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ABSTRACT

The studies reported in this thesis consist of investigations of histamine 
metabolism in (a) various tissues and plasma of diabetic rats, and (b) in the 
leucocytes, platelets and plasma of patients with diabetes mellitus (DM) and 
peripheral occlusive vascular disease (PVD). In addition, we have investi­
gated the factors influencing histamine uptake by normal human platelets.

In DM rats histamine synthesis, as reflected by histidine decarboxy­
lase activity, was found to be markedly elevated in the aortae and various 
other tissues; there was no concomitant alteration in histamine degrada­
tion. This was accompanied by a significant increase in plasma histamine 
concentrations. One of the likely consequences of elevated plasma and 
aortic histamine in DM rats would be an increase in vascular endothelial 
perm eability. However, unlike previous reports, elevations in aortic 
permeability in our DM rats was not affected by the in vivo administration 
of either H i or H2 receptor antagonists.

In DM and PVD patients, there was a m arked increase in plasma 
histam ine concentrations. In PVD platelets there was a concomitant 
increase in the histamine content of leucocytes and platelets, without any 
alteration in histamine synthesis or breakdown. It is therefore likely that 
increased intraplatelet and intraleucocyte histam ine in PVD is due to 
increased uptake by these activated cells from a 'histamine rich' plasma. 
We also observed an accelerated platelet histamine uptake in vitro as a 
result of mild platelet activation.

Our studies indicate marked alterations in histamine metabolism in 
both experimental DM and in patients with DM and vascular disease. It is 
likely that an altered histamine status in the plasma and blood vessels 
contributes to increased vascular permeability in DM and vascular disease. 
Since increased vascular perm eability is one of the key events in the 
pathogenesis of diabetic microvascular disease and atherosclerosis, it is 
possible that histam ine plays an im portant role in the pathogenesis of 
these conditions.
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CHAPTER I

INTRODUCTION

H istam ine belongs to a group of diverse substances called "autocoids", 
which are released from tissues during injury or inflammation. They 
differ widely in their structural and pharmacological activities. The group 
includes the biogenic amines, histam ine and serotonin; small peptides, 
such as the kinins; and lipids, such as the prostaglandins. Their action can 
be attenuated, blocked or potentiated by a wide variety of agents, either by 
interacting at receptors or by blocking the enzymes that synthesize or 
metabolise them.

Histamine was the first of these substances to be discovered. Early research 
gave an indication  of the possible involvem ent of histam ine in 
inflam m atory and anaphylactic reaction. How ever, the progress of 
knowledge in this area has been slow. The two most important reasons for 
this were the lack of availability of specific agonists and antagonists, and 
the lack of sensitive and specific m ethodology for the detection and 
m easurem ent of histamine.

Realization of the physiological importance of histamine dates from 1910 
w hen Sir Henry Dale (Dale & Laidlaw, 1910) dem onstrated its powerful 
effects on smooth muscle and blood pressure. Dale was quick to realize 
that the substance in question was identical to P-im idazolylethyalam ine, 
which was chemically synthesised in 1907. The principal pharmacological 
activities of histamine were described in a series of elegant papers by Dale 
and Laidlaw from 1910 to 1919 when they, together with co-workers, 
outlined all the major actions of histamine except one: the stimulation of 
gastric secretion.

By 1919, Dale and Laidlaw (1919) had made two general conclusions about 
histam ine. They noted that when applied locally it produced redness, 
swelling and oedema; and it did not escape their notice that these were the 
features of mild inflammation. The dilatation of the capillaries, pooling of 
blood in these vessels, and the exudation of plasma through capillary walls 
w ould result in the familiar sequence leading to weal formation in man. 
Their second general conclusion was that the administration of histamine



in large doses into the circulation reproduces symptoms similar to those of 
shock produced by trauma and anaphylactic reactions.

Additional functions have also been postulated for histamine. Schayer 
(1965) proposed that an adaptive mechanism exists whereby histamine 
synthesis in small blood vessels can be induced solely by tissue stress, 
which leads to vasodilatation, and that this newly formed histamine exerts 
its effects locally and is not stored. This so-called 'inducible' histamine is 
similar to the 'nascent' histamine described by other workers, who have 
show n that there is increased histam ine synthesis in m any tissues 
undergoing rapid  grow th or repair. It is also thought to be a m inor 
mediator of exocrine secretions, particularly salivation.

It is now recognised that histamine is a normal constituent of blood and of 
most tissues, although its function in many tissues remains obscure. In the 
m ammalian brain, for example, Schwartz et al. (1980) have shown that 
histamine acts as a central neurotransmitter. In most tissues, histamine is 
stored mainly in mast cells (Schayer, 1956; Riley & West, 1966); in blood, 
histam ine is stored alm ost exclusively in leucocytes, w ith the basophil 
being by far the richest histamine-containing cell. Eosinophils, neutro­
phils, monocytes and lymphocytes are also known to contain histamine in 
appreciable amounts (Graham et al., 1955). The hum an blood platelet was 
thought not to contain any histamine at all; but this is now known not to 
be the case (Brown et al., 1980). H um an platelets contain very small 
amounts of histamine, but with the huge num ber of circulating platelets 
they can collectively contain approximately 5% of total blood histamine. 
H um an plasm a contains m inute am ounts of histam ine (Heavey et al., 
1984) unlike rat plasma, which can have up to 400 times more histamine 
than hum an plasm a (Hollis et al., 1985). Erythrocytes do not contain 
significant amounts of histamine.

The role of histamine in health and disease has intrigued investigators for 
more than half a century. Its role in gastric acid secretion and as a mediator 
of allergic reactions is well established, while its role in several other 
physiological functions and pathological conditions is suspected.

As mentioned earlier, histamine is known to be a norm al constituent of 
most mammalian tissue and blood cells. It is thought to exist in at least 
three distinct pools (Schayer, 1965): (1) the tissue non-mast cell 'inducible'



(nascent, intrinsic) pool; (2) the tissue mast cell-bound histamine pool; and 
(3) the blood-borne histamine pool.

Although tissue histamine is stored predom inantly in mast cells (Riley & 
West, 1966), a pool of non-mast cell histamine also exists in certain tissues 
like the stomach and blood vessels (Kahlson & Rosengren, 1968; Hollis & 
Rosen, 1972). The so-called non-inducible mast cell pool is not thought to 
play a major role in the physiology and pathology of histamine, apart from 
allergic reactions. The interaction of antigens w ith surface im m uno­
globulin E (IgE) or the action of agents on appropriate receptors yields an 
activated mast cell which responds w ith degranulation and subsequent 
histamine release (Read et al., 1974).

On the other hand, the 'inducible' nascent non-mast cell histamine pool in 
tissues is variable in content and is dependent on the rate of histamine 
synthesis and breakdown. Alterations in this 'inducible' pool have been 
shown to be accompanied by changes in the tone and permeability of blood 
vessels (Schayer, 1966). The correlation between changes in HDC activity 
and circulatory changes has been taken by some authors as a basis for the 
hypothesis that induced histamine serves as a m odulator of the functional 
state of the terminal blood vessels, induced histam ine being formed at a 
rate required to maintain homeostasis (Schayer, 1962). This inducible form 
of HDC is believed to be located in vascular endothelial cells and is known 
to have a very short half-life (3-6 hours). This rapid turnover pool is also 
believed to play a key role in the intrinsic regulation of microcirculatory 
vessels (Schayer, 1962), in the slow phase of inflam-mation (Schayer, 1961) 
and in neurotransmission (Green et a l, 1978).

The third distinct pool of histamine is contained within blood cells, and is 
contained almost exclusively in leucocytes.

Mast cells, leucocytes and most tissues have the capacity to synthesise, take 
up and release histamine (Schayer, 1956; Holcslaw et al, 1985; Lagunoff, 1972; 
Catini et al., 1984; Day & Stockbridge, 1964; Stewart et a l, 1979; Green 1967).



A. Histamine Metabolism

(a) Biosynthesis

Histam ine is derived solely from the decarboxylation of the essential 
amino acid L-histidine, although this is not the only route of histidine 
catabolism (Figure 1). Two enzymes capable of decarboxylating L-histidine 
have been found in mammalian tissues (Boeker & Snell, 1972). Histidine 
decarboxylase (HDC; EC 4.1.1.22) is specific for L-histidine. On the other 
hand, arom atic L-amino acid decarboxylase [dihydroxy-phenylalanine 
(DOPA) decarboxylase; EC 4.1.1.26] is a non-specific enzyme capable of 
decarboxylating a variety of natural aromatic amino acids, including DOPA 
and 5-hydroxy tryptophan; it is w idely d istributed  in anim al tissues. 
Histidine has a greater affinity for HDC than for the non-specific enzyme, 
and evidence suggests that the decarboxylation of histidine is performed in 
vivo solely by the specific decarboxylase (Schwartz, 1975).

The two enzymes may be distinguished on the basis of their optimal pH 
(6-7 for the specific enzyme and 8-9.5 for the non-specific enzyme), by their 
reaction to benzene, which activates DOPA decarboxylase but not HDC, and 
by the action of inhibitors. The most potent inhibitor of HDC is 4-bromo-3- 
hydroxy-benzyloxyamine (NSD-1055; Brocresine). However, the mecha­
nism of action of this compound appears to be by reaction with pyridoxal 
phosphate and it is therefore not specific, since both decarboxylases use this 
co-enzyme (Leinweber, 1968). 4-imidazolyl-3-amino-2-butanone (McN-A- 
1293) is less potent than NSD-1055 but is a specific competitive inhibitor for 
HDC (Taylor et a l, 1973). Alpha-hydrazinohistidine (aHH) and alpha-flu- 
oromethyl-histidine (a-FMH) are more effective and irreversible inhibitors 
of the specific enzyme than the non-specific enzyme (Levine et a l, 1965a; 
Kollonitsch et a l, 1978). On the other hand, a-m ethyl-3,4-dihy-droxyl-L- 
phenylalanine (a-m ethyl DOPA-aMD) is a more potent and specific inhi­
bitor of the non-specific decarboxylase enzyme (Mole & Shepherd, 1972).

HDC has been identified in a variety of tissues (Boeker & Snell, 1972), most 
notably' in the stomach and in rapidly growing norm al and abnormal 
tissue. An im portant characteristic of HDC is that it is inducible in certain 
conditions like traum a, cold and local inflamm ation (Maslinski, 1975a). 
Induction is at the local level of protein synthesis (Morris & Fillingame, 
1974). There is also evidence that release of histamine from a tissue results
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in an increase in HDC activity (Schwartz et al., 1972). Evidence has also 
been presented that HDC levels are controlled not only by the rate of 
synthesis of histam ine, but also by its rate of degradation (Morris & 
Fillingame, 1974).

(b) Catabolism

Histamine is catabolised by two routes (Wetterquist, 1978; Maslinski, 1975).v r
In one, histam ine is m ethylated to form l-m ethyl-4 -[p -am inoethy l]- 
imidazole (methylhistamine) through transfer of a methyl group from S- 
adenosylm ethionine (SAM) in the presence of the enzyme, histamine-N- 
m ethyltransferase (HMT). The specificity of HMT for m ethylating 
histam ine is the basis for the widely used isotopic assay of histamine 
(Beavan & Horakova, 1978). Methylhistamine is subsequently deaminated 
by the Type B monoamine oxidase to form l-methylimidazole-4-acetic acid 
(methylimidazole acetic acid). In the other route, histamine is deaminated 
by diam ine oxidase (DAO; histaminase) to form imidazole acetic acid 
(W etterquist, 1978), which is then conjugated and excreted as 1-ribosyl- 
imidazole-4-acetic acid (ribosyl imidazole acetic acid) (Figure 1). The 
conjugation with ribose is unique in that histamine is the only known 
compound to be metabolised by conjugation with this sugar. The purpose 
of this conjugation is unclear, since imidazole acetic acid is excreted as 
readily as the ribosyl derivative.

The relative im portance of these metabolic pathw ays varies between 
species (Maslinski, 1975b). It has been shown that deam ination of 
histamine and the conversion to ribosyl imidazole acetic acid is the major 
pathw ay in the rat and a minor one in man, cat and dog. In rabbits and 
guinea-pigs, both routes appear to be equally im portant (Kahlson & 
Rosengren, 1968).

Inhibitors of the various catabolic steps include the hydrazine derivative 
am inoguanidine, which is a potent and highly specific inhibitor of DAO 
(Severs et al., 1970). HMT is inhibited by a variety of antimalarials, 
although relatively high doses of these compounds are needed (Beavan &
Shaff, 1979).



The body appears to have a great capacity to destroy histamine. This ability 
of the body to degrade histamine rapidly appears to be necessary because of 
the potentially lethal quantities of histamine in some tissues, such as the 
stomach. The presence of two catabolic pathways also provides the body 
with a flexible system and a large capacity to degrade histamine.

(c) Histamine Receptors and their Antagonists

As identified on a physiological and pharmacological basis, there are three 
known receptors for histamine, classified as histamine H i, H 2 and H3 . The 
m ost well-known antihistam ines are H i receptor antagonists and have 
been in existence since before the second world war; they include early 
com pounds such as m epyram ine (pyrilamine) and highly potent drugs 
such as d iphenhydram ine and tripelennam ine. The H i receptors are 
known to mediate the actions of histamine in anaphylaxis and allergy.

The other well-known class of histamine antagonists inhibit the actions of 
histam ine at the H 2 receptor. H2 antagonists like cimetidine and raniti­
dine are potent inhibitors of gastric ad d  secretion, and have been extremely 
successful in the dinical treatment of peptic ulcers.

The third, and most recently discovered, H3 histamine receptor is thought 
to be involved in the feedback control of histamine synthesis and release in 
the brain (Arrang et a l , 1983, 1987). The H3 receptor is not inhibited by 
either H i or H 2 antagonists.

Studies of DPPE, an antiproliferative agent, have shown that it inhibits 
histamine binding at a novel (non-Hi, non-H2, non-H3) site. These studies 
are leading to discussions of a possible fourth distinct histamine receptor 
(Brandes et al., 1987,1988).

H istamine receptors have been identified on virtually all blood leucocytes 
(Melmon et al., 1972; Plaut & Lichtenstein, 1982; Dy et al, 1981) as well as in 
m ost tissues, even though the function of these receptors in many tissues 
and cells remains unclear.



B. Histamine-induced vascular permeability

(a) Endothelial permeability

The increase in capillary permeability observed during the acute inflam­
m atory process has been ascribed to the liberation of various chemical 
m ediators, including histam ine. The role of histam ine in increasing 
capillary perm eability was first described by Eppinger (1913) and was 
subsequently confirmed by Sollmann & Pilcher (1917) and Dale & Richards 
(1918). Histamine had been reported by Gaddum  (1948) to produce leakage 
of circulating proteins and protein-bound dye into the tissues in many 
species, including man. Since then, several investigators have confirmed 
the role of histamine in causing vasodilatation and an increase in capillary 
perm eability  in  association w ith acute inflam m ation (Wilhelm, 1962; 
Lichtenstein et a l , 1973). It has now been shown that histamine exerts its 
effects on capillary permeability via the histam ine H i receptor, since the 
adm in istra tion  of H i agonists can enhance perm eability, while H i 
antagonists reduce capillary permeability. H 2 agonists and antagonists 
have been shown not to affect capillary permeability (Bhargava et al, 1977).

The endothelial cell is uniquely situated to play an active role in the 
induction of the inflammatory response, affording the venular endothelial 
cell a central role in the barrier function of the vessel wall. The concept of 
endo the lium  serving as an inert barrie r betw een b lood and the 
surrounding tissue is now known to be grossly inaccurate. According to 
that model, molecular exchange across the blood vessel wall was simply 
regulated by the interplay betw een hydrostatic and osmotic pressures, 
endothelium  serving the sole purpose of providing a physical barrier. It is 
now known that the endothelium not only serves as a physical barrier but 
is also a w idespread organ of m ultiple capabilities. It is actively involved 
in a num ber of processes, including m aintenance of the vessel wall 
integrity, the blood clotting system, the clearance of circulating lipids, the 
ren in -ang io tensin  system , the endocrine system  and the im m une 
response.

Arterial endothelium  is also known to respond to histam ine and other 
inflammatory m ediators such as serotonin and bradykinin. It is generally 
agreed that increased arterial endothelial perm eability to macromolecules 
represents one of the most im portant initial events in the pathogenesis of
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atherosclerosis (H iittn ^  et al., 1970; Schwartz et al., 1978; Stefanovich & \ 
Gore, 1971; Veress et al., 1970). These in filtra ted  m acrom olecules 
subsequently evoke a variety of reactive processes within the arterial wall. 
Endothelial cells are known to contain both histamine H i and H 2 receptors 
(Heltianu et al., 1983; Rotrosen & Gallin, 1986).

(b) Other endothelial actions of histamine

H istam ine has been show n to evoke a m ultitude of changes in the 
endothelium , including an increase in arterial endothelial perm eability 
(Majno et al., 1967; Killacky et al., 1986; Rotrosen & Gallin, 1986), an 
increased w idening of inter-endothelial gaps by endothelial contraction 
(Majno et al., 1969), increased dissociation of actin cables (Welles et al., 1985; 
Rotrosen & Gallin, 1986), an elevation in endothelial prostaglandin  
production (Baenziger et al, 1981; Haddock et a l, 1987; Revtyak et a l, 1988), 
and an increase in endothelial pinocytosis (Orlidge, 1983). Such effects are 
likely to increase the transport of plasma macromolecules such as lipids 
into the arterial wall.

O ther effects of histam ine which w ould affect endothelial function and 
in teg rity  include polym orphonuclear leucocyte m igration  into the 
subendothelial layer (Doukas et a l, 1987), an increase in cytosolic free 
ionised calcium concentration in endothelial cells (Exton, 1985; Rotrosen & 
Gallin, 1986); the induction of the synthesis of platelet activating factor 
(PAF) by endothelial cells (McIntyre et al, 1985); an increase in the release 
of Von W illebrand factor by the endothelium  (Hamilton & Sims, 1987); 
and the stim ulation of the release of endothelial tissue plasm inogen 
activator (tPA; Levin & Santell, 1988).



C. The Pathogenesis of Atherosclerosis:

Is there a Role for Histamine?

As m entioned earlier, it is now widely accepted that the initial event in 
atherogenesis is an increase in the perm eability of atherogenic plasm a 
macromolecules (Ross, 1986) into the endothelium of the intimal lining of 
arteries. It has therefore been suggested that an alteration in histamine 
metabolism within blood vessels may be an im portant factor responsible 
for increased endothelial permeability. Theodore Hollis and his colleagues 
have been actively pursuing this issue since the mid-1970s. They have 
proposed that initial increases in aortic endothelial perm eability may be 
m ediated, at least in part, through accelerated histamine synthesis de novo 
w ithin the wall of the aorta mediated by the enzyme HDC.

Hollis and his co-workers reported that significant increases in aortic HDC 
activity occur in reponse to a variety of atherogenic stresses, including 
transien t neurogenic hypertension (Bolitho & Hollis, 1973; 1975) and 
m echanical hypertension (Yamal & Hollis, 1976; Hollis et a l, 1972); 
following the exposure of aortae and aortic endothelial cells to elevated 
shear stress (De Forrest & Hollis, 1978; Hollis & Ferrone, 1974; Skarlatos & 
Hollis, 1987); as a result of diet-induced hypercholesterolaemia (Hollis & 
Sloss, 1975; Markle & Hollis, 1975; Markle & Hollis, 1977; Hollis & Fumiss, 
1979; O w ens & Hollis, 1979) and experim ental diabetes (Hollis & 
Strickberger, 1985; Orlidge & Hollis, 1982; Gallik & Hollis, 1981). More 
im portantly, it has been clearly shown that the increase in de novo aortic 
h istam ine synthesis correlates significantly w ith increased endothelial 
perm eability and therefore the initial events leading to atherosclerosis 
(Hollis & Fumiss, 1980; Hollis et al, 1983; Carroll & Hollis, 1985).

(a) H istam ine and H ypercholesterolaem ia

It is now well established that hypercholesterolaemia is associated with a 
m arked  increase in vascular wall perm eability  to m acrom olecules 
(Stefanovich & Gore, 1971; Veress et a l, 1970; Virag et a l, 1969). Closely 
related to this are the studies of Besterman (1970) and Cornhill & Roach 
(1976), who have shown the existence of a significant correlation between



serum  cholesterol concentration and the severity of atherosclerotic lesions 
in aortae and coronary arteries.

It is now well accepted that hypercholesterolaemia constitutes a major risk 
factor for accelerated atherosclerosis. It is therefore interesting to note that 
m arked alterations in arterial histam ine synthesis have been reported in 
experimental hypercholesterolaemia induced by an increase in the dietary 
intake of cholesterol. Hollis and his co-workers have carried out a host of 
stud ies using  hypercholesterolaem ic rabbits, and have show n that 
increased aortic endothelial histamine synthesis is clearly associated with a 
pre-atherosclerotic state (Markle & Hollis, 1977). They have shown that 
HDC activity of aortic endothelial cells is markedly elevated in rabbits fed 
for two weeks on a high cholesterol diet. W hen these same rabbits are 
continued on this atherogenic diet for a further two weeks, changes of early 
histologically identifiable atherosclerosis are observed; how ever, the 
changes in aortic histamine synthesis begin to return to normal. This sug­
gests that one pre-atherosclerotic metabolic change is an increased capacity 
of endothelial cells to form histamine, and that it is during this stage that 
the leaky endothelium  causes the process of atherosclerosis to begin. 
Interestingly, Hollis and Sloss (1975) have shown that aortic lipid deposi­
tion does not occur in the above rabbits until the fourth week of high 
cholesterol feeding, by which time histamine abnormalities have subsided.

Inhibition of aortic histam ine synthesis in hypercholesterolaemic rabbits 
has clearly been shown to be associated with a dim inished risk of athero­
sclerosis. Owen and Hollis (1979) have shown that administration of aH H , 
a specific inhibitor of HDC, to hypercholesterolaemic rabbits causes a 31% 
decrease in aortic histamine synthesis, and this is accompanied by a 51% 
reduction in aortic perm eability, as well as a 63% reduction in lipid 
accumulation. This study showed that the simple partial inhibition of one 
aortic enzyme, namely HDC, in an atherogenic environm ent can reduce 
permeability by half, as well as reducing the severity of atherosclerosis by 
over 60%.

To date, very little work has been conducted to investigate alterations in 
histam ine metabolism in hum an atherosclerotic vascular disease. In one 
study, Kalsner & Richards (1984) reported that coronary arteries obtained 
from patients with a history of coronary artery disease contained twice as 
m uch histam ine as coronary arteries obtained from non-cardiac patients.



Furtherm ore, they show ed that atherosclerotic regions of the coronary 
arteries contained m ore histamine than non-atherosclerotic segments.

It has also been show n that plasma histamine concentrations are signifi­
cantly elevated in patients with coronary artery disease (Yoshimura et a l , 
1984) when compared with healthy control subjects. They also showed that 
plasma histam ine concentrations were significantly higher in patients with 
three vessel disease w hen com pared to one vessel disease, indicating 
increased  concen tra tions of p lasm a h istam ine  w ith  severity  of 
atherosclerosis. It m ust, however, be stressed that this report m easured 
histamine by a fluorescence method which is not satisfactory in estimating 
the low levels of histam ine found in hum an plasma. In their study, 
Yoshimura and colleagues reported a.plasma histamine concentration of 
57 n g /m l in their control subjects, which is over 100 times greater than that 
reported by m any authors using more specific and sensitive techniques 
(Heavey et al., 1984; McBride et a l , 1988; Dyer et a l, 1982).

(b) H istam ine and D iabetes M ellitus

N um erous epidem iological studies have clearly established that both 
m acroangiopathy and microangiopathy are major complications of diabetes 
m ellitus. M acroangiopathy is m anifested as atherosclerotic vascular 
disease, while m icroangiopathy presents clinically through its effects on 
renal glomeruli and retinal microcirculation (Steiner, 1981).

Diabetes m ellitus is one of the m ost im portant risk factors for athero­
sclerosis (Brownlee & Cahill, 1975; Jarrett & Keen, 1975; Mitchell & 
Schwarz, 1963; Robertson & Strong, 1968; Gordon et a l, 1977). Diabetics 
show more advanced and more severe atherosclerosis at any given age 
than their non-diabetic counterparts. Vascular complications of athero­
sclerosis are the principle events responsible for increased m ortality in 
diabetic patients (Stout, 1979).

The prevalence of diabetes m ellitus in the general population and the 
p red ilection  of d iseased  ind iv iduals tow ards the developm ent of 
atherosclerotic vascular disease have fostered  considerable in terest 
concerning m echanism s which m ight account for the close association 
between the two disease processes. However, while it is clear that a strong



association between these two diseases exists, there is surprisingly little 
evidence clarifying the mechanisms involved. In part, this may be due to 
our lack of understand ing  of the factors w hich precip itate  in itial 
atherogenic events. Gaps in our knowledge may also result from the fact 
that little research has centered on exam ining alteration in arterial wall 
metabolism  in diabetes - alterations which are common in both disease 
processes. C larification of these a lterations m ay help explain the 
prevalence of macrovascular sequelae in the diabetic population.

W olinsky et a l  (1978) reported that several aortic sm ooth muscle cell 
hydrolases w ere decreased follow ing the induction  of experim ental 
diabetes. That acid cholesteryl esterase activity was significantly reduced 
was of particular interest, since acid cholesteryl esterase is the principle 
enzym e involved in catabolism and subsequent clearance of low density 
lipoproteins (Basu et al., 1976). The results of their investigations thus 
suggest that experimental diabetes may lead to an im paired ability of the 
aorta to' clear infiltrated lipid.

Intravascular lipid accumulation may also result from an im pairm ent in 
the functional ability of the arterial endothelium  to selectively regulate 
transm ural m acromolecule flux. Hollis and his co-workers have been 
exam ining the possibility that these alterations may stem from changes in 
histamine metabolism in the arterial wall. In several recent investigations, 
Hollis has exam ined aortic histam ine synthesis under a num ber of 
conditions which predispose to atherogenesis. A consistent observation 
has been that aortic histamine formation increases regardless of the type of 
atherogenic stress to which the animal is subjected.

As m entioned earlier, Hollis and his group have also been exam ining 
aortic histam ine metabolism following induction of experimental diabetes 
(Gallik & Hollis, 1981; Orlidge & Hollis 1982; Hollis et a l, 1983). These 
investigations have revealed a d iabetes-induced  elevation in aortic 
h istam ine synthesis coupled w ith  a concom itant decrease in aortic 
histam ine catabolism. They have observed increases in the intracellular 
histam ine content of both aortic endothelial and sm ooth muscle cells in 
strepto-zotocin-induced diabetes, and have proposed tha t one change 
occurring in experim ental diabetes is an expansion in the inducible, or 
nascent, hista-mine pool in the aortae of these rats. If this pool expansion 
can be preven-ted, then there is no concomitant change in aortic albumin



accumulation that norm ally occurs in this form of diabetes (Hollis et al., 
1983).

No reliable hum an data is available to date on histam ine metabolism in 
diabetes mellitus. One article by Yoshida and co-workers (1982) estimated 
plasm a histam ine concentrations in diabetic patients. This article is 
seriously flawed, since all estimations of plasm a histam ine use a fluori- 
metric m ethod and, as explained earlier, this m ethod is totally inadequate 
in m easuring  the p g /m l quantities of h istam ine in hum an plasma. 
Interestingly, the histam ine concentrations of the controls and various 
diabetic groups are all above 50 ng /m l, which is over 100 fold greater than 
accepted plasm a histamine concentrations in man. Despite this gross inac­
curacy in estim ating plasma histamine, Yoshida reports increased plasma 
histamine in patients with both Type I and Type II diabetes mellitus.

(c) D evelopm ent o f A therosclerotic Lesions

Atherosclerosis is characterised by a focal intimal thickening of medium- 
and large-sized arteries. Its clinical m anifestations include cerebral and 
m yocardial infarction and peripheral vascular disease. Epidemiological 
studies have identified several factors asssociated w ith  an increased 
incidence of coronary heart disease and cardiovascular disease, such as 
hypercholesterolaemia, hypertension, smoking and diabetes. Some further 
information has been provided by recent angiographic studies which have 
d em onstra ted  an association betw een high  levels of low density  
lipoprotein cholesterol and coronary atherosclerosis (Holmes et al , 1981; 
Millner et al., 1981; Hamsten et a l , 1986). However, since the early stages of 
lesion form ation are characterised by intim al cell proliferation as well as 
macromolecule infiltration, it is not possible to explain the aetiology of 
atherosclerosis simply in terms of cholesterol deposition in the arterial 
wall. On the basis of the finding that platelets contain a potent mitogen for 
smooth muscle cells, Ross & Glomset (1976) suggested that atherosclerotic 
lesions develop in response to endothelial denudation and subsequent 
platelet adherence and release of growth factors. Lately this hypothesis has 
been questioned, since it has been difficult to dem onstrate  a clear 
association betw een endothelial denudation  and the developm ent of 
atherosclerosis in vivo (Reidy, 1985).



An alternative concept has developed during recent years as it has become 
clear that mitogens can also be produced by cells present in the arterial wall 
(Seifert et al., 1984; Nilsson et al., 1985; Shimokado et al., 1985; Di Corletto & 
Bowen-Pope, 1983). These findings raise the possibility that stimulation of 
sm ooth muscle cell replication may be initiated independently of platelet 
aggregation and release of platelet mitogens, and instead occur as a result of 
an endogenous process in the arterial wall.

Despite these alternative hypotheses, it is undisputed  that platelets are 
involved in atherosclerosis, since the hum an atherosclerotic lesion con­
tains substantial amounts of platelet specific material (Pearson et al., 1979).

In experim ental dietary hypercholesterolaemia, monocytes can be found 
adhering to the endothelial surface (Gerrity, 1981; Joris et al., 1983; Faggiotto 
et al., 1984; Fagiotto & Ross, 1984), and signs of increased endothelial 
tu rnover are noted (Florentin et a l, 1969). W ithin a m onth, areas with 
intim al oedem a are observed. Infiltration of m onocytes through the 
endothelium  occurs; these cells then accumulate as resident macrophages 
in the intim a. Accum ulation of lipid-filled intim al macrophages (foam 
cells) p ro trud ing  into the vessel lum en represent the earliest type of 
atherosclerotic lesion, the fatty streak. At a later stage, proliferating smooth 
muscle cells give rise to fibrous plaques at the same anatomical sites (Joris 
et a l, 1983; Fagiotto et al, 1984; Faggiotto & Ross, 1984).

As briefly m entioned above, the two main blood-borne cell types involved 
in atherosclerosis are platelets and leucocytes. In the present study, both of 
these cells have been examined for alterations in histamine metabolism.

P la tele ts in atherosclerosis

M ammalian blood platelets (thrombocytes) are biconvex discs about 2-3 jam 
in diam eter and are formed in the bone m arrow by the division of mega­
karyocytes. H um an platelets have a half-life of 8-12 days and circulate in 
blood (200-350 million platelets per milliliter of blood). They are removed 
from the circulation either by incorporation in haemostatic plugs or by the 
reticulo-endothelial system.



The platelet plasma membrane is rich in glycoproteins, and it serves many 
functions similar to those of the plasm a m em branes of other cells: for 
example, the platelet membrane is involved in the active transport of ions 
and metabolites. The platelet m em brane is also involved in functions 
unique to the platelet, such as the shape change phenom enon. D uring 
shape change the platelet, in response to appropriate stimuli (e.g. collagen, 
adrenaline), changes shape from a disc to a sphere and proceeds to secrete 
intracellular contents. It eventually aggregates with other platelets.

Platelets, in common w ith certain granulocytic leucocytes, contain intra­
cellular storage granules. The two main granular organelles in platelets are 
the dense and alpha granules. The dense granules contain biogenic amines 
such as serotonin and histamine, together w ith adenosine nucleotides (Da 
Prada et al., 1981). The alpha granules contain m ainly platelet-specific 
proteins such as (3-thromboglobulin and platelet factor 4, as well as mito- 
genic proteins such as platelet-derived growth factor (PDGF - Da Prada et 
al, 1981; Ross et a l, 1974).

The m ain function of the platelet is aggregation, and platelet aggregation is 
essentially  a process of p latelet-to-p latelet adhesion in response to 
activating stimuli. N orm al platelets in the circulation do not adhere 
readily to each other or to the vascular endothelium . W hen activated, 
however, platelets readily adhere to each other or to any exposed sub­
endothelium  (for example, when the vascular endothelium  is damaged by 
atheroma, angioplasty or bypass surgery; Baumgartner & Hosang, 1988).

W hen platelets aggregate w ith each other or adhere to the endothelium , 
they secrete constituents which activate other platelets flowing past. When 
these events occur on the vascular endothelium  they can lead to the 
formation of an aggregate which eventually leads to the developm ent of a 
m ural platelet thrombus (Ross, 1986).

Platelet adhesion and aggregation are initiated by specific stimuli inter­
acting w ith specific receptors on the platelet surface membrane. Platelet 
aggregation can be induced by a variety of stimuli such as ADP, adrenaline, 
collagen and thrombin.

As mentioned earlier, when platelets are activated they release intraplatelet 
constituents. This release reaction can be either the selective release of
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storage granules (e.g. serotonin and histam ine release) or the selective 
release of constituents that are synthesised and secreted when required and 
are not stored, e.g. thromboxane A2 (Gordan, 1981).

Platelets acquire biogenic amines such as serotonin from the plasm a by 
active uptake via a specific carrier mechanism followed by subsequent 
storage in dense granules. Serotonin uptake by hum an platelets has been 
very well docum ented over the past tw enty years (Tuomisto, 1983). In 
contrast, histam ine uptake by hum an platelets rem ains relatively u n ­
explored. Histamine uptake by pig platelets has been extensively examined 
previously, bu t only a very small num ber of studies have investigated 
histam ine uptake by hum an platelets in any detail (Wood et a l, 1983, 1984). 
These previous studies using hum an platelets have assessed histam ine 
up take using  inappropria te  m ethods: for exam ple, the studies used 
platelets prepared  from bloood anticoagulated w ith EDTA. EDTA is a 
known platelet inhibitor and it disrupts the platelet m em brane (Pidard et 
ah, 1986). These studies assessed uptake by using platelets that were not 
stirred. Platelets are known to be totally non-responsive to any stimulus in 
the absence of stirring (Born & Cross, 1963). Furthermore, they assessed 
histam ine uptake using concentrations of labelled histam ine which were 
m ore than 300-fold greater than norm al plasm a histam ine concentrations 
found in man (Brown et al., 1980; Morel & Delaage, 1988). In this study we 
have examined histam ine uptake by hum an platelets using m ethods that 
overcome the above problems.

The role of platelets in throm bus form ation in atherosclerosis has been 
briefly m entioned earlier. Platelets are capable not only of form ing 
thrombi at sites of vascular endothelial damage but are also capable, when 
activated by adherence, of secreting various mitogenic factors such as 
PDGF. 'PDGF released from platelets is capable of inducing both smooth- 
muscle m igration and proliferation; a key event in atherogenesis. It is also 
known that when activated, platelets can release biogenic amines such as 
histam ine. H istam ine, as m entioned earlier, is capable of inducing a 
m ultitude of effects on the endothelium.



Leucocytes in atherosclerosis

Circulating blood contains colourless cells called w hite blood cells or 
leucocytes, which possess nuclei. There are three m ain varieties of leuco­
cytes - the granulocytes, the lymphocytes and the monocytes.

The monocyte, 16-22 |im in diameter, is formed in the bone m arrow  and is 
the largest leucocyte in blood; it is m ainly involved in phagocytosis. 
Lymphocytes are formed predom inantly in the lymphatic tissues, although 
some are formed in the bone marrow. Both lymphocytes and monocytes 
contain significant amounts of histamine (Graham et al., 1955).

There are three types of granulocytic leucocyte - the  neu troph il, the 
eosinophil and the basophil. These granulocytes are distributed between 
the bone marrow, the circulating blood and the tissues. The lifespan of the 
m ature granulocyte in blood is no more than about 30 hours. One of the 
m ain functions of granulocytes is protection of the body from infection, 
and phagocytosis is the m ain way in which these leucocytes exert this 
function.

The neutrophils and  eosinophils both contain significant am ounts of 
histam ine, while the basophilic leucocyte contains very large am ount of 
histamine (Graham et al., 1955). It is often thought that the basophil in the 
blood is the equivalent of the tissue-bound 'mast' cell, since both these cells 
are anatomically almost identical, and both contain vast stores of hista­
mine in their intracellular granules.

In the intact circulation, 5%-10% of circulating leucocytes are found as a 
'm arginal pool' slowly rolling along the endothelium  of sm all blood 
vessels. In inflamm ation, adherence of leucocyctes to endothelial cells 
increases greatly (O 'Flahertyt et al., 1978). This increased adherence of 
leucocytes, preceding emigration into the vessel wall, is considered to be 
the key event in cellular reactions to vascular dam age and induces 
endothelial damage and increased endothelial perm eability (O'Flaherty et 
al., 1978; H arlan, 1985). Hence, increased adherence of leucocytes is 
believed to initiate endothelial damage in atherosclerosis (Schwartz et a l, 
1986). The ubiquitous fatty streak is the earliest lesion of atherosclerosis 
and is a lipid-rich lesion consisting of both leucocytes and smooth muscle 
cells (McGill, 1968). The fatty streak is known to progress and form a



smooth muscle rich fibrous plaque. Leucocyctes are again present in and 
around these plaques (Ross,. 1986).

Any attem pt at explaining the aetiology and developm ent of a thero­
sclerosis m ust take into account several different aspects of the disease:
- which factors are responsible for the increased endothelial perm eability 

and the intim al infiltration of monocytes seen in the early stages of the 
disease?
- how is the transition of smooth muscle cells into ’synthetic' phenotypes 

initiated and which factors influence smooth muscle cell replication in the 
arterial intima?
- which factors regulate the accum ulation and clearance of intra- and 

extracellular lipids in atherosclerotic lesions?

It is clear that atherosclerosis constitutes the interaction of the endo­
thelium  and smooth muscle cell layer, not only w ith each other bu t also 
with blood-bome cells such as platelets and leucocytes; all of these cells are 
dependent on several initiating factors. It is one of these initiating factors, 
histamine, that this work aims to investigate.



