP samples was 

determined by the method of Lowry et al. (70). Duplicate
unknown samples, suitably diluted to closely coincide 
with one point (150 mg/ml) from a standard protein curve, 
were routinely done.

Statistics
Standard errors were calculated for all mean 

data by using the following formulae (166) :

transferred to a 37°C water bath. At the end of

n
n- 1



50

The significance of certain mean data was deter
mined by the "Student t test" according to the following 
formula (166):

t = * -.g s_
X

When "t" indicated that the "P" value was less 
than 0.05, differences in means were considered to be 
statistically significant.



IV. RESULTS

Aggregation response to ADP
Aggregation/disaggregation velocities of PRP from 

sensitized and non-sensitized mice in response to 
increasing doses of ADP at 37°C.— PRP was isolated from 
the blood of sensitized and non-sensitized mice and 
aggregation/disaggregation velocities were determined on 
the Chrono-Log Aggregometer as described in Materials 
and Methods. The amounts of ADP added ranged from 0.2 
pg/ml (3.94 x IO- 7 M) to 4.0 jag/ml (7.88 x IO- 6 M) .

Figure 2 demonstrates that for platelets from 
non-sensitized mice the effective dose range for aggre
gation in response to ADP is between 0.4 ptg/ml and 2.0 
pg/ml. A similar range of effectiveness was obtained 
with platelets from sensitized mice. Also, as readily 
apparent from Figure 2, sensitized platelets are roughly 
twice as responsive to equivalent doses of ADP in com
parison to those of non-sensitized mice at all concen
trations of the nucleotide tested.

Thè rate of disaggregation (Figure 2) also 
increases to a greater degree in PRP from sensitized 
mice up to 1.0 pg/ml ADP but then appears to be 
diminished in response to 2.0 and 4.0 pg/ml. This 
indicated a reduced capacity on the part of the platelet
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aggregates to dissociate in the presence of higher 
concentrations of the nucleotide.

Aggregation response to catecholamines and ADP
The effect of various biogenic amines on the 

ADP induced aggregation of PRP from non-sensitized and 
sensitized mice.— The aggregation/disaggregation 
velocities of PRP from non-sensitized and sensitized 
mice were measured on the Chrono-Log Aggregometer as 
before. Aminophylline was added to a final concentra
tion of 1 x lO- 3 M to the PRP pools, and subsequently 
individual aliquots (0.5 ml) of this were placed in the 
aggregometer as described in Materials and Methods.
Each aliquot was incubated for 2 minutes, at which time 
the test amine was added, followed 2 minutes later by 
ADP. The amount of ADP added varied from 1.0 jag per 
aliquot of non-sensitized PRP to 0.4 pg per sensitized 
aliquot.

From Figure 3 it appears that in non-sensitized 
PRP all three catecholamines have an enhancing effect 
on ADP induced aggregation with isoproterenol displaying 
a mixed effect. Acetylcholine, on the other hand, 
results in no such enhancement and even appears to 
suppress ADP induced aggregation at 1 x 10- 3 M. Subse
quent disaggregation of these platelets (Figure 3) is
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slowed with increasing concentration of epinephrine and 
norepinephrine as might be expected considering the 
above results but remains unchanged from control in the 
presence of isoproterenol and acetylcholine.

The enhancement of ADP induced aggregation by 
epinephrine and norepinephrine as noted above in non- 
sensitized tissue persists in that of sensitized origin 
to an even greater degree. Figure 3 demonstrates that 
at high concentrations epinephrine and norepinephrine 
are equal in their augmentation ability, but at low 
concentration epinephrine appears the more potent. Also, 
isoproterenol which caused some enhancement in non- 
sensitized tissue has lost that ability in the sensitized 
mouse, and acetylcholine also seems to have no additive 
effect on ADP induced aggregation except possibly at 
1 x 10- 8 M. Subsequent disaggregation of these plate
lets from sensitized mice again slows in response to 
increasing concentrations of epinephrine and norepine
phrine while isoproterenol and acetylcholine have no 
effect on this phase.

Aggregation response to ADP in 
the presence of aminophylline

Alteration in the aggregation/disaggregation 
response to ADP of PRP from sensitized and non-sensitized 
mice in the presence of aminophylline.— PRP was isolated
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from both groups of animals and examined as in Figure 2 
except that prior to testing, one volume of amino- 
phylline (10 x 10- 3 M) was added to nine volumes of 
each PRP pool.

Comparing the results obtained from Figure 2 
with those obtained in the presence of aminophylline 
(Figure 4) reveals that the responsiveness of sensitized 
platelets to ADP has been reduced an average of 25 per
cent by the phosphodiesterase inhibitor. However, an 
opposite effect by this agent was noted on the respon
siveness of platelets from non-sensitized mice. The 
rate of aggregation of these blood elements increased 
as much as 70 percent in response to the higher concen
trations of ADP.

Suitability of platelets isolated from plasma 
versus PRP for cAMP determinations in mice

Base level quantities of cAMP in mouse plate
lets and response to prostaglandin E1 (PGE-̂) .--PRP was 
obtained from the blood of groups of ten and twenty CFW 
mice. The first group (I) yielded a total of 2.0 ml 
PRP (3.24 x 105 platelets/mm3) while the second group 
(II) provided 5.0 ml PRP (3.35 x 103 platelets/mm^) for 
experimental use. Prior to the incubations outlined in 
Table 1, one volume of 10 x 10 M aminophylline was 
mixed with nine volumes of PRP. Incubations were
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performed in the Gyrotory Shaker as described in 
Materials and Methods with PGE^ or its diluent being 
added at 4 minutes followed by Tris buffer (ADP diluent) 
at 6 minutes. At 7 minutes the incubations were termin
ated, and the platelets separated from the plasma by 
centrifugation at 2500 x g for 20 minutes at 4°C and 
frozen after being resuspended in an appropriate volume 
of hydrochloric acid.

Comparison of the base line values of groups I 
and II in Table 1 demonstrates a greater than expected 
difference between them, not only in terms of total 
picomoles of c^MP but also in terms of other parameters 
(picomoles/10^ platelets and picomoles/milligrams 
protein). The basis of this discrepancy begins to emerge 
when one compares these values with those previously 
reported. Robison et al. (131) reported a base CAMP

9level in human platelets of 14.2 picomoles per 10 
platelets, a figure which agrees more closely with that 
of group II. This evidence,coupled with the realiza
tion that the total content of this cyclic nucleotide 
in group I (10.5 picomoles) was barely sufficient to 
fall within the range of the standard curve of the 
enzyme assay system (extreme low end of the sensitivity 
scale), strongly indicated that the higher values of 
group II were the more reliable.
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Table 1 also illustrates the increase over base 
level of cAMP in response to PGEj. At a concentration 
of 0.040 pg/ml PRP, the nucleotide content was elevated 
greater than two fold by the end of a 3 minute incuba
tion in the presence of 1 x 10-3 M aminophylline.

Base level quantities of cAMP in varying amounts 
of mouse PRP and response to prostaglandin E-| (PGE-| ) . —  
PRP was isolated from the blood of non-sensitized CFW 
mice and the incubations were performed as before. 
Subsequent to the incubations, however, the PRP was not 
centrifuged for platelet isolation, but was immediately 
cooled and diluted with hydrochloric acid as described 
in Materials and Methods.

Group I and group II of Table 2 differ in basic 
design by only their respective sample volumes - 1.5 ml 
for group I as opposed to 2.5 ml for group II - and, 
accordingly, more cAMP was isolated from group II.
Also, as might be expected, these PRP samples indivi
dually yielded much more total cAMP than the isolated 
platelet samples of Table 1. This increase is un
doubtedly due to the additional plasma component present 
in PRP. However, comparing the relative responsiveness 
of platelet and PRP preparations (Tables 1 and 2) to 
equal doses of PGE1 reveals that both respond to a
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similar degree (200 and 270 percent, respectively) when 
corrected for protein differences. Thus, it appears 
either preparation might be suitable for assessing the 
cAMP response to other agents.

cAMP response to ADP in the presence of aminophylline
The effect of aminophylline on the cAMP content 

of PRP from non-sensitized mice either alone or in 
combination with ADP.— PRP was isolated from the blood 
of non-sensitized mice. When included in the incubations, 
one part aminophylline (10 x 10  ̂M) was added at 25 C 
to nine parts PRP pool, 10 to 45 minutes prior to incu
bation at 37°C; when omitted, aminophylline diluent 
(saline) was substituted. ADP or its diluent (Tris 
buffer) was added 1 minute prior to the termination of 
a 7 minute incubation at 37°C.

The data in Table 3 demonstrates a significant 
increase in cAMP (P< 0.05) upon incorporation of amino
phylline alone into the PRP but not upon addition of 
ADP alone (P< 0.70) . Further, aminophylline followed by 
ADP results in a significant increase (P<  0.10) in the 
number of picomoles of cAMP compared to ADP alone while, 
again in the presence of aminophylline,addition of ADP 
has no effect (P< 0.80) when compared to aminophylline
alone.
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The effect of aminophylline on the cAMP content 
of PRP from sensitized mice either alone or in combina
tion with ADP.— PRP isolated from the blood of sensitized 
mice was incubated in a manner similar to that described 
in the previous section. It was determined (Table 4) 
that sensitized tissue behaved like non-sensitized 
(Table 3) in that incorporation of aminophylline resulted 
in a significant increase (P 0.05) in cAMP content when 
compared to the appropriate control. However, unlike 
non-sensitized PRP, addition to sensitized tissue of 
ADP alone produced a significant fall in cAMP content 
(P < 0.05), apd further, even in the presence of amino
phylline added prior to incubation, a tendency toward 
cAMP reduction persists (P 0.10 ; n=8) .

cAMP response to catecholamines in 
the presence of aminophylline

Minimal effect of the catecholamines on the cAMP 
content of PRP from sensitized and non-sensitized mice.—  
PRP was isolated from the blood of sensitized and non- 
sensitized mice and aminophylline was added to the pool 
prior to incubation as before. Experimentáis were 
incubated a total of 7 minutes receiving appropriate 
amounts of catecholamine at 4 minutes followed by ADP 
diluent at 6 minutes. Control aliquots were handled in 
a similar manner except catecholamine diluent was added
at 4 minutes.
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The cAMP levels listed in Table 5 represent the 
concentration of the nucleotide in this system 3 minutes 
after the addition of the various catecholamines. In 
contrast to many previous observations in other tissues 
and species, none of the catecholamines in the concen
tration range from 1 x 10 M to 1 x 10“® M, increased 
the level of cAMP in PRP from non-sensitized mice. 
However, a slight reduction (P<C0.10) in the level of 
platelet cyclic nucleotide was noted in response to 
both epinephrine at 1 x 10-6 M and isoproterenol at 
1 x 10-5 M. On the other hand, PRP from sensitized 
mice, although also not demonstrating an increase in 
cAMP, did display a steady reduction from control 
(P <(0.10) of cyclic nucleotide consistent with increasing 
amounts of epinephrine and norepinephrine. This latter 
effect was considered of relative significance because 
of the dose dependent manner in which it appeared.

