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Abstract:

This study describes a modification of Vane’s blood-bathed organ technique (BBOT). This new technique consisted of replacing the
cascade of contractile smooth muscle organs within the traditional BBOT by a single collagen strip cut from a rabbit’s hind leg ten-
don. Utilizing the extracorporeal circulation of an anesthetized heparinized mongrel cat or Wistar rat, arterial blood was dripped
(1–3 ml min��) over a collagen strip. This resulted in a gain in weight of the strip, which was due to the deposition of platelet aggre-
gates and a few blood cells trapped over the strip. Arterial blood that had been used for the superfusion was pumped back into the ani-
mal’s venous system. However, when this technique is adapted to human volunteers, the superfusing blood should be discarded. In
animal experiments, intravenous injections of a variety of classic fibrinolytic agents (e.g., streptokinase) promoted the formation of
platelet thrombi. Nitric oxide donors (e.g., SIN-1) at non-hypotensive doses hardly affected the mass of platelet thrombi deposited
over the collagen strip, whereas endogenous prostacyclin (e.g., released from vascular endothelium by bradykinin) or exogenous
prostacyclin and its stable analogues (e.g., iloprost) dissipated platelet thrombi as measured by a loss in the weight of the blood su-
perfused collagen strip. This model allowed us to assay numerous drugs for their releasing properties of endogenous prostacyclin
from vascular endothelium. These drugs included lipophilic angiotensin converting enzyme inhibitors (ACE-Is), which act in vivo as
bradykinin potentiating factors (BPF). Other PGI�-releasers included statins (e.g., atorvastatin and simvastatin), thienopyridines
(e.g., ticlopidine and clopidogrel), a number of thromboxane synthase inhibitors, flavonoids, bradykinin itself, cholinergic M recep-
tor agonists and nicotinic acid derivatives. The thrombolytic actions of lipophilic ACE-Is (e.g., quinapril and perindopril) were pre-
vented by pretreatment with either bradykinin B� receptor antagonists (e.g., icatibant) or with endothelial COX-2 inhibitors (e.g.,
rofecoxib, celecoxib and high dose aspirin). The inhibition of endothelial nitric oxide synthetase (eNOS) by L-NAME hardly
blunted the thrombolytic response to ACE-Is. Hence, it can be concluded that many recognized cardiovascular drugs apart from their
known basic mechanisms of action, may also behave as releasers of endogenous endothelial prostacyclin. Furthermore, in many in-
stances, this effect may be the primary mechanism of their therapeutic efficacy.
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prostaglandin endoperoxides, PGI� – prostacyclin, TXA� –
thromboxane A�, TXS-I – thromboxane synthase inhibitors
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Introduction

Early days of the bioassay technique

The first in vitro bioassay system was invented by Ru-
dolf Magnus during his stay at Heidelberg University
in 1904 [28]. Magnus and his co-workers demon-
strated that a piece of intestine isolated from a labora-
tory animal could survive in vitro when immersed in
a bath filled with artificial physiological buffer.
Moreover, this tissue was capable of contractions or
relaxations in response to natural biological mediators
and a number of various chemical stimuli. These dy-
namic responses of the isolated intestine could then be
recorded by a system of levers. Subsequently, many
outstanding pharmacologists [7, 35, 36] have con-
structed modified experimental bath units, altered the
composition of the physiological buffer and have
broadened the scope of smooth muscle organs that
have been used for bioassay.

Vane’s superfusion cascade

However, a fundamental modification of the classic
bioassay system consisted of the replacement of the
conventionally used “immersing” approach by a new
“superfusing” approach [37]. This modification en-
abled Sir John Vane to arrange the detector organs in
a cascade, which allowed the physiological fluid (e.g.,
Tyrode’s buffer) or blood next to the first detector or-
gan (e.g., a rabbit aortic strip) to be dripped down to
the next one (e.g., rat stomach strip) that could then be
dripped down to the next one (e.g., chick rectum), etc.
This approach has been utilized to assay up to six dif-
ferent smooth muscle detectors, which were organ-
ized in the famously versatile “Vane’s Bioassay Cas-
cade.” The careful choice of these “detector organs”
resulted in characteristic patterns of contractions and
relaxations along the cascade in response to various
biologically active substances. These “biological fin-
gerprints” allow experimenters to differentiate be-
tween known active substances, and they can be used
to discover new biological mediators, such as in the
case of prostacyclin [9]. At the top of the Vane cas-
cade, there is usually mounted “a generator” that is
a perfused isolated organ or a chamber filled with or-
gan slices or cultured cells capable of producing and
releasing biologically active substances in response to
adequate stimuli. Subsequently, the presence of these
biologically active substances manifests as a charac-

teristic pattern of contractions and relaxations along
the bioassay cascade.

