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Abstract

Background—Extensive data, primarily from animal studies, suggest that several classes of

drugs may have anti-neuroplastic effects that could impede recovery from brain injury or reduce

the efficacy of rehabilitation.

Aims—The Locomotor Experience Applied Post-Stroke (LEAPS) trial, a randomized controlled

study of 408 subjects that tested the relative efficacy of two rehabilitation techniques on functional

walking level at one year post-stroke, provided us the opportunity to prospectively assess the

potential anti-neuroplastic effects of several classes of drug.

Methods—Subjects were randomized to receive one of the two rehabilitation therapies at 2-

months post stroke. Drugs taken were recorded at time of randomization. Outcome was assessed at

one year post-stroke. Regression models were used to determine the amount of variance in success

in improving functional walking level, gains in walking speed, and declines in lower extremity,

Correspondence to Stephen E. Nadeau, MD, Neurology Service (127), Malcom Randall VA Medical Center, 1601 SW Archer Road,
Gainesville, FL 32608-1197; telephone 352-374-6082; fax 352-374-6153; snadeau@ufl.edu.

Disclosures
None.

NIH Public Access
Author Manuscript
Int J Stroke. Author manuscript; available in PMC 2015 June 01.

Published in final edited form as:
Int J Stroke. 2014 June ; 9(4): 449–456. doi:10.1111/j.1747-4949.2012.00920.x.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



upper extremity, and cognitive impairment accounted for by α1 noradrenergic blockers + α2

noradrenergic agonists; benzodiazepines; voltage-sensitive sodium channel anticonvulsants; and

α2δ voltage-sensitive calcium channel blockers.

Results—The maximum variance accounted for by any drug class was 1.66%. Drug effects were

not statistically significant when using even our most lenient standard for correction for multiple

comparisons.

Conclusions—Drugs in the classes we were able to assess do not appear to exert a clinically

important effect on outcome over the period between 2- and 12-months post-stroke. However, the

potential antineuroplastic effects of certain drugs remains an incompletely settled scientific

question.
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Introduction

Neuroplasticity can be logically divided into reactive neuroplasticity and experience-

dependent neuroplasticity. Reactive neuroplasticity consists of reduction in necrotic and

apoptotic cell death and enhancement of angiogenesis, neurogenesis, neural migration,

axonal growth, expansion of dendritic spines, and synaptogenesis, and it is maximal in the

days and weeks following a neural injury (1, 2). Experience dependent neuroplasticity

involves normal learning mechanisms, including non-declarative memory acquisition (e.g.,

procedural memory), which takes place directly in the neural structures supporting the

functions involved, and declarative memory acquisition, which depends upon the

hippocampus and associated mesial temporal structures. It predominantly involves genesis

of dendritic spines, synaptogenesis, and modification of existing synapses (3).

Neurorehabilitation most explicitly targets experience-dependent neuroplasticity and its

impact on reactive neuroplasticity is largely unknown.

A number of drug classes have been shown, predominantly in animal studies but also in one

study of human subjects (4), to inhibit neuroplasticity, as reflected in their effects on rate

and magnitude of recovery. These include anti-cholinergic agents (see review (5)), voltage-

sensitive sodium channel active anticonvulsants (e.g., phenytoin (6)), GABAergic

anticonvulsants (7),α1 noradrenergic blockers (8),α2 noradrenergic agonists (9),

GABAergic agents (e.g., benzodiazepines (10, 11) but not zopiclone (12)), and neuroleptics

(e.g., haloperidol (8, 13, 14) but not clozapine (14) or risperidone (15)). Administration of

anti-neuroplastic drugs to patients could both impede recovery from brain injury and reduce

the efficacy of rehabilitation.

Only the adverse effects on learning produced by anticholinergic agents have been directly

demonstrated in human subjects (all normal volunteers) (16, 17), and ethical concerns

preclude the application of standard clinical trial methodology to the testing of potential

anti-neuroplastic drug effects in subjects undergoing neurorehabilitation after brain injury.