D. Aim of Study

The m ain aim of this study was to investigate alterations in histam ine 
metabolism (a) in experimental non-ketotic diabetes mellitus in the rat and
(b) in patients with diabetes mellitus a n d /o r  peripheral vascular disease.

Plan of Study

a. Animal Studies

(i) H istam ine m etabolism  (histam ine content, histam ine synthesis and 
catabolism) in various tissues and plasma of control and diabetic rats.

(ii) Histamine content and synthesis in various tissues of control and 3- 
day starved rats.

(iii) Determ ination of the effect of H i and H 2 receptor antagonists on 
histamine metabolism in various tissues of control and diabetic rats.

(iv) Determ ination of the effect of H i and H 2 receptor antagonists on 
aortic permeability in control and diabetic rats.

b. Human volunteer and patient based studies

(i) H istam ine metabolism in plasma, leucocytes and platelets of controls 
and patients with DM a n d /o r PVD.

(ii) D eterm ination of the effects of various activating stim uli on 
[14C]histamine uptake by platelets obtained from normal volunteers.



CHAPTER II

MATERIALS and METHODS

1. MATERIALS

a. Chemicals

All the chemicals used were of analytical grade: sodium hydroxide, sodium 
d ihydrogen  phosphate, d isodium  hydrogen  phosphate, pyridoxal-5- 
phosphate, sodium  hydrogen su lphate , strep tozotocin  anom ers, hog 
k idney  d iam ine  oxidase, h istam ine  d ih y d ro ch lo rid e , ho rse rad ish  
peroxidase type II, 3-(dimethylamino) benzoic acid (DMAB) and 3-methyl- 
2-benzothiazolinone hydrazone hydrochloride m onohydrate (MBTH) were 
purchased  from  the Sigma Chemical C om pany (Poole, D orset, UK). 
Disodium ethylenediamine tetraacetic acid (EDTA), trisodium citrate, acetyl 
salicyclic ad d , sodium  chloride, diethyl ether, hydrochloric ad d , sulphuric 
acid, tris hydrochloride, bovine serum  albumin, Folin-Ciocalteu's reagent, 
calcium  chloride, m agnesium  sulphate, m agnesium  chloride, sodium  
bicarbonate, potassium  chloride were purchased  from  BDH (Enfield, 
M iddlesex, UK). Sagatal was purchased from May and Baker Limited 
(Dagenham, Essex, UK). Amberlite CG50 (100-200 and 200-400 wet mesh) 
was purchased from Fluka Chemicals (Basle, Switzerland).

b. R adionuclides

[methyl-3H]-S-adenosylmethionine, [ring-2-14C]histamine dihydrochloride, 
L-[2,-5-3H ]histidine were obtained from the Am ersham  Radiochemical 
Centre (Aylesbury, Bucks, UK). [l25I]bovine serum  album in (60,000 Mwt) 
was purchased from New England Nuclear (Herts, UK).

c. Commercially available monoclonal histamine radioim m unoassay was 
obtained from Immunotech SA (Marseille, France).

d. Scin tilla tion  flu id s

Liquiscint was obtained from National Diagnostics (New Jersey, USA).



e. Test tubes and Dispensaries

10 ml conical polypropylene tubes, 10 ml sterile conical polystyrene tubes 
were obtained from Sterilin Limited (Middlesex, UK). Eppendorf 1.5 ml 
microcentrifuge tubes from Eppendorf (Alan Medical Limited, Sussex, UK). 
M icropipettes and autom atic liquid dispensers from  Gilson (Anachem 
Limited; Luton, Beds., UK); Bio-Rad Econo columns from Bio Rad Limited 
(Stevenage, H erts, UK); M ultistix from  the Ames D ivision of Miles 
Laboratories Limited (Stoke Poges, Bucks, UK).

/. Instruments

1. Centrifuges
(a) IEC Centra 7R (refrigerated) and IEC Microcentaur microfuge from 
International Equipment Company (New Jersey, USA)
(b) MSE Bench Centrifuge from MSE Instruments (Sussex, UK)
(c) Sorrall ultracentrifuge from Sorrall Limited (Herts, UK)

2. Shaking tem perature controlled water bath from Grant Instruments 
(Cambridge, UK)

3. W hirlimix vortex mixer and magnetic stirrer from Gallenkamp 
(Middlesex, UK)

4. pH meter from Corning Science Products (Beds, UK)
5. P redsa 80A balance from Precisa Limited (Switzerland)
6 . Spectrophotometer SP1700 Ultraviolet from Pye Unichem (Cam­

bridge, UK)
7. LKB Wallac 1280 Ultragamma gamma counter and LKB Wallac 1219 

Rackbeta beta counter from LKB Wallac (Switzerland)
8 . Vacuum temperature-controlled dessicator and MSE Soniprep 150 

from MSE Limited (Sussex, UK)
9. Kinematic Polytron homogeniser from Kinematica Ltd (Basle, 

Switzerland)
10. Omniscribe chart recorders, Coulter ZM Counter, Chronolog aggrego- 

meters, siliconised aggregometer tubes, mini magnetic stir bars and 
Coulter Channelyser with X-Y recorder from Coulter Ltd (Beds., UK)

11. ICA 1 ionized calcium analyzer from Radiometer (Copenhagen, 
Denm ark)

12. YSI 23 AM glucose analyzer from Yellow Springs Instrum ents Ltd 
(Michigan, USA)

13. SMAC Autoanalyzer from Technicon Instrum ents (Herts., UK)



2. ASSAYS

HISTAMINE ASSAY

A. Double isotope radioenzym atic assay

(a) The Principle

This assay is based on the m ethod of Beavan and Horakova (1978), with 
modifications by Keeling (1984). The assay uses a double isotope method, 
w here h istam ine is m ethylated by the enzym e histam ine-N -m ethyl- 
transferase (HMT; EC 2.1.1.8). If the source of the methyl group is labelled 
[3 H], the enzyme product also becomes labelled, and the am ount of label 
can be determined in a suitable counter.

To determ ine the efficiency of the enzyme conversion and of the isolation 
technique, a second isotope is employed. A know n quantity  of [14C]- 
histamine can be added at the beginning of the reaction and the amount of 
labelled [l4C]methylhistamine recovered can be determined. The propor­
tion of the [14C]~histamine that has been converted gives an indication of 
the total histam ine that has been m ethylated by the enzym e and the 
extraction efficiency.

(b) Preparation of histamine N-methyltransferase and storage of 
radioactive materials

H istam ine N -m ethyltransferase (HMT) was prepared  by the m ethod of 
Shaff and Beavan (1979). The kidneys from seven male Sprague-Dawley 
rats were washed and hom ogenised in ice-cold 0.25 M sucrose (10 m l/g  
tissue) using a Polytron homogeniser (speed 3 for 1 min). The homogenate 
was centrifuged at 126,000 g for 60 min at 4 °C and the pellets discarded. 
That fraction of the supernatan t precipitating betw een 45% and 70% 
saturation with amm onium  sulphate (at 4 °C) was resuspended in 15 ml 10 
mM sodium  phosphate buffer, pH  7.4, and dialysed at 4 °C for 36 h against 
3 changes of 2 1 sodium  phosphate buffer. After dialysis, the HMT pre­
paration was frozen in 1 ml aliquots and stored at -40 °C. The protein 
content of the HMT preparations was estim ated and was usually between



12-15 m g/m l. This was diluted 10-fold w ith 0.1 M sodium phosphate buffer 
(pH 7.4) immediately before use.

[M ethyl-3H]-S-adenosylm ethionine was diluted w ith 0.5 mM sulphuric 
acid to 50 fiC i/m l before being flash-frozen in liquid nitrogen in aliquots 
and stored at -40 °C. Before use, the aliquots were allowed to thaw at room 
tem perature and then kept on ice.

[ring-2-14C]histamine was diluted with 1 mM HC1 to 0.05 p.Ci/ml before 
being flash-frozen in liquid nitrogen in aliquots and stored at -40 °C. 
Aliquots were allowed to thaw  at room tem perature before use and then 
kept on ice.

(c) The assay procedure

Incubations in the histam ine assay were perform ed in a total volume of 
500 p.1 in 10 ml conical polypropylene tubes and consisted of the following:

(1) sample m aterial or standard m ade up to 380 pi with 0.1 M sodium 
phosphate buffer, pH  7.8;
(2) 10 pi [methyl-3H]-S-adenosylmethionine ([3H1-SAM 500 m C i/m m ol :
0.5 p.Ci);
(3) 10 pi [ring-2-14C]histam ine dihydrochloride (56 m C i/m m ol : 1000 
dpm);
(4) 100 pi histamine-N-methyltransferase preparation.

Incubations were started by the addition of HMT preparation to the other 
components, and were continued for 90 min at 25 °C. The reactions were 
stopped w ith 200 îl 5 M NaOH. The radiolabelled m ethylhistam ine was 
extracted into 5 ml chloroform. After vigorous shaking for 20 sec, the 
phases were separated by centrifugation at 1500 g a t room tem perature for 
5 min and the aqueous layer was removed and discarded. Care was taken 
to rem ove as little of the chloroform layer as possible. The chloroform 
layer was washed with 1 ml 3.3 M sodium  hydroxide, shaken and centri­
fuged as described above. The aqueous phase was again discarded. Of the 
rem aining chloroform phase, 4 ml aliquots were transferred to scintillation 
vials and were then evaporated to dryness in a vacuum dessicator (connec­
ted to an electric pum p). Liquid scintillation fluid (Liquiscint), in 10 ml



aliquots, was added to the vials, which were then counted for [3H] and [14C] 
radioactivity simultaneously, using an LKB Rackbeta scintillation counter.

To determine the am ount of [3H] labelled m ethylhistam ine in the assay, a 
standard curve was obtained in the range 0-20 ng histamine free base (using 
histamine dihydrochloride in 1 mM HC1) by substituting aliquots of sample 
m aterial w ith standard histam ine solutions. In calculating the data, the 
[3H] methylhistamine detected was corrected for recovery of [14C]histamine. 
A typical standard curve is illustrated in Figure 2.

(d) A ssa y  Characteristics

The lower limit of detectability in this double isotope radioenzymatic assay 
was 0.7 n g /m l histamine. The intraassay coefficient of variation (n=10) on 
both sam ples and standards was 8 .2 % and the interassay coefficient of 
variation was 10.5%. Intra-individual variation in the leucocyte content of 
histamine, assessed in 6 healthy volunteers, was 13.2%.

B. P lasm a histam ine determination hy radioim m unoassay (RIA)

The RIA used in this study was purchased as a kit from Immunotech SA 
(Marseille, France). This new monoclonal antibody RIA for the m easure­
m ent of histamine in biological fluids is the only assay currently available 
which can adequately m easure histamine concentrations in hum an plasma 
w ithout having to perform  thin layer chrom atography or high perfor­
mance liquid chromatography.

(a) The Principle

The assay is based on the conversion of histam ine in sam ples to an 
'acylated' succinyl-glycinamide derivative (Morel & Delaage, 1988). The 
acylated histam ine then mimics the im m unogen used to generate the 
highly specific monoclonal antibody. The assay has been shown to exhibit 
a linear response from 0.1 to 5.0 n g /m l of histamine and the monoclonal 
antibody used is very specific for histamine, and w ith minimal modifica­
tions, the assay can accurately m easure histam ine in hum an plasm a 
(McBride et al., 1988). The histamine determination makes use of the
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com petition of 'acylated' histam ine and 125I-acylated histam ine for their
binding to mouse monoclonal antibody coated on to plastic tubes.

(b) Reagents

The m anufacturer's kit provides the following reagents:

1 . 125I-radiolabelled histam ine (1 vial: 55 ml). The vial contains 4 jiCi 
125I-acylated histamine diluted in a buffer containing protein, sodium 
azide and a red dye. It was stored at 4 °C.

2. Acylation reagent (enough for 50 tubes). Each tube contains 1 mg 
lyophilised acylating reagent; stored at 4 °C.

3. Standards (7 vials: 1 ml) containing respectively 0, 0.5,1.5, 5,15, 50 and
150 nM histam ine in buffer with 5 mM sodium  azide as a preserva­
tive. These standards were kept frozen to increase shelf life.

4. Acylation buffer (1 vial: 5 ml borate buffer, pH  8.2).

5. 100 anti-histamine antibody coated tubes.

(c) Radioimmunoassay procedure 

Acylation of sam ples and standards
(a) The acylating reagent (succinyl glycinam ide N-hydroxysuccinim ide 

ester) was collected at the bottom of the polypropylene conical tube by 
gentle tapping on the laboratory bench.

(b) The tubes were then acylated tube by tube:
• 100 fil standard solution or plasma was added to acylating powder
• this was imm ediately followed by the addition of 50 }il acylating 
buffer
• the conical tubes were recapped and the constituents mixed on a 
vortex mixer rap id ly  until complete solubilisation of the reagent 
(even traces rem aining on the cap)
• the tubes were then incubated for 30 m in at room temperature.



Com petition radioim m unoassay 
At room  tem perature:

• 50 (il acylated standard of acylated plasm a was added to coated 
antibody tubes
• 500 |jl iodinated tracer was added to this
• two regular tubes were kept for total and 0 standard radioactivity 
determ ination

At 4 °C:
• the antibody tubes were incubated for 18 h  m inim um  at 2-6 °C
• the tubes were aspirated (at 4 °C). All the fluid was draw n up using 
a Pasteur pipette attached to a vaccum source
• all the em ptied tubes were counted for gam m a radioactivity in an 
LKB gamma counter for 1 min.

The standard curve and results

A standard curve was draw n on semi-logarithmic graph paper by plotting 
histam ine concentration of standards on the horizontal axis, and average 
(of duplicates) b o u n d /0 standard counts (B/Bo) values on the vertical axis.

The histam ine concentration of plasm a was determ ined by direct reading 
on the standard curve. A typical standard curve is illustrated in Figure 3.

(d) Assay characteristics

The low er lim it of detectability in this m odified  RIA was 10 p g /m l 
histam ine, sim ilar to that of HPLC m ethodology. The intra-assay co­
efficient of variation (n=6) on both plasm a samples and standards was 7.3% 
and the'inter-assay variation was 9.5%. Intra-individual variation of plas­
ma histam ine concentration, assessed in 6 healthy volunteers, was 11.9%.
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HISTIDINE DECARBOXYLASE ASSAY

(a) The principle

The assay is based on the conversion of [3H]labelled histidine to [3H ]- 
labelled histam ine by HDC (EC 4.1.1.22). (Baudry et al., 1973; Keeling & 
Smith, 1979). A known quantity of [3H]-labelled histidine and necessary co­
factors were incubated w ith the tissue homogenate containing the enzyme.

The converted [3H]histam ine was then isolated from unconverted [3H]- 
histidine by three different isolations, involving chloroform  extraction, 
ion-exchange chromatography and finally a scintillant extraction. The [3H]- 
histamine was then counted by p-scintillation spectrometry.

(b) Purification of PHJ-histidine

[ring 2,5-3H]-histidine was stored in sealed vials at 4 °C. Sufficient radio­
activity for one day's work was removed for purification, using a syringe. 
This was applied to a small Amberlite column (200-400 mesh; 50 pi bed 
volume) equilibrated in 0.1M T ris/C l, pH  8.0. The column was washed 
w ith distilled w ater (twice the volum e of applied  radioactivity). The 
combined effluents contained the purified [3H]-histidine (0.33 pCi/pl).

(c) Preparation and use of Amberlite

The ion-exchange resin used in the HDC assay was Am berlite CG 50 (H 
form; 100-200 mesh). A finer mesh Amberlite (200-400) was used to purify 
the [3H]histidine. The Amberlite resin was equilibrated in bulk, using the 
appropriate buffer: 0.1 M T ris/C l, pH  8.0. The drug resin was first sus­
pended in five volumes of distilled water and allowed to settle. The cloudy 
supernatant containing fine particles was discarded. This was repeated 
twice before the resin was suspended in 1 M Tris base and poured into a 
large column. 0.1 M T ris/C l buffer, pH  8.0, was then passed through the 
column (10 m l/m in  initially; slowing dow n to 2 m l/m in  after 4 h) until 
the pH  of the material eluting from the column was 8.0.

The equilibrated resin was stored with an equal volum e of equilibrating 
buffer such that 1 ml of the slurry produced 0.5 ml bed volum e of resin.



For the separation procedure in the HDC assays, poly-propylene Econo­
colum ns were used. A 1 ml aliquot of resin slurry was added to the 
column to give a 0.5 ml bed volume. The columns were held in a rack 
such that direct elution into a tray of scintillation vials was possible. The 
resin was added to the columns w ithin 30 m in of sample application and 
was discarded after one use.

The ion-exchange column used to purify [3H]histidine was m ade by cutting 
the end off a 200 pi Gilson pipette tip. A disc cut from the filter of a Bio- 
Rad Econo-column was fixed to the end of the pipette tip w ith Superglue; 
this small column held the 50 pi of ion-exchange resin used to purify the 
[3H]histidine. Slight positive pressure was sometimes required to force 
solutions through the mini-colum n; this was achieved using a 10 ml 
syringe.

(d) The assay procedure

Incubations (50 pi) were perform ed in capped 1.5 ml Eppendorf tubes. 
Sample • m aterial (0-30 pi) was m ade up  to 40 pi w ith 0.1 M sodium  
phosphate buffer, pH  7.2. The reaction was then started by the addition of 
10 pi freshly prepared cocktail containing the following:

2 pi 0.25 mM pyridoxal-5-phosphate
2 pi 2.5 mM histamine
3 pi purified L-[2^-3H]-histidine (40-60 C i/nm ol; = lpCi)
3 pi 0.1 M sodium  phosphate buffer, pH  7.2

After a 120 m in incubation at 37 °C the reactions were stopped by the 
addition of 250 pi of 0.3 M sodium acetate buffer, pH  4.5, containing 10 pg 
histam ine, followed by 1 ml chloroform containing 0.1 M diethylhexyl- 
phosphoric acid (DEHPA). This effectively acts as the first isolation pro­
cedure, since it allows only [3H]histam ine (and [3H] m ethylhistam ine) to 
pass into the organic solvent phase but prevents m ovem ent of [3H] h is ti­
dine. After the addition of stopping solutions, the tubes were thoroughly 
mixed on a vortex mixer and centrifuged at 2600 g for 2 m in in a micro­
centrifuge. The aqueous phase was rem oved and discarded, and the 
rem aining chloroform washed twice w ith 250 pi of 0.3 M sodium  acetate 
buffer, pH  4.5. The [3H]histamine was back extracted w ith 200 pi 1M HC1



and m ixed w ith 5 ml 0.1 M T ris/C l buffer, pH  8.0, which contained 
sufficient 5 M NaOH to give a final pH  of 7.5-8.5 (approxim ately 40 pi). 
This m ixture w as loaded in to  an ion-exchange colum n containing 
Amberlite CG50 ion exchange resin (100-200 wet wash; 0.5 ml bed volume) 
equilibrated in 0.1 M Tris/C l, pH  8.0. The columns were washed with 2x10 
ml 0.1 M T ris/C l and any bound labelled product eluted w ith 1.5 ml 1 M 
HC1 into plastic scintillation vials containing 3.5 ml 0.3 M sodium  acetate 
buffer and sufficient 5 M NaOH to give a final pH  of 4.5-5.0 (approximately 
130 pi). Toluene (10 ml), containing 0.4% (w /v) diphenyloxazole (PPO) and 
0.1 M diethylhexylphosphoric acid (DEHPA), w as added  and the vial 
shaken vigorously for approxim ately 5 sec to ensure complete extraction 
into the scintillant. The radioactivity in the organic toluene phase could 
then be determ ined w ithout separation of the aqueous layer. Only 0.09 ± 
0.006% (SEM; n=5) of the radioactive substrate rem aining in the aqueous 
phase could be detected by the scintillant.

A ssay blanks w ere determ ined  by replacing  sam ple m aterial w ith  
0.1 M sodium  phosphate buffer, pH  7.2, or by stopping an incubation 
containing hom ogenate at zero time. The am ount of radioactiv ity  
observed in such blanks was 40-50 dpm  (scintillant background 20-25 dpm).

(e) Calculation o f HDC activities

The histidine concentrations used in this assay were in the range 0.3 pM- 
0.5 pM. This is more than 100 times lower than reported Km values for the 
enzym e (Keeling & Smith, 1979; Palacios et a l , 1976) under the conditions 
used in this assay. The observed rate of reaction should therefore be 
proportional to the concentration of histidine used. The concentration of 
[3H ]-histidine used in each set of assays was determ ined by counting an 
aliquot of the assay cocktail prepared on that day. In order to standardise 
the results between sets of assays, the observed enzyme activity was divided 
by the concentration of histidine used (in pM) to give that activity which 
w ould have been observed had the histidine concentration been 1 pM.



(ft Assay Characteristics

The sensitivity of the assay, defined as that HDC activity (measured at 1 pM 
histidine) giving double the assay blank after a 120 m in incubation, was
0.9 fm o l/m in /m l. The intraassay coefficient of variation (CV) was 6.2% 
and the interassay CV was 8.1%. Intra-individual leucocytic HDC variation 
was 14%, as assessed in six healthy volunteers.

HISTAMINASE (DIAMINE OXIDASE) ASSAY

(a) The Principle

This assay is based on the spectrophotometric m ethod of Stoner (1985) and 
it involves the generation of hydrogen peroxide from  histam inase (EC 
1.4.3.6.) by a coupled enzym atic reaction. In the presence of hydrogen 
peroxide and  peroxidase, the chrom agen 3-m ethyl-2-benzothiazolone 
(MBTH) is oxidatively coupled to 3-(dimethyamine) benzoic acid (DMAB), 
form ing a purp le  indam ine dye, which has an absorption m axim um  at 
595 nM. Therefore, using hog kidney diam ine oxidase (histaminase) as a 
standard, unkow n enzyme activities can be estimated.

(b) The assay procedure 

Reagents
• H og kidney diam ine oxidase (DAO; EC1.4.3.6, 0.06 un its /m g ) was 

dissolved in sodium  phosphate buffer (0.07 M, pH  6.7) at a concentra­
tion of 0.5 mg D A O /m l. The DAO solution was freshly prepared, kept 
at 4 °C and used only for each day's work. One un it of DAO will 
deaminate 1.0 pmole of p u tresd n e /h  at pH 7.2 at 37 °C.

• H orseradish peroxidase (EC 1.11.1.7, Type II, 150-200 purpurogallin  
un its/m g) was dissolved in sodium phosphate buffer at a concentration 
of 0.34 m g/m l. The peroxidase solution was freshly prepared on the day 
of the assay. One un it will form 1 m g purpurogallin  in 20 s from 
pyrogallol at pH  6 at 20 °C.



• MBTH was dissolved in distilled water at a concentration of 0.6 m m ol/l. 
This solution was stable for 3 weeks at room temperature.

• DMAB was dissolved in sodium phosphate buffer at a concentration of 
18 mmol / l .  This solution was stable for 3 weeks at room temperature.

Spectrophotometric measurements
Absorbance m easurem ents were obtained w ith  a SP 1700 UV spectro­
photometer at 25 °C using quartz cuvettes with a 1 cm path length.

Assay of DAO activity
Reaction mixtures consisted of the following in 2 ml:

• 17 pg horseradish peroxidase (50 |il)
• 20 pmol/1 MBTH (100 pi)
• 1.0 m m ol/I DMAB (170 pi)
• 0.7 m mol/1 histamine (50 pi)
• Sodium phosphate buffer (1380 pi)

• DAO - standard or sample (250 pi)

Reagent blanks consisted of all the above chemicals in the reaction mixture 
except the substrate (DAO). The assay was initiated by the addition of DAO 
standard  or unknow n sample. Samples consisted of tissue hom ogenate 
supernatants (centrifuged at 10,000 g.) and rat plasma samples. Leucocyte 
sam ples w ere assayed as hom ogenates w ithou t centrifugation. Ten 
minutes after the addition of substrate, the absorption was read at 595 nm. 
A typical standard curve is illustrated by Figure 4.

Diamine oxidase activity was also assayed as a function of time. This 
m ixture contained:

• 17 pg horseradish peroxidase
• 20 pmol/1 MBTH
• 1.0 m mol/1 DMAB
• 0.7 m m ol/I histam ine
• Sodium phosphate buffer
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The reaction was started by the addition of various am ounts of DAO, 
bringing the total volume to 3 ml and read over a period of 10 min. See 
Figure 5.

(c) A ssa y  characteristics

The sensitivity of this m odified spectrophotom etric assay was 0.9 pm o l/ 
h /m l homogenate or plasma. DAO has previously been assayed by other 
workers, either by biologic (Ahlmark, 1944) or colorimetric (Kapeller-Adler 
& McFarlane, 1963) procedures, and by the deam ination of 14C-putrescine 
according to the procedure developed by Okuyam a & Kobayashi (1961). 
Both types of assays give comparable values and appear to be equally 
sensitive (Tryding & W illert, 1968). The colorimetric m ethod of Stoner 
(1985), employed in this study, has several advantages over the putrescine 
assays. The methodology is relatively simple and the reagents required 
cost less collectively than 14C-putrescine alone. Furtherm ore, this is a 
direct assay of histam inase activity, since histam ine is used as a substrate 
rather than putrescine.

The intraassay CV for this assay was 9.1% (n = 10) and the interassay CV 
was 13% (n = 4).

M easurem en t o f  p ro te in  concentra tion  (Lowry et a l , 1951)

A micro-adaptation of the m ethod of Lowry was used to determine protein 
in the leucocyte samples and in the rat tissues.

(a) Reagents
I. Alkaline sodium  carbonate solution:

Sodium carbonate - 
Sodium hydroxide -

n. Copper sulphate -

200 m m ol/I (Na2CC>3)
100 m m ol/I (NaOH)

40 m m ol/I (CUSO4)

m . Sodium potassium  tartrate - 80 m m ol/I
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IV. ’Alkaline solution' - prepared by adding 1 ml sodium  
potassium tartrate followed by 1 ml copper sulphate solution 
to 100 ml alkaline sodium carbonate solution. A fresh 
solution was prepared for each assay.

V. Folin-Ciocalteau reagent - commercial reagent was diluted 1:1 
with distilled water prior to use.

(b) Standard Protein Solution

A standard commercial protein solution was diluted appropriately, or else 
a solution w as prepared  from  bovine serum  album in. All w orking 
standards were diluted in solution I to give final concentrations of 0.05, 0.1, 
0.15,0.2.and 0.25 g/1.

(c) Assay Procedure

0.2  ml of digested leucocyte or tissue sample, or of protein standard, was 
taken into microcuvettes in duplicate, w ith 0.2 ml of Solution I as a blank. 
1 ml of alkaline solution was added to each and left for 10 min. Folin- 
Ciocalteu reagent (0.1 ml) was then added to each cuvette and immediately 
m ixed by inversion, w ith  parafilm  over the end of each cuvette. The 
spectrophotometer was zeroed by reading the blank against distilled water. 
The absorbance of the sample was read after 30 m in at 700 nm. The protein 
content of each sample was calculated from the standard protein curve. A 
typical standard curve is illustrated in Figure 6 .
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3. ANIMAL STUDIES

Experimental non-ketotic diabetes

The animals used in the diabetic studies were male albino Sprague Dawley 
rats of initial weight between 230 and 240 g. They were housed in groups in 
wire-bottomed cages with a dark /ligh t cycle lasting 12 h each and provided 
food (Diet 41B) and water ad libitum.

Induction of Diabetes in rats

Animals were left in a w arm ed cage (heated w ith a 100 w  light bulb) for 
30 m in to induce peripheral vasodilatation. After 30 m in the animals were 
rem oved individually and introduced into a restraining cage. The animals 
were then anaesthetised w ith diethyl ether (soaked into cotton wool and 
held  at the breathing aperture of the restraining cage). A tourniquet 
(rubber tubing) was then applied to the top of the rat's tail and one of the 
fo u r la te ra l  ta il v e in s in jec ted  w ith  0.5 m l s tre p to z o to c in  
(65 m g /k g  body weight in 0.01 M sodium  citrate buffer, pH  4.5). Control 
animals were injected with 0.5 ml sodium citrate buffer only.

Three days after injection with streptozotocin, urinary glucose and ketones 
w ere m easured using M ultistix enzym e reagent strips. Of the strepto- 
zotocin-injected anim als, only those that developed m arked glycosuria 
were diagnosed as having diabetes. Animals injected w ith streptozotocin 
not exhibiting glycosuria were sacrificed and not included in any other 
group.

On the day of the experiment (30 days after the detection of glycosuria for 
the perm eability and antagonist experiments; 60 days after the detection of 
glycosuria for all other experim ents), the anim als w ere injected w ith 
pentobarbitone (Sagatal; 90 m g/kg  body weight) intraperitoneally. After the 
onset of anaesthesia, a cardiac puncture (one per animal) was perform ed to 
exsanguinate the animal. The blood was collected in fluoride/oxalate  
bottles for glucose m easurem ent, and in lithium  heparin (2 iu /m l) bottles 
for plasm a biochemistry and histam ine measurement. The abdomen was 
shaved and a 5 cm2 sam ple of abdom inal skin was rem oved, the under­
lying fat stripped, and skin biopsies were obtained using a 5 mm diameter



ophthalm ic trephine. The entire length of the thoracic aorta was removed 
and cleared of its periadventitial fat. Relevant tissues were then removed 
and cleared of attached fat. All tissues were quickly washed in ice-cold
0.1 M sodium  phosphate buffer (pH 7.4). The tissues were then divided 
into three pieces and immediately stored at -40 °C in 5 volumes of 0.1 M 
phosphate buffer.

Analysis of blood samples

Plasma concentrations of the following w ere determ ined using standard 
m ethodology for the SMAC A utoA nalzyer: sodium , chloride, total
calcium, bicarbonate, potassium  and urea. Blood glucose was determined 
using a YSI glucose analyzer. Whole bood calcium was determ ined using 
an ICA 1 ionized calcium analyzer. Three values were obtained using this 
instrum ent: blood pH, and actual and corrected (pH 7.4) ionised calcium 
concentration, the latter being a derived value.

On the day of the appropriate assay, the tissues were allowed to thaw  at 
room tem perature and then homogenised at 4 °C in 10 volumes of sodium 
phosphate buffer, pH  7.4, using a Kinematic Polytron homogeniser (3 x 10 s, 
speed 8). The homogenates were centrifuged at 1000 x g  for 5 min and the 
supernatants were then assayed for either histamine, HDC or histaminase. 
Tissue histam ine was assayed using the double isotope radioenzym atic 
m ethod.

Three-day Starvation Model in Sprague Dawley rats

The anim als used in the 3-day starvation study  w ere all male albino 
Sprague-Dawley rats. They were housed in groups in wire-bottomed cages 
(to minimise coprophagia) w ith a d a rk /ligh t cycle lasting 12 h each. The 
normal control fed rats were allowed access to water and food (Diet 41B) ad 
libitum. The starved rats were allowed free access to w ater and had their 
food removed for 3 days before the experiment.

On the day of the experiment, the animals were anaesthetised with pento­
barbitone (Sagatal; 90 mg /k g  body weight) injected intraperitoneally as 
previously described by Jeremy et al. (1985). Blood was collected by cardiac



puncture (once only from each animal) and placed in fluoride/oxalate  
bottles for glucose m easurem ent and in lithium heparin  (2 iu /m l) bottles 
for plasma biochemistry and histamine measurements.

The entire length of the thoracic aorta and both kidneys were rem oved as 
previously described and assayed for histamine and HDC.

E xperim en t to  determ ine the  e ffec t o f  h is ta m in e  H i  and  f f2  receptor 
an tagon ists on h istam ine  m etabo lism  and aortic perm eab ility  in control 
and diabetic rats

Diabetes was induced in 21 rats as previously described. A further 21 rats 
were injected with citrate buffer only. The animals were random ly selected 
from an initial group of 42 rats each weighing between 255-270 g.

Control rats

The 21 control rats were further subdivided into 3 groups of 7 rats each. 
Four weeks after the injection of saline (via tail vein, as control for DM 
induction), one group was intraperitoneally injected w ith saline only (daily 
for tw o weeks), while the other two groups were injected w ith m epyr- 
amine or. cimetidine respectively.

Diabetic rats

Of the 21 rats injected with streptozotocin, only 18 developed glycosuria on 
the 3rd day. These 18 rats were subdivided into three groups of six rats 
each. Four weeks after the induction of diabetes, one group was injected 
w ith  saline only (daily for two weeks) intraperitoneally, while the other 
two groups were injected with m epyramine or cimetidine respectively.

M epyram ine adm inistration

M epyram ine w as dissolved in isotonic saline and w as adm inistered 
intraperitoneally (0.5 ml) at a concentration of 1 m g /k g  body weight daily



for two weeks. This concentration was known to cause total H i receptor 
blockade in rats (A1 Haboubi & Zeitlin, 1979; Parsons, 1988).

C im etidine adm inistration

Cim etidine was dissolved in isotonic saline and w as adm inistered intra­
peritoneally (0.5 ml) at a concentration of 10 m g /k g  body weight daily for 
tw o weeks. This concentration w as know n to cause total H 2 receptor 
blockade in rats (Parsons, 1988).

On the day of sacrifice (2 weeks after the adm inistration of H i and H 2 

antagonists; 6 weeks after induction of diabetes), the animals w ere anaes­
thetised w ith pentobarbitone as previously described, and the blood and 
tissues removed and processed as previously described.

A 1 cm segm ent of aorta from each rat was rem oved into Krebs Ringer 
bicarbonate buffer (37 °C, pH  7.4) for aortic permeability experiments.

R at aortic permeability experiments

This novel m ethod involved the incubation of opened 1 cm segments of 
rat aortae w ith 1 |iCi 125I-bovine serum  album in (2 m C i/m g) in 2 ml Krebs 
Ringer bicarbonate buffer (KRB; pH  7.4) at 37 °C for 2 h. At the end of the 
incubation period, the segm ents were rem oved and thoroughly w ashed 
w ith norm al saline before digestion in 4% trichloroacetic acid (TCA) at 
37 °C for 2 h. After digestion of aortae w ith  TCA, the sam ples were 
hom ogenised in a Kinematic Polytron homogeniser (speed 9 for 20 sec x 3) 
and then centrifuged for 3 min at 10 000 x g  at room tem perature. Protein 
bound radioactivity in the pellet was determ ined in a LKB gamm a counter. 
The results were corrected for dry  w eight of TCA precipitable tissue. 
Results were expressed as cpm.



4. HUMAN VOLUNTEER-BASED STUDIES

Histamine uptake by human platelets

H um an platelets have previously been shown to take up histam ine (Wood 
et aL, 1983, 1984). These studies were, however, lim ited by three factors. 
Firstly, the concentrations of histam ine used during  the incubation, in 
vitro, w ere alm ost 300-fold greater than those found in hum an plasma 
(Brown et aL, 1980; Morel & Delaage, 1988). Secondly, the platelets were 
prepared  in ethylenediam ine tetraacetic acid (EDTA) at concentrations 
which have been show n to inhibit platelet function (Pidard et aL, 1986). 
Thirdly, since the incubations were carried out in conventional water baths 
they w ere perform ed w ithout significant stirring. It is well known that 
platelets do not aggregate efficiently in vitro unless they are stirred (with a 
stirring bar at 1000 rpm  in conventional aggregom eters; Born & Cross, 
1963). Blood is also subject to turbulence and mixing in vivo. It is possible 
that functions of platelets other than aggregation may also be dependent on 
tu rbu lence /stirring . O ur novel m ethod involves the investigation of 
histam ine uptake by hum an platelets in experim ental conditions which 
overcome the problems m entioned above.

500 pi of p latelet rich plasm a (PRP; p repared  in trisodium  citrate) was 
allowed to stand or be stirred in siliconised glass aggregom eter cuvettes, 
and a 6 fxl portion was taken for platelet counting in a Coulter counter ZM. 
The histam ine uptake was then started by the addition of 25 pi prediluted 
[14C]histam ine label (final concentration in aggregom eter cuvette, 2.5 
nm ol/l), followed imm ediately by up to 10 pi isotonic saline (for control 
samples) or desired concentration of test substance. During the incubation 
(up to 90 min) with saline or aggregating agent, the am ount of aggregation 
occurring in the Chronolog dual channel aggregom eter w as constantly 
m onitored on Omniscribe chart recorders. Aggregation was expressed as 
the percentage fall in optical density after add ition  of agonist. The 
difference in optical density between PRP and platelet poor plasm a (PPP) 
was defined as 100%. After incubation, a second 6 pi aliquot was removed 
for platelet counts, and the rem ainder of the PRP was transferred to a 1.5 
ml polypropylene Eppendorf tube containing a solution of aspirin in saline 
(final concentration of aspirin after adding the PRP: 100 mg/1). Preliminary 
experim ents had  show n that histam ine uptake w as approxim ately 15% 
greater if aspirin was added at this stage, presum ably because the platelet



release reaction is inhibited by aspirin (Best et al., 1981), and some degree of 
activation could occur during these stages. The PRP was then immediately 
centrifuged at 10000 x g for 1 m in in an IEC-micro-centrifuge. The 
supernatant was rem oved and the pellet was resuspended and w ashed 
w ith isotonic saline. The pellet was then resuspended and ultrasonicated 
(to break up platelets) in 500 pi fresh saline using an MSE Soniprep 150 for 
20 s at an am plitude of 18 microns. L iquisdnt scintillant (5 ml) was added 
and the resulting suspension was counted for l 4C-radioactivity in a LKB 
Rackbeta counter.

Subjects

Subjects were healthy males and females who had not ingested any drugs 
for 2 weeks prior to the experiment. Their m edian age was 29 (range: 21-44) 
years. The num ber of subjects in each experim ent is m entioned in the 
detailed description of experiments below.

Preparation of platelet rich plasma

Venous blood was collected in trisodium  citrate (0.38% final concentration) 
and PRP was prepared  by centrifugation at 150 x g in an MSE bench 
centrifuge at room temperature. Thereafter all PRP was kept at 37 °C, since 
it has been shown that cooling influences platelet function (Mikhailidis et 
al., 1983). The resultant PRP was used in uptake and aggregation studies.

Preparation of fl^C]histamine label

[ring-2-14C]histam ine dihydrochloride (56 m C i/m m ol; Am ersham  Inter­
national, UK) was diluted in isotonic saline so that 25 pi gave a final 
concentration of 2.5 nmol/1 [l4C]histamine in the aggregometer cuvette.



