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Introduction
Multiple sclerosis (MS) is a relapsing or progres-
sive inflammatory demyelinating disorder of the 
central nervous system (CNS). It is a major cause 
of neurological impairment and disability in 
young adults, particularly women. There are a 
variety of genetic and environmental influences, 
but the specific cause is not known [Frohman  
et al. 2006]. The relapsing–remitting form tends 
to affect women more than men in a 2.3:1 ratio 
[Alonso and Hernan, 2008] and generally pre-
sents itself clinically in the second to fourth 
decades [Confavreux and Compston, 2005]. MS 
can cause a wide array of neurological symptoms 
including visual loss or double vision, muscle 
weakness, paresthesias, sensory loss, fatigue, cog-
nitive disruption, gait imbalance, incoordination, 
and bladder dysfunction [Tremlett et al. 2006]. 

As part of the disease, impaired ambulation 
remains one of the most feared and disabling 
symptoms of MS [Bever and Judge, 2009].

Ambulation is frequently affected by MS 
[Swingler and Compston, 1992]. It is affected 
early in the disease in many patients, even when 
clinical measures of disability are minimally 
altered [Martin et al. 2006]. Ambulation is impor-
tant to patients with MS, and they perceive it as a 
major issue for their health [Heesen et al. 2008]. 
Its limitations have an impact on activities and 
participation, emotional status, quality of life, and 
health status [Zwibel, 2009]. At present, interven-
tions specific to ambulation are limited in MS 
to physical therapy measures, and in an acute 
setting, steroid therapy or plasmapheresis. None of 
the standard disease-modifying therapies specifically 
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address improving ambulation as a therapeutic 
target.

4-Aminopyridine (4-AP) is a broad-spectrum 
inhibitor of voltage-activated K+ (Kv) channels 
and has been demonstrated to improve action 
potential propagation in demyelinated nerve fib-
ers in vitro [Judge and Bever, 2006]. There have 
been several hypotheses about the underlying 
mechanism of 4-AP’s effect on action potential 
transmission. These include as a direct result  
of broad-spectrum inhibition of the Kv channel, 
repolarization delay, prolonging the duration of 
the action potential, which results in a larger 
influx of Ca2+, thus increasing the efflux of neuro-
transmitter; and directly triggering high-voltage 
activated Ca2+ channels independent of Kv chan-
nels [Espejo and Montalban, 2011]. While 4-AP’s 
actions are not specific to ambulation, as a thera-
peutic target this is more objectively measurable 
than other functional measures such as fatigue 
and cognition. Extended-release dalfampridine 
(previously known as fampridine – sustained 
release) is a long-acting form of 4-AP with a 
similar physiological action but longer half life.

Pharmacology, pharmacokinetics, and 
mechanism of action
4-AP is a derivative of pyridine with an amino 
group substitution at the 4-position, developed 
and marketed by Phillips Petroleum in 1963 
[DeGrazio et al. 1971]. In its unionized form it is 
able to cross the blood–brain barrier due to its 
lipid-soluble nature, and is thus able to interact 
with various channels on the cytoplasmic side of 
neuronal membranes within the CNS [Bever and 
Judge, 2009]. The pharmacokinetics has been 
studied in animal and human models. In humans, 
oral doses are rapidly and completely absorbed 
with a bioavailability of about 95%, reaching 
peak-serum concentration in about 80 min and a 
half life of approximately 4 h [Evenhuis et al. 
1981; Hayes et al. 2003; Uges et al. 1982]. The 
drug is primarily metabolized through the kidney 
and excreted relatively unchanged in the urine 
[Blight and Henney, 2009].

4-AP exerts its inhibitory effects by binding to a 
wide variety of Kv channels that are located on 
the intracellular membranes of various CNS cell 
types, including neurons, microglia, and oligo-
dendrocytes [Judge and Bever, 2006; Espejo and 
Montalban, 2012]. In addition, it exerts its effects 
by binding to several cell types in the immune 

