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II. LIST OF ABBREVIATIONS

AVM arterio venous malformation

b FGF basic fibroblast growth factor
Ca2+ calcium

CNS central nervous system

COX-2 cyclooxygenase-2

EM electron microscopy

ET-1 endothelin-1

FITC fluorescein-5-isothiocyanate
HERG human ether-a-go-go related gene
ICE interleukin-1B-converting enzyme
ICH intracerebral hemorrhage

IFN-y interferon-y

iNOS inducible nitric oxide synthase
IL-1B interleukin-1[

K+ potassium ion

Kv voltage-gated potassium ion channel
LM light microscopy
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mM millimolar

MMP matrix metalloproteinases
NGS normal goat serum

NMDA N-methl-D-aspartate

PB phosphate buffer

PBS phosphate-buffered saline
PBST PBS with Triton X-100
PMN polymorphonuclear

PNS peripheral nervous system
TBS Tris-HCL buffered saline
TBS-T TBS containing 0.2% Tween-20
TPA tissue plasminogen activator



III. ABSTRACT

Ischemic stroke and intracerebral hemorrhage are among the most common life
threatening neurological diseases and have limited therapeutic options. Previous studies
demonstrated that there is an inflammatory response in the brain after intracerebral
hemorrhage. Infiltrating leukocytes and activated microglia were found to release
cytotoxic mediators contributing to secondary brain injury. Because the inflammatory
response is a delayed process, the molecules participating in this secondary response,
which may not be fundamental for physiologic brain functions, are potential targets for
human therapy with a sufficiently wide therapeutic window. Minocycline is a semi-
synthetic second-generation tetracycline that exerts anti-inflammatory effects completely
separate from its antimicrobial action. Because tetracycline treatment is clinically well
tolerated, we tested the hypothesis that minocycline would have neuroprotective effects
in a rat model of intracerebral hemorrhage. In addition, previous studies have indicated
that the voltage gated potassium channels Kv1.3, Kv1.5, HERG and the nicotinic
acetylcholine receptors a7 unit are important regulators of T cells, microglia and
macrophages, and these channels have become potential therapeutic targets for
immunosuppression and for controlling brain inflammation. Thus, we tested the
hypothesis that Kv1.3, Kv1.5, HERG and a7 channels are expressed in neutrophils, using
immunohistochemical methods following intracerebral hemorrhage induced by injecting
bacterial collagenase into rat striatum. Rats were treated with low dose minocycline (22.5
mg/kg ip at 1 and 12 hr, 11 mg/kg at 24 and 36 hr); high dose minocycline (45 mg/kg ip

at 1 and 12 hr, 22.5mg/kg at 24 and 36 hr) and with high dose minocycline 45 mg/kg ip at



6 and 18 hr, 22.5 mg/kg at 30 and 42 hr. Immunohistochemistry for polymorphonuclear
leukocyte marker (myeloperoxidase, MPO), microglial marker (OX42) and macrophage
marker (ED1) was performed in minocycline injected and control animals to
quantitatively determine the inflammatory cell count around the vicinity of the lesion.
Results indicate a reduction in neutrophil and macrophage cell counts at the lesion site
with a high dose of minocycline injected 1hr after ICH induction. However, the results
appear to indicate no significant difference in neutrophil and macrophage cell counts
when animals were treated with a high dose of minocycline 6 hrs after the induction of
intracerebral hemorrhage. We conclude that minocycline might serve as a new
therapeutic strategy for the treatment of stroke, but its potential to provide
neuroprotection with a clinically relevant therapeutic window has to be still explored in
other animal models of stroke. In separate studies using ICH and endothelin-induced
ischemic models, double immunohistochemical staining for Kv1.3, Kv1.5, HERG and o7
in combination with neutrophil cell specific markers (HIS48 and RP3) revealed the
expression of these channels in neutrophils, which is a novel observation. We suggest
that Kv1.3, Kv1.5; HERG and a7 channels might serve as therapeutic targets to reduce
the cytotoxic effects caused by neutrophils in the inflammatory process of secondary

brain injury in hemorrhagic stroke.



IV.INTRODUCTION

IV. 1. Stroke

A stroke is a sudden interruption in the blood supply to an area of the brain. Because
stroke occurs rapidly and requires immediate treatment, stroke is also called a brain
attack. Stroke is one of the most common life threatening neurological diseases. Stroke
was found to be the third leading cause of death after heart disease and cancer in western
countries (Wolf et al., 1997). There are several types of stroke, and each type has
different causes. Ischemic stroke, intracerebral hemorrhage (ICH) and subarachnoid
hemorrhage represent the 3 main types of stroke. Unlike ischemic stroke and
intracerebral hemorrhage which occur in the brain parenchyma, subarachnoid
hemorrhage, most often caused by cerebral aneurysms, occur when a blood vessel just
outside the brain ruptures and fills the subarachnoid space (area of the skull surrounding
the brain). Ischemic stroke is the most common type of stroke accounting for almost 80%
of all strokes. It is caused by a clot or a blockage within an artery leading to the brain.
Intracerebral hemorrhage accounts for approximately 10% of strokes in western
population (Brown et al., 1989) and up to 30% in oriental population (Lo et al, 1994).
And hemorrhagic transformation occurs in 15 to 43% of patients presenting with
ischemic stroke (Ly Den et al., 1993). Some of the etiological factors causing bleeding
inside the skull leading to intracerebral hemorrhage are hypertension, trauma, aneurysms,
arteriovenous malformation (AVM) and amyloid angiopathy. Approximately half of the

clinical cases of ICH are associated with hypertension. Basal ganglia (putamen),



thalamus, cerebellum and pons are the most commonly affected brain areas with ICH
(Garcia et al., 1991). The neurological deficits following ICH are due to direct tissue
destruction leading to infarction, space-occupying effect of the hematoma with potential
ischemic damage to the adjacent tissue, and cerebral edema and inflammation. Mortality
during the first 30-day period after primary ICH was found to be 32% to 55% (Brown,
1989). Most ICH stroke survivors were left with some sort of neurological disability

(Broderick et al., 1994; Fogelholm et al., 1985-89; Giroud et al., 1991).

IV.2. Inflammation in stroke

Inflammation is the response of living tissue to injury. It involves a cascade of complex
events such as enzyme activation, mediator release, extravasation of fluid, cell migration,
and tissue breakdown and repair. Inflammatory reactions are observed in both ischemic
(Del Zoppo et al., 1991; Kochenek et al 1992, Schroetar et al 1994) and hemorrhagic (Del
Bigio, et al 1996; Rosenberg et al., 1990) strokes, and were found to contribute to brain
injury in several ways (Del Zoppo et al 1991, Garcia, 1997). Animal models of ischemic
brain damage indicate that infiltration of leukocytes alone or in conjunction with
activated glial cells contribute to damage by a variety of postulated mechanisms (Giulian
etal., 1989, 1993; Giualian and Robertson., 1990; Hallenbeck and Dutka., 1990; Birdsall,
1991; Sloan et al., 1992; Mucke and Eddleston, 1993; Lees, 1993; Perry et al., 1993;
Hara et al., 1993; Matsuo et al., 1995). While complete ischemia results in neuronal cell
death, adjacent CNS areas with less compromised blood flow (the penumbra) may exhibit
delayed neuronal death. Macrophages together with polymorphonuclear leukocytes

(PMNs) (mostly neutrophils) infiltrate the brain from the circulation after an ischemic
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episode and may contribute to neuronal death (Lassmann et al., 1991; Lees, 1993; Garcia
et al., 1994; Jander et al., 1995; Siesjo and Siesjo, 1996; Feuerstein et al., 1997). It has
been observed that neutrophilic inflammation is considerable in the vicinity of cerebral
hematoma (Del Bigio et al., 1996). Studies by Akopov et al (1996) in humans indicate
that neutrophil accumulation begins at 6 to 12 hr, and is maximum 12 to 24 hr after
stroke, and poor neurological outcome and large infarct volumes correlated well with
severity of neutrophil accumulation. That neutrophils enter brain after ischemia and
contribute to injury is demonstrated by reduced infarct volume in animals depleted of
these cells (Shiga et al., 1991; Chen et al., 1992; Heinel et al., 1994). Neutrophils release
a variety of cytokines, such as tumor necrosis factor-o, interleukin-6 and interferon-y
(IFN-y), which might play an important role in ischemic and traumatic brain damage
(Arvin et al 1996; Ghirnikar et al 1998; Munoz-Fernandez et al 1998). Alsd, oxygen free
radicals released by neutrophils may directly injure the endothelium, neurons and glia,
and may promote edema in adjacent brain tissue. Several other studies have suggested
that inflammation, involving infiltrating leukocytes and parenchymal microglia may
contribute in the delayed progression of ischemic brain injury (Dirnage et al., 1999; Lee
et al., 1999; Giulian, 1993). Glial cells play a vital role in the inflammatory mechanism.
Astrocytes and microglia are found to be activated in the ischemic and hemorrhagic
brains in response to glutamate excitotoxicity (Chao et al., 1993; Wu et al., 1998; Hu et
al., 1996). Activated microglia can release a large variety of neurotoxins which include
free radicals, hydrogen peroxide, super oxide. (ladelula, 1997; Koistinato, 1997)
glutamate and quinolinic acid, extra cellular proteases, eicosanoids, and cytokines, such

as TNF-y and interleukin-1B(IL-1B), which can cause further increase in microglial
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proliferation and activation, resulting in release of more microglial toxins (Gulian et al

1993; Chao et al 1992; Hu et al 1996; Bhat et al 1998).

IV.3. Animal models used for studies of stroke and neuroprotection

A good in vivo animal model of stroke must reproduce the etiology, anatomical,
functional and metabolic consequences of human pathology and must also permit the
study of neuroprotective drugs in conditions pertinent to the clinical therapeutics.

Animal stroke models have been extensively applied to understand the mechanisms of
ischemic and hemorrhagic brain injury and to develop novel therapeutic strategies for
reducing brain damage after a stroke. Stroke models have been useful in characterizing
the molecular cascades of injury processes. These injury pathways are also the targets of
therapeutic interventions. The major achievements made in the past two decades applying
animal stroke models include 1) the identification of the mediator role of excitotoxin and
oxygen free radicals in ischemic brain injury (Matsuo et al., 1995); 2) the confirmation of
apoptosis as a major mechanism of ischemic and hemorrhagic cell death (Quereshi et al.,
2003); 3) the characterization of post ischemic gene expression (Dirnagl et al., 1999); 4)
the delineation of post- ischemic inflammatory reaction; 5) the application of transgenic
mice to confirm the roles of purported mediators in ischemic brain injury (Hara et al.,
1996; George et al., 2002); 6) development of novel magnetic resonance imaging
sequences for early noninvasive detection of ischemic brain lesions (Davis et al., 2004;
Domingo et al., 2000; Liu et al., 2000); and 7) the development of novel therapeutic
strategies based on preclinical findings derived from animal stroke models (Ahmed et al.,

2000). With the failure of so many neuroprotective agents in clinical trials it is becoming
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evident that existing animal models of stroke probably are an imperfect representation of
human stroke and may be relevant only to a minority of human stroke types (Small et al.,
2000). By understanding how animal models can be designed more relevant to human
stroke and how the design of clinical trials may be improved, translational research can

move forward for the development of stroke therapies.

