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Introduction

Leukocyte-endothelial cell adhesion has been implicated in the
pathogenesis of a variety of diseases that affect different organ
systems. Examples of such diseases include atherosclerosis,
gastric ulcers, haemorrhagic shock, myocardial infarction,
stroke, and malaria (Korthuis et al., 1994; Panés & Granger,
1998). The recognition that leukocytes must firmly adhere to
vascular endothelial cells in order to mediate the organ
dysfunction and tissue injury associated with these diseases
has resulted in an intensive effort to define the factors that
modulate this cell-cell interaction. A major focal point of this
effort has been directed towards identifying and characterizing
the adhesion glycoproteins that enable leukocytes to bind to
vascular endothelial cells. Data derived from both in vitro
(isolated leukocytes binding to monolayers of cultured
endothelial cells) and in vivo (intravital microscopic examina-
tion of venules) models of leukocyte-endothelial cell adhesion
have revealed the relative contributions of different leukocyte
and endothelial cell adhesion molecules (CAMs) to the
adhesion responses elicited by various inflammatory stimuli.
These studies have also led to an appreciation of the potential
cellular and molecular loci that can be targeted to interfere
with leukocyte-endothelial cell adhesion. As a result, there is a
widely held view that several of these loci also represent novel
and potentially powerful therapeutic sites for treatment of
acute and chronic inflammatory diseases. The major objective
of this review is to discuss some of the major potential targets
for therapeutic intervention against inflammation that relate to
the process of leukocyte-endothelial cell adhesion and more
specifically to the regulation of endothelial CAM expression.
That discussion is preceded by a brief description of the major
CAMs that participate in the recruitment of leukocytes into
inflamed tissue and how the expression of these CAMs is
coordinated to ensure an orderly sequence of cell-cell
interactions.
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Adhesion Molecules

Both leukocyte and endothelial CAMs participate in slowing
the leukocyte as it exits the capillary and enters the
postcapillary venule, which is the major site of leukocyte-
endothelial cell adhesion. The initial low affinity interaction
between leukocytes and venular endothelium is manifested as a
rolling behaviour. Rolling leukocytes can then become firmly
adherent (stationary) on the vessel wall, where the process of
transendothelial leukocyte migration can occur if a chemotac-
tic signal is generated in the perivascular compartment. Each
of the three stages of leukocyte recruitment (Figure 1), i.e.,
rolling, firm adhesion (adherence) and transendothelial
migration, involves the participation of different families of
adhesion molecules, including the selectins, fS-integrins, and
supergene immunoglobulins (Table 1).

Selectins

L-selectin  The selectins are a family of lectin-like molecules
that mediate leukocyte rolling. L-selectin is normally expressed
on most circulating leukocytes while its ligand is only present
on activated endothelium. L-selectin is shed from the surface
of activated neutrophils, which consequently limits the ability
of these cells to roll on endothelial cells (Tedder et al., 1995a).
Mutant mice that are genetically deficient in L-selectin exhibit
an attenuated leukocyte recruitment after an inflammatory
stimulus (Tedder et al., 1995b). L-selectin binds to a number of
different CAMs expressed on the endothelial cell (Table 1)
including P-selectin, E-selectin and GlyCAM.

P-selectin - This adhesion molecule is expressed on the surface
of activated endothelial cells and platelets. It is stored in
Weibel-Palade bodies in endothelial cells and in alpha-granules
in platelets. When endothelial cells are stimulated (e.g. with
thrombin or histamine), P-selectin is mobilized to the surface
of activated endothelial cells within minutes, after which it is
either recycled back inside the cell membrane or shed into the
plasma (Tedder et al., 1995a). During inflammation, endothe-
lial P-selectin acts to recruit leukocytes into postcapillary
venules, while platelet-associated P-selectin promotes the
aggregation of leukocytes with platelets to form thrombi
(Kunkel et al., 1996). Endothelial cells can also synthesize and
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Figure 1 Steps in the recruitment of leukocytes in postcapillary venules. (A) illustrates that in the absence of an inflammatory stimulus,
leukocytes are largely flowing in the stream of red cells with no adhesive interactions with venular endothelium. (B) illustrates the low affinity
interaction between leukocytes and endothelium that is mediated by selectins and manifested as rolling. (C) illustrates that activation of
leukocytes and/or endothelial cells can result in stationary adhesion of leukocytes. (D) illustrates that firmly adherent leukocytes can emigrate
from venules into the adjacent interstitial compartment, usually along a chemotactic gradient.

express P-selectin in response to endotoxin or cytokines.
However, important species difference have been observed in
the response to these stimuli: whereas tumour necrosis factor-
alpha (TNF-o) and endotoxin increase expression of P-selectin
in murine endothelial cells (Eppihimer et al., 1996; Pan et al.,
1998b), they do not do so in human endothelial cells (Yao et
al., 1996). This differential response may be related to
differences in the P-selectin promoter among species (Pan et
al., 1998a). Leukocytes normally express several ligands for P-
selectin, including L-selectin and P-selectin glycoprotein
ligand-1 (PGSL-1) (Panés & Granger, 1998).

E-selectin  Unlike P-selectin, the expression of E-selectin on
endothelial cells is entirely under transcriptional control. While
E-selectin is not constitutively expressed on endothelial cells,
its synthesis (and expression) can be induced by cytokines such
as interleukin-1 (IL-1) and TNF-« or by endotoxin (Fries ef al.,
1993). E-selectin expression is detected as early as 2 h after
endotoxin stimulation and returns to baseline values by 8 h.
This contrasts with P-selectin which has an early peak derived
from the preformed pool, a further transcription-dependent
elevation that peaks at about 5 h, followed by a sustained level
of expression beyond 12 h (Eppihimer ez al., 1996). Ligands on
the leukocyte for E-selectin include L-selectin and E-selectin
ligand (ESL).

Integrins

Integrins are heterodimeric proteins consisting of alpha and
beta subunits. These glycoproteins are expressed on the surface
of leukocytes, where they can mediate leukocyte-endothelial
cell adhesion within a few minutes after an inflammatory

stimulus. The specificity of the various integrins depends on
their molecular structure. The integrins associated with
leukocyte adhesion belong to the beta-1, beta-2 and beta-7
subfamilies. Members of the beta-2 subfamily contain one of
four different alpha chains designated CD11a, CD11b, CDl ¢,
and CD11d that are coupled to a common beta chain, CD18
(see Table 1). The heterodimer CD11a/CD18 is expressed on
the surface of most leukocytes and interacts with ICAM-1 and
ICAM-2 on endothelial cells to cause firm adhesion (Marlin &
Springer, 1987). This integrin is not stored to any appreciable
degree within the leukocyte so upregulation most likely results
from a conformational change that allows the leukocyte to
interact with ICAM-1 (Panés & Granger, 1998).

The heterodimers CD11b/CD18 and CDI11¢c/CDI18, ex-
pressed by granulocytes and monocytes, are stored in
granules and on activation of the leukocyte are rapidly
mobilized to the cell surface by fusion with the cell membrane
(Panés & Granger, 1998). Activation by inflammatory
mediators such as PAF or cytokines such as TNF-a results
in a 10—30 fold increase in expression of these integrins on
the cell surface. CD11b/CDIS8 interacts with ICAM-1 on
endothelium while the ligand for CDI11c/CD18 remains
uncertain. The role for the recently described CD11d/CD18
(Shelley et al., 1998) in leukocyte recruitment has not been
established. Immunoneutralization of these integrins by
appropriately directed antibodies will prevent the adhesion
of activated leukocytes to activated endothelium. The
adhesion of unstimulated leukocytes to endothelial cells is
mediated by CDI11a/CDI18-ICAM-1 interactions while acti-
vated leukocytes use both CD11a/CD18 and CD11b/CD18 to
bind to ICAM-1 on the endothelium. The biologic
importance of the beta-2 integrins was demonstrated
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Table 1 Adhesion molecules involved in leukocyte-endothelial cell adhesion

Adhesion Molecule Location Constitutive
Selectin family
L-Selectin All leukocytes Yes
P-Selectin Endothelial cells, Yes
platelets
E-Selectin Endothelial cells No
Integrin family
CDI11a/CDI18 All leukocytes Yes
CD11b/CD18 Granulocytes, Yes
monocytes
CDl1l1c¢/CDI18 Granulocytes, Yes
monocytes
ouf (VLA) Lymphocytes, Yes
monocytes,
eosinophils
basophils
o4f7 Lymphocytes Yes
Immunoglobulin superfamily
ICAM-1 Endothelium, Yes
monocytes
ICAM-2 Endothelium Yes
VCAM-1 Endothelium No
PECAM-1 Endothelium, Yes
leukocytes,
platelets
MAdCAM-1 Endothelium Yes
(intestine)

Expression
Inducible Ligand Function
No (shed on P-selectin, Rolling
activation) E-selectin, GlyCAM,
CD14, MAdCAM
Yes L-selectin, PSGL-1, Rolling
PSL
Yes L-selectin, CLA, Rolling
SSEA, ESL
No ICAM-1, ICAM-2 Adherence,
emigration
Yes ICAM-1 Adherence,
emigration
Yes ? ?
No VCAM-1, extra- Adherence
cellular matrix
molecules
No MAdCAM-1, Adherence
VCAM-1
fibronectin
Yes CDI11a/CD18 Adherence,
CD11b/CD18 emigration
CD43
No CDI11a/CD18 Adherence,
emigration
Yes oafr, 0af7 Adherence
No PECAM-1 (homo- Adherence,
philic) emigration
Yes L-selectin, Adherence,
ouf7 emigration

CLA, cutaneous lymphocyte antigen; ESL, E-selectin ligand; ICAM, intercellular adhesion molecule; MAdCAM, mucosal address in
cell adhesion molecule; PECAM, platelet-endothelial cell adhesion molecule; PSGL, P-selectin glycoprotein ligand; PSL, P-selectin
ligand; SSEA, sialyl stage-specific embryonic antigen; VCAM, vascular cell adhesion molecule; VLA, very late antigen.

dramatically by the identification of its deficiency in humans.
Leukocyte adhesion deficiency is an autosomal recessive trait,
characterized by recurrent infections, impaired pus formation
and would healing, and abnormalities of many adhesion
dependent functions of granulocytes, monocytes and lym-
phoid cells (Anderson et al., 1985). Features of this disorder
can be attributed to deficiency of the cell-surface expression
of the entire CD11/CD18 complex, which is, in turn, a result
of heterogeneous mutations of the CD18 gene (Anderson et
al., 1985). A major role for the beta-2 integrins in mediating
leukocyte-endothelial cell adhesion is also supported by
experimental results obtained in mutant mice that are
genetically deficient in CD18 (Eppihimer et al., 1997; Horie
et al., 1997a).

Heterodimers of the beta-1 and beta-7 subfamilies also
contribute to recruitment of different leukocyte populations.
The beta-1 integrin a4 /1 (also designated as very late antigen-4
[VLA-4]) mediates the adhesion of lymphocytes, monocytes,
eosinophils and natural killer cells to activated endothelial
cells, which express the counter-receptor, vascular cell
adhesion molecule-1 (VCAM-1) (Elices et al., 1990). The
beta-7 integrin «4f7 is found on lymphocytes that colonize the
gut and gut-associated lymphoid tissue. This integrin binds to
mucosal address in cell adhesion molecule-1 (MAdCAM-1) on
the high endothelial venules of lymphoid tissue and mediates
the normal homing of lymphocytes to Peyer’s patches (Tsuzuki
et al., 1996). It also binds to VCAM-1 under conditions of
inflammation.

Immunoglobulin superfamily

Five members of the immunoglobulin (Ig) superfamily act as
adhesion molecules; ICAM-1, ICAM-2, VCAM-1, platelet
endothelial cell adhesion molecule-1 (PECAM-1) and MAd-
CAM-1. ICAM-1 is normally found on the surface of
endothelial cells, but its expression can be significantly
increased upon endothelial activation with cytokines or
endotoxin. This upregulation varies from one vascular bed to
another and, in general, those beds with high constitutive
expression like the lung show less upregulation than vascular
beds with low constitutive expression (e.g., skeletal muscle or
heart). Following endotoxin challenge, peak ICAM-1 expres-
sion occurs at around 5 h and remains elevated for 24 h (Panés
et al., 1995). ICAM-1 binds to CD11a/CD18 and CDI11b/
CD18 on leukocytes and peak levels of ICAM-1 expression are
associated with maximum leukocyte adherence. A soluble
isoform of ICAM-1 (sICAM-1), which represents shed
fragments of endothelial ICAM-1, can be detected in plasma
during inflammation (Komatsu et al., 1997). While there is
some evidence suggesting that SICAM-1 binds to CD11/CD18
on leukocytes, the functional consequences of this binding
remains unclear. However, the importance of ICAM-1 in
mediating the recruitment of leukocytes has been demon-
strated using both ICAM-1 blocking antibodies and ICAM-1
deficient mice. ICAM-2 is constitutively expressed on
endothelial cells and this expression is not influenced by the
level of activation of the endothelial cell. ICAM-2 binds to
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CD11a/CD18 but with a lower affinity than ICAM-1 (Panés &
Granger, 1998).

VCAM-1, which can bind to both «4f1 and «4f7 on
leukocytes, mediates the trafficking of monocytes and
lymphocytes. While the constitutive level of VCAM-1
expression is significantly lower than that of ICAM-I,
profound increases in VCAM-1 density on endothelial cells
are noted 5-9 h after cytokine stimulation (Henninger et al.,
1997). PECAM-1, which is constitutively expressed on
platelets, leukocytes and endothelial cells, mediates the
adhesion of both platelets and leukocytes to endothelial cells
(via homophilic interactions) and the migration of leukocytes
through endothelial cells (Muller et al., 1993) as well as
migration of these cells through the perivascular basement
membrane (Wakelin ez al., 1996). While cytokine challenge
does not result in an increased expression of PECAM-1 on
endothelial cells, the adhesion molecule is redistributed to the
borders of adjacent endothelial cells where it participates in
endothelial cell-cell interactions that affect leukocyte transmi-
gration and microvascular permeability (Romer et al., 1995).

MAdCAM-1 is expressed on high endothelial venules.
MAdCAM-1 serves as a ligand for L-selectin and o437 integrin
and it is involved in lymphocyte homing to Peyer’s patches.

Modulation of leukocyte-endothelial cell
adhesion

Data derived from both in vitro and in vivo studies have
implicated a number of chemical and physical factors that can
influence both the time-course and magnitude of leukocyte-
endothelial cell adhesion. The principal physical influence on
the adhesion process is shear stress, a force that is generated by
the movement of blood in postcapillary venules. Venular wall
shear stress determines the level of leukocyte rolling and firm
adhesion, and it dictates the contact area between rolling
leukocytes and the endothelial cell surface. Reductions in
venular blood flow (shear stress) facilitate leukocyte rolling
and adhesion, while increases in blood flow tend to oppose
leukocyte-endothelial cell adhesion. At low shear rates, the
contact time between adhesion molecules on leukocytes and
endothelial cells is increased thereby allowing greater
opportunity for formation of the strong adhesive bonds that
is necessary for a rolling leukocyte to become stationary (Panés
& Granger, 1998).

A large number of biological chemicals have been identified
that either inhibit or promote leukocyte-endothelial cell
adhesion (see Table 2). Most of the chemicals identified as
modulators of leukocyte adhesion fall into the category of pro-
adhesive agents. Some of these agents, such as histamine,
platelet activating factor and IL-8, can rapidly (within 2—
3 mins) increase the level of activation and/or expression of
adhesion molecules on leukocytes (e.g., CD11b/CD18) and/or
endothelial cells (e.g., P-selectin). Other pro-adhesive agents,
such as the cytokine TNF-z, act more slowly to promote
leukocyte adhesion by enhancing the transcription-dependent
expression of endothelial cell adhesion molecules that act to
extend and further increase the leukocyte rolling (E-selectin)
and adherence/emigration (ICAM-1) responses.

The list of endogenous anti-adhesive chemicals that have
been identified to date is relatively small. These agents tend to
exert their inhibitory actions on both the leukocyte and
endothelial cell, and the underlying mechanisms of action
remain poorly understood. Some of the anti-adhesive
compounds (nitric oxide, PGI2, and adenosine) are also potent
vasodilators, which raises the possibility that their actions in

Table 2 Modulation of leukocyte-endothelial cell adhesion

Target
Endothelium Leukocyte
Antiadhesive
Cytokines IL-4, IL-10, IL-13 IL-4, IL-10, IL-13
Prostaglandins Prostaglandin I,
Other Adenosine Adenosine
Nitric oxide Nitric oxide
Glucocorticoids
Proadhesive
Cytokines TNFo, TNFy TNF-o
IL-1, IL-4, IFN-y  IL-1, IL-3, IL-5
Chemokines 1L-8, MCP-1
Lipid mediators Leukotriene By Leukotriene By
PAF PAF
LPS LPS
C3b, C5a
Peptides Histamine Neuropeptides

The table lists examples and is not intended to be a
comprehensive list of all mediators under each category.

vivo can be attributed to increases in venular shear rate.
However, there is substantial evidence suggesting that
increased shear rates account for only a small component of
the inhibitory effect on leukocyte-endothelial cell adhesion.
Nitric oxide and glucocorticoids appear to exert at least some
of their effects by inhibiting the transcription-dependent
expression of endothelial cell adhesion molecules (Panés &
Granger, 1998).

Targets for therapeutic intervention

The cellular and molecular basis for the recruitment of
leukocytes to sites of inflammation is highly complex and
multifactorial, however there is sufficient experimental
evidence in the literature to outline the key elements and
sequential nature of this process. As illustrated in Figure 2, the
inflammatory response involves the participation of multiple
cell types, including circulating leukocytes, vascular endothe-
lial cells, and perivascular cells (e.g., mast cells, macrophages),
with the latter cells contributing to the initiation and
perpetuation of inflammation through the generation of a
variety of inflammatory mediators. Following the primary
insult (infection, injury, or hypersensitivity reaction), macro-
phages and mast cells are stimulated (e.g., by activated
complement) to release mediators, such as histamine, oxygen
radicals, platelet activating factor, leukotrienes, and cytokines.
The engagement of histamine, leukotrienes and certain other
mediators with their receptors on endothelial cells results in the
rapid mobilization of P-selectin from its preformed pool in
Weibel-Palade bodies to the cell surface. Hence, within
minutes there is an increased recruitment of rolling leukocytes
in postcapillary venules that allows for an enhanced exposure
of the previously circulating cells to other mediators liberated
from the inflamed tissue. The slowly rolling leukocytes are
exposed to PAF, leukotrienes, and other mediators that
rapidly activate, and then promote the shedding of, L-selectin
on leukocytes. As the L-selectin is shed, there is a
corresponding increase in the expression and activation of
p2-integrins on leukocytes. The newly expressed and/or
activated CD11/CDI18 can then bind to its counter-receptor
ICAM-1, which is constitutively expressed on endothelial cells.
The p2-integrin/ICAM-1 adhesive interactions enable the
inflamed tissue to recruit firmly adherent and emigrating
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Figure 2 Mechanisms underlying the expression of adhesion molecules on leukocytes and endothelial cells at the onset of
inflammation. Perivascular cells such as mast cells and macrophages initiate the response by releasing a variety of inflammatory
mediators. Engagement of lipid mediators (LTB4 and PAF) with receptors on neutrophils results in the activation of f,-integrins
(CD11/CD18). Engagement of histamine with its receptor (H1) on endothelial cells results in the rapid mobilization of preformed P-
selectin from its storage site (Weibel-Palade bodies). Engagement of cytokines (e.g., TNFa) to their receptors on endothelial cells
lead to the activation of nuclear transcription factors (e.g., NF-xkB) that stimulates the synthesis of adhesion glycoproteins, such as
VCAM-1, ICAM-1, and E-selectin, which are subsequently expressed on the cell surface.

leukocytes within a few minutes after the initial insult. This
intimate interaction also allows PECAM-1, which is constitu-
tively expressed on both endothelial cells and leukocytes, to
promote the homophilic adhesion and emigration of leuko-
cytes.

While the rapid inducers of leukocyte rolling, adherence and
emigration are eliciting their actions, mast cell- and macro-
phage-derived cytokines engage with their receptors on
endothelial cells. This ultimately (via specific signalling
pathways) leads to the activation of nuclear transcription
factors that modulate the biosynthesis of endothelial cell
adhesion molecules that mediate leukocyte rolling (E-selectin)
and adherence (ICAM-1, VCAM-1). Consequently, within a
few hours (2—4) after the initial inflammatory insult, there is a
profound increase in the density of virtually all endothelial cell
adhesion molecules that participate in the trafficking of
leukocytes during inflammation. As a result of this increased
endothelial CAM expression, the recruitment of leukocytes can
be sustained at both a higher level and for a longer duration.

The sequence of events described above suggest that there
are several potential cellular and molecular loci that can be
targeted to interfere with the leukocyte-endothelial cell
adhesion associated with inflammation. The following section
addresses three potential targets for therapeutic intervention
against inflammation that relate to the process of leukocyte-
endothelial cell adhesion. These are: (1) inflammatory
mediator release and receptor engagement, (2) adhesion
molecule synthesis, and (3) adhesion molecule function.

Inflammatory mediators

Experimental findings A large number of mediators have
been implicated in the initiation of leukocyte-endothelial cell
adhesion during inflammation (Table 2). Several experimental
strategies have been employed to assess the contribution of
specific mediators to this facet of the inflammatory response.
These include: (1) detection of the mediator at sites of in-
flammation characterized by leukocyte adhesion, (2) demon-
stration that leukocyte-endothelial cell adhesion can be
induced by exposure of non-inflamed venules to an exogenous
source of mediator, and (3) inhibition of leukocyte adhesion by
agents known to either antagonize or inhibit the production of
the mediator. Several inflammatory mediators, including his-
tamine, PAF, LTB4, cytokines, and chemokines have been
shown to promote leukocyte rolling, adherence and/or emi-
gration when applied directly to postcapillary venules (Panés &
Granger, 1998). A role for specific leukocyte and/or en-
dothelial cell adhesion molecules in mediating these actions has
been demonstrated for most of the mediators using either
monoclonal antibodies directed against the CAMs (Zimmer-
man et al., 1994a) or mice that are genetically deficient in a
specific CAM (Kunkel et al., 1996; Xu et al., 1994). In some
instances (e.g., histamine and cytokines), corroborative in vivo
evidence of CAM involvement has been obtained from quan-
titative estimates of endothelial CAM expression in different
vascular beds after administration of the inflammatory med-
iator (Eppihimer ef al., 1996; Henninger et al., 1997).
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Antagonists to histamine (Kurose et al., 1994c), PAF
(Kubes et al., 1990b), leukotrienes (Zimmerman et al., 1990),
1L-8 (Mulligan ez al., 1993) and TNF-o (Appleyard et al.,
1996) have been shown to prevent or attenuate the leukocyte-
endothelial cell adhesion observed in different models of acute
or chronic inflammation. For example, the histamine receptor
(H1) antagonist hydroxyzine has been shown to markedly
reduce the leukocyte-endothelial cell adhesion and consequent
microvascular injury elicited by Clostridium difficile toxin A
(Kurose et al., 1994c). Both PAF- (e.g., WEB 2086) and LTB4-
receptor (SC41930) receptor antagonists have proven effective
in reducing the leukocyte adhesion observed in tissues exposed
to either ischaemia and reperfusion (Kubes er al., 1990a;
Zimmerman et al., 1990) or to inhibition of nitric oxide
biosynthesis (Arndt ez al., 1993). Finally, a role for LTB4 in
mediating the leukocyte-endothelial cell adhesion induced by
non-steroidal anti-inflammatory drugs, such as aspirin and
indomethacin, has been demonstrated using both an LTB4-
receptor antagonist (SC41930) and a leukotriene biosynthesis
inhibitor (L663,536) (Asako et al., 1992).

The involvement of inflammatory mediators in leukocyte-
endothelial cell adhesion has also been addressed using agents
that are known to stabilize or inhibit the function of
perivascular cells that produce and release inflammatory
mediators. Mast cell stabilizers have been shown to attenuate
the leukocyte-endothelial cell adhesion elicited in postcapillary
venules by either ischaemia-reperfusion (Kurose et al., 1997),
oxidized low density lipoproteins (Liao & Granger, 1996),
Helicobacter pylori (Kurose et al., 1994b), or Clostridium
difficile toxin A (Kurose et al., 1994c). Kupffer cells, the
resident macrophages of the liver, have also been implicated in
the recruitment of adherent leukocytes. It was shown that
treatment with gadolinium chloride, which reduces Kupffer
cell function, reduces the recruitment of adherent leukocytes in
terminal hepatic venules to the same low level as observed after
administration of a TNF-o blocking antibody in a model of
ischaemia-reperfusion (Horie et al., 1997b).

Therapeutic applications A number of drugs have been
developed to antagonize the actions of inflammatory
mediators. While many of these drugs, including antihista-
mines and mast cell stabilizers are widely used in the treatment
of inflammation, there is no evidence that directly implicates
inhibition of leukocyte-endothelial cell adhesion as a primary
mode of action. Nonetheless, data derived from experimental
models of inflammation suggest that these agents are likely to
interfere with the expression of either leukocyte or endothelial
CAM. 1t also reasonable to assume that the new generation of
mediator-directed therapeutic agents such as soluble IL-1
receptor antagonists or TNF-« antibodies, which have proven
anti-inflammatory actions in the clinical setting (Fisher et al.,
1994; Targan et al., 1997), exert at least part of their effect
through inhibition of endothelial CAM expression.

A major advantage of inflammatory mediator antagonists is
their ability to suppress different components of the
inflammatory response. For example, PAF and LTB4
antagonists may also act by interfering with the ability of
granulocytes to produce oxygen radicals, release proteases,
and increase the expression of [2-integrins. Similarly,
cytokine-directed inhibitors can blunt the inflammatory
responses of macrophages, mast cells, and circulating
leukocytes, all of which release mediators that can amplify
the expression of endothelial CAMs. However, a major
disadvantage of inflammatory mediator-directed therapeutic
strategies is their reliance on the assumption that a single
mediator can orchestrate all or most of the redundant

processes that contribute to leukocyte recruitment. The large
number of mediators that can elicit the upregulation of
leukocyte rolling receptors alone would argue against the
wisdom of this strategy. Nonetheless, it is reasonable to
assume that administration of several antagonists should prove
more effective in inhibiting the CAM expression associated
with inflammation.

Adhesion molecule synthesis

An important target for therapeutic intervention against
inflammation that relates to the process of leukocyte-
endothelial cell adhesion is endothelial CAM biosynthesis.
Targeting this process has the potential to impact the
expression of all endothelial CAMs and consequently exert a
profound inhibitory effect on leukocyte recruitment. While
there are several strategies that can be used to inhibit the
biosynthesis of endothelial CAMs, some of these have recently
received considerable attention and appear to hold much
promise.

Nuclear transcription factors Inducible gene expression is a
key regulatory mechanism that requires transcriptional
activator proteins whose DNA binding or transcription
activity is induced upon exposure of cells to specific stimuli.
Of the many transcription factors that have been described,
nuclear factor kappa-B (NF-xB) and activation protein-1 (AP-
1) appear to be particularly relevant to the regulation of genes
involved in the inflammatory cascade. Both factors represent
families of polypeptides with related DNA-binding activity but
distinct transactivating potential.

NF-kB is an inducible, multisubunit transcription factor of
higher eukaryotes. The DNA-binding forms of NF-xB exist as
dimeric complexes composed of various combinations of
members of the Rel/NF-xkB family of polypeptides. NF-xB
dimers (e.g., p50/p65) are normally sequestered in the cytosol
of unstimulated cells via noncovalent interactions with a class
of inhibitory proteins called IxBs. These inhibitory proteins
prevent nuclear transport and DNA binding of NF-xB/Rel
proteins. Signals that induce NF-xB activation cause the
dissociation and subsequent degradation of IkB proteins,
which allows NF-xB dimers to enter the nucleus and induce
gene expression (May & Ghosh, 1988).

NF-kB plays an important role in the expression of a large
number of inducible genes, many of which contribute to the
cellular responses to stress, injury and inflammation. Conse-
quently, NF-kB can be activated by signals that are associated
with such states, including cytokines (such as IL-1 and TNF-
o), bacterial endotoxins, and pro-apoptotic and necrotic
stimuli such as oxygen free radicals, u.v. light and gamma-
irradiation. When cells are exposed to these pathogenic stimuli,
a cascade of events leads to the phosphorylation and
subsequent degradation of IkB, resulting in NF-xB liberation
and its entry into the nucleus, where it activates gene
expression (Baeuerle, 1998). NF-xB activation is triggered by
the phosphorylation and subsequent conjugation of IxkB with
ubiquitin, which makes IxB a substrate for degradation by the
proteasome proteolytic pathway. Peptide aldehyde inhibitors
of the proteasome such as calpain inhibitor 1 and MG-132
(Brown et al., 1995) have been shown to block the degradation
of IxB and consequent activation of NF-xB that is elicited by
TNF-a.

AP-1 is another transcription factor that is composed of
homo- and heterodimers of the products of the jun and fos
proto-oncogenes. AP-1 subunits include c-jun, jun-B, jun-D, c-
Fos, Fos-B, Fra-1 and Fra-2 (Karin & Smeal, 1992). AP-1
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activity is induced by many stimuli, including phorbol esters
(which activate protein kinase C), polypeptide hormones,
cytokines and hydrogen peroxide (Angel & Karin, 1991;
Roebuck et al., 1995). Several mechanisms account for the
regulation of AP-1 activity, including phosphorylation and
postranslational modification (Angel & Karin, 1991).

Transcription factors and adhesion molecule expression

Binding sites for NF-xB have been identified in the promoter
regions of the genes for E-selectin, VCAM-1 and ICAM-1,
while a binding site for AP-1 has been localized on the
promoter region of the ICAM-1 gene. Point mutations which
decrease NF-«B binding to kB elements result in diminished
cytokine-induced E-selectin expression on cultured endothelial
cells, suggesting that NF-«B plays an important role in
cytokine induction of the E-selectin gene (Essani et al.,
1996). Two closely spaced functional kB elements have also
been identified in the MAdCAM-1 promoter (Takeuchi &
Baichwal, 1995). The increased ICAM-1 expression on
endothelial cells exposed to hydrogen peroxide (Lo er al.,
1993) appears to be mediated through AP-1, and independent
of kB elements (Roebuck et al., 1995). Therefore, hydrogen
peroxide and cytokines appear to activate ICAM-1 gene
transcription in endothelial cells through distinct cis-regulatory
elements within the ICAM-1 promoter.

It was recently demonstrated that inhibitors of the
proteasomal degradation pathway for IxB lead to decreased
nuclear accumulation of NF-xB and the subsequent abroga-
tion of TNF-« induced cell-surface expression of E-selectin,
VCAM-1, and ICAM-1 in endothelial cells (Read et al., 1995).
This response has important functional consequences because
proteasome inhibitors also block both the adherence and
emigration of leukocytes in human endothelial cell mono-
layers.

Therapeutic applications Recent evidence indicates that the
transcription factors AP-1 and NF-xB are major targets for
some of the commonly used anti-inflammatory drugs including
glucocorticoids, aspirin, salicylates, gold salts and D-penicilla-
mine. Glucocorticoids activate the glucocorticoid receptor
(GR) in the cytosol, which then form GR-GR homodimers
that bind a specific DNA sequence termed the glucocorticoid
response element (GRE). Increased transcription of genes
bearing a GRE in their promoter region follows. In addition to
positive regulation of gene expression, glucocorticoids inhibit
the expression of a wide variety of genes involved in the
inflammatory process.

An improved understanding of the anti-inflammatory
mechanism of glucocorticoids came from the observation that
ligand activated GR inhibits AP-1 and NF-xkB mediated
transcription (reviewed in Cato & Wade, 1996). For example,
glucocorticoids inhibit the NF-xB mediated expression of
adhesion molecules ICAM-1 (Tailor et al., 1997), VCAM-1
(Tessier et al., 1996), and E-selectin (Brostjan et al., 1997).
Glucocorticoids also inhibit the AP-1 expression of collage-
nases I and IV (Handel, 1997). Several mechanisms for the
mutual antagonism between GR and NF-«xB, and between GR
and AP-1, have been proposed. For example, a direct protein-
protein interaction between the GR and NF-xB has been
proposed that will prevent the binding of GR and NF-«B to
their respective DNA response elements (Ray & Prefontaine,
1994) (Figure 3). Similarly, binding of GR to Jun and Fos has
been thought to cause mutual inhibition of GR and AP-1
DNA binding (Sakurai et al., 1997). Glucocorticoids also
increase transcription of the gene for IxB, thereby increasing

the formation of this protein which binds to activated NF-xB
in the nucleus. The IxB protein probably induces the
dissociation of NF-xB from xB sites on target genes and
causes NF-xB to move to the cytoplasm (Scheinman et al.,
1995).

Recent evidence shows that in human inflammatory bowel
disease (Ardite et al., 1998) and in asthma (Adcock, 1996),
cessation of the inflammatory activity in response to steroid
treatment is associated with disappearance of NF-xB from
nuclear extracts of intestinal or bronchial mucosa, and that
failure to abrogate NF-xB activation results in persistence of
the inflammatory process. In patients with steroid-resistant
asthma, there appears to be an exaggerated activation of AP-1
that binds to and therefore sequesters activated GR inside the
nucleus; this would reduce the availability of GR to inhibit
NF-xB, which is normally activated in such patients (Adcock
et al., 1995).