One prior prospective study of human subjects with stroke suggested that potentially anti-
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neuroplastic drugs prescribed by treating physicians had a small but statistically significant

effect on motor outcome during the first three months after stroke (4).

The Locomotor Experience Applied Post-Stroke (LEAPS) trial is a large, multi-center,

randomized controlled trial (RCT) of rehabilitation interventions for gait impairment after

stroke (18, 19). It provides us the opportunity to pursue this secondary analysis in which we

prospectively assess the impact of potentially anti-neuroplastic drugs on functional outcome

between 2 and 12 months post-stroke in a considerably larger number of participants who,

unlike the subjects in the study of Goldstein et al., participated in rehabilitation therapy of

proven efficacy. LEAPS did not involve a drug intervention, but many of the 408 recruited

subjects were taking potentially anti-neuroplastic drugs prescribed by their physicians.

The LEAPS trial compared two types of rehabilitation interventions provided by physical

therapists to improve walking after disabling first stroke. LEAPS targeted adults who had

hemiparesis due to a stroke severe enough to require inpatient rehabilitation, followed by

discharge home. At entry 2-months after onset, participants were still limited to walking

with assistance in the home or to walking short distances in the community. Interventions

were: (1) a progressive, task-specific locomotor training program (LTP) that included

walking on a treadmill with partial body weight-support and over-ground practice and (2) a

progressive strength and balance exercise program delivered in the home (Home Exercise

Program, HEP). LTP and HEP were delivered at 2-months (early) post-stroke in addition to

usual care. A delayed LTP group received the intervention at 6-months post-stroke. Contrary

to our original hypothesis, the task-specific LTP program provided early or late was not

superior in improving 1-year walking ability compared to the impairment-targeted exercise

program, HEP, and early LTP was not superior to late LTP. With both interventions, over

50% of the study population improved walking ability at 1-year, as defined by a transition to

a higher functional walking level, regardless of severity of impairment. These results enable

us to use all 408 LEAPS subjects in the present study.

Anti-neuroplastic effects of a drug can become evident only to the extent that there is a

demonstrable neuroplastic response. In the LEAPS trial, mean baseline walking speed was

0.38 m/s (SD 0.23). Over the 10 months of the trial, walking speed increased by 0.24 m/s

(SD 0.22), i.e., 63% (19). This increase, which we assume to predominantly reflect

neuroplastic response, constituted the substrate for drug effect. The hypothesis motivating

this study was that, because the drugs studied act to inhibit neurophysiologic processes

involved in neuroplasticity, the use of these drugs during the 10 months of the LEAPS trial

would significantly attenuate gains in function.

Methods

Study Design

The LEAPS trial was a multi-center, single-blind randomized controlled trial (RCT),

stratified by walking impairment level at 2-months after onset of stroke (severe, < 0.40 m/s,

and moderate, 0.40–<0.80 m/s), with randomization to three protocol intervention groups,

early LTP, late LTP, and HEP (proportions 7:7:6).
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The LEAPS protocol has been reported (18). Ethics review boards at all participating centers

approved the protocol. All participants provided written informed consent. An independent

medical monitor and a data safety monitoring board (DSMB) appointed by the National

Institutes of Health (NIH) oversaw the conduct, safety, and efficacy of the trial and

monitored adverse events. The 12-month primary outcomes have been reported (19).

Study Population and Screening

Participants were recruited from 6 inpatient rehabilitation sites in California and Florida.

Inclusion criteria were age ≥ 18 years; stroke within 45 days and ability to be randomized at

2 months post-stroke; residual paresis in the lower extremity; ability to walk 10 feet with no

more than 1-person assistance; ability to follow a three-step command; physician approval

for participation; self-selected 10 meter walking speed less than 0.8 m/s; and living in the

community by the time of randomization. Exclusion criteria included dependency in

activities of daily living, exercise contraindications, pre-existing neurological disorders, and

inability to travel to the treatment site.