CAMP response to catecholamines and 
ADP in the presence of aminophylline

Diminuation of the decrease in cAMP concentra
tion in response to epinephrine and norepinephrine upon 
addition of ADP.— PRP isolations and subsequent incuba
tions were carried out exactly as in the previous section 
except ADP was added to experimentáis and controls 
instead of just diluent (Table 6). In the presence of



ADP, the catecholamines again failed to increase the 
level of cAMP in PRP from either sensitized or non-
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sensitized mice. However, perhaps of more significance 
is the fact that the addition of ADP 2 minutes after 
either epinephrine or norepinephrine diminished the 
reduction from control of cAMP noted in Table 5. There
fore, from these results it appears that the dose 
dependent reduction of cAMP in PRP from sensitized mice 
in response to epinephrine and norepinephrine is in
hibited in the presence of ADP and at a time when the 
aggregative response is at its greatest.

cAMP response to PGE^ in the presence of aminophylline 
Base level quantities of cAMP from PRP of 

sensitized and non-sensitized mice and response to 
prostaglandin E-̂ (PGE1).--PRP was obtained from the blood 
of sensitized and non-sensitized mice and the incuba
tions were performed as in Table 2 except that the 
sample volumes were kept constant (2.5 ml) in the 
present study. From Table 7 it can be seen that PRP 
from non-sensitized animals averages approximately six 
milligrams of protein more than that of sensitized mice 
in spite of the fact that the non-sensitized ones 
averaged fewer platelets. This pattern was substan
tiated by many subsequent experiments. Trials involving
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large numbers of 2.5 ml aliquots resulted in establish
ing a mean of 104 (+ S.E. 0.66 with 56 D.F.) milli
grams of protein per PRP aliquot for non-sensitized 
mice and 96 (+ S.E. 2.7 with 50 D.F.) milligrams of 
protein for the sensitized. Also, in terms of platelet 
number, these subsequent experiments showed a mean of 
6.76 x 1q5 (+ S.E. 5.6 x 10^ with 24 D.F.) platelets

O Cper mm for non-sensitized animals and 8.26 x 10 (+
S.E. 3.0 x 10^ with 19 D.F.) platelets per mm^ for the 
sensitized mice. These observations account for the 
apparent increased level of cAMP per milligram protein 
noted for sensitized PRP throughout this study, because 
from the above it is obvious that in the calculation of 
this parameter, the denominator (milligrams of protein) 
in the case of these animals was consistently lower 
relative to non-sensitized animals. These results further 
indicate the possibility of renal hypertension occurring 
in sensitized mice, a hypothesis of some interest for 
future study.

Table 7 also demonstrates that both non-sensi- 
tized and sensitized platelets respond, to concentra
tions of PGEq as low as 16 nanograms, with an increase 
in cAMP in excess of 100 percent over control. Further, 
when the amount of PGE^ is increased to 160 nanograms, 
the non-sensitized platelet response increases to 750
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percent over control while those from sensitized mice 
increase to only 610 percent. Thus, these data indicate 
at least a partial adenyl cyclase malfunction in the 
blood elements of this group.

Another point of interest, although not shown 
in Table 7, is that PGEj_ in preliminary trials at a 
concentration of 0.160 jug/ml completely abolished 
platelet aggregation in both sensitized and non-sensi- 
tized mice when added 2 minutes prior to maximum doses 
(2 qg/ml) of ADP . This coincides with similar effects 
noted in human platelets (31).

Uptake of labeled histamine and serotonin
14 nEnhanced uptake of C-Serotonin versus ^H- 

Histamine by non-sensitized mouse platelets.— Separate 
pools of PRP isolated from two different groups of non- 
sensitized mice received either 14C-Serotonin or 3H- 
Histamine in the amounts described in Materials and 
Methods. Aliquots were incubated at 37°C in the 
Gyrotory Shaker for specified times (Table 8). Sub
sequent to separation by centrifugation, isotope analy
sis was performed on supernatant and cell fractions.

It is apparent from Table 8 and Figure 5 (a) that 
^4C-Serotonin is significantly taken up after only 5 
minutes in incubation. This is evidenced by an increase 
in platelet associated isotope accompanied by falling
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activity in the supernatant. Uptake continues at a 
reduced rate up to 15 minutes at which point a leveling

Ooff occurs. Net H-Histamine movement into the platelet, 
on the other hand, proceeds at a much reduced rate through
out the course of incubation (Table 8 and Figure 5 a).

Similarity of distribution of 14C-Serotonin and
3 .H-Histamme xn PRP of sensitized and non-sensitized 
mice.— PRP was isolated from non-sensitized and sen
sitized mice and incubated at 37°C in the presence of 
14C-Serotonin and 3H-Histamine as described in the 
previous section. The duration of these incubations 
was reduced to a maximum of 5 minutes, a period of time 
in which the rate of uptake of 14C-Serotonin had been 
previously shown to be the greatest.

The data in Tables 9 and 10, obtained from 
isotope analysis of supernatant and cell fractions, 
demonstrate that the rate of uptake of 14C-Serotonin is 
equivalent in platelets from non-sensitized and sensi
tized mice, while 3H-Histamine uptake is practically
nonexistent in platelets from both sources. Correspond-

14mgly, Figure 5 (b) illustrates that C-Serotonin up
take progresses from an approximate average of 60 dprn/pg 
protein at 0 minutes to 430 at 5 minutes, while 3H~ 
Histamine only increases from 15 to 45 dpm/pg protein.
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Release of amines by epinephrine
Minimal effect of increasing concentrations of

14epinephrine on release of intracellular C-Serotonm 
from platelets of non-sensitized and sensitized mice.—  
PRP was isolated from the blood of non-sensitized and 
sensitized mice. The two pools were incubated at 37°C 
as in the previous section for 3 0 minutes, at which time, 
each pool was divided into three aliquots of 1.0 ml for 
epinephrine additions and three aliquots of 0.5 ml for 
controls. Subsequently, these received either epine
phrine or Tris buffer according to the experimental 
design presented in Tables 11 and 12. Platelets were 
isolated from plasma as before and radioisotope 
activity was determined.

In the concentration range tested, epinephrine
14fails to effect any significant release of C-Serotonm 

from platelets of either non-sensitized or sensitized 
mice. A minimal decrease (approximately 20 percent) 
from control was noted in the presence of 1 x 10 6 M 
epinephrine in platelets from non-sensitized mice while 
a concentration of 1 x 10~4 M was required for an 
equivalent effect in sensitized tissue. However, this 
amount of release was barely outside the range of 
probable error inherent to this system.
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Aggregation response to serotonin 
alone and in combination with ADP

The effects of increasing amounts of histamine 
and serotonin on subminimal ADP induced aggregation of 
platelets from non-sensitized mice.— The effect of 
increasing concentrations of histamine and serotonin on 
platelet aggregation in the presence of ADP was measured. 
Aliquots (0.5 ml) of PRP from non-sensitized mice were 
incubated at 37°C with constant agitation in the Chrono- 
Log Aggregometer. Histamine was added to separate 
aliquots in specified amounts (Figure 6), followed 2 
minutes later by ADP (0.2 pg/ml) in a concentration not 
sufficient for aggregation induction. The serotonin 
additions were carried out in a similar manner.

From Figure 6 (b-d) it can be seen that hista
mine in the concentration range of 20 to 80 jug/ml 
exhibited no effect. Serotonin, on the other hand, not 
only displayed a minimal enhancing effect of aggregation 
at high concentrations, but also changed the shape of 
the platelets as evidenced by the diminished oscilla
tion of the recorder pen (Figure 6 e-g). This latter 
effect was noted immediately upon addition of serotonin 
at even the lowest concentration of the agent tested.
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Platelet shape alteration, enhancement of ADP 
induced aggregation and reaggregation by serotonin in 
platelets from non-sensitized mice.— PRP from non- 
sensitized mice was incubated in the aggregometer as 
before. ADP was uniformly added to the aliquots after 
4 minutes of incubation in a concentration (0.8 pg/ml) 
capable of effecting minimal platelet aggregation alone 
(Figure 7a). Serotonin, in reduced amounts (1.0, 2.0,
10.0 pg/ml), was added, depending upon experimental 
design, either before or after the ADP addition.

Comparison of b, d, and f of Figure 7 demon
strates that even at these reduced concentrations of 
serotonin, an immediate change in platelet shape occurs 
equivalent to that seen at the higher concentrations in 
Figure 6. Further, maximal enhancement by serotonin of 
ADP induced aggregation is reached following addition of
2.0 jag/ml of the amine, and once reached, results in a 
delay in disaggregation or a prolongation of aggregation. 
Also, from Figure 7, it appears that if increasing 
amounts of serotonin are added (c, e, and g) after the 
ADP, at a time when the platelets are starting to dis
aggregate, reaggregation occurs immediately.
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Comparison of the effects produced by serotonin 
and histamine on platelet shape, aggregation, and dis
aggregation in PRP from sensitized mice.— ADP was added 
to PRP of sensitized mice in a concentration of 0.4 pg/ 
ml (Figure 8 a). This amount, sufficient to produce 
the same degree of aggregation in this tissue as twice 
that in non-sensitized, was added as before, 4 minutes 
after the start of incubation. Serotonin and histamine 
were added either before or after the ADP in accordance 
with the design presented in the legend of Figure 8.