Gold salts significantly inhibit AP-1 DNA binding in
nuclear extracts at concentrations of 5 mMm, which is within
the range achieved in the serum of rheumatoid arthritis
patients under this treatment. Gold salts have also been shown
to inhibit IL-1 induced expression of NF-xB and AP-1
dependent transfected reporter genes (Williams et al., 1992)
and to inhibit DNA binding activity of NF-«xB in vitro (Yang
et al., 1995). Consistent with these effects on pro-inflammatory
transcription factors is the observation that gold salts inhibit
expression of ICAM-1 and VCAM-1 in endothelial cells
(Koike et al., 1994). D-penicillamine inhibits AP-1 DNA
binding in nuclear extracts in the presence of free radicals,
presumably by forming disulphide bonds with the cysteine
residues in the DNA binding domains of Jun and Fos (Handel
et al., 1996). Aspirin and sodium salicylate also inhibit
activation of NF-xB (Kopp & Ghosh, 1994). It has been
shown that salicylate inhibits activation of NF-xkB by
preventing phosphorylation and subsequent degradation of
IxB, and this results in blockade of the TNF-induced increase
in mRNA levels of ICAM-1, VCAM-1 and E-selectin, and a
dose-dependent inhibition of TNF-induced surface expression
of these adhesion molecules (Pierce et al., 1996). Indomethacin,
a nonsalicylate cyclo-oxygenase inhibitor, has no effect on
surface expression of adhesion molecules, suggesting that the
effects of salicylate are not due to inhibition of cyclo-oxygenase
(Pierce et al., 1996).

Proteasome inhibitors have been tested in experimental
models of inflammation with promising results. In a rat model
of experimental colitis induced by peptidoglycan/polysacchar-
ide, proteasome inhibition using MG-341 significantly
suppressed the upregulation of VCAM-1 and iNOS in the
colon and this was associated with a reduction of colonic
inflammation (Conner et al., 1997).

Systemic inhibition of NF-xB activation in humans for
prolonged periods carries some risk since there is the potential
for severe immunosuppression and enhanced cytokine-induced
cytotoxicity (Beg & Baltimore, 1996; Wang et al., 1996).
Removal of the p65 gene is lethal to the mouse embryo (Beg et
al., 1995) and p50 knockout mice breed normally but have
increased susceptibility to infections (Sha et al., 1995).
However, because both NF-xB and AP-1 are inducible
transcription factors that act in response to environmental
stimuli, it may be possible to titrate the dose of an NF-xB
directed inhibitor within a dynamic range to achieve a
therapeutic, and subtoxic, response.

Antisense oligonucleotides The potential side effects and
nonspecific actions of the currently used transcription factor
inhibitors have led to a search for drugs that rely on an
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Figure 3 Mechanisms used by the glucocorticoid receptor to inhibit transactivation by transcription factors. (1) After the
glucocorticoid (GC) activates its receptor (GR), a direct protein-protein interaction between GR and transcription factors (TF) will
prevent the binding of TF to the respective DNA response elements. (2) Binding of GR to the promoter region of the IxB gene
results in transactivation; IxB binding NF-xB will prevent binding or displace NF-xB from xB sites. (3) Binding of GR to
glucocorticoid responsive elements modulates TF-induced transactivation.

alternative strategy for regulation of protein synthetic path-
ways that are specifically related to the inflammatory process.
One such approach that has already yielded significant results
is the wuse of antisense oligodeoxynucleotides (ODNs)
(Agrawal, 1996).

Antisense ODNs are single stranded DNA sequences
complimentary to a specific messenger RNA (mRNA). In
theory, antisense ODNSs, through base pairing of complemen-
tary bases, specifically bind to a mRNA thereby blocking the
expression of the gene product (Sharma & Narayanan, 1995)
(Figure 4). The mechanism of antisense ODN inhibition may
involve multiple modalities, including the induction of
RNAase H activity through the formation of an DNA:RNA
hybrid, steric hindrance that interferes with translation, and
inhibition of mRNA processing and transport from the
nucleus (Sharma & Narayanan, 1995). Although ODNs can
undeniably hit their intended targets, when an antisense
molecule elicits a biological response, it can be difficult to
determine whether the response was elicited because the
reagent interacted specifically with its target RNA, or because
some non-antisense reaction — involving other nucleic acids or
proteins — took place. In order to distinguish between
antisense and non-antisense effects, ODNs with an altered
(scrambled) nucleotide sequence of the antisense are employed.
The ability of ODNs to act as sequence-specific inhibitors of
gene expression depends on their entry into the cytoplasm and/
or nucleus. Since ODNs are negatively charged, they cannot
passively diffuse through cellular membranes. Instead, they
appear to enter cells via the processes of adsorptive and fluid-
phase endocytosis (Yakubov et al., 1989). The identity of cell
membrane proteins that bind ODNSs is unclear, however a
number of heparin binding proteins such as fibroblast growth
factors and vascular endothelial growth factors have been
implicated in this process (Guvakova et al, 1995). Of

particular interest is the observation that ODNs may enter
cells via an interaction with the heparin binding protein
CD11b/CDI18 (Benimetsaya et al., 1997). This suggests that
ODNs may be preferentially taken up by activated leukocytes
and thereby exert a more profound influence on leukocyte
function. Upon entering the cell, in order to be effective,
antisense ODNs must be resistant to nucleases, and have
sequence-specific effects (Agrawal, 1996). Although questions
of ODN specificity remain, there is growing evidence that
antisense molecules can be useful pharmacological tools when
applied carefully.

Therapeutic applications Antisense molecules have been
produced to block the production of specific subunits of NF-
kB. In murine embryonic stem cells, antisense ODN raised
against p65 elicit a significant reduction in p65 mRNA, and
have profound effects on cell adhesion properties (Sokoloski et
al., 1993). Treatment of neutrophils with antisense phosphor-
othioate ODN to the p65 subunit of NF-«xB results in a
reduction in the expression of p65 and effectively abolishes the
upregulation of CD11b normally elicited by either formyl-met-
leu-phe and tissue plasminogen activator, indicating that
antisense oligomers to p65 can interfere with neutrophil
adhesion molecules (Narayanan et al., 1993). Antisense
oligonucleotides to p65/p50 also reduce the expression of
CD11b/CD18 on stimulated monocytic HL60 cells (Sokoloski
et al., 1993), and the expression of E-selectin, ICAM-1, and
VCAM-1 on stimulated human umbilical vein endothelial cells
(Lee et al., 1995). A likely consequence of these actions of p65
ODN:s is a profound diminution of the inflammatory response
in mice with TNBS-induced colitis, as well as in IL-10 deficient
mice with colitis. In both models of colitis, administration of
p65 antisense was more effective in treating the inflammatory
disease than glucocorticoids (Neurath et al., 1996).
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Figure 4 Target sites for decoy and antisense ODNs. Antisense ODNs are single stranded DNA sequences that specifically bind to
mRNA, thereby blocking expression of the gene product. Transcription factor (TF) decoys are double stranded ODNs that compete
for protein binding with the authentic binding elements, thereby interfering with gene regulation.

ISIS 2302, an antisense phosphorothioate ODN to human
ICAM-1, appears to selectively inhibit cytokine-induced
ICAM-1 expression in a variety of human cells in vitro and
in vivo (Bennett er al., 1994; Yacyshyn et al, 1998).
Furthermore, a recent pilot study in patients with Crohn’s
disease showed that administration of this drug reduced
ICAM-1 expression in intestinal mucosa and resulted in a
significant decrease in corticosteroid usage relative to placebo
treated patients (Yacyshyn et al., 1998). A murine analogue,
ISIS 3082, has been shown to be active in multiple models of
inflammation, including dextran-sulphate induced colitis
(Bennett et al., 1997), allograft rejection (Stepkowski ez al.,
1994), and endotoxin-induced neutrophil recruitment in the
lung (Kumasaka et al., 1996). Two studies have shown that
treatment of stimulated human umbilical vein endothelial cells
with antisense ODNs directed against ICAM-1, E-selectin, or
VCAM-1 results in selective inhibition of protein expression
and a corresponding reduction of monocyte (or HL-60 cell)
adhesion to the cultured endothelial cells (Bennett et al., 1994;
Lee et al., 1995).

Decoy oligonucleotides Another strategy used to inhibit
components of the inflammatory response is decoy ODNs
that specifically interfere with regulatory proteins (Morishita et
al., 1998). Inhibition of sequence-specific DNA-binding
proteins can be achieved with double-stranded ODNs contain-
ing the specific binding elements. The transcription factor
decoy (TFD) competes for protein binding with the authentic
binding elements and consequently interfere with gene
regulation (Figure 4). The mechanism of TFD action is
distinct from the antisense approach in that the production of

the target protein is unaffected and only its capacity to bind to
the regulatory DNA element is affected. The TFD strategy is
particularly attractive for several reasons: (1) the potential
drug targets (transcription factors) are plentiful and readily
identifiable, (2) synthesis of the sequence-specific decoy is
relatively simple and can be targeted to specific tissues, (3)
knowledge of the exact molecular structure of the target
transcription factor is unnecessary, and (4) decoy ODNs may
be more effective than antisense ODNSs in suppressing an
inflammatory reaction by virtue of their capacity to inhibit
transcription of the multiple genes activated by a given
transcription factor. Like antisense ODNs, the same critical
parameters for optimal function exist, i.e., TFDs must be
nuclease resistant, be taken up by cells, and have sequence-
specific effects. A major concern regarding the use of TFDs is
nonspecific effects, particularly those of phosphorothioate-
substituted ODNs. Non-sequence-specific inhibition may
occur from blockade of cell surface receptor activity or
interference with other proteins (Gibson, 1996). Furthermore,
TFDs containing guanine cytosine dinucleotides may result in
immune activation (Khaled et al., 1996). To address these
concerns, careful controlled experiments must be performed to
eliminate the potential nonspecific effects of TFDs-mediated
therapy. Furthermore, scrambled ODNs with several muta-
tions in the consensus sequence should be used as controls.

Therapeutic applications Based on evidence showing NF-xB
activation and increased adhesion molecule expression in
tissues exposed to ischaemia-reperfusion, the value of
treatment with decoy ODN against NF-xB has been evaluated
in this model of acute inflammation (Morishita et al., 1997). In
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rats, intracoronary administration of NF-xB decoy ODNs
before or after coronary artery occlusion markedly reduces the
size of the myocardial infarct measured at 24 h after
reperfusion. The selectivity of the NF-xB decoy ODN effect
was confirmed by the finding that the reduction in infarct size
was not observed in rats treated with antisense ODN directed
against the iNOS gene. The specificity of the NF-«xB decoy in
inhibiting cytokine and adhesion molecule expression was also
confirmed by in vitro experiments using human and rat
coronary artery endothelial cells that were transfected with
the NF-xB decoy; the decoy ODN inhibited the expression of
ICAM-1, VCAM-1 and E-selectin (Morishita et al., 1997). In
another study of rats subjected to myocardial ischaemia-
reperfusion, the efficacy of a decoy ODN against NF-xB was
confirmed by an enhanced recovery of left ventricular function
and coronary flow in rats treated with the NF-xB decoy ODN,
compared to groups of rats receiving a scrambled decoy or
placebo. The protection against ischaemic damage afforded by
the NF-kB decoy ODN was associated with less neutrophil
adherence to endothelial cells and a lower tissue level of 1L-8
(Sawa et al., 1997). The findings of these two studies suggest
that in vivo administration of decoy ODNs against NF-xB may
be an effective therapeutic strategy for treatment of myocardial
ischaemia.

In a recent study, the two approaches to modulate gene
expression were compared, i.e., the ability of an antisense that
binds to the mRNA for the RelA subunit of NF-«B to inhibit
cytokine production by TNF-stimulated splenocytes was
compared to the responses observed in splenocytes receiving
a decoy with double-stranded ODNs that bind the NF-xB
protein. TNF-ua expression was reduced by both treatments, as
were the levels of IL-2. However, the antisense effects did not
last beyond 24 h, whereas the decoy ODN was shown to
inhibit cytokine production even at 72 h after the initial TNF-
stimulation (Khaled et al., 1998).

Limitations to the application of decoy or antisense ODN
strategies to modulate transcription factor activity are similar
to those discussed above in relation to drugs that block NF-kB
activation, with potential inhibition of normal physiological
responses as the major concern. Therefore, the application of
decoy ODN strategies as gene therapy may be limited to the
treatment of those acute inflammatory conditions (e.g.,
ischaemia-reperfusion) in which activation of transcription
factors plays a pivotal role.

Adhesion molecule function

The experimental approach for attenuation of leukocyte-
endothelial cell adhesion that has received the most attention
is inhibition of adhesion molecule function. This strategy has
proven to be very effective in limiting both acute and chronic
forms of inflammation in animal models and has received
limited attention in the clinical setting. In most of these studies,
inhibition of adhesion molecule function was achieved through
immunoneutralization with monoclonal antibodies that target
specific adhesion glycoproteins. Another strategy has involved
the administration of soluble isoforms of the adhesion
molecules expressed either on leukocytes (e.g., soluble P-
selectin glycoprotein ligand-1 [PSGL-1]) or endothelial cells
(e.g., sSICAM-1).

Monoclonal antibodies (mAbs) have been applied to both in
vitro and in vivo models of inflammation in order to define the
specific contribution of leukocyte and endothelial cell adhesion
glycoproteins to different steps in the recruitment of
leukocytes, i.e., rolling, adherence, and emigration. The same

mADs have also been applied to a variety of animal models of
inflammation, including arthritis, malaria, meningitis, acute
allograft rejection, haemorrhagic shock, and sepsis (Korthuis
et al., 1994). In many model systems, the mAbs have been
shown to blunt the recruitment of leukocytes and to diminish
the tissue injury that usually accompanies the inflammatory
response. The magnitude of the inhibitory effect exhibited by
the mAb varies with the model studied and the adhesion
molecule targeted. Monoclonal antibodies directed against
either the common f-subunit of CDI11/CDI8 or ICAM-1
appear to offer the highest degree of protection in models of
ischaemia-reperfusion injury (Kurose et al., 1994a). P-selectin-
directed mAbs have also shown efficacy in similar models, but
part of this protective action has been attributed to an
attenuation of leukocyte-platelet aggregation (Kubes et al.,
1994; Weyrich et al., 1993). There are, on the other hand,
relatively few reports describing a protective action of E-
selectin specific mAbs in experimental models of inflammation.
The latter observation may reflect a limited blocking function
of the mAbs employed or the absence of a role for E-selectin in
these models of inflammation. A limitation in interpreting
negative findings with mAbs is the uncertainty regarding
whether blocking doses are achieved in vivo. Target levels are
generally based on the minimum mAb concentration required
to achieve maximal inhibition of leukocyte adhesion in vitro.
Experience gained from open-labelled clinical trials (Kava-
naugh et al., 1994) indicates that blocking doses are more
difficult to achieve in vivo than predicted from in vitro
neutrophil binding assays. Another potential limitation of
prolonged mAb usage, at least in chronic models of
inflammation, is immunogenicity.

Another approach to blocking adhesion molecule function
that is gaining attention in the experimental setting is
administration of soluble forms of adhesion receptors, such
as ICAM-1, sialyl-Lewis X (SLex), and PSGL-1. It has been
shown, for example, that administration of soluble SLex (a
fucose-containing carbohydrate ligand to P-selectin found on
leukocytes) is as effective as a P-selectin mAb in attenuating
leukocyte rolling in inflamed mesenteric venules, while a
control, fucose-deficient form of the oligosaccharide was
without effect (Zimmerman et al., 1994b). Similarly, it has
been shown that soluble PGSL-1 administered to rats reduces
the renal dysfunction and necrosis normally caused by
ischaemia-reperfusion (Takada et al., 1997). A soluble human
form of PSGL-1 has also been tested in a feline model of
myocardial ischaemia-reperfusion injury (Hayward et al.,
1998). The P-selectin antagonist significantly reduced the
reperfusion-induced neutrophil accumulation and myocardial
necrosis, and it preserved endothelium-dependent vasorelaxa-
tion in reperfused coronary arteries. A recombinant form of
soluble murine ICAM-1 was recently shown to be effective in
reducing the leukocyte-endothelial cell adhesion elicited in
mouse mesenteric venules by ischaemia-reperfusion (Kusterer
et al., 1998). Hence, the results obtained from all of the
experimental studies employing soluble adhesion molecules or
their ligands suggest that these agents may be as effective as
other anti-adhesion strategies in limiting the accumulation of
leukocytes that occurs in ischaemia-reperfusion and other
inflammatory conditions.

Therapeutic applications Clinical trials employing mAbs to
leukocyte or endothelial cell adhesion molecules have met with
varying success. Monoclonal antibodies directed against the
p2-integrins have been used in patients receiving bone marrow
grafts. In one study, a mAb against CD18 was unable to
prevent bone marrow rejection in adult leukaemic recipients
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(Baume et al., 1989), while in another clinical series, a CD11a-
specific mAD prevented failure of bone marrow grafts in HLA-
mismatched young recipients (van Dijken et al., 1990). The
latter mAb (CD11a) was shown to be ineffective in reversing
acute rejection in renal transplant recipients (Le Mauff ez al.,
1991).

The outcome of clinical trials employing ICAM-1 specific
mAbs appear to be more promising. A phase 1 clinical study
using an anti-ICAM-1 mAbD as part of the initial immunosup-
pressive regimen for renal allograft recipients (judged to be at
high risk for delayed allograft rejection) demonstrated a lower
incidence of both acute graft rejection and delayed graft
function (Haug et al., 1993). The same ICAM-1 specific mAb
has been shown to produce an improved clinical response in an
open-label, dose escalating phase I-II study in patients with
severe rheumatoid arthritis (Kavanaugh et al., 1994). For both
indications (kidney transplantation, rheumatoid arthritis), the
dosing regimen required to achieve the pharmacokinetic target
was much higher than that estimated based on in vitro blocking
experiments. Furthermore, a high incidence of ICAM-1 mAb
anti-idiotype antibodies was found in the kidney transplant
patients receiving the murine anti-human ICAM-1 mAb.
However, this antigenicity problem should be alleviated with
humanized mAbs.
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A new C5a receptor antagonist, the cyclic peptide Phe-[Orn-Pro-D-cyclohexylalanine-Trp-Arg], (F-
[OPdChaWR]), was tested for its ability to antagonize the neutropenic effects of both C5a and
endotoxin in rats. Human recombinant C5a (2 ug kg~ ' i.v.) caused rapid neutropenia, characterized
by an 83% decrease in circulating polymorphonuclear leukocytes (PMNs) at 5 min. Administration
of F-[OPdChaWR] (0.3—-3 mg kg~ ' i.v.), did not affect the levels of circulating PMNs but, when
given 10 min prior to C5a, it inhibited the CSa-induced neutropenia by up to 70%. Administration
of E. Coli lipopolysaccharide (LPS, 1 mg kg~ i.v.) also caused neutropenia with an 88% decrease in
circulating PMNs after 30 min. When rats were pretreated with F-[OPdChaWR] (0.3—10 mg kg~'
1.v.) 10 min prior to LPS, there was a dose-dependent antagonism of the neutropenia caused by
LPS, with up to 69% reversal of neutropenia observed 30 min after LPS administration. These
findings suggest that C5a receptor antagonists may have therapeutic potential in the many diseases
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known to involve either endotoxin or C5a.
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phenylalanine; HPLC, high performance liquid chromatography; LPS, lipopolysaccharide; PAF, platelet
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Introduction Activation of the complement system has been
implicated in a wide range of inflammatory disease states,
including septic shock and adult respiratory distress syn-
drome (ARDS), which can occur as a consequence of bact-
erial infection (Martin & Silverman, 1992). The 74 amino
acid peptide complement factor 5a (C5a) is a potent anaph-
ylatoxin with key roles in the inflammatory and immune re-
sponse, and is thought to be a major pathogenic factor in
sepsis (Stevens et al., 1986) and ARDS (Mulligan et al.,
1996). A drug which blocks the effects of C5a may be a useful
therapeutic agent in these and other immunoinflammatory
diseases. As yet, there are no C5a receptor antagonists avail-
able clinically.

Endotoxic shock is an acute disease state characterized by
systemic hypotension (Lundberg et al., 1987), pulmonary
hypertension (Marceau et al., 1987), depletion of circulating
leukocytes and platelets, activation of the complement system
(Smedegard et al., 1989), and can lead to the development of
multiple organ failure (Seidenfeld et al., 1986). The tissue
damage and organ dysfunction is associated with the migration
of PMNs from the blood into the interstitium (Ahmed et al.,
1996). The first stage of this process is adherence of the PMNs
to vascular endothelium, and this results in a drop in
circulating PMNSs, or neutropenia (Smedegard et al., 1989).
An agent which inhibited this process would have the potential
to reduce tissue damage in inflammatory diseases such as
sepsis.

Lipopolysaccharide (LPS) is a major component of the cell
wall of gram-negative bacteria, and induces rapid endotoxic

* Author for correspondence.

shock when injected intravenously in the rat (Smith et al.,
1985). The hypotension caused by intravenous administration
of LPS can be blocked by inhibitors of the inducible form of
nitric oxide synthase (Szabo et al., 1996) as well as by a
thromboxane A, receptor antagonist (Altavilla er al., 1994),
while the neutropenia has been reported to be inhibited by a
platelet activating factor (PAF) receptor antagonist in the early
stages (Coughlan et al., 1994) or by lipid A analogues (Soejima
et al., 1996). The effects of a specific C5a receptor antagonist
have not been previously described in this, or any other animal
model. In this report we describe the effects of a new C5a
antagonist, the cyclic peptide Phe-[Orn-Pro-dCha-Trp-Arg], or
F-[OPdChaWR], on C5a- and LPS-induced neutropenia in the
rat.

Methods Female Wistar rats (250—350 g) were anaesthetized
with i.p. ketamine (80 mg kg~') and xylazine (12 mg kg~ '). A
polyethylene catheter was inserted in the femoral vein and rats
were infused iv. over 2 min with 0.2 ml of either F-
[OPdChaWR] (0.3—10 mg kg~') or sterile, pyrogen-free saline
for controls. Rats were dosed i.v. 10 min later with 0.2 ml of
either C5a (2 ug kg=") or LPS (1 mg kg™') or the appropriate
vehicle control, each infused over a 1 min period. Blood
samples (0.2 ml) were collected periodically over a 150 min
period, layered on to an equal volume of Histopaque-Ficoll
solution, then centrifuged at 400xg for 30 min at room
temperature. The supernatant was discarded, and distilled
water was added to the remaining pellet and shaken for 40 s to
lyse the red blood cells. Dulbecco’s phosphate buffered saline
(10 x concentrate) was added to restore isotonicity before
being centrifuged at 400 x g for 10 min at 4°C. This process
lysed the red blood cells leaving a pellet of PMNs, which were
washed and resuspended in 0.1 ml saline, and cell number was
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counted on a haemocytometer. Staining of cells with Diff Quik
showed purity of PMNs was 95-98% by this method. PMN
counts were expressed as a per cent of the blood concentrations
obtained immediately prior to C5a or LPS challenge. The
apparent binding affinity of F-[OPdChaWR] on isolated rat
PMNs was determined using a com-petition binding assay with
['*°1]-C5a as described previously (Finch et al., 1997).

F-[OPdChaWR] was synthesized as follows. The linear
peptide FOPdChaWR was synthesized using butoxycarbonyl
(Boc)-Arg(Tosyl)-Pam resin employing in situ neutralization
protocols for Boc chemistry (Schnolzer er al., 1992). The
terminal Phe was introduced as fluorenylmethoxycarbonyl
(Fmoc)-Phe to protect the N terminus during cyclisation. The
peptide was cleaved and deprotected using 10% 1:1 p-cresol-
thiocresol in anhydrous HF (0°C, 60 min). Cyclisation was
effected using 5eq benzotriazolel-yl-oxy-tris-(dimethylami-
no)-phosphoniumhexa-fluorophosphate and 10 eq diisopropy-
lethylamine in dimethyl-formamide (10~*M, 15h). After
cyclisation the Fmoc group was removed (1:1 piperidine-
DMF, 15 min) and the crude peptide was purified by HPLC.
The cyclised product was characterized by electrospray mass
spectroscopy (M +H " =854.5) giving M, 853.5 (calculated for
C,4sHgsN 1O =853.5 monoisotopic). Details of the synthetic
methods for other antagonists of C5a receptors have been
recently described (Wong et al., 1998).

Human recombinant C5a, lipopolysaccharide (serotype
055:B5), Histopaque Ficoll (density 1077) solution and
phosphate buffered saline were purchased from Sigma (St
Louis, MO, U.S.A)). ['*I]-C5a was purchased from New
England Nuclear (MA, U.S.A.). Dilutions of drugs were made
in 0.2 ml sterile pyrogen-free saline on the day of experiment-
ation and brought to 37°C before intravenous infusion.

Statistical significance of results was determined using a
non-parametric ANOVA with a Dunn’s post-test at all time
points. Receptor binding values were expressed as a per cent of
the maximal response. Nonlinear regression was performed on
these values to calculate the concentration of peptide that
caused a 50% inhibition of ['**I]-C5a binding (ICs) to isolated
rat PMNs. All data are expressed as mean +s.e. mean.

Results The chemical structure of F-{OPdChaWR] is shown
in Figure 1. Cyclisation of the molecule was achieved via the
sidechain of ornithine and the carboxyterminus of arginine.
Human recombinant C5a and F-[OPdChaWR] demonstrated
competitive inhibition of ['*I]-C5a binding to isolated rat
PMNs, with —log ICs, values of 9.78 +0.12 and 7.57+0.29
respectively (Figure 2).

The baseline level of circulating PMNs in rats was
2.04+0.25x 10° cells ml~' (n=25). Intravenous injection of
2 ug kg=' C5a caused a rapid, transient neutropenia, which
reached a maximum at 5 min, and returned to baseline by
30 min (Figure 3). Intravenous administration of F-[OPd-
ChaWR], 10 min prior to the C5a injection, resulted in dose-
dependent reductions in C5a-induced neutropenia over the
30 min observation period. The maximal inhibition (70 +8%;
n=3) of CSa-induced neutropenia was observed at 5 min with
3 mg kg~! F-JOPdChaWR]. Intravenous administration of F-
[OPdChaWR] (0.3—3 mg kg~ ') alone had no effect on PMN
levels prior to C5a (Figure 3), and a dose of 1 mg kg~ did not
affect PMN levels throughout a 150 min time period (data not
shown).

Intravenous injection of 1 mg kg=' LPS caused a decrease
in blood PMN levels which reached a maximum at 30 min and
returned to baseline at 150 min (Figure 3). Intravenous
administration of F-JOPdChaWR], (0.3—10 mg kg~") 10 min

prior to LPS, resulted in a dose-dependent inhibition of LPS-
induced neutropenia. A dose of 10 mg kg—' F-{OPdChaWR]
inhibited LPS-induced neutropenia by 69+4% (n=3) from
the maximum value observed at 30 min.

Receptor selectivity of the CS5a antagonist was ascertained
by examining the activity against the degranulating peptide,
formylmethionyl-leucyl-phenylalanine (fMLP) in human
PMNs. Concentrations of F-[OPdChaWR] up to 1 mM were
ineffective in altering the response of the PMNs to a maximally
effective concentration of fMLP (1 um), while the concen-
tration of F-[OPdChaWR] reducing the secretory reponse to a
maximally effective concentration of C5a (100 nM) (Wong et
al., 1998) by 50% was 40 nM (Finch & Taylor, unpublished
data).

Discussion Acute endotoxaemia is characterized by a
number of prominent haemodynamic disturbances, such as
hypotension (Lundberg et al., 1987) and neutropenia (Till et
al., 1982). Hypotension is mediated by nitric oxide, and
inhibitors of the inducible form of nitric oxide synthetase
were effective in blocking the decreased blood pressure
(Szabo et al., 1996) as was a thromboxane A, receptor
antagonist (Altavilla et al., 1994). The neutropenia which
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Figure 1 Structure of F-[OPdChaWR].
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Figure 2 Inhibition of ['**I]-C5a binding to rat PMNs by increasing
concentrations of human recombinant C5a or F-[OPdChaWR]. Data
are expressed as a per cent of maximal binding of ['**I]-C5a. Results
shown from PMNs from three animals.
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Figure 3 Inhibition of C5a- and LPS-induced neutropenia in the rat
by F-JOPdChaWR]. Neutropenia was induced by i.v. 2 ug kg~! C5a
or 1mgkg™' LPS 10min after iv. F-[OPdChaWR] (0.3—
10 mg kg~ ). PMN concentrations are expressed as per cent of the
zero time value. *indicates P<0.05 compared to C5a- or LPS-control
value. (n=3-4 rats for each experiment).

occurs represents the first stage of diapedesis, and this
extravasation of activated PMNSs can lead to organ dysfunc-
tion and failure (Seidenfeld et al., 1986). Any agent which
could prevent the adherence and subsequent migration of
PMNs into the interstitium has therapeutic potential to
reduce tissue damage in shock syndromes such as ARDS or
endotoxemia. Of the synthetic agents produced to date, only
an inhibitor of PAF receptors (Coughlan et al., 1994) and a
lipid A analogue (Soejima et al., 1996) have been demon-
strated to attenuate neutropenia caused by LPS.

The serum complement system is activated by LPS, and this
leads to the generation of the anaphylatoxin C5a (Smedegard
et al., 1989). Intravenous administration of C5a in animals
results in haemodynamic changes, such as hypotension and
neutropenia (Smedegard et al., 1989). The hypotension is
blocked by inhibitors of cyclo-oxygenase, suggesting that
vasodilator prostanoids mediate the decreased blood pressure,
while neutropenia is not affected by these agents (Drapeau et
al., 1993). The neutropenic effects of C5a are due to the rapid
and transient expression of intracellular adhesion molecules

(ICAMs) on neutrophils (Foreman et al., 1996) as well as P-
selectin on vascular endothelial cells (Coughlan et al., 1994),
resulting in the adherence of PMNs to the endothelium and a
subsequent decrease in circulating levels of PMNs. This
expression of ICAMs and P-selectin is caused by the activity
of C5a on its receptors.

In the rat, administration of a high dose of LPS
(50 mg kg~ i.v.) led within 5 min to the generation of high
circulating concentrations of C5a (0.6 ug ml~') which
returned to baseline levels within 30 min (Smedegard et al.,
1989). The neutropenia caused by CS5a was rapid and
transient and paralleled the circulating levels of C5a. This
report prompted our present study, to determine if the
neutropenia to LPS could be inhibited by a C5a receptor
antagonist. We used a lower dose of LPS (I mg kg~') in the
present study to reduce the risk of mortality during the
experiment, and our results demonstrate a similar level of
neutropenia (circa 90%) as for the higher dose of LPS used
by the earlier investigators.

In the present experiments, the neutropenia to i.v. CSa
was inhibited, in a dose-dependent fashion, by a new C5a
receptor antagonist designed and synthesized in our
laboratories. When administered prior to LPS, a dose-
dependent inhibition of the LPS-induced neutropenia was
also seen. The highest dose of F-[OPdChaWR] tested in this
study, 10 mg kg~', did not entirely block the neutropenia to
LPS at the early time points, although complete blockade
was produced 60 min after LPS administration. Coughlan et
al. (1994) have reported that a PAF receptor antagonist,
CV-3988, inhibited the neutropenia to i.v. LPS in the first
20 min but was ineffective after this time. The incomplete
inhibition of neutropenia in the first 15—30 min in the
present experiments may reflect a PAF-induced component,
and further experiments are necessary to determine if this is
the case. The lipid A analogue, B464, has been reported to
attenuate the neutropenia to LPS in the guinea-pig and
reduce lung injury to LPS (Soejima et al., 1996) but its
activity in the rat model has not yet been reported.

The first C5a receptor antagonist developed by modifica-
tion of the carboxyterminal region of C5a was reported by
Konteatis et al. (1994). To date, there have been no reports
of in vivo activity for this, or any other antagonist derived
from C5a. We have developed a series of analogues, involving
cyclisation and modification of C-terminal analogues of C5a,
and some of these have increased binding affinity and
antagonist potency (Wong et al., 1998). We used human
recombinant C5a in our experiments to determine receptor
binding parameters and to cause neutropenia. Human C5a
bound effectively to rat PMNs and a dose of 2 ug kg™!
caused a similar level of neutropenia as did 12 ug kg~' rat
C5Sa des arg (Smedegard et al., 1989). The new compound
tested in the present study, a cyclised peptide, has an
apparent binding affinity of 27 nMm against ['*°I]-C5a in intact
rat PMNs. Administration of the compound prior to C5a or
LPS did not cause neutropenia, indicating that the compound
does not activate PMN C5a receptors in vivo, and no agonist
activities have been discerned for this compound in human
foetal artery or human PMNs in vitro to date (unpublished
data). Drapeau et al. (1993) have reported that neutropenia is
more sensitive to C5a and CS5a agonist peptides than are
alterations in blood pressure. The present study did not
involve blood pressure measurements, and the effects of new
C5a antagonists on this and on other effects of C5a in the rat
remain to be determined.

In summary, the present study has demonstrated the in vivo
effectiveness of a new C5a receptor antagonist which inhibited
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the adherence of PMNs to the vascular endothelium induced
by either C5a or LPS. Our results also suggest that C5a is a
major mediator inducing neutropenia following LPS. Current
studies are underway to determine the pharmacological
activities of new C5a receptor antagonists in this and other
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Antagonism by acetyl-RY YRIK-NH, of G protein activation in rat
brain preparations and of chronotropic effect on rat cardiomyocytes
evoked by nociceptin/orphanin FQ

*'H. Berger, 'E. Albrecht, 2G. Wallukat & 'M. Bienert
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For the further elucidation of the central functions of nociceptin/orphanin FQ (noc/OFQ), the
endogenous ligand of the G protein-coupled opioid receptor-like receptor ORLI1, centrally acting
specific antagonists will be most helpful. In this study it was found that the hexapeptide acetyl-
RYYRIK-NH, (Ac-RYYRIK-NH,), described in literature as partial agonist on ORLI1 transfected
in CHO cells, antagonizes the stimulation of [**S]-GTPyS binding to G proteins by noc/OFQ in
membranes and sections of rat brain. The antagonism of the peptide was competitive, of high
affinity (Schild constant 6.58 nM), and specific for noc/OFQ in that the stimulation of GTP binding
by agonists for the u-, J-, and k-opioid receptor was not inhibited. The hexapeptide also fully
inhibited the chronotropic effect of noc/OFQ on neonatal rat cardiomyocytes. It is suggested that
Ac-RYYRIK-NH, may provide a promising starting point for in vivo tests for antagonism of the
action of noc/OFQ and for the further development of highly active and specific antagonists.

