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ABSTRACT

4-Aminopyridine (4-AP or fampridine) is a potassium channel-blocking agent that has
been shown to restore conduction in focally demyelinated axons. A sustained-release
matrix tablet form of 4-AP (fampridine-SR) is currently undergoing multicenter clinical
trials in patients with multiple sclerosis or chronic spinal cord injury. This review de-
scribes the pharmacology and mechanisms of action of 4-AP, its pharmacokinetics in
human subjects, and the outcomes of clinical trials employing either immediate-release or
sustained-release formulations of the drug. The randomized clinical trials that have been
completed to date indicate that K* channel blockade may prove to be a useful strategy for
ameliorating central conduction deficits due to demyelination. Diverse neurological gains
have been reported for both motor and sensory domains. At the present time, however, the
clinical trials have not provided sufficiently robust or definitive evidence of efficacy to
gain regulatory approval for the symptomatic management of patients with either multiple
sclerosis or spinal cord injury.

INTRODUCTION

4-aminopyridine (4-AP or fampridine) is a potassium (K*) channel-blocking agent that
has a long and varied history of applications (59). It has been used as a bird repellant
(84,85), a research tool for investigating ion channel function (73,76,103,106,124), an an-
tagonist of neuromuscular blockade (66) and ketamine-diazepam anesthesia (2), as a treat-
ment of verapamil toxicity in veterinary medicine (1,33), and as an investigational new

Address correspondence and reprint requests to: Keith C. Hayes, PhD, Parkwood Hospital/SJHC, 801 Com-
missioners Rd., E., London, Ontario N6C 5J1, Canada;
Tel.: +1 (519) 685-4292 Ext. 42937; Fax: +1 (519) 685-4060; E-mail: kchayes@uwo.ca

Disclosure: Dr. K. C. Hayes serves as a consultant for Acorda Therapeutics Inc., NY.

295


mailto:kchayes@uwo.ca

296 KEITH C. HAYES

drug in various neurologic diseases (3,5,52,62,63,119). 4-AP acts by selectively blocking
fast, voltage-gated K* channels in excitable tissues (and nonexcitable cells such as B cell
and T lymphocytes) (46,71,76,122—124). In axons, K* channel blockade increases the
safety factor! for conduction across demyelinated internodes and 4-AP can, therefore, re-
store conduction in focally demyelinated axons (11,15,91,103). 4-AP also increases
calcium (Ca?") influx at presynaptic terminals thereby enabling an enhancement of neuro-
neuronal or neuromuscular transmission in normally myelinated neurons (52,53,61,94,
105,107). These pharmacological properties have prompted extensive investigation of its
therapeutic potential for symptom management in disorders of neuromuscular trans-
mission and in demyelinating diseases.

Many of the early clinical applications of 4-AP utilized intravenous delivery or oral
gelatin capsules containing the powder form of 4-AP triturated with lactose or microcrys-
talline cellulose. These all constituted immediate release (IR) formulations with short
time-to-peak serum concentration and biological half-life. More recently, a sustained-re-
lease (SR) matrix tablet form of 4-AP has been developed (fampridine-SR),? and is cur-
rently undergoing clinical trials. The SR formulation, with its longer half-life and lower
peak serum levels (41-43), was designed to prolong the duration of therapeutic effect,
reduce the dosing burden and thereby improve patient compliance, and lower the inci-
dence and severity of unwanted side effects.

The present review summarizes the relevant pharmacology and pharmacokinetic prop-
erties of 4-AP and the status of clinical trials in patients with spinal cord injury (SCI) or
multiple sclerosis (MS). For the purposes of this report, the term 4-AP or 4-aminopyridine
is used to denote the compound in its various IR formulations, in order to distinguish it
from fampridine-SR. There have been several previous reviews of 4-AP detailing its his-
torical development, pharmacological properties and early clinical applications (70,98),
including SCI (40) and MS (7,97). Since these were published there have been an appre-
ciable number of new clinical trials. The present review is the first to summarize the
clinical trial outcomes of fampridine-SR in patients with SCI or MS.

PHARMACOLOGY OF 4-AP

4-Aminopyridine is a member of a family of mono-amino and di-amino derivatives of
pyridine. Its molecular structure is C;H,N,. The pyridine ring has an amino substitution in
the 4 position (Fig. 1). The pyridine nitrogen of 4-AP has a pK, value of 9.1 so that at
body pH about 98% of the molecules are protonated to form the monocation (70). The
charge on the ionic form is delocalized over both nitrogens and this effectively prevents
the addition of a second proton. The molecular weight of fampridine is 94.12. This
structure constitutes a basic compound that is readily soluble in water and highly ionized
at physiologic pH.

The principal mechanism of action of 4-AP is a dose-dependent block of fast, voltage-
gated K* channels (A current) in excitable membranes (70) and in nonexcitable cells such
as B cells (122) or T lymphocytes (46). There are several different types of voltage-gated
K™ currents and channels in mammalian and human axons (80) and they exhibit varying

! “Safety factor” is the ratio of action current generated by an impulse to the minimum amount of action
current needed to maintain conduction (104).
2 Acorda Therapeutics Inc., Hawthorne, New York.
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degrees of sensitivity to 4-AP blockade. H\ /H

Kv 3.1, for example, has been reported to N

have a sensitivity ~150 times greater than

that of Kv 2.1 (55). More generally, the sensi- =

tivity of different channels varies from

micromolar to millimolar concentrations of N

4-AP and within each channel the sensitivity N

depends on its activation state. 4-AP more Fig. 1. Molecular structure of 4-aminopyridine.

readily enters open than closed channels and

does so from the cytoplasmic side (56). It

may remain trapped for an extended period of

time in the closed channels accounting for prolonged effects of K* channel blockade. It
can also be rapidly released from the channels when they are activated. Kirsch and Drew
(55) suggested that the sensitivity of 4-AP blocking rate to activation may indicate that the
drug’s site of action is associated with a cytoplasmic region of the pore that couples the
voltage sensor to the ion conduction pathway. More recently, Armstrong and Loboda (4)
have put forward a model of 4-AP action on K* channels that proposes that 4-AP enters
and leaves the channel only when the activation gate is open. Once in the open channel, its
action is to bias the activation gate toward the closed conformation by approximating the
energy of a hydrogen bond. The determinants of 4-AP sensitivity in human CNS Kv
channels are just being identified (47,48).

