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Abstract

Spasticity and balance disability are major complications following traumatic brain injury (TBI). 

Although monoaminergic inputs provide critical adaptive neuromodulations to the motor system, 

data are not available regarding the levels of monoamines in the brain regions related to motor 

functions following repetitive blast TBI (bTBI). The objective of this study was to determine 

if mild, repetitive bTBI results in spasticity/balance deficits and if these are correlated with 

altered levels of norepinephrine, dopamine, and serotonin in the brain regions related to the motor 

system. Repetitive bTBI was induced by a blast overpressure wave in male rats on days 1, 4, 

and 7. Following bTBI, physiological/behavioral tests were conducted and tissues in the central 

motor system (i.e., motor cortex, locus coeruleus, vestibular nuclei, and lumbar spinal cord) 

were collected for electrochemical detection of norepinephrine, dopamine, and serotonin by high-

performance liquid chromatography. The results showed that norepinephrine was significantly 

increased in the locus coeruleus and decreased in the vestibular nuclei, while dopamine was 

significantly decreased in the vestibular nuclei. On the other hand, serotonin was significantly 
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increased in the motor cortex and the lumbar spinal cord. Because these monoamines play 

important roles in regulating the excitability of neurons, these results suggest that mild, repetitive 

bTBI-induced dysregulation of monoaminergic inputs in the central motor system could contribute 

to spasticity and balance disability. This is the first study to report altered levels of multiple 

monoamines in the central motor system following acute mild, repetitive bTBI.
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1. Introduction

Active duty soldiers are repetitively exposed to explosives in combat theaters such as Iraq 

and Afghanistan (Shively and Perl, 2012), resulting in blast-induced traumatic brain injury 

(bTBI). Recent bTBI studies in animal models evaluated alterations in monoamine levels 

relative to mood and cognitive disabilities (Kawa et al., 2015, 2018). Traumatic brain injury 

(TBI) is also known to cause a variety of motor disorders, including spasticity, (Bose et 

al., 2002; Mukherjee and Chakravarty, 2010; Nakase-Richardson et al., 2013; Pasquina 

et al., 2014) and balance disability (Bose et al., 2013; Fausti et al., 2009; Hoffer et al., 

2010) in humans and animals. Since our TBI animals with motor disabilities also revealed 

systemic monoamine dysregulation, we anticipated that additional factors of bTBI induced 

monoaminergic alteration would be spasticity, balance, and motor disability. These type of 

motor disabilities negatively impact their active service and quality of life. Accordingly, it 

would be important to determine if bTBI also induces motor impairments that correlate with 

monoamine alterations in strategic motor nuclei such as the motor cortex (MCx), vestibular 

nuclei (VN), and lumbar spinal cord (LSC). These studies could provide a wider range of 

understanding of bTBI induced disability. Although the specific etiology of these disabilities 

is unknown, several studies have shown the efficacy of baclofen in attenuating TBI-induced 

spasticity in human patients (Francois et al., 2001; Ordia et al., 2002), including that of 

supraspinal origin (Rifici et al., 1994). Therefore, both spinal and supraspinal levels of 

dysregulation seems to be involved in TBI-induced spasticity in humans. However, effective 

treatments for TBI-induced spasticity and balance disability have significant adverse effects 

(Borrini et al., 2014; Calabro et al., 2014; Cardoso et al., 2014; Motta and Antonello, 

2014; Taira et al., 2013). Accordingly, increased knowledge underlying the neuropathology 

of TBI-induced spasticity and balance disability is urgently needed to provide additional 

indices of treatment assessments critical for comprehensive tests of new, safe, and effective 

treatments.

TBI is known to induce spasticity and balance disability in both acute and chronic 

phases (Bose et al., 2013) and is associated with dysregulation of supraspinal descending 

pathways such as the corticospinal (CST) and vestibulospinal tracts (Miller et al., 2014; 

Mukherjee and Chakravarty, 2010; Zong et al., 2016). Activities in these tracts are known 

to be highly regulated by the action of monoamines in the cerebrum (e.g., motor cortex) 

and the brain stem (e.g., vestibular nucleus) (Di Mauro et al., 2008; Pompeiano, 1991; 

Pompeiano et al., 1991; Schuerger and Balaban, 1999). Furthermore, spasticity is known 
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to be influenced by bulbospinal monoamine projections which influence gain control of 

primary afferent transmission by acting on receptors at presynaptic terminals of interneurons 

and α-motoneurons in the spinal cord, (D’Amico et al., 2013; Garcia-Ramirez et al., 2014) 

as well as dendritic excitability via persistent inward current channels (Bennett et al., 1998a, 

1998b; Heckmann et al., 2005). Recent comprehensive reviews of monoamines’ influence 

on the motor system have emphasized a neuromodulatory role of monoamines in enhancing 

adaptive participation of the motor system in response to dynamic changes in the organism’s 

experience (Vitrac and Benoit-Marand, 2017).

Following bTBI in rodents, several studies have reported the elevated levels of 

norepinephrine (NE), dopamine (DA), and serotonin (5-HT) in various regions of the 

cerebrum and brain stem (Kawa et al., 2015, 2018; Schindler et al., 2017; Tumer et al., 

2013) in rodents, while one study showed the reduced level of 5-HT and unaltered DA 

in the nucleus accumbens of male rats (Sajja et al., 2013). However, these studies were 

directed toward an increased understanding of cognitive and mood disorders (Kawa et al., 

2015; Schindler et al., 2017) and thus motor regions were not investigated. Accordingly, the 

purpose of the present study was to investigate the alteration of monoamine levels of NE, 

DA, and 5-HT in the central nervous system responsible for motor and balance functions 

following repetitive bTBI in rats. We hypothesized that bTBI damages the monoamine 

neurons and/or their projection fibers, resulting in altered monoaminergic supplies to the 

MCx, VN, spinal cord motor neurons, and associated regulatory networks. The potential 

contribution of these changes following TBI are discussed.

2. Results

2.1. Behavioral studies

One day after the third bTBI on day 7 (Fig. 1A), behavioral studies were performed to 

evaluate spasticity and balance.

2.1.1. Electromyography (EMG)—EMG burst discharges that were time-locked to the 

onset of foot rotation (which induced controlled lengthening of the triceps surae muscles) 

were observed in the triceps surae muscles in all animals. However, amplitudes of EMG 

burst discharges time-locked to the onset of the velocity-dependent ankle torque (VDAT) 

(Fig. 2A) were significantly increased in six of eight test velocities (612°, 350°, 272°, 204°, 

136°, and 49° per second) (P < 0.05 and 0.01, Fig. 2B) in bTBI animals compared to data 

obtained in sham animals. The largest increases were observed at 272°, 204°, 136°, and 49° 

per second (P < 0.01).