1V.4. Neuroprotection in stroke

Neuroprotection is a term used to describe the putative effect of interventions protecting
the brain from pathological damage. A neuroprotectant can extend the period for salvage
of potentially reversible ischemic brain tissue and extend the time window for start of
thrombolytic therapy. Neuroprotective strategies include targeting modulators of ion
channels (Narahashi et al., 1997; Bowersox et al., 1997), scavengers of oxygen radicals
and antagonists of excitotoxic neurotransmitters (Aarts et al., 2003; Bruno et al., 2001).
Over the past two decades, neuroprotective agents have shown great promise in
preclinical testing in animals, but very disappointing in clinical trials when tested in
humans. Of more than 49 neuroprotective agents studied in more than 114 stroke trials,
none has proven successful clinically (Kidwell et al., 2001). Currently, 2 thrombolytic
therapy trials have shown efficacy for improving outcomes after ischemic stroke, the
NINDS t-PA trial, with intravenous tissue plasminogen activator (TPA) given within 3
hours of stroke onset, and the PROACT-2 trial, with intra-arterial pro-urokinase given
within 6 hrs (NINDS group 1995; Furlan et al., 1999). In a clinical trial the
defibrinogenating agent ancrod demonstrated benefit when initiated within 3 hrs of stroke

onset (Sherman et al., 1999).
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IV.S. Criteria for effectiveness of neuroprotective therapy

Selection of appropriate time window for drug administration

Most neuroprotective studies have relied on drug administration either before the
ischemic insult or very soon after the onset of ischemia (Jonas et al., 1997; Grotta et al.,
1999). In contrast, time windows for entry in acute stroke neuroprotective trials have
been longer and variable; in studies published between 1995 and 1999, the median time
to entry was 12 hours (range, 4 hours to 12 days), with a median time to treatment of 14
hours (Kidwell et al., 2001). Various investigators (Grotto et al., 1999; Zivin et al., 1998;
Marler et al., 1998) have indicated that treatment started within 3 hrs or 3-6 hrs after
onset of stroke have a greater chance of efficacy because of the presence of potentially
reversible ischemic tissue changes. Other studies (Fisher, 1997; Hakim, 1998) have
shown that if reversible ischemic tissue is not present at the time of treatment, then
neuroprotective therapy is least likely to work. So selection of appropriate time window
(3-6 hours) for salvaging potentially reversible ischemic tissue is essential for a

neuroprotective agent to be effective.
Extended neuroprotection and assessment at extended time points.

Studies done by Dyker (1998) and Lees (1998) recommend extended neuroprotective
therapy. The concept of extended neuroprotective treatment is supported by magnetic
resonance spectroscopy evidence which monitors ongoing neuronal loss over many days

after stroke (Saunders et al., 1995). Studies of neuroprotective drugs have rarely shown
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that early therapeutic benefit, when it is achieved, has a lasting impact. Most therapeutic
attempts delayed but did not arrest cell death (Corbett et al., 1998; Drummond et al.,
2000; Valtysson et al., 1994). For example, the NMDA antagonist MK-801 appeared
neuroprotective at day 3, but at 4 weeks, there was no significant difference in infarct size
(Valtysson et al., 1994). Similarly, the cyclin-dependant kinase inhibitor flavopiridol,
AMPA antagonist NBQX, and N-type calcium channel antagonist SNX-111 all appeared
neuroprotective histologically when assessed at 1 week, but this was not sustained at 4
weeks (Colbourne et al.,, 1999; Wang et al., 2002). These findings demonstrate that
reliance on early end points is not sufficient and can be misleading; assessments at
extended time points after ischemia are necessary to determine whether there is evidence
of sustained neuroprotection (Drummond et al., 2000; Valtysson et al., 1994).
Histopathological studies in animals show that infarcts evolve over time and may take
many days to months to acquire their final appearance (Valtysson et al., 1994; Garcia et
al., 1993-95). Thus, if single-dose neuroprotective treatment only postpones the evolution
of an infarct, perhaps multidose, extended treatments or combination therapy will be

required for optimal neuroprotection (Dyker et al., 1998; Coimbra et al., 1996).
Behavioral outcome as treatment end point

Traditionally, animal studies have relied on reduction in infarct size within the first few
hours after stroke as the primary measure of therapeutic efficacy. In contrast, clinical
trials judge efficacy by using neurological and/or functional outcomes, not infarct
volume, most often at 3 months afterlstroke (Kidwell et al., 2001; Slikker et al., 2001).
Reliance on infarct size measurement alone in animals can be misleading as an indicator

of therapeutic efficacy (Hunter et al., 1998; Corbett et al., 1998). Histological end points
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cannot tell whether surviving neurons are functional or dysfunctional or will go on to die
in a delayed fashion, and they are less predictive of long-term histology than early
behavioral assessments (Corbett et al., 1998). Moreover, some compounds [e.g., basic
fibroblast growth factor (bFGF), osteogenic protein-1] have been associated with
functional improvement without affecting infarct size in animals, suggesting that they act
by other mechanisms, eg, enhancement of neural repair, rather than by neuroprotection
(Kawamata et al., 1996-98). Therefore, assessment of therapeutic efficacy in preclinical
animal studies should require, in addition to infarct size, demonstration of benefit on
functional measures of motor, sensory, or cognitive deficits (Hunter et al., 1998; Hudzik
et al., 2000). Examples include tests of limb placing, beam walking, grid walking, rotorod
performance, grip strength, balance beam inclined plane performance, prehensile traction,
and cognition eg, Morris water maze, radial maze, 1-trial passive avoidance, T-maze
retention test (Corbett et al., 1998; Hunter et al., 1998-2000). These measurements are not
equivalent in their reliability or predictive value. For this reason, itis better to use a series
of appropriate tests rather than a single measure. The staircase test has been
recommended because of its greater sensitivity in detecting persisting deficits in forepaw
dexterity months after ischemia, unlike simpler sensorimotor tasks on which animals can

recover quickly (Hunter et al., 1998; Corbett et al., 1998).

IV.6. Minocycline
Tetracyclines are well-known bacteriostatic ~antibiotics with  broad-spectrum
antimicrobial activity (Klein et al., 1995). Minocycline is a second generation semi-

synthetic antibiotic of the tetracycline family. It was synthesized in 1967 by Martell and
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Boothe and commercialized in 1972. Minocycline has a long half-life and also has a great
lipophilic property. Minocycline is rapidly and completely absorbed, even in an aged
population (Cunha et al., 1982; Sande et al., 1990; Kramer et al., 1978; Barza et al.,
1975). Compared with many other antibiotics, it has excellent tissue penetration into the
brain and cerebrospinal fluid (Cunha et al., 1982; Sande et al., 1990; Kramer et al., 1978;
Barza et al., 1975; Aronson et al., 1980). Minocycline is regularly indicated in
dermatological conditions such as acne and in sexually transmissible diseases such as
those caused by mycoplasma, chlamydia and treponema. Because antibiotic resistance is
low with minocycline compared with other tetracyclines and antimicrobials, it is the most
widely prescribed systemic antibiotic for acne. Minocycline has been used for treatment
of patients with severe inflammatory diseases and rheumatoid arthritis (O’Dell, 1999). It
was found to be neuroprotective in models of cerebral ischemia, traumatic brain injury,
Huntington’s and Parkinson’s disease (Yrjanheikki et al., 1998; Chen et al., 2000;
Sanchez et al., 2001; Wu et al., 2002). Minocycline exerts anti-inflammatory effects that
are completely separate and distinct from their antimicrobial action (O’Dell, 1999) and
has neuroprotective effects in brain ischemia (Yrjanheikki et al., 1998, 1999). These
effects include modulation of COX-2 activity (Patel et al., 1999), prostaglandin E2
production (Yrjanheikki et al.,1999), inhibition of induction of IL-18- converting enzyme
(ICE) mRNA mainly expressed by microglia (Fiebich et al., 2000), inhibition of matrix
metalloproteinases (Golub et al., 1991), decreased T- lymphocyte transmigration,
depression of oxygen radical release from polymorphonuclear neutrophils (Gabler et al.,
1991-92) and inhibition of iNOS (Amin et al,1996-97). Minocycline mediated

neuroprotection is associated with inhibition of caspase-1 and caspase-3 expression
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(Chen et al., 2000), cytochrome c¢ release (Zhu et al., 2002) and iNOS transcriptional
upregulation and activation (Yrjanheikki et al., 1998; Sanchez et al., 2001; Wu et al.,
2002; Du et al., 2001). Inhibition of p38 MAPK and microglial activation have been
associated with minocycline mediated neuroprotection (Yrjanheikki et al., Tikka et al.,
2001). Despite all these neuroprotective properties of minocycline, its precise primary
target is not known. Understanding the mechanism of action of minocycline will assist in
the development and testing of more powerful and effective analogues. Minocycline is at
present being evaluated in human trials for Huntington’s disease. Although minocycline
is considered a safe drug in humans (Seukeran et al., 1997; Shapiro et al., 1997; O’Dell,
1999; Sturkenboom et al., 1999) occasionally serious drug reactions can occur, including
hypersensitivity syndrome, serum sickness-like reaction, drug-induced lupus and single
organ dysfunction (Elkayam et al., 1999). The incidence of these is very rare (1.6 cases
per million exposures) and tends to be found in subjects of African descent, a population

more prone to hypersensitivity reactions.

IV.7 Targets for neuroprotection

Inflammatory reactions which occur within the brain after ischemic injury or
intracerebral hemorrhage (ICH) and which may contribute to secondary cerebral damage
are attractive pharmacological targets, because inflammatory reactions persists for at least
a few days after brain injury. As inflammatory mechanisms are not fundamental for
physiological brain functions, interference with these secondary responses may not result
in intolerable side effects (Barone and Feuerstein, 1999). In previous studies, treatment of

inflammation was found to reduce infarct volume and improve outcome in animal models
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of ischemic stroke (Garcia et al., 1995; Matsuo et al., 1994; Zhang et al., 1995), decrease
edema formation and tissue injury (Kane et al., 1992) and improve outcome (Del Bigio et
al., 1999) in models of ICH. The pro-inflammatory mediators released by the
inflammatory cells (neutrophils, macrophages and reactive microglia) are potential
targets for human therapy with a sufficient wide therapeutic window. Compounds with
anti-inflammatory properties or with an ability to inhibit microglial activation can
represent potential therapies against excitotoxic brain insults. Activation of blood
granulocytes and tissue mast cells is generally characterized by an influx of extra cellular
calcium (Ca2+), which is essential for subsequent release of granule-derived mediators,
newly generated lipid mediators and cytokines (Church et al., 1982). The mechanism by
which granulocyte mediator secretion is sustained is therefore likely to include
modulation of various types of ion channels. Flow of ions, including K+, might play an
important role during granulocyte responses because they regulate cell membrane

potential and thus influence Ca2+ influx (Lin et al., 1993).

IV.8. Ion channels

Ion channels are key molecules for signal transduction across biological membranes.

Ion channels are targets for drug treatment in many disorders involving nerve, muscle,
epithelia and recently, immune cells. Voltage-gated potassium channels (Kv) are
expressed in most cell types, which indicate their vital role for cell signaling. In excitable
cells, potassium channels set the membrane potential contributing to ion homeostasis,
helping regulate calcium levels, cell volume, and pH. In normal glia, increased Kv1.5 and

Kv1.3 expression has been described in proliferating cells, and blocking these channels
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resulted in decreased proliferation rates of these cells (Attali et al., 1997; Kotecha et al.,
1999; Chittajallu et al., 2002). Cell-volume regulation is a fundamental homeostatic
process, and one that is affected in several brain disorders, perhaps most notably in
stroke. Kv1.3 has been found to be important for proliferation of T cells and microglia,
and is considered as a target for immuno-suppression (Schlicter et al., 1996; Kotecha et
al., 1999). Another potassium channel, human ether-a-go-go related gene (HERG)
[homologous to the cardiac HERG] channel, was found to be highly up regulated during
the transition of microglia to a growth-factor independent proliferative state (Zhou et al.,
1998). These potassium channels expressed in microglia have been identified to be
important for the NADPH- mediated respiratory burst, (Khanna et al., 2001; Colton et al.,
1994; Spranger et al., 1998) and also for release of toxic reactive oxygen species (Pyo et
al., 1997). Recent studies have shown that nicotinic acetylcholine receptor a7 subunit is
essential for vagus nerve regulation of macrophage TNF release during the systemic
inflammatory response to endotoxemia (Borovikova et al., 2000; Bernik et al., 2002;
Tracey, 2002). Infiltrating neutrophils and macrophages, invading the damaged brain
tissue in stroke injury producing cytokines and other proinflammatory mediators might
express the a7 subunit, which can be targeted to inhibit release of cytokines and other
proinflammatory cytokines. Ion channels thus expressed by inflammatory cells involved
in ischemic and hemorrhagic stroke can be pharmacologically targeted to modulate

cytokine activity.
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IV.9. Rationale for present studies