As evidenced before in the PRP from non-sensi
tized mice (Figure 7), serotonin in these preparations 
added prior to the ADP inducing dose (Figure 8 b and d) 
enhances aggregation over control and changes platelet 
shape abruptly. Similarly, the addition of this amine 
during the disaggregation phase (Figure 8 c and e) re
sults in platelet reaggregation as in the tissue of 
non-sensitized mice.

Also in Figure 8, the effect of histamine on 
ADP induced aggregation and disaggregation is presented. 
From f, g, and h of this figure, it is apparent that this 
amine has no effect when added either before or after 
ADP, a finding consistent with the one obtained in PRP 
of non-sensitized mice.



V. DISCUSSION

In order to present a more meaningful discussion 
of the present results, a few points mentioned in a 
previous section should be reemphasized.

First of all, there are a number of substances 
that possess platelet aggregating ability, although 
the mechanisms underlying the response remains unclear 
(103). In the case of ADP and epinephrine, there is an 
almost species uniformity in terms of the ADP induced 
response (15, 73, 101, 108, 146), with temperature 
variations affecting the degree of responsiveness (108), 
whereas there is both species and temperature differences 
with the catecholamines. For example, in certain 
instances epinephrine induces aggregation of human 
platelets at 37°C (87). However, in our hands, the 
degree of aggregation was less at 25°C than at 37°C.
Also, epinephrine has been demonstrated by some (87,
146) not to aggregate the platelets of certain other 
species at any temperature. Thus, it is necessary to 
recognize these differences when examining these blood 
components of any species.

Secondly, platelet aggregation elicited by 
epinephrine implies a receptor involvement and many 
efforts have been made to identify the receptor in
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terms of the alpha-beta concept (1, 25, 28, 135). In 
the human system where epinephrine induces an initial 
phase followed by a second wave ("release reaction") of 
aggregation (72), the first (and, consequently, the 
second) phase is subject to suppression by alpha-recep
tor antagonists (85), whereas the "release reaction" is 
suppressed by both alpha and beta blocking agents (161). 
Since the underlying mechanism of pertussis-sensitiza
tion has been suggested to involve beta-receptor block
ade, interest in the testing of platelet aggregation as 
related to receptor function is obvious. It should 
also be mentioned that in platelet-rich plasma (PRP) 
preparations where epinephrine does not induce aggre
gation, the compound does enhance the response to ADP 
(103, 112), again implying receptor involvement.

A third point to be reemphasized revolves 
around the role of cyclic AMP (cAMP) in platelet 
aggregation. The results of a number of reports (26,
30, 81, 137, 138, 169) tend to support the idea that 
aggregation is related to a reduction of the CAMP levels. 
However, much of this information was obtained rather 
indirectly, e.g., suppression of aggregation by exogenous 
CAMP, aminophylline, and prostaglandin, and only in a 
few studies has the cAMP concentration been measured
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directly (31, 34, 39, 131). Furthermore, little is 
known concerning the role of cAMP in the "release 
reaction" since the cyclic compound suppresses the 
initial phase of aggregation. This is the rationale 
for attempting to study fluctuations of cAMP in the 
present study.

Interest in the histamine and serotonin aspects 
of platelet response revolves around two points : (a)
platelets of species other than mouse have been shown 
to take up and store serotonin and to release the 
amine under the appropriate stimuli; and (b) the 
recognized participation of these amines in hypersensi
tivity phenomena. With the background of the present 
problem showing the amine hypersensitivity of the 
pertussis-injected mouse and the combined toxicity of 
the amines when present at the same time, it seemed 
important to examine the potential contribution of 
platelet stores to the host response.

Influences of temperature and dose 
on ADP induced aggregation in mouse

With this background in mind, and turning 
attention to the present study, Figure 2 demonstrates 
that mouse platelets, incubated at 37°C, aggregate in 
response to ADP in the range from 0.2 jug/ml (4 x IO-7 M) 
to 4.0 p.q/m.1 (8 x 10~6 M) . Comparison of these results
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to a similar study (112) carried out at 25°C, reveals 
that mouse platelets are more responsive to the 
aggregating effects of ADP at higher temperatures. At 
37°C, ten times less nucleotide was required to give an 
equivalent response obtained at 25°C. Thus, it appears 
that mouse platelet aggregation, like that of other 
species (108), is influenced by the temperature of the 
system with the rate being less at 25°C than at 37°C.
It should also be noted that the effective aggregating 
dose-range of ADP in Figure 2 closely parallels that 
observed for human platelets, demonstrated to be from 
1 x 10-7 M toi1 x 10~6 M (79).

Failure to observe biphasic aggregation in mouse
Another point, although not directly shown in 

Figure 2, should also be mentioned at this time. It 
has been reported that raising the dose of ADP to 1 x 
10~6 M or more, results in secondary or biphasic aggrega
tion of human (79), guinea pig (32, 73) and cat (18, 73) 
platelets. In the present study, however, at doses 
approaching 1 x 10~5 M no such pattern of aggregation 
was noted even though responses were often monitored 
up to 10 minutes following ADP additions. From this 
observation and from data to be presented later, it 
was concluded that mouse platelets do not respond with 
biphasic aggregation and associated "release reaction".
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Sensitized platelets more responsive to ADP than non-sensitized
The data illustrated in Figure 2 also demon

strate an obvious difference in the degree of respon
siveness between PRP from sensitized and non-sensitized 
mice to equal concentrations of ADP. Platelets of 
sensitized origin responded with twice the rate of 
aggregation as those from non-sensitized to equivalent 
doses of the nucleotide. Further, sensitized platelets 
displayed a corresponding increase in disaggregation 
velocity compared to non-sensitized, again at all 
concentrations of ADP tested. This increased respon
siveness of sensitized platelets to ADP cannot be 
attributed to differences in platelet number, for in 
preliminary trials in the present study, and in a 
previous study where platelet numbers of the two groups 
were held constant (112), the increased responsiveness 
of platelets from sensitized mice persisted. Thus, these 
experiments confirm those previously reported (112) and 
indicate that platelets from sensitized mice are more 
responsive to the aggregating action of ADP than those 
from non-sensitized.

Failure of catecholamines to induce 
mouse platelet aggregation

Because mouse platelets appeared to be more 
responsive to ADP at 37°C than at 25°C (pages 70 and 71)
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it was hypothesized that they might now, at the higher 
temperature, aggregate in the presence of catecholamines. 
Subsequently, epinephrine, norepinephrine and isopro
terenol were added in varying concentrations to PRP from 
sensitized and non-sensitized mice. However, these 
attempts were halted when it became obvious that 
catecholamine concentrations as high as 1 x 10  ̂M 
failed to effect even the slightest shift from base 
level of the optical density tracings.

Involvement of alpha receptors in platelet 
aggregation with indication of beta receptor 
malfunction in sensitized mice

Subsequently, experiments were performed at 
37°C to test for the enhancement of ADP induced aggrega
tion by catecholamines in PRP of sensitized and non- 
sensitized mice as previously reported at 25°C (112). 
This study examined the effects on ADP induced aggrega- 
tion/disaggregation velocities produced by varying 
concentrations of epinephrine, norepinephrine, isopro
terenol and also acetylcholine when added 2 minutes 
prior to the inducing dose of ADP. The concentration 
of added ADP was constant at 2.0 pg/ml for non-sensi- 
tized mice and 0.8 jug/ml for sensitized. Figure 3 
demonstrates that epinephrine and norepinephrine in a 
dose dependent manner enhance ADP induced aggregation
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to a greater extent in PRP from sensitized mice than in 
that of non-sensitized, while the effects of isoprotere
nol and acetylcholine in this regard are either incon
sistent with dose or completely absent.

Most of the known responses to the catechol
amines can now be classified according to whether they 
are mediated by alpha-receptors or beta-receptors (133). 
Generally speaking, epinephrine and norepinephrine are 
more potent agonists than isoproterenol of those 
responses mediated by alpha-receptors while isoprotere
nol is a more potent agonist of responses mediated by 
beta-receptors. With this generality in mind, the data 
illustrated in Figure 3 does not appear inconsistent 
with the hypothesis that enhancement of ADP induced 
aggregation in non-sensitized and sensitized mice is 
mediated by alpha adrenergic receptors.

Such an involvement of alpha-receptors in plate
let function has been indicated in the past. It has 
been demonstrated in platelets of mouse (112) and human 
(4, 85) origin that epinephrine and norepinephrine could 
enhance ADP induced aggregation, with epinephrine being 
the more potent. One of these studies (112) also 
demonstrated a similar effect of isoproterenol, however, 
this could not be confirmed in the study of Mills (85) 
and also in the present study (Figure 3). A reason to
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account for this apparent discrepancy may lie in the 
differing concentrations of the catecholamine used.