2.1.2. VDAT—VDATs recorded in sham animals during 12° foot rotations at eight 

velocities between 49° and 612° per second revealed 93.13 kdynes at 49° per second with 

gradual increases to 145.84 kdynes at the highest test velocity. By comparison, VDATs 

recorded during 12° dorsiflexion were significantly increased in the bTBI group at all eight 

tested ankle rotation velocities from 49° through 612° per second compared to those in the 

sham treatment group (P < 0.05, 0.01, and 0.001; Fig. 2C).
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2.1.3. VDAT in relation to EMG—VDATs were plotted as a function of the time-locked 

EMG root mean square amplitudes to more directly evaluate changes in ankle torque with 

changes in triceps surae neuromuscular excitation, where increases in torque represent 

relative measures of velocity-dependent increase in muscle stiffness, and EMG amplitudes 

are sample estimates of the number and synchrony of neuromuscular motor unit excitation. 

The plots revealed that in both sham and bTBI animals, progressively greater torques were 

accompanied by progressively greater EMG amplitudes. In the bTBI animal data, the curve 

revealed a continued growth in both torque and EMG amplitudes, particularly from 350 

through 612 deg/sec. These data indicated that, progressively, greater velocity-dependent 

stiffness and motor unit activations were recruited during the ankle rotations at the higher 

test velocities in the bTBI animals. Least squares regression analysis of sham and bTBI plots 

revealed that each displayed relatively linear growth, particularly, during the initial 7 test 

velocities. Rregression lines formatted through the 8 velocities revealed R2 values of 0.935 

and 0.948, respectively, for sham and bTBI plotted curves (Fig. 2D). Collectively, these data 

(Fig. 2) revealed that significantly increased velocity-dependent ankle torques (active muscle 

stiffness) and EMG amplitudes (motor unit activations) were recorded in the bTBI animals 

(Fig. 2B and 2C); these data indicated that, following bTBI, significantly greater active 

stiffness (muscle activation) and motor unit activations were observed, which was consistent 

with a clinical condition of spasticity. In addition, the significantly increased values observed 

at the lowest test velocities indicated that the spasticity was superimposed on a rigidity 

(stiffness at low velocity).

The decrease in slope could be explained that in sham animals, lower EMGs produced 

activation of stiffer units than in bTBI (slow motor units). This could suggest that, after 

injury, activation of progressively faster motor units (which require higher burst frequency 

for sustained contraction) could have contributed to the decrease in net stiffness/EMG.

2.1.4. Motor coordination/Balance performance studies—Tests for balance 

scored by walk time on a rotarod revealed a mean walk time of 114.8 ± 8.05 s during 

the 120-s trial sessions (95.7% completion of the 2-min balance sessions) in sham animals. 

The mean walk time for bTBI animals was 73.5 ± 5.5 s (61.3% completion of the 2-min 

balance session), which represented a significant (36.0%) decrease in performance compared 

to sham animals (P < 0.000001; Fig. 2E).

2.2. Monoamine studies

One day after the behavioral studies, tissues were obtained from the animals to determine 

monoamine levels in selected regions of the central motor system.

2.2.1. Chromatogram of high-performance liquid chromatography (HPLC) 
with electrochemical detection (ECD)—A chromatogram of the standard solution 

containing various monoamines showed that the retention time of the detector signal peaks 

of NE, DA, and 5-HT were approximately 1.498, 2.363, and 4.523 min, respectively (Fig. 

1B, black line). The signal peaks of the monoamines in the experimental samples occurred at 

the same time periods as those in the standard solution (Fig. 1B, dark red line).
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2.2.2. NE levels—Analysis of the HPLC/ECD-derived data for NE levels demonstrated 

that repetitive bTBI induced significant elevation in the locus coeruleus (LC) and significant 

reduction in the VN, respectively, compared to levels in the sham treatment group (P < 0.05; 

Fig. 3A, C). A non-significant (P = 0.184) decrease in NE levels appeared in the MCx (Fig. 

3E), whereas no change in NE levels was detected in the LSC or hippocampus (HPC) after 

repetitive bTBI (Fig. 3F, G).

2.2.3. DA levels—HPLC/ECD data showed that DA levels in the VN was significantly 

reduced after repetitive bTBI compared to the sham treatment group (P < 0.05; Fig. 4A). 

Although DA levels were increased and decreased in the HPC and MCx, respectively, after 

repetitive bTBI (Fig. 4C, D), these changes were not statistically significant (P = 0.117 and 

0.169, respectively). No change in DA levels was detected in the LSC or LC after repetitive 

bTBI (Fig. 4E, F).

2.2.4. 5-HT levels—HPLC/ECD analysis revealed that the 5-HT levels in the MCx, 

HPC, and LSC were significantly elevated after repetitive bTBI compared to those in the 

sham treatment group (P < 0.05; Fig. 5A, C, E). No significant change in 5-HT levels was 

detected in the VN or LC after repetitive bTBI (Fig. 5F, G) (see Fig. 6).

3. Discussion

The present preclinical study detected and quantitated significant hindlimb spasticity and 

balance/motor disability following acute repetitive bTBI in rats (Fig. 2). In addition, the 

study revealed significant alterations in NE, DA, and 5-HT levels in selected brain regions 

and the LSC after bTBI (Figs. 3–5). It is known that monoamines induce changes in 

excitability, which enhances the adaptive modulation of sensory/motor neural systems. 

These modulatory processes influence afferent terminal, synaptic, and cellular excitability 

in the spinal cord (Bennett et al., 1998a, 1998b; Heckmann et al., 2005), VN (Pompeiano, 

1991; Pompeiano et al., 1991) and MCx (Vitrac and Benoit-Marand, 2017). Accordingly, 

these alterations in the monoaminergic levels following repetitive bTBI have potentially 

important functional implications regarding spasticity and balance disability. It is presumed 

that spasticity and balance behaviors are interactively influenced because it is likely that 

alterations in vestibular excitability contribute to both balance and spasticity, and conversely, 

increased spasticity diminishes the availability and precision of balance control effectors.

3.1. Spasticity measures (VDAT and EMG)

Significantly increased VDATs were recorded in bTBI animals, which were accompanied 

by significantly increased burst EMGs time-locked to the lengthening of the triceps 

surae muscles (Fig. 2A–C). These observations indicated that increased ankle torques are 

likely due to increased muscle stiffness associated, in part, with stretch-evoked muscle 

activation. This test indirectly measures the changes in motoneuronal activation during 

controlled lengthening of the triceps surae muscles. The significantly increased stretch-

evoked neuromuscular excitation (motoneuronal activation - > EMG) could potentially 

be accounted for by any or all of several factors, including 1) increased stretch-evoked 

sensory input (increased stretch receptor input due to increased gamma motor tone in 
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muscle spindles), 2) increased gain of sensory input (decreased presynaptic inhibition), 

and/or 3) increased postsynaptic response (increased neuronal dendritic plateau potentials 

and neuronal postsynaptic excitatory potentials). However, the higher start position of the 

bTBI VDAT/EMG plot (Fig. 2D) suggests that the stretch evoked (phasic) input was also 

superimposed on a significantly increased tonic input to the motoneurons. The increased 

tonic input from tonic stretch reflex or increased descending motor inputs would increase the 

gain of the stretch evoked responses that would, in turn, increase the activation (stiffness) of 

the triceps surae muscles. Accordingly, the measures reflect that the significantly increased 

VDATs are associated with increased tonic and phasic increases in triceps surae muscle 

activation. It is known that a principle contribution of monoamine modulation is tonic and 

phasic modulation of inputs to motoneurons. We posit that these spasticity changes are, in 

part, consistent with the significant alterations in monoamine levels observed in the spinal 

cord, VN, and MCx in bTBI animals.