Keywords: Nociceptin; orphanin FQ; [**S]-GTPyS; rat brain membranes; rat cardiomyocytes; acetyl-RYYRIK-NH,;

antagonism

Abbreviations: Ac-RYYRIK-NH,, acetyl-RYYRIK-NH,; DAMGO, [D-Ala?>, N-Me-Phe*, Gly*-ol]-enkephalin; DPDPE, [D-
Pen?, D-Pen’]-enkephalin; GTPyS, guanosine 5-O-(y-thio)triphosphate; noc/OFQ, nociceptin/orphanin FQ;

ORLI1, opioid receptor-like receptor.

Introduction The isolation of the endogenous ligand for the
opioid receptor-like receptor ORLI1, the heptadecapeptide
FGGFTGARKSARKLANQ, named nociceptin (Meunier et
al., 1995) or orphanin FQ (Reinscheid et al., 1995), marked the
beginning of a new area in opioid and brain research (Rowe,
1996). Although nociceptin/orphanin FQ (noc/OFQ) shows
some structural analogy to opioid peptides, particularly
dynorphin A, and acts at the molecular and cellular levels in
almost the same way as the classical -, 4-, and x-opioids do, it
produces pharmacological effects that oppose, or at least differ
from, those of opioids. In the rat, noc/OFQ supraspinally
suppresses opioid-mediated analgesia but seems to act spinally
as an analgesic. In brain, it suppresses spatial learning, impairs
motor performance, influences the release of pituitary
hormones, and induces feeding. When administered intrave-
nously, it exhibits smooth muscle relaxant, antinatriuretic and
diuretic properties. Furthermore, stimulated immune function
appears also to be regulated by noc/OFQ (reviewed by
Meunier, 1997; Darland et al., 1998; Taylor & Dickenson,
1998). The multiple functions of noc/OFQ, which may be
deduced from its pharmacological effects, should provide new
insights into brain physiology and may lead to therapeutic
applications, e.g., in the management of pain. However, our
present knowledge about the pharmacological profile of the
peptide is likely to be incomplete and additional functions may
be expected.

For the further elucidation of the function of noc/OFQ,
specific antagonists will be most helpful. From a combinatorial
library of acetylated hexapeptide amides, Dooley et al. (1997)
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Pharmacology, Alfred-Kowalke-Str. 4, D10315 Berlin, Germany.
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identified some hexapeptides that showed partial agonist
activity in Chinese hamster ovary (CHO) cells transfected
with ORL1 and in the inhibition of electrically induced
contractions of mouse vas deferens. We thought that such
short peptides might provide a promising starting point for the
development of specific antagonists of noc/OFQ. Surprisingly,
we found in this study that in a native preparation of rat brain
membranes one of these peptides identified by Dooley et al.
(1997), Ac-RYYRIK-NH,, is a specific antagonist for the
activation of G proteins, as measured by stimulation of
binding of a GTP analogue, by the activated noc/OFQ
receptor. Furthermore, the peptide was also found to
antagonize the chronotropic effect of noc/OFQ on sponta-
neously beating cultured neonatal rat heart cells.

Methods Noc/OFQ and the hexapeptide Ac-RYYRIK-NH,
were synthesized in our institute. The selective agonists for the
u- and J-opioid receptor, [D-Ala®>, N-Me-Phe*, Gly*-ol]-
enkephalin  (DAMGO) and [D-Pen?, D-Pen’]-enkephalin
(DPDPE), respectively, were obtained from Sigma (Deisenho-
fen, Germany), the k-opioid receptor agonist U-504,88 was
from RBI (Massachusetts, U.S.A.). Guanosine 5-O-(y-[**S]-
thio)triphosphate ([**S]-GTPyS) was from NEN (Boston, MA,
U.S.A).

Noc/OFQ- and opioid-stimulated [**S]-GTPyS binding to
cerebral cortex membranes and coronal brain sections obtained
from male Wistar rats was determined as described earlier
(Albrecht et al., 1998). Briefly, 20 pug of membrane protein was
incubated with the compounds in 50 mm Tris (pH 7.4)
containing: 100 mM NaCl, 1 mMm MgCl,, 0.15 mM bacitracin,
100 um GDP and 1 mg ml~' BSA and about 70 pMm [*S]-
GTPyS at 30°C for 120 min with and without the hexapeptide
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Ac-RYYRIK-NH,. The binding of the GTP tracer to the
membranes was determined after filtration through Whatman
GF/B filters. Slide-mounted sections were incubated in buffer
containing 2 mM GDP (Sim et al., 1995) with the compounds
and [*S]-GTPyS for 120 min at 25°C. The slides were exposed
to UR-imaging plates (FUJI Photo Film Co., Japan) for 16 h,
together with "*C-microscales (Amersham) for quantification.
The plates were scanned and analysed using the Bio-Imaging
Analyzer System BAS-3000 (FUJI) linked to the micro
computer imaging device system from Imaging Research Inc.
(St. Catherines, Canada). Rat heart cells were obtained from
ventricles of 1—2-day-old Wistar rats and cultured as described
earlier (Wallukat et al., 1991). The chronotropic response was
measured 5 min after the cumulative addition of noc/OFQ with
and without Ac-RYYRIK-NH,.

Data are expressed as means +s.e.mean. ECs, values for the
stimulation of [**S]-GTPyS binding by noc/OFQ in absence
and presence of different concentrations of Ac-RYYRIK-NH,
were calculated from the concentration-response curves by
nonlinear regression using the program GraphPad Prism 2.01
(GraphPad Software, Inc., San Diego, U.S.A.), and the
constant for the inhibition by Ac-RYYRIK-NH, was
calculated by linear regression of the corresponding Schild
plot.

Results The ECs, value for the stimulation of binding of [*°S]-
GTPyS to membranes of rat cortex by noc/OFQ was found to
be 11.36 +£1.83 nM (n=15), which compares well with the ECs,
of 9.11 nM as found earlier (Albrecht et al., 1998). Increasing
concentrations of Ac-RYYRIK-NH, shifted the concentra-
tion-response curve for noc/OFQ to the right (Figure 1), and
from the corresponding Schild plot the inhibition constant K,
of the hexapeptide was calculated to be 6.58 +0.69 nM (n=15).
The peptide did not antagonize the stimulation of GTPyS
binding by agonists of the u-, d-, and k-opioid receptor in
membranes of rat cortex (Figure 2) as well as in sections of rat
brain at the level of striatum (Figures 3 and 4, data for 6- and
K-agonists not shown). With membranes the high concentra-
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tion of 10 uM Ac-RYYRIK-NH,, 1000 fold higher than its
inhibitory constant, produced a small effect by its own, which
added to the amount of bound [**S]-GTPyS stimulated by the
opioid agonists (Figure 2). With much lower potency, as
compared to the stimulation of GTP binding in brain
membranes, noc/OFQ increased the beating rate of sponta-
neously beating cardiomyocytes in cultured neonatal rat heart
cells, the maximum effect reaching 65% of that of the f-
adrenergic agonist isoprenaline. Ac-RYYRIK-NH, (1 and
10 um) did not influence the beating rate but blocked the noc/
OFQ-stimulated response (Figure 5).
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Figure 2 Effect of the hexapeptide Ac-RYYRIK-NH, on the
stimulation of binding of [**S]-GTP}S to rat cortex membranes by
noc/OFQ and agonists for the u-(DAMGO), 6-(DPDPE), and «-
opioid (U-504,88) receptor. Data are expressed as differences between
binding in presence and absence of the compounds tested and are
representative of three separate experiments.
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Figure 1 Effect of increasing concentrations of the hexapeptide Ac-RYYRIK-NH, on the concentration-response curve for the
noc/OFQ-stimulated binding of 70 pm [SSS]—GTP«/S to rat cortex membranes (a) and the corresponding Schild plot (b). Values in (a)
are expressed as binding above basal and are normalized with the saturation value at 10 um noc/OFQ taken as 100%. The data

shown are representative of five separate experiments.
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Noc¢/OFQ +
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Figure 3 Distributions of basal, 1 uM noc/OFQ- and 5 uMm DAMGO-stimulated [**S]-GTP3S binding in absence and presence of
10 um (noc/OFQ) or 20 um (DAMGO) hexapeptide Ac-RYYRIK-NH, in representative sections of rat brain at the level of the
caudate putamen. The sections were incubated in Tris buffer/2 mm GDP/100 mm NaCl with 80 pm tracer for 2 h at 25°C.
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Figure 4 Influence of the hexapeptide Ac-RYYRIK-NH, on basal,
noc/OFQ-, and DAMGO-stimulated [*°S]-GTPyS binding to cortex
in adjacent coronal sections (six for each sample) obtained from rat
brain. Conditions as in Figure 3. *P<0.05 and ***P<0.001 versus
samples without Ac-RYYRIK-NH,.

basal noc

Discussion For the further elucidation of the function of noc/
OFQ, specific antagonists will be most helpful. Presently, no
centrally acting specific antagonist is available. A truncated
analogue of noc/OFQ, [Phe' W(CH,-NH)Gly?]nociceptin(1-
13)-NH,, was found to act as specific competitive antagonist in
two peripheral noc/OFQ-sensitive preparations, the electrically
stimulated guinea-pig ileum and mouse vas deferens (Guerrini

et al., 1998), but not at central sites where it acted as full
agonist (Xu et al., 1998). The hexapeptide Ac-RYYRIK-NH,
was earlier identified as partial agonist in the stimulation of
GTPyS binding to G proteins by the activated ORL1 receptor
when transfected in CHO cells (Dooley et al., 1997). In our
study the peptide was found to antagonize the stimulation of
GTPyS binding by noc/OFQ, but not by agonists of the
classical opioid receptors u, d, and k, in vitro in rat brain
preparations (Figures 1 —4) with high affinity, as seen from the
low Schild constant of 6.58 nM. Clearly, the hexapeptide is
here a competitive receptor antagonist since it did not depress
the maximal effect of noc/OFQ (Figure 1). Furthermore, in
competition experiments using *H-Tyr'*-noc/OFQ as labelled
ligand (Albrecht et al., 1998), we found that Ac-RYYRIK-
NH, had an affinity for the noc/OFQ receptor in rat brain
membranes which was only 3 fold lower when compared with
noc/OFQ (data not shown). However, we found the affinity of
Ac-RYYRIK-NH, to be much higher (K, 0.3 nM) than
reported for mouse ORLI1 transfected into CHO cells (Kp
1.5 nM, Dooley et al., 1997). As stimulation of GTP binding to
G proteins reflects the activation of G proteins by the receptor,
and the coupling of receptor and G proteins can influence
receptor affinity, it is suggested that the exact mechanism of
this coupling differs between native membrane preparations
and cells transfected with the receptor. This may lead to the
observed differences in the receptor affinities and in the
relations of the intrinsic efficacies of noc/OFQ and Ac-
RYYRIK-NH, between the two systems.

Because effects of peripherally administered noc/OFQ on
cardiovascular parameters are becoming increasingly recog-
nized (see review by Meunier, 1997), we tested its action on
cultured neonatal rat heart cells and found that it dose-
dependently evoked a positive chronotropic response by
elevating the beating rate of the cardiomyocytes (Figure 5).
The exact mechanism and significance of this activity remains
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Figure 5 Concentration-response curve for the influence of noc/OFQ on the beating rate of spontaneously beating cardiomyocytes
in cultured neonatal rat heart cells in absence and presence of the hexapeptide Ac-RYYRIK-NH; (a) and kinetics of the inhibiting
effect of 10 uMm hexapeptide Ac-RYYRIK-NH, on the beating rate induced by 10 uM noc/OFQ before (b). The basal beating rate

was 150+4.5 beats min~'; n=20-38.

to be elucidated. It seems, however, to be clear, that the
chronotropic response is receptor-mediated, since the receptor
antagonist Ac-RYYRIK-NH, inhibited the response (Figure
35).

By specifically antagonizing the activation of G proteins by
the noc/OFQ receptor in rat brain membranes, the hexapep-
tide Ac-RYYRIK-NH, inhibits the primary events in
triggering the biological effects of noc/OFQ. Therefore, this
peptide should now provide a starting point for in vivo tests for
antagonism of the action of noc/OFQ in the CNS and,
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Deficiency of nitric oxide in polycation-induced airway
hyperreactivity

*!Herman Meurs, 'Fineke E. Schuurman, 'Michiel Duyvendak & 'Johan Zaagsma
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Using a perfused guinea-pig tracheal tube preparation, we investigated the role of endogenous nitric
oxide (NO) in polycation-induced airway hyperreactivity (AHR) to methacholine. Intraluminal (IL)
administration of the NO synthase inhibitor N“-nitro-L-arginine methyl ester (L-NAME; 100 um)
caused a 1.8 fold increase in the maximal contractile response (E.x) to IL methacholine compared
to control, without an effect on the pECs, (—logio, ECs). The polycation poly-L-arginine
(100 ug ml~', IL) similarly enhanced the E,.. for methacholine; however, the pECs, value was
also increased, by one log;, unit. L-NAME had no effect on the enhanced methacholine response of
poly-L-arginine-treated airways, while the enhanced agonist response was completely normalized by
the polyanion heparin (25 u ml~!, IL). In addition, the effect of L-NAME was fully restored in the
poly-L-arginine plus heparin treated airways. The results indicate that, in addition to enhanced
epithelial permeability, a deficiency of endogenous NO contributes to polycation-induced AHR. The
latter finding may represent a novel mechanism of AHR induced by eosinophil-derived cationic
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proteins in allergic asthma.

Keywords: Nitric oxide; N”-nitro-L-arginine methyl ester; poly-L-arginine; heparin; methacholine; airway hyperreactivity;

tracheal perfusion; guinea-pig

Abbreviations:

AHR, airway hyperreactivity; cNOS, constitutive nitric oxide synthase; EL, extraluminal; E,,,,, maximal effect;

IL, intraluminal; KH, Krebs-Henseleit; L-NAME, N“-nitro-L-arginine methyl ester; MBP, major basic protein;
NO, nitric oxide; AP, differential (hydrostatic) pressure; Pi,., (hydrostatic) pressure at the inlet; Pgyye
(hydrostatic) pressure at the outlet; pECs,, —log), of the concentration causing 50% of effect

Introduction Eosinophil-derived cationic polypeptides, parti-
cularly major basic protein (MBP), a highly charged protein
rich in arginine and lysine residues, have been implicated in the
development of airway hyperreactivity (AHR) in allergic
asthma (Gleich et al., 1993).

Among the possible mechanisms involved, polycation-
induced dysfunction of the airway epithelium appears to play
a prominent role. Thus, MBP is highly cytotoxic to airway
epithelial cells and induces pathological alterations similar to
those found in the airways of asthmatic patients (Motojima et
al., 1989). Furthermore, enhanced levels of MBP have been
reported in the bronchoalveolar lavage fluid of asthmatic
patients, which were correlated with both the degree of
epithelial denudation and the severity of AHR (Wardlaw et
al., 1988).

MBP has been demonstrated to induce AHR in vivo, an
effect that could be closely mimicked by synthetic cationic
polypeptides such as poly-L-arginine and poly-L-lysine (Uchida
et al., 1993) and inhibited by polyanions such as heparin
(Coyle et al., 1993a), indicating the involvement of cationic
charge. In an intact guinea-pig tracheal tube preparation in
vitro, perfusion of the luminal surface with polycations
increased the responsiveness to intraluminally, but not to
extraluminally, applied methacholine, directly demonstrating
that cationic peptides may indeed induce AHR by alterations
of the epithelial layer (Coyle et al., 1993b).

Although overt epithelial damage appeared not to be
required for cationic protein-induced AHR (Uchida et al.,

*Author for correspondence.

1993; Coyle et al., 1993b), a reduced barrier function causing
increased airway permeability may be involved (Omari et al.,
1993; Hulsmann et al., 1996). In addition, it has been proposed
that polycations like MBP may inhibit the agonist-induced
release of an epithelium-derived relaxing factor (Flavahan et
al., 1988).

One of the epithelium-derived relaxing factors appears to be
nitric oxide (NO), which may be generated from agonist-
induced activation of constitutive NO synthase (cNOS)
isozymes present in the epithelium (Nijkamp er al., 1993;
Kobzik et al., 1993). Recently, we have demonstrated that a
deficiency of endogenous cNOS-derived NO is involved in
allergen-induced AHR after the early asthmatic reaction (De
Boer et al., 1996; Schuiling et al., 1998), which may be due to a
reduced availability of the substrate L-arginine (Meurs et al.,
1998). Since it has been recently reported that polycations,
including MBP and poly-L-arginine, may reduce cellular
uptake of L-arginine (Hirschmann et al., 1998), we hypothe-
sized that limitation of substrate for cNOS activity induced by
eosinophil-derived or synthetic polycationic peptides may
cause a reduced contractile agonist-induced NO production
and subsequent AHR to these agonists. Using a perfused
guinea-pig tracheal tube preparation, this hypothesis was tested
by assessing the effects of the nonselective NOS inhibitor N“-
nitro-L-arginine methyl ester (L-NAME) on the airway
constriction induced by intraluminal (IL) application of
methacholine in untreated and poly-L-arginine-treated airways.

Methods Tracheal perfusion Specified pathogen-free Dun-
kin Hartley guinea-pigs (Harlan, Heathfield, U.K.), weighing
600—800 g, were used in this study. The animals were killed by
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a sharp blow on the head and exsanguinated. The tracheas
were rapidly removed and placed in Krebs-Henseleit (KH)
solution (37°C) of the following composition (mM): NaCl
117.50, KCl 5.60, MgSO, 1.18, CaCl,, 2.50, NaH,PO, 1.28,
NaHCO; 25.00, D-glucose 5.50; gassed with 5% CO, and 95%
O,; pH 7.4.

The tracheas were prepared free of serosal connective tissue
and cut into two halves of approximately 17 mm before
mounting in a perfusion setup, as described previously (De
Boer et al., 1996). To this aim, the tracheal preparations were
attached at each side to stainless steel perfusion tubes fixed in a
Delrin perfusion holder. The holder with the trachea was then
placed in a water-jacketed organ bath (37°C) containing 20 ml
of gassed KH (the serosal or extraluminal (EL) compartment).
The lumen was perfused with recirculating KH from a separate
20 ml bath (mucosal or IL compartment) at a constant flow
rate of 18 ml min~'. Two axially centred side-hole catheters
connected with pressure transducers (TC-XX, Viggo-Spec-
tramed B.V., Bilthoven, The Netherlands) were situated at the
distal and proximal ends of the trachealis to measure
hydrostatic pressures (Pougee and Py, respectively). The
signals were fed into a differential amplifier to obtain the
difference between the two pressures (AP = Pije; — Pouder), Which
was plotted on a flatbed chart recorder. AP reflects the
resistance of the tracheal segment to perfusion and is a
function of the mean diameter of the trachea between the
pressure taps (Munakata et al., 1989). The transmural pressure
in the trachea was set at 0 cm H,O. At the perfusion flow rate
used, a baseline AP of 0.1-1.0cm H,O was measured,
depending on the diameter of the preparation.

After a 45 min equilibration period with three washes with
fresh KH (both IL and EL), 1 uM isoprenaline was added to
the EL compartment for maximal smooth muscle relaxation to
assess basal tone. After three washes during at least 30 min, the
trachea was exposed to EL 40 mM KCI in KH to obtain a
receptor-independent reference response. Subsequently, the
preparation was washed four times with KH during 45 min
until basal tone was reached and a cumulative concentration
response curve was made with IL methacholine. When used, L-
NAME (100 um), poly-L-arginine (100 ug ml~") and heparin
(25 u ml~") were applied to the IL reservoir, 40 min prior to
agonist-addition.

Data analysis To compensate for differences in AP due to
variation in resting internal diameter of the preparations used,
IL responses of the tracheal tube preparations to methacholine
were expressed as a percentage of the response induced by EL
administration of 40 mM KCI. The contractile effect of 10 mM
methacholine (highest concentration) was defined as E, ., (De
Boer et al., 1996). Using this E.,, the sensitivity to
methacholine was evaluated as pECs, (—log;,, ECso) value.
Data are expressed as means+s.e.mean. Statistical analysis
was performed using the Student’s #-test for unpaired
observations. A P value <0.05 was considered statistically
significant.

Chemicals Methacholine chloride, poly-L-arginine hydro-
chloride (mol wt 5000—-15000), heparin sodium and L-N“-
nitro arginine methyl ester were obtained from Sigma
Chemical Co. (St. Louis, MO, U.S.A.).

Results IL perfusion of the airways with the NOS inhibitor L-
NAME (100 pm) caused a significant 1.8 fold increase in the
Enax of IL methacholine compared to control (P<0.001),
without a significant effect on the pECs, of the agonist (Figure

1, Table 1). A comparable 1.6 fold (P<0.001) increase in
methacholine E,., was caused by the synthetic polycation
poly-L-arginine (100 ug ml~', IL), while the pECs, was
significantly enhanced from 2.86+0.12 to 3.90+0.17
(P<0.001). Very remarkably, L-NAME had no additional
effect on the methacholine responsiveness of the poly-L-
arginine-treated airways (Figure 1, Table 1).

The enhanced responsiveness to methacholine in the
presence of poly-L-arginine was completely reversed by
coperfusion with the polyanion heparin (25 u ml~"), while
heparin by itself had no effect on the methacholine response of
untreated airways (Figure 1, Table 1). In addition, the effect of
L-NAME was fully restored in the airways treated with poly-L-
arginine plus heparin (Figure 1, Table 1).

L-NAME, poly-L-arginine, as well as heparin had no effect
on basal airway tone (not shown).
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Figure 1 Effect of 100 um L-NAME, 100 ug ml~! poly-L-arginine,
100 ug ml~" poly-L-arginine + 100 uM L-NAME, 25 u ml~" heparin,
100 ug ml~" poly-L-arginine+25 u ml~" heparin, and 100 ug ml~"
poly-L-arginine +25 u ml~"' heparin+ 100 um L-NAME on metha-
choline-induced constriction of intact perfused guinea-pig tracheae.
Methacholine-induced constriction of the perfused airway prepara-
tions was measured as an increase in differential pressure (AP) at
constant flow and normalized to the response of 40 mm KCI (EL).
Results are means +s.e.mean of 3—8 experiments.

Table 1 Effects of (combinations of) L-NAME (100 um),
poly-L-arginine (100 ug ml~") and heparin (25 u mi~') on
the responsiveness to methacholine of intact perfused
guinea-pig tracheae

Ema.\' ])ECS()

(% KCI) (—log M) n

Control 50.7+2.9 2.86+0.12 8
L-NAME 92.7+8.7%** 3.1440.18 4
Heparin 51.2+5.5 3.02+0.12 3
Poly-L-arginine 81.942.0%** 39040.17*** 6
+L-NAME 81.24+6.1%** 37840.14%** 5

+ Heparin 529+ 64177 2.92+40.10F 3

+ Heparin + L-NAME 81.3£3.1%** 3.2740.147 4

Results are means+s.e.mean of n experiments. Statistical
analysis: ***P<(0.001 compared to Control; P<0.05,
TTP<0.01 and 1P <0.001 compared to poly-L-arginine.
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Discussion This in vitro study demonstrates for the first time
that a deficiency of cNOS-derived NO is involved in
polycation-induced enhanced airway responsiveness. Thus,
using the NOS inhibitor L-NAME, we confirmed the previous
finding that methacholine-induced constriction of guinea-pig
tracheal tube preparations is functionally antagonized by
agonist-induced cNOS-derived NO (Nijkamp et al., 1993; De
Boer et al., 1996), while the enhanced airway responsiveness to
methacholine in poly-L-arginine perfused airways, which was
also noted by others (Coyle et al., 1993b), was insensitive to the
NOS inhibitor. The deficiency of NO supports the previous
hypothesis of Flavahan ef al. (1988) that loss of an epithelium
derived relaxing factor may contribute to polycation-induced
enhanced contractility. This hypothesis was based on the
observation that MBP caused an increase in airway smooth
muscle responsiveness in guinea-pig tracheal ring preparations
that was dependent on the presence of intact epithelium
(Flavahan et al., 1988).

In accordance with previous studies (Coyle et al., 1993b;
Omari et al., 1993), we found that both the maximal response
and the sensitivity to the contractile agonist were enhanced in
the presence of poly-L-arginine. Since inhibition of cNOS by L-
NAME in the control airways increased the E,..,, but not the
sensitivity (pECs,) to methacholine, deficient NOS activity in
the poly-L-arginine-treated airways may have contributed to
the increased E,,., in these airways. The enhanced sensitivity to
IL methacholine in the poly-L-arginine-treated airways may
reflect an enhanced epithelial permeability for the agonist due
to disruption of the diffusion barrier, since this effect can be
mimicked by both mechanical (Munakata et al., 1989) and
chemical (Coyle et al., 1993b) denudation of the airway
epithelium. It should, however, be noted that the increase in
pECs, for methacholine by one log), unit is approximately one
order of magnitude smaller than that observed after
denudation (Munakata et al., 1989; Coyle et al., 1993b) and
than the difference in pECs, values of EL and IL applied
methacholine (ApECs, (EL-IL)) previously noted in our own
study (De Boer et al., 1996), indicating that the epithelial
barrier function is only partially lost.
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In line with previous observations by Coyle et al. (1993b),
the poly-L-arginine-induced AHR to methacholine was
effectively blocked by the polyanion heparin, indicating that
cationic charge interactions may underly the development of
the enhanced agonist responsiveness. This is also true for the
reduced NOS activity by the polycation, since the effect to L-
NAME was fully restored by coperfusion of poly-L-arginine
with heparin.

The present findings are obviously of interest with respect to
the mechanism of allergen-induced AHR in vivo. Thus, using a
guinea-pig model of allergic asthma, characterized by allergen-
induced early and late allergic reactions, airway eosinophilia
and AHR after both reactions (Santing et al., 1994), we have
recently established that a deficiency of cNOS-derived NO
contributes to the increased ex vivo responsiveness of isolated
perfused tracheae to methacholine and histamine after the
early allergic reaction, at 6 h after inhalational challenge of the
animals with ovalbumin aerosol (De Boer et al., 1996). Using
the same animal model, a reduced production or effectiveness
of endogenous NO was similarly found to contribute to the
AHR to histamine in vivo after the early allergic reaction
(Schuiling et al., 1998), while evidence for a deficiency of
cNOS-derived NO modulating airway reactivity was recently
also found in patients with severe asthma (Ricciardolo et al.,
1997). Therefore, it can be proposed that polycationic peptides
released by activated eosinophils in the inflamed airways may
contribute to the deficiency of bronchodilating ¢cNOS-derived
NO and subsequent AHR in allergic asthma.

The mechanism of polycation-induced NO deficiency
remains to be established. However, one possible mechanism
could be polycation-induced inhibition of the cellular uptake
of L-arginine by cationic aminoacid transporters, as indicated
very recently in rat and guinea-pig alveolar macrophages
(Hirschmann et al., 1998).

In conclusion, the present data demonstrate that a
deficiency of NO is involved in polycation-induced AHR,
which could represent a novel mechanism of AHR induced by
eosinophil-derived cationic polypeptides in allergic asthma.
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Cyclo-oxygenase-2 mediates P2Y receptor-induced reactive
astrogliosis
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Excessive cyclo-oxygenase-2 (COX-2) induction may play a role in chronic neurological diseases
characterized by inflammation and astrogliosis. We have previously identified an astroglial receptor
for extracellular nucleotides, a P2Y receptor, whose stimulation leads to arachidonic acid (AA)
release, followed, 3 days later, by morphological changes resembling reactive astrogliosis. Since
COX-2 may be upregulated by AA metabolites, we assessed a possible role for COX-2 in P2Y
receptor-mediated astrogliosis. A brief challenge of rat astrocytes with the ATP analogue o,f-
methylene ATP (o, fmeATP) resulted, 24 h later, in significantly increased COX-2 expression. The
selective COX-2 inhibitor NS-398 completely abolished o,fmeATP-induced astrocytic activation.
Constitutive astroglial COX-1 or COX-2 did not play any role in purine-induced reactive
astrogliosis. PGE,, a main metabolite of COX-2, also induced astrocytic activation. These data
suggest that a P2Y receptor mediates reactive astrogliosis via induction of COX-2. Antagonists
selective for this receptor may counteract excessive COX-2 activation in both acute and chronic
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neurological diseases.
Keywords:

Abbreviations:

ATP; cyclo-oxygenase-2; inflammation; astrogliosis; P2Y receptors

AA, arachidonic acid; AP-1, activator protein-1; ASA, acetylsalicylic acid; COX, cyclo-oxygenase; GFAP, glial

fibrillary acidic protein; o,fmeATP, o,f-methylene ATP; ,ymeATP, f,y-methylene ATP; PGD,, prostaglandin

D,; PGE,, prostaglandin E,

Introduction Recent reports have implicated cyclo-oxyge-
nase-2 (COX-2) in a variety of neurological disorders,
including chronic pain and inflammation (Dolan et al.,
1998), acute (e.g., ischaemia; Ohtsuki ez al., 1996) as well as
chronic (e.g., Alzheimer’s disease; Tocco et al., 1997)
neurodegenerative diseases characterized by a marked inflam-
matory component and activation of astroglial cells (Ohtsuki
et al., 1996; Blom et al., 1997; Tocco et al., 1997). A key role
for the inducible enzyme in the pathogenesis of these disorders
is also supported by the results of epidemiological studies
showing that steroidal as well as non-steroidal anti-
inflammatory drugs lower the risk of developing Alzheimer’s
disease (Breitner et al., 1994).

Extracellular ATP exerts its effects through P2 receptors:
these are ligand-gated ion channels (P2X receptors) or G-
protein-coupled receptors (P2Y receptors) (Abbracchio &
Burnstock, 1994). In brain, ATP has been implicated both in
fast neuro-neuronal communication via P2X receptors, and in
regulation of several properties of astrocytes via P2Y
receptors, some of which may be involved in mechanisms of
neural injury following massive ATP release during trauma
and ischaemia (Neary et al., 1996). We have previously shown
that a brief (2 h) challenge of rat brain astrocytes with the
relatively hydrolysis-resistant ATP analogues o,f-methylene
ATP (o, fmeATP) and f3,y-methylene ATP (8,ymeATP) results,
3 days later, in marked concentration-dependent elongation of
astrocytic processes which intensively stain for the astroglial
marker GFAP (glial fibrillary acidic protein) (Bolego et al.,
1997). This effect, which reproduces in vitro the astrocytic
hypertrophy known to occur in in vivo reactive astrogliosis

* Author for correspondence; E-mail: g.burnstock@ucl.ac.uk

(Ridet et al., 1997) was abolished by pertussis toxin, suggesting
the involvement of a P2Y receptor. Astrocytic activation by
ATP analogues was not due to modulation of either
phospholipase C or adenylyl-cyclase activity (Bolego et al.,
1997), nor to changes of the intracellular Ca*>* concentrations
(Centemeri et al., 1997), but to a rapid activation of
phospholipase A, and arachidonic acid (AA) release (Bolego
et al., 1997). Arachidonic acid is a substrate for both
constitutive COX-1 and mitogen-activated COX-2 (Wu,
1996). The involvement of COX-2-mediated production of
proinflammatory cytokines and PGE, by astrocytes in
neurodegeneration has been suggested (Blom et al., 1997). A
specific aim of the present study was therefore to evaluate a
role for the inducible enzyme in P2Y receptor-mediated
reactive astrogliosis.

Methods Rat astrocytic cultures Primary astrocytic cultures
were established from rat corpus striatum of 7-day-old pups as
previously described (Bolego er al., 1997). Cells were initially
plated in serum-supplemented medium and after 24 h placed in
chemically defined serum-free medium.

Treatment of cultures Challenge with the various agents and
treatment with inhibitors are summarized in Figure 1. Briefly,
at day 2 of culture, cells were challenged for 2 h with various
agents (either o,fmeATP, AA, PGE, or PGD.,), washed and
placed in drug-free medium until the end of the experiment
(day 5 of culture). In selected experiments where effects of
inhibitors were examined, either acetylsalicylic acid (ASA) or
NS-398 were added to cultures 30 min before «,fmeATP and
maintained in the medium throughout the challenge with the
purine analogue (short protocol). To assess the role of
inducible COX-2 in purine-induced reactive astrogliosis, cells
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Figure 1 The experimental protocol used to assess a role for COXs in purine-mediated reactive astrogliosis. Rat striatal astrocytic
cells were initially established in complete medium, placed in serum-free medium at day 1 to favour morphological differentiation
resembling reactive astrogliosis, and challenged at day 2 with either purine analogues (e.g. o,fmeATP) or other agents (see text).
After challenge, cells were grown for a further 3 days in drug-free medium, fixed, stained with an anti-GFAP antibody for
determination of the elongation of astrocytic processes. Left panel: micrograph depicting control astrocytes with typical bipolar
shape. Right panel: activated astrocytes showing increased length of astrocytic processes. In selected experiments, samples for
evaluation of COX-2 by Western blot were taken at various periods after challenge with «,fmeATP, as indicated. To evaluate a role
of constitutive COXs, ASA and NS-398 were added to the cultures 30 min before challenge with the purine analogue and
maintained for the 2 h challenge period (short protocol). To evaluate the role of inducible COX-2, NS-398 was also maintained in
the culture medium for the entire duration of the experiment (long protocol).

challenged with o,fmeATP in the presence of NS-398 were
washed and maintained in medium containing NS-398 at the
same concentration up to cell fixing (long protocol). Neither
NS-398 nor ASA had any effect on process length when tested
alone.

