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Abstract

Objective: Both animal and human data suggest that noradrenergic stimulation may enhance
motor performance after brain damage. We conducted a placebo-controlled, double-blind and
crossover design study to investigate the effects of noradrenergic stimulation on the cortical motor
system in hemiparetic stroke patients.

Methods: Stroke patients (n = 11) in the subacute or chronic stage with mild-to-moderate hand
paresis received a single oral dose of 6mg reboxetine (RBX), a selective noradrenaline reuptake
inhibitor. We used functional magnetic resonance imaging and dynamic causal modeling to assess
changes in neural activity and interregional effective connectivity while patients moved their
paretic hand.

Results: RBX stimulation significantly increased maximum grip power and index finger-tapping
frequency of the paretic hand. Enhanced motor performance was associated with a reduction of
cortical “hyperactivity” toward physiological levels as observed in healthy control subjects,
especially in the ipsilesional ventral premotor cortex (vVPMC) and supplementary motor area
(SMA), but also in the temporoparietal junction and prefrontal cortex. Connectivity analyses
revealed that in stroke patients neural coupling with SMA or vPMC was significantly reduced
compared with healthy controls. This “hypoconnectivity” was partially normalized when patients
received RBX, especially for the coupling of ipsilesional SMA with primary motor cortex.
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Interpretation: The data suggest that noradrenergic stimulation by RBX may help to modulate
the pathologically altered motor network architecture in stroke patients, resulting in increased
coupling of ipsilesional motor areas and thereby improved motor function.

Focal brain lesions may trigger structural and functional changes in perilesional and remote
brain regions.! Functional neuroimaging studies showed that neural activity in ipsilesional
and contralesional cortical areas was pathologically increased when stroke patients moved
their paretic hand,2 and that overactivity usually decreases over time, concomitant to clinical
recovery.2:3 Modulation of cortical networks by pharmacological means or by noninvasive
brain stimulation was demonstrated to ameliorate stroke-induced deficits.*-” For example,
the enhancement of monoaminergic influences via amphetamine in combination with
physical therapy facilitates functional improvements after focal brain injury in rats,
monkeys, and humans.8-11 Data are, however, inconclusive, as several clinical trials could
not confirm positive effects of amphetamine for motor recovery in humans.1213 The
beneficial effects of amphetamine for the facilitation of motor recovery may result, at least
in part, from interactions with the noradrenergic system.14-16 Recent studies in healthy
humans revealed that modulating the noradrenergic system with reboxetine (RBX), a
selective noradrenaline (NA) reuptake inhibitor,1? increases motor cortex excitability and
improves motor learning as well as the performance in complex visuomotor tasks.18:19
Likewise, motor performance of stroke patients may be improved via noradrenergic
stimulation with RBX.20 The neural mechanisms underlying such NA-mediated motor
improvements, however, remain to be elucidated. They may encompass direct interactions
with the neurons of the motor system (eg, modulating excitability of motor neurons under
the influence of brain stem nuclei) and changes in the functional network architecture (eg,
modulation of the influence that one neural system exerts over another; ie, “effective
connectivity”).21:22

We investigated the effects of RBX in stroke patients at the behavioral and neural levels
using functional magnetic resonance imaging (fMRI). Dynamic causal modeling (DCM)
was applied to fMRI data of key motor areas to assess the effects of RBX on interregional
connectivity within the cortical motor system.23 We hypothesized that RBX-mediated
improvements of motor performance in stroke patients might result from a normalization of
abnormally increased neural activity in both hemispheres,34 which might be caused by
enhanced coupling of neural activity between motor areas mediated by noradrenergic
stimulation.24.25

Patients and Methods

Subjects

The study was approved by the local ethics committee. Informed consent was obtained from
each subject.

Eleven first-ever stroke patients (Table 1) with persistent motor deficits due to ischemia in
the middle cerebral artery territory were recruited from the Department of Neurology,
University of Cologne (Cologne, Germany). The patients were included based on the
following criteria: (1) stable unilateral motor deficit; (2) absence of aphasia, neglect, and
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apraxia; and (3) no mirror movements of the unaffected hand. The Beck Depression
Inventory (BDI) was used to screen for symptoms of depression. According to the
Edinburgh Handedness Inventory,6 9 patients were right-handed and 2 patients were left-
handed before stroke. Eleven (3 female) age-matched right-handed healthy subjects (mean +
standard deviation [SD]: 63.2 + 7.9 years) without any history of neurological, psychiatric,
or orthopedic disease served as controls.

