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(57) ABSTRACT 

The present invention relates to methods and compositions 
for treating selected conditions of the central and peripheral 
nervous systems employing non-synaptic mechanisms. 
More speci?cally, one aspect of the present invention relates 
to methods and materials for treating seiZure and seiZure 
disorders, epilepsy, status epilepticus, migraine, spreading 
depression, intracranial hypertension; for treating the patho 
physiological effects of head trauma, stroke, ischemia and 
hypoxia; for treating or protecting from the pathophysiologi 
cal effects of neurotoXic agents such as ethanol; and for 
treating neuropsychiatric disorders and central nervous sys 
tem edema by administering agents that modulate ionic 
concentrations and/or ionic gradients in the brain, particu 
larly ion-dependent or cation-chloride cotransporter antago 
nists. Electrolyte cotransport antagonists and combinations 
of such compositions With other agents for treating various 
conditions are disclosed. 
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COMPOSITIONS AND METHODS FOR THE 
TREATMENT OF DISORDERS OF THE CENTRAL 

AND PERIPHERAL NERVOUS SYSTEMS 

REFERENCE TO RELATED APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/056,528, ?led Jan. 23, 2002, Which 
claims priority under 35 U.S.C. § 19(e) to US. Patent 
Application No. 60/263,830, ?led Jan. 23, 2001, and is a 
continuation-in-part of US. patent application Ser. No. 
09/470,637, ?led Dec. 22, 1999, now US. Pat. No. 6,495, 
601, Which claims priority under 35 U.S.C. §119(e) to US. 
Patent Application 60/113,620, ?led Dec. 23, 1998. 

TECHNICAL FIELD OF THE INVENTION 

[0002] The present invention relates to methods and com 
positions for treating selected conditions of the central and 
peripheral nervous systems employing non-synaptic mecha 
nisms. More speci?cally, one aspect of the present invention 
relates to methods and compositions for treating seiZures 
and seiZure disorders, epilepsy, status epilepticus, migraine 
headache, cortical spreading depression, intracranial hyper 
tension, neuropsychiatric disorders, central nervous system 
edema; for treating or protecting from the pathophysiologi 
cal effects of toxic agents such as ethanol and certain 
infectious agents; for treating the pathophysiological effects 
of head trauma, stroke, ischemia and hypoxia; and for 
improving certain brain functions, such as cognition, learn 
ing and memory; by administering agents that modulate 
ionic concentrations and ionic balances in the central ner 
vous system. Speci?c treatment compositions, including 
loop diuretics, thiaZide-like diuretics, analogs and deriva 
tives of such compositions, as Well as combinations of such 
compositions With other agents for modulating ionic con 
centrations and gradients, and for treating various condi 
tions, are disclosed. Compositions and methods for treating 
pain by administering agents that modulate ionic concen 
trations and gradients in the peripheral nervous system are 
also disclosed. 

BACKGROUND OF THE INVENTION 

[0003] Conventional treatments for neuronal disorders, 
such as seiZure disorders, epilepsy, and the like, target 
synaptic mechanisms that affect excitatory pathWays, such 
as by modulating the release or activity of neurotransmitters 
or inhibitors. Conventional treatment agents and regimen for 
seiZure disorders diminish neuronal excitability and inhibit 
synaptic ?ring. One serious draWback of this approach is 
that While seiZures are generally localiZed, the treatment 
affects (diminishes) neuronal activity indiscriminately. For 
this reason, there are serious side effects and repeated use of 
conventional medications may result in unintended de?cien 
cies in normal and desirable brain functions, such as cog 
nition, learning and memory. More detailed information 
concerning particular disorders of interest is provided beloW. 

Epilepsy 
[0004] Epilepsy is characteriZed by abnormal discharges 
of cerebral neurons and typically manifested as various 
types of seiZures. Epileptiform activity is identi?ed With 
spontaneously occurring synchroniZed discharges of neu 
ronal populations that can be measured using electrophysi 
ological techniques. This synchroniZed activity, Which dis 
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tinguishes epileptiform from non-epileptiform activity, is 
referred to as “hypersynchroniZation” because it describes 
the state in Which individual neurons become increasingly 
likely to discharge in a time-locked manner With one 
another. 

[0005] Epilepsy is one of the most common neurological 
disorders, affecting about 1% of the population. There are 
various forms of epilepsy, including idiopathic, symptom 
atic and cryptogenic. Genetic predisposition is thought to be 
the predominant etiologic factor in idiopathic epilepsy. 
Symptomatic epilepsy usually develops as a result of a 
structural abnormality in the brain. 

[0006] Status epilepticus is a particularly severe form of 
seiZure, Which is manifested as multiple seiZures that persist 
for a signi?cant length of time, or serial seiZures Without any 
recovery of consciousness betWeen seiZures. The overall 
mortality rate among adults With status epilepticus is 
approximately 20 percent. Patients Who have a ?rst episode 
are at substantial risk for future episodes and the develop 
ment of chronic epilepsy. The frequency of status epilepticus 
in the United States is approximately 150,000 cases per year, 
and roughly 55,000 deaths are associated With status epi 
lepticus annually. Acute processes that are associated With 
status epilepticus include intractable epilepsy, metabolic 
disturbances (e.g. electrolyte abnormalities, renal failure and 
sepsis), central nervous system infection (meningitis or 
encephalitis), stroke, degenerative diseases, head trauma, 
drug toxicity and hypoxia. The fundamental pathophysiol 
ogy of status epilepticus involves a failure of mechanisms 
that normally abort an isolated seiZure. This failure can arise 
from abnormally persistent, excessive excitation or ineffec 
tive recruitment of inhibition. Studies have shoWn that 
excessive activation of excitatory amino acid receptors can 
cause prolonged seiZures and suggest that excitatory amino 
acids may play a causative role. Status epilepticus can also 
be caused by penicillin and related compounds that antago 
niZe the effects of y-aminobutyric acid (GABA), the primary 
inhibitory neurotransmitter in the brain. 

[0007] One early diagnostic procedure for epilepsy 
involved the oral administration of large quantities of Water 
together With injections of vasopressin to prevent the accom 
panying diuresis. This treatment Was found to induce sei 
Zures in epileptic patients, but rarely in non-epileptic indi 
viduals (Garland et al., Lancet, 2:566, 1943). Status 
epilepticus can be blocked in kainic acid-treated rats by 
intravenous injection of mannitol (Baran et al., Neuro 
science, 21:679, 1987). This effect is similar to that achieved 
by intravenous injection of urea in human patients (Carter, 
Epilepsia, 3:198, 1962). The treatment in each of these cases 
increases the osmolarity of the blood and extracellular ?uid, 
resulting in Water efflux from the cells and an increase in 
extracellular space in the brain. AcetaZolamide (ACZ), 
another diuretic With a different mechanism of action (inhi 
bition of carbonic anhydrase), has been studied experimen 
tally as an anticonvulsant (White et al., Advance NeuroL, 
44:695, 1986; and Guillaume et al., Epilepsia, 32:10, 1991) 
and used clinically on a limited basis (Tanimukai et al., 
Biochem. Pharm, 14:961, 1965; and Forsythe et al., 
Develop. Med. Child NeuroL, 23:761, 1981). Although its 
mechanism of anticonvulsant action has not been deter 
mined, ACZ does have a clear effect on the cerebral extra 
cellular space. 
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[0008] Traditional anti-epileptic drugs exert their principal 
effect through one of three mechanisms: (a) inhibition of 
repetitive, high-frequency neuronal ?ring by blocking volt 
age-dependent sodium channels; (b) potentiation of y-ami 
nobutyric acid (GABA)-mediated postsynaptic inhibition; 
and (c) blockade of T-type calcium channels. Phenyloin and 
carbamaZepine are examples of sodium channel antagonists, 
Which exert their effect at the cellular level by reducing or 
eliminating sustained high-frequency neuronal depolariZa 
tion While not appreciably affecting regular ?ring rates of 
neurons. Barbiturates, such as Phenobarbital and benZodi 
aZepines, act by enhancing GABA-mediated synaptic inhi 
bition. Both classes of compounds increase the hyperpolar 
iZation of the postsynaptic membrane, resulting in increased 
inhibition. Ethosuximide and valporate are examples of 
drugs that decrease calcium entry into neurons through 
T-type voltage-dependent calcium channels. 

[0009] Current anti-epileptic drug therapies exert their 
pharmacological effects on all brain cells, regardless of their 
involvement in seiZure activity. Common side effects are 
over-sedation, diZZiness, loss of memory and liver damage. 
Additionally, 20-30% of epilepsy patients are refractory to 
current therapy. 

[0010] Focus on synaptic hyperexcitability has been a 
guiding principle in basic research on the mechanisms of 
epileptogenesis and in the design and discovery of neW 
anti-epileptic drugs. One of the shortcomings of this 
approach is that most current anti-epilepsy drugs exert their 
in?uence in an indiscriminate manner, in both the epilepto 
genic and normal areas in the brain. The compositions of the 
present invention offer a novel approach to the treatment of 
seiZures, in part because they act via a non-synaptic path 
Way. 