system, including T cells, B cells, dendritic cells, 
and macrophages [Espejo and Montalban, 2012]. 
After gaining entrance into the intracellular space 
due to its lipid solubility, it binds to the open 
mouth of the channel transmembrane pore region, 
delaying repolarization of the neural cell, and thus 
prolonging the duration of the action potential 
[Bever and Judge, 2009; Judge and Bever, 2006]. 
This allows for a greater influx of Ca2+ into the 
presynaptic ending, resulting in an increased 
release of transmitter into the synaptic cleft 
[Lemeignan and Lechat, 1967; Sherratt et al. 
1980, Thomsen and Wilson, 1983]. This action 
increases the postsynaptic response. In this 
manner, 4-AP is able to improve conduction in 
demyelinated nerve fibers. The method in which 
4-AP is able to do this has been demonstrated in 
immunohistochemical studies that showed that a 
high concentration of sodium channels are mainly 
located in the nodal regions of the neural axon, 
while a higher concentration of potassium chan-
nels are distributed underneath the myelin sheath 
[Rasband, 2005; Waxman, 1982]. During con-
duction of a normally myelinated axon, the action 
potential is propagated in a saltatory manner, 
appearing to jump from node to node. This results 
in a faster and more cohesive, concentrated action 
potential because the myelin sheath is able to 
insulate the sodium channels and thus reduce 
radial dispersion of the electrical activity. However, 
in the demyelinated axon, the action potential is 
‘spread out’ and is unable to conduct in such an 
effective manner, slowing down the propagation 
[Dunn and Blight, 2011]. 4-AP’s mechanism of 
action is able to restore some of the ‘lost current’. 
It actively binds to and inhibits the open Kv 
channels that have been uncovered by the loss of 
myelin and increase the duration of the action 
potential, essentially making up for quality by 
quantity of the AP. However, it has not yet been 
specifically demonstrated how increased synaptic 
transmission and neurotransmitter release is able 
to compensate therapeutically for the clinical 
effects of demyelination in patients with MS 
[Dunn and Blight, 2011].

Development of 4-aminopyridine and 
extended-release dalfampridine
The first clinical trial to investigate the clinical 
impact of 4-AP on MS was an open-label, placebo-
controlled trial, conducted by Jones and col-
leagues in 1983 [Jones et al. 1983]. This study 
assessed 10 patients, five with chronic stable defi-
cits due to MS with spinal cord involvement and 
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five patients with thermal-sensitive visual impair-
ments. It showed that with 60 mg/day of 4-AP 
there were statistically significant improvements 
in visual symptoms, but only two of the patients in 
the first group noted any clinical improvements – 
one in sensation and another in ambulation.

In 1994, Bever and colleagues conducted a rand-
omized, double-blind, placebo-controlled, serum-
controlled study that investigated the effects of 
4-AP in patients with MS who reported Lhermitte 
equivalent (temperature sensitive) phenomena 
[Bever et al. 1994]. This study monitored the 
serum concentration of 4-AP in those patients 
enrolled, and the dosages were adjusted accord-
ingly to meet a predetermined average serum 
concentration. Based on the data collected, Bever 
and colleagues were able to correlate the concen-
tration of drug with level of clinical improvement. 
In addition, they were able to determine that 
clinical improvements were related to the total 
4-AP exposure, and adverse side effects (i.e. nau-
sea, paresthesias, and seizures) were related to 
the peak serum dose. Along with several other 
studies conducted by van Diemen and colleagues 
[Diemen et al. 1993], Bever and colleagues set the 
stage for a longer acting formulation of 4-AP 
designed to limit peak-dose side effects [Bever 
et al. 1994]. This longer-acting form is now known 
as extended-release dalfampridine (trade name 
Ampyra, Acorda Therapeutics, NY).

A dose-ranging study of extended-release dal-
fampridine was reported by Goodman and col-
leagues in April 2007 [Goodman et al. 2007]. 
This was a randomized, double-blind, placebo-
controlled study that occurred over a 14-week 
treatment period, using extended-release dalfam-
pridine in 37 patients with MS at four centers 
(active medication n = 25, placebo n = 11, one 
discontinued prior to randomization, intent to 
treat analysis) in doses from 10 to 40 mg twice 
daily taken orally. In the prospectively planned 
analysis the change from baseline in the Timed 
25-Foot Walk (T25FW) test did not achieve 
significance on the repeated measures analysis 
(p = 0.28). A post hoc analysis showed clinical 
improvements in walking speed in 38.4% of 
patients who were in the treatment group com-
pared with 8.3% who improved in the placebo-
controlled group (p < 0.0004). In addition to 
quantitative measurements of improved ambu-
latory dysfunction, there was also a subjective 
improvement in quality of walking among the 
responders, measured by the 12-Item Multiple 

Sclerosis Walking Scale (MSWS-12). Other sec-
ondary measures investigated in this trial included 
assessment of leg strength using the Lower 
Extremity Manual Muscle Test (LEMMT), spas-
ticity using the Ashworth scoring system, manual 
dexterity and speed using the 9-hole peg test, 
Clinician Global Impression (CGI), and Subject 
Global Impression (SGI). The authors framed 
this study as primarily a safety analysis. No new 
tolerability issues or safety profile data were 
identified in this study. The most common 
treatment-emergent adverse events on extended-
release dalfampridine were dizziness, insomnia, 
paresthesia, asthenia, nausea, headache, and 
tremor, all of which exceeded rates in the placebo 
group. Most adverse events were mild or moder-
ate and transient. Severe treatment-emergent 
adverse events occurred only at doses greater 
than 25 mg twice a day.