Interventions

The LTP and HEP programs were controlled for exercise frequency (90 minute sessions, 3

times per week) and duration (12 to 16 weeks), for a total of 30–36 exercise sessions. LTP

included stepping on a treadmill with partial body weight support for 20–30 minutes at 2.0

mph, with manual assistance as needed, followed by a progressive over ground walking

program sustained for 15 minutes provided by a physical therapist and rehabilitation

technician(s) (0–2) in the clinic. HEP included progressive flexibility, joint range of motion,

upper- and lower-extremity strength, coordination, and static and dynamic balance exercises

provided by a physical therapist in the home. In addition to the LTP and HEP interventions,

all participants were allowed to receive any prescribed usual and customary care during the

intervening periods.

Drugs

Drugs received by LEAPS participants were prescribed by their physicians and were not

influenced either by participation in the Trial or by the Trial physicians. Drugs taken were

assessed through examination of drug lists provided by patients, recording from pill bottle

labels, and direct inquiry of participants at the time of randomization, 2 months post-stroke

(Table 1). Patient self-report has been shown to have high agreement with pharmacy and

medical records for the types of drug reported here (20–22). Neither drug dose nor duration

of drug use post-randomization was documented.

Outcomes

Five outcomes served as the dependent measures in the present study: functional walking

level, self-selected walking speed (the two LEAPs primary outcome measures), impairment

based measures of lower and upper extremity function (Fugl-Meyer [FM] lower extremity

[LE] and upper extremity [UE] motor scores, respectively) (23), and a cognitive measure.

Improved functional walking level was defined as the ability to walk independently at a

speed of 0.4 m/s or greater for persons with initially severe walking impairment (< 0.4 m/s),
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or at a speed of 0.8 m/s or greater for persons with initially moderate walking impairment (≥

0.4 m/s – <0.8 m/s) (24, 25). In general, stroke patients who walk at less than 0.4 m/s are

largely confined to home. Those who walk at between 0.4 and 0.8 m/s are capable of limited

community ambulation. Those who walk at greater than 0.8 m/s are capable of full

community ambulation. We employed the FM measures so that this study would be more

nearly comparable to that of Goldstein et al. (4), who employed the Toronto Stroke Scale,

which is also an impairment based measure. We included UE and cognitive function in our

analysis to determine the possible impact of potentially anti-neuroplastic drugs on an

untreated domain in which experience-dependent plasticity predominantly involves

procedural memory recovery and re-acquisition, and an untreated domain in which

experience-dependent plasticity substantially involves declarative memory recovery and re-

acquisition (cognitive function). The cognitive measure was defined by the average of Z-

scores for the Mini-Mental State Exam (MMSE) (26), the Wechsler Adult Intelligence Scale

(WAIS) digit symbol subtest (27), and Trailmaking B-A (Trails B minus Trails A) (28). The

change Z-score for each subject was computed by subtracting the baseline mean Z score

from the 12-month mean, and then dividing by the population standard deviation at baseline.

Statistical Analysis

In this paper, we studied the effects of the following classes of drugs: 1) benzodiazepines; 2)

α1 noradrenergic blockers + α2 noradrenergic agonists; and 3) voltage-sensitive sodium

channel anticonvulsants. α2 noradrenergic agonists were combined with α1 noradrenergic

blockers for the purposes of this analysis because central nervous system α2 noradrenergic

receptors sensitive to the action of clonidine (the only such drug in this study) are

presynaptic and stimulation of them inhibits norepinephrine release (29). We also tested the

hypothesis that agents active at the α2δ site of voltage-sensitive calcium channels

(gabapentin, pregabalin) might inhibit neuroplasticity by reducing the quantity of

neurotransmitter released by each action potential. Finally, we tested the effects of two

classes of drugs that logically served as controls: β-noradrenergic blockers, for which there

is no evidence of an anti-neuroplastic effect, and serotonin selective reuptake inhibitors

(SSRIs), for which there is phase 2 RCT evidence of a possible adjuvant effect on

neuroplasticity in the rehabilitation setting (30).