Experimental Design

A placebo (PBO)-controlled, double-blind and crossover design was employed. A single oral
dose of 6mg RBX (Solvex; Merz Pharmaceuticals, Frankfurt, Germany; tmay * 2 hours;
elimination half-life ~ 13 hours) was used as a noradrenergic stimulant.2” The dose of 6mg
RBX had been proven to be sufficient in modulating motor performance of stroke patients.20
Six patients initially received RBX, followed 7 days later by PBO, allowing for a sufficiently
long washout phase. The remaining 5 patients initially received PBO, followed 7 days later
by RBX. Behavioral performance was tested twice (ie, before [=baseline, BASE session]
and about 2.5 hours after drug administration [DRUG session]) on each testing day. Before
the second behavioral testing, patients were scanned with fMRI. The control subjects did not
receive any drug (neither RBX nor PBO), and underwent only one fMRI testing and one
behavioral session using the identical setup as for the patients. These data served as
reference for physiological brain activations, brain connectivity, and motor performance.

Behavioral Tasks

fMRI

The behavioral test battery comprised: (1) the action research arm test (ARAT), (2)
maximum hand grip strength measured with a vigorimeter in 3 trials (Martin, Tuttlingen,
Germany), (3) maximum index finger-tapping frequency in three 5-second trials, and (4)
rapid pointing movements between 2 targets separated by a distance of 30cm as fast and as
accurately as possible in two 15-second trials (see Supporting Fig. 1 for more information).
Kinematic data of the index finger-tapping and rapid pointing movements were measured
with the Zebris CMS20S system (Zebris Medical GmbH, Isny, Germany).18

fMRI MOTOR TASK.—For fMRI, subjects were instructed to perform index finger-tapping
movements as quickly as possible with the left or right hand (indicated by a visual cue). In a
block, 3 cycles of index finger-tapping of either hand (for 4 seconds) were separated by a 2-
second pause to prevent muscular fatigue. Movement blocks were separated by baselines
(lasting 16 seconds) in which subjects were instructed to relax and keep still. The whole
experiment lasted approximately 11 minutes. The motor performance (ie, number of taps per
block) of each patient was recorded by an experimenter standing inside the scanner room.
No mirror movements were detected when patients moved either the affected or unaffected
hand.

IMAGE ACQUISITION.—AII fMRI images were acquired with a Siemens Trio 3.0T
scanner (Erlangen, Germany) using a gradient echo planar imaging (EPI) sequence with the
following parameters: repetition time (TR) = 2250 msec; echo time (TE) = 30 msec; field of
view (FOV) = 200 mm; axial slices = 37; slice thickness = 3.4 mm; distance factor = 15%;
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in-plane resolution = 3.1 x 3.1 mm?; and flip angle = 90°. Afterward, high-resolution T1-
weighted images and T2 fluid-attenuated inversion recovery images were acquired for all
subjects.

Data Analyses

Prior to data analyses, the MRI volumes of 7 patients with right hemispheric lesions were
flipped along the midsagittal plane.24 The data of 7 controls were processed in the same
manner. As a result, the affected and unaffected hands in the patient group corresponded to
the “right” and “left” hands in the control group, respectively.