Migraine 

[0011] Migraine headaches afflict 10-20% of the US. 
population, With an estimated loss of 64 million Workdays 
annually. Migraine headache is characteriZed by pulsating 
head pain that is episodic, unilateral or bilateral, lasting from 
4 to 72 hours and often associated With nausea, vomiting and 
hypersensitivity to light and/or sound. When accompanied 
by premonitory symptoms, such as visual, sensory, speech or 
motor symptoms, the headache is referred to as “migraine 
With aura,” formerly knoWn as classic migraine. When not 
accompanied by such symptoms, the headache is referred to 
as “migraine Without aura,” formerly knoWn as common 
migraine. Both types evidence a strong genetic component, 
and both are three times more common in Women than men. 

The precise etiology of migraine has yet to be determined. 
It is theoriZed that persons prone to migraine have a reduced 
threshold for neuronal excitability, possibly due to reduced 
activity of the inhibitory neurotransmitter y-aminobutyric 
acid (GABA). GABA normally inhibits the activity of the 
neurotransmitters serotonin (5-HT) and glutamate, both of 
Which appear to be involved in migraine attacks. The 
excitatory neurotransmitter glutamate is implicated in an 
electrical phenomenon called cortical spreading depression, 
Which can initiate a migraine attack, While serotonin is 
implicated in vascular changes that occur as the migraine 
progresses. 

[0012] Cortical spreading depression (CSD) is character 
iZed by a short burst of intense depolariZation in the occipital 
cortex, folloWed by a Wave of neuronal silence and dimin 
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ished evoked potentials that advance anteriorly across the 
surface of the cerebral cortex. Enhanced excitability of the 
occipital-cortex neurons has been proposed as the basis for 
CSD. The visual cortex may have a loWer threshold for 
excitability and therefore is most prone to CSD. Mitochon 
drial disorders, magnesium de?ciency and abnormality of 
presynaptic calcium channels may be responsible for neu 
ronal hyperexcitability (Welch, K. M. A., Pathogenesis of 
Migraine, Seminars in Neurobiology, vol. 17:4, 1997). Dur 
ing a spreading depression event, profound ionic perturba 
tions occur, Which include interstitial acidi?cation, extracel 
lular potassium accumulation and redistribution of sodium 
and chloride ions to intracellular compartments. In addition, 
prolonged glial sWelling occurs as a homeostatic response to 
altered ionic extracellular ?uid composition and interstitial 
neurotransmitter and fatty acid accumulation. Studies have 
shoWn that furosemide inhibits regenerative cortical spread 
ing depression in anaesthetiZed cats (Read, S. J. et al. 
Cephalagia, 17:826, 1997). 
[0013] A study of eighty-?ve patients With refractory 
transformed migraine type of chronic daily headache (CDH) 
concluded that acute headache exacerbations responded to 
speci?c anti-migraine agents such as ergotamine, dihydro 
ergotamine (DHE), and sumatriptan, and addition of agents 
such as acetaZolamide and furosemide, after diagnosis of 
increased intracranial pressure, resulted in better control of 
symptoms (MatheW, N. T. et al. Neurology 46:(5), 1226 
1230, May 1996). The authors note that these results suggest 
a link betWeen migraine and idiopathic intracranial hyper 
tension that needs further research. It has also been reported 
that furosemide appeared to abort prolonged visual auras in 
tWo migraine patients. The author speculated that furo 
semide may act to inhibit CSD activity. (RoZen, T. D. 
Neurology 55(5): 732-3, 2000). 
[0014] Drug therapy is tailored to the severity and fre 
quency of migraine headaches. For occasional attacks, abor 
tive treatment may be indicated, but for attacks occurring 
tWo or more times per month, or When attacks greatly impact 
the patient’s daily life, prophylactic therapy may be indi 
cated. Serotonin receptor agonists, such as sumatriptan, have 
been prescribed for abortive therapy. Serotonin receptor 
agonists are thought to constrict dilated arteries of the brain 
and thereby alleviate the associated pain. Side effects asso 
ciated With this therapy include tingling, diZZiness, Warm 
hot sensation, and injection-site reactions. Intravenous 
administration is contraindicated as a consequence of the 
potential for coronary vasopasms. Ergotamine-based drugs 
are classi?ed as vasoconstrictors that speci?cally counteract 
the dilation of some arteries and arterioles, primarily the 
branches of the external carotid artery. To prevent ergota 
mine rebound phenomena, ergotamine should not be 
repeated on the second or third day of a migraine attack. Yet, 
if the drug is stopped abruptly, the patient Will experience a 
severe rebound headache. Excessive consumption of ergota 
mines may cause symptoms of vasoconstriction, such as 
cold clammy extremities, and may lead to ergotism. 

[0015] Drugs used for prophylactic indications include 
andrenergic beta-blockers such as propranolol, calcium 
channel blockers, or loW-dose anti-epileptics. In particular, 
anti-epileptic drugs that increase brain levels of GABA, 
either by increasing GABA synthesis or reducing its break 
doWn, appear to be effective in preventing migraine in 
certain individuals. In some patients, tricyclic analgesics, 
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such as amitriptline, can be effective. NMDA receptor 
antagonist, acting at one of the glutamate receptor subtypes 
in the brain, inhibits CSD. Drugs or substances currently 
believed to function as Weak NMDA receptor antagonists 
include deXtromethoraphan, magnesium and ketamine. 
Intravenous magnesium has been successfully used to abort 
migraine attacks. 

NeurotoXicity 
[0016] Avariety of chemical and biological agents, as Well 
as some infectious agents, have neurotoXic effects. A com 
mon eXample is the pathophysiological effect of acute 
ethanol ingestion. Episodic ethanol intoXications and With 
draWals characteristic of binge alcoholism result in brain 
damage. Animal models designed to mimic the effects of 
alcohol in the human have demonstrated that a single dose 
of ethanol given for 5-10 successive days results in neuro 
degeneration in the entorhinal corteX, dentate gyrus and 
olfactory bulbs, accompanied by cerebrocortical edema and 
electrolyte (Na+ and K") accumulation. As With other neu 
rodegenerative conditions, research has focused primarily 
on synaptically based eXcitotoXic events involving excessive 
glutamatergic activity, increased intracellular calcium and 
decreased y-aminobutyric acid. Co-treatment of brain dam 
age induced by episodic alcohol eXposure With an NMDA 
receptor antagonist, Non-NMDA receptor and Ca2+ channel 
antagonists With furosemide reduces alcohol-dependent 
cerebrocortical damage by 75-85%, While preventing brain 
hydration and electrolyte elevations (Collins, M. et al, 
FASEB, vol. 12 February 1998). The authors observed that 
the results suggest that furosemide and related agents might 
be useful as neuroprotective agents in alcohol abuse. 

Cognition, Learning and Memory 
[0017] The cognitive abilities of mammals are thought to 
be dependent on cortical processing. It has generally been 
accepted that the most relevant parameters for describing 
and understanding cortical function are the spatio-temporal 
patterns of activity. In particular, long-term potentiation and 
long-term depression have been implicated in memory and 
learning and may play a role in cognition. Oscillatory and 
synchroniZed activities in the brains of mammals have been 
correlated With distinct behavioral states. 

[0018] Synchronization of spontaneous neuronal ?ring 
activity is thought to be an important feature of a number of 
normal and pathophysiological processes in the central 
nervous system. Examples include synchroniZed oscillations 
of population activity such as gamma rhythms in the neo 
corteX, Which are thought to be involved in cognition (Singer 
and Gray, 1995), and theta rhythm in hippocampus, Which is 
thought to play roles in spatial memory and in the induction 
of synaptic plasticity (Heurta and Lisman, Neuron. 1511053 
63, 1995; Heurta and Lisman, J. Neurophysiol. 75:877-84, 
1996; O’Keefe, Curr Opin. NeurobioL, 31917-24, 1993). To 
date, most research on the processes underlying the genera 
tion and maintenance of spontaneous synchroniZed activity 
has focused on synaptic mechanisms. HoWever, there is 
evidence that nonsynaptic mechanisms may also play impor 
tant roles in the modulation of synchroniZation in normal 
and pathological activities in the central nervous system. 

Screening of Candidate Compounds and Evaluating Treat 
ment Ef?cacy 

[0019] Drug development programs rely on in vitro 
screening assays and subsequent testing in appropriate ani 
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mal models to evaluate drug candidates prior to conducting 
clinical trials using human subjects. Screening methods 
currently used are generally dif?cult to scale up to provide 
the high throughput screening necessary to test the numer 
ous candidate compounds generated by traditional and com 
putational means. Moreover, studies involving cell culture 
systems and animal model responses frequently don’t accu 
rately predict the responses and side effects observed during 
human clinical trials. 

[0020] Conventional methods for assessing the effects of 
various agents or physiological activities on biological mate 
rials, in both in vitro and in vivo systems, generally are not 
highly sensitive or informative. For eXample, assessment of 
the effect of a physiological agent, such as a drug, on a 
population of cells or tissue groWn in culture, conventionally 
provides information relating to the effect of the agent on the 
cell or tissue population only at speci?c points in time. 
Additionally, current assessment techniques generally pro 
vide information relating to a single or a small number of 
parameters. Candidate agents are systematically tested for 
cytotoXicity, Which may be determined as a function of 
concentration. Apopulation of cells is treated and, at one or 
several time points folloWing treatment, cell survival is 
measured. CytotoXicity assays generally do not provide any 
information relating to the cause(s) or time course of cell 
death. 