In myelinated axons, the blockade of fast, voltage-gated K* channels has little effect on
the action potential and nodal conduction (14,91). Membranes of myelinated axons have a
high density of voltage sensitive sodium (Na*) channels clustered at the node of Ranvier
and reduced density in the internodal region. Influx of Na* is responsible for regeneration
of the action potential at each node. Voltage-gated K* channels, on the other hand, are
sparsely distributed at the node, but more densely distributed beneath the myelin. The fast
voltage-gated K* channels allow K efflux and mediate rapid repolarization of the mem-
brane following the Na™ action current (115,117,118). Their effect is normally attenuated
by being covered by myelin. K* currents do appear to generate an internodal resting po-
tential that contributes electronically to the nodal potential (19,20).

Demyelination alters the structural and functional relationships of voltage-gated ion
channels along the axonal membrane. The capacitance of the internodal segment is in-
creased. This results in an impedance mismatch at the transition between the myelinated
and demyelinated areas because of the abrupt increase in surface area of axon exposed
(115,116). This, in turn, leads to a decrease in action current density. Thus the axon re-
quires greater inward current in order for action potential electrogenesis to occur
(114,118). Exposure of K* channels leads to excessive conductance of K* with the result
being that the cell membrane is held close to E,, the equilibrium potential of K*. There is a
shunting of local circuit currents through the K* channels with impairment of action po-
tential generation and conduction. Additionally, demyelination exposes slow K" channels
and inwardly rectifying channels (mixed K™ and Na* conductance) leading to disruption of
the normal regulation of hyperpolarization and modulation of repetitive axonal discharge
(35). As a consequence of demyelination and the altered input impedance, fast K* channel
exposure, and the interaction with unconstrained periods of afterhyperpolarization, the
action potential conducts decrementally with either: a) conduction failure; b) marked
slowing of conduction velocity; or c) inability to sustain repetitive impulse discharges
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(64,82,95,117,118). These conduction deficits contribute to the neurological deficits expe-
rienced by SCI and MS patients (117,118).

K* channel blockade by 4-AP prolongs the duration of the Na* action current, thereby
increasing the safety factor for conduction across the demyelinated internode. Evidence of
its effectiveness in restoring conduction in demyelinated axons comes from various
sources. Bostock et al. (14,15) examined the effects of 4-AP on nerve roots and single
axons from rats in which demyelination was caused by intrathecal injection of diphtheria
toxin. 4-AP prolonged the duration of the root compound action potentials and abnormally
shaped single fiber action potentials. A late phase of outward current (K*) was abolished
by 4-AP and the conduction blocking temperature was raised indicating enhanced con-
duction (14,15,91). Similar findings were reported by Targ and Koscis (103) who demon-
strated restoration of axonal conduction in demyelinated rat sciatic nerves. Demyelination
in these studies was induced by lysophosphatidyl choline. Single axon recordings revealed
two patterns of change in spike waveform following application of 4-AP: a) broadening
and b) bursting of single axon spikes. Blight, using intra-axonal and intra-myelin micro-
electrode recordings from isolated spinal cord axons from cats that had sustained chronic
SCI as a result of a standardized contusion, showed that at 0.1 — 1 mM 4-AP restored con-
duction at physiological temperatures in critically demeylinated axons (11).

Differential effects of low and high concentrations of 4-AP on axonal conduction in
normal and injured guinea pig spinal cord tissue have been reported (92). Whereas at low
micromolar range (0.5 — 100 uM) 4-AP increased the amplitude of compound action po-
tentials in injured axons, at higher concentrations (1 — 10 mM) it suppressed conduction.
The compound action potentials of uninjured axons were unaffected by 4-AP at concentra-
tions <1 mM. These results were interpreted as evidence that clinically observed effects of
4-AP are likely attributable to enhanced conduction across demyelinated internodes rather
than enhanced neuronal transmission. The latter mechanism had been proposed earlier by
Felts and Smith (31) on the basis of their observation that enhanced conduction along iso-
lated rat axons demyelinated by ethidium bromide was only evident at high concentrations
of 4-AP. The concentration of 4-AP in human cerebrospinal fluid or the extracellular space
of cord tissue, at which 4-AP exerts its effects, has not been established in a definitive
manner; and there is considerable variance in the levels theorized (31,92). Davis et al. (23)
noted that the sensitivity of K™ channels to 4-AP is much greater when applied directly to
the cytoplasmic surface than when applied to the external surface. They argued that it is
probable that low concentrations of 4-AP outside accumulate inside a neuron over time
and block at an internal site having high affinity. The effective concentrations in which
4-AP is applied over a short time ex vivo may, therefore, not reflect the lower concentra-
tions required in vivo. Also relevant to the issue of the concentration dependency of 4-AP
effects on axonal conduction are the observations that there is a redistribution of K* (and
Na*) channels along traumatically demyelinated axons and a modified expression of genes
encoding ion channel proteins following axonal trauma (30). These changes in ion channel
properties appear to increase the sensitivity of injured axons to K* channel blockade by
4-AP (30,50,69).

Differences in response to 4-AP between demyelinated sensory and motor fibers have
been documented (16,57). The compound action potentials of demyelinated ventral roots
showed a prominent post-spike negativity associated with a broadening of single action
potentials following application of 4-AP. Whole root responses from myelinated dorsal
root axons also developed a late negativity, but individual fibers fired repetitively in re-
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sponse to a single stimulus. These observations may explain some of the sensory side ef-
fects, e.g., paresthesias, seen in clinical trials (57).