GENERAL LINEAR MODEL fMRI ANALY SIS.—Images were processed using the
Statistical Parametric Mapping (SPM) software package (SPM5; Wellcome Trust Centre for
Neuroimaging, University College London, UK) for spatial preprocessing (realignment,
spatial normalization, and smoothing) and first-level statistical analysis (see Supporting
Information). For spatial normalization, the high-resolution T1-weighted image of each
subject was coregistered to the mean realigned EPI image. The coregistered T1-weighted
image was spatially normalized to the Montreal Neurological Institute (MNI) single-subject
template using the unified segmentation approach,28 in which warping regularization was set
to 1 and bias regularization was set to 0.0001. This approach has been proven to be most
suitable for spatial normalization of brain images with focal lesions (eg, stroke).29 In
addition, a binary lesion mask was created by manually outlining the precise boundaries of
the lesion on the T1-weighted image for each patient using MRIcron (Version 7, July 2009;
http://www.sph.sc.edu/comd/rorden/mricron). The lesion mask was smoothed (full-width at
half-maximum [FWHM] = 8mm [the same FWHM as used for smoothing EPI images],
threshold = 0.1%) and was then used for cost function masking during segmentation.30-31
The resulting deformation parameters were then applied to the individual EPI volumes. The
quality of the normalization was checked by 2 authors (L.W. and C.G.) using outer brain
margins as well as anatomical landmarks (eg, central sulcus, hand knob, insular cortex, and
corpus callosum) when comparing the normalized EPI images with the SPM canonical
single-subject brain in MNI space. Distances between landmarks on the normalized EPIs
and the SPM single-subject template did not exceed 3mm (ie, voxel size of the original EPI
volumes), indicating successful spatial normalization results.

For group analysis, the parameters derived from the first-level analysis were compared in 2
full-factorial analyses of variance (ANOVA) with (1) the factors “hand” (right/affected, left/
unaffected) and “group” (controls, patients [PBO]), and (2) the factors “hand” (affected,
unaffected) and “agent” (PBO, RBX). The statistical threshold was set at p < 0.05 (family-
wise error [FWE] corrected at the cluster level; p < 0.001 uncorrected at the voxel level).

REGION OF INTEREST ANALYSIS.—Region of interest (ROI) analyses were
performed on the key motor areas activated during the tapping task, comprising the primary
motor cortex (M1), supplementary motor area (SMA), ventral premotor cortex (vPMC), and
dorsal premotor cortex (dPMC) (see Supporting Information for more detailed anatomical
constraints) using the SPM toolbox “MarsBar” (version 0.41). The cortical and subcortical
stroke lesions in the patients’ group did not overlap with any of the assessed ROIs, and did
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not directly interrupt structural connections between ROIs as inferred from the T1-weighted
images. The estimated parameters for hand movements of each motor area were compared
between controls and patients (PBO) as well as between PBO and RBX (threshold of p <
0.05).

DYNAMIC CAUSAL MODELING.—Dynamic causal modeling (DCM) is a hypotheses-
driven approach to model effective connectivity between distinct brain regions and relies on
a priori neurobiological models reflecting the hypothesis on relevant regions, connections
and context-dependent modulations thereof.23 We focused our analysis on the core regions
of the motor system activated in the finger-tapping task, including bilateral M1, SMA, and
vPMC.32 The BOLD time series was extracted from each region at subject specific
coordinates (8-mm spheres around individual activation maxima) in the first-level analysis.
Four anatomically plausible models differing in effective connectivity (Fig 1) were estimated
and compared by Bayesian model selection to determine the most likely model given the
data using a random effects approach.33 The statistical significance of the derived coupling
parameters was tested by means of one-sample #tests (p < 0.05, false discovery rate [FDR],
corrected for multiple comparisons).3# For more detailed information re. the DCM analysis,
please see Supporting Information.

EFFECTS OF LESION LOCATION, SIZE, AND AGE.—To determine whether RBX
effects detected at the behavioral, neural, and connectivity levels depended on lesion
location, we performed a voxel-based lesion-symptom mapping (VLSM) analysis with
MRIcron.35:36 |_esion masks were interactively constructed based on the T1 image of each
patient as described above. They were subsequently normalized to MNI space using the
SPM software by applying the deformation parameters derived from the respective T1
images. In VLSM analysis, the RBX effects at behavioral, neural, and connectivity levels
were treated as continuous variables, respectively. A ttest was performed to identify
statistically significant differences (FDR corrected, p < 0.05). Furthermore, we correlated
the RBX effects with lesion size and age, respectively.

Behavioral Results

CONTROLS vs PATIENTS.—A multivariate analysis of variance with the factors ‘group”
(patients [PBO_BASE], controls) and “hand” (affected/right, unaffected/left) on all motor
parameters revealed a significant main effect of “hand” (A5,16) = 8.240, p=0.001) and a
significant interaction (H5,16) = 4.343, p=0.011), indicating a hand-specific motor deficit
in the patients” group compared with controls (Table 2).