3.2. Muscle spindles and spinal cord

Muscle stretch is sensed by intrinsic muscle spindles that have complex sensory/motor 

structures composed of intrafusal muscle fibers and stretch sensitive equatorial regions 

innervated by group 1a and II afferents. The sensitivity of these receptors is governed by 

the activity of gamma motoneurons that innervate contractile components of the spindles. 

These receptors and afferents provide tonic and phasic information regarding muscle length, 

and these properties are differentially regulated by static and dynamic gamma motoneuron 

activity (Ellaway et al., 2015). It is known that the activity of gamma motoneurons can 

be modulated by 5-HT and NE. 5-HT is predominantly excitatory to gamma motoneurons 

(Ahlman et al., 1971; Ellaway and Trott, 1975), whereas NE is inhibitory, although its 

actions are more complex (Bennett et al., 1996a, 1996b). 5-HT enhanced the resting activity 

of gamma motoneurons and facilitated activation of the muscle afferents (Jankowska et al., 

1998). Accordingly, the increased tonic and phasic responses observed in the VDAT and 

EMG recordings could, in part, be accounted for by the significantly increased 5-HT levels 

observed in the LSC of bTBI animals (Fig. 5E).

Muscles are activated by increased activity of innervating spinal motoneurons. The 

monoamines 5-HT, NE, and DA are known to provide significant modulation of the 

excitability of the spinal motoneurons. 5-HT innervation to the LSC is through fiber 

projections from the raphe nuclei in the brainstem. Its modulatory role on motoneurons 

is exerted on the somato-dendritic compartments of motoneurons that are densely innervated 

by serotonergic synaptic boutons. In addition, several 5-HT receptors (including 5-HT1A, 

5-HT1B, 5-HT1D, 5-HT2A, 5-HT2B, 5-HT2C and 5-HT5A) are expressed in the membrane 

of motoneurons. Activation of these receptors has significant physiological consequences 

(Wei et al., 2014) and increases the excitability of motoneurons through modulation 

of several classes of ion channels (Perrier et al., 2013). Collectively, 5-HT depolarizes 

motoneurons towards their activation threshold by inhibiting leak conductances and 

promoting hyperpolarization-activated cationic current. 5-HT also increases motoneuron 

firing frequency by inhibiting small Ca2+-activated K+ conductance, which produces 

medium after-hyperpolarization following action potentials. 5-HT modulation of voltage 

sensitive Ca2+ and Na+ conductances also promotes persistent inward currents that produce 
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sustained depolarization and amplification of synaptic inputs. Under pathological conditions, 

such as after a spinal cord injury, the promotion of persistent inward currents by 5-HT and/or 

the overexpression of autoactive serotonergic receptors may contribute to motoneuronal 

excitability, muscle spasms, and spasticity, and hence, to impairment of stereotyped motor 

behaviors such as locomotion. Accordingly, significantly increased 5-HT expression in the 

LSC of bTBI animals (Fig. 5E) could potentially have influenced multiple processes leading 

to increased motoneuronal excitability.

3.3. LC in spasticity and motor disability

NA projections from the LC critically regulate excitability of spinal cord reflexes, vestibulo-

spinal reflexes, and motor cortex gait coordination (Di Mauro et al., 2008; Schiemann et 

al., 2015; Schuerger and Balaban, 1993). TBI-induced spasticity has been proposed to be 

related to the progressive loss of noradrenergic (and also GABA-ergic) inhibition which 

significantly contributes to the progressive development of inappropriate muscle activation 

during locomotion (Thompson et al., 1992, 1993, 1998, 2001a). Further, we showed that 

spasticity develops over a time course, which is mirrored by the loss of rate-dependent 

depression in the reflex pathways that serve the spastic muscles in rats (Bose et al., 2012; 

Thompson et al., 1992, 1993, 1998) and in humans (Thompson et al., 2001b; Trimble 

et al., 2001). Monoaminergic system is an important contributor to this reflex pathway. 

Rate-depression is one of three fundamental presynaptic processes that controls reflex 

magnitude elicited by repetitive input to motoneurons. Facilitation and potentiation are the 

other two processes (Mendell, 1984). Rate-depression is known to utilize both pre-synaptic 

and post-synaptic processes and two neurotransmitter systems known to play critical 

roles in the modulation of segmental reflex modulation are γ-aminobutyric acid (GABA) 

and NE. We have observed that the rate-dependent inhibition and VDAT are profoundly 

influenced by GABAb-specific agents (Wang et al., 2002) and NE-specific lesions (Bose, 

2001). Specifically, L-baclofen (which acts upon GABAb segmental circuitry) increased 

rate-dependent inhibition and decreased VDAT (improved spasticity), whereas selective 

neurotoxic lesions of NE fibers produced non-specific increase in reflex excitability and 

elevated ankle torque (spasticity) as we have seen in SCI or TBI. Therefore, significantly 

elevated NE level in the LC following bTBI in the present study (Fig. 3A) could affect both 

spasticity and motor/balance performance (Fig. 2A–E) via these mechanisms.

3.4. VN in spasticity and balance disability

The vestibular system has been reported to be a signature site of injury following bTBI 

(Fausti et al., 2009; Hoffer et al., 2010; Scherer and Schubert, 2009). The vestibular 

system comprises the semicircular canals and otolithic organs, which provide sensory 

information to the brain regarding head position and acceleration. In addition, it provides 

postural motor signals to the eyes, head, and spinal motor systems. Vestibular injury can 

result in dysregulated projections that alter muscle tone and decrease balance stability. In 

combination with the sensory input regarding head position, the VN receive significant 

monoamine innervation that alters vestibulo-motor gain, enhancing the adaptive regulation 

of balance function. Because the bTBI animals revealed significantly decreased levels of NE 

and DA in the VN (Fig. 3C and Fig. 4A), the discussion will address these findings and how 

these potentially relate to the observed behavioral findings.
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3.4.1. Role of NE in the VN—Noradrenergic innervation to the lateral VN is derived 

from the ventral portion of the caudal two-thirds of the ipsilateral LC. This nucleus has been 

reported to be vulnerable to injury induced by closed-head TBI (Bose et al., 2013), which 

could affect noradrenergic innervation to multiple brain regions. A high density of fibers 

immunopositive for DA beta-hydroxylase were found in the dorsal and ventral portions of 

the lateral VN, which formed the dense plexus on the somata and the proximal dendrites of 

the lateral VN neurons; the more densely innervated vestibular regions provide significant 

projections to the spinal cord (Schuerger and Balaban, 1999). Noradrenergic receptor (NA-

R) α1, α2, and β1 are expressed throughout the VN, and different regulatory roles have 

been reported for NE in each subnucleus (Barresi et al., 2014). The in vivo action of NE 

has been observed to primarily inhibit gating of the vestibular neurons (Licata et al., 1993) 

via enhancement of inhibition by GABA (Di Mauro et al., 2008). In the rat lateral VN, NE 

was also observed to predominantly inhibit glutamate-induced neuronal activation (Barresi 

et al., 2009). In the inferior VN and medial VN, NE predominantly activates neurons via 

NAα1-R and NAβ2-R, whereas it inhibits them via NAα2-R (Peng et al., 2016; Podda et 

al., 2001). Among these vestibular subnuclei, the lateral VN and inferior VN are directly 

involved in the regulation of limb skeletal muscle activity via the lateral vestibulospinal 

tract (LVST), while other subnuclei (i.e., superior and medial VN) seem to be less involved 

(Corneil and Camp, 2018). Therefore, regulation of LVST excitability is integrated with 

glutamate and GABA (Barresi et al., 2009). Here, GABA-mediated inhibition of vestibular 

neurons is regulated by NE via NAα2-R and NAβ-R in rats (Di Mauro et al., 2008). Because 

NE was significantly reduced in the VN after repetitive bTBI in the present study (Fig. 3C), 

this complex pattern of noradrenergic regulation of the LVST appears to be significantly 

altered following the injuries, possibly contributing to bTBI-induced spasticity (Fig. 2A–D). 

