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Abstract

High-intensity locomotor exercise is suggested to contribute to improved recovery of locomotor function after neuro-

logical injury. This may be secondary to exercise-intensity–dependent increases in neurotrophin expression demonstrated

previously in control subjects. However, rigorous examination of intensity-dependent changes in neurotrophin levels is

lacking in individuals with motor incomplete spinal cord injury (SCI). Therefore, the primary aim of this study was to

evaluate the effect of locomotor exercise intensity on peripheral levels of brain-derived neurotrophic factor (BDNF) in

individuals with incomplete SCI. We also explored the impact of the Val66Met single-nucleotide polymorphism (SNP) on

the BDNF gene on intensity-dependent changes. Serum concentrations of BDNF and insulin-like growth factor-1 (IGF-1),

as well as measures of cardiorespiratory dynamics, were evaluated across different levels of exercise intensity achieved

during a graded-intensity, locomotor exercise paradigm in 11 individuals with incomplete SCI. Our results demonstrate a

significant increase in serum BDNF at high, as compared to moderate, exercise intensities ( p = 0.01) and 15 and 30 min

post-exercise ( p < 0.01 for both), with comparison to changes at low intensity approaching significance ( p = 0.05). Serum

IGF-1 demonstrated no intensity-dependent changes. Significant correlations were observed between changes in BDNF

and specific indicators of exercise intensity (e.g., rating of perceived exertion; R = 0.43; p = 0.02). Additionally, the data

suggest that Val66Met SNP carriers may not exhibit intensity-dependent changes in serum BDNF concentration. Given

the known role of BDNF in experience-dependent neuroplasticity, these preliminary results suggest that exercise intensity

modulates serum BDNF concentrations and may be an important parameter of physical rehabilitation interventions after

neurological injury.
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Introduction

Spinal cord injury (SCI) results in sensory and motor deficits

that can lead to loss of functional walking capacity. In indi-

viduals with motor incomplete SCI, the extent of residual senso-

rimotor function can contribute substantially to the recovery of

locomotor ability. Significant research efforts have identified two

specific intervention parameters that promote locomotor recovery

after neurological injury: task specificity and amount of practice.1,2

Selected studies also suggest that intensity of practice (modulated

by gait speed and indirectly estimated by cardiovascular measures)

may be another critical training parameter to improve locomotor

function. Studies in subjects post-stroke demonstrate that loco-

motor training at high speeds or aerobic intensities (commonly

manipulated by alterations in gait speed3–5) elicit greater im-

provements in locomotor function and increased neural activity in

selected supraspinal centers,3 as compared to lower-speed or lower-

intensity interventions.4,6,7 Importantly, participation in high-

intensity motor activities is accomplished through increased neural

and muscular activity, which can lead to improved long-term

synaptic potentiation as demonstrated in basic8 and applied9 re-

search studies. Together, these findings indicate that intensity of

practice may be an important factor in potentiating experience-

dependent neuroplasticity.

1Center Motion Studies, Kennedy Krieger Institute, Baltimore, Maryland.
2Department of Neuroscience, Johns Hopkins University, Baltimore, Maryland.
3Sensory Motor Performance Program, Rehabilitation Institute of Chicago, Chicago, Illinois.
4Department of Physical Medicine and Rehabilitation, Northwestern University, Chicago, Illinois.
5Departments of Physical Medicine and Rehabilitation, Indiana University School of Medicine, Indianapolis, Indiana.

JOURNAL OF NEUROTRAUMA 34:1240–1248 (March 15, 2017)
ª Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2016.4532