RBX EFFECTS IN STROKE PATIENTS.—Dry mouth occurred in 4 patients after
ingestion of RBX and in 1 patient after PBO administration. Other side effects were not
reported.

For the stroke-affected hand, motor performance of the ARAT and the rapid pointing task
were unaffected by RBX, as indicated by the nonsignificant interaction effect between
“agent” (PBO, RBX) and “session” (BASE, DRUG) in a repeated measures ANOVA (RM-
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ANOVA) (see Table 2). In contrast, there were a significant interaction effect and a
significant main effect of “session” for maximum grip power and index finger-tapping
frequency (p < 0.05; Fig 2), indicating that the motor performance of the two tasks was
significantly increased by RBX, but not by PBO. A similar RBX effect was observed for the
tapping performance during fMRI (PBO [mean = SD] = 2.83 + 1.48Hz; RBX =3.30 =
1.62Hz; #10) = 4.058, p < 0.05, FDR corrected).

The VLSM analysis revealed no significant relationship between lesion location and RBX-
mediated improvements in grip strength or finger-tapping frequency. In addition, no
correlation was found between lesion size and improved motor performance following
treatment with RBX. However, a statistically significant inverse relationship (r = —0.65, p<
0.05) between lesion age and improvements in grip power (RBX_[DRUG — BASE] -
PBO_[DRUG - BASE]) was identified: The older the lesion, the less effective the grip
power enhancement by RBX. In addition, there was no significant difference in motor
performance or response to RBX between patients with (ie, the 4 patients with BDI scores =
9) and patients without symptoms of depression (ie, BDI scores < 9) (p> 0.05).

There were no significant RBX effects on any motor parameter of the unaffected hand (p >
0.05). Therefore, the subsequent analyses of fMRI data were focused on movements of the
stroke-affected hand.

Changes in BOLD Activity

Patients under PBO exhibited a more extended and bilateralized activation pattern when
moving the paretic hand compared with healthy subjects (Fig 3A,B). When patients moved
their paretic hand after RBX administration, task-related neural overactivity was
significantly reduced in a number of areas in both hemispheres including ipsilesional vPMC
and dorsolateral prefrontal cortex (Fig 4; Table 3).

Furthermore, we investigated BOLD signal changes in a priori defined ROIs representing
key areas of the motor system so as to enhance statistical sensitivity. The RM-ANOVA with
the factors “group” and “region” on estimated effect sizes during the right/affected finger
movements revealed a significant main effect of “group” (A1,20) = 6.625; p=0.018).
Independent samples #tests (one-tailed; Fig 5) showed that compared with controls, patients
had significantly increased BOLD activity in ipsilesional vPMC, dPMC, and M1 as well as
in contralesional SMA, dPMC, and M1, and exhibited a trend toward increased activity in
ipsilesional SMA (420) = 1.456; p=0.080). Compared with PBO, RBX significantly
reduced BOLD activity during movements of the affected hand in ipsilesional SMA and
VvPMC (see Fig 5). These RBX-mediated changes in BOLD activity, however, did not
correlate with the observed increase in finger-tapping frequency of the affected hand (o >
0.05).

The VLSM analysis did not show a significant relationship between lesions affecting the
deep gray matter and RBX-modulated BOLD activity (p> 0.05). However, we found that
patients with lesions in the posterior limb of the internal capsule, corresponding to the
corticospinal tract according to the SPM Anatomy toolbox,3” were more likely to exhibit
decreases of overactivity in ipsilesional vPMC (p < 0.05). In addition, RBX-mediated

Ann Neurol. Author manuscript; available in PMC 2021 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 7

changes in BOLD activity during movements of the affected index finger were not
significantly different between patients with and without symptoms of depression as
indicated by the BDI scores (p > 0.05).

Connectivity Analysis

The Bayesian model selection procedure showed that model 4 (see Fig 1) yielded highest
model evidence for representing the intrahemispheric and interhemispheric interactions
among SMA, vPMC, and M1 (expected posterior probability and exceedance probability are
given in Supporting Fig 2). Importantly, Bayesian model selection results were consistent
across both groups and the 2 sessions (ie, PBO and RBX).