1. The determ ina tion  o f the effect o f stirring  on P 4C ]histam ine up take  
in PRP

PRP was incubated with [14C] histamine label at 37 °C for up to 90 min in 
aggregometer cuvettes (a) with spinning, (b) w ithout spinning. Incubations 
were stopped as described above.

2. The de term ina tion  o f  the  e ffec t o f  conven tiona l aggregating agents 
and various agonists, antagonists and inhib itors on [14C]histam ine  
uptake in  PRP

Effect o f Collagen
PRP was incubated for 30 min in aggregometer cuvettes as described in (a) 
and (b) above. Incubations were started by the sim ultaneous addition of 
[l4C]histamine label and several concentrations of collagen (range: 0.01 - 
0.1 m g /1) dissolved in isotonic saline.

Effect o f adrenaline
PRP was incubated for 15 min with adrenaline dissolved in isotonic saline 
as desribed for collagen above, except that the same am ount of adrenaline 
was added every 5 m in because of the instability of adrenaline in plasma 
(Chattoraj et al., 1986). Final concentrations of adrenaline ranged between
0.02 - 0.05 pmol/1.

Effect of adenosine diphosphate (ADP)
PRP was incubated for 15 min with ADP dissolved in isotonic saline as 

described for collagen. The same amount of ADP was added every 5 m in in 
order to minim ise the effects of intrinsic ADPase activity (Hutton et al., 
1984). Final concentrations of ADP ranged between 0.02 - 0.1 pmol/1.

Effect of iodoacetate, aspirin, imipramine, cimetidine and mepyramine 
PRP was incubated for 30 and 60 m in w ith various concentrations of the 
above substances dissolved in isotonic saline. All these substances, except 
aspirin, were added in 25 pi such that the 25 pi, when added to 450 pi of 
PRP, resulted  in the required  final concentration of substance. Only 
10 pi of aspirin was added and at the end of the incubation period, to 
inhibit possible release of [14C]histamine taken up.



Control experiments

I. Estimation o f the amount o f residual radioactivity in the platelet 
pellet after ultrasonication

PRP was prepared from 3 subjects and individually incubated for 30 min as 
described above in Experim ent lb . Each PRP was d iv ided  into two 
portions: one was ultrasonicated as described in lb  above, whereas the 
other was not. Platelet counts on both samples were then carried out using 
a Coulter Counter ZM (see above). The two samples were then centrifuged 
(10 000 x g, at room  tem perature, for 2  min) and the pellets w ashed as 
desribed above. The pellets from both samples w ere resuspended and 
ultra-sonicated for 20 s and the am ount of 14C radioactivity was determined 
as described above. In these experim ents the supernatants w ere not 
discarded, as previously, but counted for radioactivity.

II. The effect of using EDTA as an anticoagulant on platelet aggregation, 
ionised calcium concentration and [14C]histamine uptake

PRP was prepared using an anticoagulant solution made up as described by 
W ood et al. (1984), consisting of 27 mmol/1 disodium  EDTA, 120 mmol/1 
NaCl and 6 m m ol/I glucose. Blood (10 parts) was mixed with this solution 
(1 part). The sam ple w as then centrifuged at 140 x g for 15 min, as 
previously described. PRP was also prepared from blood obtained at the 
sam e venepuncture using trisodium  citrate only as an anticoagulant, as 
described above. Platelet counts and platelet aggregation (for a 3-minute 
period) were carried out as described above. The uptake of [14C]histam ine 
into platelets of both sam ples was carried out as described in la  and b 
above. Ionised calcium was m easured in both sam ples using an ICA 1 
ionised calcium analyzer (Radiometer, Copenhagen, Denmark).

III. The effect of platelet count in PRP on f i 4C]histamine uptake

PRP and PPP were prepared as previously described. The PRP was diluted 
1 : 1 and 1 : 4 w ith autologous PPP. Platelet counts were perform ed as



previously described. The uptake of P 4C]histam ine into platelets was 
carried out as described in la  and b above.

IV . The effect of stirring, non-stirring and various aggregating agents on 
the release of p-thromboglobulin (pTG) and thromboxane A 2 (TXA2) 
from human platelets

PRP was prepared as previously described, and incubated w ith 2.5 nm ol/I 
histam ine (non-labelled) and various aggregating agents for 30 m in as 
described above in experiments la  and lb . After the incubation period the 
PRP was centrifuged at 100 x g for 10 m in for m easurements of pTG in the 
PPP. For m easurem ent of TXA2, the PRP was added to 1 ml of absolute 
alcohol and centrifuged at 1500 x g for 15 min. The supernatant was stored 
frozen (-20 °C) until assay of TXA2. The PTG and TXA2 assays were carried 
out by Dr J.Y. Jeremy (Department of Chemical Pathology, RFHSM) and Dr 
R. H utton (Haemophilia Centre, RFHSM), using standard  purchased RIA 
kits.

V. The effect of temperature on [14C]histamine uptake by platelets

All incubations for histamine uptake experiments were conducted at 37 °C. 
For this experiment, platelets were incubated at 37 °C, 27 °C, 17 °C and 4 °C. 
All these tem peratures except 4 °C were achieved in conventional tem pera­
ture-controlled water baths (hence with no stirring of platelets). To achieve 
4 °C, the platelets were incubated with [14C] histamine in an ice batch. The 
incubations were allowed to proceed for 30 min and 60 min.



5. PATIENT-BASED STUDIES

Four groups of patients and two groups of controls were studied.

C ontro l V olunteers

Controls consisted of tw o groups of norm al subjects. The first group 
com prised healthy young m ale and female volunteers (n=39) from the 
research staff of the Royal Free Hospital School of Medicine. None of these 
controls had DM or any history of cardiovascular disease. The median age 
of the younger controls was 36 years, w ith a range between 18 and 63 years. 
These volunteers had not ingested any drugs for at least two weeks prior to 
sam pling of blood for the studies.

An older control group of norm al subjects was obtained from a local 
geriatric day centre, and consisted of male and female volunteers (n=25). 
The m edian age of this older goup was 72 years, w ith a range between 65 
and 80 years. None of these volunteers had any known history of cardio­
vascular disease or DM.

Collectively the entire control population (n=64) had  a m edian age of 49 
years with a range of 18-80 years.

P atients

All the patients included in these studies were attending the diabetic or 
vascular clinics at The Royal Free Hospital.

Type I  diabetes mellitus

This g roup  consisted of both m ale (n=24) and female (n=20) insulin- 
dependent diabetics (IDDM) with no know n complications (n=44). The 
criteria for inclusion in this group were: the onset of diabetes m ellitus 
before the age of 25 years, a history of ketosis and treatm ent of hyper- 
glycaemia w ith exogenous insulin. The m edian age of this group was 40 
years, w ith an age range of 19-72 years. The duration of diabetes mellitus 
ranged between 3 and 40 years. The m edian blood glucose was 11.1 m m ol/I



(range: 3.6-29.1) and the median glycosylated haemoglobin (HbAi) was 9.9% 
(range: 5.0-11.8). The patients were defined as smokers if they presently 
sm oked m ore than  5 cigarettes per day. Patients w ere defined as 
hypertensive if they had a diastolic blood pressure >95 m mHg on two 
separate occasions. In the IDDM group, there were 12 smokers and 18 
hypertensive patients.

Type II  diabetes mellitus

This g roup  consisted of m ale (n=25) and female (n=13) non-insulin- 
dependent diabetics (NIDDM) with no know n complications (n=38). The 
criteria for inclusion in this group were: diagnosis of diabetes after the age 
of 35 years, and treatm ent w ith oral hvpoglycaemics or diet only w ithout 
the use of exogenous insulin. The m edian age of this group was 65 years, 
w ith  an age range of 41 to 86 years. The duration  of diabetes ranged 
betw een 1.0 and 27 years. The m edian blood glucose was 11.5 m m ol/1 
(range: 5.0-13.7) and m edian HbA i 10% (range 7.5-15.4). Seven NIDDM 
patients adm itted to being smokers and 20 of the 38 patients in this group 
w ere hypertensive.

Peripheral vascular disease (PVD)

This group consisted of male (n=28) and female (n=12) patients w ith a 
confirmed diagnosis of PVD (n=40). The criteria for inclusion in this group 
were: (a) interm ittent claudication for more than 6 months; (b) ankle/arm  
systolic blood pressure (SBP) ratio <0.85 in both arteries (dorsalis pedis and 
posterior tibial) of the worse leg; (c) pain-free walking time of less than 6 

m in on a treadm ill at 1/10 incline at speeds betw een 2 and 5 k m /h  
(individually adapted during test). Patients taking vasodilators for claudi­
cation were excluded from this study. The m edian age of this group was 73 
years, w ith an age range of 50 to 85 years. Twenty-one of. these patients 
were smokers. Of the rem aining 19, 12 were previous smokers. Twenty- 
two of the patients in this group were hypertensive.



Peripheral vascular disease and diabetes mellitus (PVD-DM)

This group consisted of male (n=12) and female (n=5) patients with a diag­
nosis of PVD with concomitant diabetes mellitus (n=17) (both IDDM [n=4] 
and NIDDM [n=13]). The criteria for inclusion in this group were the same 
as for the PVD and diabetic groups. The m edian age of this group was 68 

years (range: 56-88 years) and duration of DM was between 5 and 22 years. 
Seven of these patients were current smokers and 9 were hypertensive.

It should  be no ted  tha t th roughou t the studies, som e patien ts and 
volunteers allowed just enough blood for plasm a histam ine estimation or 
m easurem ent of their leucocy te/p la te le t histam ine concentration, and 
therefore the num bers of patients in each group do not necessarily tally in 
the various indices measured.

D rugs

H ealthy subjects denied taking drugs for at least tw o weeks prior to 
sam pling. Diabetic patients were on standard  treatm ent regim ens w ith 
in su lin /o ra l hypoglycaemic agents and diet. H ypertensive PVD patients 
were on a combination of nifedipine and bendrofluazide.

B lood  sam ple collection and processing

Blood was taken from the antecubital vein of patients and volunteers with 
minimal stasis, and nine parts of blood were added to one part of 3.8% w /v  
trisod ium  citrate, sodium  EDTA (5 m m o l/I final concentration) and 
lithium  heparin (2 iu /m l) for plasm a biochemistry m easurements. Plasma 
for h istam ine  m easurem ents w as p repared  by cen trifug ing  EDTA 
anticoagulated blood for 20 min at 1500 x g  at 4 °C. The supernatant was 
frozen im m ediately and kept at -40 °C until assay. Leucocytes were 
separated from blood samples anticoagulated w ith lithium  heparin using 
the Dextran sedim entation technique as previously described by Baron & 
Ahm ed (1969).



Separation  o f  leucocytes

The d ex tran  sed im en ta tion  m ethod  w as used , w ith  som e sm all 
m odifications. Venous blood (10 ml) was collected in heparinised tubes 
(2 iu /m l final concentration). An equal am ount of buffer (Solution I, pH 
7.4), pre-w arm ed in a water bath at 37 °C, was added. Dextran (Solution HI, 
pH  adjusted to 7.4) was w arm ed and added to blood in a ratio of 1:4. The 
mixture- was shaken very gently and the air bubbles (if any) at the top of the 
column were removed. The m ixture was left to stand for 15 min. The red 
blood cells (RBC) were allowed to sediment to the bottom of the tube and 
the resulting supernatant, rich in leucocytes, was rem oved using a Pasteur 
pipette into sterile conical tubes. The supernatant was centrifuged at room 
tem perature for 4 min at 250 x g  and the supernatant discarded. The pellet 
at the bottom  contained the leucocytes, w ith som e contam inating RBC. 
The RBCs were lysed hypotonically by adding 3 ml distilled w ater and 
whirlimixing for 8 - 10 s. One ml Solution II was rapidly added and mixed 
to restore isotonicity. The m ixture was centrifuged at 250 x g for 4 min. 
The layer of haemoglobin and RBC ghosts was blown away by gently using 
a Pasteur pipette along the side of the conical tube w ithout disrupting the 
tightly packed leucocytes; the supernatant containing the haemoglobin and 
RBC ghosts was then discarded. The pellets containing the mixed popula­
tion of leucocytes were resuspended in 1 ml 0.1 M sodium  phosphate buffer 
(pH 7.4) for estimation of histamine, HDC and protein.

Prior to assay of histam ine and HDC, the leucocyte suspension was ultra­
sonicated for 10 s x 3 at an am plitude of 20 microns, followed by repeated 
freezing and thawing.

Separation  o f  p la te le ts

For the separation of platelets, blood was anticoagulated w ith trisodium  
citrate. Blood (9 ml) was added to 1 ml 3.8% trisodium  citrate in poly­
ethylene tubes to give a final concentration of 0.38% trisodium  citrate. 
Platelet rich plasm a (PRP) was prepared as described by Mikhailidis et al 
(1984). Briefly, anticoagulated blood was centrifuged at 150 x g at room 
tem perature for 15 m in in an MSE bench centrifuge. The resultant PRP 
(supernatant) was transferred to Eppendorf tubes for the preparation of



platelet pellets. Aliquots of PRP (6 pi) were then rem oved for platelet 
counts in a Coulter counter ZM. Platelet pellets were prepared by centri­
fuging the PRP at 10 000 x g for 1 min in a microcentrifuge. The pellets 
were then stored at -40 °C until analysis.

Prior to histam ine, HDC and histam inase assay, the platelet pellets were 
ultrasonicated in 500 pi of 0.1 M sodium phosphate buffer, pH  7.4, for 10 s 
(x 3) at an am plitude of 18 microns using an MSE Soniprep sonicator. In 
order to ensure that our sonication procedure fully d isrupts platelets, we 
counted, sized and plotted platelet population before and after sonication. 
For this purpose, platelets were obtained from healthy volunteers and the 
above param eters w ere assessed using a C oulter ZM counter w ith  a 
Channelyzer C-1000 and X-Y Recorder. Following sonication, the platelet 
count was reduced to <5% of the original and the m ean platelet volume 
became unm easurable.

Separa tion  o f  p la sm a  fo r  h is ta m in e  estim a tio n

Blood collection for plasm a histam ine determ ination needs special care 
(Lorenz et al., 1972) since the blood leucocytes are know n to contain large 
q u an titie s  of histam ine per cell, while hum an plasm a contains 1000 fold 
(50-100 p g /m l) less histam ine per millilitre. Thus any degranulation of 
leucocytes, especially basophilic leucocytes, w ould grossly contaminate the 
plasm a histam ine estimation. Blood for plasm a histam ine was therefore 
collected from the antecubital fossa into plastic syringes. 10-20 ml syringes 
were used in order to reduce pressure on cells entering the narrow  needle. 
Furtherm ore, histam ine can be adsorbed onto glass surfaces, and hence 
only plastic syringes and tubes should be used. Thus, blood samples were 
collected through an indwelling venous cannula (21 gauge: Butterfly) into 
plastic tubes containing EDTA (5 mmol/1 final concentration after addition 
of blood) for all studies or heparin for plasma biochemistry. Some earlier 
experim ents used heparinised blood for plasm a histam ine estim ation but 
EDTA was chosen later because it is known to inhibit leucocyte degranula­
tion w ithout affecting the assay of histamine (Heavey et al., 1984), as well as 
inhibiting histam inase activity in plasma (Brown et al., 1980).

The anti coagulated blood was centrifuged w ithin 20 min at 1000 x g for 
15 m in at 4 °C. After centrifugation, the plasma was rem oved by plastic



pipettes w ithout disturbing the packed cells and keeping well clear of the 
buffy white cell layer. The plasma was then stored at -70 °C until assay.

6. STATISTICAL METHODS

The data for P 4C]histam ine uptake experiments and for histam ine, HDC 
and histam inase from  anim als and patients w ere assum ed to be non- 
param etrically distributed; the results are therefore expressed as medians, 
w ith corresponding ranges in parentheses.

The M ann-W hitney U-test (two-tailed) was used for com paring unpaired 
data and the Wilcoxon m atch-pairs signed rank test (two-tailed) was used 
for comparing paired data.

Correlation coefficients were calculated by Spearm an's m ethod for non- 
param etric  da ta  using a validated  com puter program  in use in the 
D epartm ent of Chemical Pathology and H um an Metabolism at The Royal 
Free Hospital.



CHAPTER III

RESULTS

1. CONTROL EXPERIMENTS

A considerable am ount of work was carried ou t to determ ine the optim al 
incubation times and optional volume of hom ogenate of each tissue to be 
used in the histamine, HDC and histaminase assays. Tables 1 and 2  show 
the incubation time and volume of homogenate used for each of the blood 
cell and animal tissues used in this study for histam ine and HDC assays. 
For the histam inase assay, 100 jj.1 of hom ogenate were incubated for each 
tissue for 120 min.

The HDC assay em ployed in this study  is a very  sensitive assay of 
histam ine form ation from histidine. Since there are two enzymes capable 
of decarboxylating histidine, we used specific inhibitors of both enzymes to 
determ ine their relative contributions to total decarboxylase activity. 
Figures 7 and 8  show the inhibition of decarboxylase activity by aFM H  (a 
specific inhibitor of HDC) and aM D (a specific inhibitor of DOPA decarbo­
xylase) in various tissues obtained from control and diabetic rats. These 
data clearly show  that in all the tissues exam ined the vast m ajority of 
decarboxylation is carried out by the specific enzyme HDC. In control ani­
mals, the inhibitor data for aorta, heart, whole brain and lungs and kidneys 
show that HDC accounts for over 80-85% of total decarboxylating activity in 
these tissues, w ith DOPA decarboxylase activity accounting for the rest. In 
diabetic animals, the data again show that m ost of the decarboxylation of 
h istid ine occurs via HDC (90-95%). H ow ever, the proportion  of total 
decarboxylase activity accounted for by HDC is significantly greater in 
diabetic animals than that in controls (P <0.03 for all tissues except brain). 
For exam ple, in the aortae of control anim als, 12% of total histam ine 
synthesis was by DOPA decarboxylase with 8 8% accounted for by HDC. In 
the aortae of diabetic animals, however, HDC accounted for 94% of the total 
w ith only 6 % accounted for by the non-specific enzyme. Therefore, DOPA 
decarboxylase activity was halved in aortae from diabetic animals despite a 
m assive increase in total activity (113%), indicating a m arked elevation in 
HDC activity in these animals. In other words, the actual am ount of



Table 1

The volume of hom ogenate and incubation times utilised for the various 

tissues in the assay of histamine. Leucocytes and platelets were prepared 

from hum an blood; all others tissues were obtained from rats.

___________ Histamine assay (radioenzymatic)___________

Volume of homogenates (fil) Incubation time (min)

A orta 20 60

H eart 20 90

Kidneys 30 90

Lung 20 90

W hole brain 30 60

Stom ach 10 60

Skin 20 60

Plasm a 20 60

Leucocytes

Platelets

20

30

60

90



Table 2

The volume of homogenate and incubation times utilised for the various 

tissues in the HDC assay. Leucocytes and platelets were prepared from 

hum an blood; all other tissues were obtained from rats.

_________________  HDC Assay_____________

Volume of homogenates (|il) Incubation time (min) 

A orta 20 60

H eart 30 60

Kidneys 30 60

Lung 20 60

W hole brain  20 60

Stom ach 5 60

Skin 40 120

Leucocytes 10 60

Platelets 40 120
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The effect of a-fluoro m ethylhistidine and a-m ethyl DOPA on 
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histam ine synthesised by DOPA decarboxylase in diabetic animals did not 
alter, while that by HDC increased m arkedly. Interestingly, the DOPA 
decarboxylase contribution to total activity in both control and diabetic rats 
accounted for the same am ount of histamine synthesis [control aortae = 378 
p m o l/m in /g  protein  (12% of total); diabetic aortae = 397 p m o l/m in /g  
protein (6% of total)] despite different percentage contributions.

In the other tissues, the relative proportions of DOPA decarboxylase were 
as follows; for controls: heart 13%, kidney 21%, brain 13% and lungs 11%; 
and for diabetic tissues: heart 7%, kidneys 7%, brain 10% and lungs 6 %. In 
all these tissues the actual DOPA decarboxylase activity was not altered, 
despite differences in the percentage of total activity.

These prelim inary control experiments served as an early indicator that in 
diabetic rats, HDC activity may be elevated in most of the tissues chosen for 
this study.

2. ANIMAL STUDIES

A  The p h ysica l and biochem ical characteristics o f  the control, 3-day  
sta rved  and d iabetic  groups  (Tables 3 and 4)

The data presented in Tables 3 and 4 are the physical and biochemical 
characteristics of the two treatm ent groups and are data obtained from 
controls and 3-day starved diabetic animals.

The data show that streptozotocin-induced diabetes m ellitus in the male 
Sprague-Dawley rat is characterised by severe hyperglycaemia and glycos­
uria. In this m odel there was no ketonuria. These observations are 
consistent w ith those reported previously for streptozotocin-induced DM 
(Junod et al., 1969). The data in Table 4 also show significant changes in 
plasm a urea, sodium  and chloride concentrations in diabetic rats, with no 
significant changes in potassium  or bicarbonate concentrations. There was 
no glycosuria or ketonuria in the starved animals.

The data presented in Table 3 are the pooled values of all the diabetic and 
starved anim als used in this study, and clearly show  that the diabetic 
anim als have a severe reduction in weight gain - a characteristic of strep­
tozotocin-induced diabetes in growing rats (Jeremy et al., 1985). The 3-day



Table 3

Body weights, glycosuria and ketonuria in various groups. Data are 

expressed as m edian and (range); * denotes significant difference

from control (P <0.01).

G roup n Initial body Final body U rinary U rinary
• weight (g) weight (g) glucose ketones

Control
(DM)

28 234
(230-239)

509
(407-557)

negative negative

Diabetic 26 235
(230-240)

299*
(176-349)

positive negative

C ontrol
(starved)

7 230
(223-241)

268
(240-277)

negative negative

3-day
starved

7 237
(221-251)

2 0 1*
(190-217)

negative negative



Group

Control
(DM)

Diabetic

Control
(starved)

3-day
starved

Table 4

The biochemical characteristics of the treatm ent groups. 

Data are expressed as median and (range);

* denotes significant difference from control (P <0.01).

n Blood Urea K+ Na+ HCO3- Cl'
glucose (mmol/i) (mmol/1) (m mol/1) (mmol/1) (mmol/1)

(m mol/1)_________________________________________________

14 8.3 5.4 4.6 142 21.5 103
(6.4-10.3) (5.1-5.9) (3.8-7.7) (141-144) (18-25) (100-105)

13 32.4* 6.9* 5.2 133* 19.5 92.5*
(26.5-42.0) (6.6-11.1) (4.2-6.5) (126-140) (14-21) (87-96)

7 8.9 -  -  23
(7.1-11.3) (17-28)

7 7.2 -  -  20
(5.4-8.4) (16-26)



s ta rv ed  anim als exhib ited  severe w eigh t loss w hen com pared  to 
corresponding controls.

B. The h is ta m in e  concentration o f p lasm a  and the h is ta m in e  con ten t 
o f various tissues obta ined  from  control and diabetic  rats

P lasm a  (Figure 9)

There was a 164% increase (p <0.002) in plasm a histam ine concentrations 
in diabetic rats (median and [range]: 74 [55-96] ng /m l) compared to control 
rats (28 [14-40] ng/m l).

A o rta  (Figure 9)

There was an 84% increase (p<0.001) in the histam ine content of the aortae 
of diabetic rats 665 [610-715] n g /m g  protein) com pared to the control rats 
(360 [315-405] n g /m g  protein).

H ea rt (Figure 10)

There was a 28% increase (P <0.01) in the histamine content of the hearts of 
diabetic rats (4.9 [4.0-5.5] n g /m g  protein) compared to control rats (3.8 [3.2- 
4.3] n g /m g  protein).

Lungs (Figure 10)

There was a 32% increase (P <0.02) in the histamine content of the lungs of 
diabetic rats (7.3 [4.7-10.1] n g /m g  protein) compared to control rats (5.5 [3.5- 
7.2] n g /m g  protein).

K idneys  (Figure 11)

There was an 89% increase (p <0.001) in the histam ine content of the 
kidneys of diabetic rats (0.85 [0.70-0.99] n g /m g  protein) compared to control 
rats (0.45 [0.35-0.55] n g /m g  protein).

W hole  B rain  (Figure 11)

There was a 41% increase (P <0.03) in the histamine content of the brains of 
diabetic rats (0.78 [0.60-0.91] n g /m g  protein) com pared to control rats (0.55 
[0.37-0.80] ng /m g  protein).
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S to m a ch

There was a 30% decrease (not statistically significant) in the histam ine 
content of the stomachs of diabetic rats (1400 [1100-2700] n g /m g  protein; 
n=26) compared to control rats (2000 [1400-2900] n g /m g  protein; n=28)

Skin

There was a 14% decrease (not statistically significant) in the skin of diabetic 
rats (1700 [1100-3300] n g /m g  protein; n=26) compared to control rats (1960 
[1300-4100] n g /m g  protein; n=28).

C. The H D C  a c tiv ity  o f various tissues obta ined  fro m  control and  
diabetic rats

A o rta  (Figure 12)

There was a 119% increase (p <0.002) in HDC activity of the aortae of 
diabetic rats (m edian and [range]: 7600 [6100-9800] p m o l/m in /g  protein) 
compared to control rats (3500 [2600-6300] p m o l/m in /g  protein).

H e a rt  (Figure 12)

There was an 80% increase (p <0.005) in HDC activity of the hearts of 
diabetic rats (18.5 [15.7-22.7] p m o l/m in /g  protein) compared to control rats 
(10.3 [8.0-11.9] p m o l/m in /g  protein).

K idneys  (Figure 13)

There was a 79% increase (p <0.001) in HDC activity of the kidneys of 
diabetic rats (22.7 [15.8-26.4] p m o l/m in /g  protein) compared to control rats 
(12.7 [11.8-14.3] p m o l/m in /g  protein).

Lungs  (Figure 13)

There was a 40% increase (p <0.02) in HDC activity of the lungs of diabetic 
rats (111 [93-131] p m o l/m in /g  protein) compared to control rats (74 [49-103] 
p m o l/m in /g  protein).
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W hole Brain

There was a 3% increase (not statistically significant) in HDC activity of the 
whole brain of diabetic rats (610 [530-710] p m o l/m in /g  protein) compared to 
control rats (590 [430-710] p m o l/m in /g  protein).

S to m a ch

There was a 16% decrease (not statistically significant) in HDC activity of 
the stom achs of diabetic rats (8800 [7200-14 200] p m o l/m in /g  protein) 
compared to control rats (10 500 [7900-17 200] p m o l/m in /g  protein).

S k in
There was no detectable HDC activity in the skin samples of either control 
or diabetic rats despite repeated attem pts to m easure this using num erous 
rats.

D . The h istam inase  a c tiv ity  o f  p lasm a and various tissues obta ined  
from  control and d iabetic rats

Histam inase activity was greatest in the kidneys, followed by the heart, the 
skin, the aorta, the stomach and the brain and was lowest in the plasma. 
Experim ental diabetes d id  not alter histam inase activity in any of the 
tissues exam ined (Table 5). H istam inase activity of the lungs from both 
control and diabetic rats was not detectable using the assay m ethodology 
described.

E . The effect o f  h istam ine  an tagon ists on aortic perm eab ility  and  
h istam ine  m etabo lism  o f  various tissues in  diabetic rats

The data in Table 6 clearly show that diabetic rats suffer from statistically 
significant w eight loss, while the control animals continue w ith expected 
and  norm al w eight gain over the six-week period. There w ere no 
significant differences in w eight gain in the control groups w ith either 
m epyram ine or cim etidine adm inistration . Sim ilarly, there were no 
significant differences in w eight loss betw een any of the three diabetic 
groups. Blood glucose concentrations were elevated, as expected, in the



I a

Table 5

Histam inase activity of plasma and various tissues from control and 

diabetic rats, expressed as median and (range). Tissue histaminase is 

expressed as p m o l/h /m g  protein and plasma histaminase as p m o l/h /m l. 

ND = non-detectable. There were no significant differences between 

control and diabetic rats in any of the tissues examined.

Control Diabetic
(n=28) (n=26)

Plasm a 3.0 2.3
(1.3-2.8) (1.4-2.7)

A orta 13.3 14.3
(9.7-15.1) (10.6-17.1)

H eart 18.7 16.6
(17.3-24.1) (15.9-19.3)

Kidneys 22.5 23.2
(18.0-24.7) (17.6-24.0)

W hole brain 11.8 11.5
(10.6-20.0) (9.3-15.8)

Lung ND ND

Stom ach 12.5 12.9
(11.4-13.0) (11.6-13.4)

Skin 17.3 18.6
(13.1-18.9) (12.4-29.3)



Table 6

The initial, interm ediate and final body weights of the various 

rat treatm ent groups. Data are expressed as m edian and (range).

H i = mepyramine; H 2 = dm etidine.

• denotes significant difference from initial body weight;

+ denotes significant difference from corresponding control.

Initial body 4 weeks post-DM 7 weeks post DM
n weight (g) (g> <g>

C ontrol 7 255-270 440* (425-459) 512* (481-523)

Control H i 7 255-270 423* (419-471) 446* (435-501)

Control H 2 7 255-270 436* (418-448) 482* (428-530)

Diabetic 6 250-258 262+ (195-273) 236*+ (181-255)

Diabetic Hi 6 250-258 259+ (230-268) 215 *+ (210-226)

Diabetic H2 5 250-258 253+ (249-263) 236*+ (218-254)



diabetic rats bu t w ere not affected by m epyram ine or cim etidine in the 
control or diabetic groups.

Four anim als died in the three diabetic groups, resulting in only 6 in the 
diabetic and diabetic H i groups and only 5 in the diabetic H 2 group. Death 
is common in this m odel of experimental diabetes. It is usually the result 
of severe hyperglycaem ia and has previously been described by other 
workers (Junod et ah, 1969).

In  v itro  aortic perm eability

Aortic perm eability to l 25I-albumin was 290% greater (p <0.01) in diabetic 
rats (220 cp m /m g  tissue) w hen com pared to controls (87 cpm /m g tissue). 
Perm eability was not altered by m epyram ine or cim etidine in either con­
trol or diabetic rats (Figure 14).

H D C  a c tiv ity

HDC activity was m arkedly (p <0.001) increased in the aortae of diabetic rats 
(median and [range]: 6800 [6100-8800] p m o l/m in /g  protein) when compared 
to controls (3200 [2500-5300] p m o l/m in /g  protein); bu t HDC activity was not 
altered  by the adm in istration  of either m epyram ine or cim etidine in 
control or diabetic rats (Figure 15).

The HDC activity of the heart, kidneys and lung was significantly (p <0.02) 
greater in the diabetic animals, as previously dem onstrated. However, the 
adm inistration  of either H i or H 2 antagonists d id  not significantly alter 
h istam ine synthesis. The w hole brain  d id  not exhibit increased HDC 
activity in the diabetic animals, confirming previous observations (Tables 7 
and 8).
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Table 7

The HDC activity of various tissues obtained from control rats 

given saline, m epyram ine or cimetidine. Results are expressed 

as m edian and (range) p m o l/m in /g  protein. There were no 

significant differences between the various groups.

Control Control Control
(saline), n=7 (mepyramine), n=7 (cimetidine), n;

A orta 3200 3800 3900
(2500-5300) (2600-6200) (2400-5300)

H eart 9.7 11.4 10.9
(7.3-13.1) (8.2-12.7) (8.0-13.1)

Kidneys 13.0 11.6 12.1
(11.3-15.1) (9.2-14.7) (10.6-14.2)

W hole brain 500 560 540
(430-700) (460-630) (470-600)

Lung 84 89 78
(53-112) (59-96) (63-93)



Table 8

The HDC activity of various tissues obtained from diabetic rats 

given saline, m epyram ine or cimetidine. Results are expressed 

as m edian and (range) p m o l/m in /g  protein. There were no 

significant differences between the various groups.

Diabetic Diabetic Diabetic
(saline), n=6 (mepyramine), n=6 (cimetidine), n=5

A orta 6800 7900 7600
(6100-8800) (6500-9700) (5800-8300)

H eart 17.3 18.9 18.4
(14.7-23.0) (15.1-21.3) (15.0-22.6)

Kidneys 23.1 22.7 29.1
(16.1-27.3) (16.8-26.4) (18.3-31.5)

W hole brain 620 580 610
(530-720) (480-610) (580-710)

Lung 124 138 114
(93-172) (74-181) (90-171)



Histamine Content

The histam ine content of plasm a, aorta, heart, kidneys, w hole brain and 
lung was significantly (p <0.01) greater in the diabetic animals when com­
pared to controls (Tables 9 and 10). The adm inistration of either m epyra­
m ine or cimetidine did not alter histamine content in any tissue except the 
kidney, in which there was a significant reduction in the histam ine content 
in diabetic animals treated w ith either m epyram ine (p <0.01) or cimetidine 
(p<0.03). This observation is inconsistent with all the other data from  our 
studies and  is as yet unexplained, since neither HDC nor histam inase 
ac tiv ity  in the kidney w ere altered by either antagonist in control or 
diabetic animals.

H istam inase  a c tiv ity

H istam inase activity was not altered in any tissues of diabetic rats, and 
furtherm ore was not affected by either H i or H 2 antagonists in control or 
diabetic rats (Tables 11 and 12); nor was there any detectable histam ine 
activity in the lung, confirming previous observations.

F . The h is ta m in e  co n ten t and H D C  a c tiv ity  o f  p lasm a, aorta  and  
k id n eys ob ta ined  fro m  3-day sta rved  rats

The starved  rats exhibited severe w eight loss after three days of food 
restriction (Table 3). The control rats gained 38 g in three days, while the 
starved rats lost 36 g. The starved animals had norm al blood glucose levels 
and did not exhibit ketonuria (Tables 3 and 4).

There were no significant differences in the histam ine content of plasma, 
aorta or kidneys of diabetic animals w hen com pared w ith control animals 
(Table 13). Furthermore, there were no alterations in  the rate of histamine 
synthesis in the aorta or kidneys of 3-day starved rats (Table 14).



Table 9 *

The histam ine content of various tissues obtained from control rats given 

saline, m epyram ine or cimetidine. Results are expressed as m edian and 

(range) n g /m g  protein for tissues and n g /m l for plasma.

There were no dignificant differences between the various groups.

Control 
(saline), n =7

Control 
(mepyramine), n=7

Control 
(cimetidine), i

Plasm a 28.7 29.5 24.8
(15.3-32.9) (14.9-35.6) (23.1-33.4)

A orta 371 361. 363
(320-410) (330-371) (324-412)

H eart 3.1 3.8 3.3
(2.8-4.1) (2.8-4.7) (3.0-4.3)

Kidneys 0.68 0.64 0.74
(0.53-0.81) (0.40-0.90) (0.58-0.85)

W hole brain 0.56 0.49 0.58
(0.37-0.72) (0.36-0.70) (0.42-0.69)

Lung 5.9 5.6 6.1
(4.9-7.4) (3.1-7.1) (4.3-7.2)



Table 10

The histam ine content of various tissues obtained from diabetic rats given 

saline, m epyram ine or cimetidine. Results are expressed as m edian and 

(range) n g /m g  protein for tissues and n g /m l for plasma.

* denotes significant difference from diabetic saline group, P <0.03;

** denotes significant difference from diabetic saline group, P <0.01.

Diabetic Diabetic Diabetic
(saline), n=6 (m epyram ine), (cimetidine), n=5

n=6

Plasm a 59.3
(31.0-74.6)

74.3
(60.4-96.5)

70.0
(59.9-93.4)

A orta 667
(623-711)

620
(588-721)

632
(521-677)

H eart 4.7
(4.2-5.6)

4.8
(3.9-6.0)

5.4
(4.2-6.2)

Kidneys 1.15
(1.10-1.20)

0.81**
(0.61-0.86)

0.85*
(0.50-1.10)

W hole brain 0.71
(0.37-0.80)

0.69
(0.51-0.79)

0.80
(0.57-0.91)

Lung 7.9
(5.9-8.4)

9.2
(5.3-11.1)

8.4
(7.6-9.4)



Table 11

The histam inase activity of various tissues obtained from control rats 

given saline, m epyram ine or cimetidine. Results are expressed as m edian 

and (range) p m o l/h /m g  protein. There were no significant differences 

between any of the groups for any tissue. ND = not detectable.

Control Control Control
(saline), n =7 (mepyramine), n =7 (cimetidine), n=7

A orta 12.2 15.2 13.5
(9.3-15.2) (10.7-17.1) (9.7-16.0)

H eart 15.3 17.7 17.6
(12.1-19.4) (14.0-18.9) (13.0-23.6)

Kidneys 21.5 29.1 22.7
(14.9-32.3) (19.6-33.9) (17.2-25.7)

W hole brain 11.6 11*8 12.3
(10.3-19.1) (11.0-12.9) (9.0-15.6)

Lung N D  ND ND



Table 12

The histaminase activity of various tissues obtained from diabetic rats 

given saline, m epyram ine or cimetidine. Results are expressed as m edian 

and (range) p m o l/h /m g  protein. There were no significant differences 

between any of the groups for any tissue. ND = not detectable.

Diabetic 
(saline), n=6

Diabetic 
(mepyramine), n=6

Diabetic 
(cimetidine), i

A orta 14.3 13.8 15.1
(10.8-16.3) (9.9-17.0) (9.1-19.1)

H eart 16.3 17.2 15.8
(13.2-21.1) (11.6-20.0) (12.9-19.8)

Kidneys 24.4 20.1 27.6
(15.7-31.7) (16.2-26.1) (18.0-32.3)

W hole brain 12.1 11.7 10.9
(11.0-16.4) (10.2-13.5) (9.1-12.3)

Lung ND ND N D



Table 13

The histam ine content of plasma, aorta and kidneys obtained 

from control and 3-day starved rats. Results are expressed as 

m edian and (range) n g /m g  protein for aorta and kidneys and 

n g /m l for plasma. There we no significant differences between 

the two groups and in any of the tissues.