Various studies have reported (Del Zoppo et al., 1991; Kochenek et al., 1992; Rosenberg
et al., 1990; and Del Bigio et al., 1996) that there is an inflammatory response in ischemia
and intracerebral hemorrhage models of experimental stroke in rats. These studies predict
that while complete ischemia or hemorrhage can result in neuronal cell death, healthy
adjacent brain area (penumbra) may undergo a delayed neuronal death due to release of
inflammatory mediators from cells involved in neuroinflammation. Therefore, to salvage
this potentially viable brain tissue from secondary inflammatory damage, several
neuroprotective drugs have been studied pertaining to their potential to modulate the
secondary inflammatory response by targeting neurotoxic inflammatory mediators.
Minocycline was shown to be neuroprotective in models of cerebral ischemia by
Yrjanheikki et al., (1998) who also further observed that minocycline mediated
neuroprotection is associated with inhibition of p38 MAPK and microglial activation.
The present study was undertaken to study the efficacy of minocycline in an intracerebral
hemorrhage model of rat induced by bacterial collagenase injected into the striatum.
Studies by Del Bigio et al., (2003) on this model reported significant inflammatory
reaction around the induced lesion, which was consistently reproducible with less
mortality rate. Marler et al., (1998) have indicated that the time window of drug
administration is important for saivaging the potentially reversible damaged brain tissue
and therefore he hypothesized that treatment started within 3 hour or 3-6 hour after the
onset of stroke has a greater chance of efficacy. So, in the present study minocycline was
administered at 1 hour (45 mg/kg intraperitonial at 1and 12 hour, 22.5 mg/kg ip at 24 and

36 hour) and 6 hour (45 mg/kg ip at 6 and 18 hour, 22.5 mg/kg at 30 and 42 hour) after
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the induction of ICH in separate sets of animals. As any effective neuroprotective agent is
clinically expected to show a permanent functional outcome and not simply delay
neuronal death, obtaining knowledge of the efficacy of minocycline when administered
early (3-6 hour) after stroke onset will be the first step towards designing further studies
to understand its effectiveness when administered for prolonged periods of time for
effecting a clinically relevant functional outcome.

Studies by Schlicter et al., (1996) have shown that ion channels expressed by resident
brain microglia can be targeted for modulating the inflammatory response in the injured
brain. Other studies have also indicated (Schlicter et al., 1996; Kotecha et al., 1999; and
Zhou et al., 1998) that Kv1.5, Kvl.3 and HERG ion channels were involved in
macrophage and microglia proliferation and that targeting them can prove to be effective
neuroprotective strategy.

We tested the hypothesis that neutrophils, which are the first to infiltrate the damaged
brain tissue, might also express these channels, which can make potential targets for
regulating the inflammatory response. In separate studies using immunohistochemical
methods employing neutrophil and microglial specific markers, we studied the jon
channels expressed by these cells using anti-Kv1.5, Kv1.3, HERG and a7 antibodies in
hemorrhagic and ischemic models of stroke. Data from the present study will provide
insight for characterizing the dynamic roles of these channels so that novel agents can be

designed to specifically block these channels for neuroinflammatory modulation.
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V. MATERIALS AND METHODS

V.1. Animal preparation
All experimental and animal care procedures were performed in accordance with the
guidelines of the Canadian Council on Animal Care. The local experimental ethics

committee at the University of Manitoba approved the protocols followed.

V.2. Intracerebral hemorrhage

Thirty six adult male Sprague-Dawley rats weighing between 250-300 g were used in all
our experiments. Rats were assigned into treatment groups (as discussed in V.4) for
injections of bacterial collagenase to induce intracerebral hemorrhage (ICH)
[administered by Dr.Yan in Dr.Peeling’s lab]. The rats were anesthetized with somnotol
(50 mg/kg intra peritoneal) and placed in a stereo tactic frame (David Kopf Instruments).
A 30-gauge needle was introduced through a cranial burr hole into the caudate nucleus
(3-mm lateral to midline, 0.2-mm posterior to bregma and 6-mm depth below the surface
of the skull). A micro infusion pump (Sage instruments) was used to infuse 0.7 L saline
containing 0.14 U collagenase (type IV, Sigma Chemical Co. St Louis, MO) over a 5
minute period. Brain temperature was monitored and maintained (37.6°C) throughout the
procedure using a tympanic membrane thermocouple probe (Cole-Parmer Inc, Montreal,
Canada) and a thermostatically controlled water blanket. After the infusion, the needle
was left in place for 3 minutes and then removed slowly. The bone hole was sealed with

bone wax, the scalp wound was sutured and the rats were placed in a clean cage with free

23



access to food and water.

V.3. Endothelin-1 focal ischemia model

Six male Sprague-Dawley rats weighing between 290-320 g were anesthetized with 1%
halothane in 30% oxygen and 70% nitrous oxide delivered via a nose cone. A midline
incision was made, and a bur hole was drilled in the skull overlying the dorsolateral
parietal cortex. Artery occlusion was induced by microinjection of the vasoconstrictive
peptide endothelin-1 (ET-1; 60 pmol in 3 pl of 0.9% saline) into the striatum over 90 sec
via a 30-gauge needle at steriotaxic coordinates + 0.9 mm anterioposterior; -5.2 mm
mediolateral; -8.7 mm dorsoventral relative to bregma. The needle was left in place for a
further 5 min to prevent backflow. Rectal temperature was monitored and maintained

between 36.5 and 37.5 °C using a heated water blanket for the duration of surgery.

V.4. Minocycline treatment

To study the early (1hr) treatment effects of high and low dose of minocycline after ICH
induction, rats were assigned into 3 treatment groups (n = 6). Group 1 received 45 mg/kg
minocycline hydrochloride (high dose) intraperitonially after ICH induction at 1 and 12
hr followed by a dose of 22.5 mg/kg at 24 and 36 hr respectively. Group 2 received 22.5
mg/kg minocycline hydrochloride (low dose) intraperitonially after induction of ICH
starting at 1 and 12 hr followed by a dose of 11 mg/kg at 24 and 36 hr. Group 3 control
animals did not receive minocycline, rather they received volume equivalent injections of
saline at the same time point. The rats were weighed and behavior was measured at 48

hrs after induction of ICH.
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To study early (1 hr) and delayed (6 hr) treatment effects of high dose minocycline after
ICH induction, animals were assigned to 3 treatment groups (6 per group). The rats were
weighed and behavior was assessed before drug administration. Group 1 received 45
mg/kg minocycline hydrochloride intraperitonially after ICH induction at 1 and 12 hr
followed by a dose of 22.5 mg/kg at 24 and 36 hr respectively. Group 2 received 45/kg
minocycline hydrochloride intraperitonially after induction of ICH starting at 6 and 18 hr
followed by a dose of 22.5 mg/kg at 30 and 42 hr. Group 3 control animals did not
receive minocycline, rather they received volume equivalent injections of saline at the
same time point as Group 1 animals. The rats were weighed and behavior was measured

at 48 hrs after induction of ICH.

V. 5. Tissue Preparation

Rats were deeply anesthetized 2 days after ICH with equithesin (3 ml/kg) and were
perfused transcardially with 40 ml of prefixative solution consisting of cold (4 °C) 25
mM sodium phosphate buffer (PB), pH 7.4, 0.9% NaCl, 0.1% sodium nitrite and heparin
(1 unit/ml). This was followed by perfusion with 300 ml ice cold 0.16 M sodium PB, pH
7.4, containing 2% freshly depolymerised Para formaldehyde and 0.2% picric acid,
followed by perfusion with 150 ml of phosphate buffer containing 10% sucrose. Brains
were removed and cut coronally, approximately 2 to 4 mm on either side of the needle
entry site, which was identifiable on the brain surface. Brain slices were cryoprotected in
30% sucrose in 0.1IM PBS, pH 7.4 for 48 hr at 4 °C. The brains were sectioned in the
sagittal plane at 10 um on a cryostat microtome (Leica, CM 1800, Germany). The

sections were collected on gelatinized glass slides and stored at -34 °C. Brain sections
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with the lesion center, where the brain damage was maximal, were stained by
immunohistochemical methods using primary antibodies directed against protein markers

for neutrophils, macrophages and microglia.

V. 6. Antibodies

Primary Antibodies

Monoclonal mouse anti-rat CD68 (Serotec, UK) was used to detect ED1-positive
macrophages. Monoclonal mouse anti-rat CD11 (Serotec, UK) was used to detect OX42-
positive neutrophils and microglia/macrophages. 0X42, also called complement receptor
type 3, is found in resting, activated, phagocytic microglia as well as macrophages and
regarded as the cell marker of microglia or macrophages (Matsubara et al., 1999; Streit et
al., 1988). Polyclonal rabbit anti-human myeloperoxidase (Dako Diagnostics Canada Inc,
Missisuaga) was used for labelling MPO-positive neutrophils. Neutrophil specific
markers, monoclonal mouse anti-rat granulocytes RP3 (BD Biosciences, Sandiego, CA,
USA) and monoclonal mouse anti-rat granulocytes HIS48 (BD Biosciences, Sandiego,
CA, USA) were used for double labelling experiments. Monoclonal mouse anti-Kv1.5
IgG (Upstate, Lake Placid, NY,USA); polyclonal rabbit anti-Kv1.5 IgG (Upstate, Lake
Placid, NY,USA) and polyclonal rabbit anti-Kv1.3 IgG (Alomone Labs Ltd, Jerusalem,
Israel) were used for labelling potassium channels (Kv). For labelling nicotinic
acetylcholine receptor o7channel, polyclonal rabbit anti-nAChRo7 (Santa Cruz

biotechnology, Inc. CA, USA) was used.
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Secondary Antibodies

The secondary antibodies employed for labelling the primary antibodies were
fluoresceinisothiocyanate (FITC)-conjugated horse anti-mouse IgG (Vector laboratories,
Burlingame, CA, USA) diluted 1:100, and Cy3-conjugated donkey anti-rabbit IgG

(Jackson ImmunoResearch Labs, West grove, PA, USA ) diluted 1:200.

V.7. Light microscopy Immunohistochemistry

Immunohistochemical staining was used to assess the infiltration of neutrophils,
macrophages and reactive microglia at the lesion site. Sections were washed for 20 min
in 50 mM Tris-HCI containing 1.5% sodium chloride, 0.3% Triton X-100 (TBST), pH
7.6 and 5% normal goat serum. For single immunofluorescence labelling sections were
incubated with primary antibodies for 24 hrs at 4 °C. Primary antibodies employed were
rabbit antihuman myeloperoxidase (diluted 1:1000); mouse anti-rat HIS48 (diluted 1:50);
mouse anti-rat RP3 (diluted 1:50); mouse anti-rat OX42 (diluted 1:500); mouse anti-rat
ED1 (diluted 1:100); rabbit anti-Kv1.5 (diluted 1:100); mouse anti-rat Kv1.5 (diluted
1:200); rabbit anti-Kv1.3 (diluted 1:100); rabbit anti-HERG (diluted 1:200) and rabbit
anti-AChRa7 (diluted 1:500). Slides were then washed for 1 hr in TBST, and incubated
with secondary antibodies for 1.5 hr at room temperature. Sections were then washed in
TBST for 20 min, followed by two 20 min washes in 50 mM Tris-HCI buffer, pH 7.4,
and cover slipped with anti-fade medium. Sections processed for double
immunofluorescence labelling were simultaneously incubated with two different
(monoclonal and polyclonal) primary antibodies for 24 hr at 4 °C before incubating with

secondary antibodies.
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V. 8. Inflammatory cell quantization

Using a square ocular reticule and 250 x ocular magnification (objective magnification x
40), extra vascular neutrophils and macrophages were counted in 4 fields (each area 250
x 250 pm) immediately adjacent to the hematoma site, attempting to avoid areas with
large blood vessels. Cell counts were made near the margin of the lesion because the

necrotic cores were devoid of viable cells.