Independent samples #tests for each coupling revealed that intrinsic coupling parameters
with SMA or vPMC were significantly reduced in patients compared with controls (Fig 6A;
Supporting Table 1). Also the modulatory influence of moving the affected hand on
interregional coupling was significantly reduced between ipsilesional SMA and ipsilesional
M1 as well between contralesional vPMC and ipsilesional M1 in the patients’ group (see Fig
6B; Supporting Table 2). The “hypoconnectivity” of ipsilesional SMA-M1 was significantly
correlated with poorer tapping performance of the paretic hand (see Fig 6C). The equivalent
coupling parameter in healthy subjects was not significantly correlated with the absolute
maximum tapping performance of the right hand (p > 0.1). Fisher’s ztest confirmed that the
correlation coefficient for the patient group differed significantly from that computed for the
control group (z=2.571; p=0.010). Furthermore, patients showed decreased task-related
inhibitory coupling from ipsilesional M1 or contralesional vPMC to contralesional M1.

Paired ftests revealed that task-independent (intrinsic) couplings were not statistically
different between PBO and RBX (p> 0.05). In contrast, neural coupling parameters during
movements of the paretic hand were significantly increased between ipsilesional SMA and
ipsilesional M1 after RBX administration compared with PBO (Fig 7). However, there was
no significant correlation between increases in ipsilesional SMA-M1 coupling and
improvements in finger-tapping frequency (p > 0.01), suggesting that other factors might
also influence RBX-mediated improvements. Further analysis revealed that there was a
significant correlation between finger-tapping improvements and ARAT scores (rs = 0.83; p
< 0.01). Hence, the level of impairment seems to also influence the behavioral responses to
RBX. The effects of RBX on interregional coupling were, however, not related to lesion
location (as tested in the VLSM analysis), lesion age, or lesion size (p> 0.1).

Discussion

RBX-mediated enhancements in motor performance of the stroke-affected hand were
associated with a reduction of abnormally increased cortical activity in both hemispheres,
resulting in near to normal levels of motor-related activity (compared with healthy controls).
Furthermore, connectivity analyses revealed that abnormal “hypoconnectivity” between
ipsilesional SMA and M1 was improved under RBX. The data suggest that noradrenergic
stimulation via RBX may help to correct abnormal interactions between cortical areas of
stroke patients, thereby ameliorating stroke-induced motor deficits.
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Noradrenergic Modulation of Motor Performance

Stimulating noradrenergic mechanisms with amphetamine has been shown to facilitate
functional improvements in stroke patients.%10 Evidence from animal studies also supports
the role of the noradrenergic system in enhancing motor recovery. For example, depletion of
NA by the neurotoxin DSP-4 or by selective lesions of the pontine nucleus locus coeruleus
(LC), which is the major source of central noradrenergic projection fibers,2! delayed motor
recovery of rats.38:39 In agreement with the findings of Zittel and colleagues,?® we show
here that enhancing noradrenergic mechanisms by means of RBX significantly improves
index finger-tapping frequency and grip power of the paretic hand. We also found that the
shorter the time since stroke, the greater the RBX-mediated improvement in grip strength.
This finding indicates that noradrenergic stimulation might be especially effective when
neural reorganization processes, for example, changes in transmitter receptor density or
expression of transcription factors,4041 are still upregulated during the first few weeks and
months poststroke. However, our and previous studies revealed that RBX did not affect the
performance of index finger-tapping in the unaffected hand of stroke patients or in healthy
subjects.18:19 This result suggests that RBX does not improve tapping performance per se
but could rather enable a better use of neural resources underlying finger-tapping in
disturbed networks after stroke. In addition, the RBX effects did not differ between patients
with and without symptoms of depression at the behavioral and neural level. As
antidepressant drugs (including RBX) usually have a delayed onset of action on symptoms
of depression attributed to remodeling effects (which usually also impacts on psychomotor
symptoms), patients with higher BDI might show stronger motor improvements when RBX
is taken on a regular basis over weeks and months.