[0021] Similarly, agents are frequently evaluated based on 
their physiological effects, for eXample, on a particular 
metabolic function or metabolite. An agent is administered 
to a population of cells or a tissue sample, and the metabolic 
function or metabolite of interest is assayed to assess the 
effect of the agent. This type of assay provides useful 
information, but it does not provide information relating to 
the mechanism of action, the effect on other metabolites or 
metabolic functions, the time course of the physiological 
effect, general cell or tissue health, or the like. 

[0022] US. Pat. Nos. 5,902,732 and 5,976,825, disclose 
methods for screening drug candidate compounds for anti 
epileptic activity using glial cells in culture by osomotically 
shocking glial cells, introducing a drug candidate, and 
assessing Whether the drug candidate is capable of abating 
changes in glial cell sWelling. These patents also disclose a 
method for screening drug candidate compounds for activity 
to prevent or treat symptoms of AlZheimer’s disease, or to 
prevent CNS damage resulting from ischemia, by adding a 
sensitiZation agent capable of inducing apoptosis and an 
osmotic stressing agent to CNS cells, adding the drug 
candidate, and assessing Whether the drug candidate is 
capable of abating cell sWelling. A method for determining 
the viability and health of living cells inside polymeric tissue 
implants is also disclosed, involving measuring dimensions 
of living cells inside the polymeric matriX, osmotically 
shocking the cells, and then assessing changes in cell 
sWelling. Assessment of cell sWelling activity is achieved by 
measuring intrinsic optical signals using an optical detection 
system. US. Pat. Nos. 6,096,510 and 6,319,682 disclose 
additional methods for screening drug candidate com 
pounds. 

SUMMARY OF THE INVENTION 

[0023] Selected treatment compositions and methods of 
the present invention are useful for treating central nervous 
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system conditions, including seizures and seizure disorders, 
epilepsy, including Status epilepticus, migraine headaches, 
other types of headaches, cortical spreading depression, 
intracranial hypertension, neuropsychiatric disorders, and 
central nervous system edema. Selected treatment compo 
sitions and methods of the present invention are also suitable 
for treating or protecting from the pathophysiological effects 
of neurotoxic agents such as ethanol and certain infectious 
agents, and for treating the pathophysiological effects of 
head trauma, stroke, ischemia and hypoxia. According to 
another embodiment, treatment agents and methods of the 
present invention improve function in certain cortical tissue, 
such as in cortical centers of cognition, learning and 
memory. Additionally, treatment agents and methods of the 
present invention are useful for treating pain by affecting or 
modulating the conduction of impulses associated With pain 
in the peripheral nervous system. Treatment compositions 
and methods of the present invention may be used thera 
peutically and episodically folloWing the onset of symp 
toms, or prophylactically prior to the onset of speci?c 
symptoms, and are suitable for both human and veterinary 
applications. 
[0024] Methods and compositions of the present inven 
tion, in one aspect, involve treatment of various conditions 
of the central and peripheral nervous systems via non 
synaptic mechanisms and, more speci?cally, by modulating, 
generally reducing, the synchronization of neuronal popu 
lation activity. According to a preferred embodiment, the 
synchronization of neuronal population activity is modu 
lated by manipulating anionic concentrations and gradients 
in the central and/or peripheral nervous systems. Ion depen 
dent cotransporter antagonists are suitable treatment com 
positions, anion cotransporter antagonists are preferred 
treatment compositions, and cation-chloride cotransporter 
antagonists are especially preferred treatment compositions. 
According to one embodiment, Na", K", 2C1- chloride 
cotransporter antagonists are especially preferred treatment 
agents for modulating the synchronization of neuronal popu 
lation activity. Anion cotransporter antagonists are useful for 
treating conditions such as seizures, epilepsy and status 
epilepticus, cortical spreading depression, migraine and 
other types of headaches, intracranial hypertension, neurop 
sychiatric disorders, central nervous system edema, for 
treating or protecting from the pathophysiological effects of 
neurotoxic agents such as ethanol and certain infectious 
agents, and for reducing the perception of pain. Chloride 
cotransporter agonists are preferred treatment agents, and 
cation-chloride cotransporter agonists are especially pre 
ferred treatment agents for improving function in cortical 
areas associated With cognition, learning and memory, for 
example. 
[0025] Reference to the preferred methods and anion 
cotransporter antagonist treatment agents of the present 
invention using “non-synaptic” mechanisms means that 
mechanisms associated With neuronal excitability, such as 
the release or activity of transmitters, or the release or 
activity of inhibitors, are not substantially affected by the 
methods or administration of anion cotransporter antagonist 
treatment agents of the present invention. For example, use 
of methods or administration of an anion cotransporter 
antagonist treatment agent of the present invention produces 
no more than a 30% change in the release or activity of 
excitatory or inhibitory transmitters, compared as pre-ad 
ministration and post-administration levels or activities. 
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Similarly, ion channels and receptors are not directly 
affected by methods and anion cotransporter antagonist 
treatment agents of the present invention. Rather, the meth 
ods and anion cotransporter antagonist treatment agents of 
the present invention affect the synchronization, or relative 
synchrony, of neuronal population activity. Preferred meth 
ods and anion cotransporter antagonist treatment agents of 
the present invention modulate the extracellular anionic 
chloride concentration and/or the gradients in the central or 
peripheral nervous system to modulate (reduce) neuronal 
synchronization, or relative synchrony, Without substantially 
affecting neuronal excitability. Combination of an ion-de 
pendent iotransporter antagonist With another treatment 
agent, as described beloW, may involve both synaptic and 
non-synaptic mechanisms. 

[0026] One aspect of the present invention relates to 
treatment agents and methods for modulating the synchro 
nization of neuronal discharges by diminishing or eliminat 
ing hypersynchronization of neuronal population activity 
associated With seizures, migraine headaches, cortical 
spreading depression, and other pathophysiologies of the 
central nervous system. In one embodiment, the treatment 
composition is capable of modulating the anion concentra 
tion, preferably the chloride concentration, in the extracel 
lular space in the central nervous system. In a preferred 
embodiment, the treatment agent is a chloride cotransporter 
antagonist. In another preferred embodiment, the treatment 
agent is a cation chloride cotransporter antagonist, and in an 
especially preferred embodiment, the treatment composition 
is a glial cell Na”, K", 2C1“ cotransporter antagonist. 
According to yet another preferred embodiment, the treat 
ment agent has a high level of cation-chloride cotransporter 
antagonist activity in glial cells, and has a loWer level of 
ion-dependent cotransporter activity in neuronal and kidney 
cells. Preferred agents for treatment of central nervous 
system conditions are preferably capable of crossing the 
blood brain barrier, or are administered using delivery 
systems that facilitate delivery of agents to the central 
nervous system. Various blood brain barrier (BBB) perme 
ability enhancers can be used, if desired, to transiently and 
reversibly increase the permeability of the blood brain 
barrier to an ion dependent cotransporter antagonist. Such 
BBB permeability enhancers may include leukotrienes, 
bradykinin agonists, histamine, tight junction disruptors 
(e.g., zonulin, zot), hyperosmotic solutions (e.g., mannitol), 
cytoskeletal contracting agents, short chain alkylglycerols 
(e.g., l-O-pentylglycerol), and others. In general, loop 
diuretics, such as furosemide, bumetanide, ethacrinic acid, 
and the like, as Well as thiazide and thiazide-like diuretics, 
exhibit ion-dependent cotransporter antagonist activity and 
are suitable for use as treatment compositions of the present 
invention. Although such loop diuretics produce the desired 
modulation of the extracellular anionic chloride concentra 
tions and ionic gradients and, hence, modulation of synchro 
nization of neuronal population activity, they may also 
produce other, undesired effects. Furosemide, for example, 
acts as a cation-chloride cotransporter antagonist in both 
glial and neuronal cells, as Well as in the kidney. Especially 
preferred treatment agents of the present invention, exhib 
iting ion-dependent cotransporter antagonist activity, exhibit 
a high degree of activity in glial cell populations, and exhibit 
a lesser degree of activity in neuronal and renal cell popu 
lations. 
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[0027] In another aspect, methods and compositions of the 
present invention involve the use of combinations of agents, 
particularly the combination of an agent employing a non 
synaptic mechanism, such as an ion-dependent cotransporter 
antagonist, With one or more agents employing one or more 

traditional treatment mechanism(s). Methods for treating 
seiZure disorders and status epilepticus involve administer 
ing an ion-dependent cotransporter antagonist, preferably a 
cation-chloride cotransporter antagonist, in combination 
With another treatment agent. Furosemide and other loop 
diuretics, as Well as thiaZide and thiaZide-like diuretics, are 
suitable cation-chloride cotransporter antagonists. Experi 
mental studies have shoWn that furosemide treatment pro 
duces a transient and early increase in synchroniZation of 
neuronal population activity, folloWed by a persistent and 
complete disruption of the hypersynchroniZation character 
istic of epileptiform activity. Treatment of status epilepticus, 
according to one embodiment of the present invention, 
involves administration of an agent that affects the synchro 
niZation, or relative synchrony, of neuronal population activ 
ity, such as an ion-dependent cotransporter antagonist, pref 
erably a cation-chloride cotransporter antagonist such as 
furosemide or a furosemide-related compound, or thiaZide 
or thiaZide-like compound, in combination With another 
agent that may affect a synaptic mechanism, such as a 
barbiturate, that is capable of treating the symptoms asso 
ciated With the transient and early increase in synchroniZa 
tion of neuronal population activity observed upon admin 
istration of an ion-dependant cotransporter antagonist. In 
one embodiment, the above-mentioned combination therapy 
Will include the acute administration of a pharmaceutically 
acceptable hyperosmotic agent, such as mannitol, for 
enhanced effect. 