Immunofluorescence staining and analysis of GFAP-positive
astrocytic processes Astrocytes were identified by indirect
immunofluorescence staining using rabbit anti-GFAP
immunoglobulins (1:500, DAKO) followed by biotinylated
donkey anti-rabbit secondary antibody and streptavidin-
fluorescein (Bolego et al., 1997). The length of GFAP-
positive astrocytic processes (mean um cell ~'+s.e.mean) was
measured using a Zeiss fluorescence microscope equipped with
a fluorescein filter and connected to an image video system
(video camera, NIH Image 1.47 software on a Macintosh
computer). The cellular processes of at least 75 cells sample ™!
were analysed under blind conditions. Cells were chosen at
random. The absolute control value was 141+5.6 um cell '
(mean +s.e.mean of 24 independent experiments). To enable a
more immediate evaluation, data were expressed as per cent of
a corresponding control set.

Western blot analysis This was performed as previously
described (Abbracchio et al., 1997). Briefly, 20 mg of total
protein from each sample (see Figure 1) was loaded on 11%
sodium-dodecylsulphate polyacrylamide gels and blotted onto
nitrocellulose filters. Filters were incubated with goat
polyclonal anti-rat anti-COX-2 antibody (1:3,000, Santa

Cruz Biotechnology) followed by a secondary anti-goat
antibody (conjugated to horseradish peroxidase, 1:4000) and
visualized with ECL Western blotting kit (Amersham U.K.).
Semiquantitative evaluation of autoradiograms was performed
by densitometric analysis on a computerized image analyser
(see above).

Results The experimental protocol utilized in the present
study is shown in Figure 1. Exposure of cultures to o,fmeATP
under conditions that elicited the formation of reactive
astrocytes (Figure 1) resulted, 24 h after agonist challenge, in
increased expression of COX-2, as evaluated by Western blot
analysis (Figure 2a). The amount of enzyme was still increased
with respect to control cultures 48 h after challenge and
returned to basal levels 72 h after challenge with the purine
analogue. Under these experimental conditions a marked
elongation of GFAP-positive astrocytic processes was detected
(see Figure 1 and solid column in Figure 2b). Maintenance of
cells in the continuous presence of the selective COX-2
inhibitor NS-398 (Futaki ez al., 1994) after challenge with the
purine analogue (see ‘long protocol’” in Figure 1) resulted in a
concentration-dependent attenuation of astrocytic elongation
(Figure 2b). A trend to decreased reactive astrogliosis was
already observed in the presence of NS-398 (0.001 um);
inhibition was statistically significant at 0.01 uM; complete
abolition of o,fmeATP-induced reactive astrogliosis was
observed at all other concentrations of inhibitor tested (Figure
2b), suggesting a specific role for the inducible enzyme in the



R. Brambilla et al

Special Report 565

6h 24 h

72 kDa =—

Condition

C=Control
c w o

48 h 72 h

o, ﬁ c a,ﬂ c a’ﬁ

COX-2 Expression

(% of Control+S.E.M.) 100.0+3.1 102.4+6.9 100.0+1.5 131.6+5.2* 100.0+4.9 119.4+3.8* 100.016.1 98.8+10.4

150 1

125

100

o,pmeATP-induced elongation
of astrocytic processes
(% of Control=S.E.M.)

75

0 0.001
L

0.01 0.1 1 10

NS-398 concentrations (uM)

Figure 2 Involvement of inducible COX-2 in P2Y receptor-mediated reactive astrogliosis. (a) Cells were challenged with «,fmeATP
(10 pum) for 2 h, placed in agonist-free medium, and the presence of COX-2 assessed at 6, 24, 48 and 72 h by immunoblot analysis
with a specific ant-COX-2 antibody. Results (area x optical density of the 72 kDa MW COX-2 band) are expressed as mean per
cent +s.e.mean of the corresponding control value from four independent experiments run in triplicate. COX-2 was significantly
increased at 24 and 48 h (*P<0.05, 1-way ANOVA, Scheffé’s F-test). (b) Under the experimental conditions, a marked astrocytic
activation was found, as demonstrated by increased elongation of GFAP-positive astrocytic processes (expressed as percentage of
control mean um cell ~' +s.e.mean; see solid column; *P<0.05, 1-way ANOVA, F-test). If, after challenge with the purine analogue,
cells were maintained in the presence of NS-398 to selectively inhibit the inducible enzyme (long protocol, Figure 1), a
concentration-dependent inhibition of o,fmeATP-induced astrocytic elongation was found (hatched columns; **P<0.05 vs both
control and o,fmeATP alone, *P<0.05 vs «,fmeATP alone and not statistically different from control, 1-way ANOVA, F-test).

formation of reactive astrocytes. Other non-selective inhibitors
of COX-2 (e.g., dexamethasone, which also blocks
phospholipase A,) also abolished purine-induced reactive
astrogliosis (data not shown).

Western blot experiments revealed a low, but significant,
amount of COX-2 also in control unstimulated astrocytes
(Figure 2a), suggesting that COX-2 may be constitutively
expressed in these cells. Therefore, we designed specific
experiments aimed at testing a possible role for constitutive
COXs in purine-induced astrogliosis. Cultures were exposed to
NS-398 (0.001-10 um) to selectively block constitutive COX-
2, or to ASA (1 mM) (which irreversibly inhibits both COX-1
and COX-2; Kalgutkar et al., 1998) immediately before and
throughout challenge with «,fmeATP (short protocol). ASA
was used at a concentration high enough to irreversibly
inactivate all the COXs enzymes present during challenge with
the purine analogue, i.e., to ensure abolition of the
contribution made by the constitutively expressed enzymes.

After challenge, cells were washed, placed in drug-free
medium, and grown for a further 3 days before morphological
analysis. Under these conditions, no inhibition of purine-
induced astrocytic elongation was detected (Table 1), hence
ruling out a role for constitutive COXs and suggesting that any
effect seen after treatment with the purine analogue must result
from cloning of new enzyme. Data with NS-398 (Figure 2b)
suggest that this is indeed COX-2.

We have previously shown that, in a similar way to ATP
analogues, exposure of cultures to AA elicits the formation of
reactive astrocytes (Bolego et al., 1997). Since PGE, and PGD,
have been implicated as functionally important COX products
in brain (Blom et al., 1997; Minghetti et al., 1997), in the
present study we have also examined these prostaglandins for
their ability to trigger reactive astrogliosis. The exogenous
addition of the inflammatory PGE, (but not PGD,) mimicked
the effects evoked by P2Y receptor activation, resulting in
statistically significant and concentration-dependent elonga-
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Table 1 Effect of NS-398 and acetylsalicylic acid (ASA)
inhibition of COX-2 on elongation of astrocytic processes

Length of process

Inhibitor Conditions (% of Control+
s.e.mean)
NS-398  o,fmeATP 137.04+5.0*
o, fmeATP +0.1 um NS-398 130.946.4**
o, fmeATP + 1 um NS-398 136.348.2%*
o,fmeATP+ 10 um NS-398 126.44-4.4**
ASA o, fmeATP 140.54+4.2*
o,fmeATP+ 1 mm ASA 167.74+6.7%*

Constitutive COXs were inhibited by the presence of NS-398
or ASA before and throughout challenge with o,fmeATP
(short protocol, Figure 1). Neither NS-398 nor ASA
significantly inhibited the astrocytic elongation induced by
o,fmeATP (*P<0.05 vs control, ¥**P<0.05 vs control and
not statistically different from o,fmeATP alone, 1-way
ANOVA, F-test).

tion of astrocytic processes (Figure 3). This suggests that PGE,
is likely to represent the main AA metabolite involved in
purine-induced reactive astrogliosis.

Discussion Our results show that ATP may trigger reactive
astrogliosis via activation of a P2Y receptor linked to
induction of COX-2. Transductional signalling to COX-2
induction involves an early activation of phospholipase A, and
AA release; this may hence act as an inducer of the COX-2
gene via the protein kinase-C/mitogen-activated kinase path-
way (Neary et al., 1996). Regulation of COX-2 transcription
by activator protein-1 (AP-1) has been reported (Wu, 1996);
interestingly we and others have previously shown that
exposure of astrocytes to ATP results in induction of the Jun
and Fos transcriptional factors (Neary et al., 1996; Bolego et
al., 1997) and formation of AP-1 complexes (Neary et al.,
1996). Data also point to PGE, as a main COX-2 metabolite in
P2Y receptor-mediated reactive astrogliosis; this is consistent
with previous results demonstrating increases of this
inflammatory mediator in a human post-mortem astrocytic
culture (Blom et al., 1997).

A relationship between extracellular P2 receptors and
prostanoid production was proposed back in the 1970s
(Burnstock et al., 1975). The ability of astroglial cells to
release prostanoids upon activation of P2 receptors was
demonstrated in the late 1980s (Pearce et al., 1989). Our
results establish for the first time a specific correlation
between activation of G protein-coupled P2Y receptors on
astrocytes and induction of COX-2. Enhanced COX-2
activity in neurological diseases may contribute to neuronal
damage via production of free radicals during AA
conversion (Katsuki & Okuda, 1995). In addition, COX-2
products may potentiate brain damage by increasing
oedema and by delivery of proinflammatory cells into the
brain. Moreover, whereas neuron-derived prostanoids seem
to be more involved in functions related to synaptic
transmission and neural plasticity, reactive astrocytes and
microglial cells are likely to be the major sources of
prostaglandins in pathological conditions (Minghetti ef al.,
1997). A specific pathogenic role for astroglial COX-2 is

150 -
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Figure 3 Exogenously applied PGE,, but not PGD,, can mimic P2Y
receptor-mediated reactive astrogliosis. Cultures were challenged for
2 h with the concentrations of prostaglandins indicated, washed,
grown for a further 3 days in drug-free medium, fixed, stained and
assessed for elongation of the astrocytic processes. Results are the
mean +s.e.mean of three independent experiments run in quadrupli-
cate. *P<0.05, 1-way ANOVA, F-test.

also suggested by the demonstration that PGE, largely
potentiated release of pro-inflammatory cytokine interleu-
kin-6 from both astroglioma cell lines and post-mortem
human astrocytes (Blom er al., 1997). PGE, has been also
recently associated with release of reactive oxygen and
other radicals in neurotoxicity induced by the prion protein
(Brown et al., 1996). On this basis, selective inhibitors of
COX-2 have been suggested to be beneficial for the therapy
of central nervous system diseases characterized by
neurodegenerative events (Ohtsuki et al., 1996; Blom et al.,
1997), chronic inflammation and pain (Dolan, et al., 1998),
while avoiding the gastrointestinal, renal and haematopoie-
tic adverse effects typical of mixed COX-1/COX-2 inhibitors
(Flower, 1996). Our results suggest that such a goal may be
achieved by selectively blocking astroglial P2Y receptors
mediating reactive astrogliosis. In previous work, we have
shown that the non-selective P2 receptor antagonist
suramin can concentration-dependently block the formation
of reactive astrocytes by ATP analogues (Bolego et al.,
1997). However, suramin also has a variety of additional
activities on membrane channels, G proteins and enzymes.
Selective antagonists of the astroglial P2Y receptor devoid
of effects on other biological targets are hence highly
desirable: these may represent a novel class of anti-
inflammatory agents.
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Modulation of noradrenergic neuronal firing by selective serotonin

reuptake blockers

*I1Steven T. Szabo, 'Claude de Montigny & 'Pierre Blier

Neurobiological Psychiatry Unit, McGill University, Montreal, Canada, H3A 1Al

Using in vivo extracellular unitary recording, the effect of short term (2-day) and long-term (21-day)

—1

administration of the selective 5-HT reuptake inhibitor (SSRI) paroxetine (10 mg kg~! day~!, s.c.
using osmotic minipumps) was examined on the spontaneous firing activity of locus coeruleus
noradrenergic neurons. Long-term but not short-term treatment significantly decreased firing
activity. Thus, it appears that enhancing 5-HT neurotransmission by sustained SSRI administration
leads to a reduction of the firing rate of noradrenergic neurons. The SSRI paroxetine therefore alters
the activity of noradrenergic neurons with a delay that is consistent with its therapeutic action in

depression and panic disorder.

Keywords: Antidepressant; noradrenaline; major depression; panic disorder; serotonin (5-HT); selective serotonin reuptake

inhibitor (SSRI)

Abbreviations: SSRI, selective serotonin reuptake inhibitor

Introduction The pathophysiology underlying major depres-
sion and panic disorder is poorly understood, however, more is
known about the mechanisms of action of the antidepressant
drugs used to treat these disorders (reviewed by Blier & de
Montigny, 1997). For instance, selective 5-HT reuptake
inhibitors (SSRIs) have been shown to enhance 5-HT neuro-
transmission in projecting brain areas by increasing 5-HT
release as a result of a progressive desensitization of somato-
dendritic and terminal 5-HT autoreceptors which normally
exert a negative feedback influence on the function of 5-HT
neurons. Since SSRIs and other antidepressant drugs require
an administration of about 2 weeks before exerting a
detectable therapeutic effect, the blockade of 5-HT uptake per
se cannot account for their therapeutic efficacy in major
depression and panic disorder. In the treatment of panic
disorder, when a SSRI is administered at a starting dose
equivalent to that utilized in the treatment of major
depression, an exacerbation of the symptoms often occurs
(van Vilet et al., 1996). Consequently, the starting dose is
routinely decreased by at least half to avoid this deterioration
and then it is progressively titrated to the upper range of the
therapeutic window. These clinical observations suggest that
panic disorder patients, contrary to depressed patients, might
have an increased hypersensitivity of certain 5-HT receptor
subtypes. The beneficial effects of the drugs in panic disorder
occur gradually at about the same rate as for the treatment of
major depression.

It is well established that noradrenergic neurons modulate
the 5-HT system. Dorsal raphe 5-HT neurons receive
noradrenergic projections from the locus coeruleus (Baraban
& Aghajanian, 1980; Anderson et al., 1977; Loizou, 1969), a
nucleus which gives rise to more than 90% of noradrenergic
innervation of the brain. The noradrenergic neurons located in
the locus coeruleus modulate the activity of 5-HT neurons in
the dorsal raphe nucleus via excitatory oj-adrenoceptors
(Baraban & Aghajanian, 1980). In turn, noradrenergic neurons
of the locus coeruleus receive dense 5-HT projections which
have revealed an inhibitory role of 5-HT using different
experimental approaches (Vertes & Kocsis, 1994; Léger &

*Author for correspondence.

Descarries, 1978; Cedarbaum & Aghajanian, 1978). This
modulation is indicated by several lines of evidence. For
instance, lesioning of 5-HT neurons with a selective 5-HT
neurotoxin produces an elevation of firing rate of noradrener-
gic neurons (Haddjeri ez al., 1997). The noradrenergic system is
in itself a neuronal system which has been implicated in the
antidepressant response. Consequently, the therapeutic effect
of drugs selective for the 5-HT system, like SSRIs, could in fact
be mediated in part by a modification of the efficacy of 5-HT
transmission in the locus coeruleus. Changes in noradrenergic
function in various brain areas by antidepressant drugs may
play a crucial role in controlling 5-HT output, and
noradrenergic/5-HT interactions may ultimately be relevant
to onset antidepressant efficacy and/or to their side effects. In
the present study, electrophysiological experiments were
performed in male rats undergoing short-term (2-day) and
long-term (21-day) treatment with the SSRI paroxetine where
the spontaneous neuronal firing rate of locus coeruleus
noradrenergic neurons was determined since this parameter
controls in large part the release of noradrenaline in the brain.

Methods The experiments were carried out in male Sprague
Dawley rats (Charles River, St. Constant, Québec, Canada)
weighing between 300—325 g, kept under standard laboratory
conditions (12:12 light-dark cycle with access to food and
water ad libitum). Two groups of rats were treated with
paroxetine (10 mg kg=' day~') for either 3 weeks or 2 days
and one group of rats was treated with citalopram
(20 mg kg=' day ') for 3 weeks delivered by osmotic
minipumps (ALZA, Palo Alto, CA, U.S.A.) inserted sub-
cutaneously. Two groups of rats were treated with a vehicle (a
50% v/v ethanol/water solution) for 3 weeks or 2 days via
osmotic minipumps implanted subcutaneously to act as
respective controls for the treated groups. The rats were tested
with the minipumps in place. Electrophysiological experiments
were performed on rats anaesthetized with chloral hydrate
(400 mg kg~', i.p.) and mounted in a stereotaxic apparatus
(David Kopf Instruments). Supplemental doses (100 mg kg™',
1.p.) were given to prevent any nociceptive reaction to pinching
of the hind paw. Body temperature was maintained at 37°C
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throughout the experiment utilizing a thermistor-controlled
heating pad (Seabrook Medical Instruments, Inc.). Extra-
cellular unitary recording of noradrenergic neurons of the
locus coeruleus were conducted with single-barrelled glass
micropipettes pre-loaded with fibreglass filaments (to facilitate
filling) being pulled in a conventional manner, with the tips
broken back to 1-3 um and filled with a 2 M NaCl solution.
Their impedance range was between 2 and 4 MQ. A burr hole
was drilled 1 mm posterior to lambda and 1 mm lateral to
midline for locus coeruleus neurons recordings. Locus
coeruleus noradrenergic neurons were recorded with micro-
pipettes lowered at —0.7 mm interaural and 1.1—1.4 mm
lateral. Spontaneously active noradrenergic neurons of the
locus coeruleus were identified using the following criteria:
regular firing rate (1-5 Hz) and positive action potential of
long duration (0.8—1.2 ms) exhibiting a characteristic burst
discharge in response to nociceptive pinch of the contralateral
hind paw. Noradrenergic neurons were recorded for at least
1 min to establish basal firing rate. In order to determine
possible changes of spontaneous firing activity of noradrener-
gic neurons, four to five electrode descents were carried out
through this nucleus in control and treated rats.

All results were expressed as mean+s.e.mean. Of single
neuron values. Statistical comparisons of values obtained in
control and paroxetine treated rats were carried out using one-
way analysis of variance followed by post hoc Tukey Test.

Results Systematic electrode descents into the locus coeruleus
were carried out in rats treated with paroxetine for 2 and 21
days as well as with their respective controls. The spontaneous
firing activity of locus coeruleus noradrenergic neurons in
treatment and control groups were recorded (Figure 1). The 2-
day paroxetine treated rats (n=>5) did not significantly differ in
spontaneous firing rate activity when compared to control rats
(n=7). However, the 21-day paroxetine treated rats (n=38)
resulted in a significant 52% decrease in the mean spontaneous
firing rate when compared to that of the control rats (Figure
2). Similar results were obtained with the other SSRI
citalopram after a 21-day treatment (n=>5 rats; 1.69+0.08 Hz,
n=>54 neurons) resulting in a 36% significant decrease when
compared to that of control rats. However, this attenuation of
firing activity was significantly different from that obtained in
the paroxetine group.

Discussion Previous results from our laboratory have demon-
strated that acute injection of SSRIs like paroxetine has no
effect on the spontaneous firing activity of locus coeruleus
noradrenergic neurons (Béique et al., 1998). The results of the
present study indicate that the long-term 21-day treatment but
not the short-term 2-day paroxetine treatment greatly reduced
the spontaneous firing rate of the locus coeruleus noradrenergic
neurons. In contrast, the acute and short-term administration
of a SSRI reduces the firing rate of 5-HT neurons of the dorsal
raphe nucleus in the rodent brain (de Montigny et al., 1981;
Quinaux et al., 1982). However, these neurons regain their
normal firing rate after long-term treatment (Blier & de
Montigny, 1983). This has been shown to be due to
desensitization of the somatodendritic 5-HT,, autoreceptor
which controls their firing activity (Blier & Montigny, 1983).
The terminal 5-HT autoreceptor controlling 5-HT release also
desensitizes following long-term SSRI administration (Blier et
al., 1988). These two modifications, in the presence of sustained
5-HT reuptake blockade, result in an increased amount of 5-
HT release per action potential in the forebrain.

The difference observed between the paroxetine and
citalopram groups after 21 days of treatment cannot be
attributed to different degrees of 5-HT reuptake blockade as
these regimens were shown to produce a similar effect on the 5-
HT reuptake process (Pifieyro et al., 1994; Mongeau et al.,
1998). The difference may rather stem from the weak but
significant anti-cholinergic potency of paroxetine. Indeed,
since acetylcholine exerts an excitatory effect on noradrenergic
neurons firing (Guyenet et al., 1977), then the antagonism of
an endogenous acetylcholine activation by paroxetine, but not
citalopram, might have lead to the greater decrease of
noradrenergic firing by the former drug.
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Figure 1 Integrated firing rate histograms of locus coeruleus
noradrenergic neurons, recorded in one electrode descent in the
locus coeruleus showing their spontaneous firing activity in control
(A), 2-day paroxetine treatment (10 mg kg ' day~") (B), and 21-day
paroxetine treatment (10 mg kg~! day~') (C). The breaks in the lines
in between neurons indicate approximately 5-min time laps. The
number above each neuron indicates the depth from the floor of the
fourth ventricle at which it was recorded.
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The present findings are interesting when taken into the
context of the time course needed for SSRIs to exert their
therapeutic efficacy of major depression and panic disorder.
The increase in 5-HT release resulting from long-term SSRI
treatment would theoretically lead to an increased activation
of 5-HT,4 receptors on noradrenergic locus coeruleus neurons
(Haddjeri et al., 1997). This would yield an increased
inhibitory response and ultimately a decrease in firing activity
of locus coeruleus noradrenergic neurons which is what we
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Attenuation of haloperidol-induced catalepsy by a 5-HT ¢ receptor

antagonist
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Atypical neuroleptics produce fewer extrapyramidal side-effects (EPS) than typical neuroleptics. The
pharmacological profile of atypical neuroleptics is that they have equivalent or higher antagonist
affinity for 5-HT, than for dopamine D, receptors. Our aim was to identify which 5-HT, receptor
contributed to the atypical profile. Catalepsy was defined as rats remaining immobile over a
horizontal metal bar for at least 30 s, 90 min after dosing. Radioligand binding assays were carried
out with homogenates of human recombinant 5-HT,,, 5-HT,z and 5-HT,¢ receptors expressed in
Human Embryo Kidney (HEK293) cells. Haloperidol (1.13 mg kg~' i.p.) induced catalepsy in all
experiments. The selective 5-HT,c,p receptor antagonist, SB-228357 (0.32—10 mg kg™' p.o.)
significantly reversed haloperidol-induced catalepsy whereas the 5-HT,, and 5-HT,gz receptor
antagonists, MDL-100907 (0.003-0.1 mg kg=' p.o.) and SB-215505 (0.1-3.2 mgkg™' p.o.)
respectively did not reverse haloperidol-induced catalepsy. The data suggest a role for 5-HT,c
receptors in the anticataleptic action of SB-228357.

Keywords: SHT,c and Dopamine D, receptor antagonists; catalepsy

Abbreviations: D,, dopamine 2; 5-HT,, serotonin 2; EPS, extrapyramidal side-effects; HEK, human embryo kidney; ICs,
inhibitor constant; Kp, dissociation equilibrium constant; K;, inhibitor constant; pK;, negative logarithm of

inhibitor constant

Introduction Clozapine and the new generation of ‘atypical’
neuroleptics such as olanzapine are less liable than typical
neuroleptics to cause extrapyramidal side-effects (EPS) when
used to treat schizophrenia (Meltzer, 1996). As well as being
dopamine D, receptor antagonists, the atypical neuroleptics
are high affinity antagonists at SHT, receptors. This property
may be responsible for their atypical profile (Meltzer et al.,
1989). Therefore, we have investigated whether 5-HT5a28/2¢
receptor subtypes modulate haloperidol-induced catalepsy.

Methods Male Sprague Dawley rats (200—-250 g; Charles
River) were housed in groups of six under a 12 h light dark
cycle (lights on 0700 h) with free access to food and water.
To test for catalepsy, rats were positioned so that their
hindquarters were on the bench and their forelimbs rested on
a 1 cm diameter horizontal bar, 10 cm above the bench. The
length of time the rats maintained this position was recorded
by stopwatch to a maximum of 120s. This procedure
occurred 30, 60 and 90 min after drug administration. Rats
were judged to be cataleptic, and assigned a score of ‘1’ if
they maintained this position for 30 s or more; otherwise,
they were assigned a score of ‘0’. As the raw data were de-
rived from a non-linear quantal scoring scheme, a logistic
regression analysis in SAS-RA© (SAS Institute Inc.) was
used to analyse the data at the 90 min time point. MDL-
100907 (R-(+)-u-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl)
ethyl]-4-piperidinemethanol) (0.003—0.1 mg kg~"'), SB-215505
(6-chloro-5-methyl-1-(5-quinolylcarbamoyl) indoline) (0.1—
3.2 mg kg™') and SB-228357 (1-5[-fluoro-3-(3-pyridyl)phenyl-
carbamoyl] -5- methoxy-6-trifluoromethylindoline)  (0.32—10
mg kg~') were ground in one drop of BRIJ-35 and diluted
in 1% methylcellulose and administered at 2 ml kg=' p.o..

* Author for correspondence.

Haloperidol was dissolved with an equal weight of tartaric
acid and injected at 1 ml kg~' i.p. immediately after the
SHT, receptor antagonists. In all experiments, each treatment
group consisted of six rats and the assessor was blind to the
treatments.

Radioligand binding assays were carried out with homo-
genates of human recombinant 5-HT,,, 5-HT,5 and 5-HT,c
receptors expressed in Human Embryo Kidney (HEK293) cells
(Kennett et al., 1997). Washed membranes were incubated
with ten concentrations (1x107'"' M—1x107° M) of test
compounds and 0.5 nM [*H]-ketanserin (5-HT,,), 8 nM [*H]-
5-HT (5-HT,g) or 0.6 nM [*H]-mesulergine (5-HT,¢) for 30—
45 min at 37°C in a pH 7.4 50 mM tris buffer. K; (dissociation
equilibrium constant, mol 17! of the drug) values were
calculated from the ICs, (Cheng & Prusoff, 1973) using the
Kp: 5-HT,a 0.7 nM, 5-HT,5 11.0 nM and 5-HT,¢ 0.58 nM. pK;
values were calculated as the negative logarithm of the molar
K,

Results Haloperidol produced a significant cataleptic re-
sponse in the range 0.38-3.76 mg kg~' (Figure 1, top panel).
Maximal effect (6/6 cataleptic rats) occurred at a dose of
1.13 mg kg=' (P<0.01) and this dose was used in subsequent
experiments for challenge with the 5-HT, receptor antago-
nists. SB-228357 significantly attenuated haloperidol-induced
catalepsy at 0.32—-10 mg kg~'. At 10 mg kg™' catalepsy was
only seen in one of the six rats (P<0.01; Figure 1 bottom
panel). Neither MDL-100907 nor SB-215505 reduced halo-
peridol-induced catalepsy (P>0.05 in each case; Figure 2).
In the radioligand binding studies (Table 1), SB-228357 had
a high affinity for the 5-HT,c receptor with 100 and 10 fold
selectivity over the 5-HT,, and 5-HT,p receptors respectively.
MDL-100907 was at least 700 and 16 fold selective for the 5-
HT,, receptor over the 5-HT,z and 5-HT,c receptor
respectively. SB-215505 was 30 fold selective for the 5-HT,p
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Figure 1 Each bar shows the number of cataleptic rats, 90 min after
administration of haloperidol (top) and after pretreatment with SB-
228357 (bottom). Significant haloperidol-induced catalepsy (top), or
significant antagonism of the haloperidol effect (bottom) denoted by
*=P<0.05; **=P<0.01.
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Figure 2 Each bar shows the number of cataleptic rats 90 min after
administration of haloperidol and pretreatment with MDL-100907
and SB-215505.

over the 5-HT,, receptor, and only marginally selective over
the 5-HT,c receptor. Ritanserin had a high affinity for all three
receptors (Table 1).

Discussion Serotoninergic mechanisms are known to influ-
ence neuroleptic-induced catalepsy (Balsara et al., 1979), and
5-HT, receptor antagonism has been suggested to confer a
favourable side-effect profile to neuroleptics (Meltzer et al.,
1989). There is clinical evidence to support this as the mixed
5-HTa2c receptor antagonist, mianserin has been shown to
reduce neuroleptic-induced akathisia (Poyurovsky & Weiz-
man, 1997).

Other workers have attempted to discover if 5-HT, receptor
antagonists modulate catalepsy. Kalkman er al. (1998) used
SB-200646 and failed to show attenuation of loxepine-induced
catalepsy. However, SB-200646 has only moderate affinity
(pK;=6.9) and selectivity for the 5-HT,c¢ receptor (Kennett et
al., 1994). Bligh-Glover et al. (1995) showed that ritanserin
attenuated the catalepsy induced by low doses (0.25—
0.375mg kg=') of haloperidol but not high doses
(0.75 mg kg~"). However while ritanserin had a high affinity
for 5-HT, receptors (Table 1) it is a non-selective compound.
The recent discovery of high affinity and more selective 5-HT,
receptor antagonists has enabled further investigation of the
role of these receptors in catalepsy.

Further evidence has recently been provided that 5-HT,c
receptor antagonism may produce a favourable outcome in
states of motor disturbance. Thus, oro-facial dyskinesias
elicited by stimulation of subthalamic 5-HT,c receptors are
blocked by the 5-HT,c receptor antagonist, SDZ SER 082
(Eberle-Wang et al., 1996), and injection of the 5-HT,c
receptor antagonist, SB-206553 (5-methyl-1-(3-pyridylcarba-
moyl)-2,3-dihydropyrrolo[2,3-flindole), into the substantia
nigra zona reticulata produces an antiparkinsonian effect in
the rat (Fox et al., 1998). Furthermore, 60% of striatal 5-HT-
mediated phosphoinositide hydrolysis is accounted for by 5-
HT,c receptors despite there being 3 fold fewer striatal 5-HT,¢
than 5-HT,, receptors (Wolf & Schutz, 1997).

MDL-100907, has been reported to have 100 fold selectivity
for the SHT,A over the 5-HT,c receptor (5-HT,a K;=0.85 nM;
5-HT,c K;=87 nM, Kehne et al., 1996), although our data
(Table 1) show this compound to have less than 100 fold
selectivity.  MDL-100907 is in clinical development for
schizophrenia, following an ‘atypical’ profile in preclinical
tests (Kehne et al., 1996). In these experiments, antagonism of
apomorphine-induced stereotypy was used as a method of
predicting EPS liability. In our study, MDL-100907 failed to
attenuate haloperidol-induced catalepsy at doses that were
active in the rat 5-HTP head twitch model (Kehne et al., 1996).
Kalkman et al. (1998) have shown that MDL-100151 (R-(+)-
o-(2,3- dimethoxyphenyl)-1- [2 -(4-fluorophenyl)ethyl]-4-piperi-

Table 1 Receptor radioligand binding profile of 5-HT,
receptor antagonists [pK;+s.e.mean (n)]
pK; pK; pK;
5-HT>, 5-HT>p 5-HT;¢
MDL-100907 8.86+0.08 6.02+0.03 7.66+0.09
“4) “ 3
Ritanserin 9.4240.05 9.254+0.06 9.65+0.07
(5 (3) (5
SB-215505 6.77+0.23 8.34+0.05 7.66+0.09
3 (6) ()
SB-228357 6.97+0.06 8.14+0.08 9.14+0.07
(16) (14) (16)
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dinemethanol), the racemate of MDL-100907, is catalepto-
genic at a dose of 0.3 mg kg~'. This could explain why MDL-
100907 failed to attenuate catalepsy. In contrast, SB-228357
had a pronounced anticataleptic profile. This compound had a
high affinity for the 5-HT,c receptor and is 100 and 10 fold
selective over the 5-HT,, and 5-HT,p receptor respectively
(Table 1). This suggests that 5-HT,¢ receptor antagonism, or
possibly mixed 5-HT,¢/,p receptor antagonism is the optimum
profile for antagonising haloperidol-induced catalepsy. How-
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Rate-dependent blockade of a potassium current in human atrium

by the antihistamine loratadine

*William J. Crumb Jr.

"Department of Pediatrics, Division of Cardiology, Tulane University School of Medicine, 1430 Tulane Avenue, New Orleans,

Louisiana 70112-2699, U.S.A.

1 The antihistamine loratadine is widely prescribed for the treatment of symptoms associated with

allergies. Although generally believed to be free of adverse cardiac effects, there are a number of
recent reports suggesting that loratadine use may be associated with arrhythmias, in particular atrial
arrhythmias.

2 Nothing is known regarding the potassium channel blocking properties of loratadine in human
cardiac cells. Using the whole-cell patch clamp technique, the effects of loratadine on the transient
outward K current (I,,), sustained current (I,,), and current measured at —100 mV (I, and 1), the
major inward and outward potassium currents present in human atrial myocytes, were examined in
order to provide a possible molecular mechanism for the observed atrial arrhythmias reported with
loratadine use.

3 Loratadine rate-dependently inhibited I, at therapeutic concentrations with 10 nM loratadine
reducing I, amplitude at a pacing rate of 2 Hz by 34.9+6.0%. In contrast, loratadine had no effect
on cither Iy, or current measured at —100 mV.

4 These results may provide a possible mechanism for the incidences of supraventricular
arrhythmias reported with the use of loratadine.