In our first analysis, the dependent variable was achievement of improvement in functional

walking ability at 12 months (yes/no). We assessed the proportion of subjects who improved

functional walking ability (defined in the previous section) among those prescribed one of

the six different drug categories listed above; any anticonvulsant (voltage-sensitive sodium

channel anticonvulsants, levetiracetam, or an α2δ active agent); and any of the potentially

anti-neuroplastic agents listed in Table 1. A logistic regression model was developed

including only baseline covariates: baseline severity of walking impairment (severe, < 0.40

m/s, and moderate, 0.40–<0.80 m/s), clinical site, age, stroke type (large vessel distribution,

lacunar, or hemorrhage), side of hemiparesis, and depression as the independent variables.

Eight additional logistic regression models were then created by adding one drug use

indicator as an independent variable to the baseline logistic regression model in order to test

the amount of additional variance in outcome accounted for by each drug class. The
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McKelvey-Zavoina method (31) was used to measure the increment in proportion of

explained variance in the dichotomized response accounted for by each drug.

In our second analysis, self-selected walking speed at 12 months post-stroke was the

dependent variable. This analysis, rather than testing the impact of drug class on the ability

of a subject to achieve a functionally meaningful increment in walking level, tested the

potential incremental impact of a drug class on walking speed. A linear regression model

was developed that included the six baseline covariates employed in the first analysis as the

independent variables. Eight additional linear regression models were then created by

adding one drug use indicator as an independent variable to the baseline model in order to

test the amount of additional variance in outcome accounted for by each drug class.

Further analyses using linear regression models were performed for each of the three

additional dependent variables, FM-LE, FM-UE and the cognitive measure, assessed at 12-

months post-stroke. In each case, we used the six baseline covariates employed in the first

analysis plus the baseline value of the dependent measure as independent variables and

proceeded to eight additional models testing the additional variance accounted for by each

drug class.

In the first two analyses, the last-observation-carried-forward method was used to handle

missing data. Complete case analyses were performed for FM-LE, FM-UE and the cognitive

measure. None of the statistical results was corrected for multiple comparisons. We

performed a total of 40 different regression analyses. Full Bonferroni correction would yield

a threshold p value of 0.0013. Alternatively, each drug analysis could be viewed as testing

an individual hypothesis, in which case a more lenient standard employing correction for the

five outcome variables tested might be considered sufficient, yielding a threshold p value of

0.01. All statistical analyses were performed using SAS software, version 9.1.

Results

The LEAPS trial involved 408 participants. The mean age was 62.0±12.7 years; 54.9% of

the participants were men and 22.1% were Black or African-American. At randomization

participants were 63.8±8.5 days post-stroke; 40% had ischemic large vessel distribution

strokes, 31% lacunar infarctions, 17% hemorrhages, and in 12% stroke type was undefined.

Modified Rankin score was 1 in 0.5%, 2 in 13%, and 3–4 in 86%. Fifty-three percent walked

< 0.4 m/s and 46.6% walked 0.4–<0.8 m/s. Twenty-seven percent had cardiovascular

disease, 81% hypertension, 9% peripheral vascular disease, 6% chronic obstructive

pulmonary disease, 36% musculoskeletal disease, 33% diabetes, and 10% depression.

The number of subjects taking each class of drug is depicted in Table 1. In our first analysis,

which involved achievement of improvement in functional walking level, potentially anti-

neuroplastic drugs were associated with relatively slower walking speeds at 1-year (Figure

1, Table 2). Only 11.6% of the variability observed in outcome was accounted for by the

baseline covariates, and only age (p<0.0001) was a significant predictor. However, the

various classes of potentially anti-neuroplastic drugs accounted for only minimal additional

variance (Table 3). Statistical significance (without correction for multiple comparisons)
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was achieved only for voltage-sensitive sodium channel anticonvulsants. No drug class met

even our most lenient standard for correction for multiple comparisons, p<0.01.