[0028] In another embodiment, materials and methods of 
the present invention are used to treat migraine headaches 
and its precursor condition, cortical spreading depression 
(CSD), as Well as other types of head ache conditions. 
During spreading depression, profound ionic perturbations 
occur, Which include interstitial acidi?cation, extracellular 
potassium accumulation and redistribution of sodium and 
chloride ions to intracellular compartments. In addition, 
prolonged glial sWelling occurs as a homeostatic response to 
altered ionic extracellular ?uid composition and interstitial 
neurotransmitter and fatty acid accumulation. Materials and 
methods of the present invention inhibit the generation and 
duration of CSD by blocking the inWard sodium-dependent 
movement of chloride ions mediated by the chloride-depen 
dent cotransporters. Treatment compositions of the present 
invention for treating migraine headaches and cortical 
spreading depression comprise cation-chloride cotransporter 
antagonists, such as furosemide, furosemide-like com 
pounds, thiaZide and thiaZide-like diuretic compounds. 
According to a preferred embodiment, agents and methods 
of the present invention for treating migraine headaches and 
cortical spreading depression preferentially act on the Na", 
K", 2C1“ chloride-dependent cotransport system of glial 
cells and have reduced activity on the chloride-dependent 
cotransport systems of other cell types, particularly neurons 
and renal cells. Treatment compositions comprising cation 
chloride cotransporter antagonists may also be administered, 
in combination With other compositions, to treat or prevent 
various headache conditions, as described in greater detail 
beloW. BBB permeability enhancers may also be used. 
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[0029] Methods and treatment compositions for treating 
seiZures and seiZure disorders, epilepsy, migraine and other 
headaches, cortical spreading depression, intracranial hyper 
tension, neuropsychiatric disorders, and for treating or pro 
tecting from the pathophysiological effects of neurotoxic 
agents, head trauma, stroke, ischemia and hypoxia involve 
modulating the synchroniZation of neuronal population 
activity, preferably by modulating ion gradients in the cen 
tral nervous system. Ion-dependent cotransporter antago 
nists are preferred treatment compositions, and cation-chlo 
ride cotransporter antagonists are especially preferred 
treatment compositions. Loop diuretics, loop-diuretic-re 
lated compounds, thiaZides and thiaZide-like diuretics are 
suitable ion-dependent cotransporter antagonists. Also con 
templated for use in combination With ion-dependent 
cotransporter antagonists is a pharmaceutically acceptable 
hyperosmotic agent, such as hypertonic saline or mannitol. 
The combination is expected to be particularly efficacious 
for reducing brain sWelling in traumatic head injury and 
cerebral edema, and is potentially useful as Well for pre 
venting the onset of convulsions in term infants With 
hypoxic-ischemic encephalopathy. If the ion-dependent 
cotransporter antagonist treatment composition has activity, 
for example, With respect to glial cells, but has loWer or 
substantially no activity With respect to neuronal cells, it is 
suitable for administration alone. If the ion-dependent 
cotransporter antagonist treatment composition has activity 
With respect to neuronal as Well as other types of cells, it is 
preferably administered in combination With another agent, 
such as conventional anti-epileptic or anti-convulsant agent. 

[0030] Yet another aspect of the present invention 
involves treatment of neurotoxicity attributable to a variety 
of chemical and biological agents, as Well as some infectious 
agents. Compositions and methods of the present invention 
are especially effective in reducing the neurodegenerative 
effects of acute ethanol ingestion. Additionally, composi 
tions of the present invention may be administered prophy 
lactically to protect cortical tissue from the effects of neu 
rotoxicity attributable, for example, to acute ethanol 
ingestion. Treatment compositions of the present invention 
for treating, or for prophylactic administration to protect 
from neurotoxicity, comprise ion-dependent cotransporter 
antagonists, preferably cation-chloride cotransporter antago 
nists. According to a preferred embodiment, agents and 
methods of the present invention for protecting from neu 
rotoxicity preferentially act on the Na”, K", 2C1“ chloride 
dependent cotransport system of glial cells and have reduced 
activity on the chloride-dependent cotransport systems of 
other cells types, such as neurons and renal cells. 

[0031] Another aspect of the present invention relates to 
methods and agents for relieving pain, or the perception of 
pain, by effecting or modulating propagation of action 
potentials or conduction of impulses in certain nerve ?bers, 
particularly unmyelinated ?bers, in the peripheral nervous 
system. More speci?cally, changes in extracellular ionic 
concentrations and ionic gradients in cells in the peripheral 
nervous system, affected by ion-dependent cotransporters, 
diminishes the perception or sensation of pain. Agents of the 
present invention for treating, or for prophylactic adminis 
tration to protect from pain, ion-dependent chloride cotrans 
porter antagonists, preferably cation-chloride transporter 
antagonists, that modulate the extracellular ionic concentra 
tion and/or the ionic gradients in the peripheral nervous 
system. According to a preferred embodiment, compositions 
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of the present invention for treating pain preferentially act 
on the cation-chloride cotransport system of glial cells, or 
SchWantZ cells, and have reduced activity on the chloride 
dependent cotransport systems of other types of cells, such 
as neurons and renal cells. 

[0032] Yet another aspect of the present invention relates 
to methods and agents for enhancing the function of certain 
cortical functions, such as, cognitive, learning and memory. 
Enhanced synchroniZation of neuronal population activity 
improves function in centers associated With cognitive abili 
ties, learning and memory in central nervous system cortex. 
Treatment compositions and methods of the present inven 
tion for enhancing cognitive, learning and memory functions 
involve modulating the synchroniZation and timing of neu 
ronal population activity, preferably by enhancing synchro 
niZation and coordinating timing. According to one embodi 
ment, enhancement of synchroniZation is achieved by 
administering an agent capable of modulating extracellular 
anionic chloride concentrations and ionic gradients in the 
brain. Ion-dependent cotransporter agonists are preferred 
treatment agents, and cation-chloride cotransporter agonists 
are especially preferred. Methods for screening candidate 
compounds for ion-dependent cotransporter agonist activity 
are also provided. 

[0033] Screening methods and systems for identifying 
treatment agents of the present invention preferably employ 
optical, or spectroscopic, detection techniques to assess the 
physiological state of biological materials including cells, 
tissues, organs, subcellular components and intact organ 
isms. The biological materials may be of human, animal, or 
plant origin, or they may be derived from any such materials. 
Static and dynamic changes in the geometrical structure 
and/or intrinsic optical properties of the biological materials 
in response to the administration of a physiological chal 
lenge or a test agent, are indicative and predictive of changes 
in the physiological state or health of the biological material. 
Detailed descriptions of the screening methods are provided 
in US. Pat. Nos. 6,096,510, and 6,319,682, Which are 
incorporated herein by reference in their entireties. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] FIGS. 1A, 1A, 1B, 1B1, 1C, 1C1 and 1D shoW the 
effect of furosemide on stimulation evoked after discharge 
activity in rat hippocampal slices. 

[0035] FIGS. 2A-2R shoW furosemide blockade of spon 
taneous epileptiform burst discharges across a spectrum of 
in vitro models. 

[0036] FIGS. 3A-3H shoW furosemide blockade of kainic 
acid-evoked electrical “status epilepticus” in urethane-anes 
thetiZed rats, With EKG recordings shoWn in the upper traces 
and cortical EEG recordings shoWn in the bottom traces. 

[0037] FIGS. 4A and 4B shoW a schematic diagram of ion 
cotransport under conditions of reduced chloride concentra 
tion. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0038] Preferred ion-dependent cotranporter antagonist 
treatment agents and methods of the present invention, for 
use in treating seiZures and other pathophysiological disor 
ders of the central nervous system, modulate or disrupt the 
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synchrony of neuronal population activity in areas of height 
ened synchroniZation, such as epileptic foci. As described in 
detail beloW and illustrated in the examples, movement of 
ions and modulation of ionic gradients by means of ion 
dependent cotransporters, preferably cation-chloride depen 
dent cotranporters, is critical to regulation of neuronal 
synchroniZation. Chloride cotransport function has long 
been thought to be directed primarily to movement of 
chloride out of cells. The sodium independent transporter, 
Which has been shoWn to be neuronally localiZed, moves 
chloride ions out of neurons. Blockade of this transporter, 
such as by administration of the loop diuretic furosemide, 
leads to hyperexcitability, Which is the short-term response 
to cation-chloride cotransporters such as furosemide. HoW 
ever, the long-term response to furosemide demonstrates 
that the inWard, sodium-dependent movement of chloride 
ions, mediated by the glial associated Na”, K", 2C1“ cotrans 
porter, plays an active role in blocking neuronal synchroni 
Zation, and hence seiZure, Without affecting excitability and 
stimulus-evoked cellular activity. 