1240



Direct evidence for the role of exercise intensity on motor re-

covery after neurological injury in humans is lacking. However,

previous data in animal models suggest that brain-derived neuro-

trophic factor (BDNF) has a critical role in exercise-induced neu-

roplasticity10,11 that may contribute to improvements in locomotor

function. Studies have demonstrated that BDNF, unlike most other

neurotrophic factors, is released in an activity-dependent manner12

and is involved in short- and long-term plasticity throughout the

central nervous system (CNS).13–15 Within the motor system,

BDNF is known to influence motor neuron excitability12,16 and

survival,17 remodeling of injured axons,17 and training-induced

cortical excitability changes.18,19 In animal models of SCI, there is

evidence of a positive correlation between exercise intensity and

amount of spinal BDNF and related markers of synaptic plastici-

ty.20–22 Critically, increased spinal BDNF and downstream effec-

tors below the level of the lesion have been linked with the recovery

of stepping after cervical hemisection.23

Given the beneficial actions of BDNF and the demonstrated

ability to regulate its expression with neural activity, the effect of

exercise on BDNF in humans has become an area of significant

interest. Though the exact cellular mechanisms remain unclear,

acute bouts of high-intensity aerobic exercise in healthy adults have

consistently been shown to lead to transient increases in periph-

eral BDNF.24,25 Exercise is also suggested to regulate expression of

other molecules, such as insulin-like growth factor-1 (IGF-1).26–29

IGF-1 is not only known to modulate BDNF expression, but also

has overlapping signaling cascades with BDNF that similarly effect

synaptic protein synthesis.26,30 As such, IGF-1 has also been sug-

gested to contribute to exercise-induced BDNF synthesis.31,32 Yet,

the impact of aerobic, as compared to resistance, exercise on serum

IGF-1 may be more variable.33,34

In general, the effect of exercise intensity on growth factor

concentrations in humans with incomplete SCI has not been thor-

oughly examined. One potential barrier to facilitating increased

BDNF levels in individuals with incomplete SCI during exercise

may be the reduced ability to achieve high absolute powers or

cardiovascular intensities. Patients with incomplete SCI present, by

definition, with decreased volitional descending drive, and this

diminished capacity to engage the neuromuscular system can result

in lower absolute capacity for high-intensity exercise relative to

individuals without neurological injury.35 To date, only one study

has evaluated the impact of exercise on peripheral BDNF in hu-

mans with motor complete SCI,36 with no studies in ambulatory

individuals with motor incomplete SCI.

In addition to exercise intensity, genetic factors also impact

activity-dependent BDNF release and influence neuroplastic changes

that occur with exercise. Namely, a single-nucleotide polymor-

phism (SNP) on the BDNF gene (Val66Met) is known to decrease

the activity-dependent release of BDNF.37 Present in *30% of the

population,38 the Val66Met SNP has been linked to a reduction in

short-term motor cortical plasticity19,39,40 and poorer error-based

motor learning41,42 in healthy control subjects, as well as worse

outcomes post-SCI.43 Therefore, this genetic variation, combined

with the potential inability to fully activate the neuromuscular

system post-SCI, may significantly mitigate the effect of exercise

on peripheral BDNF levels.

The primary aim of this study was to determine the effect of

different levels of locomotor exercise intensity on peripheral con-

centrations of selected neurotrophins in humans with motor incom-

plete SCI. We hypothesized that the peripheral concentration of

BDNF would significantly increase as the intensity of exercise in-

creased and that these changes would be positively correlated with

different metrics of exercise intensity. Given the prevalence and

potential impact of the Val66Met SNP on this exercise-dependent

response, this factor was also assessed. We further hypothesized that

subjects who possess the Val66Met SNP would exhibit minimal

intensity-dependent changes in BDNF concentration.

Methods

Nineteen subjects met the following inclusion and exclusion
criteria and were enrolled in this study. Selected measures were
collected on all enrolled subjects; however, data from 8 subjects are
not included in the analysis secondary to an inability to obtain
blood samples (procedures described below) from these subjects.
Inclusion criteria for participation were a history of motor incom-
plete SCI (>6 months) with spinal lesion above neurological level
T10, between 18 and 75 years old, and an ability to independently
complete at least three speeds during the graded-intensity treadmill
test (described below). Exclusion criteria consisted of concurrent
illness that could limit safety or walking performance, including:
anemia (defined as hemoglobin levels of <13 g/dL for men and
<12 g/dL for women); clotting disorders; unhealed decubiti; un-
controlled cardiopulmonary disease, including orthostatic hypo-
tension and recurrent autonomic dysreflexia; active heterotopic
ossification; and other peripheral or central neurological injury. Use
of antispastic agents, antidepressants, or other serotonergic agents
within the past 2 weeks also excluded patients from participation
secondary to the known effects of these medications on motor
output,44 locomotor function,45 and BDNF expression.46 All sub-
jects obtained medical clearance and provided written informed
consent before participation. All study procedures were conducted
in accord with the Declaration of Helsinki and approved by the
local institutional review board.