V. 9. Photography and Imaging

Immunofluorescence staining was examined using a Zeiss Axioskop2 fluorescence
microscope with filter cubes for fluorescein isothiocyanate (FITC) and Cy3. Images were
acquired at sufficient magnification to discern individual immunolabeling. Images were
captured using Axiovision 3.0.6 software (Carl Zeiss Canada, Toronto, Ontario, Canada)
and assembled in either photoshop 6.0 (Adobe systems, Sanjose, CA, USA) or Corel
Draw 8 (Corel Corp., Ottawa, Canada). Minimal adjustment to brightness and contrast

were required.

V. 10. Statistics
Data are expressed as mean =+ standard error mean. MR data at each time point , the
behavioral data, and the histological data were evaluated using a two-tailed paired t test

or an unpaired t test between groups. Statistical significance was set at P < 0.01.
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VL. RESULTS

All rats tolerated the surgical procedures well, and there were no surgical deaths. To
study the degree of tissue damage and neuronal loss in animals sacrificed 2 days after
induction of ICH, sections were counterstained using a histochemistry protocol with a
Nissl fluorescence counterstain. Fluorescent Nissl counterstaining (Fig. 1A,C,E) showed
dying neurons with shrunken angular somata and nuclei surrounding the edematous
infarct. The developed lesions were spherical and consistently located in the striatum, but
sometimes extended into the adjacent white matter of the corpus callosum and internal
capsule. The contra lateral sides of the same sections (Fig. 1B,D,F) was used as controls
for observations of normal neuronal density and as reference for immunohistochemical
background levels of immunostaining with the various antibodies employed for labelling
immune cells. Neuronal densities were found to be normal at the periphery of the lesions

and in the control striatum.

VL 1. Infiltration of inflammatory cells in ICH model

Immunohistochemical staining for ED1 antigen with an antibody directed specifically
against a cytoplasmic protein in tissue macrophages and monocytes was used as a marker
to assess tissue infiltration of macrophages, OX42 was used as marker for both
macrophages and activated microglia, and MPO (myeloperoxidase, highly expressed in
neutrophils), RP3 and HIS48 (that were previously reported to be anti-rat granulocyte and
neutrophil specific markers) were used to assess the infiltration of neutrophils. The

inflammatory cell infiltrate in all rats was patchy, but generally maximal in a ring-like
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distribution in the striatal tissue around and/or within the hematoma. ED1-positive and
OX42-positive macrophages were distributed mostly at the periphery of the lesion at 2
days following hemorrhage (Fig. 2A,C). Contra lateral control striatum showed no
staining for ED1 and OX42 (Fig. 2B,D). There were numerous MPO-positive neutrophils
in and around the hematoma (Fig. 3A). In order to confirm and gain confidence that anti-
MPO antibody produced specific labelling of neutrophils, and to allow subsequent studies
involving examination of potassium channel and cholinergic receptor expression in these
cells by double immunofluorescence methods using polyclonal antibodies against these
proteins, two monoclonal antibodies against markers specific for neutrophils were also
used to detect these cells, namely anti-RP3 and anti-HIS48. Figure 3C shows RP3-
positive neutrophils and Figure 3E shows HIS48-positive neutrophils. Immunolabelling
with anti-MPO, anti-RP3 and anti-HIS48 was totally absent in the contra lateral control

striatum (Fig 3. B,D,F).

V1.2 Double immunofluorescence labelling

Double immunofluorescence labelling confirmed that MPO-immunoreactive cells at
hemorrhage lesion sites in the striatum were neutrophils by showing co-localization
relationships of labelling obtained with anti-MPO, anti-RP3 anti-HIS48, anti-ED1 and
anti-OX42. Since MPO is a polyclonal antibody, neutrophil-specific monoclonal
antibodies anti-RP3 and anti-HIS48 were used with polyclonal neutrophil marker anti-
MPO for double labelling studies. Co-localization of labelling for MPO with RP3 (Fig.
4A), and with HIS48 (Fig. 4B3) indicated that these antibodies immunostained the same

cell population. There was no co-localization between densely labelled MPO-positive
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cells and EDI1-positive cells (Fig. D3), indicating that MPO is at least not highly
expressed or expressed at very low undetectable levels in most macrophages and
activated microglia, which are labelled by anti-ED1. However, a small number of the
ED1-positive cells were very faintly labelled for MPO, indicating that some macrophages
and/or activated microglia contain low levels of this peroxidase enzyme. Double
immunostaining with anti-MPO and anti-OX42 showed partial co-localization of MPO
and OX42 as shown in Fig. 4E. Consistent with the above observations, all MPO-positive
neutrophils were positive for OX42, but only a proportion of OX42-positive cells were
labelled for MPO, reflecting the population of OX42-positive macrophage/activated
microglial cells that were unlabelled for MPO.

To confirm that the antibodies used in the experiments lacked cross-reaction with
each other or inappropriate cross reactions with the secondary antibodies used during
double labelling, primary omission of one of the primary antibodies while including both
secondaries (FITC-conjugated horse anti-mouse and Cy3-conjugated donkey anti-rabbit)
was conducted as control. Figure. 5A shows immunofluorecence micrographs of the
same field with absence of red labelling for MPO with Cy3 (Fig. 5Al) and green
immunofluorescence labelling for ED1 with FITC (Fig. 5A2) after primary omission of
MPO, while including primary antibody ED1 and both the secondary antibodies. The
primary antibody ED1 was specifically detected by secondary FITC antibody and not by
the other secondary Cy3 antibody, hence the green immunofluorescence in Fig. 5A2, and
absence of labeling in Fig. 5A1 due to MPO omission. Fig. 5B shows red Cy3
immunofluorescence labelling for MPO (Fig. 5B1) and absence of labelling (Fig. 5B2)

due to EDI primary antibody omission. Similar results confirming absence of
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inappropriate cross-reaction were obtained in double labelling for MPO and 0X42 (Fig.
5C1-D2), as well as in studies using markers for OX42, HIS48, RP3, Kvl1.3, Kv1.5,

HERG and nicotinic AChRa7 subunit (Data not shown).

VL. 3. Inflammatory cell infiltration in endothelial-1 focal ischemia model

Sections from brains of animals sacrificed 2 days after endothelin-1-induced striatum
ischemia were counterstained with Nissl fluorescence marker to determine the degree of
neuronal loss and tissue damage. Figure 6A shows the lesion site, where there was
decreased neuronal density in the lesion center compared with the lesion periphery. At
higher magnifications of the same section (Fig. 6B,C), the relative density of neurons at
the center and periphery of the lesion, and the loss of cells toward the lesion center is
readily evident. Shrunken neuronal nuclei visualized by Nissl staining were found in the
lesion core. Immunohistochemical staining for ED1 was used as a marker to assess the
infiltration of macrophages, OX42 for macrophages and neutrophils, and MPO, RP3 and
HIS48 were used to assess the infiltration of neutrophils. Immunohistochemical results in
the endothelin ischemia model showed less intense inflammatory cell staining when
compared to the ICH model, indicating that there was smaller degree of inflammatory
response in the striatum after endothelin-induced ischemia. ED1-positive macrophages
were distributed at the periphery of the lesion, while OX42-positive, MPO-positive, RP3-
positive and HIS48-positive neutrophils were distributed more towards the centre of the

lesion (Fig. 6D-H), indicating a similar distribution of cells as seen in the ICH model.
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VI.4. Minocycline treatment effects in intracerebral hemorrhage

To determine the neuroprotective action of minocycline in ICH, rats were treated with
low and high dose of minocycline 1 hr post ICH and with high dose minocycline 6 hr
post ICH. Effects of minocycline were evaluated by immunostaining for inflammatory
cell markers, and quantifying infiltration of microglia/macrophages and neutrophils
around and within the injury area. Immunostaining for ED1, MPO and OX42 in the
striatum of untreated rats showed a high density of intensely stained cells distributed
within and around the periphery of the hemorrhage site (Fig. 7A,C,E). Although results
with low dose minocycline administered 1 hr post ICH didn’t show significant difference
in cell density at the lesion site from untreated control rats, high dose minocycline
administration beginning 1 hr post-ICH reduced the density of ED1-positive cells (Fig.
7B), suggesting that high dosage of minocycline reduced microglial activation and/or
proliferation, and macrophage infiltration. The density of MPO-positive and OX42-
postive cells was also reduced (Fig. 7D,F), further indicating that minocycline attenuated
the infiltration of neutrophils and macrophages. Minocycline treatment beginning 6 hrs
post-ICH showed little apparent difference in the density of inflammatory cell infiltration
at the lesion site. Thus, the density of ED1-, MPO- and OX42-positive cells in untreated
rats (Fig. 8A,C,E, respectively) was similar to that in minocycline-treated rats 6 hrs post-
ICH (Fig. 8B,D,F, respectively). Results of cells counts 6 hr post-ICH minocycline are
shown in Table 2. (Data in Table 1 obtained with low and high dose of minocycline
administered 1 hr post ICH was gathered by Dr. Shahi T, 6 months before my arrival to
the lab). Thus, minocycline treatment was effective in reducing neutrophil infiltration and

the activation of microglia and/or macrophages around the area of injury after ICH when
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started early at a high dose, but diminished with delayed treatment.

VLS. Kv1.3 and Kv1.5 channel expression in inflammatory cells in collagenase
model of ICH

Previous studies have reported that microglia express Kv1.3 and Kvl.5 potassium
channels, which were involved in the proliferation and cytotoxic effects of these cells.
Based on the rationale that these inflammatory cells express these two types of potassium
channels, we tested the hypothesis that other types of leukocytes namely neutrophils also
mediate cytotoxicity through their expression of these channels. Double
immunohistochemical staining was used to detect the expression of Kv1.3 and Kv1.5
using polyclonal antibodies against these proteins in combination with monoclonal
antibodies against inflammatory cell markers. Co-localization relationships between
Kv1.3-positive cells and ED1, 0OX42, RP3 and HIS48 are shown in Figures 9 and 10.
There was an absence of co-localization between ED1 and Kv1.3 (Fig. 9A and B),
indicating that ED1-positive macrophages lacked expression of Kv1.3 two days post-
ICH. There was substantial (estimated ~ 50%) co-localization between Kv1.3 and OX42
(Fig. 9C, D), suggesting Kv1.3 expression in OX42-positive neutrophils (estimated ~
96%). As expected based on these results, together with the lack of Kv1.3 expression by
macrophages/microglia and labelling of both neutrophils and macrophages/microglia
with OX42, a population of cells was found to be OX42-positive, but Kv1.3-negative. In
order to further confirm that Kvl1.3 channel expression by neutrophils, double
immunofluorescence co-localization relationships was investigated between Kv1.3 and
the neutrophil-specific markers RP3 and HIS48. The results revealed substantial

(estimated ~ 90%) co-localization of Kv1.3 and RP3 (Fig. 10A,B), and considerable
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(estimated ~ 85%) co-localization of Kv1.3 and HIS48 (Fig. 10C,D), indicating Kv1.3
channel expression by neutrophils at the injury site 2 days post-ICH.

Double immunofluorescence of Kv1.5 and ED1 appeared to reveal partial
(estimated ~ 30%) co-localization of these proteins (Fig. 11A,B), and there appeared to
be greater (estimated ~ 85%) co-localization between Kv1.5 and OX42 (Fig. 11C,D).
However, close examination showed that Kv1.5 antibody labelled the cell nuclei of EDI-
positive cells as well as that of all neurons. The cytoplasm and plasma membrane of
ED1-positive cells were not Kv1.5 positive and therefore these cells were taken as being
Kv1.5 negative. More cells exhibited positive double-labelling in the lesion center where
more neutrophils accumulate, suggesting Kv1.5 expression in a large proportion of
OX42-positive neutrophils. On further examination of Kv1.5 relationships with other
neutrop‘hil-speciﬁc markers, a considerable (estimated ~ 75%) co-localization was
observed between this potassium channel and RP3 (Fig. 12A,B) and substantial
(estimated ~ 85%) co-localization with HIS48 (Fig. 12C,D), indicating that most but not
all neutrophils in the ICH model expressed this channel. Results also show that Kv1.5
expression is less intense than Kv1.3 on neutrophils in the striatum 2 days post-ICH, but
this may be due to the immunofluorescence procedures used to detect these channel

proteins and/or the quality of the anti-channel antibodies used.