RBX-mediated Changes in Neural Activity

Enhanced finger-tapping frequency under RBX was associated with a reduction of
overactivity during movements of the paretic hand, especially in ipsilesional vPMC, SMA,
and cingulate cortex. This finding resembles the results of prior studies in which
improvements in motor functions of stroke patients were associated with a decrease in task-
related overactivity.34243 A recent meta-analysis of human imaging data suggests that both
SMA and vPMC constitute key motor areas for performing finger-tapping tasks similar to
the one used in the present study.32 Studies in monkeys showed that these areas have
extensive projections to M1 and, therefore, might play an important role in motor recovery,
44-46 for example, by facilitating the motor output of M1 neurons through corticocortical
projections.*’ The finding that the normalization of overactivity also depended on the
integrity of the corticospinal tract underpins its importance for reorganization and functional
recovery after stroke.*849 However, increases in tapping frequency are usually paralleled by
an increase in task-related BOLD signal in both healthy subjects and stroke patients.5051
We, therefore, propose that the here observed RBX-induced reductions in movement-related
activity reflect more efficient interactions among the motor areas via stronger neuronal
coupling.>2 A recent study on motor learning showed that reduced attentional control after
movement automatization is accompanied not only by decreases in neural activity but also
by increases in effective connectivity in task-related brain areas, suggesting a more efficient
neural coding of movement.>3 Similar processes could underlie the findings observed in the
present study.
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In addition to changes in “classical” motor areas, RBX stimulation in this study led to
decreases in more “cognitive” regions, such as the dorsolateral prefrontal cortex and the
temporal cortex. Neuroimaging studies have shown that these areas are typically involved in
tasks relying on motor learning.>* In these studies, practice-induced improvements in task
performance are usually associated with a reduction of neural activity in frontotemporal
areas, probably owing to less cognitive effort for practiced tasks.>®56 Similar processes
might explain the reductions in BOLD signal observed for areas in the prefrontal cortex and
the temporal cortex when patients were stimulated with RBX (ie, reduced demands upon
motor control as a result of improved motor performance). Although changes in prefrontal
activity might also have impacted on interactions with premotor and motor areas (eg, less
attentional control of motor areas after RBX),%” we focused our connectivity analysis on the
areas of the motor system as we sought to test the hypothesis that stimulating the
noradrenergic system may improve the functional network architecture of the motor system
thereby inducing improved task performance.

Effects of NA on Cerebral Motor Networks

The DCM data suggest that enhancing noradrenergic transmission in stroke patients induced
a rearrangement of motor network interactions. Specifically, the influence of ipsilesional
SMA on ipsilesional M1 was significantly enhanced after RBX administration compared
with PBO, and correlated with the tapping performance of the affected hand, but did not
correlate with the tapping performance in control subjects. Such a difference indicates that
disturbed SMA-ML1 interactions in stroke patients might contribute to the motor deficits of
the paretic hand. As a similar SMA-M1 “hypoconnectivity” has also been found in a
different sample of patients performing a different motor task (hand clenching movements),
24 3 general dysfunction of this connection is likely to constitute a relevant factor for stroke-
induced motor impairments. Therefore, the increase in coupling strength of ipsilesional
SMA-M1 under noradrenergic stimulation could represent a critical factor mediating
behavioral improvements of the stroke-affected hand. Tracer studies in monkeys revealed
dense axonal projections from neurons in SMA to neurons in M1, especially between the
respective finger representations of the two areas.*>:°8 Considering the role of the SMA in
the generation of internally-driven movements or movement sequences,>® these dense
projections toward M1 might be especially important for the task-dependent modulation of
M1 activity underlying finger-tapping movements. Furthermore, immunohistochemical
studies showed that the sensorimotor areas along the central sulcus and SMA exhibit a high
density of NA-containing fibers in both monkeys and humans.89-62 Therefore, manipulating
the NA system by means of RBX might be especially effective for connections targeting the
sensorimotor regions, such as the SMA-M1 interactions.