The results of our other four analyses, in which the walking speed (Figure 2), FM-LE, FM-

UE, and cognitive measure at 12 months were the dependent variables, were quite similar

(Table 2). The baseline covariates accounted for 44.61%, 64.0%, 78.8% and 50.4% of the

variability in these outcomes, respectively. In contrast, the various drug classes accounted

for very minimal additional variance (Table 3). For walking speed at 12 months, baseline

severity (p < 0.0001), age (p < 0.0001) and our depression indicator (Personal Health

Questionnaire 9-Depression Scale, PHQ9) (32) (p = 0.004) were the major predictors.

Statistical significance was achieved only for α2δ active agents. For FM-LE score at 12

months, baseline FM-LE (p < 0.0001) was the only significant predictor. The baseline FM-

UE (p < 0.0001) and baseline severity (p = 0.010) were the major predictors for FM-UE

score at 12 months. None of the drug classes achieved statistical significance at the p=0.05

level for these two outcomes. For the cognitive measure, the baseline value (p < 0.0001) and

the depression indicator (p = 0.011) were the major predictors and statistical significance

(uncorrected for multiple comparisons) was achieved only for any potentially anti-

neuroplastic agent andα2δ-active agents. No drug class met even our most lenient standard

for correction for multiple comparisons, p<0.01.

Discussion

This prospective analysis of the effect of potentially anti-neuroplastic drugs determined that

there was an association between several major classes of these drugs and lesser gains in

functional walking level (Figure 1, Table 2). However, our regression models (Table 3)

suggest that the increment in outcome variance accounted for by these drugs was very small

and would fail to achieve statistical significance if corrected for multiple comparisons, even

using our most lenient correction standard.

Even if the increments in outcome variance accounted for by the drugs assessed achieved

statistical significance when corrected for multiple comparisons, by virtue of the small

magnitude of these effects, they are unlikely to be of clinical significance. As shown in the

first row of Table 3, the baseline covariates accounted for 44.6% of the variance in walking

speed, 64% of the variance in FM-LE, 78.8% of the variance in FM-UE, and 50.4% of the

variance in cognitive function at 12 months. The largest amount of variance accounted for

by any drug tested, which was by voltage sensitive sodium channel anticonvulsants on

improvement in functional walking level, was 1.66%, a small fraction of any of these

figures. The baseline covariates accounted for only 11.64% of the variance in achieving

improvement in functional walking level but this was because the strongest predictor of this

outcome was closeness to one of the two points that defined improvement, 0.4 and 0.8 m/s

(data not shown).

Our findings also suggest that the association between these drug classes and reduced

success in achieving a gain in functional walking level (Figure 1) must be related to the fact

that more impaired patients were more likely to be taking these drugs, rather than that the

drugs inhibit neuroplasticity. The results were the same for gains in walking speed (Figure 2;
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Tables 2 and 3); an impairment based measure (FM); untreated functions (UE and cognitive

measures); and an outcome substantially involving recovery and re-acquisition of

declarative memory (cognitive).

In our analysis, β-blockers, which have not been implicated in inhibiting neuroplasticity, and

SSRIs, which have been shown in a Phase II RCT to possibly act as an adjuvant to

neuroplasticity, as determined by improvement in the FM motor score (30), served as a form

of drug control. Neither was associated with a significant decrement in outcome, but neither

was associated with an increment either.

Strengths and Limitations

The strengths of this investigation include the large number of subjects treated (and the

substantial number of subjects receiving drugs of the classes investigated), the prospective

nature of the study, the evidence that the treatment was effective (19), the high compliance

with treatment protocols, the completeness of follow-up, the inclusion of both an

impairment based measure (Fugl-Meyer) and functional measures (including a cognitive

measure), and measures of both treated and untreated functions. However, there are several

limitations. We have not ruled out the possibility of invidious effects of potentially anti-

neuroplastic drugs before the time of randomization (2-months post stroke), i.e., the period

addressed in published animal studies. Our results suggest that these drug classes do not

have a clinically significant effect on the mix of normal learning mechanisms engaged by

practice-based therapy and reactive neuroplasticity in the 2–12 month post-stroke epoch.