K" channel blockade by 4-AP has other important physiological consequences with
clinical relevance. Prolonged action current results in a larger than normal Ca®" influx at
presynaptic terminals (70). This results in increased transmitter release from end terminals
and enhanced neuro-neuronal or neuromuscular transmission (52,61,67), Kim et al. (52,
53), for example, showed that 4-AP produced dose-dependent increases in end plate po-
tential amplitude, in rise time to peak, and in the average number of acetylcholine quanta
released by nerve terminals. This effect has prompted 4-AP use in the reversal of drug-,
toxin-, or pathology-induced neuromuscular blockade (1,3,5,61). The effect on neuro-
transmission may also underliec some of the observed clinical side effects of 4-AP in-
cluding epileptiform seizure activity. Moreover, it may account for many physiological ef-
fects, such as the induction of rhythmic neural activity within the isolated cord (28) and
contribution to observed improvements in neuromuscular performance in clinical trials.
The extent to which enhanced neurotransmission contributes to neurologic gains in pa-
tients with demyelinating disease, as distinct from overcoming conduction failure, re-
mains controversial (31,92). It awaits resolution with further understanding of the dose de-
pendency of 4-AP induced responses and 4-AP concentrations in CNS tissue.

4-AP induced K* channel blockade causes spontaneous trains of discharges in sensory
axons (16,57). 4-AP can also increase the excitation of cutaneous sensory nerve endings,
and it has been suggested that this property derives from the action of 4-AP at or near the
action potential generator region of the nerve terminal (54). Either one of these properties
may underlie the paresthesias or other sensory changes evident in clinical trials in patients
with MS or SCI.

Finally, K™ channel blockade by 4-AP has potent immunomodulatory properties that
may have relevance to autoimmune disease-mediated axonal demyelination (46). 4-AP
blocks K™ channels in T lymphocytes and modifies their proliferative and effector cell
functions (46). K* channel blockade has been shown, in the rat experimental autoimmune
encephalomyelitis model of MS to delay the hypersensitivity response to myelin basic
protein and improve the symptoms of the disease (25). K* channel blockade is thus cur-
rently being explored as a novel targeted immunomodulatory approach to the management
of neuroinflammatory demyelinating diseases (121).

Demyelination in Multiple Sclerosis and Spinal Cord Injury

Multiple sclerosis is the archetypical central demyelinating disease, although its etio-
logy, pathogenesis, and pathophysiology are not fully understood. Autoimmune-mediated
demyelination within the brain and spinal cord is evident on pathological examination or
through imaging. Exposure of paranodal K* channels contributes to axonal dysfunction
(115,117,118). MS yields electrophysiological indicators of central conduction deficits,
e.g., long latency visual evoked potentials (24,110) or motor evoked potentials (32), and
tends to be responsive to environmental factors or interventions, such as cooling, known
to modify ion channel kinetics that increase the safety factor for conduction (21,22). Trau-
matic and/or compressive SCI is also associated with a prominent inflammatory and auto-
immune response (77) and evidence has accumulated of focal myelin thinning, disruption
or complete demyelination contributing to axonal conduction failure and neurologic def-
icits. This evidence derives both from animal models (68,92) and from human post-mor-
tem examination (17,18).
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4-AP Effects on Animal Models of Demyelinating Disease and SCI

Investigations of the effects of 4-AP on neurologic deficits in animal models of demye-
linating disease or SCI have yielded inconsistent results. These studies (12,13,37,49,72,
125) are summarized in Table 1. Some trials have shown indications of potential neuro-
logical benefit, such as enhanced motor evoked potentials (125) or reflex activity (12,13),
whereas others have yielded no evident gains in function (37). These varied outcomes
may be due to differences in models, e.g., acute versus chronic injury, differences in injury
mechanism, species-specific differences, or other methodological issues such as drug de-
livery, or the sensitivity of the outcome measure. With such variation in design it is dif-
ficult to extract comparable information or generalize about 4-AP effects from these
studies. Seizure induction at higher doses was identified as a significant limitation to ther-
apeutic potential in at least one study (49). The early reports of possible gains in motor
function in these animal models were, however, sufficiently persuasive to provide the im-
petus for investigation of the effects of 4-AP in human patients with demyelinating disease
or SCL

PHARMACOKINETICS

Control Subjects

Early reports of the pharmacokinetics of IR 4-AP in control subjects reported plasma
concentration (C) parameters following intravenous delivery (0.3 mg/kg over 10 sec or
20 mg over 2 min) or enteric-coated (20 mg) tablets (29,108). Kinetic analysis of the plas-
ma concentration clearance after intravenous dosie of 20 mg (29) resulted in the best

TABLE 1. Effects of 4-AP in animal models of demyelination and spinal cord injury

Investigators Dose/Delivery  Model Outcomes
Kaji and 1 mg every CNS demyelination in- ® 4-AP partially reversed de-
Sumner (49) 20 min injected ~duced in 5 rats by anti-gala- layed conduction of com-

ip, ctocerebroside serum pound  action  potentials

through lesion.
® High doses induced seizures.

Blight and 1 mg/kg i.v. Cats with chronic SCI in- ® Augmentation of free fall re-
Gruner (12) duced by contusion method sponse

Blight et al. (13) 0.5-1 mg/kg i.v.

and oral

(gelatin capsule)

Complete and incomplete
(chronic) canine paraplegia
of various etiology

Restored hind limb placing,
pain appreciation, cutaneous
trunci muscle reflex

Perez-Espejo 1 mg/kg i.p. Compressive SCI in rats nil
et al. (72) 4-AP on days 25-27 post-
injury
Haghighi 2-6 mg/kg Compressive chronic (3 w) nil
etal. (37) for 4 weeks SCl in rats
Yu et al. (125) 1 mg/kg i.v. Varying severity weight Increased amplitude of motor

drop injury to spinal cord of
rats

evoked potentials
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fitting of bi- or tri-exponential models and the mean terminal phase elimination half-life
1), 0f 3.6 £ 0.9 h. Comparable results were obtained in a more recent report of the phar-
macokinetics and excretion of “C-labeled 4-AP (15 mg) in four healthy volunteers (51).
Following ingestion of enteric coated tablets, 4-AP appeared in the plasma of control sub-
jects (n=16) at 2.1 +0.6 h, reaching ¢, at 3.2+0.9 h and C,,, of 62+ 15 ng/mL. The
plasma elimination half-life was 3.0 = 1.1 h (108). In one of these studies, three subjects
who received uncoated tablets became ill with gastric cramps and plasma concentrations
could not be determined (108).