Although increased coupling of ipsilesional SMA-M1 was not correlated with improved
affected index finger-tapping frequency, the improvement in finger-tapping frequency was
correlated with ARAT scores. Hence, the level of impairment seems to influence the
behavioral responses to RBX. This hypothesis is supported by results from a clinical trial
which showed that patients with less motor impairments showed the best behavioral
response to amphetamine.53 Therefore, increases in SMA-M1 coupling might promote
improvements in motor performance under RBX stimulation, but this is not the only factor
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influencing a positive behavioral response to RBX. It is well conceivable that patients with
stronger disruption of motor networks (as clinically indicated by lower ARAT) either do not
respond to a single dose of RBX or need much higher increases in SMA-M1 coupling to
achieve a behavioral gain, as observed in patients with less motor network disruption. One
factor that has been shown to influence motor deficits and recovery thereof is the integrity of
the corticospinal tract (CST).#8:64 The VLSM analysis did not reveal a significant
relationship between lesion location (eg, internal capsule) and improvements in motor
performance after RBX. However, quantitative data as provided by diffusion tensor imaging
techniques might be more sensitive in detecting a relationship between CST damage and
response to noradrenergic interventions.54

Transcranial magnetic stimulation studies have shown that pharmacological stimulation of
the noradrenergic system in humans may rapidly change neural excitability and practice-
dependent plasticity in M1.19.65.66 A number of animal studies have demonstrated that such
plasticity-related phenomena can be attributed to the LC-NA system.2! For example, ocular
dominance plasticity in kitten visual cortex was abolished by the depletion of NA but was
enhanced by the local infusion of NA.67:68 |t was further demonstrated that NA facilitates
synaptic plasticity via a N-methyl-D-aspartic acid (NMDA) receptor-gated mechanism,69.70
indicating that NA may play a role in supporting activity-dependent modifications of
neuronal connections. Studies in rats demonstrated that overall functional connectivity (eg,
synchronous activity) among ensembles of heurons may be enhanced with increasing NA
efflux, which resembles our finding of enhanced effective connectivity under RBX
stimulation.>! Other electrophysiological studies in rodents showed that enhancing NA
transmission may increase the signal-to-noise ratio (measured as spike-train activity) in
cortical areas by decreasing spontaneous activity.”! Similar mechanisms might underlie the
regionally-specific changes in connectivity observed as a result of RBX stimulation:
Although RBX may have induced a system-wide increase in NA levels, neuronal processing
was especially enhanced among those regions showing pathologically-reduced interregional
coupling. Such facilitated gating of neural information after NA stimulation has also been
observed in electrophysiological experiments in animals and may underlie enhanced motor
performance of the paretic hand after RBX stimulation in the current study.2>

Conclusions and Clinical Implications

The current study shows that improvements in motor function observed under RBX result
from a rearrangement of cortical interactions, ultimately enhancing the initially reduced
motor output of the lesioned hemisphere. It is important to note, however, that the RBX-
improved motor performance of stroke patients observed in the current and a previous study
represents a short-term effect.20 In animals, repeated administration of RBX induced a
stronger increase in extracellular NA than a single dose of reboxetine did,’2 and also
increased the affinity of alpha-1-adrenergic receptors.’3 In addition, repeated administration
of the alpha-1 receptor agonist methoxamine increased the density of cortical synapses.’
These long-term administration-induced adaptive changes in the noradrenergic system might
consolidate the behavioral improvements induced by a single dose of stimulation and
thereby induce long-lasting functional improvements. Therefore, longitudinal studies testing
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the efficacy and safety of RBX are now needed to further evaluate the potential of this drug
to promote functional recovery in stroke patients.

In addition, clinical trials evaluating the chronic administration of amphetamine on
facilitating motor recovery in stroke patients yielded both positive and negative results.
Factors that might influence the response to amphetaminergic stimulation might be the
degree of (initial) motor impairment and the content of physical therapy applied together
with pharmacotherapy.53.75 Finally, functional neuroimaging and analyses of connectivity
might be useful to identify the differences in brain networks in responders and
nonresponders to daily-administered amphetamine. These results might be helpful to decide
which patients might especially profit from stimulation by means of amphetamine or RBX.
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Refer to Web version on PubMed Central for supplementary material.
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A Intrinsic coupling (A matrix) C Driving inputs (C matrix)
hemisphere

Modulatory influence (B matrix) on coupling during hand movements

Affected (R) hand movements Unaffected (L) hand movements

Model 3 Model 2 Model 1

Model 4

FIGURE 1:
DCM maodels. (A) Intrinsic (ie, task-independent) connectivity. (B) Alternative models of

connectivity modulated by left-hand or right-hand movements used for Bayesian model
selection. (C) Driving inputs on the modeled regions. DCM = dynamic causal modeling.
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FIGURE 2:
Improvement in motor performance under RBX. (A) Improvements in hand grip strength

