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Abstract and Introduction
Abstract

Study Objective. To determine the effects of the long-term administration of 4-
aminopyridine (4-AP) on sensorimotor function in humans with long-standing spinal cord
injury (SCI).

Design. Randomized, open-label, active-treatment control, dosage-blinded study.

Setting. University-affiliated, tertiary-level care, Department of Veterans Affairs Medical
Center.

Patients. Twenty-one healthy men and women outpatients suffering from traumatic SCI
(14 tetraplegic, 7 paraplegic) for 2 years or more.

Interventions. Dosages of an immediate-release formulation of 4-AP were titrated. At 3
months, 16 subjects were receiving 4-AP 30 mg/day (high dose); 5 subjects were
receiving 4-AP 6 mg/day (low dose) and served as an active-treatment control group.

Measurements and Main Results. Composite motor and sensory scores had statistically
significant increases at 3 months. Maximal expiratory pressure, maximal inspiratory
pressure, forced vital capacity, and forced expiratory volume in 1 second showed
clinically meaningful and/or statistically significant increases among patients receiving 4-
AP 30 mg/day. These subjects also had significant decreases in spasticity (modified
Ashworth Scale). Serial biochemical profiles and electroencephalographs were
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unchanged from baseline, and no clinically significant drug toxicity was encountered.

Conclusions. Long-term oral administration of immediate-release 4-AP was associated
with improvement in and recovery of sensory and motor function, enhanced pulmonary
function, and diminished spasticity in patients with long-standing SCI. 4-Aminopyridine
appears to be safe and relatively free from toxicity when administered orally over 3
months. Each patient who received immediate-release 4-AP 30 mg/day showed a
response in one or more of the outcome measures.

Introduction

Since the first written description of traumatic tetraplegia appeared in an ancient Egyptian
papyrus, traumatic spinal cord injury (SCI) has essentially remained “an ailment not to be
treated.”™ Even in modern times, the human spinal cord remains refractory to
pharmacologic manipulation, particularly with respect to its function as an integrator or
modulator of volitional motor function and sensory perception. Nevertheless, several
decades of advances in pharmacotherapy, surgery, and rehabilitation medicine have
contributed to ameliorating the myriad pathophysiolgic sequelae of SCI, increasing
longevity, and enhancing the recovery of physiologic homeostasis. Only recently has a
central nervous system (CNS)-active agent capable of causing improvement in
sensorimotor function in humans been introduced.?*

Spinal cord trauma and its sequelae are only rarely associated with a complete anatomic
transection. In most patients, some degree of axonal continuity persists, and translesional
propagation of action potentials is preserved in varying degree. Extensive intralesional
demyelination resulting in conduction block, however, is common,® " and a drug
effective in overcoming or attenuating the block could be valuable. Experience with 4-
aminopyridine (4-AP) shows it to be a CNS-active agent with this property.t”

4-Aminopyridine is a voltage-gated, fast potassium channel blocker capable of improving
axonal conduction by facilitating the propagation of action potentials in demyelinated
nerve fibers.” ® It also influences neurologic function in intact animal models of SCI and
in clinical conditions in which demyelination is a contributing factor to neurologic
deficit.[ >*? Data from human and animal studies suggest that locomotor function and
sensory input are preserved after injury even though only a small proportion of neurons
remains intact and viable. Clinically significant restoration of sensorimotor function can
occur in the face of only modest recovery from severe neurologic impairment. 113141

In a prior study, significant improvements in pulmonary function and respiratory muscle
strength occurred in patients with SCI who were administered a single dose of 4-AP.[
The present study was undertaken to test the validity of these findings and to assess the
safety and efficacy of long-term administration of 4-AP in improving volitional motor
function and enhancing sensory perception in a larger, more diversified cohort.