C ontrol 3-day starved
n  = 7 n = 7

Plasm a 27.3 31.8
(18.8-32.4) (22.4-33.7)

A orta 387 360
(312-420) (320-415)

Kidneys 0.42 0.46
(0.34-0.62) (0.34-0.57)



Table 14

The HDC activity of aorta and kidneys obtained from control 

and 3-day starved rats. Results are expressed as m edian and 

(range) p m o l/m in /g  protein. There were no significant 

differences between the two groups.

Control 3-day starved
 n = 7____________ n = 7

A orta 3900 4100
(2700-5300) (3000-6000)

Kidneys 13.8
(11.0-15.3)

12.1
(10.7-14.8)



3. HUMAN VOLUNTEER-BASED STUDIES

H ista m in e  U ptake  by  hum an p la te le ts

a . The effect o f  stirring  on P 4C]histam ine up take  by  p la te le ts  in  P R P
(Figure 16)

There was linear uptake of [14C]histamine for up  to 90 m in in the stirred (S) 
and unstirred (US) samples. The correlation coefficient (r) and the p values 
for uptake vs time (up to 60 min incubation) were r = 0.85 and p <0.001 for 
the S samples (n=7) and r=0.96 and p <0.001 for the US samples (n=7). The 
results for histam ine uptake for S and US samples are show n in Figure 16 
for incubations of up  to 60 min. Samples from  only 3 subjects w ere 
incubated for up  to 90 min. Uptake in the S samples (206 fmol h istam ine/ 
108 p latele ts/m in) of all subjects was always greater than that in the US 
sam ples (127 fmol h istam ine/108 platelets/m in). After incubation for 60 
min, the platelet count dropped by approxim ately 7% of the baseline value 
in both the S and US samples.

b. The e ffec t o f  co n ven tio n a l aggregating agents on  P 4C ]histam ine  
uptake by p la telets in P RP

(i) Effect o f collagen (Figure 17)

Collagen, at a final concentration of 0.05 m g/1, significantly (p<0.01) 
enhanced [14C]histamine uptake by platelets in PRP. The drop in platelet 
num ber during  this experim ent was sim ilar to th a t in saline controls. 
Lower concentrations of collagen (0.01 and 0.03 mg/1) d id  not significantly 
enhance P 4C]histam ine uptake. H igher concentrations of collagen (0.07 
and 0.1 mg/1) did not enhance [14C]histam ine uptake, bu t d id  induce a 
concom itant fall in platelet count of >11%. In some subjects these concen­
trations (0.07 and 0.1 mg/1) induced significant platelet aggregation (>10% 
change in optical density). In the US samples, collagen did not significantly 
enhance P 4C]histamine uptake.
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(ii) Effect o f adrenaline (Figure 18)

A drenaline at a final concentration of 0.02 jim ol/1 significantly (p <0.01) 
enhanced  [14C]histam ine uptake by platelets (w ith a 27% fall in platelet 
count). H igher concentrations of adrenaline (0.03 and  0.05 jimol/1) caused 
an increase in uptake, bu t they also caused a m arked decrease in platelet 
num bers (>46%). In some subjects these higher concentrations caused 
aggregation as observed by changes in optical density (>10%). A decrease in 
p late le t num bers occurred at low er adrenaline concentrations even in 
those samples in which no recordable aggregation was observed.

In the US sam ples, there was m arginal enhancem ent of uptake following 
the addition of adrenaline.

(Hi) Effect o f AD P (Figure 19)

ADP at a final concentration of 0.03 }imol/l and 0.05 jimol/1 m argin-ally 
bu t significantly increased [14C]histamine uptake (the fall in platelet count 
at the end of the incubation was similar to that in saline controls, i.e 5%). 
H igher concentrations (0.1 fi.mol/1) of ADP did not significantly enhance 
up take, b u t d id  cause a concom itant drop in p latelet num bers (>22%). 
A lthough m ost subjects show ed appreciable enhancem ent of histam ine 
uptake, the concentrations of ADP required  to show  this effect varied 
substantially between subjects. They were, however, all in the range of 0.02 
-0.06 nm ol/1 ADP.

In the US samples there was no significant change in [14C]histam ine uptake 
following the addition of ADP.

c, C on tro l E xperim en ts

(i) Estim ation o f the amount o f residual radioactivity in the platelet 
pellet after sonication.

This experim ent confirm ed that [14C ]histam ine w as located inside the 
platelets and that sonication released the 14C radioactivity, leaving a very 
small residual am ount (<2%) associated w ith the platelet fragm ent pellet. 
Platelet lysis was confirm ed by the absence of platelet counts in the soni­
cated PRP.
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(ii) The effect o f using EDTA as an anticoagulant on p latelet aggregation,, 
ionised calcium concentration, and P^CJhistamine uptake

Platelet counts were significantly greater in samples prepared w ith EDTA as 
an anticoagulant than  those p repared  w ith  citrate. PRP prepared  w ith 
EDTA as an anticoagulant d id  not, however, show  any aggregation even 
w hen high concentrations of agonists (collagen, adrenaline and ADP) were 
used (Table 15).

In the US samples, the [14C]histamine uptake by platelets in the EDTA-PRP 
w as approxim ately 20% (25 fmol h istam ine/108 p latelets/m in) of that in 
platelets prepared  in citrate (121 fmol h istam ine/108 p la tele ts/m in ; n=4). 
In the S samples, the [l4C]histamine uptake by platelets prepared  in EDTA 
w as approxim ately 50% (107 fmol h istam ine/108 platelets/m in) of that in 
the platelets p repared  in citrate (208 fmol h istam ine/108 p la te le ts /m in ; 
n=4). The m edian concentration of ionised calcium in the EDTA-prepared 
PRPs was 0.11 (range: 0.09-0.12) mmol/1; and in the citrate-prepared PRPs, 
0.09 (0.08-0.1) mmol/1.

(iii) The effect o f platelet count in PRP on P4C]histamine uptake

In the S sam ples there  w as no significant difference in the ra te  of 
[14C]histam ine uptake betw een und ilu ted  PRP (215 fmol h istam ine/108 
p latelets/m in), 1:1 diluted PRP (212 fmol h istam ine/108 platelets/m in) and 
1:4 diluted PRP (207 fmol h istam ine/108 platelets/m in). In the US samples, 
there was again no significant difference in the rate of [14C ]h is tam in e  
uptake betw een undilu ted  PRP (131 fmol histamine /108 platelets/m in), 1:1 
d ilu ted  PRP (130 fmol h istam ine/108 p latele ts/ min) and 1:4 diluted PRP 
(137 fmol h istam ine/108 platelets/m in).

(iv) The effect o f iodoacetate on P 4C]histamine uptake  

30 m in incubations (Table 16)
Iodoacetate, a know n inhibitor of energy-requiring metabolic processes and 
in particular glycolysis (Clusin, 1983), at final concentrations of 10 (p <0.05), 
50 and 100 mM significantly (p <0.03) inhibited [l4C]histam ine uptake by 
platelets w hen incubated and stirred for 30 m in at 37 °C. There was a 
statistically significant (p <0.05) reduction in uptake w ith 50 m m ol/I iodo­
acetate w hen com pared to 10 m m ol/I iodoacetate. There was no reduction 
in [l4C]histam ine uptake by iodoacetate at a final concentration of 1 mM.



Table 15

The inhibitory effects of EDTA on platelet aggregation (for 3 minutes). 

Results are expressed as m edian and (range) percentage aggregation; n = 6

Aggregating agent dose

ADP A drenaline  Collagen
___________________(10 pmol/1) (5 |im ol/l)_______ 1 mg/1)

PRP prepared in citrate 66 (58-90) 61 (21-90) 71 (56-90)

PRP prepared in EDTA 0 0 • 0



Table 16

The inhibition of [14C]histamine uptake by iodoacetate.

Results are expressed as m edian and (range); n  = 5.

Basal uptake of histamine with only saline added was 

214 fmol h istam ine/108 p latelets/m in  for 30 m inute incubations and 

207 fmol h istam ine/108 p latele ts/m in  for 60 m inute incubations.

* P <0.05, ** P <0.03 compared to corresponding saline only.

§ P <0.05, 50 m mol/1 vs 10 m mol/1

% inhibition of total 
[14C]histamine uptake

30 m in 60 m in

Saline only 0 (0-0) 0 (0-0)

1 m m ol/I iodoacetate 

10 m m ol/I iodoacteate 

50 m m ol/I iodoacetate

0 (0-0) 13 (9-16)*

100 m m ol/I iodoacetate

30 (27-35)* 49 (43-58)**

48 (46-53)**§ 67 (57-75)**§

54 (50-59)** 71 (65-79)**



Iodoacetate at 50 and 100 mM concentrations caused a 4% and 7% decrease 
respectively in platelet counts w hen compared to baseline. There were no 
changes in platelet counts w ith saline, 1 mM and 10 mM iodoacetate. In 
the unstirred  sam ples, only 100 mM iodoacetate caused any inhibition of 
uptake. This inhibition was not statistically significant.

6fl.,min,.in ,cubatiQn (Table 16)
Iodoacetate at final concentrations of 1 (p <0.05), 10, 50 and  100 mM 
significantly (p <0.03) inhibited [14C]histamine uptake w hen incubated and 
stirred for 60 m in at 37 °C. There was a statistically significant reduction in 
histam ine uptake (p <0.05) at 50 m m ol/1 iodoacetate w hen com pared to 
10 m m ol/I iodoacetate. After a 60 m in incubation, the platelet count drop­
ped by approxim ately 7% for saline only, 7% for 1 mM iodoacetate, 10% for 
50 mM iodoacetate and 12% for 100 mM iodoacetate. In the unstirred  
sam ples, iodoacetate at 50 mM and 100 mM concentration caused small, 
statistically non-significant reductions in histam ine uptake.

These results for both  30 m in and 60 m in incubations w ith  iodoacetate 
show that approxim ately 30% of [l4C]histamine uptake was not inhibited at 
all.

(v) The effect o f temperature on P 4C]histamine uptake by p latelets

All incubations for platelet histamine uptake studies had been conducted at 
37 °C. The lowering of tem perature successively by 10 °C caused significant 
(p <0.01) reductions in [ l4C ]histam ine up take for both  30 and  60 min 
incubations (Table 17). A 10 °C decrease in incubation tem perature to 27 °C 
caused 35% and 32% decreases in [14C]histamine uptake for 30 m in and 60 
m in incubations respectively. A further 10 °C decrease to 17 °C caused a 
47% (30 min) and 48% (60 min) reduction in [14C ]histam ine (p <0.01). 
Incubations carried out at 4 °C caused 71% (30 min) and 72% (60 min) 
decreases in [l4C]histam ine uptake w hen com pared to incubations carried 
ou t at 37 °C (p <0.01). Again, approxim ately 30% of uptake could not be 
inhibited, even at 4 °C. It m ust be stressed that these experim ents on the 
effect of tem pera tu re  w ere conducted in tem perature-contro lled  w ater 
baths and w ere hence w ithou t stirring (only vigorous shaking). Since 
stirring itself has been shown by earlier experiments to increase uptake, it is 
possible that in these experim ents we have only exam ined the passive, 
non-activated histam ine uptake system.



Table 17

The effect of tem perature on [14C]histamine uptake by platelets.

The results are expressed as m edian and (range), n=5. Basal uptake 

of histam ine at 37 °C was 131 fmol h istam ine/108 p latele ts/m in  

for 30 m inute incubations (unstirred samples).

* P <0.01 when compared to 37 °C; § P <0.05 for 17 °C when compared to 27 

°C; §§ P < 0.05 for 4 °C w hen compared to 27 °C.

% inhibition of total uptake

30 m in 60 m in

37 °C 0 (0-0) 0 (0-0)

4 °C

27 °C 35 (33-37)*

17 °C 47(43-57)*

71 (60-90)*§§

32 (26-36)* 

48 (45-51)*§ 

72 (61-84)*§§



(vi) Estim ation o f p-thromboglobulin (p-TG) activ ity  as an indicator o f 
platelet activation in uptake studies

The results show that activation by aggregating agents was dependent on 
stirring of the platelets (Table 18). The addition of saline d id  no t cause 
significant release of p-TG from the platelets in either S or US sam ples (30 
m in incubation); how ever, the add ition  of sub-aggregatory  doses of 
agonists (w ithout changes in optical density-aggregation) elicited m arked 
release of P-TG in the stirred samples but not to any extent in the unstirred 
sam ples (30 m in incubation).

(vii) Estim ation o f TXA2 concentration as an indicator o f p latelet 
activation in uptake studies

The results clearly show that platelet activation can occur by the sim ple 
process of stirring. Furthermore, only marginal activation occurs in the US 
samples regardless of stimuli. The same concentration of aggregating agent 
w hich elicits m arginal or no TXA2 release in the US sam ples can cause 
large TXA2 release over a 30 min period in the S samples (Table 19).

(viii) The effect o f aspirin, imipramine, cimetidine and mepyramine on 
P4C]histamine uptake by platelets

A gpirin: In four separate experim ents, acetylsalicylie acid at a concen­
tration of 100 m g /m l, w hen added at the end of a 30 m in incubation, 
significantly [234 (201-247) fmol h is tam ine/108 p la te le ts /m in , p <0.01) 
increased [14C]histam ine content of the platelets w hen com pared to the 
addition of saline [174 (161-189) fmol histam ine/108 platelets/m in).

Im ip ram in e : The antidepressant imipram ine, a known inhibitor of seroto­
nin (5HT) uptake (Tuomisto, 1973), did not signficantly alter [14C]histam ine 
uptake by platelets, in four separate experiments.

C im etiding (Table 20): In four separate experiments, cim etidine (at final 
concentrations between 10 nm ol/I and 100 pm ol/l), a specific inhibitor of 
histam ine a t the H 2 receptor, did not alter [14C ]histam ine up take  by 
platelets.

M epyram ine (Table 21): M epyram ine (at final concentrations betw een 
1 nm ol/1 and 10 pmol/1), a specific antagonist of histam ine H i receptors



Table 18

The activation of platelets as assessed by p-throm boglobulin 

release after activation with stirring and sub-aggregatory 

doses of various agonists (30 minutes), n  = 1 volunteer.

p-throm boglobulin p m o l/m l
u nstirred  stirred

Saline only 63 72

A drenaline 0.02 pmol/1 - 189

A drenaline 0.03 jimol/1 - 271

A drenaline 0.05 |im o l/l 55 1087

Collagen 0.05 m g /I 76 134

ADP 0.5 pmol/1 129 72



Table 19

The activation of platelets as assessed by TXA2 release after activation 

w ith stirring and sub-aggregatory doses of various agonists.

n  = 1 volunteer

n g /m l TXA2 

unstirred  stirred

Saline only 0.25 0.8

A drenaline 0.05 pmol/1 0.25 2.5

A drenaline 0.03 pmol/1 - 2.0

A drenaline 0.02 pmol/1 - 2.4

Collagen 0.05 m g/1 0.8 2.0

ADP 0.05 pmol/1 0.8 2.0

ADP 0.03 pmol/1 - 1.0



Table 20

The effect of cimetidine (30 m in incubation) on [14C]histam ine uptake 

by platelets. Results are expressed as m edian and (range), n=4. 

There were no significant differences betw een saline and any of the

cim etidine concentrations

[14C]histamine uptake 
fmol histamine/108 platelets/min

Saline

C im etid ine

C im etid ine

C im etid ine

C im etid ine

C im etid ine

10 nm o l/ 

100 nm ol/ 

1 pm ol/ 

10 pm ol/ 

100 pm ol/

210 (184-239) 

193 (171-222) 

207 (189-239) 

217 (183-251) 

213 (200-231) 

202 (180-215)



Table 21

The effect of m epyram ine (30 min incubation) on [14C ]histam ine 

uptake by platelets. Results are expressed as m edian and (range), n=4. 

There w ere no significant differences between saline and any of the

m epyram ine concentrations

[14C]histamine uptake 

fmol histamine/108 platelets/min

Saline

M epyram ine

M epyram ine

M epyram ine

M epyram ine

M epyram ine

1 nm ol/ 

10 nm o l/ 

100 nm o l/ 

1 pm ol/ 

10 pm ol/

210 (184-239) 

212 (179-240) 

200 (181-219) 

217 (170-253) 

197 (168-218) 

207 (190-240)



and a know n inhibitor of 5HT uptake by platelets (Bevan & H eptinstall, 
1983) d id  not affect [14C]histam ine up take  by hum an platelets in four 
separate experiments.

4. PATIENT-BASED STUDIES

A  The h is ta m in e  co n ten t o f  p la sm a , leucocytes and p la te le ts  in  norm al 
con tro ls  and p a tie n ts  w ith  ID D M , N ID D M , PVD  and  P V D -D M

P lasm a  (Figure 20)

H istam ine concentrations in plasm a from patients w ith PVD (m edian and 
[range]: 520 [446-650] pg /m l; n=23), PVD-DM (400 [256-538] p g /m l; n=17), 
IDDM (466 [110-615] pg /m l; n=26) and NIDDM (430 [218-1600] p g /m l; n=29) 
w ere significantly (p <0.002) greater than those in age-m atched control 
subjects (87 [35-247] p g /m l, n=38). Patients w ith PVD and concomitant DM 
had  plasm a histam ine concentrations sim ilar to those in patien ts w ith 
IDDM and NIDDM. There were no statistically significant differences in 
plasm a histam ine levels betw een IDDM and NIDDM patients. There was 
no age-related change in plasm a histam ine concentrations in the control 
population. The m edian plasm a histam ine concentrations w ere 81 (range: 
55-200) p g /m l in the younger controls (n=22) and 75 (range: 35-247) p g /m l 
in the elderly controls (n=16). M ost im portantly, the m edian histam ine 
concentration (75 p g /m l) in the elderly controls was significantly lower 
than that in patients w ith PVD (520 pg /m l) who w ere of com parable age. 
There were no significant differences in plasm a histam ine betw een males 
and females, sm okers and non-sm okers, hypertensive and  norm otensive 
pa tien ts, DM patien ts w ith  com plications and  DM pa tien ts  w ithou t 
com plications.

There w ere no significant correlations betw een plasm a histam ine concen­
trations and duration  of DM a n d /o r  PVD. Furtherm ore, no correlation 
betw een plasm a histam ine and the severity of DM (blood HbAi and blood 
glucose) or the severity of PVD (ankle/arm  systolic blood pressure [SBP] 
ratio and  claudication-provoking time) was observed; neither w ere there 
any correlations betw een plasm a h istam ine and leucocyte or platelet 
histam ine levels.



A B C D E
Figure 20. Plasm a h istam ine concentrations. (A) controls, n=38; ( • )  

young controls under the age of 65 years, n=22; (o) elderly 
controls over the age of 65 years, n=16. (B) Insulin-dependent 
diabetics, n = 29. (C) N on-insulin-dependent diabetics, n=23. 
(D) Patients w ith  peripheral vascular disease, n=23. (E)
Patients w ith  peripheral vascular disease and  concom itant 
diabetes m ellitus (n=17). A vs B, A vs C, A vs D and A vs E, 
p <0.003. All other perm utations are non-significant.



L eucocy tes  (Figure 21)

The histam ine content of leucocytes from  patients w ith PVD (104 [73-139] 
n g /m g  protein; n=33) was significantly (p <0.001) greater than  that in 
controls (69 [20-100] n g /m g  protein; n=55) and patients with IDDM (69 [25- 
106 n g /m g  protein; n=39) or NIDDM (86 [31-200] n g /m g  protein; n=38). 
Patien ts w ith  PVD-DM (IDDM or NIDDM) had  significantly  (p <0.01) 
higher leucocyte histam ine content (129 [74-152] n g /m g  protein; n=16) than 
that in PVD patients. Leucocyte histam ine content in NIDDM and IDDM 
patien ts w as not significantly d ifferent from  that in controls. Some 
NIDDM patients had leucocyte histamine contents comparable to the levels 
found in patients w ith PVD and PVD-DM. These outliers m ay have had as 
yet undiagnosed occult vascular disease.

There was no significant correlation betw een age and leucocyte histam ine 
content in any of the patient groups or in the controls. Controls below the 
age of 65 had leucocyte histam ine content (68 n g /m g  protein; n=30) which 
was alm ost identical to controls over 65 years old (69 n g /m g  protein; n=25). 
There w as also no significant difference in leucocyte histam ine content 
betw een males and females in both controls and patients. N o apparen t 
differences existed in leucocytic histam ine in sm okers and non-sm okers 
and  hypertensives and norm otensives in any of the p a tien t groups. 
Furtherm ore, no correlation was observed betw een leucocyte histam ine 
and  the severity  of disease (DM - blood H bA i, blood glucose; PVD - 
a n k le /a rm  SBP ratio and claudication-provoking time). There w ere also 
no apparen t correlations betw een leucocyte histam ine content and  the 
duration  of disease (both DM and PVD). There w as a highly significant 
correlation (r = 0.69; P <0.001) betw een leucocyte and  platelet histam ine 
contents of the patients and controls investigated (DM and PVD; Figure 22). 
P lasm a h istam ine  concen tra tions d id  no t co rre la te  w ith  leucocyte 
h istam ine contents.

P la te le ts  (Figure 23)

The histam ine content of platelets was significantly (p <0.01) greater in 
PVD patients (11.9 [8.3-12.7] n g /1 0 8 platelets) than in controls (8.2 [7.1-10.1] 
n g /1 0 8 platelets) or in patients w ith IDDM (8.5 [7.1-10.2] ng /108 platelets) or 
NIDDM  (8.5 [6.9-10.5] n g /1 0 8 platelets). The concom itant presence of
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Figure 21. The histam ine content of leucocytes of: (A) controls, n  = 55;
(B) controls under the age of 65 years, n = 30; (C) controls over 
the age of 65 years, n = 25; (D) insulin-dependent diabetics, n = 
39; (E) non-insulin-dependent diabetics, n = 38; (F) patients 
w ith peripheral vascular disease, n = 33; (G) patients w ith peri­
pheral vascular disease and concom itant diabetes m ellitus (n 
= 16). A vs F and A vs G, p < 0.01. There were no significant 
differences between A - E in any perm utation.
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Figure 22. The correlation betw een leucocyte an d  p la te le t histam ine 
content. Controls ( • ;  n  = 54), insulin-dependent diabetics (A; 

n = 37), non-insulin-dependent diabetics (▼; n = 31), patients 
w ith  peripheral vascular disease (O; n = 24), patients w ith 
peripheral vascular disease and concom itant diabetes mellitus 
(■; n = 15. r = 0.69; p <0.001.



113

-  10

•VM

Figure 23. The histam ine content of platelets of: (A) controls, n  = 59;
(B) controls under the age of 65 years, n = 39; (C) controls over 
the age of 65 years, n = 20, (D) insulin-dependent diabetics, 
n=44; (E) non-insulin-dependent diabetics, n = 38; (F) patients 
w ith peripheral vascular disease, n=40; (G) patients w ith peri­
pheral vascular disease and concomitant diabetes mellitus, n = 
17. A vs F and A vs G, p < 0.001. There w ere no significant 
differences betw een A - E in any perm utation.



diabetes w ith PVD did not further affect the histam ine content of platelets 
(12.1 [9.2-13.9] n g /1 0 8 platelets). The histam ine content of platelets from  
IDDM and NIDDM patients d id  not differ from that in controls, and there 
w as no difference betw een p la te le t h istam ine of NIDDM  and  IDDM 
patients.

There w as no age-related difference in the histam ine content of platelets 
from  controls. Controls above, the age of 65 years had a m edian platelet 
histam ine content of 8.6 ng /108 platelets, and controls below the age of 65 
years had  a m edian platelet histam ine content of 8.3 ng /108 platelets.

There w ere no significant correlations betw een platelet histam ine content 
and  severity of DM or PVD, or w ith  the duration  of DM a n d /o r  PVD. 
There w as a h ighly significant correlation betw een p latele t h istam ine 
content and leucocyte histam ine content in the patient and control groups 
(r = 0.69; p <0.001; Figure 22). There were also no significant differences 
betw een males and females, smokers and non-sm okers and hypertensives 
versus norm otensives.

B . The H D C  a c tiv ity  o f  leucocytes and p la te le ts  in contro ls and  
p a tie n ts  w i th  ID D M , N ID D M , P VD  and P V D -D M

Plasm a

H D C  activ ity  w as n o t assessed  in  p lasm a 

Leucocytes  (Table 22)

There w ere no significant differences in leucocyte HDC activity between 
controls, IDDM, NIDDM  PVD and PVD-DM patien ts. There was no 
correlation betw een leucocyte HDC activity and  age, or the severity or 
duration  of DM and PVD. Furthermore, no significant correlation between 
leucocyte HDC activity and leucocyte histam ine content, plasm a histamine 
and platelet histam ine content was observed. There w ere no differences 
betw een m ales and females, smokers and non-sm okers, hypertensives and 
norm otensives in either patients or controls.



Table 22

The HDC activity of leucocytes in various patient groups. Results 

are expressed as m edian and (range). There were no significant 

differences between any of the groups.

G roup n

C ontrols 47

IDDM 33

NIDDM  34

PVD 23

PVD-DM 17

HDC activity 
(p m o l/h /m g  protein)

11.7 (8.4-15.8)

10.7 (8.3-17.3)

11.0 (8.9-18.4)

10.5 (7.1-17.5)

11.0 (6.2-16.4)



Platelets

There was no detectable HDC activity in the platelets of the controls or any 
of the patient groups.

C  The histaminase activity  of leucocytes and platelets in controls and 
patients w ith  IDDM, NIDDM, PVD and PVD-DM

Plasma

Histam inase activity of plasm a was not assessed

Leucocytes (Table 23)

There w ere no significant differences betw een the histam inase activity of 
leucocytes obtained from control subjects and from  patients w ith IDDM, 
NIDDM, PVD and PVD-DM.

F urtherm ore , no correlation  betw een  h istam inase activ ity  and  age, 
duration of disease or severity of disease was observed. There were also no 
significant correlations between leucocyte histam inase and leucocyte HDC, 
leucocyte histam ine, plasm a histam ine or platelet histam ine content.

Platelets

N o detectable histam inase activity was observed in  the platelets of the 
controls or of the various patient groups.



Table 23

The histam inase activity of leucocytes in various patient groups. 

Results are expressed as m edian and (range). There were no 

significant differences between any of the groups.

G roup n Histam inase activity 
(p m o l/h /m g  protein)

Controls

IDDM

NIDDM

PVD

PVD-DM

14

14

14

10

10

8.7 (6.4-10.1) 

9.3 (7.3-11.0)

7.7 (6.0-8.4)

8.0 (5.8-9.3)

7.8 (6.1-9.9)



CHAPTER IV

D ISC U SSIO N

As discussed in C hapter I, h istam ine is a norm al constituent of m ost 
m am m alian tissues and blood. In the present study, we have exam ined 
alterations in histam ine m etabolism  in (a) various tissues of rats w ith  
experim entally-induced non-ketotic diabetes m ellitus and (b) the various 
com ponents of hum an blood.

In ou r anim al studies w e used tissues that w ere readily  accessible and 
w hich facilitated rap id  rem oval from the animal post-m ortem . The aorta 
from diabetic animals had previously been shown to exhibit m arked altera­
tions in histam ine m etabolism  (Hollis & Strickberger, 1985; Hollis et al., 
1983, 1984) and was therefore an obvious choice for further examination. 
The other tissues investigated in our studies were the heart, the kidneys, 
the lungs and the brain. Plasma was obtained to assess the concentrations 
of histam ine to which the vascular endothelium  w ould be subjected.

In our hum an studies, on the other hand, the only readily available tissue 
was blood, and  therefore the determ ination of a lteration  in h istam ine 
m etabolism  in the various com ponents of hum an blood w as the m ost 
practical choice. Blood leucocytes, platelets and  plasm a are know n to 
contain histam ine and are know n to be involved in a variety of physio­
logical processes too num erous to m ention. Furtherm ore, platelets and 
leucocytes are both know n to be intim ately involved in the pathogenesis of 
atherosclerosis. In our experim ents to isolate hum an leucocytes we used 
the dextran  sedi-m entation m ethod (Ahm ed, 1970), w hich is rap id  and 
sim ple  and  w hich y ields a m ixed p o p u la tion  of po lym orphs and  
m ononuclear leucocytes in the sam e proportion  as in peripheral blood. 
The m ethod  of isolation for hum an  p latele ts from  venous blood is 
relatively sim ple and rap id  (15 minutes) and requires small quantities of 
blood w hich can yield 200-350 million platelets per ml of plasm a (Born & 
Cross, 1963).

O ur control experim ents on the various rat tissues used in this study  
clearly dem onstrate that the highest proportion of histam ine synthesis in 
these tissues was by HDC and not by the non-specific DOPA decarboxylase



enzym e. This confirms previous reports which have show n that HDC is 
the sole enzym e responsible for in vivo h istam ine synthesis (M orris & 
Fillingam e, 1974). These data  w ere also the first indicator tha t diabetic 
tissues had  elevated histam ine synthesis prim arily  through the increased 
activity of the specific HDC enzym e, since the non-specific DOPA de­
carboxylase enzym e activity was similar in control and diabetic rats.

A. ANIMAL STUDIES

O ur data  dem onstrate that the aorta, the kidneys, the lungs and the heart of 
diabetic rats have a significantly greater HDC activity than that in controls 
(Gill et al.r 1988a), w ithou t any concom itant decrease in  h istam inase  
activity (Gill et ah, 1990a). The increase in histam ine synthesis in the aorta 
w as the m ost im pressive, as was the increase in aortic histam ine content. 
The increase in histam ine content was paralleled by an increase in HDC 
activity in all tissues except the brain, stom ach and skin. It is therefore 
likely that the increase in histam ine content in various tissues in diabetic 
anim als is due to an increase in h istam ine synthesis, since there is no 
decrease in  h istam ine breakdow n. Previous w ork  by O rlidge & Hollis 
(1982), how ever, has show n a significant increase in  the h istam inase 
activity of aortic endothelial and smooth muscle cells from diabetic rats. It 
is possible that these changes were m asked in our study, since w e assayed 
w hole  tissue h istam inase ra ther than  h istam inase activ ity  of specific 
vascular cells. Furtherm ore, Orlidge & Hollis (1982) have show n that the 
m agnitude of increase in aortic HDC activity in diabetic rats is m arkedly 
greater than the m agnitude of decrease in histam inase activity. Therefore, 
any changes in histam ine synthesis w ould be m ore apparent than changes 
in histam ine breakdow n, especially w hen whole tissue extracts are assayed. 
The brain of the diabetic animals showed no increase in HDC activity bu t it 
d id  show  a significant increase in histam ine content; this m ay reflect the 
presence of residual histam ine 'rich' plasm a and, possibly, cerebrospinal 
fluid. Since the aortae from diabetic animals show ed the greatest increase 
in HDC activity, the possibility that the presence of blood vessels largely 
contributes to the increase in HDC activity in o ther organs has to be 
considered. This is relevant to all tissues investigated except the  brain, 
since the brain had high HDC activity in spite of the fact that it d id  not alter 
w ith  diabetes. This fact raises the possibility that a circulating m ediator



inducing  changes in tissue histam ine synthesis is not able to cross the 
blood brain  barrier. The selectivity of the blood brain barrier in experi­
m ental diabetes is well docum ented (Lorenzi, 1986).

The skin and stom ach are the tw o tissues highly subject to the effects of 
histam ine, and  neither show ed any changes in h istam ine m etabolism  in 
d iabetic  rats. It is im portan t to realise th a t the grea test am ount of 
histam ine in the stom ach and skin of rats is stored in m ast cells (Parratt & 
W est, 1956; Foley & Glick, 1962), and it is possible that diabetes does not 
influence this so-called non-inducible pool. A ny changes in the blood 
vessels of the stomach or skin of rats w ould be diluted by the vast amounts 
of histam ine naturally  present in non-vascular tissue. Tissue HDC activity 
in the brain , the lungs, the stom ach and kidneys of control rats in our 
experim ents w as sim ilar to that previously  reported  (Fisher et al., 1981; 
Yam ada et al., 1980). However, HDC activity of the heart was different to 
that reported  previously: w hereas Yamada et al. (1980) could no t detect 
HDC activity in the hearts of Sprague Dawley rats, we consistently observed 
a sm all HDC activity in rat hearts. This m ay be due to differences in assay 
m ethod, since the m ethodology em ployed by us is m uch m ore sensitive 
than  the o-phthal-aldehyde m ethod em ployed by Yamada.

O ur experim ents on diabetic anim als clearly indicated that there were no 
alterations in DOPA decarboxylase activity in any of the tissues examined. 
Since DOPA decarboxylase is the enzym e responsible for the biosynthesis of 
se ro to n in  and  catecholam ines, any  changes in  se ro ton in  and  cate­
cholam ines in experim ental d iabetes w ou ld  be in d ep e n d en t of the 
sero tonin  and  catecholam ine synthesis. Recent w ork  by Barradas et al. 
(1990) have indeed show n a m arked decrease in the serotonin content of all 
those tissues in experim ental diabetes in which we observed an increased 
histam ine content. It is very probable, therefore, that these reduced tissue 
sero ton in  levels are the resu lt of an increase in sero ton in  catabolism  
a n d /o r  an inability of tissues to store serotonin. These data  on  serotonin 
fu rther support the concept that the increase in h istam ine content of the 
tissues of diabetic rats is due to an increase in histam ine synthesis m ediated 
by specific increases in HDC and is not the resu lt of an indiscrim inate 
elevation in non-specific decarboxylase activity.

Hollis and  his colleagues have, for the past 15 years, been, w orking on the 
p rem ise  th a t accelerated  de novo h istam ine synthesis is a t least one



im portant event occurring in experim ental diabetes. Increased synthesis is 
causally related to certain increased vascular wall perm eability character­
istics in diabetes and in the pathogenesis of atherosclerosis. They have 
show n tha t aortic h istam ine m etabolism  an d , in particu lar, increased 
h istam ine synthesis by HDC, is altered in a varie ty  of atherogenic risk 
situations. It has been show n that shearing stresses like those found in 
atherosclerosis and  hypertension create a frictional interaction w ith  the 
aortic endothelium ; and Fry (1968, 1969) has show n that these stresses can 
create a vascular injury, at least w hen these stress forces are elevated. 
Hollis and  his co-w orkers have show n m arked increases in endothelial 
HDC activity in aortae exposed to elevated shear stress (De Forrest & Hollis, 
1978; Hollis & Ferrone, 1974; Skarlatos & Hollis, 1987). Rosen et al. (1974) 
have show n that endothelial histam ine synthesis is extrem ely sensitive to 
shear stress exposure, and  have suggested tha t the HDC system  may 
rep resen t an enzym atic coupler betw een haem odynam ic stresses and 
subsequent perm eability alterations, as in atherosclerosis. In another study 
it has been show n tha t cu ltu red  bovine aortic cells w hen exposed to 
oscillatory shear stress which closely mimics the disturbed pulsatile flow of 
blood in the diseased aorta, respond  by rap id ly  synthesising histam ine. 
They show ed that these changes were more dependent on the shear stress 
exposure duration  rather than on the stress intensity. This same study  
dem onstrated that endothelial cells respond to shear stress by initially (6 h) 
tak ing  u p  h istam ine  from  the  m ed ia  an d  sub seq u en tly  (12-24 h) 
synthesising histam ine intracellularly to such an extent that it results in 
leakage of histam ine from  the endothelial cells to the m edia (Skarlatos & 
Hollis, 1987). Owen & Hollis (1981) have also show n that there are m arked 
elevations in h istam ine synthesis and  album in perm eability  in aortic 
locations exposed to locally disturbed blood flow as assessed by the uptake 
of Evans Blue dye.

In a separate batch of studies, Hollis and his team  have looked at the effect 
of transient neurogenic and mechanically induced hypertension (Bolitho & 
Hollis, 1975; Hollis et al, 1972). They found tha t aortic HDC activity is 
m arkedly elevated in rats with both types of hypertension, indicating HDC 
induction in the blood vessels w ith increased vascular stress as a result of 
hypertension .

Hypercholesterolaem ia is known to be a risk factor for atherosclerosis. As a 
result, Hollis and co-workers have exam ined aortic histam ine m etabolism



in dietary  hypercholesterolaem ia in rabbits (Hollis & Sloss, 1975; Markle & 
Hollis, 1975, 1977; Hollis & Fum iss, 1980; Owens & Hollis, 1979). In two of 
these studies (Hollis & Sloss, 1975; Markle & Hollis, 1977) they exam ined 
aortic HDC activity in rabbits subjected to short-term , relatively low dosage 
cholestero l feed ing  w ith  the specific in ten tion  of m easu ring  aortic  
h istam ine synthesis in both  the preatherosclerotic state and in the early 
stages of histologically discernible aortic lipid deposition. They found that 
aortic HDC activity was m arkedly elevated in the hyper cholesterol aemic 
rabbits w hen  they w ere in the preatherosclerotic state (no aortic lip id  
deposition), b u t that the elevation in HDC (albeit significantly higher) 
started  to norm alise tow ards control values w hen aortic lip id  deposition 
s ta rted  to occur. This indicated  that, a t least in m ild  d ietary  hyper­
cholesterolaem ia, elevation in aortic histam ine synthesis was transient. In 
a subsequent study (Hollis & Furniss, 1980) it was show n that the increased 
aortic  endo the lia l h istam ine  syn thesis w as strong ly  corre la ted  w ith  
increased  aortic album in perm eability; again bo th  these changes were 
transien t in na tu re  and  consistent w ith  the findings of Robertson and  
K hairallah (1973), w ho have also show n that aortic perm eability changes 
during  atherogenesis are in m any cases transient.

If, as suggested, increased aortic histam ine synthesis is one of the factors 
resp o n sib le  for increased  aortic  m acrom olecu lar u p tak e , then  the 
inhibition of HDC should  reduce the incidence and  severity of athero­
sclerosis in  hypercho leste ro laem ic  rabb its. This has been  clearly  
dem onstrated to be the case by Owens and Hollis (1979). They have shown 
that the sim ple partial inhibition of HDC by aH H , a specific inhibitor of 
this enzym e, not only reduces aortic histam ine synthesis by over 30% bu t 
also causes a 51% reduction in aortic album in accum ulation and a 63% 
decrease in the severity of atherosclerosis w hen assessed histologically.

