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Abstract

Purpose: The majority of veterans and military personnel exposed to blast-
induced traumatic brain injuries (bTBIs) suffer from hyperreflexia (spasticity/
rigidity). Unfortunately, its pathophysiology has remained largely unknown, 
leaving limited treatment option for its management. The purpose of this study 
was to investigate alterations in dopamine bioavailability in the key neuronal 
substrates that regulate hyperreflexia following repetitive bTBIs in rats.

Methods: A bTBI was induced by an overpressure blast-wave on the day 1, 
4, and 7 (total of 3 injuries) in 7 adult male rats, while another cohort of 7 age- and 
sex-matched animals were prepared as the sham. On the day 8, the velocity-
dependent ankle torques (VDATs) and the amplitudes of electromyography 
(EMG) signals of the triceps surae muscles were measured in all animals. On the 
day 9, the animals were euthanized to collect the motor/sensory cortex (MCx) 
and the vestibular nuclei (VN) for the determination of the dopamine contents by 
high performance liquid chromatography with electrochemical detection (HPLC/
ECD). 

Results: Following repetitive bTBIs, the VDATs were significantly increased 
at all tested angular velocities, compared to the sham-treated animals. The 
amplitudes of EMG signal were also significantly increased at 6 out of 8 different 
angular velocities in the bTBI group. Furthermore, the HPLC/ECD analysis 
of the dopamine bioavailability showed a general decrease in the MCx and a 
significant increase in the VN following bTBIs. 

Conclusion: Repetitive bTBIs can induce the motor reflex dysregulation 
(i.e., hyperreflexia), which might be due, in part, to the bTBI-induced altered 
dopamine bioavailability in the MCx and/or VN.
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Mean Square; FPI: Fluid Percussion Injury; FSCV: Fast Scan Cyclic 
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Introduction
In the war fields, such as Iraq and Afghanistan, active duty soldiers 

have been exposed to high explosives (e.g., grenades and landmines) 
[1], which often induces a blast traumatic brain injury (bTBI). As 
a result, these soldiers suffer from a variety of disorders, including 
spasticity [2,3]. Spasticity has been defined as an upper motor neuron 
disorder characterized by a velocity-dependent increase in muscle 
tone caused by the increased excitability of the stretch reflex [4,5]. 
This neurological disorder induces deficits in physical mobility [6] as 
well as gait and balance [7], negatively affecting their participation in 

active duty as well as the quality of life. However, currently, there is 
no consensus for effective treatment for TBI-induced spasticity.

Although various pharmacotherapies are available to attenuate 
spasticity following brain injury, various adverse effects have been 
reported in a significantly high percentage of spasticity patients 
[8-12]. Therefore, it is important to improve our understanding of 
neuropathology of TBI-induced spasticity to guide the development 
of safe and effective alternative treatments. 

Mechanisms of TBI-induced spasticity are attributed to the 
dysregulation of the neurotransmitter and neuromodulatory 
control of supraspinal descending tracts, such the corticospinal and 
vestibulospinal tracts [5,13,14]. Although TBI has been reported to 
induce alterations in dopamine, an important neuromodulator, in 
its major source regions (i.e., the nigrostriatal system) [15-24], TBI-
induced changes in dopamine levels in the motor/sensory cortex 
(MCx) and vestibular system have not been reported. 

Therefore, the purpose of this study was to investigate potential 
alterations in the dopamine bioavailability in the executive-motor 
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(motor/sensory cortex) and posture-motor (vestibular) brain regions 
following repetitive mild bTBIs in a clinically relevant rat model, 
mimicking the exposure of soldiers to the war fields.