For instance, the famous study of Priscilla Piper
and John Vane [31] used the antigen-challenged lungs
of a sensitized guinea pig as the generator, while
a Krebs-Henseleit buffer was used as the perfusion
fluid. In addition to histamine, prostaglandins and the
slow reacting substance of anaphylaxis (SRS-A,
which was later identified as leukotriene), the chal-
lenged lungs also released an uncharacterized “rabbit
aorta contracting substance” (RCS). In similar experi-
ments with greyhound spleen, we were able to iden-
tify RCS as a mixture of unstable prostaglandin pre-
cursors [17, 18] with an admixture of an even less sta-
ble compounds that decomposed to biologically
inactive products in a matter of seconds [18]. Cur-
rently, we know that RCS is a mixture of PGG2,
PGH2 and TXA2 [9, 35].

Vane’s blood-bathed organ technique (BBOT)

A breakthrough in the bioassay methodology occurred
when John Vane decided to superfuse his cascade of
detectors with blood withdrawn from and returned to
the circulation of anesthetized, heparinized dogs [37].
Consequently, his famous blood-bathed organ tech-
nique (BBOT) was introduced to a host of physiologi-
cal and pharmacological laboratories. Furthermore,
this technique lead to many basic discoveries that in-
cluded the effect of circulating blood volume on the
endogenous generation of angiotensin [22], the conse-
quences of acute coronary occlusion on the release of
endogenous catecholamines [3, 21], differences in the
removal routes from circulation of exogenous nora-
drenaline and isoprenaline [16] and mechanisms un-
derlying the release and disappearance of histamine
from circulation [6].

Materials and Methods

Our modification of BBOT

Here, we present a summary of our modifications [1,
2, 8–15, 23–25, 27, 30, 33, 34] of Vane’s BBOT [37].
These modifications enabled us to discover the endo-
thelial prostacyclin-mediated mechanism of action for
several cardiovascular drugs. In essence, we replaced
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the cascade of smooth muscle organs in BBOT with
a single collagen strip that was resected from the ten-
don of a rabbit’s hind leg muscle. The collagen strip
gained weight as it was superfused with the hepar-
inized arterial blood of an anesthetized donor (e.g.,
cat, rat or even a conscious human volunteer). In hu-
mans, this procedure has to be a short-lasting experi-
ment (up to 40 min) because human blood has to go to
waste instead of being returned to the venous system,
as is the case in animal experiments.

The collagen strip during the superfusion with
heparinized blood gains weight due to the deposition
of platelet aggregates on its surface, and within 15–20
min, its weight is stabilized. Then, the presence of ei-
ther exogenous or endogenous prostacyclin in the
blood results in disaggregation of the platelet thrombi,
which is followed by a loss in weight of the strip that
is proportional to the concentration of prostacyclin
(measured as 6-keto-PGF1�) reaching the thrombus
(Fig. 1). The pretreatment with COX-2 inhibitors
(e.g., rofecoxib, celecoxib and high dose aspirin) pre-
vented the drug-induced release of PGI2, which sug-
gests that vascular endothelium is the source of pros-
tacyclin. Endothelial nitric oxide free radicals (NO,
EDRF) did not appear to play a major role in this
thrombolytic response because pretreatment with
L-NAME (an eNOS inhibitor) had little effect on the
disaggregatory response to endothelial stimulators.
Initially, we were surprised to observe that streptoki-
nase and other fibrinolytic agents did not act as

thrombolytics in our assay system. If anything, these
agents increased the weight of thrombi in extracorpo-
real circulation [12, 13, 23–25]. This unexpected find-
ing was most likely because blood platelets were acti-
vated by fibrinolytic agents [26, 27, 38] or anti-
streptokinase antibodies [29].