[0039] Compositions of the subject invention are suitable 
for human and veterinary applications and are preferably 
delivered as pharmaceutical compositions. Pharmaceutical 
compositions comprise one or more treatment agents and a 
physiologically acceptable carrier. Pharmaceutical compo 
sitions of the present invention may also contain other 
compounds, Which may be biologically active or inactive. 
For example, one or more compounds from the class of 
chloride cotransporter agonists or antagonists may be com 
bined With another agent, in a treatment combination, and 
administered according to a treatment regimen of the present 
invention. Such combinations may be administered as sepa 
rate compositions, or may be combined for delivery in a 
complementary delivery system, or may be formulated in a 
combined composition, such as a mixture or a fusion com 
pound. Additionally, the aforementioned treatment combi 
nation may include a BBB permeability enhancer and/or a 
hyperosmotic agent. 
[0040] While any suitable carrier knoWn to those of ordi 
nary skill in the art may be employed in the pharmaceutical 
compositions of this invention, the preferred carrier depends 
upon the preferred mode of administration. Compositions of 
the present invention may be formulated for any appropriate 
mode of administration, including for example, topical, oral, 
nasal, rectal, intravenous, intracranial, spinal tap, intraperi 
toneal, transdermal, subcutaneous or intramuscular admin 
istration. For parenteral administration, such as by subcuta 
neous injection, the carrier preferably comprises Water, 
saline, glycerin, propylene glycol, alcohol, a fat, a Wax 
and/or a buffer. For oral administration, any of the above 
carriers, or a solid carrier such as mannitol, lactose, starch, 
magnesium stearate, sodium lauryl sulphate, lactose, sodium 
citrate, calcium carbonate, calcium phosphate, silicates, 
polyethylene glycol, sodium saccharine, talcum, cellulose, 
glucose, sucrose, dyes, and magnesium carbonate, may be 
employed. For rectal administration, an aqueous gel formu 
lation, or other suitable formulations that are Well knoWn in 
the art may be administered. Solid compositions may also be 
employed as ?llers in soft and hard ?lled gelatin capsules. 
Preferred materials for this include lactose or mild sugar and 
high molecular Weight polyethylene glycols. When aqueous 
suspensions or elixirs are desired for oral administration, the 
essential active ingredient therein may be combined With 
various sWeetening or ?avoring agents, coloring matter or 
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dyes and, if desired, emulsifying or suspending agents, 
together With diluents such as Water, ethanol, propylene 
glycol, glycerin and combinations thereof. 

[0041] Local intracerebral administration, Which reduces 
systemic distribution of the treatment cornposition(s), may 
be provided by perfusion via a mechaniZed delivery system, 
such as an osmotic pump, or by implantation of a dosage of 
the treatment cornposition(s) incorporated in a non-reactive 
carrier to provide controlled diffusion of the treatment 
composition over a time course to a circumscribed region of 
the brain. Other types of time release formulations may also 
be implemented. Additionally, direct intrathecal injection or 
administration into the cerebral spinal ?uid via the spinal 
cord by injection, osmotic pump or other means is preferred 
for certain applications. 

[0042] The compositions described herein may be admin 
istered as part of a sustained release formulation. Such 
formulations may generally be prepared using Well-known 
technology and administered by, for example, oral, rectal or 
transdermal delivery systems, or by implantation of a for 
mulation or therapeutic device at one or more desired target 
site(s). Sustained-release formulations may contain a treat 
ment composition comprising an ion-dependent cotrans 
porter agonist or antagonist alone, or in combination With a 
second treatment agent, dispersed in a carrier matrix and/or 
contained Within a reservoir surrounded by a rate controlling 
membrane. Carriers for use Within such formulations are 
biocompatible, and may also be biodegradable. According to 
one embodiment, the sustained release formulation provides 
a relatively constant level of active composition release. 
According to another embodiment, the sustained release 
formulation is contained in a device that may be actuated by 
the subject or medical personnel, upon onset of certain 
symptoms, for example, to deliver predetermined dosages of 
the treatment composition. The amount of the treatment 
composition contained Within a sustained release formula 
tion depends upon the site of implantation, the rate and 
expected duration of release, and the nature of the condition 
to be treated or prevented. 

[0043] Compositions of the present invention for treat 
ment of cortical disorders or conditions, such as seiZures, 
seiZure disorders, epilepsy, status epilepticus, migraine, 
spreading depression, and other conditions characteriZed by 
synchroniZed neuronal population activity, as Well as intrac 
ranial hypertension, central nervous system edema, neuro 
toxicity, and the like, are preferably administered using a 
formulation and a route of administration that facilitates 
delivery of the treatment cornposition(s) to the central 
nervous system. Treatment compositions, such as ion-de 
pendent cotransporter antagonists, preferably cation-chlo 
ride cotransporter antagonists, may be formulated to facili 
tate crossing of the blood brain barrier as described above, 
or may be co-administered With an agent that crosses the 
blood brain barrier. Treatment compositions may be deliv 
ered in liposome formulations, for example, that cross the 
blood brain barrier, or may be co-administered With other 
compounds, such as bradykinins, bradykinin analogs or 
derivatives, or other compounds, such as SERAPOR TM, 
that cross the blood brain barrier. Alternatively, treatment 
compositions of the present invention may be delivered 
using a spinal tap that places the treatment composition 
directly in the circulating cerebrospinal ?uid. For some 
treatment conditions, such as chronic epilepsy, episodic 
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seiZures, and during some episodes of spreading depression 
and migraine headache, there may be transient or permanent 
breakdowns of the blood brain barrier and specialiZed for 
mulation of the treatment composition to cross the blood 
brain barrier may not be necessary. 

[0044] Routes and frequency of administration of the 
therapeutic compositions disclosed herein, as Well as dos 
ages, vary according to the indication, and from individual 
to individual, and may be readily determined by a physician 
from information that is generally available and by moni 
toring patients and adjusting the dosages and treatment 
regimen accordingly using standard techniques. In general, 
appropriate dosages and treatment regimen provide the 
active cornposition(s) in an amount sufficient to provide 
therapeutic and/or prophylactic bene?t. Dosages and treat 
ment regimen may be established by monitoring improved 
clinical outcomes in treated patients as compared to non 
treated patients. A therapeutically effective dose is an 
amount of a compound that, When administered as described 
above, produces a therapeutic response in a patient. Thera 
peutically effective dosages and treatment regimen Will 
depend on the condition, the severity of the condition, and 
the general state of the patient being treated. Since the 
pharmacokinetics and pharmacodynamics of the treatment 
compositions of the present invention vary in different 
patients, a preferred method for determining a therapeuti 
cally effective dosage in a patient is to gradually escalate the 
dosage and monitor the clinical and laboratory indicia. For 
combination therapy, the tWo or more agents are coadmin 
istered such that each of the agents is present in a therapeu 
tically effective amount for sufficient time to produce a 
therapeutic or prophylactic effect. The term “coadministra 
tion” is intended to encompass simultaneous or sequential 
administration of tWo or more agents in the same formula 
tion or unit dosage form or in separate formulations. Appro 
priate dosages and treatment regimen for treatment of acute 
episodic conditions, chronic conditions, or prophylaxis Will 
necessarily vary to accommodate the condition of the 
patient. 
[0045] Apharmaceutical preparation of the present inven 
tion may be administered alone or, optionally, in combina 
tion With one or more additional treatment agents. In com 

bination treatment for seiZures and seiZure-related disorders, 
such as epilepsy, treatment compositions of the present 
invention comprising an ion-dependent cotransporter 
antagonist, preferably a cation-chloride cotransporter 
antagonist, are administered in combination With one or 
more anti-convulsants or anti-epileptic drugs, and preferably 
With a BBB permeability enhancer and/or a hyperosmotic 
agent using a delivery system that delivers the treatment 
cornposition(s) to the central nervous system. Often the dose 
of the anti-convulsant or anti-epileptic drug may be less than 
the standard dosage as a consequence of the neurophysi 
ological activity of the ion-dependent cotransporter antago 
nist. Illustrative compositions for treatment in combination 
With the subject compositions comprising ion-dependent 
antagonists, include, for example, phenyloin, carbam 
aZepine, barbiturates, phenobarbital, pentobarbital, 
mephobarbital, trimethadione, mephenyloin, paramethadi 
one, phenthenylate, phenacemide, metharbital, benZchlor 
propanmide, phensuximide, primidone, methsuximide, 
ethotoin, aminoglutethimide, diaZepam, clonaZepam, clo 
raZepate, fosphenyloin, ethosuximide, valporate, felbamate, 
gabapentin, lamotrigine, topiramate, vigrabatrin, tiagabine, 
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Zonisamide, clobaZam, thiopental, midaZoplam, propofol, 
levetiracetam, oxcarbaZepine, CCPene, GYK152466 and 
sumatriptan. As can be readily appreciated, the above-noted 
compounds are only examples of suitable treatment combi 
nations, and other compounds or similar classes of com 
pounds are also suitable. 