D iabetes m ellitus is a know n risk factor for atherosclerosis, and the 
m ajority of the anim al studies in this w ork were conducted on rats w ith 
experim entally induced diabetes. Very little w ork has been conducted to 
exam ine specific m etabolic changes occurring in the large arteries of 
diabetic animals or patients. W olinsky et al. (1978), however, reported that 
several aortic  sm ooth  m uscle hydro lases w ere decreased  follow ing 
strep tozo tocin -induced  experim ental diabetes. They show ed tha t the 
largest increase occurred w ith  acid cholesteryl esterase, the principle  
enzym e involved in LDL catabolism  and clearance. This study  suggests



th a t LDL clearance is im paired  in experim en tal d iabetes w hich , in 
con junction  w ith  the  e levated  to ta l b lood  lip id  concen tra tions in 
experim ental diabetes, w ould result in the deposition of LDL in the vessel 
wall. Factors such as histam ine which are closely associated w ith  vessel 
w all perm eability  to m acrom olecules such as LDL, could therefore be 
im portant in the pathogenesis of diabetic atherosclerosis.

The data  presented in this study, along w ith the w ork of Hollis, strongly 
suggest that histam ine metabolism  is considerably altered in experim ental 
diabetes. O thers, as well as ourselves, have show n that in experim ental 
diabetes an increase in histam ine content occurs in various highly vascular 
tissues and  in plasm a, and this is associated w ith  an increase in HDC 
activity of various tissues. Hollis, in a series of im portan t studies, has 
pu rsued  the issue of histam ine m etabolism  in experim ental diabetes. He 
has show n that in this condition, aortic endothelial and  sm ooth m uscle 
cells show  increases of 150% and  165% respectively in their histam ine 
content (Orlidge & Hollis, 1982). This increase in histam ine content is also 
accom panied by a 260% increase in HDC activity in the endothelial cells 
and a striking 300% increase in the sm ooth m uscle cells - increases that are 
of a sim ilar order to, bu t higher than, those reported in the p resent study. 
W hile O rlidge and  Hollis have used pure aortic endothelial and  sm ooth 
m uscle cells, w e have used whole aorta preparations. If the increases in 
histam ine synthesis and content are wholly restricted to these cells, it is not 
surprising that the m agnitude of the increases in our study are roughly half 
those reported by Orlidge and Hollis.

O rlidge and Hollis (1982) also dem onstrated a reduction in histam inase 
ac tiv ity  by  half in ao rtic  en d o th e lia l and  sm oo th  m uscle  cells. 
Significantly, insulin  trea tm ent for a one-w eek period  follow ing three 
weeks of uncontrolled diabetes resulted in the complete reversal of all the 
above param eters . They concluded  th a t h istam ine  syn thesis and  
catabolism account for 90% of the intracellular histam ine present, and  that 
these a lterations in h istam ine m etabolism  are com pletely reversed  by 
insulin  treatm ent. Hollis has suggested that insulin  m odulates histam ine 
m etabolism  in som e w ay and  th a t the aorta  is particu la rly  insu lin- 
sensitive, at least in experim ental diabetes. Furtherm ore, unlike aortic 
h istam ine  a ltera tions in d ietary  hypercholestero laem ia, a lterations of 
h istam ine  m etabolism  in  experim ental d iabetes occur in both  aortic 
endothelial and  sm ooth m uscle cells and  are of a considerably greater



m agnitude than  those in hypercholesterolaem ia; these changes are exacer­
bated  over tim e and  are not transient. Hollis has also show n tha t in 
experim ental diabetes these alterations in aortic histam ine m etabolism  are 
accom panied by m assive increases in aortic album in transfer (300%) as well 
as a 10-fold increase in aortic album in accumulation (Hollis & Strickberger,
1985). They also show ed that the album in space in  the aortae of diabetic 
anim als is significantly  low er than  tha t in norm al anim als (Hollis et 
al.,1984). In addition, Hollis and  his group  have show n that in the rat, 
increases in aortic HDC activity occur w ithin tw o weeks of the induction of 
diabetes (O rlidge & Hollis, 1982; Gallik & H ollis, 1981), ind icating  an 
extrem ely rapid  response to the diabetic environm ent.

The m ost significant finding of these studies was that aH H  adm inistration 
to diabetic anim als not only prevents increases in aortic HDC activity but 
also to ta lly  preven ts an increase in  album in perm eability , desp ite  the 
presence of severe hyperglycaem ia and  hypoinsulinaem ia (Hollis et al., 
1983; Hollis & Strickberger, 1985; Carroll & Hollis, 1985). All these studies 
strongly support the prem ise that the elevated aortic h istam ine synthesis 
w hich occurs in experim ental diabetes is an im portan t m ediator of aortic 
m acrom olecular uptake.

In the present study, w e have dem onstrated an increase of 119% in plasm a 
histam ine concentrations in streptozotocin-induced experim ental diabetes 
(Gill et al., 1988b). It is interesting that Hollis and his co-workers (Hollis et 
al., 1985) dem onstrated  a 100% increase in p lasm a histam ine concentra­
tions in their diabetic rats. However, Hollis also show ed in his study  that 
the elevation  in p lasm a histam ine in diabetic ra ts is alm ost certainly 
derived  from  the inducible H D C -dependent blood vessel histam ine pool. 
This was indicated by the fact that insulin treatm ent, which prevents both 
hyperglycaem ia and increased aortic histam ine synthesis (Orlidge & Hollis,
1982) produces a significant reduction in plasm a histam ine concentrations, 
and  that a H H  adm inistration  produces an even greater decrease in the 
p lasm a histam ine content The changes in plasm a histam ine observed in 
this study  and  in those reported  by Hollis qualitatively  para lle l those 
changes in vascular histam ine reported by us in this study, and  reported  
previously by Hollis (Orlidge & Hollis, 1982; Hollis et al., 1983).

In rats, as in man, m ost of the blood histam ine is found in leucocytes, with 
the platelets containing negligible am ounts (Almeida et al., 1980; Graham



et ah, 1955). H ow ever, since the alterations in plasm a histam ine in our 
present, study  qualitatively  parallel those changes w e repo rt in aortic 
histam ine content (Gill et al., 1988b), w e believe that the contribution by 
leucocytes to plasm a histam ine is m inim al at best, and  m erely  reflects 
endothelial h istam ine release. These data  are supported  by ou r studies 
w ith  diabetic patien ts in w hich there w ere no alterations in h istam ine 
synthesis of degradation in the leucocytes. These studies will be discussed 
in m ore detail later in this chapter.

In the present study, we have reported m arked increases in the histam ine 
content and HDC activity in various other tissues such as the kidney, heart 
and  lung. Hollis has also since show n that renal histam ine is increased in 
streptozotocin-induced diabetes in rats; how ever, he has no t investigated 
alterations in HDC activity in  the kidney, and has w ondered  about the 
origin of elevated renal histam ine (Markle et al., 1986). H e postu lated  that 
it m ight be the result of residual histam ine 'rich' plasm a, since the plasm a 
histam ine of untreated diabetic rats is m arkedly increased. In our study, we 
have clearly dem onstrated that increased renal histam ine is paralleled by 
an increase in renal HDC activity (Gill et al., 1990a). A sim ilar parallelism  
betw een histam ine content and HDC activity w as observed in the case of 
aortae of diabetic anim als (Gill et al., -1990a). It is of interest that M arkle et 
al. (1986) w ere able to totally inhibit all changes in renal histam ine content 
by insulin therapy, aH H  adm inistration, and  a combination of both.

O ur studies on the kidney are of special interest, since nephropathy  and 
re la ted  p ro te inuria  are prevalent in diabetes m ellitus. It is know n that 
pro teinuria  in early diabetes results from a 'functional' m icroangiopathy of 
the glom erulus. This functional m icroangiopathy, as described by  Parving 
et al. (1976), develops prior to the structural m icroangiopathy and manifests 
as increased transglom erular passage of p lasm a proteins; b u t the  m echa­
nism  for this protein leakage is not known. Thus it is possible that in view 
of the increases of vascular tissue histam ine and perm eability noted in the 
diabetic rat particu larly  related to endothelial histam ine m etabolism , the 
functional glom erular m icroangiopathy described above by Parv ing  m ay 
involve an increase in  the renal 'inducible' vascular histam ine pool.

H istam ine is know n to have a profound effect on cardiac function (Flacke 
et al., 1967), a lthough  it elicits d ifferen t card iovascu lar responses in 
different species of animals (Beavan, 1978). The heart is very responsive to



histam ine and therefore the increase in histam ine synthesis in the hearts 
of diabetic rats, show n in this study, m ay lead to an alteration in m any 
cardiac functions such as the sinus rate and  contractility acutely, while 
prom oting coronary atherosclerosis in the long term. The coronary arteries 
are the m ost atherosclerosis-prone vessels in the body and, in fact, coronary 
a rte ry  d isease  is the  p red o m in an t m an ifesta tion  of a therosclerosis. 
Therefore, any a lteration in the perm eability  characteristics of coronary 
vessels as a result of histam ine disturbances can have potentially disastrous 
consequences. F u rtherm ore , h istam ine  has been  show n to  induce 
coronary spasm  in swine, leading to changes phenom enologically sim ilar 
to those of an anginal attack in patients w ith coronary spasm  (Egashira et 
al., 1986). Since it has been show n that atherosclerotic coronary arteries 
contain significantly h igher histam ine contents than  non-atherosclerotic 
arteries (Kalsner & R ichards, 1984), it is possible tha t local release of 
h istam ine  from  the coronary  vessels m ay induce a cononary  spasm , 
culm inating in angina.

The lung  is another organ which responds to histam ine and apart from  its 
role in allergic reactions, histam ine is suspected to be a m ediator of hypoxic 
p u lm o n a ry  v asco co n stric tio n  lea d in g  to p u lm o n a ry  h y p e rte n s io n  
(Fishman, 1976). The lung w as investigated prim arily because it contains 
vast am ounts of capillary  vasculature. The lung  also contains large 
am ounts of histam ine, predom inantly  contained in m ast cells (Hoffman et 
al., 1977). It is therefore not surprising that in diabetic rats the histam ine 
content of the lung increases by only 32% and HDC activity increases only 
by 40%. If, as postulated, increases in histam ine synthesis occur in the non­
m ast cell 'inducible' pool, then any increases in the pulm onary capillary 
endothelium  w ould be diluted by the presence of vast am ounts of m ast cell 
histam ine w hen the tissues are hom ogenised for assay.

Retinal histam ine synthesis is also know n to be elevated in experim ental 
diabetes (Carroll & Hollis, 1987) and this in itself is very interesting since 
d iabetes m ellitus is know n to cause abnorm al b lood  re tina l barrier 
perm eability, which leads to diabetic retinopathy (Cunha Vaz et a l , 1975). 
O thers have also observed changes in blood-ocular barrier perm eability in 
d iabetic hum ans and rats, noting  that these changes occur before any 
ophthalm oscopic or angiographic signs of diabetic retinopathy  develop 
(W altm an et al., 1970; Ishibashi et al., 1980). The causes of blood-ocular 
leakage in diabetes are not fully known; however, it is interesting that the



chronic in travenous infusion of histam ine in non-diabetic rats to levels 
found in diabetic rats causes a m arked increase in blood retinal albumin.

It has also been dem onstra ted  that insulin  therapy  and  a H H  th erap y  
reverse blood retinal perm eability (Carrol & Hollis, 1987; Enea et al., 1985). 
This is an in teresting observation, since insulin  therapy and  a H H  also 
reverse aortic album in perm eability. In recent studies (Hollis et al., 1988; 
Dull et al., 1986) it was dem onstrated that the sim ultaneous adm inistration 
of H i and  H 2 antagonists to diabetic rats dram atically  reduces retinal 
perm eability, despite the presence of severe hyperglycaemia. The authors 
concluded that elevated blood retinal barrier perm eability can be reversed 
by  H i and  H 2 receptor antagonists, and  that the in teraction  of these 
antagonists w ith  elevated endogenous histam ine synthesis m ay m ediate 
retinal barrier perm eability. These facts suggest a pathogenic role for 
histam ine in diabetic retinopathy.

In the present study, the adm inistration of H i and H 2 receptor antagonists 
to diabetic rats d id  not alter the histam ine content, histam ine synthesis or 
histam ine degradation in any of the tissues exam ined, including the aorta, 
and plasma. In this same study, the album in accumulation of the aortae of 
diabetic anim als was 290% greater than  that of the aortae from  control 
anim als; again , the adm instra tion  of H i and H 2 an tagonists d id  no t 
significantly alter aortic album in accumulation in either control or diabetic 
rats. It is interesting that blood retinal perm eability in diabetic rats can be 
reduced  so dram atically  by H i a n d /o r  H 2 antagonists, yet these sam e 
antagonists do not alter histam ine m etabolism or aortic perm eability in the 
sam e animals. Insulin and aH H , on the other hand, affect both  system s 
equally.

There are several reasons w hy H i and H 2 receptor antagonists d id  not affect 
histam ine m etabolism  in our experiments. Firstly, there is no evidence to 
suggest that inhibition of the histam ine H i and H 2 receptors w hich are 
know n to exist on vascular endothelial cells (Heltianu et al., 1982) should 
in any w ay p reven t the induction of HDC in endothelial and  sm ooth 
m uscle cells. Furtherm ore, it is possible that the concentrations of both 
in h ib ito rs  w ere  in ad eq u ate  and  d id  no t achieve to tal b lockade of 
e n d o th e lia l  H i and  H 2 recep to rs. This is un like ly  because the 
concentrations used for both antagonists have been used previously  to 
achieve total body receptor blockade (Al Haboubi & Zeitlin, 1979; Parsons,
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1988). Lastly, it is also possible that an H 3-like receptor (Arrang et al., 1987) 
m ay be involved in the actions of histam ine in this system.

Aortic album in accum ulation was more likely to be inhibited by histam ine 
antagonists, since they are know n to inhibit retinal perm eability (Carroll & 
Hollis, 1987; Enea et al., 1985; Hollis et al;, 1988). Again, this w as not the 
case in our study. It was clear in our experiments that diabetic aortae were 
appprox im ate ly  th ree  tim es m ore perm eable to album in th an  control 
aortae; how ever, the adm inistration  of H i and H 2 antagonists d id  not 
significantly reduce album in perm eability in either controls or diabetics. 
There w as a definite trend  for diabetic anim als treated w ith  cim etidine to 
have lower perm eability to album in than untreated diabetic rats; however, 
probably because of a lim ited num ber of anim als (n=5; two anim als d ied 
during  the experiment), the results d id  not achieve statistical significance. 
It m ust be stressed that our perm eability studies were conducted in vitro 
and it is possible that ou r m ethodology was no t sufficiently sensitive to 
detect any alterations; how ever, the fact that we dem onstra ted  a 290% 
increase in  a lbum in accum ulation in  d iabetic rats w hen com pared to 
controls points to a relatively sim ple b u t sensitive m ethod. It m ust be 
stressed that Hollis's experiments to assess the effects of a H H  and insulin 
on aortic perm eability were conducted m vivo.

In o u r m ethodology w e have assessed no t only endothelia l album in 
accum ulation b u t also total aortic accum ulation of exogenous album in, 
which is a combination of perm eability by both the endothelial and adven­
titial route. It is known that albumin enters the m edia of the aortic wall by 
both  routes in vivo (Bratzler et al., 1977). O ur m ethodology cannot there­
fore serve as a quantitative estimate of the perm eability of any one route of 
album in entry, nor was it in tended to do so; it was designed to be a rapid  
and relatively sim ple m ethod to assess the overall perm eability of a vessel.

Experim ental diabetes, in the rat, represents a severe catabolic state as 
ev idenced  by w eight loss. The possibility  thus exists tha t increased 
histam ine synthesis in the various tissues is as a result of complications 
induced by this sverely catabolic state and may not be the results of diabetes, 
We therefore starved rats for three days, to induce a severe catabolic state in 
which animals is utilise body stores of fats and proteins in order to provide 
energy; a situation sim ilar to that in diabetic rats, albeit at an accelerated 
rate. The data  clearly show  that in the 3-day starved rat, despite gross



w eight loss, there were no alterations in histam ine synthesis in the aorta or 
kidneys and there w as no increase in the histam ine content of plasma. It is 
h ighly  probable tha t the alterations in h istam ine synthesis in various 
tissues are the result of diabetes mellitus and not of reduced grow th rate. It 
m ay, how ever, be argued that sem i-starvation for a pro tracted  period (9 
days) m ay m ore closely resem ble the non-ketotic diabetes we investigated, 
since Hollis and  his group (Orlidge & Hollis, 1982) have show n altered  
histam ine metabolism  w ithin only 14 days.

B. HUMAN STUDIES

O ur da ta  show  conclusively tha t the  increase in  p lasm a h istam ine  
concentrations previously observed in experim ental diabetes by ourselves 
(Gill et al., 1988b) as well as others (Hollis et al., 1985) also occur in patients 
w ith DM and PVD.

The p resen t s tu d y  also dem onstra tes th a t the  h istam ine con ten t of 
leucocytes and platelets in patients w ith  PVD is significantly greater than 
that in control subjects (Gill et al., 1988c). The age of the patients or volun­
teers d id  not have any effect on the content of histam ine in these cells or in 
plasm a. N either IDDM nor NIDDM w ere associated w ith an increase in 
h istam ine  content in leucocytes or p latele ts, b u t som e pa tien ts  w ith  
NIDDM had leucocyte histam ine contents which were com parable to those 
in patients w ith PVD. These patients w ith  NIDDM w ere elderly and m ay 
therefore have had  atherosclerosis at a subclinical level. There w as no 
increase in the HDC activities of leucocytes from patients w ith PVD, DM or 
PVD-DM. Platelets exhibited no HDC activity, w hether obtained from  
patients or controls. There w as no change in the histam inase activity of 
leucocytes in any of the patient or control groups. Platelets did not exhibit 
any histam inase.

It has been postu lated  that the increase in plasm a histam ine concentra­
tions observed in experim ental diabetes m ay be the resu lt of leakage of 
h istam ine  from  the m arkedly  expanded  h istam ine  pool in  the blood 
vessels of these animals (Owens & Hollis, 1979; Orlidge & Hollis, 1982; Gill 
et al., 1988b). W e have also dem onstrated  m arked increases in plasm a 
h istam ine in DM and PVD patien ts (Gill et al., 1989). Y oshim ura et al. 
(1984) have show n that plasm a histam ine concentrations are elevated in



patients w ith coronary artery disease (CAD) and that the m ore severe the 
a rte ria l lesion, the  h igher the p lasm a h istam ine  concentration . As 
m entioned  earlier, it is of in terest to note tha t a m arked  increase in 
histam ine content has been observed in the coronary arteries of patients 
w ith  CAD by Kalsner & Richards (1984). They show ed that the concentra­
tion of histam ine was nearly doubled in the arteries of patients w ith CAD 
and  that the arteries from  such patients w ere hyperreactive to histam ine 
and  responded  by m ore m arked contraction at low er concentrations of 
histam ine. Furtherm ore, the atherosclerotic regions of the arteries had  
significantly h igher histam ine than  the non-atherosderotic  regions of the 
sam e arteries. Kalsner & Richards postulated that the sudden  release of 
histam ine due to injury w ould induce a pow erful contraction or spasm  of a 
coronary vessel segm ent and precipitate a cardiac crisis such as angina or 
dysrhythm ia. Furtherm ore, any locally released histam ine w ould  cause a 
substantial increase in coronary vessel perm eability (Pilati & M aron, 1988), 
w hich can in turn  accelerate the atherosclerotic process and possibly lead to 
m yocardial oedem a (Pilati & Maron, 1988).

G insburg et al. (1981) have dem onstrated that an intracoronary infusion of 
h istam ine  provokes coronary a rte ry  spasm , and  they have im plicated  
h istam ine in  the pathogenesis of angina pectoris. Shim okaw a et al. (1983) 
have also show n that angiographically visualised coronary artery  spasm  
can be induced  in the m in ia tu re  sw ine w ith  experim entally  induced  
atherosclerosis, bu t not in control pigs, by the intravenous or intracoronary 
adm inistration  of histam ine and tha t this action can be blocked by  H i 
receptor antagonists.

A ntih istam ines have been show n to inhib it cholesterol-induced athero ­
sclerosis in rabbits (Harm an, 1962; H ollander et al.r 1974). These authors 
show ed th a t h istam ine H i antagonists not only inhibit the increase of 
perm eability  to lipids into the aorta in this m odel of atherosclerosis, bu t 
also suppress the form ation of the atherosclerotic plaque. Interestingly, H i 
recep to rs on the vascu lar en do the lium  (Sim ionescu et al., 1982) are 
im plicated in virtually every histam ine action that can be determ ined to be 
atherogenic; this will become m ore apparent later in the discussion.

All the above stud ies strongly  suggest an expansion in the vascular 
histam ine pool of patients w ith atherosclerosis, sim ilar to that observed in 
experim ental diabetes and experim ental atherosclerosis. It is therefore



possible  tha t the m arkedly  increased plasm a h istam ine concentrations 
observed in patients w ith PVD in this study, and in patients w ith  CAD in 
o ther studies, is the result of leakage of histam ine from  the vasculature 
w hich, in atherosclerosis, is now  know n to contain increased am ounts of 
histam ine. D espite the fact that there is no dem onstration of increased 
b lood  vessel h istam ine in diabetic patien ts, it is likely tha t a sim ilar 
increase to that dem onstrated  in experim ental DM occurs in hum an DM 
and results in leakage of histam ine into the blood.

O ur d a ta  on  the  h istam ine  conten t of leucocytes and  p la te le ts are 
qualitatively  com parable and there w as a h ighly significant correlation 
betw een platelet and leucocyte histam ine content in this study. Leucocytes 
are know n to contain HDC; this was dem onstrated by us in this study, as 
well as by others (Gill et a l, 1989; Grzanna, 1984). H um an leucocytes also 
contain histam inase bu t again, histam inase activity was not altered in the 
leucocytes of any of the patient or control groups. H um an leucocytes also 
have an uptake system  for histam ine, w ith a vast capacity for increasing 
in tracellu lar histam ine content (Catini et al., 1984). Catini and co-workers 
also dem onstra ted  that neutrophils and  eosinophils, bu t no t basophils, 
increase their intracellular content by uptake of histam ine. Therefore, it is 
possible  that in ou r study  the increase in leucocyte h istam ine in PVD 
occurs p rim arily  in  neu troph ils and  esoinophils and  is the resu lt of 
histam ine uptake from a 'histam ine rich' plasm a, rather than the result of 
increased synthesis or decreased breakdow n of histamine.

A therogenesis involves interplay betw een a m ultitude of factors and it is 
becom ing increasing ly  ap p aren t th a t a ltered  leucocyte adhesion  and 
m igration on the vascular endothelium  are tw o of the m ost im portan t of 
these factors. Leucocyte-endothelial interactions are intim ately involved 
in the physiological traffic of leucocytes from the blood to the blood vessel 
wall and  back. A ltered interactions betw een these two cell types are known 
to occur in atherosclerosis. It has been show n that leucocyte accumulation 
in arterial wall lesions of hypercholesterolaem ic anim als occurs w ithin a 
few  w eeks after the in itia tion  of an a therogenic  d ie t (Ross, 1981). 
Leucocytes can be observed to adhere to the endothelium  and are found in 
the  junctions betw een  endo the lia l cells and  subendo the lia l intim a; 
accum ulation  of leucocytes occurs before any pro liferation  of sm ooth 
m uscle cells. Electron microscopic studies of em igrating leucocytes have 
show n th a t they  first adhere  to the endo the lium  and  then  extend
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pseudopods, w hich appear to probe for the path  of least resistance at 
interendothelial junctions. These cells then insert a cytoplasmic probe into 
the junction,and crawl betw een the endothelial cells. After penetrating the 
intracellu lar junction, leucocytes m igrate into the basal lam ina (Marchesi 
& Florey, 1960; Shaw, 1980).

N um erous studies have show n that leucocytes are intim ately involved in 
bo th  the  initial and  late events of atherosclerosis. Early and advanced 
lesions of atherosclerosis both consist of sm ooth m uscle cells, leucocytes 
and foam cells (fat-filled leucocytes). The above accumulation of leucocytes 
is considered by m any authors to be a defensive response by the vessel wall 
which has not subsided bu t instead progressed to a pathologic response (see 
Ross, 1986, for a review of studies).

Platelets are also know n to interact w ith the vascular endothelium  and it is 
thought that som e of these platelet interactions are involved in the initial 
developm ent of atherosclerosis (Ross, 1986). We therefore investigated 
h istam ine  m etabolism  in platelets and  found  tha t p la te le t h istam ine 
con ten t is m arkedly  elevated in PVD b u t no t in DM. There w as no 
detectable platelet histam ine synthesis or degradation in either controls or 
patients. We therefore investigated histam ine uptake by hum an platelets 
and  have dem onstrated that hum an platelets have a capacity for the uptake 
of histam ine, and  for the first time show n that this uptake can be enhanced 
by various activating stimuli such as sim ple stirring or by the addition of 
adrenaline, ADP and collagen, w hich are all know n platelet aggregating 
agents (Gill et a l, 1987).

It is of interest that this stim ulatory effect of adrenaline, ADP and collagen 
is exerted  a t concentra tions sm aller than  those req u ired  to induce 
aggregation of platelets. Clearly, therefore, histam ine uptake by platelets is 
a process w hich m ay well occur continuously w hile the platelet is in the 
circulation. Furtherm ore, histam ine uptake m ay be stim ulated by circula­
ting adrenaline, the release of ADP from aggregating platelets, or at sites of 
vascular injury w here exposure to collagen occurs. The concentrations of 
ad renaline  used in our experim ents w ere of a sim ilar o rder to those 
observed in patients w ith cardiogenic shock (Laing et a l, 1983) (range: 2-63 
nm ol/1) or d u rin g  hypoglycaem ia (H orie et a l ,  1984) (range: 3.4-4.5
nm ol/l). It is notew orthy that at higher concentrations of adrenaline and 
collagen the histam ine uptake d id  no t increase; it actually fell. This is



probably due to the fact that at these agonist concentrations, the release of 
h istam ine from  platelets exceeds the uptake. W e have observed tha t at 
these concentrations, (3-thromboglobulin and TXA2 are released by platelets 
and  th a t p latelets counts in  PRP fall. Both these ind icators po in t to 
activation of platelets, w ith the form ation of platelet clumps.

O ur ability to dem onstrate consistent histam ine uptake by platelets at low 
concentrations added  of [14C]histam ine (nanom olar vs m icrom olar quanti­
ties used  previously; W ood et al., 1984) and to stim ulate histam ine uptake 
by platelet agonists over shorter periods of incubation (15 or 30 m in vs 90 
m in  previously) is due  to tw o m ain reasons. Firstly, our studies on the 
uptake of [14C]histam ine w ere carried ou t in PRP prepared  from  citrated 
b lood and  no t in  EDTA. This difference is relevant, since ou r results 
clearly dem onstrate that EDTA inhibits platelet aggregation w hilst citrate 
does not. ED TA -induced a lte ra tio n /d am ag e  in p la te le t function  and 
struc tu re  have also been described by others (P idard  et al., 1986). It is 
notew orthy that the differences in platelet function in PRP coagulated w ith 
EDTA or citrate are not dependent upon ionised calcium concentrations in 
PRP, since this value w as sim ilar w ith both  anticoagulants. O thers have 
also reported  that EDTA-induced loss of platelet aggregation could not be 
reversed by adding calcium (Zucker & Grant, 1978). The second reason w hy 
[14C]histam ine uptake was greater in our experiments w as because platelets 
w ere constantly stirred. Stirring is necessary for eliciting aggregation of 
p la te le ts , and  w e reasoned  th a t o ther functions of p la te le ts m ay be 
d ep en d en t on a sim ilar 'trigger'. Indeed, our experim ents show  that 
[14C]histam ine uptake is considerably reduced in the absence of stirring. 
Furtherm ore, the agonists (ADP, collagen and adrenaline) d id  not increase 
[l4C]histam ine uptake by platelet unless these cells were stirred. Our data 
indicate  th a t under norm al circum stances platelet h istam ine up take is a 
relatively slow and passive process which, given the right stim ulus, can be 
activated to increase histam ine uptake. We reasoned that if uptake could 
be stim ula ted , it m ight also be possible to inh ib it up tak e  by various 
inh ib ito ry  agents. It is know n that active energy-requiring  processes, 
unlike totally passive uptake processes, can be slowed dow n by decreasing 
the tem perature or by inhibiting metabolic energy-producing enzymes.

Incubation of platelets at 4 °C m arkedly (>70%) reduced histam ine uptake; 
how ever, this process was not totally abolished. Reduction of tem perature 
by 10 °C to 27 °C and  17 °C also caused stepw ise decreases in histam ine



up take  of 35% and 47% respectively. There was also an inhib ition  of 
histam ine uptake by iodoacetate, a know n inhibitor of m etabolic processes 
(Clusin, 1983). Increasing concentrations of iodoacetate caused a stepwise 
decrease in histam ine uptake; how ever, approxim ately 30% could no t be 
inhibited. These two experim ents indicate that approxim ately 70% of total 
h istam ine uptake is sensitive to tem perature and metabolic inhibition, and 
that approxim ately 30% of uptake cannot be affected and is probably totally 
passive and dependent on an osmotic gradient of histamine.

Im ipram ine is a know n inhibitor of carrier-m ediated serotonin uptake into 
h um an  platelets (Tuom isto, 1973) b u t it d id  not inh ib it the up take  of 
histam ine. This indicates that these tw o bioam ines are not taken up  into 
platelets by the sam e carrier m echanism  in spite of the fact tha t they are 
sto red  together in the sam e dense g ranules w hen inside  the  platelet. 
A spirin caused a slight increase in histam ine content of platelets; this was 
probably because aspirin is know n to inhibit the release reaction of platelets 
(Best et al., 1981) and histam ine, once taken up, m ay therefore be prevented 
from being released during the preparation of platelet pellets. M epyram ine 
and  cim etidine d id  no t affect platelet h istam ine uptake and therefore the 
inhibition of H i and H 2 receptors on platelets d id  no t affect the histam ine 
up take  m echam ism .

In conclusion, histam ine is taken up  by blood platelets and  this uptake is 
stim ulated by stirring, adrenaline, ADP and collagen. The m ethod used in 
this study  to obtain these data is sim ple, rap id  and cheap, and  provides 
consistent results.

O ur data indicate that platelets obtained from  norm al subjects and various 
patien t groups exhibited no histam ine synthesis or degradation; therefore 
the increase in intraplatelet histam ine content in PVD patients is probably 
the resu lt of increased histam ine up take from  a 'histam ine rich' plasma. 
A lternatively, it is possible that im m ature platelets m ay have increased 
histam ine synthesis or that m egakaryocytes m ay have increased intracel­
lular histam ine content. It m ust be stressed, however, that megakaryocytes 
have not, as yet, been show n to contain HDC.

Interestingly, the platelets of patients w ith DM did  not show  any increases 
in  in tracellu lar h istam ine despite the fact tha t these p latelets are also 
exposed to a 'histam ine rich' plasm a. Since w e have dem onstra ted  in­
creased h istam ine up take  w ith  p latelet activation (Gill et a l , 1987), it is



possible that PVD platelets, w hich are know n to be m arked ly  hyper- 
aggregable (M ikhailidis et a l, 1985), take up  histam ine m ore avidly because 
they are activated  and  th a t DM platelets, w hich are rela tively  norm al 
(Peacock et a l, 1986), do not. This is reflected in the increased platelet 
histam ine content in PVD and  PVD-DM, bu t not in DM alone (Gill et a l,  
1988c).

As m entioned  earlier, p latele ts are im plicated in  the pathogenesis of 
a therosclero tic  lesions. V ascular endothelia l cells are norm ally  non- 
throm bogenic and produce anti-throm botic substances like prostacyclin  
(PGI2) and  endothelium  derived relaxing factor (EDRF). PGI2 and EDRF 
have m arked anti-aggregatory  properties and  inhib it p latelet adherence 
(Ross, 1986). H ow ever, in certain  conditions, such as hypercholesterol- 
aem ia  (Faggio tto  et a l ,  1984) or endo thelia l in ju ry  d u e  to balloon  
angioplasty or cardiac bypass surgery (Brown et a l, 1982), the endothelium  
can become m ore ’sticky' to platelets. Furtherm ore, endothelial injury and 
contraction can lead to the exposure of sub-endothelial layers in the vessel 
wall w hich are highly throm bogenic in character and lead to the form ation 
of p late le t clum ps on the exposed subendothelial collagen rich surface 
(Baum gartner & H audenschild, 1972).

W hen leucocytes and platelets adhere, aggregate and infiltrate the vascular 
wall, they form  platelet a n d /o r  leucocyte clum ps w hich stim ulate both  cell 
types to release their intracellular contents (Baumgartner et a l, 1972). Both 
these cell types contain a host of m ediators w ith  various physiological 
functions. Platelets, w hen activated, secrete various factors such as PDGF, 
w hich is pro-aggregatory to platelets and is both mitogenic and chemotactic 
to leucocytes and  can induce increases in sm ooth m uscle m igration and 
proliferation, an im portant in itial event in atherosclerosis. Platelets also 
produce platelet factor 4 (PF4), w hich is capable of inducing chemotaxis in 
m onocytic leucocytes (Ross, 1986). Leucocytes, w hen activated by aggre­
gation or adherence, also release a m ultitude of vasoactive factors such as 
fibroblast g row th  factor, in terleuk ins, p rostag land ins and  leukotrienes 
(Ross, 1986).

H istam ine is also released w hen leucocytes a n d /o r  platelets are activated by 
adherance  a n d /o r  aggregation. In the p resen t study  we have show n 
elevation of histam ine in the leucocytes and  platelets of patients w ith PVD. 
The form ation  of a leu co cy te /p la te le t clum p on blood vessels in  PVD



patien ts can therefore lead to the release of extra histam ine, which then 
exerts a large variety  of effects on the vessel w all and  o ther attached 
leucocytes and platelets. For exam ple, hum an platelets w hen stim ulated 
w ith collagen have been show n to release an unidentified substance w hich 
causes a m arked release of histam ine from hum an leucocytes (Orchard et 
al., 1986). PF4, also a platelet specific substance, is know n to cause the 
release of h istam ine from  hum an basophilic leucocytes (Brindley et al.,
1983). The re leased  h istam ine, w hether from  platelets, leucocytes or 
endothelial cells, w ould have a variety of effects on the blood vessel wall.

The m ost prom inent effect of histam ine is in provoking a large increase in 
endothelial perm eability  to p lasm a m acrom olecules (Carter et all., 1974; 
K illackey et al., 1986; M a^no et al., 1967; R otrosen & G allin, 1986). 
H istam ine  p rim arily  increases endo thelia l perm eab ility  by inducing  
endothelial cell contraction via the H i receptor, which in tu rn  leads to a 
w iden ing  of in terendothelial gaps (Majno et al., 1967, 1969; H oran et a l ,
1986). These w idened  endothelial junctions allow  for easier access of 
m acrom olecules into the blood vessel wall.

It is know n that the arterial endothelium  is a selective barrier and allows 
the passage of only certain macromolecules; this selectivity is thought to be 
the resu lt of a dual pore perm eability system. O ne pore system  has a 
functional diam eter of less than 90 A and the other has large pores of some 
200-1500 A diam eter (Bruns & Palade, 1968). The sm all pore system  is 
be lieved  to be the struc tu ra l equ ivalen t of the in tercellu lar junction 
(C otran & Karnovsky, 1968) and  is therefore dependen t on endothelial 
contraction as described above. The large pore system  is dependent on 
vesicular transport or pinocytosis (Karnovsky, 1968); this is a process in 
w hich plasm a m olecules enter invagination on the plasm a m em brane of 
the lum inal surface of endothelial cells. The invagination separates off 
into the endothelial cytoplasm  to form pinocytic vesicles ranging in size 
from  400 to 1500 A diam eter, w hich m ove from  the lum inal to the 
ablum inal or junctional surface of the endothelial cell. H istam ine has 
been show n to m arkedly  increase endothelial pinocytosis (Orlidge, 1983; 
Davies et al., 1983).

It is clear, therefore, that histam ine increases both the large and small pore 
perm eability  system s of the vascular endothelium  M any m acromolecules 
have  been investigated  in the above perm eability  system s, includ ing



album in , dextran , horserad ish  peroxidase, fibrinogen, Evans Blue and  
ferritin . H ow ever, none of these m acrom olecules are in  them selves 
atherogenic. Cholesterol (in particular, low density lipoprotein; LDL) has 
conclusively been show n by num erous studies to be one of the m ost 
atherogenic of various macromolecules in plasm a (Steinberg, 1983). M any 
of these studies have show n that endothelial influx of LDL is grossly  
elevated in  atherosclerosis (Brem m elgaard et a l, 1986; Steneler & Hjelms,
1987). H istam ine has been show n to m arkedly increase the passage of LDL 
th rough  hum an  aortic endothelial cells by inducing endothelial contrac­
tion (Langler et a l, 1989). LDL m ay enter the endothelium  th rough  the 
large pore pinocytic system , since its diam eter is 220  A diam eter and  this 
w ould  allow it a ready entry  through the endothelium . A ny increase in 
local histam ine concentration due to endo thelia l/leucocy te/p late le t release 
w ould  increase endothelial pinocytosis and  endothelial contraction and  
thereby increase the influx of LDL into the blood vessel wall.

In teresting ly , h istam ine-induced  a ltera tions in bo th  en d o th e lia l con­
traction and  endothelial pinocytosis are m ediated via the h istam ine H i 
recep tor (Killackey et a l,  1974; Rotrosen & Gallin, 1986; O rlidge, 1983; 
Davies et a l, 1983). H istam ine action via the H i and H 2 receptor has also 
been  show n to induce increased calcium  b ind ing  to the endo thelium  
(Barman et a l, 1987); these authors speculated that this altered binding of 
calcium is associated w ith increased endothelial perm eability. Endothelial 
calcium  influx  (D 'A m ore & Shepro, 1977) and  in trace llu la r calcium  
concentrations are increased in the presence of h istam ine (Rotrosen & 
Gallin, 1986; Ham ilton & Sims, 1987) and again the effect is inhibited by H i 
receptor antagonists.