Results

Our modification of BBOT (Fig. 1) allowed us to bio-
assay the arterial blood levels of endogenous prosta-
cyclin (PGI2) that had been released in response to in-
travenous administration of endotheliotropic drugs
such as cholinergic M receptors agonists [2], ACE-Is
[15], arachidonate [30], flavonoids [34] or nicotinic
acid derivatives [1, 5, 33].

In principle, we measured the degree of platelet
clot disaggregation over a collagen strip superfused
with heparinized arterial blood. Actually, this clot was
composed of tightly packed platelet clumps with
a well preserved internal structure for each platelet.
The most potent endothelial PGI2 releasers appeared
to be lipophilic ACE-Is such as perindopril or quina-
pril. In reality, these drugs have been shown to exert
their beneficial thrombolytic effects as bradykinin po-
tentiating factors (BPFs) via potentiating effects of
endogenous bradykinin at the level of endothelial B2
receptors, which then trigger the release of PGI2. In-
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Fig. 1. An assembly for the ex vivo assay of
thrombolytic properties of drugs capable of re-
leasing endogenous prostacyclin, which then
dissipate platelet thrombi in extracorporeal cir-
culation. Heparinized arterial blood superfuses
(2–4 ml min��) a collagen strip (green) and is
then returned to the venous system of the ex-
perimental animal (e.g., mongrel cat or Wistar
rat under general anesthesia). In the case of
human volunteers, the blood is not pumped
back into circulation and is discarded after
a short period of superfusion (ca. 15 min). Fig-
ure insets (a, b) show the structure of a throm-
bus formed over a collagen strip during its su-
perfusion with cat’s blood. Gomori trichrome
staining of the collagen strip (green) with ad-
herent platelet aggregates (pale) and a few
blood cells (red)



deed, pretreatment with icatibant (a B2 receptor an-
tagonist) abolished both effects of quinapril (i.e., dis-
sipation of platelet aggregates and the endothelial re-
lease of PGI2). Another unique endothelial PGI2
releaser in our assay system appeared to be 1-methyl-
nicotinamide (1-MNA+), which arises from the enzy-
matic methylation of nicotinamide by a specific N-
nicotinamide-methyl-transferase (NNMT). The spe-
cies differences in potency of NNMT seem to be re-
sponsible for the high thrombolytic activity of nicoti-
nates in our assay system in humans [5] and in cats
[33], which is in contrast to the much weaker (if any)
thrombolytic potency observed in rats [4]. Notably,
rats require preformed 1-MNA+ to produce a throm-
bolytic response.

Discussion

Vascular endothelium well deserves the name the
“Maestro of Blood Circulation”, which was given to
it by John Vane [35, 36] due to its ability to generate
prostacyclin (PGI2) from arachidonate via the endo-
thelial COX-2 pathway and nitric oxide (NO•) from
L-arginine via the eNOS pathway. Clinically, the
most important PGI2 releasers are the lipophilic
angiotensin converting enzyme inhibitors such as
quinapril, perindopril or ramipril (a class of hypoten-
sive drugs), which act at the level of endothelial cells
as bradykinin potentiating factors. In vivo, the admini-
stration of lipophilic ACE-Is results in the accumula-

tion of endogenous bradykinin and over activation of
endothelial B2 receptors, which subsequently stimu-
late the release of prostacyclin from the endothelium.
In that way, drugs that belong to this class of ACE-I/
BPF (apart from being hypotensive) protect the vas-
cular wall from atherosclerotic and diabetic angio-
pathies via the release of PGI2 from the endothelium
[8, 14, 15].

Statins (e.g., atorvastatin and simvastatin) are pri-
marily known as hydroxymethyl-glutaryl reductase
inhibitors, which lower low-density lipoprotein
(LDL) cholesterol plasma levels in patients with athe-
rosclerosis and activate endothelial function. In addi-
tion, apart from stimulating prostacyclin release [15],
they restore the balance between nitric oxide and per-
oxynitrite within the dysfunctional endothelium of
rabbits with experimental atherosclerosis [19, 20].
Moreover, statins also activate endothelial heme
oxygenase-1 (HO-1) and COX-2. Therefore, statins
may be considered universal triggers for the activa-
tion of the endothelial defensive triad (eNOS, COX-2
and HO-1) [20].