[0046] In one preferred embodiment for treating status 
epilepticus, a treatment composition of the present invention 
having ion-dependent cotransporter antagonist activity, pref 
erably cation-chloride cotransporter activity, such as furo 
semide or another loop diuretic, is administered in combi 
nation With an anti-seiZure agent, such as a barbiturate. 
Preferably, a hyperosmotic agent such as mannitol Will also 
be administered, preferably as a bolus iv infusion into the 
internal carotid or vertebral artery (e.g., 0.25-1 gm/kg body 
Weight infused over 10-30 minutes). For reducing intracra 
nial pressure, the serum osmolality should not be greater 
than 320 mOsm/L serum. In this treatment regimen, the 
barbiturate, or another anti-seiZure agent acts, via synaptic 
mechanisms, to damp the hyperexcitability of the neuronal 
population activity and to treat the symptoms of the seiZure. 
The ion-dependent cotransporter antagonist acts, via non 
synaptic mechanisms, to damp the hypersynchroniZation of 
neuronal population activity in the area of the seiZure 
activity. This combination of treatment compositions may be 
administered on an emergency basis for treatment of status 
epilepticus and may be administered using a variety of 
delivery techniques that deliver the treatment compositions 
to the central nervous system. 

[0047] The present invention thus contemplates treatment 
regimen involving administration of a combination of one or 
more ion-dependent cotransporter antagonist(s), preferably 
one or more cation-chloride transporter antagonists, such as 
furosemide, furosemide-related compounds, loop diuretics, 
thiaZides and thiaZide-related compounds, With one or more 
anti-seiZure agent(s) selected, for example, from the folloW 
ing: phenyloin, carbamaZepine, barbiturates, phenobarbital, 
pentobarbital, mephobarbital, trimethadione, mephenyloin, 
paramethadione, phenthenylate, phenacemide, metharbital, 
benZchlorpropanmide, phensuximide, primidone, methsux 
imide, ethotoin, aminoglutethimide, diaZepam, clonaZepam, 
cloraZepate, fosphenyloin, ethosuximide, valporate, felbam 
ate, gabapentin, lamotrigine, topiramate, vigrabatrin, tiaga 
bine, Zonisamide, clobaZam, thiopental, midaZoplam, pro 
pofol, levetiracetam, oxcarbaZepine, CCPene, GYK152466 
and sumatriptan. The present invention also contemplates a 
combination comprising one or more chloride cotransporter 
antagonists With one or more anti-convulsant, or anti-sei 
Zure, agents. According to one embodiment, the combina 
tion comprises a preselected dosage of one or more anti 
convulsant or anti-seiZure agents sufficient to reduce 
hyperexcitability for a period of tWo hours or less, With a 
preselected dosage of one or more anion-dependent cotrans 
porter antagonists sufficient to reduce hypersynchroniZation 
of neuronal population activity for a period of tWo hours or 
more. In another embodiment, the combination comprises a 
hyperosmotic agent, one or more cation chloride cotrans 
porter antagonists and one or more anti-convulsant or anti 
seiZure agents. In yet another embodiment, the combination 
comprises a BBB permeability enhancer, one or more cation 
chloride cotransporter antagonists and one or more anti 
convulsant or anti-seiZure agents. In another embodiment, 
the combination comprises a BBB permeability enhancer, a 
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hyperosmotic agent, one or more cation chloride cotrans 
porter antagonists and one or more anti-convulsant or anti 
seiZure agents. 

[0048] According to a preferred embodiment, the present 
invention contemplates a container having a combination of 
preselected dosages of furosemide, a furosemide-like com 
position, another loop diuretic, thiaZide or a thiaZide-like 
composition, or another ion-dependent cotransporter 
antagonist, With an anti-seiZure or anti-convulsive agent, 
such as a barbiturate. The combination may also comprise a 
BBB permeability enhancer and/or a hyperosmotic agent. 
The term “container” contemplates packets, jars, vials, 
bottles and other containers for treatment compositions in a 
solid or particulate delivery system, as Well as syringes and 
other liquid containment means, such as various types of 
bags, vials, bottles, and the like, having contained therein, 
preselected dosages of the combination agents of the present 
invention. The combination may be packaged and adminis 
tered such that each composition of the combination is 
packaged and administered separately, or, the compositions 
may be packaged and administered as a mixture for simul 
taneous administration. The present invention also contem 
plates an emergency or surgical suite in a hospital, clinic, 
mobile unit, or the like, equipped With one or more con 
tainers having a combination of preselected dosages of an 
ion-dependent cotransporter antagonist With an anti-convul 
sant or anti-epileptic agent. 

[0049] Treatment compositions of the present invention 
for treating migraine headaches, cortical spreading depres 
sion and other headache conditions comprise an ion-depen 
dent cotransporter antagonist, preferably a cation-chloride 
cotransporter antagonist, optionally in combination With one 
or more other therapeutic compositions. The ion-dependent 
cotransporter antagonist may be administered either together 
or in conjunction With other treatment modalities, or sepa 
rately, for example at different times or using different 
delivery techniques. Often the dose of a conventional treat 
ment composition for migraine or spreading depression may 
be reduced to less than a standard dosage When the treatment 
is combined With administration of an ion-dependent 
cotransporter antagonist. 

[0050] The present invention thus contemplates regimen 
for treating migraine headaches, cortical spreading depres 
sion and other headache conditions, and symptoms of such 
conditions, involving administration of a combination of one 
or more ion-dependent cotransporter antagonist(s), selected, 
for example, from one of the folloWing: furosemide or a 
furosemide-related compound, other loop diuretics and loop 
diuretic-related compounds, thiaZide and thiaZide-like 
diuretics, including, for example, bendoro?umethiaZide, 
benZthiaZide, chlorothiaZide; hydrochlorothiaZide, hydrof 
lumethiaZide, methclothiaZide, polythiaZide, trichlormethi 
aZide, chlorthalidone, indapamide, metolaZone and quinet 
haZone. A prophylactic or therapeutic treatment regimen 
may also contemplate administration of one or more ion 
dependent cotransporter antagonist(s) With one or more 
agent(s) selected, for example, from one of the folloWing: 
non-steroidal anti-in?ammatory drugs, neuroleptics, corti 
costeroids, vasoconstrictors, beta-blockers, antidepressants, 
anticonvulsants, particularly Depakote, Ergot alkaloids, 
tryptans, Acetaminophen, caffeine, Ibuprofen, Proprox 
yphene, oxycodone, codeine, isometheptene, serotonin 
receptor agonists, ergotamine, dihydroergotamine, 
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sumatriptan, propranolol, metoprolol, atenolol, timolol, nad 
olol, nifeddipine, nimodipine, verapamil, aspirin, ketopro 
fen, tofenamic acid, mefenamic acid, naproxen, methyser 
gide, paracetamol, clonidine, lisuride, ipraZochrome, 
butalbital, benZodiaZepines, and divalproex sodium. As can 
be readily appreciated, the above-noted compounds are only 
examples of suitable combined treatments and other com 
pounds or similar classes of compounds are equally suitable 
(e.g., combinations of the above agents With an anti-emetic 
and/or a nonsteroidal anti-in?ammatory drug). Another 
embodiment of the present invention involves administra 
tion of an ion-dependent cotransporter antagonist, as 
described above, in combination With: one or more addi 
tional agents, as described above, With a BBB opener, or 
permeability enhancer, and/or a hyperosmotic agent. This 
combination is useful prophylactically, to prevent migraine 
aura from developing, and therapeutically, to reverse pro 
longed aura and treat migraine headache. 

[0051] According to a preferred embodiment, the present 
invention contemplates a container having a combination of 
preselected dosages of furosemide, a furosemide-like com 
position, another loop diuretic, thiaZide or a thiaZide-like 
composition, or another ion-dependent cotransporter 
antagonist, as described, With another agent selected from 
the group consisting of: non-steroidal anti-in?ammatory 
drugs, neuroleptics, corticosteroids, vasoconstrictors, beta 
blockers, antidepressants, anticonvulsants, particularly 
Depakote, Ergot alkaloids, tryptans, Acetaminophen, caf 
feine, Ibuprofen, Proproxyphene, oxycodone, codeine, 
isometheptene, serotonin receptor agonists, ergotamine, 
dihydroergotamine, sumatriptan, propranolol, metoprolol, 
atenolol, timolol, nadolol, nifeddipine, nimodipine, vera 
pamil, aspirin, ketoprofen, tofenamic acid, mefenamic acid, 
naproxen, methysergide, paracetamol, clonidine, lisuride, 
ipraZochrome, butalbital, benZodiaZepines, and divalproex 
sodium. The combination may also comprise a BBB per 
meability enhancer and/or a hyperosmotic agent. The term 
“container” contemplates packets, jars, vials, bottles and 
other containers for treatment compositions in a solid or 
particulate delivery system, as Well as syringes and other 
liquid containment means, such as various types of bags, 
vials, bottles, and the like, having contained therein, prese 
lected dosages of the combination agents of the present 
invention. The combination may be packaged and adminis 
tered such that each composition of the combination is 
packaged and administered separately, or, the compositions 
may be packaged and administered as a mixture for simul 
taneous administration. The present invention also contem 
plates an emergency or surgical suite in a hospital, clinic, 
mobile unit, or the like, equipped With one or more con 
tainers having a combination of preselected dosages of an 
ion-dependent cotransporter antagonist With one or more of 
the additional agents described above. 