Goldstein et al. (4) assessed potentially anti-neuroplastic effects of these same classes of

drugs during the first three months after stroke, precisely the period during which reactive

neuroplastic processes are likely to be most active. The presence of these drugs was

associated with adverse effects and accounted for 2% of the variance in their primary

outcome measure, the Toronto Stroke Scale Motor Subscore, and 4% of the variance in the

Barthel Index. On the other hand, several of the classes of drugs examined in our study

(benzodiazepines, voltage-sensitive sodium channel anticonvulsants, and α2δ voltage-

sensitive calcium channel agents) act by mechanisms that theoretically could impact normal

learning mechanisms, for example, by reducing neural firing rates or efficacy of neural

transmission. Finally, to the extent that the participants were still taking the drugs of interest

at the time of their 1-year evaluation, we cannot separate anti-neuroplastic effects from

direct effects on neural function.

Our results speak only to the drug classes used by a sufficient number of subjects to enable

statistical analysis. Insufficient subjects were taking neuroleptics or drugs with

anticholinergic effects for us to assess the impact of these important drug classes. We cannot

assess potential dose effects, the extent of time over which drugs were maintained was not

recorded, and no attempt was made to assess patient adherence. The drugs were being given

to outpatients beyond the acute stage of medical care after stroke and they are by their nature

drugs that tend to be maintained chronically. However, recent studies have demonstrated

average adherence rates in the 35–65% range, even for drugs as important as post-

myocardial infarction medications, antihypertensives, and anticonvulsants (33–36). The

major contributors to non-adherence are self-initiated discontinuation of the drug and erratic
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dosing. To the extent that the drugs used by subjects in the LEAPS trial were not

continuously maintained throughout the full 10 months of this study, their potential

antineuroplastic effects might be underestimated. Furthermore, because neither this study

nor that of Goldstein et al. (4) constituted randomized trials of drug effects, neither study can

rule out the possibility that it was the conditions for which the drugs were prescribed, rather

than the drugs themselves, that accounted for the minor negative, albeit probably

insignificant effects observed.

Conclusion

Within the limits of our study but with the benefits of a prospective trial and planned

analysis, the small amounts of variance accounted for, relative to our baseline covariates,

suggests that there are no clinically significant effects on neuroplasticity relatable to several

major drug classes in common use, including benzodiazepines; α1 noradrenergic blockers +

α2 noradrenergic agonists (clonidine); and anticonvulsants, including voltage-sensitive

sodium channel agents and α2δ voltage-sensitive calcium channel agents. Several classes of

drug had effects that achieved statistical significance in our analyses but these effects would

no longer be significant when using even our most lenient standard for correction for

multiple comparisons. Future phase III trials can build on our results by providing

converging evidence, refining drug analysis through assessment of impact of dose and

duration of administration, and explicitly monitoring drug adherence.
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Figure 1.
Proportion of subjects achieving an increase in functional walking level at 12 months post-stroke for each drug class. See Table

2 for key to drug classes.
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Figure 2.
Mean and standard error (bars) of walking speed at 12 months post-stroke for each drug class. See Table 2 for key to drug

classes.
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Table 1

Potentially anti-neuroplastic drugs taken by the study population

Drug class Drug N

Agents with anticholinergic effects

 Tricyclic antidepressants 4

 Other (diphenhydramine, benztropine) 2

C2 Benzodiazepines 33

C3 α1-noradrenergic agents

 α1 noradrenergic blockers (prazosin, doxazosin, tamsulosin, terazosin) 35

 α2 noradrenergic agonists (clonidine) 42

Neuroleptics 7

C4 Anticonvulsants

C5 Voltage-sensitive sodium channel anticonvulsants

 Phenytoin 12

 Carbamazepine 1

 Lamotrigine 1

 Topiramate 1

 Valproate 2

GABAergic anticonvulsants (phenobarbital) 1

C6 α2δ voltage-sensitive calcium channel agents

 Gabapentin 27

 Pregabalin 3

Levetiracetam 13
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