Further support for alpha-receptor involvement 
in this response originated from studies using specific 
blocking drugs. It was reported (86, 87, 109) that in 
PRP of human origin, either epinephrine or norepinephrine 
can, by themselves, produce aggregation. These effects 
were found (28, 85) to be abolished by various alpha 
adrenergic blocking agents while the beta-blocker 
propranolol was effective only at relatively high con
centrations. Because of the high concentration 
required, it wqs concluded (85) that this latter com
pound inhibited not as a beta-blocker but as compounds 
of the imipramine type. From evidence such as this and 
from the results in Figure 3, it seems reasonable to 
conclude that epinephrine and norepinephrine enhancement 
of ADP induced aggregation of mouse platelets is 
mediated by alpha adrenergic receptors. Further, the 
increased responsiveness of sensitized tissue in this 
regard could result from: (a) reduction in the number
of beta-receptors; (b) blockade of existing beta-recep
tors; (c) increase in the number of alpha-receptors;
(d) hyperstimulation of existing alpha-receptors.
Evidence in support of a beta-receptor malfunction oper
ating in amine hypersensitivity following B. pertussis 
vaccination would favor (a) or (b).
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The role of cAMP in platelet function —  effect of 
aminophylline on ADP induced aggregation in mouse

In order to further assess the action of adrener
gic receptors in this system, platelets from both groups 
were pretreated with 1 x 10“  ̂M aminophylline. This 
compound, it will be remembered, is capable of affecting 
receptor action by altering the intracellular level of 
cAMP through inhibition of phosphodiesterase. When 
present, aminophylline appears to have a depressive 
effect on the response of sensitized platelets to all 
concentrations of ADP tested while in the case of non- 
sensitized tissue an enhancement in the aggregative 
response was noted at the higher concentrations (Figure 
4) .

These results obtained in the presence of amino
phylline appear ambiguous when viewed in the following 
context. Evidence exists (138) that agents, capable of 
inducing platelet aggregation alone or enhancing ADP 
induced aggregation, act in other tissues by virtue of 
their ability to depress adenyl cyclase or stimulate 
phosphodiesterase. The implication from this is that 
certain agents enhance platelet aggregation by virtue 
of their ability to decrease the intracellular concentra
tion of cAMP. Assuming that, (a) this proposed mechanism 
is valid, (b) the presence of aminophylline actually in
creases the intracellular level of cAMP, and (c) the
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beta adrenergic receptor is blocked somehow in the 
pertussis-sensitized mouse; the decreased responsive
ness of sensitized platelets to ADP in the presence of 
aminophylline would be expected (Figure 4). However, a 
similar decrease would also be expected in non-sensi- 
tized tissue in the presence of an aminophylline induced 
increase in cAMP. As can be seen from Figure 4, this 
latter effect was not observed. Further clarification, 
therefore, was needed of the receptors involved in and 
the metabolism of cAMP during platelet aggregation.

cAMP measurement in human platelets
Evidence exists in support of the concept that 

cAMP is involved in the regulation of platelet aggrega
tion (see reviews in 31, 133, 137, 138). However, much 
of these data are indirect and therefore relatively few 
studies exist which actually measure the levels of 
CAMP during aggregation. In 1969, Salzman and Neri (139) 
reported the measurement of cAMP in human platelets by 
the method of Pauk and Reddy (123). Essentially, they 
found a reduction in the nucleotide levels in response 
to epinephrine and ADP while caffeine caused an apparent 
increase. In the same year Robison et al. (131), 
utilizing the phosphorylase activation technique (27) 
for measuring cAMP, demonstrated in human platelets an
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increase in the nucleotide concentration in response to 
PGE^. Further, they showed that the PGE^ effect could 
be reduced by prior addition of epinephrine and also 
that this epinephrine effect could be blocked by 
phentolamine. Subsequently, Cole (31) confirmed these 
results and further demonstrated an enhancement of the 
cAMP-increasing effect of PGEj in the presence of 
theophylline. In contrast, Droller and Wolfe (34), in 
preliminary studies utilizing the radioimmunoassay for 
cAMP (150) reported an increase in intracellular nucleo
tide concentration in response to thrombin, an agent 
demonstrated to inhibit platelet adenyl cyclase (21,
138, 169).

cAMP measurement in mouse platelets
There are several problems to be considered 

before attempting to study cAMP levels in the mouse 
platelet-aggregation system. The first of these involves 
the choice of either measuring the nucleotide levels 
(subsequent to test incubations) of platelets isolated 
from plasma or of platelets and plasma combined. Some 
investigators (137) are of the opinion that the time 
and manipulation involved in separation of platelets 
from plasma may alter the levels of cAMP, thus nullifying 
the possible detection of cAMP changes that might have
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occurred in the test incubations. However, other authors 
maintain that this presents no real problem (34).
Because of this controversy, it was decided in the 
present study to initially investigate the response to 
PGEj_ of both isolated platelets (Table 1) and PRP (Table 
2). Comparison of these two tables reveals that the 
increase in the level of cAMP in response to PGEg is 
similar for both platelets isolated from plasma and PRP 
(270 percent and 200 percent, respectively). From this 
it was concluded that either system was suitable for 
platelet cAMP quantitation. However, another problem 
peculiar to npuse studies was realized. These animals, 
because of their size, yield relatively small amounts 
of blood. Therefore, if the cAMP quantitations were 
performed on just the platelets, as in Table 1, the 
extremely small amounts of the nucleotide available for 
study (relative to that in PRP - Table 2) would warrant 
the use of more animals per experiment. This considera
tion coupled with the fact that PRP more closely 
approximates the native state compared to separated 
and therefore manipulated platelets, suggested the 
former system (PRP) to be the one of choice.
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Increase of cAMP in response to aminophylline, but 
reduction in response to ADP in sensitized platelets only

Several questions were previously raised (page 
76) as to whether it can be assumed that aminophylline 
in the mouse system actually increases the level of 
cAMP and further, that ADP induced aggregation in this 
species proceeds by virtue of this nucleotide's ability 
to decrease the intracellular concentration of cAMP.
To examine these questions, experiments were designed 
to study the effects of aminophylline alone or in 
combination with ADP on the cAMP levels of PRP of 
sensitized and non-sensitized mice. From Tables 3 and 
4 it can be seen that aminophylline at a concentration 
of 1 x 10“3 M increases significantly (P <C 0.05) over 
control the level of cAMP in PRP from both sensitized 
and non-sensitized mice. However, unlike in human PRP 
where ADP had been observed to reduce the level of cAMP 
28 percent (139), in the present study (Table 3) no such 
reduction was noted in either the presence or absence 
of aminophylline. On the other hand, ADP did reduce 
significantly (P<  0.05) the level of cyclic nucleotide 
in PRP of sensitized origin, as indicated from the 
data of Table 4. This discrepancy between human 
and mouse PRP might be attributed to either mere 
species differences or to the fact that ADP does not



81

induce biphasic aggregation in the mouse. These find
ings would also tend to cast some doubt on the causal 
significance of cAMP reduction on the initial events of 
platelet aggregation.

Minimal catecholamine induced reduction 
of cAMP in sensitized platelets only

In addition to ADP, epinephrine has also been 
demonstrated to reduce the level of cAMP in human PRP 
(80, 139). Further, it was observed that phentolamine, 
but not propranolol, completely abolished this effect 
of epinephrine (80). Although, as previously mentioned 
(page 73), catecholamines do not induce by themselves 
aggregation of mouse platelets, it seemed of interest to 
determine what effect they might have on the cAMP levels 
of PRP of this species. Table 5 lists the cAMP concen
trations of PRP from sensitized and non-sensitized mice 
3 minutes after the addition of increasing amounts of 
epinephrine, norepinephrine and isoproterenol. The 
results demonstrate that none of the catecholamines 
produce any significant effect on cAMP levels in non- 
sensitized tissue, while in that of sensitized, both 
epinephrine and norepinephrine appear to reduce from 
control the nucleotide level in a dose dependent manner. 
From this data, it appears that catecholamines have, at 
best, a minimal effect on the manipulation of cAMP in
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mouse platelets, with the blood elements from sensitized 
mice displaying the greater tendency (P"C 0.10) to 
respond to epinephrine and norepinephrine with a reduc
tion from control.

Interference by ADP with CAMP 
reduction noted in sensitized mice

With the results of Tables 3, 4 and 5 in mind, 
the following experiments were devised to see what 
effect, if any, the combination of catecholamines and 
ADP would have on the cAMP levels of platelets from 
sensitized and non-sensitized mice. ADP was added 2 
minutes after varying doses of catecholamine and the 
resulting levels of cAMP were determined 1 minute later 
at the height of the aggregative response. These 
results (Table 6) show that the combination of both 
catecholamine and ADP has no effect on cAMP levels in 
non-sensitized as previously demonstrated for either 
agent alone, but does interfere with the cAMP depressive 
effect previously noted in sensitized platelets.

Evidence for parallel relationship 
of cAMP to platelet function

An interpretation of these results relative to 
the aspect of cAMP and platelet function relies in part 
on certain aspects from the literature. As mentioned 
above, epinephrine cannot only enhance ADP induced
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aggregation but also can induce aggregation of human 
platelets alone. Haslam (51) demonstrated that this 
latter effect may ultimately depend on ADP released from 
the platelets in response to epinephrine. Mustard and 
Packham (103) reviewed this work and suggested that for 
the hypothesis to be valid an initial change in platelet 
shape should be noted upon addition of epinephrine simi
lar to the one observed in ADP induced aggregation. 
Although these authors cited studies which had failed to 
detect such a change, doubt was cast on the validity 
of these papers in this regard on a technical basis. In 
contrast, th^y presented evidence from unpublished per
sonal observations in support of the primary role of ADP 
in epinephrine induced aggregation. These authors 
stated that in a suspension of rabbit platelets prepared 
in such a way as to eliminate those extracellular enzymes 
responsible for the conversion of ADP to AMP, aggregation 
could be induced by epinephrine. Prior to this observa
tion, epinephrine had never been demonstrated to induce 
aggregation outside the human system and Mustard specu
lated that perhaps human plasma possessed a low content 
of ADPase activity relative to other species. This 
evidence, therefore, though not conclusive does indicate 
that the effects of released ADP on the platelet may be 
of a more primary importance in epinephrine induced 
aggregation.
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Studies reviewed in this thesis and elsewhere 
(137, 138) have indicated that because epinephrine 
induction of aggregation appears to be mediated by the 
adenyl cyclase-cAMP system, platelets are brought into 
line functionally with other tissues, in that cAMP acts 
in all as a secondary messenger. Indeed, as previously 
mentioned, the evidence for catecholamine and prosta
glandin manipulation of this system in platelet tissue 
is extensive, and further, a cAMP-dependent protein 
kinase has even been isolated from platelet homogenates 
which could direct the cellular processes of the 
secondary messenger. However, this line of reasoning 
does not account for other observations (137) which have 
demonstrated that although ADP (of primary importance 
in hemostasis) decreases the level of cAMP it does not 
accomplish this by direct action on adenyl cyclase or 
phosphodiesterase.