Methods



Subject Selection and Characteristics

The study was conducted with the approval of the U.S. Food and Drug Administration
(FDA). Twenty-one healthy volunteers (18 men, 3 women; 14 tetraplegic, 7 paraplegic;
Table 1) with traumatic SCI of more than 2 years’ duration completed the study. They all
provided institution-approved, written informed consent. Injuries were complete in 9
subjects and incomplete in 12.°! Eleven subjects who were unexposed to 4-AP (4-AP
naive) were randomly assigned to receive high- or low-dose 4-AP. Ten subjects who had
received 4-AP were unblinded and assigned to receive high-dose 4-AP (Figure 1). These
subjects had participated in a short-term (24-hr) study of the effects of a single 10-mg
dose and/or 2 weeks of 35 mg/day orally more than 1 year before the present study. All
participants were followed for 3 months in a seasonally balanced, low-dose, active-drug
controlled trial of 4-AP. Study subjects did not differ significantly in age, height, weight,
or injury duration.
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Figure 1. Flow diagram shows the progress of study participants through the clinical trial.
R indicates randomization. *Data from this subject were omitted from statistical analysis.

The medical records of each prospective participant and their written responses to a
detailed prescreening questionnaire were reviewed before the screening evaluation.
Before enrolling, each participant underwent a comprehensive history and physical
examination and detailed neurologic examination. Laboratory tests were electro-
encephalogram (EEG), resting electrocardiogram (ECG), a comprehensive biochemical
profile, a hematologic and blood clotting profile, urinalysis, a lipid panel, and a 5-hour
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glucose tolerance test. In patients selected for enrollment, these examinations and tests
were repeated at each scheduled visit or as necessary to rule out toxicity and document
metabolic or physiologic alterations potentially attributable to 4-AP.

Exclusion criteria were epilepsy, seizures, or an abnormal EEG; recreational or illicit
drug use, including ethanol abuse; maintenance treatment with bronchodilators;
anticholinergic (atropinic) or antihistaminic drugs; psychiatric disorders; and pregnancy
or inadequate or unverifiable gender-specific contraceptive measures.

Subjects were directed to continue their usual lifestyle, such as activity levels, sleep-wake
cycles, and dietary patterns, for the duration of the study except when they returned for
scheduled testing, which was defined, a priori, as time of day (circadian rhythm) and diet
content-dependent.

Safety Measurements

Safety measurements consisted of a standardized history and physical examination,
including a comprehensive neurologic examination; assess-ments of hepatic and renal
function; urinalysis; fasting blood glucose; complete blood count, including a quantitative
platelet count; prothrombin time and international normalized ratio; creatine kinase;
EEG; and a standard 12-lead and ambulatory 24-hour Holter ECG. These studies were
carried out at baseline, before exposure to 4-AP, and 2 weeks, 1 month, and 3 months
after administration of 4-AP had begun or as necessary during the study to monitor for
side effects and rule out adverse reactions.

Subjects were requested to keep a daily diary of events, and these were reviewed at each
follow-up visit or as necessary. Compliance was monitored by capsule count. All subjects
were in constant telephonic or personal contact with the principal investigator and study
coordinator.

Interventions and Treatments

Dosages were titrated to tolerance in increments of 2, 5, or 10 mg over 2 weeks using an
immediate-release formulation of crystalline 4-AP (Regis Technologies, Morton Grove,
IL) in admixture (w/w) with pharmaceutical-grade microcrystalline cellulose (Avicel;
PH-101, NF, FMC Corp., Philadelphia, PA). We encapsulated the drug under the
supervision of the Pharmacy Service of the Department of Veterans Affairs Medical
Center, Long Beach. Problems with stability, potency, or shelf-lifel*?l were not
encountered with this formulation (data on file with the FDA). The shelf-life and stability
of encapsulated 4-AP assayed in our laboratory by high-performance liquid
chromatography are not less than 1 year.

A priori, three random SCI subgroups were defined: group A, 6 subjects, dosage-blinded,
4-AP naive, who were titrated to 30 mg/day and were at steady state at 3 months; group
B, 5 subjects, dosage-blinded, 4-AP naive, who received 6 mg of active drug/day in
divided doses, and served as a low-dose, active-treatment (control) subgroup; and group



C, 10 subjects, dosage-cognizant, who received 30 mg/day and were at steady state at 3
months. All subjects in group C had been exposed to 4-AP and could no longer be
blinded.? ** The trial incorporated an active-treatment control group rather than a placebo
control (Figure 2).!
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Figure 2. Primary outcome measures. (A) Motor score and (B) pinprick score (means +
SEM) showed statistically significant numeric increases among all study subjects at 3
months compared with baseline. Concomitant changes were not observed in the light
touch score (C). Numeric increases in motor and pinprick scores were not observed in
group B. The overall mean increase in numeric scores among all subjects corresponded
to recovery of approximately 1.5 segmental levels. The functional significance or patient-
perceived utility of these improvements remains to be determined.