In a more recent study six subjects were randomly assigned to receive four single esca-
lating oral doses of 10, 15, 20, and 25 mg 4-AP (gelatin capsule: 4-AP triturated with lac-
tose) with a 1-week washout interval between each dose (42). Their results are summa-
rized in Table 2 and group mean plasma concentration profiles are shown in Fig. 2. 4-AP
was rapidly absorbed and ¢, remained essentially constant across doses, with group
mean values between 1.0 — 1.2 h. C, . increased linearly with dosage from 46.4 +9.7 to
102.3 +24.8 ng/mL. Mean ¢, /2> elimination rate (K), and mean residence time at steady
state (MRT), were independent of dose.

Multiple Sclerosis Patients

Stefoski et al. (101) examined serum concentrations of 4-AP in 13 temperature sen-
sitive multiple sclerosis (MS) patients following oral administration of 7.5 —52.5 mg
(total daily dose). Dosing was based on an optimal-dose-finding approach (24). The ter-
minal half-life (¢,,) was 2.92+ 1.15 h. Peak serum concentrations for clinically deter-
mined “responders” (C,,. =85 pg/L) did not differ from “non-responders” (C,, . =
=105 pg/L) and there was no correlation between 4-AP serum level or half-life and the
magnitude of improvement among responders. Bever et al. (7,10) reported the pharmaco-
kinetics of orally administered capsules containing 7.5 mg 4-AP and found peak serum
concentrations of C,, = 55.4 + 9.8 ng/mL, which occurred at 1.3 + 0.4 h, with an elimi-
nation half-life of ¢, , = 3.8 + 0.5 h. The pharmacokinetics of fampridine-SR were also in-

TABLE 2. Pharmacokinetics of 4-aminopyridine in control subjects

Dose of 4-aminopyridine (mg)

Parameters 10 15 20 25
AUC, 4 (ng - h/mL) 173.1 (26.6) 257.2 (10.0) 329.7 (45.5) 415.7 (107.8)
AUC, , (ng - h/mL) 184.6 (24.0) 259.6 (7.2) 333.2 (40.2) 420.3 (124.8)
Cpnax (ng/mL) 46.4 (9.7) 71.5(17.7) 86.6 (23.0) 102.3 (24.8)
K (1/h) 0.19 (0.03) 0.21 (0.04) 0.23 (0.06) 0.21 (0.07)
MRT (h) 5.49 (0.4) 5.62 (1.1) 5.23(1.0) 5.88 (1.8)
fax (1) 1.2 (0.4) 1.0 (0.3) 1.1(0.4) 1.1 (0.3)
1), (h) 3.7(0.7) 3.4 (0.7) 3.2 (0.6) 3.8(2.1)

Values are means (£S.D.). Six subjects were treated at each dose level. AUC,, 5, area under the curve
from time 0 to 36 h postdose; AUC,_, area under curve from time 0 to infinity; C,, , maximum ob-

max”®
served plasma concentration; K, elimination rate constant; MRT, mean residence time; ¢ time to

max?
maximum observed plasma concentration; /, ,, terminal-phase elimination half-life. Reproduced

form ref. 41 with permission from J Clin Pharmacol.
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Fig. 2. Plasma concentration profiles for varying single doses of 4-aminopyridine in control subjects. With per-
mission from the J Clin Pharmacol (41).

vestigated by Bever et al. (10) in 12 MS patients with EDSS scores between 4-7.5. The
mean time-to-peak and serum half-life were 5.0 and 5.2 h and maximum tolerable doses
varied from 10 mg b.i.d. to 25 mg b.i.d.

SCI Patients

A study of the pharmacokinetics of a single 10 mg oral dose (gelatin capsules) of 4-AP
in SCI patients (n = 11), with chronic, incomplete injuries, revealed plasma concentrations
similar to those reported for control subjects (Fig. 3) (41). The pharmacokinetic param-
eters are summarized in Table 3. Of more direct relevance to the understanding and moni-
toring of bioactivity of the drug are the cerebrospinal fluid (CSF) pharmacokinetic param-
eters. Following intravenous delivery of 30 mg 4-AP at 15 mg/h in 12 paraplegic SCI
patients, CSF levels of 4-AP peaked 30—60 min following peak serum concentration (27).
In another report, intrathecal delivery of 4-AP at a rate of 5 ug/h in two SCI patients
yielded peak CSF concentrations of 163 and 122 ng/mL. There was no therapeutic benefit
or adverse outcome in these patients at these concentrations (38).

The absorption profile of a single 12.5 mg oral dose of fampridine-SR was reported for
SCI patients (n = 25) with chronic incomplete injuries (89). The overall group mean C,

max
of 27.7 4+ 6.2 ng/mL occurred at a ¢, = 3.4+ 1.4 h. Area under the serum concentration

CNS Drug Reviews, Vol. 10, No. 4, 2004
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Fig. 3. Plasma concentration profiles for a single dose (10 mg) of oral 4-aminopyridine for control subjects and
SCI patients. With permission from the J Clin Pharmacol (41).