The histam ine-induced increase in cytosolic endothelial calcium has been 
dem onstrated  to be accom panied by a m arked release of endothelial von 
W illebrand Factor (vWF; Ham ilton & Sims, 1987). vWF is a potent platelet 
agon ist and  has been show n to enhance p la te le t adhesion  to the 
endo the lium  and  to m ediate  p latele t aggregation  (W eiss et a l, 1989). 
Endothelial platelet activating factor (PAF) synthesis is also enhanced by 
histam ine (McIntyre et a l, 1985), which leads to increased platelet adhesion 
and aggregation on the endothelium . A lterations in endothelial calcium, 
vWF and PAF w ould all result not only in increased perm eability bu t also 
in increased throm bogenicity of the endothelium ; both of these processes 
are well know n sequences in atherogenesis.



As stressed earlier, the process of leucocyte diapedesis, in w hich leucocytes 
breach the endothelial cell barrier and  enter the vessel w all, is of prim e 
im portance  in the developm ent of atherosclerosis. It is therefore  of 
in terest, th a t h istam ine  also m odifies the en d o th e liu m  to  enhance 
po lym orphonuclear leucocyte d iapedesis (Doukas et al., 1987). Further­
m ore, h istam ine  also decreases endo thelia l stress fibre fo rm ation  by 
increasing  dissociation of actin cables (Welles et al., 1985; Rotrosen & 
G allin, 1986). Therefore histam ine-induced alteration in the endothelial 
cytoskeleton w ould  allow  no t only increased leucocyte in filtration , as 
dem onstra ted  above, bu t also increased perm eability to m acrom olecules. 
The above histam ine actions on the cytoskeleton are know n to be m ediated 
via the H i receptor.

Arteries in hum ans are know n to secrete factors which are chem otactic for 
leucocytes (Mazzone et al., 1983). It is possible that the histam ine rich blood 
vessels found  in DM and vascular disease release increased am ounts of 
h istam ine locally, w hich in tu rn  lead to an acceleration of the changes 
m entioned  above. These m ay, in time, progress into an atherosclerotic 
lesion.

H istam ine increases the synthesis and release of prostacyclin from  hum an 
endothelial cells (Baenziger et al., 1981; H addock et al., 1987; Schellenberg 
et al., 1986), stim ulates the synthesis and release of endothelial HETE pro­
ducts (Revtyak et al., 1988) and increases inositol phosphate accum ulation 
by  the  endo the lium  (Carson et al., 1989). All these changes are also 
m ediated by the H i receptor. Tissue plasm inogen activator (tPA; Levan & 
Santell, 1988) and  EDRF (Bregestoviski et al., 1988) are also released by 
endothelial cells in response to histamine.

H istam ine has m any o ther effects on both  the vascular endothelium  and 
sm ooth m uscle cells w hich are too num erous to m ention; b u t it is clear 
from  all the above studies that histam ine in undoub ted ly  involved  in 
a ltering  blood vessel physiology in conditions pred isposing  to athero­
sclerosis. O ne could  leg itim ately  label h istam ine  as an a therogenic 
substance w hen released in and around blood vessels.



C. GENERAL CONCLUSION

In conclusion, our data clearly dem onstrate altered histam ine m etabolism  
in experim ental diabetes and in patients w ith DM and PVD.

O ur anim al studies confirm ed the previous observations of an increase in 
histam ine content of plasm a and aortae of diabetic rats. W e extended these 
observations to show  that this elevated histam ine content is not m erely 
confined to the aorta or plasm a bu t is also apparen t in o ther tissues (e.g. 
kidney; heart). Furtherm ore, we have provided evidence that this increase 
in h istam ine  is the resu lt of activation of h istam ine synthesis via the 
enzym e HDC, and is no t due to increases in non-specific decarboxylase 
activity. A decrease in tissue histam ine catabolism  via the enzym e hista­
m inase also appears to be unlikely in view  of the findings presented in  this 
thesis. The adm inistration of histam ine H i and H 2 receptor antagonists to 
control and  diabetic rats d id  not alter any of the changes in h istam ine 
m etabolism  m entioned above. This is not surprising, since neither H i nor 
H 2 h istam ine  an tagonists are know n to a lter h istam ine  syn thesis or 
breakdow n.

Aortic endothelial perm eability is know n to be increased by  h istam ine and 
has been show n to be elevated in experim ental diabetes. U sing novel in 
vitro ' techniques, w e have confirm ed these p rev ious observations by 
dem onstra ting  a three-fold increase in  aortic album in perm eab ility  in 
diabetic rats. Interestingly, the adm inistration of H i and H 2 antagonists did 
not alter aortic perm eability in control or diabetic rats. These surprising  
resu lts indicated  that histam ine-associated increases in vascular perm e­
ability in DM rats m ay not be m ediated via the H i or H 2 receptors.

In our hum an-based studies we have, for the first time, dem onstrated  that 
the  a ltera tions in h istam ine m etabolism  docum ented  in experim ental 
diabetes are also apparent in patients w ith  DM. We have extended these 
observations to show similar alterations in the histam ine status of patients 
w ith  PVD. As in experim ental diabetes, there are m arked  increases in 
p lasm a  h is tam in e  concen tra tions in  p a tien ts  w ith  DM an d  PVD. 
F u rtherm ore , the h istam ine  con ten t of p la te le ts and  leucocytes w as 
e levated  in sam ples obtained from  PVD and PVD-DM patien ts b u t not 
from  DM only patients. The increase in histam ine content in leucocytes



and  platelets of PVD patients was not accom panied by either increased 
histam ine synthesis or decreased histam ine degradation.

It is thus likely tha t the increase in p latele t and leucocytic histam ine 
content in  PVD is due to an increased uptake of h istam ine from  plasma. 
As m entioned  earlier, bo th  leucocytes and  platelets are also capable of 
tak ing  up  histam ine from  the circulation. U sing a novel technique, we 
have dem onstrated  that hum an platelets can take up  histam ine and  have 
show n for the first time that platelet activation further stim ulates increases 
in histam ine uptake.

P a tien ts  w ith  PVD have p rev iously  been show n to have  m arked ly  
hyperactive platelets (M ikhaildis et al., 1985), while patients w ith  DM (with 
no com plications) are know n to have platelets that are less hyperactive 
(Peacock et al., 1986). It is therefore possible that leucocytes and platelets in 
PVD have higher histam ine contents because they are exposed to higher 
concen tra tions of h istam ine  in  p lasm a and  because the  hyperactive  
platelets of PVD patients have an increased uptake of this amine. This is 
reflected in the increased platelet histam ine content in PVD and PVD-DM 
b u t not in DM alone. Since the m agnitude of increase in the histam ine 
content of PVD leucocytes is of a similar o rder to that of PVD platelets, it is 
p robab le  th a t a sim ilar 'h istam ine p lasm a co n cen tra tio n /ce llu la r acti- 
vation '-dependent process, as in PVD platelets, occurs in PVD leucocytes. 
Studies m ust be perform ed to investigate histam ine uptake by leucocytes 
follow ing activation and  exposure to h igh  concentrations of histam ine 
(this is discussed under 'Suggestions for Future Studies').

O ur data , coupled w ith  previous observations, suggest tha t there  is a 
m arked  expansion in the histam ine pool of blood vessels and  various 
tissues of diabetic anim als, and that release or leakage of histam ine from 
these 'histam ine rich' tissues results in increased plasm a histam ine con­
centrations. Since atherosclerotic hum an  blood vessels have previously  
been show n to have m arkedly higher histam ine contents, it is possible that 
the elevated  plasm a histam ine concentrations in patien ts w ith  DM and 
PVD in our study are the result of a similar process.

Thus, the possible local release of histam ine from  blood vessels in DM and 
PVD show n in our study  w ould, as discussed earlier, induce changes in 
a rte ria l endo the lia l perm eability ; this w ou ld  facilitate  the in flux  of 
atherogenic blood-borne macromolcules such as LDL. This process w ould



therefore constitute one of the initial events of atherogenesis. In time, this 
event w ou ld  accelerate as m ore endothelial h istam ine is released and 
results in the form ation of fatty streaks. Fatty streak form ation has been 
show n to lead  to sm ooth m uscle p ro liferation  and  the adherence and 
infiltration of platelets and  leucocytes. A dherent activated platelets and 
leucocytes release various m ediators, includ ing  m ore histam ine. This 
process even tually  culm inates in the form ation of an occluding athero­
sclerotic plaque (see Ross, 1986, for a review of the atherosclerotic process). 
A sim ilar process could also occur in diabetic capillary endothelium  and 
lead to the m any complications of diabetic m icroangiopathy.

It is obvious that additional studies m ust be undertaken to understand  the 
true  significance of ou r data  and  to m ake definitive statem ents. Such 
studies w ere beyond the scope of this thesis, and have been discussed under 
'Suggestions for F u tu re  S tudies'. H ow ever ou r da ta , coupled  w ith  
previous observations on the atherogenic effects of histam ine, give strong 
support to the prem ise that histam ine m ay be one of the factors involved 
in the pathogenesis of both micro- and macro-vascular disease.

O ur w ork  has p rov ided  som e clarification of the histam ine-related inter­
actions betw een b lood vessels and  the cells circulating in  the blood, in 
health and disease. It is hoped that these observations will point the way 
tow ards further investigations that will increase our understanding  of the 
role played by histam ine in the atherogenic process.



SUGGESTIONS FOR FUTURE STUDIES

1. The effect of aFMH on capillary permeaibility in normal volunteers 
and DM/PVD patients

In  o u r stud ies w e have clearly d em onstra ted  m arked  a ltera tions in 
histam ine m etabolism  both  in DM rats and  in patients w ith  DM a n d /o r  
PVD. Previous inhibition of aortic or retinal HDC by specific inhibitors, 
such as a H H , n o t only  preven ts the increase in h istam ine synthesis in 
these tissues bu t m ore im portantly normalises diabetes-associated increases 
in aortic and  retinal permeability.

W ith the recent use of aFM H  (a po ten t and  specific inh ib ito r of HDC: 
K ollonitsch et al., 1978) in m an (Tung et al., 1985), it m ay be possible to 
determ ine the effect of inhibiting histam ine synthesis on in vivo capillary 
endothelial perm eability in norm al volunteers a n d /o r  D M /PV D  patients.

Capillary perm eability could be evaluated by a relatively novel, sim ple and 
accurate radio iso tope technique (Valensi et al., 1987). The assessm ent of 
capillary  perm eability  using this m ethod involves the injection of 99m 
technitium  labelled album in, which is probably the m ajor d isdvantage of 
ou r study. A lternatively, it m ay be possible to assess the effects of aF M H  
on m icroalbum inuria  (a capillary perm eability  related  phenom enon) in 
DM and  PVD patients. Assessm ent of m icroalbum inuria is totally  non- 
invasive and requires only a sim ple 24-hour urine collection.

2. Further investigation of fl^CJhistamine uptake by human platelets 
and leucocytes

We have show n in the present w ork that platelets obtained from  patients 
w ith  PVD have significantly  h igher h istam ine contents than  p latele ts 
ob tained  from  norm al volunteers or diabetic patients. This increase in 
in traplatelet histam ine was present w ithout any concom itant alteration in 
histam ine synthesis or breakdow n.

Since w e have, in ou r p resen t studies, also dem onstra ted  accelerated 
h istam ine  up take  by activated  hum an  platelets, we reasoned tha t the



increased histam ine content of PVD platelets w as probably the resu lt of 
e levated  up take  from  a 'histam ine rich' plasm a. Furtherm ore, w e sug­
gested  th a t DM plate le ts have re la tively  norm al h istam ine  contents 
(despite exposure to sim ilar plasm a histam ine concentrations) because DM 
platelets are less hyperactive than  PVD platelets and as a resu lt take up 
plasm a histam ine less avidly.

There are two possible approaches which can be used to clarify the above 
situation:

(a) [14C]histamine uptake by normal hum an platelet follow ing  in vivo  
exposure to a diabetic environm ent

It could be argued  that DM platelets have norm al h istam ine contents 
despite the presence of high plasm a histam ine because histam ine uptake is 
inhibited  in diabetic patients. It is possible that the diabetic p latelet en­
v ironm ent (hyperglycaem ia, various pH 's, high non-esterified fatty  acids, 
ketone bodies, m arked  altera tions in  in su lin  concentrations) m ay be 
inhibitory  as a resu lt of one or a combination of the above diabetic blood 
com ponents. It is there-fore possible to investigate [14C ]histam ine uptake 
by norm al platelets following exposure to a so-called diabetic environm ent 
(Jeremy et al., 1983). One could evaluate both basal (i.e. stirred  only) and 
activated (stirred + low dose agonist) histam ine uptake.

(I) The major problem  w ith the above study w ould be the reproduction of 
an accurate diabetic environm ent. The diabetic environm ent is constantly 
changing, and  it is well-established that num erous blood com ponents are 
either elevated or decreased in diabetics. Various plasm a proteins and cell 
m em brane pro te in  are g lycosylated to vary ing  degrees. It w o u ld  be 
v irtually  im possible to reproduce the in vivo diabetic environm ent.

(II) The duration of exposure to the diabetic environm ent poses additional
problem s, since in vivo the diabetic platelet can be exposed to its environ­
m ent for 10-12 days. In comparison, in the above study exposure w ould be
lim ited to approxim ately 30 minutes.



(b) [14C]histamine uptake by platelets obtained from  patients w ith  D M  
and P V D

These experim ents w ould  probably yield m ore accurate data  than the in 
vitro exposure experim ents m entioned above. This study  w ould  involve 
obtaining platelets from PVD and DM patients and assessing [14C]histam ine 
u p tak e  in vitro. A gain , bo th  activa ted  an d  basal u p tak e  cou ld  be 
determ ined .

The m ain problem s w ith this study are as follows:

(I) Loss of hyperactive larger platelets and platelet aggregation in DM and 
PVD patien ts du ring  the p reparation  of PRP. Since PVD platelets are 
know n to be m arkedly  hyperaggregable, it is highly likely tha t the m ore 
active PVD platelets w ould  be selectively lost (this is evidenced by low 
platelet counts in PVD PRP). It is these lost activated platelets that probably 
take up  histam ine m ore avidly.

(II) O btaining sufficient num bers of patients w ith  DM and PVD w ho are 
no t on d rugs which inhibit platelet function, including non-steroidal anti­
inflam m atory drugs.

(III) D ifficulty in in obtaining age-m atched controls for the o lder PVD 
patients.

(c) [14C]histamine uptake by leucocytes obtained from  normal 
volunteers and P V D /D M  patients

In our studies, w e dem onstrated that PVD and PVD-DM leucocytes had 
siginficantly  h igher histam ine contents than  control or DM only leuco­
cytes. We postulated that this m ight be the result of increased up take of 
'activated ' leucocytes from a 'histam ine rich' plasm a.

To further evaluate this hypothesis, it is necessary to investigate histam ine 
u p tak e  n o t only  in norm al volun teers (e.g. as in p latelets; w ith  and 
w ithout stirring and the effect of sub-aggregatory doses of agonists) bu t also 
in patients w ith DM and PVD.



3. The effect of H* and H2 receptor antagonists on in  v ivo aortic  
i25i-albumin permeability in DM  rats and hypercholesterolaemic 
rabbits

It has been clearly established tha t histam ine plays a m ajor role in the 
increased aortic endothelial perm eability comm only associated w ith experi­
m ental DM and  experim ental hypercholesterolaem ia. In ou r studies, the 
adm inistration of H i and H 2 receptor antagonists to DM rats for tw o weeks 
d id  not alter the DM -associated elevation in aortic album in perm eability. 
This is su rp rising , since h istam ine synthesis is clearly associated w ith  
increased  endothelial perm eability  and one w ould  expect the actions of 
h istam ine to be m ediated  via H i a n d /o r  H 2 receptors. H ow ever, our 
experim en ts w ere conducted  in vitro, and  it is possible that the aorta 
becom es non-responsive upon  rem oval from  the anim al. Therefore the 
adm instration of H i and H 2 antagonists to DM and atherosclerotic animals, 
follow ed by an in vivo assessm ent of aortic perm eability , m ay clarify the 
above situation.

4. The effect of near-perfect diabetic control w ith  (a) continuous 
subcutaneous insulin infusion (CSII) on plasm a/platelet/leucocyte 
histamine concentration content in poorly-controlled IDDM; and
(b) s tr ic t dietary!drug control in NIDDM

The induction  of excellent control over a period  of four to six weeks is 
likely to induce a reduction  in p lasm a histam ine concentration and  this 
m ay well contribute to the reduction in m icroalbum inuria know n to occur 
follow ing the induction of such control in insulin-dependent diabetics.
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Summary

We have investigated the uptake of histamine by human platelets. Incubations 
were carried out in platelet rich plasma prepared by using sodium citrate as an 
anticoagulant at histamine concentrations of 2.5 nmol-1-1, with and without 
stirring, in a platelet aggregometer cuvette at 37 °C. Stirring increased platelet 
histamine uptake significantly. Conventional platelet aggregating agents (e.g. adren­
aline) significantly increased platelet histamine uptake at sub-aggregatory con­
centrations. Histamine uptake by platelets may be a useful index of platelet 
behaviour when studying the effect of subaggregatory concentrations of platelet 
agonists in conditions where platelet aggregation is altered, e.g. peripheral vascular 
disease and diabetes mellitus.

Introduction

Human platelets have previously been shown to take up histamine [1,2]. Previous 
studies are, however, limited by 3 factors. Firstly, the concentrations of histamine 
used during the incubations, in vitro, were almost 300-fold greater than those found 
in human plasma [3]. Secondly, the platelets were prepared in ethylenediamine 
tetraacetic acid (EDTA), at concentrations which others, as well as ourselves, have 
shown to inhibit platelet function [4]. Thirdly, since the incubations were carried out 
in conventional water baths, they were performed without stirring. It is well known 
that platelets do not aggregate efficiently, in vitro, unless they are stirred (e.g. with a 
stirring bar at 1000 rpm in conventional aggregometers) [5]. Blood is also subjected 
to turbulence and mixing in vivo.

Correspondence to: Dr P. Dandona, Director, Metabolic Unit, Department of Chemical Pathology and 
Human Metabolism, Royal Free Hospital, London NW3 2QG, UK.
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The present study investigates histamine uptake by human platelets in experi­
mental conditions which overcome the problems mentioned above.

Materials and methods

Subjects
Subjects were healthy males and females who had not ingested any drugs for 2 

wk prior to the experiment. Their median age was 29 yr (range: 21-44 yr). The 
number of subjects in each experiment is mentioned in the detailed description of 
experiments below.

Preparation of platelet rich plasma
Venous blood was collected in trisodium citrate, and platelet rich plasma (PRP) 

was prepared by centrifugation at 140 X g as previously described [6]. Thereafter all 
PRP was kept at 37 °C  since we have shown that cooling influences platelet 
function [7].

Preparation o f [ 14CJ his famine label
[ring-2-14 C]histamine dihydrochloride (56 mCi/mmol; Amersham International, 

UK) was diluted in isotonic sodium chloride (154 mmol/1) so that 25 pi gave a final 
concentration of 2.5 nmol • l -1 [14C]histamine in the aggregometer cuvette.

Structure o f individual experiments

1. The determination of the effect of stirring on [ 14C]histamine uptake by human 
platelets in PRP

PRP was incubated at 37 °C  for up to 90 min in siliconised glass aggregometer 
cuvettes (Coulter Electronics Ltd., Luton, UK): (a) in a shaking water bath; and (b) 
in chronolog aggregometers (Coulter Electronics Ltd., Luton, UK) with a teflon- 
coated stirring bar spinning at 1000 rpm [6].

2. The determination of the effect o f conventional aggregating agents on [ 14C]histamine 
uptake by human platelets in PRP

(a) Effect of collagen. PRP was incubated for 30 min in aggregometer cuvettes as 
described in la  and b above. Incubations were started by the simultaneous addition 
of [14C]histamine label and several concentrations of collagen (Horm-Chemie, 
Munich, FRG) dissolved in isotonic sodium chloride (154 mmol/1). The concentra­
tions of collagen used are shown in Table I.

(b) Effect of adrenaline. PRP was incubated for 15 min with adrenaline (Sigma 
Chemical Co., Poole, Dorset, UK) dissolved in isotonic sodium chloride (154 
mmol/1), as described above for collagen except that the same amount of adrenaline 
was added every 5 min because of adrenaline instability [8]. The concentrations of 
adrenaline used are shown in Table I.

i
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TABLE I

The effect of stirring and aggregating agents on [14C]histamine uptake by platelets

a. The effect of stirring

Stirred (S) 
« = 7 (a)

Unstirred (US) 
n - 7 ( b )

p  values

206 (132-240) 127 (112-134) (a) vs (b) < 0.01

b. The effect of collagen

Saline only 
n =  9 (a)

Collagen 0.05 mg • 1 1 
» - 9(b)

Collagen 0.1 mg-I-1 p  values 
n - 7 ( c )

207 (112-255) 306 (187-366) 201 (149-296) (a) vs (b) < 0.01
(a)vs(c) n.s.

c. The effect of adrenaline (Adr)

Saline only 
n -  8 (a)

Adr 0.02 n mol-1 1 Adr 0.03/imol-1 1 Adr 0.05 p mol-1 1 p  values 
n =  8 (b) n =  7 (c) n =  7 (d)

205(131-240) 327(226-376) 296(204-385) 278(212-362) (a)vs(b) <0.01
(a) vs (c) < 0.01 
(a) vs (d) <  0.01

d. The effect of ADP

Saline only ADP 0.03/im oM "1 ADP 0.05 jam ol-r1 p  values
« - 7 ( a ) # i - 7 ( b ) n - 7 ( c )

200 (113-257) 225 (128-281) 235 (169-299) (a) vs (b) < 0.01
(a) vs (c) < 0.01

These data take into account the fall in platelet numbers, since they are expressed as fmol histamine/108 
platelets/min, median and (range), n, Number of subjects sampled; n.s., not significant. Statistical 
evaluation: paired Wilcoxon test (two-tailed).

(c) Effect of adenosine diphosphate (ADP). PRP was incubated for 15 min with 
ADP (Sigma Chemical Co., Poole, Dorset, UK) dissolved in isotonic sodium 
chloride (154 mmol/1), as described above for collagen. The same amount of ADP 
was added every 5 min in order to minimise the effects of intrinsic ADPase activity 
[9], The concentrations of ADP used are shown in Table I.

Procedure for assessing platelet [ 14C]histamine uptake
PRP (500 jliI) was allowed to stand or stir in an aggregometer cuvette for 1 min 

and a 6 jul portion taken for platelet counting in a Coulter ZM (Coulter Electronics 
Ltd., Luton, UK). The histamine uptake was then started by the addition of 25 /xl of 
prediluted [14C]histamine label (final concentration in aggregometer cuvette: 2.5 
nmol • I-1), followed immediately by up to 10 pi of isotonic sodium chloride (154
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mmol/1) (for control samples) or desired concentrations of the aggregating agent 
(for test samples). During the incubation with saline or aggregating agent the 
amount of aggregation occurring in the Chronolog dual channel aggregometers was 
constantly monitored on Omniscribe chart recorders as previously described [10]. 
After incubation, a second 6 /xl portion was removed for platelet counts and the 
remainder of the PRP was transferred to a polypropylene Eppendorf tube contain­
ing an aspirin solution in saline (final concentration of aspirin after adding the 
PRP: 100 mg • l -1). Preliminary experiments have shown that histamine uptake was 
approximately 15% greater if aspirin was added at this stage, presumably because 
the platelet release reaction is inhibited by aspirin [11] and some degree of 
activation could occur during these stages. The PRP was then immediately centri­
fuged at 10000 X g  for 1 min in an Eppendorf microfuge (Eppendorf, Munich, 
FRG). The supernatant was removed and the pellet washed with isotonic sodium 
chloride (154 mmol/1). The pellet was then resuspended and ultrasonicated (to 
break up platelets) in fresh saline using an MSE Soniprep 150 (M.S.E., Crawley, 
Sussex, UK) for 20 s at an amplitude of 18 pm. Liquiscint (National Diagnostics, 
NJ, USA), 5 ml, was added and the resulting suspension was counted for 14C-radio- 
activity in an LKB rackbeta counter (L.K.B. Wallac, Sweden).

Control experiments

I. Estimation of the amount of residual radioactivity in the platelet pellet after 
ultrasonication. PRP was prepared from 3 subjects and individually incubated for 
30 min as described above in expt lb. Each PRP was divided into two portions: one 
was ultrasonicated as described in lb  above, whereas the other was not. Platelet 
counts on both samples were then carried out using a Coulter ZM (see above). The 
two samples were then centrifuged (10000 X g , at room temperature, for 2 min) and 
the pellets washed as described above. The pellets from both samples were resus­
pended and ultrasonicated for 20 s and the amount of 14 C radioactivity was 
determined as described above.

II. The effect of using EDTA as an anticoagulant on platelet aggregation, ionised 
calcium concentration and [ ! 4C]histamine uptake. PRP was prepared using an 
anticoagulant solution made up as described by Wood et al. [1], consisting of 27 
mmol • I-1 disodium EDTA, 120 mmol • I-1 NaCl and 6 mmol • I-1 glucose. Blood 
(10 parts) was mixed with this solution (1 part). The sample was then centrifuged at 
140 X g  for 15 min as previously described [6]. PRP was also prepared from blood 
obtained at the same venepuncture using citrate only as anticoagulant, as described 
above. Platelet counts and platelet aggregation were carried out as described above. 
The uptake of [14C]histamine into platelets of both samples was carried out as 
described in la  and b above. Ionised calcium was measured in both samples using 
an ICA 1 ionised calcium analyzer (Radiometer, Copenhagen, Denmark).

III. The effect of platelet count in PRP on [ 14CJhistamine uptake. PRP and 
platelet poor plasma (PPP) were prepared as previously described [6]. The PRP was
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diluted 1 :1  and 1 :4  with autologous PPP. Platelet counts were performed as 
previously described. The uptake of [14C]histamine into platelets was carried out as 
described in la  and b above.

Statistical analysis and presentation of results
Results are expressed as median and (range), p  values were determined using the 

non-parametric paired Wilcoxon test (two-tailed). The correlation coefficient (r) 
and its p value were calculated using a verified computer programme.

Results

Experiment 1: determination of the effect of stirring on [ 14C]histamine uptake by 
human platelets in PRP (Table la)

There was linear uptake of [14C]histamine for up to 90 min in the stirred (S) and 
unstirred (US) PRP samples. The correlation coefficient (r)  and the p  values (for 60 
min incubations) were: r = 0.85 and p  <0.001 for the S samples (n = 7) and 
r = 0.96 and p  < 0.001 for the US samples (n = 7). The results for histamine uptake 
for S and US samples are shown in Table la for incubations of up to 60 min. 
Samples from only 3 subjects were incubated for up to 90 min. Uptake in the S 
samples of all subjects was always greater than that in the US samples. After 
incubation for 60 min the platelet count dropped by approximately 7% of the 
baseline value in both the S and US samples.

Experiment 2: the determination of the effect of conventional aggregating agents on 
[ ] 4 C] hist amine uptake by platelets in PRP

(a) Effect of collagen (Table lb). Collagen at a final concentration of 0.05 
mg-1-1 significantly (p  < 0.01) enhanced [14C]histamine uptake by platelets in 
PRP. The drop in platelet number was similar to that of saline controls. Lower 
concentrations of collagen (0.01 and 0.03 mg-1-1) did not significantly enhance 
[14C]histamine uptake. Higher concentrations of collagen (0.07 and 0.1 mg • I-1) did 
not enhance [14C]histamine uptake, but they induced a concomitant fall in platelet 
count of >11%. In some subjects these concentrations (0.07 and 0.1 m g-I-1) 
elicited significant changes (>10% aggregation) in optical density. In the US 
samples collagen did not significantly enhance [14C]histamine uptake.

(b) Effect of adrenaline (Table Ic). Adrenaline at a final concentration of 0.02 
fimol • I-1 significantly (p  < 0.01) enhanced [14C]histamine uptake by platelets 
(with a 27% fall in platelet count). Higher concentrations of adrenaline (0.03 and
0.05 jumol-l-1) caused an increase in uptake, but they also caused a marked 
decrease in platelet numbers ( > 46%). In some subjects these higher concentrations 
caused aggregation as observed by changes in optical density ( > 10%). A decrease in 
platelet numbers occurred at lower adrenaline concentrations even in those samples 
in which no recordable aggregation was observed.

In the US samples, there was marginal enhancement of uptake following the 
addition of adrenaline.

j



182

(c) Effect of ADP (Table Id). ADP at a final concentration of 0.03 /xmol-1-1 
and 0.05 jtimol-1-1 marginally but significantly increased [14C]histamine uptake 
(the fall in platelet count at the end of the incubation was similar to that in saline 
controls, i.e. 5%). Higher concentrations (0.1 jumol-1"1) of ADP did not signifi­
cantly enhance uptake, but did cause a concomitant drop in platelet numbers 
(>  22%). Although most subjects showed appreciable enhancement of histamine 
uptake, the concentrations of ADP required to show this effect varied substantially 
between subjects. They were, however, all in the range of 0.02-0.06 jamol • I-1 ADP.

In the US samples there was no significant change in [14C]histamine uptake 
following the addition of ADP.

Control experiments

I. Estimation of the amount of residual radioactivity in the platelet pellet after 
sonication. This experiment confirmed that [14C]histamine was located inside the 
platelets and that sonication releases the 14 C radioactivity, leaving a very small 
residual amount ( < 2.0%) associated with the platelet fragment pellet. Platelet lysis 
was confirmed by the absence of platelet counts.

II. The effect of using EDTA as an anticoagulant on platelet aggregation, ionised 
calcium concentration, and [ 14CJhistamine uptake. Platelet counts were significantly 
greater in samples prepared with EDTA as an anticoagulant than those prepared 
with citrate. PRP prepared with EDTA did not, however, show any aggregation 
even when high concentrations of agonists (collagen, adrenaline and ADP) were 
used (Table II).

In the US samples, the [14C]histamine uptake by platelets in the EDTA-PRP was 
approximately 20% of that in the platelets prepared in citrate (n = 4). In the S 
samples, the [14C]histamine uptake by the platelets prepared in EDTA was ap­
proximately 50% of that in the platelets prepared in citrate (n = 4). The median 
concentration of ionised calcium in the EDTA-prepared PRPs was 0.11 (range: 
0.09-0.12) mmol/1 and in the citrate-prepared PRPs, 0.09 (0.08-0.1) mmol/1.

TABLE II

The inhibitory effect of EDTA on platelet aggregation

Aggregating agent dose

ADP
(10 jamoM-1 ) 
n = 6

Adrenaline 
(5 pmoM-1 ) 
n — 6

Collagen 
( l m g - r 1) 
n = 6

PRP prepared in citrate 66 (58-90) 61 (21-90) 71 (56-90)
PRP prepared in EDTA 0 0 0

Figures are median and (range) percentage aggregation.

I
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III. The effect of platelet count in PRP on [ J 4C]histamine uptake. In the S 
samples there was no significant difference in the rate of [14C]histamine uptake 
between undiluted PRP (215 fmol histamine/108 platelets/min), 1 :1  diluted PRP 
(212 fmol histamine/108 platelets/min) and 1 :4  diluted PRP (207 fmol 
histamine/108 platelets/min). In the US samples, there was again no significant 
difference in the rate of [14C]histamine uptake between undiluted PRP (131 fmol 
histamine/108 platelets/min), 1 : 1 diluted PRP (130 fmol histamine/108 
platelets/min) and 1 :4  diluted PRP (137 fmol histamine/108 platelets/min).

Discussion

Our experiments demonstrate that platelets take up histamine and that this 
process is stimulated by adrenaline, ADP and collagen, which are known platelet 
aggregating agents. It is of great interest that this stimulatory effect of adrenaline, 
ADP and collagen is exerted at concentrations smaller than those required to induce 
aggregation of platelets. Clearly, therefore, histamine uptake by platelets is a process 
which may well occur continuously while the platelet is in circulation. Furthermore, 
histamine uptake may be stimulated by circulating adrenaline, the release of ADP 
from aggregating platelets, or at sites of vascular injury where exposure to collagen 
occurs. The concentrations of adrenaline used in our experiments were of a similar 
order to those observed in patients with cardiogenic shock [12] (range: 2-63 
nmol*I-1) or during hypoglycaemia [13] (range: 3.4-4.5 nmol*I-1). It is note­
worthy that at higher concentrations of adrenaline and collagen, the histamine 
uptake did not increase, it actually fell. This is probably due to the fact that at these 
agonist concentrations, the release of histamine from platelets exceeds the uptake. 
We have observed that at these concentrations, J3-thromboglobulin is released by 
platelets and that platelet counts in PRP fall. Both these indicators point to 
activation of platelets, with the formation of platelet clumps.

Our ability to demonstrate consistent histamine uptake by platelets at low 
concentrations of [14C]histamine label (nanomolar vs micromolar quantities used 
previously) [1], and to stimulate histamine uptake by platelet agonists over shorter 
periods of incubation (15 or 30 min vs 90 min previously) is due to two main 
reasons. Firstly, our studies on the uptake of [14C]histamine were carried out in PRP 
prepared from citrated blood and not in EDTA. This modification is relevant since 
our results clearly demonstrate that EDTA inhibits platelet aggregation whilst 
citrate does not. EDTA-induced alteration/damage in platelet function and struc­
ture have also been described by others [4]. It is noteworthy that the differences in 
platelet function in PRP anticoagulated with EDTA or citrate are not dependent 
upon ionised calcium concentrations since this value was similar with both anti­
coagulants. Others have also reported that EDTA-induced loss of platelet aggrega­
tion could not be reversed by adding calcium [14]. The second reason why 
[14C]histamine uptake was greater in our experiments was because platelets were 
constantly stirred. Stirring is necessary for eliciting aggregation of platelets, and we 
reasoned that other functions of platelets may be dependent on a similar ‘trigger’.
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Indeed, our experiments show that [14C]histamine uptake is considerably reduced in 
the absence of stirring.

Having demonstrated enhanced uptake of histamine by activated platelets, it 
would be of interest to use this methodology to investigate various pathological 
conditions associated with platelet hyperaggregability (e.g. peripheral vascular dis­
ease [15], diabetes mellitus [16], anorexia nervosa [17] and cystic fibrosis [18]).

In conclusion, histamine is taken up by blood platelets and its uptake is 
stimulated by stirring, adrenaline, ADP and collagen. The method used in this study 
to obtain these data is simple, rapid and cheap, and provides consistent results.
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Histamine Synthesis and Catabolism in Various Tissues in Diabetic Rats

D .S . Gill, C .S . Thom pson, and P. Dandona

In view of the observations that (1) plasma histamine concentrations are significantly higher in diabetic patients and 
diabetic rats than those in controls, and (2) tissue concentrations of histamine are elevated in rats with experimental 
diabetes, w e have investigated histamine synthesis, as reflected by histidine decarboxylase (HDC) activity, and histamine 
catabolism, as reflected by histaminase activity, in various tissues of the diabetic rat. Rats with streptozotocin-induced 
diabetes mellitus (DM) showed an increase in histamine synthesis in various tissues; this w as most marked in the aorta and 
to a lesser, but significant, extent in the kidneys, lungs, and heart, but not in the brain, stomach, or skin. Tissue content of 
histamine w as significantly increased in all tissues except the stomach and skin. W e conclude that tissue histamine 
synthesis is significantly increased in diabetic animals and that this increase is m ost marked in the aorta. The elevation in 
HDC activity in these tissues probably accounts for the increase in tissue and plasma concentrations of histamine in diabetic 
animals, since there is no change in histamine catabolism. This increase in histamine synthesis and release may contribute 
to the pathogenesis of endothelial damage in diabetic microangiopathy and macroangiopathy.
© 1990 b y  W.B. Saunders Company.

I T IS WELL ESTABLISHED that diabetes mellitus 
(DM) is an important risk factor for atherosclerotic 

vascular disease.1,2 Diabetics show more widespread and 
more severe atherosclerosis than nondiabetics of similar age, 
and vascular complications are the main cause of increased 
mortality among diabetic patients.3

Recent work has demonstrated that in experimental DM  
in the rat, plasma histamine concentrations are markedly 
elevated and that these changes can be reduced by the 
administration of a-hydrazinohistidine (aHH; a specific 
inhibitor of HDC, the enzyme responsible for the biosynthe­
sis of histamine).4 Others, as well as ourselves, have shown 
that in experimental DM, an increase in histamine concentra­
tion occurs in various tissues, including kidneys,5 aorta, 
lungs, and heart.6 It is believed that an inducible histamine 
pool is expanded in experimental diabetes.

Changes in histamine metabolism also occur in vascular 
disease in humans. We have recently shown that there is a 
marked increase in the histamine content of leucocytes and 
platelets in peripheral vascular disease (PVD),7 and that 
plasma histamine concentrations are elevated in DM and 
PVD.8 Other investigators have demonstrated marked in­
creases in the histamine content of arteries of patients with 
atherosclerosis.9

It is thought that increased arterial macromolecular up­
take is one of the factors responsible for increased susceptibil­
ity to atherosclerosis in diabetics.10 Inhibition of aortic 
macromolecule uptake should therefore reduce the incidence 
and severity of atherosclerosis: this has been shown by 
different groups in both rat and rabbit. aHH treatment of 
rabbits with cholesterol-induced atherosclerosis caused a 
51% decrease in aortic albumin accumulation and a 63% 
decrease in severity of atherosclerosis.11 More recently, 
Hollis et al have clearly shown that aHH administration to 
diabetic rats prevents the increase in histamine content and 
histamine synthesis in aortic endothelial and smooth muscle 
cells.12,13 Furthermore, they have demonstrated that adminis­
tration of aHH also reduces the aortic albumin accumulation 
that occurs in experimental diabetes.14

The present study was undertaken to determine whether 
the increased histamine content in the various tissues of 
animals with experimental DM is due to decreased histamine 
breakdown and/or increased histamine synthesis. Therefore,

we measured histaminase and HDC activity in various 
tissues of diabetic and control animals.