Randomization

Individuals were randomized in accordance with a computer-generated allocation
schedule. Allocation was concealed in sequentially numbered, sealed envelopes that were
not opened until randomization, 1 day before enrollment.

Masking

All dosages were prepared using no. 2 gelatin capsules and microcrystalline cellulose. All
capsules had the same appearance and taste, and did not perceptibly vary in weight. The
investigational drug was stored and dispensed by the Pharmacy Service, and was issued
in identical opaque plastic containers identified as containing 4-AP. Outcome assessors
and data analysts were not informed of participants’ dosage assignment, nor did they
have access to the allocation schedule or code. The allocation schedule was kept by the
research pharmacist throughout the study. It was not necessary to break the code at any
time.

Primary Outcome Measurements
Changes in Neurologic and Functional Classification

Subjects were examined neurologically as specified elsewhere.™ In this system of
classification, motor strength testing is performed on 10 muscle groups on each side of
the body, and each group is representative of a single segmental myotome. Each muscle
group is assigned a motor strength score of 0-5, generating a unilateral score of 0-50, and
these scores are summated to yield a total composite motor score of 0-100.

Sensory testing is performed on dermatomes C2 through S4-5 by light touch and
pinprick. For each modality, the dermatome is assigned one of three scores: 0 = sensation
absent, 1 = sensation present but impaired, and 2 = sensation normal. Thus, for each
modality a sensory score of 0-56 is generated on each side of the body, yielding a
summed composite score of 0-112 for pinprick sensation or light touch. On each side, the
most caudal myotome and dermatome before an abnormality is detected were designated
the motor and sensory spinal injury levels, respectively. The most caudal dermatome or
myotome with partially preserved innervation was designated the zone of partial
preservation (ZPP).

Motor impairment was classified as complete or incomplete based on the absence or
presence of voluntary motor function at the external anal sphincter. Sensory impairment
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was classified similarly based on the absence or presence of any sensation, including
deep pressure, in the S4-5 dermatome (anal-perianal). Each examination and
classification was conducted by a neurologist blinded to the dosage of 4-AP. The
examinations were performed at baseline (pretreatment) and after 2 weeks, 1 month, and
3 months of active therapy. All subjects were examined when plasma concentrations of 4-
AP were at steady state.

Pulmonary Function Tests

Pulmonary function tests (PFTs) were performed as described elsewhere.” Briefly,
baseline measurements were obtained in triplicate, and predicted values were calculated
from accepted formulas.™ Maximal expiratory pressure (MEP), maximal inspiratory
pressure (MIP), forced vital capacity (FVC), and forced expiratory volume in 1 second
(FEV.) were measured in triplicate at each follow-up visit using standard methods.!*%!

Secondary Outcome Measurements
Modified Ashworth Scale

The modified Ashworth Scale® #! was used to quantify skeletal muscle hypertonus.
Subjects were evaluated at baseline and at each subsequent scheduled revisit. Limbs
affected by SCI were passively manipulated through the range of motion of major joints,
and a spasticity score of 0-4 was assigned.’?”

Other secondary outcome measurements were ZPP and change in classification
(incomplete vs complete injury).

Statistical Analyses

Tests of the significance of the differences between means were carried out with analysis
of variance (two-way, split-plot ANOVA) or an appropriate nonparametric analysis based
on the x?! statistic.? Normality of underlying distributions was tested using
D’Agostino’s Robust D test.

Clinically meaningful changes in pulmonary function tests, as distinguished from
numerical or statistically significant increases, were defined using the convention adopted
by the American Thoracic Society (ATS).™ For each subject, standardized reference
equations were used to calculate predicted FEV; or FVC as a function of chronologic
age, height, and gender.!*®

A p value (two-tailed) of 0.05 or less was required to assign statistical significance to the
difference between means or medians. Means are expressed as + 1 SD unless otherwise
indicated.