TABLE 3. Pharmacokinetics of 10 mg 4-AP in spinal cord injury patients

Parameters SCI Subjects means (£S.D.)
AUC, 5, (ng - h/mL) 240.3 (37.7)
AUC,_, (ng - h/mL) 241.6 (40.0)

Cpnax (ng/mL) 52.6 (20.6)

Inax (1) 1.0 (0.6)

t), (h) 3.6 (0.6)

Note. AUC,,_;, area under the curve from time 0 to 36 h postdose; AUC,, , area under the curve from

time 0 to infinity postdose; C, ., maximum observed plasma concentration; 7, , time to maximum

observed plasma concentration; n = 11; ¢, /2 terminal-phase elimination half-life. Reproduced from
ref. 41 with permission from J Clin Pharmacol.

curve (AUC) over the first 12 h (AUC,_,,) was 210.5 + 49.5 ng/(mL - h). For paraplegics,
AUC, ~ was 76.02+33.28 and for tetraplegics was significantly less at 51.25 +20.36
= 0.037). A statistically significant difference (p = 0.02) in the initial rate and extent of
absorption, but not in total 4-AP bioavailability over the 12-hour study period, was evident
between tetraplegic patients, 0.60 = 0.23, and paraplegic patients, 0.39 = 0.14 (p < 0.05).
There was also a significant linear correlation between the neurological level of injury and
Crnax/AUC, . These results confirmed and extended previous observations of subtly dif-

CNS Drug Reviews, Vol. 10, No. 4, 2004
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Fig. 4. Plasma concentration profile for single doses (A) and multiple doses (B) of Fampridine-SR in patients

with SCI. N=13 to 15 for each dose of each group. Reproduced from ref. 42 with permission from Clin
Neuropharmacol.

ferent rates of drug absorption among SCI patients with lesions above and below the sym-
pathetic outflow (T6) (89).

The pharmacokinetics and safety profile of mid-range doses of fampridine-SR
(10-25 mg) administered as a single dose (n = 14) or twice daily for 1 week (n=16) in
patients with chronic, incomplete SCI have been reported (42). Mean plasma concentra-
tions and area under the plasma concentration-time curve were linearly (p < 0.05)propor-
tional to the dose administered, whereas other pharmacokinetic parameters were inde-
pendent of dose. Fampridine-SR was absorbed slowly (peak plasma concentration shortly
after single dosing, 3.2-3.7 h) and eliminated (plasma half-life, 7, , = 5.8-5.9 h). Multiple
dosing reached steady state after 4 days of twice-daily administration. Details of these
profiles are shown in Fig. 4 and Table 4 reports the single dose parameters.

TABLE 4. Pharmacokinetics of fampridine-SR following single dose administration in SCI Patients

Fampridine-SR dose (mg)

Parameters 10 (n=14) 15(n=14) 20 (n=14) 25 (n=13%)
C,.x (ng/mL) 27.7+9.1 43.5+£11.2 549+11.0 67.4+13.3
frnax () 32+1.0 35+1.2 35+1.0 37+1.2

AUC, ,,, [(ng-h)/mL]  2854+968  423.0+986  561.1+117.6 7156+ 150.0
AUC,_, [(ng - h)/mL] 311.8+93.2  460.2+100.2  604.3+124.6  769.2+ 154.4

K, (1/h) 0.13+0.03 0.12+0.03 0.12+0.02 0.13+0.03
2 (h) 59415 59+15 59+ 1.4 58+1.6
CI/F (L/h) 3484102 343+89 347485 3404823
V,/F (L) 299.8+127.4  289.0+93.7  289.9+84.1  2862+123.2

*One patient was excluded from analysis, as not all blood samples were collected.

C o Maximum observed plasma concentration; ¢, ., time to reach C_, ; AUC, area under the
plasma-concentration time curve; K, elimination rate constant; 7, /20 plasma half-life; C1/F, apparent
total clearance; V,/F, apparent volume of distribution. Reproduced from ref. 40 with permission from

Clin Neuropharmacol.
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Higher doses of fampridine-SR (25-60 mg b.i.d.) were subsequently studied in chronic
incomplete SCI (n = 16) patients. Mean steady-state C, .., C,.,» C,» and AUC, ,, in-
creased over the entire fampridine-SR dose range and were dose-dependent up to 50 mg
twice daily. Fampridine-SR had a mean 7, 0of 2.2 to 3.0 h and a mean 7, , of 5.7 t0 6.9 h.
Mean apparent volume of distribution (V,/F) (415.4-528.0L) and apparent total
clearance (C1/F) (51.4-57.7 L/h) were independent of dosage, as were mean 7, and t, P

across dosages (43).

TOXICITY

Extensive data are available on the toxicity of 4-AP in animals (84,85). In high-dose
experiments on birds and mammals, toxic responses began as soon as 15 min after dosing
and consisted of seizure, tremors, ataxia, dyspnea, dilated pupils, salivation, and pros-
tration (83). Lethal dose (LD) varies widely from species to species. The LD50 ranges
from 3.7 mg/kg in the dog to 32 mg/kg in the rat (83), and seizure was the primary cause
of death in animals. No long-term animal toxicity data are available.

Adverse reactions to 4-AP have occurred in several human cases of unregulated use by
otherwise healthy individuals. Self-administered ingestion of 0.6 mg/kg of 4-AP in
powder form led to poisoning in three men who mistook 4-AP for an aphrodisiac (99).
One man developed weakness, nausea, profuse sweating, thirst, dyspnea and vomiting,
became unconscious and exhibited tonic-clonic seizures, hypertension, a metabolic aci-
dosis and a raised serum glutamic oxaloacetic transaminase concentration. Similar, but ap-
preciably milder effects, were seen in the other two men. In another report, a healthy
22-year-old weight lifter was hospitalized with severe poisoning after taking an exces-
sively high dose of 4-AP which he thought was an anabolic steroid (93). He exhibited epi-
leptic seizure activity, confusion, cardiac arrhythmias, conduction disorders, and severe
hypertension with a serum concentration of 335 ng/L. Finally, an 8-month-old boy in-
gested a capsule with 4-AP and presented on arrival to an emergency department as jittery,
with tachycardia, and tachypnea (112). The patient developed dramatic opisthonic
posturing and vermiform tongue fasciculations, but no EEG evidence of seizure. His
symptoms responded well to therapy with benzodiazepines (two doses of 0.05 mg/kg
lorazepam).