In 2009, Goodman and colleagues reported a 
phase III randomized, double-blind, placebo-
controlled trial in 301 patients using a fixed dose 
regimen (extended-release dalfampridine 10 mg 
twice daily, n = 229; placebo twice daily, n = 72) 
(MS-F203 trial) [Goodman et al. 2009]. A 
responder/nonresponder analysis was used based 
on the T25FW test as the primary endpoint. This 
was a novel design for MS studies. The primary 
efficacy analysis was ‘responder status’ based on 
consistent improvement in timed walk measures 
over multiple visits. A ‘timed walk responder’ was 
defined as a patient with a faster walking speed 
for at least three of four visits during the double-
blind treatment period than the maximum speed 
for any of the first five off-drug visits (four prior to 
double-blind phase and one 2 weeks after discon-
tinuation of treatment). This study demonstrated 
that the number of patients who met the responder 
criterion was 78/224 in the extended-release 
dalfampridine group (35%) and 6/77 (8%) in the 
placebo group [p < 0.001, Mantel–Haenszel 
odds ratio 4.75; 95% confidence interval (CI) 
2.08–10.86]. Further, there was also significantly 
improved leg strength in responders (p < 0.028). 
A secondary measure was MSWS-12, which was 
used to validate the patient perspective on ambu-
latory disability. Average changes in MSWS-12 
during treatment were significantly improved in 
responders versus nonresponders (p = 0.0002). 
Treatment-emergent adverse events were similar 
to the Goodman 2007 trial. Of note, 11 patients 
(5%) in the extended-release dalfampridine group 
were withdrawn from the study during the double-
blind phase due to adverse events. In eight cases, 
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these began during the double-blind phase (sepsis, 
ankle fracture, balance disorder, confusional state, 
dizziness, headache, and anxiety) [Goodman et al. 
2009]. One patient in the placebo arm was lost to 
follow up but none were removed for adverse 
events.

In 2010, Goodman and colleagues conducted a 
39-center, double-blind trial in patients with 
definite MS of any course type, randomized to 
9 weeks of treatment with extended-release dalfam-
pridine (10 mg twice daily, n = 120) or placebo 
(n = 119) [Goodman et al. 2010]. Response was 
defined as consistent improvement in the T25FW, 
with percentage of timed walk responders (TWRs) 
in each treatment group as the primary outcome. 
The study showed that the proportion of TWRs 
was significantly higher in the extended-release 
dalfampridine group (51/119, 42.9%) compared 
with the placebo group (11/118, 9.3%; p < 0.0001). 
The average improvement in walking speed among 
TWRs in the extended-release dalfampridine-
treated group during the 8-week efficacy evalua-
tion period was 24.7% from baseline (95% CI 
21.0–28.4%). Adverse event rates were similar to 
the prior studies [Goodman et al. 2010].

Responder/nonresponder analysis has potential 
weaknesses that should be appreciated when one 
is studying such data [Snapinn and Jiang, 2007]. 
For example, there is a reduced power relative to 
analysis on the original scale due to the use of a 
threshold value in analysis rather than just rejec-
tion of the null hypothesis [Snapinn and Jiang, 
2007]. There is also an issue with the arbitrary 
nature of the definition of a response. Such a 
definition needs validation against meaningful 
clinical measures to ensure that it is truly an 
appropriate endpoint. The T25FW post hoc anal-
ysis of data from the pivotal trials of extended-
release dalfampridine appeared to confirm a 
correlation between change in T25FW speed 
and CGI. In addition, participants characterized 
‘minimally improved’ by the CGI as a mean of 
0.36 ft/s or a 17.2% relative change from average 
baseline walking speed of 2.1 ft/s. This study con-
firmed the clinical significance of the timed walk 
change in responders in these trials [Goodman 
et al. 2009, 2010; Coleman et al. 2012]. In 2011, 
Bethoux and Bennett described several methods 
in which to quantitatively measure ambulation sta-
tus [Bethoux and Bennett, 2011]. In addition to 
the aforementioned T25FW and patient self-report 
MSWS-12, other instruments include the Dynamic 
Gait Index and the Timed Up and Go test that 

involve other aspects of mobility, including 
balance. Tests such as the 2- or 6-Minute Walk 
provide information on endurance and motor 
fatigue that may not be picked up on other meas-
ures. It is possible that other measures of walking 
under various conditions may more accurately 
predict a ‘useful’ or ‘clinically meaningful out-
come’ with this medication and others in the 
pipeline.