Materials and Methods 
Animals

A total of 14 adult male rats were randomly distributed to bTBI 
and sham treatment groups (n = 7 per group). The protocols of the 
experiments were approved by the Institutional Animal Care and 
Use Committee of the University of Florida and North Florida/South 
Georgia Veterans Health System. Efforts were made to minimize the 
number of animals used and post-trauma complications. Animals 

were paired in the cages in a 12h light/dark cycle with controlled 
room temperature and humidity at an American Association for 
Laboratory Animal Science-Accredited facility. Food and water were 
given ad libitum.

bTBI
An overpressure blast-wave brain injury was induced to each 

animal in the bTBI group on the day 1, 4, and 7, as previously 
described [25]. Briefly, following surgical plane of deep anesthesia 
with 3% isoflurane, the animal’s body was wrapped around the animal 
holder in a prone position exposing only his head from the horizontal 
shock tube with an open end. The head was placed on a flexible mesh 
surface to reduce the surface reflection of blast waves as well as the 
formation of secondary waves which could potentially exacerbate the 
injury. Then, each animal in the bTBI group was subjected to a blast 
wave for 2.0–2.5 milliseconds with the peak pressure of 30 pound-
force per square inch, while each animal in the sham treatment group 
received only anesthesia. This system produced a blast waveform with 
a positive pressure followed by a negative pressure. After surgery, 
the animals were kept in an temperature regulated incubator under 
constant surveillance until they awaken as indicated by head lifting 
and other volitional movements. At that point, they were transferred 
to warm recovery units (i.e. cages with one end on a heating pad or 
temperature-controlled incubators) until they are able to eat and 
drink on their own.

VDAT and EMG 
On the 8th day, the VDATs and time-locked EMG were 

simultaneously recorded during the ankle dorsiflexion in all animals 
to assess the spasticity/rigidity, using methods that we previously 
described [4,7,26-28]. Briefly, animals were immobilized in a custom-
designed trunk restraint device and the hindlimbs were secured to 
permit a normal range of ankle rotation. Using an electromechanical 
shaker (model 405; Ling Dynamic Systems, Royston Herts, UK), a 
series of controlled 12-degree dorsiflexion was produced at various 
velocities (49, 136, 204, 272, 350, 408, 490, and 612 degrees per 
second) with 3-second intervals. During the dorsiflexion, the 
lengthening resistance of the triceps surae muscles was measured by 
quantifying the VDATs and EMG. An EMG electrode was inserted in 
a skin fold over the distal convergence of the triceps surae muscles, 
while a reference electrode was placed in a skin fold over the greater 
trochanter. Raw EMG and root mean square (RMS) of EMG bursts 
were recorded simultaneously with the ankle torques. The data 
were acquired and analyzed using a digital acquisition system with 
LabVIEW graphic programming (version 8.2; National Instruments, 
Austin, TX). 

HPLC/ECD
On the 9th day, after the animals were euthanized with Euthasol, 

the MCx and vestibular nuclei (VN) were collected to be snap-frozen 
in liquid nitrogen. Then, all samples were stored at -80°C until the 
HPLC/ECD analysis. Tissues were sonicated in the 0.1M perchloric 
acid (50µL/mg tissue) and centrifuged at 40,000g for 20min. 
Supernatants were filtered through the 0.2µm pore and the protein 
concentration of each sample was determined by the bicinchoninic 
acid assay. The standard solution was prepared in the 0.1 M perchloric 
acid. The contents of the mobile phase were 0.1mM EDTA, 100mM 
phosphoric acid, 100mM citric acid, 0.06% 1-octanesulfonic acid, 

Figure 1: EMG during the dorsiflexion at various rotation velocities. (A) 
Representative pictures of the EMG signals of the animals in the sham and 
bTBI groups. (B) VDATs during the dorsiflexion at various rotation velocities. 
VDATs were measured during the 12-degree dorsiflexion at 49, 136, 204, 
272, 350, 408, 490, and 612 degrees per second. Data were obtained from 
seven independent animals per group. Values are mean ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001. (C) EMG-RMS amplitudes were recorded during the 
dorsiflexion at 49, 136, 204, 272, 350, 408, 490, and 612 degrees per second. 
Data were obtained from seven independent animals per group. Values are 
mean ± SEM. *p < 0.05, **p < 0.01.



Phys Med Rehabil Int 5(4): id1155 (2018)  - Page - 03

Bose PK Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

and 8% acetonitrile based on the specification manual of Antec 
Scientific, the Netherlands. The dopamine contents of the samples 
were determined using a HPLC ALEXYS 100 2D system equipped 
with electrochemical detection (DECADE II) from ANTEC Leyden 
(Zoeterwoude, Netherlands). 