MATERIALS AND METHODS

Materials

Streptozotocin, hog kidney diamine oxidase, horse radish peroxi­
dase type II, 3-(dimethylamino) benzoic acid (DMAB), 3-methyl-2- 
benzothiazolinone hydrazone hydrochloride monohydrate (MBTH), 
diethylhexylphosphoric acid, Amberlite CG50, and S-adenosyl- 
methionine chloride were purchased from the Sigma Chemical 
Company, Poole, Dorset, UK. Multistix were purchased from the 
Ames Division of Miles Laboratories, Stoke Poges, Berks, UK. 
Sagatal was purchased from May and Baker, Dagenham, Essex, 
UK. The YSI 23AM glucose analyser was purchased from Yellow 
Springs Instruments, Yellow Springs, OH. S-[3H]-adenosylmethio- 
nine (500 mCi/mmol [3H]SAM), [ring-2-14C] histamine dihydro­
chloride (50 mCi/mmol) and l - [2,-5-3H] histidine (50 Ci/mmol) 
were obtained from the Radiochemical Centre, Amersham, Bucks, 
UK. Rat Diet 41B was (standard rat chow in the UK) obtained from 
Grain Harvesters Ltd, Kent, UK.

Methods
Male Sprague Dawley rats (n =  13) weighing between 230 and 

240 g were rendered diabetic with a single injection of 0.5 mL 
streptozotocin (65 mg/kg body weight) in sodium citrate buffer 
(0.01 mol/L, pH 4.5) into the tail vein. Control animals (n =  14) 
received a single dose of sodium citrate buffer only. All animals were 
given food (Diet 4 IB) and water ad libitum. Three days after 
injection of streptozotocin, urinary glucose and ketones were mea­
sured using enzyme reagent strips (Multistix). All 13 animals 
developed glycosuria and were diagnosed as having DM. Their blood 
glucose concentrations were measured at the end of the experiment, 
60 days after the detection of glycosuria, and were consistently found 
to be elevated.
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Tissue Preparations
At the end of the experiment (60 days), the animals were 

anesthetised with pentobarbitone (Sagatal; 90 mg/kg body weight) 
and exsanguinated from the heart. The blood was collected in 
fluoride/oxalate for glucose measurement.

The abdomen was shaved and a 5-cm2 sample of abdominal skin 
was cut away, from which the underlying fat was removed. Skin 
biopsies were obtained using a 5-mm ophthalmic trephine. The 
heart, whole brain, both kidneys, whole stomach, and lungs were 
removed. The entire length of the thoracic aorta was also removed 
and cleared of its periadventitial fat. All tissues were cleaned of fat 
and capsules and were then quickly washed in ice-cold sodium 
phosphate buffer (pH 7.4) and immediately stored at -40°C  in 
sodium phosphate buffer (pH 7.4). On the day of assay, all tissues 
were homogenized at 4°C using a Kinematic Polytron homogenizer.

Assay o f  Histamine Content

Histamine content in the homogenates was determined by the 
double isotope radioenzymatic assay of Beavan and Horakova,15 
with modifications of Keeling et al.16 The method involves the 
incubation of homogenates with the methyl donor [3H]SAM and 
histamine methyltransferase (HMT, EC 2.1.1.8). Trace amounts of 
[l4C] histamine are added to correct for extraction and conversion 
efficiency. Histamine standards were run simultaneously with each 
assay. Rat kidney HMT was prepared by the method of Shaff and 
Beavan.17

After incubation at 37°C, the assay resulted in the formation of 
[3H]methylhistamine, which was separated from [3H]SAM by 
chloroform extraction from an alkaline aqueous phase followed by 
ion-exchange chromatography using Amberlite CGSO resin (100 to 
200 mesh).

Assay o f  HDC Activity
HDC activity was determined using the coupled HDC assay as 

described by Keeling et al.16 The assay involved the incubation of 
L- [2,5-3H]-histidine, S-adenosylmethionine, pyridoxal-5-phosphate, 
and HMT preparation with homogenates. The incubation resulted in 
the formation of [3H]methylhistamine, which was separated by 
chloroform extraction from an alkaline aqueous phase followed by 
ion-exchange chromatography using Amberlite CGSO resin (100 to 
200 mesh) and finally by liquid ion-exchange chromatography using 
diethylhexylphosphoric acid.

Protein contents were determined by means of the method 
described by Lowry,18 using bovine serum albumin as the standard.

Assay o f  Histaminase Activity
Histaminase (diamine oxidase, EC 1.4.3.6) activity was assayed 

by the improved spectrophotometric method of Stoner.19 The method 
involves the generation of hydrogen peroxide from histaminase by a 
coupled enzymatic reaction. In the presence of hydrogen peroxide 
and peroxidase, the chromagen MBTH is oxidatively coupled to 
DMAB, forming a purple indamine dye, which has an absorption 
maximum at 595 nm. Therefore, using hog kidney diamine oxidase 
as a standard, unknown enzyme activities can be estimated.

Statistical Analysis
Since the data obtained from the above experiments were nonpara- 

metrically distributed, they were compared using the Mann- 
Whitney U test for unpaired data.

RESULTS

Characteristics of the control and diabetic animals are 
given in Table 1, which shows final body weight, blood
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Table 1. Characteristics of Control and Diabetic Groups

Group (n)

Blood
Glucose

(mmol/L)

Final
Body

Weight
(g)

Urinary
Glucose

Urinary
Ketones

Control (14) 8 .6 5 1 3 — —
(6 .9 -1 0 .8 ) (4 1 3 -5 4 3 )

Diabetic (13) 3 3 .6 3 0 2 + —
(2 6 .1 -4 3 .7 ) (1 7 6 -3 4 9 )

glucose, urinary glucose, and urinary ketones. These data 
show that the diabetic group exhibit marked hyperglycemia 
and glycosuria with no ketonuria.20 There was also a severe 
reduction in weight gain characteristic of streptozotocin- 
induced diabetes in growing rats.

HDC Activity

HDC activity was greatest in the stomach, followed by the 
aorta, the brain, the lung, the kidneys, and the heart. There 
was no measurable HDC in the skin, in spite of the very high 
histamine content in this tissue. Repeated assays of HDC in 
skin homogenates confirmed the absence of HDC activity.

HDC activity in the aorta, kidney, lung, and heart of 
diabetic animals was significantly greater than that in 
controls (Table 2). The percentage increases in HDC activity 
were as follows: aorta, 119; kidneys, 79; heart, 80; and lungs, 
40. There was no significant difference in HDC activity of the 
brain or stomach when diabetic and control animals were 
compared.

Histamine Content

The histamine content in the aorta, kidneys, heart, lungs, 
and whole brain in diabetic animals was significantly greater 
than that in controls (Table 3). The percentage increases in 
histamine content were aorta, 78; kidneys, 74; heart, 36; 
lungs, 42; and whole brain, 32. There were no significant 
differences in the histamine content of stomach and skin in 
control and diabetic animals.

Table 2. HDC Activities of Various Tissues From Control 
and Diabetic Rats

Control
(pmol/min/g

protein)

Diabetic
(pmol/min/g

protein)
Percent
Increase

A orta 3 ,5 0 0 7 ,6 0 0 119 P <  .0 0 2
(2 ,6 0 0 -6 ,3 0 0 ) (6 ,1 0 0 -1 1 ,0 0 0 )

Heart 10 .3 1 8 .5 8 0 P  <  .0 0 5
(8 .0 -1 1 .9 ) (1 5 .7 -2 2 .7 )

Kidneys 12.7 2 2 .7 7 9 P <  .001
(1 1 .8 -1 4 .3 ) (1 5 .8 -2 6 .4 )

Lung 79 111 4 0 P <  .0 0 2
(6 0 -103) (9 3 -1 8 1 )

W hole brain 5 9 0 6 1 0 3 NS
(4 3 0 -7 1 0 ) (5 3 0 -7 1 0 )

S tom ach 1 0 ,5 0 0 8 ,8 0 0 0 NS
(7 ,9 0 0 -1 7 ,2 0 0 ) (7 ,2 0 0 -1 4 ,2 0 0 )

Skin ND ND — —

NOTE. Values are m edians (and range). 
Abbreviation: ND, not detectable.



HISTAMINE METABOLISM IN EXPERIMENTAL DIABETES 817

Table 3. Histamine Content of Various Tissues From Control 
and Diabetic Rats

Control
(ng/mg
protein)

Diabetic
(ng/mg
protein)

Percent
Increase

Aorta 36 1 6 4 2 78 P <  .001
(3 1 1 -4 0 2 ) (6 0 7 -6 9 6 )

Heart 3 .6 4 .9 3 6 P <  .0 0 5
(3 .2 -4 .3 ) (4 .2 -5 .4 )

Kidneys 0 .5 1 0 .8 9 7 4 P <  .001
(0 .3 9 -0 .5 8 ) (0 .7 0 -0 .9 9 )

Lung 5 .7 8.1 4 2 P <  .01
(4 .3 -6 .8 ) (6 .4 -9 .7 )

W hole brain 0 .5 2 0 .6 9 3 2 P <  .0 2
(0 .3 7 -0 .7 1 ) (0 .5 9 -0 .8 3 )

S tom ach 2 ,0 0 0 1 ,4 0 0 0 NS
(1 ,4 0 0 -2 ,9 0 0 ) (1 ,1 0 0 -2 ,7 0 0 )

Skin 1 ,9 6 0 1 ,7 0 0 0 NS
(1 ,3 0 0 -4 ,1 0 0 ) (1 ,1 0 0 -3 ,3 0 0 )

NOTE. Values are m edians (and range).

Histaminase Activity

Histaminase activity was greatest in the kidneys, followed 
by the heart, the skin, the aorta, the stomach, the brain, and 
the lungs. Experimental diabetes did not alter histaminase 
activity in any of the tissues examined (Table 4).

DISCUSSION

Our data demonstrate that the aorta, the kidneys, the 
lungs, and the heart of diabetic rats have a significantly 
greater HDC activity than that in controls, without any 
concomitant decrease in histaminase activity. The increase in 
histamine synthesis in the aorta was the most impressive, as 
was the increase in aortic histamine content. The increase in 
histamine content in all tissues except the brain, stomach, 
and skin was paralleled by an increase in HDC activity. 
Therefore, it is likely that the increase in histamine content in 
various tissues in diabetic animals is due to an increase in 
histamine synthesis, since there is no increase in histamine

Table 4. Histaminase Activity of Various Tissues 
From Control and Diabetic Rats

Control Diabetic
(pmol/h/mg (pmol/h/mg

protein) protein)

A orta 1 3 .3 1 4 .3
(9 .7 -1 5 .1 ) (1 0 .6 -1 7 .1 )

Heart 18 .7 1 6 .6
(1 7 .3 -2 4 .1 ) (1 5 .9 -1 9 .3 )

Kidneys 2 2 .5 2 3 .2
(1 8 .0 -2 4 .7 ) (1 7 .6 -2 4 .0 )

W hole brain 11 .8 1 1 .5
(1 0 .6 -2 0 .0 ) (9 .3 -1 5 .8 )

Lung ND ND
Stom ach 12 .5 12 .9

(1 1 .4 -1 3 .0 ) (1 1 .6 -1 3 .4 )
Skin 17.3 18 .6

(1 3 .1 -1 8 .9 ) (1 2 .4 -2 9 .3 )

NOTE. Values are m edians (and range). There w ere no significant 
differences betw een  control and  diabetic ra ts  in any of th e  tissu es 
exam ined.

breakdown. However, previous work by Orlidge and Hollis21 
showed a significant increase in the histaminase activity of 
aortic endothelial and smooth muscle cells from diabetic rats. 
It is possible that these changes were masked in our study, 
since we assayed whole tissue histaminase rather than 
histaminase activity of specific vascular cells. Furthermore, 
Orlidge and Hollis21 have shown that the magnitude of 
increase in aortic HDC activity in diabetic rats is markedly 
greater than the magnitude of decrease in histaminase 
activity. Therefore, any changes in histamine synthesis 
would be more apparent than changes in histamine break­
down, especially when whole tissue extracts are assayed. The 
brain of the diabetic animals showed no increase in HDC 
activity, but it did show a significant increase in histamine 
content; this may reflect the presence of residual histamine- 
“rich” plasma and, possibly, cerebrospinal fluid. Since the 
aorta from diabetic animals showed the greatest increase in 
HDC activity, the possibility that the increase in HDC 
activity in other organs is largely contributed to by the 
presence of blood vessels has to be considered. This is 
relevant to all tissues investigated except the brain, since the 
brain had high HDC activity in spite of the fact that it did not 
alter with diabetes. This fact raises the possibility that a 
circulating mediator inducing changes in tissue histamine 
synthesis is not able to cross the blood brain barrier.

The skin and stomach are the two tissues highly subject to 
the effects of histamine, and neither showed any changes in 
histamine metabolism in diabetic rats. It is important to 
realize that the vast majority of histamine in the stomach and 
skin of rats is stored in mast cells,22,23 and it is possible that 
diabetes does not influence this so-called noninducible pool. 
Any changes in the blood vessels of the stomach or skin of 
rats would be diluted by the vast amounts of histamine 
naturally present in nonvascular tissue. Tissue HDC activity 
in the brain, the lungs, the stomach, and kidneys of control 
rats in our experiments were similar to those previously 
reported.24,25 However, HDC activity of the heart was dif­
ferent to that reported previously. Yamada et al25 could 
detect no HDC activity in the hearts of Sprague-Dawley rats; 
we consistently observed a small HDC activity in rat hearts. 
This may be due to differences in assay methodology, since 
the assay we used is much more sensitive than the o- 
phtalaldehyde method employed by Yamada.

These increases in HDC activity observed in experimental 
DM by ourselves and in experimental atherosclerosis by 
others may also occur in diabetic and atherosclerotic pa­
tients, since it has been shown that arteries from patients 
with atherosclerosis have a higher histamine content than 
those from normal subjects.9 Furthermore, we have shown a 
marked increase in plasma histamine concentrations in 
patients with DM with a further increase in PVD and there is 
a concomitant increase in histamine content in the platelets 
and leucocytes of PVD patients.7 Interestingly, there were no 
significant differences between normal and diabetic leuko­
cyte and platelet histamine contents. This may reflect good 
diabetic control, since it has been shown that insulin therapy 
to diabetic rats reverses the changes that occur in histamine 
content in the endothelial and smooth muscle cells in the 
aorta.21 This study clearly demonstrates an increase in HDC
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activity not only in the aorta and kidneys as previously 
reported, but also in other organs of diabetic rats. Further­
more, we did not observe a decrease in histaminase activity in 
the aorta or any other organ in these animals unlike one 
previous report.21

Whatever the mechanism underlying the increase in hista­
mine concentration in plasma or the various tissues in 
diabetic animals, it is possible that histamine contributes to 
an increase in the permeability of the endothelium of 
capillaries and of the tunica intima of larger blood vessels.26,27 
Increased histamine concentrations may also contribute to 
endothelial contraction and a widening of interendothelial

gaps,28 dissociation of actin cables,29 an increase in PGI2 
production,30 increases in endothelial pinocytosis,31 and an 
increase in polymorphonuclear leukocyte migration across 
the endothelium.32 These changes would promote (1) an 
increase in the influx of atherogenic macromolecules into the 
intima of blood vessels and therefore contribute to the 
pathogenesis of diabetic macroangiopathy; and (2) microan­
giopathy through increased capillary permeability.
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Plasma Histamine Concentrations are Elevated in Patients With 
Diabetes Mellitus and Peripheral Vascular Disease

D.S. Gill, M .A . Barradas, V .A . Fonseca, and P. Dandona

Previous work has shown that plasma and tissue concentrations of histamine are elevated in rats with experimental 
diabetes mellitus and that leucocytes and platelets from patients with peripheral vascular disease have a higher histamine 
content than those from controls. In the present study, we have measured: (a) plasma histamine concentrations; (b) 
leucocyte and platelet histidine decarboxylase (the enzyme responsible for the biosynthesis of histamine) in patients with 
diabetes mellitus (Types I and II) and peripheral vascular disease; and (c) platelet and leucocyte histamine content. Plasma 
histamine concentration was significantly higher in patients with diabetes and peripheral vascular disease respectively 
than that in age>matched controls. Leucocyte histidine decarboxylase activity in diabetic and peripheral vascular disease 
patients was similar to that in controls, while platelets had no histidine decarboxylase activity. The leucocyte and platelet 
content of histamine were greater in patients with peripheral vascular disease than those in controls, but they were not 
altered in diabetic patients. There was no correlation between plasma histamine concentration, leucocyte and platelet 
histamine content, and histidine decarboxylase activity. We conclude that plasma histamine is elevated in diabetics and in 
patients with peripheral vascular disease and that platelet and leucocyte histamine content is increased in the latter. This 
increase in platelet and leucocyte histamine content is not due to an increase in histidine decarboxylase activity of these 
cells. The increase in plasma and cellular histamine content may contribute to the pathogenesis of increased endothelial 
permeability in diabetes and to the pathogenesis of intimal damage in atherosclerosis.
« 1989 by Grune & Stratton , Inc.

I T  IS W ID ELY  recognized that diabetes mellitus (D M ) 
and hvperlipidemia are important independent risk fac­

tors for atherosclerotic vascular disease and for the signifi­
cantly  higher m ortality and morbidity ra te  of these 
patients.1-2 Both D M 1 and hypercholesterolemia4 have been 
shown to induce an increased permeability of the aorta to 
plasma macromolecules in both human and experimental 
animals.

An increase in endothelial permeability in DM has been 
shown to be associated with a significant increase in the 
histamine content of the aorta ,5 the plasma,6 the kidneys,’ the 
lung and the heart.11 Furthermore, the adm inistration of 
a-hydrazinohistidine (aH H . a specific inhibitor of histidine 
decarboxylase [H D C ], the enzyme responsible for the bio­
synthesis of histamine) to animals with experimentally 
induced DM and diet-induced hypercholesterolemia has 
been shown to prevent the increase in both aortic4-9 and 
plasma histamine content0 as well as aortic vascular perm e­
ability to album in.5 Such changes in histamine metabolism 
may also occur in diabetic and atherosclerotic patients. Thus, 
it has been shown that coronary arteries from patients with 
ischemic heart disease contain significantly higher concen­
trations of histamine than those from control patients with no 
history of cardiac disease.10 We have recently shown that the 
histam ine content of leucocytes and platelets from patients 
with peripheral vascular disease (PVD) is significantly 
higher than tha t in control subjects.11

It is, therefore, possible that in DM and hypercholester­
olemia. histamine contributes to the pathogenesis of athero­
sclerosis by increasing vascular endothelial permeability to 
large plasma molecules and cellular components o f blood. In 
vitro experiments using human endothelium have also shown 
that histam ine increases vascular permeability via a direct 
effect on H, receptors.12

Since the histamine content of leucocytes and platelets in 
PVD is significantly increased, and since a substantial 
increase in plasma histamine concentration has been shown 
to occur in experimental diabetes, we em barked on an

investigation of the histamine content and HDC activity in 
leucocytes and platelets, and plasma histamine concentra­
tions in patients with DM and PVD.

MATERIALS AND M ETHODS

Materials
Plasma histamine radioimmunoassay (R1A) kits were purchased 

from Immunotech SA, Marseille, France. S-[3Hl-adenosyimcthio- 
nine (500 mCi/mmol), [ring-2-14C] histamine dihydrochloride (50 
mCi/mmol) and L-[2,5-JH] histidine (50 Ci/mmoi) were obtained 
from the Radiochemical Centre (Amersham. Bucks, UK). S- 
adenosylmethionine was obtained from the Sigma Chemical Com­
pany (Poole, Dorset. UK).

Patients and Controls
Four groups of patients and two groups of controls were studied. 

Controls consisted of two groups of normal subjects. The first group 
comprised 17 healthy young volunteers (12 men. five women). None 
of these controls had DM or any history of cardiovascular disease. 
The median age of the younger controls was 27 years (range 19 to 45 
years). None of these volunteers had ingested any drugs for at least 2 
weeks before the study.

An older control group was also obtained from a local geriatric 
day center for the study and consisted of ten volunteers (six men. 
four women). The median age of this group was 69 years (range 59 
to 80 years). None of these volunteers had any known history of 
cardiovascular disease or DM. Collectively, the entire control popu­
lation had a median age of 39 years (range 19 to 80 years).
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All patients included in this study were attending the Diabetic or 
the Vascular clinics at The Royal Free Hospital.

Type I diabetes mellitus. This group consisted of 14 patients 
(eight men, six women) with insulin-dependent diabetes mellitus 
(IDDM) with no known complications. The median age of this group 
was 37 years (range 19 to 63 years). The duration of diabetes ranged 
between 3 and 40 years.

Type II diabetes mellitus. This group consisted of 14 patients 
(seven men. seven women) with non-insulin-dependent diabetes 
mellitus (NIDDM) with no known complications. The median age of 
this group was 65 years (range 41 to 83 years). The duration of 
diabetes ranged between 1.5 and 27 years.

Peripheral vascular disease. This group consisted of 13 patients 
(eight men. five women) with a diagnosis of PVD. The median age of 
this group was 73 years (range 56 to 85 years). The criteria for 
inclusion in this group were intermittent claudication for more than 
6 months and ankle/arm systolic blood pressure (SBP) ratio <0.85.

Peripheral vascular disease-diabetes mellitus (PVD-DM). This 
group consisted of 11 patients (eight men, three women) with a 
diagnosis of PVD with concomitant DM (two IDDM. nine 
NIDDM). The median age of this group was 68 years (range 56 to 
88 years); the duration of diabetes was between 5 and 22 years.

Some patients and controls allowed us just enough blood for 
plasma histamine measurements. Measurements of their leucocyte/ 
platelet histamine concentrations could not. therefore, be carried 
out.

Collection and Preparation o f Samples
Venous blood was drawn into plastic syringes using an indwelling 

venous cannula into tubes containing heparin as anticoagulant (2 
IU/mL). Plasma was obtained by centrifuging at 1000 g for 15 
minutes at 4°C. The plasma was removed well clear of the buffy 
layer and stored at -70°C  until assay. Venous blood was collected 
for platelets in tnsodium citrate, and platelet rich plasma (PRP) was 
prepared by differential centrifugation at 140 g at room tempera­
ture, as previously described.13 Platelet counts were performed in a 
Coulter ZM (Coulter Electronics, Luton. Beds, UK). The PRP was 
centrifuged at 1000 g for 10 minutes at room temperature, and the 
resulting platelet pellet was washed with 0.9% wt/vol saline and 
finally resuspended in 0.1 mol/L sodium phosphate buffer, pH 7.4, 
and frozen at -70°C after ultrasonication for 3 x 10 seconds at an 
amplitude of 18 um (Soniprep 150; MSE, Crawley, Sussex, UK). 
Leucocytes were isolated using the method of Baron and Ahmed14 
whereby leucocytes are separated using density gradient centrifuga­
tion followed by hypotonic lysis to remove contaminating erythro­
cytes. The resulting leucocyte pellets were resuspended in 0 .1 mol/L 
sodium phosphate buffer. pH 7.4. ultrasonicated for 3 x 10 seconds 
at an amplitude of 20 um. and stored at -70°C  in separate aliquots 
until assay.

Assay o f Histamine Content
Plasma. Plasma histamine concentrations were determined 

using a sensitive and specific monoclonal antibody RIA for hista­
mine. The assay involves the acylation of histamine by a novel 
acylating reagent provided by the manufacturers of the kit. The 
histamine determination makes use of the competition of acylated 
histamine and 1251 acylated histamine for their binding to the mouse 
monoclonal antibody fixed on tubes. The lower limit of detectability 
in this modified RIA was 10 pg/mL histamine. The standard curve 
allowed the measurement of concentrations of histamine between 10 
pg/mL and 15 ng/mL. Histamine concentrations of 0.2 ng/mL can 
consistently be measured by this RIA. Intraassay variation was 7.3% 
and interassay variation was 9.5% (both on plasma samples and the

standards). Intra-individual variation assessed on six healthy volun­
teers was less than 12%.

Leucocytes and platelets. Histamine contents were determined 
by the double isotope radioenzymatic method of Beavan and Hora- 
kova15 with the modifications of Keeling et al.16 This sensitive 
method involves the incubation of sonicated cell preparation with the 
methyl donor S-[3H] adenosyimethionine (f3H]-SAM) and rat 
kidney histamine-N-methyltransferase (HMT: EC 2.1.1.8). Trace 
amounts of [14C]-histamine were added to correct for extraction and 
conversion efficiency. Histamine standards were run simultaneously 
with each assay. Rat kidney HMT was prepared by the method of 
Shaffand Beavan.17

After incubation at 37°C, the reaction between [3H]-SAM, HMT 
and histamine resulted in the formation of [3H]-mcthylhisiamine. 
which was then separated from [3H)-SAM by extraction into 
chloroform from an alkaline aqueous solution. Further separation 
from [3H]-SAM was achieved by ion-exchange chromatography 
using Amberlite CG50 ion-exchange resin (Sigma Chemical, Podc, 
Dorset. UK) as described by Keeling et al.16 The amount of 
[3HJ-methylhistamine radioactivity present was then determined by 
liquid scintillation counting in a Rackbeta Scintillation Counter 
(LKB. Wallac, Sweden). Interassay and intraassay variation were 
12% and 5%. respectively.

Assay o f HDC
HDC activity was determined using the coupled HDC assay as 

described by Keeling et al.1*- The assay involves the incubation of 
L-(2,5-3H] histidine. S-adenosylmethionine. pyridoxal-5-phosphate 
and HMT preparation with sample material. This incubation 
resulted in the formation of [3H]-methylhistamine. which was then 
separated fron the (3H] SAM by extraction into chloroform from an

A B C D E

Fig 1. Plasma histamine concentrations. (A) controls; (•) 
young contols, (O) elderly controls. (B) Insulin-dependent dia­
betics. (C) Non-insulin-dependent diabetics. (D) Patients with 
peripheral vascular disease. (E) Patients with peripheral vascular 
disease and concomitant diabetes mellitus. A v B, A v C, A vD  and 
A v E, P <  .002. All other permutations are nonsignificant.
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Table 1. The HDC Activity of Leucocytes in Various Patient 
Groups

Group n HDC Activity (pmol/mg/protein/h)

Controls 11 12.2 (8 .4  to  15.8)
IDDM 10 10.1 (8.3 to 17.1)
NIDDM 14 1 1 .2 (1 0 .4  to 18.4)
PVD 8 10.6 (7.1 to  14.6)
PVD-DM 7 11.0  (6.2 to  16.4)

Results are expressed as median and (range). There were no significant 
differences betw een any of the groups.

alkaline aqueous phase, followed by ion-exchange chromatography 
using Amberlite CG50 resin and finally by liquid ion-exchange 
chromatography using diethylhexyl-phosphoric acid. The intraassay 
variation was 3% and interassay variation was 13%.

Protein contents were determined by the method of Lowry ct al,’* 
using bovine serum albumin (BSA) as the standard.

S ta tistica l Analysis

Comparisons among data from various groups were made using 
nonparametric analyses (Mann-Whitney test, two-tailed).

RESULTS

Histam ine concentrations in plasma from patients with 
PVD (median and [range]: 520 [446 to 650] pg/m L), 
PVD-DM (400 [256 to 538 p g /m L ]) and IDDM  (466 [110 
to M 5] pg /m L ) and N1DDM (430 [218 to 1600] pg/m L ) 
were significantly greater (P  < .002) than those in age- 
m atched control subjects (87 [35 to 247] pg/m L). Patients 
with PVD and concomitant DM had plasma histamine 
concentrations similar to those in patients with IDDM  and 
N ID D M . There were no significant differences in plasma 
histamine levels between IDDM and N IDDM  patients, and 
PVD and PVD-DM patients (Fig 1). There was no age- 
related change in plasma histamine concentration in the 
control population. The median plasma histamine concentra­
tions were 87 (range: 55 to 200) pg /m L  in the younger 
controls and 75 (range: 35 to 247) pg /m L  in the elderly 
controls. Most importantly, the median histamine concentra­
tion (75 pg /m L ) in elderly controls was significantly lower 
than that in patients with PVD (520 pg /m L ) who were of 
com parable age.

There were no significant differences in leucocyte HDC 
activity between controls, IDDM . N ID D M , PVD and PVD- 
DM patients in any combination (see Table 1). There was no

detectable HDC activity in the platelets of any of the 
groups.

T he leucocyte and platelet contents of histamine were 
sim ilar to those previously reported by us." The histamine 
content of leucocytes from patients with PVD (103 ng/m g 
protein) was significantly greater than tha t in controls (72 
ng/m g protein), IDDM  patients (69 ng/m g protein) and 
N ID D M  patients (87 ng /m g protein) ( P c .O l ) .  Patients 
with PVD (103 ng /m g protein) and PVD-DM  (111 ng/m g 
protein) had sim ilar leucocyte histamine contents. The leuco- 
cytic histam ine content in IDDM and N ID D M  patients was 
not significantly different from that in controls (see Table 
2).

The histam ine content of platelets was significantly 
greater in PVD patients (11.9 ng/IO 9 platelets) than in 
controls (8.4 ng /1 0 9 platelets) or in patients with IDDM  (8.6 
n g /1 0 9 p la telets) or N ID D M  (9.2 n g /1 0 9 platelets) 
(P < .02). There were no significant differences in platelet 
histamine contents between controls, IDDM s and NID D M s 
(see Table 2).

There was no significant correlation between plasma his­
tam ine. leucocyte histamine, platelet histamine and leuco­
cyte HDC activity. Furtherm ore, no correlation between age, 
duration of DM an d /o r PVD or severity of PVD (ankle/arm  
SBP ratio, claudication provoking time) was observed.

DISCUSSION

O ur results show conclusively that the increase in plasma 
histamine concentrations previously observed in experimen­
tal diabetes also occurs in patients with DM and PVD. It has 
been postulated that the increase in plasma histamine 
observed in experim ental DM may be the result of leakage 
from the m arkedly increased histamine pool in blood vessels 
of animals with experimental DM and atherosclerosis.9 It is, 
therefore, of interest to note that a significant increase in 
histamine content has also been observed in the arteries of 
patients with ischemic heart disease.10 It is possible that 
leakage of histam ine from a similar expanded vascular pool 
may contribute to the higher plasma histamine concentra­
tions found in PVD and DM. Since platelets exhibited no 
HDC activity, whether obtained from patients or controls, 
the increase in platelet histamine content in diabetics and 
PVD patients was probably the result of increased uptake of 
histamine from the plasma.

There was no increase in HDC activities of leucocytes 
from patients with PVD, DM and PVD-DM . It is thus likely

Table 2. The Histamine Content of Leucocytes and Platelets in Various Patient Groups

Group n
Leucocyte Histamine Content 

(ng/mg Protein)
Platelet Histamine Content 

(ng/10* Platelets)

Controls 11 72  (30 to 112) 8 .4  (7 .2  to 10.1)
IDDM 10 69 (25 to 98) 8 .6  (7 .9  to  9.7)
NIDDM 14 87  (31 to 108) 9 .2  (6.9 to  10.4)
PVD 8 1 0 3 (7 6  to  121) 1 1 .9 (8 .3  to  12.6)
PVD-DM ( 7 111 (73 to  135) 11.2  (9.2 to  12.7)

Results are expressed as median and (range).
Leucocytes: PVD or PVD-DM v control, P <  .01: IDDM or NIDDM y control, not significant. Platelets: PVD or PVD-DM v  control, P <  .02: IDDM or 

NIDDM v control, not significant.



246 GILL ET AL

that the increase in leucocytic histamine content is not the 
result of increased histamine synthesis and is due either to 
increased uptake of histamine from the plasma or decreased 
catabolism or histamine in these cells. A decrease in histami- 
nase activity has been observed previously in the aortic 
smooth muscle and endothelial cells of diabetic ra ts .19 Leuco­
cytes and platelets are also both capable of taking up 
histamine from the circulation. Human leucocytes, for exam­
ple, have an uptake system with a vast capacity for increasing 
intracellular histamine content.20 We have demonstrated 
previously that human platelets can take up histamine, and 
that platelet activation further stimulates increases in hista­
mine uptake.21

Plasma concentrations of histamine in humans have been 
measured previously by sensitive enzymatic methods22 as 
well as by RIA .2' These assay methods dem onstrated plasma 
histamine concentrations of 0.32 ng /m L  and 0.19 ng/m L  
respectively, values which are very similar to those reported 
by us in both younger and older controls. In the rat, which 
has been the model for previous studies of this nature, plasma 
histamine concentrations are nearly 100-fold greater than 
those found in humans.6 8

Patients with PVD have been shown to have markedly 
hyperactive platelets.24 while patients with DM (with no 
complications) are known to have platelets that are less 
hyperactive.2' It is, therefore, possible that leucocytes and

platelets in PVD have higher histamine contents because 
they are exposed to higher concentrations of histam ine in 
plasma and because the hyperactive platelets of PVD 
patients have an increased uptake of this amine. T his is 
reflected in the increased platelet histamine content in PVD 
and PVD-DM, but not in DM alone.11

The implications of increased plasma and blood cell h ista­
mine in the pathogenesis of vascular disease are clear. The 
formation of platelet clumps26 and/or infiltration and collec­
tion of leucocytes27,28 at sites of vascular injury may result in 
the release of histamine locally, which can then directly 
increase the vascular permeability of the endothelium to 
macromolecules in plasma.29

In conclusion. PVD and DM are both associated w ith a 
significant increase in plasma histamine concentrations. This 
increase is likely to be the result of leakage from the 
markedly increased histamine pool in the blood vessels of 
these patients. Furthermore, the increase in leucocyte and 
platelet histamine content previously observed in PVD and 
DM is not due to increased cellular histamine synthesis and 
is likely to be the result of histamine uptake from the 
plasma.
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SUMMARY In view of the previous observation that the 
histamine content of the aorta in rats with streptozotocin- 
;nduced diabetes mellitus is increased significantly over that in 
controls, we have investigated the effect of experimental 
diabetes on the histamine content of the plasma, the aorta, the 
kidney, the heart, the lung and the brain. Our data show that 
the histamine content of the plasma, the aorta, the heart, the 
kidney, the lung and the brain is significantly greater in diabetic

rats than that found in controls. This increase in plasma and 
tissue histamine content may contribute to the increase in 
capillary and endothelial permeability known to occur in 
diabetes, and may have a role to play in the pathogenesis of 
diabetic micro- and macroangiopathy.

Key words: Histamine, diabetes, rats

In t r o d u c t io n

D ia b e te s  mellitus (DM ) is associated with two types of 
vascular disease: (a) macro vascular disease (1), which 
involves large and medium sized arteries and is 
indistinguishable from atherosclerosis except that it 
occurs much earlier in diabetics than in normal subjects; 
and (b) micro vascular disease (2), which is specific to D M  
and is characterised by an increase in capillary 
permeability.

It is believed that the atherogenic effect o f D M  is at 
least partly due to an increase in the permeability of 
endothelium lining the arteries (3). If, indeed, one of the 
basic defects in the pathogenesis of diabetic macro- and 
m icroangiopathy is increased vascular permeability, the 
identification of the factor(s) responsible is important. 
Although no specific permeability-enhancing factors 
have hitherto been identified, the pioneering work of 
Hollis and colleagues has demonstrated that plasma 
concentration and aortic content of histamine in rats with 
experimental diabetes are significantly elevated (4, 5). 

urthermore, the permeability of aortic endothelium, as

F r e e f T 6 P T' Dandona, Director, Metabolic Unit, Royal 
P and School of Medicine, London NW3 2QG, UK.

assessed by the leakage of 125I labelled albumin into 
subendothelial layers, is increased in diabetic rats (6). 
Diabetic rats treated with a-hydrazino-histidine (aHH), 
an inhibitor of histidine decarboxylase (the enzyme 
responsible for the biosynthesis o f histamine) do not 
show either an increase in plasma (4) or aortic (5) 
histamine content, or an increase in endothelial 
permeability (6).

Our present studies are directed towards determining 
whether the DM -induced increase in histamine content 
observed in the aorta also occurs in other tissues like the 
heart, the lungs, the kidneys and the brain.

M aterials a n d  M eth o d s

13 male Sprague-Dawley rats weighing between 230-240 g were 
injected intravenously (through the tail vein) with 0-5 ml streptozotocin 
(65 mg/kg body weight) in sodium citrate buffer (0*01 M, pH 4-5). 
Control animals (n = 14) received an injection of the vehicle (sodium 
citrate buffer) only. All animals were allowed free access to food (Diet 
41B, Grain Harvesters Limited, Kent, UK) and water. Three days after 
injection of streptozotocin. urinary glucose and ketones were monitored 
using enzyme reagent strips (Multistix). Persistent glycosuria was used 
as an indicator of diabetes: the latter was confirmed by measurement of 
blood glucose concentration at the end of the experiment 62 days after 
the detection of glycosuria.
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Plasma and Tissue Histamine Determination
At the end of the experiment, the animals were anaesthetised with 

pentobarbitone (Sagatal; 90 mg/kg body weight), and exsanguinated 
from the heart. The blood was collected in heparin and centrifuged; 
plasma was separated, and frozen at -40*C. The heart, brain, kidneys 
and lungs were removed. The entire length of the thoracic aorta was 
also removed, and cleared of its pcriadventitial fat. All tissues were then 
quickly washed in ice-cold sodium phosphate buffer (pH 7-8). These 
tissues were immediately stored at — 40*C in 9 volumes of sodium 
phosphate buffer (pH 7-8). The following day, all tissues were homo­
genised using an Ultraturax homogeniser (Janke and Kunkel, FRG).

Blood glucose concentrations were measured using a YSI Model 
23AM glucose analyser (Yellow Springs Instruments, Yellow Springs, 
USA).

Plasma urea, potassium, sodium, bicarbonate and chloride were 
determined using the SMAC autoanalyzer (Technicon Instruments Co. 
Ltd., Basingstoke, Hants, UK).

Histamine content in the supernatants was determined by the double 
isotope radioenzymatic method of Beavan and Horakova (7) with 
modification of Keeling et al. (8). This sensitive method involves the 
incubation of tissue homogenates or plasma with the methyl donor S- 
[3H] adenosylmethianine (500mCi/mmol, [3H]-SAM) and rat kidney 
histamine N-methyltransferase (HMT, EC 11.1.8). Trace amounts of 
[ 14C]-histamine (50mCi/mmol) were added to correct for extraction 
and conversion efficiency. Histamine standards were run simul­
taneously with each assay. Rat kidney HMT was prepared by the 
method of Shaff and Beavan (9). The kidneys from 7 male Sprague- 
Dawley rats were washed and homogenised in ice-cold 0*25 M sucrose. 
The homogenate was centrifuged at 126,000 x g for 60min at 4*C, and 
the pellets discarded. That fraction of the supernatant precipitating 
between 45 and 70% saturation with ammonium sulphate was re- 
suspended and dialysed at 4‘C for 36 h against 3 changes of 21 of 10 mM 
sodium phosphate buffer, pH 7-4. After dialysis the HMT prepared was 
immediately frozen in liquid nitrogen and stored at —40’C.