Data collection and analysis

Before exercise testing, clinical measures of spastic motor ac-
tivity, strength, and overground gait speed were assessed by a li-
censed physical therapist. Spastic motor activity was evaluated
using the modified Ashworth (mAsh) scores47 for bilateral knee
flexors and extensors and the Spinal Cord Assessment Tool for
Spastic Reflexes (SCATS).48 Raw scores for the mAsh were con-
verted to an ordinal scale to allow for the calculation of a composite
score. Scores for both measures of spastic motor activity were
summed within and between legs to obtain a composite score44,49

(mAsh range, 0–20; SCATS range, 0–18). Strength was assessed
with the International Standards for the Neurological Classification
of SCI Lower Extremity Motor Scores (LEMS)50 for specific lower-
extremity muscles. Raw scores for strength were summed within
and between limbs to generate a composite score (range, 0–50).
Overground gait speeds were collected over a 3.85-m instrumented
walkway (GaitMat II; Equitest, Chalfont, PA) with 1.8 m on each
end to allow for acceleration and deceleration. For collection of
self-selected speed (SSS), subjects were instructed to walk at their
normal, comfortable pace. Two trials were collected and averaged
to determine overground walking speeds.

Subjects subsequently participated in a graded-intensity loco-
motor exercise paradigm on a treadmill. For this test, subjects were
fitted with a harness for safety without body-weight support and
instructed to walk on a motorized, instrumented treadmill (Bertec
Corp, Colombus, OH) starting at 0.1 m/s for 2 min, with 0.1-m/s
increases in speed every 2 min until the subject required support
from the safety harness or voluntarily stopped the test. All subjects
enrolled had performed graded exercise testing previously and
were familiar with the testing conditions. To evaluate the effect of
manipulating locomotor exercise intensity and to normalize across
subjects, measures of interest were evaluated at three levels of
intensity defined as a percentage of peak gait speed; low intensity
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was defined as 33%, moderate intensity as 66%, and high intensity
as 100% of peak gait speed achieved during the exercise paradigm.

Indirect measures of exercise intensity were also determined at
each speed during testing. Specifically, cardiorespiratory measures
were collected continuously, and the subject’s rating of perceived
exertion (RPE)51 was collected during the last 30 sec of each speed
increment. In cases where RPE was not successfully collected at
the time point of interest (n = 5), the RPE reported during the pre-
ceding speed was utilized for analysis. Heart rate (HR; beats/min)
and rate of oxygen consumption (VO2; mL/kg/min) were deter-
mined using a portable metabolic system (CosMed USA, Inc.,
Chicago, IL) calibrated before each testing with room air and a
reference gas mixture (16% O2 and 5% CO2). Cardiorespiratory
data were collected on a breath-by-breath basis and stored for
subsequent analysis. HR and VO2 values collected in the last 30 sec
of each speed increment were averaged. NetVO2 was calculated as
the difference between the average VO2 at a particular speed and
the average VO2 measured during 2 min of quiet sitting before
exercise testing. VO2Peak was defined as the maximum NetVO2

collected during the exercise paradigm. To normalize measures
across subjects, percentages of age predicted heart rate maximum
(%PredHRmax) was determined using the formula: 208-0.7*age,52

and percentages of VO2Peak (%VO2Peak) were also calculated.
Serial venous blood draws were also collected before, during, and

after exercise testing. Before testing, an intravenous (i.v.) catheter was
placed in the subject’s upper extremity by a registered nurse. Upon
insertion, the i.v. was flushed with 10 mL of 0.9% normal saline
(0.9%NS) to ensure patency. After initial placement, at least 30 min
passed before blood samples were collected. Immediately before
exercise testing, three blood samples were collected at 2-min intervals
while the subject was sitting at rest. During testing, blood samples
were collected during the last 30 sec of each speed increment. Finally,
three blood samples were taken immediately after testing and at 15
and 30 min post-exercise. All samples were collected using an IV
Leur Lock Collection set into a 10-mL serum separator vacutainer
tube (BD; Franklin Lakes, NJ). When a 0.9%NS flush was used, an
equivalent volume was drawn to waste before collection of the blood
sample used for analysis to prevent dilution. Blood samples were kept
at room temperature for 30 min to allow for clotting and then placed
on ice. After clotting, all samples were centrifuged at 1000g for
15 min at 4�C (Thermo Fisher Scientific; Waltham, MA). Separated
serum was divided into several aliquots in microcentrifuge tubes and
stored at -80�C until analysis (Thermo Fisher Scientific).