Results
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Participant Flow and Follow-up

Figure 1 is a flow diagram that shows the progress of eligible patients through the study.
All subjects were followed at 2 weeks, 1 month, and 3 months. One subject from group B
relocated and declined to participate further, and this subject’s data were excluded from
the statistical analyses.

Primary Outcome Measures

Statistically significant recovery of sensorimotor function and improvements in
functional classification were seen after 3 months of treatment with 4-AP. The mean
composite motor score increased from 45.5 + 26.1 to 47.9 £ 25.7 at 3 months in all 21
subjects (p<0.04; Figure 2). Because the between and interaction F ratios were
nonsignificant, the magnitude of change in motor score at 3 months could be equally
attributed to the variance contributed by each subgroup; that is, no statistically significant
distinction could be made among their relative contributions. However, examination of
subgroup means confirmed no increase in composite motor score attributable to the low-
dose, dosage-blinded group.

The composite mean baseline score for perception of pinprick, 46.9 + 27.0, increased by
15% to 53.8 + 28.0 and attained statistical significance among all subjects at 3 months
(p=0.02). Post hoc analysis showed that among all subjects, pinprick score was also
significantly greater at 1 month than at baseline. A non-significant 5% improvement in
perception of pinprick occurred at 3 months in group B. Comparison of individual
subgroup mean scores, however, supported the inference that the increase in the mean
composite score among all subjects at 1 and 3 months could be attributed to improved
perception of pinprick in groups A and C.

No significant changes in light touch scores, the other sensory modality tested, were
observed during 3 months of treatment with 4-AP, regardless of dosage achieved or
blinding status. No drug tolerance (tachyphylaxis), carry-over, or altered responsivity to
4-AP was observed or anticipated in group C, as these subjects had had limited exposure
to the drug more than 1 year before entering the present study.

Figures 3 and 4 show clinically meaningful (ATS criteria) and statistically significant
improvements in pulmonary function and respiratory muscle strength. Changes were seen
beginning as early as 2 weeks after starting treatment with 4-AP.
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Figure 3. After 1 and 3 months of treatment with 4-AP, (A) FVC (L, mean + SEM) and (C)
FEV: (L, mean £ SEM) were significantly increased among all study subjects. Clinically
meaningful improvements (American Thoracic Society criteria) were seen at 1 month, and
persisted at 3 months when the high-dose subgroups, dosage-blinded and dosage-
cognizant, were receiving 4-AP 30 mg/day. Neither mean FVC (B) nor FEV; (D) in the low-
dose subgroup changed significantly or in a clinically meaningful way from baseline
values. The 5-fold difference in amount of 4-AP administered appears to distinguish

response from nonresponse.
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Figure 4. Three-month time-course profile of mean changes in MEP (cm H»O).
Improvement in MEP began during the early titration phase; a statistically significant
increase was measured at 3 months. Most of the variance in MEP was attributable to
groups A and C. (B) Changes in mean MIP (cm H;O) in all subjects over 3 months.
Improvements in MIP occurred in the early titration phase. Measurable increases,
however, did not achieve statistical significance during 3 months of treatment and were
never of the same order of magnitude as those seen in MEP.

Mean pretreatment FEV; (L/min), FVC (L), and MEP (cm H,0) in all subjects increased
from 2.0 +0.8t0 2.2 + 1.0 (p=0.06), 2.7 + 1.1 t0 2.9 + 1.2 (p=0.04), and 65.1 + 44.4 t0
70.9 £ 59.8 (p<0.01), respectively. These changes corresponded to increases of 15% in
FEV1, 9% in FVC, and 9% in MEP over baseline values. Nonsignificant differences
(p=0.33) were observed in MIP. The magnitude of the mean values and percentage
change in PFTs was diminished by the contribution of the low-dose subgroup in which no
change was seen. Statistically significant or clinically meaningful changes in FEV,, FVC,
and MEP reflected improvements in pulmonary function and respiratory muscle strength
among all subjects, including group B. Subjects in group B, however, who received 4-AP
6 mg/day, showed no improvements in FEV1, FVC, MIP, or MEP by either statistical or
ATS criteria.