VIL.6. HERG channel expression in inflammatory cells in collagenase model of ICH
Human-ether-a-go-go related gene (HERG) is a class of Kv channel found to be
expressed by microglia, which were identified to be an important source of toxic reactive

oxygen species. In this study, we tested the hypothesis that the HERG Kv channel may
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also be expressed by inflammatory cells located at the ICH site. There was an absence of
co-localization (Fig. 13A,B) between EDI1-positive macrophages and HERG-positive
cells, showing that macrophages at the periphery of the lesion lacked HERG at 2 days
post-ICH. Double immunofluorescence co-localization relationship between OX42 and
HERG showed considerable co-localization (Fig. 13C,D), suggesting that OX42 positive
neutrophils expressed HERG channels at the lesion site (estimated ~ 92%). Analysis of
double immunofluorescence relationships between HERG, RP3 and HIS48 showed
considerable co-localization of HERG with RP3 (estimated ~ 90%) (Fig. 14 A,D) and
with HIS48 (estimated ~ 75%) (Fig. 14C,D), indicating HERG expression by neutrophils

at the lesion site 2 days post-ICH.

VL.7. Nicotinic AChRa7 channel expression in inflammatory cells in collagenase
model of ICH

Nicotinic acetylcholine alpha 7 receptor subunit (0.7 subunit) was found to be én essential
regulator of macrophage TNF release via the cholinergic anti-inflammatory pathway
(Hong et al., 2003). In this study, we examined the expression of a7 on inflammatory
cells at the injury site 2 days post-ICH. As shown in Figure 15A-C, a large number of
cells were found to be immunopositive for a7. These cells were present more towards the
lesion centre. Double immunofluorescence co-localization relationships between the a7
subunit and ED1 showed an absence of co-localization (Fig. 15D), indicating that ED1-
positive macrophages lacked a7 subunit expression at the site of inflammation 2 days
post-ICH. There was considerable co-localization between a7 subunit-positive and

OX42-positive cells, indicating that o7 subunit was expressed by OX42-positive
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neutrophils (estimated ~ 99%). This was confirmed by double immunofluorescence
staining for a7 subunit with RP3 and HIS48, which showed near total co localization

(estimated 90-100%) (Fig. 15 F, G).

VI. 8. Kv1.3, Kv1.5, HERG and a7 expression in inflammatory cells in Endothelin
model of ischemia

We tested whether Kv1.3, Kv1.5, HERG and a7 subunit channels were expressed by
inflammatory cells in the ET-1 ischemia model. Immunofluorescence results confirmed
the expression of these channels on inflammatory cells infiltrated in and around the lesion
site 2 days post-ET-1 ischemia induction. As shown in Figure 16, cells at the lesion site
exhibited a low level of labelling for Kv1.3 (Fig. 16A), but a greater density and intensity
of staining for Kv1.5 (Fig. 16B), HERG (Fig. 16C), and the nAChR a7 subunit (Fig.
16D) towards the centre of the lesion suggesting their expression by neutrophils, which

were usually located towards the centre of the lesion.
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VII. DISCUSSION

VIIL.1. General conclusions

Results of the present study have shown that minocycline is neuroprotective when
administered early (1 hour) after stroke onset in an experimental model of intracerebral
hemorrhage. Immunohistochemical co-localization of the neutrophil marker MPO with
monoclonal antibody labelling for RP3 and HIS48 by light microscopy double-labelling
showed that these latter two proteins are neutrophil specific. Further, double-labelling co-
localization relationships between anti-ED1, anti-OX42, anti-MPO, anti-RP3 and anti-
HIS48 with markers for Kv1.3. Kv1.5, HERG and nicotinic AchRa7 subunit showed that
these channels are expressed by neutrophils at the lesion site 2 days post-ICH and
ischemia. These channels on neutrophils may be considered potential targets for
modulating the early inflammatory response in ICH and ischemic stroke. Finally, the
specificity of the antibodies used as markers in the present studies was demonstrated by

their lack of cross-reaction in control experiments.

VIIL.2. Animal models of stroke and ICH

ICH represents a major subset of strokes, including primary ICH resulting from
hypertension, vascular anomalies, bleeding diathesis and secondary hemorrhagic
transformation of ischemic infarcts (Qureshi et al., 2001). The immediate mechanisms by
which cellular injury occurs during ICH include mechanical compression of tissue due to

blood accumulation and edema, impairment of local blood flow and extravasation into
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the brain parenchyma of blood that contains potentially damaging molecules such as
thrombin, complement and plasmin (Xue and Del Bigio, 2001). Although ICH represents
20% of all kinds of human stroke, there are few experimental models that recapitulate the
clinical and neuropathological features of human stroke. Several experimental models
have been employed in previous ICH studies, which include hemorrhage induced by
autologous whole blood injection (Bullock et al., 1984; Kobari et al., 1988; Koeppen et
al., 1995; Wagner et al., 1996; Xue et al., 2001) and bacterial collagenase-injection,
which disrupts the basal lamina of cerebral capillaries and causes bleeding into the brain
tissue (Rosenberg et al., 1993; Del Bigio et al., 1996, 2001; Xi et al., 1998). Common
features in both of these models include death of neurons and glia, and inflammation with
initial neutrophil infiltration followed by macrophage infiltration and activation (Del
Bigio et al., 1996). Although blood vessels were disrupted due to the injection of
bacterial collagenase at the injection site as indicated by previous studies, this model is
still useful because it reflects many of the key aspects of human ICH, including
neurobehavioral and neuropathological outcomes. Also induction of ICH by intracerebral
infusion of collagenase has consistently shown a uniform, reproducible hematoma
(Cregan et al., 1997; Rosenberg et al., 1990).

Previous studies indicate that inflammatory cells are activated within hours after
induction of ICH, initiated by adherence of neutrophils to damaged brain endothelia and
their subsequent entry into brain (Del Bigio et al., 1996). In rat brain injury studies,
intense neutrophilic infiltrate has been previously documented around collagenase-
induced hematomas (Rosenberg et al., 1990; Del Bigio et al., 1996), contusions (Matthew

et al., 1994; Soares et al., 1995) and ischemic sites (Jean et al 1998) beginning at 6 to 12
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hours and peaking at 48 to 72 hours. In human brains, neutrophil infiltration is apparent 5
to 72 hours after hemorrhage or contusion (Garcia et al., 1994; Mackenzie et al., 1999;
Jean et al., 1998; Holmin et al., 1998; Loberg et al., 1989; Anderson et al., 1998).
Neutrophils can release potentially harmful factors such as oxygen radicals or cytokines,
including tumor necrosis factor-a, interleukin-6, and IFN-y, which seem to play a role in
brain damage (Ghirnikar et al., 1998; Munoz-Fernandez et al., 1998). Neutrophils can
also exacerbate brain injury by obstructing micro vessels, which then causes local
ischemia (Del Zoppo et al., 1998). Global depletion of circulating leukocytes and
platelets by whole body irradiation in a rodent model of ICH was found to confer
protection against both ischemia and edema formation (Kane et al., 1992), suggesting that
infiltrating leukocytes may indeed play a role in brain injury following ICH.

Consistent with previous studies conducted with the collagenase model of ICH, our
results indicated an inflammatory response in and around the blood clot after ICH, which
was marked by the infiltration of MPO-positive neutrophils, and ED1-positive and
OX42-positive macrophages and activated microglia. Although previous studies
indicated that inactivated collagenase does not produce an inflammatory reaction in brain
(Del Bigio et al., 1999), it cannot be ruled out that the infused collagenase in our ICH
studies might have contributed to the inflammatory reaction observed. Consistent with
previous observation by Xue et al. (2000), the possible cause for the observed
inflammation in our study may be likely due to the extra vascular blood at the lesion core.
This inflammatory response may participate in the absorption of blood clot and the

removal of injured brain cells, but may also cause a secondary injury following ICH.
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The mechanisms underlying the secondary brain injury and edema formation are still

under investigation.

VII. 3. Minocycline

Previous studies have shown that ischemic focal damage matured and enlarged for
several days, which at least partially was a result of the development of inflammatory
responses during the first 2 days after ischemia (Iadecola et al., 1997). The relevance of
inflammation as a late contributing mechanism in brain ischemia has been proved by
previous studies, which showed that compounds that inhibit COX-2 or inducible nitric
oxide synthase (iNOS) are protective in focal brain ischemia even when administered
several hours after the insult (Nogawa et al., 1997; Nagayama et al., 1998). Previous
studies have indicated that treatment of inflammation reduces infarct volume and
improves outcome in animal models of ischemic stroke (Garcia et al., 1995; Matsuo et
al., 1994; Zhang et al., 1994, 1995) and decreases edema formation and tissue injury
(Kane et al., 1992) and improves outcome (Del Bigio et al., 1999) in models of ICH.
Studies by Gabler et al., (1991) indicated that tetracyclines might suppress neutrophil-
mediated tissue damage by inhibiting their migration and degranulation and, potentially
more importantly, by suppressing synthesis of oxygen radicals. Studies by Golub et al.
(1998) and Riffkin et al. (1994) have shown that minocycline and synthetic tetracycline
derivatives that are devoid of antibacterial activity may be beneficial in inflammatory
diseases like rheumatoid arthritis, osteoporosis and periodontal disease. Tetracyclines
including minocycline, have been shown to inhibit matrix metalloproteinases (MMP) and

possibly super oxide production in neutrophils (Golub et al., 1998; Gabler et al., 1991).
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More recently, minocycline has been found to inhibit the activation of microglia (Tikka
and Koistinaho, 2001; Tikka et al., 2001), and this has been considered to be the possible
mechanism by which it is neuroprotective in focal or global ischemic models of stroke
(Yrjanheikki et al., 1998, 1999). Minocycline has also been reported to inhibit the
expression of caspase-1 and caspase-3, and to delay mortality in a transgenic mouse
model of Huntington’s disease (Chen et al., 2000). In a model of Parkinson’s disease,
minocycline protected against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
induced neurotoxicity (Du et al., 2001). Recent studies indicate that minocycline is
neuroprotective after cerebral ischemia, demyelination and neurotrauma (Yrjanheikki et
al., 1998, 1999; Povic et al., 2002). Although past studies indicated that minocycline may
down regulate microglia activation (He et al., 2001) and caspase activity (Chen et al.,
2000), and block nitric oxide-induced neurotoxicity by inhibition of p38 MAP kinase
(Lin et al., 2001), minocycline’s primary mechanism of action remains unclear. As all
these findings indicate the potential beneficial effect of minocycline as an anti-
inflammatory agent, we explored the possible therapeutic efficacy of minocycline in
controlling the effects of inflammation in a collagenase model of ICH. In all our
experiments, rats were treated with minocycline 45 mg/kg i.p. twice a day on the first day
and 22.5 mg/kg on the second day. The dosage of minocycline used in our study was
comparable to those that have been used previously to ameliorate disease in models of
stroke, Huntington’s disease and Parkinson’s disease (Yrjanheikki et al., 1999; Chen et
al., 2000; Du et al., 2001). As nonneuronal cells were found to be characteristically
activated in the brain in response to hemorrhagic and ischemic injury (McGeer et al.,

1995; Banati et al., 1993; Giulian et al., 1993), we employed immunohistochemical
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markers to detect myeloperoxidase (MPO) labelling for neutrophils, ED1 labelling for
macrophages and CD11b (0X42) labelling for neutrophils and macrophages/microglia.
We observed a decrease in neutrophil and macrophage cell counts in the tissue
immediately adjacent to the hematoma in a concentration dependent manner in
minocycline-treated animals when compared with untreated control rats. Also there was a
qualitative decrease in the size of the hemorrhage site in rat striatum at the lesion site
when treatment was initiated 1 hour after induction of ICH as compared to untreated
controls or when treatment was initiated 6 hours following ICH. These results suggest
that minocycline might be more effective in controlling neuronal cell death caused by
free radicals and cytokines released by inflammatory cells around the hematoma when
treatment is initiated early (i.e. within 1 hrs after ICH onset). Previous studies by Gabler
et al., (1991) have indicated that tetracyclines might suppress neutrophil-mediated tissue
damage by inhibiting their migration and degranulation and, potentially more
importantly, by suppressing synthesis of oxygen radicals and cytokines. Consistent with
these studies, we speculate that minocycline through a similar mechanism of action ina
concentration dependent manner, exerts more effective neuroprotection from neutrophil-
mediated damage when treatment is started early after ICH onset. Due to the current
dearth in therapeutic measures for ICH, minocycline with its established safety profile in
humans might be a potential neuroprotective option for ICH. Further studies focused on
understanding pathogenic mechanisms after ICH and the precise mechanism of action of

minocycline will be important for the success of minocycline as a neuroprotective agent.
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VIIL 4. Functionally selective voltage gated potassium channels modulating early
inflammatory response

Potassium channels are a diverse group of ion channels present in most eukaryotic cells.
Over 30 different potassium channels have been characterized biophysically. They were
found to show different sensitivities to voltage and /or intracellular messengers, and have
different kinetic or pharmacological properties. The wide range of potassium channel
properties reflects the broad spectrum of cellular functions such as control of synaptic
efficacy, heart beat, endocrine and exocrine functions. Potassium channels have also been
found to play key roles in activation of microglia and macrophages, which release
cytotoxic products resulting in delayed neuronal death. In excitable cells, potassium
channels set the membrane potential and are crucial for regulating action potentials,
calcium influx and secretion. Although microglia, macrophages and neutrophils are
generally considered nonexcitable cells, they possess a variety of ion channels which
contribute to ion homeostasis, calcium signaling, and cell volume regulation (Krause et
al., 1993).