[0052] Treatment compositions of the present invention 
for treating intracranial hypertension, neuropsychiatric dis 
orders, central nervous system edema, and for treating or 
protecting from neurotoxicity resulting from exposure to 
neurotoxic agents such as ethanol, infectious agents, and the 
like, comprise an ion-dependent cotransporter antagonist. 
The treatment composition may optionally be administered 
in combination With one or more other therapeutic compo 
sitions. Delivery systems providing delivery of the ion 
dependent cotransporter antagonist composition to the cen 
tral nervous system are preferred. 
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[0053] Treatment compositions of the present invention 
for reducing pain comprise an ion-dependent cotransporter 
antagonist, preferably a cation-chloride cotransporter 
antagonist, optionally in combination With one or more other 
therapeutic compositions. Such treatment compositions 
preferably do not have the ability to cross the blood brain 
barrier and circulate in the peripheral nervous system only. 
Delivery systems providing delivery of the ion-dependent 
cotransporter antagonist composition to the peripheral ner 
vous system are preferred. 

[0054] Treatment compositions of the present invention 
for enhancing cortical function in regions such as cognitive, 
learning and memory centers comprise an ion-dependent 
cotransporter agonist, preferably a cation-chloride cotrans 
porter agonist, optionally in combination With one or more 
other therapeutic compositions. Suitable delivery systems 
provide delivery of the ion-dependent cotransporter agonist 
treatment composition preferentially to the central nervous 
system, and more preferably to localiZed cortical centers of 
cognition, learning and/or memory. 

[0055] Methods and systems of the present invention may 
also be used to evaluate candidate compounds and treatment 
regimen for diagnosis and treatment of various disorders and 
conditions. Various techniques for generating candidate 
compounds potentially having the desired ion-dependent 
cotransporter agonist or antagonist activity may be 
employed. Candidate compounds may be generated using 
Well knoWn combinatorial chemistry or molecular modeling 
techniques starting With knoWn ion-dependent cotransporter 
antagonists, such as loop diuretics, including furosemide, 
bumetanide, ethacrinic acid, and the like, and related com 
pounds, and modifying those compounds in Ways that Would 
be expected to confer the desired activities and speci?cities. 
Similarly, candidate chloride cotransporter agonist com 
pounds may be generated using combinatorial chemistry 
techniques or molecular modeling techniques starting With 
knoWn ion-dependent cotransporter agonists, and related 
compounds, and modifying those compounds in Ways that 
Would be expected to confer the desired activities and 
speci?cities. Methods for screening candidate compounds 
for desired activities are described in US. Pat. Nos. 5,902, 
732, 5,976,825, 6,096,510 and 6,319,682, Which are incor 
porated herein by reference in the entireties. 

[0056] Candidate compounds may be screened for chlo 
ride cotransporter agonist and/or antagonist activity using 
screening methods of the present invention With various 
types of cells in culture such as glial cells, neuronal cells, 
renal cells, and the like, or in situ in animal models. 
Screening techniques to identify chloride cotransporter 
antagonist activity, for example, may involve altering the 
ionic balance of the extracellular space in the tissue culture 
sample, or in situ in an animal model, by producing a higher 
than “normal” anionic chloride concentration. The geometri 
cal and/or optical properties of the cell or tissue sample 
subject to this altered ionic balance are determined, and 
candidate agents are administered. FolloWing administration 
of the candidate agents, the corresponding geometrical and/ 
or optical properties of the cell or tissue sample are moni 
tored to determine Whether the ionic imbalance remains, or 
Whether the cells responded by altering the ionic balances in 
the extracellular and intracellular space. If the ionic imbal 
ance remains, the candidate agent is likely a chloride 
cotransporter antagonist. By screening using various types 
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of cells or tissues, candidate compounds having a high level 
of glial cell chloride cotransporter antagonist activity and 
having a reduced level of neuronal cell and renal cell 
chloride cotransporter antagonist activity may be identi?ed. 
Similarly, effects on different types of cells and tissue 
systems may be assessed. 

[0057] Additionally, the ef?cacy of candidate compounds 
for treating various conditions of the central and peripheral 
nervous system may be assessed by simulating or inducing 
a condition, such as a seiZure, central nervous system edema, 
ethanol neurotoxicity, cortical spreading depression, or the 
like, in a tissue sample or in situ in an animal model, 
monitoring the geometrical and/or optical properties of the 
cell or tissue sample during stimulation of the condition, 
administering the candidate compound, then monitoring the 
geometrical and/or optical properties of the cell or tissue 
sample folloWing administration of the candidate com 
pound, and comparing the geometrical and/or optical prop 
erties of the cell or tissue sample to determine the effect of 
the candidate compound. Similarly, the ef?cacy of treatment 
composition(s) in an animal or human subject may be 
monitored in situ using the optical methods and systems of 
the present invention. 

[0058] The treatment compositions and methods of the 
present invention have been described, above, With respect 
to certain preferred embodiments. The Examples set forth 
beloW describe the results of speci?c experiments and are 
not intended to limit the invention in any fashion. 

EXAMPLE 1 

The Effects of Furosemide on Epileptiform 
Discharges in Hippocampal Slices 

[0059] During these studies, spontaneous epileptiform 
activity Was elicited by a variety of treatments. Sprague 
DaWley rats (males and females; 25-35 days old) Were 
decapitated, the top of the skull Was rapidly removed, and 
the brain chilled With ice-cold oxygenated slicing medium. 
The slicing medium Was a sucrose-based arti?cial cere 
brospinal ?uid (sACSF) consisting of 220 mM sucrose, 3 
mM KCI, 1.25 mM NaH2PO4, 2 mM MgSO4, 26 mM 
NaHCO3, 2 mM CaCl2, and 10 mM dextrose (295-305 
mOsm). Ahemisphere of brain containing hippocampus Was 
blocked and glued (cyanoacrylic adhesive) to the stage of a 
Vibroslicer (Frederick Haer, Brunsick, Me.). HoriZontal or 
transverse slices 400 pm thick Were cut in 4° C., oxygenated 
(95% O2; 5% CO2) slicing medium. The slices Were imme 
diately transferred to a holding chamber Where they 
remained submerged in oxygenated bathing medium 
(ACSF) consisting of 124 mM NaCl, 3 mM KCl, 1.25 mM 
NaH2PO4, 2 mM MgSO4, 26 mM NaHCO3, 2 mM CaCl2, 
and 10 mM dextrose (295-305 mOsm). The slice Were held 
at room temperature for at least 45 minutes before being 
transferred to submersion-style recording chamber (all other 
experiments). In the recording chamber, the slices Were 
perfused With oxygenated recording medium at 34-35° C. 
All animal procedures Were conducted in accordance With 
NIH and University of Washington animal care guidelines. 

[0060] In most slice experiments, simultaneous extracel 
lular ?eld electrode recordings Were obtained from CA1 and 
CA3 areas. A bipolar tungsten stimulating electrode Was 
placed on the Schaffer collaterals to evoke synaptically 
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driven ?eld responses in CA1. Stimuli consisted of 100-300 
psec duration pulses at an intensity of four times the popu 
lation-spike threshold. After discharges Were evoked by a 2 
second train of such stimuli delivered at 60 HZ. Spontaneous 
interictal-like bursts Were observed in slices treated by the 
folloWing modi?cations or additions to the bathing medium: 
10 mM potassium (6 slices; 4 animals; average—81 bursts/ 
min.); 200-300 pM 4-aminopyridine (4 slices; 2 animals; 
average—33 burst/min.); 50-100 pM bicuculline (4 slices; 3 
animals; average—14 bursts/min); M Mg++ (1 hour of 
perfusion—3 slices; 2 animals; average—20 bursts/min. or 
3 hours of perfusion—2 slices; 2 animals); Zero calcium/6 
mM KCI and 2 mM EGTA (4 slices; 3 animals). In all 
treatments, furosemide Was added to the recording medium 
once a consistent level of bursting Was established. 