Considering the overall inhibitory effects of NE on vestibular neurons (Licata et al., 1993), 

our observations of significantly decreased NE levels in the VN could suggest a release of 

tonic vestibulo-spinal excitatory input to spinal motor neurons.

Although it is difficult to interpret the resultant effects on balance function, in an 

intratympanic gentamicin-induced balance disorder model in male rats, the NE content in 

the VN were significantly elevated 3 days after the treatment (Zhai et al., 2019). Therefore, 

we cannot exclude the possibility that bTBI-induced significant downregulation of NE in the 

VN (Fig. 3C) was a compensatory response to impaired balance/motor function (Fig. 2E). 

Unfortunately, no/few studies have examined a role of vestibular NE in regulating spasticity. 

It is desired that future studies investigate this research topic.

3.4.2. Role of DA in the VN—The ventral tegmental area and substantia nigra neurons 

provide DA innervation to multiple brain regions (Hosp et al., 2011; Hosp and Luft, 

2013). Previous studies suggested that injury-induced alterations in DA expression could 

be biphasic with variable patterns in different brain regions and time periods following TBI. 

In rodent striatum, DA expressions were observed as consistently reduced after controlled 

cortical impact injury and fluid percussion injury in acute and chronic time frames (Chen 

et al., 2015; Shin et al., 2011; Wagner et al., 2005, 2009; Xu et al., 2016). However, 

in other studies, DA expression levels were moderately elevated in the substantia nigra 

4 weeks following fluid percussion injury in rats (Liu et al., 2017; van Bregt et al., 
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2012). These studies suggest that the bioavailability of DA in the nigrostriatal system 

could be biphasic following TBI. However, few studies have examined DA expression 

levels in the downstream substrate centers such as the VN. Nonetheless, a previous study 

showed that levodopa (direct precursor of DA) significantly increased vestibular-evoked 

myogenic potentials of the sternocleidomastoid muscle in patients with Parkinson’s disease 

(Potter-Nerger et al., 2012), potentially suggesting an excitatory role for DA in the VN. 

Accordingly, application of this assumption to the neurons of the LVST suggests that bTBI-

induced significant down-regulation of DA in the VN in the present study (Fig. 4A) might 

have weakened the stimulation of this tract to maintain balance by regulating the body/

limb muscles (McCall et al., 2017). The evidence of postural control by the dopaminergic 

system supports this notion (Herbin et al., 2016). On the other hand, it seems likely that 

spasticity is not caused by abnormal DA system (Ricciardi et al., 2018). Collectively, 

significantly altered DA and NE levels in the VN were consistent with decreased balance/

motor performance of bTBI animals on the rotorod (Fig. 2E).

3.5. MCx in spasticity and balance disability

The MCx plays a major role in learning and execution of voluntary motor control (Ebbesen 

and Brecht, 2017; Ebbesen et al., 2018). The cortical neurons are organized in six layers 

using a variety of interneuronal/pyramidal projection cell types and interconnected local 

networks to process and transfer information. The cortical neurons receive multiple inputs 

from other cortical and subcortical structures, particularly the thalamus (Brown and Teskey, 

2014). The thalamo-cortical projections reach a small band of pyramidal shaped neurons 

in the IVth and Vth layers. The Vth layer pyramidal cells (upper motoneurons) send 

long efferent projections to brainstem and spinal cord motoneurons (lower motoneurons). 

Approximately 20% of the interconnecting interneurons are GABAergic inhibitory 

interneurons. The cortex reveals a somatotopic organization such that neuronal clusters 

receive somatotopically specific input and these neurons, in turn, project to somatotopically 

discrete pools of lower motoneurons (Asanuma and Rosen, 1972; Brown and Teskey, 

2014; Neafsey et al., 1986; Thompson and Fernandex, 1975). In addition, the cortical 

neurons receive vast information relayed from other cortical regions that process visual, 

auditory, olfactory, and proprioceptive information. The selection of appropriate behavioral 

(motor) responses consequent to the environmental contextual inputs requires the cortical 

networks to integrate vast amounts of information to guide voluntary motor behavior. 

Cortical information processing benefits from the influence of monoamine neuromodulators 

that prioritize the signal versus the noise to increase the efficiency and clarity of behavior 

selection. Collectively, the monoamines enhance the adaptive prioritization of information 

processing and selective upregulation of task-appropriate sets of cortical neurons (Vitrac 

and Benoit-Marand, 2017). Following bTBI, animals revealed dysregulation of these 

monoamines in the MCx including significantly increased expression levels of 5-HT (Fig. 

5A).

3.5.1. Role of 5-HT in the MCx—Serotonergic innervation to the MCx originates from 

the dorsal and median raphe nuclei and is critically involved in cortical function. Acting 

on presynaptic and postsynaptic receptors, 5-HT is involved in impulse control and motor 

function by modulating the activity of a variety of cortical neurons and the release of 
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glutamate, GABA, acetylcholine, and DA. A variety of 5-HT receptor subtypes (5-HT1A, 

5-HT1B, 5-HT2A, and 5-HT3) are used to modulate the excitability and the discharge rates 

of cortical neurons. Particularly, 5-HT1A and 5-HT2A receptors are key effectors. 5-HT1A 

receptors can hyperpolarize pyramidal neurons through opening G protein-coupled inward 

rectifying K+ channels (Jeong et al., 2001). This influence is followed by a reduction in the 

firing activity of the pyramidal neurons. Conversely, the activation of 5-HT2A depolarizes 

neurons, thereby increasing their excitability. 5-HT can also excite (via 5-HT2A and 5-

HT3 receptors) or inhibit (via 5-HT1A receptor) GABA interneurons to modulate GABA 

inhibitory inputs onto pyramidal neurons. The particular mechanisms of selection of specific 

receptor effects are yet to be identified (Celada et al., 2013).