After incubation at 37*C the reaction between [3H]-SAM, HMT and 
histamine resulted in the formation of [3H]-methylhistamine, which 
was then separated from the [3H]-SAM by extraction into chloroform 
from an alkaline aqueous solution. Further separation from [3H]-SAM 
was achieved by ion-exchange chromatography using Amberlite CG-50 
ion-exchange resin. The amount of [3H]-histamine radioactivity 
present was then determined by liquid scintillation counting in a 
Rackbeta Scintillation counter (LKB Wallac, Sweden). Protein contents 
were determined by using the Lowry method (10) using bovine serum 
albumin as the standard.

Statistical analysis Data was analysed using the Mann-Whitney test 
(two-tailed).

Materials
Streptozotocin and bovine serum albumin were purchased from 

Sigma Chemical Company, Poole, Dorset, UK. Multistix were 
purchased from the Ames Division of Miles Laboratories, Stoke Poges, 
Berks., UK. Sagatal was purchased from May and Baker, Dagenham, 
Essex. UK. S-[3H]-adenosyl methionine and [ring-2-I4C] histamine

Table 1(a) Characteristics of treatment groups

Group n
Final body wt.

(a)
Urinary Urinary 
glucose ketones

Control 14 503 negative negative
(407-557)

Diabetic 13 295* positive negative
(188-324)

dihydrochloride were purchased from the Radiochemical Centre. Amer- 
sham International, Slough, Bucks, UK.

R esults

Final body weight and the presence of urinary glucose 
and ketones are given in Table 1(a). Blood glucose 
concentrations and plasma urea and electrolyte 
measurements are given in Table 1(b). These data show  
that streptozotocin treatment led to a severe reduction in 
weight gain as well as to marked hyperglycaemia and 
glycosuria. There was no ketonuria. These observations 
are consistent with those previously reported for 
streptozotocin-induced D M  (11). The data also show  
significant changes in plasma urea, sodium and chloride 
concentrations in diabetic rats with no significant 
changes in potassium and bicarbonate concentrations.

Histamine content in plasma, kidney, aorta, lungs, 
heart, and whole brain in diabetic animals was 
significantly greater than that in controls (Figures 1,2,3); 
however, the magnitude of this increase was different in 
various tissues. There was a 149% increase in plasma 
histamine concentration in diabetic rats compared with 
control rats. This increase in histamine content was also 
seen in the aorta (93%), kidney (81%), lungs (35%), whole 
brain (35%) and heart (26%). The histamine content of the 
aorta was the highest amongst the tissues investigated, 
whilst that in the brain and kidney was the lowest.

D iscussion

Our data have confirmed the observations of Hollis and 
colleagues that the plasma concentration and the tissue 
content of histamine in the aorta and the kidney of the 
diabetic rat are significantly increased. Our observations,

Table 1(b) Biochemical characteristics of treatment groups

Group
Blood glucose 

(mmol/l)
Urea

(mmol/l) (mmol/l)
Na+

(mmol/l)
HCO3

(mmol/l)
c r

(mmol/l)

Control 8-3 5-4 4-6 142 21-5 103
(6-4-10-3) (51-5-9) (3-8—7-7) (141-144) (18-25) (100-105)

Diabetic 32-4* 6-9* 5-2 133* 19-5 92-5*
(26-5-42-0) (6-6- 11-1) (4-2-6-5) (126-140) (14-21) (87-96)

* Denotes significant difference from control (p <  0 01 Mann Whitney test—two-tailed).
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Figure 1. (a) The plasma histamine concentration (ng/ml) of control 
(n = 14) and streptozotocin diabetic (n = 13) rats, p < 0-01 difference 
from controls, (b) The aortic histamine content (ng/mg protein) of 
control (n = 14) and streptozotocin diabetic (n = 13) rats, p < 0 001 
difference from controls.
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Figure 2. The histamine content (ng/mg protein) of (a) lung and (b) 
heart of control (n = 14) and streptozotocin diabetic (n = 13) rats, (a) 
p < 0-01 difference from control; (b) p < 0-001 difference from control.
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Figure 3. The histamine content (ng/mg protein) of (a) brain and (b) 
kidney of control (n = 14) and streptozotocin diabetic (n = 13) rats, (a) 
p < 0-02 difference from control; (b) p < 0-001 difference from control.

however, extend the previous ones to demonstrate that 
the histamine content in the lungs, heart and brain are 
also significantly altered. The increase in plasma and 
tissue histamine in the diabetic rat may be due either to 
increased synthesis, decreased catabolism, or both. All 
tissues investigated by us are known to have histidine 
decarboxylase, the enzyme responsible for the bio­
synthesis of histamine. It is therefore possible that the 
increase of tissue histamine in diabetic rats may be due 
either to an activation of this enzyme or to an increase in 
the synthesis o f this enzyme. Orlidge and Hollis have 
shown that histidine decarboxylase action is increased, 
and that of histaminase is decreased, in aortae of diabetic 
rats (12).

The fact that the histamine content of all tissues 
examined was significantly increased suggests that D M  
has a generalised effect on inducing an increase in 
histamine. This has important implications in terms of 
capillary permeability, and may result in the leakage of  
macromolecuies from plasma into tissue fluid. It is 
therefore of interest that the inhibition of histidine 
decarboxylase in diabetic rats has been shown to inhibit 
the increase in aortic histamine content as well as 
reducing the influx of macromolecuies from the plasma 
into the aorta. We are currently investigating whether the 
inhibition of this enzyme results in a diminution of 
histamine content and macromolecule leakage into other 
organs like the brain, the heart and the lungs.

The increase in plasma histamine concentration is
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probably the result of “leakage” of histamine from 
various organs. Whether the leucocyte population, 
known to have histidine decarboxylase (13), is also a 
significant contributor to the increase in plasma pool of 
histamine in diabetic rats is not clear. Our preliminary 
observations on human non-insulin-dependent diabetics 
(N ID D ) indicate a significant increase in the content of 
histamine in leucocytes (14). We have hitherto not studied  
the histamine content of tissues obtained from diabetic 
patients.

Experimental diabetes is known to reduce prostacyclin 
(PG I2) production in certain tissues like the aorta 
(15-17), the penis (15) and the brain (18). In contrast, it 
may enhance P G I2 production by the urinary bladder 
(19). The reduction of P G I2 production in vascular 
tissues, the aorta in particular, may result in the for­
mation of platelet thrombi on the endothelial surface 
which may contribute to the pathogenesis of athero­
sclerosis. Whether histamine has an effect on rat aortic 
P G I2 synthesis, and whether diminished P G I2 synthesis 
in the aorta has an enhancing effect on aortic histamine 
synthesis is not known. These issues are the subject of 
investigations in our laboratory. It is noteworthy, 
however, that histamine stimulates P G I2 production by 
human endothelial cells, but not that by human sm ooth  
muscle (20).

In conclusion, the induction of DM  in rats results in a 
significant increase in plasma histamine concentration  
and tissue histamine content in the aorta, the heart, the 
lungs, the kidney and the brain. This increase may play a 
role in the pathogenesis of macro- and microvascular 
disease in D M . Further investigations into histamine 
synthesis and its catabolism are necessary to evaluate its 
specific role in these processes, and the possible use of 
inhibitors of its synthesis and/or action in the 
prevention/treatment o f diabetic vascular disease.
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Increased Histamine uontent in LeuKocytes ana Hiateiets or 
Patients with Peripheral Vascular

DALVIR S. GILL. B.SC.. MANUEL A. BARRADAS. B.SC., VIVIAN A. FONSECA. MRCP, LIONEL GRACEY. FRCS. 
AND PARESH DANDONA. D.PHil. I

S i n c e  h i s t a m i n e  has  rece nt ly  b e e n  s h o w n  to plav an i mpo rta n t  
ro le  in t he  p a t h o g e n e s i s  o f  a t h e r o s c l e r o s i s  in e x p e r i m e n t a l  
n o n k e t o t i c  d ia b e t e s ,  and s i n c e  l e u k o c y t e s  and  p l a t e l e t s  c onta i n  
m o st  o f  t he  h i s t a m i n e  in blood,  we  h av e  d e t e r m i n e d  the  l eve l s  
o f  h i s t a m i n e  in t h e s e  c e l l s  f rom p at i ent s  w i t h  p er i p he r a l  v a s c u ­
lar  d i s e a s e  ( P V D ) .  i n s u l i n - d e p e n d e n t  d i a b e t e s  m e l l i t u s  
( I D D M )  and  n o n - i n s u l i n - d e p e n d e n t  d i a b e t e s  m e l l i t u s  
( N I D D M ) .  T h e  l e u k o c y t e  and p late le t  h i s t a m i n e  c o n c en t r a t i o n  
in P V D s  w a s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  in c o n t r o l s ,  
I D D . M s  and N I D D M s .  H i s t a m i n e  c ont ent  o f  l e u k o c y t e s  and  
p la t e l e t s  f rom I D D M s  and . N I D D M s  did not di f fer  f rom that  in 
cont ro l  s ub j e c t s .  T h e  h ig he r  h i s t a m i n e  c o n te n t  o f  l e u k o c y t e s  
and p l a te l e t s  in P V D  m a y  lead to a gr e a te r  r e l e a s e  o f  thi s  
a m i n e  at s i t e s  o f  v as cu l ar  e n d ot h e l i a l  d a m a g e .  I nc r e a s e d  h i s t a ­
m i ne  r e l e a s e  may i n cr e a s e  e n d ot he l i a l  pe r m ea bi l i t y  and c o n ­
tr ibute  to further  v as cu l ar  injury as  o b s e r v e d  in e x p e r i m e n t a l  
m o d e l s  o f  d i a b e t e s  and h y p e r c h o l e s t e r o l e m i a .  ( K e y  words :  
V a s c u l a r  d i s e a se :  D i a b e t e s  me l l i tus ;  H i s t a m i n e ;  L e u k o c y t e s ;  
P l a t e l e t s )  A m  J Cl in P a t h o l  19 X 0 9 : 6 2 2 - 6 2 6

D I A B E T E S  M E L L I T U S  an d  h y p e r c h o le s t e r o le m ia  are 
two  m a j o r  risk factors in the pa t ho gen es i s  o f  a t h e r o s c l e ­
ros is .11’25 Both have been  sh o w n  to in d u c e  an inc rease  in 
the permeabi l i ty  o f  the aor t ic  e n d o t h e l i u m  to m a c r o ­
mole cu i es  in e x p e r im e n t a l  a n i m a l s . * 24 T h i s  increase  in 
pe r m e ab i l i t y  o f  the e n d o t h e l i u m  has been s h o w n  to be 
as socia ted with a s ignif icant  inc rease  in the h i s t a m i n e  
c o n t e n t  o f  the a o r t a . 2" the p lasma* an d  o t h e r  t i s sues .17 
F u r t h e r m o r e ,  the a d m i n i s t r a t i o n  o f  an in h ib i to r  o f  hist i ­
d i n e  d e c a r bo x y la se ,  n - h y d r a / m o h i s i i d i n e .  to a n i m a l s  
with s t r e p t o / o t o c i n - i n d u c e d  d iabe tes  a n d  d ie t - in d u c e d  
hy pe r c h o le s t e r o le m ia  has  been sh ow n to p r ev e n t  bo th  
the inc rease  in aor t ic  h i s t a m i n e  c o n t e n t  a n d  the inc rease  
in ao r t i c  vascu la r  pe rm e ab i l i ty  to p la sm a  m a c r o m o l e ­
cu i es .* 21 It is the re fo re  possible that  h i s t a m i n e  m a y  c o n ­
t r ibu te  to the pa t hog ene s i s  o f  a the rosc le ros i s  by inc reas ­
ing v a s c u ia r ^ n d o th e l i a l  pe rme ab i l i ty  to large molecules ,  
i nc lu d in g  cho les t erol  a n d  g rowth  factors,  a n d  ce l lular  
c o m p o n e n t s  o f  b lood like the m o n o n u c l e a r  ceils,  wh ich 
have  recen t ly  been im pl i ca ted  in the p a t h o ge ne s i s  o f  the 
init ial  a t he rosc l e ro t i c  l e s ion.4 11

R e c e iv e d  J u ly  16. 1987; a c c e p te d  lo r  p u b l i c a t i o n  A u g u s t  IX. 1987.  
A d d r e s s  r e p r in t  r e q u e s t s  to  D r .  D a n d o n a :  D i re c to r .  M e t a b o l i c  U n i t .  
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F ree  H o s p i t a l  a n d  S c h o o l  o f  M e d i c i n e .  L o n d o n .  N W 3  2 Q G -  U n i t e d  
K i n g d o m .

Metabolic Unit. Department of Chemical Pathology and 
Human Metabolism, and Department of Surgery. Royal Free 

Hospital and School of Medicine. London. U.K.

Since the cel lular  c o m p o n e n t s  o f  b lood,  the l euko­
cy t es—- m o n o n u c l e a r  cel ls  in p a r t i c u l a r - a n d  pla te l et s  
have been show n to be invo lved  in the pathogenes is  o f  
atherosclerosis*- in the h u m a n :  an d  s ince they too c o n ­
ta in h i s t a m i n e ,  we u n d e r t o o k  a s t u d y  to d e t e r m i n e  
whe the r  the h i s t am ine  c o n t e n t  o f  l eukocy tes  and  p la t e­
lets is increased in cl inical  d i abetes  me ll i tus  an d  clinical 
vascuiar  disease.  It is r e l evant  to m e n t i o n  that  pat ient s  
with severe per ipheral  vascu la r  disease have previously 
been de m on s t ra t e d  to have m a rk e d l y  hyperaggrcgable 
platelets .1'' and  that  high l eukocy te  c o u n t s  are known to 
be associated with inc reased ca r d io vas cu la r  mor b id i ty  
and  mor ta l i ty .21'

M a te r i a l s  and M e t h o d s

Mater ia l s

Bovine se ru m a l b u m i n  w-as p ur cha sed  f rom the Sigma 
C h e m i c a l  C o m p a n y .  P o o le .  D o r s e t .  U . K .  S - f 'H ] -  
a d e n o x y I m e th i o m n e  a n d  (r i n g -2 - 1JC] h i s t a m i n e  d ihy-  
d r o c h i o n d c  were p u r c h a s e d  f rom the R a d io c he m ic a l  
Cent re .  A m e r s h a m  In te rn a t io na l .  Slough.  Bucks.  U.K.

1*01 tents uik/ Controls

Controls. Thi s  g ro up  cons is ted  o f  15 heal thy v o l u n­
teers ( I I male.  4 f emale)  f rom the research laborator ies  
o f  the Medical  School  o f  T h e  Roya l  Free Hospital ,  and
I I i n fo rmed volun teer s  (5 male,  6 f emale)  a t tend ing
var ious  cl inics in the hospi t al .  N o n e  o f  the cont rol s  had 
e i th e r  d ia be tes  me l l i tus  o r  c a r d i o v a s c u l a r  disease.  In 
o r de r  to assess the effect o f  age on piateiet  a n d  leukocy te 
h is t amine  con t en t ,  we d iv ided  the con t ro l s  into those 
o lde r  than an d  those y o u n g e r  th an  age 65 years. The  
med ian  age o f  the y oun ger  co n t ro l s  was 36 years (range,  
2 5 - 6 3  years). Th e  m e d ia n  age o f  the o lde r  cont rol s  was 
74 years (range.  6 6 - 7 8  years).  Col lect ively,  the ent ire  
cont rol  popu la t ion  had  a m e d i a n  age o f  44 years (range.  
2 5 - 7 8  years).

6 2 2
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Group I. Th is  g roup consis ted o f  30 pat ients  ( 16 male.  
14 fem ale )  wi th  T yp e  I ( i n s u l i n - d e p e n d e n t )  d i abe tes  
mel l i tus  ( I D D M ) .  T h e  me d ia n  age o f  the g roup was 46 
years ( range.  2 2 - 7 2  years).  All pat ients  in this g roup 
were d iagn ose d  diabet ics  a t t e nd i ng  the diabet i c cl inic at 
T h e  Roya l  Free Hospital .

Group  3. Th is  g roup  cons is ted o f  26 pat ients  (17 maie.  
9 f emale)  wi th Type  II ( n o n - i n s u l i n - d e p e n d e n t )  d i a ­
betes me i l i tus  ( N I D D M ) .  T he  med ian  age o f  this group 
was 6b years (range.  4 7 - 86  years).  All pat ient s in this 
g rou p  were d iagnosed diabet i cs  a t t end ing  the diabet ic 
cl inic at The  Royal  Free Hospi tal .

Group j. Th is  g roup cons is ted o f  23 pat ients  ( I 5 male.  
8 female)  wi th  a diagnosis  o f  per iphe ra l  vascular  disease 
( P V D ) .  T h e  m e d i a n  age o f  this  g r o u p  was 7() years  
( range.  5 0 - 7 9  years). The cri ter ia lor inclusion in this 
g r ou p  were ( I ) i n t e rmi t t en t  c l audicat ion  for mor e  than 6 
m o n t h s  with an k l e /a rm  systolic blood pressure (SBP) 
rat io < 0.85 in both arteries (dorsal is  pedis an d  poster ior  
ttbial) o f  the m or e  s y m p t o m a t ic  leg: and  (2) pain-free 
walking  t ime  o f  less than three minu te s  on a t readmil l  at 
l/ 'K) incl ine at a speed o f  5 k m / h .  Pat ients  taking vaso­
d i la tor s  for c l aud ica t ion  were exc luded  f rom the studv.

Group 4 Th is  group  consis ted o f  12 pat ien ts!  I I male.
I f emale)  wi th a diagnosis  o f  P V D  with c o n c o m i t a n t  

d iabe tes  me i l i tus  (3 with I D D M .  9 with N I D D M ) .  The 
me d ia n  age o f  tins g roup  was 71 years ( range 50-8 3  
years).

S o m e  pat i en t s  an d  cont ro ls  volun tee red only enough  
blood for leukocytes  or  platelets: hence,  the d isc repancy 
be tween  platelet  an d  l eukocyte  numbers .

Druas

T he  ma jo r i ty  o f  cont rol  subjects had not  ingested any  
drugs  for at least two weeks pr io r  to vo lunteer ing.  Five 
elderly con t ro l s  were on t r ea tme n t  tor os teoporos is  (cal­
c iu m  supp lem en t s ) .  Diabet ic  pat ient s were on s t a ndard  
t r e a t m e n t  r e g i m e n s  wi th in s u l i n / o r a l  h y p o g l y c e m i c  
agents.  Pat ient s  with hyper t ens ion  were on  t r ea tmen t  
with thiazide  diuret ics  a n d / o r  nifedipine.

Collection a n d  Preparation ot Sam ples

V e n o u s  b lood  was col lected for platelets in tn s o d i u m  
ci trate,  an d  platelet- r ich p lasma  (PR P)  was prepa red  by 
differential  cen tr i fugat ion  at 1.40 g (at ro om te m p e r a ­
ture) .  as p rev io us l y  d e s c r i b e d . 1* Platelet  c o u n t s  were 
p e r fo rm ed  in a Cou l t e r  Z M ^  (Coul te r  Elect ronic Ltd.. 
Lu ton .  Beds.,  U.K.) .  The  P R P  was centr ifuged at 1.000 
g  for ten m in u t es  ( ro om  temperatu re ) .  T he  platelet  pel­
let was r e sus pe nde d  in an app ropr ia t e  v o lu m e  o f  0.9% 
w/v  sal ine a n d  frozen at - 2 0  °C  after u l t r a son ica t ion  for 
3 X 10 seco n d s  at an am pl i tu de  o f  18 jini (Son ip rep  150. 
MSE Ltd. .  Crawley.  Sussex. U.K.).

Leukoc y tes 'wer e  isolated using the m e th o d  o f  Baron 
and A h m e d b  10 ml o f  h c p a n n i z e d  ve n ou s  b lood  was 
mixed with 4 m L  o f  dex tnan (6%) in a s t a nd ar d  buffer.  
After  se d im e n ta t i on ,  a s u p e r n a t a n t  co n t a in i n g  an a p ­
p roximately equa l  n u m b e r  o f  leukocytes  an d  e r y th r o ­
cytes was cen tr i fuged an d  the cell pellet col lected.  Th e  
remain ing  e ry throcy tes  were r em ov e d  by a 12 s h y p o ­
tonic lysis phase,  and  pure  leukocytes  col lected af ter  a 
second cen t r i fuga t ion.  T h e  l eukocytes  were then resus­
pended in 0.1 m o i / L  s o d iu m  p h os pn a te  bulfer.  p H  7.4. 
u i t r asonica ted for 3 a !() s econds  at an a m p l i t u d e  o f  20 
jim. an d  stored at - 2 0  °C  unti l  assay.

. I.v.vz/r of I list a m in e  C ontent

Hi s tamine  c on t en t  was d e t e r m in e d  by the d ou b le  iso­
tope radioen /y  ma l i c  m e t h o d  o f  Beavan and  H o ra k o v a  ' 
with modif icat ion  o f  Keel ing and  assoc ia te s .12 Th is  sen ­
sitive m e th o d  involves the in cu ba t io n  o f  sonicated  cell 
p r ep a ra t io n  wi th the m e th y l  d o n o r  S-( ' I  I | - ad en osy l -  
me th i an onc  ( ( ‘H | -S A .M ) (500 m C i / m m o l )  and  rat k id ­
ney h is t amine  N - m e t h y l transtera.se i H M T )  ( EC 2 . J . 1.8). 
Trace a m o u n t s  o f  [ IJC' ] -his tamine (50 m C i / m m o l )  were 
ad de d  to c o r r e c t  for  e x t r a c t i o n  a n d  c o n v e r s i o n  effi­
ciency. H is t a m in e  s t a n d ar d s  were run  s imu l t a neo us l y  
with each assay. Rat  kidnev H M T  was p repa red  by the 
me thod  o f  Shaft" an d  Be ava n . - '  T h e  kidneys  f rom 7 ma le  
Spraguc-Dawiey rats were washed  an d  h o m og e n iz e d  in 
ice-cold 0.25 m o i / L  sucrose .  T h e  h o m o g e n a i e  was c e n ­
trifuged at 126.000 t; for 60 m inu te s  at 4 °C.  a n d  the 
pellets discarded.  T h a t  f ract ion o f  the su p e r n a ta n t  p re ­
cipitat ing be tween 45 an d  70% sa tu ra t ion  with a m m o ­
nium su lpha te  was r e s usp en ded  an d  d ia ly / ed  at 4 °C  for 
36 hours  against  three  changes  o f  2 L o f  10 m m o l / L  
sod i um  p h o s p h a t e  buffer .  pH  7.4. A f t e r  d ia lys i s  the 
H M T  prepared  was im m ed ia te ly  frozen in l iquid n i t ro­
gen and  s tored at  - 4 0  °C.

After incuba t ion  at 37 °C.  the r eact ion  between  [ ' H | -  
SAM.  H M T .  an d  h i s t am in e  resul ted in the f o r m a t io n  o f  
[ • 'HJ-methylhi stamine.  wh ich was then sepa ra ted f rom 
the ( 'H ] -S A M  by ext rac t ion  into ch lo ro fo rm  f rom an 
a lka l ine  a q u e o u s  s o l u t i o n .  F u r t h e r  s e p a r a t i o n  f ro m  
[3H]-SAM was ach ieved  by ion-exchange  c h r o m a t o g r a ­
phy using A m b er l i t e  C G - 5 0  io n -ex ch ang e  resin.  T h e  
a m o u n t  o f  [ - 'H] - mc thy lh i s t amm e radioact ivi ty  p resent  
was then d e t e r m in e d  by l iquid scint i l la t ion c o u n t in g  in a 
Rackbeta  Scint i l la t ion '1' c o u n t e r  (L K B  Wallac.  Sweden) .  
Protein co n te n t s  were d e t e r m in e d  by using the Lowry 
m e t h o d 15 using bov ine  se ru m  a l b u m i n  as the s t an dar d .  
The  h is t amine  c o n t e n t  o f  platelets is expressed in n g /1 0 9 
platelets, while that  o f  leukocytes  is expressed as ng /m g  
protein.  We es tab l i shed  a cor re l a t ion  between  l eukocy te  
count s  an d  protein c o n t e n t  in o r de r  to c o m p a r e  relat ive 
contents  per  l eukocyte with that  o f  platelets.  Th i s  be-
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F ig .  I . T h e  h i s t a m i n e  c o n t e n t  o f  l e u k o c y te s  o f  c o n t r o l s (A) ,  c o n t r o l s  
y o u n e e r  t h a n  ae e  65  years  (B).  c o n t r o l s  o l d e r  t h a n  a t e  65 '•ears (C).  
m s u l i n - d c o c n d e n t  d i a b e t i c s  i D ).  n o n - i n s u i m - d e p c n d e n t  d ia b e t i c s  (H). 
p a t i e n t s  w i th  p e n p n e r a l  v a s c u la r  d is ea s e  ( F ) .  a n d  p e r ip h e ra l  v a s c u la r  
d isea se  p a t i e n t s  w i th  c o n c o m i t a n t  d i a b e t e s  (Ci). \  versus  h a n d  A 
versus  G .  / ’ < 0 .0 0 1 :  F  versu s  Ci. / ’ < 0 .0 1 .  T h e r e  w e re  n o  s ign i f ic an t  
d i f fe rence s  b e tw e e n  A - F  in a n y  c o m p a r a t i v e  p e r m u t a t i o n .

c a m e  necessary because i eukoev ies  t ended  to d u m p  in 
the C o u l t e r  ZM* used for platelet  a n d  leukocy te  count s :  
we the re fore avo ided  the use o f  this m a c h i n e  for l euko­
cyte coun ts .

S t a t i s t i c a l . Inal  vs is

C o m p a r i s o n s  between da ta  f rom var ious  g roups  were 
m a d e  using the M a n n - W h i t n e y  lest ( two-ta i icd) .  C o r r e ­
la t ions  were e s tabl ished using l inea r  regression analysis.

Resu l t s

H is t a m in e  co n te n t  o f  l eukocy tes  was m u c h  greater  
than  that  o f  platelets.  Th i s  di f fe rence would  to som e  
ex te n t  be c o m p e n s a t e d  by the g rea ter  total n u m b e r  o f  
platelets  in blood.

T h e  h i s t a m in e  c o n t e n t  o f  l eukocy tes  f rom pat ient s  
with P V D  was signif icant ly g rea ter  th a n  tha t  in cont rol s ,  
D D M s a n d  N I D D M s  (Fig.  I). Pa t i en t s  with P V D  and  

i i abc tes  me l l i tus  ( I D D M  or  N I D D M )  had  h igher  leuko-

koeyte h is t amine con ten t  in N I D D M  and  I D D M  pa­
tients was not  significantly dif ferent  f rom that in c o n ­
trols. S om e  N I D D M  pat ient s had l eukocyte  h i s t amine 
con t en t  co m par ab l e  to the levels found  in pat ients  with 
P V D  and  diabetes:  these N I D D M  pat ien ts  t ended to be 
elderly' and mav  have occul t  vascu la r  disease.  Leukocyte 
h i s t amine  con ten ts  in N I D D M  pat i en t s  older  than 65 
years were not  greater than those  in younger  N I D D M  
patients.  Leukocyt ic  h is t amine  c o n t e n t  in cont rol s  olde r  
than age 65 years did not differ f rom that  in cont rol s  
younger  than  age 65 years.

T he  his t amine*content  o f  platelets  was significantly 
g r ea te r  in p a t i e n t s  wi th  P V D  t h a n  tha t  in co n t ro l s .  
I D D M s  or  N I D D M s  ( Fig. 2)..T he  c o n c o m i t a n t  presence 
o f  diabetes  with PVD  did not  fu r the r  affect the hista­
m i n e  c o n t e n t .  H i s t a m i n e  c o n t e n t  o f  p la te l e t s  f rom 
I D D M s  and  N I D D M s  did not  differ from that  in c o n ­
trols. and the h i s t amine co n t en t  o f  platelets from cont rol  
subjects  above the age o f  65 years was also not  sienili-.
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F ig .  2. T h e  h i s t a m in e  c o n te n t  o f  p la te le ts  o f  c o n t ro l s  (A),  c o n t ro l s  

y o u n e e r  th a n  aee 65 years  (B). c o n t ro l s  o ld e r  th a n  aee 65 years (C). 
i n s u l in - d e p e n d e n t  d iab e t ic s  (D).  n o n - i n s u i i n - d e p e n d e n t  d ia b e t ic s  (E). 
p a t i e n t s  w ith  p e r iphe ra l  vascu la r  d isease  (F ) .  a n d  pe r iphe ra l  va scu la r  
d isease  p a t i e n t s  with  c o n c o m i t a n t  d ia b e te s  (G).  A versus  F  a n d  A 
versus  G .  P  < 0 .0 0 1 .  T h e re  were  no  s ign i f ic an t  d ifferences  be tw ee n  
A - E  in a n y  c o m p a r a t i v e  p e r m u ta t io n .
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can t ly  d i f f e rent  f rom tha i  in c o n t r o l s  ho low the ago o f  65 
years.

T h e r e  was  a highly s igni r t can t  co r r e l a t io n  (r  = 0.59:  I} 
< 0 . 0 0 0 1) b e t w e e n  l e u k o c y t e  a n d  p la t e l e t  h i s t a m i n e  
c o n t e n t s  ol  the  pa t i en t s  inves t iga ted  (Fig. 3). Ne i the r  
p la te l et  n o r  l euk ocy t i c  h i s t a m i n e  was  related to the d u ­
ra t ion ol P V D  or  the seve r i ty  of' P V D  as reflected in 
a n k l e - a r m  systol ic p ressure  rat io,  the c l a u d ic a t io n -p r o ­
vok ing  t im e  a n d  the m a x i m u m  d i s t a nc e  wa lked  on the 
t r eadmi l l .

D i s c u s s i o n

O u r  resul t s  show clea rly  tha t  the h i s t a m i n e  c o n t e n t  of' 
l euko cy te s  a n d  platelets  in pa t i en t s  wi th P V D  is signifi­
cant ly g r ea te r  th an  that  in c on t r o l  subjects.  Age did not  
have  a n y  effect on  the c o n t e n t  of h i s t am i n e  in these 
cells. N e i t h e r  I D D M  n or  N I D D M  were as socia ted with 
an inc rease  in h i s t a m i n e  c o n t e n t  in these ceils, hut  so m e  
pa t i en t s  wi th N I D D M  had  leukocy te h i s t am i ne  co n t e n t s  
which  were c o m p a r a b l e  to those  in pa t ient s  with P VD.  
These p a t i e n t s  wi th  N I D D M  wer e  e lder ly ,  a n d  m a y  
the re fore  ha ve  a the rosc le ros i s  al a sube lmica l  level.

D a t a  o n  th e  h i s t a m i n e  c o n t e n t  of l e u k o c y t e s  a n d  
platelets  are qua l i t a t ive ly  c o m p a r a b l e  an d  there  was a 
h ighly s igni f ican t  co r r e l a t ion  be t wee n  platelets an d  leu­
kocyte  h i s t a m i n e  c on t en t .  L euk oc y te s  have his t idine  d e ­
ca rboxy lase .  the e n z y m e  which  is r esponsible for the 
syn thesi s  of h i s t am i ne ,  wher ea s  i n f o rm a t i o n  on  the pres­
en ce  o f ' t h i s  e n z y m e  in h u m a n  platelets  is not  av ai lable.  
L eu k oc y t i c  h i s t a m i n e  ca n  the re fo re  be p r od u ce d  bv the 
l e ukocy tes  the ms e l ves  whi le  tha t  in platelets may well 
r ep resen t  the h i s t a m i n e  t aken  up f rom plasma .  Platelets 
have  a sys tem for h i s t a m i n e  u p ta k e  which  can  be s t i m u ­
lated by pla te l et  ac t iva t ion .  C o n v e n t i o n a l  aggregat ing 
agent s  like a d r e na l i n e ,  col l agen an d  a d e n os in e  d ipnos -  
pha te  at su ba gg reg a to ry  doses have  recent ly  been sh ow n 
bv us to s t i m u l a t e  the u p ta k e  o f  h i s t a m i n e  by platelets/ '
It is poss ible  th a t  the ac t iva ted ,  hy peraggregable platelets  
f o un d  in pa t i e n t s  wi th P V D ,S take up  h i s t am in e  m o r e  
avidly a n d  the re fo re  thei r  h i s t a m i n e  c o n t e n t  increases.

T h e  m e c h a n i s m  un der lv i ng  the inc reased h i s t a m in e  
c o n t e n t  o f  l euko cy te s  in P V D  is not  clear.  W h e t h e r  it 
r ef lects  in c r e a s e d  syn t he s i s ,  d e c r e a s e d  c a t a b o l i s m  or  
even  inc re ase d  u p ta k e  has yet to be d e t e r m in e d .  T h e  
o th e r  issue w h ic h  requi res  fu r th e r  e l uc ida t ion  is w h e th e r  
all l e ukocy tes  o r  on ly  those  a b u n d a n t  in h i s t a m in e  (b a ­
sophi l s  a n d  eos inoph i l s )  are invo lved in these increases  
in h i s t am in e .

T h e  po ten t i a l  im pl i ca t io ns  o f  inc reased h i s t a m i n e  in 
l euk ocy tes  a n d  platelets  r egarding  the pathogenes i s  o f  
a t he rosc l e ros i s  are obv ious .  T h e  f o r m a t io n  o f  a m u r a l  
t h r o m b u s  wi th  pla tel ets  wou ld  cause  the release o f  his­
t a m i n e  local ly.2 as w ou ld  a co l l ec t ion o f  leukocy tes at an 
in ju re d  site. T h e  inc reased release o f  h i s t am in e  at these
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F id .  The c o r r e l a t i o n  b e t w e e n  l e u k o o t c  a n d  p la te le t  h i s t a m i n e  
c o n t e n t .  C o n t r o l s  ( s o l id  c i r c le s ) ,  i n s u l i n - d e p e n d e n t  d i a b e t i c s  ( s o l id  
u p p e r - p o m t i n u  t r i a n g le s ) ,  n o n - i n . s u l i n - d e p e n d c n i  d i a b e t i c s  ( s o l i d  
d o w n w a r d - p o i n t i n g  t r i ang les ) .  p a t i e n t s  w i th  p e n p i i e r a i  \ a s c u l a r  d i s ­
ease  l o p e n  c ir c le s) ,  p a t i e n t s  w i th  p e r i p n e r a l  v a s c u la r  d i s ea s e  a n d  d i a ­
be te s  ( so i id  b o v e s i .  r = <).?d: F* < O.UOOI.

sites wou ld  result  in inc re ase d  en do ih e i i a i  p e r m e a b i l i t y  
an d  p e r m i t  the en t ry  o f  m a c r o m o l e c u i e s  in to  the  i n t i m a l  
layer o f  the a r t e r i e s . :f)

H is t a m in e  is th o ug h t  to exist  in at  least three  d i s t inc t  
p oo l s 14: ( I )  the tissue n o n - m a s t  cell ' i n d uc ib le '  h i s t a ­
m i n e  poo l :  (2) the  t i s sue  m a s t  c e l l - b o u n d  h i s t a m i n e  
pool; a n d  (3) the b l o o d - b o r n e  h i s t a m i n e  pool .  T h e  ’in ­
duc ible '  n o n - m a s t  cell h i s t a m i n e  pool  in t issues is v a n -  
able in us c o n t e n t  a n d  is d e p e n d e n t  u p o n  the r at e o f  
h i s t am in e  synthesi s  a n d  c a t a b o l i s m . 13 It is p o s tu l a t e d  
tha t  this in d u c ib le  poo l  is e x p a n d e d  in e x p e r i m e n t a l  
d i abe tes .4 T h i s  was c o n f i r m e d  by the p rev ious  o b s e r v a ­
t ion o f  Hoil is  a n d  c o - w o rk e r s 1'1 a n d  o u r  o w n  m o r e  r ec en t  
obs e rva t ions  sho w in g  an  inc rease  in the h i s t a m i n e  c o n ­
tent  a n d  synthes is  in t issues o f  rats wi th e x p e r i m e n t a l  
d i abetes .h How ever ,  t he re  was  no  inc rease  in the h i s t a ­
mi ne  c o n t e n t  o f  platelets  a n d  l eukocy tes  o f  d ia b e t i c  pa-



icnis.  i nd ica t ing  no  in d u c t i o n  o l  h is t id ine  de c a r b o x y l ­
ase in the b l o o d - b o r n e  pool  in these pat ient s .

T h e  ab s en c e  o f  a co r r e l a t io n  be t wee n  the h i s t am i n e  
c o n t e n t  o f  l euko cy te s  a n d  pla tel ets  with the cl inical  se­
veri ty o r  d u r a t i o n  o f  vas cu l a r  disease suggests  tha t  there 
are o th e r  factors  r e s pons ib le  for ca u s in g  vascu la r  d a m ­
age.  an d  that  h i s t a m i n e  m a y  be on ly  o n e  o f  th e m .

In c o n c l u s i o n .  P V D  d u e  to a t h e r o sc l e r o s i s  is as so­
cia ted wi th a s igni f icant  inc rease  in the h i s r a n u n c  c o n ­
tent  o f  l euko cy te s  a n d  platelets .  T h e  as soc ia t ion  o f  d i a ­
betes  wi th  P V D  causes  a fu r th e r  inc rease  in the  his t a­
m i n e  c o n t e n t  o f  l eukocy tes .  It is possible tha t  increased 
h i s t a m i n e  c o n t e n t  o f  p la tel ets  a n d  l e ukocy tes  m a y  play a 
role in the pa t ho g en es i s  o f  en do t he l i a l  vascu la r  in jury in 
a the rosc l e ro t i c  pa t ient s .

A t k n o w lc d a n n ’tKs T h e  a u t h o r s  t h a n k  Drs .  D. P. M ik h a i l i d i s  a n d  
R. k .  M e n o n  fo r  h e lp fu l  d i s c u s s io n s ,  a n d  M rs .  P a m e l a  D a le  lo r  pre- 
p a n n e  tn e  m a n u s c n p i .
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