The Kv family of voltage-gated channels constitutes the largest family of potassium
channels. To date nine different subfamilies of Kv channels named Kv1 to Kv9 have
been identified. Recently the group of Kv1 or shaker channels have been studied more
extensively among Kv channels. These channels have predominantly been found and
characterized in the CNS where they participate in the control of neuronal excitability
(Grissmer et al., 1994; Veh et al.,, 1995). Kv1.3 channels, were first described in T-
lymphocytes (DeCoursey et al., 1984). Kv1.5 expression was reported in human

bronchial myocytes (Sarvesh et al., 1996), human myocardium (Bertaso et al., 2002)
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pulmonary vascular smooth muscle, astrocytes, glial cells of brain and spinal cord (Roy
et al., 1996) and in retinal ganglion cells. Electrophysiological studies on human glioma
cells in situ and in vitro demonstrated the presence of voltage-gated potassium channels
on these cells (Brodey et al., 1998; Brismar et al., 1989; Labrakakis et al., 1997; Patt et
al., 1996). Recent studies have shown that particular members of this voltage-gated
potassium channel family are closely related to cell growth and cell cycle progression.
Studies by Chttajallu et al. (2002) have demonstrated the selective increase of Kv1.3 and
Kv1.5 protein expression in rat oligodendrocyte precursor cells during the transition from
quiescent to G1 phase. Selective blocking of Kv1.3 containing channels alone was
sufficient to elicit G1 arrest in these cells. Various studies also showed the role of Kv1.3
in hippocampal microglia proliferation (Kotecha et al., 1999; Schlichter et al., 1996),
respiratory burst in cultured microglia (Khanna et al., 2000; Colton et al., 1994) and nitric
oxide production (Pyo et al., 1997).

Recently, the possible use of voltage-gated potassium channel blockers (of particularly
Kv1.3 and Kv1.5 channels) as immune suppressants has become the subject of much
interest. Kv1.5 is regarded as a promising target for the development of atrial selective
drugs to treat atrial fibrillation (AF) with fewer side effects. Previous studies indicate that
selective blockade of Kv1.3 channels in T lymphocytes leads to membrane depolarization
(Lin et al., 1993), inhibition of Ca2+ influx (Leonard et al., 1992) and inhibition of
cytokine production and cell proliferation (Kaczorowski et al., 1994; Lewis et al., 1995;
Cahalan et al., 1997; Price et al., 1989). However, Psora-4 a potent small-molecule Kv1.3
blocker exhibiting 16-to 70-fold selectivity for Kv1.3 over closely related Kv1 channels

blocked Kv1.5 current in the human atrium (Fedida et al., 1993; Feng et al., 1997),
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raising concerns about possible acute cardiac toxicity. These channels are speculated to
be attractive molecular targets for controlling neuroinflammatory cell activation and
function because these channels have restricted tissue expression and even more
restricted functional contribution, thus greatly reducing the likelihood that selectively
blockade will have serious side effects. Studies by Beeton et al. (2001) have indicated
that selective blockade of T lymphocyte Kv1.3 channels ameliorated experimental
autoimmune encephalomyelitis with no side effects despite Kv1.3 expression in other
tissues such as brain, atrial myocytes, arteries, bladder, testis, kidney and colon epithelia.
Kv1.3 channel blockers have also been shown recently to be effective in preventing
inflammatory bone resorption in experimental periodontal disease (Valverde et al., 2004).
As the relative contribution of these channels appear to be dependent on cell activation
state, it may be possible to selectively inhibit over-active or inappropriately activated
cells, while leaving resting cells unaffected, as in the case of inflammatory brain tissue
damage in stroke.

Previous studies have indicated that neutrophil inflammation is considerable in the
vicinity of collagenase-induced intracerebral hematoma (Del Bigio et al., 1996). Various
other studies (Johnson et al., 1992; Shiga et al., 1991) also indicated the possibility that
activated neutrophils can cause secondary tissue injury and contribute to edema
formation through the release of reactive oxygen species and a variety of proteases as
they migrate towards the site of lesion. Previous studies demonstrated that neutrophils
express voltage-dependent potassium channels, important for the maintenance of resting
potential, and a calcium-activated potassium channel, which were important for

repolarization after cellular activation of these cells (Krause et al., 1990). Neutrophils
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also possess voltage and pH activated H+ channels that serve to extrude protons,
generated by the neutrophil respiratory burst (Krause et al., 1993). As neutrophils and
macrophages are the main invaders in the hours to days following hemorrhagic or
ischemic strokes and with recent evidence demonstrating the existence of Kv1.3 and
Kv1.5 channels in rat cultured microglia (Kotecha et al., 1999; Khanna et al., 2001; Jou et
al., 1998), we used immunohistochemical methods in 2 days post-ICH and ischemic rat
stroke models to investigate the possible expression of Kv1.3 and Kv1.5 channels on
inflammatory cells at the vicinity of the lesion site, and we hypothesized that these ion
channels might make novel drug targets to regulate the cytotoxic activity of these cells.
Results from analysis of double immunofluorescence and co-localization relations
between neutrophil markers (RP3 and HIS48) and ion channels Kv1.3 and Kv1.5 showed
that these channels are expressed by neutrophils at the lesion site in 2 days post ICH and
ischemic striatum. Our results indicate that most, but not all, neutrophils express Kv1.3
and Kv1.5, with intense expression of these channels in the striatum 2 days post- ICH and
ischemia. Studies by Kotecha et al. (1999) demonstrated a switch from Kv1.5-like current
in nonproliferating to a Kvl.3-like current in proliferating endogenous hippocampal
microglia. Their studies also indicated that differential expression of Kv1.3 and Kv1.5
channels might be closely related to cell growth and cell cycle progression in microglia.
Consistent with these previous studies, it appears that differential expression patterns of
Kvl.3 and Kv1.5 channels in neutrophils might follow a similar expression pattern in
relation to their resting and active functional state at the inflammatory site. We present, to
my knowledge, the first immunohistochemical evidence of neutrophil expression of

Kvl.3 and Kv1.5 channels in any inflammatory model system or disease condition.
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Further studies to verify the expression and functional role of these channels in
circulating neutrophils need to be determined. We indicate that these channels might
represent potential functionally selective therapeutic targets for modulating the
deleterious cytotoxic role of neutrophils in ICH and ischemic stroke. Therefore, future
studies aimed to document the specific contribution of these potassium channels in
functions of resting and active neutrophils at the inflammatory site in ICH and ischemic
brain will be of importance for determining the potential benefit of selectively down
regulating overactive neutrophils without compromising the beneficial functions of the

resting less active neutrophils.

VILS. HERG potassium channel

The human ether-a-go-go related gene (HERG) potassium channel is a member of the
family of voltage-gated potassium channels (Warmke and Ganetzky, 1994; Trudeau et
al., 1995) first cloned from a hippocampal ¢DNA library. In cardiomyocytes, HERG
encodes the pore forming o-subunit of the rapid delayed rectifier potassium channel
(Sanguinetti et al.,1995), which is central to the repolarization phase of the cardiac action
potential (Spectoret al. 1996; Tseng, 2001). HERG potassium channels have been the
focus of intense interest after the discovery that HERG mutations contribute to the
genetic heart disease “long QT syndrome” type 2, which can cause sudden death from
ventricular arrhythmia (Curran et al., 1995; Sanguinetti et al., 1995). mRNA for HERG,
and the rat homologue r-ergl, have been identified in a wide variety of tissues (Wymore
et al., 1997). Potassium currents closely resembling HERG have been described in

mammalian neuroblastoma cells (Arcangeli et al., 1995; Faravelli et al., 1996; Hu and
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Shi, 1997), Xenopus oocytes (Baueret al., 1996) and the MLS-9 cell line derived from
primary cultures of rat microglia (Zhou et al., 1998). HERG or ERG channels may
confribute to setting the resting membrane potential in neurons and neuronal cell lines
(Arcangeli et al., 1995), modulating hormone secretion (Barros et al., 1998; Schafer et al.,
1999; Schwarz et al., 1999; Pancrazio et al., 1999; Faravelli et al., 1996) and influencing
neural differentiation (Pancrazio et al., 1999) and neuritogenesis (Arcangeli et al., 1995;
Pancrazio et al., 1999; Faravelli et al., 1996). HERG channels may also be important in
proliferating cancerous and undifferentiated cells, where there is increased HERG or
ERG expression compared with that in normal cellular counterparts (Archangeli et al.,
1995; Bianchi et al., 1998). As previous studies indicate that several functions common to
immune cells, such as proliferation, volume regulation, production of lymphokines and
cytokines, parallel commonalities in the types of ion channels expressed during these
functions (DeCoursey and Grinstein, 1998), and with considerable evidence of HERG-
like potassium channel expression in cultured microglia, we explored the possible
expression of HERG potassium channel in infiltrated inflammatory cells in stroke models
of 2 days post-ICH and ischemia employing immunohistochemical methods. Our results
indicated that a considerable proportion of neutrophils expressed the HERG potassium
channel at the lesion site, although macrophages distributed more at the periphery of the
lesion lacked expression of these channels. This is a novel observation, providing for the
first time immunohistochemical evidence of HERG potassium channel expression in
neutrophils. We speculate that those inflammatory cells at the lesion site in 2 days post-
ICH and ischemic stroke might have a temporal pattern of HERG potassium channel

expression in response to their environment. Further studies are needed to elucidate the
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expression and functional role of these channels in circulating neutrophils. In
cardiomyocytes, it has been recently demonstrated that inhibition of HERG potassium
currents by class III antiarrhythmic drugs caused a lengthening of the cardiac action
potential, producing a beneficial antiarrhythmic effect (Thomas et al., 2004). Thus, future
studies designed to better understand the role of HERG potassium channels in
inflammatory cells will enable consideration of the therapeutic potential of targeting

these channels for regulating toxic inflammatory reaction in ICH and cerebral ischemia.

VIL6. a7 nicotinic acetylcholine receptor

Nicotinic acetylcholine receptors are a family of ligand-gated, pentameric ion channels.
The main function of this receptor family is to transmit acetylcholine signals at
neuromuscular junctions and in the central and peripheral nervous systems (Lindstorm et
al., 1997; Steinlein et al., 1998; Marubio et al., 2000; Leonard et al., 2001). In humans, 16
different nicotinic acetylcholine receptor subunits (al1-7, a9-10, B1-4, §, €, v) have been
identified (Lindstorm et al., 1997; Leonard et al., 2001).