Keywords: Antihistamine loratadine; human; potassium current; transient outward current; atria

Abbreviations: Iy, inwardly rectifying potassium current; I, non-selective cation current; I, sustained current; I, transient

outward potassium current

Introduction

Antagonists to H;-histamine receptors are commonly pre-
scribed for the treatment of allergies, urticarial diseases, and
symptomatic relief of upper respiratory infections. Recently,
members of this family of compounds such as terfenadine and
astemizole have been associated with rare but potentially life-
threatening adverse cardiac events (Craft, 1985; Davies et al.,
1989; Bishop & Gaudry, 1989; Monahan et al., 1990; Lindquist
& Edwards, 1997). For instance, terfenadine use has been
associated with serious ventricular arrhythmias such as torsade
de pointe and sudden death (Davies et al., 1989; Monahan et
al., 1990). Terfenadine and astemizole have subsequently been
shown to block one or more cardiac potassium channels and it
is believed this action may underlie the observed arrhythmias
(Woosley et al., 1993; Salata et al., 1995; Rampe et al., 1993;
Crumb et al., 1995¢).

In contrast to terfenadine and astemizole, the antihistamine
loratadine is generally believed to be free of adverse cardiac
effects. However, there are a number of recent reports
suggesting that loratadine use may be associatd with
arrhythmias, in particular atrial arrhythmias (Lindquist &
Edwards, 1997; Aust Adv Drug React Bull, 1996 ; Haria et al.,
1994). In human atrium, the transient outward K current (I,),
sustained current (I,), and current measured at —100 mV
(which consists of the inwardly rectifying K current, Ik, and
the non-selective cation current, I,), represent the major
inward and outward K currents and thus play an important
role in the resting potential, shape and duration of the human
atrial action potential. Blockade of any of these potassium

* Author for correspondence.
E-mail: werumb@tmcpop.tme. tulane.edu

currents may be potentially arrhythmogenic. To date, nothing
is known regarding the potassium channel blocking properties
of loratadine in human cardiac cells. Therefore, the present
study was undertaken to characterize the effects of loratadine
on I, Iy, and current measured at —100 mV in isolated
human atrial myocytes in order to provide a possible
molecular mechanism for the observed arrhythmias reported
with loratadine use.

Methods

Human tissue was obtained, in accordance with Tulane
University School of Medicine Institutional guidelines.
Myocytes were isolated from specimens of human right atrial
appendage obtained during surgery from hearts of five patients
(ages 40—67 years) undergoing cardiopulmonary bypass. All
atrial specimens were described as grossly normal at the time
of excision and all patients had normal P waves on
electrocardiography. Some patients had received cardioactive
drugs including calcium channel blockers and digitalis. The cell
isolation procedure has been described in detail in Crumb et al.
(1995a).

Isolated human atrial myocytes were superfused with an
‘external’ solution that consisted of (in mmol 17'): 137 NaCl, 4
KCl, 1 MgCl,, 1.8 CaCl,, 11 Glucose, 10 HEPES; adjusted to a
pH of 7.4 with NaOH. Glass pipettes were filled with an
‘internal’ solution that consisted of (in mmol 171): 120 K-
aspartate, 20 KCl, 4 Na-ATP, 5 EGTA, 5 HEPES; adjusted to
a pH of 7.2 with KOH. Loratadine was kindly provided by
Almirall Prodesfarma (Barcelona, Spain) and dissolved in
100% DMSO to make concentrated stock solutions (I mMm).



576 W.J. Crumb

Human cardiac K current block by loratadine

Loratadine was added to the bath solution from this
concentrated stock (final DMSO concentration less than
0.01%) or from another more diluted stock solution (100 M)
made in distilled, deionized water.

Experiments were performed in the presence of 200 um
Cd?* to block the L-type Ca current and at a holding potential
of —60 mV to inactivate the sodium current. All experiments
were performed at room temperature (22—-23°C) so that peak
I,, could be accurately distinguished from the capacitive
current. The transient outward current was measured by
subtracting the amplitude of the current measured at the end of
the depolarizing voltage pulse (sustained current) from peak
current amplitude. The sustained current was measured at the
end of a depolarizing pulse to +60 mV.

Acceptable atrial myocytes were rod-shaped and lacked
any visible blebs on the surface. Currents were measured
using the whole-cell variant of the patch clamp method
(Hamill et al., 1981). Currents were digitized at 3—5 kHz
and filtered at 1 kHz. Pipette tip resistance were approxi-
mately 1.0—2.0 MQ when the pipettes were filled with the
internal solution. Analogue capacity compensation and 40—
60% series resistance (R;) compensation was used in all
experiments to yield voltage drops across uncompensated R,
of less than 3 mV. Paired and unpaired Student’s z-test was
used for statistical analysis. Data are presented as mean+
s.e.mean.

For exponential fits of data (e.g., fits of time course of
current decay and I, recovery), a single exponential fit was
accepted as the fit of choice whenever the following criteria
were met: (a) the amplitude parameters obtained from the least
squares fit were all of the same sign and (b) when a negative
value for the AIC (asymptotic information criteria) statistic
was obtained when comparing a one versus a two exponential
fit (Akaike, 1974; Horn, 1987).

Results

Figure 1 shows the effects of loratadine on K™ currents
recorded from an isolated human atrial myocyte. In the

+60 MV 800 ms

absence of drug, application of voltage pulses from
—100 mV to +60 mV elicited a family of currents
characteristic of human atrial myocytes. At potentials
negative to —70 mV, an inward current, which reflects the
combination of the inwardly rectifying potassium current
(Ix1) and the inward component of a non-selective cation
current (Crumb et al, 1995b), was elicited. At more
depolarized potentials, a current was elicited which decays
rapidly to a steady-state (see Figure 1, control). The decaying
current represents the transient outward potassium current
(I,,) while the current remaining after the decay of I,
commonly referred to as the sustained current (I, is distinct
and consists of two currents, a potassium current designed
Kv 1.5 (Wang et al., 1993) and the non-selective cation
current (Crumb et al., 1995b). A reduction in the amplitude
of any of these currents can alter the shape and duration of
the cardiac action potential and thus may be potentially
arrhythmogenic.

While pacing slowly (0.1 Hz), addition of 100 nM loratadine
to the solution bathing the cell, a concentration associated with
arrhythmias in humans (Hilbert et al., 1987), produced no
noticeable change in the amplitude of either inward or outward
currents. This is clearly illustrated by the lack of a definable
loratadine-sensitive current (Figure 1). Similar results were
observed in four additional cells.

Since I, is sensitive to pacing rate and the actions of
many ion channel blocking drugs are rate-dependent, it is
possible that the effects of loratadine on I, may be
frequency-dependent. To test this hypothesis, the effects of
loratadine on the timecourse of recovery of I, were
examined using a 2-pulse protocol consisting of a 500 ms
conditioning pulse to +60 mV followed by a test pulse to
+60 mV after a variable recovery period at the holding
potential (—60 mV) (Figure 2). As illustrated in Figure 2,
the timecourse of I, recovery was significantly slower in the
presence of loratadine (100 nM) compared with control and
was best fit with a single exponential relationship. The time
constant of recovery (t) obtained in the presence of drug
was 107.7+9.3 ms, significantly slower than in the absence
of drug (63.5+5.0ms) (n=6, P<0.05). These results

-60 mV

-100 mV

control

100nM loratadine

drug-sensitive

Figure 1

50 pA

200 ms

Effects of 100 nM loratadine on potassium currents recorded from an isolated human atrial myocyte. A family of currents

were elicited by the protocol shown before and after addition of 100 nM loratadine to the bath solution. Currents were elicited at a
pacing rate of 0.1 Hz. The drug-sensitive currents represent control-loratadine currents. Note the lack of effect on current amplitude.
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Figure 2 Recovery kinetics of I,, before and after 100 nm
loratadine. A plot of the I, recovery kinetics obtained from a
human atrial myocyte before and after exposure to 100 nm
loratadine. Currents were elicited by the indicated protocol. Data
points were fit with a single exponential function of the form —0.85
exp (— x/104.1 ms)+0.998 after loratadine and —0.92 exp (— x/
59.0 ms)+ 1.00 before loratadine.

suggest that at higher pacing rates a reduction in I,
amplitude might be observed in the presence of loratadine.

Figure 3 illustrates the effects of pacing rate on loratadine
inhibition of I,,. To more accurately characterize the effects of
loratadine on I, the current measured at the end of the
voltage pulse was subtracted from the peak current (Crumb et
al., 1995b). After a 20 s interval at the holding potential in the
presence of 100 nM loratadine, application of a depolarizing
voltage pulse elicited a current which was virtually identical in
amplitude to that observed in the absence of drug indicating a
lack of tonic block (Figure 3B). In 100 nM loratadine, tonic
reduction of I, was 4.1+1.3%, I, was 6.3+2.1, and the
current measured at —100 mV was 6.6+4.2% (n=15). At
pacing rates which simulate either a resting heart rate (1 Hz) or
a heart rate achieved during moderate exercise (2 Hz), 100 nM
loratadine caused a pronounced reduction in the amplitude of
I, (Figure 3B and C). Interestingly, the rate-dependent effects
of loratadine were also observed at therapeutic concentrations
(i.e. 10 nm) (Figure 3C). For instance, at a frequency of 1 Hz,
10 nM loratadine produced a 15.3+2.4% (n=15) reduction in
I,, amplitude, not significantly different from control
(8.8+2.3%, n=16) (Figure 3C). At higher pacing rates,
(2 Hz), 10 nM loratadine markedly reduced I, amplitude by
34.94+6.0% (n=35), significantly greater than that observed in
the absence of loratadine (19.9+1.5%, n=16) (P<0.05)
(Figure 3C). In contrast, loratadine produced only a negligibly
greater blockade of I, when compared to control even at the
highest pacing rate tested (2 Hz) (1.1+0.7% greater than
control with 10 nM, 3.6+2.6% with 100 nM, 6.942.9% with
1 uM, n=5-6). Even at a concentration of 10 uM, loratadine
produced only a small reduction in the amplitude of the
current measured at —100 mV when paced at 2 Hz
8.3+3.7%, n=>5).

As suggested in Figure 3, the kinetics of I, decay appeared
to be faster in the presence of loratadine than in its absence.
The kinetics of I, decay were measured once a steady-state

200pA
100 ms
C 60
1 D control L.
10nM
W73 1000nM
S
k<]
=
°
<
]
X

pacing rate (Hz)

Figure 3 Effects of pacing rate in the presence of 100 nm loratadine
on Iy, recorded from an isolated human atrial myocyte. (A) Pulse
protocol. (B) Reduction in amplitude of I, in a cell paced at 1 and
2 Hz. Illustrated are the first and steady-state currents of a 30 pulse
rate train. Currents were elicited by the pulse protocol in panel A.
(C) Rate- and concentration-dependent reduction of I, by
loratadine. % reduction of I, at a given pacing rate was calculated
as the reduction in current amplitude of the last pulse in the rate
train (30 pulses) relative to the first pulse in the rate train. Symbols
are mean+s.e. (n=5-16). Asterisks indicate value is significantly
different from control.

level of current reduction was achieved at either 1 or 2 Hz in
the presence of loratadine and compared to that measured in
the absence of loratadine (control) at the same pacing rate. The
decay of I, could be well fit with a single exponential function
with values ranging between 50 and 80 ms in the absence of
drug. Fits obtained from cells before and after exposure to
loratadine are shown in Figure 4. As indicated, in the presence
of loratadine I,, current decay tended to be faster, although
this tendency did not reach significance at any concentration or
pacing rate (P=0.06).

The combination of a reduction in I,, amplitude and a
tendency to ‘speed-up’ I, decay kinetics suggests that in the
presence of loratadine the amount of current exiting the cell
through transient outward channels during depolarizations at
pacing rates of 1 Hz or greater will be reduced. This hypothesis
was tested by calculating the I, current integral in the presence
and absence of loratadine at pacing rates of 1 and 2 Hz. As
illustrated in Figure 5, in the presence of 100 nM loratadine the
total amount of current leaving the cell during a depolarizing
pulse was dramatically and significantly reduced when
compard to control (Figures 5A and B) (P<0.05). Interest-
ingly, the ability of 10 nM loratadine to reduce total current
exiting the cell was not significantly different from that
observed for 100 nM (Figure 5D).
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Figure 4 Effect of loratadine on I, decay kinetics. Examples of current traces recorded in the absence and presence of 100 nm
loratadine are shown at top of figure. Currents illustrated were recorded after current amplitude had reached a steady-state and were
elicited by a series of 30 pulses (320 ms) to +60 mV from a holding potential of —60 mV (pacing rate=2 Hz). For clarity, end of
pulse current has been subtracted from peak current and currents have been superimposed. Plots of decay time constants measured
from cells before and after exposure to either 10 or 100 nM loratadine are also shown. Currents were fit with a single exponential
function.
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Figure 5 Effect of loratadine on I, total charge movement in human atrial myocytes. (A) Example of the integrated current in the
absence of drug (26 pA ms™'). Steady-state current has been subtracted from peak current. Line indicates zero current. Currents
illustrated were recorded after current amplitude had reached a steady-state and were elicited by a series of 30 pulses (320 ms) to
+60 mV from a holding potential of —60 mV (pacing rate=2 Hz). (B) Current recorded from same cell after addition of 100 nm
loratadine (15.5 pA ms~'). (C) Change in total charge exiting through I, channels induced by 100 nM loratadine. Shaded area
indicates the loratadine-sensitive integrated current. (D) Plot of the % reduction in total charge movement measured in cells before
and after exposure to loratadine at the indicated pacing rates. All values were significantly different from control, indicated by
asterisks. Data are mean+s.e.mean (n=>35).
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Discussion

The major finding of this study is that loratadine blocks I,
recorded from human atrial myocytes and significantly reduces
the amount of I, current exiting the myocyte in a rate-
dependent manner at concentrations achieved therapeutically
and during an overdose (Hilbert et al., 1978). At therapeutic
concentrations (10 nM), loratadine significantly blocked I, at
pacing rates which mimic elevated heart rates (2 Hz) while at
concentrations which may be achieved during an overdose
(100 nm) (Hilbert et al., 1987), 1,, was blocked at pacing rates
which simulate both normal (1 Hz) and elevated heart rates
(Figure 3). These results provide a possible molecular
mechanism for the reported supraventricular arrhythmias
associated with the use of loratadine. The reduction caused
by loratadine in the total amount of I, current exiting the
myocyte (Figure 5) may be arrhythmogenic since I, is an
important repolarizing current in human atrium and has been
shown to modulate atrial action potential shape and duration
(Shibata et al., 1989).

The block of I, by loratadine (10— 100 nM) described in the
present study is in marked contrast to a previous report in
which loratadine at concentrations up to 1 uM exhibited no
blocking actions on I, recorded from rat ventricle (Ducic et
al., 1997). These differences may reflect species differences in
the molecular nature of I, or in the fact that the previous
report did not examine the effects of rate on the blocking
action of loratadine. In fact, in the present study when cells
were paced slowly (0.1 Hz), loratadine even at concentrations
up to 1 uM produced only a very modest reduction in the
amplitude of I, similar to previous reports (Figure 3).

Use of non-sedating antihistamines has been associated
with cardiac arrhythmias (Craft, 1985; Davies et al., 1989;
Bishop & Gaudry, 1989; Monahan et al., 1990; Lindquist &
Edwards, 1997). Although the occurrence of such cardiotoxic
side effects is rare, it is nonetheless important to recognize since
these arrhythmias can be life threatening. The adverse cardiac
effects associated with antihistamines are typified by terfena-
dine which has been associated with prolongation of the QT
interval and torsade de pointes (Davies et al., 1989; Monahan
et al., 1990; Lindquist & Edwards, 1997). Providing a possible
mechanism for these arrhythmias, terfenadine has been shown
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to block several cardiac potassium channels including I, Ly
and the delayed rectifier (Ix,) in human heart as well as in other
species and expression systems (Woosley et al., 1993; Salata et
al., 1995; Rampe et al., 1993; Crumb et al., 1995c). Block of Iy,
and/or I, by terfenadine is believed to be in part responsible
for the reported incidences of QT prolongation and torsade de
pointes.

There are several reports of loratadine associated adverse
cardiac events in patients in particular atrial arrhythmias.
Reports of palpitations and arrhythmias have been reported to
the Australian ADR Advisory Committee (1996) and a
number of reports of supraventricular arrhythmias have been
reported to the United States Food and Drug Administration
(Haria et al., 1994). Recently, an examination of adverse drug
reaction (ADR) reports obtained from the World Health
Organization ADR database indicates several hundred
incidences of loratadine associated ‘rate and rhythm disorders’
and more than a dozen incidences of sudden cardiac death
(Lindquist & Edwards, 1997). In addition to atrial arrhyth-
mias, loratadine use has also been associated with ventricular
arrhythmias. One case report associates loratadine use with
QT prolongation and ventricular arrhythmias in a patient with
a history of both atrial and ventricular arrhythmias (Good et
al., 1994).

In summary, the present study describes the block of the
potassium current I, in human atrial myocytes by loratadine.
This potassium channel blockade may provide a mechanism
for the rare incidences of supraventricular arrhythmias
reported with the use of this antihistamine. Although untested,
it is intriguing to speculate that block of I, in human ventricle
may be similarly arrhythmogenic. The observation that a
marked reduction in repolarizing current is observed with
therapeutic concentrations of loratadine at rates mimicking
elevated heart rates suggests that care should be taken in
administering this antihistamine in patients with an existing
tachyarrhythmia or under conditions where heart rate may be
elevated (i.e. exercise or stress).
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The effects of specific antibody fragments on the ‘irreversible’
neurotoxicity induced by Brown snake (Pseudonaja) venom
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1 Brown snake (Pseudonaja) venom has been reported to produce ‘irreversible’ post synaptic
neurotoxicity (Harris & Maltin, 1981; Barnett et al., 1980).

2 A murine phrenic nerve/diaphragm preparation was used to study the neurotoxic effects of this
venom and pre- and post-synaptic components were distinguished by varying the temperature and
frequency of nerve stimulation. There were no myotoxic effects and the neurotoxicity proved

irreversible by washing alone.

3 The effects of a new Fab based ovine antivenom have been investigated and proved able to
produce a complete, rapid (<1 h) reversal of the neurotoxicity induced by Brown snake venom. A
reversal was also possible when the antivenom addition was delayed for a further 60 min.

4 We believe that this is the first time such a reversal has been shown.
Keywords: Neurotoxicity; reversal; Brown snake Pseudonaja; antivenom; Fab; ovine; antibodies

Abbreviations: CSL F(ab’),, CSL Brown Snake Antivenom

Introduction

Australia is home to some of the most poisonous snakes in the
world (White & Pounder, 1984). Brown snakes (Pseudonaja
sp.) account for most bites and fatalities (Sutherland, 1992;
Jelinek & Breheny, 1990) and the clinical features of such
envenoming include disseminated intravascular coagulation
and, on occasion, generalized neurotoxicity (Judd & White,
1994). The venom contains both pre- and post-synaptic
neurotoxins (Barnett er al., 1979) and the pre-synaptic
component, textilotoxin, is the most potent and complex toxin
ever isolated from a snake venom.. This phospholipase A,
neurotoxin has a molecular weight of approximately 72 kD
and comprises five non-covalently linked subunits (Tyler ez al.,
1987a; Su et al., 1983; Simpson et al., 1993). Its exact
mechanism of action remains unknown, but is dependant on
both temperature and the frequency of nerve stimulation. In
addition, textilotoxin is said to be unaffected by antitoxin
treatment once the initial binding phase is completed (Lloyd et
al., 1991; Simpson et al., 1993; Hamilton et al., 1980; Cull-
Candy et al., 1976).

Two post-synaptic based neurotoxins have also been
isolated. One (pseudonajatoxin-a) is reported to bind
‘irreversibly’ to nicotinic acetylcholine receptors (Barnett et
al., 1980) and is unusually large with 117 amino acid residues,
seven disulphide bonds and a molecular weight of 12 kD
(Barnett et al., 1979; 1980). The second (pseudonajatoxin-b)
blocks acetylcholine receptors on mammalian skeletal muscle
only weakly and reversibly (Tyler et al., 1987b).

It is not known which of the three neurotoxins are clinically
important, but Harris & Maltin (1981) reported that the
neurotoxic effects of whole venom are of a predominantly
post-synaptic type lasting, in vivo, for 2—3 days. They also
reported that the effects of the venom could not be reversed in
vitro, by a conventional antivenom. This has important

* Author for correspondence at: Department of Reproductive
Physiology, St Bartholomews’ Hospital, 48—53 Bartholomew Close,
London ECI1A 7BE.

implications for the treatment of Brown snake envenomation
and, therefore, experiments were performed to determine if a
new ovine Fab based antivenom could reverse its neurotoxic
effects.

Methods

Antivenom

The antivenom was prepared by immunizing sheep with a
maximum of 1 mg/28 days of equal amounts of venom from
four Pseudonaja species; P. textilis, P. nuchalis, P. affinis and P.
inframacula, in order to maximize the cross reactivity of the
final product (Venom Supplies Limited, P.O. Box 547, Tanuda
5352, South Australia). Ten ml of blood kg~' body weight was
collected from each sheep 2 weeks after each immunization,
once adequate antibody titres had been achieved (30 weeks
post primary immunization), and the serum was separated and
its IgG fraction partially purified by precipitation with sodium
sulphate (final concentration 18%) at 25°C for 15 min with
mixing. The precipitate, after pelleting by centrifugation, was
washed twice with 18% sodium sulphate, reconstituted in
saline (0.9% sodium chloride) and the IgG partially digested
with papain to yield Fab fragments (Rawat et al., 1994).
Commercially available CSL Brown Snake Antivenom (CSL
F(ab’),) was purchased from CSL Ltd., Melbourne, Australia,
and dialyzed against saline to remove the cresol preservative.

In vitro neurotoxicity

Left phrenic nerve-hemidiaphragm preparations were isolated
from 20-35 g male, out-bred white mice (Kitchen, 1984;
Bulbring, 1946). Each preparation was bathed in 60 ml Krebs
buffer (mMm 118 NaCl; 25 NaHCO;; 1.0 NaH,PO,.H,O0;
4.8 KCI; 1.9 CaCl,.2H,0; 1.2 MgS0,.7H,0; 11.1 b glucose)
maintained at 32°C, and supplied with 95% O,+ 5% CO,. A
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silicone anti-foaming agent (Sigma) diluted 1 in 60,000 was
added to prevent excess foaming in the tissue bath. Indirect
stimulation (via the nerve) was supplied using a supramaximal
voltage (~3 V, 0.2 Hz, 0.2 ms) and muscle contractions were
recorded using an isometric transducer linked to a Lectromed
Ltd amplifier (HF cut 150 Hz) and chart recorder (MX216—
100), with tissue holder-electrodes from Harvard Apparatus
Ltd. This was continued for at least 30 min until a consistent
response was produced after which venom was added (t,), and
washed out after 30 min (t3) and again after a further 30 min
(teo). The decrease in contractions was calculated as a
percentage based on the extent of the contractions just before
venom addition. The myotoxic effects of the venom were
assessed by applying a short burst of direct (muscle)
stimulation (0.2 Hz, 1 ms, ~50 V) before venom addition and
at 30 min intervals thereafter.

The ability of the antivenom to neutralize the neurotoxic
effects of the venom was assessed by mixing a fixed venom
concentration (5 mg 1~') with antivenom and incubating at
37°C for 30 min before addition to the hemidiaphragm
preparation (t,). An identical dose cycle was used to that
shown above. The ability of the antivenom to reverse
neurotoxicity was assessed by exposing the preparation to
venom (5mgl~") for 30 min before washing and then
replacing the bathing solution with Krebs buffer containing
antivenom for the remainder of the experiment. Late reversal
of neurotoxicity was assessed by exposing the preparation to
venom as above, washing after 30 min (t;) and stimulating
for a further 60 min before replacing the bathing solution
with Krebs buffer containing antivenom (ty) for the
remainder of the experiment. Finally reversal of neurotoxicity
by antivenom was assessed under more favourable conditions
for pre-synaptic (textilotoxin) neurotoxicity, namely by
stimulation at a higher temperature (37°C) and frequency
(1.0 Hz).

Control responses under identical conditions but without
venom or antivenom were also performed.

In vivo toxicity

In vivo toxicity and neutralization was determined by
intravenous LDs, and EDs, assays (Theakston & Reid, 1983;
Laing et al., 1992) using 18 —20 g male mice.

Results
Venom effects on the phrenic nerve/diaphragm

A dose of 5 mg 17! venom produced a rapid neurotoxic effect
(Figure 1) with 95% blockade of the contractions within
30 min which was unaffected by two washes with Krebs buffer.
No direct (myotoxic) action was found at this, or higher venom
concentrations (25 mg 1-!, data not shown).

Neutralization of neurotoxicity by premixing venom and
antivenom

Antivenom at a concentration of 200 mg 1-' Fab produced
complete neutralization of the venom (5 mg 1~') neurotoxicity
(Figure 2). Halving the antivenom concentration to 100 mg 1~
Fab resulted in only a 40—60% blockade of the response
which was reversed by washing. Complete neutralization using
200 mg 17" Fab antivenom was also possible at a higher
temperature and frequency (37°C 1.0 Hz~!; data not shown).
A concentration of 400 mg1-' of CSL F(ab’), antivenom

resulted in a 40—50% blockade of the response which was
reversed by washing.

Reversal of neurotoxicity

Antivenom, at a concentration of 200 mgl~' of Fab,
produced complete reversal of neurotoxicity within 50 min of
its addition (Figure 3) and an equimolar concentration of
specific IgG (600 mg 17') produced a similar effect (data not
shown). A concentration of 400 mg1~'of CSL F(ab’),
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Figure 1 Effects of Pseudonaja venom (5mgl~") on the mouse

phrenic nerve/diaphragm at 32°C, with a stimulation frequency of
0.2 Hz (£s.e.mean, n=75), with controls (n=4).
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Figure 2 Neutralization of the neurotoxicity of Pseudonaja venom at
32°C with a stimulating frequency of 0.2 Hz via the nerve
(+s.e.mean). Five mg 1~ venom alone (n=5) and premixed with
Fab antivenom (n=4) or CSL F(ab’), (n=3). Control without venom
or antivenom (n=4).
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antivenom produced a significantly slower reversal. The effect
of the Fab antivenom was slightly slower and less marked
(94% control) at 37°C and, when combined with a high
stimulating frequency (1.0 Hz, 37°C), only reversed 44% of the
blockade (Figure 4).

Late reversal of neurotoxicity

Addition of antivenom (200 mg 1-' Fab) under the standard
conditions (0.2 Hz, 32°C) 90 min after venom again produced
complete reversal of neurotoxicity (Figure 3), while an 81%
reversal was achieved when the temperature was raised to 37°C
(Figure 4). When the higher temperature is combined with

% Contraction

0 } so 100 150 200

Time (min)

@ Fab antivenom added after 30 min
v C.S.L. antivenom added after 30 min
B Fab antivenom added after 90 min
& Control

4 Wash

A Delayed antivenom addition

Figure 3 Antivenom reversal of Pseudonaja venom neurotoxicity at
32°C with a stimulating frequency of 0.2 Hz via the nerve
(+s.e.mean). Venom (5 mgl1~") induced neurotoxicity with anti-
venom added after 30 min, 200 mg 1~ Fab (n=4) or 400 mg1~!
CSL F(ab'), (n=4) and the delayed addition of 200 mg 1! Fab after
90 min (n=4). Control without venom or antivenom (n=4).
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Figure 4 Effects of temperature and stimulation frequency on the
reversal of neurotoxicity. Antivenom addition 30 min (open bars) and
90 min after venom (hatched bars), +s.e.mean (n=4).

stimulation at 1.0 Hz only a 29% reversal could be attained
(Figure 4).

In vivo toxicity

In vivo the venom had an LDs,=47 ug kg=' (95% confidence
limits from probit analysis=26-79). The ovine Fab based
antivenom had an EDs, value of 74 mg kg™' against 2 x LDs,
(95% confidence limits=47-100). Commercially available
equine CSL F(ab’), based antivenom had an EDs, value of
626 mg kg~ against 2 x LDs, (95% confidence limits =463 —
789).

Discussion

In this study Brown snake venom, in agreement with previous
reports, caused no myotoxicity but effectively complete
neurotoxicity that could not be reversed by washing (Suther-
land et al., 1981; Harris & Maltin, 1981; Su et al., 1983).

After pre-mixing, 200 mg 1=' of the ovine Fab antivenom
appeared to neutralize completely all the toxic components of
the venom both in vitro and in vivo. Reducing the
concentration in vitro to 100 mg 17! resulted in a transitory
and partial reduction of the twitch response which could be
reversed to control levels by washing. A higher concentration
(400 mg 1=") of CSL F(ab'), antivenom produced similar
findings.

Harris & Maltin (1981) demonstrated, by measuring
endplate potentials, that Brown snake venom neurotoxicity
was predominantly of a post synaptic type and, in contrast to
the present studies, could not be reversed by the delayed
addition of antivenom despite preventing the development of
neurotoxicity when added 10 min before the venom. No
apparent explanation can be found for this difference,
however, antivenom which still contained the preservative
cresol was used by Harris & Maltin.

We have shown for the first time that sufficient amounts of
an antivenom can rapidly (<1 h) and totally reverse the
neurotoxicity produced by this venom. This reversal could also
be demonstrated following the late addition of antivenom, an
important factor in effective snake bite therapy. A slower
reversal could also be produced by the CSL F(ab’), antivenom
using a higher concentration (400 mg 17 1).

A fast antibody induced reversal of neurotoxicity has
previously been described for a post synaptic neurotoxin
(toxin o) purified from spitting cobra (Naja nigricollis) venom,
and is unique to antibodies raised to part of the toxin which is
distinct from the toxic site (Boulain & Menz 1982; Boulain et
al., 1982; 1985; Gatineau et al., 1988; Guenneugues et al., 1997,
Menez et al., 1982; 1984). Due to the rapid rate of reversal of
Brown snake venom neurotoxicity and the polyclonal nature
of the antivenoms, a similar mechanism of reversal is
suggested, with a subset of antibody clones specific for an
epitope on the toxin(s) which is distinct from the toxic site,
resulting in a modification of a flexible region and destablizing
the toxin receptor complex (Boulain & Menz 1982; Boulain et
al., 1982; 1985; Gatineau et al., 1988; Guenneugues et al., 1997;
Menez et al., 1982; 1984; Zinn-Justin et al., 1993). This is
despite the unusual structure and large size (12 kD) of
pseudonajatoxin-a, the venom’s predominant post-synaptic
toxin (Barnett et al., 1979; 1980; Tyler et al., 1987Db).

Our findings indicate that although the antivenom could
produce complete reversal of neurotoxicity normally (0.2 Hz,
32°C), it was possible to reveal the presence of an irreversible
neurotoxic component at an increased temperature (37°C) and
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with high frequency nerve stimulation (1.0 Hz). Presumably
this must represent only a minor venom constituent. Pre
mixing experiments under these conditions showed that
sufficient antibody was present to fully neutralize this
component. These irreversible features are highly indicative
of the pre-synaptic phospholipase neurotoxin, textilotoxin
(Simpson et al., 1993; Lloyd et al., 1991; Su et al., 1983).

The new Fab based antivenom was found to be 8.5 times
more effective in vivo and more than twice as effective in vitro
compared to the current clinical treatment (CSL F(ab’),).

The in vitro neurotoxic effects of this venom could also be
reversed by the specific IgG. However, in vivo due to their
small size, Fab fragments have a different pharmacokinetic
profile and are able to quickly penetrate the interstitial space
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1 The antimigraine drugs methysergide, ergotamine and dihydroergotamine (DHE) produce
selective vasoconstriction in the external carotid bed of vagosympathectomized dogs anaesthetized
with pentobarbital and artificially respired, but the receptors involved have not yet been completely
characterized. Since the above drugs display affinity for several binding sites, including o-
adrenoceptors and several 5-HT, and 5-HT, receptor subtypes, this study has analysed the
mechanisms involved in the above responses.

2 Intracarotid (i.c.) infusions during 1 min of methysergide (31-310 ug min~'), ergotamine (0.56—
5.6 ug min~") or DHE (5.6—31 ug min~') dose-dependently reduced external carotid blood flow
(ECBF) by up to 46+4, 37+4 and 49+ 5%, respectively. Blood pressure and heart rate remained
unchanged.

3 The reductions in ECBF by methysergide were abolished and even reversed to increases in
animals pre-treated with GR127935 (10 ug kg~ ', i.v.).

4 The reductions in ECBF by ergotamine and DHE remained unchanged in animals pre-treated
(i.v.) with prazosin (300 ug kg~'), but were partly antagonized in animals pre-treated with either
GR127935 (10 or 30 ug kg~") or yohimbine (1000 ug kg™'). Pre-treatment with a combination of
GR127935 (30 ug kg~") and yohimbine (1000 ug kg~") abolished the responses to both ergotamine
and DHE. The above doses of antagonists were shown to produce selective antagonism at their
respective receptors.

5 These results suggest that the external carotid vasoconstrictor responses to methysergide
primarily involve 5-HT,p;p receptors, whereas those to ergotamine and DHE are mediated by 5-
HT,g,p receptors as well as ay,-adrenoceptors.
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Abbreviations: DHE, dihydroergotamine; ECBF, external carotid blood flow; HR, heart rate; 5-HT, 5-hydroxytryptamine;
i.c., intracarotid; L-NAME, L-N€-nitroarginine methyl ester; MAP, mean arterial blood pressure

Introduction

Several lines of pharmacological evidence show that serotonin
(5-hydroxytryptamine; 5-HT) and the antimigraine drug
sumatriptan constrict the carotid vascular bed in vagosym-
pathectomized animals via 5-HT,-like receptors (Den Boer et
al., 1991b; Villalon et al., 1995). Using the potent and selective
5-HTgp receptor antagonist, GR127935 (N-[4-Methoxy-3-
(4-methyl-1-piperazinyl)phenyl]-2’-methyl-4" (5-methyl-1, 2,4-
oxadiazol-3-yl) [1,1,-biphenyl]-4-carboxamide hydrochloride
monohydrate) (see Pauwels, 1996; Skingle et al., 1996), it was
subsequently demonstrated that these vasoconstrictor 5-HT;-
like receptors correspond to 5-HT,g,;p subtypes (De Vries et
al., 1996; Villalon et al., 1996). Additionally, it has been
previously demonstrated that the classical antimigraine agents
methysergide, ergotamine and dihydroergotamine (DHE) exert
a selective vasoconstrictor action in the carotid vascular bed of
several species, including dogs (Saxena, 1974b; Saxena et al.,
1983), pigs (Saxena & Verdouw, 1984; Den Boer et al., 1991a),

*Author for correspondence; E-mail: carlos_villalon@infosel.net.mx

cats (Spierings & Saxena, 1980) and monkeys (Mylecharane et
al., 1978).