Stork and Hoffman (102) reported three cases of MS patients who experienced seizures
while taking various and unknown doses of 4-AP. One of the patients was a 28-year-old
woman who had been maintained on 4-AP 2 mg q.d. for two years before stopping her
medication for three weeks. On resumption (6 mg) she experienced multiple seizures and
had a serum concentration of 136.3 ng/mL. All of these patients responded to benzodiaze-
pines, some with the addition of phenytoin and/or phenobarbital. Similarly, a 32-year-old
female patient with MS who noted improvements in her symptoms at a self-administered
dosage of 4-AP 8-16 mg t.i.d. became toxic after ingesting 28-36 mg in two doses
roughly four hours apart. She presented with delirium and disorientation, and continuous
dystonic choreoathetoid-type movements (74). In this patient serum concentration of 4-AP
was 233.6 ng/mL. She also responded favorably to benzodiazepines at anticonvulsant
dosages.
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These cases of toxicity associated with 4-AP that was prescribed for MS patients high-
light the considerable variability that exists in the peak serum concentrations of 4-AP ob-
tained following even low doses. This was evident in control subjects (Table 2) and in the
pharmacokinetic studies conducted with SCI patients by Hayes et al. (41) and in MS pa-
tients by Stefoski et al. (101) and Bever et al. (9). It was particularly notable in the case of
the woman who took a low dose of 6 mg and had a serum concentration of 136.3 ng/mL.
Polman et al. (75) have also reported on a patient who experienced generalized tonic-
clonic seizure after having taken just two 5-mg capsules of 4-AP. Clearly there are con-
cerns about generalizing expected serum concentration from oral dosing; concerns that
have led to the suggested need for serum concentration control in clinical trials and pre-
scribing practices (9). The cases also highlight the potential risks of self-medication and
the need for clear education about the benefit-risk trade-off of 4-AP and for careful quality
control over potency and shelf-life when 4-AP is prepared in compounding pharmacies.

CLINICAL TRIALS

Early Stage and Phase I Clinical Trials of 4-AP
in MS and SCI Patients

A series of early stage (small number of subjects, open-label, case cohort) trials of
4-AP administered to patients with MS indicated that there was potential for functionally
relevant gains in a number of sensory or motor domains (24,45,100). Visual function, as
measured by luminescence threshold or variability, improved following oral 4-AP
(20-60 mg) in patients with labile visual symptoms (45). Vision, oculomotor function and
motor function (power, coordination, gait) improved following intravenous injection of
7-35 mg in temperature-sensitive patients (100). Other measures noted to respond to 4-AP
included muscle strength (24).

In SCI patients, early stage 4-AP trials also provided some electrophysiological evi-
dence of neurological gains. The gains were observed in the motor domain, e.g., increase
in amplitude and reductions in latency of motor evoked potentials (44,79), and in assess-
ments of sensory function, e.g., somatosensory evoked potentials of patients with chronic
incomplete injuries (6,44). Clinical indicators of spasticity, bowel and bladder function,
erectile function (44,78), motor function (e.g., locomotor status) (89), and pulmonary
function (88) were all reported to respond to 4-AP although not all outcomes were the
same in each patient, nor did all patients respond positively or without side effects. There
was evidence that the efficacy of 4-AP was sustained over many months (78,90). These
carly observations helped shape the design of more formal randomized clinical trials
(RCTs).

Randomized Clinical Trials (RCTs) of 4-AP
and Fampridine-SR in Patients with MS

The results of RCTs of 4-AP in MS patients are summarized in Table 5 (9,81,96,111).
Although some of the trials confirmed the types of neurologic gains reported in earlier
trials, the outcomes were generally constrained or confounded by appreciable placebo ef-
fects, the inherent variability of neurological status associated with the chronic pro-
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gressive or relapsing-remitting form of MS, and the need to use clinically useful func-
tional outcomes, such as the Expanded Disability Status Scale (EDSS), when they are
often less sensitive to change than electrophysiological measures or other measures of im-
pairment per se. Appreciable side effects were also encountered in the RCTs with the IR
formulation.

A systematic review and meta-analysis of the outcomes from the RCTs (97) concluded
that the available information did not allow unbiased statement about safety or efficacy of
aminopyridines for treating MS symptoms. The analysis identified the fact that few
common endpoints were available across trials, and because of lack of information on in-
dividual periods within studies, none of the data could be pooled for quantitative analysis.
It should be noted that this analysis included trials with 3—4 diaminopyridine, a K*
channel blocker that does not pass so readily through the blood brain barrier (60) and
which had been shown to be inferior to 4-AP in symptom management in MS (75). It also
included one trial with fampridine-SR. The meta-analysis of 4-AP is thus itself con-
strained by the small number of trials (n =4), and diverse outcome measures, that limit
generalization. The efficacy of 4-AP in the symptomatic management of MS remains,
therefore, neither proven nor disproven.

The side effects, or adverse event profiles, of 4-AP in MS patients are significant. Most
frequently reported side effects include dizziness/lightheadedness, paresthesias, gait in-
stability, nausea/vomiting, abdominal pain, and restlessness/anxiety (75,100,101,111).
Many of these are transient, occurring at the onset of treatment or on increases in dosage,
and resolve within a few days. Serious adverse events include hepatitis, acute encephalo-
pathy, episodes of confusion and epileptic (tonic-clonic) seizures (75). Problematic side

TABLE 5. Randomized clinical trials of 4-aminopyridine in patients with multiple sclerosis

Investigators Dose (mg) Design* N Positive Outcomes

Beveretal. Serum concen- Double-blind, placebo-con- 8 © Ambulation

(10) tration 30-59,  trolled concentratiqn con- ® Leg strength
60-90 trolled, crossover, trial ® OQcular contrast sensitivity
ng/mL*** (No difference in outcome at

low and high serum concen-
trations of 4-AP)

Rossini et al. 32/day Double-blind, placebo-con- 54 e Fatigue**

(81) trolled concentration con- ® Motor evoked potentials
trolled, crossover, trial

Smits etal.  20-40/day Double-blind, placebo-con- 20 ® nil (neuropsychological tests)

(96) trolled concentration con-
trolled, crossover, trial (2
weeks)

Van Diemen Max 0.5 mg/kg Double-blind, placebo-con- 70 e Subjective ADL

etal. (111) trolled concentration con- ® Visual evoked potentials
trolled, CIrossover, trial (12 e Motor evoked potentials
weeks)

* Each study involved only one center;
** In patients with high (>30 ng/mL) serum concentrations;
**% Daily dose and AUC constant across arms.
ADL, Activities of Daily Living.
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effects or adverse events have tended to be associated with high serum concentrations, i.c.,
>100 ng/mL (9) and are generally, but not necessarily, associated with higher doses.