Following various modalities of TBI, monophasic patterns of 5-HT alteration have emerged 

from studies in the cerebral cortex. The predominant 5-HT innervation to the forebrain has 

been reported to project from the rostral raphe complex including the dorsal raphe nucleus 

(Hornung, 2003). In this nucleus, mRNA of the rate-limiting enzyme for 5-HT synthesis 

(i.e., tryptophan hydroxylase) was significantly elevated 2 h following bTBI in rats (Kawa 

et al., 2015). In agreement with this, the extracellular 5-HT expression levels in the cerebral 

cortex were reported to be significantly elevated 10–90 min after moderate FPI (Busto et 

al., 1997). Furthermore, our recent work demonstrated a significant elevation of 5-HT fiber 

density in the cerebral cortex 2 weeks following mild closed-head TBI in rats (Mustafa 

et al., 2016). In the present study, 5-HT expression levels were significantly elevated in 

the MCx 2 days following acute repetitive bTBI (i.e., 8 days following the initial injury) 

(Fig. 5A). Consistent with observed spasticity, upregulation of 5-HT in the MCx could 

increase the excitability (disinhibition) of CST neurons in the Vth layer. In the rat prefrontal 

cortex, by predominantly binding to 5-HT1A receptor, 5-HT inhibits fast-spiking GABAergic 

interneurons that project to pyramidal neurons, resulting in disinhibition (Llado-Pelfort et 

al., 2010; Puig et al., 2010). On the other hand, the connections of fast-spiking GABAergic 

interneurons to the retrogradely labeled neurons of the CST in the Vth layer of the MCx 

have been shown in rats (Tanaka et al., 2011). Therefore, if a mechanism similar to that in 

the prefrontal cortex is applied to the CST neurons in the Vth layer of the MCx, repetitive 

bTBI-induced upregulation of 5-HT in the MCx (Fig. 5A) might have disinhibited the CST 

neurons via 5-HT1A receptor to regulate spinal stretch reflex and spasticity (Mukherjee and 

Chakravarty, 2010), which could also affect balance and motor function (Fig. 2A–E).

Because spasticity and balance/motor impairments (but not locomotor dysfunction) were 

induced when cortical 5-HT was abnormally low in certain pathological conditions (Dentel 

et al., 2013; Lehmann et al., 2000; Mizoguchi et al., 2002a), bTBI-induced significant 

upregulation of 5-HT in the MCx in the present study (Fig. 5A) might be a compensatory 

response to attenuate injury-induced spasticity and balance/motor impairments (Fig. 2A–E).

3.5.2. Role of DA in the MCx—DA also plays a critical role in regulating the 

excitability of cells in the MCx. The rat primary MCx receives predominant DA innervation 

from the ipsilateral rostrolateral ventral tegmental area (~73%), with the lesser innervations 

from the contralateral ventral tegmental area (~12%) and ipsilateral rostromedial substantia 

nigra (~15%) (Hosp et al., 2011; Hosp and Luft, 2013). In anesthetized rats, the exogenous 

application of DA (0.1 M, 30 s) significantly reduced the firing rate of virtually all 
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pyramidal tract neurons in the Vth layer of the MCx, which was neutralized by co-

application of the D2 receptor antagonist. In addition, glutamate-induced increases in the 

firing rate of these neurons were normalized by co-application of DA (Awenowicz and 

Porter, 2002). Therefore, the overall function of DA in the MCx appears to be inhibitory. 

MCx output signals are transmitted through several descending tracts (e.g., CST and dorsal 

reticulospinal tracts) that collectively influence peripheral and central regulation of muscle 

tone (Andrews et al., 1973; Mukherjee and Chakravarty, 2010). Eleven to eighteen days 

after controlled cortical impact injury, performance in the Morris water maze, which 

requires a significant degree of motor function in addition to spatial learning and memory, 

was observed as significantly diminished (Kline et al., 2001, 2004; Monaco et al., 2014; 

Olsen et al., 2012). A unilateral lesion in the MCx resulted in spasticity with elevated 

Hoffmann’s reflex in the contralateral hindlimb of rats (Zong et al., 2016). Accordingly, 

injuries to the MCx appear to be associated with spasticity following TBI. Furthermore, 

DA expression levels in the cortex are reported to be significantly reduced 1 h to 2 weeks 

after FPI in rats (McIntosh et al., 1994). Consistent with these studies, in the present study, 

repetitive bTBI induced moderate reduction of DA in the MCx (Fig. 4D) and resulted in 

spasticity and balance/motor dysfunction (Fig. 2A–E). Importantly, stress reduced DA in 

the cortex of male rats and worsened rotarod performance (Mizoguchi et al., 2003), which 

was significantly attenuated by administration of D1 agonist (Mizoguchi et al., 2002b). 

Furthermore, DA agonist is known to improve motor performances of Parkinson’s Disease 

patients (Lucetti et al., 2007). Therefore, bTBI-induced reduction of DA in the MCx (Fig. 

4D) might have contributed to spasticity and balance/motor dysfunction (Fig. 2A–E).

Our previous work and other studies have shown various severities of spasticity in the limb 

muscles following closed-head TBI in humans and animals (Bose et al., 2013; Gracies et 

al., 2015; Jang et al., 2004; Lorentzen et al., 2012; Mas et al., 2018; Yablon et al., 1996), 

which has been thought to occur due to injury-induced malfunction of the upper motor 

neurons (Botte et al., 1988). In animals and patients with TBI, this stretch reflex excitability 

(i.e., spasticity) has been categorized into tonic (or static) and dynamic components based 

on the reflex properties where the latter is thought to reflect the muscle spindle sensitivity 

to the lengthening velocity of muscle (Bose et al., 2002, 2013, 2012; Schmit and Rymer, 

2001). In the present study, significant elevation of spastic measures (i.e., VDATs), which 

include both tonic and dynamic components of the stretch reflex, was observed at all tested 

ankle angular velocities following acute repetitive bTBI compared with sham animals (Fig. 

2C). These results are similar to those following cervical spinal cord injury (Hou et al., 

2014), while partly different from those following thoracic spinal cord injury in which 

the tonic component of the stretch reflex at lower angular velocities was not significantly 

altered (Bose et al., 2002, 2012). On the other hand, EMG amplitudes were significantly 

elevated at the lower angular velocities of ankle dorsiflexion (49°–350° per second) as well 

as the highest one (612° per second) following acute repetitive bTBI (Fig. 2B), indicating 

increased resting muscle tone after injuries. However, the overall significance of the increase 

in EMG signals following repetitive bTBI was lower than that in the VDATs at most angular 

velocities with non-significant increases at 490° and 408° per second (Fig. 2B and C), 

suggesting that the neuronal signal inputs were amplified the by the mechanical component 

of muscle contraction. Further analysis of the ankle torque–EMG curve revealed that this 
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amplifying function gradually deteriorated as the velocity increased beyond 490° per second 

in both normal and bTBI animals (Fig. 2D). These increases in EMG signals during 

stretch reflexes seem to reflect dysregulated control of α-motoneurons by the supraspinal 

descending tracts following repetitive bTBI. Overall, these results are supported by our 

previous work in which lower limb spasticity was detected following closed-head TBI in rats 

(Bose et al., 2013).

3.6. HPC in spasticity and balance/motor disability

In the present study, the level of 5-HT was significantly elevated in the HPC (Fig. 5C), while 

spasticity and balance/motor deficits were detected following bTBI (Fig. 2A–E). Therefore, 

possible roles of hippocampal 5-HT in regulating spasticity and balance/motor function 

following bTBI are discussed below.