Surprisingly, very little is known about the receptor
mechanisms involved in the external carotid vasoconstriction
induced by methysergide, ergotamine and DHE in the dog. In
this respect, we have shown that vasoconstriction in the canine
external carotid bed may be mediated by activation of 5-HT,
1o receptors (Villalon et al., 1996), «;- and o,-adrenoceptors
(Villalon & Terréon, 1994; Terron et al., 1996), but not by 5-
HT, (Villalon et al., 1995) or D, receptors (Villalon & Terron,
1994). Indeed, as shown in Table 1, ergotamine and DHE are
able to interact with a wide variety of receptors mediating
vasoconstriction, including 5-HT),, receptors and o, ,-adreno-
ceptors, whereas methysergide seems to interact mainly with 5-
HT, , receptors. In the light of these findings, the present study
set out to characterize the pharmacological profile of the
receptors involved in the vasoconstriction of the canine
external carotid vascular bed in response to methysergide,
ergotamine and DHE, with particular emphasis on verifying
the possible involvement of the 5-HT;g,p receptor subtypes
and o,- and ay-adrenoceptors. For this purpose, we made use
of antagonists at 5-HT,p;p receptor subtypes (GR127935;
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Skingle et al., 1996), a,- (prazosin) and a,- (yohimbine)
adrenoceptors (Hoffman & Lefkowitz, 1996), after determin-
ing the doses of these antagonists that produce selective
blockade at their respective receptors. Preliminary results of
this investigation have been communicated to the XIIIth
International Congress of Pharmacology (Villalon et al., 1998).

Methods

General

Experiments were carried out in a total of 72 dogs (15-31 kg)
not selected for breed or sex. The animals were anaesthetized

with an intravenous (i.v.) bolus injection of sodium
pentobarbitone (30 mg kg=') and additional amounts
(1 mg kg™, i.v.) were provided when required. All dogs were

intubated with an endotracheal tube and artificially respired
with room air; for this purpose, a Palmer ventilation pump was
used at a rate of 20 strokes min~' and a stroke volume of 13—
16 ml kg~', as previously established by Kleinman & Radford
(1964). Catheters were placed in the inferior vena cava via a
femoral vein for the administration of antagonist drugs and in
the aortic arch via a femoral artery, connected to a Statham
pressure transducer (P23 ID), for the measurement of blood
pressure. After drug administration, the venous catheter was
flushed with 3 ml of saline. Mean blood pressure (MAP) was
calculated from the systolic (SAP) and diastolic (DAP) arterial
pressures: MAP=DAP + (SAP-DAP)/3. Heart rate was
measured with a tachograph (7P4F, Grass Instrument Co.,
Quincy, MA, U.S.A.) triggered from the blood pressure signal.
The right common carotid artery was dissected free and the
corresponding internal carotid and occipital arteries were
ligated. Thereafter, an ultrasonic flow probe (4 mm R-Series)
connected to an ultrasonic T201D flowmeter (Transonic
Systems Inc., Ithaca, N.Y., U.S.A.) was placed around the
right common carotid artery, and the flow through this artery
was considered as the external carotid blood flow (for further
details, see Villalon et al., 1993). Bilateral cervical vagosym-
pathectomy was systematically performed in order to produce
one of the main features of migraine, i.e. external carotid

vasodilatation (Saxena & De Vlaam-Schluter, 1974). The
agonists were administered into the carotid artery by a
Harvard model 901 pump (Harvard Apparatus Co. Inc.,
Millis, MA, U.S.A.) with a catheter inserted into the right
cranial thyroid artery. Blood pressure, heart rate and external
carotid blood flow were recorded simultaneously by a model
7D polygraph (Grass Instrument Co., Quincy, MA, U.S.A)).
The body temperature of the animals was maintained between
37-38°C.

Experimental protocol

After a stable haemodynamic condition for at least 30 min,
baseline values of blood pressure, heart rate and external
carotid blood flow were determined. At this point, the dogs
were divided into two groups (n= 56 and 16, respectively). The
first group (n=56) was subdivided into three subgroups. In the
first subgroup (n=8), the effects of sequential 1 min
intracarotid (i.c.) infusions of methysergide (31, 100 and
310 ug min~') were analysed in animals pre-treated i.v. with
either saline (0.1 ml kg=', n=4) or GR127935 (10 ug kg~ ";
n=4). In the second and third subgroups (n=24 each), the
effects of cumulative 1 min i.c. infusions of ergotamine (0.56,
I, 1.8, 3.1 and 5.6 ug min~—') or DHE (5.6, 10, 18 and
31 ug min~"), respectively, were analysed in animals pre-
treated with i.v. infusions of either (n=4 each) saline
(0.1 ml kg="), GR127935 (10 ug kg="), GR127935
(30 pug kg™, prazosin (300 ug kg™, yohimbine
(1000 pg kg=") or the combination of GR127935 (30 ug kg~ ")
and yohimbine (1000 ug kg='). In the second group (n=16),
all animals received subsequent 1 min i.c. infusions of
clonidine (1 ug min~"), phenylephrine (10 ug min—') and
sumatriptan (30 ug min~'). Then, this group of animals was
subdivided into four subgroups (n=4 each). In these
subgroups, the responses to clonidine, phenylephrine and
sumatriptan were reanalysed after i.v. administration of either
prazosin (300 ug kg™'), yohimbine (1000 ug kg™'), GR127935
(30 ug kg=") or the combination of GR127935 (30 ug kg™ ")
and yohimbine (1000 ug kg=").

The dose-intervals between the different doses of methy-
sergide ranged between 5 and 10 min, as in each case we waited

Table 1 Pharmacological profile of several agonists and antagonists used in the present study

Receptor Methysergide Ergotamine DHE GRI127935 Prazosin Yohimbine
5-HT) 7.63%* 8.37%* 9.30° 7.20° 5.00%* 6.86%*
r5-HT 5.82%% 8.69%* 7.85° 8.50¢ 5.10%* 5.46%%
h5-HT n.d. n.d. 9.22° 9.90°/9.00° n.d. n.d.
h5-HTp n.d. n.d. 8.60° 8.90°/8.60¢ n.d. n.d.
5-HT /1 8.42%% 7.60%* 7.65° n.d. 7.12%% 7.12%%
5-ht, 6.64° 6.22° 6.22° 6.20°/5.40¢ n.d. 5.90°
5-htyp 7.47° 6.77° 6.96° 7.30°/6.40¢ n.d. 7.04°
5-HTa 8.57%% 7.69%% 8.54° 7.20°/7.80¢ 4.95% 5.95%%
5-HT>p uwat 8.178F 7.708% 6.20¢ n.d. 7.90"$
5-HT,c 8.901 * 7.25% 7.48%%/7.43° 6.20°/7.00° 4.70%* 4.37%%
5-htsa 7.20M* 8.40M* 5.20¢ n.d. 6.00™*
5-HTsp 6.90"-* 8.500-% n.d. n.d. 6.001-*
5-htg 6.430* n.d. 7.881%/8.00° 5.80¢ n.d. nd.
5-HT, 7.90™* 7.49M* 6.82M*/7.82° 5.50°/6.20¢ nd. 5.551
o 5.64 8.00 8.00° <6.00° 9.243 6.394
% 5.59 8.20" 8.00° <6.00° 5.331 6.82
D, 6.704 8.50% 7.00% <35.00° <6.00 6.22

“Hoyer (1988); PLeysen et al., (1996); “Pauwels (1996); “Price ez al. (1997); *Adham ez al., (1993); Baxter et al. (1994); Glusa & Roos
(1996); "Hoyer er al. (1994); ‘Bard er al. (1993); ‘Leysen (1985); “Leysen & Gommeren (1984). All values have been presented as
pKiexcept for: $, pA,; T, pECso; *, pKp. Abbreviations: u.a., unsurmountable antagonist; n.d., not determined. r5-HT, g refer to the
rodent 5-HT, and receptor; h5-HT, and h5-HT,, refer to the previously called 5-HT,pp and 5-HT,p, human receptor binding sites,
respectively (Hartig er al. (1996); 5-HT, g/ p refers to the, then called, 5-HT;p receptor binding site in calf caudate membrane, at which
time the experimental conditions allowed the inclusion of the 5-HT g (5-HTpp) and 5-HT,p (5-HT,p,) receptor sites.
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until the blood flow had returned completely to baseline
values. Moreover, after the administration of an antagonist or
saline a period of about 10 min was allowed to elapse before
the responses to the respective agonists were elicited.

Data presentation and statistical analysis

All data have been expressed as the means+s.e.mean. The
peak changes in external carotid blood flow (calculated as
percent change from baseline) by methysergide, ergotamine
and DHE after pre-treatment with a dose of a particular
antagonist were compared to the respective responses by these
agonists in saline-pre-treated animals by Student’s unpaired #-
test. Furthermore, the peak percent changes in external carotid
blood flow by clonidine, phenylephrine and sumatriptan
before and after antagonist treatment were compared by using
Student-Newman-Keuls test, once an analysis of variance
(randomized block design) had revealed that the samples
represented different populations (Steel & Torrie, 1980).
Statistical significance was accepted at P<0.05 (two-tailed).

Drugs

Apart from the anaesthetic (sodium pentobarbitone), the drugs
used in the present study (obtained from the sources indicated)
were the following: phenylephrine hydrochloride, clonidine
hydrochloride and prazosin hydrochloride (Sigma Chemical
Company, St. Louis, MO, U.S.A.); GR127935 and suma-
triptan succinate (gifts from Dr M. Skingle, Glaxo Group
Research, Ware, Herts, U.K. and Dr H.E. Connor, Glaxo
Group Research, Stevenage, Hertfordshire, U.K. respectively);
methysergide maleate, DHE mesylate and ergotamine tartrate
(gift: Sandoz A.G., Basel, Switzerland). All compounds were
dissolved in physiological saline. When needed, 5% (vv™')
propylene glycol (prazosin) was added; this vehicle had no
effect on the haemodynamic variables. GR127935 was
solubilized according to the instructions of the supplier by
heating the dispersion in bidistilled water to about 70°C for
10 s and then allowing to cool down to room temperature. All
doses of antagonists refer to the respective salts, whereas those
of the agonists refer to the free base.

Results

Systemic haemodynamic variables

Baseline values of mean arterial blood pressure, heart rate and
external carotid blood flow in the 72 vagosympathectomized
dogs were, respectively, 142+ 5 mmHg, 17848 beats min~'
and 163+21 mlmin~'. No significant differences were
observed in the initial values between the 18 subgroups. As

depicted in Table 2, these haemodynamic variables remained
essentially unchanged after i.v. administrations of saline,
GR127935, yohimbine, or the combination of GR127935 and
yohimbine, at all doses tested. Only prazosin produced a
significant decrease in both mean blood pressure and external
carotid blood flow by 29415 and 29+16%, respectively,
without affecting the corresponding carotid vascular con-
ductance (not shown). This prazosin-induced hypotension and
the resulting decrease in external carotid blood flow has
previously been reported to be attributable to its o-
adrenoceptor blocking properties (Terron et al, 1996). In any
case, these effects were not accompanied by changes in heart
rate (Table 2), as previously shown by Massingham & Hayden
(1975).

Initial effects of methysergide, ergotamine and DHE on
external carotid blood flow

As shown in Figure 1, i.c. infusions (during 1 min) of
methysergide (31, 100 and 310 ug min—'), ergotamine (0.56,
I, 1.8, 3.1 and 5.6 ug min—') and DHE (5.6, 10, 18 and
31 ug min~") produced dose-dependent decreases in external
carotid blood flow, without changes in mean blood pressure or
heart rate (not shown). The above responses, which were
immediate in onset, are drug-induced as 1 min i.c. infusions of
the corresponding volumes of saline did not affect any
haemodynamic parameter for the duration of the experiments
(data not shown). The duration of action of ergotamine and
DHE could not be established, as external carotid blood flow
did not return to baseline values, as previously reported
(Saxena, 1974a; Villalon et al., 1992). In contrast, the duration
of action of methysergide was 2.0+0.7, 7.0+1.2 and
9.0+ 1.9 min after 31, 100 and 310 ug min~', respectively.
The apparent rank order of potency obtained in the present
experiments was ergotamine > DHE > methysergide (Figure 1).

Effects of GR127935 on the methysergide-induced
external carotid vasoconstriction

As depicted in Figure 2, in animals pre-treated with 10 ug kg™!
of GR127935, the decreases in external carotid blood flow by
methysergide were abolished and even reversed to an external
carotid vasodilatation.

Effects of GRI127935, prazosin, yohimbine or the
combination of GR127935 and yohimbine on the
ergotamine- and DHE-induced external carotid
vasoconstriction

As shown in Figures 3 (ergotamine) and 4 (DHE), 10 ug kg~!
of GR127935 only partly blocked the external carotid
vasoconstrictor responses to ergotamine and DHE. Interest-

Table 2 Mean arterial blood pressure (MAP), heart rate (HR) and external carotid blood flow (ECBF) values before and after

different i.v. treatments

Dose MAP (mmHg) HR (beats min~ ") ECBF (ml min~ 1)
Treatment (ug kg™ h n Before After Before After Before After
Saline 0.1 12 152411 152412 176412 173411 151438 15346
GR127935 10 12 141+6 14845 183+7 182+38 163+13 155+13
GR127935 30 8 13745 14546 18145 18147 134412 12749
Prazosin 300 8 143+8 101+ 14* 184+8 188+ 10 171421 122+ 15%
Yohimbine 1000 8 143+6 138+ 10 17148 186+ 14 177432 139422
GR127935+ Yohimbine 30+ 1000 8 138+5 12847 17649 199418 170+ 19 143+18

All values have been presented as means+s.e.mean. T, ml kg_l; *P<0.05 vs before values.
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Figure 1 Comparative effects (expressed as per cent change from

baseline values) of 1 min i.c. infusions (n=4 each) of ergotamine
(ERG), dihydroergotamine (DHE) and methysergide (METHY) on
external carotid blood flow in vagosympathectomized dogs. All
values have been presented as means+s.e.mean.

ingly, a higher dose of GRI127935 (30 ug kg~") did not
produce a further blockade. Moreover, whereas prazosin
(300 ug kg=") did not affect the ergotamine- and DHE-
induced decreases in external carotid blood flow, yohimbine
(1000 pug kg=") brought about a partial blockade. Signifi-
cantly, the combination of GR127935 (30 ug kg=") and
yohimbine (1000 pg kg=') completely blocked the external
carotid vasoconstriction induced by ergotamine (Figure 3) and
DHE (Figure 4). The above doses of antagonists, as explained
below, were shown to produce selective antagonism at their
respective receptors.

Effects of GRI127935, prazosin, yohimbine and the
combination of GRI127935 and yohimbine on the external
carotid vasoconstriction produced by clonidine,
phenylephrine and sumatriptan

As depicted in Figure 5, GR127935 (30 ug kg~ ') selectively
antagonized the external carotid vasoconstriction to suma-
triptan, as the responses to clonidine and phenylephrine
remained unaffected. Similarly, prazosin (300 ug kg~') exclu-
sively abolished the phenylephrine-induced decreases in
external carotid blood flow, leaving the clonidine- and
sumatriptan-induced changes intact. Lastly, while yohimbine
(1000 pug kg=') abolished only the clonidine-induced carotid
vascular effects, the combination of GR127935 (30 ug kg™")
and yohimbine (1000 ug kg=!) completely blocked the
clonidine-, as well as the sumatriptan-induced constriction of
the canine carotid vascular bed. It should be pointed out that
the external carotid vasoconstrictor responses to phenyle-
phrine, clonidine and sumatriptan are highly reproducible, as
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Figure 2 Percentage changes from baseline values by 1 min i.c.
infusions of methysergide (METHY; 31-310 ug min~") in external
carotid blood flow in animals pre-treated (i.v.; n=4 each) with either
saline (SAL; 0.1 mlkg™") or GRI127935 (GR; 10 ug kg™ '). All
values have been presented as means+s.e.mean. *P<0.05 vs
response in saline-pre-treated animals.

they remained essentially unchanged in control animals
receiving two subsequent bolus injections of physiological
saline (Villalon & Terron, 1994; Villalon et al, 1996).

Discussion
General

The major findings of the present study in vagosympathecto-
mized dogs were that: (i) the methysergide-induced external
carotid vasoconstriction was abolished, and even reversed to
carotid vasodilatation, by the selective 5-HT,p,p receptor
antagonist, GR127935 and (ii) the external carotid vasocon-
strictor responses by ergotamine and DHE were only partly
antagonized by GR127935 or yohimbine, but were completely
blocked by the combination of GR127935 and yohimbine.
Apart from the implications discussed below, these data
indicate that the vasoconstrictor responses to ergotamine
and DHE in the external carotid vascular bed involve both
5-HT,p,1p receptors and a,-adrenoceptors, whereas methyser-
gide seems to exert external carotid vasoconstriction primarily
via 5-HTp,p receptors.
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Figure 3 Percentage changes from baseline values of external carotid blood flow by 1 min i.c. infusions of ergotamine (0.56—
5.6 ug min~!) in animals pre-treated (i.v.; n=4 each) with either saline (0.1 ml kg~'), GR127935 (10 or 30 ug kg™"), prazosin
(300 pug kg™"), yohimbine (1000 ug kg~') or the combination of GRI127935 (GR; 30 ugkg™') and yohimbine (YHB;
1000 ug kg~ "). All values have been presented as means+s.c.mean. For the sake of clarity, the responses to ergotamine in

saline-pre-treated animals are shown in all panels. *P<0.05 vs response in saline-pre-treated animals.

Receptors involved in the methysergide-induced carotid
vasoconstrictor responses

As previously observed using i.v. administrations (Villalon et
al., 1996), 1 min i.c. infusions of methysergide dose-
dependently decreased external carotid blood flow, an effect
which has been suggested to be due to an agonist action of the
ergot derivative at smooth muscle 5-HT;-like receptors
(Saxena & Verdouw, 1984; Martin, 1994). As methysergide
did not affect heart rate or blood pressure, these data suggest
that under our experimental conditions methysergide induced
a selective vasoconstriction in the external carotid circulation.
A complete blockade of the methysergide-induced carotid
vasoconstriction was observed after treatment with 10 ug kg~'
of GR127935; this dose of GR127935 has previously been
shown to abolish sumatriptan-induced external carotid
vasoconstriction without affecting that to noradrenaline or
oxymetazoline (Villalon et al., 1996). In the present study, our
results further demonstrate that doses of GR127935 up to
30 ug kg~! selectively abolish sumatriptan-induced canine
external carotid vasoconstriction, since the corresponding
responses to phenylephrine and clonidine remained unaltered
(Figure 5), as expected from its binding profile (see Table 1).
Thus, these data show that methysergide constricts the external

carotid vasculature predominantly via the 5-HT,p,p receptor
subtypes, at which methysergide displays high affinities (see
Table 1). In view of the complete blockade by GR127935, as
well as the low affinities exhibited by methysergide at o;- and
a,-adrenoceptors (see Table 1), we decided not to further
analyse the effects of prozosin or yohimbine on the
methysergide-induced external carotid vasoconstriction.

Contribution of 5-HT,g,;p receptors in the carotid
vasoconstrictor responses to ergotamine and DHE

One minute i.c. infusions of ergotamine and DHE induced
dose-dependent decreases in the external carotid blood flow,
without affecting heart rate or mean arterial blood pressure.
Thus, these findings suggest that such responses were caused
by a selective constriction in the external carotid vascular bed.
Notwithstanding, unlike methysergide, the responses to
ergotamine and DHE were of long duration, as previously
observed in vivo (Saxena, 1974a; Den Boer et al., 1991a;
Villalon et al., 1992; De Vries et al., 1998b) and in vitro
(Miiller-Schweinitzer & Weidmann, 1978; MaassenVanDen-
Brink et al., 1998). Although there is no clear-cut explanation
for this difference, it has been suggested, albeit not
categorically proven, that it may be due to a slow dissociation
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Figure 4 Percentage changes from baseline values of external carotid blood flow by 1 min i.c. infusions of dihydroergotamine
(5.6-31 pg min~"') in animals pre-treated (i.v.; n=4 each) with either saline (0.1 ml kg™"), GR127935 (10 or 30 ug kg~"), prazosin
(300 ug kg™"), yohimbine (1000 ug kg~') or the combination of GRI127935 (GR; 30 ugkg™") and yohimbine (YHB;
1000 ug kg~ "). All values have been presented as means+s.e.mean. For the sake of clarity, the responses to dihydroergotamine
in saline-pre-treated animals are shown in all panels. *P<0.05 vs response in saline-pre-treated animals.

from its receptors or a sequestration and subsequent diffusion
out of a local nonsaturable compartment (Miiller-Schweinitzer
& Weidmann, 1978; Martin et al., 1995).

Regarding the possible receptor mechanisms involved in the
vasoconstrictor responses to ergotamine and DHE, previous
results in anaesthetized dogs have shown that the external
carotid vasoconstrictor responses to ergotamine and DHE are
not mediated by 5-HT, receptors, whereas only part of the
effects seem to be mediated by phentolamine-sensitive o-
adrenoceptors (Saxena et al., 1983). Moreover, 5-HT)-like
receptors are only partly involved in the ergotamine- and
DHE-induced constriction of the carotid vasculature in pigs
(Den Boer et al., 1991a). Since 5-HT,-like receptors mediating
porcine as well as canine carotid vasoconstriction are similar to
the 5-HT,,1p receptor subtypes (De Vries et al., 1996; Villalon
et al., 1996; Saxena et al., 1998), we decided to explore the
possible involvement of 5-HTp,p receptors in the present
study. Indeed, the responses to ergotamine and DHE in dogs
were, in contrast to the methysergide- and sumatriptan-
induced effects, only partly antagonized by 10 ug kg=' of
GR127935; the fact that pre-treatment with a higher dose of
GR127935 did not produce any further blockade, implies that
the ergotamine- and DHE-induced external carotid vasocon-
striction involves a mixed population of receptors. Thus, we

suggest that the responses to ergotamine and DHE are partly
mediated via 5-HT,p)p receptors, but a considerable part is
mediated via GR127935-resistant receptors. Consistent with
these findings, we have recently shown that ergotamine and
DHE act, at least partly, via GR127935-sensitive 5-HTgip
receptors in the porcine carotid vascular bed, but additional
receptors/mechanisms seem to be involved (De Vries et al.,
1998b).

Contribution of o;- and|or ay,-adrenoceptors in the

carotid vasoconstrictor responses to ergotamine and
DHE

As discussed above, a considerable part of the external carotid
vasoconstriction by both ergotamine and DHE is mediated by
non-5-HTp)p receptors. These GR127935-resistant receptors
may be of the z-adrenoceptor class, as (i) agonists at «;- and o,-
adrenoceptors can produce potent vasoconstrictor responses in
the carotid circulation of dogs (Villalon & Terron, 1994;
Terron et al., 1996) and pigs (Willems, E.W., personal
communication); and (ii) ergotamine and DHE display high
affinities at o,- and a,-adrenoceptors (Table 1).

Nevertheless, 300 ug kg=' of prazosin, a dose which is 3
fold higher than that required to abolish methoxamine-
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Figure 5 Percentage changes from baseline values of external carotid blood flow by 1 min i.c. infusions of clonidine (I ug min~"),
phenylephrine (10 ug min~"') or sumatriptan (30 ug min~—') before and after i.v. administration (n=4 each) of either GR127935
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after vs before.

induced canine external carotid vasoconstriction (Terron et al.,
1996), did not affect the vasoconstrictor responses to either
ergotamine (Figure 3) or DHE (Figure 4). These results suggest
that ergotamine and DHE do not display «;-adrenoceptor
agonist properties under our experimental conditions. Indeed,
this suggestion is strengthened by our results showing that the
above dose of prazosin produced a selective and complete
blockade of the a;-adrenoceptor-mediated external carotid
vasoconstriction induced by phenylephrine (Figure 5). It might
still be argued that ergotamine and DHE could have behaved
as a-adrenoceptor antagonists. Nonetheless, at such low total
doses (5.6 and 31 ug for ergotamine and DHE, respectively)
these ergot derivatives did not modify the external carotid
vasoconstrictor responses to phenylephrine and clonidine
(data not shown).

Contrasting with prazosin, yohimbine was capable of
producing a partial blockade of the vasoconstrictor responses
to ergotamine and DHE (see Figures 3 and 4) at a dose
(1000 pg kg=") that selectively abolished clonidine-induced
canine external carotid vasoconstriction (Figure 5). Taken
together, the above results imply that o,-, but not o;-
adrenoceptors, are involved, as previously suggested by other
studies (Miiller-Schweinitzer & Weidmann, 1978; Kalkman,
1983; Miiller-Schweinitzer, 1984).

Nevertheless, it must be recognized that yohimbine also
displays moderate affinity for other receptors, including o,-
adrenoceptors and 5-HT,y);p receptors (see Table 1); thus, it is
reasonable to assume that the above dose of the drug could
have been high enough to block these, and other, receptors.
Yet, lower doses of yohimbine (100 and 300 ug kg=', i.v.) did
not completely block clonidine-induced external carotid
vasoconstriction and higher doses (3000 ug kg™, i.v.) were
not selective in our model as they also blocked phenylephrine-
induced external carotid vasoconstriction (data not shown).
Indeed, other in vivo studies have shown that yohimbine
displays moderate selectivity for a,- over the a;-adrenoceptor
in anaesthetized cats (Ramage & Tomlinson, 1985) and dogs
(Shepperson et al., 1981).

However, as shown in Figure 5, the antagonism produced
by 1000 pg kg~ of yohimbine at external carotid a,-receptors
was selective, since this dose completely blocked the clonidine-
induced carotid vascular effects without affecting those to
sumatriptan (mediated by 5-HTg, 1 receptors; Villalon et al.,
1996) and phenylephrine (mediated by o -adrenoceptors;
Villalon & Terron, 1994). In any case, the latter suggestion is
validated by the fact that prazosin, at doses producing selective
o-adrenoceptor antagonism did not affect the responses to
ergotamine and DHE. Although beyond the scope of the
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present investigation, further studies using highly selective
agonists and antagonists will be required to ascertain which
specific subtype(s) of the a,-adrenoceptor is (are) producing
vasoconstriction.

Possible involvement of other receptors in the carotid
vasoconstrictor responses to ergotamine and DHE

As discussed above, the constriction of the canine carotid
vascular bed by ergotamine and DHE is likely to be mediated
by 5-HTpp receptors, as well as o,-adrenoceptors. The
question remains open, however, whether additional receptors
and/or mechanisms play a role in their effects. For this reason
we studied the effects of a combination of GR127935 and
yohimbine on the carotid vascular responses by the ergot
alkaloids. Indeed, after simultaneous, selective blockade of
both 5-HT,p receptors and a,-adrenoceptors, the carotid
vascular effects of ergotamine and DHE are abolished.
Therefore, the above results, taken collectively, suggest that
the vasoconstriction of the carotid vascular bed induced by
ergotamine and DHE in vagosympathectomized dogs is
primarily mediated by both 5-HTp,p receptors and o»-
adrenoceptors.

On the other hand, since methysergide, ergotamine and
DHE (as well as GR127935 and yohimbine) display also
moderate affinity for 5-HT,g receptors (see Table 1), its
potential role cannot be categorically excluded in the present
study, particularly when considering that mRNA for 5-ht;g
receptors has been shown in cranial blood vessels (Bouchelet et
al., 1996). Indeed, sumatriptan, which displays reasonable
affinity (pK;: 7.64) for the recombinant 5-ht,r receptor (Adham
et al., 1993), also produced a GR127935-sensitive vasoconstric-
tion in the canine external carotid bed (Villalon et al., 1996).
Notwithstanding, two recent findings from our laboratory
apparently argue against the role of 5-HT g receptors (and
simultaneously reinforce the role of 5-HT,p receptors): (i)
1 min ic. infusions of LY344864 (1-3100 ug min~'), a
selective 5-HT, ¢ receptor agonist (Phebus et al., 1997), did
not produce canine external carotid vasoconstriction (unpub-
lished); and (ii) SB224289 (300 ug kg™'), a selective 5-HT
ligand with very low affinity (pK;: <5.0) for 5-HT ¢ receptors
(Hagan et al., 1997), completely blocked 5-HT- as well as
sumatriptan-induced canine external carotid vasoconstriction
(De Vries et al., 1998a).

Possible involvement of external carotid vasodilator
mechanisms by ergot derivatives

Interestingly, after treatment with GR127935, not only was the
methysergide-induced carotid constriction abolished, but a
clear vasodilator response was unmasked. We have previously
demonstrated that the 5-HT-induced external carotid vasodi-
latation in GR127935-pretreated vagosympathectomized dogs
is mediated via 5-HT, receptors (Villalon et al., 1997a), as
shown in other vascular preparations (Saxena et al., 1998).
Therefore, it is tempting to suggest that methysergide could
have acted via smooth muscle relaxant 5-HT; receptors, for
which the compound displays high affinity (see Table 1).

Nevertheless, this seems less likely, as methysergide behaves as
a silent antagonist at other cardiovascular 5-HT, receptors,
including those mediating feline tachycardia (Villalon er al.,
1997b) and rat hypotension (Saxena & Lawang, 1985).
Alternatively, methysergide may have stimulated an endothe-
lial receptor resulting in the release of nitric oxide, possibly of
the 5-HT,p receptor subtype, as shown previously for other
ergot derivatives in the porcine pulmonary circulation (Glusa
& Roos, 1996). In support of this contention, the methyser-
gide-induced carotid dilatory response was inhibited in animals
treated with the nitric oxide synthetase inhibitor L-N©-
nitroarginine methyl ester (L-NAME; unpublished observa-
tions).

As opposed to methysergide, ergotamine and DHE did not
induce any vasodilator effects in the external carotid
circulation, even after complete blockade of the vasoconstric-
tor effects by GR127935 and yohimbine. This seems to argue
the possible involvement of endothelial dilatory (5-HT)
receptors, as these ergot derivatives have been shown to be
potent agonists at the (5-HT,p) receptors mediating endothe-
lium-dependent vasorelaxation of porcine isolated pulmonary
arteries (Glusa & Roos, 1996). It should be noted, however,
that yohimbine has been shown to possess high antagonist
affinity at 5-HT,p receptors (Table 1) and, therefore, may have
inhibited the potential ergot-induced vasorelaxant effects at
these receptors. In this context, in view of the low affinity
displayed by yohimbine at 5-HT; receptors (Table 1), it is
highly unlikely that 5-HT; receptors mediate the potential
ergotamine- and DHE-induced external carotid vasodilatation.

In conclusion, our results show that in vagosympathecto-
mized, anaesthetized dogs, methysergide constricts the external
carotid vascular bed predominantly via GR127935-sensitive 5-
HT,z,p receptors. After administration of GR127935, an
external carotid vasodilator (possibly endothelial) component
was unmasked. Additionally, the present results show the
predominant involvement of both 5-HT ), receptors and o»-
adrenoceptors, but not oj-adrenoceptors, in the external
carotid constriction by ergotamine and DHE. The therapeutic
efficacy of these classical antimigraine drugs is likely to be
mediated by these receptors, as constriction of the carotid
vascular bed is highly predictive of antimigraine potential
(Saxena et al., 1997). In this context, we have clearly
demonstrated that the decrease in carotid blood flow by
antimigraine agents is exclusively due to vasoconstriction of
carotid arteriovenous anastomoses (for references see Saxena,
1995; Saxena et al., 1997), which have been suggested to be in a
dilated state during migraine headaches (e.g. Heyck, 1969;
Saxena, 1995). Lastly, although we cannot categorically
exclude other, possibly novel receptors/mechanisms, as shown
recently in the porcine carotid vasculature (De Vries et al.,
1998b), it seems that, if present at all, these are of minor
importance in the dog external carotid vascular bed.
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Non-specific action of methoxamine on I;,, and the cloned channels

hKv 1.5 and Kv 4.2

'Chris Parker, 'Qi Li & *'David Fedida

"Department of Physiology, Queen’s University Kingston, Kingston, Ontario, K7L 3N6, Canada

1 The a;-adrenoceptor agonist methoxamine acted independently of receptor activation to reduce
I, and the sustained outward current in rat ventricular myocytes, and hKv 1.5 and Kv 4.2 cloned
K* channel currents. Two hundred uM methoxamine reduced I,, by 36% in the presence of 2 um
prazosin, and by 37 and 38% after preincubation of myocytes with either N-ethylmaleimide or
phenoxybenzamine (n=06). The ECs, values at +60 mV for direct reduction of I,, hKv 1.5, and
Kv 4.2 by methoxamine were 239, 276, and 363 uM, respectively, with Hill coefficients of 0.87—1.5.
2 Methoxamine accelerated I, and Kv 4.2 current inactivation in a concentration- and voltage-
dependent manner. Apparent rate constants for methoxamine binding and unbinding gave K, values
in agreement with ECs, values measured from dose-response relations. The voltage-dependence of
block supported charged methoxamine binding to a putative intracellular site that sensed ~20% of
the transmembrane electrical field.

3 In the presence of methoxamine, deactivating Kv 4.2 tail currents displayed a distinct rising
phase, and were slowed relative to control, such that tail current crossover was observed. These
observations support a dominant mechanism of open channel block, although closed channel block
could not be ruled out.