Serum samples were analyzed for peripheral levels of BDNF,
IGF-1, and lactate using commercially available kits. Concentra-
tions of BDNF and IGF-1 were determined using Multiplex Assays
(intra-assay precision of <10%; MILLIPLEX MAP Human Pitui-
tary Magnetic Bead Panel 2 Kit and Human IGF-I, II Magnetic
Bead Panel Kit; EMD Millipore; Darmstadt, Germany). Lactate
concentrations were assessed using colormetric assays (Lactate
Colormetric Assay Kit II; Biovision Incorporated, Milpitas, CA).
All samples were analyzed in duplicate and mean concentrations
were calculated; only duplicates with a coefficient of variation of
less than 10% were accepted for analysis. Resting concentrations
were determined as an average of the concentration found in the
three serum samples taken before exercise. Changes in BDNF, IGF-
1, and blood lactate concentration from resting levels at time points
of interest were calculated as the absolute difference between the
concentration at that time point and the average resting concen-
tration as well as the percent change from average resting levels. In
cases where a sample was not successfully obtained during exercise
(n = 4), the group mean change for that level was imputed. Further,
when timing of testing termination did not allow for sample col-
lection at the subject’s peak speed (n = 8), the sample collected
immediately post-exercise was used for analysis. In instances when
a sample was successfully collected both at peak speed and im-
mediately post-exercise, an average at these time points was cal-
culated and considered as high intensity.

Each subject also provided a 2-mL saliva sample in a DNA
Self-Collection Kit (DNA Genotek, Kanata, Ontario, Canada) for
processing and analysis. Samples were then sent to Rutgers Bio-
medical and Health Science for processing and analysis. Primers
were created to amplify the region surrounding the SNP (Val66-
Met: rs6265) of the BDNF gene, and then each sample was ex-
amined for the presence or absence of the Val66Met SNP using a
TaqMan genotyping assay. Subjects without the SNP are indicated
as Val/Val, and subjects who were hetero- or homozygous for the
SNP are indicated as Val/Met or Met/Met, respectively.

Statistical analysis

To determine the effect of exercise intensity on serum concen-
trations of BDNF and IGF-1 (s[BDNF] and s[IGF-1]) a repeated-
measures analysis of variance (ANOVA) with five levels based on
level of intensity or time post-exercise (low, moderate, high in-
tensity, 15 min post-exercise, and 30 minutes post-exercise) was
used. When significant differences were observed, planned com-
parisons with Bonferroni-corrected paired t-tests were performed.
Values at high intensity were compared to those at low, moderate,
and post-exercise time points, with a adjusted to 0.0125 for mul-
tiple comparisons. Similarly, a one-factor, repeated-measures
ANOVA with three levels (low, moderate, and high intensity) was
utilized to assess differences in indirect indicators of exercise in-
tensity. When significant differences were observed, post-hoc
paired t-tests were performed with a = 0.017 for the three com-
parisons. Correlations between changes in s[BDNF] during exer-
cise and indirect measures of exercise intensity (Pearson’s correlation
coefficient) were also tested. Finally, group data were separated
into two groups based on subject’s BDNF genotype (Val/Val or
Val/Met). A Freidman test was utilized to assess intensity-dependent
changes in s[BDNF] in each group with a = 0.05. Relationships be-
tween changes in BDNF and indirect measures of exercise intensity
in Val/Val subjects were also explored with Pearson’s correlation
coefficient. All data presented in text and tables are presented as
mean – standard deviation, and data presented in figures are pre-
sented as means – standard error. All statistical analyses were per-
formed with SPSS software (version 21; SPSS, Inc., Chicago, IL).

Results

Eleven subjects (2 female) with chronic motor incomplete SCI

completed the present study. Subjects had an average age of 41 – 14

years and duration of injury of 103 – 85 months. Participants were

independent ambulators, with an average SSS of 0.80 – 0.32 m/s

and Walking Index for Spinal Cord Injury-II (WISCI II) score of

19 – 2.8. Consistent with population estimates, 36% of the subjects

(n = 4) were found to have the Val66Met SNP on one allele (indi-

cated as Met/Val vs Val/Val in Table 1). Other demographic and

clinical characteristics of these subjects are displayed in Table 1.