Recent studies (Borovikova et al., 2000; Tracey et al., 2001) discovered the anti-
inflammatory role of the vagus nerve in an animal model of endotoxemia and shock.
Acetylcholine, an important neurotransmitter and neuromodulator in the brain, mediates
neural transmission in ganglion synapses of both sympathetic and parasympathetic
neurons, and is the principle neurotransmitter in postganglionic parasympathetic/vagal
efferent neurons. Acetylcholine was reported to act through 2 types of receptors, namely,
muscarinic (metabotropic) (Caulfield et al 1998) and nicotinic (ionotropic) (Lindstorm et

al., 1997). In addition to their presence in brain, RNA for these receptor subtypes
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(muscarinic) and subunits (nicotinic) has been detected on mixed populations of
lymphocytes and other immune and non-immune cytokine-producing cells (Hiemke et
al., 1996; Mita et al., 1996; Toyabes et al., 1997; Sato et al., 1999; Walch et al., 2001;
Tayebati et al., 2002). Kawashima et al, (2000) have indicated that most of these cells
produce acetylcholine.

Past studies indicate that acetylcholine significantly and concentration-dependently
decreases TNF production in endotoxin-stimulated human macrophage cultures via a
post-transcriptional mechanism. Acetylcholine was also found to be effective in
suppressing other endotoxin-inducible pro-inflammatory cytokines, such as IL-1pB, IL-6
and IL-18, by a post-transcriptional mechanism. In the peripheral nervous system, recent
studies suggest that an endogenous ‘cholinergic anti-inflammatory pathway’ regulates
systemic inflammatory responses via alpha 7 nicotinic acetyl cholinergic receptors
(nAChR) found on blood-born macrophages (Wang et al., 2003). Activation of this
receptor via vagus nerve stimulation (Wang et al., 2003) or cholinergic agonists (Wang et
al., 2002; Han et al., 2003) suppressed TNF synthesis in wild-type mice, but failed to
inhibit TNF synthesis in a7-deficient mice. The centrally acting pharmacological agent
tetravalent guanylhydrazone CNI-1493 induced vagus nerve firing (Borovikova et al.,
2000) and conferred anti-inflammatory effects through activation of the cholinergic anti-
inflammatory pathway in both local and systemic models of inflammation (Borovikova et
al., 2000; Bernik et al., 2002). In models of cerebral ischemia, CNI-1493 delivered via
the intracerebroventricular (ICV) route suppressed cerebral TNF synthesis and reduced
infarct volume (Meistrell et al., 1997). Based on their studies, Wang et al. (2003)

indicated that acetylcholine released from vagus nerve endings, or perhaps from other
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sources like lymphocytes or epithelial cells, could specifically inhibit macrophage TNF
release. They further suggested that other primary immune cells (mast cells, microglial
cells, kupffer cells, splenocytes), which produce cytokines during the acute, local
response to infection or injury, might also express nicotinic acetylcholine receptor o7
subunits, and that these cells might be sensitive to the anti-inflammatory effects of
acetylcholine. Recently, Shytle et al. (2004) demonstrated cholinergic modulation of
microglial activation through alpha 7 nicotinic receptors and suggested the existence of a
brain cholinergic pathway.

These previous findings led us to hypothesize that a possibly existing brain
cholinergic pathway might similarly regulate neutrophil- and macrophage-mediated
innate immune response to limit excessive CNS inflammation at acute stroke injury site
where a considerable neutrophil and macrophage infiltration is usually present. As there
was to our knowledge no previous studies indicating brain cholinergic modulation of
neutrophil and macrophage activation through a7 nicotinic receptors, we used
immunohistochemical methods to investigate possible expression of alpha 7 nicotinic
acetylcholine receptors on neutrophils and macrophages at the vicinity of stroke lesion
site in 2 days post-ICH and ischemic rat striatum.

Double immunofluorescence results indicated expression of a7 nicotinic acetylcholine
receptor on neutrophils, whereas macrophages lacked o7 subunit expression at the site of
inflammation 2 days post-ICH and ischemia. We thus report for the first time neutrophil
expression of a7 nicotinic acetylcholine receptor at the two days post-ICH lesion site.
Though our findings are preliminary, we suggest the existence of a brain cholinergic

pathway that regulates neutrophil activation through a7 nicotinic receptors. As previous
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studies (Wang et al., 2003) have reported that nicotinic acetylcholine receptor a7 subunit
is an essential regulator of inflammation required for acetylcholine inhibition of primary
macrophage TNF release, we speculate that by a possible similar cholinergic anti-
inflammatory mechanism, acetylcholine released from adjacent immune cells or even
cholinergic neuronal pathways, at the site of stroke lesion might have a regulatory effect
on neutrophil TNF release through a7 nicotinic acetylcholine receptors. Further, studies
to understand the specific role and expression pattern of nicotinic acetylcholine receptor
0.7 subunit on neutrophils at the inflammatory site in stroke lesion will be useful for
developing possible drug targets against a7 nicotinic AchR subunits to inhibit TNF
synthesis and thus regulate the excessive inflammation in acute ICH and ischemic

strokes.

VIIL.7. Future considerations
There is now evolving evidence on the dual nature of some inflammatory mediators in
reformatting brain cells for resistance or sensitivity to injury. Many studies have recently
indicated the critical importance of carefully balancing pharmacological interventions for
stroke treatment based on the knowledge of both beneficial and detrimental mechanisms
promoted by inflammatory cells and mediators. Hence, further experiments are essential
for determining hemorrhagic and ischemic conditions in which inflammatory cells are
pertinent targets for stroke management.

Appropriate selection of animal stroke models has been stated to be of great priority to
study the benefits of anti-inflammatory therapy by properly determining the time window

for salvage of potentially reversible ischemic brain tissue (Ahmed et al., 2000). It has
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often been noted that current neuroprotective approaches only delay rather than arrest cell
death (Morse and Davis 1990; Li and buchan, 1995; Colbourne and Corbett, 1994;
Valtysson et al., 1994; Corbett and Crooks, 1997). Therefore, it was suggested that
employing a multimodal approach (Nurse and Corbett, 1994; Dooley et al., 1996;
Colbourne and Corbett, 1995; Volpe et al., 1984; 1992; Grabowski et al., 1993; Okada et
al., 1995; Markgraf et al., 1992) might determine true neuroprotection. A possibly
desirable combination therapy recently indicated is a thrombolytic drug with a
neuroprotective agent (Lindsberg et al., 2000).

It is now increasingly considered that preclinical assessment of neuroprotection based
solely on measuring infarct volume or histological measures (cell counts) are not
adequate. Therefore, future studies demonstrating improved functional outcomes at long-
term end points measured on standard valid behavioral tests are considered mandatory for
efficient stroke therapy (Corbett et al., 1998; Hunter et al., 1998; Kidwell et al., 2001;
Slicker et al., 2001). To determine the efficacy of a neuroprotectant, it has been indicated
that assessments should be based on delayed time windows for drug administration, in
different stroke models in more than one animal species (Drummond et al., 2000; Zivin et
al., 1999).

Recently, ion channels are increasingly being explored as potential targets for
inhibition of inflammatory reactions and apoptosis. Further studies elucidating the role of
voltage-gated potassium channels Kv1.3, Kv1.5 and HERG in effects of hemorrhage and
ischemic stroke during different biological states of neutrophils and microglia at the site
of brain injury will be important for specifically targeting these channels to control the

toxic potential of inflammatory cells and thus regulate brain inflammation after stroke
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without serious side effects. Future studies, to find more selective blockers for Kv1.3,
Kvl.5, HERG and o7 which do not affect other channels and having better
bioavailability and stability are important. An example of a side effect arising from
imperfect selectivity is the ileal muscle twitching caused by margatoxin block of Kv1.1
channels in enteric neurons (Suarez-Kurtz et al.,1999), and since kaliotoxin also blocks
Kvl.1, similar gastrointestinal side effects are predicted. Newer, small-molecule
inhibitors of Kv1.3 have improved stability and bioavailability, but their ability to block
other types of channels limits their use; eg., CP-339818 blocks neuronal Na+ channels
(Wanner et al., 1999) and UK-78282 blocks Kv1.4 in the heart and brain (Hanson et al.,
1999). In future, for successful stroke therapy, creating functionally selective channel
blockers is very important. As our present studies demonstrate neutrophil expression of
Kv1.3, Kv1.5 HERG, and a7 at the site of stroke lesion, we indicate that further studies
investigating the effects of minocycline on activation of neutrophils based on expression
of these channels might provide new insights for understanding the precise mechanism of

action of minocycline in ICH and ischemic stroke.
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VIII. TABLES

Table 1. Effect of minocycline administration on inflammatory cell infiltration with

treatment time at one (1) hour post-ICH

Cell Type * Control Low Dose High Dose
Minocycline ** Minocycline**
(n=06) (n=106) (n=06)

EDl1+ve 107+ 11 69+ 84 347 £ 7.8 ***
macrophages

0X42+ve 180+ 18 164 + 18 91.2 & 14 ***
macrophages

0X42+ve 45.1+ 67 364+ 6.9 18 £ 4 #**
neutrophils

MPO+ve 157+ 17 152+ 16 87 + 8.4 **x*
neutrophils

* Values represent mean + S.E.M. of the number of immunopositive cells counted within
a representative area (250 x 250 um) of the ICH site
** Low and high dose minocycline as defined in methods

##** p <0.01 compared with control values

ANOVA/ Scheffe
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Table 2. Effect of minocycline administration on inflammatory cell infiltration with

treatment time at six (6) hour post-ICH

Cell Type * Control High Dose
Minocycline **
(n=06) (n=106)
EDI+ve

macrophages 26+ 3.4 18+ 3.1 * 5k ok
OX42+ve

macrophages 15+ 22 23+ 29  Rxx
0X42+ve

neutrophils 34+ 74 12+ 2.1 ok
MPO+ve

neutrophils 22+ 33 16+ 2.6 Kook

* Values represent mean £ S.E.M. of the number of cells counted within a representative
area (250 x 250 um)of the ICH site

** High dose minocycline as defined in methods

##k p <0.01 compared with control values
ANOVA/ Scheff'e
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Table 3. Cellular co-localization relationships between neutrophil/microglia/macrophage

markers, potassium channel and a7 nicotinic Ach receptor expression

Kvl.3 * Kvl.5* HERG * a7nAChR *
RP3 * 89 £ 6 773+ 3 933 =4 99 £ ] **
HIS48* 863 + 4 8 + 2 75 + 4 89 + 6 **
0OX42* 9% +2 853 + 1 923 £3 99 £ 1 **
ED1* 0 0 0 0

* Values represent percentage of RP3-, HIS48-,0X42- or ED1- immunopositive cells
that are also immunopositive for potassium channels or a7 nicotinic Ach receptor,
expressed as mean + S.E.M from data obtained in 2-3 ICH animals with a counted
total of 300 marker-positive cells for each of the potassium channels and a7nACh
receptor

## p <0.01 compared with control values
ANOVA/ Scheff'e
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IX. FIGURES

Fig. 1. Nissl fluorescence (F) micrographs of adult rat striatum. (A) Low magnification
Nissl fluorescence micrographs showing labelling of cells in and around the hematoma
core of intracerebral hemorrhage site. (B) Low magnification Nissl fluorescence
micrograph showing labelling of neurons (large cells) in the contra lateral control
striatum. (C,E) High magnification Nissl fluorescence micrographs showing labelling of
neurons in hematoma core and periphery of the lesion. (D,F) High magnification Nissl
fluorescence micrographs showing labelling of neurons in the contra lateral control
striatum. Note high density of neurons in control striatum (D), around the periphery of
the hemorrhage site (C) and their absence in the lesion core. Scale bars: A-D, 200 pm;