Secondary Outcome Measures

The median modified Ashworth Score decreased by 26% from 2.6 + 1.5t0 1.9 + 1.7 in all
subjects after 3 months of treatment with 4-AP. A statistically significant difference
between medians was present with a p value less than 0.04 for the difference. Post hoc
analyses were unable to exclude, at the 95% level of certainty, a drug-induced response in
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group B as having contributed to the significance of the overall probability value at 3
months. Whereas overall mean pain score changed in parallel with Ashworth spasticity
scores, indicating a decrease from pretreatment values at 3 months, the change in pain
perception was statistically nonsignificant.

Previously insensate dermatomes and decentralized myotomes showed recovery and
normal or near normal responsiveness to stimulation or volitional effort. Whereas
recovery was observed bilaterally, it was significant only on the right side. Right-sided
sensory ZPP progressed from T12 to L4. This change corresponded to a significant
caudal progression of the sensory ZPP and was associated with a statistically significant
caudal recruitment of partial sensory perception (p=0.02). It reflected a mean recovery of
sensory perception in four contiguous segmental dermatomes, and was associated with a
mean increase in right-sided motor function corresponding to the recovery of one
myotome.

Subjects also had left-sided recovery of the ZPP. A nonsignificant recovery of partial
sensorimotor function corresponding to recruitment of one myotome or dermatome was
present in all subjects at 3 months.

Recovery of anal-perianal sensation, response to deep pressure, and/or volitional control
of the external anal sphincter occurred in four of the nine subjects initially classified as
having complete injury. This allowed us to reclassify 44% of complete injuries to
incomplete (p=0.04).

Discussion

The therapeutic role of 4-AP in restoring function to patients with SCI has only recently
come under investigation. Although numerous publications appearing over several
decades implicated the drug in the reversal of electro-physiologic deficits and
enhancement of central conduction or neurologic function in animals, it was only during
the current decade that clinical use of 4-AP in spinal cord-injured humans was seriously
considered. This can be attributed to greater understanding of the agent’s principal
mechanism of action, restoring conduction across demyelinated internodes in the
neuraxis, and the observation that demyelination is a common intralesional component of
contusive or compressive injury.® Demyelination and subsequent attenuation of
translesional action potentials appear to be responsible for many of the functional deficits
that are, in varying degree, amenable to reversal by 4-Ap 412331

Changes in neurologic function in patients with long-standing injury who received 4-AP
30 mg/day support its role as an effective intervention in reversing functional deficits. In
this study, statistically significant changes in sensorimotor function were perceptible to
patients as useful enhancements of sensory perception and volitionally directed behaviors
previously unattainable. Contrary to dogma that only acknowledges a 30% response rate
to 4-AP in patients with incomplete injuries, we found, as in earlier studies, that when
poorly understood or incompletely assessed pathophysiologic sequelae of SCI (impaired
pulmonary function, gait disturbances, altered heart rate variability) are investigated, a
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response to 4-AP may be seen in all subjects, regardless of completeness of injury.? 224

Each subject had a response in one or more outcome measures, and no evidence of an
experimental bias attributable to residual or carry-over effects (drug tolerance, altered
responsivity) was anticipated or observed among members of group C, who had
previously taken the drug.

Whereas the magnitude of the increase in the composite motor score appears small, it was
not inconsequential, and it represented statistically significant individual, patient-specific
functional improvement. Reproducible improvements in motor function were observed
by us or reported by subjects and their caregivers. Increases in composite motor scores
were recognized by individual subjects as enhanced mobility, increased grasp strength,
improved motor coordination, refined truncal balance, and facilitated transfers. Enhanced
bowel and bladder function translated into improved volitional control and reduced time
required to complete bowel care.

Subjective awareness of the segmental reacquisition of cutaneous and/or deep sensation,
often initially noxious or dysesthetic, correlated with caudal progression and recovery of
the ZPP and an increase in the perception of pinprick in dermatomes that were insensate
before administration of 4-AP. Recovery or persistence of the capability to recognize
pinprick in the early postinjury period has been suggested as a predictor of the return of
neurologic function.’ Hence, 4-AP may help delineate the completeness or extent of
injury and long-term prognosis in addition to any role it may have in modifying the
natural course of long-standing SCI.