Manipulation of exercise intensity

In the present study, locomotor exercise intensity was manipu-

lated by increasing gait speed, and levels of exercise intensity were

normalized to the subject’s peak gait speed reached (see Table 1) to

allow for group mean comparisons. Subjects demonstrated a wide

range of peak gait speeds reached during testing (0.4–1.6 m/s) and

similarly varied total durations of exercise (8–32 min). The average

speed reached at low, moderate, and high exercise intensities were

0.36 – 0.12 (33% of peak speed), 0.75 – 0.23 (66% of peak speed),

and 1.1 – 0.35 (100% of peak speed) m/s, respectively. Group mean

comparisons across levels of exercise intensity demonstrated sig-

nificant increases in absolute and relative cardiorespiratory and

subjective measures of exercise intensity from low to moderate to
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high intensities (Table 2). Despite peak VO2 levels remaining well

below normative values for individuals with poor fitness,53 sub-

jects’ HR and RPEs were consistent with normative data at low,

moderate, and vigorous intensities.54 Of note, RPE data from 2

subjects were not collected.

Intensity-dependent changes in serum concentrations
of brain-derived neurotrophic factor and insulin-like
growth factor-1

Evaluation of the percent change in s[BDNF] from resting levels

demonstrated significant changes with exercise and recovery

(Fig. 1A; p < 0.01). Specific differences include greater increases in

s[BDNF] during high-intensity locomotor exercise, as compared to

moderate intensity ( p = 0.01), with comparison to low intensity

approaching significance ( p = 0.05). Further, s[BDNF] decreased

significantly at 15 and 30 min post-exercise, as compared to high-

intensity conditions ( p < 0.01 for both comparisons). Similar

intensity-dependent changes in s[IGF-1] were not found (Fig. 1B;

p = 0.56).

Low, but significant, correlations between changes in s[BDNF]

and multiple measures of exercise intensity were observed, in-

cluding NetVO2, HR, RPE (Fig. 2A–C), and percentage of VO2

peak (R = 0.38; p = 0.03, not pictured). Changes in s[BDNF] were

also positively correlated to blood lactate levels (R = 0.30; p = 0.09)

and %PredHRMax (R = 0.33; p = 0.06), though these relationships

only approached significance. In addition, no relationship was

found between changes in s[BDNF] and duration of the exercise

(Fig. 2D), supporting the primary role of intensity in augmentation

of s[BDNF] with exercise, as opposed to exercise duration.

Potentially blunted response of serum concentration
of brain-derived neurotrophic factor to exercise
in Val66Met single-nucleotide polymorphism carriers

Val/Val subjects demonstrated a nearly significant trend of in-

creased s[BDNF] with high-intensity exercise ( p = 0.05), similar

to that observed in the group data. In contrast, subjects who are

Val/Met demonstrated no effect of exercise intensity on s[BDNF]

( p = 0.56). Data are represented in Figure 3. Correlation analysis

performed in Val/Val subjects indicate stronger positive relation-

ships between changes in s[BDNF] and measures of exercise in-

tensity, as compared to group data (e.g., NetVO2 [R = 0.47; p =
0.03] and RPE [R = 0.54; p = 0.02]).

Discussion

The present study examined the effect of a graded-intensity lo-

comotor exercise paradigm on peripheral concentrations of specific

neurotrophic factors in humans with motor incomplete SCI. To our

knowledge, this is the first study to evaluate the effect of exercise on

BDNF expression in humans with motor incomplete SCI and only

Table 1. Subjects’ Demographic and Clinical Characteristics

Subject Age Sex DOI (mos) LOI AIS LEMS SCATS mAsh WISCI II SSS (m/s)
Peak TM

speed (m/s) Genotype

1 51 M 65 C6 D 39 14 12 20 0.6 1.2 Met/Val
2 63 M 91 C4 D 43 11 2 19 0.6 1.0 Val/Val
3 49 M 299 C5 D 40 9 10 19 0.8 0.8 Val/Val
4 49 M 188 C5 D 49 9 12 20 0.7 1.0 Met/Val
5 30 M 80 C3 C 44 10 5 13 0.2 0.4 Val/Val
6 53 F 109 C4 D 48 6 0 20 1.1 1.4 Met/Val
7 40 M 168 C5 D 37 12 13 13 0.5 0.8 Val/Val
8 46 M 54 C7 D 50 5 0 20 0.9 1.5 Val/Val
9 23 F 23 T4 D 41 6 4 20 1.1 1.2 Val/Val

10 26 M 19 C5 D 50 10 3 20 1.2 1.6 Met/Val
11 22 M 39 C4 D 41 6 5 20 1.1 1.2 Val/Val

Measures that capture scores for individual muscle strength or spastic motor activity are provided as the summation of scores from each tested muscle
on bilateral lower extremities. For all measures, larger scores indicate increased strength, spastic motor behavior, or independence with ambulation.