Additional candidates for being endothelial PGI2 re-
leasers are thromboxane synthetase inhibitors (TXS-I),
which redirect the common substrates (PGG2 and
PGH2) from being inactivated by TXS-I toward pros-
tacyclin synthase (PGI-S). In our cat model, dazoxiben
(a TXS-I with an ED50 = 3.8 mg kg–1 intravenously)
produced thrombolysis that could be antagonized by
pretreatment with high dose aspirin [23].

Cholinergic M receptor agonists [2], thienopyri-
dines (e.g., ticlopidine, clopidogrel and their conge-
ners) [10], flavonoids (e.g., myrecetin, quercetin and
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Quinapril-induced thrombolysis ( rat 1 )

depends on the release of endothelial

bradykinin ( rat 2 )

&

prostacyclin ( rat 3 )

Thrombolytic response to quinapril (rat 1) depends on its BPF properties since it

is blunted by pretreatment with a bradykinin B2 receptor antagonist – icatibant

(rat 2). It is also mediated by prostacyclin since it abolished by the pretreatment

with a high dose of indomethacin that inhibits endothelial COX-2 activity (rat 3).

Fig. 2. The thrombolytic effect (THR) of
a lipophilic ACE-I BPF (quinapril) at
a non-hypotensive dose of 30 µg kg��

(BP) in a Wistar rat. Thrombolysis can
be inhibited by pretreatment with ei-
ther icatibant (a bradykinin B

�
receptor

antagonist) or with rofecoxib (a selec-
tive COX-2 inhibitor). The thrombolysis
by quinapril was associated with the
selective release of 6-keto-PGF

��

(a product of the spontaneous degra-
dation of PGI

�
) into arterial blood, while

no concomitant changes in blood lev-
els of PGE

�
and TXB

�
were observed



rutin) [11, 34], and nicotinic acid derivatives may also
act as endothelial prostacyclin releasers. In humans ex

vivo, xanthinol nicotinate was found to inhibit platelet
aggregation [32]. In 1983, our group used the blood-
superfused collagen tendon assay in patients with pe-
ripheral arterial obliterative disease (PAOD) to dem-
onstrate that �-pyridinecarbinol released a prostacy-
clin-like activity into arterial blood, which showed up
due to its anti-platelet and thrombolytic properties [5].
A year later, Œwiês and D¹browski [33] demonstrated
in anesthetized cats that nicotinic alcohol, nicotinic
acid or nicotinamide (either of them when adminis-
tered intravenously) caused the release of an unstable
prostanoid into the arterial blood, which disaggre-
gated platelet thrombi over an arterial blood superfused
collagen strip. Twenty-three years later, Ch³opicki et
al. [4] discovered that in anesthetized rats (unlike in
cats) [33], the platelet aggregates adhering to the col-
lagen strip were hardly dispersed by nicotinamide. In
contrast, 1-methylnicotinamide (1-MNA+), which is
the primary natural metabolite of nicotinamide (syn-
thesized by Jerzy Gêbicki) [4], exerted a similar phar-
macologic activity. This important finding suggested
that there are profound interspecies differences in the
ability to metabolize nicotinamide to 1-MNA+, which
is the final metabolite that serves as the most powerful
prostacyclin releaser from vascular endothelium [4].
Furthermore, the rate and speed of enzymatic methy-
lation of nicotinamide seems to vary among humans
and various animal species.

In summary, this original bioassay technique (the
blood superfused collagen strip) [1, 2, 5, 10–15,
23–25, 27, 30, 33, 34] has allowed investigators to
elucidate otherwise unknown endothelial PGI2-med-
iated mechanisms of action for known cardiovascular
drugs such as ACE-Is (e.g., quinapril and perindo-
pril), TXS-I (e.g., dazoxiben), nicotinic acid deriva-
tives (e.g., 1-MNA+) and many others [9].
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