Safety of extended-release dalfampridine
The clinical efficacy of 4-AP formulations is 
directly related to the total serum concentration 
(measured as area under the serum concentration 
curve), while toxicity and adverse side effects are 
directly related to the peak serum dose [Bever  
et al. 1994]. The average side effect profile was 
summarized in several pivotal trials, looking at 
both immediate-release and extended-release for-
mulations, including the studies by Goodman and 
colleagues [Goodman et al. 2007, 2008, 2009, 2010] 
and van Diemen and colleagues [van Diemen 
et al. 1993]. Common side effects included 
headache, fatigue, dizziness, nausea, paresthesias, 
imbalance, urinary tract infections, insomnia, 
asthenia, and falls. However, the above side effect 
profile was reduced overall with the sustained 
release formulation and the 10 mg twice daily 
dosing regimen [Goodman et al. 2008]. The most 
serious adverse side effect was seizures (including 
generalized tonic–clonic seizures in two out of 23 
patients with MS) in those treated for 6–32 
months with 4-AP who were reported in the study 
by Polman and colleagues [Polman et al. 1994]. In 
addition, in recent studies reported by the 
Goodman investigators [Goodman et al. 2007], 
two out of 25 patients with MS on extended-release 
dalfampridine experienced one seizure each while 
enrolled in a 14-week treatment trial (taking 
20 mg twice daily, and one accidentally overdosed). 
In general, there appeared to be a dose-related, 
increased risk of seizure development.

There are two major contraindications to the use 
of extended-release dalfampridine. Patients with 
moderate to severe renal impairment (creatinine 
clearance ≤ 50 ml/min) should avoid extended-
release dalfampridine due to its renal excretion 
and risk of toxicity. Patients with mild to moderate 
renal impairment are at risk of higher plasma lev-
els of extended-release dalfampridine approaching 
the 15 mg twice daily dosing levels in trials 
(Ampyra medication guide approved by US Food 
and Drug Administration). Patients with a seizure 
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history should also avoid extended-release dal-
fampridine due to the increased risk of seizures 
[Acorda Therapeutics, Inc., 2010].

At present, extended-release dalfampridine is 
only available in a 10 mg twice a day dose. This 
dose may not be exceeded, and pills may not be 
manipulated (split, crushed, etc.). Further trials 
are underway to assess lower dosing regimens. 
The safety of extended-release dalfampridine in 
pregnancy and breast feeding is unknown at 
present, and this medication should likely be 
avoided in these circumstances. Data on pediat-
ric use (under age 18) and in older people (over 
65 years of age) are lacking. In older people, a 
creatinine clearance should be obtained before 
considering the use of extended-release dalfam-
pridine [Acorda Therapeutics, Inc., 2010].

Conclusion
Extended-release dalfampridine has been found 
in several randomized, double-blind, placebo-
controlled trials to significantly improve walking 
speed and likewise lower extremity motor strength, 
spasticity, and dexterity (secondary endpoints) in 
some patients (responders) with MS affecting 
walking speed. It primarily operates by blocking 
Kv channels along demyelinated axons, thus 
shortening the length of repolarization, and 
thereby prolonging the depolarization phase of 
the action potential. This ultimately increases 
the concentration of neurotransmitter available 
for release into the synaptic cleft, hence optimiz-
ing neurotransmission in an already compromised 
system due to autoimmune attack on the myelin 
sheaths. Multiple studies have also investigated 
the effects of extended-release versus immediate-
release formulations on patients treated with dal-
fampridine. These trials demonstrated peak-dose 
side effects including gastrointestinal upset, dizzi-
ness, falls, and even seizures to a greater extent in 
patients taking 4-AP versus extended-release 
formulation. As demonstrated in the study by 
Coleman and colleagues, the CGI scale positively 
correlated with improvement in ambulation, 
measured as the T25FW [Coleman et al. 2012]. 
Ambulation is crucial for patients with MS. 
Extended-release dalfampridine may significantly 
affect gait in a minority of patients, potentially 
improving independence in some patients.

In future, it would be interesting to investigate the 
molecular mechanism attributed to responder 
versus nonresponder status in those exposed to 

therapeutic doses of dalfampridine. For instance, 
although not yet clearly defined in the literature, 
it would be interesting to speculate if the differ-
ence in response is related to potassium receptor 
polymorphisms or perhaps some other downward 
process in leading to increased transmitter release 
at the level of the synapse. Along the same lines, it 
would also be interesting to describe if in nonre-
sponders the increased dalfampridine serum level 
would lead to a degree of response before causing 
seizures or if seizures are not likely to be triggered 
in patients who are nonresponders because of 
their lack of receptor sensitivity.
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