M, male; F, female; DOI, duration of injury; mos, months; LOI, neurological level of injury; AIS, American Spinal Injury Association Impairment
Scale Classification; LEMS, International Standards for the Neurological Classification of SCI Lower Extremity Motor Score (range, 0–50); mAsh,
modified Ashworth (range, 0–10); SCATS, Spinal Cord Assessment Tool for Spastic Reflexes (range, 0–18); WISCI II, Walking Index for Spinal Cord
Injury-II (range, 0–20); SSS, self-selected gait speed; TM, treadmill.

Table 2. Indirect Measures of Exercise Intensity Across Level of Exercise Intensity

Rest Low Moderate High p value Differences

Heart rate (bpm) 72 – 15 95 – 21 119 – 23 152 – 25 <0.01 L<M<H
Predicted HR max (%) 40.0 – 7.7 53 – 11 67 – 13 85 – 15 <0.01 L<M<H
NetVO2 (mL/kg/min) — 7.0 – 2.2 12.0 – 3.2 16.0 – 4.9 <0.01 L<M<H
Percentage peak VO2 (%) 18.0 – 5.0 53 – 10 79 – 12 96.0 – 7.2 <0.01 L<M<H
RPE (a.u.) — 9.3 – 2.5 12.0 – 1.9 16.0 – 1.8 <0.01 L<M<H
Blood lactate (mM) 1.4 – 0.5 1.6 – 0.6 2.3 – 1.1 3.4 – 0.9 <0.01 L<M<H

Comparisons made only between levels of intensity, not resting values. Resting values included for reference. Values are represented as means –
standard deviation.

HR, heart rate; max, maximum; VO2, oxygen consumption; RPE, rating of perceived exertion; a.u., arbitrary units.
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the second of its kind in humans with SCI.36 We found that subjects

with incomplete SCI were able to achieve relatively high levels of

exercise intensity, with certain indirect indicators of exercise in-

tensity reaching values similar to those in healthy adults. The data

demonstrate an intensity-dependent change in the concentration of

peripheral BDNF, with the largest increase in BDNF elicited at the

highest exercise intensity. Further, changes in BDNF were posi-

tively correlated with cardiorespiratory and subjective measures of

exercise intensity. The results also provide preliminary evidence

for a potential genetic influence on intensity-dependent changes in

BDNF concentrations.

Augmentation of peripheral BDNF with single bouts of aerobic

exercise is well established in healthy control subjects.24,25 Con-

sistent with previous reports in animal and human models, our data

support that aerobic exercise is an effective means to manipulate

serum levels of BDNF.24,55 Similar to other studies that suggest that

resistance exercise may have a stronger influence on IGF-1 expres-

sion, we found no change in serum IGF-1 after aerobic exercise.56

Given the role of BDNF in the functional plasticity of the healthy

and injured spinal cord,57–60 this result may be particularly im-

portant in the patient population studied here. Studies have dem-

onstrated that increased BDNF in the spinal cord protects motor

neurons from degeneration,17 increases axonal61 and collateral

sprouting,62 and upregulates markers of synaptic plasticity.10,20,63

Importantly, increased spinal BDNF through training or exogenous

application has also been linked to reflex normalization64 and re-

covery of locomotor function in cat and rodent models of

SCI.23,62,65,66 These findings, together with our results, suggest that

locomotor exercise may be an effective means of potentiating

BDNF-mediated spinal plasticity and related improvements in

motor function after incomplete SCI.