Statistical analysis
Between-group differences were analyzed using unpaired t-tests. 

The data were expressed as mean ± SEM. P values less than 0.05 were 
considered to be statistically significant. Data analysis was performed 
using the GraphPad Prism 4 software (GraphPad Software).

Results 
VDAT 

Significantly increased VDATs were observed in animals 
following bTBI (Figure 1B). Although the largest increases were 
observed at the higher test velocities, significantly increased VDATs 
during 12-degree dorsiflexion at all tested ankle rotation velocities 
(49, 136, 204, 272, 350, 408, 490, and 612 degrees per second) were 
observed in recordings from the bTBI group compared to those from 
the sham treatment group (p < 0.05, 0.01, and 0.001).

EMG
EMG burst discharge amplitudes time-locked to the onset of the 

VDATs (Figure 1A) were significantly increased at relatively lower 
velocities (49, 136, 204, 272, and 350 degrees per second) as well as 
the highest velocity (612 degrees per second) of the ankle rotation (p 
< 0.05 and 0.01, Figure 1C). Increases were the most significant at 49, 
136, 204, and 272 degrees per second (p < 0.01). 

Dopamine contents in the MCx
The HPLC/ECD-derived data analysis of the experimental 

samples showed that the relative dopamine contents in the MCx 
appeared to be decreased following repetitive bTBIs, compared to the 
animals in the sham treatment group (p = 0.1171, Figure 2B).

Dopamine contents in the VN
The HPLC/ECD-derived data analysis of the experimental 

samples showed that the relative dopamine contents in the VN 
(Figure 3A) were significantly increased following repetitive bTBIs, 
compared to the animals in the sham treatment group (p < 0.01; 
Figure 3B).

Discussion
Spasticity following bTBIs

According to a previous study, 70% of veterans and active duty 
military personnel with impaired consciousness following bTBI 
(median Glasgow Coma Scale score of 3, n=29) suffered from 
spasticity requiring medical intervention (approximately 67 days 
postinjury) [2]. In agreement with this report, the present study 
showed significantly increased expression of spasticity tested in the 
hindlimbs in an experimental rodent model of repetitive bTBIs in rats 
(Figure 1A-C). These changes were revealed as significant increases 
in the VDATs at all tested velocities recorded in the bTBI animals 
compared with those recorded in the controls. Significant EMG/
RMS amplitudes time-locked to the VDATs were also observed in 
recordings from bTBI animals. Collectively, these data indicated 
significant increases in the lower limb stretch reflexes to displacement. 

However, the high level of increased EMG/RMS amplitudes observed 
at the lower velocities are particularly suggestive of increased resting 
tone. These observations indicate the increased ankle torques were 
coincident with the appearance of time-locked EMG burst activity 
in the triceps surae muscles at both low and high ankle rotation 
velocities (e.g. low and high ankle extensor muscle stretch velocities). 
These observations following bTBI are consistent with our previous 
studies of the development of lower limb spasticity in the rat following 
closed-head TBI [7] during a similar post-injury time point. Since 
velocity-dependent ankle torque is accompanied by EMG burst even 
at the lower test velocities, this spastic pattern can be considered to 
include tonic and dynamic components of rigidity and spasticity [4].

Bioavailability of dopamine in the MCx and VN following 
repetitive bTBIs

Although the acute decreases in the dopamine contents of the 
nigrostriatal system have been reported following TBI in rodents 
[15,18,19,21,22], TBI-induced changes in the dopamine levels of 
other brain regions are not consistent. For instance, the dopamine 
contents in the hypothalamus were significantly increased 1-24 hours 
following FPI in rats, while those in the cortex was significantly 
decreased 1h postinjury and persisted up to 2 weeks [29].

MCx: MCx provides significant contributions to the corticospinal 
and dorsal reticulospinal pathways known to regulate peripheral 

Figure 2: Dopamine contents in the MCx analyzed by HPLC/ECD. (A) 
Representative detector signals of dopamine in the MCx. Inlet shows the 
signal of bTBI animal with the smaller scale of the vertical axis. (B) Relative 
dopamine contents in the MCx converted from the detector signals (p = 
0.1171). Data were obtained from seven independent animals per group. 
Values are mean ± SD.