E,F, 100 pm.
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Fig. 2. Low magniﬁcation immunofluorescence micrographs showing inflammatory cells
in intracerebral hemorrhage and control adult rat striatum. (A,C) immunofluorescence
labelling of ED1- and OX42-positive cells respectively in ICH striatum.(B,D) Absence of

labelling in contra lateral control striatum. Scale bars: A-D, 200 pum.
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Fig. 3. Low magnification immunofluorescence micrographs of neutrophils labelled with
three different markers in ICH site and control adult rat striatum. (A,B)
immunofluorescence labelling of MPO-positive neutrophils in ICH striatum (A) and
absence of labelling in contra lateral control striatum (B). (C,D) Immunofluorescence
- labelling showing RP3-positive neutropils in ICH striatum (C), and absence of labelling
in contra lateral control striatum (D). (E,F) Immunofluorescence labelling showing
HIS48-positive neutrophils in ICH striatum (E) and absence of labelling in contra lateral

control striatum (F). Scale bars: A-F, 200 um .
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Fig. 4. Immunofluorescence co-localization relationships of MPO with RP3, HIS48, ED1
and OX42 in adult rat striatum after ICH. (A) Double immunofluorescence micrograph of
the same field showing MPO- (A1) and RP3-positive neutrophils (A2), and co localized
MPO/RP3 labelled neutrophils in image overlay (A3, yellow). (B) Double
immunofluorescence micrograph of the same field showing MPO- (B1) and HIS48-
positive neutrophils (B2), and co localization in image overlay (B3, yellow). (C,D)
Double immunofluorescence at low (C) and high (D) magnification showing MPO-
positive neutrophils (C1,D1) and ED1-positive macrophages (C2,D2), and image overlay
showing no co-localization (C3,D3). Note large fuzzy blood clot fragments taking up
FITC nonspecifically in (D2,D3). (E) Double immunofluorescence of the same field
showing MPO-positive neutrophils (E1), and OX42-positive neutrophils and
macrophages (E2), and partial co localization in overlay (E3, yellow). Scale bars: A-E,

100 pm.
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Fig. 5. Immunofluorescence control labelling for potential inappropriate cross reactivity
between primary antibodies (MPO, EDland OX42) and secondary antibodies (FITC-
conjugated  horse  anti-mouse and  Cy3-conjugated donkey  anti-rabbit).
Immunofluorescence micrographs of the same field showing absence of labelling (A1)
and labelling of ED1-positive cells (A2) with primary MPO omission, while including
primary anti-ED1 and both secondary antibodies. Immunofluorescence micrographs of
the same field showing labelling of MPO-positive cells (B1) and absence of labelling
(B2) with primary ED1 omission, while including primary anti-MPO and both secondary
antibodies. Immunofluorescence micrographs of the same field showing absence of
labelling (C1) and labelling of OX42-positive cells (C2) with primary MPO omission,
while including primary anti-OX42 and both secondary antibodies. Immunofluorescence
micrographs showing labelling of MPO-positive cells (D1) and absence of labelling (D2)
with primary OX42-omission while including primary anti-MPO and both the secondary

antibodies. Scale bars: A-D, 100 um.
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Fig. 6. (A-C) Low to high magnification Nissl fluorescence micrographs of neuronal
labelling in endothelin-1 induced ischemic adult rat striatum.(D-H) Low magnification
immunofluorescence micrographs showing labelling of ED1-positive cells (D), OX42-
positive cells (E), MPO-positive cells (F), RP3-positive cells (G), and HIS48-positive
cells (H) at endothelin-1 induced ischemic site in adult rat striatum . Scale bars: A,B,D-H,

200 pm; C, 100 pm.
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Fig. 7. Low magnification immunofluorescence micrographs showing inflammatory cells
labelled with ED1, MPO and OX42 in saline control and minocycline treated adult rats in
striatum 1 hr post ICH. Immunofluorescent labelling of ED1-positive macrophages in
control (A) and minocycline treated rats (B). Immunofluorescence micrographs showing
immunofluorescent labelling of MPO-positive neutrophils in control (C) and minocycline
treated rats (D). Immunofluorescent micrographs showing labelling of OX42-positive
neutropils and macrophages in control (E) and minocycline treated rats (F). Scale bars:

A-F, 200 pm.
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Fig. 8. Immunofluorescence micrographs showing inflammatory cells labelled with EDI,
MPO and OX42 in saline control and minocycline treated adult rats in striatum 6 hr post
ICH. (A,B) Immunofluorescence labelling of ED1-positive macrophages in control (A)
and micocycline treated rats (B). (C,D) Micrographs showing labelling of MPO-positive
neutrophils in control (C) and minocycline treated rats (D). (E,F) Immunofluorescent
labelling of OX42-positive neutrophils and macrophages in control (E) and minocycline

treated rats (F). Scale bars: A,B, 100 um; C-F, 200 pum.
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Fig. 9. Immunofluorescence co-localization relationships of Kv1.3 with ED1 and OX42
at ICH site in adult rat striatum. (A) Low magnification double Immunofluorescence
micrograph of the same field showing labelling of Kv1.3-positive cells (A1), and ED1-
positive cells (A2), and absence of co-localization in image overlay (A3). (B) High
magnification double immunofluorescence micrograph of the same field showing
labelling of Kv1.3-positive cells (B1), and ED1-positive cells (B2), and absence of co-
localization in image overlay (B3). (C) Low magnification double immunofluorescence
micrographs of the same field showing labelling of Kv1.3-positive cells (C1), OX42-
positive cells (C2) and partial Kv1.3/0X42 co-localization as yellow in image overlay
(C3). (D) High magnification double immunofluorescence micrographs of the same field
showing labelling of Kv1.3-positive cells (D1), and OX42-positive cells (C2), and partial

Kv1.3/0X42 co-localization seen as yellow in image overlay. Scale bars: A-D, 100 pum .
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Fig. 10. Immunofluorescence co-localization relationships of Kv1.3 with RP3 and HIS48
at ICH site in adult rat striatum. (A) Low magnification double immunofluorescence
micrographs of the same field showing labelling of RP3-positive cells (A1), and Kv1.3-
positive cells (A2), and yellow image overlay showing partial co-localization of
Kv1.3/RP3 (A3). (B) High magnification double immunofluorescence micrograph of the
same field showing labelling of RP3-positive cell (B1), and Kv1.3-positive cell (B2), and
partial co-localization in image overlay (B3). (C) Low magnification double
immunofluorescence micrograph of the same fields showing labelling of HIS48-positive
cells (C1), and Kv1.3-positive cells (C2), with substantial HIS48/KV1.3 co-localization
seen as yellow in image overlay (C3). (D) High magnification double
immunofluorescence micrograph of the same field showing labeling of HIS48-positive
cells (D1), and Kv1.3-positive cells (D2), with near total co-localization of His48/Kv1.3

seen as yellow in image overlay (D3). Scale bars: A-F, 100 um.
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Fig. 11. Immunofluorescence co-localization relationships of Kv1.5 with ED1 and 0X42
at ICH site in adult rat striatum. (A) Low magnification double immunofluorescence
micrographs of the same field showing labelling of Kv1.5-positive cell nuclei (A1), and
ED1-positive nuclei (A2), and with yellow image overlay showing partial co-localization
of Kv1.5/ED1 (A3). (B) High magnification double immunofluorescence micrograph of
the same field showing labelling of Kv1.5-positive nuclei (B1) and ED1-positive nuclei
(B2), with image overlay showing partial co-localization seen as yellow (B3). (C) Low
magnification double immunofluorescence micrographs of the same field showing
labelling of Kv1.5-positive nuclei (C1), and OX42—positive nuclei (C2), with partial co-
localization of Kv1.5/0X42 seen as yellow in image overlay (C3). (D) High
magnification double immunofluoroscence micrograph of the same field showing
labelling of Kv1.5-positive nuclei ( D1), and OX42-positive nuclei (D2), with subtotal
co-localization of Kv1.5/0X42 seen as yellow in image overlay (D3). Scale bars: A-F,

100 pm.
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Fig. 12. Immunofluorescence co-localization relationships of Kv1.5 with RP3 and HIS48
at ICH site in adult rat striatum. (A) Low magnification double immunofluorescence
micrographs of the same field showing labelling of RP3-positive cell (Al), and Kv1.5-
positive cell (A2), and image overlay showing partial co-localization of Kv1.5/RP3 seen
as yellow (A3). (B) High magnification double immunofluorescence micrographs of the
same field showing labelling of RP3-positive cells (B1), and Kv1.5-positive cells (B2),
with overlay showing partial co-localization seen as yellow (B3). (C) Low magnification
double immunofluorescence micrographs of the same field showing labelling of HIS48-
positive cells (C1), and Kvl1.5-positive cells (C2), and with partial co-localization of
Kv1.5/HIS48 seen as yellow in image overlay (C3). (D) High magnification double
immunofluorescence micrographs of the same field showing labelling of HIS48-positive
cells (D1), and Kv1.5-positive cells (D2), with partial co-localization seen as yellow in

image overlay (D3). Scale bars: A-D, 100 um.
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Fig. 13. Immunofluorescence co-localization relationships of HERG with ED1 and 0X42
at ICH site in adult rat striatum. (A) Low magnification double immunofluorescence
micrographs of the same field showing labelling of HERG-positive cells (A1), and ED1-
positive cells (A2), with image overlay showing absence of co-localization (A3). (B)
High magnification double immunofluorescence micrographs of the same field showing
labelling of HERG-positive cells (B1), and EDI-positive cells (B2), image overlay
showing absence of co-localization (B3). (C) Low magnification double
immunofluorescence micrographs of the same field showing labelling of HERG-positive
cells (C1), and OX42-positive cells (C2) and partial co-localization of HERG/OX42 seen
as yellow in image overlay (C3). (D) High magnification double immunofluorescence
micrographs of the same field showing labeling of HERG-positive cells (D1), and OX42-
positive cells (D2), co-localization seen as yellow in image overlay (D3). Scale bars: A-

D, 100 um.
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Fig. 14. Immunofluorescence co-localization relationships of HERG with RP3 and HIS48
at ICH site in adult rat striatum. (A) Low magnification double immunofluorescence
micrographs of the same field showing labelling of HERG-positive cells (A1), and RP3-
positive cells (A2), with image overlay showing partial co-localization (A3). (B) High
magnification double immunofluorescence micrographs of the same field showing
labelling of HERG-positive cells (B1), and RP3-positive cells (B2), with image overlay
showing partial co-localization (B3). (C) Low magnification double immunofluorescence
micrographs of the same field showing labelling of HERG-positive cells (C1), and
HIS48-positive cells (C2), with co-localization of HERG/HIS48 seen as yellow in image
overlay (C3). (D) High magnification double immunofluorescence micrographs of the
same field showing labelling of HERG-positive cells (D1), and HIS48-positive cells
(D2), with co-localization seen as yellow in image overlay (D3). Scale bars: A-D, 100

pm.
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Fig. 15. (A-C) Immunofluorescence micrographs from low to high magnification
showing labelling for nicotinic acetylcholine receptor a7 subunit in ICH model of adult
rat striatum. (D) Double immunofluorescence micrographs of the same fields showing
labelling of a7-positive cells (D1), EDI1-positive cells (D2), and absence of co-
localization in image overlay (D3). (E) Double immunofluorescence micrographs of the
same fields showing labelling of a7-positive cell (E1), OX42-positive cells (E2), and
partial co-localization seen as yellow in image overlay (E3). (F) Double
immunofluorescence of micrographs of the same fields showing labelling of a7-positive
cells (F1), and RP3-positive cells (F2), and near total 07/RP3 co-localization F3). (G)
Double immunofluorescence micrographs of the same field showing labeling of o7-
positive cells (G1), and HIS48-positive cells (G2), and image overlay showing near total

a7/HIS48 co-localization (G3). Scale bars: (A), 200 pm; B-D, 100pm.
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Fig. 16. Immunofluorescence micrographs showing cells labelled for Kv1.3, Kv1.5,
HERG and a7 at endothelin-1 induced ischemic site in adult rat striatum. Low (A1) and
high (A2) magnification immunofluoroscence micrographs showing Kv1.3-positive cells
in ischemic striatum. Low (B1) and high (B2) magnification immunofluorescence
micrographs showing cells labelled for Kv1.5 in ischemic striatum. Some Kv1.5 labelling
seen around lesion periphery in B1 is due to labeling of neuronal nuclei. Low (C1) and
high (C2) magnification immunofluorescence micrographs showing labelling of HERG-
positive cells in ischemic striatum. Low (D1) and high (D2) magnification
immunofluorescence micrograph showing cells labelled for a7 in ischemic striatum.

Scale bars: Al, B1,C1,D1, 200 um; 2,B2,C2,D2, 100 pm.
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