The salient points from the above considerations 
are: (a) that catecholamine induced aggregation may
ultimately depend on ADP released from the platelet; and 
(b) that ADP may effect cAMP levels by some mechanism 
other than a direct action on adenyl cyclase or phospho
diesterase. These points would tend to minimize the 
notions that epinephrine regulates platelet aggregation 
by virtue of its control over a cAMP dependent protein
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kinase, and that ADP exerts its primary effect also 
through such a mechanism. This would essentially imply 
that the relationship between cAMP and platelet aggrega
tion is merely parallel rather than causal. Such a

tparallelism might, therefore, account for: (a) the
failure to demonstrate a consistent effect of amino- 
phylline on ADP induced aggregation in PRP of non-sensi- 
tized and sensitized mice (Figure 4) ; (b) the observa
tion that ADP induced reduction of cAMP occurs only in 
PRP of sensitized mice in spite of the fact that aggre- 
gation occurs in both sensitized and non—sensitized 
(Figure 2, Tables 3 and 4); (c) the observation that
although epinephrine and norepinephrine do not induce 
platelet aggregation by themselves in the mouse system 
their presence does result in a reduction of cAMP in 
PRP of sensitized animals (Table 5); and (d) the obser
vation that even though the addition of either epinephrine 
or norepinephrine and ADP significantly enhances aggre
gation of mouse platelets (Figure 3) this combination 
does not alter the level of cAMP from control (Table 6)

Evidence for defective beta receptor on platelets 
Another aspect of these studies possessing 

potentially great significance involves the reduced 
sensitivity of the platelet adenyl cyclase-cAMP system
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to catecholamines. This is indicated from the present 
study, in that, under the experimental conditions 
utilized, none of the catecholamines increased the level 
of cAMP. Other studies have demonstrated similar results, 
for example, the adenyl cyclase isolated from human 
platelets was demonstrated not to be responsive to epi
nephrine (26). Thus, at least partial evidence exists 
supporting the concept that the catecholamine-receptive 
moiety (beta receptor) on platelet adenyl cyclase might 
either be absent or defective in some way.

Reduced responsiveness of sensitized platelets to 
PGEj — evidence for adenyl cyclase malfunction

Along with the catecholamines, the prostaglandins 
are the only known agents that produce some of their 
effects by way of an increase in the level of cAMP, 
and further, it appears they accomplish this by activating 
adenyl cyclase (133). In platelets, the prostaglandins 
have been reported to stimulate adenyl cyclase (26, 138, 
145, 167), increase the level of cAMP (31, 131), and 
inhibit aggregation in response to ADP (31). From infor
mation such as this concerning the potency of the prosta
glandins and because of the previously mentioned low 
adenyl cyclase stimulating potential of catecholamines 
in platelets, it seemed appropriate to study the influence 
of prostaglandins on the cyclase of mouse platelets.
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Table 7 lists the effect of prostaglandin 
(PGE1) on the cAMP concentration of PRP from sensitized 
and non-sensitized mice. From this table, it can be 
seen that PGE^ increases the concentration of cAMP in PRP 
of both sensitized and non-sensitized mice in a dose 
dependent manner. However, this effect of PGEp appears 
to be less in PRP from sensitized mice than in that of 
non-sensitized, especially at the higher concentration. 
This lowered responsiveness to PGE1, in terms of cAMP 
production, of PRP from sensitized mice is suggestive 
of at least a partial cyclase malfunction in the blood 
elements of these animals.

Similarity of platelet amine uptake in 
sensitized and non-sensitized mice

A final series of experiments was designed to 
study: (a) the handling of histamine and serotonin
stores of platelets from sensitized and non-sensitized 
mice; and (b) the role of serotonin in mouse platelet 
function, specifically aggregation and the "release 
reaction".

The first question concerning the handling of 
platelet amine stores addresses itself to the pertussis 
phenomena aspect of this paper for the following 
reasons. It has been known for a number of years that 
platelets of a variety of species contain relatively
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high concentrations of histamine and serotonin (59). 
Because of this, investigators have sought mechanisms 
involving these blood elements as potential participants 
in the processes of hypersensitivity and inflamation.
Some progress in this regard has been made in the area 
of platelet reactions to antigen-antibody complexes, 
endotoxin, and organ transplant (1 0 2), but none has been 
made regarding the mechanisms surrounding amine hyper
sensitivity in pertussis vaccinated mice. It therefore 
seemed worthwhile, in at least a preliminary way, to 
begin defining the potential role of the platelet in 
pertussis-induced amine hypersensitivity.

PRP of sensitized and non-sensitized mice was 
incubated for various times in the presence of labeled 
histamine and serotonin. Subsequently, platelets were 
separated from plasma by centrifugation and the resultant 
activity in each fraction measured and recorded as in 
Tables 8 , 9, 10 and Figure 5. These data demonstrate 
that labeled histamine and serotonin are taken up in a 
similar manner by both sensitized and non-sensitized 
mouse platelets with the degree of serotonin uptake much 
greater relative to histamine. Also, preliminary trials 
conducted at 4°C revealed that serotonin uptake was 
reduced to 3 percent, down approximately 80 percentage 
points from the above data obtained at 37°C. These
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results suggest that pertussis vaccination has no effect 
on the uptake aspect of amine handling by platelets , 
and also that serotonin uptake by mouse platelets pro
ceeds by an active process. Thus, platelets from non- 
sensitized as well as sensitized mice are similar to 
those of other species (16) in that they take up large 
amounts of serotonin (by an active process) relative to 
histamine and indicates that perhaps, as reported in 
other species, this difference may be due to the plate
let 1s ability to synthesize histamine (33) but inability 
to synthesize serotonin (148) .

Failure to demonstrate release of serotonin 
in response to epinephrine

Because of the failure to demonstrate any 
difference in the ability of sensitized and non-sensi- 
tized mouse platelets to take up histamine and serotonin, 
experiments were designed in an attempt to detect dif
ferences in mouse platelet capacity to release such 
amines. As previously mentioned (page 30), epinephrine 
as well as other agents have been demonstrated to induce 
platelets to actively discharge a portion of their 
granular and non-granular contents. One of the sub
stances released in response to epinephrine is serotonin. 
In fact, studies have shown that platelets labeled with 
radioactive serotonin can release up to 62 percent of
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the isotope following a 3 minute incubation with 1 x 
“ 510 M epinephrine (8 6). Because of the previously 

demonstrated ease by which mouse platelets take up 
labeled serotonin, these blood elements appeared suit
able for study of yet another catecholamine mediated 
response in components of pertussis sensitized mice. 
Subsequently, PRP of sensitized and non-sensitized mice 
was incubated for 30 minutes in the presence of labeled 
serotonin. At the end of this time, aliquots were 
incubated with either Tris buffer or varying concentra
tions of epinephrine, and the reactions terminated at 
the times indicated. Tables 11 and 12 illustrate that 
epinephrine in the concentration range tested does not 
significantly induce release of the isotope from plate
lets of either sensitized or non-sensitized mice. From 
these largly negative results, no conclusions can be 
made concerning the amine release potential of sensitized 
versus non-sensitized platelets, however, the results do 
demonstrate that pertussis sensitization in no way en
hances the epinephrine induced release of serotonin from 
platelets —  a mechansim which might have contributed to 
overall amine hypersensitivity in these animals.

The failure of epinephrine in concentrations as 
-4high as 1 x 10 M to induce the release of labeled 

serotonin after 3 minutes is also suggestive of the fact
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that mouse platelets do not respond with a "release 
reaction". This conclusion relies in part on previous 
observations (8 6) that the release of labeled serotonin 
in response to epinephrine and ADP coincides with the 
second phase of a biphasic aggregation pattern induced 
by these two agents. Since it was previously demonstrated 
(page 71) that mouse platelets respond to ADP with only 
a single phase of aggregation, the evidence in Tables 
1 1 and 12 suggest that this may be due to the failure 
of these platelets to effect an adequate "release 
reaction".

Discussion of mechanisms involved 
in ADP induced aggregation

The last aspect to be discussed concerning 
histamine and serotonin interaction with mouse plate
lets deals with the action of these amines on aggrega
tion in general and ADP induced aggregation in particu
lar. To present this material in a more meaningful way, 
a review of some of the postulated mechanisms involved 
in ADP induced aggregation is required.

Early theories of the mechanisms of platelet 
aggregation originated from two now established obser
vations: (a) platelet surfaces are negatively charged;
and (b) divalent calcium ion is essential for aggrega
tion (19, 57, 87). In 1961, considering the possibility
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that these points might be valid, O'Brien (107) specu
lated that platelets adhered to each other by means of 
cationic bridges formed by calcium ions. This hypo
thesis was later expanded (44) to include ADP and there
fore viewed as possible the formation of ADP-Ca++-ADP 
links between platelets, with calcium bound to the ter
minal phosphates of ADP which was in turn attached to 
the membrane surface by its adenine moiety. This hypo
thesis, although valuable from a theoretical standpoint, 
could not be verified because of the failure to demon
strate the proposed ADP-calcium bridges (103). However, 
evidence eme'rged that ADP alone could bind to a compon
ent of the platelet membrane at least in a transient 
manner (103, 117, 149).