4 Single-channel data from hKv 1.5 patches revealed increased closed times with blank sweeps and
decreased burst duration in the presence of drug, and a reduction of mean channel open time from
1.8 ms in control to 0.4 ms in 500 uM methoxamine. For this channel, therefore, both open and
closed channel block appeared to be important mechanisms for the action of methoxamine.
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Methoxamine; transient outward current; hKv 1.5; Kv 4.2; channel block

CTL, control; §, fraction of transmembrane electric field sensed by a singly-charged drug molecule at its receptor

site; Mox, methoxamine; NEM, N-ethylmaleimide; PE, phenylephrine; PhBz, phenoxybenzamine; Pz, prazosin;
Thlock, time constant of block of current by drug; Tyeactivation, time constant of deactivation of tail currents; Tyecay;
time constant of current decay in the presence of drug; ti...; time constant of control current inactivation

Introduction

Inhibition of repolarizing K™ currents in cardiac muscle in
response to a-adrenoceptor stimulation by hormones, neuro-
transmitters, and drugs is one mechanism of positive inotropy
in the heart, which becomes increasingly important pathophy-
siologically when o,-adrenoceptors are increased in proportion
to other adrenoceptor subtypes, such as during heart failure
(Hwang et al, 1996). Many previous studies of o;-
adrenoceptor-mediated responses in cardiac tissues have used
the a-adrenoceptor-specific agonist methoxamine (Fedida et
al., 1990), since methoxamine lacks activity at f-adrenocep-
tors. Structurally, methoxamine is related to phenylephrine,
but has greater specificity for the o;-adrenoceptor subtypes.
Several studies, however, have demonstrated that methox-
amine, especially at high concentrations, can produce
pharmacological responses that differ from those observed in
response to phenylephrine. In sinoatrial nodal cells, for
example, methoxamine reduced the slow inward (I;) and the
hyperpolarization-activated (I;,) currents, whereas phenylephr-
ine, in the presence of pindolol, increased both of these
currents (Satoh & Hashimoto, 1988). The authors speculated
that methoxamine may have had non-specific actions in
addition to its activity at «;-adrenoceptors. Here we have
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investigated prazosin-insensitive actions of methoxamine on I,
in isolated rat ventricular cardiac myocytes, and in further
experiments we have studied methoxamine block of current
carried by two cloned potassium channels, hKv 1.5 and
Kv 4.2. The results suggest that methoxamine can inhibit
voltage-gated K™ currents independently of «;-adrenoceptor
activation.

Methods

Mpyocyte isolation and cell culture

Hearts were rapidly removed from male rats weighing between
150 and 250 g previously anaesthetized with sodium pento-
barbitone (80 mg kg~!,i.p.), and ventricular cells were isolated
as previously described for rabbit myocytes (Braun et al.,
1990). hKv 1.5 or Kv 4.2 were stably or transiently transfected
into human embryonic kidney 293 (HEK) cells using the vector
pCDNA3 (Invitrogen, San Diego, CA, U.S.A.). Transfected
cells were plated on glass coverslips in 25 mm Petri dishes, and
maintained in Modified Eagle’s Medium (MEM) at 37°C in an
air/5% CO, incubator until use. Cells transiently expressing
hKv 1.5 or Kv 4.2 were detected by co-transfection with
pHook-1 (Invitrogen), as previously described (Zhang et al.,
1997).



596 C. Parker et al

Direct methoxamine action on K* channels

Electrophysiological solutions

For whole-cell recording from myocytes, the pipette filling
solution contained (in mMm): KCl, 20; K-aspartate, 120; EGTA,
1; MgCl,, 1; HEPES, 5; Na,ATP, 4; GTP, 0.1; pH 7.2 with
KOH. For HEK cells, K-aspartate was substituted by KCI.
The bath solution for both cell types contained (in mM): NaCl,
135; KCl, 5; sodium acetate, 2.8; MgCl,, 1; HEPES, 10; CaCl,,
1; pH 7.4 with NaOH. For cell-attached recordings, the pipette
was filled with this bath solution and the membrane potential
was zeroed with a solution that contained (in mm): KCl, 135;
MgCl,, 1; HEPES, 10; CaCl,, 1; dextrose, 10; pH 7.4 with
KOH. For myocyte experiments, bath solutions were
continuously bubbled with 100% O,, and contained 5 uM
propranolol to block f-adrenergic stimulation, and 300 uM
CdCl, to block calcium and calcium-activated currents.
Methoxamine (Mox), phenylephrine (PE), phenoxybenzamine
(PhBz), and N-ethylmaleimide (NEM) were prepared in water
just prior to use, at appropriate stock concentrations. Prazosin
(Pz) was dissolved in ethanol at 2 mM, and protected from
light. The concentration of ethanol in the bath solution never
exceeded 0.1%. When cells were exposed to methoxamine,
effects on membrane currents usually reached a steady-state
within 1-2 min so that drug exposure times rarely exceeded
5 min. All chemicals were from Sigma Chemical Co. (St.
Louis, MO, U.S.A)).

Electrophysiological procedures and analysis

All experiments were carried out at 22-23°C. Whole-cell
recordings were made using an Axopatch 200A amplifier
(Axon Instruments, Foster City, CA, U.S.A.). Patch electrodes
were pulled from thin-walled borosilicate glass (TW150, World
Precision Instruments, FL, U.S.A.) and had resistances of
1.5-3.0 MQ. Capacity compensation and 75-85% series
resistance compensation were used in all measurements. In
some experiments involving HEK cells, leak subtraction was
applied to data. Data were filtered at 5—10 kHz before
digitization and stored on a microcomputer for later analysis
using pClamp6 software (Axon Instruments). The transient
outward current (I,,) amplitude from rat ventricular myocytes
was taken to represent the peak outward current measured
during depolarizing voltage steps, as described previously
(Apkon & Nerbonne, 1988). The dose-response curves
(Figures 2B, 4D, and 5B) for current inhibition produced by
methoxamine were computer-fitted to a Hill equation:

f = max/[1 + (ECso/[D]"")] (1)

where f is the percentage current block (f=[1—I4ne/
Teontrot] X 100%) at drug concentration [D], max is the
maximum fitted level of block, ECs, is the concentration
producing half-maximal inhibition, and ny is the Hill
coefficient.

In rat ventricular myocytes, outward currents evoked upon
depolarization contain at least two kinetic components, the
first of which activates and inactivates rapidly (I,,), while the
kinetics of the second are at least 10 fold slower, as previously
described (Apkon & Nerbonne, 1991). Thus, peak outward
current was taken to represent predominantly I, with only a
negligible contribution from the second, slowly-activating
sustained component of the outward current. I,, and the
sustained current component also differ in their voltage-
dependence of steady-state inactivation, and this can be used
to separate them (Apkon & Nerbonne, 1991). After a 1s
conditioning step to — 100 mV, outward currents evoked at a
test potential of +60 mV exhibited both transient and

sustained components (Figure 3A). After a conditioning step
to —60 mV the sustained current was preferentially inacti-
vated with only minimal effects on the peak outward current,
whereas a prepulse to 0 mV inactivated both currents, and left
only a small residual current representing leak and other non-
inactivating currents. I, was isolated by subtracting current
traces recorded using a conditioning potential of 0 mV from
those recorded using a conditioning potential of —60 mV.
Single-exponential fits to this difference current, measured
under control conditions, were taken to represent the time
constant of inactivation (Tiy..) of I,,. For Kv 4.2, control
current traces were better fit to a second order exponential
function, and the fast inactivation time constant in control was
denoted t;,,.. In the presence of drug, I, and Kv 4.2 currents
were fit to second-order exponentials, and the fast time
constants of current decay in the presence of each concentra-
tion of drug were denoted 7yecay, since they represented both
inactivation and block of current by drug. We extracted time
constants of methoxamine block (ty,c) as an approximation
of the drug-channel interaction kinetics as previously described
(Slawsky & Castle, 1994; Snyders & Yeola, 1995), using:

1/Tdecay = 1/Tblock + l/ﬂnact (2)

and values of t;,,.. measured as indicated above. In addition we
calculated first order rate constants for block, using:

1/Toiock = k1 [D] + kg (3a)
and
Kq =k_1/kq (3b)
in which k., and k_, are the apparent rate constants of
binding and unbinding for the drug, respectively, and K is the
equilibrium dissociation constant. For single channel analysis,
blank sweeps were averaged and subtracted from all current
traces to compensate for leak and capacity currents. Data were
filtered at 1 kHz for presentation and analysis. Experimental
values are given as means+s.e.mean. For the data in Figures
1E, 4C and 5C, repeated measures ANOVA was used to
determine significance. In all other cases, paired or unpaired ¢-
tests were used, as appropriate. A value of P<0.05 was
considered statistically significant.

Results

Methoxamine can reduce outward currents independently
of a;-adrenoceptor activation

In isolated rat ventricular myocytes, methoxamine reduced the
amplitude of the outward currents, and this effect had both
prazosin-sensitive and prazosin-insensitive components, as
illustrated by the data in Figure 1A—D. Addition of 200 um
methoxamine (B) reduced the amplitude of transient and
sustained outward currents compared with control (A) across
the entire potential range where currents could be measured.
After wash, 2 uM prazosin was added to the bath solution (C),
which has been shown to inhibit a-adrenergic responses in
isolated cardiac myocytes (Fedida et al., 1991; Li et al., 1996).
Even in the presence of prazosin, however, 200 uM methox-
amine was still able to reduce current amplitude (D), although
this effect was not as great as that observed with methoxamine
alone. Specifically, at +60 mV, 200 uM methoxamine in the
presence of prazosin was able to reduce peak outward current
(I.,, see Methods) to 69.5+0.4% (n=6) of control. After
washout, some cells were exposed for a second time to the
same concentration of methoxamine and prazosin, which
resulted in a reduction of I, to 69.2+0.7% of control (n=15),
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Figure 1 Methoxamine directly blocks outward currents in rat ventricular myocytes. A—D, currents from a representative myocyte
during depolarizations from —80 mV to between —20 and +60 mV, in 10 mVsteps at a pulse frequency of 0.2 Hz. Dotted lines
denote zero current level. Control (CTL, A) and with 200 um methoxamine (Mox, B) after 5 min exposure. After 15 min of wash in
control solution the cell was exposed to 2 uM prazosin (Pz, C) and then 200 uM methoxamine plus 2 uM prazosin (Pz+ Mox, D). (E)
mean peak I, current-voltage relations in control and during exposure to prazosin or methoxamine, or both (n=6). For each cell,
I, was normalized to peak current in control solution measured at +60 mV. Symbols are as marked in panels A—D. * Indicates
significant differences between current amplitudes in methoxamine alone compared with both methoxamine and prazosin, P<0.05.
(F) block of signal transduction does not prevent the action of methoxamine. Effects of 100 um phenylephrine (PE) and 200 um
methoxamine (Mox) on I, amplitude in the presence of 2 um prazosin (Pz), or after 30 min pretreatment with 50 um N-
ethylmaleimide (NEM) or 1 uM phenoxybenzamine (PhBz), as indicated. Currents were measured at +60 mV, and were normalized
to I, amplitude in the absence of a-agonist, but in the presence of Pz, NEM, or PhBz. Data are means +s.e.mean (n=26). * indicates

a significant difference from control, P<0.05.

which was not significantly different from that produced by the
first exposure. Phenylephrine is approximately ten times more
potent than methoxamine in stimulating o;-adrenoceptors
(Yang & Endoh, 1994), and addition of 100 uM phenylephrine
resulted in a significant decrease in I, amplitude that was
completely blocked by 2 uM prazosin (n=>5).

Mean current-voltage relations for peak current reduction
in response to methoxamine are shown in Figure 1E. Both the
prazosin-sensitive and -insensitive actions of methoxamine
affected current at all positive potentials. However, while the
prazosin-sensitive action of methoxamine was relatively
potential-independent, the prazosin-insensitive inhibition of
I, increased at the more positive potentials studied, greater
than +20 mV. These data suggest that methoxamine reduced
I, iIn a manner that was both dependent upon, and
independent of o-adrenoceptor activation. The increasing
block of I, at more positive potentials caused by methoxamine
in the presence of prazosin was fitted with a Woodhull

equation (Woodhull, 1973) which allowed calculation of the
fraction of the electric field (0) sensed by a singly charged drug
molecule at its receptor site. From data in Figure 1E, a value of
0=0.18 was obtained.

Prazosin is a competitive antagonist of a-adrenoceptors. To
explore the possibility that methoxamine was merely over-
coming prazosin block, cells were exposed to the alkylating
agents NEM or PhBz (Figure 1F). NEM, which alkylates
sulphhydryl groups, has been shown to inhibit GTP-binding
proteins, including G-proteins (Ueda et al., 1990). There is
substantial molecular homogeneity between cardiac o;-
adrenoceptors and the primary sequences of other members
of the G-protein-binding superfamily (Harrison et al., 1991),
and it appears that in mammalian cardiac cells, the effects of
oy-adrenoceptor stimulation are primarily transduced via G-
proteins (Im & Graham, 1990; Wu et al., 1992; Nakaoka et al.,
1994), and it has been demonstrated that NEM can inhibit o,-
adrenoceptor-mediated responses (Liebau et al., 1989). PhBz
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irreversibly alkylates a-adrenoceptors, with relative specificity
for the o, subtypes, and its use as an a-adrenoceptor antagonist
has been well described (Minneman et al., 1994).

Preincubation of isolated cardiac myocytes for 30 min with
either 50 uyMm NEM or 1 um PhBz failed to prevent the
reduction of peak outward current observed in response to
methoxamine (Figure 1F). The mean reduction of I, in
response to 200 uM methoxamine in NEM- or PhBz-pretreated
cells was 37.0+3.5% (n=6, meanz+s.e.mean), and
37.8+2.4% (n=6) respectively, as shown by the solid bars in
Figure 1F. These results are comparable with, and not
significantly different from, the mean reduction observed in
response to methoxamine in the presence of prazosin, which
was 36.0+1.9% (n=6). In contrast to methoxamine, all three
agents antagonized the action of 100 uM phenylephrine. These
data also suggest that methoxamine resulted in an inhibition of
I, that was not mediated through o -adrenergic receptor
pathways.

Inhibition of 1,, by methoxamine is concentration
dependent

The non-specific action of methoxamine was concentration-
dependent, as illustrated in Figure 2. Increasing concentrations
of methoxamine, in the presence of 2 uM prazosin, decreased
both the peak and steady-state levels of the outward currents
recorded on depolarization (Figure 2A). As described
previously for adult rat ventricular myocytes, depolarization-
activated outward currents are composed of at least two
kinetically distinct components: one that activates and
inactivates rapidly (I,,), and one that activates and inactivates
slowly (Apkon & Nerbonne, 1991). Since the more rapid of
these components activates approximately 10 fold faster and
inactivates approximately 30 fold faster than the slowly-
activating component, the peak outward current predomi-
nantly reflects I,,, whereas the plateau current remaining after
100 ms should largely reflect the contribution of the second
slower component. For purposes of analysis, therefore, we
have considered only the effects of methoxamine on the peak
transient current as a reflection of drug effects on I,. In the
dose-response relation in Figure 2B, data points correspond to
percentage current block by methoxamine of the peak current
in response to a depolarizing voltage step to +60 mV from a
holding potential of —80 mV. The solid line was fitted to the
data using equation [1]. The ECs, at +60 mV was 239 uM, and
ny was 1.5. The threshold for non-specific inhibition of I, by
methoxamine was between 10 and 50 uM, and the peak
amplitude of I, was then decreased by methoxamine in a
concentration-dependent manner. The concentration of meth-
oxamine that resulted in a maximum reduction of I, was
difficult to determine, as concentrations greater than 1 mM
were often toxic to the myocytes. Based on the results of the fit
to the Hill equation, it is likely that a maximum reduction of I,
of about 75% could be achieved at concentrations of
methoxamine greater than 2—5 mM.

Methoxamine accelerates 1., inactivation in a
concentration and voltage-dependent manner

In addition to decreasing I,, amplitude, increasing concentra-
tions of methoxamine also apparently accelerated the rate of
I, decay. However, methoxamine reduced not only I,,, but
also the sustained outward current component as well.
Therefore, in order to measure the rate of I, decay alone, we
separated these two current components using a voltage
protocol based on the differences in voltage-dependence of
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Figure 2 Concentration-dependence of non-specific action of
methoxamine on I, in rat ventricular myocytes. (A) currents
recorded during steps to +60 mV from —80 mV in the presence of
2 um prazosin (CTL), and in response to 50, 200, and 500 um
methoxamine in the presence of prazosin, as indicated. (B) dose-
response curve for the non-specific action of methoxamine. Data are
means +s.e.mean from 614 cells at each concentration. Solid line
was fit to data using equation [1]. The ECsy value was 239 uM and
the Hill coefficient, ny, was 1.5, with a maximum expected block of
75%.

steady-state inactivation of I,, and the sustained current
component. Outward currents were measured at +60 mV
after 1 s conditioning pulses to — 100, — 60, or 0 mV, as shown
in Figure 3A. After a —100 mV prepulse, outward current
comprised both transient and sustained components, but after
a conditioning prepulse to —60 mV, the sustained component
was largely inactivated with little effect on peak current. Both
components were inactivated by a 0 mV prepulse. I, and the
sustained current component were isolated by subtraction as
described in the Methods, and are illustrated in the lower panel
of Figure 3A. The current traces in the inset to Figure 3B show
I,, under control conditions and in the presence of 200 and
500 uM methoxamine, as indicated. Control currents were
fitted with a single exponential function, whereas in the
presence of drug, currents have been fitted to a double
exponential decay (solid lines). There is a clear concentration-
dependent acceleration of current decay in the presence of the
drug. In controls, during 250 ms depolarizations, I, inactiva-
tion at +60 mV had a time constant, T;,, of 34.64+1.2 ms
(n=9). In the presence of methoxamine and prazosin the rapid
time constant of current decay, Tueay, accelerated with
increasing concentrations of methoxamine. From these data
we extracted the concentration-dependence of (1/tpe) as
described in the Methods and shown in Figure 3B. 1/tyj0ck
increased linearly over a wide range of drug concentrations,
and 7y, Was taken as an approximation of the time course of
drug-channel interaction (Slawsky & Castle, 1994). From
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equation [3a] the best least-squares fit to 1/tpeek, as indicated
by the solid line in Figure 3B, resulted in an apparent
association rate constant, k., of 8.9x10*M~'s~!, and an
apparent dissociation rate constant, k_,, of 32.9 s~!. Using
equation [3b], the calculated Ky was 307 uM, which is in
agreement with the ECy, value of 239 uM obtained from the
dose-response curve (Figure 2B).

Triock also decreased in a voltage-dependent manner, while
time constants obtained from monoexponential fits to control
current inactivation (t;,..) showed little voltage-dependence
over the same potential range (Figure 3C, []). On the other
hand, Tgecay, measured in the presence of 200 yM methoxamine,
decreased from a value of 28.84+1.9 ms at +10 mV to a value
of 11.6+1.0 ms at +60 mV. From these measurements we
extracted values for 7y, (Figure 3C, @), which decreased
from 1034+13.9 ms at +10 mV to 15.9+1.9 ms at +60 mV.
The values indicate that an increase in the electrical gradient
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accelerated block, which supports the idea that 7y, reflects
the time course of channel block by a positively charged form
of methoxamine. In addition, the data support the observa-
tions described in Figure 1, where the degree of block increased
at the more positive potentials studied.

Methoxamine inhibits hKv 1.5 and Kv 4.2 currents

Data presented in Figure 1 suggested that methoxamine
reduced both peak (I,) and sustained outward currents
recorded from myocytes, and it was therefore of interest to
examine individual cloned channel currents to find out
which, if any, were preferentially blocked by the non-specific
action of methoxamine. Both Kv 4.2 and hKv 1.5 are
thought to be important components of outward current in
cardiac tissue. Kv 4.2 and Kv 4.3 are thought to underlie I,
in rat and human ventricular myocytes (Barry et al., 1995;
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Figure 3 Concentration- and voltage-dependent kinetics of I, block due to the non-specific action of methoxamine. (A) outward
currents evoked from rat ventricular myocytes during a step to +60 mV (P,), preceded by a | s conditioning prepulse (P;) to
—100 mV, —60 mV, or 0 mV, as indicated in the top panel. The lower panel shows difference currents isolating I, (above) and the
sustained outward current (below), derived as described in the Methods. Dotted lines indicate zero current level. (B) inset shows
isolated I, currents at +60 mV in control (CTL), and in the presence of 200 and 500 uM methoxamine, as indicated. Control
currents were fit to a single exponential function, and currents in the presence of drug were fit to a double exponential (solid lines).
The time constant for drug-channel interaction (tpjock) Was extracted as described in the Methods. In the main panel, 1/tp0c Values
have been plotted vs methoxamine concentration. The solid lines fit to data using equation [3a] gave apparent association (k) and
dissociation (k_,) rate constants of 8.9 x 10* M~' s~! and 32.9 s~ respectively. The Ky value from equation [3b] was 307 uM. Data
are means+s.e.mean from 5—10 cells at each concentration of methoxamine, and 2 uM prazosin was continuously present. (C)
voltage-dependent acceleration of I, inactivation by methoxamine in rat ventricular myocytes. Inactivation time constants were
obtained from fits to the relaxation phase of I, (see Methods) during 300 ms voltage steps from —80 mV. Control current
inactivation was fit to a single exponential function, yielding tjae- In 2 uM prazosin and 200 uM methoxamine, the current decay
was accelerated and 1y, Was extracted as described in the Methods. Ty values between +10 to +60 mV were accelerated, but
Tinact Were not voltage dependent. Data are means+s.e.mean (n=5-10 at each voltage).
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Dixon et al., 1996). hKv 1.5, cloned from human heart
(Tamkun ez al., 1991; Fedida et al., 1993) is thought to be a
component of sustained current (Fedida et al., 1993; Wang
et al., 1993), perhaps Ik, in human myocytes (Feng et al.,
1997). hKv 1.5 and Kv 4.2 were heterologously expressed in
HEK cells, which lack «;-adrenoceptors (Theroux et al.,
1996), and currents expressed in these cells failed to show
any response to phenylephrine (n=6). Figure 4A illustrates
current traces obtained from an HEK cell transfected with
hKv 1.5, in response to depolarizing voltage steps to
+60 mV, during exposure to a range of methoxamine
concentrations. hKv 1.5 currents are relatively slowly
inactivating and the effect of methoxamine was to reduce
both peak and sustained hKv 1.5 current amplitude with less
of an acceleration of the rate of current decay than seen for
I, in myocytes. Current traces obtained in the presence of
methoxamine activated initially as in control (see Figure
4A), but reached a lower peak and subsequently decayed
more quickly. Untransfected HEK cells are known to
contain a small endogenous voltage-activated delayed

A

rectifier current. The average magnitude of this endogenous
current, measured in untransfected HEK cells at +60 mV
and at 300 ms, was 274+32 pA (rn=10), and current
tracings from a typical cell, obtained in response to a series
of depolarizations over the range of —80 to +80 mV, are
shown in the top panel of Figure 4B. The lower panel of
Figure 4B illustrates typical drug-sensitive endogenous
currents, in the presence of 200 uM and 1 mM methoxamine.
This endogenous current was insensitive to concentrations of
methoxamine <200 uM (n=6), and partial inhibition was
noted at concentrations >500 uM. This suggests that the
reduction of sustained currents observed in hKv 1.5-
transfected cells with <500 uM methoxamine must represent
solely block of hKv 1.5 current. Even with 1 mM methox-
amine, the average magnitude of the methoxamine-sensitive
current, measured at +80 mV, was 89 pA. Nonetheless, to
minimize the contributions of this endogenous current, our
analyses of expressed hKv 1.5 cloned channel currents
included only those cells that contained relatively large
currents, such that the methoxamine-sensitive endogenous
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Figure 4 Reduction of hKv 1.5 current by methoxamine. (A) transfected HEK cell hKv 1.5 currents at +60 mV in control (CTL)
and during exposure to a range of methoxamine concentrations as indicated. 2 uM prazosin was present in the bath at all times. The
dotted line indicates zero current level. (B) endogenous HEK current in untransfected cells. The top panel shows typical endogenous
currents in response to depolarizations over the range of —80 to +80 mV, from a holding potential of —80 mV. The lower panel

illustrates the small methoxamine-sensitive endogenous currents

obtained by subtracting currents in the presence of the indicated

concentration of methoxamine from the corresponding currents in the absence of drug. The voltage-step protocol is the same as that
described above. (C) normalized I-V relationships for peak control (n=15), peak (n=75) and sustained (n=15) hKv 1.5 currents in the
presence of 500 uM methoxamine and peak current after washout (n=4), as indicated. Peak and sustained (at 300 ms) hKv 1.5
currents were individually normalized to peak and sustained current, respectively, measured at +80 mV under control conditions.
*denotes statistically significant difference of both peak and sustained current amplitudes from control, P<0.05. (D) dose-response
for the block of sustained hKv 1.5 current at +60 mV by methoxamine. The data are means+s.e.mean (n=35). The solid line
represents a fit of the data to equation [1]. At +60 mV, the ECsq was 276 um with ny=1.2, and a maximum expected block of

65.5%.
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current would be expected to contribute less than 3% of the
total measured methoxamine-sensitive hKv 1.5 current.
Mean peak (O) and sustained ([J) current-voltage relations
for cells exposed to 500 uM methoxamine are shown in
Figure 4C, and illustrate the large effects of methoxamine on
peak hKv 1.5 current, as well as reversibility of the drug
action on washout (A). Block of hKv 1.5 current by
methoxamine was voltage- (Figure 4C) and concentration-
dependent (Figure 4D). Fit to current-voltage data positive
to +20 mV gave a value for 0=0.18, similar to that
determined for I, with methoxamine and prazosin (see text
to Figure 1). Data points in Figure 4D were well fit by
equation [1], which yielded an ECs, value, at +60 mV, of
276 uM, and ny=1.2, with a maximum level of block of
65.5% predicted from the fit.

The response of Kv 4.2 channel currents to methoxamine
was similar to that observed for I,,. Threshold drug actions
were observed at 50 uM and consisted predominantly of an
acceleration of the rate of current decay. Higher concentra-
tions of methoxamine not only accelerated the rate of Kv 4.2
current decay, but also reduced peak current, with little effect
of methoxamine on the initial activation of the currents
relative to control (Figure 5A). As for hKv 1.5 data, at drug
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concentrations greater than 500 uM, the methoxamine-
sensitive endogenous current was small, and would be expected
to compose less than 5% of the total methoxamine-sensitive
current in all Kv 4.2-transfected cells included in analyses. The
ECs, for steady-state Kv 4.2 current reduction was 363 uM,
with ny=0.87, with a maximum expected block of 95%
predicted from the fit of the data in Figure 5B. I-V
relationships for cells in control solution (Figure 5C, @,
n=10) and in the presence of 100 uM ([J, n=06) and 500 um
(O, n="7) methoxamine again illustrate a voltage-dependence
of block, and a fit of the current-voltage data positive to
+20 mV in the presence of 500 uM methoxamine yielded a
value of 6=0.21. For Kv 4.2 the control current inactivation
was bi-exponential with fast time constants that were relatively
voltage-independent in control (data not shown). The time
constant for drug-channel interaction (Figure 5D; 1/ty0c, @)
was again concentration-dependent as for I,,. From equation
[3a] the best least-squares fit to these data, as indicated by the
solid line in Figure 5D, gave an apparent k., of
32x10* M 's7!, and k_,=8.3 s~'. From equation [3b], the
calculated Ky was 388 uM, which is in close agreement with the
EC;s, value of 363 um obtained from the dose-response curve
(Figure 5B).
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Figure 5 Reduction of Kv 4.2 current by methoxamine. (A) Kv 4.2 transfected HEK cell currents at +60 mV in control (CTL),
and in the presence of 50, 200 uM, and 1 mM methoxamine, as indicated. (B) dose-response relation for Kv 4.2 current block by
methoxamine. Current was measured at 300 ms and data points are means+s.e.mean (n=06 at each concentration). The solid line
was fit to data using equation [1]. The ECs5y was 363 um with ny=0.87, and a maximum expected block of 95%. (C) normalized
mean [-V relations for Kv 4.2 current in control (n=6), 100 um (n=35), and 500 uM (n=6) methoxamine, as indicated. Currents
were normalized to control currents at +80 mV, measured at 300 ms. *denotes statistically significant difference from control
current amplitude, P<0.05. (D) 1/tp0ck values plotted vs methoxamine concentration. ty0cx values were extracted as described in
the Methods from fits to the rapid phase of Kv 4.2 decay in the presence of methoxamine. From equation [3a] the best least-squares
fit to these data, as indicated by the solid line in Figure 7D, gave an apparent k; of 3.2x10* M~ 's™' and k_;=8.3 s~'. From
equation [3b], the calculated Ky was 388 um. Data are means+s.e.mean (n=5-9 at each concentration).
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Methoxamine modifies Kv 4.2 tail currents

Under control conditions, at —40 mV, Kv 4.2 current
deactivated with a time constant (Tgeactivation) Of 24.4+1.6 ms
(n=6), which represents the closing of channels from the open
state. In the presence of methoxamine, the peak tail current
amplitude was reduced relative to control, but also displayed an
initial rising phase that was not observed in the absence of drug
(n=28). This rising phase was more pronounced with higher
doses of methoxamine, and represents unblock of open
channels previously inhibited by methoxamine. Figure 6A
shows representative tail currents obtained at —40 mV, after
100 ms depolarizations in control conditions, and in the
presence of 100, 500 uM or 1 mM methoxamine. Not only was

A

the peak more reduced and the rising phase more pronounced
at higher methoxamine concentrations, but subsequent decay
of the tail currents was significantly slowed in the presence of
methoxamine, and this effect was dose-dependent (Figure 6B).
This had the result that tail currents recorded at the higher
concentrations of methoxamine crossed over the control tail
current (Figure 6A, inset). These data indicate that upon
repolarization, methoxamine dissociated from blocked chan-
nels, allowing these channels to become conducting and
resulting in the rising phase of tail current. Subsequently, a
dynamic equilibrium was reached, wherein a fraction of these
open, unblocked channels became blocked again, delaying the
irreversible closing of these channels and resulting in the slowed
rate of tail current decay relative to control.
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Figure 6 Methoxamine modifies Kv 4.2 deactivating tail currents. (A) typical deactivating tail currents in control (CTL), 100 um,
500 puM, and 1 mM methoxamine. Peak tail current amplitudes decreased with increasing dose. The cell was held at —80 mV, and
tails were recorded at —40 mV after a 100 ms depolarization to + 50 mV. Dotted line indicates zero current level. Inset panel shows
crossover of tail in control and 1 mM methoxamine and crossover point is arrowed. (B) slowing of rate of decay of tail currents with
increasing doses of methoxamine. Tail currents in control and in the presence of drug were obtained as in (A) and were computer-
fitted to a single exponential function to obtain the deactivation time constant, Tgeactivation, at €ach concentration of drug. Data are
means +s.e.mean (n=06). *denotes significant difference from control (i.e. 0 uM methoxamine), P <0.05.
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Methoxamine block of single Kv channels

For single-channel recording, HEK cells were depolarized in
high K™ solution containing 2 uM prazosin. Pipettes contained
5 mM K™ solution and patches containing one or a few hKv 1.5
channels were held at a transmembrane potential of —80 mV

A

Control

and depolarized to +60 mV, at 0.5 Hz. Representative control
sweeps are presented in Figure 7A, and tracings recorded with
500 uM methoxamine in the bath solution are illustrated in
Figure 7B. Under control conditions, hKv 1.5 channels opened
in multiple bursts that were characterized by frequent brief
closings. These kinetics for hKv 1.5 have been reported
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Figure 7 Effects of methoxamine on hKv 1.5 single channels in cell-attached patches with 140 mm K in the bath (see Methods).
(A and B) cells were held at —80 mV and single-channel currents obtained at +60 mV, in control and in 500 uM methoxamine.
Each sweep was recorded during 500 ms depolarizations. (C and D) ensemble averages (n=20) in control and in 500 um
methoxamine. (E and F) open-channel dwell time distributions in control and 500 uM methoxamine. Bin widths were 0.5 ms in E
and 0.1 ms in F. Solid lines are single-exponential fits to data, with 7,pen=1.840.01 ms in control, and 0.4+0.06 ms in
methoxamine.
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previously from our laboratory (Chen & Fedida, 1998) and are
quite different from the maintained openings with few closings
that characterize the endogenous current in HEK cells (data
not shown). In the presence of methoxamine, burst duration
was greatly reduced, rapid closings within bursts became even
more frequent, and the channel rarely opened to its full
amplitude. The mean single channel current in control solution,
as determined by a Gaussian fit to an all-points amplitude
histogram (data not shown) was 1.1+0.01 pA, which
corresponds to a single channel conductance of 9 pS, consistent
with that reported previously for hKv 1.5 (Grissmer et al.,
1994). In the presence of methoxamine, however, the mean
single channel current amplitude was significantly reduced to
0.3+0.01 pA. These two actions of 500 uM methoxamine had
the effect of reducing the ensemble-average current by 73%
(Figure 7D) relative to control (Figure 7C). This may be
compared with the 43% reduction of hKv 1.5 current observed
in the whole cell configuration (Figure 4C). In addition,
methoxamine significantly decreased the mean channel open
time of hKv 1.5. Fits to open channel dwell time distributions
for a cell in control solution (Figure 7E) and following addition
of methoxamine (Figure 7F) yielded time constants (Topen),
corresponding to mean channel open times, of 1.8+0.01 ms
and 0.4+0.06 ms, respectively. Similar results were seen in four
other cells.