The results not only demonstrate a general effect of exercise on

BDNF expression, but also indicate that increases in peripheral

BDNF are related, in part, to the intensity of exercise. This finding

is consistent with previous evaluations of the effect of exercise

intensity on BDNF levels in control subjects.67–71 For example,

data from Ferris and colleagues67 demonstrate that 30 min of ex-

ercise at a work rate 10% above versus 20% below ventilatory

thresholds elicited a larger percent change in peripheral BDNF. The

average percentages of HR maximum elicited by these work rates

(*86 and 70%, respectively) were comparable to those recorded in

this study at high and moderate levels of intensity (*85 and 67%,

respectively). Similar to the results of Ferris and colleagues, these

intensities resulted in significantly different changes in peripheral

BDNF. The relationship between exercise intensity and levels of

BDNF in humans with incomplete SCI demonstrated here may

serve to further delineate parameters of physical interventions that

potentiate neuroplasticity after neurological injury.

These results, however, are inconsistent with the outcome of the

only other investigation into the effect of exercise on BDNF levels

in individuals with SCI. Previously, Rojas-Vega and colleagues69

used two separate hand-cycling paradigms that differed in duration

and relative intensity in 11 subjects with motor complete SCI.

Subjects performed a 10-min warm-up exercise at *54% maximal

HR followed by a time trial over a marathon distance at *89%

maximal HR (average duration, *84 minutes). In contrast to the

results of the current study, the lower-intensity exercise led to

significantly increased BDNF when compared to resting levels,

whereas the high-intensity exercise did not. Rojas Vega and col-

leagues69 suggest that the extended duration of the high-intensity

exercise may explain this effect, discussing the possibility of in-

creased degradation or uptake of BDNF during long-lasting, high-

intensity exercise. Yet, the underlying mechanism for this outcome

remains unclear. The discrepancy between the results from Rojas-

Vega and colleagues and those presented here highlights the need

for further research into the effect of exercise intensity on BDNF

expression in individuals with SCI.

Notably, we examined the effects of a single exercise bout on

serum levels of BDNF, but did not evaluate its potential relation

to behavioral changes. Previously, exercise-induced increases in

BDNF have been linked to improved performance on measures of

cognitive function.67,68 Investigation into the effects of aerobic

exercise on the motor system has recently been initiated to expand

upon the current understanding of the impact of exercise on cog-

nitive function and overall brain health.31,55,72 Studies have re-

ported increased cerebellar excitability and cortical plasticity73–75

as well as improved motor skill acquisition76 and retention73,77

when motor learning was paired with a single bout of high-intensity

aerobic exercise in healthy control subjects. One of these studies73

demonstrated that the high-intensity exercise was able to facilitate

FIG. 1. Changes in s[BDNF] and s[IGF-1] with locomotor ex-
ercise. Percent change in s[BDNF] (A) and s[IGF-1] (B) during
and post-locomotor exercise at different intensities. High levels of
exercise intensity led to a significantly larger percent change in
s[BDNF] from rest, as compared to that elicited at moderate in-
tensity or post-exercise, with the difference between the change in
BDNF at low and high intensities approaching significance. No
significant intensity-dependent changes were found in s[IGF-1].
Error bars reflect standard error. BDNF, brain-derived neuro-
trophic factor; IGF-1, insulin-like growth factor-1; m, minutes;
s[BDNF], serum concentration of BDNF; s[IGF-1], serum con-
centration of IGF-1.
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changes in motor output and also induced increases in circulating

BDNF. Taken together, these studies suggest that high-intensity

exercise may be an effective means of potentiating neuroplasticity

to improve motor learning in humans. However, continued research

is necessary to more clearly delineate the role of exercise-induced

increases in BDNF on changes in motor output.

Interestingly, similar to previous reports,24,25 our data demon-

strate that exercise-dependent changes in peripheral BDNF levels

are fairly transient and return to baseline or below baseline levels

less than 15 min post-exercise. One interpretation of this result

could be that any central effect of increasing BDNF with exercise

would be similarly transient. Yet, given the slow, amplified meta-

botropic signaling cascade that results from the BDNF/tropomyosin

receptor kinase B interaction,13,15 it is highly likely that any effect

from an increase in central BDNF signaling would outlast the

changes in serum BDNF used as a biomarker. Data to support this

contention are delineated above (please see previous paragraph).

These findings suggest that central or behavioral effects of high-

intensity exercise continue long after exercise-dependent changes

in peripheral BDNF return to baseline.

The present study also provides a preliminarily estimate of the

effect of the Val66Met SNP on exercise-dependent changes in

circulating BDNF. Although there are currently no comparable

investigations in human incomplete SCI, studies utilizing electro-

physiological probes to evaluate plasticity of the motor system have

elucidated some consequences of this SNP in control subjects.