3.6.1. Role of hippocampal 5-HT in spasticity—To date, no study has determined 

a role(s) of hippocampal 5-HT in regulating spasticity. However, some studies gave us a 

hint to understand its possible role in attenuating pathology-induced spasticity. In human 

amyotrophic lateral sclerosis patients, reduction of 5-HT fiber density was observed in the 

dentate gyrus of HPC (Dentel et al., 2013). In another study, activation of 5-HT2A receptors 

on the spinal motor neurons reduced a spasticity measure via a PKC-dependent signaling 

pathway following spinal cord injury in rats (Bos et al., 2013). Thus, although the precise 

mechanism is unknown, we cannot exclude the possibility that bTBI-induced significant 

upregulation of 5-HT in the HPC in the present study (Fig. 5C) could be a compensatory 

response to attenuate injury-induced spasticity (Fig. 2A–D).

3.6.2. Role of hippocampal 5-HT in balance/motor disability—Few studies have 

examined a direct role of hippocampal 5-HT in balance function. Nonetheless, several 

studies have shown that intraperitoneal injection of 5-HT1A receptor agonists significantly 

attenuated TBI-induced neuronal cell loss in the hippocampal CA3 subregion, cognitive/

motor dysfunction (measured by Morris water maze), and balance/motor deficit (measured 

by beam balance) in rats (Kline et al., 2010; Phelps et al., 2017). Hence, there is a possibility 

that a neuroprotective role of 5-HT in the HPC contributes to attenuation of TBI-induced 

balance/motor deficit. These studies suggest that bTBI-induced significant upregulation of 5-

HT in the HPC in the present study (Fig. 5C) might be a compensatory response to attenuate 

injury-induced hippocampal neuronal cell loss and balance/motor dysfunction (Fig. 2E).

3.7. Gender difference

Few studies have reported the gender difference in altered motor function and monoamine 

levels following bTBI in rats. Nonetheless, no clear difference in a vestibular response 

(righting reflex) was observed between male and female mice following mild bTBI (Russell 

et al., 2018). This study also showed different stress-induced responses of the HPA axis 

among male and female animals after bTBI. Following bTBI, the percentage of stress-

induced activation of corticotropin-releasing factor (CRF)-immunoreactive neurons in the 

paraventricular nucleus (PVN) of hypothalamus was significantly decreased in male mice, 

while the responses of female mice were opposite (Russell et al., 2018). Since it is likely 

that CRF cells in the PVN are regulated by noradrenergic innervation from A2 cell group 

Tsuda et al. Page 12

Brain Res. Author manuscript; available in PMC 2023 August 14.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



(Liposits et al., 1986; Plotsky et al., 1989), altered noradrenergic supply from the A2 cell 

group to the CRF neurons might have affected activation status of CRF neurons in this 

study. On the other hand, stress-induced serum corticosterone was significantly elevated 

following bTBI in male mice although opposite responses were observed in female mice 

(Russell et al., 2018). Therefore, under stressed condition, these gender differences might 

affect behavioral outcomes of balance/motor assessments (e.g. rotarod test) via altered 

anxiety following bTBI. Further studies are desired for the paradoxical responses of the 

stress-induced HPA axis (activation status of CRF neurons versus serum CORT levels) 

among male and female mice following bTBI.

3.8. Monoamine expressions and time points after blast injury

Depending on a time point after injury, the effects of bTBI on monoamine expressions 

might differ. Following a single bTBI of male rats, some similar and different results from 

the present study were shown (Kawa et al., 2015). In this study, the levels of tyrosine 

hydroxylase mRNA in the LC were significantly elevated 2 h after bTBI, which agrees 

with elevated NE level in the LC in the present study (Fig. 3A) in spite of different time 

point. In the dorsal HPC, the DA levels were significantly elevated 1 day after injury, while 

they went back to normal level within 7 days. In agreement with this study, the DA level 

was not significantly altered (although slightly elevated) in the dorsal HPC 8 days after the 

initial bTBI in the present study. However, slightly elevated level of hippocampal DA (Fig. 

4C) indicates that the second and third bTBI (on day 4 and 7) might have maintained the 

dopaminergic response to the HPC longer. Finally, the 5-HT levels were not significantly 

altered (although elevated by 35% and 27%, respectively) in the dorsal HPC 1 and 7 

days following a single bTBI (Kawa et al., 2015). In contrast, the present study showed 

significantly elevated 5-HT in the dorsal HPC (Fig. 5C). Therefore, the second and third 

bTBI (on day 4 and 7) might have amplified the serotonergic response to the initial injury.

4. Conclusion

As discussed above, altered monoamine levels were observed in the central nervous system 

following mild repetitive bTBI, which was correlated with measures of significant lower 

limb spasticity and balance/motor impairment. Although optimal therapeutic methods are 

not yet available for TBI-induced spasticity and balance deficit by regulating monoaminergic 

systems, in the last few decades, a number of studies have evaluated the efficacy of baclofen 

on spasticity (Francois et al., 2001; Ordia et al., 2002; Perez-Arredondo et al., 2016; Rifici 

et al., 1994; Wang et al., 2002). Because the GABAergic system could be a derivative of 

monoamine regulation, monoaminergic treatments could potentially be therapeutic options 

for TBI-induced behavioral deficits. To the best of our knowledge, this is the first study to 

show altered bioavailability of various monoamines in the cerebrum, brain stem, and spinal 

cord following repetitive bTBI. These findings provide novel information of dysregulated 

supplies of various monoamines to a variety of brain regions following this modality of 

TBI, which could contribute to a better understanding of TBI neurobiology as well as the 

development of new therapeutic alternatives.
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5. Experimental procedure

This study was carried out in accordance with the Code of Ethics of the World Medical 

Association (Declaration of Helsinki).

5.1. Animals

This study was performed on animals (rodents), and the experimental protocols were 

approved by the Institutional Animal Care and Use Committee of the North Florida/South 

Georgia Veterans Health System and University of Florida before initiating the project. 

Fourteen adult (12–14 weeks old, 250–280 g) male Sprague-Dawley rats (Charles River 

Laboratories, Wilmington, MA, USA) were randomly assigned to the bTBI and sham 

treatment groups (n = 7 per group) and were coded to blind all experimenters (except 

a senior investigator) to injury or sham allocation. Each pair of rats was kept in a 

standard cage with controlled humidity and temperature under a 12-h light–dark cycle at 

an American Association for Laboratory Animal Science-accredited facility. All experiments 

were conducted during normal work hours (8 am–5 pm). Food and water were ad libitum. 

Maximal efforts were made to reduce the number of animals per group. Animals were 

handled with care and compassion by experts. They were monitored to minimize any sign 

of pain or discomfort after the treatment and during experiments. Although buprenorphine 

(Reckitt Benckiser Pharmaceuticals, Richmond, VA, USA) was injected for postoperative 

pain care, no analgesic was used during behavioral experiments because these experiments 

do not inflict pain on animals.