Subjects reported the return of deep sensation(s) that signaled the onset of body
functions, which, before taking 4-AP, had been involuntary, precipitous, and a frequent
source of embarrassment. Although these findings were not quantified and often reflected
empiric or serendipitous observations, they were commonly experienced by subjects
receiving 4-AP 30 mg/day or more. Conversely, these phenomena were rarely reported
by or observed among subjects in group B.

Among the patients receiving high-dose 4-AP who, for personal reasons or because of
noncompliance, voluntarily exited the study after 3 months and participated in an exit
evaluation, measurable residual sensorimotor changes persisted undiminished for not less
than 2 weeks after the final dose of 4-AP. In another trial, some subjects claimed to be
aware of residual effects reminiscent of those experienced during the administration of 4-
AP. These effects persisted for 1-2 days after the termination of the study.™ Several
explanations for this phenom-enon have been offered, including prolonged terminal
systemic elimination half-life attributable to exaggerated enterosystemic recirculation®
eI and altered 4-AP bioavailability. Altered enterosystemic recirculation contributing to
prolonged systemic drug elimination is seen in patients with SCI, many of whom also
experience impaired gastric emptying and biliary dysfunction.®*%! However, altered
population-specific 4-AP pharmacokinetics or disposition cannot reasonably be invoked
as an explanation for the persistence of effect observed after 2 weeks of abstinence. Other
poorly understood or unidentified mechanisms should be sought. Central nervous system
sequestration of active drug, altered synaptic mechanisms, and changes in the number,
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molecular configuration, or sensitivity of axonal ion channels may mediate this
phenomenon.

Administration of 10 mg of an immediate-release formulation of 4-AP was associated
with sustained enhancements in PFTs and improved respiratory muscle strength that
persisted for not less than 24 hours./? The results of the present study corroborate the
findings of our single-dose study and allow us to extrapolate those findings and
conclusions to include 3 months of continuous treatment with 4-AP. Increases in FEV;
and FVC after long-term therapy were statistically significant and achieved clinical
significance according to ATS criteria.*® Statistically significant increases in MEP were
again seen, and although MIP showed a strong, but statistically nonsignificant
improvement by increasing 20% over pretreatment levels (p=0.15), an increase of this
magnitude can be clinically significant.

Both MEP and MIP are quantitative, reproducible measures of respiratory muscle
function,™ whereas changes in FEV; and FV/C are more reflective of small airway
reactivity.® 3 Taken together, these measures of pulmonary function are useful in
distinguishing injury level-dependent respiratory muscle paralysis from obstructive
components of SCl-induced pulmonary dysfunction.l*® %32 Each of these measures of
pulmonary function was, in varying degree, changed by 4-AP; however, the alterations in
this study were of a lesser magnitude than those in our earlier study.[) We attribute the
apparent diminution in clinical response to our inclusion in the statistical analyses of data
acquired in group B, subjects who did not respond to the drug (Figure 3, panels B and D).

Based on the results of this and earlier studies, we believe that 4-AP can reverse or
decrease respiratory impairment in patients with SCI. As a corollary, it could have value
in decreasing the postinjury frequency and severity of pulmonary infections or
dependence on mechanical ventilatory support. Ultimately, the most significant benefits
attributable to the use of 4-AP in SCI may be those reflected in enhanced pulmonary
function.

Secondary Outcome Measures

In our earlier study of 4-AP in patients with SCI, we reported significant, functionally
useful improvements in individual gait parameters and bipedal locomotion.!*®! we
observed and corroborated, but did not experimentally measure, marked decreases in
lower limb spasticity. Whereas spasticity is a sequela of SCI, it is not necessarily
perceived as such by paretic, ambulatory patients who have adapted and learned to use
spasm and increased muscle tone as an aid to locomotion.!**!

In the present study, we quantitatively measured spasticity and attributed statistical
significance to the decrease in muscle hypertonus in our subjects. Whereas 4-AP may
have a salutary effect on muscle spasm, it can deprive the patient of an important, albeit
pathologic, adaptive mechanism. Many patients participating in this and the single-dose
study immediately realized that the diminution in spasticity, initially uncomfortable and
inconvenient, was only transiently so. In effect, they were able to restore more normal,
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useful function by participating in more demanding, graded exercise, and felt that they
were no longer as impeded by spasticity. Decentralized, hypertonic muscles could be
brought back on line to help return body mechanics to normal and, most important,
increase a patient’s potential to advance to higher levels of useful function and
rehabilitation.