[0061] In the ?rst of these procedures, episodes of after 
discharges Were evoked by electrical stimulation of the 
Schaffer collaterals (Stasheff et al., Brain Res. 344:296, 
1985) and the extracellular ?eld response Was monitored in 
the CA1 pyramidal cell region (13 slices; 8 animals). The 
concentration of Mg++ in the bathing medium Was reduced 
to 0.9 mM and after discharges Were evoked by stimulation 
at 60 HZ for 2 seconds at an intensity 4 times the population 
spike threshold (population spike threshold intensity varied 
betWeen 20-150 pA at 100-300 ysec pulse duration). The 
tissue Was alloWed to recover for 10 minutes betWeen 
stimulation trials. In each experiment, the initial response of 
CA1 to synaptic input Was ?rst tested by recording the ?eld 
potential evoked by a single stimulus pulse. In the control 
condition, Schaffer collateral stimulation evoked a single 
population spike (FIG. 1A, inset). Tetanic stimulation 
evoked approximately 30 seconds after discharge (FIG. 1A, 
left) associated With a large change in intrinsic signal (FIG. 
1A, right). 
[0062] For imaging of intrinsic optical signals, the tissue 
Was placed in a perfusion chamber located on the stage of an 
upright microscope and illuminated With a beam of White 
light (tungsten ?lament light and lens system—Dedo Inc.) 
directed through the microscope condenser. The light Was 
controlled and regulated (poWer supply—Lamda Inc.) to 
minimiZe ?uctuations and ?ltered (695 nm longpass) so that 
the slice Was transilluminated With long Wavelengths (red). 
Field of vieW and magni?cation Were determined by the 
choice of microscope objectives (4>< for monitoring the 
entire slice). Image-frames Were acquired With a charge 
coupled device (CCD) camera (Dage MTI Inc.) at 30 HZ 
and Were digitiZed at 8 bits With a spatial resolution of 
512x480 pixels using an Imaging Technology Inc. Series 
151 imaging system; gains and offsets of the camera-control 
box and the A/D board Were adjusted to optimiZe the 
sensitivity of the system. Imaging hardWare Was controlled 
by a 486-PC compatible computer. To increase signal/noise, 
an averaged-image Was composed from 16 individual 
image-frames, integrated over 0.5 sec and averaged together. 
An experimental series typically involved the continuous 
acquisition of a series of averaged-images over a several 
minute time period; at least 10 of these averaged-images 
Were acquired as control-images prior to stimulation. 
Pseudocolored images Were calculated by subtracting the 
?rst control-image from subsequently acquired images and 
assigning a color lookup table to the pixel values. For these 
images, usually a linear loW-pass ?lter Was used to remove 
high frequency noise and a linear-histogram stretch Was 
used to map the pixel values over the dynamic range of the 
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system. All operations on these images Were linear so that 
quantitative information Was preserved. Noise Was de?ned 
as the maximum standard deviation of ?uctuations of AR/R 
of the sequence of control images Within a given acquisition 
series, Where AR/R represented the magnitude of the change 
in light-transmission through the tissue. Delta R/R Was 
calculated by taking all the difference-images and dividing 
by the ?rst control image: (subsequent image-?rst-control 
image)/?rst-control-image. The noise Was alWays <0.01 for 
each of the chosen image sequences. The absolute change in 
light transmission through the tissue Was estimated during 
some experiments by acquiring images after placing neutral 
density ?lters betWeen the camera and the light source. On 
average, the camera electronics and imaging system elec 
tronics ampli?ed the signal 10-fold prior to digitiZation so 
that the peak absolute changes in light transmission through 
the tissue Were usually betWeen 1% and 2%. 

[0063] The gray-scale photo shoWn in FIG. 1D is a video 
image of a typical hippocampal slice in the recording 
chamber. The ?ne gold-Wire mesh that Was used to hold the 
tissue in place can be seen as dark lines running diagonally 
across the slice. A stimulating electrode can be seen in the 
upper right on the stratum radiatum of CA1. The recording 
electrode (too thin to be seen in the photo) Was inserted at 
the point indicated by the White arroW. FIG. 1A illustrates 
that tWo seconds of stimulation at 60 HZ elicited after 
discharge activity and shoWs a typical after discharge epi 
sode recorded by the extracellular electrode. The inset of 
FIG. 1A shoWs the CA1 ?eld response to a single 200 sec 
test pulse (artifact at arroW) delivered to the Schaffer col 
laterals. FIG. 1A1 shoWs a map of the peak change in 
optical transmission through the tissue evoked by Schaffer 
collateral stimulation. The region of maximum optical 
change corresponds to the apical and basal dendritic regions 
of CA1 on either side of the stimulating electrode. FIG. 1B 
illustrates sample traces shoWing responses to stimulation 
after 20 minutes of perfusion With medium containing 2.5 
mM furosemide. Both the electrical after discharge activity 
(shoWn in FIG. 1B) and the stimulation-evoked optical 
changes (shoWn in FIG. 1B1) Were blocked. HoWever, there 
Was a hyper-excitable ?eld response (multiple population 
spikes) to the test pulse (inset). FIGS. 1C and 1C1 illustrate 
that restoration of initial response patterns Was seen after 45 
minutes of perfusion With normal bathing medium. 

[0064] The opposing effects of furosemide-blockade of 
the stimulation-evoked after discharges and a concomitant 
increase of the synaptic response to a test-pulse illustrate the 
tWo key results: (1) furosemide blocked epileptiform activ 
ity, and (2) synchroniZation (as re?ected by spontaneous 
epileptiform activity) and excitability (as re?ected by the 
response to a single synaptic input) Were dissociated. 
Experiments in Which the dose-dependency of furosemide 
Was examined determined that a minimum concentration of 
1.25 mM Was required to block both the after discharges and 
optical changes. 

EXAMPLE 2 

The Effects of Furosemide on Epileptiform 
Discharges in Hippocampal Slices Perfused With 

High-K+ (10 mM) Bathing Medium 

[0065] Rat hippocampal slices, prepared as described 
above, Were perfused With a high-K+ solution until extended 
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periods of spontaneous interictal-like bursting Were 
recorded simultaneously in CA3 (top traces) and CA1 
(loWer traces) pyramidal cell regions (FIGS. 2A and 2B). 
After 15 minutes of perfusion With furosemide-containing 
medium (2.5 mM furosemide), the burst discharges 
increased in magnitude (FIGS. 2C and 2D). HoWever, after 
45 minutes of furosemide perfusion, the bursts Were blocked 

in a reversible manner (FIGS. 2E, 2F, 2G and 2H). During 
this entire sequence of furosemide perfusion, the synaptic 
response to a single test pulse delivered to the Schaffer 
colalterals Was either unchanged or enhanced (data not 
shoWn). It is possible that the initial increase in discharge 
amplitude re?ected a furosemide-induced decrease in inhi 
bition (Misgeld et al., Science 232:1413, 1986; Thompson et 
al.,]. Neurophysiol. 60:105, 1988; Thompson and GahWiler, 
J. Neuropysiol. 61:512, 1989; and Pearce, Neuron 10:189, 
1993). It has previously been reported (Pearce, Neuron 
10:189, 1993) that furosemide blocks a component of the 
inhibitory currents in hippocampal slices With a latency (<15 
min.) similar to the time to onset of the increased excitability 
observed here. The longer latency required for the furo 
semide-block of the spontaneous bursting might correspond 
to additional time required for a suf?cient block of the 
furosemide-sensitive cellular volume regulation mecha 
nisms under high-K+ conditions. 

[0066] After testing the effects of furosemide on slices 
perfused With high-K", similar studies Were performed With 
a variety of other commonly studied in vitro models of 
epileptiform discharge (Galvan et al., Brain Res. 241:75, 
1982; SchWartZkroin and Prince, Brain Res. 183:61, 1980; 
Anderson et al., Brain Res. 398:215, 1986; and Zhang et al., 
Epilepsy Res. 20:105, 1995). After prolonged exposure (2-3 
hours) to magnesium-free medium (0-Mg++), slices have 
been shoWn to develop epileptiform discharges that are 
resistant to common clinically used anticonvulsant drugs 
(Zhang et al., Epilepsy Res. 20:105, 1995). Recordings from 
entorhinal cortex (FIG. 21) and subiculum (not shoWn) 
shoWed that after 3 hours of perfusion With 0-Mg++ medium, 
slices developed bursting patterns that appeared similar to 
these previously described “anticonvulsant resistant” bursts. 
One hour after the addition of furosemide to the bathing 
medium, these bursts Were blocked (FIG. 2J). Furosemide 
also blocked spontaneous burst discharges observed With the 
folloWing additions/modi?cations to the bathing medium: 
(1) addition of 200-300 nM 4-aminopyridine (4-AP; a 
potassium channel blocker) (FIGS. 2K and 2L); (2) addition 
of the GABA antagonist, bicuculline, at 50-100 nM (FIGS. 
2M ad 2N); (3) removal of magnesium (0-Mg++)—1 hours 
perfusion (FIGS. 20 and 2P); and (4) removal of calcium 
plus extracellular chelation (0-Ca++) (FIGS. 2Q and 2R). 
With each of these manipulations, spontaneous interictal 
like patterns Were simultaneously recorded from CA1 and 
CA3 sub?elds (FIGS. 2K, 2L, 2M and 2N shoW only the 
CA3 trace and FIGS. 20, 2P, 2Q, and 2R shoW only the 
CA1 trace). In the 0-Ca++ experiments, 5 mM furosemide 
blocked the bursting With a latency of 15-20 minutes. For all 
other protocols, bursting Was blocked by 2.5 mM furo 
semide With a latency of 20-60 minutes. Furosemide revers 
ibly blocked the spontaneous bursting activity in both CA1 
and CA3 in all experiments (FIGS. 2L, 2N, 2P and 2R). 


