5.2. bTBI

Brain injury was induced by a blast overpressure wave to each animal in the bTBI group 

on days 1, 4, and 7 (Fig. 1A), as previously described (Toklu et al., 2018). This protocol 

was optimized based on the previous studies that showed a pattern of recovery within 3 

days following various intensities, frequencies, and the time course of injuries in humans 

and animals (Larres et al., 2016; Wang et al., 2011). This protocol has been shown to 

result in a variety of neurobiological complications, including neurological deficits, edema, 

disruption of the blood–brain barrier, and upregulation of cell injury/inflammatory markers 

in the related brain regions (Toklu et al., 2018). Briefly, under anesthesia with 3% isoflurane 

(Baxter International, Deerfield, IL, USA), the animal was inserted into the polyvinyl 

chloride animal holder in a prone position exposing only his head until the head was 

positioned under the pressure sensor inside the horizontal shock tube. To decrease the 

surface reflection of blast waves and formation of secondary waves that could possibly 

exacerbate the injury, the head was placed on a flexible mesh surface. Each animal in 

the bTBI group was transiently exposed to a blast wave (2.0–2.5 ms, peak pressure of 30 

lb-force per square inch) that produced a blast waveform with positive pressure followed by 

negative pressure, whereas each animal in the sham group received only anesthesia. After 

it was confirmed that the animals recovered from anesthesia under close observation in a 

temperature-regulated incubator, they were allowed to go back to their cage.
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5.3. EMG and VDAT

One day following the third bTBI (i.e., day 8), EMG and VDAT were measured (Fig. 1A) 

during ankle dorsiflexion in each animal to assess the magnitude of spasticity/rigidity, as 

previously described (Bose et al., 2002, 2013, 2012; Thompson et al., 1996; Wang et al., 

2002). Briefly, awake rats were secured in a custom-designed trunk immobilization device 

that permitted a normal range of ankle rotation. A series of controlled dorsiflexions (12° 

each) was produced at 612°, 490°, 408°, 350°, 272°, 204°, 136°, and 49° per second with 3-s 

intervals using an electromechanical shaker (model 405; Ling Dynamic Systems, Royston 

Herts, UK). An EMG electrode was inserted into a skin fold above the distal convergence 

of the two-headed gastrocnemius and soleus muscles (i.e., triceps surae muscle), while 

a reference electrode was placed into a skin fold on the greater trochanter. Using this 

experimental set-up, spasticity was assessed by quantifying the lengthening resistance of the 

triceps surae muscle (i.e., VDAT) as well as raw EMG and root mean square (0.707 DC 

equivalent of the rectified EMG) of EMG bursts. The data acquisition and analysis were 

performed using a digital acquisition system with LabVIEW graphic programming (version 

8.2; National Instruments, Austin, TX, USA).

5.4. Motor coordination/rotorod balance testing

On day 8, motor coordination/vestibulomotor function of the animals in both groups was 

evaluated using a rotarod (Columbus Instrument, Columbus, OH, USA). The rotorod we 

used is featured with variable speed rod rotation in the range of 0 to 99 RPM with an 

electronic timer and a fall sensor for each animal (“Economex” Columbus Instrument, 

Columbus, Ohio). Timers are activated by the operator at the moment the animal is placed 

on the rod and automatically stopped when the animal drops. Stainless steel compartments 

below the rod restrain the animal from escape once it drops from the rod. The animal’s task 

was to walk on the rungs as they rotated. The animal was allowed to remain stationary for 

10 s at 0 rpm. The rotational speed was slowly increased to 3 rpm for 10 s and was steadily 

increased (automatic preset) by 3 rpm at 10-s intervals until the maximum rpm of 30 was 

reached. The animal remained on the device at this speed for another 20 s until the 2–min 

test period elapsed. The trial ended if the animal fell completely off the rungs or gripped the 

device and spun around without attempting to walk on the rungs. Animals were tested for 

three trials per day with at least 10-min interval, and the mean duration on the rotating rod 

was recorded. There was no pre-training, however, data of the first trial was not recorded. 

The reliability and sensitivity of these measures were previously reported (Hamm, 2001).

5.5. Tissue dissection

On day 9, animals in both groups were euthanized with Euthasol® (Virbac, Westlake, 

TX, USA) and the MCx, HPC, VN, LC, and LSC were carefully dissected based on the 

anatomical maps (Chiasson, 1980; Paxinos and Watson, 2009; Watson et al., 2009). The 

MCx was collected from the most rostral portion (bregma – 5.64 mm) to the middle of 

the cerebrum (bregma – 1.20 mm). The HPC was taken out from the most rostral portion 

(bregma – 1.72 mm) to the midpoint between the dorsal and ventral HPC (bregma – 4.08 

mm). As for the LC, the blue tissue (due to melanin granules inside the LC neurons) in the 

dorsal surface of the pons was carefully collected with forceps (from bregma – 9.48 mm to – 
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10.20 mm). The VN was dissected from bregma – 10.68 mm to – 12.18 mm. The LSC (2–5) 

was taken out based on lumbar enlargement.

5.6. HPLC with ECD

Two days after the last bTBI (i.e., day 9), animals were euthanized with Euthasol® to collect 

MCx, HPC, VN, LC, and LSC. Tissues were immediately snap-frozen in liquid nitrogen 

and stored at −80 °C until HPLC/ECD analysis was performed. All samples were sonicated 

in 0.1 M perchloric acid (CAT#: 311421, MilliporeSigma, St. Louis, MO, USA) and then 

centrifuged at 40,000g for 20 min. Following filtration of supernatants through a 0.2-μm 

pore, a part of the filtrate was used to determine protein concentration by bicinchoninic acid 

assay to correct for the variation in sample size. Various concentrations of standard solutions 

of NE (CAT#: A7257, MilliporeSigma), DA (CAT#: H8502, MilliporeSigma), and 5-HT 

(CAT#: H9523, MilliporeSigma) were also prepared in 0.1 M perchloric acid. An applied 

composition of the mobile phase was 0.1 mM ethylenediaminetetraacetic acid disodium 

salt dihydrate (CAT#: 27285, MilliporeSigma), 100 mM phosphoric acid (CAT#: 438081, 

MilliporeSigma), 100 mM citric acid monohydrate (CAT#: C1909, MilliporeSigma), pH 6.0, 

600 mg/L 1-octanesulfonic acid sodium salt (CAT#: 384771000, ACROS, Geel, Belgium), 

and 8% (v/v) acetonitrile (CAT#: 26826–0025, ACROS), as previously described with slight 

modifications (Reinhoud et al., 2013). For separation of sample components, an Acquity 

UPLC BEH C18 column (Waters, Milford, MA, USA) was used, while the temperature was 

kept at 42 °C for both separation and detection. Because the sample preparation was very 

simple and the HPLC/ECD system worked very accurately, external standardization was 

performed. To determine the quantity of the monoamines in the brain tissue samples, we 

used a series of different molar concentrations (nanomolars) of commercial analytical grade 

monoamines (see above) and developed standard curves. Based on the area under a curve of 

the chromatogram, molar concentrations of monoamines were determined using a UHPLC 

ALEXYS Neurotransmitter Analyzer containing a DECADE Elite electrochemical detector 

(Antec Scientific) and a SenCell with GC working electrode set to 460 mV versus Ag/AgCl. 