Particularly noteworthy and intriguing was a change in neurologic classification from
complete to incomplete injury. A statistically significant number of subjects achieved this
transition during treatment with 4-AP. The mechanism(s) or physiologic changes
mediating this phenomenon are unknown. It is, however, reasonable to postulate that the
drug’s action as an axonal ion channel blocker could be a major contributing factor to the
recruitment of a requisite, threshold number of demyelinated, nonfunctional axons.
Alternatively, or additively, 4-AP can improve neurologic function by enhancing synaptic
transmission and increasing neuroneuronal and neuromuscular conduction.*** Drug-
induced neurologic conversion of SCI status from complete to incomplete injury has not
been reported previously and may have population-specific diagnostic and prognostic
significance. The emotional benefits of neurologic reclassification or, for that matter, the
recovery of any function, were incalculable to our patients.

Recovery of partial sensorimotor function in insensate, paralyzed segments contiguous
with the pretreatment ZPP was unanticipated. To our knowledge, recruitment of new
ZPPs and lowering of the neurologic level of injury in response to a drug has not been
described in the literature. These results tend to substantiate and lend credibility to our
finding of concomitant improvements in other measures of neurologic function in
response to 4-AP.

Clinically significant adverse effects or measurable toxicity did not occur. Nervousness,
giddiness or dizziness, and gastrointestinal upset manifesting as mild abdominal
cramping or nausea were the most frequent side effects. Patients routinely reported mood
elevation and an enhanced sense of well-being. Other clinical studies of 4-AP described
similar positive effects on mood, and this potentially beneficial effect deserves further
investigation. Except for the enhanced sense of well-being, which, once experienced,
usually persisted unabated, all side effects were transient, self-limited, or disappeared
with changes in dosage or the timing of drug ingestion to coincide with meals or snacks.
Seizure or seizure-like activity was not observed nor was it reported by patients or
caregivers at any time or at any dosage. Serially acquired EEG, ECG, biochemical and
hematologic profiles, and urinalyses remained within normal range.

4-Aminopyridine is a potentially toxic drug with a narrow therapeutic index. In reviewing
our clinical experience with 4-AP, we have administered an oral formulation in amounts
of up to 40 mg/day to more than 60 patients. Significant toxicities or adverse reactions
that warranted discontinuing a subject were never seen. We attribute this record of safety
to careful patient selection and our recognition of the need to implement individualized
dosing regimens based on population-specific pharmacokinetic behavior.[*? 15 36.37]

The present study shows that previously published findings of improvements in



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

pulmonary function are reproducible! and that changes in PFTs persist undiminished
during the long-term administration of immediate-release 4-AP to patients with long-
standing SCI. Our data also support conclusions that the agent is well tolerated. It is
probably effective in restoring significant sensorimotor function that persists
undiminished and is not associated with significant toxicity during 3 months of therapy.

The results of this study have brought us several steps closer to validating the clinical
utility of 4-AP as a prototypical drug for SCI. The long sought-after and elusive goal of a
safe, effective drug to restore or enhance useful sensorimotor function may be attainable,
and traumatic SCI may no longer need be considered as “an ailment not to be treated.”"!
Tables

Table 1. Patient Demographics and Covariates

4-AP Age |Height |Weight | Injury Neurologic |Sensory | ASIA/IMSOP

dosage |(yrs) | (cm) (kg) |Duration Level Classification
(mo) of Injury
Motor

Group A |45 182.9 |82.7 125 L3 L1 Incomplete
30 61 180.3 |103.6 192 C3 C3 Complete
mg/day
dosage- (71 178.9 |86.4 589 T9 T9 Complete
blinded |38 188.0 |84.1 228 C5 T6 Incomplete
(n=6) 61 177.0 |58.2 36 C8 C4 Incomplete

35 1829 |79.6 194 C6 ca Incomplete
Mean 51.8 |179.7 |82.4 227.3
SD 145 6.5 14.6 189.9

ASIA/IMSOP = American Spinal Injury Association/International Medical Society
of Paraplegia
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