Figure 3: Dopamine contents in the VN analyzed by HPLC/ECD. (A) 
Representative detector signals of dopamine in the VN. (B) Relative 
dopamine contents in the VN converted from the detector signals. Data were 
obtained from seven independent animals per group. Values are mean ± SD. 
**p < 0.01.
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and central inputs that produce muscle tone [5,30-32]. Following a 
uni-lateral lesion of the MCx, a significant spasticity of the contra-
lateral hindlimb with increased Hoffmann’s reflex was observed in 
rats [14]. The present findings are consistent with these and indicate 
a persisting decreased dopamine expression in the MCx following 
bTBI (Figure 2B). Accordingly, a decreased role of dopamine in the 
MCx may contribute to muscle tone dysregulation characteristic of 
spasticity.

Dopamine projections from the ventral tegmental area to the 
motor cortex are known to play a key role in motor skill learning and 
motor cortex synaptic plasticity [33]. D1 and D2 receptor activity 
influences motor skill acquisition and long-term synaptic potentiation 
through phospholipase C activation in the primary motor cortex. 
TBI-induced decreased DOPA expression in the motor cortex could 
accordingly degrade compensatory cortical synaptic plasticity that 
could be essential for recovery/rehabilitation following injury. These 
findings potentially highlight a novel and important role of dopamine 
in the motor cortex that could contribute to consideration of 
therapeutic interventions designed to enhance recovery of executive 
motor function following injury.

VN: Although glutamate, acetylcholine, and GABA are known 
to be primary neurotransmitters in the vestibular system, dopamine 
is concluded to be stimulatory to the VN and its descending tract 
since vestibular-evoked myogenic potentials of peripheral muscles in 
Parkinson’s disease patients were significantly increased following the 
administration of L-DOPA, the direct precursor of dopamine [34]. 
Accordingly, if dopamine functions as an excitatory neurotransmitter, 
the significant upregulation of dopamine expression in the vestibular 
nuclei following bTBI observed in the present study (Figure 3B), 
could contribute to the alteration in the gain of the vestibular reflexes 
that underlie motor reflex excitability.

Regulation of spasticity via the supraspinal descending 
tracts

By its definition, spasticity is generated by a spinal reflex. During 
a muscle stretch, information of a change in the muscle fiber length 
is sent to an alpha-motor neuron in the spinal cord via a sensory 
afferent 1a neural fiber, which excites the alpha-motor neuron. This 
neural signal is then transmitted to the muscle to generate a muscle 
contraction. However, multiple peripheral and central inputs from 
segmental and descending fibers compete for the excitability of the 
presynaptic (afferent input fiber) and the postsynaptic elements 
(motoneuron) via direct connections or through interneuronal 
connections. It is believed that spasticity occurs largely due to the 
maladaptive plasticity of spinal stretch reflex following alterations 
in the supraspinal descending pathways, such as the corticospinal, 
cortico-reticulospinal, vestibulospinal, and monoamine spinal tracts 
[5].

Collectively, via altered dopamine expressions in the MCx and 
VN, decreased excitability of the cortico-reticular tract (inhibitory) 
and increased activity of the vestibulospinal tract (excitatory) could 
significantly contribute to a maladaptive increase in reflex excitability 
following bTBI.

Conclusion
In summary, the tonic pattern of spasticity following repetitive 

bTBIs in rats could be partly due to the down- and up regulation of 
the dopaminergic system in the MCx and VN respectively. To the best 
of our knowledge, this is the first study to show the altered dopamine 
bioavailability in the MCx and VN following repetitive bTBIs. These 
findings highlight a novel and important role of dopamine in these 
brain regions, which could contribute to consideration of therapeutic 
interventions designed to enhance the recovery of executive motor 
and balance function following TBI. The present study would provide 
new information for future studies to further investigate the roles of 
altered dopaminergic system in regulating spasticity.
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