There have been three RCTs conducted on the efficacy of fampridine-SR in MS. The
first of these was unpublished, but mentioned by Schwid et al. (87). It involved 161 MS
patients in a 6-week, double-blind, placebo-controlled, parallel group trial, with the EDSS,
a composite measure of function, as the primary outcome variable. Twenty-two percent of
patients on drug improved, but an equal percentage improved on placebo. Schwid et al.
(87) subsequently demonstrated positive fampridine-SR effects over placebo on a timed
gait task in a small (» = 10) double-blind, placebo-controlled, crossover, pilot trial. Most
recently, Goodman et al. (34) reported on a trial of fampridine-SR that was conducted in
patients with clinically definite MS with disability (EDSS < 6.5 and Fatigue Severity
Scale > 4). Significant improvements were reported in the Lower Extremity Manual
Muscle Test and there was a strong positive trend, relative to placebo, on the primary end-
point of walking speed, as measured by a timed 25-foot walk (34). These trials are sum-
marized in Table 6. An earlier open-label trial (over 18 months) established that
fampridine-SR is safe and well tolerated (8). Adverse events (e.g., dizziness, insomnia,
paresthesias, and seizure) tended to be more severe at doses > 50 mg/d. Clinical trials are
ongoing in this area.

Randomized Clinical Trials (RCTs) of 4-AP
and Fampridine-SR in Patients with Spinal Cord Injury

RCTs of 4-AP in SCI patients have been conducted by several different groups of in-
vestigators (36,39,90,109,113,120). Each of these studies had rather small numbers of
subjects enrolled (n = 8-60) and employed a variety of outcome measures to capture evi-
dence of neurologic benefit. Whereas the majority of trials employed double-blind, place-
bo-controlled, crossover designs, two used an active-treatment, dose-blinded, format.

The outcomes of several of these studies indicated that 4-AP can produce neurologic
gains in motor function (motor scores, motor evoked potentials, and central motor con-
duction), pulmonary function, spasticity (reductions in the modified Ashworth Scale),
sensory function (sensory scores), and sexual dysfunction (36,39,90). One trial yielded no
evidence of therapeutic benefit (109) and another found no change in cardiac function
(113). The magnitude of treatment effect seen in trials with positive outcomes was gen-

TABLE 6. Randomized clinical trials of fampridine—SR in patients with multiple sclerosis

Dose (mg) Number

b.i.d. (duration of  Positive
Investigators of treatment) Design patients outcomes
Unpublished 12.5-17.5 Double-blind, placebo-control, 161 ® n/a
(Schwid) (6 weeks) parallel groups
Schwid et al. (87)  17.5 (one week) Double-blind, placebo-control, 10 o Timed gait

crossover

Goodman et al. (34) 1040 (7 weeks) Double-blind, placebo-con- 36 e LEMMT

trolled, parallel group, dose
ranging, multi-center

b.i.d., twice a day; LEMMT, Lower Extremity Manual Muscle Test; n/a, not available.
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erally small, but given the severity of impairment in many of the patients, was sometimes
sufficient to provide some functional benefit. Placebo effects were prominent, although
generally less than 4-AP effects. The types of side effects events reported were similar to
those seen in MS patients or controls and were, for the most part, mild to moderate, and
transient. There were no serious adverse events warranting hospitalization. The studies are
summarized in Table 7.

A clear limitation of 4-AP as a drug is its high peak serum concentrations and its short
half-life. There is only a short time window in which therapeutic effects might be expected
with single doses, and the pharmacokinetic profile of multiple dosing is not well docu-
mented. With b.i.d. or t.i.d. dosing there is likely to be considerable variability in the
serum and CSF concentrations of 4-AP. The time of outcome assessment, relative to CSF
levels, is, therefore, critical in determining biologic effects, and in some of the trials the
timing of assessment was not specified.

Three multicenter RCTs of fampridine-SR in SCI patients have been conducted and are
summarized in Table 8. The numbers of subjects enrolled were relatively high (26-91) for
this type of trial in SCI patients and the designs included both crossover and parallel group
formats (26,58,78). These Phase II trials revealed consistent (in each of three trials)
benefit of fampridine-SR over placebo in the reduction of spasticity (lower modified Ash-

TABLE 7. Randomized clinical trials of 4-aminopyridine
in patients with incomplete spinal cord injury

For- Number
mu- of pa-

Investigators lation Dose (mg) Design tients Positive outcomes
Hansebout v 18-33.5 Double-blind, placebo-con- 8 ® Sensory score
etal. (39) trolled, crossover e Breathing

® Pain

® Spasticity
Segal et al. IR 6-30/day** Open-label, active-treatment 21 ® Motor scores
(90) control, dose-blinded ® Sensory scores

e Ashworth Scale

® Breathing
Wolfe et al. IR 10 Double-blind, placebo-con- 25 e Motor evoked
(120) trolled, crossover potentials

® (Central conduction
Van der IR  15-45/day* Double-blind, placebo-con- 21 e Nil
Bruggen trolled, crossover (multiple domains)
et al. (109)
Grijalva IR 5-30/day Double-blind, placebo-con- 27 e Motor function
etal. (36) trolled e Sexual function

® Functional

independence

Wakana and IR <30/day Randomized, active-treatment- 60 ® nil
Segal (113) for 4 weeks control, dose-blinded (no change in parameters

of cardiac function)

1V, Intravenous; IR, Immediate-release capsule.
* Total dose per day: Range based on 0.5 mg/kg body weight;
** Total dose per day: 6 mg active treatment control.
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worth Scale). In addition, sensory scores, motor scores, erectile dysfunction, and bowel
function were all shown to benefit from fampridine-SR in at least one of the trials. Full re-
ports of two of the studies have yet to be published but brief reports appear in the pro-
ceedings from various conferences.