Discussion

Methoxamine has both o;-adrenoceptor-dependent and
o-adrenoceptor-independent actions

Methoxamine and phenylephrine have both been widely used in
studies of a-adrenergic effects on cardiac ionic currents. In our
studies, both phenylephrine and methoxamine reduced peak I,
amplitude in rat ventricular myocytes, but the response to
phenylephrine was prevented by prazosin, whereas prazosin
could reduce, but not abolish, the response to methoxamine
(Figure 1). Similarly, preincubation of ventricular cells with
prazosin, NEM, or PhBz prevented the action of phenylephr-
ine, but failed to prevent the reduction in I, observed during
exposure to 200 uM methoxamine (see Figure 1F). This
suggests that although prazosin, NEM, and PhBz act to
disrupt different stages of the z-adrenergic signal transduction
pathway, the non-specific action of methoxamine was not
dependent on receptor activation, or on signal transduction by
heterotrimeric G-proteins.

Methoxamine reduced both peak (I,,) and sustained out-
ward currents in rat ventricular myocytes, independently of o;-
adrenoceptor stimulation, so we examined the action of
methoxamine on two classes of Kv channels. These were
Kv 4.2, a rapidly inactivating channel thought to underlie I,
(Barry et al., 1995; Dixon et al., 1996) and hKv 1.5, a slowly-
inactivating delayed rectifier-type of channel thought to
contribute to sustained outward current (Van Wagoner et al.,
1996; Feng et al., 1997). Our data demonstrated that
methoxamine could reduce the whole-cell currents recorded
from hKv 1.5 and Kv 4.2 in HEK cells (Figures 4 and 5) which
express no detectable endogenous o;-adrenoceptors (Theroux
et al., 1996).

Concentration- and voltage-dependence of receptor-
independent action of methoxamine

In the presence of prazosin, methoxamine decreased the
amplitudes of I,,, hKv 1.5, and Kv 4.2 in a concentration-

and voltage-dependent manner. The ECss for observed
fractional block were similar for all three currents, and Hill
coefficients were also similar, suggesting a single binding site
model in each case. In myocytes, methoxamine character-
istically increased the rate of decay of I, (Figure 3). This was
similar to data obtained for Kv 4.2 (Figure 5), but appeared to
be much less important an effect for hKv 1.5 (Figure 4). We
extracted a methoxamine-dependent time constant for block,
Toock (Figures 3 and 5), which decreased with increasing drug
concentrations. The calculated K, values, at +60 mV, were in
good agreement with ECs, values obtained from dose-response
relations (Figures 2B and 5B).

The observed voltage-dependence of 1, (Figure 1E),
hKv 1.5 (Figure 4C) and Kv 4.2 (Figure 5C) inhibition,
increasing with potential, is expected if the positively charged
form of methoxamine (at pH 7.4, with pK,=9.2) blocks the
channel and therefore responds to changes in membrane
potential. Uncharged methoxamine could cross the plasma
membrane and become protonated and charged within the cell,
and then reach a putative intracellular binding site. This is
supported by single channel data in Figure 7 where
methoxamine was added to the bath solution and the external
face of the membrane at the recording site was shielded by the
pipette. The fraction of the membrane electrical field () sensed
by the drug at its receptor site was determined to be 0.18 for I,
and for hKv 1.5, and 0.21 for Kv 4.2. These values are similar
to those for quinidine (Fedida, 1997) and quaternary
ammonium compounds (Choi et al., 1993), and suggests that
positively charged agents may bind to a common intracellu-
larly-accessible site (Snyders & Yeola, 1995).

Non-specific action of methoxamine is consistent with
both open- and closed-channel block

Methoxamine accelerated the rate of decay of I, and
Kv 4.2 without markedly affecting the initial time course of
activation (Figures 2A and 5A), which is generally
suggestive of a mechanism of open-channel block (Slawsky
& Castle, 1994). In the presence of higher concentrations of
methoxamine, the reduction in peak I,, hKv 1.5 and
Kv 4.2 currents can be explained by rapid drug-channel
interaction according to the first-order rate constant given
by k. [D]. In the presence of methoxamine, deactivating
Kv 4.2 tail currents showed a distinct rising phase that was
not observed under control conditions, and decay of the
current tails was significantly slowed in the presence of
drug (Figure 6). These observations are consistent with a
simple open channel block scheme for methoxamine and
Kv 4.2:

@ ki1[D]
C = (@) = OB
48 k-
!
1

In this model, « and 4f refer to standard opening and closing
rate constants, respectively, between the last closed (C) and
open (O) states in a Hodgkin-Huxley four-subunit model, (I) is
the inactivated state, and k., and k_, are the apparent binding
and unbinding rates for methoxamine and Kv 4.2, which were
calculated to be 3.2x10*M~'s™' and 8.3 s™', respectively
(Figure SD). Since the unbinding rate is relatively fast, upon
repolarization tail currents in the presence of drug should
exhibit a rising phase indicative of the OB—O transition.
Subsequently, these unblocked open channels can reblock,
which slows tail current decay according to the relative values
of 4f and k. [D]. If drug binding is sufficiently rapid relative
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to channel closing, a ‘crossover’ of tail currents can be
observed, as is the case for quinidine (Snyders et al., 1992;
Fedida, 1997), and was demonstrated by data in Figure 6.

In addition to accelerating the rate of decay of whole cell
current, methoxamine decreased the mean hKv 1.5 single
channel open time, consistent with rapid association and
dissociation of the drug and the channel, and supportive of
open-channel block. However, mean single channel current
was also reduced, which may reflect brief openings not
visualized at our bandwidth (1 kHz), or alternatively,
alteration of the channel conductance by methoxamine. The
number of blank sweeps also increased during methoxamine,
and this increase in channel closed times strongly suggests an
additional interaction with resting or closed states of hKv 1.5.

Implications for previous studies

Methoxamine has been a widely-used agonist to study the role
of oj-adrenergic modulation of cardiac function, and the
concentrations of drug used in these studies vary widely over
the range of 107°~10~2 M. In rat ventricular myocytes a 25—
50% reduction in the magnitude of the outward K* currents
was observed in response to 20 uM methoxamine (Apkon &
Nerbonne, 1988). At this concentration of methoxamine, the
non-specific component of I, inhibition is negligible (Figure
2B) compared to the o;-adrenoceptor-mediated response.
Many studies, however, have used higher concentrations (e.g.
>100 uM methoxamine), at which there is likely to be a
significant non-specific component to the observed action that
cannot be overlooked. In the absence of prazosin, 100 um
methoxamine resulted in ~35% reduction of I, in rat
ventricular cells (Fedida & Bouchard, 1992), at which
concentration our results indicate that I,, would be reduced
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1 The releases of [*H]5-hydroxytryptamine ([*H]5-HT) and of endogenous glutamic acid and their
modulation through presynaptic h5-HT,z autoreceptors and h5-HT,p heteroreceptors have been
investigated in synaptosomal preparations from fresh neocortical samples obtained from patients
undergoing neurosurgery.

2 The inhibition by 5-HT of the K" (15 mM)-evoked overflow of [*H]5-HT was antagonized by the
5-HT,5/5-HTp receptor ligand GR 127935, which was ineffective on its own; this drug was

previously found to behave as a full agonist at the h5-HT,, heteroreceptor regulating glutamate

release.

3 The recently proposed selective h5-HT, receptor ligand SB-224289 also prevented the effect of

5-HT at the autoreceptor, being inactive on its own; in contrast, SB-224289, at 1 uM, was unable to

interact with the h5-HT,p heteroreceptor.

4 The inhibitory effect of 5-HT on the K" -evoked overflow of glutamate was antagonized by the

h5-HT,p receptor ligand BRL-15572; added in the absence of 5-HT the compound was without

effect. BRL-15572 (1 uM) was unable to modify the effect of 5-HT at the autoreceptor regulating

[’H]5-HT release.

5 The selective 5-HT 4 receptor antagonist (+)-WAY 100135, previously found to be an agonist at

the h5-HT,p heteroreceptor regulating glutamate release, could not interact with the h5-HT,p
autoreceptor when added at 1 uM.

6 It is concluded that native h5-HT,z and hS5-HT,p receptors exhibit a hitherto unexpected
pharmacological diversity.

Human cerebral cortex; 5-hydroxytryptamine release; glutamate release; S5-hydroxytryptamine-glutamate
interaction; human native 5-hydroxytryptamine receptors; h5-HT, receptor; h5-HT, receptor

BRL-15572, 1-phenyl-3-[4-(3-chlorophenyl)piperazin-1-yl] phenylpropan-2-ol dihydrochloride; GR 127935, N-[4-
methoxy-3-(4-methyl-1-piperazinyl)phenyl]-2'-methyl-4'-(5-methyl-1,2,4-oxa-diazol-3-yl)[1,1,-biphenyl]-4-carboxa-
mide; SB-224289, 2,3,6,7-tetrahydro-1"-methyl-5-[2"-methyl-4’-(5-methyl-1,2,4-oxadiazol-3-yl)biphenyl-4-carbo-
nyl]furo[2,3-flindole-3-spiro-4'-piperidine hydrochloride salt; (+)-WAY 100135, (S)-(+)N-tert-butyl-3-[4-(2-

methoxyphenyl) piperazin-1-yl]-2-phenylpropionamide dihydrochloride

Introduction

At least five 5-HT, receptor subtypes have been recognized, 5-
HT,s, 5-HT5 (former nomenclature: 5-HT,pg), 5-HTp
(formerly termed 5-HT,p,), 5-HT, and 5-HT . All subtypes
are seven transmembrane, G-protein coupled receptors and all
are thought to be negatively linked to adenylyl cyclase (Hoyer
et al., 1994; Martin & Humphrey, 1994).

Human 5-HT g (h5-HT;) and 5-HTp (h5-HT,p) receptors
have been reported to have relatively low (63%) overall amino
acid homology; in apparent contrast, for a series of 19
structurally diverse compounds, the two cloned human
receptors were found to be nearly indistinguishable in their
binding affinities (Hartig et al., 1992; Weinshank et al., 1992).

Subsequently, however, the classical 5-HT, receptor
antagonist ketanserin was proposed to permit discrimination
between h5-HT,3 and h5-HT,p receptors (Kaumann et al.,
1994; Pauwels & Colpaert, 1995; Zgombick et al., 1995). More
recently, using recombinant h5-HT,z and h5-HT, receptors,
the novel compounds SB-216641, SB-224289 and BRL-15572

* Author for correspondence.

have been found to discriminate the two subtypes. In binding
studies on receptors expressed in CHO cells SB-216641 and
SB-224289 had, respectively, 25 and 80 fold higher affinity for
h5-HT,5 than h5-HT,p receptors; conversely, BRL-15572 had
60 fold higher affinity for h5-HT,p than h5-HT 3 receptors. In
functional assays ([**S]-GTPyS binding and cyclic AMP
accumulation) with the above cloned receptor expression
system, SB-216641 and BRL-15572 displayed agonist intrinsic
activity at both h5-HT,3 and h5-HT,, receptors (Price et al.,
1997), whereas SB-224289 behaved as an inverse agonist
(Gaster et al., 1998).

Functional studies with native human brain 5-HT receptors
are relatively rare and have been almost exclusively focused on
autoreceptors mediating feedback inhibition of 5-HT release
(Schlicker et al., 1985; 1997, Galzin et al., 1992; Maura et al.,
1993; Raiteri, 1994; Fink et al., 1995). These autoreceptors
were initially classified as h5-HT,p based exclusively on their
insensitivity to ketanserin (Maura et al., 1993; Fink et al.,
1995). More recently, Schlicker et al. (1997) found that SB-
216641 is a preferential ligand at native h5-HT, receptors in
human neocortex, in agreement with the above results with
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cloned receptors, although the compound was an antagonist at
the autoreceptors devoid of any intrinsic activity.

A functional model of native brain h5-HT,p receptor has
recently been proposed: neocortical glutamatergic neurons in
human cerebrocortex possess release-inhibiting heterorecep-
tors that, based on their sensitivity to sumatriptan and to
ketanserin, were proposed to belong to the h5-HT,, subtype
(Maura et al., 1998). Interestingly, GR 127935, a compound
described as a potent and selective 5-HT,z/5-HT,p receptor
antagonist (Skingle er al., 1993; 1996), inhibited glutamate
release similarly to sumatriptan, thus behaving as a full agonist
at native h5-HT,p receptors (Maura et al., 1998). Recently the
hS-HT,p ligand BRL-15572 has been reported to behave as a
potent antagonist at native h5-HT,p, heteroreceptors in human
atrial appendages (Schlicker et al., 1997).

To establish that native hS-HT,z and h5-HT,, receptors
have distinct (and possibly opposing) function in the human
brain and can be differentially acted upon by drugs is of great
importance. Release-regulating 5-HT autoreceptors and 5-HT
heteroreceptors regulating glutamate release have therefore
been compared using various selective 5-HT receptor ligands
and monitoring [*H]-5-hydroxytryptamine ([*H]-5-HT) and
endogenous glutamate release from human neocortical
synaptosomes. Based on the data obtained, at least six
compounds appear to permit a clear-cut pharmacological
discrimination between h5-HT;z and h5-HT,p native recep-
tors.

Methods

Characteristics of human specimens

Samples of human cerebral cortex were obtained from 11
female and seven male patients (aged 19—70 years). The tissues
had to be removed from patients undergoing neurosurgery
either to remove deeply located tumours or to treat epilepsy
resistant to antiepileptic drugs. Samples of frontal (6),
temporal (9) and parietal (3) lobes were used. Since no
significant differences between results obtained from the two
groups of patients were observed, data have been pooled.
Immediately after removal, the tissue was placed in a
physiological salt solution kept at 2—4°C.

Release experiments

Crude synaptosomes were prepared within 2 h, at 2—4°C. The
tissue was homogenized in 40 vol of 0.32 M sucrose, buffered at
pH 7.4 with phosphate. The homogenate was centrifuged
(5min at 1000xg), to remove nuclei and debris, and
synaptosomes were isolated from the supernatant by
centrifugation at 12,000 x g for 20 min. The synaptosomal
pellet was then resuspended in a physiological medium having
the following composition (mM): NaCl 125, KCI1 3, MgSO, 1.2,
CaCl, 1.2, NaH,PO, 1, NaHCO; 22 and glucose 11 (aerated
with 95% O, and 5% CO,); pH 7.2-7.4. Protein was
determined according to Bradford (1976).

Synaptosomes were incubated 15 min at 37°C in 95% O,
and 5% CO,, either with [*H]-5-HT (final concentration
0.08 uM) or without radioactive label (experiments of
glutamate release). Experiments of both [PH]-3-HT and
endogenous glutamate release were performed with the same
tissue sample when a sufficient amount of tissue was available
(six out of 18 patients). Identical aliquots of the synaptosomal
suspension (0.6—1 mg of protein) were distributed in a set of
parallel superfusion chambers maintained at 37°C (Raiteri et

al., 1974). Superfusion was then started with standard medium
aerated with 95% O, and 5% CO,, at a rate of 0.6 ml min~",
and continued for 48 min. At min 39 synaptosomes were
depolarized by a 90-s pulse of KCl (15 mM) replacing an
equimolar concentration of NaCl. Fraction collection began at
min 36, according to the following scheme: two 3-min samples
(basal release) before and after one 6-min sample (basal release
plus release evoked by high-K ™). When 5-HT was used as an
agonist in experiments of [*H]-5-HT release, citalopram (1 uM)
(a 5-HT uptake inhibitor) was present from the beginning of
superfusion. Agonists were added concomitantly with high
K*, antagonists were present from 8 min before depolariza-
tion.

Amino acid determination

The amount of endogenous glutamate released or remaining in
the synaptosomes after superfusion was measured by h.p.l.c.
The glutamate content of synaptosomes was measured in the
supernatant obtained after homogenization (Ultra Turrax,
max speed, 20 s) in ice-cold distilled water and centrifugation
at 20,000 x g for 10 min. The analytical method (Tonnaer et
al., 1983) involved precolumn derivatization with o-phthalal-
dehyde followed by separation on C;g reverse phase
chromatography column (Chrompack. 10 cm x 4.6 mm, 3 pum)
and three solvent discontinuous gradient, from 23% methanol
in acetate buffer 0.1 M pH 6 to 46% methanol in acetate buffer
0.1 M pH 5.8, in 22 min, at a rate of 0.9 ml min—".

Calculation

The amount of endogenous glutamate released in each fraction
collected was expressed as pmol mg~' synaptosomal protein.
The radioactivity released in each fraction was calculated as a
percentage of the synaptosomal tritium at the onset of the
respective collection period. The depolarization-evoked release
(overflow) was estimated by subtracting basal release from
total release. Depolarization-evoked overflow in the presence
of drugs was calculated as percentage variation with respect to
the control. Means+s.e.mean of the given numbers of
experiments are presented throughout. The data presented in
the Figures were compared by two-tailed Student’s ¢-test.

Materials

S-Hydroxytryptamine (5-HT) creatinine sulphate was pur-
chased from Calbiochem. Los Angeles, CA, U.S.A. The
following drugs were gifts: N-[4-methoxy-3-(4-methyl- 1-
piperazinyl)phenyl]-2’-methyl-4'-(5-methyl-1,2,4-oxa-diazol-3-
yD)[1,1,-biphenyl]-4-carboxamide (GR 127935; Glaxo Group
Research, Greenford, U.K.); (S)-(+)N-tert-butyl-3-[4-(2-
methoxyphenyl)piperazin-1-yl]-2-phenylpropionamide  dihy-
drochloride ((+)-WAY 100135; Wyeth Research, Berkshire,
U.K.); 2,3,6,7-tetrahydro-1'-methyl-5-[2"-methyl-4'-(5-methyl-
1,2.4- oxadiazol-3-yl) biphenyl-4-carbonyl] furo[2,3-f] indole- 3-
spiro-4’-piperidine hydrochloride salt (SB-224289) and 1-
phenyl-3-[4-(3-chlorophenyl)piperazin-1-yl]phenylpropan-2-ol
dihydrochloride (BRL-15572) (SmithKline Beecham Pharma-
ceuticals, Harlow, Essex, U.K)

Results

Human cerebral cortex synaptosomes were labelled with [*H]-
5-HT and depolarized in superfusion with KCI (15 mMm). Basal
tritium release was 1.104+0.09% min~' and K" -evoked
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overflow amounted to 3.50+0.15% (n=06). The overflow of
tritium elicited by K™ depolarization was inhibited by 40%
when 5-HT (0.1 um) was added to the superfusion medium, in
keeping with previously reported results (Maura et al., 1993).

The inhibitory effect of 5-HT was totally prevented by GR
127935 (1 um) (Figure 1), a drug classified as a selective mixed
5-HT,p/5-HT,p receptor antagonist (Skingle ez al., 1993;
1996). GR 127935 (1 uM), added on its own, had no effect
on the basal (not shown) or the K*-evoked tritium release
from synaptosomes prelabelled with [*H]-5-HT (Figure 1).

SB-224289, a recently proposed selective h5-HT, receptor
ligand (Roberts et al., 1997; Gaster et al., 1998), abolished the
effect of 5-HT when present in the superfusion medium at
1 uM. At this concentration, SB-224289 did not modify, on its
own, the basal (not shown) or the K *-evoked release of tritium
(Figure 1).

The inhibition by 5-HT of the K™ -evoked tritium overflow
remained unchanged when BRL-15572 (1 uM), a recently
proposed selective h5-HT, receptor ligand (Price et al., 1997;
Schlicker et al., 1997), was added to the superfusion medium at
1 um (Figure 1). At this concentration, the compound had
little effect on its own.

The selective 5-HT 5 receptor antagonist (+)-WAY 100135
(1 um; Fletcher et al., 1993) was also unable to prevent the
inhibitory effect of 5-HT and, added alone at 1 uMm, did not
affect the basal release (not shown) or the K -evoked overflow
of tritium (Figure 1).

Figure 2 illustrates the results obtained in experiments in
which human cerebral cortex synaptosomes were depolarized
with KCI (15 mM) and the release of endogenous glutamate
was monitored. Basal glutamate release before the onset of the
K* stimulation amounted to 290+38 pmol mg~' protein
(n=6); the KT'-evoked glutamate overflow was
505+43 pmol mg~' protein (7= 6). The overflow of glutamate
provoked by high-K* had previously been found to be
strongly dependent on the presence of Ca?" ions in the
superfusion medium (Maura et al., 1998).

When 5-HT (0.1 um) was added concomitantly with the
depolarizing stimulus, the glutamate overflow elicited by K™
(15 mMm) was inhibited by 40% (Figure 2), which is in keeping
with the concentration-response curve of 5-HT obtained
previously, under identical experimental conditions (Maura et
al., 1998).

The inhibitory effect of 5-HT (0.1 uM) on the K™ -evoked
glutamate overflow from human neocortical synaptosomes
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Figure 2 Antagonism by BRL-15572 or SB-224289 of the inhibition
by 5-HT of the KT'-evoked glutamate overflow from human
cerebrocortical synaptosomes. Data are expressed as per cent
inhibition of the K™-evoked overflow of glutamate. The agonist
was added concomitantly with high-K ™; the antagonists 8 min
before. For more technical details see Methods. Data are means
+s.e.mean of 3—4 independent experiments, each consisting of three
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[*H]-overflow from human cerebrocortical synaptosomes prelabelled with [*H]-5-HT. Data are expressed as per cent inhibition of the
K "-evoked overflow of trititum. The agonist was added concomitantly with high-K ™; the antagonists 8 min before. For more
technical details see Methods. Data are means+s.e.mean of 3—6 independent experiments, each consisting of three replicate
chambers for each condition. *P<0.005 when compared to control K "-evoked overflow.



610 M. Marcoli et al

Diversity of native h5-HT;g and h5-HT;p receptors

was completely prevented by BRL-15572 (1 um). At this
concentration, the compound alone had no effect on the basal
release (not shown) or the K™ -evoked overflow of glutamate
(Figure 2). In contrast SB-224289 (1 uM) had no significant
effect alone or on the 5-HT inhibition of glutamate overflow
elicited by depolarization (Figure 2).

To facilitate comparison between the pharmacology of
native h5-HT,z auto- and hS5-HT,, heteroreceptors, the
present data and the results previously obtained with human
cerebral cortex have been summarized in Table 1.

Discussion

In the human cerebral cortex, the 5-HT autoreceptor located
on serotonergic terminals and which mediates inhibition of 5-
HT release probably represents the most important function of
the h5-HT g receptor subtype (Fink et al., 1995). Recently, a
sumatriptan- and ketanserin-sensitive 5-HT heteroreceptor
mediating inhibition of glutamate release was found to exist
on glutamatergic nerve terminals of human brain cortex and
proposed to represent a functional model for the h5-HT,p
subtype (Maura et al., 1998). The compounds listed in Table 1
are ligands at h5-HT,g/h5-HT,p receptors, based largely on
studies with recombinant receptors and, more rarely, with
native human CNS receptors. The analysis of these
compounds in release experiments with superfused human
neocortex synaptosomes has now been completed and the
Table summarizes their classification as agonists or antagonists
(or inactive molecules) at the native h5-HT,5 and h5-HT,p
receptors considered.

Sumatriptan, a h5-HT,3/h5-HT,, ligand, is an agonist at
both auto- and heteroreceptors (Maura et al., 1993; 1998). The
drug also behaved as a hS-HT,;s/h5-HT),p, receptor agonist in
experiments with slices of human cerebral cortex, where it was
found to inhibit [*'H]-GABA release (Feuerstein et al., 1996).

Methiothepin has often been shown to be an antagonist at
native human brain 5-HT,3/5-HT,, receptors. It blocked h5-
HT,z terminal autoreceptors both in slices (Schlicker et al.,
1985; Galzin et al., 1992) and in synaptosomes (Maura et al.,
1993; Fink et al., 1995). Methiothepin also antagonized 5-HT
and sumatriptan at the h5-HT,p heteroreceptors regulating
glutamate release (Maura et al., 1998).

Ketanserin was the first compound proposed to permit
discrimination between h5-HT,p and h5-HT,p (Kaumann et
al., 1994; Pauwels & Colpaert, 1995). Ketanserin exhibited

Table 1 Pharmacological profiles of the hS5-HT;g auto-
receptor and of the hS5-HT,p heteroreceptor regulating
glutamate release in human cerebral cortex

hS-HT, 3 hS-HT,p
Drugs autoreceptor heteroreceptor
Sumatriptan Agonist* Agonist®
Methiothepin Antagonist™*© Antagonist®
Ketanserin Inactive™® Antagonist®
GR 127935 Antagonist Agonist*
Metergoline Antagonist™? Agonist®*
SB-224289 Antagonist Inactive
BRL-15572 Inactive Antagonist
(+)-WAY 100135 Inactive Agonist®*

Data from Maura et al. (1993); "Maura et al. (1998); Fink
et al. (1995); ‘Galzin et al. (1992). *Full agonist; maximal
effect at 1 um, as with 5-HT or sumatriptan (Maura et al.,
1998).

marked selectivity (~ 70 fold) for the recombinant h5-HT,p
relative to the h5-HT,z receptor (Zgombick et al., 1995).
Accordingly, we recently found that ketanserin antagonized
the sumatriptan-induced inhibition of glutamate release,
whereas the sumatriptan-sensitive human neocortex autore-
ceptor was ketanserin-insensitive (Maura et al., 1993; Fink et
al., 1995). It has to be noted that the affinity and resulting
selectivity of ketanserin for the 5-HT,p receptor is species
dependent: the drug is only 5 fold selective for the guinea-pig 5-
HT,p receptor relative to the guinea-pig 5-HT,pz subtype
(Zgombick et al., 1997).

We find here that GR 127935 is a terminal autoreceptor
hS-HT,p antagonist, devoid of intrinsic activity (Figure 1),
whereas at the h5-HT,p heteroreceptor regulating glutamate
release, GR 127935 was recently reported to behave as a full
agonist (Maura et al., 1998). The compound is usually
classified as a ‘mixed 5-HT,3/5-HT,p receptor antagonist’,
based on functional data from experimental animals (Skingle
et al., 1993; 1996). However, GR 127935 has been tested in
several works carried out with recombinant h5-HT,z and h5-
HT,p receptors and the data obtained, although in part
controversial, possibly due to the different properties of the
transfection hosts and differences in receptor expression
levels, show that GR 127935 can display intrinsic activity.
GR 127935 was a full agonist in HeLa cells expressing h5-
HT,p and h5-HT,g receptors (Walsh et al., 1995), and NIH-
3T3 fibroblast expressing h5-HT,p receptors. It was a partial
agonist in Y-1 adrenocortical cells expressing hS5-HT;p
receptors (Zgombick et al., 1996); whereas, similarly to
what observed in our present work, GR 127935 was an
antagonist at cloned h5-HT,p receptors, in transfected CHO
cells, while showing intrinsic agonist activity at the h5-HTp
subtype (Pauwels & Colpaert, 1995; Pauwels et al., 1997).
Interestingly, GR-127935 showed partial agonist activity at
recombinant h5-HT,p receptors in a cell line where no
receptor reserve existed (Watson et al., 1996).

Metergoline is known as a high affinity ligand at 5-HT,3/5-
HT,p receptors (Hamblin & Metcalf, 1991; Bruinvels et al.,
1992). Strong intrinsic activity was observed with the drug at
cloned h5-HT,p receptors, but not at the h5-HT,p subtype
(Pauwels et al., 1996). In keeping with these results, we found
metergoline unable to antagonize 5-HT at the h5-HTp
heteroreceptor regulating glutamate release; instead, metergo-
line inhibited the K *-evoked overflow of glutamate (Maura et
al., 1998), thus behaving as a h5-HT,p, receptor agonist (Table
1). Conversely, at the concentration displaying maximal
agonist activity at the h5-HT,p heteroreceptor, metergoline
blocked 5-HT at the autoreceptors regulating 5-HT release in
the human neocortex (Galzin et al., 1992; Maura et al., 1993)
and it should therefore be considered as a potent antagonist at
the native h5-HT 3 subtype.

SB-224289 has been classified as a selective 5-HT,p
receptor antagonist (Roberts et al.,, 1997; 1998; Gaster et
al., 1998). Accordingly, the compound blocked the effect of
5-HT on the terminal autoreceptor in human neocortex
synaptosomes. Added to the superfusion medium in absence
of exogenous 5-HT, SB-224289 had no effect on the K-
evoked overflow of [*H]-5-HT. In contrast, at the hetero-
receptors regulating glutamate release SB-224289 was unable
to prevent the action of 5-HT; moreover, in the absence of
5-HT, it did not inhibit the K™-evoked overflow of
glutamate. Thus SB-224289 is a pure antagonist at the h5-
HT,z autoreceptor at concentrations which have no effect on
the h5-HT,p heteroreceptor.

BRL-15572 behaved as a pure antagonist at the h5-HT,p
heteroreceptor regulating glutamate release in human cere-
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brocortex, while exhibiting little or no affinity for the h5-HTp
autoreceptor. In a recent paper (Schlicker et al., 1997), BRL-
15572 was reported to block the effect of 5-HT on the
electrically-evoked release of [*H]-noradrenaline from human
atrial appendages, an effect mediated by presynaptic h5-HTp
heteroreceptors on noradrenergic terminals (Molderings et al.,
1996).

The 5-HT,, receptor antagonist (+)-WAY 100135 had
previously been found to inhibit the K*-evoked overflow of
glutamate from human neocortex synaptosomes. Actually, in
experiments run in parallel with sumatriptan, the inhibition
caused by (+)-WAY 100135 (1 um) did not differ significantly
from that caused by sumatriptan (1 uM), the maximally
effective concentration of this drug (Maura et al., 1998). Thus
(+)-WAY 100135, similarly to GR 127935, metergoline and
spiperone (Maura et al., 1998), appears to be a full agonist at
h5-HT,p, heteroreceptors regulating glutamate release. On the
other hand, (+)-WAY 100135 (1 uM) was unable to reduce the
action of 5-HT on the autoreceptor; moreover, the compound
had no effect on [*H]-5-HT release, in the absence of 5-HT,
indicating poor, if any, affinity for the h5-HT,p autoreceptor
(Table 1). Our data are in good agreement with those recently
reported by Davidson et al. (1997) showing that (+)-WAY
100135 had much higher affinity for recombinant h5-HT,p
than h5-HT,p receptors and behaved as a partial agonist in
[**S]-GTPyS binding.

To conclude, our functional studies of native h5-HT 3 and
h5-HT,p receptors in the cerebral cortex clearly show that the
two receptors, originally reported to be pharmacologically
indistinguishable (Weinshank etz al., 1992), exhibit in fact a
strikingly different pharmacology. Oddly enough, the diversity
between these two receptor subtypes, as it emerges from the
data summarized in Table 1, appears much more convincing
than for other receptor systems, for instance the muscarinic
receptors, where subtypes have often been proposed on the
basis of relatively modest quantitative differences between
antagonist affinities.

The finding that compounds which, based on experiments
with laboratory animals, are known as pure receptor
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Effect of prolonged administration of a urinary kininase inhibitor,
ebelactone B on the development of deoxycorticosterone
acetate-salt hypertension in rats

*1Hiroshi Ito, 'Masataka Majima, 'Shin-ichi Nakajima, 'Izumi Hayashi, 'Makoto Katori &
*Tohru Izumi

"Department of Pharmacology, Kitasato University School of Medicine, Kitasato 1-15-1, Sagamihara, Kanagawa 228, Japan and
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1 The effect of prolonged administration of a carboxypeptidase Y-like kininase inhibitor,
ebelactone B (EB) (2-ethyl-3, 11-dihydroxy-4, 6, 8, 10, 12-pentamethyl-9-ox0-6-tetradecenoic 1, 3-
lactone), on the development of deoxycorticosterone acetate (DOCA)-salt hypertension was tested.
2 The systolic blood pressure (SBP) of non-treated 6-week-old Sprague-Dawley strain rats was
gradually increased by DOCA-salt treatment from 137+2 mmHg (n=11) to 195+7 mmHg at 10
weeks of age.

3 With daily oral administration of lisinopril (5 mg kg™', twice a day), which is an inhibitor of
angiotensin converting enzyme, a major kininase in plasma, the development of hypertension was
not suppressed.

4 By contrast, administration of EB (5 mgkg™', twice a day), completely inhibited the
development of hypertension (SBP: 146+1 mmHg, n=35, 10 weeks old). The reduced SBP at 10
weeks of age was equal to the SBP before any treatment (142+1 mmHg, n=>5).

5 Direct determination of mean blood pressure (MBP) in conscious, unrestrained rats confirmed
that MBP elevation was completely inhibited by EB.

6 Continuous subcutaneous infusion (5 mg kg™' day~') of HOE140, a bradykinin B, receptor
antagonist, restored the elevation of SBP, which was suppressed by EB.

7 The weights of left ventricle of DOCA-salt treated rats 10-weeks-old (0.364+0.02 g 100 g body
weight ™!, n=11) was significantly reduced by EB (0.2740.01, n=35), as were the sodium levels in
serum, cerebrospinal fluid and erythrocyte.

8 These findings suggested that EB is effective in preventing salt-related hypertension presumably

—1

by eliminating sodium retention.

Keywords: Ebelactone B; deoxycorticosterone acetate-salt hypertension; bradykinin; kininase

Abbreviations: ACE, angiotensin converting enzyme; CPY, carboxypeptidase Y; DOCA, deoxycorticosterone acetate; EB,
ebelactone B; MBP, mean blood pressure; NEP, neutral endopeptidase; SBP, systolic blood pressure; SD,

Sprague-Dawley

Introduction

A wide variety of antihypertensive agents can reduce
established genetic or secondary hypertension, and several
antihypertensive agents capable of improving the patient’s
quality of life are now available. However, fewer drugs have
been developed for the prevention of hypertension. Some
researchers have tried to predict high blood pressure in
childhood so that action can be taken to prevent hypertension
in the adults (Zinner et al., 1971; Klein et al., 1977; H