It is now well established that platelets in 
contact with ADP transform from their characteristic 
discoid shape to a more spherical morphology displaying 
spiny projections or pseudopods (55, 58, 110). In 
addition, a paralleling increase in platelet volume has 
been noted (23). As stated earlier, calcium is essen
tial for platelet aggregation, but from studies with 
the chealating agent EDTA it does not appear that this 
ion is essential for the initial shape changes. In a 
system containing EDTA, aggregation was inhibited in 
response to ADP (147) but the initial change in shape 
of the platelets persisted (1 1 1 ).
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Several hypotheses have been proposed to account 
for the initial change in platelet shape, and although 
differing on specific points, they all implicate the 
platelet contractile protein thrombosthenin. This high 
molecular weight polypeptide has been demonstrated to 
possess ATPase activity similar to muscle actomyosin 
(9, 10, 104) and has been associated with platelet 
membranes and granular fractions (104). In one hypothesis, 
White (165) has proposed that thrombosthenin is associated 
with non-granular components in the platelet hyaloplasm 
and is triggered to contract thus inducing associated 
transformations in the microfilaments and microtubules 
of the platelet "contractile system". He further hypo
thesizes that extracellular ADP triggers the intra
cellular ATPase of thrombosthenin by inhibiting another 
ATPase of a calcium extrusion "pump" situated on the 
platelet surface. This surface inhibition would allow 
an influx of calcium ions sufficient to trigger contrac
tion. This hypothesis maintains, in essence, that 
thrombosthenin is relaxed prior to addition of ADP and 
subsequently contracts (in the presence of calcium ion) 
changing platelet shape upon addition of ADP. The 
initial triggering mechanism is believed to be ADP 
inhibition of the calcium "pump" ATPase located on the cell 
surface. Another hypothesis (12) views ADP induced



platelet shape change and aggregation as occurring by 
means of a different mechanism which involves thrombos- 
thenin and inhibition of an ATPase in a different way. 
This mechanism differs from the previous one by: (a)
maintaining that the contractile protein is associated 
with the platelet membrane rather than the hyaloplasm; 
and (b) equating the discoid shape with the contracted 
state rather than the relaxed. In essence, ADP induced 
shape change is viewed as a relaxation of membrane 
thrombosthenin by inhibition of its ATPase. This leads 
to loss of membrane permeability control, and the 
resulting extrusion of platelet hyaloplasm (cytogels) 
accounts for aggregation by a mechanism involving 
interaction of these cytogels.

These two hypotheses, as pointed out, differ 
considerably in basic mechanism, however, they both 
possess a common feature —  the inhibition of a surface 
ATPase by ADP. It could be concluded, therefore, that 
the degree of platelet shape change and consequent 
aggregation is initially dependent on the momentary con
centration of ADP at the platelet surface. Furthermore, 
events occurring at the platelet surface which result in 
an increase in ADP concentration would be expected to 
induce platelet shape change and aggregation alone or 
enhance these effects produced by exogenous ADP.
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Such a mechanism has been proposed (6) to 
account for the effects of serotonin on aggregation of 
rabbit platelets. This study demonstrated that platelets 
of this species undergo an immediate shape change in 
the presence of serotonin and also aggregate in response 
to doses of ADP and epinephrine that normally are not 
effective in this regard. In addition, this study 
examined the ability of platelets presaturated in vivo 
with serotonin (by injection) to respond in vitro to 
ADP, serotonin, and epinephrine. It was demonstrated 
that platelets treated in such a manner still responded 
to ADP but not to serotonin alone or in combination with 
epinephrine. It was concluded that serotonin only 
produced its effects when there was net transport of it 
into the platelet. It was speculated that ADP, either 
released or formed during serotonin uptake, might be the 
real mediator of aggregation induced by this amine.
This conclusion was based in part on previously reported 
observations that inhibitors of ADP induced aggregation 
(adenosine and ADPase) also inhibited serotonin induced 
aggregation but not its uptake.

Effect of serotonin on platelet shape 
change and ADP induced aggregation

In the present study similar results were 
obtained. Figure 6 (e, f, g) demonstrates that mouse
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platelets immediately change shape in the presence of 
serotonin and also aggregate in response to subminimal 
doses (0.2 pg/ml) of ADP. Because the presence of 
histamine failed to produce such responses (Figure 6 - 
b, c, d) and because as previously demonstrated (Figure 
5) mouse platelets take up large amounts of serotonin 
relative to histamine, the results do not appear incon
sistent with the view that, as in rabbit, mouse plate
let shape change and enhancement of ADP induced aggrega
tion in response to serotonin may be mediated by the 
ADP released or formed during the active uptake of 
serotonin. Recent evidence (16) indicates that the 
source of ADP for such a mechanism might originate from 
ATP metabolism needed to sustain the serotonin carrier 
system of platelet membranes.

It has been demonstrated (5) that human plate
lets become unresponsive to the effects of ADP, epineph
rine, and serotonin when incubated for more than 1 

minute in the presence of serotonin. This was not found 
to be the case in the present study of platelets from 
sensitized and non-sensitized mice. In these studies 
where ADP was consistently added 2 minutes after serotonin, 
the amine not only resulted in aggregation when followed 
by subminimal doses of ADP (Figure 6 - e, f, g) but 
actually at low concentrations enhanced ADP induced
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aggregation (Figure 7 - b, d , f and Figure 8 - b , d).
It should be noted, however, that this latter effect 
never resulted in biphasic aggregation, a fact consis
tent with previous findings in the mouse.

Evidence for complex mechanism involved 
in platelet response to serotonin

Finally, Figures 7 and 8 demonstrate another 
interesting aspect of mouse platelet-serotonin inter
action. This is, that although serotonin alone merely 
induces the change in shape preceeding aggregation, it 
causes in the presence of ADP added previously an 
immediate reaggregaiion of the platelets (Figure 7 - 
c, e, g and Figure 8 - c, e). This indicates that 
several mechanisms may be operating in the platelet 
response to serotonin, one involved with uptake of the 
amine and consequent release of ADP and another causing 
a more direct effect on aggregation. Recent evidence, 
in this regard, indicates that platelets may possess 
differing serotonin receptors. Studies (16) of human 
platelets with numerous receptor agonists and antago
nists demonstrated a split pattern of effects indicating 
to the authors that human platelets may possess two 
different types of serotonin receptors, one responsible 
for the mediation of shape change and aggregation, and 
the other responsible for the mediation of uptake.



Possible mechanisms operating in 
aggregation of sensitized platelets

In closing, it seems appropriate to attempt an 
explanation of the differences observed in this study 
between platelets of non-sensitized mice and those of 
sensitized in terms of adenyl cyclase malfunction. The 
differences to be accounted for in the following dis
cussion are: (a) the enhanced response of sensitized 
platelets to ADP (Figure 2); (b) the enhancement of ADP
induced aggregation of sensitized platelets by epinephrine 
and norepinephrine (Figure 3); and (c) the reduction in 
the level of CAMP in response to epinephrine and nor
epinephrine in sensitized PRP (Table 5).

It has already been proposed (pages 94-95) that 
platelet shape change and consequent aggregation is 
initially dependent on the inhibition of a surface ATPase 
by ADP. Furthermore, it was speculated that those 
events occurring at the platelet surface which might 
result in an increase in local ADP concentrations could 
induce shape change and aggregation alone or enhance 
these effects in combination with exogenously added ADP. 
Consequently, if one accepts this and the additional 
proposal (7) that alpha adrenergic agonists such as 
epinephrine and norepinephrine reduce the level of 
CAMP by activating a cell membrane ATPase, it could be
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hypothesized that these catecholamines would not only 
lower the level of cAMP in the adenyl cyclase deficient 
platelet through alternate stimulation of an ATPase 
(Table 5), but also would locally increase the concentra
tion of ADP (at the expense of ATP) at the platelet 
surface. Such an increase in local ADP concentration in 
the presence of epinephrine and norepinephrine would 
initially prime the system so that upon subsequent 
addition of exogenous ADP, a greater than expected degree 
of aggregation through additive effects would result 
(Figure 3). Also, this auxiliary shunt of ATP to ADP 
in the presence of adenyl cyclase malfunction could 
account for the sensitized platelets1 enhanced response 
to ADP in the absence of catecholamines (Figure 2), 
again by preferential formation of ADP at the cell sur
face rather than cAMP. In conclusion, most of the 
pertinent data seem to fit this argument, in that, those 
factors which might influence local ADP concentrations 
in a positive way by stimulation of an ATPase either 
directly (alpha agonists) or indirectly (adenyl cyclase 
malfunction) produced additive effects on the rate of 
aggregation.



VI. SUMMARY

This study examined the effect of pertussis 
vaccination of CFW mice on: (a) platelet aggregation in
response to ADP, catecholamines, acetylcholine and amino- 
phylline; (b) platelet CAMP levels in response to ADP,
catecholamines, aminophylline, and PGEg; (c) platelet 
handling of histamine and serotonin, and; (d) the 
effect of histamine and serotonin on ADP induced aggre
gation .

It was found that mouse platelet aggregation, 
like that of other species, was influenced both by 
temperature and by ADP in a dose dependent manner. 
However, unlike certain other species, mouse platelets 
did not aggregate in response to catecholamines nor 
did they aggregate in a biphasic manner to high doses 
of ADP. Further, it was shown that platelets from 
pertussis vaccinated mice were more responsive than non- 
vaccinated to both ADP induced and epinephrine-norepine
phrine enhancement of ADP induced aggregation. Amino
phylline, a phosphodiesterase inhibitor, was shown to 
exert a mixed effect on platelets of these two groups —  
depressing aggregation in vaccinated mice but enhancing 
it in non-vaccinated.
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Regarding the concentration of cAMP in PRP pre
parations from vaccinated and non-vaccinated groups, ami- 
nophylline increased significantly the concentration of the 
nucleotide in both. However, subsequent addition of ADP to 
similar aliquots reduced significantly the level of cAMP 
in only the suspentions from vaccinated animals when 
measured at the height of the aggregative response. Fur
ther, although none of the catecholamines increased the 
level of cAMP in the platelets of mice, epinephrine and 
norepinephrine did effect a minimal reduction of this 
nucleotide in platelets from vaccinated mice. This latter 
effect was diminished upon induction of aggregation by 
ADP added subsequent to the catecholamines.