Previous research has suggested decreased use-dependent neuro-

plasticity39 and susceptibility to plasticity-inducing stimulation

protocols in the motor cortex19 of individuals who carry the SNP,

although findings from other studies are inconsistent.78 In addition,

one study recently demonstrated similar effects of the Val66Met

SNP on stimulation-induced spinal plasticity.40 Assuming a rela-

tionship between exercise-dependent increases in circulating BDNF

and capacity for plasticity in the nervous system, these findings are

consistent with our results. Yet, further investigation is necessary to

FIG. 2. Relationships between changes in s[BDNF] and indirect measures of exercise intensity and duration of exercise. Changes in
s[BDNF] are significantly and positively correlated to Net VO2 (A), HR (B), and RPE (C; n = 9), but not duration of exercise (D). a.u., arbitrary
units; BDNF, brain-derived neurotrophic factor; HR, heart rate; s[BDNF], serum concentration of BDNF; VO2, oxygen consumption.

FIG. 3. Potential impact of Val66Met SNP on intensity-dependent
changes in s[BDNF]. Percent change in s[BDNF] during and post-
exercise from resting levels in Val/Val (gray; n = 7) and Val/Met
(white; n = 4) subjects. Error bars reflect standard error. BDNF,
brain-derived neurotrophic factor; m, minutes; s[BDNF], serum
concentration of BDNF; SNP, single-nucleotide polymorphism.
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substantiate these potential relationships and evaluate the role of

other genetic factors that may modulate neuroplasticity.39,79

One limitation of this study is the small sample size (n = 11). A

larger sample size could improve the generalizability or strengthen

the results of the study; however, multiple factors contributed to the

number of subjects that participated in this study. For example, the

experimental protocol necessitated enrollment of subjects who

could independently ambulate and modulate their walking speed. In

addition, data from 8 subjects were not included secondary to the

inability to consistently sample blood from the i.v. at rest. Both of

these factors made it difficult to increase the sample size. Another

potential limitation to consider is that the use of peripheral BDNF

levels as a biomarker for central BDNF as the source of circulating

BDNF remains debated. Neurons are the primary source of BDNF

within the CNS, but there are several non-neuronal sites of BDNF

synthesis and storage in the periphery.80–82 However, BDNF is

known to bidirectionally cross the blood–brain-barrier,83,84 and

studies have estimated that 75% of circulating BDNF comes from

the CNS.85,86 Although these studies support the utility of periph-

eral BDNF as a biomarker for central levels, we can only specu-

late on the location within the CNS that may be the source of these

intensity-dependent increases in BDNF, as based on extensive

work in animal models thus far. Similarly, there is evidence to

suggest that specific subject characteristics, such as fitness level87

and body composition,88 influence resting levels of peripheral

BDNF, though the effect of these factors on exercise-dependent

changes in BDNF has yet to be determined and should be consid-

ered in future work. Finally, we measured changes in BDNF in

response to exercise intensities that were introduced in a continu-

ous, ordered pattern. Although the graded-intensity exercise para-

digm allowed for subjects with SCI to more easily accommodate to

rapid changes in treadmill speeds, this design limits our ability to

definitively determine the relative effects of exercise intensity,

duration of exercise, or previous exercise. Future studies should

utilize a randomized intensity interval exercise paradigm to focus

on determining the effects of these other factors.

Conclusions/Implications

In summary, this study demonstrates that single-session, exercise-

dependent changes in peripheral BDNF are related to the relative

intensity of locomotor exercise in individuals with motor incom-

plete SCI. These results suggest that high-intensity exercise may

promote neuroplastic changes, consistent with previous animal and

human studies. This indicates that intensity may be an important

parameter of physical rehabilitation interventions after neurologi-

cal injury. Yet, substantial future research is necessary to determine

the long-term effects of high-intensity training. This preliminary

work provides a potential mechanistic basis and foundational evi-

dence for a randomized, controlled trial to evaluate the efficacy of

a high-intensity locomotor training paradigm that elicits repeated

increases of BDNF expression on recovery of motor function.

Additionally, these preliminary data suggest that acute high-

intensity exercise may not augment BDNF levels in Val66Met

carriers. This highlights the potential for a genetic contribution to

efficacy of high-intensity rehabilitation interventions post-SCI,

although more work is needed to further explore the impact of this

genetic variation.
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