The obtained data were then converted to picogram of monoamine per milligram of tissue 

lysed.

5.7. Statistical analysis

The number of animals and samples was determined based on the power analyses of 

previous studies assuming detection of a trauma effect producing a significant mean change 

of one standard deviation from the reference mean (P < 0.05, power of 0.80). Normality 

tests were performed as parts of the column statistics analyses to confirm normal distribution 

of the data. Unpaired t-tests were used to analyze between-group differences. All data are 

presented as mean ± SEM. P values lower than 0.05 are treated as statistically significant. 

GraphPad Prism 4 software (GraphPad Software, San Diego, CA, USA) was used for data 

analysis. For VDAT-EMG relationship, a single factor ANOVA was performed.
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Abbreviations:

TBI traumatic brain injury

bTBI blast-induced TBI

CST corticospinal tract

MCx motor cortex

NE norepinephrine

DA dopamine

5-HT serotonin

VN vestibular nuclei

EMG electromyography

VDAT velocity-dependent ankle torque

HPLC high-performance liquid chromatography

ECD electrochemical detection

LC locus coeruleus

LSC lumbar spinal cord

HPC hippocampus

NA-R noradrenergic receptor

GABA γ-aminobutyric acid

LVST lateral vestibulospinal tract
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HIGHLIGHTS

• Monoamine supplies were altered after repetitive blast traumatic brain injury.

• Norepinephrine and dopamine were reduced in the vestibular nuclei after 

injury.

• Serotonin was elevated in the motor cortex and spinal cord after injury.

• Spasticity and balance deficit were induced after injury.
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Fig. 1. 
An experimental schedule and representative chromatograms of various monoamines in a 

standard solution and a brain sample. (A) The experimental schedule of the bTBI animals. 

Injuries were induced on day 1, 4, and 7 followed by measurement of EMG/VDAT 

and rotarod tests on day 8. Animals were sacrificed on day 9. (B) The representative 

chromatograms of HPLC with ECD using the standard solution (black line) and the brain 

sample (red line). Notice that retention time of detector signal peaks of monoamines in the 

standard solution and the brain sample was completely overlapped. Sac. = sacrificed.
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Fig. 2. 
Analysis of bTBI-induced spasticity and balance/motor deficit after acute repetitive bTBI. 

(A) Representative electromyograms of EMG signals (green) time-locked to the VDAT (red) 

during stretch reflexes (i.e., dorsiflexion) of the animals in the sham and bTBI groups. 

Notice the sudden elevation of EMG signals followed by gradual increase in the VDAT 

in both groups. (B) EMG root mean square (RMS) amplitude during 12°-dorsiflexion at 

various velocities (612°, 490°, 408°, 350°, 272°, 204°, 136°, and 49° per second). At 612°, 

350°, 272°, 204°, 136°, and 49° per second, the EMG RMS amplitude was significantly 
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elevated following injury. (C) VDAT during the dorsiflexion at various velocities. At all 

tested velocities, the VDAT was significantly elevated following injury. (D) VDAT plotted as 

a function of EMG RMS amplitude. The slope reflects the efficiency of the neuronal inputs 

(i.e., EMG) in producing the mechanical outputs (i.e., VDAT). The slope was relatively 

constant at lower velocities of dorsiflexion but was decreased at higher velocities (beyond 

490° per second) in both groups. Regression lines formatted through the initial 7 velocities 

revealed R2 values of 0.935 and 0.948, respectively, for sham and bTBI groups. (E) Rotarod 

performance after repetitive bTBI. bTBI animals showed significant balance/motor deficit, 

compared to age-matched sham animals. Seven independent animals were used per group. 

Values are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ******p < 0.000001.
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Fig. 3. 
Levels of NE in various central nervous system regions. (A, C) Relative contents of NE were 

significantly elevated and reduced in the LC and VN, respectively, following repetitive bTBI 

compared to the sham animals. (B, D) Representative chromatograms of the LC and VN in 

the sham and bTBI animals. (E-G) No significant difference was detected in the MCx, LSC, 

and HPC. Bar graphs are shown in the order of statistical significance. Seven independent 

animals were used per group. Values are mean ± SEM. *p < 0.05.
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Fig. 4. 
Levels of DA in various central nervous system regions. (A) Relative contents of DA were 

significantly reduced in the VN following repetitive bTBI compared to the sham animals. 

(B) Representative chromatograms of the VN in the sham and bTBI animals. (C-F) No 

significant difference was detected in the HPC, MCx, LSC, and LC. Bar graphs are shown in 

the order of statistical significance. Seven independent animals were used per group. Values 

are mean ± SEM. *p < 0.05.
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Fig. 5. 
Levels of 5-HT in various central nervous system regions. (A, C, E) Relative contents of 

5-HT were significantly elevated in the MCx, HPC, and LSC following repetitive bTBI 

compared to the sham animals. (B, D) Representative chromatograms of the MCx and HPC 

in the sham and bTBI animals. (F, G) No significant difference was detected in the VN and 

LC. Bar graphs are shown in the order of statistical significance. Seven independent animals 

were used per group. Values are mean ± SEM. *p < 0.05.

Tsuda et al. Page 31

Brain Res. Author manuscript; available in PMC 2023 August 14.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Fig. 6. 
Schematic summary and proposed monoaminergic regulation of spasticity and balance/

motor function following repetitive bTBI. Spasticity of hindlimb and balance/motor function 

are highly regulated by excitability of α-motor neurons in the lumbar spinal cord, which in 

turn is regulated by various descending tracts from the brain, such as the CST and LVST. 

Following TBI, LC injury might reduce noradrenergic supply to the VN (Fig. 3C), which in 

turn could activate and deactivate the lateral VN and inferior VN neurons, respectively, 

by regulating glutamate- and/or GABA-mediated neuronal activities. In contrast, bTBI-
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induced reduction of DA in the VN (Fig. 4A) might weaken its stimulatory effect on the 

downstream tracts. These altered noradrenergic and dopaminergic regulations of the LVST 

could contribute to elevated spasticity and balance/motor deficits following repetitive bTBI 

(Fig. 2A–E). On the other hand, 5-HT could be elevated in the MCx following repetitive 

bTBI (Fig. 5A), which possibly disinhibits CST neurons via activation of 5-HT1A receptor 

on GABAergic interneurons projecting to pyramidal neurons in the MCx. Because a cortical 

lesion is known to result in spasticity in rat contralateral hindlimb (Zong et al., 2016), 

dysregulation of the CST crossing the midline seems to be involved in bTBI-induced 

spasticity. A moderate reduction of DA in the MCx following bTBI (Fig. 4D) might 

weaken its inhibitory effect on the pyramidal tract neurons in the Vth layer of the MCx 

(including CST neurons) via D2 receptor and glutamate. bTBI-induced upregulation of 5-HT 

in the LSC (Fig. 5E) could produce sustained depolarization and amplification of synaptic 

inputs to α-motor neurons (Perrier et al., 2013). This monoamine-mediated dysregulation 

of descending tracts and α-motor neurons might contribute to spasticity and balance/motor 

disability following repetitive bTBI. Schematics of the central nervous system sections were 

modified from published materials (Paxinos and Watson, 2009; Watson et al., 2009).
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