In contrast to the catecholamines, PGE^ seemed to 
increase the level of cAMP in PRP of both vaccinated and 
non-vaccinated mice, although this increase in cyclic 
nucleotide content was 750 percent over control in vaccin
ated animals compared to only 650 percent in the non- 
vaccinated. The fact that mouse platelets failed to 
respond to catecholamines with an increase in cAMP but 
did respond with such an increase to PGEp would indicate 
the existence of a functional adenyl cyclase responsive 
to PGEj, but would leave in doubt the existence of 
functional adrenergic receptors responsive to catechol
amines. Further, the reduced responsiveness of sensitized
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platelets to PGE ̂ would point to a malfunction in the cata
lytic portion of the adenyl cyclase rather than the beta 
receptor.

Platelets from vaccinated and non-vaccinated 
mice were demonstrated to be equal in terms of their 
capacity for amine uptake, specifically, platelets of 
both groups actively concentrated large amounts of 
labeled serotonin relative to labeled histamine. However, 
epinephrine in the concentration range of IO- 4 - 10~ 6 M 
failed to induce the release of radioactive serotonin 
from prelabeled platelets of either group. This indicated 
that in mouse, epinephrine does not induce the "release 
reaction" noted in platelets of other species.

Serotonin at low concentrations was demonstrated 
to induce an immediate shape change but failed, at low as 
well as high concentrations, to cause aggregation of mouse 
platelets. This amine did, however, not only enhance the 
aggregative response to minimal doses of ADP but also 
prompted aggregation in the presence of subminimal amounts 
of the nucleotide. The above effects were implied to 
result from ADP released from the platelet as a con
sequence of the active process of serotonin uptake demon
strated in these blood elements. Such a mechanism had 
been suggested to be operating in other species.

Unlike the platelets of certain other species, 
those of mouse were responsive to ADP added more than



103

1 minute after serotonin. In addition, serotonin added 
subsequent to ADP, at a time when the platelets were start
ing to disaggregate, induced an immediate reaggregation 
of these blood elements. Since serotonin alone induced 
only shape change without aggregation, these results 
(together with data from other studies) indicated that at 
least two serotonin receptors may exist on platelets, with 
one being involved in the process of amine uptake, the 
other with aggregation of these blood elements.

In conclusion, it appeared that adrenergic recep
tors of mouse platelets were less sensitive to catechol
amines than those of certain other tissues in terms of 
their capacity for affecting cAMP levels. However, some 
alpha receptor involvement was demonstrated in the 
enhancement phenomena, by certain catecholamines, of 
ADP induced aggregation, and further, the effect of 
pertussis vaccination on this process indicated either 
a reduction in the potency or number of beta receptors, 
or an increase in the potency or number of alpha 
receptors. Additional evidence in this regard, demon
strated that vaccinated mice displayed a reduced 
responsiveness to PGE^ in terms of cAMP production, 
compared to non-vaccinated, thus indicating a partial 
cyclase malfunction in platelets of the sensitized
animals.
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It was further demonstrated that platelets 
from pertussis vaccinated animals did not possess 
either a greater affinity for amine uptake, or a greater 
facility for amine release in response to epinephrine, 
when compared to their normal counterparts. Also, both 
groups appeared equivalent in their response to the 
effects of serotonin on ADP induced aggregation.

Finally, evidence was presented to support the 
concept that the relationship of cAMP concentration to 
platelet aggregation is parallel rather than causal.



TABLE 1.— CAMP content of platelets isolated from PRP of non-sensitized mice, and
their response to prostaglandin E1 (PGE]_).a

Sample
Addition

Total
pmoles
CAMP Platelet

Number*3
pmoles cAMP 
10^ Platelets

mg
Protein

pmoles
CAMP Percent

Increaseof
Control

Ten mg 
Protein

Group I 
PRP
+ Diluent0 
(control) 10.5 6.48xl08 6 . 8 6.543 16.0

Group II 
PRP
+ Diluent 
(control)

+ PGEX 
(0.03jjg/ml)

2 0 . 1

50.2
8 .3 8xl08 

1?
16.8
42.1

7.426
6.910

27.0
72.6 270

a - One determination, 
b - Adjusted for sample size.
c - See Materials and Methods for prostaglandin diluent.
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TABLE 2. -Increase in cAMP concentration of varying amounts of PRPa in the pre
sence of aminophy 1 line" (IxIQ-^m ) and prostaglandin E ( P G E g ) . c

Sample
Addition Sample

Volume
Total pmoles

cAMP Percent
Increasemg

Protein pmoles
cAMP Ten mg 

Protein
of

Control

Group I 
PRP
+ Diluent (control) 1.5 ml 65.524 116.8 17.8+ PGE1 (0.04 Opg/ml) II 63.264 250.6 39.6 220

Group II 
PRP
+ Diluent (control) 2.5 ml 106.230 157.5 14.8+ Diluent (control) II 106.722 161.8 15.2+ PGE^ (0.04 0pg/ml) II 107.212 322.7 30.1 200

a - From non-sensitized mouse.
b - One volume of 10 x 10~3 m added at 25°C to nine volumes of PRP from 10 - 30 min. before test incubation, c - One determination.
d - See Materials and Methods for prostaglandin diluent. 106
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TABLE 3.— The effect of aminophylline (1 x 10- 3 M) and 
ADP (4.0 jig/ml) on the cAMP concentration of 

PRP from non-sensitized mice.
PRP Source 
and Treatment cAMPa P Value Number

Determinations
Non-sensitized

(control) 16.70 
+ 0.77 6

Non-sensitized 
+ aminophylline 21.80

+1.82 < 0.05b 5

Non-sensitized + ADP 15.90
+1.42 < 0 .7 0b 3

Non-sensitized 
+ aminophylline + ADP

22.70
+2.35

< 0 .1 0=; 
< 0 . 8 0d 3

a pmoles per ten milligrams protein plus or minus standard error of the mean. *b - Compared to control.
- Compared to non-sensitized + ADP.
- Compared to non-sensitized + aminophylline.
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TABLE 4.— The 
ADP

effect of aminophylline (1 x 10“  ̂M) and 
(4.0 jug/ml) on the cAMP concentration of 

PRP from sensitized mice.
PRP Source 
and Treatment cAMPa P Value

Number
Determinations

Sensitized
(control) 23.40

+1.59
4

Sensitized
+ aminophylline 25.70 

+ 0.67 <0.05b 8

Sensitized 
+ ADP 18.20 

+ 0.95 <0.05b 3

Sensitized
+ aminophylline 
+ ADP i

23.70 
+ 0.90

<0.05^,- 
< 0 .1 0d

8

a
b
c
d

pmoles per ten milligrams protein plus or minus 
standard error.
Compared to control.
Compared to sensitized + ADP.
Compared to sensitized + aminophylline.
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TABLE 5.— The effect of varying concentrations of cate
cholamines on the CAMP content of PRP from 
non-sensitized and sensitized mice in the pre

sence of aminophyllinea.
NON-SENSITIZED SENSITIZED
cAMPd P

Value6 n CAMP P
Value n

Control13 21.8+1.82 5 25.7+0.67 8
Catecholamine0

Epinephrine1x10-8 19.8+0.40 <0.20 2 25.2+0.65 <0.70 2
lxlO- 7 20.5+0.64 <0.2 0 3 23.4+0.10 <0.05 2
lxlO- 6 20.0+0.58 <0.10 3 22.5+0.47 <0.10 2
lxlO" 5 18.6+1.30 <0.20 3 20.8+0.53 <0.10 2

Norepinephrine1x10-8 22.9+0.20 <0.20 2 25.2+0.05 <0.10 2
lxlO- 7 19.5+2.30 <0.50 2 24.7+0.10 <0.10 2
lxlO- 6 18.9+1.47 <0.20 3 21.6+0.05 <0.01 2
lxlO- 5 17.8+1.41 <0.2 0 3 20.4+1.20 <0.20 2

IsoproterenollxlO-8 19.1+0.50 <0.20 2 24.2+0.40 <0.20 2
lxlO- 7 20.9+0.90 <0.50 2 22.4+1.02 <0.10 3
lxlO- 6 19.6+1.38 <0.30 3 23.2+1.98 <0.50 2
lxlO- 5 18.3+1.09 <0.10 3 22.6+1.04 <0.20 3

a - One volume of 10 x IQ- 5 M aminophylline added to 
nine volumes PRP prior to test. b - Diluent only added, 

c - Final molar (M) concentration, 
d - pmoles per ten milligrams protein, e - Compared to control.
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TABLE 6.— The effect of varying concentrations of cate
cholamines on the CAMP content of PRP from 
non-sensitized and sensitized mice in the pre

sence of aminophyllinea and ADPb .
NON-SENSITIZED SENSITIZED
CAMP6

P f Value n CAMP P
Value n

Control0 22.7+2.35 3 23.7+0.90 8
r\Catecholamine

Epinephrine
lxlO- 8 21.0+0.45 <0 . 2 0 2 23.3+0.20 <0.30 2

lxlO- 7 21.9+1.20 <0.7 0 3 24.1+1.10 <0.80 2

lxlO- 6 20.0+0.80 <0 . 2 0 2 23.5+0.20 <0 . 50 2

lxlO“ 5 19.6+1.17 <0.30 3 23.2+1.25 zx o 00 o 2

Norepinephrine
lxlO“ 8 2 1 .6+0 . 0 0 <0.50 2 24.4+0.05 <0.05 2

lxlO- 7 21.7+0.81 <0.50 2 24.2+0.90 <0.7 0 2

lxlO“ 6 20.8+2.05 o 2 21.5+1.23 <0.50 3
lxlO“ 5 20.7+1.70 <0.50 2 23.1+0.20 <0.3 0 2

Isoproterenol
lxlO- 8 20.6+0.75 <0.30 2 23.5+0.60 <0.80 2

lxlO- 7 21.5+0.25 <0 . 2 0 2 24.6+1.55 <0.7 0 2

lxlO- 6 19.1+2.75 y\ o U"i o 2 24.1+1.35 00 o 2

lxlO™5 19.2+2.20 <0.30 3 24.0+1.69 <0.90 4

a - One volume of 10 x 10- 8 M aminophylline added to 
nine volumes PRP prior to test. 

b - 4.0 jag per milliter of PRP.
c - Catecholamine diluent added followed by ADP. d - Final molar (M) concentration, 
e - pmoles per ten milligrams protein, 
f - Compared to control.