Two large scale Phase 111 RCTs of fampridine-SR in chronic, (>18 months) incomplete
SCI patients have been completed. These involved over 70 clinical centers across the
United States and Canada with approximately 400 subjects enrolled. The admission cri-
teria included having moderate to severe spasticity and the primary outcome measures
were the modified Ashworth Scale and the subject’s global impression. Preliminary re-
ports of the outcomes have been posted (www.acorda.com). They show an unexpectedly
large placebo response with consequent failure to show a significant drug treatment effect.

In one trial, there was a strong positive trend (p < 0.069) in the primary endpoint of re-
ducing muscle spasticity when analyzed across all observations during the double-blind
study drug period, however neither trial achieved statistical significance. When analyzed
based on the subjects’ last observation carried forward, a commonly used method of
analysis, the modified Ashworth Scale in that study was significantly reduced (p = 0.006).
The fampridine-SR groups in both trials showed a progressive mean improvement in the
Ashworth score during the drug period. There was a more pronounced reduction in
spasticity, than was expected, in the placebo group in one of the studies. The results of the
secondary endpoints of improvement in bowel, bladder, and sexual functioning have not
been reported.

Treatment of Other Demyelinating Diseases

There have been no published Phase II RCTs of the efficacy of 4-AP or fampridine-SR
in patients with other demyelinating conditions. There are clearly other patient groups
with demyelinating pathology, such as those with cervical myelopathy, the leukodystro-
phies, compressive myelopathy due to tumors, or myelopathy secondary to arteriovenous
malformations, where 4-AP or fampridine-SR may be indicated. In a preliminary commu-

TABLE 8. Randomized clinical trials of fampridine—SR
in patients with incomplete spinal cord injury

Number
Investigators Dose (mg) of pa-
(reference) bid.  Design tients Positive outcomes
Potter et al. (78) 12.5-17.5 Multicenter (2) double-blind, 26 e Motor score
placebo-controlled, crossover e Sensory score
e Ashworth Scale
® (Quality of Life
e Patient satisfaction
Ditunno 10-25  Multicenter (6) double-blind, 60 e Erectile dysfunction
etal. (26) placebo-controlled, crossover, e Ashworth Scale
dose escalation
Lammertse 25-40  Multicenter (11) double-blind, 91 ® Subject global impression
etal. (58) placebo-controlled,  parallel e Bowel function
group ® Ashworth Scale

b.i.d., twice a day.
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nication, Meythaler et al. (65) described the outcomes of a randomized, double-blind, pla-
cebo-controlled crossover Phase 1 trial of the safety and efficacy of oral 4-AP for motor
weakness due to Guillain-Barré Syndrome (GBS). Patients with severe residual (>12
months) nonprogressive motor weakness due to GBS received 4 weeks of treatment with
4-AP (average dose, 30 mg/d) followed by a 1-week washout and 4 weeks of placebo (or
vice versa). Significant increases in lower and upper extremity muscle strength were noted
following the 4-AP arm of the trial, but not following the placebo arm. There were no clin-
ically relevant changes in laboratory values, including liver function, following 4-AP.
These results were interpreted as suggesting a possible therapeutic role for 4-AP in GBS.

Current Status of 4-AP and Fampridine-SR
as Investigational New Drugs

4-Aminoprydine (4-AP), by virtue of its orphan drug status, continues to be prescribed
widely throughout North America for patients with MS or SCI, and is prepared by com-
pounding pharmacies. This is despite equivocal research outcomes from RCTs, the high
dosing burden, and side effects that are most likely made worse by high peak serum levels.
While there are no formal comparisons between 4-AP and fampridine-SR with respect to
efficacy or safety, the indications are that the SR formulation yields fewer side effects,
when matched for dosage, and more robust clinical gains.

The diversity of reported benefit from 4-AP and fampridine-SR, in MS and SCI pa-
tients, has presented challenges for the choice of endpoints in clinical trials, and in the
filing of “indication” with the Food & Drug Administration (U.S.) and other regulatory
bodies. While many patients report, or are shown to derive some form of clinical benefit
from one or other formulation, the different types of gains are widely distributed across
heterogeneous patient subtypes. This presents an additional challenge for the design of
trials with appropriate power to detect treatment effects and the designation of the most
appropriate indication. Spasticity has been the choice to date for Phase III trials in SCI pa-
tients, but spasticity itself is notoriously variable. A broad-spectrum indication such as
“neurological gain” is insufficient to satisfy regulatory requirements.

Finally, the variable nature of the symptoms of MS, in its various forms, together with
the heterogeneity of lesions of SCI, i.e., varying amounts of axonopathy or myelinopathy,
and the inherent variability of the symptoms (spasticity, for example, is influenced by the
presence or absence of urinary tract infection) challenges the design of clinical trials. This
is further confounded by the presence of relatively large Hawthorne or placebo-type re-
sponses to involvement in clinical trials in these patient populations. In addition, when a
clinical endpoint such as “spasticity” is identified in SCI patients there is the implicit as-
sumption that demyelination underlies or somehow contributes to this deficit. This causal
link has not been established. Many individuals with spasticity may have little or no
demyelination, whereas others do. Imaging of demyelination in the cord is not yet suffi-
ciently precise to be of assistance. The benefits derived by some SCI patients for spasticity
may simply indicate that some patients do have (reversible) conduction deficits due to
demyelination that contribute to their spasticity, whereas others do not. Variable rates of
absorption and peak serum concentrations introduce additional complications for effective
prescription or design of clinical trials.
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SUMMARY

In summary, the clinical efficacy of 4-AP or fampridine-SR has yet to be established in

a rigorous series of RCTs. Safety issues are considerable but appear manageable with
proper regulation and monitoring. Phase III clinical trials of fampridine-SR in MS patients
are continuing; and if they yield positive outcomes, and regulatory approval is obtained,
fampridine-SR will most likely become a useful pharmacotherapy for symptomatic man-
agement of this form of demyelinating disease and potentially others. In the case of MS,
fampridine-SR may prove to be a useful adjunctive and/or complementary therapy to im-
munomodulatory approaches designed to slow disease progression.
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