(DRUG - BASE). (B) Improvements in index finger-tapping frequency (DRUG — BASE).
Error bars = SEM. *p < 0.05. BASE = baseline; DRUG = drug administration; RBX =
reboxetine; SEM = standard error of the mean.
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Movements of the Movements of the
affected (R) hand unaffected (L) hand

A

Patients reboxetine

FIGURE 3:
BOLD activity during hand movements in healthy controls and patients (FWE corrected; p <

0.05 at the cluster level). Compared with (A) controls, (B) patients had enhanced activity in
ipsilesional and contralesional motor areas when moving their affected hand. (C) The
overactivity was reduced after administration of RBX compared with PBO. BOLD = blood
oxygen level dependent; FWE = family-wise error; PBO = placebo; RBX = reboxetine.
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Movements of the affected hand: PBO > RBX

X =-26

Affected side

FIGURE 4:
Whole-brain voxelwise analysis. RBX effects during movements of the affected hand (FWE

corrected; p < 0.05). Compared with PBO, RBX significantly reduced the BOLD activity in
both hemispheres, including (a) ipsilesional middle frontal gyrus, (4) bilateral anterior
cingulate cortex, (¢)ipsilesional inferior frontal gyrus (ventral premotor cortex), (d)
ipsilesional temporoparietal junction/superior temporal gyrus, () contralesional superior
frontal gyrus, (7) ipsilesional middle cingulate cortex, (g) ipsilesional superior medial frontal
gyrus, and (A1) contralesional superior medial frontal gyrus. BOLD = blood oxygen level
dependent; FWE = family-wise error; PBO = placebo; RBX = reboxetine.
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Movements of the right/affected hand

I Controls
[/ Pat_Placebo
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SMA vPMC dPMC M1 ; SMA vPMC dPMC M1

affected/left hemisphere | unaffected/right hemisphere

Region of interest analysis. When moving the affected hand, patients (PBO) showed
overactivity in ipsilesional/left vPMC, dPMC, and M1, as well as in contralesional/right
SMA, dPMC, and M1 compared with controls. After administration of RBX, the
overactivity in ipsilesional/left SMA and vPMC was reduced compared with PBO. Error
bars = SEM. *p < 0.05; **p < 0.01. dPMC = dorsal premotor cortex; M1 = primary motor
cortex; PBO = placebo; RBX = reboxetine; SEM = standard error of the mean; SMA =
supplementary motor area; vVPMC = ventral premotor cortex.
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B Modulatory influence induced by right/paretic hand movements
Controls Patients PBO

Affected
hemisphere

C Modulation of interregional coupling
induced by affected hand movements
o
= r=0.58, p<0.05
=
~———— significant positive coupling £ 3 .
——Jp significant negative coupling % »
———— non-significant coupling §
significant difference to controls R
s
% 0.0
]
@
2R
°
3 -2

o

1 2 3 4 5
Affected finger tapping frequency (Hz)

FIGURE 6:
Effective connectivity in controls and patients (FDR corrected, p < 0.05). (A) Intrinsic

coupling. (B) Modulatory influence induced by right/paretic hand movements. The left and
right panels show the results of control subjects and stroke patients, respectively. The white
numbers with blue background in the right panel indicate the significant difference between
patients and controls (FDR corrected, p < 0.05). (C) Correlation between the coupling
strength from ipsilesional SMA to ipsilesional M1 and the motor performance of the
affected hand (p < 0.05). FDR = false discovery rate; M1 = primary motor cortex; SMA =
supplementary motor area.
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Modulatory influence induced by affected hand movements

Affected
hemisphere |

Affected
hemisphere |

significant positive coupling

significant negative coupling

non-significant coupling

significant difference to PBO
FIGURE 7:

RBX effects on effective connectivity during affected hand movements. The left and right
panels demonstrate the modulatory influence induced by affected hand movements in PBO
and RBX sessions, respectively. The coupling strength of ipsilesional SMA-M1 significantly
increased after administration of RBX compared with PBO (FDR corrected; p < 0.05). FDR
= false discovery rate; M1 = primary motor cortex; PBO = placebo; RBX = reboxetine;
SMA = supplementary motor area.
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