TABLE 7 — Increase in cAMP 
zed mice in the concentration3 of PRP from non-sensitized and sensiti- 

presence of aminophylline0 (1x10-3M) and prostaglandin E1 (PGE^.

PRP Source 
and Treatment

Total
pmoles
cAMP Platelet

Number0

pmoles
CAMP pmoles

cAMP Percent
Increasel x  1 0 9 

Platelets mg
Protein Ten mg 

Protein of
Control

Non-sensitizedPRP
+ Diluent^ 

(control)+ PGEi
(0.016jjg/ml) 

+ PGEi
(0.160ug/ml)

184.5 
+ 6 . 2  
243.8 
+ 6 . 8  
1390.0 
+ 25.5

1.06xl09 
+4x107

174+ 0.7 
230+ 2.3 

1311+25.4

96.904 
+0.391 
95.398 
+0.113 
98.410 
+0.369

19.0 
+ 0 . 6  
25.6 
+ 0.7 
141.2 
+2 . 1

130
750

SensitizedPRP
+ Diluent 

(control)
+ PGEi

( 0.016jug/ml) + PGEi
(0.16 0jug/ml)

226.9
+ 9.7
324.2
+ 14.3
1414.1
+ 24.4 
“

1.53xl09
+6xl07

1?
II

j

148+ 0.5 
2 1 1+ 1 . 1  

924+20.4

90.376
+0.071
90.878
+0.370
91.882
+0 . 2 1 1

25.1 
+1 . 1  
35.7 
+1.7 
153.9 
+ 2.3

140
610

a
b
c
d

Mean of two determinations plus or minus standard error of the mean 
One volume of 10 x 10 3 M added to nine volumes PRP prior to test Adjusted for sample size of 2.5 ml.
See Materials and Methods for prostaglandin diluent.
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TABLE 8.— Distribution of 1 4C-Serotonin and 3H-Histamine in PRP from non-sensiti
zed mice during incubation at 3 7oc.a

Contents !Incubation 
Time 
(min)

Supernatant
dpin*3

Cell Fraamentsdpm
ml jug Protein dpmml jug Protein

PRP 0 171,832 21,955 319 69+ 5 92,322 154,144 338 456^ ‘C-Serotonin 10 56,830 207,237 354 58515 41,633 234,982 345 681
20 36,447 241,009 413 58430 36,591 232,663 353 659

PRP 0 603,994 5,590 300 19+ 5 582,941 16,422 300 55H-Histamine 10 569,961 34,920 311 11215 582,490 46,332 343 135
20 570,181 58,986 332 17830 ; 558,923 66,144 274

1
241

a Data representative of two or more experiments.
b - dpm per 0.2 ml of supernatant containing 14c-Serotonin or 0.1 ml for 3H- Histamine.
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TABLE 9.— Distribution of C-Serotonin in PRP from non-sensitized and sensitized mice during incubation at 37°C.a

Contents Incubation Supernatant Cell FragmentsT ime 
(min) dpm 

0 .2ml dpm
ml yg Proteinml dpm

Non-Sensitized 0 217,085 24,196 294 82PRP 1 196,660 53,448 291 18414 +C-Serotonin 2
3 169,571

147,000 79,214
109,506 276

303 287
3614 130,320 126,348 291 4345 117,182 126,482 259 488

Sensitized 0 211,967 19,782 437 45PRP 1 197,839 52,526 448 11714C-Serotonin 2
3 180,821

171,127 89,832
114,838 430

428 209
2684 161,102 142,008 445 319

------------- !
5

l
150,135 159,020 425 374

a - Data representative of two or more experiments.

113



OTABLE 10. Distribution of H—Histamine in PRP from non—sensitized and sensitized
mice during incubation at 37°C.a

Contents Incubation
Time
(min)

Supernatant
dpm Cell Fragmentsdpm jug Protein dpm

0 .1ml ml ml jug Protein
Non-Sensitized 0 522,156 5,234 322 16PRP 1 518,957 7,874 311 25
3 ,+ 2 486,706 11,242 322 35H-Histamine 3 506,688 11,970 300 404 483,339 10,670 304 355 493,978 16,142 300 54

Sensitized 0 538,400 3,030 228 13PRP 1 545,122 3,928 244 163 ,+ 2 555,288 5,534 232 24H-Histamine 3 541,577 8,186 240 344 526,401 6,580 228 295 549,948 9,246 248 37

a Data representative of two or more experiments.
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TABLE 11.— Effect of increasing concentrations of epinephrine on intracellular
14C-Serotonin in platelets of non-sensitized mice.a

Contents
Time
After
Addition

dpm
ml

Cell Fragments
Aig Protein dpm

ml jug Protein
PRP + Tris buffer 0 min 272,394 360 756PRP + Epinephrine -

1 x 1 0 " 6 m 1 min 259,971 343 7573 min 270,438 450 600

PRP + Tris buffer 0 min 297,512 421 706PRP + Epinephrine -1 x 10"5 M 1 min 262,381 336 7803 min 266,680 354 753

PRP + Tris buffer 0 min 285,101 384 742PRP + Epinephrine -
1 x 10_4M 1 min 264,010 353 7473 min 265,794 366 726

a - Data representative of two or more experiments. 115



TABLE 12.— Effect of increasing concentrations of epinephrine on intracellular
-Serotonin in platelets of sensitized mice.a

Time Cell FragmentsContents After dpm ng Protein dpmAddition ml ml jug Protein
PRP + Tris buffer 0 min 271,679 361 752PRP + Epinephrine -

1 x 10~6 M 1 min 268,819 344 781
e t  i t 3 min 263,679 321 821

PRP + Tris buffer 0 min 279,447 355 787PRP + Epinephrine -

1 x 10~5 M 1 min 274,233 284 870
I l  I I 3 min 281,326 369 762

PRP + Tris buffer 0 min 276,971 346 800PRP + Epinephrine -

1 x 10~4 M 1 min 260,936 381 684
I l  I I 3 min 289,532

__________1

441 656

a - Data representative of two or more experiments. 116



Fig. 1.--This illustration represents a typical light transmittance 
tracing resulting from ADP induced platelet aggregation at a chart speed 
of 1 inch per min. The velocity of aggregation, expressed in mm/min, is 
derived from the measurement of the tangent (a) to the steepest slope of 
the aggregative phase. The velocity of disaggregation, similarly expres
sed, is derived from the measurement of the tangent (b) to the steepest 
slope of the aisaggregative phase.
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I_____ I____________ I____________I--------------- 1--------------- 1------- 1--------------- 1--------------- 1--------------- 1

Base 10"8 10"7 10'6 10"5 Base 10"8 10'7 10'6 10'5

Final Molar Concentration of Biogenic Amine

Fig. 3.— PRP from non-sensitized mice was ex
posed to 2.0 jug/ml of ADP 2 min after the addition 
of increasing concentrations of the following: 
epinephrine ^ ; norepinephrine ,A----- iso
proterenol , a---- —a; and acetylcholine,#---- m .
Sensitized PRP was exposed to 0.8 pg/ml of ADP 2 min 
after the addition of: epinephrine,A--- A  ; nor
epinephrine ,4t----A; isoproterenol, Q----o ; and ace
tylcholine,#----ten. Base values represent additions
of ADP only and are expressed plus or minus standard 
error of the mean of three determinations. All other 
points representative of two or more experiments.
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_________

//
//

0.2 0.4 1.0 2.0 

C o n c e n t r a t i o n  o f  A D P  ( m i c r o g r a m s  p e r  m l  P R P )

4.0

Fig. 4.— Comparison of the aggregation/disaggre- 
gation velocities of PRP from non-sensitized and 
sensitized mice, in the presence or absence of ami- 
nophylline (1x 10-3m ), and in response to increasing
concentrations of ADP. o---o, non-sensitized mouse;
e---e, non-sensitized plus aminophylline; o-- o,
sensitized mouse; •-- •, sensitized mouse plus ami
nophylline. Points representative of two or more 
experiments.
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a

b

Fig. 5. -Uptake of labeled amines versus incu
bation time. •, C-Serotonin; 0, ^H-Histamine;

, non-sensitized mouse ; a n d -- -, sensitized
mouse. Points representative of two or more experiments .
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Fig. 7.--Aliquots (0.5 ml) of PRP from non-sen- 
sitized mice were incubated in the aggregometer 2 
min prior to any additions, subsequently: (a) 2
min (Tris buffer), 4 min (0.8 jug/ml ADP) ; (b) , (d) , 
and (f) 2 min (1.0, 2.0, 10.0 ,ug/ml serotonin), 4 
min (0.8 pg/ml ADP); (c), (e), and (g) 4 min (0.8
gg/ml ADP), approximately 6 min (1.0, 2.0, 10.0 jug/ ml serotonin).
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Fig. 8.— Aliquots (0.5 ml) of PRP from sensiti
zed mice were incubated in the aggregometer 2 min 
prior to any additions, subsequently: (a) 2 min
(Tris buffer), 4 min (0.4 jug/ml ADP) ; (b) and (d)
2 min (10, 20 jug/ml serotonin), 4 min (0.4 jug/ml 
ADP); (c) and (e) 4 min (0.4 jug/ml ADP) , approxima
tely 6 min (10, 20 jug/ml serotonin); (f) and (g)
2 min (10, 20 jug/ml histamine), 4 min (0.4 jug/ml 
ADP); (h) 4 min (0.4 jug/ml ADP), approximately 6 min (20 jug/ml histamine) .
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